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14 ABSTRACT

© 00 N O

15  In this paper, we evaluate the performance of two Global Horizontal solar Irradiance (GHI)
16  estimates, one derived from Meteosat Second Generation (MSG) and another from one-day forecast
17  of the Regional Atmospheric Modeling System (RAMS) mesoscale model. The horizontal
18  resolution of the MSG-GHI is 3*5 km” over Italy, which is the focus area of this study. For this

19  paper, RAMS has the horizontal resolution of 4km.

20  The performance of MSG-GHI estimate and RAMS-GHI one-day forecast are evaluated for one
21 year (1 June 2013 — 31 May 2014) against data of twelve ground based pyranometers over Italy

22 spanning a range of climatic conditions, i.e. from maritime Mediterranean to Alpine climate.

23 Statistics on hourly GHI and daily integrated GHI are presented for the four seasons and the whole

24 year for all the measurement sites. Different sky conditions are considered in the analysis.

25  Results on hourly data show an evident dependence on the sky conditions, with the Root Mean
26 Square Error (RMSE) increasing from clear to contaminated, and to overcast conditions. The
27  RMSE increases substantially for Alpine stations in all the seasons, mainly because of the increase
28  of the cloud coverage for these stations, which is not well represented at the satellite and model

29  resolutions.

30  Considering the yearly statistics for the RAMS model, the RMSE ranges from 152 W/m? (31%)
31 obtained for Cozzo Spadaro, a maritime station, to 287 W/m® (82%) for Aosta, an Alpine site.
32 Considering the yearly statistics for MSG-GHI, the minimum RMSE is for Cozzo Spadaro (71
33 W/m’ 14%), while the maximum is for Aosta (181 W/m’ 51%). The Mean Bias Error (MBE)
34  shows the tendency of RAMS to over forecast the GHI, while no specific tendency if found for
35  MSG-GHI.
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36 Results for daily integrated GHI show a reduction of the RMSE of at least 10%, compared to hourly
37 GHI evaluation, for both RAMS-GHI one-day forecast and MSG-GHI estimate. A partial
38  compensation of underestimation and overestimation of the GHI contributes to the RMSE
39  reduction. Furthermore, a post-processing technique, namely Model Output Statistics (MOS), is
40  applied to hourly and daily integrated GHI. The application of MOS shows an improvement for
41 RAMS-GHI up to 24%, depending on the site considered, while the impact of MOS on MSG-GHI
42  RMSE is small (2-3%).

43

44 1. Introduction

45  The Global Horizontal Irradiance (GHI) is the power of the solar spectrum reaching the surface and
46 it is a key parameter for several disciplines (Ceamanos et al, 2014; Sanchez et al, 2014). In
47  particular, the exploitation of solar energy, which is the most abundant renewable energy, is of great
48  interest because the larger penetration of renewable energies into the energy market would reduce
49  the emissions of greenhouse gases (Szuromi et al 2007; IEA, 2010; EWEA, 2011) caused by human

50  activities.

51  Photovoltaic (PV) systems enable the conversion of the GHI into electricity through semi-conductor
52  devices and, in order to control the increase of global temperature, PV systems are expected to have

53  apotential by more than 200 GW by 2020 (EWEA, 2011).

54  For the operation and implementation of PV systems, observations and forecast of GHI play a major
55  role. Surface weather stations equipped with a pyranometer give reliable observations of GHI, but
56  they are often unavailable in the places where new installations are planned. For this purpose, the
57  GHI may be derived from other sources, as the Meteosat Second Generation (MSG) Spinning
58  Enhanced Visible and Infrared Imager (SEVIRI) or a Numerical Weather Prediction Model (NWP).

59 In this paper, we show the performance of both the MSG-GHI estimate, following the methodology
60  of Greuell et al. (2013), and RAMS-GHI one-day forecast over the whole Italian territory. To verify
61  GHI, we use twelve pyranometers, which are representative of sites with very different climates,
62  from Mediterranean maritime to Alpine. Moreover, the study spans a whole year to properly

63  account for the natural variability of the Mediterranean climate.

64  Many studies are available on the performance of different approaches to estimate and forecast solar
65 radiation in several countries in Europe (Roebeling et al, 2008; Greuell et al, 2013; Lara-Fanego et
66 al., 2012; Kosmopulos et al., 2015; Gémez et al., 2016; Lorenz et al, 2009; Perez et al, 2006;
67 Rincon et al, 2011), because the planning of new PV systems and the managing of the electricity

68  grid with large amounts of production from solar energy requires the knowledge and forecast of

2
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69  GHI with high accuracy. This study goes in this direction by considering a nation-wide evaluation
70  for a whole year. Moreover, Italy has a great potential for the exploitation of solar energy (Petrarca

71 etal.,, 2000).

72 We consider both the hourly and daily integrated GHI, the latter being the GHI integrated for each
73 day for the different datasets, to evaluate the performance of both RAMS-GHI and MSG-GHI for
74 two different timescales of interest. Also, we show the impact of a simple post processing
75  technique, which aims to reduce the Mean Bias Error (MBE) for each site, on the GHI estimate and

76  forecast.

77 The paper is organized as follows: Section 2 shows the dataset used and the methodology adopted
78  to evaluate the errors of the MSG-GHI estimate and RAMS-GHI one-day forecast; Section 3 shows
79  the results considering both the hourly and daily integrated GHI; Conclusions are given in Section

80 4.

81
82 2. Data and methods

83
84 2.1 Cloud properties and GHI from MSG-SEVIRI

85  The SEVIRI instrument onboard MSG carries 11 channels in the visible to infrared spectral range
86  with a spatial resolution of 3x3 km? at the sub-satellite point and a temporal repeat frequency of 15
87  minutes. Over Italy the spatial resolution is about 3x5 km?. From the SEVIRI measurements, a
88 range of cloud physical properties can be derived with the Cloud Physical Properties (CPP)
89  algorithm. The algorithm first identifies cloudy and cloud contaminated pixels using a series of
90 thresholds and spatial coherence tests on the measured visible and infrared radiances (Roebeling et
91 al., 2008). So, depending on the tests, the sky can be classified as clear, contaminated or overcast.
92  Subsequently, cloud optical properties (optical thickness and particle size) are retrieved by
93  matching observed reflectances at visible (0.6 um) and near-infrared (1.6 um) wavelengths to
94  simulated reflectances of homogeneous clouds composed of either liquid or ice particles. The
95 thermodynamic phase (liquid or ice) is determined as part of this procedure, using a cloud-top

96 temperature estimate as additional input (Roebeling et al., 2008; Stengel et al., 2014).

