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ABSTRACT
A thermodynamically based model is presented to estimate daily actual evapotranspiration (ET) of a grass
site closely resembling reference grass as defined by the Food and Agriculture Organization of the United
Nations (FAO) under nonadvective conditions, from Meteosat Second Generation (MSG) imagery. The
model presented here is derived from the thermodynamic theory by Schmidt combined with an atmospheric
boundary layer model. Daily net radiation over the (reference) grass surface is parameterized as a function of
global radiation, which can be estimated from MSG observations. It is then shown that ET over the grass area
can be estimated using remotely sensed daily global radiation and air temperature as input only. The validation relied on observations gathered in Cabauw, a site closely resembling the reference grass, as defined by
the FAO. The comparison with in situ data indicated a bias of 2.8 W m22 and an RMSE of 7.7 W m22. The
possibility of using the approach developed here to provide reference crop evapotranspiration ETo is discussed. Because of the ambiguousness of ETo definition regarding local advection effects, it should be noted
that explicitly advection-free conditions are dealt with. It is pointed out that in semiarid regions local advection cannot be ignored.

1. Introduction
The Food and Agriculture Organization of the United
Nations (FAO) published a number of reports (Doorenbos
and Pruitt 1975; Allen et al. 1998) with guidelines for optimum water management. In this work, we will refer to
the concepts and approaches defined in FAO Irrigation
and Drainage Paper 56 (FAO-56) by Allen et al. (1998).
The first step in the FAO methodology is the calculation of
the so-called reference (crop) evapotranspiration, denoted
by ETo. It corresponds to the evapotranspiration that a

hypothetical extensive field covered with (0.12-m height)
green grass with specified albedo, roughness length for heat
and momentum, and surface resistance would experience
under the given atmospheric conditions. It is assumed that
ETo depends on the prevailing weather conditions only
and therefore provides a characterization of the ‘‘evaporative power of the atmosphere.’’ The water requirements
of a particular crop Ec within a given stage in the growing
season, and under the same atmospheric conditions, are
assumed to be linearly related with ETo via a crop coefficient Kc:
Ec 5 Kc ETo .
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(1)

The crop coefficients are tabulated values (e.g., Allen
et al. 1998), depending on the crop type and growing
stage. Variable Ec would then correspond to the expected
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evapotranspiration of crop c, assuming disease-free
plants and optimum soil conditions.
The FAO definition of ETo for an extensive, wellirrigated grass field and its evaluation through the
Penman–Monteith equation, which is derived for idealized horizontally homogeneous and uniform flat terrain,
leads to an ambiguity (McMahon et al. 2013; Katerji and
Rana 2011, 2014). In practice, irrigation is most relevant
in semiarid regions where such idealized fields do not
exist. Usually, weather stations are located at fields
smaller than 104 m2 and are often surrounded by dry
terrain. Under such conditions, processes that can be
denoted with the generic name advection will lead to
significant inconsistencies between idealized ETo and
ETo estimates using ground data (Dingman 1992).
Another, more fundamental drawback of the ETo
concept is that it concerns a purely hypothetical grass
surface that does not exist in reality, by which experimental validation of any estimation formula for ETo is
not really possible. Note that in Allen et al. (1998)
there is no chapter dealing with experimental validation of the recommended methodology to calculate
ETo, being a version of the Penman–Monteith equation (hereafter PMFAO). Nonetheless, PMFAO is
widely used even far outside the goals for which it is
developed (irrigation practice). The experimental
validations of PMFAO we could find in literature
concern (lysimeter) studies mainly in semiarid regions
installed in small fields (e.g., Allen et al. 2006). But
then local advection cannot be ignored, which contradicts the definition of ETo that refers to extensive
grass, therefore suggesting that local advection should
be ignored. This has created an ambiguous situation.
Moreover, because of the fact that in hydrology and
hydrometeorology PMFAO is generally accepted as
‘‘the best’’ to estimate ETo, interest in the physical
background has faded. In the last decade, PMFAO has
been applied, without further discussion about its
validity, outside the field of irrigation, for instance, in
climate change studies in which long-term weather
records gathered under nonreference conditions are
analyzed. We conclude that there is a need to pay
attention to actual evapotranspiration of an actual
grass field that closely resembles the FAO reference
surface.
With this in mind, a model will be presented for actual
ET of an existing grass field derived from first physical
principles. Our derivation is based on the thermodynamic model by Schmidt (1915) combined with a model
for the atmospheric boundary layer. The latter has been
used and tested by de Bruin (1983), McNaughton and
Spriggs (1986), Jacobs and de Bruin (1992), and, more
recently, by van Heerwaarden et al. (2010).
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To increase practical applicability, we will deal also
with a simple method to estimate net radiation from
the incoming solar radiation at the surface (hereafter
denoted as global radiation) with the empirical formula
of Slob–de Bruin (hereafter SdB; de Bruin 1987; de
Bruin and Stricker 2000). And, in a final step, we will
apply remotely sensed global radiation as provided by
the EUMETSAT Satellite Application Facility on Land
Surface Analysis (LSA SAF; Trigo et al. 2011) and by
the Surface Insolation under Clear and Cloudy Skies
(SICCS) derived from the SEVIRI [a platform on
Meteosat Second Generation (MSG)] imagery system
of the Royal Netherlands Meteorological Office
(Koninklijk Nederlands Meteorologisch Instituut;
KNMI) by Greuell at al. (2013) to obtain estimates of ET.
Using the Cabauw Experimental Site for Atmospheric
Research (CESAR) database of micrometeorological observations gathered at Cabauw (the Netherlands) over a
grass surface that closely resembles the FAO hypothetical reference grass, we will validate our models for
actual ET, net radiation, and MSG global radiation
against independent measurements.
Finally, we will discuss the operational applicability
of our findings in, for example, irrigation practice or in
other disciplines, such a climate change studies.

