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Eddy covariance (EC) and modified Bowen ratio (MBR) systems have been shown to yield
subtly different estimates of sensible heat (H), latent heat (LE), and CO, fluxes (Fc). Our
study analyzed the discrepancies between these two systems by first considering the
role of the data processing algorithm used to estimate fluxes using EC and later
examining the effects of atmospheric stability on discrepancies between EC and MBR.
We found that EC correction algorithms disproportionately increase the magnitude of LE
and Fc, and consequently have a strong effect on the Bowen ratio measured by EC. Two
corrections not universally employed were each found to account for up to 20% of LE and
Fc: the correction for signal asynchrony by adjusting the lag between the IRGA and the
sonic anemometer, and the frequency domain correction for path-length averaging
in both instruments. Comparison of fluxes between two EC systems 10m apart
showed that LE and Fc are inherently more variable than H, highlighting the role
of field heterogeneity in determining canopy gas exchange at very small spatial
scales.

When all relevant corrections were applied, there was no bias for H and LE between EC
and MBR. An examination of discrepancies between EC and MBR showed that the discre-
pancies were highest during neutral periods when shear drove vertical mixing much more
than buoyancy. During these neutral periods, the correlation between T, H,0, and CO, was
much lower on average, which violates the similarity assumption exploited in the MBR
technique. The largest discrepancies in Fc in both systems were clearly visible when plotted
against a light-response curve, which creates the possibility of using a screening technique
to exclude data that depart markedly from other recently collected data. The EC system
tended to have the largest departures from the expected value at low light and during the
night, while the MBR system tended to show occasionally spikes of high photosynthetic
uptake.
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1. Introduction

Bowen ratio-energy balance (BREB) is a widely used
technique for measuring surface water and heat exchange
(e.g., Gao et al., 1998; Hope and Evans, 1992), and owes much
of its success to its ease of use, simple theoretical basis, and
relatively modest instrumental requirements. The term
“modified Bowen ratio” (MBR) has been adopted for systems
which use the BREB technique to measure additional traces
gases, in particular CO, (Hall and Claiborn, 1997; Lindberg
et al., 1995; Meyers et al., 1996; Muller et al., 1993; Schween
et al., 1997). Eddy covariance (EC) is a more recent technique
that has several distinct advantages, particularly for
observations over tall canopies (Baldocchi et al., 2001), but
takes considerably more effort to maintain, process, and
quality assure results for long-term measurements (Aubinet
et al., 2000; Papale et al., 2006). Considerable interest exists
in using these systems to measure net ecosystem CO, and
H,0 exchange across long time periods where integrals of
measurement errors can become large (Moncrieff et al,
1996). As a result, there is a compelling need to ensure that
the inferences of the magnitude of the source/sink strength
in different ecosystems does not depend on the way CO,
and H,0 fluxes are measured (Brotzge and Crawford, 2003;
Liu and Foken, 2001). Agreement of EC and MBR measure-
ments during the daytime rests on two factors. The
foremost factor is the accuracy of measuring energy
fluxes into the surface, including net radiation (Rn), ground
heat flux (G), and ground storage (S), which directly
determine the magnitude of H+LE for the BR system,
and which constitutes a measure of energy balance
closure in EC studies. A second factor is the different bias
of the two systems in partitioning available energy toward
either H or LE.

Although Massman and Lee (2002) discussed many EC data
processing issues, few intercomparisons have focused on the
role of data processing schemes as a source of measurement
differences among research groups, or between direct com-
parisons between EC and MBR. Networks of flux towers require
intercomparability among systems (Baldocchi et al., 2001),
which is difficult to attain when both the instrumentation and
correction schemes vary (Loescher et al, 2006). While
standardization in data processing remains a goal for research
using eddy covariance stations, considerable variation exists
in data collection and archiving procedures, preprocessing of
high frequency data, and postprocessing of covariance data
(Twine et al., 2000).

This paper does not focus on the theory of the corrections
themselves, but instead examines the consequences of
different correction procedures on a dataset of CO, and
energy fluxes above a grassland. We hypothesize that a major
cause of lack of energy balance closure and incomparability
between EC and MBR is the correction algorithm used to
process EC data.

2. Methods

Some of the major facets of EC correction are briefly outlined
below for reference.

