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Eddy flux corrections for CO, exchange in broad-leaved
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WU Jiabing'%, GUAN Dexin’, SUN Xiaomin®, YU Guirui®, ZHAO Xiaosong’,
HAN Shijie’ & JIN Changjie'

1. Institute of Applied Ecology, Chinese Academy of Sciences, Shenyang 110016, China;

2. Graduate school of the Chinese Academy of Sciences, Beijing 100093, China;

3. Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China
Correspondence should be addressed to Guan Dexin (email: guan_dexin @ 126.com)

Received July 14, 2004; revised January 9, 2005

Abstract Based on analysis of mechanisms causing energy no-closure and nocturnal low
fluxes issues for CO, exchange studies by eddy covariance method, corrections were done with
the raw data sets obtained from Changbai Mountains forest flux site, to evaluate the impacts of
sonic anemometer tilt, frequency response limitations and advection on estimation of CO, ex-
change, respectively. The results show that the planar fit coordinate transforming method is su-
perior to the streamline coordinate transforming method in tilt correction. The latter could cause a
systematical underestimation of eddy fluxes relating with the angle of sensor and terrain tilt. The
underestimation of CO, and energy fluxes for frequency response limitations average 3.0% and
2.0% during daytime, respectively, which increase by 9.0% and 5.5% during nighttime, respec-
tively. The corrections of frequency response limitations are closely related to atmospheric sta-
bility. The advection loss of CO; fluxes is dominated by nocturnal vertical advection, which is at
least 18% when the horizontal advection is neglected. It is suggested that more work be done to
understand the characteristics of horizontal advection and turbulent eddies under a complex
circumstance.
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To explore the regional and global carbon cycle
and budget, it is important to quantify the CO; ex-
change between the biosphere and atmosphere['_3].
Eddy covariance (EC) method, which is considered to
be the standard tool for measuring mass and energy
fluxes to and from terrestrial ecosystems, has been
widely applied to observational studies of CO, ex-
change within the FLUXNET community'”. EC
method has a unique contribution to the study of car-
bon budget and carbon processes in terrestrial ecosys-
tem for it can provide CO, transformations informa-
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tion continuously on diurnal, seasonal and annual time
scales through direct measurement. However, some
puzzling problems also emerged when this method
was used under relatively complex environment. One
problem with EC method is the lack of energy budget
closure, which is particularly serious over forest with
high vegetation. The energy fluxes obtained by EC
method are always underestimated 10%—30% to that
obtained by net radiometer"'. Because the transforma-
tion mechanisms of CO, is similar to that of heat and
water vapor fluxes in the surface layer, the concern
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naturally arose about whether the CO, fluxes are also
underestimated by EC method'®”). Another problem is
the apparently low EC fluxes at night[8’9]. Recent stud-
ies frequently showed that CO, fluxes measured by
EC method were generally 20%—42% lower com-
pared with the results obtained by chambers method
and carbon cycle models""”. Both ecologists and me-
teorologists express deep concerns with such prob-
lems''"'?, because of their negative impacts on the
scientific credibility of carbon budget based on long-
term EC method observation. Several workshops for
special topic within AmeriFlux and FLUXNET
community have been held in response to these
concerns, and various points of view have been
givenm_15 ), but as yet no agreement has been reached
about the mechanisms that caused the failure of energy
budget closure and corresponding underestimations of
EC fluxes at night.

Evidences from recent literatures indicated that
these phenomena are ascribed to physical limitations
of instrument and non-ideal observation environment.
Several researchers discussed in further detail and
suggested that sonic anemometer tilt, limitations of
frequency response and advection loss should be re-
sponsible for the underestimations of EC
fluxes™'"'5'7) Most researchers have accepted these
viewpointsm]. However, the corrections are always
neglected intentionally or unintentionally in most flux
sites because it is hard to evaluate quantificationally
these underestimations. Without some understanding
and ability to compensate for these limitations and
uncertainties of EC method, cross-site comparisons
and global scale synthesis are difficult and question-
able. As yet, there is no such a literature that dedicated
to discussing the corrections processes and results
synthetically based on measured raw data sets. Thus,
further studies are still need to explore the correction
issues for CO, exchange in terrestrial ecosystem based
on EC techniques.