2. Data and material
a. In situ measurements: Cabauw
Here, we consider data gathered at CESAR for the
period 2007–12. The site is located in the western part of
the Netherlands (51.9718N, 4.9278E). We used the data
collected at the experimental field near the 200-m tower
covered with short grass. The soil consists of a 0.7-mthick clay layer on top of a thick peat layer. The water
table is managed by a dense network of ditches, and only
rarely. Droughts have reduced evapotranspiration. The
terrain around the site also corresponds to grassland,
which was free from obstacles up to a few hundred
meters in all directions during the whole 2007–12 period.
For further details about the CESAR observatory, see
Monna and Bosveld (2013). Given its geographical location and local characteristics, the Cabauw resembles
closely the hypothetical FAO reference grass for conditions without advection. We extracted the so-called
validated and gap-filled meteorological surface data
and surface flux files (CESAR Consortium 2013). This
concerns 10-min values from which we calculated
24-hourly averages. In particular, we used the actual
evaporation that is obtained from the energy budget
residual method (Beljaars and Bosveld 1997). Cabauw
is located in the midlatitude climate zone where droughts
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are rare. In the period 2007–12, a limited number of dry
spells were detected in the growing season. These were
found by comparing measured ET with the reference
crop ET evaluated with the formula of Makkink
(ETmakkink, see section 5; de Bruin 1987). We ignored
days for which the actual ET is less than 0.80 ETmakkink.
The database included net radiometer data as well as
separate observations of the four components of net radiation, that is, incoming and reflected shortwave radiation (KY and K[ ) and incoming and outgoing longwave
radiation. We excluded days for which directly measured
net radiation differs more than 15 W m22 from that calculated from the four components.
The grass site is not irrigated and is surrounded by
similar grass. Consequently, under normal conditions advection will be absent. Cabauw evapotranspiration might
be affected by advection only when rainfall is distributed
in such a way that the site becomes wetter than the
surrounding terrain. We found that such rare situations
occurred on 27–30 July 2007, 14–15 August 2007, and
24–28 May 2012. Data on these days were also excluded
from the main results discussed in this study. On these
days the sensible heat flux given by the Extra Large
Aperture Scintillometer (XLAS; see Kohsiek et al. 2002),
representative for the surrounding area, provides much
higher estimates than the locally measured value.
For the selected days, we determined the albedo of
the Cabauw site from the ratio of daily mean outgoing
and incoming shortwave radiation. The results are
plotted in Fig. 1. It appears that the albedo varies from
day to day with a standard deviation of 0.018 around the
average of 0.23. This is the albedo of the reference grass
surface as defined by Allen at al. (1998). Considering the
environmental conditions of the Cabauw site regarding,
for example, albedo, water stress, and advection, we are
confident to state that the Cabauw site resembles fairly
closely the hypothetical idealized reference FAO grass
surface.

