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1.  INTRODUCTION

Climatic consequences of changes in land-use type
are of major interest worldwide, e.g. because of the
varying potential of different vegetation species to
uptake CO2. Since forests can store large amounts of
CO2, thus helping to counter the climate-change pro-
cess, afforestation and reforestation are assessed posi-
tively in the Kyoto Protocol. However, model results
indicate that the storage potential of forests for CO2 is
limited (Schaphoff 2006), i.e. afforestation results in a
short-term reduction of CO2 but cannot impede cli-
mate change in the long term (Read et al. 2001). On the

other hand, reliable forecasts over long time periods
are difficult because of the various feedbacks between
atmosphere and biosphere as well as the difficulties in
fully understanding plant physiological processes and
possible adaptations of these processes to future
climate conditions (IPCC 2000). 

In addition to this biogeochemical effect, changes in
land-use type have a direct physical impact on pro-
cesses and phenomena within the atmospheric
boundary layer caused by alterations of the aerody-
namic surface parameters and surface properties that
are relevant for the terms of the energy balance
(Bounoua et al. 2002, Tchebakova et al. 2002); that is,
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vertical profiles of air temperature, humidity or wind
speed strongly depend on the underlying land-use
type.

There is a lack of comparative investigations of the
energy balance of different land-cover types (e.g.
grassland vs. forests), that are based on long-term
measurements of meteorological variables at 2 adja-
cent sites. Wicke & Bernhofer (1996) analysed the
energetic behaviour of the 2 sites in southwest Ger-
many that are investigated in this study, but only on
the basis of an intensive 2 wk measurement cam-
paign characterised by clear-sky weather. Kessler &
Jaeger (1999) compared the radiative fluxes between
the forest site of this study and a grassland site near
Hamburg (in northern Germany). However, sites
which are far away from each other are influenced
by different synoptic conditions. It is therefore
difficult to extract weather-independent energy
differences from the synoptic differences when
analysing radiative fluxes of such sites. Recently,
further studies have dealt with the analysis of the
long-term energy balance of various land-use types
(Tchebakova et al. 2002, Yamazaki et al. 2004, Stiller
et al. 2005).

The objective of this study was to further investigate
differences in energy balance terms between forest
and grassland with special emphasis on Scots pine
Pinus sylvestris L., which is typical of comparatively
dry sites under warm and dry climate conditions.
Because the sites were adjacent to one another, prob-
lems of comparability of weather conditions were
avoided. In addition, the results are not limited to spe-
cific weather conditions, since the data covers a contin-
uous period of >4 yr.

2.  MATERIALS AND METHODS

2.1.  Experimental sites

Meteorological data were recorded at 2 adjacent
experimental sites: Bremgarten (shortcut grassland)
and Hartheim (Scots pine forest), which are located in
the southern Upper Rhine Plain, about 25 km south-
west of the city of Freiburg in southwest Germany. 

The Bremgarten site (47° 54’ N, 7° 37’ E; 212 m a.s.l.)
was set up and maintained within the framework of
REKLIP (Regio-Klima-Projekt), a regional climate project
carried out from 1991 to 1996 (Kalthoff et al. 1999). The
surface was covered by short-cut grass with the fetch ex-
ceeding 400 m in the main wind direction (SSW) and at
least 150 m in all other directions. The surrounding land-
use types were grassland and agriculture. There were no
significant inhomogeneities or obstructions in close prox-
imity to the site. The instrumentation used at Brem-
garten is listed in Table 1. All probes were scanned every
10 s. For the scientific data analysis, 10 min mean values
of the meteorological parameters (10 min totals for pre-
cipitation), were available.

The permanent forest meteorological site Hartheim
(47° 56’ N, 7° 36’ E; 201 m a.s.l; for details see Mayer et
al. 2000) has been operated by the Meteorological Insti-
tute of the University of Freiburg since 1974. It is lo-
cated within a Scots pine forest Pinus sylvestris L. about
3.1 km northwest of the Bremgarten site and 1 km east
of the River Rhine. The major objective of the continu-
ous recording of meteorological data at the Hartheim
site is the long-term analysis of interactions between
the growth dynamics of Scots pine forest and its radia-
tion, heat, water and momentum balances (Imbery
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Component Height (m a.g.l.) Instrument Type, manufacturer
Scots pine Grassland 

Short-wave radiative fluxes 2.0 Pyranometer CM11, Kipp&Zonen
16.0 CM5, Kipp&Zonen

Net radiation 16.0 2.0 Net radiometer LXG005, Dr. Lange 
Air temperature, humidity 2.0, 9.9, 12.3, 15.4, 10.0, 2.0 Psychrometer Pt-100, Meteorol. Inst.  

