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Preface

Thistext includesthematerialpresenteih aone-semesteroursefor studentsn the
eld of solarandwind enegy fundamentals&ndapplications.

It is notmeantasa generaintroductionto atmospheriphysicsalthoughit cov-
ersbasicconceptf atleasttwo fundamentalelds of physicswhich areessential
for atmospheriprocessegadiationandhydrodynamics.

Moreover, thetext introduceghebasicmeteorologicaknowledgenecessarjor
the understandingf the natural constraintsfor using solar and wind enegy re-
sourcesThe materialshouldprovide the readerwith the elementaryphysicalfun-
damentalof atmospherigrocessesvhich make solarandwind enegy resources
availableatthe earthsurface.

Basedon this, methodsarepresentedor assessinghe correspondingolarand
wind enepgy resourcesndifferentspatialandtemporakcalesState-of-the-antnod-
elling techniquedor the derivation of the variousquantitiesusedfor design,sim-
ulation andanalysisof solarandwind enegy corversionsystemsareintroduced.
Chaptersdealingwith instrumentatiorand techniquesor measurementef solar
radiationandwind speedconcludethis introductionto basicenegy meteorology

Oldenturg, October1999 Detlev Heinemann
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Solar Radiation






1. Intr oduction

Solarradiationis the primary naturalenegy sourceof the Earth. (Other natural
sourcesare:geothermaheat ux from the earthinterior, naturalterrestrialradioac-
tivity, cosmicradiation.Thesearenegligible!)

Solarradiationmainly emanatesselectromagneticadiationfrom the surface
of the sun(photosphere)it is originatedby several nuclearfusionprocessef the
interior of the sun.

The solarirradianceincidenton a given planeon the earths surfaceis deter
minedby:

sun-earttastronomy

(physical(radiative) propertiesof thesun( ), sun-earttdistance)
extraterrestriakolarradiant ux

solargeometry

(latitude,declination solartime, azimuthandtilt angleof receving surface)
positionof the sunwith respecto thereceving surface

extinction processes theatmosphere

(absorptionandscatteringby air moleculeswatervapour aerosolsglouds,

(air massturbidity))
availableradiant ux atthesurface(direct,diffuse)

Thesepointsaresubjectto the subsequenthapters.






2. The Sun asa Radiation Source

All matteremitselectromagneticadiationat all wavelengthdueto its atomicand
molecularagitationunlesst is atatemperaturef 0 K. Theintensityandthespectral
distribution of theradiationis solelydeterminedy thetemperaturendthematerial
propertiesof the emitting body (particularly of its surface).Both aredescribedoy
thefamougadiationlaws of Kirchhoff andPlanck.

A goodapproximatiorof intensityandspectradistribution of theradiationof a
givenbody canbe madeby assumingt to be a blackbodyor a blackbodyradiator.
A perfectblackbodyis an objectthat doesnot re ect ary radiationwhatever, but
absorbsall radiationincidentuponit. It emitsthe maximumamountof enepgy at
eachwavelengthandinto all directions.

2.1 Radiation Laws
Pland's law for the spectralradiancedescribeshe enegy distribution of radiation

emittedby a blackbodyat temperature into a unit solid angleas a function of
wavelength:

—— Wm sr m (2.1)
or in termsof frequeng:

— Wm sr s (2.2)
where WsK is Boltzmanns constant, Ws
is Plancks constantand ms isthevacuumvelocity of light.

The hemisphericabpectralradiant ux emeging from a unit surface (radiant
exitance)thenis (Fig. 2.1):

Wm m (2.3)

For eachtemperaturehe blackbodyemissionappoachegerofor very small and
very large wavelengthsThe curve for awarmblackbodylies above the curve for a
coolerblackbodyat eachwavelength.
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Approximately the sun(morestrictly, its gaseousurface)is a blackbodyemit-
ter. Theeffective surfacetemperaturés  5780K.

The relationshipbetweenthe wavelengthof a blackbodys maximumemission

andthe correspondingabsolutetemperaturds given by Wen's displacement
law:

L (2.4)

2.2 Radiant Flux Emitted by the Sun

Integrationof Plancks function (Eq. 2.1) over the entirewavelengthdomainleads
to thefundamentabtefan-Boltzmanlaw, which givesthetotal radiant ux density
emittedby a blackbodyat temperature (emittedradiationperunittime andarea):

(2.5)
where Wm K istheStefan-Boltzmanrcon-
stant.

Inserting =5780K yieldstheradiantexitancefrom the sun's surface:
Wm
(2.6)

spectral radiant flux density [Wm2Znmm-1]

10° i — Tt f

01 l T T IIIII:I-I0 T T T Illlioo
| [mm]

Fig. 2.1. Spectraof emittedblackbodyradiationat =5780K (sunsurface)and = 285K

(earthsurface).
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With and m, thetotal radiant ux emittedby the
sunis:
Wm m (2.7)
W

2.3 Solar Constant

From enegy consenration principlesthe total radiant ux throughthe surface of
thesun( ) equalsthe ux throughary sphericalsurfaceconcentricto the sun.
Especiallyfor aspherewith aradius  , themeandistancébetweersunandearth,
it is (Fig. 2.2):1

(2.8)

Theratio is calleddilution factor
andis anoftenusednumberin sun-earttastronomy

Fromthis,thesolarradiant ux passinghrougha unit areaatthe meandistance
of theearthfrom the sunis:

Wm Wm (2.9

is calledthe solar constant This value haschangedn the pastasnenv mea-
surementechniqueqe.g. satellites)have beenapplied.In the literaturea value of
1353Wm s givenfrequently This valueis out of date.
The solar constantis the solarradiant ux receved on a surfaceof unit area
perpendiculatto the sun's direction at the averagesun-earthdistanceoutsidethe
earths atmosphere.

