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Preface

Thistext includesthematerialpresentedin aone-semestercoursefor studentsin the
�eld of solarandwind energy fundamentalsandapplications.

It is notmeantasa generalintroductionto atmosphericphysicsalthoughit cov-
ersbasicconceptsof at leasttwo fundamental�elds of physicswhich areessential
for atmosphericprocesses:radiationandhydrodynamics.

Moreover, thetext introducesthebasicmeteorologicalknowledgenecessaryfor
the understandingof the naturalconstraintsfor using solar and wind energy re-
sources.The materialshouldprovide the readerwith theelementaryphysicalfun-
damentalsof atmosphericprocesseswhich make solarandwind energy resources
availableat theearthsurface.

Basedon this,methodsarepresentedfor assessingthecorrespondingsolarand
windenergyresourcesondifferentspatialandtemporalscales.State-of-the-artmod-
elling techniquesfor the derivationof the variousquantitiesusedfor design,sim-
ulation andanalysisof solarandwind energy conversionsystemsareintroduced.
Chaptersdealingwith instrumentationand techniquesfor measurementsof solar
radiationandwind speedconcludethis introductionto basicenergy meteorology.

Oldenburg, October1999 Detlev Heinemann
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Part I

Solar Radiation





1. Intr oduction

Solar radiationis the primary naturalenergy sourceof the Earth. (Other natural
sourcesare:geothermalheat�ux from theearthinterior, naturalterrestrialradioac-
tivity, cosmicradiation.Thesearenegligible!)

Solarradiationmainly emanatesaselectromagneticradiationfrom thesurface
of thesun(photosphere).It is originatedby severalnuclearfusionprocessesin the
interior of thesun.

The solar irradianceincidenton a given planeon the earth's surfaceis deter-
minedby:

� sun-earthastronomy
(physical(radiative)propertiesof thesun(

�����

), sun-earthdistance)
��� extraterrestrialsolarradiant�ux

� solargeometry
(latitude,declination,solartime,azimuthandtilt angleof receiving surface)

��� positionof thesunwith respectto thereceiving surface
� extinctionprocessesin theatmosphere

(absorptionandscatteringby air molecules,watervapour, aerosols,clouds, � � �

(air mass,turbidity))
��� availableradiant�ux at thesurface(direct,diffuse)

Thesepointsaresubjectto thesubsequentchapters.





2. The Sunasa Radiation Source

All matteremitselectromagneticradiationat all wavelengthsdueto its atomicand
molecularagitationunlessit is atatemperatureof 0 K. Theintensityandthespectral
distributionof theradiationis solelydeterminedby thetemperatureandthematerial
propertiesof theemitting body (particularlyof its surface).Both aredescribedby
thefamousradiationlawsof Kirchhoff andPlanck.

A goodapproximationof intensityandspectraldistributionof theradiationof a
givenbodycanbemadeby assumingit to bea blackbodyor a blackbodyradiator.
A perfectblackbodyis an object that doesnot re�ect any radiationwhatever, but
absorbsall radiationincidentuponit. It emits the maximumamountof energy at
eachwavelengthandinto all directions.

2.1 Radiation Laws

Planck's law for thespectralradiancedescribestheenergy distribution of radiation
emittedby a blackbodyat temperature

�

into a unit solid angleasa function of
wavelength:

����� �����
	���
��

���

�

�������

�����

�

� �

Wm �

� sr� �"! m �#�"$

�

(2.1)

or in termsof frequency:

��%&� ���'�
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� sr�#� s$
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where ,

�

�

� -(.

�0/1�32

�

�4* WsK
�#�

is Boltzmann'sconstant,�

�65

�

5

	

5

/(��2

�

*87 Ws�

is Planck'sconstantand 


�

	

� 9(9�.

/:��2(;

ms
�#�

is thevacuumvelocityof light.
The hemisphericalspectralradiant�ux emerging from a unit surface(radiant

exitance)thenis (Fig. 2.1):

<=�>� �����@? �A�B� ���

�

Wm �

�

! m �#�
$ (2.3)

For eachtemperaturethe blackbodyemissionappoacheszero for very small and
very largewavelengths.Thecurve for a warmblackbodylies above thecurve for a
coolerblackbodyat eachwavelength.
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Approximately, thesun(morestrictly, its gaseoussurface)is a blackbodyemit-
ter. Theeffectivesurfacetemperatureis � 5780K.

Therelationshipbetweenthewavelengthof a blackbody's maximumemission
�

� and the correspondingabsolutetemperatureis given by Wien's displacement
law:

�

�

� 	

.(9

�

! mK
�

� (2.4)

2.2 Radiant Flux Emitted by the Sun

Integrationof Planck's function(Eq. 2.1) over theentirewavelengthdomainleads
to thefundamentalStefan-Boltzmannlaw, whichgivesthetotal radiant�ux density
emittedby ablackbodyat temperature

�

(emittedradiationperunit time andarea):

< �����

�

<=�B� � �	� � �@?
���

�

�A�>� ���	� � ��� �

7 (2.5)

where
� �

	

?

�

,
7�


���


��3�>*

�

�

�

5��

/(�32

�

;

Wm
�

� K
�

7 is theStefan-Boltzmanncon-
stant.
Inserting

�

= 5780K yieldstheradiantexitancefrom thesun'ssurface:

<������ �
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5��

/(�32

�
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/��
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2
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/(�32��
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Fig. 2.1.Spectraof emittedblackbodyradiationat � = 5780K (sunsurface)and � = 285K
(earthsurface).
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With �

����� ����?��

�

����� and
� ����� � 5

� 9
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/��32(;

m, thetotal radiant�ux emittedby the
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2.3 Solar Constant

From energy conservation principlesthe total radiant�ux throughthe surfaceof
thesun(

�

�����

) equalsthe �ux throughany sphericalsurfaceconcentricto thesun.
Especially, for aspherewith aradius �

�
	��

, themeandistancebetweensunandearth,
it is (Fig. 2.2): 1

��?��

�

� ���

<������ ����?
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�

�

	���


�

� (2.8)

The ratio �
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is calleddilution factor
andis anoftenusednumberin sun-earthastronomy.

Fromthis,thesolarradiant�ux passingthroughaunit areaat themeandistance
of theearthfrom thesunis:
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�+<�� ��� �

�

-

5��

Wm �

���

�

Wm �

�

� (2.9)



�

� is called the solar constant. This valuehaschangedin the pastasnew mea-
surementtechniques(e.g.satellites)have beenapplied.In the literaturea valueof
1353Wm

�

� is givenfrequently. This valueis outof date.
The solar constantis the solar radiant�ux received on a surfaceof unit area

perpendicularto the sun's direction at the averagesun-earthdistanceoutsidethe
earth'satmosphere.

2.4 Total Solar Radiant Flux Receivedby the Earth

Being ��� the crosssectionalareaof the earthdisk as seenby the sun and
�

� =
6371km themeanearthradius,it is:

�

�

�
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�
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(2.10)
�

� is themeantotal radiant�ux theearthreceivesfrom thesun.Fromthis, thetotal
solarenergy receivedby theearthperyearis:

�

�

�

�

�

�&� /:��2

� 7 J
�

�

�

�

-

/:�32

�

;

kWh � (2.11)

Comparingthis numberwith the annualworld primary energy consumptionin
19972,

��2

�

	

/:�32

�

* kWh, resultsin a factorof � 15000.
���

��� � is calledanastronomicunit: 1 A.U. ! 149.6million km.
"

BPStatisticalReview of World Energy, 1998(http://www.bp.com/bpstats)
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2.5 Extraterr estrial Radiation

The orbit of the eartharoundthe sun is slightly elliptical with the sunat oneof
thefoci andthereforecausesa changeof thesun-earthdistance

� 	 �

throughoutthe
year. This variationis expressedby the eccentricitycorrectionfactor

�

� (Spencer,
1971):

�

�

�

�

�
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� 	 ���
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2�2�2>�����=2
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where
� �

	

?����

�

�

�




-

5

�

is thedayanglein radiansand
�

is thenumberof the
dayin theyear(n = 1 on1 January).
In mostapplicationsthesimplerapproximation

�

�

�

��� 2

�

2

-�-
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�

-

5

2 /

�

-

5

�

� (2.14)

canbeused.
With this, theextraterrestrialradiationat normalincidenceis givenby:

���

� � �
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(2.15)

Fig. 2.3givestheannualvariationaccordingto Eq.2.15.

earth

surface

r sun

r ES

0.26o

sun

Fig. 2.2.Sun-Earthgeometry.
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Fig. 2.3. Annual variationof the extraterrestrialirradianceat normal incidencedue to the
varyingsun-earthdistance.





3. Solar Geometry

Modeling theperformanceof solarenergy conversionsystemsrequirestheknowl-
edgeof the irradianceon a surfaceof givenslopeandorientationin differenttime
scales(annual,monthly, daily or even hourly). To achieve this needsthe evalua-
tion of several geometricalfactors.If the in�uence of the atmosphereis setaside
for a moment,and second-ordereffects as re�ection from adjacentsurfacesand
obstructionby neighboringstructuresarenot considered,the irradianceis merely
determinedby

� thepositionof thesunin thesky and
� theslopeandorientationof thesurface.

For surfaces,which arenot orientedperpendicularto the directionof the sun,
theirradianceis givenby (Fig. 3.1):

�

�

�

�
�	��
��

�

(3.1)

where
�

�

is theirradianceona planenormalto thesun'sdirection.
Generally, theangleof incidence

�

hasto bedeterminedfor a calculationof the
irradianceof anarbitraryorientedsurface.Therefore,thegeometryof thesun-earth
systemaswell asthesurfaceorientationhasto beconsidered.

Trigonometricrelationshipsdescribingthe in�uence of the earth's revolution
aroundthesunandtheearth's rotationaroundits own axis( ��� diurnalchangesof
irradiance)

Annualvariationsof theirradiancearemainlycausedby thevaryingpositionof
thepolaraxiswith respectto thesun(in additionto thevaryingsun-earthdistance).

The earthrevolvesaroundthesunin a planecalledecliptic plane. The earth's
axis(polaraxis)is inclinedat23.45� (constantin time)with respectto thenormalto
theecliptic plane.Thesamethenholdsfor theanglebetweentheearth'sequatorial
planeandtheeclipticplane.

The varying solar in�uence canbe describedby the anglebetweenthe earth's
equatorialplaneandtheplaneof its revolution aroundthesun.This angleis called

q

Fig. 3.1.Angleof incidence.
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thesolardeclination � . Its maximumdaily changeis lessthan0.5� (occuringat the
equinoxes),so that for practicalpurposesa constantvaluefor a given day canbe
used:
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Thefollowing equationgivesthedeclination,in degrees,with anaccuracy of 0.05�

(Spencer, 1971):
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where
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�

is thedayanglein radians.

3.1 Solar Time

Daily variationsof solarradiationareusuallycalculatedon thebasisof solartime,
which is de�ned in thefollowing way:

A solar dayis thetime interval betweentwo consecutivecrossingsof thesun's
pathwith the local meridian.The lengthof this interval changesfrom day to day
(deviation � 30sec).Only its meanvalueequals24h.

Solarnoonthenis thetimeof thecrossingof thesun'spathwith thelocalmerid-
ian.

The variationof the solarday lengthis causedby (i) the elliptical pathof the
eartharoundthesun(Kepler'slaw: Earthsweepsequalareasin equaltimes)and(ii)
thetilt of theearth'saxiswith respectto theeclipticplane.Thisdifferencebetween
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Fig. 3.2.Annualvariationof thesolardeclination.
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the solar time and the local meantime in minutesis expressedby the empirical
equationof time




(Fig. 3.3):
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where�
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in degrees.
For a higheraccuracy thefollowing formulacanbeused(Spencer, 1971):




� �

2

�

2�2(2�2

�

� �=2

�

2(2 �

.

5

.

����


�

�

2

�

2

-

	

2

� �



���

�

�

2

�

2 �

�15

��� �	��


	

�

�

2

�

2

�

2

.

�

9



���

	

� �

/

�

�

.

2�/

�




? �

(3.5)

where
�

againis thedayangle.
Themaximumvalueof




is 16.5minutes(for day
�

= 303).
Solartime differs from standardtime (i.e. the time we areusedto work with,

determinedby the time zone)due to (i) variationsof the length of the solar day
and(ii) a differencebetweenthe local longitudeandthestandardlongitudeof the
appropriatetime zone(Fig. 3.4).

��� solartime= local time+



Note:local time �

�

standardtime !
The local time is a function of theactual(local) longitude

���

(i.e.: samelocal
time only on thesamemeridian),thestandardtime is a functionof timezonesonly
(correspondingto standardlongitudes

�
�

). Usually, thestandardmeridiansaremul-
tiplesof 15� E or W of Greenwich.Thestandardmeridianfor CentralEurope,for
example,is 15� E (TZ = -1 from Greenwich).
Thetruesolartime (TSTor LAT) is calculatedfrom local time(LST) using
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Fig. 3.3.Theequationof time.
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whereDST = 1 hourduringdaylightsaving timeand= 0 otherwise.

Example:Calculationof thelocal timeatsolarnoonfor Oldenburg,October15.
Thelocal longitudeis 8.2� East(= - 8.2� ), thestandardlongitudeis 15� East(CET).
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Thehour angle � is a quantitywhich describesthesolartime in trigonometric
relationships.It equalstheangulardisplacementof thesunfrom thelocal meridian
dueto therotationof theearth.Onehourcorrespondsto anangleof 15

�
(360

�
/24h).

