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Changes related to reviewers’ major concerns are highfor both broadband SW surface direct and diffuse irradiance
lighted in orange/green color. Changes related to minof conlt has proven effective to significantly reduce the preditti
cerns, grammar and other minor changes are in red/bluerror and constrairthe seasonal bias in clear-sky conditions
color. s to within the typical observational error in well-maintagh
Abstract. Broadband short-wave (SW) surface direct andradiometers.
diffuse irradiances are not typically within the set of out-
put variables produced by numerical weather prediction
(NWP) models. However, they are beimgere-andmere
demandednrequestedrequently by solar energy applica- 1 Introduction
tions. Aln orderto computethem, a detailed representation
of the aerosol optical properties is importaatachievean Broadband SW surface total solar irradiance (also known as
accurateassessmerdf thesedirectand diffuseirradiances« global horizontal irradiance, GHI) is the sum of broadband
Nonetheless, NWP models typically oversimplifsaerosols ~ SW surface downward direct normal irradiance (DNI, re-
representation or even neglétttheir effect. In this work,  ceived from the sun’s direction) projected onto a horizbnta
a flexible method to account for the SW aerosol optical Plane and broadband SW surface downward diffuse irradi-
properties in the computation of broadband SW surface di-2nce (DIF, received from other directions). In general, DIF
rect and diffuse irradiances is presented. It only requitegMay also include reflected irradiance from surroundingsarea
aerosol optical depth at 0.55mand the type of predom- Direct and diffuse components of GHI are rarely included in
inant aerosolFhe restofOther parameters needed to con- Predictions made with Numerical Weather Prediction (NWP)
sider spectral aerosol extinction, namely, Angstrexpo-  models. As GHI is a key component in the representation of
nent, aerosol single-scattering albedo and aerosol asymm&nergy closure and mass surface fluxes, a better understand-
try factor, are parameterized. The parameterization has #5e ing and representation of physical processes may be gained
tested in the RRTMG SW scheme of the Weather ResearcHrough the use of DNI and DIF fluxes.
and Forecasting (WRF) NWP model. However, it can be In the surroundings of gentle terrain, and provided the at-
adapted to any other SW radiative transfer band model. It ha§'0Spheric state is known, GHI can be calculated at reason-
been verified against a control experimetngsing five ~ able accuracy using simple models that assume isotropic sky
radiometric stations in the contiguous US. The control &x-and surface conditions. However, in cloudy skies or steep te
periment consisted of a clear-sky evaluation of the RRTMGIain, the isotropy assumption fails. In such a case, a 30 sola
solar radiation estimates obtained in WRF when RRTMG "adiation model would provide the best GHI predictions (Ca-
is driven with ground-observed aerosol optical properties halan etal., 2005; lwabuchi, 2006; Pincus and Evans, 2009).

Overall, the verification has shown very satisfactory rssul Nonetheless, these models are so computationally exggensiv
o that, in practice, their use is restricted only to concrgte a
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2 Jost A. Ruiz-Arias: Parameterization of SW properties of aerosls

plications such as validation studies (Mayer et al., 20%20) o rigorous and precise methods to solve the atmospheric ra-
the development of simplified parameterizations (Lee et al. diative transfer equation. Ruiz-Arias et al. (2013c) pdevi
2011). But, if in particular both DNI and DIF are known, the a comprehensive benchmarking study of some of the short-
uneven distribution of GHI over complex terrain areas can bewave radiation schemes available in the Weather Research
determined. Projection of direct irradiance on tilted anefs:c  and Forecasting (WRF) NWP modetpredictingand their

is a geometrical problem. The exact computation of diffuseability to predict GHI, DNI and DIF under clear-sky con-
irradiance over the surface would still be unfeasible but, i ditions in the contiguous US region. Albeit the evaluated
practice, isotropic or quasi-isotropic assumptions camdael  models yielded GHI estimates within the observationalrerro
at reasonable accuracy (Ruiz-Arias et al., 2010, 2011; Manfange, not all the modelling approaches showed good skills
ners et al., 2012). 15 at predicting DNI and DIF. The best results were achieved

A—better—meodelling—of—surface—irradiance—and  with the Rapid Radiative Transfer Model for climate and
its—compenentsis—being—also—demanded-by—energy  weather models (RRTMG; lacono et al., 2008). In particu-

applicationEnergy applications are demandinga better  lar, for the period evaluated, the mean and root-mean square
modelling of surfacesolar fluxes Both GHI and DNI are  DNI errors when the RRTMG model was run without con-
acquiring greater importance in the energy sector as teeratsidering aerosol extinction (default setting in WRF) were
of built-in solar systems is growing. On the one hand, tradi-66 Wm~2(7%) and 72W m~2(8%), respectively (percent
tional flat-photovoltaic (PV) systems, the more mature andmagnitudes are relative to the mean observed value). In con-
widely-spreaditilized solar energy technology, are driven trast, when RRTMG was run with instantaneous observations
primarily by the incoming global irradiance onto the PV of aerosol optical properties (hereinafter, AOP), the mean
plane. As this plane very rarely coincides with the horiabat and root-mean square errors diminished t&an~2(0%)
plane (the common irradiance output in most of the NWPand 9 Wm—2(1%), respectively. In the case of DIF, the
models), a transposition model from the horizontal to themean and root-mean square errors when the model was
PV plane is inevitableancbut accurate transposition models not driven by AOP observations were -28 m~—2(-34%)
need DNI and DIF irradiances. On the other hand, solarand 28W m~2(37%), respectively. When AOP observations
concentrating technologies, both concentrating photaiml. were used, the mean and root-mean square errors decreased
and solar-thermal plants, are driven primarily by DNI. Teies to 2 Wm~2(3%) and 5W m~2(6%), respectively.

technologies increase the overall efficiency of the systems

by concentrating DNI using an optical assegyldf mirrors.

