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An analytic model is presented for the broadband diffuse irra-
diance received at the earth’s surface through a cloudless
homogeneous atmosphere containing light-absorbing and
isotropic-scattering agents. The model is extended to include a
contribution from light re-scattered after ground reflection.
The model is validated, with some qualification, against a
Monte Carlo model based on the same physics, two empirical
models and ground-based observations at Adelaide and Alice

Springs.

Motivation

Sophisticated and comprehensive spectral and broad-
band radiation-transfer equation models, which
require numerical solution, are well established in the
study of direct and diffuse light (Mishchenko et al.
2002, 2003; Bird and Riordan 1984). At the other
extreme are well-supported and simple empirical
broadband models for diffuse irradiance in terms of
the direct irradiance (Peterson and Dirmhirn (1981)
and Campbell and Norman (1998), hereafter PD and
CN respectively). The highly idealised broadband
model developed in this paper provides an analytic
expression for diffuse irradiance that is comparable in
simplicity to the empirical models. This model also
allows an a priori indication of the empirical con-
stants in the empirical models. Compared to the more
sophisticated numerical models, an analytic model of
this nature provides an easy way to evaluate the sen-
sitivity of diffuse irradiance to environmental factors
of zenith angle, albedo, atmospheric transmittance
and the relative proportions of scattering and absorp-
tion agents in the atmosphere. As such it is suitable
for illustrative or instructional purposes.

Introduction

At midday on a cloudless day, about a quarter of the
sun’s radiation is scattered or absorbed as it passes
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through the atmosphere. The radiation that reaches
the earth's surface, coming from the direction of the
sun, is called direct normal-irradiance or beam irradi-
ance. Some of the scattered sunlight returns to space
and some of it reaches the surface of the earth. The
scattered radiation reaching the earth's surface is
called diffuse irradiance. Some radiation is reflected
off the earth's surface and then re-scattered by the
atmosphere back to the surface. This is also a compo-
nent of the observed diffuse-irradiance. Other compo-
nents are the radiation reflected directly from clouds
or topography, which are ignored in this study. The
total solar radiation on a horizontal surface is called
global irradiance and is the sum of incident diffuse-
irradiance plus the direct normal-irradiance projected
onto the horizontal surface.

Diffuse irradiance in clear, cloud-free skies is typ-
ically 10 per cent of the global irradiance. Air mole-
cules scatter light while aerosols may act to either
absorb or scatter light; these interactions are wave-
length and height dependent. Air molecules cause
scattering that is predominantly along or opposite a
photon’s original direction; aerosols cause scattering
that is predominantly transverse to the photon’s orig-
inal direction (Rayleigh and Mie Scattering respec-
tively). Table 1 shows typical amounts of scattering
and absorption due to the various atmospheric con-
stituents. Water vapour is responsible for the largest
variability in absorption and scattering. Background
information on light transmission through the atmos-
phere is available at the websites of the Australian
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Table 1. Typical values of the amount of solar radiation
absorbed or scattered by various constituents
of a cloud-free atmosphere, from Solar
Radiation Monitoring Laboratory, University
of Oregon (2002).

Constituent Per cent absorbed  Per cent scattered
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Bureau of Meteorology and other international agen-
cies. Comprehensive texts include Kondratyev
(1969), Igbal (1983), Goody and Yung (1989), Bird
and Riordan (1984), and Schwerdtfeger (1995).

In determining the radiation, knowledge of the
variation of the solar constant and the angle of the sun
to the vertical, solar zenith angle, are required. Useful
formulas of sufficient accuracy are available from
many sources such as the Smithsonian Tables (List
1984) and de Wit (2000). Half-hourly ground-based
observations of irradiance are available from the
Bureau of Meteorology with the convenience that
these are already tabulated against local solar time;
while the equation of time, the longitude distance to
the local time zone meridian and any effect of day-
light saving are already accounted for. Figure 1 com-
pares the daily variation of the extraterrestrial, global,
direct and diffuse irradiance for a cloud-free day at
Adelaide Airport. Figure 2 shows in detail the varia-
tion of diffuse irradiance for the same day.

