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Abstract
Methane (CH4) is known to be emitted from lakes to the atmosphere via processes such
as diffusion and ebullition (i.e., bubble emission). We developed a practical method for
partitioning eddy-covariance CH4 fluxes from a shallow lake into diffusive and ebullitive
fluxes using awavelet analysis based on local scalar similarity between theCH4 concentration
and other reference scalars, such as the air temperature or water vapour concentration, in
the wavelet time-scale domain, with the hypothesis that similar and dissimilar fluctuation
components are related to diffusive and ebullitive CH4 fluxes, respectively. Our method is
applied to approximately two weeks of data obtained at a shallow mid-latitude lake. The
partitioned diffusive flux has a physically sound relationship with wind speed, supporting
the validity of the method. The ratio of the diffusive flux to the total flux is typically 0.11
with flow from an area of steady bubble emission, but otherwise 0.36. Further validation is
required using a larger dataset and data from other lakes. The proposed method can be easily
applied to historical data because it requires only 10-Hz data of CH4 concentration and other
reference scalars, along with an empirical parameter.

Keywords CH4 flux · Ebullition · Gas exchange · Scalar similarity · Wavelet analysis

1 Introduction

Inland bodies of water are an important source of methane (CH4), which is a potent green-
house gas. While the global emission of CH4 from lakes, reservoirs, and rivers has been
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estimated by, for example, Bastviken et al. (2011), large uncertainty remains due to uncer-
tain lake-area estimates (Wik et al. 2016) and the heterogeneous emission of CH4 within a
lake.

Methane produced in anoxic sediments in lakes is emitted to the atmosphere via three
processes: diffusion within the water column, diffusion within plant aerenchyma, and ebul-
lition (i.e., sporadic bubbling). To model CH4 emissions accurately, all these processes
must be represented correctly in ecosystem models (e.g., Tang et al. 2010). Among these
emission processes, ebullition is thought to contribute significantly to the total emissions
(Bartlett et al. 1988; Keller and Stallard 1994; Bastviken et al. 2004; Walter et al. 2007).
However, due to the sporadic nature of ebullition events, it is difficult to determine the
spatially-averaged emission rate and its temporal variability usingfloating chambers or bubble
traps.

Recently, eddy-covariance studies of CH4 emissions from lakes have been conducted by,
for example, Eugster et al. (2011), Schubert et al. (2012), and Podgrajsek et al. (2014a, b,
2016).As eddy-covariance observations provide continuous data on the net exchange between
the surface and the atmosphere, with spatial coverage on the order of 104 m2, this approach
has advantages in terms of spatial coverage and temporal resolution. However, conventional
eddy-covariance observations cannot distinguish the processes involved in the net exchange,
which is problematic when developing statistical relationships between CH4 emissions and
environmental variables, because each emission process is influenced by different envi-
ronmental variables. Nonetheless, recent studies (Scanlon and Sahu 2008; Thomas et al.
2008; Kotthaus and Grimmond 2012) have suggested that raw turbulence data preserve
information on exchange processes in agricultural and forest ecosystems, and on emis-
sions from specific locations in urban areas, which is useful information for the partitioning
of eddy-covariance-derived water vapour (H2O) and carbon dioxide (CO2) fluxes. While
Schaller et al. (2017) developed a method for CH4 using a wavelet transform to calcu-
late fluxes during short turbulent events to evaluate temporally local emissions, such as
ebullition, to our knowledge no partitioning method has been developed for application to
eddy-covariance-derived CH4 fluxes.

The development of a partitioning method for the eddy-covariance-derived CH4 flux
(hereafter, the CH4 flux) should help in quantifying CH4 exchange in individual-site stud-
ies, and when scaling up CH4 exchange to larger areas. As eddy-covariance datasets often
contain many gaps due to unsuitable atmospheric conditions for measurement (Vickers and
Mahrt 1997) and instrument maintenance, these data gaps must be filled so as to derive the
cumulative exchange. Partitioning the CH4 flux facilitates the development of separate sta-
tistical relationships between different CH4 emission processes and specific environmental
variables, which are relationships useful for the filling of gaps in flux data to obtain accurate
cumulative emissions. One option for upscaling CH4 exchange is to use ecosystem models
that have been parametrized and validated against CH4 flux data (e.g., Xu et al. 2016), for
which partitioned CH4 flux data can be used to achieve more accurate parametrizations of
the emission processes.

