
Manuscript prepared for Geosci. Model Dev.
with version 5.0 of the LATEX class copernicus.cls.
Date: 21 April 2014

A simple parameterization of the short-wave aerosol optical
properties for surface direct and diffuse irradiances assessment in a
numerical weather model
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Abstract. Broadband short-wave (SW) surface direct and5

diffuse irradiances are not typically within the set of out-
put variables produced by numerical weather prediction
(NWP) models. However, they are beingmore and more
demandedinrequestedfrequentlyby solar energy applica-
tions.AIn orderto computethem,a detailed representation10

of the aerosol optical properties is importantto achievean
accurateassessmentof thesedirect anddiffuse irradiances.
Nonetheless, NWP models typically oversimplifyitsaerosols
representation or even neglectitstheir effect. In this work,
a flexible method to account for the SW aerosol optical15

properties in the computation of broadband SW surface di-
rect and diffuse irradiances is presented. It only requires
aerosol optical depth at 0.55 µm and the type of predom-
inant aerosol.The rest ofOther parameters needed to con-
sider spectral aerosol extinction, namely, Angström expo-20

nent, aerosol single-scattering albedo and aerosol asymme-
try factor, are parameterized. The parameterization has been
tested in the RRTMG SW scheme of the Weather Research
and Forecasting (WRF) NWP model. However, it can be
adapted to any other SW radiative transfer band model. It has25

been verified against a control experimentalongusing five
radiometric stations in the contiguous US. The control ex-
periment consisted of a clear-sky evaluation of the RRTMG
solar radiation estimates obtained in WRF when RRTMG
is driven with ground-observed aerosol optical properties.30

Overall, the verification has shown very satisfactory results

for both broadband SW surface direct and diffuse irradiances.
It has proven effective to significantly reduce the prediction
error and constraint the seasonal bias in clear-sky conditions
to within the typical observational error in well-maintained35

radiometers.

1 Introduction

Broadband SW surface total solar irradiance (also known as
global horizontal irradiance, GHI) is the sum of broadband40

SW surface downward direct normal irradiance (DNI, re-
ceived from the sun’s direction) projected onto a horizontal
plane and broadband SW surface downward diffuse irradi-
ance (DIF, received from other directions). In general, DIF
may also include reflected irradiance from surrounding areas.45

Direct and diffuse components of GHI are rarely included in
predictions made with Numerical Weather Prediction (NWP)
models. As GHI is a key component in the representation of
energy closure and mass surface fluxes, a better understand-
ing and representation of physical processes may be gained50

through the use of DNI and DIF fluxes.
In the surroundings of gentle terrain, and provided the at-

mospheric state is known, GHI can be calculated at reason-
able accuracy using simple models that assume isotropic sky
and surface conditions. However, in cloudy skies or steep ter-55

rain, the isotropy assumption fails. In such a case, a 3D solar
radiation model would provide the best GHI predictions (Ca-
halan et al., 2005; Iwabuchi, 2006; Pincus and Evans, 2009).
Nonetheless, these models are so computationally expensive
that, in practice, their use is restricted only to concrete ap-60
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plications such as validation studies (Mayer et al., 2010) or
the development of simplified parameterizations (Lee et al.,
2011). But, if in particular both DNI and DIF are known, the
uneven distribution of GHI over complex terrain areas can be
determined. Projection of direct irradiance on tilted surfaces65

is a geometrical problem. The exact computation of diffuse
irradiance over the surface would still be unfeasible but, in
practice, isotropic or quasi-isotropic assumptions can beused
at reasonable accuracy (Ruiz-Arias et al., 2010, 2011; Man-
ners et al., 2012).70

A better modelling of surface irradiance and
its components is being also demanded by energy
applicationsEnergy applications are demanding a better
modelling of surfacesolar fluxes. Both GHI and DNI are
acquiring greater importance in the energy sector as the rate75

of built-in solar systems is growing. On the one hand, tradi-
tional flat-photovoltaic (PV) systems, the more mature and
widely-spreadutilized solar energy technology, are driven
primarily by the incoming global irradiance onto the PV
plane. As this plane very rarely coincides with the horizontal80

plane (the common irradiance output in most of the NWP
models), a transposition model from the horizontal to the
PV plane is inevitable;andbut accurate transposition models
need DNI and DIF irradiances. On the other hand, solar
concentrating technologies, both concentrating photovoltaic85

and solar-thermal plants, are driven primarily by DNI. These
technologies increase the overall efficiency of the systems
by concentrating DNI using an optical assembley of mirrors.
Overall, solar energy systems requirelong-termserieslong
time-seriesof GHI and DNI fluxes over wide areas for90

a proper evaluation of the solar potential. But also, very
importantly, they require forecasts that enable an improved
operation of the plants and maximize the integration rate
of solar systems in the power grid without puttingin risk
thepowersupplythepowersupplyat risk. This is best done95

with NWP models formost part of the forecastingtime
horizonsforecasthorizonsfrom about4 to 6 hoursonward
(Diagne et al., 2013; Inman et al., 2013).

As it has been already brought up, among the set of
radiative variablesthat can be predictedat surfaceAmong100

the downwelling solar fluxes that can be predictedat the
surface, most of the NWP models only provide GHI.This
hasbeenvery likelyIt is very likely that this hasbeenmo-
tivated by the fact thatcomputationof DNI and DIF is
challengingDNI andDIF arechallengingto calculate. But,105

at the same time, also because surface processes affected by
solar radiation can be reasonably well represented with GHI
alone, as long asthe spatial resolutionstaysaboveis more
thana few km, which has been the typical case so far. Accu-
rate calculation of DIF fluxes is computationally expensive110

compared with the simple methods that can be used to ob-
tain GHI (e.g.,Dudhia, 1989). Also, DNI and DIF are very
sensitive, particularly DNI, to changes in the optically ac-
tive components of the atmosphere. But the computational
capabilities have grown enough to allow the use of more115

rigorous and precise methods to solve the atmospheric ra-
diative transfer equation. Ruiz-Arias et al. (2013c) provide
a comprehensive benchmarking study of some of the short-
wave radiation schemes available in the Weather Research
and Forecasting (WRF) NWP modelat predictingand their120

ability to predict GHI, DNI and DIF under clear-sky con-
ditions in the contiguous US region. Albeit the evaluated
models yielded GHI estimates within the observational error
range, not all the modelling approaches showed good skills
at predicting DNI and DIF. The best results were achieved125

with the Rapid Radiative Transfer Model for climate and
weather models (RRTMG; Iacono et al., 2008). In particu-
lar, for the period evaluated, the mean and root-mean square
DNI errors when the RRTMG model was run without con-
sidering aerosol extinction (default setting in WRF) were130

66 Wm−2(7%) and 72Wm−2(8%), respectively (percent
magnitudes are relative to the mean observed value). In con-
trast, when RRTMG was run with instantaneous observations
of aerosol optical properties (hereinafter, AOP), the mean
and root-mean square errors diminished to 0Wm−2(0%)135

and 9 Wm−2(1%), respectively. In the case of DIF, the
mean and root-mean square errors when the model was
not driven by AOP observations were -26Wm−2(-34%)
and 28Wm−2(37%), respectively. When AOP observations
were used, the mean and root-mean square errors decreased140

to 2Wm−2(3%) and 5Wm−2(6%), respectively.

