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Abstract: A simple and easily implementable model and the associated computer code for predicting
the solar irradiance at the earth’s surface have been developed. The input requirements of the model
include Julian day, time, geographical latitude, atmospheric pressure and cloud cover. If the latter is
not available, then the program user has the option of entering either the daily global solar flux or the
duration of sunshine, from which the average cloud cover is estimated. Preliminary model evaluation
has been carried out using data from two meteorological stations situated in rural and semi-rural
areas of the East Midlands, United Kingdom. The scatter plots of predicted versus observed solar
irradiance gave correlation coefficients approximately equal to 0.6 and slopes in the range of 0.80–0.93.
The model is being implemented as a submodule within an urban air quality model. This specific
application of the solar radiation model is discussed as a typical implementation. This work shows
that by adopting relatively simple ‘textbook’ material, i.e., basic theory/information, one can achieve
reasonably good solar radiation modelling, with outcomes that can be used for applications where
accuracy is not a major requirement.
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1. Introduction

Knowledge of solar radiation data finds application in many fields of science, including
agricultural science, biometeorology, micrometeorology and environmental photochemistry.
To mention a specific example, information relating to global solar irradiance is very important
in estimating equilibrium surface temperature [1], which in turn is important in the study
of the urban heat island effect. The latter phenomenon affects urban air quality through an
increase in the emission of primary and precursors of secondary air pollutants [2].

A literature survey revealed many solar radiation models, but they all seem to fall
into one of two categories. The first category consists of ‘detailed’ models which require
information on constituents of the atmosphere and are generally theoretical in nature.
Researchers outside the physical sciences may find these models difficult to implement
in their own specific models or even to use them because of their mathematical and
computational complexity. Hence, detailed solar radiation models may not be suitable for
routine applications. An example of such models is that of Zdunkowski et al. [3]. This is
a versatile radiation scheme developed to calculate radiative fluxes and heating rates for
the solar and infrared emission spectrum, which incorporates the effects of atmospheric
water vapour, carbon dioxide, ozone, pollution gases, aerosol particles and multilayered
clouds of arbitrary cloud cover. The model is intended for use within circulation and
climate models. Two other detailed models, which are more comprehensible to the non-
mathematician, are those of McCullough and Porter [4], and Hatfield et al. [5]. The models
of Zdunkowski et al. [3], McCullough and Porter [4], and Hatfield et al. [5] can be used for
specific solar spectral regions, and this makes them suitable for applications such as outdoor
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photosynthetic studies and the effect of ultraviolet radiation on the skin. As mentioned
earlier, the only disadvantage is their complexity and, hence, difficulty in implementation.

The second category consists of solar radiation models which require routine meteoro-
logical data as input; hence, they may be termed ‘simple’. The models are not necessarily
simple in structure; an example of this is the numerical solar radiation model of Atwater
and Ball [6]. In general, however, simple models can be very easily implemented into other
specific models simulating some aspect of the environment since they normally consist
of a small number of regression equations (or parametrisations) and a simple procedure
which links the equations together. The only problem with simple models is that most
of them are based on statistical analysis of empirical meteorological data collected at one
or more stations, making them very site specific. Examples of models of the second cate-
gory include those of Nielsen et al. [7], Sherry and Justus [8,9], Turner and Mujahid [10],
Cerquetti et al. [11], Rangarajan et al. [12] and Topcu and Oney [13].

The model developed and described in this paper has input requirements that consist
of routine meteorological data. It has a theoretical basis with assumptions on atmospheric
optical characteristics, making it less site specific. Generally speaking, in this work, the
approach adopts relatively simple ‘textbook’ material, i.e., basic theory/information, lead-
ing to reasonably good solar radiation modelling, with outcomes that can be used for
applications where accuracy is not a major requirement.

2. Materials and Methods

The solar irradiance model (dubbed SOLAR) described here is semi-empirical in nature
in that it consists of a blend of basic theoretical concepts and empirical results. The input
requirements of the model include Julian day, time, geographical latitude and atmospheric
pressure. Knowledge of cloud cover is also needed but if this is not available, then it can be
estimated from one of two options, namely, the daily global solar flux or daily sunshine
hours. The latter provision is made since measurement of daily duration of sunshine is
more common amongst meteorological stations as it is easier to measure and requires less
accurate instruments [11].

