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Abstract

We measured the flux of CO, across the air—water interface using the floating chamber method in three European
estuaries with contrasting physical characteristics (Randers Fjord, Scheldt, and Thames). We computed the gas
transfer velocity of CO, (k) from the CO, flux and concomitant measurements of the air—water gradient of the
partial pressure of CO, (pCO,). There was a significant linear relationship between k and wind speed for each of
the three estuaries. The differences of the y-intercept and the slope between the three sites are related to differences
in the contribution of tidal currents to water turbulence at the interface and fetch limitation. The contribution to k
from turbulence generated by tidal currents is negligible in microtidal estuaries such as Randers Fjord but is
substantial, at low to moderate wind speeds, in macrotidal estuaries such as the Scheldt and the Thames. Our results
clearly show that in estuaries a simple parameterization of k as a function of wind speed is site specific and strongly
suggest that the y-intercept of the linear relationship is mostly influenced by the contribution of tidal currents,
whereas the slope is influenced by fetch limitation. This implies that substantial errors in flux computations are
incurred if generic relationships of the gas transfer velocity as a function of wind speed are employed in estuarine

environments for the purpose of biogas air—water flux budgets and ecosystem metabolic studies.

Based on organic carbon flux budgets, the overall picture
of the net ecosystem metabolism in the coastal ocean is that
temperate open continental shelves (bordered by a continen-
tal margin) are net autotrophic (net exporters of carbon and
thus potential sinks for atmospheric CO,) while near-shore
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systems influenced by anthropogenic and/or terrestrial or-
ganic carbon inputs, in particular temperate estuaries, are net
heterotrophic (e.g., Smith and Mackenzie 1987; Gattuso et
al. 1998). This picture has recently been confirmed by direct
measurements of the air—water gradient of pCO, with a suf-
ficient temporal and spatia resolution to allow the annual
integration of the computed air—-water CO, fluxes. Temperate
open continental shelves are net sinks for atmospheric CO,
(e.g., Tsunogai et al. 1999; Frankignoulle and Borges 20013;
Borges and Frankignoulle 2002a; DeGranpre et al. 2002),
while temperate estuaries are net sources of CO, to the at-
mosphere (e.g. Frankignoulle et al. 1998; Cai et al. 2000;
Raymond et al. 2000; Borges and Frankignoulle 2002b). Al-
though the surface area of estuaries is globally about 20
times smaller than that of open continental shelves, the air—
water fluxes of CO, in the temperate estuaries so far studied
are about two orders of magnitude higher (about +2100 mmol
m~2 d-1) than over temperate open continental shelves (about
—5 mmol m-2 d-%). A global integration of the CO, fluxes
in these two systems is not possible at present time because
of the lack of adequate data coverage. Indeed, few data are
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Table 1. Basic data of the three studied sites. The surface area, length, and width are for the region of salinity mixing (the tidal freshwater
region is excluded). The average estuary depth is at low tide and for the region of salinity mixing; however, note that measurements were

made in the navigation channel.

Randers Ford Thames Scheldt
Type microtidal macrotidal macrotidal
Catchment area (10° km?) 33 14 21
Surface area (km?) 22 215 268
Length (km) 27 85 75
Width (km) 1.0 21 33
Average depth (m) 2 8 10
Navigation channel depth (m) 7 12 13
Tidal amplitude (m) 0.1-0.2 3-6 2-5
Fresh water discharge (km?3 yr—1) 12 9.5 38
Residence time (days) 5-10 20-40 3090

available at subtropical and tropical latitudes in both estu-
aries and continental shelves. The recent work by Cai et al.
(2003) in the U.S. South Atlantic Bight shows that, unlike
temperate continental shelves, subtropical continental
shelves could in general be sources of CO,. However, re-
gional comparisons strongly suggest that CO, fluxes in es-
tuaries could be very significant. For instance, the integrated
emission of atmospheric CO, from Europe's estuaries (30 to
60 X 10° kg C yr%; Frankignoulle et al. 1998) is of the
same order of magnitude as the integrated sink over the Eu-
ropean open continental shelf (90 to 170 X 10° kg C yr1,
Frankignoulle and Borges 2001a). Thus, more data of pCO,
in estuaries and continental shelves are needed worldwide to
allow the computation and global integration of the related
air-water CO, fluxes. This also requires a better constraint
on the formulation of the gas transfer velocity, which is the
subject of a long-lived debate that at present time seems
unresolved in both open oceanic waters (e.g., Liss and Mer-
livat 1986; Wanninkhof 1992; Jacobs et al. 1999; Wannink-
hof and McGillis 1999; Nightingale et al. 2000; McGillis et
al. 2001) and estuarine environments (e.g., Raymond and
Cole 2001; Kremer et al. 2003a). Finally, the computation
of gas exchange is also critical in the study of ecosystem
metabolism based on the open-water method using O, and
dissolved inorganic carbon measurements (e.g., Smith and
Key 1975; Kremer et a. 2003a).

The flux of CO, across the air—water interface can be com-
puted according to

F = ekaApCO, D

where «a is the solubility coefficient of CO,, ApCO, is the
air-water gradient of pCO,, k is the gas transfer velocity of
CO, (aso referred to as piston velocity), and ¢ is the chem-
ical enhancement factor of gas exchange.

In both open oceanic and coastal environments, highly
precise and accurate methods to measure ApCO, are avail-
able; thus, the largest uncertainty in the computation of F
comes from the k term (a is straightforwardly computed
from salinity and water temperature, and the contribution
from e is usually negligible, except under very low turbulent
conditions, see, e.g., Wanninkhof 1992 for open oceanic wa-
ters and Raymond and Cole 2001 for estuarine environ-
ments). Based on numerous theoretical, laboratory, and field
studies, it is well established that k depends on a variety of

variables such as capillary and breaking waves, boundary
layer stability, air bubbles, surfactant surface films, evapo-
ration/condensation, and precipitation, but the most impor-
tant one is turbulence at the air-water interface (in the case
of sparingly soluble gases such as CO, the critical variable
is turbulence in the liquid phase). In open oceanic waters,
the gas transfer velocity of CO, is usually parameterized as
a function of wind speed because wind stress is the main
generator of turbulence in these systems.

