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Abstract The relaxed eddy accumulation (REA) method is a widely-known technique that measures
turbulent fluxes of scalar quantities. The REA technique has been used to measure turbulent fluxes of various
compounds, such as methane, ethene, propene, butene, isoprene, nitrous oxides, ozone, and others. The REA
method requires the accumulation of scalar concentrations in two separate compartments that conditionally
sample updrafts and downdraft events. It is demonstrated here that the assumptions behind the conventional or
two-compartment REA approach allow for one-compartment sampling, therefore called a one compartment or
1-C-REA approach, thereby expanding its operational utility. The one-compartment sampling method is tested
across various land cover types and atmospheric stability conditions, and it is found that the one-compartment
REA can provide results comparable to those determined from conventional two-compartment REA. This
finding enables rapid expansion and practical utility of REA in studies of surface-atmosphere exchanges,
interactions, and feedbacks.

Plain Language Summary Estimates of emission inventory of chemical compounds from the
biosphere remain an indispensable tool in air quality and climate science research. Such inventory requires
the measurements of the number of molecules flowing from the biosphere to the atmosphere, or vice-versa,
per unit ground area per unit time. What makes these measurements challenging is that such molecules are
being transported rapidly by gusts and swirling (i.e., turbulent) motion in the atmosphere. In theory, this
vertical exchange can be measured by a rapidly sampled covariance between vertical velocity and
concentration variations. The main drawback is that such covariance requires rapid concentration
measurements that are difficult to conduct for a large number of chemical species, although it is standard
practice and easier to obtain for carbon dioxide, water vapor, and air temperature. The work here offers an
alternative and efficient approach that necessitates measuring the accumulation of molecules in a single
compartment, supplemented by knowledge of the velocity statistics. Both velocity and accumulated
concentration measurements can be conducted with available instrumentation. Thus, the work here offers a
blueprint for efficient sampling of emission rates across the biosphere-atmosphere interface that can be
deployed in upcoming experiments.

1. Introduction

The relaxed eddy accumulation (REA) method is used to estimate turbulent scalar fluxes when fast-response
sensors for measuring vertical velocity fluctuations are available (typically from sonic anemometers) but only
mean or accumulated concentration measurements can be conducted for the scalars. The premise behind esti-
mating turbulent fluxes using a conditional sampling formulation was first conceived in the 1970s (Desjar-
dins, 1977) but derived in its current form in the early 1990s (Businger & Oncley, 1990) as an alternative or
supplement to eddy covariance (EC) techniques. The REA method gained popularity in atmospheric chemistry
given the difficulty in measuring concentrations of many chemical compounds such as volatile organic com-
pounds (VOC) at high frequency (Bowling et al., 1998; Dabberdt et al., 1993; Grelle & Keck, 2021; McInnes &
Heilman, 2005; Olofsson et al., 2003; Oncley et al., 1993; Pattey et al., 1993). Several prototypes have already
been proposed and built for terrestrial ecosystems (Arnts et al., 2013; B. Baker et al., 1999; Beverland et al., 1996;
Nie et al., 1995; Sarkar et al., 2020) and air-sea exchanges (Brut et al., 2004; Dabberdt et al., 1993), but the
methodology for computing turbulent fluxes remains the same across all REA systems and is given by

we = o, (ct — ), )
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where w’ ¢’ is the sought vertical turbulent flux of scalar c, w is the turbulent vertical velocity, ¢’ is the turbulent
scalar concentration fluctuation, overline denotes time-averaging, /f is a coefficient to be externally specified but