b. Remote sensing observations: MSG
The SEVIRI instrument on board the geostationary
platform MSG provides top-of-the-atmosphere optical
measurements every 15 min and with a spatial resolution
of up to 3 km.
Several methodologies have been proposed to derive
incoming solar radiation at the surface from remote
sensing observations. Most rely on the identification of
clouds and/or characterization of cloud properties from
visible and infrared observations. Moreover, these
methods take into account that under cloudy conditions there is a clear link (anticorrelation) between top
of the atmosphere reflectances and solar radiation at
the surface.
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Here we will consider two different remote sensing
products, both retrieved from SEVIRI on board
MSG and available in near–real time from the LSA
SAF (Trigo et al. 2011; Geiger et al. 2008) and from
the KNMI SICCS algorithm (Greuell et al. 2013;
Deneke et al. 2008). Both LSA SAF and SICCS
products are aggregated to daily averages of global
radiation. The high temporal frequency of SEVIRI
observations (15 min) allows characterizing the diurnal cycle of incoming solar radiation and therefore
producing robust daily estimates. The LSA SAF
product has been validated against a wide number
of in situ observations [including the Baseline Surface Radiation Network (BSRN)], most of which are
in Europe, revealing mean errors ranging between
around 24 and 27 W m22 (Ineichen et al. 2009; Carrer
et al. 2012). The SICCS product has also been validated
against European BSRN measurements, revealing a similar performance with biases between 21 and 13 W m22
(Greuell et al. 2013).

3. Theory
a. The Schmidt thermodynamic model
In this section, we reformulate the arguments used
by Schmidt (1915) to estimate the evaporation of the
oceans. We introduce a hypothetical flat box at the
grass surface, which contains, besides the vegetation
and a soil layer, the lowest layer of the atmosphere
with height h. Thus, the volume of the box equals hO,
where O is the area of the bottom of the box. Because
we consider well-watered grass surface, we assumed
that water vapor in the box is saturated at surface
temperature. Next, we consider a thermodynamic
process in which during a short time interval dt an
amount of energy dQ is added corresponding to an
available energy flux density (W m22) of A. As a result
the temperature in the box will increase by dT and
a part of the added energy is used to increase the enthalpy of the air in the box by macpdT, where ma is the
mass of air in the box and cp is the specific heat of air at
constant pressure. Obviously, ma 5 rhO and with the
equation of state for air this can be written as ma 5
(p/RT)hO with p the air pressure and R the specific gas
constant of air. By dividing the increase of enthalpy in
the box by Odt, the mean sensible heat flux density
H 5 (p/RT)cph dT/dt is obtained. Assuming, as Schmidt
did, that the air in the box remains saturated, the
water vapor pressure in the box will increase by es(T 1
dT) 2 es(T) ’ DdT, with es(T) representing the saturated water vapor pressure at temperature T and D 5
des/dT, also at T. As a result, the mass of water vapor
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D
Q* 5 lETeq .
D1g

(3)

The quantity ETeq is the so-called equlibrium evaporation (see, e.g., Raupach 2001). The only assumption
made so far is that air over well-watered surfaces close to
the ground is saturated and local advection is absent.
With Schmidt (1915), we recognize that in real life air
is not saturated and that corrections should be made.
Following de Bruin and Holtslag (1982), our correction
consists of adding to lETeq a constant b, which leads to
lET 5 lETeq 1 b (W m22 ) .

