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Abstract
Inland freshwater bodies form the largest natural source of carbon to the atmosphere. To
study this contribution to the atmospheric carbon cycle, eddy-covariance flux measurements
at lake sites have become increasingly popular. The eddy-covariance method is derived for
solely local processes from the surface (lake). Non-local processes, such as entrainment or
advection, would add erroneous contributions to the eddy-covariance flux estimations. Here,
we use four years of eddy-covariance measurements of carbon dioxide from Lake Erken, a
freshwater lake in mid-Sweden. When the lake is covered with ice, unexpected lake fluxes
were still observed. A statistical approach using only surface-layer data reveals that non-
local processes produce these erroneous fluxes. The occurrence and strength of non-local
processes depend on a combination of wind speed and distance between the instrumented
tower and upwind shore (fetch), which we here define as the time over water. The greater the
wind speed and the shorter the fetch, the higher the contribution of non-local processes to
the eddy-covariance fluxes. A correction approach for the measured scalar fluxes due to the
non-local processes is proposed and also applied to open-water time periods. The gas transfer
velocity determined from the corrected fluxes is close to commonly used wind-speed based
parametrizations.

Keywords Air–lake interactions · Carbon dioxide fluxes · Eddy covariance · Non-local
processes · Micrometeorology

1 Introduction

Inland freshwater systems such as lakes act as a net source of natural carbon to the atmosphere.
The magnitude of the carbon contribution from lakes to the atmosphere is comparable to the
open ocean carbon sink (e.g., Cole et al. 2007; Tranvik et al. 2009; Raymond et al. 2013).
To study the lake’s contribution to the carbon cycle, various methods have been used. Eddy-
covariance flux measurements of carbon dioxide (CO2), and more recently methane (CH4),
have gained popularity (e.g., Eugster et al. 2003; Huotari et al. 2011; Podgrajsek et al. 2014,
2015; Erkkilä et al. 2018; Morin et al. 2018). The eddy-covariance method gives a direct
measure of net gas exchange across the air–water interface as long as the lake is within
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the footprint area and other assumptions of the method are fulfilled. In eddy-covariance
measurements, the flux is the mean covariance of the fluctuating component of the vertical
wind, w, and the fluctuating component of the mixing ratio of interest, c, e.g., F = ρaw′c′.
The prime denotes the deviation from the mean, the overbar temporal averaging, and ρa is the
dry air density. The averaging time should be much longer than the period of any fluctuating
motions. The magnitude of conventional averaging periods is 30 min to 1 h (Lee et al.
2005). Deriving this expression for the eddy flux from the conservation equation requires
several simplifying assumptions (e.g., Baldocchi and Meyers 1988; Dabberdt et al. 1993;
Baldocchi and Vogel 1996; Massman and Lee 2002), and violation of the assumptions can
induce errors and uncertainties in the measured flux. One important assumption is that all
transport terms in the scalar mass-balance equation are spatially homogeneous. Hence, the
atmospheric gas concentration is stationary over the averaging period unless a local source
or sink exists. The only accepted source/sink in the system is the respective ecosystem itself,
here the lake, and allows us to estimate air–lake fluxes. These assumptions work well for
large areas with flat homogeneous terrain. Sahleé et al. (2012) showed that the shape of the
turbulence spectra measured above a lake closely resembled shapes expected over adjacent
land areas with a reverse atmospheric stability. In complex terrain, the problems of violating
these simplifications are well known (e.g., Loescher et al. 2006) and previous results indicate,
for example, that forest edges close to the measurement tower are problematic (e.g., Kenny
et al. 2017). For lake systems, such violations also need to be investigated. Jammet et al.
(2017) found that CO2 fluxes from a lake were found to be non-zero even when the lake was
entirely ice-covered with no branches protruding from of the ice. Hence, CO2 through holes
in the ice was excluded as the origin for the observed CO2 fluxes (Jammet et al. 2017). From
Jammet et al. (2017), it remains unclear whether the fluxes were due to a physical evasion of
CO2 through snow over the lake or due to lateral advection of land-emitted CO2.

