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Abstract. Automated instruments on board Volunteer Ob- Keywords. Oceanography: general (Descriptive and re-
serving Ships (VOS) have provided high-frequency pCO gional oceanography; Remote sensing and electromagnetic
measurements over basin-wide regions for a decade or so. lprocesses) — Oceanography: biological and chemical (Gen-
order to estimate regional air-sea gfluxes, it is necessary eral or miscellaneous)

to interpolate between in-situ measurements to obtain maps
of the marine pC@. Such an interpolation remains, however,
a difficult task because VOS lines are too distant from each )

other to capture the high pG®ariability. Relevant physical 1 Introduction

parameters available at large scale are thus necessary to serve ) ) _ -

as a guide to estimate the pg@alues between the VOS The burning of fossil fuels, the intensification of land-use,
lines. Satellites do not measure pEkit they give access to  and the production of cement over the last 250 years have
parameters related to the processes that control its variabilityncreased the atmospheric carbon dioxide gncentra-

such as sea surface temperature (SST). In this paper we d&on from 280 parts per million (ppm) prior to the industrial
veloped a method to compute pg@aps using satellite data revolution (Neftel et al., 1985) to the current level of more
(SST and CHL, the chlorophyll concentration), combined than 380 ppm (Keeling and Whorf, 2000; Houghton et al.,
with a climatology of the mixed-layer depth (MLD). Using 2001). During that period, only about half of the &@-
15401 measurements of surface pC@quired in the North leased by these anthropogenic processes has remained in the
Atlantic between UK and Jamaica, between June 1994 an@tmosphere. Both ocean and land biospheres are believed
August 1995, we show that the parameterization of p@® o act as sinks that have taken up the remainder (Hougthon
a function of SST, CHL and MLD yields more realistic pgO €t al., 2001; Orr et al., 2001; Sarmiento and Gruber, 2002).
values than parameterizations that have been widely used iffontrary to the atmospheric G@oncentration, that can be

the past, based on SST, latitude, longitude or SST only. Thigccurately monitored using a global sampling network, the
parameterization was then used to generate seasonal mapdrvey of oceanic pCfthe quantity that largely controls the

of pCO, over the North Atlantic. Results show that our ap- variability of the air-sea C®flux, is a more complex task.
proach yields the best marine pgéstimates, both interms ~ The seasonal and geographical variability of surface wa-
of absolute accuracy, when compared with an independerfer pCQ is indeed much greater than that of atmospheric
data set, and of geographical patterns, when compared tBCQO, and hence the direction of the sea-air O@ansfer

the climatology of Takahashi et al. (2002). This suggestsis mainly regulated by the oceanic p&OThe pCQ in the

that monitoring the seasonal variability of pg@ver basin-  ocean mixed-layer, which exchanges £drectly with the

wide regions is possible, provided that sufficient VOS linesatmosphere, is controlled by seasonal changes in tempera-
are available. ture, total CQ concentration and alkalinity. While the wa-

ter temperature is primarily regulated by physical processes
(i.e. solar energy input, sea-air heat exchanges, physical mix-
Correspondence to: C. Jamet ing and mixed-layer depth), the total @@oncentration and
(cedric.jamet@univ-littoral.fr) the alkalinity are primarily controlled by biological processes
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Table 1. Number of pCQ data per month, maximum and maximum of the longitude, latitude, SST, CHL and MLD for the paths of the
cruises for the period June 1994-August 1995.

Winter  Spring  Summer Fall

Number of pCQ data 2416 7205 4238 1542

Min longitude €) —82.72 -82.65 -—-7415 —-74.13
Max longitude ) —-6.01 -6.01 —6.00 —6.07
Min latitude C) 10.43  10.37 19.77 19.78
Max latitude @) 49.95  50.45 50.10 49.43
Min SST €C) 9.60 9.75 14.55 12.90
Max SST ¢C) 28.20  30.45 29.55 29.25
Min chl-a (mg m—3) 0.05 0.04 0.04 0.05
Max chl- (mg m3) 1.35 2.52 2.69 1.09
Min MLD (m) 4312  14.00 13.15 35.95
Max MLD (m) 21855 12561  41.93 83.57
Min pCO, (n.atm) 304.46 224.03 266.10  300.02
Max pCQp (uatm) 374.04 37579 399.68  392.30
Std pCQ (uatm) 16.61  21.04 20.81 17.61