97  Building on the retrieval of cloud physical properties, the Surface Insolation under Clear and
98  Cloudy Skies (SICCS) was developed to estimate surface downwelling solar radiation using broad-
99 band radiative transfer simulations (Deneke et al., 2008; Greuell et al., 2013). Both global

100 irradiance as well as the direct and diffuse components are retrieved. While the cloud properties are
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101  the main input for cloudy and cloud-contaminated pixels, information about atmospheric aerosol
102  from the Monitoring Atmospheric Composition and Climate (MACC) project is used for cloud-free
103  scenes. Greuell et al. (2013) performed an extensive validation of the MSG-SICCS retrievals with
104  Baseline Surface Radiation Network (BSRN) ground-based observations in Europe for the year
105  2006. They found median values of the station GHI biases of +7 W/m2 (+2%) and hourly GHI
106  RMSEs of 65 W/m” (18%).

107  The CPP and SICCS products are publicly available at msgepp.knmi.nl.
108

109 2.2 The RAMS set-up

110  In this paper, we evaluate the performance of the RAMS-GHI one-day forecast. The model is run
111 with two one-way nested grids (Table 1, Figure 1). The coarser domain has 12 km horizontal
112 resolution and covers most of Europe, while the second domain has 4 km horizontal resolution and
113 covers the Italian peninsula. Thirty-six vertical levels, extending up to the lower stratosphere, are

114  used in the terrain-following coordinate system of RAMS (Cotton et al., 2003).

115  The exchange between the atmosphere, the surface and the soil is computed by the LEAF (Land
116  Ecosystem-Atmosphere Feedback) submodel. The LEAF submodel considers the interaction among
117  several features, as well as their influence on the atmosphere: vegetation, soil, lakes and oceans, and

118 SNoOw COVEr.

119  RAMS parameterises the unresolved transport using K-theory, in which the covariance is evaluated
120  as the product of an eddy mixing coefficient and the gradient of the transported quantity. The
121 turbulent mixing in the horizontal directions relates the mixing coefficients to the fluid strain rate
122 (Smagorinsky, 1963) and includes corrections for the influence of the Brunt-Vaisala frequency and

123 the Richardson number (Pielke, 2002).

124  Convective precipitation is parameterised following Molinari and Corsetti (1985), who modified the
125  Kuo scheme (Kuo, 1974) to account for downdrafts. The convective scheme is applied to the

126 coarser RAMS domain, while convection is assumed explicitly resolved for the inner domain.

127  Explicitly resolved precipitation is computed by the WRF (Weather Research and Forecasting
128  System) — single-moment-microphysics class 6 (WSM6) scheme (Hong et al., 2006), which was
129  recently adapted to RAMS (Federico, 2016).

130  Short wave and long wave radiation is computed by the Chen and Cotton scheme (Chen and Cotton,
131 1983); the radiative scheme accounts for the total condensate in the atmosphere but not for the

132 specific hydrometeor type.
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133 Initial and boundary conditions are interpolated from the operational analysis/forecast cycle issued
134 at 12:00 UTC by the ECMWF (European Centre for Medium range Weather Forecast). Initial and
135  boundary conditions are available at 0.5° horizontal resolution and on nine pressure levels, from

136 1000 to 30 hPa.

137  The model was run for a whole year (1 June 2013 - 31 May 2014) with the above configuration.
138 Each simulation lasts 36 h and starts at 12 UTC of the day before the day of interest. The first 12 h
139  are used as spin-up time and are discarded. The model output is available hourly.

140
141 2.3 Surface observations and evaluation methodology

142 In this work, we consider 12 pyranometers over Italy (Figure 2). Their coordinates, height above the
143  sea level and abbreviations used in this paper are shown in Table 2. The pyranometers span a wide
144  range of climatic conditions: Trapani, Cozzo Spadaro, Santa Maria di Leuca, Capo Palinuro, Pratica
145  di Mare, Cervia, Pisa and Trieste are located by the sea, and show a typical Mediterranean climate;
146 Vigna di Valle is still characterized by a mild Mediterranean climate but it is located in more
147  complex hilly terrain; Paganella, Monte Cimone and Aosta are mountainous stations, and this has
148  an important impact on the RAMS and MSG performance at the sites. More specifically, Paganella
149  is on the Alps, Monte Cimone is on the Apennines, while Aosta, with a lower altitude, is embedded

150  in the rough Alpine terrain.

151  Pyranometers data are quality controlled following Zahumensky (2004). In particular, apart from
152  the manual maintenance related to the periodical cleaning of the dome, quality controls performed

153  over the data are:

154 1. Plausible value check, that is to verify if the values are within the acceptable range limits;
155 2. Internal consistency check, that is to verify the internal consistency of data based on the
156 relation between two parameters, in this case solar radiation and sunshine duration (if
157 available).

158 Irradiance measurements in Aosta are daily checked through comparison with clear-sky simulations
159 by a radiative transfer model (libRadtran, Emde et al., 2016). The CMP21 radiometer is calibrated
160 every two years at the Physikalisch-Meteorologisches Observatorium Davos/World Radiation
161  Center (PMOD/WRC) against a member of the World Standard Group (WSG) for the direct
162  component and a shaded standard pyranometer of the World Radiation Center (WRC) for the
163  diffuse component. The radiometric stability was better than 0.2% over the period of the six years

164  of measurements.
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165  The different environmental characteristics of the stations in terms of sky conditions are presented
166  in Table 3, which shows for each station and season, as well as for the whole year, the percentage of

167  data in clear, contaminated and overcast conditions, classified by the methodology of Section 2.1.

