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ABSTRACT
The new type closed-path CO,/H;O infrared gas analyser enables us to calculate CO; fluxes from both the mixing ratio
(FMR) and mass density of CO, (FVFL). After the WPL correction was applied, FMR and F**" were almost in accord
with each other. However, FCW PL tended to be slightly larger than FCMR, which resulted in a significant difference in
cumulative CO; fluxes. We found that this difference was explained by the pressure covariance term, which is normally

omitted in the WPL correction. Therefore, ignoring the pressure covariance term in the WPL correction can cause a
serious error in estimation of annual net ecosystem exchange. To reduce uncertainties in calculations, we recommend
using the mixing ratio for calculation of CO, fluxes when using the new type closed-path infrared gas analyser.

1. Introduction

Recently the new type closed-path CO,/H,O infrared gas anal-
ysers, such as the LI-7200 (LI-COR, Lincoln, Nebraska, USA)
(Burbaetal., 2010) and the EC155 (Campbell Scientific, Logan,
Utah, USA), were released. Since these employ the closed-path
system, they enable us to measure fluxes of CO, and water
vapour with little data loss during precipitation and no surface
heating issue (Burba et al., 2008) compared with the open-path
gas analysers. Moreover, these analysers are designed to be in-
stalled outdoors and have a short intake tube length, thus making
flux attenuation losses in the intake tube smaller compared with
the ordinary closed-path analysers (Burba et al., 2010). Burba
et al. (2010) confirmed that the hourly CO, and water vapour
fluxes by the LI-7200 were within 2.5% of the standards mea-
sured by the LI-7000 closed-path gas analyser (LI-COR) and the
LI-7500 open-path gas analyser (LI-COR), respectively.

In addition, since such analysers measure temperature and
pressure in the cell simultaneously with concentrations of CO,
and water vapour, variations in mixing ratios of CO, and water
vapour are available directly. This enables us to obtain fluxes
of CO, and water vapour without applying density correction
(Webb et al., 1980) (hereafter WPL correction), as suggested by
Leuning (2004). The mixing ratio has advantages over mass den-
sity in that it is conserved during thermal expansion/compression
and through all hydrological processes such as phase change
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and water vapour diffusion (Kowalski and Serrano-Ortiz, 2007).
Thus the use of the mixing ratio has been recommended by
Leuning (2004, 2007), Kowalski and Serrano-Ortiz (2007) and
Kowalski (2008) to calculate true eddy fluxes. However, Burba
et al. (2010) calculated CO, flux using the FluxNet methodol-
ogy described by Aubinet et al. (2000), that is, from the mass
density of CO, with the WPL correction even for the LI-7200.
Therefore, it is still unknown how the CO, flux from the mixing
ratio of such a closed-path gas analyser performs.

The scope of this study was to analyse the importance of the
mixing ratio for long-term evaluation of CO, flux by comparing
it with CO, mass density flux and clarifying what causes the
difference between them.

2. Theory

Since the mixing ratio of CO, relative to dry air . (mol mol~")
is measured by the LI-7200, CO; flux from the mixing ratio FM®
(mol m~2 s7!) is derived by covariance of x. and vertical wind
speed w (m s~!) as follows:

FM® =pqw'x/, (1)

where g4 (mol m~3) is a molar density of dry air calculated by

Deell
R Tcell '

@

oa=(1-1)

where f, (mol mol~!) is a mole fraction of water vapour relative
to total (wet) air, R = 8.31 (J K~ mol™") is the gas constant
and p.e (Pa) and T (K) are pressure and air temperature in
the closed-path sampling cell of the LI-7200, respectively. An
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overbar denotes a time averaging, and a prime denotes the de-
viation from the mean. According to the LI-7200 manual (Pub-
lication No. 984-10564, 22 July 2009), mole fractions of water
vapour f, and CO, £, (mol mol™!) are calculated from a mea-
sured molar density of water vapour o, and CO; g, (mol m™—)
as

_ Oy R Tcell

e ) (3)
Pcenl

fc — QcRTcell ) (4)
Peell

Thus the mixing ratio of CO, . is derived as follows:
fe

= N 5
Xe =14 ®

which is equivalent to the eq. (6.23) by Leuning (2004).

