10

15

20

25

30

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

A simple parameterization of the short-wave aerosol optical
properties for surface direct and diffuse irradiances assessnme in a
numerical weather model

Jose A. Ruiz-Arias'>2and Jimy Dudhia®

1Solar Radiation and Atmosphere Modeling Group, Physicsafiepent, University of Jen, J&n, Spain
2Center of Advanced Studies in Energy and Environment, Usityeof J&n, J&n, Spain
3Mesoscale and Microscale Meteorology Division, Nationah@r for Atmospheric Research, Boulder, Colorado, USA

Correspondence to: Jo€ A. Ruiz-Arias
(jararias@ujaen.es)

Abstract. Broadband short-wave (SW) surface direct and1 Introduction

diffuse irradiances are not typically within the set of auttp

variables produced by numerical weather prediction (NWP)

models. However, they are being requested frequently b)Broadband SW surface total solar irradiance (also known as
solar energy applications. In order to compute them, a deglobal horizontal irradiance, GHI) is the sum of broadband
tailed representation of the aerosol optical propertigmis ~ SW surface downward direct normal irradiance (DNI, re-
portant. Nonetheless, NWP models typically oversimptify ceived from the sun’s direction) projected onto a horizbnta
aerosols representation or even neglect their effect. it th Plane and broadband SW surface downward diffuse irradi-
work, a flexible method to account for the SW aerosol op-ance (DIF, received from other directions). In general, DIF
tical properties in the computation of broadband SW sur-may alsoinclude reflected irradiance from surroundingsarea
face direct and diffuse irradiances is presented. It only re Direct and diffuse components of GHI are rarely included in
quires aerosol optical depth at 0.5 and the type of pre« predictions made with Numerical Weather Prediction (NWP)
dominant aerosol. Other parameters needed to consider spe@odels. As GHI is a key component in the representation of
tral aerosol extinction, namely, Angétn exponent, aerosol €nergy closure and mass surface fluxes, a better understand-
single-scattering albedo and aerosol asymmetry facter, arind and representation of physical processes may be gained
parameterized. The parameterization has been tested in tiBrough the use of DNI and DIF fluxes.

RRTMG SW scheme of the Weather Research and Fere- In the surroundings of gentle terrain, and provided the at-
casting (WRF) NWP model. However, it can be adapted tomospheric state is known, GHI can be calculated at reason-
any other SW radiative transfer band model. It has beerfble accuracy using simple models that assume isotropic sky
verified against a control experiment using five radiometric@nd surface conditions. However, in cloudy skies or steep te
stations in the contiguous US. The control experiment con-'ain, the isotropy assumption fails. In such a case, a 30r sola
sisted of a clear-sky evaluation of the RRTMG solar radia-radiation model would provide the best GHI predictions (Ca-
tion estimates obtained in WRF when RRTMG is driven with halan et al., 2005; lwabuchi, 2006; Pincus and Evans, 2009).
ground-observed aerosol optical properties. Overallyére Nonetheless, these models are so computationally exgensiv
ification has shown very satisfactory results for both broad that, in practice, their use is restricted only to concrgte a
band SW surface direct and diffuse irradiances. It has prove Plications such as validation studies (Mayer et al., 2010) o
effective to significantly reduce the prediction error and-s the development of simplified parameterizations (Lee et al.

strain the seasonal bias in clear-sky conditions to withen t 2011). But, if in particular both DNI and DIF are known, the
typical observational error in well-maintained radiomste ~ uneven distribution of GHI over complex terrain areas can be

