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Abstract. Eddy covariance using infrared gas analyzes has
been a useful tool for gas exchange measurements between
soil, vegetation and the atmosphere. So far, comparisons be-
tween the open- and closed-path eddy covariance (CP) sys-
tem have been extensively made on CO; flux estimations,
while lacking in the comparison of water vapor flux estima-
tions. In this study, the specific performance of water vapor
flux measurements of an open-path eddy covariance (OP)
system was compared against a CP system over a tall tem-
perate forest in northeastern China. The results show that the
fluxes from the OP system (LE,p) were generally greater than
the LEcp though the two systems shared one sonic anemome-
ter. The tube delay of closed-path analyzer depended on rel-
ative humidity, and the fixed median time lag contributed
to a significant underestimation of LE.p between the forest
and atmosphere, while slight systematic overestimation was
also found for covariance maximization method with single
broad time lag search window. After the optimized time lag
compensation was made, the average difference between the
30 min LEqp and LEp was generally within 6.0 %. Integrated
over the annual cycle, the CP system yielded a 5.1 % under-
estimation of forest evapotranspiration as compared to the
OP system measurements (493 vs. 469 mmyr—1). This study
indicates the importance to estimate the sampling tube delay
accurately for water vapor flux calculations with closed-path
analyzers, and it also suggests that some of the imbalance of
the surface energy budget in flux sites is possibly caused by
the systematic underestimation of water vapor fluxes mea-
sured with closed-path eddy covariance systems.

1 Introduction

Following the global changes, the surging interest in biotic
feedback to global climate changes has led to an explosion
in the research of terrestrial carbon and water cycle. Quan-
tifying the water vapor fluxes helps understanding the com-
ponents of the energy and water budgets in terrestrial ecosys-
tem, and also helps to validate satellite-based estimates of re-
gional and global evapotranspiration (Vinukollu et al., 2011;
Consoli and Vanella, 2014). Hence in the scientific commu-
nity, great efforts have been made to reduce the systematic
errors and biases in water vapor flux estimations in terrestrial
ecosystem.

Currently, the vertical water vapor fluxes between terres-
trial ecosystem and the atmosphere are often measured using
the eddy-covariance technique (Aubinet et al., 2000; Baldoc-
chi et al., 2001). Long-term and continuous evapotranspira-
tion data measured with this method, coupled with microm-
eteorological data, allows analysis of the factors controlling
water vapor exchange between terrestrial vegetation and the
atmosphere. Practically, for the eddy covariance method, the
vertical wind speed components are generally measured with
sonic anemometers, while water vapor concentrations may
be measured in situ using an open-path infrared gas ana-
lyzer or by passing air through a sampling tube to the ground
and then measured using a closed-path analyzer. The for-
mer quantifies water vapor concentrations close to the point
where the vertical wind speed is measured. The latter quan-
tifies water vapor concentrations of air pumped through a
tube with intake point close to the anemometer. These two
measurement designs are the so-called open-path (OP) and
closed-path (CP) techniques. Due to the physical limitations
of the instruments and the non-ideal observation environ-

Published by Copernicus Publications on behalf of the European Geosciences Union.



4124 J. B. Wu et al.: Comparative measurements of water vapor fluxes

ment, there are some uncertainties associated with both of
these two methods (Haslwanter et al., 2009; Leuning and
Judd, 1996). Additionally, the differential procedure of post-
processing of eddy covariance data from OP- and CP system
also leads to potential source of bias in calculated fluxes. All
these have been widely discussed in the FLUXNET commu-
nity (e.g., Lee, 1998; Leuning and Moncrieff, 1990; Leuning
and King, 1992; Leuning and Judd, 1996).