(i.e. photosynthesis, respiration and calcification) and by upto account for the important role of the biological pump
welling of subsurface waters enriched in respired,G@d  on surface pC® (e.g. Louanchi, 1995; Ono et al., 2004;
nutrients. Rangama et al., 2005). On the contrary, very few studies have
emphasized the importance of accounting for the vertical
monthly or seasonal time-scale is particularly important tom'x'n_g t"hrough the mixed layer depth (MLD) (Dand(_)nneau,
estimate regional air-sea fluxes of €@nd thus to quantify 1995’ Liiger et gl., 2004). Mor_eover, all these.stud|es were
the role of the ocean in the context of climate change. The(t:)_onﬁned to rfalatlvely_small regions, usually defined from the
iogeochemical provinces of Longhurst (1995). Here we aim

major problem for the quantification of the oceanic sink is ¢ lizing thi i " h to basin-wid
thus the spatial and temporal distribution of available in-sity &' 9€neralizing this mutti-parameter approach to basin-wide
regions, such as the North Atlantic, using in situ measure-

pCQ;, data. Because pCQn surface waters varies rapidly )

in space and time, the paucity of in-situ measurements had'ents from VOS lines.
strongly limited the accuracy of such estimates. Worldwide

networks of measurements of surface water p@Géve been > Data and methods
initiated in the 1990s (Poisson et al. 1993; Takahashi et al.,
1993, 1997, 2002, among others). The North Atlantic, in par-
ticular, is the subject of intensive pG@neasurements, using
Volunteer Observing ships (VOS) in the framework of the
former CAVASSOO (2001-2003) and of the ongoing CAR-
BOOCEAN (2005—-2009) European projects. These data set

can either be used to consolidate numerical models, Wh'cqormed regularly on board the ship-of-opportunity “Prince

patr1h_be tuzedi ir:jturr;, to (’io?pUtﬁ. th% ctarbon budggt, Oéoa8f Seas” (UK to Jamaica; Cooper et al., 1998) in 1994—-1995
in this study, to develop relationships between 0ceanicptl o, qiivyte an interesting and consistent data set to study the

and other parameters available globally, such as the Sate"itgeasonal cycle of pCOn North Atlantic waters. The “Prince
sea surface temperature (SST), to interpolate maps 0bpCOy geqq- operated from Newport (UK) to Costa Rica via the

for the North Atlantic. Netherlands and Jamaica, on a five-week roundtrip, normally
The marine pC@is primarily related to the SST through traveling different, but repeated routes on the westbound and
the thermodynamic effect. Remotely sensed SST is thus ofreturn legs, as shown in Fig. 1. 15401 in-situ pCie thus
ten used as the only physical parameter to generate; pCQOavailable between June 1994 and August 1995, with the ex-
maps (e.g. Boutin et al., 1999; Lee et al., 1998; Nelson et al.ception of December 1994 and January 1995. Measurements
2001; Olsen et al., 2003, 2004; Stephens et al., 1995). Howperformed within coastal waters, i.e. east 6M§ were re-
ever, other parameters, such as the chlorophyll-a concentranoved from the database. The number of remaining data
tion (CHL), are likely to provide relevant additional informa- for each season is given in Table 1. They are not equally
tion to improve the interpolation of pGO Recent attempts  distributed, with more measurements available in spring and
have been made to include CHL from ocean color satellitessummer than in fall.

Monitoring the oceanic C®partial pressure (pC£ at a

2.1 Insitu pCQ database
Available pCQ measurements are unevenly distributed in

both space and time, even for the relatively well-sampled
Rlorth Atlantic. The seawater pGOmeasurements per-
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C. Jamet et al.: Estimation of the oceanic pG®the North Atlantic 2249
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Fig. 1. Seasonal variations of the SST (left column), CHL (middle column) and MLD (right column) from winter (top row) to fall (bottom
row). The tracks of in-situ pC®measurements are shown on the figures in black crosses.
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2.2 Global data sets The second step was to pre-process the data. Since CHL
values cover several orders of magnitude, we preferred to use

