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ABSTRACT

‘We report the first direct measurement of CO, flux over Kwangneung broadleaf deciduous forest, one of
the tower flux sites in KoFlux network. Eddy covariance system was installed on a 30 m tower along with
other meteorological instruments from June to August in 2002. Although the study site was non-ideal (with
valley-like terrain), turbulence characteristics from limited wind directions (i.e., 90+45°) was not
significantly different from those obtained at simple, homogeneous terrains with an ideal fetch. Despite
very low rate of data retrieval, preliminary results from our analysis are encouraging and worthy of
further investigation. Ignoring the role of advection terms, the averaged net ecosystem exchange (NEE) of
CO, ranged from -1.2 to 0.7 mg m>s™! from June to August in 2002. The effect of weak turbulence on
nocturnal NEE was examined in terms of friction velocity (1+) along with the estimation of storage term.
The effect of low u. on NEE was obvious with a threshold value of about 0.2 m s™. The contribution of
storage term to nocturnal NEE was insignificant; suggesting that ﬂle CO;, stored within the forest canopy
at night was probably removed by the drainage flow along the hilly terrain. This could be also an artifact
of uncertainty in calculations of storage term based on a single-level concentration. The hyperbolic light
response curves explained >80% of variations in the observed NEE, indicating that CO, exchange at the
site was notably light-dependent. Such a relationship can be used effectively in filling up the missing gaps
in NEE data through the season. Finally, a simple scaling analysis based on a linear flow model suggested
that advection might play a significant role in NEE evaluation at this site.
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I. INTRODUCTION

Forests play a critical role because they consist of
almost 90% of all biomass carbon. Consequently, small
changes in net uptake or release of carbon by forests
can have a great influence on atmospheric CO, con-
centration. To better understand these processes,
information on ecosystem fluxes of carbon, water, and
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energy and how these fluxes interact with the physical
climate and ecosystem function and structure must be
quantified. KoFlux is a Korean regional network of
long-term micrometeorological flux measurement sites
that focus on ecosystems in Asia and provides several
reference sites to a regional, continental, and global
network such as AsiaFlux, CEOP/GEWEX, and
FLUXNET (e.g., Baldocchi et al., 2001; Kim e al.,
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2002).

The broadleaf deciduous site at Kwangneung research
forest (assigned as ‘DK’ site) was selected as one of
KoFlux sites because 1) it is one of the key forest
ecosystems in temperate Asia and 2) long term
ecological studies have been conducted over the last 10
years (Lim et al., 2003). While direct eddy covariance
measurement of energy and water flux has been
continued since April 2000 (Park, 2001), CO, flux
(hereafter, Fco,) measurement has not started until
September 2001. On the other hand, CO, budget has
been indirectly estimated based on ecophysiological
measurements at the same site for several years (Lim
et al., 2003). Despite the potential mismatch of space
and time scales of two approaches, the resultant
databases are complementary in advancing our un-
derstanding of CO, exchange mechanism in this key
ecosystem.

DK site is located in a valley-like terrain with a slope
of ~10%, resulting in limited fetch of about 2 km only
for east wind. Therefore, the measurement and in-
terpretation of vertical turbulent fluxes of momentum
and scalar at this site could be problematic. Finnigan
et al. (2003) state that averaging time and analysis
techniques that have proved adequate to measure surface
exchange over short canopies need to be revisited for
application to forests. Yet, Beljaars et al. (1983) reported
that, for non-uniform fetch conditions, the shear stress
increased with height, but heat and moisture fluxes did
not necessarily change with upstream obstacles. Panofsky
et al. (1982) showed that vertical velocity spectra
adjusted more rapidly to local terrain than horizontal
spectra. These prior studies suggest that scalar fluxes
are less sensitive to terrain effects than momentum flux.

The analysis of mean flows using the data from 2000
to 2002 indicated that mountain-valley wind was
dominant with upwind flow (from east) during daytime
and downwind flow (from west) during nighttime due
to topographic characteristics. Since DK site had very
limited fetch conditions, availability and quality of the
flux data were further limited by more frequent down-
wind flow and the likely occurrence of drainage flow at
night. In short, it is a challenge to quantify net ecosystem
exchange (NEE) and to determine whether DK site is a
sink or source of atmospheric CO.. The objectives of
this study were (1) to document current progresses in
CO; flux measurement at DK site, (2) to examine diurnal
variations of CO, fluxes and concentrations, (3) to
assess the light response of canopy CO, exchange and

(4) to evaluate the relative roles of storage and advection
terms on NEE computation.

