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Abstract
Air–water exchange rates of gasses, such as O2, CO2, and CH4, are widely used in ecosystem studies of lakes
and reservoirs, but their magnitudes are often difﬁcult to assess. In this proof-of-concept study, we measured gas
exchange by underwater eddy covariance in such lentic systems from a moving platform. We used an Acoustic
Doppler Velocimeter and a fast-responding O2-temperature sensor mounted in the bow of a boat to measure
water velocity, O2 concentration, and temperature below the air–water interface ( 10 cm) while the boat was
propelled at constant speed ( 25 cm s−1) by an electric trolling motor. Fluxes of O2 and heat across the air–
water interface and standard gas exchange coefﬁcients, k600, were calculated for every 3 min of traveled distance
( 45 m). All deployments were done under calm low-wind conditions where empirical relationships for k600
are most uncertain. Deployment averages of k600 ranged from 0.070 to 0.39 m d−1 and were strongly correlated
with both the heat ﬂux and the water temperature. In one deployment, a > 20% variation in mean water column O2 concentration was measured along a 1 km long transect of a reservoir. Given the typical size of O2 concentration differences over the air–water interface that drive gas exchange, such lateral variations can, even at a
near-constant exchange coefﬁcient, result in highly biased whole-ecosystem ﬂuxes if based on stationary singlepoint O2 measurements. “Mobile” aquatic eddy covariance measurements enable quantiﬁcation of gas exchange
in lakes and reservoirs under true in situ conditions and with high temporal and spatial resolution.

sides of the air–water interface (Macintyre et al. 1995; MacIntyre et al. 2010), and temporal and spatial variability of
these processes can be pronounced (Staehr et al. 2010;
Schilder et al. 2013; Holgerson et al. 2017). This adds to the
challenges of determining accurate site- and time-speciﬁc
rates, and as a result, gas exchange is viewed among aquatic
scientists as a primary source of uncertainty in many estimates
for aquatic systems (Raymond and Cole 2001; Raymond
et al. 2012; Dugan et al. 2016).
Over the last few decades, a number of approaches have
been developed for measuring or estimating gas exchange
rates for lentic ecosystems (Cole et al. 2010; Staehr et al. 2010;
Read et al. 2012), and current understanding of lentic gas
exchange is largely based on applying and comparing these
approaches in numerous different systems and under widely
varying ﬁeld conditions. A common approach for smaller lakes
and reservoirs relies on inert tracer additions, for example, SF6
(Wanninkhof 1985; Cole et al. 2010), whereas ﬂoating chambers are often deployed in larger reservoirs, lakes, and estuaries
(Marino and Howarth 1993). In a limited number of studies of
large reservoirs and lakes, tower- or boat-mounted atmospheric eddy covariance systems have been used to measure
air–water gas exchange (Jonsson et al. 2008; Mammarella
et al. 2015; Czikowsky et al. 2018; Reed et al. 2018). Partly

