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This paper presents a multi-site (>20) analysis of the relative and absolute energy balance (EB) closure
at European FLUXNET sites, as a function of the stability parameter &, the friction velocity u-, thermally-
induced turbulence, and the time of the day. A focus of the analysis is the magnitude of EB deficits for
very unstable conditions. A univariate analysis of the relative EB deficit as function of £ alone (both for
individual sites and a synthesis for all sites), reveals that the relative EB deficit is larger for very unsta-
ble conditions (&£ <—1.0) than for less unstable conditions (—0.02>& > —1.0). A bivariate analysis of the
relative EB deficit as function of both & and u-, however, indicates that for situations with comparable
u- the closure is better for very unstable conditions than for less unstable conditions. Our results sug-
gest that the poorer closure for very unstable conditions identified from the univariate analysis is due to
reduced u- under these conditions. In addition, we identify that the conditions characterized by smallest
relative EB deficits (elevated overall turbulence, mostly during day time) correspond to cases with the
largest absolute EB deficits. Thus, the total EB deficit at the sites is induced mostly under these condi-
tions, which is particularly relevant for evapotranspiration estimates. Further, situations with the largest
relative EB deficits are generally characterized by small absolute EB deficits. We also find that the rel-
ative EB deficit does generally not correspond to the regression line of absolute EB deficit with the net
radiation because there is a (positive or negative) offset. This can be understood from theoretical con-
siderations. Finally, we find that storage effects explain a considerable fraction of the large relative (but
small absolute) nocturnal EB deficits, and only a limited fraction of the overall relative and absolute EB
deficits.
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1. Introduction

Eddy-covariance (EC) flux measurements allow the assessment
of land-atmosphere fluxes (e.g., carbon, water, and energy). They
are now collected at several sites across the world as part of the
FLUXNET network (e.g. Baldocchi et al., 2001). These data are essen-
tial for the estimation of the terrestrial water, energy and carbon
balances, and for the understanding of the related physical and bio-
logical processes. This is of key relevance given the role of land
surface processes for the climate system (e.g., Koster et al., 2004;
Seneviratne et al., 2006; Friedlingstein et al., 2006). EC data are par-
ticularly useful for validating ecosystem, land-surface and climate
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models (e.g., Baldocchi and Wilson, 2001; Stockli et al., 2008; Jaeger
et al.,, 2009).

However, EC data are subject to important random errors (e.g.,
Richardson et al., 2006, 2008), problems like footprint heterogene-
ity (i.e., the turbulent fluxes show a strong spatial variation around
the measurement tower; e.g., Gockede et al., 2008; Vanderborght
etal., 2010), incomplete time series because some of the measured
turbulent fluxes are excluded when deemed unreliable (e.g., Falge
etal.,2001; Schmid etal.,2003), and especially, the systematic error
related to the energy balance (EB) closure problem (e.g., Twine et
al., 2000; Finnigan et al., 2003; Meyers and Hollinger, 2004; Barr
et al., 2006; Foken, 2008). This latter issue is the main focus of the
present study.

Several hypotheses underlie the estimation of turbulent fluxes
from EC data: (1) the ergodic hypothesis (i.e., the time average con-
verges over an appropriate time interval to the ensemble average);
(2) the Taylor hypothesis (i.e., the temporal average replaces the
spatial average); (3) statistical stationarity for the period under
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consideration (i.e., the mean flux should not change significantly
over the averaging time used to determine the mean); (4) horizon-
tal homogeneity; and (5) the assumption that the average vertical
wind component is equal to zero. The vertical sensible and latent
heat flux densities are evaluated by the EC method according to:

Qu = pcpw'd’ (1)
QE = prW7 (2)

where Qy is the sensible heat flux density (W m~2), Qg the latent
heat flux density (W m~2), p the air density (kg m~—3), ¢, the specific
heat of moist air at constant pressure (Jkg=! K-1), w the vertical
wind velocity (ms~1), @ the potential temperature (K), Iy the latent
heat of vaporization (Jkg=1), and q the specific humidity (kg water
vapor/kg air). An overbar denotes averaging over time and a prime
denotes a fluctuation from the mean.

Egs. (1) and (2) are often evaluated for high-resolution (e.g.,
10Hz or 20 Hz) EC data. In most cases, the energy flux densities esti-
mated on the basis of EC data (the sum of sensible and latent heat
flux densities) over 30-min periods, do not sum up to net radiation
together with measured soil heat flux density and heat storage. The
evaluation of EC data over longer time periods often leads to a bet-
ter closure (e.g., Jarvis et al., 1997). For half-hourly values, Wilson
et al. (2002) report an average EB deficit of 21% over 22 FLUXNET
sites, and Barr et al. (2006) report for three mature boreal forest
stands in Canada EB deficits between 11% and 15%.

The exact factors leading to EB deficits are still debated. Neglect-
ing heat storage in soil and canopy, as well as measurement errors
have been suggested to have a substantial impact on the EB closure.
However, increasing measurement precision for net radiation and
soil heat flux density makes it less likely that measurement errors in
these components are the main causes of the energy balance deficit
(e.g., Foken, 2008). Another explanation that has been put forward
inrecent years, is that the EB closure problem may be related to low
frequency turbulence that is not included in Egs. (1) and (2), prin-
cipally because the period over which the averages are calculated
is relatively short (e.g., Finnigan et al., 2003; Foken et al., 2006).
Indeed, coherent structures that are “attached” to the landscape
may develop and these are not sampled with the EC method (e.g.,
Inagaki et al., 2006). This may be induced by e.g. land surface het-
erogeneities generating eddies at larger scales than those captured
by the standard application of the EC method (e.g. Kanda et al.,
2004; Inagaki et al., 2006; Mauder et al., 2007; Huang et al., 2009).

Previous studies based on experimental data suggested that
the relative EB closure improves for increasing friction velocities
u~ and increasing instability (e.g., Wilson et al., 2002; Barr et al.,
2006). Under unstable conditions, convection is not suppressed and
many studies find that the EC technique results in smaller rela-
tive EB deficits (e.g., Wilson et al., 2002; Barr et al., 2006). Also
large u-~ reduces the relative EB closure problem (e.g., Wilson et al.,
2002; Barr et al.,, 2006), because the ergodic hypothesis and Tay-
lor hypothesis are better fulfilled. However, under very unstable
conditions also more low frequency turbulence (i.e., larger eddies)
may be generated, for instance due to the occurrence of organized
convection, meso-scale circulation systems or the development of
deeper boundary layers (e.g., Finnigan et al., 2003). As mentioned,
this may lead to a worsening of the EB closure for these conditions.

Indeed, from Figs. 4 and 5 in Barr et al. (2006) it can be seen that
the relative EB closure is poorer for very unstable conditions than
for less unstable conditions, although this result is not discussed in
detail. Also Tanaka et al. (2008) find a larger relative EB deficit for
very unstable conditions. Finnigan et al. (2003) hypothesize that
a poorer relative EB closure induced by low frequency turbulence
(related with large-scale convection), is expected to affect forested
sites (high sensors) more than agricultural lands (low sensors).

In order to derive firmer conclusions concerning the EB closure
under very unstable conditions, it is necessary to expand these
results with a multi-site analysis. In the present study, we investi-
gate EC data from up to 26 European FLUXNET sites, with a focus
on the following questions:

(1) Isthe larger relative EB deficit reported in the literature for very
unstable conditions (compared with less unstable conditions)
robust when analysed for a large number of sites?

(2) What are the relative contributions of mechanically- vs.
thermally-induced turbulence for relative EB deficits under
very unstable conditions?

(3) Does a multi-site analysis of the relative EB deficit as function
of three or four variables (atmospheric stability &, u«, thermal
turbulence, time of the day) provide new insights regarding the
relation between relative EB deficit and environmental factors?

(4) How does the absolute EB deficit relate with the relative EB
deficit under different atmospheric conditions?

(5) How can cases with particularly poor EB closure be interpreted?
Are such cases concomitant with conditions of small absolute
net radiation?

Details on data and methods are provided in the next section,
the results and analyses are presented in Section 3, and the main
conclusions of this study are highlighted in Section 4.

2. Data and methods
2.1. Data

Flux tower data from 26 European FLUXNET sites, of which 21
forested sites, are analyzed here for the years 1997-2006 (Table 1).
For some analyses the total number of considered sites is smaller
when data was unavailable for given variables (e.g. no £ data at
Flakaliden and no u+ data at Bayreuth and Flakaliden, and missing
storage data at many of the sites). The time series at the consid-
ered sites include at least two years with net radiation, turbulent
flux densities and soil heat flux density. The turbulent fluxes for
the European FLUXNET sites are estimated on the basis of 30-
min averages. Table 1 provides more information about the sites.
For further details, we refer the reader to the respective publica-
tions and references therein, or to the official FLUXNET homepage
(http://www.fluxnet.ornl.gov).