Themorninghoursarenegativeandtheafternoonhoursarepositiveby convention.
At solarnoon � equals0

�
.

3.2 Position of the Sun

To calculatetheirradianceon any planethepositionof thesunwith respectto that
plane(precisely:to thenormalto thatplane)mustbeknown. Thesun's positionin
thesky hemispherecanbecompletelydescribedby two quantities(Fig. 3.5):

– solaraltitude � (elevationabovehorizon)
– solarazimuth

�

Thesun'saltitudeis givenby sphericaltrigonometry(with geographicallatitude � ):
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Thesolarazimuthis givenby:
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(3.8)

The quantitydescribingthe anglebetweenthe incomingsolarbeamradiation
andthenormalto thereceiving surfaceis theangleof incidence

�

(Fig. 3.5).
This angledependson

– geographicallocation(latitude)

Local Clock Time

Local Standard Time (LST)

Standard TimeSolar Time Local Time

True Solar Time (TST)

Local Solar Time

Local Apparent Time (LAT)

Local Mean Time (LMT)

Civil Time

Longitude CorrectionEquation Of Time

Fig. 3.4.Commonlyusedtermsof time andtheir relationship.
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– timeof year(declination),timeof day(hourangle)
– orientationof theplane(slope� , surfaceazimuth� ):
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For its calculation,two additionalangleshaveto beintroduced:Theslopeangle
� betweenthecollectorplaneandthehorizontalsurfacewhichvariesbetween0 � for
a horizontalplaneand90� for a verticalplane.Thesurfaceazimuthangle � asthe
deviationof thenormalof theplanefrom thelocalmeridian.� is countedclockwise
from N whereits valueis 0 � (thusfor S it is 180� ) on bothhemispheres.Notethat
in theliteratureoftenavalueof 180� for anorientationtowardstheequatoris used!
Thenit is:
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In caseof somespecialsituationssimpli�ed expressionscanbegiven:

� Horizontalsurfaces:�
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Fig. 3.5.Zenithangle �
	 , slope � , surfaceazimuthangle � andsolarazimuthangle 
 for a
tilted surface.
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For horizontalsurfaces
�

equalsthezenithangle
���

(seeFig.3.5).
The 9

2

� complementof the zenith angle is the solar elevation angle � (solar
altitude).

� Verticalsurfacesfacingtowardstheequator:�
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� Inclinedsurfacesfacingtowardstheequatorwith a tilt angleequalto theabsolute

valueof the latitude(northernhemisphere:�
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For solarnoon( �
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2

� ) it is:
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Example:Daylengthfor wintersolstice(21 December)in Oldenburg,Germany:
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hoursfor that particular
day.

3.3 Example: Extraterr estrial Radiation on a Horizontal Surface
� Instantaneousvalue:
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� For a time period( �

�

,�

�

) with correspondinghourangles�
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and �
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Eq.3.11and
integrationgives:
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where
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is againthenumberof thedayin theyearand �

� �

is in degrees.





4. Interaction of Solar Radiation with the Atmosphere

In thepreviouschaptersonly theextraterrestrialradiationhasbeenconsidered;i.e.,
theradiativetransferthroughtheatmospherewasnot in�uendedby theatmosphere.

��� deterministicradiationcalculation;only solargeometry
As solarradiationpassesthroughtheearth'satmosphere,someof it is absorbed

or scatteredby air molecules,watervapor, aerosols,andclouds.Thesolarradiation
that passesthroughdirectly to the earth's surfaceis called direct solar radiation.
The radiationthathasbeenscatteredout of thedirect beamis calleddiffusesolar
radiation.Thedirectcomponentof sunlightandthediffusecomponentof skylight
falling togetheronahorizontalsurfacemakeupglobalsolarradiation.

Determiningthe irradianceat the surfacerequiresknowledgeof the in�uence
of the atmosphere.Looking at the differentcomponentsin the atmospherewhich
could in�uence the radiationtransfer, mainly two groupshave to be considered:
Thegaseousmoleculesof dry air whichareuniformly mixedbothin thehorizontal
andin theverticalbelow heightsof 80km andthehighly variableamountsof water
vapour(H

�

O) andaerosolparticles.Watervapouris presentin a rangebetween0
and4 per centof the humid atmospherewith a vertical pro�le showing a strong
decreaseof concentrationwith height.

Finally, theliquid andsolid watercontainedin cloudshasto beconsideredasa
mainattenuatorof solarradiationin theatmosphere.

Table 4.1.Compositionof thedry atmosphereby volume(ppm= partspermillion).

Nitrogen 78.08%
Oxygen 20.95%
Argon 0.93%
CarbonDioxide 350ppm
Neon 18 ppm
Helium 5 ppm
Krypton 1 ppm
Hydrogen 0.5ppm
Ozone 0.05-12ppm(variable)

The main processesfor the extinction of solar radiationpassingthroughthe
atmosphereare:

– absorptionby ozone
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– absorptionby uniformly mixedgases(O
�

, CO
�

)
– absorptionby watervapour
– scatteringby moleculesof theair
– extinctionby aerosolparticles
– extinctionby clouds(highcirrusclouds,thick clouds)
absorption:

solarradiationis convertedto heatby atmosphericconstituents;this energy is lost!
stronglywavelengthdependent;occuringin severalcharacteristicwavelengthbands

scattering:
scatteringchangesdirectionandwavelengthof theradiation;noconversion!
solarradiationis scatteredpartly backto space!
scatteringis strongly wavelengthdependent:Rayleigh-scattering(

�

�

�

) due to
moleculesfollows an

�

�

7 -law, Mie-scattering(
�

�

�

) dueto aerosolsis approxi-
mately

�

�#���

�

-dependent.
Scatteringis a processwherebylight is actuallyabsorbedby a particleandthen

emittedin anotherdirection.Scatteringparticlescanbeair molecules,dustparticles,
waterdroplets,gasesor particulates,whichscatterincomingsunlight(or moonlight)
in all directions.Scatteringcanalsobeviewedasare�ection off of thescatterer.

Selective scattering(or Rayleighscattering)occurswhencertainparticlesare
more effective at scatteringa particularwavelengthof light. Air molecules,like
oxygenandnitrogenfor example,aresmall in sizeandthusmoreeffective at scat-
teringshorterwavelengthsof light (blueandviolet). Theselective scatteringby air
moleculesis responsiblefor producingtheblueskieswe oftenseeona clearsunny
day.

Anothertype of scattering(calledMie Scattering)is responsiblefor the white
appearanceof clouds.Mie scatteringoccurswhenthewavelengthsof visible light
aremoreor lessequallyscattered.

Rayleighscatteringmodelsthescatteringfor extremelysmallparticlessuchas
moleculesof the air. The amountof scatteredlight dependson the incident light
angle.It is largestwhenthe incidentlight is parallelor anti-parallelto theviewing
directionandsmallestwhentheincidentlight is perpendicularto theviewing direc-
tion.

Mie scatteringis usedfor relatively small particlessuchas minusculewater
dropletsof fog, cloud particles,andparticlesresponsiblefor the pollutedsky. In
this modelthe scatteringis extremelydirectionalin the forward directioni. e. the
amountof scatteredlight is largestwhen the incident light is anti-parallelto the
viewing direction (the light goesdirectly to the viewer). It is smallestwhen the
incidentlight is parallelto theviewing direction.

TheHenyey-Greensteinscatteringis basedonananalyticalfunctionandcanbe
usedto modela largevarietyof differentscatteringtypes.Thefunctionmodelsan
ellipsewith a given eccentricitye. An eccentricityvalueof zerode�nes isotropic
scatteringwhile positive valuesleadto scatteringin the directionof the light and
negativevaluesleadto scatteringin theoppositedirectionof thelight. Largervalues
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of e (or smallervaluesin thenegativecase)increasethedirectionalpropertyof the
scattering.

Theseextinctionprocessesdependon
– amountof interactingmoleculesandparticles(turbidity)
– pathlengthof theradiationthroughtheatmosphere.

��� conceptof relativeair mass
��� differentextinction for differentzenithanglesevenfor unchangingatmosphere

Table 4.2.Contribution of atmosphericconstituentsto total extinction ( � = weak, � = inter-
mediate,��� = strong).

absorption scattering

Ozone(O� ) �

�

O" , CO"

�

�

all molecules �

���

watervapour ���

�

aerosols � ���
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Fig. 4.1. Planckspectrumfor a black body at T=5780K (thick curve) andobserved solar
spectraat the top of the atmosphere(extraterrestrial,thin curve) and at the Earth surface
(grey area).
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4.1 RelativeAir Mass

For anassessmentof extinctionprocessesin theatmosphereit is necessaryto know
thetotal massor `opticalpath`of atmospherewhich thebeamtraverseson its way
to thesurface(or thelevel in question).

Therelativepathlengthof directsolarbeamradiancethroughtheatmosphereis
givenby theratiobetweentheverticalopticalpath � andtheactualopticalpath �

�

of thesolarbeam.It canbedescribedasa functionof thezenithangle
� �

only:

�

�

�

�

�

����
 � �

�


���� � � �

���

� (4.1)

Thequantity ��� is known astherelativeair mass. In solarenergy for ��� com-
monlyAM is used(Fig. 4.2).
Eq. (4.1) is strictly valid only for a planeparallelatmosphere.In a real, spherical
atmospherewith refractiontherelativeair massAM is limited to about36.5.

More accuratevaluesfor the relative air massat standardpressurecanbe ob-
tainedfrom (Kasten,1966):
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� �

� (4.2)

De�nition of relativeair massfor a horizontalhomogeneousatmosphere:
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�
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���

�

�

��


���

� (4.3)

By de�nition, the caseof extraterrestrialradiation(i.e., no air massat all) is
describedby AM 0.

Note:AM 1.5is commonlyusedasareferenceair massin datasheetsof photo-
voltaicmodules.

o70.5

o60

48.2 o

atmosphere
top of

earth surface

AM 3 AM 2 AM 1.5 AM 1

Fig. 4.2.Relative air massandcorrespondingzenithanglesin a planeparallelatmosphere.
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4.2 Spectral Irradiance

– shift of spectrum
– spectrafor clearsky
– absorptionof atmosphericcomponents

4.3 ClearnessIndex

Thestandardspectrain Chapter4.2applyfor cloudless(i.e. clear)skiesonly. Thus,
approximationsconcerningtheincomingradiationarepossiblewhengeometryand
atmosphericturbidity (amountof watervapour, aerosols)areknown.

But: Mostof thereductionin irradianceis dueto clouds!
��� aquantitydescribingthis overall reductionis theclearnessindex:

,

�

�

�

�

�

�

�

� � �

�

� (4.4)

normalizationof global irradianceby correspondingextraterrestrialradiation
value � � eleminatingseasonaltrend

,

�

relatestheglobalradiationto theextraterrestrialradiationandthereforegives
a dimensionlessnumbergiving the percentageof the reductionof extraterrestrial
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Fig. 4.3. Spectraldirect normal irradiancefor a clear atmosphere.different valuesof the
atmoshericair mass(from top: AM0, AM1, AM1.5, AM3). Spectraarecalculatedwith SB-
DART usingasubarcticsummeratmosphere(1.42gm�

� watervapour, 23 km visibility).
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radiationdueto absorptionandscatteringby air molecules,aerosols,watervapour
andclouds.

Convention:,

�

is commonlyusedin agenericsenseaswell asfor hourlyvalues.
For daily andmonthlyvalues

�

�

and �

�

�

areused,respectively.
Theclearnessindex eliminatesthe in�uence of thezenithangle

���

(daily andsea-
sonalvariation)andthereforecharacterizesthesolarradiationclimateataparticular
location.Severaladditionalquantitiesin solarmeteorologyaredescribedasa func-
tion of theclearnessindex.

Table 4.3.Monthly andannualmeanvaluesof
�

���

.

month latitude J F M A M J J A S O N D annual

Bergen 60.4� N .21 .30 .36 .42 .41 .43 .38 .40 .32 .30 .23 .20 .33
Oldenburg 53.1� N .25 .32 .37 .41 .42 .44 .41 .45 .40 .34 .28 .23 .36
Freiburg 48.0� N .36 .39 .42 .47 .47 .49 .51 .48 .50 .43 .35 .34 .43

Carpentras 44.1� N .44 .49 .52 .57 .57 .61 .67 .63 .57 .55 .47 .46 .55
Almeria 36.8� N .56 .56 .52 .59 .60 .62 .66 .64 .60 .58 .56 .58 .59
Pretoria 27.0� S .61 .55 .58 .61 .65 .69 .54 .68 .65 .59 .58 .57 .61
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Fig. 4.4.Spectralglobal irradianceon a horizontalsurfacefor a clearatmosphere.different
valuesof theatmoshericair mass(from top:AM0, AM1, AM1.5, AM3). Thecorresponding
total globalirradiancesare1367,1083,669and276Wm ��� , respectively. Spectraarecalcu-
latedwith SBDART usinga subarcticsummeratmosphere(1.42gm

�

� watervapour, 23 km
visibility).
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To eliminatealsothein�uence of theincreasingair masswith increasingzenith
anglefrequentlytheclearsky index ,��

�

is used:
In this case,a standardclear sky radiationhasto be consideredfor comparison.
For AM 1.5with givenconcentrationsof watervapourandozone,thesevaluesare
tabulatedin a spectrallyresolvedform.

