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Annual to interannual variations of f CO, in the
northwestern Mediterranean Sea: Results from hourly
measurements made by CARIOCA buoys, 1995-1997

by E. M. Hood'? and L. Merlivat'

ABSTRACT

A time series of fCO,, SST, and fluorescence data was collected between 1995 and 1997 by a
CARIOCA buoy moored at the DyFAMed station (Dynamique des Flux Atmospheriques en
Mediterranée) located in the northwestern Mediterranean Sea. On seasonal timescales, the spring
phytoplankton bloom decreases the surface water fCO, to approximately 290 patm, followed by
summer heating and a strong increase in fCO, to a maximum of approximately 510 patm. While the
AfCO, shows strong variations on seasonal timescales, the annual average air-sea disequilibriumis
only 2 patm. Temperature-normalizedfCO, shows a continued decrease in dissolved CO, throughout
the summer and fall at a rate of approximately 0.6 patm d~!. The calculated annual air-sea CO,
transfer rate is —0.10 to —0.15 moles CO, m~2 y~!, with these low values reflecting the relatively
weak wind speed regime and small annual air-sea fCO, disequilibrium. Extrapolating this rate over
the whole Mediterranean Sea would lead to a flux of approximately —3 X 10'2 to —4.5 X
10" grams C y~!, in good agreement with other estimates. An analysis of the effects of sampling
frequency on annual air-sea CO, flux estimates showed that monthly sampling is adequate to resolve
the annual CO, flux to within approximately =10 — 18% at this site. Annual flux estimates made
using temperature-derivedfCO, based on the measured fCO,-SST correlationsare in agreement with
measurement-based calculations to within =7-10% (depending on the gas transfer parameterization
used), and suggest that annual CO, flux estimates may be reasonably well predicted in this region
from satellite or model-derived SST and wind speed information.

1. Introduction

The carbon dioxide cycle in the upper ocean is controlled by a combination of biological
and physical processes such as upwelling, convection, the cycle of biological productivity,
and responds to meteorological forcing such as gas exchange between the surface ocean
and the atmosphere. The Mediterranean Sea is an area where many of these processes
occur within a relatively small area (Lévy et al., 1998), making it a natural laboratory for
characterizing the interplay of these parameters and the response of CO, on a variety of
timescales. Studies of CO, in the surface ocean have sought to explain the causes of
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seasonal variations along with the annual cycle of CO, in order to make estimates of a
region’s ability to act as a source or a sink to the atmosphere. More recently, it has been
determined that for some areas, short-term variations (i.e., daily to weekly) in fCO, and the
processes controlling surface biogeochemistry over small to mesoscale regions may
contribute significantly to the annual behavior of the system (Watson et al., 1991; Doney et
al., 1996; McGillicuddy and Robinson, 1997; Lévy et al., 1998; McGillicuddy et al., 1998)
and these short term variations are missed by the coarse time and space scale sampling
typical of most oceanographic sampling programs. Because of the temporal and spatial
data coverage required for these investigations, standard oceanographic sampling methods
are simply not feasible for many regions of the world’s oceans, and research aimed at
understanding the large-scale upper ocean CO, cycle must now necessarily focus on
developing methods of monitoring and prediction of CO, in the upper ocean based on
remotely-sensed information. One promising method is relating surface ocean CO, to other
parameters such as sea-surface temperature or ocean color that can be measured via
satellite (Stephens et al., 1995; Wanninkhof ez al., 1996; Goyet and Peltzer, 1997; Bates et
al., 1998; Lee et al., 1998; Boutin et al., 1999; Hood et al., 1999). These methods rely
heavily on frequent measurements of a number of physical, chemical, biological, and
meteorological parameters to establish the correlations over a period that is long relative to
the period of interest, and as yet, no sufficiently long data set exists to determine
definitively how long these relations may hold for a given region.

In this work, we present results of the CARIOCA buoy program at the DyFAMed Station
in the northwestern Mediterranean Sea, which made hourly measurements of the fugacity
of CO, (fCO,), sea-surface temperature, fluorescence, and wind speed at various time
periods between 1995-1997. With this data, we describe the variations of fCO, in this area
on seasonal, annual, and interannual timescales, and investigate the sampling frequency
necessary to adequately resolve the annual air-sea flux of CO,, similar to the analysis
presented by Bates et al. (1998) for the Sargasso Sea. Finally, we present correlations of
fCO, and SST for the region and demonstrate how they might be used to predict surface
fCO, using satellite-derived or model-derived SST data.