The data were extracted from the common database and under-
went a pre-screening. For this study, additional checks were made
and for some sites erroneous radiation measurements were elimi-
nated from the analysis. If for a given 30-min period net radiation,
latent and sensible heat flux densities, soil heat flux density and
storage terms are available, the energy balance deficit can be
expressed as follows:

AEB =Ry — Qy — Qg — Qg — AS g — ASy — ASgjo — ASg, 3)

where AEB is the absolute EB deficit (W m~2), R, the net radia-
tion (W m~2), Q, the soil heat flux density (W m~2), and AS energy
storage (W m~2) as latent heat between the soil surface and the EC
sensors (hereinafter: in the canopy air space) (ASig), as sensible
heat in the canopy air space (ASy), in the biomass (ASgjp) and in
the soil layer between the heat flux plate and the soil surface (ASg).
The relative EB deficit is the absolute EB deficit standardized by Ry,.
In Section 2.2 details are provided on the calculation of the relative
EB deficit.

In this study the energy storage terms are generally not con-
sidered in the analysis, because these data are only available for
a limited number of sites, and in case of ASg for none of the sites.
However, the contribution of heat storage to the half-hourly energy
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Details about the 26 European FLUXNET sites used in this study. UK: United Kingdom. Vegetation types: BET: evergreen broad leaf, BDT: deciduous broad leaf, MF: mixed
forest, NET: evergreen needle leaf, Crop: crops or grassland.

Site and country Longitude () Latitude (°) Altitude (ma.s.l.) Sensor height (m) Vegetation type No. of years Site reference

Amplero (Italy) 13.605 E 41.904 N 884 4 Crop 4 Gilmanov et al. (2007)
Bayreuth (Germany) 11.868 E 50.142 N 780 32 NET 3 Staudt and Foken (2007)
Brasschaat (Belgium) 4521E 51.309 N 16 42 MF 2 Gielen et al. (2010)
Castel-Porziano (Italy) 12.378 E 41.706 N 68 25 BET 8 Reichstein et al. (2002)
Collelongo (Italy) 13.589 E 41.849 N 1550 32 BDT 8 Valentini et al. (2000)
East-Saltoun (UK) —-2.500 W 55.900 N 97 3 Crop 2 www.fluxdata.org

El Saler (Spain) —-0.519W 39.346 N 10 15.5 NET 8 Reichstein et al. (2005)
Flakaliden (Sweden) 19.457 E 64.113 N 315 15 NET 7 Valentini et al. (2000)
Fyodorovskye (Russia) 32.924E 56.462 N 265 29 NET 8 Milyukova et al. (2002)
Griffin (UK) —-3.797 W 56.607 N 340 15.5 NET 7 Valentini et al. (2000)
Grignon (France) 1.952E 48.844 N 125 4 Crop 2 Hibbard et al. (2005)
Hainich (Germany) 10452 E 51.079 N 430 44 BDT 4 Kutsch et al. (2010)
Hampshire (UK) -0.861 W 51.121 N 80 28 BDT 2 www.fluxdata.org
Lonzee (Belgium) 4.745E 50.552 N 165 2.7 Crop 2 Moureaux et al. (2006)
Loobos (Netherlands) 5.744E 52.168 N 25 27 NET 7 Dolman et al. (2002)
Mehrstedt (Germany) 10.655 E 51.275N 286 3 Crop 2 Don et al. (2009)
Nonantola (Italy) 11.089E 44.690 N 25 15 BDT 3 Reichstein et al. (2003)
Renon (Italy) 11.435E 46.588 N 1730 32 NET 2 Marcolla et al. (2003)
Roccarespampani (Italy) 11.930E 42.408 N 234 18.5 BDT 4 Reichstein et al. (2003)
San Rossoro (Italy) 10.287E 43.730 N 4 24 NET 6 Reichstein et al. (2005)
Sodankyla (Finland) 26.638 E 67.362 N 180 235 NET 6 Hatakka et al. (2003)
Tharandt (Germany) 13.567 E 50.964 N 380 42 NET 7 Griinwald et al. (2007)
Vielsalm (Belgium) 5.999 E 50.309 N 450 40 MF 9 Aubinet et al. (2001)
Wetzstein (Germany) 11.458 E 50.454 N 785 30 NET 3 Rebmann et al. (2010)
Yatir Forest (Israel) 35.052 E 31.345N 650 18.7 NET 4 Grunzweig et al. (2003)
Zerbolo (Italy) 9.061 E 45201 N 60 27.5 BDT 4 Migliavacca et al. (2009)

balance deficit is not negligible for tall vegetation (e.g., Foken et al.,
2006) and also ASg might play arole (e.g., Heusinkveld et al., 2004).
Therefore for some of the sites, for which storage data are avail-
able, additional analyses are provided (Section 3.10). Not enough
sites with storage terms were available to perform bi- and trivari-
ate analyses, but the effect of storage is estimated for the individual
sites with data, and as a multi-site analysis as function of £ and time
of the day. In order to further analyze the impact of excluding heat
storage from Eq. (3) for a larger number of sites, AEB is also evalu-
ated as a function of the time of the day. Indeed it is expected that
during the morning energy storage is in most cases positive (result-
ing in a larger relative EB deficit), while during the afternoon the
energy storage is in most cases not positive and very small. This
analysis hence provides an indirect means to determine the role of
energy storage for the relative EB closure, by identifying whether
the relation between the atmospheric stability, thermal turbulence,
u« and relative EB closure, is different for conditions with posi-
tive energy storage (morning) and zero or negative energy storage
(afternoons).

Our main focus is not on the magnitude of the relative EB deficits,
but on their relation with the &, u+, thermally-induced turbulence,
and time of the day. Thus in this analysis, we also do not consider
differences between open-path and closed-path EC measurements,
though these may slightly impact relative EB deficits (with slightly
larger relative EB deficits for the closed-path system, e.g. Wilson et
al., 2002 and Haslwanter et al., 2009).

2.2. Method

The absolute and relative EB deficits, together with the average
net radiation, are analysed for different subsets of the measured
data:

(1) As a function of atmospheric stability, both for individual sites
and as a multi-site analysis. EB closure is analyzed as a function
of & for the individual sites, dividing the data points into four
stability classes: stable (£ > 0.1), neutral (0.1 <£<0.1), slightly

unstable (-0.5 <& <-0.1), and (very) unstable (§<-0.5). The
classes are chosen such that each class has enough data points
to provide a reliable estimate of the EB deficit. The & is also
included in the European FLUXNET data set and is calculated

as:
g=27¢ 4)
with:
—ul
- 5
k(g/0w'er ®)

where z is the sensor height (m), d the zero-plane displacement
height (m), L the Monin-Obukhov length (m), k the von Kirman
constant (-), g the gravitational acceleration (m s~2), and u- the
friction velocity (m s~1). The analysis is repeated as a multi-site
analysis, which is carried out for the 20 forested sites with a
sensor height of at least 15 m. For this multi-site analysis the
EB deficit is estimated for 19 different & classes.

For six sites (Vielsalm, Tharandt, Brasschaat, Castel Porziano,
Loobos and Collelongo), results including ASy and ASg are
compared with results excluding storage, and for two sites
(Vielsalm, Tharandt) also an analysis is made including ASgo.
Brasschaat also recorded ASgo, but very infrequently, and is
therefore excluded from the analysis.

(2) As a function of u«, as a multi-site analysis. For u- a multi-site
analysis is performed including all 24 sites with u- data. In that
case, the EB deficit is estimated as a function of u- for 19 classes.

(3) As a function of thermally-induced turbulence, as a multi-site
analysis. Eq. (5) shows that £ is impacted by u- (numerator)
and thermally-induced turbulence (TT, denominator). Here we
address the following question: is the relative EB deficit under
very unstable conditions caused by reduced u-, or by elevated
TT generating more low frequent turbulence (not captured by
the standard integration time used at the European FLUXNET
sites)?

(4) As a function of the time of the day, as a multi-site analysis. In
this case the EB deficit is estimated on an hourly basis. The times
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Table 2

Average EB deficits (%) for 25 European FLUXNET sites and four & classes. In brackets the number of data points is given. The grey shading indicates which class has the lowest

to the highest (light to dark grey) relative EB deficit.

