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Abstract
The three turbulent velocity components, water vapour (H2O), carbon dioxide (CO2), and
methane (CH4) concentration fluctuations aremeasured above a boreal peatland and analyzed
using conditional sampling and quadrant analysis. The overarching question to be addressed
is to what degree lower-order cumulant expansion methods describe transport efficiency
and the relative importance of ejections and sweeps to momentum, CH4, CO2 and H2O
fluxes across a range of atmospheric flow regimes. The patchy peatland surface creates
distinctly different source and sink distributions for the three scalars in space and time thereby
adding to the uniqueness of the set-up. The measured and modelled fractional contributions
to the momentum flux show that sweep events dominate over ejections in agreement with
prior studies conducted in the roughness sublayer. For scalar fluxes, ejections dominate the
turbulent fluxes over sweeps. While ejective motions persist longer for momentum transport,
sweeping events persist longer for all three scalars. Third-order cumulant expansions describe
many of the results detailed above, and the results are surprising given the highly non-
Gaussian distribution of CH4 turbulent fluctuations. Connections between the asymmetric
contributions of sweeps and ejections and the flux-transport term arising in scalar turbulent-
flux-budget closure are derived and shown to agree reasonably well with measurements. The
proposed model derived here is much simpler than prior structural models used to describe
laboratory experiments. Implications of such asymmetric contributions on, (i) the usage of
the now proliferating relaxed-eddy-accumulation method in turbulent flux measurements,
(ii) the constant-flux assumption, and (iii) gradient-diffusion closure models are presented.
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1 Introduction

The role of peatlands in climate science is rarely disputed given their contribution to methane
(CH4) generation (Walter and Heimann 2000; Mattson and Likens 1990). Anaerobic condi-
tions in the soil result in CH4 production and subsequent transport to the surface by diffusion
in the water phase and in the gas phase through vegetation stems and ebullition describing
sporadic bubble release from sediments (Whalen 2005). The latter two mechanisms, espe-
cially ebullition, lead to spatially patchy sources of CH4 at the land–atmosphere interface that
differ from their water vapour (H2O) and carbon dioxide (CO2) counterparts. The detailed
signature of such spatial heterogeneity in CH4 sources on turbulent CH4 concentration fluc-
tuations and concomitant turbulent transport into the atmosphere has rarely been considered
and frames the scope of the work described herein.

In the high-Reynolds-number turbulent boundary layer, coherent structures with large
turbulent-flux-bearing events (Cantwell 1981) have been conventionally classified as one of
two types: ejections and sweeps (Robinson 1991). In momentum transport, these events are
routinely detected by conditional sampling using quadrant analysis (Wallace et al. 1972;
Willmarth and Lu 1972; Antonia and Atkinson 1973; Lu and Willmarth 1973; Antonia
1981). Ejection–sweep statistics and their contribution to momentum transport have been
extensively investigated for smooth and rough walls (Nakagawa and Nezu 1977; Raupach
1981) at different Reynolds numbers (Priyadarshana and Klewicki 2004); canopy cover
(Finnigan 1979; Shaw et al. 1983; Maitani and Ohtaki 1987; Su et al. 1998; Poggi et al.
2004a, b; Watanabe 2004; Cava et al. 2006; Thomas and Foken 2007; Yue et al. 2007);
stratified atmospheric flows over uniform vegetated surfaces (Katul et al. 1997b; Li and Bou-
Zeid 2011); complex terrain covered by vegetation (Baldocchi and Meyers 1988; Poggi and
Katul 2007; Francone et al. 2012); the urban roughness sublayer (Rotach 1993; Moriwaki
and Kanda 2006) and street canyons (Wang et al. 2014); the convective boundary layer
(Wyngaard andMoeng 1992; Ghannam et al. 2017; Salesky et al. 2017); the marine boundary
layer (Katsouvas et al. 2007), air-water exchange (Variano and Cowen 2013), and flow below
ice-sheets (Fer et al. 2004), to list a few examples. A review of the history, development,
usage, and novel extensions of quadrant analysis and conditional sampling in turbulence is
presented elsewhere (Wallace 2016).

Links between quadrant analysis and Reynolds-averaged turbulence modelling was
achieved using Gram–Charlier expansions (Frenkiel and Klebanoff 1967, 1973) by con-
necting the asymmetry in ejecting and sweeping motions to turbulent-flux-transport terms.
Such cumulant expansion methods (CEMs) allow one to study the degree to which higher-
order (higher than second order) cumulants are able to explain the excursions of the observed
probability density function (PDF) fromGaussian distribution, since by definition for a Gaus-
sian distribution only the first two cumulants (i.e. mean and variance) differ from zero. When
low-order cumulants suffice to describe the joint PDF of the components of velocity statistics
(Antonia and Atkinson 1973), the turbulent kinetic energy (TKE) can be linked to sweeping
and ejecting motions via (Raupach 1981)

FT K E = 1

2
w′(u′2 + v′2 + w′2) = �So

(
a1σ

2
u σw + a2σ

3
w

)
, (1)

where FT K E is the vertical transport of TKE, u′, v′, and w′ are the turbulent velocity fluc-
tuations in the longitudinal (or x), lateral (or y), and vertical (or z) directions, respectively,
�So ∈ [−1, 1] signifies the relative contributions of sweeps (defined here as �So > 0) and
ejections (defined here as �So < 0) to the turbulent momentum flux w′u′, a1, and a2 are
constants determined from experiment, σ 2

s = s′2 is the variance of any turbulent flow variable
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s′ (i.e. s′ includes velocity and scalar concentration c′), and primed quantities are excursions
from their time-averaged state indicated by the overline. The definition for�So is given later
in Sect. 3. The �So term can reverse the sign of FT K E to or from the surface depending on
the type of coherent motion that dominates the momentum transport. Equation 1 also devi-
ates from classical gradient-diffusion schemes conventionally used to close triple moments
through gradients in second moments (Launder et al. 1975). Such gradient-diffusion closures
of triple moments remain the cornerstone of many operational meso-scale models such as the
Weather Research and Forecasting (WRF) model described elsewhere (Mellor and Yamada
1982).