19.5, 23.5, 29.2 Univ. Freiburg (like Lambrecht)
Wind speed 10.0 Cup anemometer WAA 15, Vaisala

12.1, 15.5, 19.1, K100, Lambrecht
23.6, 29.4

Wind direction 10.0 Wind vane W200P, Campbell Scientific
30.0 Friedrichs

Soil heat flux –0.03 –0.03 Heat flux plate CN3, Middleton Solar
Precipitation 1.0 Tipping bucket ARG100, Campbell Scientific 

21.0 Ombrometer Thiess
Soil moisture 0.0 to –0.3 Gravimetric samples
Data acquisition � � Micrologger CR21X, Campbell Scientific

Table 1. Instrumentation at Bremgarten (grassland) and Hartheim (Scots pine) sites. a.g.l.: above ground level
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2005, Wellpott et al. 2005). The Hartheim area is a
highly uniform flood plain. The approximate dimen-
sions of the forest are 10 km (N–S) by 1.5 km (E–W).
The height of the tower was chosen to obtain a relation-
ship of tower height to fetch of 1:100 for SSW and N
wind directions, and a minimum tower height to fetch
relationship of 1:30 in E–W directions, which is suffi-
cient for energy-balance studies. Due to thinning in au-
tumn 1993, the stand density, mean stand height h, pro-
jected leaf area index (LAI), plant area index (PAI) and
the overground biomass were reduced (Table 2).

The soil, which is of similar consistency at both inves-
tigation sites, is a 2-layer calcaric regosol. The upper
layer consists of sandy loam with a mean depth of 0.4 m
(0.15 to 0.8 m) and the underlying layer is alluvial gravel.
Absolute mean water storage capacity of the upper layer
is 80 mm, field capacity is 31.4 vol% and the permanent
wilting point is 11.7 vol% (Hädrich 1979).

The instrumentation used at the Hartheim site is
listed in Table 1. All measurements within and above
the canopy were carried out by means of a 30 m mete-
orological tower. Vertical profiles of air temperature
and humidity were obtained from measurements at 4
levels above the forest as well as 1 level below the
canopy (2.0 m above ground level [a.g.l.]), 1 within the
canopy (9.9 m a.g.l.), and 1 near the mean stand height
(12.3 m a.g.l.). The wind speed was measured at 4 lev-
els above the forest and near the mean stand height. A
datalogger scanned all probes every 30 s and per-
formed the aggregation of the raw data to 1 h mean
values and 1 h totals (precipitation).

All measured meteorological parameters were sub-
jected to a comprehensive data-quality control, which
included different statistical and physical methods
(e.g. Grubbs test, extreme values, Lagrange interpola-
tion). The data quality control is explained in detail by
Rost (2004).

2.2.  Energy balance

The energy balance (W m–2) of a flat surface covered
with grass can be described as follows (Stull 1988,
Flanagan et al. 2002, Stiller et al. 2005):

AE  =  Q* – G  =  H + LE (1)

where AE is the available energy, Q* is the net all-
wave radiation, G is the soil heat flux, H is the sensible
heat flux, and LE is the latent heat flux. Compared to
shortcut grassland, forests have a high vertical exten-
sion. Therefore, the storage heat flux J within the stand
has to be taken into account in the energy balance of a
forest (Garrat 1992):

AE  =  Q* – G – J  =  H + LE (2)

In this investigation J (W m–2) was determined
according to Oliphant et al. (2004):