Site £<-0.5 -05<£<-0.1 0.1>&>-0.1 £>0.1 All data
Tall vegetation
Bayreuth 24.6 (n=876) 22.7 (n=1896) 46.3 (n=8909) 289
Brasschaat 28.7 (n=1019) 22.8 (n=1450) 455 (n=6255) 34.1
Castel-Porziano 29.7 (n=3781) 20.9 (n=9284) 23.8 (n=25499) 26.4
Collelongo 34.8 (n=4326) 29.7 (n=2728) 15.0 (n=5781) 29.0
El Saler 25.4 (n=1033) 14.9 (n=3174) 17.5 (n=9117) 17.8
Fyodorovskye 30.7 (n=1575) 26.2 (n=4996) 24.6 (n=40015) 26.8
Griffin 15.5 (n=1812) 9.0 (n=2199) 9.4 (n=16910) 11.1
Hainich 30.7 (n=1858) 23.6 (n=3459) 24.3 (n=20594) 26.6
Hampshire 51.1(n=626) 26.6 (n=633) 35.8 (n=9569) 35.0
Loobos 18.3 (n=2290) 15.6 (n=4633) 19.3 (n=21373) 16.9
Nonantola 32.1 (n=2592) 34.3 (n=1846) 54.9 (n=4489) 38.3
Renon Few data Few data —-4.5(n=7113) 11.1
Roccarespampani 31.5(n=1602) 24.6 (n=2406) 19.0 (n=15073) 233
San Rossoro 39.6 (n=1656) 32.7(n=5314) 36.0 (n=15804) 34.5
Sodankyla 25.3 (n=2348) 19.2 (n=3913) 23.8(n=22916) 25.5
Tharandt 20.1 (n=2856) 17.5 (n=5992) 17.0 (n=30902) 18.9
Vielsalm 34.7 (n=4577) 27.0 (n=6422) 39.8 (n=24031) 30.2
Wetzstein 33.0 (n=735) 28.8 (n1=2005) 39.8 (n=11724) 33.6
Yatir Forest 28.9 (n=764) 13.0 (n=1888) 8.9 (n=4339) 14.3
Zerbolo 35.6 (n=2283) 30.3(n=2313) 37.8 (n=6668) 34.8
Short vegetation
Amplero 16.1 (n=5534) 12.4 (n=3347) 30.6 (n=8152) 17.3
East-Saltoun 51.8 (n=464) 50.4 (n=764) 51.4(n=6803) 51.3
Grignon 33.7 (n=165) 31.2 (n=696) 31.9 (n=6409) 32.0
Lonzee 7.3 (n=994) 6.1 (n=28485) —18.2 (n=1655) 5.9
Mehrstedt 23.0(n=1262) 16.2 (n=1986) 20.8 (n=13060) 215
Average tall vegetation (without Renon) 30.0 231 29.6 25.9
Average short vegetation 26.5 235 28.2 25.6
Average over 25 sites 293 23.2 28.0 258

are local times. This analysis was also carried out including the
role of storage, using the six sites mentioned under 1).

(5) As a joint function of two of the four above-mentioned vari-

ables, namely:

a. u-and £ or TT.

b. £ and time of the day.
c. TT and time of the day.
d. u- and time of the day.

For these analyses the following five different &
classes were considered: very unstable (£ <-1.0), unsta-
ble (-0.02>£&>-1.0), neutral (0.02>&£>-0.02), stable
(1.0>£>0.02), and very stable (£ >1.0). Analyses were made
for four different local time periods (0-6h, 6-12h, 12-18h,
and 18-24h), five different TT classes (TT< -3 x 1074 m?2s~3,
—3x1074m?2s3<TT<-1x10"4m?s3,
—1x104m2s53<TT<1x10"4m?2s3,
1x107*m2s3<TT<1x103m2s3, TIT>1x103m?2s3),
and five different U~ classes (u+<0.15ms1,
0.15<u-<0.30ms™!, 0.30<u«<0.45ms™ 1,
0.45 <u+<0.60ms~!,and u >0.60ms-1).

(6) As a joint function of all variables: u-, £ (or TT) and time of the
day. In this case the analysis was made for five £ classes (similar
to 5a and b) or five different classes for TT (similar to 5a and c),
five u- classes (similar to 5a and d), and four different local time
periods (similar to 5b-d).

For each of the individual cases that comprise the different ana-
lyzed subsets, the overall relative EB deficit is determined by the
weighted least squares regression of its single values as a func-
tion of net radiation with zero offset. The regression slope gives
the relative EB deficit as a fraction, expressed in %. This procedure
is commonly used to estimate the relative EB deficit (e.g., Wilson
et al., 2002; Barr et al., 2006) and was justified (e.g., Wilson et al.,

2002) by the fact that the differences between regression with and
without offset are in most cases small (see however later discus-
sions, Section 3.2 and Table 3). The 95% estimation interval of the
regression slope (the regression coefficient) is also determined.

Also a weighted least squares regression is performed allowing
the offset being different from zero. We argue that for non-neutral
atmospheric conditions it is necessary to allow for an offset in the
regression. During unstable conditions or positive TT, the offset is
expected to be negative, whereas it is expected to be positive for
stable conditions or negative TT. We find that this is indeed the case
(see later discussion, Section 3.2 and Table 3). The reason why off-
sets are expected to be different from zero can be understood better
if one has a closer look at the denominator of Eq. (5). Let us consider
the case that a regression is made of the EB deficit as a function of
net radiation, for a subset of measured data with TT > 0. Evidently,
TT >» Oisassociated with a strong positive sensible heat flux density,
and if this observation is associated with a measured net radiation
equal to zero, it is expected that the EB deficit is negative and this
results in a negative offset. In theory, the energy balance still could
be close to zero if the soil heat flux density would be strongly nega-
tive, which is not common under these conditions. The opposite is
the case for TT < 0. In this case the offset is expected to be positive.
The same problem affects regressions considering subsets of mea-
sured data with different observed atmospheric stability. In case of
an unstable atmosphere (£ <0), the offset is expected to be nega-
tive, and for a stable atmosphere (£ > 0) it is expected to be positive.
Also for subsets of the measured data with different u« values, the
offset cannot be expected to be zero, given the correlation between
u~ and the atmospheric stability parameter.

Finally, the relative EB deficit was also estimated by the bulk
method with the following formula: > (Qu +Qg)/> (Rn — Qg). All
fluxes are summed up over all measurements over given subsets of
the data. However, because this method in general did not provide
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reliable results, few results from the bulk method will be presented
in this paper.

For the analysis of the absolute EB deficits, one should take into
account that the deficits are affected by systematic errors (e.g. den-
sity effects and sensor separation for measurements of the latent
heat flux density). Additionally, neglecting storage might affect the
absolute EB deficits, especially if they are analyzed for transitional
time periods at sunrise or sunset, or certain specific atmospheric
conditions (particularly stable nighttime situations). The impact of
storage is analyzed in detail for the mentioned subset of sites. As a
result, we assume that absolute EB deficits of up to 20Wm~2 can
be attributed to systematic measurement errors and/or neglected
storage terms, and not to any atmospheric mechanisms/processes
forcing an EB deficit.

3. Results and discussion
3.1. EBclosure as a function of £ at individual sites

Table 2 displays the relative EB deficits for the individual sites,
for different & classes. For most sites (23 out of 24) the relative EB
deficit is larger for (very) unstable conditions (£ <—0.5) than for
slightly unstable conditions (—0.5 <& < —0.1). For Renon (Italy) not
enough data for unstable conditions are available to make areliable
estimate of the EB deficit. Averaged over all sites, the EB deficit for
£<-0.5i529.3% whereas it is 23.2% for —0.5 <& < —0.1. The 19 sites
with tall vegetation have an average relative EB deficit that is 6.9
percent points (£1.3) larger for £<-0.5 than for -0.5<£<-0.1,
whereas for the five sites with short vegetation the difference
is 3.0 percent points (+1.1) only. The differences are significant
(p<0.05). Also remarkable is the bad closure for stable conditions
(£>0.1) with EB deficits between 60% and 90% for most of the
sites.

Taking into account all £ classes, the impression may arise from
Table 2 that the relative EB deficit is much larger than reported in
other studies for FLUXNET studies (e.g., Wilson et al., 2002). How-
ever, this is not the case. If all the data for a specific site are taken
together, and a regression is performed to estimate the relative EB
deficit for each site, the average relative EB deficit over all sites is
25.8% (see last column of Table 2), which is only marginally larger
than the value reported by Wilson et al. (2002). The relative EB
deficit is slightly larger because energy storage is not taken into
account in the values provided in Table 2. Moreover, in this study a
larger number of observations are included compared with Wilson
et al. (2002), which might also impact the results. The relative EB
closure was also alternatively determined for each site by the bulk
method, where the quantities are determined over the complete
time series. Over long time series the net change in storage is neg-
ligible compared to the total sum of net radiation and the total
sum of the energy flux densities. Averaged over 25 sites the rela-
tive EB deficit is 23.4% with this method, which is only marginally
smaller than the value found by the regression analysis (25.8%).
Moreover, this method seems to give less reliable results because
of the occurrence of outliers for two sites: a strongly negative rel-
ative EB deficit and an extremely large relative EB deficit, both
values strongly deviating from the relative EB deficit estimated by
regression.