The model

The model as depicted at Fig. 3 assumes independ-
ence of wavelength and that all scattering is isotropic.
Also assumed is an homogeneous atmosphere of
finite depth H, containing absorbing and scattering
agents such that the extinction of the solar beam con-
forms to Beer’s Law (Eqn 1). In the first instance, it is
assumed that there is no ground reflection, that is, sur-
face albedo is zero. The intensity denoted by ¢, which
is the radiation energy per unit area on a surface nor-
mal to the beam, attenuates exponentially with dis-
tance travelled / such that

dg = -kqdl .1

The constant k represents the concentration of inter-
cepting agents: k = k, + kg, k, represents absorbers

Fig. 1 Observed half-hourly exposures of global,
direct and diffuse irradiance and calculated
extra-terrestrial (ET) irradiance in MJ/m2 at
Adelaide Airport on 17 October 2004.
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Fig. 2 Typical cloud-free diffuse irradiance. Half-
hourly exposures in MJ/m2 observed at
Adelaide Airport on 17 October 2004.
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and kg the single and multiple isotropic scatterers. In
this paper, a scattering ratio p is defined as k/k. Table
1 shows p is typically 0.5 and some inspection reveals
that drier conditions imply p ~ 0.6 to 0.7 and moister
conditions p ~ 0.3 to 0.4, all other things being equal.
Now let Q represent the top-of-atmosphere irradiance,
being the solar constant Q ~1367 W/m2; ¢ the zenith
angle of the sun and the vertical coordinate y, such
that y = 0 at the ground and y = H at the top of the
atmosphere. Thus

dq = + kseco ¢qdy .. 1(a)

Integrating Eqn 1(a) and noting that g = Q aty = H,
then

q = Q ek Hsecod + kysecd ...1(b)
dq = Q k sech ek Hseco +kysecd gy . 1(c)

Direct (beam) irradiance (normal to sun) at the surface
=Q ek Hsecd . 1(d)
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Fig. 3

Schematic of the main features of the model. Incoming solar radiation Q, at the top of the atmosphere may
undergo absorption, scattering within the atmosphere or reflection from the ground. Once scattered or reflect-

ed, light may undergo subsequent scattering.
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Direct irradiance on horizontal surface
=Qcos ¢ ek Hsech ... 1(e)

The product kH is known as the optical depth of the
atmosphere, and the term ek sect ig the transmittance
or transmissivity 7 of the angled beam. Zenith trans-
mittance 7, is the transmittance when ¢ is zero and is
given by e’ H. A typical value of T, for a clear day is
0.6 to 0.7 with values up to 0.8 for the clearest days
(CN, Mcllveen 1992).

Integrating Eqn 1(c) through a vertical column of
height H is Q coso (1 — ek # secd), the amount of radi-
ation energy intercepted in the direct beam on a hori-
zontal unit area. The proportion of this amount that is
scattered is p and through symmetry half is scattered
downward. Thus, the downward diffuse irradiance S,
is given by

So=1/2 p O cosd(1 — ek H sectd) .2

Assume that this is distributed uniformly within the
column, a reasonable assumption for a clear sky, so
that the downward scattered irradiance contribution
dS,, from a unit horizontal area element in the column
of thickness dy is therefore

dS,=1/2p Q cosd(l — ek Hseed)(1/H) dy  ...3

This amount may be envisaged as being emitted
isotropically from a thin horizontal uniform slab. The

flux density reaching the surface from such a source
is known to attenuate as w, where

/2

w=2 Jsinﬁ cosH e

6=0

-k,y secO

do 4

and O is the zenith angle for any scattered beam in
question. Now it is apparent that w is a function not of
0, but of the product k, and y, and it turns out that a
good parametrisation for w is given by

w = ePkay .5

where B = 1.66. Thus Eqn 3 is modified by the atten-
uation factor w, to become

-kH secO
)

