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Abstract. Downwelling surface shortwave flux (DSSF) is a which only provides global DSSF for the time being, and, to
key parameter to addressing many climate, meteorologicala lesser extent, for the state of the art in the matter of DSSF
and solar energy issues. Under clear sky conditions, DSSIetrieval (RMSE decrease of 10.9, 6.5, and 19.1 % for global,
is particularly sensitive to the variability both in time and direct, and diffuse DSSF with regard to the McClear algo-
space of the aerosol load and chemical composition. Hith+ithm). The main limitation of the proposed approach is its
erto, this dependence has not been properly addressed thgh sensitivity to the quality of the ECMWF aerosol inputs,
the Satellite Application Facility on Land Surface Analysis which is proved to be sufficiently accurate for reanalyses but
(LSA-SAF), which operationally disseminates instantaneousnot for forecast data. Given the proximity of DSSF retrieval
DSSF products over the continents since 2005 consideringo the modeling of the atmospheric direct effect, SIRAMix
constant aerosol conditions. In the present study, an efficienis also able to quantify the direct radiative forcing at the sur-
method is proposed for DSSF retrieval that will overcome theface due to a given atmospheric component (e.g., gases or
limitations of the current LSA-SAF product. This method re- aerosols).

ferred to as SIRAMix (Surface Incident Radiation estimation

using Aerosol Mixtures) is based upon an accurate physi-

cal parameterization coupled with a radiative transfer-based

look up table of aerosol properties. SIRAMix considers atro-1  Introduction

pospheric layer composed of several major aerosol species

that are conveniently mixed to reproduce real aerosol condiDownwelling surface shortwave flux (DSSF) is defined as the
tions as best as possible. This feature of SIRAMix allows itirradiance in the solar spectrum reaching the Earth’s surface
to provide not only accurate estimates of global DSSF butper unit of surface. Knowing the spatial distribution and tem-
also the direct and diffuse DSSF components, which are cruporal evolution of DSSF is essential for understanding cli-
cial radiative terms in many climatological applications. The mate processes at the surface/atmosphere interface. For ex-
implementation of SIRAMix is tested in the present article ample,Soon and LegateR013 present empirical evidence
using atmospheric analyses from the European Center fofor a direct relationship between DSSF and the surface tem-
Medium-Range Weather Forecasts (ECMWF). DSSF estiperature gradient observed from the Equator to the Arctic
mates provided by SIRAMix are compared against instan-Pole. Also, DSSF is directly related to the atmospheric ra-
taneous DSSF measurements taken at several ground stdiative forcing at the surfaceB{ et al, 2013 and to the
tions belonging to several radiation measurement networksfield of solar energy and photovoltaic power planteghida
Results show an average root mean square error (RMSEgt al, 2013. In the absence of clouds, DSSF is mainly driven
of 23.6, 59.1, and 44.9Wm? for global, direct, and dif- by solar inclination, water vapor content, and atmospheric
fuse DSSF, respectively. These scores decrease the averagerosols. The latter particles generally have opposite effects
RMSE obtained for the current LSA-SAF product by 18.6 %, on the direct and diffuse radiative components that constitute
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the so-called global DSSF. On the one hand, an enhanceet al, 2013 is the only method for retrieval of DSSF under
presence of aerosols results in less direct DSSF, leading tolear sky using dynamic aerosol data.
a mitigation of the air temperature increase caused by green- The LSA-SAF algorithm for DSSF retrieval uses two sep-
house gase®\fhdreag1995. On the other hand, high aerosol arate methods to deal with cloudy or clear sky conditions
loads increase the diffuse DSSF, which has proved to bdGeiger et al.20080. The main objective of this article is
of great importance for vegetation photosynthebisrcado  to propose a new method that would favorably replace the
etal, 2009. current algorithm in the latter case, that is, under a cloud-
The estimation of DSSF on a large scale has been adless atmosphere. The proposed approach referred to as SIR-
dressed during the last decades following two different typesAMix (Surface Incident Radiation estimation using Aerosol
of approaches. The first family is made of methods basedVixtures) carries out an enhanced depiction of the aerosol
on extensive look up tables (LUT) storing DSSF values thatradiative effects by considering an aerosol layer made of a
are pre-computed using radiative transfer codes for mulmixture of different components. Among other inputs, dy-
tiple atmospheric situations. Examples are the approachesamic information on aerosol content and type is used by
used by the Climate Satellite Application Facility (CM-SAF) SIRAMix. In addition to global DSSF, new products of direct
(Mueller et al, 2009, the Global LAnd Surface Satellite and diffuse DSSF are also generated. The radiation products
project (GLASS) Liang et al, 2013, or the recent McClear generated by SIRAMix will be used in the future as forcing
algorithm (efévre et al,2013. Second, physical parameter- in surface, atmospheric and weather forecast models, as it is
izations are used to quantify DSSF in combination with sev-done in §zczypta et al2012 Carrer et al.2012 Quintana-
eral atmospheric inputs in a more computationally efficientSegui et a].2010. Due to the proximity of DSSF retrieval to
manner. Examples on this second family of methods can béhe modeling of the atmospheric direct effect, SIRAMix also
found inPinker et al(1995 andGueymard2003. presents the capability of quantifying the radiative forcing
An example of this second group of methods is the ap-at the surface due to a given atmospheric component. Given
proach implemented in the operational system of the Satellitets high speed and accuracy, SIRAMix can advantageously
Application Facility on Land Surface Analysis (LSA-SAF, replace sophisticated yet heavy radiative transfer codes or al-
http://landsaf.meteo.pprogram of EUMETSAT (European gorithms.
Organization for the Exploitation of Meteorological Satel- The present article is organized as follows. First, the
lites) (Trigo et al, 2011). Since 2005 the LSA-SAF method proposed method SIRAMix is detailed in Se2t.as well
(Geiger et al. 20081 is used to generate maps of global as its implementation using atmospheric analyses from the
DSSF using observations from the Meteosat Second Gener&CMWF. Experiments are introduced in Segtand results
tion (MSG) series of geostationary satellit€&climetz etal.  are reported in Sect. Eventually, major findings are dis-
2002 and near real time analyses of atmospheric gases fromussed in Seck and conclusions are drawn in Segt.
the European Center for Medium-Range Weather Forecasts
(ECMWEF). Albeit this LSA-SAF product has proved to be
highly accuratelfeichen et a].2009 Roerink et al. 2012 2  Methods
Moreno et al. 2013, it still shows some limitations under
clear sky conditions. For example, the adoption of a staticSIRAMix consists of an accurate physical parameterization
aerosol optical depth (AOD) does not match the variability that separately calculates the instantaneous direct and diffuse
of aerosols in time and spacBdvan et al.2019. Also, the  components of the DSSF. This parameterization presented
assumption of a continental aerosol type does not describg Sect.2.1 results from a combination of existent expres-
accurately enough the usual mixture of natural and anthrosijons and new developments. The upgrade consists of an ac-
pogenic aerosol species on Eartoépke et al.1997 Den-  curate parameterization for the diffuse incoming radiation
tener et al.2006. and the consideration of the aerosol effects resulting from an
The accurate consideration of aerosol radiative effects taerosol layer made of a mixture of several components. As
quantify incoming radiation at the surface is a historic claim explained in Sect.2, this is achieved by combining appro-
of the climate and meteorological communiti€ugymard  priate physical parameterizations with a look up table of pre-
2003 Varotsos et a).2009. However, the description of computed aerosol radiative quantities. The implementation
aerosol properties had to be necessarily simplified due to thef SIRAMix using analyses from the ECMWF is detailed in
poor knowledge on aerosols at broad scale. To cope with thgect.2.3. Finally, the determination of clear sky instants of
estimation of solar irradiance at the surface, various hypothetime is explained in Sec®.4.
ses have been made such as considering aerosols to be in-
variant in time and spac®éneke et a).2005 Geiger etal. 2.1 Estimation of DSSF under clear sky conditions
2008h, to arise from climatologyNlueller et al, 2009, to
correspond to a single aerosol typéaig et al, 2013, or to First of all, it is important to remark that capital letters will be
depend on geographical locatidPsfloglou and Kambezidis  used in the present article for shortwave radiative quantities,
2007. To our knowledge, the McClear algorithrhgfévre  whereas small letters will be retained for spectral quantities.
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and the diffuse DSSFHyi) stands for the portion of irra-
diance that comes from other directions due to aerosol and
molecular (i.e., Rayleigh) scattering. The diffuse DSSF can

.................... T be single E4ir ss), when there is no previous interaction with
: as>T Raydir+] Ray difARay) the surface (see green arrow), or multiplif ms), after one
or several bounces between the surface and the atmosphere
gas = H,0, 05, CO,, .
: €0, N,0,CH,. 0, media (see yellow arrow).
] i as . .
Hyop + B N . TOL 2.1.1 Expression for direct DSSF
. Ae SOIS (Taer,dir’Taer,dianer)
. The direct DSSF in SIRAMix is expressed according to
C"mg'f, COmI(;"”’ Psiloglou and Kambezidik007) as
\ 0 0
H, L :
0 E=FEg+ Egigge + Surface: A, Edir = EcleandirTaerdir (3)

. L ) = Eoqv (¢) noTH,0T0; TmgTRay,dir Taedir
Figure 1. Scheme of the solar irradiance reaching the Earth’s sur-

face or DSSF E). Note that the use of separate blocks for each where E¢jeandir Stands for the direct DSSF that would reach
aerosol component (referred to as comin the figure) is done for  the surface of the Earth in a gaseous atmosphere free of
the sake of illustration, as the n species are mixed forming a homoyarg50| particles.
geneous aerogol layer. The description of each quantity in the figure The flux reaching the TOA (see Fit) depends on the so-
may be found in the text. lar constant £g), which is set to 1367 Wié according to

the World Meteorological Organizatio®{MO, 2006, the

Also, the term DSSF will stand hereafter for downwelling quantity w0, which is the cosine of the solar zenith angle

shortwave surface flux under clear sky conditions only. (SZA orbp), and the factou (¢), which accounts for the vary-
Figure 1 shows the atmosphere/surface scheme conteming distance of the Sun as a function of timgdccording to

plated in SIRAMix. A gaseous atmosphere spans from the(Spencer, 1971)

surface fHp) to the top-of-atmosphere (TOA) level. This

layer comprises the most predominant gases, that is, wa¥ (t) = 1.00011+0.034221 co¥ (4)

ter vapor (HO), ozone (@), carbon dioxide (C@), carbon +0.00128siM" + 0.000719cosP + 0.000077sinZ,

monoxide (CO), nitrous oxide (MD), methane (Ck), and

oxygen (Q). A tropospheric layer formed by a mixture of

basic aerosol components co-exists with the gaseous layer o (ki —1)

from the surface to the top of layer (TOL) levetifor). I'=——Fc=— 5)

