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1. Introduction

ABSTRACT

The ‘energy imbalance problem’ in micrometeorology arises because at most flux measurement sites the
sum of eddy fluxes of sensible and latent heat (H + AE) is less than the available energy (A). Either eddy
fluxes are underestimated or A is overestimated. Reasons for the imbalance are: (1) a failure to satisfy the
fundamental assumption of one-dimensional transport that is necessary for measurements on a single
tower to represent spatially-averaged fluxes to/from the underlying surface, and (2) measurement errors
in eddy fluxes, net radiation and changes in energy storage in soils, air and biomass below the measure-
ment height. Radiometer errors are unlikely to overestimate A significantly, but phase lags caused by
incorrect estimates of the energy storage terms can explain why H + AE systematically underestimates
A at half-hourly time scales. Energy closure is observed at only 8% of flux sites in the La Thuile dataset
(http://www.fluxdata.org/Datalnfo/default.aspx) with half-hourly averages but this increases to 45% of
sites using 24 h averages because energy entering the soil, air and biomass in the morning is returned
in the afternoon and evening. Unrealistically large and positive horizontal gradients in temperature and
humidity are needed for advective flux divergences to explain the energy imbalance at half-hourly time
scales. Imbalances between H + AE and A still occur in daily averages but the small residual energy imbal-
ances are explicable by horizontal and vertical advective flux divergences. Systematic underestimates of
the vertical heat flux also occur if horizontal u'T’ covariances contaminate the vertical w'T’ signal due
to incorrect coordinate rotations. Closure of the energy balance is possible at half-hourly time scales by
careful attention to all sources of measurement and data processing errors in the eddy covariance sys-
tem and by accurate measurement of net radiation and every energy storage term needed to calculate
available energy.

© 2011 Elsevier B.V. All rights reserved.

(3) incorrect accounting for storage of energy in soil, air column
and vegetation (Meyers and Hollinger, 2004; Haverd et al., 2007;

Because it violates the law of conservation of energy, the failure
ofthe sum of eddy fluxes of sensible and latent heat (H + AE) to equal
the available energy (A) is a long-standing problem in microme-
teorology (Twine et al., 2000; Wilson et al., 2002; Oncley et al.,
2007; Foken, 2008; Franssen et al., 2010). Available energy is net
absorbed all-wave radiation minus the changes in energy storage
in soils and in the air column and biomass below the measure-
ment height. The summary by Wilson et al. (2002) of data from
50 site-years of data from 22 FLUXNET sites showed that half-
hourly averages H + AE underestimated A at most sites by around
20%. Many reasons for lack of energy budget closure have been
proposed, including: (1) a failure to meet the fundamental assump-
tions underlying eddy covariance measurements (see below); (2)
errors in radiation measurements (Halldin and Lindroth, 1992);

* Corresponding author. Tel.: +61 2 6246 5557.
E-mail address: ray.leuning@csiro.au (R. Leuning).

0168-1923/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.agrformet.2011.12.002

Lindroth et al., 2010); (4) advective flux divergence caused by com-
plex terrain or heterogeneities in vegetation cover (Katul et al.,
2006); (5) low-frequency, mesoscale transport (Foken, 2008); (6)
inadequate averaging periods to capture low frequency contri-
butions to net exchange (Finnigan et al., 2003); (7) loss of high
frequency covariance due to line-averaging and instrument sep-
aration (Moore, 1986) or by sampling air through tubing before
analysis (Leuning and Judd, 1996; Massman, 1991, 2000; Massman
and Ibrom, 2008); and (8) choice of coordinate systems (Finnigan,
2004).

It is important to resolve the ‘energy closure problem’ because
among many applications, data from the international FLUXNET
network of flux stations (Baldocchi et al., 2001) are being used to
test, parameterize and constrain outputs of land surface schemes in
climate models (see review by Williams et al., 2009), and to develop
empirical, global maps of fluxes of water vapor and CO, (Jung et al.,
2009). Systematic errors in eddy flux measurements will propagate
directly into the resultant data products and possibly compromise
such studies.
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Much has been written about errors in eddy covariance mea-
surements due to the design of instruments, the measurement
system and data processing (above references, Foken and Wichura,
1996; Mauder et al., 2007). Here we focus on the conservation
equations for mass and energy of a notional control volume sur-
rounding a flux station to examine likely micrometeorological
explanations for the lack of energy closure. We first clarify the
assumptions required to ensure that measurements on a single
tower are representative of fluxes from the underlying surface,
followed by a brief review of errors in measurement and data
processing of eddy fluxes. Correct measurements of the avail-
able energy require knowing both net radiation and the changes
in energy stored in soils, the air column and in aboveground
biomass for every half-hourly averaging period typically used by
the flux measurement community. Phase lags caused by incor-
rect estimates of the storage terms are shown to be a major
reason why the sum of sensible and latent heat fluxes system-
atically underestimates the available energy at these time scales.
Small imbalances between H + AE and A still occur in daily aver-
ages but are explicable by advective flux divergence which can
transport energy to or from a control volume surrounding a flux
station. Horizontal temperature gradients needed to account for
the advective flux divergence are estimated using a simple anal-
ysis. The effects of incorrect coordinate rotation and radiation
measurements on the energy imbalance problem are also dis-
cussed.