Estimates of gas exchange over the air–water interface in
lakes and reservoirs are used to assess their metabolic activity
(Hanson et al. 2004; Van de Bogert et al. 2007, 2012), their
emission of greenhouse gasses (Cole et al. 2010; Raymond
et al. 2013; Wilkinson et al. 2016), and their role in regional
(Billett and Moore 2008) and global (Cole et al. 2007;
Bastviken et al. 2011; Raymond et al. 2013) carbon budgets.
Because lentic systems generally are metabolic hotspots (Hanson et al. 2004; Van de Bogert et al. 2007, 2012), they play a
much greater role in regional and global carbon cycling than
their area would otherwise suggest (Cole et al. 2007; Tranvik
et al. 2009; Holgerson et al. 2017). This makes accurate assessments of lentic air–water exchange of gasses such as CO2 and
CH4, and how they vary spatially and temporally, crucial for
obtaining reliable land surface greenhouse gas budgets (Battin
et al. 2009).
Gas exchange for lentic ecosystems is controlled by multiple state variables and complex physical processes on both
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driven by the substantial and often challenging effort required
to measure gas exchange rates at speciﬁc sites with any of
these approaches, many studies have simply relied on general
empirical or semiempirical relationships for the exchange
coefﬁcient produced by ﬁtting measurements done in other
aquatic systems (Raymond and Cole 2001; Borges et al. 2004;
Cole et al. 2010). With the exception of atmospheric eddy
covariance measurements, none of these approaches represent
a direct way of determining gas exchange, as they rely on
assumptions that often are difﬁcult to assess or simply not fulﬁlled. A review of these approaches and the large differences
they often reveal when compared, show that there is an
urgent need for methodological advances on this subject
(Staehr et al. 2010; Vachon et al. 2010; Heiskanen et al. 2014).
In benthic environments, the aquatic eddy covariance
technique for measuring O2 ﬂuxes (Berg et al. 2003) has
become a generally accepted and widely used approach (Long
et al. 2015; Berg et al. 2017; Attard et al. 2019). The technique has several important advantages over other ﬂux
methods, including its noninvasive nature (Lorrai et al. 2010),
high temporal resolution (Rheuban and Berg 2013), and its
ability to integrate over a large benthic surface (Berg
et al. 2007). One of the fundamental assumptions in traditional aquatic eddy covariance measurements from a ﬁxed
position above a benthic system is that the ﬂux signal is
transported across the sensors by a well-developed turbulent
ﬂow (Berg et al. 2003; Kuwae et al. 2006; Lorrai et al. 2010).
Right below the air–water interface of typical lentic systems
with near-stagnant water much of the time, this condition is
not met. However, because of molecular diffusivities for sparingly soluble gases such as O2, CO2, CH4, and N2O in water
are minute, molecular diffusion of these gasses is a highly
ineffective transport mechanism (Broecker and Peng 1974).
As a result, slow “lacy” advective or convective water movements, driven by winds or unstable density stratiﬁcations for
example, are still the dominant form of vertical transport of
gasses in surface waters. This hints that the vertical gas transport up toward or down away from the air–water interface in
lakes and reservoirs can be quantiﬁed by moving eddy covariance sensors through the water right below the interface at a
controlled speed.
This is the principle we set out to test in this proof-of-concept study in which we applied the aquatic eddy covariance
technique for O2 ﬂux measurements “upside-down” right
below the air–water interface from a moving platform in a reservoir with near-stagnant water. From these “mobile” measurements of O2 ﬂuxes, we derived standard gas exchange
coefﬁcients (k600) that can easily be translated to any gas of
interest and related their variations to variables such as concurrently measured heat ﬂuxes and water temperatures. All
deployments were done under calm low-wind conditions in
which empirical relationships for k600 become increasingly
uncertain or break down (Clark et al. 1995; Cole and Caraco 1998; Vachon et al. 2010).

Use materials and procedures
Mobile measurement platform
We tested a few platform designs, including a mobile version of the small platform used by Berg and Pace (2017) to
measure gas exchange in rivers and streams. The one that gave
the most consistent high-quality data was a two-person sportsﬁshing boat propelled by an electric trolling motor and stabilized with one or two water-ﬁlled ballast tanks as shown in
Fig. 1. During deployments, it was easy to keep the boat moving on a steady course and at a constant speed.

Aquatic eddy covariance instruments
Using standard aquatic eddy covariance sensors mounted
in the bow of the boat, we measured the three-dimensional
(3D) water velocity ﬁeld, O2 concentration, and temperature
below the air–water interface ( 10 cm) while the boat was
propelled at a constant speed ( 25 cm s−1). Using custommade stainless steel brackets, these sensors were mounted
between the pontoons of the boat (Fig. 1a,b) and far enough
out in front of it to ensure that data recordings were not disturbed by the boat or its movement.
The 3D water velocity ﬁeld was measured with an acoustic
Doppler velocimeter (ADV) with a cabled sensor head (cabled
Vector, Nortek AS). This type of ADV allowed the sensor head
to be positioned facing upwards (Fig. 1a) while recording the
velocity ﬁeld right below the air–water interface. Data were
recorded continuously at a rate of 64 Hz and represent the
average water velocity for the ADV’s cylindrical measuring volume (Ø  1.4 cm, h  1.4 cm) centered 15.7 cm above the
sensor head (Fig. 1a).
The O2 concentration was measured with a fast-responding
dual O2-temperature sensor that was developed speciﬁcally for
aquatic eddy covariance measurements (Berg et al. 2016) and
is now commercially available (RINKO EC, JFE Advantech).
The sensor, as shown in Fig. 2, consists of a miniature planar
optode with a 5.0 mm diameter O2 sensing foil and a < 1 mm
diameter thermistor positioned next to it. The distance
between the center of the foil and the thermistor is  5 mm;
the entire tip has a diameter of 8.0 mm, which makes it far
more robust than Clark-type and optical ﬁber micro-sensors
often used for aquatic eddy covariance measurements (Berg
et al. 2017). The sensor was designed to interface with a standard ADV through a single cable supplying power to the sensor and also transmitting its two outputs, one for O2 and one
for temperature, to the ADV’s data logger to be recorded along
with the 3D water velocity ﬁeld. Combined, these data allow
parallel eddy ﬂuxes of O2 and sensible heat to be derived.
Because the O2 signal and the temperature are measured
within a few millimeters of one another (Fig. 2), the sensor
allows for instantaneous temperature correction of the O2
reading, which is critically important in air–water gasexchange measurements (Berg and Pace 2017). All highly sensitive and fast-responding O2 sensors are inherently sensitive
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Fig. 1 Mobile measurements of air–water gas exchange in a reservoir. (a) Close-up look at the upward facing cabled acoustic Doppler velocimeter (ADV)
and downward facing dual O2-temperature sensor. The sensors are mounted in the bow of a two-person pontoon boat propelled by an electric trolling
motor. (b) Measurements under calm low-wind conditions. The white container is a water ﬁlled ballast tank. The black cylinders are the ADV and its battery
canister. The two smaller clear containers each hold an atmospheric pressure sensor. (c) Approximate path of the 1-km long transect in Beaver Creek Reservoir (Virginia) along which data were collected in this study (credits: (a) and (b) are photos by the authors, (c) is a screenshot from Google Earth).