Figure:Extraterrestrialradiation
� �

, globalradiation
�

, clearnessindex ,

�

and
clearsky index ,��

�

for sitexxx, dateyyy.

4.4 Clear Sky Irradiance

4.5 Cloudy Sky Irradiance

4.6 RadianceDistrib ution on the Sky Hemisphere

Go Gc

influence of cloudsinfluence of atmosphere

(water vapour, ozone, aerosol)

radiation
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radiation

global

radiation 

G

Fig. 4.5..





5. Radiation Climatology

If the radiant�ux which the Earth is receiving permanentlyfrom the sun is dis-
tributedover the whole earthsurface,the result is an radiant�ux densityof 342
Wm

�

� (onequarterof thesolarconstant)asaverageextraterrestrialradiation.
The long-term,globally averagedenergy balanceof theearth-atmospheresys-

temis shown in Fig. 5.2.To maintainthermalequilibrium(i.e.: constantlong term
averagetemperature),the incoming solar radiationmust be balancedon average
by an equalamountof radiantenergy leaving the atmosphereinto space.This is
achievedby there�ection of shortwavesolarradiationby thesurfaceandtheatmo-
sphereaswell asby longwave (infrared)absorptionandemissionof radiationby
thesurfaceandatmosphericconstituents.Thedominantroleof cloudsin shortwave
re�ection andlongwave emissionis very obvious.On average,only 52 percentof
the incomingradiationreachesthe surfaceandthusis availablefor conversionin
solarenergy devices.

Only 52 % of theextraterrestrialradiationreachestheearth's surface, i.e. 178
Wm

�

� , this givesthemeanglobalradiation.
Long term meansolarradiation:90 �

�

� 250Wm
�

� (extremelyin�uenced
by meanlocal cloudiness)

Fromtheglobalradiationbudget,it canbeconcluded:
– total radiationreachingthegroundis decreased.
– radiationis scatteredoff thesundirection

– diffuseradiation:radiationreachingthegroundfrom otherdirectionsthan
thesun'sdirection

– direct radiation:radiationreachingthe groundfrom the sun's direction
(angleof � 0.5

�
)

Approximately, it is:
� 30% of incomingradiationis re�ectedbackinto space(by atmosphere,clouds

and
surface),

� 20% is absorbedin theatmosphere,
� 50% is absorbedby theearthsurface.
Variability in time

– year-to-year, mostlynon-deterministic
– seasonal(high latitudes!),variationof

�
�

, seasonalvariationof cloudamount
– daily, highly deterministic
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– shortterm�uctuations(clouds),highly stochastic
andspace

– latitude
– local climate(maritim,continental)
long-termglobalmean:� 185Wm

�

� = 5.8GJm
�

� a
�#�

= 1.6MWh m
�

� a
�#�

= 4.4kWh m
�

� d
�#�

seasonalvariations:importantfor systemlayout!
geographicalvariations:contrastbetweendifferentlatitudes!

Fig. 5.1.Averagedaily extraterrestrialradiationona horizontalsurfaceasfunctionof season
andlatitude.
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Fig. 5.4.Globaldistributionof annualaveragesolarradiation(in kWhm
�

"

).



6. Solar Irradiance Modeling

Sincemostsolarenergy conversionsystemsareinstalledin a non-horizontalposi-
tion, irradiancedatafor tilted surfacesarein greatdemandfor solarenergy research
andapplications.

Availablesolarradiationdatatypically consistsof global horizontaldataonly.
To yield estimatesof the irradianceon tilted surfaces,thesedataoften have to be
modelledfrom availablerecordingsof horizontalirradiation.

��� Weneedconversionmodelsfor estimatingtheirradianceoninclinedplanes.
It is currentpracticefor evaluatingthe irradiationon a tilted surfaceto decom-

posethesolarradiationinto thecomponentsdirect beam,sky diffuseandground-
re�ectedradiation:

�

�

�

���

�

�

���

�

�

�

�

�

�

(6.1)

wherethe indicesdenotetilted (t), beam(b), diffuse(d) andre�ected (r) radiation,
respectively.
Thecomponentsthenaretreatedseperately(Fig. 6.1).

Themodelsgenerallydiffer in thetreatmentof thediffuseradiationcomponent.
Therepresentationof thedistribution of radiancein thesky hemisphereis dif�cult.
Assumptionsusedto describeit aremaincausesof errorsin thesemodels.

geometry

diffuse

sky model

geometry,

albedo model

direct

inclined

radiation

reflected

inclined

radiation

diffuse

inclined

radiation

global

inclined

radiation

direct

horizontal

radiation

diffuse

radiation

horizontal

direct/diffuse

fraction model

global

radiation

horizontal

Fig. 6.1.Conversionstepsfor estimatingglobalradiationon tilted surfacesfrom globalhori-
zontalradiation.
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Themodelingof direct irradianceis straightforwardandidenticalin all models
(moredif�cult only for time integratedvalues).

Ground-re�ectedradiation:Also dif�cult to estimate,but of lesserimpactdue
to absolutelowervalues(only in certaincircumstancesof higherimportance).

Requirementof knowledgeof differentradiationcomponents(diffuseanddi-
rect)
Componentshaveto beinferredfrom availabledata(usuallyonly global)

��� Needfor additionalmodelfor thediffuse/directfractionsof globalradiation

6.1 Dir ect Radiation Component

���

�

�

���

�

����
 �

� (6.2)

With
� � �

� �

� ����
 ���

it is:

���

�

�

���

�	��
 �

����
 � �

� (6.3)

In theliterature,theratio
����
 �

/
����
�� �

oftenis referredto asthegeometricfactor
�

�

.
To force the applicationof Eq. 6.3 to realistic cases,in computeralgorithms

�	��
 �

shouldbereplacedby �

���

�

2

�

�	��
 �

�

.

6.2 Ground-Re�ected Radiation Component

Assumption:Groundre�ects irradiationisotropically:

�

�

�

�

�




�

�

�	��


�

	

�

(6.4)

where


�

�

�



�

is thealbedo(re�ectance)of thesurface.
Important:Appropriatealbedo(variationsin time,snow!),

Variationin albedowith zenithangle
Secondorder:anisotropiceffects

Modi�cations areonlynecessarywhenstrongdirectionalvariationsin re�ectance
or localobstructionsto thehorizonoccur.

6.3 Diffuse Radiation Component

Differentsky conditions:
- overcast:isotropicdistribution is goodapproximation
- brokencloudiness:verydif�cult, largestvariations
- clearsky: anisotropiceffects

Plot: HayandMcKay
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Table 6.1.Albedovaluesfor selectedsurfaces(averagevaluesfor thesolarspectralrange).

grassland 0.15- 0.35
forest 0.10- 0.25
desert 0.25- 0.30
dry sand 0.2- 0.4
soils 0.05- 0.20
water(highsun) 0.05- 0.10

(low sun) 0.5- 0.8
freshsnow 0.75- 0.95
meltingsnow 0.35

6.3.1 Diffuse Irradiance Models for Tilted Surfaces

1. Liu andJordan,1963:
Thediffusesky radianceis assumedto beuniformly distributed(isotropic)over

thesky dome.The diffuseradiationon a tilted surfaceis hencegivenby thehori-
zontaldiffuseradationandtheview factorfrom thesurfaceto thesky

�

� � �	��


�

�

/ 	 :

� �

�

�

� �

�

��� ����


�

�

	

�

(6.5)

where� is theslopeof theplane.
Verysimple,reasonablyaccurate
B.Y.H. Liu andR.C.Jordan(1963).Thelong-termaverageperformanceof �at-

platesolarenergy collectors.SolarEnergy, 7, 53ff.
Especiallyfor cloudlessskies,whenthe irradiancevalues(andthustheenergy

productionof solarconverters)arehigh,amoreaccuratemodelingof thesky irradi-
anceis needed,takinginto accounttheanisotropy of theradiancedistribution: –
preferentialforwardscatteringcircumsolarradiation

– increasedscatteringresulting from the longer pathlengthnear the horizon
��� horizonbrightening

Notes:For overcastsky conditionstheisotropicassumptionis appropriate.
In situationsof partly cloudy skiesthe radiancedistribution is morecomplex and
stronglyanisotropic.

��� Substantialvariationsof irradianceoversky hemishereandwith time!
2. TempsandCoulson,1977:
Clearsky modelconsideringhorizonandcircumsolareffects:

�
�

�

�

�
�

�

��� ����


�

�

	

<

�

<

�

�

(6.6)

with anisotropicmodi�ers re�ecting theeffectof circumsolarandhorizontalbright-
ening:

<

�

�

��� 
�� �

*

�

�

�	

�

,
<

�

�

��� ����


�

��

���

*

�
�

.
R.C. TempsandJ.L. Coulson(1977).Solar radiationincidentuponslopesof

differentorientations.SolarEnergy, 19, 179-184.
3. Klucher, 1979:
Introducinganadditionalcloudinessfunction � for all sky conditions:



34 6. SolarIrradianceModeling
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(6.7)

where
<

*
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���
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,
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���
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�	��
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��
�� �

*

� �

and �

�

�

�

�

� �




�

�

� .
For overcastskies �

�

2

(isotropicdistribution), for clearskies: �

�

�

(same
astheTempsandCoulsonmodel)

T.M. Klucher (1979).Evaluationof modelsto predict insolationon tilted sur-
faces.SolarEnergy, 23, 111-1144.

4. HayandDavies,1980:
Approach:Overcast� nodirectradiation � isotropicdistribution

Absenceof atmosphere� only directradiation:
�

�

�

�

�

�	��
 �




����
 ���

�

Theactualstatebetweentheseextremesis determinedby theanisotropy index
�

� �

�




�

�

, giving theatmospherictransmissivity (diffuseradiationis divided into
circumsolarandisotropicallydistributeddiffuseradiation)

� givestheportionof diffuseradiationto betreatedascircumsolarandisotropic,
respectively (nohorizonbrighteningis considered);

���

�

is a linearcombinationbasedon thetransmissivity for directradiation.
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 (6.8)

J. Hay andJ.A. Davies (1980).Calculationof the solar radiationincident on
an inclined surface.Proc.First CanadianSolarRadiationDataWorkshop(Ed. by
J.E.HayandT.K.Won). CanadianAtmosphericEnvironmentService,Downsview,
Ontario.59-72.

5. Perezet al., 1983:
Approach:Diffuseradiationis describedby an isotropicbackgroundsuperim-

posedby two regionsof enhancedradiation:

x

a

L

su
n

F  x L

F  x L

1

2

Fig. 6.2.Anisotropiccomponentsof diffusesky radiation.Enhancementsaredueto circum-
solarradiationandhorizonbrightening.
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- adisk of variablesizearoundthesun
- ahorizontalbandof variableheightat thehorizon.

Theenhancedradiationis describedby:
�

�

: multiplier for circumsolarregion ( i.e. �

�

timesthebackground(isotropic)ra-
diation,

�

�

: multiplier for horizonregion.
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� �
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(6.9)

where



�

�

�

and
�

�

�

�

aresolid anglescoveredby thecircumsolardisk andthehori-
zonband,respectivelymultipliedby theiraverageincidenceontheconsideredplane
(view factorsto thereceiver). 


�

� � �

and
�

aretheequivalentquantitiesfor thehori-
zontal(view factorsto thehorizontal).

�

�

and �

�

describethe sky conditionandvary independentlywith the irradiance
condition!
For isotropicdistributionsit is: �

�

�

�

�

�

2

.
Parameterizedby:

- zenithangle
���

,
- diffusehorizontalradiation

�
�

,
-

�A� �

�
�

�
�

�
�

�




�
�

.
� Largeamountof categories(for each[

���

�

�
�

� �

] interval), i.e. 240different
pairsof �

�

, �

�

parameters
R.Perez,J.T. ScottandR.Stewart(1983).An anisotropicmodelfor diffuseradi-

ationincidentonslopesof differentorientations,andpossibleapplicationsto CPCs.
Proceedingsof ASES,Minneapolis,MN., 883-888.
R. Perez,R. Seals,P. Ineichen,R. StewartandD. Menicucci(1987).A new simpli-
�ed versionof thePerezdiffuseirradiancemodelfor tilted surfaces.SolarEnergy,
39, 221-231.

6. Skartveit andOlseth,1986:
A. Skartveit andJ.A.Olseth(1986).Modellingslopeirradianceathigh latitudes

SolarEnergy, 36333-344.

6.3.2 Diffuse Fraction Models

Availablesolarradiationdataprimarily consistsof globalirrradiationdataonahor-
izontalsurface.Sincefor many applicationsboththediffuseandthebeamcompo-
nentsareneededtheproblemarisesof estimatingthestatisticalrelationshipbetween
thediffuseandtheglobalcomponent.

Thefractionof thediffuseirradiationdepends,at any moment,ongeographical
andastronomicalfactors(altitudeof the site, zenithangleof the sun)andon cli-
matologicalfactors(turbidity, amountandtype of clouds,surfacealbedo).Due to
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thestochastictemporalvariationof thesesclimatologicalquantitiesonly statistical
relationshipscanbe obtainedfrom the data.Assumingaverageatmosphericchar-
acteristicsfor a givensite,which areassumedto dependonly on theperiodof the
year, a regressedrelationshipfor thediffuseirradiationversustheglobalonecanbe
derived.

