
Available online at www.sciencedirect.com
www.elsevier.com/locate/solener

Solar Energy 82 (2008) 501–512
Comparison and validation of three global-to-beam irradiance
models against ground measurements

Pierre Ineichen

Center of Energy, University of Geneva, Battelle Bat A, 7 Rte de Drize, 1227 Carouge, GE, Switzerland

Received 28 March 2007; received in revised form 23 July 2007; accepted 13 December 2007
Available online 14 January 2008

Communicated by: Associate Editor David Renne
Abstract

The study presents a comparison and validation of 3 state of the art-global-to-beam irradiance conversion models against ground
measurements from 22 sites covering a wide range of latitudes, altitudes and climates. One of the 3 models takes into account a climatic
turbidity and gives slightly better results in terms of bias and precision.

On a hourly time step basis, the validation on over 100,000 station-hour values shows that the normal beam irradiance can be eval-
uated from the global horizontal component with a negligible bias and a precision of 85 W m�2 or 23%.

When the models are used on data with a shorter time step, the performance decreases, but remains acceptable. With a modification of
the DirIndex (or the DirInt) model, the performance can slightly be increased and reach a bias of 2% and a precision of 28% for 10 min
data.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

When dealing with solar irradiance in the field of archi-
tecture, solar engineering, and alternative summer cooling,
the knowledge of irradiance time series is necessary to con-
duct buildings simulations, solar systems evaluations or
solar plants design. If climatic databanks and real time series
are relatively easy to find for specific locations and the glo-
bal irradiance, it is not the case for the beam and diffuse, and
these components are of great importance when converting
the data into inclined impinging irradiance or specific com-
ponents like for example daylight or PAR radiation.

The purpose of the present study is to do a comparison
and a validation of the 3 state of the art-global-to-beam
conversion models against measurements from 22 ground
stations covering a wide range of climates, latitudes and
altitudes. The Erbs model, an old and simple diffuse frac-
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tion model which is still recommended in national stan-
dards, is also included as a reference for the performance
assessment.
2. The models

2.1. Erbs model

The first correlation between the hourly clearness index
Kt and the corresponding diffuse fraction was developed in
1977 by Orgill and Hollands and was based on 4 years data
acquired in Toronto. The diffuse irradiance was measured
with a shadowband pyranometer. In 1982 Erbs et al.
adapted this correlation to extend it to latitudes from 31�
to 42� North, and validated it on data from United States,
based on pyrheliometric measurements. The correlation is
divided into 3 zones: a linear regression for 0 < Kt 6 0.22,
a fourth degree polynomial for 0.22 < Kt 6 0.8 and equal
to a constant for Kt > 0.8.
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2.2. DirInt model

The DirInt global to direct model (Perez et al., 1992) is
based on a quasi-physical model, the DISC model, devel-
oped by Maxwell (1987), which has the form of a clear
sky irradiance based on a Linke turbidity factor equal to
2.2, attenuated by a function of the clearness index Kt. This
beam component is then corrected by a function of the
modified clearness index K 0t as defined in Perez et al.
(1990), the solar zenith angle, the atmospheric water vapor
column and a stability index that accounts for the dynam-
ics of the time series. The corresponding coefficients are
obtained from a four-dimensional lookup table consisting
of a 6 � 6 � 5 � 7 matrix.

2.3. DirIndex model

In the DirInt model described above, the four input
parameters do not take into account the atmospheric tur-
bidity, or only in a very slight manner with the clearness
index K 0t. This comes from the fact that the atmospheric
turbidity has a much higher influence on the beam irradi-
ance than on the global component attenuation. The
DirInt model was developed with a hypothesis of an aver-
age Linke turbidity factor of TL = 3.

