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Do VVe Have Enough Pieces of the Jigsaw to Integrate CO2 

Fluxes in the Coastal Ocean? 
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ABSTRACT: Annual ly  integrated air-water CO2 f lux data iu 44 coastal environments were  c o m p i l e d  from literature,  
Data w e r e  ga thered  in 8 major ecosystems (inner estuaries: outer estuaries: w h o l e  estuarine sy~mms, mangroves, salt 
marshes: coral reefs: upwelling systems: and open continental shelves), and up-scaled in the first, attempt to integrate 
air-water CO~ fluxes over the coat, tel o c e a n  (26 • I 0 s kin2): taking into account its geographical and ecological diversity. 
AJr-wamr CO~ flmxes were then up-scaled in global ocean (362 • 10 ~ km 2) using the present estimat~ for the coastal 
ocean  and those from Takaha~hi et ad. (2002) for the open ocean (336 x 106 km~). If estuarie~ and salt marshes are not 
taken into col~sideration in the up-sc~iug~ the coastal ocean behaves as a sink for atmospheric CO 2 ( 1.17 tool C m -a 
yr-*) arl4 the uptake of atmosph.eric CO~ by the global ocean increases by 24% ( 1.93 versus 1.56 Pg C yr-~). T h e  
inclusion of the coastal ocean increases the es t imates  of CO 2 uptake by the giobal ocean by 57% for high latitude areas 
(-0~ versus ----0.28 Pg C yr -~ ) and by 15% for temperate latitude areas (-2.36 versus -2006 Pg C y-r -~ ). At subtropical 
and tropical latimdes~ the contribution from the coastal ocean  increases  the CO 2 emission to the a t m o s p h e r e  from the 
global ocean by 13% (0.87 versus 0.77 Pg C yr 1)~ If estuaries and salt marshes are taken into corL~ideration in the up- 
scaling~ the coastal ocean  behaves  as a source for atmospheric CO~ (0038 tool C m 2 yr l) and the uptake of atmospher ic  
CO 2 from the global ocean decreases by 12% ( 1.44 versus 1.56 Pg C yr t). At high an4 subtropic~ and tropical 
latitude~, the coastal ocean behavers as a source f or  a tmospher ic  CO~ but at temperate latitude.% it still behaves as a 
moderate CO2 sink. A rigorous up-scaling of air-wamr CO~ fluxe.~ in the coastal .cram is h.ampere4 by the poorly con- 
strained estimate of the surface area of inner estuaries. The present ~sthuates dearly indicate the significance of this 
biogeochemically, highly active region of me biosphere ira. the global CO2 cycle. 

I n  t r o d . u c t i o n  

T h e  coas ta l  o c e a n  h a s  b e e n  l a rge ly  i g n o r e d ,  in  
g l o b a l  c a r b o n  b u d g e t i n g  e f fo r t s ,  e v e n  i f  t h e  r e l a t e d  
f lows  of' c a r b o n  a n d  n u t r i e n t s  a r e  d i s p r o p o r t i o n -  
a te ly  h i g h  in  c o m p a r i s o n  wi th  its s u r f a c e  a r e a  
( S m i t h  a n d  H o l l i b a u g h  199~; G a t t u s o  et  al. 1998a;  
\ u  1998;  L i u  et  al. 2000;  C h e n  et  ~ .  2003) .  I t  
r e c e i v e s  mas s ive  i n p u t s  os o r g a n i c  m a t t e r  a n d  n u -  
t r i e n t s  f r o m  l a n d ,  e x c h a n g e s  l a r g e  a m o u n t s  of" m a t -  
t e r  a n d  ener{,~y w i t h  t h e  o p e n  o c e a n  a c r o s s  c o n t i -  
n e n t a l  s lopes ,  a n d  c o n s t i t u t e s  o n e  of" t h e  m o s t  bio-  
g e o c h e m i c a l l y  ac t ive  a r e a s  o f  t h e  b i o s p h e r e  (Gat -  
tuso  e t  al. 1998a) .  F o r  i n s t a n c e ,  a v e r a g e  p r i m a r y  
p r o d u c t i o n  r a t e s  d i f f e r  by a [ a c t o r  o f  2 b e t w e e n  
o p e n  o c e a n i c  a n d  coas t a l  p r o v i n c e s  (Wol l a s t  1998) .  
A l t h o u g h  c o n t i n e n t a l  s h e N e s  o n l y  r e p r e s e n t  a b o u t  
7 %  of" t h e  o c e a n i c  s u r f a c e  a r ea ,  t h e y  a c c o u n t  fo r  
a b o u t  2 0 %  o f  t h e  to t a l  o c e a n i c  o r g a m c  m a t t e r  p r o -  
d u c t i o n ,  8 0 %  o f  to ta l  o c e a n i c  o r g a n i c  m a t t e r  bu r i -  
al,  9 0 %  o f  to t a l  o c e a n i c  s e d i m e n t a r y  m i n e r a l i z a ~  
t ion ,  a n d  3 0 %  a n d  5 0 %  o f  t h e  to t a l  o c e a n i c  p r o -  
d u c t i o n  a n d  a c c u m u l a t i o n ,  r e spec t ive ly ,  o f  pa r t i c -  
u l a t e  i n o r g a m c  c a r b o n  ( G a t t u s o  et  al. 19982;  

*Tele: -~-3243663187; fax: +3243662355; e-mail: alberto. 
borges@ulg.ac.be 

~Vollast 1998) .  I n t e n s e  a i r -wa te r  C O  2 e x c h a n g e s  
c a n  b e  e x p e c t e d  f r o m  s u c h  s i g n i f i c a n t  c a r b o n  f lux-  
es, H u m a n  ac t iv i t i e s  a r e  c h a n g i n g  t h e  c o n t i n e n t a l  
w a t e r  cyc le  a n d  t h e  f lows  o f  s e d i m e n t ,  c a r b o n ,  a n d  
n u t r i e n t s  to t h e  coas t a l  o c e a n  wi th  l ike ly  c o n s e -  
q u e n c e s  fo r  t h e  s e q u e s t r a t i o n  o r  e m i s s i o n  of" an -  
t h r o p o g e n i c  C O 2  (Vet  e t  aI, 1999;  R a b o u i l l e  e t  al. 
~2001; M a c k e n z i e  e t  al. 2 0 0 4 a , b ) .  

T h e  w c l e  o f  C O  z in  t h e  coas t a l  o c e a n  h a s  re-  
c e n t l y  b e e n  p u t  u n d e r  t h e  s p o t [ i g h t  by t h e  w o r k  o f  
' F s u n o g a i  e t  al. ( 1909) .  ' T h e s e  a u t h o r s  r e p o r t e d  in  

t h e  Eas t  C h i n a  S e a  a n  a i r -wa te r  (.]O~ f l u x  of' 2 .92  
t o o l  C m --~- y r  - i  t h a t  w h e n  e x t r a p o l a t e d  to t h e  

w o r l d w i d e  c o n t i n e n t a l  s h e l f  a r e a  y i e l d s  a s ink  fo r  
a tn~lospher ic  CO~ of' - -0 .95 Pg  C yr  x t h a t  is des ig -  
n a t e d  as ~ t h e  c o n t i n e n t a l  s h e l f  p u m p "  ( n o t e  t h a t  
T s u n o g a i  et  al. [1999 ,  p. 701]  u s e d  in  t h e i r  c o m -  
p u t a t i o n  a c o n t i n e n t a l  shel f '  s u r f a c e  a r e a  o f  27 
10 ~ kin2),  I t  is d r i v e n  by t h e  c o o l i n g  o f  s u r f a c e  

coas ta l  w a t e r s  t h a t  l e a d s  to t h e  f o r m a t i o n  os d e n s e  
w a t e r  as  we l l  as a n  e n h a n  c e m e n t  o f  CO~ a b s o r p t i o n  
t o g e t h e r  w i th  h i g h  p r i m a r y  p r o d u c t i o n .  I n  t h e  
d e n s e  b o t t o m  wa te r s ,  s e d i r n e n t e d  o r g a n i c  m a t t e r  is 
d e g r a d e d ,  i n t o  d i s s o l v e d  i n o r g a n i c  c a r b o n  ( D I C )  
t h a t  is t r a n s p o r t e d  a l o n g  i s o p y c n a l s  K o m  t h e  c o n -  
t i n e n t a l  s h e l f  to t h e  a d j a c e n t  d e e p  o c e a n ,  'The  ex-  
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por t  of part iculate  (POC) and  dissolved (DOC) o> 
ganic ca rbon  f rom the shelf  to the deep  adjacent  
ocean across the cont inenta l  shelf  break  is signifi- 
cant (e.g., Wollast !998; Liu et al. 2000; Wollast and 
Chou  2001; Chen  et al, 200,g; Ducklow and Mc- 
Callister 2004) and could in theory  also drive a 
sink fbr a tmospher ic  CO2 over the shelf. Al though  
the :rate of final burial  of  organic  mat te r  on the 
cont inenta l  slopes is recognized as relatively sma[l 
(Wollast 1998; Wollast and C h o u  2001 an.d refe> 
ences therein) ,  the CO~ p roduced  in deep  oceanic  
waters f rom the degrada t ion  of organic mat te r  ex- 
por ted  i~om cont inenta l  sheNes will to a large ex- 
tent  be venti lated back to the a t m o s p h e r e  in the 
open  ocean, This  leads to an. underes t imat ion  of 
the sink of a tmospher ic  CO s in the open  ocean  if 
the air-water COz fluxes over cont inenta l  shelves 
are not  taken mto  account  (Yool and Farsham 
2ool). 

I f  the cont inenta l  sheK CO 2 p u m p  fo rmula ted  
by Tsunogai  et al. (1999) is conf i rmed  worldwide, 
it would have major  implicat ions on our  under-  
s tanding of  the global carbon cycle and  a signifi- 
cant revision of the est imate of  the overall oceanic 
p u m p  for  a tmospher i c  CO~. It would imply an in- 
crease of 61% of the uptake  of a tmospher ic  COz 
f rom the oceans, smce open  oceanic waters are es- 
t imated to absorb  - 1 , 5 6  Pg C yr '1 (Takahashi  et 
al. [2002] revised cl imatolog 7 for re fe rence  year 
1995 avai lable  f r o m  h t t p : / / w w w ,  l d e o . c o l u m b i a .  
e d u / r e s / p i / C O 2 / )  ~ 

It  was established m o r e  than 30 years ago, by- the 
p ioneer ing  studies of Park et al. (1969), Kelley and 
H o o d  (1971a), and Kelley et al, (1971), that  some 
coastal ecosystems, such as estuaries and upwelling 
sTstems, behave  (at least temporal ly)  as s t rong 
sources of  CO~ to the a tmosphere .  A r igorous  ex- 
t rapola t ion of air-water CO2 fluxes in the coastal 
ocean, should take into account  the potent ia l  lati- 
tudinal variability of  air-water CO 2 fluxes ( that  has 
been  d o c u m e n t e d  in detail m open  oceanic wa- 
ters), and,  m o r e  important ly,  the diversiw of coast- 
al ecosystems ~qth f~andarnentally contrast ing car- 
bon  b iogeochemica l  c3~cling, 

This  pape r  compi les  cur ren t  knowledge on ai> 
water CO s fluxes in the major  ecosystems of the 
coastal ocean  and  the main  b iogeochemica[  pro- 
cesses control l ing them are briefly discussed. The  
first mtegra t ion  of COz fluxes in the global ocean 
including coastal and  open  oceanic realms is also 
a t tempted.  One  of the aims of this tentative up- 
scaling of air-water GO~ fluxes in. the coastal ocean 
is to identify the maior  pieces lacking f rom the jig- 
saw to allow a be t te r  cons t r amed  global integration. 
in the :future. 

SYNTHESIS 

T h e  coastal ocean is def ined as the area  extend-  
ing f rom the shore  to the cont inenta l  shelf  break,  
excluding cont inenta l  slopes but  including inner  
estuaries, The  r ema in ing  oceanic  waters are re- 
ferred to as open  ocean., the second c o m p o n e n t  of  
what is re fe r red  to as global ocean. Data  were gath- 
ered f rom l i terature in 8 main  coastal ecosystems 
( inner  estuaries, outer  estuaries,-whole es tuarme 
sTstems, mangroves ,  salt marshes,  coral rees up- 
welling s3~stems, and open  cont inenta l  shelves). 
This  list is no t  exhaustive but  co r responds  to a 
compromise  be tween data availability and specific- 
ity of  carbon cycling in these ~-stems, and in par- 
ticular air-water COz fluxes. Table 1 s u m m ~ i z e s  
partial  pressure  of  COz (pCO~) and air-water COz 
:flux data m 44 coastal env i ronment s  (also repre-  
sented in Fig, 1). T h e  majori ty of  data in Table 1 
are annual ly  in tegra ted  COz fluxes c o m p u t e d  f rom 
field data (for a detailed l i terature survey of CO s 
data in coastal ecosFstems excluding estuaries but  
including sites without  a fi~11 annual  coverage refer  
to Ducklow and McCallister [2004]). Air-water COz 
fluxes derived f rom redi rec t  app roaches  (mass bal- 
ance calculations or numer ica l  models)  were not  
inc luded in this compi la t ion  because they are 
p rone  to relatively large uncertainty.  T h e  ne t  air- 
water COz flux is the balance  of n u m e r o u s  biogeo- 
chemical  processes that  in most  coastal ecosystems 
are character ized by rates that are one order  of  
magn i tude  h igher  than the net  exchange  of CO2 
across the air-water interface.  T h e  most  straight- 
forward and  robust  way to estimate air-water COz 
:fluxes relies on field pCO 2 data, a l though  this ap- 
p roach  also suffers frorn the reliability of gas trans- 
fer parameter iza t ions  and scaling problems.  Mass 
balance calculations or rmmer ica l  mode l s  are nev- 
ertheless essential to unders tand  and evaluate the 
relative i m p o r t a n c e  of the processes responsible  
for air-water CO~ fluxes. Values ~br some study sites 
in Table 1 are not  based on a full annual  coverage, 
but  f rom our  understar~dmg of carbon cyclmg and 
its seasonality in that given ecosystem, it was as- 
sumed that  they give a reasonably good approxi-  
mat ion  of the direct ion and intensity of  annual  air- 
water CO~ flux (in part icular  some sites in man-  
grove su r round ing  waters and inner  estuaries). For 
some sites, pCO 2 field data were compi led  f i om 
different  publ icat ions and the annually in tegra ted  
air-water CO:, fluxes c o m p u t e d  (as expla ined in the 
legend of Table 1). 