assumed constant independent of surface cover or thermal stratification, o,, = \/ﬁ is the vertical velocity
standard deviation, c* and ¢~ are mean concentrations that must be collected in two separate compartments: one
for updraft events (i.e., w > 0) and another for downdraft events (i.e., w < 0). The advantages of the REA are
evident as 6,, can be measured using standard sonic anemometers and ¢* as well as ¢ do not require any high-
frequency measurements. For some trace gases and VOC, ¢+ and c= can be measured by gas chromatography that
is significantly expensive and requires specialized expertise. The REA is routinely used to measure fluxes of
butene, ethene, isoprene, methane, nitrous oxides, and propene across many biomes (B. Baker et al., 1999;
Darmais et al., 2000; Denmead, 2008; Desjardins et al., 2010; Pattey et al., 1999; Ren et al., 2011; Rhew
et al., 2017; Velentini et al., 1997) along with nitrous acid (HONO) (von der Heyden et al., 2022; Zhang
et al., 2012), terpenoid fluxes (Mochizuki et al., 2014), ammonia, and its volatilization from agricultural fields
(Hensen et al., 2009; Meyers et al., 2006; Zhu et al., 2000), herbicides volatilization (Pattey et al., 1995), fluxes of
several carbon-based compounds such as carbonyl sulfide and carbon disulfide (Xu et al., 2002), halocarbon
(Hornsby et al., 2009), and dimethyl sulfide in air-sea exchanges (Held et al., 2008; H. Zemmelink et al., 2002; H.
J. Zemmelink et al., 2004). Moreover, the REA concept has been extended to measure aerosols and ultrafine
particle fluxes (Gaman et al., 2004; Gronholm et al., 2007; Meskhidze et al., 2018; Pryor et al., 2007; Schery
et al., 1998) and has been successfully used for estimating sediment-water exchanges in aquatic systems (Lemaire
et al., 2017).

The REA method requires the specification of f that has also received significant attention over the last
30 years (Andreas et al., 1998; J. Baker et al., 1992; Gao, 1995; G. Katul et al., 1994; G. G. Katul et al., 1996;
Milne et al., 1999; Zahn et al., 2016, 2023). Some studies report high variability in § (Ruppert et al., 2006)
while others appear to suggest a near-constant value = 0.55-0.59 for atmospheric conditions that are not too
stably stratified (Ammann & Meixner, 2002; G. G. Katul et al., 1996; Tsai et al., 2012; Sakabe et al., 2014).
This constant f = 0.55-0.59 was also reported across many sites including forests and agricultural sites (J.
Baker et al., 1992; Gao, 1995; G. Katul et al., 1994; G. G. Katul et al., 1996), wetlands (Tsai et al., 2012),
peatlands (G. Katul et al., 2018), among others. The invariance of f with respect to atmospheric stability
conditions was also discussed (Zahn et al., 2023). Others report a # = 0.6 for stable atmospheric conditions and
f = 0.56 for unstable conditions over a forest (Dias et al., 2023). Yet, other studies did show that scatter in
can be partially explained by variations in higher-order cumulants of the joint probability density function
(JPDF) formed between w and ¢/ (G. Katul et al., 2018; Milne et al., 1999). These findings are suggestive that
deviations in the JPDF| (wl, c') from Gaussian, often attributed to large contributions in the outward-inward
interaction terms (i.e., counter-flux motions) that weaken the turbulent fluxes, may be partially responsible
for some of the scatter in f.

The work here explores the basic assumption of REA, which is the estimation of the correlation coefficient
between w’ and ¢’ from updrafts (w' > 0) and downdrafts (w' < 0) using linear regression theory. It is
shown that the linearity assumption that is inherent to the conventional or two-compartment REA (2C-REA)
method invites the development of one-compartment measuring systems. This approach leads to an estimate
of the scalar fluxes based on concentration accumulation in updrafts or downdrafts (but not necessarily both).
As in the 2C-REA, the newly proposed approach requires an adjustment factor shown to be commensurate to
adjustments in S from those derived for a Gaussian distribution. The approach, along with the inherent
assumptions necessary to develop the one-compartment REA (1C-REA) approach is tested using measured
time series of vertical velocity, longitudinal velocity, and air temperature collected over a variety of eco-
systems spanning forests, grassland, soils, ice sheets, and lakes. The agreement between measured turbulent
fluxes and predicted from a one-compartment model is encouraging but should be treated as a proof-of-
concept.

2. Theory

Throughout, the mass exchange of a scalar ¢ between an underlying surface and the atmosphere is presumed to be
fully turbulent so that the vertical flux is given by
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Figure 1. Conceptual representation of the relaxed eddy accumulation (REA)
method. Black circles represent the quadrant plot of measured w'/ o,, and

T'/ o7 from one of the 30-min runs over the pine canopy in the Duke forest. In
this case, w' T’ >0 and quadrants 1 (ejection) and 3 (sweeps) are the
contributors to the turbulent flux while quadrants 2 (inward interaction) and 4
(outward interaction) oppose the turbulent flux and are known as “counter-
flux.” The solid black lines denote the axes and the one-to-one line. The green
circles denote the coordinates of the points w*/o,, TV or), and (W=/o,,,
T~ /oy) in the quadrant plane. The green line connecting the green points is the
slope used in the relaxed eddy estimation (REA) as stated in Equation 3. Blue
circles show the empirically determined expected values of T'/ o, conditioned
on binned values of w*/6,, and w™/0,, as a precursor to Equation 21. The solid
red line represents the positive one-compartment REA slope and the dashed red
line represents the negative one-compartment REA slope respectively as stated
in Equation 21.