2.4 Total Solar Radiant Flux Receved by the Earth

Being  the crosssectionalareaof the earthdisk as seenby the sunand =
6371km the meanearthradius,it is:

(2.10)
m Wm W

is themeantotal radiant ux theearthrecevesfrom thesun.Fromthis,thetotal
solarenepgy recevedby theearthperyearis:

J kWh (2.11)

Comparingthis numberwith the annualworld primary enegy consumptionin
19972, kWh, resultsin afactorof ~ 15000.

is calledanastronomiaunit: 1 A.U.  149.6million km.
BP StatisticalReview of World Enegy, 1998 (http://www.bp.com/bpstats)
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2.5 Extraterr estrial Radiation

The orbit of the eartharoundthe sunis slightly elliptical with the sun at one of
thefoci andthereforecauses changeof the sun-earttdistance  throughouthe

year This variationis expressedy the eccentricitycorrectionfactor  (Spencer
1971):
(2.12)
(2.13)
where is the day anglein radiansand is the numberof the
dayin theyear(n = 1 on 1 January).
In mostapplicationghe simplerapproximation
_— (2.14)
canbeused.
With this, the extraterrestriatadiationat normalincidenceis givenby:
(2.15)

Fig. 2.3 givestheannualvariationaccordingo Eq. 2.15.

/ 0.26°
| earth

A\ | surface

Fig. 2.2.Sun-Earthgeometry



2.5 ExtraterrestriaRadiation 9

1420

1400

1380

wm2

1360

1340

1320

0 90 180 270 360
day of year

Fig. 2.3. Annual variation of the extraterrestrialirradianceat normalincidencedueto the
varyingsun-earthdistance.






3. Solar Geometry

Modeling the performanceof solarenegy corversionsystemgequiresthe knowl-

edgeof theirradianceon a surfaceof given slopeandorientationin differenttime
scales(annual,monthly, daily or even hourly). To achieve this needsthe evalua-
tion of several geometricaffactors.If the in uence of the atmosphereas setaside
for a moment,and second-ordeeffects asre ection from adjacentsurfacesand
obstructionby neighboringstructuresare not consideredthe irradianceis merely
determinedby

the positionof thesunin the sky and
the slopeandorientationof the surface.

For surfaces,which are not orientedperpendiculato the direction of the sun,
theirradianceis givenby (Fig. 3.1):

(3.1)

where istheirradianceon a planenormalto the sun's direction.

Generallytheangleof incidence hasto be determinedor a calculationof the
irradianceof anarbitraryorientedsurface. Thereforethe geometryof the sun-earth
systemaswell asthe surfaceorientationhasto be considered.

Trigonometricrelationshipsdescribingthe in uence of the earths revolution
aroundthe sunandthe earths rotationaroundits own axis( diurnalchange®f
irradiance)

Annualvariationsof theirradiancearemainly causedy thevaryingpositionof
thepolaraxiswith respecto thesun(in additionto thevaryingsun-earthdistance).

The earthrevolvesaroundthe sunin a planecalledecliptic plane The earths
axis(polaraxis)isinclinedat23.45 (constanin time)with respecto thenormalto
the ecliptic plane.The samethenholdsfor the anglebetweerthe earths equatorial
planeandtheecliptic plane.

Thevarying solarin uence canbe describedy the anglebetweenthe earths
equatorialplaneandthe planeof its revolution aroundthe sun.This angleis called

@ | i

Fig. 3.1.Angle of incidence.




12 3. SolarGeometry

thesolardeclination . Its maximumdaily changes lessthan0.5 (occuringatthe
equinoxes),so that for practicalpurposesa constantvalue for a given day canbe
used:

(3.2)

Thefollowing equationgivesthe declination,in degreeswith anaccurag of 0.05
(Spencerl971):

(3.3)

where is thedayanglein radians.

3.1 Solar Time

Daily variationsof solarradiationareusuallycalculatedon the basisof solartime,
whichis de nedin thefollowing way:

A solar dayis thetime interval betweenwo consecutre crossingsf the sun's
pathwith the local meridian.The length of this interval changedrom day to day
(deviation  30sec).Only its meanvalueequals?4 h.

Solarnoonthenis thetime of thecrossingof thesun's pathwith thelocal merid-
ian.

The variation of the solarday lengthis causedy (i) the elliptical path of the
eartharoundthesun(Keplerslaw: Earthsweepsqualareasn equaltimes)and(ii)
thetilt of the earths axiswith respecto theecliptic plane.This differencebetween

N
[&)]

declination [deg]
B, BN
o o o 01 o

N
o o

0 100 200 300 365
day of year

)
o1

Fig. 3.2. Annualvariationof the solardeclination.
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the solartime and the local meantime in minutesis expresseddy the empirical
equationoftime  (Fig. 3.3):

(3.4)

where in degrees.
For ahigheraccurag thefollowing formulacanbeused(Spencer1971):

(3.5)

where againis thedayangle.

Themaximumvalueof is 16.5minutes(for day =303).

Solartime differs from standardime (i.e. the time we are usedto work with,
determinedby the time zone)dueto (i) variationsof the length of the solar day
and (ii) adifferencebetweerthelocal longitudeandthe standardongitudeof the
appropriatgime zone(Fig. 3.4).

solartime = local time +

Note:localtime standardime!

