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A B S T R A C T

Broadband atmospheric transmittance is a key component in many broadband clear-sky solar radiation models,
whose performance is inevitably bound to the goodness of their atmospheric transmittance parameterizations.
A key element in the development of these parameterizations, that has been traditionally overlooked, is the
spectral integration to the broadband range. The related scientific literature reveals that two different spectral
integration approaches have been proposed, but they have been vaguely evaluated despite the central role
of broadband transmittance. This work discusses such approaches, proposes new ones that mitigate current
issues and conducts an unprecedented worldwide evaluation study that analyzes the direct normal irradiance
evaluation error that is directly attributable to the choice of spectral integration approach. The study makes
use of more than 7 million atmospheric transmittance spectra and a 1-year hourly simulation across a 2-
degree spatial grid worldwide. The results show that the independent integration scheme, which is the one
virtually used always, results in deviations as high as ±40 W/m2 in dry and clean, and in humid and turbid
environmental conditions. Overall, while the error stays within ±20 W/m2 for 90% of the cases worldwide
using the independent scheme, it is reduced to only ±1.5 W/m2 using one of the alternative integration
schemes here proposed. Hence, as a matter of conclusion, it is recommended that any broadband clear-sky
solar irradiance model intended for global applications considers a higher-performance spectral integration
scheme for atmospheric transmittance, such as the ones proposed here.
. Introduction

Broadband or wideband atmospheric transmittance is a key aspect
n the radiative transfer of the atmosphere [1,2], as it is also in
he realm of broadband clear-sky solar radiation models (hereinafter
eferred to as CSR models) [3–6]. In solar applications, the term
roadband refers to the spectral range typically from 0.29 to 4 μm,
nd so, broadband transmittance has to be evaluated throughout this
ntire band. Broadband transmittance is just a convenient extension
f monochromatic light’s transmittance to the entire solar spectral
ange that prevents spectral computations during the calculation of
roadband solar irradiance.

CSR models are routinely used in solar applications [7–19] and
ndergo regular benchmark exercises [20–27]. Their performance is
onstrained by that of the transmittance functions in which they rely
n. Hence, it is of utmost importance to use high-performance functions
o build atmospheric transmittance. The parameterization of broadband
tmospheric transmittance as a custom transmittance function is a two-
tep process: (1) the integration stage, in which the spectral atmospheric

∗ Correspondence to: Applied Physics I, University of Málaga, Málaga, Spain.
E-mail addresses: jararias@uma.es, jose.ruiz-arias@solargis.com.

transmittance is integrated throughout the broadband spectral range,
and (2) the parameterization stage, in which the integrated transmit-
tance is parameterized as a custom function of solar position and the
atmospheric state. Both the integration stage and the parameterization
stage result in errors that contribute to the solar irradiance computation
error. However, while the parameterization errors are a frequent source
of concern and review, the errors that emanate from the integration
stage are very often overlooked. This work reviews the most com-
mon spectral integration approaches, propose variations of them with
arguable benefits and validate all schemes worldwide.

The next section motivates the use of broadband transmittance
functions in CSR models, with the focus on direct normal irradiance,
as a first step to understand the various spectral integration schemes.

1.1. Modeling broadband direct normal irradiance

A photon that traverses the atmosphere is subjected to extinction,
i.e., removal from its straight travel path, by interacting with the
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multiple atmospheric constituents (e.g., air molecules, water vapor and
aerosol particles). The fraction of photons that emerge in the same
direction and with the same wavelength as they enter the atmosphere
is known as transmittance and is evaluated separately for each atmo-
spheric constituent, 𝑖, and photon’s wavelength, 𝜆. It is calculated in
virtue of the Bouguer’s law [28] as:

𝜏𝑖𝜆 = 𝑒−𝑚𝑖𝛿𝑖𝜆 , (1)

where 𝑚𝑖 and 𝛿𝑖𝜆 are the optical air mass and the optical thickness of
the i-th atmosphere’s constituent, respectively. Note that 𝛿𝑖𝜆 is a spectral
uantity, thereby, transmittance is fundamentally a spectral magnitude.