determined. Projection of direct irradiance on tilted aoefs
is a geometrical problem. The exact computation of diffuse
« irradiance over the surface would still be unfeasible but, i
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practice, isotropic or quasi-isotropic assumptions camdegl  in WRF) were 66W m—2(7%) and 72W m—2(8%), respec-
at reasonable accuracy (Ruiz-Arias et al., 2010, 2011; Mantively (percent magnitudes are relative to the mean obderve
ners et al., 2012). value). In contrast, when RRTMG was run with instanta-
Energy applications are demanding a better modelling ofneous observations of aerosol optical properties (hefteima
surface solar fluxes. Both GHI and DNI are acquiring greaterAOP), the mean and root-mean square errors diminished to
importance in the energy sector as the rate of built-in s0-0 Wm~2(0%) and 9W m—2(1%), respectively. In the case of
lar systems is growing. On the one hand, traditional flat-DIF, the mean and root-mean square errors when the model
photovoltaic (PV) systems, the more mature and widely-was not driven by AOP observations were ¥6n ~2(-34%)
utilized solar energy technology, are driven primarily bgt and 28W m~—2(37%), respectively. When AOP observations
incoming global irradiance onto the PV plane. As this planewere used, the mean and root-mean square errors decreased
very rarely coincides with the horizontal plane (the commonto 2 Wm~2(3%) and 5W m~2(6%), respectively.
irradiance output in most of the NWP models), a transposi-
tion model from the horizontal to the PV plane is inevitable;
but accurate transposition models need DNI and DIF irradi-2  The need for a AOP parameterization
ances. On the other hand, solar concentrating technologies
both concentrating photovoltaic and solar-thermal pleartss Many NWP models solve, or may solve, the solar radia-
driven primarily by DNI. These technologies increase thetive transfer in the atmosphere using a two-stream approach
overall efficiency of the systems by concentrating DNI using which allows for a fast and approximated solution by assum-
an optical assembly of mirrors. Overall, solar energy syste ing azimuthal isotropy in radiant fluxes (Ritter and Geleyn,
require long time-series of GHI and DNI fluxes over wide ar- 1992; Edwards and Slingo, 1996; Chou et al., 1998; lacono
eas for a proper evaluation of the solar potential. But alsoet al., 2008). Radiative transfer solvers in NWP models have
very importantly, they require forecasts that enable an im-been tailored by assuming an infinite and horizontally uni-
proved operation of the plants and maximize the integrationform atmosphere and treating each model column indepen-
rate of solar systems in the power grid without putting the dently. The major practical consequence of the two-stream
power supply at risk. This is best done with NWP models for approximation is a reduction in accuracy at large solartheni
forecast horizons from about 4 to 6 hours onward (Diagneangles. However, it is accurate enough at other conditions f
etal., 2013; Inman et al., 2013). most of the current applications. It allows for a sufficigntl
Among the downwelling solar fluxes that can be predicteddetailed description of the solar direct and diffuse fluxes a
at the surface, most of the NWP models only provide GHI. low-to-moderate spectral resolution.
It is very likely that this has been motivated by the fact In the absence of clouds, aerosols become the dominant
that DNI and DIF are challenging to calculate. But, at the driving factor for DNI and DIF fluxes and the greatest source
same time, also because surface processes affected by saf uncertainty. In particular, the impact of aerosols in DNI
lar radiation can be reasonably well represented with @Hlis about 3 to 4 times larger than it is in GHI (Gueymard,
alone, as long as the spatial resolution is more than a few2012; Ruiz-Arias et al., 2013a) since an increase (decrease
km, which has been the typical case so far. Accurate cal-of aerosol extinction results in a decrease (increase) df DN
culation of DIF fluxes is computationally expensive com- and an increase (decrease) of DIF, in the general case. Thus,
pared with the simple methods that can be used to obtairrrors in DNI and DIF fluxes caused by a misrepresentation
GHI (e.g., Dudhia, 1989). Also, DNI and DIF are very sen- of the aerosol load partly cancel out in GHI, in the general
sitive to changes in the optically active components of thecase. In part, this explains why many NWP models have tra-
atmosphere. But the computational capabilities have growrditionally neglected the direct impact of aerosol in the as-
enough to allow the use of more rigorous and precise methsessment of GHI, or why it has been simply accounted for by
ods to solve the atmospheric radiative transfer equationusing climatological values. However, this may result inIDN
Ruiz-Arias et al. (2013c) provide a comprehensive benrch-assessment errors up to 20% (Ruiz-Arias et al., 2013a,c¢).
marking study of some of the short-wave radiation schemes Extinction by aerosols is described in radiative trans-
available in the Weather Research and Forecasting (WRF)er problems in terms of three spectral quantities, namely,
NWP model and their ability to predict GHI, DNI and DIF aerosol optical depth (AOD or), single-scattering albedo
under clear-sky conditions in the contiguous US region. Al- (SSA orwgy) and asymmetry factor (ASY a@y). Aerosol op-
beit the evaluated models yielded GHI estimates withinsthetical depth is the integral of the extinction coefficient paa
observational error range, not all the modelling approache atmospheric path. It represents the attenuation by alisorpt
showed good skills at predicting DNI and DIF. The best re- and scattering events through that atmospheric path.&ing|
sults were achieved with the Rapid Radiative Transfer Modelscattering albedo is the ratio of the scattering and ext@inct
for climate and weather models (RRTMG; lacono et al., efficiencies. It represents the relative importance of tizg-s
2008). In particular, for the period evaluated, the meam@ndering events within the total extinction. Finally, asyntrye
root-mean square DNI errors when the RRTMG model wasfactor is the first moment of the scattering phase function. |
run without considering aerosol extinction (default $efti  accounts for the preferred direction in which radiatiorcists
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tered (Liou, 2002). It is usual to model the spectral vatigbi  erence aerosols and relative humidity. The method is veri-
of AOD using theAngstiom law 7(\) = SA~*, where) is fied in the WRF NWP model using the RRTMG short-wave
the Wavelength inyp, 3 is the AOD measured at=1 pm ands radiative scheme against a previous experiment in which
« is known asAngstrom exponent (AE)/(\ngstrom 1961). RRTMG was driven with observed AOD at 0.5mpuSSA,

The number and variety of region-wide aerosol datasetsASY, AE and precipitable water gathered in the AERONET
has steadily grown in the recent years, from worldwide network. This control experiment is thoroughly described i
ground datasets such as the Aerosol Robotic NetworkRuiz-Arias et al. (2013c). The benefits of the AOP parameter-
(AERONET; Holben et al., 1998) to sensors aboard satelization were evaluated based on the comparison of a one-year
lite platforms that regularly sweep the globe, the bestWRF simulation against independent surface solar irragianc
well-known being the Moderate-resolution Imaging Spectro ground observations in the contiguous US.
radiometer (Remer et al., 2005). Both provide AOP ob- Section 3 describes the approach taken for the parameteri-
servations that could be used in NWP models to computezation of the aerosol optical properties in the RRTMG short-
DNI and DIF fluxes. Ground observations, essentially fsamwave radiative transfer model. Sections 4 and 5 present the
AERONET, provide a reliable and comprehensive AOP de-results of a benchmarking study against a control expetimen
scription, at a number of wavelengths. However, the spatiabnd the validation against ground observations, respgtiv
coverage is scarce and its near-real-time availabilitynis | Finally, Section 6 highlights the most important conclusio
ited. Thus, in practice, its applicability to NWP model appli of this work.
cations is constrained to a reduced number of cases. &atelli
retrievals, on the other hand, provide broad spatial caeera
but the accuracy of their current estimates is often only.fga3 The AOP parameterization
sonable for AOD at 0.551u. In recent years, the coupled
Atmosphere-Chemistry Numerical Weather Prediction (AC-The RRTMG SW radiative transfer model solves multiple
NWP) models have experienced a big advance leveraged bgcattering using a two-stream algorithm (Oreopoulos and
the growing number of available ground and remotely sensedBarker, 1999) over 14 spectral bands spanning from 0.2 to
datasets. Now, ACNWP models routinely offer global fore- 12.2 un (Table 1). It accounts for extinction by water vapor,
casts of many molecular and particulate components cfsthearbon dioxide, ozone, methane, oxygen, nitrogen, aesosol
atmosphere. Such is the case of the Monitoring AtmospheridRayleigh scattering and clouds. In clear skies, the exdecte
Composition and Climate project (MACC, 2013) or the God- accuracy of RRTMG with respect to line-by-line calculason
dard Earth Observing System model version 5 (GEOS-5js about 4W m~2 for direct fluxes and about % m~2 for
2013). They compute AOP from prognoses of the chemi-diffuse fluxes (lacono et al., 2008).
cal composition of the atmosphere and use them to calcslate Aerosol optical properties, that must be provided to the ra-
DNI and DIF fluxes. Nonetheless, in general, ACNWP mod- diative transfer routine at every grid-cell of the domaimige
els are computationally expensive and complex to run comsimulated and each spectral band, have been parameterized
pared with the regular limited-area NWP models. Also, asin terms of the vertically-integrated (total) AOD at 0.5
they are initialized using mostly satellite observaticthgy (10.55) and built-in reference aerosols, in a similar way as it
suffer similar biases regarding optical properties of ael®ss is done in many detailed radiative transfer models (Ricchi-