W, C/ = R\/l/(.' D-HZ UL' b (2)

where w and c are, as before, the instantaneous vertical velocity and scalar
concentrations, respectively. Primed quantities are deviations from their time-

averaged states that are indicated by an overbar (i.e., =0 w =0,

o, = (CTZ)I/Z is the root-mean-squared scalar concentration fluctuations, and
R,. is the correlation coefficient between w’ and ¢, which represents the
efficiency of scalar transport. The traditional quadrant analysis (G. Katul
et al., 2006) is used to classify turbulent motions that are to be conditionally

sampled in the estimation of w'¢’ in REA formulations. These quadrants are
formedinaw’ — ¢’ plane with abscissa x = w'/ o,, and ordinate y = '/ o, as

shown in Figure 1. When wi >0, ejection events W >0, >0) are
associated with quadrant 1, and sweep events ' < 0,¢" < 0)are associated
with quadrant 3, which are called “co-flux” motions. On the other hand, in-
ward (w' <0, d > 0) (quadrant 2) and outward (w' > 0, < 0) interaction
events (quadrant 4) are labeled as “counter-flux” because they act to reduce
the net w'¢’. Conversely, when we < 0, ejection events (w' > 0, < 0)
are associated with quadrant 4, sweep events (w' <0, > 0) are associated
with quadrant 2, inward (w/ <0, < 0) (quadrant 3) and outward (w' > 0,
d > 0) (quadrant 1) quadrants are now labeled as “counter-flux” because

they still act to reduce the magnitude of the net w'e.

2.1. Review of the REA Method

From linear correlation analysis (to be elaborated upon later), the regression
slope of x = w'/ o,, (abscissa) against y = '/ o, (ordinate) can be related to
the correlation coefficient using

(¢t =)/,

R — ,
(w+ - T)/aw

wc

3)

where, once again, c* is the conditional average of scalar c instantaneously
attributed to updrafts events (w/ > 0), and ¢~ is the conditional average of
scalar ¢ instantaneously attributed to downdrafts events (w/ < 0) as shown in
Figure 1. When this estimate for R, is inserted into Equation 2, the 2C-REA
method becomes

we = [(W_+"_W__)]aw (F —). )

The estimates of R,,. from the data and the regression slope using Equation 3 are featured in Figure 1. The figure is

suggestive that R, can be reliably estimated from only two points (large green dots in the figure) as necessary for
the 2C-REA since the velocity fluctuations are obtained after de-meaning the time series so that the mean of the
fluctuations is always zero, and the scatterplot must be centered around the (0, 0) point.

The mathematical form of Equation 4 may also offer an explanation as to why f in Equation 1 appears constant

across studies. To illustrate, consider a Gaussian distributed w’ with a probability density function PDF/ (w/)

given by

PDF(W/> - exp (—%) (5)

w

1
V270,
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Using this assumed PDF (w') , the w* points define a half-normal distribution and w¥+ can thus be determined as
(J. Baker et al., 1992; G. Katul et al., 2018)

wt =

0°° W’PDF(W’) aw'’ (O’W/\/E)

JyPDE(w" ) ! S

. (6)

where the numerator denotes the ensemble mean of w' > 0 and the denominator denotes the fraction of time
w >0 (i.e., = 1/2). Likewise, w— = —20,,/4/2%. Hence, a coefficient ﬁg associated with a Gaussian PDF (w/)
can now be introduced to further simplify the REA formulation as

o\

b= 4 9

which is a constant independent of the flow and the scalar concentration statistics. However, this value of
B, = 0.63 appears higher than those reported in a number of experiments (§ = 0.55-0.59) as reviewed elsewhere
(G. G. Katul et al., 1996). This discrepancy of linear regression analysis to estimate R,,. from Equation 3 has led
some to propose an operational REA model that simply replaces Equation 4 with Equation 1 while treating f as an
externally supplied coefficient, usually a constant smaller than f3,. This failure along with 3/, < 1 is most evident
when the JPDF! (w/, c') is non-Gaussian and counter-flux events occur in significant fraction during the sam-
pling duration.

