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Abstract The eddy-covariance method is the primary way of measuring turbulent
fluxes directly. Many investigators have found that these flux measurements often

The National Center for Atmospheric Research is supported by the National Science Foundation.

M. Mauder (B)
Department of Micrometeorology, University of Bayreuth, 95440 Bayreuth, Germany
Present address: Agriculture and Agri-Food Canada, Ottawa, Canada
e-mail: matthias.mauder@uni-bayreuth.de

S. P. Oncley
National Center for Atmospheric Research Boulder, CO, USA

R. Vogt
University of Basel, Basel, Switzerland

T. Weidinger
Eötvös Loránd University, Budapest, Hungary

L. Ribeiro
Bragança Polytechnic Institute, Bragança, Portugal

C. Bernhofer
Dresden University of Technology, Dresden, Germany

T. Foken
University of Bayreuth, Bayreuth, Germany

W. Kohsiek
KNMI Royal Dutch Meteorological Institute, Utrecht, The Netherlands

H. A. R. De Bruin
Wageningen University, Wageningen, The Netherlands

H. Liu
City University of Hong Kong, Kowloon, Hong Kong SAR, P. R. China
Present address: Jackson State University, Jackson, MS, USA



30 Boundary-Layer Meteorol (2007) 123:29–54

do not satisfy a fundamental criterion—closure of the surface energy balance. This
study investigates to what extent the eddy-covariance measurement technology can be
made responsible for this deficiency, in particular the effects of instrumentation or of
the post-field data processing. Therefore, current eddy-covariance sensors and several
post-field data processing methods were compared. The differences in methodology
resulted in deviations of 10% for the sensible heat flux and of 15% for the latent
heat flux for an averaging time of 30 min. These disparities were mostly due to differ-
ent sensor separation corrections and a linear detrending of the data. The impact of
different instrumentation on the resulting heat flux estimates was significantly higher.
Large deviations from the reference system of up to 50% were found for some sensor
combinations. However, very good measurement quality was found for a CSAT3 sonic
together with a KH20 krypton hygrometer and also for a UW sonic together with a
KH20. If these systems are well calibrated and maintained, an accuracy of better than
5% can be achieved for 30-min values of sensible and latent heat flux measurements.
The results from the sonic anemometers Gill Solent-HS, ATI-K, Metek USA-1, and
R.M. Young 81000 showed more or less larger deviations from the reference system.
The LI-COR LI-7500 open-path H2O/CO2 gas analyser in the test was one of the first
serial numbers of this sensor type and had technical problems regarding direct solar
radiation sensitivity and signal delay. These problems are known by the manufacturer
and improvements of the sensor have since been made.

Keywords EBEX-2000 · Eddy covariance · Energy balance closure · Quality
control · Sensor intercomparison · Turbulent fluxes

1 Introduction

In 1994, a workshop of the European Geophysical Society in Grenoble (Foken and
Oncley 1995), developed the idea for the energy balance experiment EBEX-2000.
This experiment was designed to investigate potential reasons for the non-closure of
surface energy balance measurements (Oncley et al. 2002, 2006); see also Laubach
and Teichmann (1996), Foken (1998), Aubinet et al. (2000), Wilson et al. (2002),
Culf et al. (2004). One concern of the Grenoble workshop was that different types of
sonic anemometers showed significant differences in their characteristics and whether
eddy-covariance sensors produce acceptable data. In order to address this issue a field
comparison of most recently available eddy-covariance sensors was a main focus of
EBEX-2000.

At the beginning of modern turbulence measurements in the 1960s, sonic compar-
ison experiments were common, because the developers of the sensors often were
participants of micrometeorological field experiments. Results from four such exper-
iments are published, including interesting surface-layer studies. The first experiment
was carried out in 1968 near Vancouver, Canada, over the ocean (Miyake et al. 1971),
followed by one over steppe country at Tsimlyansk, Russia in 1970 (Tsvang et al. 1973).
Additional experiments were carried out in 1976 in Conargo, Australia (Dyer 1981;
Dyer et al. 1982) and in 1981 again in Tsimlyansk (Tsvang et al. 1985). In these early
intercomparison experiments mostly prototype instrumentation was tested. During
the last 10–15 years several commercially built sonic anemometers have become avail-
able, but most of the sonic anemometer comparisons are only available in the grey
literature. Many recent micrometeorological experiments have still included a com-
parison phase, though most of these sonic intercomparisons are unpublished reports
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(Table 1). Fast-response hygrometers should also be compared, in order to determine
the accuracy of latent heat flux measurements.

A second major question in the investigation of the non-closure of energy balance
measurements is whether typical differences in post-field data processing methods
have a significant impact on eddy-covariance flux estimates. Most of the
processing steps and flux corrections are well described in the literature (e.g.
Webb et al. 1980; Schotanus et al. 1983; Moore 1986; Højstrup 1993; Tanner et al.
1993; Wilczak et al. 2001). Temperature and humidity effects, which are discussed by
Högström and Smedman (2004) as a source of error for sonic anemometer measure-
ments, can be avoided by the application of these correction algorithms. However,
errors in the resulting turbulent heat fluxes can also occur due to differences in the
selection and in the order of the processing steps, and because of the use of over-
simplified or modified algorithms and different values for physical constants. In order
to address these methodological problems a comparison of several post-field data
processing methods was carried out.

2 Comparison of post-field data processing methods

Each of the groups participating in EBEX-2000 processed two days of data from one
eddy-covariance system that was operated by the U.S. National Center for Atmo-
spheric Research NCAR during the EBEX-2000 experiment. The resulting turbulent
flux estimates were compared on the basis of a 30-min averaging time. Since each group
started with identical time series, we expected the computed fluxes to be quite similar.
Table 2 gives an overview of the features implemented in the post-field data process-
ing methods of the EBEX-2000 participants. Certainly, progress has been made in the
data processing methods since then, particularly in light of this investigation. How-
ever, the results of this comparison can be used to demonstrate typical differences.
For this reason, the processing methods are made anonymous and labelled A–E.

In many of the post-field data processing methods a spike detection algorithm
(e.g. Højstrup 1993) is implemented. From the despiked time series covariances can
be calculated after either block averaging or linear detrending. Coordinate systems
can be transformed either by using two- or three-dimensional rotation (Kaimal and
Finnigan 1994) or according to the planar fit method (Wilczak et al. 2001). If no
additional fast response thermometer is available, the vertical sonic temperature flux
(buoyancy flux) has to be converted into the sensible heat flux either according to the
relations of Schotanus et al. (1983) or Liu et al. (2001). Krypton hygrometers have
a cross sensitivity to oxygen, which can be corrected (Tanner et al. 1993; van Dijk
et al. 2003). Spectral loss due to pathlength averaging, sensor separation or dynamic
frequency response can be corrected as proposed by Moore (1986) or Horst (2000).
When measuring volume-related fluxes of air constituents such as water vapour, the
so called WPL correction has to be applied (Webb et al. 1980) in order to compen-
sate for density fluctuations and a positive vertical mass flow. Some post-field data
processing methods include the correction of Brook (1978). However, this correction
should not be applied because of incorrect assumptions (Webb 1982), such as the
formulation of the sensible heat flux, which lead to different opinions about which
terms are negligible or not.

