
ADVANCES IN ATMOSPHERIC SCIENCES, VOL. 26, NO. 4, 2009, 679–691

Surface Turbulent Flux Measurements over the Loess Plateau

for a Semi-Arid Climate Change Study

ZUO Jinqing1,2 (���), HUANG Jianping∗1 (���), WANG Jiemin3 (���), ZHANG Wu1 (� �),
BI Jianrong1 (���), WANG Guoyin1 (���), LI Weijing2 (���), and FU Peijian1 (���)

1College of Atmospheric Sciences, Lanzhou University, Lanzhou 730000

2National Climate Center, China Meteorological Administration, Beijing 100081

3Cold and Arid Regions Environmental and Engineering Research Institute,

Chinese Academy of Sciences, Lanzhou 730000

(Received 1 December 2008; revised 2 January 2009)

ABSTRACT

In order to provide high quality data for climate change studies, the data quality of turbulent flux mea-
surements at the station of SACOL (Semi-Arid Climate & Environment Observatory of Lanzhou University),
which is located on a semi-arid grassland over the Loess Plateau in China, has been analyzed in detail. The
effects of different procedures of the flux corrections on CO2, momentum, and latent and sensible heat fluxes
were assessed. The result showed that coordinate rotation has a great influence on the momentum flux
but little on scalar fluxes. For coordinate rotation using the planar fit method, different regression planes
should be determined for different wind direction sectors due to the heterogeneous nature of the ground
surface. Sonic temperature correction decreased the sensible heat flux by about 9%, while WPL correction
(correction for density fluctuations) increased the latent heat flux by about 10%. WPL correction is also
particularly important for CO2 fluxes. Other procedures of flux corrections, such as the time delay cor-
rection and frequency response correction, do not significantly influence the turbulent fluxes. Furthermore,
quality tests on stationarity and turbulence development conditions were discussed. Parameterizations of
integral turbulent characteristics (ITC) were tested and a specific parameterization scheme was provided
for SACOL. The ITC test on turbulence development conditions was suggested to be applied only for the
vertical velocity. The combined results of the quality tests showed that about 62%–65% of the total data
were of high quality for the latent heat flux and CO2 flux, and as much as about 76% for the sensible heat
flux. For the momentum flux, however, only about 35% of the data were of high quality.
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1. Introduction

As the problems of global warming and extreme
weather and climate events become more serious,
climate change has been the focus of experimental
researches and numerical simulations for the past
decades and continues to be one of the central re-
search topics in the world. The study of land sur-
face processes (LSP), which control the exchanges of
energy and mass fluxes between the surface and the

atmosphere, is one of the most basic aspects of cli-
mate change research. As one of the processes of LSP,
exchanges of energy and mass fluxes between the sur-
face and the atmosphere have been of more concern
in China (Zhu et al., 2003; Liu et al., 2004; Lü et
al., 2005; Yu et al., 2006; Huang et al., 2008). These
measurements can provide important data not only
for the researches of a regional response to global cli-
mate change but also validation of the parameteriza-
tion scheme of LSP in climate models. At the same
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time, the eddy covariance (EC) technique provides a
powerful tool for the direct measurement of energy and
mass fluxes between the surface and the atmosphere
(Foken and Wichura, 1996; Aubinet et al., 2000; Lee
et al., 2004). Moreover, fast-response anemometers,
gas analyzers, and data acquisition and processing sys-
tems are becoming more reliable, affordable, and eas-
ier to use. As a consequence, the EC method has been
widely used for turbulent flux measurements. As of
30 March 2008, there have been 543 sites registered
on the FLUXNET, a global network of micrometeo-
rological tower sites that use EC methods to measure
the exchanges of CO2, water vapor, and energy be-
tween the terrestrial ecosystem and the atmosphere
(http://www-eosdis.ornl.gov/FLUXNET/). This net-
work includes several regional flux networks such as
AmeriFlux, AsiaFlux, CarboEurope IP, ChinaFLUX,
KoFlux, Fluxnet-Canada, and OzFlux, and it cov-
ers various ecosystems including forests, crops, grass-
lands, chaparral, wetlands, and tundra (Baldocchi et
al., 2001). There are also tens of flux stations coor-
dinated by CEOP (Coordinated Enhanced Observing
Period) (www.ceop.net).

Though the EC method is considered as a stan-
dard method for the direct measurement of turbulent
fluxes, it has been subjected to a set of problems,
such as the surface energy balance closure (Culf et al.,
2004; Oncley et al., 2007), underestimation of night-
time CO2 flux (Goulden et al., 1996), and intermit-
tency under stably stratified atmospheric conditions.
For this method in its simplified form, there are several
basic theoretical assumptions, i.e., the stationarity of
the flow, homogeneity of the underlying surface, fully
developed turbulence, and existence of a constant flux
layer, etc. (Foken and Wichura, 1996). These assump-
tions, however, can not be fulfilled especially under
complicated conditions, such as rolling terrain, patchy
vegetation, and unfavorable meteorological conditions.
Studies have shown that these complicated conditions
have critical impacts on EC measurements (Gao et al.,
2006; Wang et al., 2007). Therefore, quality assurance
and quality control (QA/QC) are essential for turbu-
lent flux measurements. Moreover, studies in situ are
required as real situations are specific for each site,
especially for sites on complicated terrain.