The quantification of non-Gaussian JPDF' (wl , c') on the interaction between w’ and ¢’ can be evaluated using a
Shannon information entropy (Shannon, 1948) or level of mutual dependence given by Palus§ and Novotna (1994)
JPDF(w. ')
I(W’, c') = /]JPDF(W', c')ln — =7 _|dw'dc, 8)
PDF(w ) PDF(¢')

where [ (w' cl) is defined as a mutual information content between w’ and ¢’ . To normalize this measure to be
bounded between [0, 1], a transformation

A= \/1 — exp [—Zl(w’, c’)] 9)

can be used, which can also be labeled as a generalized correlation coefficient (Tsonis, 2001). When the
JPDF(w', ¢") is Gaussian characterized by a correlation coefficient R,, Iz(w', ¢’) = (=1/2)In(1 — R?,) and
Ag = |R,.|- This means that when the JPDF (w', c') is Gaussian, the generalized correlation coefficient reduces

to the linear correlation coefficient (Tsonis, 2001). Thus, the absolute difference between A and |R,.| (or
A, = |R,.|) may be used to assess inadequacies of linear correlation models to capture interactive effects between
w’ and ¢’ and link them to deviations from a Gaussian JPDF (w', c'). The absolute difference between A; and
|R,.| proved to be effective in analyzing the Mackey-Glass model (a non-linear time-delayed differential
equation) where A, is significant but |R,.| is not (Tsonis, 2001; Tsonis et al., 1994).

Tracking analytically these effects on f requires additional simplifications. A way forward is to employ fourth-
order cumulant expansion methods (CEMs) and simplifications to them on the PDF's and JPDFs. It has been
repeatedly demonstrated that CEMS describe the flow statistics well in the roughness sublayer above obstacles
(Heisel et al., 2020), in the canopy sublayer above rods with varying rod densities (Poggi et al., 2004), in multiple
forest types and across many stability regimes (Cava et al., 2006; Banerjee et al., 2017; G. Katul, Hsieh, Kuhn,
et al.,, 1997), in sparse canopies on sloping terrain (Francone et al., 2012), in rod canopy on hills (Poggi &
Katul, 2007), over bare soils and ice sheets (Fer et al., 2004; G. Katul et al., 2006), in many regions of smooth
walled open channels (Nakagawa & Nezu, 1977), and in the inner and outer layers of rough-walled wind tunnel
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experiments across many types of roughness elements (Heisel et al., 2020; Raupach, 1981). The utility of fourth-
order CEM yields (Milne et al., 1999; G. Katul et al., 2018)

4
_ 3 0
Peem = e o\’ (10)
31

where M;; = w wici/ (O’ , thus My, = (w'/6,,)* is the kurtosis or flatness factor (a measure of intermittency) of
the vertical velocity fluctuations (i.e., the same for all scalars), M3; = w'/e6,)? (c / ac) is related to the strength of
the interaction between the asymmetry in w and ¢ (and can vary across scalars), and
My, =R, = (W'/5,)(c'/5,) is, as before, the correlation coefficient. It is instructive to note that when

—-M. 11
a0 = M (11)

=4/ 9)\/;/—2 = 0.56, which is smaller than 8, = 0.63 but closer to the empirically reported range between 0.55
and 0.59. A possible cause for the coordination between M4y and M3,/ M needed to explain a constant f = 0.56
is proposed. For four arbitrary variables that are Gaussian distributed @, b, and d/), the fourth moment is
given by Monin and Yaglom (1971), Nakagawa and Nezu (1977)

abdd =db Jd +dd bVd +dd bc. (12)
Adopting this approximation for ww'w'¢" and expanding yields

My ww'w'c o0, 3w’w’ w1 3 (13)
Mll I S 0c w'c' 0%}

Recalling that M4, = 3 for a Gaussian process results in direct equality between My, (=3) and M3,/ M;; (=3)
when deviations from Gaussian distribution are small. The small imbalance between (3/4)M,, and M5,/ M,; in
Equation 10 is necessary to recover f8, when the flow statistics are Gaussian. Under the assumption that M4y = 3
and M3,/M,; = 3 (i.e., Gaussian),

ﬂCEM 1 +4><3 3 1) \[ ﬂ (14)

The formulation in Equation 10 makes clear that the mechanisms deciding on whether fScgy/B, < 1 or
Bcem/ By > 1 depend on how non-Gaussianity impacts Myo and M3,/ Myy. As M3/My; — 0and Myy > 4 results
in fegy < 0.39. Conversely, a near-Gaussian My,(=3) and a larger than Gaussian M3,/M;; (=4) can lead
to fepy > 0.7.