Each aerosol componeiis characterized by its own AOD at

550 nm §). The total AOD of the aerosol layer corresponds Where the day number of the year)ranges from 1 (1 Jan-

to the sum of the individual opacities (i.6e,= 3" ;). More uary) to 365 (31 December). Leap years are considered to

details on the aerosol layer are given in S€2.1 Finally, ~ have 365 days. _

a surface layer characterized by its albedg) is found at As shown in Fig.1, the solar flux at the TOA is atten-
the bottom boundary of the atmosphere. uated by gas absorption through transmission functions for
The DSSF (o) is defined as the instantaneous spectralWater vapor {i,0), 0zone {o,), and uniformly mixed gases

downwelling solar (or shortwave) radiative flux per unit of (7mg=Tco,TcoTn,07cH,T02). Also, a portion of the short-

surface that arrives to the surfaeg(X)) integrated over the Wave _irradiance_ is diverted from th_e direct path through
shortwave spectrum Rayleigh scatteringlRay,qir). The remainder flux at the TOL

level is attenuated by aerosol extinction (scattering and ab-

wherer (in radians) is the day angle, which is given by

A2 sorption) before reaching the surface by means of the trans-
E = /e ()\,) d)\,, (1) mittanceTae;dir-
" Transmittance functions for gases are adopted from

. . Psiloglou and Kambezidi00
wherei; >~ 0.25 um and.z >~ 4.0 um. Units of instantaneous 9 @007

DSSF are watts per square meter (Wzm am’ Ugas

Tgas=1— : , 6
gas (1 + bm' Mgas)L + dm’ Ugas ( )

The global DSSF can be expressed as the sum of two ra*
diative components
where subindex gas may stand for any of the seven atmo-
spheric gases in Fid.. Coefficient, b, ¢, d depend on the
where the direct DSSHgir) results from the solar irradiance extinction process of each gas and are given in Tabldese
coming from the direction of the Sun (see red arrow in Ejg.  transmittance functions were derived from radiative transfer

E = Egir + Edi, 2
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Table 1. Coefficientsa, b, ¢ andd used to compute shortwave component Eqir,ms) (See Figl)
transmittances for predominant atmospheric gases using6Eq. (

The amount of each atmospheric gagdg considered in SIRAMix  Egif = Edif,ss+ Edif, ms- (11)
is also given. All values are taken froRsiloglou and Kambezidis
(2007 andPsiloglou et al(19953. Single scattering diffuse irradiance can be computed by
multiplying the global (direct plus diffuse) flux reaching the
a b c d Ugas TOL level by the diffuse aerosol transmittance=

H,O 3.0140 119.300 0.6440 5.8140 variable
O3 0.2554 6107.26 0.2040 0.4710 variable
CO; 0.0721 377.890 0.5855 3.1709 350
CO 0.0062 243.670 0.4246 1.7222 0.075
No,O 0.0326 107.413 0.5501 0.9093 0.28

CH, 00192 166.095 0.4221 0.7186 1.60
024 0.0003 476.934 0.4892 0.1261 2.09BP Ecleandit = Eov () oTH0T0; TmgTRay it (13)

Edif, ss= Ecleanl aerdif = (Ecleandir + Ecleandif) Taerdit- (12)

The diffuse downwelling solar irradiance at the TOL can
be expressed as

where the diffuse transmittance due to Rayleigh scattering

. . . _ reads Bird and Hulstrom 1987
simulations in the shortwave range Bgiloglou et al(1994

19953 1996 anq were found to be accurate with_ regard to TRaydif = 0_5(1_ TRay,dir), (14)
other parameterizations yueymard(2003. Quantityugas

in Eq. (6) represents the absorption amount in a vertical col-and factor 0.5 stands for the forward scattering fraction
umn for a given gas in units of atm-cm. In the first version (Mengli¢ and Viskantal983, meaning that a half of ra-

of SIRAMix, this quantity is fixed for minor atmospheric diation scattered by molecules goes downward due to the
gases (see Tablg and is variable for water vapor and ozone isotropic nature of Rayleigh scattering.

contents, makingn,o anduo, two inputs of the proposed Using Egs.@), (13) and (14) into Eq. (L2), the single scat-

method. tering diffuse irradiance finally reads

The optical air mass«) at standard pressure conditions is
given by the formula oKasten and Youn¢1989 Egit,ss= Eov (1) £0TH,0T0;Tmg (15)
m = [MO + 05057z9607995_ 90)—1.6364]—1’ (7) (TRay,dir + 05(1 - TRay,dir)) Taer,dif-

which takes into account the Earth’s curvature and is accurate The use of a diffuse transmittance for aerosol particles
for any air mass up t@ < 85° with an error of less than (Taerdif) In SIRAMix represents an advantage compared to
0.5 %. The proposed method SIRAMix takes into account theother methodsYang et al, 200§ Psiloglou and Kambezidjs
effect of altitude on gas absorption by using the pressure2007), which derive the diffuse transmittance from the di-

corrected air mass/() rect term, similar to what it is done for Rayleigh scattering
in SIRAMix (see Eql4). In fact, the latter approach may re-
m =m <£> , (8) sultin some limitations, as the complexity of aerosol scatter-
Po ing disables a direct link between direct and diffuse aerosol

whereP is the atmospheric pressure at the surface altitude irfransmittances{okhanovsky et aJ.2003. . .
Pa andPy = 101325 Pa is the mean atmospheric pressure at Fmall'y, the diffuse DSSF coming from multiple scattering
sea level. Air pressure above sea level is classically computelf classically expressed éSdboley 1972

as
AsurfAatm

Eqit ms = (Edir + Edif,ss) (16)

P = Po(1—2.25577x 107 °Hp)>2>°%8 (9) 1— AsurfAam’
where Hy is the altitude above sea level in kilometers (seewhereAsyf and Aatm are, respectively, the shortwave spher-
Fig. 1). ical albedos of the surrounding surface and the atmosphere
Eventually, the direct transmittance due to Rayleigh scat-when illuminated from below. The denominator of E§j6)
tering is adopted frorPsiloglou et al(1995h takes into account multiple reflection of photons between the
surface and the atmosphere. The albedo of the atmosphere
TRay dir = (10) (Aatm) under clear sky conditions is approximated by

exp| —0.1128n/08346(0 9341— /09868 0.9391n') |.
Xp[ ( " + )] Aam™ Ager+ ARay. (17)

2.1.2 Expression for diffuse DSSF . .
whereARay is set to 0.0685 aftdracis and Hanse(1.974.

The diffuse DSSF is computed by SIRAMix as the sum of
single scattering irradiancé i sg) and a multiple scattering

Atmos. Chem. Phys., 14, 8208232 2014 www.atmos-chem-phys.net/14/8209/2014/



X. Ceamanos et al.: Retrieval of downwelling surface shortwave flux using aerosol properties 8213

2.2 Quantification of the aerosol influence Table 2. GADS-based aerosol components used in SIRAMix. Data
are borrowed froniKoepke et al(1997).

Expressions for radiative quantities related to aerosols (i.e.,

Taerdir, Taerdif, and Aaep) are given in the present section to INSO  WASO SOOT SSALE MIALL *

complete the physical parameterization for DSSF detailed ™YPe Ofparticles Insoluble  Water- — Soot  Seasalt = Mineral

. . . . soluble dust
above. Their formulation represents one of the main novelties
of the proposed approach. First, the aerosol layer considered®o & 500nm 072 098 023 1.0 0383
Hygroscopic no yes no yes no

in SIRAMix and schemed in Fidl is further detailed.

Asterisk () represents that MIALL is the combination of GADS components MINM, MIAM, and
MICM, and that SSALL is the combination of GADS components SSAM and SSCM.

2.2.1 Definition of the aerosol layer

For the implementation of SIRAMix in this article, it is scribed inCeamanos et a{2014
assumed that all aerosol scenarios on Earth can be repro- 5

duced by mixing five standard aerosol species (hes5 Toorgi  — iZAi P (18)
- ST aerdir A 01 aerdir’

in Fig. 1). This vision is supported by the fact that aerosols 0

are very frequently a mixture of different chemical compo- 15

nents Dubovik et al, 2002 Dentener et al2008. The five  Theqf = — Y AL Tallerdlf’ (19)
aerosol components used in SIRAMix are borrowed from Ao i

the Global Aerosol Data Set (GADSKdepke et al.1997), 1 B

which makes available optical properties for each one of Agzer = A_ 0Aaep (20)

0

them. More details on the GADS data base are found in
Appendix A. It is worth noting here that SIRAMix is in-

l [ 1 n7i -
dependent of GADS, as it can be coupled with other avail- \t/;/hereT efdc'jf’ lgefg'f’ and Ager a:jre thte |trr11d|V|duaI t:ans
able aerosol data bases. In this article, SIRAMix considers mittances and albedo correésponding 1o the aerosol compo-

aerosols made of nenti evaluated at the total AOD of the aerosol layéy)(
QuantltyA is the aerosol optical depth of componerih

the shortwave spectrum (n.lhp = ) ° A). The approach in
Ceamanos et al2014) resulted in transmittances and re-
flectances for a mixed aerosol layer with an average error
of, respectively, 0.6 and 7.6 % with regard to exact radia-
tive transfer calculations. This error proved to be up to 20 %
lower than when a single aerosol component was considered.

Ti

1. insoluble particles modeled by the GADS component
INSO,

2. water soluble particles modeled by the GADS compo-
nent WASO,

3. black carbon particles modeled by the GADS compo-3 2 3 | ook up table for the transmittance and albedo of
nent SOOT, each aerosol component

4. fine and coarse sea salt particles modeled by a combinavalues of individual transmittances and albedo are pre-
tion of the GADS components SSAM and SSCM (here- computed for each of the five aerosol components in SIR-
after referred to as component SSALL), AMix and stored in a LUT. For that purpose, the software

libRadtran is usedMayer and Kylling 2005. More details

5. fine, medium-sized and coarse dust particles modeledn this radiative transfer code are given in S&ct.1
by a combination of the GADS components MINM,  Transmittances are computed as the ratio of the DSSF con-
MIAM, and MICM (hereafter referred to as component sidering a gaseous atmosphere and an aerosol layer exclu-
MIALL). sively made of componerit and the DSSF for the same at-

mosphere free of aerosols (see Egand12)

Table2 details the single scattering albeda) and hygro-

i
scopicity of each of the five resulting aerosol components. ItTt ordir (60,80, hp0) = Egir (60, 80, 1h;0) ’ (1)
is worth remembering here that hygroscopic aerosols, oppo- Ecleandir (90, UH,0)
sitely to hydrophobic, are prone to combine with water par- Ei (9 80, UH,0)
. - . . . i _ dif \Y0, 00, UH,0
ticles, thus modifying their optical properties. Tiewdit (60,80, um,0) = : (22)
Eclean(QO, MHZO)
2.2.2 Parameterization for the transmittance and where the numerator and denominator quantities are com-
albedo of the aerosol layer puted with libRadtran.

