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Abstract. After briefly discussing several reasons for the only as an effect of statistically distributed measuring errors
energy balance closure problem in the surface layer, the pabecause of the clear underestimation of turbulent fluxes or
per focuses on the influence of the low frequency part of theoverestimation of the available energy. In the literature, sev-

turbulence spectrum on the residual.

Changes in the tureral reasons for this incongruity have been discussed, most

bulent fluxes in this part of the turbulence spectrum wererecently in an overview paper by Culf et al. (2004):

found to have a significant influence on the changes of the
residual. Using the ogive method, it was found that the
eddy-covariance method underestimates turbulent fluxes in
the case of ogives converging for measuring times longer
than the typical averaging interval of 30 min. Additionally,
the eddy-covariance method underestimates turbulent fluxes
for maximal ogive functions within the averaging interval,
both mainly due to advection and non-steady state condi-
tions. This has a considerable influence on the use of the
eddy-covariance method.

1 Introduction

During the late 1980s it became obvious that the energy bal-
ance at the earth’s surface could not be closed with exper-
imental data. The available energy, i.e. the sum of the net
radiation and the ground heat flux, was found in most cases
to be larger than the sum of the turbulent fluxes of sensible
and latent heat. This was a main topic of a workshop held
in 1994 in Grenoble (Foken and Oncley, 1995). In most of
the land surface experiments (Bolle et al., 1993; Kanemasu
etal., 1992; Tsvang et al., 1991), and also in the carbon diox-
ide flux networks (Aubinet et al., 2000; Wilson et al., 2002),
a closure of the energy balance of approximately 80% was
found. The residual is

Res=R,—H—-AE -G (1)

with R,;: netradiation H: sensible heat flux, E: latent heat
flux, andG: soil heat flux. The problem cannot be described
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i) The most common point of discussion were measure-

ment errors, especially those of the eddy-covariance
technique, which cause a systematic underestimation of
the turbulent fluxes. Improvements in the sensors, in

the correction methods and the application of a more

stringent determination of the data quality (Foken et al.,

2004) have made this method much more reliable in the
past ten years (Moncrieff, 2004).

Because of different balance layers and scales of diverse
measuring methods (net radiation — surface, turbulent
fluxes — approx. 5 m above the surface, and soil heat flux
— approx. 10 cm below the surface), the energy storage
in the canopy and the soil was often discussed as a rea-
son for the unclosed energy balance. Foken et al. (2001)
reported for the total solar eclipse over Europe in 1999
that there is a time shift between the irradiation and the
turbulent fluxes of up to 30 min, which has an influence
on the energy balance closure. Kukharets et al. (2000)
also found that the soil heat flux and the energy balance
closure are closely related due to the energy storage in
the upper soil layer. For an exact determination of the
soil heat flux, including storage effects, the energy bal-
ance was shown to be closed at night for non-turbulent
conditions (Mauder et al., 2006). The storage in the
canopy is often negligible.

The unclosure of the energy balance was also connected
with the heterogeneity of the land surface (Panin et al.,
1998). The authors assumed that the heterogeneities
generate eddies at larger time scales than eddies mea-
sured with the eddy-covariance method. This problem
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is also closely connected with advection and fluxes duebefore the experiment. The soil was equipped with five heat
to longer wavelengths (Finnigan et al., 2003; Sakai etflux plates, a temperature profile with nine levels, and a soil
al., 2001) or organized turbulence structures (Inagaki etmoisture profile with three levels. The soil heat flux at the
al., 2006; Kanda et al., 2004). surface was calculated from a combination of the gradient
. . approach (applied at 20 cm depth) and calorimetry (change
Zo-ggliiéuedr?/w'lse:f?&g:;e?kz(?rl]%czda?a%ggt) (Zr:giol_cl:s'::ssosri;n soil heat storage with time, applied between 0 and 20cm
. N . depth), which was found by a sensitivity analysis as an opti-
the last question (iii) of the closure problem. It is assumedmal approach (Liebethal et al., 2005)
that the problems related to questions (i) and (ii) were ver- N '

ified and corrected according to our present knowledge for, During the measurement period from 19/05/2003 to

