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Abstract
Commonly used measuring methods only allow for a closure of the energy balance at the Earth’s surface
except for a residual. Models, in contrast, inherently demand an entirely closed energy balance, which they
achieve in different ways. This paper examines the model simulations depending on the methods used for
closing the energy balance, the optimization of the parameters, and the equations used. The one-dimensional
surface vegetation atmosphere transfer (SVAT) models REMO, SEWAB and TERRA, which were made
available by the GKSS Institute in Geesthacht, are examined and compared with measured data from the
LITFASS-2003 experiment. LITFASS-2003 took place during May and June 2003 in the experimental fields
of the Meteorological Observatory Lindenberg. Parameter sets optimized with regard to the turbulent fluxes
yield better results, but are often not consistent with site characteristics and differ within the models. We ran
the models with the optimized parameter sets, and with a set of selected parameters which agree with the
respective sites. SEWAB closes the energy balance by using an iteration of the surface temperature, through
which the influence of the residual is distributed over all fluxes. In REMO and TERRA the soil heat flux is
estimated as the residual of the other components of the energy balance equation. This results in an extreme
overestimation of this heat flux. Parameter optimization has an impact on the partitioning of the available
energy and its distribution to the turbulent heat fluxes. It does not influence the effect of the residual on the
results. Currently we do not know how to close the measured energy balance at the surface appropriately
because of the underestimation of the turbulent fluxes by eddy-covariance measurements and the unknown
partitioning of the residual between the sensible and latent heat flux. Therefore, the method used in SEWAB
yields better results than the one used in REMO and TERRA. The method used to close the energy balance
has more impact on the simulated surface energy balance components than does their parameterization. For
this reason it is not possible to attribute the differences in the calculated heat fluxes to particular differences
in the equations and parameters.

Zusammenfassung
Gewöhnlich sind unsere Messmethoden nur in der Lage, die Energiebilanz an der Erdoberfläche bis auf
ein Residuum zu schließen. Modelle erfordern dagegen eine interne Schließung der Energiebilanz, welche
auf verschiedene Weise erfolgen kann. In diesem Artikel wird das Energiebilanz-Schließungsproblem in
Modellsimulationen untersucht in Abhängigkeit von der Schließungsmethode, der Optimierung der Pa-
rameter und der angewandten Gleichungen. Die eindimensionalen SVAT-Schemata der Modelle REMO,
SEWAB und TERRA, welche durch das GKSS Institut in Geesthacht zur Verfügung gestellt wur-
den, wurden genutzt und verglichen mit Messdaten des LITFASS-2003 Experiment. LITFASS-2003
fand im Mai und Juni 2003 auf Messflächen des Meteorologischen Observatoriums Lindenberg statt.
Die anhand der turbulenten Flüsse optimierten Parameter der drei Modelle sind oft nicht konsistent
mit den Messflächeneigenschaften und unterscheiden sich für die verschiedenen Modelle. Die Modell-
rechnungen wurden daher mit den optimierten Parametersätzen und mit einem Satz ausgewählter Pa-
rameter, die mit den Messflächen übereinstimmen, durchgeführt. SEWAB schließt die Energiebilanz
durch eine iterative Bestimmung der Oberflächentemperatur, womit der Einfluss des Residuums auf
alle Flüsse verteilt wird. In REMO und TERRA wird der Bodenwärmestrom als Restglied aus allen
anderen Komponenten der Energiebilanzgleichung bestimmt. Daraus folgt eine extreme Überbestim-
mung dieses Wärmestroms. Die Parameteroptimierung hat Einfluss auf die Verteilung der verfügbaren
Energie auf die turbulenten Wärmeflüsse, beeinflusst aber nicht den Effekt des Residuums auf die Ergeb-
nisse. Aufgrund der Unterbestimmung der turbulenten Wärmeflüsse mit der Eddy-Kovarianz Messun-
gen und der bisher unbekannten Zusammensetzung des Residuums aus fühlbarem und latentem Wärme-
strom wird die in SEWAB verwendete Methode als besser angesehen als die Methodik in TERRA und
REMO. Die Methode der Schließung der Energiebilanz hat einen größeren Einfluss auf die simulierten
Energiebilanzkomponenten als ihre Parametrisierung. Dadurch ist es nicht möglich die Unterschiede
bei den Wärmeflüssen speziellen Unterschieden in den Gleichungen und Parametersätzen zuzuordnen.
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1 Introduction

From experiments in the 1970s and 1980s ELAG-
INA et al. (1973), ORLENKO and LEGOTINA (1973),
KOITZSCH et al. (1988) and others found that the en-
ergy balance was not closed by the measured compo-
nents. They attributed the apparent residual to measure-
ment errors and did not consider other explanations. In
the 1990s the focus went back to the unclosed energy
balance (FOKEN, 1990; TSVANG et al., 1991, DUGAS et
al., 1991; FOKEN and ONCLEY, 1995). In almost all ex-
periments where the energy balance equation could not
be closed, the net radiation was higher than the sum of
the other components of the energy balance equation.
The energy balance for the surface can be written as

−Q∗S = QH + QE + QG (1.1)

where Q∗S is the net radiation, QH the sensible heat
flux, QE the latent heat flux and QG the soil heat flux.
At present, an unclosed energy balance is found for most
of the experiments with a residual of 10–30 % of the
net radiation (LAUBACH and TEICHMANN, 1996; FO-
KEN, 1998; AUBINET et al., 2000; WILSON et al., 2002;
CULF et al., 2004) which can be included in Equation
(1) as the additional term “residual”. Recently turbulent
organized structures and secondary circulations are as-
sumed to be a main factor of the phenomena (KANDA et
al., 2004; INAGAKI et al., 2006; FOKEN, 2008; STEIN-
FELD et al., 2007; MAUDER et al., 2007a).

