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ABSTRACT

Eddy covariance method is widely used in measuring vertical fluxes of mass and energy between the atmo-
sphere and the biosphere. In this method, scalar concentration is measured with either open-path or
closed-path sensors. For the latter, fluctuations of scalar concentration are attenuated as the sample travels
through a long tube, resulting in flux loss. To quantify this tube attenuation, water vapor concentrations
measured with both closed-path and open-path sensors were analyzed. Our statistical analysis showed that
the power spectral density obtained from the closed-path sensor was different from that from the open-
path sensor in the frequency range of > 0.5 Hz. The loss of water vapor flux due to tube attenuation was
< 5% during midday. At nighttime, however, the flux loss increased significantly because of the low wind
speeds and the weak turbulence sources. Theoretical calculation for the tube attenuation showed a small
bias in high frequency range probably because of the interaction of sticky water vapor with a tube wall.

Key words :

I. INTRODUCTION

Biosphere-atmosphere interactions play an impor-
tant role in the climate change and weather (Pielke
et al., 1998). Vanious methods have been used to
quantify the mass and energy exchanges between the
land surface and the atmosphere, of which the eddy
covariance method is widely used. This method pro-
vides a direct measurement and does not require
many assumptions compared to other micrometeoro-
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logical methods (e.g., Choi et al., 1999). The vertical
flux equation is based on the conservation law and
may be simplified as:
Fc =w'p.' + correction terms (1.1)
where w is the vertical wind speed; p, is the con-
centration of a scalar quantity such as carbon diox-

ide, water vapor and methane; overbar is time ave-
raging operator; and prime denotes the fluctuation
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from the mean. Some corrections are necessary for
air density variation (Webb ef al., 1980) and inad-
equate frequency response (e.g., Moore, 1986; Mas-
sman, 2000), for instance. The measurement system
is usually optimized such that the overall corrections
are minimized (e.g., Hong ef al., 1997; Choi et al.,
1999). Typically, three-dimensional sonic anemom-
eter is used for capturing the fast movement of wind,
whereas fast-response open-path or closed-path sen-
sors are used to measure the scalar concentration
fluctuations.An open-path hygrometer measures in
situ water vapor concentration in the atmosphere. A
closed-path hygrometer draws the air sample thro-
ugh a tube to an infrared gas analyzer. Although
open-path hygrometers are easier to manage, closed-
path hygrometers do have some advantages in field
operation. Firstly, frequency response correction can
be minimized for the finite path and sensor sep-
aration. Secondly, flow distortion by the physical
presence of the sensor near the sonic anemometer is
minimized. Thirdly, the correction for air density
variation for sensible heat flux can be removed (e.g.,
Leuning and Moncrieff, 1990). This density correc-
tion could be significant when the background con-
centration of a scalar is relatively larger than the
magnitude of the vertical scalar flux. For example,
CO, flux may change its sign after the correction
(e.g., Suyker and Verma, 1993). Finally, open-path
sensors for trace gases (e.g., CH;, N,O) are much
more expensive or not even available for some gases.
The signals from the sonic anemometer are pro-
cessed on real time whereas it takes time for air to
come to analyzers for closed-path sensors. Unless
this delay time is considered in computing cova-
riance, scalar fluxes are underestimated. A high-per-
formance pump is required to maintain the stable
flow rate. Otherwise, delay time may change from
time to time, causing the flux calculation more dif-
ficult. In addition, spatially non-uniform scalar con-
centration results in diffusion process inside the tube
and attenuates fluctuations of the scalar concentra-
tion, thereby underestimating turbulent scalar fluxes.
In order to quantify the effect of tube attenuation,
water vapor concentrations measured with both
closed- and open-path hygrometers were analyzed.
Covariance values obtained from these two different
sensors were examined statistically for a given fre-
quency domain using a spectrum analysis. These
measurement results were also compared with the-

oretical results produced by models of Massman
(1991) and Lee and Gill (1977, 1980).

