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This study evaluates the suitability of the method HelioMont, developed by MeteoSwiss, for estimating solar
radiation from geostationary satellite data over the Alpine region. The algorithm accounts for the influence of
topography, clouds, snow cover and the atmosphere on incoming solar radiation. The main error sources are
investigated for both direct and diffuse solar radiation components by comparison with ground-based
measurement taken at three sites, namely Bolzano (IT), Davos (CH) and Payerne (CH), encompassing different
topographic conditions. The comparison shows that the method provides high accuracy of the yearly cycle:
the Mean Absolute Bias (MAB) is below 5 W m−2 at the lowland station Payerne and below 12 W m−2 at the
other two mountainous stations for the monthly averages of global and diffuse radiation. For diffuse radiation
the MAB is in the range 11–15 W m−2 for daily means and 34–40 W m−2 for hourly means. It is found that
the largest errors in diffuse and direct radiation components on shorter time scales occur during summer and
for cloud-free days. In both Bolzano and Davos the errors for daily-mean diffuse radiation can exceed 50 Wm−2

under such conditions. As HelioMont uses monthly climatological values of atmospheric aerosol characteristics,
the effects of this approximation are investigated by simulating clear-sky solar radiationwith the radiative transfer
model (RTM) libRadtran using instantaneous aerosol measurements. Both ground-based and satellite-based data
on aerosol optical properties and water vapor column amount are evaluated. When using daily atmospheric input
the estimation of the hourly averages improves significantly and themean error is reduced to 10–20Wm−2. These
results suggest the need for amore detailed characterization of the local-scale clear-sky atmospheric conditions for
modeling solar radiation on daily and hourly time scales.

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

An accurate estimation of solar radiation at the Earth surface is a key
requirement for climate monitoring and for hydrological and biological
applications. Indeed, various biophysical and biochemical processes on
the Earth surface are driven by solar radiation, with feedbacks to the
rest of the climate system (Bonan, 2002). These include the diurnal
development of the atmospheric boundary layer in response to diurnal
exchanges of energy, mass and momentum between the atmosphere
and the Earth surface and thermally driven flows over complex terrain
(Serafin & Zardi, 2010a,b, 2011). Solar radiation is also a main driver
for plant photosynthesis and evapotranspiration (Sellers et al., 1997).
The spatial and temporal quantification of solar radiation is required
for planning andmodeling purposes in various areas, such as agriculture,
, Italy. Tel.: +39 0471 055 381.
elli).
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forestry and oceanography. In particular the role of radiation on the pe-
culiar energy budgets occurring in urban areas and the related effects,
such as the urban heat island, have been the subject of recent investiga-
tions (Giovannini, Zardi, & de Franceschi, 2011, 2013; Giovannini, Zardi,
de Franceschi, & Chen, 2014).Models for quantifying evapotranspiration,
which is a major input in soil water balance analyses, also use solar radi-
ation as input, together with other meteorological variables and soil
properties (Carrer et al., 2012; Sellers et al., 1996). The assessment of
solar energy is also essential in applications converting solar radiation
into electricity, such as photovoltaic plants and concentrated solar
power systems. Onemain limitation of the competitiveness of photovol-
taic and concentrated solar power systems with other sources of energy
is the high cost of the active solar materials. Besides the current research
on innovative and more economic semiconductor materials (Barber
et al., 2011), another way towards improving the efficiency of solar
power is a more accurate estimation of solar radiation at the project
development stage. In fact, the evaluation of the direct and diffuse
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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components of solar radiation is essential for supporting the choice of
the best available technology, i.e. the one that most effectively exploits
the radiation available in a target area. Accordingly, the present work
aims at investigating the accuracy of the latest modeling techniques
for estimating solar radiation at the Earth surface from satellite data in
the Alps.

One way for assessing solar irradiance is the analysis of data from
ground-based radiometers. The expected error in irradiance calculation
is due to the difference between operation and calibration conditions.
For high quality and well maintained instruments, such as those used
in this study, theWorldMeteorological Organization (WMO) guidelines
admit maximum errors in the hourly radiation totals of 3% (World
Meteorological Organization, 2008). Unfortunately in most cases
ground networks of radiometers do not cover sufficiently the area of
interest. For example in the province of Bolzano, in the Italian Alps,
which is the area of major interest for the project which motivated the
present work, all measurement stations are located more than 5 km
from each other, whereas the spatial autocorrelation of solar radiation
is generally less than 1 km (Dubayah, 1992; Dubayah & Paul, 1995). In
addition conventional weather stations usually include global radiome-
ters and only few of them are equipped with radiometers measuring
either the diffuse or direct component of radiation. Considering the
limitations of the network of ground-based instruments, especially
over complex terrain, it is necessary to consider otherways for addressing
the problem of estimating surface radiation.

Radiative transfer models (RTMs), simulating the incoming solar
radiation through all its interactions with the atmosphere and the
Earth surface, can for instance be used. These models can simulate the
absorbing and scattering effects of atmospheric gases and particles,
clouds or surface reflections and shadows (Kato, Ackerman, Mather, &
Clothiaux, 1999; Liou, 2002; Stamnes et al., 1988; Stamnes, Tsay,
Wiscombe, & Laszlo, 2000). The disadvantage of using RTMs is that
accurate calculations are time consuming, thus not convenient for appli-
cation to large areas. RTMs also require a substantial amount of informa-
tion concerning rapidly changing atmospheric conditions, such as
clouds and aerosol properties. However, the radiative forcing of clouds
and, to a certain degree, also aerosol properties can be retrieved from
satellite observations. In particular, geostationary satellite data offer a
high frequency of observation, thus allowing to observe the daily
variability of cloud cover. The main drawbacks of using geostationary
satellite data are their coarse spatial resolution and large view angles
for higher latitudes. These limitations are particularly severe in moun-
tainous regions, where the altitude varies sharply and affects not only
surface related parameters, but also the state of the atmosphere.
Furthermore satellite radiometers measure visible radiation reflected
by the Earth's atmosphere, thus the retrieval of downward radiation at
the Earth surface is not trivial, and requires themodeling of the physical
interactions between radiation and aerosols, gases and clouds.