Most processes taking place at the surface are depen-
dent on the available energy in a direct or indirect way.
Therefore the energy balance equation is a crucial part of
Surface-Vegetation-Atmosphere-Transfer (SVAT) mod-
els to simulate exchange processes at the surface. As
models need to be tested against measurements, a poten-
tial deficiency in the measured energy balance equation
needs to be taken into account in order to guarantee both
a closed energy balance equation within the model and
a reasonable calculation of the surface energy fluxes. In
this study we examine the different methods used in the
models to ensure a closed energy balance, and analyse
the effects on the simulated components of the energy
balance equation.

For accurately calculating the exchange of energy, wa-
ter and gases at the surface, SVAT models need a large
number of parameters which represent the environmen-
tal conditions. Usually more complex models demand
a significant higher number of parameters than simpler
models in order to achieve accurate simulations. But on
the other hand, models with fewer parameters are much
more easily used for different sites than are complex
models. For example the SiSPAT model (Simple Soil
Plant Atmosphere Transfer, BRAUD et al., 1995) needs
about 60 parameters, which are difficult to estimate for
each plot. The ISBA model (Interactions Soil Biosphere
Atmosphere, NOILHAN and MAHFOUF, 1996) however,
which is used by the French weather service, needs only

10 parameters and can therefore be applied more easily.
For most models, the parameters need to be optimized
to adapt the models to the respective site (SCHAAKE,
2003). Sometimes models lack accuracy in parts of some
of their equations for one or more possible reasons: be-
cause the main focus lies on other parts of the model,
the described processes are not yet fully understood, the
intention was to keep the calculations more simple, or
because the calculations rely on specific assumptions
and might not be applicable in the same form for dif-
ferent situations. In any case, a parameter optimization
is a good tool to compensate for such model deficien-
cies. Ideally the parameters are optimized within the
most probable range for the respective site. That implies
the requirement of an adequate measurement data base,
which is most often not available. Consequently the pa-
rameters are optimized within a wide range, so that a re-
alistic representation of site specific properties might not
be given. Therefore we ran the models with optimized
and site representative parameters to examine how an
optimization influences the residual’s effect in the simu-
lations.

2 Experimental basis: The
LITFASS-2003 experiment

This study is based on the data of the LITFASS-2003 ex-
periment (BEYRICH et al., 2006; BEYRICH and MEN-
GELKAMP, 2006) which was carried out from 19th of
May 2003 to 17th of June 2003 in the landscape around
the Meteorological Observatory Lindenberg (MOL) of
the German Weather Service south-east of Berlin, Ger-
many. Basic atmospheric parameters such as air temper-
ature, air humidity, wind speed and wind direction as
well as the major components of the surface energy bud-
get (net radiation, sensible heat flux, latent heat flux and
soil heat flux) were measured at 14 micrometeorological
stations over different vegetation types. As part of the
operational measurement programme of the MOL, four
of them are operated over a long-term period. The other
10 stations were set up especially for the period of the
experiment and placed at agricultural fields with crops
that are typical for that region (cereals, particularly rye
and triticale, rape and maize). To ensure identical data
processing, all measurements were analysed with the
same software package (MAUDER et al., 2006). For this
experiment, comprehensive investigations of the energy
balance closure are available with an error analysis of all
measurements (MAUDER et al., 2006), special investiga-
tions of the eddy covariance measurements (MAUDER
and FOKEN, 2006), the influence of long wave turbu-
lent fluxes (FOKEN et al., 2006) as well as an overview
with conclusions (FOKEN et al., 2009). For our study
we used the eddy covariance data from two agricultural
sites, a rye field and a maize field, which were separated
by a farm track. All data were averaged for equal time
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intervals of 30 minutes over a time period with all mea-
sured flux data available. These averaged data were used
to calculate the mean daily cycles of the energy fluxes so
that a better comparison of the data and clarification of
tendencies was achieved.

3 Model description

For our investigation we used the three 1D SVAT-models
REMO, SEWAB and TERRA. REMO
(REgional MOdell) is the ‘stand alone’ version of the
climate model REMO (JACOB and PODZUN, 1997),
SEWAB (Surface Energy WAter Balance) is used at the
GKSS Institute in Geesthacht for hydrological simula-
tions (MENGELKAMP et al., 1999; 2002; WARRACH et
al., 2002) and TERRA is part of the LM (Lokal Modell)
of the German Weather Service (DWD, 19951; STEP-
PELER et al., 2003). At the GKSS Institute 1D stand-
alone versions from the TERRA and REMO model were
extracted and provided for this study. Therefore the pro-
gram codes are not necessarily identical to the original
models. For abbreviations and symbols used, see section
6.

3.1 Equations

SEWAB and TERRA calculate the energy fluxes with a
bulk approach:

QH = ρ · cp · CH · u(z) · (Θ(z) − Θ0) (3.1)

QE = ρ · λ · CE · u(z) · (q(z) − q0) (3.2)

where ρ is the air density, cp the specific heat of air at
constant pressure, λ the heat of evaporation, u the wind
velocity, Θ the potential temperature, q the specific air
humidity and CH is the Stanton number. The Dalton
number CE is the equivalent for water vapor. Taking
into account stratified conditions, LOUIS (1979) inserted
a correction term Fh that is dependent on the Bulk
Richardson number RiB and the roughness length z0

CH = Chn · Fh(RiB , z/z0) (3.3)

where Chn is the transfer coefficient for heat for neutral
conditions considering the roughness length for temper-
ature, z0T :

Chn =
κ

ln
(

z
z0

)
ln

(
z

z0T

) (3.4)

SEWAB uses the correction terms after LOUIS (1979),
and TERRA the modified ones after LOUIS et al. (1982)

1Documentation of the EM/DM-System, Version 1.0

(see Table 1). REMO also shows similarity to the bulk
approach in the calculation of the sensible heat flux

QH =
1,5· 1

RL
·p·u

(TV −T ·CW )
(
1+10·Ri·

√
1+|RiB |

) .