Many studies have focused on the QA/QC of EC
measurements. Major algorithms for flux corrections
applied during post-field data processing are now avail-
able, such as coordinate rotation (Kaimal and Finni-
gan, 1994; Wilczak et al., 2001), frequency response
corrections (Moore, 1986; Horst, 1997; Goulden et al.,
1997; Massman, 2000), sonic temperature correction
(Schotanus et al., 1983; Liu et al., 2001), and density
effect correction (Webb et al., 1980). Furthermore,

quality tests on flux sampling problems, stationarity,
and turbulence development conditions, which are im-
portant to identify inferior data, have also been widely
studied (Foken and Wichura, 1996; Goulden et al.,
1996; Foken et al., 2004; Gu et al., 2005; Loescher
et al., 2006).

The quality control, however, contains some very
site-specific tests (Foken et al., 2004). Moreover, un-
like the situation of a flat homogeneous terrain, tur-
bulent flux measurements over heterogeneous terrain
or limited fetch is still being studied. Therefore, this
paper attempts to explore the impacts of various pro-
cedures of flux corrections, especially the coordinate
rotation by the planar fit method, on turbulent flux
measurements over a semi-arid grassland on the Loess
Plateau in China. This study will also focus on quality
tests on flux sampling problems, stationarity, and in
particular on turbulence development conditions.

2. Experimental set-up

The station SACOL, established in 2006, is a long-
term meteorological observatory operated by the Col-
lege of Atmospheric Sciences, Lanzhou University. It
is located at (35◦57′N, 104◦08′E) with an elevation
of 1965.8 m, about 48 km away from the centre of
Lanzhou, Gansu Province in northwestern China. The
station is situated at the southern bank of the Yellow
River, a semi-arid area on the Loess Plateau in China.
The soil parent material is mainly quaternary aeolian
loess with the soil type of Sierozem according to the
Chinese Soil Classification System (Chinese Soil Tax-
onomy Cooperative Research Group, 1995). Figure 1

 

 

Fig. 1. The topographic features of the SACOL site
from the latest version of Google Earth (Version:
4.3.7284.3916, Build Date: 8 Jul 2008). A: 32-m tower
for routine boundary-layer meteorological measurements
and B: a 3-m tower for eddy covariance measurements.
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shows the topographic features of this site. The sur-
face is mainly covered by short grass with species of
stipa bungeana, artemisia frigida, and leymus secal-
inu. The site is located on a nearly north-south mesa
with a fetch length of about 120 m in the most com-
mon wind direction. The mesa has a limited width of
about 200 m from the east to the west, and is about
600 m in length from the north to the south. There
is a large V shape valley to the west of the site and
a small one to the east. More details relating to the
site and instrumentation can be found in a report by
Huang et al. (2008).

The turbulent flux measurement system consists
of a three-axis sonic anemometer (CSAT3, Campbell)
to measure three wind components and sonic virtual
temperature, and an open path infrared CO2/H2O an-
alyzer (LI7500�LI-COR) to measure CO2 and H2O
concentrations. The observations were taken at 3.0 m
above the ground surface with signals acquired by a
CR5000 (Campbell) data logger at 10 Hz. A slow re-
sponse humidity and temperature probe (HMP45C-L,
Vaisala) was also set near and at the same level of the
open-path eddy covariance flux system. Supporting
data include measurements of the surface skin temper-
ature (IRTS-P, Apogee), soil temperature at depths of
2, 5, 10, 20, 50, and 80 cm (STP01-L, Hukseflux),
and soil water content at depths of 5, 10, 20, 40, and
80 cm (CS616-L, Campbell). The soil heat flux was
measured with a self-calibrating soil heat flux plate
(HFP01SC-L, Hukseflux) at depths of 2 and 5 cm. In
addition, the incoming and outgoing shortwave radia-
tion fluxes were measured with a pyranometer (CM21,
Kipp & Zonen), and the incoming and outgoing long-
wave radiation fluxes with a pyrgeometer (CG4, Kipp
& Zonen) at a height of 1.5 m.

3. Analysis methods

3.1 Eddy covariance method

The eddy covariance (EC) method (Swinbank,
1951) is the basis of the turbulent flux measurements
and will be briefly described in this section. The ver-
tical flux F of a scalar S is defined as:

F =
1
T

∫ T

0

wsdt , (1)

where w and s are the fluctuations of the vertical ve-
locity and the concentration of S, respectively; and T
is the averaging period. Using the Reynolds decom-
position (w = w̄ + w′, s = s̄ + s′, where ¯ denotes the
expected value and ′ the fluctuation), the flux can be
rewritten in the form:

F = w̄s̄ + w′s′ , (2)

where the first term of the right hand side of Eq. (2)
represents the vertical advection; and the second term
denotes the turbulent flux. With the assumption that
w̄ = 0, the fluxes of sensible heat (H), latent heat
(LvE, where Lv is the latent heat for vaporization,
and E is the water vapor flux), carbon dioxide (Fc),
and momentum (τ) are given by Eqs. (3) to (6), re-
spectively:

H = ρcpw′T ′
s , (3)

LvE = Lvw′ρ′v , (4)

Fc = w′ρ′c , (5)

τ = −ρu2
∗ , (6)

where the friction velocity,

u∗ = (u′w′2 + v′w′2)1/4 . (7)