For the SST, we used the monthly AVHRR oceans Pathfindet0g10(CHL) as an input parameter of the regression. More-
global equal-angle best SST 9 km version 4.1 (Vasquez et alQVver, since the different parameters involved in the regres-
1998) for 1994 and 1995 (see Fig. 1). Casey and Cornillonsions do not vary over the same range of values, we also nor-
(1999) evaluated the satellite-derived sea surface temperdnalized the various input parameters. For each parameter
ture climatology based on the AVHRR sensor with severalWe computed the monthly mean and the variance)? over
other climatologies, for their usefulness in the determinationthe season, and we obtained the normalized value using:

of SST trends. They showed that the AVHRR SST climatol- 2 P

ogy is more representative of spatial and seasonal SST vari)el.N ==X < ! ’>
ability than the traditional in-situ and blended SST climatol-

ogy (Bottomley et al., 1990; Levitus and Boyer, 1994, I:)""rkerwherexi]*’ has a mean value equal to zero and a standard devi-

et al., 1995; Reynolds and Smith, 1995). Compared {0 the;sjnn equal to (2/3) over the transformed data set. The same
COADS in-situ climatology, for instance, the global standard - malization was applied to pG@alues.

deviation aqd the global mean of the AVHRR SST cI_imatoI— The three following regressions were applied season-by-
ogy anomalies are equal to 1%5and 0.01C, respectively  ¢aac0n to the training set:
(Casey and Cornillon, 1999). For the CHL, we used the Sea-

@)

o(x;)

WIFS Level-3 Standard Mapped Products monthly mean cli-pCQ; = A.SST' 2
matology (1997—-2004) provided by the NASA/GSFC/DAAC

at a resolution of 1/12 The use of a climatology was neces- pCQ;, = A.SST' + B.CHL" + C.MLD" 3)
sary because no ocean color sensor was operated in 1994 and

1995. For the MLD, we used the climatology of de Boyer et PCO, = A.SST' + B.LON" + C.LAT". (4)

al. (2004) projected on &2yrid. This MLD climatology has _ _

been computed from 4490571 individual profiles obtainedNote that the approach of Eq. (4), which relies on both SST
between 1941 and 2002 from the National Oceanographi@nd geographical coordinates, has often been used in previ-
Data Center (NODC) and from the World Ocean Circulation ©Us Works (e.g. Stephens et al., 1995; évee and Taylor,

parameter is shown in Fig. 1. the measurement in the regression has no physical justifica-

tion, these studies have shown that the fit is generally im-
proved, at least for relatively small regions. Note also that
there is non constant term in the three equations, as we have
normalized the data as mentioned previously.

Once the regression coefficients are calculated, it is

2.3 Multiple linear regression method

Every in-situ pCQ measurement was associated with the
following coincident information: month, longitude, latitude straightforward to recalculate the unscaled p@@lues with
that come with the measurement, and _SST,. CHL, MLD eX-ihe following equation:

tracted from the global products described in Sect. 2.2. To

co-locate the pC@with SST, CHL and MLD values, we pCG°=15 x pCA,* x o (pCO,) + pCOy,. (5)
chose the SST (or CHL or MLD) corresponding to the month
and the position (longitude and latitude) of the in-situ values
(we looked for all values of pCfinside a box with the res-
olution of the selected data (SST or CHL or MLD)). The

process of co-location is straightforward. For each season, we assessed how accurately the three mul-
We applied a multiple linear regression on a seasonal basigple linear regressions can reproduce the observed,pCO
to the database presented in the previous section, in ordafy comparing their correlation coefficientsand their root-
to quantify the impact of adding CHL and MLD to SST on mean squared (RMS) errors in Table 2 (the regression coeffi-
the accuracy of the parameterization of the oceanic pCO cjents and their uncertainties are also given in the table). Sea-
The four seasons are defined as follows: winter from \]anuarxoneu Scatterp|ots (Win'[er7 Spring, summer and fa”) h|gh||ght
to March, spring from April to June, summer from July to the main differences between the three multiple linear regres-
September and fall from October to December. sions (Fig. 2). All regressions lead to RMS values lower than
The first step was to separate the whole data set into twahe spread of the data, given by their standard deviation in Ta-
independent subsets, one for the development of the paranile 1. Equation (2) leads to poor estimates of p@Qwinter
eterization and one for the validation. This has been donend fall but works fairly well in spring and summer, with
randomly by selecting 80% of the data for the parameteriza-correlation coefficients varying by 0.05 in winter and 0.73 in
tion subset (training data set) and 20% for the validation datasummer. Equations (3) and (4) yield significant and similar
set. improvements, in terms of both correlation coefficients and

3 Comparison of the parameterizations
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Table 2. Regression coefficients, correlation coefficients and root-mean squared errors of the three regressions (see Egs. 2, 3 and 4).