FIG. 1. Measured albedo for days of the year 90–275 at Cabauw
during 2007–12.

will increase by dmy. With the equation of state for
water vapor we find that my 5 (DdT/RyT)hO. The
energy required to evaporate this amount of water is
ldmy. By dividing by Odt we obtain the latent flux
density lET 5 lD/(RyT)h dT/dt. With g 5 (Ry/R)(cpp/l)
we find that the ratio B of the increase of the enthalpy of the air in the box and the energy required for
evaporation to keep the water vapor pressure saturated
is given by
g
B5 .
D

(4)

A physical explanation is the entrainment of relatively
warm and dry air present aloft in the atmospheric
boundary layer (ABL) into the well-mixed ABL during
daytime. Consequently, relative humidity in the ABL is
less than 100% in spite of a high surface evaporation
rate. This explains why a correction factor should be
used. It is outside the scope of this paper to discuss the
entrainment process in detail. For this the reader is referred to, for example, McNaughton and Spriggs (1986),
Jacobs and de Bruin (1992), van Heerwaarden et al.
(2010), and Ouwersloot and J. Vilà-Guerau de Arellano
(2013). The remaining question is why the parameter
b can be considered constant. This will be discussed later.

b. Parameterization of net radiation
(2)

Note that B can be identified as the Bowen ratio B 5
H/lET, and that A 5 H 1 lET. This result is obtained
for time step dt. As an extension of Schmidt’s approach, we introduce a hypothetical valve in the top of
the box, so that at the end of time step dt the increase
of enthalpy and water vapor formed in the box during
dt can be released into the atmosphere. It is assumed
that no energy is required for this release. At the end
of each time step the temperature and water vapor
content will be reset at their initial values. In the next
time interval dt the process is repeated. For a number
of time steps this is repeated, covering a total of about
10 min. In the next 10-min period we start with the new
actual surface temperature. In this way a quasistationary process is simulated for the vertical transfer of heat and water vapor from the surface into the
atmosphere.
In our case, where local advection has been excluded,
A 5 Q* 2 G, where Q* is the net radiation, and G is the
amount of heat stored in the vegetation–soil part in our
box. Because we consider 24-hourly averages, G can be
ignored. In this way, we arrive at

For practical and more fundamental reasons, we will
apply the SdB formula for net radiation of well-watered
grass reported by de Bruin [1987; see also de Bruin and
Stricker (2000)]:
Y

K
Q*r 5 (1 2 0:23)KY 2 CS Y ,
Kext

(5)

where Q*
r is net radiation of grass under reference conY
ditions, Kr 5 (KY /Kext
), K Y is the downwelling shortwave
Y
is downwelling shortwave
radiation at the surface, Kext
radiation constant at the top of the atmosphere, and CS is
an empirical constant. De Bruin (1987) reported for
unstressed grass of Cabauw CS 5 110 W m22. The
‘‘universality’’ of SdB will be discussed later.
This yields


D
KY
Y
(1 2 0:23)K 2 CS Y 1 b.
lET 5
D1g
Kext

(6)

Evapotranspiration over the reference surface can be
inferred through the application of Eq. (6) to estimations of K Y obtained from remote sensing data, such
as MSG.
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FIG. 2. Latent heat flux estimated according to Eq. (6), that is,
using the SdB net radiation formula, plotted against in situ measured values: daily values at Cabauw during 2007–12 except for
a limited number of dry and advective days (see text).

Equation (6) requires as input global radiation and air
temperature as input only. This applies also for the revised Makkink equation introduced by de Bruin (1987):
lET 5 0:65

D
KY .
D1g

(7)

We will provide a separate test of this revised Makkink
formula because it is applied in practice quite often in
the Netherlands.

4. Experimental validation
a. Validation using ground observations
A test of Eq. (6) applied to ground measurements
taken at Cabauw is depicted in Fig. 2. We recall that this
concerns daily values for 2007–12, and b ’ 20 W m22,
CS 5 110 W m22. The bias (mean of estimated minus
measured values) is 3 W m22 and the standard deviation
of this difference is 7.6 W m22.
For the same selected days, a separate test of the SdB
formula for daily net radiation applied to ground data is
given in Fig. 3, using CS 5 110 W m22, the value that
applies to well-watered ‘‘reference’’ conditions (de Bruin
1987). Linear regression yields a bias of 1.4 W m22 and
the standard deviation of this difference is 9.6 W m22.