And the stability parameter is defined as:

ζ =
z

L
= − (zm − d)κ(g/T̄ )w′T ′

u3∗
, (8)

where ρ (kg m−3) is the air density; ρ′v and ρ′c (kg m−3)
are the concentration fluctuations of water vapor and
CO2, respectively; w′, u′ and v′ (m s−1) are the fluctu-
ations of the wind velocities; T ′

s (K) is the fluctuation
of the sonic temperature; cp[cp = 1004.67(1 + 0.84q),
J K−1 kg−1] is the specific heat of air; q is the specific
humidity; Lv (Lv = 2.5008 − 0.0023668Ts, J kg−1;
List, 1951) is the latent heat for the vaporization of
water; Ts(◦C) is the sonic temperature; zm (m) is the
measurement height; d (m) is the zero plane displace-
ment and set to be zero as the grass was very short and
sparse; g (m s−2) is the acceleration due to gravity; L
is the Monin-Obukhov length, and κ (=0.4) is the von
Karman constant.

3.2 Stationarity test

Stationary means that the turbulent statistics
(e.g., averages and variances) do not change in time
(Panofsky and Dutton, 1984; Foken et al., 2004).
Non-stationarity in the time series often occurs with
mesoscale or synoptic-scale variability, or changes of
internal boundary layers or the footprint over an inho-
mogeneous surface (Vickers and Mahrt, 1997; Foken et
al., 2004). The procedure designed for the stationar-
ity test used in this study was proposed by Foken and
Wichura (1996). The test compares the covariance of
the averaging period with the arithmetic mean of the
covariances of short intervals within this period, and
agreement between both values is a measure of steady
state conditions.

The measured time series of about a 30-minute du-
ration will be divided into M = 6 intervals of 5 minutes
each. The covariance of the measured signals w (e.g.,
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vertical velocity) and x (e.g., CO2 concentration) of
the single short interval is defined as

(x′w′)i =
1

N − 1

⎛
⎝ N∑

j=1

xjwj − 1
N

N∑
j=1

xj

N∑
j=1

wj

⎞
⎠ ,

(9)

where N is the measuring points of the short interval.
The mean covariance of the M short intervals is

given by

(x′w′)s =
1
M

M∑
i=1

(x′w′)i . (10)

The covariance of the whole interval is defined as

(x′w′)w =
1

MN − 1

⎛
⎝MN−1∑

j=1

xjwj− 1
MN

MN∑
j=1

xj

MN∑
j=1

wj

⎞
⎠ .

(11)

The difference (PSS) between both covariances, a
measure of steady state conditions, is defined as

PSS =
∣∣∣∣(x

′w′)s − (x′w′)w

(x′w′)w

∣∣∣∣ . (12)

If the parameter PSS is less than 30%, the time
series is considered to be stationary.

3.3 Integral turbulence characteristics test

Assumptions in the eddy covariance technique re-
quire turbulence development conditions, i.e., shear
stress and surface heating, and sometimes these con-
ditions are weak or absent, especially during noctur-
nal periods. Researchers have found that the inte-
gral turbulence characteristics (flux-variance similar-
ity), which are basic similarity characteristics of the
atmospheric turbulence, are good measures describing
atmospheric turbulent conditions in the surface layer
(Foken and Wichura, 1996; Foken et al., 2004; Mauder
and Foken, 2004). According to Foken et al. (2004),
the integral turbulent characteristics of wind compo-
nents are given by

σu,v,w

u∗
= c1

( z

L

)c2

, (13)

and the integral turbulent characteristic of tempera-
ture is given by

σT

T∗
= c3

( z

L

)c4

, (14)

where T∗ is the temperature scale, and c1, c2, c3, and c4

are constants, which are determined by experiments.

The difference (PITC) between the measured and mod-
eled parameters according to Eq. (13) or Eq. (14) is
a measure of turbulence development conditions, and
defined as

PITC =
∣∣∣∣ (σx/X∗)mo − (σx/X∗)ms

(σx/X∗)mo

∣∣∣∣ , (15)

where the subscript ms and mo denote the measured
parameter and the modeled parameter according to
Eq. (13) or Eq. (14), respectively. If the test parame-
ter PITC is less than 30%, the turbulence can be con-
sidered as a well developed turbulence. The integral
turbulent characteristics test (ITC test) is not applied
for the sensible heat flux under neutral conditions since
the integral turbulence characteristics of the scalars
have extremely high values (Foken and Wichura, 1996;
Foken et al., 2004).

4. Results and discussion

4.1 Flux calculation and corrections

The data collected during 13–31 May 2006, were
selected and analyzed in detail. These days were rela-
tively sunny except when a short and weak rain event
occurred on 19, 20, and 25 May. An averaging pe-
riod of 30 minutes was used in this study. In order
to reduce the flow distortion by the instrument frame,
only the data collected over a range of wind directions
from −90◦ to 90◦ in the sonic anemometer coordinate
system were selected for this study.

4.1.1 Basic test of the raw data
The first step for data processing for the eddy co-

variance measurements is the basic test of raw data.
Each time series was tested for physical plausibility by
simply comparing the minimum and maximum values
of all the points in the record to certain fixed limits
that were considered unphysical. For this study, the
absolute limits are 30 m s−1 for the horizontal wind
components, 5 m s−1 for the vertical wind, −50◦C
to 60◦C for the sonic temperature, 200 mg m−3 to
1000 mg m−3 for the CO2 concentration, 0 g m−3 to
30 g m−3 for the water vapor density, and 50 kPa to
120 kPa for the air pressure.