We present a practical method to partition the CH4 flux recorded over a shallow lake into
diffusive and ebullitive fluxes using a wavelet analysis based on local scalar similarity in
the wavelet time-scale domain, and requiring only turbulence data of CH4 concentration and
other reference scalars, such as the air temperature, and theH2O andCO2 concentrations. The
method is applied to observations above a shallow mid-latitude lake, and the environmental
controls on partitioned diffusive and ebullitive fluxes are examined.
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Fig. 1 Bathymetric map of Lake Suwa obtained in 2005. Contours indicate the elevation above sea level, and
758m approximately corresponds to a water depth of 1.8m at the time of observation. The location of the
observation mast on the south-east shore is indicated with a star. An enlarged view of the area close to the
observation mast (lower right) indicates an area with steady CH4 bubble emissions (triangle)

2 Observation and Data Analyses

2.1 Study Site

Analyzed here are data obtained at Lake Suwa (Fig. 1), which is a shallow eutrophic lake
in Nagano, Japan (Park et al. 1998; Ikenaka et al. 2005; Sharma et al. 2016), with a total
area of 13.3km2, a mean depth of approximately 4m, and a maximum depth of 6.9m. Water
caltrop (Trapa japonica Flerow, a floating-leaved plant) and Esthwaite waterweed (Hydrilla
verticillata (L.f.) Royle, a submerged plant) grow along the lake shores during summer,
although there were no emergent macrophytes near the observation site. The prevailing wind
direction for this site is between west-north-west and north-west.

Steady CH4 bubble emissions occur in certain areas at Lake Suwa (Nakamura and Owa
1952), one of which we found at a distance of 55m in a direction of 325◦ from the observation
mast (Fig. 1). Bubbles were collected underwater every three months in 2017, and were
analyzed with a gas chromatograph, indicating a CH4 volume concentration of 85–88%,
with no obvious seasonal variation.

2.2 Observations

An eddy-covariance system was installed on a pier (36◦ 2′ 47.66′′N, 138◦ 6′ 30.07′′E) on
the south-east shore, consisting of an ultrasonic anemo–thermometer (CSAT3, Camp-
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bell Scientific, Logan, Utah, USA), open-path CH4 analyzer (LI-7700, Li-Cor, Lincoln,
Nebraska, USA), open-path CO2/H2O analyzer (EC-150, Campbell Scientific), and data
logger (CR3000, Campbell Scientific). The observation height varied depending on the water
level, but was approximately 3.2m throughout the observation period. The sensor separa-
tion from the ultrasonic anemo–thermometer was 0.25m for the CH4 analyzer and 0.05m
for the CO2/H2O analyzer. Turbulence data were recorded at 10Hz. Relevant atmospheric
and lake water observations were also collected, including the wind speed, air pressure
(PTB110, Vaisala, Finland), the water-temperature profile (107, Campbell Scientific), water
level (CS451,Campbell Scientific), and radiation (CNR4,Kipp andZonen,Delft, TheNether-
lands), with 30-min averages recorded by the same data logger.

2.3 Data Processing and Selection

Prior to data analysis, spikes were removed from the raw 10-Hz data (Vickers and Mahrt
1997). Data from the two gas analyzers were synchronized with data from the ultrasonic
anemo–thermometer to account for lag times due to sensor separations and internal processing
using a cross-correlation analysis (Iwata et al. 2014). The 10-Hz data were then corrected
point by point (Detto andKatul 2007) for the difference between the sonic virtual temperature
and dry-bulb temperature (Schotanus et al. 1983), the air density variation (Webb et al. 1980),
and spectroscopic effect (McDermitt et al. 2011).