The main effort for retrieving solar radiation at the Earth surface
from meteorological satellite data was done in the late eighties (Cano
et al., 1986) for Meteosat radiometers data. The idea was to correlate
the observed reflectivity of each pixel with its cloudiness. First a
reference surface albedo map was evaluated statistically. Then a cloud
index n, a surrogate for the cloud radiative forcing of a pixel, was
calculated. It was defined as the measured albedo, ρ, normalized to
the difference between its maximum (ρmax), observed under overcast
sky conditions, and minimum (ρmin), corresponding to a reference
albedo calculated for cloud-free conditions:

n ¼ ρ−ρmin

ρmax−ρmin
: ð1Þ

A linear proportionality was assumed between irradiance at the top
of the atmosphere and global radiation at the Earth surface, the coeffi-
cient of proportionality being the so called atmospheric transmission
factor, K. The factor K was calculated as an empirical function of n by
using pyranometric measurements as test dataset (Fontoynont et al.,
1997, 1998; Hammer et al., 2003). The original radiation retrievalmeth-
od was called HELIOSAT and was proposed in many formulations fol-
lowing different sensor generations (Beyer, Costanzo, & Heinemann,
1996; Hammer et al., 2003; Rigollier, Lefèvre, & Wald, 2004), mainly
changing the clear-sky model used for calculating cloud-free irradiance
and the relation between n and K.

One version of HELIOSAT which analyzes the peculiar conditions of
mountainous areaswas proposed byDürr and Zelenka (2009) specifical-
ly for the Alps. Thismodel includes snowdetection, pixel georeferencing,
satellite view angle distortion fixing, and terrain shading calculation.
Despite its comprehensiveness, this algorithm approximates the trans-
missivity of the atmosphere only through monthly climatological values
of the Linke turbidity coefficient (Remund,Wald, Lefvre, Ranchin, & Page,
2003). The turbidity is included in the empirical clear-sky model of
Kasten, Dehne, Behr, and Bergholter (1984), and does not affect the
procedure used to calculate the diffuse radiation fraction. At the same
time a new clear-sky model for HELIOSAT was proposed: the algorithm
SOLIS (Müller et al., 2004). The latter is based on RTM simulations of
clear-sky irradiance. Later on SOLIS was modified introducing the com-
putationally efficient look up tables approach, which means that RTM
runs were performed for discrete values of the atmospheric parameters,
and then an interpolation was performed in dependence of atmospheric
input data. This model was called MAGIC (Müller et al., 2009). Radiation
values obtained with the look up tables approach differ from the exact
RTM solutions by no more than 1–2 W m−2. Recently MeteoSwiss has
coupled the MAGIC clear-sky model with a new processing scheme for
the all-sky retrieval of solar radiation at surface. This new algorithm,
called HelioMont, is comprehensively documented in Stöckli (2013)
and briefly described in the next section.

HELIOSAT versions including the look up tables approach were
variously validated and results are reported in many papers. For exam-
ple in Ineichen et al. (2009) the hourly averages of global irradiance
were validated against 8 European stations during 4 months. An overall
RootMean Square Error (RMSE) between 80 and 100Wm−2 andMean
Bias Deviation (MBD) between−15 and 20Wm−2 were found. Clear-
sky and overcast conditions were also considered separately, finding an
underestimation in the first case and an overestimation in the second
one. The underestimation in clear-sky cases was also correlated to an
overestimation of the Aerosol Optical Thickness (AOT) used for the
interpolation from the look up tables. Furthermore, Journée and
Bertrand (2010) validated global irradiance at 13 sites in Belgium. The
10 minute averages of ground measurements were compared to the
satellite estimations derived from the corresponding instantaneous ob-
servations, with a resolution of 1 h. Mean Absolute Bias (MAB) larger
than 60 W m−2 and MBD between −18 and 8 W m−2 were observed.
An underestimation in clear-sky conditions has been noticed also in
the last mentioned paper. Some validation results can also be found in
Betcke et al. (2006). However, to the best of our knowledge, no detailed
analysis of the diffuse and direct irradiance components calculatedwith
the look up tables approach has been done so far.Moreover no validation
studies have been performed with satellite-derived solar irradiance
over complex terrain, with the exception of Dürr et al. (2010).

This paper aims at assessing the reliability of the HelioMontmethod
for retrieving irradiance from Meteosat Second Generation (MSG)
satellite data at three specific measurement locations in the Alps
encompassing different topographic conditions. In particular the real-
ism of the algorithm in estimating the direct and diffuse components
of solar radiation is investigated with respect to atmospheric input
data, such as aerosol properties.

The structure of this paper is as follows: Section 2 describes the
algorithmHelioMont and gives the technical details of the groundmea-
surements used for the validation; Section 3 presents the results of the
validation on different time scales and under different sky conditions;
Section 4 shows the results of RTM simulations of solar radiation to
emphasize the role of aerosols; in the last section the conclusions
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derived from the outcome of the present analysis are summarized and
discussed, and possible applications of the results are proposed.

2. Data and method

The present study validates shortwave solar radiation at the Earth
surface, derived by MeteoSwiss from MSG data, against surface based
point measurements. We investigated separately global irradiance
(SIS, Surface Incoming Shortwave Radiation) and its diffuse (SISDIF,
Surface Incoming Shortwave Radiation — Diffuse component) and di-
rect normal (SISDNI, Surface Incoming Shortwave Radiation — Direct
Normal Irradiance) components, since they can be used in different
applications and their relative amount influences the efficiency of
their exploitation.

