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PREFACE

Recognizing a need for a coordinated approach
to resolve energy problems, certain members of the
Organization for Economic Cooperation and Dev-
elopment (OECD) met in September 1974 and agreed
to develop an International Energy Program. The
International Energy Agency (IEA) was established
within the OECD to administer, monitor and ex-
ecute this International Energy Program.

In July 1975, Solar Heating and Cooling was
selected as one of the sixteen technology fields
for multilateral cooperation. Five project areas,
called tasks, were identified for cooperative
activities within the IEA Program to Develop and
Test Solar Heating and Cooling Systems. Recog-
nizing the importance of resource information,
two of the five tasks within the program were de-
signated as meteorological support tasks for solar
heating and cooling research and applications. The
five tasks and the respective operating agents (lead
country responsible for the task) are:

I.  Investigation of the Performance of Solar Heat-
ing and Cooling Systems — Denmark.

II.  Coordination of R & D on Solar Heating and
Cooling Components — Japan.

II. Performance Testing of Solar Collectors —
Germany.

IV. Development of an Insolation Handbook and
Instrument Package — United States.

V. Use of Existing Meteorological Information
for Solar Energy Application — Sweden.

This report is one of two products of Task IV.

The objective of Task IV was to obtain improved
basic resource information for the design and opera-
tion of solar heating and cooling systems through a
better understanding of the required insolation
(solar radiation) and related weather data, and
through improved techniques for measurement and
evaluation of such data.

At the February 1976 initial experts meeting
in Norrkoping, Sweden, the participants developed
the objective statement into two subtasks:

1. An Insolation Handbook
2. A Portable Meteorological Instrument Package.

This handbook is the product of the first subtask.
The objective of this handbook is to provide a basis
for a dialogue between solar scientists and meteoro-
logists. Introducing the solar scientist to solar radia-
tion and related meteorological data enables him
to better express his scientific and engineering needs
to the meteorologist; and introducing the meteoro-
logist to the special solar radiation and meteorolog-
ical data applications of the solar scientist enables
him to better meet the needs of the solar energy
community.

To achieve the objective, papers have been con-
tributed by members of the task and by invited
guest solar scientists and meteorologists. These
contributions have received peer review within
the solar energy engineering and meteorological
professions. Every effort has been made to serve
not only the solar heating and cooling reasearch
and applications data requirements but also the
general solar energy community’s meteorological
data needs.

M. R. Riches, Chairman
Task IV



ACKNOWLEDGEMENTS

Many individuals within the IEA and outside
the IEA have contributed significantly to this Hand-
book. It is impossible to name them all. Therefore,
on behalf of Task IV participants, | express sincere
appreciation for your efforts and thank you for
your contributions.

I would like to recognize E. A. Carter and his
staff at the Kenneth E. Johnson Environmental
and Energy Center of The University of Alabama
in Huntsville for coordinating the final drafts and
the reviews. Without their efforts no handbook
could have been produced.

ii

I would also like to acknowledge T. K. Won and
E. J. Truhlar of the Canadian Atmospheric Environ-
ment Service for arranging and managing the final
editing. This effort has turned a collection of excel-
lent papers into a useful handbook.

1 extend a special thank you to the authors and
the Task participants. I know that much of your
effort was an additional burden placed on top of
an already demanding work load.

M. R. Riches



Contributing Organization and Experts

Participants

The Government of Belgium

The National Research Council of Canada

The Commission of the European Communities
The Kemforschungsanlage, Julich, Germany

The Consiglio Nazionale delle Ricerche, Italy

The Stichting Energionderzoek Centrum, Nederland

The Ministerio de Industria (Centro de Estudios
de la Energia), Spain

The Office Federal de ’Economie Energetique,
Switzerland

The United States Department of Energy

National Contact Persons

Belgium
Dr. D. Crommelynck
Institute Royal Meteorologique
Avenue Circulaire 3
1180 Bruxelles