Furthermore, each time series was screened using
the algorithm from Vickers and Mahrt (1997) to detect
the remaining spikes in the high-frequency time series
and the discarded values were interpolated. Any point
that is more than 4.0 times the standard deviation
from the mean in a window of 60 seconds is consid-
ered a spike. When the total number of spikes and
the points with unrealistic data values exceed 1% of
the total number of data points, the entire data run is
discarded from further study. The incomplete records,
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with a threshold of 5 minutes, are also removed. The
results show that the spikes do not significantly influ-
ence the turbulent flux measurements.

Then, variances and covariances were obtained by
block averaging (i.e., mean removal) of 30 minutes.
A potential time delay due to the longitudinal sen-
sor separation between the sonic anemometer and the
gas analyzer is considered by cross-correlation analy-
sis (time delay correction) for each averaging interval.
The bounds of lag-time are set to be 1.0 s (Vickers and
Mahrt, 1997; Berger et al., 2001).

Unusually small or large statistics such skewness,
kurtosis, and variance often indicate an instrument
problem (Foken et al., 2004). If the statistic is smaller
or larger than a fixed limit, the whole record is con-
sidered subject to instrument problems and will be
discarded. In this study, this problem was detected
by comparing the variance to prescribed thresholds,
which is determined empirically from examining fre-
quency distributions of the parameter itself. The
thresholds are 3 m2 s−2 for the horizontal wind com-
ponent, 1.5 m2 s−2 for the vertical wind component,
10 mg2 m−6 for the CO2 concentration, 4 g2 m−6 for
the water vapor density, and 2 (◦C)2 for the sonic tem-
perature. There were about 4% of the total data runs
that were detected and removed for a 19-day period in
May 2006.

4.1.2 Coordinate rotation
A coordinate rotation should be performed on the

wind data to eliminate the effects of instrument tilt
as well as terrain irregularity on the airflow from the
fluxes by placing the sonic anemometer into a stream-
line coordinate system. The common rotation al-
gorithms include double rotation (DR) (Kaimal and
Finnigan, 1994) and planar fit (PF) (Wilczak et al.,
2001). There is also a triple rotation (TR) method,
which is similar to the DR method but requires a triple
rotation of the anemometer axes to set the lateral mo-
mentum flux equal to zero. The TR method, however,
is shown to result in great stress errors due to errors
in the measured mean velocities and stresses, in par-
ticular the cross-wind stress (Wilczak et al., 2001). So
only the DR and PF methods are compared with each
other, and the PF method is preferred in this study
(Wilczak et al., 2001; Moene et al., 2002; Foken et al.,
2004). For the PF method, the tilt angles in the x-z
and y-z planes are 1.2◦ and 0.5◦, respectively for all the
wind directions (Table 1). The tilt error in the sum of
the sensible and latent heat fluxes (H + LvE) is small
(about 1.5%), while it is significant in the momentum
flux. The corrected momentum flux is approximately
5% larger than the uncorrected flux, which is in agree-
ment with Wilczak et al. (2001) who showed that the

errors for and were approximately 6% per degree of tilt
in the x-z and y-z planes. In addition, the difference of
tilt errors between the PF and DR algorithms is small
for the scalar fluxes, while the difference is about 11%
for the momentum flux.

Due to the heterogeneity of the underlying surface
of the measuring site, the flow patterns may be differ-
ent between different wind directions. As showed in
Fig. 2, the wind commonly comes from the SE and
NW directions. The geographic conditions, however,
are significantly different between these two wind di-
rections, which may imply an influence on the tilt er-
rors. Therefore, the wind data were separated into two
different sectors to determine two different regression
planes. The first sector is called the SE sector from
60◦ to 240◦, and the remaining sector is the NW sector
from 240◦ (through 360◦) to 60◦. Then, the two planes
were fitted by multiple linear regression analyses. As
shown in Table 1, the tilt angles in the SE sector are
different from those in the NW sector. To avoid confu-
sion, here we use scheme 1 to denote the PF-correction
with one fitted plane for all the data from all wind di-
rections, and scheme 2 to denote the PF-correction
with two fitted planes for two different wind sectors.
The results show that the PF-corrected momentum
flux using scheme 1 is about 7% larger than that using
scheme 2, while the effect of scheme 1 to the sensible
and latent heat fluxes is small compared to scheme 2.
This indicated that the PF-correction, which considers
different fitted planes for different wind sectors, is par-
ticularly important for the momentum flux. Therefore,
we recommend that different regression planes should
be determined for different wind direction sectors due
to the heterogeneities of the measuring site.
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Fig. 2. Frequency distribution of the wind direction and
wind speed (U) during 13–31 May 2006.
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Table 1. Tilt angles in the x-z and y-z planes detected by the planar fit method.