In a recent review that compiles available measurements
of k based on different methodologies in various estuaries,
Raymond and Cole (2001) suggested that the parameteriza-
tion of k as a function of wind speed could be significantly
different in estuarine environments from those developed in
open oceanic waters (higher values of k in estuaries for the
same wind speed). To contribute to the debate, we analyze
in the present paper a reasonably large data set of k values,
based on the floating chamber method, in three European
estuaries with contrasting physical characteristics (Randers
Fjord, Denmark; Scheldt, Belgium/the Netherlands, and
Thames, United Kingdom).

Materials and methods

Pertinent characteristics of the three studied estuaries are
summarized in Table 1. During the Thames and the Scheldt
cruises, sampling was carried out to cover the full salinity
range, typically by steps of 2.5 of salinity. During the
Scheldt cruise of November 2002, four stations (51.13°N
4.31°E, 51.23°N 4.40°E, 51.41°N 4.04°E, 51.39°N 4.21°E)
were occupied for 24 h and flux measurements were carried
out approximately every 10 min during daytime (10 h). Dur-
ing the Randers Fjord cruises, three stations (56.46°N
10.04°E, 56.62°N 10.23°E, 56.61°N 10.30°E) were occupied
for 24 h and flux measurements were carried out hourly.

During the Thames cruises and most of the Scheldt cruises
(Table 2), pCO, was computed from the measurements of
pH and total akalinity (TAIk) sampled from a Niskin bottle
in subsurface water. During the three most recent Scheldt
cruises (Table 2), pCO, was measured directly (1-min re-
cording interval) with an infrared gas analyzer (IRGA, Licor
Li-6262) in air equilibrated with subsurface water (pumped
from a depth of 2.5 m), using the equilibrator described by
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Table 2. Sampling dates and range of variables (salinity, water pCO, [ppm]; atmospheric pCO, [ppm]; air-water CO, fluxes [mmol m-2
d~1]) during the cruises carried out in the three studied estuaries. n, total number of air-water CO, flux measurements.

Air—water CO,
Salinity PCO,yater pCO.,,; flux n n*
Randers Ford
25 Apr-29 Apr 2001 2-19 206-1011 (FES) 370-400 —36-65 27 10
20 Aug—28 Aug 2001 0-21 370-3910 (FES) 355-435 0-290 66 46
Scheldt
27 Nov—29 Nov 1995 1-29 605-6800 (pH/TAIK) 362—-455 63-850 36 36
08 Jul-12 Jul 1996 1-30 472-7170 (pH/TAIK) 365-401 43-1465 48 45
09 Dec—13 Dec 1996 0-30 608-5632 (pH/TAIkK) 349-390 23-740 42 42
25 May—28 May 1998 1-30 299-7718 (pH/TAIK) 392-460 —21-767 34 22
05 Oct—08 Oct 1998 0-27 9567741 (pH/TAIkK) 414-458 1042270 34 34
04 Jul-06 Jul 2000 1-31 523-8351 (Eq) 387-445 15-1178 24 21
06 Nov—08 Nov 2000 0-20 614-5512 (Eq) 401-455 92-1328 12 10
06 Nov—12 Nov 2002 0-17 993-7553 (Eq) 368-422 66-2028 112 112
Thames
11 Sep-18 Sep 1996 2-35 458-4617 (pH/TAIK) 404-457 41-1728 58 55
16 Feb-18 Feb 1999 0-33 281-3025 (pH/TAIk) 400-460 0-1587 34 26

n*, number of flux measurements for an absolute air—water pCO, gradient > 200 ppm; FES = pCO, measurements carried out with the floating equilibrator
system; Eq = pCO, measurements carried out with an equilibrator from the subsurface water supply of the R/ Belgica; pH/TAIk = pCO, computed from
the measurements of pH and TAIk sampled from a Niskin bottle in subsurface waters (see Materials and methods for details).

Frankignoulle et a. (2001). During the Randers Fjord cruis-
es, pCO, was measured directly by equilibration with the
floating equilibrator system (FES) described by Frankig-
noulle et al. (2003). In brief, the FES is a buoy containing
an equilibrator, an IRGA, water and air temperature probes,
an anemometer, and a data logger (1-min recording interval),
powered by four 12-volt batteries and a solar panel, provid-
ing an autonomy up to 30 h. For a detailed description of
the pH and TAlk measurement methods, the computations
of pCO, from pH and TAIlk and the calibration procedure of
the IRGA refer to Frankignoulle and Borges (2001b). Note
that the measurements of pCO, by equilibration and the com-
puted values of pCO, from pH and TAIk are consistent with-
in +1.5% (Frankignoulle and Borges 2001b).

The air—water CO, fluxes were measured with the floating
chamber method described by Frankignoulle (1988) from a
drifting rubber boat to avoid the interference of water tur-
bulence within the chamber created by passing water current
observed in earlier measurements carried out from a fixed
point (Frankignoulle unpubl. data). The chamber is a plastic
right circular cone (top radius = 49 cm; bottom radius =
57 cm; height = 28 cm) mounted on a float and connected
to a closed air circuit with an air pump (3 L min—%) and an
IRGA, both powered with a 12-volt battery. The IRGA was
calibrated daily using pure nitrogen (Air Liquide Belgium)
and a gas mixture with a CO, molar fraction of 351 ppm
(Air Liquide Belgium). The readings of pCO, in the chamber
were written down every 30 s during 5 min in the Scheldt
and Thames estuaries and during 10 min in the Randers
Fjord because in the latter the flux signal was weaker than
in the former two estuaries (see Table 2). The flux was com-
puted from the slope of the linear regression of pCO, against
time (r2 usualy = 0.99) according to Frankignoulle (1988).
The uncertainty of the flux computation due to SE on the
regression slope is on average +3%.