168  There is a considerable variability of the sky conditions with the season for each station. For
169  Trapani, for example, the percentage of clear sky in summer is 82%, while it reduces to 38% in fall
170  and 48% in winter. Also, for each season, the variability of the sky conditions with the stations is
171 high. For maritime stations, for example, the percentage of clear skies in summer is above 70% with
172 few exceptions, while it reduces to 45, 34, 32% for Paganella, Monte Cimone and Aosta,

173 respectively.

174 The RAMS GHI forecast is available hourly and the common frequency of pyranometer
175  observations and MSG-GHI estimate (every half an hour) was reduced to the hourly basis. Starting
176  from these data, the MBE (Mean Bias Error) and the RMSE (Root Mean Square Error) were

177  computed:

1 N
178 MBE = NZ(xfi - xoi)
1=

179 RMSE =

180  Where xyis the RAMS forecast or the MSG GHI estimate, x, is the pyranometer observation, and N

181  is the total number of data available for the statistic.

182  In addition to the MBE and RMSE computed from hourly data, the statistics are computed starting
183  from daily data. In this case, the integral of the GHI for the whole day is first computed for each
184  dataset, then the MBE and RMSE are computed from the daily data.

185  Relative MBE and relative RMSE error measures (rMBE, rRMSE) are also used. The normalization

186  is done with the pyranometer observation for the station and period considered, i.e. :

187

Z?’ﬂ(xﬁ - xoi)
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191 3. Results

192 3.1 General considerations on MSG estimate and RAMS forecast

193  Figure 3a shows the scatter-plot for the GHI estimate of MSG and the pyranometer for Vigna di
194  Valle, using hourly GHI. The black dots refer to clear sky, while the red dots are for contaminated
195 and overcast conditions (after also referred to as cloudy conditions) for the entire yearly dataset.
196  Three regression curves are shown: the black one is for clear conditions, the red one is for cloudy
197  conditions (both contaminated and overcast) and the blue one is for the whole dataset. The
198  parameters of the linear regressions are shown in the respective colours: a is the slope, b is the
199 intercept, r is the correlation coefficient, N is the number of data. The probability to have a
200 correlation coefficient larger than that found by chance is also shown (p>r). A small value of this
201  probability shows a high significance of the regression. From Figure 3a it is apparent the larger
202  scatter of the data for cloudy conditions compared to clear sky. This is confirmed by the correlation
203  coefficient, which is 0.96 for clear sky and 0.89 for contaminated and overcast conditions. Also, the
204  slope (intercept) of the linear regression is closer to 1.0 (closer to 0.0) for clear sky, in better

205  agreement with the perfect regression.

206  Considering Figure 3a, two kinds of error are evident: a) there are cases when the cloud
207  classification by MSH-GHI is wrong as, for example, for the black dots in the lower-right part of
208  Figure 3a. For these points, the MSH-GHI is high (larger than 600 W/m®) while the pyranometer
209  observation is below 300 W/m?. This error becomes particularly important for mountainous stations
210  because, when the soil is covered by snow, it is more difficult for the MSG-GHI algorithm to
211 correctly identify the clouds; b) the larger scatter for cloudy conditions compared to clear sky data
212 is a consequence of the difficulty to correctly estimate the cloud optical depth, which can result in
213 both overestimation of the MSG-GHI, i.e. the cloud optical depth is underestimated, or
214  underestimation of the MSG-GHI, i.e. the cloud optical depth is overestimated. It is important to
215  note that also red points may contain cases of wrong cloud classification. Nevertheless, the larger
216  spread of the red points compared to the black ones shows, indirectly, the overall good
217  classification of the sky conditions by MSG because the estimation of the GHI is more difficult for

218  cloudy skies.

219  Figure 3b shows the scatter plot for the same station for the RAMS-GHI one-day forecast. It is
220  apparent the larger scatter compared to MSG for both clear and cloudy conditions. The correlation
221  coefficient of the linear fit is 0.91 for clear conditions, while it is 0.60 for contaminated and
222 overcast sky, showing a rather poor performance of the RAMS-GHI one-day forecast in cloudy

223 conditions. Both values are lower than the corresponding values of the MSG-GHI estimate.



Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2017-9, 2017 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 23 February 2017 Techniques
(© Author(s) 2017. CC-BY 3.0 License.

Discussions

224 Figure 3b for clear sky shows cases when RAMS predicts clouds that are not observed, i.e. the
225  black dots in the upper left part of the figure, and cases when RAMS does not predict clouds that
226  are observed, i.e. the black dots in the lower-right part of the figure. Also, the large scatter of red
227  dots shows either cases of incorrectly predicted sky conditions or errors in the representation of the

228  cloud optical depth.

229  From Figure 3 it follows that: a) the performance in clear conditions is better compared to cloudy
230  sky; b) the estimate of the GHI by MSG outperforms the RAMS forecast. These results, even if
231 shown for Vigna di Valle are found for all stations considered in this paper, and are similar to the
232 findings of several studies (Kosmopulos et al., 2015; Lara-Fanego et al., 2012; Gomez et al., 2016).
233 Moreover, because of the dependence of the performance on the sky condition, a large variability of
234 the performance is expected with the seasons and with the stations, because the cloud coverage at
235  each site varies with the season and, for each season, from site to site. This point is investigated in
236  the following sections.

237
238 3.2 Performance dependence on the season and cloud cover

239  Figure 4a shows the MBE of the MSG-GHI hourly estimate in all sky conditions for the different
240  seasons, for the whole year and for all stations. Focusing on the whole year, there are five stations
241 where the GHI is overestimated (maximum value at Monte Cimone; 18 W/m?) and seven stations
242 where the GHI is underestimated (minimum value at Pratica Di Mare; -12 W/mz). The MBE is,
243 however, rather small in absolute value and it is lower than 10 W/m® for seven pyranometers.
244 Considering the variability of the results with the station in all seasons, we note the larger absolute
245  values for mountainous stations. This is expected because there are a larger number of cloudy data
246  for those stations (Table 3), and the performance of the GHI estimate by MSG is worse for cloudy
247  conditions (Figure 3a). This result is general and applies also to the RAMS forecast.