Bruin et al. (1993) hypothesized (and later proved:Bruin et al. 1999) that scalar fluctuations
in the atmospheric surface layer over a horizontally, uniform terrain were not only generated
by local surface processes but also by non-local ones. Non-local processes comprise large-
scale processes such as advection and entrainment. The topographic surroundings of a lake
can be the origin for horizontally advected characteristics. Thereby, CO2 sources from areas
outside of the eddy-covariance footprint can be advected to the measurement mast (e.g.,
Sun et al. 1998; Feigenwinter et al. 2004; Aubinet et al. 2005). Using an analytical approach,
Higgins et al. (2013) found thatmaximal advection occurswhen themeasuring height is 0.036
times the distance to a land surface transition. Eugster et al. (2003) and Vesala et al. (2006)
addressed advectionby reducing the averagingwindowof the eddy- covariancemeasurements
from 30 to 5 min. They argued that when integrating the fluxes, a shorter averaging window
eliminates the contribution of the CO2 flux that most likely originates from the surrounding
land. During daytime, the CO2 uptake over the surrounding land can be stronger than that
of the lake. The diurnal CO2 cycle is typically stronger over land than over the lake during
periods with green vegetation due to the cycle in photosynthesis versus respiration (Spank
et al. 2019).When lower land-based CO2 concentration is advected over a lake, the additional
sink of CO2 can be detected as a local downward flux by an installed eddy-covariance system
(Sun et al. 1998; Aubinet et al. 2012).

Entrainment is a second potential source of CO2 within the system. Entrainment can
induce scalar characteristics of the above-lying free atmosphere into the boundary layer. The
entrained air will affect the characteristics within the boundary layer. The entrained signal can
be strong enough to affect the whole boundary layer down to the surface (e.g., Lohou et al.
2010; van de Boer et al. 2014). Entrainment at the top of the planetary boundary layer has a
profound influence on the flux imbalance within the boundary layer (Huang et al. 2008). The
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Fig. 1 Boxplots of CO2 fluxes from four years for a periods when the lake was covered with ice and b periods
when the lake was free of ice. The bottom and top edges of the box indicate the 25th and 75th percentiles,
respectively, and the red cental line indicates the median. The upper and lower whiskers are defined by
Q3+1.5(Q3− Q1) and Q1−1.5(Q3− Q1) respectively. Here Q1 and Q3 are the 25th and 75th percentiles

entrainment of warm and dry air from the free atmosphere decreases the similarity between
the temperature, T , and specific humidity, q , within the boundary layer (Bruin et al. 1999;
Choi et al. 2004; Asanuma et al. 2007; Katul et al. 2008; van de Boer et al. 2014). Under
normal conditions, T and q are positively correlated due to the similarity in the heat andwater
vapour sources at the surface. Entrainment of cold and dry air, however, has been observed to
enhance the T –q similarity with increased friction velocity, u∗ (Gao et al. 2018). Entrainment
cannot be measured directly but must be inferred from other measurements (Lenschow et al.
1999). Based on eddy-covariance measurements at two sites above a fodder and a grass field,
van de Boer et al. (2014) presented a statistical method based on the variance of q to detect
and quantify entrainment influences on surface-layer measurements.

Eddy-covariance gas fluxes are commonly used to determine the gas transfer velocity, k,
via:

FCO2 = ksCO2 �P, (1)

where FCO2 represents the flux, sCO2 the solubility of CO2, and �P the air–water difference
in partial pressure. Thus, too high/low flux estimates can result in an overestimation or
underestimation of k. Such incorrect estimates of k lead to uncertainties within empirically
derived parametrizations of k. Therefore, they can cause uncertainties in upscaled carbon
contributions from lakes to the atmosphere.

Positive (upward) CO2 fluxeswere observedwhen Lake Erken (see Sect. 2.1), a freshwater
lake in mid-Sweden, was covered with ice (Fig. 1). These unexpected fluxes were measured
during four winter periods and coincided with moderate to higher wind speeds (above 5 m
s−1). Thefluxeswere smaller than those observed for similarwind speeds duringperiodswhen
the lake was ice-free. In this study, we will investigate the origin of these unexpected CO2

fluxes during periods of frozen and open-water conditions. Four years of eddy-covariance
observations conducted at the instrumented tower at Lake Erken will be used. We will apply
the statistical approach presented by van deBoer et al. (2014) to test the influence of non-local
processes on the surface-layer variables, which is described in Sect. 2. Once the origin of
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Fig. 2 Google Earth map of Lake Erken showing the surrounding landscape. The flux mast is highlighted by
the red circle. The wind directions between 040◦ and 200◦, which are excluded from the presented analysis,
are indicated by the overlaying white shade

these fluxes is assessed, we will discuss their impact on the gas transfer velocity (Sect. 3.3)
along with the potential implications for other eddy-covariance lake studies (Sect. 4).