Supporting environmental variables that were measured
during deployments were used to verify recorded data and to
examine the controls of derived gas-exchange rates and coefﬁcients. These variables included mean O2 concentration and
temperature at the measuring depth ( 10 cm) recorded every
1 min with two stable independent dual O2-temperature sensors (miniDOT, PME). Also, local atmospheric pressure (Fig. 1b)
was measured with one or two stable independent triple pressure–temperature–humidity sensors (RHT50, Extech). These
measurements allowed for accurate calculation of the O2 saturation concentration from Garcia and Gordon (1992) as a
function of surface water temperature with correction for the
actual atmospheric pressure.

to temperature variations and will give variable readings at the
same molar O2 concentration if the temperature changes
(Gundersen et al. 1998). Thus, rapid temperature ﬂuctuations
associated with a turbulent eddy heat ﬂux will mistakenly be
recorded as ﬂuctuations in O2 concentration and bias the O2
ﬂux calculation unless a temperature correction of the O2 signal is performed. Obviously, this correction should be based
on a temperature measured in close proximity to the O2 reading (Fig. 2). This correction can usually be ignored in benthic
environments because the vertical heat ﬂux is usually small
relative to the ﬂux of O2 due to modestly varying mean
temperatures.
The edge of the dual O2-temperature sensor tip was positioned  2.0 cm “downstream” of the edge of the ADV’s measuring volume so that water passed through this volume as
the boat was propeller forward before sweeping over the
angled O2 sensing tip (Fig. 1a). Power was supplied from an
external battery (Fig. 1b) with a capacity that allowed 64 Hz
data to be collected continuously for at least 48 hr. Because all
instrument components were designed for underwater use,
they were not affected by rain or humid conditions.

Field tests
The new mobile application of the aquatic eddy covariance
technique was tested in Beaver Creek Reservoir (Virginia). This
reservoir is  1.5 km long,  150 m wide (Fig. 1c), and has a
maximum depth of  12 m. The reservoir is moderately eutrophic with a 26 km2 watershed composed mostly of forested
(53%) and agricultural (38%) land. Three deployments were
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where the overbar symbolizes the averaging over the 3-min
data segment, and w0 and C0 are the ﬂuctuating vertical velocity and the ﬂuctuating O2 concentration, respectively. These
,
 and C− C
ﬂuctuating components are calculated as w− w

 and C
where w and C are measured values (at 16 Hz), and w
are mean values deﬁned as least square linear ﬁts to all w and
C values within the 3-min time interval, a procedure usually
referred to as linear de-trending (Lee et al. 2004; Berg
et al. 2009).
Due to the response time of the dual O2-temperature sensor
combined with its position “downstream” from the ADV’s
measuring volume, a time shift correction must be applied
(Berg et al. 2016). Following the standard practice for eddy
covariance data processing (Fan et al. 1990; McGinnis
et al. 2008; Lorrai et al. 2010), this was done by repeating the
outlined ﬂux extraction procedure, while shifting the 16 Hz
O2 concentration data back in time, 1/16 s at a time, until the
numerically largest ﬂux was identiﬁed.
Fig. 2 Close-up look at the tip of the robust and fast-responding dual
O2-temperature sensor developed for aquatic eddy covariance measurements. A replaceable black plastic disc contains the O2 sensing foil, which
is marked with a red circle and has a diameter of 5.0 mm. The < 1 mm
shiny thermistor tip is seen below it (credits: photo by the authors).