The most common and necessary corrections for the
eddy-covariance based CO,/H,0 flux measurements have
been described by Massman and Lee (2002) as (1) sonic
anemometer tilt correction, (2) compensation for density
fluctuations, and (3) spectral corrections. Webb et al. (1980)
and Leuning et al. (1990) suggested that the measured flux
should be corrected for density fluctuations induced by con-
current fluxes of latent and sensible heat. This correction is
generally more remarkable for OP systems, because with
CP systems, temperature fluctuations could dampen out as
air passes through the sampling tube (Aubinet et al., 2000).
However, a well-known demerit of the CP system is that
sampling air through tube attenuates fluctuations of gas con-
centration. This effect may cause substantial underestimates
of turbulent fluxes (Leuning and Moncreiff, 1990; Massman,
1991). Accordingly, several correction methods (e.g., Leun-
ing and King, 1992; Fratini et al., 2012) were suggested to
provide quantitative corrections of CO, and H,O flux mea-
surements with CP system, and after correction, most of the
results suggested that the measured CO fluxes by OP system
were quite consistent with the fluxes measured by CP system
(e.g., Suyker and Verma, 1993; Lee et al., 1994; Ibrom et al.,
2007b).

Compared to the large number of studies on inter-
comparisons of CO; fluxes based on open- and closed-path
system (e.g., Kondo and Tsukamoto, 2012; Jarvi et al., 2009;
Yasuda and Watanabe, 2001; Leuning and King, 1992), how-
ever, comparisons of these two systems for water vapor flux
measurements are very rare, with only several studies have
been published till date. To our knowledge, Haslwanter et
al. (2009) made a long-term water vapor flux measurements
above a temperate mountain grassland and found that the
CP system tended to underestimate water vapor fluxes when
compared to OP system. Therefore it is critical to further ex-
amine whether the OP-system-measured vapor water fluxes
are consistent with that of the CP system, especially in the
forest flux sites with relatively high water vapor exchange
rates.

In the recent decades, both CP and OP systems have
widely used in the carbon and water cycle studies. It is im-
portant to explore their systematic bias by conducting inter-
comparisons over different ecosystem types for accurately
quantifying water vapor exchange between terrestrial vege-
tation and the atmosphere. The aim of the present study is
to assess the bias between OP and CP system in water va-
por flux measurements by analyzing a year-round data set
from an old-growth temperate forest in northeastern China,
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where concurrent OP and CP flux measurements have been
performed since 2002. The secondary purpose is to reexam-
ine the effects of tube delay of closed path gas analyzer on
water vapor flux estimations.

2 Materials and methods
2.1 Site description

The forest experimental site is located within the Na-
tional Natural Conservation Park of the Changbai Moun-
tains, northeastern China (42°24'90” N, 128°50'45” E), and
where is a monsoon-influenced, temperate, continental cli-
matic zone. Its annual average temperature is 3.6° and pre-
cipitation is 677 mm. The terrain that surrounds the tower
is flat with an elevation of 738 m. The forest stand is domi-
nantly covered with an over 260-year-old mixed stand of Ko-
rean pine (Pinus koraiensis), tuan linden (Tilia amurensis),
and other interspersed broadleaved tree species. The canopy
has a mean height of approximately 27 m and maximum leaf
area index of 6.5. The growing season is from May through
September.

2.2 Observation system

The water vapor fluxes were measured using the eddy covari-
ance method since year of 2002 in the forest site. The three
wind components and the virtual temperature were measured
with a three-dimensional sonic anemometer (CSAT3, Camp-
bell Sci., Inc., USA) at 40 m above ground. CO, and water
vapor densities were concurrently measured with an OP (Li-
7500, Li-Cor, Lincoln, NE, USA) and a CP (Li-7000, Li-
Cor, Lincoln, NE, USA) infrared gas analyzer. The open-
path analyzer was installed slightly tilted away from the ver-
tical direction to facilitate water run-off. The closed-path an-
alyzer was calibrated twice a day with standard CO, gases
(420.0 ppm, balanced with nitrogen) and high purity nitrogen
gas (99.999 %). Calibration of the open-path analyzer was
carried out yearly before the growing season started. Calibra-
tions of the water vapor span were performed simultaneously
using a dew point generator (L1-610, Li-Cor Biogeosciences,
Lincoln, NE, USA) for both open- and closed-path analyzers.

