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Abstract Observations for May and August, 2005, from a long-term grassland meteoro-
logical station situated in central Netherlands were used to evaluate the closure of the surface
energy budget. We compute all possible enthalpy changes, such as the grass cover heat stor-
age, dew water heat storage, air mass heat storage and the photosynthesis energy flux, over an
averaging time interval. In addition, the soil heat flux was estimated using a harmonic analy-
sis technique to obtain a more accurate assessment of the surface soil heat flux. By doing so,
a closure of 96% was obtained. The harmonic analysis technique appears to improve closure
by 9%, the photosynthesis for 3% and the rest of the storage terms for a 3% improvement
of the energy budget closure. For calm nights (friction velocity u∗ < 0.1 m s−1) when the
eddy covariance technique is unreliable for measurement of the vertical turbulent fluxes,
the inclusion of a scheme that calculates dew fluxes improves the energy budget closure
significantly.

Keywords Grassland · Photosynthesis · Soil heat flux · Surface energy budget · Surface
energy budget closure

1 Introduction

A serious deficiency is typically present when measuring the total energy budget near the
earth’s surface, such that the available energy (net radiation minus soil heat flux) is larger
than the sum of the vertical turbulent heat fluxes (sensible heat plus evapotranspiration).
The ratio of heat fluxes to available energy, often called the recovery ratio, ranges between
70 and 90% for various ecosystems (Wilson et al. 2002; Foken 2006; Foken et al. 2006).
The main reasons attributed to this large gap include instrumental errors, especially those
related to the eddy covariance technique (Foken and Wichura 1996), the energy storage in
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126 A. F. G. Jacobs et al.

the soil–vegetation–atmosphere system (Braud et al. 1993; Bolle et al. 1993), and the loss of
low frequency components in the flux-averaging procedure (Sakai et al. 2001; Von Randow
et al. 2002; Finnegan et al. 2003). In addition, heterogeneities in the surrounding area can
contribute to the non-closure of the surface energy budget (Tsvang et al. 1991).

Recently a new measurement approach was used to estimate the soil heat flux very close
to the surface of a bare soil desert ecosystem (Heusinkveld et al. 2004). The measured surface
soil heat flux was compared with the traditional surface soil heat flux estimated by measuring
the soil heat flux at a certain depth, corrected for soil heat storage above the plate (caloric
technique; see e.g., Fritschen and Gay 1979). The caloric technique, however, deviated much
from the actual measured surface soil heat flux. A much better result was obtained by using
the harmonic analysis technique in estimating the surface soil heat flux, and by applying this
technique, a nearly perfect closed energy budget was achieved in the dry desert ecosystem
(Heusinkveld et al. 2004).

For bare soil ecosystems, but also for a relatively short grass cover, the contribution of the
soil heat flux in the surface energy balance can be considerable (Verhoef 1995; Mayocchi and
Bristow 1995). For example, in a desert ecosystem the soil heat flux can be greater than 30%
of the net radiation (Heusinkveld et al. 2004). This suggests that the buried heat flux plate
must measure the soil heat flux very accurately and the soil temperature profile above the
heat flux plate must be very detailed in order to adequately correct for the soil heat storage.
In most cases, including the present study, only one soil temperature measurement is made.
This limits the accuracy for the caloric correction, especially for the higher harmonics present
in the uppermost soil layer. The harmonic analysis technique better accounts for these high
harmonics and thus provides an improved assessment of the surface heat flux (Heusinkveld
et al. 2004).

The vertical turbulent heat fluxes (sensible and latent heat) are usually measured above
a short vegetated surface at heights ranging between 3 and 6 m, but the heat storage in the
vegetation–air system is often ignored. Only for tall canopies and in forested ecosystems is
the stored heat in the biomass normally accounted for in the energy budget (McCaughy and
Saxton 1988). In assessing these storage terms in agricultural crop systems it appears that
indeed these terms are small but are not negligible (Braud et al. 1993; Meyers and Hollinger
2004; Heusinkveld et al. 2004).