248  Figure 4b shows the MBE for the RAMS one-day forecast. Considering the statistics for the whole
249  year it is noted that the values are in general positive and below 30 W/m?, with the exceptions of
250  Paganella and Aosta where the MBE is negative, i.e. the RAMS forecast underestimates the GHI,
251 and reaches the huge value of -120 W/m”. The same behavior is found for all seasons, with few
252 exceptions. Excluding the mountainous stations of Aosta and Paganella, the largest MBE is found
253  in summer, showing the tendency of the RAMS forecast to overestimate the GHI in this season,
254  while the smallest values occur in spring. Considering the dependence of the MBE with the station,
255 it is evident the worse performance for mountainous stations, namely Paganella and Aosta,

256  compared to maritime stations. The inspection of the model output for those stations reveals that the
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257  main source of errors was the over forecast of cloudy conditions. It is not easy to find the reason for
258  this behavior, because it is caused by several factors as errors in the physical, especially
259  microphysical and radiative, and numerical parameterizations of the model, and errors in the initial
260 and boundary conditions. Also, the 4 km horizontal resolution is not enough to resolve the fine
261  orographic structures over the Alps (Aosta and Paganella) and over the Apennines (Monte Cimone),
262  and their interaction with large scale atmospheric systems. This causes a misrepresentation of the
263  local circulations and atmospheric conditions, both forced locally or generated by the interaction of

264  large scale flow with the orography, which gives large errors for mountainous stations.

265  Figure 5a shows the RMSE for the MSG-GHI hourly estimate in all sky conditions for different
266  seasons, for the whole year and for the twelve stations. Considering the whole year, we note two
267  groups of stations: the first with values around 100 W/m” containing the maritime and hilly stations,
268  the second with values larger than 150 W/m? containing the mountainous stations. It is important to
269  note that the 3*5km? horizontal resolution of the MSG-GHI can be not enough to represent the local
270  sky conditions at the pyranometer, especially for mountainous stations where the complex
271  orography determines rapid changes of the cloud coverage in short distances. As a consequence,
272 the sky conditions cannot be well represented causing larger errors for mountainous stations. The
273 different performance of the two groups of stations is confirmed for all the seasons and highlights

274 the difficulty to clearly distinguish and classify clouds for the specific sites.

275  Considering the behavior of the RMSE with the season, the lowest values are often found in winter
276  even if the performance does not vary sizably with the season. Winter has also the lowest RMSE
277 averaged over all stations (84 W/m?), followed by fall (98 W/m?), summer (118 W/m?), and spring
278 (125 W/m?). The performance in winter is better compared to other seasons because the RMSE
279  statistic is sensitive to the larger errors (Wilks, 2006), and the departures of the GHI estimate from
280 the observation is lower in winter because the GHI is smaller. It is also noted the larger variability
281  of the performance in summer compared to other seasons, which will be discussed later on in this

282  section.

283  Another interesting statistic to quantify the performance of the MSG-GHI estimate is the rRMSE,
284  which is shown in Table 4. Considering the whole year, this value ranges from 14% of Cozzo
285  Spadaro to 53% of Monte Cimone; for maritime and hilly stations the rRMSE is below 30%, while
286 it is above 40% for mountainous stations, showing again the difference between the two groups.
287  The RMSE has the smallest value in summer and the highest value in winter. While this result is in
288  part determined by the larger observed values of the GHI in summer, the statistic shows more

289  clearly the impact of the cloud coverage on the MSG-GHI performance. The percentage of cloudy
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290  conditions is larger in winter compared to summer for all stations (Table 3) and the error of the
291  MSG-GHI increases in cloudy conditions, as shown by the rRMSE. However, the larger differences
292 between the MSG-GHI estimate and the pyranometer observation in summer, even if in fewer

293  occasions, determine larger value of the RMSE compared to winter, as shown in Figure Sa.

294  Figure 5b shows the RMSE for the RAMS-GHI one-day forecast. Considering the whole year, the
295 RMSE is below 200 W/m? for all stations with the exception of the mountainous stations. This is
296  caused by the difficulty of the RAMS forecast to correctly predict the cloud coverage for those
297  stations. Considering the RMSE behavior for different seasons, averaged for all stations, the lowest
298 error is found in winter (142 W/m?) followed by fall (171 W/m?), summer (186 W/m?) and spring
299 (245 W/m?). Summer has the largest RMSE spread among the stations. In particular, it shows the
300 lowest error among all stations and seasons (Cozzo Spadaro, 110 W/m®) but also values larger than
301 300 W/m” for Paganella and Aosta. This result is caused by the RMSE statistics, which is sensitive
302  to large differences between the RAMS-GHI one-day forecast and observations. These differences
303  are the largest in summer (the lowest in winter) when the forecast of the cloud coverage is incorrect,
304  causing the largest spread of the performance among stations. This applies also to the MSG-GHI

305 estimate.

306 The RMSE of the RAMS-GHI one-day forecast is more than twice that of the MSG-GHI
307  considering both the whole year and the seasons. The mountainous stations are an exception also in
308 this case because the performance of MSG and RAMS are closer. A better performance of the
309 MSG-GHI estimate is expected, because it is derived from the observations, while the RAMS is a
310 forecast, however the results of this section quantify the difference between the two GHI sources in

311  different conditions.

312 The rRMSE for the RAMS-GHI is shown in Table 5. Considering the yearly statistic, the values
313 range from 31% for Cozzo Spadaro to 81% for Aosta. The rRMSE varies considerably between the
314  mountainous stations compared to maritime and hilly stations, jumping from 53% obtained for
315  Trieste (the worst performance for maritime and hilly stations) to 72% of Paganella (the best
316  performance for mountainous stations). The variability of the rRMSE with the seasons shows again
317  the important impact of the cloud coverage on the RAMS-GHI one-day forecast performance. The
318  smallest RMSE are in summer, and the largest in winter for all stations. Moreover, for Trieste,

319  Cimone and Aosta the rRMSE is about 100 % or larger in winter.

320 Up to this point we discussed the MBE and RMSE performance as a function of the seasons and
321  stations for all sky conditions, which showed the dependence of the performance, both of MSG-

10
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322 GHI estimate and RAMS-GHI forecast, on the cloud coverage. To better focus on this point, Figure
323 6 shows the RMSE as a function of the cloud coverage for MSG-GHI (Figure 6a) and for RAMS-
324  GHI forecast (Figure 6b).