The floating chamber technique has been dismissed by
several workers (Liss and Merlivat 1986; Raymond and Cole
2001), and one of the critiques of this technique is that the
chamber covers the water surface and eliminates wind stress.
However, for sparingly soluble gases such as CO,, gas trans-
fer is controlled by turbulence in the liquid phase. Thus, if
the floating chamber does not disrupt the underlying water
turbulence, then the corresponding gas transfer measure-
ments should be reasonable estimates of those from the un-
disturbed surface. The disturbance of the floating chamber
on the surface wind boundary layer was tested experimen-
tally by Kremer et al. (2003b). They measured O, fluxes
using a floating chamber with an adjustable speed fan to
generate air turbulence and using a control floating chamber
in paralel. Under moderate wind conditions, the additional
air turbulence from the fan only increased the fluxes by 2%
to 12% compared to the control chamber. Kremer et al.
(2003b) also report a series of experiments comparing the
floating chamber technique with mass balance approaches of
0O,, #?2Rn, and %He in various experimental settings (labora-
tory tanks, outdoor tanks, mesocosms, and lakes). Fluxes
based on the floating chamber technique agreed with the
other direct methods within 10% to 30%. However, two pub-
lications report large discrepancies between the floating
chamber technique and other approaches (Belanger and Kor-
zum 1991; Matthews et al. 2003) that, in our opinion, high-
light the limits of the method rather than dismiss it alto-
gether. Belanger and Korzum (1991) compared O, evasion
rates from pools by a mass balance approach and floating
chamber measurements. They concluded that the floating
chamber measurements were biased by changes of temper-
ature and pressure during the experiments. However, the du-
ration of these measurements was several hours and tem-
perature and pressure changes are not expected to interfere
during very short deployments of the floating chamber (such
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asin our case). Matthews et a. (2003) compared k estimates
in asmall sheltered boreal reservoir, based on floating cham-
ber and SF; evasion techniques. However, during their ex-
periment, wind speeds were extremely low, on average 0.2
m st and never exceeding 0.5 m s*. As noted by Kremer
et a. (2003b), the fluxes measured in nearly motionless wa-
ters with a floating chamber should be taken with caution.
Also, estuarine environments (such as in our case) are much
more turbulent because of tidal currents than the reservoir
studied by Matthews et a. (2003). Findly, an indirect vali-
dation of this technique is given by Frankignoulle et al.
(1996), who showed that floating chamber measurements
over several coral reef systems give k estimates that fall
between those based on the empirical formulations of Liss
and Merlivat (1986) and Wanninkhof (1992).

The gas transfer velocity of CO, was computed from the
CO, flux and ApCO, measurements (atmospheric pCO, was
measured and recorded at the start of each flux measure-
ment), using the CO, solubility coefficient formulated by
Weiss (1974) and normalized to a Schmidt number (Sc) of
600 (Ks00), @ssuming a dependency of the gas transfer veloc-
ity proportional to Sc=°5. Estuaries are highly turbulent sys-
tems (see Discussion), and the dependency of k proportional
to Sc23 usualy applied in open oceanic waters for the
smooth surface regime, i.e., a wind speeds below 3 m st
(e.g., Liss and Merlivat 1986), probably does not hold true.
The Schmidt number was computed for a given salinity from
the formulations for salinity 0 and 35 given by Wanninkhof
(1992) and assuming that Sc varies linearly with salinity.

During the Thames and Scheldt cruises, wind speed was
measured at 18 m height with a Friedrichs 4034.000 BG cup
anemometer and recorded every 10 s. During the Randers
Fjord cruises, wind speed measurements at 2 m height from
a Young 03002V P cup anemometer were recorded every 60
s. The winds speeds were referenced to a height of 10 m
(uy) according to Smith (1988) using concomitant air and
water temperature measurements and were averaged for the
period of each flux measurement. Water current speeds in
subsurface waters were measured with an Aanderaa RCM7
and were recorded every minute during the Randers Fjord
cruises and the November 2002 Scheldt cruise and were av-
eraged for the period of each flux measurement.

Results

During all cruises and in the three estuaries, the full gra-
dient of salinity was sampled (Table 2), except during the
November 2000 Scheldt cruise because of bad weather con-
ditions and during the November 2002 Scheldt cruise be-
cause of a different sampling strategy (see Materials and
methods). The range of water pCO, values spans one order
of magnitude and is highest in the Scheldt estuary, although
variable from one cruise to another. Oversaturation of CO,
with respect to atmospheric equilibrium is observed in all
three estuaries, although significant undersaturations are ob-
served on some occasions, systematically in the high-salinity
region of the estuary (Randers Fjord in April, Scheldt in
May, and Thames in February) (Table 2). The range of CO,
air-water fluxes spans two orders of magnitude and is small-
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Fig. 1. Theoretical error (=%) on the computation of the gas
transfer velocity of CO, (Ks,) as afunction of the air-water gradient
of CO, (ApCO, in ppm), assuming a constant uncertainty on ApCO,
of +3%.