In China, the studies of CO, exchange by EC
method are at the booming stage'**”. It is more ur-
gent for us to tackle these problems. This paper firstly
analyzes the mechanisms causing energy no-closure
and nocturnal low fluxes issues in eddy flux studies,
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then attempts to evaluate quantificationally the im-
pacts of sonic anemometer tilt, frequency response
limitations and advection loss on estimation of CO,
exchange, based on the raw data sets observed from
Changbai Mountains forest flux site.

1 Setting and methods

The experimental site is located within the broad-
leaved Koreanpine forest of Changbai Mountains. This
site is considered to be an ideal place to carry out
studies of mass and energy exchange between forest
and atmosphere by micrometeorological methods, for
the terrain surrounding the tower is ideally flat and
homogeneous.

One set of eddy covariance measurement system
was mounted on a 62-m-tall tower. The sensors were
placed on a boom located 40 m (one and half tree
height) above ground and extending 3 m upwind of the
tower, to minimize flow distortion caused by tower
structure. Wind velocity fluctuations were measured
with three- dimensional sonic anemometer (CSAT3,
Campbell Scientific Inc, USA). One fine wire ther-
mocouple (FW05, Campbell Scientific Inc, USA) was
attached to sonic anemometer to measure temperature
fluctuations. Water vapour fluctuations were measured
with a fast response open-path, infrared gas analyzer
(Li7500, Li-cor Inc, USA). All sensors responded to
frequencies up to 10 Hz. Additionally, one set CO,
concentration profile system and one set routine mete-
orological system were also mounted on the tower to
make a synchronous auxiliary observation.

The vertical flux densities of mass and energy
between vegetation and atmosphere were computed at
30 min intervals with the mean covariance between
vertical velocity (w') and the respective scalar (c')
fluctuations (e.g. CO,, water vapor and temperature)
according to ‘Reynolds’ decomposition. All calcula-
tions in this paper were done with the package of
Matlab 6.5 (MathWorks, Inc, USA).

2 Sonic anemometer tilt correction

Kaimal and Haugen®" proposed that to measure

the vertical wind velocity component accurately, the
sonic anemometer should be placed over perfect level
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terrain with the tilt angle no more than 0.1 degree.
Whereas in practice it is hard to level instrument pre-
cisely, or the flux site is in a sloping terrain, thus there
will always be a deviation from the true mean vertical
velocity and a corresponding bias in the flux estima-
tion?. To eliminate this bias from eddy fluxes, one
has to align the frame of reference with the vertical
using a coordinate rotation. It is a common practice for
micrometeorologists to place the first coordinate axis
along the mean (horizontal) wind direction. To date,
the prevailing methods used for tilt correction are
streamline coordinate transforming (TR) and planar fit
coordinate transforming (PF)m].

2.1 Streamline coordinate transforming method

In the streamline coordinate transforming system
(sometimes called the nature coordinate system), the
x-axis is parallel to the local mean horizontal wind
(#) and the z-axis is perpendicular to the x-axis, thus
the mean cross-wind (v ) and the mean vertical wind
(w) are zero. The correction process involves a series
of rotations, applied at the end of each turbulent aver-
aging period. The first rotation sets v =0 by rotating
the x and y-axes around the z-axis with &angle:

0=mn*(§1} (1)
um

so that the new velocity components are given by

u, =u, cosfd+v, sinb,
v, =—u, sinf +v, cos8, )

w=w,,

where subscript m indicates that the mean values are
measured values in the tilted frame of reference, and

subscript 1 denotes the velocities after the first rotation.