(3)

where ρa is air density (kg m–3), cp is specific heat of the
air at constant pressure (J kg–1 K–1), ΔTa/Δt is the tem-
poral variation of the air temperature Ta (K s–1) (mean
value of the air temperature at 2.0 m and 12.3 m a.g.l.),
Δzl is the vertical distance between the reference height
z and Δzbio (m) — the vertical extent of the projected bio-
mass, i.e. relation of biomass to density of biomass —
(Schott 1980, Vogt et al. 1996), L is the heat of evapora-
tion (J kg–1), Δq/Δt is the temporal variation of the
specific humidity q (s–1) (mean value of the specific hu-
midity at 2.0 m and 12.3 m a.g.l.), ρbio is the density of
the biomass (kg m–3), cbio is the specific heat of the bio-
mass (J kg–1 K–1), ΔTbio/Δt is the temporal variation of
the biomass temperature Tbio (K s–1) (assumed to be
equal to the mean value of the soil temperature at 1 cm
depth and air temperature at 2.0 m and 12.3 m a.g.l.).

As the turbulent fluxes of sensible and latent heat
were not measured directly at the 2 experimental sites,
parameterisations had to be used. Since most such
approaches have limitations, 3 different methods have
been used in this study. The Bowen ratio energy bal-
ance (BREB) method is based on the Bowen ratio β
(HBREB/LEBREB) and the assumption that the exchange
coefficients for sensible and latent heat are equal.
HBREB and LEBREB can be calculated by:

(4)

(5)

β depends on cp and L, and on the vertical gradients
of Ta and q:

(6)

The second method was to derive LE from the actual
evapotranspiration and to determine H as the residual
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1992 1994

Density (trees ha–1) 3750 1540
h (m) 11.5 12.3
Projected LAI (m2 m–2) 3.28 2.07
Projected PAI (m2 m–2) 3.93 2.47
Overground biomass (kg m–2) Overground biomass (kgm–2)OvOverO12.0 7.9

Table 2. Characteristics of the Hartheim Scots pine forest site
before and after the thinning in autumn 1993. LAI: leaf area 

index, PAI : plant area index, h: mean stand height
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term of the energy balance equation. LE was calcu-
lated in this study according to the Penman-Monteith
(LEP.-M.) formula modified by Rana & Katerji (1998):

(7)

where ETPPen is the potential evaporation according to
Penman (mm), γ is the psychrometric constant (hPa),
Δ is the slope of the curve of the saturation vapour pres-
sure at the corresponding air temperature Ta (hPa K–1),
rs is the stomata resistance (s m–1), and ra is the aerody-
namic resistance (s m–1). Instead of rs, the bulk stomata
resistance, which corresponds to the canopy resistance
rc, has been used. Following Köstner et al. (1996) and
Rost (2004), the canopy resistances for grassland (rc,g)
and the Scots pine forest (rc,f) were estimated as a
function of the net all-wave radiation Q* (W m–2):

rc,g =  [–0.547 + 0.011 × Q*]–1 (8)

rc,f =  [–0.3082 + 0.0144 × Q*]–1 (9)

The aerodynamic resistance ra was determined accor-
ding to Troufleau et al. (1997) and Lhomme et al. (2000):

(10)

where z0 is the dynamic roughness length (m), d is the
displacement height (m), ΨH is the integrated stability
function for heat, ζ is the Monin-Obukhov stability
parameter, κ is the von Karman constant, and u* is the
friction velocity (m s–1).

The third method to determine H and LE was a bulk
approach. In this study the iteration scheme by Launi-
ainen & Vihma (1990) was used:

Hbulk =  ρa · cp · cH · U · [Ta(z2) – Ta(z1)] (11)

where cH is the transfer coefficient for sensible heat, U
is the horizontal wind speed (m s–1), and Ta is the air
temperature (°C) at the heights z1 and z2. LEbulk was
determined as the residual flux.

The atmospheric stratification was implemented into
the transfer coefficient cH by including the integrated
stability functions ΨH (heat) and ΨM (momentum)
according to Beljaars & Holtslag (1991) for the stable
case, and Businger et al. (1971), as well as Dyer (1974),
for the unstable case:

(12)

2.3.  Mean weather and climate conditions

Compared with the mean climate in Central Europe,
the climate in the southern Upper Rhine Plain can be

characterised as relatively warm and dry. At the Brem-
garten weather station, which is close to the Brem-
garten grassland site, the mean annual air temperature
was 9.8°C and the mean annual precipitation was
667 mm in the period 1951–1980 (see Mayer et al.
2000). Anomalies of mean monthly air temperature
and precipitation from March 1992 to September 1996
at the Bremgarten grassland site were compared with
long-term means (1951–1980) at the Bremgarten
weather station in order to characterise the mean
weather conditions during the investigation period
(Fig. 1). They reveal warm winter months, whereas
most of the transition months were cold and wet com-
pared to the long-term mean. In summer, the weather
was frequently cold and dry.