er in the Randers Fjord, while the Scheldt and the Thames
show similar ranges. The atmospheric pCO, values are above
typical global average values, as observed in other near-
shore coastal systems (e.g., Bakker et al. 1996; Borges and
Frankignoulle 2001). Indeed, atmospheric pCO, valuesin the
Randers Fjord, Scheldt, and Thames are on average 3 (+14
SD), 27 (=22 SD), and 42 (=11 SD) parts per million (ppm)
above the “‘uncontaminated” values from Weather Station
Mike (66.00°N 2.00°E), representative of the open North Sea
waters (from the National Oceanic and Atmospheric Admin-
istration Climate Monitoring and Diagnostics Laboratory air
samples network, available on the internet at http://
www.cmdl.noaa.gov/). The individual atmospheric pCO,
values for each cruise were compared with the corresponding
monthly value at Weather Station Mike, where from 1995 to
2002 the annual mean increased from 361 to 373 ppm.
The kg, data sets were filtered before further analysis be-
cause as ApCO, values approach zero, the computation of
ksoo DECOMES mMore sensitive to error. This was investigated
by assuming a reasonable error on ApCO, of +3% and then
assessing the corresponding error on the computation of kg,
(Fig. 1). An absolute value of ApCO, equal to 200 ppm was
chosen as the threshold value below which the k,, data were
rejected because it corresponds to a good compromise be-
tween an acceptable error on the ky,, computation (below
+10%, Fig. 1) and maintains afairly large number of filtered
variables. After this filtering, the remaining kg, data sets
correspond to 60%, 88%, and 94% of the original data sets
for the Randers Fjord, Thames, and Scheldt, respectively
(Table 2). The k,, data were averaged over wind speed bins
of 2 m s, acommon practice in gas transfer velocity studies
(e.g., Cole and Caraco 1998; Fairall et al. 2000; McGillis et
al. 2001), but one that changes the statistical power of re-
gression and hypothesis testing. A rather large interval of
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Fig. 2. Gas transfer velocity of CO, (Ks,, €M h~t) as afunction
of wind speed at 10 m height (u,,, m s7%) in the three studied es-
tuaries and three published relationships. The error bars on the top
left corner of the plot correspond, for each of the three estuaries, to
the average uncertainty on kg, estimated using the individual stan-
dard error on the slope of the regression of pCO, in the floating
chamber against time (from which the CO, flux was computed; see
the Materials and methods section) and assuming an error on
ApCO, of =3%. The estimated uncertainty on kg, varies with wind
speed; in the Thames and Scheldt it ranges from about =1 to +4
cm h=t at, respectively, low and high wind speeds; in the Randers
Fjord it ranges from about +0.1 to =£1.4 cm h-* at, respectively,
low and high wind speeds. The solid bold line corresponds to model
1 regression functions (Table 3). The Raymond and Cole (2001)
relationship (kg = 1.91 exp [0.35u,]) is based on a compilation
of published kg, values in various rivers and estuaries and obtained
using different methodologies (floating chamber, natural tracers
[CFC, 22Rn] and purposeful tracer [SF,]). The Carini et al. (1996)
relationship (ks = 0.045 + 2.0277u,,) is based on a SF; release
experiment in the Parker River estuary. The Marino and Howarth
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Fig. 3. Gas transfer velocity of CO, (Ks, ¢m h™1) as afunction
of wind speed at 10 m height (u,,, m s%) in the three studied es-
tuaries and three published relationships. The data were averaged
over wind speed bins of 2 m s, Standard deviations are shown by
the horizontal and vertical dotted lines for the bin averages of u,,
and Kk, respectively. The error bars on the top left corner of the
plot correspond, for each of the three estuaries, to the average un-
certainty on the ky,, (refer to legend of Fig. 2 for details). The long-
dashed line corresponds to the Raymond and Cole (2001) relation-
ship, the short-dashed line corresponds to the Carini et a. (1996)
relationship, and the solid line corresponds to the Marino and Ho-
warth (1993) relationship (refer to legend of Fig. 2 for details).

wind speed bins was chosen because the data sets for the
Randers Fjord and Thames are small compared to the one
for the Scheldt (Table 2).

Figure 2 shows unbinned kg, versus wind speed in the
Randers Fjord, the Scheldt, and the Thames. In the three
estuaries, a distinct increasing trend of kg, values with wind
speed is observed, athough in the macrotidal Scheldt and
Thames estuaries, data show higher scatter than the micro-
tidal Randers Fjord. Note that the average estimated uncer-

—

(1993) relationship (Ks, = 0.94 exp [1.09 + 0.249u,,]) is based on
floating chamber oxygen measurements in the tidal freshwater por-
tion of the Hudson River estuary. The latter two relationships were
developed for oxygen and are expressed as kg, using the Schmidt
number formulations given by Wanninkhof (1992) and assuming a
dependency of the gas transfer velocity proportional to Sc=°°.
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Table 3. Linear regression functions between the gas transfer velocity of CO, (Ks, ¢m h=%) and wind speed at 10-m height (u,,, m s7%)
in the three studied estuaries, based on unbinned and bin-averaged data (ky,, data were averaged over wind speed bins of 2 m s%).*

keo = @ (=SE) + b (=SE)u,, r2 p n

Unbinned data

Scheldt Keoo = 3.8(=1.0) + 3.45(*=0.19)u,, 0.519 <0.0001 322

Thames Keoo = 9.7(+3.2) + 3.64(*+0.45)u,, 0.471 <0.0001 76

Randers Fjord Keoo = 1.2(+0.7) + 2.30(=0.11)u,, 0.897 <0.0001 56
Bin-averaged data

Scheldt Kego = 3.4(+2.4) + 3.60(*0.35)u,, 0.963 0.0005 6

Thames Keoo = 10.2(£2.4) + 3.62(%0.35)u,, 0.965 0.0005 6

Randers Fjord Keo = 0.9(=1.5) + 2.30(*=0.22)u,, 0.965 0.0004 6

* These relationships are only valid for u,, spanning the range of values between 0 and 11 m s~*. For unbinned data, the regression function was computed
with model 1 least squares fit. For bin-averaged data, the regression function was computed with model 2 functiona fit. For the Scheldt and Thames
regression functions, the slopes are not statistically different (p = 0.6299 for unbinned data; p = 0.9675 for bin-averaged data) but the y-intercepts are
statistically different (p < 0.0001 for unbinned data; p = 0.0016 for bin-averaged data). The slope of the regression function of the Randers Fjord is
statistically different from those of the Scheldt (p = 0.0016 for unbinned data; p = 0.0099 for bin-averaged data) and the Thames (p = 0.0086 for

unbinned data; p = 0.0090 for bin-averaged data).

tainty on the kg, values (error bars on top left corner of plots
in Fig. 2) is lower than the data scatter. For wind speeds
below 6 m s, the kg, values in the Randers Fjord follow
published parameterizations in estuaries of k as a function
of wind speed. For wind speed above 6 m s, the kg, values
in the Randers roughly follow the Carini et a. (1996) pa-
rameterization. For wind speeds below 8 m s%, the lowest
ksoo Values in the Scheldt and Thames for a given wind speed
fall on the lines from published parameterizations. However,
the highest kg, values at a given wind speed are about eight
times higher than the observed minimal values. This sug-
gests that at a given wind speed, a process other than wind
stress increases Kq, in the Scheldt and Thames. Figure 3
shows the averaged kg, over wind speed bins of 2 m s*
versus wind speed in the three estuaries. The binned K,
values are highly variable from one estuary to another, and
at a given wind speed the highest values are observed in the
Thames and the lowest in the Randers Fjord. The ratio of
binned k,,, values between the estuaries varies with wind
speed; at low wind speeds, ki, is about eight times higher
and at high wind speeds about two times higher in the
Thames than in the Randers Fjord.