b. MSG-derived solar and net radiation
Figure 4 shows scatterplots of LSA SAF and SICCS
global radiation estimated from MSG SEVIRI satellite observations against in situ observations at Cabauw,
for the 2010–12 period. The points in Fig. 4 assume the
following conditions concerning the quality indicators
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FIG. 3. Test net radiation formula of SdB at Cabauw
during 2007–12.

provided when both products are verified simultaneously:
(i) the missing SEVIRI observations in the case of the
LSA SAF are less than 5% and (ii) quality flag above
0.5 in the case of SICCS. The two solar radiation products
reveal comparable behavior, with nearly the same scatter
around the observations (the standard deviation of this
difference is about 12 W m22). In this case, SICCS has a
negligible bias, while the LSA SAF underestimates the
observations by 6 W m22. These results are fairly in line
with the other validation exercises mentioned above and
suggest the two products are of similar quality.
The SICCS product has also been validated against
European BSRN measurements, revealing a similar performance with biases between 21 and 13 W m22 (Greuell
et al. 2013). Differences between the LSA SAF and
SICCS solar radiation products are intrinsically linked to
the respective algorithms and underlying assumptions.
Estimates are particularly sensitive under cloudy conditions. In this case SICCS relies on the retrieval of cloud
properties (optical thickness, effective radius), while the
LSA SAF assumes the pixel to be covered by a homogeneous cloud layer, where cloud transmittance is inferred from cloud albedo.
To demonstrate the skill of using remotely sensed
estimations of solar fluxes to model net radiation, we
compare the output of the SdB formula using the MSG
SICCS global radiation with ground measurements
(Fig. 5). These results reveal the suitability of the MSGderived products for practical application. The bias
(1.6 W m22) is small and the standard deviation of this
difference (11.7 W m22) is slightly greater than that
found for global solar radiation.
When the net radiation estimates are used to obtain
evapotranspiration, that is, through the use of Eq. (6), we
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FIG. 4. Scatterplots of daily solar radiation estimates from SEVIRI MSG (W m22) against in situ observations in
Cabauw considering (a) LSA SAF and (b) SICCS products. The mean (bias) and standard deviation of differences
are also displayed.

do not get any significant degradation of the results obtained from Eq. (6) fed with in situ measurements only
(shown in Fig. 2). The comparison with daily evapotranspiration values corresponding to eddy covariance
observations (Fig. 6) reveals a bias of 2.8 W m22 and the
standard deviation of this difference is 7.7 W m22.

5. Discussion
This work is focused on a model for actual ET of actual grass that is close to hypothetical FAO grass,
accepting that the interpretation of the FAO definition
‘‘extensive field’’ excludes advection. The methodology
is based on the thermodynamic model by Schmidt
(1915), published 100 years ago. Furthermore, we argue
that air above well-watered grass is never saturated
because after sunrise warm and dry air is entrained into
the ABL, explaining the need for a correction factor
b [Eq. (3)]. Because of weather variability that characterizes the climate conditions at Cabauw, b is expected
to show a day-to-day variation. To get an impression of
this variability, we plotted b 5 lETmeasured 2 [D/(D 1 g)]
Y
)] in Fig. 7, obtained from
[(1 2 0:23)K Y 2 CS (KY /Kext
in situ ET estimates and MSG and computing b from
Eq. (6). It is seen that, strictly speaking, b is indeed not
constant, but the random scatter around its mean value
of about 20 W m22 is relatively small. This scatter results
in a random error in ET of about 10 W m22, which corresponds to about 0.3 mm day21.
When the measured b is plotted against the wind
speed, or the vapor pressure deficit vpd 5 es (T) 2 ea ,

