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Abstract – A study was performed to evaluate a model for computing net radiation over grass canopies located in Talca
(Chile) and Avignon (France). In both locations, an automatic meteorological station was installed over a grass main-
tained in reference conditions to measure net radiation, solar radiation, air temperature and air vapour pressure on a
hourly basis. Results indicated that there was a good correlation between measured (Rno) and estimated (Rne) values of
net radiation, with a correlation coefficient greater than 0.95 for both locations. Major disagreements were observed
during the night time, but they did not affect the final calculation of net radiation. This analysis suggest that the model
could be used in the Penman-Monteith equation to compute crop water requirement in Avignon and Talca, using net-
work measurements for the evaluation of net radiation.

Net radiation / effective atmospheric emissivity

Résumé – Évaluation d’un modèle de rayonnement net à base horaire en conditions méditerranéennes.Un modè-
le de calcul du rayonnement net sur gazon a été évalué dans des conditions de référence à Talca (Chili) et à Avignon
(France). Des stations automatiques ont été utilisées pour mesurer sur une base horaire le rayonnement net, le rayonne-
ment solaire global, la température et l’humidité de l’air. Les résultats obtenus montrent une bonne corrélation entre les
estimations (Rne) et les mesures (Rno) de rayonnement net. Les résultats obtenus avec ce modèle sont assez probants
pour l’utiliser dans l’équation actualisée de Penman-Monteith. L’intérêt de cette démarche est qu’elle permet d’utiliser
des mesures de réseau pour évaluer le rayonnement net.

rayonnement net / émissivité atmosphérique
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1. Introduction

Technological advances have made it possible to
develop automated meteorological sensors and sta-
tions which perform measurements at a time step
equal or lower than one hour, are easy to use, and
have a reasonable cost. Thus, the way is now open
to calculate crop water requirements with a physi-
cal and physiological basis, for instance with the
Penman-Monteith model [1, 3, 15, 23, 24].
However, some components of the energy balance
such as the net radiation are still difficult to mea-
sure. They have to be estimated from easier mea-
surements such as incident solar radiation, air tem-
perature, and air humidity, using physical and/or
statistical relationships [3, 4, 15, 16, 18, 22]. 

A study was performed to evaluate a model for
estimating net radiation at an hourly time step from
classical meteorological data. This model was
designed for the calculation of crop water require-
ments. Then, it was only tested in so-called “refer-
ence conditions” which consider an “extensive sur-
face of 8 to 15 cm tall, green grass cover of
uniform height, actively growing, completely shad-
ing the ground and not short of water [11]. Two
datasets, from Avignon in the South of France and
Talca in the Middle Chile, were used.

2. Theoretical background

The net radiation corresponds to the surface
radiative balance in the solar domain (0.15 µm to 4
mm) and the thermal domain (3 µm to 100 µm). It
quantifies the energy available for crop evapotran-
spiration, photosynthesis, and soil heating [21]. In
some conditions, it is possible to directly relate net
radiation to solar radiation by means of empirical
relationships (see for example [4, 16, 19, 22]).
These relationships may be difficult to extrapolate
to other conditions and it is preferable to use direct
measurements from automated network station
when possible or estimations based on less empiri-
cal formulas. 

Net radiation, Rn (W.m–2), may be decomposed
as follow:

Rn = (1 - α) Rg + εcv Ra – Rt (1) 

with a the surface albedo, Rg the solar global radi-
ation (W.m–2), εcv the crop absorption coefficient
for thermal radiation, Ra the atmospheric radiation
which is emitted by air molecules (W.m-2), and Rt
the terrestrial radiation which is emitted by the
crop canopy (W.m–2). These two last terms, as well
as the albedo, are not measured in classical meteo-
rological stations. Moreover, α, εcv, and Rt depend
on the type of surface and its water status. The
radiative balance in the solar domain, (1 – α) Rg,
is the principal component of equation (1) during
daytime with a representative albedo value
between 0.20 and 0.25 for crops. The radiation bal-
ance in the thermal domain (εcv Ra – Rt) has usual-
ly a lower value but is the only component of the
net radiation at night. The crop absorption coeffi-
cient for thermal radiation which may be consid-
ered as equal to the crop emissivity, has a almost
constant value (in practical work a value of 0.98
may be taken for crop canopies). Ra and Rt can be
expressed in function of air temperature and crop
temperature, respectively, using the Stefan-
Boltzman equation [21]. Then, equation (1) can be
rewritten as: 

Rn = (1 - α) Rg + εcv (εa σTa
4 – σTcv

4 ) (2)

with εa the emissivity of the atmosphere, Ta the air
temperature (K), Tcv the crop temperature (K), 
and the Stefan-Boltzman constant (5.67×
10–8 W.m–2.K–4). 