the data set used by Mauder et al. (2006). The present stud:eL{?/%/ 2003, tempergt_ure maxima were abovec2gvery
. : ; . : : y. Absolute humidity ranged between 5 and 15¢m
investigates single time series for a selected data set inste

of the presentation of daily cycles and sums of the residual oq&z)yplcal maxima of both sensible and latent heat flux ranged

etween 150 Wm? and 200 Wn12. The average wind ve-
the energy balance closure as done by Mauder et al. (200 itV W rox. 3m<t and 30 min maxima and at 10 m
for the LITFASS-2003 experiment. city was approx. a axima and &

height were 11ms!. The atmospheric stratification ex-
pressed by the dimensionless paramefdr, wherez is the
2 Selected data set of the LITFASS-2003 experiment measurement height of 2.69 m ands the Obukhov length,
varied between 0.5 during nighttime ard.5 during day-
The aim of the LITFASS-2003 experiment in May and Junetime.
of 2003 was to investigate turbulent fluxes in an heteroge-
neous landscape sized as a typical nhumerical weather and
climate model of 2620 kn? (Beyrich et al., 2002a) in the 3  Investigation of the residual of the energy balance clo-
region of the Meteorological Observatory Lindenberg of the  sure
German Meteorological Service southeast of Berlin, Ger-
many. The experimental design was similar to the earlierAs mentioned in the brief introduction, the reason for the
experiment LITFASS-98 (Beyrich et al., 2002b) with an up- residual of the energy balance closure is probably less con-
dated und enlarged measuring concept and closer relations teected with the high frequency part of the turbulence spectra
the modelling concept. For this study, only the data set of(i and ii) but with the low frequency part (iii). Therefore in
the University of Bayreuth over a maize fieldé@ maysL.) this section, based on the usual averaging interval for turbu-
was selected. It was located near the Boundary-Layer Fieldent fluxes of 30 min, the high and low frequency parts were
Site of the German Meteorological Service {3201" N, separately investigated and finally, the low frequency part of
14°0727'E, 73ma.s.l.) at Falkenberg. The field can be the spectra was analysed up to 240 min. This paper only cov-
characterized as nearly bare soil at the beginning of the exers the problem of fluxes within a not very large extension
periment and by a canopy height of about 45-55 cm on theof the averaging interval. Longer extensions of the averaging
selected days of this study with a very low leaf-area index. interval, as well as results regarding to the problems | and ii,
For this investigation, a data set of only three days (07-are discussed in an overview paper about the energy balance
09/06/2003) was selected, which was characterised by aolosure during LITFASS-2003 (Foken et al., 2006).
increasing wind velocity from 07 to 09/06/2003 and nearly
ideal and identical daily cycles of irradiation with only some 3.1 The low and high frequency part of the turbulence spec-
scatter due to clouds on 09/06/2003. The conditions dis- tra
cussed later are not restricted to this period; the selected days
are “Golden Days” to explain these results of this study. TheFor this investigation, the turbulent time series were split
results are also compared with the data set of the whole exinto parts of frequencies lower and higher than 0.1Hz us-
periment from 22/05/2003 to 17/06/2003. ing a wavelet filter (Thomas and Foken, 2005). Low and
Furthermore, the site was intentionally selected to makehigh-frequency fluxes were determined by means of eddy-
use of high quality sensors and the opportunity to study thecovariance using the filtered data. The method is energy con-
dynamics of the heat storages in the soil. The turbulencesistent, because the sum of both fluxes is equal to the flux
complex (2.69 m above ground) was equipped with a sonigdetermined for the 30 min interval with the eddy-covariance
anemometer (CSAT3, Campbell Inc., USA) and a LICOR method.
7500 gas analyzer (LICOR, USA). The data correction and Because a direct comparison of both parts of the turbulent
calculation procedure is described by Mauder and Fokerflux with the residual did not show a significant correlation,
(2004), including a complete quality control and footprint the temporal dynamics of the fluxes and the residual was in-
analysis (Foken et al., 2004). Additionally, the radiation sen-vestigated. For this purpose both parts of the sensible and
sors (albedometer: CM24, Kipp & Zonen, Netherlands; dou-latent heat flux and the residual were determined at a tempo-
ble dome pyrgeometer: PIR, Eppley, USA) were comparedral resolution of five minutes based on overlapping 30-min
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Fig. 1. Comparison of the change of the turbulent fluxes of sensible and latent heat in the high frequencx @kgeiid the low frequency
range A Q|o) and the change of the residual of the energy balance cloalRg for 30 min averages determined for time steps of 5min. A
moving average (daily cycle) was subtracted (08/06/2003).