Similarly, CO, flux from the mass density of CO; p. (kg m™3)
with the WPL correction FYP& (kg m~2 s7!) is calculated as
follows:

FCWPL =w'p, + Fy + Fr, (6)

where Fy and Fr (kg m~2 s™') are the water vapour covariance
term and temperature covariance term of the WPL correction,
respectively, described as follows:

mq pc

Fy=—=wp, (7
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where myq = 28.966 (Gatley et al., 2008) and m, = 18.015
(kg kmol~") are the molecular mass of dry air and water vapour,
and pg(= mgyoq) and p, (kg m™3) are the mass density of dry
air and water vapour, respectively. Note that the original WPL
correction (Webb et al., 1980) neglected the pressure covariance
term Fp (kg m~2 s7') (e.g. Lee and Massman, 2011),

®

@Ey@@
my pa) Pear
since the Fp is expected to be small enough compared to Fy and
Fr (Leuning, 2004).

Furthermore, to complete the density correction, two ad-
ditional terms were provided by Fuehrer and Friehe (2002)
and Lee and Massman (2011), that is, the CO, self-dilution
term Fc (kg m™ s7!) and the higher order temperature term

FPZ—E<1+

Fy (kgm™2 s71), expressed as follows:

Fo= "0 un, (10)
me Pd
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where m. = 44.010 (kg kmol ") is the molecular mass of CO,.
Theoretically, these CO, fluxes from the mixing ratio and mass
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density are equal, that is,

FMR = FVPL |+ Fe + Fy. (12)

3. Measurements

The gas analyser LI-7200 and ultrasonic anemometer Wind-
Master Pro (Gill Instruments, Lymington, UK) were installed
in a burned black spruce forest on a hilltop of the Poker Flat
Research Range, University of Alaska Fairbanks, where the on-
going year-round flux observation is conducted (Iwata et al.,
2011). At this site, understory plants such as shrubs and herbs
have recovered after a wildfire that occurred in 2004. Fractional
vegetation cover of these plants was about 70-80%, and their
plant height was not more than 0.5 m in the measurement area.
The data from 6 August to 14 September 2010 were used and
were logged by the LI-7550 (interface unit of LI-7200) at 10 Hz.
Measurement height was about 2.5 m above the ground. Length
and inner diameter of the intake tube of the LI-7200 were 1.0 m
and 9.5 mm, respectively, and flow rate was kept at 15 standard
L min~!. At the leading edge of the intake tube, a rain guard/bug
screen attachment was installed, and thus the inlet of the intake
tube faced downwards.

The pressure in the sampling cell of the LI-7200p,y is mea-
sured using two pressure sensors. One is installed inside the en-
closure of the LI-7550 and measures the atmospheric pressure
in the enclosure. The other is the differential pressure sensor
installed on the LI-7200 sensor head, and it measures the dif-
ferential pressure between the sampling cell and the LI-7550
enclosure. pe is the sum of these measurements. The differ-
ential pressure sensor measures very fast (about 300 Hz), and
it responds immediately to the pressure variation in terms of
eddy covariance measurements (George Burba, LI-COR, per-
sonal communication, 2011). The temperature in the LI-7200 is
measured by the fine thermocouples at the air inlet and outlet
[T;, and Ty, respectively (K)]. The temperature in the sampling
cell T is represented by Teey = 0.2T;, + 0.87,, (LI-COR, per-
sonal communication).

In consideration of the delay time #,4 (s) between the LI-7200
and the WindMaster Pro, a ‘dynamic’ delay correction was intro-
duced. This correction explains delays due to the wind speed and
direction, flow rate, and internal delay of the LI-7200, LI-7550
and WindMaster Pro. Thus #4 can be expressed as follows:

l AL
tg=—=cos(y —b)+ — +d, 13
d = (y —b) 0 (13)

where /(m) is the separation between the sonic anemometer and
the inlet of the intake tube, U(ms™") is the mean wind speed,
y (rad) is wind direction, b (rad) is direction of the inlet, A
(m?) is the section area of the intake tube, L (m) is the intake
tube length, Q (m? s7') is flow rate and d (s) is a time constant
explained by the internal process delays of the LI-7200, LI-
7500 and WindMaster Pro. Here the positive 74 denotes that the
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Fig. 1. Comparison between the delay time 7q determined by a lag cross-correlation analysis and that from the dynamic delay function (eq. 13).
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Fig. 2. Comparison between CO; flux from the mixing ratio FCMR and

that from mass density before and after WPL correction (w’p/ and
FWPL
<

, respectively).

LI-7200 delays in comparison with the WindMaster Pro. In this
study, /, b and d were determined by the least-squares method to
fiteq. (13) to the delay time determined by a lag cross-correlation
analysis between sonic temperature from the WindMaster Pro
and x. from the LI-7200. The #; from eq. (13) well described
the delay time determined by a lag cross-correlation analysis
(Fig. 1).