Canada
Mr. T.K. Won
Climatological Service Division
Atmospheric Environment Service, DOE
4905 Dufferin Street
Toronto, Ontario M3H 5T4

European Commission
Dr. E. Aranovich
European Commission
Joint Research Center Euratom
Ispra, Italy

Germany (Federal Republic)
Dr. F. A. Peuser
Projektleitung Energieforschung
Kernforschungsanlage Julich GmbH
Postfach 1913
D-5170 Julich

Italy
Professor R. Visintin
Universitia degli Studi de Calabria
Dipartimento de Fisica
Cosenza

Netherlands
Dr. M. H. De Wit
University of Technology
Department of Architecture, Building
and Planning
P0.box 513
5600 MB Eindhoven

Spain
Mr. L. Nadal
Inst. Nacional de Technica Aerospacial
Torrejon de Ardoz
Madrid

Switzerland
Dr. P. Valko
Swiss Meteorological Institute
Krahbuhistrasse 58
CH-8044 Zurich

United Kingdom
Mr. B. R. May
U. K. Meteorological Office
Room T21
Met. O1 Eastern Road
Bracknell, Berkshire RG12 2UR

United States of America (Operating Agent)
Mr. M. R. Riches
U.S. Department of Energy
Office of Energy Research
ER-14
Mail Stop J309
Washington, DC 20545



Invited Guest Scientists

Dr. M. Bruck

Solar Energy Division

Austrian Solar and Space Agency
Garnisongosse 7

A-1180 Wien

Austria

Mr. R. Dogniaux

Institute Royal Meteorologique de Belgique
3 Avenue Circulaire

B-1108 Brussels

Belgium

Mr. J. R, Latimer

Atmospheric Environment Service
4905 Dufferin Street

Down.view, Ontario

Canada M3H ST4

Dr. H. Lund

Thermal Insulation Laboratory
Technical University of Denmark
Building 118

DK-2800 Lyngby

Denmark

Dr. C. Gandino

EEC Meteorological Observatory
1-21020-Ispra

Italy

Dr. K. Dehne

Meteorologisches Deutscher Wetterdienst
Observatorium - Hamburg

Frahmredder 95

D-2000 Hamburg 65

Germany

Dr.J. W. Gruter
KFA . IKP

PB 1913

D-517 Julich
Germany

iv

Dr. H. Karl

Institut for Theorie der Electroteknik
Breitscheidstrasse 3

D-7000 Stuttgart

Germany

Dr. F. Vivona

Instituto de Fisica dell’Atmosfera
Consiglio Nazionale Richerche
Progetto Energetica

Via Nizza 128

00198 Roma

Italy

Dr. T. Sunami

Solar Energy Division

Sunshine Project Promotion Headquarters MITI
1-3.1 Kasumigaseki

Chiyoda-ku, Tokyo

Japan

Dr. L. Dahlgren
Weine Josefsson
SMHI Box 923
S$-601 19 Norrkdping
Fack, Sweden

Dr. B. Leckner

Department of Energy Conversion
Chalmers University of Technology
S$-402 Goteborg