In the DirIndex model, the turbidity is taken into
account by using DirInt in a relative mode (Perez et al.,
2002). The model is used twice, once to calculate an inter-
mediate beam irradiance Gbn1 from the measurements of
the global irradiance H h, and a second time to calculate
an intermediate clear sky beam irradiance Gbn2 from Hhc,
Table 1
Ground sites used for the validation and comparison

Station Climate

1 Albany NY (2001) Humid continental
2 Albuquerque, NM (1999) Arid

3 Austin TX (2002) Dry continental/subtropical
4 Burlington KS (1999) Dry continental
5 Burns, OR (2002) Semi-arid

6 Carpentras (1999) Mediterranean
7 Desert Rock (2002) Desert
8 Eugene, OR (2002) Temperate maritim
9 FSEC Cocoa, FL (1999) Subtropical
10 Freiburg, D (1993–1994) Temperate-humid
11 Geneva, CH (1994–03) Semi-continental
12 Gladstone, OR (2000) Temperate humid
13 Golden, CO (2000–2001) Semi-arid
14 Hermiston, OR (1999–2000) Temperate semi-arid
15 Klamath Falls, OR (2000) Temperate semi-arid
16 Kramer Junction, CA (1999) Desert
17 Kwajalein, Marshall Islands

(2004)
Hot and humid maritime tropical
climate

18 Lisboa, P (1994) Temperate humid
19 Lyon F (2004) Moderate maritime/mediterranean
20 Payerne CH (2004) Moderate maritime/continental
21 Tamnanrasset, AL (2004) Dry, desert
22 Toravere Estonia (2004) Cold humid
the modeled clear sky global irradiance. The formulation
is the following:

Gbn ¼ GbncðGbn1=Gbn2Þ

where Gbnc is the clear sky beam irradiance component. In
the present study, the Solis clear sky model (Mueller et al.,
2004; Ineichen, 2006) is used in its simplified version (Inei-
chen, 2008), it has the advantage to take into account the
aerosol optical depth and water vapor content to evaluate
both beam and global irradiance components.

2.4. Skartveit and Olseth model

Following the idea of Perez et al. (1992), Skartveit and
Olseth modified their diffuse fraction model and introduced
an hour-to-hour variability index (Skartveit et al., 1998). If
the basic concept of the model is similar to the DirInt
model and needs the same input parameters, the main dif-
ference is that its driving functions are analytical and con-
tinuous rather than based upon lookup tables as in the
DirInt and DirIndex models.

The description is given in Skartveit et al. (1998).

3. Measurements

The data from 22 high quality ground stations were col-
lected to conduct the validation. The sites cover latitudes
from 8�N to 58�N, altitudes from sea level to 1600 m and
a great variety of climates. Except for Lisboa and Lyon,
where the beam irradiance is retrieved from diffuse mea-
surements, the normal beam irradiance is available for all
Latitude Longitude Altitude Notes

42.7 �73.9 100 ASRC – SUNYA
35.1 �106.7 1532 Sandia Natl. Labs, ARM

protocol
30.3 �97.8 180 University of Texas
38.2 �95.6 358 ARM-SGP extended facility
43.6 �119.0 1265 Pacific Northwest network

(SRML, 2003)
44.1 5.1 100 BSRN – EPFZ
36.6 �116.0 1000 SURFRAD network (2002)
44.1 �123.1 150 Pacific Northwest network
28.3 �80.7 8 Florida Solar Energy center
48.0 7.8 300 Frauenhofer Institute
42.6 6.1 420 CUEPE – UNIGE
45.4 �122.6 98 Pacific Northwest network
39.8 �105.2 1600 NREL
45.8 �119.4 180 Pacific Northwest network
42.2 �121.7 1220 Pacific Northwest network
35.0 �117.5 824 SEGS power plant monitoring
7.7 �167.7 8 BSRN – EPFZ

38.8 �9.1 106 General class IDMP station
45.8 4.9 170 General class IDMP station
46.8 7.9 491 BSRN – EPFZ
22.8 5.5 1400 BSRN – EPFZ
58.3 26.5 70 BSRN – EPFZ
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stations. High precision instruments (K + Z cm10, Eppley
PSP and NIP) are used to acquire the data. A stringent cal-
ibration, characterization and quality control was applied
on all the data by the person in charge of the measurements
(following IDMP recommendations CIE (1994), BSRN
(2002) network, ARM (2002), Pacific Northwest Network),
the coherence of the data was verified by the author.