INNER ESTUARIES 

At the land-ocean interface,  inner  estuaries re- 
ceive large amoun t s  of  dissolved and part iculate  
matter,  in par t icu[ar  organic and inorganic  carbon,  
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Fig. 1. Map showing location of coastal environments ~;laere air-water CO s fluxes have been satisfactorily integrated at annual 
scale. Nunabers itldicatc locations named m first colmam of Table 1. 

and nutrients carried by- rivers. These are highly 
dynamic systems characterized by strong gradients 
of b iogeochemical  compounds ,  enhanced  organic 
matter  product ion  and degradat ion processes, and 
intense sedimentat ion and resuspension. Terrestri- 
al matter  carried by rivers undergoes  p ro found  
trar~sfbrnmtior~s in estuaries before reaching the 
adjacent coastal zone~ 

The  relatively exhaustive definition of an. inner  
estuary given by Cameron  and Pritchard (1963, p. 
306) was used: ~a semi-enclosed coastal b o @  of 
water, which ihas free connect ion  with the open  
sea, and within which seawater is measurably dilul- 
ed with freshwater derived from land drainage."  
The upstream bounda ry  of the inner  estuary is the 
limit of the tidal inf luence (tidal river), where wa- 
ter currents and sedimentary processes become 
drastically different tkom those in the river, The  
lower boundary  of the inner  estuary is the geo- 
graphic limit of the coast cor responding  to the riv- 
er mouth.  Because tuner  estuaries exhibit a large 
diversi)- in terms of geomorphology,  geochemistry  
and surfS~ce area of the drainage basra, fleshwater 
discharge, and tidal influence, physical attributes 

are affected that strongly influence biogeocherni- 
cal carbon and nutr ient  cyc[mg, such ~ vertical 
stratification, longitudinal gradients, spatial extent, 
and residence time of freshwater. 

Inner  estuaries are net  he tero t rophic  systems, 
where total respiration (R, sum of' respiration by 
auto t rophs  and he tero t rophs  in both benthic and 
pelagic compar tments)  exceeds gross pr imary pro- 
duct ion (GPP), and where net  ecosystem produc-  
tion (NEP - GPP - R) is <0, Gattuso eL al. 
(1998a) repor ted  an average NEP of 6 :2  2 moll 
C m ~- yr 1 in 21 estuaries worldwide. Cas 
(2004) repor ted  act average NEP of ---40 + 24 tool 
C m -~ yr -~ in 4~2 United States estuaries. The  eco- 
~-stem function of' inner  estuaries has been modi- 
fied by h u m a n  activities m a way that at present  
dine is difficult to identify (Gattuso et al. 1998a; 
Smith et al. ~200S; Gazeau et al, ~2004a,b; Soetaert  
et al. 2004). Higher  nutr ient  loadings due to hu- 
marl activities may have increased NER while deg- 
r adauon  of an thropogenic  organic carbon decrea~ 
es NEP (Gatmso et al. 1998a). Overall, these eco- 
systems are sinks :for organic matter; sources of in- 
organic nutrients and of CO~, to the sur rounding  
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TABLE 1. Range of pCO> air-water CO~ fluxes, and gas transfer velocity pararneterization (k) in coastal environments.  The n u mb er s  
in parentheses  cor respond  to site identification in Fig. 1. Values in bold are for environmenc~ with full annual  co~<'rage, k wind 
pm'mnemrization after Cm'ini et al. (1996) = C; Lisa and Merliwt (1986) = LM; Nightingale et al. (2000) = N; Ray~nond et al. (2000) 

R; Raymond and Cole (2001) Re; Wanninkhof  (1992) W; Tans et al. (1990) T; WannmMlof  and McCillis (1999) l,~_rMcG 
D denotes direct measurements  with a floating dome. 

pL:02 ~r..W~ter CO~ l'luxes 
Site ~E ~!xl (ppn;) (n*ol (5 rzl a yr *) k kef 

Inner  estuaries 

Rmlders Fjord (I)  10.3 56.6 220-3400 4.4 D Gazeau et al. 
(2004a) 

Elbe (2) 8.8 53.9 580-1100 53.0 D Frankignolflle et 
al. (1998) 

Eros (3) 6.9 53.4 560-3755 67.3 D Fraxlkignoulle et 
al. (1998) 

Rhine (4) 4,1 52,0 ,545-1990 39,7 D Frankignolxlle et 
al. (1998) 

Thrones (5) 0,9 51,5 505-5296 73~6 D grmaldgnoulle et al. 
(1998) 

Scheldt (6) 3.5 51.4 125-9425 63~0 D Frankigno]zlle et aI. 
(1998) 

Tamm- (7) .... 4.2 50.4 380.2200 74~8 8.0 cm h --~ ~Yankignotxlle et al. 
(1998) 

Loire (8) .... 2,2 47,2 630-2910 64.4 13.0 cm h -4 /  Abril et al. (2003, 
Q D ~OO4) 

Gironde (9) --- 1.1 45.6 465-2860 30,8 D Frmlkignoulle et al. 
(1998) 

Dom'o (10) .... 8.7 41.1 1330-2200 76.0 D Frankignoulle et al. 
(1998) 

Sado (11) ---&9 38.5 575-5700 31.3 D Frankignoulle et al. 
(1998) 

York River (12) .... 76.4 37.2 350-1900 6.2 R Raymond et al. 
(2OOO) 

Satilla River (13) .... 81.5 31.0 560-8200 42.5 12.5 cm h--: Cai and Wang 
(1998) 

Hooghly (14) 88.0 22.0 80-1520 5A W Mtxkhopadhyay et 
al. (2002} 

Godavm'i (15) 82.3 16.7 220-500 5.5 RC Bouillon et al. 
(2008) 

Mmldovi-Zuari (16) 73.5 15.3 500-3500 14,2 W 8m-ma et al. (200[[) 

Outer estua~es 

Scheldt (17) 3,0 51.4 50.g00 1 J / 1 , 9  LM/W Borges and Dankig- 
nou]le (2002a) 

Amazon (18) 50,0 1.0 290-555 0,5 W K6ru, mger  (2005) 

Inner  and outer  estuaries (whole estua~ine s}stei]ci) 

Scheldt 3.0 51.4 7~3 

Amazon .... 50.0 1.0 - -  2,5 

31.5 500-3000 21,4/25~5 W/'RC 

Non-estuarine salt rnarsh sur rounding  watery 

Duplin River (19) -81 .3  

Mangrove smro tmding  waters 

Norman ' s  Pond (20) -76.1 23.8 
Mooxmganga Creek (21) 89,0 22.0 

Saptamukhi Creek (22) 89.0 22.0 

385-750 5.0 C 
800-1530 8.5 4,0 cm h -~ 

1080-4000 20.7 ,4,0 cn~ h /" 

1880-4770 20.4 C 
540-1680 15.9 C 

Caderu  Creek (23) 82,3 16,8 
Nagada Creek (24) 145.8 .... 5.2 

:Frankigno~xlle et aL 
(1998) and Bo> 
ges and Frankig- 
notflle (2002a) 

~-Richey et a[. (1990) 
and KOrtzinger 
(2oos) 

Wailg and Cal 
(29o4) 

gorges et al. (2003) 
Borges et al. (2003) 

based on Ghosh 
et al. (1987) 

gorges et al. (2003) 
based on Chosh 
et al. (1987) 

Borges et al. (2003) 
Borges et al. (2003) 
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TABLE 1. Cont inued .  

~c;o z Air-7,,it~r CO z Fluxes 
2~ite ~ ~1': ~pprn) (too! C m z yr ~) 

Itacuraf,~ Creek  (25) .... 44.0 .... 23.0 660-7700 41.4 

k Ref. 

4.0 cm h ~ Borges et  al. (2003) 
based on Ova.lle 
et  al. (1990) 

Coral  reefs 

Hog  Reef (26) .... 64.8 32.3 340.480 1.2 W 
Okmawa Reef  (27) 127..5 20.0 9F>-950 1,8 LM 

Yonge Reef  (28) 1"t5,6 14.6 250-700 1,5 D 

Moorea  (29) 149.8 17.5 240-580 0.1 D 

Upwel l ing systems 

C a l i d a n  coast (30) 9.2 42.5 265-415 1 .3 /  2,6 L M / T  

Ca.lifomia coast  (31) 122,0 5(3 ,8  100-850 0,5 (FA Ni i io ) /  WMcC 
1.9 (La Nifia) 

Ore*an coast (32) 49.0 20.0 365-660 0,9 W 

Open  contk~enkal shelves 

Barents  Sea (33) 30.0 75.0 168-352 --2~ 10.3 

Bristol Ba? (34) 164 58.0 111-450 0.6 10,3 

Baltic Sea (35) 20.0 57.0 156-475 1,5 10,3 

Nor th  Sea (36) 2.6 56.7 :145495 .... 1,4 WMcG 

Engl ish  Chann e l  (37) ..... 1.2 50.2 200.500 G0 N 

Gulf  of  Biscay (38) .... 7.9 49.0 260-460 .... 1 .8 / - -2 ,9  L M / W  

U.S. Middle Adantic  gigh~ (39) ..... 74.5 38.5 200.660 .... 0 o 7 / - 1 , 2  L M / W  

East  China  Sea (40) 125 3 2 0  200.399 .... 1,2/---2,8 L M / W  
U.S, South Atlant ic  Bight  ( , t l )  80.6 31.0 300-1200 2,5 W 
Flor ida  Bay (42) .... 80.7 25.0 325-725 1,7 4.0 cm h : 

Southwest  Bradl ian  coast (43) 45.5 25.0 350 .475  1,0 10,3 
Pryzd Bay (44) 78.9 - 6 8 . 6  50-325 .... 2,2 W 

Bates e~ al. (2001) 
O h d e  and van Woe- 

s~ (]999) 
Fra.nkignoulle et  al. 

(1996) 
Catb.Iso et al. (1993, 

1997) and Fran- 
kignoul le  et  al. 
(1996) 

Borges and  Flankig- 
noul le  (2002b) 

F i i ede i i ch  et  al. 
(2002) 

Coyet  e t  al. (1998) 

SKaltin et  al. (2002), 
Omar et al. 
(2003) 

4K.elly and  H o o d  
(1971b), Codispo- 
~i e t  al. (1986), 
( ;hen (1993), 
Murata  and  Tuld- 
zawa (2002) 

YI ' hom~ and  
Sdrne ide r  (1999), 
S d m e i e r  e t  al. 
(2003), and  Kuss 
et  al. (2004) 

Thomas  et  al. 
(2004a) 

Borges and  Frankig- 
notflle (2008) 

Frankign oulle and  
Bo:ges (2001) 

DeGranpre  et  al. 
(2oo2) 

Wang et al. (2000) 
Cai e t  al. (2003) 
Borges e:  al. (2003) 

based on Millero 
e:  al. (2001) 

~ito et  al. (2004) 
7Gibson and Trul i  

(1999) 

! Using a flux oK 63.0 tool  C m : 7~T : and  surface area  of 220 km ~ ~br the i n n e r  es tuary (Frankig-noalle e t  al. 1998) and  a f lux of 
1.5 n lo l  C iil  -~ yr -i a nd  sm'face area of 2100 ~ l i  2 for the ou te r  estuary (Borges and Fra.nkignoM1e 2002a). 

2 Using a fll~x of 164 rnol  C m 2 yT ~ (at Obidos,  Richey et  al. 1990) and  surface area of 44,1186 k m  2 (from the river m o u t h  to 
Obidos,  based on Chapnian  et  al. [20021, S e j e r  persona l  c o m m m d c a t i o n )  for die  t une r  es tuary  and  a flux of 0.5 tool  C m '~ yr ' !  
and  surface area of 2.4 X 108 krn ~ for the outer  es tuary  (K6rteinger 2003). 

Using the a~<rage k value fox con t inen ta l  shelves of 10.3 cm h -~ p roposed  by TsLmogai et  al. (1999) and  assu~xs a zero air-ice 
CO~ f lux (ice coverage based on data  f rom the Nat ional  Snow and  Ice Data Cell~er downloaded  f rom h t t p : / / n s i d c . o r g / ) .  

Using the average k va.lue fbr co i ldnen ta l  shebes  of 10,3 cm h -1 p roposed  by Tsunogai  et  al. (1999) and  assmrJing a zero air-ice 
CO 2 f lux (ice coverage based  on Walsh and Diet.erie [1994]). 

Using die  average k v~lue for con t inen ta l  shebes  of 10.3 cm h -~ p roposed  by Tsunogai  e t  al. (1999). 
Using the average k value for con t inen ta l  sheNes of 10.3 cm h i p roposed  by Tsunogai  e~ al. (1999). 

v AssturJng a zero air-ice CO~. flux d m m g  297 d yr-:.  
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Randers Fjord * April Atmosphe~'e 
(retool C m ~2 d 4) /16 (-5) 

Baltic DIC 
Sea NEP = 1 

N~=P = ~'~9 

283 DIC River 

Randers Fjord �9 August Atmosphere 

(mmo! C m 4 d'") ~42 (§ 

B,~ttic 195 
Se~ DtC NEP = ~3 ( ' ? }  ~ DtC River 

NEP = -48 

SCheM! - annuat Atmosphere 

(mmol C m "2 d 4) ~ 5 9 ~ L  1+140} 

Noah ~16 
Sea D I C ~  NEP = -52 

~01 
, q - - ~ D t C  River 

22 [.~tez'al 
DIC inputs 

Fig. 2. Dissolved inorganic carbon (DIC) budgets for 2 cruis- 
es in the Randers )lord mid an annual budget in the Scheldt 
estuai?, based on Cazeau et al. (2004a(b). Net ecosystm~ci pro- 
duction (NEs was estimated from up-scaled oxygen incuba- 
tions in both esttlaxies, In the Randers fjord, NEP was up-sc~/ted 
in the upper and bottom layers, Air-water CO~ flu~'~e~ are com- 
puted as the closing term of the budget and compared with aix- 
~v-ater CO~ fluxes computed f~'orn pCO~ measm'ements (urnn- 
bets in bracket@ Note that fluxes are expressed in rranol C m --~ 
d 1. m'flike in other figm-es and tables. 

water, and  po ten t ia l  sources  o f  GO z to the a tmo-  
sphere .  

All the estuaries listed m Table  1 are  ne t  sources  
o f  GO2 to the a t m o s p h e r e ,  so this behavior  appea r s  
to be a gene ra l  fea ture ,  a l t h o u g h  the r ange  of  re- 
po r t ed  air-water COz fluxes encompasses  one  o>  
der  o f  m a g n i t u d e  (in a c c o r d a n c e  with the  r ecen t  
review 'toy Abril  and  Borges  [200411 that  also cocci- 
piles s tudies in estuari es w h e r e  pCOz  was m e a s u r e d  
bu t  air-water COz f luxes were  n o t  r e p o r t e d ) .  High-  
ly po l lu ted  estuaries such  as the Sche ld t  a nd  rela- 
tively pr is t ine ones  such  as the Satilla are oversat- 
u ra ted  in COz with respec t  to the  a tm os phe re .  