Finally, it makes a difference if physical “constants” such as the latent heat of va-
porisation λ or the specific heat capacity of the air at constant pressure cp are assumed
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Fig. 1 Results for turbulent fluxes calculated from the same time series (measured with the NCAR
system at EBEX-2000 site 8, 1700 UTC, August 9 2000 to 1700 UTC, August 11 2000) using different
post-field data processing methods of the EBEX-2000 participants; sensible heat flux on the left (a),
latent heat flux on the right (b). Results of methods A,B,C,D and E are plotted against reference
software TK2 (Mauder and Foken 2004)

to be constant or if their dependences on temperature and moisture are taken into
account. Tools proposed by Foken and Wichura (1996) can be applied for the quality
assessment and quality control of eddy-covariance measurements.

In general, differences between the tested post-field data processing methods of up
to 2% were seen in the momentum flux (not shown) of up to 10% in the sensible heat
flux, and of up to 15% in the latent heat flux (see Fig. 1). About 10% of the difference
in latent heat flux values was due to one group (C) not correcting properly for the
spatial displacement of about 0.3 m between the sonic anemometer and the hygrome-
ter. A second important aspect was whether linear detrending was applied to the time
series, because it acts as a high-pass filter and is therefore not appropriate (Finnigan
et al. 2003). Finally, the procedure used to apply the Schotanus correction for the sen-
sible heat flux can have a significant impact. This can be especially seen for method E
(Fig. 1a). The sensible heat fluxes obtained from this method are approximately 10%
larger than the reference because the Schotanus correction was not applied properly.

The method of anemometer coordinate rotation and implementations of the oxy-
gen, WPL and other corrections appear to have similar effects on the computed fluxes
for all processing methods. Part of the scatter in Fig. 1a,b can be attributed to the use
of different definitions for physical constants. Another part of this scatter is due to
a different order or formulation of processing steps. As a result of this methodology
comparison, we agreed to uniformly calculate all EBEX-2000 sensor intercomparison
data with one software package (see Sect. 5.1).

3 Comparison of eddy-covariance sensors

3.1 Sonic anemometers

Several new models of sonic anemometers were used during EBEX-2000 to determine
turbulent fluctuations of wind velocity and temperature. Table 3 gives their primary
characteristics. Representative instruments of each of these types were tested during
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Table 3 A summary of the sonic anemometer array characteristics

Array Pathlength Transducer l/d Orthogonal Intersecting
l (mm) diameter d (mm) paths paths

CSAT 3,Campbell Sci. 120 6.4 19 N Y
UW, NCAR 200 10 20 N Y
Solent-HS, Gill Instr. 150 11 14 N Y
K-Probe, ATI 150 10 15 Y N
TR90-AH, Kaijo Denki 50 5.5 9 Y Partially
USA-1, Metek 175 20 9 N N
Model 81000, R.M. Young 150 13.8 11 N Y

side-by-side intercomparisons. Photographs of the sensors that were used during the
EBEX-2000 field comparison are provided in Fig. 3.

CSAT3, Campbell Scientific: Most of the participants in EBEX-2000 used Campbell
Scientific sonic anemometers (CSAT3), and three of these were deployed during the
intercomparison period in the beginning of EBEX-2000. The CSAT3 has three inter-
secting, non-orthogonal, acoustic paths tilted 60 degrees from the horizontal plane.
The pathlength l is 120 mm and transducers are 6.4 mm in diameter d, so l/d ≈ 19. The
transducers are supported by arms on the top and bottom that meet at the back of the
array. Thus, airflow should be unobstructed except for winds coming from the back of
the array. With these characteristics, the data are considered free from flow distortion
(Wyngaard and Zhang 1985) if winds from within 30 degrees of the back of the array
are discarded. The acoustic temperature data are internally corrected for crosswind
contamination.

UW, NCAR: This array was initially built at the University of Washington (Zhang
et al. 1986) and has been duplicated by NCAR, now based on the electronics by ATI
(see below). Its geometry of three intersecting paths supported from the back was a
model for the CSAT3 design and its thinner construction should result in even less
distortion of the flow. With l/d = 20 and only one, thin, structural element, no flow
distortion correction is used, with data from within 20 degrees of the back discarded.
Crosswind corrections are applied in post processing.

Solent HS, Gill Instruments: Again, this array has three non-orthogonal paths, though
the transducers are arranged in such a way that this array is symmetric to rotation
around the longitudinal axis, but not symmetric to flipping about the longitudinal-
vertical plane. With l/d ≈ 14, a correction for distortion of the flow by the transducers
is necessary, even though the transducer orientation is similar to the UW. This is done
internally via a look-up table in azimuth and a generic correction in the vertical. For
the EBEX-2000 intercomparison study, this correction was turned off, as we intended
to examine the sensors’ real response. Moreover, studies by Högström and Smedman
(2004) showed that these wind-tunnel-based corrections cannot be simply transferred
to the atmospheric turbulent flow. Again, the sonic temperature is internally corrected
for crosswind contamination.

TR90-AH, Kaijo-Denki: The Kaijo-Denki TR90-AH has three orthogonal paths. Each
horizontal path intersects the vertical path, but does not intersect the other horizontal
path. The transducers are supported by independent arms that meet in the back of
the array, so the flow is completely unobstructed only for a 90 degree sector of wind
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directions. Due to its filigree structure, the TR90-AH can measure small eddies close
to the ground.

K probe, ATI: The K probe has three orthogonal, completely non-intersecting paths.
Kaimal et al. (1990) describe this array as having flow distortion that can be corrected
by considering only the effects of a single path. The path velocity is assumed to be
attenuated by a factor 1 – f cos θ where θ is the angle between the wind and along-
path vectors and f is an empirically determined flow distortion correction coefficient
(cf. Wyngaard and Zhang 1985). The acoustic temperature is derived only from the
vertical path.

USA-1, Metek: The Metek USA-1 has a unique geometry with three non-orthogonal
non-intersecting paths supported by a central post. Although the wake shed by this
post is always sampled by one of the paths, the affected path is always nearly perpen-
dicular to the wind and thus observing nearly zero velocity. Therefore, the magnitude
of the wake correction is expected to be relatively small. Only the relatively large
transducer heads probably cause some transducer-shadow effects. Metek provides
two options for a flow distortion correction, which can be performed internally. The
first uses azimuth dependent correction equations for the three wind components
(head correction HC1), the second is based on a three-dimensional look-up table
(head correction HC4). HC1 has been applied when analysing the USA-1 data for
this intercomparison experiment.