For those applications that are focused on DNI and DIFazzi et al., 1998; Gueymard, 2001; Berk et al., 2005; Mayer
fluxes, it is convenient to set up a means to use AOP inputand Kylling, 2005). The reason to not parameterize AOD is
in NWP models from diverse sources. This approach wouldtwofold: on the one hand, optical depth is the most determi-
allow using the best aerosol optical source for each applicanant property in the solar extinction burden, so it is impor-
tion. In particular, for long-term evaluations of the ragids tant to make use of the best estimate available. On the other
surface solar radiation potential, combined measurentzénts hand, unlike other aerosol optical properties, both stee#-
satellite and/or aerosol transport models and ground sitefrievals and ACNWP models provide reasonable estimates of
could be used (Kinne et al., 2013; Ruiz-Arias et al., 2013b).AOD for many current applications. The reason to choose the
On the other hand, when the application requires forecésts ovalue at 0.55 n is to be consistent with the values usually
surface solar radiation, the AOP predicted by global ACNMWP provided by these data sources and the ground observations
models could be used. Nonetheless, since the only accuratg AERONET. Observed AOD can be easily interpolated to
aerosol optical parameter typically available is AOD, thstr  a wavelength of 0.551 from other spectral values by using
of the required parameters, namely, SSA, ASY and AE, havehe Angstidm law. The built-in reference aerosols are used
to be specified/parameterized based on additional informato provide spectral values for SSA, ASY and AE, which are
tion, when they are not available. 20 afterwards modulated in terms of the relative humidity to ac

In this work, a parameterization approach for the aerosolcount for the aerosol hygroscopicity.
optical parameters required by radiative transfer models Two different reference aerosols from Shettle and Fenn
other than AOD at 0.551u is described. In particular, SSA, (1979), namely rural and urban, have been included so far in
ASY, and AE are parameterized as a function of built-in ref- WRF. They are representative of broad continental climate
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Table 1. Spectral bands distribution in RRTMG. From top to bottom rows,(in nm) are band mean, band minimum and band maximum
values, respectively. Note the band numbering does not follow iriogeas decreasing wavelength values. The band naming convention
follows the RRTMG's definition.

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

A 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 7782 625.0 4415 344.8.226300.0 3846
Amaz 3846 3077 2500 2150 1942 1626 1299 1242.0 778.2 625.0 441.3.834263.2 12195

conditions. The rural aerosol is intended for situationgsehs the limit of 0.6 un suggested by Dubovik et al. (2002) to
the aerosol is not expected to be affected by urban or indusdistinguish between the fine mode and the coarse mode in
trial sources. Thus, it is expected to be the typical chaice f bimodal size distributions. The decreasimgvalues for in-
most of the simulations. It is composed of a mixture of 70 creasing relative humidities indicate a particle size éase
percent of water soluble substance and 30 percent dust-likby water uptake and a shift of the extinction towards lower
aerosols. The urban aerosol is a mixture of rural aerosob{8@avelengths. It is worth mentioning that, unlike expected,
percent) and soot-like particles (20 percent). The tworrefe Angstdm exponents for the rural aerosol are greater than
ence mixtures define the absorption, scattering and extincfor the urban aerosol, indicating that overall the partigte

tion coefficients, single-scattering albedo and asymnpiry  the urban mixture have a larger size. This is very likely due
rameter for a number of wavelengths and relative humiditiesto the assumption made in Shettle and Fenn (1979) that the
from 0% to 99%. The choice of these two reference aeresolsoot-like particles in the urban mixture have the same size
has been based on the fact that they have demonstrated thalistribution than the water soluble and dust-like partigle
ability to represent reasonably well clear-sky surfacarsol the rural aerosol mixture despite the fact that soot pasicl
fluxes in other radiative transfer models (Ricchiazzi et al. are in general of smaller size.