The most commonapproachfor decomposingthe global radiation into their
diffuseandglobal componentsis a modelwhich relatesthe diffusefraction to the
clearnessindex:

���

�

�

�

�

,

�

�

� (6.10)

Typically, theempiricalexpressionsfor thediffusefraction vary with the time
interval underconsideration(hourly, daily, monthly). For a given time period the
relationsareverysimilar despitebeingbasedon independentdata.

Regressionsof
� �




�

vs ,

�

presentedby Liu andJordanin the60shave been
themainreferencesfor many yearsfor deducingthedaily andmonthlydiffuseirra-
diationfrom thecorrespondingglobalirradiation.Their analysesshowedthatthese
regressionsarewidely independenton location.

In recentyearsseveral investigationshave beenpresentedwhich showeda sig-
ni�cant dependency on locationandatmosphericcondition.

Figure:Fractionof hourly diffuseradiation(
�

�




�

) asa functionof thehourly
clearnessindex ,

�

.
J.F. Orgill andK.G. Hollands(1977).Correlationequationfor hourly diffuse

radiationona horizontalsurface.SolarEnergy, 19, 357-359.

M. Collares-PereiraandA. Rabl (1979).Theaveragedistribution of solarradi-
ation correlationsbetweendiffuseandhemisphericalandbetwendaily andhourly
insolationvalues.SolarEnergy, 22, 155-164.

D.G.Erbs,S.A.Klein andJ.A.Duf�e (1982).Estimationof thediffuseradiation
fraction for hourly, daily andmonthly-averageglobal radiation.Solar Energy, 28,
293-304.

D.T. Reindl, W.A. BeckmanandJ.A. Duf�e (1990).Diffuse fraction correla-
tions.SolarEnergy, 451-7.

A. Skartveit andJ.A. Olseth(1987).A modelfor thediffusefractionof hourly
globalradiationSolarEnergy, 38271-274.

Collares-PereiraandRablpresentedthefollowing relationsfor daily data:
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7. Statistical Propertiesof Solar Radiation

Optimal sizing proceduresfor solar energy systems(especiallystand-alone(au-
tonomous)systems)requireaccuratemethodsthat take into accountthestochastic
natureof solarradiationandits sequentialcharacteristics.

� Time-seriesanalysisof solarradiationdata
– stationaryproperties:statisticalmoments
– frequency distribution (PDF)

� usein analyticaldesignprocedures
– sequentialproperties:autocorrelationcoef�cient

��� Generationof syntheticradiationsequences
� Numericalsimulationanddesign

7.1 Statistical Variables

monthlymeanclearnessindex
monthlyvarianceof �

� �

�




�

�

�

monthlyskewnessof �

Problem:A monthwith averageclearnessindex consistsof dayswith varying
�

�

valuesrelatedto thechangingweatherpattern.This in�uence canbedescribed
by thefrequency of occurenceof different

�

�

values.
Example:For amonthwith �

�

�

= 0.5thefollowing daily patternis observed:
4 dayswith

�

�

� 0.2 0.129(cumulativefrequency)
7 dayswith

�

�

� 0.3 0.225
10dayswith

�

�

� 0.4 0.322
13dayswith

�

�

� 0.5 0.419
19dayswith

�

�

� 0.6 0.612
26dayswith

�

�

� 0.7 0.838
31dayswith

�

�

� 0.8 1.0
Empirical �nding: monthswith same �

�

�

show similar distribution of
�

�

(Liu
andJordan)

Continuouscurve for thecumulative distribution �

� �

�

�

givesthefrequency of
occurenceof dayswith

���

�

�

�

�

.
From �

� �

�

�

therelativeprobabilitythattheclearnessindex falls into agivenrange
is:
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In theexampledatait is: P(0.3 �

�

�

� 0.4)= 0.322- 0.225= 0.097,i.e.,about
10% of this month'sdaysarein the

�

�

-rangebetween0.3and0.4.
Cumulativedistribution function(CDF) � probabilitydensityfunction(PDF):
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� �
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���
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�

gradientof thecumulativedistribution (7.2)

�

� �

�

���

� � �

�

��


�

�

�

�

�

�

�

�

�




�

�

�




�

�

for 


�

�

�

2

(7.3)
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7.2 Generationof SyntheticRadiation Sequences

Obtaininghourly dataon tilted planes:
1. generatingsyntheticdaily

�

�

valuesfrom horizontalmonthly �

�

�

value
2. generatingsynthetichourly ,

�

valuesfrom daily
�

�

values
3. calculatingdiffusefractionfor eachhour
4. converting the diffuse and direct fractionsfor the horizontalto corresponding
componentsfor tilted surfaces

Methodfor synthetichourlydatais morecomplicatedthanfor daily datadueto
thedaily trend.

J. M. GordonandT. A. Reddy(1988).Time seriesanalysisof daily horizontal
solarradiation.SolarEnergy, 41, 215-226.
R. AguiarandM. Collares-Pereira(1992).TAG: A time-dependent,autoregressive,
Gaussianmodel for generatingsynthetichourly radiation.Solar Energy, 49,167-
174.

problem:
- extractingall relevant statisticalinformationfrom measuredsolarradiationtime
series
- building amodelbasedon thesestatisticalparametersfor a synthetictimeseries
- testingthe modelfor generalizedapplicationmodelfor syntheticdaily radiation
data(GordonandReddy):
- removing the trend from daily radiationdatatime seriesby using the clearness
index

�

�

insteadof theradiation
�

(extractingthein�uence of latitude)
- normalizedstatiasticalvariable:Especially, it is:
with variance
- Theauthorsproposetheempiricalprobabilitydensityfunctionwith
- generatingthe time seriesfrom the PDF requiresknowledgeof the sequential
statistics:autoregressivemethod(AR model):
normaldistributeddaily averagesof a randomvariable � :
(1) is theautocorrelationcoef�cient for thedelayof oneday
- generallyit is:
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- is randomnoisewith meanvalueandvariance
- noautocorrelation:(1) = 0, high autocorrelation:(1) = 1
- method:
- choosinga randomvaluefor Z (normaldistributed)
- calulatingthecumulative function
wherethe+ signappliesto ���

2

andthe- signto � �

2

.
- usingthis valueto calculate�

� � �

from theempiricalcumulative function
- calculate





8. Solar Radiation Measurements

Therearethreemajorspectralregionsin whichmeasurementsof solarradiationare
desired:UV (UV-A, around386nm; UV-B, around306nm), Solar (0.3–3.0 ! m,
alsoknown asVISIBLE radiation)andIR (greaterthan3 ! m).

Therearedifferentwaysin which to measurethe incoming(UV andsolar)ra-
diation.You canmeasureglobal,director diffuseradiation.Diffuseradiationmea-
surementinstrumentscover thewholehemisphere(180degreesviewing angle)and
areshadedfrom thesun.The detectoris placedhorizontally. Direct radiationme-
tersareaimeddirectly at thesun,sothedetectorsurfaceis at right angleswith the
incomingradiation.Whenmeasuringglobalradiation,theinstrumentreceivesboth
thediffuseanddirectcomponentonahorizontallyplaceddetector.

The requirementsfor measuringsolar radiationare largely dependanton the
accuracy thatis wanted.

For measuringglobalsolarradiation,thestandardinstrumentis a pyranometer.
Its equivalentfor the far infraredrangeis calleda pyrgeometer. For theUV range
theinstrumentsareUV, UV-A or UV-B radiometers.

By 'shading'a pyranometerfrom thedirectradiation(comingdirectly from the
sun)onecanmeasurethe diffuseradiation(comingfrom the hemisphere,not di-
rectly from thesun).

For themeasurementof directradiationonecaneitherusea calculation(global
minus diffuse,correctedfor the cosineof the zenithangleof the sun) or a mea-
surementwith a tube shapeddetectorthat hasto be aimedat the sun.The latter
instrumentis calleda pyrheliometer. A measurementwith a pyrheliometeris more
accurate,but at thesametime it demandsmoreattention.Thereexistsalsoapyrhe-
liometerversionof theUV radiometer.

All theinstrumentsmentionedareavailablein differentaccuracy classes,vary-
ing from referenceinstruments(+/- 0.5%) to secondclassinstruments(roughly+/-
10%).

Threeof the basic instruments,pyranometer, pyrheliometerand pyrgeometer
areall basedon a thermaldetector. This detectorhasa �at spectralresponse.The
differencesarein a �lter materialandin �eld of view. For apyranometerandpyrhe-
liometer the �lter material,which also protectsthe sensoragainstenvironmental
in�uences,is glass,only lettingsolarradiation(0.3–3 ! m) pass.For apyrgeometer,
thematerialusedis coatedsilicon,only allowing far infraredradiation(3–50! m) to
pass.
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A pyrheliometerhasa limited �eld of view (5 degreesopeningangle).Thether-
mal detectorshave a small voltageoutput, linearly proportionalto the incoming
radiation.Since1993,pyranometersand pyrheliometershave beencharacterized
accordingto theISO standardnumber9060.This ISO standardcanactasa guide-
line in choosingthe right detectorspeci�cation.Thereis no ISO standardde�ned
for pyrgeometersor UV radiometers.

TheUV radiometersaredifferentin bothdetectortypeand�lter speci�cations.
UV-B andUV-A radiometershaveanarrow bandsensitivity. For theUV-B radiome-
ter, the centralwavelengthis at 306 nm becausethe optimum effect is reached
whenthehumanskin (Erythermal)spectrumandthesolarspectrumaremultiplied.
TheUV-A radiometercentralwavelength,386nm,is chosenbecausethisparticular
wavelengthis alsousedin theWMO air pollutionnetwork.

Ventilationof radiationmetersimprovesthe accuracy andthe reliablity of the
measurements.It minimizescertainoffsetsand keepsthe measuringinstruments
freefrom dew andfrost.

Thesecondtrendis combiningthe trackingof pyrheliometersandtheshading
of pyranometers.

8.1 Radiation Detectors

Radiationquantitieswhich have to bemeasuredin solarenergy researchandappli-
cation:

� Total (global) irradiance Total amountof solar irradianceon an upward-facing
surface;sumof verticalcomponentof directnormalsolarirradianceandthedif-
fusesky irradiance.It is measuredeitherwith a pyranometeror moreaccurately
by summingthedirectanddiffusehorizontalirradiance.

� Diffuseirradiance
Radiationthatreachesthegroundthathasbeenscatteredby theatmosphericcon-
stituents.It is measuredwith a pyranometerthat is continuallyshadedfrom the
directsolarirradiance.

� Direct irradiance
Solarradiationpassingdirectlythroughtheatmospherefrom thesunwithoutbee-
ing scatteredor absorbedby theatmosphere.Typically it is measuredonasurface
thatis keptnormalto thedirectionthecenterof thesunsdiscby asolartracker.

� Spectralirradiance
higher spectralresolutionthan broadbandmeasurements.Typically in spectral
bandsof severalto a few 10sof nanometers.Thedirect irradiancein certainnar-
rowbandchannelsis measuredby sunphotometers.Theseobservationscan be
usedto derive the total transmittanceof the atmospherewithin the respective
spectralbandwhichcanin turn beusedto deduceaerosolopticaldepths.

� Sunshinehours(sunshineduration)
durationof sunshine,only qualitative
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Only broadbandinstrumentswill betreatedin detail!

Dif ferenttypesof radiometricdetectors:

calorimetric: radiantenergyabsorbedby anhigh-conductivity metal(blackpainted)
is convertedinto heatthatis measured;
temperatureriseis measureof irradiation � absoluteinstrumentpossible

thermomechanic:differentthermalexpansionpropertiesof two metalstripeswhen
exposedto radiationleadto differentdistortions,whicharemeasured
example:pyranographs(inaccurate!)

thermoelectric:two junctionsof dissimmilarmetalwires at different temperature
lead to a voltagedifference(electromotive force), it is � �




�

(Seebeck-
effect).Examples:Copper-Constantan,Manganin-Constantan
thermopilesensors,usually: increasingEMF by couplingseveral thermocou-
plesin series(thermopile)
important:cold junctionsmustbe at constanttemperature� thermalcontact
with massivebrassplate
Plot: thermopilecon�gurations

photoelectric:mainlyphotovoltaiceffect,usuallysiliconsolarcell detector, usually
temperaturecompensated.
advantage:cheap,fastresponse;disadvantage:spectralsensitivity
frequentlyusedin PV-plantmonitoring!

Plot: PV-spectralsensitivity

8.2 Field Instruments

Mainly two differenttypesof instrumentsareusedreferringto the radiationinci-
dentfrom the total hemisphere(solid angle 	

?

) or radiationcomingonly from the
directionof thesun(directnormalradiation).

8.2.1 Global Radiation

Globalradiationis thehemisphericalsolarradiation,i. e.theradiationreceivedby a
planesurfacefrom thesolid angle2

?

steradian.Instrumentsmeasuringhemispher-
ical solarradiationarecalledpyranometer.

Global radiation is measuredby a pyranometer. Modern pyranometerusing
wirewoundplatedthermopiles,canbe oneof two types:With a black sensorpro-
tectedby two precisionground,polishedhemispheresor with a black and white
”star” sensorthatis protectedby a singlepolishedhemisphere.