_p Qwcosp(l-e
72 H

ds w dy .6

The derivation of the expression for w at Eqn 4 is well
established (e.g. Igbal 1983; Schwerdtfeger 1995 and
Coakley 2003) and is not provided here. However,
intuitively one might expect that w would involve
exponential attenuation in k, y. Substituting Eqn 5
into Eqn 6 and integrating throughout the vertical col-
umn gives

-kH sec

g =P Qcosh(1-e

H
) [ -Bky
0= 7 :[ e dy L

y=0
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-kH sec
Qcoshp(1-e ) Bk H
§,=R2 =00 - .8
and thus S, =~ Bkt (I-¢ ")
Anticipating that Sk, H< 1 (typical values are ~0.2),
then Eqn 8 may be approximated as

S, =1/2p Q cosd (1 — ek Hseco)(1 — 1/2 Pk, H) ...9

Equation 9 is therefore an expression for zero-albedo
diffuse-irradiance. With increasing k, H, Eqn 9 will
tend to underestimate. Replacing k, H with (1-p)k H
gives

S,=1/2pQcosd(1—e* Hsecd)(1-1/2(1-p)k H} ...9(a)

so that the diffuse irradiance is an analytic function of
zenith angle ¢, of optical depth k£ H and the scattering
ratio p. Compared to photons scattered once only, the
photons undergoing second and subsequent scattering
have an increased average path length. So the absorp-
tive attenuation expected from Eqn 5 will be an
underestimate of absorption.

Explicitly, the sources of error in the model as
expressed by Eqn 9 or 9(a) are as follows: the effect
of multiple scattering means that the model overesti-
mates diffuse irradiance when p < 1. With increasing
turbidity, most of the initial absorption and scattering
occurs in the upper part of the atmosphere and so the
assumption of uniformity will break down, leading to
an overestimate by the model. Finally, the simplifying
approximation introduced at Eqn 9 causes the model
to underestimate.

For convenience, allow S, to denote the primary dif-
fuse-irradiance. Now let S; denote the secondary dif-
fuse-irradiance sourced from ground-reflected irradi-
ance. Assume that the major component is from the
reflected direct-irradiance, neglecting any reflected S,
component. Assume that the albedo is A and that the
ground reflection is Fresnel, where the angle of reflec-
tion equals the angle of incidence. Thus there is a sur-
face source of upward irradiance Q cosd A ek H secd,

With argument similar to that above, the intercep-
tion of ground-reflected radiation Int, is given by

Int = (1 — e’kHsecd) O cosh A ek H seco ...10

As before, the downward scattered contribution dS; at
the surface from a thin horizontal uniform scattering
slab is:

dS;=1/2pwInt H! dy L1
dS;=172pw(1—ekH secd)Qcosh A ekH secd H-1dy ... 11(a)

and w is the atmospheric depletion of the beam that is
scattered from the slab (e-Pkay). The final expression

for S; after integration and neglecting second order
terms is:

S=112p0c0s{ 1-1/2B(1-p)k H(1 — e seco)Aekt seco . 12

Since diffuse irradiance S = Sy + §; (neglecting sub-
sequent Sy, S3, Sy ... terms) ...13

then
S=1/2pQcosd{ 1-1/2B(1-p)k H}(1 — ek secd)(1 +AekH secd) . 14

The neglect of the reflected Sy, S, ..., terms causes an
underestimating effect as k or A increases. This is the
fourth source of error introduced by various assump-
tions and approximations. If isotropic ground reflec-
tion is assumed then a slightly different expression for
S results, namely,

S=1/2p Qcosd {1-12B (1 - p) k H}{1 — ekH seco
+A ekH scd (] + A eBHH)) ... 14(a)

Equations 14 and 14(a) clearly show that S increases
with p or A, as intuitively expected. The effect of
changes in ¢ or kH is less obvious but is easily plot-
ted for inspection. An alternative perspective is that
the analytic model, as a function of ¢, requires knowl-
edge of the three parameters 7, p and A.