2. Methods

Measurements of fCO,, sea-surface temperature, and fluorescence were made using a
moored CARIOCA buoy (Merlivat and Brault, 1995; Lefevre et al., 1993; http://
www.lodyc.jussieu.fricarioca) between May 1995 and December 1997 as part of the
Dynamique des Flux Atmospheriques en Mediterranée (DyFAMed) program. This pro-
gram is part of the France—Joint Global Ocean Flux Study (France—JGOFS). The
DyFAMed station (Fig. 1) is located approximately 52 km southeast of Nice, France in the
northwestern Mediterranean Sea at 43°25'N, 7°52'E, with a water column depth of
approximately 2600 m. This region is bounded by a permanent cyclonic gyre and is
sufficiently isolated from lateral transport that physical processes may be regarded in a 1-D
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Figure 1. Location of the DYFAMED sampling site. The main cyclonic circulationis shown by the
arrows. (Figure from Avril and Copin, Deep-Sea Res., 1993.)

sense (Lévy et al, 1998; Andersen and Prieur, 2000). The JGOFS program at the
DyFAMed station has collected a vast data set of physical, biological, and chemical
parameters, and several works (Lévy et al., 1998; Copin-Montégut, 2000) have well-
characterized the physical and biogeochemical processes at the site.

Measurements were made by the buoy during the three years over the following periods:

1995 June 9-August 28
1996 January 16-26; March 12—April 28
1997 February 3—March 17; April 30-July 10; August 29-October 29; December 3-28.

The measurement of fCO, is made spectrophotometrically and is based on the optical
absorbance of the pH indicator solution thymol blue diluted in seawater. Carbon dioxide in
the surrounding seawater equilibrates with the indicator solution across a gas permeable
(silicon) membrane in an exchanger cell, and the resulting change in optical absorbance
induced by the pH change is measured by the spectrophotometer The equation used to
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calculate fCO, from the buoy measurement of optical absorbance (Lefevre et al., 1993) is:

C A
1___
kA7 [Ay ArAy
T VI | M
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where A = log (I310/ls9) — k for the dye, Ig;o and Isg4 is the transmitted light through the
dye at 810 and 596 nanometers, respectively, k = log (Ig1o/l596) Seawater (the blank), Az =
alkalinity of the dye solution in mole kg~!, Ay, = optical absorbance of the basic form of
the dye measured with the buoy spectrophotometer, C = concentration of the dye in the
seawater (C = 1 X 10™* mole kg™"), k; = dissociation constant of thymol blue dye (Zhang
and Byrne, 1996) k; and k, = dissociation constant of carbonate and bicarbonate in
seawater used for dilution (Goyet and Poisson, 1989), and o = solubility coefficient
(Weiss, 1974).

The spectrophotometer system is calibrated in the laboratory using a Li-Cor 6262
infrared CO,-H,O analyzer with calibrated gas standards. The calibration procedure and
equations for calculating the various parameters as a function of optical absorbances are
described in Bakker et al., 2001 and in Lefevre et al, 1993. Intercomparison studies
between the buoys and ship-based measurements during a number of field programs (Hood
et al., 1999; Bates et al., 2000; Bakker et al, 2001; Hood et al., 2001; http://
www.lodyc.jussieu.fricarioca) show agreement between the two methods to within 2 £
5 patm over long time periods. These values reflect uncertainty in the ship-based measure-
ments as well as some degree of natural variability, and thus are a conservative estimate of
the accuracy and precision of the buoy. Laboratory tests show a reproducibility of
*0.5 patm over short time periods at constant temperature (Lefevre et al., 1993). During
the mooring period between February and July of 1997, the sensor was calibrated before
and after this 6 month period and the drift found to be +5 patm. As this is within the limits
of the uncertainty of the measurements, no correction was applied. The fluorescence is
measured using a WETIab WETstar miniature fluorometer factory calibrated to chloro-
phyll-a content. The buoy was equipped with a RM Young Wind Monitor Jr. Propeller
anemometer on a mast approximately 2 meters above the water surface, and made hourly
wind speed measurements. Wind speeds were converted to 10 meter wind speeds using the
bulk formula (Roll, 1965):

c% 10
l+— - In—
PR

Uyp=0, 2)
where k is the Von Karmann constant (0.4) and the drag coefficient, Cy, is assumed to be
1.1 X 1073,

