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Abstract. Many transposition models have been proposed in the literature to convert solar irradiance on the

horizontal plane to that on a tilted plane. The inverse process, i.e. the conversion from tilted to horizontal is
investigated here based upon seven months of in-plane global solar irradiance measurements recorded on the
roof of the Royal Meteorological Institute of Belgium’s radiation tower in Uccle (Longitude 4.35◦ E, Latitude
50.79◦ N). Up to three pyranometers mounted on inclined planes of different tilts and orientations were involved
in the inverse transposition process. Our results indicate that (1) the tilt to horizontal irradiance conversion is
improved when measurements from more than one tilted pyranometer are considered (i.e. by using a multipyranometer approach) and (2) the improvement from using an isotropic model to anisotropic models in the
inverse transposition problem is not significant.

1

Introduction

The usual solar radiation parameters measured on ground are
the global horizontal irradiance, Gh , the direct normal irradiance, Bn , the diffuse horizontal irradiance, Dh and the sunshine duration. Traditionally, they are recorded by means of
networks of meteorological stations. However, costs for installation and maintenance of such networks are very high
and national networks comprise only few stations. The recent deployments of solar photovoltaic (PV) systems offer a
potential opportunity of providing additional solar resource
information as PV systems with global tilted irradiance, Gt ,
measurements become available in some locations. However,
in most PV systems, modules are installed on a fixed plane to
reduce installation and operation costs compared to tracking
systems. To maximize array output, modules are installed at a
tilt close to local latitude, or at some minimum tilt to ensure
self-cleaning by rain. Gh estimates at the PV system location requires therefore to convert the tilted solar irradiance
recorded to that on a horizontal plane.
If many transposition models have been proposed in the
literature (see Yang, 2016 for a review) to convert solar irradiance on the horizontal plane to that on a tilted plane,
the inverse process (i.e. converting from tilted to horizontal)
is only poorly discussed in literature. The difficulty stems
Published by Copernicus Publications.

from the fact that the procedure is analytically not invertible. As an example, single-sensor approach involving a numerical search method was proposed by Yang et al. (2013),
and evaluated using various combinations of decomposition
(i.e. models that separate direct and diffuse solar components
from the global one) and transposition models. They found
their method sufficiently accurate for small zenith angles,
but reported that the conversion error increases exponentially
as zenith angle increases. More recently, Marion (2015) presented an iterative method using a modified version of the
DIRINT decomposition model (Perez et al., 1992) in combination with the transposition model of Perez et al. (1987) to
obtain horizontal irradiance from measurements of a single
tilted sensor. Performance of his method was found essentially the same as for the DIRINT model used in the normal
calculation mode for Gt measurements recorded at small tilt
angle from the horizontal. At larger angles, deviations between modeled and measured Bn and Dh values increase as
the tilt angle increases from the horizontal. Lastly, an alternative method based on the Olmo model (Olmo et al., 1999)
that presents the property of being analytically invertible was
proposed by Killinger et al. (2016). Although the overall performance of the inverted Olmo model was found comparable with the other approaches, the results were slightly worse
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than those obtained by inverting the decomposition and transposition models in combination with an iterative solving process.
The aim of the present study is to (1) evaluate the tilt to
horizontal irradiance conversion when using for model input
Gt measurements recorded in angular configurations similar to those encountered in Belgian PV systems installations
(e.g., with tilt angle as great as 50.79◦ ) and, (2) determine
if, as suggested by Yang et al. (2014), the use of a multipyranometer system could improve the conversion accuracy.
The selection of the decomposition and transposition models used in our calculations is based on previous evaluation
of popular decomposition and transposition models performance in Uccle by Demain et al. (2013, 2016) and Bertrand
et al. (2015).
The paper is organized as follows: methods to perform the
conversion from tilt to horizontal are presented in Sect. 2.
In situ measurements are briefly described in Sect. 3. Performances of the different approaches are evaluated in Sect. 4.
Final remarks and conclusions are provided in Sect. 5.
2

Transposition models have the general form:
(1)

where the tilted global solar irradiance, Gt , is expressed as
the sum of the in-plane direct irradiance, Bt , in-plane diffuse
irradiance, Dt , and the irradiance due to the ground reflection, Dg . The direct component, Bt , is obtained from:
Bt = Bn cos θi = Bh

cos θi
= Bh rb
cos θz

(2)

with, Bn , the direct normal irradiance and, Bh , the direct irradiance on a horizontal surface, respectively. θi is the incidence angle and, θz , the solar zenith angle, respectively (see
Fig. 1 for angles definition). The parameter rb = cos θi / cos θz
is a factor that accounts for the direction of the beam radiation. The diffuse component, Dt , and the irradiance due to
the ground reflection, Dg , can be modeled as follows:
Dt = Dh Rd