Sweden

Mr. A. J. Frantzen

Royal Netherlands Meteorological Inst.
Wilthelmina 10, DeBilt

The Netherlands



CONTENTS

Preface . ................ ettt et et et e e et e e i
Acknowledgements . . . ... ittt i i i it i e e i
Contributing Organizationand Experts . . . ... ... ... .. .. i, i
CHAPTER ONE ~ The Solar Energy Scientist and His Meteorological DataNeeds. . . . .. ........... 11
1.1 The Problemand Objective . . .. ... ... . i i i ittt enenans 11
1.2 T30 7 PPN 11
1.3 DataNeeds. . ... ..ottt ittt ittt e tnat et oaannoasnsoesonsen 1.2
14 Summary of User DataRequirements . . .. .......... ..ot inans, 1.5
1.5 PUIPOse . . . .. e i e e e e 16
1.6 Sun, Earth and AtmoOsphere. . . . .. ..ottt ittt ittt ettt 1.6
1.7 Typesof Radiation . ... ...ttt ittt ennnnoas 16
1.8 Relationship of Clouds and Available Solar Radiation. . ... ................. ... 16
1.9 Albedo or Reflectance . . ... .. . vttt it it e e e e e e 1-6
1.10 Unitsand Symbols. . . . ... .. i i i e i i e i e 1.7
1.11 Condensed Glossary. . . . ... .. ittt ittt teatiacaantanrareenase. 1T
1.12 33 10Y a4 o) ¢ 1.7
33 T3 (- V- 19
Biblography. . .. . . i i i ittt ettt et e 19
CHAPTERTWO — The SunandItsRadiation . ............. ... .. ... . it iiinnnrnnnn. 2-1
2.1 The Sunasa Star. . ... ... .0ttt ittt it tetner e, 2-1
2.2 Sun/Earth Relationships. . . . .. ... ittt ittt it ittt e 22
2.3 Solar Radiation (Direction-Time Effects). .. .. .. ........ v ininnn .. 2-5
References. . . .. i i i i e e it e e e e e 2-12
BibHOgIapPhY. . .. i e i e e et e e e 2-12
CHAPTER THREE - Solar Radiation and Atmospheric Interaction. .. .......... W et 31
3l Introduction and Definitions. . . .. ... ... ..ttt i e e 3.1
32 Character of Extraterrestrial Solar Radiation .. ........ ... it nennnns 32
33 Absorption by Atmospheric Constituents. . . .. ..........00 ittt 32
34 Scattering by AtmosphericConstituents . .. .......... .0ttt e 34
35 Resultant Solar RadiationattheGround . . . ............... ... errnnnn. 35
3.6 Surface Reflection. . .. ... .. .t i it et e e, 39
References. . . .. i i i i e e e e e e 3-14
BIbHOgIaphY. . .. e e i e e e 3-15



4.1 General DISCUSSION. . . .. v ittt it it it it e ettt e e e et e 41
42 Global Solar Radiation . . . .. ... .0 ittt ittt ittt i te ittt i te i aaannans 4.3
43 Direct Solar Radiation . . . ... ... .0ttt it iannnannnn 46
44 Diffuse Solar Radigtion . ... ......... 00ttt iiiinneennnans 4.7
45 Solar RadiationonaniInclined Surface . .. ........ ... ... ..ttt rinnnn 49
References. . . ... ... ittt ittt e e 4-16
CHAPTER FIVE - Spectral Irradiance Measurements of Natural Sources ... .................... 5-1
51 6418 {1 T T |V 5-1
52 Measurement Techniquesand Problems. . . .. ... ... 0ttt innnnnnnnn 52

53 Determination of the Specific Total and Spectral Irradiance of Spectrally
Sensitive Phenomena . .. ... ... ... . . ... . e e 57
54 Sample Data. .. ... e e e e e e e e 58
5.5 Application of Filter Radiometry to Spectral Measurements of Solar Radiation. . . ...... 59
5.6 CONCIUSIOD . .« . ottt i e e e et ettt 5-14
RefOIenCeS . . . it i ittt i i e e e et e S-14
BiblOgraphy. . . .. e e e et S-15
CHAPTER SIX - The Measurement of Infrared Radiation . .. ... ........... .00 iuurunnnnns 6-1
6.1 Introduction. . . .. .. . e e et e e 6-1
62 Infrared Radiometers. . . ... ... ...ttt it ittt et et 6-5
References. ; ............. .. e e et e 6-12
CHAPTER SEVEN - The Measurement of Circumsolar Radiation . . .. ........................ 7-1
7.1 Introductionand Background . .............. ... ... . ... e i, 7-1
7.2 Measurement Considerations . . . . .. ...ttt i e 7-2
73 Instrumental Techniques for Measuring Circumsolar Radiation. . .. ................ 7-3
References. . .. oottt e e e e e e 7-6
CHAPTER EIGHT — Some Empirical Properties of Solar Radiation and Related Parameters . .. ........ 8-1
8.1 Introduction. . . .. ... ... .. e e 8-1
8.2 Turbidity and Precipitable Water . . .. ......... ...ttt innrrnnennanns 8-1
83 Durationof Sunshine. .. ... ... ... ... .. . . i e 8-2
84 Short Period Fluctuations. . .. ... ... ..ttt ttenneennns 8.5
8.5 Angular Distribution of Diffuse Radiation . . ... ..... .. ...ttt renren.. 8-15
8.6 Combined Frequency Distributions. . ............ P 8-39
Acknowledgements . . .. ... ... ... e 841
References. . .. ..o 842