Range of wind directions Tilt angle in the x-z plane Tilt angle in the y-z plane

0◦–360◦ 1.2◦ 0.5◦

60◦–240◦ 1.5◦ 1.1◦

240◦–60◦ 0.3◦ 0.6◦

4.1.3 Frequency response corrections
All eddy covariance systems display some fre-

quency attenuations at sufficiently high and low fre-
quencies (e.g., Moore, 1986). These attenuations
mainly result from the frequency dynamical response,
sensor separation, path-length averaging effects asso-
ciated with the sensor design, frequency response mis-
match, high pass filtering, low pass filtering, and digi-
tal sampling (Moore, 1986; Horst, 1997; Goulden et al.,
1997; Massman, 2000, 2001; Rannik, 2001; Massman
and Lee, 2002; Burba and Anderson, 2007). There are
several different methods to compensate for the flux
losses due to frequency attenuations at different fre-
quencies of turbulent transport, such as Moore’s ap-
proach (Moore, 1986), the low-pass filtering method
(Goulden et al., 1997), and the analytical method de-
veloped by Massman (2000), which was incorporated
and extended from Horst’s approach (1997). The an-
alytical method is preferred in this study as it is a
relatively comprehensive numerical approach, which
includes corrections not only for high frequency at-
tenuations but also for low frequency attenuations.

According to Massman (2000), the analytical for-
mula for the frequency response corrections to mea-
sured momentum and scalar fluxes with fast-response
open path systems is

Fm

F
=

[
aαbα

(aα + 1)(bα + 1)

] [
aαbα

(aα + pα)(bα + pα)

]
×

[
1

(pα + 1)

] [
1 − pα

(aα + 1)(aα + pα)

]
, (16)

where Fm denotes the measured flux and F the true
eddy flux; and α = 0.925 for z/L � 0 and α = 1
for z/L > 0. Here α = 2πfxτh, b = 2πfxτb, and
p = 2πfxτe, where τh is the equivalent time constants
associated with trend removal, τb is the equivalent time
constants associated with block averaging and mean
removal, and τe is the equivalent first order time con-
stant for the entire set of low pass filters associated
with path-length averaging, sensor separation, finite
response times, etc. [see Table 1 and Eq. (9) of Mass-
man, 2000]. fx is the frequency of the peak of the
logarithmic cospectrum and can be estimated from
fx = nxu/z, where z denotes the measurement height,
u the mean horizontal wind speed at that height, and
nx is the non-dimensional frequency corresponding to

fx. Generally, nx is parameterized as a function of sta-
bility. In this study, fx is determined using cospectral
models adapted from Kaimal et al. (1972) by Kaimal
and Finnigan (1994), i.e., nx = 0.079 for z/L � 0, and
nx = 0.079(1 + 7.9z/L)3/4 for z/L > 0.

For the open path system in this study, the lat-
eral separation is 0.2 m, and no longitudinal sepa-
ration is assumed. No anti-noise filter or recursive
digital filter is applied to the measured signals. The
sonic anemometer has collocated horizontal and verti-
cal paths of length 0.12 m, and the gas analyzer has
a sensor path of length 0.125 m. The frequency re-
sponse corrections applied to the measured fluxes in
this study include vector/scalar line averaging, sen-
sor lateral separation, blocking averaging, and mean
removal. The results show the effects of these correc-
tions on the momentum flux and on the scalar fluxes
are small (less than 1%), which indicate that the flux
losses due to high and low frequency attenuations are
small for the CO2 flux, momentum flux, and latent
and sensible heat fluxes.

4.1.4 Sonic temperature correction
The sonic temperature Ts measured by a sonic

anemometer is derived from the sonic velocity, which
depends on both the air temperature and humidity.
The fluctuations of sonic temperature includes the ef-
fect of humidity on the speed of sound (c), and should
be converted into actual temperature (Schotanus et
al., 1983),

Ts = T (1 + 0.51q) . (17)

And the corrected sensible heat flux is calculated after

w′T ′ = w′T ′
s − 0.51T w′q′ + 2

Tūw′u′

c2
. (18)

On average, for all stabilities, this correction re-
duces the sensible heat flux by about 9%, while the
change in temperature is not significant (less than
0.5%). Researchers (Schotanus et al., 1983; Liu et
al., 2001) have found that the changes resulting in a
sonic temperature correction were different between
stable and unstable stratifications. Liu et al. (2001)
reported that the corrected sensible heat flux w′T ′ is
around 10% lower than the sonic derived buoyancy
flux w′T ′

s in stable stratification, and w′T ′ is as much
as 30% lower than w′T ′

s in unstable stratification. In
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this study, w′T ′ is about 4% lower than w′T ′
s in stable

stratification, and w′T ′ is about 12% lower than w′T ′
s

in unstable stratification.

4.1.5 WPL correction
It is widely accepted that the WPL correction pro-

posed by Webb et al. (1980) is required for the deter-
mination of the density effects due to heat and water
vapor transfer on turbulent flux measurements. This
correction for the CO2 flux is particularly significant
because the vertical advection term (ρc w) and the
turbulent flux (ρ′cw′) of ten have similar magnitudes
(Leuning et al., 1982). The corrected latent heat flux
is given by

LvE = Lv(1 + µσ){w′ρ′v + (ρv/T )w′T ′} . (19)

And the corrected CO2 flux is in terms of the sensible
heat flux and the WPL-corrected latent heat flux, and
given by

Fc =w′ρ′c + µ(ρc/ρa)w′ρ′v+

(1 + µσ)(ρc/T )w′T ′ , (20)

where σ = ρv/ρa, is the ratio of the mean densities
of water vapor and dry air; µ = ma/mnv = 1.6, the
ratio of the molecular masses of dry air and water va-
por; ρc, the mean density of CO2 concentration; and
T , the mean absolute temperature at the measurement
height.