A comparison of the variants of the model with
symmetrical reflection (Eqn 14) and with isotropic
surface reflection (Eqn 14(a)) is provided at Fig. 4
with parameters 7, = 0.8, p = 0.5 and A = 0.25.
Inspecting the plots for each variant shows that
there is only a small difference between them. Other
comparisons with a range of parameters, not shown,
support this conclusion. The Fresnel variant for
symmetrical reflection is used hereafter mainly
because it is more amenable to comparison with the
empirical models, and will be referred to as ‘the
analytic model’.

Validation

Validation was performed in three ways: firstly,
against output from a Monte Carlo model, having the
same essential physics, but not incorporating the sev-
eral approximations used above, over a range of val-
ues of T, p, ¢ and A; secondly, against observational
data of irradiance; thirdly, against estimates from
empirical models.

Monte Carlo model

A Monte Carlo model is easily constructed, taking less
than a page of coding and is conceptually simple in
that for the same model conditions, the atmosphere is
comprised of 100 layers of thickness, &, where h =
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Fig. 4 Comparison of Fresnel and Lambert variants
of the analytic model with parameters T, = 0.8,
p=0.5and A = 0.25.
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0.01 H. Incoming solar radiation is represented by the
Q cosd term as N (~105) photons entering the top layer
from above. Within any particular layer, each photon
has a probability either of passing through unaffected
or of being intercepted. The probabilities for either of
these events are easily related to ki sec¢. If a photon is
intercepted it must then either be absorbed or scat-
tered, with probabilities related to p. If it is scattered,
then under the isotropic scattering condition, it scatters
with equal probability at any solid angle. If it is neither
scattered nor absorbed, then the photon passes into an
adjacent layer where it is subject to the same process
as before. A photon reaching the ground is reflected
symmetrically with probability equal to the albedo,
otherwise it is absorbed. Each photon is tracked until
either it is absorbed or it exits from the top of the
atmosphere. Counts of photons corresponding to the
irradiance components of direct, diffuse, absorbed and
that returned to space are easily made.

The Monte Carlo model was run for a comprehen-
sive range of 7, , p, ¢ and A, taking a few days to run
on a PC. To obtain the diffuse irradiance merely
requires looking up a 4D table and interpolating as
necessary. Other radiation components for any speci-
fied combination of k, p, ¢ and A may be obtained in
a similar way.

For a range of T,, p, ¢ and A the results from the
analytic model as expressed by Eqn 14 were com-
pared to the Monte Carlo estimates of diffuse irradi-
ance (see Figs 5(a) and 6(a)). With low transmittance
values, typically T, < 0.33, the approximation intro-
duced at Eqn 9 is not used. Figure 5(a) shows com-
parative plots with zero albedo for a range of trans-
mittance values. It is evident that the simple analytic
model compares favourably with the Monte Carlo
model at transmittance values greater than ~ 0.3 and
with zero albedo. As noted by a reviewer, in the

region of lower T, with higher p, the deficiency of the
model’s handling of multiple scattering becomes
apparent and introducing a correction factor will com-
pensate for this deficiency. For the zero albedo case, a
correction factor F) can be applied as a multiplier to
the right-hand side of Eqn 8 where

F,=1+fkH sec(0.8¢) .15
and
f=-(3.85+6.1p575) ...16

Comparing the analytic model for zero albedo with
this correction factor against the Monte Carlo esti-
mates results in a very close agreement as shown at
Fig. 5(b).