2.2. A One-Compartment REA (1C-REA)

As noted earlier, the conventional REA requires two compartments—one for accumulating scalar mass associated
with updrafts and another associated with downdrafts. However, when enforcing the regression of y = '/ o,
against x = w'/ o,, to pass through the origin x = 0, y = 0, two other slope estimates for R,,. can be introduced.
These estimates form the basis of what is now labeled as one-compartment model. These two regression slopes,
also shown in Figure 1, are now given as

15)

With these estimates, the single-compartment REA approach is
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w = [%]JW(C_J’) = [%Jow(c—‘). (16)

The finding in Equation 16 is that accumulating scalars in one compartment (up or down) instead of two com-

partments suffice to estimate w'¢’. This assertion will be explored using simulations from measured high-
frequency velocity and scalar concentration time series. Once again, some deviations from basic REA approx-
imations may be absorbed by coefficients a, and a_ as was done with f. That is, the adjusted 1C-REA can be
expressed as

W =a, [w:t:] o,(ct)=a_ [w:‘i] o,,(c). a7

A number of assumptions must now be pointed out regarding the origin of these coefficients @, and a_. Defining
E(.) as the ensemble expectation operation, linear regression analysis between x and y necessitates that

E(ylx) = Ryx, (18)

where E(y|x) is the expectation that y occurs for a known x. Evaluating these expectations at w*/e,, and w~ /o,
yields

Gicc—+ = 5((¢/0.)| (7 /5.)) = R (19)

aifi = E((c’/ac)

Stated differently, upon assuming the R,,. in Equation 2 is well defined and that time and ensemble-averaging

/o)) = ai s (20)

converge, the following symmetries must hold:

E(c' /o |w* /o, )  E(c /o [w /o,

Moreover, the coefficients a can be interpreted as deviations between time and ensemble-averaged estimates so
that

. - E<c’/:_i|/w;/aw) o E(c//:itvo;/aw) . o2

To recap, Figure 1 presents a sample w’ — ¢’ 30-min run for ¢’ = 7’ (air temperature fluctuations) along with the
various estimations of the slope (R,.) for the regression problem y = R,.x. The large closed (green) dot asso-
ciated with updrafts is determined from w*/g,, and T/ o7. Likewise, the large (green) dot associated with
downdrafts is determined from W=/, and T~ /or. The slope connecting these two points is labeled as the
conventional REA or two-compartment REA slope. The one-compartment REA requires that the regression slope
passes through the origin and thus uses only one of these two points in the slope (or R,,.) estimation: w=/o,, and
T~ /o7 (labeled as REA minus slope) or w* /6, and T/ o7 (labeled as REA plus slope). The agreement between
all these slope estimates and R,,. appears acceptable for this run. Whether these approximations apply to other
runs is explored using similar simulations on sampled w, longitudinal velocity (c' = ul), and air temperature

(cl = TI) across multiple atmospheric stability conditions and surfaces.
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3. Data Sets

Sonic anemometry measurements conducted over an ice sheet (in 1993-1994), a dry lake bed (in 1993), a grass
field (in 1997), a pine forest (in 1996—-1999), a hardwood forest (in 1996), and a deep lake (in 2006) were used to
compare the two-compartment and one compartment REA approaches against EC estimates for heat and mo-
mentum turbulent fluxes across a wide range of atmospheric stability conditions. The ice sheet runs (n = 56) were
sampled at 20.8 Hz and collected over the Nansen ice sheet in Antarctica at z = 10 m (Cava et al., 2001, 2012).
The bare soil runs (n = 19) were sampled above a dry lake bed (Owen's Lake, California, USA) at 10 Hz and
collected at variable heights ranging from z = 2—-3 m (Albertson et al., 1995; Chu et al., 1996). The grass site runs
(n = 127) were sampled at 56 Hz in a large forest clearing at z = 5.2 m (grass height about 1 m) within the Duke
Forest near Durham, North Carolina (Allouche et al., 2021; G. Katul, Hsieh, & Sigmon, 1997). The pine forest
(n = 130) and hardwood forest (n = 180) sites, also situated within the Blackwood division of the Duke Forest,
sampled velocity and temperature at 10 Hz within the roughness sublayer (near the canopy top) across different
leaf area index (LAI) values (Cava et al., 2012; G. Katul, Hsieh, Kuhn, et al., 1997). For the hardwood forest site,
additional data were collected (n = 352) that included runs at multiple levels within the canopy during a seed
dispersal experiment (Nathan & Katul, 2005; Nathan et al., 2002). These data, collected in 2001-2002, included
runs at low (LAI = 1) and high (LAI = 5) values. Finally, data (n = 7,752) measured over Lake Geneva,
Switzerland, were sampled at four levels (z = 1.65, 2.30, 2.95, and 3.60 m, n = 1,938 at each level) above the
surface at a frequency of 20 Hz (Bou-Zeid et al., 2008; Li et al., 2018; Vercauteren et al., 2008). In total, n = 8,589
runs are used in this comparison each for heat and momentum fluxes. For near-neutral conditions, the sensible
heat flux is small whereas the temperature variance remains large. Thus, these near-neutral runs are opportune to
explore the behavior of the REA for small correlation coefficients, which may be anticipated for some trace gases.