intervals. The change of each parameter between two adjawere found for the low-frequency range, but still not for the

cent time stamps was used as a measure of its temporal dyigh-frequency range.

namics. Subsequently, the correlation between the temporal From these findings it follows that the residual of the en-

dynamics and the different flux contributions and the tempo-ergy balance closure is more connected with the low fre-

ral dynamics of the residual was analyzed. In order to reducejuency part of the turbulent flux than with the high frequency

the number of parameters to be analysed, the high-frequengyart. In the following section this low frequency part will be

part of both sensible and latent heat flux were summed up tanvestigated with the suitable ogive test.

build the high-frequency turbulent heat flg@,;. The turbu-

lent flux in the low-frequency rang®), was defined anal- 3.2 The ogive test

ogously. Building such composite fluxes is reasonable be- = ,

cause the correlation between the dynamics of the two lowD€siardins at al. (1989) and Oncley et al. (1990) introduced

frequency parts and accordingly the two high-frequency part§hef ogive functlon into the investigation of turbL_JIent fluxes.

is obvious ®2>0.5), whereas the dynamics of the two parts This function was propose_d as a test to check if all low fr(_e-

of the sensible as well as of the latent heat flux are not corredUeNCY parts are included in the turbulent flux measured with

lated significantly g2<0.1). the eddy—covanancg method (Foken.et gl., 1995; Foken et
al.,, 2004). The ogive is the cumulative integral of the co-

No correlations were found between the changes of the turspectrum starting with the highest frequencies

bulent fluxes in the high frequency ran@g; and the changes fo

of the residual. On the contrary, the changes of the turbu- _

lent fluxes in the low frequency rang®, and the change of 8- (fo) = / Cowx (f) df @
the residual are closely connected (Fig. 1) and were signif- o0

icantly correlated on 07/06/200&{=0.85) and 08/06/2003 with Co,, ,: co-spectrum of a turbulent flux: vertical wind
(R?=0.71). On 09/06/2003 (with changing cumulus cloudi- componentx: horizontal wind component or scalgf; fre-
ness) no significant correlation was found. A lesser degree ofjuency. In this study, co-spectra for all interesting combina-
correlation was always associated with steep jumps of the netions of time series were calculated up to four hours. Though
radiation due to changing cloudiness, because the inertial resnly frequency values higher than approx. 1.3948z that
action of the turbulent fluxes leads to a highly variable resid-correspond to periods of two hours and shorter were used
ual in such situations. Excluding all data with a change infor the test, an underlying interval of four hours improves
net radiation greater than 2.5 times its standard deviation fothe statistical significance. Longer periods were not investi-
all three days, significant correlation84=0.85; 0.89; 0.87)  gated due to the daily cycle of the fluxes and high non-steady
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Table 1. Definition of three different cases for the behaviour of ogive functions.

Case explanation criterion

1 convergent ogives within the 30 minute interva |"gr%§oogim > 0.9 and

log (30 min)|
Shmadogl . 0.9

2 ogives with a distinct extreme value before M <09

L S maxog|
150 min integration time

. . log (30 min)|
3 ogive not convergent even for 150 min Shmadog] . = 0.9 and

log (150 min|

state conditions. Because the ogive test must be done withll acceptable ogives are convergent (Case 1) and most of the
the original not gap-filled time series special tests must betime a convergent ogive function was already reached after
done: The ogive test fails if missing values are in the timefive minutes for all fluxes. On 07 and 08/06/2003, the ogives
series. It was found that even for 288 000 data points (4 h¥or the latent heat flux are more often convergent than the
only intervals without any missing values can be accepted irogives of the sensible heat flux. There is a trend that ogives
order to avoid that any ogives based on defective co-spectraith a maximum for shorter integration intervals (Case 2)
are marked as reliable by an automated selection schemeccur on 07/06/2003. Typical differences in the frequency of
However, a number of ogives that look quite realistic are dis-the cases in the morning and afternoon hours could not be
carded due to this rigorous criterion. Furthermore, the timefound within the small data set used.