Chn ·
(
ZTDIF − 1/3 · Θ − T · cp

) (3.5)

as well as the latent heat flux

QE =

λ ·
1

RL
·p·u

(TV −T ·CW )
(
1+10·RiB ·

√
1+|RiB |

) · Chn · (q − r · qsat)

(3.6)
where Tv is the virtual temperature, CW the water con-
tent of clouds, RL the gas constant for dry air and r
the relative humidity. ZTDIF represents an artifact of a
recursive method that is not documented further in the
program code and that is only used for the sensible heat
flux, but not for the latent heat flux. Hence, it is only
of importance for the original REMO model used for
regional simulations, and not for the 1D standalone ver-
sion we are using for this study. Even though REMO
shows similarities to the bulk approach, there already
are, in the main equations for the sensible and latent heat
fluxes, distinct differences from the calculations used in
SEWAB and TERRA, which themselves are quite sim-
ilar in their main equations. When considered in more
detail, SEWAB and TERRA also show more differences
in their calculations, see Table 1.

In REMO the net radiation is calculated without tak-
ing into account the reflected shortwave radiation:

ZNET = K ↓ +εeff · σ · T 4 (3.7)

where K ↓ is the global radiation, σ the Stefan-Boltz-
mann-constant and εeff an effective emissivity, which
represents an already balanced long wave radiation. In
this study we focus on the effect of the energy balance
closure problem on the model outcome. The net radia-
tion is crucial for investigations concerning the energy
balance at the surface, and a wrong calculation may lead
to wrong conclusions regarding the effect of the residual
on the simulated fluxes. Therefore we implemented an
equation for the net radiation that includes the reflected
shortwave radiation K ↑ in order to enable a more real-
istic calculation:

ZNET = K ↓ +K ↑ +εeff · σ · T 4 (3.8)

The optimized albedo value that was already available in
REMO was not appropriate due to the incomplete equa-
tion for the net radiation, so that for our newly imple-
mented equation we used a more realistic albedo value
of 0.2. We are aware that we are thereby simulating a net
radiation that was not originally present in this form in
the program code.

SEWAB calculates the soil heat flux from the soil
heat conductivity λsoil and the temperature difference
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Table 1: Comparison of the equations used in SEWAB and TERRA, see section 6 for an explanation of the symbols.
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between the surface T0 and the upper soil layers TS :

QG = λsoil · (T0 − TS) (3.9)

In REMO and TERRA there is no such explicit calcu-
lation for the soil heat flux. TERRA balances the soil
heat flux with the other components of the energy bal-
ance equation and simultaneously closes the energy bal-
ance. In REMO there was originally no equation avail-
able regarding the soil heat flux. As the energy balance
is closed by definition, we also assumed for our version
of the REMO model that the energy balance is closed.
Without changing other calculations, the only option left
was to calculate the soil heat flux the same way as it is
done in TERRA.

With our changes in the program code, the 1D stan-
dalone version of REMO we were using for our study
differs even more from the original REMO model. How-
ever, we will refer to our version as “REMO”, even
though we are aware that there are differences to the
original model.

3.2 Parameters

All three models need identical forcing time series of
date, time, precipitation, air temperature, wind velocity,
air pressure, relative humidity, global radiation, and in-
coming long wave radiation. In our case we used mea-
surements obtained during the LITFASS-2003 experi-
ment.

Each model has a number of parameters to repre-
sent soil, vegetation and atmospheric properties. These
parameters were optimized with respect to the mea-
sured latent and sensible heat fluxes. All optimized pa-
rameter sets were provided by the GKSS Institute in
Geesthacht. An exemplary description of the optimiza-
tion for TERRA is given in JOHNSEN et al. (2006).

An overview of all the parameters that were optimized
for the three models is presented in Table 2. Only 6 pa-
rameters were optimized for all three models (roughness
length, albedo, emissivity, field capacity, soil heat ca-
pacity and minimal stomatal resistance). The parameters
included in the optimization are different for the three
models, because the models differ in their equations and
in their sensitivity on specific parameters.
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Table 2: Overview of the optimized parameters.

SEWAB TERRA REMO 

Albedo x x x

Canopy height x 

Exponent b x 

Heat capacity (volumetric) x x x

Constant for interception storage (dewatering) x 

Constant for maximal interception storage  x 

Fraction of photosynthetic active radiation x x

Factor to calculate stomatal resistance x 

Correction factor for field capacity x

Factor for heat conductivity of the soil x

Saturated hydraulic conductivity x 

Leaf area index x x x

Maximal stomatal resistance x 

Minimal stomatal resistance x x

Pore volume x x

Rooting depth x x 

Correction factor for soil temperature x 

Roughness length x x x

Fraction of area covered by vegetation x x

Emissivity x x x

Effective emissivity x

Field capacity x x x

Volumetric water content at saturation x 

Volumetric water content at wilting point x 

Soil heat conductivity x 

Heat conductivity of dry soil x

Matric potential at saturation x 

In the optimization process the model is run with
many different parameter sets to define the parameter set
which leads to the best simulations. The parameter sets
are created by changing the value of each parameter in-
cluded in the optimization process within a given range.
For the optimization of REMO, SEWAB, and TERRA,
a SCE-UA (Shuffled Complex Evolution – University of
Arizona) algorithm (DUAN et al., 1992; DUAN et al.,
1994) was used followed by a MOSCEM-UA (Multiob-
jective Shuffled Complex Evolution Metropolis – Uni-
versity of Arizona) algorithm (VRUGT et al., 2003), both
being developed for hydrological models. The SCE-UA
algorithm defined the global optimum in the parameter
space of each model for the parameters listed in Table 2.