2 The need for a AOP parameterization

Nowadaysmany of theMany NWP models solve, or may
solve, the solar radiative transfer in the atmosphere usinga
two-stream approach, which allows for a fast and approx-145

imated solution by assuming azimuthal isotropy in radiant
fluxes (Ritter and Geleyn, 1992; Edwards and Slingo, 1996;
Chou et al., 1998; Iacono et al., 2008). Radiative transfer
solvers in NWP models have been tailored by assuming an
infinite and horizontally uniform atmosphere and treating150

each model column independently. The major practical con-
sequence of the two-stream approximation isan accuracy
diminishingfora reductionin accuracyat large solar zenith
angles. However, it is accurate enough at other conditions for
most of the current applications. It allows for a sufficiently155

detailed description of the solar direct and diffuse fluxes at a
low-to-moderate spectral resolution.

In the absence of clouds, aerosols become the dominant
driving factor for DNI and DIF fluxes and the greatest source
of uncertainty. In particular, the impact of aerosols in DNI160

is about 3 to 4 times larger than it is in GHI (Gueymard,
2012; Ruiz-Arias et al., 2013a) since an increase (decrease)
of aerosol extinction results in a decrease (increase) of DNI
and an increase (decrease) of DIF, in the general case. Thus,
errors in DNI and DIF fluxes caused by a misrepresentation165

of the aerosol loadpartly cancel out in GHI, in the general
case. In part, this explains why many NWP models have tra-
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ditionally neglected the direct impact of aerosol in the as-
sessment of GHI, or why it has been simply accounted for by
using climatological values. However, this may result in DNI170

assessment errors up to 20% (Ruiz-Arias et al., 2013a,c).
Extinction by aerosols is described in radiative trans-

fer problems in terms of three spectral quantities, namely,
aerosol optical depth (AOD orτ ), single-scattering albedo
(SSA or ω0) and asymmetry factor (ASY org). Aerosol175

optical depth is the integral of the extinction coefficient
over a verticalan atmosphericpath. It represents the atten-
uationof radiationby absorption and scattering eventsover
the verticalthroughthat atmosphericpath. Single-scattering
albedo is the ratio of the scattering and extinction efficien-180

cies. It represents the relative importance of the scattering
events within the total extinction. Finally, asymmetry factor
is the first moment of the scattering phase function. It ac-
counts for the preferred direction in which radiation is scat-
tered (Liou, 2002). It is usual to model the spectral variability185

of AOD using theÅngstr̈om law τ(λ) = βλ−α, whereλ is
the wavelength in µm, β is the AOD measured atλ=1 µm and
α is known asÅngstr̈om exponent (AE) (̊Angstr̈om, 1961).

The number and variety of region-wide aerosol datasets
has steadily grown in the recent years, from worldwide190

ground datasetssuch as the Aerosol Robotic Network
(AERONET; Holben et al., 1998) to sensors aboard satellite
platforms that regularlysurroundsweepthe globe,the best
well-knownbeing the Moderate-resolution Imaging Spectro-
radiometer (Remer et al., 2005)the bestwell-known. Both195

provide AOP observations that could be used in NWP mod-
els to compute DNI and DIF fluxes. Ground observations,
essentially from AERONET, provide a reliable and compre-
hensive AOP description, at a number of wavelengths. How-
ever, the spatial coverage is scarce and its near-real-time200

availability is limited. Thus, in practice, its applicability to
NWP model applications is constrained to a reduced num-
ber of cases. Satellite retrievals, on theoppositeotherhand,
provide broad spatial coverage but the accuracy of their cur-
rent estimates is often only reasonable for AOD at 0.55 µm.205

Also iIn recent years,andleveragedby thegrowingnumber
of availablegroundand remotesensingdatasets,the cou-
pled Atmosphere-Chemistry Numerical Weather Prediction
(ACNWP) models have experienced a big advanceandnow
theyleveragedby the growing numberof availableground210

and remotelysenseddatasets.Now, ACNWP modelsrou-
tinely offer global forecasts of many molecular and partic-
ulate components of the atmosphere. Such is the case of the
Monitoring Atmospheric Composition and Climate project
(MACC, 2013) or the Goddard Earth Observing System215

model version 5 (GEOS-5, 2013). They compute AOP from
prognoses of the chemical composition of the atmosphere
and use them to calculate DNI and DIF fluxes. Nonetheless,
in general, ACNWP models are computationally expensive
and complex to run compared with the regular limited-area220

NWP models. Also, as they are initialized using mostly satel-

lite observations, they sufferof similar biases regarding opti-
cal properties of aerosols.

For those applications that are focused on DNI and DIF
fluxes, it is convenient to set up a means to use AOP inputs225

in NWP models fromdifferentdiversesources. This approach
would allow using the best aerosol optical source for each
application. In particular, for long-term evaluations of the re-
gional surface solar radiation potential, combined measure-
ments of satelliteand/oraerosoltransportmodelsand ground230

sites could be used (Kinne et al., 2013; Ruiz-Arias et al.,
2013b). On the other hand, when the application requires
forecasts of surface solar radiation, the AOP predicted by
global ACNWP models could be used. Nonetheless,assince
the only accurate aerosol optical parameter typically avail-235

able is AOD, the rest ofthe required parameters, namely,
SSA, ASY and AE,needhaveto be specified/parameterized
based on additional information, whentheyarenotavailable.

In this work, a parameterization approach for the aerosol
optical parameters required by radiative transfer models240

other than AOD at 0.55 µm is described. In particular, SSA,
ASY, and AE are parameterized as a function of built-in ref-
erence aerosols and relative humidity. The method is veri-
fied in the WRF NWP model using the RRTMG short-wave
radiative scheme against a previous experiment in which245

RRTMG was driven with observed AOD at 0.55 µm, SSA,
ASY, AE and precipitable water gathered in the AERONET
network. This control experiment is thoroughly described in
Ruiz-Arias et al. (2013c).Afterwards,tThe benefits of the
AOP parameterization were evaluated based on the compari-250

son of1-yearaone-yearWRF simulation against independent
surface solar irradiance ground observations in the contigu-
ous US.

