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Abstract - The estimation of hourly and daly solar radiation values on inclined surfaces starts with the determination
of the corresponding hourly values on the horizontal plane. To serve thelatter purpose the Meteorological Radiation
Model was developed. The goal of the model is to estimate solar radiation at places where there are not available
measurements. This work presents atheoretical description of the code and gives comparison between meas urements
and estimated values for Athens, Lisbon and a Japanese location.

1. INTRODUCTION

1.1 General Information

The estimation of hourly and daly solar radiation valueson
inclined surfaces  startswith the determination of the
corresponding hourly vaues on the horizontal plane. For this
reason the Atmospheric Research Team (ART) at the National
Observatory of Athens (NOA) developed a code named MRM
(Meteorological Radiation Model) (Kambezidis et al., 1993;
Kambezidis et al., 1997). The goal of the MRM devel opment
was to estimate (broadband) solar radiation on the horizontal
plane at places where such measurements are not avail able, but
meteorological data (air temperature, relative humidity,
barometric pressure and sunshine duration) can be found and
be used as input vaues to the model. The use of MRM as a
tool in deriving simulated broadband solar radiation valuesis
particularly useful for the generation of Solar Atlases in areas
with a moderately dense meteorological network.

The original form of MRM (MRM v1) worked efficientl
under clear-sky conditions, but presented some drawbacks
under partly cloudy conditions; it became even less efficient in
cases of overcast-sky conditions. Mogt of these deficiencies
were resolved via implementation of a second version (MRM

v2), derivedby T. Muneer’s research team (Muneer etal.,
1998) after a cooperation with ART. Through the CEC JOULE
Il project on Climatic Synthetic Time Series for the
Mediterranean Belt (CliMed), a further development of MRM
was achieved (MRM v3) with four sub-versions (v3.1-v3.4). In
this edition, attention was paidto the influence of ground
albedo on previous versions (v1 and v2).

The present work gives a brief description of the MRM
evolution and gives its theoretical basis. Since MRM has been
designed to be a tool for engineers, architects and &l those
dealing with solar radiation estimation, a comparison between
measurementsand estimated values through MRM v3 for
Athens and Lisbon ispresented in this paper. Since these
estimations are based on daily sunshine duration values used
by MRM v3, a comparison for a Japanese location is also
shown; in this latter example, the estimation of MRM was
based on hourly sunshineduration values and adramatic
improvement is shown. In the latter c ase, MRM can aso be
used as research tool.

There have been developed several broadband solar radiation
models and appeared in the international literature (e.g. Dave,



1979; Louche et al ., 1988; Perez et al ., 1990; Reindl et al .,
1990). Some of these have followed a statistical development;
others are based on a detailed input of parameters. Thisis the
difference between thoseand MRM. The latter isan
atmospheric-physics-based model and hasbeen designed to
require a minimum number of (meteorological) data which are
available in every national meteorological network.

1.2. Theoretical development of MRM
This Section gives abrief description of the 3 versions of
MRM developed sofar.

1.2.1. MRM version 1

1.2.1.1. Beamirradiance for cloudless skies

According to Igbal (1983), the direct component normal to a
horizontal plane (also referred to ashbeam horizontal
irradiance) under clear sky and natural atmosphere is givenb
the formula:

Gb = Gex To, T To Tw Tmix (1)

where Gex is the extraterrestrial solar irradiance on aplane
normal to the solar rays on any Julian day, which is givenb
Muneer (1997), Go = 1367 Wm (the solar constant), and 1,
T, To, Tw, Tmix &€ the optical transmittances due to Mie and
Rayleigh scattering, and ozone, water vapor and mixed gases
(i.e. COy, Oy, etc) absorption, respectivdy. The transmittances
can be estimated by andytical expressions (Igbal, 1983 for 1,;
Davies et al., 1975 for 1; Lacis and Hansen, 1974 for 1, and tw;
Bird and Hulstrom, 1981 for tmix). The computation of these
transmittances requires the knowledge of air temperature ( °C),
relative humidity (%) and barometric pressure (hPa).

