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ARTICLE INFO ABSTRACT

Keywords: The solar energy industry often uses individual steps to empirically compute plane-of-array (POA) irradiance
Solar radiation from horizontal irradiance and decompose it to narrow-wavelength bands. Conventional radiative transfer mod-
POA irradiance els designed for meteorological applications requires significant computing efforts in practice; however, they pro-
Radiative transfer model vide a physics-based solution of radiance and therefore are capable of computing spectral POA irradiances in a

Surface observation single step. In this study, we integrate the advantages of the current models and develop an innovative radiative

transfer model, the Fast All-sky Radiation Model for Solar applications with Narrowband Irradiances on Tilted
surfaces (FARMS-NIT), to efficiently compute irradiances on inclined photovoltaics (PV) panels for 2002 nar-
row-wavelength bands from 0.28 to 4.0 um. This study is reported in two parts. Part I presents the methodology
and performance evaluation of the new model under clear-sky conditions. The Simple Model of the Atmospheric
Radiative Transfer of Sunshine (SMARTS), which was designed to compute clear-sky irradiances, is employed
to rapidly provide the optical properties of a given clear-sky atmosphere. The clear-sky radiances in the nar-
row-wavelength bands are computed by considering three paths of photon transmission and solving the radiative
transfer equation with the single-scattering approximation. The Bi-directional Transmittance Distribution Func-
tion (BTDF) of aerosols is given by their single-scattering phase function with a correction using a two-stream
approximation. The validation analysis confirms that FARMS-NIT has improved accuracy compared to TMYSPEC
as evaluated by both surface observations and a state-of-the-art radiative transfer model. This model substan-
tially improves computational efficiency compared to other radiative transfer models though it uses slightly more
computing time than TMYSPEC. Part II of this study addresses the model in cloud-sky conditions and will be
published as a companion paper.

1. Introduction and the solar cell designs to split spectral radiation (Fahrenbruch and
Bube, 1983; Mojiri et al., 2013). Although high-spectral-resolution mod-

The increasing use of solar energy as an alternative to conventional els designed for meteorological applications—e.g., the line-by-line
energy sources has boosted the demand to precisely measure or sim- model (Clough et al., 2005)—are capable of computing spectral solar
ulate solar resource at the land surface. Solar radiation data are rou- radiation based on fundamental physics, they are often time-consum-
tinely provided on horizontal surfaces by ground- (Stokes and Schwartz, ing when solving the absorption coefficients of the molecular species in

1994) and satellite-based observations (Sengupta et al., 2014, 2018; Xie the atmosphere. Thus, models parameterizing the computation of ab-
et al., 2016) in a broadband wavelength range 0.2-5pum because ~99% sorption and scattering—e.g., the Simple Model of the Atmospheric Ra-
of the total solar radiation on the Earth’s surface lies in this region (Liou, diative Transfer of Sunshine (SMARTS) (Gueymard, 1995), SUNSPEC

2002). (McCluney and Gueymar, 1993), and TMYSPEC (Myers, 2012)—were
Quantification of solar radiation in narrow-wavelength bands plays developed to provide efficient solutions of spectral radiation and thus

a crucial role in solar energy research because the efficiency of photo- are more applicable to solar energy applications.

voltaic (PV) systems is dominated by the spectral distribution of inci- At the land surface, three solar sources contribute to plane-of-array

dent solar radiation, the spectral response of semiconductor materials, (POA) irradiances in broad or narrow wavelength bands: direct radi-

ation, diffuse radiation from sky, and diffuse radiation from the land
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Fig. 1. Geometry a PV panel. XYZ represents a three-dimensional Cartesian coordinate on
the horizontal surface. X'YZ' represents a three-dimensional Cartesian coordinate on the
PV panel. The red beam represents a solar beam.
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Fig. 2. A flowchart of the FARMS-NIT model for a clear-sky condition.

