74 Science in China Ser. D Earth Sciences 2005 Vol.48 Supp. 1 74—84

Comparison of flux measurement by open-path and
close-path eddy covariance systems

SONG Xia'?, YU Guirui', LIU Yunfen', SUN Xiaomin', REN Chuanyou'?
& WEN Xuefa'?

1. Chinese Ecosystem Research Network Synthesis Research Center, Institute of Geographic Sciences and Natural Resources
Research, Chinese Academy Sciences, Beijing 100101, China;

2. Graduate School of the Chinese Academy of Sciences, Beijing 10039, China

Correspondence should be addressed to Yu Guirui {(email: yugr@igsnrr.ac.cn)

Received July 14, 2004, revised January 13, 2005

Abstract For flux measurement, the eddy covariance technique supplies a possibility to di-
rectly measure the exchange between vegetation and atmosphere; and there are two kinds of
eddy covariance systems, open-path and close-path systems. For the system error, it may result
in difference of flux measurements by two systems. Therefore, it is necessary to compare the
measured results from them. ChinaFLUX covers of eight sites applied the micrometeorological
method, in which Changbai Mountains (CBS) and Qianyanzhou (QYZ) carried out open-path
eddy covariance (OPEC) and close-path eddy covariance (CPEC) measurements synchronously.
In this paper the data sets of CBS and QYZ were employed. The delay time of close-path ana-
lyzer to the open-path analyzer was calculated; the spectra and cospectra of time-series data of
OPEC and CPEC were analyzed; the open-path flux measurement was used as a standard
comparison, the close-path flux measurement results were evaluated. The results show that, at
two sites the delay time of CO; density for close-path analyzer was about 7.0—8.0 s, H,O density
about 8.0—9.0 s; the spectrum from the open-path, close-path and 3D sonic anemometer was
consistent with the expected —-2/3 slope (log-log plot), and the cospectra showed the expected
slope of —4/3 in the internal subrange; the CO; flux measured by the close-path sensor was about
84% of that of open-path measurement at QYZ, about 80% at CBS, and the latent heat flux was
balanced for two systems at QYZ, 86% at CBS. From the flux difference between open-path and
close-path analyzers, it could be inferred that the attenuation of turbulent fluctuations in flow
through tube of CPEC affected H,O flux more significantly than CO, flux. The gap between two
systems was bigger at CBS than at QYZ; the diurnal variation in CO. flux of two measurement
systems was very consistent.

Keywords: eddy covariance technique, open-path eddy covariance, close-path eddy covariance, delay time, spectrum
analyze, flux.
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The first application of the eddy covariance over corn using a propeller anemometer and a modi-
method measuring carbon dioxide exchange occurred fied, close-path analyzer, with a capacitance detector.
in the early 1970s!". Initial studies were performed The time constants of these sensors, however, were
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relatively slow (2 Hz). These limitations prompted for
the availability of sonic anemometers and the deve-
lopment of rapid-respondingm'ﬂ, open-path and close-
path infrared gas analyzers were able to sense CO,
fluctuations as rapidly as ten times per second. Gradu-
ally, the eddy covariance technique (including open-
path analyzer and sonic anemometer or close-path
analyzer and sonic anemometer) became a prevalent
mean for measuring net carbon dioxide exchange. The
two different eddy covariance systems (OPEC and
CPEC) were perfected little by little, however, they
still have limitations too, including applicable over
special environment, routine maintenance, and the
different observing results of two systems. As we
know, the fasting-response is the main privilege of
OPEC, however, they can’t be exposed to rain because
of their imperfect waterproofing, and need extensive
maintenance for constant operation. For long-term

measurement, open-path analyzers are often unreliable.