Overall, solar energy systems requiesg-termserietong 2 The need for a AOP parameterization

time-seriesof GHI and DNI fluxes over wide areas for

a proper evaluation of the solar potential. But also, veryNewadaysmany-ef-thaVMlany NWP models solve, or may
importantly, they require forecasts that enable an imptove solve, the solar radiative transfer in the atmosphere using
operation of the plants and maximize the integration s#iatetwo-stream approach, which allows for a fast and approx-
of solar systems in the power grid without puttiigrisk imated solution by assuming azimuthal isotropy in radiant
thepoewersupphthe powersupplyatrisk. This is best done fluxes (Ritter and Geleyn, 1992; Edwards and Slingo, 1996;
with NWP models formestpart-of-the forecastingtime Chou et al., 1998; lacono et al., 2008). Radiative transfer
herizondorecasthorizonsfrom about4 to 6 hoursonward  solvers in NWP models have been tailored by assuming an
(Diagne et al., 2013; Inman et al., 2013). 150 infinite and horizontally uniform atmosphere and treating

As-it-has beenalready brought up; among the set of each model column independently. The major practical con-

radiative-variablesthat-can-be-predictedat-surfacémong sequence of the two-stream approximatioraisacedracy
the downwelling solar fluxes that can be predictedat the  diminishingfera reductionin accuracyat large solar zenith

surface most of the NWP models only provide GHFhis angles. However, it is accurate enough at other conditions f
hasbeenvenylikelylt is very likely thatthis hasbeenmo-iss  most of the current applications. It allows for a sufficigntl
tivated by the fact thatemputationef-BNI—and-DH—is detailed description of the solar direct and diffuse fluxes a
challenginddNI and DIF are challengingto calculate But, low-to-moderate spectral resolution.

at the same time, also because surface processes affected byin the absence of clouds, aerosols become the dominant
solar radiation can be reasonably well represented with GHUriving factor for DNI and DIF fluxes and the greatest source
alone, as long athe spatial resolutiorstaysabevés morewe of uncertainty. In particular, the impact of aerosols in DNI
thanafew km, which has been the typical case so far. Accu-is about 3 to 4 times larger than it is in GHI (Gueymard,
rate calculation of DIF fluxes is computationally expensive 2012; Ruiz-Arias et al., 2013a) since an increase (decrease
compared with the simple methods that can be used to obef aerosol extinction results in a decrease (increase) df DN
tain GHI (e.g.,Dudhia, 1989). Also, DNI and DIF are very and an increase (decrease) of DIF, in the general case. Thus,
sensitive to changes in the optically ags errors in DNI and DIF fluxes caused by a misrepresentation
tive components of the atmosphere. But the computationabf the aerosol load cancel out in GHI

capabilities have grown enough to allow the use of morecase In part, this explains why many NWP models have tra-
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Jost A. Ruiz-Arias: Parameterization of SW properties of aerosls 3

ditionally neglected the direct impact of aerosol in the as-lite observations, they suffef-similar biases regarding opti-
sessment of GHI, or why it has been simply accounted for bycal properties of aerosols.
using climatological values. However, this may result inIDN  For those applications that are focused on DNI and DIF
assessment errors up to 20% (Ruiz-Arias et al., 2013a,¢)s fluxes, it is convenient to set up a means to use AOP inputs
Extinction by aerosols is described in radiative trans-in NWP models fronsifferendiversesources. This approach
fer problems in terms of three spectral quantities, namelywould allow using the best aerosol optical source for each
aerosol optical depth (AOD or), single-scattering albedo application. In particular, for long-term evaluations loétre-
(SSA orwg) and asymmetry factor (ASY og). Aerosol  gional surface solar radiation potential, combined mesasur
optical depth is the integral of the extinction coefficiant ments of satelliteind/oraerosotransporimodelsand ground
over path. It represents the atten- sites could be used (Kinne et al., 2013; Ruiz-Arias et al.,
uation by absorption and scattering events 2013b). On the other hand, when the application requires
path. Single-scattering forecasts of surface solar radiation, the AOP predicted by
albedo is the ratio of the scattering and extinction efficien global ACNWP models could be used. Nonethelessince
cies. It represents the relative importance of the scatieti the only accurate aerosol optical parameter typicallylavai
events within the total extinction. Finally, asymmetryttac  able is AOD, the rest othe required parameters, namely,
is the first moment of the scattering phase function. It ac-SSA, ASY and AEneedhaveto be specified/parameterized
counts for the preferred direction in which radiation istsca based on additional informatipwhentheyarenotavailable
tered (Liou, 2002). It is usual to model the spectral vatigbi In this work, a parameterization approach for the aerosol
of AOD using the,&ngstrt')m law T (A) = BA~%, where) isz0 optical parameters required by radiative transfer models
the wavelength inyu, 5 is the AOD measured a1 pm and  other than AOD at 0.5514 is described. In particular, SSA,
a is known as&ngstrbm exponent (AE)/‘Emgstrbm, 1961). ASY, and AE are parameterized as a function of built-in ref-
The number and variety of region-wide aerosol dataseterence aerosols and relative humidity. The method is veri-
has steadily grown in the recent years, from worldwide fied in the WRF NWP model using the RRTMG short-wave
ground datasetsuch as the Aerosol Robotic Netwotk radiative scheme against a previous experiment in which
(AERONET; Holben et al., 1998) to sensors aboard satelliteRRTMG was driven with observed AOD at 0.5mpuSSA,
platforms that regulariysurroungweepthe globethe best  ASY, AE and precipitable water gathered in the AERONET
well-knownbeing the Moderate-resolution Imaging Spectro- network. This control experiment is thoroughly described i
radiometer (Remer et al., 2008)e-bestwell-khown Both Ruiz-Arias et al. (2013c)Afterwards;iThe benefits of the
provide AOP observations that could be used in NWP mwed-AOP parameterization were evaluated based on the compari-
els to compute DNI and DIF fluxes. Ground observations,son oft-yeaaone-yeatWRF simulation against independent
essentially from AERONET, provide a reliable and compre- surface solar irradiance ground observations in the contig
hensive AOP description, at a number of wavelengths. How-ous US.
ever, the spatial coverage is scarce and its near-real-time Section 3 describes the approach taken for the parameteri-
availability is limited. Thus, in practice, its applicabjl tozss zation of the aerosol optical properties in the RRTMG short-
NWP model applications is constrained to a reduced numawave radiative transfer model. Sections 4 and 5 present the
ber of cases. Satellite retrievals, on thgpesit®therhand results of a benchmarking study against a control expetimen
provide broad spatial coverage but the accuracy of their curand the validation against ground observations, respygtiv
rent estimates is often only reasonable for AOD at 0.65 1 Finally, SeetSection6 highlights the most important conclu-

Alse-Hn recent yearsahdleverageeby-the growingnumbets  sions of this work.
eLavaHabmg%etmdraﬂdrFeme%esensmgdaffase%sthe cou-

pled Atmosphere-Chemistry Numerical Weather Prediction

(ACNWP) models have experienced a big advamegnrew 3 The AOP parameterization

theyleveragedby the growing numberof availableground

and remotely senseddatasetsNow, ACNWP modelsrou- The RRTMG SW radiative transfer model solves multiple

tinely offer global forecasts of many molecular and partic- scattering using a two-stream algorithm (Oreopoulos and

ulate components of the atmosphere. Such is the case of thgarker, 1999) over 14 spectral bands spanning from 0.2 to