3.  RESULTS

3.1.  Radiative fluxes

The downward short-wave radiation K↓ represents
the main component of the available energy. Owing
to the low horizontal distance between both sites, K↓
was nearly equal for the Scots pine forest (Fig. 2) and
the grassland site. The upward short-wave radiation
(or the albedo a) showed remarkable differences
between both land-use types, which was also found in
previous investigations (Stull 1988). Over the period
of investigation, a of grassland (23%) was on average
about twice as high as that of the Scots pine forest
(11%), which agrees well with previously published
albedo values for both land-use types (e.g. Stull 1988,
Betts & Ball 1997, Stiller et al. 2005). Since the
weather conditions were almost equal at both sites,
different optical features of both land-use types must
have been the main cause of this difference. The
more pronounced surface structure of the Scots pine
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Fig. 1. Anomalies of mean monthly air temperature and mean
monthly precipitation in the period March 1992 to September
1996 at the Bremgarten grassland site, based on long-term
means (1951–1980) at the adjacent Bremgarten weather station
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forest led to stronger multiple reflec-
tion and scattering of the downward
short-wave radiation than at the grass-
land site (Wicke & Bernhofer 1996,
Kessler & Jaeger 1999). As a conse-
quence of its lower albedo, the Scots
pine forest had a corresponding higher
net short-wave radiation than the
grassland site (Rost 2004).

In addition to the different a values,
the land-use types differed in the
upward long-wave radiation (L↑) val-
ues. Rost (2004) showed that monthly
means of L↑ were slightly higher for
grassland in summer and for Scots pine
forest in winter. Averaged over the full
period of investigation, L↑ were similar
between both land-use types. Mainly
due to the increased net short-wave
radiation, Q* of the Scots pine forest
reached higher mean hourly values in
daytime throughout the year (Fig. 3),
whereas during the night Q* was
slightly higher for grassland because of
the lower L↑ values (Wicke & Bern-
hofer 1996, Rost 2004). Averaged over
the period of investigation, Q* reached
66 W m–2 for the Scots pine forest and
51 W m–2 for the grassland site, i.e.
mean Q* was 23% higher for the Scots
pine forest than for grassland.

3.2.  Soil and storage heat fluxes

Since the soil conditions at both sites
are comparable, the differences of the
soil heat flux G at both land-use types
depends on mean weather conditions
and the energy input indicated by K↓.
The mean daily amplitude of G per
month was more pronounced for grass-
land than for the Scots pine forest
(Fig. 4). The dampening effect of the
forest was mainly caused by the radia-
tive properties of the forest canopy (i.e.
higher absorption of short-wave radia-
tion during the daylight hours). There-
fore, mean daily maxima and minima of
G reached higher absolute values at
the grassland site. For the Scots pine
forest, mean hourly values of G were
negative from November to January,
indicating heat transport from the soil
to the surface of the forest floor.
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The mean daily courses of the soil heat
flux G and the storage heat flux J at the
forest site are displaced in phase (Fig. 5)
since the changes in air and biomass
temperature as well as in humidity, that
control J (Eq. 3) are most pronounced in
the morning hours in contrast to the ra-
diative fluxes, which are the main steer-
ing parameters for G. With respect to the
mean peak values, J exceeded G during
all months. A comparison between the
sum of G and J for the Scots pine forest
and G for grassland (Fig. 6) still reveals
the phase displacement, since G for the
grassland is mainly determined by the
downward short-wave radiation. Apart
from October to December, the mean
daily maxima of G for grassland were
higher than the mean daily maxima of (G
+ J) for the Scots pine forest. During the
night, however, the sum of G and J for
the Scots pine forest had slightly higher
peak values than G for grassland.