Figure 6(a) shows similar comparative plots using
the analytic model without any correction factor;
albedo of 0.25, 0.5 and 0.75; with T, limited to 0.6,
0.4 and 0.2. The comparisons are still quite good,
although the analytic model tends to strongly under-
estimate with higher values of p and A. Thus, the ana-
Iytic model with its approximations and assumptions
fairly represents its simple physics. For completeness,
a further correction factor F, for non-zero albedo
cases is provided where

F=F,F, 17
Fy=1+0.75p A kH sec(0.80) .18

As shown by the relevant comparison at Fig. 6(b), the
corrected analytic model provides fairly good agree-
ment. As expected, F4 reduces to 1 when A = 0. To be
clear, the correction factor F is simply a mathematical
construct arrived at by trial and error. It has the advan-
tage of serving as a parametrisation of the Monte
Carlo model allowing a full range of possible scenar-
ios to be easily explored. In general it would be diffi-
cult to develop a parametrisation with four variables
without using the analytic model as the basis of a
first-guess estimate.

Observations

From observational data of the direct irradiance, the
value of k or kH is easily determined from Beer’s Law
through Eqn 1(b) by setting y = 0. The angle ¢ should
always be known in practice. A is known or estimated
a priori, although its dependence upon zenith angle is
ignored. From the observed diffuse values p can be
determined from Eqn 14. Albedo A is estimated as 0.1
at the Adelaide site and as 0.25 at Alice Springs, esti-
mated respectively from values for Los Angeles by
Taha (1994) and Coakley (2003). This is done for the
sample of cloudless days at Adelaide Airport and Alice
Springs Airport. The comparisons of observed and
modelled irradiances are shown at Figs 7, 8, 9 and 10.
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Fig. 5(a) Comparison of analytic model (lines) with Monte Carlo model (diamonds) for a range of 7, , D and n with albe-
do A = 0. Transmittance 7, = 0.1, 0.2,...0.9 for each panel reading left to right from top-left panel. The scatter-
ing ratio p, varies within each panel from top to bottom as 1.0, 0.75, 0.50, 0.25. Zenith angle ¢ is shown in degrees
along the abscissa; the diffuse irradiance received at the surface as a percentage of the solar constant Q is shown
on the coordinate axis. Note that the coordinate scale varies in order to better show relative differences. The
analytic model compares favourably provided 7, > 0.3.
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Table 2 shows the parameters 7, as determined from iven point in time — one for direct and one for diffuse
Z
direct irradiance observations, p as determined from irradiance — are required to determine 7. and p. In prac-
Z
diffuse irradiance observations and A estimated a pri- tice, all available observations for a given day were
ori. The diffuse model estimates are quite good but used to determine the values of 7, and p. The important
wi e caveat that the validation necessarily has the oint is that the shapes of the model curves close
th th t that the validat ly has th t is that the sh f th del losel
shortcoming that the unknown atmospheric parameters match those of the observed data throughout the day.
T, or p are derived from the observational data. This is unlikely to happen if either the model is inade-
Assuming, as above, that A is known or estimated inde- quate or the value of 7, or p vary markedly over the

pendently, then in theory only two observations at a course of the day.
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Fig. 5(b) Comparison of corrected analytic model with Monte Carlo model as in Fig. 5(a).
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Table 2. Values of the parameters k and 7, determined from direct observations; p, determined from diffuse observa-
tions and knowledge of k; and A, estimated a priori, for two cloudless days at Alice Springs Airport and Adelaide

Airport.
Site Latitude Date k106 m-! KH T, p A
Alice Springs Airport 23.8°S 1 Jul 04 27 0.22 0.81 0.35 0.25
Alice Springs Airport 23.8°S 11 Dec 04 30 0.24 0.79 0.40 0.25
Adelaide Airport 35.0°S 17 Oct 04 35 0.28 0.76 0.50 0.10
Adelaide Airport 35.0°S 17 Dec 04 34 0.27 0.76 0.55 0.10
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Fig. 6(a) Similar to Fig. 5(a) but with albedo A = 0.25, 0.5 and 0.75 in rows from the top to bottom and 7; = 0.4, 0.6 and
0.8 in columns from left to right. With lower transmittance, relatively more diffuse irradiance is received. With
higher albedo, the irradiance increases and the increase is greater with larger p. The analytic model still com-

pares well but tends to strongly underestimate for higher albedo as p increases toward 1.0.
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Empirical models
Two empirical expressions for the diffuse irradiance
from CN and PD are, respectively