Winter Spring Summer Fall
0.0518399 0.723674 0.731455 0.149886

A
_ (£0.023)  (£0.0092)  @0.012)  (£0.029)
PCO=/(SST) (Ea. 2) r 0.052 0.72 0.73 0.15
RMS (uatm)  16.76 14.53 14.27 17.33
R —3.58268  1.09123 1.26812 —2.53434
(+0.15) @¢0.026)  @0.031)  (0.07)
5 0.247093  0.850678  0.0301785—0.974346
(+0.22) (£0.27) (£0.05) 0.12)
pCO=f(SST,LON,LAT) (Eq. 4) —3.94150 —0.441395 0558297 —1.82353
¢ (£0.14)  @0.03)  @0.045)  (0.13)
r 0.68 0.77 0.77 0.78
RMS (uatm)  12.38 13.35 13.36 10.99
R 1.02493  0.680878  0.712038  1.13154
(£0.055)  (0.019)  (£0.030)  (-0.046)
5 0.851461 —0.0718105 —0.172410  0.800965
(+£0.040)  @0.019)  (0.029)  (0.045)
pCG=f(SST,CHL,MLD) (Eq. 3) 0.342542  0.0554539 —0.416786  0.891047
c (£0.036)  (£0.010)  @0.010)  (0.016)
r 0.45 0.73 0.84 0.86
RMS (uatm)  15.01 14.47 11.44 8.98

RMS error, essentially in winter and fall. These two equa- ing since the thermodynamic effect usually prevails, whereas
tions also lead to improvements in summer, especially forCHL dominates in winter (B=0.85, C=0.34) and MLD in
Eq. (3). Using this equation, the RMS decreases from 14.2ummer (B=-0.17 and C=0.41). Both CHL and MLD are
to 11.44patm and the correlation coefficient increases from significantly contributing to the parameterization during fall
0.73 to 0.84. There is a better estimation of the high pCO (B=0.80 and C=0.89), whereas these two parameters are not
values, greater than 33@tm. Using Eq. (2), estimates are relevant during spring, a period during which the SST solely
clearly thresholded while in using Eq. (3), it is possible to es-is enough to parameterize the marine pGB=—0.07 and
timate the pCQwith a better accuracy. Finally, winter is the C=—0.06). The parameters behave differently depending on
only season for which none of the three proposed parametethe seasons but we decided to keep them for all seasons in
izations is really successful in predicting pg@lues, even the parameterization. If one parameter is not taken into ac-
if Eq. (4) leads to the best results. count in the multi-linear regression (Eq. 3), the accuracy of
. . ) the regression is slightly affected. For instance, in winter,

These results are consistent with those digér et o v b does not play a significant role, the RMS increases
al. (2004), except in summer and spring. Using observationg,,m 15 oguatm to 15.36.atm andr decreases from 0.45
in the North Atlantic, they found that SST could explain the ;1 5 49 As the opposite is true, in summer, the MLD is
variability of pCQ; for summer only, when stratification pre- ¢ secondary parameter. Without taking into account CHL,
vents the upward mixing of nutrients and limits the biolog- the RMS increases from 11.44tm to 11.5Q:atm and- de-
ical production. Excluding summer, these authors found &ea5es from 0.84 to 0.83. These results are consistent with
weak, negative correlation between SST and pOr the o reqyits obtained by Olsen et al. (2007) in the subpolar
entire basin. In fall, the deepening of the mixed layer sup-Nqh Atlantic. The authors studied the single relationships
plies CQ to the surface layer. This explains why the multi- p o een pC@and SST or CHL or MLD. They have identi-
linear regression, which takes into account the CHL and the}ied basin-wide relationships between pCand CHL, valid
MLD, gives better estimations for these seasons. In wintery,, neary annual scales. Concerning the relationship between
the most important secondary parameter is the CHL while 'tpCOZ and MLD, they stated that there is a linear relationship
isthe MLD in fall. The regression coefficients can be directly between the parameters from the beginning of the bloom un-
compared to assess the relevance of the various parametetsino mLD deepening in fall. This result is linked to our
because they have been computed using normalized values pig 15 showing that the MLD is the primary or secondary