2 Methods

2.1 Site and Instrumentation

Measurements were conducted at Lake Erken (59.835◦ N, 18.633◦ E), which is located 70
km north-east of Stockholm. Lake Erken has a surface area of 24 km2, an average depth of
9 m, and a maximal depth of 21 m. The lake’s long sides adjoin mixed forest and its shorter
sides adjoin agricultural fields and grassland. A permanently staffed biological lab is located
at the south-east of the lake. An instrumented tower is installed on Malma Island located
close to the south-east shore of the lake. The longest over-lake fetch at the tower is up to
8 km in a direction of 275◦ and the shortest around 500 m in direction between 200◦ and
250◦ (Fig. 2).

The tower was instrumented with measurements of temperature at 1.9 and 6 m above the
tower base using ventilated and radiation shielded thermocouples type-T. Wind speed and
directions were measured at 2.5 and 6.2 m using propeller anemometers (Young,WindMoni-
tor,MI,USA). The high frequency instrumentation used in this study for eddy-covariance flux
estimates was mounted on a westward facing boom at 4.1 m. This instrumentation consisted
of a three-dimensional sonic anemometer (Gill Instruments, Wind Master, Lymington, UK)
for the three wind components and temperature. For CO2 and H2O measurements, an open
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path LI-7500 was used. Sensor separation was measured to 0.3 m, which is expected to give
only a small flux loss (Horst and Lenschow 2009; Nilsson et al. 2010). Additionally, the tower
was instrumented with sensors recording incoming solar radiation (CS300 Apogee, Silicon
Pyranometer, Campbell Sci. Inc., OH, US) from February 2017, and net radiation (CNR-4
Net Radiometer, Kipp & Zonen), air pressure (144SC0811, Sensortechnics GmbH, Puchen-
heim, Germany), and relative humidity (Rotronic AG, Basserdorf, Switzerland). Aside from
the eddy-covariance measurements, the sensors were sampling at 1 Hz and in this study
averaged over 30 min. Partial pressure of CO2 in the water was measured with 30-min time
resolution at 0.5m depth using a Submersible AutonomousMoored Instrument, SAMI2-CO2

(Sunburst Sensors, MT, USA) during the ice-free season.
Each year was divided into an ice-covered season and an ice-free season. The ice cover

was manually recorded by the laboratory staff. During the ice-covered periods, the lake was
entirely covered with a thick layer of ice, and no cracks or holes within the ice were observed.
During the four years (2015–2018), the lake was covered with ice for a total of 374 days,
mainly between January and April.

2.2 Data Processing

The wind speed was measured at the height of 6.2 m and was recalculated with a stability
corrected logarithmic profile to 10 m height as U10. Fluxes and variance were determined
from the 20-Hz measurements, averaged over 30 min, and subject to double rotation (Kaimal
and Finnigan 1994). The data were despiked and linearly detrended. The humidity data were
corrected for variations in the air density using the Webb et al. (1980) correction. The time
lag caused by the sensor separation between the sonic anemometer and the LI-7500 was
corrected for using the same procedure as described in Sahleé et al. (2007). In the following,
we consider fluxes from the lake to the atmosphere as positive. Data within wind directions
between 040◦ and 200◦ were excluded from further analysis to avoid direct land effects and
flow distortion from the mast.

Measurements made at a certain height represent properties of the underlying surface
upwind of the sensor. This effective area is called the flux footprint. The footprint for the pre-
sented set-up was determined following Kljun et al. (2015), which is based on a Largrangian
stochastic particle dispersionmodel (Kljun et al. 2002). The footprintmodel confirms that, for
conditions within the above-mentioned wind-direction range, 80% of the source area covered
by the eddy-covariance measurements at the instrument tower represent lake properties.

2.3 Method for Identification of Non-local Influence

In order to detect non-local processes, a statistical analysis, which only uses surface-layer
data, is chosen. For this task, van de Boer et al. (2014) suggest an investigation of the
distribution of the high-frequency humidity data. When non-local processes prevail, the
humidity distribution is expected to be negatively skewed. This is the case because drier
air from the free atmosphere or the outside of an internal boundary layer is entrained into
the (internal) boundary layer. Additionally, drier air can be horizontally advected from the
land to the lake (Fig. 3c). The skewness is a measure of the asymmetry of the humidity
distribution. It is defined as the third central moment of the data divided by the cube of its
standard deviation. When local processes dominate, the humidity distribution is expected
to be positively skewed because the moister air from the lake reaches the boundary layer
(Fig. 3a). In situations of both non-local and local processes, the distribution is expected to
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Fig. 3 Example distribution of normalized q for 1-h intervals for a a clearly positively skewed situation (local
effects dominate), b a low skewness situation (non-local and local effects), and c a clearly negatively skewed
situation (non-local effects dominate). The respective skewness parameter Skq is given