Monitoring Atmospheric Composition and Climate project 12.2 un (Table 1). It accounts for extinction by water vapor,

(MACC, 2013) or the Goddard Earth Observing Systemcarbon dioxide, ozone, methane, oxygen, nitrogen, aesosol

model version 5 (GEOS-5, 2013). They compute AOP fromRayleigh scattering and clouds. In clear skies, the exdecte

prognoses of the chemical composition of the atmosphereccuracy of RRTMG with respect to line-by-line calculason

and use them to calculate DNI and DIF fluxes. Nonethelessis about 4W m~—2 for direct fluxes and about % m~2 for

in general, ACNWP models are computationally expensgivediffuse fluxes (lacono et al., 2008).

and complex to run compared with the regular limited-area Aerosol optical properties, that must be provided to the

NWP models. Also, as they are initialized using mostly satel-radiative transfer routine at every grid-cell of thienulating
demairdomainbeingsimulatedand each spectral band, have
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Table 1.

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

by 3462 2789 2325 2046 1784 1463 1271 10101 701.6 533.2 393.4.030231.6 8021
Amin 3077 2500 2150 1942 1626 1299 1242 778.2 625.0 4415 344.8.226300.0 3846
A 3846 3077 2500 2150 1942 1626 1299 12420 778.2 625.0 441.%.834263.2 12195

been parameterized in terms of the vertically-integrated ( 3.1 Aerosol optical depth and,&ngstrbm exponent
tal) AOD at 0.55 pn (79.55) and built-in reference aerosols

Aerosol optical depth has to be specified at each
(Ricchiazzi et al., 1998; Gueymard, 2001; fredeRRTMGspectral band. In real applications, even in the
Berk et al., 2005; Mayer and Kylling, 2005). The reason  best cases, AOD is only known/measured at a small number
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is twofold: on the one hand, opticed ©f wavelengths, and th&ngstidm law is often used to de-
depth is the most determinant property in the solar extinc-Scribe its spectral variability. But, for some aerosol jotet
tion burden, so it is important to make use of the best esti-€nsembles, such as the reference aetggselsnixturesused
mate available. On the other hand, unlike other aerosol ophere, this spectral variability is best described usingage
tical properties, both satellite retrievals and ACNWP mod- version of theAngstiom law (Gueymard, 2001) as follows:
els provide reasonable estimates of AOD for many current o
application;. The reason to choose the value. at ObSsyy,, () = To.55 <A> ' : 1)
to be consistent with the values usually provided by these 0.55
data sources and the ground observations at AERONES.
latteiObservedAOD can be easily interpolated to a wave- Wherel is the wavelength inp andey; is theAngstom ex-
length of 0.55  from other spectral values by using the ponent for each band, defined @as= a;, for A <0.55 pm,
Angstom law. Thebuilt-in reference aerosdlpe-iss are and a; = as, otherwise. The coefficients; are obtained
used to provide spectral values for SSA, ASY and from the built-in reference aeroséypes by linearly fit-
AE, which are afterwards modulated in terms of the reldtiveting (in log-log coordinates) the spectral extinction ¢oef

humidity to account for the aerosol hygroscopicity. cients tabulated in Shettle and Fenn (1979) for each aerosol

Two different reference aerosols from Shettle and FennfyPemixtureand relative humidity. The corresponding values
(1979), namely rural and urbamepresentativesf broad  Of i are given in Table 2. Fary, the extinction coefficients
inland conditionshave been included so far in WRE at 0.337 pn, 0.55 pm and 0.649 m were used. The values

s at 0.649 pn, 1.06 pn and 1.536 m were used fory,.
The rural aerosol is intended for situations where the aros
is not expected to be affected by urban or industrial sources
Hwill-bethusThus, it is expectedto be the typical choice
for most of the simulations. It is composed of a mixture
of 70 percent of water soluble substance and 30 pet€ent
dust-like aerosols. The urban aerosol is a mixture of rural
aerosol (80 percent) and soot-like particles (20 percehg.
two referencetypegnixturesdefine the absorption, scatter- :
ing and extinction coefficients, single-scattering albadd Dubovik et al. (2002)
asymmetry parameter for a number of wavelengths andel*
ative humidities from 0% to 99%. The choice of these two 1 he decreasing; values forhighincreasingelative humici-

reference aerosols ties indicate a particle size increabg water uptakeand
a shift of the extinction towards lower wavelengthis.

350

(Ricchiazzi et al., 1998; g
Gueymard, 2001, 2008). Shettle and Fenn (1979)
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wherew, .; is the average SSA value for the relative humid-
ity » and the spectral band The tabulated values of SSA for
FhespecetralAOBAerosolopticaldepthwas averaged over each relative humidity were interpolated using cubic gdin

each spectral band in order to provide a representative valuto the wavelengths at whicE,,,()\) is known, resulting in
over thethat entire band. As the solar spectral irradiance the valuesy, (). Equation (5) assigns a higher weight to
changes abruptly in the ultraviolet and visible regions andthe wavelengths at which extraterrestrial solar speatrat i
some model bands in the infrared region are wide, the exdiance and aerosol extinction are greater. The valugs
traterrestrial solar spectruniy, (\), as described by Guey- were grouped in twések-up-tabld UTs for the two aerosol
mard (2004), was used asveighting factor to compute the typesnixtures(Tables A3 and A4) from which values are in-

average AOD valuez, ;, as follows: a0 terpolated for each spectral band and relative humiditygusi
. a 4-points Lagrange interpolation.
o= J A EO"(A)TT(O‘”’A)dA’ ) Following a similar approach, spectrally-averaged asym-
Jax, Eon(A)dA metry factor has been calculated as:
wherej stands for each RRTMG spectral band, that extends X X
over the rangeA);, and 7,(av;A) is the aerosol optical —— Jax, Bon(N)dr(A)@o,r (N7 (crss A)dA 6
depth calculated with Eq. (1) for the relative humidityFac- 97 = Jax, @or M) Tr(0ris \) Eon(N)dA (©)

torizing 7o 55 out of 7..(a,-;; \), EQ. (2) can be re-written as

Trj = Prj T0.55 (3)us  whereg,; is the average ASY value for the relative humidity
r and the spectral banf The tabulated values of ASY for
each relative humidity were interpolated using cubic sdin
to the wavelengths at whidh,,,, (\) is known, resulting in the