II. METHODS AND MATERIALS

2.1. Theoretical background

2.1.1 Eddy covariance method

Basically, the conservation equation provides the
framework for using the eddy covariance method for
the direct measurement of vertical flux of energy and
matter (e.g., CO,) (e.g., Aubinet et al., 2000):
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where term (/) represents the scalar source/sink which
corresponds to the NEE; term (/]) is the vertical eddy
flux at the reference measurement height, z,, where w
is vertical wind speed and p, is CO, density; term (IIT)
represents the storage below z,; term (/V) is the
horizontal advection, where u is the mean horizontal
wind speed; and term (V) is the vertical advection. The
overbar means time averages and the primes fluctuations
around the average. While terms (1), (ZIl) and (V) can
be measured at a single tower, term (/V) may be
evaluated by using spatially distributed multiple towers
and/or by modeling approach. In general, term (i)
alone can be used to represent NEE over homogeneous
short vegetation. However, in forest, other terms could
be significant in representing NEE (e.g., Paw U, 2000).
The evaluation of advection terms is beyond the scope
of our paper and will be addressed elsewhere except
some qualitative consideration (in Section 3). In this
paper, we tentatively assumed that the uncertainty
associated with these advection terms were about 20%
of NEE when the wind direction was favorable (i.e.,
90+45°) for flux measurements.

2.1.2, Computation of the CO, storage

Over a tall forest, the CO, flux (Fco,) measured by
eddy covariance system does not always equal to NEE.
A systematic error can occur when CO, is stored in
or withdrawn from the layer of air below the eddy
covariance system. Storage is significant during the night
when the atmosphere is stably stratified and winds are
weak. A withdrawal of previously stored CO, occurs
with daybreak, when convective turbulence resumes
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and COs is rapidly vented from the canopy into overlying
atmosphere. Furthermore, the CO, stored within the
canopy could be removed by drainage flow in a hilly
site at night, resulting in significant underestimation of
nocturnal NEE (e.g., Lee, 1998).

The CO, storage equals the integration, with respect
to height, of the time rate of change of the CO,
concentration profile:

dp.(2)

Z’
Fs!omge = E'; at 82 . (2_1)

During this study, we did not measure the CO,
concentration profile above and within the forest.
Accordingly, we approximated this storage term using
a discrete representation (e.g., Hollinger et al., 1994;
Greco and Baldocchi, 1996):

P _ Aph)z,

storage — Al

(22

where A p.(h) (i.e., present concentration - previous
concentration) over At (i.e., 1800 s in this study) refers
to the temporal change in CO, concentration measured
over a 30 minutes period at the reference measurement
height. A detailed analysis by Hollinger et al. (1994)
and by Greco and Baldocchi (1996) indicates that use
of equation (2-2) is justified over a tall forest when
vertical mixing is strong. However, due to the complexity
of the site topography and the relatively low wind
speeds, Eq. (2-2) may not hold in our site. Accurate
quantification of storage term must be made based on
a direct measurement of within canopy profile of CO,
concentration at DK site.

2.1.3. Response of NEE to photosynthetically active
radiation
NEE during daytime can be related to photo-
synthetically active radiation (PAR) since it is mainly
due to leaf assimilation in the absence of water stress.
For this, a hyperbolic light response curve was used as
(Michaelis and Menten, 1913):

a,PAR

NEE =a,-—>_"_.
E=a-2TPAR

3

In principle, the equation is based on the form of leaf-
level kinetics of photosynthetic light response, where a,
is a dark respiration, a, is the maximum rate of
photosynthesis, a3 is the Michaelis-Menten constant
(e.g., Lee et al., 1999). However, the curve has been

shown to be a useful measure to evaluate CO, exchange
at ecosystem level like Penman-Montieth equation.
(e.g., Lee et al., 1999; Hollinger et al., 1999; Schimid
et al., 2000; Pilegaard et al., 2001). Therefore, if the
curve is applied to ecosystem level, a, corresponds to
ecosystem respiration and a, to the maximum rate of
canopy photosynthesis. The parameters in Eq. (3) may
be significantly changed depending on the growth stage
of the vegetation (i.e., LAI) together with changes in
environment (e.g., Hollinger et al., 1999; Valentini ef al.,
1996; Gu et al., 1999; Law et al., 2002). In the long
term measurement of NEE, data missing is inevitable
due to instrument failure, calibration, and precipitation,
for instance. For gap-filling of these missing data, Eq
(3) could be used effectively by judiciously selecting
the parameters with changing environmental and
ecophysiological conditions (e.g., Falge et al., 2001).

