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10  Abstract

O N

11 Several studies have shown that changes in incoming solar radiation and variations of the
12 diffuse fraction can significantly modify the vegetation carbon uptake. Hence, monitoring the
13  incoming solar radiation at large scale and with high temporal frequency is crucial for this reason
14 along with many others. The EUMETSAT Satellite Application Facility for Land Surface Analysis
15  (LSA SAF) operationally disseminates in near real time estimates of the downwelling shortwave
16  radiation at the surface since 2005. This product is derived from observations provided by the SEVIRI
17  instrument onboard the Meteosat Second Generation series of geostationary satellites, which covers
18 Europe, Africa, the Middle East, and part of South America. However, near real time generation of
19  the diffuse fraction at the surface level has only recently been initiated. The main difficulty towards
20  achieving this goal was the general lack of accurate information on the aerosol particles in the
21  atmosphere. This limitation is nowadays less important thanks to the improvements in atmospheric
22 numerical models. This study presents an upgrade of the LSA-SAF operational retrieval method,
23 which provides the simultaneous estimation of the incoming solar radiation and its diffuse fraction
24 from satellite every 15 minutes. The upgrade includes a comprehensive representation of the
25  influence of aerosols based on physical approximations of the radiative transfer within an
26  atmosphere-surface associated medium. This article explains the retrieval method, discusses its
27  limitations and differences with the previous method, and details the characteristics of the output
28  products. A companion article will focus on the evaluation of the products against independent
29  measurements of solar radiation. Finally, the access to the source code is provided through an open

30  access platform in order to share with the community the expertise on the satellite retrieval of this
31  variable.

32 Keywords: solar radiation; diffuse; LSA SAF; aerosols; MSG SEVIRI; open source code
33

34  1.Introduction

35 The downwelling surface shortwave flux (DSSF) refers to the radiative energy in the wavelength
36 interval [0.3 um, 4.0 um] that reaches the Earth's surface per time unit and per surface area unit. DSSF
37  essentially depends on solar zenith angle, cloud coverage, aerosol load and type, and, to a lesser
38  extent, gas absorption (water vapour, ozone content) and surface albedo. Study conducted by [1]
39  showed the importance of clouds on the DSSF and on the Earth’s energy budget at the surface level.
40  Other studies have stressed the role of the energy budget at the surface level on weather forecasting
41  and climate modelling (e.g., [2, 3, 4, 5]).

42 Solar radiation at the surface level is the first driver of the energy budget. However, the
43  knowledge of the partitioning between its diffuse and direct components is also crucial. In this
44 context, diffuse fraction is defined as the ratio between the diffuse component of DSSF and the total
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45  DSSF reaching the surface. Diffuse fraction is an important variable to understand the climate
46  processes at the Earth-atmosphere interface, and especially to estimate plant photosynthesis and
47  carbon cycle. For example, diffuse conditions let more sunlight strike the inner part of the canopy [6],
48  which may induce an increase of the carbon uptake by the vegetation [7], although very high diffuse
49  fractions are associated with a reduction in global radiation, which may negatively impact
50  photosynthetic activity [7, 8]. The ratio between diffuse and direct DSSF is also a fundamental
51  attribute for the solar energy sector to predict the energy supply [9]. Diffuse fraction depends to a
52  large extent on the presence of aerosols and clouds in the atmosphere. Because these two elements
53  rapidly change with time and space, the accurate retrieval of diffuse fraction has proven to be very
54 challenging so far.

55 Despite its interest, retrieval of diffuse fraction at large scales using satellites observations was
56  poorly considered until now. Nevertheless, [10] showed that the use of satellite observations from
57  geostationary platforms offers an interesting opportunity to monitor the evolution of the incoming
58  solar radiation at a high temporal frequency. In their work, even if the variation of aerosol properties
59  were not considered, [10] showed that satellite data can offer robust and accurate estimates in case of
60 relatively pure atmosphere. Prior to their work, the scientific community developed several
61  algorithms for the estimation of the downward and net surface solar irradiance from satellite
62 observations (e.g., [11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25]). However, to the best of our
63  knowledge, there is no equivalent estimate of the diffuse fraction of the incoming solar radiation at
64  the surface level made available freely to the community in near real time. Indeed, near-real time
65  estimates of the instantaneous DSSF and its diffuse fractions are available from the Helioclim-3 data
66  base [26, 27, 28], every 15 minutes over the MSG disk through paying access.

67 The EUMETSAT Satellite Application Facility (SAF) on Land Surface Analysis (LSA; [29]) is a
68  part of the SAF Network, a set of specialized development and processing centres, serving as
69 EUMETSAT (European organization for the Exploitation of Meteorological Satellites) distributed
70 Applications Ground Segment. The SAF network complements the product-oriented activities at the
71  EUMETSAT Central Facility in Darmstadt. The eight EUMETSAT SAFs provide users with
72 operational data and software products, each one for a dedicated user community and application
73 area. For example, the Climate Monitoring (CM) SAF generates datasets for specific climate
74 applications areas. User needs in this case require highly accurate and stable products, i.e., products
75  based on input data (typically, reanalyses of modelled atmospheric water vapor and pressure) with
76  atemporal consistency over several decades. On the other hand, the main purpose of the LSA SAF is
77  to address the needs of the scientific communities that requires land surface variables in a near-real
78  time basis (i.e. with low latency times). Overall, LSA SAF products find applications in meteorology
79  (numerical weather prediction), the solar energy sector, hydrology and environmental monitoring,
80  among others users. Observations provided by the Spinning Enhanced Visible and Infrared Imager
81 (SEVIRI) radiometer embarked on Meteosat Second Generation (MSG) geostationary satellite mission
82  are now available since 2004. Considering the overall period it is in operations, SEVIRI encompasses
83  unique spectral characteristics and accuracy: a 3 km spatial resolution at nadir (1km for the high-
84  resolution visible panchromatic channel), an imaging-repeat cycle of 15 minutes, and 12 spectral
85  channels [30]. The catalogue of the LSA SAF products is available on the LSA SAF website (http://Isa-
86  saf.eumetsat.int). These products are all intensively validated against ground measurements, model
87 outputs, or similar parameters retrieved from other sensors.

88 The list of LSA SAF products includes two DSSF products derived from MSG/SEVIRI data and
89  developed based on the research conducted by [10]: the MDSSF product (referenced LSA-201)
90  corresponding to instantaneous values of DSSF, and the DIDSSF product (LSA-203) corresponding
91  to daily accumulated values of DSSF. Their distribution is performed in near real time with a
92  timeliness of three hours, counted after the last satellite observation. The production is done every 30
93  minutes for the instantaneous MDSSF product, and daily for the DIDSSF product. Both products
94 consider clear and cloudy skies, and provide total shortwave fluxes but without distinction of the
95  diffuse fraction. Although these products have proven to be of high quality [31, 32, 33], they still show
96  some limitations under clear-sky conditions, as they rely on the hypothesis of temporally and
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97  spatially constant aerosol properties [34]. The importance of aerosols on the DSSF estimation was

98  underlined in numerous studies, especially in regions with high aerosol concentrations [35, 36, 37,