Thelocal time is a function of the actual(local) longitude  (i.e.: samelocal
time only on the samemeridian),the standardime is a function of timezoneonly
(correspondingo standardongitudes ). Usually, thestandardneridiansaremul-
tiplesof 15 E or W of Greenwich.The standardneridianfor CentralEurope for
example,is 15 E (TZ = -1 from Greenwich).

Thetruesolartime (TST or LAT) is calculatedrom local time (LST) using

(3.6)

20

Equation of time [min]

_20||||||||||||||||||||||||

0 60 120 180 240 300 360
day of year

Fig. 3.3. Theequationof time.
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whereDST = 1 hourduringdaylightsaving time and= 0 otherwise.

Example:Calculationof thelocaltime at solarnoonfor Oldenturg, Octoberl5.
Thelocallongitudeis 8.2 East(=- 8.2 ), thestandardongitudeis 15 East(CET).

Thehourangle is a quantitywhich describeghe solartime in trigonometric
relationshipsit equalsthe angulardisplacementf the sunfrom thelocal meridian
dueto therotationof theearth.Onehourcorrespondgo anangleof 15 (360 /24h).
Themorninghoursarenegative andthe afternoorhoursarepositive by corvention.
At solarnoon equals .

3.2 Position of the Sun

To calculatetheirradianceon ary planethe positionof the sunwith respecto that
plane(precisely:to the normalto that plane)mustbe known. The sun's positionin
thesky hemisphereanbe completelydescribedy two quantities(Fig. 3.5):

— solaraltitude (elevationabove horizon)

— solarazimuth
Thesunsaltitudeis givenby sphericatrigonometry(with geographicalatitude ):

(3.7)

The solarazimuthis givenby:

(3.8)

The quantity describingthe anglebetweenthe incoming solar beamradiation
andthenormalto thereceving surfaceis theangleof incidence (Fig. 3.5).
This angledepend®n
— geographicalocation(latitude)

Solar Time » Local Time » Standard Time
A A
I I
I I
I I
I I
I I
I I
I I
I

True Solar Time (TST)
Local Solar Time

Local Mean Time (LMT) Local Standard Time (LST)

Civil Time

Local Apparent Time (LAT) Local Clock Time

Equation Of Time Longitude Correction

Fig. 3.4.Commonlyusedtermsof time andtheir relationship.
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— time of year(declination) time of day (hourangle)
— orientationof theplane(slope , surfaceazimuth ):

(3.9)

For its calculation two additionalangleshave to beintroducedTheslopeangle
betweerthecollectorplaneandthehorizontalsurfacewhichvariesbetweerd for
a horizontalplaneand90 for a vertical plane.The surfaceazimuthangle asthe
deviation of thenormalof theplanefrom thelocal meridian. is countedclockwise
from N whereits valueis 0 (thusfor Sit is 180 ) on both hemispheresNote that
in theliteratureoftenavalueof 180 for anorientationtowardsthe equatoiis used!
Thenit is:

(3.10)

In caseof somespecialsituationssimpli ed expressionganbegiven:

Horizontalsurfaces:

(3.11)

Fig. 3.5.Zenithangle , slope , surfaceazimuthangle andsolarazimuthangle fora
tilted surface.
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3.

3. SolarGeometry

For horizontalsurfaces equalghezenithangle (seeFig.3.5).
The complementof the zenith angleis the solar elevation angle (solar

altitude).
Vertical surfacesdfacingtowardsthe equator: for thenorthern
hemisphereand for thesoutherrhemisphere

(3.12)
Inclinedsurfacesfacingtowardsthe equatomwith atilt angleequalto theabsolute
value of the latitude (northernhemisphere: , ; southernhemi-
sphere, , ):

(3.13)
For solarnoon( )itis:
Sunriseandsunset:

In this casethesunsetourangle is:

Example:Daylengthfor winter solstice(21 December)n Oldenturg, Germalry:

The anglebetweensunriseand sunsetthenis resultingin a
theoreticalsunshineduration of hoursfor that particular
day.

3 Example: Extraterr estrial Radiation on a Horizontal Surface

Instantaneousalue:

(3.14)

For atime period( , ) with correspondindgnourangles and Eq.3.11and
integrationgives:



3.3 Example:ExtraterrestriaRadiationon a HorizontalSurface

where h . isinJdm
Similarly, the daily extraterrestriatadiationis givenin Jm

where is againthenumberof thedayin theyearand  isin degrees.

17






4. Interaction of Solar Radiation with the Atmosphere

In the previouschapternly the extraterrestriaradiationhasbeenconsideredi.e.,
theradiative transferthroughtheatmospherevasnotin uended by theatmosphere.
deterministiaadiationcalculation;only solargeometry

As solarradiationpasseshroughthe earths atmospheresomeof it is absorbed
or scatteredy air moleculeswatervapor, aerosolsandclouds.The solarradiation
that passeghroughdirectly to the earths surfaceis called direct solar radiation.
Theradiationthathasbeenscatteredut of the direct beamis calleddiffusesolar
radiation.The direct componenof sunlightandthe diffusecomponenbdf skylight
falling togetheron a horizontalsurfacemake up globalsolarradiation.

Determiningthe irradianceat the surfacerequiresknowledgeof the in uence
of the atmospherelooking at the differentcomponentsn the atmospheravhich
could in uence the radiationtransfer mainly two groupshave to be considered:
The gaseousnoleculesof dry air which areuniformly mixedbothin thehorizontal
andin theverticalbelov heightsof 80km andthe highly variableamountsof water
vapour(H O) andaerosolparticles.Watervapouris presentn a rangebetween0
and 4 per centof the humid atmosphereavith a vertical pro le shaving a strong
decreas®f concentratiorwith height.