Coordinate rotation: Covariances should be rotated to a
natural coordinate system (Lee et al., 2004) to partially fulfill a
key assumption of the EC technique, namely that the flux
measurement represents the flux perpendicular to the surface
out of a nominal control volume defined at its top by the
sensor and neglecting horizontal divergence so that the
system becomes one-dimensional (Moncrieff et al.,, 2004).
The classical coordinate rotation is straightforward to com-
pute with a full suite of three-dimensional gas and wind
covariances for each measurement period and is widely
applied albeit not universally (Twine et al., 2000).

Air density correction: Density variations introduced by
fluctuations of temperature and moisture content of air in
updrafts and downdrafts create spurious fluxes when air is
measured volumetrically. The correction of H,O and CO,
fluxes due to effects of temperature and H,O on air density and
non-zero mean vertical wind speed has long been a standard
correction to EC measurements (Webb et al., 1980).

Frequency-dependent signal loss: Moore (1986) and Mass-
man (2000) outlined a number of factors that affect the
frequency response of the measured scalars and winds,
including averaging over the sensor path, asynchrony
between the measured signals (by spatial separation or by
delays introduced by the instrumentation itself), analog
filtering of the measurements before they are recorded, and
detrending of the raw time series. Use of an inappropriate
averaging interval also introduces loss of low-frequency
components of the flux (Foken et al., 2006). All of these
frequency-dependent effects resultin a loss of signal variance,
and hence decrease the flux estimated by eddy covariance.
The signal asynchrony between two signals can be addressed
by finding the lag between them at which their absolute
correlation is maximized for a given measurement period, and
applying flux calculations using this lag (Eugster et al., 1997).
Path-length averaging and de-trending require calculation of a
transfer function in the frequency domain for unfiltering the
data (Rissmann and Tetzlaff, 1994), or using an assumed shape
of the cospectrum and estimating stability-dependent correc-
tion factors based on empirical filter coefficients (Massman,
2000). An experiment described in a companion paper shows
that signal loss is also possible if the measurements are taken
attoo low a frequency, a problem which is most evident during
neutral (high shear) conditions and low observation height
(Wolf and Laca, in press).

2.1.  Study setup and location

Measurements were taken in five intervals of several days
each from May to September 2001. Data were collected
continuously by MBR, but the EC system was transported to
several sites in the region, so the instruments were only co-
located for 22 total days. In addition, a second EC system was
located at the site for 5 days, allowing a direct estimate of the
EC measurement error. All of the systems were located within
20m of each other. The data represent a wide range of
meteorological conditions during the season, including day,
night, wet, dry, growing, and senescent periods. The study site
was located in the shortgrass steppe region of Kazakhstan,
40 km north of the capital Astana, on the experimental station
of the Baraev Kazakh Research Institute for Grain Crops
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Research. The site was a 200 ha pristine grass-forb steppe at
51.5758 N, 71.2681E, 428 m above sea level. The fetches for
upwind directions were 250 m from the north, 610 m from the
east, 2250 m from south, and 360 m from the west, beyond
which were fallow wheat fields. The site is extraordinarily flat
with no slopes exceeding 0.5° for 20 km in any direction, and
only isolated trees with none nearer than 5 km to the towers.
The canopy height of the vegetation was about 0.3m. A
description of the ecology and meteorology of the site is
available in Wolf et al. (2006).

2.2. EC measurement

EC measurements of CO,, H,0, and heat fluxes are based on a
fast-response open-path infrared gas analyzer (IRGA; model
LI-7500, Licor, Inc., Lincoln, NE) coupled with a three-
dimensional sonic anemometer (model CSAT-3, Campbell
Scientific Inc., Logan, UT, henceforth CSI), both installed at
1.3 m above ground level. Digital signals from these instru-
ments were recorded at 10 Hz using a Campbell Scientific
CR5000 datalogger. Raw data were archived for later proces-
sing.