The statistical parameters adopted here to compare the irradiance
components are the Mean Bias Deviation (MBD), the Mean Absolute
Bias (MAB), the Root Mean Square Error (RMSE), and the R squared
correlation coefficient of the linear regression between satellite
estimate and ground-based measurements (R2). All these parameters
are calculated according to the formulation of Wilks (2011), i.e.:

MBD ¼ 1
n

Xn
i¼1

Si−Gið Þ ð2Þ

MAB ¼ 1
n

Xn
i¼1

Si−Gij j ð3Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

Si−Gið Þ2
vuut ð4Þ

where Si is the modeled variable and Gi is the observed variable
averaged in the ith time interval. Since the processing of MSG data is
limited to slots corresponding to sun elevation angles above 3°, we filled
the fewmissingMSG data using the relation between all-sky and cloud-
free irradiance, whose ratio is generally referred to as clear-sky index
(k).We calculated the daily average clear-sky index (kd), both for global
and direct irradiance, as the ratio between the daily mean irradiance
and the daily mean clear-sky radiation:

kd ¼ SISd
SISd; cloud−free

: ð5Þ

Afterwards we replaced instantaneous missing data with the prod-
uct of kd and the instantaneous clear-sky irradiance, which is modeled
with the MAGIC approach:

SIS missingð Þ ¼ kd � SIScloud−free: ð6Þ

The cloud-free SISDNIwas calculated as the ratio between the cloud-
free direct irradiance and the cosine of the sun zenith angle θ.

Afterfilling the gaps formissing values,we generated hourly and daily
means of MSG data from instantaneous measurements taken every
15 min, while we aggregated hourly and daily averages of ground-based
data from measurements taken at 1 min sampling interval. In both
cases monthly means were produced from daily means, considering
only those days in which both satellite and ground measurements were
available. The procedure, generally adopted in literature, of comparing in-
stantaneous satellite data with the synchronous 10 min averages of
ground measurements, was not used in this paper, because the scope
was to investigate if the model describes properly the variability of
solar radiation at different time resolutions, rather than if it accurately re-
produces ground measurements at the time of acquisition.

First we validated all-sky data. Then we split them according to three
sky condition categories, namely cloud-free, thin clouds and overcast, and
repeated the validation for each class. The discriminationwas performed
coherently with the cloud mask calculated with the method of Stöckli
(2013), presented in the next subsection.

2.1. The method HelioMont for deriving SIS from MSG data

The algorithm implemented byMeteoSwiss for retrieving solar radi-
ation fromMSG data is presented in detail in Stöckli (2013) and shortly
summarized here. Data from the SEVIRI (Spinning Enhanced Visible and
Infrared Imager) instrument onboard the MSG satellites are used. This
instrument has 12 channels in the visible and infrared bands for
monitoring the reflected solar radiation and thermal emission of the
Earth. SEVIRI has a spatial resolution at nadir of around 1 km for the
high resolution visible channel and 3 km for the other channels.

The retrieval of the clear-sky global and direct beam irradiance is
based on the GNU-MAGIC clear-sky model (Müller et al., 2009). RTM
simulations with libRadtran (Mayer et al., 2005) are conducted for
discrete values of aerosol optical properties, total column water vapor
and ozone concentrations. The resulting look up tables are then applied
to 6-hourly atmospheric states (water vapor and ozone) determined on
the basis of numerical model output from ECMWF (Dee et al., 2011) and
a monthly aerosol climatology (Kinne, 2009).

The cloud effect on clear-sky SIS is calculated by applying the well
established HELIOSAT algorithm for dark surfaces, extended by a
newly developed near-infrared and infrared cloud index for bright sur-
faces such as snow and desert. For identifying the state of each pixel
MeteoSwiss adopts a probabilistic cloud mask based on the algorithm
SPARC (Separation of Pixels using Aggregated Rating over Canada),
proposed by Khlopenkov and Trishchenko (2007). The method was
originally developed for AVHRR (Advanced Very High Resolution Radi-
ometer) and adapted by MeteoSwiss to MSG SEVIRI (Fontana, Stöckli,
& Wunderle, 2010). While most cloud masks use a classification tree,
SPARC produces an additive rating from individual tests, which repre-
sents the probability of cloud contamination for each pixel. In addition
to analyzing temperature, reflectance, and their spatial uniformity,
two new tests are added to SPARC for testing the temporal variability
of reflectance and temperature.

The surface radiation is finally calculated by scaling the expected
clear-sky radiation with the clear-sky index (k), which is a function of
the cloud index:

SIS ¼ k nð Þ � SIScloud−free: ð7Þ

MeteoSwiss has also implemented correction methods accounting
for the effects of topography, such as shadowing, reflection, local hori-
zon elevation angle and sky view factor. The Shuttle Radar Topography
Mission (SRTM) digital elevation model, with a spatial resolution of
3 arc sec, is upscaled to 0.02° × 0.02° and used to determine the altitude
and the horizon of each pixel.

2.2. Ground-based radiation data

We used three ground stations for the validation, two in the Swiss
Alps and one in the Italian Alps (Fig. 1). All of the stations measure SIS,
SISDIF and SISDNI.

The station of Bolzano (IT) is located at the valley floor, at an altitude
of 262 MSL, at the junction of the three valleys: Val d'Isarco, Val
Sarentina and Val d'Adige. The instruments are mounted at 1 m above
ground, and in the surroundings there are the airport runway, crops
and industrial facilities. In Bolzano observations are collected by three
Kipp & Zonen instruments, i.e. 2 pyranometer model CMP11 (onemea-
suring global irradiance and the other one combined with a sun tracker
equippedwith a shadow sphere that intercepts direct solar radiation for
measuring diffuse radiation), and a pyrheliometer model CHP1
measuring direct irradiance. All the instruments used for the validation
are regularly calibrated once per year.



Fig. 1. Digital elevation model of the area of interest. Data from SRTM/NASA (Shuttle Radar Topography Mission) at 3 arc-second resolution. The red dots represent the measurement
stations of solar radiation which we used in this study.