2. Conservation equations

Following Leuning (2004), the conservation equation for a scalar
quantity y in a control volume (CV) of height h and length of side L
is given by
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Here F is the time- and space-average flux density (molm=2s-1)
of x between the surface and the atmosphere, F(0) is its flux den-
sity at the ground and S is the source strength per unit volume
(molm~3s-1). The quantities u, v, w (ms~!) are the wind vector
components in the x, y, z directions orthogonal to the walls of the
CV, tis time, ¢, is the concentration of dry air (molm~3). Standard
Reynold’s notation is used to express the instantaneous value of a
quantity as the sum of the mean and fluctuations about the mean,
and the overbar represents the time averaging operator. The first
term in the second equality of Eq. (1) is the rate of change of x in
the CV, the second term is the sum of mean horizontal and ver-
tical flux divergences and the third term is the sum of eddy flux
divergences. Triple correlations are assumed to be small and are
neglected. Eq. (1) also applies to the flux of sensible heat if ¢;x is
replaced by pacpT, where pq is air density (kgm~3), ¢, is the spe-
cific heat of moist air at constant pressure (Jkg=! K-1) and T is air
temperature.

Neglecting the horizontal eddy flux divergences and
assuming the scalar intensities measured on a single
mast are representative of the control volume, Eq. (1)

becomes
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The eddy flux (I), change in storage (II) and vertical advective flux
divergence (V) can be measured using instruments on a single mast
but it is not possible to measure the horizontal flux divergences
(Il and 1V) with such an arrangement. It is thus necessary to locate
the flux station in flat, horizontally homogeneous terrain where the
advective flux divergence terms can be neglected a priori, since only
then can terms I and Il in Eq. (2) be used to measure correctly the
net exchange of y between the surface and the atmosphere. With
these additional restrictions the conservation equation is given by
the sum of an eddy covariance term and a storage term:

o
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Inability to satisfy the highly demanding criterion of horizontal
homogeneity in both surface fluxes and air flow is likely to be a
major cause of incorrect measurements at many flux stations.

Conservation of energy requires that the sum of sensible (H) and
latent heat fluxes (AE) should equal the available energy (A), and the
degree to which this criterion is satisfied is often used to assess the
accuracy of eddy covariance measurements of sensible and latent
heat fluxes which are defined as

H=70qcpw'T" and AE = AMyCqw' X}, (4)

Here A is the latent heat of evaporation (J kg~1), M, is the molec-
ular mass of water (kgmol~1) and x,, is the mol fraction of water
vapor relative to dry air (mol mol-1).

In the absence of advective flux divergence, the available energy
for flat, homogeneous surfaces is given by

A=Rn—Go—Ja—Jo—Jw—Jp (5)

(Wm~=2), where Ry is the net all-wave radiation absorbed by the
vegetation and soil, Gg is the flux of heat through the soil surface.
Ja and J;, are the changes in heat storage associated with tempera-
ture changes in the moist air column and in the biomass below the
flux measurement height, J,, is the latent heat associated with the
change in water vapor stored in the air column and J, is the radiant
energy absorbed in photosynthesis or heat released by respiration.
The storage fluxes in the air column and biomass are given by

h — h -
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where my, is the mass of wood and leaves above ground, c; is the
specific heat capacity of these components, while <Tb> is a suitably

averaged biomass temperature (Haverd et al., 2007). J, is estimated
as, Jp = —opFco, where o, =0.469 (Jumol~!, Blanken et al., 1997)
and Fco, is the flux of CO, (wmolm~—2s-1),

Soil heat flux is typically measured at some depth z;;, below the
surface and following Fuchs and Tanner (1968) it is then necessary
to estimate the heat flux at the surface Gy, using

m T,
Go = Gz, +/ CSTSdZ =Gz +Js, (7)
0 t
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in which the second term accounts for the storage flux in the soil
layer above the heat flux plates. The volumetric heat capacity of
the soil C; is a function of soil moisture content and because both
this and soil temperature Ts can vary strongly close to the surface,
it is especially difficult to estimate the storage term accurately for
bare soil or surfaces with sparse vegetation cover. An alternative
approach is to use harmonic analysis (van Wijk and de Vries, 1963,
p. 133) to calculate the ‘damping depth’ of the heat wave from
the amplitudes, AT, of the sinusoidal, diurnal temperature waves
measured at depths z; and z;; (m, positive downwards):

7n = Zm—Z]
D= In(AT, /ATy

The heat flux at the surface Gy, is then calculated from G, using
Go = Gz, €Xp(zm/2p) 9

where Gy leads G,,, by At =24z, /(2nzp) hours. It is important to
bury the soil heat flux plates below the greatest expected depth of
the evaporating front to avoid confounding energy used in evapo-
ration with the change in energy stored in the soil (Buchan, 1989;
Heitman et al., 2010). Inserting the heat flux plates at the surface
as done by Heusinkveld et al. (2004) is thus not recommended.

