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INTRODUCTION TO THE INTERNATIONAL
ENERGY AGENCY AND THE IEA SOLAR
HEATING AND COOLING PROGRAMME

The International Energy Agency was formed in November
1974 to establish cooperation among a number of industri-
alized countries in the vital area of energy policy. Itis an au-
tonomous body within the framework of the Organization for
Economic Cooperation and Development (OECD). Twenty-
one countries are presently members, with the Commission
of the European Communities also participating in the work
of the IEA under a special arrangement.

One element of the |IEA’s programme involves coopera-
tion in the research and development of alternative energy
resources in order to reduce excessive dependence on oil.
A number of new and improved energy technologies which
have the potential of making significant contributions to glo-
bal energy needs were identified for coilaborative efforts.

~ The IEA Committee on Energy Research and Development

{CRD), supported by a small Secrstariat staff, is the focus of
IEA RD&D activities. Four Working Parties {in Conserva-
tion, Fossil Fuels, Renewable Energy, and Fusion) are
charged with identifying new areas for cooperation and ad-
vising the CRD on policy matters in their respective techno-
logy areas.

Solar Heating and Cooling was one of the technologies
selected for joint activities. During 1976—77, specific pro-
jects were identified in key areas of this field and a formal
Implementing Agreement drawn up. The Agreement covers
the obligations and rights of the Participants and outlines
the scope of each project or "task” in annexes to the docu-
ment. There are now eighteen signatories to the Agre-
ement:

Australia

Austria

Belgium

Canada

Denmark

Commission of the
European Communities

Federal Republic of
Germany

Greece

Italy

Japan

Netherlands

New Zealand

Norway

Spain

Sweden

Switzerland

United Kingdom

United States

The overall programme is managed by an Executive Com-
mittee, while the management of the individual tasks is the
responsibility of Operating Agents. The tasks of the IEA So-
lar Healing and Cooling Programme, their respective Ope-
rating Agents, and current status {oengoing or completed)
are as follows:

Task | Investigation of the Performance of Solar Heating
and Cooling Systems — Technical University of
Denmark (Completed).

Task Il  Coordination of Research and Development on

Solar Heating and Cooling — Solar Research La-
boratory — GIRIN, Japan (Completed).

Task il Performance Testing of Solar Collectors — Uni-
versity Coilege, Cardiff, U.K.

Task IV Development of an Insulation Handbook and In-

strument Package — U.S. Department of Energy

(Completed).

Use of Existing Meteorclogical Information for

Solar Energy Application - Swedish Meteorologi-

cal and Hydrological Institute (Completed).

Task IV Performance of Solar Heating, Cooling, and Hot
Water Systems Using Evacuated Collectors —
U.S. Department of Energy (Ongoing).

Task VIl Central Solar Heating Plants with Seasonal Stor-
age — Swedish Council for Building Research
{Ongoing).

Task VIl Passive and Hybrid Solar Low Energy Buildings—
U.S. Department of Energy (Ongoing).

Task IX Solar Radiation and Pyranometry Studies — Ca-

nadlan Atmospheric Environment Service

{Ongoing).

Materials Research & Testing — Solar Research

Laboratory, GIRIN, Japan {Ongoing).

Task V

Task X

Task V — Use of existing meteorological
information for solar energy application

The objectives of Task V are to improve the availability of
existing solar radiation and related meteorological data and
to support the collection and presentation of such data in an
effective manner for the solar energy community,

The project is comprised of the following subtasks:

A Compilation of Sources of Solar Radiation and Rele-
vant Meteorological Data

B Preparation of a Handbook on Estimation Methods

c Recommendations Concerning Meteorological Sta-
tions

D Preparation of a Uniform Format for Presentation of
Data.

The following countries are participants in this task: Austria,
Belgium, Canada, Denmark, Germany, Italy, the Nether-
lands, Spain, Sweden, Switzerland, United Kingdom, USA,
and the Commission of European Communities.

This report documents work carried out under subtask B
of this task.
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PREFACE

International Energy Agency

The International Energy Agency (IEA), an
autonomous body within the Organization for
Economic Cooperation and Development (OECD),
established in 1975 an International Energy
Programme by which its twenty-one member
countries cooperate in the area of energy
policy. Jeint research, development and
demonstration activities in new and improved
energy technologies comprise one element of
the IEA programme. The objective of these
collaborative activities is to further the
development of various energy technologies

through pooling of resources, ideas, and

expertise.

Solar Heating and Coocling Programme

Solar Heating and Ceoling was among the
technoleogies selected for collaboration, and
in 1977 an
Programme to Develop and Test Solar Heating

"Implementing Agreement for a
and " Cooling Systems" was developed. During
the course of the programme, a total of nine
annexes to the Implementing Agreement have
been developed, each annex outlining a
cooperative task in a particular aspect of
solar heating and cooling. Each task is led
by an Operating Agent, with an Executive
Committee (consisting of representatives from
each signatory to the Implementing Agreement)
responsible for management of the overall

programme.

The tasks of the IEA Soclar Heating and

Cooling Programme and their respective
Operating Agents are:
I. Investigation of the Performance of

Solar Heating and Cooling Systems -

Technical University of Denmark

II. Ceordination of R & D on Solar Heating
and Cooling Compohents - Agency of
Science and

Industrial Technology,

Japan
S5olar

III. Performance Testing of

Collectors - Kernforschungsanlage

Jiilich, Federal Republic of Germany

ii

IV.* Development of an Insolation Handboock
and Instrumentation Package - Uniteg
States Department of Energy

V. Use of
Information for Solar Energy Applica-

Existing Meteorological
tion =~ Swedish Meteorological and

Hydrological Institute

VI. Performance of Solar Heating, Cooling
and Hot Water Systems using Evacuated
Collectors - United States Department
of Energy

VII. <Central Solar Heating Plants with
Seasonal Storage - Swedish Council for
Building Research

VIII. Passive and Hybri@ Solar Low Energy
Buildings - United States Department
of Energy

IX. Sclar Radiation

Studies - Atmospheric

and Pyranometry
Environment

Service, Canada

*} Task IV was completed in 1979.

Task Description

The objectives of Task V are to inerease
access to needed solar radiation and other
meteorological data, facilitate the calcula-
tion of solar radiation required by the solar
and designers,

engineers and develop a

uniform format for presentation of data.

In orxder to achieve these objectives, the

following subtasks were undertaken:

A. Sources of Solar Radiation Data and

Relevant Meteorological Data ~ Compilation

of a catalogue on data sources worldwide,
their measurement programs, and types of

format of data available.

B. Handbook of Methods of Estimating Solar
Radiation - An

overview of existing
methods of estimating solar radiation on

horizontal and inclined surfaces.




-

C. Recommendations Concerning Meteorological

Networks -~ Development of recommendations
for a minimum meteorological network o
obtain necessary measurements for solar

energy applications.

D. Format for Presentation of Data - Compila-

tion of effective formats for presentation
of meteorological data and recommendations
for uniform international formats for the

solar energy community.

Task Participants

Austria The Netherlands
Belgium Sweden

Canada Switzerland
Denmark United Kingdom

United States
Commission of the

Federal Republic
of Germany

Italy European Communities

Handbook of Metheds of Estimating Solar
Radiation

In its original concept this Task V
report, consisting of a survey of avalilable
methods of estimating solar radiation on
horizontal and inclined surfaces, was to

include systematic information on the

‘accuracy of each of the methods. This
.information, it was thought, would permit a

user to chocose the best available estimating
model for his application when considering

available data and demands for accuracy.

During the course of the work it became c¢lear
that suitable information on the model accur-
acies was not available simply because there
had been so few adeguate walidations of
models. Furthermore, the wide variety of
techniques that had been used to describe
model performance made comparison difficult.
Therefore, to meet the original objective
would neccessitate initially that methods be
classified, that models be catalogued uni-
formly, that statistical performance criteria
be reviewed and that data sets suitable for
validation be compiled. Later, a number of
selected models would have to be wvalidated.
Altogether, the amount and duration of work
would have been much greater than originally

anticipated for the present task.

iii

In view of the otherwise large extension to
Task V, it was decided not to undertake model
validation. This report, which is indeed a
current overview of estimation methods, deals
precisely with those activities which are
listed above as prereguisites for model
validation. The report contains less informa-
tion on model accuracy than was hoped for,
but it will serve as a basis for future work

on the evaluation of models.

The testing of models has been left toc a new
meteorclogical annex of the IEA Sclar Heating
and Cooling Programme named "Task IX, Solar
Radiation and Pyranometry Studies". In Task
IX, models will be validated according to
objective and uniform criteria with real data
collected in climatic regions different from
those on which the mnodels were developed.
Thus, the data sets which have been compiled
by Task V will be supplemented by Task IX so
as to extend over longer time periods and to

cover mere climate types.

The Handbook of Meéthods of Estimating Solar

Radiation begins with the classification of

estimating models. This is the subject of

chapter 1 which refers extensively to the two

contributions, one by P Bener and J A Davies,

which are placed as appendices. Chapter 2

contains a catalogue of estimating methods in

which 'selected models are described in a

uniform manner. Varicus statistical techni-

ques that have been used to evaluate perform-

ance of estimation models are reviewed inr
chapter 3. Chapter 4 describes available
measured data sets of seclar radiation and
relevant meteorological observations of
potential use for model validatiom.
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CHAPTER 1

CLASSIFICATION OF METHODS FOR COMPUTING

THE COMPONENTS OF SOLAR IRRADIANCE

by

D.C McKay
Atmospheric Environment Service

Canada




Introduction

Cver the years there have been several
attempts to develop methods of computing the
solar irradiance and its direct beam and
diffuse components on a horizontal surface
and on sloping surfaces at any location. The
requirements for such procedures arise from
the fact that the radiation networks estab-
lished in most countries are too sparce to
provide sufficient data in a spatial and
temporal sense to define the climatological
potential for sclar energy utilization and
other related research and applications.
Therefore, the need exists for methods to
estimate solar irradiance at locations where
there are no measurements and at locations
where there are gaps in the measurement re-

cord.

Recently two independent studies (Bener 1980,
Davies 1981) have been conducted to produce a
survey of the various methods or models for
estimating solar irradiance. The two studies
are included as appendices {Appendix B and
C) to this Handbook and this chapter will
just mention where similarities exist between
the Bener and Davies reports. One of the
objectives of the Davies report was to pro-
vide a classification and discussion of
models which compute solar irradiance and its
direct beam and diffuse components on hori-
zontal surfaces. Bener, while discussing
models which compute solar drradiance on
horizontal surfaces, also examines models
which compute global, direct and sky radi-
ation on sloping surfaces. Since Davies does
not discuss models for estimating sclar irra-
diance on ineclined surfaces, only models for
computing solar irradiance on  Thorizontal
surfaces will be mentioned here. For an exam-
ination of scolar radiation models for sloping
surfaces, the reader is referred to chapters
7, B, 9 and 10 of Bener's report. Appendix A
provides a list of symbols which have similar
definitions in both reports. Each report
contains a more comprehensive list of sym-
bols.

Radiation Transfer and Classification of
Models

The solar irradiance received at the

ground is a function of the irradiance re-
ceived at the top of the atmosphere and
scattering and absorption by atmospheric
constituents. Both Bener (sec. 3.1) and
Davies {sec. 1.2) discuss the transfer pro-
cess in ites most general form. The problems
in attempting to achieve an exact solution
are examined - in particular the difficulty
in obtaining a rigorous solution to the prob-
lem of multiple scattering. As noted by the
authors, the most exact solutions are only
obtained by means of elaborate and ceostly
computer programs and geherally they have to
be applied tc model atmospheres,; and are not
practical for calculating irradiances routi-

nely.

With the difficulties involved in obtain-
ing formal solutions, approximations using
varying degrees of empiricism have been deve-
loped. Some of the approximations have main-
tained close links with the radiative trans-
fer egquation while with others, the link is
subtle. Davies has presented a classification
of models which encompasses most types of
models and emphasizes interrelationships
between models. Models were classified into
five groups, four of which have scme phy-
sical bases and a fifth which is entirely
empirical. The five groups are:

1. Cloudless sky models

2. Cloud layer based models
3. Total cloud based models
4. Sunshine based models

5

. Liu and Jordan type models

Each group is reviewed individually in the
Davies report. Table ]l indicates the section
(in the Davies report) where each classifi-
cation is reviewed and the sections in the
Bener report where models related to Davies'

classification are reviewed by that author.

Both reports provide an extensive list of
references which together provide a compre-
hensive survey of the wvarious models pres-
ently being used to calculate scolar irradi-
ance and its direct and diffuse components on

horizontal surfaces.
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Table 1. Classification of solar radiation models by PDavies and where
they are reviewed in Davies and Benerreports

Bener Classification of Models Davies
({section) {section)

1. Cloudless sky models

1.2, 1.3 (a) Direct Beam 1.4.1{a)

3.2 (b) Diffuse 1.4.1(b)

4.0 (c) Global 1.4.1(¢)

- 2., Cloud Layer based 1.4.2
models

- 3. Total Cloud based ) 1.4.3
models

5.1, 5.2 4. Sunshine based models l.4.4

6.1. 5. Liu and Jordan type models 1.4.5




CHAPTER 2

CATALOGUE OF ESTIMATION METHODS

by

B.R. May
U.K. Meteorclogical Office
United Kingdom

R.H. Collingbourne
U.K. Metecorological Office
United Kingdom

D.C. McKay
Atmospheric Enviroment Service

Canada




2.1 Introduction

This chapter gives brief descriptions
of some existing methods of éstimating, in
the absence of direct measurements of the
quantity rvequired, the solar irradiation and
irradiance on a plane receiver at the surface
of the earth. In particular it is often
necessary to be able to estimate the irra-
diance on a slope of arbitrary orientation.
To do this successfully, it is necessary to
estimate the individual contributions of the
three components of the solar radiation, the
direct beam c¢ontained in a narrow cone. cen-—
tred on the direction of the sun, the diffuse
component coming from the remainder of the
sky and the component reflected from the
ground. In certain circumstances, the first
and third component may be zero. Thus, with
cloud between -the sun and the receiving sur-
face, the direct beam c¢omponent is zero, and
there is no ground reflected component on a

horizontal surface.

Sections 2.3-2.15 of this chapter de-
scribe the methods used by selected groups of
workers using a common format. These de-
scriptions are based extensively on a litera-
ture survey carried out by B.R. May of the
United Kingdom Meteorological Office.

Section 2.2 of this chapter is a brief
commentary on the succeeding sections, indic-
ating the general scope and complexity of the

methods describead.

2.2 Brief Comparison of Methods

The most well-developed and well-tested
method of estimating the solar irradiance and
irradiation on any plane is probably that de-
scribed in Section 3, which has heen devel-
oped at the Department of Building Science at
Sheffield University under the leadership of
Professor J.K. Page.

Once access to the suite of computer
programmes is available, it is very easy to
use, even by those unfamiliar with computer
operations. It has been extensively tested on
a wide range of Eurbpean data, but it has
also been designed to be of worldwide use.

Section 2.4 (R. Dogniaux), Section 2.5
(8.A. Klein) and Section 2.6 (R.C. Temps and
K.L. Coulson) are somewhat similar attempts
to derive the solar irradiances on any arbi-
trary plane, but these have not, in general,
been based on as much data or subjected to
such extensive comparisons as the method
described in Section 2.3. They may, however,
prove to be of value for the areas in which

their data sources are located.