wherep,; is the spectral scale factor with respectgg; for
the bandj and relative humidity-. It is given by

s Eon(V) A T A valuesg..(A). In this case, a higher weight has been assigned
B Ax; HOn 0.55 2% at those wavelengths with greaty,, (\) and scattering co-
Pri= fmj Eon(N)dA : (4) efficient. The valueg,.; were grouped in two look-up-tables

for the two aerosol types (Tables A5 and A6) from which
Equation (4) was numerically evaluated for each spectral gyes are interpolated for each spectral band and relative
band and relative humidity according to the¢ coefficients midity using a 4-points Lagrange interpolation.
in Table 2. The so-computed spectral scale factor values Figyre 2 shows the parameterized SSA and ASY values
prj Were grouped in two look-up-tables (LUT) for the two for the two built-in reference aerosols for a relative humid
aerosol types (Tables Al and A2). For easbdeRRTMG jty of 80%. The solid thin line is the resulting interpolatio
spectral band, the spectral scaling factors are intelas-  from the tabulated values (cross marks) in Shettle and Fenn
ing a 4-points Lagrange interpolation at the relative hityid (1979), both for SSA and ASY. The solid thick line is the re-
values predicted by the NWP model. Aerosol optical dgpthgitant ), -weighted average for each model band after ap-
is then calculated using Eq. (3) and the inpyits. Figure 1 plying Egs. (5 and 6). The shaded region represents the range
exemplifiedllustratesthe interpolation results for the rural  of variability at each band due to relative humidity, from 0%
aerosolypemixture. It also compares thé&y,-weighted av- g 9996, In general, SSA for the urban aerosol (Fig. 2c) has a
erage as defined by Eq. (2) with a regular (un-weighted) avsmgjler value at all wavelengths and a higher sensitivigko r
erage. The largest discrepancies appear in the ultraviadef.. ative humidity changes than the rusabe (Fig. 2a). Thus, the
ible and near-infrared regions (bands 8-12) as well as in thgatter scatters more radiation but responds less to changes
mid-infrared region (band 14). The weighted average Shiftsnumidity. Note that, for wavelengths above # the band-
the averaged AOD value towards wavelengths with higheraveraged SSA keeps close to the SSA value between 4 and

extraterrestrial solar intensity resulting in an enhareeof 5 4, pecause the extraterrestrial solar intensity is very small
aerosol extinction in the visible and infrared bands, and-gd peyond 5 .

creased extinction in the ultraviolet region.

3.2 Single-scattering albedo and asymmetry factor

Shettle and Fenn (1979) provides spectral values of SSA

and ASY up to 40  starting at 0.2 @ for each aerosdéf

typemixture and relative humidity value. Single-scattering . e

albedo has been spectrally weighted for each band as fol- #Theasymmetry factorsvaluesarevery similar for the

lows: two referencaerosotypeduilt-in aerosomixtures(Figs. 2b

. . and 2d), with decreasing forward scattering in the ultriatio
o fmj Eon(N)@o,r (A)7r (i3 A)dA (5)* and visible bands and increasing in the infrared up ten3 p
o, Jax, 7r(0ris ) Eon(N)dA Beyond, it stays at about 0.75.
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Table 2. Angstivm exponents for each band, aeraggkmixtureand relative humidityAngstrbm exponentsverecomputedasdescribedn

Sect.3.1

Relative humidity o; 0% 50%  70%  80% 90%  95%  98%  99%
Rural a; 1.036 1.035 1.030 0.999 0.946 0.906 0.818 0.753
az 1433 1430 1421 1382 1371 1357 1221 1.152
Urban a; 0915 0.919 0.929 0.921 0.875 0.803 0.682 0.588
az 1198 1.202 1.202 1254 1.265 1.243 1.164 1.082
- M 024 L M
0151 Band 1 r Band 2 : Band 3 026 Band 4
0149534615 nm - 018 X=2788.5 nm [ 02293=2325.0 nm P [3=2046.0 nm
0134 . =3077.0 nm " 0.16 4 Anin=25000 nm | 0204 50.0 nm. | Ao =1942.0 nm
0.129 ) —3846.0 nm Ao =3077.0 nm. Apaw =2150.0 nm.
0.114 t o014+ | 0.18
2:;2: [ 0121 L0167
0.081 I o010+ 0.14
0.07 4 ———— 0.12 ——
0 20 40 60 80 100 0 20 40 60 80 100 20 40 60 80 100
P P L
0.324 Band 5 I o038 Band 6 L g:z i | o0.60- Band 8 o
¢, 030{A=17840 nm F 036 A=14625 nm L] i X=1010.1 nm
O 028X, =16260 nm L 034 ] A =1299.0 nm | 02 55 | Ain =778.2 nm L
-g 262 42.0 nm B 0132 | Apae =1626.0 nm i 3:22: : 242.0 nm
- - 030 b 0364 | 0.50 L
o oz I 0.28 I 0344 -
2 0.20 L 0264 L 032 L 045 L
© o018 ————— 024 ————— 0.30 e ————
5 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
—_— 0.84 4 7Band 9 1.14 7Band 10 M 1554 7Band 11 . 7Band 12
© gy A=T006 am 1124 A=533.2 nm L A=393.1 nm X=304.0 nm
B SN =625.0 nm 1104 5 | 1507 i R
8 0807, . =7782 nm 1.45
0.78 1.08+ | 140 r
Q076 1.06 F i L : N
wn 1359\, =344.8 nm 1.6 Anin =263.2 nm
0.74 1-04*% 1,30 Ay =415 nm - A =344.8 nm
0.72 1 1.02 1.5
———T— 1 125 ———— ———
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Band 13 0.12- Band 14
261X=231.6 nm 2=80205 nm
| 0109y 46.0 nm —— 4-points Lagrange (no-weighting)

0.08 { Anaz =12195.0 nim

| 006+ -
- 0.0 ?—

= 4-points Lagrange (E,,,-weighting)

O Spectral Scale Factor

T T
0 20 40

T T T T T T
60 80 100 0 20 40 60 80 100

0.02

Relative Humidity (%)

Fig. 1. AOD spectral scale factor interpolated using 4-point Lagrange interpolor relative humidities from 0% to 99% for each RRTMG
spectral band and the rural aerosgle For the sake of comparison, the results using weighted and un-weigjetral scale factors are

shown.