vi



CHAPTER NINE — Durationof Sunshine . . ... ... ... .. ...ttt rieneeenroonnns 9-1

9.1 S04 oY LV Uo7 4 1+ o U 9-1
9.2 SOIISOTS &« & o v it e et e e 9.1
9.3 Use of a Direct Beam Tracker and Compatible Data Acquisition System ............. 9.5
94 Correlation Between Sunshine Duration and Global Radiation. .. ................. 9.5
9.5 Maintenance of Sunshine Recorders . . .. .. ... ... ... .. . i it iiiiinennns 9.5
2 3 3 €= (1o 9.5
CHAPTER TEN — Meteorological Variables Related to Solar Energy ... ...................... 10-1
10.1 IntrodUCH ON. . .. . i e e e e e 10-1
102 Temperature. . .. .. ...ttt ettt et e 10-1
103 Humidity. . .. ..ot i i it i e et e e e e 10-3
104 WInd. . ... e e e e e e e 104
10.5 Other Parameters. . . .. .ttt it it i e e e e e 10.5
106 Concluding Remarks . . ... ... .. i i i e e e 10-11
R OreNCES . . o . ittt it et e e e e e e e e 10-11
BiblOgraphy. . .. . e e e 10-12
APPENDIX I -- Manufacturers and Distributors of Solar Radiation Measuring Instruments . . . ....... A1
Introduction. . . ... ... . . e Al-l
Manufacturers and Distributors of Solar Radiation Measuring Instruments . . . ... ... .. Al2
Instructions for Instrument Description and Performance Form . . ................ Als
Instrument Description and Performance Form. .. . ......................... A8
APPENDIX II — An Approximate Method for Quality Control of Solar Radiation Instruments - . . . . . AL
Forward . ... .. e, AL

An Approximate Solar Radiation Quality Control Procedure — A Workbook . . .. .... .All-2
Introduction. . . ... ... ... e AdlL2

General Description. .. ...... .. ... . ... ... ... ... .. AL2

Calculation of Zenith Angleof theSun . . .. ......................... AdL-3

Altitude Correction . . . . ... .. ... ...ttt e ACdL3

Earth-Sun Distance Correction. . . . .. ......... ...\, Adl4

Precipitable Water . . .. ....... .. ... ... . ... ... Alll4

Turbidity. . . ... e, AJdl4

Ground Reflectivity. . . . ... ... ... . . . . . A-ll4

Conversionof Units. .. ....... ... .. .. ... . AlLS

Worksheet for Solar Radiation Calibration or Check. . . ... ................... AdLS

I. Geography and Time Information . . .. ........................... ALS

II. Time of True Solar Noon and Zenith Angle ... .. ................... ALS

III.Ground Reflectivity . ... ....... ... ..., A6

IV. Precipitable Water . .. ... ... ... . ... .. .. AJdI-6

VoTurbidity. . .o, All6

VI. Calculation of Global Solar Radiation .. ......................... All6

VILI. Calculation of Direct or Normal Incidence Solar Radiation . . ........... AddLT7

vii



Standard Value of Direct and Global Radiation

............................ Al-21
1.Direct Solar Radiation . ..............ciiiirin s Al-21
2.Global Solar Radiation . .. ............ ... A-Il-22
3 SUMMArY . . ot e e e e e e e A-I1-22

