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Abstract

CAMS provides global solar radiation estimates for clear-sky (McClear model) and all-sky (Heliosat-4 method) conditions,
the latter based on MSG satellite information. A performance assessment of these estimates (with site-adaptation and
spatial smoothing) is done, using hourly data from 10 sites in the Pampa Húmeda region of South America. Two
locally adjusted Cloud Index Models (CIM) using GOES-East satellite information are also evaluated. One of them
(CIM-ESRA) is based on the ESRA clear-sky model and the other (CIM-McClear) on the McClear clear-sky model.
Under clear-sky conditions, the site-adapted McClear is found to perform best with a relative root mean square deviation
(rRMSD) of 2.8%. However, in the presence of clouds in the real atmosphere, the model tends to provide lower clear-
sky estimates than the ESRA model which, in our implementation, is only sensitive to average atmospheric trends.
Under all-sky conditions, both CIMs show a small but consistent underestimation of −1.1% in the region and perform
significantly better than the site-adapted Heliosat-4, with rRMSDs of 12.1% (CIM-McClear), 12.5% (CIM-ESRA) and
16.8% (site-adapted Heliosat-4). This performance difference is not a statement about the relative quality of the models,
since it can be explained by the difference in satellite view angle (significantly higher for the MSG satellite than for the
GOES-East satellite). The performance downgrade due to using MSG satellite images out of their recommended area is
quantified. Both CIMs, based on using GOES-East imagery, provide accurate solar irradiation estimates over this region
and can be extended to other areas of Latin America.
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1. Introduction1

The uncertainty of solar resource assessment is one of2

the main factors affecting the financial risk evaluation of3

large scale solar energy projects. This assessment ide-4

ally requires long-term, controlled quality, solar irradiation5

ground data for the project’s site. Since this information6

is not usually available for a given project location, irradi-7

ation estimates based on geostationary satellite images are8

frequently used. These images provide the temporal and9

spatial resolution required for modeling a highly variable10

phenomena like ground level solar irradiation. The general11

idea is to quantify cloudiness using satellite information12

and use it to attenuate the clear-sky irradiation. Different13

models exist for this purpose (Perez et al., 2002; Ceballos14

et al., 2004; Rigollier et al., 2004; Cebecauer et al., 2010;15

Alonso-Suárez et al., 2012; Qu et al., 2017).16

This work focuses on models for estimating ground-17

level solar global horizontal irradiation (GHI) from satel-18

lite information, working at the hourly time scale. Typical19

biases for hourly GHI satellite-derived estimates are within20

±3.5% of the ground measurement’s average (Perez et al.,21

∗Corresp. author: R. Alonso-Suarez, r.alonso.suarez@gmail.com

2013), excluding special cases such as tropical regions, pol- 22

luted areas, high latitude areas with snow, mountains or 23

complex island sites, where higher biases can occur. Typ- 24

ical dispersion for hourly estimates (as quantified by the 25

relative root mean square deviation or RMSD) for arid 26

and semi-arid climates is in the range 7-20% and, for ar- 27

eas with more complex cloud dynamics, between 15-30% 28

(Perez et al., 2013). Uncertainty can be reduced by spa- 29

tial smoothing or site-adaptation techniques, the latter by 30

post-processing the estimates using good-quality ground 31

measurements (Polo et al., 2016). 32

Models for solar satellite-based estimation can be clas- 33

sified as empirical (Tarpley, 1979; Justus et al., 1986; Cano 34

et al., 1986; Alonso-Suárez et al., 2012), physical (Ceballos 35

et al., 2004; Qu et al., 2017) and hybrid (or semi-empirical) 36

models (Perez et al., 2002; Rigollier et al., 2004; Cebecauer 37

et al., 2010). Empirical models rely on parametrizations 38

between solar irradiation and other variables (i.e. satellite- 39

derived cloudiness, solar zenith angle) with a set of pa- 40

rameters that are adjusted from ground measurements. 41

Physical models attempt to model in detail the radiative 42

transfer of solar irradiance through the atmosphere. The 43

Heliosat-4 method (Qu et al., 2017) is a recent example 44

of a successful physical model based on Meteosat Second 45

Generation (MSG) satellite images and radiative transfer 46
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calculations. Hybrid models have an underlying physical47