2.3.  EC data processing

Data were processed in several steps to compute fluxes. The
steps in flux processing were: parsing data into 20 min
intervals; recursively removing spikes greater than 60 beyond
a quadratic fit to the 10 Hz data; dealiasing with a first order
Butterworth filter with a cutoff frequency at 4.8 Hz (Fisher,
2007), which had the recurrence relation:

y: = 0.94165478x; + 0.94165478x;_1 — 0.8833089876y,_, (1)

where x is the original scalar time series and y is the filtered
time series; rotation to a natural coordinate system (Lee et al.,
2004); removing signal asynchrony by maximizing the covar-
iance between each scalar and the vertical wind (e.g., Eugster
et al. (1997)); calculating scalar fluxes using the mean and
covariance of each scalar with the vertical wind, making
frequency domain corrections to the fluxes for path-length
averaging using the filter coefficients summarized in Mass-
man (2000); and adjusting fluxes for air density artifacts (Webb
etal., 1980). The antialiasing filter does not affect the results of
this study, but was applied to allow comparison with a cospec-
tral analysis of these data presented elsewhere (Wolf and Laca,
in press).

Coordinate rotation (CR), signal asynchrony correction
(LAG), density correction (WPL), and Massman’s (2000)
frequency-response correction (FR) were examined alone
and in combination for their effects on the sensible heat (H),
latent heat (LE), and CO, fluxes (Fc) calculated from EC
measurements.

2.4. MBR measurement

We used the Bowen ratio-energy balance (BREB; model 023/
CO, Bowen Ratio, CSI) system for continuous measurements
of energy, water vapor, and CO, fluxes at the study site. The
theory and operation of the BREB technique were described in

detail by Dugas et al. (1999). Water vapor and CO, concentra-
tions were measured with an infrared gas analyzer (IRGA;
model LI-6262, Li-Cor Inc., Lincoln, NE, USA) in differential
mode with the CO, and water vapor scrubbed on the chopper
input. Air samples from two heights (0.7 and 1.7 m above the
soil surface) were drawn and routed to the IRGA, which
measured the difference in water vapor and CO, concentra-
tions between the two heights. Average canopy height of the
vegetation at peak growth was about 0.5 m, thus the two air
sampling heights were about 0.2 and 1.2 above the vegetation’s
surface. A low-power pump (model TD-3LSC; Brailsford & Co.,
Inc., Rye, NY, USA) aspirated the air through 1-pm teflon filters
(model Acro 50; Gelman Sciences, Ann Arbor, MI, USA), which
prevented dust and liquid water contamination in the air
tubes and IRGA. A solenoid valve (model 236-102B, Numatics
Inc., Highland, MI, USA) was programmed to reverse the air
drawn through the IRGA sample and reference cells every
2 min. Another solenoid valve was programmed to control the
air stream at the beginning of each hour, when the IRGA
sample cell was scrubbed to determine absolute concentra-
tions of CO, and water vapor. The difference of air tempera-
ture between the two heights was measured with fine-wire
chromel-constantan thermocouples (model FW3, CSI). The
differences of temperature and concentrations of water vapor
and CO, between the two heights were simultaneously
measured every second, and the mean of the differences
were calculated and stored every 20 min with a data logger
(model CR23X, CSI).

Available energy was measured as the sum of net radiation
(Rn, W m~?), ground heat flux (G, W m~?), and soil heat storage
(S, Wm™). Rn was measured using two model Q*7.1 net
radiometers (REBS, Seattle, WA, USA). G was measured using
six sets of soil heat flux plates (two model HFT3, REBS; and four
model HFP01SC, Hukseflux thermal sensors, The Netherlands)
placed 8 cm below the soil surface. Soil heat storage was
estimated using 12 averaging soil temperature probes (model
TCAV, CSI) installed in pairs at 2 and 6 cm above the heat flux
plates. Heat capacity of the soil was estimated using
volumetric soil water content (VSMC) at a 0.05 m depth using
a soil moisture content reflectometer (model CS615; CSI) and
measured soil bulk density. Physical properties of air were
determined with a temperature (Tair) and relative humidity
(RH) probe (HMP45C, Vaisala, Finland). Photosynthetically
active radiation (PAR) was measured with the LiCor Model LI-
190SA quantum sensor. Wind speed (U) and direction were
measured using the R.M. Young wind sentry cup anemometer
and vane.