Section 2.15 (McKay and Associates) is
another comprehensive formulation from which,
given hourly values of standard meteorologic-
al data ({cloud, humidity, air temperature,
pressure), hourly radiation data can be com-
puted. It has been extensively tested on
Canadian data.

Section 2.9 ({J.W. Buglar) alsoc de-
scribes a useful general method but it was
developed using Australian data and, as yet,
has had only limited validation.

Sections 2.7 (K.Ya. Kondratyev) and
2.10 (N. Robinson and W. Schiilepp) are of more
theoretical nature and are probably of most
interest to meteorologists, and others wish-
ing to know more of the general basis.

Section 2.8 (B.Y.H. Liu and R.C.
Jordan) is a description of some of the ear-—
lier work in this area and only deals with
daily totals of solar irradiation. Although
the method can probably be extended to any
arbitrary plane, the study reported was
restricted to tilted surfaces facing South.

Section 2.11 (A. De Vos and G. De May)
is a study confirmed to yearly totals of
solar irradiance, and is mainly applied to
the situation in Belgium.

Section 2.12-2,14 are also of more
limited application. Section 2.12 (K.J.A.
Revfeim) deals only with the direct compeonent
of the solar radiation: Section 2.13 (T.
Kusuda and K. Ishii) deals with hourly
irradiances but is confined to horizontal and
vertical surfaces in the United States and
Canada; Section 2.14 (L.W. Swift and K.R.
Knoerr} deals with daily totals of solar

irradiation on mountain slopes.




2.3 EEC Solar Energy Programme Project F

Action 3.2 (Predetermination of irra-
diation on inclined surfaces for diffe-

rent Eurcpean centres).

References:

Final Report prepared by Department of
Building Science, University of Sheffield,
Qctober 1979. {(Volume X of this report de-
gcribes the mathematical basis of this scheme
and Volume II describes the detailed studies

for specific European sites).

Authors:

J.K. Page, G.G. Rodgers, C.G. BSouster,
S.A. Le Sage. Enquiries to be addressed to
Professor J.K. Page, Departement of Building
Science, University of Sheffield, Sheffield,
510 2TN, England.

Abstract:

A research group in the Department of
Building Science, University of Sheffield has
carried ocut a systematic programme of study
for the purpose of providing an improved de-
sién methodology for solar houses based on
interactive computing methods. The methodo-—
logy developed covers all latitudes in the
world and is designed te be both flexible and
very easy to use by those who are not skilled
in computer technigues. A medular approach
has been adopted towards the production of
the computexr programmes.

The final aim is to combine the models
into a thermal energy balance model which
will allow the thermal performance of a solar
house design to be examined, systematically,
very gquickly.

Description:
Modules described are:

(i) some which compute direct and diffuse
irradiances .from a clear sky on hori-
zontal or inclined surfaces or on sur-—
faces which follow the sun.

{ii} One which computes mean monthly wvalues
of mean hourly global,diffuse and
direct Airradiances on horizontal sur—

faces from sunshine data. The methodo-

logy here is used as the foundation of

a methed coping with inclined surfaces,
described more fully in ref. 1.

The clear-sky model is not described in

detail. It follows closely the theory of Uns-
worth (ref 2), being based on a turbidity
coefficient, 14, which relates the measured
direct normal irradiance, Gbn’ to the*clean
atmosphere direct normal irradiance, Gbn’ by
the formula:

= G* -
Gbn Gbn exp | tam)

where m = optical air mass.

*
Gbn
and absorbing gases and is corrected to the

allows for known amounts of scattering
mean solar distance.

If wvalues of m, =t and precipitable
water centent of the atmosphere arxe Xnown,
then the direct irradiance at normal inciden-
ce can be determined from the above egqua-

tion.

Diffuse radiation model for c¢lear

skies: Using Parmelee's data (ref 3} a rela-
tionship was found to exist between diffuse
and direct 1rrad1ance§ (Gdh and Gbn)‘ viz:

G = a ¥Wm™2

dh G

o ~ %1 “pn

a, and a, are constants for a particular

1
solar altitude.

This egquation is incorporated into the Shef-
field clear sky programmes. Thus, knowing the
solar altitude, it is possible to derive the
direct dirradiance on a horizontal surface,
Gpp: from the Monteith and Unsworth tur-
bidity and estimate the corresponding asso-
ciated diffuse clear sky Airradiance, Ggyr

on a horizontal surface.

The average-day model:

The direct component: The average day

mocdel 1is based on mean monthly wvalues of
horizontal hourly mean global and diffuse
irradiances (Eh and édh) at Kew over the
period 1965-1975 (excluding 1973}. An estim-
ate of the mean horizontal direct irradiance
(Ebh) at each hour in_é particuiar month was
made by subtracting_Gdh from Gh' Because
each hourly value of Ghn is obtained by aver-
aging over the whole hour when in fraet
bright sunshine was on average only recorded
for a fraction, £, of that hour a more real=-
istic walue for the instantaneous direct




horizontal surface irradiance during the
fraction of the hour for which the sun was
shining is abh/f. This figure allows a
pseudo-turbidity, 1;, to be determined,
according to the Unsworth and Monteith
definition as

¢ = solar altitude

In many situations only the mean déily
total of pright sunshine for particular
month, Eo’ is known. In these cases, an
average value of £ is derived and applied to
each hour of the day. This average value of f
is obtained as the ratio of Eo to the maximum
possible number of hours of bright sunshine,

n which would be recorded on a totally

rl
clear day in the middle of each month. To
obtain n, it is assumed that "bright sun-
shine" corresponds to a value of th greater

than 200 Wm™2 and the clear sky programme is

run using a fixed reference turbidity of 0.2.

in order to determine the number of hours for
which the predicted th is greater than 200
Wm™2. Using this monthly fraction, £, the
diurnal variation in the pseudo-turbidity at
Kew has been determined for each month of the
year. These diurnal curves have been fitted
by an appropriate cosine function whose argu-
ments vary with month and are stored in the
average day programme.

Houxly value of G obtained from the

bh
pseudo-turbidities are finally integrated
over the day to give the mean daily total

Girect irradiation on the horizontal, th.

The diffuse component: The model uses a

relationship between mean monthly hourly dif-

fuse irradiances and solar elevation:
Ggp = 2 + 4.804 ¢ Wm™2 {1)

where g is in degrees.

This relationship was found to exist using

~ data for Kew, 1965-75 (excluding 1973).

When this relationship is applied to other
sites, allowance is made for the difference
in sunshine hours recorded at that site with
respect to Kew, as follows:

Combining the regression equations

- H
=a+b2  apna2"< c+ a

©h No Hh oh

.T.|i'.:l:[
'.:El’:FI

{(shown by Page to represent mean monthly
irradiations -ref 4) gives:

1

- - 2
d

——=e+f5k+g[n—]
N

oh o No

(=B

where Hdh is the mean monthly daily diffuse
irradiation on a horizontal plane.

Hoh is the mean monthly daily irradiation on
a horizontal plane in the absence of any
atmosphere.

Hh is the mean monthly daily global irradia-
tion on at horizontal plane.

n is the monthly mean daily hours of bright

sunshine.

No is the mean daily number of hours of day-
light in a particular month. '

e, £, g are constants derived from a, b, ¢
and d.

Using Kew data and the method of least
squares, the following fit to the data was

obtained:

H - - 2
—Ih = 0.1534 + 0.2801 - 4+ 0.2442 [2]
et N
Hoh ° e

Using this equation, daily diffuse horizental
irradiations are deduced from daily sunshine
hours for the site of interest. The mean
hourly diffuse irradiances are then obtained
by multiplying the values given by equation
(i) by the ratic of the daily diffuse ir-
radiation at the site to the daily diffuse
irradiation at Kew, viz:




- H at site
Gy, ot site = (2 + 4.804¢)s —
H.. at Kew

dh
in ref 1, Page explains how the Kew horizon-
tal surface model is corrected to allow for
local climatical variations and how the hori-
zontal direct and diffuse components are
converted into the corresponding compeonents

on inclined surfaces.

Mean gaily diffuse irradiation (average

day model):

H
The equation db o

{Page, ref 4) is rearranged and used to show

that the maximim possible value of Hdh is

Hh‘ Hdh and Hoh
monthly wvalues of daily global, diffuse and

are respectively the mean

'in absence of any atmosphere', irradiations

agn a horizontal plane.

z
The values of g& at wvarious site§ are ex-
pressed as ratios of the value of %3 at Kew.

This ratic is then uwsed as a diffuse multi-
plier to correct the mean diffuse irradiance
figures on the computer based on Kew data to
match actual observations at other stations

more accurately.

Average—day models for inclined sur—

faces: The procedure uses mean menthly
sunshine duration as its starting material
and the method by which. direct and diffuse
irradiances on horizontal surfaces are de-
rived from these data are described above.
The direct component on inclined surfaces is
computed by trigonometrical relationships.

piffuse radiation is treated by separating it
into 2 components: i) that arriving from the
clear portion of the sky and ii) that arriv-
ing from the overcast portion of the sky.

(i) The clear sky diffuse component is it-
self considered as comprising two parts,

namely a uniform background irradiance

and an area o¢f high irradiance in the
vicinity of the sun which is propor-
tional to the direct normal incidence

irradiance.

{ii)} The overcast sky diffuse component is
computed according to the Moon and Spen-—
cer distribution (see ref &). This is
defined by the equation

1

2 .
Le = LZ(E + 5 sin e)

which relates the radiance of an over-—
cast sky., Ly. at angle @ from the hori-

zontal plane, to the zenith radiance,

L.

Data reguirements:

Clear sky model: Unsworth and Mon-

teith's turbidity coefficient (1a), atmos-—

pheric precipitable water.

Average day model: Mean monthly values

of daily or hourly sunshine duration. If no
observed values are available estimates can

be made.

Unsworth and Monteith (ref 2) give some
information on the variation in T, Over the

UK in summer months.

The authors have alsc used their com-
puter programmes to derive statistical values
of L at various UK sites for different

classes of radiation day.

Recommended values of T and of precipitable
water in the UK are given for different clas-
ses of radiation day in a Department of Buil-

ding Science intexrnal note (ref 5}.

The results of using this system have
been extensively checked on behalf of the EEC
by using solar radiation data from about 22
stations in Europe ranging from Bergen {lati-
tude 60° 24'N) to Odeille (latitude 42° 29'N)
{2}). In particular, a comparison has bheen

made between predicted and observed data on

- glopes of wvarious tilts at some B stations.

The mean differences between observed and
predicted values were mostly less than 10%




(many were less than 5%), except when the ir-
radiances themselves were very low, when
higher percentage differences were occasion-
ally found.. Some results are gquoted in

chapter 3 appendix E.

Computing:

The system 1is based on an electronic
computer, using pregrammes written in Fort-
ran, and needs only a modest storage capacity
(64 K bytes are ample)}. The input/output can
either be in the batch mede or, inter-
actively, using a teletyp or VDU terminal.
Printed output can be in graphical form as
well, if suitable peripheral devices are
available. Reference should ke made to the
Department of Building Science (Professor
J.K. Page) Universiiy of Sheffield, for
further details.

Further references:

1} J.K. Pade: Geographical wariations in the
climatic factors influencing solar build-
ings design, Proc NELP/UNESCO Conf,
London, Paper 1/2 (1977).

2} M.H. Unsworth, J.L. Monteith: Aerosecl and
Solar Radiation in Britain, Quart J R Met
Soc 98, pp 778-797, (1972).

3) G.V. Parmelee: Irradiation on vertical and
horizontal surfaces by diffuse solar ra-
diation from cloudless skies, Trans Am Soc
Heat Vent Engrs 60, pp 341-356, {1960).

4) J.K. Page: The estimation of monthly mean
values of daily short wave irradiation on
vertical ané inclined surfaces from
sunshine records for latitudes 60°N to
4005. Internal Research Report No BS 32,
Department of Building Science, University
of Sheffield (1976)

5) C.G. Souster, J.K. Page, G.G. Rodgers: A
guide to appropriate values of atmospheric
turpidity and precipitable water content
for different months and different classes
of radiation day in the UK, Internal HNote,
Departement of Building Science, Univer-
sity of Sheffield, (1976).

6) R.G. Hopkinson et al: Paylighting, Chapter
2, pp 29-58, (1968), Heinemann, London.

2.4 Computer Procedure for Accurate Cal-
culation of Radiation Data Related +to

Solar Energy Utilizatiocn.

Reference:
WMO, WMO No 477, pp 191-197 (1977}.

Author:

R. Dogniaux.

Abstract:

The paper presents a set of mathemati-
cal expressions which directly yield the
quantities of direct, diffuse, global and
reflected components of scolar irradiance and
illuminance for the conditions of clear and
overcast sky. The method lends itself to
programming for computer calculation. It
takes account of latitude, date, time, atmos-
pheric turbidity and orientation and inclipa-
tion of surface. By applying weighting
factors (associated with the duration of
sunshine) to the extremes of clear sky and
overcast sky it is possible to derive
standard radiation data for any typical
reference period longer than 10 days.
Predicted data are compared with measured
data from various sites in Belgium, France,

Budapest and Oran.

NB: Tables of hourly and daily irradia-
tions on differently orientated planes for
latitudes between 0° and %0° and various
turbidity factors have been prepared and
published in ref 1.

Description:

Direct component: = is computed from

the solar constant BE_ (J) using

_ —amT .
E = E_{J)e cos j
where the nomenclature is as follows:

J = the day number in a yearly sequence

a = total extinction coefficient

m = reduced air mass {allowing for pressure
and altitude)

T = turkidity £factor

i = angle cof incidence of direct bheam con

the receiving surface




{The derivation of these variables will be
described under "Data processing” and "Compu-
ting").

Diffuse component: The author states

the formula

87.5 357.5

D = 0.00676154 § L,(¢,a) -

8 = 2.5 Ai = 2.5
¢ cos ji cos ei

(derivation not given)

where Li (6,A) is the luminance distributiocn
of the sky and 0, A are respectively the
altitude and azimuth angles of a spheriecal
zone of sky.

A different expression is used for
Li(B,A) according to whether the sky is
cloudy or overcast. For a clear sky:

o

L, (e, A) = L

1 (h, T) -

3 -0.32 cosecd)

+ 0.45 coszj)(lue
-3(90%-h)

{0.910 + 10e”

0.27385 {0.91 + l0e + 9.45 sinzh)

with L%(h, T) = (0.0023 h°

+ 1.3513)T

+ 0.0200 h +

and j = arc cos [sin & sin h + cos 8 cos h -
cos (A—Ao)]

h = solar altitude in degrees

For & cloudy sky,

(1L + 2 sin 8}

I
L;(8) = ; L,

with Lg = 18.5 sin h

Reflected component: -approximated by

the expression:

R

It

0.5 a (E + D)H(l—cos Pl
where ¢ = albedo of ground

(E+D)H = global radiation on a horizontal
surface

and p = slope of the receiving surface

Global radiation: See under heading

"Computing”.

Hourly and daily irradiations are com-
puted by integrating irradiances at half-
hourly intervals, using a method of
Lagrangian interpclation of the parabolic
function representing the hourly wvariations

of irradiances.

The yearly variation of day - totals of
radiation for each component is given by the
following Pourier series with 7 terms:

Y =A+ B cos wl + Ccos 2wl +D cos 3wl +
E sin wJ + F sin 2 wJ + G sin 3 wj.

where A, B.......G depend on the latitude of
the station and on the turbidity factor

and w = 366

Daily irradiation on inclined surfaces

for mean conditions of sunshine:

Let the diffuse, direct and global ir-
radiations bhe Eo, Do and Go for clear skies,

and ES, Ds and Gs for mean conditions over a
period of at least 10 days. Then if gh is the
o

ratio of the effective to the maximum theore-
tical possible sunshine duration over the
mean period, an AngstrBm-type equation can be
used to estimate the corresponding global

irradiation:

" s _ 5
Gs = Go(a §; + b) = (Eo+ Do) {a 5; + b)

where a and b are local parameters, evaluated
from measurements of global radiation and

sunshine duration cn a horizontal surface.