The energy closure problem is characterized by H+AE<A, so
either the eddy fluxes of H and or AE are underestimated or the
available energy is overestimated (Wilson et al., 2002; Foken, 2008),
but only if the advective flux divergence terms in Eq. (2) are negligi-
ble. Before considering the flux divergence terms, we first examine
the contributions of uncertainties in measurements in the eddy
fluxes and the available energy to the energy closure problem at
hourly and daily timescales.

Zm > Z1 (8)

3. Uncertainties in eddy covariance measurements

Much has been written on the instrumentation and data pro-
cessing needed to make accurate eddy covariance measurements
of mass and energy fluxes and only a brief summary is presented
here. Authoritative texts include Atmospheric Boundary Layer Flows
(Kaimal and Finnigan, 1994), the Handbook of Micrometeorology,
edited by Lee, Massman and Law (2004), and Eddy Covariance: A
Practical Guide to Measurement and Data Analysis, edited by Aubinet
et al. (2011). Burba and Anderson (2010) provide a useful best-
practice guide to making eddy covariance measurements.

A typical eddy covariance system consists of a sonic anemome-
ter placed at some height h above the surface of interest to measure
the wind vector components u, v, w and the sonic temperature Tsop,
in combination with additional instrument(s) to measure concen-
trations of water vapor, CO, and other trace gases using open- or
closed-path analysers. Correct measurements require translation
of velocity components from sonic anemometer coordinates into
the orthogonal set used to define the CV in the above conservation
equations, and conversion of the sonic temperature into true air
temperature (Kaimal and Businger, 1963; Schotanus et al., 1983,
Liu et al., 2001). Careful calibration of all instruments against well-
defined standards is clearly necessary but this can be difficult to
achieve when the instruments are in the field. A comprehensive
maintenance program is also necessary to minimize measurement
uncertainties.

It is essential to regard the instrument array as a system whose
performance may be inferior to that of its individual parts. Almost
every component of an eddy covariance system causes fluxes to
be underestimated. Underestimates of the high-frequency compo-
nent of covariances required to calculate H and AE (Eq. (4)) occur
because of finite sampling path-lengths of sonic anemometers and
open-path gas analysers as well separation between instruments.
Algorithms to correct for these errors have been summarized by
Moore (1986), Massman (2000), Massman and Clement (2004),

Spank and Bernhofer (2008) and references therein. Corrections are
particularly large under stable atmospheric conditions and when
dinst/(h —d) > 0.1, where dj is the diameter of a notional sphere
inscribing the instrument array, h is the measurement height and
d is the zero-plane displacement height. Without suitable correc-
tion, loss of high-frequency covariance will be most severe for
instruments placed 1-2 m above pastures and crops (Leuning and
Moncrieff, 1990; Leuning and King, 1992). Closed-path analysers
have been used to measure concentrations of water vapor and
other traces gases because they can be readily calibrated in situ
and because there is less loss of data compared to open-path anal-
ysers that is caused by rain, mist and snow. Unfortunately, flow
of air through tubing causes loss of high-frequency concentration
fluctuations and hence loss of w' x;,, covariance, even after allowing
for the time delay between when the air enters the sampling tubing
and when it passes through the analyser. This problem is particu-
larly severe for water vapor which readily adsorbs and desorbs on
tubing walls and particle filters (Ibrom et al., 2007; Massman and
Ibrom, 2008; Mammarella et al., 2009). These effects can be min-
imized by having high flow rates to ensure turbulent flow in the
tubing, short tubing lengths and by measuring temperature and
pressure fluctuations in addition to concentrations in the analysis
cell (Leuning, 2004; Clement et al., 2009). The relative merits of
open- and closed-path gas analysers is discussed by Leuning and
Judd (1996), Massman and Clement (2004), Massman (2004) and
Haslwanter et al. (2009).