Section 3 describes the approach taken for the parameteri-
zation of the aerosol optical properties in the RRTMG short-255

wave radiative transfer model. Sections 4 and 5 present the
results of a benchmarking study against a control experiment
and the validation against ground observations, respectively.
Finally, Sect.Section6 highlights the most important conclu-
sions of this work.260

3 The AOP parameterization

The RRTMG SW radiative transfer model solves multiple
scattering using a two-stream algorithm (Oreopoulos and
Barker, 1999) over 14 spectral bands spanning from 0.2 to
12.2 µm (Table 1). It accounts for extinction by water vapor,265

carbon dioxide, ozone, methane, oxygen, nitrogen, aerosols,
Rayleigh scattering and clouds. In clear skies, the expected
accuracy of RRTMG with respect to line-by-line calculations
is about 4Wm−2 for direct fluxes and about 5Wm−2 for
diffuse fluxes (Iacono et al., 2008).270

Aerosol optical properties, that must be provided to the
radiative transfer routine at every grid-cell of thesimulating
domaindomainbeingsimulatedand each spectral band, have



4 Jośe A. Ruiz-Arias: Parameterization of SW properties of aerosols

Table 1. Spectraldistribution in RRTMG. λ’s in nmSpectralbandsdistribution in RRTMG. From top to bottom rows,λ’s (in nm) are
bandmean,bandminimum andbandmaximumvalues,respectively.Note the bandnumberingdoesnot follow increasingor decreasing
wavelengthvalues.Thebandnamingconventionfollows theRRTMG’sdefinition.

Band # 1 2 3 4 5 6 7 8 9 10 11 12 13 14

λ̄ 3462 2789 2325 2046 1784 1463 1271 1010.1 701.6 533.2 393.1 304.0 231.6 8021
λmin 3077 2500 2150 1942 1626 1299 1242 778.2 625.0 441.5 344.8 263.2 200.0 3846
λmax 3846 3077 2500 2150 1942 1626 1299 1242.0 778.2 625.0 441.5 344.8 263.2 12195

been parameterized in terms of the vertically-integrated (to-
tal) AOD at 0.55 µm (τ0.55) and built-in reference aerosols,275

in a similar way as it is done in many detailedradiative
transfermodels(Ricchiazzi et al., 1998; Gueymard, 2001;
Berk et al., 2005; Mayer and Kylling, 2005). The reasonto
not parameterizeAOD is twofold: on the one hand, optical
depth is the most determinant property in the solar extinc-280

tion burden, so it is important to make use of the best esti-
mate available. On the other hand, unlike other aerosol op-
tical properties, both satellite retrievals and ACNWP mod-
els provide reasonable estimates of AOD for many current
applications. The reason to choose the value at 0.55 µm is285

to be consistent with the values usually provided by these
data sources and the ground observations at AERONET.The
latterObservedAOD can be easily interpolated to a wave-
length of 0.55 µm from other spectral values by using the
Ångstr̈om law. Thebuilt-in reference aerosoltype iss are290

used to provide spectralclimatic values for SSA, ASY and
AE, which are afterwards modulated in terms of the relative
humidity to account for the aerosol hygroscopicity.

Two different reference aerosols from Shettle and Fenn
(1979), namely rural and urban,representativeof broad295

inland conditionshave been included so far in WRF.They
are representativeof broadcontinentalclimate conditions.
The rural aerosol is intended for situations where the aerosol
is not expected to be affected by urban or industrial sources.
It will be thusThus, it is expectedto be the typical choice300

for most of the simulations. It is composed of a mixture
of 70 percent of water soluble substance and 30 percent
dust-like aerosols. The urban aerosol is a mixture of rural
aerosol (80 percent) and soot-like particles (20 percent).The
two referencetypesmixturesdefine the absorption, scatter-305

ing and extinction coefficients, single-scattering albedoand
asymmetry parameter for a number of wavelengths and rel-
ative humidities from 0% to 99%. The choice of these two
reference aerosolswas basedon the fact that they are two
well known models.Experiencegainedwith its use may310

be usedto incorporatemorespecificaerosoltypes.hasbeen
basedon the fact that they havedemonstratedtheir ability
to representreasonablywell clear-skysurfacesolar fluxes
in other radiative transfermodels(Ricchiazzi et al., 1998;
Gueymard, 2001, 2008).315

3.1 Aerosol optical depth andÅngström exponent

Aerosol optical depth has to be specified at each
modelRRTMGspectral band. In real applications, even in the
best cases, AOD is only known/measured at a small number
of wavelengths, and the̊Angstr̈om law is often used to de-320

scribe its spectral variability. But, for some aerosol particle
ensembles, such as the reference aerosoltypesmixturesused
here, this spectral variability is best described using a 2-band
version of theÅngstr̈om law (Gueymard, 2001) as follows:

τ(λ) = τ0.55

(

λ

0.55

)

−αi

, (1)325

whereλ is the wavelength in µm andαi is theÅngstr̈om ex-
ponent for each band, defined asαi = α1, for λ <0.55 µm,
and αi = α2, otherwise. The coefficientsαi are obtained
from the built-in reference aerosoltypes by linearly fit-
ting (in log-log coordinates) the spectral extinction coeffi-330

cients tabulated in Shettle and Fenn (1979) for each aerosol
typemixtureand relative humidity. The corresponding values
of αi are given in Table 2. Forα1, the extinction coefficients
at 0.337 µm, 0.55 µm and 0.649 µm were used. The values
at 0.649 µm, 1.06 µm and 1.536 µm were used forα2. Note335

thattheverydifferentvaluesobtainedfor α1 andα2 indicate
that the 2-bandÅngstr̈om model is more appropriatethan
theoriginaloneThismodellingapproachresolvesbetterthan
the regularÅngstr̈om law the distinct spectralcontribution
of thefine andcoarsemodesof theaerosolsizedistribution.340

The fact that α1 andα2 show distinct valuessuggeststhis
approachis pertinent.Thelimit for thecalculationof α1 and
α2 (λ=0.55µm) is similar to the limit of 0.6 µm suggested
by Dubovik et al. (2002)to distinguishbetweenthe fine
mode and the coarsemode in bimodal size distributions.345

The decreasingαi values forhighincreasingrelative humidi-
ties indicate a particle size increaseby water uptakeand
a shift of the extinction towards lower wavelengths.It is
worthmentioningthat,unlikeexpected,̊Angstr̈omexponents
for the rural aerosolaregreaterthan for the urbanaerosol,350

indicatingthatoveralltheparticlesin theurbanmixturehave
a largersize.This is very likely dueto theassumptionmade
in Shettle and Fenn (1979)that thesoot-likeparticlesin the
urbanmixturehavethesamesizedistributionthanthewater
solubleand dust-like particlesin the rural aerosolmixture355
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despitethe fact that sootparticlesare in generalof smaller
size.