The fact that the overall relative EB deficit is much lower than
the averages over the different £ classes can be explained by two
main factors. First, there are often more measurements for the &
classes that are associated with a smaller relative EB deficit. Sec-
ond, if a regression is performed taking into account all data, the
slope of the regression line is strongly determined by the EB deficit
for the cases with an elevated net radiation. These cases occur dur-
ing daytime and mostly under conditions where the EC technique
performs well.
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Fig. 1. The EB deficit and u- as a function of &, on the basis of a multi-site-analysis
over 20 European FLUXNET sites (tall vegetation only) with 486,462 data points in
total and between 8,825 and 35,506 data points per & class (only four classes have
less than 20,000 data). The upper boundary of the & class is given, the lower boundary
value is given by the preceding value (for instance: —0.5 stands for the class with
stabilities between —1.0 and —0.5). The uncertainty of the estimated EB deficit is
very small (not shown).

3.2. Multi-site analysis of EB closure as a function of &

Here we perform a multi-site analysis in order to shed more
light on the relation of the relative EB deficit with &. Fig. 1 shows
clearly that for very unstable conditions the relative EB deficit is
larger than for less unstable conditions. The EB deficit reaches a
minimum of 21.2% for —0.05>£ > —0.1. For very unstable condi-
tions with £<—1.0 the EB deficit is above 30%, for £<—2.0 even
35.7%. This illustrates that the increase of the relative EB deficit for
very unstable conditions, already observed for the individual sites,
is even more pronounced if we divide the data in a larger number
of & classes, and have enough data to calculate the EB deficit for
conditions that are very unstable. However, Fig. 1 also illustrates
that the very unstable conditions are associated with much lower
u- than (slightly) unstable conditions. Lower u- are in general asso-
ciated with larger relative EB deficits. Therefore, from this analysis
it remains unclear whether the increase of the relative EB deficit for
very unstable conditions is related to issues induced by increased
large values of TT, or to the reduced u-. Fig. 1 also illustrates that
around neutral conditions a very sudden change in the relative EB
deficit occurs, with an EB deficit above 50% for close to neutral, very
slightly stable conditions (0.0 < £<0.01), and decreasing to 33% for
close to neutral, very slightly unstable conditions (—0.02 <£<0.0).
The largest relative EB deficits are found for more stable condi-
tions, with EB deficits larger than 60% for 0.3 < & < 2.0. Surprisingly,
for very stable conditions (£ > 2.0) the relative EB deficit is much
smaller than for less stable conditions. This is partly explained by
the fact that a large part of the cases with very stable conditions
can be attributed to the site of Collelongo, which has a very good
EB closure for stable conditions in general.

For each £ class, we performed a regression analysis of the EB
deficit as a function of net radiation. The results are summarized
in Table 3. Accounting for an offset results in negative offsets for
unstable conditions and positive offsets for stable conditions. The
offsets deviate by up to 22 W m~2 from the origin. These offsets also
impact the slope of the regression equation, but do not modify the
general findings highlighted earlier in this section. The results also
indicate that close to neutral and unstable conditions are associated
with a positive net radiation (above 300 W m~2 for —0.1> £ > —0.5),
whereas stable conditions coincide with a slightly negative net
radiation. The absolute EB deficit is therefore also larger for unstable
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Table 3

Results for the multi-site analysis of the EB deficit as function of £. Presented are the results from the regressions of EB deficit as a function of net radiation (with and without
offset) and also the average net radiation, the absolute EB deficit and the number of data points per & class. The uncertainty of the estimated EB deficit is very small (not

shown).
& EB deficit (%) Offset (Wm~2) Slope for regression Average net Average EB deficit Number of data
with offset x 100 (%) radiation (W m~2) (Wm2) points
£<-20 35.7 -10.9 38.0 110.8 31.2 13120
—2.0<£<-1.0 30.0 -14.1 33.2 209.3 55.4 8825
-1.0<£<-05 27.0 -15.4 304 2703 66.8 13906
-0.5<£<-0.2 23.8 -16.2 274 311.6 69.0 31562
—-0.2<£<-0.1 219 -184 25.9 318.6 64.2 33444
-0.1<£<-0.05 21.2 -20.9 26.4 261.1 48.0 31289
—0.05<&<-0.02 229 -19.9 28.4 187.6 343 29507
-0.02<£<0 32.8 -16.8 39.8 89.7 18.9 31519
0<£<0.01 54.6 9.4 50.8 21.0 20.1 31409
0.01<£<0.025 51.7 21.0 50.3 2.1 22.1 34511
0.025<£<0.05 50.3 219 55.8 -7.2 17.8 35506
0.05<£<0.075 47.8 214 60.0 -15.3 122 20540
0.075<& <0.125 48.6 20.3 63.8 -20.6 71 27558
0.125<£<0.2 51.4 17.9 69.0 -27.2 -0.9 25035
02<£<03 54.2 15.4 714 -31.8 -7.3 21214
0.3<£<0.5 60.2 12.6 75.4 —343 -133 25458
05<£<1.0 61.8 5.0 67.8 —34.7 -185 27595
1.0<£<2.0 55.8 -4.5 51.9 -32.6 -214 19403
£>20 28.2 -17.1 25.8 -15.0 -20.9 25061

conditions, with deficits reaching almost 70 W m~2 for moderately
unstable conditions (—0.1>& > —1.0). This means that the EB deficit
during daytime, under conditions when the EC method works well
and with a rather low relative EB deficit, is of much more concern,
e.g. for daily evapotranspiration estimates and the overall energy
balance, than the EB deficit during stable conditions with large
relative, but (very) small absolute values.

3.3. Multi-site analysis of EB closure as a function of u-«

Next, an overall assessment of the relation between u+ and the
relative EB deficit is made on the basis of a multi-site analysis
(Fig. 2). Clearly, the relative EB deficit is largest for very low u«, and
decreases continuously with increasing u-. Here, the results are less
affected by including an offset in the regression analysis. The fitted
offsets are in all cases smaller than 10 Wm~2 and have no signifi-
cant effects on the fitted slope of the regression line. Fig. 2 shows
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Fig. 2. The EB deficit and net radiation as a function of u-, on the basis of a multi-
site analysis over 24 European FLUXNET sites with 499,993 data points in total and
between 11,830 and 41,845 data points per u--class with the exception of the class
with u->1.2ms~! (6396 observations only). The upper boundary of the u- class
is given, the lower boundary value is given by the preceding value (for instance:
0.30ms~! stand for the class with stabilities between 0.25ms~' and 0.30ms™1).
The uncertainty of the estimated EB deficit is very small (not shown).

also the average net radiation as a function of u~. More elevated u«
are associated with higher average net radiation. The net radiation
is averaged over all cases, including all seasons of the year and all
24 flux towers.

3.4. Multi-site analysis of EB closure as a function of TT

The 17 classes for which the EB closure was calculated were
defined such that the different classes had enough data points.
The relative EB deficits as determined from the regressions with-
out offset indicate an improved relative EB closure for increased
TT (Table 4). The hypothesis that for very large TT the relative EB
closure could be poorer than for less elevated TT does not seem to
be valid. We find that for a regression with offset, the offset under
conditions of a positive TT is negative, whereas the offset is larger
than zero for TT<0. The offsets are clearly larger than those for
the regressions for (very) unstable conditions, and can even drop
below —50 W m~2 for elevated positive values of TT. The relative
EB deficit was also determined by the bulk method. However, this
method gave reasonable results for unstable conditions only. For
those classes where the number of data points with net radiation
close to zero is large, as is the case for negative TT values, the
bulk method does not provide reasonable results. For classes with
an elevated positive TT, the bulk method gives a smaller relative
EB deficit than estimated from the regression without offset. For
TT values between 5 x 1074 m?2s-3 and 1 x 10-3 m2 s~3 the deficit
estimated with the bulk method is for example 26.8% compared
to 33.6% for the regression-based method. Therefore, although the
determination of the exact relative EB deficit is ambiguous, the data
clearly indicate that the relative EB closure continues to improve
for increased TT (although the size of the absolute EB deficit actu-
ally increases with increased TT, with the exception of the highest
TT class).

If we analyze the results in terms of absolute EB deficits, the
largest EB deficits are found for elevated positive TT values. TT
values close to zero are associated with very small absolute EB
deficits (2Wm~2 only) and also for stable conditions (with the
exception of strongly negative TT values), the EB deficits are smaller
than 20 W m~2. Despite the fact that the largest relative EB deficits
are found for negative TT values, for stable conditions the deficits
are probably not significant, because for all except two classes the
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Table 4

Results for the multi-site analysis of the EB deficit as function of TT (denominator of Eq. (5)). Presented are the results from the regressions of EB deficit as a function of net
radiation (with and without offset) and also the average net radiation, the absolute EB deficit and the number of data points per class. The uncertainty of the estimated EB

deficit is (very) small (not given).