surface (Xie et al., 2018). Transposition models, which convert horizon-
tal irradiance to the POA, simulate the contribution from diffuse radia-
tion by following empirical regression analyses (hereafter referred to as
empirical models) based on long-term observations of diffuse horizontal
irradiance (DHI) and POA irradiances in various orientations (Perez et
al., 1990; Reindl et al., 1990) or by assuming that diffuse radiation is
isotropic over the sky dome (hereafter referred to as isotropic models)
(Badescu, 2002; Liu and Jordan, 1961). Compared to empirical models,
isotropic models underestimate the strong forward scattering by clouds
or aerosols (Xie, 2010; Xie et al., 2011, 2009, 2012), and thus they are
likely to underestimate POA irradiance on 1- or 2-axis tracking PV pan-
els; however, the performance of empirical models depends on the lo-
calized atmospheric and land surface conditions as well as solar and
PV orientations (Xie et al., 2018). Xie et al. (2018) demonstrated that
POA irradiance can be calculated using the spatial distribution of radi-
ances that are computed by one-dimensional radiative transfer models
designed for meteorological purposes.
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Xie et al. (2016) developed the Fast All-sky Radiation Model for So-
lar applications (FARMS), which uses the parameterization of clear-sky
radiation and physics-based solutions of cloud transmittance and re-
flectance to efficiently compute broadband global horizontal irradiance
(GHI) and direct normal irradiance (DNI). This study intends to expand
the capability of FARMS and develop a new radiative transfer model,
FARMS with Narrowband Irradiances on Tilted surfaces (FARMS-NIT),
which integrates the advantages in the existing models used for mete-
orological and solar energy purposes. This new model is based on ef-
ficient computation of spectral radiances at the land surface, which si-
multaneously leads to POA irradiances in numerous narrow-wavelength
bands.

This study is reported in two parts: Part I (this paper) introduces the
algorithm and performance evaluation of FARMS-NIT under clear-sky
conditions where the aerosol absorption and scattering is represented
by the single-scattering approximation with the correction using a
two-stream method (Meador and Weaver, 1980; Xie and Liu, 2013;
Xie et al., 2014); Part II (to be published as a companion paper) com-
putes solar radiances and POA irradiances under cloudy-sky conditions
where the cloud transmittances and reflectances are precomputed for
narrow-wavelength bands from 0.28 to 4.0 pm.

2. Methodology
2.1. Computation of spectral POA irradiance

A spectral POA irradiance over a monofacial PV panel can be given
by
POAI = POAL + POAL, g, + POAL, gy pna- o)

where POAIy, POAl gy, and POAL, goung are the spectral POA irradi-
ances associated with direct irradiance, diffuse irradiance from sky,
and diffuse irradiance from ground reflection, respectively (Gueymard,
1987; Jakhrani et al., 2012; Loutzenhiser et al., 2007; Noorian et al.,
2008; Xie et al., 2018).

According to Xie et al. (2018) and the references citied therein,
POAIg, POAL, sy, and POAI, ground can be computed by

POAI, = DNIcos’ (2a)
2z rOf.9)
POAL, 4, = / / I,cos @' sin 0dOdg (2b)
0 0
)
POAL, 4y oung = / / 1, cos 0'sinfd6de, (20)
o Jo

where DNI denotes direct normal irradiance; I; is the diffuse radiance
from the sky; I, is the reflected radiance by the land surface; ' is the
angle between incident solar beam and the normal direction of the in-
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Fig. 3. Partitioning transmittance of the atmosphere where solar radiation is (a) absorbed by the atmosphere and scattered by aerosol; (b) scattered in the atmosphere and scattered again

by aerosol; and (c) scattered in the atmosphere and absorbed by aerosol.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted
manuscript. The published version of the article is available from the relevant publisher.



Y. Xie, M. Sengupta

1.0

0.8
0.6
3

0.4

0.2

0.0
0.001 0.01 0.1 1.0 10.0

0 0.1 0.2 0.3

Fig. 4. TFy,/®, computed as a function of yy and 7; using Eq. (19). TFy, is the diffuse
transmittance of the clear atmosphere where the incident is direct radiation; w; is the sin-
gle-scattering albedo of Rayleigh scattering; 7 is the optical thickness of the clean atmos-
phere. y is the cosine value of the solar zenith angle.
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Fig. 5. Spectral irradiances for a clean atmosphere over a horizontal surface computed by
SMARTS and FARMS-NIT when (a)dy = 15A° and (b) 6 = 60A°. The red and blue lines
represent the simulations by FARMS-NIT and SMARTS, respectively, and the black line de-
notes their difference. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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clined PV panel; 6 is zenith angle; ¢ is azimuth angle; § is the title angle
of the PV panel; and ©(f, @) represents the upper limit of ¢ for each ¢
that can be given by

CICR)

4 b4 4
_ EWhen_ES(pSE . 2d)
’2—’ —tan~! (—tan f cos @) when;—' <@p< 7"

The geometry of a PV panel and variables used in Eq. (2) are illus-
trated in Fig. 1. Thus, POA irradiance can be computed by Eq. (2) with-
out any approximation when I; and I, are known.