During the three years of measurements, the wind speed data were not continuous owing
to loss of anemometers. Comparisons of the buoy wind speed data with the wind speed data
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Figure 2. Comparison of wind speed data from the Météo-France weather station at Nice, France
(line), and measurements made by the buoy (circles).

from the Meteo-France weather station at Nice (approximately 52 km northwest) show a
mean difference of 0.3 m s™! with a rmsd of about 3 m s™! over an annual cycle of hourly
measurements (Fig. 2). While there is quite a bit of variability on an hourly timescale, the
timing and magnitude of specific wind events appears to be fairly homogeneous over this
range. In order to have a continual record of wind speed, we use the Nice station wind data
throughout this study.

The atmospheric fugacity of CO,, fCO,, which is the partial pressure corrected for
nonideality of CO,, was calculated using the equation:

fCO, air (natm) = X, (P, — Py ) exp [(By, + 2X3 8¢ ) P/RT] (3)

where X is the mole fraction of CO, in dry air, P, is the atmospheric sea level pressure, and
Py, is the vapor pressure of water at the sea surface temperature. The exponential term is
the fugacity correction (Weiss, 1974), where B, is the second virial coefficient for CO, in
cm? mol ™!, 5c02 is the correction for an air-CO, mixture in cm? mol~!, and X, is the mole
fraction of the other gas components in air, equal to I — X,. The fugacity correction has a
numerical value of about 0.995 to 0.998 at ambient temperatures. For atmospheric CO,
concentrations, we use the average of the monthly concentrations measured at Lampedusa
Island, 35°31'N 12°37'E, (Ciattaglia and Chamard, 1997) and Monte Cimone, Italy,
44°11'N, 10°42'E (Colombo and Santaguida, 1998). The monthly means were then
linearly interpolated onto the time grid of the buoy measurements for each year. Atmo-
spheric pressure data was obtained from the Meteo-France weather station at Nice.
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Figure 3. (a) 1997 fCO, data; fCO, are shown as gray squares, fCO, normalized to 13°C are shown
as black triangles, and atmospheric fCO, is shown as a thin black line. (b) 1997 SST data. (¢) 1997
fluorescencedata given in relative concentrationunits. (d) 1997 wind speed measured by the buoy,

adjusted to 10 meter heights using Eq. (2).
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3. Annual and interannual variability

The thermal cycle at DyFAMed is characterized by a uniform winter water column at
about 13°C resulting from intense vertical convection and deep water formation, with
progressively shoaling isotherms through the spring and summer producing a strongly
stratified water column (Lévy et al., 1998). Nutrients are rapidly depleted in the surface
water after the spring bloom, although the summer mixed layer is thinner than the euphotic
zone, which is only partially nutrient-depleted (Copin-Montégut, 2000). In the fall, the
thermocline is gradually eroded and the water column is mixed, bringing to the surface the
underlying CO,-rich 13°C water (Lévy et al., 1998; Copin-Montégut, 2000). Figures 3a,
3b, 3¢, and 3d show the 1997 fCO,, SST, fluorescence, and wind speed data, respectively,
measured by the buoy. In February, the base of the mixed layer is about 300 m deep and
shoals to about 15-20 m in early spring, and the euphotic layer is at approximately 50 m in
the summer (Lévy et al., 1998). Between February and mid-March, the fCO, shows a
strong increase followed by a rapid decrease, with fCO, values reaching as low as
285 patm. Assuming that lateral advection is indeed minimal in this area, the peak in fCO,
may be the result of vertical mixing, bringing up CO,-rich water from below, followed by a
decrease in fCO, as a result of increased photosynthetic activity. An increase in biological
activity after about day 50 associated with the spring bloom can be seen in the fluorescence
signal. From mid-April to late July the fCO, increases as a result of surface water warming.