Figure 3a shows daily variations of the CO2 flux
before and after the WPL correction. For a better vi-
sualization, only 4 days (14–18 May 2006) were shown
here. There is a significant but illusive daily change
that arises from the presence of heat and water va-
por fluxes. The corrected upward and downward CO2

fluxes, which represent the actual exchange of CO2

between the surface and the atmosphere, are approx-
imately zero in this period. Further analysis shows
that the WPL-corrected CO2 fluxes are also very small
in the following summer. The weak CO2 exchange is
mainly attributed to the short and sparse vegetation,
and in particular the extreme drought this year. The
grass growth over this area was limited by the dryness
of the soil. Figure 3b shows daily variations of the
latent heat flux before and after the WPL correction.
The result shows that the WPL correction to the la-
tent heat flux results in a significant increase during
the daytime, while a small change during the night-
time. This correction enlarges the latent heat flux by
about 10%.

4.2 Quality control

A quality classification scheme (Table 2) proposed
by Foken et al. (2004) is used to classify the station-
arity test into different quality levels according to

Fig. 3. Daily variations of (a) CO2 (Fc) and (b) latent
heat (LvE) fluxes before and after WPL correction for
days 134–138 (14–18 May 2006).

Eq. (12) and the ITC test according to Eq. (15). This
scheme also includes the quality classifications by the
horizontal orientation of the sonic anemometer.

4.2.1 Stationarity test
Figure 4a shows the quality classifications for the

stationarity test. On average, there are about 87% of
the sensible heat flux, 80% of the latent heat flux, and
75% of the CO2 flux classified as good steady state,
i.e., class 1 to 3. For the momentum flux, however, a
percentage of only approximately 50% of the data with
good steady state are available. The high quality of the
sensible heat flux is likely due to the lower sensitivity
of the temperature measurements to the environment
than the other parameters in the EC flux system. The
lower quality of the momentum flux may be possibly
due to the heterogeneous surface conditions. This is
further demonstrated in Fig. 4b, which shows that
the horizontal momentum flux has a lower percentage
of data with good steady state in the SE direction.
This is because the u component in the sonic coordi-
nate system faces east with a direction of 75◦ from the
north, the surface that is more heterogeneous than the
other sectors.

4.2.2 ITC Test
For the ITC tests, parameterizations of the integral

turbulent characteristics are required. These parame-
terizations are available in the published literatures
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Table 2. Classifications of the data quality by the stationarity test (SS test), the integral turbulence characteristics test
(ITC test), and the horizontal wind direction in a CSAT3 sonic anemometer coordinate system (Foken et al., 2004).
Class 1 is the best class.

Class SS test (%) ITC test (%) Wind direction (◦)

1 0–15 0–15 ±0–30
2 16–30 16–30 ±31–60
3 31–50 31–50 ±61–100
4 51–75 51–75 ±101–150
5 76–100 76–100 ±101–150
6 101–250 101–250 ±151–170
7 251–500 251–500 ±151–170
8 501–1000 501–1000 ±151–170
9 >1000 >1000 > |170|

Table 3. Parameterizations of the integral turbulence characteristics of the wind components and temperature.

σu/u∗ σw/u∗ σT /T∗

z/L < −0.07 5.34|z/L|1/4 1.3(1 − 3z/L)1/3(1)
−0.07 < z/L < 0.07 2.92 1.3(1)
0.07 < z/L < 0.4 3.18 1.55

z/L < −1 |z/L|−1/3(2)

−1 < z/L < −0.062 |z/L|−1/4(2)

−0.062 < z/L < 0.02 0.5|z/L|−1/2(2)
0.02 < z/L < 0.4 2.62

(1) By Merry and Panofsky (1976); (2) By Foken et al. (1991).
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Fig. 4. (a) Frequency distributions of quality levels for
the stationarity test; (b) Percentages of high quality data
(classes 1 to 3) classified by the stationarity test as a func-
tion of wind direction. wρc, wρv, wTs, wu, and wv are
covariances of the vertical velocity (w) and CO2 concen-
tration (ρc), water vapor density (ρv), sonic temperature
(Ts), and horizontal velocities (u, v), respectively.

(Foken and Wichura, 1996; Thomas and Foken, 2002;
Foken et al., 2004) and denoted as Foken’s parameteri-
zation scheme hereafter since they are mainly proposed
by Foken and his coauthors. The integral turbulence
characteristics were observed to mainly scale with the
atmospheric stability and surface properties (Thomas
and Foken, 2002, and references in it). In addition, the
Coriolis parameter was regarded as having an influence
on the integral turbulence characteristics under near
neutral conditions in the surface layer (e.g., Thomas
and Foken, 2002). So, we will re-evaluate the previ-
ously published parameterizations to find statistically
robust parameterizations for the SACOL site.