the three parameters (SST, CHL, MLD). These values show,, o meter in summer and fall in the North Atlantic. Finally,
that SST is always the main parameter, which is not surpris-

www.ann-geophys.net/25/2247/2007/ Ann. Geophys., 25, 2247-2257, 2007
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Fig. 2. Scatterplots of the in-situ pCQOrs. estimated pC@obtained by three linear regressions based on the training data set: Left column
pCO=f(SST) (Eq. 2); middle column: pC& f(SST, longitude, latitude) (Eq. 4), right columgf(SST, CHL, MLD) (Eq. 3) for winter,
spring, summer and fall.

these comparisons show that it is better to take the three pgarametrization defined in Egs. (3) and (4). As stated pre-
rameters in the regression to obtain the better results, even ifiously, the validation data set has been chosen randomly in
one of them is not dominant for a given season. the entire data set. Splitting the entire data set into two inde-

There is a negligible offset in the seasonal residuals. FoP€ndent data sets (training and validation) is a common way
instance, in fall, the mean is equal4®.00003 and the stan- 0 valldatg estimations from regression angly3|s (Saporta,
dard deviation of the residual is8.92u.atm. Figure 3 shows ~2006). Using this test data set allow us to verify the accuracy
the seasonal residuals (fitted — observed data) as a functigpf the regression for at least interpolating along the paths of
of the day of the year. The value of the residuals is not corre{n€ cruises. Comparing with the results obtained with the
lated and not biased with the day. Moreover, its distribution F@ining data set (Fig. 2 and Table 2), the multi-linear regres-

shows neither a spatial nor a temporal trend (not shown) ang'on defined by Eg. (3) leads to good validation results. The
its values do not depend on the values of the in-situ pCO RMS and the correlation coefficient are of the same values

for each season as those obtained with the training data set.

Figure 4 presents the scatterplots of the p@Stimated 1,5 eans that this regression can be used with a high level

with the validation data set versus the in-situ pCior the

Ann. Geophys., 25, 2247-2257, 2007 www.ann-geophys.net/25/2247/2007/
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Fig. 3. Residuals values obtained with the following parametrization: gE&@SST,CHL,MLD) as a function of the day of the year.

of confidence along the area of the cruises. The same conclu- As the SST, CHL and MLD data do not have the same res-
sions are reached with the regression defined by Eq. (4); uselution, it was necessary to re-grid the data. As a reminder,
ing only SST to parameterize the oceanicGOnot enough.  the SST data has a resolution of 9-by-9 km, the CHL a resolu-
It is necessary to take into account the geographical coordition of (1/12)-by-(1/12) and the MLD a 2x2° resolution.
nates (Eg. 3) or physical parameters, such as CHL and MLDlo create 2-by-2° maps, the mean values of the SST and
(Eq. 4), to better estimate pG@n local areas. CHL data are calculated over &-By-2° box.

The fitted seasonal cycles of seawater pCé@btained by
Egs. (3) and (4), are compared to the pGYcles of Taka-
hashi et al. (2002). Both data sets are created for the year
1995.