A m o n g  E u r o p e a n  estuaries,  the Sche ld t  and  
Rande r s  J)~ord are  at the h i g h e r  and  lower  b o u n d s ,  
respectively, of  r e p o r t e d  air-water C O  s fhaxes. In  
b o t h  these estuaries a ca rbon  b u d g e t  was estab- 
l ished f r o m  smiu l t aneous  and  i n d e p e n d e n t  mea-  
s u r e m e n t s  of  me tabo l i c  p rocess  rates  and  ai>water  
COz exchanges ,  based  on  the resuhs  fi-om the re- 
cen t  E u r o p e a n  U n i o n  projec t  E U R O T R O P H  (Fig. 
2). T h e  Rande r s  >~ord is a micro t ida[  es tuary  char-  

ac ter ized by a s t rong  p e r m a n e n t  strat if ication,  
wt,ile the  Sche ld t  es tuary  is a macro t ida l  es tuary  
charac te r i zed  'to}; a p e r m a n e n t l y  well-n~lixed water  
co lumn.  A l t h o u g h  on  the whole  the  Ra nde r s  bljord 
is a ne t  h e t e r o t r o p h i c  system, the mixed  layer was 
ne t  a u t o t r o p h i c  while the  b o t t o m  layer was s t rongly  
h e t e r o t r o p h i c  du r ing  b o t h  sampl ing  cruises (Fig, 
2)~ D u r i n g  the April  cruise,  the a i>water  C O  s flux 
c o m p u t e d  as the  closing te rm of  the  c a r b o n  bud-  
get, agrees  botlh in d i rec t ion  a nd  o rde r  of  cciagni- 
rude with the air-water CO2 flux c o m p u t e d  fi-om 
pCO~ field data. This  is no t  the case for  the  Augus t  
cruise, bu t  as discussed in detail  toy Gazeau  et al. 
(2004b) ,  the up-scal ing of  the pelagic  02  incuba-  
t ions was p robab ly  unreal is t ic  du r ing  this cruise. 
O t h e r  a p p r o a c h e s  appl ied  by Gazeau  et al. (2004b) 
give a mixed  layer NEP of  ----48 and  - 6 1  ccicciol C 
m -~- d - i  for  the L a n d - O c e a n  I n t e r a c t i o n  in the 
Coastal  Z o n e  (LOICZ)  axed Response  Sur face  Dif- 
f e rence  app roac hes ,  respectively, that  would  co> 
r e s p o n d  to a CO z emiss ion of  77 a nd  90 mnlo l  C 
m --~ d -~ to d o s e  the budge t ,  in a g r e e m e n t  b o t h  in 
d i rec t ion  and  o r d e r  o f  m a g n i t u d e  with the air-wa- 
ter CO2 f luxes c o n i p u t e d  f r o m  p C O z  field data. In  
the Sche ld t  estuary, the emiss ion of  COz c o m p u t e d  
to close the a n n u a l  c a r b o n  b u d g e t  is in fair agree-  
m e n t  with the air-water C O :  f luxes c o m p u t e d  f r o m  
pCOs  field data,  b o t h  in terccis o f  d i rec t ion  and  
o r d e r  of  magn i tude .  T h e  emiss ion of  COz f rom the 
Sche ld t  is a lmos t  15 t imes h ighe r  than  the one  
fron~l the Ran.ders Fjord G-able 1), a l t h o u g h  N E P  
is only 2 t imes lower  in the  Sche ld t  than  in. the 
Rande r s  Fjord  (Fig. ~2). This  can be a t t r ibu ted ,  at 
least partly, to the d e c o u p l i n g  in the  Ra nde r s  Fjord 
of' the p r o d u c t i o n  of' o rgan ic  ma t t e r  in the  mixed  
1wet  an.d its d e g r a d a t i o n  in the b o t t o m  layer. In  
this way, the C O  z p r o d u c e d  by- d e g r a d a t i o n  pro-  
cesses will n o t  be  inTlmediately available for  ex- 
c h a n g e  with the  a t m o s p h e r e  in the Ra nde r s  Fjord 
unl ike  the  Sche ld t  es tuar> T h e  res idence  t ime of  
fresh water  is m u c h  l onge r  in the  Sche ld t  (30-90  
d) than  in the R a n d e r s  >jord (5-10  d). For  a sim- 
ilar N E E  the enrichcc, ent  in DIC of  es tuar ine  wa- 
ters a nd  c o r r e s p o n d i n g  vent i la t ion o f  CO~_ to the 
a t m o s p h e r e  will be m o r e  in tense  in the Sche ld t  
than  in the Rande r s  !a~iord. Vent i la t ion  of  r iverine 
CO s can con t r ibu te  to the emiss ion of  C O  s f r o m  
tune r  estuaries bu t  seems to be h igh ly  variable.  It 
has  been  estinTlated by Abril  et al. (2000) tha t  the 
con t r i bu t i on  is a b o u t  10% of  the  overall C O  s emi>  
sion :from the  Sche ld t  t une r  estuary. Based on  the 
a p p r o a c h  given by Abril  et al. (2000),  it can be 
es t imated that  in the Rande r s  Fjord the ven t i l a t ion  
o f  rNer ine  CO s has a m u c h  larger  c o n t r i b u t i o n  
( m o r e  than 50%,  6.5 m m o I  C m 2 d l) to the av- 
erage  C O :  emiss ion f r o m  the es tuary  (12 mcciol C 
m -z d-*). N o t e  tlhat lateral inputs  of  DIC in the  



Scheldt  estuary are significant when  c o m p a r e d  to 
the emission of COP` to the a tmosphere .  T h e r e  is 
increasing evidence that  this input  t e rm is highly 
significant in most  estuaries (Cat and  Wang 1998; 
Cat et al. 1999, 2000; N e u b a u e r  and Ande r son  
2003). 

In inner  estuaries, inputs  of  DIG, ecosystem met-  
abolic rates, stratification of the water  co lumn,  and  
res idence time of water  mass control  the air-water 
gradient  of  pCO~ (kpCO~_). The  overall emission 
of CO~e to the a t m o s p h e r e  is also strongly modu-  
lated by- the gas transfb, r velocity, (k). It was recent ly 
shown that  k is site specific in inner  estuaries (Kte- 
m e t  et al. 200,3; go rges  et al, 2004a), This  is re lated 
to differences in the cont r ibut ion  of tidal cur ren ts  
to water  tu rbulence  at the in terrace and fetch lim- 
itation. T h e  cont r ibut ion  to k f rom turbu lence  
genera ted  by tidal currents  is negligible in micro-  
tidal inner  estuaries but  is substantial,  at low to 
m o d e r a t e  wind speeds, in macro t ida l  inner  estu- 
aries (Zappa  et al. 2008; go rges  et al. 2004a). A 
given inner  estuary is character ized by s t rong spa- 
tial gradients  and  seasonal variability of k related 
to differences in the relative cont r ibu t ion  to tur- 
bu lence  at the at>water in ter face  of >4rid speed,  
water  currents ,  and topography- (gorges  et at. 
2004b)~ 

OUTER ESTbARtES ([RIVER PLUMES) 

Ketchum (1983, p. 2) defines outer  estuaries as 
"plurnes  of Deshened  water  which float on the 
m o r e  dense coastal sea water  and they can be 
traced [,or m a  W miles f rom the geographicaJ  
m o u t h  of the estuary." Some  outer  estuaries do 
not  show ei ther  ha lme  or the rmal  stratification, 
whatever  the season, due to the combina t ion  of 
s t rong tidal currents  and the shallowness of the 
area  (e.g., Scheldt  outer  estuary).  [n this case, the 
outer  estuary can be traced on the shelf  by the 
gradient  of  salinity but  also by the gradient  of  less 
conservative tracers such as water  t empera tu re ,  tur- 
bidity, chlorophyll  a, inorganic  nutr ients ,  total al- 
kalinity (TA), and c h r o m o p h o r i d  dissolved orgar, ic 
ma t t e r  (Van g e n n e k o m  and Wetste!jn 1990; Hop-  
p e m a  1991; go rges  and Frankignoul le  1999; Del 
Vecchio and  Subrmnan iam 2004), Ou te r  estuaries 
are usually character ized by less intense ca rbon  
and  nu t r i en t  cwcling and  air-water COP` areal fluxes 
than inner  estuaries (grasse et al. 1999, 2002; Rei- 
m e t  et al. 1999; go rges  arid Frankignoul le  2002a). 

Undersa tu ra t ion  of CO2 with respect  to a tmo-  
spheric  equi l ibr ium ihas been  r epor t ed  in various 
outer  estuaries such as the plurne of the Ganges,  
Mahanadi ,  Godavari ,  and Krishna rivers (Kumar  et 
al. 1996), the Congo river (gakker  et al, 1999), the 
Yangtze and  Yellow rivers (Chen and  ~&rang 1999), 
and  the Mississippi river (Cat 2003), a l though the 
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low tempora l  coverage in these studies does not  
allow an annual  in tegra t ion of at>water COP` fluxes. 
Air-water CO s fluxes in outer  estuaries are char- 
acterized by impor t an t  spatial and seasonal vari- 
ability, and  in some cases with shifts be tween over- 
saturat ion and  undersa tura t ion  of COp, ( H o p p e m a  
1991; go rges  and Frankignoul le  1999, 2002a; 
Brasse et al, 2002)~ Significant in te rannual  vari- 
ability of DIC dynamics and air-water COP` fluxes 
has also been  d o c u m e n t e d  in the Scheldt  outer  
estuary based on field (gorges  and  Frankignoul le  
1999) and  mode l ing  (Gypens et aL 2004) ap- 
p roaches  owing to changes  in freshwater discharge 
and  water  t empera ture .  

Air-water CO 2 fluxes have been  satisfixctorily in- 
tegrated at an annua l  scale only in the Amazon  and 
Scheldt  outer  estuaries (Table 1), In these two out- 
er estuaries, the ampl i tude  of the mr-water CO s 
fluxes is similar but  opposi te  in sign. The  major  
difference between these two systems is that  the 
Amazon  outer  estuary is a vertically hal ine strati- 
fied ~,stem that  extends  across the cont inenta l  
shelf  break,  While the Scheldt  outer  estuary is a 
p e r m a n e n t l y  wel l -mixed  system c o n f i n e d  near -  
shore  over the shelf'. This  di f ference is re lated to 
the huge  freshwater  discharge f rom the A mazo n  
river (5520 km s yr t) c o m p a r e d  to the Scheldt  rw- 
er (4 km s yr--t), and to a lesser extent  to the nar- 
rower shelf  off the Brazilian coast than in the 
Nor th  Sea. In the Amazon  outer  estuary, stratifi- 
cation, allows sed imen ta t ion  of suspended  part icu- 
late matter ,  and a lowering of light l imitation of 
p r ima ry  product ion .  Produc t ion  by- photosTnthesis  
of organic  ma t t e r  escapes the mixed (photic) layer 
by sed imen ta t ioa  across the pycnocline.  The  Am- 
azon outer  estuary efficiently expor ts  organic mat-  
ter to the deep  ocean and acts as a sink for  a tmo-  
spheric  COP` (Ternon  et al, 2000; K5rtzinger  200g). 
In the Scheldt  outer  estuary, the p e r m a n e n t l y  well- 
mixed  and  tu rbu len t  water co lumn prevents  organ- 
ic ma t t e r  f rom escaping the surface layer by- sedi- 
men ta t i on  arid final carbon burial  in the sed iments  
is very low (Wollast 1988; de Haas  et al. 2002). Al- 
though  net  lateral advective expor t  of  organic mat-  
ter has not  been  est imated in the Scheldt  outer  
p lume,  the input  of organic and inorganic  carbon 
f rom the Scheldt  inner  estuary and  f rom the Bel- 
gian coast also cont r ibute  to the net  annua l  emis- 
sion of COP` to the a tmosphere ,  Unlike the A mazo n  
river p lume,  the Scheldt  outer  estuary is a net  sink 
of organic ma t t e r  an d a source  of a tmospher i c  G O  2 

(gorges  and Frankignoul le  2002a). 

WHOLE ESTO.skaIXE S~TEMS 

Although outer  estuaries are character ized by 
net  annua l  air-water COP` areal fluxes that  are usu- 
ally one order  of  magn i tude  lower than inner  es- 
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tuaries (Table 1), their  surface a rea  is m u c h  larger, 
arid they have a significan.t effect  on  the  overall  
b u d g e t  o f  e x c h a n g e  of  CO~. with the  a t m o s p h e r e ,  
T h e  whole  e s tua rme  ~ s t e m s  (ou te r  and  i n n e r  es- 
tuaries) of  the A m a z o n  and  the  Sche ld t  have rel- 
atively similar air-water CO~. fluxes bo th  in ampli-  
tude  and  d i rec t ion  (Table 1), In  the case of  the 
Scheldt ,  the emiss ion of  CO2 to the a t m o s p h e r e  
f rom the whole  es tuar ine  system is one  o r d e r  o f  
m a g n i t u d e  lower  than  fi~om the t une r  es tuary  (Ta- 
ble 1). This  clearly show-s tlba.t ou te r  es tumies  con-  
stitute a c o m p o n e n t  o f  o rganic  and  i no rgan i c  car- 
b o n  es tuar ine  dynamics  tlhat c a n n o t  be neg lec ted ,  

5~,'~o~o~q~ aND S A ~  M_~asH 
SURROUNDINC. ~*~AT ERS 

M a n g r o v e  and  salt m a r s h  s u r r o u n d i n g  waters are 
t rea ted  t o g e t h e r  because  they occupy  the same 
ecological  n iche  and  are  fi~irly sirrfilar ~>om the 
po in t  of  view of  c a r b o n  cycling and  a i>water  CO~ 
exchanges ,  Salt marshes  are in ter t idal  habi ta ts  at 
t e m p e r a t e  lat i tudes,  whereas  m a n g r o v e s  p r e d o m i -  
na te  in t ropical  as~d subt rop ica l  latitudes, Sah 
marshes  are  f o u n d  in places whe re  winter  t e m p e >  
a ture  is lower  than  10~ whereas  m a n g r o v e s  occu r  
where  the  min ima l  winter  t e m p e r a t u r e  is above  
16~ ( C h a p m a n  1977). Salt marshes  and  m a n g r o v e  
forests co-occur  at la t i tudes be tween  97 o and  88 o 
with ma r shes  r ep lac ing  rnangroves  as the  d o m i n a n t  
coastal  in ter t idal  vege ta t ion  at a b o u t  ~8 ~ la t i tude 
(Alongi  1998). 

N o n - e s t u a r i n e  m a n g r o v e  and  salt m a r s h  su> 
r o u n d i n g  waters are  s ignif icant  sources  of  C O  z to 
the a t m o s p h e r e  (Table 1). T h e  overall  e c o ~ s t e m  
(aquat ic ,  a b o v e g r o u n d ,  and  b e l o w g r o u n d  com-  
pa r tmen t s )  is ne t  a u t o t r o p h i c  and  a sink :for at- 
m o s p h e r i c  CO~ due  to large c a r b o n  f ixat ion as 
p lan t  b iomass  (Fig. 3), 'The air-water CO~ fluxes are 
fueled  by a ne t  h e t e r o t r o p h y  in aquat ic  and  sedi- 
m e n t  c o m p a r t m e n t s  that  r ecewe  large a m o u n t s  o f  
o rgan ic  ma t t e r  f r o m  the  a b o v e g r o u n d  compar t -  
men t ,  while aquat ic  p r i m a r y  p r o d u c t i o n  is usually 
low in most  salt m a r s h  and  m a n g r o v e  creeks, vary- 
ing witlh g e o m o r p h o l o g y ,  water  r e s idence  time, tu>  
bidity, and  n u t r i e n t  del ivery (A1ongi 1998; Gat tuso  
et al. 1998a).  