Table 1
MAB andMBD (W m−2) of the validation of hourly averages of global (GLO), diffuse (DIF)
and direct normal (DNI) radiation for different sky conditions in Bolzano, Davos and
Payerne.

Station Years Sky cond. MAB [W m−2] MBD [W m−2]

GLO DIF DNI GLO DIF DNI

Bolzano (IT) 2011 All sky 52 40 128 6 15 −10
Cloud-free 40 45 116 17 36 −24
Thin clouds 51 31 121 4 −1 16
Overcast 62 35 137 −17 −10 −18

Davos (CH) 2011 All sky 52 42 144 −6 14 −49
Cloud-free 27 41 134 −5 38 −89
Thin clouds 54 30 182 6 9 2
Overcast 72 48 136 −12 −2 −45

Payerne
(CH)

2004–2009 All sky 40 34 110 2 −5 22
Cloud-free 20 30 96 10 12 −6
Thin clouds 46 29 148 15 −13 73
Overcast 49 38 89 −8 −11 17
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In Davos (CH) instruments aremounted at the Physical-Meteorological
Observatory and World Radiation Center (PMO/WRC), at an altitude
of 1610 MSL, on the wind mast of the Swiss Meteorological Institute,
with grassland underneath. Data from Davos used in the present
analysis were measured by two Kipp & Zonen CM21 pyranometers,
one for global and the other for diffuse irradiance, and a Kipp &
Zonen CHP1 pyrheliometer for direct normal irradiance. All the
radiation instruments are mounted on an arm fixed at about 2 m dis-
tance from the main mast and about 4–8 m above the ground. The
pyranometer measuring diffuse irradiance is equipped with a fixed
shadow band pointing South.

The station of Payerne (CH) is part of the Baseline Surface Radiation
Network (BSRN), which is a project of the Radiation Panel from the
Global Energy andWater Cycle Experiment. The experiment aims at ac-
quiring the best possible surface radiation budget information, and was
initiated by the World Climate Research Programme. The radiation in-
struments of Payerne are located at MeteoSwiss, at an altitude of 491
MSL, and have grassland with crops in the vicinity. In Payerne direct
normal irradiance is measured with a Kipp & Zonen CHP1, whereas
global and diffuse irradiance are measured by two Kipp & Zonen
CM21 pyranometers.

For this validation studywe adopted 2011 as test year for performing
the comparison between satellite and ground data in Bolzano andDavos,
while in Payerne we carried out the analysis with data since 2004 to
2009, according to the availability of ground measurements.

2.3. Satellite and ground-based atmospheric data

In order to test the sensitivity of radiation components to atmo-
spheric input,we also simulated solar radiation and its direct anddiffuse
componentswith the RTM libRadtran by using atmospheric inputs with
a higher temporal resolution than the climatological ones used in the
method of Stöckli (2013).

At the first stage, we took AERONET (AErosol RObotic NETwork)
measurements of Aerosol Optical Thickness (AOT), Single Scattering
Albedo (SSA), and precipitable water. AERONET is a global network of
Sun Photometers (Holben et al., 1998). The sun photometer performs
one direct measurement pointing at the sun, and one direct at the sky,
at different wavelengths in the range 0.3–1.02 μm. This set of measure-
ments allows a direct estimation of aerosol macro-physical properties
such as AOT, and an indirect estimation of micro-physical properties,
like the SSA. All the data from the sites around the world are collected
and processed by NASA. Level 1.5 (cloud-screened) AOT, SSA and
water vapor data for the stations of Bolzano and Davos have been
downloaded from the AERONET website (http://aeronet.gsfc.nasa.gov).

At the second stage, considering the low number of AERONET
stations in the Alps, for water vapor column amount we used the
ERA Interim reanalysis of the ECMWF (European Centre for Medium-
Range Weather Forecasts) at 0.25 × 0.25 degree grid, and for aerosol
satellite data, specifically MODIS (MODerate resolution Imaging
Spectroradiometer) retrieval of AOT, and OMI (Ozone Monitoring
Instrument) SSA product. The instrument MODIS is on the EOS (Earth
Observing System) Terra and Aqua polar orbiting satellites. It has 36
spectral bands between 0.41 and 14 μm. The satellites Terra and Aqua
cross Europe at around 10:30 and 13:30 local solar time. MODIS AOT
Collection 5 (Levy, Remer, Mattoo, Vermote, & Kaufman, 2007) over-
land retrievals use four channels centered at 0.47, 0.66, 1.24 and
2.1 μm with a nominal resolution of 500 or 250 m at nadir. To reduce
noise, the AOT at 0.55 μm is calculated in boxes of 10 × 10 km2, averag-
ing the 20 to 50 percentile of surface reflectance in each box. OMI is on
EOS Aura polar orbiting satellites. Its measurements cover the spectral
region between 264 and 504 nm, with a spectral resolution between
0.42 nm and 0.63 nm and a nominal ground footprint of 13 × 24 km2

at nadir. Complete global coverage is achieved in one day.
3. Results

3.1. Validation of all-sky SIS, SISDIF and SISDNI

The results of the validation for the three stations of interest are
summarized in Tables 1–3, respectively on the hourly, daily andmonth-
ly time scale, in terms of MAB and MBD, including both the all-sky and
the specific sky conditions.

The validation of themonthly averages (Fig. 2(a)–(b)) indicates that
the satellite estimation is useful to reproduce the seasonal cycle of the
components of global radiation with a MAB of 3 W m−2 in flat terrain
like Payerne and 7 and 12 W m−2 in steep terrain like Davos and
Bolzano, respectively. Despite the agreement between the monthly av-
erages of satellite and ground-based data, both in Bolzano and Davos
diffuse irradiance is always overestimated by the satellite algorithm in
the period of analysis (Table 3). This makes it interesting to investigate
what happens on shorter time scales.