On the other hand, using close-path analyzers, the sta-
bility and accuracy of measurement, the simplicity of
operation, and the convenience of periodic calibration
using standard gas, with these advantages, a close-path
analyzer is suitable for long-term measurements,
however, to make a continuous measurement of the
atmospheric CO; with a close-path analyzer, we have
to draw the sample air using an air pump into a sample
cell in the analyzer through a sampling tube. This
sampling process causes attenuation of fluctuations in
CO; concentration, which then lead to the underesti-
mation of CO; flux. Currently, the open-path eddy
covariance and close-path eddy covariance are parallel
means in FLUXNET measurement, but the dominating
application occurred, such as CPEC in AsiaFlux,
CPEC and OPEC in Ameri-Flux, CPEC in Euro-Flux,
OPEC in Ko-Flux.

The system error between OPEC and CPEC may
result in different flux outcomes, therefore, it is nec-
essary to compare the measurement results of two sys-
tems'" "2, The early study with OPEC and CPEC two
systems had a problemlg_m, the instruments of two
system came from different companies, which easily
resulted in significant system error. ChinaFLUX in-
stalled OPEC and CPEC synchronously at sites CBS

and QYZ, and the instruments of two systems were
produced in the same Manufacturer and the model was
completely the same. The observation by two different
systems can supply a feasible means for forest flux
measurement, at the same time, for the synchronous of
two systems, they can compensate the missing data
each other. The main objectives of this paper are: (1)
to confirm the delay time of close-path analyzer, (2) to
qualify the data of OPEC and CPEC and to evaluate
the reliability of measurement results by spectral
analyses, and (3) to compare CO; flux of OPEC and
CPEC, then to analyze the difference of two eddy co-
variance systems.

1 Theory
1.1 Eddy covariance measurement

The eddy covariance technique becomes a stan-
dard means of measuring net carbon dioxide ex-
change!"*!. The equation defining the conservation of
mass provides the theoretical guide for utilizing the
eddy covariance technique““s'. As shown in fig. 1 the
conservation of mass states that the time rate of
change of the CO, mixing ration, ¢ , is balanced by the
sum of the flux divergence of CO; in the vertical (z),
lateral (x) and longitudinal (y) directions and the bio-
logical source sink-strength (Sg), and the expression is

dc =_(8Fz +§ﬂ dFy
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Fig. 1. CO. exchange in a unit volume between vegetation and at-

mosphere.
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The mixing ration of CO», c, is defined as the ratio of
mole density of CO, to the mole density of dry air, F
denotes the flux density of CO, (1imol m™ s_'). There
are several assumptions when eddy covariance was
applied in practice, the atmosphere steady, underlying
surface horizontally homogeneous and on flat terrain.
Based on these assumptions, the conservation equation
simplifies to a balance between the vertical flux di-
vergence of CO, and its biological source/sink
strength, Sg:

CLE Y 2)

dz

By integrating eq. (2) with respect to height, one de-
rives an equality between the mean vertical flux den-
sity measured at some height, F.(h), and the net flux
density of material in and out of the underlying soil,
F,(0), and vegetation:

F.(h)=F.(0)- [Sy(Z)dz. 3

On the basis of physical principles and Reynolds’ rules
of averaging[16], the mean covariance between vertical
velocity (w) and the CO, mixing ration, ¢, produces a
direct measurement of the mean vertical flux density
of CO;:

F.=pwczp,wc': “4)

In eq. (4), the overbars denote time averaging and
primes represent fluctuations from the mean. A posi-
tively signed covariance represents net CO;, transfer
into the atmosphere and a negative value denotes the
reverse.

1.2 Water and heat adjustment

In practice, CO, is measured with infrared spec-
trometers, which do not measure mixing ration,
c. Instead they sample molar density, p. (moles per
unit volume). In principle, changes in molar density
can occur by adding or removing molecules in a con-
trolled volume or by changing the volume, as is done
when pressure, temperature and humidity change in
the atmosphere. By measuring the eddy flux covari-
ance in terms of molar density, the net flux density of
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CO, across the atmosphere-biosphere interface is
evaluated as

F =wp. =wp +wp.,. )

The new term, on the right hand side of eq. (5) is the
product of the mean vertical velocity and CO, density.
The mean vertical velocity arises from density fluctua-
tion, its magnitude is too small (<1 mm/s) to be de-
tected by anemometry, but it can be computed using
the Webb-Pearman-Leuning :