I n  b o t h  systems, water  c o l u m n  DIC  dynamics  are 
significantly i n f l uenced  by d iagenet ic  d e g r a d a t i o n  
processes;  du r ing  the ebb and  at low tide, there  is 
a s t rong  inf lux of  po rewa te r  ( e n r i c h e d  in DIC,  TA, 
and  COz and  im pove r i s hed  in oxygen)  that  mixes  
with the c reek  water, substantial ly affect ing the 
chemica l  p rope r t i e s  o f  the  latter, D u r i n g  the flow, 
the mig ra t i on  o f  po rewa te r  towards the creek 
s t rongly  decreases  unti l  it s tops w h e n  the s e d i m e n t  
surface is i n u n d a t e d  at h igh  tide (Ovalle et al, 
1990; Borges  et al. 200~; Wang  and  Cai ~004). 

Man,roves (global average) 
moi C yr 4 
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Fig, 3. Budgets of organic carbon (OC) and dissolved ixlof 
gm~ic cm-bon (DIC) flows in mangroves (global budget given by 
Jennezjalm and Ittekkot [2002]) and the salt marshes of the 
U.S. South Atlantic Bight (based on Wang and Cad [200'3] and 
Cai et al. [2003]). Values ix~ italics are the closing terms for each 
budget. The -values given byjenneljabm and Ittekkot (2002) re- 
fbr bJ the sm'face area of the intertidal region covered by man- 
groves and not the surface m'ea of the waters surrounding man- 
grove forests. For the salt marshes of the US. South Atlantic 
Bight, the CO 2 emisaon ti~om the wamr to the annosphere was 
computed flora the CO~ flttxes for water above and s~lrrotalcl- 
mg the salt rnm'shes, and using a tom/am'face m'ea of 4571 k.m~ 
for salt marshes and a 1:5 ratio of water to marsh urea (Wang 
and Cal 2003). 

T h e  air-water CO~ flux is c o m p u t e d  as the c]os- 
m g  t e rm in the global  c a r b o n  b u d g e t  o f  m a n g r o v e  
ecosystems p r o p o s e d  by J e n n e r j a h n  and  I t tekkot  
(2002; Fig. S). T h e  expo r t  of' o rgan ic  ma t t e r  to ad- 

j a c e n t  aquat ic  sy-stems is p r o n e  to large  uncer ta in ty ,  
If  an  air-water GO~ flux of  18,7 tool  C rn -~- yr  -I  is 
appl ied  ( m e a n  of  data  f~om Table  1) then. the  ex- 
p o r t  of  o rgan ic  ma t t e r  to ad jacen t  aqua t ic  systems 
r e c o m p u t e d  as the closing t e rm is r e d u c e d  by 
a b o u t  50% (1,98 X 10 i2 tool  C yr - i ) ,  In  this cal- 
cula t ion it is a s sumed  that  the air-water COz flux 
is exclusively re la ted  to the d e g r a d a t i o n  of  m a n -  
grove-der ived o rgan ic  matter ,  This  is n o t  the  case 
o f  mos t  m a n g r o v e s  (if' any) where  the P O C  poo l  is 
a c o m p l e x  mix tu r e  with d i f ferent  or igins  (e.g., 
Boui l lon  et al. 2004a,b) .  O t h e r  c a rbon  flows are 
no t  a c c o u n t e d  for, such as the  expor t  of  DIG to 
ad jacen t  aquat ic  systems, the  emission of  COz f r o m  
air exposed  sediments ,  and  a l l o c h t h o n o u s  inputs  
o f  DIC a nd  o rgan ic  ma t t e r  tha t  are  h ighly  signifi- 
can t  in. salt mar shes  (Fig. :3). Th i s  first o r d e r  corn- 
pu t a t i on  clearly il lustrates the po ten t ia l  o f  air-water 
CO~, f luxes as an  i m p o r t a n t  c o m p o n e n t  in c a r b o n  
wc l ing  in m a n g r o v e  ecosystems that  has  beer ,  so 
:Far over looked .  

In  salt ma r shes  the expo r t  of  c a r b o n  as DIC  to 
ad jacen t  aquat ic  systems c o r r e s p o n d s  to m o r e  than  
twice the emiss ion of  CO~ to the  a t m o s p h e r e  (Fig, 



3). There  is no estimate of this term in mangroves,  
a l though it can be assumed to be significant since 
p roduc t ion  of DIC in mangrove creeks has system- 
atically been observed (Barges et al. 200S; Bouillon 
et aI. 2003; Frankignoulle et al. 52003)~ The export  
of DIC florn rmangroves does not  seem to signifi- 
cantly affect the air-water CO~ fluxes in the adja- 
cent aquatic ecos3,'stem where the D[C is dilute& 
Bouillon et al. (200,~) and Barges et al. (52008) ob- 
served in India  and Papua New Guinea, respective- 
ly, that DIC and pCO 2 values are much  higher  in 
the mangrove creeks than in the adjacent aquatic 
s),stems. This is also conf i rmed toy the work of 
Ovalle et al. (1999) who concluded that mangrove 
forests do no t  significantly affect the distribution 
of DIG over the shelf waters of Eastern Brazil, even 
at stations located 2 km away Dam the rmangrove 
Dinge. Biswas et al. (2004) repor ted  pCO~ values 
ranging from 154 to 796 ppm and an annual  air- 
water COP` flux of 0.15 real C m ~ yr i (computed  
with the Liss and Merlwat [1986] k parameteriza- 
tion) at the fringe of the Sundarban mangrove for- 
est that are much  lower than the values within two 
creeks (Moor inganga  and Saptamukhi) in the 
same region (Table 1). 

CameL REEF'S 

Coral reefs are carbonate structures dominated 
by sc lerac t in i~  corals and algae, mostly distributed 
in the tropics ($3.5~ 31~5~ Coral reefs thrwe 
in low turbidity, ol igotrophic waters with an. a.mmal 
min imum temperature  of 18~ They display high 
rates of organic carbon metabolism auld calcifica- 
tion. Despite high rates of GPP and R, NEP is close 
to zero (Gattuso et al. 1998a). Coral rees repre- 
sent about  2% of the surface area of continental  
shelves but account  for about  83% and 50% of the 
p roduc t ion  and accumulat ion of  particulate ino> 
gauic carbon over cont inental  shelves (Milliman 
1998). The  CO~ fixation by- NEP is low, but the 
high rates of calcification lead to a release of COP` 
to the sur rounding  water according to: Ca p̀~ + 
2HCO 3- CaCO s + COz + H~O. As CO z interacts 
through thermodynamic  equilibrium with the ba- 
ses present  m seawater (buffer effect), COP` increas- 
es by 0.6 rmol for each rmole of calcium carbonate  
(CaCO3) precipitated in s tandard seawater (salinity- 
- 35, temperature  - 525~ TA - 2370 lzmol kg 1 
pCO~ - 365 ppm).  The  ratio of COP` produc t ion  
to CaCO~ precipitation depends in general on the 
the rmodynamic  equilibrium and in particular on 
temperature  and salinity (Ware et al, 19952; Fran- 
kignoulle et al. 1994). 

Based on global estimates of net  calcificatiou 
and NEP, Ware et al. (19952) computed  a potential 
COP` release to the sur rounding  water flora the bal- 
ance of organic metabolism and calcification rang- 
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ing from S.O to 11.S mol  C m p̀ yr 1 These esti- 
mates are higher  than those reported m Table 1 
because these systems are not  closed and oceanic 
water permanent ly  circulates across the reef  sTs- 
tem~ The  actual air-sea CO~ flux will be strongly 
dependan t  on. the residence time of the water 
mass, itself a funct ion of' the reef  geornorphology 
,'.flinging, barrier, or atoll coral reef  system), and 
water current  patterns in the adjacent oceanic wa- 
ters, 

There  has been a debate concern ing  the role of 
coral reef  Wstems as sources or sinks of' a trnosphe> 
ic COp. (Kayanne et al. 1995; Gattuso et al. 1996; 
Kawahata et al. 1999; Suzuki et al. 2001). Gattuso 
et al. (1996, 11999) have argued that f l inging reefs 
unde r  the influence of h u m a n  pressure have shift- 
ed from a coral-dominated to a macroalgal-domi- 
nated state, as m the case of Shiraho reef; Ryukyu 
Islands, studied by- Kayanne et al. (1995). This 
would lead to an increase of NEP and a decrease 
of calcification and possibly a shift from a source 
to a sink for a tmospheric  CO> Besides the meta- 
bolic processes occurr ing in the coral reef  sTstem 
and the residence time of the water mass, the ac- 
tua.l flux of' CO2 across the mr-water interface is 
fur ther  modula ted  by the ,'SpCOz of the incoming 
oceanic water. The  latter will be p rone  to seasonal 
variability due to biogeochemical  processes inde- 
penden t  from those occurr ing in the coral reef  sys- 
tem. 

On an annual  scale, tropical and subtropical oce- 
anic waters are sources of CO:  (0.85 n~tol G m -2 
yr -1, k p C O  2 - 11 ppm, Takahashi et al. 2002 re- 
vised climatology). Based on the difference of 
pCO~. between offshore and reef  waters compiled 
by Suzuki and Kawahata (200g) in 9 coral reef  sys- 
tems and adding the data from Bates (2002) at 
Hog R e e f  it can be estimated that incoming oce- 
anic waters are enriched on average by 12 ppm 
during the transit th rough  coral reef  wstems. A 
global emission of C O  2 from coral reef  systems of 
about  0.7,3 real C m ~ yr 1 can be roughly estimat- 
ed, a value within, the tar, Be of observations re- 
por ted  m Table 1. 

UPX:gELLINC S52qTEMS 

Upwelling systems are characterized by high pri- 
mary  product ion  rates ranging from 5 to 170 real 
C m p̀ yr 1 off the Moroccan  aud Chilean coasts, 
respectwely (Walsh 1988), making these areas sites 
of significant carbon fluxes across the continental  
shelf margin. During upwelling events, these sys- 
terms are devoid of slope currents (a p e r m a n e n t  
:feature of other  marginal  continental  sheDes) that 
hamper  exchanges of' matter  from the continental  
shelf to the open  ocean across the continental  
slope. These systems also usually develop upwelling 
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TABLE 2. Compar i son  in 3 upwell ing systems of  DIC and  NO~- concent ra t ions  of  upwel led  water a n d  upwell ing index  (UI). I = 
Savma (2003); 2 van Geen et al. (2000); 5 Borges (unpub l i shed ,  OMEN. II da ta  set); 4 Chen  et at. (2003); 5 ~M~arez-Salgado 
et aI. (200~). 

DIC (~.moI kg -~) 
NO~, (~,mol kg :) 
UI (m "~ s < h n  of  coast  -~) 
DIC i n p u t  (tool d ~ k m  of coast  ~) 
NOs-  ix~put (tool d-:  hn of coast  -~' 

Om~,n Qo;t~t Cr Oo~.st Q~J!cl~n (.';o~,st 

~ 7 5  (1) ~16o (2) 2.t~8 (5) 
]0  (4) S,S (4) 9 (5) 

5000 (4) 850 (4) 270 (5) 
9,7  X lO* 1,6 X lO ~ 5.1 X 10 "/ 

4 , 4  X 10 '~ 1,7 X 10 ~ ~ )  X .[0 ~ 

f i laments that are very efficient s t ructures  for [he 
expor t  of' organic ca rbon  as DOG and suspended  
POC to the adjacent  deep  ocean  (Alvarez-Salgado 
et al. 2001, ~2003)~ 

Coastal upwelling areas are known to show over- 
saturat ion of CO~. with respect  to a tmospher ic  equi- 
l ibr ium due  to the input  of  CO~-rich deep waters. 
T h e  input  of  nutr ients  f rom upwelling fuels pri- 
mary  p roduc t ion  that in turn  lowers pCOz values. 
Each of these two processes has an oppos ing  effect 
on the 5 p C O >  In the Peruvian and  Chi lean coastal 
upwelling systems, which are known to be a m o n g  
the most  product ive  ocean.ic areas worldwide, huge  
oversaturat ion of C O  2 ~ t h  respec t  to the a tmo-  
sphere  has been repor ted  with pCO~ values up to 
1,200 ppm,  a l though  low values down to 140 p p m  
have also been  observed in relat ion to p r imary  pro-  
duct ion (Kelley and  H o o d  lg71a; Simpson and Zi> 
ino 1980; Copin-Mont6gut  and Raimbaul t  1094; 
Torres  et al. 2002, 2005), O t h e r  upwelling systems 
show a lesser range  of variation, 100-850 p p m  off 
the California coast (Simpson 1984; van Geen  et 
al. ~2000; Friederich et al. 2002), B00-450 p p m  oft' 
the Maur i tan ian  coast (Copin-Mont~gut  and Avril 
1995; Lef~-vre et al. 1998; Bakker et al. 1999), and 
865-750 p p m  off  the O m a n  coast (K6rtzinger et 
al. 1997; Goyet  et al. 1998; Lend t  et al. 1999; Sa- 
bine et al. 2000; Lend t  et al, 2008). 

T h e  distr ibution of DIG in upwelling systems is 
character ized by strong spatial he te rogene i ty  as il- 
lustrated by high resolut ion surface m a p p i n g  off  
the Por tuguese ,  Californian,  and Galician coasts 
(respectwely, P&ez  et al. 1999; van Geen  et al. 
2000; go rges  and Frankignoul le  2002b). This  spa- 
tial he te rogenei ty  is usually related to topograph ic  
features that  lead to enhanced  upwelling at capes. 
T h e  width of the cont inenta l  shelf  also de te rmines  
the ratio of the vo lume of upwelled water  to the 
vo lume of water on the shelf, which depends  on 
the ratio between tlhe surface area  and the length 
os the shelf  break. This  has significant effects on 
t empe ra tu r e  and  DIG distr ibutions over the shelf  
(Borges and  Frankignoul le  2002c). 

g iogeochemica l  cycling and air-water CO~ fluxes 
vary at two distinct t empora l  scales. At a seasonal 
scale, the variability is related to the a l te rnat ion  of 

upwelling and  non-upwell ing (or downwellmg) 
seasons. Dur ing the upwel lmg season, the variabil- 
ivy, is related to the oscillation between upwelling 
and upwell ing-relaxation events, which have a pe- 
r ipdic i~  ranging f rom 14 d off the Galician coast 
(Alvarez-Salgado et al. 1993) to 2 d off the Chilean 
coast (Torres et al. 1999). 