ThespectralAODAerosolopticaldepthwas averaged over
each spectral band in order to provide a representative value
over thethat entire band. As the solar spectral irradiance360

changes abruptly in the ultraviolet and visible regions and
some model bands in the infrared region are wide, the ex-
traterrestrial solar spectrum,E0n(λ), as described by Guey-
mard (2004), was used asa weighting factor to compute the
average AOD value,̄τrj , as follows:365

τ̄rj =

∫

∆λj
E0n(λ)τr(αri;λ)dλ
∫

∆λj
E0n(λ)dλ

, (2)

wherej stands for each RRTMG spectral band, that extends
over the range∆λj , and τr(αri;λ) is the aerosol optical
depth calculated with Eq. (1) for the relative humidityr. Fac-
torizing τ0.55 out of τr(αri;λ), Eq. (2) can be re-written as370

τ̄rj = ρrj τ0.55 (3)

whereρrj is the spectral scale factor with respect toτ0.55 for
the bandj and relative humidityr. It is given by

ρrj =

∫

∆λj
E0n(λ)

(

λ

0.55

)

−αri

dλ
∫

∆λj
E0n(λ)dλ

. (4)

Equation (4) was numerically evaluated for each spectral375

band and relative humidity according to theαi coefficients
in Table 2. The so-computed spectral scale factor values
ρrj were grouped in two look-up-tables (LUT) for the two
aerosol types (Tables A1 and A2). For eachmodelRRTMG
spectral band, the spectral scaling factors are interpolated us-380

ing a 4-points Lagrange interpolation at the relative humidity
values predicted by the NWP model. Aerosol optical depth
is then calculated using Eq. (3) and the inputτ0.55. Figure 1
exemplifiesillustratesthe interpolation results for the rural
aerosoltypemixture. It also compares theE0n-weighted av-385

erage as defined by Eq. (2) with a regular (un-weighted) av-
erage. The largest discrepancies appear in the ultraviolet, vis-
ible and near-infrared regions (bands 8-12) as well as in the
mid-infrared region (band 14). The weighted average shifts
the averaged AOD value towards wavelengths with higher390

extraterrestrial solar intensity resulting in an enhancement of
aerosol extinction in the visible and infrared bands, and a de-
creased extinction in the ultraviolet region.

3.2 Single-scattering albedo and asymmetry factor

Shettle and Fenn (1979) provides spectral values of SSA395

and ASY up to 40 µm starting at 0.2 µm for each aerosol
typemixture and relative humidity value. Single-scattering
albedo has been spectrally weighted for each band as fol-
lows:

ω̄o,rj =

∫

∆λj
Eon(λ)ω̂o,r(λ)τr(αri;λ)dλ

∫

∆λj
τr(αri;λ)Eon(λ)dλ

, (5)400

whereω̄o,rj is the average SSA value for the relative humid-
ity r and the spectral bandj. The tabulated values of SSA for
each relative humidity were interpolated using cubic splines
to the wavelengths at whichEon(λ) is known, resulting in
the valueŝωo,r(λ). Equation (5) assigns a higher weight to405

the wavelengths at which extraterrestrial solar spectral irra-
diance and aerosol extinction are greater. The valuesω̄o,rj

were grouped in twolook-up-tableLUTs for the two aerosol
typesmixtures(Tables A3 and A4) from which values are in-
terpolated for each spectral band and relative humidity using410

a 4-points Lagrange interpolation.
Following a similar approach, spectrally-averaged asym-

metry factor has been calculated as:

ḡrj =

∫

∆λj
Eon(λ)ĝr(λ)ω̂o,r(λ)τr(αri;λ)dλ

∫

∆λj
ω̂o,r(λ)τr(αri;λ)Eon(λ)dλ

, (6)

whereḡrj is the average ASY value for the relative humidity415

r and the spectral bandj. The tabulated values of ASY for
each relative humidity were interpolated using cubic splines
to the wavelengths at whichEon(λ) is known, resulting in the
valuesĝr(λ). In this case, a higher weight has been assigned
at those wavelengths with greaterEon(λ) and scattering co-420

efficient. The values̄grj were grouped in two look-up-tables
for the two aerosol types (Tables A5 and A6) from which
values are interpolated for each spectral band and relativehu-
midity using a 4-points Lagrange interpolation.

Figure 2 shows the parameterized SSA and ASY values425

for the two built-in reference aerosols for a relative humid-
ity of 80%. The solid thin line is the resulting interpolation
from the tabulated values (cross marks) in Shettle and Fenn
(1979), both for SSA and ASY. The solid thick line is the re-
sultantE0n-weighted average for each model band after ap-430

plying Eqs. (5 and 6). The shaded region represents the range
of variability at each band due to relative humidity, from 0%
to 99%. In general, SSA for the urban aerosol (Fig. 2c) has a
smaller value at all wavelengths and a higher sensitiviy to rel-
ative humidity changes than the ruraltype(Fig. 2a). Thus, the435

latter scatters more radiation but responds less to changesin
humidity. Note that, for wavelengths above 4 µm, the band-
averaged SSA keeps close to the SSA value between 4 and
5 µm because the extraterrestrial solar intensity is very small
beyond 5 µm. Thecomparisonwith SSAvaluesobservedat440

AERONETrevealsthattheurbanSSAtakesabnormallylow
valueswith respectto averageconditions.This fact suggests
thattherural aerosolshouldbepreferred.However,it is still
appropriateto maintainthe urbanaerosolsincetheremight
beparticularcases,normallyshortin time or limited in area,445

whereit is requiredto assumeahighaerosolabsorptance.
AThe asymmetry factorisvaluesarevery similar for the

two referenceaerosoltypesbuilt-in aerosolmixtures(Figs. 2b
and 2d), with decreasing forward scattering in the ultraviolet
and visible bands and increasing in the infrared up to 3 µm.450

Beyond, it stays at about 0.75.
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Table 2. Ångstr̈om exponents for each band, aerosoltypemixtureand relative humidity.̊Angstr̈omexponentswerecomputedasdescribedin
Sect.3.1

Relative humidity αi 0% 50% 70% 80% 90% 95% 98% 99%

Rural α1 1.036 1.035 1.030 0.999 0.946 0.906 0.818 0.753
α2 1.433 1.430 1.421 1.382 1.371 1.357 1.221 1.152

Urban α1 0.915 0.919 0.929 0.921 0.875 0.803 0.682 0.588
α2 1.198 1.202 1.202 1.254 1.265 1.243 1.164 1.082
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Fig. 1.AOD spectral scale factor interpolated using 4-point Lagrange interpolation for relative humidities from 0% to 99% for each RRTMG
spectral band and the rural aerosoltype. For the sake of comparison, the results using weighted and un-weightedspectral scale factors are
shown.