Model 81000, R.M. Young: The R.M. Young sonic uses transducers that are nearly
identical to the Solent-HS; however, they are supported by three vertical posts and
the electronics are in a tube just below the array. The anemometer probably requires a
generic correction for the influence of wakes from these posts and from the transduc-
ers, but this is not documented. The tube that supports the transducers array probably
also influences the flow inside the measurement volume. A crosswind correction is
applied internally.

3.2 Fast-response hygrometers

A special focus of the EBEX-2000 intercomparison activities was on the measurement
uncertainties of latent heat flux using fast-response hygrometers. Most of the instru-
ments deployed were krypton hygrometers, and so this part of the study mainly inves-
tigates differences between different sensors of this single sensor type. In addition, a
comparison was made using a LI-7500 open path infrared gas analyser at site 7.

KH20, Campbell Scientific: The KH20 krypton hygrometer measures the absorp-
tion of ultraviolet light emitted by a krypton gas discharge lamp at a major line at
123.58 nm and a minor line at 116.49 nm (Tanner and Campbell 1985). This light is
mainly absorbed by water molecules in the measuring path but also to a minor degree
by oxygen in the air. In order to obtain the water content of the measuring volume,
one has to correct for the cross sensitivity to oxygen (Tanner et al. 1993; van Dijk et al.
2003). Due to the relatively strong absorption at this wavelength, this instrument is
highly sensitive so it is appropriate for deployment even in dry conditions, e.g. deserts,
or at low temperatures. Its pathlength is typically about 10 mm.

There are restrictions to the use of the KH20 according to the manufacturers’
instructions. It is supposed to be deployed for short, attended studies only, as some
components must be protected from precipitation and condensing humidity. It does
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not measure absolute concentrations. Only measurements of fluctuations are possible.
Routine maintenance is required to keep source and detector windows free of scale,
which is caused by a disassociation of atmospheric constituents by the ultraviolet pho-
tons (Tanner and Campbell 1985). The rate of scaling is a function of the atmospheric
humidity, and in high humidity environments, scaling can occur within a few hours,
attenuating the signal and causing shifts in the calibration curve. However, in theory
this effect should only cause an offset of the humidity signal and not a change in the
slope of the calibration function. Therefore, its impact on the results for variances and
covariances over a 30-min interval should be negligible. Thus, water vapour fluctua-
tion measurements can still be made with this hygrometer. The effects of scaling can
be reversed by wiping the windows with a moist swab.

LI-7500, LI-COR: The open path infrared gas analyser LI-7500 from LI-COR has a
fixed pathlength of 125 mm, which is one order of magnitude larger than the KH20.
Therefore, it cannot resolve very small eddies close to the ground. The windows
are sapphire and quite robust. In contrast to the KH20, the LI-7500 is capable of
measuring both water vapour and CO2 concentrations. Infrared light of non-absorb-
ing wavelengths 3.95 and 2.40 µm is used as a reference for attenuation corrections.
CO2 and H2O are measured through absorption at wavelengths centred at 4.26 and
2.59 µm. Internal digital signal processing applies antialiasing filtering.

Early serial numbers of this sensor suffered from two major problems, which have
now been resolved by the manufacturer. First, the solar-radiation error: the LI-7500’s
detector is sensitive not only to infrared light, which is emitted by the instrument
itself and absorbed by molecules in the measuring path, but also to sunlight. For clear
skies with constant irradiance this effect only causes a bias in the LI-7500 signals.
However, scattered clouds or changing humidity is reflected in additional variance in
the humidity and CO2 data series. Serial numbers prior to 75H-0283 were affected by
this unwanted sensitivity to direct sunlight.

Secondly, a delay time error was published by LI-COR in July 2003. The internal
signal processing causes some time delay, which can be controlled via software by the
user. The software version 2 was faulty because the delay time setting in the software
did not correspond with the real delay time of the signal. Turbulent fluxes of H2O and
CO2 would be underestimated if a fixed wrong time lag for the calculation of covari-
ances was used. During EBEX-2000 one of the first LI-7500 sensors (SN# 75H-0006)
was used, so both errors are potentially relevant for us. The first error should have a
small effect since skies during EBEX-2000 were usually cloud free. The second error
was compensated for during the data post-processing by the application of a cross cor-
relation analysis to find the maximum covariance between H2O and the vertical wind
velocity for each averaging interval. This approach implies also a frequency response
correction for longitudinal spatial separation between the sonic and the fast-response
humidity sensor (Moore 1986).

4 Experimental set-up

The EBEX-2000 experiment took place in the San Joaquin Valley of California on
an irrigated cotton field of 1.30 km2 size near Lemoore, CA (Oncley et al. 2002). The
canopy height varied between 0.80 m and 0.95 m. The measurement systems were
operated from July 20 to August 24, 2000, during which period the cotton plants grew



38 Boundary-Layer Meteorol (2007) 123:29–54

rapidly. Consequently, evaporation was the dominant process of energy transfer into
the air. This is indicated by typical Bowen ratios in the order of 0.1–0.2 at noon.
The weather was characterised by clear skies, and air temperatures typically ranged
from 15◦C during the night to maxima up to 35◦C during daytime. The water vapour
pressure over the cotton field showed quite strong variations and ranged from 10 hPa
to 25 hPa. The experimental set-up comprised ten sites distributed over the field, each
equipped with eddy-covariance systems, soil and radiation sensors.

EBEX-2000 featured many side-by-side eddy-covariance sensor intercomparisons.
For the most part, sensors were placed on adjacent towers to avoid flow interference,
the typical distance between the towers being 6 m. Since the EBEX-2000 field site
was a relatively uniform crop of cotton for about 1 km upwind, and had extremely
flat topography for at least 100 km upwind (Oncley et al. 2002), we assume that the
air flow had the same statistics at each sensor location. The wind direction is chan-
nelled by larger-scale topography in this location and was from the north-north-west
for the vast majority of data collected. The towers were aligned perpendicular to this
direction to reduce flow interference.

The first 10 days of the field campaign were reserved for the eddy-covariance sensor
intercomparison. The sensors were deployed at site 8, as described by Oncley et al.
(2007), in the middle of the downwind portion of the field, and were mounted at a
height of 4.7 m above ground level. This measuring height was well within the inter-
nal boundary layer for this field. According to Jegede and Foken (1999) the internal
boundary layer was more than 9 m high at that position, assuming winds from the
north-north-west. Fig. 2 shows the array of towers.

During the remainder of the experiment, several other pair-wise comparisons were
possible with sensor types that, for some reason, could not be deployed in the main
intercomparison. This was the case at site 7, where four different eddy-covariance
systems were operated on different towers in a line of east-west orientation.