The list of the stations, their climate, latitude, longitude,
and altitude are given in Table 1.

If the time step of the original data is below 60 min, they
are averaged to bring them to hourly data. The total
amount of hourly values is over 100,000.

For the station of Geneva and the year 2006, the model
performance for sub-hourly time step is also investigated.
The measurements are taken every 10 s, averaged and
acquired on a minute basis. The values are then averaged
to obtain 5, 10, 15, 30 and 60 min data.
Fig. 1. Monthly average Linke tubidity values for the statio

Fig. 2. Seasonal variation of the Linke turbidity. The values retrieved from the
line. (For interpretation of the references to colour in this figure legend, the r
4. Input parameters

The input parameters used in the present study, i.e.
the atmospheric water vapor content and the aerosol
optical depth, are retrieved from different climatic data-
banks such as SODA (2002), Satel-Light (2002), Meteo-
norm (2003) or Randel et al. (1996). They are
representative of average conditions and are mainly the
results of interpolation between ground stations, some-
times with the help of satellite data. The databanks pro-
vide 12 monthly values for each location and each
parameter. To avoid discontinuities between different
months, the 12 values are smoothed over the year as
illustrated in Fig. 1 for the Linke turbidity coefficient
and the station of Hermiston.

For the south-west United States stations, the water
vapor climatological data are retrieved from Randel et al.
n of Hermiston with the corresponding smoothed line.

measurements are represented by blue dots, the climatic values by the red
eader is referred to the web version of this article.)
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(1996), for the other stations either from SODA (2002) or
from Meteonorm (2003).

The turbidity has the highest influence on the atmo-
spheric transmittance, but is also the most difficult to find,
because it is not a synoptic parameter. In the present study,
the Linke turbidity factor is used to parameterize the aero-
sol content of the atmosphere; it is not the best parameter,
but it can be found in several climatic databanks such as
SODA (2002). It is then converted to aerosol optical depth
with the help of a model developed by Ineichen (2006) and
given in the Appendix.

The majority of the measuring stations are situated in
suburbs or city centers. As the use of urban type aerosols
in the Solis model gives better results than rural type, only
urban aerosols are considered in the present study.

It has to be noted that these climatic values are not rep-
resentative of the clearest conditions. In Fig. 2, the Linke
Fig. 3. Modeled versus ground norm

Fig. 4. Frequency of occurrence comparison. The ground measurements are r
interpretation of the references to colour in this figure legend, the reader is re
turbidity factor TL is retrieved from the normal beam irra-
diance with the help of the Kasten pyrheliometric formula
applied on data corresponding to an air mass equal to two
(Kasten, 1980). The lower limit of the dots corresponds to
the clearest conditions. It can be seen here that the line,
representative of the climatic smoothed values, retrieved
from Soda is about one unit higher.
5. Comparison method

In terms of validation, when evaluating derived param-
eters with the same time step, the comparison is generally
done hour by hour, by means of scatter plots, mean and
absolute bias differences, and root mean square differences.

The scatter plot, or the representation of the modeled
parameter versus the corresponding measured value is illus-
al beam irradiance scatter plot.

epresented by the grey bars, and the modeled values by the red line. (For
ferred to the web version of this article.)



P. Ineichen / Solar Energy 82 (2008) 501–512 505
trated in Fig. 3. A perfect model should align the dots on
the diagonal line.

The statistical parameters like the mean bias difference
(mbd), the root mean square difference (rmsd) and the stan-
dard deviation or the dispersion around the bias (sd) repre-
sent a quantification of the model’s precision. The mbd is
expressed as the ‘‘model-measurements” difference, such
as a positive bias represents a model overestimation.