1998; Gueymard, 2001, 2008). Aerosol optical depth was averaged over each spectral
_ . ) s band in order to provide a representative value over that en-
3.1 Aerosol optical depth andAngstrom exponent tire band. As the solar spectral irradiance changes alyruptl

| ical deoth h b ifiod h in the ultraviolet and visible regions and some model bands
Aerosol optical depth has to be specified at eac RRTMG, the infrared region are wide, the extraterrestrial ssjrerc-
spectral band. In real applications, even in the best case%um’EOn(/\)' as described by Gueymard (2004), was used

AOD is only "”QW”’m,?aS“reO! at a small number OT WaYe- as aweighting factor to compute the average AOD vaiug,
lengths, and théngstidm law is often used to describe Its as follows:

spectral variability. But, for some aerosol particle ensks,

such as the reference aerosol mixtures used here, this spec- fM7 Eon (M) 7 (0 N)dA

t°ral variability is best described using a 2-band versiothef — 7rj = ‘ Txr Bon(N)dA ) (2)
Angstidm law (Gueymard, 2001) as follows: Ax; Hom

A\ wherej stands for each RRTMG spectral band, that extends
T(A) = To.55 (055) ) (1) over the rangeA);, and 7. (a,;;A) is the aerosol optical

' . a0 depth calculated with Eq. (1) for the relative humidityFac-
where) is the wavelength inj ando; is theAngstidm ex-  torizing 7y 55 out of 7. (a3 A), EQ. (2) can be re-written as
ponent for each band, defined @s= a1, for A <0.55 pn,
and o; = ao, otherwise. The coefficients; are obtained 7.; = prj To.55 3)
from the built-in reference aerosols by linearly fitting (in
log-log coordinates) the spectral extinction coefficigatsi- ~ Wherep,; is the spectral scale factor with respectig; for
lated in Shettle and Fenn (1979) for each aerosol mixture anghe bandj and relative humidity-. It is given by
relative humidity. The corresponding valueswgfare given o
in Table 2. Fora, the extinction coefficients at 0.337ui s Bon(N) ()\> "
0.55 jm and 0.649 mu were used. The values at 0.648iy1 AAj 0.55
1.06 n and 1.536 |n were used for,. This modelling Jax, Fon(N)dx
approach resolves better than the regdlagstiom law the
distinct spectral contribution of the fine and coarse modes oEquation (4) was numerically evaluated for each spectral
the aerosol size distribution. The fact that and o show band and relative humidity according to the coefficients
distinct values suggests this approach is pertinent. Thi¢ li in Table 2. The so-computed spectral scale factor values
for the calculation oty and oy (A=0.55 ) is similar to  p,; were grouped in two look-up-tables (LUT) for the two

Prj = (4)
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Table 2. Angstdm exponents for each band, aerosol mixture and relative hundidiggtiom exponents were computed as described in
Sect. 3.1

Relative humidity «; 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 1.421 1.382 1371 1.357 1.221 1.152
Urban a1 0915 0919 0929 0921 0875 0.803 0.682 0.588

as 1198 1.202 1.202 1254 1.265 1.243 1.164 1.082

aerosol types (Tables Al and A2). For each RRTMG spectrakach relative humidity were interpolated using cubic gdin
band, the spectral scaling factors are interpolated usiig a to the wavelengths at whidh,,, () is known, resulting in the
points Lagrange interpolation at the relative humiditywes  valuesg,.(A). In this case, a higher weight has been assigned
predicted by the NWP model. Aerosol optical depth is thenat those wavelengths with great®y,, (\) and scattering co-
calculated using Eq. (3) and the inputss. Figure 1 illus-  efficient. The valueg,.; were grouped in two look-up-tables
trates the interpolation results for the rural aerosol orixt  for the two aerosol types (Tables A5 and A6) from which
It also compares thd’,,,-weighted average as defined by values are interpolated for each spectral band and relative
Eq. (2) with a regular (un-weighted) average. The largesst di midity using a 4-points Lagrange interpolation.

crepancies appear in the ultraviolet, visible and neaaigths Figure 2 shows the parameterized SSA and ASY values
regions (bands 8-12) as well as in the mid-infrared regionfor the two built-in reference aerosols for a relative humid
(band 14). The weighted average shifts the averaged AODty of 80%. The solid thin line is the resulting interpolatio
value towards wavelengths with higher extraterrestriédrso from the tabulated values (cross marks) in Shettle and Fenn
intensity resulting in an enhancement of aerosol extindtio  (1979), both for SSA and ASY. The solid thick line is the re-
the visible and infrared bands, and a decreased extingtian isultantEy,,-weighted average for each model band after ap-

the ultraviolet region. plying Egs. (5 and 6). The shaded region represents the range
] ] of variability at each band due to relative humidity, from 0%
3.2 Single-scattering albedo and asymmetry factor to 99%. In general, SSA for the urban aerosol (Fig. 2c) has

. smaller value at all wavelengths and a higher sensitiviy to
Shettle and Fenn (1979) provides spectral values of SS%san lative humidity changes than the rural (Fig. 2a). Thus, th

ASY up 10 40 jm starting at 0.2 ju for each aerosol Mix- | ,yor scatters more radiation but responds less to changes
ture and relative hu'mldlty value. Single-scattering atbkds humidity. Note that, for wavelengths above i ythe band-
been spectrally weighted for each band as follows: averaged SSA keeps close to the SSA value between 4 and

fm,- Eon(N)@o,r (A)Tr(aps; A)dA 5 um because the extraterrestrial solar intensity is very small
Wo,rj = JJ (@i N Eon(V)dX (5) 110 beyond 5 pn. The comparison with SSA values observed at