Eddy fluxes of H and AE can also be underestimated by using
averaging periods that are too short to capture the low-frequency
contributions to the covariances (Finnigan et al., 2003). These errors
increase as the measurement height increases because larger, low-
frequency eddies then contribute significantly to the fluxes. An
averaging period of 30 min is used at most eddy flux sites glob-
ally but it is essential to test whether longer averaging periods are
needed at a given site to ensure there are no low-frequency losses
in the covariances. Increasing the averaging time from 15 mins to
1h increased H by ~8% and AE by 12% measured at 71 m above
the 40 m forest at Tumbarumba, with similar increases at the Man-
aus forest (Finnigan et al., 2003). Smaller increases are expected
when measurements are made at lower heights where turbulent
transport is dominated by smaller, high-frequency eddies.

Once the appropriate low-and high-frequency corrections have
been applied it is necessary to apply the theory of Webb et al.
(1980) as confirmed by Leuning (2004, 2007) and Massman (2004)
to account for spurious fluctuations in water vapor and trace gas
concentrations measured by open-path instruments due to fluctua-
tions in temperature and water vapor itself. Typically, water vapor
fluxes must be increased by 5% of H (Webb et al., 1980), but the
corrections can be very large for CO, and other trace gas fluxes,
especially when sensible heat fluxes are large (Leuning et al., 1982;
Kondo and Tsukamoto, 2008). Propagation of measurement errors
causes uncertainties to increase from sensible heat, to water vapor
and then to CO, and other trace gases.

4. Uncertainties in measurement of available energy

There is little evidence that all radiometers used by the flux
measurement community systematically overestimate R, even
though many researchers have found inconsistencies between
various makes and designs of instruments (Halldin and Lindroth,
1992; Kustas et al.,, 1998; Brotzge and Duchon, 2000; Kohsiek
et al.,, 2007; Blonquist et al., 2009). Kohsiek et al. (2007) compared
the performance of several radiometers from different manufac-
turers and concluded that the maximum error in net radiation
was 25Wm~2 (5%) during the day and 10W m~2 at night. They
found that deviations in R, between a reference, 4-component
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radiation system and a CNR1 (Kipp and Zonen,
www.kippzonen.com) and a Schulze-Ddke instrument was
within 20Wm=2, but a Q*7.1 radiometer (REBS, Seattle, WA)
showed deficits of 30Wm~2. Michel et al. (2008) observed
that a CNR1 net radiometer, with factory-default calibration
coefficients, overestimated hourly-average R, by <15W m~2 com-
pared to R, rf measured with high-quality reference instruments
for 0<Ryef<600W m~2. There were no significant differences
between R, and Ry r in the daily-means provided there was no
dew on the test instrument. Brotzge and Duchon (2000) compared
seven NR-Lite (Kipp and Zonen) instruments, a CNR1, a Q*7.1
and an Eppley PSP-PIR system (http://www.eppleylab.com/) and
observed differences of <+20Wm~2 in the average daily net
radiation. Similar results were obtained by Blonquist et al. (2009)
for CNR1 and NR-Lite instruments but a Q*7.1 radiometer under-
estimated daytime hourly R, by ~8%. These and other published
results show there is variability between radiometers but errors in
radiation measurements are unlikely to account for the systematic
overestimation of >100Wm~2 needed to explain the energy
imbalances often observed at half-hourly time scales.

5. Radiation measurement: sloping terrain

Care must be taken in estimating the available energy in sloping
terrain. Radiation instruments are mounted horizontally but net
radiation depends on the slope and aspect of the surface, especially
during daytime; e.g. a south facing slope in the northern hemi-
sphere will absorb more solar radiation than will be measured by a
horizontal instrument. Theory presented by Olmo et al. (1999) and
Matzinger et al. (2003) can be used to estimate global irradiance
and net all-wave radiation on inclined surfaces from irradiances
measured with horizontal instruments.

Olmo et al. (1999) present a simple model (see Appendix A)
to estimate the global irradiance on an inclined surface, Gy, given
measurements in the horizontal plane, Gy. The ratio Gy, /Gy calcu-
lated using Eq. (A1) is shown in Fig. 1 for two values of the clearness
index k¢ (0.4, 0.8) as a function of solar zenith angle 6, for a 0°-30°
range of y, the angle between the normal to the inclined surface
and the direction of the sun. The cosine of 6 is also shown for the
response of an ideal, horizontal radiation sensor. Global radiation
intercepted by an inclined surface exceeds that on the horizon-
tal when v/ >20° and 65 <25°, and at these angles G, /Gy is greater
for clear skies (k¢ = 0.8) when direct radiation dominates radiation
absorption than for overcast conditions (k¢ = 0.4). For 65 > 25° Gy, /Gy
decreases more rapidly when k; = 0.8 than when k; = 0.4.

