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ABSTRACT

The conditional sampling flux measurement technique was evaluated for four scalars (temperature, water
vapor, ozone, and carbon dioxide) by comparison with direct eddy correlation measurements at two sites. The
empirical constant § relating the turbulent flux to the accumulated concentration difference between updrafts
and downdrafts was computed from 10-Hz turbulence measurements. Comparison between the simulated relaxed
eddy accumulation flux formulation and the eddy correlation measurements allowed the direct determination of
B for all four scalars. The 8 models previously proposed overpredicted the measured 3 by about 8%—10%. It
was found that a mean 8 = 0.58 reproduced the eddy correlation measurements independent of the scalar type
being analyzed, roughness and atmospheric stability conditions, in agreement with previous studies. The role of
energy-containing eddy motion in the deviations between the measured and predicted § was considered using
orthonormal wavelet expansion in conjunction with a wavelet shrinkage approach. It was demonstrated that the
energy-containing large eddy motion contributed to a reduction in 8 when compared to the predicted 3. Finally,
the deadband vertical velocity effects were also considered and found to reduce 4 exponentially, in agreement
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with other studies.

1. Introduction

Interest in atmospheric transport, fluxes, and depo-
sition velocities of trace gases is steadily increasing and
is motivating the development of simple and accurate
field methods for measuring gas fluxes. The most direct
method to measure gas flux is the eddy-correlation
(EC) method, which measures the covariance between
the vertical velocity fluctuation (w) and the gas con-
centration fluctuation (¢). The EC method requires
fast-response sensors that are not readily available for
many trace gases. An alternate method, known as the
relaxed eddy accumulation (REA) method, or condi-
tional sampling, has recently received wide attention
from a variety of researchers (Desjardins 1977; Hicks
and McMillen 1984; Speer et al. 1985; Baldocchi et al.
1988; Businger and Oncley 1990; Baker et al. 1992;
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Pattey et al. 1993; Oncley et al. 1993; Dabberdt et al.
1993; Katul et al. 1994a; Nie et al. 1995; Gao 1995).

The REA method requires that air be sampled at a
constant rate and placed in one of two separate con-
tainers based on the sign of w. One container collects
the air only during updrafts (i.e., w > 0), whereas the
other collects air only during downdrafts (i.e., w < 0).
At the end of the sampling period, which usually varies
from 20 min to 1 h, the accumulated gas concentration
in each of the two containers is measured. From these
measurements, the mean vertical flux (J) of a scalar
(¢) is proportional to the concentration difference be-
tween these two containers and is given by

J = po,((C.) = (C.)), (1)

where (C, ) and (C_) are the time-mean concentrations
in the upward and downward moving eddies, respec-
tively; o,, (=(w?)!"?) is the vertical velocity standard
deviation, angle brackets denote time averaging; and 3
is an empirical constant. Since the accumulated con-
centration is required rather than the direct covariance
{wce), slower response sensors or laboratory measure-
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ments of bulk samples can be employed. However,
other requirements on pumping rates, switching re-
sponse lag, bias in the mean vertical velocity, vertical
velocity dead-band effects, air equilibration in the two
containers, temperature effects on concentration mea-
surements, laminar-flow-induced longitudinal mixing
in the sampling line, and the care, prompt sampling,
and reaction times of reactive gases, as well as other
technical difficulties, play a critical role in the design
and operation of appropriate instrumentations for REA
methods.

The variability in £ adds another source of error in
REA flux measurements that is independent of instru-
mentation (see Table 1) but is related to the REA flux
formulation. Table 1 summarizes the values of £ re-
ported from a wide range of experiments. Notice from
Eq. (1) that

apg _dJ
g J’

suggesting that a variation in § from 0.51 to 0.62 (see
Table 1) may result in 20% error [=(0.62-0.51)/
0.57] in the REA estimated flux. It is the variability in
this empirical constant that motivated this study.