In Bolzanopositive values ofMBDwere observed for all the irradiance
components, both in the monthly, daily and hourly validation, suggest-
ing that satellite data generally overestimate irradiance at this location.
The local minimum of the monthly averages of SIS and SISDNI in June
(Fig. 2(a)) is clearly associated with the low number of cloud-free days
(only 2) and with the secondary peak of convective precipitations

http://aeronet.gsfc.nasa.gov


Table 2
MAB and MBD (W m−2) of the validation of daily averages of global (GLO), diffuse (DIF)
and direct normal (DNI) radiation for different sky conditions in Bolzano, Davos and
Payerne.

Station Years Sky cond. MAB [W m−2] MBD [W m−2]

GLO DIF DNI GLO DIF DNI

Bolzano (IT) 2011 All sky 14 15 33 4 8 4
Cloud-free 30 40 91 19 31 −5
Thin clouds 46 30 115 1 −2 9
Overcast 47 21 124 −20 −7 −31

Davos (CH) 2011 All sky 14 15 33 −2 7 −11
Cloud-free 19 34 102 1 33 −70
Thin clouds 49 24 162 7 4 22
Overcast 51 29 102 −16 −2 −34

Payerne
(CH)

2004–2009 All sky 10 11 31 1 −3 12
Cloud-free 19 24 91 12 3 24
Thin clouds 41 27 140 14 −13 74
Overcast 32 25 70 −9 −12 16
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which is typically observed in the Alps. The validation of the daily aver-
ages (Table 2) outlines difficulties in estimating diffuse irradiance from
satellite data (R2 = 0.758, MBD = 8 W m−2, MAD = 15 W m−2).
Analogous results were observed for the hourly averages (Table 1)
(R2 = 0.735, MBD = 15 W m−2, MAD = 40 W m−2).

In Davos (Fig. 2(b)) the validation gives results similar to those
recorded for Bolzano. A minimum of SIS and SISDNI is observed
again in summer, and is associated with the high number of cloudy
days (in June and July there were only 2 cloud-free days in total).
Both monthly, daily and hourly analyses show that satellites overes-
timate diffuse irradiance (MBD N12%) and underestimate direct nor-
mal irradiance (MBD b−4%), although global irradiance turns out to
be slightly underestimated in the hourly (MBD = −6 W m−2) and
daily (MBD = −2 W m−2) analysis. Like for Bolzano, daily averages
of diffuse irradiance are not as strongly correlated with ground data
(R2 = 0.808) as for global irradiance (R2 = 0.909).

In Payerne (Fig. 2(c)) the validation shows high accuracy of
the monthly-mean satellite global irradiance (MAB = 3 W m−2,
MBD = 1 W m−2), anddiffuse irradiance is only slightlyunderestimated
(MBD=−3Wm−2), whereas direct normal irradiance is overestimated
(MBD= 14Wm−2). The daily averages of the diffuse component over
the 6 years of analysis are underestimated (MAB = −3 W m−2) with
R2 = 0.853.

After having summarized the outcome of the analysis, it is important
to clarify that the results obtained in Payerne are not climatologically
equivalent to the ones obtained for the other two stations. The periods
of investigation, in fact, have different lengths and do not overlap. In
Bolzano and Davos we validated data of the year 2011 only, thus results
are affected by the specific conditions of the year under investigation
and are suitable for understanding if the satellite algorithm describes
properly the short term variability of the irradiance components. On
the other hand, results for Payerne were derived from the analysis of
six years of data, consequently they can be considered representative
Table 3
RMSE, MAB and MBD (W m−2) for the monthly averages of global (GLO), diffuse (DIF)
and direct normal (DNI) radiation in Bolzano, Davos and Payerne. The second row indi-
cates for each station the same parameters in percentage of the correspondingmean value
of ground measurements.

Station GLO DIF DNI

RMSE MAB MBD RMSE MAB MBD RMSE MAB MBD

Bolzano 16 12 6 12 10 9 27 23 8
6% 7% 4% 22% 1% 16% 14% 12% 4%

Davos 9 7 −1 9 7 7 18 13 −11
5% 5% 0.2% 14% 14% 13% 9% 10% −9%

Payerne 4 3 2 6 5 −3 21 18 14
3% 2% 1% 9% 8% −4% 15% 12% 10%
for the long term pattern of the error in the satellite estimation of
solar radiation.

3.2. Validation of the mean diurnal cycle of SIS, SISDIF and SISDNI

In Bolzano andDavos themean diurnal cycle (Fig. 3) reveals a strong
overestimation of diffuse irradiance. Furthermore global irradiance is
overestimated in the morning and underestimated during the rest of
the day.

In Payerne the mean diurnal cycle (Fig. 4) shows a strong overes-
timation of direct normal irradiance, while diffuse irradiance is
underestimated around noon, and global irradiance is overestimated
in the morning and underestimated in the afternoon, similarly to the
results observed for Bolzano and Davos.

The strong diurnal cycle of the estimation error is likely connect-
ed to the difference in spatial footprint of the data that we compared.
A satellite pixel of 2 km2 represents, in fact, the mean over substantial
subgrid-scale topographic variability (slope, orientation, horizon
altitude) and surface reflectance, whereas a station measurement is
representative only for a small part of these topographic boundary
conditions.

3.3. Validation of SIS, SISDIF and SISDNI under different sky conditions

In order to examine the most problematic conditions, we split data
in classes according to the season and to the cloudiness status. Three
cloudiness classes, i.e. cloud-free, thin clouds and overcast, were
adopted, in accordance with the cloud mask computed by HelioMont.
We considered an hour either cloud-free or overcast only if the cloud
mask was equal to 0 or 2 respectively for all the time slots, while we
classified an hour as thin clouds for mean hourly values of the cloud
mask between 0.8 and 1.2. The remaining intermediate cases were ex-
cluded for avoiding mixing different sky conditions. For computing
daily averages we selected only those hours in which both satellite
and ground data belonging to a specific class were available.