Air-water CO 2 fluxes have been satisfactorily- in- 
tegrated m g coastal upwelling systems off  the Ga- 
[ician, California,  and O m a n  coasts (Table 1). The  
upwelling sTstem off  the Galician coast behaves  as 
a sink for a tmospher ic  CO> while the o ther  2 up- 
welling systems behave  as sources for a tmospher i c  
CO~. Concen t ra t ions  os DIC and nitrate (NOB-) 
and Upwe1Img Index  are significantly h igher  in the 
upwelling systems off  the O m a n  and California 
coasts that, the one off the Galician coast (Table 
2)~ Of f  the Galician coast, at the end os an up- 
wellmg-relmxation event (end of the upwelling c T- 
cle), the surface water is deple ted  in nutr ients  and 
undersa tu ra ted  with :respect to a tmospher ic  CO z 
(/Mvarez-Salgado et al. 2001; go rges  and Frankig- 
noulle 2001, 2002b,c). In the upwelling systems off  
the O m a n  and Calibornia coasts, the inpu t  of  DIG 
and N O  S- are so intense (Table 2), that p r imary  
p roduc t ion  probably  does not  deplete  surface wa- 
ters in nutr ients  and does not  induce  a significant 
undersa tura t ion  with respect  to a tmospher ic  GO 2, 

Of f  the Galician coast, large upwelling f i laments  
are character ized by s t ronger  undersa tura t ion  with 
respect  to a tmospher ic  GO~. than ofs waters, 
affecting significantly the overall budge t  of  air-wa- 
ter CO~. fluxes in noncoasta l  (of lshore)  waters 
(Gorges and Frankignoul le  2001, 2002b,c). Of f  the 
O m a n  coast, upwelling f i laments have been  sho~zt 
to be oversaturated in CO?. ~ t h  respect  to a tmo-  
spheric CO?. (Lendt  et al. 1999, 2003). These  struc- 
tures deserve fur ther  research since they actively 
[ink the coastal and  open. oceans and are efficient 
expor ters  of  organic ma t t e r  (Alvarez-Salgado et al. 
2001). 

OPEN CONTINE~'rAL SHELWS 

O p e n  cont inenta l  shelves are def ined as the 
coastal zones not  compr i sed  in the 7 ecosystems 
discussed above. Ai>water GO 2 fluxes have been 



Fig. 4. Budgets  of organic  carbon (OC) and  dissolved inor- 
ganic  carboil  (DIC) flows m the Nor th  Sea (2[tlomas et  al. 
2004b) and  the U.S. South Aflat~tic Bight  (Cai et  al. 52003)..Mr- 
water CO~ f luxes are c o m p u t e d  as the dos ing  te rm m the Nor th  
Sea b u d g e t  and  m'e c o m p u t e d  f rom p C O  2 measm-ernents in the 
U,S. South Attantic  Bight  budget .  Thomas  et  al. (2004a) provide  
at~ est imate of air-w'ater C,O 2 fluxes of  - 1 .$8 too! C rn -p- ~r for 
the Nor th  Sea based o~ pCO 2 measm'ements .  

satisfactorily in tegra ted  in 1~2 open  cont inenta l  
sheNes, including a semi-enclosed sea (Baltic Sea) 
and  marg ina l  seas (Table 1). At high latitudes (Ba- 
rents  Sea, Bristol Bay, and  Pryzd Bay) and at tem- 
pera te  lati tudes (Baltic Sea, Nor th  Sea, Gulf  of  Bis- 
ca,},, and  U.S. Middle Atlantic Bight),  open  conti- 
nenta l  shelves behave as sinks for  a tmospher i c  CO~. 
at an annual  rate similar to the one r epo r t ed  in 
the East China  Sea. Subtropical  and tropical  open  
cont inenta l  sheDes (U.S. South Atlantic Bight, 
Florida Bay, and  Southwest Brazilian coast) behave 
as significant sources ['or atmosplheric COz. Over- 
saturat ion with respect  to a tmospher ic  CO~ has 
also been  r epo r t ed  at subtropical  latitudes in the 
Southwest  Florida shelf  (Clark et al. 2004) and at 
tropical lati tudes in the Eastern Brazil shelf (Ovalle 
et al, 1999), a l though the low t empora l  coverage 
in these studies does no t  allow an annua l  integra-  
tion of air-water CO~ fluxes~ 

Figure 4 compares  D[C and organic carbon areal  
fluxes in the Nor th  Sea and the U.S. South Atlantic 
Bight. Both ~-stems expor t  carbon (DIC and o> 
ganic carbon)  to the adiacent  deep  ocean but  be- 
have differently f rom the po in t  of view of ai>water  
CO z exchange,  River inputs  of organic ma t t e r  are 
.~7 times h igher  in the U~& South Atlantic Bight  
than in the Nor th  Sea. Total inputs  of  organic mat-  
ter (rivers, Baltic Sea, and  English Channel )  are 7 
times smaller  in the N o r t h  Sea than in the U.S. 
South Atlantic Bight. The  net  expor t  of  ca rbon  
(DIC and organic carbon)  to the Atlantic Ocean  is 
abou t  5 times h igher  in the N o r t h  Sea (22.96 mol  

CO 2 Fluxes in the Coastal Ocean i 3 

C m z yr 1) than in the U.S. South Atlantic Bight  
(4,26 rnol C m ~ yr x), On  one hand  the Nor th  
Sea receives less organic ca rbon  f rom external  
sources and  on the other  hand  exports  m o r e  effi- 
ciently carbon to the deep  adjacent  ocean.  Note  
that according  to the budgets  in Fig. 4 bo th  systems 
are net  he t e ro t roph ic  but  organic ca rbon  con- 
sumpt ion  is a lmost  4 times rnore intense in the 
U~S. South Atlantic Bight  (8.71 mol  C m 2 yr 1) 
than m the Nor th  Sea (0.98 tool C m -e yr- l ) .  

~Maother m ~ o r  difference between these two sys- 
tems is that  the Nor th  Sea is seasonally stratified 
while the U.S. South Atlaat ic  Bight is p e r m a n e n t l y  
well mixed.  In a seasonally stratified system, organ-  
ic mat te r  p roduced  in the mixed  layer can escape 
across the pycnocl ine  and will be  degraded  in the 
bo t tom water  column.  T h e  deep bo t tom water 
when  circulating out  of tile system exports  ca rbon  
as DIC to the ad:jacent deep  ocean (this corre- 
sponds  to the ~ shelf  p u m p "  as for- 
mula ted  by Tsunogai  et at. 1.999, p. 701). In  a per- 
manen t ly  welMnixed system the decoupl ing  of pro- 
duct ion and  degradat{on of" organic ca rbon  across 
the water  co lumn does not  o c c u r  and it will expor t  
DIC less efficiently. The  CO~. p roduced  by degra- 
dat ion processes will also be to a l ~ g e  extent  ven- 
tilated back to a t m o s p h e r e  over the cont inenta l  
shelf. This  could also explain why the English 
Channe l  is not  a significant sink for  a tmospher ic  
CO:, unlike o ther  t empera t e  cont inenta l  shelves 
(Table 1), since it is also a p e r m a n e n t l y  well-mixed 
s xstem. In the English Channel ,  the an toun t  of CO 2 
fixed annually by pelagic new p roduc t ion  is equiv- 
alent  to the a m o u n t  of CO~ released by calcifica- 
tion f rom the extensive brittle star popula t ions  
(Borges and Frankignoul le  9003). 

High lati tude conm~enta[ shelves behave as sig- 
nificant sinks for a tmospher i c  CO~ (Table 1). T h e  
mos t  comprehens ive  study in these regions  is the 
annual  wcle at Pryzd Bay, Antarctica,  by Gibson 
and  Trull (1999). In spring, pCO~ decreases u n d e r  
the sea ice due to p r imary  p roduc t ion  occurr ing  
within or on the bot tom of the ice, and  can reach  
record  low values of 46 ppm.  ~*r the sea ice 
breaks,  surface waters are undersa tu ra ted  in COz 
and p C O  2 fur ther  decrease due to pelagic p r ima ry  
product ion .  Dur ing the ice free per iods,  surface 
waters absorb  a tmospher ic  CO~ at very high rates, 
on average .... 11.9 tool C m 2 yr 1 W h e n  sea ice 
.forms again, pCOz increases slowly due to degra- 
dat ion of organic ma t t e r  and  the input  of  CO2-rich 
c i rcumpolar  deep  water, according  to Gibson and  
'Trull (1999). [n Brystol Bay, V~%stern Bering Sea, 
dur ing winter surface waters uncovered  by sea ice 
are oversaturated in CO~. in relat ion to the destra- 
tification of' the water co lumn  and input  to the sur- 
face of DIC rich deepe r  waters (Walsh and Dieterle 
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TABLE 3. Air-water CO: flux in open oceanic waters and major  coastal ecosystems (excluding inner  estuaries and salt marshes) ,  by 
latitudinal bands of 8ff'. Surfhce areas of coastal ecosystems are based on Walsh (1988) and Gatmso et al. (1998a). 1 7~kahashi et 
aL (2002) revised dimatology ibr year 1995 (dov,'nloaded f rom http://wvav.ldeo.colvanbia.edu/res/pi/C02/); 2 = Average of fluxes 
in Ba~ents Sea, Bis to l  Bay, aI, d Pr?r Bay (Table 1); 3 SLat=a.ce area wt-ighted average of fluxes off the Galician coast (90,000 kccs 
= Iberian upwelling system), California coast (La Nifla year, 336,000 kmP-), and Oman coast (131,000 kin% Table 1); 4 = Surface area 
weighted a-,erage of fluxes :in Baltic Sea (128,727 hn2) ,  North Sea (511,540 km~), English Channel  (82,600 Mn2), Gulf of Biscay 
(270,000 km~), U.S. Middle Atlantic Bight (63,100 krn>-), mid East China Sea (900,000 km% Table 1); 5 = Average of  fluxes in Hog 
Reef, Okinawa Reef, Yonge Reef, and Moorea (Table 1); 6 Average of  fluxes in Norman ' s  Pond, Moormganga  Ca'eek, Saptamilded 
Creek, Gaderu Creek, Nagada Creek, and Ita.uraga Creek (Table 1); 7 = Average of fll.~xes in U.S. South Atlantic Bight, Florida Bay, 
and Southwest Brazilian coast (Table 1). Fluxes were a~-raged -when different gas Umnsf~-r velocities were used. Small differences 
betaveen total and subtotal values and the sum of individual fluxes axe related to four, cling of  nmnbers .  

.5[Jr~.ce ,~nlotTrtte~ CO~ P'lux Au- ATxter CO~ #iux 
(lO s t~n~) (tool C m ~ yr U (Ps C y~ ~) 

60o_90 ~ 

Open oceanic waters 30.77 -0 .75  (1) -0 .28  
Open sl, eK 7.19 1.88 (2) 0.16 
Subtotal 37.96 -0 .96  -0 .44  

30~ ~ 

Open oceanic wa[t~rs 122.44 1.40 (1) 2.06 , }  } Coastal upwelling systems 0.,.4 1.09 (3~ ---1.69 ..... 0.308 
Open shelf ]4.90 1.74 (4) 0.51 
Subtotal 137.58 --1.43 -2 .36  

30~176 

Coastal upwelling systems 1.25 1.09 (3) 0.02 
A6,- 1.52 (5~ ~.40 0.01 0,10 Coral reeG 0 '~ . , 

Mangroves 0.~3 18.66 (6) 0.04 
Open shelf 1,60 1.74 (7) 0.03 
Subtotal 186.44 0.39 0.7 

Coastal ocean 26 1.170 0.57 
Open ocean 336 -0.388 ---1.56 
Global ocean 362 0,444 1.93 

1994). Sea ice coverage in grystol  Bay lasts about  
82 d per  year compared  to 297 d in Pryzd Bay. Sea 
ice strongly affects air-water CO2 exchange as well 
as the physical and biogeochemical  processes of 
the underlying water, which in turn affect pCO~. 
The  durat ion of sea ice cover should have a critical 
influence on overall air-water CO~ fluxes; at high 
latitudes, it is wise to distinguish between high and 
low sea ice cover over continental  shelves. The ef- 
fect on air-water CO:  fluxes of sea ice and its in- 
teraction with the water co lumn is more  complex 
than the %easonal rectification hypothesis" first 
in t roduced by- Yager et aI. (1995, p. 4889), as dis- 
cussed laten 

TEN~FATI~rs UP-SCALING AND GLOBAL INTEGRATION 

To up-scale GO2 fluxes in the coastal ocean, the 
fluxes front Table 1 were averaged as explained in 
the legends of Tables S and 4, to characterize 6 
ecosystems: coc~stal upwelling systems, inner  estu- 
aries, non-es tuarme salt marshes, coral reefs, man- 
groves, and open continental  shelves. For a given 
eco~s tem the air-water CO~. fluxes were averaged 
unless reliable individual surface areas were avail- 
able and a surface area weighted average was used 

instead (derails in legends of Tables 3 and 4)~ Sur- 
face area estirnates for each eeoc-stem, by latitu- 
dinal bands of 30% were compiled flora Woodwell 
et al. (197.3), Walsh (1988), and Gattuso et al. 
(1998a). In absence of a global estimate of surface 
area for outer  estuaries and whole estuarme sys- 
tems, these two ecosystems were not  included in 
the up-scaling. The choice of latitudinal bands is 
ba.~ed on the natural delimitation of certain eco- 
systems, such as coral reefs, mangroves,  and salt 
marshes, and also because in high-latitude conti- 
nental shebes  (60~176 light availability strongly 
Innits pr imary product ion  (phototrophic)  and the 
presence of extensive sea ice has a significant effect 
on air-water CO z fluxes, as discussed above. Two 
up-scaling atternpts were per formed,  one exclud- 
ing tuner  estuaries and non-estuarine salt marshes 
(Table 3) and ano ther  including inner  estuaries 
and non-estuarine salt marshes (Table 4), since 
there is considerable uncertainty regarding the 
surface area estimate of these two ecosystems, as 
discussed later. 