II. Theoretical Background

2.1. Statistical test for tube attenuation

To quantify the difference in measured water vapor
fluxes between the open-path and closed-path hy-
grometers, we applied a statistical test in which the
probability distribution of the spectrum in a frequ-
ency domain must be known. The probability dis-
tribution follows the y? distribution if time series is
stationary Gaussian and satisfies with the weakly
dependence assumption :

3 miR,(m)] <o @.1)

m=-—co

where R, (m) is the autocovariance function at lag,
m (X'(t)x' (t+m)) (Bendat and Piersol, 1986; Shum-
way, 1988). Then, the periodogram, P(f) in a fre-
quency domain is approximately an unbiased esti-
mator for the power spectrum, S(f) (Shumway,
1988). It can be used to derive 100(1-a) % con-
fidence interval for the power spectrum as:

PO << 22D 2.2)
1

xa(o2) ™ (1-a/2)

where %2 is chi-square distribution with n degrees
of freedom. Degrees of freedom depend on the
smoothing method in a frequency domain. In our
study, the number of averaged power spectral den-
sity was increased exponentially in a frequency do-
main to increase the degree of freedom of chi-square
distribution with increasing frequency.

The above assumptions were checked and then the
null hypothesis (H,) that the water vapor fluxes mea-
sured with the closed-path hygrometer is statistically
same as those with the open-path sensor (PSDopen parn
/PSDipsedpas = 1) was tested. Because the proba-
bility distribution of the ratio of two x? distributions
follows the F distribution, H, can be tested statis-
tically using the F-test.

2.2. Calculation of delay time

When a closed-path sensor is used, the wind speed
and the water vapor concentration are not measured
at the same time. It is because of the traveling time
for air sample to arrive at the analyzer. To compute
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this time lag, the cross-correlation between the ver-
tical wind speed and the water vapor concentration
was calculated. Generally, cross-correlation function
has the peak at the time when the two variables are
measured simultaneously. With a given flow rate in
a tube with known tube length and diameter, the
time lag can be analytically calculated by simple
mathematics. Results of delay time computation will
be discussed later. The mean flow velocity and Rey-
nolds number, Re = 2au/v (where a is the tube ra-
dius, u, is the mean flow velocity in a tube, and v is
the kinematic viscosity of air) are computed from
this time lag, and whether the flow in a tube is tur-
bulent or laminar can be examined thereafter.

2.3. Theoretical prediction for the tube atte-
nuation

When a closed-path sensor is used and the delay
time is quantified, the attenuation in a tube remains
to be the main concem for accurate flux measure-
ment. The theory for the tube attenuation has been
well established (e.g., Taylor, 1954; Philip, 1963,
Lenchow and Raupach, 1991; and Massman, 1991,
2000). The tube attenuation effect can be explained
by the transfer function such as:

2 2
4nf ALau/=

T(f)Epc rout/pc—rin:e (23)
where p.o. and p.;, denote the scalar concen-
tration at the entrance and at the end of a tube,
respectively; f'is natural frequency (Hz); L is the tube
length, and A is the attenuation coefficient which
depends on the flow situation in a tube. Philip (1963)
obtained the attenuation coefficient for the laminar
flow (Re <2100):
A=0.0104v Re D! 24)
where D is the molecular diffusivity of the scalar
(e.g., water vapor). For a turbulent flow in a tube (i.
e., Re >2300), Massman (1991) obtained the atten-
uation coefficient by solving the diffusion equation
numgrically.
A =0.5v Re [L|Q'D;}

max

(2.5)

where A is the imaginary part of a eigenvalue of
the diffusion equation, Dy, is the maximum value
of D, and Q -+ 21te®/Dpys.

2.4. Effect of air density variation

Webb et al. (1980) suggested that the simultaneous
transfer of sensible and latent heat fluxes results in
the variations in air density, thereby violating the as-
sumption barw w = 0. Most open-path sensors mea-
sure the density of the scalar in air rather than the
mixing ratio, hence the total vertical flux of a scalar
is given as:

F. = wpl +(p/p)wp, +(1 +uo)(p/TIW'T
(2.6)

where p, and p, are the densities of water vapor
and dry air, respectively; u is the ratio of molecular
weights of water to dry air, ¢ = (p./p,); and T is the
temperature.

When a closed-path sensor is used to measure the
water vapor fluxes, the density correction can be
removed. Temperature fluctuations can be reduced
fully by controlling the tube length and its material.
If the ambient air is brought to the analyzer of a
closed-path sensor to a constant temperature, con-
stant pressure, and constant humidity (especially p,
=0), the vertical scalar flux is given as:

F. = (P/P )T/ W, Q2.7)

where subscript, / denotes values in the cell (anal-
yser).