The second rotation set w=0 by rotating the new x
and z-axes around y-axis with ¢ angle:

¢ =tan™' [%] 3)
1

so that the x-axis points in the mean streamline direc-
tion. The final velocity components are then given by
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U, =u, cos@+w sing,
v, =V, )

W, =—u, sin@ + w, cos @.

The third rotation sets v'w’ =0 by rotating the y and
z-axes around x-axis with y angle:

1| _2vw,

=tan | = 5
v |, )
Vy ™W
the third set of rotation equations then becomes
Uy = Uy,
v; =V, Cosi +w, siny, (6)

Wy ==V, Sin Y + w, COs ¥/,

then the measured three components of wind velocities
Um, Vm and wy, are transformed to u3, v3 and wsin the
streamline coordinate system.

2.2 Planar fit coordinate transforming method

Wilczak et al.'”®! have discussed the PF method in
detail. A planar least squares fit is applied to the col-
lection of run mean horizontal and vertical velocities
to find constants by, by and b, in

W, =by +bu, +byv,, Q)

the solution of the least squares problem is given by
the following matrix equation:

~ ~ \~}

bO 1 m Viu w,,
1= -7 P _=
b |=|u, Uy Uy | | YW | ®)
b -~ = Y ==
2 v, WV, Vp Vin W

where a tilde denotes mean values over the collection
of run-mean values. The coordinate transforming ma-
trix P (P is a partial rotation matrix that places the
z-axis perpendicular to the plane of the mean stream-
lines) is defined as

cosa¢ 0 sina)' (1 O 0
P=| 0 1 0 10 cosfB —sinfB| ,(9)
-sinag 0 cosa 0 sinf cosf

where
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o = arctan(—b,),

p = arctan(b,),
the mean wind velocity components then can be writ-
ten as

(10)

=
|

14 m
V, |=P:1 Y, |, (11)
W, W

rotate the x-y plane around z-axis according to the first
coordinate of TR method, and then the velocity com-
ponents of all runs are in the new frame of reference.

Figure 1 shows the comparison of magnitude
between corrected and measured CO, fluxes. The for-
mer is generally lower than the latter, both for PF and
TR methods. It indicates that the false information
caused by sonic anemometer and terrain tilt is elimi-
nated with tilt correction, which is crucial to under-
standing of dynamics and mechanism about forest
carbon cycle. The average corrected fluxes in the pla-
nar fit coordinate system are 5% higher (in magnitude)
than in the streamline coordinate system. In six ex-
perimental days, the average CO; flux calculated from
raw data is —15.52 gC-m'z-d_l; the corrected flux
based on PF method is —14.95 gC-m™2.d”', and de-
creases by 3.7%; the corrected fluxes based on TR
method is —14.79 gC-m2.d”’, and decreases by
4.7%.

oPF ¥y=09979«
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2aTR y=0.8477x
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Fig. 1. Impacts of tilt correction on measured CO, flux during August
13—18, 2003 at Changbai Mountains forest site.
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3 Correction for frequency response limitations

Almost all eddy covariance systems have physi-
cal limitations, including the limited time response of
the infrared gas analyzer, line averaging, sensor sepa-
ration and discretized sampling, etc. All these limita-
tions could cause systematic underestimations of eddy
fluxes®?*!. For example, the smallest structure size in
atmospheric turbulent eddies is smaller than a milli-
meter and with high wind speeds (larger than 0.5
m-s™"), which means that to capture the transferring
information of these turbulence eddies, the frequency
of instruments response must at least up to 500 Hz.
While the responses of most eddy covariance systems
are often much slower than this level. The conse-
quence of such limitations is an underestimation of
eddy fluxes, especially during the night, when is char-
acterized as low wind velocities.