In the photosynthesis process, energy is needed to store solar energy in the bonds of
carbohydrates (Nobel 1974), though this energy term is nearly always neglected since the
conversion energy is thought to be small. In a recent study, however, Meyers and Hollinger
(2004) showed that the imbalance for a maize crop could be improved by 15% and for a
soybean crop by 7% if the energy per mole of CO2 fixed by photosynthesis was taken into
account.

The objective of the present study is, (1) to evaluate the energy budget closure for a
mid-latitude grassland site, (2) to evaluate the contribution of the surface soil heat flux as
calculated with different techniques, (3) to estimate the energy storage caused by the photo-
synthesis process, and (4) to make an assessment of all possible energy storage terms of the
soil-vegetation-air system and to investigate its role in the recovery ratio.

2 Experimental Set-Up

Wageningen University operates a long-term meteorological observatory, the Haarweg
Station, in the centre of Netherlands (lat. 51◦58′N, long. 5◦38′W, altitude 7 m a.s.l.;
www.met.wau.nl). The region is grassland mainly covered with perennial species of
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Towards Closing the Surface Energy Budget of a Mid-latitude Grassland 127

ryegrass (Lolium perenne L.) and rough bluegrass (Poa trivialis L.). During the growing
season (1 May–1 November), the grass cover is mowed weekly, has a mean height of 0.1 m
and a mean leaf area index, LAI, of 2.9 (Snel 2004). The LAI of the grass cover was esti-
mated with a digital plant canopy imager (CID Inc., type CI-110). The soil at the site is
predominantly heavy basin clay resulting from the back-swamps of the Rhine river.

An aspirated psychrometer measures the air temperature, Ta , and wet-bulb temperature,
Tw , at a reference height zr = 1.5 m. At 0.10 m height the air temperature Ta(0.10m) is
measured with a shielded Pt-100 thermometer (home-made). The incoming (Rgi ) and out-
going (Rgo) shortwave radiation fluxes are measured with an aspirated pyranometer (Kipp
& Zonen, model CM11) at a height of 1.5 m. At the same height, the incoming (RLi ) and
outgoing (RLo) longwave radiation fluxes are measured with a pyrgeometer (Kipp & Zonen,
model CG 1). The outgoing longwave radiation was used to evaluate the surface temperature

Ts

(
Ts =

(
RLo
εσ

)1/4
)

, where ε is the emissivity of the grass cover (ε = 0.99) and σ is Stefan

Boltzmann’s constant (σ = 5.67 × 10−8 W K−4 m−2). The net radiation, Q∗, is determined
by summing up the total radiation budget. The longwave radiometers, however, have a small
sensitivity to shortwave radiation (15 W m−2 at full sunshine) and this thus affects the net
radiation. A correction is therefore applied according to the specifications of the manufacturer
(Kipp CG2 specifications):

Q∗ = Q∗
m − 15(1 − α)

Rgi

Rmax
gi

(1)

where Q∗
m is the measured net radiation, α is the albedo of the underlying surface and Rmax

gi is

the maximum possible global irradiation, taken to be 1,000 W m−2. In our case, the underlying
surface is a grass cover with an albedo of α = 0.24 (Campbell and Norman 1998).

Soil temperatures, Tso, are measured by Pt-100 elements at depths of 0.05, 0.10, 0.20, 0.50
and 1.0 m; at 0.01, 0.10 and 0.50 m depths the soil moisture content was measured with a
Time Domain Reflectrometry (TDR) system (Campbell Sci., TDR 100, probe type CS 610).
The soil heat flux is measured by a heat plate (TNO, WS 31-Cp) buried at a depth of 75 mm,
and the measured soil heat fluxes are corrected for instrumental shape correction, �, for soil
heat flux sensors as proposed by Mogensen (1970):

� = 1

1 − 1.7t A−0.5(1 − ε−1
p )

. (2)

Here t = 2 mm is the thickness of the plate, A the area of the plate (plate diameter 0.11 m)
and εp the ratio between the thermal conductivity of the plate to that of the soil. The thermal
conductivity of the flux plate was provided by the manufacturer (λp = 0.14 W m−1 K−1) and
the soil conductivity, λs , was measured by the heat needle technique (De Vries 1963) and
ranged between 1.0 and 1.3 W m−1 K−1, depending on the soil moisture. The measured soil
heat fluxes were corrected for the soil heat storage above the heat flux plate (Fritschen and
Gay 1979) according to:

Goc = Gm(z p) − Cs

∫ 0

z p

δT

δt
dz , (3)

where Goc is the caloric soil surface heat flux, Gm is the measured soil heat flux, z p is the
depth of the soil heat flux plate, and Cs is the volumetric heat capacity of the soil. Moreover,
the surface soil heat flux was also calculated with the harmonic analysis technique by using
the soil temperature at 50 mm and the measured soil heat flux at 75 mm, indicated as the
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Goh soil heat flux. A detailed description of this harmonic analysis technique can be found
elsewhere (Heusinkveld et al. 2004).

Apart from standard agrometeorological measurements, turbulent fluxes of momentum,
heat and mass (H2O and CO2) are measured as well. A lattice tower at the Haarweg station
is instrumented with an eddy covariance system installed at a height of 3.5 m. This sys-
tem includes a three-dimensional sonic anemometer (3-D Solent Res. Gill Instruments Ltd.,
model A1012R2), a fine wire thermocouple (home-made) and an open path infrared CO2

and H2O gas analyser (IRGA) (LI-COR Inc., model LI-7500). The 3-D sonic anemometer
and the IRGA are set 0.05 m apart.

The cumulative source area contribution of the turbulent flux measurements was estimated
by calculating the so-called integrated footprint after Schuepp et al. (1990). More than 95%
of the cumulative flux stems from undisturbed grassed area (x < 700 m), except for the wind
direction sector 080◦ < ϕ < 120◦. From this sector only 6% contributes to the flux and was
ignored in the present study.

The slow response meteorological instruments are sampled at 0.25 Hz, and at 30-min
intervals data are averaged and stored in data loggers for subsequent processing. The fast
response sonic anemometer, the IRGA system and the fine wire thermocouple are sampled
at 20.8 Hz. The raw data of the eddy covariance system are stored on a PC and processed
at 30-min intervals. More details about the experiments, the measurement site and the data
processing can be found in Jacobs et al. (2003).

3 Methodology

At the earth’s surface, the available energy, A (W m−2), which is the net radiation,
Q∗ (W m−2) minus the surface soil heat flux, Go(W m−2), should balance the sensible heat
flux, H (W m−2) and the latent heat flux, Lv E (W m−2) according to:

A = Q∗ − Go = H + Lv E, (4)

where Lv (J kg−1) is the latent heat for vaporization and E is evaporation. In practice,
however, (4) results in a serious imbalance for many ecosystems (Wilson et al. 2002). As
mentioned by Meyers and Hollinger (2004), for example, potential reasons for this lack of
closure include loss of low frequency components in the flux averaging procedure and lack
of an accurate accounting of all storage terms. The surface energy budget equation can be
completed with these storage terms according to (e.g., Heusinkveld et al. 2004; Meyers and
Hollinger 2004; Foken et al. 2006):

A = Q∗ − Go = H + Lv E + Sp + Sc + Sa + Sd + Sq , (5)

where Sp (W m−2) is the photosynthesis flux, Sc (W m−2) is the crop enthalpy change, Sa

(W m−2) is the air enthalpy change, Sd (W m−2) is the canopy dew water enthalpy change
and Sq (W m−2) is the atmospheric moisture change. The storage changes are calculated over
the measurement averaging time interval of 30 min.