In order to eliminate the uncertainties in the flux
measurements, only the data collected over a range
of compass wind directions from 90◦ to 135◦ (−15◦

to −60◦ in the sonic anemometer coordinate system)
were selected for this study. In addition, the data with
u∗ < 0.1 m s−1 when the eddy covariance technique is
likely unreliable for the turbulent flux measurement,
were also discarded from the analysis. Figure 5 shows
the variations of the normalized standard deviations
(integral turbulent characteristics) of the horizontal
and vertical wind components and temperature with
stability. The parameterizations obtained in this study
are presented in Table 3. The results show that the
parameterization for the vertical velocity proposed by
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Fig. 5. The standard deviations of the horizontal (u) and vertical wind components (w), nor-
malized by u∗ and temperature (T ), normalized by T∗ as a function of stability (z/L) under
(a, c, e) unstable and (b, d, f) stable stratifications, respectively. The fitted functions in Fig.
6e are selected from Thomas and Foken (2002), i.e., for z/L < −1.0, σT /T∗ = |z/L|−1/3;
for −1.0 < z/L < −0.062, σT /T∗ = |z/L|−1/4; and for −0.062 < z/L < 0.0, σT /T∗ =
0.5|z/L|−1/2 .

Merry and Panofsky (1976) fits well to the observa-
tions, and the parameterization for temperature under
unstable conditions proposed by Foken et al. (1991)
also fits well to the observations. The other param-
eterizations in Foken’s parameterization scheme were
also tested. However, they do not appear to fit the
observations well. The results (not showed here) also
showed that the Coriolis parameter, regarded as hav-
ing an influence on the integral turbulence characteris-
tics under near neutral conditions by Thomas and Fo-
ken (2002), did not significantly influence the integral
turbulence characteristics under near neutral condi-
tions in the SACOL site. The differences in turbulent
characteristics between different sites are mainly due
to the different surface conditions. The turbulent char-
acteristics of the horizontal velocity and temperature
are more difficult to describe accurately as they are

more complicated influencing factors, especially under
heterogeneous surface conditions.

Figure 6 shows the frequency distributions of the
quality levels of the horizontal (u) and vertical (v) ve-
locity components and temperature (Ts) by the ITC
test using (a) Foken’s parameterization scheme and
(b) parameterizations obtained in this study (Table
3). The results show that the choice of the parameter-
izations of the integral turbulent characteristics signif-
icantly affects the data quality by the ITC test. There
is as much as about 28% of u classified as class 6 by
the ITC test using Foken’s parameterization scheme,
and there is only about 6% by the ITC test using the
parameterization in Table 3. There are less than about
2% of v and Ts classified as class 6 by the ITC test us-
ing these two different parameterization schemes, re-
spectively. This indicates that Foken’s parameteriza-
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 Fig. 6. Frequency distributions of the quality levels for
the ITC test using different parameterization schemes.
(a) Foken’s parameterization scheme and (b) parameter-
izations in Table 3. u and w are the horizontal and ver-
tical wind components, respectively, and Ts is the tem-
perature.

tion scheme does not appear to be applied well to the
horizontal velocity component. Moreover, the data
quality of w is better than those of u and Ts by the
ITC test, which is mainly due to the poor parame-
terizations for u and Ts. Researchers have noted that
flux-variance similarity in the form of σ/u∗ = φ(z/L)
has applied well to w but not u (e.g., Panofsky et al.,
1977). They suggested that the flux-variance similar-
ity for u was in the form of σ/u∗ = φ(zi/L) under
convective conditions, where zi is the height of the
mixing layer. Furthermore, the effect of topography is
more significant on the variance of u than w. When
a strong wind flows over a heterogeneous surface, the
value of σu/u∗ may be larger than it should be as
the u∗ is determined by the local shear stress. There-
fore, we suggest that the ITC test is only applied to
the vertical velocity component in order to eliminate
the uncertainties of the parameterizations of the in-
tegral turbulent characteristics. The result indicates
that there is about 1% of the data classified as bad
quality data (classes of 7 to 9) by the ITC test to the
vertical velocity component in this study.

4.2.3 Overall quality flag system
For easy use, all of the single quality flags given

by different tests should be combined into a general
flag. Foken et al. (2004) have proposed a classifi-
cation scheme for this purpose, which also included
the classification of the horizontal wind direction in
a CSAT3 sonic anemometer coordinate system be-
cause wind measurements would be contaminated by
the sonic anemometer and other supporting structures
(Table 4). The classes 1–3, classified as high quality,
can be used for fundamental research, such as the de-
velopment of parameterizations; classes 4–6, classified
as moderate quality, for general use, such as long term
observation programs; and classes 7–9, classified as low
quality, should be excluded from further analysis or re-
placed by gap-filling (Foken et al., 2004).

Table 5 shows the combined results of the data
quality analysis for the filtered (with a threshold of
0.1 m s−1) CO2 flux, sensible and latent heat fluxes,
and momentum flux. For the CO2 flux and latent heat
flux, on average, about 62%–65% of the data are clas-
sified as high quality data. For the sensible heat flux,
as much as about 76% of the data are of high quality.
For the momentum flux, however, only about 35% of
the data are of high quality. About 20% of the data
of the CO2 flux, sensible and latent heat fluxes are re-
moved by quality tests including the basic test of the
raw data and tests on the fulfillment of theoretical re-

Table 4. Classification scheme for the combination of the
single quality flags into a flag of the general data quality
(Foken et al., 2004).