In the field of architecture and natural light, the compar-
ison is often done in terms of frequency of occurrence. In
Fig. 5. Modeled versus ground normal beam irradiance scatter

Table 2
Mean bias difference, root mean square difference and standard deviation for

Station nb Average (W/m2) DirIndex D

mbd rmsd sd m

Albany 2604 381 10 85 84
Albuquerque 3660 656 �8 96 96
Austin 3504 359 22 96 93
Burlington 3538 411 �13 86 85
Burns 3857 534 40 117 110
Carpentras 3969 386 17 68 66
Cocoa 3570 378 3 108 108
Desert Rock 3321 667 �14 112 1161 �
Eugene 4026 385 �18 91 89
Freiburg 3185 192 26 75 71
Geneva 37,282 265 0 68 68
Gladstone 1250 307 �31 91 85
Golden 7544 469 �5 103 102
Hermiston 6715 454 �32 91 85
Klamath 1869 501 �28 112 109
Kramer 2644 733 �39 104 96
Kwajalein 2714 362 60 122 106

Lisboa 1672 508 24 77 73
Lyon 3758 294 �17 70 68
Payerne 3990 286 31 84 78
Tamanrasset 3276 605 64 129 1102

Toravere 3604 234 6 73 73
all stations 105,562 370 �1 85 83

The last line is the average over all stations except Kwajalein and Tamnrasset
this case, the graph is a line (or a bar chart) representative
of the relative frequency of occurrence of a given parame-
ter. This is illustrated in Fig. 4 for the normal beam irradi-
ance. Here, for example, a value of 800 W m�2 occurs two
times more than a value of 400 W m�2.

6. Validation and comparison

The overall tendency of the scatter plots shows a good
agreement between models and ground measurements as
plot for the station of Carpentras and the DirIndex model.

all the stations and models

irInt Skartveit Erbs

bd rmsd sd mbd rmsd sd mbd rmsd sd

�8 84 83 �17 83 81 �26 100 97
�16 92 90 �34 110 105 �48 128 118
�9 89 88 �12 97 96 0 101 101
�34 84 77 �39 89 80 �59 125 110

32 112 107 16 110 109 4 131 131
17 68 66 2 68 68 �18 90 88
�54 110 96 �55 114 100 �57 128 115
141 109 109 �26 120 117 �27 116 113
�15 83 81 �20 88 86 �43 124 116

23 72 68 19 68 65 12 73 72
�12 74 73 �16 72 70 �27 92 88
�29 89 84 �37 96 89 �53 115 102
�6 103 102 �15 107 104 �9 118 117
�23 85 82 �32 94 88 �46 114 103
�39 109 501 �48 117 107 �68 142 125
�43 101 92 �52 114 101 �67 121 101

8 95 95 6 94 94 14 99 98

9 73 72 8 70 69 �3 90 89
�25 77 73 �30 77 71 �37 91 83

28 83 79 19 82 80 11 84 83
12 123 100 65 128 110 28 125 122

15 75 74 6 72 71 2 88 88
�10 85 82 �17 88 84 �26 105 99

.
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is illustrated in Fig. 5 for the station of Carpentras and the
DirIndex model. The average mean bias difference is low
(some %) and the precision of the 3 main models is around
87 W m�2. The models taking into account the clearness
index variability improve the precision of about 10–20%
compared to the simple diffuse fraction Erbs model.

The complete statistics are given in Table 2, where the
last line is the average over all stations except Kwajalein
and Tamanrasset. If the mean biases vary around
±40 W m�2 and the precisions from 70 to 120 W m�2, no
particular pattern can be pointed out with latitude, altitude
or climate. Also, if the precision is only very slightly better
for the DirIndex model, the bias is negligible for the only
model taking into account the atmospheric turbidity. This
effect is visible for high values. It is illustrated for the sta-
tion of Geneva in Figs. 6 and 7, where, respectively, the
DirIndex and DirInt model scatter plots are represented.
Fig. 6. Modeled versus ground normal beam irradiance scatter plot for the sta

Fig. 7. Modeled versus ground normal beam irradiance scat
The scatter plots for most of the analyzed stations are
very similar to Geneva, except the stations of Klamath
Falls, Kwajalein and Tamanrasset where patterns appear,
probably due to instrumentation problems (cf. Appendix I).