Calculations of gas exchange coefﬁcients
Despite the complexity of processes that control air–water
gas exchange, the widely used expression for its magnitude is
simple and assumes conceptually that gas is transported by
molecular diffusion across intact boundary layers, or thin
ﬁlms, on each side of the interface (Whitman 1923; Liss and
Slater 1974):

done under calm low-wind conditions on 18 and 25 September 2017 and on 14 November 2018. Mean surface water temperature ranged from 11 C to 25 C among these deployments.
Prior to data recording, a level was used to ensure that the
underwater sensors were as level as possible to minimize postprocessing rotations of the velocity ﬁeld to correct for sensor tilt.

J air −water = kðCwater −Cair Þ

where Jair–water is the exchange rate, or vertical ﬂux, of the gas
(positive upward), Cwater is the gas bulk concentration below
the ﬁlm on the water-side, Cair is the concentration above the
ﬁlm on the air-side, and k is the gas exchange coefﬁcient,
often also referred to as the “gas transfer velocity” or “piston
velocity.” For most gases, Cwater and Cair are straightforward to
measure continuously in situ with modern autonomous sensors (Koopmans and Berg 2015; Fritzsche et al. 2017; Staudinger et al. 2018) or calculate from known relationships,
whereas the complexity of gas exchange and its many controlling variables are contained entirely in k (Macintyre et al. 1995;
McKenna and McGillis 2004; Cole et al. 2010).
Estimating k from Eq. 2 requires that the O2 ﬂux over the
air–water interface is known, but the eddy ﬂux (Jeddy in Eq. 1)
is measured  10 cm below the interface. In measurements
from a stationary position, in a river for example, a correction
can be applied that accounts for the O2 stored in the water
between the measuring point and the air–water interface (Berg
and Pace 2017). Because any lateral variations in O2 concentration recorded in mobile aquatic eddy covariance measurements would be misinterpreted as a change in storage, we did
not apply such a correction here, and assumed to link Eq. 1
and 2 as

Calculations of eddy ﬂuxes
Fluxes of both O2 and sensible heat were extracted from
the raw eddy covariance data following the same multistep
process described below for O2.
First, the O2 concentration was calibrated against the stable
independent dual O2-temperature sensor data. All 64 Hz data
were then averaged to 16 Hz data, which reduce noise while
still providing adequate resolution to contain the full frequency spectrum carrying the ﬂux signal (Berg et al. 2009).
This assumption was validated by comparing ﬂuxes calculated
from both 16 and 64 Hz data for a subset of the data.
O2 ﬂuxes, one for each 3 min of traveled distance ( 45 m),
were extracted from the 16 Hz data using the software package
EddyFlux version 3.3. If required, this software rotates the ﬂow
velocity ﬁeld for each data segment to correct for sensor tilt
(Lee et al. 2004; Lorrai et al. 2010; Lorke et al. 2013) by nullifying the transverse and the vertical mean velocities. The vertical eddy ﬂux was then calculated as (deﬁned positive upward):
J eddy = w0C0