The kg, Was parameterized as a function of wind speed
by linear regression in each of the three studied estuaries
(Table 3). Although various parameterization functions have
been used in literature (linear, e.g., Liss and Merlivat 1986;
Carini et a. 1996; Kremer et al. 2003a; power law, eg.,
Hartman and Hammond 1985; Wanninkhof 1992; Cole and
Caraco 1998; Jacobs et al. 1999; Wanninkhof and McGillis
1999; Nightingale et al. 2000; McGillis et al. 2001; expo-
nential, e.g., Marino and Howarth 1993; Raymond and Cole
2001; Kremer et a. 2003a), the linear model is clearly ap-
propriate for Randers Fjord, and for the Scheldt and Thames
estuaries the linear approximation is the best first approxi-
mation especially considering the scatter. Moreover, in wind
tunnel experiments, k has been shown to vary linearly with
wind speed between 2 and 13 m s * (Broecker and Siems
1984), the range of our data. In wind tunnel experiments, at
wind speeds above 13 m s%, the slope of k versus wind
speed increased because of presence of air bubbles from

breaking waves. Kremer et al. (2003a) also showed that a
linear relationship between k and wind speed provides the
best data fit in Sage Lot Pond and Childs River estuaries
(Waquoit Bay).

The model 2 regression functions of binned k,, and model
1 regression functions of unbinned Kk, versus wind speed
are highly significant in the three studied estuaries (Table 3).
The slopes and y-intercepts of unbinned and binned kg, ver-
sus wind speed relationships in the three estuaries (model 1
and 2 functions, respectively) are not significantly different
(Table 3). The slopes of the linear regression functions are
similar in the Scheldt and the Thames and significantly high-
er than the one in the Randers Fjord. The y-intercept of the
linear regression function in the Thames is higher than those
of the Randers Fjord and the Scheldt.

Discussion

The differences of the y-intercept and slope of the linear
regressions of kg, as a function of wind speed described in
the previous section for the three studied estuaries are dis-
cussed in relation to the potential contribution of water cur-
rents to water turbulence and fetch limitation.

Contribution of water currents to ky,,—In the macrotidal
Scheldt and Thames estuaries kg,, values showed high scat-
ter, and at wind speeds below 8 m st most kg, values are
above the values predicted by published parameterizations
(Fig. 2). In contrast, in the microtidal Randers Fjord Kgy,
values showed much lesser scatter. This strongly suggests
that, in the Scheldt and Thames, tidal currents, in addition
to wind stress, significantly contribute to ks, and induce high
variability depending on the tidal phase (maximum ebb or
flow and tidal slacks).

In streams, the interaction of the gravity flow and bottom
topography generates turbulence because of bottom shear
that is frequently considered to be the main factor controlling
the gas transfer velocity of sparingly soluble gases in these
sheltered systems where wind is usually very low. This has
led to various parameterizations of the gas transfer velocity



1636

as a function of water current and depth based on empirical
or conceptual approaches, reviewed by Bansal (1973) and
more recently by Melching and Flores (1999) and Gualtieri
et al. (2002). In estuaries, the tidal current can be as high as
the gravity flow in streams and, thus, could in theory con-
tribute significantly to k. To our best knowledge, in estu-
aries, this has been investigated in the field by Hartman and
Hammond (1984) in San Francisco Bay using floating cham-
ber 22?Rn measurements and by Zappa et al. (2003) in Plum
Island Sound using the gradient flux technique. Hartman and
Hammond (1984) found no distinct evidence for the contri-
bution of water currents to the gas transfer velocity. How-
ever, in this study water currents were estimated from tide
tables and not actually measured. Moreover, the sampling
period for each flux measurement was rather long (1 h) in
comparison with the time-scale characteristic of tidal current
variability. Zappa et al. (2003) carried out four k measure-
ments under low winds (1.9 m s%) during half atidal cycle
and found a significant enhancement of k (up to 10 cm h?)
related to water currents measured with an acoustic Doppler
current profiler (ranging from 10 to 80 cm s3).

Water currents measurements concomitant to flux mea-
surements were obtained during the two Randers Fjord cruis-
es and the November 2002 Scheldt cruise. Although water
currents are expected to contribute to water turbulence what-
ever the wind speed, their effect is best identified if the con-
tribution to turbulence from wind stress is low (u,, < 4 m
s4). In the Randers Fjord, water current concomitant to flux
measurements at wind speeds below 4 m s* ranged from 1
to 38 cm st (on average 11 = 12 SD cm s™%). So it is
possible to compare quantitatively water currents to the cor-
responding kg, values. In contrast, during the November
2002 Scheldt cruise, current speeds were systematically high
(ranging between 66 and 107 cm s, on average 92 = 15
SD cm s%) during the flux measurements carried out at wind
speeds below 4 m s~%. Hence, it is not possible to directly
compare Ky, and water currents.