2.2. Computation of spectral radiances in the atmosphere

Fig. 2 denotes a flowchart showing the computation of clear-sky
POA irradiance by FARMS-NIT. To compute I; and I, we assume a ho-
mogeneous aerosol layer in the atmosphere around the land surface.
Therefore, the atmosphere can be divided into two layers: the aerosol
layer and the atmosphere above it. For DNI, we follow the solutions
from SMARTS, version 2.9.5, (Gueymard, 1995) which parameterizes
the spectral transmission of direct solar radiation under clear-sky condi-
tions. With users’ input of atmospheric profile and aerosol information,
SMARTS can also compute the reflectance of the atmosphere, the total
optical thickness of all trace gases, 71, aerosol optical depth (AOD), z,
, and the single-scattering albedo, w,, and asymmetric factor, g, of the
aerosol. The computed optical thickness of trace gases and aerosol prop-
erties in spectral bands are then input to the radiative transfer equation
and used to solve the Bi-directional Transmittance Distribution Function
(BTDF) of the clear atmosphere. Therefore, the spectral region and reso-
lution of FARMS-NIT follow SMARTS, which covers 2002 narrow-wave-
length bands within 0.28-4.0 um, and uses intervals of 0.5nm, 1nm,
and 5nm intervals in 0.28-0.3995 pum, 0.4-1.7 um and 1.705-4.0 um, re-
spectively (Gueymard, 1995).

The diffuse radiances at the land surface are computed by

1 (1 @) = Iy (TF; + TF;) (3a)
Hol
Iy = —07[ 0 (3b)

where TF; is the BTDF for the first-order radiation; TF, is the BTDF for
radiances related to multiple reflection between aerosols and the land
surface; y is the cosine value of the solar zenith angle; and I and F, are
the extraterrestrial solar radiance and irradiance, respectively.

The optical thickness of Rayleigh scattering is very small, especially
in the near-infrared and infrared regions (A > 0.7 pm). Thus, the scat-
tering events in the clean atmosphere—i.e. cloud and aerosol free—are
assumed as single scattering. The effect of multiple scattering in the Ul-
traviolet (UV) and visible regions is considered and discussed in the next
section.

Wang et al. (2013) derived the Bi-directional Reflectance Distrib-
ution Function (BRDF) of the atmosphere from six possible paths of
photon transmission. Following the Rayleigh scattering correction tech-
nique and the study of Wang et al. (2013), TF; can be solved from three
independent events (see Fig. 3) where photons are (a) absorbed by the
atmosphere and scattered by aerosol, (b) scattered in the atmosphere
and scattered again by aerosol, and (c) scattered in the atmosphere and
absorbed by aerosol. Thus, TF; is given by

TF, = TF,, + TF,, + TF), @)

7
TF,, = exp (——) Tth (5a)
Ho
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Fig. 6. Observations of GHI and cloud fraction at NREL on (a) October 20, 2017 and (b) January 22, 2018. Observations of AOD and surface albedo at NREL on (c) October 20, 2017 and

(d) January 22, 2018.

TF,, = 2! 2”/l Y p Tre [ ( T‘)
- TE | exp (=21
T o Jo Hi—Ho v Hi

—exp <—T—1>] dyjd(pj
Ho

(el
e

where TFy,, TFyp, and TF;. represent TF; for the independent events;
TF{, and TF; are BTDFs of the aerosol; Py and Py, are the single-scat-
tering phase functions of Rayleigh scattering; w; is the single-scattering
albedo of Rayleigh scattering in the atmosphere; u is the cosine value
of zenith angle; and the subscripts, “j”, “0”, and “t” represent the pho-
ton direction after the scattering and the solar incident and outgoing di-
rections, respectively. Details on the derivation of Eq. (5) are given in
Appendix A.

With the assumption that energy is conserved in the Rayleigh scat-
tering process, w1 can be approximated by Wang et al. (2013):

(5b)

@ Py,

TF,. =
e 4 (#t - /40)

(5¢0)

_Ir
@ = T (6)

where 7 is the optical thickness associated with Rayleigh scattering.
Pyj and Py, are given by the phase function of Rayleigh scattering (Liou,
2002):

3
Py = ) (1+ cosz®0j) (7a)
and

3
Py = l (1+ coszG)O,) , (7b)

where @¢; and @ are the scattering angles according to the photon in-
cident and outgoing directions. For backward scattering, ®g; and @, are

given by

c0s Oy = —pos; + (1= )]/2(1 — K} )1/2"”‘/’0/' (8a)
and

cos Oy, = —popu, + (1 - Mé)l/z(l - ﬂtz)l/zcosrpo,, (8b)

where ¢g; and @o; denote relative azimuth angle between the photon in-
cident and outgoing directions. For forward scattering, ®¢; and ©g, are

given by

cos Oy, = uop; + (1 - ;4(2))1/2(1 - uj,z)l/zcowoj (8¢)
and

cos @y, = pop; + (1 - ;4(2,)1/2(1 - ﬂtz)l/zcoswop (8d)