Figure 3 shows each of the sensors that participated in the intercomparison array.
These sonics were deployed by groups from the following institutions: National Cen-
ter for Atmospheric Research (NCAR), University of Basel (UBS), Royal Dutch
Meteorological Institute (KNMI), Wageningen University (WU), City University of

Fig. 2 View of the intercomparison array from the north-west. Note the overall uniformity of the
terrain; the site 8 profile towers to the left of the intercomparison towers, and the site 9 profile towers
in the background on the right
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Fig. 3 Representative eddy-covariance sensors used during EBEX-2000. The sensors during the main
intercomparison at site 8 are: a, b, c, d, e, f, and g. Side-by-side comparison at site 7: h, i, j. Note the
deployment of krypton hygrometers with all of these except c, h, i

Hong Kong (HK), and University of Bayreuth (UBT). All instruments were oriented
into the prevailing wind direction. Hygrometers were located downwind of the sonic
arrays, in order to minimise flow distortion. Only the KH20, which was deployed
together with the Kaijo-Denki from KNMI/WU, was located very close to the sonic
(see Fig. 3f), in order to minimise spectral loss due to sensor separation. This was espe-
cially important for this system, because it later was deployed close to the ground,
where turbulence spectra are shifted to smaller eddy sizes in general.

The data from all fast-response sensors were sampled at a frequency of 20 Hz. Dur-
ing the main sensor intercomparison at site 8 all high-frequency data were collected
and stored using NCAR’s data acquisition system (Businger et al. 1990). During the
intercomparison at site 7, the data from NCAR’s ATI-K, UBT’s CSAT3/KH20, the
USA-1 and the R.M. Young were also recorded via NCAR’s data acquisition system.
The data from the LI-7500 gas analyser were recorded separately on a Campbell
CR23X data logger. These data were synchronised with the CSAT3/KH20 system by
applying a cross correlation analysis as described in Sect. 3.2. All krypton hygrometers
deployed by NCAR were calibrated in the laboratory a few weeks before the exper-
iment. All other KH20s were calibrated the day after the EBEX-2000 measurement
period. For the LI-7500, the manufacturer’s calibration was applied.

5 Data preparation for the sensor intercomparison

5.1 Post-field data processing of the turbulence measurements

All turbulence data have been processed in the same way. The calculation was done
in two steps. First, the raw turbulence statistics were calculated after a de-spiking
procedure with the NCAR software package (Oncley et al. 2007). Flux corrections
and quality checks were applied to these data using the TK2 software package of the
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University of Bayreuth (Mauder and Foken 2004), which was developed according to
the guidelines composed by Lee et al. (2004). The processing steps were performed in
the order as they are presented in Table 2. Furthermore, all corrections were iterated
because of their interdependence. The crosswind correction was only applied if not
already implemented in the sonic software (see Sect. 3).

5.2 Statistical analysis of the intercomparison

In any comparison study it is necessary to choose a reference sensor. We used the
Bayreuth CSAT3, which was deployed together with a KH20 (see Fig. 3a), since its
characteristics are well described in earlier intercomparisons (Foken et al. 1997; Foken
1999; Beyrich et al. 2002). It was deployed in the middle of the intercomparison array
and had good data recovery; furthermore, this sensor was at site 7 during the opera-
tional period of EBEX-2000. There, the remainder of the anemometers that were not
available during the intercomparison period could be compared to this reference. We
had to make one exception regarding the reference instrument, because the ATI-K
probe at site 8 was not deployed at the same time as the Bayreuth CSAT3. Here
the NCAR UW served as a reference instrument, because it showed the best overall
agreement with the Bayreuth CSAT3.

All turbulence statistics presented herein are based on 30-min block averages.
Tables 4 to 10 summarise the statistical analyses of the sensor comparisons. The
results of the regression analysis are given as the absolute value of the regression
equation a (intercept), the regression coefficient b or slope of the regression line, and
the coefficient of determination R2. Additionally, the root-mean-square deviation
rmsd, also called the comparability, and the bias d (ISO 1993) are listed:

d = 1
n

∑(
xa,i − xb,i

)
, (1)

rmsd =
√

1
n

∑(
xa,i − xb,i

)2, (2)

where n is the number of observations, xa,i is ith observation of the sensor being
evaluated, xb,i is ith observation of the reference instrument.

These comparisons are made for several quantities that can be measured by eddy-
covariance sensors: averages of wind speed, variances of vertical wind, sonic tem-
perature, and humidity, as well as covariances, particularly friction velocity and the
turbulent fluxes of sensible and latent heat.

5.3 Data selection

For the NCAR UW sonic, the sector between 250◦ and 270◦ seems to be distorted.
This becomes obvious in increased variances in all three wind components. A neigh-
bouring tower carrying an ATI-K probe probably acted as obstacle for the air flow
coming from this wind direction. Therefore, this sector was excluded from the inter-
comparison. At site 7, on some of the nights we found very large differences between
fluxes measured by the different sensors. Normalized standard deviations, also known
as integral turbulence characteristics (e.g. Foken et al. 1991; Foken and Wichura 1996;
Thomas and Foken 2002; Foken et al. 2004; Mölder et al. 2004), were used to detect
such periods. Low values of integral turbulence characteristics indicate that turbulence
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is not well developed. Therefore, all data with σw/u∗ < 1.00 were discarded, with σw
being the standard deviation of the vertical wind velocity w, and u∗ being the friction
velocity, where

u∗ =
(

u′w′2 + v′w′2
)1/4

. (3)

Under such conditions one cannot assume that neighbouring sensors are really mea-
suring the same statistics. In contrast, data that failed the steady state test were not
excluded, because in this case neighbouring eddy-covariance systems still should mea-
sure the same turbulent properties.

6 Results of the sensor intercomparison

6.1 Horizontal wind speed

The first parameter to be compared is the horizontal wind speed u measured by the
different sonic anemometers. This u value is the average of the longitudinal horizon-
tal wind component after a planar fit coordinate transformation and rotation into
the mean wind direction. Table 4 shows the results of the statistical analysis. The
best agreement can be found for the NCAR UW. The other two CSATs from the
Universities of Basel and Hong Kong measure similar wind speeds, too, as expected
for instruments of the same type. The Solent-HS deviates further from the reference
system. Systematic differences of more than 5% from the 1:1 line were found for the
Kaijo-Denki TR90-AH, the USA-1, and the R.M. Young. The two ATI-K probes also
overestimate the wind speed. The use of a flow distortion correction factor of f = 0.16
improves the results slightly compared to a factor f = 0.20.

6.2 Variance of vertical wind

Next, variances of the measured turbulent quantities are compared. Table 5 shows
that the UW sonic and the two CSATs agree well with the reference measurement of
the variance of the vertical wind component w′w′ with R2 ≥ 0.98 and 0.99 ≤ b ≤ 1.02.