The photosynthesis flux is the change in the Gibbs free energy and can be evaluated with
the conversion of 1 mg CO2 m−2 s−1 canopy assimilation equal to 11 W m−2 (Nobel 1974;
Meyers and Hollinger 2004). In this study, the canopy assimilation flux is calculated by using
an extended assimilation model (for details, see Jacobs et al. 2003). The crop enthalpy change
is:

Sc = �T (mwCw + momCom)

�t
, (6)
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Table 1 Numerical values of
some grass cover parameters used
in the present study according to
Atzema (1993)

m (kg m−2) C (J kg−1 K−1)

Water 1.5 4190

Organic matter 0.2 1920

where �T (K) is the grass cover temperature change, with T taken to be the surface tem-
perature, Ts , mw (kg m−2) and mom (kg m−2) are the masses of water and organic matter,
respectively, Cw (J kg−1 K−1) and Com (J kg−1 K−1) are the specific heat capacities of water
and organic matter, respectively and �t (s) is the time averaging interval. The numerical
values of the heat capacities and masses used here are taken from Atzema (1993) and are
listed in Table 1. The air enthalpy change is:

Sa = ρaCa

∫ h

0

δTa

δt
dz, (7)

where ρa (kg m−3) is air density, Ta (oC) is air temperature, Ca (J kg−1 K−1) is the specific
heat capacity for moist air, and h is the height of the eddy covariance system. The atmospheric
moisture change is:

Sq = Lv

∫ h

0

δq

δt
dz, (8)

and q (kg m−3) is the atmospheric moisture density. The canopy dew water enthalpy change
is:

Sd = mdCw�T

�t
, (9)

where md is the mass of dew water within the canopy.
The amount of dew within the grass cover can be calculated from (Garratt and Segal 1988;

Holtslag and De Bruin 1988; Jacobs et al. 2006a):

Lv E = s

s + γ
(Q∗ − Go) + γ

s + γ

ρa Lvδr

rav

, (10)

where, s (K−1) is the slope of the saturation mixing ratio curve, r is the mixing ratio (kg kg−1),
γ = C p

Lv
(K−1) is the psychrometric constant, δr = r∗(Ta) − r (kg kg−1) is the mixing ratio

deficit at reference level, where r∗ is the saturated mixing ratio, and rav , is the aerodynamic
resistance to vapour transport (Garratt 1992). The accumulated amount of dew within the
grass cover is given by summing the negative evaporation according to:

Di+1 = Di − Ei�t (11a)

if Di+1 ≥ 0

Di+1 = 0 (11b)

if Di − Ei�t < 0, and where Di+1 is the new accumulated dew amount, Di is the former
dew amount, Ei is the dew flux density calculated using (10), and �t (= 1, 800 s) is the
timestep. If Di − Ei�t < 0, Di+1 is set to zero since this means that all free water on the
leaves has evaporated. It must be noted that with (10) the dew amount can be calculated for
low vegetation such as a grass cover (Jacobs et al. 2006a), but for tall vegetation (i.e. maize,
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Fig. 1 Course of the daily mean
air temperature (Ta ), daily total
precipitation (P), daily mean
short wave incoming (Rgi ) and
net radiation (Q∗) for May 2005

0

10

20

30

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

May 2005

T
em

p
er

at
u

re
 (

o
C

);
 P

re
ci

p
. (

m
m

)
0

200

400

600

R
ad

ia
ti

o
n

 F
lu

x 
(W

 m
-2

)P Ta Rgi Q*

Fig. 2 Scattergram of the
30-min averages of the available
energy versus the convective
terms for May 2005. The surface
soil heat flux, Goc , is calculated
with the caloric technique. Rain
periods are discarded because of
malfunction of the radiometers
and EC system during these
events
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lilies, potatoes, etc.), dew is best calculated with a more extended crop model (Jacobs et al.
2005; 2006b).

4 Results and Discussions

The month of May 2005 was first selected and analyzed in detail. This month was rela-
tively sunny with an incoming amount of global irradiation of 210 W m−2 (normal value
190 ± 25 W m−2), with a mean air temperature of 12.6◦C (normal value 12.6 ± 1.5◦C) and a
total precipitation of 64.6 mm (normal value 55±25 mm). The main meteorological variables
for this month are plotted in Fig. 1.