Sweep–ejection statistics and their contribution to the transport of a scalar c, especially for
scalars other than temperature, have received comparatively less attention when compared
to momentum transport (Wallace 2016). The analogous sweep–ejection statistics have been
analyzed using quadrant analysis and links to the scalar flux-transport term FT = w′w′c′
have been offered in analogy to the much studied momentum flux. The FT term arises in the
turbulent-scalar-flux budget (Nagano and Tagawa 1990) in analogy to momentum transport
(Nakagawa andNezu 1977). In a neutrally-stratified stationary and planar-homogeneous flow
lacking subsidence, the budget for the scalar flux w′c′ yields

0 = −σ 2
w

dC

dz
− dFT

dz
− c′ dp′

dz
, (2)

where c′ is, as defined before, the turbulent concentration of a scalar entity (i.e. CH4, H2O,
and CO2) characterized by ameanC , and p′ is the pressure fluctuation due to turbulence. The
right-hand side of Eq. 2 describes a balance between three terms: a turbulent flux production
arising from the action of a mean-squared turbulent turnover velocity (i.e. σ 2

w) on the mean
scalar concentration vertical gradient, transport by turbulence (i.e. dFT/dz), and pressure–
scalar interaction that acts to de-correlate w′ from c′ and is known to be far more efficient as
a destruction process when compared to molecular terms (Katul et al. 2013). As a model of
maximum simplicity, the case where the pressure–scalar interaction is closed using only the
slow part of a linear Rotta scheme is considered. This closure yields an expression for w′c′
given by

w′c′ = − τ

CR

(

σ 2
w

dC

dz
+ dFT

dz

)

, (3)

where τ is a relaxation time scale inferred from TKE and its mean dissipation rate, and CR

is the Rotta constant. In analogy to momentum, sweeps and ejections are also expected to
govern the sign and magnitude of FT, which is the ‘parent term’ responsible for the failure
of gradient-diffusion theory across many flows (Corrsin 1975; Deardorff 1978).

To what degree the source–sink spatial inhomogeneity at the surface that is expected for
CH4 (but less so for scalars such as CO2 or H2O) affects connections between ejecting and
sweeping motions and FT is far from resolved, and frames the overall objective of the work
reported here. To bring this point into sharper focus, the measured normalized PDFs of the
time series of CH4 (s = CH4), H2O (s = H2O), CO2 (s = CO2) concentrations, and vertical
velocity (s = w) collected above a peatland (to be described later) are shown in Fig. 1. It
is evident that the PDF values of CH4 concentration deviate appreciably from Gaussian,
whereas the PDF values of the remaining scalars and vertical velocity component do not and
appear reasonably described by the lower-order CEMs. In fact, Fig. 1 demonstrates that even
fourth-order cumulant corrections to Gaussian distribution appear insufficient to describe
the CH4 concentration fluctuation PDF values, whereas third- or fourth-order CEMs appear
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Fig. 1 Measured (symbols) and modelled (lines) probability density function (PDF) using Gaussian (solid),
third-order cumulant expansion (red-dashed), and fourth-order cumulant expansion (blue-dot) for vertical
velocity (top-left), CO2 concentration (top right), CH4 concentration (bottom left), and H2O concentration
(bottom right). The equations describing the third- and fourth-order cumulative expansionmethod as a function
of the skewness and flatness factors employed here are described elsewhere (Nakagawa and Nezu 1977). For
comparisons, all time series are normalized to zero-mean and unit variance. The series shown was collected
aroundmidnight on July 22 2013 for near-neutral atmospheric stability (stability parameter z/Lo = 0.02, where
z is the height from the surface and Lo is the Obukhov length). Note the large deviations from a Gaussian
shape for the CH4 concentration

adequate to describe the PDF values of vertical velocity and the remaining turbulent scalar
concentration statistics.

To address the overall objective in a systematic way, a guiding question can now be
stated as follows: to what degree can the lower-order CEMs describe transport efficiency
and the relative importance of sweeps and ejections to momentum, CH4, CO2 and H2O
fluxes across differing atmospheric thermal stratification regimes above a peatland? The
aforementioned quantities such as transport efficiency and relative flux contributions due to
sweeping and ejecting motions are expected to be sensitive to the joint PDFs betweenw′ and
the remaining flow variables, hereafter referred to as JPDF(w′, s′), instead of the uni-variate
PDF values shown in Fig. 1. The practical consequences of the findings here on, (i) the usage
of the now proliferating relaxed-eddy-accumulation method in turbulent-flux measurements
of trace gases, (ii) the constant-flux assumption employed in virtually all flux-monitoring
field experiments, and (iii) gradient-diffusion closure models are discussed.