where ea is the daily mean of the measured vapor pressure and T the daily mean air temperature at 2 m, or
against their product, we do not find a clear correlation.
This implies that vpd and wind speed have a secondorder influence on actual ET of well-watered grass.
The use of a single site for validating the approach
described here may be a limiting factor. However, the
analysis of other sites, such as those within the wellknown EUROFLUX network (e.g., Hu et al. 2015; see
also Valentini 2003), did not reveal any other with the
characteristics of Cabauw, where measurements are
provided within a wide green nonstresses grass area.
Nevertheless, we argue that, since the formulation described above is fairly based on fundamental physical
principles, our model is applicable for all similar grass
sites. The readers are invited to test our models against
other independent data. For the time being, we conclude
that, because our formulas are based on first physical
principles, our model is applicable for all similar
grass sites.
Furthermore, the fact that for Cabauw site actual
ET appears to be determined primarily by global radiation and air temperature was found earlier by de
Bruin (1987), who tested the revised Makkink Eq. (7)
for an older dataset. A test of this approach is shown
in Fig. 8. It is seen that the revised Makkink tends
to overestimate slightly at high values, but the overall performance is very suitable for most practical
applications.
Is the model given by Eq. (6) suitable for estimating
the crop reference evapotranspiration (i.e., ETo) in
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FIG. 5. As in Fig. 3, but for SEVIRI MSG global radiation according
the SICCS algorithm.

irrigation practice? We cannot answer this question
because of the ambiguity in the FAO definition concerning effects of local advection. All we can conclude
here is that, if in irrigation water management the FAO
definition of ETo is interpreted such that local advection
should be excluded, then our model can be applied to
estimate ETo. However, if, local advection is to be included, then our model will lead to underestimations.
In a future study we will consider actual ET of an actual
grass field near Córdoba, Spain, in a semiarid climate.
This experimental field is designed to resemble as close
as possible FAO reference grass, except that the size of
the field is not extensive, but limited to 100 3 100 m2. In
the dry season the surrounding area is often dry.
Berengena and Gavilán (2005) showed that actual ET
measured with a precision lysimeter in the center of this
field exceeds net radiation by the end of the dry season.
They tested, among others, the Makkink equation and
found that this formula indeed underestimates actual
ET. The deviation between measured and estimated
values is simply due to the fact Makkink, such as the ET
model derived here, considers nonadvective conditions
only. Under the conditions observed in Córdoba, however, sensible heat advected from upwind dry terrain is
an additional energy source for ET. Then Schmidt’s
thermodynamic approach, including corrections for entrainment, leads to
lET 5

D
(Q* 1 Qadv ) 1 b,
D1g

(8)

where Qadv is the sensible heat horizontally advected
from dry upwind terrain. Besides meteorological variables, this additional energy term will depend on the
properties and dimensions of the upwind terrain. The
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FIG. 6. As in Fig. 2, but for SEVIRI MSG global radiation (SICCS)
as input.

question of how to parameterize in terms of easy-tomeasure meteorological quantities is outside the scope
of this paper. In irrigation practice, the FAO formula for
crop reference evapotranspiration is often applied in
semiarid regions using meteorological data gathered
over small fields, by which local advection is expected to
play a role. Tacitly, it is then assumed that this formula
includes effects of Qadv regardless of the properties of
adjacent fields.
Our model can be applicable in other areas; for example, in lumped rainfall–runoff models it can be applied
to estimate the so-called potential evapotranspiration
(see, e.g., Oudin et al. 2005). Furthermore, the approach
described here can be applicable in climate change
studies such as those carried out by van der Schrier et al.
(2006) and Sheffield et al. (2012).
Note that our Eq. (4) in a slightly different form was
tested earlier by de Bruin and Holtslag (1997). It has
been applied in practical studies on air pollution in
which estimates of the evolution of the convective
boundary height are needed (van Ulden and Holtslag
1985; Holtslag and van Ulden 1983; Pechinger et al.
1997; Beljaars and Bosveld 1997; de Rooy and Holtslag
1999). Note that Beljaars and Bosveld (1997) found that
the Penman–Monteith equation with a fixed surface
resistance did not work for Cabauw, that is, they
obtained a diurnal variation for the mean surface resistance [as reported by Allen et al. (2006)]. Nowadays,
such land parameterization schemes are implemented in
weather forecast models (van den Hurk et al. 2000; Ek
and Holtslag 2004).
Recently, Kleidon and Renner (2013) and Kleidon
et al. (2014) considered the thermodynamic limitations
of the hydrological cycle and arrived at a very similar
finding to that by Schmidt (1915) and by us.
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FIG. 7. Measured b as function of day of year.