A/\ T T on
i AERONET reveals that the urban SSA takes abnormally low
wherew, ,.; is the average SSA value for the relative humid- values with respect to average conditions. This fact sugges
ity » and the spectral baryd The tabulated values of SSA for that the rural aerosol should be preferred. However, ifilis st
each relative humidity were interpolated using cubic s#in appropriate to maintain the urban aerosol since there might
to the wavelengths at whick,,,, () is known, resulting ims  be particular cases, normally short in time or limited ineare
the valuesy, .(A). Equation (5) assigns a higher weight to where it is required to assume a high aerosol absorptance.
the wavelengths at which extraterrestrial solar spectiadi- The asymmetry factor values are very similar for the two
ance and aerosol extinction are greater. The valyggwere  built-in aerosol mixtures (Figs. 2b and 2d), with decregsin
grouped in two LUTs for the two aerosol mixtures (Tables A3 forward scattering in the ultraviolet and visible bands amd
and A4) from which values are interpolated for each spegirakreasing in the infrared up to 31y Beyond, it stays at about
band and relative humidity using a 4-points Lagrange inter-0.75.
polation.
Following a similar approach, spectrally-averaged asym-3 3 \ertical distribution

metry factor has been calculated as:

Sar, Eon(N)Gr(N)@or (M) T (s A)dX The vertical distribution of AOD is modelled after the spec-
Grj = 2 y 6 i i i
Grj T @or )T (00ris A) Bon (A)dX (6) tral dl_saggregatlon_ has been completed. The latter is made
i s following Eq. (3) with spectral scale valugs; interpolated
whereg,; is the average ASY value for the relative humidity according to the model relative humidity, but only at the-sur
r and the spectral band The tabulated values of ASY for face level. Then, the spectrally disaggregatedalues at the
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Fig. 1. AOD spectral scale factor interpolated using 4-point Lagrange intefpolgor relative humidities from 0% to 99% for each RRTMG
spectral band and the rural aerosol. For the sake of comparisaesilhies using weighted and un-weighted spectral scale factors ara.show
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Fig. 2. Parameterized SSA and ASY parameters for the rural and urbaschenixtures for a relative humidity of 80% (thick line). The
Shettle and Fenn (1979) spectral values are shown with cross méuds hBive been interpolated using cubic splines (thin line). The grey
region encompasses the variability range of the parameters with diffexeies of relative humidity.

surface for each band are distributed in the vertical aceerdlows:
ing to an exponential profile (Ruiz-Arias et al., 2013c) ds fo

= / e Zhdz, (7)
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wherez, s andz,,, are the altitudes at the surface and thedop4.2 Test case

of the atmosphere, respectively. The height scale paramete

Zp, is set to 2.5km (Gueymard and Thevenard, 2009). By The simulations of the control experiment were repeated us-

following this procedure the vertically-integrated prefibf ing the AOP parameterization. That is, only the observed

AOD is consistent with they 55 value provided as input. AOD at 0.55 pn at the AERONET sites and the type of

The vertical distribution of SSA and ASY is based only aerosol were provided to WRF. The rest of the aerosol pa-
on the relative humidity profile in the NWP model. Thege- rameters, namely, AE, SSA and ASY, were parameterized, as
fore, the SSA and ASY vertical profiles resemble the modelpresented in Sect. 3. As in the control experiment, the model
moisture profile. was driven with observations of precipitable water so that

the real skill of the aerosol parameterization was bettal-ev
uated. Two different simulations, assuming rural and urban
wo @erosols, were carried out at each site. Note however that th
urban aerosol is so absorbing that it should not be adequate
for most of the real conditions. An additional simulatiom fo
a completely clean atmosphere (i.e., zero aerosols) was als

Yonducted.

Figure 3 shows the relative errors of both the control exper-
iment and the test cases as compared against the GHI, DNI
and DIF ground observations at each site and the composite
of all sites (referred to as case ALL in Fig. 3). If the param-
eterization were perfect, the grey blocks and the colous bar
ould match. Disagreements are caused by the prescription
the aerosol optical properties.

Figure 3a shows the relative errors in the case of DNI.
As expected, the discrepancies between the control experi-
ment and the test cases using the AOP parameterization are

4.1 Control experiment s negligible (below 1% at all sites), regardless the choice of
aerosol mixture. The reason is that, as far as aerosols are

In the control experiment, the WRF model was run using theconcerned, DNI is only impacted by optical depth, and the

RRTMG SW scheme. Clear-sky estimates of GHI, DNI and AOD at 0.55 pn is the same in both the control experiment

DIF were computed every 10 minutes for five completely and the test cases. The only distinction between the experi-

cloudless days at five different locations in the contigud8sic  ments is the AOD spectral distribution, modelled by the AE

(see Ruiz-Arias et al. (2013c) for a description of the $ites value. In the control experiment, it comes from spectral ob-

At all sites, concurrent observations of GHI, DNI and DIF, servations of AOD. However, in the test cases, it is inferred

as well as aerosol optical properties and precipitable watefrom the selected reference aerosol and the relative htymidi

from nearby AERONET locations, were available. Four of Nonetheless, as DNI is a broadband quantity, the impact of
the experimental surface solar irradiance sites belongdast AE is reduced and so are the differences between the control

Baseline Surface Radiation Network (BSRN; Ohmura et al.,experiment and the test cases. On the contrary, when agrosol

1998) and the Surface Radiation Network (SURFRAD; Au- impact is not considered, the simulated DNI overestimates

gustine et al., 2005). The fifth is at the Atmospheric Radi- the observations beyond the expected observational error.

ation Measurement (ARM) Central Facility, in Oklahoma, Figure 3b shows the relative errors in the case of DIF.