Figure 2 contains the 30-min averages of the available energy vs. the sum of the vertical
fluxes according to (4). Here, the surface soil heat flux, Goc, was calculated with the caloric
technique and no other storage corrections were applied. Moreover, periods with rain events
were discarded because of malfunction of the radiometers and the eddy covariance system
during these periods. The linear regression forced through the origin is y = 0.81x with
r2 = 0.96 (N = 1,194), implying that there is an imbalance of 19%, which is high but not
an uncommon value (e.g., Laubach et al. 1994; Brotzge and Cranford 2003).
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Fig. 3 Scattergram of the 30-min
averages of the available energy
versus the convective terms for
May 2005. The surface soil heat
flux, Goh , is calculated with the
harmonic analysis technique.
Rain periods are discarded
because of malfunction of the
instruments during these events
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Fig. 4 The courses of the surface
soil heat flux corrected with the
caloric technique, Goc , and
corrected with the harmonic
technique, Goh
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Figure 3 contains the same scattergram as Fig. 2, but now the surface soil heat flux, Goh ,
is calculated with the harmonic analysis technique. The linear regression of Fig. 3 forced
through the origin is y = 0.90x with r2 = 0.95 (N = 1,194), and we conclude that the
application of the harmonic analysis technique improves the imbalance by 9%, which is
significant. The same improvement was found in an earlier study for a dry desert soil (Heu-
sinkveld et al. 2004). It must be noted that the caloric technique can also be considerably
improved if the temperature profile above the soil heat flux plate is measured in more detail,
e.g., by placing more temperature sensors in the soil. In our case we have only one sensor
available and the soil flux plate is relatively deeply buried (75 mm).

It is interesting to analyze the difference in the surface soil heat flux between the caloric
and the harmonic correction technique, and in Fig. 4 both fluxes have been plotted for a
1-week period in May 2005. According to Fig. 4, we conclude that in our case the harmonic
correction technique results in a soil surface heat flux that is greater by nearly a factor of two
relative to the caloric technique.

Figure 5 contains the 30-min averages of the available energy versus the sum of the ver-
tical heat fluxes, corrected for photosynthetic energy and all storage terms as given in (5).
The linear regression of Fig. 5 forced through the origin is y = 0.96x with r2 = 0.97 (N =
1,194). In order to obtain a better insight into the importance of the various storage terms,
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Fig. 5 Scattergram of the
30-min averages in May 2005 of
the available energy versus the
convective terms corrected for
photosythetic energy, for crop, air
and dew water enthalpy and for
air moisture changes. Rain
periods are discarded because of
malfunction of the instruments
during these events
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Table 2 The contribution of the storage terms to the surface energy balance closure

Sp Sc Sd Sa Sq

Additional improvement 3.0% 0.5% 0.1% 2.0% 0.5%

Sp = photosynthesis flux, Sc = crop enthalpy change, Sd = canopy dew water enthalpy change, Sa = air enthalpy
change, Sq = atmospheric moisture change

the percentage improvement by the various storage terms to the energy budget closure is
presented in Table 2. It appears that the air enthalpy term, Sa , gives the highest contribution
(about 2% improvement) and the sum of Sc + Sq + Sd about a 1% improvement. Despite
the low contribution of all individual storage terms, the total correction of about 4% is also
significant for the closure of the surface energy budget.

It is interesting to investigate whether there is a difference in the closure between a so-
called fine weather period and an unsettled period, and consequently in Fig. 6 a distinction
has been made between a so-called fine weather period (upper panel) between May 25–29,
and the unsettled period (lower panel) between May 2 and 22. The results indicate that the
fine weather period shows an even better closure (y = 0.99x, r2 = 0.99 and N = 240)
than the total month of May, while the unsettled period shows a somewhat less good closure
(y = 0.95x, r2 = 96 and N = 960). The Netherlands, however, is a mid-latitude coastal
country where unsettled days dominate the weather, and that is why the total monthly results
nearly agree with the unsettled period.

The same procedure was carried out for the month of August 2005, which was also rel-
atively sunny with an incoming amount of global irradiation of 170 W m−2 (normal value
165±20 W m−2), a mean air temperature of 15.8◦C (normal value 14.6±1.4◦C), and a total
precipitation of 59.0 mm (normal value 56 ± 19 mm). The main meteorological variables for
this month are plotted in Fig. 7.