F, =w'_p;+ﬂim+[1+%J&w'_T’, ©6)
m, p, p.m, ) T

where m, is the molecular weights of air, and m, water
vapor. Eq. (6) ignores effects of pressure fluctuations,
which may be significant under high winds'"®! and
advection®. Significant terms in eq. (6) depend on
whether one uses an open or closed path infrared spec-
trometer. If one draws air down a heated tube in a
turbulent state, as is needed to implement a close-path
sensor, temperature fluctuations will dampen and ap-
proach zero, thereby canceling the last term on the
right hand side of eq. )"

1.3 Spectrum analysis

As to the spectral analysis, it studies the period
oscillation by the time serial. We can consider the time
serial as a complex oscillation track, and we can study
the serial internal structure, thereby, knowing how the
energy was contained at individual frequency.

Suppose a stable time serial in (0, T), and the
Fourier transforms is

X (t)= [a, cosayt +b, sin ) (N
k=0

Equation (7) is a spectral expanding of randomly
process X(#), and it showed that, a stable process can
be analyzed by numerous co-oscillation at different
frequency. Eq. 7 is just a discrete stable processing of
X(1), and it will become a continuous spectrum when
T — . In practice, the spectrum includes power
spectrum and cospectrum. The so-called power spec-
trum is spectrum density, since it is the mean power
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distribution of a single time serial in frequency f, and it
shows how the co-swing contributes to the total swing.
For two time serials the co-spectrum is how the com-
ponent distributing at individual frequency contributes
to their covariance, thereby, we can discern whether
there are some relationships between two time serials,
and then we can know which oscillation component is
the most important control to their covariance.

2 Sites and observing system
2.1 Sites

The experimental sites are located in the QYZ
and CBS experimental station, CAS. The ecological
experimental station QYZ (115°04'13"E, 26°44'48"N)
is situated on the typical red earth hilly region in the
mid-subtropical monsoon landscape zone of South
China. According to the statistics of meteorological
data from 1985—2002, the mean annual temperature
is 17.9°C, annual precipitation 1542.4 mm, annual
evaporation 1110.3 mm, mean relative humidity 84%.
The coniferous forest plantation was mainly planted
after 1985. The forest canopy is dominated by Pinus
massoniana Lamb, Pinus elliottii Engelm, Cunning-
hamia lanceolata Hook, Schima crenata Korthals,
Citrus L., etc. The area of evergreen vegetation is
about 76% of the total area. The experimental site of
CBS is performed in the number one sample plot
(42°24'N, 128°6'E). The slope of terrain is not larger
than 4%. The Changbai Mountains belongs to the
temperature continental climate, mean annual tem-
perature —7.3—4.9°C, mean annual precipitation 600
—900 mm. The forest canopy are dominated by

Pinuskoriaensis, Tiliaamurensis, Quercusmongolica,
Fraximusmandshurica, Acermono., etc. The coverage
of underlayer shrub is 40%, dominated by corylus-
mandshurica, Lonicerachrysantha, Philadelphuss-
chrenkii, Deutziaamurensis, and the coverage of grass
is 70%, dominated by Brachybotrysparidoformis, Car-

exsideroticta, Equisetumhiemale., etc. 274,

2.2 Observing system

On the measurement tower, the eddy covariance
system includes routine meteorology system,
seven-level profile CO; and H,O system, OPEC, and
CPEC in two sites. The analyzers of OPEC and CPEC
are described in table 1. Fig. 2 shows the schematic of
close-path and open-path systems. In two sites, the
OPEC and CPEC were installed at the same height, 23
m in QYZ, and 41.4 m in CBS. The sample tube of
CPEC is 29.3 m long, in QYZ, and 55.5 m in CBS,
with the same 0.5 mm inner diameter. And the type
and model of instruments are the same in two sites.