I<(g/9)m(mzs*3) EB deficit (%) Offset (W m~2) Slope for Average net Average EB Number of data
regression with radiation deficit (Wm~2) points
offset x 100 (%) (Wm~2)

TT>4x 103 5.7 -63.4 16.3 494.8 171 6622

2x103<TT<4x 1073 19.3 -141.5 46.1 459.4 70.5 27146

1x103<TT<2x 103 27.0 -97.5 50.2 341.6 73.9 39575

5x104<TT<1x1073 33.6 -56.3 52.1 217.9 574 33375

1x104<TT<5x 104 443 -21.4 53.6 111.7 38.3 50703

1x10°<TT<1x10* 56.1 -5.8 58.4 32.0 12.9 29376

0<TT<1x10° 60.0 -5.2 60.0 -0.3 -53 8691

TT=0 44.7 -10.4 47.2 26.3 2.0 9623

—1x10°<TT<0 441 -10.6 414 -123 -15.7 14374

—5x107°<TT<-1x107 57.7 3.0 57.0 -84 -7.7 39404

—1x104<TT<-5%x 107> 60.4 1.2 60.8 -10.5 -5.2 40165

—2x104<TT<-1x10"* 61.3 7.4 65.3 -153 -2.7 60013

—3x104<TT<-2x10"* 51.7 12.6 60.0 -213 0.0 40399

—5x104<TT<-3x10* 71.6 31.2 77.7 -27.6 4.5 45668

—1x103<TT<-5x10"* 30.3 32.2 54.5 0.6 -29.9 33986

—2x103<TT<-1x1073 26.3 45.2 39.7 38.9 -15.8 7184

TT<-2x1073 109 15.3 7.6 185.6 29.5 2782

absolute EB deficit is smaller than 20 W m—2. In Section 3.10 it will
be shown that absolute EB deficits smaller than 20 W m~2 can be
explained by neglecting storage terms.

3.5. Multi-site analysis of EB closure as a function of the time of
the day

Fig. 3 shows the relative EB deficit as a function of the time of
the day, including data from all 26 sites. This pattern holds for all
considered subsets of climate conditions (not shown). It is evident
that the relative EB closure is improving over the course of the day
during daytime, and at the end of the afternoon the relative EB
deficit is clearly lower than around noon. The figure also shows
that the relative EB deficit is largest during nighttime, with maxima
at the transition periods at sunrise and sunset. For the different
sites and different periods of the year the timing of this transition
period obviously varies, but the two peaks in Fig. 3 coincide with
the average transition period.

3.6. Multi-site analysis of EB closure as a function of & and u-

Table 5 displays the relative EB deficit for 20 classes with differ-
ent combinations of u- and &. For five classes not enough data were
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Fig. 3. The average diurnal cycle of the EB deficit (%), on the basis of 511,784 data
points from 26 FLUXNET sites. The data are (almost) equally distributed over the
different time periods. The uncertainty of the estimate is very small and not shown.

available. Our analysis focuses first on the results for & < —0.02. For
all u- classes, the relative EB deficit is smaller for £ <—1.0 than for
-1.0<£<-0.02, but for two out of five u- classes too little data
are available to make a reliable estimate. The difference is only
small for u- between 0.15ms~! and 0.30ms~! (33.0% vs. 32.1%).
These results suggest that the poorer relative EB closure found
for very unstable atmospheric conditions (Sections 3.1 and 3.2,
Table 2) is due to reduced mechanically-induced turbulence (lower
u«), because the relative EB closure is better for very unstable condi-
tions than less unstable conditions within u- classes. These results
support the findings presented in Section 3.4. The analysis shows
further that the smallest relative EB deficits are obtained for ele-
vated u+ in combination with unstable atmospheric conditions. The
largest relative EB deficits occur for stable conditions at low u-. This
analysis, on the basis of regression without offset, shows that the
relative EB deficit for stable conditions, but elevated u-, tends to be
lower than for similar u-, but at neutral atmospheric stratification.
Very different results are obtained if the average EB deficit is calcu-
lated in terms of absolute values (W m~2). In this case, the absolute
EB deficit is largest for very unstable conditions and u+ ranging
between 0.15ms~! and 0.45ms~! (above 75W m~2). These con-
ditions are associated with the highest average net radiation. Once
more this shows that the conditions with the lowest relative EB
deficit are often associated with the largest absolute EB deficits.
The conditions with the largest relative EB deficits are in most
cases associated with an absolute EB deficit smaller than 20 W m~2,
which is probably not significant given the fact that the neglecting
of storage can explain such a deficit (see also Section 3.10). We
also derived regression equations allowing for an offset. For sta-
ble atmospheric conditions the offset is positive (as expected), and
the regression slope is steeper compared to that for an analysis
without offset. This can be attributed to the fact that average net
radiation for stable conditions is negative for all u- classes. There-
fore the results presented in Table 5 have to be interpreted with
care.

3.7. Multi-site analysis of EB closure as a function of u- and TT

Results of this analysis are presented in Table 6. It largely con-
firms the results of the previous sections: the lowest relative EB
deficits are found for elevated u- and elevated positive TT val-
ues. Low u+~ combined with weakly negative TT conditions present
the highest relative EB deficits. Surprisingly, more strongly neg-
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Average EB deficits (in W m~2 and in brackets in %) for 24 European FLUXNET sites and 20 classes with different combinations of u- and &. The average EB deficit is estimated
with help of a regression without offset. The grey shading indicates whether the relative EB deficit for a certain class (in terms of %) is large (dark grey) or low (light grey).

£<-1.0 —0.02>£>-1.0 0.02>£>—0.02 1.0>£>0.02 £>1.0
u-<0.15ms"! 17.5 (37.2%) 7.1 (47.3%)
0.15ms ! <u-<0.30ms"! 753 (32.1%) 46.3 (33.0%) 6.0 (39.9%) -9.0(33.2%)
0.30ms!' <u-<0.45ms"! 83.2 (22.9%) 65.2 (29.8%) 16.6 (41.3%) 5.1 (40.1%) Few data
0.45ms ! <u-<0.60ms™! Few data 67.0 (22.3%) 19.0 (40.5%) 18.0(29.0%) Few data
u->0.60ms-! Few data 39.3 (13.8%) 21.3(31.1%) 29.5 (17.4%) Few data
ative TT values (i.e., a strong inversion) result in a much better 90
relative EB closure than neutral conditions. However, also in this 80
case the conclusion might be affected by the regression without 70 A
. . ----0h-6h
offset. A regression with offset shows large offset values for non- < 60
neutral conditions and especially for the largest TT values (up = 50 —-=6h-12h
to 101.7Wm~2). As seen before, the largest absolute EB deficits 2 o
(above 80Wm~2 on average) are expected for those conditions & — Az
with the smallest relative EB deficits: elevated TT and moderate 50 —18h-24h
u+ (0.30-0.60ms~1). The absolute EB deficits are relatively small 207
for negative TT values and TT values close to zero. In most cases the 10
absolute EB deficit is rather insignificant under those conditions 0 1
<-1 -1--002 -002-+002 0021 >1

(smaller than 20W m~2).

For positive TT (with only a limited number of cases with neg-
ative net radiation) the relative EB deficit was also calculated with
the bulk method. This method gave again only meaningful results
for positive TT values. The resulting EB deficits are (again) lower
than those derived from the regression without offset, and drop to
14% for the class with the highest u- and the most elevated TT.

3.8. Multi-site analysis of EB closure as function of the time of the
day

The EB closure is analyzed here as a joint function of u-, & (or TT)
and time of the day. The disadvantage of such a trivariate analysis
is that less data points are available for each of the different classes.
Therefore, the uncertainty of the estimates for this analysis is larger
than for those of the other subsections.

Fig. 4 shows the relative EB deficit as a function of u+ and time
of the day, still irrespectively of £. The graph illustrates that when
u- is larger than 0.45 ms~!, the relative EB closure does not depend
on the time of the day. On the other hand, for u- below 0.30ms™!,
the relative closure is clearly poorer during nighttime.

Fig. 5 displays the relative EB deficit as a function of £ and time
of the day, irrespectively of u-. As mentioned before, the relative
EB deficit is in general larger for very unstable conditions than
for (medium) unstable conditions. During daytime, the relative EB
deficit is very low for very stable conditions. But these conditions
occur rarely, and data from Collelongo and Renon build a large
number of those cases. These two sites have in general a small EB
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Fig. 4. EB deficit as a function of u, stratified for different time periods for 24 Euro-
pean FLUXNET stations. For all classes at least 10,000 data points were available (in
half of the cases more than 20,000 data points).