have low skewness (Fig. 3b), which could also be the case of a well-mixed layer. We decided
to use the variance of water vapour and not CO2 to investigate the dominating processes due
to the stronger signal in the water vapour measurement. In case of CO2, the residual layer or
the free troposphere can be characterized by different CO2 concentrations, which can either
enhance or dilute the CO2 levels in the boundary layer. Thus, CO2 shows a less explicit
signal.

The approach of van de Boer et al. (2014) cannot distinguish between vertical and hor-
izontal humidity gradients. Thus, a negatively skewed distribution can be caused by either
entrainment of dry air from the free atmosphere or by advection of dry air from the land to
the flux mast. Thus, in the following, we will refer to non-local processes when a negative
skewness occurs. Following van de Boer et al. (2014), the skewness was calculated for dis-
tributions of the 20-Hz humidity data over an hour. In cases of a multimodal distribution of q
or a uniform distribution of q , the skewness, Skq , of the respective hour was removed from
the further analysis. After the data processing, quality assessment, and the skewness investi-
gation 4189 values of hourly data remain for the analysis of this study. From the remaining
data, 23.5% fall into the ice-covered periods and 76.5% into the open-water periods.

2.4 Quadrant Analysis

For a further investigation of the flux contributions, we apply the quadrant analysis. This
conditional sampling analysis separates the flux into four different categories based on two
turbulent quantities. Here, the two fluctuating quantities are the vertical velocity component,
W ′, and the CO2 concentration, c′. The quadrants represent the modes of the turbulent
transport. We follow the definition for the quadrants as they were used in Katul et al. (1997)
and Sahleé et al. (2008): contributions to the CO2 flux by upward-transported air where c′ is
positive (ejections) are obtained from quadrant I, and by downward-transported air where c′
is negative (sweeps) from quadrant III.

To determine the contribution that events from a specific quadrant have on the total flux
over a finite time, the (w, c)-plane can be divided by introducing a hyperbolic hole (Willmarth
andLu 1974). The hyperbolic hole is the region in the central part of the plane and is the region
that is excluded from the quadrant analysis. The hole can be defined as

∣
∣w′c′∣∣ = constant

curves, where the size of the hole H is defined as

H =
∣
∣w′c′∣∣

|w′c′| , (2)
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so that the point (w′, c′) lies on the hyperbola that bounds the hole region in the (w, c)-plane.
By stepwise increasing of the magnitude of H , the importance of events with increasingly
large values of

∣
∣w′c′∣∣ can be determined in each quadrant.

The flux fraction Si,H of each quadrant i can be defined following Raupach (1981) as

Si,H = [w′c′]i,H
w′c′ , (3)

where the brackets show a conditional average, which is defined using a conditioning function
Ii,H that obeys Ii,H = 1 if the point lies in the i th quadrant and

∣
∣w′c′∣∣ ≥ H = 0 otherwise.

The flux fractions are normalized, so that

4
∑

i=4

= Si,0 = 1. (4)

We performed the analysis for the same data as the skewness analysis. Again, we separated
the data in ice-covered and open-water periods. Obvious outliers were excluded from the
analysis.

3 Results

3.1 Local and Non-local Effects on Skewness and Fluxes

For both the ice-covered and open-water periods, FCO2 shows a dependency on Skq (Fig. 4).
The flux–skewness scatter is, however, different for both periods. For the ice-covered periods,
the highest fluxes coincide with negative values of Skq and highest wind speeds (U10 > 6 m
s−1). As discussed above, a negative humidity skewness or one close to zero indicates that
drier air from the free atmosphere or surrounding land reaches the site. This dry air adds
variance to the dry side of the humidity distribution. During the ice-covered periods, only a
small amount of data falls in the positive range of Skq , whereby most of it stays below Skq
of 0.5 (Fig. 4a). Hence, the flux–skewness scatter plot in Fig. 4a suggests the origin of the
unexpected CO2 fluxes observed during the ice-covered periods: non-local processes.