The specific objectives of this study are to determine
appropriate value(s) for § and to examine whether 3
is dependent on 1) the type of scalar being measured,
and/or 2) the large-scale eddy motion that contributes
to the turbulent fluxes. The first objective is critical
since REA is commonly used to measure fluxes of ac-
tive, reactive, and passive scalars without modifying 5.
In this study, a passive scalar is a scalar that does not
produce or dissipate turbulent kinetic energy (TKE)
(e.g., carbon dioxide or water vapor); an active scalar
is a scalar that does interact with the velocity field (e.g.,
temperature, see Katul and Parlange 1994; Katul et al.
1995b); and a reactive scalar is a scalar that undergoes
a chemical reaction with timescales comparable to the
turbulent dispersion timescale (e.g., ozone, see Len-
show 1982). We note that if the chemical reaction
timescale is comparable to the vertical velocity sam-
pling timescale, then REA is inappropriate.

Several studies presented experimental evidence that
organized eddy motion is responsible for much of the
Reynold stresses and turbulent fluxes in the atmo-
spheric surface layer (see Raupach et al. 1991 for re-
view). Since the statistical structure of this eddy mo-
tion is dependent on the atmospheric stability and
roughness conditions, it is not clear how £ is influenced
by this large-scale eddy motion. This point was im-
plicitly discussed by Baker et al. (1992), who found
that the nonlinearity in the expected relation between
¢’ and w' is responsible for much of the reduction in
[ from a theoretical 0.62 to an obesrved mean of (.58.
To evaluate models of £ and the role of organized eddy
motion on the g values, measurements of the high-fre-
quency velocity fluctuations u; ({;) = 0), temperature
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TaBLE 1. Typical values of § reported from a wide range
of atmospheric boundary layer experiments.

Reference Description B
Businger and Oncley (1990) T and g 0.60
Baker et al. (1992) g and CO, 0.56
MacPherson and Desjardins (1991) ¢, CO,,and T 0.57-0.60
Pattey et al. (1993) CO, 0.57
Gao (1995) T and g 0.51-0.61
Katul et al. (1994a) T and g " 0.57-0.62

T, water vapor concentration ¢, ozone concentration
0Os, and carbon dioxide concentration CO, taken at two
sites with different roughness lengths (z,) during the
summer and fall of 1994 are employed. These mea-
surements were used to 1) compare the direct EC and
simulated REA scalar fluxes, and 2) investigate the role
of organized eddy motion on f using an orthonormal
wavelet shrinkage approach recently developed by Do-
noho and Johnstone (1994).

The EC kinematic flux of a scalar c (e.g., T, g, CO,,
O;) over a horizontally homogeneous surface with no
subsidence ({w) = () and under steady-state conditions
can be expressed as

J = {wc). (3)

Here, it is assumed that the instantaneous time series
measurements of velocity U; and scalars C can be de-
composed, without ambiguity, into a mean (U;) and
{C) and a fluctuation u; and ¢ about that mean. The
covariance in Eq. (3) can be written as

(4)

where R,,. is the correlation coefficient between ¢ and
w, and o, (={c?)''?) is the standard deviation of the
scalar C. In this study, both meteorological and index
notations (u; = u, Uy =V, Us = W, X; = X, X3 = ¥V, X3
= z) are used. Baker et al. (1992) and Katul et al.
(1994a) considered the product of R, and o, and its
relation to w for a set of idealized assumptions.

Following their development, let f(w, ¢) be the joint
probability density function (pdf) of w and ¢ and let
Jfw(w) be the marginal pdf of w. The pdf for c, given a
known w, is

{(we) = R,.0,0,

fw, c)
(clw) = —"—.
/ 7o)
From (5), the conditional mean E(c|w) of ¢ given that
w occurred can be obtained by integrating over all val-
ues of ¢ to give

(5)

00

. cf(w, c)dc
E(clw) = f cf(clw)de = —?w———,
L9 0w
and for the special case when E(c|w) = a + bw, it can
be shown that (Hogg and Craig 1978; Baker et al.
1992)