Based on the up-scaling a t tempt  that excludes 
inner  estuaries and salt marshes (Table S), the 
coastal ocean behaves as a sink for a tmospher ic  
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TABLE 4. Air-water CO= flux in  open oceanic waters and major coastal ecos~tems (including inner estuaries and salt marshes) by 
latitudinal bands of 30t  Smface areas of coastal ecosystems are based on Walsh (1988) and Gattuso et al. (1998a). Staf:ace area of 
inner  estuaries was computed using the total sin-face area of" 0.9433 • 10 ~ km~ from Woodwell et al. (1973) that  vms distributed in 
latitudinal bands of 30 ~ based or* coastline length from I ~ i l d  u Shoreline (8o11~i and Woodson 1990) implemented ixi the 
LOICZ database, downloaded from htt 'p:/ /hercules.kgs.ukaals.edu/hexacoral/envirodata/main.htm. 8urface area of non-esmarine 
salt marsh sta'routldiilg waters :is arbitraxily estimated as 50% of" die total salt marsh mea of" 0.2787 / 10 ~ km 2 from Woodwell et ul. 
(1973). 1 = TakaSashi et al. (2002) revised climatology for year 1995 (downloaded from http://w-ww.ldeo.cohimbia. 
e d u / r e s / p i / C O 2 / ) ;  2 Sm'face area weighted average of flttxes in Randers Fjord (23 ~11:), ElIoe (327 km2), Eros (140 kni:), Rhine 
(193 krn~), Thames (21B km~), Scheldt (220 lcrn~), Tamar (19 km~), Loire (110 kar*~), Gironde (442 km~), Douro (2 tur,~), Sado (102 
kin:), and "fbrk River (180 lan~-) ; g _Average of fluxes m Barents Sea, Bristol Bay, and Pryzd Bay (Table 1); 4 DupS_n River (Table 
1 ) ; 5 = Surface area weighted average of fluxes off the Galieian coast (90,000 km ~ -= Iberian upwelling system), Califort~ia coast (La 
Nifia )ea.r, 336,000 km~), and Omun coast (131,000 M:a2; Table 1); 6 Sm'i:ace area weight average of fluxes :in Ba.lic Sea (128,727 
km~), North Sea (511,540 km~), English Channel (82,600 kin>-), Gulf of Biscay (270,000 km~), U.S. Middle Adsmtic Bight (63,100 
km~), and East Ctm~a Sea (900,000 kin% Table 1); 7 .A,~erage of flv, xes in Satilla River, Hooghly, C,_,dav ari, and Mm~dovi-Zuaxi ('Ib.ble 
1); 8 = Average of fluxes in Hog Reef; Okinawa Reef, Yonge Reef; and Moorea (Table 1); 9 -= Average of fluxes in Norman's  Pond, 
Moo~mganga Creek, Supta~rakl~ Creek, Caderu Creek, Nagada Qeek,  and Itauraga Cceek (Table 1); 10 A'~erage of fluxes :in US. 
South Atlantic Bight, Florida Bay, and Southwest Brazilian coast (Table 1). Fluxes were averaged when different gas transfer velocities 
were used. Small difDrences between total and subtotal values mad the sum of individual f l ~ e s  are related to rounding of nttmbers. 

60~_90 o 

Open oceanic waters 80.77 
Inner estuaries 0.40 
Open shelf 6,79 
Subtotal 37.96 

30~ ~ 
Open oceanic wat~:rs 122.44 
Inner  estuaries 0.29 
Non-esmuiSle salt inaishes 0.14 
Coastal upwelling systems 0.24 
Open shelf 14.47 
Subtotal 137.58 

30~ 
Open oceanic waters 182.77 
Inner  estuaries 0.25 
Coastal upwelliI~g systems 1.25 
Coral reefs 0.62 
M an grov~ s 0,20 
Open shelf 1.35 

Subtotal 186.44 
Coastal ocean 26 
Open ocean 336 
Global ocean 362 

,%urr.%.ce Air ~,V4ter COy Flux AirV,Atel CO a Flux 
(!0 ~ hrF)  (m6! C m-~ ?r -~) ie'g C ),l "~) 

0.75 (1) 0,28 

46.00 (2) 0.78 0.7 
1.88 (s) o.15 

.... 0.46 -o .21  

1.40 (1) 2,05 

28.45 (4) 0.55 0.04 0.10 
l . o9  (s) 0.008 
1.74 (6) 0.80 

---1.'30 .... a la  

o.35 (I) 
16.83 (7) 

1.o9 (5) 
1.~2, (8) 

18.66 (9) 
].74 (10) 
0.41 
0.381 
0,388 

--0.331 

3.45 

0,77 
0.05 
0.02 
0.01 
0.04 
0.03 
0.92 
0.12 
1.56 

---1.44 

1 
0.1B 

C O  z ( 1~17 r n o l  C m ~ y r  1) a n d  t h e  u p t a k e  o f  

a t m o s p h e r i c  C O ~  b y  t h e  g l o b a l  o c e a n  i n c r e a s e s  b y  
2 4 %  ( - -  1 ,93 v e r s u s  .- 1 ,56  P g  C y r - i ) .  T h e  i n c l u s i o n  
o f  t h e  c o a s t a l  o c e a n  m c r e a s e s  t h e  e s t i m a t e s  o f  C O s  
u p t a k e  by  t h e  g l o b a l  o c e a n  b y  5 7 %  f o r  h i g h  la t i -  

t u d e  a c e a s  ( - 0 , 4 4  v e r s u s  .--0,28 P g  C yr  -x )  a n d  toy 
1 5 %  f b r  t e m p e r a t e  l a t i t u d e  a r e a s  ( 2 . 3 6  v e r s u s  

2 . 0 6  P g  C yr  i)~ A t  s u b t r o p i c a l  a n d  t r o p i c a l  la t i -  

t u d e s ,  t h e  c o n t r i b u t i o n  f i -om t h e  c o a s t a l  o c e a n  m -  
c r e a s e s  t h e  C O s  e m i s s i o n  D o m  t h e  g l o b a l  o c e a n  by  
1 8 %  (0~87 v e r s u s  0 ,77  Pg C yr--1). A t  s u b t r o p i c a l  
a n d  t r o p i c a l  l a t i t u d e s ,  t h e  co;zstal  e n v i r o n m e n t  t h a t  
h a s  t h e  l a r g e s t  c o n t r i b u t i o n  to t h e  i n c r e a s e  of" t h e  
C O  2 e m i s s i o n  f l o r a  t h e  g l o b a l  o c e a n  is m a n g r o v e  
s u r r o u n d i n g  w a t e r s  ( 5 % ) ,  f o l l o w e d  b y  o p e n  c o n -  
t m e n t a l  s h e N e s  ( 4 % ) ,  c o a s t a l  u p w e l l m g  sTs t ems  
( 3 % ) ,  a n d  c o r a l  r e e f s  ( 1 % ) ,  C o a s t a l  u p w e l l i n g  sys- 

terns have a moderate effect on air-waLer CO~ bud- 
get of the coastal ocean arid a low effect on tee 
b u d g e t  o f  t h e  g l o b a l  o c e a n ,  U s i n g  t h e  a i r - w a t e r  
C O  s f l u x  f r o m  t h e  G a l i e i a n  c o a s t  ( 2 .0  t o o l  C m ~- 
y r  1) l e a d s  to a n  i n c r e a s e  o f  ( h e  u p t a k e  o f  CO~  

f r o m  t h e  c o a s t a l  o c e a n  o f  1 4 %  (---0,42 P g  C y r  -x) 
b u t  o n l y  o f  3 %  f r o m  t h e  g l o b a l  o c e a n  ( 1~98 P g  
C y r  1)~ U s i n g  t h e  a i r - w a t e r  C O  2 f l u x  f r o m  t h e  Ca l -  
i f o r n i a  c o a s t  (2 ,2  t o o l  C m ~ y r  1) l e a d s  to  a de -  
c r e a s e  o f  t h e  u p t a k e  o f  C O  s f r o m  t h e  c o a s t a l  o c e a n  
o f  6 %  ( 0 .35  P g  C y r  - I )  b u t  only- 1 %  i r o m  t h e  
g l o b a l  o c e a n  ( 1 .90 P g  C y r  t)~ 

B a s e d  o n  t h e  u p - s c a l i n g  a t t e m p t  t h a t  i n c l u d e s  
i n n e r  e s t u a r i e s  a n d  n o n - e s t u a r i n e  sa l t  m a r s h e s  (Ta-  
b l e  4 ) ,  t h e  c o a s t a l  o c e a n  b e h a v e s  as  a s o u r c e  f o r  
a t m o s p h e r i c  CO~. (0 ,38  t o o l  C m ~ y r  1) a n d  t h e  
u p t a k e  o f  a t m o s p h e r i c  C O  2 D o r a  t h e  g l o b a l  o c e a n  
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decreases by- 12% ( 1.44 versus 1.56 Pg C y r  1). 
The  emission of CO~ from non-estuarine salt 
marshes (0.04 Pg C yr -1) is equivalent to the one 
from mangrove sur rounding  waters but remains 
modest  compared  ~o tlhe emission of CO2 from in- 
ner estuaries globally (0.43 Pg C yr 1) or at tem- 
perate latitudes exclusNely (0.16 Pg C yr-1). At 
high and subtropical and tropical latitudes, the 
coastal ocean behaves as a source for a tmospher ic  
G O  2 but at temperate  latitudes, it still behaves as a 
modera te  sink for a tmospheric  CO s . At temperate  
iatitudes, the inclusion of coastal ocean increases 
the (;O~ uptake by the global ocean toy 5% com- 
pared to 15% when estuaries and non-estuarine 
salt marshes are excluded (Table 3). At high lati- 
tudes, the inclusion of coastal ocean decreases the 
CO~ uptake t0-y the global ocean by 25%. At sub- 
tropical and tropical latitudes, the contr ibut ion 
from the coastal ocean increases by 20% the CO~ 
emission from the global ocean, compared  to i[8% 
when estuaries and non-es tuarme salt marshes are 
excluded (Table S). 

C, ONCLUDIN O RE, MARES 

At this point, the maior  pieces lacking from the 
jigsaw puzzle will be identified and can be separat- 
ed into the detail of the up-scaling procedure  (i.e., 
fur ther  classification within each given ecosystem) 
and lack of characterization (in space and time) of 
air-water COz fluxes. Future changes of air-water 
COz fluxes in the coastal ocean will also be briefly 
discussed. 

DET-klL OF THE UP-SCALING PROCEDURE 

Due to the relative paucity of' available data, the 
up-scaling of air-water ( ; 0  2 fluxes in. the coastal 
ocean was at tempted based on a limited classifica- 
tion of ecosystems and simple surface area esti- 
mates divided in g0 ~ latitudinal bands. The  classi- 
fication of continental  sheNes can be fur ther  de- 
tailed, based on the geomet ry  (broad shelves: 
>100 km arid narrow sheNes: <50 kin), the river 
discharge of sediments (high: >108 tons yr --1 and 
low: <106 tons yr 1), and freshwater discharge 
(~u and Mackenzie 1989; Mackenzie 1991; 
~%llast 1.998). 

In inner  and outer  estuaries and open continen- 
tal sheNes, presence or absence of a seasonal or 
p e r m a n e n t  stratification seems to be a critical fac- 
tor controll ing air-water G O  2 fluxes. In stratified 
s3~sterns the organic carbon p roduced  by primary 
product ion  can escape the surface layer across the 
pycnocline and the CO~ produced  by degradat ion 
processes m the bot tom waters is not  readily avail- 
able for exchange with the atmosphere.  Stratified 
(microtidal) estuaries are lower sources of atmo- 
spheric (;02 than well-mixed (macrotidal) estuar- 

ies. In permanent ly  well-mixed ~stems, the decou- 
piing between product ion  and degradat ion of' o> 
ganic matter  can occur in tin, e but does no t  occur 
across the water column. These systems are sources 
of CO s to the a tmosphere  or neutral,  based on the 
data available to date. Shallow cont inental  shelves 
are usually well-mixed systems and in these systems 
the overall effect of benthic calcification carl be 
stronger than in deeper  continental  sheNes, as il- 
lustrated lo}7 the neutral  air-water CO s fluxes in the 
English Channel.  In coral reefs, the data compiled 
by" Suzuki and Kawatha (2008) suggest that fring- 
ing reefs are lower sources or even sinks for at- 
mospheric G O  2 compared  to barrier  and atoll reefb 
systems. In coral reef% residence time and volume 
of the water mass and calcification rates are the 
main controlling factors of air-water COz fluxes. In 
mangrove and salt marsh sur rounding  waters, 
there are no t  enough  data to determine the factors 
responsible for the intersite variability of mr-water 
CO 2 fluxes, but  the combinat ion of reside,rice time 
and volume of the water mass and organic carbon 
delivery to the creeks seems to be the most likely 
candidate. 

In the future, up-scaling of CO s fluxes in the 
coastal ocean besides obvious latitudinal partition- 
mg (high latitude, temperate,  and subtropical- 
tropical) could be further detailed at least accord- 
mg to: macrotidal  versus microtidal fSr estuaries; 
shallow versus deep and well-mixed versus (season- 
ally or permanent ly)  stratified for temperate  and 
subtropical-tropical open  continental  shelves; high 
versus low sea ice annual  coverage for high latitude 
open  continental  sheNes; high versus low Upwell- 
ing Index  for upwelling systems; and fringing ver- 
sus barrier-atoll for coral reef's. 

Figure 5 shows that about  60% of freshwater di> 
charge and an equivalent fraction of riverine total 
organic carbon (TOC -----. DOC -- POC) delivery 
occur at subtropical and tropical latitudes. Coun-  
terintuitively, less than 12% of the CO 2 emission 
flora inner  estuaries occurs at these latitudes and 
the highest emission of G O  2 o c c u r s  a t  high lati- 
tudes, a l though characterized by the lowest freslh- 
water discharge and riverme T O C  deliver> There  
is also a counterintuitive anticorrelat ion between 
the latitudinal distribution of freshwater discharge 
mld the surf>ace area of inner  estuaries. Al though 
no data of air-water COz fluxes are available in 
high latitude inner  estuaries, the values used at 
temperate  and subtropical and tropical latitudes 
can be considered as robust. Discrepancies re- 
vealed in Fig. 5 are probably due to the uncertainty 
on the estimate of" the surface area of inner  estu- 
aries and on its part i t ioning by latitudinal bands, 
rather that, on the air-water CO z areal fluxes. The 
estimate of' surface area of inner  estuaries gNen toy 



Eig. 5. Latitudinal distribution of the freshwater discharge 
(based on Dai and Trenberth [20021), of the inner estuaries 
surface area, river total organic carbon (TOC) inputs (based on 
Ludw-ig et al. [19961), and CO 2 emission from inner estuaries 
(TaMe 4). Sm'face area of inner estuaries was computed using 
the total sm'fZa.ce area of 0.9433 Y 10 e' km 2 from Wooch~ell et al. 
(1973) that was distributed in latitudinal bands of 30 ~ based on 
coastlhle length from Wolld \&-ctor Shoreline (Solm~ arid 
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W o o d w e l i  e t  al. (1973, p~ 225) has  b e e n  wide ly  
u sed  in l i t e ra tm-e  a l t h o u g h  these  a u t h o r s  c a u t i o n  
t h e i r  own es t imate :  " I t  w o u l d  be  s u r p r i s i n g  if  esti- 
m a t e s  d e r i v e d  in  this  way were  a c c u r a t e  wi th in  - 
50%F' T h e y  e s t i m a t e d  a ra t io  of  i n n e r  e s t u a r y  su>  
face  a r e a  to coas t  l e n g t h  for  the  U.S, tha t  they  ex- 
t r a p o l a t e d  to the  w o r l d w i d e  coas t l ine .  