99  38]. The main difficulty towards considering aerosols to derive DSSF was the general lack of accurate
100  and dynamic information on the aerosol particles in the atmosphere. This limitation is nowadays less
101  important thanks to the improvements in atmospheric numerical models combined with the use of
102  anincrease amount of satellite measurements [39, 40, 41]. Satellite products on aerosol properties (e.g.
103  [42]) could represent alternatives. However, it was proved that their accuracy was still not enough to
104  calculate accurately the radiative forcing due to aerosol at the surface [43], which is intimately related
105  toDSSF.
106 This study describes the generation of a new LSA SAF product, referenced LSA-207 and called
107  the MSG-derived Downwelling Surface Shortwave Flux - Total and Diffuse (MDSSFID). The two
108  main advantages of this upgrade of the MDSSF operational product are (i) the improvement of the
109 DSSF estimation (especially thanks to the consideration of the influence of aerosols on the
110  atmospheric transmittance in case of clear-sky and cloudy-sky conditions), and (ii) the retrieval of the
111  diffuse fraction at the surface level for all sky situations.
112 This article is organized as follows. Section 2 gives an overview of the methodology and the
113 workflow for the estimation of the DSSF flux and its related fraction of diffuse radiation. Section 3
114 describes the input data that are needed for the calculation of these variables. Section 4 provides
115  detailed descriptions of the algorithm under clear-sky and cloudy-sky conditions. Section 5 describes
116  the characteristics of the product outputs and lists the known limitations before concluding in Section

117 e.
118 2. Method

119  2.1. Definition of retrieved quantities

120  2.1.1. Downwelling surface shortwave radiation
121 The downwelling surface shortwave radiation flux, E !, isdefined as the integral of the spectral
122  irradiance E(A) over the wavelength interval [11=0.3um, Ad>=4pm]
Lt
123 E" =], E(A)dA (Eq. 1)

124  DSSF is expressed in Watts per square meter (W/m?2). The spectral irradiance at wavelength A is the
125  hemispherical angular integral of the downwelling spectral radiance L(4, 85, ¢s) over the solar
126  azimuth and zenith angles, noted respectively @g and 05, weighted by the cosine of the solar zenith

127  angle
128 _2m /2 . )
EQ) = [27 3 [7% LA, 8, 95)cos(8,)sin(6,)d6, do, (Eq.2)
129 It includes contributions owing to the direct solar radiation (E ;) attenuated by the atmosphere
130  as well as diffuse radiation coming from other directions (E; £):
131 E(A) = Eqir(4) + Eqif (1) (Eq. 2)

132  The DSSF can be expressed as
133 E' = Egv(t)cos,T, (Eq. 3)

134  where E; is the solar constant, 0 is the solar zenith angle, v(t) is the Sun-Earth distance factor, and
135 T is the total effective transmittance of the entire atmosphere (including the cloud attenuation in the
136  case of cloudy skies). The latter quantity can be decomposed into multiple attenuation processes of
137  individual atmospheric components such as absorption by gases (Tyqses), Rayleigh scattering (Trgqy ),
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138  aerosols extinction (T,e,), and cloud extinction (T¢). The total transmittance is further detailed in
139  Section 4.1.

140 The total DSSF, E*, includes the contributions owing to the direct solar radiation attenuated by
141  the atmosphere, as well as diffuse radiation. It can be approximated as
142 E' = Equ(t)cos(05)(Tair + Taif) = Eair + Eaif, (Eq. 4)

143 where Ty and Ty; r are the effective transmittances of the atmosphere system (cloud-gas-aerosol)
144 for the direct and diffuse radiation respectively, and Eg;- and Eg;s are the corresponding direct and
145  diffuse radiation that compose the total DSSF.

146  2.1.2. Diffuse Fraction

147 Diffuse fraction, f, is the ratio between the diffuse incoming radiation and the total incoming
148  radiation and is calculated as follows
ffz Egip(A)da
149 =4 Eq. 5
fa /{12 E()aA (Eq. 5)
1
150 This ratio is calculated at the surface level and for the visible broadband domain ([4:=0.3um,
151  A=4pm)).
152  2.1.3. Equivalent Aerosol Optical Depth at 550 nm
153 The equivalent Aerosol Optical Depth (AOD) at 550 nm is related to the extinction of the solar

154  beam by aerosol particles in the wavelength 550 nm. It takes into account the extinctions from
155  different aerosols components that may co-exist in the same aerosol mixture (sulfates, sea salt, black
156 carbon, etc.). Therefore, the equivalent AOD is linked to the extinction of the total column of
157  atmosphere in presence of an unclassified aerosol mixture at 550 nm.

158  2.1.4. Opacity index

159 The opacity of the atmosphere is by construction the opposite of the clearness. The Opacity Index
160  (OI), is defined as
161 0l =1-K; (Eq. 6)

162 where Kt is the clearness index, in turn defined as the fraction of the solar radiation that is
163  transmitted through the atmosphere to finally strike the surface of the Earth. The clearness index
164  (Kt) ishighunder clear and sunny conditions and low under cloudy conditions. The clearness index
165  canbe calculated as the incident radiation at the surface level divided by the extraterrestrial radiation
166  at the top of the atmosphere

£
168 Finally, it stands from Eq. 4 that Kt is, in our case, nothing else than T, the total transmittance

169  of the atmosphere. Analogously, OI, which characterises the opacity of the total column of the
170  atmosphere, could be also referred as the total extinction of the atmosphere.

171  2.2. Overview of the retrieval method

172 An overview of the retrieval method is presented in Figure 1 with a discrimination between the
173 clear and cloudy cases. The list of the retrieved variables is in yellow colour. The main two variables
174  are the total DSSF and the diffuse fraction. However, two additional quantities characterizing the
175  atmosphere are also estimated: an equivalent AOD at 550 nm and the Opacity Index. These four
176  variables are all useful to understand the mutual dependencies between them and hence they will all
177  be made available to the user and embedded in the final product (Section 5.1) together with the
178  associated quality flags. Each output estimate is delivered on a pixel-wise basis that propagates the
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179  processing quality information of each module (clear-sky and cloudy-sky). The green colour is used
180 for the inputs, which will be further explained in Section 0.

‘ gases ‘ ‘ sun / sensor geometry ‘ ‘ cloud mask ‘

\M ‘ aerosols ‘ ‘ DEM ‘ ‘TOA radiances‘

Determination of individual atmospheric
transmittances (gases, Rayleigh, aerosols, clouds

Clear-sky method N Cloudy-sky method _

Total DSSF Diffuse Fraction

Processing Opacity Equivalent AOD for

Quality Flag Index the aerosol mixture
181
182 Figure 1. Overview of the flow chart of the MDSSFTD algorithm: in green, the input data used; in
183 blue, the processing steps; and in yellow, the processing outputs.
184 The method used for the retrieval of DSSF and f; is composed of three main steps (see the blue

185 in Figure 1): first, the estimations of the individual atmospheric contributions and the total
186 atmospheric transmittance (Section 4.1); second, the parameterization for clear-sky conditions
187  (Section 4.2); and third, the parameterization for cloudy-sky conditions (Section 4.3). The approach
188  chosen for the retrieval is based on explicit physical parameterizations of the contributions of each
189  atmospheric component to the light attenuation. Moreover, the decoupling hypothesis between clear-
190  sky irradiance and cloud attenuation is discussed in [44]. Therefore, this first step of the MDSSFTD
191  processing is to determine the transmittance of atmospheric gases, the Rayleigh scattering, the aerosol
192  mixture, and clouds. These individual contributions are then used to estimate the total atmospheric
193  transmittance. A Digital Elevation Model (DEM) is used (see Section 3.2.1) to perform an elevation
194 correction. A discrimination with different parameterizations of the total atmospheric transmittance
195  are therefore used for clear and cloudy pixels. Clear and cloudy pixels are determined through the
196  cloud mask which, therefore, represents an important information. The cloud mask used by
197  MDSSFTD is the satellite derived product described in Section 3.3.1. Despite this clear-sky/cloudy-
198  sky discrimination, a particular attention is paid to ensure the spatial continuity of the radiation
199  estimates at the borders between cloudy- and clear-sky conditions.