A by-product of this study is that the SdB parameterization for net radiation over well-watered grass appears to work very well. It has the advantage that it
requires global radiation as input only. This confirms
the earlier finding by de Bruin (1987), but this was for
the same Cabauw site. The question arises whether the
constant CS of 110 W m22 for SdB is a universal constant. A set of tests taken with measurements from the
Haarweg site (near Wageningen, the Netherlands) indicated the same good results, but further tests of SdB
are needed. Apparently, net radiation Qr* includes empirically both humidity and cloudiness effects on incoming longwave radiation. These features will be
discussed in more detail in a separate research note.
We successfully applied the SdB formula using satellitederived global radiation. Note that Dong et al. (1992)
describe satellite-derived net radiation.
It should be stressed that the SdB formula is developed
for well-watered grass. De Bruin (1987) showed that
‘‘surface dryness’’ may significantly affect outgoing longwave radiation. See, for instance, de Bruin et al. (2012),
who analyzed measured net radiation data gathered in
Burkina Faso over bare soil. In the dry season, net radiation is much smaller than that given by SdB or the net
radiation estimate given in FAO-56 (Allen et al. 1998).
Another aspect of the present study is that the revised
approach for ET estimation yields reasonable results
for all seasons. Note that de Bruin and Holtslag (1982)
considered the growing season only, when net radiation
is relatively high. This is an interesting result, since in
wintertime solar radiation is no longer the dominant
energy source and actual evapotranspiration can exceed
net radiation because of mesoscale advection of sensible heat (Pielke 2013). Further study would still be
needed to fully understand the seasonal variability of
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FIG. 8. Test of the revised Makkink Eq. (7) as proposed by de Bruin
(1987). Daily values are for Cabauw during 2007–12.

mechanisms involved in ET over nonstressed grass surfaces. In any case, the growing season is most relevant
for agriculture, and solar radiation is then the most significant energy source for evapotranspiration.
Finally, the results discussed here reveal that the
global radiation MSG products, operationally delivered
by the EUMETSAT LSA SAF and by the KNMI SICCS
systems, are accurate enough for practical application to
estimate our advection-free reference crop in midlatitude
climate regions from geostationary satellite imagery.
Despite the fact that installation and maintenance
of a ground-based network of standard meteorological
(FAO) stations is increasingly expensive and labor intensive, the availability of remote sensing data covering
wide areas with high spatial and temporal samplings is
increasing. As such, it is shown that actual ET of extensive well-watered grass fields can be reliably estimated from geostationary satellite data, in line with
what was proposed in other similar studies such as
Choudhury and de Bruin (1995), Bois et al. (2008),
Hart et al. (2009), de Bruin et al. (2010, 2012), and
Cammalleri and Ciraolo (2013), who explored satellitederived information for estimation of (crop reference)
evapotranspiration.

6. Conclusions
Starting with the 100-yr-old thermodynamic approach
by Schmidt (1915) and considering more recent insight
into the planetary boundary layer process of entrainment,
a simple formula is derived for daily actual evapotranspiration of a well-watered grass field that closely resembles
FAO reference grass. In addition, it is found that the empirical SdB formula for daily net radiation of well-watered
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grass, as proposed by de Bruin (1987), performs well.
Combining these findings yields an approximation of daily
actual ET, requiring global radiation and air temperature
as input only. This was tested against in situ observations
at Cabauw for 2007–12, using (i) in situ measured input and
(ii) global radiation obtained from MSG imagery. A fair
agreement was found, that is, a bias of 3 W m22 and an
error (standard deviation of estimate minus measured) of 7.6 W m22. Separately, we tested two algorithms for MSG-derived global radiation, notably, the
LSA SAF and SICCS schemes, and found a bias and the
standard deviation of this difference of 25.9 and 12.7
W m22 for LSA SAF and 0.9 and 11.9 W m22 for SICCS.
It is recalled that our study is confined to cases without
local advection. The question of whether or not our new
simple approach to estimate actual ET can be applied to
determine the FAO reference crop evapotranspiration
ETo could not be answered because of the ambiguity in
the definition regarding accounting for local advection
effects. If one interprets the definition such that local
advection is excluded, our approach can be applied.
If local advection should be included, then the rationale of Schmidt (1915) is still applicable, but then an
additional parameterization of the term Qadv in Eq. (8)
should be included.
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