The instantaneous direct solar irradiance at the earth’s surface (Sc
dir), in the presence

of a turbid atmosphere but clear sky (i.e., no clouds), can be calculated using the following
equation given in textbooks on solar radiation theory (see, for example, [14,15]),

Sc
dir = Soβ cos ψτm (1)

where So is the solar constant (1373 W m−2), which is defined as the solar irradiance on
a surface perpendicular to the sun’s rays just outside the earth’s atmosphere and at the
mean distance of the earth from the sun; β is the square of the ratio of the length of the
semi-major axis of the earth’s orbit about the sun to the earth-to-sun separation, given
by Equation (2); ψ is the zenith angle, defined as the angle between the direction of the
sun and a vertical axis (to the surface of the earth at the place of observation), given by
Equation (3); τ is the turbidity coefficient (or atmospheric transmissivity) which quantifies
the attenuation of solar radiation by the atmosphere, assumed to be equal to 0.6, which
is a reasonable value for cloud-free atmospheres [14] of urban areas, especially those in
the East Midlands, United Kingdom [16]; m is the optical air mass defined as the ratio of
the path length in the direction of the sun at a given zenith angle to the path length in the
vertical direction, i.e., atmospheric depth, given by Equations (4) and (5).

The square of the ratio of the length of the semi-major axis of the earth’s orbit about
the sun to the earth-to-sun separation, β, is given by

β ≈ 1 + 2ε cos
(

2π

365
d
)

(2)

where ε is the eccentricity of the earth’s orbit about the sun (0.01675); d is the Julian day.
Furthermore, we have the following:
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cos ψ = sin ϕ sin δ + cos ϕ cos δ cos hs (3)

where ϕ is the geographical latitude (in degrees); δ is the solar declination angle, defined as
the angle between the orbital (earth round the sun) and earth’s equatorial planes, given by
Equation (6) (in degrees); hs is the hour angle, given by Equation (7) (in degrees).

Note that whenever angles are independent variables of sinusoidal functions, then
they can be either in radians or degrees; otherwise, they are in radians unless stated.
Derivation of Equation (3) is given in standard textbooks on solar radiation theory, but
practically all of the derivations are based on the geometrical approach, which makes them
cumbersome and algebraically complicated. An easier approach is to use vector analysis
by considering the dot (or scalar) product of two vectors corresponding to two (parallel)
sun rays, one which impinges on any arbitrary position on the earth’s surface and the other
such that it is radial to the earth’s sphere. When the dot product is equated to zero (due to
vectors being parallel), Equation (3) is obtained.

The optical air mass, m, is estimated from the equations hereunder:

m =
1

cos ψ

(√
r2 cos2 ψ + 2rH + H2 − r cos ψ

H

)
− 2.8

(90− ψ)2 for 60◦ < ψ < 80◦ (4)

and
m = 0.3885ψ2 − 63.705ψ + 2618 for 80◦ < ψ < 90◦ (5)

where r is the mean radius of the earth (6.390 × 106 m); H is the mean atmospheric depth
(7.991 × 106 m). Equation (5) is the only case where ψ is not an independent variable of a
sinusoidal function and expressed in degrees. Equation (4) is based on theory and corrected
by empirical data from Kondratyev [17]. Although it can be used for angles greater than
80◦, the zenith angle should not be too close to 90◦ for obvious reasons. Equation (5) was
obtained by curve fitting to experimental data of the optical air mass as a function of the zenith
angle given by List [18]. Quadratic regression analysis gave the best results with a correlation
coefficient of 0.986. The equations are valid for an atmospheric pressure of one bar. Hence, for
an atmospheric pressure, p, the optical air mass given by Equations (4) and (5) is corrected by
multiplying it by p (in bars) as performed by Kondratyev [17].

The solar declination, δ, is given by

δ = 23.5 cos
(

2π

365
[172− d]

)
(6)

The latter equation is applicable to the Northern Hemisphere. Note that on 21 June
(summer solstice), i.e., Julian day 172, and 22 December (winter solstice), the solar decli-
nation angle is at its maximum and minimum, i.e., +23.5◦ and −23.5◦, respectively. δ is a
sinusoidal (cosine) wave with an amplitude of 23.5. The expression for the solar declina-
tion in Equation (6) does not account for the small precession of the polar axis, which is
considered inconsequential for the intents and purposes of the solar radiation model being
discussed here.

The hour angle, hs, is given by

hs =
2π

24
t (7)

where t is the time of the day from solar noon, i.e., positive values for time before noon and
negative values for time after noon (e.g., 11:00 would be −1, while 13:00 would be +1). The
resulting hs is in radians.