200  3.InputData
201  3.1. TOA data

202  3.1.1. Satellite TOA radiance

203 The LSA SAF operational system provides TOA radiances from SEVIRI in the channels centred
204 at0.6pm, 0.8um, and 1.6um (see Figure 2). These data are only used in the cloudy-sky method for the
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205  estimation of the cloud albedo and cloud transmittance, as it will be explained in Section 4.1.5. Figure
206 2 shows the radiation reflected back to space (top-of-atmosphere radiances). The position of clouds
207  for the 15/08/2017 at 12:30 is given in Figure 3. Cloudy areas usually correspond to the areas with
208  highest TOA radiances. It illustrates that the brighter the clouds appear in the satellite images, the
209  more radiation is reflected by them, and therefore the less radiation reaches the ground.

(a) (b)
RADIANCE (0.6 ;m) RADIANCE (0.8 ;im)
2017/08/15 12:30

22.5
20.0
17.5
15.0
12.5
10.0
7.5
5.0
2.5
0.0

210
211 Figure 2. Example of MSG-SEVIRI radiances (mW m? sr?! (cm™)?) at the TOA level on the 15" of
212 August 2017 at 12:30UTC for channels centred at (a) 0.6um, (b) 0.8um, and (c) 1.6um.

213  3.1.2. TOA incoming sun radiation

214 The solar constant used in this algorithm, for both clear-sky and cloudy-sky modules, covers the
215  shortwave band between 0.250um and 4pum, and equals 1367 W/m?, as given by the World
216  Meteorological Organisation [45]. However, this value will probably need to be adjusted in the next
217  years. The spaceborne radiometers are becoming more and more accurate, and recent measurements
218  seams to yield 1362 Wm with an uncertainty of order of 2 Wm= [46]. The Sun-Earth distance factor
219  v(t) can be estimated as

v(t) = 1.00011 + 0.034221 x cos(I") + 0.00128 x sin(T)
220 +0.000719 x cos(2I) (Eq. 8)
+0.000077 x sin(2I),

221  with the day angle [ (in radian) defined by [47] as [ = 211 (k; — 1) /365, k; being the day of the
222 year.
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223 3.2. Surface characteristics
224  3.2.1.Digital elevation models
225 The MDSSFTD algorithm for clear-sky retrievals rely on two Digital Elevation Model (DEM)

226 files, that are used to correct the aerosol layer height and distribution. The first DEM, noted DEMwsg,
227  isderived from the USGS GTOPO30 DEM by bilinear interpolation to the SEVIRI grid resolution. The
228  GTOPO30 DEM exploited is originally available at a spatial resolution of 30 arc-seconds (i.e. at
229  approximately 1km resolution, https:/Ita.cr.usgs.gov/GTOPO30). This DEM estimates the height at
230  each SEVIRI pixel. The second DEM, noted DEMcaws, is the bilinear interpolation to the SEVIRI grid
231  of the coarser DEM used to model the atmospheric fields that are used as input to the MDSSFTD
232 algorithm (see Section 3.3). Figure 3.a shows DEMwsc over MSG disk.

(a) (b) AL-BB-BH
DEM_MSG 2017/08/14

- 5000 / —

l 4000

- 3000

|8

2000

1000

@LSASAF. (9 0 ®LSASAF .
5 METEO e METEQ
e FRANCE e

NWC-CMa
2017/08/15 12:30

snow
cloudy

— cloud contaminated

I cloud free

®LsASA s R (i) | Not processed
i b METEO
FRANCE

233

234 Figure 3. Examples of auxiliary input data used for the estimation of DSSF for the 15t of August, 2017
235 at 12:30UTC: (a) MSG Digital Elevation Model (called DEMwisc), (b) LSA SAF MSG Daily Land Surface
236 Albedo (MDAL) product for the 14*h of August, 2017 (day before the processing), (c) NWC SAF cloud
237 mask at the exact date and time of the DSSF estimation.

238  3.2.2. Land surface albedo

239 The surface albedo used as input for the MDSSFTD algorithm corresponds to the MSG Daily
240  surface Albedo product (MDAL) distributed daily by the LSA SAF in near real time [10, 48, 49]. The
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total Broad-Band shortwave Bi-Hemispherical albedo (BB-BH dataset) is chosen as the most
appropriate variable to estimate the albedo of the surrounding environment. This ‘environmental’
surface albedo considers the contribution of the area surrounding the processed pixel to the multiple
scattering of radiation between the surface and the lower boundary of the atmosphere (indeed, BH
offers an integration of directional effects over the target). The MDAL product covers the full MSG
disk and is provided at the SEVIRI native spatial resolution. Due to near real time constraints, the
albedo of the previous day is used as input of the algorithm. This hypothesis of a stationary albedo
is plausible in most of situations. Figure 3.b shows the MDAL BB-BH surface albedo for the 14t of
August, 2017.

3.3. Atmospheric characteristics

3.3.1. Cloudiness

Two distinct methods are used to estimate the DSSF, one for clear-sky conditions and one for
cloudy-sky conditions (see Section 2.2). The cloud mask used in MDSSFID is therefore a crucial
variable as it allows identifying the cloudiness for all pixels with a high confidence. The absence or
presence of clouds for each SEVIRI pixel is derived from the cloud mask that is generated and
distributed by the SAF NWC (http://www.nwcsaf.org, [50]) to support nowcasting applications. This
cloud mask is generated using the operational MSG cloud detection method initially developed by
[51], and made available every 15 minutes over the full MSG disk. Figure 3.c shows an example of
this cloud mask for the 15 of August, 2017 at 12:30UTC.

3.3.2. H20 and Os columnar content modelling

The total columnar water vapour (Uy,) and total columnar ozone (uy,) content exploited in
this study are obtained from the ECMWF Integrated Forecast System (IFS), made available globally
with a 0.125°x 0.125° spatial resolution. The operational LSA SAF chain makes use of forecasts up to
36 hours ahead available at hourly time-steps. The latest water vapour and ozone forecasts available
are then interpolated temporally to a 15-minutes estimate, and spatially on the MSG disk for ingestion
by the MDSSFTD algorithm. Figure 4 gives an overview of Uy, and u,fields.

(a) uOs3 (b) uH,0
2017/08/15 12:30 2017/08/15 12:30
Kg/m? , 4> Kg/m?
\ 0.007

0.006
0.005
0.004
0.003
0.002

w 0.001

@LSA SAF (3 0.000 ELSASAR.
' METEO : < METEO
FRANCE R FRANCE

Figure 4. Example of a) the Total Ozone Column content (in kg/m?) and b) the total column water
vapour content (in kg/m?) for the 15% of August, 2017 at 12:30 UTC, derived from the ECMWE-IFS
forecasts.