2.5.  MBR data processing

The Bowen ratio () was calculated using vertical gradients of
temperature (AT, °K) and water vapor (Aq, mmol mol~?) at 20-
min averaging intervals:

= <A0§£22) (i%) @

where C, is the specific heat at constant pressure
(1.00467 ] g1 K1), 1 is the latent heat of vaporization (J g7}
A = 3149-2.370-T(°K)), 0.622 is the ratio of molecular weights of
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water and air. H (Wm™?) was calculated as H=(Rn — G)/ ~ o N oo
(1+ 871, and LE (W m~?) was calculated as the residual energy; we S59ER
LE = Rn —H — G. The eddy diffusivity for heat (K, m?s™') was oo
calculated as: g 22 I Al g
: > > O oo odN
°
5 B8 ouw 8 ~N B
- (). () ®) 2 EEEER
oCp) \AT 9
2 2
where p is air density (g m~>) and Az is the height difference 2 e LY Q3 §
(1 m) between the upper and lower thermocouples. Assuming ; 0O eccad
that the eddy diffusivity for CO, (K.) was equal to Kj, the net E Y o
ecosystem CO, flux (wmol m~2s~?) was calculated as: g g &
-
AC\ (100 ﬁ g §
FCOz:Kc'<E>'<H> (4) ; EE %8&0’38
E VU Soand
where AC is the difference in CO, density (mg m ) between . . oo O 9
the two heights and (1000/44) is a factor to convert Fc from mg E IS 22399
m~2 s~ to umol m~2 s~%. Fc was corrected for the difference in 3]
water vapor density between the two heights (Webb et al.,, ; R g o %
1980), but not for heat density effects, because fine-wire ther- S~ x S o | oA
mocouple measurements of the two air streams immediately B g @
upstream of the IRGA have been shown to be nearly identical § o &
in many towers with the same instrumental setup in US o £8 8883
rangelands (Angell et al., 2001). g |HE gegdgER
T B
3. Results i EEREREREE
3.1. Instrument comparison o BE =
[ O > +
. . . _g % ,E m o3 S =
Comparisons between sensors are summarized in Table 1. B I s e N
There was overall close agreement between the net radio- g E
meters, although at the highest light levels a discrepancy of S S 2
up to 50 Wm 2 was observed. Other meteorological mea- % 58 - =
surements (PAR, T, RH, U) were likewise very consistent. :;: 38 a¥n S § 2
The poorest agreement was found among the soil measure- & SO eemad 2
ments (Tsoil, G, and VSMC). Note that the G measurements 2 g9 é
using the two sets of REBS plates were permanently :F: R = 5
installed to accompany the MBR system, whereas the B Scm) aaaws S
Hukseflux plates were removed and reinstalled each time g@ II 56«0 X ‘g
the EC system was moved. The permanently installed REBS g % - E
plates and Tsoil sensors made very similar estimates of G O s RS =
and S, but the Hukseflux plates that were moved and 51.-.::’ % % @@ S S &
reinstalled varied more widely, and had different ampli- g 5 g8 33989 %
tudes, apparently due to subtle differences in their vertical {;"; < . @
placement in the soil or the conductivity of the soil. -EE S &
Therefore, while the contribution of G and S terms to the § i E E o 0w o b E])
overall energy budget is small compared to Rn, the BE 2z 22339 f
difference between individual measurements of G and S 28 o ua9)
can be quite large relative to the mean G or S. By contrast, a % = =
different estimates of Rn tend to be very similar, but _gg 2 2 8
because Rn is a large term in the energy budget, the E‘g 28 3§38 § E,
differences between observations can be occasionally large. g.a Fh ececea g
Because of these differences in the relative contributions of S §. = & E
Rn, G and S to the energy budget, and the relative & g 5 & 5 g
uncertainty in their measurement, they had similar con- K g 5 0 O o
tributions (up to 50 Wm?) to the absolute uncertainty in E g 2 @ o Gg*f'é (é) - é
available energy (AE=Rn + G +S). - B
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Table 2 - Comparisons between data that were partially corrected and fully corrected. Corrections included signal

asynchrony (LAG), coordinate rotation (CR), buoyancy correction (WPL), and path-length averaging (FR)