Because aerosols in the atmosphere are optically very thin, we as-
sume single scattering within the aerosol layer as the first-order ap-
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Fig. 7. Comparison of spectral POA irradiances computed by FARMS-NIT and TMYSPEC (a) at 10:05 am on October 20, 2017, and (b) 12:00 pm on January 22, 2018. Difference between
model simulation and NREL observations on a single-axis tracker (c) at 10:05 am on October 20, 2017 and (d) 12:00 pm on January 22, 2018.

Table 1
MBE, MAE, PE, APE, MPE, and MAPE of computed spectral irradiances in the POA using FARMS-NIT and TMYSPEC.

MBE (Wm~2um~1) MAE (Wm~2pm™1) PE (%) APE (%) MPE (%) MAPE (%)
October 20, 2017
FARMS-NIT 9.64 15.31 1.86 2.96 -2.03 6.78
TMYSPEC -17.96 30.29 —3.47 5.85 20.32 27.4
January 22, 2018
FARMS-NIT 11.13 17.92 2.28 3.67 1.94 5.57
TMYSPEC -79.47 90.96 -16.27 18.62 -17.66 22.47

proximation. Under this assumption, TFj, and TF; can be given as pi = 1-g°
o (1+g2 —2gcos®0,)3/2 (9¢)
) 1 T T
TF® = —=p¢ [ex <——a> —ex, (——a>]
e ™ P\ w (%a) : 1-g2
s (1+g*- 2gcos@)j,)3/2 ©d)
TR = Papa 1 7, ; The asymmetric factors of aerosol are following the results from
T =, “p ) P\TL )| (9b) SMARTS for all the narrow bands. Details on the derivation of TF, and

TF; can be found in Appendix B. The impact of multiple scattering on
Egs. ((6) and (9)) will be discussed in the next section.

P P i . i i
where %o; and T are the single-scattering phase functions of aerosol For computing TF,, the first-order downwelling irradiance is derived

that can be approximated by the asymmetric factor of aerosol, g, and

as
Henyey-Greenstein phase function:

2r 1
Fy =Fd+/0 /O LTF pdpde,, (10)
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Fig. 8. Comparison of spectral POA irradiances computed by FARMS-NIT, TMYSPEC, and DISORT at 12:00 pm on October 20, 2017, when the solar zenith angle is 50.447°. A PV panel is

assumed facing south with a tilt angle of 30°.

where F, represents direct radiation on the horizontal surface. The total
downwelling irradiance is then

Flotal = Fl +F1RsRuu +F1R5RuuRsRuu +-

—1 11
=F(1-RRy) ™, an
where R; is the land-surface albedo, and Ry, is the clear-sky reflectance
of irradiance that is computed by SMARTS. Then TF; can be derived as
follows:

RSRlll]

HoloTF, = Iy T—rr- D
s7huu

otal — F1 =

(12a)

RsRuu F 1

TFy) = ————— .
? 1_RsRuu ﬂOFO

(12b)

With the assumption of a Lambertian surface, the reflected radiance
by the land surface can be computed by

F, totale
—71' .

I =

r

13)

2.3. Impact of multiple-scattering in the atmosphere

In this derivation of TF;, we assume that the Rayleigh scattering in
the atmosphere and the light scattering within the aerosol are single-

scattering events; however, the optical thickness related to Rayleigh
scattering might not be very small in certain UV and visible regions. To
account for the effect of multiple scattering due to Rayleigh scattering,
the single-scattering albedo of the clean atmosphere in Eq. (6) is ad-
justed to

T
w0 = _RM’

7 (14a)

where M is a scaling factor for multiple scattering that is given by

1 when 028 ym < A1 <0.3 yum or 0.7 ym < 1 <4.0 ym
M= { (14b)

1.623271175 4+ 1.0439955 when 0.3 ym<A<0.7 pym

Determination of the scaling factor for multiple scattering can be
found in Appendix C.

Moreover, the amount of aerosol over desert or high-polluted ar-
eas can be significant, which also leads to multiple scattering of so-
lar radiation within the aerosol. To account for this effect, we consider
the two-stream approximation provided by Meador and Weaver (1980)
where a thin layer transmittance of irradiance is given by

T, T
T8 =1-—[1+w,(0.5-05g) - w,| —exp <——”> . 15)
Ho Ho

To make the GHI consist with the two-stream approximation, Egs.