Computation of the Solar Zenith Angle . . . . ............................. A-l-23
1.General SOIUtION . . . .. ..ottt it e e A-1-23
2.True Solar Noon Observations . . .. .........utiiiiennnenennnnnn AJl-24

Precipitable Water . . .. ... ... ... .. e AI-26

Turbidity . . ... e AJl-27

References. . . ... i e e e A-1-28

viii



CHAPTER 1

THE SOLAR ENERGY SCIENTIST AND

HIS METEOROLOGICAL DATA NEEDS

M. R. Riches
Office of Energy Research
United States Department of Energy
Washington, D. C. 20545
The United States of America

1.1 The Problem and Objective

Assessing the solar radiation resource for solar
energy applications is a multifaceted problem. The
basic questions that must be answered to solve this
problem are:

® Who are the end users and what meteorological
parameters must be measured for them?

® What must be the data quality to meet user
requirements (where quality includes accuracy,
precision, and frequency of measurements,
coupled with their geographic distribution and
format of presentation)?

@ What alternatives to measurement exist?

® What data are available and can these data
be developed into a quality data set?

These questions overlap, and must be considered
together. But the key to assessing solar energy pot-
ential is identification of the user community and—
above all—its needs.

The objective of this section is to identify the
user, define the meteorological parameters that
must be measured, and introduce the quality require-
ments of the user. Subsequent sections and chapters
of this Handbook will address (a) statistical analveis
of the data, (b) geographic distrioution, (c) format
presentation, (d) alternatives to measurement, and
(o) existing data sources.

1-1

1.2 The User

The solar radiation data user community can be
classified in many ways: e.g., solar electrical and solar
thermal systems, concentration ratio, or other applic-
ation specific schemes. An example of solar thermal
systems is provided in Figure 1.1, where solar thermal
applications are classified according to temperature
requirements for end use. The temperature require-
ments specify the concentration ratio: the latter is
used to specify the solar radiation sensor require-
ments.

The classification scheme selected here divides
the user community into two basic groups:

® The Researcher, and
® The Designer.

The Researcher is interested primarily in advanced
solar energy applications and works at obtaining a
better understanding of the physical and biological
relationships between the applications and solar
radiation. This includes the design of new systems
and the adoption of known technologies for new
applications in terms of use and geographic location.
It should be noted that many of the solar energy
researcher’s basic data needs will be similar to those
of other Earth scientists.

The Designers of solar energy systems are defined
as those who plan, design and operate solar energy
systems in settings other than a Research and Dev-
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Figure 1-1 Required temperatures for various solar thermal applications
(After Hoffman and Rapp, 1976)

elopment (R & D) mode. This group includes a wide
~range of engineers, chemists, biologists, as well as
system owners, bankers, insurance agents.

13 Data Needs

The basic meteorological data required for solar
energy applications are relatively few: air tempera-
ture, dew point (or relative humidity), wind velocity,
and appropriate solar radiation data. For research and
design activities, data requirements for solar energy
applications are summarized in Table 1-1a and Table
1-1b. Specific network suggestions for meteorological
measurements related to the users are discussed in
the Appendix to this chapter. The specifications for
a portable meteorological package proposed by IEA
Task IV are shown in Table 1-2 (see references).

The Researcher requires sample, short-term, de-
tailed data sets of the highest accuracy. These data
include spectral content of the diffuse, direct, and
reflected solar radiation as well as detailed, collateral
knowledge of the atmosphere including hazard infor-
mation. This information may then be used to pre-
dict a system component performance, to analyze

the actual performance, to investigate optimization
schemes, and to develop simplified models (both
atmospheric and system design). Additionally,
the research data base provides a limited data base
(geographically) for future unanticipated uses.