Extinction is explained at fundamental level in terms of discrete
nteractions between monochromatic light and matter. In sparse me-
ia, such as the atmosphere, these interactions are independent each
ther [29]. An immediate consequence is that the monochromatic
irect normal irradiance at the surface, 𝐸𝑏𝑛𝜆, can be evaluated as the
olar flux at the top of the atmosphere, 𝐸0𝑛𝜆, successively reduced
y the extinctions due to every atmospheric constituent. Most often,
ive extinction processes are considered in a cloudless atmosphere
e.g., [3]):

𝑏𝑛𝜆 = 𝐸0𝑛𝜆 𝜏𝑜𝜆 𝜏𝑟𝜆 𝜏𝑔𝜆 𝜏𝑤𝜆 𝜏𝑎𝜆, (2)

here 𝜏𝑜𝜆 is the absorption transmittance by stratospheric and tropo-
pheric ozone, 𝜏𝑟𝜆 is the transmittance by molecular (or Rayleigh) scat-
ering, 𝜏𝑔𝜆 is the absorption transmittance by air molecules, 𝜏𝑤𝜆 is the
bsorption transmittance by water vapor and 𝜏𝑎𝜆 is the transmittance
ue to absorption and scattering by aerosols.

The broadband direct normal irradiance, 𝐸𝑏𝑛, over the spectral
ange 𝛥𝜆 is then calculated as:

𝑏𝑛 = ∫𝛥𝜆
𝐸0𝑛𝜆 𝜏𝑜𝜆 𝜏𝑟𝜆 𝜏𝑔𝜆 𝜏𝑤𝜆 𝜏𝑎𝜆 𝑑𝜆. (3)

When spectral details are not needed and only the broadband solar
rradiance 𝐸𝑏𝑛 is of interest, which is a most usual case in solar
pplications, the spectral calculations involved in Eq. (3) are often
ircumvented using broadband parameterizations of the atmospheric
ransmittances. The most widely-used parameterization form, here-
nafter referred to as 𝐸̂𝑏𝑛, assumes that the atmospheric extinction

processes at the broadband level are independent, exactly as they are
at monochromatic level. Hence, following similar principles to Eq. (2):

𝐸̂𝑏𝑛 = 𝐸0𝑛 𝑇𝑜 𝑇𝑟 𝑇𝑔 𝑇𝑤 𝑇𝑎, (4)

where 𝐸0𝑛 = ∫𝛥𝜆 𝐸0𝑛𝜆 𝑑𝜆 is the total extraterrestrial irradiance and
𝑇𝑖 are the broadband transmittances due to every i-th atmospheric
constituent in the spectral range 𝛥𝜆 [30]. As 𝐸̂𝑏𝑛 approximates the
rue 𝐸𝑏𝑛, the difference 𝐸̂𝑏𝑛 − 𝐸𝑏𝑛 is hereinafter referred to as 𝐸𝑏𝑛
pproximation error.

Similarly, and in analogy with Eq. (1), 𝑇𝑖 is sometimes parameter-
zed as:

𝑖 = 𝑒−𝑚𝑖𝛿𝑖 , (5)

here 𝛿𝑖 is the broadband twin of 𝛿𝑖𝜆.
At this point, it must be emphasized that Eqs. (4) and (5) are

ust idealizations without further justification beyond the analogy with
heir spectral counterparts. Furthermore, they condition the choice of
pectral integration approach, as it will be discussed in Section 1.2.

.2. Spectral integration schemes

If 𝜏𝑖𝜆 is known for every 𝜆, the simplest approach to obtain its broad-
and counterpart 𝑇𝑖 is the arithmetic average, i.e., ∫𝛥𝜆 𝜏𝑖𝜆 𝑑𝜆∕ ∫𝛥𝜆 𝑑𝜆.
owever, considering that the variation of 𝜏 within the interval
2

𝑖𝜆
𝜆 may not be negligible, the broadband transmittance is preferen-
ially evaluated as a weighted average of 𝜏𝑖𝜆 with weighting function
etermined from the extraterrestrial spectral irradiance as follows:

𝑖 =
∫𝛥𝜆 𝐸0𝑛𝜆 𝜏𝑖𝜆 𝑑𝜆

∫𝛥𝜆 𝐸0𝑛𝜆 𝑑𝜆
. (6)

Following the naming convention used by [31], Eq. (6) is hereafter
referred to as independent (indep) integration scheme.

Although this approach is conceptually simple, it presents a fun-
damental flaw: Combined with 𝐸̂𝑏𝑛 in Eq. (4), it does not reduce to
𝐸𝑏𝑛, resulting thus in a parameterization error, hereinafter referred
to as indep ’s pitfall. The only exception occurs when the spectral
interval 𝛥𝜆 is so narrow that the variation of 𝜏𝑖𝜆 is negligible for all
atmospheric constituents. Hence, the indep scheme is suitable only for
narrow spectral bands but may result in remarkable errors in wide
bands, such as the broadband solar range.