((9a) and (9b)) are adjusted by
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Ta (16a)

(16b)

where T is the diffuse transmittance of aerosol computed by integrating
the BTDF from Eq. (9a):

2z 1
W=£ ATFg,ﬂtdﬂzd¢t~ a7
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2.4. Further simplification

From the derivation above, the computation of atmospheric trans-
mission and reflection has been substantially simplified compared to the
solutions of the radiative transfer equation with the multiple scatter-
ing term (Liou, 2002). Some approximations and simplifications can be
made to further reduce the computing burden of the model.

In the previous equations, we use x = 1.0, 0.96, 0.92,...,0.0, and
¢ =0°,10°,20°,...,360° for the numerical computation of the integrals.
They are determined to best balance the computational efficiency and
the accuracy in representing the integrals. The uncertainty associated
with this selection will be further discussed in Part II (the companion
paper).

Because of the double integration loop in Eq. (5b), the computation
of TFyp consumes most of the computational efforts of the FARMS-NIT.
To simplify Eq. (5b), we assume that the solar radiation through the
Rayleigh scattering in Fig. 3b is isotropic and that the downwelling irra-
diance is the same with the rigorous solution of the Rayleigh scattering.
Then TFy; can be approximated by
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TFyy, = TFou Ty (18)

where T}, is the transmittance of aerosol for diffuse radiation. TF, is
the diffuse transmittance of the clean atmosphere (aerosol free) where
the incident is direct radiation. Thus. it can be given by the expression
of TFy, when TF}, = 1 for all directions:

= Nexp [ =L
“an)y Jo wi—my ¥ ’ H
T
—exp <——1>] dude;.
Ho

To reduce the computational time, 7Fy,/®; is precomputed for all
possible ug and 7; using Eq. (19). For given atmospheric information,
TFy, can then be rapidly checked from the results using 7; and w; pro-
vided by SMARTS. Fig. 4 illustrates the computed 7Fp,/®; as a func-
tion of yp and 7. It shows that, when the atmosphere is optically thin,
the diffuse transmittance increases with solar zenith angle because of
the more significant Rayleigh scattering. When the optical thickness of
the atmosphere is much greater than 1, the diffuse transmittance is al-
most negligible because of the stronger absorption in the atmosphere.
T, used by Eq. (18) can be computed by

19
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where I represents diffuse radiance above the aerosol, and T}, is given

by Eq. (15).

3. Performance evaluation
3.1. Comparison to SMARTS for a clean atmosphere

Following the discussions above, SMARTS can provide the optical
properties of trace gases and aerosols in the atmosphere based on a pre-
developed parameterization and a given atmospheric profile. SMARTS
also parameterizes the absorption by the molecular species, Rayleigh
scattering, atmospheric reflection and land-surface reflection and ef-
ficiently uses them to compute spectral irradiance on the land sur-
face. FARMS-NIT employs the optical properties of the atmosphere from
SMARTS, solves the radiative transfer equation with the single-scatter-
ing approximation, and computes radiances for various orientations.

Although SMARTS and FARMS-NIT use completely different ap-
proaches to account for the light scattering in the atmosphere, their dif-
ference should be significantly reduced when the thickness of aerosol
is negligible. Further, the computation of multiple-scattering by
FARMS-NIT is improved by a correction using SMARTS. Thus, it is first
important to evaluate FARMS-NIT using SMARTS with a clean atmos-
phere—i.e., cloud and aerosol are absent in the atmosphere.

Fig. 5 shows spectral irradiances of a clean atmosphere on a hori-
zontal surface when solar zenith angles, 0y, are 15° and 60°. The atmos-
pheric properties follow the 1976 U.S. Standard Atmosphere. The fig-
ure shows that FARMS-NIT has an excellent agreement with SMARTS
for all wavelengths even though they use different schemes to cal-
culate Rayleigh scattering. The majority of the differences are local-
ized in the UV regions, because of the considerable optical thickness
of Rayleigh scattering. For the smaller solar zenith angle, FARMS-NIT
gives slightly larger irradiances than SMARTS whereas the reverse is ob-
served in the larger solar zenith angle. The maximum differences be-
tween FARMS-NIT and SMARTS are about 20 Wm~2pm
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3.2. Validation against surface observations