The hourly (Table 1) and daily (Table 2) validation shows that in
cloud-free conditions the estimation error of the irradiance components
is much higher than in the other cases, especially in Bolzano and Davos,
where diffuse radiation is strongly overestimated (MBD is in the range
31–38 W m−2) and direct normal irradiance is underestimated up to
89 W m−2. Considering these results, we calculated the monthly aver-
ages of diffuse radiation including only the time interval between
10 a.m. and 2 p.m., in order to quantify the influence on the yearly
cycle of the estimation error considering only those hours in which
most radiation is available (Fig. 5). In Bolzano and Davos MBD and
MAB resulted much higher than under the other sky conditions, while
in Payerne there was the opposite situation (see Table 4 for MBD and
MAD values under thin clouds and overcast conditions). For direct nor-
mal radiation, MAD under cloud-free conditions was equal to 67, 103
and 55 W m−2 respectively in Bolzano, Davos and Payerne. In this
case the error was comparable to the one observed under the other
sky conditions.

In the next subsection we examine possible causes of error in the
satellite estimation of diffuse radiation under clear-sky conditions.

3.4. Sources of error in the estimation of diffuse radiation

The behavior observed under clear-sky conditions can be partially
explained considering processes and factors contributing to diffuse
irradiance in the absence of clouds. They can be summarized as follows,
together with a description of the model simplifications:

1. Mie scattering by aerosols is weakly wavelength selective, and
particularly effective on visible light, where most of solar energy is
concentrated: monthly values of aerosol optical characteristics are
used to interpolate irradiance values from the look up tables. The



Fig. 2.Monthly averages of satellite and ground-based irradiance in Bolzano (2011), Davos (2011) and Payerne (2004−2009). The local minima of global and direct normal irradiance in
June and July in Bolzano andDavos are due to the high percentage of cloudy days. In Bolzano no datawere available for January because the radiometerswere installed in February 2011. In
panel (c) the error bars represent the inter-annual standard deviation of monthly averages of satellite and ground measurements. Given its low variability from year to year, the clima-
tology of SISDIF can be considered representative of the single years.
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global-scale 1° × 1° aerosol data cannot represent the vertical
stratification of aerosols within the atmospheric boundary layer in
complex topography. AOT at high elevation locations is thus likely
to be overestimated by the satellite retrieval;

2. the global modeling approach of Kinne (2009) provides general in-
formation on amount, spatial distribution, and seasonality of aerosol
properties at global scale, but is not representative for areas
characterized by local complex orography. Both in Bolzano and
Davos, in fact, the aerosol Kinne climatology adopted in Stöckli
(2013) overestimates AOT, with a MBD of 0.1 in Davos (9 months
of continuous measurements available), and 0.09 in Bolzano (only
3 and half months of measurements available) with respect to
monthly averages of AERONET AOT in 2011. This causes the overes-
timation of diffuse radiation from satellite data;

image of Fig.�2


Fig. 3.Mean diurnal cycle of MBD of irradiance components in Bolzano and Davos. Only the data between 8 a.m. and 4 p.m. are represented because they are descriptive of the entire
dataset, in fact in the remaining hours, during autumn and winter, the sun is below the local horizon.
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3. Rayleigh scattering by atmospheric gases, whose effectiveness is
confined in the ultraviolet part of solar spectrum, is much less rele-
vant thanMie scattering on broadband radiation: themodel assumes
a fixed atmospheric profile (US standard atmosphere) and uses the
Kato band-parameterization (Kato et al., 1999);

4. Surface reflection: the impact of surface albedo on clear-sky irradi-
ance is approximated by using the clear-sky top-of-atmosphere re-
flectance as a surrogate for surface albedo. This approximation
would need to be replaced by the estimation of an atmospherically
corrected hemispherical surface albedo;

5. The sky-view-factor (see the next section for its definition) reduces
diffuse radiation according to the visible portion of the sky vault: it
is calculated from the horizon angle, thus is affected by the low reso-
lution of the DEM, originally set at a resolution of 100 m, and then
upscaled to the MSG high resolution visible channel pixel size,
which is around 1 km East–West and around 1.7 km North–South.
It is thus likely that the local-scale sky-view-factor at the valley
stations Bolzano and Davos is lower compared to the sky view factor
of the mean MSG high resolution visible channel pixel;

6. The diffuse-to-global ratio increases with optical air mass, i.e. with
the sun zenith angle: this effect is considered by applying the
modified Lambert–Beer relation, developed and validated in Müller
et al. (2004) and EHF, UiB, and ARMINES (2003), and also verified
in Ineichen (2006).
Fig. 4.Meandiurnal cycle ofMBD of irradiance components in Payerne. Only the data between 8
the remaining hours, during autumn and winter, the sunis below the local horizon. The error b
To summarize, the most critical approximations in the satellite-
based clear-sky model are associated with aerosol scattering and
surface reflectance. More in-depth examination is necessary for solving
the surface-related issues. These problems have been partially
addressed in Lee, Liou, andHall (2011). In the next sectionwe investigate
the effects of aerosols and suggest away to introducemore accurate data
in the model.

4. Modeling the effect of aerosols

Since the validation study highlighted problems in the estimation of
irradiance components under clear-sky conditions, it is interesting to
quantify the influence of atmospheric absorption and scattering on
direct and diffuse solar radiation. We carried out this study for Bolzano
and Davos, which are equipped with a sun-photometer measuring
aerosol optical properties and water vapor column amount, and are
part of the AERONET network. The most interesting days to investigate
would have been the summer days inwhich the largest discrepancywas
observed. However data analysis had to be adapted to data availability,
thus it was limited to the months containing most cloud-free days and
for which most AERONET data were available, i.e. August for Bolzano
and November for Davos.