Stability parameter

Fig. 5. EB deficit as a function of &, stratified for different time periods for 25 Euro-
pean FLUXNET stations. For all except the following classes at least 18,000 data
points were available: £ < —1between 0 hand 6 h (5148 data points), £ < —1 between
6h and 12h (9312 data points), £ < —1 between 12h and 18 h (5300 data points),
& <—1between 18 hand 24 h (4551 data points), —0.02 > £ > —1 betweenOh and 6 h
(6,089 data points), —0.02 > £> —1 between 18 h and 24 h (8331 data points), £ > 1
between 6 h and 12 h (4284 data points) and £ > 1 between 12 h and 18 h (3085 data
points).

deficit for stable conditions. Both sites are located in mountainous
regions at an altitude of more than 1500 ma.s.l., and maybe the
improved closure is related to the fact that the sites are character-
ized by elevated wind velocities, also under stable conditions. The
large relative EB deficit during nighttime and its relation with & will
not be analyzed further as the large relative EB deficits are associ-
ated with small absolute EB deficits. These nocturnal EB deficits can
partly be explained by storage effects (see Section 3.10).

Fig. 6 shows the relative EB deficit as a function of TT. Again we
find for all time periods a smaller relative EB deficit for strongly
positive TT. This confirms that the poorer closure in the univariate
analysis for very unstable atmospheric conditions compared with
less unstable conditions is caused by the reduced mechanically-
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Fig. 6. EB deficit as a function of TT, stratified for different time periods and
for 24 European FLUXNET stations. The classes on the horizontal axis stand for:
TT>1x10-3m?s3 (very unstable), 1 x 1074 m2s3 <TT<1x 10-3m?s3 (unsta-
ble), -1 x104m2s3<TT<1x 104m?s3 (neutral), -3 x104m2s3 <TT<-1
x 1074 m? s~3 (stable) and TT<3 x 10~4m? s~3 (very stable). For all classes at least
10,000 data points were available, except for the two classes with positive TT (i.e.,
the largest TT) between 0-6 h and 18-24 h.



Table 6
Analysis on the basis of 24 European FLUXNET sites for 25 different classes of u+- and TT (a) average EB deficit on the basis of a regression without offset (%), (b) the magnitude of the offset, if a regression with offset is performed
(Wm~2), (c) average net radiation (W m~2), (d) average EB deficit (W m~2). The grey shading indicates whether the EB deficit for a certain class (in terms of %) is large (dark grey) or low (light grey).

(a)

TT>103 m?s3 103 m?s3>TT>10"4m?s 3 104m?2s3>TT>"10*m?s3 —104m?s3>TT>-3x 104 m?s3 TT<-3x104m?s3
u-<0.15ms"! 232 473 . 80.9 434
0.15ms ! <u-<0.30ms™! 24.7 42.0 37.4
030ms ! <u<0.45ms-! 26.1 38.7 40.6 26.7
0.45ms~! <u-<0.60ms™! 23.5 34.6 34.9 17.3
u->0.60ms! 16.4 32.6 415 28.1

(b)

TT>103m?s3

103m2s3>TT>104m?s3

10*m2s3>TT>"10"*m?s3

—104m2s3>TT>-3x10*m?s3

TT< 3 x104m?s3

u-<0.15ms™! -35.1 -9.2 -25 10.2 6.2
0.15ms ! <u«<0.30ms! —62.8 -20.1 -0.6 10.7 8.6
030ms ! <u-<0.45ms=! -87.6 —26.1 14 115 13.0
0.45ms ! <u-<0.60ms! —86.8 -29.3 1.5 12.8 18.1
u->0.60ms! -101.7 —41.5 -3.2 16.8 31.7
(c)
TT>103m?s3 103m?2s3>TT>10*m?s3 104m2s3>TT>-104m?s3 —104m?s3>TT>-3x10%m2s3 TT<-3x10“4m?s3
u-<0.15ms! 273.2 92.9 —-18.3 —33.7 —24.2
0.15ms ! <u«<0.30ms~! 315.9 160.9 121 —-29.4 -30.6
030ms ! <u-<0.45ms! 378.1 1711 31.0 -11.4 274
0.45ms ! <u-<0.60ms! 420.1 163.3 33.9 0.4 -19.9
u->0.60ms-! 426.5 146.2 35.8 6.7 -11.5
(d)
TT>103 m?s3 103 m?2s3>TT>10"*m?s3 104m?2s3>TT>-10"%m?s3 —104m?s3>TT>-3 x 104 m?s3 TT<-3x10%m?s3
u-<0.15ms! 52.1 383 —-14.7 -17.0 —-4.5
0.15ms ! <u-<0.30ms! 61.5 58.7 6.0 -114 —-43
030ms ! <u-<0.45ms! 83.5 56.2 14.5 4.8 4.2
0.45ms! <u-<0.60ms~! 86.0 44.7 14.0 13.0 13.6
u->0.60ms-! 54.5 30.2 13.0 19.8 283
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Table 7
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Average EB deficits (in Wm~2 and in brackets in %) for 24 European FLUXNET sites for four different time periods and 25 classes with different combinations of u- and &. If
the number of measurement data was smaller than 1000, no value is given because the uncertainty of the estimate is considerable. The grey shading indicates whether the
EB deficit for a certain class (in terms of %) is large (dark grey) or low (light grey). (a) EB deficits for 0-6 h, (b) for 6-12 h, (c) 12-18 h, and (d) 18-24 h.

(a)0-6h £<-1.0 ~0.02>&>-1.0 0.02>&>—0.02 1.0>£>0.02 £>1.0
u-<0.15ms™!

0.15ms™ ! <u-<0.30ms™! Few data —13.6 (48.2%)
0.30ms ! <u-<045ms™! Few data —0.1(30.0%) Few data
0.45ms~! <u-<0.60ms-! Few data Few data 1.6 (49.3%) 8.5 (15.3%) Few data
u->0.60ms-! Few data Few data 21.0 (33.5%) 18.5 (0.9%) Few data
(b)6-12h £<-1.0 —0.02>£>-1.0 0.02>&>—0.02 1.0>£>0.02 £21.0
u-<0.15ms-! 66.5 (39.0%) Few data

015ms! <u-<0.30ms"! 95.3 (33.0%) 67.5 (35.9%) 30.3 (44.3%) 58.8 (30.3%)
0.30ms! <u.<045ms! 100.3 (24.4%) 81.1(31.6%) 37.5 (46.0%) 30.5 (42.6%) Few data
0.45ms ! <u-<0.60ms-! Few data 83.3(38.7%) 37.1(38.7%) 38.1(41.4%) Few data
u->0.60ms! Few data 70.4 (20.1%) 36.5 (37.4%) 43.9 (31.5%) Few data
(c)12-18h £<-1.0 —0.02>£>-1.0 0.02>£>—0.02 1.0>£>0.02 £>1.0
u-<0.15ms"! 49.7 (29.7%) 28.6 (35.4%) Few data —1.7(58.6%)
0.15ms™! <u.<030ms"! 79.1 (30.6%) 40.4(27.8%) 10.7 (27.0%) Few data
0.30ms ' <u-<045ms-! 91.8(23.1%) 58.6 (29.0%) 22.4(33.4%) Few data
0.45ms ! <u-<0.60ms="! Few data 65.6 (24.8%) 26.3 (33.5%) 26.6 (42.1%) Few data
u.>0.60ms"! Few data 49.7 (16.3%) 30.1(31.3%) 39.8 (29.0%) Few data
(d)18-24h £<-1.0 —0.02>£>-1.0 0.02>&> —0.02 1.0>£>0.02 £>1.0
u-<0.15ms’! —33.6(84.9%)

0.15ms ! <u-<0.30ms! Few data —28.1(46.1%)

030ms ! <u-<0.45ms-! Few data —17.7 (22.7%) —7.4 (40.6%) Few data
0.45ms! <u-<0.60ms! Few data —26.2 (12.4%) —5.0 (48.2%) 2.1(29.7%) Few data
u->0.60ms! Few data —71.2 (0.0%) 1.9 (32.4%) 14.7 (12.7%) Few data

induced turbulence (lower u-). Surprisingly, the relative closure is
poorest for TT values close to zero, whereas negative TT values
(i.e., inversion conditions) are associated with an improved clo-
sure. The analysis shows that the relative EB closure is smallest for
strongly positive or strongly negative TT. The fact that this result
is more pronounced for the analysis in terms of TT than in terms
of &, might be again related to the fact that £ is both impacted by
u«~ as well as TT. Very stable conditions are a combination of low
mechanically-induced turbulence and strongly negative TT. The
low mechanically-induced turbulence is associated with large EB
deficits, but the sole impact of TT seems to yield larger relative
EB deficits for values close to zero, and smaller relative deficits for
large absolute TT values. Moreover, it is important to notice that for
the cases with a negative TT the differences in relative EB closure
between nighttime and daytime are very small. In general, the dif-
ferences in EB closure between daytime and nighttime are smaller
if the analysis is made with relative EB deficit as a function of TT
compared to an analysis as a function of &.