Precisely the indep’s pitfall led to the proposal of the next alternative
definition [31]:

𝑇𝑖 =
∫𝛥𝜆 𝐸0𝑛𝜆

∏𝑖
𝑘=1 𝜏𝑘𝜆 𝑑𝜆

∫𝛥𝜆 𝐸0𝑛𝜆
∏𝑖−1

𝑘=1 𝜏𝑘𝜆 𝑑𝜆
(7)

which reduces 𝐸̂𝑏𝑛 to Eq. (3), thus resulting in null 𝐸𝑏𝑛 approximation
error. However, this definition is not free from other issues, as it will
become clear in Section 1.3. Following the naming convention used
by [31], Eq. (7) is hereinafter referred to as interdependent (inter)
integration scheme.

The inter scheme relies on the conceptual (although unrealistic) idea
that the atmosphere is arranged into disjoint layers along which every
constituent distributes homogeneously, one per layer, with no mixing
with each other. With this vertical arrangement of the atmosphere, the
incoming solar irradiance at the top of any atmospheric layer has been
already extinguished by the constituents in the layers above, which
motivates the definition of the scheme as outlined in Eq. (7).

A formal flaw of the inter scheme is that the definition of the indi-
idual broadband transmittances depends on the arrangement of layers
n the atmosphere. If the ordering of such layers changes, it does so the
efinition of the individual broadband transmittances. Hence, although
his fact does not affect the calculation of total transmittance, the inter

broadband transmittances must be interpreted with care when they are
used to evaluate the impact by individual atmospheric constituents.

The interested reader may find further details in the pioneering
works of [31–33].

1.3. Parameterization of integrated broadband transmittances

The broadband transmittances calculated with the indep and inter
integration schemes do not depend on the light’s wavelength but only
on the type and amount of atmospheric constituents. As a result, they
can be parameterized, during the parameterization stage, as custom
functions of solar position and parameters related to the atmospheric
state (e.g., total-column water vapor content for water vapor absorp-
tion or aerosol optical depth for aerosol transmittance). However, the
choice of spectral integration scheme has strong implications on the
complexity of such parameterizations.

The indep scheme leads to relatively simple functional dependences
that are straightforward to parameterize because the impact of the
different atmospheric constituents on the broadband transmittances
is fully isolated. Conversely, the inter scheme involves secondary de-
pendences that hinder the parameterization process as a function of
air mass and the amount of atmospheric constituents. In particular,
for instance, the broadband transmittance of the lowermost atmo-
spheric layer in the inter scheme depends on all the atmospheric con-
stituents aloft, which creates complicated inter-relations between the
constituents, air mass and transmittance that are difficult to parameter-

ize. Thereby, it also results in likely parameterization errors during the
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parameterization stage combined with complex and computationally-
demanding calculations, which, overall, is hereinafter referred to as the
inter ’s pitfall.

The related scientific literature reveals that the indep scheme is the
preferred choice to accomplish the spectral integration of atmospheric
transmittance [e.g.,1,4,30,33–48] despite only the inter scheme guaran-
tees exact 𝐸𝑏𝑛 parameterization in combination with Eq. (4). It means
that the error by the indep’s pitfall is neglected, or rather, the augmented
parameterization complexity by the inter’s pitfall is deemed too high.

To the knowledge of this author, [4] is the only work that has
addressed so far a true inter-comparison of the performance results
obtained by direct solar transmittance parameterizations based on the
indep and the inter schemes. Not surprisingly, the MultiLayer-Weighted
Transmittance direct irradiance model, version 2 (MLWT2), whose broad-
band transmittances follow the inter scheme, provided the best results
in all tests. These results were at the expense of an increased complexity
in the parameterization of the broadband transmittances that involved
a computational burden about three times higher than that for the
Reference Evaluation of Solar Transmittance model (REST). The REST
model was also developed within the framework of that work, using
similar numerical parameterizations than for MLWT2, but relying on
the indep scheme. Considering that both MLWT2 and REST are models
recommended by [4] because they predict direct irradiance within the
uncertainty of well-maintained pyrheliometers, complexity seems to be
the reason that has tipped the balance in favor of the indep scheme for
broadband transmittance parameterizations.

A particularly interesting case that deserves attention is that of the
REST2 model [49], because it is consistently ranked high in benchmark
studies [8,23,25,26]. According to [49], the formalism to derive the
REST2’s wideband atmospheric transmittances is the same as in the
CPCR2 model [35], where it is made clear that transmittances are
derived using the indep approach. However, Dr. Gueymard confirmed in
a personal communication that indeed the REST2 aerosol transmittance
follow the inter integration scheme and referred to [13] for further de-
tails on the parameterization process in REST2. In particular, he noted
that aerosol transmittance in REST2 is parameterized from the Simple
Model of the Atmospheric Transfer of Sunshine v2 (SMARTS2) [3,50–
52] as the ratio of direct normal irradiance obtained for the actual
atmospheric Ångström’s turbidity and exponent values to that for an
atmosphere with no aerosols and fixed values for precipitable water,
total columnar ozone content and atmospheric pressure. The fact that
some of the atmospheric constituents are prescribed in the aerosol
transmittance parameterization highlights the complexity increase that
comes with the inter scheme and the practical need to relax such com-
plexity during the parameterization stage to make the parameterization
task affordable.