Finally, theliquid andsolid watercontainedn cloudshasto be consideredsa
mainattenuatoof solarradiationin theatmosphere.

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

Nitrogen 78.08%
Oxygen 20.95%

Argon 0.93%
CarbonDioxide 350ppm

Neon 18 ppm
Helium 5ppm
Krypton 1ppm
Hydrogen 0.5ppm
Ozone 0.05-12ppm (variable)

The main processegor the extinction of solar radiation passingthroughthe
atmospherare:
— absorptiorby ozone



20 4. Interactionof SolarRadiationwith the Atmosphere

absorptiorby uniformly mixedgasegO , CO )
absorptiorby watervapour
scatteringoy moleculesof theair
extinction by aerosolparticles
extinction by clouds(high cirrus clouds,thick clouds)
absorption:
solarradiationis corvertedto heatby atmosphericonstituentsthis enegy is lost!
stronglywavelengthdependentyccuringin severalcharacteristievavelengthbands
scattering:
scatteringchangeglirectionandwavelengthof theradiation;no conversion!
solarradiationis scatteregbartly backto space!

scatteringis strongly wavelengthdependentRayleigh-scattering ) dueto
moleculesfollowsan  -law, Mie-scattering ) dueto aerosolds approxi-
mately -dependent.

Scatterings a processvherebylight is actuallyabsorbedy a particleandthen
emittedin anothedirection.Scatteringparticlescanbeair moleculesdustparticles,
waterdropletsgase®r particulateswhich scatteincomingsunlight(or moonlight)
in all directions . Scatteringcanalsobeviewedasare ection off of thescatterer

Selectve scattering(or Rayleighscattering)occurswhen certainparticlesare
more effective at scatteringa particularwavelengthof light. Air moleculesike
oxygenandnitrogenfor example,aresmallin sizeandthusmoreeffective at scat-
tering shorterwavelengthsof light (blueandviolet). The selectve scatteringoy air
moleculess responsibldor producingthe blue skieswe oftenseeon a clearsunry
day.

Anothertype of scattering(called Mie Scattering)is responsibldor the white
appearancef clouds.Mie scatteringoccurswhenthe wavelengthsof visible light
aremoreor lessequallyscattered.

Rayleighscatteringmodelsthe scatteringor extremelysmall particlessuchas
moleculesof the air. The amountof scatteredight dependon the incidentlight
angle.lt is largestwhentheincidentlight is parallelor anti-parallelto the viewing
directionandsmallestwhentheincidentlight is perpendiculato theviewing direc-
tion.

Mie scatteringis usedfor relatively small particlessuch as minusculewater
dropletsof fog, cloud particles,and particlesresponsibleor the polluted sky. In
this modelthe scatterings extremelydirectionalin the forward directioni. e. the
amountof scatteredight is largestwhenthe incidentlight is anti-parallelto the
viewing direction (the light goesdirectly to the viewer). It is smallestwhenthe
incidentlight is parallelto theviewing direction.

TheHeryey-Greensteirscatterings basedn ananalyticalfunctionandcanbe
usedto modela large variety of differentscatteringypes.The functionmodelsan
ellipsewith a given eccentricitye. An eccentricityvalue of zerode nes isotropic
scatteringwhile positive valuesleadto scatteringin the directionof the light and
negative valuedeadto scatteringn theoppositedirectionof thelight. Largervalues
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of e (or smallervaluesin the negative case)increasehe directionalpropertyof the
scattering.
Theseextinction processedepencdn
— amountof interactingmoleculesandparticles(turbidity)
— pathlengthof theradiationthroughthe atmosphere.
concepbf relative air mass
differentextinction for differentzenithanglesavenfor unchangingatmosphere

Table 4.2. Contritution of atmosphericonstituentgo total extinction ( = weak, =inter
mediate, = strong).

absorption scattering

Ozoneg(O )
O,Co

all molecules
watervapour
aerosols
clouds

2000

1500

1000

500

spectral radiant flux density [Wniznm'l]

0 0.5 1 15 2 25
| [mm]
Fig. 4.1. Planckspectrumfor a black body at T=5780K (thick curve) and obsenred solar
spectraat the top of the atmospherdextraterrestrial thin curve) and at the Earth surface
(grey area).
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4.1 Relative Air Mass

For anassessmermdf extinction processes theatmospheré is necessaryo know
thetotal massor “optical path” of atmospheravhich the beamtraverseson its way
to thesurface(or thelevel in question).

Therelative pathlengthof directsolarbeamradiancehroughthe atmospherés
givenby theratio betweertheverticalopticalpath  andtheactualopticalpath
of thesolarbeam It canbe describedasafunctionof thezenithangle only:

_ . (4.1)

Thequantity  is known astherelativeair mass|In solarenegy for ~ com-
monly AM is used(Fig. 4.2).
Eq. (4.1) is strictly valid only for a planeparallelatmosphereln a real, spherical
atmospheravith refractiontherelative air massAM is limited to about36.5.