A b r i l  a n d  g o r g e s  (2004) e s m n a t e d  tha t  the  g lob-  
al G O :  e m i s s i o n  f r o m  i n n e r  e s tua r i e s  d u e  to deg-  
r a d a t i o n  of  a l l o c h t h o n o u s  r i ve r ine  P O C  is a r o u n d  
0.09 Pg C yr  - I ,  a s s u m i n g  tha t  a b o u t  50% of  r ive r ine  
P O C  is r e m i n e r a l i z e d  d u r i n g  estua.r ine t r ~ s i t  
( ba sed  on  A b r i l  et al. 2002) a n d  us ing  the  g l o b a l  
P O C  r N e r i n e  i n p u t  g N e n  by Ludwig  et al, (1996).  
T h e  fact  tha t  the  p r e s e n t  e s t i m a t e  is a l m o s t  5 t imes  
h i g h e r  (0.48 Pg G yr  t, T a b l e  4 I) w o u l d  c o n f i r m  the  
i d e a  tha t  the  t u n e r  e s tua ry  su r face  area, g iven  by 
Woodwe[1 et  al, (1978) is o v e r e s t i m a t e d .  At  l eas t  
f o u r  a r g u m e n t s  can b e  ra i sed  tha t  b r i n g  botlh es- 
t ima te s  c lose r  toge the r ,  Based  on  m o r e  r e c e n t  d a t a  
Riclhey (2004) p r o v i d e s  a h i g h e r  va lue  (0,50 versus  
0.18 PgG yr  -1) o f  a l l o c h t h o n o u s  r i v e r i n e  P O C  ex- 
p o r t  to t he  coas ta l  z o n e  t h a n  L u d w i g  et  al. (1996).  
Th i s  w o u l d  b r i n g  the  e s t ima te  o f  GO~ emis s ion  d u e  
to the  d e g r a d a t i o n  o f  a [ l o c h t h o n o u s  r ive r ine  P O C  
to 0.25 Pg C y r  1 T h e  a s s u m p t i o n  o f  a 50% r e m i n -  
e r a l i z a t i on  o f r i v e r i n e  P O C  of  A b r i l  et  al. (2002) is 
b a s e d  on  the  s tudy  of  9 E u r o p e a n  es tuar ies .  Kei l  
et al. (1997) e s t i m a t e d  tha t  m the  A m a z o n  d e l t a  
m o r e  t h a n  70% of  r w e r i n e  P O G  is r e r n m e r a l i z e d  
d u r i n g  e s t u a r i n e  t ransi t ,  Th i s  w o u l d  b r i n g  the  es- 
t i m a t e  o f  GO~, ernissio,7, d u e  to t he  d e g r a d a t i o n  of  
a l l o c h t h o n o u s  r i ve r ine  P O C  to 0.85 Pg C y r -L  
T h e r e  is i n c r e a s i n g  e v i d e n c e  tha t  l a t e ra l  i n p u t s  of  
T O G  a n d  DIG in bo th  p o l l u t e d  a n d  p r i s t i n e  estu-  
a r ies  a re  h igh ly  s ign i f i can t  c o m p a r e d  to t he  r ive>  
ine  c a r b o n  i n p u t s  (Cai  a n d  Wang  ]998;  Gai e t  al. 
1999, 2000; N e u b a u e r  a n d  A u d e r s o n  200S; G a z e a u  
et al, 2004a) ,  a K h o u g h  m u c h  less well c o n s t r a i n e d  
at  the  g l o b a l  scale~ T h e  c o n t r i b u t i o n  of  t he  vent i -  
l a t i on  of  r iver  D I C  to t he  overa l l  emi s s ion  of' GO2 
f r o m  inner es tua r ies  s e e m s  h igh ly  va r i ab l e  f l o ra  
o n e  e s tua ry  to a n o t h e r  but  also h igh ly  s ign i f i can t ,  
r a n g i n g  f r o m  ]0% to 50% in the  S c h e l d t  i n n e r  
e s tua ry  a n d  R a n d e r s  s respect ively.  Th i s  last  
p o i n t  c lear ly  h i g h l i g h t s  t he  i m p o r t a n c e  o f  the  con-  
cep t  tha t  coas ta l  e c o w s t e m s  a re  n o t  c losed  a n d  
cons t i t u t e  a c o n t i n u u m  e x c h a n g i n g  in b o t h  d i rec -  
t ions  of  c a r b o n  a n d  n u t r i e n t s  with a d j a c e n t  Ws- 
terns. 'The e s t i m a t e d  overa l l  emi s s ion  o f  G O  2 f l o r a  
i n n e r  e s tua r i e s  o f  0.48 Pg G yr  --1 b a s e d  on  tlhe sur-  

< 

Woodson 199.0) irnplemented i~l tile LOICZ database, down- 
loaded flora http://hercules.kgs.ukans.edu/he• 
data/mare ,h ~i~.t. 
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face area of Woodweli et ai. (197S) could be a rea- 
sonable first-order estimate. 'FEe latitudinal parti- 
t ioning of the emission lionel inner  estuaries is 
most probably flawed based on the counterintui-  
tive trends showu in Fig. 5. 

The  estimation of tile role of estuaries in the 
budget  of CO~ exchanges in the coastal ocean is 
fur ther  complicated by the contribution from out- 
er estuaries that is highly significant as discussed 
above for the Scheldt and Amazon  whole estuarine 
sTstems. No global surface area estimate is available 
for outer  estuaries {'or which there is also a tack of 
air-water COz flux estimates. The  actual computa-  
tion of the air-water CO 2 fluxes is not  straightfbr~ 
ward in whole estuarine systems since the gas trans- 
fer velocity c ~  be assumed to be mainly depen- 
dant on >4rid stress in outer  estuaries and the con- 
tribution of tidal curren.ts to water turbulence u~ll 
increase upstream at least in macrotidal  inner  es- 
tuaries (Borges et al. 2004b). 

In the present  ten.tative up-scaling, the inclusion 
of tuner  estuaries leads to the reversal of the di- 
rection of air-water CO:, fluxes in the coastal ocem~ 
and it seems critical to evaluate the surface area of 
inner  and outer estuaries arid its latitudinal parti- 
t ioning with some accuraq~. To achieve this, geo- 
graphical informat ion swstems as those developed 
in the framework of LOICZ or sophisticated water 
mass ~a lys is  and classification schemes of  satellite 
images (e.g., Oliver et al. 2004) seem to be prom- 
ising approaches.  

The  relative contr ibut ion of the COz emission 
from salt marsh sur rounding  waters compared  to 
the one from inner  estuaries is small in the present  
up-scaling but  would increase if the surface area of 
inner  estuaries would be revised to a lower value. 
Note that the surface area of salt marsh surround-  
ing waters is also derived from Woodwell et al. 
(197.3) and should also be used with caution. The 
estimation of' the surface area. of salt marsh and 
mangrove su r round ing  waters is very approximate  
and also requires a re-evaluation m the future. It 
was assumed that the surface area of sur rounding  
waters is equivalent to the one of the correspond-  
ing intertidal zone covered by tlhese habitats. Their  
overall role in the exchange of COz with the at- 
mosphere  is fur ther  complicated by the fact that 
emerged intertidal sediments also emit CO~ to the 
a tmosphere  at high rates ,'e,, .._.,g in. the mangrove 
forests of Gazi Bay, Kenya, ranging between 4 and 
165 mol C m -~ yr -i [Middelburg et al. 1996] and 
in the salt marshes of Oyster Landing,  U.S. South 
Atlantic Bight, ranging between 19 to 27 tool C 
In -~- yr -1 [Morris and Whiting 1986]). 

Al though there are no t  enough  data to parti t ion 
ruth confidence the up-scaling of air-water CO:, 
fluxes in the coastal ocean into the two Hemi- 

Fig. 6. Percentage of s~_a-tZace area of  cont inental  shelves by 
latitudinal bands  in the Nor thern  and Southern Hemisphere  
(based on data f-tom Walsh [1988]). 

spheres (since most data are avmlable m tlhe North-  
ern Hemisphere ,  see Fig. 1), the relative distribu- 
tion of the surface area of continental  shelves 
clearly shows that the coastal ocean will have a 
nmch  more  marked effect on the global CO~ flux- 
es in the N o r t h e r n  Hemisphere  (Fig. 6). The  rel- 
ative contr ibut ion of the Nor the rn  Hemisphere  to 
the uptake of a tmospheric  CO z and its part i t ioning 
into oceanic and terrestrial biospheres is the sub- 
.]ect of a long lived debate initiated by the work of 
Tans et al. (1990). These authors  attributed to the 
terrestrial biosphere a missing sink of CO:, between 
..... 9.0 and ---~3.0 Pg C yr -i at temperate  latitudes 
required to balance tlhe global CO~. budget  con- 
strmned with the North-South  gradient  of atmo- 
spheric CO 2. In the budget  of Tans et al. (1990), 
the upper  bound  of the open ocean CO~. sink was 
estimated to be --0.9 Pg C yr -1 but at present  time 
it h ~  been re-evaluated at 1.6 Pg C yr 1 (Taka- 
hashi et al. 2002). The missing sink of' CO:, at tem- 
perate latitudes to constrain the N o r t h - S o u t h  gra- 
dient of a tmospheric  CO~. can be roughly re-eval- 
uated between -1 .3  and .... 2..q.' Pg C yr -i, The  high- 
er bound  of the sink for a tmospheric  CO z in the 
coastal ocean at temperate  latitudes is ..... 0.g Pg C 
yr -~ (Table S) and probably mostly located in the 
Nor the rn  Hemisphere  (roughly ---0.26 Pg C yr 1 
based on Fig. 6), and is not  negligible in relation 
to the missing CO~. sink (contr ibut ion between 
23% and 13%). 

Besides coastal and open  oceanic waters, signif- 
icant CO~. exchanges are also associated u4th lakes 
(global COs emissiou of 0.1 Pg C yr -i, Cole et al. 
1994), rivers (globaI CO~. emission of 0.3 Pg C yr l, 
{Bole and Caraco 2001), and freshwater wetlands 
(CO~ emission of 0.5 Pg C yr 1 from central Am- 
azon wetlands alone, Richey et al. 2002). In the 
context of a global evaluation of COz fluxes, aquat- 
ic sTstems should be envisaged together  since they 
constitute a con t inuum where carbon fi-om the ter- 
restrial biosphere aud the a tmosphere  cascades. 



CHARACTERIZATION OF AIR-tgATER COe FLUXES 

To compu te  the exchange  of' CO~ with the at- 
m o s p h e r e  in ih igh- la t i tude  o p e n  c o n t i n e n t a l  
sheDes a zero air-ice CO~, flux was used, based on 
the assumpt ion  of Poisson and  Chen  (1987), which 
was also appl ied in the two Takahashi ' s  climatolo- 
gies (Takahashi  et al. 1997, 2002). It has been es- 
tablished almost  gO years ago that above a thresh- 
old t e m p e r a t u r e  of --7'~C sea ice becomes  pe rme-  
able to COp, exchange  with the a tmosphe re  (Gos- 
ink et al. 1976). In the Sou the rn  Weddel  Sea, DIC 
in br ines  has been  r epo r t ed  to range  between 840 
and  4940 bsmol kg 1 due to concent ra t ion  of dis- 
soDed const i tuents  during the forn,a t ion of tLyper- 
saline brine,  dilution of br ine  with meltwater,  and  
biological up take  (Gleitz et al. 1995), Carbona te  
minera l  precipi ta t ion and dissolution in br ines  has 
been  evidenced in labora tory  exper imen t s  (Papa- 
dimit r iou et aft, 2004) but  to date has not  been  
verified in the field (Anderson and Jones  1085; 
Gleitz et al. 1995). In  accordance  to such large 
shifts in DIC, Semiletov et al. (2004) r epo r t ed  at 
Barrow Point,  Artic, m J u n e  2002, air-ice CO~, flux- 
es based on the eddy corre la t ion technique  rang- 
ing be tween - 2 2  and 29 tool C m ~- yr 1 Such 
large air-ice CO 2 fluxes can have a major  effect on 
the annual  budge t  of CO~ exchanges  but  no fur- 
ther  data  on ice-air CO e fluxes are available in lit- 
erature.  Fur ther  research is requi red  before  air-ice 
COe fluxes can be in tegra ted  with reasonable  con- 
f idence in an up-scaling exercise. 

In the presen t  tentative up-scaling, the inclusion 
of tuner  estuaries leads to a reversal of the direc- 
tion of air-water COe fluxes in the coastal ocean  at 
h igh latitudes. High lati tude inner  estuaries would 
cont r ibute  to abou t  51% of the total emission of 
CO~ f rom inner  estuaries (Table 4). No annual ly 
in tegra ted  air-water COz fluxes have been  r epor t ed  
in high lati tude inner  estuaries and,  on first ap- 
p rox imat ion ,  the value f rom inner  estuaries at tem- 
pera te  lati tudes was used. 

Coastal upwelling systems can behave ei ther  as 
sinks or sources of' a tmospher i c  COz. Major up- 
we1Iing systems, such as those off the California 
and  O m a n  coasts, seem to be sources of  CO z (Ta- 
ble 1). The  coastal upwelling system off  the Chi- 
lean coast also could be a source :for a tmospher ic  
COy; Torres  et al. (1999, 200g) c o m p u t e d  a COe 
efflt~x dur ing two cruises in. El Nifio years (0.4-.8.9 
tool C m ~ yr 1 using the Wann inkhof  and  McGillis 
[1999] k parameter iza t ion)  and it is hypothes ized  
to be h igher  during La Nifia years (Torres et al. 
~00g)~ Besides the coastal upwelling system off' the 
Galician coast, o ther  minor  coastal upwelling ,sys- 
tems could also be sinks for a tmospher ic  CO~ T h e  
coastal upwel lmg system off the west coast of  Van- 
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couver Island is s imulated to act as a sink for at- 
m o s p h e r i c  CO2 a c c o r d i n g  the  b i o g e o c h e m i c a l  
mode l  of  Ianson  and  Allen. (2002; ranging  between 

0Z~ and 1.7 mol  C m --~- yr -1 for La Niiia and  E1 
Ni/io years, respectively, using the ~ a n n i n k h o f  
[1992] k parameter iza t ion) .  