We analyzed data obtained in mid-summer (17–31 August) of 2016, with the distribution
of wind directions during this period shown in Fig. 2. Because the observation mast was
located near the shore, the analysis was confined to data collected for flow from the lake,
corresponding to 223◦–033◦. For this sector, the flux footprint calculated using the model of
Kormann andMeixner (2001) is typically 300–500m, but less than 1000m in length for most
cases. The raw 10-Hz data were visually inspected, with data collected during rain events
and instrument malfunction discarded. The 30-min data were also filtered using a stationarity
index (Mahrt 1998), with strongly non-stationary data removed from the analysis, leaving
145 30-min records. The mean and standard deviation of each flux are 0.02± 0.01Km s−1,
2.57±1.32mmolm−2 s−1,−0.41±1.21μmolm−2 s−1, and 0.39±0.29μmolm−2 s−1 for

Fig. 2 Distribution of wind
directions during the analysis
period. Solid and dashed lines
represent daytime and night-time,
respectively
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Fig. 3 Dependence of CH4 flux
on wind direction

the temperature, H2O, CO2, and CH4, respectively. Time series of these fluxes during the
observation period are shown in Fig. S1 (Supplementary Material). Figure 3 shows the wind-
direction dependence of the CH4 flux for the observation period, indicating larger fluxes for
flow from the area with steady CH4 bubble emissions.

3 Results and Discussion

3.1 Development of the PartitioningMethodology

The water surface is flat and homogeneously illuminated by shortwave radiation, such that
the source distributions of sensible heat and water vapour can be assumed to be spatially
quasi-homogeneous, at least within the flux footprint for instruments mounted a few metres
above thewater surface. The source distributions of the gases that diffused into the atmosphere
are also spatially quasi-homogeneous because dissolved gases mix within the water column.
These scalars emitted into the atmosphere are transported by the same eddies and sensed
by instruments at a single point in the atmosphere, leading to similar turbulent fluctuations
among scalars. However, ebullition events lack spatial homogeneity in the source distribution
of CH4 because ebullition occurs heterogeneously in both space and time, leading to scalar
dissimilarity of the turbulent fluctuations observed in the atmosphere (Katul et al. 1995).
Therefore, we hypothesized that the turbulent fluctuations of the CH4 concentration similar
to those of the air temperature, H2O concentration, or CO2 concentration are related to
the diffusion process of CH4 transfer, while dissimilar turbulent fluctuations in the CH4

concentration are related to the ebullition process. Consequently, the recorded turbulent
fluctuation in the CH4 concentration is then the superposition of those fluctuations related
to the two processes. As there were no emergent macrophytes within the flux footprint, we
neglected the contribution from plant-mediated transport. Also, since non-local processes,
such as entrainment or advection, may influence scalar similarity (De Bruin et al. 1993, 1999;
Detto et al. 2008), we evaluated the degree of influence from these non-local processes for
each scalar in the flux–variance relationship, as described below.

Figure 4 shows typical examples of high-frequency turbulent fluctuations of air temper-
ature (T ), H2O density (q), CO2 density (c), and CH4 density (m) for cases with low and
high CH4 emissions. To show the degree of similarity between scalars, we calculated wavelet
coherences (Scanlon and Albertson 2001) around the spectral peak frequencies, and obtained
values of 0.98, −0.80, 0.92, −0.85, 0.92, and −0.78 for the T –q , T –c, T –m, q–c, q–m, and
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Fig. 4 Typical 10-Hz data for a, e air temperature (T ), b, f H2O density (q), c, g CO2 density (c), and d, h
CH4 density (m) for 27-min data with low CH4 fluxes (left, observed from 1700–1727 on 17 August 2016)
and high CH4 fluxes (right, observed from 1030–1057 on 18 August 2016). The values for the CH4 flux for
each case are indicated in each panel. Note that the range of the y-axis for the CH4 density differs between
the two cases