To further understand the performance of FARMS-NIT, we compare
model simulation with surface observation from the National Renew-
able Energy Laboratory’s (NREL’s) Solar Radiation Research Laboratory
(SRRL). Fig. 6a and b demonstrate measured GHI by a Kipp and Zonen
CM Pyranometer 22 (CMP22) and cloud fraction from a Yankee total sky
imager on October 20, 2017 and January 22, 2018. Scenes correspond-
ing to a smooth GHI curve and cloud fractions smaller than 20% (those
in the gray shadow in Fig. 6) are selected for the clear-sky computation.
Surface observations of precipitable water vapor (PWV) measured by a
Zephyr Geodetic GPS antenna, AOD estimated by a seven-channel Prede
POM-01 photometer, and land surface albedo from an inverted CMP21
are used as inputs to FARMS-NIT (Fig. 6¢ and d). As shown in Fig. 6d,
a day with a snow land surface (with very large surface albedos) is se-
lected to compare with a day when the land is covered by bare soil and
vegetation (Fig. 6¢).

As discussed in Section 2, FARMS-NIT employs SMARTS to com-
pute the optical properties of aerosol, which provides twelve choices of
aerosol models introduced by Shettle and Fenn (1979), IAMAP (1986),
and Braslau and Dave (1973). The AODs in the narrow wavelength
bands are computed using the given aerosol model, AOD in the wave-
length of 0.55um, and the Angstrém’s turbidity formula (Liou, 2002).
In this study, we select the rural aerosol model given by Shettle and
Fenn (1979) because of the low concentration of soot and sea salt
particles in the atmosphere over NREL’s SRRL. The model simulation
by FARMS-NIT is then validated by surface observation from an EKO
WISER spectroradiometer system on a single-axis tracker at NREL’s
SRRL that covers the wavelengths from 0.35 to 1.65um, in 1nm inter-
vals (1301 wavelength bands).

For comparison with the FARMS-NIT simulations, we use the
TMYSPEC model (Myers, 2012) to compute spectral irradiances in the
wavelengths from 0.3 to 1.8 um, in 10nm intervals (151 wavelength
bands). The measured GHI and DNI computed by the DISC model
(Maxwell, 1987) are used as the input data to TMYSPEC. Unlike
FARMS-NIT, TMYSPEC combines multiple steps and empirically deter-
mined regressions to compute spectral POA irradiances from broadband
GHI, DNI, and other atmospheric properties. It computes spectral irra-
diances in clear-sky conditions by best matching surface observations
from a Li-Cor model Li-1800 spectrometer (Nann and Riordan, 1991).
The spectral irradiances over tilted surfaces are corrected according
to a broadband transposition model developed by Perez et al (1987).
The spectral irradiances in cloudy-sky conditions are estimated by the
clear-sky irradiances and an empirically determined cloud cover modi-
fier (CCM). More details about TMYSPEC can be found in Myers (2012).

Fig. 7a and b illustrate the model simulations from FARMS-NIT and
TMYSPEC. Compared to the 151 wavelength bands of TMYSPEC, the
2002 bands of FARMS-NIT demonstrate much more details of the at-
mospheric absorption by molecular species, e.g. the strong absorption
by oxygen at the wavelength of 0.76 pm is more obvious from the re-
sults of FARMS-NIT. The model simulations and surface observations
are averaged in each 20nm interval within 0.3-1.65pm (66 intervals),
and their differences are compared (Fig. 7c and d). FARMS-NIT bet-
ter represents the peak of spectral radiation in the visible region, but
it tends to overestimate the solar radiation in the UV region. How-
ever, TMYSPEC also underestimates spectral radiation in the UV re-
gion with the same order of magnitude. Note that the validation study
of SMARTS also demonstrated significant uncertainties in the wave-
lengths of 0.3-0.55pum (Gueymard, 1995). Thus, future studies on im-
proving trace gas measurements and the simulation of the atmospheric
absorption are needed for both SMARTS and FARMS-NIT. For land sur-
face covered by snow, FARMS-NIT has a much better performance than
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TMYSPEC because it efficiently uses the observations of surface albedo
and thus better simulates the diffuse radiation from the land surface
(Fig. 7d). This is also obvious in the mean bias error (MBE), mean ab-
solute error (MAE), percentage error (PE), absolute percentage error
(APE), mean percentage error (MPE), and mean absolute percentage er-
ror (MAPE) of the model simulations (Table 1), which are defined as
follows:

n
MBE = lZ(POA[M — POAI
n
i=1

(21a)
1 n
MAE = ;Z |POAL, — POAL| (21b)
i=1
n
" (POAI, — POAL)
PE = Zici i 5 % 100% (21¢c)
> POAl
' |POAL, — POAI
ApE = 2| M 5| x 100% (21d)
> POAI
POAL, — POAI
MPE = _Z PO, x 100% (21e)
POAI,, — POAI
MAPE = ——————=| x 100%,
POAIL ’ (219

where n is the total number of data points for all the wavelengths in
one day, and the subscripts “M” and “S” represent model simulation and
surface observation, respectively. As shown in Table 1, FARMS-NIT has
significantly smaller uncertainties than TMYSPEC for all the statistical
measures in Table 1.