The eddy covariance system (OPEC and CPEC)
consists of the following components: 3-D sonic ane-
mometer (Campbell Scientific, Inc.), CSAT3, close
path infrared gas analyzer (LI-COR, Inc.), LI7000,
open path infrared gas analyzer (LI-COR, Inc.),
LI7500, data logger (Campbell Scientific, Inc.),
CR5000, temperature and humidity sensor (Vaisala),
HMP45C. The datalogger program controls the system,
measures all input variables and calculates on-line
fluxes that are stored on a PCMCI card and can be
displayed real time on the dataloger’s LCD or on a PC
screen. Raw time series data at 10 Hz are also stored
for diagnostic and post-processing purposes.

Table 1 Specifications comparison of CPEC and OPEC analyzers

Specifications LI7500 (OPEC) LI7000 (CPEC)
Type Absolute, non-dispersive infrared Differential, non-dispersive infrared
gas analyzer gas analyzer
Temperature range/'C —25—50 0—50
Power requirements/V 10.5—30DC 100—240 AC
CO; range (107%) 0—3000 0—3000
CO, zero drift with temperature/—10°°C~! +0.1 +0.3
CO; span drift/r'C™! +0.02% +0.2%
H,0 range/mmolmol™ 0—60 0—60
H,0 zero drift with temperature/mmol mol™ 'C™' 1 0.03 1 0.02
H;0 span drift/r'C™! +0.15% +0.4%
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Fig. 2.

The system uses a high capacity diaphragm vac-
uum pump, and it can achieve an open volume flow
rate of 5 m’/h at standard conditions. There are four
filters in this system: one filter at the sample intake, 47
mm diameter, 10 um pore size and mounted in an
aluminum filter holder; one filter just upstream from
the sample cell of the analyzer 47 mm diameter and 2
pum pore size, mounted in an aluminum holder also;
one Gelman filter cartridge assembly 50 mm, 1 pum
pore size upstream of the reference cell; and one filter
for the air that enters the scrub chemicals, 25 mm
diameter, 1 um pore size, mounted in a Delrin open
end filter holder.

The calibration system is to compensate for any
offset drifts and changes in the gain in the concentra-
tion measurements due to temperature, contamination
in the optical path, light source and detector aging. It
allows three gases with known concentration to flow
into the sample cell of the analyzer to perform auto-
matic calibration at user defined intervals. For con-
venience, two polycarbonate bottles, one filled with
Decarbide (CO; scrubber) and the other with magne-
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Schematic of the close-path and open-path CO, system.

sium perchlorate (H,O scrubber) can provide zero gas
for the routine operation and during offsets and gain
adjustments. The bottles with the chemicals are con-
nected in a closed loop with the reference cell. The
internal pump of the LI7000 circulates air
continuously between the chemicals and the reference
cell so that all the CO, and water vapor are removed
form the stream.

3 Results and discussions
3.1 Delay time for CO; and H,0O

Because of the finite length of the intake line,
there is a certain time lag between the wind measure-
ments made by the anemometer and the concentration
measurements made by the IRGA, and this lag time is
so-called delay. One of the requirements of the eddy
covariance method is that all measurements have to be
made synchronously, in order to decrease the system
error, OPEC and CPEC, the two observing systems,
only use one 3-D sonic anemometer. To determine the
lag time precisely is the basis to obtain the exact flux.

The lag time was determined by finding the
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maximum covariance between the vertical wind and
CO, (H,0) concentration (by shifting the two time
series) &1 A good reliable estimation of the tube
delay could be obtained during periods of the day
when the CO, and H,O fluxes are strong and the peaks
are sharp and well defined. We used the time series
data between 14:00—15:00 to calculate delay time. In
QYZ the delay for CO, and H,O was about 7.0 s and
8.5 s respectively, and it was 7.9 s and 8.3 in CBS (fig.
3). In the two sites, for the increased interaction of
water vapor with the internal surfaces of the tubing,
the delay of HyO was larger than CO,. Because the
instruments are on the same type and model, the delay
time of the same gas is determined by the length of the
intake tube, consequently, the delay of CO; in QYZ
was smaller than that in CBS, however, the delay of
H,O in QYZ was larger than that in CBS; it was
probably caused by the high H,O concentration in
QYZ. And the phenomenon needs to be further stud-
ied.