For a loné reference period, say 15
years, it is assumed that the sunshine dura-
tion is randomly &istribwted over all hours.
Then the direct and diffuse irradiations can
be computed for shorter time intervals, say 1

hour, using the same value of g— as is used
[=]
for daily walues:




s 5 \n
and b_ = G_(a S +b) - E_ (5 )
] o So ] So

where n is a local parameter obtainable from

the Meteorological services.

Data reguirements:
Latitude,

longitude, altitude of site,
atmospheric pressure; also values of turbid-
ity coefficient (p) and precipitable water
content of the atmosphere (W) to enable com—
putation of the turbidity factor T. For com—
putation of irradiations for mean conditions
sunshine duration is

of cloudiness, daily

required, aleng with daily totals of global
radiation on a horizontal surface (for evalu-
ation of regression constants in the Angstrém
eguation).

The +turbidity factor T +takes account
of the optical air mass, the water content of
the atmosphere and the turbidity coefficient

g-

h + 85
[

T = + 0.1] + (16 + 0.22 W)p

39.5¢” 7 4 47.4

The author suggests values of W accord-
ing to climatic type and values of g accord-
ing to whether the site is ruoral, urban or
industrial (to be used in the absence of more
specific data). The precipitable water in em
can alsc be deduced from the waﬁer vapour
in nmb at ground level,

pressure (e) using

Hann's formula:

W =0.25 e

Acgcuracy:
The method for mean
cloudiness has been tested for variocus loca-

conditions of

tions. A typical set of comparisons with

measured data are gquoted in the paper (for
mean wvalues over a 15 year peried for a
reference day based on 10 days at Uccle,

Belgium), as follows:

G
global radiation: 0.95< 55 < 1.03
o
Eg
direct radiation: 0.94< 7 ¢ 1.08
o
Dg
sky radiation 0.93< . ¢ 1.02
o

Computing:
The method is designed with computer

programming in mind. Though a detailed pro-

11

gram is not listed and a language not speci-
fied the egquations for computation of the as-
tronomical and geographical wariables needed
in the method are given and are listed be-

low:
Solar constant
E(J) = 1353 + 45.326 cos wJ + 0.88018 cos 2wJ

- 0.00461 cos 3wJ + 1.8037 sin wJ +
0.09746 sin 2wJ + 0.18412 sin 3wJ

and J = day number

Solar declination

5 = 0.33281 ~ 22.984 cos wJ — 0.34990 cos 2wd
- 0.13980 cos 3wJ + 3.7872 sin wJ +
0.03205 sin 2wJ + 0.07187 sin 3wJ

Eguation of time

ET = 0.0072 cos wF — 0.0528 cos 2wJ - 0.0012.
cos 3wd - 0.1229 sin wJ - 0.1565 sin 2wJ
- 0.0041 sin 3wJd

Optical air mass

1

m =
sin h + 0.15 (h + 3.885) 1+233

Solar elevation, h, given by

sin h = sin ¢ sin 8§ + cos 4 cos § -«
cos (TST-12)

where ¢ latitude

and TST true solar time

Reduced air mass

me= D {1-0.1H)
n 1000 n

where p = pressure in mb
and H

altitunde in km

Total extinction coefficient

a =
0.0252 cos 3h - 1.0022 sin h + 1.0077
sin 2h + 0.2606 sin 3h

1.48B99 - 2.1099 cos h + 0.6322 cos 2h +




Furthexr references:

1} Dogniaux, R.: "Varations géographi-—
ques et climatigques des expositions énergéti-
ques sur des surfaces réceptrices horizontale
et verticales”. Int Roy Met de
Série B no 3B (1975).

Belgigue.

Misc.

2.5 Calculation of Monthly Average Insola-

tion on Tilted Surfaces.

Reference:
Solar Energy, Oxford, 19, pp 325 - 329,
(No 3, 1977).

Author:
§.A. Klein, Seolar Energy Laboratory,
University of Wisconsin - Madison, Macdison,

WI 53706, USA.

Abstract:

"The methed developed by Liu and Jordan
(1) for estimating average daily radiation
for each calendar month on surfaces facing
directly towards the egquator is verified with
exéerimental measurements and extended to
allow calculation of monthly average radi-
ation on surfaces of a wide range of orient-
ations. Liuv and Jordan's method is also comp-

ared with that of J.K. Page.

Description:

Refer to Liu and Jordan (1). The exten-
sion to surfaces of orientation other than
South involves the integration of extra-terr-
estrial radiation on the surfaces for the
pericd during which the sun is both above the
heorizon and in front of the surface. This is
divided by the mean daily extra-terrestrial
radiation on a horizontal surface. A corres-—
ponding expression for Rb is given, from
which R can be calculated.

Data reguirements:

Monthly mean daily H.

Accuracy:
No figures quoted for the extension
method. Results
Page's methods are

from Liu and Jordan and
compared with measured
values, though no figure for the accuracy so
achieved is comparison
table has subseguently been

Solar Energy 20, pp 441, No 5, 1978.

quoted. Note: This

amended; see

Computing:

Not mentioned.

12

Further references:

1) B.Y.H. Liu and R.C. Jordan: Daily
insolation on tilted toward the
ASHRAE, Vol 3, pp 53 - 59, No 10,

surfaces
egquator:
Cct 1961

2.6 Selar Radiation Incident Upon Slopes of

Different Orientations.

Reference:
Selar Energy, Oxford, 19, pp 179 - 184
(1977) .

Author:

R.C. Temps and K.L. Coulson, Departe-
ment of Land, Air and Water Resources, Uni-
versity of California, Davis, CA 95616, USA.

Abstract:

By means of a pyranometer orientated at
various tilt angles and azimuth angles with
respect to the sun, measurements of the di-
rect and diffuse solar £flux incident on
slopes of various orientations have been made
for clear sky conditions. The resulting data
have been used to test the wvalidity of the
solar flux model ©f Robinson (1) and +to in-
troduce certain modifications of that model
to achieve Dbetter agreement o©of computations
with measurements. It is concluded that the
modified model yields significantly better
results than the original for slopes orienta-—
ted in the azimuth of the sun, but results
are comparable for other azimuthal orient-
ations of the slope. The accuracy attainable
by this method is considered sufficient for

many practical applications.

Description:

The basis of Robinson's model is (for
cloudless skies} set out on page 113. For the
purposes of this study the Angstrém turbidity
coefficient was actually measured by means of
a pyrheliometer. The precipitable water con-—
tent of the atmosphere was estimated using
the approximation developed by Hann ({2),
viz:

W = 0.25 e
where e is the water vapour pressure measured
{in millibars} at the surface. W is measured

in centimeters.




-

Modification of Rcbinson's methcd by Temps
and Coulson is in the form of empirical cor=-
ractions to take account of three regions of
anisotropy in the diffuse radiation field,

viz:

(i) their observation that the intensity
of giffuse sky radiation is 40%
greater near the horizen than at the
zenith, and that the gradient is

strongest at low elevation angles.

(ii} ©brightening of the sky in the wvicin-
ity of the sun.

(iii) anisotropy of ground reflection on
the basis of reflectance measurements
made by Coulson et al (3) for grass
turf.

The expressions for D' and D‘r(equations

E
s
(iv) and (v} of Robinson's method, page 113)

then become: -

2 E

D'Es =[x (I;, - I'} sin h cos® 3]
s [ 1+ sin® %] correction (i)
RN A cos? i) sin’ é] correcticon (ii)
% = solar zenith angle = (900- h) and
D' = (I'y-D" )R« {1~ cos? % )|

< (14 sinz'% Yo (| cosa | )
correction (iii)

Data requirements:

Solar elevation and azimuth,
atmospheric pressure, water vapour pressure
at the surface, ground albedo, fAngstrdm's

turbidity ccocefficient.

Accuracy:
No figures are guoted though graphs are

presented which compared results from the two

.models with measured data.

It is stated that the applicability of the
methods to other geographical locations and
atmospheric conditions requires further
study, but that the method should yield use-
ful approximations for c¢lear sky conditions
at any location although empirically derived
constants (such as precipitable water) may

require som adjustment.
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Computing:
Not mentioned.

Further references:

1) Robinson, N.: Solar Radiation,
Elsevier Publishing Co, Londeon 1966).

2) Hann J.: Lehrbuch der Meteorologie,
Tauchnitz, Leipzig, p 225 (1901).

2.7 Radiation Regime of Inclined Surfaces.

Reference:
WMO Tech Note No 152 (WMO No 467,
1977} .

Author:
K.Ya. Kondratyev, ' Rapporteur oan
Atmospheric Radiation of the WMO Commission

for Atmospheric Sciences (CAS).

Abstract:

This 82 page decument is intended to
help meteorclogists engaged in atmospheric
research, as well as solar energy engineers,
to understand the relevant meteorological im-
plications in the planning and development of
solar energy utilization. The four chapters
deal with the receipt of direct, diffuse and
glokal radiation, and with radiation balance

on inclined surfaces.

Description:
Direct Component: A mathematical treat-—

ment is presented, derived from material pre-
sented in ref 1, for calculation of the di-
rect radiation incident on an inclined plane,
given the direct irradiance at normal inci=-
dence to the sun.

Let Sm‘ SH' SV and SS be the direct solar
irradiances on surfaces orientated, respect—
ively, normal to the solar beam, horizon-
tally, vertically, ané in an arbitrarily
inclined plane. It is shown that

8, = 5, LAl + By cos @ + C; sin 2] (i)

where @ = hour angle, and

A, = cos o sin ¢ sin & + sin o [cos ¢

» {tan ¢ sin ¢ sin 6 ~ sin & sec ¢)]

B1 = cos a ¢c0os ¢ cos & + sin a cos ¢n

« 5in ¢ cos &

C. = sin a cos § sin ¢n




where ¢ = angle of inclination of surface
¢ = latitude,
§ = solar declination
¢ = azimuth of surface relative to the

meridian.

For a vertical surface,

8, = 8, cos h, cos ( by ~ Uy ) -(ii)
where ho = sclar elevation and ¢° = solar
azimuth.

For the paricular cases of south, east/west

and north-facing surfaces,

Svs = Sm cos h0 cOS ¢o -(iii}

svw(e) = Sm cos h0 sin ¢o ~(iv}

Son = Sm {sin 8 cos ¢ — cos § sin & -(v)
cos 2]

From equation (iii), (iv} and (v),

Sv = Svs cos ¢+ va(e) ain bo —{vi}

and for the more general case of a surface
inelined at angle « it is shown that
~(vii}

5_ =285
m

cos a + 5 sing
s v

biffuse Component: The non-~isotropy of

sky and ground diffuse radiation is discussed
and measurement-derived graphical representa-
tions o©of the ratio of the g@iffuse flux on
variously inclined and orientated surfaces to
the diffuse flux on a horizontal plane are
presented. No algebraic formula derived from

sugh graphs is quoted.

For daily totals cof radiation, Chapter 3
quotes the formula suggested by B.A. Eisen-
stadt (ref 2), which assumes an isotropic
sky, viz:

2

- 3 inZ &
EQE = ZSS + cos L b, + 5in L vy

2 H 2

where Qs is the glokal irradiation on an
arbitrary inclined plane.

DH is the diffuse irradiaticon on a herizontal

surface.

Ty is not defined in Kondratyev's public-

ation. Presumably it is the product of the
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glcbal radiaticon on a horizontal surface and

the groond albedo.

Data Regquirements:

Diffuse

irradiances on a horizontal
surface, normal incidence direct irradiances,

latitude of site.

Accuracy:

Not aouted, but the author does stress
the inadequacy of the isotropic approximation
other than

for sky diffuse radiation in

cloudy conditions.

Computing:
Not specified.

Further references:

1. Kondratyev, K.Ya.: Radiation in the
atmosphere. Academic Press, New York (1969).

2. Eisenstadt, B.A.: On the scattered radia-
tion income to slopes and mountain wvalley
bottom. Trudy of Main Geophys. Observ. issue
107, pp 84 - 104 (196l).

2.8 Daily Tilted
toward the Equator.

Insclation on Surfaces

Reference:
ASHRAE Journal, 3, pp 53-59 (No 10, 1961}

Authors:
B.Y.H. Liu and R.C. Jordan, Departement

of Mechanical Engineering, University of
Minnesota.
Abstract:

A method is described which c¢onverxts
measurements of global irradiation on a hori-
zontal surface inte their corresponding
Although, with
modification, the method is probably applic—
able +o
present study is
tilted toward the
predictions are compared with measurements

made at Blue Hill, Mass, USA.

values on a sloping plane.

surfaces of any orientation, the
restricted teo surfaces

eguater. Theoretical

Description:

Using a conversion factor, R, and work-
ing with long term ({say monthly) means, the
object of the method is to compute day-totals
of irradiation on a tilted surface {(orient-
ated toward@ the eguator) from measured day-
totals of global irradiation on & horizontal

plane.




t

[ﬁ Irradiation, H, , on a tilted surface is
' comprising 3

considered as components -
diffuse

with their own conversion factors, RD' Rd and

- direct, and ground-reflected, each

Rp. so that

H =

£ (H—D)RD + D.R + H.R

d P

where H and D are the global and diffuse ir-

— radiations on a horizontal plane.
He D D
Thus, R = — = (1 - =} Ry += Ry + R
H H H e

Daily ratios D/H (assuming D is not measured)
are obtained from a statistical relationship
between H and the extra-terrestrial irradia-
tion, Ho’ on a herizontal surface (see ref
1}). The ccnversion factors RD, Rd and Rp are

derived as follows:

R
D
for RD by geometrical consideration of the

: The authors derive an approximation

special case of a surface located Jjust out-
side the earth's atmosphere, where no consi-
deration need be given to attenuation by the
being a function of hour

This

atmosphere (which,

angle, complicates the general case).
approximation is justified by showing it to
situation at the

at the

be an exact fit to the

earth's surface when the sun is

equiﬁox { ie solar declination zero}.
Outside the atmosphere the solar radiation
incident on & horigontal surface is entirely

direct radiation and therefore

The instantaneous extra-terrestrial irradi-

[ ances are

I cos 0 for a horizontal plane

Ioh = “on h

and Iot = Ion cos et for a tilted plane

.. where L is the instantaneous normal

on
incidence extra-terrestrial irradiance and
Q 9, are the angles of incidence of the

h' t
solar beam on horizontal and tilted surfaces.
Gh and Ot are functions eof latitude, L,

solar declination, &, and hour angle, w:

L cos @, = cos L cos 6 cos w+ sin L sin &
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and noting that a surface located at laﬁitude
L, tilted B degrees from the heorizontal to-
ward the equator, is parallel to a horizontal

surface located at latitude L-B8,

cos @, = cos {L-B)cos & cos w + sin {(L-p) -

v sin &
Daily extra-terrestrial irradiations are
obtained by integrating the instantaneocus

irradiances over the period for which the sun
is above the horizon. This is egquivalent to
integrating over all hour angles from +ms to
—wg where oy is the sunset hour angle (mé for
a tilted surface, defining sunset as the time

when cos 9y = 0}.
cos w, = - tan L tan &

cos w., = - tan (L-B} tan &

Performing these integrations to obtain Ho
and Hot it is shown that

B (= Hot) _ cos (1-8) '(51n w, - W, COos us}
D q cos L {sin w, - W, COS W )
{(when w, < o, ) (1)
cos (L-g) sin w' - w' cos w'
or R, = T 5 3 3
D cos L sin W T oWy cos wg
{when w 'S ws) (ii)

For a plane located on the surface of the
earth the direct irradiance 'is reduced to a
fraction, T, o©of the
radiance by the effects of scattering and ab-

extra-terrestrial ir-

sorption; and t is a function of hour angle.