In the CP system air was pumped from the inlet displaced
at the vicinity of the anemometer measurement point and
drawn down through a sampling tube to the closed-path gas
analyzer located in a building. Sample air was drawn at a
flow rate of 7.4 L min—! from the air intake through a teflon
tube with 47 m length and 4 mm inner diameter. The sample
line was heated (self-regulating) to dampen out temperature
fluctuations in the tube. The nominated time lag for a scalar
that does not interact with the tube is 4.8 s. The open-path an-
alyzer was setup near the same sonic anemometer. Data were
recorded at 10 Hz sampling rate through a CR5000 data log-
ger. A precipitation gauge (model 52203, RM. Young, Tra-
verse City, MI, USA) was mounted on top of the tower. Air
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Table 1. Data coverage of water vapor flux data from the open- and closed-path eddy covariance system recorded in the observation year
of 2003 at the Changbai Mountains forest flux site. Technical issues include power failure, equipments maintenance and calibration. The
stationarity test filtered out flux data calculated for a 30 min interval deviate more than 30% from the mean of the covariance of 5min

subperiods (Foken and Wichura, 1996).

Instrument  Technique Interference of Integral turbu-  Out-of- Valid data
systems issues precipitation lence and sta- threshold

or droplets tionary tests values with no

(RH>95 %) clear reason
OPEC 4.1% 8.2% 13.5% 1.7 72.5%
CPEC 35% 5.6% 15.7% 1.0 74.2%

temperature and relative humidity were measured with HMP-
45C sensors (Vaisala, Helsinki, Finland), with sensors placed
at 2.5, 16, 22, 26, 32, 40, 50 and 60 m, respectively.

2.3 Data processing and quality control

In this study year-round eddy covariance measured data were
presented. The raw water vapor fluxes were calculated from
the mean covariance between vertical velocity (w’) and the
respective scalar for each 30 min interval. The time lags of
CP system between measured vertical wind speed and wa-
ter vapor concentration were calculated by using covariance
maximization method (Fan et al., 1990) with a single lag
search window, as well as with optimized time lags for dif-
ferent classes of relative humidity (i.e., pre-evaluate the nom-
inal time lags and plausibility search windows for 10 classes
of relative humidity in the range of 0 to 100 %.

Axis rotation for tilt correction was carried out with lin-
ear detrended raw time series, using the revised planar fit
method according to van Dijk et al. (2004). Comparison of
rotated and non-rotated fluxes showed small differences (av-
eragely less than 2.5 %) for both OP and CP system. All sen-
sors are affected by high-frequency damping due to several
reasons including instrument time response limitation, sen-
sors separation, etc. Closed-path systems are specifically af-
fected by the damping due to fluctuation attenuation in the
sampling tube. Therefore, the spectral corrections are espe-
cially important for closed-path analyzers. In this study, spec-
tral corrections for high-pass filtering and low-pass filtering
of closed-path analyzer were implemented following Mon-
crieff et al. (2004), and Fratini et al. (2012), respectively.
For OP system, spectral losses due to instrument separations
were account for according to Horst and Lenschow (2009).
The results showed that the corrected LE values were gen-
erally on the order of 6.2-11.0% of raw fluxes, while the
CP system measured LE received considerable spectral cor-
rections ranged from 6.7 to 11.5% of the raw flux signal.
During this period, the WPL correction (i.e. Webb—Pearman—
Leuning correction Webb et al., 1980) for the open-path mea-
surements was averaged to be 9.2 % and the WPL terms for
the closed-path measurements was equal to around 1.0 % of
the raw flux signal (Ibrom et al., 2007b). The surface self-
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heating correction of the OP system in cold environments
(Burba et al., 2008) was less crucial, with the average over-
estimation was less than 1.5% of LEgp. Calculated fluxes
were subject to the integral turbulence and stationarity tests
following Foken and Wichura (1996) with three classes of
quality flags for each 30 min interval, from 1 to 3. The data
of classes 1-2 were used in this study, and class 3 were ex-
cluded as abnormal.