With the MOSCEM-UA algorithm a multi-objective op-
timization of a selection of parameters identical for all
three models was conducted afterwards. A more detailed
overview is given in Table 3, which shows all parame-
ters that are optimized for at least two models plus the
parameters used in SEWAB to calculate the soil heat
flux. As SEWAB is the only model calculating the soil
heat flux explicitly, the parameters needed for the calcu-
lations are not used in TERRA and REMO.

Although the parameters are optimized for the same
sites, there are distinct differences in the values of espe-
cially the leaf area index, the heat capacity and the field
capacity. The albedo optimized for SEWAB and TERRA
is quite similar, whereas the original values optimized
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Table 3: Selection of optimized parameters and parameters chosen as realistic, in comparison for both sites.

Maize Rye 

REMO SEWAB TERRA realistic REMO SEWAB TERRA realistic 

z0 0.0101 0.0100 0.0104 0.044 0.013 0.0121 0.0134 0.179 

LAI 4.7 – 3.7 1.5 2.92 3.81 2.94 2.73 

A 0.2(0.5) 0.25 0.24 0.2 0.2(0.5) 0.21 0.41 0.18 

ε 0.996 0.979 0.914 0.986 0.996 0.967 0.997 0.986 

ηfc 0.773 0.184 0.139 0.342 0.166 0.392 0.126 0.342 

csoil ·ρsoil 5.84·105 4.90·106 1.79·106 1.8·106 5.66·105 4.52·106 1.04·106 1.8·106

zr – 0.30–0.50 0.514 0.25 – 0.10–0.30 0.509 0.6 

fPAR – – 0.463 0.5 – – 0.463 0.5 

Vpor 0.338 – 0.368 0.43 0.470 – 0.532 0.43 

rs.min
1 100 487.898 60 60 100 144.24 60 300 

rs.max
2 – 2500 20.642 2500 – 2500 22.290 2500 

δV 0.509 – 0.689 0.7 0.507 -- 0.757 1 

zc – 0.60 – 0.45 – 0.60 – 1.2 

ηsat – 0.349 – 0.44 – 0.591 – 0.44 

ψsat -- -0.515 – -0.1 – -0.437 – -0.1 

Ksat – 2.52·10-4 – 5.23·10-6 – 6.13·10-5 – 5.23·10-6

ηWP – 0.115 – 0.15 – 0.259 – 0.15 

b – 11.21 – 4.80 – 8.09 – 4.80 

                                                           
1 set constant, but not optimized for REMO and TERRA
2 set constant, but not optimized for SEWAB

for REMO were too high (0.5 – for land surface) due to
the incomplete calculation of the net radiation. As we
had to include a new equation for the net radiation, we
simultaneously set the albedo to a new value of 0.2 to
ensure a realistic calculation. In REMO, only the mini-
mal stomatal resistance is used for the calculations and
is set constant to 100 s m−1. TERRA optimizes the min-
imal stomatal resistance and sets the maximal stomatal
resistance equal to 60 s m−1, which is lower than the
maximal stomatal resistance in REMO and much lower
than the maximal stomatal resistance in SEWAB (2500
s m−1). The stomatal resistance is calculated in SEWAB
according to NOILHAN and PLANTON (1989) and the
minimal stomatal resistance is optimized. The values of
the constants are not further explained or documented
in the program codes, so that the differences between
the minimal and maximal stomatal resistances cannot be
explained. The root depth in SEWAB is not given as a
length, but as the respective soil layer.

Most parameters were optimized to different values
for the three models. This shows that the parameter opti-
mization compensates, as already mentioned earlier, for
model deficiencies at the cost of a realistic representa-
tion of site specific properties. It should be an aim of
modelling to gain proper results with the most realis-
tic parameters so that an optimization is only needed
for non-measurable or non-available parameters. Going
from one-dimensional to regional simulations, where
single parameters represent a model grid cell, this prob-
lem becomes even more important.

With the optimized parameters, we compared the
models at a stage where they are close to their best per-
formance. To see whether an optimization influences the
effect of the residual on the model outcome, we also ran
the models with a set of non-optimized parameters. To
this end, we defined a set of parameters for which we
tried to find the most realistic values. In doing so we
chose parameters that are used in at least 2 models and
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Table 4: Volumetric heat capacities for different soil water contents
(ALTMAN and DITTMER (1966).

volumetric water 

content m3 m-3

heat capacity    

106 J m-3 K-1

0 1.26 – 1.67 

0.2 1.67 – 2.5 

0.4 2.5 – 3.3 

Table 5: Literature values for saturated hydraulic conductivity; the
value from AG Boden (1994) was averaged from different values
given for a range of bulk densities.

Literature Ksat [m s-1] 

HARTGE und HORN (1999) 4·10-3 - 1·10-9

NOVAK et al. (2005) 5.62·10-7

AG BODEN (1994) 1.2346·10-6

COSBY et al. (1984) 5.23·10-6

LI et al. (1976) 3.47·10-5

a set of soil specific parameters used only in SEWAB,
summarized in Table 3.