USA. The WRF model was modified such that instantaneeudiscrepancies between the control experiment and the test

observations of the aerosol optical properties and precip€ases are greater than for DNI because DIF is also impacted

itable water at the AERONET sites were ingested every 10by SSA and ASY, which now are parameterized. Specifi-
minutes at exactly the same time steps at which solar irracally, for relative humidities below 90%, the urban aerasol
diance was computed in the model. The few traces of cloudgbout 20% to 40% more absorbing than the rural aerosol. As
generated by WRF during the simulations were cleared up bya consequence, systematic disagreements up to 15-20% ap-

setting the cloud mixing ratio to zero in order to ensure com-pear in the DIF values computed with the two aerosol mix-

pletely clear-sky conditions. Note that, as all the aeroptit tures. Hence, unlike for the DNI, the choice of the correct

cal properties were ingested from ground observationsgethe aerosol is important for DIF. In particular, at four of théesi

was no need to parameterize any aerosol property. Thusvaluated in this study, the rural aerosol fits reasonablyy we

the control experiment gives a fair estimate of the RRTMG the control experiment. At the TBL site, however, the urban

model performance at computing clear-sky GHI, DNI and aerosol yielded better results because the particulac-sele

DIF. The control experiment is fully described in Ruiz-Agia tion of clear-sky days for this site showed an anomalously

etal. (2013c). high rate of absorbing aerosols that might be explained by

4 Parameterization benchmarking

The consistency of the AOP parameterization at predictin
clear-sky surface solar irradiance has been first benchedark
against a case study (hereinafter referred to as contreké?fp
iment) in which the WRF's RRTMG model was driven us-
ing observed aerosol optical properties and precipitalale w
ter values at a number of the AERONET network sites with
collocated surface solar irradiance observations. Theaon
experiment represents a best-case estimate of the exf)oéctga
model performance at predicting clear-sky surface salar ir
diance.
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the presence of wildfires nearby in the Arapaho-Roosevelmental sites. Figure 4(a-c) shows the relative frequensy di
National Forest, at 50 to 100 km away from the validatien tribution of the observed AOD at 0.5514 the observed and
sites (Short, 2013; Ruiz-Arias et al., 2013c). This caseeser parameterized SSA values, and the observed and parameter-
nonetheless to show that the urban mixture is useful in somézed ASY values, respectively. Overall, the AOD values ob-
circumstances. When the aerosols impact is not considerederved in the validation sites are small, although the evalu
a systematic underestimation around 30% appears. tion period spans an entire year and includes all the availab
In the case of GHI (Fig. 3c), all the experiments provide observations at the validation sites. The mean value is 0.06
estimates within the expected observational error rangs e  the median is at 0.05 and 95% of the values are smaller than
when aerosols are not provided because, as already con®.12. The mean observed SSA value is 0.92, with 95% of
mented, the large overestimation in DNI is partly cancelledthe values greater than 0.75. A very distinct estimatiomef t
out with the large underestimation in DIF. Overall, the tura SSA values is made with the rural and urban mixtures. For
aerosol fits better the control experiment. ss the rural aerosol, 95% of the SSA values are between 0.92
and 0.94, with a mean value of 0.93. For the urban aerosol,
95% of the SSA values are smaller than 0.68, and the mean
5 Validation against ground observations value is 0.62. Figure 4c shows the relative frequency distri
bution of observed and simulated ASY values. Ninety-five
A major limitation of the benchmarking study describecdein percent of the observations span the range from 0.61 to 0.75,
the former section comes from the fact that AOD, AE, SSA with a mean value of 0.67. The values simulated by the ru-
and ASY need to be all known simultaneously. Measure-ral aerosol have a mean of 0.66, and 90% of the data spans
ment of SSA and ASY is limited by strong practical con- from 0.63 to 0.67. In the case of the urban aerosol, 90% of
straints (Dubovik et al., 2000) that reduce drasticallyirthe the aerosols span from 0.66 to less than 0.67, and the mean
availability. Nonetheless, since the only external inperes is also 0.66.
quired by the AOP parameterization is AOD at 0.54,u As AE is not directly parameterized (note that it has been
the validation period with the AOP parameterization can beapproximated by means of a two-band model), it has not
extended as long as AOD and surface solar irradiance medeen shown for the sake of simplicity. However, its effec-
surements are available. Thereby, two one-year-length simtive value can be estimated from the spectral distribution o
ulations have been conducted using the AOP parameteriza®OD throughout the RRTMG bands. When thatis done, 99%
tion with rural and urban aerosols at the same five sites deof the AE values for the rural aerosol are between 1.19 and
scribed in Sect. 4 and with the same model set-up. In parl.22, and 99% of the AE values for the urban aerosol are in
ticular, the AOD at 0.55 m from the AERONET sites was the range from 1.00 to 1.06. In contrast, 90% of the obser-
ingested into WRF every 10 minutes at exactly the same time/ations go from 0.72 up to 2.59. Note thus that, the effective
steps at which GHI, DNI and DIF were computed. The sub-AE values used in the parameterization do not span the range
sequent validation was conducted only for those time stepof observed AE values.
with AOD observations under clear-sky conditions, which ~ Figure 4d-f shows the results for DNI. In each case, the
were discerned based on the method described in Long ankelative error is within the expected DNI observational er-
Ackerman (2000). ror. However, as it can be seen in Fig. 4d, for AOD above
In addition, the simulation was repeated using the WRE's0.05, there is a systematic bias of abouV4n 2 between
Dudhia SW scheme as a skill reference for the case of GHIthe estimates with the rural and urban aerosol mixtures. An
The Dudhia SW scheme is the radiative transfer model ofexperiment (not shown here for the sake of conciseness) con-
choice in most of the WRF runs. It is a simple broadband pa-ducted with the SMARTS radiative transfer model (Guey-
rameterization (one single spectral band) that considers e mard, 2001) has revealed this discrepancy is compatible wit
tinction by Rayleigh atmosphere and water vapor. It doesnothe different AE values modeled by each aerosol type. For
account for multiple scattering effects. Extinction by nep ~ AOD values below 0.05, the disagreement with the obser-
aerosols, and other molecular absorbers is not explicitly p vations increases slightly. As shown in Ruiz-Arias et al.
rameterized (Dudhia, 1989). Instead they are all accounted2013c), this might be related to the observational uncer-
for by using a bulk scattering parameter that was empigicall tainty of the AOD observations taken at AERONET sites. As
fixed for average turbidity conditions (Zamora et al., 2083, expected, DNI does not show any apparent trend with SSA
2005). Further references may be found in Ruiz-Arias et al.and ASY (Fig. 4e-f).