2 Experiment

The measurements were conducted above a boreal oligotrophic fen at Siikaneva in southern
Finland (61◦50′N, 24◦12′E, 162 m a.s.l.) described elsewhere (Rinne et al. 2007). Briefly,
the instrumentation located on a meteorological tower consisted of an ultrasonic anemometer
(USA-1,MetekGmbH) that measures the three velocity components and virtual temperature,
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an infrared gas analyzer (LI-7000, Licor Inc.) that measures the H2O and CO2 concentration
fluctuations, and an off-axis integrated cavity output spectroscopic gas analyzer (FMA, Los
Gatos Research) that measures CH4 concentration fluctuations. The CH4 gas analyzer per-
formance has been checked against other precision systems and was found to agree with their
performances (Peltola et al. 2013). Instruments were placed at z = 2.8 m above the surface
with a 0.2-m vertical separation distance between the gas analyzer inlets and the anemometer.
The site is flat but microtopographic variations do exist along with a relatively patchy veg-
etation cover characterized by a mean height of about 0.3 m. Also, a few open-water ponds
exist around the meteorological tower depending on the hydrological state of the peatland.

All time series were sampled at 10 Hz and turbulent flow statistics were computed over
a 30-min interval. The period considered here is from June to August 2013, which matches
the annual peak in CH4, CO2 and energy fluxes observed at the site. The experiment resulted
in 4416 runs, each of 30-min duration. Double rotation (i.e. w = v = 0) was employed to
determine the mean flow for each 30-min run when computing velocity statistics, turbulent
momentum and scalar fluxes. Gas mixing ratios were converted to be relative to dry air
using H2O data from the LI-7000 analyzer. This is also a viable approach for CH4 mixing
ratio measured with the FMA gas analyzer, since the two analyzers shared the main inlet
line (Peltola et al. 2013). Because of delays between measured c′ and w′, a maximum cross-
correlation analysis was used to compute the lag time for each run. The lag timewas estimated
for each gas within predefined windows set by the air-sampling flow rate, tube length and
diameter. The magnitude of high-frequency loss persistent for all measurements made with
closed-path analyzers was also estimated. However, any correction for the loss was neglected
herein, since it was deemed to have a negligible effect on the results based on an analysis
with a smaller set of data that was corrected with the approach developed by Nordbo and
Katul (2013). Stationary checks (Foken andWichura 1996) and insufficient turbulent mixing
(friction velocity u∗ < 0.2 m s−1) were used as quality criteria to filter relevant runs out of
the analysis, as is commonly recommended in flux-monitoring protocols (Mammarella et al.
2016). Additionally, periods when the measurement devices malfunctioned were removed
prior to analysis. Out of the 4416 runs, 1430 runs passed all these filters and are used here.
Throughout, the effects of buoyancy on the flow statistics are quantified using the atmospheric
stability parameter ζ = z/Lo, where Lo is the Obukhov length (Obukhov 1971; Foken 2006).

3 Method of Analysis

We rely heavily on quadrant analysis of the measured turbulence data and compare these
results with analytically-derived expressions obtained using cumulant expansion methods.
Ejecting and sweeping motions are delineated using quadrant analysis mathematically illus-
trated for momentum transport here. In quadrant analysis, scatter plots are formed by two
turbulent flow variables (w′ and u′) with quadrants defined in a Cartesian plane having an
abscissa w′ and an ordinate u′ as follows: quadrant 1 (or Q1) labelled as outward interaction
for which w′ > 0 and u′ > 0, quadrant 2 (or Q2) labelled as sweeps for which w′ < 0 and
u′ > 0, quadrant 3 (or Q3) labelled as inward interaction for which w′ < 0 and u′ < 0,
and quadrant 4 (or Q4) labelled as ejections for which w′ > 0 and u′ < 0. Because u′w′
is negative, Q2 and Q4 are presumed to be the main or direct momentum-flux transporting
motions, whereas Q1 and Q3 are presumed to be counter or indirect momentum-flux con-
tributors as they reside in quadrants with fluxes opposite in sign to u′w′. For scalars, when
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Fig. 2 Sample quadrants for momentum, CO2, CH4, and H2O turbulent fluxes for the same run used in
Fig. 1. Conventionally, sweeps and ejections are associated with events in quadrants 2 and 4, respectively for
w′u′ < 0 and w′c′ < 0 (Note that this is opposite to Raupach (1981). When the turbulent flux w′c′ > 0,
sweeps and ejection events become associated with quadrants 3 and 1, respectively. Note the different scatter
in CH4 quadrants when compared to H2O and CO2. Colour denotes the density of the point cloud

the turbulent flux w′c′ > 0, sweeps and ejection events become associated with quadrants 3
and 1, respectively.

Examples of quadrants formed by w′ and s′ for s′ = u′ and s′ = c′ with c′ being the
concentration fluctuations for CO2, CH4, H2O are shown in Fig. 2 for the same night-time
run featured in Fig. 1. Here, w′u′ < 0 and Q2 and Q4 are the main contributors to the
momentum flux. For c′, w′c′ > 0 for all three scalars in this 30-min run and Q1 (ejection)
and Q3 (sweep) become the main contributors to the turbulent flux. The sign ofw′c′ can vary
from run-to-run, especially for CO2. The quadrant differences in ejection–sweep transport
between CH4 and the remaining flow variables are rather striking, which is one of our main
motivating points.