The atmospheric emissivity is a lot more vari-
able than the crop emissivity. It depends on the
atmospheric profiles of humidity and temperature.
Since such information is generally not available at
sites where longwave radiation is needed for par-
ticular application, many authors have proposed
empirical relationships which relate the atmospher-
ic emissivity to the air humidity or the air tempera-
ture measured in classical meteorological station
[5, 7, 14, 26]. These equations were applied with
success at large time scales (day, decade, month)
because a correlation exists between the tempera-
ture and the humidity of the air at these time
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scales. However, their coefficients were usually
site dependent. It was also assumed that their
results at an hourly time scale were not good and
that formulations more physically sound and based
on both the air temperature and the air humidity,
such as those proposed by Brutsaert [8] and Idso
[13], were preferable:

εa = 1.24 (ea / Ta)
1/7 [8] (3a) 

εa = 0.179 ea
1/7 exp(350 / Ta)  [13]. (3b) 

Idso [13] also proposed another formula with a lin-
ear dependence to the air vapour pressure:

εa = 0.70 + 5.95 10–5 ea exp(1500 / Ta)  [13] (3c) 

with ea the air vapour pressure (hPa). The two first
formulas present relatively similar shapes, at least
concerning the response to vapour pressure. The
formula by Idso usually leads to higher value of εa
than Brutsaert’s in a normal temperature range (let
say between 270 to 310 K). Actually both equa-
tions are equivalent for an air temperature of 
314 K. Brutsaert [5] pointed out that his formula-
tion was not very sensitive to Ta and that a simpler
expression not taking account of air temperature
should give quite similar results. This was con-
firmed by Mermier and Seguin [20] and Idso [14].
Brutsaert also pointed out that the coefficient 1.24
in his equation, which was derived on an atmos-
pheric radiative transfer basis, should vary accord-
ing to variations in the type of atmosphere. Main
differences occured because of the higher tempera-
ture sensitivity of Idso’s formula which might be
considered as more general and should have a bet-
ter behaviour at an hourly time step. The second
Idso’s formula gave slightly better results on Idso’s
dataset. However, results obtained by Hatfield et
al. [12] or Olioso [22] showed that these three for-
mulas give very similar results with errors lower
than 5% (or residual standard deviation lower than
20 W.m–2). It was also noticed in both studies that
the original coefficient in Brutsaert formula (1.24)
led to an underestimation of 5% in calculated
atmospheric radiation. Culf and Gash [9] found
very similar results (for the dry season in Niger)
and were able to recompute the coefficient in
Brutsaert’s equation from atmospheric vapour 

density and temperature profiles obtained by
radiosoundings. Their computed value was 1.31.

3. Materials and methods

3.1. Proposed model

We want to derive a net radiation model that can
be used at an hourly time step from classical mete-
orological measurements in “reference” conditions
for the calculation of crop water requirements
(using the Penman-Monteith equation). This model
is derived from equation 2 with the following
assumptions:

– albedo value is 0.25;

– crop emissivity value is 0.98;

– Tcv, the crop temperature, is equal to the air
temperature Ta; indeed, Tcv is not measured in clas-
sical meteorological networks and in the “refer-
ence” conditions defined for irrigation purposes the
crop temperature is usually close to the air temper-
ature;

– atmospheric radiation is computed from air
temperature and vapour pressure using Brutsaert’s
formula with a modified coefficient taking account
of the 5% underestimation shown by different
authors (see previous section); this choice was
done after a reanalysis of the data given in Olioso
[22]; in Table I we show that the three formulas
given by equations (3) and Brutsaert’s equation
with a modified coefficient give quite similar
results; however Brutsaert’s formula with the 1.24
coefficient and the second Idso formula presented a
small bias. Then, we choose the Brutsaert’s formu-
la because the possibility of modifying its coeffi-
cient is more physically sound than for Idso’s for-
mulas (see Culf and Gash [9]).

Considering the above assumptions, the result-
ing model for computing Rn is given by equa-
tion (4)

Rn = 0.75 Rg + 0.98 (1.31 (ea/Ta)
1/7 – 1) ⋅ σTa

4. (4)
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The validity of this equation is evaluated in the
present study using data acquired in Chile and in
France.