4. Results and Discussion

The results and discussion are structured as follows: First, an assessment of the deviation between A derived from
1 (w', cl) and R, is conducted for momentum and heat and across all the sites. This comparison seeks to quantify
how non-Gaussianity in the empirical JPDF (w', c') impacts the linearity assumptions needed in Equation 18.
After completing this assessment, the fourth-order CEM in Equation 10 is used to evaluate how non-Gaussianity
in the JPDF (w', c') directly impacts the sought parameter § and its variability across sites. Last, 1C- and 2C-
REA calculations are compared against eddy-covariance-based heat and momentum flux estimates across all the
sites and atmospheric stability conditions to evaluate the feasibility and generality of the 1C-REA approach.

4.1. Mutual Information and Linear Correlation Measures

Figure 2a compares the A (Equation 9) derived from / (w/, cl) and R,,.. As noted in prior studies (Tsonis, 2001),
|A|>|Rwc| for almost all the runs whether it be for momentum (cl = u') or heat (c’ = TI) fluxes. More asso-
ciation between w’ and ¢ exists in all the turbulence records compared to predictions offered by |R,,.|, especially
for small |R,.| < 0.1. However, for |R,.| > 0.3, A and |R,.| track each other (but they are not identical) sug-
gesting that the JPDF (w', c') may be approximated as quasi-Gaussian (but not exactly Gaussian). A direct
implication of this result is that M4, may be proportional to M3,/ M,; (instead of equal as is the case for Gaussian)
and gy, is an acceptable descriptor of 4. Thus, f is explored next with a focus on how statistical non-linearities
encoded in the JPDF (w', c') deviations from Gaussian impact Equation 18. The impact of such non-linearities
may also be foreshadowed in Figure 1. For the run studied in Figure 1, the expectations of T’/¢ given binned
values of w'/ o,, are computed and presented. These calculations show that in the vicinity of the origin, the
E(T'/ 0T|w// 0w) is well approximated by both—the 2C-and 1C- REA slopes as earlier noted. This finding alone
hints that a CEM approximation to JPDF (w/, c’) that models deviations from Gaussian distribution with few
cumulants (up to four here) may suffice to assess such effects on f.

Furthermore, the difference in momentum and heat fluxes (and other scalar fluxes such as carbon dioxide and
water, checked, but not shown) when they are calculated using a linear regression as opposed to a more general
nonlinear measure is attributed to the presence of non linearity in flux transport mechanisms (Chowdhuri
etal., 2020). In turn, this level of non linearity can be explained by the difference of flow organization by turbulent
coherent structures associated with momentum, heat and scalar fluxes. Further reasoning is beyond the scope of
this work, but something we will explore in future research.
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Figure 2. Using all the data sets: (a) Comparison between a linear correlation coefficient against a nonlinear measure of correlation from information theory for
momentum (left panel) and heat (right panel). The linear correlation coefficient R, is plotted on the x axis against the nonlinear estimation of the correlation coefficient

A on the y axis obtained using mutual information content. The blue circles on the (black) one-to-one line show that the nonlinear measure becomes identical to the linear
estimate when using a Gaussian JPDF| (w/, c/). (b) Comparison of f estimations. The x axis plots the theoretical definition of $ for the relaxed eddy accumulation method
as defined by Equation 1. The y axis plots the gy, as defined by Equation 10 (black circles). The blue circles show the computed value of §, from data as given by
Equation 7 under Gaussian assumption. The dashed black line shows g, = m/ 4. The dotted black line shows S, = 0.56 when Equation 11 is satisfied. (c) Examining
the equality of the two cumulant expansion method terms on the two sides of Equation 11. The x axis shows R,,. and the y axis shows the terms M31/M11 using black

circles and (3/4)M40 using red circles. The blue + markers show the residual between the two terms and the dashed line shows the zero line for reference. (d) Comparison
of a estimations for the 1C-REA approach. The x axis plots R, and the y axis plots @, and a_ as defined by Equation 22. The black dashed line plots @ = 1 for reference.