The transmittances and the albedo of the aerosol layer con-
sidered in SIRAMix are computed using the approach de-

www.atmos-chem-phys.net/14/8209/2014/ Atmos. Chem. Phys., 14, 8B782 2014
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Table 3. Inputs used by SIRAMix to generate DSSF in an opera-
tional framework.

Input Variable Product source
Solar zenith angle 6o MSG ancillary data
Surface albedo Asurf LSA-SAF

Cloud mask CMa NWC-SAF

Water vapor content  up,o ECMWF

Ozone content UQ, ECMWF

Aerosol optical depth &) MACC-II

The shortwave spherical albedo is directly computed by
libRadtran as

A2
Aaer(50, MHZO) = /aaer(fso, MHZO,)&) da,
Al

(23)

whereageris the spectral spherical albedo for a given aerosol
component.
A default US standard atmosphedng@erson et a).1986

is adopted for all simulations to take into account the interac-
tion of gases (especially water vapor) with aerosols. The use

of a single atmospheric model is in agreement \itheller

et al.(2009, who found that the impact on DSSF of consid-
ering other regional models was negligible. Aerosol trans-
mittances and albedo depend on the amount of aerosol pa
ticles through the total AOD at 550 nndpj and the con-
tent of atmospheric water vapor>0). The latter depen-

X. Ceamanos et al.: Retrieval of downwelling surface shortwave flux using aerosol properties

MACC-II
AOD

9

SZA and
H,0
0y o

Cloud mask,
albedo and O,
CMa, A, Uos

=2 |

Individual albedo
and transmittance
Taer dir> Taer dif> A’aer

Aerosol layer albedo
and transmittance
T, T,

aerdir> * aerdif> Aaer

i = INSO, WASO, SOOT, MIALL, SSALL
j=SU,BC,OM, DU, SS

Figure 2. Block scheme of the approach SIRAMix and the use of
the inputs. The parameterization and LUT of SIRAMix are illus-
trated in red boxes. Inputs are drawn in green, intermediate products
in orange, and outputs in light blue. The different processing steps
are depicted in dark blue circles.

2.3.1 Cloud mask, surface albedo, and solar zenith
angle

First, the cloud mask from the Nowcasting Satellite Applica-
tion Facility (NWC-SAF) based on MSG datBérrien and

[-e Gléay 2005 is used in SIRAMix to select only clear
sky situations (see Sec2.4 for more details). The reflec-
tivity of the surface surrounding a given target is charac-

dence exists only for the hygroscopic aerosol componentserized by the shortwave spherical albedo produced by the

WASO and SSALL (see Tab®. In addition, transmittances
also depend on the solar zenith anglg)(In this way, the
LUT in SIRAMix is composed of multiple values Gt ;.

éecdif, andA’,, for each aerosol component (INSO, WASO,
SOOT, SSALL, MIALL) and for a comprehensive range of
values of AOD at 550 nméf from O to 4), solar zenith an-
gle (o from O to 85), and water vapor content,o from
0 to 5gcnT?). Interpolation techniques are used to retrieve
the transmittance or albedo corresponding to a given atmo
spheric combination. The generation of the LUT is quite fast

LSA-SAF project Geiger et al.20083. This product is suit-
able to be used in the SIRAMix parameterization (see Big.

to simulate multiple scattering effects due to its low uncer-
tainty (~ 5 % error) measured against the surface albedo pro-
duced by the MODIS (Moderate-Resolution Imaging Spec-
troradiometer) teamQarrer et al.20108. Finally, accurate
values of solar zenith angle from the MSG ancillary data
(Schmetz et al.2002 are used in the SIRAMix parameteri-
zation and LUT.

(a few minutes for each aerosol component, CPU time) and?-3.2 Water vapor and ozone content

must be done only once. The reduced size of the LUT (i.e.
less than 300 kB) allows SIRAMix to easily retrieve the nec-

essary aerosol information for each DSSF calculation, mak-

ing this approach well designed for operational data proces
ing.

2.3 Inputs

S_

Fields of atmospheric water vapar,o) and ozone ¥o,)
columnar contents produced by the Integrated Forecast Sys-
tem (IFS) of the ECMWF are used as inputs. Furthermore,
analyses of water vapor serve to extract the necessary infor-
mation from the SIRAMix LUT according to the aerosol hy-
groscopicity (see Fi). IFS atmospheric fields are available

every 3 hours and at global scale with a spatial resolution of

In the present article, the proposed approach SIRAMix is runl.125 x 1.125. Despite an overall good accuracy, some in-

using the inputs listed in Tabl& which are available for the
whole MSG Earth’s disk and are produced regularly in time.

accuracies may exist in these data accordin@itanomou
and O’'Neill (2006, who found a positive bias of 5-10 % for

The use of the inputs in the parameterization and the LUT ofozone and a negative bias of 15—-20 % for water vapor in com-

SIRAMix is illustrated in Fig.2 and explained in the follow-
ing sections.

Atmos. Chem. Phys., 14, 8208232 2014

parison with values derived from independent remote sensing
observations.
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2.3.3 Abundance of aerosol components ties from aerosol components in MACC-II are not eas-
ily available, thus justifying such approach. This cor-
Analyses of AOD from the ECMWF MACC-II (Monitor- respondence is quite straightforward as both sets of
ing Atmospheric Composition and Climate — Interim Im- aerosol components are highly compatible. For exam-
plementation) project are used by SIRAMix to characterize ple, sulfate particles from MACC-II (component SU)
aerosol conditions with time and location. MACC-II follows can be represented by the optical properties of water
the MACC and the GEMS (Global Monitoring for Environ- soluble aerosols in GADS (component WASQO). More

ment and Security) initiatives started in 2006 to provide data details on this AOD conversion and the GADS data base
on atmospheric composition for recent years, present condi-  are found in AppendiB1.
tions and forecasts for a few days ahead. MACC-Il is based

on a combination of information from models and assim- — Stép 2: height correction. MACC-II products are com-
ilated remotely sensed aerosol observations from MODIS ~ Puted according to the average elevation of the spatial
(Morcrette et al. 2009 Benedetti et a).2009. Near real grid of 1.125 (approximately 112.5km at the equator)

time AOD estimates are provided for 11 natural and an- ~ used by the ECMWF IFS. The height of a given ground
thropogenic aerosol components, in particular, hydrophilic ~ Station may not be the same than the altitude consid-
and hydrophobic organic matter (OM), hydrophilic and hy- ~ ered in the corresponding MACC-II grid pixel. Since
drophobic black carbon (BC), sulfates (SU), three bins of sea  @erosols are not homogeneously distributed along the
salt (SS), and three bins of dust (DU). Each bin considers a ~ Vertical, AOD values analyzed by MACC-II may not
different average particle size. Individual AOD estimates are b€ adequate to be used directly in SIRAMix. In order
made available in near real time at 550 nm, every 3h, and {0 overcome this issue, SIRAMix adjusts the MACC-II
at spatial resolution of 1.12%hrough the forecast version AOD estimates to the station actual height. More details
of MACC-II data. Also, reanalyzed MACC-II data are re- on this height correction are found in Appendig. The
leased in delayed mode by the ECMWEF. For this study, we resulting set of five height-corrected AOD values are
have downloaded AOD data corresponding to the five ma- used to evaluate the aerosol LUT to get the individual
jor aerosol species (i.e., OM, BC, SU, SS, and DU). In this transmittances and albedo of each aerosol component
case, the AOD corresponding to the class DU, for example,  In SIRAMix (see Fig2).
is the sum of the AOD corresponding to the three bins of dust
aerosols. The same applies to OM, BC and SS. Both forecast
(fnyp experiment) and reanalyzed (rean experiment) aerosol
data from MACC-II were considered to test their suitability
in the upcoming implementation of SIRAMix in the LSA-
SAF project. MACC-II aerosol data have been assessed to
be of good quality in generaMangold et al. 2011, Bel-
louin et al, 2013 but with notable uncertainties in some
cases. For exampl&esnulyte et al(2014 quantified the 2 4  petermination of clear sky moments
bias of forecast MACC-Il AOD estimates from the experi-
ment named fdmj (a term used by the MACC-II team for a The determination of clear sky conditions is fundamental
given re-analysis experiment) for a series of ground stationgor SIRAMix, which can only process cloud-free instants of
to be 0.02 on average but to range betwedn20 (26 % of  time (i.e., atmosphere composed of aerosols and gases). SIR-
total AOD in the often polluted urban area of Xianghe) and AMix selects clear-sky instants based upon the cloud mask
0.12 (36 % of total AOD in the dusty Solar Village in Saudi provided by the NWC-SAFh(ttp://www.nwcsaf.org/ which
Arabia). To cover a full day of AOD value€esnulyte et al.  is built and released every 15 minutes from MSG infrared
(2014 took hourly forecast AOD from time steps 1 to 12h observations using the method frdberrien and Le Gléau
from forecast base times 00:00 and 12:00 UTC. (2009. Only instants of time flagged as “cloud free” in the
In SIRAMix, MACC-II AOD values are used to set the NWC-SAF cloud mask are suitable to be processed by SIR-
abundance of each of the five GADS-based aerosol compoAMix. For extra precaution, the cloud mask is dilated in
nents. Before using this information, however, the set of fivetime, ruling out any “cloud free” instant of time if any of the
MACC-II AOD values must be processed following three two previous 30 min) or two next{30 min) time slots are
steps (see Fig and AppendixB). flagged as “cloudy”. This second step is aimed to avoid bro-
ken clouds. This strategy for detection of clear sky instants is
— Step 1: from MACC-II to GADS. The AOD values highly efficient mostly due to the high quality of the NWC-
for each MACC-II component (OM, BC, SU, SS, and SAF cloud maskCarrer et al.2010a 2012, which allows it
DU) are converted into five AOD values, one for each to distinguish highly turbid situations (i.e., high AOD) from
GADS-based component used in SIRAMix (INSO, cloudy ones.
WASO, SOOT, SSALL, and MIALL). Optical proper-

Step 3: spectral conversion. The set of five AOD val-
ues are transformed from 550 nm to the shortwave spec-
tral range to provide the weights needed to calculate
the transmittances and the albedo of the aerosol layer
following the approach described in Segt2.2 (see
Fig. 2). More details on this spectral transformation are
found in AppendixB3.
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3 Experimental setup

Several experiments are conducted in the present article
to assess the performances of SIRAMix. The evaluation is
based upon the comparison of the DSSF computed by SIR-
AMix under distinct configurations against radiative trans-
fer simulations, other DSSF products, and ground measure-
ments. This procedure is in agreement with most works’

assessing methods for DSSF retriev@ué¢ymard 2003
Deneke et a).2005 Yang et al, 2006 Psiloglou and Kam-
bezidis 2007 Geiger et al. 2008 Mueller et al, 2009
Liang et al, 2013 Moreno et al.2013 Yoshida et al.2013.