In this context, this work quantifies the worldwide 𝐸𝑏𝑛 approx-
imation error using Eq. (4) in combination with different spectral
integration schemes of the atmospheric transmittance. Thus, the nov-
elty of this study is that the focus is in the performance analysis of the
integration stage, conversely to the typical case in which the focus is in
the parameterization stage. The 𝐸𝑏𝑛 approximation error is evaluated
using three variations of the indep and inter schemes to integrate the
spectral atmospheric transmittances: (i) a 2-band version of the indep
scheme, which is being already used in existing models but has not
been extensively validated so far; (ii) a variation of the inter scheme
using a prescribed clean atmosphere that prevents the inter’s pitfall;
and (iii) a hybrid approach that combines the principles of the 2-band
indep and prescribed inter schemes. The performances of the indep, 2-
band indep, prescribed inter and hybrid spectral integration schemes
are thoroughly analyzed in terms of the 𝐸𝑏𝑛 approximation error or,
equivalently, the total transmittance error. The analysis is based on the
calculated transmittance spectra for more than 1.4 million hypothetical
atmospheres (involving the calculation of about 7 million transmittance
spectra) and a 1-year hourly worldwide simulation across a 2-degree
3

spatial grid. h
Section 2 describes the modified versions of the indep and inter
integration schemes. Section 3 introduces the spectral models used to
simulate the spectral transmittances for each atmospheric constituent
and describes the generation of the broadband transmittance data bases
which are subsequently analyzed in Section 4. The main conclusions are
summarized in Section 5.

2. Alternative spectral integration schemes

2.1. 2-band independent integration scheme

The indep’s pitfall vanishes with infinitesimally narrow spectral
ands. However, it can be largely reduced too in the broadband solar
ange (0.29–4 μm) even with only two wisely selected bands. The
bsorption by water vapor and gases in the atmosphere occurs preferen-
ially at wavelengths in the near-infrared and above, with the exception
f ozone which absorbs in the ultraviolet (UV) and visible (VIS)
ands. In addition, molecular scattering occurs primarily at the shorter
avelengths in the UV and VIS. Hence, inspired by [35,53,54] proposed
two-band parameterization of the atmospheric transmittances in the
PCR2 clear-sky solar radiation model, which divided the solar spectral
and into a UV/VIS band (0.29–0.7 μm) and a infrared (IR) band
0.7–2.7 μm). That approach has been continued in subsequent CSR
odels [48,49,55] with expanded IR band up to 4 μm.

The 𝐸𝑏𝑛 parameterization to use in combination with the 2-band
ndependent integration scheme (hereinafter referred to as indep-2b) is
s follows:

̂𝑏𝑛 = 𝐸𝑜𝑛
∑

𝑗=1,2
𝑓𝑗 𝑇𝑜𝑗𝑇𝑟𝑗𝑇𝑔𝑗𝑇𝑤𝑗𝑇𝑎𝑗 (8)

here the subscript 𝑗 refers to the UV/VIS band (𝑗=1) (0.29–0.7 μm)
nd the IR band (𝑗=2) (0.7–4 μm), respectively, and 𝑓𝑗 is the fraction
f total extraterrestrial solar irradiance, 𝐸𝑜𝑛, within each band, such
hat 𝑓1 + 𝑓2 = 1. The broadband transmittances 𝑇𝑖1 and 𝑇𝑖2 for the
tmospheric constituent i are defined as in Eq. (6) but within the
V/VIS and IR bands, respectively.

.2. Prescribed interdependent integration scheme

The inter scheme can be largely simplified to prevent the inter’s
itfall by prescribing the amounts of the atmospheric constituents
thers than the one that is relevant for each atmospheric transmit-
ance. Assuming a top-down layering of the atmosphere such that
he successive transmittance processes are ozone absorption, Rayleigh
cattering, molecular absorption, water vapor absorption and extinction
y aerosols, the prescribed interdependent broadband transmittances
re:

𝑇 ′
𝑜 =

∫𝛥𝜆 𝐸𝑜𝑛𝜆𝜏𝑜𝜆𝑑𝜆

∫𝛥𝜆 𝐸𝑜𝑛𝜆𝑑𝜆
(9)

𝑇 ′
𝑟 =

∫𝛥𝜆 𝐸𝑜𝑛𝜆𝜏′𝑜𝜆𝜏𝑟𝜆𝑑𝜆

∫𝛥𝜆 𝐸𝑜𝑛𝜆𝜏′𝑜𝜆𝑑𝜆
(10)