2.2. Study site

The measurement site is located in Kwangneung
research forest near Seoul, Korea (37°45'25.37"N,
127°9'11.62" S: elevation 340 m). The terrain around
the tower site has a valley-like topography with ~10%
slope along the east-west direction. Adequate fetch (of
about 2 km) was limited to east wind (i.e., 90+45°).
The forest has not been disturbed and the tree age
ranged from 60 to 400 years. Main species were Quercus
serrata and Carpinus laxiflora and the mean canopy
height was 18 m. Leaf area index (LAI) was on average
3.76 during the growing season. More detailed description
on canopy architecture, species composition and soil
properties are given in Lim et al. (2003).

2.3. Field measurement

Fluxes of CO,, water vapor and sensible heat were
measured above the forest by eddy covariance system
installed on a 30-m walk-up tower. The system consisted
of a fast response infrared gas analyzer (LI7500, LI-
COR Inc.) and a three-dimensional sonic anemometer
(CSAT3, Campbell Scientific Inc.). Calibration was made
for the infrared gas analyzer on a monthly basis. For
span calibration of CO,, standard CO, gases of 500~
600 ppm were used whereas a dew point generator (LI-
610, LI-COR Inc.) was used for H,O. Three components
of wind velocity, concentrations of CO, and H,0O, and
temperature were measured with a sampling rate of 20
Hz (from June to early July) and 10 Hz (during other
periods) and stored on a memory card in the data
logger (CR5000, Campbell Scientific Inc.) for post-
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processing. In addition, half-hourly averaged fluxes and
turbulence statistics were calculated on a real time basis
and stored in the same data logger.

Four radiation components were measured above the
canopy at the height of 30 m with a radiometer (CNR-
1, Kipp & Zonen). To measure PAR, a quantum sensor
(LI-190SA, LI-COR Inc.) was installed near the
radiometer. Soil heat flux was measured at two depths
(0.01 and 0.1 m) at two locations with soil heat
transducers (HFT, Campbell Scientific Inc.). Profiles of
air temperature and relative humidity were measured
with temperature/humidity probes (HMP-45C, Campbell
Scientific Inc.) at six levels (29, 19, 14, 9, 4 and 0.3 m).
Cup anemometers were also placed at the same heights
(except 0.3 m) together with a wind vane at 29 m. Several
soil temperature probes (TCAV, Campbell Scientific Inc.)
were buried in the layer of 0.1 m and water content
reflectometers (CS-615, Campbell Scientific Inc.) were
also buried in the layers of 0.0~0.1, 0.0~0.3 and 0.3 -
0.6 m, respectively. These meteorological data were
sampled every 30 seconds except for soil water content,
which was sampled every 30 minutes. All the data were
averaged for 5 and 30 minutes and stored on a series of
CR23X data loggers. For power supply, 220 V AC was
supplied which was converted into 12 V DC for in-
struments and data acquisition systems. More detailed
information for instrumentation can be found in Kim
et al. (2002).

2.4. Flux corrections

Considering that NEE is determined from the small
difference in the balance between uptake (photosynthesis)
and release (respiration) of CQO,, various corrections on
flux computation must be carefully made. Finniagn
et al. (2003) state that the component of vertical flux
divergence approximates the total divergence as closely
as possible. The frame discrepancy may result from
terrain slope, instrument tilt (to axis normal to mean
streamline), offsets in instrument, and other non-zero
mean vertical velocity due to mesoscale motion and/or
acrodynamic interference by tower and/or anemometer
frame. For measurement over simple and flat terrain
(e.g., rice paddy), natural coordinate determined by
measurement is rotated such that mean lateral and
vertical wind speeds become zero over averaging time
(i.e., “double rotation”) (e.g., Wesely, 1970; Massman
and Lee, 2002). For measurement over forest in a
complex terrain (e.g., DK site), however, double rotation
based on half-hourly averages may be inadequate since

vertical axis normal to mean streamline changes with
height and/or non-zero mean vertical velocity may still
exist. Streamline coordinate system based on longer
averaging time is more appropriate for this case.
Turbulence statistics measured by sonic anemometer (ie.,
at sonic anemometer’s coordinate) can be transferred to
those at streamline coordinate by “planar fit method”
(Wilczak er al., 2001; Hong and Kim, 2002). Our
preliminary analysis indicated that the differences in
CO, fluxes corrected with these two different rotations
were ~1% under unstable conditions and ~5% under
stable conditions.