c–m coherences, respectively, for the case with a low CH4 flux (Fig. 4a–d), implying similar
fluctuations of the four scalars for low values of the CH4 flux. The correlations including CO2

are lowest because the small flux relative to the atmospheric concentration leads to lower
turbulent fluctuations (Fig. 4c and Fig. S1c). The corresponding wavelet coherences for the
case with a high CH4 flux (Fig. 4e–h) are 0.80,−0.08, 0.50,−0.09, 0.53, and−0.02 for T –q ,
T –c, T –m, q–c, q–m, and c–m, respectively, indicating that, although the air temperature
and H2O density values are similar (Fig. 4e, f), the fluctuation in CH4 density is dissimilar
to those of the three other scalars on account of large positive deviations from the average
(Fig. 4h) resulting from ebullition events. At this site, data indicating such ebullition events
were the norm rather than the exception, occurring during approximately 80% of the observa-
tion period as identified by visual inspection of 10-Hz data, despite a variation in the intensity
of ebullition and its frequency within the 30-min period. Larger-scale fluctuations are evident
in the CO2 density time series data (Fig. 4g), resulting in almost negligible correlations with
other scalars.

Figure 5 shows the dependence of selected scalar–scalar correlations on thewind direction.
The correlation coefficient between the H2O density and CH4 density is lower for flow
from the steady bubble emission area (wind direction class 5) and the neighbouring area,
and generally higher as the flow veered away from the steady bubble emission area. The
correlation coefficient between the air temperature and H2O density is reduced as the flow
veers towards the shore (wind direction classes 1 and 8), which may reflect the influence
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Fig. 5 Boxplots showing
scalar–scalar correlations for
different wind directions. a
Absolute values of the correlation
coefficient between the air
temperature (T ) and H2O density
(q), b between q and the CO2
density (c), and c between q and
the CH4 density (m). Wind
direction classes indicate ranges
of wind direction as follows: 1:
223–247.5, 2: 247.5–270, 3:
270–292.5, 4: 292.5–315, 5:
315–337.5, 6: 337.5–360, 7:
000–022.5, and 8: 022.5–033

of non-local processes. Other scalar–scalar correlations show qualitatively similar results
(Fig. S2 in the Supplementary Material). Because the magnitudes of the CO2 flux (Fig. S1c)
and its correlation with other scalars (Fig. 5b) are generally small, we omit the results related
to CO2 hereafter.

To further show the general effects of ebullition on the turbulent fluctuations, the wavelet
variance, wavelet covariance, and wavelet coherence for all 30-min records are presented
in Fig. 6, showing only data with a sufficient flux magnitude (see the caption for further
details). In the wavelet variance spectra (Fig. 6a, b), the H2O density and CH4 density had
similar spectral curves, with the CH4 variance peak occurring at a slightly higher frequency
than the H2O variance peak; the CH4 variance is also slightly more scattered than the H2O
variance around the spectral peak. The wavelet covariance spectra (Fig. 6c, d) also shows a
similar cospectral curve between the vertical velocity component (w)–H2O covariance and
the w–CH4 covariance, which is again slightly more scattered around the spectral peak. The
wavelet variance of air temperature and covariance between the vertical velocity component
and air temperature exhibit similar curves to those shown in Fig. 6 (data not shown). Thus,
the effect of ebullition on the wavelet variance and covariance spectra is ambiguous, although
ebullition occurred frequently at this site, because the time scale of ebullition is close to that
of the spectral peak for general surface-layer turbulence. In contrast, the effect of ebullition
on wavelet coherence is evident (Fig. 6e, f). Although most coherence between the air tem-
perature and H2O density around the spectral peak is close to unity, the coherence between
the H2O density and CH4 density has a wider distribution, ranging from 0.3 to 1 around
the spectral peak, implying the occurrence of ebullition results in scalar dissimilarity. The
coherence is low at the higher end of the frequency range (zobs/ ju > 1, where zobs is the
observation height above the water surface (m), j is the time scale (s), and u is the average
longitudinal wind speed (m s−1)) due to the sensor separation and the smaller turbulent eddy
scale, while there is more scatter at the lower end of the frequency range (zobs/ ju < 10−2)
due to the possible influence of entrainment (Asanuma et al. 2007) and large-scale advection
(Saito et al. 2007).