structure with a few adjustable parameters. Both phys-48

ical and hybrid models are potentially accurate provided49

the required information is available with su�cient qual-50

ity. However, this information (i.e. aerosol optical depth,51

water vapor content, cloud type and phase, among oth-52

ers) is not always available with su�cient accuracy and53

spatial/temporal resolution. On the other hand, empiri-54

cal models require high quality ground measurements of55

adequate length to adjust their parameters and their es-56

timates cannot be extrapolated to other regions. Hybrid57

models provide a trade-o� between empirical and physi-58

cal models. A common hybrid model approach is to use a59

physical clear-sky model modulated by a satellite-derived60

cloud index to generate solar irradiation estimates under61

all-sky conditions. These models are collectively known as62

CIM (Cloud Index Methods). The SUNY model (Perez63

et al., 2002) and the early Heliosat models, Heliosat-164

(Beyer et al., 1996) and Heliosat-2 (Rigollier et al., 2004)65

are well known examples of this kind.66

Another satellite-based model (of the empirical type)67

named BD-JPT, as it evolved from an original formulation68

by Justus, Paris and Tarpley (Justus et al., 1986), has been69

recently evaluated for the same region considered in this70

work (Alonso-Suárez et al., 2012). This model has been71

locally adjusted to ground data and used as a basis for the72

solar resource distribution map in Uruguay (Alonso-Suárez73

et al., 2014). In Alonso-Suárez et al. (2012), both the orig-74

inal JPT model and the improved brightness-dependent75

version (BD-JPT) have been evaluated for this region and76

showed interesting results: a relative RMSD of 13% at the77

hourly level with negligible bias was found. These mod-78

els were implemented with the same GOES-East satellite79

information used in this work for locally adjusted CIMs,80

in particular, using the same spatial averaging procedure81

described in Subsection 3.2.4.82

This work provides, among other contributions sum-83

marized at the end of this Section, a �rst representative84

assessment for the Pampa Húmeda region (South East part85

of South America) of the Heliosat-4 method (Qu et al.,86

2017). The clear-sky part of this method, known as the87

McClear model (Lefèvre et al., 2013), is based on a parame-88

trization of the libRadtran libraries output (Mayer & Kylling,89

2005). McClear uses atmospheric information from the90

CAMS (Copernicus Atmosphere Monitoring Service) and91

ground albedo from the sun-synchronous orbiting MODIS92

satellite (Moderate Resolution Imaging Spectroradiome-93

ter) to estimate clear-sky irradiation. These clear-sky es-94

timates are combined with the McCloud model to produce95

the Heliosat-4 all-sky irradiation estimates. Cloud infor-96

mation and properties are derived from multiple spectral97

channels of the MSG satellite using the APOLLO/SEV98

algorithm (WDC, 2015). Here, the performance of this99

method based on the MSG satellite is compared against100

two locally adjusted hybrid CIMs which use cloud infor-101

mation derived from GOES-East satellite images. One102

of these CIMs is based on the ESRA (European Solar103

Radiation Atlas) clear-sky model (Rigollier et al., 2004) 104

and the other is based on the McClear model. The per- 105

formance comparison between a spatially smoothed site- 106

adapted model based on MSG images and two locally- 107

adjusted models based on GOES-East images helps to108

quantify the impact of the di�erent viewing angles with 109

which both satellites see the area of interest and empha- 110

sizes the importance of selecting the most adequate satel-111

lite information for each region. 112

Clear-sky models are important as a basis for CIMs 113