Following Webb et al. (1980), corrections for density
variation due to simultaneous transfer of heat and water
vapor were applied to CO, and water vapor fluxes. Due
to large latent heat flux during this measurement period,
Fco, was reduced typically by 20~40% during daytime.

2.5. Quality check

To ensure the quality of the measured fluxes, we
examined, among other things, the stationary and the
integral turbulence characteristics of the data. (e.g.,
Aubinet et al., 2000). Equation (1) is based on the
assumption of stationarity that the statistical properties
of the flow do not change with given averaging time
(e.g., half hour) (Kaimal and Finnigan, 1994). In nature,
this condition cannot be realized due to longer-term
variability in the atmosphere such as diurnal trends,
mesoscale motions and passage of clouds. The degree
of non-stationarity was assessed, following Mahrt (1998).
In this analysis, the data with computed values of non-
stationararity ratio (NR) of <2 were considered to
satisfy the stationarity assumption. NR was calculated
for each half hour period after removing bad signals
(e.g., CO, concentrations below 400 or over 800 mgm™)
during the post-processing.

Fig. 1 shows the diurnal variation of the computed
NR averaged for the whole measurement period. Overall,
NR was less than 2, indicating that Fco, data were
stationary over half-hour averaging period. NR tended
to be greater during the transition periods (e.g., sunrise,
sunset) and gradually decreased during the day. Its
variability was larger at night.

Focken and Wichura (1996) proposed to use the
Monin-Obukhov similarity to check the quality of eddy
covariance data by testing whether or not the turbulence
was well developed according to the similarity theory
of turbulence fluctuations. This test allows finding out
whether there is significant additional mechanical
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Fig. 1. Diurnal variation of nonstationarity ratio.

turbulence caused by obstacle or generated by the
measuring device itself or not. For example, integral
turbulence characteristics of vertical wind can be written
as (e.g., Kaimal and Finnigan, 1994).

O'w/u*.-a, [a2+a3(z,—d/L)]“4 (4)
where o, is the standard deviation of vertical wind
velocity; ux is the friction velocity; z, is the measurement
height; d is zero-plane displacement; L is the Obukhov
length; and a,, a,, a; and a4 are empirical coefficients.

While raw data were required to calculate NR, half-
hourly averaged statistics was used to evaluate ITC.

Korean Journal of Agricultural and Forest Meteorology, Vol. 5, No. 2

To evaluate the relationship between o,,/u« and (z,—
d)/ L, ©,, u- and L in streamline coordinate were
selected for the following conditions: (1) wind direction
between 45 and 135°, (2) mean horizontal wind speed
of >2m s, and (3) positive vertical wind velocity,
corresponding to wind direction (i.e., upslope). Following
De Bruin and Verhoef (1996), the zero plane dis-
placement was estimated to be 14.0m at the site. In
Fig. 2, the measured G, /u« was plotted against z/L in
absolute magnitude. For a comparison purpose, the
functions given in Kaimal and Finnigan (1994) were
also presented. Measured o,/ u« agreed reasonably well
with the function, 1.25(1-3(z,~d)/L)"” under unstable
conditions and 1.25(1+0.2(z,—d)/L) under stable
conditions. This result suggests that the turbulence
measured at the DK tower was developed according to
the Monin-Obukhov similarity under all stability for
the selected conditions of wind speed and direction. De
Bruin (1991) found that the measured values of ITC
were significantly higher than the predicted for the
terrains with inhomogeneous distribution of surface
temperature and moisture, but not with inhomogeneous
surface roughness. Although the test results of ITC at
DK site are encouraging, investigations on homogeneity
of temperature, moisture and roughness must be made
based on satellite image analysis to ensure the quality
of NEE evaluation. To use ITC of w as a practical basis
of quality control, only the data with the difference
between measured and predicted ITC of w of <30%
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Fig. 2. Integral turbulence characteristics of vertical wind velocity under unstable (left-hand side) and stable (right-hand
side) conditions: measured o,/ u. (Squares); the functions in Kaimal and Finnigan (1994) (solid line); and +30% deviation
from the solid line (dotted lines).
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were selected and the corresponding Fco, data were
used for NEE evaluation and analysis.