3.3 \Vertical distribution

wherez, ;. andz;,, are the altitudes dhesurface and the top
of the atmosphere, respectively. The height scale paramete

The vertical distribution of AOD is modelled after the spec- Z;, is set to 2.5km (Gueymard and Thevenard, 2009). By
tral disaggregation has been completed. The latter is mad#llowing this procedure the vertically-integrated prefibf
following Eqg. (3) with spectral scale valugs; interpolated ~ AOD is consistent with they 55 value provided as input.
according to the model relative humidity, but onlytla sur- The vertical distribution of SSA and ASY is based only
face level. Then, the spectrally disaggregatgdalues athe on the relative humidity profile in the NWP model. There-
surface for each band are distributed in the vertical accordfore, the SSA and ASY vertical profiles resemble the model
ing to an exponential profile (Ruiz-Arias et al., 2013c) dsfe moisture profile.

lows:

7i(2) =

7_'j/Zh

Ztoa z

Zsfc

Ztoa

e_Zh —e Zn *

ei Zn dz,

(7)
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Fig. 2. Parameterized SSA and ASY parameters for the rural and urbaschgreesnixturesfor a relative humidity of 80% (thick line).
The Shettle and Fenn (1979) spectral values are shown with cross.rii&dy have been interpolated using cubic splines (thin line). The
grey region encompassthe variability range of the parameters with different values of relativeitiiy.

4 Parameterization benchmarking cleared up

to ensurgesultsundercompletely clear-sky conditions. Note
The consistency of the AOP parameterization at predict-that, as all the aerosol optical properties were ingestad fr
ing clear-sky surface solar irradiance has been first beachground observations, there was no need to parameterize any
marked against a case study (hereinafter referred to aserosol propertyThus, the control experimentgives a fair
control experiment) in which the WRF's RRTMG model estimateof the RRTMG model performanceat computing
was drivenwithusing observed aerosol optical properties clear-skyGHI, DNI andDIF. The control experiment is fully
and precipitable wateinvaluesat a number ofsitesefthe described in Ruiz-Arias et al. (2013c).
AERONET network sites with collocated surface solar
irradianceobservationsThe control experiment represents 4.2 Test case
a best-case estimate of the expected model performance at

predicting clear-sky surface solar irradiance. The simulations of the control experiment were repeated us-
ing the AOP parameterization. That is, only the observed
4.1 Control experiment AOD at 0.55 pn at the AERONET sites and the type of

aerosol were provided to WRF. The resttbé aerosol pa-
In the control experiment, the WRF model was run usingtherameters, namely, AE, SSA and ASY, were parameterized,
RRTMG SW scheme. Clear-sky estimates of GHI, DNI andas presented in Sect. 3. As in the control experiment, the
DIF were computed every 10 minutes for five completely model was driven with observations of precipitable water
cloudless days at five different locations in the contigud8s  so that the real skill of the aerosol parameterization was
(see Ruiz-Arias et al. (2013c) for a description of the $ites better evaluated. Two different simulations, assuminglrur
At all sites, concurrent observations of GHI, DNI and B, and urban aeroséipes, were carried out at each sitec
as well as aerosol optical properties and precipitable wate
from nearby AERONET locations, were available. Four of An additional
the experimental surface solar irradiance sites belonbeao t ene;witheutaereselnputsimulationfor acompletelyclean
Baseline Surface Radiation Network (BSRN; Ohmura et al.,atmospheréi.e., zeroaerosolswas also conducted.
1998) and the Surface Radiation Network (SURFRAD; &u- Figure 3 shows the relative errors of both the control exper-
gustine et al., 2005). The fifth is at the Atmospheric Radia-iment and the test cases as compared against the GHI, DNI
tion Measurement (ARM) Central Facilitin Oklahoma, and DIF ground observations at each site and the composite
USA. The WRF model was modified such that instantaneousof all sites(referredto ascaseALL in Fig. 3). If the param-
observations ol the aerosol optical properties and precip- eterization were perfect, the grey blocks and the colows bar
itable watercould-beat the AERONET siteswereingested: should match. Disagreements are caused by the prescription
every 10 minutes at exactly the same time steps at which soef the aerosotypeoptical properties
lar irradiance was computed the model The few traces Figure 3a shows the relative errors in the case of DNI. As
of clouds generated by WRF during the simulations wereit-was expected, the discrepancies between the control ex-
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periment and the test cases using the AOP parameterizatioh Validation against ground observations
are negligible (below 1% at all sites), regardlessahesseol
fypechoiceof aerosolmixture The reason is that, as far as A major limitation of the benchmarking study described in
aerosolsare concered, DNI is only impacted by optical the former section comes from the fact that AOD, AE, SSA
depth, and the AOD at 0.55nis the same in both the control and ASY need to ball known simultaneoushp-thecentrol
experiment and the test cases. The only distinction betweerxperiment Measurement of SSA and ASY is limited by
the experiments is the AOD spectral distribution, modeledstrong practical constraints (Dubovik et al., 2000) that re
by the AE value. In the control experiment, it comes from duce drastically their availability. Nonethelesssince the
spectral observations of AOD. However, in the test cases, it only external input required by the AOP parameterization is
inferred from the selectederoseoltypereferenceaerosoland  AOD at 0.55 pn, the validation period with the AOP pa-
the relative humidity. Nonetheless, as DNI is a broadbandrameterization can be extended as long as AOD and sur-
quantity, thesverallimpact of AE issmalreducedand so ares face solar irradiance measurements are available. Thereby
the differences between the control experiment and the tegivo one-year-length simulations have been conducted using
cases. On the contrary, whem-aeroselsare usederosols the AOP parameterization with rural and urban aerosols at
impactis not consideredthe simulated DNI overestimates the same five sites described in Sect. 4 and with the same
the observations beyond the expected observational error. model set-up. In particular, the AOD at 0.5mfrom the
Figure 3b shows the relative errors in the case of Bitl,00 AERONET sites was ingested into WRF every 10 minutes at
dDiscrepancies between the control experiment and the tesxactly the same time steps at which GHI, DNI and DIF were
cases are greatdranfor DNI because DIF is also impacted computed. The subsequent validation was conducted only for
by SSA and ASY, which now are parameterized. Specifically,those time steps with AOD observations under clear-sky con-
for relative humidities below 90%heparameterizecESA ditions, which were discerned based on the method described
spectralvaluesfor-theruralaeroseltype-are-about20%toes  in Long and Ackerman (2000).

i the In addition, the simulation was repeated using the WRF'’s
urbanaerosolis about20%to 40% moreabsorbinghanthe Dudhia SW scheme as a skill reference for the case of
rural aerosol As a consequence, systematic disagreement&SHI. The Dudhia SW scheme is the radiative transfer
up to 15-20% appear in the DIF values computed with themodel of choice in most of the WRF runs.dt
two aerosoltypesnixtures Hence, unlike for the DNI, theo
choice of the correct aerosglpe 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.Onthecentrary;aAt the TBL site howeverthe urban
aerosol yielded better results because the particulac-sele (Dudhia, 1989)
tion of clear-sky daysifor this site showed

(Zamora et al., 2003, 2005)
Ruiz-Arias et al. (2013c).