325 In Figure 6a, the colored bars for each sky condition (1=clear, 2=contaminated and 3=overcast)
326  show the GHI average for the pyranometers, while the gray bars in the background show the RMSE
327  of the MSG-GHI estimate for the different sky conditions. The GHI average depends on the data
328 availability in different seasons. For example, considering clear sky, the GHI in Palinuro and Cozzo
329  Spadaro is larger than those of other maritime stations in Southern Italy. This is determined by the
330 larger fraction of available data in summer for Palinuro and Cozzo Spadaro compared to other

331  pyranometers.

332 Figure 6a shows that the GHI decreases for the sky changing from clear to contaminated and to
333  overcast conditions, while the RMSE increases as the sky conditions become cloudier. More
334 specifically, the RMSE is between 50 and 150 W/m? depending on the station, for clear sky,
335  between 50 and 200 W/m? for contaminated conditions, and between 80 and 200 W/m? for overcast

336  conditions.

337  Figure 6b shows the performance of the RAMS-GHI forecast as a function of the sky conditions.
338  The values of the pyranometers are the same as in Figure 6a and are shown to help comparison. The
339 RAMS-GHI one-day forecast RMSE increases from clear to overcast conditions and the error
340 increases compared to MSG-GHI. More specifically, excluding mountainous stations, the RMSE is
341 100 W/m? for clear sky, 150-250 W/m?, depending on the station, for contaminated sky, and around
342 250 W/m?® for overcast conditions. In the latter case the RMSE is larger than the GHI for most

343  stations, i.e. the relative error is larger than 100%.

344  Before concluding this section, it is interesting to compare the RAMS-GHI one-day forecast with
345 the one-day (1D) persistence forecast (Table 6), which is given by assuming that the GHI forecast
346  for tomorrow is the GHI recorded today. Considering the yearly statistics, the RAMS-GHI gives
347  Dbetter performance of the ID-persistence forecast for all pyranometer but Paganella. The
348  improvement given by the RAMS forecast is larger than 10% of the RMSE, showing a sizable

349  impact. However, for Aosta, the difference between the two forecasts is negligible.

350  Considering the performance of the RAMS-GHI and 1D persistence forecasts with the seasons, we
351  note that: a) in winter the performance of the 1D persistence forecast is better than the RAMS-GHI
352  one-day forecast for seven pyranometers. This results is obtained for six stations in fall, four

353  stations in spring and one station in summer; b) for mountainous stations the 1D persistence
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354  forecast is better than the RAMS-GHI one-day forecast for most-cases. These results show again
355 the important impact of the cloud-coverage on the performance of the RAMS-GHI one-day
356  forecast, nevertheless the RAMS forecast can give added valued to the GHI one-day forecast in

357 most cases.
358

359 3.3 Daily evaluation and MOS application

360 In this section, we first discuss the impact of the time interval on the RAMS-GHI and MSG-GHI
361  performance, then we consider the impact of a simple post-processing technique, the Model Output

362  Statistics (MOS), to improve the RAMS-GHI and MSG-GHI performance for daily integrated GHI.

363  Figure 7a shows the rRMSE for different stations and seasons for the RAMS-GHI one-day forecast.
364  This figure is still computed from hourly data, as in the previous section (Figure 6b), but the RMSE

365 is expressed in percentage to help comparison among statistics presented in this section.

366  Figure 7b shows the rRMSE for daily integrated GHI. Comparing the result of Figures 7a and 7b, it
367 is apparent the impact of the time interval on the rRMSE. Considering the yearly result, for
368  example, the rRMSE is reduced by more than 9% for all stations when the statistics are computed
369 for daily integrated GHI, and for several stations the improvement is larger than 15%. This
370  improvement is found for all seasons and stations. In addition to the way used to compute the
371  statistic, which produces smaller values compared to the same statistic from hourly data, the
372 improvement is also caused by a partial compensation of the forecast underestimation and

373 overestimation of the GHI during the day.

374  Considering the rRMSE for the MSG-GHI, a similar improvement is found, when computed for
375  daily integrated GHI (Table 4). For the yearly statistics, the rRMSE decreases by 10% or more for
376  all stations and an improvement larger than 5% is found in all seasons with a considerable variation

377  among the stations.

378  The last problem considered in this paper is the impact of the Model Output Statistics (MOS) on the
379  one-day RAMS-GHI forecast.

380 The MOS technique is used to reduce the MBE of the RAMS-GHI forecast and MSG-GHI estimate.
381 The MBE is caused by both the approximations in the meteorological model and in the
382  methodology used to estimate GHI from MSG data, and by the horizontal grid used to represent the

383 real world, which smoothens the surface features causing systematic errors.
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384 The MOS consists of a linear regression computed between the GHI forecast (or estimate) and

385  observation for a training period:
386 y=a+bx @)

387 where x is the RAMS-GHI one-day forecast (or MSG estimate) and y is the pyranometer

388  observation.

389  The MOS was computed for each season and the “leave one” methodology was used to verify the
390 forecast using MOS. In this method, the Eqn. (1) is computed considering all data but one (actual
391  data), and it is applied to the actual data to give the corrected forecast. Because the MOS is
392  computed starting from hourly data, the training period is all the season but one hour. This

393  procedure was repeated for all the hourly data, then the RMSE and rRMSE were computed.