(2013c). Figure 4g-i shows the results for DIF. For these sites, and
for all cases, the DIF estimates for the rural aerosol areimvit
5.1 Dynamical range performance the expected range of the observational error. However, the

es Urban aerosol shows a negative bias that, in particular, in-
The performance of the AOP parameterization for eachcreases in magnitude for increasing AOD. The reason is that
aerosol type has been analysed throughout the entire rangbere exists a positive correlation between AOD and SSA in
of the aerosol optical properties observed in the five experithis experimental dataset (not shown here) such as an in-
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crease of AOD entails an increase of SSA. In addition, as Figure 5¢c shows the results for GHI. The values computed
shown in Fig. 4h, there exists a systematic underestimationwith the RRTMG model for the rural aerosol are unbiased
of about 15% in the estimated DIF values assuming the urthroughout the entire simulated year, whereas the assompti
ban aerosol, whereas it stays unbiased for the rural aerosobf urban aerosol introduces a negative bias about -2%. But
No trend is observed in the simulated DIF values with respechno seasonal trend is observed in either of these two cases.
to ASY (Fig. 4i). On the contrary, the Dudhia model shows a clear seasonal
Figure 4j-1 shows the results for GHI. Besides GHI com- trend in the bias, which underestimates by up to 5% in winter,
puted with the RRTMG model assuming rural and urbansince it includes an empirically fixed atmospheric scattgri
aerosols, GHI calculated with the Dudhia SW scheme is alsan a yearly basis. Thus, it considers so much scattering in
shown. It does not make use of any aerosol optical variablavinter, and so little in summer than it cannot reproduce the
as input. In any case, all the simulated values are within theGHI intra-annual variability.
range of the expected observational error. In particulét, G
estimates with the RRTMG model assuming rural aerosol are
always unbiased. On the contrary, when the urban aerosol i§ Discussion and conclusions
assumed, the bias in DIF (Fig. 4g-i) appears in GHI but with
a reduced relative impact (about 3%). The Dudhia scheme\ parameterization of the aerosol optical properties forsh
shows an increasing trend with respect to AOD at 0.6b 1 wave surface solar irradiance assessment, includingtdirec
that goes from an underestimation of about 5% (or, equiva-and diffuse components, in NWP models has been proposed.
lently, 25Wm~2) for very clean conditions to unbiased esti- It has been implemented and verified in the RRTMG SW
mates for AOD about 0.12, as expected for a scheme with &cheme of the WRF NWP model. The verification has been
fixed aerosol scattering parameter. No trend is observédd wit conducted in five radiometric stations with nearby or collo-
respect to SSA and ASY. cated AERONET sites in the contiguous US and also relies
70 0N a previous experiment that has been used here as control
case. The control experiment consisted of a best-case clear
sky evaluation of some of the WRF short-wave solar radi-
ation schemes forced with observed aerosol optical proper-
One of the particular benefits of having a method to includeties taken at the AERONET sites. Thus no aerosol optical
aerosol extinction in the computation of surface soladirras property is parameterized in the control experiment. On the
ance is to consider the impact of the seasonal variability ofcontrary, the aerosol optical parameterization only uses o
AOD in surface fluxes. Specifically, if AOD is not consid- servations of AOD at 0.5514, and AE, SSA and ASY are
ered in the calculation of clear-sky surface irradianceif or parameterized based on the predominant type of aerosol and
is done using a fixed value, a seasonal bias may appear ithe relative humidity.
the computed irradiances at the surface, which can beeeme The approach to parameterize the aerosol optical proper-
considerably large depending on the simulated region. Figties is versatile since the only mandatory parameter is ADD a
ure 5 shows the daily mean relative error in computed DNI,0.55 pm, which can be provided either as a fixed value or as
DIF and GHI (simulated values minus observations, relativea time and space varying field. The rest of aerosol optical pa-
to the observations) using the RRTMG model assuming ru+ameters, namely, AE, SSA and ASY are parameterized from
ral and urban aerosols, throughout the simulated year-svea choice between two bimodal aerosol mixtures, namely rural
the composite of the five experimental sites. A 15-day mov-and urban, dominated by the accumulation mode, the urban
ing average filter has been used to make clear the bias trentbeing a more absorbing version of the rural aerosol. How-
For GHI, the calculated values with the Dudhia scheme aresver, as for AOD at 0.551, AE, SSA and ASY can also
also shown. The expected observational error region for thde provided either as a fixed value or as a time and space
surface solar irradiance observations, roughly estimated varying field. This allows for sensitivity studies or the ude
+5%, is highlighted in yellow. external data sources. The aerosol parameterization based
Figure 5a and b shows the case of DNI and DIF estimatesthe aerosol mixture choice allowed us to extend the evalua-
respectively. Overall, both the rural and urban aerosol mix tion period up to one year, beyond the comparison with the
tures produce unbiased DNI values during the entire simu-control case. Overall, the verification has shown very satis
lated year. The little disagreement between them is dueeta thfactory results. Regardless of the reference aerosolghiat i
different AE values that are parameterized by each aerosoloked, DNI using the AOP parameterization is almost iden-
mixture. Regarding DIF, the urban aerosol yields a susthine tical to the control case. The very small mismatches shown
bias around -15%, with no seasonal trend, whereas the biagsult from the parameterization of AE. When the focus is
using the rural aerosol stays within the expected observaen DIF, the selection of the right reference aerosol is im-
tional error region, also without clear seasonal trend.eiNet portant because DIF is affected also by SSA and ASY. In
that it proves the rural aerosol fits the observations bédter four of the experimental sites, the rural aerosol resulted i
the evaluated sites. very good agreement with the control case. In the remaining