(Short, 2013; Ruiz-Arias etal., 5.1 Dynamical range performance
2013c)
e0 The performance of the AOP parameterization for each
aerosol type has been analysed throughout the entire range
of-variability of the aerosol optical properties observed in

:sWhen  this-experimentfor-the-compeositeof the five experimental
the medeklisnot-driven-by-aereselaerosolsimpact is not sites.Panelda-e}inFig-Figure4(a-c)shows the relative fre-

considereda systematic underestimation around 30%sap-quency distribution of the observed AOD at 0.55 the ob-
pears. served and parameterized SSA values, and the observed and
In the case of GHI (Fig. 3c), all the experiments pro- parameterized ASY values, respectively. Overall, the AOD
vide estimates within the expected observational errggean valuesobservedin the validation sites are small, although
even when aerosols are not provided becaasalready the evaluation period spans an entire year and includes all
commentedthe large overestimation in DNI is can-w the available observatiomsat thevalidationsites. The mean
celled out with the large underestimation in DIF. Overddgt value is 0.06, the median is at 0.05 and 95% of the values
rural aerosol fits better the control experiment. 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
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as input. In any case, all the simulated values are within the
range of the expected observational error. In particulé, G
estimates with the RRTMG model assuming rural aerosol are
are smaller thass always unbiased. On the contrary, when the urban aerosol is
0.68, and the mean value is 0.62. Figure 4c shows the relaassumed, the bias in DIF (Fig. 4g-i) appears in GHI but with
tive frequency distribution of observed and simulated ASY a reduced relative impact (about 3%). The Dudhia scheme
values.A-95%Ninety-five percentof the observations span shows an increasing trend with respect to AOD at 0.56 p
the range from 0.61 to 0.75, with a mean value of 0.67. Thethat goes froman underestimatiorf about 5% (or, equiva-
values simulated by the rural aerosol hévemeaninameanw lently, 25Wm~2) for very clean conditions to unbiased esti-
of 0.66, and 90% of the data spans from 0.63 to 0.67. In themates for AOD about 0.12, as expected for a scheme with a
case of the urban aerosol, 90% of the aerosols span from 0.6fxed aerosol scattering parameter. No trend is observdd wit
to less than 0.67, and the mean is &ais0.66. respect to SSA and ASY.
As AE is not directly parameterized (note that it has been
approximated by means of a two-band model), it has not5.2 Seasonality
been shown for the sake of simplicity. However, its effec-
tive value can be estimated from the spectral distributios 0 One of the particular benefits of having a method to include
AOD throughout the RRTMG bands. When that is done, 99%aerosol extinction in the computation of surface solaidirra
of the AE values for the rural aerosol are between 1.19 andance is to consider the impact of the seasonal variability of
1.22, and 99% of the AE values for the urban aerosol are inAOD in surface fluxes. Specifically, if AOD is not consid-
the range from 1.00 to 1.06. In contrast, 90% of the obser-ered in the calculation of clear-sky surface irradianceit or
vations go from 0.72 up to 2.59. Note thus that, the effectiveis done using a fixed value, a seasonal bias may appear in
AE values used in the parameterization do not span the rangéne computed irradiances tite surface, which can become
of observed AE values. considerably large depending on the simulated region. Fig-
Figure 4d-f shows the results for DNI. Bnyeachcase, ure 5 shows the daily mean relative error in computed DNI,
the relative error is within the expected DNI observational DIF and GHI (simulated values minus observatiors$
error. However, as it can be seen in Fig. 4d, for AOD abave Busing the RRTMG model assuming ru-
0.05, there is a systematic bias of abodV# 2 betweenthe ral and urban aerosols, throughout the simulated year over
estimates with the rural and urban aerdgpksgnixtures An the composite of the five experimental sites. A 15-day mov-
experiment (not shown here for the sake of conciseness) coring average filter has been used to make clear the bias trend.
ducted with the SMARTS radiative transfer model (Guey- For GHI, the calculated values with the Dudhia scheme are
mard, 2001) has revealed this discrepancy is compatiblewit also shown. The expected observational error region for the
the different AE values modeld by each aerosol type. For surface solar irradiance observations, roughly estimated
AOD values below 0.05, the disagreement with the observa-+5%, is highlighted in yellow.
tions increases slightly. Ag-is-shown in Ruiz-Arias et al. Figure 5a and b shows the case of DNI and DIF esti-
(2013c), this might be related to the observational uncermates, respectively. Overall, both the rural and urbansaro
tainty of the AOD observations taken at AERONET siteszAs typegnixturesproduce unbiased DNI values during the en-
fis-expected, DNI does not show any apparent trend withtire simulated year. The little disagreement between them
SSA and ASY (Fig. 4e-f). is due to the different AE values that are parameterized by
Figure 4g-i shows the results for DIF. For these sites, andeach aerosdlypemixture Regarding DIF, the urban aerosol
for all cases, the DIF estimatessuminipr the rural aerosol yields a sustained bias around -15%, with no seasonal trend,
typeare within the expected range of the observational essorwhereas the bias using the rural aerosol stays within the ex-
However, the urban aerosgipe shows a negative bias that, pected observational error region, also without clearssals
in particular, increases in magnitude for increasing AOD.trend. Note that it proves the rural aerosol fits the observa-
The reason is that there exists a positive correlation textwe tions better for the evaluated sites.
AOD and SSA in this experimental dataset (not shown here) Figure 5¢ shows the results for GHI. The values computed
such as an increase of AOD entails an increase of SSAs Iwith the RRTMG modebssuminfpr the rural aerosolype
addition, ast-is-shown in Fig. 4h, there exists a systematic are unbiased throughout the entire simulated year, whereas
underestimation of about 15% in the estimated DIF valueshe assumption of urban aerosgbe-introduces a nega-
assuming the urban aerosol, whereas it stays unbiasedefor thive bias about -2%. But no seasonal trend is observed in
rural aerosol. No trend is observed in the simulated DIF val-anyeither of these two cases. On the contrary, the Dudhia
ues with respect to ASY (Fig. 4i). no model shows a clear seasonal trend in the bias, which un-
Figure 4j-1 shows the results for GHI. Besides GHI com- derestimatedy up toa5% in winter,assinceit includes
puted with the RRTMG model assuming rural and urban atmospheric scattering
aerosols, GHI calculated with the Dudhia SW scheme is alsd in a
shown. It does not make use of any aerosol optical variableyearly basis.
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and so little in summerthan it cannotreproducethe GHI of highabsorbingaerosolsBased on the 1-year simulation, it