The delay time depends primarily on the actual
flow rate of air, the length of the intake line, the inside
diameter of the tube and the internal volumes of the
components in the sample intake line like filters, con-
nectors, etc. For the same instruments, the delay time
was similar in the two sites.

79

3.2 Spectral analysis

In order to test the frequency response of eddy
covariance system sensors, as well as to gain informa-
tion on the physical structure of eddies, we analyzed
the power spectrum and cospectrum of measurement
term. A time serial was considered as a complex oscil-
lation track, and then it could be always analyzed by
numerous co-oscillation at individual frequency,
thereby knowing how the frequency contributes to the
oscillation by observing the frequency distribution,
and it is so-called spectral analysism]. In this study,
the power spectral density, S,(f), of the time series of
s, and the co-spectral or cross-spectral density of s and
w, Cus( f), were estimated using Welch’s averaged
periodogram method. For both spectral densities, a fast
Fourier transform length of 2° was used with nonover-
lapping Hanning windows of the same length. One
hour of the high-frequency data were used, thus, all
time series consisted of 36000 values, detrended by
removing the mean. Both spectral densities were mul-
tiplied by f to enhance the higher frequencies, and
Ss(f) and Cy(f) were standardized by the variance of
s and the absolute value of the covariance between w
and s, respectively.

The power spectra of Pcoy W, u, v were analyzed

(fig. 4). The spectrum of Peo, showed that, the two
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Fig. 3. The delay for CO; and H,O determined by the maximum covariance between the vertical wind and CO;, (H,O) concentration. (a) The lag

time for CO;; (b) the lag time for H;O.
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Fig. 4. The power spectrum of Peo,, w, u, v of OPEC and CPEC (X in (a) and (c) is CO; density, u, v, w in (b) and (d) is 3-D wind speed).

analyzers of OPEC and CPEC were similar at all fre-
quencies, however, the spectrum of CPEC was a slight
drop. The power spectrum of pco,, w, u, v exhibited

the expected —2/3 slope, which has been used to ex-
amine the structure of turbulence over oceans'”®’. Be-
cause the sampling tube that was used to supply air to
the close-path analyzer acts as a high frequency filter,
spectrum power in the CO, signal from the close-path
analyzer was lost at f > 2 Hz, however Leuning and
Yasuda showed that there was a rapid decrease in
spectral density for the close-path analyzer for f> 0.1
Hz.

The two cospectra, vertical wind speed and CO,
density, vertical wind speed and sonic anemometer
temperature, are shown in fig. 5 (log-log plot). All the

cospectra showed the expected slope of —4/3 in the
inertial subrange. The cospectrum of vertical wind
speed and CO, density was consistent with the cospec-
trum vertical wind speed and sonic anemometer
temperature at all frequencies. If we assume that the
fine-wire thermometer approximates an ideal sensor
with respect to frequency response, fig. 5(a), (c) show
that there was no significant loss in the measured CO;
flux due to separation between the open-path analyzer
and the sonic anemometer.

The comparison of cospectrum or vertical wind
speed and CO; density of CPEC and OPEC is shown
in fig. 5 (log-log plot). The cospectra showed the ex-
pected slope of —4/3 in the inertial subrange. When
f> 1 Hgz, signals of CPEC were very consistent with
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that of OPEC. The peak of cospectra was at 0.3 Hz for
this period. Since the measurement was made above a
forest, the frequency of the spectral peak would be
lower than for above a crop field. This is an advanta-
geous point of the close-path measurements over tall
vegetation, because frequency bands contributing to
the flux over tall vegetation shift to lower frequencies,
which can mostly be covered by a slow response sys-
tem. Leuning™ found that the flux measurement by
close-path analyzer at frequencies > 0.1 Hz was sig-
nificantly less than for the open-path analyzer, because
density fluctuations were damped by the sampling
tube at these frequencies. In this study, when the fre-
quencies > 1 Hz, the flux measurement by the close-
path was less than that by the open-path.