3.3 Vertical distribution

The vertical distribution of AOD is modelled after the spec-
tral disaggregation has been completed. The latter is made
following Eq. (3) with spectral scale valuesρrj interpolated455

according to the model relative humidity, but only atthesur-
face level. Then, the spectrally disaggregatedτ̄j values atthe
surface for each band are distributed in the vertical accord-
ing to an exponential profile (Ruiz-Arias et al., 2013c) as fol-
lows:460

τ̄j(z) =
τ̄j/Zh

e
−

zsfc
Zh − e

−

ztoa
Zh

ztoa
∫

z

e
−

z

Zh dz, (7)

wherezsfc andztoa are the altitudes atthesurface and the top
of the atmosphere, respectively. The height scale parameter
Zh is set to 2.5km (Gueymard and Thevenard, 2009). By
following this procedure the vertically-integrated profile of465

AOD is consistent with theτ0.55 value provided as input.
The vertical distribution of SSA and ASY is based only

on the relative humidity profile in the NWP model. There-
fore, the SSA and ASY vertical profiles resemble the model
moisture profile.470
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Fig. 2. Parameterized SSA and ASY parameters for the rural and urban aerosol typesmixturesfor a relative humidity of 80% (thick line).
The Shettle and Fenn (1979) spectral values are shown with cross marks. They have been interpolated using cubic splines (thin line). The
grey region encompassesthe variability range of the parameters with different values of relative humidity.

4 Parameterization benchmarking

The consistency of the AOP parameterization at predict-
ing clear-sky surface solar irradiance has been first bench-
marked against a case study (hereinafter referred to as
control experiment) in which the WRF’s RRTMG model475

was drivenwithusing observed aerosol optical properties
and precipitable waterinvaluesat a number ofsitesofthe
AERONET network sites with collocated surface solar
irradianceobservations. The control experiment represents
a best-case estimate of the expected model performance at480

predicting clear-sky surface solar irradiance.

4.1 Control experiment

In the control experiment, the WRF model was run using the
RRTMG SW scheme. Clear-sky estimates of GHI, DNI and
DIF were computed every 10 minutes for five completely485

cloudless days at five different locations in the contiguousUS
(see Ruiz-Arias et al. (2013c) for a description of the sites).
At all sites, concurrent observations of GHI, DNI and DIF,
as well as aerosol optical properties and precipitable water
from nearby AERONET locations, were available. Four of490

the experimental surface solar irradiance sites belong to the
Baseline Surface Radiation Network (BSRN; Ohmura et al.,
1998) and the Surface Radiation Network (SURFRAD; Au-
gustine et al., 2005). The fifth is at the Atmospheric Radia-
tion Measurement (ARM) Central Facility,OKin Oklahoma,495

USA. The WRF model was modified such that instantaneous
observations ofall the aerosol optical properties and precip-
itable watercould beat the AERONET siteswere ingested
every 10 minutes at exactly the same time steps at which so-
lar irradiance was computedin the model. The few traces500

of clouds generated by WRF during the simulations were

cleared upby settingthecloudmixing ratio to zeroin order
to ensureresultsundercompletely clear-sky conditions. Note
that, as all the aerosol optical properties were ingested from
ground observations, there was no need to parameterize any505

aerosol property. Thus, the control experimentgives a fair
estimateof the RRTMG model performanceat computing
clear-skyGHI, DNI andDIF. The control experiment is fully
described in Ruiz-Arias et al. (2013c).

4.2 Test case510

The simulations of the control experiment were repeated us-
ing the AOP parameterization. That is, only the observed
AOD at 0.55 µm at the AERONET sites and the type of
aerosol were provided to WRF. The rest ofthe aerosol pa-
rameters, namely, AE, SSA and ASY, were parameterized,515

as presented in Sect. 3. As in the control experiment, the
model was driven with observations of precipitable water
so that the real skill of the aerosol parameterization was
better evaluated. Two different simulations, assuming rural
and urban aerosoltypes, were carried out at each site.Note520

howeverthat theurbanaerosolis soabsorbingthat it should
notbeadequatefor mostof therealconditions.An additional
one,withoutaerosolinputssimulationfor acompletelyclean
atmosphere(i.e.,zeroaerosols)was also conducted.

Figure 3 shows the relative errors of both the control exper-525

iment and the test cases as compared against the GHI, DNI
and DIF ground observations at each site and the composite
of all sites(referredto ascaseALL in Fig. 3). If the param-
eterization were perfect, the grey blocks and the colour bars
should match. Disagreements are caused by the prescription530

of the aerosoltypeopticalproperties.
Figure 3a shows the relative errors in the case of DNI. As

it was expected, the discrepancies between the control ex-



8 Jośe A. Ruiz-Arias: Parameterization of SW properties of aerosols

periment and the test cases using the AOP parameterization
are negligible (below 1% at all sites), regardless theaerosol535

typechoiceof aerosolmixture. The reason is that, as far as
aerosolsare concerned, DNI is only impacted by optical
depth, and the AOD at 0.55 µm is the same in both the control
experiment and the test cases. The only distinction between
the experiments is the AOD spectral distribution, modelled540

by the AE value. In the control experiment, it comes from
spectral observations of AOD. However, in the test cases, itis
inferred from the selectedaerosoltypereferenceaerosoland
the relative humidity. Nonetheless, as DNI is a broadband
quantity, theoverallimpact of AE issmallreducedand so are545

the differences between the control experiment and the test
cases. On the contrary, whenno aerosolsare usedaerosols
impact is not considered, the simulated DNI overestimates
the observations beyond the expected observational error.

Figure 3b shows the relative errors in the case of DIF.Now,550

dDiscrepancies between the control experiment and the test
cases are greaterthanfor DNI because DIF is also impacted
by SSA and ASY, which now are parameterized. Specifically,
for relative humidities below 90%,the parameterizedSSA
spectralvaluesfor the rural aerosoltype areabout20% to555

40% greaterthan in the caseof the urbanaerosoltypethe
urbanaerosolis about20%to 40%moreabsorbingthanthe
rural aerosol. As a consequence, systematic disagreements
up to 15-20% appear in the DIF values computed with the
two aerosoltypesmixtures. Hence, unlike for the DNI, the560

choice of the correct aerosoltype is important for DIF. In
particular, at four of the sites evaluated in this study, the
rural aerosoltype fits reasonably well the control experi-
ment.On thecontrary,aAt the TBL site, however,the urban
aerosol yielded better results because the particular selec-565

tion of clear-sky daysatfor this site showedanomalouslylow
SSA valuesan anomalouslyhigh rateof absorbingaerosols
that might beexplainedby thepresenceof wildfires nearby
in the Arapaho-RooseveltNationalForest,at 50 to 100 km
awayfrom thevalidationsites(Short, 2013; Ruiz-Arias et al.,570

2013c), morerepresentativeof anurbanaerosoltype.These
valuescouldbeexplainedby a forestfire nearbysotheydo
not necessarilymeanthat the typical type of aerosolat the
TBL site is urban. This caseservesnonethelessto showthat
the urbanmixture is useful in somecircumstances. When575

the model is not driven by aerosolsaerosolsimpact is not
considered, a systematic underestimation around 30% ap-
pears.