Table 4 Comparison of the horizontal wind speed u measurements during EBEX-2000, using CSAT3
(UBT) as reference. Values causing concern are underlined

Sensor Abs. value Regression R2 Comparability Bias
a (m s−1) coefficient b rmsd (m s−1) d (m s−1)

UW (NCAR) −0.00 1.02 0.99 0.08 0.03
CSAT3 (UBS) −0.01 1.03 0.99 0.09 −0.04
CSAT3 (HK) −0.06 1.04 1.00 0.08 0.02
Solent-HS (UBS) −0.09 1.05 0.98 0.11 −0.09
TR90-AH (KNMI/WU) −0.17 0.96 0.96 0.30 −0.26
ATI-K (NCAR) S8a f = 0.16 −0.06 1.03 1.00 0.06 0.01
ATI-K (NCAR) S8a f = 0.20 −0.06 1.06 1.00 0.09 0.07
ATI-K (NCAR) S7 0.01 1.04 0.99 0.13 −0.07
USA-1 (UBT) −0.12 1.06 0.97 0.19 0.03
R.M. Young (UBT) 0.17 0.92 0.98 0.10 0.01

a Here NCAR’s UW served as reference instrument, since the Bayreuth CSAT3 was not deployed at
the same time as the ATI-K probe at site 8
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Table 5 Comparison of the vertical wind variance w′w′ measurements during EBEX-2000, using
CSAT3 (UBT) as reference. Values causing concern are underlined

Sensor Abs. value Regression R2 Comparability Bias
a (m2 s−2) coefficient b rmsd (m2 s−2) d (m2 s−2)

UW (NCAR) 0.000 0.99 0.98 0.010 −0.001
CSAT3 (UBS) −0.000 0.99 0.99 0.007 −0.001
CSAT3 (HK) −0.000 1.02 1.00 0.006 0.001
Solent-HS (UBS) 0.000 0.89 0.99 0.010 −0.006
TR90-AH (KNMI/WU) −0.013 1.26 0.99 0.021 −0.014
ATI-K (NCAR) S8a f = 0.16 0.000 1.11 1.00 0.008 0.005
ATI-K (NCAR) S8a f = 0.20 0.000 1.11 1.00 0.009 0.005
ATI-K (NCAR) S7 −0.000 1.13 0.99 0.010 0.005
USA-1 (UBT) 0.000 0.93 0.99 0.009 −0.004
R.M. Young (UBT) −0.000 1.06 0.98 0.007 0.003

a Here NCAR’s UW served as reference instrument, since the Bayreuth CSAT3 was not deployed at
the same time as the ATI-K probe at site 8

The Solent-HS is systematically low by approximately 10% because it was operated
without the internal flow distortion correction, which would increase vertical wind
velocities by a generic factor of 1.10. Thus, after the application of this correction it
would agree quite well with the reference system. The Kaijo-Denki measurements are
heavily distorted by the obstruction of the KH20, indicated by the largest values for
comparability and bias of all instruments tested. The two ATI-K probes report w′w′
larger by more than 10%, no matter which flow distortion correction factor is applied.
Variances of the vertical wind measured by the Metek are systematically lower than
the reference. Those measured by the R.M. Young are systematically overestimated.

6.3 Variance of sonic temperature

The accuracy of sonic temperature fluctuation measurements (given in Table 6) is
crucial for the determination of the sensible heat flux. Again, the UW and the two
CSATs show very good agreement with the reference system for the variance of the
sonic anemometer t′ct′c. Although the wind measurements of the TR90-AH are dis-
turbed, the sonic temperature measurements appear to be unaffected. The Solent-HS
obviously has major problems with sonic temperature measurements, which result in
large systematic deviations and considerable scatter. Both the USA-1 and the R.M.
Young underestimate t′ct′c systematically. The results of the site 8 ATI-K probe are
in good agreement with the reference system, whereas the site 7 underestimates t′ct′c
slightly.

6.4 Variance of absolute humidity

For the variance of absolute humidity ρ′
vρ

′
v, only the NCAR KH20, which was

deployed with the UW sonic, shows satisfactory agreement with the reference system
(Table 7), having the smallest values for comparability and bias of all the instruments
tested. The comparability and bias of the KNMI/WU KH20 are slightly worse than
those from UW/KH20 (NCAR), due to stronger overestimation of humidity fluctua-
tions by this hygrometer. The second NCAR krypton hygrometer, which was deployed
together with the ATI-K probe, also overestimates ρ′

vρ
′
v. The humidity fluctuations

measured by the KH20 from the University of Basel (UBS) have a strong negative
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Table 6 Comparison of the sonic temperature variance t′ct′c measurements during EBEX-2000, using
CSAT3 (UBT) as reference. Values causing concern are underlined

Sensor Abs. value Regression R2 Comparability Bias
a (K2) coefficient b rmsd (K2) d (K2)

UW (NCAR) 0.002 1.00 0.99 0.031 0.002
CSAT3 (UBS) 0.003 0.97 0.99 0.031 −0.004
CSAT3 (HK) 0.001 1.00 0.99 0.018 0.001
Solent-HS (UBS) −0.018 1.45 0.92 0.174 0.080
TR90-AH (KNMI/WU) 0.000 1.00 0.98 0.034 −0.001
ATI-K (NCAR) S8a 0.003 0.98 1.00 0.024 −0.003
ATI-K (NCAR) S7 0.012 0.94 0.99 0.042 −0.005
USA-1 (UBT) −0.003 0.86 0.98 0.060 −0.036
R.M. Young (UBT) 0.014 0.85 0.98 0.086 −0.036

a Here NCAR’s UW served as reference instrument, since the Bayreuth CSAT3 was not deployed at
the same time as the ATI-K probe at site 8. The flow distortion correction factor f is not relevant for
sonic temperature measurements

Table 7 Comparison of absolute humidity variance ρ′
vρ′

v measurements during EBEX-2000, using
KH20 (UBT) as reference. Values causing concern are underlined

Sensor complex Abs. value Regression R2 Comparability Bias
a (g2m−6) coefficient b rmsd (g2m−6) d (g2m−6)

UW/KH20 (NCAR) 0.021 1.06 0.99 0.143 0.060
CSAT3/KH20 (HK) 0.021 0.30 0.97 0.621 0.353
Solent-HS/KH20 (UBS) 0.004 0.73 0.99 0.279 −0.166
TR90-AH/KH20 (KNMI/WU) 0.006 1.12 0.99 0.159 0.087
CSAT3/LI-7500 (UBT) −0.013 1.50 0.99 0.943 0.505
ATI-K/KH20 (NCAR) −0.014 1.17 0.98 0.354 0.148

bias and also show a low slope of the regression line. However, the scatter and the
intercept are small. There is a major problem with the sensitivity of the Hong Kong
KH20 (HK), as it underestimates ρ′

vρ
′
v by 70%. This results in huge values for compa-

rability and bias. The LI-7500 infrared gas analyser shows a good linear relationship
when plotted against the reference but its slope deviates from 1.00 the most.