4.2. CEM Approximations to the JPDF (w/, c') and f Variations

Motivated by the prior findings, the extent to which these non-linearities and concomitant associations derived
from I(w/, c’) impact the constancy and numerical values of § are analytically addressed using the CEM
approximation to the JPDF! (w’, c’). Figure 2b compares the f predictions from CEM (labeled p.p,), the
Gaussian distribution for w’ (labeled B,), the = 0.56 (derived from Equation 11) and § derived from the sta-
tistics of w’ only (as in the original REA) for momentum and heat fluxes at all sites. The f-,, reproduces best the

empirically derived f = W[aw (ct - c_—)]_1 when using measured w’ ¢’ for both momentum and heat. It is also
noted that the § defined by Equation 1 does vary around a mean value = 0.56, although there is a larger standard
deviation. The agreement in Figure 2b lends confidence that the CEM approximation introduced here and
elsewhere (G. Katul et al., 2018; Milne et al., 1999) captures the salient features of the non-Gaussian
JPDF (w’, c’) and their impact on f for both heat and momentum. To be clear, Sz, requires high-order ve-
locity-scalar covariances that cannot be determined in REA formulation and is only used here for diagnostic
purposes.

Figure 2c explores the dominant terms in -, that introduce variability in measured f. The first term is related to
the intermittency of w only (i.e., (3/4)M,) while the second is related to high-order moments of scalar-velocity
interaction asymmetry (i.e., M3,/ R,,.). For high R, ., the imbalance between these two terms is small as predicted
from a quasi-Gaussian JPDF' (wl, c’) whereas for small R, the term M3,/ M,; exhibits high “volatility.” This
volatility in M3,/ M, can be foreshadowed because (3/4)My is insensitive to R, and remains finite whereas
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Figure 3. The top two panels show comparisons of w'¢” (left: momentum (m? s=2) ; right: heat (K m s™')) estimated using
the eddy covariance method on the x axis and the relaxed eddy accumulation (REA) method on the y axis. The black circles
show the standard two-compartment REA estimation using Equation 4, while the black + and x markers show the simplified

two-compartment REA estimation using a fixed f = 1/2z/4 and 0.56 respectively using Equation 1. The green (positive side)
and the red (negative side) circles show the proposed one-compartment REA estimations, which match each other. The blue
markers show the one-sided (same for plus or minus) estimation with a modified @ = 0.89 instead of unity. This @ modification
from unity is identical to ff adjustments to accommodate non-Gaussian statistics (i.e., Scgy/B, = 0.56/0.63 = 0.89). The black
line represents the one-to-one line. The bottom panels show the same data, just (using absolute values of the fluxes) on the
logarithmic axes for visual clarity.

M5/ My, becomes ill defined as |R,.| — O given that both M; and M3; become small making their ratio
numerically ill-determined. These findings hold for both momentum and heat transport.

4.3. The Performance of the One-Compartment REA

Analogous to the parameter f, we now explore the variation of the parameter « for one compartment REA
beginning with Equation 22. Figure 2d shows that, in analogy to f, @, and a_ are equal and near unity for high R,,.
for ¢ =’ and ¢’ = T'. However, for |R,] < 0.15, the scatter is large just as found for . To elaborate on the

practical utility of the REA methods, a comparison between measured w Ge., eddy-covariance based) and
REA estimated fluxes is carried out in Figure 3. Agreement between 1C- and 2C- REA momentum and heat fluxes

with eddy-covariance (EC) based measurements is acceptable even at low flux values, for positive w'u', and