In the case of GHI (Fig. 3c), all the experiments pro-
vide estimates within the expected observational error range,580

even when aerosols are not provided because, as already
commented,the large overestimation in DNI ispartly can-
celled out with the large underestimation in DIF. Overall, the
rural aerosol fits better the control experiment.

5 Validation against ground observations585

A major limitation of the benchmarking study described in
the former section comes from the fact that AOD, AE, SSA
and ASY need to beall known simultaneouslyin thecontrol
experiment. Measurement of SSA and ASY is limited by
strong practical constraints (Dubovik et al., 2000) that re-590

duce drastically their availability. Nonetheless,assince the
only external input required by the AOP parameterization is
AOD at 0.55 µm, the validation period with the AOP pa-
rameterization can be extended as long as AOD and sur-
face solar irradiance measurements are available. Thereby,595

two one-year-length simulations have been conducted using
the AOP parameterization with rural and urban aerosols at
the same five sites described in Sect. 4 and with the same
model set-up. In particular, the AOD at 0.55 µm from the
AERONET sites was ingested into WRF every 10 minutes at600

exactly the same time steps at which GHI, DNI and DIF were
computed. The subsequent validation was conducted only for
those time steps with AOD observations under clear-sky con-
ditions, which were discerned based on the method described
in Long and Ackerman (2000).605

In addition, the simulation was repeated using the WRF’s
Dudhia SW scheme as a skill reference for the case of
GHI. The Dudhia SW scheme is the radiative transfer
model of choice in most of the WRF runs. Itonly provides
estimatesfor GHIis a simple broadbandparameterization610

(one single spectral band) that considersextinction by
Rayleighatmosphereand water vapor. It doesnot account
for multiplescatteringeffects.Extinctionby ozone,aerosols,
andothermolecularabsorbersis notexplicitly parameterized
(Dudhia, 1989). Insteadthey areall accountedfor by using615

a bulk scatteringparameterthat was empirically fixed for
averageturbidity conditions (Zamora et al., 2003, 2005).
Furtherreferencesmaybefoundin Ruiz-Arias et al. (2013c).

5.1 Dynamical range performance

The performance of the AOP parameterization for each620

aerosol type has been analysed throughout the entire range
of variability of the aerosol optical properties observed in
this experimentfor the compositeof the five experimental
sites.Panels(a-c)in Fig.Figure4(a-c)shows the relative fre-
quency distribution of the observed AOD at 0.55 µm, the ob-625

served and parameterized SSA values, and the observed and
parameterized ASY values, respectively. Overall, the AOD
valuesobservedin the validation sites are small, although
the evaluation period spans an entire year and includes all
the available observationsinat thevalidationsites. The mean630

value is 0.06, the median is at 0.05 and 95% of the values
are smaller than 0.12. The mean observed SSA value is 0.92,
with 95% of the values greater than 0.75. A very distinct es-
timation of the SSA values is made with the rural and urban
types.Whereas95%of theruralSSAvaluesarebetween0.4635

and0.92,with its meanvaluein 0.93,theurbanSSAvalues
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are far from the observedones.In particular,95% of the
valuesmixtures.For theruralaerosol,95%of theSSAvalues
arebetween0.92 and0.94,with a meanvalueof 0.93.For
the urbanaerosol,95% of the SSA valuesare smaller than640

0.68, and the mean value is 0.62. Figure 4c shows the rela-
tive frequency distribution of observed and simulated ASY
values.A 95%Ninety-five percentof the observations span
the range from 0.61 to 0.75, with a mean value of 0.67. The
values simulated by the rural aerosol havethemeaninamean645

of 0.66, and 90% of the data spans from 0.63 to 0.67. In the
case of the urban aerosol, 90% of the aerosols span from 0.66
to less than 0.67, and the mean is alsoin 0.66.

As AE is not directly parameterized (note that it has been
approximated by means of a two-band model), it has not650

been shown for the sake of simplicity. However, its effec-
tive value can be estimated from the spectral distribution of
AOD throughout the RRTMG bands. When that is done, 99%
of the AE values for the rural aerosol are between 1.19 and
1.22, and 99% of the AE values for the urban aerosol are in655

the range from 1.00 to 1.06. In contrast, 90% of the obser-
vations go from 0.72 up to 2.59. Note thus that, the effective
AE values used in the parameterization do not span the range
of observed AE values.

Figure 4d-f shows the results for DNI. Inanyeachcase,660

the relative error is within the expected DNI observational
error. However, as it can be seen in Fig. 4d, for AOD above
0.05, there is a systematic bias of about 4Wm−2 between the
estimates with the rural and urban aerosoltypesmixtures. An
experiment (not shown here for the sake of conciseness) con-665

ducted with the SMARTS radiative transfer model (Guey-
mard, 2001) has revealed this discrepancy is compatible with
the different AE values modelled by each aerosol type. For
AOD values below 0.05, the disagreement with the observa-
tions increases slightly. Asit is shown in Ruiz-Arias et al.670

(2013c), this might be related to the observational uncer-
tainty of the AOD observations taken at AERONET sites. As
it is expected, DNI does not show any apparent trend with
SSA and ASY (Fig. 4e-f).

Figure 4g-i shows the results for DIF. For these sites, and675

for all cases, the DIF estimatesassumingfor the rural aerosol
typeare within the expected range of the observational error.
However, the urban aerosoltypeshows a negative bias that,
in particular, increases in magnitude for increasing AOD.
The reason is that there exists a positive correlation between680

AOD and SSA in this experimental dataset (not shown here)
such as an increase of AOD entails an increase of SSA. In
addition, asit is shown in Fig. 4h, there exists a systematic
underestimation of about 15% in the estimated DIF values
assuming the urban aerosol, whereas it stays unbiased for the685

rural aerosol. No trend is observed in the simulated DIF val-
ues with respect to ASY (Fig. 4i).