The results are given in Charts I and II for all the sta-
tions and all the models. The bars on the right of the charts
represent the average over all stations, except Kwajalein
and Tamanrasset.

The previous statistics and plots show the overall perfor-
mance of the models. The frequencies of occurrence show
the specificity of each model. In Fig. 8, the DirIndex and
the Skartveit model are represented. If for low normal beam
values the two models show the same behaviour (overestima-
tion), it is different for intermediate and high values. The
Skartveit model gives better results for 600–800 W m�2 nor-
mal beam irradiances, but is not able to reproduce
enough occurrences for values from 800 to 1000 W m�2.
tion of Geneva and the DirIndex model taking into account the turbidity.

ter plot for the station of Geneva and the DirInt model.



P. Ineichen / Solar Energy 82 (2008) 501–512 507
In conclusion, the 3 state of the art-global-to-direct
models have very similar behavior and are comparable in
terms of bias and precision. Using water vapor and turbid-
ity retrieved as monthly values from climatic databanks
and the DirIndex model slightly improves the bias and
the root mean square difference. As the turbidity can be
very different from one day to the other, or even during a
Chart I. Mean bias difference for all the stations and all the models. The ‘‘a

Chart II. Root mean square difference for all the stations and all the mod
Tamanrasset.
day, a better knowledge of it could improve the precision
of the produced beam irradiance.

7. Model performance for sub-hourly time step

The above comparison and validation is based on
hourly data. This time step is widely used in most of the
ll stations” bars are the average except for Kwajalein and Tamanrasset.

els. The ‘‘all stations” bars are the average except for Kwajalein and



Fig. 8. Frequencies of occurrence comparison for the DirIndex and the Skartveit models.

Chart III. Mean bias difference and standard deviation versus the integration period length for the DirIndex model.

Fig. 9. DirIndex-modeled normal beam irradiance versus the corresponding measurements, for 5 and 10 min of integration period.
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simulation processes. Since the launch of MSG (Meteosat
Second Generation), the satellite images are now available
every 15 min. As the satellite-derived beam irradiance is
less effective than modeling the latter from satellite-derived
global, it is interesting to investigate the applicability of the
models on sub-hourly time step. This is done on data
acquired in Geneva in 2006 and on time steps of 5, 10,
15, 30 and 60 min.

The first observation is that the overall dispersion
increases with the decrease of the integration slot. Looking
more into details, it appears that the dispersion increases
more for intermediate conditions; this is a consequence of
the integration period length: the increase of the integra-
tion period also increases the smoothing of the clearness
index variability.
Fig. 10. DirIndex-modeled normal beam irradiance versus the corres

Fig. 11. DirIndex-modeled normal beam irradiance versus the corres
This is illustrated in Chart III where the mean bias dif-
ference and the standard deviation are represented for the
five integration period lengths and the DirIndex model.
The effect is comparable for the other models.

The comparison is done in Figs. 9–11 where the scatter
plots are given for 3 different integration period lengths. In
these figures, the shorter integration period is plotted in
dark dots and the longer period in clear dots. The effect
of the integration period length on the dispersion is clearly
visible. The results are given in Table 3.

It is possible, by adding a multiplicative factor depend-
ing on the integration period length on the variability
index, to slightly decrease the dispersion and the bias.
The corresponding line in Table 3 is labeled ‘‘10 min cor.”.
ponding measurements, for 10 and 30 min of integration period.

ponding measurements, for 30 and 60 min of integration period.