To partition the contributions from diffusion and ebullition processes, scalar similarity was
examined in the wavelet time-scale domain. Wavelet coefficients (i.e., data in the time-scale
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Fig. 6 Normalized wavelet variance spectra for a H2O density (q) and b CH4 density (m); normalized
wavelet covariance spectra c between the vertical velocity component (w) and H2O density, and d between
the vertical velocity component and CH4 density; the wavelet coherence e between the temperature (T ) and
H2O density and f between the H2O density and CH4 density. The x-axis is a time scale ( j) normalized by
the observation height (zobs) and the average longitudinal wind speed (u). Black solid circles and error bars
indicate bin averages and standard deviations, respectively. Small values |w′T ′| < 0.01Km s−1, |w′q ′| <

0.05mmolm−2 s−1, and |w′m′| < 0.1μmolm−2 s−1 have been removed for presentation purposes (here,
the bar and prime indicating time averaging and a deviation, respectively), leaving 93, 143 and 143 30-min
data points for the panels corresponding to T , q and m, respectively

domain) of variable x (Wx ) were calculated based on the Haar mother wavelet using the
orthonormal wavelet transform (Kumar and Foufoula-Georgiou 1994; Percival and Walden
2000),

W j,i
x =

∫ ∞

−∞
x(t)ψ j,i (t)dt, (1)

where i is the time location, t is time, and ψ j,i (t) = 2− j/2ψ(2− j t − i) with ψ as the mother
wavelet function. The variable can be the vertical velocity component (w), air temperature
(T ), H2O density (q), or CH4 density (m). We compared the converted wavelet coefficients

123



Partitioning Eddy-Covariance Methane Fluxes from a Shallow… 421

Fig. 7 Comparisons of a, cwavelet coefficients between air temperature (WT ) and H2O density (Wq ), and b, d
wavelet coefficients betweenH2Odensity (Wq ) andCH4 density (Wm ) for caseswith low (left) and high (right)
CH4 flux calculated from the 10-Hz data shown in Fig. 4. Numbers and arrows in the upper right panel indicate
that two data points exist beyond the panel. The lower right panel shows only the centremost part of the figure,
and many data points exist beyond the panel. Straight lines are determined using the iteratively-reweighted
least-squares method

among scalars for the same scale and same time location in a scatter plot (Fig 7). Here,
coefficients for a selected range of the normalized time scale, namely 0.003 < zobs/ ju < 1,
were used for comparisons because the coefficients of these scales explained most of the
covariances (Fig. 6d) and smaller and larger scales do not necessarily retain scalar similarity
(Fig. 6f). We refer to the scales of the selected range as flux-transporting eddy scales. If the
similarity between two scalars holds, the wavelet coefficient distribution should collapse onto
a straight line, which is apparent in the comparison ofWT andWq in both cases (Fig. 7a, c) and
the comparison ofWq andWm in the case with low CH4 flux (Fig. 7b). For the case with high
CH4 flux, the comparison ofWq andWm values shows extremely large scatter (Fig. 7d). Some
coefficients, however, appear to distribute around a straight line, indicating that turbulent
fluctuations of the CH4 density are a mixture of similar and dissimilar fluctuations, which
correspond to diffusive and ebullitive emission processes, respectively.