In order to obtain continuous flux time series, the follow-
ing gap filling procedure was employed: all gaps less than
four consecutive 30 min intervals were filled by linear in-
terpolation between the nearest measured data points, con-
tinuous gaps longer than 2 h were filled using the linear or-
dinary least squares regression relationships between half-
hourly water vapor fluxes and short-wave radiation. These
relationships were developed using data grouped according
to the following phenological stages: growing season (May—
September), non-growing season (November—March), and
two transition periods (April, October). When both meteo-
rological data and eddy flux data were not available, only
daily evapotranspiration values were filled using linear rela-
tionship between water vapor exchange and available energy.

Generally, high-quality eddy flux measurement requires
high and continuous data coverage in long-term observation.
Hence, the available data set obtained from the open- and
closed-path system during the year-round observation were
checked. As described in Table 1, application of all filtering
criteria resulted in final data coverage of 72.5% for water
vapor flux estimated from the OP system. The routine fric-
tion velocity (u*) filtering for CO, fluxes was not applied
to the water vapor data sets, considering that the molecular
weight of water vapor is far less than that of air. Specif-
ically, technical issues (power failure, equipments mainte-
nance and calibration) during the measurements removed
4.1% of the measurement data, while a larger percentage
(8.2%) of the out-of-range data was mainly caused by in-
terference of droplets in the optical path of the instrument,
as indicated by the synchronously recorded rainfall data, as
well as the recorded negative latent heat fluxes during the
nighttime. This suggests that installing the open-path ana-
lyzer at an angle away from the vertical direction and as well
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Figure 1. A typical example of the turbulent fluctuations for water
vapor concentration (o) measured by the open- (a) and closed-path
gas analyzer (b). These fluctuations are plotted as a deviation from
the raw data at 10 Hz, and the time series data of closed-path in-
frared gas analyzer were set back 9.1s to eliminate the effect of
tube delay.

Table 2. Variable time lag windows for water vapor in a 47 m sam-
pling tube of closed-path system within different relative humidity
ranges at Changbai Mountains forest site. For sound statistical anal-
ysis, the minimum number of available data for time lag analysis
was 30 in each class. If the filtered number of data is less than 30,
its time lags are set equal to that of the adjacent class.

class RHrange Median Lagmin Lagmax available
value (s) (s) (s) data set

1 10-20 % 5.57 5.27 5.81 18
2 20-30% 5.65 5.30 5.93 195
3 30-40% 6.03 5.42 6.53 341
4 40-50 % 6.70 5.95 7.97 557
5 50-60 % 7.94 6.35 10.45 905
6 60-70% 9.10 6.87 18.92 896
7 70-80% 13.25 9.47 29.70 639
8 80-90 % 17.68 14.41 34.63 432
9 90-100 % 27.17 17.11 39.94 199

as coating with a hydrophobic wax couldn’t totally prevent
the deposition of droplets on the optical windows of the an-
alyzer. To remove these abnormal data caused by condensed
water, the measured fluxes were excluded during precipita-
tion (30 min precipitation >0.5mm) and high relative hu-
midity periods (mean relative humidity > 95 %). Water vapor
flux estimates from the CP system met the screening criteria
was 74.2 %. There is a correspondingly larger fraction of un-
accepted CP flux values too, with most of the rejected data
(15.7 %) mainly due to failing in the integral turbulence and
stationarity tests.
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Figure 2. Power spectra of the measured water vapor concentra-
tion by the open- (a) and closed-path gas analyzer (b), where n is
non-dimensional frequency. The solid lines indicates —2/3 spectral
decay for reference.