Table 3
Mean bias difference, root mean square difference and standard deviation for all the models and different time steps

Model DirIndex DirInt Skartveit Erbs

time step nb average mbd rmsd sd mbd rmsd sd mbd rmsd sd mbd rmsd sd

Hourly 3956 278 3 69 69 �3 74 74 �7 71 71 �17 88 87
30 min 7924 279 17 76 74 4 79 79 1 73 73 �11 96 95
15 min 15,772 279 22 83 80 9 85 84 8 78 77 �6 101 101
10 min cor. 23,679 279 6 79 79 0 83 83 – – – – – –
10 min 23,679 279 18 84 82 12 88 87 11 80 80 �4 104 104
5 min 47,344 279 23 90 87 16 92 91 15 85 83 �2 106 106
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In conclusion, the global-to-beam irradiance models can
be used on data with a smaller time step without loosing
too much in term of bias and precision. Nevertheless, the
models were developed for hourly data and should be
adapted for other integration period lengths.
8. Conclusions

Three global-to-beam irradiance models are validated
against data from 22 ground stations covering a wide range
of latitudes, altitudes and climates. The overall bias is very
low and the precision is about 85–90 W m�2 or 23–24%,
except for 2 sites where the results are slightly different
and could be explained by either calibration problems or
unadapted aerosol type.

The 3 models have very similar behavior and are compa-
rable in terms of bias and precision. The use of the DirIn-
dex model with water vapor and turbidity retrieved as
monthly values from climatic databanks slightly improves
the bias and the root mean square difference. A better
knowledge of these parameters could improve the precision
of the produced beam irradiance values.

All the models are developed on a hourly basis. The val-
idation on data from Geneva with 5 different integration
Fig. A.1. Modeled versus ground normal beam irradiance scatt
time lengths shows that their performances decrease with
the integration length, but remains acceptable.
Appendix I. Klamath Falls, Kwajalein and Tamanrasset
stations analysis

For the station of Klamath and Tamanrasset, the pat-
terns are similar for the different models; they are illus-
trated in Figs. A.1 and A.2, respectively. The common
parameter between the 2 stations is the high altitude, but
the patterns are opposite and cannot be found on the other
4 high altitude stations. As the patterns have the same ten-
dency for all the models, and even if the acquisition sta-
tions are part of the BSRN network, a possible
explanation could be instruments calibration or alignment
problem. These results are excluded from the statistics
because of the very high value of the mean bias difference.

For the station of Kwajalein, only the DirIndex model
presents the highest bias and dispersion. The station is sit-
uated in the Marshall Islands, and the climate is hot, humid
and tropical. In the clear sky model (Solis), urban type of
aerosols is used for all the stations, and this is clearly not
the case here and can explain the bad results with the Dir-
Index model. The two models using a constant average tur-
er plot for the station of Klamath and the DirIndex model.



Fig. A.2. Modeled versus ground normal beam irradiance scatter plot for the station of Tamanrasset and the DirIndex model.
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bidity present mean biases and precisions in the same range
than all the other stations.
Appendix II. Conversion function between TL and the aerosol

optical depth

From numerically integrated spectral simulations done
with Modtran (Berk et al., 1989), Molineaux et al. (1998)
obtained the following expression for the broadband opti-
cal depth of a clean and dry atmosphere (fictitious atmo-
sphere that comprises only the effects of Rayleigh
scattering and absorption by the atmosphere gases other
than the water vapor):
Fig. A.3. Linke turbidity TL at airmass = 2 versus the aeroso
Dcda ¼ �0:101þ 0:235 �M�0:16

and the broadband water vapor optical depth:

Dw ¼ 0:112 �M�0:55 � w0:34

where w is the precipitable water vapor content of the
atmosphere in (cm). The precision of these fits is better
than 1% when compared with Modtran simulations in
the range 1 < M < 6 and 0 < w < 5 cm. Using the Kasten
pyrheliometric formula (1980), the Linke turbidity at
M = 2 can then be written:

T L2ðDa;wÞ ¼ �ð9:4þ 0:9 �MÞ � Lnðexpð�M � ðDcda þ Dw

þ DaÞÞÞ=M
l optical depth and the atmospheric water vapor content.
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with Da = da700 (Molineaux et al., 1998) or Da =
0.27583*da380 + 0.35* da500 (Bird and Huldstrom, 1980).

This is illustrated in Fig. A.3. The inverse function can
be used to convert the Linke turbidity TL to the aerosol
optical depth Da. When dealing with other air masses than
M = 2, the new formulation for the Linke turbidity defined
by Ineichen and Perez (2002) should be used.
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