Additional quality checks included the examination
of measured CO, and H,O concentrations. During the
long-term field operation, gas analyzers may fail to
produce correct signals due to precipitation, snow, fog
or dew formation on the window of IRGA. Similar
problems can be imposed on the transducers of sonic
anemometer. Quality of the eddy flux data were
scrutinized based on the precipitation records and field
run log on environmental conditions. Also, CO, and
H,O concentration data from IRGA were checked
based on the limits of their concentrations and standard
deviations corresponding to the measurement periods
and the comparison against values from slow response
instruments. The typical criteria used in our quality
control for CO, and H,O were respectively 340 ~400
ppm and 5~20 gm™ for concentration; and 0~6 ppm
and O~ 1 gm™ for standard deviation during the summer.

III. RESULTS AND DISCUSSION

3.1. Meteorological variables

Fig. 3 shows frequency distribution of wind direction
(left-hand side) and mean wind speed (right-hand
side) for 15° sector during the growing season in
2002. At DK site, east (i.c., upwind flow) and west
wind (i.e., downwind flow) were dominant, with the
former occupying ~40% of the data. Wind speed was
also highest for upwind flow likely due to speed-up of

wind speed along the upslope and the maximum
mountain-valley wind in the afternoon (Taylor ez al.,
1987; Whiteman, 2000). Stronger horizontal wind
produces more effective vertical mixing, making eddy
covariance measurement with east wind being less error
prone. However, only about 10% of east wind was of
>2m s ', which was the criteria for quality control.

3.2. Net ecosystem CO, exchange

Fig. 4 shows the diurnal variation of Fco, averaged
from June to August. Negative CO, flux (i.€., net uptake
of CQO») continued from 0700 hours to 1800 hours.
Around noon, CO, flux ranged from -1.2 to -0.5 mg
m~s~'. At night, positive Fco, (i.e., net CO, release by
canopy/soil respiration) fluctuated from 0.3 to 0.7 mg
m s, Storage term also showed diurnal variation but
its magnitude was an order of magnitude smaller than
Fco, from eddy covariance. Overall, its sign was negative
during daytime and positive during nighttime. CO,
concentration averaged over these three months ranged
from 350 to 370 ppm. As expected, it was largest around
sunrise due to accumulation of nighttime respiration from
both plants and soil and smallest in mid afternoon due to
vigorous draw-down of CO, by photosynthetic activity.

3.3. Correction of nighttime CO, flux

If advection can be neglected in the conservation
equation, the sum of Fco, and Fior,. represents NEE.
However, during nighttime when vertical turbulent
mixing is weak, their sum underestimates true NEE

Fig. 3. Frequency distribution of wind direction and mean wind speed for each 15° sector during the growing season in

2002.



76 Korean Journal of Agricultural and Forest Meteorology, Vol. 5, No. 2

;m
€
[=2]
£
<
[}
8
w
@ =
s g
=] g
5 €
£ 8
2
u
034 (—#- CO, :
—A&— Fstorage :
04 1— ; : : —L 340
0 6 12 18 24

Hour

Fig. 4. Averaged diurnal variation of Fco,, Fygree term and
CO, concentration during June-August in 2002. (Error bars
are standard deviations).

(e.g., Goulden et al., 1996; Aubinet et al., 2002). This
could be due to drainage flow (i.e., advection) as well
as systematic error in eddy covariance measurement.
Since such underestimation is a selective systematic
error (e.g., Moncrieff et al., 1996), it could result in
significant bias for DK site to be stronger CO, sink
when NEE is accumulated over a long period (e.g.,
Aubinet et al., 2002). The remedy for such systematic
error is to replace the measured NEE under weak
mixing conditions by the simulated efflux estimated
from a temperature function derived under well mixing
conditions (e.g., Chae et al., 2003).