By expanding a Gaussian distribution with Gram–Charlier expansions (Frenkiel and Kle-
banoff 1967, 1973) it is possible to evaluate howwell third- or higher-order moments explain
the non-Gaussian character of turbulence observations (shown, e.g., in Figs. 1 and 2). In short,
for a Gaussian distribution only the first two cumulants (i.e. mean and variance) differ from
zero; likewise only the first two moments may vary and higher moments (e.g. skewness and
kurtosis) are fixed. A third-order cumulant expansion of a univariate Gaussian PDF allows
the third cumulant to differ from zero, along with a non-constant third moment (i.e. skew-
ness). Similar cumulant expansion can be done also for bivariate probability distributions
(i.e. joint PDFs). Such expansions are often used to study, e.g., the role of coherent structures
on Reynolds shear stress (Raupach 1981) and scalar transport (Katul et al. 1997b) in the
turbulent boundary layer and are also used herein.

One measure that characterizes the indirect (FIndirect , inward and outward interaction)
versus direct (FDirect , ejections and sweeps) contributions to turbulent fluxes is the transport
efficiency given by Wyngaard and Moeng (1992)
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eT = 1 −

∣
∣
∣
∣
∣
∣
∣

〈w′u′〉|1+〈w′u′〉|3
〈u′w′〉

〈w′u′〉|2+〈w′u′〉|4
〈u′w′〉

∣
∣
∣
∣
∣
∣
∣
= 1 −

∣
∣
∣
∣
FIndirect

FDirect

∣
∣
∣
∣ , (4)

where 〈w′u′〉|i/〈u′w′〉 is the flux fraction in quadrant i (i = 1, 2, 3, 4). When the joint PDF
of u′ and w′ is Gaussian, then (Wyngaard and Moeng 1992)

eT = 2π |Ruw|
π |Ruw| + 2

√
1 − R2

uw + 2|Ruw| sin−1(|Ruw|) , (5)

where Ruw = u′w′/(σuσw) is the correlation coefficient between w′ and u′. A convenient
measure that characterizes the flux fraction due to sweeps and ejections (i.e. �So) is given
by Raupach (1981)

�So = 〈w′u′〉|2 − 〈w′u′〉|4
〈u′w′〉 , (6)

where < w′s′ >i sums events in quadrant i . Note that here Q2 corresponds to sweeps and
Q4 to ejections, which is opposite to the definition in Raupach (1981). Sweeps dominate the
transport when �So > 0 and ejections are more important when �So < 0. To link �So
with turbulence closure modelling, a third-order cumulant expansion to JPDF(w′, u′) was
proposed by Raupach (1981),

ΔSo = M11 + 1

M11
√
2π

[
2C1

(1 + M11)2
+ C2

1 + M11

]
, (7)

where C1 and C2 are given by

C1 =
(
1 + M11

)[
1

6
(M03 − M30) + 1

2
(M21 − M12)

]
, (8a)

C2 = −
[
1

6
(2 − M11)(M03 − M30) + 1

2
(M21 − M12)

]
, (8b)

Mi j = 〈w′i u′ j 〉
σ i

wσ
j
u

. (8c)

The M notation is convenient to use here when describing different statistical (mixed)
moments. For instance M11 defines the correlation coefficient, M30 or M03 define individual
skewnesses of w′ and any flow variable s′, and M12 (associated with turbulent transport of
variance) and M21 (associated with turbulent transport of flux) define higher-order mixed
moments. The mixed moments M12 and M21 have been shown elsewhere (Katul et al. 1999a,
2006) to contribute more to �So than to M03 and M30 allowing for a further simplification

ΔSo ≈ 1

2M11
√
2π

[
M21 − M12

]
, (9)

which is hereafter referred to as an incomplete CEM. The CEM and incomplete CEM are
derived for quadrants 2 and 4 when w′s′ < 0. To apply both CEM and incomplete CEM to
cases where w′s′ > 0, a sign transformation can be applied (reverse sgn(c′)) as discussed
elsewhere (Katul et al. 1999a). A large corpus of experiments on momentum transport over
smooth and differing types of roughness elements suggests that M12 = buwM21 across the
entire boundary layer, where buw ≈ −1 as presented elsewhere (Raupach 1981). A value of
buw ≈ −0.6 was reported for flows within and just above dense canopies across a wide range
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of thermal stratification conditions (Cava et al. 2006). If these findings are extrapolated to
scalar transfer here, and also noting that M21 = FT/(σ 2

wσc), then an expression for FT can
be derived from Eq. 9 and formulated as

FT = 2
√
2π

1 − bwc
σ 2

wσc Rwc�So, (10)

which is analogous to the equation for the vertical transport of TKE (i.e. Eq. 1). This expres-
sion can be further used to formulate Eq. 3 as

w′c′ = − τ

CR

(

σ 2
w

dC

dz
+ 2

√
2π

1 − bwc

d

dz
σ 2

wσc Rwc�So

)

. (11)

Equation 11 shows how �So (in magnitude and sign) perturbs mean gradient-diffusion
closure for the scalar turbulent fluxes. Even when gradient-diffusion closure applies, differ-
ences in �So across scalars may explain why turbulent Schmidt numbers differ from unity
or among scalars (Li et al. 2015; Katul et al. 2016). These are several reasons why the �So
comparisons across scalars (e.g. CH4 versus CO2 andH2O) are warranted. For near-Gaussian
flow statistics, �So = 0 and gradient-diffusion arguments apply. However, �So = 0 may
arise due to factors other than Gaussianity as shown later for CH4 turbulent fluxes.

In analogy to �So, the fractional duration Di for which the flow resides in quadrant Qi

can be determined, and the fractional duration difference between sweeps and ejections can
be computed from �T f = D2 − D4. For a skewed PDF for u′ characterized by a skewness
M03 but near-Gaussian w′, �T f = M03/(3

√
2π) as derived elsewhere (Katul et al. 1999a).