6.5 Friction velocity

Although the Solent-HS was operated in the non-calibrated mode, i.e. without a flow
distortion correction, its results for friction velocity u∗ are in good agreement with the
reference (Table 8). As expected, the agreement of the UW sonic and the two other
CSATs is also good. Even the friction velocities measured with the TR90-AH show
good agreement, although significant disturbance of the single wind components was
detected. The ATI-K probes show larger deviations, and both sensors overestimate u∗
by almost 10%. A flow distortion correction factor f of 0.16 instead of 0.20 improves
the results only a little. The Metek and R.M. Young sonics do not measure systemat-
ically higher or lower u∗ values than the reference, but both show a large amount of
scatter.
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Table 8 Comparison of the friction velocity u∗ measurements during EBEX-2000, using CSAT3
(UBT) as reference. Values causing concern are underlined

Sensor Abs. value Regression R2 Comparability Bias
a (m s−1) coefficient b rmsd (m s−1) d (m s−1)

UW (NCAR) −0.001 0.97 0.98 0.023 −0.003
CSAT3 (UBS) −0.009 1.02 0.97 0.025 −0.006
CSAT3 (HK) 0.000 0.99 0.99 0.019 −0.003
Solent-HS (UBS) −0.005 0.99 0.98 0.022 −0.006
TR90-AH (KNMI/WU) −0.003 1.00 0.97 0.025 0.003
ATI-K (NCAR) S8a f = 0.16 −0.010 1.09 0.99 0.020 0.003
ATI-K (NCAR) S8a f = 0.20 −0.010 1.10 0.98 0.021 0.005
ATI-K (NCAR) S7 −0.008 1.08 0.94 0.030 0.001
USA-1 (UBT) −0.003 0.99 0.91 0.037 −0.002
R.M. Young (UBT) 0.004 0.98 0.91 0.027 0.002

a Here NCAR’s UW served as reference instrument, since the Bayreuth CSAT3 was not deployed at
the same time as the ATI-K probe at site 8

Table 9 Comparison of the sensible heat flux H measurements during EBEX-2000, using CSAT3
(UBT) as reference. Values causing concern are underlined

Sensor Abs. value Regression R2 Comparability Bias
a (W m−2) coefficient b rmsd (W m−2) d (W m−2)

UW (NCAR) −1.5 1.01 0.97 9.3 −1.4
CSAT3 (UBS) −1.6 0.97 0.99 6.9 −1.7
CSAT3 (HK) −0.8 0.97 0.98 6.9 −0.9
Solent-HS (UBS) −2.3 0.97 0.98 8.0 −2.5
TR90-AH (KNMI/WU) −0.5 1.22 0.99 9.7 2.3
ATI-K (NCAR) S8a f = 0.16 0.9 1.08 0.98 6.1 0.5
ATI-K (NCAR) S8a f = 0.20 1.0 1.08 0.98 6.1 0.6
ATI-K (NCAR) S7 0.0 1.00 0.92 8.0 −0.6
USA-1 (UBT) −1.8 0.83 0.97 12.7 −2.6
R.M. Young (UBT) −2.8 0.98 0.97 12.8 −3.4

a Here NCAR’s UW served as reference instrument, since the Bayreuth CSAT3 was not deployed at
the same as the ATI-K probe at site 8

6.6 Sensible heat flux

The first four sensors listed in Table 9 show very good agreement with the reference
system for estimates of the sensible heat flux H. These are the NCAR UW, the two
CSATs from Basel and Hong Kong, and the Solent-HS from Basel, too. The sensible
heat fluxes from the R.M. Young sonic are also nearly in the same range as the afore-
mentioned instruments. The Kaijo-Denki sensor overestimates the sensible heat flux,
H, whereas the USA-1 underestimates H. The two ATI-K probes behave in different
ways. The one at site 8 shows a good correlation but too high a regression coefficient
b, whereas the one at site 7 shows a perfect regression line with a = 0.0 and b = 1.0,
but larger scatter. Again, the use of f = 0.16 instead of 0.20 leads to a slightly better
agreement with the reference.

6.7 Latent heat flux

The values for the latent heat flux λE measured by the UW/KH20 from NCAR are
slightly different from those of the reference system CSAT3/KH20 (UBT). Those
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Table 10 Comparison of the latent heat flux λE measurements during EBEX-2000, using
CSAT3/KH20 (UBT) as reference. Values causing concern are underlined

Sensor complex Abs. value Regression R2 Comparability Bias
a (W m−2) coefficient b rmsd (W m−2) d (W m−2)

UW/KH20 (NCAR) −1.9 1.05 0.98 39.0 −9.2
CSAT3/KH20 (HK) −2.7 0.55 0.97 115.0 −68.6
Solent-HS/KH20 (UBS) 0.9 0.82 0.98 53.3 −26.9
TR90-AH/KH20 (KNMI/WU) 3.7 1.14 0.99 54.0 28.0
CSAT3/LI-7500 (UBT) −0.7 1.17 1.00 35.7 17.5
ATI-K/KH20 (NCAR) 4.9 0.99 0.95 57.1 3.1

from the other NCAR system ATI-K/KH20 show almost no deviations from the
reference. The Solent-HS/KH20 (UBS) underestimates λE even more, and latent
heat fluxes measured by the TR90-AH/KH20 (KNMI/WU) are systematically too
high. The combination CSAT3/KH20 from Hong Kong measures only approximately
half as high evaporation rates as the reference system. The combination of the LI-7500
with the CSAT3 from the University of Bayreuth measures significantly higher λE
than the reference combination of the same sonic with a KH20 krypton hygrometer
(Table 10).

7 Discussion of sensor characteristics

Looking at Tables 4–6, Tables 8 and 9, which show the parameters measured by sonic
anemometers only, we can state that the majority of comparisons have R2 > 0.95
and have a regression coefficient close to 1.00. Of immediate concern are the data
from sensors where R2 < 0.95 or a 5% threshold in the slopes of the regression
lines is exceeded (regression coefficients 0.95–1.05). These are the wind statistics from
the Kaijo-Denki and ATI-K, u∗ from the Metek and R.M. Young, and the temper-
ature statistics from the Solent-HS. More problems were found with the humidity
measurements of the hygrometers that were tested in the intercomparison.

7.1 Kaijo-Denki TR90-AH/KH20 (KNMI/WU)

The Kaijo-Denki differences are clearly due to inadequate correction for the presence
of the krypton hygrometer inside the sonic anemometer array. The problems are espe-
cially expressed by w′w′ values systematically higher than the reference by more than
26% and sensible heat flux measurements that are overestimated by more than 20%.
The Kaijo-Denki t′ct′c variance agrees well with the reference, though with the distorted
w, the heat fluxes are too large. Extensive wind-tunnel testing showed that the bulk
of the hygrometer severely affected the flow measured by the anemometer. These
tests can provide corrections to the data from TR90-AH/KH20 (KNMI/WU). How-
ever, as noted above, wind-tunnel-based corrections are generally larger than those
encountered in the presence of atmospheric turbulence (Högström and Smedman
2004).