6. Storage terms - soil, vegetation, air

Soil heat fluxes are commonly measured using heat flux plates
buried at several centimetres to avoid confounding the energy flux
that heats or cools the soil with that used to evaporate water at
the drying front several millimetres below the surface (Buchan,
1989). The heat flux varies with depth and soil temperatures must
be measured to account for changes in energy stored above the
flux plate, the so-called combination method (Eq. (7)) and/or by
harmonic analysis of the diurnal temperature wave with depth
(Eqgs. (8) and (9)). Failure to account for the storage term can cause
errors in Gy of 10-200W m~2 for bare soils or under sparse veg-
etation (Heusinkveld et al., 2004). It is difficult to make accurate
measurements of the storage term when soil heat capacity varies
with depth due to variation in soil moisture content and/or because
of large spatial and temporal variability in soil heat fluxes across
a measurement site. Heat flux plates are typically 50-100 mm in
diameter and because they sample a tiny area compared to that of
the eddy covariance measurements (typically >10* m?), multiple
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Fig. 1. The ratio of global radiation on an inclined surface to that on a horizontal
surface (Gy, /Gy ) as a function of solar zenith angle 6; for 1 =0°,20° and 30°. p; is the
short-wave albedo and k; is the clearness index (the ratio of global to extraterrestrial
horizontal irradiance). The thick black line is cos(6;), the cosine response of an ideal
horizontal radiometer.

measurements are needed to estimate the mean soil heat flux accu-
rately. Useful reviews of various methods to measure soil heat
fluxes are given by Massman (1993), Sauer and Horton (2005) and
Ochsner et al. (2007). Early theoretical analyses of heat transport
into soils were presented by Philip (1961) and van Wijk and de Vries
(1963).

Heat fluxes into soils are generally small below dense and/or tall
vegetation but then storage fluxes to and from the biomass need to
be considered. For crops and grasses it may be sufficiently accurate
to calculate the storage term using infrared thermometry (Meyers
and Hollinger, 2004) or by equating the rate of change in biomass
temperature with that of the air within the canopy, but this will
not be suitable for trees with their large biomass. Change in heat
storage can be calculated using the third expression in Eq. (6) when
bole temperatures are measured and the heat capacities of the bark
and wood are known (Lindroth et al., 2010). When biomass tem-
peratures are not measured, changes in heat storage in tree trunks
can be estimated using theory presented by Haverd et al. (2007)
which uses measured changes in air temperature and calculated
radiation absorbed by tree trunks As an example, estimated heat
storage fluxes peaked at ~60 W m~2 in a 40 m tall evergreen forest
at Tumbarumba (Leuning et al., 2005) and subtraction of this term
from the net radiation improved the hourly energy budget closure
from 90% without J, to 101% with it (Haverd et al., 2007). Inclusion
of the changes in biomass heat storage significantly improved half-
hourly energy balance closure for maize and soybean crops (Meyers
and Hollinger, 2004) and for a forest (Lindroth et al., 2010).

The storage terms J, and J,, associated with temperature and
humidity changes in the air column below the measurement height
h can be ignored over pastures and crops but should be included
when measurements are made over tall vegetation. A positive heat
storage flux of 47 Wm~2 around dawn was calculated by Haverd
et al. (2007) with a similar negative value at dusk, corresponding
to times when the canopy air temperature changes most rapidly.
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Fig. 2. Scatter plots of H + AE versus (a) R, and (b) R, — Gy for hourly-average measurements at Virginia Park. Panels (c) and (d) show corresponding averages and 2 x standard
errors for R, and R, — G in bins of 25 W m~2. The fraction of data in each bin is also shown.

Contributions by J,, were typically <20W m~2. Again, including
these terms in Eq. (5) was necessary to close the hourly energy
budgets at Tumbarumba.

7. Comparison of H+ AE versus A

It is clear that disagreement between H+AE and A will occur
unless all terms in Egs. (4) and (5) are evaluated accurately for each
half-hourly averaging period typically used by the flux measure-
ment community. An example of errors introduced by ignoring the
storage terms is shown in Fig. 2 using ~12200 hourly-average mea-
surements at Virginia Park (VP), a wet-dry season tropical savanna
ecosystem in northern Queensland (Leuning et al., 2005). The tree
cover at this site is sparse and soil heat fluxes are an important
component of the energy budget. When Gy is ignored (Fig. 2a),
the slope of the linear regression of H + AE versus Ry is 0.702 and
the intercept is 31.5W m~2. This slope increases to 0.924 and the
intercept decreases to 7.0 W m~2 when estimates of Gy obtained
using Eq. (7) are subtracted from R, each hour (Fig. 2b). Similar
results were obtained when Gy was estimated using Eqs. (8) and
(9) (data not shown). The improvement in energy closure is seen
more clearly in the lower two panels where the hourly data have
been averaged into 25W m? bins of R, and R, — G, respectively.
Approximately 24% of the data points occur when R, <0 and 32%
for Ry, — Go<OWm~2. H+ AE appears to asymptote to zero rather
than continuing along the regression line obtained from positive
fluxes but removal of these data from the regression analysis does
not significantly improve the apparent lack of energy closure.