Table 7 shows for four different time periods (0-6h, 6-12h,
12-18 h, 18-24h) the relative and absolute EB deficit as a function
of u- and &. The number of data points did not allow a very detailed
analysis for many classes. We focus on the results for the periods
that mostly coincide with daytime (the time blocks of 6-12 h and
12-18h). For 15 out of the 18 u~-£ classes that could be analyzed,
the relative EB deficit is larger during the morning than during
the afternoon. Irrespectively of u- and &, the relative EB deficit is
around 6 percentage points larger for the 6-12 h time period than
for the 12-18 h time period. We will see later in Section 3.10 that
this difference is partly related to the energy storage between the
EC sensors and the soil heat flux plate; it is also partly related to
increased turbulent mixing in the afternoon. The relative EB deficit
is smaller for very unstable conditions than for less unstable condi-
tions, once more confirming that the poorer relative EB deficit for
very unstable conditions in the univariate analysis is related with
the reduced mechanically-induced turbulence under those condi-
tions. For relatively low u-, the relative EB deficit is larger for neutral

and stable compared to unstable conditions. For elevated u-, differ-
ences in relative EB closure between unstable, neutral and stable
conditions are smaller. These results have to be considered with
some caution as for non-neutral conditions the relative EB deficit
does not correspond exactly to the slope of the regression equation
(Section 2.2). Our regressions with offsets revealed intercepts of up
to 40 W m~2 for stable conditions (the intercept is a function of the
u+, with larger intercepts for elevated u-) and below —100 W m~2 in
extreme cases under unstable conditions (again for conditions with
elevated u-). Estimates of the relative EB deficit derived using the
bulk method indicated once more that regression without offset
overestimates the relative EB deficit for unstable conditions.

It is also important to investigate the absolute EB deficits as
a function of the three variables. During nighttime, absolute EB
deficits are in most cases small (below 20 W m~2). During daytime
the largest absolute EB deficits nearly coincide with the conditions
with the smallest relative EB deficits: (very) unstable conditions
and moderately high u-« (0.30-0.45ms~1). However, compared to
the conditions with the smallest relative EB deficit there is a small
shift: the absolute EB deficits are slightly larger in the morning than
in the afternoon and larger for moderate u: (around 0.45ms~1)
than for higher u~ (>0.60ms~1). For very unstable conditions dur-
ing the period 6-12h and u- between 0.30ms~! and 0.45ms!,
the average EB deficit is 100.3 W m~2. For neutral and stable con-
ditions during daytime the absolute EB deficit is in all cases, except
two, smaller than 40 W m~2, and in some cases (small u+) even
smaller than 20W m~2. Also here we find a fundamental differ-
ence between relative and absolute EB deficits: during daytime the
conditions with the largest relative EB deficits are associated with
absolute EB deficits that are on the borderline of being insignificant.

Table 8 presents an analysis of the EB deficit as a function of
u- and TT. Again relative EB closure improves for increased u- and
increased TT values. The poorest relative EB closure is found for con-
ditions with TT values close to zero or slightly negative. Conditions
with an elevated negative TT (i.e., very stable atmospheric condi-
tions) are associated with a limited relative EB deficit. The largest



Table 8

Average EB deficits (%) for 24 European FLUXNET sites for four different time periods and 25 classes with different combinations of u- and TT (denominator of Eq. (5)). If the number of measurement data was smaller than 1000,
no value is given because the uncertainty of the estimate is considerable. The grey shading indicates whether the EB deficit for a certain class (in terms of %) is large (dark grey) or low (light grey). (a) EB deficits for 0-6 h, (b) for
6-12h,(c) 12-18h, and (d) 18-24 h.

(a)0-6h

TT>103m2s3 103 m2s3>TT>10"*m2s3

104m2s3>TT>-104m?s3

—104m?2s3>TT>-3x10*m?s3

TT<-3x10"4m?s3

u-<0.15ms!
0.15ms ! <u-<0.30ms™!
030ms ! <u-<045ms™!
0.45ms~! <u-<0.60ms™"!
u->0.60ms-!

(b)6-12h

Few data
Few data
Few data
Few data
Few data

TT>103m2s3

103m2s3>TT>10"4m?2s3

104m?2s3>TT>-10"4m?s3

—104m?2s3>TT>-3x104m2s3

10.1 (11.8%)
21.5(0.7%)

TT<-3x104m?s3

u-<0.15ms™!
0.15ms ! <u-<0.30ms™!
0.30ms ! <u-<045ms™!
0.45ms ! <u«<0.60ms!
u->0.60ms!

(c)12-18h

TT>103m?s3 103 m2s3>TT>10*m?s3

104m?2s3>TT>"104m?s3

—104m?2s3>TT>-3x104m?s3

Few data

TT<-3x10%m?s3

u-<0.15ms™!
0.15ms ! <u-<0.30ms™!
030ms ! <u-<045ms™!
0.45ms~! <u-<0.60ms~!
u->0.60ms!

(d)18-24h

483 (18.7%)

TT>103m2s3 103 m2s3>TT>10"*m?s3

50.5 (15.4%)

104m2s3>TT>-10*m2s3

—104m?s3>TT>-3x104m?s3

Few data

TT<-3x10%m?s3

u-<0.15ms™!
0.15ms ! <u-<0.30ms™"!
030ms ! <u<0.45ms-!
045ms! <u-<0.60ms™"!
u->0.60ms!

Few data
Few data
Few data
Few data
Few data

3.4 (25.6%)
17.3 (12.6%)
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Fig. 7. Analysis on the basis of 24 European FLUXNET sites for 25 different classes
of u- and TT. Compared are EB deficits with and without excluding the cases with
an absolute net radiation <50 W m~2.

absolute EB deficits are found for (elevated) positive TT values,
moderate u« (0.30-0.60ms~1), and during daytime (with poorer
closure during the morning than in the afternoon). An analysis of
relative EB deficit as a function of u« and TT compared to an analysis
in terms of u- and &, shows less difference between nighttime and
daytime.

3.9. The role of small turbulent fluxes for the overall relative EB
closure

Although differencesin relative EB closure between daytime and
nighttime can be partly explained by u- and TT (Section 3.8), part
of these differences remain unexplained. The conditions for which
relative EB closure is poor are in general associated with small tur-
bulent flux densities and small negative net radiation. It is likely
that small, systematic measurement errors and the neglecting of
the storage term enhance the relative EB deficit. The poor relative
EB closure during nighttime is associated with small errors for the
absolute EB deficit. Therefore the analysis of the relative EB deficit
was repeated leaving out all cases with an absolute net radiation
smaller than 50 W m~2 in order to find out whether the relative EB
closure would improve for these conditions. The relative EB deficit
was determined in these cases as the slope of the regression equa-
tion, fixing the intercept of the regression equation at the origin.
The results are compared with a similar regression that does not
exclude the small fluxes. The results for both regressions are calcu-
lated for the 25 combinations of u- and TT presented in Section 3.7
(Fig. 7). The neglecting of small fluxes does not reduce the relative
EB deficit (39.3% vs. 39.6% with and without including the small
fluxes, respectively, averaged over the 25 cases). The question was
further explored by focusing on those cases of Section 3.8 which
had arelative EB deficit larger than 50%. Leaving out the small fluxes
for those cases does not significantly modify the relative EB deficit;
actually, the relative EB deficit is often even somewhat larger when
small fluxes are not considered.

3.10. The role of storage terms

In order to investigate the role of storage terms, the overall EB
closure was calculated for six sites (Vielsalm, Tharandt, Brasschaat,
Castel Porziano, Loobos and Collelongo) including AS;g and ASy.
These results are compared with those excluding storage in Table 9.
Including ASig and ASy improves the relative EB closure only up

80

70
——No S

o O
o o

— — incl S except
biomass

EB deficit (%)
8 &

~n
o

----InclS

-
o o

>1

5 B o
=] S o
o o

Stability Parameter

Fig. 8. EB deficit as a function of €, for three different analyses that exclude storage
terms (No S), that include ASy and ASig (including S except biomass) and that
include also ASgjo (including S). The analyses were made including data from the
sites Vielsalm and Tharandt with at least 3721 data points per & class and on average
around 9700 data points per class. The upper boundary of the & class is given, the
lower boundary value is given by the preceding value (for instance: —0.2 stands for
the class with stabilities between —1.0 and —0.2.

to 0.7 percentage points for four of the six sites, but for two of
the sites with the tallest vegetation the reduction of the relative
EB deficit is of 2.0 (Tharandt) and 3.1 (Vielsalm) percentage points
when including AS;g and ASy. For Vielsalm and Tharandt including
in addition ASgjo improves the relative EB closure significantly, and
its contribution is larger than for AS g and ASy. For these two sites
ASgjo accounts for more than 60% of the relative EB deficit reduc-
tion achieved by including the three storage terms. If we assume
that this relation is similar for the other sites, we would find for the
six sites an average relative EB deficit including the three storage
terms of 22.0%, whereas it is 25.6% without including the storage
term. Note that for the sites with smaller vegetation the impact of
the storage terms is smaller than for the sites with tall vegetation.
For the 26 sites we estimate that the storage term accounts for a
reduction of the relative EB deficit of 2.5 percentage points, taking
into account that the average sensor height for the six sites was
33 m and therefore higher than the average sensor height over all
26 sites (23 m).

