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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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