The next step after calculating Sc
dir is to calculate the instantaneous diffuse solar

irradiance at the earth’s surface for a turbid atmosphere and cloudless sky (Sc
di f f ). The latter

is expressed in terms of Sc
dir, the zenith angle and the turbidity coefficient. The equation

has been used previously by Aida and Gotoh [19] and is given by
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Sc
di f f =

(
0.46

τsec ψ − 0.5
)

Sc
dir (8)

Cloud cover can have a significant effect on the amount of solar (short-wave) radiation
reaching the earth’s surface [20]. Hence, Sc

dir and Sc
di f f are adjusted to Sdir and Sdi f f ,

respectively, in order to account for cloud cover C, i.e., the fraction of sky covered by clouds
(in oktas) as follows:

Sdir = (1− 0.75C)Sc
dir (9)

and
Sdi f f = Sc

di f f + CSdir (10)

The adjustment is intuitively obvious. Note that the reason for scaling down the cloud
cover C by 25% (to 0.75C) is that clouds do not have zero transmissivity for short-wave
radiation. In this case, a 25% transmissivity is assumed. This measured value is strictly
speaking for the Australian continent and is variable [20].

Hence, the instantaneous total (direct plus diffuse) solar irradiance at the earth’s
surface in the presence of a turbid atmosphere and clouds (Stotal) is obtained by summing
Equations (9) and (10) to give

Stotal = Sc
di f f + (1 + C)(1− 0.7C)Sc

dir (11)

It is worth digressing at this point and stating that one utility of Stotal is in the deter-
mination of the atmospheric stability class. Furthermore, in the calculation of the surface
sensible heat flux, the incoming total solar energy minus that reflected by the surface is
used. This quantity is equal to S′ and given by

S′ = (1− A)Stotal (12)

where A is the surface albedo defined as the ratio of incoming to outgoing solar radia-
tion flux.

Hence, Equation (12) can be used jointly with a routine for computing the albedo of
the relevant surface, e.g., urban surface, in the calculation of the surface sensible heat flux.
Further details are given in Section 4.

Cloud cover is either measured or calculated. There are various ways to estimate cloud
cover. Alabiso, Parrini and Sidri [21] use a parameter called cloudiness daily coefficient
(C1). It is defined as the ratio of the measured daily total solar flux (J m−2) to that calculated
in the absence of clouds. Alternatively, it can be defined as the ratio of the actual number of
sunshine hours to that in the absence of clouds, i.e., day length (C2). Both definitions give
a daily average value of cloud cover (as a decimal). Hence, C is then given by C = 0.8Ci,
where i stands for 1 or 2, which also correspond to versions 1 (Model 1) and 2 (Model 2) of
SOLAR, depending on the method of choice for calculating cloud cover. In the following, it
will be explained how the daily total solar flux and sunshine hours can be calculated for
clear skies.

The daily total solar flux that would reach the earth’s surface in the absence of cloud
cover or any other atmospheric attenuation, is calculated as follows:

Eclear =
86, 400

π
Soβ(hs sin ϕ sin δ + cos ϕ cos δ sin hs) (13)

where the factor 86,400 is the number of seconds in a day. All the other symbols used have
been defined earlier on. This result can be found in textbooks on solar radiation theory (see,
for example, [14]). It is obtained by time integration, from sunrise to sunset, of Equation (1),
with τ equal to one (non-turbid atmosphere, i.e., no attenuation of radiation). Note that the
latter approximation is made since, otherwise, Equation (1) cannot be evaluated analytically
but numerically, which would have prolonged computation time.
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If the above-mentioned time integration is carried out, then the day length (number of
sunshine hours in the absence of clouds) needs to be known in order to establish the limits
of integration. Also, if the cloud cover is calculated from the number of sunshine hours
(Tsunshine), then the latter can be estimated from the following equation:

Tsunshine =
24
π

cos−1(tan ϕ tan δ) (14)

This can be easily derived by setting ψ = 90◦ (corresponding to sunset) in Equation (3),
which will give an expression for the angular displacement (in radians) from solar noon
to sunset. To convert the displacement to time, it is multiplied by 12/π, which, when
multiplied by two, gives the day length.

There are other equally simple methods for calculating cloud cover from routine
meteorological data, such as that given by Galinski and Thomson [22].

3. Results

The model has been evaluated using data from two sites, namely Sutton Bonington, a
predominantly rural site, and another on the outskirts of the town of Loughborough. Both
sites are within the East Midlands region of the United Kingdom.