3.3.3. Aerosol optical depth and speciation

d0i:10.20944/preprints201910.0232.v1
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The Copernicus Atmosphere Monitoring Service (CAMS, https://atmosphere.copernicus.eu)
distributes the aerosol optical depth (AOD) at 550 nm forecasted by the European Centre for
Medium-Range Weather Forecasts (ECMWF) for eleven natural and anthropogenic components.
Different components are: Sulphate (SU), Sea-Salt (SS), Black Carbon (BC) for 3 classes of particle size,
Organic Matter (OM) for 3 classes of particle size, and Dust (DU) for 3 classes of particle size. These
aerosols optical depths are available in near-real time and at a spatial resolution of approximately
0.4°x0.4° (~40kmx40km). The delay of a few years between the forecast data and the reanalyses of
CAMS is not acceptable in the LSA SAF due to the NRT constraints. Also, CAMS forecasts of AOD
are used as input to the MDSSFTD algorithm to constrain the aerosol content and speciation. These
aerosol data are interpolated spatially to the MSG/SEVIRI grid. The latest forecast available before
the processed timeslot is used (but no longer than 3 hours before). Figure 5 gives an overview of the
forecast products of aerosol optical depth at 550 nm for all aerosol components modelled for the 15th
of August, 2017 at 12:00 UTC and used as input to the processing of MDSSFTD for the timeslots of
the 15th of August, 2017 from 12:00 UTC to 14:45UTC.

d0i:10.20944/preprints201910.0232.v1
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288 Figure 5. Example of visualisation of the CAMS AOD at 550nm for the 15" of August, 2017 at 12:30
289 UTC for (a): Sea Salt aerosols; (b): DUst aerosols; (c): SUlphate aerosols; (d) Black Carbon aerosols;
290 and (e) Organic Matter aerosols.
291 In order to compute the radiative quantities related to each type of aerosol, we use the Global

292  Aerosol Data Set (GADS) [52], which makes available the optical properties of a number of aerosol
293  types. However, these types do not completely match the CAMS aerosol classification and, therefore,
294  acorrespondence between CAMS and GADS aerosol components was implemented, as proposed by
295  [53]. At the end, the aerosol layer considered in MDSSFID is a dynamic mixture of the following
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296  aerosol components: the insoluble particles (modelled by the GADS component “INSO”); the water
297  soluble particles (GADS “WASO” component); the black carbon particles (GADS “SOOT”
298  component); the fine and coarse sea-salt particles, referred to as SSALL (combination of GADS classes
299 SSAM and SSCM); and the fine, medium-sized and coarse mineral particles, referred to as MIALL
300  (combination of GADS classes MINM, MIAM and MICM). The properties of the aerosol components
301  used as input of MDSSFTD algorithm are shown in Table 1.

302 Table 1. List of the single scattering albedo (W0) and hygroscopic nature of the GADS aerosol
303 components, as used by the MDSSFTD algorithm.
INSO WASO SOOT SSALL MIALL
Type of particles Insoluble Water-soluble  Soot  Sea Salt Mineral Dust
wo at 500nm 0.72 0.98 0.23 1.0 0.83
hygroscopic no yes No Yes No

304  3.3.4. Aerosol Optical Properties (Look Up Table)

305 In order to estimate aerosols individual transmittances, the algorithm uses the SIRAMix method
306  (Surface Incident Radiation estimation using Aerosol Mixtures) developed by [53]. SIRAMix is based
307  ona physical parameterization of the direct and diffuse DSSF that is fed by a pre-computed Look Up
308  Table (LUT) of aerosol optical properties. The LUT was generated using the radiative transfer model
309  libRadtran (Mayer and Kylling, 2005). The LUT file is less than 300 kB and allows fast identification
310  of the aerosol optical properties with an optimized computation cost that is well suited for
311  operational purposes. The LUT provides the following variables for each of the 5 GADS aerosol
312  components (INSO, WASO, SOOT, MIALL, SSALL), indexed i in the following and listed in Table 1:
313 (i) the shortwave spherical albedo of aerosols, Al (85, Up,o) and (ii) the direct and diffuse
314  individual transmittances, Téer,dir (65,85, quO) and Téer,di £(8s, 8%, Up,0)- The computation of
315  these quantities was made with libRadtran for a predefined range of values for the sun zenith angle
316 (85), varying between 0° and 85°; for the total column content of atmospheric water vapour (Uy,¢)
317  (with the corresponding modification of the optical properties of hygroscopic aerosols) varying
318  between 0 and 5 g/cm? and the aerosol optical depths at 550nm for each aerosol component i (66)
319  with values taken between 0 and 4. Interpolation techniques are used to identify the values of these
320  variables for a given atmosphere/geometry combination.

321 3.4. Summary of the input data

322 Table 2 summarizes the input data sets that are used for the clear-sky and cloud-sky cases. The
323 only difference is the exclusive use of the SEVIRI TOA radiances for the cloudy-sky case.

324 Table 2. Summary of the exploitation of each of the input dataset by the processing modules.
Input category Input Description and Source Cﬁ;:;ﬁy Cl::ll:tiﬁ:fjky
Atmosphere MSG SEVIRI TOA radiances - X
Geometry Solar zenith angle (MSG ancillary data) X X
Atmosphere Cloud mask (NWC SAF) X X
Atmosphere GADS aerosols components database (Koepke et al., 1997) X X

Atmospheric forecasts of O3 and H,O gases content from
Atmosphere CAMS/ECMWEF, interpolated to SEVIRI grid and to 15- X X
minutes resolution

Atmospheric forecasts of AOD per aerosol type, from

Atmosphere CAMS/ECMWF, interpolated to SEVIRI grid
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Surface MSG Shortwave Daily Land Surface Albedos X <
(MDAL, LSA SAF)
Surface USGS DEM interpolated to SEVIRI resolution and X
atmospheric fields DEM interpolated to SEVIRI resolution
Atmosphere Aerosol Optical Properties LUT (SIRAMix) X X
325 4. Algorithm description
326  4.1. Diffuse and direct transmittance contributions of the individual atmospheric components
327  4.1.1. Gas transmittances
328 The transmittances from gases are used by both methods (clear and cloudy cases) to account for

329  the absorption of gas molecules. They are parametrized empirically according to [55] as follows

!
axm’Xugqs

330 T yas diraif = 1 (Eq.9)

B (1+bxm’xugas)c+dxm’xugas
331  where the sub index gas stands for any of the seven gases mentioned in Table 3; the coefficients a, b,
332  c¢,and d depend on the gas (see Table 3); the pressure-corrected optical air mass (m') is described in
333  the following; and g4 corresponds to the total column content for a given gas in units of atm-cm.
334  Here, only the total column water vapour and ozone content are considered as changing variables.
335  These values are derived from the ECMWF forecasts as it is presented in Section 3.3.2, while other
336 Ugqas values are considered static. Fixed concentrations are given in Table 3. For gases, there is no
337 distinction between direct (‘dir’) and diffuse (‘dif') — same value of the transmittance is used in both
338  configurations of the radiation.