3.3.  Available energy

Compared to Q* (Fig. 3), the AE was
slightly more reduced at the grassland
site than in the Scots pine forest (Fig. 7).
Significant AE differences between
both land-use types only occurred dur-
ing daytime due to the different albedo
of the 2 surfaces. During night-time,
both sites showed similarly low AE val-
ues. A regression analysis of hourly
mean values of K↓ and AE led to the
following results:

AEf =  0.71K↓f – 21.3    R2 = 0.965 (13)

AEg =  0.55K↓g – 17.2   R2 = 0.963 (14)

The relationships show that the Scots
pine forest (subscript f) was more effec-
tive in the utilization (represented by
AE) of the energy input (represented
by K↓) than grassland (subscript g).

3.4.  Turbulent heat fluxes

To investigate the sensitivity of the
3 different methods that were used to
determine the turbulent heat fluxes,
hourly mean values of the sensible
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heat flux H were calculated for the period 14 to 22
May 1992, which was within the period of the HartX
measurement campaign (Wicke & Bernhofer 1996).
The application of the BREB method sometimes
failed because of the Ohmura (Ohmura 1982), or
error propagation, criteria. For clear-sky weather
conditions, the residual flux (HP.-M.) of the available
energy AE and LEP.-M. corresponds well with HBREB

(Fig. 8), whereas the sensible heat flux was slightly
underestimated by the bulk approach (Hbulk), particu-
larly over the grassland. The slope of the regression
line between Hbulk and HBREB was 0.6 for grassland
and 0.9 for the Scots pine forest.

To allow for an analysis of the turbulent heat fluxes
over both land-use types, the 3 methods were com-

bined to obtain as complete a time series of H and LE
as possible. As a consequence of the sensitivity investi-
gations, the following procedure was applied: first
HBREB and LEBREB were calculated. In order to fill the
remaining gaps LEP.-M. was determined from Eq. (7)
with HP.-M. as the residual flux. Finally Hbulk was calcu-
lated from Eq. (11) with LEbulk as the residual flux.
Hence all 3 methods imply a closed energy balance.

For the investigation period March 1992 to Septem-
ber 1996, about 60% of the combined times series con-
sisted of hourly mean values of HBREB and LEBREB. HP.-M.

and LEP.-M. amounted to 25% for the Scots pine forest
and 35% for the grassland site, respectively. Hbulk and
LEbulk represented <5% of the hourly mean values for
the Scots pine forest and 0.3% for the grassland site,

respectively. Due to gaps in the original
time series of meteorological data, the
calculation of the turbulent heat fluxes
was not possible for 10% of the hours
for the Scots pine forest and for 5% for
the grassland site. Due to the relatively
low portion of heat fluxes that were
determined according to the bulk
approach, the underestimation of Hbulk,
which became apparent particularly for
sunny conditions, can be discounted in
the analysis of the complete time series.

The monthly averaged mean hourly
values of the sensible heat flux H were
higher for the Scots pine forest than for
grassland (Fig. 9). As expected, the dif-
ferences were more pronounced dur-
ing daytime than during nighttime.
The highest difference (94 W m–2)
occurred in July between 13:00 h and
14:00 h Central European Time (CET)
and amounted to 37% of H for the
Scots pine forest. The larger negative
values of H for the Scots pine forest at
night-time were induced by the pro-
duction of cold air which drained down
to the forest floor, resulting in stable
thermal stratification within the stand.
Due to the flatness of the area, the cold
air accumulated within the stem layer
until the net radiation became positive
(Fig. 10).

Latent heat flux LE was higher
(monthly averaged mean hourly val-
ues) for the Scots pine forest than for
the grassland only from March to Sep-
tember (Fig. 11). The LE differences
were less pronounced than those for H.
The peak difference (39 W m–2) was
observed in August between 11:00 and
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12:00 h CET and amounted to 21% of LE for the Scots
pine forest. During nighttime, particularly from March
to September, mean hourly LE values of the grassland
were more negative, indicating a stronger dewfall than
for the Scots pine forest; this is also apparent from the
increasing water vapour pressure (not shown). The
effect was most pronounced (49 W m–2) in August
between 19:00 and 20:00 h CET. 

A comparative analysis of the energy fluxes from
March to September shows higher monthly means of
Q*, G + J, H, and LE for the Scots pine forest than for
grassland (Fig. 12). In this period, the mean Bowen ratio
β varies between 0.72 (March) and 1.04 (August) for the
Scots pine forest, and between 0.21 (March) and 1.05
(September) for the grassland, which indicates that the
Scots pine forest converted a higher portion of the
available energy into sensible heat flux than the grass-
land (see also Wicke & Bernhofer 1996, Baldocchi et al.