Hence, the sign of �T f is dictated by the sign of the skewness of a flow variable. For near-
Gaussian scalar concentration fluctuations, �T f ≈ 0 and the flow resides equally in ejective
and sweeping quadrants.

4 Results

The aforementioned methods are now employed so as to compare the performance of the
CEM and incomplete CEM to the data. Figure 3 features the �So comparison between CEM
(Eq. 7) and quadrant analysis (Eq. 6) for momentum and the three scalars. Both the CEM
and incomplete CEM reproduce the quadrant-analysis-estimated �So for momentum and all
three scalars and hence are able to explain the observed imbalance between ejections and
sweeps tomomentum and scalar transport. For clarity, only the results from the CEManalysis
are shown in Fig. 3. While this finding may not be surprising for momentum, H2O, and CO2

concentration fluctuations given their near-Gaussian behaviour, it remains surprising for CH4

given its significant non-Gaussian character (Fig. 1).
For momentum, sweeps dominate the turbulent flux whereas ejections dominate the time

fraction (Fig. 4). This appears consistent with roughness sublayer measurements from wind-
tunnel (Raupach 1981) and numerous vegetated and urban-canopy flow studies (Finnigan
1979; Shaw et al. 1983; Maitani and Ohtaki 1987; Rotach 1993; Katul and Albertson 1998;
Finnigan 2000; Poggi et al. 2004a; Cava et al. 2006; Thomas and Foken 2007; Yue et al. 2007)
instead of atmospheric surface (or inertial) layer (ASL) measurements (Raupach 1981; Poggi
et al. 2004a; Li and Bou-Zeid 2011). For a near-neutral ASL, the momentum �So ≈ 0 while
undergoing transition from �So > 0 within the roughness sublayer to �So < 0 in the
outer layer, as reported from wind-tunnel experiments (Raupach 1981) and surface-layer
measurements (Katul et al. 1997b, 2006; Li and Bou-Zeid 2011). The effects of thermal
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Fig. 3 Comparison between quadrant analysis measured andmodelled�So by CEM for momentum transport
(top left), CO2 flux (top right), CH4 flux (bottom left), and H2O flux (bottom right) for all 30-min runs. Sweeps
dominate when �So > 0 while ejections dominate when �So < 0. The one-to-one lines are shown. The
results are virtually identical when repeating the comparison with ICEM instead of CEM. Colour denotes the
density of the point cloud

stratification in the ASL have been shown to affect the sweep–ejection contributions to
turbulent fluxes, with ejections becoming more dominant for strongly unstable conditions
(Katul et al. 1997b; Li and Bou-Zeid 2011; Salesky et al. 2017). Similar unstable thermal
stratification effects on�So have been reported in the roughness sublayer of urban (Moriwaki
and Kanda 2006) and vegetated canopies (Maitani and Ohtaki 1987). In the case of all
three scalars, ejections appear to dominate the turbulent fluxes consistent with many canopy-
sublayer and surface-layer flows. ForCH4 in particular,�So appears surprisingly less variable
when compared to the other scalars.

Figure 4 presents the fractional duration difference between sweeps and ejections �T f

predicted from longitudinal velocity component and scalar concentration skewness against
estimates fromquadrant analysis formomentumand the three scalars. The agreement between
modelled and quadrant analysis estimated�T f is again reasonable suggesting that the lower-
order CEMs (mainly M03) are sufficient to capture the key statistical features of the ejective
and sweeping motions. Because sources and sinks at the surface primarily dictate the sign of
the skewnesses (e.g. negative for momentum, positive for CH4 and H2O, fluctuates for CO2),
sweeping phases are expected to dominate the fractional time for CH4 and H2O transport
and ejective phases for momentum transport. Naturally, peatlands can be sources or sinks
for CO2 depending on the environmental conditions and the plant responses to them. When
the results depicted in Figs. 3 and 4 are taken together, they suggest that sweeping motions
may be more prevalent but ejective motions more efficient for CH4 (and to a lesser extent
H2O) transport given the large bursts in c′. If these large CH4 ‘bursts’ are associated with
spatial and temporal variability of the ebullition process, then ebullition undeniably affects
how sweeping and ejective coherent motions contribute to turbulent CH4 fluxes.
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The transport efficiency (eT) inferred fromquadrant analysis is also reasonably reproduced
by a joint Gaussian PDF as shown in Fig. 5. The transport efficiencies for momentum,
CO2, and H2O span reasonable ranges reported elsewhere for ASL flow (Li and Bou-Zeid
2011; Francone et al. 2012). For CH4, contributions to eT from FIndirect are much smaller
than from FDirect , hence CH4 has a relatively high eT throughout the analyzed dataset. In
fact, FIndirect contributions to eT are smallest for CH4 among all flow variables analyzed
suggesting that direct transport dominates CH4 fluxes. Interestingly, FDirect contributions to
eT for CH4 are commensurate with the most efficient ‘bottom-up’ diffusion process reported
in the convective boundary layer from large-eddy simulation studies (Wyngaard and Moeng
1992).