3 Results
3.1 Comparison of water vapor density measurements

The raw signal of water vapor concentration fluctuations
measured with the open- and closed-path analyzers were
compared with data derived over a typical clear day. As
shown in Fig. 1 (the data presented in Fig. 1 can be found
in the Supplement), the fluctuations in water vapor density
recorded from the OP analyzer are similar to those from the
CP analyzer, and both follow the same fluctuation trends. The
former is generally greater than that of the later. Visually it
can be seen that the CP analyzer did not capture the sharp
ripples as found in the raw data recorded by the OP analyzer.
This indicates that the water vapor concentration fluctuations
were possibly attenuated by the long sampling tube of CP
system. Overall, the magnitude of fluctuations in water va-
por densities measured from OP system is approximately 1.2
times higher than that from the CP system. Figure 2 shows
the power spectra of the measured water vapor concentration.
It shows that the spectra peak around 0.1-0.01 Hz, which in-
dicates that the larger eddies dominate the water vapor ex-
change over forest canopy. The power spectra for OP an-
alyzer exhibit slight flattening at high frequency (Fig. 2a),
which is indicative of white noise introduced by the sensor.
Generally, the spectra is similar between these two systems,
and the high frequency attenuation for CP analyzer is not sig-
nificantly different from that of OP analyzer, which verifies
the above result that both sets of measurements received sim-
ilar magnitude of spectral corrections of the raw flux signal.
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Figure 3. The actual tube delay for water vapor measurement in
a 47m sampling tube of closed-path system. The time lags were
calculated using the maximum cross-correlation method combining
with the optimized time lag search windows presented in Table 2.

3.2 Comparison of different lag time compensation
methods

Table 2 shows the results of a time lag optimization proce-
dure using four months of data. The nominal, minimum, and
maximum time lags were calculated as a function of rela-
tive humidity (RH). The tube delay of CP system to cross-
correlation peak was observed to depend strongly on RH. For
example, the nominal lag time for this 47 m sampling tube
was 6.7 s when RH was within the range of 40-50 %, which
is greater than the theoretical lag time (4.8s) calculated ac-
cording to the flow rates, tube inner diameter and length. As
the relative humidity increased to over 90 %, the lag time in-
creased to around 27.2s. Figure 3 shows the optimized time
lags during the study period calculated using the above time
lag search windows in different RH classes. The maximal ac-
tual time lag is 37.6 s when RH goes to 100 % and 5.3 s when
RH goes to 10 %. The latter is very close to the theoretical lag
time. The classified data in Fig. 3 also demonstrate that the
lag-time values generally decreased with the increasing of air
temperature, which suggests that the residence time of water
vapor in the sampling line is also a function of temperature.
This is naturally consistent with the findings that lag times
vary as a function of latent fluxes (Nordbo et al., 2012).

The time lag of closed-path system for water vapor mea-
surements is related to relative humidity, and which means
that the fixed time lag could cause a systematic underesti-
mation of LEcp. Figure 4 gives an illustration of measured
LEcp estimated with optimized time lags against LE/cp esti-
mated with a fixed median tube delay (8.6 s, the median time
lags derived from the available data set). The absolute dif-
ferences between LE¢, and LE’Cp were largest during midday

and were up to 30.8W m~2, with the mean relative differ-
ences less than 5.0 %. During nighttime, the absolute differ-
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Figure 4. Comparison of water vapor fluxes calculated with a fixed
lag time and time lags estimated from the optimized covariance
maximum method during the observation period (17-21 August
2003).

ences were smaller (0.2 to 9.3 W m~2) but the relative differ-
ences were generally greater than 10 %. This indicated that
the fixed tube delay tends to severely underestimate night-
time and early morning water vapor fluxes, as the recorded
meteorological data show that high humidity conditions of-
ten occurred during these periods. Overall, when the fixed
median value is used, the 5 days of accumulated LEp is on
average of 5.3 % underestimated.