Furthermore, an evaluation based on DSSF inspection may
be useful to quantify the potential inaccuracies affecting SIR-
AMix DSSF estimates, which will be taken into account
when using these radiation products as forcing in surface, at-
mospheric and weather forecast models. Validation based on

derived parameters such as the clearness index [(efgyre

et al, 2013 was not considered in this study due to the pro-
portionality of this index to DSSF in addition to the above-

mentioned reasons.

3.1 DSSF data sets

Different data sets of DSSF and in situ observations are used

for validation purposes.

3.1.1 Simulated DSSF: the radiative transfer code
libRadtran

Highly accurate values of global, direct, and diffuse DSSF

are simulated using the software libRadtraviager and
Kylling, 2005 (http://www.libradtran.ory libRadtran is

able to calculate downwelling solar irradiance at any alti-
tude with an accuracy that is comparable to other state-of-

the-art radiative transfer codegaf Weele et al.2000. A

broad range of atmospheric and geometric situations can be
taken into account by libRadtran. For instance, simulations
of irradiance can be run considering an aerosol layer made
of one or multiple GADS aerosol components. Furthermore,
libRadtran accounts for the hygroscopicity of each aerosol
component to modulate simulated irradiances as a function

of atmospheric water vapor content.

3.1.2 Other clear sky DSSF products

The DSSF values issued from SIRAMix are compared with

two state-of-the-art DSSF products.

— The LSA-SAF product. The operational system in the
LSA-SAF computes the instantaneous global DSSF
over the MSG Earth’s disk every 30 min. The method
for its retrieval Geiger et al. 2008h is based on a
parameterization of the DSSF in a simplified plane-

parallel atmosphere with constant pressure. Under clear

sky conditions, incoming solar radiation is considered to

Atmos. Chem. Phys., 14, 8208232 2014

be scattered by aerosols and gas molecules and absorbed
by water vapor, ozone, aerosols, and to a lesser extent,
oxygen and carbon dioxide. Absorption by other gases
(e.g., CO, NO, and CH) is neglected. Near real time
information on gases is retrieved from the ECMWF
(i.e., forecast analyses), except for oxygen and carbon
dioxide, which are assigned to a constant abundance.
Also, aerosol conditions are considered to be constant
across the MSG Earth’s disk, adopting a typical con-
tinental aerosol type and a surface visibility of 20 km.
According Vermote et al(2005, this value of visibil-

ity corresponds to an aerosol optical thickness of 0.25
at 550 nm, approximately. The NWC-SAF cloud mask
is used for detection of clear sky instants and the LSA-
SAF product of surface albedo is used to take multiple
scattering into consideration. Experiments (Be{ger

et al, 2008H showed a standard deviation of the dif-
ference between estimates of global DSSF and ground
measurements in the order of 40 Wnfor instanta-
neous clear sky data. LSA-SAF products are generated
in near real time and in periodical reanalyses.

The McClear product. The recent McClear approach
(Lefevre et al. 2013 represents the state of the art in
DSSF retrieval as it considers dynamic aerosol data to
estimate direct and global DSSF under clear sky condi-
tions. Based on a comprehensive LUT of pre-computed
DSSF values, McClear uses analyses of aerosol prop-
erties and total column content of water vapor and
ozone from the ECMWEF (i.e., forecasts in the first
place and reanalyses when they become available). In
particular, MACC-Il data are used to characterize the
aerosol layer, which is set to the total AOD given
by MACC-II and represented by the most appropri-
ate aerosol type among 10 available models. Accord-
ing Lefévre et al.(2013, the selection of the aerosol
type in McClear may be inadequate when the true
aerosol conditions do not correspond to any of the
available aerosol types (e.g., in the occurrence of mix-
tures of aerosol types). Another difference of McClear
with regard to SIRAMix is the use of the MODIS-
derived surface albedo. Clear sky instants of time are
detected by McClear in two steps. First, all instants re-
lated to ground measurements not satisfying the condi-
tion Egit/E < 0.3 are ruled out. Then, a second filter
avoids the presence of broken clouds by retaining only
180-minute periods with at least 30% of 1 min mea-
surements passing the first filter. Comparison of Mc-
Clear DSSF estimates to measurements made at sev-
eral ground stations showed a root mean squared er-
ror (RMSE) for global irradiance ranging from 20 to
36 Wm 2 and an RMSE for direct irradiance between
33 to 64 Wn12. McClear products used in the present
article were downloaded fronittp://www.soda-pro.
com/free-web-services/radiation/mccleahere 1 min
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BE_ (f S the DSSF estimated by SIRAMix against exact DSSF
2 D ] simulations from the radiative transfer code libRadtran
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°F §:{3> < 3 — Experiment 2 in Sect4.1.2investigates the sensitivity
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Figure 3. Map of ground stations used in this article. Different evaluate the DSSF estimated by SIRAMix, on the one

colors depict the different radiation networks. The height of each hanc_], and a reduced version of SIRAMix using a fixed
ground station M) and that of the corresponding pixel in the continental aerosol type, on the other.

MACC-ll grid (Ho macc) are given (see Sed.3.3. — Experiment 5 in Sec#.2 evaluates the accuracy of all

estimates of global, direct, and diffuse DSSF provided

by SIRAMix in 2011 for the nine ground stations shown
averaged DSSF estimates are available for all instants  in Fig. 3. In this experiment, SIRAMix DSSF estimates
of time despite the cloud coverage (i.e., no clear sky fil- are compared against coincident in situ DSSF measure-
tering has been carried out). ments and the LSA-SAF and McClear DSSF products.

— Experiment 6 in Sect4.3 investigates the capabilities
3.1.3 Ground DSSF measurements of SIRAMix in quantifying the direct radiative forcing
caused by aerosols and other atmospheric components.
This feature of SIRAMix is made possible thanks to the
accurate modeling of the downwelling atmospheric path
done in the SIRAMix parameterization.

Accurate in situ measurements of instantaneous global, di-
rect, and diffuse DSSF are used in this article for a selec-
tion of nine radiation stations across the MSG Earth’s disk.
Measurements are available for the 12 months of 2011. Fig- | is worth stressing here that all DSSF estimates or mea-

ure 3 shows the location of the nine ground stations, which g, rements considered in the experiments below are in units
belong to different radiation networks and are representays \w m-2 and therefore instantaneous. This also applies to
tive of the broad variability of atmospheric conditions in McClear 1-minute averaged estimates, as it can be consid-
the MSG Earth's disk. First, stations located in Cabauw,greq that atmospheric conditions are invariant during 1 min
Carpentras, Sede Boger, Tamanrasset, and Toravere belofigefeyre et al, 2013. Experiments 3-6 consider only the
to the Baseline Surface Radiation Network (BSRNM{:  ihstantaneous DSSF values at 00 and 30 min for all DSSF
/lwww.bsrn.awi.dgl BSRN stations provide measurements y5ia sets (i.e., SIRAMix, LSA-SAF, McClear and ground
of global, direct, and diffuse solar radiation with instruments measurements’). This choice is in ag;reement with the timeli-
of high accuracy and time resolution. Similar measurement$,aqs of the operational LSA-SAF DSSF product, which pro-

are carried out by statio_ns in Burjassot, Qranada, and Palmgijes instantaneous DSSF every 30 min (corresponding to
de Mallorca by the Spanish Weather Service (\AEMBWI  5ne MSG slot out of two). All DSSF data sets are then fil-

[iwww.aemet.s Eventually, the ground station in Evora areq tg retain only clear sky instants of time using the filter-

was set up within the validation activities of the LSA-SAF ing strategy defined in Sec.4.

py the Karlsruhe Institute of Technology (KIT). Fc_)r thissta- experiments are conducted using reanalyzed MACC-

tion, only measurements of global DSSF are available. Il aerosol data as input. Forecast analyses of AOD from
MACC-II are also used in Experiment 5 to evaluate the per-

3.2 Description of experiments formances of SIRAMix in an operational (near real time)
configuration. The McClear DSSF product used in this ar-

The objectives of the six experiments conducted in S&ct. ticle has been built based on MACC-Il reanalyses.

are detailed as follows.
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Figure 4. (top): global, direct, and diffuse DSSF values computed with SIRAMix according to varying AOD (red color), ozone content
(dark blue color), water vapor concentration (green color), SZA (yellow color), and surface albedo (light blue color). Coincident DSSF
simulations with libRadtran are shown with black crosses. (bottom): Relative error for global, direct, and diffuse DSSF values when compared
to libRadtran simulations. Horizontal axis ticks (x2, x3, x4, x5) correspond to (0, 1, 2, 3, 4) for AOD, to (0, 125, 250, 375, 500) in Dobson

units for ozone, to (0., 1.25, 2.5, 3.75, 5.0) in g*c%rfor water vapor, to (0, 20, 40, 60, 80) in degrees for SZA, and to (0.0, 0.1, 0.2, 0.3, 0.4)

for surface albedo.