ð2Þ

ð1Þ
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J air− water = J eddy

the signal readings much less susceptible than microsensors to
distortion when colliding with small particulate matter ﬂoating in the water column (Berg et al. 2016). The near-constant
O2 concentration of 275.6 and 191.5 μmol L−1 in the two
examples represents, at the measured surface water temperatures of 24.7 C and 11.2 C and the measured atmospheric
pressures of 1003.1 and 1013.0 mbar, very different saturation
levels of 107% and 56%.
The cumulative O2 ﬂuxes (Fig. 3e,f), one for each 3-min
time interval used in the ﬂux extraction, all showed clear linear trends. This desirable pattern indicates that quasi-steady
gas exchange persisted for the 3-min time intervals and over
the distance that was traveled during these measurement
periods. The steady exchanges also document that the
recorded data contained a strong statistically signiﬁcant eddy
ﬂux signal (Berg et al. 2003; Berg and Pace 2017).
The direction of the 3-min based eddy ﬂuxes of O2 derived
from Eq. 1 for the two examples (Fig. 3g,h) match the O2 concentration differences over the air–water interface (Fig. 3c,d),
and contained only little variation within each example. This
latter result reﬂects internal consistency in the ﬂux determination, and also, that near-perfect conditions were present during the data sampling period. The average O2 ﬂuxes amounted
to a release from the reservoir of 11.2 ± 1.1 and an uptake of
−11.6 ± 0.6 mmol m−2 d−1 (SE, n = 4) for the respective sample
dates (Fig. 3g,h). Differences in gas exchange coefﬁcient (see
below), combined with different driving O2 concentration differences in the two examples (Fig. 3c,d), coincidentally gave
rise to ﬂuxes of similar size but with opposite directions.
Standard gas-exchange coefﬁcients, k600, exhibited only
small variations within each example (Fig. 3i,j) but had substantially
different
averages
of
0.50 ± 0.05
and
0.092 ± 0.004 m d−1 (SE, n = 4). This difference is equivalent
to a factor of 5 and is discussed in detail below.
The average time lag correction for both deployments was
0.4 s. Also, co-spectral analysis (not shown) for the deployments showed that the O2 signal carrying the ﬂux was contained well within the 3-min averaging interval.
Sensible heat ﬂuxes, measured simultaneously with the O2
ﬂuxes, are shown in Fig. 4 and are obviously based on the
same velocity data (Fig. 4a,b). Similarly to the O2 data, the
16 Hz surface water temperature data (Fig. 4c,d) recorded by
the fast-responding eddy sensor (Fig.1a) agreed ﬂawlessly with
the two stable independent sensors, and similarly, contain no
visible noise or spikes.
The cumulative ﬂuxes of heat (Fig. 4e,f) exhibited, similar
to those for O2, clear linear trends in both examples.
Their associated heat ﬂuxes (Fig. 4g,h), one for each 3-min
time interval, exhibited only small variations within each
example. Similar to O2, this result reﬂects internal consistency
in the determination of heat ﬂuxes, and their averages
amounted to heat releases from the reservoir of 59.4 ± 2.5 and
15.8 ± 2.5 W m−2 (SE, n = 4), a difference of almost a factor of
4. The average time lag correction in the heat ﬂux calculation

ð3Þ

The saturation concentration of O2 (Cair in Eq. 2) was calculated from Garcia and Gordon (1992) as a function of salinity
(here 0 ppt) and measured surface water temperature, and
then corrected for the measured atmospheric pressure using
Henry’s law. The water column O2 bulk concentration (Cwater
in Eq. 2) was measured with the fast-responding dual O2-temperature sensor and simultaneously with the stable independent dual O2-temperature sensors. By using known values of
Jair–water, Cwater, and Cair, values of k were calculated from Eq. 2
for every 3 min of traveled distance ( 45 m), and then
converted to the standard gas exchange coefﬁcients, k600, for
CO2 at 20 C (Jähne et al. 1987; Wanninkhof 1992; Cole
et al. 2010).
As a ﬁnal step, a thorough systematic data quality check
was performed on all measured data, extracted O2 ﬂuxes, and
derived k600 values. Data segments with abnormalities, for
example, caused by ﬂoating debris that collided with the sensors and produced erroneous or distorted data readings, were
discarded. Similarly, during one deployment in particular, substantial changes in mean O2 concentration over short distances were recorded along the transect (Fig. 1c). Such
changes can distort de-trending of the ﬂuctuating O2 concentration and were also removed from the data record (see details
later). The data and derived results that passed this quality
check are presented below.

Results and assessments
Two examples
Figure 3 shows two 12-min data sections from two different
deployments along the 1-km long transect in Beaver Creek
Reservoir (Fig. 1). The surface water was slightly supersaturated
in O2 in one example (left panels, 107%) and highly undersaturated in the other (right panels, 56%).
The 3D velocity ﬁelds in the two examples (Fig. 3a,b) indicate that the ADV sensor head (Fig. 1a) was lined up as
intended so that the boat’s movement was registered in the xdirection and showed a steady mean speed of the boat of 23
and 33 cm s−1, respectively. These mean velocities bracket the
range used in all measurements and translate to boat movements of 41 and 59 m for each 3-min time interval used in
ﬂux extractions. The change in boat speed in the very ﬁrst part
of the second example (Fig. 3b) represents an acceleration at
one of the ends of the traveled transect (Fig. 1c). Time intervals with such changes in velocity were left out of the ﬂux
calculations.
All 16 Hz O2 concentration data recorded during the two
examples by the fast-responding eddy sensor (Fig. 1a) agreed
closely with the two stable independent sensors readings
(Fig. 3c,d), and also contain no visible noise or spikes. This
desirable performance was attributed to the 5.0 mm large oxygen-sensitive foil at the tip of the sensor (Fig. 2) which makes
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Fig. 3 Two 12-min examples of O2 ﬂux and gas exchange measurements from a moving boat. One deployment was done under slightly supersaturated