Data spikes were removed according to Vickers and Mahrt
(1997). The double coordinate rotation was used to make the
mean lateral and vertical wind speeds zero (McMillen, 1988).
Detrending and corrections of other effects such as frequency
response or tube attenuation effects were not applied. Finally,
the calculations of CO, fluxes were set as the same unit of mg
CO,m?%s !,

4. Results

Figure 2 shows the relationship between CO, flux from the
mixing ratio FMR and that from mass density before and after the

application of the WPL correction (i.e., w'p, and F,'™V). After
the WPL correction was applied, calculations of FMR and FVP-
were almost in accord with each other. However, F'** tended
FCV\/PL _ FCN[R
was positive in most of this period irrespective of day and night
(Fig. 3). Though the difference F¥**' — FMR was two orders
of magnitude smaller than F'** and FMR, it turned out to be

a large difference in the cumulative CO, fluxes in the whole

to be slightly larger than FMR, and the difference

5-week period (Fig. 3). The values of the cumulative CO, fluxes
were Y FMR = —946and Y F'™ = —6.28 (g m™2).

We found that the difference between FM® and F¥P- was
almost the same value with the pressure covariance term Fp,
and the difference between FMR and FYP- + Fp was negligible
(Fig. 3). The difference between them in the cumulative CO,
flux was also small, > (F¥P* + Fp) = —9.55 (g m™2), and the
difference between Y FM® and Y (FV*“ + Fp) was 1.0% of
> FMR (Fig. 4). The magnitudes of both F¥* — FMR and F;
were dependent on the wind speed, and the effect of the pres-
sure covariance term was greater when wind speed was higher

(Fig. 5).
Two additional terms, F¢ and Fy, were quite small, and the
values of them in cumulative fluxes were Y Fe = —1.45 x 1072

and ) Fy = —3.21 x 107* (g m~2) in this period. However,
since these values were both negative, the complete mass
density flux was cumulated as Y (F'PF + Fp + Fc + Fy) =
—9.57 (g m~2), and the difference between it and Y FMR was
slightly larger than that before F and Fy were added.

5. Discussion

The results experimentally confirmed that the measurements of
CO, flux from the mixing ratio were consistent with those from
mass density with the WPL correction including the pressure
covariance term. This indicates that ignoring the pressure co-
variance term in the WPL correction will provide a significant
positive shift in the cumulative CO, flux estimation, resulting
in a serious error in estimation of the annual net ecosystem
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Fig. 3. Variations in the difference between FCW PL and FCMR, the pressure covariance term Fp, and the difference of fluxes after Fp was considered.
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Fig. 4. Comparison of the variations in the cumulative CO, fluxes, Y FMR, 3 FWPL and S"(FWVPL 4 Fp).
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Fig. 5. Relationship between horizontal wind speed and
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exchange (NEE). In addition, according to Fig. 5, the errors in
the NEE estimation due to the omission of the pressure covari-
ance term can be large in windy areas. The importance of the
pressure covariance term in the long-term CO, flux measure-
ment has been pointed out in previous studies (e.g. Massman
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and Lee, 2002; Massman, 2004; Zhang et al., 2011). Lee and
Massman (2011) showed that the cuamulative pressure correction
accounted for roughly 20% of the annual NEE by using a data
set by Zhang et al. (2011), and they pointed out that the pressure
covariance term should not be omitted when using the open-path
eddy covariance system. However, actual consistency between
FMR and F)YPL with the density correction terms had not been
checked because FMR was unavailable in the previous systems.
This study is the first to actually confirm by experiment that the
difference between FMR and F'PU is explained by the pressure
covariance term Fp, owing to the development of the new type
closed-path gas analyser.

Similarly, this result also shows that the calculation of CO,
flux from the mixing ratio FMR is reliable in that FM® accounts
for the CO, mass density flux including the pressure covariance
term of the density correction. The long-term sums of the CO,
self-dilution term and the higher order temperature term were
both negligible, as pointed out by Lee and Massman (2011).
FMR can be considered as the true surface flux based on the
arguments by Bakan (1978) and Webb et al. (1980), and the ex-
pressions of CO, flux from mass density with density correction
terms are much more complex than FCMR. Therefore, to reduce
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Fig. 6. A typical time series of the variations in the deviations of vertical wind speed in the open air w’ and pressure in the closed-path sampling cell
of LI-7200p(,,. The data shown here were taken from 11:10 to 11:15 AST, 15 August 2010. Note that these deviations were from the 30 min mean
values from 11:00 to 11:30. Delay time of the LI-7200 was corrected by eq. (13).

uncertainties, the mixing ratio is preferable for calculation of
CO, fluxes when using the new type closed-path infrared gas
analysers.