In Fig. 5, the maps obtained using longitude and latitude
The two parameterizations based on Egs. (3) and (4) werare clearly unrealistic estimates (left column), especially in
applied season-by-season to global maps of SST, CHL an@inter and spring. The estimation of the seawater p@O

4 Seasonal pCQ maps

MLD, to generate seasonal pg@aps of the entire North
Atlantic (85 W—6> W; 10° N-58& N), as shown in Fig. 5. In
order to avoid extrapolation of pGQvalues outside the va-

lidity range of each individual input parameter (SST, longi-

tude and latitude, CHL, MLD), the pCQwas mapped only

strongly dependent of the longitude and latitude. This is not
a surprising result, as the regression coefficient to the latitude
is equal to—3.94 in winter (compared-3.58 for the SST co-
efficient) and to the longitude it is equal to 0.85 in spring
(compared to 1.09 for the SST coefficient). This is also due

where all input parameters are within the range of variabil-to the fact that these two parameters do not exert any actual
ity explored by the database (see Table 2 for minimum andcontrol on the pC@. Moreover, even though both latitude
maximum values of the various parameters). This explainsand longitude are within their individual validity range, this
the difference in spatial coverage between the two parameapplication represents a de facto extrapolation outside the
terizations in Fig. 5, notably in fall. In the same way, it is the space spanned by the observations. Thus, whereas this ap-
reason why there is no pG@stimation along the northern proach can be sufficient to work with regions of small size, it
east coast of Canada (zone encompassiny\6&b0 W and is definitely not applicable to basin-wide regions.

north of 42 N). In this zone, the SST is always under the = The parameterization with SST, CHL and MLD exhibits
minimum value of SST used to calibrate the regression. Sanore features (middle column). Highest chlorophyll con-
this zone was flagged for the computation of the pCO centrations are located north of 49 and are associated

www.ann-geophys.net/25/2247/2007/ Ann. Geophys., 25, 2247-2257, 2007
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Fig. 4. Scatterplots of the in-situ pCQvs. estimated pC@®obtained by the linear regressions defined by Egs. (3) (right column), (4) (left
column) based on the validation data set for winter, spring, summer and fall.

with low pCGQ, (middle column in Fig. 1). The pattern of values of pCQ in the climatology of Takahashi. At high lat-
the SST maps (Fig. 1) is also visible with a North-East toitudes &40° N), the seasonal cycle is less strong due to a
South-West warming associated with increasing p@al- more active role of CHL and MLD.
ues. From November the mixed layer deepens and the ver- The mean values of the seawater gC@er the entire
tical mixing supplies subsurface G@ich waters to the sur-  basin are calculated and the seasonal cycle is compared to the
face, thus explaining the relatively high p&Qn March, the  seasonal cycle of Takahashi et al. (2002). The seasonal cycle
mixed layer is quite deep and increases the surface@@O of the mean value obtained by Eq. (3) shows a correlation
other processes are also present: biological activity mainlycoefficient of 53.87%, compared to 14.89% with the param-
located on the edge of the U.S. and African coasts and theterization using the longitude and the latitude (and SST).
cold temperatures both contribute to lower pCO Taking into account CHL and MLD, in addition to SST,
leads to a much better interpolation of pgét the scale of
In addition, the parameterization based on SST, CHL andy basin like the North Atlantic than a regression based on

MLD leads to results that are in reasonably good agreemen§ST and some geographical information, at least in spring,
with the climatology of Takahashi (2002), showed in the symmer and fall.

right column of Fig. 5. At low latitudes (20-3%), the

pCQ;, cycle is marked by strong seasonal variations, with

low values in winter, high values in summer and intermedi-5 Conclusions

ate values in fall. These variations show a strong relationship

with SST in this zone, especially during spring and summer.Using 15401 measurements for the years 1994 and 1995, we
There is a discrepancy between June and August along thkave developed a new parameterization of pCliased on
east coast of the US and the west coast of Africa, with highelSST, CHL and MLD for the North Atlantic (YfON-58 N).
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Fig. 5. Seasonal pC®maps. From left to right: pC&= f (longitude, latitude, SST), pC& f(SST, CHL, MLD), pCQ from the climatology
of Takahashi et al. (2002). Top to bottom: Winter, Spring, Summer, Fall.

This new parameterization has been applied to satellite datagnd latitude, which cannot be used for extrapolation to basin-
to provide pCQ maps of the North Atlantic. Comparison scale. This multi-linear regression is not valid for others
with a linear regression based on SST only shows a genbasins and cannot be extended to the equatorial and south-
eral improvement in reproducing pGQexcept during win-  ern Atlantic Ocean. This study demonstrates the importance
ter. Our basin-scale results are also more realistic than thosef taking into account the CHL and MLD in the parameteri-
obtained using a parameterization based on SST, longitudeation of the oceanic pCO
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