Over the years,therehave beenefforts to increasethe linearity of response,
durability, theadherenceto theLambertcosineresponselaw andindependencefrom
ambienttemperatureeffects.
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Transformationof radiativeenergy to heat
� temperatureof thereceiving surfaceis raised
� steadystateequilibrium is attainedby heatlossesto thermalsinks(instrument
body, ambientair)

� constantvoltage
Themainpartsof apyranometerare:

- thermalsensor(blackpaintedsurface)
- glassdomes(protection,minimizingexchangeof thermalradiation,IR-shield)
- instrumentbody

The requiredpyranometeraccuracy canonly be realizedwith detectorsof the
thermoelectrictype.The temperatureof theabsorberis measuredby a thermopile
(seriesof thermocouples),whoseactive junctionsarein contactwith theabsorber
surface(Moll-Gorczynski-type).Thepassive junctionsareconnectedto the instru-
mentbody, which thereforehasto be shieldedagainstthe radiation.A remaining
temperaturedependencehasto becompensatedby anauxiliary thermistorcircuitry.

differencesin temperatureby diff. paintings(black& white),diff. thermalinsu-
lation (CM 11),diff. radiationexposure(PSP)

sensortypes:Eppley PSP, Kipp & ZonenCM 11,CM 21,Schenk
spectralsensitivity: nearlyuniform in range300–2800nm (governedby glass

domeabsorption)
responsetime!
Plot: typicalpyranometerdata(K&Z datasheet)

Characteristicsof Pyranometer. Thevaluesin parenthesesgivethespeci�cations
for �rst classpyranometeraccordingto theWMO classi�cation.

ResponseTime i.e. thetimefor reachingacertainpercentageof the�nal measuring
valuedueto thethermalinertiaof theinstrument(95% value: � 30sec)

Zerooffset dueto thermalradiation( � 15Wm
�

� for 200Wm
�

� netthermalradi-
ation,ventilated)

Non-stationaritycausedby theageingof theabsorbersurface( �

� 1% peryear).
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Fig. 8.1.Schematicconstructionof Kipp & ZonenCM 11pyranometer.
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Non-linearity Thechangein responsivity with irradiancelevel ( �

� 1% from mea-
suredvalueat 500Wm

�

� over full range).
CosineresponseThe deviation in responsivity from the proportionalityto the co-

sineof theangleof incidence( � 2% at 60 � angleof incidence,� 5% maxi-
mumdeviationwithim 60 � –80 � .

Azimuth responseTheazimuthalvariationof thedeviationin responsivity from the
cosineresponse( � 5% deviation from meanat80 � angleof incidence).

Spectralselectivity governedby the glassdomeandthe absorbercoating( � 5 %
maximumdeviationin ��� from averagewithin thespectralrange0.35–1.5! m).

Temperatureresponsedueto thechangingambienttemperature(4% deviation for
a changeof ambienttemperaturewithin aninterval of 50K).

Tilt responsewhenthepyranometeris operatedin an inclinedposition( � 2% de-
viation for verticalmountingand1000Wm

�

� ).

8.2.2 Dir ectRadiation

Direct radiationis measuredby useof apyrheliometer, whichmeasuresradiationat
normalincidence.Thepyrheliometerconsistsof awirewoundthermopileatthebase
of a tube,theapertureof which bearsa ratio to its lengthof 1 to 10,subtendingan
angleof 543'30” (Eppley NIP).Thislimits theradiationthatthethermopilereceives
to direct solarradiationonly. The pyrheliometeris mountedon a solartracker for
continuousreadings.

Fromsmallsolidanglecenteredat thesun'sdisk
� directnormalradiation
angulardiameterof sun'sdisk:0.5

�
.

instrumentsmeasuringdirectsolarirradiancearecalledpyrheliometer. Usually
of thermoelectrictype.

Components:
- thermalsensor(blackenedsurface,blackcavity)
- (diaphragm)tube
- trackingdevice

typically full angleof view: 5–6� .

8.2.3 Diffuse Radiation

Diffuseradiationcaneitherbederivedfrom thedirect radiationandtheglobal ra-
diationor measuredby shadinga pyranometerfrom thedirectradiationsothat the
thermopileis only receiving thediffuseradiation.

The direct measurementof thediffuseradiationis performedby usinga pyra-
nometerwhich is shieldedfrom direct solarradiationby a circular disk or a �x ed
shadering (shadow band).A shadingdisk mustbe trackedto follow thesunspath
and thereforerequiresa hugeamountof maintenance.Thereforeoperationalsta-
tions areusuallyequippedwith shadering devices,which have to be adjustedto
only follow thesolardeclination1–2timesa week.
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Becausethe shadering coverspartsof the diffusesky insteadof only the sun
disk, a shadingcorrectionhasto be applied.The correctionfactordependson the
pyranometertype, the geometryof the shadering, the geographicallatitude and
the actualanisotropy of the sky radiancedistribution. According to Drummond
(1956)andDehne(1984),isotropicandanisotropiccorrectionfactorsareintroduced
throughtheempiricalformulas,respectively:
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Thecorrectedvalueof thediffuseradiationthuscanbewritten:
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An indirectmethodof measuringthediffuseradiationis thesimultaneousmea-
surementof the global radiation

�

and the direct normal radiation
� �

�

�

using a
pyranometeranda pyrheliometer. Thediffuseradiationthenis calculatedusingthe
relationship
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Fig. 8.2.View limiting geometryof apyrheliometer.
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8.3 SpecialMeasurements

8.3.1 Ultra violet Radiation

For the measurementof sunandsky ultraviolet radiationin the wavelengthinter-
val 0.295–0.385! m, which is particularly importantin environmental,biological,
andpollution studiestheTotal Ultraviolet Radiometer(ModelTUVR) canbeused.
This instrumentutilizes a photoelectriccell protectedby a quartzwindow. A spe-
cially designedte�on diffusernot only reducestheradiant�ux to acceptablelevels
but alsoprovidescloseadherenceto theLambertcosinelaw. An encapsulatednar-
row bandpass(interference)�lter limits thespectralresponseof thephotocellto the
wavelengthinterval 0.295–0.385! m.

8.3.2 Infrar edRadiation

Net radiometershavebeenemployedfor longwaveradiationbeyond3 ! m for work
in thermal balancebut they were criticized for the fragile natureof their thin
polyethylenedomesandtheir requirementfor compressorsor nitrogenbottlesfor
purging or ventilation. This problemis overcomeby the PrecisionInfrared Ra-
diometer(Eppley ModelPIR).

8.3.3 SpectralRadiation

SpectralRadiometersareinstrumentslike sunphotometer(SPM),which consistof
interference�lters andsilicondetectorsto measuresolarradiationin anarrow spec-
tral band(typically 5nm FWHM). SPM's areusedto determinethe atmospheric
turbidity (aerosolopticaldepth)andtheconcentrationof tracegasessuchasozone
or watervapor. A SPM is calibratedin termsof its extraterrestrialsignalat 1AU
(astronomicalunit) distancefrom the sun.Whencalibratedin absoluteunits, the
SPMcanalsobeusedto determinethesolarspectralirradiancefrom stratospheric
balloons,rocketsor satellites.

8.3.4 SunshineDuration

8.3.5 Atmospheric Turbidity

8.3.6 SurfaceAlbedo

8.4 Radiation Standards

Self calibratingcavity pyrheliometersare usedto de�ne the scaleof solar radia-
tion. This type of instrumentcanbe constructedandcharacterizedto yield abso-
lute radiationvaluesin StandardInternational(SI) unitsby employing theelectrical
substitutionmethod.A selectedgroupof theseinstrumentsis known astheWorld
StandardGroup(WSG)which is maintainedat theWorld RadiationCenter(WRC)
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in Davos,Switzerland.Usingthisgroupof instruments,theWorld RadiationRefer-
ence(WRR) is periodicallydetermined.All othercavity instrumentsarereferenced
to theWRR by intercomparison.

Thespeci�cation,thecalibrationandtheuseof pyranometersandpyrheliome-
tersis coveredby internationalstandards.Themostcommonstandardsare:

ISO 9060 : Speci�cation and classi�cation of instrumentsfor measuringhemi-
sphericalsolaranddirectsolarradiation.Thisstandardcoversthespeci�cation,
andcanserveasaguidewhenselectinginstrumentsfor aparticularapplication.

ISO TR 9901 : Field pyranometers,recommendedpracticefor use.This standard
coversselection,installationandmaintenanceof pyranometers.

ISO 9847 : Calibrationof �eld pyranometersby comparisonto a referencepyra-
nometer. This standardcoverscalibration,bothduringusein the �eld andin-
doors.

8.5 Operation, Maintenanceand Calibration of Instruments



9. SatelliteData for Solar ResourceAssessment

Earth
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Fig. 9.1. Earth-satellitesystem.The height � of the geostationaryMETEOSAT satelliteis
35800km. Theview angle� is 81� .
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Wind Energy





10. Intr oduction

10.1 Wind Energy ConversionPaths
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mechanical energy at the rotor

potential energy of the atmosphere

kinetic energy of the atmosphere

total potential energy:
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available potential energy:

solar radiant flux: 343 Wm
-2

Fig. 10.1.Wind energy conversion�o w diagramfrom irradiatedsolarenergy to electricen-
ergy producedby awind turbine.Thevaluesgivenfor theenergiesandenergy �ux esarelong
termglobalaverages.





11. Origin of Atmospheric Motions

11.1 Available Potential Energy

Thetotal energy of theatmospherecanbedevidedinto the
� internalenergy
� gravitationalpotentialenergy
� kineticenergy.

Internalandgravitational potentialenergy areoften summarizedastotal potential
energy.

Internalenergy



� of aunit columnof air:
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where
�� = 717Jkg
�#�

K
�#�

is thespeci�c heatof dry air atconstantvolume, 
 is
theair densityand

�

is thetemperature.Generally, it is:
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where
�

= 287 Jkg
�#�

K
� �

is the gasconstantfor dry air, � is theacceleration
dueto gravity,

�

is theheightabovegroundand
�

� is theair pressureat thebottom
of thecolumn.Generally, it is:
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With thespeci�c heatat constantpressure


� = 1004Jkg
�#�

K
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thetotalpoten-
tial energy of the atmosphere(sumof internalandgravitational potentialenergy)
canbewritten:
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Only a very small fraction of the total potentialenergy of the atmosphereis
availablefor conversionto kinetic energy. Thekinetic energy
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of a unit column
of air is:
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The generationof available potentialenergy and kinetic energy in the atmo-
sphereis demonstratedby thesimplemodelatmosphereshown in Fig.11.1.Two air
massesatadifferenttemperatureareseperatedby awall. Acrossthewall horizontal
gradientsof

� �




� �

havebeenestablished.
Removing thewall leadsto:

– rearrangementof theair masses
– stablehydrostaticbalance
– warmair completelyabovecoldair mass.
Thedifferencebetweenthetotalpotentialenergyatstart-andatend-pointof the

rearrangementis calledtheavailablepotentialenergy.
High horizontalpressuregradient��� highavailablepotentialenergy

11.2 Heat Balanceof the Atmosphere

Theradiationbudgetat thetopof theatmospherefor thewholeearthis balancedin
thelongtimeaverage.Thatis, theincomingshortwaveradiationequalstheoutgoing
longwaveradiationleadingto a stabletemperatureregimefor theearth-atmosphere
system.

The differential heatingof the earthresultsin an availability of partsof the
total potentialenergy of theatmospherefor conversioninto kinetic energy. An at-
mospherewhich is in an hydrostaticequilibrium (i.e.: no horizontalgradientsof

� �
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) hasnokineticenergy. It is in rest!
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Fig. 11.1.Air columnsof differenttemperaturesresultingin a horizontalpressuregradient.
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12. Physical Principles of Atmospheric Motion

The �o w of air in the atmosphereis basicallydescribedby Newton's secondlaw
known from classicalmechanics,which describesthe relationshipbetweenforces
actingon anobjectandtheaccelerationthey causein an inertial referencesystem.
In vectornotation,thegeneralform is:

� �

���

�

(12.1)

where� is theobject'smass.Theactualform of theequationdependsontheforces
thatdominatethegiven�o w. Theseforceswill be discussedin the following sub-
sections.

12.1 ForcesActing on an Air Parcel

12.1.1 Static State

pressureforce
� �

�



� (force/area)
units:Nm

�

� = kgs
�

� m
� �

= Pa (Pascal)
In meteorologycommonlytheunit 1 hPa= 100Pa= 1 mbaris used.

Assumingair in rest:The pressureforce is a measureof the weight of an air
columnaboveaunit area(staticpressure).
Note: This re�ects two differentphysicalconcepts:Pressureactsin all directions
(scalar), thepressureforce(vector)actsin onedirectiononly.

Theweight
�

of a columnof air with height � andbasearea� is:
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where � is thevolumeof thecolumn.
Thepressurethenis:
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This is thehydrostaticpressure,which is only exact in theabscenceof vertical
air motions.

Assuminga thin layerof thecolumn,Eq.12.3resultsin
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Eq.12.4is thehydrostaticequation, whichdescribesthehydrostaticequilibrium
betweenthegravitationalforceandthepressuregradientforce.