2004, Yamazaki et al. 2004). The rela-
tively high mean β value of grassland in
August, which was about 1.2 times
larger than during the other summer
months and of the same magnitude as β
for the Scots pine forest, was caused by
the drying of the grass. Since the aero-
dynamic conductivity of tall vegetation
is very large, its evapotranspiration is
limited by the canopy resistance partic-
ularly in summer if not enough water is
available (Bernhofer et al. 1996).

Normalised by the available energy
AE, the mean relative H and LE of grass-
land were lower and higher, respectively
than for the Scots pine forest (shown in
Table 3 for the daytime situation 07:00 to
19:00 h CET). The grassland site

234

Fig. 10. Mean daily course of air temperature within and above 
the Scots pine forest in August, 1992 to 1996. CET: Central

European Time; z: reference height; h: mean stand height
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Grassland Scots pine forest

Mean 
H/AE 0.42 0.52   
LE/AE 0.58 0.48   
β 0.72 1.08  
Sufficient water supply 
H/AE 0.40 0.50   
LE/AE 0.60 0.50   
β 0.67 1.00  
Low water supply 
H/AE 0.60 0.57   
LE/AE 0.40 0.43   
β 1.50 1.33 

Table 3. Normalised daytime (07:00 h to 19.00 h Central
European Time) turbulent heat fluxes for grassland and Scots
pine forest from March 1992 to September 1996. H: sensible
heat flux, LE: latent heat flux, AE: available energy, β: Bowen
ratio. See end of Section 3.4 for definition of sufficient and

low water supply

Grassland Scots pine forest
P Q* P Q*

January 39 –4 36 –4
February 27 8 23 12
March 32 33 27 53
April 58 75 51 104
May 108 91 94 117
June 77 124 71 155
July 59 137 53 169
August 69 99 62 129
September 76 56 73 69
October 59 23 57 29
November 47 1 42 4
December 48 –7 44 –8

Table 4. Mean monthly precipitation (P) and evaporation
equivalence (mm) of the net all-wave radiation (Q* = Q* ×
Δt/L [W m–2], where L is the heat of evaporation) for adjacent
Scots pine forest and grassland in the period September 1991

to September 1996
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showed more pronounced differences between LE/AE
and H/AE than the evergreen Scots pine forest. This
phenomenon resulted mainly from the stomatal control
(Polonio & Soler 2000), which is characterised by a clo-
sure tendency during stress conditions, e.g. due to a re-
duced water supply. Averaged over the summer months
of June, July, and August, the precipitation for the Scots
pine forest reached only 41% of the evaporation equiv-
alence of its net all-wave radiation, whereas it was 58%
for the grassland site (Table 4).

To examine the impact of water supply in detail,
H/AE and LE/AE were determined for sufficient and
low water supply during daytime conditions (Table 3).
Baldocchi (1997) defined water stress in vegetation —
i.e. low water supply — as the condition when (1)
Priestly-Taylor’s canopy drought stress index (CDSI,
the ratio of cumulated precipitation to cumulated
potential evaporation; Folken 2003) <1. In the present
investigation 2 more conditions had to be met for low
water supply: (2) the current CDSI had to be lower
than the CDSI of the previous day and (3) the soil water
content had to be below the permanent wilting point.
In contrast, for periods of sufficient water supply, (1)
CDSI is >1 for both land-use types, (2) the current

CDSI had to be higher than the CDSI of
the previous day, and (3) the soil water
content had to be above the permanent
wilting point. Compared to mean con-
ditions, the quota of LE was lower dur-
ing low water supply leading to β val-
ues of 1.33 for the Scots pine forest and
up to 1.50 for grassland (Table 3). Dur-
ing periods with sufficient water sup-
ply, half of AE was converted into LE
for the Scots pine forest, while for
grassland the proportion of LE reached
60%. These energetic conditions are
reflected by β values of 1.00 for the
Scots pine forest and 0.67 for grassland.