With the assumption of spectral similarity be-
tween temperature, H,O and CO,, and application of a
series of transfer functions defined for each correction
term, Moore!™ suggested a spectral corrections
method to compensate this limitation caused underes-
timation. Though Horst??5*"] reported a simpler ana-
lytical alternative to Moor’s comprehensive numerical
approach, his development focuses on the slower re-
sponding scalar sensors, it does not include the effects
of line averaging and sensor separation. Hence the
relatively physically sound spectra correction schemes
following Moore'™ were used here to recover the un-
derestimations caused by sensor line-averaging, spatial
separation and high frequency losses.

The underestimated fluxes caused by frequency
response of EC system can be written as

AFs _ | Tu(mCoy(mdn

, (12)
Fs [ Coyman

where AFs is the underestimated flux, Fsis the true
eddy flux, Cous(n) is the co-spectrum of the scalar flux
Fs, and n is natural frequency. During stable condi-
tions, i.e. (zn—d)/L>0 and L<1000 (here L denotes the
Obukhov length), Coy(n) is written as
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__f
Ay + B, f*"

where the quantities A, and B, are written as

nCo, (n)= (13)

0.75
A, = 0.284[1 + 6.4(%)} , (14)

B, =2.344" (15)

The model spectra definitions are based on the nor-
malized frequency f = n(z,—d)/u, where z, is the
measuring height (40 m), d is the zero plane displace-
ment (here use the value of 19.5 m estimated by Liu et
al®), and u is the average horizontal wind speed.
During unstable conditions the model spectrum is
written as

12.92f

nCOWS (n) = W f <0.54 N (16)
4378 f
C = =0.54, 1
0w (1) 1+3.81)* / an

Tys(n) is the convolution of all transfer functions asso-
ciated with frequency response of sensors in question.

T, (n) = G(MT, (WT s (fo )\ T, (F, )T, (f,,) - (18)

The transfer functions of each correction term are de-
fined as the following form:

(1) Limited frequency response of the infrared
gas analyzer G(n)

Gn)y= (19)

1+ (2nnt)?

where 7 is the time constant of sensor response (7=
0.1 s in here).

(2) Line averaging

If a sensor measures the turbulent flow field over
a finite sampling path, the signal of turbulent eddies
with size comparable with the sensor path is averaged.
In order to take it into account transfer functions
should be applied. This function has a different form
for scalar and vector quantities. The transfer function
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for scalar sensor is T, ( fp, ):

_ _2"fP1

T.(f, )= 1 13 e?Mn _glze ™"

S F20 2 2 *
n h anl

(20)

-1

where f, =n-p,-u” is the normalized frequency.

The averaging path is given by p,. In this system, the
Li7500 infrared gas analyzer has an optical path with a
length of 0.125 m.

A different transfer function is applied to the
sonic anemometer (vector sensor), which has a trans-
ducer head-to-head averaging path. The transfer func-

tion is defined as T, (f,,):

2 e(_znfpz) 3(1 _ e(_znfpz)
1+ - ,
f

T =
w(Fp) nf, 2 4n f

1)

where f, =n-p, -u”" is the normalized frequency

too, the averaging path of the CSAT3 sonic ane-
mometer is given by p; (p2 = 0.10 m in here). Whereas
spatial averaging is relevant for all sensors, the effect
on the temperature measured using a thermocouple is
considered small enough to ignore a correction for
this.

(3) Transfer function for sensor separation is de-
finedas T, (f,):

T, (f,) =% 22)

', and the separation distance

where f, =n-ss-u”
between infrared gas analyzer and sonic anemometer
is given by ss (ss = 0.25 m in here). Because that the
fine wire thermocouple used in this experiment was at-
tached to sonic anemometers, the separation distance
between them is so small that correction is ignored

here.

(4) Transfer function for discretized sampling is
defined as T,(n):
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3
Ta(n>=1+( - j
n —n

where ng is the sampling frequency (ns is 10 Hz for
this system).