III. Materials and Method

Data used in this study were collected in a mi-
crometeorological experiment made over a rice pa-
ddy in Hari, Kanghwa island in northwestern Korea
during the summer of 1999. Rice canopy was about
0.2 m high with a standing water column of approx-
imately 0.1 m and the leaf area index <1.0. The eddy
covariance systems (1.95m and 2.6 m above the
water surface) were mounted on a 3 m tower. The
system consisted of an open-path Krypton hygrom-
eter (KH20, Campbell Scientific Inc., Utah, Logan,
USA), a closed-path CO,/H,0 infrared gas analyzer
(LI-6262, LI-COR Inc., Lincoln, Nebraska, USA),
three-dimensional sonic anemometers (CSAT3, CSI,
USA), and fine wire thermocouples (see Fig 1). The
details of the measurement theory and the specifi-
cations of LI-6262 are available in the literature
(LICOR publication #9003-59). The eddy covariance
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data measured at 2.6 m were used for this study. The
sampling rate was 10 Hz and more detailed infor-
mation can be found in Kim et al. (1999).

The tube length was approximately 3 m. The
pressure in a cell was maintained at 56 kPa in LI-
6262 closed-path analyzer and the air was drawn
at the intake at the rate of 12 LPM (standard liter
per minute) using a vacuum pump. The sensor
separation between the sonic anemometer and the
open-path Krypton hygrometer was 0.13 m and
the separation between the sonic anemometer and
the intake tube for closed-path LI-6262 analyzer
was 0.15 m.

All the necessary corrections were made, follow-
ing Moore (1986) and Webb ef al. (1980), and then
the water vapor fluxes from the closed- and open-
path sensors were compared. In this study, the atten-
uation coefficient for the turbulent flow in a tube was
obtained from the data given in Lee and Gill (1977,
1980) by fitting the nonlinear regression:

_ a+Re
" b+c-Re G.1)

where a=144.5, b=-1375, ¢ =0.6742, and R®*=
0.997. The model of Lee and Gill (1977, 1980)
seemed most realistic in parameterizing the turbulent
diffusivity (Massman, 1991).

IV. Results and Discussion

4.1. Statistical analysis

In order to test our null hypothesis, H, (no sta-
tistical difference in water vapor flux between open-
and closed-path sensors), the criteria for the x? dis-
tribution must be examined. First, to examine the
stationarity of the data, the nonstationarity factor
was calculated following Mahrt (1998). This factor
was in general less than 2 for the data used in this
study, indicating that the stationary condition was
met. Next criterion was the Gaussian time series.
Our data were collected in a relatively homogeneous
and flat surface and therefore followed the Gaussian
distribution by yielding the third momentum, skew-
ness to be near zero and the fourth momentum to be
about 3. Third criterion was weak dependence. The
autocorrelation function (x'(t)x'(t+ m)/c2) of the at-
mospheric turbulence can be expressed as an expo-
nenttal function. Then, the integration of the lag-we-
ighted auto-covariance function must be bounded

and the upper bound of this integration is the vari-
ance of the variables. The area of frequency-wei-
ghted power spectral density is finite because of
the molecular dissipation at the high frequency.
The random and uncorrelated molecular motion
becomes more dominant at high frequency, the-
reby satisfying the weak dependence condition. In
reality, third criterion can be violated when alias-
ing or white/blue noise occurs. In this study, high-
quality data were selected through the spectrum
analysis, and the probability distribution of the
power spectral density followed the chisquare dis-
tribution (Fig. 2).

The null hypothesis, H, was then tested using the
F-test. Our statistical analysis showed that the power
spectral density obtained from the closed-path sen-
sor was statistically different from that from the
open-path sensor in the frequency range of >0.5 Hz
at the 95% confidence level. Hence, the null hypoth-
esis was rejected above 0.5 Hz. During midday, the
water vapor fluxes were underestimated approxima-
tely 5% above 0.5 Hz with the closed-path hygrom-
eter. Total water vapor flux measured by the closed-
path sensor appeared slightly greater than that mea-
sured by the open-path sensor (Fig. 3). It should be
noted, however, that the difference resulted from the
different contributions in energy containing range
and is within the range of random error.

The water vapor fluxes measured by the closed-
path sensor were underestimated up to 20% under
the stable conditions with weak wind, but the actual
magnitude of the flux was small (Fig. 3). At night,
for example, cospectra shifts toward higher frequ-
ency and the contribution of smaller eddy becomes
greater under stable conditions.