WeusedAERONETmeasurements of AOT, SSA, andprecipitablewater.
Then we calculated daily averages of these atmospheric parameters and
a.m. and 4 p.m. are represented because they are descriptive of the entire dataset, in fact in
ars represent the standard deviation of the daily cycle of MBD in the 6 years 2004−2009.
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a) Bolzano b) Davos c) Payerne

Fig. 5.Monthly averages of satellite and groundmeasurement of diffuse irradiance in Bolzano (2011), Davos (2011) and Payerne (2004−2009) under clear-sky conditions. Only the time
interval between 10 a.m. and 2 p.m. was considered in the averaging of cloud mask and irradiance because in these hours most of the irradiance is available.
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assumed them constant throughout each day in the simulations. The sur-
face albedo was derived from the MODIS/Terra + Aqua Albedo 16-Day
product (MCD43C3) with a resolution of 0.05°. Ozone column amount
was set constant and equal to 300 Dobson units.

We modeled diffuse and direct radiation by the RTM libRadtran
(Fig. 6), adopting as radiative transfer equation solver the discrete ordi-
nate code disort (Stamnes et al., 1988) with 6 streams. The correlated-k
approach of Kato et al. (1999) was used to compute the spectral
transmittance assembling the absorption coefficients of different
gases. We performed RTM runs every 15 min in the time interval
between 10 a.m. and 2:45 p.m. in which the influence of shadowing is
the smallest.

We reduced the simulated diffuse irradiance considering the sky
view factor, fs:

SISDIFcor ¼ SISDIF � f s þ SISDIF � α 1− f sð Þ ð8Þ

where α is the surface albedo and fs is the ratio between diffuse irradi-
ance at a point and that on an unobstructed horizontal surface (Dozier
&Marks, 1987) under the assumption of isotropic distribution of diffuse
irradiance. The skyview factor was calculated for Bolzano and Davos
from the horizon angle, and was equal, respectively, to 0.947 and 0.953.

As shown in Fig. 7(a) and (b), libRadtran simulates diffuse radiation
with high accuracy when site-specific aerosol and water vapor mea-
surements are used (MAB on hourly averages is 11 W m−2 in Bolzano
and 5 W m−2 in Davos, MBD is 4 W m−2 in Bolzano and −5 W m−2

in Davos), while the satellite estimate significantly exceeds ground
measurements in clear-sky days (MBD is 73 W m−2 in Bolzano and 32
W m−2 in Davos). Simulated direct irradiance is also very close to
ground truth (MAB on hourly averages is 20 W m−2 in Bolzano and
10 W m−2 in Davos, MBD is 14 W m−2 in Bolzano and −4.5 W m−2
Table 4
MAB and MBD (W m−2) for the monthly averages of diffuse radiation in Bolzano (2011),
Davos (2011) and Payerne (2004–2009) under thin clouds (TC) and overcast (OC) condi-
tions. Only the time interval between 10 a.m. and 2 p.m. was considered in the averaging
of cloud mask and irradiance because it was observed that most of the estimation error
was concentrated in these hours, which are also those in which most of the irradiance is
available.

MBD [W m−2] MAD [W m−2]

TC OC TC OC

Bolzano −9 −23 19 24
Davos 2 −14 38 22
Payerne −21 −24 32 25
in Davos) compared to the satellite estimate (MAB is 83 W m−2 in
Bolzano and 47Wm−2 inDavos). The latter result is significant, because
direct irradiance is not sensitive to the effect of multiple scattering and
surface albedo, and its inspection allows to better quantify the effect of
aerosol absorption and single scattering.

Only four AERONET stations are based in the Alps at Davos, Bolzano,
Laegern (47°.48 N, 8°.35 E, 735 mMSL) and Jungfrau (46°.55 N, 7°.98 E,
3580 m MSL). Consequently, in order to obtain spatially distributed in-
formation on aerosols, we used AOT fromMODIS (10 km× 10 km), SSA
from OMI (0.25° × 0.25°) and water vapor total column amount from
the ERA Interim reanalysis of the ECMWF (0.25° × 0.25°).
Fig. 6. Summary of the input used for performing RTM simulations in Bolzano and Davos.
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a) Bolzano. Cloud-free days of August 2011. b) Davos. Cloud-free days of November 2011.

Fig. 7.Hourly averages of RTM simulations, groundmeasurements, and satellite retrieval of diffuse irradiance in Bolzano and Davos. MAD andMBD refer to the comparison between RTM
simulations and ground measurements. Only the hours between 10 a.m. and 2 p.m. were considered. The daily averages of AOT, SSA and water vapor column amount measured by
AERONET sun photometers were used as input for RTM simulations. The vertical dashed lines separate the days from each other. On the x axis there is the sequence cloud-free hours
(40 for Bolzano, 45 for Davos) for which averages were computed.
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In Bolzano we selected the clear-sky days of August 2011 in which
MODIS data were available, and run simulations with the same settings
as in the previous analysis. Finally we compared the hourly averages of
simulated and ground-based data. The MAB of simulated diffuse
irradiance against ground data resulted larger (27 W m−2) than the
one obtained by using AERONET data. Nevertheless results were much
better than for the satellite estimation of diffuse radiation (MAB = 67
W m−2). The same was observed for direct irradiance, in fact a MAB
of 45 W m−2 was calculated, while for satellite data MAB was equal to
77 W m−2.

These results suggest that an accurate satellite estimate of irradiance
components requires at least daily data on the composition and optical
properties of the atmosphere.

5. Conclusions

This study examined the performance of the HelioMont algo-
rithm for estimating solar radiation from MSG data in complex ter-
rain. The validation is based on ground-based measurements
collected at three alpine sites, namely Bolzano, Davos and Payerne.
The first two lie on a valley floor, and both are surrounded by a
steep orography. The first is at low altitude, the second at high
altitude. The third station is located on the Swiss Main Plateau. We
analyzed the performance of the algorithm for different time scales,
seasons and sky conditions in order to isolate specific drivers for
the major remaining error sources.