339 Table 3. Coefficients a, b, c and d used to compute the shortwave gases transmittances; from [55, 56,
340 57] and [58].
gases a b c d Ugqs (atm.cm)
H,O 3.0140 119.300 0.6440 5.8140  Variable (see Section 3.3.2)
03 0.2554 6107.26 0.2040 0.4710  Variable (see Section 3.3.2)
CO, 0.0721 377.890 0.5855 3.1709 350
Cco 0.0062 243.670 0.4246 1.7222 0.075
N0 0.0326 107.413 0.5501  0.9093 0.28
CH,4 0.0192 166.095 0.4221 0.7186 1.60
(0)} 0.0003 476.934 0.4892 0.1261 2.095 x 103
341
342 The pressure corrected air mass (m') is defined as:
m'=m()
343 Po (Eq. 10)

with p = po(1 — 2.25577.1078 x H)>25588

344  where p is the atmospheric pressure at the surface altitude (in Pa); p, is the mean atmospheric
345  pressure at sea level (pg=101325 Pa), and H| is the altitude above sea level (in kilometers);

346  and where m is the optical air mass at standard pressure p,, and is formulated according to [59]

347  as:
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348 m = [cosOs + 0.50572(96.07995 — 95)~1:6364]~1 (Eq.11)
349 This equation was found accurate for any air mass up to 64<85° with an error of less than 0.5%.
350  4.1.2. Rayleigh direct and diffuse transmittances
351 The total (direct plus diffuse) transmittance due to Rayleigh scattering is formulated according
352  to[60] as:
353 Tray,air+dif = €xp[—0.1128 x (m")*83%¢ x (0.9341 — (m")*98%8 4+ 0.9391 x m")] (Eq. 12)
354  where m' is the pressure-corrected air mass as defined above in Egs. 11 and 12.
355 The diffuse transmittance due to Rayleigh scattering is formulated according to [61] as:
356 TRay,dif =05%x(1— TRay,dir+dif) (Eq. 13)

357  where the 0.5 factor stands for the forward scattering fraction [62], i.e. the Rayleigh scattering is
358  assumed isotropic and only half of the scattered radiation goes downward.

359  4.1.3. Aerosols transmittances and spherical albedos

360 The characteristics of each individual aerosol component were presented in Section 3.3.3. The
361  combination of several components results in the aerosol mixtures that are observed in reality. To
362  derive the transmittance and the spherical albedo of the whole aerosol mixture, the individual
363  spectral albedos and the individual transmittances of each of the aerosol components are determined
364  following [53]. These quantities have been pre-computed for different combinations of aerosol load,
365  water vapour and solar zenith angle and used in the SIRAMix as Look Up Table (LUT) for each of
366  the GADS components (see Section 3.3.4). The AOD values from each CAMS aerosol component are
367  converted into AOD values corresponding to the GADS aerosol components. This is done based on
368  following equations [53]:

369 84S0 = 55V + 0.568M + 0.268¢; 6NS0 = 0.568M; §59°T = 0.865¢;
370 85 SALL = §55; sMMALL = §DU (Eq. 14)
371 The optical depths 8 of the individual aerosol components i are first height-adjusted before

372  being used for the computation of total aerosol transmittance. Indeed, the aerosol layer spreads
373 vertically from the ground (Hy) to the top of the aerosol layer (Hzo;). The CAMS AOD is provided
374  with a ground height (H¢ays) defined at its own grid resolution (0.4 degrees), which can differ from
375  the real ground height Ho. Since aerosols are not homogeneously distributed on the vertical, the
376 CAMS AOD converted to GADS types, determined as described in the equation above, may not be
377  adequate to use directly in the computation. Appropriate correction is therefore executed as

“Hror ~ ~Hocams —HroL

. . . -H
378 5(1)_gads,helght_cor — 5(1)_gads(eT° —e z )(e 7 —e z )_1 (Eq. 15)

379 where i_GADS stands for the GADS components (INSO, WASO, SOOT, SSALL, MIALL) and Z is the
380  scale height in kilometres. More details on this height correction are given in [53]. Values of Z and
381  Hppy are provided for each GADS component in Table 4.

382 Table 4. Vertical structure of GADS aerosols as considered in SIRAMix.

GADS Aerosol components INSO WASO SOOT SSALL MIALL

Z (km) 8 8 8 1 2
Hror (Km) 2 2 2 2 6
383 The equivalent spectral AOD at 550nm & QUS5045 defined as:
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384 6§QU550 — 215:1 Sé,height_cor (Eq. 16)

385 where i index stands for the 5 GADS aerosol components (INSO, WASO, SOOT, SSALL and MIALL),

386 5é'helght‘wr the equivalent and height-corrected aerosol optical depth for each aerosol component.
387  This equivalent spectral AOD at 550nm (Eq. 17) is one of the output variables provided in the
388  MDSSFTD product.

389 Finally, these spectral AOD at 550nm are converted to total shortwave (broadband) AOD noted
390 L, as the DSSF is defined based on an integration over a given spectral range. The broadband
391  conversion of the spectral aerosol optical depth of the individual aerosol components is defined as:

392 Ay = —ai(88)* + BoE (Eq. 17)

393  where a and B are the regression coefficients determined by radiative transfer simulations for varying
394  aerosol optical depths, as it is detailed in Table 5.

395 Table 5. Regression coefficients for GADS aerosol components to convert spectral AOD into
396 broadband AOD.

GADS Aerosol components INSO WASO SOOT SSALL MIALL

o 0.002  0.057 0.047 0.009 0.002

B 1.022  0.646 0.711 0.961 0.977
397 The broadband spherical albedos and the transmittances can be obtained by extracting the LUT
398  values that correspond to the broadband AOD values for each of the GADS component.
399 The total aerosol transmittances and total aerosol spherical albedos for the aerosol mixture are

400  determined as the sum of the individual quantities of each component weighted by the

401  corresponding total shortwave AOD A}, and normalized by the equivalent broadband AOD (Ao), as
402  follows [63]:

1 . .
Taer,dir = . ?:1 A%) t;er,dir
0

1 . .
403 Taer,air = 5215:1 AT ger aif (Eq. 18)
1 . .
Ager = Z ?=1A6Ailer

404  where A, is the equivalent broadband AOD, defined as the summation of the individual broadband

405  aerosol optical depths A} for the 5 components of the aerosol mixture presented above (i.e. INSO,
406  WASO, SOOT, SSALL and MIALL)

407 Ao =¥, Ab (Eq. 19)

408  where i index stands for the 5 aerosol components, &} the equivalent and height-corrected aerosol
409  optical depths for each aerosol component, and @' and f' the AOD spectral to broadband
410  conversion coefficients provided in Table 5.

411  4.1.4. Total cloud-free atmospheric transmittance

412 The total cloud-free atmospheric transmittance is equal to the clear-sky transmittance. In cloudy
413  situations, the same value of cloud-free atmospheric transmittance is used for the transmittance
414 happening below the cloud layer. This parameter helps providing an estimation of the total cloudy-
415  case transmittance (Section 4.1.5). Both cloud and cloud-free transmittances and albedos are key
416  parameters for the estimation of the incoming solar radiation at the surface level.

417 The cloud-free transmittance,T¢_ fyeeq is delivered by using the output of SIRAMix module which

418  calculates the clear-sky total DSSF (E£L¢%", described in [53] and briefly discussed in Section 4.2.2):
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AsAc_
419 TC—freeA = Etfcégar/EO v(t)cosl; = T(::;ifreeA(1 + M)' (Eq. 20)
1_ASAC—freeA
420 This cloud-free atmospheric transmittance T¢_freeq is an estimate of the combined effective

421  transmittances of gas absorption, Rayleigh scattering, and aerosol extinction. The parameter
422  T._ freea 1s combined with the transmittance of clouds in order to estimate the total DSSF for cloudy-
423  skycase. T¢_freea includes single and multiple scattering contributions between the surface and the
424 albedo of the cloudless atmosphere. One important variable for the cloudy-sky case, which is
425  indirectly estimated here from Eq. 21, is the single scattering clear-sky transmittance (T2 freea)- The
426  two terms in Eq. 21 express the product between the single scattering clear-sky transmittance
427 (T¢Z freea) and a multiple scattering factor (in the right hand side of the equation) between the clear-
428  sky atmosphere albedo (A¢_freeq) and the surface albedo (Ag). The albedo of the cloud-free
429  atmosphere is estimated as follows

430 Ac—freea = Ager T ARray, (Eq. 21)

431  where Ay, is the total broadband aerosol albedo derived from Eq. 19, and Aggy is the Rayleigh
432  albedo approximated by [64] as a constant value (equal to 0.0685).