Figure 8 contains the 30-min averages of the available energy versus the sum of the ver-
tical heat fluxes, corrected for photosynthetic energy and all storage terms as given in (5).
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Fig. 6 Upper panel: Scattergram
of the 30-min averages for fine
days in May 2005 of the available
energy versus the convective
terms corrected for
photosynthetic energy, for crop,
air and dew water enthalpy and
for air moisture changes. Lower
panel: Scattergram of the 30-min
averages for unsettled days in
May 2005 of the available energy
versus the convective terms
corrected for photosynthetic
energy, for crop, air and dew
water enthalpy and for air
moisture changes
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Fig. 7 Course of the daily mean
air temperature (Ta ), daily total
precipitation (P), daily mean
shortwave incoming (Rgi ) and
net radiation (Q∗) for August
2005
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Fig. 8 Scattergram of the
30-min averages in August 2005
of the available energy versus the
convective terms corrected for
photosythetic energy, for crop, air
and dew water enthalpy and for
air moisture changes. Rain
periods are discarded because of
malfunction of the instruments
during these events

August 2005
y = 0.96x
r2 = 0.93
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Fig. 9 The course of
evapotranspiration, Lv E ,
measured by the EC technique,
along with the free water
condensation/evaporation
modelled with the dew model
(10) for five consecutive days in
May 2005
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The linear regression of Fig. 8 forced through the origin is y = 0.96x with r2 = 0.93(N =
1,298). August thus provided more or less the same results as for May.

During most nights, the imbalance of the surface energy budget is relatively much larger
than during daytime, in particular during calm nights (friction velocity u∗ < 0.1 m s−1).
During calm nights, turbulence is suppressed and the eddy covariances become ill-defined
since these conditions are non-stationary and non-homogeneous (Van de Wiel et al. 2003;
Steeneveld et al. 2006). Traditionally, nighttime fluxes were of little importance and often
ignored because the vertical heat fluxes are small in comparison to the daytime fluxes. In the
last decade, estimating accurate nighttime fluxes became increasingly important because of
the importance of the nighttime respiration flux in the total carbon dioxide budget (Culf et
al. 2004).

When we compare, for example, the measured nighttime dew flux with the eddy covariance
(EC) technique against the modelled dew flux according to (10), a large discrepancy exists
between both assessments. An example of this discrepancy is demonstrated in Fig. 9, where
for five consecutive nights the modelled dew fluxes are compared with the measured EC
latent heat fluxes. The EC results scatter around the zero flux line during the night whereas
the dew model gives a clear condensation flux. These dew model results were compared
with lysimeter results and appeared to agree well (Jacobs et al. 2006a). This motivated us
to substitute the nighttime EC fluxes by the modelled fluxes if u∗ < 0.1 m s−1. In fact, the
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estimate by (10) is useful in low wind speed cases so long as the latent heat flux < 0, which
typically occurs for u∗ < 0.03 m s−1 (Holtslag and DeBruin 1988; Jacobs et al. 2006a).

5 Conclusions

We studied the energy budget closure at a grassland site in the Netherlands, and quantified
the surface soil heat flux with the caloric as well as with the harmonic analysis technique.
Assessments were made for all possible storage terms of the vegetation–atmosphere system.
Moreover, the canopy assimilation flux was also taken into account in the surface energy
budget. The following main conclusions can be drawn from the study:

(1) The harmonic analysis technique gives a better assessment of the soil surface heat flux
if the soil temperature profile above the heat flux sensor is measured with only a very
limited number of sensors. In this study an increase of the energy budget closure of 9%
is achieved with this technique.

(2) The assimilation energy improved the energy closure budget for our mid-latitude grass-
land area by 3%, implying that the assimilation flux should not be ignored in a grassland
area.

(3) If the storage terms are taken into account, an additional 3% in the energy closure is
achieved, and it appeared that the enthalpy storage in the air layer between the EC
system and the ground surface gave the most important contribution (2%) and the other
storage terms contributed an improvement of 1%.

(4) Under low wind conditions (u∗ < 0.1 m s−1) sensible and latent heat fluxes are not mea-
sured well by the EC system. During these periods the heat fluxes are better estimated
by model calculations (at least in the case of dew).
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