Failure to account for the storage terms correctly for each hour
invariably leads to a regression slope less than unity. This is shown
in Fig. 3 where the hourly data from VP have been combined into
a composite 24 h day. R, leads H+ AE in the morning, peaks at a
higher value around noon, lags it late in the afternoon and is less

than H + AE at night. These phase shifts lead to the hysteresis loop
shown in Fig. 3c and a linear regression forced through the hourly
data has a slope less than one. This is a general result as shown
by Gao et al. (2010) who used theory for heat transport in soils
to demonstrate that phase shifts between H, AE and Gy leads to
a lack of energy closure at hourly timescales. Subtracting Gy from
R, greatly improves the agreement between R, — Gg and H + AE in
the diurnal plot (Fig. 3b) and almost eliminates the hysteresis loop
(Fig. 3d). The agreement is not perfect because the corresponding
slopes and intercepts in Fig. 2d are still less than one and greater
than zero, respectively.

Lack of energy closure at hourly time scales may thus simply
be caused by inaccurate estimates of the storage terms. This leads
to the question whether the energy balance can be closed on daily
timescales on the premise that energy stored in the soil, air and
biomass during the morning is released locally in the afternoon and
evening. A suitable averaging period is thus from one midnight to
the next. The success of this approach is seen in Fig. 4 when applied
to the VP dataset, where there is excellent agreement between
24 h averages of H+AE and of both R, and R; — Gg. Daily aver-
ages for three other Australian datasets also result in better energy
closure than hourly averages but at the cost of slightly lower R? val-
ues, whether or not the regressions are forced through the origin
(Table 1). In contrast, using daily averages did not improve energy
closure at the GLEES coniferous forest site in Wyoming during 2010
(Table 1). Similar results were obtained for 2007, 2008 and 2009
(not shown). The GLEES site is in complex terrain and advective
flux divergences due to drainage flows may negate the assumption
that energy stored in soil, air and biomass in the morning is released
locally later in the day.

To see whether averaging over 24h improves agreement
between H+AE and A more generally, we analysed 948 site-
years of data from the La Thuile dataset (http://www.fluxdata.org/
Datalnfo/default.aspx). Linear regressions of H + AE versus R, — Gy
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Fig. 3. Composite diurnal plots of (a) R, and H + AE, and (b) R, — Go and H + AE at Virginia Park. Corresponding hysteresis curves are shown in (c) and (d).

were obtained for 594 and 439 site-years for half-hourly and daily
averages, respectively. All sites with regression slopes <0.45 or
>1.35 were eliminated from the analysis because close inspection
showed either flux or radiation data from those sites were seri-
ously in error. While measurement errors undoubtedly exist in
the remaining dataset, our objective is to test whether 24 h aver-
aging decreases the apparent lack of energy closure despite such
errors. Frequency distributions of regression slopes forced through
the origin are shown in Fig. 5 for half-hourly and daily averages.
The median slope is 0.75 for the half-hourly averages, increasing to
0.90 for daily averages. Slopes >1 were found for <8% of sites when
half-hourly averages were used but this increased to 45% of sites
using daily averages. Restricting the analysis to sites with >50 days
having all 48 half hours of data did not change the distributions
(not shown). It is now necessary to explain both the under- and
over-estimates of H + AE compared to R, — Gg on daily timescales.

8. Discussion: causes for discrepancies
8.1. Incorrect coordinate system

Components of the wind vector are output as an orthogonal set
of velocities in the coordinate system of the sonic anemometer.
The instruments are usually installed horizontally rather than being
aligned with the mean stream lines of air flow over the surface, so it
is necessary to rotate the velocity vectors mathematically to force

the mean vertical and crosswind velocities to zero. This eliminates
the corresponding mean advective flux divergence terms IV and
V in Eq. (2) while term III is zero for horizontally homogeneous
flows over uniform surfaces. The planar fit approach of Wilczak
et al. (2001) uses long-term wind vector measurements to define a
single coordinate system, while other researchers rotate the wind
vectors to force w = 0 for each averaging period. Further discussion
of coordinate systems can be found in Finnigan et al. (2003) and
Finnigan (2004).

Another reason to carefully define the co-ordinate system is
to avoid contamination of the vertical w'T’ covariance with some
fraction f of the horizontal eddy flux w'T’. This always has a sign
opposite tow’T’ (Stull, 1988, Ch.9), and for the example of data from
the Otway site (Fig. 6a), we observe a slope of a ~ —2 for positive
(upward) heat fluxes and a ~ —4 for negative (downward) fluxes.
A simple analysis results in

1
T 1—df

b (10)

where b(< 1) is the slope of the measured w'T’ covariance versus
the true value. To a first approximation b is the slope of the linear
regression of H+ AE versus A. Fig. 6b shows that as the tilt angle
(arcsinf) increases from 0 to 3 degrees, b decreases from 1.0 to
0.91 when a = -2 and from 1.0 to 0.82 when a = —4. It is clear
that even small a misalignment of the coordinate system causes the
true vertical sensible heat fluxes to be underestimated significantly.