The Designer requires limited research data,
synoptic scale data sets, and data estimation and
extension techniques. The Designer generally uses
products of the Researcher, the national weather ser-
vices and private data sources. Here the specific data
include global, direct and non-horizontal solar radia-
tion data, the principal meteorological parameters,
and hazard information (hail, snow and wind loads,
lightning, etc.). The Designer then may use this in-
formation to optimize and evaluate systems, to per-
form market analyses, and to plan monitoring sites
for large scale applications. His principal concern is
that these data are of the quality required for speci-
fic applications. That particular quality ranges from
on-site and near-research quality for large applications
to validated solar radiation models and collateral
meteorological data for solar domestic heating, hot
water, and cooling applications.




Table 1-la

Solar Radiation Data Kequirements for Research

Research Activity

Data Required

Solar Heating and Cooling

of Buildings; and Agricultural

and Industrial Process Heat Systems
@ Active Systems (e.g., Flat

Plate and Evacuated Tubes)
and Passive Systems

e Active Concentrating Systems

Photovoltaic Applications

e Non-Concentrating Systems

e Concentrating

Solar Thermal Electric Systems

e Distributed Systems
(e.g., water pumping)

e Large Scale Power Systems

Biomass Production (e.g., plantations)

Several typical and extreme sample, short term
detailed data sets of high quality non-horizontal
(including vertical surfaces) and direct beam solar
radiation data, IR, UV, albedo and other spectral
data for heat loss, materials reliability and select-
ive surface studies; sample micrometeorological
studies to assess special design problems and uni-
que solar applications, sample data at short time
intervals (1 min) for special systems studies, de-
tail atmospheric data.

. l)
As above; sample circumsolar data for CPC( ,
Fresnel lens, etc., systems studies.

As for solar heating and cooling with more
stress on spectral information, including spectral
diffuse and direct.

As above, with more stress on direct beam data
including spectral circumsolar information.

As solar heating and cooling, with stress on direct
beam and circumsolar data.

As above.

Spectral quality of total radiation in sample
climate regions for systems modeling.

1
( )Compound Parabolic Collecior

1.3



Table 1-1b

Solar Radiation Data Requirements for Design Applications

Design Activity Data Required

Solar Heating and Cooling
of Buildings; and Agricultural
and Industrial Process Heat Systems

o Active and Passive Systems The same research data set; models to extend
global, direct and non-horizontal data; synoptic
scale global, direct, and non-horizontal measured
data; meteorological data such as temperature,
dew point, wind speed and direction, hail
frequency, lightning frequency, etc.; standard
year data sets; data atlas including monthly
means, frequency statistics, etc., including
solar and other meteorological variables; data
at hourly intervals.

e Active Concentrating Systems As above; circumsolar data included in model
data sets, atlas and standard year data summaries,
increased stress on direct beam.

e Site Specific Application (Active) For large scale or unique systems, special site
specific data and specially tailored data sets,
such as cloud frequency data, seasonal measured
data to test applicability of models (highly pro-
ject specific).

Photovoltaic Applications As solar heating and cooling, more stress on
spectral in data included in summaries; site
specific data at large scale power plants for
design refinement.

Solar Thermal Electric Systems Same as solar heating and cooling with in-
creased need for direct beam solar radiation
data; site specific data for large scale power
plants.

Biomass Production As for photovoltaic applications.

14



1.4 Summary of User Data Requirements

By dividing the solar energy community into these
two groups—Researcher and Designer—it can be seen
that meteorological data requirements for solar
energy are similar to the needs for most other geo-
scientists. Increased awareness of the requirements,
initiation or modification of research programs,

and some additions to the existing meteorological
networks will be necessary to respond to the re-
quirements. By increasing the dialogue between
meteorologist and solar engineers these changes
can be achieved and at the same time the solar
engineer can be provided with the skills required
for special site specific studies.