394  The statistic computed from hourly data are shown in Table 6 for the RAMS forecast. It is apparent
395 that the MOS improves the RAMS performance especially for Aosta and Paganella, where the Bias
396  was high (Figure 4b). In particular, after the MOS application, the absolute value of the Bias is less
397  than 30 W/m?® for Paganella and Aosta for all seasons as well as for the whole year (not shown).
398  With the MOS application, the RAMS-GHI one-day forecast performs better than the 1D
399  persistence forecast for all stations considering the whole year, even if there are still occasions when
400 the 1D persistence forecast has a better performance than the RAMS-GHI one-day forecast
401  (Paganella in winter and fall, Aosta in winter, spring and fall, Trapani in winter). This result

402  confirms that the forecast of the GHI in cloudy conditions is a big issue for the RAMS model.

403  Starting form hourly data after the MOS correction, daily integrated GHI statistics were also
404  computed. The rRMSE of RAMS-GHI one-day forecast after the MOS application for the daily
405  integrated GHI is shown in Figure 7c and Table 5. The rRMSE decreases by 2-8% for most stations
406  compared to the daily integrated GHI without MOS, with exception of Paganella and Aosta, where
407  the improvement is larger. This is expected because the Bias is larger for these stations (Figure 4b)
408  and the MOS is a technique that improves the forecast by reducing the Bias. This is confirmed by
409  the inspection of the rMBE (not shown), which is reduced by the application of the MOS.

410  The application of the MOS to the MSG-GHI gives no improvement on both rRMSE (Table 4) and
411  rMBE (not shown). This is caused by the small values of the Bias of the MSG-GHI (Figure 4a).

412

413 4. Conclusions
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414  In this paper, we analyzed the performance of the MSG-GHI estimation and RAMS-GHI one-day
415  forecast for one year (1 June 2013 - 31 May 2014) over the Italian territory. Twelve pyranometers,
416  scattered over the country and representing a variety of climate characteristics, were used to
417  evaluate the performance. The analysis was performed for both hourly and daily integrated GHI,

418  and the dependence with the season and sky conditions was studied.

419  The results for the hourly analysis show a marked dependence of the MSG-GHI estimation and
420 RAMS-GHI one-day forecast on the sky conditions, which mirrors in a notable dependency with
421  the season and station. In particular, mountainous stations have worse performance compared to

422 hilly and maritime stations.

423  The analysis of the MBE for the RAMS-GHI shows that the one-day forecast overestimates the
424  GHI, with the exception of the mountainous stations of Paganella and Aosta, where a considerable
425  underestimation is found. The MSG-GHI doesn’t show a specific behavior of the MBE with both

426  overestimation and underestimation, depending on the season and station.

427  The RMSE for the RAMS-GHI one-day forecast is the lowest in winter, followed by fall and
428  spring. In summer, the RMSE shows the largest difference among the stations, the maritime stations
429  showing the best performance, because the RMSE is sensitive to the departures between forecast
430 and observation, which are larger in summer when the cloud coverage is not well predicted or

431  estimated at the site.

432 The RMSE of the MSG-GHI estimate is more than halved compared to RAMS-GHI, with the
433 exception of the mountainous stations where the RMSE of the two datasets are closer. The seasonal
434  behavior of the MSG-GHI RMSE shows a minimum in winter, but the differences among the

435  seasons are lower compared to the RAMS forecast.

436  The analysis of the rRMSE reveals more clearly the impact of the cloud coverage on the
437  performance. Both RAMS-GHI one-day forecast and MSG-GHI estimate show the largest rRMSE
438  in winter and the lowest in summer, following the behavior of the cloud coverage. It is also noted
439  that the rRMSE of the RAMS-GHI one-day forecast for Trieste, Cimone and Aosta is about 100 %

440  in winter.

441  The cloud coverage has, however, an important impact also on the RMSE of both MSG-GHI
442  estimate and RAMS-GHI one-day forecast. The error increases as the cloud coverage increases.
443  This is especially evident for RAMS because the RMSE averaged over all the stations varies from

444 91 W/mz, to 191 W/mz, and to 245 W/m? for clear, contaminated and overcast conditions,
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445  respectively; for MSG-GHI, the RMSE averaged over all stations varies from 68 W/m?, to 123

446 W/m’, and to 98 W/m? for clear, contaminated and overcast conditions, respectively.

447  The increase of the RMSE with the cloud coverage is determined not only by the inability of the
448  radiative scheme to compute the GHI in cloudy conditions, but also by the inability of the two
449  methods to correctly represent the cloud coverage. In general, the large errors of the RAMS-GHI
450  one-day forecast and those of the MSG-GHI estimation show that the horizontal resolutions of both
451  data sources it is not enough to represent the complex orographic features of the mountainous

452  pyranometers.

453  The results for daily integrated GHI show a notable improvement of the RAMS-GHI and MSG-GHI
454  performance, because the RMSE computed for daily integrated GHI is reduced by more than 10%
455  compared to the same statistic computed from hourly data. In addition to the methodology used to
456  compute the statistic, the partial compensation of overestimation and underestimation during the
457  day improves the performance for the daily integrated GHI. This result is similarly shown in other
458  studies in different countries (Lara-Fanego et al., 2012; Kosmopulos et al., 2015; Gémez et al.,
459  2016).

460  Applying a simple post-processing technique, i.e. the MOS, to the RAMS-GHI one-day forecast
461  reduces the RMSE (2-8% of its value, depending on the station, for daily integrated GHI), while the
462 MOS has a negligible impact on the MSG-GHI RMSE. This result is expected considering that the
463 RAMS-GHI has a larger bias compared to MSG-GHI and the MOS improves the RMSE by

464  reducing the bias.

465  The performance of the RAMS-GHI one-day forecast, with and without the MOS application, has
466  been compared with the 1D persistence forecast to quantify the added value of the RAMS forecast.
467  The results show, in general, that the RAMS forecast outperforms the 1D persistence forecast and
468  that the improvement is often larger than 10% of the RMSE. Nevertheless, the 1D persistence
469  forecast has a better performance than RAMS-GHI one-day forecast for mountainous stations and,
470  for specific seasons, for other pyranometers. The application of the MOS improves the RAMS-GHI
471  one-day forecast performance, nevertheless there are still few occasions (Paganella in winter and
472 fall, Aosta in winter, spring and fall, and Trapani in winter) when the 1D persistence forecast

473 outperforms the RAMS forecast.