Therefore, in general, RD can only be evalu-

ated when this functioral relationship is
known.
In general:
(w, or w_')
[t 1, [cos(L~g) cos § cos w +
(w_orw_ ')
R.= s s
i w
J®t 1 [cos L cos & cos w *
2 on
Ug
+ sin (L-8} sin & | d[%%E
: ; 24w
+ sin L sin 6 ] 4 (537)




However, on the equinox, when & = 0 and
w, = w; = % , this expression reduces to
_ cos_(L-B}
cos L f

which is independent of <1, and is the same
result as that predicted by eguations {i} and
(ii) setting § = 0, Thus it is shown that
eguations (i) and (ii), though derived for
extra—terrestrial solar radiation only, do
give the correct expression for RD when the
sun is at the eguinox. Since the atmosphere
transmission for all but cloudless days, is
meagrely understcod it 1is recommended that
equations {i) and {ii) be uéed as a first

approximation.

Ryt An istotropic sky is assumed. Then
it can be shown that the ratio of diffuse ir-
radiation on a plane inclined at angle B to

the diffuse irradiation on a horizontal plane

is:
R, = & (1 + cos B)
D 2
Rp: For a horizontal global irradiance
ITh the reflected irradiance is pITh and this

radiation is reflected diffusely. It can be

shown, by integration, that the radiance
reflected on to a tilted surface has an ir-

radiance

I = (l-cos8) 1
p 2 P tgm

Thus

R = EE z(l-cosB)p
P Lpy 2

(A method for deriving an average reflectiv-
ity for ground of non-uniform reflectivity is

also presented}.

Data reqguirements:

Long term averages of daily global

irradiation on a horizontal surface, f{also
ground reflectivity, latitude, and solar
declination).

Accuracy:

. No figure is quoted for the accuracy of
the method, though a table compares theoret-
ical wvalues of R with those derived from

measurements.

Computing:
Not specified.
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Further references:
Liu, B.Y.H.

R.C.: "The

interrelationship and characteristic distrib-

and Jordan,

ution of se and total solar radiation”. Solar
Energy, Vel 4, (No 3, July 1960).

2.9 The determination of Hourly Insolation

on_an Inclined Plane Using a Diffuse

Irradiance Model Based on Hourly Meas-

ured Global Horizontal Insolation.

Reference:
Solar Energy, 19, pp 477 - 491, (No 5,
1977} .

Author:

J.W. Buglar, Capricornia Institute of

Advanced Education, Rockhampton, Australia
4700.
Abstract:

Using only measured hourly values of
global insolation on a horizontal surface, a
method has been developed for computing the
corresponding hourly values of insclation at
any angle and orientated in any direction.
The method uses a solar radiaticn model in
which the diffuse component is caleculated
from the global horizontal radiation using
three different relationships: the appropri-
ate equation is selected according to the
value of the ratioc of measured hourly global
insolation to hourly global insolation com-
peted for clear sky conditions. The method
has been checked using measured hourly wvalues
in Melpourne over a 5-year period of insola-
tion both on & horizontal surface and on a
plane inclined at 38° to the horizontal fac—
ing North. The differences between the com-
puted hourly values and the measured hourly
values are found to be approximately normally
distributed about zero with a standard devia-—
tion of 0.16 MIm 2. This method is particu-
larly useful for predicting -the heat output
of inclined solar flat plate collectors when
only measured global horizontal insolation is
available, which is often the case. Good
agreement was found between the predicted
output of a typical collector using measured
38° insolaticn and the computed hourly values
using this method. Since the method has been
checked only against Melbourne data it should
be applied elsewhere with caution, but it is
pelieved toc have general application.



-

Description:

The aim is to convert measured hourly
values of global irradiation on a horizontal
surface into the corresponding hourly values
for an inclined surface of orientation, for
any sky condition. The sep=-arate direct and
diffuse components for a horizontal surface
obtained as set out below are multiplied hy
appropriate geometrical factors +to obtain

inclined surface wvalues.

The direct normal incidence irradiance

from a cloudless sky (IN) is obtained from
curves (as functions of atmospheric precipi-
table water and dust content) given by Rao
and Seshadri (ref 1).

The diffuse sky radiation is subdivided

into 2 components namely:

(i) a circumsclar component, taken as be-
ing 5% of the direct normal irradiance
(C), and

{i1i) a uniform background irradiance, (D}.

For a cloudless sky. the latter cocmponent is
obtained from the relationship:
0:5 0.4 ¢ wWm™2

where a is the sclar altitude in degrees.

D = 16.0 a

The hourly glebal irradiation (T) for
clear sky cconditions can then be computed by
simple geometry and summing the direct, c¢ir-

cumsalar and backgrournd components.

Knowing T and also the measured hourly
value, G, of global irradiation on a hori-
zontal surface, the background diffuse irra-
diation for skies with cloud is computed from
one of the fecllowing three equaticns.

1} D= 0.94G for 0 G/T< 0.4

(1.29 - 1.19 G/T)

2) /e (1,00 - 0.334 G/T)

for 0.4 G/T< 1.0

3} /G = 0.156 for G/T 1.0

For an inclined surface we have a
fourth component = that of ground-reflected
radiation, J. Thus for a surface inc¢lined at
angle 9 and exposed for a time to’ the glokal
irradiation is

t .

t . .
G, = jo (Ig + Dy + Ty + Cgldt
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The direct and circumsclar contributions are

considered together (I + € = KI). Then, using
standard relationships:

t . .
- (@ ;
Gy = fo [k Iy cos i + Dy (l+cosd)/2 +

+ Gp (l-cose)/2]dt
where p = albedo.

Using hourly average values, and allowing for
the fact that the sun may only be shining for
a time t within the period,

Ge =k IN t cos i + DH(l+cose)/2 +

+ GHp(l—cosG)/2

For horizontal surface in particular

=k IN t sin a + DH

it
from which a value of t can be determined.

Data reguirements:

Hourly global irradiation on a hori-
zontal surface, precipitable water (in cm)
and atmospheric dust content (in

particles/cm®).

Accuracy:

A comparison with measured wvalues on a
38° inclined surface facing North, for each
daylight hour in a 5-year period@ at Melbourne
gave errors approximately normally distrib-
uted about zero with a stan-dard deviation of
0.16 MIm 2
not included).

{ground reflected radiation was

Computing:

A computer program for the computations
was written (but not given in the paper). The
direct normal incidence curves of Raoc and
Seshadri were used in the matrix form suit-
able for computer usage, given by Spencer
(ref 2).

Further references:
l} K.R. Rao, T.N. Seshadri: Sclar

Insolation Curves. Indian J Met Geophys, 12,
pp 267 - 272 (No 2, 1961).

2) J.W. Spencer: Computer estimation of di-
rect solar radiation on clear days. Solar
Energy, 13, pp 437 - 438, (No 4, 1972).




2,10 Direct and Scattered Radiation Reaching
the Earth as Influenced by Atmospheric

Geographical and Astronomical Factors.

Reference:
"Solar Radiation®™, Elsevier Publishing
Company, 1966, Chapter 4.

Authors;

1) HN. Robinson, Solar Physics Labora-
tory, Institute of Technology, Haifa,
Israel.

2} W. Schiepp, Meteorological Observatory,

Basel, Switzerland.

Abstract:
Chapter 4 of this book discuss the
estimation on a theoretical basis of direct,
diffuse and global irradiances on horizontal
both
cloud.

surface for
with

clear sky
Data

and inclined
conditions and skies

cbtained at varicus observatories are
reviewed and where possible compared with
theoretical expectations. The basic steps of
the method are set out below but involve the
use of tables and graphs to be fcund in the
book ..

writing,

It is pointed out that at the time of
some ©of the physical constants in-
volved are not known to a sufficient degree

of accuracy.
Description:

1} For clowndless skies:

The direct component at normal incid-

ence to the sun is given by Angstrdm's turbi-
dity formula:
-(m o, +m_ a. + & }

' 2% 0 A r %4 w
I =(R,/R) £Ioh 10

where (RO/R)2 is the mean earth-sun distance

correction factor.

'
I on is the monocchromatic ncrmal incidence

irradiance outside the earth's atmosphere.

m is the air mass number corrected for pres-
pm

sure by m = where p = pressure in mb,
1 Q00

m. is the relative air mass along the direc-
tion of the solar elevation h,

¢p is the Rayleigh extinction coefficient
(corrected for refraction and non-isotropy in

air molecules),
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25 is the extinction coefficient for dust,

T, is the absorption coefficient Ffor water

vapour, ozone, carbon dioxide and other

gases-

Note that o, = 0.00386 A4 03

(»4

ag = B(2 A)°

where PB is the Angstrom-Shilepp turbidity
coefficient and « is approximated by a fixed

value of 1.5.

Tables given enakle the computaticns of
1' when solar elevation, precipitable water
content of the atmosphere and turbidity coef-
ficient are known. For an inclined surface
the direct component is known from gecmetry:

I, =1

cos 1
E

where i is the angle between the normal to

the surface and the solar beam.

The dAiffuse component on a horizontal

surface is given by Albrecht's formula (ref
1):

' .
B = k{Iw - X ) sinnh

where h is the solar elevation angle, k = 0,5

sin& h and Ilw is the direct comgpconent allo-
wing for absorption but not for scattering
effects. Then assuming an isotropic sky the
diffuse sky compenent on a surface of incli-
nation E to the horizontal is given by

ll
_ 2
Dpg = P cos E/2

The ground reflected radiation on an

inclined surface is allowed for by adding

Dr = (:[[:1 + D') R (1 - c052 E/2)

where IH is the direct irradiance on a hori-
zontal surface and R is the ground reflection

coefficient (albedo).

The global irradiation on a surface of

arbitrary orientation is then given by




2) Cloudy skies

The degree of clcoudiness is estimated
from the relative sunshine duration n/N and
the diffuse sky component is subdivided into
two parts: - one from the clear portion of
the sky, and the oﬁher.from the c¢loudy part.

|
The equatiocns for I D, and Dr then become

E' "ES

I, =1 n/N cos i

]
I

n/H R (1; - I') gin h c052 E/2 +
{from clear portion)

+ £(n/N) [Irlx + k(I;_ - 1) sin h] cos? E/2
{from cloudy portion)

D, = {

B.o[x; o+ k(I - 1) sin k] +
N
1 1 T L] .
+ f(;)[IH + k(Iw - 1) sinh]) -

« R (1 - cos? E/2)

1 1
The terms I , I ., Ié on the rhs of these

W
formulae refer to the cloudless state as in

§ 1.
£{n/N) is a constant of proporticnally de-
pendent upon n/N. Tables are given which sug-

gests values of £{n/N).

Data Requirements:

Solar elevation and azimuth, daily or
hourly sunshine durations, altitude and
atmospheric pressure at the site. Also
reguired are the precipitable water content
of the atmosphere, Angstrdm's turbidity
coefficient, grcocund albedo, but guidance
about the values to choose or how to cal-
culate them are given in the text of the

chapter.

Accuracy:

No figure gquoted.

Computing:
Not specified.

Further references:
1} Albrecht, F.: Arch Meteorol Geophys.
Bioklimatol Ser B, 3, 220 (1951).
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2.11 The Solar Energy Incident on a Plane at

the EBarth's Surface: Situation in Belgium

Reference:
Arch Met Geoph Biokl, Ser B, Vol 25, pp
135 -150 (Mo 2, 1977).

Authors:

A, De Vos and G. De Mey, Laboratorium
voor Elektronika en Meettechniek, Gent,
Belgium.

Abstract:

The Solar Energy incident yearly on a
plane surface at the Earth's surface, is
calculated as a function of the fixed orient-
ation of the plane. Distinction was made
between direct sun radiation diffuse sky
radiation and diffuse ground-reflected radia-
tion. Statistical data for the clouding was
taken intc account. The mathematical medels
have been %ept as simple and as general as
possible. They have been extensively tested
for the case of Belgium. Calculations for
the Belgian situation give an optimum orient-

ation for solar power converters.

Description:
This paper deals with annual irradia-
ticn. Let E be the annual radiation falling

2). E is normalised with

on the plane {in J m”
respect to Eo = POTO, the product of solar
- . : —2 .

irradiance (PO in W m °) for zero air mass,

and the pericd of 1 year (T0 in seconds).
E is less than Eo for 3 main reasons:

(i) The plane is illuminated for a peried,

Tl which is less than T0

{(ii} The plane is illuminated by a solar ir-
radiance P which is less than Py because of
abserption by atmospheric gases, clouds and

haze.

(iii) For most of the time the plane is not
orientated normally to the sun's rays, intro-
ducing a correction factor, ¢, given by c =
cos i for cos i » 0 and ¢ = 0 for cos i < O
{surface in shadow) where i is the incidence

angle of the radiation on the plane.

Direct component

Let m = air mass = sec ZO, where Zo = solar
zenith angle.

k = extinction factor of the atmosphere




W = a statistical weighting factor to
account for attenuation by clouds ang

haze.

Then the direct solar irradiance is approxi-

mated by

P, = P, W exp (-km) c {i)

Diffuse sky component

Following from egquation (i), the direct
irradiance on a horizontal plane at the
earth's surface is WPO cos ZO exp{-km).
Therefore the remaining fraction of Po‘ say
the authors, is absorbed by the atmosphere
and clouds. This fraction is given by P, cos
Z [1-W exp(-km)] and this power is considered
to be partly converted into non-radiant forms
©of energy and partly remitted in all direc-—
ticns. Thus, a fraction o¢f this energy
reaches the earth as diffuse radiation, and a
sky parameter, s, is introduced such that the
diffuse irradiance on a horizontal plane is
§ P cos Z [1-W exp(-km)] (0 < & < 1)

For a plane inclined at angle Z to the hori-
zontal, only a £fraction of this power is

received, this fraction being

[f cos @ dg = % {1 + cos 2)

8
f[- cos® dn

upper hemisphere

where Qlis the part of the sky seen by the
inclined plane. This statement assumes that
the sky is isotropic. The diffuse sky irra-

diance for a plane inclined at angle 2 is

therefore;
= _ o E
b, = 8§ Py cos Z, [1-W exp ( km)}2
+ (1 + cos Z) {ii)

Ground reflected component

For ground albede the power of ground

reflected radiation, assumed isotropic, is

¥ [WPy cos Z exp (-km)} +
(horizontal! component of direct irradiance)

+ 8Py cos Z [1-W exp (-km)] =
(diffuse sky irradiance on a horizontal

plane}

YPy cos I, [s + {1-8) W exp (-km)]

A plane inclined at angle Z will receive a

fraction of this power density:

[[ cos g da= % (1 - cos Z)

2y
[J© cos 0 d g

lower hemisphere

where 92 = part of earth's surface seen by
the inclined plane.

The ground reflected irradiance for an in-

clined plane is therefore:

P, = yP

1
3 cos 90[5 + (1-8) W exp (»km)]i .