433  4.1.5. Total cloudy-sky atmospheric transmittance

434 For cloudy pixels the DSSF is estimated based on a simplified physical description of the
435 radiation interactions in the atmosphere-surface system according to [65] and [66]. Here it is assumed
436  that a homogeneous cloud layer covers the whole image pixel. The effective transmittance factor
437  T_4 for cloudy atmosphere is therefore given by

_ TgifreeATC
438 TC_A - 1_AS(AC—freeA+TbcT¢%erAC) (Eq 22)

439 where T¢Zfpeeq is the cloud-free single scattering atmospheric transmittance, T is the cloud
440  transmittance, Agis the surface albedo, T, is the atmospheric transmittance between the surface
441  and the cloud, and A is the cloud albedo of the surrounding pixel approximated by the cloud
442  albedo. The uncertainty due to this approximation can become important in case of a broken-cloud
443  sky - especially in presence of a dense cloud layer surrounding a partially cloudy contaminated area.
444  The denominator of Eq. 23 quantifies the multiple scattering between the surface and the bottom of
445  the cloud layer.

446 The cloud transmittance T, and the cloud albedo A, are key parameters for the estimation of
447  the incoming solar radiation at the surface level. They are highly variable with respect to time and
448  space as they depend on the often-rapid evolution of clouds. The instantaneous values of these two
449  cloud variables are determined from the satellite measurements and with the help of a physical model.
450  The estimation is performed by inverting a system of two equations that approximate the radiative
451  transfer happening within the atmosphere-surface medium including aerosols, gases, and clouds.
452  The approach is an improved version of the one proposed by [10]. Because these two cloud variables
453  have broadband characteristics, the satellite spectral reflectances in the spectral channels of the
454  satellite instrument (here the MSG/SEVIRI channels at 0.6um, 0.8um, and 1.6um) are first
455  transformed to broad-band top-of-atmosphere albedo Arps. We apply the spectral conversion
456  relations proposed by [67] based on CERES (Clouds and the Earth’s Radiant Energy System) TOA
457  broadband data and the angular reflectance model of [68].

458 The first equation of the system that is inverted to derive T¢ and A; expresses the albedo at
459  the top of the atmosphere Atga as the sum of the different contributions that are illustrated in Figure
460 6. The TOA albedo depends on (i) radiation coming from Rayleigh scattering of gases above the cloud
461 layer (Ag), (ii) radiation reflected by the cloud layer that is attenuated by gases above
462  (A:Tsuncioudsat ) (iii) radiation reflected by the surface that is attenuated by the atmosphere and the
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463  cloud layer (AsTsynsurfacesat T¢ ), and (iv) radiation reflected by the aerosol layer that is attenuated
464 by the gases and the cloud layer (Ager Tsuncioudasat T ):

2 2
AsTsunSurfaceSatTC AaerTsunCloudsatT¢ (Eq 23)

A = Ap + AT
toa = AR F Aclsuncioudsar =77, 7 - A, Ac

465  where T, is the transmittance below cloud, Tsynsurfacesat i the transmittance between the sun,
466  the surface, and the satellite, and Tsypncioudsar i the transmittance between the sun, the cloud, and
467  the satellite. It is important to note that the third term of the equation above accounts for multiple
468  scattering between the surface and the bottom of the cloud layer. Similarly, the fourth term accounts
469  for multiple scattering between the aerosol layer and the cloud layer above it.

‘ Top of Atmosphere ‘

E. = Eyxv(t)Xcos(6)

+ 2 + 2
E~L A E;a Tsuncloudsa[ AC E toa X Tsuncloudsu[ TC Aaer E toa X Tsunsurfacesar TC As
et R 1_AaerAC l_As AC Tbc
Cloudfree atmosphere layer above clouds (gases only) (Tacs Ar)
Cloud layer (Te,Al)
Cloudfree atmosphere layer below clouds (aerosols + gases) (Toer Ager)

\/

471 Figure 6. Schematic flow chart showing how the surface associated medium is represented by MDSSFTD simple
472 radiative transfer scheme. The four terms of Eq. 24 appear in the upper part of the scheme.

473

474 The initial parametrizations of Ty, and Tsypsurfacesar (hereafter called T’y and
475 T'SunSurfaceSat) proposed by [64, 65], and also used by [10], only considered gas transmittances
476  between the cloud and the surface. We improved this parametrization by considering also the
477  influence of aerosols particles by doing Tsynsurfacesat = T sunsurfacesat X Taer and Tpe =
478 Tsynsurfacesat! Tsunciouasat = T'be X Taer- In comparison to previous formulation by Geiger et al.
479 2008, the fourth term in Eq. 24 was added for the cloud-aerosol radiative coupling. The new
480  formulation also accounts for the multiple scattering between the top of aerosol layer and the bottom
481  of the cloud layer by using the aerosol albedo. We remember that the MDSSFTD algorithm assumes
482  that aerosols exist only below the cloud layer.

483 The second equation of the inverted system gives the cloud transmittance Ty expressed in
484  terms of the cloud albedo A; and the cloud absorption a; as:

TC=1_AC_aC=1_AC_aAc. (Eq.24)
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The cloud absorption is modelled as a linear function of the cloud albedo by introducing the
“cloud absorption factor” a. The currently employed numerical value of @ = 0.11 was not derived
from first principles, but has been adjusted by matching the final flux estimates with the help of a
validation database [69]. This parameter therefore mainly serves for “absorbing” the methodological
approximations and uncertainties, rather than for quantifying the physical cloud properties. Note
that the cloud transmittance T could be improved using a radiative transfer model and taking into
account the varying cloud optical thickness as a function of cloud type. Finally, combining the
expressions Eq. 24 and Eq. 25 allows us to calculate the two unknowns T, and A; from the
“observable” Atoa by solving a quadratic equation.

In Eq. 23, the total aerosol transmittance T, is derived from the total DSSF formula (see Eq. 4),
as it is applied to the clear-sky case, as follows

clear

E| o
Taer = e (Eq. 25)

(Eov()cos(05)XTH,0XT03XTmgXTRay)

where the individual transmittances of gases and Rayleigh scattering are defined in Sections 4.1.1
and 4.1.2.

Finally, the total cloudy-sky atmospheric transmittance is obtained by combining Eq. 23 and Eq.
21:

Tc- freeATC
Tc— Eq. 26
c-4 = 1-Asx(Ac- fTeeA+TbcTaerAC) (1 _AsAc—freea (Eq )

1-AsAc- —freeA
where T¢_freeq is the cloud-free total atmospheric transmittance.
The previous formulation assures the continuity at the transition between the cloud and cloud-
free situations. In the case of no cloud (when T¢ =1 and A¢ =0), T¢_4 becomes equal to T¢_freea,
which corresponds to the cloud-free transmittance of the atmosphere.