The criteria of weak mixing conditions were determined
by plotting friction velocity with Fco, and NEE (i.e.,
the sum of Fco, and Fqre). This was based on the
assumption that Fco, (without considering Fgorage)
represents NEE when vertical turbulent mixing was
sufficient (e.g., large friction velocity). Data were selected
from 2100 to 0400 hours. To minimize the scatter, Fco,
and NEE data were sorted by u« with the interval of
0.05 m s™'. Because representative temperature functions
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Fig. 5. Nighttime CO, flux (normalized by the saturation
value). Uncorrected represents Fco, only and Fyrg. corrected
represents NEE (=Fco, + Fyorage)-

were not available, Fco, data were restrained to a narrow
range of soil temperature (i.e., 1.5°C) and the saturation
value of Fco, was determined for each temperature range
(at the high friction velocity). To eliminate correlation
between u« and temperature, Fco, were normalized by
each saturation value (e.g., Goulden et al., 1996; Aubinet
et al., 2000). Fig. 5 shows the variations of normalized
Fco, and NEE with friction velocity. The effect of low
u+~ on NEE was obvious with a threshold value of about
0.2 m s, Also noted was the insignificance of storage
corrections, suggesting at least two possible explanations.
One is that the stored CO, within the canopy at night
must have been removed from the forest (e.g., by
drainage flow) and therefore was not included in the
tower flux measurement. The other possibility would
be the uncertainties in our approximate estimation of
Fitorage Using a single-level CO, concentration high above
the canopy. Obviously, more detailed within canopy
measurements (e.g., profile system) and further analysis
are needed to better quantify and understand nighttime
CO, exchange at DK site.

3.4. Response of daytime NEE to PAR

To examine the light response of NEE, half-hourly
NEE was plotted with PAR in Fig. 6. To minimize the
effect of different stage of plant growth (e.g., LAI), data
were separated into individual month. Then, the light
response curve (Eq. (3)) was fit to the observed data to
estimate the coefficients. The Michaelis-Menten equation
explained on average >80% of the observed variance,
which was greater than those (50-65%) reported for a
temperate deciduous forest in Canada (e.g., Lee ef al.,
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Fig. 6. Light response characteristics of half-hourly NEE
in June-August of 2002.

1999). At a first glance, this could be interpreted that
CO, exchange at DK site was more light-dependent. In
Table 1, the parameters in Eq. (3) are summarized in
two different units with those from other studies. The
parameters in Lee et al. (1999) were obtained during
July-August periods for three years in deciduous forest

(with LAI of <4.1 and age of ~100 years) in Canada
whereas those in Granier er al. (2003) were from four
beach forests in June in Europe (with LAI of >5 and
age of <100 years). In comparison with those forests,
trees in DK site were much older and had smaller LAL

In Table 1, two parameters are particularly worth
noting. The parameter @, now represents canopy and
soil respiration, and @, maximum rate of canopy
photosynthesis. Table | shows that DK site had the
highest value of a; (i.e., higher respiration rate) while
values of a, were lowest (i.e., lower rate of canopy
photosynthesis). This difference may not be attributed
solely to relatively older age of forest in DK site.
Buchmann and Schulze (1999) compared the maximum
values of net ecosystem surface assimilation using the
data from 139 ecosystem studies and showed that
maximum net ecosystem surface assimilation of old
forest (>160 yrs) was similar to those of younger forest
{30-80 yrs) and always higher than those of regenerating
stand. In a concurrent study at DK site, the magnitudes
of soil CO, efflux from the forest floor were similar to
those reported in other studies under comparable
conditions (Chae er al., 2003). Therefore, higher rate of
ecosystem respiration at DK site could be more related
to tree physiology than soil related processes. To better
understand the related processes, more systematic
analyses must be made by minimizing the confounding
effect of vapor pressure deficit, soil moisture, or air
temperature on the relationships presented in Fig. 6. It
is quite encouraging and worth noting that there were
statistically significant, specific relationships between
PAR and NEE for each month with systematic changes
in parameters. Considering the fact that data retrieval
rate at DK site was very low, such strong relationships
can be used effectively as one of the main tools in
filling up the missing gaps in the data set through the

Table 1. Light response characteristics of the half-hourly NEE at DK site and other deciduous forests

Study Site Study Site
(in mgm™s7") & @ a (in gmolm™s7") @ @ @
Lee et al. Granier et al.