3.3. Validation against DISORT for variable AOD

The discrete ordinates radiative transfer (DISORT) model (Stamnes
et al., 1988) is based on a solution of the radiative transfer equation
pioneered by Chandrasekhar (Chandrasekhar, 1950). By replacing the
integral of the radiative transfer equation with Gaussian quadrature, so-
lar radiances can be solved in all possible directions. DISORT has been
extensively used to simulate satellite observations and understand solar
and infrared radiation within the atmosphere (Hong et al., 2009; Xie,
2010; Xie et al., 2006, 2012). Similar to FARMS-NIT, DISORT directly
computes POA irradiance from radiances and Eq. (2) without further
approximation. With idealized input of atmospheric properties, the un-
certainty of DISORT in computing radiance has been well understood
and discussed in previous studies (Ding et al., 2009; Kotchenova et al.,
2006). Thus, DISORT allows extending the validation to atmospheric
conditions with large AOD that do not exist in our surface observations.

In the model validation using surface observations, aerosol loading
around NREL’s SRRL is extremely low because of the high altitude and
clean air in Colorado (see Fig. 5¢ and d); however, this might not be ap-
plicable to other locations where surface observations are unavailable.
To understand the performance of FARMS-NIT under different condi-
tions, we apply the profile of the 1976 U.S. Standard Atmosphere to
a 64-stream DISORT and FARMS-NIT that both compute the POA ir-
radiances on October 20, 2017. A homogenous layer of aerosol with
AOD varying from 0.01 to 1.0 is applied to the models. The irradiances
are also computed by TMYSPEC using the broadband GHI from DIS-
ORT. Compared to DISORT, the visible peak of irradiance is slightly
overestimated by FARMS-NIT (Fig. 8). The visible peak is underesti-
mated by TMYSPEC for a thin aerosol layer (Fig. 8a), but it gradually
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begins to overestimate the peak as the aerosol loading increases (Fig.
8d). For the near-infrared region, TMYSPEC underestimates irradiance,
which is more significantly at higher AOD. However, the performance
of FARMS-NIT is not significantly affected by the variation of AOD.

With the same atmospheric properties and PV orientation as Fig.
7, the MAPE of FARMS-NIT is stable at 2-4% even though its MPE
increases with AOD from 0 to 4% (Fig. 9). The MPE and MAPE of
TMYSPEC both increase with AOD; the latter can reach up to 12% when
the AOD is 1.0.

3.4. Computational cost

For computing hourly spectral POA irradiances during a day, the
64-stream DISORT, 16-stream DISORT, FARMS-NIT, and TMYSPEC con-
sume 650880.0s (180h 48min), 11912.7s (3h 18min 32.7s), 21.9s,
and 2.31s, respectively (Fig. 10) using a single Intel Xeon processor core
from the NREL’s flagship high-performance computing (HPC) system.
Thus, FARMS-NIT increases the computational efficiency of the current
radiative transfer models by a factor of greater than 500 as compared
with the 16-stream DISORT. Although FARMS-NIT requires more com-
putational resources than TMYSPEC, it provides spectral irradiances in
2002 wavelength bands, whereas TMYSPEC has only 151 bands.

4. Conclusions

We investigated the current transposition models and spectral mod-
els for solar energy applications and suggested that those models can be
combined by an improved radiative transfer model where radiances in
narrow-wavelength bands are efficiently computed. Following Wang et
al. (2013), we derived BTDF of a clear-sky atmosphere by considering
three possible paths of photon transmission and solving the radiative
transfer equation with the single-scattering approximation. An efficient
radiative transfer model, FARMS-NIT, was developed by parameterizing
the transmission due to multiple-scattering in the UV and visible regions
and further simplifying the numerical integrations.