(6)
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R,.=b2x. (7)
g,
Replacing Eq. (7) in Eq. (4),
(we) = o,(boy), (8)

where b is the slope, not to be confused with 8. Hence,
to determine the above covariance, explicit knowledge
of b is required. Since REA relies on sampling the air-
flow in two separate containers depending on whether
w 18 positive (w, ) or negative (w_), it is convenient to
sort the ¢ data into ¢, and c_ corresponding to w, and
w_, respectively. The resultant sampling scheme pro-
duces two well-defined compartments (w,, c¢., and
w_, c_) within which all the w and ¢ measurements are
clustered. From Eq. (7), it was shown by Pearson
(1910) that for a large number of samples 8 can be
approximated by

o Se) = {e)
(W) = {w_)
if the pdf of w is Gaussian (see Hogg and Craig 1978,

73-77, 296-303; Baker et al. 1992; Katul et al.
1994a). By combining Eqs. (8) and (9), we get

b €))

' (ﬁf})"w((m —(e-). (10)

The above relation, originally derived in Baker et al.
(1992), is the same as Eq. (1) with

Ty
= -y

Hence, 8 may be estimated from the statistics of w if
1) E(c|w) is linear with a slope b defined by the two
points ({w. )}, (C,)) and ({w_), {C_)) as suggested in
(10), and 2) the vertical velocity fluctuations have a
Gaussian distribution.

(1)

2. Experiment
a. Site description

The data from this experiment were collected as part
of an experiment by the U.S. Environmental Protection
Agency to measure the flux of trace gases to and from
various ecosystems (Finkelstein et al. 1995a; Ellestad
etal. 1995; Clarke et al. 1995), and to evaluate existing
deposition velocity models (Hicks et al. 1985; Hicks et
al. 1991; Meyers et al. 1991). During the summer and
fall of 1994 measurements were made at two sites: from
mid-June to the end of July at the Open Grounds Farm,
a large commercial farm near Beaufort, North Carolina,
and from early August to mid-October at the experi-
mental research station operated by Illinois State Water
Survey at Bondville, Illinois. The measurements at the
Bondpville site were exclusively over 2.4-m-tall corn in
a large flat field. The Beaufort site is a very large, ex-
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tremely flat grass-covered area. This site is character-
ized by strong winds (the sea breeze), high moisture
flux, and low pollutant concentrations. The site char-
acteristics are summarized in Table 2.

b. Instrumentation

The velocity and temperature measurements were
carried out using an Applied Technology sonic ane-
mometer (see Kaimal and Finnigan 1994, 247-250),
whereas the CO, and ¢ were measured by a LICOR
6262 infrared absorption analyzer with 5-Hz measure-
ment capabilities. The O, measurements were carried
out using a fast ozone analyzer discussed in Ray et al.
(1986). This gas analyzer employs the chemilumines-
cent reaction of O; with eosin-Y dye, which is borne
in a carrier of ethylene glycol. The gas analyzer has an
effective response of 3 Hz. The sampling frequency and
sampling duration were 10 Hz and 30 min, respec-
tively, resulting in N = 18 000 data points per flow
variable per run.

Ozone, water vapor, and carbon dioxide were sam-
pled through a draft tube, a Teflon tube of 0.953 cm
inside diameter, 9 m in overall length, with a Teflon
filter located 1.5 m from the tube’s inlet, and a flow
rate of about 20 L. min~'. These conditions result in a
Reynolds number of 3000 and a length/radius ratio of
1900 (see Massman 1991). The Teflon filter is used to
keep the tube’s inner wall from becoming contaminated
with particles. Correction for tube attenuation and lags
were applied prior to the analysis (Finkelstein et al.
1995b). All data were carefully screened for outliers,
spikes, calibration errors, instrument malfunction, and
other problems. Because all components of the energy
budget were measured independently, an energy bal-
ance was computed for each 30-min period. Data were
not used from periods when the net energy balance (net
minus latent heat flux minus sensible heat flux minus
soil heat flux) was more than 100 W m~2. Data were
also excluded if the rotation angle needed to bring (W)

TABLE 2. Summary of site characteristics and location.