Q

+ {1 - cos 2) (iii)

The annual direct, sky diffuse and ground re-
flected irradiations on an inclined plane can

now e written as:

365 ty(n)

E, = & J(n) i P, (A Z, n, o t) dt
n=1 t,(n)

1

365 t,(n)

E, = I J(n) i by (&, %, n, t} dt
n=1 tl(n)

. 365 t,(n)

By = © J{n) | P, (A, 2%, n, t) at
n=1 tl(n)

where: A = azimuth angle of the plane

o
]

the day of the year

tl(nL tzhﬂ = time of sunrise angd

sunset on nth day

J (n} = correction factor to allow
for the annual oscillation in

the earth=-sun radius.

Because the irradiance, P, does not exactly
follow the formula

P(2,} = P, exp (-k sec Zg}

0




a value for Po more appropriate than the
solar constant was chosen in order to match
experimental curves as c¢losely as possible
with this expression. The authors obtained
P, and k from curves proposed by Degniaux
{ref 1)} which relate P to air mass. In the
range of solar zenith angles of interest
these curves approximate to straight lines.
Hence Po was determined by extrapolating to
air mass = zero, and k was taken as the slope
of the linear portion. A compromise between
Dogniaux curves f£for urban and industrial

regions was used in the paper.

The weighting factor, W, was taken as the
fraction of the possible solar irradiance
actually measured, on average, on a particu-
lar date. W was assumed independant of time
of day. The experimental histrogram showing W
as a function of day of year was fitted by a
sine curve.

_ 2nn
W(n) = W, + W, cos 365

and the values of Wl and W2 evaluated.

The method of obtaining the sky parameter,
S, is not elaborated in the paper, but the
reader is referred to ref 2, from which a

value of 0.4 was chosen.

Data Requirements:

Latitude of site, statistical data for
the average daily irradiation on a horizontal
surface at dJdifferent times of year (the
authors divided the year into 36 parts) in
order to evaluate the clouding function,
Win).

Acouracy:

Measurements on inclined surfaces were
not available for comparison with computed
values. Computed direct, diffuse and total
daily irradiations (annual average) on a
herizontal plane gave good agreement with the
mean (1971-75) measured values at Ukkel. The
direct component in summer was slightly over-

estimated.

Computinhg:

A computer was used to calculate, and
plot on polar diagrams, wvalues of the normal-
ised irradiations {e = E/Eo) for different
angles of azimuth and inclination of surface.

Details of the program are not given.
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Further references:

1. Dogniaux, R.: Variations géographiques et
climatiques des expositions énexrgétigques
solaires sur des surfaces réceptrices hori-
zontales et verticales. Inst roy Météorolo-
giques de Belgique, Brussels, 1975.

2. Dave, J.P. et al: Computation of Incident

Solar Energy, IBM Research and Development,
19, 539 ~ 549 (1975).

2.12 Solar Radiation at _a Site of Known

Orientation on the Farth's Surface

Reference:
J Appl Met, Vol 15, pp 651 - 656, (No
6, 1976).

Author:
Revfeim, K.J.A. of Biometriecs Section,
Ministry of Agriculture and Fisheries,

Wellington, New Zealand.

Abstract:

Attenuation of the direct solar beam as
a function of hour angle is expressed as a
Fourier cosine series. A simple procedure is
derived for caleculating the direct component
of daily radiation at a site with known lati-
tude and orientation. This paper is concerned
only with the direct component of radiation.

Description:

The normally incident direct radiation
is calculated from the solar constant by
applying to it a single transmission coeffi-
cient, t, f{allowing for bhoth scattering and
absorption effects - see de Lisle, 1966, ref
i).

This transmission coefficient is raised
to the power of the optical air mass m{Z) at
a particular zenith angle, %, in order to
caleulate the fraction of the solar beam
which is transmitted. The author explains why
a closer approximation to m (2} is reguired
than the frequently used m {(Z2) = sec % in
Lambert's formula (ref 2), wviz:

2 2u u2 1
m, (2) = er[{cos“z + 22 + =,)2 - cos z)

r r




where r = earth radius
v = the height of the atmosphere when
its density 4is assumed uniform
{taken as 7 km ~ derivation given)
c = the density decay rate of the at-

mosphere.
It is shown that

e = 1 [1 + vy highex powers of iEl]

u r {r}
and that
==
tm[zth)] =1z c¢j cos jh
j=0

where h is the hour angle.

and alsc that c¢j tends to zero as j tends to

infinity.

Having evaluated the normal incidence compo-
nent, Q°, the éirect irradiance Q'n on a
surface of arbitary orientation is calculated
using trigonometrical relationships. It shows
that

o, =0 [Sin ¢* 8in & + cos ¢* cos &

» cos (h-g}]

where ¢* is an effective latitude for the
particular orientation of the surface, defin—
ed by

sin ¢%* = sin ¢ cos i — cos ¢ sin 1 cos b

where ¢ = the latitude
i = the inclination to the horizontal
b = azimuth of plane with respect to
South.

5 = solar declination.

and g, termed the "daylight time shift" is
defined by

sin g = sin i sin b
cos *

Data regquirements:

(Direct component only). Latitude,
precipitable water content of the atmosphere
(for evaluation of the transmission coeffi-

cient, t, as given by Houghton, ref 3).

Accuracy:
Not tested.
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Computing:
Not specified.

Purther references:

1. gde Lisle, J.F.: Mean daily insol-
ation in New Zealand. NWZ J BSci, 9,.pp 992 -
1005, (19&6).

2. B8ikhov, 5.L.: Computation of solar radia-
tion characteristics. Gidrometeor Izd, Lenin-
grad, (1968). See p 24.

3. Houghton, H.G.: The annual heat balance
of the Northern Hemisphere, J Meteor, 1ll, pp
1 - 9, {1953}).

2.13 Hourly Solar Radiaticn Data for Verti-

~
cal and Horizontal Surfaces on Average

Days in the United States and Canada.

Reference:
US National Bureau of Standards, Build-

ing Science Series No 96 (April 1977).

Authors:

Kusuda, T. and Ishii, K.: Center for
Building Technology, Institute £for Applied
Techhnology, National Bureau of Standards,

Washingten DC 20234, USA.

Abstract:

Hourly radiation data for walls and
rocfs under "average" solar conditions are
computed in order to enable estimation of the
effect o©f solar radiation on a building and
its heating/cooling air conditioning system
over a heating/cooling season. A description
of the method is given but the larger part of
the paper is devoted to extensive tables of
such data for 80 sites in the US and Canada.
(Data is alsc tabulated for a new parameter

called the sol-air temperature for glass).

The aim is to compute average hourly
values of global irradiation on vertical sur-
faces for each meonth of the year at a given
site, using the monthly average of daily glo-
bal irradiation on a horizontal surface at
that site.

1} The method is bkasically that given
by Liu and Jordan {refs 1, 2 and 3) but with
a small modification in that the equation




- I
I - _Dh

DV cos Gv

cos GH

is replaced by

I =1

DV py ©o8 8,

where

_ - - [B/cos GH]
IDN = A e

(A and B are defined in §2 step {(vii) and

py 274 Ipy
irradiations on wvertical and horiz-

(viii)), I

direct

are average hourly

ental surfaces making angles of 0y
with the
(viii to xii in § 2). Thie is to pre-

and Y

normal incidence direction (see
steps
vent the model giving unduly large values for

IDV close to sunrise and sunset {cos®, » 0).

h
2) The steps of the procedure are there-
fore as follows:

(i) Daily total extra~terrestrial irradiation
on a_ horizontal surface is calculated from
24

HO-= ;_ r Isc(cos L cos S sin WS +

+ ws sin L sin §)

where ¥ is the ratio of solar irradiance at
nermal incidence outside the earth's atmos-~
phere to the solar constant Ig. {monthly
average values are supplied}, L = latitude in
radians, 8 = solar declination angle in radi-
ans (monthly average values are supplied),
Wg =

tained by

sunrise hour angle in radians, ob-

cos WS = -~ tan L tan S

(ii)The ratio RT' of monthly average dailg
global irradiation on a horizontal surface H
to the value of H, computed above is eva-
luated.

{iii)Knowing RT the value of K., the ratio of
diffuse

horizontal surface to Ho’ is obtained from a

ar

monthly average irradiation on a

table derived from refs 3 and 4.

(iv)The montly average daily diffuse irradia-
tion is then
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{v) The value of factor rs is then calculated

from

{cos W - cos WE)

r, = —

a s
24 {sin W, = W, cos W_

where W = hour angle corresponding to a given

hour of day {radians).

(vi)The average hourly diffuse irradiation on
a horizontal surface is then

an = Tg°P

H1

(vii) The value of a factor f, is taken from
a table for a given month and latitude.

reI
[f= e 5C(cos L cos § sin W_#W_sin L sin s)
s s
and
¥s _[B/cos e,]
G = Ioe cos o, aw

where B is the atmospheric extinction coeffi-
cient. ]

(viii) Using A= (ET - KD)-f. the value of
A is calculated. A is the multiplying coeff-

icient in the eguation

- —[B/coseh]

IDN =Ae

which is derived from the method of ASHRAE
(ref 5).

(ix}The hourly wvalues of Ipn: the direct
component on a vertical surface orientated
normally to the solar beam (cos 8y = 1) is
computed from the eguation in step (viii)

(x) Average hourly direct irradiation on a
horizontal surface is then

ID = IDN cos Bh

(xi)Average hourly global irradiation on a

horizontal surface is

Irn = Ipn ¥ Tan




(xii)Average hourly direct irradiaticn on a
vertical surface is calculated as

I, =1

pv = Ipy ©°% @

{xiii)Average hourly diffuse irradiation on a
vertical surface is approximated by

Loy = Tan/?
{xiv)}Average hourly ground reflected irradia-
tion on a vertical surface is approximated by

I =pg *« L

gv Th

where pg is the ground reflectance.

{xv)Average hourly global irradiation on the

vertical surface is then given hy

S
Iny = Ipy Tav Igv

Data requirements:

Monthly average daily totals of global irrad-

jatiorn on a horizontal surface, average
monthly atmospheric extinction coefficients,

ground reflectance.

Accuracgy:
Not guoted, though sample results are comp-
ared, gqraphically, with results from Liu and
Jordan's method {refs 1, 2 and 3).

Computing:
A computer programme has been written for
itself (in

this preocedure: +the programme

FORTRAN) is listed as an appendix.

Further references:
1) Liu, D.Y.H. and Jordan, R.C.: The inter-

relationships and characteristic distribution

of direct, diffuse and total! solar irradia-
tion. pp 1 - 19 (No 3,

1960).

Solar Energy 4,

2} Liu, D.Y.H. and Jordan, R.C.: Daily insol-
ation on surfaces tilted toward the eguator.
ASHRAE Journal 3, pp 53 - 59 {(No 10, Cctober
1961).

3} Liu, D.Y.H. and Jordan, R.C.: A national
procedure for predicting the long-term ave-
rage performance of flat-plate solar energy
collectors. Solar Energy 7, pp 53 - 74 (Mo
2,1963}.
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4) Liu, D.Y¥.H. and Jordan, R.C.: Availability
of solar energy for flat-plate solar heat
collectors. Low Temperature Engineering App-
lications of Solar Energy Chapter 1, pp 1 -
18 {(1967).

S) Air-Conditioning Coocling Load, ASHRAE
Handbook of Fundamentals, Chapter 22 (N York,
1967) .

'2.14 Estimating Solar Radiation on Mountain

Slopes.

Reference:
Agricultural Meteorology 12, pp 329 -
336 (1973).

Autheors:
L. Lloyd W Swift. Coweeta Hydrologic
Lab. Southeastern Forest Experimental Sta-

tion. USDA Porest Service, Franklin NC USA.
2. Kenneth R Knoerr, School of Forestry, Duke
University, Durham NC USA.

Abstract:

A method is suggested by which gaily
totals of global irradiation on a mountain
slope may be estimated from daily total of
global irradiation on a horizontal surface
measured at a site close encugh to have simi-
lar sky conditions. Two modifications to the
method are suggested.

Description:

The glcocbal irradiation on a sloping
surface is estimated by multiplying the glob-
al irradiation on a nearby horizontal surface
by the ratio of theoretical irradiation on
the sloping and horizontal surfaces for a
transparent atmosphere (simply a geometrieal

ratio) ie

Tables of T, and T by Frank and Lee {ref 1)
were used by the authors to compute this
ratio, the "slope factor”, which varies over
the year according to the wvalue of the solar
declination.




Modification (i}: The measured global irradi-

ation on a horizontal surface was split into
direct and diffuse components by assuming
that

where Ig iz component of direct radiaticn
on a horizontal surface. The slope factor was
then applied only to the direct component and
the diffuse componrent {assumed the same for

all slopes) added tc the result

T
(___ai).'_D
T

TE == IH

where D is the diffuse radiation on a hori-
zontal surface? (this is not clear from the

published paper).

Modification (ii): Topographic shading fac-

tors are added to the result in order to
correct for the excess shading of the hori-
zontal measuring instrument over that of the
mountain slope. These can either be evaluated
by experiment (minimising the mean differ-
ences between measured and estimated wvalues
on slope} or by methods proposed by Baum-
gartner, Lee and Chmura (refs 2 - 4).

Data reguirements:

Daily totals of T at a nearby site (or
preferably half-daily totals to account for
changes in cloud amount before and after

noon) .

ACCUTacy:
The majority of half-daily totals in a

26-day test for N and S-facing surfaces in-
clined at 37° lay within £ 10% of measured

value, using modification (i).

Computing:
Not specified.
Further references:
1. Frank, E.C. and Lee, R.: Potential Solar

Beam irradiation on slopes, tables for 30° to
50° latitude. US Dept of hgr Forest Serv
Rocky Mountain Range Expt Sta, Res. Pap RM-18
{1966).

2. Baumgartner, A.: Gelinde und Sonnenstrah-
lung als Standortfaktor am Gr. Falkenstein
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(Bayerischer Wald) Forstweiss Centralbe. 79
pp 286 — 297 (1960).

3. Lee, R. and Baumgartner, A.: The topo-
graphy and insolation climate of a non-moun-
tainous forest area.-
258 ~ 267 (1966}.

Forest Science 12, pp

4. Ohmura, A.: The influence of the sky-line
on the incidence of direct short-wave radia-
tion. MeGill Univ Dept Geog Climatol Bull. 7,
pp 17 - 24 (1970).

2.15 Define, Develop and Establish a Merged

Sclar and Meteorological Computer Data

Base.

Reference:
Canadian Climate Centre Report No. B80-8
Atmospheric Environment Service, Downsview,

Ontario, Canada.

Aunthors:
James F. MacLaren Limited
Hooper and Angus Associates Limited
Dr. John Hay (University of British
Columbia)
Dr. John Davies (McMaster University)
Dr. D.C., McKay {Canadian Climate Centre)
Scientific Authority

Enguiries can be addressed to Dr. D.C. McKay

Canadian Climate Centre
Atmospheric Environment Service
4905 Dufferin St.

Downsview, Ontarieo, Canada

M3H 5T4

Abstract:

The overall cbjective of the study con-
sisting of three parts was to define, develop
and establish a merged solar and meteorolo-

gical data base for Canada.

The sub-objective of Part 1 was to ex-—
pand the existing solar data base of the At-
mospheric Environment Service by estimating
hourly direct, diffuse and global radiaéion
on horizontal surfaces for a ten year period
for a number of hourly weather reporting sta-
tions by using an appropriate simulation
model or models. Six models were selected for
evaluation using statistical comparisons of

model estimates and measured test data from a




number of stations. A model developed by Dr.
Jonn Davies of McMaster University, MAC 3 mo-
del, was selected and used to ¢reate an hour-
ly data base of solar radiation on a hori-
zontal surface for a number of locations in

Canada.