Coefficients due to diffusion and ebullition processes were separated in the following
manner. A straight line was first determined as in Fig. 7 using the iteratively-reweighted
least-squaresmethod (Rousseeuw andLeroy 2003)with theMASS package in theR statistical
software (Ripley et al. 2017), then the coefficients for CH4 density were separated into two
groups according to their deviation from the straight line. The group of coefficients located
within and outside a certain bound (dashed lines in Fig. 7b and d) is related to diffusive and
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ebullitive emission, respectively, where ebullition refers to both sporadic and steady bubble
emission. The bound was determined empirically as the typical root-mean-square deviation
from the straight line based on several 30-min data without apparent ebullition (Fig. 7b is one
example) multiplied by a factor of three. Assuming the deviations from the line are normally
distributed, then 99.7% of deviations are within the bound. This separation was applied not
only to the flux-transporting eddy scales but also to the smaller scales.

The procedure described above was applied to all 30-min data, and the diffusive flux was
calculated from Ww and Wm for the 30-min data as

Fdiff = 1

N

∑
j<zobs/0.003u

∑
i

W j,i
w W j,i

c δ j,i , (2)

where N is the number of data points, and δ j,i is an indicator function for the separation
of coefficients, defined as unity when Wm is inside the bound, and as zero otherwise. The
ebullitive flux was similarly calculated as Eq. 2 with δ j,i defined as unity when Wm is
outside the bound, and as zero otherwise. Transport occurring at j > zobs/0.003u was treated
separately, andwas not added to either the diffusive or the ebullitive flux,with the contribution
from this large-scale fluctuation to the diffusive flux negligible, affecting ebullitive fluxes only
slightlywhen included in the partitioning procedure. In addition, as the time scale of ebullition
is usually less than a few minutes, the contribution from j > zobs/0.003u was not included
in the calculation of the ebullitive flux.

The partitioning method requires a correct choice of the reference scalar to which the
CH4 wavelet coefficients are compared. Because non-local processes can also affect the
scalar similarity, wavelet coefficients may be found outside the bound in the scatter plot and
mistakenly identified as ebullition when such non-local processes affect the fluctuation of
the reference scalar. The degree of influence from non-local processes is investigated in the
flux–variance relationship (De Bruin et al. 1993; van de Boer et al. 2014) in Fig. 8. Whereas
most H2O variance data closely follows the universal function, the air-temperature variance
exhibits more scatter deviating from the universal function regardless of the wind direction,
which suggests that the air-temperature fluctuation is affected to a greater degree by non-local
processes at this site. Therefore, theH2Odensitywas chosen as themost appropriate reference
scalar, but we removed 15 data points that deviated from the universal function of the H2O

Fig. 8 Dependence of normalized variance on atmospheric stability for a temperature and b H2O density.
Here, T∗ and q∗ are the temperature and H2O scales defined as−w′T ′/u∗ and−w′q ′/u∗, respectively, where
u∗ is the friction velocity. The atmospheric stability is defined as zobs/L , where L is the Obukhov length.
Solid lines represent the universal function for temperature (φT ) derived in Foken (2008), and dashed lines
represent 1.5φT and φT /1.5. Only data with zobs/L < 0 are shown, as there were only five data points with
zobs/L > 0
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density (outside the dashed lines in Fig. 8b) from further analysis due to the possible influence
of non-local processes.

3.2 Application and Evaluation

We applied this method to data obtained for a 15-day period (17–31 August 2016) at Lake
Suwa, and examined the dependence of the CH4 flux on the environmental variables (Fig. 9).
Flux data with flow from both the steady bubble emitting area and other areas were used,
unless otherwise stated. First, it is clear that a reasonable relationship between the total CH4

flux and either the lake bottom water temperature or wind speed does not exist as expected
(Fig. 9a, c), stemming in part from characteristics of the eddy-covariance-derived flux data,
which represent the total emissions, including both diffusion and ebullition processes. As the
total emission is larger for flow from the steady bubble emitting area (Fig. 3), it is difficult
to relate the total flux to a single environmental variable. In comparison, the partitioned
diffusive CH4 flux is distributed close to the lower boundary of the total fluxes, and is more
predictable from a single environmental variable. There is no detectable difference between
partitioned diffusive fluxes for flow from the steady bubble emitting area and those from the
other areas (Fig. 9b, d). In addition, the partitioned diffusive CH4 flux appears dependent on
the wind speed (Fig. 9d) rather than the lake bottom water temperature (Fig. 9b), implying
that the short-term variation in diffusive emission is controlled by the transport efficiency
both at the air–water interface and within the water column rather than by CH4 production
in the lake sediments. This result is reasonable because the gas transfer coefficient at the
air–water interface is known to depend on sub-surface turbulence and wind waves, which
are controlled by the wind speed (Wanninkhof 1992; Bock et al. 1999; Wanninkhof et al.
2009). Examining the effect of water-side convection on the CH4 flux using the effective heat
flux (Imberger 1985; Podgrajsek et al. 2014b) indicates its effect to be negligible (data not