In order to check the wind-tunnel calibration under outdoor turbulent conditions, a
comparison between TR90-AH/KH20 sonic/hygrometer configuration and an unob-
structed Kaijo-Denki sonic anemometer with 0.20-m pathlength was performed at
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Cabauw in The Netherlands. A 20% w′w′ overshoot was observed, which could be
removed after correction with the wind-tunnel calibration. Estimates for the sensible
and the latent heat flux were also corrected with this calibration, leading to good
agreement with the unobstructed Kaijo-Denki. The friction velocity from the TR90-
AH/KH20 already agreed well with the reference before the wind-tunnel calibration.
Thus, the findings of Högström and Smedman (2004) regarding the transferability of
such corrections to the turbulent atmosphere could not be confirmed. Taking all this
into consideration, we decided to add the deviation of 13%, which we found for the
standard deviation of the vertical wind speed, as a correction to the sensible heat flux
and to the latent heat flux.

7.2 Gill Solent-HS/KH20 (UBS)

The Solent-HS temperature problem has been known for many years, and is manifest
in a very high regression coefficient for t′ct′c, a poor correlation and a large rmsd value
for that parameter; although with the lower w′w′ (with the internal calibration factor
of 1.10 removed), the resulting heat flux is almost acceptable. Several possible reasons
for this behaviour in Solent anemometers are discussed by Vogt (1995). The sonic tem-
perature measured by a Solent anemometer shows a significant dependence on the air
temperature, due to a temperature dependence of the transducer delay, which results
in an erroneous measurement of the speed of sound. Figure 4 shows the tempera-
ture dependence of the sonic temperature measurements of the Solent-HS (UBS)
and CSAT3 (UBT). The CSAT3 has a dependence on the reference temperature

Fig. 4 Sonic temperature measurements of Solent-HS (UBS) and CSAT3 (UBT)) versus reference
temperature measured by a psychrometer. The CSAT3 shows a dependency on the reference temper-
ature with a slope close to 1. The relationship between the Solent-HS and the reference temperature
can be described by a polynomial fit of third degree: y = −4.1886 + 1.2438x + 0.0163x2 − 0.0004x3
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with a slope close to 1.00. In contrast, the relationship between the Solent-HS sonic
temperature tc,solent and reference temperature Tref from a slow-response ventilated
thermometer at the same height can be described by a polynomial fit of third degree:

tc,solent = −0.0004T3
ref + 0.0163T2

ref + 1.2438Tref − 4.1886 (4)

Equation 4 could be used to correct the raw sonic temperature data of the Solent-
HS for the EBEX-2000 experiment period, using the reference air temperature as
a proxy for the transducer temperature, which actually caused the changes of the
transducer delay.

Not only the sonic anemometer of this sensor combination from the University of
Basel showed some problems but also the corresponding krypton hygrometer, which
underestimates humidity fluctuations significantly (see Table 7). The behaviour of
its sensitivity can be seen in Fig. 5. The difference between the KH20 (UBT) mea-
surement and the psychrometer remains at a near-constant level. Such a constant
offset is not relevant for the calculation of variances or covariances, since the average
is subtracted. However, the values measured by the KH20 (UBS) not only show a
simple offset compared to the reference, their course is completely different from
the psychrometer. During the night, this behaviour can be sometimes characterised
by a simple offset, but during the day the humidity values of the KH20 (UBS) are
relatively lower and have different dynamics than those from the psychrometer. It
seems to be an effect of the heating of the sensor’s enclosure, beginning after sun-
rise and proceeding during the day. As mentioned in Sect. 3.2, some components of
the KH20 are sensitive to condensation, and we suspect that water condensation in
addition to corrosion of electrical contacts produced the misbehaviour of the KH20
from Basel. However, the distinct changes of the KH20’s characteristics can hardly be

Fig. 5 Differences between the KH20 humidity measurements (UBT and UBS) and the absolute
humidity measurement of a reference psychrometer from 1700 UTC, July 26 2000 to 1700 UTC, July
30 2000. All three sensors were deployed at the same height of 4.7 m above ground level. Day/night
is indicated by shading of background
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reconstructed, and so the latent heat fluxes measured by the Solent-HS/KH20 system
were discarded.

7.3 Metek USA-1 and R.M. Young 81000 (UBT)

It is not so obvious why the Metek and R.M. Young exhibit scatter in the u∗ compar-
ison. The Metek and R.M. Young wind speeds and w′w′ differences are larger than
5% (and speed also has a large offset), though the errors compensate accidentally
to make u∗ comparable. Both of their T ′

sT ′
s values are quite low, though again the

higher w′w′ values make the R.M. Young sensible heat fluxes approximately correct
on average. The main problem with the Metek USA-1 is a disturbance of the correla-
tion between the horizontal and the vertical wind components, probably induced by
wake effects downstream of a transducer or another supporting structure. According
to the theoretical considerations of Wyngaard (1981), probe-induced flow distortion
changes the correlation between vertical and horizontal wind components, the so-
called crosstalk effect. This is clear in Fig. 6 for the Metek sonic. The CSAT3 has
correlation coefficients between w and u that are, as one would expect, almost con-
stant for all wind directions at a value of approximately 0.3. Correlation coefficients
measured with the Metek are significantly different from the CSAT3 measurements
for certain wind directions, and show a cosine-shape response to wind direction, with
a period of approximately 120◦. This corresponds to the arrangement of the quite
bulky transducer heads.

Fig. 6 Correlation coefficients between vertical and horizontal wind velocity depending on wind
direction, measured by the CSAT3 (UBT) and the Metek USA-1 (UBT) during EBEX-2000 at site
7. The dataset is subdivided in 15◦ wind direction classes. Classes of significantly different averages
(α ≤ 0.05) are 330◦, 345◦, 30◦, 75◦. Uncertainty ranges are provided for all classes representing more
than one value
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7.4 ATI-K/KH20 (NCAR)

Based on earlier (unpublished) intercomparison data for the ATI-K probe, which
attempted to replicate the study of Kaimal et al. (1990), these had been operated
with a single-path correction factor f of 20% maximum (for flow along the path).
Significant differences from the reference are obvious in Tables 4, 5 and 8 for the
ATI-K probe at site 8 using this correction. Thus, the slightly lower factory default
correction of 16% was used to reanalyse these data, which appears to have improved
the ATI-K/UW at site 8 comparison slightly. The overestimation of w′w′ by the ATI-K
probe leads to high sensible heat fluxes for this sensor.

For the ATI-K at site 7, high w′w′ values appear to be balanced by low t′ct′c values,
which results in acceptable sensible heat fluxes. Although the humidity fluctuations
are overestimated by the ATI-K/KH20 complex at site 7, its latent heat fluxes also are
in good agreement with the reference.