Some of the parameters we selected for the set
of realistic parameters, namely roughness length, leaf
area index and albedo, were already estimated during
the LITFASS-2003 experiment (BEYRICH et al., 2006).
For the rye field, roughness length, leaf area index and
albedo were measured to 0.179, 2.7 and 0.18, respec-
tively. The roughness length for the maize field was
measured to 0.044, the albedo to 0.2, while the leaf
area index was not measured, but estimated to be 1.5.
For both fields the emissivity is set to 0.986, follow-
ing GEIGER et al. (1995). The field capacity for sandy
loam was calculated as a mean value of 0.34 from the
values for different bulk densities given in AG Boden
(1994). The heat capacity is the product of specific heat
and density of the soil. HARTGE and HORN (1999),
gives different volumetric heat capacities for different
water contents; see Table 4. As the soil was dry dur-
ing the experiment and as the heat capacities of the
soil components such as clay minerals, humus, and wa-
ter are higher than the interval for dry soil (SCHEFFER
and SCHACHTSCHABEL, 2002), we chose 1.7 · 106

J m−3 K−1 as a realistic value. The root depth was es-
timated for both sites, namely 20 cm for the maize field
and 60 cm for the rye field. Following LARCHER (1994),
the photosynthetic active radiation contributes 45 to 50
% of the global radiation. As the fraction can be even
larger, we used 50 % for our realistic parameter selec-

tion. The pore volume for loam is set to 43 %, which is
the mean between 30 % and 55 % as given by SCHEF-
FER and SCHACHTSCHABEL (2002). For the minimal
stomatal resistance of maize MONTEITH (1976) gives
a value of 40 s m-1, whereas in SELLERS (1985) and
GOTTSCHALCK et al. (2001) values of 50 s m−1 and
79 s m−1 respectively can be found. We decided to
choose a mean value of 60 s m−1 for our set of realistic
parameters. For the rye field we took the value for wheat
proposed by ALTMAN and DITTMER (1966), 300 s m−1.
As the rye field was totally covered by crops a value of 1
is appropriate for the fraction of plant covered area. The
maize plants were growing during the experiment, but
the area between the maize plants was covered by weeds
so that we chose a value of 0.7. The mean of the canopy
height was estimated as 0.45 m for the maize field and
1.2 m for the rye field. For the saturated hydraulic con-
ductivity there are different values given in the litera-
ture; see Table 5. We chose 5.23·10−6 (COSBY et al.,
1984) as a representative value. The matrix potential at
saturation for sandy loam was estimated in COSBY et
al. (1984) as –0.141 and in CLAPP and HORNBERGER
(1978) as –0.072. For our simulations we chose a value
of –0.1. According to a figure in SCHROEDER (1992) the
water content at wilting point was set to 0.15. The gradi-
ent of the logarithmic retention curve (exponent b) was
estimated by CLAPP and HORNBERGER (1978) as 4.9
and by COSBY et al. (1984) as 4.74 for sandy loam. For
our set of realistic parameters we set the exponent b to
4.8. The volumetric water content at saturation is given
in SCHEFFER and SCHACHTSCHABEL (2002) as 0.45
(as read from a graph). COSBY et al. (1984) and CLAPP
and HORNBERGER (1978) suggest a value of 0.434 and
0.435, respectively. Considering this, we chose 0.44.

4 Results and discussion

To get an impression of the coherence between the
residual and the results, the differences between simu-
lated and measured surface fluxes were plotted versus
the residual from the measured energy balance equa-
tion. To this end, we subtracted the modelled values
from the measured values. This is indicated exemplary
as QH (UBT-R), where UBT means measured values
from the University of Bayreuth and R is an abbrevia-
tion for REMO and is replaced by S for SEWAB and T
for TERRA. Consequently, positive values show under-
estimated and negative values overestimated fluxes. As
the net radiation is negative by definition, here it is the
other way round, which means that a positive difference
shows an overestimation and vice versa. We made this
comparison for both the optimized and the realistic pa-
rameters.

For most cases, the differences between measured and
simulated fluxes are much higher during the day than
during the night. The curve of the residual shows a max-
imum value around noon, which can clearly be seen for
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Figure 1: Differences between the energy fluxes simulated with
REMO (optimized parameters) for the maize field and the measured
values, versus time of day. Also shown is the residual in the mea-
sured energy balance.

Figure 2: Differences between the energy fluxes simulated with
REMO (optimized parameters) for the rye field and the measured
values, versus time of day. Also shown is the residual in the mea-
sured energy balance.

both fields. But the night pattern for the residual differs
between the rye and the maize field. At the maize field
the residual is almost zero during the night (Figure 1)
whereas at the rye field it is up to 50 W m−2 (Figure 2).

This high residual during night implies that there
are uncertainties in the measurement quality for the rye
field, which might be due to the measurement equip-
ment. However, especially for the maize field, the mea-
surement equipment was of high quality and a special
focus was on the measurement of the soil heat flux. As
the non-closure of the energy balance by measurements
is due to a problem concerning the turbulent fluxes, the
residual should be zero during night, when the turbulent
fluxes are also around zero.

Simulations with optimized parameters

In the simulation with the optimized parameters, REMO
(Figures 1 and 2) shows in general greater disagreement
from the measured latent and sensible heat fluxes or the

Figure 3: Differences between the energy fluxes simulated with SE-
WAB (optimized parameters) for the maize field and the measured
values, versus time of day. Also shown is the residual in the mea-
sured energy balance.

Figure 4: Differences between the energy fluxes simulated with SE-
WAB (optimized parameters) for the rye field and the measured val-
ues, versus time of day. Also shown is the residual in the measured
energy balance.

net radiation during the day than during the night, but
these are marginal compared to the soil heat flux. For
the maize field, the differences between measured and
simulated soil heat flux during daytime are even larger
than the residual. In night-time the soil heat flux is un-
derestimated by up to 50 W m−2, whereas the differ-
ences for all other fluxes are rather small. For the rye
field, the curve of the differences between measured and
simulated soil heat flux almost follows the curve of the
residual. Hence REMO overestimates the soil heat flux
during day and underestimates it during night. The sen-
sible heat flux and the net radiation are overestimated by
REMO in daytime and night-time.