For the present investigation, the impact of neglecting storage
for the inferred relationships between environmental conditions
and EB closure is more important than its absolute mean quantita-
tive effect on EB closure. These aspects are discussed in more detail
in the following paragraphs.

The relation between EB deficit and & is analyzed first on the
basis of a multi-site analysis using data from all six sites, and
comparing the results excluding all storage terms with an analysis
including ASig and ASy. The differences between the two anal-
yses are very small for unstable and neutral conditions, both for
relative and absolute EB deficits (for all categories smaller than 2
percentage points and smaller than 6 W m~2). For stable conditions
the differences are larger for relative EB deficits: for very stable
atmospheric conditions (§>1) the EB deficit was 12 percentage
points smaller if AS;g and ASy were included (36.5% vs. 48.6%)
(not shown). A separate analysis to look at the role of ASgo was
also made, considering only the sites Vielsalm and Tharandt. Fig. 8
shows the relation between & and relative EB deficit for these two
sites. The figure illustrates that the relation between the relative
EB deficit and £ is not altered by the inclusion of the storage term,
but for stable conditions the storage terms result in an important
reduction of the relative EB deficit, whereas this reduction is
much smaller for unstable and neutral conditions. The absolute EB
deficits are also smaller if storage terms are considered, and only
larger than 20 W m~2 for unstable conditions. The largest absolute
EB deficits are again found for unstable conditions (37.5 W m~2 for
moderately unstable conditions). Tharandt and Vielsalm are among
the sites with highest sensor heights (42 m and 40 m, respectively)
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Table 9

1565

Average EB deficits (%) for 6 European FLUXNET sites, excluding all storage terms, including ASy and ASig, and including ASy, ASig and ASgjo. In brackets the number of

data points is given.

Site EB deficit (excluding all storage terms) EB deficit (excluding biomass storage) EB deficit (including three storage terms)
Brasschaat 34.4 (n=23347) 35.8 (n=6120) 36.0 (n=4064)

Castel-Porziano 31.1 (n=27453) 30.4 (n=27441)

Collelongo 32.4 (n=5913) 31.8 (n=5854)

Loobos 17.2 (n=30535) 16.8 (n1=22437)

Tharandt 19.4 (n=63148) 17.4 (n=61930) 13.9 (n=61194)

Vielsalm 27.8 (n=25622) 24.7 (n=24819) 20.1 (n=24817)

and as the average sensor height (over all 26 sites) is 23 m it is
assumed that on average the storage term (ASy + ASig + ASgig) is
only about half as large as found for Tharandt and Vielsalm.

The analyses of the relative and absolute EB deficit as a function
of the time of the day, for scenarios that include or exclude storage
terms, are in line with the results reported before. Fig. 9 shows
that the differences are small. Limiting the analysis to two sites,
and analyzing the role of ASgjo, shows that relative nocturnal EB
deficit can be reduced strongly including also ASg|g. During the
afternoon the differences are small. The largest absolute EB deficits
are found in the morning and afternoon, also if all storage terms are
included. However, for these two sites the absolute EB deficit during
the mornings (8-12h) is reduced from 52.7Wm~2 to 32.3Wm™2,

Not enough data are available to make a detailed analysis of rel-
ative and absolute EB deficits as a function of multiple variables.
However, an analysis of the relative or absolute EB deficit as func-
tion of both the time of the day and & also does not give qualitatively
different results as compared with an analysis that excludes the
storage terms (not shown). These results hence suggest that the
main conclusions from the former sections would remain valid also
if the storage terms were available at all sites and included in the
analysis. Nonetheless, for those sites with storage terms, including
storage terms reduces the relative EB deficits, only slightly during
daytime, but strongly during nighttime. The absolute EB deficits are
more strongly reduced in the mornings, but are still much larger
during daytime (and unstable conditions) than during nighttime
and stable conditions.

To conclude, neglecting storage terms did not change the rela-
tion between the relative (or absolute) EB deficit and & or time
of the day. The main conclusions of this paper (focused on neu-
tral and (very) unstable conditions during daytime) are thus likely
not affected by the neglecting of the storage term. Further indi-
cations that the storage term does not play a major role are: (1)
relative EB deficits determined for sites with tall vs. short vege-
tation do not significantly differ (25.9% vs. 25.6%), (2) for single
sites the EB deficit determined over the complete time series by

100
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Fig. 9. Average diurnal cycle of the absolute EB deficit (W m~2), excluding storage
terms (No S)and including ASy and AS;¢ (including S except biomass) on the basis of
148,600 data points from 6 FLUXNET sites. The data are (almost) equally distributed
over the different time periods.

>(Qu+Qe)/>_(Rn —Qg) is not much smaller than the regression
based EB deficits for the single measurement values (23.4% vs.
25.8%), (3) excluding cases with small net radiation from analyses
does not improve the relative EB closure (39.3% for including the
small fluxes and 39.6% for excluding the small fluxes), and (4) the
difference between the relative EB deficit for the very early after-
noon (positive storage) and the late afternoon (zero or negative
storage) is only small.

3.11. Further discussion

Although this analysis does not find a higher relative EB deficit
for very unstable atmospheric conditions compared with stable
conditions, and after excluding the role of u-, it is still possible
that low frequency turbulence or induced meso-scale circulations
would be detectable in the form of poorer relative EB closure under
some conditions. It is unclear how well & determined at the flux
towers is correlated with the regional-scale £&. Maybe organized
convection on a larger spatial scale is responsible for the poorer
closure (see also Mauder et al., 2008). The correlation of EB deficits
calculated at flux towers and £ estimated from radio soundings
could shed light on this question. Graf et al. (2010) recently pointed
out that the non-local boundary layer profile of potential tempera-
ture affects some statistics (in particular, extremes and moments of
higher than second order) more than & which is based on covariance
values. This could also affect the energy balance closure. It would
also be useful to investigate the role of ambient conditions such
as £ and wind velocity as a function of the degree of heterogene-
ity around a measurement site, as there are strong indications that
landscape heterogeneity exercises a major control on the relative
EB deficit (e.g., Mauder et al., 2007).

4. Conclusions
The main findings of this study can be summarized as follows:

¢ Both an analysis for 24 individual European FLUXNET sites and a
multi-site analysis show that on average the relative EB deficit is
larger for very unstable conditions (£ < —1.0) compared with less
unstable conditions (—1.0 < £ < —0.2). These results are consistent
with those obtained by Barr et al. (2006) for three boreal forest
sites.

¢ A multi-site analysis of relative EB deficit as function of (1) £ and
u« or (2) TT and u- indicates that the larger relative EB deficit
for very unstable conditions is due to the reduced mechanically-
induced turbulence (low u+) under those conditions, and not with
the increased thermally-induced turbulence (TT).

¢ Ananalysis of therelative EB deficit as a function of TT, u- and time

of the day shows that the largest relative EB deficits are found for

TT close to zero, and smaller deficits for TT >0 or TT « 0. This

indicates that the poor closure for very stable conditions (£ >1.0)

is mainly due to low mechanically-induced turbulence (low u-).

It is a common procedure to estimate the relative EB deficit as

the slope of the regression line of the absolute EB deficit as a

function of net radiation using no offsets. However, the regression
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offset is not equal to zero for non-neutral atmospheric conditions,
and the slope does not correspond to the relative EB deficit for
these conditions. Estimating the relative EB deficit with the bulk
method is not a good alternative under many conditions.
The average absolute EB deficits are largest during daytime and
unstable atmospheric conditions with a moderate u-+, correspond-
ing with the conditions with the smallest relative EB deficits. The
conditions with the largest relative EB deficits (nighttime, low u-,
stable conditions) are associated with relatively small absolute
EB deficits that could be explained by storage effects.
Only part of the sites also recorded the storage terms for this
analysis period. An analysis for this subset of sites indicates that
storage terms do not play a major role for the overall closure of
the energy balance, and the closure during daytime and neutral
or unstable conditions. However, the EB closure during nighttime
and stable conditions is significantly improved when considering
storage.

e A common procedure to reduce problems with the relative EB
closure consists of eliminating observations with a (very) low
u- (so-called “u-~ filtering”, e.g., Aubinet et al., 2000). While our
results confirm the importance of u- for identifying cases of poor
EB closure, our analysis reveals complex relationships of EB clo-
sure with several other environmental factors, in particular the
overall stability &, the thermally-induced turbulence TT, and the
time of the day.
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