In the following, we will investigate whether the non-local processes also affect the fluxes,
which were measured during the open-water periods. For the open-water periods, the highest
fluxes were higher than those observed during the ice-covered periods. The highest FCO2

(values) coincide with the highest positive Skq (Skq above 0.6) and medium-range wind
speeds (U10 around 6–9 ms−1) (Fig. 4b). High positive values of Skq indicate the dominance
of local surface-layer processes. Still, some data fall into a neutral or negative range of Skq .
In this range, the highest FCO2 (values) reach 2.5µmol m−2 s−1 and coincide withU10 above
8 m s−1 (Fig. 4b). In this Skq -range, the flux-skewness scatter resembles the one observed
for the ice-covered periods. The level of FCO2 is similar to the one observed during the ice-
covered periods. Thus, the flux–skewness scatter plot for the open-water periods indicates a
combination of non-local and local processes.

When clustering the flux-skewness scatter plot in Fig. 4a, b per wind speed interval, it
showsmore clearly that for both the ice-covered and the open-water periods, the Skq decreases
with increasing FCO2 and increasing U10 (Fig. 4c, d). The main differences are (i) the level
of FCO2 value, which is lower for the ice-covered periods than for the open-water ones, and
(ii) the values of Skq , which are mainly negative for the ice-covered and positive for the free-
water periods. For the ice-covered periods, FCO2 increases linearly with Skq for U10 above
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Fig. 4 Skewness versus CO2 flux with the colour coding representingU10 for a ice-covered and b open-water
conditions. The range of FCO2 on the y-axis is different for a, b. The range of the ice-covered fluxes is denoted
by horizontal purple lines in b. The vertical dashed lines show the Skq -thresholds for non-locally and locally
dominated processes as defined in Fig. 6. The red circles in a, b show the data binned according to the wind
speed level. This binned data is also shown in the same set-up but zoomed-in in c for ice-covered, and d
open-water conditions. The zoomed-in windows are highlighted as red squares in a, b respectively. The error
bars show the standard error

5 ms−1 (Fig. 4c). Thus, the highest fluxes are caused by a high level of non-local processes,
which occur when wind speeds are highest. This is similar for the open-water periods, for
which the fluxes begin to increase linearly with Skq forU10 above 2 ms−1 (Fig. 4d). At times
of lowest winds, only local surface processes are important. For wind speeds above 7 ms−1,
however, values of Skq close to zero are observed. Thus, for increasing wind speeds, the
effect of non-local processes gains importance and increases the flux estimations relative to
the effect of only locally-driven fluxes. The fluxes that coincide with the lowest wind speeds
do not follow the linear trend between U10, Skq , and FCO2 . These FCO2 values fall below
0.2 μmol m−2 s−1. Instrumental limitations to resolve very small CO2 fluxes are suggested
for the deviations.

In Fig. 5 the contributions by ejections and sweeps to the total FCO2 are shown in quadrant
I and III, respectively. Similar to the skewness analysis in Fig. 4, the analysis is divided
into ice-covered (Fig. 5a) and open-water periods (Fig. 5b). For both conditions, the data
are divided into cases when the humidity data were positively (Skq > 0) and negatively
(Skq < 0) skewed. The contribution of ejections to the total FCO2 is similar for positively
and negatively skewed humidity cases, during the ice-covered and open-water conditions.
The contribution of sweeps, however, is larger for cases with a negative Skq than for cases
with a positive Skq . Overall, the contribution of sweeps to the total FCO2 is larger for the ice-
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Fig. 5 Quadrant analysis of the FCO2 flux for a ice-covered and b open-water conditions. Each quadrant (I–
IV) represents the flux fraction Si,H as a function of hole size, H . The data with a positive humidity skewness
(Skq > 0) are shown in black and the data with a negative humidity skewness (Skq < 0) are shown as circles
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covered conditions than for the open-water-conditions for a wide range of H . This supports
the conclusions that cases of negative Skq represent non-local contributions to the total CO2

flux that were carried to the lake from above. The quadrant analysis can only investigate
vertical contributions to the total flux. Thus, it ignores any horizontal contributions.

The scatter plot of flux versus skewness in Fig. 4 shows the increasing importance of non-
local processes with increasing U10. However, the occurrence of non-local processes may
not only depend on U10 but rather a combination of U10 and the prevailing fetch. The fetch
is defined as the distance from the instrumented tower to the shore in the upwind direction.
We can express this transported distance as time over water with TOW = fetch

U10
. Figure 6

shows the bin averaged TOW versus Skq for the ice-covered and open-water periods. For
the ice-covered period, the level of Skq increases with increasing TOW until it levels off at
Skq = 0.08 and TOW of 520 s. The point of the levelling-off is determined as the point
at which two fitted linear curves to the data above and below have the largest difference in
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Fig. 7 Time over water (TOW) versus the ratio of the first to third quadrant for a hole size of zero (S1,0/S3,0)
for ice-covered (red) and open-water conditions (blue)

their slopes. Similarly for the open-water period, the level of Skq increases with increasing
TOW and levels off at Skq = 0.60 and TOW of 520 s. The Skq for the free-water periods
passes zero at TOW = 185 s. A dependency of Skq on TOW is only expected when non-local
processes influence the fluxes.