and can be used to provide reliable upper bounds for au- 114

tomated quality assessment of ground data or to com- 115

pute the clear-sky index required by several applications, 116

such as variability assessment or solar resource forecast-117

ing. Therefore, the performance of the two clear-sky mod- 118

els used in this work (ESRA and McClear) is also eval- 119

uated. These models di�er markedly in their description 120

of the atmosphere. While McClear captures the daily and 121

intra-day atmospheric variability, ESRA has a single pa- 122

rameter which, in our implementation, describes average 123

atmospheric information, as explained in Subsection 3.3. 124

This allow us to show a signi�cant di�erence in the be- 125

havior of the clear-sky estimates whether the actual real 126

atmosphere is clear-sky or cloudy. 127

The main contributions of this work can be summa- 128

rized as follows: 129

� Compares the performance of satellite-based models130

for all-sky hourly irradiation estimate based on dif- 131

ferent geostationary satellite information and quan- 132

ti�es the impact of using satellite estimates out of 133

their recommended area (i.e. satellite zenith angle 134

larger than 60� ). 135

� Compares two clear-sky models that di�er in their 136

capability for modelling the short-term atmospheric 137

variability, in particular, by using water vapour as an 138

input. For instance, it is found that when clouds are 139

present in the atmosphere, modelling the short-term 140

variability provides lower clear-sky estimates than 141

using average atmospheric information. The ratio- 142

nale is that the presence of clouds correlates with 143

higher water vapour contents in the atmosphere and 144

this results in lower clear-sky estimates. 145

� Provides a �rst representative performance assess- 146

ment of the Heliosat-4 method and locally adjusted 147

CIMs for the Pampa Húmeda area, including the 148

gain quanti�cation of a simple site-adaptation pro- 149

cedure applied to the Heliosat-4 estimates. 150

� Quanti�es the e�ect of the satellite information spa- 151

tial smoothing in the region to reduce the uncer- 152

tainty of hourly GHI estimates. 153

The article is organized as follows: Section 2 describes154

the satellite images, the ground data and the CAMS prod- 155

ucts used in this work, including a short discussion on the 156
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typical view angles from each satellite. In Section 3 the lo-157

cally implemented models and their local-adaptations are158

discussed. This Section also describes the spatial smooth-159

ing procedure (applied to ensure that both satellite data160

sets have the same spatial averaging required for a fair161

comparison). In Section 4 the performance assessment of162

these models is done and discussed. Finally, our conclu-163

sions are summarized in Section 5.164

2. Data165

The area of interest in this work is the part of south-166

eastern South America known as Pampa Húmeda, within167

latitudes 28oS and36oS. As shown in Figure 1, it includes168

all the territory of Uruguay and parts of Argentina and169

southern Brazil. It is geographically homogeneous (mostly170

plain grasslands) with temperate climate and no important171

elevations. Although temperatures in winter can drop a172

few degrees below freezing point, snow episodes are rare.173

It is classi�ed in the updated Köppen-Geiger climate classi-174

�cation (Peel et al., 2007) mostly as Cfa (temperate, with-175

out dry season, hot summers) with the exception of two176

small coastal regions dominated by the in�uence of the177

Atlantic Ocean and classi�ed as Cfb (temperate, without178

dry season, warm summers).179

Figure 1: Location of the ground measurements stations.