The water vapor fluxes calculated with the optimized time
lags were also compared with the conventional covariance
maximization procedure, and slight overestimation was also
found for covariance maximization method with single time
lag search window. The cases when the time lags mismatched
between the single window and the 10 classified windows
cover 7.2 % of the data set. When the former values are used,
LEcp is on average of 1.2% overestimated (data was not
shown, because it highly overlapped with the measured val-
ues of LEp). Using the conventional covariance maximiza-
tion procedure, a plausible time lag window is defined with
a single low- and high threshold, which generally is a broad
search window to cover all of the possible time lags (Ibrom
et al., 2007b), while without consideration of the plausible
time lag at certain RH level. This increases the possibility
that unrealistic time lags are detected and hence results in
flux overestimations.

3.3 Comparison of LEop and LEcp

The half-hourly water vapor fluxes measured with the open-
and closed-path eddy covariance system were compared with
only field measured data derived over 5 continuous days
when no rain occurred. LEq, and LEcp values varied in the
range of —32 to 472Wm~2 and —15 to 450 W m—2, respec-
tively (Fig. 5a). There is generally good agreement of diurnal
course between LEop and LEcp, but consistent differences in
magnitude are apparent during observation period. The ab-
solute differences between the two eddy covariance systems
increased with the increase water exchange rates, but the rel-
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Figure 5. Comparison of diurnal course of water vapor fluxes derived from open- and closed path system at the Changbai Mountains forest
site (a), and open-path system measured water vapor fluxes (LEqp) vs. closed-path (LEcp) water vapor fluxes in the whole growing season of
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Figure 6. Open-path system measured daily evapotranspiration
(ETop) vs. closed-path daily evapotranspiration (ETcp) during the
observation period at the Changbai Mountains forest site (a). The
analysis was based on 244 data points. Year-round comparative
measurements of monthly ET rates by using open- (filled bars) and
closed path system (open bars) at the Changbai Mountains forest
flux site (b). Error bars refer to the random uncertainty of fluxes.
Latent heat fluxes were converted from energy to water vapor units
by multiplication with the latent heat of vaporization.

ative differences were decreased. The absolute differences
of measured water vapor fluxes were largest during midday
and were up to 80 W m~2, with the mean relative difference
was around 5.7 %. During nighttime, the absolute differences
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were smaller (less than 10.0 W m~2) but the relative differ-
ences were much larger. Overall, the accumulation of water
vapor fluxes estimated from CP system over the 5 days was
averagely underestimated by 6.0 % compared to that of OP
system.

Figure 5b shows the comparison of the 30 min water va-
por fluxes as measured by OP- and CP system during the
whole growing season. The underestimate biases of water va-
por fluxes measured with the CP system relative to OP sys-
tem measurements are remarkable. The underestimation of
LEcyp is significant through most of period and the CP system
measured water vapor fluxes are estimated to be on average
of 5.6 % lower than that of OP system measurements.

According to the year round measurements, the water va-
por exchange rates obtained from the CP system agreed
well with the OP system measurements in seasonal pattern,
as shown in Fig. 6. Water vapor exchange rates at the site
varied largely during the observation year. The maximum
daily evapotranspiration was up to 4.6mmday ! in sum-
mer, and the typical values of summertime evapotranspi-
ration in clear days were around 3.0 mmday~1. Summar-
ily, the closed-path system underestimates evapotranspira-
tion a few percent when compared with ETop (ETop =1.05
ETep, R? =0.91, n = 247). Cumulative evapotranspiration in
2003 in the old-growth mixed forest at Changbai Mountains
site was 493 + 45 mm for the OP system and 469 + 39 mm
for the CP system. Overall differences between open- and
closed- path systems appeared to be systematic and lead to
around 5.1 % discrepancy of cumulative annual evapotran-
spiration.

4 Discussion
The eddy covariance method has become one of the most

common methods for measuring H,O and CO, fluxes as it
makes direct measurements and can be used at different spa-
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tial scales. The objective of this paper is to assess the perfor-
mance of open- and closed path eddy covariance system in
long-term water vapor flux measurements over forest.