Jordan (1960). In this form the diffuse irradiance is
proportional to the amount of reduction in the direct
irradiance, that is, proportional to the amount that has
been intercepted from the direct beam. That this is a
plausible model is seen from a consideration of the
special case of no absorption, no albedo and high
transmittance. In such circumstances then it would be
expected that half of the scattered radiation would
reach the ground. Thus Eqn 19 would be applicable
but with the coefficient being 0.5. For the other
extreme case of only absorption, a coefficient of zero
would apply. An intermediate value between the two
extremes is 0.25 compared to CN’s value of 0.3.

S=0.30 cosd (1 — e kH sect) ...19

S =R Q e kH secd .20
In these models, T, = e- ¥ and is estimated or empir-
ically determined using Eqn 1(e) from readings of
direct irradiance.

CN’s model, represented by Eqn 19, is an adapta-
tion of empirical relations presented by Liu and
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Fig. 6(b) Similar to Fig. 6(a) but with corrected analytic model.
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For PD’s model, represented by Eqn 20, the compared to the analytic model, with 7, = e"kH = 0.76,
heuristic is that the ratio of the diffuse irradiance to p = 0.53 and A = 0.1 being average values for the
the direct irradiance is constant for most of the day. Adelaide Airport data.
The ratio may vary from day to day with different air Evidently each of the models is in approximate
masses and from season to season with different agreement. For the CN model, the empirical factor
ground albedo, but throughout any given cloudless is 0.3 and it is possible to anticipate this value
day, the ratio is conservative. Peterson and Dirmhirn from consideration of the analytic model with like-
(1981) reported ratios ranging from five to nine per ly input values. For convenience the Fresnel vari-
cent with the higher values being associated with ant of the model at Eqn 14, which was seen from
snow cover. A form of this heuristic is used for quali- Fig. 4 to be very similar to the Lambertian variant,
ty control purposes by the Australian Bureau of is used to compare with the CN model at Eqn 19.
Meteorology (B. Forgan, personal communication). Clearly the empirical factor of 0.3 corresponds to

At Fig. 11 both models are plotted against ¢ and then the term 1/2p{1-1/2B(1-p)kH}(1+A e-kH seco )
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Fig.

Direct iradiance MJfm?

Diffuse iradiance WJfm?2

Fig.

Direct iadiance Mlm?2

Diffuse iradiance MJ/m?2

7 Half-hourly exposures of observed and mod-
elled direct (upper panel) and diffuse (lower
panel) irradiance in MJ/m2 (on a horizontal
surface) at Adelaide Airport on 17 Oct 2004.
Observed denoted by diamonds, model esti-
mates shown by solid line.

2.0

15 Pl

s A\
1.0 X
/ .
05 1 5 \
+ e
00 — L — S |
0 3 8 9 12 15 18 21 24

020

0.15 - .

0.10 - A \

!

0.05 - / \

/ ,
p \

0.00 : . : . — !

0 3 6 9 12 15 18 21 24
Local solar time

8 As for Fig. 7 but for Adelaide Airport on 17
December 2004.
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Fig. 9 As for Fig. 7 but for Alice Springs Airport on 1
July 2004.
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Fig. 10  As for Fig. 7 but for Alice Springs Airport on
11 December 2004.
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Fig. 11 Comparison of the analytic model (Fresnel
variant) with two empirical models, CN and
PD, using parameters 7, = 0.76, p = 0.5 and A
= 0.1. The values of T, and p were chosen as
representative of the values determined from
the two sets of observations at Adelaide
Airport (see Figs 7 and 8). The value for A was
chosen from tables of representative values in
the literature.

8%

Diffuse radiation Percent of Q

100

Zenith angle (degrees)

Assuming T, =e- kH =().76, the median value in
Table 2; that A = 0.25, being an average value for
soils, grasses and deserts taken from Mcllveen (1992)
and that p = 0.5, as per Table 1; then the ‘predicted’
proportionality factor is 0.28 at ¢ = 0° and reducing to
0.22 for ¢ = 90°. Although an underestimate of the
factor 0.3 in this scenario, for realistic values 7., p
and A, the analytic model is in broad agreement with
CN’s model.