Figure 6 shows that M12 and M21 appear proportionally consistent with wind-tunnel
(Raupach 1981), ASL (Katul et al. 1997b), and canopy sublayer measurements (Katul et al.
1999a;Katul andAlbertson 1998; Poggi et al. 2004a; Cava et al. 2006). ForCO2, both positive
and negative relations are expected depending on the sign of the flux. Hence, Fig. 6 suggests
an approximate relation between the transport of turbulent flux (M21) and variance (M12) for
all scalars analyzed even when the turbulent flux reverses sign (as is the case for CO2). These
results support the derivation of Eqs. 10 and 11 where a linear dependence between M12 and
M21 is assumed. For CH4, and to a lesser degree for H2O, two groupings of points can be
observed in Fig. 6; they follow the same slope, but have a different (non-zero) intercept. These
two datapoint groupings originate from different wind-direction sectors suggesting that the
relation between the vertical transport of scalar variance (M12) and vertical transport of scalar
flux (M21) depends on wind direction (or source area). It is expected that the dimensionless
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vertical turbulent transport ofCH4 variance (i.e.w′c′c′/(σwσ 2
c )) ismore sensitive to spatially-

intermittent ground sources (e.g. due to ebullition) than the dimensionless turbulent transport
of fluxes (i.e. w′w′c′/(σcσ 2

w)). This assertion is mainly due to the fact that spatial variability
in CH4 ground sources disproportionately affects σ 2

c , thereby increasing the denominator
of M12 in specific wind directions. All in all, the outcome of the analysis in Fig. 6 invites
development of structural models that are much simpler than those proposed by Nagano and
Tagawa (1990).

5 Discussion

The implications of the small �So and large eT values for CH4 for measurement techniques
using the relaxed-eddy-accumulation (REA) method and for turbulence modelling are now
discussed. The focus is on the REA theory described elsewhere (Businger and Oncley 1990;
Baker et al. 1992; Pattey et al. 1993) and its associated assumptions, not on any engineering
design enhancements. Early attempts linked the non-Gaussian character of JPDF(w′, c′)
to assumptions used in the derivation of REA theory (Milne et al. 2001), which prompt
further analysis and discussions herein. With regards to turbulence modelling, flux-gradient
approaches and corollary Bowen ratio and aerodynamicmethods all assume that the turbulent
Schmidt number is the same across all scalars, and that the assumptionw′c′ ∝ dC/dz applies
(i.e. no ‘counter’ or ‘zero-mean’ gradient flow). The role of�So on these assumptions is also
discussed.

5.1 Implications to the Relaxed-Eddy-AccumulationMethod

In the REA method, the turbulent flux is approximated by

w′s′ = Rwsσwσs = βσw(S+ − S−), (12)

where S+ and S− are the means of concentrations or velocity sampled in separate air com-
partments whenw′ > 0 andw′ < 0, respectively, and β is assumed to be a constant (Businger
and Oncley 1990). Key to the REAmethod is that (S+ −S−) does not require high-frequency
concentration sampling as S+ and S− can be measured off-line using precision gas chro-
matography or other means. The development and use of the REA method are exponentially
proliferating in cases where high-frequency scalar concentration measurements are not pos-
sible or practical, such as measurements of volatile organic compounds, ammonia, isotopic
compounds for carbon, ultra-fine aerosol particles, gaseous nitric acid, nitrous oxides, atmo-
spheric sulphur and mercury to list a few (Nie et al. 1995; Beverland et al. 1996; Lamb et al.
1996; Bowling et al. 1998, 1999; Christensen et al. 2000; Gallagher et al. 2000; Nemitz et al.
2001; Schade and Goldstein 2001; Cobos et al. 2002; Ciccioli et al. 2003; Gaman et al. 2004;
Graus et al. 2006; Skov et al. 2006; Grönholm et al. 2007; Bash and Miller 2008; Held et al.
2008; Thomas et al. 2008; Hensen et al. 2009; Park et al. 2010; Ren et al. 2011; Mochizuki
et al. 2014). In arriving at Eq. 12, it is assumed that the slope of the regression line linking
w′/σw to s′/σs is related to the correlation coefficient Rws by

Rws ≈ (S+ − S−)/σs

(w+ − w−)/σw

, (13)
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resulting in a β relation that conveniently depends on w′ and is given by

β ≈ σw

(w+ − w−)
. (14)

Only the probability density function PDF(w′) is now required to evaluate w+ and w−
using

w+ = 2
∫ ∞

0
PDF(w′)w′dw;w− = 2

∫ 0

−∞
PDF(w′)w′dw. (15)

For a Gaussian distribution, PDF(w′) = (1/
√
2πσ 2

w) exp
[−(1/2)(w′/σw)2

]
, w+ =

2σw/(
√
2π) and w− = −2σw/(

√
2π) to yield β = βg = √

2π/4 ≈ 0.63. A consequence
of this assumption is that β must be either constant independent of flow conditions (i.e. z/Lo)
or vary only with PDF(w′) (i.e. β can vary with flow conditions but cannot differ across
scalars). The latter consequence permits the use of a reference scalar (e.g. H2O) along with
the REA measurements to determine run-to-run β variations as flow conditions change.

The main assumption of the REA method is Eq. 13 whose validity is explored in Fig. 7.
Equation 13 reasonably captures the regression slope (or Rws) variations across all flow vari-
ables and z/Lo values (including CH4). However, a 15% overestimation and small variations
around the regression lines are evident. A comparison was conducted to assess whether a
non-linearity in JPDF(w′, c′), as may be expected from the CH4 quadrants shown in Fig. 2,
explains this underestimation bias. One way to assess the effects of such non-linearity is to
compute (C+−0)/(w+−0) and (0−C−)/(0−w−) as estimates of (C+−C−)/(w+−w−).
Here, the regression line describing s′ against w′ passes through the origin by definition. We
found that these two slope estimates deviated by less than 1% across the entire record,
which suggests that a single regression slope describes positive and negative branches of
JPDF(w′, c′).