The sub-objective of Part 2 of the stu-
dy was to develop a data base of solar radia-
tion availability on inclined surfaces of va-
rying angles and azimuths. Three models which
estimate solar radiation on sloping surfaces
given solar radiation on horizontal surfaces
were evaluated by comparing statistical devi-
ations of model estimates from measured test
data. As a result of this comparison, a model
developed by Dr. John Hay at the University
of British Columbia, the anisotropic model,
was selected for generating slope radiation

data for Canadian locations-

The sub-objective of Part 3 of the stu-
dy was to define and develop a merged solar
and meteorclogical data base. As well as pro-—
viding the hourly means and standard devia-
tions by menth for each of global, sky dif-
fuse and direct solar radiation on a horizon-
tal surface and daily means and standard
deviations by month for orientations of S,
SE, SW, W, E, and N and tilts of 30°, 60° and
90° for each of global, sky diffuse, and
direct solar radiation were produced for each

location.

Descriptions:
The models described are:

(i}The MAC 3 model used to compute global,
direct and diffuse solar radiation on a

horizontal surface.

(ii)The anisotropic model used to compute

global, direct, sky diffuse and re-
flected solar radiation on sloping sur
faces,

{i}MaC 3

Direct beam, diffuse and global irra-—
diances under cloudless skies are calculated

by:

{a) Direct beam
The direct beam irradiance is giver by:
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I, = I{8} cos e[To(Uomr)TR(mr)—aw(mer)]-

Ta (mr)
in which @ is the solar zenith angle and
Tol TR
after absorption by ozone, Rayleigh scatter-

and T, are transmissivities
ing and extinctien by aerosol and a, is the
absorptivity of water vapour. Vertical path
lengths through ozone (UO) and water (Uw)
become the beam path lengths when multiplied

Ly the relative optical air mass.
(b} Diffuse

Diffuse irradiance is expressed as the

sum ©0f components from Rayleigh (Dr) and

aerosal (Dp) scatter. Assuming that scat-
tering is isotropic in both forward and back-
ward hemispheres and that water wvapour at-
tenuates only the direct beam the components

are expressed as:

Dy = I(0)eosd T_(U_m ) [1—TR(mr)}Ta(mr)/2

D, = I(0}cose [TO(Uomr)TR(mrJ—aw(mer)]-

[l—Ta(mr)] w B

In equation for Dp, it was assumed that the
scattered radiation is not only isotropic
over the upward and downward hemispheres but
that it was egual in both. Hence, half of the
total scattered radiation is directed down-
ward. The transmissivity after extinction by
aerosol T4 is evaluated for mf = 1.66

since the incident irradiance is diffused
prior to attenuation by aerosol. The single
scattering albedo W, allocates to scatter-
ing the fraction of the radiation that is
attenvated by aerosol and B, is the frac-
tion of the total scattered radiation that is
directed dJdownward. The sum of Drp and Dy

represents the primary diffuse component.

Cloudy Sky Irradiances

Hourly meteorological observations in
Canada provide information on cloud amount

and type for up to four layers in the atmos-

rhere. Cloud amount in each layer is assumed

to be distributed uniformly over the sky. The

transmissivity for the ith layer T,; con-




r—

taining cloud amount C; with a transmissi-

vity ty is

ch_= P Ci + tici

where 1 - Cj

cloudless portion of the sky through which

is the transmissivity of the

direct beam and diffuse radiation passes
without attenuaticn by the layexr and t;C;
is the transmissivity of the clouded portion.
Total cloud transmissivities for all layers
is the product of the Jlayer transmissivi-

ties:

Secondary diffuse effects or multiple scat-
tering between the ground and cloud base are
incorporated as a function of surface albedo
xg and the albedo of the atmosphere for
surface reflected radiation ap- The ay
term is the sum of components due to Rayleigh
scatter ap(R), scatter by aerosol aptal,
and reflection from cloud bases gp{C). To
arrive at an expression for gy it is
assumed that gp{(R} applies only to the
cloudless portion of the sky: that ap(A)
applies to the atmosphere below cloud base
and that «p(C) can be expressed as the
product of an average cloud albedo ;c and
total cloud amount Cp. Then

oy = o (R) (1-Cq) + ap (A) + ECCT,

b b

where ay, = 0.0685 and
o, (A) = (1-r_ (m!)]w [1-B, (m})]

General equations for irradiances under all

cloud conditions can be written as

I =1, (1-CO)

4
K¢ = (I #D +D,) T [ (1-C)+¢,C, ]/ (1~ a,)

ORAil

and
D=Ké -1

where €0, is total cloud opacity, I is the
direct component, K¢ is the global irradiance

and D is the diffuse component.

Parameterizations

{1) Absorption by ozone

A constant value of 3.5 mm for ozone
amount. has been assumed in this study. Data
from McClatchey et al (1971} suggest that
this wvalue is close to the average for mid-
latitude and subarctic regimes in all sea-
sons. The wvalue used is not of critical im-
portance since attenuation of the solar beam
by ozone is small (3%). Following Lacis and
Hansen (1974), the transmissivity after ab-
sorption by ozone is expressed by

T, (xl } = l-a (Xl)

0.1082){1 0.00658X1
a (X} +

(l+13.86x1)0'805

1+(10.36xl)3

0. 002118){1

1+0. 0042}{1-1-0 . 00000323){12

where Xj = Uo m.

(2) Absorption by water vapour

Again, following Lacis and Hansen
(1974), the absorptivity by water vapour is

given by

= 0.635
a,(X,) = 0.29%,/{ (1+14.15%,) +0.5925X%,]
where X, = U,m_  and U, is calculated

from Paltridge and Platt (1976)

T
(By0-75 ([0,0.5

P
o

- u
Uy = Uy

where T is the surface temperature (OK) and
To = 273°K and I is the station pressure and
P, ks the standard pressure (101.3 Kpa).

Uw = exp (2.2572 + 0.05454 Td)
where Ty is the station dew point tempera-

o . s -
ture in C. This provides values of precipi-
table water in millimeters.




(3)

Transmissivity after Rayleigh scatter

(1968} to cal-
culate spectral values of the Rayleigh scat-

A procedure by Elterman

ter optical depth has been revised@ by Dr.
J.A.
factor as recommended by Hoyt (1977) and the

Davies using an updated depolarization

m, 0.5 1
Tr(mr) 0.9385 0.8973
m 2.0 2.5
r
Tr(mr) 0.8344 0.8094
m 5.0 5.5
r
T, (m.) 0.7177 0.7037
{4) Transmissivity after extinction by
aerosol
For the MAC 3 model
Tylm.) = 1.0
<] o] 25.8
m 1.00 1.11
Ba(mr) 0.92 0.91
] 60.0 66.4
M 2.0G 2.50
Ba{mr) 0.78 0.71
(6) Cloud transmissivities
As with all of the cloud layer models
the empirical data of Haurwitz (1948) for
Blue Hill are used to define cloud +type
transmissivities t; using
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extraterresirial solar spectrum data of
Thekaekara and Drummond (1971). Spectrally
integrated values of Ty (m.) were calcul-

ated and can be interpolated readily from the
table given below.

1.4 1.6 1.8
0.8696 0.8572 0.8455
3.5 4.0 4.5
0.7673 0.7493 0.7328
10.0 30.0

0.6108 0.4364

(5}

Aerosol parameters W, _and Ba

The single scattering albedo approaches
unity for an aerosol which mainly scatters.
In urban areas, where aerosols may be signi-
In

The ratio of forward

ficant absorbers, values may be smaller.
0.98.

By (my}

this model W,=
te total
as a function of air mass from data given by
{(1962). Robinson's
listed in the table below.

scatter is interpolated

Robinson values are

36.9 45.6 53.1
1.25 1.43 1.66
0.89 0.86 0.83
72.5 78.5 90.0
3.33 5.02 B
0.67 0.60 0.60
t; = A exp (—Bimr)
Values of A; and Bi for the cloud types

recorded at Canadian meteoroclogical stations
are listed in the table below.

T




[j AES cloud Sym-

I

.

-

type code bol Type A, B,

i i
0 None
1 AC Altocumulus 0.556 0.053
2 ACC Altocumulus
Castellanus 0.556 0.053
3 AS Altostratus 0.413 0.004
4 cc Cirreocumulus 0.923 0.089
S cs Cirrcostratus 0.923 0.089
6 CI Cirrus 0.871 0.020
7 CB Cumualonimbus 0.119 -0.226
8 cu Cumulus 0.368 0.045
9 CF  Cumulus Fractus 0.368 0.045
10 SF Stratus Fractus 0.252 0.100
11 TCU Towering Cumulus0.368 0.045
12 Ne Nimbostratus 0.119 -0.226
13 sC Stratocumuilus 0.368 0.045
14 5T Stratus 0.252 0.100
15 F Fog 0.163 -0.031
16 Obstructicn
other than fog 0.163 -0.031
{(7) Surface alpedo

A temperature-based algerithm has been
used to calculate surface albedo in the
model. The equaticns for surface albedo ag.

is given as

1
1]

as(L) when T < T(L)

[T—T(L)][uS(H) - aS(L)]
€. = +a (L)
T(H) - T{L) s

when T(L}<T<T{H)

a, =«_ (H) when T > T(H)

5 5
where ag = derived surface albedo
aglL) = surface albedo at T = T(L)
a = 0.2,
agl{H) = surface albedo at T = T{H)
os= 0.6 o
T = station temperature { C}
T{L) = station temperature {(°c) be-

low which surface albedo is
constant (varies with sta-
tion)

T{H) = station temperature (OC)
above which surface albedo is
constant (varies with sta-

tion)

{ii) Anlsotropic Model

The calculation of the shortwave radia-
£ion inecident on an inclined surface, given
the intensities of the direct and diffuse
sHortwave radiation on a horizontal surface,
is essentially a problem in trigonometry. The
shortwave radiation incident on an inclined
surface (KS+) is the sum of the intensities
integrated over +the full range of local
zenith and azimuth angles of the slope in
gquestion. Since the radiance distribution for
the sky hemisphere is unknown, such a mathe-
matical integration is impossible and, in the
case of the diffuse terms, requires som simp-

lifying assumptions.

Calculation of the Direct Shortwave

Radiation (8 _+)

The formula for calculating the direct
shortwave radiatioen om an inclined surface is
not based oh any assumptions and thus, for

any instant, is exact. The required equations

are:
Sh* cos i
Ss+ = =
Coso
where

cos i = cos 5 cos O + sin s sin O cos (a-b)

sin ¢ cos @ ~ sin &

cos a =
cos ¢ sin @

and
cos O = sin 4 sin & + cos ¢ cos & cos H

where i is the incidence angle of direct bheam
irradiance on sloping surface, s is the slope
angle, © is the solar zenith angle, a is the
solar azimuth angle from scuth, b is the
sloping surface azimuth angle from south, ¢
is the station latitude, & is the solar dec-
lination and H is the solar hour angle. It
should be noted that in these equations both
the slope and solar azimuths (aspects) are
measured from south, with negative azimuths
being toward the east and positive toward the

west.




Calculation of the Reflected Shortwave

Radiation_gsi

This term was calculated by invoking
the assumptions that adjacent surfaces. are
horizontal and that they are Lambertian re-
flectors. This allows the use of the follow-

ing eguation.
Rgt = 0.5 Kp¥ ag (1.0 — cos s)

Calculation of the Diffuse Shortwave

Radiation Dy

The greatest difficulty in determining
the amount of radiation incident on an in-
clined surface results from the complex dis-
tribution of diffuse shortwave radiation over
the sky hemisphere, particularly under partly
cloudy situations (McArthur and Hay, 1978).
The problem has frequently been simplified by
invoking an assumed distribution for the dif-

fuse radiance.

Observational (eq.
1978) and

McArthur and Hay,

numerical studies {eg. Tanaka,
1971) have shown that the degree of anisotro-
py in the diffuse radiance varies over time.
The prime contrel is the cloud amount, dis-
tribution and other physical characteristics.
The degree of anisotropy can vary from
strongly directional {in the case of a clear
atmosphere and small solar zenith angle) to
isotropy under a thick and complete cloud co-
ver. (Hay (19278) has argued that hourly inte-
grated wvalues of the atmospheri¢ transmissi-
vity for direct shortwave radiation provide a
convenient index {(the "anisotropy index"} for
this wvariability from strong directionality
to isotropy for the diffuse radiance. The
anisotropy index for a

specific slcope is

given by:

K, = [I(n) cos i] /1(0)

Since, for a horizontal surface, cos 1 =
cos’ ©, the anisotropy index for a horizontal

surface is given by:
K = [1(0) cos 8] /I(0)

Thus, for any slope the diffuse radiation to

be treated as circumsolar DS+' is
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DS+'= [I(n) cos i Dh+] / [110) cos 8]
= KS Dh+ / cos ©
and the isotropically distributed component
Ds+* is
DS¢*= Dh+ (1.0 -~ K / cos B8)

With the anisotropic slope radiation model of
Hay (1278) the diffuse radiation on the slope
is given by:

D_+ = D +[(I(n)ecos 1)/(I(0)cos ®) +
0.5(1.0-1_/I(0))(1.0 + cos s)]

where Dh+ is the diffuse irradiance on a

horizontal surface.

Data requirements:

{i) MAC 3 Model

Along with the wvalues listed in the
parameterization section meteorological in-
puts to the model are the cloud layer amounts
and types up to four layers, the total cloud

.opacity, the dew point temperature, the dry

bulb temperature and the station pressure.
All these values are required on an hourly

basis.
(ii) Anisotropic model

The inputs required for the anisotropic
model are the hourly components of the solar
irradiance on a horizontal surface which can

be either measured or derived.

Accuracy:

The MAC 3 model has been extensively
tested by comparing observed vs simulated va-
lues at a number of Canadian locations (Van-
couver, B.C.; Winnipeg, MAN.: Toronto, ONT.;
Montreal, QUE., Charlottetown, P-E-I.; Goose
Bay, NFLD.). The mean bias error between oh-
served vs predicted were in most cases within
¥ 1.0% with only one station having a value
greater than *1,0%(-3,3%).



The anisotropic model has been tested
by comparing observed wvs simulated values at
Toronto, ONT. and Vancouver, B.C. The mean
error depending on the slope and azimuth di-
rection are mostly less than 10% with many
less than 5%.

Further references:

1. Atmospheric Environment Service, 1980:

Define, Develop and Establish a Merged
Solar and Meteorological Computer Data
Base. Canadian Climate Centre Report NO.
80-8. Unpublished manuscript. Available
from Atmospheric Environment Service,

Downsview, Ontario, Cananda.

2. Davies, J.A., 1980: Models for estima-

ting incoming solar irradiance. Report
to the Atmospheric Environment Service.
DSS Contract No. 0SU79-00163.

3. Elterman, L., 1968: UV, wvisible and IR

attenuation for altitudes to 50 kmn,
1968. Air Force Cambridge Research Labo-
ratories, Environmental Research Paper
No. 285, 49 p.

4. Haurwitz, G., 1948: Insolation in rela-

tion to c¢loud type. J. Meteorel., 5,
110-~-113.

5. Hay, J.E., 1978: Measurement and model-

ling of shortwave radiation on inclined
surfaces. Preprint Volume, Third Con-
ference on Atmospheric Radiation, dJune,
Pavis, California: BAmerican Meteoro-—

logical Society, Boston, Mass., 150-153.