𝑇 ′
𝑔 =

∫𝛥𝜆 𝐸𝑜𝑛𝜆𝜏′𝑜𝜆𝜏
′
𝑟𝜆𝜏𝑔𝜆𝑑𝜆

∫𝛥𝜆 𝐸𝑜𝑛𝜆𝜏′𝑜𝜆𝜏
′
𝑟𝜆𝑑𝜆

(11)

′
𝑤 =

∫𝛥𝜆 𝐸𝑜𝑛𝜆𝜏′𝑜𝜆𝜏
′
𝑟𝜆𝜏

′
𝑔𝜆𝜏𝑤𝜆𝑑𝜆

∫𝛥𝜆 𝐸𝑜𝑛𝜆𝜏′𝑜𝜆𝜏
′
𝑟𝜆𝜏

′
𝑔𝜆𝑑𝜆

(12)

𝑇 ′
𝑎 =

∫𝛥𝜆 𝐸𝑜𝑛𝜆𝜏′𝑜𝜆𝜏
′
𝑟𝜆𝜏

′
𝑔𝜆𝜏

′
𝑤𝜆𝜏𝑎𝜆𝑑𝜆

∫𝛥𝜆 𝐸𝑜𝑛𝜆𝜏′𝑜𝜆𝜏
′
𝑟𝜆𝜏

′
𝑔𝜆𝜏

′
𝑤𝜆𝑑𝜆

(13)

here 𝜏′𝑖𝜆 is the spectral transmittance of the i-th atmospheric layer
alculated for a prescribed amount of the relevant atmospheric con-
tituent, i.e., total-column ozone content for 𝜏′𝑜𝜆, atmospheric pres-
ure for 𝜏′𝑟𝜆 and 𝜏′𝑔𝜆, and precipitable water for 𝜏′𝑤𝜆. This scheme is

ereinafter referred to as inter-p.
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Fig. 1. Cumulative atmospheric broadband transmittance from the top to the bottom layer using the inter, indep, indep-2b, inter-p and hybrid schemes in four atmospheric environments:
(a) temperate rural, (b) high elevation, (c) tropical polluted and (d) dry desert. The top-to-bottom atmospheric transmittances are: ozone absorption, Rayleigh scattering, molecular
absorption, water vapor absorption and extinction by aerosols, referred in the lower-left panel to as o, r, g, w and a, respectively.
2.3. Hybrid integration scheme

The indep-2b and inter-p schemes can be combined if 𝐸𝑏𝑛 is calculated
from Eq. (8) and the broadband transmittances are evaluated from
Eqs. (9)–(13). This approach is hereinafter referred to as hybrid scheme.

3. Data and methods

The analysis of the performance of the integration schemes in
the evaluation of 𝐸𝑏𝑛 requires calculating the spectral atmospheric
transmittances for all atmospheric constituents, i.e., 𝜏𝑜𝜆, 𝜏𝑟𝜆, 𝜏𝑔𝜆, 𝜏𝑤𝜆
and 𝜏𝑎𝜆, including 𝜏′𝑜𝜆, 𝜏′𝑟𝜆, 𝜏′𝑔𝜆 and 𝜏′𝑤𝜆 with prescribed values of total-
column ozone content (0.3 atm-cm), atmospheric pressure (1013 hPa)
and precipitable water (1.4 cm). From them, 𝐸𝑏𝑛 is calculated from
Eq. (4) with broadband transmittances successively evaluated using the
indep and inter-p schemes, and from Eq. (8), with the indep-2b and hybrid
schemes. Last, the results are compared to the true 𝐸𝑏𝑛 obtained from
Eq. (3) to analyze the 𝐸𝑏𝑛 approximation error in each case. Note that
the inter scheme is not considered here because it is an exact estimator
of the true 𝐸𝑏𝑛, meaning that its 𝐸𝑏𝑛 approximation error is always
strictly zero. However, this is at the expense of the inter’s pitfall.

In order to generate a comprehensive data set, the former cycle
is repeated for all the possible combinations in a selection of val-
ues of the most important atmospheric parameters at determining
broadband radiation throughout a cloudless atmosphere, namely: thirty
log-distributed optical air mass values between 1 and 20 (i.e., solar
zenith angle from 0◦ to about 87◦), two values of atmospheric pres-
sure (800 and 1013 hPa), one value of total-column ozone content
(0.3 atm-cm), eighty-one equidistant values of precipitable water con-
tent between 0 and 5 cm, ninety-seven equidistant values of Ångström’s
turbidity between 0 and 1.2 and three values of Ångström’s exponent
(0.3, 1.3 and 2.3). Thus, the transmittance is computed for a total
4

of 1,414,260 hypothetical atmospheres, involving up to 7,071,300
atmospheric spectral transmittances.