This overestimation appears most consistent with the Gaussian β = βg = 0.63 being
large relative to β values reported in the literature. Typical β values (with no dead-band w′
corrections) vary from 0.49–0.60 depending on the scalar (Pattey et al. 1993; Gao 1995; Katul
et al. 1996; Tsai et al. 2012), with a stability dependence (Andreas et al. 1998; Ammann
and Meixner 2002; Tsai et al. 2012) being reported as well as roughness sublayer effects
(Ruppert et al. 2006). A recent study of β variations above an Amazonian rainforest (Zahn
et al. 2016) showed even a height dependency (mean β = 0.56 in the roughness sublayer
and β ≈ βg well above the canopy), weak stability dependence with increased instability,
and differences among scalars. Zahn et al. (2016) attributed the small β difference to scalar
source–sink differences at the surface (detected by conditioning data on zenith angle as a
surrogate for light penetration into the canopy).

Why some experiments report run-to-run variations in β for differing scalars and with
different z/Lo values has not been satisfactorily answered. Does the atmospheric stability
dependence of β reported by some experiments originate from variations in PDF(w′)? If
so, the effects of stability dependence of PDF(w′) alone cannot explain why β is different
for differing scalars in some experiments. To progress further in answering this question,
cumulant expansions beyond third-order for JPDF(w′, c′) are required. As is shown later,
both asymmetry and intermittency are now needed to delineate small differences in β across
atmospheric stability conditions and scalars analyzed. Using a fourth-order CEM for the
JPDF(w′, c′), it was found elsewhere (Milne et al. 2001) that β is given by
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β ≈ βCEM =
4
9

√
π/2

1 + 4
27

(
3
4M40 − M−1

11 M31

) , (16)

where M40 = (w′/σw)4, M31 = w′3s′/(σ 3
wσs), and M11 = Rws = w′s′/(σwσs) as before.

To be clear, Eq. 16 is only diagnostic, not prognostic, as M31 and M11 cannot be measured in
standard REAmethodology. The formulation is used here because it offers a plausible expla-
nation as to why β differs across scalars and stability conditions when scalar and momentum
transport depend on the samePDF(w′) (orM40 here). Equation 16makes clear that the source
of variations in β arises from two quantities: M40, which varies with the flatness factor of
w′, and M31/M11. The M40 is sensitive to intermittency (or on–off behaviour) of the vertical
velocity only and can vary with z/Lo. However, M40 should be the same across all scalars
for the purposes of β calculations. On the other hand, the ratio M31/M11 reflects the role
of asymmetry in w′ when transporting s′ as well as the effects of eT set by M11 (or Rws).
Equation 16 is compared in Fig. 8 against β inferred using Eq. 12 for the fluxes ofmomentum,
CO2, CH4, and H2O. The mean of the measured and CEMmodelled β (i.e. βRE A and βCEM ,
respectively) here agree with the mean value reported by Milne et al. (2001). This value of
β/βg = 0.56/0.63 = 0.88 also explains much of the mean bias in the present experiment
(i.e. the deviation of regression slopes from unity in Fig. 7 noted earlier). The low variability
in measured and modelled β for CH4 is rather striking when compared to the remaining flow
variables in Fig. 8. This near-constancy in β for CH4 may have been foreshadowed by the
high and near-constant eT reported in Fig. 5 but is now explored further using Eq. 16.

Equation 16 suggests that run-to-run variations in β are primarily driven by the difference
in two terms: (3/4)M40 and M31/M11, which are presented separately in Fig. 9 for all the
studied variables. When (3/4)M40 = M31/M11, β is constant (= 0.56) independent of z/Lo
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and the scalar being analyzed. By and large, Fig. 9 suggests that M40 and M31/M11 are
similar in magnitude, but the terms do not fully compensate for each other when subtracted.
In particular, M31/M11 appears more dependent on variations in z/Lo than M40 for all
variables except CH4. Hence the difference of the two terms exhibits a z/Lo dependence and
the dependence is weaker for CH4 than for the other scalars analyzed in Fig. 9. This finding
explains why small deviations in β from its expected overall mean β = 0.56 can be scalar-
and stability-dependent as reported in several prior experiments. In part,M31/M11 is sensitive
to source strength, transport efficiency, and asymmetry inw′ whereasM40 is weakly sensitive
to atmospheric stability as shown here. Figure 10 presents separately how M31 and M11 vary
with the transport efficiency eT inferred from quadrant analysis. Unsurprisingly, M11 and eT
are quite closely related to each other as foreshadowed by a near-Gaussian J PDF(w′, s′)
prediction as discussed earlier in Fig. 5. Also, |M31| is connected to eT and increases in a
manner similar to M11 with increasing eT. Hence, with regards to CH4, the near-constancy
of M31/M11 is intimately connected to the high eT (i.e. small indirect flux) separating CH4

from other scalars. Because the indirect flux contribution is substantial for the other flow
variables eT, as well as M31 and M11, vary, eliciting variations in β from its mean β = 0.56.