negative w' T’ While the relative errors appear large in the flux comparisons at small fluxes, the absolute error is
small. The scatter around the one-to-one line at small fluxes in this comparison is also suggestive that these
deviations may be random and thus “averaged” out if sufficient runs at small flux values are sampled by 1C- or
2C- REA. Note that at the low values of R,,,, there is more nonlinear correlation between w' and u’ or T (more
departure from a Gaussian JPDF) as encoded in the A parameter given by Equation 9. At higher correlation
values, the JPDF tends to be more Gaussian and therefore the linear correlation measures are more robust and a or
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‘ “REA 1IC+,a=1oREA 1C-, a = L _REA 20‘ p are closer to their linear estimations. In the next section, it is shown that the
o W 1C- and 2C- REA flux calculations are virtually indistinguishable even at
0.4 0.3 small fluxes.
0.2 0.2 Figure 4 shows the comparison between the 1C-REA and the 2C-REA when
o o 0 setting a = 1. These calculations assume § is given by 8, = 6,,/ (w* — w").
E 0 E ’ A one-to-one agreement implies that any fractional adjustment in f corre-
o o 0 sponds to an equal fractional adjustment in a (from unity). For example,
0.2 0.1 setting f =0.56 is equivalent to setting a= (0.56//3g) =0.89 for
-04 ' Be = \/27/4. The root mean square percent error between the standard two-
=04 -OIZREX 200'2 0.4 %E'gé‘lcoz compartment REA with g =1/(27)/4 ~ 0.63 and the proposed one-

Figure 4. Comparing the 2C-against 1C-relaxed eddy accumulation. The

one-to-one line is also shown.

compartment REA was found to be 3.28% for momentum flux and 2.47%
for sensible heat flux for all data sets used in this study.

5. Conclusions

It is demonstrated that the conventional or 2C-REA approach to compute

turbulent fluxes can be simplified to a one-compartment approach (either an
updraft or a downdraft compartment) without loss of generality. This finding can immediately expand the
operational utility of REA in future field campaigns. This conclusion appears robust to the findings that the
association between w’ and ¢’ deviates from predictions using a linear correlation coefficient R,,., especially at
low |R,. <0.15|. When the association between w' and ¢’ is computed from a mutual information measure,
deviations between linear and non-linear correlations can be traced back to deviations between the empirically
derived JPDF(w', ¢") and a Gaussian approximation to it. A fourth-order CEM of the JPDF(w', ") capturing
deviations in asymmetry and intermittency from a Gaussian shape is shown to be sufficient to reproduce the
variability in the 2C-REA coefficient f when inferred using the conventional formulation. The non-constant
arises because of an imbalance between two dominant cumulants: My and M3,/ M, where M;; = wici/ (a{v a-c’: .
The My, depends on the intermittent behavior of w only whereas M5,/ M; can depend on scalar statistics and
their interaction with w’. That these two cumulants are roughly in balance across such a wide range of surfaces
and atmospheric stability conditions for |R,.| > 0.15 points to surprisingly high coordination between inter-
mittency in w and asymmetry captured by Mj3;. For high |R,.| > 0.15, a quasi-Gaussian JPDF (w', c') alone
explains the high coordination between My, and M3,/ M;; as well as the near-constant S, Returning to the
relevance of this finding to the REA approach across a wide range of surface cover types and atmospheric stability
conditions, the near-cancellation of these two terms results in # = 0.56, a constant. Variability in f at low |R,.|
can thus be explained by the fact that both M5, and M;; become small making their ratio numerically indeter-
minate. However, for small turbulent fluxes, the deviations between REA and eddy-covariance-based approaches
appear random whether a 1C- or a 2C- REA formulation is employed. This finding is of significance because it
implies that such errors can be averaged out with sufficient sampling, a finding that was also reported in a recent
study (Dias et al., 2023). Thus, it can be surmised that a one-compartment REA is, in principle, feasible for
turbulent flux measurements even when the fluxes are small. Building the apparatus for its field implementation is
a topic left for the future.

To summarize, we have investigated the assumptions behind the standard REA technique and explored the
conditions under which the two compartment REA framework can be approximated with a one compartment
REA. We have also demonstrated that under the assumption of linear correlation between vertical velocity
fluctuations and scalar concentration fluctuations, the 2 and 1C REA are virtually identical. Nevertheless, under
these conditions, the  parameter involved in the REA flux calculation requires high-frequency scalar fluctuation
measurements. However, the assumption of a Gaussian joint pdf of velocity and scalar concentration fluctuations
can be invoked to simplify this measurement that can either use only high-frequency vertical velocity fluctuations
using sonic anemometer data or a constant 5. Beyond these scenarios, we refrain from commenting on the details
of hardware and construction of the 1C-REA apparatus as it is beyond the scope of this work. To conclude, these
findings establish the framework for simplifying the standard REA technique since measuring one compartment
could be potentially more operationally convenient than two compartments.
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