6. Hay, J.E. and J.A. Davies, 1979: Calcu-

lation of the solar radiation incident

on an inclined surface. In Proceedings,
First Canadian Solar Radiation Data
Workshop (J.E. Hay and T.X. Won, eds.)

7. Hoyt, DB.V., 1977: A redetermination of

the Rayleigh optical depth and its ap-
plication to selected solar radiation
problems. J. Appl. Meteorol., 16, 432-
436.

8. Laecis, A.A. and J.E. Hansen, 1974: A

parameterization for +the absorption of
solar radiation in the earth's atmos-
phere. J. Atmcs. Sci., 31, 118-133.
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Garing, R.W. Fenn and F.E. Voltz, 1971:

Optical properties of the atmosphere.
Air Force Cambridge Research Laborato-
ries, Environmental Research Papers No.
354, 85 p.

Paltridge, G.W. and C.M.R. Platt, 1976:

Ragiative processes in meteorology and
climatology. Developments in Atmospheric

Science, 5, Elsevier, New York, 318 p.

Tanaka, M. 1971: Radiation transfer in

turbid atmospheres. 1 Matrix analysis
for the problem of diffuse reflection
and transmission. Journal of the
Meteorclogical Society of Japan, 49(4),
296-311.

Thekaekara, M.P. and A.J. Drummond.,
197]: Standard vwvalues for the solar

constant and its spectral components.
MNature, 229, 6-9.




CHAPTER 3

MODEL VALIDATION METHODS

by

Thorne K. Won
Atmospheric Environment Service

Canada

32




3.1 Introduction

The preceding chapters have provided a
compilation of some of the models currently
available for the estimation of solar radiaw-
tion. Models are inherently imperfect estima-
tors and their output, when compared with
measured wvalues, are associated with error
terms, e;- Mathematically, the relationship
between a model generated wvalue and a coinci-

dent measured value may be represented by:

yi =@ + ﬁxi + ei

where Ys is the estimated value,
Xy is the measured value,
e, is the deviation from the best fit
line, not to be confused with £ the
deviation of the generated value from
the measured value, and

@ and P are constants defining the

best fit line (see Figure 3.1)

Figure 3.1: Best Fit Curve for Model Genera-
ted Values, Yir VS. Measured

Values, X

In a perfect estimator, ¢ = 0, § = 1 and e, =
0. As stated above however, models are imper-
fect and e; are independent random variables
normally distributed about a mean = 0 with a

variance = g2.

This error or deviation term may be regarcded

as the sum of two general components:

{1) Measurement errors. These errors may

occur 1in the measurement of data used as
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input to the models or they may occur in the
measurement of solar radiation used in model
development or hoth. Latimer (1972) deter-
mined, for example, that a root mean squared
error (RMSE) of 4% to 5% for both global and
diffuse radiation occurs in the Canadian
network. These values of error are typical
for standard radiation measuring networks.
Measurement errors also occur in meteorologi-
cal and other physical data used as input to
most models. These errors may be due to inacg-
curacies arising from the subjective nature
of cloud measurements, from the averaging of
parameters not normally measured such as
aerosol concentrations, or from instrument
and/or reporting errors in other parameters.
Because most metecrological parameters are
obtained instantaneously at discrete times
and solar radiation is normally an integrated
amount over a period of time, errors arise in
determining representative values of meteoro-
logical parameters over the period of inte-
gration. To further complicate the process,
radiation measurements are based on local
apparent time while meteorological observa-

tions are based on local standard time.

(2) Stochastic errors. These errors occur
because of the inherent irreproducibility of
natural phenomena. Even with no measurement
error, identical meteorological and physical
conditions, over a period of time, will yield
different values of solar radiation. These
differences are unpredictable'and are called
stochastic differences. They may also be
regarded as the influence of omitted wvari-
ables in the estimation, each with an indivi-
dually small effect.

Consequently, certain models may perforﬁ
petter under certain conditions over certain
geographic areas than others. While perfor-
mance or accuracy may be a major criterion in
the selection of the most suitable model for
a specific application, it is by no means the
only factor to be considered. Availability of
input data would surely be another major
factor. Others may include area of applica-
bility and computational complexity, as a
result of which the model could require any-.
thing from a large mainframe computer with an
extensive memory and rapid processing speed
to a small hand-held calculator. Although
these factors must all play a role in the
selection process, this chapter deals exclus-—

ively with the accuracy or performance factor




through the use of statistical comparisons.
While it is not the intention of this chaptex
to provide a theoretical treatment of statis-
ties, some basic background in statistical
techniques will be discussed to provide the
foundation for the various procedures used in
the wvalidation of models. The results of
statistical tests of som models are presented

as appendices.
3.2 Basic Concepts

The basic premise of model validation is
to determine how close the model output
values are to coincident measured values. In
order to determine the acceptance of a model,
however, a reference level must first be
established. This reference level mray be
arbitrarily determined, or it may be pre-
governed by cther factors such as end-use, or
it may be wvariable as in the case of model
comparisons where the model with the greatest
accuracy is accepted regardless, within rea-

son, of absolute accuracy.

once the technigque to establish a refe-
rence level has been determined, a validation
data set must be gathered from which the
output from the model or models is to hbe
compared. This data set or test sample must
be chosen carefully to aveid factors which
may result in misleading conclusions. For
example, if the model to be tested were to be
used for estimating radiation over all sea-
sons of the year, it may be misleading to
test using only data collected during the
summer months. Similarly, the use of data
which were initially used to develop the
model in guestion would surely result in
biased results and should be avoided unless
the intent of the model is only to reproduce
those data. Aside from these "contrecllable”
influences, there are also chance influences
which may bias results. If, for example, in a
small random sample, only data from clear
days were, by chance selected, the results
would clearly bias the performance of models
which performed well or poorly under those
Although

inference of population behaviour through

specific conditions. statistical

sampling will always introduce uncertainty,
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the uncertainty will decrease as the sample
size increases, assuming that the sampling is
randomly conducted. The validation data
sample mast, therefore, ceontain observations
which are randomly selected, independent and
drawn from the total population and the
sample must be sufficiently large to reduce
the probability of chance bias. In addition,
{or the comparison of two or more models, the
same validation data must be used in the
testing of each model to ensure computational
consistency. The succeeding sections will
describe a few statistical technigques common-

ly used in the validation of models.

3.3 Bias Errorxr

In the Introduction to this chapter, a
general relationship between a model genera-
ted wvalue and a measured wvalue was described
in terms of a best fit curve. This curve
provides an intuitive description of the
performance of the model. It is further exem-
plified if the unbiased estimator curve, that
is, ¢« = 0 and B = 1, were superimposed (see
Figure 3.2).

Figure 3.2: Best Fit Curve with Superimposed

Perfect Estimater Curve
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The closer the best fit curve lies to the
unbiased estimator curve the more unbiased
the model.
valvues of x greater than X the intersect
this model

to under-estimate values over the long

For example, in Figure 3.2, for

point on x of the twoe curves,
tends
term; for values of x less than X the model
overestimates. Although the deviation term e;
gives a measure of dispersion about the best
fit
the
The
3.2 is,
measurement errors and stochastic errors as

curve,
true deviation from the measured wvalue.
true deviation term €4 shown in Figure
in fact, an error term which includes
well as an error component resulting from the

inherent characteristics of the model. 1In

other words, if a model were to contain no

inherent systematic inaecuracies or bias,
ey =.€i' Generally,
Y, T X, =gy 3.2
frequency
£
€=0

(a) Unbiosed; MBE=0

it does not provide a measure of

An analysik, therefore, of the true error
texrm will provide an indication of the bias
of the model. (1981) and Page (1979)

both used a variant of this term to evaluate

Davies

models although Davies uses other statistics,
which will be discussed later, as well. In
poth '
period was used,.

cases a mean value over a specified
Davies refers to this stati-
stic as a Mean Bias Error (MBE) and defines

it

MBE =

_ (yi - xi)/N 3.3
i

Il =12
—

where N is the number of cbservations in the

verification data set, and y; and x; are
the ith calculated and measured wvalues of
radiation, respectively (Davies, 1981).
frequency
e=0
{b) Negative Bias; MBE <0
frequency

=]

e=0

(c} Positive Bias; MBE =0

Figure 3.3:

Deviation
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Graphs of Fregquency Distribution of
or Error & Illustrating Bias




Page (1972) defines the term as a percent-

age of the measured value, i.e.,

Calculated

ERROR = { Measured

- 1) X 100% 3.4

Both eguations 3.3 and 3.4 provide an
indication of the bias; positive wvalues indi-
cate over-estimation while negative values
show an under-estimation of the generated
value. Davies uses hourly and daily totals in
his assesments over indiwvidual years, all
years and seasonally, and Page compares
monthly mean daily totals then computes the

annrual mean.

Graphically, a biased and an unkiased
model may be depicted in terms of the true
deviation term ¢ distribution as shown in
Figures 3.3 (a), [(b) and {c).

3.4 Variance of Errors

While the degree of bias of a model is an
extremely useful statistic, it does not
necessarily provide any indication of its
accuracy or its predictability. For exanple,
suppose Figures 3.4 (a) and (b) illustrate
the error distributions of two unbiased
models.

frequancy

g=0
{a) Inefficient Estimator; large s°

frequency

g=0
(b} Efficient Estimator; small ¢

Fiqure 3.4: Graphs of Frequency Distribu-
tions of Deviation or Error ¢

Illustrating Efficiency

It is clear that the medel whose error dis-
tribution as shown in Figure 3.4 (b) would
provide a more accurate value over the long
term. & measure of this dispersion characte—

ristic is the variance defined hy:

N
g2 = 4 b (si - € )2 3.5
N-1 1i=1
- N
where = I &e,/N
. i
i=1

For an unbiased estimator.

E=0 3.6

Therefore, a biased model which exhibits
stronger variance characteristics, that is, a
lower variance, may be more desirable than an
unbiased model with a wide error dispersion.
A wide error dispersion characteristic may
give an indication of the unpredictability of

a model.

The wvariance of the error, as discussed,
is & measure of its variation about its mean.
By itself, it does not infer any indication
of the true accuracy of the model. Together
with the bias error, some measure of accuracy
is achieved. A widely used statistic, the
root mean squared error, provides the gauge
for determining the closeness of the model
generated wvalue to the coincident measured

value.

3.5 Root Mean Sguared Error

As discussed in previous sections, no one
statistic provides a complete picture of the
performance of a model. The bias error gives
the tendengy ©of a model, over the long term;
the error wvariance gives the dispexsion of
errors about its mean wvalue. The root mean
squared error (RMSE) provides a term by term
comparison of the actual deviation between

calculated value and measured value and 1is

defined:
N
RMSE = ( L e?_/N );5 3.7
i=1
or
¥,
Mean Squared Error = % si/N 3.8
i=1
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For an unbiased model, equations 3.5 and 3.8
are similar and converge as N + =, however,
most models exhibit some bias and the RMSE

will provide a truer picture of its deviation

from observed values. Because of the squared

term, positive and negative errors do not
cancel, but a few large terms will amplify
the final result. Mevertheless, this statis-
tic has been widely used in the validation of
models, (Davies, 1981; Won, 1977; Suckling
and Hay, 1976; etc.). In order to standardize
relative combarisons between different data
sets, it is often useful to displéy RMSE in

terms of a percentage of the measured value.
3.6 Ceorrelation

While the aforementioned statistics are
necessary in the total evaluation of models
they do not specifically provide an indica-
tion of the behavicur of the model-generated
values with respect to their respective ob-
served values. A measure of the degree of
linear relationship between the two wvariab-
les, that 1is, between calculated values and
measured values, is their correlation coeffi-

cient defined as:

N -— -—
r. o= I (TR 3.9
Xy Nl 3 s
X ¥
and since
N
1 — 2. %
s, ={ == I (z,~z}7)
Z N-1 i=1 i

equation 3.9 becomes

N
Tov = (iil (xi-x)(yi—y)/
N N
oyt (v, )k 3.10
i=1 i=1

An exact linear relationship, that is, x =
Y+ would yield a correlation coefficient of
1. Because of the axis translation resulting
from the movement of the origin to (;, ;),
the units of measurement do not play a role
in the correlation. To achieve a high value,
that is, near 1, a negative x value, with
respect to (;, ;) must be accompanied by a
corresponding negative y wvalue. Similarly,
positive x's are accompanied by positive

¥'s.

As in the other statisties, the correlation
coefficient by itself, although a useful and
informative statistic, will not provide a
complete picture of the accuracy of a model
but must be used in conjunction with other
statistics.

3.7 Analysis of Statistics

It is clear from the preceding discussions
that no one statistic can provide a complete
picture of the performance of a model, in
fact, use of only one statistic may be mis-—
leading in evaluating total model perfor-—
mance. For example, the mean bias error sta-
tistic of a model may reveal a very low value
indicating, perhaps, a promising method to
consider. Further investigation, however, may
reveal that in the computation of the MBE,
gross overestimates were offset by equally
gross under-—estimates. In all cases, the
eventual application of the model should be
considered in determining a wvalid data set
for verification. As most models exhibit some
degree of bias dependent on geographical,
sesonal and diurnal variations or, perhaps,
radiation intensity, these factors should
also be considered in data selection for
validation. If, for example, a model is to be
used for radiation estimation only during the
winter months, wvalidation data should be
chosen from those months. While the test
results may not be representative for other
seasons, they will be valid for the intended
use.

Generally, model wvalidations are carried out
with ne specific application in mind but to
test the acceptability and perhaps the versa-
tility of the methods. In such tests, the
factors mentioned in the preceding paragraph
must also be evaluated. A validation data set
must be suffiently large and span seasonal
variations and different geographical loca-
tions. For completeness, the validations
should alsc be carried out seascnally to
detect seasonal biases and, in the case of
hourly radiation, on an hour by hour basis to
verify diurnal tendencies. A time series
analysis of errors will provide the detail in
model evalutation which may be masked in the
statistical computations. Figures 3.5, 3.6
and 3.7 graphically illustrate some error
types pertaining to the performance of a
single model.
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Figure 3.5

Graph of Measured Daily Radiation with Model
Generated WValues Showing Ideal Error Shape
{(after MacLaren, et. al., 1979)
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Figure 3.6

Graph of Measured Daily Radiation With Model
Generated Values Showing Symmetrical Piurnal
Bias (After MacLaren, et al., 1979)
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It was stated in Section 3.2 that a refer-
ense level must be established before deter-—
mining the acceptability of a tested model.
It can be seen that this reference level is,
in fact, a number of criteria combined to
result in an overall assessment. These cri-
teria may be arbitrarily assigned, such as
'MBEI £<5% and a RMSE<20% or they may be
predetermined by the end-use; for example,
for the design of solar collector facilities
where perhaps the limits may be set to ]MBE‘
<5% and the extreme RMSE <40%

In the comparison of models, it is essen-
tial that the identical verification data set
is used for all models. Care should also be
taken to ensure that the data set is suffici-~
ently large so that there is no inherent bias
in the procedure. As it is with the wvalida-
tion of one model, end-use should be a factor
to be rconsidered when comparing the perfor-
mance of more than one. An end-use may be the
general versatility of meodels, in which case,
a series of wvalidation tests are necessary to
evaluate their performance properly. These
tests, similar to the single model evalua-
tions, may be used to detect seasonal, geo-
graphical or diurnal biases. It is also in-
formative to compute validation statistics
over variocus summation periods beginning with
the finest resolution for which the model(s)
were intended. For example, statistics for
hourly radiation models should be computed
for hourly data as well as for daily, weekly,
monthly and perhaps annual sums. MacLaren, et
al. {1279} found in an evaluation of Canadian
medels that typical RMS errors for hourly
global irradiance were of the order of 25%
and for daily global irradiance, typical
errors were 15%. In general, increasingly
smaller errors may be expected for increasing

summation periods.