4 Results tering between the surface and the lower layers of the atmo-
sphere, thus increasing the amount of diffuse DSSF reaching
4.1 Performances of SIRAMix the ground. In overall terms, global, direct, and diffuse DSSF

. . values estimated by SIRAMix are in high agreement with
4.1.1 Experiment 1: accuracy assessment of SIRAMiX  coincident radiative transfer simulations. The relative error

) . . between both data sets remains below 1 % in most of cases.
Figure4 shows a comparison between the global, direct, andrne few errors beyond 1% come from numerical inaccura-

diffuse DSSF estimated by SIRAMix (solid lines) against gjes during the LUT interpolation. Note, for example, the
exact DSSF simulations carried out by libRadtran (blackgreater relative error for direct DSSF when AOD s greater
crosses). Inputs in Tablg are not used this time. In con- han 3 and for diffuse DSSF when water vapor is equal to
trast, multiple atmospheric conditions are taken into accounb g gent2. It is worth noticing that the absolute bias corre-
using d|ﬁgrent input values of SZA) (yellow “”?S)! AOD  gponding to the previous two examples barely goes beyond
(80) (red lines), ozone contenu(ﬁ_S) (dark blue lines), wa- 3Wm2, as DSSF is very low in this case.

ter vapor contentu,o) (green lines), and surface albedo  The computational efficiency of SIRAMix is emphasized
(Asur) (light blue lines). Values of DSSF are shown in up- i, this experiment, as the computational burden was reduced
per figures while relative errors appear in bottom figures.py more than a factor of 150 when calculating the series of
Standard conditions (i.etp =40°, 50=0.2, u0; =300DU,  psgF values with SIRAMix (0.1s of total CPU time in a

— 2 _ i . X .
uH0 =2.0gcnm?, and Asyrf=0.2) are considered for all reqyjar computer) instead of libRadtran (total CPU time of
DSSF calculations except for the parameter under study. Thgg g s).

latter varies between 0 and 4 for AOD, 0 and 500 DU for
ozone, 0 and 5gcnt for water vapor concentration, 0 and 4.1.2  Experiment 2: sensitivity of SIRAMix to the input
80 for SZA, and 0 and 0.4 for surface albedo. parameters

As can be seen in Figl, DSSF strongly depends on in-
puts of AOD and SZA. In contrast, the variations of water The sensitivity of the proposed method SIRAMix to in-
vapor, surface albedo and, especially, ozone content slighthaccurate atmospheric inputs is now investigated. Fidure
modify the solar irradiance reaching the surface. Note thashows the relative error affecting each DSSF component
the increase of all parameters except for surface albedo angthen two typical values of AOD (first-line figures), ozone
AOD results in a decrease of the direct and the diffuse DSSFoncentration (second-line figures), water vapor amount
components. In contrast, a large presence of aerosols infeighird-line figures), and surface albedo (fourth-line figures)
an augmentation of the diffuse DSSF due to enhanced atmaare used as inputs and are manually biased fre®® to
spheric scattering (and thus a decrease of direct radiation25 %. Solid and dashed lines are respectively used for low
Also, a highly reflective surface increases the multiple scat-and high concentrations of aeroséy &0.2 andsg = 1.0),
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Figure 5. Relative error on global, direct, and diffuse DSSF computed with SIRAMix caused by uncertainties in terms of relative error
affecting AOD (first-line figures), ozone content (second-line figures), water vapor concentration (third-line figures), and surface albedo
(fourth-line figures). Two cases corresponding to different contents of the atmospheric component under study are studied (see plain and
dashed lines). Note the different vertical scale for the study on the AOD.

water vapor gH,0=1.09 cn? and UH,0 =4.0gcnr?), direct and global DSSF. Finally, experiments prove that the
ozone (o, =100DU and up, =400DU), and surface use of an inaccurate surface albedo may introduce moderate
albedo @Asyi=0.1 and Agy=0.4). Standard conditions bias on diffuse DSSF when surfaces are brighyyff=0.4).

(i.e.,00 =40, 80 =0.2,up0, =300 DU, un,0 = 2.Ogch2, For example, the use of a surface albedo of 0.3 instead of
and Agyrf = 0.2) are considered for all inputs other than the 0.4 (—25 % bias) results in the underestimation of the dif-
parameter under study. fuse DSSF by 4 % when AOEB 0.2. This bias is expected to

According to Fig5, AOD uncertainty appears as the high- increase for higher aerosol loads.
est source of error on DSSF estimation (note the different
vertical scale in this case). For example;-85% bias af- 4,13 Experiment 3: benefits of considering a varying
fecting an input AOD of 1.0 results in a relative error of AOD
+21% for direct DSSF and-9 % for the diffuse term. In

contrast, the error on global DSSF due to an inappropriatq_| ; - Cy
. . i ere, the impact on DSSF retrieval of considering an AOD
AOD value is generally lower (i.e., maximum global DSSF P d

: . : that evolves with time is investigated. Figdlustrates the
error of +6 %), as errors coming from the direct and diffuse g g

.performances of the proposed method SIRAMix and the cur-
components compensate each other. On the other hand, ';Eént LSA-SAF approach during a 5-day period in July 2011
accuracies on ozone content have a small impact on DSS

: : over the station of Sede Boger (see RJY. In this experi-
not going beyond 0.5 %. Accuracy of water vapor estlmatesment, inputs in Table are used to run SIRAMix. Ground

is of average importance, as it can induce errors of 2% Mheasurements of global DSSF from the BSRN station in
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Figure 6. (top) evolution of the total AOD over Sede Boger from
the 5 to 9 July according to MACC-Il and AERONET. The static
AOD adopted by the LSA-SAF method is also shown. (bottom)
Bias in WnT2 between the estimated and in situ global DSSF
from the BSRN station. DSSF is estimated using the LSA-SAF
approach and the SIRAMix method using either MACC-II (i.e.,
SIRAMix+MACC-II) or AERONET (i.e., SIRAMix+AERONET)
AOD inputs.

this location are used as validation data. As it can be seen

in Fig. 6 (top), the aerosol load increased fraip=0.1
to 80 = 0.5 between the 5 and the 9 July, according to ac-

curate in situ aerosol measurements from the AERONET

(Aerosol Robotic Network) station in Sede Bogéto{ben

et al, 1998. Note the acceptable precision of the AOD esti-
mates provided by MACC-II during these dates. In contrast,
the static AOD §o = 0.25) adopted by the LSA-SAF product
deviates significantly from the real aerosol conditions, while

providing a good average value for the considered period of

time. Figureb (bottom) shows that the use of a constant AOD

to generate the LSA-SAF product results in a varying DSSF

bias with time (see red line), which can reach 10 %. This is
contrary to the highly accurate DSSF (up to 1% bias) com-
puted with SIRAMix using AERONET measurements of to-
tal AOD (see black line). The generally good accuracy (up to
5% bias) of the global DSSF estimated by SIRAMix using

MACC-II aerosol data (see blue line) underlines the bene-

fits of considering a varying AOD with time. In this case, the
impact of inaccuracies affecting MACC-1l AOD data on the

DSSF estimation is observed. In fact, the greatest bias affect-

ing the SIRAMix DSSF happens on the 9th of July (relative
error on global DSSF of 4 %) due to the underestimation of
the MACC-1l AOD product with regard to AERONET. Also,

note the high correlation between the increase of DSSF hia

during the evenings of 6 and 8 July with the AOD peaks seen

in AERONET data (and absent in the MACC-Il and LSA-
SAF AOD data).
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4.1.4 Experiment 4: benefits of considering a mixture of
aerosol components

Two cases studies are defined in the present section to investi-
gate the impact on the DSSF estimation of considering a mix-
ture of several aerosol species. In the following, SIRAMix is
normally run, that is, using the inputs in Tal8eand con-
sidering an aerosol layer made of five aerosol components
evolving with time (see Sec2.2). In addition, a downgraded
version of SIRAMix is run by considering an aerosol mix-
ture made of a typical continental aerosol type (i.e., mixture
made of component WASO mainly and, to a lesser extent,
INSO and SOOT)HKess et al.1998. This second version of
SIRAMix simulates the assumption of aerosol type made in
the LSA-SAF product.

— Case study 1: first, SIRAMix is run in Cabauw (see
Fig. 3) during all clear-sky instantaneous instants of
time at 00 or 30 min of 2011. As it is seen in Fifj.sea
salt aerosols are prevailing in this location during the
winter months (see blue line), reaching 70 % of the total
AOD. In contrast, continental aerosols predominate dur-
ing the rest of the year. Red bars in Figshow the vari-
ation of the monthly averages of instantaneous RMSE
along 2011 if SIRAMix is run normally instead of using
a fixed continental aerosol type. As it can be seen, there
exists a high correlation between the predominance of
sea salt aerosols (component SS) and the decrease of
RMSE (up to 12 W m?). In contrast, the performances
of both configurations of SIRAMix are similar when
continental aerosols are prevailing. Note that the RMSE
averages in Figr are function of the quality of MACC-

Il aerosol data, which can be different from reality as it
was seen in Experiment 2 (see Sécl..2.

Case study 2: the second case study investigates the
transportation of dust aerosols to the station of Granada
(see Fig.3) from the Sahara desert during the summer
months (sraelevich et a).2012). Figure8illustrates the
time period between the 24 and the 27 June 2011, when
an aerosol dust plume reached southern Spain. As it can
be seen, the amount of these mineral particles (compo-
nent MI) increased from 30 to 80 % of the total AOD
during those days. On the other hand, the percentage
of continental aerosols (components WASO, INSO, and
SOOT) decreased from 65 % to barely 20 % of the total
AOD. Figure8 shows the benefits of taking into account
this variation in the aerosol composition. In fact, the
downgraded version of SIRAMix considering a fixed
continental aerosol type results in RMSE values that are
up to 10 W n72 larger than when SIRAMix is normally
run.

S
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5 this experiment are detailed for the direct, diffuse, and global
DSSF components in the following.

4.2.1 Directirradiance

Table4 and Fig.9 (middle) show a similar accuracy in quan-
tifying the direct DSSF for SIRAMix and McClear. The
similar RMSE scores for most stations are mainly due to
; 0 the strong dependency of direct DSSF on the total AOD,
JOF oM oA M WA s 0 N D which comes from MACC-II for both SIRAMix and Mc-
Figure 7. Left axis (red bars): monthly averaged RMSE differ- Clear. D'ﬁpfr?nces_among_Stat'_ons come fr_om the d!verse
ence in 2011 over Cabauw when SIRAMix is normally run (i.e., aerosol activity, which is quite mild for mid latitude locations
five-component aerosol layer) instead of using a fixed continentaSUch as Carpentras and Toravere (with an average RMSE of
aerosol type. Negative values point out the error decrease when thd0 W n~2, approximately) and rather extreme for dusty loca-
aerosol mixture is considered. Right axis (color lines): abundancdions such as Tamanrasset and Sede Boqger (average RMSE of
of aerosol components (see S&R.]) in terms of percent of total 70 W 2, approximately). It is to be noted, however, that the
AOD. quality of MACC-II AOD data is generally lower in the lat-
ter case Cesnulyte et al.2014). The observed negative bias

5 (e.g., —12.6 Wn12 for SIRAMix) may likely come from

] the overestimated aerosol load from MACC-II. Indeed, a
lower AOD would result in a diminution of aerosol scattering
that would increase the direct radiation reaching the ground.
Eventually, a decrease of the SIRAMix performances are ob-
served when using forecast aerosol data (e.g., average RMSE
increase of 11.8 W ¥ when using forecast MACC-II data
instead of reanalyses).