Fig. 9 Dependence of CH4 flux on lake bottom water temperature (left) and wind speed (right). The upper
panels a, c show both the total flux (open symbols) and partitioned diffusive flux (solid symbols), and the
lower panels b, d show only the partitioned diffusive flux. Data with wind direction from the steady bubble
emitting area (295–355◦) are indicated by triangles; other data are indicated by circles. Data were obtained
from 17 to 31 August 2016
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shown). The sediment temperature (for which lake bottom water temperature is a surrogate
variable) did not vary markedly during this short period. This physically-sound dependence
of the diffusive CH4 flux on environmental variables supports the validity of our method.

The increase in diffusiveCH4 fluxwithwind speed is enhanced forwind speeds> 4m s−1.
The value of the slope fitted to the data is 0.015 for wind speeds < 4m s−1, while the slope
fitted to data for wind speeds > 4m s−1 is 0.05, which may be related to microscale wave
breaking (Csanady 1990; Jessup et al. 1997; Zappa et al. 2001) occurring at low to moderate
wind speeds (approximately 5–10m s−1). This enhances gas diffusion at the air–water inter-
face by disturbing the thin diffusive water layer, and thereby increasing the concentration
differences between the atmosphere and surface water layer.

The ratio of diffusive flux to total flux for j < zobs/0.003u is 0.05–0.50, with a median
value of 0.11 for flow from the steady bubble emitting area, and with the corresponding range
and median of the ratio for other wind directions 0.07–0.93 and 0.36, respectively.

We also examined the environmental controls of the partitioned ebullitive flux. In this
case, data for flow from the steady bubble emitting area are excluded to determine the
environmental controls on sporadic bubble emissions. However, no clear relationships with
environmental variables are found. There are slight non-significant decreasing trends with
increasing wind speed, lake bottomwater temperature, atmospheric pressure, and water level
(data not shown). As ebullition is triggered by either shear stress on the sediment surface
(Joyce and Jewell 2003) or a decrease in atmospheric pressure and water level (Martens and
Klump 1980; Mattson and Likens 1990; Boles et al. 2001; Tokida et al. 2005; Varadharajan
and Hemond 2012), we may need to choose an appropriate time scale at which to analyze
the environmental controls, as well as to consider the accumulation process. We will further
evaluate the environmental controls of ebullition in the future using a larger dataset.

The above examination validates the proposed flux-partitioningmethod, at least in a quali-
tative sense.A further quantitative comparisonwas conducted by estimating the diffusiveCH4

flux using a gas-transfer velocity model proposed byMcGillis et al. (2004), which Heiskanen
et al. (2014) reported reproduces the observed gas-transfer velocitywell for a stratified lake. A
range of surface-dissolved CH4 concentrations (0.61–1.99μmol L−1) observed a few times
during the summer of 2016 was used to calculate the concentration difference. The dissolved
CH4 concentration was analyzed with a gas chromatograph using the head-space method.
The estimated diffusive fluxes ranged from 0.02 to 0.06μmolm−2 s−1 at a wind speed of
4m s−1 for the range of dissolved concentrations. The partitioned diffusive CH4 flux from
the eddy-covariance observations ranged from approximately 0.07 to 0.13μmolm−2 s−1 at
a wind speed of 4m s−1 (Fig. 9d), which is greater than the estimated flux. We do not yet
know the reason for this discrepancy, but continuous dissolved CH4 concentration data may
be necessary for a detailed examination.