Figure 4j-l shows the results for GHI. Besides GHI com-
puted with the RRTMG model assuming rural and urban
aerosols, GHI calculated with the Dudhia SW scheme is also690

shown. It does not make use of any aerosol optical variable

as input. In any case, all the simulated values are within the
range of the expected observational error. In particular, GHI
estimates with the RRTMG model assuming rural aerosol are
always unbiased. On the contrary, when the urban aerosol is695

assumed, the bias in DIF (Fig. 4g-i) appears in GHI but with
a reduced relative impact (about 3%). The Dudhia scheme
shows an increasing trend with respect to AOD at 0.55 µm
that goes froman underestimationof about 5% (or, equiva-
lently, 25Wm−2) for very clean conditions to unbiased esti-700

mates for AOD about 0.12, as expected for a scheme with a
fixed aerosol scattering parameter. No trend is observed with
respect to SSA and ASY.

5.2 Seasonality

One of the particular benefits of having a method to include705

aerosol extinction in the computation of surface solar irradi-
ance is to consider the impact of the seasonal variability of
AOD in surface fluxes. Specifically, if AOD is not consid-
ered in the calculation of clear-sky surface irradiance, orit
is done using a fixed value, a seasonal bias may appear in710

the computed irradiances atthe surface, which can become
considerably large depending on the simulated region. Fig-
ure 5 shows the daily mean relative error in computed DNI,
DIF and GHI (simulated values minus observations, relative
to the observations) using the RRTMG model assuming ru-715

ral and urban aerosols, throughout the simulated year over
the composite of the five experimental sites. A 15-day mov-
ing average filter has been used to make clear the bias trend.
For GHI, the calculated values with the Dudhia scheme are
also shown. The expected observational error region for the720

surface solar irradiance observations, roughly estimatedas
±5%, is highlighted in yellow.

Figure 5a and b shows the case of DNI and DIF esti-
mates, respectively. Overall, both the rural and urban aerosol
typesmixturesproduce unbiased DNI values during the en-725

tire simulated year. The little disagreement between them
is due to the different AE values that are parameterized by
each aerosoltypemixture. Regarding DIF, the urban aerosol
yields a sustained bias around -15%, with no seasonal trend,
whereas the bias using the rural aerosol stays within the ex-730

pected observational error region, also without clear seasonal
trend. Note that it proves the rural aerosol fits the observa-
tions better for the evaluated sites.

Figure 5c shows the results for GHI. The values computed
with the RRTMG modelassumingfor the rural aerosoltype735

are unbiased throughout the entire simulated year, whereas
the assumption of urban aerosoltype introduces a nega-
tive bias about -2%. But no seasonal trend is observed in
anyeither of these two cases. On the contrary, the Dudhia
model shows a clear seasonal trend in the bias, which un-740

derestimatesby up toa 5% in winter,assinceit includesan
empiricallyfixedatmospheric scatteringby afixedempirical
fit to GHI observationsand considersthe scatteringin a
yearly basis.Thus,it considerssomuchscatteringin winter,
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and so little in summerthan it cannotreproducethe GHI745

intra-annualvariability.

6 Discussion and conclusions

A parameterization of the aerosol optical properties for short-
wave surface solar irradiance assessment, including direct
and diffuse components, in NWP models has been proposed.750

It has been implemented and verified in the RRTMG SW
scheme of the WRF NWP model. The verification has been
conductedamongin five radiometric stations with nearby or
collocated AERONET sites in the contiguous US and also
relies on a previous experiment that has been used here as755

control case. The control experiment consistedonof a best-
case clear-sky evaluation of some of the WRF short-wave
solar radiation schemes forced with observed aerosol optical
properties taken at the AERONET sites. Thus no aerosol op-
tical property is parameterized in the control experiment.On760

the contrary, the aerosol optical parameterization only uses
observations of AOD at 0.55 µm, and AE, SSA and ASY are
parameterized based on the predominant type of aerosol and
the relative humidity.Bothruralandurbanaerosoltypeshave
beentested.765

The approach to parameterize the aerosol optical proper-
ties is versatile since the only mandatory parameter is AOD
at 0.55 µm, thatwhich can beprovidedeitherprovidedas a
fixed value or as a time and space varying field. The rest of
theaerosol optical parameters, namely, AE, SSA and ASY770

are parameterized from a choiceamongbetweentwo bimodal
aerosolmixtures,namelyrural andurban,dominatedby the
accumulationmode, rural or urbanaerosoltypesthe urban
being a more absorbingversion of the rural aerosol, as
it has beendescribedin the paper. However, as for AOD775

at 0.55 µm, theyAE, SSA and ASY can also beeither
providedprovidedeither as a fixed value or as a time and
space varying field. This allows for sensitivity studies or the
use of external data sources. The aerosol parameterization
based on the aerosoltypemixture choice allowsed us to ex-780

tend the evaluation period up to one year, beyond the compar-
ison with the control case. Overall, the verification has shown
very satisfactory results. Regardless of thetype ofreference
aerosolthat is invoked, DNI using the AOP parameteriza-
tion is almost identical to the control case. The very small785

mismatchesshownresult from the parameterization of AE.
When the focus is on DIF, the selection of the rightaerosol
typereferenceaerosolis important because DIF is affected
also by SSA and ASY. In four of the experimental sites, the
rural aerosoltype resulted in very good agreement with the790

control case. In the remaining site, theobservedSSA SSA
valuesregisteredin the AERONET stationduring the days
simulatedin the control experimentpresentedwere anoma-
lously low values. This explains why the urban aerosoltype
is bettertherewasbetterand proves that its use can be effec-795

tive in siteswith typical urbanaerosolsto considertheeffect

of highabsorbingaerosols. Based on the 1-year simulation, it
has been proved that the use of the AOP parameterization to
considerfluctuatingtime-varyingaerosols contributes to ef-
fectively removeing seasonal biases in DNI, DIF and GHI. In800

the latter case, this has been illustrated by comparing the re-
sults against the Dudhia short-wave schemethat, whichcon-
siders aerosol extinction by assuming a single yearly value.

Arguably,thea major limitation of the AOP parameteriza-
tion might be the requirement to adhere to one of the pre-805

scribedtype of aerosols;namely, rural and urban, in this
particular casestudyaerosolmixtures. However, even this
simpleapproachhasprovenvery effective in the evaluated
sites and it can be presumedthat it will be so in their
surroundings.Thus, the approachedBut this method still810

makes sense for limited-area modelsunderthe assumption
that significantchangesregardingthe aerosoltype occurat
spatialscaleslarger than the domainbeing simulatedwith
WRF.