12.1.2 Differ encesin Air Pressure

resultingin anadditionalforce:pressuregradientforce
With �

� �

� it is (Fig. 12.1):

���

�

� � �

�

�

�

�

(12.6)

� �

�

�

�

�

� �

���

�

���

� �

�

�

�

�

�

(12.7)

���

�

�

�

�

���

� � �

�

�

�

(12.8)

�

�

�

�

���

� � (12.9)

�

�

�




�

�

���

(12.10)

Analoguefor componentsin � and
�

directions:
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Vectoraddition:

dy

xd

dz

d ddx) y zp- (p + 
x

dydz+ p 

Fig. 12.1.The � -componentof thepressuregradientforceactingona �uid element.
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is an operatorproducingthe vector gradientof a scalar�eld.
� �

is a vector
normalto theisobars(lineswith

�

= const.).
Thehorizontalcomponentof thepressuregradientforceis:
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Horizontal gradientsin pressurecausepressuregradientforcesperpendicular
to the pressureisolines(isobars,lines with

�

= const.)directedfrom low to high
pressure:
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13. FundamentalForces

13.1 Forcesfor Vertical Air Motions

Acting forces:
– verticalpressuregradientforceperunit mass:�
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– gravitationalforce: �
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If typical magnitudesfor the accelerationsgiven in Eq. (13.1) areassessed,it
is shown that in mostcasesin goodapproximationtheverticalaccelerationcanbe
neclectedcomparedto thedriving forcesin theverticaldirection.Thus,thevertical
pressuregradientforceandthegravitationalforcearebalanced(in largescale).This
stateis calledthehydrostaticequilibrium:
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where� = 9.81ms
�

� is thegravitationalaccelerationatsealevel.
For an atmospherein a hydrostaticbalancethe decreasein pressurenearthe

ground( 
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� ) canbecalculatedfrom Eq.(13.3):
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13.2 Forcesfor Horizontal Air Motion

Fluid elementsarein�uencedby
– horizontalpressuregradientforce
– Coriolis force
– friction (viscous)force

13.2.1 Horizontal PressureGradient Force

Fromspatialpressuredifferencesgivenby thehorizontalpressuregradient
� � �

it
follows:
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� and �
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� aredirectedperpendicularto theisobarstowardslow pressure.

13.2.2 Coriolis force

Particlemovementson theearthcanbeseparatedinto two parts:
– movementwith respectto theearthsurface
– rotationwith theearth.

In a rotatingcoordinatesystem(�x ed to the earth's surface)an additionalvir-
tual1 forcehasto beconsidered,theCoriolis force. It actsonly onmoving particles.
(This is differentfrom thecentrifugalforce,anothervirtual forcethatactsevenon
particlesin restwith respectto theearthsurface.)

Qualitativedescription
Example:Meridionalmovementof aparticlein North-Southdirection.
Therotationalspeedof a particledependson latitudeanddecreasesfrom its maxi-
mumvalueat theequator(1670km/h) to 0 km/h at thepoles.

For particlesmoving from theequatortowardsNorth theprincipleof conserva-
tion of angularmomentumcausesa higherrotationalspeedasthatof their environ-
ment.For anobserver on theearthsurface(i.e. on therotationalreferencesystem)
this is anvirtual de�ection of theparticleto theright.
(Note:This is valid for motionsin thenorthernhemisphere.In thesouthernhemi-
spherethede�ection is to theleft.)

Example:Zonalmovementsin East-Westdirection.
Motionsin zonaldirectionsleadto changesin thecentrifugalforce

�

�

�

: eastward:
increasing, westward:decreasing.

�

This forceis of a virtual naturebecauseof its abscencein anabsolutespace-�xedcoordi-
natesystem.
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Motionsfrom Westto Eastcauseanaccelerationtowardstheequatorandvertically
upward (Eastto Westvice versa).This againis a virtual de�ection to the right (in
thenorthernhemisphere).

Mathematicaldescription:

A formaldescriptionof theapparentforcesactingon moving objectsin a rotat-
ing systemcanbe derivedby a transformationof coordinatesbetweenthe inertial
referenceframeandthe referenceframerotatingwith the angularvelocity of the
earth.The motion of an objectwith respectto a rotatingsystemcanbe described
by therelationshipbetweenthetotal derivatives2 of a positionvectorin aninertial
referenceframeandin therotatingsystem:
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where
� ���
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� and
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�

� aretherespective ratesof changeof
�

in the inertial and
the rotatingsystemandthesecondterm on the right-handsideis the contribution
dueto therotationof thesystemwith theangularvelocity

�

. Applying Eq. (13.8)
to thevelocityvector �
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"

Thetotal derivative is therateof changeof a givenquantityfollowing themotion.
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Fig. 13.1.The Coriolis force actingon particleswhich move meridionally. The right scale
givestherotationalspeedof theearthsurfacefor a givenlatitude.
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andaftersubstituting(13.8)into (13.9)
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Eq.(13.11)statesthattheaccelerationin aninertial systemequalstheaccelera-
tion relative to therotatingsystemplustheCoriolisacceleration(secondterm)plus
thecentripetalacceleration(third term).

Vectornotationof theCoriolis forceandacceleration,respectively:
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where
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is thevectorof theearth's rotation(
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rads
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).
In its cartesiancomponents,theCoriolisaccelerationis:
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Usually, the verticalcomponentof theCoriolis force is small comparedto the
gravitationalforceandverticalwind speedsaremuchsmallerthanhorizontalones,
sothatthesetermscanbeneglectedleaving only horizontalcomponents:
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where�

�

	

�


�� �

� ( �

��2

�

7

�

�#�

in midlatitudes)is theCoriolis parameter.
From Eq. 13.14 it is clear, that the Coriolis force vanishesat the equatorand is
perpendicularto thehorizontalwind vector �

�

�

13.2.3 Friction Force

Theair motionis sloweddown at theearth'ssurfacedueto thefriction forceacting
in the lowestlayersof theatmosphere(

�

� �

�32(2�2

�

�

. For
� �

2

, it is �
�

�

2

.
Thefriction forceis determinedby

– wind velocity
– surfaceroughness
– thermalstability of theatmosphere.
A simplerelationshipfor thefriction forceis:
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with thefriction (or viscous)coef�cient ! .
Thefriction forceis directedopposedto thewind �o w.

Thefriction forceis mentionedhereonly to completethelist of forcesactingon
anair parcel.Its detaileddescriptionis out of thescopeof this text, but is of major
importancefor thedescriptionof turbulent�o wsin theatmosphericboundarylayer.

13.3 Equation of Motion

Horizontalmotionsof �uid elementsin theatmospherearegovernedby theacting
forcesintroducedin section13.2:
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Theindividualaccelerationof �uid elements(air parcels)thusis:
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� (13.17)

Insertingfrom Eq.(13.7),(13.14)and(13.15),thehorizontalequationof motion
canbewritten:
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Note:Accelarationis dueto achangein velocityof themotionaswell asdueto
a changein directionof themotion.

13.4 Balancesof the Horizontal Wind Field

13.4.1 Geostrophic Balance

Assuminga parcelof �uid in a heightabove the surface,whereit doesnot expe-
rienceany in�uence of the underlyingsurfaceon its �o w, i.e., no friction force is
actingon it. Comparingthe typical magnitudesof theaccelerationtermandof the
actingforces:

� acceleration:10
�

7 ms
�#�

,
� forces:10

�

* ms
�#�

In goodapproximation,theaccelerationcanbeneglectedin mostsituationsand
anequilibriumbetweenthehorizontalpressuregradientforceandtheCoriolis force
is established:
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or
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Thewind speed�

� representingthis balanceis calledthegeostrophicwind 	

� and
is written in absolutetermsas
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Fig. 13.2shows that � � is perpendicularto thepressuregradient
� ���

andpar-
allel to theisolinesof constantpressure(isobars).� � is proportionalto thedistance
betweentheisolines.

Thegeostrophicwind isagoodmeasurefor thegeneralwind �o w for agivensite
(area)becauseof its independenceon speci�c surfacecharacteristics(orography,
obstacles,roughness).

Note:Thegeostrophicapproximationis notvalid in equatorialregionssincethe
Coriolis forceis notde�ned for �

�

2

.
Thegeostrophicassumptionrequirestheabscenceof horizontalaccelerations:

��� straightsteady�o w (uncurved�o w)
��� parallelto isolinesof constantpressure
���

	

� distancebetweenisobars

13.4.2 Friction Wind

In theatmosphericboundarylayer(ABL) thefriction forceaddsto theactingforces.
Thebalancenow is (Fig. 13.3):
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With decreasingwind velocity theCoriolis forcealsodecreases.To compensate
for thepressuregradientforce, thewind hasto turn left. This indicatesthat in the

dp -   p

Fc,h
>_

gv
>_

Fp,h
>_

p

H

L

Fig. 13.2.Thegeostrophicbalance.Thehorizontalcomponentsof thepressuregradientforce
����� �

andtheCoriolis force
���	� �

arebalanced.
�� is thegeostrophicwind.
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atmosphericboundarylayer thehorizontalwind hasa componentdirectedtoward
lowerpressure(Fig. 13.4).

Thede�ection angle � dependson
– surfaceroughness
– latitude
– turbulence.
Typical valuesfor thesurfacewind de�ection are15-30� over seaand25-50�

over land.Thecorrespondingvaluesfor 	




	

� are
2

� . and
2

�

�

, respectively. Due to
thedecreasingCoriolis force � increaseswith decreasinglatitude.

Theverticalchangeof wind speedanddirectiondueto thedecreasingin�uence
of friction with heightis representedby thelogarithmicEkmanspiral(Fig. 13.5).

p-   pd

gv
>_

frv
>_

Fp,h
>_

Fc,h
>_

Ffr
>_

Fc,h
>_

Ffr
>_

+

p

a

H

L

Fig. 13.3.Thebalanceof horizontalforcesin theatmosphericboundarylayer. Thepressure
gradientforce

����� �

is balancedby thesumof theCoriolis force
��� � �

andthefriction force
�

��� .
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L H

Fig. 13.4.Schematicsurfacewind patternassociatedwith centersof high andlow pressure.
Thewind �eld is indicatedby arrows, isobarsareshown by solid lines.Notethat this holds
for theNorthernhemisphereonly. Thecirculationin theSouthernhemisphereis clockwise
for lows andcounterclockwisefor highs.

vg

167 m 333 m

667 m

1000 m

500 m

a

Fig. 13.5.ThetheoreticalEkmanspiraldescribingtheheightdependenceof thedepartureof
thewind �eld in theboundarylayerfrom geostrophicbalance.� is thedirectionaldeparture
from thegeostrophicwind.



14. Wind Climatology

14.1 Local Winds

Establishmentof local wind systemsby thermallyinducedpressuregradients.
Driving force:differentialheating

Themainstepsin thedevelopmentareshown in Fig. 14.1.Note,thatfor length
scalesbelow 100km theeffectof theCoriolis forceis smallandtheair �o w follows
mainly thepressuregradient.

Examplesof localandregionalwind systemswhicharebasedon this concept:
– sea-breezewinds

– mountain/valley winds
– monsoonwinds.

p

p

p
A

DC

B

Fig. 14.1.Schematicdevelopmentof awind system.A. Two columnsof air arein hydrostatic
equilibriumeach.Theair is in rest.B. Differentialheatingcausesthetemperatureof theleft
columnto riseanda horizontalpressuregradientbetweenthetwo columnsin largerheights
establishes.C. This resultsin a horizontalwind �o w directedtowardslower pressureand
thusproducesa horizontalpressuregradient(anda wind �o w) at thesurfacein theopposite
direction.D. Dueto theconservationof massverticalmotionof air is necessaryto closethe
circulation.
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14.2 GeneralCir culation of the Atmosphere

(mostlydynamicalin nature)
�g.: globalcirculation
�g.: Hadley circulation
ITCZ: convectiveclouds

air motiondirectedtowardstheequator, by Coriolis forcede�ection to right
tradewinds:eastto west(bothhemispheres)

Circulationnorthandsouthof 30 deg is characterizedby strongwesterlywind
regimes(Rossbycirculation).

Seperationof tropicalair from cold (ant)arcticair masses
��� regionof stronghorizontalcontrastsin temperature,pressure,humidity, � � �

With this circulationwesterlywavesarecoupledwhich transportenergy from
equatorialregionsto polarregions.

Year-to-year-variability ��� wind index

14.3 Wind Resources

Generally, strongwind resourcescanbeexpectedin regionswith permanent(steady)
strongwind regimes.Thatis

– localwind systems(monsoontype)
– orographicallyinducedwind systems
– strongwindsresultingfrom theglobalcirculation(westerlies)
�gs.: wind maps



15. Wind Flow in the Atmospheric Boundary Layer

intro: layersof theatmosphere,in�uence of surfacefriction
We know: at surfaceit is: 	

�

2

ms
�#�

.
Above someheight � the in�uence of the surfaceon the wind �o w (through

friction, turbulence)canbeneglected.
��� freeatmosphere,geostrophicbalanced�o w: 	

�

	

�

Thelayer in which thetransitionbetweenthesetwo statesof atmospheric�o w
occursis calledtheatmosphericboundarylayer (ABL) or planetaryboundarylayer
(PBL).

The propertiesof the wind �o w in the lowest part of the ABL dominatethe
potentialfor extractingwind power.