Flux term EC corrections applied
WPL CR-WPL CR-WPL-FR LAG-WPL LAG-CR-WPL LAG—CR-
WPL-FR
Slope R? Slope R? Slope R? Slope R? Slope R? Slope R?
Regression statistics vs. LAG-CR-WPL-FR
H 0.96 0.97 0.98 0.99 1 1 0.96 0.98 0.98 0.99 1 1
LE 0.73 0.96 0.76 0.96 0.92 0.97 0.81 0.97 0.82 0.99 1 1
Fc 0.60 0.72 0.60 0.80 0.76 0.83 0.80 0.90 0.81 0.99 1 1
H+LE 0.85 0.98 0.87 0.98 0.96 0.99 0.89 0.98 0.90 0.99 1 1
Bowen ratio 1.23 1.33 1.03 1.18 1.27
(Bowen ratio)? 0.032 0.84 0.045 0.94 0.00 0.96 0.03 0.87 0.044 0.98 1 1

The slopes represent the slope coefficient of the correction suite in each column regressed on the fully corrected data.

3.2.  Effect of correction procedures and EC/MBR
comparison

Different correction schemes to process the EC data resulted in
major differences in flux estimates, in particular for LE and Fc,
and by extension the Bowen ratio (Table 2). For example, Fc
that was only WPL corrected was only 60% as large as Fc that
was corrected by LAG, CR, WPL, and FR. The largest
contribution comes from the LAG correction, which increases
Fc about 24% (although this correction increased LE by a more
modest 8%) in the full correction. The FR correction also had a
major impact on the fluxes, and increased LE and Fc by 15-18%.
The heat flux was only affected by 2% on average by CR or FR
corrections.

Energy balance closure for EC was analyzed by the slope of
the regression between outgoing turbulent energy
(TE = H + LE) against different metrics of AE (Table 3). Different
estimates of TE were obtained by using different correction
schemes as outlined above. Three different estimates of AE
were used. The mean AE sums the mean of each energy
balance term measured by the different instruments. The
maximum and minimum AE sums the individual instruments
that measured the maximum or minimum values of Rn, G and
S, thus giving a range of estimates of these energy balance
components. Using mean AE, the energy balance was strongly
influenced by the correction regime, and increased more than

10% from using only WPL to using LAG, CR, WPL, and FR
together. An additional 5% of energy balance was lost or
gained when using the minimum or maximum AE, indicating
that instrumental variation and data processing were com-
paratively large influences on the inferred energy balance.

Comparisons of H, LE and Fc between the two EC systems
(processed using all corrections described above) are pre-
sented in Table 4. H was remarkably consistent between the
two systems (R® = 0.98), followed by LE (R? = 0.93) (Fig. 1a and b).
By contrast, distinctly greater scatter was observed in Fc
between the two systems (R? = 0.88), although the slope was
not significantly different from one (Fig. 1c). Statistical
analysis of the differences between the two systems in H,
LE and Fc show that the errors are not normally distributed,
due to a sharp peak at zero and a few large departures. This
leptokurtic distribution is characteristic of the difference
between two exponentially distributed variables, and is best
described using the Laplace (double exponential) distribution
(Hollinger and Richardson, 2005). The Laplace distribution
estimates the dispersion of data using parameter g (analogous
to the standard deviation ¢ in a Gaussian distribution), which
is equal to the mean absolute deviation from the median (1) of
the data. The g parameter for all of the fluxes is about half of &
(Table 4).

Differences between EC and MBR were generally larger
than between the two EC systems, but no strong biases were

Table 3 - Energy balance closure estimated using different correction schemes to estimate turbulent energy (H + LE) and

different instrument arrays to estimate available energy (AE=Rn + G + S)

Flux terms: EC corrections applied
WPL CR-WPL CR-WPL-FR LAG-WPL LAG-CR-WPL LAG-CR-WPL-FR

Slope of (H + LE) vs. (Rn + G + S)

(H +LE) vs. min. {Rn + G + S} 0.81 0.81 0.90 0.83 0.84 0.93

(H+LE) vs. avg. {Rn + G + S} 0.77 0.77 0.85 0.79 0.79 0.88

(H +LE) vs. max. {Rn + G + S} 0.72 0.73 0.80 0.75 0.75 0.83
Absolute value of (H + LE)-avg. {Rn + G + S} in W m ™2

Mean 32.0 325 24.0 27.6 28.1 18.9

Median 19.0 18.9 13.6 16.3 16.2 111

The average AE was calculated as a mean of all instruments, whereas the maximum and minimum AE were calculated using the combination

of instruments producing the maximum or minimum total AE.
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Table 4 - Comparisons between flux measurements