5.2 Seasonality
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site, the SSA values registered in the AERONET station were30377-C02-01 and FEDER funds through the Junta de Andalucia

anomalously low. This explains why the urban aerosol wasresearch group TEP-220. This work was carried out while the au-

better and proves that its use can be effective to consider ththor was hosted by NCAR.

effect of high absorbing aerosols. Based on the 1-year sim-

ulation, it has been proved that the use of the AOP param-
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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
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Table A3. Single-scattering albedo 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% 0.8730 0.6695 0.8530 0.8601 0.8365 0.7949 0.8113  0.8810930% 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  0.91789524 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  0.943R9677 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  0.954R9738 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  0.96709808 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  0.978r9852 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  0.57436238 0.6392 0.6442 0.6408 0.6105 0.4094
50%  0.4113 0.3654 0.4215 0.4330 0.4604 05022 0.5293 0.584B6336 0.6493 0.6542 0.6507 0.6205 0.4196
70%  0.4500 0.3781 0.4924 0.5050 0.5265 0.5713 0.6048  0.627M16912 0.7714 0.7308 0.7027 0.6772 0.4820
80%  0.5075 0.4139 0.5994 0.6127 0.6350 0.6669 0.6888  0.733B7704 0.7809 0.7821 0.7762 0.7454 0.5709
90%  0.5596  0.4570 0.7009 0.7118 0.7317  0.7583  0.7757  0.809B8361 0.8422 0.8406 0.8337 0.8036 0.6525
95%  0.6008 0.4971 0.7845 0.7906 0.8075 0.8290 0.8418  0.86408824 0.8849 0.8815 0.8739 0.8455 0.7179
98%  0.6401  0.5407 0.8681 0.8664 0.8796 0.8968 0.9043  0.91809244 0.9234 0.9182 0.9105 0.8849 0.7796
99%  0.6567 0.5618 0.9073  0.9077 0.9182 0.9279  0.9325  0.93989440 0.9413 0.9355 0.9278 0.9039 0.8040
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Table A5. Asymmetry parameter for the rural aerosol mixture.
RH Bandl Band2 Band3 Band4 Band5 Band6 Band7 Band8 Band9 Bandl10 Band1l 1ZBandand 13 Band 14
0% 0.7444 07711 0.7306 0.7103 0.6693 0.6267 0.6169  0.6207634D  0.6497 0.6630 0.6748 0.7208 0.7419
50% 0.7444 07747 0.7314 07110 0.6711 0.6301  0.6210  0.623L6392 0.6551 0.6680 0.6799 0.7244 0.7436
70% 07438 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  0.698Y7176 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  0.71X87310 0.7452 0.7542 0.7593 0.7692 0.7522
98%  0.7226 0.8127 0.7621 0.7434 0.7271 07231  0.7248  0.739L7506 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 12BandBand 13 Band 14
0% 0.7399 07372 0.7110 0.6916 0.6582 0.6230 0.6147  0.6214641D  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  0.628M6481 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  0.659M6802 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  0.69357160 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  0.73807595 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  0.76(R7773 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  0.774V7867 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, the white circle mark being the mean relative error.



Jost A. Ruiz-Arias: Parameterization of SW properties of aerosls 15

Aerosol Optical Depth Single Scattering Albedo Asymmetry Parameter
e & P L X O O S & P E R R A a>
Y Y Y Y Y N o g 2 S PPN PN SN PPV MW
Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
1.0
> W Observations
g') 8 0.8+ . Rural . [
£ g 064 F oA = Urban oA -
< 5 04 F A F A F
[:4 g 0.2 L | L L
0.0 ] cmem @ L. ol o wa il ©
Il Il Il Il Il Il Il Il Il Il
~ 1000 F A F A F
NE ol L] A\/ L] i
=
2 900 F A M M/_/"ﬁ\ L
Z 850 F oA F oA F
2 800+ F A F F
. S . ] r
o
ag 9 [ ] [ ] r
=
=2 @ @ o
T T T T T T T T T T T T T T T T T
Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
125 F oA F oA F
= e
g 1004 I~ L L L
g N /=
P / F ://;/_,_f\ rl M/\ r
2 50 F A F F
o~ 0 Simns —_— ———————— -
A5 8 rl A~ [ r
B -164 \ A S —— "
| —244 )l M A Ol
T T T T T T T T T T T T T T T T T
Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
750+ [ ~|[=— Observations r r
NE 700 + M L 4|=— Dudhia L4 i L
RRTMG+rural A
S 650 V= + - \ FoA F
= —— RRTMG-+urban \
= 600+ FA P WA [ ] =2\ F
T 550 F A F A F
&)
[ 0T —~——~ T———————————r—~—
IR >42/ L W L | W L
B
Mo 6 [()] ] [0S
T T T T T T T T T T T T T T T T T
e & & @ O 0 o A 2 &) O & &P L R R A A
Y ¥ o & L Y > N N N N RPN PN AN N N PPN
Aerosol Optical Depth Single Scattering Albedo Asymmetry Parameter

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@susiobservations, relative to the observations) using
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&$%, is highlighted in
yellow.