The ratio of the contributions to the total FCO2 from ejections and sweeps can be expressed
as the ratio of the first and third quadrant of the quadrant analysis for a specific hole size,
S1,i/S3,i . Figure 7 shows this ratio (i.e., the contribution of all sweep and ejection events)
for a hole size of zero versus the TOW for the ice-covered (blue) and open-water conditions
(blue). For all TOW, the ratio S1,0/S3,0 of the open-water conditions is above 1. Hence,
the contributions to the total FCO2 from below are larger than those from above. For the
smallest TOW, the ratio falls closest to unity and increases with increasing TOW. Thus, with
increasing TOW the contributions from sweeps lessen in importance. Comparing the relation
of Skq versus TOW to the S1,0/S3,0 versus TOW, for open-water conditions, shows that both
relations follow a similar shape and level off in a TOW range between 500 and 600s. This
suggests that we can relate the described non-local impacts to flux contributions that reach
the site from above.

For all TOW, the ratio of S1,0/S3,0 is smaller for the ice-covered than for the open-water
conditions. As expected from our previous findings, the flux contributions from sweeps are
more dominant for the ice-covered conditions. Below a TOW of 800s the S1,0/S3,0 stays in a
range between 1 and 1.15. Only at TOW above 800s does the ratio increase to values of 1.4
and contributions from below gain importance. This is the same range of TOW at which the
Skq in the Skq versus TOW relation changes sign from negative to positive and eventually
passes the threshold of Skq = 0.08 (in Fig 6).

3.2 Flux Correction

The relation between TOW and Skq in Fig. 6 can be used to define thresholds for the regimes
inwhich non-local or local processes dominate. These thresholds allow for dividing the fluxes
into

123



Non-local Impacts on Eddy-Covariance Air–Lake… 293

2 4 6 8 10 12 14

U
10

 [m s-1]

-1

-0.5

0

0.5

1

1.5

2

F
C

O
2 [

m
ol

 m
-2

 s
-1

]

open water
ice cover
bin average
best fit

Fig. 8 Wind speed versus FCO2 for the situations that are determined to be dominantly non-locally driven.
Fnon−local during ice-covered periods is shown as blue diamonds and during open-water periods as black
crosses. The data of both ice and no-ice conditions are bin-averaged and the error bars show the standard error
(grey). The best fit through the combined data is shown in red

F =

⎧

⎪⎨

⎪⎩

Flocal = F(Skq > 0.60 & TOW > 520s)

Fboth = F(0.08 < Skq < 0.60 & TOW < 520s)

Fnon−local = F(Skq < 0.08 & TOW < 520s)

. (5)

To gain accurate estimates of the air–lake gas exchange rates, the non-local effects should
be filtered out from the measured eddy-covariance fluxes. Such a correction of the measured
fluxes for the non-local processes forms Eq. 5 into:

Fcorr =

⎧

⎪⎨

⎪⎩

Flocal
Fboth − Fnon−local

0

. (6)

The flux separation in Eq. 5 allows for a wind-speed based parametrization of the fluxes
that are generated by non-local effects (Fig. 8). Figure 8 shows the Fnon−local, as defined in
Eq. 5, versus wind speed for both the ice-covered (black crosses) and open-water (blue dia-
monds) conditions. This definition of Fnon−local covers 628 hourly data points. A quadratic
least-square fit through both the ice-covered and open-water periods explains 55.3% of
the data’s variance (the adjusted coefficient of determination is 0.553). This fit follows the
fluxes that are bin-averaged according to wind speed. This expression of the non-local fluxes
[µmolm−2 s−1] as a function of wind speed is given by

Fnon−local(U10) = 0.0122 U 2
10 − 0.0860 U10 + 0.2580 (7)