SEWAB (Figures 3 and 4) shows uniform negative dif-
ferences for all fluxes, which means that all components
of the energy balance equation except for the net radia-
tion are overestimated, with the latter underestimated in
the simulation with the optimized parameters. Only in
the case of the rye field during night, the soil heat flux
is underestimated by exactly the amount of the positive
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Figure 5: Differences between the energy fluxes simulated with
TERRA (optimized parameters) for the maize field and the mea-
sured values, versus time of day. Also shown is the residual in the
measured energy balance.

Figure 6: Differences between the energy fluxes simulated with
TERRA (optimized parameters) for the rye field and the measured
values, versus time of day. Also shown is the residual in the mea-
sured energy balance.

residual. The logical consequence of an underestimated
net radiation would be underestimated turbulent fluxes,
due to less available energy at the surface. SEWAB dis-
tributes the residual between the turbulent fluxes, which
are consequently increased. The underestimation of the
net radiation compensates for this increase of the tur-
bulent fluxes due to the distribution of the residual and
therefore results in a minimizing of the differences to the
measured fluxes.

For both fields TERRA (Figures 5 and 6) shows, with
optimized parameters, positive differences for the latent
heat flux and negative differences for the other compo-
nents of the energy balance equation, except for the soil
heat flux, which is underestimated during night. The net
radiation is underestimated for the rye field by approxi-
mately 100 Wm−2, as well as the latent heat flux.

Figure 7: Differences between the energy fluxes simulated with
REMO (realistic parameters) for the maize field and the measured
values, versus time of day. Also shown is the residual in the mea-
sured energy balance.

Figure 8: Differences between the energy fluxes simulated with
REMO (realistic parameters) for the rye field and the measured val-
ues, versus time of day. Also shown is the residual in the measured
energy balance.

Simulations with realistic parameters

As expected, all models produce greater deviations from
the measurements when the simulations are carried out
with the realistic parameters than when the simulations
use the optimized parameters.

REMO (Figures 7 and 8) shows an enormous overes-
timation of the soil heat flux, which is even higher than
the residual. As the net radiation is also overestimated,
this results from a higher available energy. Around noon
the curve of the soil heat flux shows the same behaviour
as the curve of the residual.

The greatest differences between simulated and mea-
sured values are shown by SEWAB (Figures 9 and 10)
with the realistic parameter set for the sensible heat flux,
namely more than 100 W m−2 for the maize and more
than 200 W m−2 for the rye field. The net radiation is
overestimated for the maize field and underestimated for
the rye field. For the rye field the deviations from the
measurements are around zero during night for all fluxes
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Figure 9: Differences between the energy fluxes simulated with SE-
WAB (realistic parameters) for the maize field and the measured val-
ues, versus time of day. Also shown is the residual in the measured
energy balance.

Figure 10: Differences between the energy fluxes simulated with
SEWAB (realistic parameters) for the rye field and the measured val-
ues, versus time of day. Also shown is the residual in the measured
energy balance.

except for the soil heat flux, which is underestimated by
the amount of the residual. During day time the soil heat
flux is overestimated for the rye field and underestimated
for the maize field, but the deviations from the measure-
ments (50 W m−2) are much smaller than with simula-
tions using REMO and TERRA.

For the maize field, TERRA (Figures 11 and 12) over-
estimates the soil heat flux almost exactly by the amount
of the residual, except for the night time, where the soil
heat flux is underestimated, whereas all other fluxes are
overestimated. The net radiation has, for both fields, the
best correlation with the measurements. The soil heat
flux is also overestimated for the rye field. At the begin-
ning of the day the deviations from the measured soil
heat flux are larger than the residual and later in the
morning they become smaller, but around noon the curve
of the residual and the curve of the differences between
measured and simulated soil heat flux show the same
distinctive characteristic. During night the soil heat flux
is underestimated by more than 100 W m−2 but all other

Figure 11: Differences between the energy fluxes simulated with
TERRA (realistic parameters) for the maize field and the measured
values, versus time of day. Also shown is the residual in the mea-
sured energy balance.

Figure 12: Differences between the energy fluxes simulated with
TERRA (realistic parameters) for the rye field and the measured val-
ues, versus time of day. Also shown is the residual in the measured
energy balance.

fluxes are overestimated, which is also the case for the
maize field.

In most cases the differences between the turbu-
lent fluxes simulated with TERRA and REMO and the
measured values have the same magnitude for sensi-
ble and latent heat flux, but the opposite sign. For
REMO and TERRA the sum of the simulated turbulent
fluxes matches almost perfectly the measured ones (not
shown). Consequently we concluded that the over- and
under-estimation of both fluxes is due to an incorrect
partitioning of the available energy within the model,
and is independent from the way the energy balance is
closed. Therefore the influence of the residual is clearly
acting upon the soil heat flux. For SEWAB, any simi-
larly incorrect partitioning is not as obvious.

Especially for the simulations with realistic parame-
ters, it can be seen for REMO and TERRA that the plot-
ted deviations of both simulated latent and sensible heat
fluxes from the measured fluxes seem to be occasion-
ally time shifted. In the models, variables which nor-

eschweizerbartxxx ingenta



Meteorol. Z., 18, 2009 D. Kracher et al.: The residual of the energy balance closure 657

Figure 13: Bowen-ratio simulated with REMO (Bo REMO) for the
rye field with optimized parameters and the measured Bowen-ratio
(Bo UBT), versus time of day.

mally change during the day are often set constant or
calculated without taking into account their diurnal vari-
ation. Also an accurate parameterization of the soil, as
is the case in SEWAB, cannot be found in REMO and
TERRA.