15.1 Boundary Layer Height

considerablevariationsoccur:100m �
�

� 2000m
Ex.: clearnightsandlow wind speed:very low
summerdaywith high insolation:veryhigh

typical value: �

�

1000m
Theheightdependson:

– thermalstability of theatmosphere(daily andannualvariability !)
– wind speed
– surfacecharacteristics(roughness,orography, � � � )

15.2 Vertical Structure of the Boundary Layer

Transitionbetween	

�

2

(surface)and 	

�

	

� (top of the ABL) implies strong
verticalgradientof wind speed(= wind shear)

��� sourceof turbulence
��� vertical�ux esof momentumandheat
The form of theverticalwind speedpro�le againis stronglyin�uenced by the

thermalstabilityof theatmosphere(which increasesor decreasesturbulence).
Thermalstability is expressedby meansof theactualvertical temperaturegra-

dientcomparedto theadiabatictemperaturegradientin dry air ( �


 1 K / 100m)
for a verticallymoving air parcel.
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� 1 K / 100m stable
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� �

1 K / 100m neutral
�

�




�

�

� 1 K / 100m unstable
Thelogarithmicwind pro�le is strictly valid only in a neutrallystrati�ed atmo-

sphere.
Idealizations:horizontalhomogeneityandstationarity
Surfacelayer:assumptions:strongverticalgradientsof variablesaswind veloc-

ity, temperature,� � �

��� Simplelawsanalogueto thosethatgovernmoleculardiffusionin laminar�o ws
might applyfor turbulenttransportin thelowestatmosphere:

�

�




�

� �

�

�

�

�

(15.1)

where
�

is the turbulent exchangecoef�cient for momentum(the counterpartof
viscosityin laminar�o ws).

�

is alsocalledtheeddydiffusivity or eddyviscosity.
Usually, the atmosphericboundarylayer is subdivided in two layers:surface

layer, Ekmanlayer.

15.2.1 The SurfaceLayer

In heightsup to � 100m theshearstresscanbeapproximatedto beconstantwith
height(for neutralconditions).Changesin wind directioncanbe neglected.If the
shearstressis writtenas

�
�

�
�




�
�

�

�

� (15.2)

dT/dz < G

T

z

stable unstable
GdT/dz >

GdT/dz =
neutral

Fig. 15.1.Stability regimesin dry air.
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where � �

�

representsvertical transportof horizontalmomentumand
�

is the
eddyviscosity. Thisassumptionleadsto thelogarithmicwind pro�le:
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� (15.3)

where ,

�

2

�

�

is the von Kármán constantand
�

�

���

� 



 is the friction
velocity, aquantitycharacterizingtheverticalturbulent�ux of momentum.

To derive Eq. (15.3),it is usedthat
�

canbedescribedin termsof thevertical
wind speedgradientandthemixing length � , which representsthelengthscalenec-
essaryfor changingtheturbulentcharacteristicsof a vertically moving eddy. � also
characterizesthesizeof theeddiesinvolved:
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where�

�

,

�

.
In its integratedform thelogarithmicpro�le canbewrittenas
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(15.5)

where
�

� is an integrationconstantdenotingtheheightwhere
�

� � �

= 0.
�

� can
notdirectlybeinterpretedasaphysicallength,but dependsonthesizeandstructure
of the local roughnesselements.For this reason

�

� is calledthe roughnesslength.
�

� canexperimentallybederivedfrom measuredwind pro�les, but usuallycharac-
teristicvaluesfor givensurfacetypesareused(Tab. 15.2.1).

Table 15.1.Typical valuesfor theroughnesslength �

�

in m.

ice 10
���

highgrass 0.04
smoothsea 2-3 � 10��� wheat 0.05
sand 10��� - 10�

� low woods 0.05- 0.1
grassysurface 0.015- 0.02 highwoods 0.2- 1.0
low grass,steppe 0.03 suburbia 1 - 2
�at country 0.02 city 1 - 5

Eq.(15.3)and(15.5)arevalid only underseveralassumptions:
- only for meanvalues(periodslongerthan10min.)
- horizontallyhomogeneoussurface
- neutralstabilityof theatmosphere

Given a wind speedvalue in height
�

�

and the local roughnesslength
�

� the
completeverticalpro�le canbecalculatedusingEq.(15.5):
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Frequently, asimplerpower law is usedto describetheverticalwind pro�le:
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(15.7)

where� representsthein�uenceof height,surfaceroughnessandthermalatmo-
sphericstability. An oftenusedvalueis �

�

�




�

. Dueto thestrongvariability of �

theuseof thepower law is not recommended.
For shortperiodwind speeddata( � onehour, instantaneous)theactualatmo-

sphericstate(concerningstability) hasto betakeninto consideration.A commonly
usedmethodis the useof the boundarylayer similarity theory (Monin-Obukhov
theory)by applyinga correctionfunctionto thelogarithmicwind pro�le:
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where �

� �




���

is a universalfunction of the height
�

relative to the similarity
scale

�

(Monin-Obukhov-length). For neutralatmospheres�
� �




�����

�

.

15.2.2 The Ekman Layer

The layeron top of thesurfacelayercharacterizedby increasingshearstresswith
heightanda changingwind directionwith heightis calledtheEkmanlayer.
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Fig. 15.2.Thelogarithmicwind pro�le in logarithmic(left) andlinearright) heightscale( ���

= 0.05m, �

�

= 0.4ms�

�

).



16. Wind ResourceAssessment

16.1 The EuropeanWind Atlas

16.1.1 Overview and BasicConcepts

assessmentof wind energy resources:
- establishthemeteorologicalbasisfor theassessmentof wind energy resources
- providesuitabledatafor evaluatingwind poweroutput
- highprecisionrequirementsbecauseof

� �

	

*

�

-dependence
- methodneedhigh-qualitylong time series( � 10a) of wind datadueto long term
variationsin wind climate

problem:
wind speedat agivensitedependson two factors:
- overallweathersystems(typical scale:1000km)
- nearbytopography(typical scale:10km)

� wind dataarerepresentativeonly valid for theactualpositionof thestation
� methodfor transformationof wind speedsatisticsis required(horizontaland
verticalextrapolation)

� solution:EuropeanWind Atlas:setof modelsbasedonphysicalprinciplesof
boundarylayer�o w takinginto account:
- effectof differentsurfaceconditions(roughness)
- shelteringeffects(buildings,trees,..)
- variationsof theterrainheight(orography)

� threemainin�uences:
- terrainclass(surfaceroughness,four classes)
- shelteringobstacles
- terrainheightvariations(orography)

regionalwind climatologieshave beencalculatedfrom morethan200sites(at
least10a of dataandaccuratesitedescriptionseach)

calculationof generalizedwind climate:
- �at andhomogeneousterrain
- nonearbyobstacles
- heightsof 10,25,50,100,200m - four roughnessclasses� 20datasetsfreefrom
local in�uences � reginally representative
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spatialscaleof representativenessdependson orographicstructureof landsape:
- �at, openterrain:up to 200km
- mountainousarea:closeto station

regionaldatasetsmainly give statisticalinformationin termsof theprobability
distribution function(this is suffcient informationfoewind powerestimates)� use
of Weibull distributiondivisioninto 12wind directionclasses� 240setsof Weibull
parameters

essential:systematicdescriptionof topographiccharacteristics:- effectsof ob-
stacles� shelteringeffects
- surfacefo terrain
- topographicelementscontributing to roughness:vegetation,houses
- orographicin�uence: decrease/increaseof wind speeddueto hills, ridges,clif fs, ..

� threemaineffectsof topography:
- shelter
- roughness
- orography

16.1.2 PhysicalModels

logarithmicpro�le:
�

� � ���

�

�

�

�

�

�

�

�

�

�

���

�

�

�

�

geostrophicdraglaw:
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�

�

�

�

� �8�
�

�

�

�

�

�
�

�

�

�

�

�

�

�

� �

�

assumptions:stationarity, homogeneity, barotrophy, neutralstability
� balancegeostrophyandsurfaceroughness
stabilitycorrections:

- smallwind speedsnot important � neutralassumptiongenerallygood
- modi�cationsassmallperturbationsto neutralstate
- input: climatitologicalaverage,varianceof surfaceheat�ux

� effect on vertical pro�les of climatologicalmeansand standarddeviations of
wind speeds
takingaveragevaluesfor overlandandseastations,respectively

SurfaceRoughness.roughnessis determinedby sizeanddistributionof roughness
elements
Wind Atlas includesfour types: � roughnessclasses
roughnessparameterizedby lengthscale

�

�

empiricalrelationshipwith sizeof elements:
�

�

�

2

�

�

�

�



��� with height � , cross

sectionalarea
�

anddensity��� (averagehorizontalareaoccupiedby eachelement)
porosityfor nonsolidelements!

seasonalchangesof roughness!

ShelterEffectsby Obstacles.sheltereffect:relativedecreasein windspeedbehind
anobstacle

dependingon:
- distancefrom obstacleto site
- heightof obstacle
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- heightat site(rotorhubheight)
- lengthof obstacle(lateral � in�nite: max.shelter, zero:noshelter)
- porosityof obstacle(

�

0 for buildings, � 0.5 for trees(changingseasonally),�
0.33for row of buildingswith spacingsof 1/3 thebuilding lengthbetweenthem

Orographic Effects. Example:�o w over Askervein hill (Hebrideislands);length
scale:1 km

results:speedincreasesby afactorof 1.8ontopof thehill; negativespeed-upin
front andleeof thehill (20-40percent)

for moderateorographysimplecorrectionsfor theseeffectscanbeapplied
for complicatedterrainnumericalhydrodynamicalmodelshaveto beused

16.1.3 Application of the Model

Step1: Selectabasestation
� regionalwind climatology(oneof theavailableWind Atlassites,i.e. statisti-

cal description)
requirement:similar topographicsituation;distanceusually � 100km;
mountains,coastlines!
Step2: Roughnessdescription
classifyingsurfacetypesaroundthesite

� divisioninto 12 -

2�� ���

-sectorsandsector-by-sectorclassi�cation(roughness
classes)

� Weibull distribution for eachsector
roughnessdescriptionwith changesin agivensector(roughnesschange):

� non-homogeneoussurface � problem:de�ning a uniqueroughnesslength
� developmentof internalboundarylayerwith height � anddistancefrom rough-
nesschange� :

�

�

�

�

�

���

�

�

�

�

�

�8���


��

� �

�

�

�

�

�

�

�

�




�

� �

�

�

� �

�

�

�

� modelingnew pro�le with severallogarithmicparts
� correctionfactorfor Weibull � parameter:�

�


��

�
�

�

�

�

�

�

�

�


��

�
� ��� �
	

�

�

���

�




� �
	

���

���

�

� �
	

�

�

���

�




� �
	

���

���

�with height � of internalboundarylayer
� dividing segmentinto partswith equalroughness

Step3: Calculationof totalWeibull distribution
- � , , for eachsectoravailable;alsotherelative frequenciesof occurence

- calculationof mean
<

� andmeansquares
�

�

�

for eachsector
- calculatetotalmeanandmeansquare
- from

<

��


�

� calculate,

- usetableto calculate
�

< �

� �

�

���

�

�

�

�

�

�

�
�

�

�

���

�

�

�
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�

�

�

���

�

	

� �

�

�




�

	

���

�

�




- note:assumption:totaldistribution is Weibull distribution
Step4: Sheltereffects
Correctionof Weibull � parameterdependingon: - distanceobstacle-site(

�
)

- heightandlengthof obstacle( � ,
�

)
- heightat site(

�

)
- porosityof obstacle(

�

)
� empiricalrelationships
Step4: Orography
Correctionfor speed-upeffectsfrom local teraininhomogeneities
Assumption:�o w is modelledaspotential�o w

� velocity is gradientof a potential�

� ���

� calculationof potential�o w perturbationsby terain
advantage:mathematicallyattractivedescription(polarrepresentation)

� potential�o w perturbation
� surfacefriction effects

�

�

�

� �

�

�

�

���




���




� �

�

���

�

�A�

with half width
�

andheight
�

for smoothhills (slope �


 0.3)only!

16.2 ResourceAssessmentin ComplexTerrain - Mesoscale
Modeling
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Wind Climate

in Europe

Input: terrain height contour lines

input: roughness classification

input: position and dimension of obstacles

at Specific Sites

European Wind Atlas

Orographic Model

Wind Data from

Stations

Meteorological

Roughness Model

Shelter Model

Fig. 16.1.Structureof theWind AtlasAnalysisandApplicationProgramme.





17. Wind Measurements

hasstill to bewritten ...





Part III

Appendix





A. Statistical Characterization of Meteorological
Time Series

A.1 Time Series:Mean and Variance

Thevaluesof meteorologicalvariablestypically changewith time.
Measurementsof thesevariables:Recordingtheinstantaneous(i.e.discrete)val-

uesfor momentswith a constant(equidistant)time step 


� :
Examples:Weatherobservationsevery 3 or 6 hours,digital datarecordingsys-

temswith measurementfrequenciesbelow 1 Hz;
Thesequenceof datagainedfrom thesemeasurements� �

���

�

�

���

�

�

���

�

� � �

�

�

���

�

is calleda timeseries.
Thefrequency of change(�uctuation) in a giventime serieschangesitself with

time and is a priori not known. Exceptingthe well known daily and annualcy-
clesthese�uctuationsarepartlydueto theevolving weathercondition(e.g.moving
cyclones)andto statisticallydistributedperturbations(wind turbulence,irradiance
in�uenced by moving clouds).Fluctuationsareusuallydifferentfor differentvari-
ablesandfor differenttime scales.

��� The time seriesusuallycontainboth,deterministicandstochasticcompo-
nents.