conditions (left) and one under undersaturated conditions (right). (a, b) Three velocity components at 16 Hz (x, y, z; z is vertical). (c, d) Actual O2 concentration at 16 Hz, saturation concentration, and the same two parameters measured with two independent sensors. (e, f) Cumulative O2 ﬂux over 3min time intervals with clear linear trends indicative of a strong consistent ﬂux signal. (g, h) O2 ﬂux (positive values represent a release to the atmosphere). Each ﬂux value was extracted from 3-min of data, equivalent to movements of 41 to 59 m depending on boat speed. (i, j) Standard gas
exchange coefﬁcient (k600) derived from the 3-min O2 ﬂux estimates.

avoid temperature ﬂuctuations being recorded as ﬂuctuations
in O2 concentration, and thus, biasing the O2 ﬂux calculation.

for both deployments was 0.5 s. Similar to oxygen, co-spectral
analysis for these deployments showed that the temperature
signal carrying the ﬂux is contained well within the 3-min
averaging interval.
Heat ﬂuxes of this magnitude require instantaneous temperature correction of the O2 signal, as was done here, to

Deployment averages and their relationship
Averages from all three deployments of selected key-variables are given in Table 1. The average boat speed varied
429

Berg et al.

Lentic gas exchange measured by aquatic eddy covariance

Fig. 4 Heat ﬂux for the same two time periods as shown in Fig. 3. (a, b) Three velocity components at 16 Hz (x, y, z; z is vertical). (c, d) Water temperature at 16 Hz, and also recorded with two independent sensors. For reference, the air temperature was also measured to be 19.6 C and 7.1 C at a nearby
airport during the two deployments. (e, f) Cumulative heat ﬂux over 3-min time intervals with clear linear trends. (g, h) Heat ﬂux (positive values represent a release). Each value was extracted from the same 3-min time intervals shown in Fig.3.

between 23.3 and 32.5 cm s−1, equivalent to boat movements
of 42 and 59 m per 3-min time interval. The average eddy ﬂux
of O2 varied from a release of 9.1 mmol m−2 d−1 under slightly
supersaturated conditions (107%) to an uptake of
−7.8 mmol m−2 d−1 during undersaturated conditions (56%).
These ﬂuxes were driven by substantially different air–water
concentration differences of 19.7 and −134.0 μmol L−1. The
average standard gas exchange coefﬁcient, k600, all measured
under calm low-wind conditions (Fig. 1b), varied six-fold from
0.070 to 0.39 m d−1. We believe this sizeable variation was
mainly controlled by two variables (see Discussion), the air–
water heat ﬂux (Fig. 4g,h) and the temperature of the surface
water, which affects its dynamic viscosity, molecular diffusivity of O2, and thermal expansion coefﬁcient. Values of these
three variables (Table 1) were calculated according to
Vogel (1921), Broecker and Peng (1974), and Kell (1975).

Among the three deployments, the heat ﬂux and water temperature varied up to 250% and 119% relative to their minimum values, and the equivalent relative values for the
dynamic viscosity, molecular diffusivity of O2, and the thermal expansion coefﬁcient were 39%, 43%, and 138%.
Deployment averages (Table 1) of k600 are plotted as a function of their associated values of air–water heat ﬂux and water
temperature in Fig. 5. The plane describing these data
exhibited a 0.1 m d−1 increase in k600 when the heat loss from
the reservoir increased by 19.4 W m−2, and similarly, when
the water temperature increased 9.7 C.
Lateral variations in mean water column O2 concentration
There was signiﬁcant variation in 30-s means of the O2
concentration in the surface water along the 1-km long transect (Fig. 1) during one deployment (14 November 2018;
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Table 1. Averages of key-variables for the three proof-of-concept deployments in Beaver Creek Reservoir. All measurements were performed under calm low-
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Table 1). This variation exceeded 20% and was found consistently during different transect runs, which indicates that the
pattern persisted at least for several hours (Fig. 6). Such spatial
variations in O2 concentration can bias estimates of gas
exchange and whole-system metabolism if they are only based
on single-point measurements (Staehr et al. 2010; Schilder
et al. 2013; Holgerson et al. 2017) (see Discussion below).
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ﬂuxes and k600 values, each derived from very short 3-min
time intervals (Figs. 3, 4), matched one another well within
each deployment.

Conversely, practically no variation was found in the
corresponding temperature measurements along the transect (Fig. 6).