4.2, Algorithm description: clear-sky case

4.2.1. Description

In the absence of clouds, the estimation of DSSF is carried out using the method developed by
[53] referred to as SIRAMix in order to estimate the aerosols individual transmittances. SIRAMix is
based on a physical parametrization method coupled with a pre-computed LUT of aerosol properties
(see Section 3.3.4) that comprises mainly the direct and diffuse aerosol transmittances of different
aerosol components and their corresponding albedos. The input data for aerosol and gaseous
components are described in Section 3.3. The originality of SIRAMix is that the effective transmittance
of the atmosphere (see Eq. 4) is calculated based upon a combination of the individual transmittances
of each gaseous and each aerosol components (i.e. sulphate, soot, sea salt, organic carbon, and mineral
dust) with a distinction between direct and diffuse components. The total atmospheric attenuations
for direct and diffuse radiation are decomposed into multiple attenuation processes of individual
atmospheric direct and diffuse components in order to consider the presence of atmospheric gases
(Tgases), Rayleigh scattering (Trqy), and aerosol extinction (Tgey). This approach is well adapted for

the estimation of the diffuse DSSF. The calculation of the total cloud-free transmittance T¢_frees is
detailed in Section 4.1.4.

4.2.2. Total DSSF for clear-sky case

The total DSSF, EfX97, reaching the surface under clear-sky conditions is derived with the
SIRAMix method as explained above (Section 4.2.1). Its estimation is decomposed in two components:

one diffuse, E§i¢*", and one direct, E5}¢®", and technically computed as:

£l = EGIe + Eglser. (Eq.27)

d0i:10.20944/preprints201910.0232.v1
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527 The diffuse DSSF is also decomposed again into two components: a single scattering term and a
528  multiple scattering term. The estimation of these terms mainly depends on the diffuse transmittance
929  of aerosols (Tyerqif; Eq. 19); the diffuse transmittance due to the Rayleigh scattering (Trgay,aif; Eq.14);
530  the shortwave ‘environmental’ albedo of the surrounding surface (see Section 3.2.2); the gas

531  transmittances (Tyas; see Section 4.1.1); and the albedo of the atmosphere under clear-sky condition

532  (see Section 4.1.4). A more detailed description of the calculation of Ef:¢*" and of its two sub-

533  components (E, gﬁff‘r, cleary is given in [53]. The most important feature to retain is that the approach
534  is based on the individual transmittance contributions of the different atmospheric components as
535 described above (Section 4.1). In addition, satellite radiances are not directly used here to estimate
536  the incoming solar radiation, but only the sun radiation at the TOA (Section 3.1.2). However, the
537  satellite derived surface albedo is used to retrieve the multi-scattered radiation from the atmosphere

538 to the surface, which could become an important contribution over bright surfaces.

539  4.2.3. Equivalent AOD, Diffuse fraction and opacity index for clear-sky case

540 The diffuse fraction at the surface level in clear-sky conditions (f5'¢%") is derived as follows:
gl
542 This diffuse fraction at the surface level is one of the datasets provided in the MDSSFTD product.
543 The clearness index (Kt) is approximate as the amount of the total clear-sky DSSF to the
544 amount of solar flux that is observed at the top of the atmosphere
_ _ Eforal
545 Ky = Eoxv(t)xcosbg (Eq. 29)
546 The opacity index (OI), which is also provided as output of the MDSSFTD product, is derived
947  from Eq.7.
548 The calculation of the equivalent AOD at 550nm is detailed in Section 0.
549 4.3. Algorithm description: cloudy-sky case
550  4.3.1. Description
551 In cloudy conditions, the total DSSF is strongly anti-correlated with the observed reflectance at

552  the TOA. The method for the total DSSF retrieval under cloudy conditions first determines the total
553 shortwave TOA albedo (cloud albedo) and cloud transmittance from the TOA reflectances observed
554 by SEVIRI (Section 3.1.1). Second, the same representation of gases and aerosol contributions than in
955  the clear-sky case is used. Cloud-related terms are determined by inverting a simplified radiative
556  transfer-based model (i.e. the system of two equations described in Section 4.1.5). Finally, the effective
957  transmittance of the cloudy atmosphere, Tz_, (Section 4.1.5), is used in Eq. 4.

558 In a different way than the clear-sky method, which calculates the diffuse DSSF as a prior step
559  to estimate the diffuse fraction, the cloudy-sky method determines f; based on the computation of
560 the clearness index (Kt). This index was defined by Reindl et al., 1990 and is equal to the overall
561  transmittance T of the atmosphere (see Eq. 4).

562  4.3.2. Total DSSF in cloudy conditions

563 The total DSSF, Ef9%4, in a cloudy situation is determined injecting the total effective
564  transmittance T;_4 from Eq. 25 in the following equation
565 Efloud = E v(t)cos(05)Te—a (Eq. 30)

566  where Ej is the solar constant; 85 the solar zenith angle, v(t) is the Sun-Earth distance factor (see
567  Section 3.1.2).
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568  4.3.3. Equivalent AOD, diffuse fraction and opacity index for cloudy case
569 The diffuse fraction at the surface level in cloudy-sky conditions (f5§'°%?) is estimated from the

570  total DSSF using the clearness index (Kt) as defined in Eq. 8. Variable f£$!°%¢ is estimated as
571  proposed by [70]:

572 « when K, < 0.30, then 5“4 = (1.020 — 0.248K,);

573 « when 0.30 > K, < 0.78, then 5944 = (1.450 — 1.670K,); (Eq. 31)

574 « whenK, > 0.78, then f5oud = 0.147.

575 To ensure realistic values the diffuse fraction is set to a value of 1 when the cloud transmittance

576  iszero (i.e. in the presence of very bright clouds). When the cloud transmittance is one (e.g. clear-sky
977  situation incorrectly flagged as cloudy by the input cloud mask), then the clear-sky method is used.
578  The case when K; > 0.78 is quite uncommon and only occurs in case of very thin clouds and pure
579  atmosphere with low quantities of atmospheric particles and gas (or false cloud detections). This
580  empirical method was chosen as it was validated over a number of sites in Europe. [71] reviewed a
581  number of direct/diffuse irradiance separation methods. Many of them were complex methods with
582  several predictors which proved good efficiency. However, these methods were developed for high-
583  frequency irradiance data, or they rely on future state estimators, or they are not implementable in
584  near-real time nor with 15-min instantaneous satellite measurements like SEVIRL. The methods
585  developed by [26] or [72] also seem powerful with a low degree of complexity. The impact of such
586  methods is planned to be further analysed for the case of our MSG data in the future in the framework
587  of the evolution of the MDSSFTD product.

588 The estimation of the opacity index (OI) of the total column of the atmosphere remains
589  unchanged compared to the clear-sky case (Eq. 7).
590 The calculation of the equivalent AOD at 550nm is strictly identical under clear-sky and cloudy-

591  sky conditions and detailed in Section 4.1.3.
592  5.Results

593 5.1. Overview of the output variables

594 Figure 7 shows an example of MDSSFTD product for the 15th of August, 2017 at 12:30 UTC, as
595  generated by the operational processing chain of the LSA SAF. The output comprises the following
596  datasets:

597 e total DSSF, named ‘DSSF_TOT’ in the MDSSFTD product;

598 e diffuse DSSF fraction, named ‘FRACTION_DIFFUSE’;

599 e equivalent spectral AOD at 550nm for the current aerosol load, named ‘"AOD’;

600 e the opacity of the atmosphere, named ‘OPACITY_INDEX;

601 e processing quality flags, named ‘Q_FLAG'.