3.2. Experimental data

We used the meteorological data measured at the
University of Talca in Chile (35°23' South and
71°40' West; 110 m above the sea level) and at the
Avignon INRA research center in France (43°55’
North and 4°51’ East; 24 m above the sea level).
Both locations experience a mediterranean type of
climate, but with a more pronounced dry period in
Talca. Hourly measurements of global solar radia-
tion, net radiation, air temperature and vapour
pressure were performed at each location over a
reference grass surface. Solar radiation was mea-
sured with a Kipp-Zonen pyranometer (CM3) in
Talca and a Kipp-Zonen pyranometer (CM6) in
Avignon. Net radiation was measured using a
REBS-Q7 differential pyrradiometer in Talca and a
Crouzet differential pyrradiometer in Avignon.
Additional measurements of atmospheric radiation
were performed in Avignon using an Eppley pyrge-
ometer (Precision Infrared Radiometer). An accu-
racy of ±30 W⋅m–2 was determined by Mediavilla
[18] for the net radiation measurements in Talca.
The data were acquired in January and May 1998
in Avignon and in April and May 1998 in Talca.
Separation between day and night data have been
done on the basis of solar radiation higher than
zero or equal to zero. Clear sky data were sorted
visually by considering the shape of the solar radi-
ation diurnal course. 

4. Results and discussion

Examples of the diurnal variation of observed
(Rno) and estimated (Rne) net radiation are given
in Figure 1 (cloudless conditions) and Figure 2
(cloudy conditions). The general shape was well
reproduced in both types of conditions. However,
in many cases an asymmetry was noticed between
the morning and the afternoon (see Fig. 1). At
night, systematic underestimation occurred, which
might be more pronounced before sunrise as illus-
trated by the situation in Talca for the 27th of
April, where observed net radiation close to zero
by clear sky is to be imputed to instrumental
device, not provided with a ventilation system to
prevent dew. In overcast conditions, discrepancies
seemed to be larger than for clear skies, sometime
reaching 30 to 40 W⋅m–2 (in the case of Avignon)
values which are of the order or larger than errors
on net radiation measurements. 

Table II shows that the performances of the net
radiation model over all the selected data were
similar in Avignon and in Talca. A general under-
estimation was seen, but the RMSE value had a
similar magnitude as the experimental error on Rn
(30 W⋅m–2). The linear regression calculated
between Rno and Rne showed that the underesti-
mation was usually important for the low values of
net radiation, specially during the night. This is
also visible in Figure 3 which compare estimated
radiation to measures.

Table III shows the performances of the net radi-
ation model in different situations in Avignon. The

Table I. Test of different formulas to compute the atmospheric radiation from air temperature and vapour pressure. The
data were acquired in Carpentras (South-East of France, 25 km North-East of Avignon) from the 10th of July to the
29th of August in 1990. Atmospheric radiation was measured using an Eppley pyrgeometre. R is the correlation coeffi-
cient between the data and the formulas, RMSE the root mean square error and B the bias.

R RMSE (W.m–2) Bias (W.m–2)

Eq. 3a: coefficient 1.24 Brutsaert [8] 0.76 28 –20 
Eq. 3a: with a modified coefficient 1,31 Brutsaert [8] 0.76 19 0
Eq. 3b Idso [13] 0.77 18 0 
Eq. 3c Idso [13] 0.77 20 –6 
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model was unbiased for daytime data and more
specifically for clear sky daytime data. Large
underestimation occurred for cloudy days.
However, we should keep in mind that these
cloudy days represented only a small part of the
data set (less than 25% of the data). As noticed
before, large underestimation also occurred at
night. They were the principal responsible for the
bias of the model on the whole data set. The com-
parison of observed atmospheric radiation with the
calculation by means of the Brutsaert’s formula
showed that only very low underestimation of Ra
occurred in clear sky situation during daytime and
at night (Tab. IV). The good estimation of atmos-
pheric radiation confirmed the value of 1.31 which
was chosen in the formula. Large underestimation
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Figure 1. Observed (Rno) and estimated (Rne) net radiations
in cloudless conditions in Avignon on 5/5/1998 (a) and Talca
on 27/4/1998 (b).

Figure 2. Observed (Rno) and estimated (Rne) net radiation in
overcast conditions in Avignon on 28/5/1998 (a) and Talca on
8/4/1998 (b).

Table II. Statistical results of the comparison between
observations and estimations of net radiation. Bias is the
mean of Rne – Rno, RMSE is the root mean square
error, r2 the square of the correlation coefficient, a and b
the coefficients of the regression Rno = a Rne + b, and
Er the standard error resulting from the regression.