Description Site 1 Site 2

Location Bondville, Illinois  Beaufort,

North Carolina
34.91°N, 76.59°W

Latitude, longitude 40.05°N, 88.37°W

Surface type corn short grass
Canopy height (m) 24 0.1
Estimated z, (cm) 30 5
Estimated zero-plane 1.3 0
displacement
height (m)
Measurement 5.0 5.0
height (m) (z — d)
Minimum fetch (m) >1km >1 km
Stability variation —-0.25 10 0.1

(z — d)lL
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FIG. 1. (a) Comparison between measured and predicted by similarity theory mean longitudinal velocity (U) at both
sites. The values of z, and d used in these predictions are from Table 2. The dimensionless velocity standard deviations
(0./uy and o,,/uy) as a function of the atmospheric stability parameter (z/L) for all 36 runs. The solid lines are from

Panofsky and Dutton (1984).

to zero was greater than 4°. For this study, we also
chose daytime periods during which the wind velocity
had a standard deviation of the horizontal wind direc-
tion angle of less than 15° to ensure that the wind was
always over the area of uniform fetch. This resulted in
21 acceptable data periods from the Beaufort and 15
from the Bondville sites.

c. Site homogeneity and the velocity statistics

It was shown in (11) that S is dependent on the
vertical velocity statistical structure. Our stated objec-
tive is to examine whether f is the same for a wide
range of scalars. To check whether the sites are uniform
and lateral transport is negligible, a comparison is car-
ried out between the measured and surface layer simi-
larity theory predicted velocity statistics for a neutral
atmosphere (see Table 2) and horizontally homoge-
neous terrain with no subsidence. Within the atmo-
spheric surface layer, the standard deviation of the lon-
gitudinal and vertical velocity are given by

Uy z—d
(U}=71n< z >

0

W)=0
% _ ¢,
Uy
=L (12)
U

where k = 0.4 is von Kdrman’s constant and C, (=2.39
+ 0.03) and C, (=1.25 + 0.03) are similarity constants

(Panofsky and Dutton 1984). Using the previously es-
timated z, and d (see Table 2), a comparison between
measured and predicted (U) from (12) is shown in Fig.
1a for both sites. It is clear from the comparisons in Fig.
la that the estimates of z, and d are very reasonable and
agree with other reported values (see Brutsaert 1982, p.
114; Panofsky and Dutton 1984, p. 123). We have also
compared o,,/u,, and o,/ u, with the estimates suggested
by Panofsky and Dutton (1984, p. 160) for near-neutral
conditions (solid lines) in Fig. 1b at both sites. It is
evident from Figs. 1a and 1b that similarity theory pre-
dictions for a horizontally homogeneous terrain with no
subsidence compare favorably with the sonic anemom-
eter measurements for near-neutral conditions. Hence,
contamination of S from possible longitudinal transport
can be neglected at both sites.

We should note that for both sites, the sources and
sinks of these gases are quite different. For heat and
water vapor, the canopy layer acts as the predominant
source; for CO,, both the ground and the atmosphere
act as sources while the canopy is a sink; for O, the
source is not within the local boundary layer while the
canopy is the sink. These measurements offer a unique
opportunity to compare § measurements for a wide
range of scalars with different canopy source—sink re-
lations to support and augment measurements of J
made by other investigators.

3. Analysis and results

In this section, the measured f is compared with the
predicted S8 by the model in (11). Limitations of the
model in relation to energy-containing eddy motion are
discussed. '
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a. Measurements of 3

The B was determined from {wc)/c,,AC for each
run, where (wc) was directly measured by the EC
method and AC taken from the same data stream. Table
3 summarizes the g statistics for both sites and four
scalars using 36 runs. The mean measured 5 was 0.58
for T'and q and 0.56 for O; and CO,, but the differences
are not statistically significant. Figure 2a shows g for
each gas by run for all 36 runs. The g for temperature
was larger than the median of the other three gases
more often than would be expected by chance. How-
ever, the differences are not significant enough to jus-
tify a different S for heat.