3.3 Comparison of flux

The open-path flux measurement was used as the
independent variable™™, and the close-path flux meas-
urement results were evaluated. According to mean
half-hour data of flux, fig. 6 compares the CO, and
H>O flux with two analyzers by linear regression. Fig.
6 shows that the slope of simulated line was larger
than 0.8, and it was nearly 1 of water flux in QYZ. So
the attenuation of the fluctuations along the sampling
tube of the close-path analyzer did not result in sig-
nificant underestimation. The open-path flux meas-
urement was used as a standard of comparison, and
CO; and H,0O flux of CPEC were 84% and 100% in
QYZ, 80% and 86% in CBS, respectively. The corre-
lation between the two systems measurement over
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H,0 flux was better than that for CO,. The underesti-
mation resulted from the attenuation of both CO, and
H,O flux in QYZ was all smaller than that in CBS,
and it may be caused by system error or different en-
vironmental controls.

The diurnal variations in CO; fluxes measured by
the open-path analyzer were compared with those
measured by the open-path analyzer in fig. 7(a)—(d).
In the two sites, the CO, and latent heat flux from the
close-path analyzer were in good agreement with those
from the open-path analyzer, and the agreement was
apparent in both the nighttime and the daytime, there-
fore, it suggested that the measurement of two differ-

ent systems was reliable. In September and October,
the diurnal variation was very obvious in QYZ, how-
ever, it was only in September that the diurnal varia-
tion was clear, but in October it was not.

4 Conclusions

Through computing the lag time of close-path
analyzer, analyzing the spectra and cospectra of time-
series data, and making the comparison of flux, some
conclusions were drawn as the following:

(i) The delay time for CO, and H,O determined
by the maximum covariance between the vertical wind
and CO, (H,O) concentration was about 7.0 s—8.0 s

© 1995-2005 Tsinghua Tongfang Optical Disc Co., Ltd. All rights reserved.
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Fig. 7. CO; flux diurnal variations of the close-path and the open-path analyzers. (a) On September 30, 2003 in QYZ station; (b) on October 21,
2003 in QYZ station; (c) on September 22, 2003 in CBS station; (d) on October 20, 2003 in CBS station.

for CO,, and about 8.0 s—9.0 s for H,O at QYZ and
CBS. For the increased interaction of water vapor with
the internal surfaces of the tubing, the delay time for
H,0 was larger than that of CO,

(ii) The spectrum of PCo, W, U, V from the
open-path, close-path and 3D sonic anemometer was
consistent with the expected ~2/3 slope, and the co-
spectra all showed the expected slope of —4/3 in the
internal subrange. The cospectrum of vertical wind
speed and CO, density was very similar. The
cospestrum of vertical wind speed and CO, density
was consistent measured by the open-path analyzer
with the cospectrum of vertical wind speed and sonic
anemometer temperature, and it showed that there was
no significant loss in the measured CO, flux due to
separation between the open-path analyzer and the
sonic anemometer.

(iii) The open-path flux measurement was used as
a standard of comparison, the CO; flux measured with
the close-path sensor was about 84% at QYZ, about
80% at CBS, and the latent heat flux was balanced of
two systems at QYZ, 86% at CBS. From the flux
measurement difference between the open-path and
close-path analyzers, we know that the attenuation of
turbulent fluctuations in flow through tube of CPEC
affected H,O flux more seriously than CO; flux. The
difference of two measurement systems were larger at
site CBS than in QYZ. The diurnal variations of CO;
and latent heat flux from the close-path analyzer were
in good agreement with those from the open-path ana-
lyzer.

(iv) From all analyses, we could conclude that in
two sites the measurement results of OPEC and CPEC
were reliable. Therefore, in practice the two different
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systems should be integrated to compensate the miss-
ing data.
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