The included aerosolmixtures do not allow simulating815

aerosolsituationswith dominantcoarsemodesuchasthose
for seasalt or desertdust.The inclusionof suchanaerosol
mixture is an on-going task that will allow us to extend
the validation areasto regionswith higher AOD. The task
hasbeinginitiatedby evaluatingtheRRTMG modelin arid820

sites,which are usually subjectedto high turbidities. This
preliminarystudywill allow isolating the radiativetransfer
errors from the aerosolmodel errors. Finally, it is worth
mentioningthat the modellingof aerosolextinction for the
computationof GHI, DNI andDIF basedon built-in aerosol825

mixtures,asherepresented,is anapproachto this problem.
An alternativeapproachindicatedat largerscalesis the use
of aclimatologyof theaerosolopticalproperties.

Note also that the range of AOD values involved in
the 1-year runs is rather limited. However,thesewere the830

actualAOD valuesobservedduring one entire year at the
experimentalsites and it can be seenas representativeof
theselocations.Notwithstanding,it isevidentthattheydonot
coverall the possiblerangeof climatic situationsregarding
aerosolsandnew aerosoltypesshouldbe incorporatedand835

validated.Of particularinterestfor solarenergyapplications
is thecaseof desertareas,dominatedby dustaerosols,since
theyholdmuchof theworldwidesolarenergypotential.

Appendix A

Look-up-tables840

In this section we present the look-up-tables used in the pa-
rameterization of the AOD spectral scaling factor, single-
scattering albedo and asymmetry parameter for the rural and
urban reference aerosols.
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Table A1. AOD spectral scale factorρrj for the rural aerosol mixture.

RH Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 Band 9 Band 10 Band 11 Band12 Band 13 Band 14

0% 0.0738 0.1001 0.1286 0.1534 0.1887 0.2518 0.3017 0.4556 0.7163 1.0433 1.4023 1.7683 2.4499 0.0585
50% 0.0742 0.1006 0.1291 0.1540 0.1894 0.2525 0.3024 0.45630.7168 1.0433 1.4018 1.7673 2.4478 0.0588
70% 0.0755 0.1021 0.1308 0.1558 0.1914 0.2547 0.3047 0.45850.7183 1.0431 1.3995 1.7625 2.4372 0.0599
80% 0.0810 0.1087 0.1383 0.1640 0.2003 0.2644 0.3148 0.46820.7248 1.0415 1.3853 1.7326 2.3727 0.0647
90% 0.0826 0.1106 0.1405 0.1663 0.2028 0.2672 0.3177 0.47100.7266 1.0376 1.3614 1.6826 2.2664 0.0661
95% 0.0848 0.1131 0.1434 0.1694 0.2062 0.2709 0.3215 0.47460.7289 1.0348 1.3436 1.6459 2.1894 0.0680
98% 0.1085 0.1407 0.1741 0.2024 0.2415 0.3086 0.3602 0.51060.7522 1.0310 1.3054 1.5680 2.0289 0.0890
99% 0.1230 0.1571 0.1922 0.2215 0.2616 0.3298 0.3816 0.53000.7642 1.0275 1.2779 1.5128 1.9180 0.1020

Table A2. AOD spectral scale factorρrj for the urban aerosol mixture.

RH Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 Band 9 Band 10 Band 11 Band12 Band 13 Band 14

0% 0.1131 0.1460 0.1800 0.2086 0.2480 0.3155 0.3672 0.5170 0.7562 1.0389 1.3476 1.6541 2.2065 0.0932
50% 0.1123 0.1450 0.1789 0.2075 0.2469 0.3143 0.3659 0.51590.7555 1.0391 1.3494 1.6578 2.2141 0.0924
70% 0.1123 0.1450 0.1789 0.2075 0.2469 0.3143 0.3659 0.51590.7555 1.0399 1.3538 1.6669 2.2333 0.0924
80% 0.1022 0.1334 0.1661 0.1938 0.2324 0.2990 0.3504 0.50160.7465 1.0381 1.3503 1.6596 2.2179 0.0834
90% 0.1002 0.1311 0.1635 0.1911 0.2294 0.2959 0.3472 0.49870.7446 1.0344 1.3300 1.6180 2.1314 0.0816
95% 0.1043 0.1358 0.1687 0.1967 0.2354 0.3022 0.3536 0.50460.7484 1.0294 1.2990 1.5551 2.0027 0.0852
98% 0.1203 0.1541 0.1889 0.2181 0.2580 0.3260 0.3778 0.52660.7621 1.0220 1.2485 1.4548 1.8037 0.0996
99% 0.1397 0.1758 0.2124 0.2428 0.2838 0.3527 0.4046 0.55050.7767 1.0168 1.2108 1.3814 1.6629 0.1172

A1 AOD spectral scale factor845

A2 Single-scattering albedo

A3 Asymmetry parameter
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the course of this research. José A. Ruiz-Arias is funded by a Marie
Curie Action under the project PIOF-GA-2010-273648 within the
7th European Community Framework Programme, the Spanish855

Ministry of Science and Innovation under the project CGL2011-
30377-C02-01 and FEDER funds through the Junta de Andalucia
research group TEP-220. This work was carried out while the au-
thor was hosted by NCAR.

References860
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Fig. 3. Relative error of both the control experiment and the test
cases as compared against the GHI, DNI and DIF ground observa-
tions at each site and the composite of all sites (ALL). The statistics
are based on 767 samples for GHI and DIF and 892 for DNI. The
number of samples per site varies between 150 and 200. The yellow-
shaded area highlights the±5% error region as a rough reference of
the expected observational error. The grey blocks refer to the con-
trol experiment and encompass the region around the mean relative
error (horizontal black line) that contains 66% of the experimental
points at each site (33% above the mean error, and 33% below). The
relative error obtained in the test cases is indicated with the verti-
cal bars at each site. They also encompass 66% of the experimental
points,beingthe white circle markbeingthe mean relative error.
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Fig. 4. Error analysis with respect to the variability range of AOD, SSA and ASY parameters for GHI, DNI and DIF resultant from the
one-year WRF simulation. (a-c) shows the relative frequency distribution of the observed AOD at 0.55 µm, the observed and parameterized
SSA values, and the observed and parameterized ASY values, respectively. (d-l) shows the observed and simulated DNI, DIF and GHI values
(upper half of the panels) as well as their relative errors (lower half ofthe panels) as a function of the observed AOD at 0.55 µm, SSA and
ASY values. The expected observational error region for the surface solar irradiance observations, roughly estimated as±5%, is highlighted
in yellow.
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Fig. 5. Daily mean relative error in simulated DNI, DIF and GHI (simulated values minus observations, relativeto theobservations) using
the RRTMG model assuming rural and urban aerosols, throughout thesimulated year over the composite of the five experimental sites. A
15-day moving average filter has been used to make clear the bias trend.For GHI, the calculated values with the Dudhia scheme are also
shown. The expected observational error region for the surface solar irradiance observations, roughly estimated as±5%, is highlighted in
yellow.