Avignon Talca

Bias (W.m–2) –19 –14 
RMSE (W.m–2) 34 42 
r2 0.98 0.97 
a 0.910 0.892 
b (W.m–2) 24 45.2 
Er (W.m–2) 22 21.4 
Number of data 1405 1395 
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occurred for cloudy conditions which was not sur-
prising since Brutsaert’s formula was established
only for clear skies (in cloudy conditions, the
atmospheric emissivity actually increased due to
the radiation emission by the clouds which is larger
than the emission by atmospheric gases). The
wrong estimation of atmospheric radiation maybe
the main factor affecting the performance of the
net radiation model in cloudy conditions. The same
explanation did not hold for the underestimation of
net radiation at night.

At night, a large part of the underestimation may
be due to a relative lack of validity of the assump-
tion that the surface temperature is equal to the air
temperature (Tcv = Ta). Actually, an analysis of
night temperature for frost forecasting by
Antonioletti [6] had shown that at the end of the
night (time of the minimum air temperature), the
temperature near the ground was lower than the air
temperature by 3 K. A simple calculation showed
that if Tcv = Ta – 3, Rn is risen by 13 to 20 W⋅m–2

(for Ta varying between 0 °C and 40 °C). 

During the day, a similar problem may occur
when the surface temperature depart from the air
temperature generating some overestimation of the
radiation balance in the thermal domain. This
might be the reason of the asymmetric behaviour
noticed in Figure 1 since air temperature and sur-
face temperature have not usually the same evolu-
tion during the day: the surface temperature 

Table III. Statistical results of the comparison between observations and estimations of net radiation in Avignon for
different atmospheric situations. Bias is the mean of Rne – Rno, RMSE is the root mean square error, r2 the square of
the correlation coefficient, a and b the coefficients of the regression Rno = a Rne + b, and Er the standard error resulting
from the regression.

day Night cloudless cloudy cloudless cloudy cloudless cloudy
data data day day night night

Bias (W.m–2) –8 –32 –11 –36 –1 –27 –24 –43 
RMSE (W.m–2) 29 37 28 43 26 41 30 46 
r2 0.98 0.26 0.99 0.92 0.98 0.92 0.46 0.05 
A 0.92 1.15 0.93 0.79 0.93 0.75 1.29 0.65 
b (W.m–2) 22 43 17 31 7 36 44 19 
Er (W.m–2) 26 20 21 18 25 20 17 16 
Number of data 728 677 973 401 535 170 431 232 

Figure 3. Comparison between the estimations (Rne) and the
observations (Rno) of net radiation in all conditions in
Avignon (a) and Talca (b).
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reaches its maximum value around solar noon,
while the maximum of air temperature occurred
later in the afternoon, and the difference Tcv – Ta is
usually lower in the afternoon than in the morning
[17]. However, in diurnal conditions the radiation
balance in the solar domain has also a great impor-
tance. The model consider a constant value of the
albedo, while the albedo may vary with a large
number of factors [10]: spectral composition of
incident radiation, which depends on the amount
and the type of clouds, the solar zenith angle,
which depends on the time of the day and the time
in the year, the fraction of solar diffuse radiation,
the amount and the orientation of leaves, and the
albedo of the background which may change with
surface soil moisture. If albedo is lower than 0.25
the model underestimates the radiation balance in
the solar domain. Samie [25] showed that the albe-
do of a grass canopy, similar to the one used in this
study, may vary from 0.25 to 0.20. Such variation
may lead to an underestimation of net radiation of
20 W⋅m–2 if Rg = 500 W⋅m–2. A compensation may
occur between the effect of the temperature differ-
ence and an overestimated albedo. Measurements
of surface temperature and albedo are needed to
check this hypothesis.

5. Conclusion

We proposed a simple model for estimating net
radiation at an hourly time step over “reference”

conditions. The model (Eq. (4)) performed well on
two data set, in Avignon and in Talca. Differences
in model performance were noticed depending on
the atmospheric conditions (presence of cloud and
night time) and a part of nocturnal errors can be
imputed to instrumental accuracy, but the global
treatment of the data was satisfactory (Tab. II).
Actually, as the model was tested in Mediterranean
climate conditions, the data set did not include a
large amount of data in cloudy condition which
might diminish model performances. In other cli-
mate situation it may be necessary to include a bet-
ter treatment of the effect of clouds on net radia-
tion. It is also important to notice that the model
performed very well in diurnal situation, which are
the more important to consider in the estimation of
evapotranspiration. The model is adapted for an
easy transfer to other types of surface such as crop
canopies. This will only require a modification of
the albedo value. It is also interesting to notice that
the Tcv = Ta hypothesis has more chance to be
valid for canopy taller than the reference grass
because of the effect of higher aerodynamic rough-
ness.

Our results also showed that it was possible to
estimate incident atmospheric radiation by means
of the Brutsaert’s equation but using a modified
coefficient to correct the underestimation usually
noticed when using the classically employed value.
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