1.2.1.2. Sky diffuseirradiance for cloudless skies

The Rayleigh-scattered, G 4, and aerosol-scattered, G dq,
diffuse horizontal  components are estimated through
expressions based on the results of studies made by Dave
(1979) and Bird and Hulstrom (1979), respectively. Their sum
gives the diffuse component, Gq.

1.2.1.3. Global irradiancefor cloudless skies

The global irradiance, G, on a horizontal surface, under clear
sKkies, is therefore given by the sum of the beam and the diffuse
irradiance, so that

G=Gp + Gu. 2

However, the effect of multipleground  -atmosphere
reflections can be accounted for, scdingEq. (2) by the
adequate factor (1-pgp'a) ™

G- (Gb+Gd)1;

g a

©)

where pq is the ground albedo (having usually areferencevalue
of 0.2 or being computed by eg. Kambezidis et al., 1997), and
p'o IS the abedo of the cloudles sky. The latter can be
computed according to Muneer (1997).

1.2.1.4. Cloudy skies
In the case of partly cloudy or overcast skies, the beam, G ‘b,
and diffuse, G'4, components are modified to:

D
Gh=—Gp (4)
0

D
Gi= — Gy+K*|1-—— | G (5)
0 0

where SD is the measured and SD o the theoretical dail
sunshine duration on aparticular day, in hours; K*=0.33 for
=40" N (after Berland and Danilchenco, 1961). SD=0 in the
case of overcast sky, SD<SDoin the case of partly cloudy sky,
and SD=SDy in the case of clear sky. Other values of K* are
0.32 for ¢=30° N, 0.32 for ¢=35° N, 0.34 for ¢=45° N. In all
cases of cloudy skies:

G =Gh+Gy. (6)

MRM has proved to be a very suitable tool for engineering
calculations not only because of its simplicit but also because
of its accuracy. In most cases the estimation error in the dall
globa irradiation islessthan 10% (Kambezidis et al., 1997).

1.2.2. MRM version 2

Version 2 treatsthe cases of clear and overcast skies exactl
as v1 does, but deals more efficiently with the cases of partl
cloudy sky conditions. Muneer et al. (1996) have recognized a
log-log linear relationship between the hourly diffuse-to-beam
ratio (DBR =G4/Gh) and thebeam clearness index (K b =
G'%/Ge) in the form:

DBR=A K;° (7

where A and C are parameters to be estimated via alinear
least-squares method applied to observed data of DBR and K.
The practical merit of Eq. (7) isthat it can be used to substitute
Eg. (5) to estimate values of diffuse irradiance without
requiring sunshinedata, based on vaues of beam and
extraterrestrial irradiance

Gd' =Gp' A Ky . 8)

The global horizontal irradiancein MRM v2 is, therefore,
estimated as

G =Gy + G A Kp® =Gy (1+ A Kp°) SD/SDo. 9)

1.2.3. MRM version 3

MRM v3 discerns between four similar but different sub -
versionsdenotedbyv3.1, v3.2, v3.3, andv3.4, defined
explicitly heresfter. These developments were accomplished
within the framework of the JOULE Ill project CliMed
(Aguiar, 1997).



MRM v3.1 estimates G' via Eq. (6) under overcast skies, via
Eq. (9) under partly doudy skies (as inv2), andvia Eq. (2)
under clear skies (asinvl). MRM v3.2 estimates G' exactly as
v3.1, and then scales it by the factor (1-pgp's)™ in order to
account also for multiple ground and atmospheric reflections.
Diffuse values are caculated as in v3.1. MRM v3.3 estimates
global horizontal irradiance for overcast and partialy doud
skies again just as in v3.1, but uses Eq. (9) instead of Eq. (2)
under clear skies (i.e. with SD = SDg). MRM v3.4 estimates
global horizontal irradiance as in v3.3, and then scales it by the
factor (1-pgp's) ™. The diffuse values are calculated exactly asin
v3.1.