The kg data set of the Randers Fjord was filtered by
rejecting data for wind speeds above 4 m s and for nil
water currents (Fig. 4). Coincidentally, the k., data are
grouped for two wind speed ranges between 0O and 1 m s¢
and between 2 and 4 m s* (Fig. 4A). Even at these low
wind speeds, wind stress contributes to kg, as shown by the
comparison of the data group for wind speeds below 1 m
st (filled squares in Fig. 4A) and the data group for wind
speed above 2 m s and water currents below 10 cm st
(open sguares in Fig. 4A). Thus, the groups of kg, data for
the two wind speed ranges are treated separately in relation
to water currents (Fig. 4B). For the data group for wind
speed below 1 m s, the range of water currents is low (1
to 8 cm s*) and no relationship between ky,, and water cur-
rent is apparent. However, for the data group of wind speeds
between 2 and 4 m s¢, the range of water currents is high
(1to 38 cm s1) and kg, is well related to water current (Fig.
4B). This clearly shows that water currents contribute to Ky,

In the Scheldt, a different approach than in the Randers
Fjord was used; the contribution of water current to kg, was
estimated based on the frequently referenced conceptua re-
lationship of O’Connor and Dobbins (1958) that gives the
oxygen reaeration rate (R, d-1) according to
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Fig. 4. The gas transfer velocity of CO, (Ky, €M h™1) in the
Randers Fjord as a function of (A) wind speed at 10 m height (u,,,
m s %) less than 4 m s~* and (B) non-nil water current (w, cm s%).
The error bars on top left corner of the plots correspond to the
average uncertainty on kg, (refer to legend of Fig. 2 for details).
Filled squares correspond to data below a wind speed of 1 m s
For clarity in the data interpretation and discussion, data for wind
speeds above 2 m s were separated for water currents above
(crossed squares) and below (open squares) 10 cm s The short-
dashed line corresponds to the kg,, predicted from the conceptual
relationship of O’ Connor and Dobbins (1958) to which was added
6.1 cm h=* (adepth 7 m was used in the computation, corresponding
to the average value in the navigation channel, where measurements
were carried out). The value of 6.1 cm h-* is the average value of
the two kg, Values observed at the lowest (nearly zero) water cur-
rents and roughly accounts for the effect of wind speed on kg
evident from panel A. The solid line corresponds to the model 1
linear regression (Ke, = 6.3 [£1.1 SE] + 0.13[*£0.03 SE] w, 12 =
0.732, p = 0.0033, n = 9) between al the observed k,, for the
wind speed range between 2 and 4 m s and water current. The
long-dashed line corresponds to a power law function (K, = 1.87
[£0.03 SE] wesh=°5, r2 = 0.725, n = 9) that accounts for w and
depth (h, m) in the same fashion as the O’Connor and Daobbins
(1958) relationship (Kso = 1.719w°5h=°5), based on all the observed
Ksoo TOr the wind speed range between 2 and 4 m s
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R = 0.4390°5h-15 )

where w is the water current in centimeters per second and
h is the depth in meters.

The oxygen reaeration rate given in Eq. 2 can be ex-
pressed as the gas transfer velocity (k = Rh) and normalized
to a Schmidt number of 600 using the formulations given
by Wanninkhof (1992), assuming a dependency of k pro-
portional to Sc—°5, with the result that

kﬁOOcurrent = 1.719\A/°-5h—0.5 (3)

where Kyoomer 1S the gas transfer velocity of CO, in centi-
meters per hour, w is the water current in centimeters per
second, and h is the depth in meters.

From the water current measurements concomitant to
those of the CO, flux, the contribution of water current to
the gas transfer velocity of CO, (Kgouren) WaS computed ac-
cording to Eg. 3 and was removed from the observed kq,
(Kspoobservea) - THiS gives in theory the contribution to kg, of
wind Speed alone (k600wind = k6000bserved - k6000urrem)1 assumi ng
that both contributions to water turbulence are additive. At
low wind speeds, Kgoning 1S @bout three times lower than
Ksooonsarveas WhHiCh suggests that the contribution of water cur-
rents to water turbulence is substantial when wind stress is
low (Fig. 5A). At high wind speeds, Kqoing 1S @bout 1.1 times
lower than Kyyomervea: 1N @greement with the theoretical anal-
ysis of Cerco (1989) that shows that the relative contribution
of water currents to the gas transfer velocity decreases with
increasing wind.

The y-intercept of the model 2 regression function of
Ksoowina @0@INSt wind speed for the Scheldt is negative but
close to zero (Table 4). This is most probably related to the
poor constraint on the linear regression at low wind because
only two measurements were obtained for wind speeds be-
low 2 m s~*. The other possible explanation is that the con-
ceptual relationship of O’ Connor and Dobbins (1958) over-
estimates the contribution of water currents to the gas
transfer velocity. However, in the Randers Fjord, the curve
of ks as a function of w predicted by the O’ Connor and
Dabbins (1958) relationship (short-dashed line in Fig. 4B;
Eqg. 3) is close to the regression line of the observed kg, as
a function of w (solid line in Fig. 4B; Ky, = 6.3 + 0.13w)
(Fig. 4B).

A power law function that accounts for w and h in the
same fashion as the O’ Connor and Dobbins (1958) relation-
ship (short-dashed line in Fig. 4B; Eq. 3) was established
from the observed k,,, and w values (long-dashed line in
Fig. 4B; Ky, = 1.87W°°h~°5), and both relationships are very
similar (Fig. 4B). Zappa et al. (2003) aso showed that the
O’ Connor and Daobbins (1958) relationship gives a good ap-
proximation of four k measurements based on the gradient
flux technique during a tidal cycle in Plum Island Sound
estuary under low wind conditions. Our results and those of
Zappa et al. (2003) strongly suggest that the O’ Connor and
Daobbins (1958) relationship gives a fairly adequate estima-
tion of the contribution of water currents to the gas transfer
velocity in estuarine environments.