(Year 1995) 0.33 1.70 793 (Collengo) 3.0 382 859
1996 0.28 1.52 595 Soroe 4.9 38.2 955
1997 0.27 1.79 721 Vielsalm 33 24.7 465
DK DK
June 0.29 1.08 394 June 6.5 24.4 394
July 0.46 1.24 411 July 10.5 283 411

August 0.52 1.34 308 August 12.0 30.1 308
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season.

3.5. Qualitative remarks on advection

In this paper, we have ignored advection term in the
estimation of NEE. Since the flux measurement at DK
site was not designed to measure advection (using
multiple towers, for instance), a simple theoretical con-
sideration was attempted here. Based on a linear analytic
scalar flow and transport model, a scaling analysis can
be made for each term in the conservation equation
(i.e., Eq. (1)). Strictly speaking, this analysis should be
applied to flows over low hills (i.e., H/D << 1, where H
is the height of hilltop and D is the characteristic
length, defined as the distance from the hilltop to the
upstream point where the elevation is half its maximum)
(Jackson and Hunt, 1975). However, linear analytic
model has shown good results on the hilltop and
upstream with H/D<0.4 (e.g., Taylor, et al., 1987). At
DK site, H/D is approximately 0.38 and thus a scaling
analysis may be applied here. Following Finnigan
(personal communication), the order of magnitude of
horizontal and vertical advection terms seemed com-
parable and their relative magnitudes to the vertical
eddy covariance term depended on H/D. As a crude
approximation, the magnitude of advection was of the
order of 40% (or less, depending on the signs of the
two advection terms) of that of vertical eddy flux.
Hence, advection would play an important role in NEE
estimation and deserve further investigation as a priority.

IV. SUMMARY AND CONCLUSION

Eddy covariance measurement of CO, flux has been
attempted at a non-ideal site on a hilly terrain, located
in Kwangneung broadieaf deciduous forest, Korea. To
evaluate the validity of flux measurement and the data
quality at such site, we selected the study period from
June to August in 2002 when the forest growth and soil
processes were most vigorous with maximum rates of
CO, exchange. Due to the topographic and meteorological
characteristics at the site, data retrieval rate from the
flux tower turned out to be on the order of 10%. After
quality controls and corrections, this limited amount of
flux data was then examined in the context of the
conservation equation. Our preliminary analyses with
first order approximations indicated that the contribution
from both storage and advection terms could be
significant in NEE estimation. Nevertheless, in terms of
their magnitudes, temporal patterns and light-response

characteristics, the observed NEE data showed potential
for gap filling, scaling and parameterization of the
processes. To minimize the uncertainty in the measured
NEE, further investigations (e.g., CO, profile measure-
ment, theoretical scaling analysis) are currently in
progress.

q 2

B AFME KoFlux UIESA B1Y) #54:9] 3t
o) B U 89590 22 AY #34 ol
Asfebs ZYAE Bsit) 20029 625 897K
ot] FEAF Al=ES TE 7P BF 7IER
30 m ENOll AXSIHT. B FaTt AST 2L 7
ARl A3 eolE Belal BEE W S0,
gk FHEF, 90+£45°) 2 B, %

A Aro #EE ASH FA tdEA FUth
AE AR S5-g2 HIE wgtoy, £A449 dH] da
 2FFHolx, dFsjor & 71 e AeE JE
ot olF &8 TABHE, AdAY] & co, uE
(NEEy 6904 8871#) ¢F -1.2¢14 0.7 mg m™s™
o] W BYY. ot WUF7F oiE NEEJ VIRE
BHE vl E5(w) 2 AT Pl A3t B
A Bt B 47t NEEO "IXE 93E oF 0.2
m s7'¢] B8 ke 7|1FoR FEek vett oRE
NEE°) W|xj= AF o] I8 Aol VA est
£, ol ¥ B2t A Uldl 5% coyt BAR
< we} vlRE WUzl ] BES] AoE AlsEn)
ol w3 AF L 3 oMY BSFH FE A
22 AMggke g A7 A2 g AHA] A
FE ot A 3 akgalS 283 Ay, 359
NEE ®i3}e] 80% oldo] Amse], o] 2H A9
CO, uglo] F& o 93] ZHEE RAFrt. ol
H3 Al A A iRl AEE: A9 ¥e
Az Hg gl ARHoE ARgE 5 ok vA
wog AEF B2yl A 11T 1 4ol o
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