shift of the vertical wind and the horizontal wind or scalarin ~ From these findings, it follows that the eddy-covariance
the original data must be below 0.5 s and has to be correctednethod does not measure the total flux within the 30 min in-
The number of acceptable data sets was different for the moterval in all cases. The 30 min flux may be reduced because
mentum, sensible and latent heat flux. To compare the datahe total flux was already reached in a shorter time period
only data sets acceptable for all three fluxes were analyzedCase 2) and an integration of up to 30 min reduces the fluxes
Therefore the number was reduced to 17 for the Golden Dayslue to non-steady state conditions or longwave trends, or be-
and 121 for the whole experiment. The convergence of thecause significant flux contribution can be found for integra-
ogive was analysed as follows: tion periods larger than 30 min (Case 3).

In the ideal convergent case, the ogive function increases To u_nderline this f"?dmg’ the relative residual (residual
during the integration from high frequencies to low frequen- hormalised by the available energy)
cies until a certain value is reached and remains on a more or Res
less constant plateau before a 30 min integration time. If thisg — G ®)
condition is fulfilled, the 30 min covariance is a reliable esti- ) . L )
mate for the turbulent flux, because we can assume that th&@s compared with value of the ogive at 120 min integration
whole turbulent spectrum is covered within that interval andtime divided by the ogive value with an integration time of
that there are only negligible flux contributions from longer 30 Min:
wavelengths (Case 1). Because of the variability of spec-p _ ©8120min @)

tra we tolerate deviations of 10% for the plateau value when 8 0830 min
defining Case 1 (Table 1). Figure 2a can serve as an exam- This is illustrated in Fig. 3. FOR,,~1, the ogives con-

ple for this case. But it can also occur that the ogive func- erge within the 30 min time interval (Case 1). In the case
tion shows an extreme value and decreases again afterwar%

. . ; T a good convergence of the ogive®,(=1), all values of
E)(I:;Z(:\uz,bE;giﬁgf)e)azregh?k:rg‘jgﬁga/te (féjg;::osn ?:?gesgé)Shgvgi\?the relative residual are possible, including the case that the

. . -~ YSelative residual less than 0.1 (the energy balance equation is
;ﬁjlcgggﬁqggrgsﬁgsns?gg ifagg(jﬁ;gr 3 indicate thai a 30 mlr]‘ully closed). ForR,,>1 the ogives converge for longer time
' intervals than 30 minutes (Case 3) and ity; <1 they have

An overview of the number of measuring series complianta maximum (Case 2), in most cases for time intervals lower
with these cases is given in Table 2 for all three days and thehan 30 min. In Fig. 3, for high relative residuals the scatter
whole experiment. Note that adjacent four hour time seriesof R, is quite high, while low relative residuals correspond
upon which the ogives are based overlap for two hours inwith R,,~1. A triangle-like structure with the top pointing
order to attain higher temporal resolution. On 09/06/2003,downwards can be seen in every subplot. The bottom border
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Fig. 2a. Ogiven pg) convergent within 30 minutes (Case 1) and co- Fig. 2c. Ogive (pg) not convergent within 30 minutes (Case
spectrum ¢o), momentum flux on 09/06/2003 (12:30-16:30 UTC). 3) and co-spectrumc§), momentum flux on 08/06/2003 (02:30—
06:30 UTC).

period

0.005 1‘5 195 5min 30r‘mn 2‘h

Table 2. Number of convergent ogives (Case 1), ogives with an ex-
treme value (Case 2), non-convergent ogives (Case 3) for the three
investigated days of the ogives of fluxes of momentuga {,), sen-

sible heat ¢g,,7), latent heatdg,,,). The data were selected ac-
cording to the data quality given in the text. The numbers in brack-
ets are for the whole period from 22/05/2003 to 17/06/2003 with the
percentages of the data set of 121 series.

-0.005

—-0.01

-0.015-

og,,, m?s7?