474  Overall, the results of this paper show that the MSG-GHI estimate and the RAMS forecast have still
475  big issues in cloudy conditions. In particular, considering the potential of the RAMS forecast to

476  participate to the energy market, it is difficult to assess its usefulness from the results of this paper.
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477  While the RAMS forecast outperforms the 1D persistence forecast in clear sky, it has large errors in
478  cloudy conditions and it is not easy to give a final balance between the advantages in clear
479  conditions and disadvantages in cloudy conditions. Considering also the variability of the RAMS
480  performance from site to site, the usefulness of the RAMS forecast from an economic perspective

481  must be evaluated from case to case (Wittman et al. 2008).
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568  Tables and Figures

569  Table 1: RAMS grid-setting for the first and second grids. NNXP, NNYP and NNZP are the
570 number of grid points in the west-east, north-south, and vertical directions. Lx(km), Ly(km), Lz(m)
571 are the domain extension in the west-east, north-south, and vertical directions. DX(km) and
572 DY(km) are the horizontal grid resolutions in the west-east and north-south directions. CENTLON
573  and CENTLAT are the geographical coordinates of the grid centers.

574

575 First grid Second grid
576 NNXP 231 401

577 NNYP 231 401

578 NNZP 36 36

579 Lx 2772 km 1600 km
580 Ly 2772 km 1600 km
581 Lz ~22 km ~22 km
582 DX 12 km 4 km
>83 DY 12 km 4 km
>84 CENTLAT (°) 420 420

°85 CENTLON (°) 125 125

586

587

588

589

590

591

592

593

594

595

596

597
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Table 2: Station names, abbreviations, coordinates, height above the sea level (meters, forth

column), instrument type and managing institution for the twelve sites.

Station Abbreviation Coordinates Height Pyranometer Institution
name (lon;lat) (m) type
a.s.l
Trapani  tra 12.5;379 9 CM11 Aeronautica
Kipp&Zonen Militare
Cozzo csp 15.1;36.7 51 CM11 Aeronautica
Spadaro Kipp&Zonen Militare
Santa sml 18.3;39.8 112 CM11 Aeronautica
Maria di Kipp&Zonen Militare
Leuca
Capo pal 15.3; 40.0 185 CM11 Aeronautica
Palinuro Kipp&Zonen Militare
Praticadi pdm 12.5;41.7 32 CM11 Aeronautica
Mare Kipp&Zonen Militare
Vignadi vdv 12.2;42.1 266 CM11 Aeronautica
Valle Kipp&Zonen Militare
Pisa pis 10.4;43.7 6 CM11 Aeronautica
Kipp&Zonen Militare
Cervia cer 12.3;44.2 10 CM11 Aeronautica
Kipp&Zonen Militare
Trieste tri 13.8;457 4 CMI11 Aeronautica
Kipp&Zonen Militare
Monte cim 10.7; 44.2 2173 CM11 Aeronautica
Cimone Kipp&Zonen Militare
Paganella pag 11.0;46.2 2129 CM11 Aeronautica
Kipp&Zonen Militare
Aosta ao0s 7.4;45.7 583 CMP21 Arpa Valle
Kipp&Zonen D’Aosta
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610 Table 3: Percentage of data in clear, contaminated and overcast conditions for all stations and
611  seasons, as well as for the whole year, estimated by CPP (Section 2.1).

Station Winter [%] Spring [%] Summer [%]  Fall [%] Year [%]
tra 48;23;29 / 82;15;03 38;39;23 60;24;16
csp 13;34;53 46;19;35 69;22;09 34;31;35 44:26;30
sml 33:31;36 37;40;23 62;31;07 41;37;22 44:34;20
pal 03;28;69 13;30;57 49;37;14 23,34;43 25;33;42
pdm 36;27;37 37;44;19 79;14;07 51;27;22 54;27;19
vdv 37;25;38 27:45;28 73;20;07 48;29;23 51;28;21
pis 34;22:45 38;33;29 77;16;07 44;29;27 52;24;24
cer 33;20;47 41;27;32 74;16;10 39;25;36 49:22:29
tri 20;21;59 31;29;40 64;24;12 34;23;43 42;24;34
cim 05;50;45 09;46;45 34;49;17 21:36;43 20;45;35
pag 23;22;55 39;27;34 45;38;17 27;31;42 35;31;34
a0s 12;39;49 25;35;40 32;38;30 25;38;37 23;37;40

612

613

614  Table 4: rRMSE [%] for the MSG-GHI estimate computed for hourly and daily integrated GHI for
615  different seasons and stations.The first number in each cell is the rRMSE computed using hourly
616  data, the second number is the rRMSE computed for daily integrated GHI, the third number is the
617 rRMSE computed after the MOS correction to the model output for daily integrated GHI (see text
618  for details).

Station Winter Spring [%] Summer [%] Fall [%] Year [%]
[%]

tra 30;3;3 / 11;4;4 27;5;6 18;6;7
csp 20;5;3 14; 4; 4 9;4;3 19;3; 6 14; 6; 6
sml 27;4; 4 21;6;6 14;5; 4 23;6;7 19; 8; 8
pal 25;4;3 20;5;5 11;4; 4 39;4;5 23;7;7
pdm 28;3:3 17;5;5 12;4; 4 19; 6,7 17;7;,7
vdv 27;3;3 24;5;5 18; 6; 6 24;4; 6 21;8;8
pis 26;4;3 22;6;5 16;6; 5 20;4;5 19;7;7
cer 27, 4; 4 21;6;5 15;6;5 23;3;6 20; 8; 8
tri 34;3;3 28;6;6 22:9;8 25;5;7 26;10; 10
cim 92;18;19  60;24; 27 43;23; 21 47,13; 17 53;27; 28
pag 57;12; 10 35;17; 16 38;17; 17 43;12; 11 40; 21; 20
aos 89; 7; 10 43;12;9 44;12; 17 53;6;9 51;15;17
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Table 5: rRMSE [%] for the RAMS-GHI one-day forecast computed for hourly and daily integrated
GHI for different seasons and stations. The first number in each cell is the rRMSE computed using
hourly data, the second number is the rRMSE computed for daily integrated GHI, the third number
is the rRMSE computed after the MOS correction to the model output for daily integrated GHI (see