The partial pressure of CO, in seawater is a function of the temperature, total CO,
concentration, alkalinity, and salinity of seawater. Of these, temperature and total CO,
concentration are the strongest influences, with changes in alkalinity and salinity only
having minor effects (for a thorough review, see Takahashi et al., 1993). By normalizing
the fCO, to a constant temperature, the thermodynamic effect can be removed and changes
in fCO, resulting from changes in total CO, concentration can be more easily seen. To
normalize the data to a constant temperature of 13°C we use the equation of Takahashi et
al. (1993):

(OfCOL/OT)IFCO, = 0.0423°C". 4)

The temperature-normalized fCO, (hereafter referred to as fCO,y), also shown in Fig-
ure 3a, continues to decrease after the spring bloom throughout the summer until
September. The fluorometer data (Fig. 3c) show no appreciable activity after the first part
of June, while the fCO,y continues to decrease slightly. Assuming that lateral advection is
minimal at this location (Lévy et al., 1998; Andersen and Prieur, 2000), this continued
decrease in total CO, throughout the summer may in large part be the result of outgassing
of the high fCO, from the warm surface water to the atmosphere. The observed rate of
decrease of fCO,y over this period is approximately 0.6 patm d~!. Using a mixed layer
depth of 20 m (Lévy et al., 1998), the gas exchange rate during this period is between 0.3
and 0.8 patm d~!, depending on whether the gas transfer rate of Liss and Merlivat (1986) or
Wanninkhof (1992) is used. The December data show a rapid increase in fCO, and
decrease in SST resulting from mixing caused by a strong wind event on day 350 followed
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by rapid restratification. As winter progresses, the temperature continues to decrease until it
reaches the winter minimum value of about 13°C and the water column mixes.

All three years of fCO,, fCO,y, and SST data are shown in Figures 4a, 4b, and 4c,
respectively. There is remarkably good agreement and consistent temporal patterns from
one year to the next in the fCO, and SST records between the three years with the
exception of the timing of the onset of the spring bloom. The 1996 and 1997 spring blooms
show very similar features, although the 1997 spring bloom occurs approximately 20 days
before the 1996 bloom. This offset between the two years is also seen in the increase in
SST, where the warming begins approximately 20-30 days before the decrease in fCO,.
This increase in SST is indicative of the onset of summer stratification, which initiates the
spring bloom. The addition of the 1995 data shows the strong summer temperature and
fCO, maximum not available in the 1997 data set, and the inclusion of this period shows
that there is a strong outgassing of fCO, to the atmosphere during the summer. While the
disequilibrium between the surface water and atmospheric fCO, (AfCO,) varies strongly
from a maximum of +164 patm at the peak of summer to a minimum of —77 patm in early
winter and at the time of the spring bloom, the annual average AfCO, only +2 patm.

4. Effects of sampling frequency on air-sea CO, flux estimates

In order to more adequately resolve fCO, and SST over the annual cycle, a composite
year was constructed using the 1996 winter and spring bloom period, the 1997 data after
the spring bloom period, and the 1995 summer data, and this composite year fCO,, SST,
and wind speed are shown in Figures Sa, 5b, and Sc, respectively. Because 1997 was the
longest record, 1997 data were used where possible. However, during the spring bloom
period, the 1996 data were used rather than the 1997 data because the coverage over this
period was more complete in 1996. As discussed above, the variability of the fCO, during
the bloom period is very similar between the two years. As long as the SST and wind
records are kept consistent with the fCO, records used (i.e., 1996 wind and SST used with
1996 fCO,), there is no difference in the annual flux estimates between a composite year
using the 1996 bloom versus a composite year using the 1997 bloom. No attempt was made
to establish closure of the annual cycle for this composite year, although the composite year
temperature record shows a very good, albeit artificial, correspondence between December
27t 1997 and January 16%, 1996, and attests to the regularity of the thermal cycle at this
site. From this composite year, a more complete cycle of SST and fCO, can be seen,
showing a 15°C temperature range and a 230 patm range in fCO, over the annual cycle.
These data from the composite year were interpolated onto the hourly time grid of the wind
data from the Meteo-France Nice station and linearly interpolated over missing data points.
The number of days not measured in the composite year is 95. To extrapolate the record to
the full year, the ends of the time series were padded using the nearest measured data point;
i.e., January 1% through January 15" were set equal to the first values measured on January
16", and December 28" through December 31 were set equal to the last values measured
on December 27,
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The air-sea flux of CO, over this composite year was calculated using the basic flux
equation:

F = koaAfCO, 5)

where k is the gas transfer velocity (parameterized as a function of the wind speed and the
Schmidt number of the gas), d. is the solubility coefficient (Weiss, 1974), and AfCO, is the
partial pressure gradient between the water and atmosphere. For the gas transfer velocity, k,
we use the formulations of Liss and Merlivat (1986) and Wanninkhof (1992). A negative
flux implies flux from the atmosphere into the water. The annual flux calculated is between
—0.10 and —0.15 mol m~2 y~!, using the Liss and Merlivat (1986) or Wanninkhof (1992)
gas transfer formulation, respectively. Extrapolating this rate over the Mediterranean Sea
using a surface area of 2.5 X 10'> m? leads to a flux of between —2.5 X 10! and —3.8 X
10" moles CO, y~!. This is in good agreement with the earlier work of Copin-Montégut
(1993), who estimated an annual uptake of approximately —3.5 X 10'' moles CO, y™!
based on an average fCO, in the surface waters and average annual wind speed.

Using an approximately 17-month time series of fCO, measurements made in the
Sargasso Sea near Bermuda, Bates er al. (1998) present an analysis to determine the
frequency of surface sampling needed to adequately resolve annual air-sea flux of CO, and
found only a =10% difference between estimates made using monthly sampling versus
sampling every three to four days. They further suggest that monthly sampling should be
adequate to resolve annual CO, fluxes in other areas. To test this, we simulated a program
of monthly sampling and compared flux estimates made using these measurements with
those made using all available data. Monthly sampling was simulated in two ways; first, by
taking the average of three days of hourly sampling at monthly intervals as might be done
during an oceanographic field program having monthly sampling at a given site over a year,
and secondly, by using the average of only one day of hourly sampling to represent the
month as done by Bates et al. Each set of calculations was performed three times, varying
the choice of days used each month to avoid any biases in ‘sampling.’ The data points from
each month were then interpolated over the annual cycle using the hourly time grid of the
wind speed data, and the ends of the time series extrapolated to the full year using the
nearest end values as described for the measured data. This creates an annual record of
hourly estimates from which the annual flux is then calculated. The differences of the
hourly fCO, estimates between the one-day sampling period and the three-day sampling
period are small, but show significant differences when compared to the measured hourly
data. A comparison of the record from the 1 day/month sampling strategy and the hourly
measurements from the buoy (composite year) are shown in Figure 6.

Table 1 shows the results of this analysis. The annual fluxes calculated from monthly
sampling are within £10-18% of those calculated using the hourly measurements, with the
estimates using the gas transfer formulation of Wanninkhof (1992) having slightly larger
differences resulting from the stronger dependence of the calculated flux on the wind
speed. The rmsd between the estimated hourly fCO, values and the measured values,
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Figure 6. Comparison of hourly measurements (light gray line) with simulated monthly sampling
(dark line with points).

however, is quite large, owing to the fact that the monthly sampling with simple linear
interpolation between the data points misses a great deal of natural variability. By shifting
the choice of days for one and three day averages/month, the annual flux calculations
changed by less than 7%. This may, however, be fortuitous, as most of the large-scale
variability occurred in the summer when wind speeds are relatively low and the flux less
important.

Bates et al. report a £10% difference between measurements made on average every
three to four days versus monthly sampling. Areas such as Bermuda and the northwestern
Mediterranean having low to moderate wind speed regimes are the most amenable regions
for this sort of extrapolation and these analyses suggest that for certain areas, monthly
sampling may be adequate to resolve the annual air-sea fluxes to +10-20%. However, as
noted by Bates et al., the caveat is that the uncertainty resulting from the different gas

Table 1. Annual air-sea fluxes of CO, at Dyfamed. The root mean squared deviations (rmsd) between
the 1 and 3 day sampling periods/month and the hourly measurements are given in parentheses.