Themaximumfrequency thatcanbemeasuredis determinedby:
– responseof themeasuringinstrument(timeconstant),example:thermalpyra-

nometervs.solarcell pyranometer
– sanmplingrateof dataaquisitionsystem.

Thesamplingtheoremstatesthat thesamplingratemusthave a minimumtime in-
terval of

�


:	 � (Nyquist-interval),where � is thebandwidth.
Thevalue �

�

�
�

�

thenrepresentsthequality � for theperiodbetween
�

�
�

� 


�

�	

and �
�

�




�

:	

�

. �

�

�
�

�

is assumedasthemeanvalueof � for this period.
Assuming

�

instantaneousmeasurementsof thevariable� with a constanttime
interval 


� . Thenthemeanvalueof thetotal timeperiod
�

is givenby

�
�

�

�

�

�

�

���

�

�

�

�

�

�

� (A.1)

This is anapproximationfor theexactmeanvaluegivenby

�
�

�

�

�

�

�

�

�

�

�

� �

�

� (A.2)
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Mean valuesdo not containany information aboutthe deviation of the time
seriesvaluesfrom thisvalue.A measurefor thedeviationfrom themeanis givenby
thevarianceof �

�

�

�

:

�

�

�

�

���

�

���

�

�

�

�

�

�

�

�

��

�

�

�

�

�

�

��

�

� (A.3)

�

is called the standard deviation and is a measureof the deviation from the
meanwhichposessesthesameunit asthevariableunderconsideration.

A.2 FrequencyDistrib utions

Typically, not only the time scaleis divided into discretetime stepsbut also the
rangeof valuesis seperatedinto classes.As anexample,TableA.2 listsresultsfrom
a wind classi�er.

Table A.1. Separationof wind speedtime seriesvaluesin classeswith width of 1 m/s.

no.of class lower limit upperlimit no.of valuesin class
�

�����

���

��	
�

��� �

�

���

���

��� 


�

���

1 0.0 0.99 30 0.15 0.15
2 1.0 1.99 60 0.30 0.45
3 2.0 2.99 50 0.25 0.70
4 3.0 3.99 30 0.15 0.85
5 4.0 4.99 20 0.10 0.95
6 5.0 5.99 10 0.05 1.00

N=200

The graphicalrepresentationof the frequency distribution is the histogramin
Fig A.1. The relative frequency (or the probability) that the values �

�

�

�

�

fall into
class� is

�
�

�

���

�

�

�

� (A.4)

Notethat therelative frequenciescanonly be interpretedasprobabilitiesif the
samplesize is large enoughso that meanand varianceof both sampleand total
'population' areequal!

An alternativepresentationof thesameinformationis thecumulativeprobability
diagramalsoshown in Fig. A.1. Thecumulativeprobabilityis givenby

�

�

�

�

�

�

�

�

�

�

,

�

(A.5)
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andgivesthefrequency of occurrenceof classesbelow a value �

� .
Whenconnectingtheupperright pointsof thebarsin thecumulativeprobability

diagram,a function � which is piecewise linear is given.The gradientof � in a
givenclassis

�

�

�

� �

	

�8�

�

�

�

�

� �

	

�8�

�

� �

	

�

�

�

�8�

	

�

�




�




�

�

� (A.6)

or

�

�

�

���

� �

�

�

�

� �

�

�

�

�




�

� (A.7)

� is calledtheprobabilitydensity.
Note: � �

�

relative probability! The relative probability gives the probability
for being in a given class(independenton its width). The probability density is
normalizedby theclasswidth. For wind speeddata,� hasthedimension(m/s)

� �

.
Thesmallertheclasswidth, themorethecumulativeprobabilitycurveapproxi-

matesto ancontinuouscurve.For anin�nitesimal smallclasswidth � � � becomes
a continuousdistribution functionof � : �

�

�

�

.
Theprobabilitydensity � thenis

� �

�

�

�

�

�

�

�

�

(A.8)

or:

�
�

� �

�

�����

�

�

�

�

� �

�

� (A.9)

For � thefollowing conditionsapply:

2

�

�

�

�

�

�

�

for all
�

�

(A.10)

0 2 4 6

0.3

0.2

0.1

0
0 2 4 6

0

h(j) H(j)

v [m/s] v [m/s]

1.0

0.5

Fig. A.1. Histogramsof therelative frequency (left) andthecumulative frequency (right) for
thewind speedvaluesgivenin TableA.2.
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�

� �����

� � �

�

�

�

�

� �

�

�

�

� (A.11)

Therelativeprobabilities�

�

�

�

for agivenclasswidth � �

�

�

�

�

�

�

is

�

�

�

��� �

���

	

�




���

	

�




�

�

�

� �

�

�

�

�

�

� �

�

�

�

�

�

�

�8�

�

�8�

� (A.12)

��� Therelativeprobabilityfor agivenclasswidth canbereconstructedfrom �

or � .

A.3 Examplesof Analytical Probability Distrib utions

A.3.1 Normal Distrib ution

A mostoften usedprobability distribution is the Gaussianor normaldistribution
(Fig. A.2) with theprobabilitydensity

�

�

�

�

�

�

	

?

�

�
	

�

���

��


�

���

�

� �

�

2

�

���

�
�

�

�

� (A.13)

andthecorrespondingdistribution function

�
�

�

�

�

�

	

?

�

�

�
�

�

��	

�

���

��


�

���

�

�

�

� (A.14)

whichgivesthecumulativedistribution.TheGaussiandistributionis commonly
appliedto describethestatisticalerrorsin theprocessof repeatedmeasurementsof
the samequantity ( � law of large numbers).It is symmetricwith respectto the
mean �

�
. The probability that a measuredvaluelies in the range

�

�
�

�

� �

�
�

�

�

$ is
0.682.

The Gaussiandistribution is an appropriateapproximationof the variationof
shorttimewind speeddata( � �


 1 s)aroundtheirhourlymeanvalue.Unfortunately,
it cannotbeappliedto thedistribution of hourly wind speeddatafor longerperiods
(e.g.oneyear).

A.3.2 Weibull Distrib ution

For wind speeddata,theWeibull distributionhasshown to beagoodapproximation
of therealdataset.Its functionalrepresentationsare:

�

�
�

�

� �

,

�

�

�

�

�

�

�#�

�

�

	

�
���




�

(A.15)
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and

�

�

�

�

� �

�

�

	

� ���




�

�

(A.16)

wheretheshapefactor , usuallyis closeto 2.0andthescalingfactor � is close
to themeanwind speed.For a constantshapefactor , = 2 thedistribution is called
Rayleighdistribution.

Plots:differentWeibull distributions
It canbe shown that theWeibull paramerter, and 
 arerelatedto themean ��

andthevariance
�

� of thetimeseries:

��

�

� �

�

���

�

,

�

(A.17)

and

�

�

�

�

�

�

�

�

��� 	

,

�

���

�

�

���

�

,

���

�

�

�

(A.18)

where� is theGammafunctionde�ned by

�

�

�

� ���
�

�

�

�

�#�

�

�

�

�

�

� (A.19)

A measureof thevariationof thetimeseriesaroundthemeanvalueis thequan-
tity

�



�

�
(coef�cient of variation),which only is a functionof theshapeparamerter

, :

x-2*sigma x-sigma x x+sigma x+2*sigma

(1/sqrt(2*pi))*exp(-x**2/2)

Fig. A.2. Probabilitydensityfunctionfor theGaussiandistribution.
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�
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���

�

�

�

� (A.20)

For usein relationshipwith wind energy anicebehavior of theWeibull distribu-
tion is theability to directlycalculatethemeancubeof thevariable� :

�

�

*

�

�

*

�

�

���

-

,

�

� (A.21)

The calculationof the Weibull parametersfor a measuredtime seriescan be
donein thefollowing manner:
1. Calculatethemean �� andthestandarddeviation

�

of thetimeseries.
2. With

�


 �� �nd , from tableA.3.2.
3. With , and �� �nd � with Eq.... andtabulated� -functionvalues.1

A.4 Autocorrelation

���

-functiontablescanbefound in mathematicaltables(e.g.,Bronstein:Taschenbuch der
Mathematik).

x-2*sigma x-sigma x x+sigma x+2*sigma

F
(x

)

x

0

Fig. A.3. umulative probabilityfunctionfor theGaussiandistribution.



Table A.2. Weibull shapeparameter� asa functionof ���

�

� .

� ���

�

� � ���

�

�

1.2 0.837 3.0 0.363
1.4 0.742 3.5 0.316
1.6 0.640 4.0 0.281
1.8 0.575 5.0 0.229
2.0 0.523 6.0 0.194
2.2 0.480 7.0 0.168
2.4 0.444 8.0 0.148
2.6 0.413 9.0 0.133
2.8 0.387 10.0 0.120





B. Unit Sphere and Solid Angle

Any point within a cartesianframeof referencemay be indicatedby the position
vector

�

suchthat
� � �

�

�

�

��� �

(B.1)

where
�

�

�

�

��� �

de�nesthecoordinatesof thetip of thevector. A directionvector
in termsof aunit positionvector� whichhasits baseattheorigin andtip atthepoint

�




�

�

�




�

wherethispoint liesontheunit spherethatsurroundstheorigin. In thiscase
�




�

���

�

�




�

�

�

. A trigonometricinterpretationof thedirectionvectoris
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�

�



���
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�

�	��
��

(B.2)

where
�

is thezenithangleand � is theazimuthangle.Thedirectionvectorthen
is

�

� �

�	��


�



��� �

�



���

�


���� �

�

����
 �

�

� (B.3)

Many radiationproblemsrequirethe considerationof radiantenergy con�ned
to anelementof solid angle.A convenientway to think aboutthesolid angleis to
imaginea point sourceof light locatedat thecenterof a unit sphere.A smallhole
of area � on the surfaceof the sphereallows light to �o w throughit. This light
is containedin a small coneof directionswhich is representedby the solid angle
element

�

�
�

�

�

(B.4)

where
�

is theradiusof thesphere.Givena unit sphere(i.e.,
�

= 1) theareaof
theopeningis

�

�

�

���

�

�

�

�

�

� �

�

� �

�

�




�

�

� �

�

� �

�


�� � �

�

�

�

�

� (B.5)

Since
�

= 1, thesolid angleelement
�

�

, which hasunitsof steradian,is related
to

�

and � accordingto
�

�

�


�� � �

�

�

�

�

� (B.6)

Thesolidangleassociatedwith all directionsaroundaspherehasthesamevalue
in steradiansasthesurfaceareaof a unit sphere,namely

�(?

.



y

(a,b,c)

x

z

f

q

x

Fig. B.1. Angleanddirectionde�nitions de�ned with respectto a unit sphere.



C. Physical Constantsand Data

Table C.1.Physicalconstants
� = 2.9979 � 10

�

ms
�

�

Vacuumvelocityof light
� = 6.6261 � 10�

�

� Ws
"

Planck's constant
� = 1.3802 � 10�

"

� WsK �

�

Boltzmannconstant
� = 5.6705 � 10�

�

Wm �

"

K ��� Stefan-Boltzmannconstant
��� = 6.9600 � 10

�

m Meanradiusof thesun
��� = 6.371 � 10

�

m Meanradiusof theearth
��� = 5.988 � 10

"

� kg Massof theearth
��� � = 1.4960 � 10

� �

m Meandistancebetweenearthandsun
�

= 7.292 � 10
� �

rads
�

�

Earth's angularspeedof rotation
	 = 9.8062ms�

�

Accelerationof gravity at sealevel and45 � latitude
��
 = 717JK �

�

kg �

�

Speci�c heatof dry air at constantvolume
�

�

= 1004JK �

�

kg �

�

Speci�c heatof dry air at constantpressure
�

= 287JK
�

�

kg
�

�

Gasconstantfor dry air



� = 1013.25hPa Standardsea-level pressure
�

� = 288.15K Standardsea-level temperature
�

�
= 1.225kgm

�

� Standardsea-level densityof dry air

Table C.2.Conversionfactors– Energy density

Units Jm�

"

Whm�

"

calcm�

"

1 Jm�

"

1 2.778 � 10��� 2.388� 10���

1 Whm�

"

3.6 � 10� 1 0.08598
1 calcm

�

"

4.187 � 10
�

11.63 1

A �ux is the rate at which a substance�o ws. The energy �ux indicatesthe
amountof energy [J] that�o ws in aunit of time [s]. Its unit is Watt [W].



100 C. PhysicalConstantsandData

Table C.3.Basicradiometricquantities

Quantity Symbol Unit
wavelength � m, � m
frequency ( ���

�

��� ) � s�

�

wavenumber( ����� ��� ) � m �

�

, cm�

�

radiantenergy � J = Ws
radiant�ux 	 W
radiant�ux density(genenal) 
���
 Wm

�

"

irradiance(incidentontoa surface) 
 Wm �

"

radiantexitance,emittance(emerging from a surface) 
 Wm
�

"

solarradiant�ux density(globalirradiance) 
��

�

�

�

Wm �

"

radiance,radiantintensity(radiant�ux propagating
in a givendirectionwithin asolidangle) ����� Wm �

"

sr�

�

insolation
generictermrepresentingthesolarenergy receivedon ahorizontalsurface
whatever thetime interval considered
in speci�c casesit is replacedby:

irradiance:instantaneousinsolation Wm �

"

irradiation:integratedirradianceover a speci�c time period Jm�

"

(usually:onehour, oneday)
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