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

(4.2)

De nition of relative air massfor a horizontalhomogeneouatmosphere:

— (4.3)

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

Note:AM 1.5is commonlyusedasareferenceir massn datasheetf photo-
voltaic modules.

top of
atmosphere

earth surface

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

— shift of spectrum
— spectrdor clearsky
— absorptiorof atmosphericomponents

4.3 Clearnessindex

Thestandardspectran Chapterd.2 applyfor cloudlesqi.e. clear)skiesonly. Thus,
approximationgoncerningheincomingradiationarepossiblevhengeometryand
atmospherid¢urbidity (amountof watervapour aerosolsareknown.
But: Most of thereductionin irradianceis dueto clouds!
aquantitydescribingthis overall reductionis the clearnessndex:

(4.4)

normalizationof global irradianceby correspondingextraterrestrialradiation
value eleminatingseasonatrend

relategheglobalradiationto the extraterrestriatadiationandthereforegives

a dimensionlessiumbergiving the percentagef the reductionof extraterrestrial

/??£%§%Effftigiif&kﬁiﬁ§x%ﬁ/}i\\/ﬁ/ﬁjAﬁ\§§§\\ N ——
1.5 2 25

I
0 0.5 1

2000

1500

Irradiance (Wm'znm'l)
i
o
o
o
T

500

Wavelength (nm)

Fig. 4.3. Spectraldirect normalirradiancefor a clear atmospheredifferent valuesof the
atmosheriair mass(from top: AMO, AM1, AM1.5, AM3). Spectraarecalculatedvith SB-
DART usingasubarcticsummeratmospheré¢l.42gm  watervapouy 23 km visibility).
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radiationdueto absorptiorandscatteringoy air moleculesaerosolswatervapour
andclouds.

Corvention: iscommonlyusedin agenericsensaswell asfor hourlyvalues.
For daily andmonthlyvalues and areusedrespectiely.
The clearnessndex eliminatesthein uence of the zenithangle (daily andsea-
sonalvariation)andthereforecharacterizethesolarradiationclimateataparticular
location.Severaladditionalquantitiesn solarmeteorologyaredescribedasafunc-
tion of the clearnesindex.

Table 4.3.Monthly andannualmeanvaluesof

month latitude J F M A M J J A S (e} N

D annual
Bergen 604 N 21 .30 .36 .42 41 43 .38 .40 .32 .30 .23 .20 .33
Oldenlurg 531 N .25 .32 .37 .41 .42 .44 .41 45 .40 .34 .28 .23 .36
Freiburg 480 N .36 .39 42 47 47 49 51 .48 50 .43 .35 .34 43
Carpentras 441 N 44 49 52 57 57 61 .67 .63 .57 .55 .47 .46 .55
Almeria 368N 56 56 52 59 60 .62 66 .64 .60 .58 .56 .58 .59
Pretoria. 270S 61 55 58 61 65 69 54 .68 .65 .59 .58 .57 .61

2000

1500

1000

Irradiance (Wm'znm'l)

0 |
0 0.5 1 15 2 25

Wavelength (nm)

Fig. 4.4. Spectralglobalirradianceon a horizontalsurfacefor a clearatmospheredifferent
valuesof theatmosheriair mass(from top: AMO, AM1, AM1.5, AM3). Thecorresponding
total globalirradiancesare1367,1083,669and276 Wm , respectrely. Spectraarecalcu-

latedwith SBDART usinga subarcticsummeratmospheré¢l.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 consideredor comparison.
For AM 1.5with givenconcentrationef watervapourandozone thesevaluesare
tahulatedin a spectrallyresohedform.

Figure:Extraterrestriatadiation , globalradiation , clearneséndex and
clearsky index  for sitexxx, dateyyy.

4.4 Clear Sky Irradiance
4.5 Cloudy Sky Irradiance

4.6 RadianceDistrib ution on the Sky Hemisphere

global

extraterrestrial clear sky
radiation — radiation — radiation

Go 4 Ge n G
| |
i i
| |
| |
| |

influence of atmosphere influence of clouds
(water vapour, ozone, aerosol)

Fig. 4.5..






5. Radiation Climatology

If the radiant ux which the Earthis recevving permanentlyfrom the sunis dis-
tributed over the whole earthsurface,the resultis an radiant ux densityof 342
Wm  (onequarterof the solarconstantasaverageextraterrestriatadiation.
The long-term,globally averagedenegy balanceof the earth-atmosphergys-
temis shavn in Fig. 5.2. To maintainthermalequilibrium (i.e.: constaniong term
averagetemperature)the incoming solar radiation must be balancedon average
by an equalamountof radiantenegy leaving the atmospherénto space.This is
achiezedby there ection of shortwave solarradiationby the surfaceandthe atmo-
sphereaswell asby longwave (infrared) absorptionand emissionof radiationby
the surfaceandatmosphericonstituentsThedominantrole of cloudsin shortwave
re ection andlongwave emissionis very obvious.On average ponly 52 per centof
the incomingradiationreacheghe surfaceandthusis availablefor corversionin
solarenepgy devices.
Only 52 % of the extraterrestriaradiationreacheghe earths surface, i.e. 178
Wm | this givesthe meanglobalradiation.
Long term meansolarradiation:90 250Wm  (extremelyin uenced
by meanlocal cloudiness)
Fromtheglobalradiationbudget,it canbeconcluded:
— total radiationreachingthegroundis decreased.
— radiationis scattereff the sundirection
— diffuseradiation:radiationreachingthe groundfrom otherdirectionsthan
thesun'sdirection
— direct radiation: radiationreachingthe groundfrom the sun's direction
(angleof 0.5)
Approximatelyit is:
30% of incomingradiationis re ectedbackinto spacgby atmosphereglouds
and
surface),
20% is absorbedn theatmosphere,
50 % is absorbedy the earthsurface.
Variability in time
— yearto-year mostly non-deterministic
— seasonalhigh latitudes!),variationof  , seasonaVariationof cloudamount
— dalily, highly deterministic
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— shortterm uctuations (clouds),highly stochastic
andspace
— latitude
— local climate(maritim, continental)
long-termglobalmean: 185Wm =5.8GJm a
=1.6MWhm a
=4.4kWhm d
seasonavariations:importantfor systemlayout!
geographicalariations:contrastbetweerdifferentlatitudes!