Table 1-2

Final Specifications for a Portable Meteorological Instrument Package

Time of
Item Accuracy(1) Precision() Integration
Direct (Normal Incidence) 15% or 2% 10 min gontin-
25 Wm~20) uousl*
Global (Direct plus diffuse) 15% or 2%
£25 W m=2()
Solar on Inclined Surface 15% or 2%
$25 Wm~20)
Incoming IR (Inclined) +10% or 2%
25 Wm~2()
Output of an Inclined —— —_
Solar Cell (Opt.)
Air Temperature +1.0°C(%) +0.5°c(s)
Wind Speed ﬂrﬂ-‘ or 05 ms?
5%
Wind Direction +10° +5°
Humidity (Opt.) ——— —

! Mean values when in absolute units related
to a standard

? Reproducability of the instrument

3 Whichever is the largest

4 Other integration times optional

$ Higher accuracy or precision optional

Notes: @ Recording method optional

® Record: Date, time, station identity,
electronic calibration reference

® Battery takeover for clock, no other
power specifications

® Final data output in SI units (from
computer processing or possible
unijt itself)

® Must have a “jack” for on-station
data readout equipment



PART 2

HANDBOOK USER GUIDELINES

1.5 Purpose

Part 2 of this introduction is to guide the reader to
related portions of the handbook. Because individual
topics have been addressed by different authors,
similar general topics may be described in more de-
tail in different chapters, but this may not be read-
ily apparent to the reader. Also some topics are
treated in detail for the atmospheric scientist which
may be beyond the needs of the engineer and user
of the information. This guide portion is intended
to help the engineer select the topics for specific
applications.

1.6 Sun, Earth and Atmosphere

Chapter 2 contains a comprehensive description
of the sun-earth relationship which is useful in under-
standing the variation between local time and solar
time and the radiation available for various collector
types (flat plate and concentrating) and collector
orientation. Applications of the principles may be
found in Chapter 3, Section 3.5 and Chapter 4,
Section 4.5. The atmospheric effects on the radia-
tion available are described in Chapter 3; specific
details of turbidity and precipitable water, in
Chapter 8. The methods of measuring the atmos-
pheric variables related to solar energy are des-
cribed in Chapter 10.

1.7 Types of Radiation

The types of solar radiation measurement methods
including all spectral ranges, are discussed in Chapter
4, ie., global (horizontal), direct (suntracking),
diffuse (sky radiation) and radiation available to
typical flat-plate collectors at various orientations
and locations. Spectral characteristics are defined
in Chapter 2 and discussed in detail, including
measurement techniques, in Chapter 5. Infrared

1-6

radiation (wavelength approximately 1 to 100 micro-
meters, um) is introduced in Figure 2-7. Chapter 6
describes loss of heat in infrared wavelengths to
night sky. Circumsolar diffuse radiation (the for-
ward scattering of the sunlight in the atmosphere
resulting in the bright glare within about a 5 deg
conical angle around the disc of the sun) and its
relation to solar concentrators, is described in
Chapter 7. Applications of solar radiation to col-
lecting solar energy are described by Patel (1979).

1.8 Relationship of Clouds and Available Solar
Radiation

Clouds and their accompanying weather are the
most significant atmospheric phenomena restricting
the availability of solar radiation at the surface of
the earth. There is certainly a relationship between
cloud observations and solar radiation measure-
ments, but due to variations in cloud types, amounts
and heights, a close relationship has been elusive.
Therefore, the duration of sunshine derived from
cloud observations provides only a rough estimate
of solar radiation (see Chapter 10, Section 10.5.1).
The measurement of the duration of sunshine is more
closely related to the solar energy available. Chapter 9
treats the instruments for measuring the duration of
sunshine; Chapter 8 addresses statistically the effect
of short period fluctuations of sunshine on the use-
able solar energy and Chapter 10 provides a mathe-
matical means of estimating solar radiation from
the ratio of sunshine received to that available.

1.9 Albedo or Reflectance

The albedo or reflectance of natural and man-
made surfaces is discussed in Chapter 3, Section
3.6. Appendix 11, Table 3, provides specific ground
reflectance values for various surfaces.