text for details).
Station Winter [%]  Spring [%] Summer [%] Fall [%] Year [%]
tra 58;12; 8 / 20; 12; 10 49; 17,17  33;21; 19
csp 43;12;9 38;23;19 19;11;10 42:15;16  31;22;19
sml 57; 14; 11 47;25;19  26; 16; 12 42;15; 13 38;27;21
pal 58;16;9 54;25;20 27;18;16 47;16; 16  41;28; 25
pdm 60; 14; 11 48;28;21 25;15; 14 40;12; 13 37;27;22
vdv 66; 14; 10 57;28;19 32;19; 16 49;14; 14  42;29;23
pis 68; 15; 10 56;28;21 32;22;18 51;17; 17  45;30; 25
cer 68;13; 10 52;26;19 34;20; 16 53;14; 13  44;29;23
tri 97;16; 11 63;26;19 44;26; 20 58;16; 15  53;35;27
cim 117;22;22  96;44;44 60, 39; 30 74;24;24  75;48; 44
pag 86; 15; 10 77;50; 28 66;44; 26 79; 30,30  72; 56, 36
aos 113;17; 17 78;49;25 71,48;43 84;23;23  81;60;42

Table 6: RMSE [W/m?] for the RAMS-GHI one-day forecast (first number in each cell), one-day
persistence forecast (second number in each cell) and RAMS-GHI one-day forecast after the MOS
application computed on a hourly basis for different seasons and stations (third number in each cell,
see text for details). Bold style shows the cases when the RAMS-GHI one-day forecast has a worse
performance compared to the 1D persistence forecast.

Station Winter [W/m’] Spring [W/m’]  Summer Fall [W/m?] Year [W/m’]
[W/m?]

tra 149; 120; 130 / 111; 136; 104 177, 162; 163 152; 190; 139
csp 137, 169; 126 199; 218; 184 107; 168; 102 168; 191; 157 161;204; 148
sml 151; 170; 133 218;275;200  142;178; 128 159; 186; 147 178; 236; 160
pal 138; 177; 125 232;257; 212 145; 181; 141 173; 192; 161 186; 229; 171
pdm 140; 151; 123 226;231; 206 133; 172; 132 144; 167; 139 176; 209; 161
vdv 138; 161; 115 230;238; 196  168; 189; 158 158; 170; 140 182; 209; 159
pis 125; 119; 104 227;223;200  165; 180; 153 163; 174; 150 188; 216; 166
cer 120; 118; 100 204;241; 182 170; 206; 158 149; 147; 139 178; 220; 157
tri 131; 77; 181 207;195; 181  206; 223; 189 147; 142; 134 190; 220; 166
cim 158; 145; 160 288;289; 288  253;274; 220 199; 193; 183 253;293; 238
pag 148;95; 114 318;266; 239  304;291;255  224;156; 183 286; 276; 221
aos 172; 99; 148 341; 234; 256 326; 347; 281 200; 126; 176 287;294; 229
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Figure 1: Model domains. The second domain has 4 km horizontal resolution and is nested in the

first domain, at 12 km horizontal resolution, using one-way nesting.
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661  Figure 3: a) scatter plot of the GHI for the MSG (x-axis) and the pyranometer (y-axis). The black
662  dots are for clear sky conditions while the red dots are for both contaminated and overcast skies; b)
663  asin a) for the RAMS one-day forecast.
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Fig. 4: a) MBE for the MSG-GHI for the different stations and seasons as well as for the whole

year. The figure has been derived from the hourly data of pyranometers and MSG-GHI estimate; b)
As in Figure 4a for the RAMS forecast.

28



Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2017-9, 2017 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 23 February 2017 Techniques
(© Author(s) 2017. CC-BY 3.0 License. B ———

Discussions

696 a)
SAT-PYRANOMETER
B00F—————————mm e m e m = —-
Eopobe e g X ]
N 200 O ]
E, L ]
= - 4
7 L 4
E — -~
[+ o 4
10078l —— MM — ®=-— "8 ——— —— - —
0 4
Spring Summer Fall Winter Year
Season
697 tra csp sml pal pdm vdv pis cer tri cim peg aos
698
699
700
701
702
703
704
705
706
707

29



Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2017-9, 2017 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 23 February 2017 Techniques
(© Author(s) 2017. CC-BY 3.0 License. B ———

Discussions

708 b)
RAMS—~PYRANOMETER
soof----- - - - —-fj- - - - - - - - - - - - -—"———————- -
Ecootpifl--———-H8-—————¢p—-————"——"—"———- - —
= ]
= -
7 4
2 —
[v'4 —~
100 - —
0 .
Spring Summer Fall Winter Year
Season
H N B | i N B u
709 tra csp sml pal pdm vdv pis cer tri cim pag aos

710  Fig. 5: a) RMSE for the MSG-GHI for the different stations and seasons as well as for the whole
711 year. The figure has been derived from the hourly data of pyranometers and MSG-GHI estimate; b)
712 Asin a) for the RAMS forecast.
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736 Figure 6: a) Mean irradiance (coloured bars) and RMSE for different sky conditions: clear (1),
737  contaminated (2) and overcast (3) for the MSG-GHI estimate. The figure has been derived from the
738  hourly data of pyranometers and MSG-GHI estimate. The RMSE is shown by the gray bars in the
739 background with the same scale as the mean irradiance; b) As in a) for the RAMS-GHI one-day
740  forecast.
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Figure 7: a) rRMSE computed for different seasons and stations, as well as for the whole year, for
the RAMS-GHI one-day forecast starting from hourly data; b) as in a) for daily integrated GHI; ¢)
as in b) after the MOS correction to the model output for daily integrated GHI.
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