Comparisons to empirical relationships for k600
In a recent comparison for a boreal lake, Heiskanen
et al. (2014) calculated k600 values of 0.089, 0.091, 0.52, 0.80,
and 2.0 m d−1 in the 0 to 1 m s−1 range of wind speeds using
empirical relationships given by Wanninkhof (1992), Crusius
and Wanninkhof (2003), Cole and Caraco (1998), McGillis
et al. (2001), and McGillis et al. (2004). Although some of
these regressions were originally derived for marine environments, they are frequently used indiscriminately, as here, for
other types of aquatic systems. This extreme example by
Heiskanen et al. (2014), illustrates how widely such estimates
of k600 values can vary at low-wind conditions. Even when
narrowing in on some of the most popular relationships by
Cole and Caraco (1998) and Crusius and Wanninkhof (2003),
developed speciﬁcally for small lakes (0.15 and 0.13 km2) and
low wind speed (< 9 and 6 m s−1), large variations are seen in
their predictions. At wind speeds of 0, 1, and 2 m s−1, which
likely match conditions during our study, the Cole and Caraco
regression yields k600 values of 0.50, 0.55, and 0.66 m d−1,
respectively, whereas the Crusius and Wanninkhof relationship for the same wind speeds predicts signiﬁcantly lower
values of 0.040, 0.095, and 0.29 m d−1. All k600 values produced by direct mobile aquatic eddy covariance measurements
in this study fall within the range of these two widely used
empirical relationships for small freshwater systems and lowwind conditions.

Discussion
Signiﬁcance of study and future applications
This proof-of-concept study documents that gas exchange
rates and coefﬁcients can be determined consistently for lakes
and reservoirs with near-stagnant water by applying the
aquatic eddy covariance technique below the air–water interface from a moving measurements platform. We ﬁnd that relative to traditional methods this new approach gives gas
exchange rates and coefﬁcients with improved precision and
at a high spatial and temporal resolution, all under true in situ
conditions.
In this study, we were able to measure air–water exchange
of O2 and sensible heat using well-tested fast-responding
aquatic eddy covariance sensors for these variables (Berg
et al. 2016). We anticipate that such O2 ﬂuxes will improve
metabolic estimates for lakes and reservoirs, particularly under
calm low-wind conditions in which widely used empirical
relationships for gas exchange become increasingly uncertain
or break down (Clark et al. 1995; Cole and Caraco 1998; Vachon et al. 2010).
Furthermore, reliable autonomous underwater sensors for
the most important greenhouse gasses, CO2, CH4, and N2O,
are rapidly becoming available. While these sensors are too
slow and too bulky to be used for aquatic eddy covariance,
they give accurate readings of mean gas concentrations. From
measured O2 ﬂuxes in this study, we derived standard gas
exchange coefﬁcients, k600, that can easily be translated to any
gas of interest. We believe that pairing such gas exchange
coefﬁcients with corresponding measurements of greenhouse
gas concentrations will be a powerful way to study greenhouse
gas emissions from lakes and reservoirs particularly in the context of understanding the physical, chemical, and biological
processes that drive them.

Dependency of gas exchange on heat ﬂux and water
temperature
Deployment averages of k600 correlate strongly with their
corresponding heat ﬂuxes and mean surface water temperatures (Fig. 5). The latter was found even though the widely
used expression for k600 that we adopted from Cole et al. (2010)
does include a temperature correction through the nondimensional Schmidt number (ratio between the temperature
dependent kinematic viscosity and molecular diffusivity).
Although this expression for k600 was found to be speciﬁcally
valid for low-wind conditions by Cole et al. (2010), it may not
adequately account for variations in temperature in ﬁeld situations as we encountered here.
The heat ﬂux and surface water temperature are not fully
independent variables, but they affect gas exchange through
separate processes. Heat ﬂuxes that cool the surface water
drive convective water movements and, especially under calm
low-wind conditions, this movement is known to affect gas
exchange (Bannerjee and MacIntyre 2004; MacIntyre
et al. 2010). Water temperature affects several properties of
water that impact gas exchange, most notably the dynamic
viscosity, molecular diffusivity of O2, and thermal expansion
coefﬁcient. Just within the temperature span encountered