In a next step, Fnon−local is subtracted from the eddy-covariance fluxes that fall within
the limits of Fboth and Fnon−local. Figure 9 shows the original (grey) and corrected (red)
estimates of FCO2 bin-averaged according toU10, separately for ice-covered and open-water
periods. For the ice-covered periods, Fcorr falls close to zero for all U10 compared to the
original FCO2 . For U10 below 8 ms−1 the bin-averaged Fcorr are zero (within the range of
the standard error); for U10 above 8 ms−1 they are in a range of − 0.2µmolm−2 s−1, thus
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Fig. 9 Wind speed versus FCO2 for all data of a ice-covered and b open-water situations. The fits represent

the 1 ms−1 bin-averaged data (gray) and the bin-averages of the corrected flux based on the fits in Fig. 8 (red).
The error bars give the standard error

minimally overcorrected since the best fit included both open-water and ice-covered periods.
Less high-wind-speed data is available, which is reflected in the larger standard errors. For the
open-water periods, the bin-averaged Fcorr follows the original FCO2 for U10 below 5 ms−1

and shows a significant reduction for higher U10.

3.3 Gas Transfer Velocity

Themeasured FCO2 allows for calculating the gas transfer velocity for the open-water periods
following Eq. 1. For this, simultaneous measurements of CO2 partial pressure at the water
surface are used. This reduced the number of available data to 673 hourly values. When
estimating k only local effects are relevant, and thus non-local effects should be removed.
The elimination of non-local effects on FCO2 is reflected in the resulting values of k. Figure 10
shows the bin-averaged k normalized to a Schmidt number, Sc, of 600, which reflects CO2

at 20◦, based on the corrected (red) and uncorrected (grey) FCO2 . The elimination of the
non-local effects reduces the estimations of the uncorrected k. This reduction increases with
increasing wind speed. At a wind speed of 12 ms−1, the correction reduces the original k by
almost 50%.

For comparison, k was calculated from some frequently applied wind-based models by
McGillis et al. (2001)

kMG01 = 3.3 + 0.026U 3
10(Sc/660)

−0.5, (8)

by Wanninkhof (1992)

kW92 = 0.31U 2
10(Sc/660)

−0.5, (9)

by Nightingale et al. (2000)

kN00 = 0.222U 2
10 + 0.333U10, (10)

and by Cole and Caraco (1998)

kCC98 = 2.07 + 0.215U 1.7
10 . (11)
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parametrizations by McGillis et al. (2001) (kMG01), Cole and Caraco (1998) (kCC98), Wanninkhof (1992)
(kW92), and Nightingale et al. (2000) (kN00) are shown

In general, the corrected k follow these frequently applied parametrizations better than
the uncorrected k. Among these parametrizations kMG01 describes the corrected k best. The
expressions for kMG01, kW92, and kN00 are empirical relations, which are based on ocean
observations. In contrast to kW92 and kN00, kMG01 accounts for buoyancy effects, chemical
enhancement, surface waves, and micro breaking events by adding a constant value of k. This
forces gas exchange to occur even at low wind speeds. At higher wind speeds, the corrected k
is still significantly higher than the values predicted by Cole and Caraco (1998), a frequently
used transfer velocity parametrization for lakes, derived from SF6 tracer experiment.

4 Discussion

4.1 Origin of Eddy-Covariance Fluxes During Ice-Covered Periods

Neither the quadrant analysis nor the statisticalmethod thatweused in this study can explicitly
distinguish whether horizontal or vertical processes cause the enhanced variance on the dry
side of the humidity distribution. The additional dry air in situations of non-local processes
could either be entrained to the (internal) boundary layer from the free atmosphere or the
mixed or residual layer depending on the stratification, or advected from the surrounding land.
This study aimed to present a method to identify and correct for the effects of these non-local
processes on eddy-covariance flux measurements. A distinction between the different types
of non-local processes is beyond the scope of this study and may require additional new data
including vertical profiles of humidity and other variables (e.g., from radiosoundings or UAV
measurements).
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4.2 Implications for Eddy-Covariance Lake Studies

Figure 6 shows that non-local processes affect lakes up to a TOW of 520 s. This threshold
allows for determining the smallest fetch at a given wind speed for which CO2 fluxes from/to
a specific lake are affected by such non-local processes. For example, for a maximal wind
speed of 10 ms−1, a minimal fetch of 5200 m was required for lake fluxes to be independent
of non-local effects. Such concepts are particularly important because many of the existing
eddy-covariance studies on lakes are conducted at rather small lakes. According to the fetches
of these lakes and the reportedwind speeds, some of the air–lake fluxes are expected to always
be affected by differently pronounced non-local processes [e.g. Lake Villasjön (Jammet et al.
2017), Lake Soppensee (Eugster et al. 2003), Lake Toolik (Eugster et al. 2003), or Lake
Valkea-Kotinen (Vesala et al. 2006)]. For other lakes with longer fetch and/or lower reported
wind speed, the fluxes might either be affected by non-local processes only under specific
conditions or not at all [e.g., Lake Kuivajärvi (Heiskanen et al. 2014;Mammarella et al. 2015;
Erkkilä et al. 2018) and Lake Tämnaren (Sahleé et al. 2014; Podgrajsek et al. 2015)]. The
non-local processes do not depend on the surface size but rather the distance between the
eddy-covariance mast and the shore in the direction of the wind.