-0.02

Case 1 Case 2 Case 3
Rl 0g,y 14(103,85%) 2(13,11%) 1(5,4%)
o0 {00 ogyr 14(100,83%) 2(14,12%) 1(7,6%)

0gwa 16 (100,83%) 1(17,14%) O (4, 3%)

-0.035 L . L L L -0.05
1 0 -1 3 -5

= .
log of frequency [Hz]

Fig. 2b. Ogive (g) with a distinct maximal value (extreme) and

a decline for longer integration periods (Case 2) and co-spectrumgitions and trends, which either cannot entirely or at least
(co), momentum flux on 07/06/2003 (10:30-14:30 UTC). not sufficiently be found with the relevant tests (Foken and
Wichura, 1996; Vickers and Mahrt, 1997), or advective con-

. . - ditions. These findings explain the fact that turbulent fluxes
of the triangle could be taken as a possible minimum value,

) : . . are always underestimated. A simplified correction of the
of the r_elatlve re5|d_ual ata certal_n valu_el_qu. Obviously, turbulent fluxes by the ratio of the ogive function for 30 min
R”g%.1 IS a constraint for a possible minimum value of the and the maximum ogive function (extreme or convergence)
relative residual. . shows a reduced residual (Fig. 4). Because the change of the

It must be gssumeq that a rgducuon of the turbulent fluxe§|ux is not very large and relevant only for approx. 80—-85%
also occurs if the ogive function has an extreme value forOf the data both parts of Fig. 4 (uncorrected and corrected)

time periods lower than 30 min and decreases for longer InteEatre not very different. More interesting is the visible result,

gration times (Case 2). This case occurs _only n the transitiony, ; the correction has a different influence at different days,
time with non steady state conditions or in _perlods with low mainly for 07/06/2003 and nearly not at all for 09/06/2003.
fluxes. This can be seen from the comparison of the Value%’herefore, the hypothesis given above about the forcing of

pf the ogive f“”C“O.” n F|.gs. 2a and b. The.ref.ore, this Ca5€he fluxes should be a subject of further investigations.
is not very easy to investigate, because of its infrequent oc-

currence. It seems, especially for the sensible heat flux, that
different eddy sizes have different signs of the flux as well. 4 Conclusions
Furthermore, the flux is underestimated in the 30 min inte-
gration time if energy is also transported with low frequency From the findings of this study and from many papers it
eddies (Case 3). Reasons for that are non-steady state cooan be assumed that turbulent fluxes in the high frequency
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Fig. 4. Residual of the energy balance closure for 30 min averages: on the left side are the calculations with high quality radiation and flux
data, and on the right side these calculations are corrected for turbulent fluxes by the rafsg jfax (30 min).

range of the turbulent spectra can be measured exactly witiCase 3). The reduction of the turbulent fluxes in situations
the eddy-covariance method. All necessary corrections ofvhen the ogive function has an extreme value for time pe-
the high frequency part of the spectra are, according to ouriods lower than 30 min may also be caused by fluxes in the
present knowledge, well done and cannot explain the residlow frequency part with the opposite sign (Case 2). The ogive
ual of the energy balance closure (i). In addition, time shiftsfunction can be helpful to investigate such situations and also
between different fluxes due to storage influences cannot exto partly correct the energy loss. But the effect of a correc-
plain the residual for 30 min means (ii). tion of the fluxes using an ogive function can only explain
Therefore, the main reasons for the unclosed energy baithe energy balance problem by 5-10% (Foken et al., 2006),
ance are influences on the low frequency part of the turbuwhich can be seen from Fig. 4.
lence spectra (iii) caused by the landscape of the area where It is also interesting that on 09/06/2003 the residual of the
the flux measuring site is situated, as already assumed bgnergy balance closure has its lowest values and the ogive
Finnigan et al. (2003). A possible explanation can be orgafunction is often convergent after only five minutes (Fig. 4).
nized turbulent structures (Kanda et al., 2004) or secondaryrhe day is characterised by the highest wind velocities of
circulations (Inagaki et al., 2006). The turbulent fluxes in theup to 7ms?® and a quickly changing irradiation due to cu-
low frequency part of the spectra can influence the flux inmulus clouds. This may indicate a forcing of the turbulent
two ways and can partly explain the residual of the energyexchange in time periods of about five minutes. On the other
balance closure. One reason, already discussed by Finnigdrand, the day with the lowest wind velocities (07/06/2003)
et al. (2003), are fluxes missing because of a convergencalso has a reduced residual. This agrees with findings by
of the ogive function for integration times larger than 30 min Jegede et al. (2004) describing an experiment in the tropics