Partitioned ebullitive fluxes are compared with fluxes calculated using the method of
Schaller et al. (2017) for continuous data during the period from 930–1230 local time on 18
August 2016 (Fig. 10 and Table 1). Although the fluxes calculated in this manner include
contributions from diffusive emission, both fluxes roughly agree.

One limitation of the flux-partitioning method is its application to a much greater obser-
vation height. As this height increases, the dilution of high-concentration parcels emitted
through ebullition by turbulence proceeds until the parcel reaches the observation height.
In this case, turbulent fluctuations caused by ebullition may partly regain scalar similarity,
and contributions from ebullition may be underestimated. One necessary improvement is a
separation of the effects of ebullition and non-local processes in the turbulent fluctuations.
For example, we have excluded the flux contribution from the low-frequency component to
minimize the effect from non-local processes, with data possibly influenced by non-local
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Fig. 10 Time series of a the vertical velocity component (w), b CH4 density (m) observed from 930–1230
local time on 18 August 2016, and c calculated 1-min averaged CH4 fluxes using the method of Schaller et al.
2017 (line) and the partitioning method (open circle symbol for the ebullitive flux and solid square for the
diffusive flux). The method of Schaller et al. (2017) is applied using the Mexican hat wavelet

Table 1 Partitioned ebullitive fluxes and averaged fluxes calculated following the method of Schaller et al.
(2017) for data in Fig. 10

1000–1030 1030–1100 1100–1130 1130–1200 1200–1230

This study 1.43 1.51 0.75 0.22 0.69

Schaller et al. 1.61(±1.26) 1.48(±1.37) 0.72(±0.83) 0.23(±0.24) 0.48(±0.93)

The unit isμmolm−2 s−1. In the Schaller et al. (2017)method, fluxes less than 0.2μmolm−2 s−1 are assumed
to be the results of diffusive emission, and are replaced with a zero ebullitive flux before averaging to compare
with partitioned ebullitive fluxes. This threshold value is determined from the approximate maximum value
of the partitioned diffusive flux during the observation period

processes removed from the analysis, but we cannot exclude the possibility that higher fre-
quency components are also affected by non-local processes (e.g., Kimmel et al. 2002). To
minimize such effects, it may be better to use a scalar with sufficient surface-flux magnitude
such as H2O density, rather than air temperature or CO2 density, as performed here. A more
thorough understanding of the effect from non-local processes on turbulence could improve
the partitioningmethod. Secondly, to separate contributions from diffusion and ebullition, we
use three times the root-mean-square deviation from a fitted straight line as the bounds, but
this choice is not based on any physical rationale.We performed a sensitivity test by changing
the multiplier to two or four, and found that the magnitude of the diffusive CH4 flux changed
by 10%, indicating that the partitioning result is sensitive to this empirical parameter. While
a plausible value may be three, this sensitivity should be borne in mind.
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4 Conclusions

We developed a partitioning method for the measured eddy-covariance CH4 flux from a
shallow lake based on a wavelet analysis and the scalar-similarity concept. Ebullition events
occur heterogeneously in both space and time, and result in large positive deviations from
the temporal average, leading to scalar dissimilarity. These dissimilar components may be
separated from similar components in the wavelet time-scale domain, with the calculation of
fluxes carried out separately for diffusive and ebullitive emissions. The partitioning method
was applied to 15 days of data obtained above a shallow mid-latitude lake. The partitioned
diffusive flux shows a physically sound dependence on wind speed, supporting the validity
of the method. Note that while these results cannot be obtained for the total CH4 flux, the
partitioning method helps to clarify the basis of CH4 emissions from lakes. Although the
method needs further improvement and validation using a larger dataset and data from other
lakes, it is potentially useful because it requires only the turbulent fluctuations of CH4 density
and other scalars, along with an empirical parameter. Therefore, it can be easily applied to
data obtained in the past.
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