Latitude

Fig. 5.1.Averagedaily extraterrestrialadiationon a horizontalsurfaceasfunction of season
andlatitude.
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SPACE Incoming Outgoing Radiation
Solar
Short-wave Long-wave
Radiation r T ‘ ‘
100 6 21 4 6 37 28
ATMOSPHERE Backscattered
by Air
Net Emission by
Absorbed by Reflected Water Vapour, CO, { z
Water Vapour, 18 by Clouds Emission by Cloud
Dust, CO , mission by Clouds
& Net Gain by Absortion and
Emission by Water Vapour, CO ,
Absorbed i j 10
by Clouds 3 Latent
Reflected T Heat Flux
by Surface i
o Sensible
Absorbed Net Surface Emission HeatFlux
of Long-wave Radiation ‘
SURFACE 48 16 10 22

Fig. 5.2. Globalmeanenegy budgetof the earth-atmosphergystemin percentof the mean
solarinput. 100% = 342Wm

12
9
GJIm2
6
3
0 i i i i ; 0
90° 60° 30° 0° -30° -60° -90°
N latitude S

Fig. 5.3. Meanmeridionalpro le of extraterrestriakadiation , globalradiation , direct
radiation  anddiffuseradiation  onahorizontalsurface.The scalesareaverageirradi-
ance(left,in Wm ) andannualsolarradiation(right,in GJm ).
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Fig. 5.4.Globaldistribution of annualaveragesolarradiation(in kWhm ).



6. Solar Irradiance Modeling

Sincemostsolarenegy corversionsystemsareinstalledin a non-horizontaposi-
tion, irradiancedatafor tilted surfacesarein greatdemandor solarenegy research
andapplications.

Available solarradiationdatatypically consistsof global horizontaldataonly.
To yield estimateof the irradianceon tilted surfacesthesedataoften have to be
modelledfrom availablerecordingsf horizontalirradiation.

We needcorversionmodelsfor estimatingheirradianceoninclinedplanes.

It is currentpracticefor evaluatingtheirradiationon atilted surfaceto decom-
posethe solarradiationinto the componentslirect beam,sky diffuseandground-
re ectedradiation:

(6.1)

wheretheindicesdenotetilted (t), beam(b), diffuse(d) andre ected (r) radiation,
respectiely.
ThecomponentshenaretreatedseperatelyFig. 6.1).

Themodelsgenerallydiffer in thetreatmenbf the diffuseradiationcomponent.
Therepresentationf the distribution of radiancan the sky hemispheras dif cult.
Assumptionausedto describdt aremaincausef errorsin thesemodels.

direct
geometry —» inclined —
radiation

direct

horizontal
radiation

global
- direct/diffuse
horizontal
fraction model
radiation
diffuse
horizontal

radiation

reflected global
geometry, —» inclined — inclined
albedo model

radiation radiation

T

diffuse

-

]
ONONC

diffuse
sky model

inclined —
radiation

Fig. 6.1.Corversionstepdor estimatingglobalradiationon tilted surfacesfrom globalhori-
zontalradiation.
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Themodelingof directirradianceis straightforvardandidenticalin all models
(moredif cult only for time integratedvalues).

Ground-re ectedradiation:Also dif cult to estimate put of lesserimpactdue
to absolutdower values(only in certaincircumstancesf higherimportance).

Requiremenbf knowledgeof differentradiationcomponentgdiffuse and di-
rect)
Componentfiave to beinferredfrom availabledata(usuallyonly global)

Needfor additionalmodelfor the diffuse/directractionsof globalradiation

6.1 Direct Radiation Component

(6.2)

With it is:
—_ (6.3)
In theliterature theratio / oftenis referredto asthe geometridactor

To force the applicationof Eq. 6.3 to realistic casesjn computeralgorithms
shouldbereplaceddy

6.2 Ground-Re ected Radiation Component

Assumption:Groundre ects irradiationisotropically:

(6.4)

where is thealbedo(re ectance)of the surface.
Important:Appropriatealbedo(variationsin time, snaw!),
Variationin albedowith zenithangle
Secondrder:anisotropiceffects
Modi cations areonly necessarywhenstrongdirectionalvariationsin re ectance
or local obstructiongo the horizonoccur

6.3 Diffuse Radiation Component

Differentsky conditions:
- overcastisotropicdistribution is goodapproximation
- brokencloudinessvery dif cult, largestvariations
- clearsky: anisotropiceffects
Plot: Hay andMcKay
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Table 6.1. Albedovaluesfor selectedsurfaces(averagevaluesfor the solarspectrarange).

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(high sun) 0.05-0.10
(low sun) 0.5-0.8
freshsnav 0.75- 0.95
meltingsnaw 0.35

6.3.1 Diffuse Irradiance Modelsfor Tilted Surfaces

1. Liu andJordan,1963:

Thediffusesky radiances assumedo be uniformly distributed(isotropic)over
the sky dome.The diffuseradiationon a tilted surfaceis hencegiven by the hori-
zontaldiffuseradationandtheview factorfrom the surfaceto the sky /:

(6.5)

where is theslopeof theplane.

Very simple,reasonablyccurate

B.Y.H. Liu andR.C.Jordan(1963).Thelong-termaverageperformancef at-
platesolarenegy collectors.SolarEnewgy, 7, 53ff.

Especiallyfor cloudlessskies,whenthe irradiancevalues(andthusthe enegy
productionof solarcorvertersarehigh,amoreaccuratanodelingof the sky irradi-
anceis neededtakinginto accountthe anisotropy of theradiancedistribution: —
preferentiaforwardscatteringcircumsolaradiation

— increasedscatteringresulting from the longer pathlengthnearthe horizon
horizonbrightening

Notes:For overcastsky conditionstheisotropicassumptions appropriate.