Aerosol component: — SSALL — MIALL

4o~ /%50

RMSE difference [W/m?]
Tetal 40D at 550 nm (%)

a3 (L]

Aercsol component: = SSALL— MIALL

100

RMSE difference [w/m?]
Total AOD ot 550 nm (%)

_15{ - 50

24th 25th 28th 27th 4.2.2 Diffuse irradiance

Figure 8. Left axis (red bars): 2h averaged RMSE difference in .
Granada from the 24 to 27 June 2011 when SIRAMix is normally Table5 and Fig.9 (bottom) show a better accuracy of SIR-

run (i.e., five-component aerosol layer) instead of using a fixed con-A'vIIX with regard to McClear in the est|_mat|on of the dif-
tinental aerosol type. Negative values point out the error decreast!Se DSSF (average RMSE for all stations of 44.9 Wm
when the aerosol mixture is considered. Right axis (color lines):for SIRAMix and 55.5W 2 for McClear). The improve-
abundance of aerosol components (see Re2t]) in terms of per-  ment of the diffuse DSSF retrieval is manifest for many sta-
cent of total AOD. tions such as Burjassot, Granada, Sede Boger, and Toravere
(RMSE decrease due to SIRAMix with regard to McClear of
5.2, 7.9, 4.5, and 6.4 Wn#, respectively). The most likely
4.2 Experiment 5: comparison of SIRAMix vs. other reason for this difference between SIRAMix and McClear is
methods for DSSF retrieval the strong dependence of diffuse DSSF on aerosol properties,
which seem to be better reproduced by the five-component
In this experiment, the performances of SIRAMix are eval- aerosol layer in SIRAMix. Again, the worse results obtained
uated against ground measurements of DSSF. Estimates &6r Sede Boger and Tamanrasset are due to an enhanced
global, direct, and diffuse DSSF are computed by SIRAMix aerosol presence, which is not sufficiently well reproduced
every clear-sky instantaneous instant of time at 00 or 30 mirby MACC-II. The accuracy of SIRAMix suffers a decrease
in 2011 for the nine ground stations in Fig. Coincident  when using forecast MACC-Il aerosol data instead of reanal-
DSSF values are also made available from the state-of-the-agtses (e.g., RMSE increase of 16.4 W) Correlation co-
DSSF products LSA-SAF and McClear for comparison. Fig- efficients must be here interpreted with precaution since the
ure 9 shows the scatter plots between the three DSSF prodlimited range of values for diffuse DSSF tends to decrease
ucts (SIRAMix, McClear, and LSA-SAF) and the ground them without denoting poor performance. An evidence sup-
measurements. Also, Tablésb, and6 detail some statistical porting this thesis is that in spite of the slightly higher indi-
scores. It is worth recalling here that the LSA-SAF methodvidual correlation coefficients for McClear station by station
only provides estimates of global DSSF. Also, MACC-Il re- (see Tabl&), the average correlation is higher for SIRAMix
analyses were used for all experiments except for the cas@R? = 0.67) than for McClear R? = 0.65).
referred to as SIRAMix* (see Tables 5, and6) for which The positive bias affecting all methods (e.g., 18.0 W?m
forecast MACC-Il aerosol data were used. The outcomes ofor SIRAMix) may likely come from the overestimation of
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Figure 9. Scatter plots for global, direct, and diffuse DSSF obtained when the retrieval methods SIRAMix, McClear, and LSA-SAF are
compared with coincident ground measurements.

the AOD by MACC-II. The consideration in SIRAMix of a due to the same reasons. Finally, the accuracy of measure-
too high aerosol load would result in an increase of the at-ments taken by ground stations is generally lower for diffuse
mospheric scattering and therefore of the diffuse radiationradiation, as the measuring technique is more challenging in
Despite the better estimation of diffuse DSSF by SIRAMix this case.

with regard to other methods, the mean RMSE represents a

41 % of the average diffuse radiation (see Tab)leThis is 423 Global DSSF

greater than for the direct DSSF, whose RMSE represents

only the 12% of the average radiation (see Tad)leThis .
difference is originated in the higher sensitivity of diffuse ra- TabIeG and Fig.9 (top) show lower errors for global DSSF

diation to AOD inaccuracies under typical aerosol contents.” tcompar'lsc()jn W'tth ;[Ee ?lrect and (_jt|.ffl.1tse ?OT%OTe[?;SS';TS
This can be seen in Fid, which shows a bias larger than outcome 1S due to the lower sensitivity of globa °

+10% for diffuse DSSF when AOD is 0.2 and the asso- ig?sq;;i#]tye%fszgojg:r']ng(:;]rgft'sené ag d;fﬁgt a:r?e?;fl'fusoes_er-
ciated bias ist25%. Under the same configuration, direct P ( . Y P

DSSF suffers only from a bias not greater theh%. Also, |t||ve b'asiti\(/e'gi' 7'A]:fW :?n f;:r %IiEAM'QSCSOFme‘:' gog: tge ¢
the physical parameterization used in SIRAMix is probablyaso POSItive bias atiecting the diftuse (probably due to

less accurate for diffuse DSSF, as the modeling of this ra2n overestimated AOD), which is greater in magnitude than

diation component is more challenging than the direct oneggglfgamls :':?C'mg{aeﬁtmgtqgeg; IgSiII:F.QXIMgene_trﬁl,eglglra;I
Likewise, the aerosol look up table generated with libRad- IS mor urately retriev y IXWIth reg

tran is likely less accurate in terms of diffuse transmittances.” the other methods under study due to its better estima-

tion of the diffuse DSSF. In particular, the average RMSE for
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Table 4. Accuracy scores for instantaneous values of direct DSSF estimated by SIRAMix for all clear-sky instantaneous instants of time at
00 or 30 min and the nine ground stations in 2011. Ground measurements are used as reference. Results from the LSA-SAF and McClea
products are also shown for comparison. Measurements of direct DSSF are not available for stations in Evora and Granada. For this experi:
ment, SIRAMix is also run using MACC-II aerosol forecasts instead of reanalyses. The forecast configuration is referred to as*SIRAMix

. Retrieval Average Bias RMSE
Stat Numb 2
ation method Umoer \wm? wm-2 wm-2 &
. SIRAMix 4.2 62.7 0.91
Burjassot McClear 1558 474.3 1.3 61.1 0.93
SIRAMix 2.4 349 0.95
Cabauw McClear 861 3331 2.9 380 0.95
SIRAMix -9.3 32.8 0.98
Carpentras McClear 2494 465.3 _11.0 336 098
SIRAMix —-229 64.8 0.93
Palma de Mallorca McClear 452 460.3 o918 620 094
SIRAMix —-47.8 73.7 0.95
Sede Boger McClear 3903 5265 505 718 0.97
SIRAMix 17.3 76.2 0.89
Tamanrasset McClear 3313 511.3 155 823 0.90
SIRAMix —19.6 29.7 0.98
Toravere McClear 845 4041 508 323 0.98
SIRAMix —-12.6 59.1 0.97
All SIRAMix* 13426 483.0 -16.9 709 0.95
McClear —-14.6 63.2 0.97
all stations is 23.6, 26.5, and 29.7 Wénfor SIRAMix with o= z ——
reanalyzed MACC-II aerosol data, McClear, and LSA-SAF, . [ ** w25 agﬁﬁgﬁm‘wﬁ%&%&%ﬁ”ﬁfw
respectively. Tabl& shows the correlation between the im- T Yy, -

—60

provement on DSSF estimation using SIRAMix and the sta-
tions with highly mixed aerosol conditions (see second col-
umn of Table6 and stations in Burjassot, Granada, and Sede _
Boger). This improvement comes from the consideration in ST oM A e s e b
SIRAM'X.Of_ a m'xed_ aerosol layer instead of a single aerosoIFigure 10. Daily surface radiative forcing due to aerosols (blue),
type, as it is done in the LSA-SAF and McClear products. water vapor (green), and ozone (red) in 2011 resulting from averag-
Although the LSA-SAF product provides acceptable scoresing over the nine ground stations considered in this study.

in terms of average bias, the average RMSE is significantly

higher than for SIRAMix due to the consideration of static

aerosol conditions. Given that RMSE (lower for SIRAMix) direct radiative forcing at the surface (SRF) caused by a given
is a quadratic combination of the bias (quite similar for all atmospheric component. The surface radiative forcing)
methods) and the standard deviation, the latter score also relue to a given atmospheric component is defined as the dif-
mains lower for SIRAMix with regard to the other methods ference, in W 2, between the net solar irradiance at the
(not shown). Eventually, it is interesting to observe that thesurface €ne) and the same quantity when the atmospheric
implementation of SIRAMix with forecast MACC-Il aerosol component under study is abseBfi(,)

data provides similar scores to those obtained by the current

LSA-SAF product. AE = Enet— Epgp (24)

Daily SRF (W/m?)

—90
+ Aerosol SRF {avg. of: —23 W/m?)

+ Ozorie SRF (avg. of =10 W/m?)

4.3 Experiment 6: towards new surface products to where the net irradiance is the difference between the DSSF
monitor atmospheric direct radiative forcing (E or EV here, for the sake of clarity) and the upwelling flux
(ET)
The parameterization of the downwelling atmospheric path
at the core of SIRAMix provides the means to quantify the Enet= E¥ — ET, (25)
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Table 5.1dem to Table4 for diffuse irradiance. Measurements of diffuse DSSF are not available for the station in Evora.