Table 1

Statistics for linear regression of H + AE (y) versus R, — Go (x) at hourly and daily timescales. The intercept has units of Wm~=2,
Site Description Hourly Daily Hourly Daily

Slope? R? Slope? R? Slope Intercept R? Slope Intercept R?

Otway (2007-2008) Pasture 0.866 0.967 0.949 0.943 0.840 111 0.970 0.864 9.0 0.956
Sturt Plains (2009) Tropical grassland 0.861 0.853 1.075 0.862 0.793 30.5 0.884 0.962 12.2 0.875
Tumbarumba (2001-2005) Evergreen forest 0.904 0.838 1.182 0.850 0.853 31.2 0.854 0.986 28.0 0.898
Virginia Park (2001-2004) Tropical savanna 0.944 0.876 0.973 0.835 0.924 7.0 0.877 0.873 12.6 0.848
GLEES (2010) Conifer forest 0.727 0.914 0.747 0.846 0.718 6.2 0.915 0.688 9.8 0.854

2 Slope forced through origin.
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surements at Virginia Park.

Similar arguments apply to the latent heat flux. One solution to this
cross-contamination may be to choose a coordinate system that
maximizes the w'T” and w’ x;, covariances rather than the current
practise of forcing w = 0. This may produce unstable results and
further work is needed to test this suggestion.

Inaccuracies in estimating heat storage in the soil, air and
biomass at half-hourly time scales and incorrect coordinate rota-
tion both lead to underestimation of the true heat and water vapor
fluxes. Increasing the averaging time to 24 h reduces errors in the
storage terms but cannot correct for cross-contamination between
horizontal and vertical eddy fluxes. We next consider the role of
advective flux divergence in the energy closure problem.
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measured w'T’ covariance versus the true covariance. To a first approximation b is
the slope of H + AE versus A.

9. Advective flux divergence

In the La Thuile dataset the slope of H+ AE versus A is >1 for
only 8% of sites when half-hourly data are used (Fig. 5). Advective
flux divergence would need to be systematically negative (energy
export from the CV) to explain the lack of energy closure at almost
every site, but this is unlikely because the flux divergence can be
positive or negative depending on the sign of the scalar gradient
terms in Eq. (2). However, advective flux divergence does provide a
plausible explanation when the averaging time is increased to 24 h,
since this raises the median slope of H + AE versus A to 0.90 (i.e., a
smaller energy imbalance) and increases the proportion of sites
with regression slopes >1 to 45% (Fig. 5). Deviation from the ideal
slope of one can now be due to advective flux divergence importing
or exporting sensible and latent heat from the CV.

Horizontal and vertical advective flux divergence will occur at
sites located in heterogeneous landscapes and/or complex topog-
raphy due to flow divergence/convergence and recirculating flows
(Katul et al., 2006; Foken, 2008; Harman and Finnigan, 2010),
thereby violating the assumptions required for Eq. (3) to be valid
(Simple Cartesian coordinate systems do not apply in complex ter-
rain). Advective flux divergence occurs when stable atmospheric
conditions within plant canopies decouple turbulent exchange of
heat and mass between the vegetation and the atmosphere (van
Gorsel et al,, 2011). Drainage flows within canopies on hillsides
under stable conditions can cause the advective flux divergence
terms in Eq. (2) to dominate the eddy flux and storage terms (van
Gorsel et al., 2007; Yi et al., 2008).

Large-eddy simulations (LES) by Kanda et al. (2004) support
the suggestion of Foken (2008) and others that low-frequency
mesoscale circulations due to landscape heterogeneity can explain
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the lack of energy closure due to what Steinfeld et al. (2007)
call ‘locally non-vanishing mean vertical advection due to tur-
bulent organized structures (TOS)'. The strength of the TOS and
thus the magnitude of the energy imbalance depends on measure-
ment height, the horizontal mean wind and atmospheric stability.
However, these structures do not resolve the imbalance problem
because they account for imbalances that are an order of magnitude
smaller than those observed at typical eddy flux sites (Steinfeld
et al., 2007). As noted by Finnigan (1999), horizontal and vertical
advective flux divergences occur together but often with opposite
signs, thereby diminishing the net effect of these flux divergences.