602 As it can be seen in Figure 7, the total DSSF decreases over the areas that are cloudy, whereas

603  the diffuse fraction increases over these regions. However, diffuse fraction can also increase with the
604  AOD (see in North Africa over the Sahara Desert due to dust and in Southern Africa over Angola
605 and Congo due to biomass-burning aerosols).
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Figure 7. Full disk image of the distributed products: a) Total DSSF flux, b) Diffuse fraction of DSSF,
¢) MDSSFTD Quality flag, d) Equivalent spectral AOD at 550nm, and e) MDSSFTD opacity index.

606  5.2. Comparison with the previous LSA SAF DSSF product version

607 The MDSSFTD method differs from the MDSSF method (from [10] and currently used for the
608  operational production of DSSF) in several aspects such as the parametrization of gaseous
609  transmittances and the aerosol contribution. The only case when the two algorithms would give
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610  similar results would be under clear-sky conditions when MDSSFTD aerosol inputs are equivalent to
611  a horizontal visibility of 20km corresponding to continental aerosols, which is the constant aerosol
612  conditions set in the MDSSF algorithm. In the cloudy-sky case, the main difference lies in the impact
613  of the aerosol layer below the cloud layer that is now considered in the MDSSFTD product. Figure 8
614  presents the difference of the total solar flux measurements from the two LSA SAF satellite-derived
615  product versions (ref. LSA-201 and LSA-207 for MDSSF and MDSSFTD, respectively) for a particular
616  day and time slot (August 15th, 2017 at 12:30UTC). The spatial differences between the two estimates
617  of the DSSF are many. For example, the area with the maximal difference between the two products
618 s located in Central Africa (see red-coloured values on Figure 8), with values above 100W/m2 over
619  Angola/Republic of Congo. This is due to the important amount of aerosols in the atmosphere over
620  this region and for this period of the year (see equivalent AOD in Figure 7.d), resulting from biomass
621  burning (see Figure 5). The strong influence of aerosols is considered for the estimation of MDSSFTD
622  total flux, while it is not the case for MDSSF. Moreover, Figure 7.c shows that this region is cloudy,
623  which contributes to increase the differences. Consequently, this is an interesting case that illustrates
624  the major importance of considering the attenuation of the radiation due to aerosols not only in clear-
625  sky conditions. A more detailed comparison between the operational MDSSF product and the
626  upcoming MDSSFTD will be given in the companion article [73].
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628 Figure 8. MDSSFTD (LSA-207) and difference with MDSSF (LSA-201) total flux (MDSSF-
629 MDSSFTD) on the 15t of August 2017 at 12:30UTC.
630  5.3. Known issues and limitations
631 The MDSSFTD product for clear-sky conditions has been updated compared to the previous

632  operational method (MDSSF). The main evolution is the consideration of the presence of dynamic
633  aerosol conditions and the delivery of diffuse fraction estimates. The first limitation is that the current
634  version of the algorithm depends on the quality of the aerosol inputs. The uncertainty associated to
635  the AOD coming from CAMS is the major source of error for the estimate of DSSF and for the diffuse
636  fraction under clear sky conditions. [53] showed that clear-sky retrievals of DSSF are accurate enough
637  for CAMS reanalysis dataset but of much lower quality when using the forecast products as input to
638  the processing.

639 The accuracy of the MDSSFTD product also depends on the uncertainty introduced by the
640  dependencies on the surface albedo and on the approximations for the calculation of TOA albedo
641  from the SEVIRI spectral radiances. For example, in the presence of snow, the satellite values of
642  surface albedo are often less accurate. This will affect the accuracy of the estimated DSSF, as surface
643  albedo helps to estimate the multiple scattering of radiation between the surface and the atmosphere.
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644  Furthermore, multiple scattering can be very important in the presence of snow, which corresponds
645  to ahigh value of albedo.

646 The cloud mask also represents a highly sensitive auxiliary input data. Missing cloud detections
647  can significantly impact the product quality. Also, we know that the presence of broken clouds (i.e.
648  clouds not covering a whole SEVIRI pixel) are not properly considered by the model (nor the cloud
649  mask), which assumes a homogeneous cloud layer over the whole pixel [74]. MDSSFTD results on
650  SEVIRI pixels switching in time from clear to cloudy conditions or reciprocally, from cloudy to clear,
651  are very likely to correspond to conditions of broken clouds, and therefore shall be considered with
652  caution by the users.

653 A limitation could be also find due to the underestimation of the multi-scattering processes in
654  the case of a recent snow-fall that could therefore not be considered yet by using as input the
655  yesterday’s LSA-SAF satellite surface albedos.

656  Finally, a restriction is applied in the look-up-table for aerosol properties to sun zenith angles smaller
657  than 85 degrees. This is required as the radiative transfer model, and the MDSSFTD algorithm itself,
658 are not well suited for extreme zenith angles. In conclusion, this restriction disables the data
659  availability under twilight conditions (65 > 85 degrees). For the MSG/SEVIRI platform this occurs in
660  wintertime over high latitude regions.

661  5.4. Access to the code sources and data policy

662 The MDSSFTD code is made available in open source under the CeCILL-C license. Users shall
663  therefore follow the principles of this license and, in particular, the rules for the exploitation of the
664  code. In addition, users are kindly requested to duly acknowledge authors of the code: “The
665  MDSSFID code (Carrer et al., 2020a,b) was made available to the community by CNRM/Météo-
666  France thanks to the support of EUMETSAT.”

667 The code is accessible at the following location: https://opensource.umr-cnrm.fr/projects/mdssftd

668 6. Conclusion

669 This article presents a method for the estimation of the total DSSF and the corresponding diffuse
670  fraction for both clear-sky and cloudy-sky situations observed by the SEVIRI instrument aboard the
671 MSG satellite. The method first determines the individual contributions of clouds, gases, and aerosols.
672  Second, two specific retrieval modules based on physical parameterizations are used to estimate the
673  DSSF and the diffuse fraction for clear-sky and cloudy-sky situations. The code corresponding to the
674  scientific algorithm is made available to the community. The algorithm is today implemented in the
675  LSA SAF chain and the associated MDSSFTD product is available to the community since July 2019;
676  back-processed may also be requested. The LSA SAF dissemination methods are described in [49].
677  The validation of the method presented in this article is reported in the companion paper [73]. The
678  evaluation was conducted by comparing the instantaneously retrieved total DSSF and diffuse fraction
679  (fd) against ground measurements and other satellite-based products. For all sky conditions, total
680 DSSF obtained an average MBE of 3.6W m-2 and rMBE of 0.3% when compared to in situ
681 measurements, whereas MBE and rMBE for the diffuse fraction were found to be, respectively, -0.04
682  and -17.7%. Furthermore, the MDSSFTD product showed a good agreement when compared to other
683  radiation products such as the one from CAMS and the original MDSSF product from the LSA SAF.
684  Finally, it is important to notice that although the LSA SAF was initially designed to serve the needs
685  of the meteorological community, there is no doubt that this MDSSFTD product can address a much
686  broader set of applications, which includes users from agricultural and forestry sectors, as well as
687  from the renewable energy industry.

688 Acknowledgments: The work presented in this article has been carried out as part of the CDOP3 activities
689 related to the exploitation of the MSG/SEVIRI satellite misson in the framework of the EUMETSAT Satellite
690 Applications Facility on Land Surface Analysis (LSA-SAF; http://Isa-saf.eumetsat.int).
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