The validation demonstrates that the algorithm is able to provide
monthly climatologies of both global irradiance and its components
over complex terrain. In addition the use of a cloud index based on
the SEVIRI high resolution visible channel, as well as its subsequent ex-
tension with near-infrared and infrared channels over bright snow sur-
faces, provides a realistic radiative cloud forcing for the three sites of
interest, as already shown by Stöckli (2013). However the estimation
of the diffuse and direct components of irradiance on daily and hourly
time scale is associated with considerable error. This problem is most
prominent under clear-sky conditions, during summer-time, in the cen-
tral hours of the day. In conclusion, the satellite algorithmoverestimates
atmospheric diffusivity, which in clear-sky conditions is mainly due to
Mie scattering by aerosols and reflection by the Earth surface, and over-
estimates atmospheric absorption by aerosols and water vapor.

The clear-sky scheme of the satellite algorithm is driven with a
monthly 1° × 1° climatology of aerosol distribution in the atmosphere.
This external boundary condition offers a rather inadequate representa-
tion, both in spatial and in temporal resolution, of conditions occurring
in Alpine valleys. To envisage how the estimation of the irradiance com-
ponents can be improved, we used daily averages of accurate aerosol
and water vapor data, available from the AERONET stations of Bolzano
and Davos. For each station we selected the month with the highest
number of cloud-free days and simulated the corresponding radiation
by the RTM libRadtran, the same used in the satellite algorithm, also
considering the sky view factor. Therefore we compared hourly aver-
ages of simulated,measured and estimated diffuse and direct irradiance.
The low values of MBD andMAB between RTM simulations and ground
measurements, compared to the high ones of satellite data, confirmed
that model performance would benefit from more accurate local-scale
aerosol boundary conditions.

AERONET stations provide very accurate information on aerosols,
but are sparsely distributed all over theworld. Consequently it is crucial
to rely on other sources of data. The easiest choice is using satellite data.
This option was tested in Bolzano running RTM simulations using
MODIS AOT, OMI SSA and ERA Interim water vapor column amount.
MAB duplicated compared to AERONET, but was still much lower than
in satellite estimations. It can be concluded that despite having a reliable
cloud forcing when deriving solar radiation from satellite data, there is
room for improving such estimates by optimizing the prescribed
atmospheric state under clear-sky conditions.

One option would be to use daily satellite-based aerosol maps.
Known limitations of this method include the high retrieval errors of
AOT over land with associated gaps in the dataset over regions with
bright surfaces and cloud cover. Specifically non-vegetated mountain-
ous regions with snow cover are often not sufficiently covered by
satellite-based aerosol datasets. Nevertheless this choice is promising
considering the availability of the new MODIS high resolution (1 km)
AOT product obtained with the algorithm MAIAC (Multi-Angle Imple-
mentation of Atmospheric Correction) (Emili, Lyapustin, et al., 2011;
Lyapustin, Wang, Laszlo, & Korkin, 2012). Another option could be
that of integrating satellite and in-situ measurements (Emili, Popp,
Wunderle, Zebisch, & Petitta, 2011) in order to reduce the uncertainty
in satellite retrieval of AOT. Yet another promising approach are aerosol
re-analysis projects like MACC (Inness et al., 2013) and GOCART (Chin,
Rood, Lin, Müller, & Thompson, 2000; Chin et al., 2002), which assimi-
late satellite-based aerosol states, integrate them with known aerosol
sources, and project their global distribution by use of atmospheric
transport models.
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6. Outlook

The proposed integration of surface aerosol measurements with
satellite measurements enhances the applicability of satellite data and
is more valuable than the analysis of single isolated stations or station
networks (Grigiante, Mottes, Zardi, & De Franceschi, 2011). The
resulting method improves the reliability and precision of solar
radiation estimates over complex terrain, which is a key requirement
for applications pertaining both to short-term weather forecasting,
and to long-term climatological assessment of available radiation.

One example of such an application is the mitigation of one main
weakness of technologies based on solar energy, like photovoltaic and
concentrated solar power systems, i.e. the fluctuating nature of the
solar resource and its poor predictability. An accurate solar radiation
estimate is useful for solar energy assessments since it supports
decision-making in both the private and public sector, e.g. in building
solar atlases, defining suitable plant locations, calculating the return of
the investments, and assessing the solar energy potential and the ener-
getic scenario of a region.

Agriculture and forest management are other examples of fields
where such valuable information is required. Furthermore in the
mountains incoming shortwave radiation is also the main driver of a
number of typical atmospheric boundary-layer processes (Rotach &
Zardi, 2007), especially in connectionwith the development of thermally
driven winds along the inclines and the valleys (Laiti, Zardi, de
Franceschi, & Rampanelli, 2013a,b; Serafin & Zardi, 2010a,b, 2011). The
latter are key factors for the assessment of air quality in mountain
valleys, where pollutants may arise from the main traffic corridors
(de Franceschi & Zardi, 2009), as well as from major plants, such as
waste incinerators (Ragazzi, Tirler, Angelucci, Zardi, & Rada, 2013).
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Appendix A. List of acronyms and symbols

α surface albedo
AERONET AErosol RObotic NETwork
AOT Aerosol Optical Thickness
AVHRR Advanced Very High Resolution Radiometer
BSRN Baseline Surface Radiation Network
CM-SAF Satellite Application Facility on Climate Monitoring
ECMWF European Centre for Medium-range Weather Forecasts
EOS Earth Observing System
fs sky view factor
k clear-sky index
MAB Mean Absolute Bias
MBD Mean Bias Deviation
MODIS MODerate resolution Imaging Spectroradiometer
MSG Meteosat Second Generation
n cloud index
OMI Ozone Monitoring Instrument
PV Photovoltaic
RMSE Root Mean Square Error
R linear regression coefficient
RTM Radiative Transfer Model
SEVIRI Spinning Enhanced Visible and Infrared Imager
SIS Surface Incoming Shortwave Radiation
SISDIF Surface Incoming Shortwave Radiation — Diffuse component
SISDNI Surface Incoming Shortwave Radiation — Direct Normal

Irradiance
SPARC Separation of Pixels using Aggregated Rating over Canada
SSA Single Scattering Albedo
θ sun zenith angle
WMO World Meteorological Organization
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