SS Test (flag) ITC Test (flag) WD (flag) Final flag

1 1–2 1–5 1
2 1–2 1–5 2

1–2 3–4 1–5 3
3–4 1–2 1–5 4
1–4 3–5 1–5 5
5 �5 1–5 6

�6 �6 �8 �8
�8 �8 �8 �8
∗ ∗ ∗ 9

WD: Horizontal wind direction; ∗: One or more single quality

flags equal 9.

Table 5. Data quality analysis for the CO2 flux, latent
(LvE) and sensible (H) heat fluxes, and momentum flux
(τ ).

Quality CO2 (%) LvE (%) H (%) τ (%)

Good 61.8 65.2 76.4 34.6
Moderate 16.6 15.0 7.2 25.7
Bad 12.2 10.3 7.1 30.3
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Fig. 7. Comparisons of the latent (LvE) and sensible heat (H) fluxes before (a and
b) and after (c and d, with quality classes 1–6) quality control procedures for days
134–144 (14–24 May 2006).

quirements, which is in agreement with the results
(range of 20%–40%) reported from other sites (Foken
et al., 2004). However, there is as much as about 39%
of the momentum flux removed by quality tests pos-
sibly due to the heterogeneous nature of the ground
surface, which needs further study in other work. Fig-
ure 7 shows the comparisons of the latent and sensible
heat fluxes before and after (with quality classes 1–6)
the quality control procedures over SACOL. For a bet-
ter visualization, only 10 days (14–24 May 2006) were
shown here. The results show that large noises, mainly
due to the precipitation on 20 and 25 May, occur in
the “raw” time series and almost all of them can be
identified by the quality tests.

Based on the detailed discussions of the different
aspects of post-field processing and quality control of
eddy covariance measurements, a special QA/QC sys-
tem is developed for the requirements of SACOL. The
major components of this QA/QC system are as fol-
lowing:

(1) Test for physically not possible values and
spikes (Vickers and Mahrt, 1997);

(2) Time delay correction by cross-correlation anal-
ysis;

(3) Test for instrument problems (Foken et al.,
2004);

(4) Coordinate rotation after the Planar Fit
method (Wilczak et al., 2001), considering different
regression planes for different wind direction sectors;

(5) Frequency response corrections (Massman,
2000, 2001);

(6) Sonic temperature correction (Schotanus et al.,
1983);

(7) WPL correction (Webb et al., 1980);
(8) Stationarity test (Foken and Wichura, 1996);
(9) Integral turbulence characteristics test (Foken

and Wichura, 1996).

5. Conclusions

Based on the long-term field experiment conducted
by the Semi-Arid Climate & Environment Observa-
tory of Lanzhou University (SACOL) over a grassland
on the Loess Plateau in China, impacts of different
correction schemes applied to measured covariances in
order to obtain turbulent fluxes have been assessed
and quality tests have been discussed in detail. A spe-
cific QA/QC system, including data post-processing
and quality control, has been developed for SACOL.
The procedure of post-processing includes time delay
correction, coordinate rotation (Wilczak et al., 2001),
frequency response corrections (Massman, 2000, 2001),
sonic temperature correction (Schotanus et al., 1983),
and WPL correction (Webb et al., 1980). The proce-
dure of quality control includes the test for physically
not possible values and spikes (Vickers and Mahrt,
1997; Foken et al., 2004), the stationarity test (Fo-
ken and Wichura, 1996), and the integral turbulence
characteristics (ITC) test (Foken and Wichura, 1996;
Goulden et al., 1996).

For the coordinate rotation after the planar fit
method, two planes have been fitted and the tilt angles
are different between these two wind direction sectors.
Though this procedure does not influence the sensible
and latent heat fluxes significantly, possibly due to the
same contribution of sources and sinks in different di-
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rections within the footprint area to the flux measure-
ments, it increases the momentum flux by about 7%,
which is likely due to the difference in roughness. The
PF-correction, which considers different fitted planes
for different wind sectors is particularly important for
the momentum flux. Therefore, we suggest that differ-
ent regression planes should be determined for differ-
ent wind direction sectors due to the heterogeneities
of the measuring site.

The procedure of the sonic temperature correction
decreases the sensible heat flux by about 9%, while the
latent heat flux is increased around 10% by the WPL
correction. The other procedures such as the time de-
lay correction, coordinate rotation, and frequency re-
sponse corrections do not significantly influence the
sensible and latent heat fluxes. The WPL correction
was particularly significant to the CO2 flux. The cor-
rected CO2 flux is nearly zero even during the daytime
period mainly due to the short and sparse vegetation,
and in particular the dryness of the soil.

Parameterizations of the integral turbulent char-
acteristics required for the ITC test were tested and
a specific parameterization scheme was provided for
SACOL. The ITC test on turbulence development con-
ditions is suggested to be applied only for the vertical
velocity and not the horizontal velocity or tempera-
ture because the turbulent characteristics of the hor-
izontal velocity and temperature are more difficult to
describe accurately as they are more complicated in-
fluencing factors. Finally, all of the single quality flags
given by different tests were combined into a general
flag. On average, about 62%–65% of the total data
are of high quality for the latent heat and CO2 fluxes.
There is as much as about 76% of the data with high
quality for the sensible heat flux, while only 35% for
the momentum flux. The lower data quality of the
momentum flux is possibly due to the heterogeneity of
the underlying surface.
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