(3)

Dg = ρGh Rr

(4)

where, Dh , is the diffuse horizontal irradiance, Gh , the global
horizontal irradiance (i.e. Gh = Dh + Bh ), Rd , the diffuse
transposition factor, ρ, the ground albedo, and, Rr , the transposition factor for ground reflection, respectively. In the
present study, the isotropic transposition model proposed by
Liu and Jordan (1962) (hereafter referred to as LIU model),
and the anisotropic models of Hay (1979) (hereafter referred
to as HAY model), Skartveit and Olseth (1986) (hereafter referred to as SKA model) and Perez et al. (1987) (hereafter
referred to as PER model) have been considered. In addition,
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ter as well as the zenithal solar angle θz .

Rr , was modeled under the isotropic assumption (e.g., Gueymard, 2009) and for the sake of simplicity, the foreground’s
albedo, ρ, was fixed to 0.23 (Demain et al., 2013).
2.1

Single pyranometer approach

Considering the effective global horizontal transmittance, Kt ,
the direct normal transmittance, Kn , and, the diffuse horizontal transmittance, Kd (Kd + Kn = Kt ):

Conversion from tilt to horizontal

Gt = Bt + Dt + Dg

Figure 1. Definition of incidence angle θi on an inclined pyranome-

Gh = Kt Io cos θz
Bn = Kn Io
Dh = Kd Io cos θz

(5)

where, Io , is the extraterrestrial normal incident irradiance,
Eq. (1) can be rewritten as:





Kd
Kd
Gt = Kt Io cos θi 1 −
+ cos θz
Rd + ρRr
(6)
Kt
Kt
Equation (6) indicates that the conversion of Gt to Gh requires the use of a decomposition model to estimate Kd from
Kt . The decomposition model of Skartveit and Olseth (1987)
was used in the present study. This model allows to estimate
the direct normal irradiance, Bn , from the global horizontal
irradiance, Gh , through an empirical equation which depends
on Kt . Equation (6) was solved by a simple iteration procedure. Namely, Kt is first assumed equal to 0.5 and is then
adjusted, if needed, using the bisection procedure until the
Kt provides calculated Gt value that match the measured Gt .
2.2

Multi-pyranometer approach

Given n tilted pyranometers (with different inclinations
and/or orientations), the inverse transposition problem can
be generalized as the matrix form:
xT 3 x + B − C = 0

(7)

where 3 = {Ai } is a 2×n×2 third-order tensor, B = {Bi } is
a n×2 matrix, C is a n column vector, and x a column vector
www.adv-sci-res.net/14/17/2017/
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with 2 variables:


0 Ai
Ai =
∈ <2×n×2
Ai 0


C1 B1
C2 B2 


n×2
B= .
..  ∈ <
 ..
. 
Cn

Bn


Gt1
Gt2 


C =  .  ∈ <n
 .. 
Gtn
x = (Dh Bh ) ∈ <2
T

(8)

where the coefficients Ai , Bi , and Ci depend on the considered transposition model. Note that Eqs. (7) and (8) slightly
differ from Yang et al. (2014) due to the change in the column
vector x (i.e. (Dh Bh ) instead of (Dh λ)). The least square
(hereafter referred to as LS) solution to Eq. (7) is given by:


1
min P (x) = ||x T 3 x + B − C||2 : x ∈ <2
(9)
2
with ||.|| referring to the Euclidean norm. However, LS is
hard to solve and a standard technique to resolve Eq. (9) is to
use a Newton type iteration method (e.g., Grosan and Abraham, 2008). As an alternative, Eq. (7) can also be solved by
minimizing the errors (this approach is hereafter denoted to
as EM – Errors Minimization). In this case, the solution is to
minimize
)
(
n
X
min E(x) =
(10)
i2 (x) : x ∈ <2
i=1

where, i (x) = (Ai Dh Bh + Bi Bh + Ci Dh ) − Gti , with i =
1, . . ., n denoting the tilted pyranometer (n ≥ 2).
EM approach was selected here to solve Eq. (7) and the
Powell’s quadratically convergent method (Powell, 1964)
was used to perform the minimization. It is a generic minimization method that allows to minimize a quadratic function of several variables without calculating derivatives. The
key advantage of not requiring explicit solution of derivative
is the very fast execution time of the Powell method. In order to avoid the problem of linear dependence in Powell’s
algorithm, we adopted the modified Powell’s method given
in Acton (1970) and implemented in Press et al. (1992).
3