It should be noted that the negative Fp in this study (Figs 3
and 5) was due to the positive correlation between vertical wind
speed w and pressure in the cell p. (Fig. 6). This is opposite of
the results for the open-path system by Zhang et al. (2011), who
measured fluctuations of vertical wind velocity w’ and static
pressure p’ in the open air and showed the negative correlation
between them, which resulted in a ‘positive’ Fp. Previous obser-
vations on the static pressure fluctuation in the open air support

their results, i.e., negative w’p’ and positive Fp (e.g. McBean
and Elliott, 1975; Wilczak and Businger, 1984; Massman and
Lee, 2002). Note that results of Fp by Zhang et al. (2011) and
other previous studies were for the open-path flux systems, and
the physical mechanisms that underlie the pressure fluctuations
are different between open- and closed-path systems. Discrep-
ancy between positive Fp in previous studies (open-path) and
negative Fp in this study (closed-path) is due to the fact that the
pressure in this study was measured in the cell with continu-
ous air flow. Nevertheless, since the pressure fluctuations in the
DLy seemed to be systematically related to w’ (Fig. 6), and the

pressure covariance term Fp decreased with the increasing hor-
izontal wind speed (Fig. 5), variation in the p/,, would also be
due to the motion of the ambient air. One possible explanation
of this phenomenon is that since the inlet of the intake tube faced
downwards in this study, horizontal wind was orthogonal to the
inlet, and thus the increase of horizontal wind speed resulted in
a decrease of pressure inside the intake tube and the sampling
cell. Actually, fluctuation in the p.; was mostly explained by the
variation in the negative dynamic pressure —pU?/2 (Pa) due to
the ambient horizontal wind speed U (m s~") as shown in Fig. 7,
where p (kg m~?) is the total air density. If this is correct, the
pressure covariance term Fp can be affected by the presence or
absence of the downward-facing rain guard/bug screen attach-
ment. When this attachment is not used, the inlet of the intake
tube will open horizontally, and the effect of wind speed on the
pressure variation in the cell will depend on the wind direction.
These factors should be clarified in future studies.

Figure 8 shows the normalized ensemble average spectrum
of the p and w-pee co-spectrum. The slope of the power
spectrum was smaller than —3/2, whereas —3/2 slope was ob-
served in the open-air static pressure by Zhang et al. (2011). No
clear attenuation of the power spectrum of p..; was found, but

5 95200 205
g_% 95190 — — Peell Dynamic pressure 10;\(;
7 ol bt ) L ’ 2
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Fig. 7. Variations in the pressure in the sampling cell pc.qi and the negative dynamic pressure —pU? /2. The time period is the same as in Fig. 6.
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Fig. 8. Ensemble average spectrum of peeyr, Sp/ apz (), and w-peen co-spectrum, f Cyp/w'ply; (b), where o, (Pa) is the standard deviation of peeyr.
The data under neutral condition [|z/L| < 0.01, where z = 2.5 (m) is the measurement height and L (m) is Monin-Obukhov length], mean wind

speed of 2 < U <5(@ms")and w’l’éeu > 0.3 (Pams~!) were used.

f > 0.5 Hz seemed to be affected by noise. Nevertheless, most
of the covariance w’p, was accounted for by the frequency
range lower than 0.5 Hz.

6. Conclusions

By using the new type closed-path CO,/H,0O infrared gas anal-
yser, we concluded that the difference between the cumulative
CO, fluxes from the mixing ratio and mass density was ex-
plained by the pressure covariance term of the density correc-
tion. It was experimentally confirmed that the measurement of
CO; flux from the mixing ratio was consistent with that from
mass density with the WPL correction including the pressure
covariance term. This consistency indicates that the pressure co-
variance term would also affect the long-term cumulative CO,
flux measured by an open-path gas analyser, as pointed out by
recent studies. Our results confirm the key conclusion by Webb
et al. (1980) that the true eddy flux is given by the product of the
dry air density and the covariance between the vertical velocity
and the mixing ratio of trace gas relative to dry air. To reduce
uncertainties, the mixing ratio is recommended in calculating
CO, fluxes when a new type closed-path infrared gas analyser
is employed.
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