It should be noted that for different scalars, the 3
values can be different within a given 30-min period.
This is important in assessing the accuracy of REA flux
estimated for trace gases when £ is determined inde-
pendently from another scalar such as temperature. To
further investigate this point, we have computed the
REA fluxes by assuming that the 3’s for ¢, Os, and
CO, are identical to the measured 3 for T and compared
them with the EC fluxes (relative flux error of 2.3%,
3.3%,3.9% for g, Os, and CO,, respectively). We have
also repeated the same REA flux calculations by as-
suming a constant 8 = 0.56 for all scalars (relative
average flux error of 1.06%, 0.74%, and 0.23% for ¢,
0O;, and CO,, respectively). It appears that, on average,
there is no clear advantage in using a variable g deter-
mined from another scalar versus a constant 3.

Figure 2b displays the measured 3 for each scalar as
a function of the stability parameter (z/L). It is evident
from Fig. 2b that no relation between 3 and z/L exists,
in agreement with other studies (see¢ Baker et al. 1992;
Katul et al. 1994a).

Figures 2c and 2d display the measured £ as a func-
tion of ((C,) — (C_))/(C) for T and CO,, and ¢ and
Os, respectively. Notice that when AC/{C) is small the
uncertainty in 3 is large (0.5-0.7).

b. Evaluation of the proposed [ formulation

To assess how well the model for 8 [Egs. (11) and
(1)] reproduce the EC measurements, a comparison
between REA predicted and EC measured fluxes is car-
ried out. Since the fluxes of the four scalars have dis-
tinct units, the REA predicted and EC measured cor-
relation coefficients R, (=J/0,,0.) rather than fluxes
are used for normalization purposes. The predicted cor-
relation coefficient is determined from the J computed
using Egs. (1) and (11), and the measured correlation
coefficient is computed from the flux in Eq. (3). Fig-
ures 3a—d compare the predicted and measured corre-
lation coefficients at both sites for all 36 runs and for
T, q, Os, and CO,, respectively. It is apparent from
Fig. 3 that (11) overestimated |R,.| when |R,.| is
large. This point is further discussed in section 3c.

Using (11), the mean value of 3 for all 36 runs with
Eq. (12) was 0.625, which is 8%~10% above the di-
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TABLE 3. Summary statistics of the measured £ for all 36 runs and
four scalars. The mean, standard deviations, maximum, and
minimum measured S values are shown.

Statistics for 8 T q 0O, CO,
Mean 0.58 0.58 0.56 0.56
Standard deviation 0.11 0.14 0.06 0.06
Minimum 0.15 0.49 0.44 0.35
Maximum 0.93 1.33 0.71 0.73

rectly measured value shown in section 4a. According
to Baker et al. (1992), the sources of error between
modeled and measured S are due to the approximation
in Eq. (9) and the linearization of E(c|w).

c. Comments on the 8 Baker et al. (1992 ) model
assumptions

Baker et al. (1992) showed that the slope b is not
well approximated by the two points ({(w..), (C..)) and
({w_), {(C_)), and that the resultant 8 from such an
approximation is larger than the measured 8. For a
Gaussian vertical velocity distribution, Baker et al.
(1992) showed that 8 = 0.62 (see also Wyngaard and
Moeng, 1992). The fact that the measured 3 was less
than 0.62 for a wide range of experiments (see, e.g.,
Table 1) also suggests that (11) overpredicts the mea-
sured 8. The two key approximations in (11) are

1) the pdf of w is Gaussian and
2) the E(c|w) is linear.

For near-neutral and slightly stable atmospheric sur-
face-layer flows (ASL), the vertical velocity distribu-
tion is well approximated by a Gaussian model (see
Katul 1994). This is not the case for unstable ASL
flows. To investigate the influence of the non-Gaussian
pdf of w on the predicted (3, we consider the relation
between the flatness factor (FF,,) and 3 predicted from
(11) in Fig. 4a. The flatness factor is defined by

(w*)
(wy?”