Instrument 1: H EC LE EC
Instrument 2: HEC LE EC
R? 0.98 0.93
Slope 1.00 1.00
Intercept 1.00 0.94
RMSE 10.47 18.15
Laplace-B 5.51 9.36
Median -0.99 -0.24
N 313 312

Fc EC HEC LEEC Fc EC
Fc EC H MBR LE MBR Fc MBR
0.88 0.72 0.71 0.59
0.99 1.05 1.02 0.91
—0.12 11.63 10.65 -0.16
1.05 45.34 41.08 2.01
0.45 29.75 25.11 1.57
0.00 4.58 1.77 0.00
311 699 699 699

The EC measurements have all been processed using the full suite of correction procedures (LAG-CR-WPL-FR) described in the text. Laplace-8

is the dispersion parameter of the Laplace distribution.

observed between the two systems (Fig. 2). As in the EC-EC
comparison, H (R? =0.72) and LE (R? = 0.71) were most similar
to each other, and Fc (R>=0.61) exhibited more scatter
(Table 4). Similar to the EC-EC differences, the EC-MBR
differences were leptokurtic and not normally distributed,
yielding values for the Laplace dispersion parameter g that
were smaller than their respective RMSE statistics, under-
scoring occasionally large differences between the two sets of
observations, but overall differing little.

3.3.  Analysis of flux differences

The differences between EC and MBR were analyzed in
relation to prevailing meteorological conditions, particularly
atmospheric stability. Stability was evaluated using the

dimensionless parameter z/L, which reflects the relative
influence of buoyancy and shear in driving vertical mixing.
This dimensionless parameter is the ratio between the
measurement height (z) to the Obukhov length (L). Positive
z/L indicates a stably stratified boundary layer (typical at
night), negative z/L indicates an unstable boundary layer
(typical during the day), and small values of z/L are neutral,
where mixing is driven mostly by wind shear. The discrepancy
between the fluxes was defined both in absolute terms (Flux
EC-Flux MBR) and in relative terms (defined as the absolute
value of the difference between the fluxes divided by the mean
of the fluxes). The relative difference was used in part to
enable comparisons with the correlation coefficients of the
scalars, which is a metric of the degree to which scalars are
transported in the same eddies. For this analysis, the hours
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frequency T and H,0 measurements. (C) Same as B but for T and CO,. (D-F) Absolute differences between H, LE, and Fc.

preceding and following both sunrise and sunset were
removed to avoid periods when fluxes cross or approach zero
or when the scalar time series are strongly nonstationary;
nonetheless the analysis holds true for these transitional
periods as well.

The relative difference was closely linked to stability
(Fig. 3a) with a peak at neutrally buoyant conditions for all
of the fluxes. However, these were the conditions with the
smallest differences in absolute terms (Fig. 3d), a pattern that
was also observed for LE (Fig. 3e) but less pronounced for Fc
(Fig. 3f). The dependence of the relative difference on stability
was clearly reflected by an increased dissimilarity (evaluated
as the correlation coefficient between scalars) of turbulent
transport of T, H,0, and CO, as stability approached neutral
(Fig. 3b and c).

Regardless of the source of the discrepancy, the largest
differences in fluxes were clearly discernible as anomalous
measurement noise when plotted against a driver such as PAR,
or as a time series (Fig. 4).

4. Discussion

The motivation for this study was to determine whether EC
and MBR gave similar estimates of surface fluxes for use in
parameterizing land surface models for carbon, water, and
energy balance studies. Although other studies have
addressed this topic previously, none have examined the
inherent uncertainty in EC measurements by using two

colocated systems, and none have addressed how EC data
processing affected parity between the two measurement
systems. In addition, the use of two distinct, independent
measurement techniques to measure the fluxes allowed us to
better interpret possible measurement anomalies.