It was mentioned earlier, in the compari-
son of models, that the same validation data
sets should be used. While this may not be
possible in many cases due to variations in
input parameters, data from the same loca-
tions and for the same period of record
should be chosen. With a sufficiently large
data set, and neglecting differences in data
reporting, that is, at any one location
relative reporting accuracies are constant
for all data, the comparison should be valid.
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Figure 3.7
Graph of Measured Daily Radiation with Model
Generated Values Showing Skewed Diurnal Bias

{After MacLaren, et al., 1979}
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Figure 3.9
Graph of Measured Daily Radiation with Gene-~
from Twe Models:

rated Values Symmetrical,

Cffsetting Bias (After MacLaren, et al.,
1979)
MBE (o) = MBE (A) = 0
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Figure 3.8
Graph of Measured Daily Radiation with Gene-
rate Values from Two Mcdels; Symmetrical,

Positive Bias 1979)

{After MacLaren, et al.,
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Figure 3.10

Graph of Measured Daily Radiation with Gene-
Skewed, Off-
et al., 1979}

rated Values from Two Models;

setting Bias (After MacLaren,

MBE (o) = MBE (A) = O
RMSE (o) = RMSE (A)
r {o) = r (&}




While the computation of mean statistics
may provide a clear indication of model per-
formance, there are cases when further detail
is reguired for a true assessment of model
use. As indicated for the evaluation of
single models, time series analyses of errors
may provide the detail necessary to determine
model wvalidity. Bnalogous to Figures 3.5, 3.6
and 3.7, Figures 3.8, 3.2 and 3.10 illustrate

graphically, errcor analyses of two models.

While it is clear both from the statisti-
cal and the graphical points of view that in
Figqure 3.8, model A gives a better perform-
ance, the statistics and the error analyses
as shown in Figeres 3.9 and 3.10 are not so0
straightforward. Although from a statistical
aspect, the two models in each case are iden-
tical, a marked difference appears when a

time series of their respective errors is
analysed. A similar analysis may be conducted
on a seasonal basis as well. Such analyses
may provide very useful infermation in evalu-

ation model end-use.
3.8 Conclusions

It has been ascertained that no single
statistic can provide a true indication of
I+ is, in

model performance Or AacCuracy.

fact, a compination of statistical evalua-
tions and a knowledge of end-use or applica-
tion which determine the acceptability of a
model. This end-use or application, which may
be a general indication of wversatility and
acceptability, determines, in part, a refe-
rence acceptance level by which models may be

evalutated.

In the estimation of solar radiation, as
it is in the estimation of all natural pheno-
mena, there are inaccuracies caused by meas-
urement errors as well as stochastic errors.
In addition, there may be an error component
resulting from the inherent characteristics
of the estimation method or the model. The
validation process, which evaluates these
inaccuracies, uses a measured data set which
is considered the "standard" or reference
values. Care must be exercised in the selec-
tion of wvalidation data sets to avoid acci-
dental or "chance" biases. Some cof the major
determinants of bias are due to geographical,
seasonal, diurnal and meteorolegical effects.
To reduce the probability of chance bias, the

validation data set should:
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i) be randomly selected;

ii) pe independent of the model{s) being

evaluated:

iii)span all seasons;:

iv) be selected from various geographical
regicns; and

v} be
spectrum of weather conditions.

sufficiently large to include a

To ensure computational consistency and

output comparability between models in an

inter-model comparison, validation data for
all models should be from the same data set.
In the computation of statistics in the
validation of models, one of the most widely
used parameters to indicate accuracy is the
root mean squared error (RMSE). It provides a
measure of the deviation of the model gener-
ated value from the measured value. While the
RMSE indicates degree of departure of model
produced values from observed, it does not
provide any indication of the tendency or
bias of the model; that is, whether the model
over-estimates or under-estimates, etc., over
the long term. The mean bias error (MBE) or
mean error will measure this tendency. A zero
MBE indicates as much negative deviation as
positive over a long term. Toghether with the
RMSE, the MBE provide a reasonably comprehen=-
sive evaluation of model performance. Other
statistics such as: correlation coefficient,
error variance, skew, etc., may alsc be com-—
puted to provide greater definition of per-

formance.

Te provide a clearer indication of the
versatility and applicability of a model, it
is advisable to, compute the wvalidation sta-
tistics on a monthly or at least a seascnal
basis as well as on an annual basis. Seasocnal
variations in performance <an then be readily
detected. An analysis of hour by hour statis-
tics, for Thourly radiation models, would
complete the evaluation providing an indi-

catien of diurnal tendencies.

Statistics can be a very useful tool or it
can be a hindrance in the validation of radi-
ation medels. If used in a knowledgeable and
objective manner it can provide a numerical
indication of the performance of a model. It
is important, therefore, to understand both
the strengths as well as the weaknesses of

any statistic used.
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WEATHER DATA SETS FOR VALIDATION OF
INSOLATION ALGORITHMS

Earlier work by wvarious researchers has
shown that algorithms Zfor the conversion of
measured global radiation on horizontal sur-
face or measured sunshine duration, to radi-
ation on inclined surfaces, gave reasonable
results only over longer periocds, 10 days or
more, whereas the conversion of daily or
hourly wvalues often contained rather Ilarge

deviations from measurements.

To énable workers in the IEA countries to
test algorithms for the calculation of solar
radiation on inclined surfaces using weather
data for a variety of climates it was decided
in the task 5 group to establish a computer
tape with a library of weather data sets.
These data sets should contain both measured
sglar irradiation on inclined surfaces and
such other weather data from which this radi-
ation would be computed by various algo-

rithms.

The background for this decision was that
many of the known insolation models {algo-
rithms) for radiation on inclined surfaces
had been developed and tested with data from
only one location, and sometimes for father

short periods of measurements.

The Thermal Insulation Laboratory, Tech-
nical University of Denmark therefore under-
took the work of compiling and distributing a
computer tape with hourly wvalues for a number

of locations.

A request to meteorological services in
the participating countries, and to other in-
volved researchers, asked for weather data
and for permission to distribute these data

for the above mentioned purpose.

Eurcpean data

Tapes with hourly data were received from
11 1locations in Europe. Two of these data
sets were tagged with stricter limitations
for the use and distribution than the others,
and were therefore omitted from the final

computer tape.

The remaining data sets for 9 locations
contain as a minimum hourly measured wvalues

of global radiation, diffuse radiation and
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either radiation on one or more inclined
surfaces, or direct normal radiation. Most of
the data sets include also sunshine duration,
daily or hourly, and a few of them other

weather parameters also. (Appendix F).

To facilitate the use of these data they
have all been brought to a common format and
common units. (Appendix G). The data are written
on a computer tape (name VIA 1}. Every
effort has been made to make it useable on as

many computer installations as possible.
Availability

The data will be made available for scien-

tific purposes. The tape is obtainable from

Thermal Insulation Laboratory

Technical University of Denmark

DD-2800 Lyngby, Denmark.
(Price: 500 Danish Crowns).

US data

For a large number of stations SOLMET
tapes are available, containing hourly global
radiation and collateral surface meteorologi=-

cal data for many years.

For a number of these stations (in 1978 =
27 stations) the global radiation has been
rehabilitated, corresponding to the present
state-of-the art.

The SOLMET-format contains fields for
direct normal radiation (field 102) and glo-
(field
105). However, these data are generally com-

bal radiation on a tilted surface

puted values, and therefore not suitable for
the purpose here.

Canadian data

Two Canadian stations have measured radi-
ation on incline@ surface for some years,
Vancouver (U.B.C., 77.01 - 78.12) and Toroato
{M.R.S., 76.12 - 78.03)}.

The data included are global, diffuse and
direct normal radiation, and global radiation
on vertical and 30° and 60° tilted south

facing surfaces.

For 50 stations tapes are made with com-
puted radiation data and measured meteoro-

logical data.
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APPENDIX A

{CHAPTER 1)

LIST OF SYMBOLS WITH SIMILAR DEFINITIQONS.

Bener Definition of Symbol Davies
] total cloud amount CA
Ho diffuse irradiance D
Hj, cloudless sky diffuse irradiance Dy
Ggy global irradiance G
Go daily total extraterrestrial irradiance G(0}
Gy global irradiance for clcoudless skies Gy
T hour angle H
sé solar constant (spectrally integrated direct beam irradiance I{0)
at the top of the atmosphere' normal to the Sun) corrected for
the instantaneous departure of the actual Sun-Earth distance
from the mean wvalue
8g extraterrestrial irradiance {0}
S5y cloudless sky direct beam irradiance Ip
e actual Sun-Earth distance rR*
da transmittance after extinction by aerocsols Ty.{a}
do transmittance after absorption by carbon dioxide and ozone T (o)
ag transmittance after scattering by dry air molecules T(R)
W transmittance after absorption by water vapour Tp{w)
m relative optical air mass my
b station pressure P
o hourly fraction of bright sunshine s
& solar declination 5
Z zenith angle ]
A wavelength X
m kPA spectral optical depth due to absorption and scattering tak

{extinction) by particulates
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Bener Definition of Symbol . Davies
m (ka}\_kw;\ spectral optical depth due to absorption by gases 1:(3}L
mle spectral optical_depth due to molecular {Rayleigh) scattering 1:R1
rnkwk spectral optical depth due to absorption by water vapour TW)\

a azimuth angle ¢

4 station latitude E
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APPENDIX B (CHAPTER 1)

SURVEY AND COMMENTS ON VARIQUS METHODS TO COMPUTE THE COMPONENTS

OF SOLAR IRRADIANCE ON HORIZONTAL AND INCLINED SURFACES

P. Bener

Swiss Meteorological Institute
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LIST OF SYMBOLS

£(x}

Solar azimuth, also arbitrary constant

also arbitrary

Barometric pressure,

constant

Cloudiness in tenths, also arbitrary
constant

Arbitrary constant

Arbitrary constant

Arbitrary constant

Arbitrary function

Arbitrary constant

Solar altitude

Angular altitude of a celestial point
Enumeration index

distribution

Relative sky radiance

with respect to zenith radiance

Total integral extinction coefficient
of the atmosphere relating to airmass

m=1

Integral absorption coefficient relat-
ing to the absorption by all atmos-

pheric gases
Integral ozone absorption coefficient

Particle scattering coefficient

Particle absorption coefficient

Particle extinction coefficient =
kps + kpa
Integral Rayleigh scattering coeffi-

cient

Integral absorption coefficient for

water vapour

Pseudoturbidity coefficient according

to Unsworth

ai

OA

oMl
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Total spectral extinction coeffi~

cient

Spectral absorption coefficient relat-—
ing to the absorption by all atmos-—

pheric gases

Spectral ozone absorption coefficient.
Similarly the symbol XA in the indices
of the other coefficients dJdesignates
coeffi-

the spectral value of the

cient.

Spectral ozone absorption coefficient
for an amount of x = 1.0 cm NTP of
ozone. Similarly the symboel 1 in the
indices of other coefficients desig-
normalized wvalues

nates ralating to

unit wvalues or otherwise stated wva-

lues of the relevant parameters

relative airmass according to Bempora
relating to the 1lightpath of direct
solar radiation. In many cases the
approximation m =« sec 2z is used for
of the =zenith

not too large values

angle z

Relative airmass relating to the
zenith angle I of an arbitrary celes-

tial point. Approximately m = sec .

Index of summation or enumeration
respectively.
Index, designating extraterrestrial

values of solar or global intensity.

Designates furthermore "Ozone" in ko.

Designates as an index in kp particle

scattering.

Total integral transmission factor of
the atmosphere for a relative airmas

m =1

Integral transmission factor relating
to the absorption by all atmospheric
gases. The indices applied for marking
the different kind of

transmission are the

atmoshpheric
same as those
used in connection with the coeffi-

cients k




At

Angle of inclination of a surface with
respect to the horizontal. As index, s
designates "scattering
Designates time or instantaneous

values respectively
Time interval
Precipitable water expressed in cm NTP

Teotal amcunt of ozone expressed in cm
NTP

Zenith angle of the sun
Albedo

"Background sky radiation", assumed as

iscotropically distributed

Correction factors according to Temps
& Coulson {50} considerxing the influ-—
ence of anistropy o<f sky and ground
reflected radiation {(i=1-3}. Valid for
unclouded sky. Symbols Ci serve also

as constants

Correction factors similar to C , but
generalized by Klucher (58) to include
also clouded sky conditions (i=1.2)

Diffuse radiation including sky radi-

ation and ground reflected radiation
Designates factors explained in text

Global radiation on a horizontal or
inclined surface. Indices 0,1 and 2
values,

relate to extraterrestrial

unclouded and <¢louded conditions
respectively. As an index, G refers to
global radiation

Global illumination in lx or lm m 2. A
symbol marked means that the radia-
tion quantity in guestion is taken in
its photometric significance and ex-

pressed in photometric units

Sky radiation on a horizontal or in-
clined surface. Does not include

ground reflected radiation.

49

=]

Indices 1 or 2 attached to H desighate
unclouded cor clcouded conditions repec-—
tively. As an index, H refers to sky
radiation.

Designates any of the intensities S,
H, G, 7, radiance J or relative radi-

ance j.

The intensities etc. represented by I
taken in their photometric signifi-
cance and expressed in photometric
units.

Sky radiance (in Wm 2ster T

)

sky luminance (in cd m 2

)

Luminous efficiency in lmW_l relating
to any of the radiometric guantities
8, H, J ete. represented by I.

Equals KZ/KJ. explained in text, sec-
tion B.2.

Refers as an index to measured values,

e.g. H
9. Fom

Ratio between direct sclar irradiance

or irradiation on inclined and hori-

zontal surfaces respectively.

Same for sky irradiance or irradia-
tion

Same for global irradiance or irra-

diation

Ratio between irradiance by ground
reflected radiation on an inclined
surface and global irradiance on a

horizontal surface

Characteristiec ratic of two radiation
quantities or components such as e.g.
G2/GO or Gl/sO

Intensity of ground reflected radia-

tion

Direct solar intensity. The indices 0,
1l and 2 refer to extraterrestrial
solar radiation, unclouded and clouded

conditions respectively




AS!

V{r)

W{n)

Spectral intensity of extraterrest-

rial solar intensity

Designates 5, corrected for the vari-

able sun-earth distance

Intensity of direct solar radiation
for cloudless conditions reduced by
Rayleigh scattering and absorption by

atmospheric gases

Amount of solar intensity attenuated
by the different components of atmos-—
pheric absorption and corrected for
variable sun—earth distance

Solar intensity reduced by absorption,
but not by Rayleigh and aerosol
scattering

Turbidity factor according t¢ Linke

Empirical factor in eguation (71)

Normalized wvisual sensitivity fune-
tion

Empirical parameter in eguation {23)
represented in dependence ‘of the num-

ber n of the day by eguation (24)

Intensity of circumsclar radiation
{see text, section 9)

Wavelength exponent according to

Angstrdm/Schiiepp

Turbidity factor according to Angstrém
/Schilepp

Azimuth angle of the inclined surface
considered, counted westwards from the
southern meridian

Declination of the sun

Zenith angle of a celestial point

Wavelength

Factor taking account of the variable

sun—earth distance
Relative sunshine duration

Hour angle, counted westwards from the
southern meridian

Sunset hour angle for a horizontal
plane