For a Gaussian distributed variable FF, = 3. It is evi-
dent from Fig. 4a that as FF,, increases beyond 3 (and,
thus, the departure from Gaussian distribution in-
creases ), so does the predicted 3 assuming that E(c|w)
is linear. Hence, the fact that the measured (G is less
than 0.62 cannot be attributed to the non-Gaussian dis-
tribution of w only since the effect of increased FF,, is
to increase the modeled S. This is in agreement with
Baker et al. (1992). Therefore, the fact that the mea-
sured £ is less than 0.62 must be due to the nonlinearity
in E(c|w). The nonlinearity in E(c|w) result in a ratio

s
_ ac\ [ {ex) = (e )\
o (re2)(G5=0y) a0

FF, = (13)
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FiG. 2. (a) The variation of £ as a function of run index for all scalars and 36 runs. (b) The variation of § as a function of atmospheric
stability (z/L) for all scalars and 36 runs. (c) The variation of 8 as a function of ACKC) for T and CO,. (d) Same as (c) but for g and Os.

which is different from unity depending on the con-
cavity of E(c|w). To better illustrate, consider the four
quadrants Q; (i = 1-4) of the w—T plane in Fig. 4b
with Q; defined by (w >0, 7> 0); @, by (w < 0, T
>0);Q:;by(w<0,T<O0);and Q, by (w>0,T
< 0). The w and T time series in Fig. 4b are normalized
so as to have zero mean and unit variance. The pre-
dicted slope (short-dashed line) using (9) and the
eddy-correlation measured slope (solid line) using (8)
are also shown. The value of r; for Fig. 4b is (.88,
which is less than unity and is also consistent with find-
ings in Figs. 3a—d and the results in Baker et al.
(1992). To further assess the departures from linearity,
the data in Fig. 4b were used to evaluate E(c’|w'),
which is shown in Fig. 4c. The points (open circles) in
this figure were computed by averaging the values of
¢’ over a constant w' interval. The constant w' interval
of 0.2 m s~! was chosen so that a minimum of 200 ¢’
points were averaged. Notice that the slopes in Fig. 4c

are smaller than the EC measured slope for large w’,
suggesting that the large excursions in the turbulence
measurements are responsible for the decreased .
These large excursions are associated with energy-con-
taining large eddy motion responsible for much of the
turbulent fluxes.

d. The influence of energy-containing eddy motion

on 3

To investigate the role of these energy-containing
eddy motion events on [, the vertical velocity and sca-
lar concentration fluctuations time series are decom-
posed into energy-containing and random contribu-
tions. To separate the energy-containing events from
the measured time series of w' and ¢’, a wavelet filter-
ing scheme is used. Donoho and Johnstone (1994 ) and
Katul and Vidakovic (1996) showed that wavelet fil-
tering conserves all the structural features of energy-
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containing events. One of the difficulties in separating
the energy containing and small-scale eddies from time
series measurements is the locality and nonperiodicity
of the energy-containing events. Traditional Fourier
and eigenvector decomposition are less effective in
separating these two different modes of turbulent prop-
erties. For example, the organized eddy structures,
which are part of the energy-containing events, are
characterized by sharp edges (e.g., ramplike structures
in temperature measurements ) that result in large local
gradients. As shown in Mahrt and Gamage (1987),
these sharp edges are ambiguous in Fourier space be-
cause they contribute considerable spectral and cos-
pectral energy at scales much smaller than the structure
itself. Localized transformations, such as wavelet trans-
forms, utilize space-scale decomposition that isolate
the scale contributions of specific events in the time
domain and are well suited for identifying coherent

eddy motion (e.g., Collineau and Brunet 1993; Gamage
and Hagelberg 1993; Gao and Li 1993; Hagelberg and
Gamage 1994; Howell and Mahrt 1994; Brunet and
Collineau 1994; Liandrat and Moret-Bailly 1990). As
discussed by Yamada and Ohkitani (1990, 1991a,
1991b), Katul and Parlange (1995), and Katul et al.
(1994c,d), discrete orthonormal wavelet expansions
are preferred since the wavelet bases are independent
and orthogonal at different scales. This independence
and orthogonality of these bases insures that no artifi-
cial correlation between the wavelet coefficients are
created because of a transformation to the wavelet do-
main.

Unlike the Fourier kernel, the bases functions in
wavelet decompositions are not unique. Daubechies
(1988, 1992) derived a library of compactly supported
wavelets with a wide range of locality in the time-fre-
quency domain. The Daubechies (1988) wavelets are