4.2. Theoretical analysis of tube attenuation

For the tube length of 3 m and the flow rate of
12 LPM, the mean flow velocity in a tube was
253 ms™. It corresponds to Re~ 5500 and hence
the flow in a tube was turbulent. In this experimental
setting, delay time due to a tubing alone was esti-
mated as 0.1 second. The delay time calculated
using the cross-correlation between the vertical wind
speed and the water vapor concentration measured
using the closed-path sensor was 0.7 second, how-
ever (Fig. 4). Fig. 5 shows comparison among the
measured normalized cospectra fCyp /WP, using
the closed-path and open-path sensors and the the-
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Fig. 1. The eddy covariance system used in measuring the
water vapor flux.
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Fig. 2. The power spectral density of water vapor mea-
sured with the closed- and open-path sensors.,
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Fig. 3. Comparison of the latent heat flux measured with
closed- and open-path sensor eddy covariance systems.

ore-tical cospectra. The theoretical cospectra com-
pared reasonably with the measured cospectra
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Fig. 4. The cross-correlation between the vertical wind
speed and the water vapor concentration measured with the
closed-path sensor. The peak of the cross-correlation oc-
curred at 0.7 s.
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Fig. 5. Normalized cospectra of water vapor and vertical
wind speed. Cospectra predicted by the model for the tube
attenuation are also shown.

except in the high frequency domain.

This small discrepancy between the measured and
theoretical results may be explained by considering
the assumptions used in the theoretical models for
the tube attenuation. First possibility is the reduced
flow rate along the tube due to the effect of several
bends in the tubing. As Massman (1991) had poin-
ted out, however, the scalar concentration would be
asymmetric with respect to travel time and distance
down the tube in the entrance of a tube, so the bend
actually improve the frequency response for both
turbulent and laminar flows. Lenchow and Raupach
(1991) showed that the effect of bends in the tubing
was similar to the intake section because in both
cases the flow had a more uniform velocity profile
across the tube, which diminished the effect of dif-
ferential advection. Therefore, these effects cannot
account for the discrepancy in our study. Also, the
condition that the edge effect can be neglected in the
turbulent flow was satisfied in our experimental set-
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ting. That is,

L/a>0.25v Re D! 4.n
where Dy, is the mean of the turbulent diffusivity
profile in a tube.

Second possibility is the interaction between sol-
ute and a tube wall. Zeller et al. (1989) showed that
even relatlvely small interaction velocity (juy=0.03
cms™') was sufficient to cause the observed length-
ening of the response time. And the major impact of
this interaction is to significantly reduce the ampli-
tude of the signal (Massman, 1991). In our study,
delay time between the vertical wind speed and the

CO; concentration measured using the same tubing

setting for water vapor measurement was 0.3 second.
Water vapor is stickier than CO,. Therefore, the dif-
ference of delay time between H,O and CO, may be
mainly induced by the interaction of water vapor
with a tube wall. It is natural that the model can pre-
dict the measured results better when delay time was
given as 0.7 second in this study (Fig. 4). More deta-
iled and organized experiment to further investigate
the effects of the interaction on the flow attenuation
may be needed.

Third possibility is the response time of the closed-
path sensor. The response time of the gas analyzer
can be estimated by introducing the step changes in
concentration at the instrument inlet. Although this
process was not done in our experiment, Suyker and
Verma (1993) showed that the response time of LI-
6252 was 0.05 second, where their maximum flow
rate through the analyzer was 10 LPM (LI-COR
Manual publication number: 9003-59). A little more
damping might have occurred inside the closed-path
sensor due to the response time of LI-6262. Finally,
possibility of leakage in the tubing system could also
affect the time delay. The spectra and cospectra from
the two different systems were, however, very sim-
ilar, suggesting no significant leakage in our closed-
path sampling system.

V. SUMMARY AND CONCLUSION

Turbulent fluxes of water vapor were measured
with the closed-path infrared gas analyzer (L1-6262)
using the eddy covariance system installed at the
height of 2.6 m above the water surface in a rice can-
opy. The results from the closed-path sensor system

were compared against those from open-path sensor
system (using KH20). The former was on average
5% smaller in the magnitude of water vapor during
midday. Such a small flux loss was likely resulted
from the fact that the flow rate in closed-path system
was fast enough to maintain turbulent flow in a tube.
Our statistical analysis showed that the power spec-
tral density obtained from the closed-path sensor
was different from that from the open-path sensor in
the frequency range of >0.5 Hz. The model for the
flow attenuation in a tube produced a reasonable
comparison with those from the measurement. We
speculate that the interaction of water vapor with a
tube wall might have resulted in small biases in the
modeled results. In conclusion, both closed-path and
open-path sensors can be successfully used in water
vapor flux measurement with 5% uncertainty except
under stable conditions when care must be exercised
for the contribution of high frequency eddies in flux
estimation.
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