7.5 UW/KH20 (NCAR)

The UW sonic from NCAR generally shows very good agreement with the reference
CSAT3 (UBT). For all sonic anemometer test parameters, the slopes of the regression
lines are in the range 0.97–1.02 and R2 values are greater than 0.97. The fact that the
UW (NCAR) sensor almost measures the same values as the CSAT3 (UBT) justifies
the selection of the latter as the reference instrument. The overall comparison results
would not be significantly different if we had chosen the UW (NCAR) instead of the
CSAT3 (UBT). The KH20 operating together with the UW sonic also shows good
agreement with the reference. The deviations for the parameters ρ′

vρ
′
v (b = 1.06) and

λE(b = 1.05) are slightly larger than those that were measured with only the sonic
anemometer, however the scatter is still small (R2 ≥ 0.98). Thus, the problem appears
to be the calibration of the KH20’s sensitivity. This problem could be solved by cal-
ibrating the signals from krypton hygrometers to an accurate slow response sensor,
which is deployed at the same time and at the same height.

7.6 Campbell CSAT3 (UBS)

Finally, we compare all of the CSAT3s. Differences of up to 4% are seen between
the three sensors, and a little larger than one would expect for essentially collocated
sensors on a uniform field, but is nevertheless acceptable accuracy for EBEX-2000.
The mounting of the CSAT3 (UBS) was different from the reference system, and was
fixed to a horizontal tube that was attached to a vertical lattice mast, whereas the
remainder of the CSAT3s were fixed to vertical single-tube masts. This can be one
reason for the small deviations from the reference that were observed.

7.7 Campbell CSAT3/KH20 (HK)

As mentioned above, the measurements of the CSAT3 from Hong Kong are in very
good agreement with the reference, but the variance of humidity measured by the
KH20 (HK) is dramatically lower by approximately 70%. Looking at spectra (see
Fig. 7) the extinction coefficient for water vapour kw that is used for the calibration
seems to be reasonable, but an attenuation that increases at higher frequencies can be
seen. It was not possible to investigate further the reasons for this behaviour. Since the
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Fig. 7 Spectra of KH20 measurements by the instruments from Bayreuth (reference) and Hong Kong.
The signal of the KH20 (HK) is significantly damped compared to the UBT instrument, especially at
higher frequencies (dataset: 0300 UTC, July 28 2000 to 0300 UTC, July 29 2000)

R2 value of 0.97 for the latent heat flux is still high, a correction using the regression
coefficients from Table 10 can be considered.

7.8 Campbell CSAT3/LI-7500 (UBT)

The LI-7500 is much better suited for deployment as an absolute instrument than the
krypton hygrometer, since it does not suffer from scale on windows and therefore
shows no offset compared to a psychrometer. In Fig. 8, the humidity measurements
from the LI-7500 (UBT) are shown together with those from a nearby psychrom-
eter. During nighttime, both lines match almost perfectly. But during daytime, the
LI-7500 gas analyser measures noticeably higher values than the psychrometer. The
difference between both sensors appears to be the largest at noon, when the sun
reaches its highest elevation. As this sensor was aligned vertically (see Fig. 3j), it is
likely that this phenomenon can be explained by the solar radiation error described
above. The excellent correlation (R2 = 1.00) with the reference system allows the
use of the regression coefficients from Table 10 in order to obtain comparable results
for this sensor combination. Consequently, latent heat fluxes from the combination
CSAT3/LI-7500 (UBT) have to be reduced by 17% in general.

One might suspect that differences in the high-frequency response between the
KH20 and the LI-7500 are the reason for the discrepancies between both sensor
types. These could either be due to the different pathlength or different separation
between the hygrometer and the sonic or to a different frequency response of the
hygrometers. The first two effects were corrected through the Moore correction,
whereas the separation was also very similar. The KH20 shows some aliasing in the
high-frequency part of the spectra (Fig. 7); however, this effect should have no impact
on variances or on covariances, since the spectral energy is conserved, and is only
represented at different frequencies in the spectrum (Horst 2000). The LI-7500 has an
internal anti-aliasing filter, and so in this case spectral energy from frequencies higher
than the cut-off frequency is not captured. However, this lost energy should be small
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Fig. 8 Absolute humidities (g m−3) measured by the LI-7500 (UBT) and a psychrometer from 0000
UTC, July 31 2000 to 0000 UTC, August 4 2000, both deployed at the same height of 4.7 m above
ground level. Note the changing calibration of LI-7500 (UBT) infrared gas analyser, especially the
differences between daytime and nighttime. Day/night is indicated by shading of background

and most probably does not explain the discrepancies between the LI-7500 and the
KH20s.

8 Conclusions

In order to achieve good eddy-covariance sensor intercomparison results, it is impor-
tant to standardise the mounting of the sensors, data acquisition, data processing
and calibration of hygrometers as much as possible. We found excellent agreement
between the CSAT3/KH20 (UBT) and the UW/KH20 (NCAR) for all test parameters
and also with the other CSATs for the parameters measured by a sonic anemometer
only. This justifies the choice of the former as the reference for this comparison study,
although the results would not be much different if one had chosen the latter.

Most of the eddy-covariance systems showed good agreement for heat flux mea-
surements, especially those from NCAR, which were predominantly used at the ten
sites at EBEX-2000. For the remainder of the systems, wherever we found major
deviations, possible reasons for their misbehaviour were analysed and suggestions for
correcting these measurements were made. No dependence of the intercomparison
results on the distance of the single systems to the reference system could be identified.

From this study, the UW and CSAT3 sonics can be classified as well-qualified instru-
ments suitable for fundamental research on turbulence if operated properly. Some
minor deficiencies were found for the Solent-HS and the ATI-K probes. The Metek
USA-1 and the R.M. Young showed larger problems regarding flow distortion and
crosstalk due to transducer-shadow effects. Nevertheless, these sensors can be used
for general turbulent flux measurements.
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Sonic anemometers can be used for absolute measurements of wind velocities.
Well-calibrated krypton hygrometers are suitable for relative measurements of tur-
bulent humidity fluctuations but cannot serve as absolute instruments for humidity
because of large offsets due to scale accumulation on the optical windows. To reduce
these unwanted effects, daily cleaning of the windows is necessary and great attention
has to be attached to the calibration of these sensors.

The LI-7500 open path gas analyser, which we used during EBEX-2000, suffered
some “teething troubles” (it was one of the first serial numbers). Now that these
problems of solar radiation error and delay time error have been solved by the man-
ufacturer, we expect that this instrument type is satisfactory for the eddy-covariance
measurement of latent heat flux.

The comparison of post-field data processing methods showed that typical differ-
ences in methodologies can result in discrepancies of up to 15% for the sensible and
latent heat flux. A proper correction for spatial separation of sensors was found to
be very important. Linear detrending can also have a large impact on the resulting
flux, since it acts as a high-pass filter for longwave flux contributions. In general, only
minor differences were found between different methods due to discrepancies in the
order of processing steps and the use of physical constants.

Neither the errors due to different eddy covariance post-field data processing meth-
ods nor the errors due to instrumental deficiencies were found to be systematic in such
a way that they can explain the energy balance closure problem in general, because
most of the errors found are too small or do not affect turbulent fluxes in the right
direction. However, some discrepancies related to the operation of turbulence instru-
ments have been exposed. Furthermore, the discussion of methodological aspects of
the eddy-covariance data analysis has led to a better definition of a uniform processing
algorithm.
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