4.1 Post-processing of eddy covariance data

Generally, open-path eddy covariance system need less
maintenance as compared to closed path systems (Haslwan-
ter et al., 2009) and are more suited for field stations with-
out power supply. Practically, the main drawback of the OP
system is that considerable data collected during precipita-
tion, dew or fog must be removed, which increases the un-
certainty of the annual flux estimates (Moffat et al., 2007).
However, the current study found that there was a corre-
spondingly large fraction of unaccepted data from CP sys-
tem too. Over 15% LE, data was rejected mainly due to
failing in the integral turbulence and stationarity test. The CP
system measured fluxes during the rainfall period are also
questionable, considering that the high humidity conditions
could lead to significant bias in fluxes estimations. Through
six year-round observations in a temperate mountain grass-
land flux site, Haslwanter et al. (2009) also found that only
36 % and 33% of water vapor fluxes for the CP and OP
observed data, respectively, passed all quality control tests,
and the large gap difference between the CP and OP sys-
tem due to the interference of precipitation or droplets was
mostly counterbalanced by the stationarity test, which elim-
inated 28-36 % of the CP, but only 19-21 % of the OP data.
Therefore, careful system design and adequate maintenance
is required for both open- and closed-path systems to ensure
obtaining high and continuous good data coverage in long-
term water vapor flux measurements.

Both OP- and CP system have different errors and bi-
ases. Hence eddy correlation measurements require substan-
tial post-field data corrections. But currently, there are no
unified standards across the available methods for handling
the flux data. For the CP system, post-processing of eddy
covariance data has been widely discussed in terms of wa-
ter vapor attenuation in the tube, but less attention is given
to the effects of tube delay (Ibrom et al., 2007a, b). The
eddy covariance method assumes that vertical wind veloc-
ity and scalar concentrations are measured at the same point
in space. While in practice, due to sensor separation of sonic
anemometer and infrared gas analyze, tube delay exists when
the air travels from the intake to the measurement cell of the
analyzer. For simplicity in CO» flux calculation, the time lag
could be considered as a constant. However the lag time of
closed-path water vapor measurements is related to relative
humidity, and much longer water vapor flux time lags tend
to occur during higher relative humidity periods. In case of
the Changbai Mountains forest flux site, the tube delay in
CP system was determined using optimized covariance max-
imization method ranging from 5.3 to 37.6s. Nordbo (2012)
found a similar relative humidity dependency for a 41m steel
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sampling tube, with lag times ranging approximately from
7.1t039.9s.

To test the sensitivity of flux estimation to the time lag,
three compensation schemes of time lag were used in water
vapor flux calculation. The fixed median delay of 8.6s re-
sults in an underestimation of LE by average of 5.3 % com-
pared to the fluxes calculated with the optimized time lags
for each 30 min averaging interval. On the other hand, the
widely used conventional covariance maximum method with
a single broad time lag search window results in slight over-
estimation of water vapor fluxes. The discrepancy is small
but noticeable because it is a systematic error, and hence has
certain consequences for the accumulated water fluxes be-
tween forest and atmosphere. These results indicate that the
tube delay for each averaging interval have to be taken into
account carefully in processing of eddy covariance data from
CP system.

The time delay correction of CP system was analysis here
as an example to illustrate that the uncertainty associated
with the eddy correlation based water vapor estimations may
originate from post-field data processing. The quantitative re-
sults are only valid for the specific forest flux site in north-
eastern China, while the qualitative conclusions can be ex-
trapolated to the other sites performing eddy covariance mea-
surements, especially for the forest flux sites with relatively
high humidity and long sampling tube.