The same computations as those outlined above were car-
ried out for the Randers Fjord (Fig. 5B and Table 4), and
the y-intercepts of the linear regression function of Kyoopeorved
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Fig. 5. Gastransfer velocity of CO, (K, ¢m ht) as afunction
of wind speed at 10 m height (u,,, m s7%) for (A) the November
2002 Scheldt cruise and (B) for the two Randers Fjord cruises. The
data were averaged over wind speed bins of 2 m s*. Standard
deviations are shown by the horizontal and vertical dotted lines for
the bin averages of u,, and Ky, respectively. The error bars on the
top left corner of the plots correspond, for each of the two estuaries,
to the average uncertainty on kg, (refer to legend of Fig. 2 for
details). The open symbols correspond to the observed kq,. The
filled symbols correspond to ke, from which the contribution of
water currents was removed. The contribution of water currents to
keoo Was estimated from the conceptua relationship of O’ Connor
and Dobbins (1958), using water current measurements concomitant
to the CO, flux measurements, and it was removed from individual
ksoo €Stimates before the data were bin averaged. Solid lines corre-
spond to the model 2 regression functions developed in Table 4.
The long-dashed line corresponds to the Raymond and Cole (2001)
relationship, and the short-dashed line corresponds to the Carini et
al. (1996) relationship (refer to legend of Fig. 2 for details).

and Kgoo,ing @gainst wind speed are not significantly different.
This suggests that the overall contribution of water currents
to Ky is negligible in the microtidal Randers Fjord. Indeed,
78% of the observed water currents are below 10 cm s
(Fig. 6A) and, thus, the high water currents in Fig. 4B are
exceptional values. Moreover, for water currents ranging
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Table 4. Regression functions between the gas transfer velocity of CO, (K, cm h™1) and wind speed at 10-m height (u,,, m s7%) in the
Randers Fjord and the Scheldt (only the data from the November 2002 cruise).*

Ksoo = A(=SE) + b(=SE)u,, r2 p n

Observed kg,,: unbinned data

Scheldt Keoo = 4.7(=2.2) + 2.76(=0.33)uy, 0.897 <0.0001 112

Randers Fjord Keoo = 1.2(=0.7) + 2.30(=0.11)u,, 0.395 <0.0001 56
ksoo Without the contribution from water currents: unbinned data

Scheldt Koo = —0.8(+2.3) + 3.16(+0.34)u,, 0.898 <0.0001 112

Randers Ford Keoo = 0.1(*+0.6) + 2.26(+0.10)u,, 0.439 <0.0001 56
Observed kgy,: binned data

Scheldt Keoo = 3.4(=0.8) + 2.92(=0.14)u,, 0.993 0.0005 5

Randers Fjord Keoo = 0.9(=1.5) + 2.30(=0.22)u,, 0.963 0.0002 6
Ksoo Without the contribution from water currents: binned data

Scheldt Koo = —2.7(£1.2) + 3.41(=0.21)u,, 0.989 0.0006 5

Randers Fjord Keoo = —0.3(£1.6) + 2.28(*+0.24)u,, 0.959 0.0005 6

* For unbinned data, the regression function was computed with model 1 least-squares fit. For bin-averaged data, the regression function was computed with
model 2 functional fit. The contribution of water currents to kg, was estimated from the conceptual relationship of O’ Connor and Dobbins (1958), using
water current measurements concomitant to those of air-water CO, fluxes. This contribution was removed from the observed individual kg, and data were
then averaged over wind speed bins of 2 m s-* and the model 2 regression functions against u,, were recomputed (lower half of table). In the Scheldt, for
the regression functions of the observed kg, and the kg, without the contribution from water currents, the slopes are not statistically different (p = 0.3881
for unbinned data; p = 0.1059 for binned data) but the y-intercepts are statistically different (p = 0.0052 for unbinned data; p = 0.0028 for binned data).
In the Randers Fjord, for the regression functions of the observed kq,, and the kg, without the contribution from water currents, the slopes (p = 0.8015
for unbinned data; p = 0.9164 for binned data) and the y-intercepts (p = 0.0133 for unbinned data; p = 0.2263 for binned data) are not statistically

different.

from 0 to 10 cm s%, the expected increase of Ky, iS on
average only of a factor of about 1.2, based on the linear
regression function in Fig. 4B. Also, the kg, data of the
Randers Fjord follow closely the relationship of Carini et a.
(1996) for Parker River estuary (Figs. 2, 3, and 5B) that is
also characterized by low tidal currents according to Ray-
mond and Cole (2001).

In contrast, 67% of the observed water currents in the
Scheldt estuary are above 10 cm s, and the range of var-
iation of the observed water currents is higher than in the
Randers Fjord (Fig. 6B). This supports the idea that the dif-
ference in the y-intercept of the regression functions of kg,
against wind speed between the Randers Fjord and the
Scheldt (Table 3) is related to the contribution of water cur-
rents to Kk, that is substantial in the Scheldt and negligible
in the Randers Fjord. This is also consistent with the low y-
intercept of the regression function of k as afunction of wind
speed reported by Kremer et al. (2003a) for Childs River
and Sage Lot Pond estuaries (respectively, 1.9 and 0.8 cm
h=* normalized to a Sc of 600) that are close to the value in
Randers Fjord. Indeed, Waguoit Bay is characterized by a
low tidal amplitude (<0.5 m); thus, tidal currents can be
assumed to be low in Childs River and Sage Lot Pond es-
tuaries and, according to Kremer et al. (2003a), have a neg-
ligible effect on k. The high y-intercept of the regression
functions of kg, against wind speed of the Thames (Table
3) is aso assumed to be related to strong tidal currents, a-
though no water current measurements are available to verify
this hypothesis. The high tidal amplitude in the Thames (Ta-
ble 1) suggests that tidal currents should be at least as strong
as in the Scheldt.