Data processing had a very strong role in determining the
magnitude of EC fluxes. In particular, less commonly applied
corrections such as adjusting the lag between the vertical
wind speed and the CO, and H,0 measurements or correcting
for the effects of path-length averaging had larger effect on
fluxes than anticipated, each amounting to 20% of the total Fc
estimate. The magnitude of these corrections in our study was
partly due to the site and tower characteristics, because
cospectra of the fluxes at this site peaked at a relatively high
dimensionless frequency of 0.1-1, and these corrections act on
the high frequency components of the fluxes, with dimen-
sionless frequency greater than 0.1. An extensive discussion of
the cospectra of these data and their corrections is given in
Wolf and Laca (in press). Judging by the commonly used
correction procedures (Twine et al., 2000), few site operators
process data using LAG and FR corrections, although as
standard software packages begin to be employed, a complete
suite of corrections may be more commonly applied.

The magnitude of the EC fluxes has direct implications on
the estimated energy balance of the measurements and hence
the comparison between EC and MBR, which is forced to close
the energy balance. The correction procedures disproportio-
nately increase the LE and Fc fluxes relative to H, which clearly
affects the Bowen ratio of the EC. Our results showed that as
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the EC data were more fully processed, the data more closely
approached the magnitude of H and LE and hence the Bowen
ratio estimated by MBR. This conclusion is supported by the
results of previous studies such as Barr et al. (1994), who found
that EC tended to have higher Bowen rations (H/LE) in
comparison to MBR, but who did not use LAG or FR corrections.

It should be pointed out that the choice of averaging period
is an additional facet of the EC processing that can have a
substantial effect on the observed energy balance (Finnigan
etal., 2003; Cava et al., 2007), because short averaging intervals
act as a high pass filter that can remove low-frequency
components of the turbulent flux under certain circum-
stances. The potential for loss of flux is particularly high over
rough canopies, such as forests, and when measuring at a
substantial height relative to the canopy. These measurement
conditions lead to a shift in the turbulent cospectrum toward
lower frequencies, with consequently greater potential for loss
due to short averaging interval. A thorough analysis of the
cospectra using the same data from the present study show
that the peak of the scalar cospectra for our measurement
setup was relatively high-frequency, because the steppe

vegetation was relatively smooth and the tower was relatively
short (1 m above the canopy). Consequently, the cospectra
tapered to zero at the lower frequencies, even with what could
be considered a short averaging period (Fig. 5). The loss of flux
in the high frequency region of the cospectrum is occasionally
high in these data, particularly under neutral stability, but
leads to less than 10% loss in energy balance closure under
most conditions (Wolf and Laca, in press).

The colocated EC systems in our study measured H quite
similarly, but showed greater scatter in LE and especially Fc.
Canopy physiology has the least influence on H, has partial
control of the LE due to stomatal regulation of transpiration
(but not evaporation from soil), and has total control over Fc,
both by photosynthetic uptake and heterotrophic respiration.
Apparently, the heterogeneous surface vegetation played a
larger than expected role in determining half-hourly surface
fluxes in our study.

Hollinger and Richardson’s (2005) comparison of paired EC
measurements in a forest ecosystem likewise showed that the
uncertainty of LE and Fc increased dramatically during the
growing season, but the uncertainty of H was unaffected by
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the phenological state of the vegetation. This suggests that the
sources and sinks of heat, water, and CO, on the surface are
spatially distinct and have different functional controls. H is
controlled by the thin boundary layer of the elements (leaves,
litter, stems, soil) exchanging heat, as well as the temperature
gradient between these elements and the atmosphere. LE by
contrast is comprised of transpiration, which is controlled by
the conductance between the leaf mesophyll and the leaf
boundary layer and the corresponding vapor gradient, and of
evaporation, which is controlled by the wetness of the soil
surface and litter layer above. Photosynthesis is almost
entirely governed by plant responses to light, temperature,
wind, and humidity, and can vary across short spatial and
temporal scales depending on cloud cover and microclimate.
Soil CO, efflux is governed by the production of CO,, which can
vary depending on soil temperature and moisture, and its
conductance to the surface, which can depend on air pressure
and wind speed at the soil surface and also the moisture,
texture, and conduits within the soil itself. Our data suggest
that Fc and LE were inherently more variable spatially than H,
which resulted in greater variation of fluxes measured only
several meters apart. Whether the soil components or plant
components of Fc and LE are more spatially variable is
undetermined by this study.