2.1. Ground measurements180

Ten series of GHI ground measurements are consid-181

ered in this work. They belong to two groups, based on182

the quality of the instruments and the declared mainte-183

nance schedule at each site. The �rst group is composed184

by three ground stations located in Uruguay, Argentina185

and Brazil, whose equipment and procedures comply with186

BSRN requirements (McArthur, 2005): (i) the Solar En- 187

ergy Laboratory experimental research facility (LE) in the 188

north-western part of Uruguay (LES, http://les.edu.uy), 189

(ii) the São Martinho da Serra station (MS), formally a 190

BSRN site, and (iii) the Luján station (LU) located 50 km 191

from Buenos Aires (Argentina) at a specialized research 192

laboratory of the Luján National University (GERSolar, 193

http://www.gersol.unlu.edu.ar/). At these sites, GHI is 194

measured with ventilated secondary standard pyranome- 195

ters and direct and di�use irradiance are measured using 196

precision solar trackers. Data are recorded as 1-min av- 197

erages of several measurements. The LE instruments are198

calibrated every two years against a secondary standard 199

(Kipp & Zonen CMP22) kept in storage and with trace- 200

ability to the World Radiometric Reference (WRR). At 201

the LU site, instruments are compared periodically against 202

a Kendall absolute cavity radiometer, calibrated in 2018 203

with traceability to the WRR, which is stored and used 204

sporadically as a reference. The São Martinho da Serra 205

station (code MS) is part of the Brazilian SONDA net- 206

work (http://sonda.ccst.inpe.br/), installed and adminis- 207

trated by the National Institute for Space Research (INPE, 208

Brazil). This network meets the quality criteria estab- 209

lished by World Meteorological Organization (WMO) and 210

was speci�cally designed to record high-quality meteoro- 211

logical data in di�erent climatic regions of Brazil (Dias da 212

Silva et al., 2014). Cleaning and visual inspection at these 213

sites is performed on a daily basis. Based on our experi- 214

ence, the assigned (P95) global uncertainty for hourly GHI 215

measurements from these sites (LE, LU, SM) is 3% of the 216

average. 217

The second group is composed with data from seven 218

sites of Uruguay's LES solar radiation network, where spec- 219

trally �at class A or B (according to the new ISO 9060:2018 220

standard) Kipp & Zonen pyranometers are used to mea- 221

sure GHI, among other variables. All these sites are lo- 222

cated either at manned meteorological stations or agro- 223

nomic experimental facilities, and the pyranometers are 224

cleaned and inspected at least on a weekly basis. These225

instruments are calibrated at LES at most every two years 226

against the Kipp & Zonen CMP22 secondary standard 227

mentioned before. Hourly GHI data from these sites is 228

assigned a typical (P95) global uncertainty of 5% of the 229

average. 230

The location of these sites is provided in Table 1 and 231

their geographical distribution is shown in Figure 1. The 232

data time-period for each site is provided later in Table 2, 233

jointly with the quality �ltering summary. Only data sets 234

with a minimum 2-year statistics and complete years (or 235

years and a half) are considered to avoid introducing sea- 236

sonality bias in the data. 237

2.2. Satellite images 238

The target area shown in Figure 1 is covered by two 239

geostationary satellites: the GOES-East (operated by the 240

National Oceanic and Atmospheric Administration, NOAA) 241

and the MSG (operated by the European Organisation 242
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code lat (o ) lon (o ) alt (m)
LES facility LE -31.28 -57.92 56
São Martinho da Serra MS -29.44 -53.82 489
Luján LU -34.59 -59.06 30
Canelones (Las Brujas) LB -34.67 -56.34 38
Treinta y Tres TT -33.28 -54.17 35
Salto SA -31.27 -57.89 47
Rocha RO -34.49 -54.31 20
Artigas AR -30.40 -56.51 136
Colonia (La Estanzuela) ZU -34.34 -57.69 70
Tacuarembó TA -31.71 -55.83 142

Table 1: Information of the ground measurement stations.