Liss and Merlivat (1986) Wanninkhof (1992)
mol m2y~! molm~2y~!
Hourly —0.10 —0.15
Monthly, 3 day means —0.10 (rmsd = 0.3) —0.17 (rmsd = 0.5)

Monthly, 1 day means —0.11 (rmsd = 0.3) —0.18 (rmsd = 0.5)
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transfer parameterizations, where the calculated transfer velocities vary by approximately
a factor of 2, is much larger than differences in any of the estimation techniques used.

5. fCO,-SST correlations

While monthly sampling may be adequate to resolve air-sea CO, fluxes in some areas,
even this coarse resolution of sampling is not feasible for many areas of the ocean over
long time periods. To overcome the lack of observational data in many areas and to allow
for continuous monitoring, increasing emphasis is being placed on the use of satellite-
derived or model-derived information to estimate surface ocean CO,. One promising
techniqueis to use measurement-based correlations of fCO, and SST with satellite-derived
SST and wind speed data to make estimates of fCO, and air-sea CO, flux over larger
temporal and spatial scales (Hood et al., 1999; Boutin et al., 1999; Lee et al., 1998; Bates et
al., 1998; Goyet and Peltzer, 1997; Wanninkhof et al., 1996; Stephens et al., 1995).

On annual timescales, surface water fCO, at DyFAMed is predominantly controlled by
temperature, whereas shorter timescales show the influence of biological processes and
mixing, particularly in the spring and winter periods. Therefore, the year was resolved into
seasonal components using the changes in SST and fCO, from the composite year as
indicators of these seasonal changes. The fCO,-SST correlations for the composite year are
shown in Figure 7. The equation used to describe the correlations has the form

y=ax’+bx+c¢ (6)

where a, b, and ¢ are the coefficients of the relation and x represents SST. The coefficients
and uncertainties were calculated using the Levenberg-Marquardt method for nonlinear
regression, and are shown in Table 2. The degree of scatter in the fits to the data results
from natural interannual variability in the composite year used for the analysis as well as
difficulty in precisely resolving the spring and winter periods using only SST, which varies
over a very small range during the period when mixing or biological processes cause fCO,
to vary substantially.

The estimated fCO, using these correlations and the SST data from the composite year
are shown in Figure 8. The major features of the annual cycle are reasonably well resolved,
and the root-mean-squared deviation (rmsd) between the estimated values and the
measurements is =12 uatm. Table 3 shows the comparisons between annual and seasonal
measurements and estimates of fCO, as well as a comparison of fluxes calculated using
each for the composite year. The annual and seasonal means of the estimated values are in
good agreement with the measurements, although the rmsd for each period indicate that
these estimates are not without considerable uncertainty. However, at DyFAMed, as with
many regions of the oceans, the air-sea flux is dominated by wind speed rather than the
air-sea concentration differences of fCO,, the flux estimates using the estimated values of
fCO, agree with the measured values to within =7-10% over the annual cycle for the
composite year.

We also use the composite year algorithms to predict the fCO, for the individual years.
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Figure 7. fCO,-SST correlations from the composite year. Spring (March to mid-May) = light gray
circles; Winter (mid-December to the end of January) = medium gray circles; Summer (mid-May
to August) = medium gray triangles; Fall (August to mid-December) = dark triangles. The solid
lines are the nonlinear least squares regressions for each season.

Taking the longest of the available records (1997), we also calculate the annual flux to
estimate how well the composite algorithms do at predicting other years. This is not an
ideal comparison, however, since the composite year data consists mostly of the 1997 data,
and the 1997 data do not cover the entire year. It is thus necessary to linearly interpolate
between missing data points to create and annual record for comparison. The comparisons
between the estimated and measured fluxes for 1997 are much poorer than for the

Table 2. Coefficients of the seasonal fCO,-SST correlations. The data used for the winter period are
from mid-December to the end of January; spring data are from March to mid-May; Summer data
are from mid-May to August; Fall data are from August to mid-December.

a G, b o, c o,
Winter 11 1 —350 34 3140 253
Spring 11.3 0.5 —337 14 2834 96
Summer 14.8 0.1 70 3

Fall 1.19 0.03 —38 2 618 17
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Figure 8. Comparison of measured fCO, data from the composite year (dark) to the estimated fCO,
(light) using the fCO,-SST correlations.