Figure 1 shows the scatter plots of predicted versus observed solar irradiance data for
both sites, for each of the two versions of SOLAR, i.e., Model 1 and Model 2. The correlation
coefficient is within the range of 0.58–0.61, while the slope of the resulting linear regression
analysis is in the range of 0.80–0.93, implying model overestimation.
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Figure 1. Scatter plots of modelled (predicted) against observed (measured) solar irradiance at Sutton
Bonington and Loughborough. Results of linear regression analysis are shown in the graphs. For
each site, two sets of modelled results are plotted; one set is generated by the first version of the solar
radiation model (Model 1) and the other set by the second version (Model 2).

It is evident from Figure 2 that both versions of the model work better for long
sunshine duration and high daily solar flux. This is not surprising since such conditions are
equivalent to less cloud cover, reducing the uncertainty in cloud cover estimation. Hence,
one can conclude that the model works better for clear-sky conditions.

Figure 3a–c shows a time series of observed and model solar irradiance data for a
representative selection of days chosen from different months of the year for each of the
two sites. The results can be considered good when one takes into account the simple
modelling approach adopted.
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Figure 2. Plot of the difference between modelled (predicted) and observed (measured) solar irradi-
ance against sunshine hours for Sutton Bonington and Loughborough sites taken together.
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Figure 3. Time series (on daily basis) of modelled (curves) and measured (data points) solar irradiance
at the following: (a) Sutton Bonington site on 3 April, 27 February, 4 July and 29 June 1996 (in no
particular order); and Loughborough site on (b) 27–30 September 1996 and (c) 14–17 November 1993.
In each case, two sets of modelled results are plotted; one set is generated by the first version of the
solar radiation model (Model 1), corresponding to the full-line curves, and the other set by the second
version (Model 2), which corresponds to the dotted-line curves.
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4. Discussion

The solar radiation model (SOLAR) described in this paper has been implemented
within an air pollution model for urban streets. The latter simulates vehicle-derived
pollution (specifically, airborne particulate matter) concentration in the confines of street
canyons within the urban canopy. The calculated solar irradiance (using SOLAR) is used
in two ways in the air pollution model, namely (1) to determine the atmospheric stability
class above the urban canopy in order to decide on the use of the correct power-law wind
profile and (2) to estimate the surface sensible heat flux which contributes to thermally
generated turbulence and mixing. The initial evaluation study of the air pollution model
is very promising, as indicative from the linear regression analysis depicted in Figure 4,
which clearly justifies the use of SOLAR in the relevant calculations. SOLAR has proved to
be very useful in air pollution/quality modelling despite its simplicity.
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Figure 4. Scatter plot of observed (measured) against predicted (modelled) vehicle-generated air-
borne particle concentration in a street canyon, including the statistical outcomes of the linear
regression analysis.

Furthermore, with reference to the application of SOLAR in the air pollution modelling
study, it is worth noting that the use of the solar radiation model is made jointly with a
routine for computing the albedo of the street canyon of interest. A limited number of
methodologies exist for calculating the albedo of urban locations. Bretz et al. [2] employed
a conceptually simple method using estimates of the surface composition of an urban area
and the proportion of each land-use category. The method has practical difficulties in that it
may require aerial photography. Furthermore, the urban surface is viewed macroscopically,
and no attention is given to the altered albedo of different oriented surfaces, such as in
the case of street canyons, as evident from the physical model experiments of Aida [23].
Hence, while the method is adequate for large-scale urban studies, it is less appropriate
for smaller-scale investigations. Aida and Gotoh [19] describe a two-dimensional model
for estimating the urban surface albedo taking into account surface structure. The street
canyon radiation model of Arnfield [24,25] has been shown to be capable of producing
acceptable estimates of surface albedo for city land-use zones consisting predominantly
of street canyons with lengths considerably greater than their width, especially for high
irradiance conditions [26]. Another option for estimating the albedo of city street canyons
is the numerical scheme of Sievers and Zdunkowski [27].
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5. Conclusions

A solar radiation model for the prediction of hourly solar irradiance has been devel-
oped. The model is simple in that it utilises a blend of basic theoretical and empirical
results and concepts and requires routine meteorological data as input. Preliminary model
evaluation has shown that the model works well, especially for long sunshine duration
and/or high daily solar radiation flux. The application of the model within an urban air
quality model has shown that it is simple to implement and suitable for situations where a
high degree of accuracy is not required, and practicality is essential.

In conclusion, it was shown that adopting relatively simple ‘textbook’ material, i.e., ba-
sic theory/information, leads to reasonably good solar radiation modelling, with outcomes
that can be used for applications where accuracy is not a major requirement. It may be
possible that the paradigm adopted here for solar radiation modelling can be considered
for the modelling of other processes, notably those that pertain to the environment, where
complexity is a stumbling block, and abstraction is warranted.
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