In situationsof partly cloudy skiesthe radiancedistribution is more complex and
stronglyanisotropic.
SubstantiaVariationsof irradianceover sky hemisherendwith time!
2. TempsandCoulson,1977:
Clearsky modelconsideringhorizonandcircumsolateffects:

(6.6)

with anisotropianodi ers re ecting the effect of circumsolarandhorizontalbright-
ening: , .

R.C. TempsandJ.L. Coulson(1977). Solar radiationincident upon slopesof
differentorientationsSolarEnemgy, 19, 179-184.

3.Klucher, 1979:

Introducinganadditionalcloudinesdunction  for all sky conditions:
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(6.7)

where , and .
For overcastskies (isotropicdistribution), for clearskies: (same
asthe TempsandCoulsonmodel)
T.M. Klucher (1979). Evaluationof modelsto predictinsolationon tilted sur
facesSolarEnemgy, 23, 111-1144.
4. Hay andDavies, 1980:
Approach:Overcast nodirectradiation isotropicdistribution
Absenceof atmosphere only directradiation:
The actualstatebetweertheseextremesis determinedy the anisotropy index
, giving the atmospheridransmissiity (diffuseradiationis divided into
circumsolarandisotropicallydistributeddiffuseradiation)
givestheportionof diffuseradiationto betreatedascircumsolaandisotropic,
respectiely (no horizonbrighteningis considered);
is alinearcombinatiorbasedn thetransmissiity for directradiation.

— - (6.8)

J. Hay and J.A. Davies (1980). Calculationof the solar radiationincidenton
aninclined surface.Proc.First CanadianSolar RadiationData Workshop(Ed. by
J.E.Hayand T.K.Won). CanadianrAtmosphericErvironmentService,Downsview,
Ontario.59-72.

5. Perezetal., 1983:

Approach:Diffuseradiationis describedby an isotropic backgroundsuperim-
posedby two regionsof enhancedadiation:

Fig. 6.2. Anisotropiccomponent®f diffusesky radiation.Enhancementaredueto circum-
solarradiationandhorizonbrightening.
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- adisk of variablesizearoundthe sun
- ahorizontalbandof variableheightat the horizon.
Theenhancedadiationis describedy:
: multiplier for circumsolarregion (i.e.  timesthe backgroundisotropic)ra-
diation,
: multiplier for horizonregion.

(6.9)

where and aresolid anglescoveredby the circumsolardisk andthe hori-
zonband respectrely multiplied by theiraverageincidenceontheconsidereghlane
(view factorsto therecever). and aretheequialentquantitiesfor the hori-
zontal(view factorsto the horizontal).

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

Parameterizedby:
- zenithangle
- diffusehorizontalradiation

Large amountof categories(for each[ ] intenval), i.e. 240 different

pairsof , parameters

R.Perez]).T. ScottandR. Stavart (1983).An anisotropianodelfor diffuseradi-
ationincidenton slopesof differentorientationsandpossibleapplicationgo CPCs.
Proceedingsf ASES,Minneapolis MN., 883-888.
R. PerezR. SealsP. IneichenR. StavartandD. Menicucci(1987).A new simpli-
ed versionof the Perezdiffuseirradiancemodelfor tilted surfaces Solar Enemy,
39, 221-231.

6. SkartweitandOlseth,1986:

A. SkartweitandJ.A. Olseth(1986).Modelling slopeirradianceat high latitudes
SolarEnegy, 36 333-344.

6.3.2 Diffuse Fraction Models

Availablesolarradiationdataprimarily consistof globalirrradiationdataon ahor-
izontal surface.Sincefor mary applicationshoth the diffuseandthe beamcompo-
nentsareneededheproblemarisesof estimatinghestatisticakelationshigbetween
the diffuseandthe globalcomponent.

Thefractionof thediffuseirradiationdependsat ary moment,on geographical
and astronomicafactors(altitude of the site, zenith angleof the sun)andon cli-
matologicalfactors(turbidity, amountandtype of clouds,surfacealbedo).Due to
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the stochastidemporalvariationof thesesclimatologicalquantitiesonly statistical
relationshipscan be obtainedfrom the data. Assumingaverageatmospherichar
acteristicsfor a given site, which areassumedo dependonly on the periodof the
year, aregressedelationshipfor thediffuseirradiationversugheglobalonecanbe
derived.

The mostcommonapproachfor decomposinghe global radiationinto their
diffuseandglobal componentss a modelwhich relatesthe diffusefractionto the
clearnessndex:

. (6.10)

Typically, the empiricalexpressiondor the diffusefraction vary with the time
interval underconsiderationhourly, daily, monthly). For a giventime periodthe
relationsarevery similar despitebeingbasednindependentlata.

Regressionof vs presentedy Liu andJordanin the 60shave been
themainreferencesor mary yearsfor deducingthe daily andmonthly diffuseirra-
diationfrom the correspondingylobalirradiation. Their analyseshovedthatthese
regressionsrewidely independenon location.

In recentyearsseveralinvestigationshave beenpresentedvhich shoved a sig-
ni cant dependengon locationandatmosphericondition.

Figure:Fractionof hourly diffuseradiation( ) asafunctionof the hourly
clearnessndex

J.FE Orgill andK.G. Hollands(1977). Correlationequationfor hourly diffuse
radiationon a horizontalsurface.SolarEnegy, 19, 357-359.

M. Collares-PereirandA. Rabl(1979).The averagedistribution of solarradi-
ation correlationshetweendiffuseand hemisphericand betwendaily and hourly
insolationvalues.Solar Enegy, 22, 155-164.