(23)

Figure 2 shows the results of correction for fre-
quency response limitations. During unstable periods,
the underestimated fluxes of the EC system positively
correlate with wind u. The losses of sensible heat
fluxes (H) increase almost linearly with wind u, and
those of CO»/H,O have the same trends except a bit
scatter when the wind u<l m-s™', as illustrated in fig.
2(a). To simplify calculation processes, linear equa-
tions were fitted to both conditions.

The fitting equation for frequency response limi-
tations of sensible heat fluxes is given by

Loss(%) =0.187u —0.089

24
(R* =0.9988,n =13). @4

The fitting equation for frequency response limitations
of CO»/H,O fluxes under unstable condition is given
by

Loss(%)=0.143u +1.398

25
(R? =0.9901,n =13). @3

As we can see from fig. 2, the losses of eddy
fluxes are much higher during stable conditions than
those during unstable conditions. The underestimated
fluxes increase with increasing (zy,—d)/L as shown in

4
o CO,/H,0 )
& H
® 3r
=
5 |
el
T 2
1]
E oo
8
< 1}
=
D -
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3 6 9 12 15

Wind speed/m -s”

m

fig. 2(b), which indicates that when the observational
height of z,, keeps constant, low values of the Obuk-
hov length (L) will cause extra losses. For example,
when 4=3.0 m-s™' and L=10 m, the underestimated
flux of CO,/H,0 is less than 4.0%. In the case of L=10
m, the underestimated flux is more than 15%. More-
over, the underestimations increase with increasing
wind velocities, but the response is insensitive. For
example, as (zm—d)/L = 1, the underestimated flux of
CO»/H,0 increases no more than 0.5% when u in-
creased from 0.5 to 5 m-s~'. The underestimation of
sensible heat fluxes is apparently lower than that of
CO»/H,0 fluxes, though they have similar variation
courses. The difference is ascribed to the fact that the
observational system of sensible heat flux has no limi-
tation of sensor separation. The fitting equation for
sensible heat fluxes under stable conditions is written
as

Loss(%) = —0.091x? +1.945x + 0.692

, (26)
(R* =0.9991,n=21),

where x = (z,—d)/L.

The fitting equation for CO,/H,0 fluxes under
stable conditions is written as

Loss(%) = ~0.472x% +7.571x +3.742

: @7)
(R =09971,n=21).

It can be seen from fig. 2 that the fitting equation
can well describe the relationship between underesti-

30
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Fig. 2. Frequency response corrections of CO4/H,0 and sensible heat fluxes during unstable atmospheric stratification (a) and stable

atmospheric stratification (b).
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mated eddy fluxes and environment parameters. Eq.
(25) is quite similar to what was obtained by Goul-
den™ from a spruce forest site except that the under-
estimation of the latter is more serious. The difference
between them is probably due to the application of
different EC instrument systems.

44% of the cases for the atmospheric stratifica-
tion are unstable, the average losses of frequency re-
sponse limitations are about 2.5% for CO,/H,O and
1.3% for sensible heat fluxes. 54% of the cases for the
atmospheric stratification are stable, and the average
losses are about 9.6% for CO,/H,O and 2.0% for sen-
sible heat fluxes. The maximum of underestimated
fluxes for CO,/H,O is more than 20%, but these data
runs account for no more than 1% of all data sets.
Generally (more than 90%), the values of (zn—d)/L
range from 0.1—2.0, which means that the underesti-
mations are within 3%—15%. The underestimated
fluxes under neutral atmosphere conditions (about 2%
of total data runs) were estimated using eqs. (24) and
(25). The underestimations are 2.3% for CO,/H,O and
0.8% for sensible heat fluxes, respectively.

The underestimations of CO, and energy fluxes
(sensible heat and water vapor fluxes) for frequency
response limitations are 3.0% and 2.0% during day-
time, respectively, which increase by 9.0% and 5.5%
during nighttime, respectively. The difference between
them is mostly ascribed to the atmospheric stability in
a day.