REMO and TERRA are not able to simulate a nega-
tive Bowen ratio (Bo) during night (Figures 13 and 14),
whereas the Bowen ratio given in SEWAB is closer to
reality (Figure 15). The Bowen ratio is defined as the
ratio of sensible heat flux to latent heat flux. It is posi-
tive when both fluxes have the same sign and negative
when one flux is positive and the other negative. In sta-
ble conditions during night, the earth surface cools, so
that the sensible heat flux is directed towards the sur-
face and will therefore have a negative sign. The latent
heat flux will be negative when the moisture flux is di-
rected towards the earth surface, as is the case with dew
formation. Stable conditions occur almost every night,
whereas dew formation takes place only occasionally.
Therefore the negative sign of the mean daily curves of
the Bowen ratio is due to a negative sensible heat flux at
night, which is not reproduced by TERRA and REMO.
Consequently stable conditions at night are not well rep-
resented in these models.

It is obvious that the manner of balancing the soil heat
flux in TERRA and REMO leads to an overestimation of
this flux. Our version of the REMO model did not cal-
culate the soil heat flux at all and therefore did not orig-
inally close the energy balance explicitly. The soil heat
flux might not be of interest for the REMO model and
therefore an overestimation might not be considered a
disadvantage. In contrast SEWAB, which calculates the
soil heat flux explicitly and closes the energy balance by
an iteration of the surface temperature, distributes the
residual uniformly over all energy fluxes.

As the equations for the net radiation and the soil heat
flux had to be included in our version of REMO, these
simulations need to be considered critically. However,
for the net radiation we used as far as possible the equa-

Figure 14: Bowen-ratio simulated with SEWAB (Bo SEWAB) for
the rye field with optimized parameters and the measured Bowen-
ratio (Bo UBT), versus time of day.

Figure 15: Bowen-ratio simulated with TERRA (Bo TERA) for the
rye field with optimized parameters and the measured Bowen-ratio
(Bo UBT), versus time of day.

tions already available in the model, and completed the
equation in a manner similar to that used in SEWAB and
TERRA. We presume that with our changes regarding
the net radiation the REMO simulations were more re-
alistic and therefore allow for better examinations of the
residual’s effect.

5 Conclusion

According to the current state of knowledge the non-
closure of the energy balance is due to an underes-
timation of the turbulent fluxes with eddy covariance
measurements. Several studies have been conducted to
examine the influence of uncertainties in the measure-
ments of the net radiation (KOHSIEK et al., 2007) and
the soil heat flux for the LITFASS-2003 experiment
(LIEBETHAL et al., 2005; LIEBETHAL and FOKEN,
2007). As a conclusion the residual can be reduced by
certain measures, but cannot be deleted. As the energy
balance can be closed by measurements conducted in
the desert (MAUDER et al., 2007b) it is obvious that
the residual in the energy balance equations results from
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assumptions needed for the eddy-covariance technique
that are not suitable for heterogenic terrain. Heterogene-
ity evokes processes that are not captured by the eddy-
covariance technique, whereas they do not occur in ho-
mogeneous terrain such as in deserts, and can only be
detected by using spatial measurements such as flights
(MAUDER et al., 2007a; FOKEN, 2008).

Given this fact, an optimization of the model param-
eters which is too close to measured turbulent fluxes,
without taking into account the residual, leads to a sys-
tematic error in the simulations. This can clearly be seen
in the overestimation of the soil heat flux in REMO and
TERRA. As the soil temperature influences many im-
portant processes, such as for example soil respiration
(WANG et al., 2006) and consequently CO2 emissions
from soil (RUSTAD and FERNANDEZ, 1998), and water
uptake by trees (MELLANDER et al., 2006), an accurate
simulation of the soil heat flux is an essential require-
ment, especially for coupling with other models. For the
usual purpose of the REMO and TERRA models the soil
heat flux might not be of interest, as it was not origi-
nally calculated in the REMO code and not explicitly in
TERRA. Also in terms of coupling with other models,
the soil temperature might not be relevant in REMO and
TERRA. However, especially for the prediction of ex-
treme events, an accurate simulation of the temperature
and the water availability in the atmosphere is essential.
If the non-closure of the energy balance measured at the
surface and the resulting under-estimation of the sensi-
ble and latent heat fluxes is not considered in the simula-
tion, the model might not be able to predict such extreme
events properly. Therefore all the components of the en-
ergy balance equation at the surface need to be simulated
as exactly as possible, which implies an adequate parti-
tioning of the residual over the fluxes.

In SEWAB, the iteration of the surface temperature
seems to be an appropriate approach to close the en-
ergy balance, because the residual is partitioned upon
all the fluxes. This also means that the simulated turbu-
lent fluxes are higher than the measured fluxes and there-
fore more realistic. This is similar to the distributing of
the residual according to the Bowen ratio (TWINE et al.,
2000), which was also proposed by FOKEN (2008) as a
first guess. Unfortunately the main reason for the energy
balance closure problem are larger eddies which are not
similar for temperature and moisture and other species
(RUPPERT et al., 2006). It is still an open question how
to distribute the residual over the sensible and latent heat
flux, but simply partitioning it to the non-turbulent fluxes
as done in TERRA, or not closing the energy balance at
all as it was in our version of the REMO model, is ob-
viously not appropriate. As long as there is no generally
accepted method for distributing the residual upon the
turbulent fluxes, introducing a term for the residual can
be a temporary solution in modeling the energy balance
at the Earth’s surface. However, in order to simulate the
sensible and latent heat flux as appropriately as possible,

the residual needs to be distributed; otherwise the turbu-
lent fluxes will be underestimated, as they are by eddy
covariance techniques. One possibility would be to split
the residual into one term that will be added to the sen-
sible heat flux and another term that will be added to the
latent heat flux according to the Bowen ratio (TWINE et
al., 2000, FOKEN, 2008). Additionally the soil heat flux
needs to be calculated explicitly instead of being used to
close the energy balance. As models are developed and
evaluated based on measurements, they also include the
uncertainties related to the measurements. In that sense,
achievements in research of the energy balance closure
with eddy covariance measurements will also improve
the models.