In highly product ive  macropt ,y te  (seagrass and  
macroa lgae)  ecosystems, very little DIG data and  
no reliable annual ly  in tegra ted  mr-water CO~, flux 
are available in l i terature.  As show,or by Gazeau et 
al. (2004c) in Poaidot~{a oeeardea p h a n e r o g a m  beds  
and  by Delille et al. (1997, 2000) in ~laeroo:st~spy~ 
{fe~ kelp beds, these ecosystems are at least dur ing 
some seasons a net  sink for GO~, f lora the sur- 
r ound ing  water. As for coral ree f  systems, the over- 
all air-water CO~ flux will be  fur ther  modu la t ed  by 
the res idence time of the incoming  water mass and  
its original ApCO~ (e.g,, Gazeau et at. 2004c). 
Based on one cruise in Mallorca Island, Gazeau et 
al. (2004c) have est imated on first app rox ima t io n  
that P. oceanica beds can only decrease the sum- 
mer t ime  CO~. emission f rom the Med i t e r r anean  
cont inenta l  shelf  by a modes t  9.5%~ 

In te rannua l  variability of  air-water CO:: fluxes 
ihas been  d o c u m e n t e d  in detail by field data in the 
open  ocean  in relat ion to large scale a tmospher i c  
oscillations acting at long (Pacific Decadal  Oscil- 
lation, Takahashi  et al. [900.3]) or short  (El Nifio 
Sou the rn  Oscillation [ENSO],  e.g., Feely et aL 
[2002]; Nor th  Atlantic Oscillation [NAO],  e.g., 
Bates [9001]) t ime scales. Several studies ba~sed on 
global circulations models  have shown that these 
oscillations induce  a very significant i n t e rannuN 
variat ion in the global up take  of' a tmospher ic  COp. 
f rom the open  ocean,  ranging f rom +95% to 
+ 100% (e.g., Le Qu6r6  et al. 9008). El Nifio events 
decrease Ekman  p u m p i n g  in coastal upwelling ~s-  
terns in the Eas tern  Pacific, r educ ing  bo th  DIC and 
nu t r i en t  deliver}, to the contin.en.tal shelf. Recent  
research has also highl ighted the effect of  the 
NAO on the pelagic eco~'stern funct ioning  in the 
Sou the rn  Bight of the Nor th  Sea related to fresh- 
water  discharge and nu t r i en t  delivery to the coastal 
zone  (Breton et al. 2004)~ It  is then  p robab le  that  
such climatic and linked ecologicaI oscillations af- 
fect ai>water CO~. fluxes m coastal areas, a l though  
a long high t empora l  resolut ion t ime series of mea-  
su rement s  is needed  to describe bo th  the seasonal 
and  in te rannua l  variabiliw. In coastal ecosystems a 
very l imited n u m b e r  of studies have investigated 
air-water CO2 flux in te rannua l  vmiabil i ty based ei- 
ther  on field (Bates 2002; Friederich et al. 2002) 
or mode l ing  ( Ianson and Allen 2002; Cypens  et al. 
2004) approaches .  Fr ieder ich et al. (2002) showed 
that the Cal i fornia  upwelling system shifts f rom a 
source  for a tn ,ospher ic  CO:  during La Nifia years 
to a sink of a tmospher ic  CO~ dur ing E1 Nifio years 
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(Table 1). Ianson and Allen (9009) show that the 
upwelling system off the west coast of  Vancouver  
Island shifts from a m o d e r a t e  sink to a significant 
sink for a tmospher i c  CO~_ during La Nifia and  Ell 
Nifio years, respectively. Tor te s  et al. (1999, 200S) 
show that  the Chilean upwelling system is a source 
for a tmospher ic  CO 2 dur ing E1 N[fio years. 

In  the Sou the rn  Bight of  the Nor th  Sea, Gypens 
et al. (2004) show, using a. m o d e l m g  approach ,  
changes  in intensity and direct ion of COz fluxes 
related to interannua.1 variability of freshwater  dis- 
charge that  changes  nu t r i en t  delivery affect ing 
GPP and t empe ra tu r e  that changes  pCO2 in rela- 
tion to t h e r m o d y n a m i c  effects but  also to rates of  
metabol ic  processes (GPP and R). 

T h e  effect of  ex t r eme  climate events on DIC 
chemis t ry  and air-water CO~. fluxes has to some ex- 
tent  been  investigated in the open  ocean (Bates et 
al. 1998), bu t  to date has no t  been  d o c u m e n t e d  in 
the coastal ocean. In open. cont inenta l  sheNes, 
s torms can p r o m o t e  p r imary  p roduc t ion  by the re- 
p l en i shmen t  of  inorganic  nutr ients  dur ing strati- 
fied per iods  (Soetaer t  et al. 2001) and can be ex- 
pected  to affect ApCO~ a l though  this has :not been  
investigated to date. In nea r sho re  ecos)'stems, ex- 
t reme cl imate-hydrological  events can be expec ted  
to affect 5pCO~ and related air-water CO z fluxes. 
Suspended  part iculate  ma t t e r  and POC delivery 
f rom rivers are discharged m less than 25/% of the 
time dur ing flood events (e.g., Coynel et al. 2004). 
These  hot  spot  POC flux events are particularly 
significant i.n rivers with a small to m e d i u m  sized 
drainage basin (<  1,000-10,000 km ~) and are in- 
f luenced by- g lae iermel t  and  snowmelt  (Meybeck et 
al. 2003). In  absence  of long- term and high tem- 
poral  resolut ion zXpCO z moni to r ing  it is difficult to 
speculate  on the effect of  such events on air-water 
CO~ fluxes, since high floods will also affect DIC, 
DOC, and inorganic  and  organic nu t r i en t  delivery 
to inner  and  outer  estuaries and  o ther  nea rshore  
ecosTstems. 

FUT-b ~e~ CHANC~,S? 

Future  changes  of the a tmospher i c  COz conten t  
and the inputs  of  carbon and :nutrients f rom land 
and f rom mixing processes at ocean margins  will 
affect air-water CO~_ fluxes in the coastal ocean,  no- 
tably- in relat ion to modif lca t ions  of  NEP and net  
ecosystern CaCO~ product ion .  Land use activities 
(agriculture and  deforestat ion)  have changed  and 
are predic ted  to cont inue  to change the fluxes of  
suspended  sediments  (Milliman 1991; V6r6smar ty  
et al. 2003), organic carbon (Meybeck 1993), DIC 
(Raymond and Cole 200,3), and  nutr ients  (Smith 
et al. 200S) to the coastal ocean. These  fluxes to 
the coastal ocean, will be fu r the r  modi f ied  by river 
discharge that is a funct ion of the hydrological  cy- 

cle (e.g., Manabe  et ai. 2004) and  dam bui lding 
arid river diversion activities (V6r6sn~larty and  Sa- 
hagian 2000), An increase of f leshwater  discharge 
to the Artic during the last 60 years has been  re- 
cently reported[ (Peterson et al. 9002); future  evo- 
lution of freshwater  discharge is difficult to predic t  
since spatial and  t empora l  pa t te rns  of precipi ta t ion 
and evaporat ion are notor iously difficult to mode l  
(Allen and Ingrain  2002). Nut r ien t  delivery to the 
coastal ocean is predic ted  to cont inue  to increase 
(Mackenzie et al. 2002) leading to an increase of  
GPP but  also to potent ia l  shifts in phy top lank ton ic  
communi t i e s  and  carbon flows th rough  tile entire 
ecosystem. The  enhan.cement  of NEP due to an 
increase of  nu t r i en t  delivery wilI also dep en d  on 
the evolution of the GGP:R ratio, e~g~, in relation 
to enhanced  carbon  burial  due to a h igher  riverine 
sed iment  delivery or to modif icat ions of  the eco- 
system structure  or to regression of certain ecos'ys- 
terns that  are at p resen t  significant traps for organ- 
ic mat te r  (e.g., vegeta ted  sediments,  Duar te  et al. 
2004). 

Specific coastal ecosystems are m most  cases 
th rea tened  by direct  and  indirect  tmrnan  effects. 
Losses in seagra~s (Short  and Neckles  1999; Duar te  
2002) and  coral ree f  eeo~rstems (Hughes  et al. 
2003) are observed and  predic ted  to cont inue  due 
to mechanica l  damage  (dredging and  anchor ing) ,  
eu t rophica t ion ,  and  siltation, the latter two leading 
m part icular  to l ight limitation. Negative indirect  
h u m a n  effects on seagrass and coral ecoss~ste.ms in- 
clude increases of  erosion by the rise o f ' sea  level, 
[i~equenw and intensity of  ex t reme weather  events, 
ultraviolet i rradiance,  and water t empera tu re .  Otlh- 
er coastal ecosystems, such as mangrove  :forests or 
salt marshes ,  are relatively resilient to the presen t  
and future  al terat ion of  hydrology-, po1Iution, or 
global warming,  but in some parts  of  the world 
they are being cleared for  urban deve lopmen t  and 
aquacul ture  (Alongi 2002). Some  coastN habitats  
are pred ic ted  to adapt  and survive with shifts in 
species composi t ion,  such as corn[ ree f  ecosystems 
(Hughes  et al. 200S; Baker et al. 2004), bu t  with 
p robab le  loss of  biodiversity and  modif icat ions of  
carbon flows~ 

It  has been  i lypothesized (Bakun 1990) and 
mode l l ed  (Snyder et al. 200,~; Di f fenbaugh  et al. 
2004) that  the intensity and dura t ion  of coastal up- 
welling will increase with a tmospher i c  CO z concen-  
tration.s. This  would have an effect on the contri- 
bution of coastal upwelling ~,'sterns to the air-water 
CO~ fluxes in the coastal ocean,  a l though it is dif- 
:ficult to predic t  because of the increase of  inputs  
to the shelf  of  bo th  nutr ients  and  DIC. It has also 
been  hypothesized that the frequency,  intensity, 
and dura t ion  of El Nifio even.ts dur ing the last 30 
years is related to global warming  (Hun t  1999), 



a l t h o u g h  the  exact  causes (na tu r a l  versus  a n t h r o -  
pogen i c )  are d e b a t e d  (Kukla  a n d  Gavin  2004) ,  E1 
Nir, o events  are k n o w n  to s t rongly  decrease  pri- 
m a r y  p r o d u c t i o n  m coas t a l  u p w e l l i n g  sy s t e ms  
(Ghavez et al. 2002) b u t  the coastal m a r i n e  ecosy> 
terns seem to recover  wi th in  a few years  (Fiedler  
2002).  C u r r e n t  p ro j ec t i ons  show little c h a n g e  or a 
smal l  inc rease  in  a m p l i t u d e  for El N iho  events  over 
the n e x t  100 years ( H o u g h t o n  et al. 2001).  As dis- 
cussed above,  shifts in the  in tens i ty  or  even in  the 
d i r ec t i on  of air-water COz f luxes in  coastal upwe[l- 
ing  systems in  re la t ion  to ENSO have b e e n  docu-  
m e n t e d .  

T h e  inc rease  of' surface water  DIG due  to the 
invas ion  of a n t h r o p o g e n i c  COz will decrease  the 
C a C O  s s a tu r a t i on  state with p o t e n t i a l  de c l i ne  of 
the CaCOs p r o d u c t i o n  in  b e n t t d c  (Gat tuso et al. 
1998b; Kleypas et al. 1999; McNei l  et al. 2004) a n d  
p l a n k t o n i c  (Riebesel l  et al. 2000; Z o n d e r v a n  et al. 
2002) c o m p a r t m e n t s  a n d  e n h a n c e m e n t  of shallow- 
water  CaCO s d i sso lu t ion  (Ande r s son  a n d  Ma c ke n -  
zie 2004).  T h e  inc rease  of seawater  CO 2 c o n c e n -  
t r a t ion  due  to the  invas ion  of an th ropoge :n i c  GO~ 
could  also e n h a n c e  p r i m a r y  p r o d u c t i o n  for  at least  
some  p h y t o p l a n k t o n i c  species,  as reviewed by Wolf- 
G lad row et al. (1999).  I t  cou ld  also affect pelagic  
c a r b o n  e x p o r t  t h r o u g h  inc reased  p r o d u c t i o n  of' 
t r a n s p a r e n t  e x o p o l y m e r  par t ic les  or c h a n g e s  in  the 
e l e m e n t a l  s to ich iorne t ry  of up take ,  a c c u m u l a t i o n ,  
a n d  loss processes  ( Z o n d e r v a n  et aI, 2002; Deli l le  
et al, 2004; Enge l  et al. 2004; Riebesel l  2004).  

F u t u r e  changes  of air-water CO~ f luxes  in  the 
coastal ocean  have b e e n  s imula ted ,  i n t e g r a t i n g  
some  of tlhese c o m p l e x  a n d  diverse po t e n t i a l  fu- 
ture  effects on  c a r b o n  cycling, us ing  the T O T E M  
(Terres t r ia l  O c e a n  A t m o s p h e r e  Ecosystem Model ;  
Vet et al. 1999; Mackenz ie  et aI. ~000) or  SOCM 
(Shallow-water O c e a n  C a r b o n a t e  Mode l ;  A nde r s -  
son  and  Mackenz i e  2004; Mackenz i e  et al, 2004a,b) 
p r o g n o s t i c  models .  T h e s e  m o d e l s  p red i c t  an  en-  
h a n c e r n e n t  of the sink for a t m o s p h e r i c  CO~ in  the 
coastal ocean  due  to the  inc rease  of a t m o s p h e r i c  
COz ( increase  of' zXpCO~,) and  of NEP  in  r e l a t i on  
to h ighe r  r ive rme  i n o r g a n i c  n u t r i e n t  inpu ts ;  the 
decrease  of calci f icat ion a n d  inc rease  of b e n t h i c  
CaCOs d i s so lu t ion  are p r ed i c t ed  to have a small  
overall  eff~ct on  fu tu re  air-water CO2 fluxes in  the 
coastal ocean  ( A n d e r s s o n  and  Mackenz ie  ~004; 
Mackenz ie  et al. 2004a,b) .  T h e  relative irr, p o r t a n c e  
of the up t ake  of a t m o s p h e r i c  GOz by the coastal 
ocean  is also p red i c t ed  to inc rease  in  c o m p a r i s o n  
with the u p t a k e  by" the  o p e n  ocem-t tha t  could  de- 
crease with the  slowdown, of the t h e r m o h a l i n e  cir- 
cu l a t ion  (Mackenz ie  et al. 2000).  

' [b r u n  such m o d e l s  it is r e q u i r e d  to r e c o n s t r u c t  
the p re - indus t r i a l  NEP, r, et ecosystem calcif icat ion,  
a n d  ai>water  GOz flux rates  to set in i t ia l  condi -  
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l ions.  Th i s  gives ins ights  in to  the a n t h r o p o g e n i c  
s ignal  associated to the p r e s e n t  day a i>water  GO~ 
fluxes. A c c o r d i n g  to A n d e r s s o n  a n d  Mackenz i e  
(9004) a n d  Ma c ke nz i e  et al. (2004a,b) ,  the  pre-  
i ndus t r i a l  (year 1700) a n d  p resen t -day  (year 2000) 
air-water CO?, f luxes s imula t ed  by SOCM are 0.69 
an.d 0,15 tool C m --s y r -L  respectively. T h e  la t ter  
va lue  is in  fair a g r e e m e n t  with the  one  given in  
Tab le  4 (0.38 tool  C m z yr ~) a n d  impl ies  that  the 
coastal oc e a n  is at p resen t -day  a sink for a n t h r o -  
p o g e n i c  COs at a ra te  of 0.54 tool  C m -s yr -1 
c o r r e s p o n d i n g  to a ne t  a b s o r p t i o n  of 0.17 Pg C 
yr L Th i s  va lue  r e p r e s e n t s  a b o u t  9% a n t h r o p o g e n -  
ic C O  s a b s o r p t i o n  by the o p e n  o c e a n  ( - 1 . 9 5  Pg C 
yr -4 based on  the c u m u l a t e d  up t ake  for the 1980-  
:!999 p e r i o d  r e p o r t e d  by Sab ine  et al. 2004)~ 

The se  m o d e l s  are relatively sensit ive to the ini t ia l  
(p re -mdus t r i a l )  c o n d i t i o n s  (see Rabou i l l e  et al. 
2001).  T h e i r  p e r f b r m a n c e  may  also be i m p r o v e d  
if the  l a t i t ud i na l  a n d  ecological  diversity of air-wa- 
ter C O  s f luxes  in  the coastal o c e a n  is explici t ly ac- 
c o u n t e d  for a n d  with a r o b u s t  va l ida t ion  with pre-  
sent-day air-water C O  z f luxes  based on m o r e  ex ten-  
sive field data. 
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