Fetch limitation?—In addition to the differences in y-in-
tercepts, the regression functions of kg, against wind speed
of the Scheldt and the Thames have higher slopes compared
to the one of the Randers Fjord (Table 3). Thisis not related
to water currents because their contribution to k,, tends on
the contrary to slightly decrease the slope (Fig. 5A; Table
4). This difference could be related to fetch limitation. Fetch
is the distance over which the wind blows without significant
deviation and determines (for a given wind speed) the in-
tensity of water turbulence and wave height. The effect of
fetch on k has been shown in wind tunnel experiments (Wan-
ninkhof and Bliven 1991). Hartman and Hammond (1984)
suggested fetch limitation to explain the differences of k val-
ues on the different sides of San Francisco Bay. Kremer et
a. (2003a) have hypothesized that the lower slopes of k—
wind linear relationships in Sage Lot Pond and Childs River
compared to other estuaries could be related to fetch limi-
tation. Also, Wanninkhof (1992) hypothesized that the dif-
ference between the slope of the linear regression functions
of kg (based on SF, evasion experiments) against wind
speed in various lakes is related to their surface area.

Among the three studied estuaries, the Randers Fjord is
shorter and narrower and has a smaller surface area than the
Scheldt and Thames (Table 1). Thus, stronger fetch limita-
tion could explain the lower slope of the linear regression
function of kg, against wind in the Randers Fjord compared
to the other two estuaries. In Fig. 7, the slopes of the re-
gression functions of the three studied estuaries plus those
investigated by Kremer et al. (2003a) are plotted on a semi-
logarithmic scale against their respective estuarine surface
area. This clearly shows a significant effect of fetch limita-
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Fig. 6. Frequency distribution of water current (w, cm s™) mea-
surements by (A) intervals of 5 cm st in the Randers Fjord (total
number of observations = 7,909) and by (B) intervals of 10 cm s*
in the Scheldt (total number of observations = 2,278). During both
Randers Fjord cruises, data were recorded every minute at three
stations (56.46°N 10.04°E, 56.62°N 10.23°E, 56.61°N 10.30°E) that
were occupied during 24 h. Data at the upstream station (56.46°N
10.04°E) were lost because of equipment failure during the April
2001 cruise. During the November 2002 Scheldt cruise, data were
recorded every minute at four stations (51.13°N 4.31°E, 51.23°N
4.40°E, 51.41°N 4.04°E, 51.39°N 4.21°E) that were occupied during
24 h. Mean current speeds are 8 (=12 SD) and 44 (+£40 SD) cm
s in the Randers Fjord and the Scheldt, respectively.
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tion on k that induces a decrease of the slope of the k versus
wind speed regression functions with increasing fetch limi-
tation. The nonlinearity of the relationship suggests that the
effect of fetch limitation is disproportionately stronger in
small estuaries (<30 km?). However, Fig. 7 should be inter-
preted with caution since besides the estuarine surface area,
fetch limitation is expected to depend on the shape of the
estuary (funnel, oval, narrow or wide linear channel) and on
the relation between the direction of prevailing winds and
the direction of main axis of the estuary (paralel or across).

When compared at the European regional level, the inte-
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Fig. 7. Slope of the model 1 regression functions of kg, versus
wind speed (Table 3) from the Thames (T), Scheldt (S), Randers
Fjord (RF), Childs River (CR), and Sage Lot Pond (SLP) versus
the logarithm of the estuarine surface area. The data from Childs
River (1.3 km?) and Sage Lot Pond (3.3 km?) from Kremer et al.
(2003a) were normalized to a Schmidt number of 600 using the
formulations given by Wanninkhof (1992) and assuming a depen-
dency of the gas transfer velocity proportional to Sc=°5. Solid line
corresponds to model 1 regression function (slope = 1.14 (=0.09
SE) + 0.99 (£0.05 SE) log (surface area), r2 = 0.991, p = 0.0003,
n=5).

grated air—water CO, fluxes in estuaries and open continental
shelf are of the same order of magnitude but opposite in
direction. Thus, more air-water CO, flux estimates are need-
ed in worldwide estuaries to allow an evaluation of their
significance in the CO, flux budget of the overall coastal
ocean. The critical factor in the computation of the air—water
CO, flux is the large uncertainty on the formulation of the
gas transfer velocity. Based on a fairly large data set of air—
water CO, fluxes, measured using the floating chamber
method, in three European estuaries (Randers Fjord, Scheldt,
and Thames), significant regression functions between kg,
and wind speed were established. Based on these and in
accordance with the conclusions of Kremer et al. (2003a), it
appears that the formulation of kg, as a function of wind
speed is site specific in estuarine environments. Thisimplies
that substantial errors in flux computations are incurred if
generic k—wind relationships are employed in estuarine en-
vironments for the purpose of biogas air—water flux budgets
and ecosystem metabolic studies. From one estuary to an-
other, the differences in the y-intercepts of the linear rela-
tionships are due to tidal currents, whereas the differences
in the slopes of the regression functions are related to fetch
limitation. The contribution of tidal currents to Ky, is Sig-
nificant in macrotidal estuaries such as the Scheldt and
Thames but seems negligible in microtidal estuaries such as
Randers Fjord, Childs River, and Sage Lot Pond. Based on
our results and in accordance with those of Zappa et a.
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(2003), the O’ Connor and Dobbins (1958) relationship orig-
inally developed for streams is appropriate to estimate the
contribution of waters currents to k in estuarine environ-
ments. Finaly, we suggest that in estuarine environments
future research efforts should concentrate in the devel opment
of a physically more rigorous and probably multivariable
formulation of the gas transfer velocity (including at least
wind stress and water current effects on turbulence at the
air-water interface), rather than a simple empirical formu-
lation as a function of wind speed. To assist such theoretical
work, more data on air—water CO, fluxes are also needed.
Natural or purposeful tracer approaches give gas transfer ve-
locity estimates that are on a time scale (day to week) that
is larger than the one characteristic of tidal currents (minutes
to hours). To resolve gas transfer velocity variability on short
time scales, besides the floating chamber method, micro-
meteorological methods seem adequate. The earlier contro-
versial drawbacks of these methods (Broecker et al. 1986)
seem to alarge extent resolved (Fairall et al. 2000; McGillis
et a. 2001), and estuaries provide ideal settings for their
application (low ship motion, high signal-to-noise ratio, i.e.,
very large fluxes and ApCQO,).
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