To calculate the spectral transmittances by each atmospheric con-
stituent, the SMARTS2 model, version 2.9.5, was initially consid-
ered [code publicly available at 56]. This approach, however, was soon
deemed unpractical because SMARTS2 requires that the simulation
options for every simulated case are provided in an ascii file that the
model reads in, providing then the simulation results in additional
output ascii files. Although this is a convenient solution for most of the
use cases of the model, in which a reduced number of simulations is
aimed, the fact that every simulated case requires writing and reading
ascii files, makes the process too slow for the purposes of this study.

In addition, since this study only requires the spectral transmit-
tances by individual atmospheric constituents, which represent only a
tiny fraction of the total computational burden in SMARTS2, using that
model would involve wasting resources in computations that are not
needed here. To avoid these shortcomings, the spectral transmittances
by each atmospheric constituent have been carefully re-coded in a
Python library using the SMARTS2 version 2.9.5 code as a reference.
The Python library performs all the calculations in memory, with no
need to read/write from/to disk. The code is freely available at https:
//github.com/jararias/dast/tree/paper, where the scripts to perform all
the analyses undertaken here are also provided for public access.

The extraterrestrial solar spectrum used for all the calculations is a
recent revised composite spanning the range 0.2–1000 μm, with a focus
in the 200–4000 nm waveband, although in this study it is restricted to
the 290–4000 nm range. The spectrum and the details of the methods
to compose it are provided in [57]. It describes the mean solar spectral
irradiance, in W m−2 nm−1, at normal incidence and mean Sun–Earth
distance in steps of 0.5 nm between 290 and 400 nm, 1 nm between 400
and 1705 nm, and 5 nm between 1705 and 4000 nm, making a total
of 1985 wavelengths. The value of 𝐸𝑜𝑛 extended to the entire spectrum
is 1361.1 W/m2.

https://github.com/jararias/dast/tree/paper
https://github.com/jararias/dast/tree/paper
https://github.com/jararias/dast/tree/paper
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Fig. 2. 𝐸𝑏𝑛 approximation error using the indep, indep-2b, inter-p and hybrid schemes. The error is presented in the Ångström’s turbidity and precipitable water space, for three
values of Ångström’s exponent (0.3, 1.3 and 2.3). The atmospheric pressure is 1013 hPa, the total-column ozone content is 0.30 atm-cm and air mass is 1.2.
In addition to the nearly 1.5 million hypothetical atmospheres
that are simulated, a 1-year hourly worldwide simulation across a 2-
degree spatial grid is performed to evaluate the spatial distribution
of the 𝐸𝑏𝑛 approximation errors and disclose regions that might be
notably affected by such errors. For the simulation, 1-year of hourly
gridded values of total-column ozone content, atmospheric pressure,
total-column water vapor content, aerosol optical depth at 550 nm
and Ångström’s exponent from the NASA’s Modern-Era Retrospective
analysis for Research and Applications Version 2 [MERRA-2; 58] are
retrieved from [59]. The variables are provided in a 5/8◦ by 1/2◦

longitude–latitude grid, and they are linearly interpolated to a 2-degree
longitude–latitude grid.

Since Ångström’s turbidity is required to evaluate the aerosol spec-
tral transmittance, it is computed from the aerosol optical depth at
5

550 nm and Ångström’s exponent using the Ångström’s law [60]. Opti-
cal air mass is computed for each atmospheric constituent following the
expressions outlined in Appendix A in [3], with solar position evaluated
using the PSA’s algorithm [61].

4. Results

Inspired by Molineaux and Ineichen [31], Fig. 1 compares the cumu-
lative broadband transmittances as atmospheric layers are successively
traversed from the top to the bottom of the atmosphere, for the inter,
indep, indep-2b, inter-p and hybrid schemes in four paradigmatic atmo-
spheres, namely: (a) temperate rural, (b) high elevation, (c) tropical
polluted and (d) dry desert. Note that the inter scheme provides the
true 𝐸 so it represents the reference target for the rest of schemes.
𝑏𝑛
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In general, after the light has traversed the ozone and molecular
layers there is no significant difference in the accumulated broadband
transmittances no matter the atmosphere. Nonetheless, after the subse-
quent water vapor layer the indep-based transmittance diverges from
the rest, with divergences in the range 2%–6% for air mass greater
than about 4 (i.e., solar zenith angles greater than about 70◦), more
pronounced in the tropical polluted atmosphere and less in the high
elevation atmosphere. Interestingly, the errors with the indep scheme
are compensated in the subsequent aerosol layer in all the atmospheres,
meaning that the spectral integration of the aerosol transmittance
introduces deviations that are similar in magnitude, but opposed in
sign, to the ones existing after the water vapor layer. Only for the
tropical polluted atmosphere the differences after the aerosol layer with
the indep-based transmittances remain significant, staying at about 2%
for any solar position. Conversely to the indep scheme, the indep-2b and
inter-p approaches keep close to the inter reference scheme, except for
the tropical polluted atmosphere in which they may differ up to ≈1%,
with the inter-p slightly better than indep-2b. Only the hybrid scheme is
able to match the inter reference under all circumstances.