Cooper et al. (1992) used an array of five EC and two MBR
systems to measure evaporation over a level agricultural field,
and found that the LE in a single time period varied by 20%
across 50 m distances and up to 35% over 100 m distances. The
observed variation among instruments was corroborated by
comparable variability of water vapor measured by Lidar over
the same domain, suggesting that the variation was due to
spatial variability in the underlying ecosystem gas exchange
rather than instrumental error.

The relative scatter of H, LE, and Fc observed in the EC-EC
comparison was also observed in the measurements between
EC and MBR, which showed the greatest discrepancy in Fc and
greatest similarity in H and LE. After clear outliers are

discarded, the regression slopes for H and LE are nearly 1,
but only ~0.9 for Fc (i.e., MBR less negative than Fc). This
apparently was the result of occasionally large negative fluxes
in MBR, which appeared to be unusually large departures from
the overall light-response curve (Fig. 4).

A key assumption in the MBR technique is that the vertical
mixing coefficients (K in Eq. (3)) for T, CO,, and H,0 are
identical. The analysis of Barr et al. (1994) concluded that the
MBR mixing coefficients were unequal during neutral condi-
tions due to uncorrelated T and H,O. Our study directly tested
this hypothesis by comparing the discrepancy in fluxes to the
correlation between CO,, H,0, and T (Fig. 4). We found that
relative differences in the fluxes were largest during neutral
conditions, when there was also large variation in the
correlation coefficient between scalars, showing both high
and low correlation. Neutral stability occurs when wind shear,
rather than buoyancy, drives vertical mixing, and can be seen
as a condition in which vertical mixing is driven by exogenous
forcing rather than buoyancy originating from surface heat-
ing. The dissociation of H,O, CO, and T co-transport
introduces the possibility that the vertical mixing coefficient
K calculated from the vertical T gradient in MBR (Eq. (3)) may
not apply for CO, or H,O. Because CO, fluxes are directly
calculated on the basis of this K, periods with low correlation
between T and CO, should be approached with caution. We
have shown that these conditions occur most often when z/L
approaches zero, when wind shear is high.

5. Conclusion

Eddy covariance and modified Bowen ratio systems have been
shown to yield subtly different estimates of H, LE, and Fc. Our
study analyzed the discrepancies between these two systems
by first considering the role of the data processing algorithm
used to estimate fluxes using EC and later examining the
effects of atmospheric stability on discrepancies between EC
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and MBR. We found that EC correction algorithms dispropor-
tionately increase the magnitude of LE and Fc, and conse-
quently have a strong effect on the Bowen ratio measured by
EC. Two corrections not universally employed were each
found to account for up to 24% of LE and Fc: the correction for
signal asynchrony by adjusting the lag between the IRGA and
the sonic anemometer, and the frequency domain correction
for path-length averaging in both instruments. Comparison of
fluxes between two EC systems 10 m apart showed that LE and
Fc are inherently more variable than H, highlighting the role of
field heterogeneity in determining canopy gas exchange at
very small spatial scales.

When all relevant corrections were applied, there was no
bias for H and LE between EC and MBR, but Fc in EC remained
slightly smaller than MBR. This lack of bias indicates that the
two systems could be interchangeable for the purposes of
calculating long-term integrals, or fitting a model against a
large ensemble of flux data. An examination of discrepancies
between EC and MBR showed that the relative discrepancies
were highest during neutral periods when shear drove
vertical mixing much more than buoyancy. During these
neutral periods, the correlation between T, H,0, and CO, was
much lower on average, which violates the similarity
assumption exploited in the MBR technique. While H and
LE fluxes tended to be small during these neutral periods, Fc
fluxes were not. Therefore, we believe that Fc measured by
MBR under neutral conditions is most likely to be compro-
mised by failure of the assumption of similarity of vertical
mixing coefficients.

The largest discrepancies in Fc in both systems were clearly
visible when plotted against a light-response curve, which
creates the possibility of using a screening technique to
exclude data that depart markedly from other recently
collected data. The EC system tended to have the largest
departures from the curve when light was near zero and
respiration dominated over photosynthesis. The departures
from the expected value are both high and low, showing a
susceptibility to transitions from stable to unstable condi-
tions. By contrast, the MBR system tended to show much less
variability at night but occasionally estimated spikes of
unusually large photosynthetic uptake, which were visible
both as departures from the light-response curve and from the
EC and MBR time series.
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