In situ measurements

The present analysis is based upon seven months of global
solar irradiance measurements performed on the roof of the
radiometric tower of the Royal Meteorological Institute of
Belgium (RMI) located on the Brussels Uccle plateau (Longitude 4.35◦ E, Latitude 50.79◦ N at an elevation of 101 meters above sea level). Four data sets of global solar irradiance have been collected from 15 July 2015 to 19 January
www.adv-sci-res.net/14/17/2017/
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2016. The first one was recorded by a Kipp & Zonen CM11
Secondary Standard pyranometer mounted on the horizontal plane (here after referred to as Plane 0). The second was
also recorded by a Kipp & Zonen CM11 Secondary Standard
pyranometer but mounted on a tilted plane of 50.79◦ (i.e. corresponding to the RMI radiometric tower’s latitude) facing
south (here after referred to as Plane 1). For the last two data
sets, two additional Kipp & Zonen CMP-22 Secondary Standard pyranometers were installed on the tower with the same
angular configurations as two neighboring residential PV installations, i.e. a tilted plane of 45◦ SW facing and a tilted
plane of 50◦ facing E (here after referred to as Plane 2 and
Plane 3, respectively). Note that all pyranometers are subject
to the same calibration and maintenance protocol.
Irradiance measurements were made with a 5 s time step
and then integrated to bring them to a 10 min time step. All
10 min data have undergone a series of automated quality
control procedures similar to those described in Journée and
Bertrand (2011) prior to be visually inspected by a human
operator.
4

Results

The relative ability of the single and multi-pyranometer
approaches to predict horizontal irradiance from the tilted
one was estimated by means of two statistical error indexes: Mean Bias Error (MBE) and Root Mean Square Error
(RMSE).
MBE =

n
1X
(ei )
n i=1

v
u n
u1 X 2
RMSE = t
(e )
n i=1 i
where ei = (Gi,e −Gi,o ) is the residual value; Gi,e are the estimated 10 min values and Gi,o represent the observed 10 min
measures, e.g. statistical validation being performed on a
10 min basis. A positive MBE (resp. a negative MBE) means
than the model tends to overestimate (resp. underestimate)
the observed measures. To obtain dimensionless statistical
indicators we expressed MBE and RMSE as fractions of
mean solar global irradiance during the respective time interval,
MBE[%] =

MBE
M̄

RMSE
M̄
n
P
where M̄ = n1
(Gi,o ) is the measures mean. It is worth
RMSE[%] =

i=1

pointing out that for a proper estimation of the error statistics, only radiation data recorded with a solar zenithal angle, θz , smaller than 85◦ and an incidence angle on the plane
Adv. Sci. Res., 14, 17–22, 2017
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Figure 2. Performance of the four considered transposition models

in the tilt to horizontal conversion process. Unsuccessful conversions (a), RMSE (b) and, MBE (c) are reported for a one, two, and
three tilted pyranometers system, respectively.

used, θi , smaller than 90◦ were considered and tilted global
solar irradiance records were further restricted to non-zero
values. Note that when the retrieved global horizontal solar
irradiance was negative or larger than the corresponding extraterrestrial irradiance the inverse transposition problem was
considered unsuccessful.
Figure 2 summarizes in terms of failure rate (panel a),
RMSE (panel b) and, MBE (panel c) the performance of
the inverse transposition for each of the four selected transposition models. Results are reported for a single, two and
three tilted pyranometers system, respectively. To evaluate
the transposition models on a same basis, only data points
conversions that have succeeded for all models are considered in the MBE and RMSE calculations. It is apparent from
panel (a) that the PER model exhibits a significant percentage
of unsuccessful conversions. Because the PER model coefficients are binned according to the sky clearness parameter, ,
the same strategy as in Yang et al. (2014) was adopted here
when running this model. Basically, G0h and Dh0 estimates are
calculated for each  bins using the associated PER model
brightness coefficients and then used to determine the corresponding  0 . If the assumed  agrees with the calculated  0 ,
the G0h and Dh0 are selected as true estimated Gh and Dh values. Unfortunately, it may appear that none of the retrieved
 0 values agree with its expected bin, or that more than one
retrieved  0 values agree with the expected bins, increasing
therefore the number of unsuccessful conversions associated
to the PER model. This is particularly well apparent in Fig. 2
Adv. Sci. Res., 14, 17–22, 2017