These results suggest that there are environmental conditions that
enhance the errors of the indep scheme, such as in clean and humid
atmospheres. This would be the situation, for instance, in the temperate
rural and tropical polluted cases if the aerosol load was low. Under
these conditions, it is expected that the 𝐸𝑏𝑛 predictions by models built
on the indep scheme produce biased results.

In order to explore in depth all possible situations, and not only the
ones presented in Fig. 1, Fig. 2 shows the 𝐸𝑏𝑛 parameterization error
for air mass 1.2 using the indep, indep-2b, inter-p and hybrid schemes
in the Ångström’s turbidity–precipitable water space, for three val-
ues of Ångström’s exponent: 0.3 (coarse aerosol, typical in situations
dominated by dust or sea salt), 1.3 (mixed aerosol, typical in rural or
continental conditions) and 2.3 (fine aerosol, typical in situations dom-
inated by anthropogenic pollution) [62,63]. The indep scheme always
overestimates the true 𝐸𝑏𝑛 except for very dry conditions. The overall
error increases with growing precipitable water, Ångström’s turbidity
and Ångström’s exponent, becoming eventually larger than 40 W/m2

in humid polluted conditions (or, equivalently, larger than 3% of 𝐸𝑜𝑛,
where 𝐸𝑜𝑛 is taken as 1361.1 W/m2). When 𝐸𝑏𝑛 is evaluated using
the indep-2b scheme, the overall error diminishes noticeably. It even
virtually vanishes when Ångström’s exponent is 0.3, but increases for
greater Ångström’s exponents. Overall, the error barely depends on
precipitable water, but it does on Ångström’s turbidity. In particular,
it underestimates the 𝐸𝑏𝑛 values under clean atmospheres, and overes-
timates under turbid situations, even reaching ≈25 W/m2 in extremely
polluted situations (or, equivalently, ≈2% of 𝐸𝑜𝑛).

The inter-p scheme further reduces the difference with respect to the
true 𝐸𝑏𝑛, which is not greater than about 1.5% of 𝐸𝑜𝑛 under any circum-
stance. Nonetheless, this scheme yields a detrimental underestimation
of 𝐸𝑏𝑛 under dry and very dry conditions that turns into overestimation
with humid situations. The error now grows with increasing precip-
itable water, but barely depends on Ångström’s turbidity. As with the
indep-2b scheme, the error slightly increases with Ångström’s exponent.

The hybrid scheme shows an outstanding performance. As expected,
it combines features of both the indep-2b and inter-p schemes: its error
barely depends on precipitable water, as with the indep-2b, and barely
depends on Ångström’s turbidity, as with the inter-p scheme. However,
it keeps some residual underestimation for extremely dry atmospheres,
likely inherited from the inter-p scheme. The existing dependency on
Ångström’s exponent in the indep-2b and inter-p schemes is barely notice-
able here. The difference with respect to the true 𝐸𝑏𝑛 is nearly always
bounded within the approximated range ±5 W/m2 or, equivalently,
±0.4% of 𝐸𝑜𝑛.

When Fig. 2 is replicated for air mass 3 (not shown here) the error
and its pattern stay roughly the same as for air mass 1.2, except for
the indep scheme, for which the error grows significantly under clean
conditions.
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Fig. 3. Worldwide relative 𝐸𝑏𝑛 approximation error, in % of 𝐸𝑜𝑛, on 2020-07-01 at
12:30 UTC, using the indep, indep-2b, inter-p and hybrid schemes. The error is evaluated
as

(

𝐸̂𝑏𝑛 − 𝐸𝑏𝑛
)

∕𝐸𝑜𝑛. Note the different color scales.

4.1. Worldwide evaluation

The comparison shown in Figs. 1 and 2 depicts only a partial view
of the impact of the broadband transmittance integration scheme as it
does not account for the particular weather patterns at the location of
interest. To that aim, the 1-year hourly worldwide simulation described
in Section 3 is performed.