intra-annuabariability. has been proved that the use of the AOP parameterization to

considerfluetuatindime-varyingaerosols contributes to ef-

so fectively remowing seasonal biases in DNI, DIF and GHI. In

6 Discussion and conclusions the latter case, this has been illustrated by comparingethe r

sults against the Dudhia short-wave schehs which con-
A parameterization of the aerosol optical properties forsh  siders aerosol extinction by assuming a single yearly value
wave surface solar irradiance assessment, includingtdirec Arguably,thea major limitation of the AOP parameteriza-
and diffuse components, in NWP models has been propasedion might be the requirement to adhere to one of the pre-
It has been implemented and verified in the RRTMG SW scribed type-of-aerosels:namelyrural-and-urbanin-this
scheme of the WRF NWP model. The verification has beerpameulapeasestudyaerosolmmtures Heweve#eveﬂjehls
conductedamengn five radiometric stations with nearby or y
collocated AERONET sites in the contiguous US and alsoa{es%%ea&b&p#es&med{ha%%ﬁ%@e%&m%he#
relies on a previous experiment that has been used heike asiroundingsFhus—the-approacheBut this method still

control case. The control experiment consistedf a best- makes sense for limited-area modelsderthe assumption
case clear-sky evaluation of some of the WRF short-wavehat significantchangesegardingthe aerosoltype occur at
solar radiation schemes forced with observed aerosolalptic spatialscaleslarger than the domainbeing simulatedwith
properties taken at the AERONET sites. Thus no aerosol op¥VRF.
tical property is parameterized in the control experimenmts:s The included aerosolmixtures do not allow simulating
the contrary, the aerosol optical parameterization ongsus aerosolsituationswith dominantcoarsemodesuchasthose
observations of AOD at 0.55, and AE, SSA and ASY are for seasalt or desertdust. The inclusionof suchan aerosol
parameterized based on the predominant type of aerosol andixture is an on-going task that will allow us to extend
the relative humidityBethruralandurbanaeroselypeshave  the validation areasto regionswith higher AOD. The task
Lesresed s20 hasbeinginitiated by evaluatingthe RRTMG modelin arid
The approach to parameterize the aerosol optical propersites, which are usually subjectedto high turbidities. This
ties is versatile since the only mandatory parameter is AODpreliminary studywill allow isolating the radiativetransfer
at 0.55 pn, thatwhich can beprovidedeitherprovidedas a  errors from the aerosolmodel errors. Finally, it is worth
fixed value or as a time and space varying field. The rest ofnentioningthat the modelling of aerosolextinctionfor the
thegerosol optical parameters, namely, AE, SSA and ASY computatiorof GHI, DNI andDIF basedon built-in aerosol
are parameterized from a choigeiondetweertwo bimodal mixtures,asherepresentedis an approacho this problem.
aerosolmixtures,namelyrural andurban,dominatedoy the An alternativeapproachindicatedat largerscalesis the use

accumulatiormode,—+ural-orurbanaeroseltypeshe urban  of aclimatologyof the aerosoloptical properties.

being a more absorbingversion of the rural aerosol-as sloteoloo i tns pones o A0 D nluoe men el
it-has beendescribedin the paper However, as for AOBx» the l-yearrunsis ratherlimited. However, thesewere the
at 0.55 jpn, theyAE, SSA and ASY can also beeither  actualAODB-valuesobservedduring-eneentireyearatthe
providegorovided either as a fixed value or as a time and experimentalsitesandit-canbe seenasrepresentativet
space varying field. This allows for sensitivity studiestog t thesdocationsNotwithstandingitisevidentthattheydonot

use of external data sources. The aerosol parameterizatiorsve

based on the aerosglpemixture choice allovged us to ex=ss @
tend the evaluation period up to one year, beyond the compaW@a{ed@#paﬁreuﬁm%e#es#ea%ela%e%rgy&aphea%@ns
ison with the control case. Overall, the verification hasrgho mheeasee#éesenmeasdencma{eebydﬁs%aemselssmee

very satisfactory results. Regardless of thgeofreference
aerosolthat is invoked, DNI using the AOP parameteriza-
tion is almost identical to the control case. The very small
mismatcheshownresult from the parameterization of AE.
When the focus is on DIF, the selection of the rigltosel
typereferenceaerosolis important because DIF is affected
also by SSA and ASY. In four of the experimental sites, the
rural aerosolyperesulted in very good agreement with the
control case. In the remaining site, thbservedSSA SSA™

valuesregisteredn the AERONET statiorduring the days
simulatedinthe-controlexperimentpresentelereanoma-  In this section we present the look-up-tables used in the pa-

lously low~values This explains why the urban aerosgpe rameterization of the AOD spectral scaling factor, single-
is-bettertheravasbetterand proves that its use can be effec- scattering albedo and asymmetry parameter for the rural and

tive m&%esw&hﬂplealrupbanaereselm considerthe effect urban reference aerosols.

Appendix A

Look-up-tables
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Table Al. AOD spectral scale factqr,; for the rural aerosol mixture.

RH Bandl Band2 Band3 Band4 Band5 Band6 Band7 Band8 Band9 Band10 Band1l 12Bandand 13 Band 14

0% 0.0738 0.1001 0.1286  0.1534  0.1887 0.2518 0.3017 0.45567168 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  0.456B7168 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  0.458%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  0.46827248 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  0.471M7266 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  0.474%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  0.510B7522 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  0.530M7642 1.0275 1.2779 1.5128 1.9180 0.1020

Table A2. AOD spectral scale factgs,; 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 12Bandand 13 Band 14

0% 0.1131 0.1460 0.1800 0.2086 0.2480 0.3155 0.3672  0.517Q0756® 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  0.519B7555 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  0.518R7555 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  0.501B7465 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  0.498Y7446 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  0.504%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  0.526H7621 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  0.55(B7767 1.0168 1.2108 1.3814 1.6629 0.1172

Al AOD spectral scale factor with auxiliary species and practical multiple scattering options,
2005.