Assuming that PD’s model at Eqn 20 approximate-
ly corresponds to the analytic model as is evidently rea-
sonable from inspection of Fig. 13, then some manipu-
lation of Eqn 14 shows that this requires that

R=102p{1-12B(1-p)k H}cosd{e+kHsecd — | + A(1 —e~Hsecd)} . 21

Assuming that kH secd << 1 and using first terms of
exponential expansion, then

R=12p{1-12B(1 —p)kHY kH(1+A)  ..22

Consistent with PD, Eqn 22 shows that R is inde-
pendent of zenith angle, at least while kH secd << 1.
Setting 7, p and A as above, then R ~ 0.06(1 + A) =
7.6 per cent. Modifying A as appropriate for snow
cover results in an estimate of R of ~11 per cent. Thus
it is evident that under at least some realistic circum-
stances the analytic model is consistent with PD’s
empirical model.

Summary and discussion

A model of diffuse irradiance for an homogeneous
cloudless atmosphere has been presented. The
model’s idealised atmosphere contains scattering and
absorbing agents in a constant ratio and the scattering
is isotropic. This model was extended to include
reflection of the direct beam from the ground and sec-
ondary re-scattering.

In developing the model some explicit approxi-
mations were made. These were that the interception
of the direct beam is uniform with height, reasonable
for high transmittance; that the effective increase in
a scattered photon’s path length, and therefore
chance of absorption, due to multiple scattering is
negligible; that Bk,H < 1 or B(1 — p)kH < 1 so that
an approximation to exponential of BkH is valid,
again, reasonable for high transmittance; and that
scattered light was not reflected from the ground,
reasonable if the initial amount of scattering or albe-
do is low. Bearing in mind the model’s idealised
physics and its main purpose — to provide a simple
analytic expression — the simplifying assumptions
are maintained at the expense of excluding the more
extreme scenarios. The model was validated against
a Monte Carlo model based upon the same physical
concepts and this showed that the analytic model
was able to represent its physics at least over the
range of parameter values anticipated for cloud-free
skies. The model was used to develop a parametrisa-
tion of the Monte Carlo model by applying a correc-
tion factor, which then allows the more extreme sce-
narios to be easily explored.

The model was validated against two empirical
models and against observations, albeit noting that the
analytic model still requires knowledge of the atmos-
pheric parameter 7, and p that need to be determined
empirically. In practice, model estimates of irradiance
require 7, and p which are back-determined through
the model itself from radiation observations. In theo-
ry, they could be determined from experiment or
knowledge of the intercepting agents as in Table 1, so
in this sense the model may be regarded as an a priori
analytic model. As noted by a reviewer, a practical
solution to this problem might be to use the model to
determine T, and p from radiation data and then
attempt to obtain relationships between 7, and p with
other variables such as water vapour, and aerosol
loading obtained independently.

With the above qualification, the model provides
predictions of diffuse and direct irradiance for scenar-
ios with measured or hypothesised values of T, and p
(or kg, kg) and A. The model explains why the empir-
ical models are successful and even provides an indi-
cation of their empirical coefficients.
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If zenith transmittance 7, is assumed known (say
~ 0.75 being a typical value), then rough estimates of
the proportion of scattering agents to intercepting
agents (say p ~ 0.5) and albedo (say A ~ 0.2) provide
the input parameters for the analytic model of Eqn 14.
The model then provides a simple expression to esti-
mate clear sky diffuse irradiance for any desired
zenith angle, n. In this case, Eqn 14 reduces to

S =022 Qcosd {1 —0.8(0.75%ecd) —0.2(0.752secd)} ...23

In summary, the model provides a simple analytic the-
ory and expression to explain or to estimate broad-
band diffuse irradiance.
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