Retrieval Average Bias RMSE

: 2
Station method Number W2 Wm-2 [Wm-2] R
. SIRAMix 8.7 36.3 048
Burjassot McClear 1558 121.4 6.3 415 052
SIRAMix 1.4 250 0.67
Cabauw McClear 86l 112.4 5.4 297 0.61
SIRAMix 15.7 280 0.53
Carpentras McClear 2494 8r.7 23.9 340 059
SIRAMix 5.1 234 0.60
Granada McClear 2316 91.0 21.2 313 072
SIRAMix 255 439 042
Palma de Mallorca McClear 452 107.0 31.2 430 0.49
SIRAMix 59.8 65.0 0.49
Sede Boger McClear 3903 109.0 58.7 69.5 0.55
SIRAMix 41 62.0 0.61
Tamanrasset McClear 3313 138.6 76 685 0.68
SIRAMix 18.4 251 0.71
Toravere McClear 845 80.2 232 315 0.56
SIRAMix 18.0 449 0.67
All SIRAMix* 15742 109.0 24.8 61.3 0.59
McClear 22.9 55,5 0.65

and can be expressed as a function of the surface albedo aerosols result in a highly varying SRF due to the rapid evo-
lution of AOD in time and space. The SRF due to aerosols

Enet= (1— Asurl) EV. (26)  is —23Wnr 2 in average, ranging betwees5 W m~2 for
clear conditions ané-53 W m—2 for highly turbid situations.

making eventually The aerosol direct forcing obtained by SIRAMix is in
agreement with the values found in the literature for several

AE = (1— Asurf) (Ei - Ei*) : (27)  regions of the world. For exampl®gré et al(2011) deter-

mined the mean aerosol SRF over the Mediterranean Basin

The instantaneous SRF due to a given atmospheric comin August 2003 to range from-10 to —30 Wm2 using
ponent can be easily quantified by SIRAMix using the esti-a chemistry-transport model coupled with a meteorological
mated DSSFE ') and the corresponding surface albedo into model. On the other hand, ground measurements of DSSF
Eqg. 27). Quantity E¥* is computed considering a null abun- alloweddi Sarra et al(2013 to quantify the average aerosol
dance for the atmospheric quantity under study (e.g., SRISRF on September 2005 a&4 W ni-2 in the Mediterranean
due to water vapor is computed setting,o = 0). station of Lampedusa. A similar average was obtained by

Figure10 shows the temporal evolution of the daily SRF the MILAGRO (Megacity Initiative-Local and Global Re-
due to aerosols, water vapor, and ozone along 2011 as consearch Observations) campaign in March 2006 over Mexico
puted by SIRAMix. Only clear sky instants of time were con- (Schmidt et al.2010, which resulted in an average aerosol
sidered. Each value (represented as a colored cross) resulBRF of—22 W m~2. Likewise,Bush and Valer¢2003 quan-
from the averaging of the daili E corresponding to the nine tified the aerosol SRF over a mid-latitude region such as
stations under study (see FB). As it can be seen, the pres- South Korea to be betweerll and —52Wm 2 (aver-
ence of water vapor in the atmosphere results in the highesage of 30 W n12). Finally, Mallet et al.(2006§ and Roger
SRF, with an average of68 W m~2. Water vapor forcing et al.(2006 used measurements of microphysical and opti-
becomes greater in the summer months when air humiditycal aerosol properties obtained during the ESCOMPTE (Ex-
is at its maximum in the Northern Hemisphere (where theperimentS to COnstrain Models of atmospheric Pollution and
ground stations are located, see RY.In opposite, atmo-  Transport of Emissions) campaign to simulate average values
spheric ozone weakly impacts the net flux balance at the sur-
face and the SRF is only10 W m2 in average. Eventually,
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Table 6. Idem to Table4 for global irradiance. Second columns details the percentage in total AOD of the two most abundant aerosol
components for each station. In this way, stations with homogeneous aerosol conditions (e.g., Tamanrasset) can be distinguished frorr
heterogeneous ones (e.g., Granada).

% ofthetwo  DSSF Average Average Average
Station predominant  retrieval Number DSSF Bias RMSE R?
GADS comp. method Wm? [Wm2 [Wm?
SIRAMiIx 7.6 35.6 0.98
Burjassot 51%,32% LSA-SAF 1558 595.7 -3.2 41.6 0.97
McClear 7.6 38.0 0.98
SIRAMix -2.0 19.0 0.99
Cabauw 66%, 14% LSA-SAF 861 4455 -2.0 244 0.99
McClear 8.3 23.0 0.99
SIRAMiIx 7.1 17.3 1.00
Carpentras 57%, 13% LSA-SAF 2494 552.9 -29 18.2 1.00
McClear 12.9 21.6 0.99
SIRAMiIx 6.2 205 0.99
Granada 37%,39% LSA-SAF 2316 592.3 -17.1 32,5 0.99
McClear 2.9 269 0.98
SIRAMiIx 2.8 344 0.98
Evora 67%,16%  LSA-SAF 1966 610.7 -6.2 38.3 0.98
McClear 3.4 359 0.98
SIRAMix -8.1 335 0.99
Palma de Mallorca 53%, 17% LSA-SAF 452 567.2 -5.3 30.3 0.99
McClear 9.3 34.3 0.98
SIRAMix 15.0 26.9 0.99
Sede Boger 46%, 34% LSA-SAF 3903 635.6 20.9 39.8 0.99
McClear 8.7 29.7 0.99
SIRAMix 9.2 279 0.99
Tamanrasset 82%,11% LSA-SAF 3313 649.9 —-18.0 35.0 0.99
McClear 4.9 28.2 0.99
SIRAMiIx -1.3 154 0.99
Toravere 63%,21% LSA-SAF 845 484.4 -10.8 215 0.99
McClear 2.4 185 0.99
SIRAMix 7.4 23.6 0.99
SIRAMix* 6.9 29.1 0.99
0, 0,
All 58%, 23 % LSA-SAF 17708 596.5 31 207 099
McClear 6.8 26.5 0.99

of aerosol SRF equal te(24—-47) W n12 for the southeast of  cording to latitude, going from 25 % of the total aerosol SRF

France in June—July 2001. in Cabauw (7.6 WnT2) to more than 90 % in Tamanras-
The proposed method SIRAMix can go further by estimat- set (-19.1 W nT2). Also, the presence of component SSALL

ing the SRF due to each aerosol type. Figliteshows the  reaches its highest SRF in Cabauw4(8 W ni2) due to the

distribution of the average aerosol SRF in 2011 due to eaclpresence of sea salt aerosols during the winter months (see

one of the five aerosol components considered in SIRAMixcase study 2 in Experiment 4).

for stations in Cabauw, Carpentras, Granada, and Tamanras-

set. As it can be seen, components WASO and MIALL are _ )

the aerosol species resulting in the largest SRF values due Discussion

to the predominance of these particles in the atmosphere (UE . . . :

to —12.4W T2 for WASO and—19.1 W nt2 for MIALL). xperiments in the previous section have shown th_e good

Note the increasing importance of desert dust aerosols ad? : .
gmp of global, direct, and diffuse DSSF. Thanks to the use of
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Aerosol SRF in Cabauw Aerosol SRF in Carpentras
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Figure 11.Circle graphs showing the average surface radiative forcing (SFR) in 2011 due to each aerosol component considered in SIRAMix
for a selected set of stations.

dynamic aerosol information, a significant improvement in it chooses a single aerosol type for each DSSF retrieval. This
terms of RMSE is observed in the estimation of global DSSFoutcome is in agreement with several studi#ag and Mar-
in comparison with the LSA-SAF product. This is the casetin, 2007 Behnert et al.2007) stating that default aerosol
of stations related to short-term changing aerosol conditionstypes are often not representative of real aerosol conditions.
for which the static AOD adopted by the LSA-SAF algorithm Note that SIRAMix is able to consider other aerosol compo-
fails to reproduce the DSSF evolution (see Experiment 3).nents than the five GADS-based species used in this article.
However, the LSA-SAF product may become comparable to Another reason explaining the differences between the dif-
SIRAMix for stations where average aerosol conditions arefuse DSSF estimated by SIRAMix and McClear might be the
close to those adopted by the LSA-SAF (e.g., see results fouse of different surface albedo products. The differences be-
Carpentras in Experiment 5). This is in agreement it tween the LSA-SAF MSG-derived albedo used in SIRAMix
ichen et al(2009, who found that the global DSSF produced and the MODIS-derived one in McClear may contribute to
by the LSA-SAF had a similar quality than other products the obtention of distinct diffuse DSSF estimates. Indeed, dif-
considering more realistic aerosol information. However, thefuse DSSF depends on surface albedo, as it determines the
use of realistic aerosol data, as it is done for SIRAMix, is multiple scattering between the surface and the lower lay-
mandatory to split global DSSF into the direct and diffuse ers of the atmosphere (see Sdcl.]). Nonetheless, the bet-
terms. ter estimation of diffuse DSSF by SIRAMix cannot be ex-
A novelty of SIRAMix with regard to other state-of-the-art plained only by the use the LSA-SAF surface albedo, as this
methods is the consideration of a dynamic aerosol mixture. Invould mean that this product is generally more accurate than
this case, the total AOD produced by MACC-II is exploited MODIS’s (see Sect4.1.9. This is something that has not
along with the mixing ratios of the different aerosol compo- been observed in the literatur@drrer et al.20108.
nents. The consideration of several species allows SIRAMix The different selection of clear sky instants mentioned
to improve the estimation of the global DSSF and, in partic-in the present manuscript and in the article describing the
ular, the diffuse DSSF (see Experiments 4 and 5). In fact, theMicClear methodologyl{efévre et al. 2013 explains most
latter radiative quantity is very sensitive to the aerosol extinc-of the differences observed between the McClear’'s scores
tion properties, and thus, the aerosol composit@egmanos in both studies. According to experiments, the methodol-
et al, 2014). This asset of SIRAMix is particularly remark- ogy proposed in this study (see Se2t4) considers many
able when aerosol conditions are quite heterogeneous, witmildly or highly aerosol-polluted (yet clear) instants of time
several predominant aerosol species (see results for Granadaat may have been ruled out ihgfévre et al. 2013, in
in Experiment 5). Contrary to SIRAMix, the state-of-the-art which a different filtering strategy was used (see S&dt2).
McClear algorithm shows some limitations in this regard, asThe different sensitivity between the two clear sky selections
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may explain the lower DSSF averages and higher RMSE obvapor content, thus taking into account the hygroscopicity
tained for McClear over some stations in the present articleof aerosol particles such as the prevailing sulfate particles
in comparison withl(efévre et al.2013. This thesis is sup- (Wang and Martin2007). Further investigation will be con-
ported by the fact that differences are significant only for sta-ducted in the future to study the impact of aerosol hygro-
tions with high AOD values. For example, average RMSE scopicity on DSSF and the influence of relative humidity on
for McClear-estimated direct DSSF in the dusty station of aerosol radiative forcingarkowicz et al, 2003.