The performance of FARMS-NIT is validated against surface ob-
servations at NREL’s SRRL, spectral models for solar energy applica-
tions, and a physics-based radiative transfer model that is often used to
simulate satellite observations. When cloud and aerosol are absent in
the atmosphere, FARMS-NIT yields spectral irradiances very similar to
those from the SMARTS model on a horizontal surface. For POA irra-
diances received by a single-axis tracking system, FARMS-NIT produces
results in better agreement with surface observations than TMYSPEC,
especially when the land surface at NREL’s SRRL is covered by snow.
For an atmosphere with enhanced aerosol loading, the uncertainty of
FARMS-NIT does not significantly vary compared with a 64-stream DIS-
ORT model. However, TMYSPEC over- and underestimates spectral ir-
radiances in visible and near-infrared regions, respectively, with its
overall uncertainty increasing with AOD. For the same computation,
FARMS-NIT significantly increases the computational efficiency of ra-
diative transfer models even though it requires more computing time
than TMYSPEC.
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Appendix A. Derivation of TF;; and TF;

For the radiative transfer equation of downward radiance with the
single-scattering approximation:

dl [ T
po = —l+ —FoPexp <—M—0> (Ala)
Multiple ¢7/# gives
exp <£> dl = —lIexp (1) dr
H H [z
0] 1 T T (A1b)
+ —FyP—exp <—— + —) dr
4z 7 u Ho M
In Fig. 2b, integration from O to t; gives
n T ) 1 T
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As I(0) = 0, we have
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The transmitted radiance through the aerosol is then
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For Fig. 2c, similar as Eq. (Ale), the transmitted radiance due to the
Rayleigh scattering in the upper clear sky is
()
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The transmitted radiance through the atmosphere is then

Ta
Iy =1 (‘rt) exp (——)

P (A2b)
Then
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Appendix B. Derivation of and

For single-scattering events within the aerosol layer, scattered radi-
ance is similar as in Eq. (Ale),

@,

a Ho Ta
e = e e ()

Gl
—exp (-2
He

where 0 and t represent the incident and outgoing directions, respec-
tively; and P Sj is the single-scattering phase function of aerosol that
can be approximated by the asymmetric factor and Henyey-Greenstein
phase function:

1- g2

P4o=
0r
(

1+ g% —2gcos @0,)3/2 (BID)

Then TFy, is
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For incident and outgoing directions, j and t, TF; is then
[0) 1 T, T
TF? = 2P [exp (——a> —exp <——”>]
it gt = u; 1 (B3a)
where
. _ 1-¢
* (l + g2 —2gcos ®jt)3/2 (B3b)

Appendix C. The multiple-scattering effect in Rayleigh scattering

The computation of TF; in Egs. ((4)—(8)) assumes that Rayleigh scat-
tering can be considered as single-scattering events in the atmosphere.
However, multiple scattering can be significant in the UV and visible
regions. Thus, the computation of the partitioning transmittance of the
atmosphere in Fig. 2b and ¢ need to be adjusted to account for the mul-
tiple-scattering effect. As a first-order approximation, we introduce a
scaling factor for multiple scattering to adjust the value of w; and keep
the first-order downwelling irradiance consistent with the simulation by
SMARTS.
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We consider a clean atmosphere over a black land surface
(albedo = 0). The scaling factor for multiple scattering can be given by

[SMARTS
1
M= .
o3 ) (cn
A 1yTF,.sin 0d0dg
where FISMARTS is the first-order downwelling irradiance computed

by SMARTS. Note that only TF;. needs to the considered in Eq. (C1) be-
cause TF;, and TFy}, are both 0 when there is no aerosol.

Fig. C shows the computed scaling factors for multiple scattering as
functions of 7z when 0.3 pm < A < 0.7 um. The colors of the dots repre-
sent the ten reference atmospheric profiles used by SMARTS, including
U.S. Standard Atmosphere, Mid-Latitude Summer, Mid-Latitude Winter,
Sub-Arctic Summer, Sub-Arctic Winter, Tropical, Sub-Tropical Summer,
Sub-Tropical Winter, Arctic Summer, and Arctic Winter. For simplicity,
they are represented by USSA, MLS, MLW, SAS, SAW, TRL, STS, STW,
AS, and AW in Fig. C. The figure shows that the scaling factor has a clear
linear relationship with g, and it does not significantly vary with the
selection of the atmospheric profile. To give a simple parameterization
of wy, we select a linear function of z:

M = 1.62327117p + 10439955 (©2)

which best fit the computation for USSA. Eq. (C2) is denoted by a black
line in Fig. C1 where it results in minor uncertainties in all the simula-
tions.

Note that strong multiple scattering exists in the wavelengths of
0.28um < A < 0.3um where the computed scaling factor widely os-
cillates around the fitting curve in Eq. (C2); however, it is not re-
lated to substantial uncertainties because the spectral irradiances are
small in this region. Also note that Rayleigh scattering is less notice-
able when compared to the direct radiation in the wavelengths of
0.7 um < A < 4.0 um. Thus, the scaling factor is assumed as 1 for the re-
gion of 0.28 um < A < 0.3um and 0.7 um < A < 4.0 um.
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