Atmos. Chem. Phys., 6, 4398402 2006 www.atmos-chem-phys.net/6/4395/2006/



T. Foken et al.: The energy balance closure problem 4401

with a strong radiation forcing, where the energy balance was Imeson, A. C., Jochum, A., Kabat, P., Kratsch, P., Lagouarde, J.-
closed in most of the cases. For this experiment, the same P., Langer, |, Llamas, R., Lopes-Baeza, E., Melia Muralles, J.,
data calculation software was used as for LITFASS-2003. Muniosguren, L. S., Nerry, F, Noilhan, J., Oliver, H. R., Roth,
Obviously under cases with a strong radiation forcing or with ~ R.. Saatchi, S.'S., Sanchez Diaz, J., De Santa Olalla, M., Shut-
a highly variable radiation and velocity forcing with time pe- :\j""orthd’ VWV: ‘I]<.Il Sggga.rdl,E'I:-Ié,Dit-nEker, H., Tfholglnes, ‘]". Vaucl_m,
riods shorter than 30 min the influence of the landscape and ' 3¢ tvickiand, ©.- : European field experiment in

. . a desertification-threatened area, Ann. Geophys., 11, 173-189,
larger turbulent structures discussed above is reduced.

1993,
All'turbulent fluxes do not have for all conditions a similar . /iwww.ann-geophys.net/11/173/1993/

convergence of the ogives (Table 2). While a similarity of culf, A. D., Foken, T., and Gash, J. H. C.: The energy balance clo-

scalars was found for the high frequency spectra (Pearson Jr. sure problem, in: Vegetation, water, humans and the climate. A

et al., 1998), typical differences were found in the low fre-  new perspective on an interactive system, edited by: Kabat, P.,

quency part (Ruppert et al., 2006), probably connected with Claussen, M., Dirmeyer, P. A, et al., Springer, Berlin, Heidel-

the sink/source functions of the scalars, which can be dif- berg, 159-166, 2004. _
ferent during the daily cycle. Therefore, the residual of the Pesjardins, R. L., MacPherson, J. I, Schuepp, P. H., and Karanja,
energy balance cannot be used for the correction of other tur- -+ AN evaluation of aircraft flux measurements of £ @ater

bulent fluxes like the carbon dioxide flux and other trace gas \gggr and sensible heat., Boundary-Layer Meteorol., 47, 55-69,

fluxes. EaC_h_ﬂux must be analysed separately._ Finnigan, J. J., Clement, R., Malhi, Y., Leuning, R., and Cleugh, H.
Summarising these results, the eddy-covariance method A " A re_evaluation of long-term flux measurement techniques,

should be used in some cases with a variable integration pay | averaging and coordinate rotation, Boundary-Layer Me-

period, where the length of this period can be determined teorol., 107, 1-48, 2003.

by the maximum of the ogive function. This implies that popen 1. Dlugi, R., and Kramm, G.: On the determination of dry

the influence of the advection and low frequency turbulence e osition and emission of gaseous compounds at the biosphere-

structures can be partially estimated. This paper can only atmosphere interface, Meteorol. Z., 4, 91-118, 1995.

be a first initiative to investigate more carefully the low Foken, T., @ckede, M., Mauder, M., Mahrt, L., Amiro, B. D., and

frequency part of the turbulent fluxes in relation to the Munger, J. W.: Post-field data quality control, in: Handbook

energy balance closure problem. Much more data sets under  \jicrometeorology: A Guide for Surface Flux Measurement

different conditions must be analysed in a similar way to ;g Analysis, edited by: Lee, X., Massman, W. J., and Law, B.,

investigate this hypothesis and to create new findings for Kluwer, Dordrecht, 181208, 2004.

the use of the eddy-covariance method. It must also bq:oken, T., Mauder, M., Liebethal, C., Wimmer, F., Beyrich, F.,
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