Fig. 3, which shows the 𝐸𝑏𝑛 approximation error on 2020-07-01 at
12:30 UTC for illustration purposes, reveals interesting spatial error
patterns, such as the generalized worldwide overestimation with the
indep scheme, by about 1% on average, and with peaks above 4%, in
contrast with the general underestimation with the indep-2b scheme by
about −0.5% on average, except for high air mass, where the scheme
overestimates by about 0.5% on average, but with peaks above 1.5%,
specially in expectedly clean situations. The inter-p scheme solves the
indep-2b’s issue at high air masses and results in lower overall errors
than the previous schemes, to the point that 90% of the errors are
within ±0.3%. In correspondence with the results shown in Fig. 2,
inter-p underestimates in dry regions such as in high mountains, arid
regions, and Greenland, and it overestimates in expectedly wet regions,
such as, areas in the Equatorial belt. The hybrid scheme yields similar
spatial patterns to those of the inter-p scheme, but with lower overall
error (90% of the errors are within ±0.07%).

In order to analyze the typical spatial error patterns, Fig. 4 shows
the mean relative error throughout the entire 1-year simulation de-
scribed in Section 3. As it was anticipated in Fig. 3, the indep and
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Fig. 4. Worldwide mean relative 𝐸𝑏𝑛 approximation error, in % of 𝐸𝑜𝑛, using the indep, indep-2b, inter-p and hybrid schemes. The error is evaluated as
(

𝐸̂𝑏𝑛 − 𝐸𝑏𝑛
)

∕𝐸𝑜𝑛. Note the
different color scales.
Fig. 5. Probability distribution of the relative 𝐸𝑏𝑛 approximation error, in % of 𝐸𝑜𝑛 for
the indep, indep-2b, inter-p and hybrid schemes. The error is evaluated as

(

𝐸̂𝑏𝑛 − 𝐸𝑏𝑛
)

∕𝐸𝑜𝑛.

indep-2b schemes result in overall overestimation and underestimation,
respectively, of the true 𝐸𝑏𝑛. Now, however, it is apparent that indep also
underestimates in very dry areas such as Greenland, the Himalayas and
Antarctica. The spatial error patterns for the inter-p and hybrid schemes
are very similar to those already described in Fig. 3. In essence, both
schemes underestimate in dry and mostly clean regions (Greenland,
Northwest America, Andes, the Himalayas, Russia and Antarctica) and
overestimate in humid polluted regions, mostly in the Equatorial belt
area, Southern Asia, Southeastern America and slightly in Europe.
Of interest, however, is the successive error reduction from the indep
scheme through the hybrid scheme. While 90% of the average errors in
the former are bounded within ±1.4% of 𝐸𝑜𝑛, the hybrid scheme keeps
90% of its average errors within ±0.1%. For the indep-2b and inter-p
schemes, they are bounded within ±0.4%. This trend is also observed
in the probability distributions of the worldwide hourly errors for each
integration scheme, which is shown in Fig. 5.

5. Conclusions

Broadband atmospheric transmittances are key components of many
broadband clear-sky solar radiation models that are routinely used
worldwide in solar applications. These transmittances are built after a
two-step process in which, first, the spectral atmospheric transmittance
is integrated, and, second, the integrated transmittances are parameter-
ized as custom functions of solar position and atmospheric state. Then,
the broadband transmittances are combined in a model to compute
7

direct normal irradiance. This work analyzes the contribution of the
assumptions made in the integration step to the final model error at
approximating the true direct normal irradiance.

Typically, two spectral integration schemes, indep and inter, have
been considered in the topical scientific literature. In practice, however,
the indep scheme is the one used virtually always, arguably because
it simplifies the subsequent parameterization step, despite it also in-
troduces a far from negligible error in many situations, as it is here
demonstrated. For instance, such error can be as high as ±40 W/m2 in
dry and clean, and in humid and turbid conditions, which are frequent
in many areas worldwide.

This work proposes various alternative versions of the indep and
inter integration schemes that largely mitigate the issues typically
associated with the indep’s pitfall and the inter’s pitfall. The study
conducted here evaluates for the first time, and at worldwide scale,
the expected approximation error of direct normal irradiance which is
directly attributable to the choice of spectral integration scheme of the
atmospheric transmittances. It is shown that such error stays within
±1.5 W/m2 for 90% of the cases found in a 1-year hourly simulation
conducted worldwide using data from the NASA’s MERRA2 atmo-
spheric reanalysis when the here proposed hybrid integration scheme
is used. Conversely, using the ubiquitous indep integration scheme, the
error that encompasses 90% of the cases climbs up to about ±20 W/m2,
but can be eventually much higher.

It is concluded that a broadband clear-sky solar radiation model de-
vised to be used worldwide must necessarily reject the indep integration
scheme and consider an alternative approach, tentatively, one of the
alternatives proposed here.
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