Table 3. Annual and seasonal fCO, measurements and estimates. The mean annual and seasonal
fCO, and fluxes are shown for measurements and estimates using the fCO,-SST correlations. The
root mean squared deviation (rmsd) between the measured and estimated values is shown for each
season. The fluxes are calculated using both the Liss and Merlivat (1986) gas transfer formulation
(first number) and the Wanninkhof (1992) formulation (second number). The numbers in
parentheses in the 1997 row show the results of the comparisons without the spring bloom period.

Annual
Winter
Spring
Summer
Fall

1995 annual
1996 annual
1997 annual

patm

365
335
333
387
380
405
345
346

Measured Estimated

JCO, JCO,

patm

365
331
336
387
379
403
343
350

rmsd
patm

+12
+18
+15
+14
+6
+13
+17
+21 (11)

Correlation
coefficient

(r)

0.96
0.83
0.79
0.96
0.98

Measured
flux
molm=2y~!
—0.10, —0.15
—0.47, —0.80
—0.22,—0.47
—0.03,—-0.03
+0.17, +0.40
—0.17,—0.30

Estimated
flux
mol m=2y~!
—0.11, —0.16
—0.44, —0.77
—0.18, —0.40
—0.03, —0.03
+0.16, +0.37
—0.12, —0.21

(—0.15),(=0.24) (—0.12),(—0.19)
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composite year and seasons, although they agree to within £20% when the spring bloom
period is not included (bracketed values in table).

It is difficult to assess the efficacy of algorithms to estimate fCO, and flux in light of the
limited number of appropriate data sets for a single area and the large uncertainties in the
gas transfer velocity formulations. However, these results suggest that at least for annual
flux estimates in this region of the Mediterranean Sea, the use of measurement-based
algorithms and satellite-derived information may provide reasonable annual flux estimates
with uncertainties that are small relative to other uncertainties affecting air-sea gas
exchange calculations. An annual time series from another year (or years) is needed to
verify the utility of the composite algorithm developed in this study before any definitive
conclusions may be drawn about the utility of this technique.

6. Summary and conclusions

A time series of fCO,, SST, and fluorescence data measured between 1995 and 1997 by a
moored CARIOCA buoy at the DyFAMed station in the northwestern Mediterranean Sea
was presented, and the causes of the annual and seasonal variability in surface fCO,
discussed. A series of analyses were performed to determine if monthly sampling of fCO,
in this area would be adequate to resolve annual fluxes of fCO, as was shown for the
Sargasso Sea by Bates et al. (1998), and results suggest that the annual flux may be
estimated from monthly sampling to within =10-20% of that calculated based on hourly
measurements when extrapolated over the full year. To determine if SST could be used as a
proxy to calculate fCO, in the surface waters, and thus estimate fluxes using satellite or
model-derived SST and wind speed data, correlations between fCO, and SST were
established for each season and used to estimate fCO, and the air-sea flux of CO,. The
results based on the composite year show that the annual fCO, may be predicted with an
uncertainty of =12 patm, and the annual flux to within +10% of that calculated using
direct measurements. A more thorough data set is needed to test these algorithms for
predicting other years, but the initial results suggest that the annual flux can be predicted to
within =10-20% for another year.

This work supports the suggestion of Bates et al. (1998) that for some regions, monthly
sampling of surface fCO, seems adequate to resolve annual air-sea flux estimates, and also
supports previous work (Stephens et al., 1995; Wanninkhof et al., 1996; Goyet and Peltzer,
1997; Bates et al., 1998; Lee et al., 1998; Boutin et al., 1999; Hood et al., 1999)
demonstrating the potential of using fCO,-SST correlations to estimate surface water fCO,
in some areas of the world’s oceans once the initial measurement-based correlations have
been established. It still remains to be seen how long these correlations remain useful for a
given region, which will require a consecutive multi-year, temporally well-resolved time
series of data from a single location.
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