2. DATA COLLECTION

During the CliMed pr oject a large volume of data from sites
in France, Greece, Italy, Portugal and Spain was collected.
Imposing criteria referring to climatic zones, proximity of
stations and compl eteness of the data series did afirst filtering
of thedata. All data that passed the above criteria underwent a
further quality control procedure regarding the span of air
temperature, relative humidity, irradiance (global and diffuse)
and sunshine duration. The data sets from Athens (¢=37.97°N,
3=23.72° E, h=107 m a.m.s.1.) and Lisbon (¢p=38.7°N, %2=9.1°
W, h=70 m am.s.|.) were the only ones from the data base to
include hourly values of both global and diffuse horizontal
irradiance along with al other meteorological parameters
needed forthe MRM algorithm. Even so, thevalues of
barometric pressure were missing from both data sets, and
therefore thisparameter has been set at 1013.25hPa
throughout this work. The period covered by the Athens d ata
ranges from May 5, 1989 through September 28, 1993,
corresponding to 14528 hourly data points. The period covered
by the Lisbon data ranges from January 1, 1985 through
December 31, 1989, corresponding to 22838 of hourly data
points. Because of the quality control criteria, the sizes of the
data sets at the two locations were reduced to 11848 and
20495, respectively.

3. RESULTS

This Section gives a set of Figures for the two locations. Each
set comprises four diagrams corresponding to the four sub -
models of MRM v3. The x-axis in all cases isthe measured
irradiation (Jcm™®) and the y-axis the simulated values (Jem?)
through the MRM sub-models. It is worth noting that for the
calculation of the simulated diffuse values in the subsequent
Equationsthe dai ly sunshineduration wasused. Figure 1
shows the above diagramsfor Athens and Figure 2 for Lisbon.
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Fig. 1. Simulated vs. measured global horizontal irradiation
values (Jem™) for Athensin the period 5/5/1989 — 28/9/1993.
The simulated val ues were computed using the four sub-
models of MRM v3.
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Fig. 2. Simulated vs. measured global horizontal irradiation
values (Jem™) for Lisbon in the period 1/1/1985 — 31/12/1989.



The simulated val ues were computed using the four sub-
models of MRM v3.

The reason for having a greater offset in the regression lines
in the case of Athens comes from the fact of worse qualit
measured diffuse values than in the case of Lisbon. This is
reflected in the MBE (Mean Bias Error, Jcm?) and RMSE
(Root Mean Square Error, Jem®) for both locations. If N is the
number of measurements, MBE and RMSE are expressed as
follows

MBE = X(estimated value-observed value)/N (10
RM SE = [2(estimated val ue-observed value)?/N]Y2. (11)
Table 1. MBE (Jcm™) and RMSE (Jcm™) for the cases of
Figs1and 2.

Sub-model Athens Lisbon
MRMBL | puseerso | Rwee-sod
MRMBZ | puceian | Rwsesio
MRM v33 R'\n//llzzgél.s R,\l/\I/IBSEE::-E?:Z
s | el | e

Table 1 gives the above statisticsfor Athens and Lisbon.

One main observation from Table 1 isthat MBE and RMSE
behave reciprocally. Since MBE reflects the data dispersion
around the best -fit line and hasto be kept asminimum as
possible, this isthe controlling factor to choosewhichsub -
model works best. Inthe case of Athens sub -model 4 is the
best and for Lisbon sub-model 3. Another statistical outcome
can be the correlation coefficient, r, for the best -fit curves;
which is around 49% in the case of Athens and 77% in the case
of Lisbon.
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Fig. 3. Simulated vs. measured global horizontal irradiance
values (Wm?) at Fukuoka for 1994. The simulated values were
computed using the MRM v3.3.

To demonstrate the effectiveness in using hourly sunshine
values instead of the daily ones, Fig. 3 below shows simulated
irradiance values vs. measured ones at Fukuoka, Japan. The
correlation coefficient of the best-fit curve is now 94.7%. This
implies a 20% improvement in MRM efficiency.

4. CONCLUSIONS

This paper showed the versatility and applicability of MRM
for engineering and architecture purposes. In the caseof its use
as a research tool for more accurate results, detailed sunshine
information must be provided asfor Japan.
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