4 Correction of advection

In theory, the site selected for studies of CO, ex-
change should have an ideally flat terrain, large fetch
and uniform source area®. While in practice, it is
hard to find such a site in field, thus advection is a
common feature in studies of mass and energy ex-
change with the micrometeorological methods. Verti-
cal advection of mass and energy will occur in cir-
cumstances when there is flow divergence/conver-
gence, and the non-zero mean vertical velocity can be
used to account for this flux losses. Horizontal advec-
tion will occur when the underlying surface is hetero-
geneous[”]. The most prominent situation involves
flow across the border of surfaces with different
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roughness or different source/sink strengths. The
horizontal advection is difficult to measure from a sin-
gle tower, thus no such a study has been done as yet.

The terrain surrounding the Changbai Mountains
forest site is ideally flat with uniform vegetation cov-
ering. The mixed forest stand extends several kilome-
ters in all directions with the shortest fetch being 400
m. On account of the homogeneous distributions of the
scalar source strength within the fetch area, the site is
considered to be an ideal place to carry out studies of
vertical advection term Fcyen.

chen = V_V(Em —_1— - Edzj s (28)
Zm

where w and ¢, are the non-zero mean vertical

velocity and scalar concentration at the height of flux
observation (zy); ¢ is the mean concentration of CO,
between floor and observation height.

It is not appropriate to use the mean vertical wind
speed measured by the sonic anemometer because of
the low signal level, the possible sensor tilt and the
aerodynamic shadow of the sensor or the tower. Lee®
proposed that the true mean vertical velocity w can
be approximately estimated from the following equa-
tion:

w=wy, —a(@)-b(Pu, , (29)

where u, and wy, are the measured mean horizontal
and vertical velocities in the coordinate system defined
by the instrument, respectively, w is the true mean
vertical velocity, and @ and b are the wind direction
(@) dependent coefficients. Values of a and b are de-
termined by the least squares method as functions of
¢in 3° intervals using data observed during growing
season in 2003. Once the coefficients are determined,
eq. (29) is used to calculate w for each data run.

During daytime, the vertical advection is quite
small in magnitude when compared with intensive
transfers of eddy fluxes (fig. 3). This contrasted dra-
matically with nighttime, during which the Fcyen ac-
counts for nearly 18% of CO, eddy fluxes. The maxi-

mum loss of vertical advection is 0.3 mg-m_z-s_'.
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Fig. 3. Variations of vertical advection and CO, eddy fluxes during
August 9—11, 2003.

Sometimes the magnitude of the underestimation even
exceeds that of the CO, flux itself. This is due to the
high concentration profile between observational
height and ground during night. Fig. 4 shows the rela-
tionship between the losses of vertical advection and
friction velocity. It can be seen that the vertical advec-
tion often appears at the stable atmospheric stratifica-
tion, which indicates that correction of vertical advec-
tion is significant to recover the underestimations of
nocturnal CQO; fluxes.
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Fig. 4. Scatter plot showing the influence of the friction velocity on
the vertical advection.

5 Conclusions and discussions

The correction method of streamline coordinate
transforming can be used in real time for each
flux-averaging period. While the planar fit coordinate
system is defined over along period (weeks to months)
and historical data sets should be reprocessed to esti-
mate fluxes in the new coordinate system, thus this
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method cannot be used for on-line real-time flux cal-
culations. That’s the reason why flux sites prefer TR
method to PF method when making tilt correction.
However, most of the FLUXNET sites are on undu-
lating or sloping terrain with non-zero vertical velocity.
The w=0 rotation actually acts as a nonlinear high
pass filter, which removes the low frequency portion
of the fluxes that correspond to periods longer than the
averaging period (30 min)?"). Recent studies have
found that the streamline coordinate system is a major
contributor to the lack of surface energy balance clo-
sure and nocturnal low CO; fluxes at many tall forest
sites®. The PF method is more suitable for tilt cor-
rection at forest sites, where are characterized by
large-scale turbulent eddies and low frequency com-
ponent, because it can keep the information of mean
vertical velocity. Massman''” found that eddy fluxes
corrected with the planar fit coordinate system are
generally 5%—10% higher (in magnitude) than that in
the streamline coordinate system. Berger™' and Wil-
on® got a similar conclusion at forest sites. In this
paper, the underestimation was only about 1% in vir-
tue of the ideal observational condition. Considering
that most observational towers are in complex terrain,
the planar fit coordinate system is the preferred coor-
dinate system for sonic anemometer tilt correction.