A2 Single-scattering albedo g5 Cahalan, R. F., Oreopoulos, L., Marshak, A., Evans, K. F., Davis
A. B., Pincus, R., Yetzer, K. H., Mayer, B., Davies, R., Ack-

A3 Asymmetry parameter erman, T. P., Barker, H. W., Clothiaux, Eugene Eand Elling-
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Table A3. Single-scattering albedo for the rural aerosol mixture.
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RH

Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 Band 9 Band 10 Band 11 12Bandand 13 Band 14
0% 0.8730 0.6695 0.8530 0.8601 0.8365 0.7949 0.8113 0.8810930D 0.9436 0.9532 0.9395 0.8007 0.8634
50% 0.8428 0.6395 0.8571 0.8645 0.8408 0.8007 0.8167  0.884%9326 0.9454 0.9545 0.9416 0.8070 0.8589
70% 0.8000 0.6025 0.8668 0.8740 0.8503 0.8140 0.8309  0.89489370 0.9489 0.9577 0.9451 0.8146 0.8548
80%  0.7298 0.5666 0.9030 0.9049 0.8863 0.8591 0.8701  0.917B®9524 0.9612 0.9677 0.9576 0.8476 0.8578
90% 0.7010 0.5606 0.9312 0.9288 0.9183 0.9031 0.9112 0.94309677 0.9733 0.9772 0.9699 0.8829 0.8590
95%  0.6933 0.5620 0.9465 0.9393 0.9346 0.9290 0.9332  0.954m9738 0.9782 0.9813 0.9750 0.8980 0.8594
98%  0.6842 0.5843 0.9597 0.9488 0.9462 0.9470 0.9518  0.967@9808 0.9839 0.9864 0.9794 0.9113 0.8648
99% 0.6786 0.5897 0.9658 0.9522 0.9530 0.9610 0.9651  0.979¥9852 0.9871 0.9883 0.9835 0.9236 0.8618

Table A4. Single-scattering albedo 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 12Bandand 13 Band 14
0%  0.4063 0.3663 0.4093 0.4205 0.4487 0.4912 0.5184  0.5743623® 0.6392 0.6442 0.6408 0.6105 0.4094
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Table A5. Asymmetry parameter 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 12Bandand 13 Band 14

0% 0.7444 0.7711 0.7306 0.7103 0.6693  0.6267 0.6169 0.6207.634D 0.6497 0.6630 0.6748 0.7208 0.7419
50%  0.7444  0.7747 0.7314  0.7110 0.6711 0.6301 0.6210  0.6291.6392 0.6551 0.6680 0.6799 0.7244 0.7436
70%  0.7438  0.7845 0.7341 0.7137 0.6760 0.6381 0.6298  0.633M6497 0.6657 0.6790 0.6896 0.7300 0.7477
80%  0.7336  0.7934  0.7425 0.7217 0.6925 0.6665 0.6616  0.669B6857 0.7016 0.7139 0.7218 0.7495 0.7574
90%  0.7111 0.7865 0.7384  0.7198 0.6995 0.6864 0.6864  0.698¥7176 0.7326 0.7427 0.7489 0.7644 0.7547
95%  0.7009 0.7828 0.7366 0.7196 0.7034  0.6958 0.6979  0.711B7310 0.7452 0.7542 0.7593 0.7692 0.7522
98%  0.7226  0.8127 0.7621 0.7434  0.7271 0.7231 0.7248  0.7391.7506 0.7622 0.7688 0.7719 0.7756 0.7706
99%  0.7296  0.8219 0.7651 0.7513 0.7404  0.7369 0.7386  0.74857626 0.7724 0.7771 0.7789 0.7790 0.7760

Table A6. Asymmetry parameter 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 12Bandand 13 Band 14

0% 0.7399 0.7372 0.7110 0.6916 0.6582 0.6230 0.6147  0.6214641® 0.6655 0.6910 0.7124 0.7538 0.7395
50%  0.7400 0.7419 0.7146  0.6952 0.6626  0.6287 0.6209  0.628D6481 0.6723 0.6974 0.7180 0.7575 0.7432
70%  0.7363 0.7614 0.7303 0.7100 0.6815 0.6550 0.6498  0.659W6802 0.7032 0.7255 0.7430 0.7735 0.7580
80%  0.7180 0.7701  0.7358 0.7163 0.6952 0.6807 0.6801  0.693%7160 0.7370 0.7553 0.7681 0.7862 0.7623
90%  0.7013 0.7733  0.7374  0.7203  0.7057 0.7006  0.7035  0.71927415 0.7596 0.7739 0.7827 0.7906 0.7596
95%  0.6922 0.7773  0.7404  0.7264 0.7170 0.7179  0.7228  0.738R7595 0.7746 0.7851 0.7909 0.7918 0.7562
98%  0.6928 0.7875 0.7491  0.7393  0.7345 0.7397  0.7455  0.76aR7773 0.7883 0.7944 0.7970 0.7912 0.7555
99%  0.7021  0.7989 0.7590 0.7512 0.7613 0.7746  0.7718  0.77Zr7867 0.7953 0.7988 0.7994 0.7906 0.7600
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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 tHe5% 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 marlbeingthe mean relative error.
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Fig. 4. Error analysis with respect to the variability range of AOD, SSA and AShpaters for GHI, DNI and DIF resultant from the
one-year WRF simulation. (a-c) shows the relative frequency distribafithe observed AOD at 0.551y the observed and parameterized
SSA values, and the observed and parameterized ASY values, treslye(-l) shows the observed and simulated DNI, DIF and GHI values
(upper half of the panels) as well as their relative errors (lower hati®@panels) as a function of the observed AOD at 055 8SA and
ASY values. The expected observational error region for the sugalar irradiance observations, roughly estimatett %, is highlighted

in yellow.
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Fig. 5. Daily mean relative error in simulated DNI, DIF and GHI (simulated valu@susiobservationgelativeto the observationsusing

the RRTMG model assuming rural and urban aerosols, throughosirthdated year over the composite of the five experimental sites. A
15-day moving average filter has been used to make clear the biasF@m@HI, the calculated values with the Dudhia scheme are also
shown. The expected observational error region for the surfdae is@diance observations, roughly estimatedt&$s, is highlighted in
yellow.