4.2 Comparisons between CP and OP water vapor flux
measurements

The measurement uncertainty associated with the eddy co-
variance technique is complicated. Both open- and closed-
path eddy covariance systems have different errors and bi-
ases. Itis generally accepted that one of a dominant source of
biases is related to flux attenuation in the tube of CP system.
In this study, overall differences between open- and closed-
path systems appear to be systematic and which leads to a
remarkable difference of cumulative annual evapotranspira-
tion. The compensated time lags with optimized covariance
maximization method slightly decrease the annual evapo-
transpiration estimation from CP system, this little reduction
can not account for the discrepancy between the open- and
closed-path systems. Kosugi and Katsuyama (2007) reported
that eddy covariance method underestimated the short-term
evapotranspiration for both the open- and closed- path sys-
tems, and the situation was worse in the CP system. Haslwan-
ter et al. (2009) also found that the CP system tended to
underestimate water vapor fluxes above grassland. In con-
trast, Ocheltree and Loescher (2007) compared open- and
closed-path gas analyzer measurements of CO, fluxes and
reported good agreement (R? = 0.96) between them. Suyker
and Verma (1993) found CP system based CO, flux overes-
timation, but well within 5% when compared to OP system.
These comparisons suggest that unlike the well performance
on CO» flux measurements, there is a systematic difference
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Figure 7. Energy balance closure for the OP (a) and CP system (b).
Plotted are the available energy (net radiation minus soil heat flux)
on the x axis and the sum of sensible and latent heat flux on the
y axis. Symbols represent half-hourly fluxes, broken lines the 1:1
correspondence, and solid lines linear regressions.

between OP- and CP system for water vapor flux measure-
ments.

The tower measurements rarely close the energy budget
resulting in non-closure on the order of 20% (Wilson et
al., 2002). The underestimation for CP system potentially
results in a more serious energy balance closure problem.
The ability of the two systems to close the energy bal-
ance was assessed by comparing the available energy, that
is the net radiation (Rp) minus the soil heat flux (G), with
the sum of the latent and sensible heat (H), as shown in
Fig. 7. Differences in energy balance closure between the
OP (H+LE =0.82(Rn — G) + 16.40, r?> = 0.84) and the CP
(H+LE=0.79(Rn — G) + 14.86, r2 = 0.86) system are re-
markable for the growing season data, with a more favorable
closure for the OP system. This indicates that there is a sys-
tematic difference (approx. 3.0 %) in energy balance closure
between OP and CP systems.

The LE¢p comparisons in Fig. 4 indicate that the closure
condition could be even worse when a fixed time delay is
used. Usage of the time lags calculated from the conventional
covariance maximum method with single time lag search
window contributes to partial make up for the imbalance of
energy closure, while the possibility of LE., overestimation
also exists for this compensation scheme. Therefore more ef-
fort is needed to identify and quantify the uncertainties asso-
ciated with flux measurements.
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5 Conclusions

To explore the hydrological processes in terrestrial ecosys-
tems, it requires accurately measuring the rates of water va-
por loss from the terrestrial ecosystem to the atmosphere.
An open- and a closed-path system were installed for long-
term CO,/H,0 flux measurements over a temperate forest
in northeastern China. The specific performance of these
two systems on latent heat flux measurements was inter-
compared by using a year-round data set. Compared to water
vapor fluxes calculated with optimized lag time, using a fixed
lag time could cause a significant underestimation (averagely
around 5.3 %) of LE¢ in magnitude, while slight systematic
overestimation was also found for covariance maximization
method with a single broad time lag search window. It is
therefore important to estimate the lag time accurately for
flux calculations with closed-path analyzers. The compara-
tive measurements of water vapor fluxes between open- and
closed-path eddy covariance systems indicated that the LEcy
was generally underestimated, whereas it was very consis-
tent with that of LEqp in daily and seasonal pattern. We con-
cluded that both the closed-path and open path analyzer is re-
liable for long-term measurements of water vapor flux over
the tall forest, while more attentions should be paid on the
compensations of flux losses from CP system. This study in-
dicates the importance to estimate the sampling tube delay
accurately for water vapor flux calculations with closed-path
analyzers, and it also indicates that some of the imbalance of
the surface energy budget in fluxes sites is possibly caused
by the systematic underestimation of water vapor fluxes mea-
sured with closed-path eddy covariance systems.

The Supplement related to this article is available online
at doi:10.5194/amt-8-4123-2015-supplement.
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