The underestimations of CO, and energy fluxes
for frequency response limitations are 3.0% and 2.0%
during daytime, respectively, which increase by 9.0%
and 5.5% during nighttime, respectively. Though the
correction is based on the physical limitations of in-
struments system, the results are closely related to at-
mospheric stability in forest.

Eugster and Siegrist® attributed the difference
between the fluxes estimated by boundary layer ac-
cumulation of CO, and the surface eddy fluxes to hori-
zontal advection, they found that the advection was an
order of magnitude larger than the local vertical eddy
fluxes. Yi et al.®® inferred the horizontal advection of
CO; by calculating the vertical flux divergence be-
tween different levels on a 447-m-tall tower, and
found that advection accounts for 27% of diurnally
integrated CO, exchange values between levels of 30
and 122 m. But because the scalar source distributions



114

are irregular in vertical profile, their experiments did
not tell the precise values of advection terms between
the floor and the observational height of fluxes. Sev-
eral other scientists' %37 haye attempted to measure
advection, but the results are not very satisfying, con-
sidering that the horizontal advection is neglected.
Some studies have inferred that the horizontal advec-
tion flux indirectly even if the tower sites meet the
measurement criteria of flat and horizontal homogene-
ity. For example, Sun et al.”®® found evidence of the
significance of horizontal advection by showing in-
creased concentrations over a lake at night and in the
early morning, due to nocturnal advection of respired
CO, from the surrounding forests by land-breeze cir-
culation. So 18% of CO; eddy flux losses caused by
vertical advection by this paper possibly underesti-
mated the advection term. Accordingly, how to evalu-
ate the horizontal advection term is still a big chal-
lenge for both meteorologists and ecologists.

Nowadays, a common practice to tackle the noc-
turnal CO; fluxes issues is to replace the fluxes during
periods with low friction velocity (u*) by the fluxes
estimated with a temperature function (Qq) estab-
lished using data obtained during well-mixed, high u*
periods™. This method may raise some new uncer-
tainty because it assumes the CO, source strength is
dependent on single environment parameter, while in
fact it is modulated by complicated biophysical proc-
esses. Furthermore, there is no guarantee that empiri-
cal corrections developed at one site will be valid at
another. Ideally, one should treat this problem on a
physical basis rather than with an empirical correction.
Lee’s method that evaluates the vertical advection
based on mean vertical velocity is a good attempt. To
produce defensible conclusions of carbon budget on
the regional and global scales for the research com-
munity, we must develop a more sound physi-
cally-based theory that describes the characteristics of
advection and turbulent eddies under complex circum-
stance.

Synthesizing the correction results of sonic ane-
mometer tilt, frequency response limitations and ad-
vection, the nocturnal CO, fluxes averagely increased
by about 28%, the energy budget closure averagely
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increased by about 6%. The corrections improve the
final results remarkably.

The results of fluxes corrections will be site-de-
pendent, considering the significant differences of ob-
servational environment and instrument system among
FLUXNET sites. For example, the corrections made
by Goulden™ to a closed-path EC system at NSA-
OBS site suggested that just the tube damping of CO,
fluctuations could cause a nocturnal underestimation
as high as 15%—30%. Therefore, some of the conclu-
sions in this paper are not valid at other sites. It is
strongly recommended that FLUXNET participants
report the correction processes and results at each site,
especially at the forest sites with tall vegetation, which
will help improve the understanding of the eddy co-
variance technique through cross-site comparisons.
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