when more than one tilted pyranometer is involved in the inverse transposition problem. On the other hand, the failure
rate reported for the three other models reduces to nothing
when three different Gt measurements are involved in the
calculations.
With only one tilted irradiance involved in the inverse
modeling approach, the tilt angle and the surface’s orientation have a major impact on the Gh estimation’s reliability
irrespective of the considered transposition model. None of
the transposition models appears to best perform within the
three tilted planes angular configurations. The worst performance in terms of RMSE and MBE are for plane 2 measurements conversion (i.e. RMSE ranging from 80.2 W m−2 or
28.7 % to 85.8 W m−2 or 30.8 % vs. 19.0 W m−2 or 6.8 % to
33.9 W m−2 or 12.2 % reported for Plane 1 conversions). Furthermore, Plane 2 conversions underestimate Gh (i.e. MBE
ranging from −39.2 W m−2 or −14.1 % to −32.7 W m−2 or
−11.7 %) while a slight overestimation of 10.9 W m−2 or
0.3 % to 14.9 W m−2 or 5.3 % is reported for Plane 1 conversions and an overestimation of 6.5 W m−2 or 2.3 % to
21.3 W m−2 or 7.6 % for Plane 3 conversions, respectively.
As a comparison, Yang et al. (2013) reported RMSE values of roughly 13 and 6 % for the conversion of irradiance
data collected by sensors mounted on a 18.3◦ tilted NE facing plane and 6.1◦ SW face plane, respectively. However, it
is worth pointing out that (1) tilt angles considered in Yang
et al. (2013) are much smaller than here and (2) Yang et
al. (2014) reported that the RMSE resulting from their conversion using a single tilted sensor NE facing increased from
4 % for a tilt angle of 10◦ to 23 % for a tilt angle of 40◦ .
Figure 2 indicates that the overall performance of the
inverse transposition is improved when using two different tilted global irradiance measurements as input to the
Gh computation and dependencies to tilt angles and surface orientations are reduced. The LIU isotropic model and
the HAY anisotropic model behave similarly with a RMSE
(MBE) ranging from 23.0 W m−2 or 12.2 % (−3.2 W m−2 or
−1.7 %) for the Plane 2 and Plane 3 measurements conversion to 32.0 W m−2 or 16.9 % (−16.2 W m−2 or −8.5 %) for
the Plane 1 and Plane 2 measurements conversion. Only a
slight better performance in term of RMSE and MBE is reported for Plane 2 and Plane 3 measurements conversion performed with the PER model (i.e. a RMSE of 17.5 W m−2 or
9.2 % and a MBE of −1.9 W m−2 or −1.0 %).
Involving three different tilted irradiance measurements in
the conversion process always ensures solutions excepted for
the PER model for which the conversion of a bit less than
one third of the data points (i.e. 30.4 %) were unsuccessful.
All models behave quite similarly in term of RMSE (overall
RMSE value of 20.0 W m−2 or 7.9 %) and present a negative bias (i.e. MBE ranging from −9.7 W m−2 or −3.8 % to
−5.9 W m−2 or −2.4 %). In this respect it is worth pointing out that the performance reported for the LIU isotropic
transposition model does not differ significantly from the
anisotropic transposition models considered in our study.
www.adv-sci-res.net/14/17/2017/
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Conclusions

When only a single tilted sensor is used, the conversion can
be carried out with a decomposition model coupled with a
transposition model to solve the inverse transposition problem. In this case, there is an additional error (additional to the
inverse transposition problem) in the predicted horizontal irradiance. In addition, with only one tilted irradiance involved
in the inverse modeling approach, the conversion’s performance is very sensitive to the tilted pyranometer angular
configuration. None of the considered transposition models
was found to best perform over the 3 pyranometers mounting plane configurations.
When two (or more) tilted irradiance sensors are involved,
only a transposition model is required and the inverse transposition problem can be solved more accurately. In practice,
there are certain sun positions for which this procedure still
fails to produce a valid estimation of the global horizontal irradiance. Consequently more instruments should be used so
as to overdetermine the system. Here it has been shown that
three tilted pyranometers set at different orientations is sufficient to guarantee solution for three of the four considered
transposition models. Indeed, because of the non bijectivity
of the anisotropic transposition model of Perez et al. (1987)
the conversion of a percentage of data points can be unsuccessful.
Finally, comparing the performance between the isotropic
and anisotropic approaches to the inverse transposition problem indicates that the improvement from using the Liu and
Jordan (1962) isotropic model to using anisotropic models is not significant (e.g. a RMSE of 20.0 W m−2 or 7.9 %
and a MBE of −9.7 W m−2 or −3.8 % are reported for the
LIU model when considering a three tilted pyranometers
system vs. a RMSE of 19.6 W m−2 or 7.7 % and a MBE
of −5.9 W m−2 or −2.4 % for the best performing SKA
anisotropic model) or even inexistent regarding the percentage of unsuccessful conversions (e.g. a failure rate of 0 % is
reported for the LIU model considering a three tilted pyranometers system vs. a failure rate of 30.4 % for the PER
model).
6

Data availability

RMI has not an open data policy, but data can be order
at: http://www.meteo.be/meteo/view/en/65239-Accueil.html
or by sending an email to ui@meteo.be.
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