5.2 Implications to Turbulence Modelling and Constant-Flux Assumptions

From a turbulence modelling standpoint, the work here simultaneously links imbalances
between sweeps and ejections through the sign of �So to, (i) the potential onset of turbulent
flux variations with height that are assumed small in field experiments linking surface emis-
sion or uptake to turbulent fluxes, and (ii) deviations from K-theory and the role of non-local
transport. Equation 11 can be written as a first-order ordinary differential equation given as
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A1(z)
dw′c′
dz

+ A2(z)w′c′ = −σ 2
w

dC

dz
, (17)

where

A1(z) = 2
√
2π

1 − bwc
σw(z)�So(z) (18a)
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A2(z) = CR

τ(z)
+ dA1

dz
. (18b)

When �So = 0 (i.e. equal contributions to the turbulent flux from sweeps and ejections),
A1 = 0, A2(z) = CR/τ(z), and w′c′ = −Kt (z)dC(z)/dz, where Kt (z) is the turbulent
diffusivity given by τ(z)σw(z)2/CR . That is, K-theory and corollary mean gradient methods
(e.g. Bowen ratio, aerodynamic) reasonably describe turbulent fluxes. On the other hand,
a finite �So can lead to a height-dependent w′c′, which is problematic when interpreting
turbulent fluxes as ground sources or sinks. A height-dependent �So also modifies Kt by
modifying the height-dependent inverse time scale CR/τ through dA1/dz, thereby result-
ing in apparent turbulent Schmidt numbers that deviate from unity depending on the sign
of d�So/dz. As demonstrated by several laboratory and field experiments, the transition
vertically from the roughness sublayer to the inertial layer is invariably accompanied by a
height-dependent�So (Raupach 1981). Likewise, changes in thermal stratification introduce
an apparent z-dependent �So through a dependence on the z/Lo, as noted elsewhere (Katul
et al. 1997b; Li and Bou-Zeid 2011).

6 Conclusions

Using quadrant analysis and measured high-frequency concentration fluctuations of CH4,
CO2, H2O, as well as velocity components above a peatland, the following specific conclu-
sions can be drawn:

– Sweeping motions dominate momentum transport, whereas ejective motions dominate
turbulent scalar fluxes, especially CH4. For momentum, these findings suggest that the
flowstatistics above the peatland are analogous to those sampled in the roughness sublayer
instead of the equilibrium layer despite the fact that the turbulent measurements are
conducted at some eight times the mean canopy height. Within the canopy sublayer
(dense or sparse) adjacent to the canopy top, sweeps also dominate over ejections. It is
conjectured that the effects of microtopography, clustering of vegetation, and open water
bodies to the momentum transfer may not have been entirely blended at the measurement
height. More significant is that a variable such as �So may be used in future studies to
define the thickness of the roughness sublayer, which remains elusive.

– The fractional duration differences between sweeping and ejective motions can be pre-
dicted from scalar or longitudinal velocity skewness values (i.e. M03) as demonstrated
by third-order cumulant expansions. The sign of M03 is directly controlled by whether
the surface acts as a source (e.g. CH4 or H2O) or a sink (e.g. momentum or daytime CO2

flux) for the flow variable being analyzed.
– Some dissimilarity existed in the dimensionless vertical transport of variances and turbu-

lent fluxes (i.e. M12 and M21) for all flow variables. However, the two modes of transport
appear reasonably correlated with each other once the sign of the turbulent flux and wind
direction dependence for CH4 are considered. The variability in M12 against M21 for
CH4 is connected to the large spatial and temporal variances in CH4 sources (e.g. due to
ebullition).

– When a fourth-order cumulant expansion is applied to the relaxed-eddy accumulation
formulation, the main deviation of its key parameter β from Gaussian predictions (βg =
0.63) is explained. Run-to-run variations in β originate from two terms: the flatness factor
in vertical velocity (M40) connected to intermittency and the asymmetry in velocity-scalar
transport M31/M11 linked to the transport efficiency (eT). Variations in atmospheric
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stability affect M31/M11 more than the vertical velocity intermittency characterized by
M40. This differential sensitivity to atmospheric stability in M31/M11 and M40 causes β

to vary by some 15% (5% for CH4) from its long-term mean predicte value at β = 0.56.
The latter constant value was derived from the same cumulant expansion analysis but
using averages across all runs. Individually, M31 and M11 vary with eT uniformly across
scalars but their ratio appears less variable.

– Deviations from unity in the turbulent Schmidt number or the turbulent flux variations
with height have been analytically linked to the relative contributions of sweeps and ejec-
tions. These connections lead to expressions that are much simpler than earlier structural
models derived from wind-tunnel and open channel flows.

A number of features can now be highlighted regarding the role of surface-flux spatial and
temporal variability on scalar transport.When comparingCH4 sourceswith other scalars, two
points stand out that distinguish CH4 from the other scalars: plant transport and ebullition.
A heterogeneous plant distribution also affects CO2 variability, but presumably to a lesser
degree than for CH4. To begin with, variable CH4 emissions result in CH4 concentration
fluctuation PDFs that are quite distinct from their horizontal and vertical velocity, H2O, and
CO2 concentration counterparts.While fourth-order cumulant expansions reasonably capture
the individual velocity and the remaining scalar PDF values, they could not fully capture
the CH4 PDF values. However, a third-order cumulant expansion suffices when describing
many aspects of the joint PDF such as asymmetry arising from the imbalance between
sweeps and ejections. The work here also shows that the variability in CH4 emissions from
the surface result in CH4 transport efficiencies that are less variable and much higher than
those associated with momentum, H2O, or CO2 turbulent transport. In fact, the transport
efficiency for CH4 is commensurate with the high values reported for bottom-up diffusion
in the convective boundary layer. This finding can be explained by quadrant analysis, where
the CH4 emission bursts appear to concentrate flux-bearing events in quadrants 1 and 3 (i.e.
the direct flux-transporting quadrants) and minimize occurrences in quadrants 2 and 4 (the
indirect flux-transporting quadrants). This result explains why β and M31/M11 appear less
variable for CH4 when compared to the remaining flow variables.
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