4. DISCUSSION

Compared with other energy balance
investigations, this study is one of the
few analyses that compares the energy
balance of 2 adjacent land-use types
and is based on parallel meteorolo-
gical measurements over a continuous
period of >4 yr. Both experimental sites
are located in the southern Upper
Rhine Plain, which is characterised by a
relatively warm and dry climate. The
results, that the net all-wave radiation
Q* and the available energy AE of

Scots pine forest were higher than for grassland, agree
with previous investigations (Moore 1976, Baldocchi et
al. 2004, Stiller et al. 2005). The surplus of Q* and AE
of the Scots pine forest compared to the values for the
grassland have been quantified, both  as a 4 yr average
(Q*: 23%, AE: 24%) and for shorter periods.

Although the absolute mean monthly values of H
and LE were higher for the Scots pine forest than for
grassland from March to September, monthly means of
LE related to AE were higher for grassland. This could
be caused by the lower total transpiration capacity of
evergreen conifers (evergreen conifers: 1400 to
1700 µmol H2O m–2 s–1, grass species: 3000 to 450 µmol
H2O m–2 s–1; Larcher 1994) and the reduced maximum
leaf conductivities of Scots pine forests (conifers: 234 ±
99 µmol H2O m–2 s–1, grass species: 200 to 1000 mmol
H2O m–2 s–1; Körner 1994). On average, more available
energy was converted into LE than H for both land-use
types. These relations changed when only daytime
conditions were considered and an additional differen-
tiation between sufficient and low water supply was
made. For daytime conditions, LE/AE was also higher
for grassland than for the Scots pine forest, but more
available energy was converted into H for the Scots
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pine forest and into LE for grassland. Stiller et al.
(2005) reported similar results for 2 sites (Scots pine
forest and grassland on sandy soil) in northeastern
Germany. Soil water content was the main steering
factor for the partitioning of the turbulent heat fluxes. 

In the case of sufficient water supply, the Bowen
ratio β was 1 for the Scots pine forest, indicating that
equal proportions of the AE were converted into H and
LE. For grassland, however, 60% of AE was converted
into LE and only 40% into H. In the case of low water
supply, more AE was converted into H for both land-
use types (e.g. Gay et al. 1996, Jäggi 2003). The reduc-
tion of LE/AE was more pronounced for grassland than
for the Scots pine forest. This is probably caused by the
different soil water content and root structure. Accord-
ing to Stiller et al. (2005) the soil water content at
grassland sites in northeastern Germany is higher than
that of forested sites in winter and spring, whereas at
forested sites it is higher than at grassland sites in
deeper soil layers during summer. The soil characteris-
tics at the sites in northeastern Germany are compara-
ble in depth and structure to those at Hartheim and
Bremgarten. Furthermore, for the Hartheim forest
recent sections revealed that some roots reach depths
below the gravel layer and are therefore able to fetch
water from deeper layers than grassland vegetation.
As a consequence, the grassland dies and its eva-
potranspiration is interrupted. Therefore, more energy
is transferred into the sensible heat flux (Baldocchi
et al. 2004).

5.  CONCLUSIONS

The performance of atmospheric models on various
scales depends on a proper representation of surface
processes, such as the partitioning of fluxes into
energy balance components. This partitioning de-
pends on soil properties, surface conditions, and
topography (Polonio & Soler 2000, Stiller et al. 2005). 

This study increases the understanding of the influ-
ences of soil and vegetation on the surface energy bal-
ance by exploring 2 different land-use types (grass-
land, Scots pine forest) over a continuous period of
more than 4 yr. Both experimental sites were close
together in the southern Upper Rhine Plain and were
investigated during the same time period. Hence,
apart from convective precipitation events, there was
no differential influence of weather conditions on the
energy fluxes.

The climate in the southern upper Rhine plain is
characterised by warm and dry weather conditions.
Predicted air temperatures during summer show an
increase of up to 3 K in Germany by 2070 (IPCC 2001,
Schär et al. 2004, Enke et al. 2005). Hence, the area

under investigation already reflects climate conditions
as forecast by regional climate models for large parts of
Germany. The results from this study can therefore be
interpreted as indicative of grassland and pine forest
energy balance in other regions in the future. Since the
energy and water balance of covered surfaces is highly
related to their net ecosystem exchange (NEE), this is
also of major interest for ecosystem studies investigat-
ing the carbon budget of Scots pine forest or grassland.
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