To estimate the magnitude of the horizontal temperature gra-
dient needed to account for a given horizontal flux divergence of
sensible heat AH, we note that

h — —

AH:ﬁcp/O uj—idz%ﬁcph%%, (11)
where mean wind speed between the ground and h has been
approximated by u, /2. A similar expression can be written for the
flux divergence for water vapor. Thus

AT  2AH  AXw _ 2AME

Ax T peyush’ Ax T cghMytiph (12)

Errors in H of 50-100W m~2 are common at the hourly time
scale and Fig. 7a shows that unrealistically large temperature gra-
dients of 5-10° Kkm~! are needed to account for such values of AH
when i;h < 20m? s~1. Errors in AE of 50-100 W m~2 also require
unrealistically large horizontal gradients in xy.

Vertical advective flux divergence of sensible heat can be esti-
mated using the approximation proposed by Lee (1998)

h ﬁ 1 h
Aﬁ:pcp/ W dz % e, (h) T(h)—H/ Tdz (13)
0 0

The term in square brackets is the difference in temperature at
h and the average temperature of the air layer below h and writing
this as AT, we obtain

AH

w(h) = ——,
ocp ATy

(14)
which is the mean vertical velocity needed to account for the
advective flux divergence error. Estimates of w(h) are shown as
a function of AH and AT, in Fig. 7b. These velocities are quite small
(<160mm ss~1) but again, the values of AT, needed to account for
AH are unrealistically large, especially during daytime when the
energy balance closure problem is most apparent (Fig. 2).

We have shown that the large discrepancies in hourly-average
fluxes can be explained, at least partially, by inaccurate estimates
of heat storage in the soil and biomass (Fig. 3) or by incorrect
coordinate rotation (Fig. 6). Unrealistically large horizontal and ver-
tical gradients in temperature and humidity are needed to account
for the apparent energy imbalance and the true magnitude of
AH + AAE is likely to be of order 20-30 W m~2 if the storage terms
are evaluated correctly. Such advective flux divergence errors can
be positive or negative and require only plausibly small horizontal
temperature and humidity gradients and/or small mean vertical
velocities and vertical temperature gradients to account for the
‘missing’ energy.

10. Conclusions

Half-hourly measurements of sensible and latent heat fluxes
appear to systematically underestimate the available energy at
most eddy covariance sites, but a substantial part of this under-
estimate can be explained by phase lags caused by incorrect
estimates of the energy storage in soils, air and biomass below
the measurement height. Unrealistically large and positive hor-
izontal gradients in temperature and humidity are needed for
advective flux divergences to explain the energy imbalance at
half-hourly time scales. With half-hourly averages, energy closure
is observed at only 8% of flux sites in the La Thiuile dataset but
this increases to 45% using 24 h averages because energy entering
the soil and biomass in the morning is returned in the afternoon
and evening. Imbalances between H+AE and A still occur in
the daily averages but the small residual energy imbalances are
explicable by advective flux divergence transporting energy to or
from the control volume surrounding a flux station. Systematic
underestimates of the vertical heat flux also occur if horizontal u'T’
covariances contaminate the vertical w'T’ signal due to incorrect
coordinate rotations. Radiation measured by horizontal sensors
must be adjusted to correctly account for net radiation absorbed
by inclined surfaces. Closure of the energy balance is possible
at half-hourly time scales by careful attention to all sources of
measurement and data processing errors in the eddy covariance
system and by accurate determination of all components of the
available energy. Selection of horizontally homogeneous sites is
necessary to satisfy the assumptions of one-dimensional transport
underpinning eddy covariance measurements on single towers.
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Appendix A. Global irradiance on inclined surfaces

Olmo et al. (1999) present a simple model to estimate the global
irradiance on an inclined surface, Gy, given measurements in the
horizontal plane, Gy. Their Eq. (6) is

Gy = G exp [~ki(¥? — 7)] [1+ ps sin’(y/2)] (A1)

where the clearness index k; is the ratio of measured global to calcu-
lated extraterrestrial horizontal irradiance, ps is the surface albedo,
0s is the solar zenith angle and  is the angle between the normal
to the inclined surface and the direction of the sun. All angles are
expressed in radians.

Following Goudriaan and van Laar (1994), the solar elevation
angle S is calculated using

27(ty — 12)} (A2)

sin B¢ = sin A;sin §s + cos A; cos §s cos [ 54

and thus the solar zenith angle 6; = 7/2 — Bs. In Eq. (A2) ty, is local
solar time (hours), A; is the latitude and §; is the declination of the
sun with respect to the equator for day of year t;:

o . (23.457 27(ty + 10)
sin 85_—sm< 180 )cos( 365 ) (A3)
Finally,
cos ¥ = sin @sin ¥ + cos 0 cos ¥ cos(os — o) (A4)

where 6 is the zenith angle for the inclined surface and o and o

are the azimuth angles of the surface and the sun, respectively. The

latter is calculated using

—sin [1577(12 — t;,)/180] cos &
cos s

sin o5 = (A5)
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