Our analysis follows those of Barskov et al. (2019) for heat exchange between a frozen
lake and the atmosphere, who found that heat and momentum fluxes are primarily forced
due to local surface processes when the flow is from an adjacent gulf (long fetch). When
the wind comes from directions of a surrounding forest (short fetch), Barskov et al. (2019)
observed a significant increase in their eddy-covariance fluxes, while the estimates from
Monin–Obukhov similarity theory nearly vanish. Similarly, themethod presented herewould,
for the given fetch and wind speeds, suggest non-local processes as a primary driver for the
observed fluxes.

4.3 Gas Transfer Velocity

The uncorrected gas transfer velocity overestimates the predictions from frequently used
wind-based parametrizations, in particular for wind speeds above 8 ms−1. This overestima-
tion due to non-local flux contributions is reduced for k determined from the corrected fluxes.
The corrected k follow the parametrization by McGillis et al. (2001) (kMG01) closest. Still,
for wind speeds above 7 ms−1 the corrected k are higher than the predictions from Cole
and Caraco (1998) (kCC98), which were developed for lakes. Other studies from lakes found
higher values for k than those derived from SF6 in Cole and Caraco (1998) (e.g., Jonsson
et al. 2008; Heiskanen et al. 2014; Mammarella et al. 2015). This follows eddy-covariance
studies from the ocean, which reported higher values for k than from other methods (e.g.,
McGillis et al. 2004). Thus, upscaling CO2 emissions from lakes based on kCC98 will likely
underestimate the actual emissions. At wind speeds of 12 ms−1, we observed 50% higher
fluxes than predicted by kCC98. Such an overestimation can gain a significant impact on the
global carbon contribution from lakes to the atmosphere. Hence, it is important to separate
local and non-local flux contributions to the total lake–air exchange when possible. Other
studies have shown that parametrizations of k that include other factors thanwind speed alone
gain improved results (e.g., Rutgersson et al. 2011; Heiskanen et al. 2014; Podgrajsek et al.
2015; Esters et al. 2017). These additional factors include, for example, buoyancy effects, or
are directly related to water-side turbulence.
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5 Conclusions

The unexpected air–water CO2 fluxes observed during ice-covered and also open-water sea-
sons in Lake Erken have been investigated. Using the statistical method of van de Boer et al.
(2014) we identified the origin of these fluxes as non-local processes. The findings were sup-
ported by the quadrant analysis, which related the non-local processes to flux contributions
from above. The occurrence and strength of these non-local processes depend on a combina-
tion ofwind speed and fetch, expressed as the timeoverwater (TOW). The shorter the fetch and
the greater the wind speed, the more strongly non-local processes affect the observed eddy-
covariance CO2 fluxes. The limits for the dominance of non-local processes was formulated
based on the time over water and the humidity skewness as Skq < 0.08 and TOW < 520 s.
The limits for the dominance of local surface processes was determined as Skq > 0.60 and
TOW > 520 s. Scenarios in between these limits reflect fluxes that are influenced by local
and non-local processes. The analysis suggests to correct eddy-covariance fluxes from lakes
for the non-local effects. All fluxes not falling into the limits of dominantly surface-driven
fluxes should be subtracted by Fnon−local(U10) = 0.0122U 2

10 −0.0860U10 +0.2580 [μmol
m−2 s−1]. This expression describes the purely non-locally driven fluxes. Correcting the CO2

fluxes for non-local effects leads to a reduction in the observed gas transfer velocity. The
reduced values of k followed commonly used wind-based parametrizations for k derived
for open-ocean conditions with long to essentially unlimited fetch. The proposed analysis
methods, illustrated here with Lake Erken data, are potentially of great importance for better
quantification of the exchange of carbon between lakes and inland freshwater bodies to the
atmosphere, which is a well-known open scientific question of the global carbon cycle.
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