Quality of data
The high quality of data that can be collected by mobile
aquatic eddy covariance is exempliﬁed in the two 12-min sections of data (Figs. 3, 4) from two different deployments along
the 1 km transect in a reservoir (Fig. 1), one slightly supersaturated in O2 (107%) and one highly undersaturated (56%).
These data, for both O2 and temperature, are of comparable
quality and internal consistency to those published for many
benthic environments (Long et al. 2013; Attard et al. 2015;
Berg et al. 2019). Speciﬁcally, all 16 Hz data were recorded
with low noise and free of spikes, and the O2 concentrations
and temperatures matched the reading of the stable independent sensors (Figs. 3, 4). Also, all cumulative ﬂuxes had clear
linear trends, indicating a strong and consistent ﬂux signal
contained in the data. Finally, all individual O2 and heat
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here, from 11.2 C to 24.5 C, these three variables changed
39%, 43%, and 138% from their minimum values (Table 1),
and while corrections for the ﬁrst two are included in the Cole
et al. (2010) expression, the last, and by far the largest one, is
not. This is likely the explanation for the strong dependency
of k600 on the mean surface water temperature. For example, a
larger thermal expansion coefﬁcient due to a higher water
temperature will, at the same sized heat ﬂux, cool the surface
water, trigger a signiﬁcantly larger density stratiﬁcation, and
drive a more substantial convective ﬂow. This will in turn lead
to an increase in k600, beyond what is included in the Cole
et al. (2010) expression, but is fully in line with our ﬁndings (Fig. 5).

reservoirs. Given its noninvasive nature, precision, and high
spatial and temporal resolution, this approach is a promising
means to study the dynamics and controls of gas exchange
under in situ conditions. A natural “next step” would be to
compare the new approach with one or two traditional
methods, all deployed simultaneously and under different
conditions, including full diel cycles and a wide range of different O2 saturation levels and temperatures. Such a follow-up
study would reveal more speciﬁc information on the strengths
and weaknesses of all approaches.
Some aspects of the new mobile approach can likely be
adjusted and optimized, but based on our ﬁrst tests, we recommend using a boat speed of about 25 cm s−1 as this is adequate
for maneuvering a heavy, low-sitting boat and, at the same
time, obtaining a very good resolution of the “eddies” carrying
the ﬂux signal in the surface water. We also recommend that
data are measured no more than 10 to 15 cm below the air–
water interface to obtain a representation of the air–water
exchange as directly as possible. Because the absolute mean
O2 concentration is used to estimate k600, it is furthermore
important that the stable independent O2 sensors are accurately calibrated to give precise readings. Finally, we stress that
simultaneous rapid temperature measurements should be performed within a few mm of the O2 recordings to allow instant
temperature corrections of the O2 signal.
The preferred mobile platform used here (Fig. 1) can be easily reproduced as it relies exclusively on standard materials
and commercially available instrumentation. However, to
obtain the best quality data, also when the weather conditions
are not as calm as in our test deployments, a larger and
heavier boat should be used. A double hulled boat with the
aquatic eddy covariance instrumentation mounted on one
hull and propelled by a bow mounted programmable GPScontrolled electric trolling motor on the other hull appears to
be a highly attractive solution.

Lateral variations in mean water column O2 concentration
The signiﬁcant lateral variation observed in mean surface
water O2 concentration that exceeded 20% (Fig. 6) during a
deployment along our 1-km long transect (Fig. 1) likely reﬂects
variation in biological processes. No lateral variation was measured in the corresponding temperatures that potentially
could affect calculation of Cair in Eq. 2, and there was no clear
pattern in k600 along the transect. Lateral variation in variables
such as the O2 concentration is common in lakes and reservoirs in transition from lotic to lentic conditions and often
reﬂects a shift in relative heterotrophic vs. autotrophic activity
(Kimmel and Groeger 1984; Kalff 2002).
Because the concentration difference driving gas exchange
(Eq. 2) is often small (Table 1), lateral variations in O2 concentration in the surface water can result in considerable variations in gas exchange, even over very short distances. It is
even plausible that air–water exchange of O2 at times can have
opposite directions along a transect if different areas of a water
body are under- and supersaturated. Our results underline the
ﬁndings from earlier studies that accurate whole-system gas
exchange and metabolic assessments can be improved with
multiple sensors deployed in carefully chosen locations
(Staehr et al. 2010; Van de Bogert et al. 2012; Schilder
et al. 2013). As autonomous sensors are decreasing considerably in cost and are becoming widely available, it should be
possible for more studies to incorporate such lateral variations.
As a side note, extreme lateral O2 concentration differences
over short distances (Fig. 6) can complicate aquatic eddy ﬂux
extractions because linear detrending, as was used here (Eq. 1),
may not adequately describe the variation in mean O2 concentration through the 3-min time interval used for each ﬂux
calculation. However, more advance detrending schemes exist
and can be considered under such conditions (Lee et al. 2004;
Reimers et al. 2012; Berg et al. 2013).
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