for the exploitation of Meteorological Satellites, EUMET-243

SAT). Due to their positions in the geostationary orbit,244

they have di�erent pixel sizes and view angles over the245

area. The GOES-East satellite pixel size is approximately246

2 km, as expected over the region for the1 km nadir spatial247

resolution of the former GOES12 and GOES13 satellites248

(Lockheed-Martin, 2019). On the other hand, the MSG249

satellite has a nadir spatial resolution of3 km (Schroedter-250

Homscheidt et al., 2018) and the pixel size over the region251

is of approximately 7 km1. The satellites' zenith angles252

for the target region are approximately 40� and 70� for253

the GOES-East and MSG, respectively.254

Cloud properties and irradiation estimates from satel-255

lite images with view angles above60� are prone to higher256

errors mainly due to increased pixel size, parallax errors257

which produce apparent cloud displacement and the fail-258

ure to ful�ll the plane-parallel assumption (Johnson et al.,259

1994; Schroedter-Homscheidt et al., 2018). CAMS pro-260

duces regular publicly available validation reports in which261

its irradiation products are compared to several quality262

ground sites. Figure 2, based on data from a recent val-263

idation report (Lefèvre, 2018), shows the dispersion of264

the Heliosat-4 estimates (as quanti�ed by rRMSD) vs the265

satellite zenith anglez of the ground site. A clear threshold266

is apparent, just below 60� . Sites with z < 55� have aver-267

age rRMSD of about 11% while those with z � 55� have268

rRMSD of about 25%. So, large viewing angles can a�ect269

seriously the accuracy of the irradiation estimates. The270

CAMS User Manual sets the recommended upper limit271

for view angle at 60� , while still providing the informa-272

tion for higher view angles (Schroedter-Homscheidt et al.,273

2018, Sec. 5.2).274

Information from both satellites is considered in this275

work: cloudiness information for the CIMs is derived from276

GOES-East images, while the Heliosat-4 solar irradiation277

estimates are based on MSG images. GOES-East satellite278

images were downloaded from the NOAA CLASS (Com-279

prehensive Large Array-data Stewardship System) web-280

site (https://www.class.noaa.gov/), where they are pub-281

licly available. Information from the MSG satellite is used282

here out of the recommended zone (satellite zenith angle283

above60� ) in order to quantify the impact of using such in-284

1For more information see http://www.soda-pro.com

formation for solar resource assessment in the region. The285

target area location in both satellites �elds of view (FOV) 286

is shown in Figure 3. 287

Figure 2: Dispersion (rRMSD) of Heliosat-4 GHI estimates vs view
angle z for several sites. Data obtained from (Lefèvre, 2018). The
dashed lines indicate average rRMSD for z < 55� and z � 55� .

2.3. CAMS products 288

This Subsection brie�y describes the CAMS products 289

that are used in this work. The data was retrieved from the 290

CAMS Radiation Service at http://www.soda-pro.com/. 291

These estimates are provided with a reliability �ag and 292

only the highest reliability estimates were used. 293

2.3.1. McClear model 294

As mentioned in the introduction, the McClear model 295

produces clear-sky GHI estimates based on look-up tables296

(LUT) of the libRadtran Radiative Transfer Model (RTM) 297

(Lefèvre et al., 2013; Mayer & Kylling, 2005), which in turn 298

uses atmospheric information from satellite retrievals. Be- 299

ing based on LUT, the McClear model can be used oper- 300

ationally (i.e., in real time) since the substantial compu- 301

tational cost of the RTM calculations is avoided. McClear 302

estimates are available at 1-minute intervals with world- 303

wide coverage while the model inputs are typically avail- 304

able every three hours with a spatial resolution between50- 305

150km. Using interpolation techniques, the SoDa website 306

provides estimates for any latitude-longitude combination 307

at 1-minute time resolution and above. 308

In Lefèvre et al. (2013), McClear clear-sky GHI esti- 309

mates were compared to 1-minute clear-sky measurements310

from eleven BSRN stations covering di�erent climates in 311

America, Europe, Asia, and Oceania. Mean biases be- 312

tween � 1% and +3% and mean rRMSD in the range3-5% 313

were obtained (in both cases expressed relative to mean314

observed irradiance). This model has also been assessed at315

the 10-minute level against data from seven sites in United 316

Arab Emirates (Eissa et al., 2015b), where the atmosphere 317

is mostly free of clouds but can have high turbidity. The 318
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