6 List of symbols

List of abbreviations

EVA-GRIPS Evaporation at grid/pixel scale
ISBA Interactions Soil Biosphere Atmosphere
LITFASS Lindenberg Inhomogeneous Terrain – Fluxes

between Atmosphere and Surface: a long term study
MOL Meteorological Observatory Lindenberg
MOSCEM-UA Multiobjective Shuffled Complex Evo-

lution Metropolis – University of Arizona
REMO Regionalmodell
SCE-UA Shuffled Complex Evolution – University of

Arizona
SEWAB Surface Energy and Water Balance
SiSPAT Simple Soil-Plant-Atmosphere Transfer
SVAT Surface Vegetation Atmosphere Transfer
UBT University of Bayreuth
UTC Universal Time Coordonné

List of symbols

Latin symbols

a Albedo
aB Albedo for bare soil
b Gradient of the logarithmic retention curve

CE Dalton number
CH Stanton number
Chn Transport coefficient for temperature for neutral

conditions
Cmn Transport coefficient for momentum for neutral

conditions
cp Specific heat of the air at constant pressure [J kg−1

K−1]
csoil Specific heat of the soil [J kg−1 K−1]
CW Cloud water content
EP Potential evaporation
ETB Evaporation of bare soil [mm s−1]
ETInt Evaporation of interception water [mm s−1]
ETV Transpiration [mm s−1]
Fh Correction factor
fPAR Fraction of photosynthetic active radiation
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K ↓ Global radiation [W m−2]
K ↑ Reflected shortwave radiation [W m−2]
Knetto Net short wave radiation [W m−2]
Ksat Saturated hydraulic conductivity [m s−1]
L ↓ Incoming longwave radiation [W m−2]
LAI Leaf area index [m2 m−2]
p Air pressure [hPa]

QE Latent heat flux [W m−2]
QG Soil heat flux
QH Sensible heat flux [W m−2]
Q∗S Net radiation [W m−2]
q Specific humidity [kg kg−1]
r Relative humidity

R Residual [W m−2]
RiB Bulk Richardson number
RB Factor for calculation of humidity at surface
RL Gas constant for dry air [J kg−1 K−1]
ra Atmospheric resistance [s m−1]
rs Stomatal resistance [s m−1]
rs,max Maximal stomatal resistance [s m−1]
rs,min Minimal stomatal resistance [s m−1]
T temperature [K]
TV Virtual temperature [K]
u Wind velocity [m s−1]

Vpor Pore volume [m3]
z height [m]

z0 Roughness length [m]
z0T Roughness length for temperature [m]
zc Canopy height [m]
zr Root depth [m]

Greek symbols

Ψ Zenith angle of the sun
δI Fraction of leafs with interception water
δV Fraction of vegetation
ε Emissivity
η Volumetric water content [m3 m−3]
ηfc Field capacity [m3 m−3]
ηI Soil ice content
ηsat Volumetric water content at saturation [m3 m−3]
ηWP Volumetric water content at wilting point [m3

m−3]
κ von-Kármán-Constant
λ Heat of evaporation [J kg−1]
λsoil Soil heat conductivity cm2 [s−1]
Θ Potential temperature [K]
ρ Density of air [kg m−3]
ρI Density of ice [kg m−3]
ρsoil Density of soil [kg m−3

ρW Density of water [kg m−3]
σ Stefan-Boltzmann-constant [W m−2 K−4]
Ψsat Matrix potential at saturation [m]

Constants

σ = 5,67·10−8 W m−2 K−4

ρ = 1,223 kg m3

cp = 1004, 7 J kg−1 K−1

ρW = 1025 kg m−3

Acknowledgments

The authors acknowledge Klaus-Peter JOHNSEN und
Sven HUNECKE for the calculation of the optimized pa-
rameters and Matthias Mauder for the calculation of the
turbulence data of the sites A5 and A6. The LITFASS-
2003 experiment was funded by the Federal Ministry
of Education, Science, Research and Technology (DEK-
LIM, project EVA-GRIPS: BMBF 01LD0103).

References

AG BODEN, 1994: Bodenkundliche Kartieranleitung, 4. Au-
flage. – Hannover, 392 pp.

ALTMAN, P.L., D.S. DITTMER, 1966: Environmental Biol-
ogy. – Federation of American Societies for Experimental
Biology, Bethesda, Maryland, 694 pp.

AUBINET, M., A. GRELLE, A. IBROM, Ü. RANNIK, J.
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NOVÁK, V., T. HURTALOVÁ, F. MATEJKA, 2005: Predicting
the effects of soil water content and soil water potential on
transpiration of maize. – Agricult. Water Manag. 76, 211–
223.

ORLENKO, L.R., S.I. LEGOTINA, 1973: Heat balance at the
unterlying surface in the KENEKS-71 experiment. – Tr. Gl.
Geofiz. Observ. 296, 46–56.

RUPPERT, J., C. THOMAS, T. FOKEN, 2006: Scalar simi-
larity for relaxed eddy accumulation methods. – Bound.-
Layer Meteor. 120, 39–63.

RUSTAD, L.E., I.J. FERNANDEZ, 1998: Experimental soil
warming effects on CO2 and CH4 flux from a low elevation
spruce-fir forest soil in Maine, USA. – Global Change Bio.
4, 597–605.

SCHAAKE, J.C., 2003: Calibration of watershed Models, In-
troduction. – Water Sci. Application 6, American Geophys-
ical Union, (10/1029/006WS01), 1–7.

SCHEFFER, F., P. SCHACHTSCHABEL, 2002: Lehrbuch der
Bodenkunde. - Spektrum Akademischer Verlag, Heidel-
berg, Berlin, 593 pp

SCHROEDER, D., 1992: Bodenkunde in Sticcworten, 5. Auf-
lage. – Verlag Ferdinand Hirt AG in der Gebrüder Born-
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