Tamanrasset (Sede Boger) is 82.3 WA(71.8Wn12) in
our manuscript and 48 Wn? (62 W n2) in Lefévre et al.
(2013. However, both studies obtained similar results in the
less aerosol-affected site of Carpentras (33.6 W tim our

6 Conclusions

A new approach referred to as SIRAMix is proposed in this

manuscnpt and 35W it in Lefevre et al. 2013 .__article to estimate the instantaneous global, direct, and dif-
Regarding the use of MACC-II analyses to characterize .
fuse downwelling surface shortwave flux under clear sky

aerosol conditions, Experiment 5 points out the significant . L
: . conditions. The combination of a pre-computed look up table
decrease of the accuracy of the estimated DSSF if MACC- o . . ;
. . . of aerosol radiative quantities with an accurate physical pa-
Il forecast data is used instead of the reanalyses. In this case

the performances of SIRAMix in estimating global DSSF be- ramete_rlzanon aII_ows SIRAMix tq eff|_C|en_tIy compute I_DSSF
. . _according to a given atmospheric situation. The main nov-
come similar to those of the current LSA-SAF product. This :
. T elty of SIRAMix compared to the current state of the art
outcome may argue against the use of SIRAMix in an op-; . . . .
i ) ; : . ) in DSSF retrieval is the consideration of an aerosol layer
erational configuration for which near real time inputs are

necessary. On the other hand, the accuracy obtained witﬁ;ade of several aerosol species that are differently com-

. . . . ned to reproduce any aerosol situation on Earth. In this ar-
SIRAMix using MACC-Il reanalyses is much better, but stil ticle, SIRAMix is tested using atmospheric fields from the

EcMwWF as inputs, among other data. In particular, MACC-

is mostly due to the uncertainties affecting the input data,II a}nalyses of aerosol qqntent and type are U.SEd to ch_arac-
terize the aerosol conditions for a given location and time.

which are especially important for the aerosol information. : . .
This is confirmed by the occurrence of the worst DSSF accu-The proposed method is found to provide highly accurate

racy for stations with highly varying aerosol conditions such DSSF estimates with regard to ground measurements and

. others retrieval approaches. In addition to the estimation of
as the desert stations of Sede Boger and Tamanrasset (s . ) ) )
. X - SF, SIRAMix may be used to investigate the atmospheric
Experiment 5), which are not sufficiently well reproduced

by the reanalyzed MACC-II data. It is important to remark radiative forcing at the surface level. This additional asset

here that MODIS observations of total AOD are usually not of SIR.AM'X comes from the prOX|m|ty of this yvork to the
) . . modeling of the atmospheric direct effect. In this context, the
available over deserts, therefore making the aerosol assimi-

lation carried out in the MACC-II system impossible. This study of the effects of aerosols upon climate could be car-

can affect the quality of the aerosol analysis over Sede Boqer.I ed out by SIRAMix through the spatio-temporal quantifica-

. : > ion of aerosol surface radiative forcinBdmanathan et al.
and Tamanrasset. Given the high sensitivity of DSSF to thezom)_ Also, SIRAMiX provides a tooI?c?investigate other

quality of aerosol inputs (see Experiment 2), uncertamhestopics like, for example, the impact of water vapor or carbon

in aerosol propertles from MACC'” may be st too large dioxide on the increase of surface temperature and its relation
to properly estimate DSSF in some cases. Therefore, mor?O greenhouse effectSélomon et al. 201Q Zhang et al.

efft.ths.WHI be needed in _the future to obtain a better CharaC_2013. Nevertheless, this additional capability of SIRAMix
terization of aerosol particles.

The combination in SIRAMix of a physical parameteri- deserves a more complete assessment to be done in the fu-

zation and a pre-computed LUT presents some advantagetls”e' as this article has been purposely focused on the estima-

beyond computational efficiency (more than 150 times fasterIon of diffuse and direct DSSF. Finally, itis important to npte
. . - .. “that only the use of MACC-IlI aerosol reanalyses provided
than libRadtran). First, the flexibility of the parameterization . .~ . . .

: ; .. significant improvements in terms of global DSSF in com-
allows it, for example, to calculate the atmospheric radiative arison with the LSA-SAE current DSSE product. Indeed
forcing at the surface due to a given atmospheric compo-p o L P ' '

X the combination of SIRAMix with MACC-II AOD forecasts
nent (see Experiment 6). Second, the approach developed in . i . ,
Ceamanos et a[2014) to account for mixtures of aerosol resulted in less accurate DSSF retrievals. This outcome will

species (see Sectidh2.2 can be easily implemented with be taken into account in the forthcoming implementation of
a parameterization-based method. Finally, the use of a LU'ISIRAMIX in the operational system of the LSA-SAF project

is adopted to store the radiative properties of each aerosﬁ\j/prOduce global, direct, and diffuse DSSF in near real time.
o)

. . e hile forecast MACC-II data will be used for the opera-
component, as analytical equations for such quantities do n . : .
: : ; tional near real time LSA-SAF processing chain, reanalyzed
exist and are not straightforward to derive.

o . NACC—II data will be used for the periodical reanalyses done
Eventually, it is interesting to stress the dependence oIn the LSA-SAE proiect
aerosol radiative quantities in the SIRAMix LUT on water project.

ried out with libRadtran simulations in Experiment 1. This
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Appendix A: Global Aerosol Data Set

Table Al. List of GADS aerosol components. Data are borrowed fkoepke et al(1997 andHess et al(1998. Parametermogy (1m)
is the mode radius of the volume distribution.

Aerosol component INSO WASO SOOT SSAM SSCM  MINM MIAM MICM
Description insoluble  water- soot seasalt seasalt mineral mineral  Mineral
soluble (fine) (coarse) (fine) (medium) (coarse)
wp at 500 nm 0.72 0.98 0.23 1.0 1.0 0.95 0.83 0.62
g at500nm 0.84 0.68 0.35 0.78 0.82 0.67 0.76 0.87
Fmody (HM) 6.00 0.15 0.05 0.94 7.90 0.27 1.60 11.0
Hygroscopic no yes no yes yes no no no

The Global Aerosol Data Set (GADS) provides optical The AOD for MACC-Il component OM must be split
properties for several aerosol components that are represeaccording to the hygroscopicity of its particles, as organic
tative for the Earth’s atmosphere. This data base is widelymatter in MACC-II is considered to be 50 % hydrophobic
used in many studies to model aerosol radiative propertiezind 50 % hygroscopicMorcrette et al. 2009. Similarly,
(Hess et a].1998 Perrone et a].2012. TableAl summa-  the AOD corresponding to the MACC-Il component BC is
rizes the GADS components that are used in the proposedplit in two parts as MACC-II considers black carbon par-
method SIRAMix to characterize the five-component aerosoticles to be 80 % hydrophobic (assigned to GADS compo-
layer. Two and three aerosol components with different avernent SOOT) and 20 % hygroscopic (assigned to GADS com-
age particle size are available for sea salt and dust particleponent WASO). It is worth remembering here that GADS
respectively (Seemogv in TableAl). Note the different ex- component SOOT is defined as totally hydrophobic (see
tinction properties of each component as it is shown by theTable A1). The totality of the AOD corresponding to the
single scattering albedag) and asymmetry factogf. MACC-II component SU is assigned to the GADS compo-
nent WASO, as sulfate particles are 100 % hygroscopic.

The appropriateness of this conversion of AOD values is
in agreement with the fact that optical properties of sul-
fates (SU), organic matter (OM), and black carbon (BC) in
MACC-II are taken from GADS components WASO, INSO,
and SOOQOT, respectivelyMorcrette et al. 2009. On the

The AOD values corresponding to the five aerosol compo-Othér hand, sea salt particles in both GADS (i.e., SSAM
nents in MACC-I (i.e., SU, OM, BC, DU, SS) are assigned and SSCM) and MACC-II (i.e., SS) are described accord-

to the five GADS-based components used in SIRAMix (i.e.,INd to (Shettle and Fenn, 1979). Eventually, dust particles in

Appendix B: Processing of MACC-II AOD data

B1 From MACC-II to GADS-based aerosol
components

INSO, WASO, SOOT, SSALL, MIALL) as follows MACC-II (i.e., DU) are modeled followingubovik et al,
2002, who conclude that aerosol properties observed with
9SO — 55V 1 0.569M +0.258C, (B1)  the AERONET network largely agree with GADS dust prop-

8I0NSO: 0.55(C))M’ erties (i.e., MIAM, MINM, MICM).

85°°T=0.88EC, B2 Height correction of MACC-II aerosol data
SSSALL _ 8&5, The _ _
proposed method SIRAMix considers that aerosols are
SPMALL — DU, vertically distributed from the ground heightig) to the top
boundary of the aerosol layeH{oL) (see Fig.1) following
an exponential distribution

N(h) =Ny 7, (B2)

Atmos. Chem. Phys., 14, 8208232 2014 www.atmos-chem-phys.net/14/8209/2014/
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where Z is the scale height in kilometers amd(k) is the
density in number of particles (cr) at the given height.

Table B1 lists the parameters describing the vertical struc-
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Table B1. Parameters defining the vertical structufeand HtoL)
of each GADS-based aerosol component in SIRAMix are given.
Also, coefficients for the conversion of AOD at 550 nm to the short-

ture for each GADS-based aerosol component according t§/ave rangeq andg) are given for each aerosol component to com-

Koepke et al(1997).

Knowing that aerosol optical depth at the ground can be

computed asHess et al.1998

HrtoL
/ N (h)dh,

Ho

1

do=« (B3)

where «1 is the particle number cross section, it can be
rewritten using Eq.B2) as

HroL

8o = k1 / N(O)e~Zdh, (B4)
Ho

and solving for the integral

30=K1N(O)Z(€_% —e_%). (B5)

Analogously, the AOD at the altitude of a given MACC-II
pixel (Ho.macc) reads

H, H
So.macc = k1N (0)Z (e_ ST fTZOL) , (B6)

resulting in the following expression to correct MACC-II

AOD values for height difference with the real ground al-
titude

Hy

30 = do,mACC (677 —e

-1
7> (67 HOAMZACC _ 67%) . (@®7)

www.atmos-chem-phys.net/14/8209/2014/

plete Eq. B8).
Aerosol INSO WASO SOOT SSALL MIALL
component
Z (km) 8 8 8 1 2
HtoL (km) 2 2 2 2 6
o 0.002  0.057 0.047 0.009 0.002
B 1.022 0.646 0.711 0.961 0.977

The adoption of an exponential vertical profile for aerosol
concentration represents the main weakness of this strat-
egy. Indeed, real vertical profiles might not correspond to
Eqg. B2). However, sensitivity studies showed that inaccu-
racies resulting from using an incorrect vertical aerosol pro-
file were greatly lower (less than 5WTh bias on global
DSSF) than those resulting from a 10 % biased AOD (up to
30 W m2 bias) for standard aerosol conditions (AGD.2).
Given that MACC-II aerosol data may be often biased by
more than 10 %Cesnulyte et al.2014), we concluded that
the aerosol vertical profile is not a first-order parameter in the
estimation of DSSF and that the exponential vertical distri-
bution in Eq. B2) is therefore accurate enough for our pur-
poses. This point will be further investigated in the future
along with the likely improvement of the MACC-II aerosol
load estimates by the ECMWF.

B3 Broadband conversion of spectral AOD

Values of AOD at 550 nmég) are converted into the short-
wave range 4 ) following

Ao = —a (80)* + Bdo, (B8)

wherea and g are coefficients obtained from regression of
libRadtran simulations and are valid for optical depths up to
4. TableB1 lists the coefficients for each aerosol component

used in SIRAMix.

Atmos. Chem. Phys., 14, 8B782 2014
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