D.G.Erbs,S.A.Klein andJ.A.Duf e (1982).Estimationof thediffuseradiation
fraction for hourly, daily and monthly-avzerageglobal radiation.Solar Enegy, 28,
293-304.

D.T. Reindl, W.A. Beckmanand J.A. Duf e (1990). Diffuse fraction correla-
tions.SolarEnewgy, 451-7.

A. Skartweit andJ.A. Olseth(1987).A modelfor the diffusefraction of hourly
globalradiationSolarEneigy, 38 271-274.

Collares-PereirandRablpresentedhefollowing relationsfor daily data:
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for 0.17 0.75
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7. Statistical Propertiesof Solar Radiation

Optimal sizing proceduredor solar enegy systems(especiallystand-alongau-
tonomous)yystemsyequireaccuratenethodsthat take into accountthe stochastic
natureof solarradiationandits sequentiatharacteristics.
Time-seriesnalysisof solarradiationdata
— stationarypropertiesstatisticalmoments
— frequeng distribution (PDF)
usein analyticaldesignprocedures
— sequentiapropertiesautocorrelatiorcoefcient
Generatiorof syntheticradiationsequences
Numericalsimulationanddesign

7.1 Statistical Variables

monthly meanclearnessndex
monthlyvarianceof
monthly skewnessof
Problem:A monthwith averageclearnessndex consistsof dayswith varying
valuesrelatedto the changingweatherpattern.This in uence canbe described
by thefrequeng of occurencef different  values.

Example:For amonthwith = 0.5thefollowing daily patternis obsered:
4 dayswith 0.2  0.129(cumulative frequeng)
7 dayswith 0.3 0.225
10dayswith 0.4 0.322
13dayswith 0.5 0.419
19dayswith 0.6 0.612

26 dayswith 0.7 0.838
31dayswith 0.8 1.0
Empirical nding: monthswith same  show similar distribution of ~ (Liu
andJordan)

Continuouscurve for the cumulative distribution givesthe frequeny of
occurencef dayswith
From therelative probabilitythatthe clearnesndex fallsinto a givenrange

IS:
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(7.1)

In the exampledatait is: P(0.3 0.4)=0.322- 0.225=0.097,i.e.,about
109% of thismonth'sdaysarein the -rangebetweerD.3and0.4.
Cumulatve distribution function(CDF)  probabilitydensityfunction (PDF):

_ gradientof the cumulative distribution (7.2)
for (7.3)
(7.4)

7.2 Generation of Synthetic Radiation Sequences

Obtaininghourly dataontilted planes:
1. generatingsyntheticdaily ~ valuesfrom horizontalmonthly  value
2. generatingynthetichourly  valuesfromdaily  values
3. calculatingdiffusefractionfor eachhour
4. corverting the diffuse and direct fractionsfor the horizontalto corresponding
componentsor tilted surfaces

Methodfor synthetichourly datais morecomplicatedhanfor daily datadueto
thedaily trend.

J.M. GordonandT. A. Reddy(1988).Time seriesanalysisof daily horizontal
solarradiation.SolarEnemgy, 41, 215-226.
R. AguiarandM. Collares-Pereirél1992).TAG: A time-dependengutorgressie,
Gaussiarmodelfor generatingsynthetichourly radiation.Solar Enegy, 49,167-
174.

problem:
- extractingall relevant statisticalinformationfrom measuredolarradiationtime
series
- building amodelbasecdn thesestatisticalparameteror a synthetictime series
- testingthe modelfor generalizedhpplicationmodelfor syntheticdaily radiation
data(GordonandReddy):
- removing the trend from daily radiationdatatime seriesby usingthe clearness
index  insteadof theradiation (extractingthein uence of latitude)
- normalizedstatiasticavariable:Especiallyit is:
with variance
- Theauthorgproposethe empiricalprobability densityfunctionwith
- generatingthe time seriesfrom the PDF requiresknowledge of the sequential
statisticsautor@ressie method(AR model):
normaldistributeddaily averagesf arandomvariable :
(1) is theautocorrelatiorcoefcient for thedelayof oneday
- generallyit is:



7.2 Generatiorof SyntheticRadiationSequences

- is randomnoisewith meanvalueandvariance
- noautocorrelation{1) = 0, high autocorrelation{1) = 1

- method:
- choosinga randomvaluefor

Z (normaldistributed)

- calulatingthe cumulative function

wherethe + signappliesto
- usingthis valueto calculate
- calculate

andthe- signto
from the empiricalcumulative function

41






8. Solar Radiation Measurements

Therearethreemajorspectraregionsin which measurementsf solarradiationare
desired:UV (UV-A, around386nm; UV-B, around306nm), Solar (0.3—-3.0 m,
alsoknown asVISIBLE radiation)andIR (greatethan3 m).

Therearedifferentwaysin which to measureheincoming(UV andsolar)ra-
diation. You canmeasurglobal,director diffuseradiation.Diffuseradiationmea-
surementnstrumentsover thewholehemispher€180degreesviewing angle)and
areshadedrom the sun.The detectoris placedhorizontally Direct radiationme-
tersareaimeddirectly at the sun,sothe detectorsurfaceis at right angleswith the
incomingradiation.Whenmeasuringylobalradiation,the instrumentreceivesboth
thediffuseanddirectcomponenbn a horizontallyplaceddetector

The requirementdor measuringsolar radiation are largely dependanbn the
accurag thatis wanted.

For measuringglobal solarradiation,the standardnstruments a pyranometer
Its equivalentfor the far infraredrangeis calleda pyrgeometerFor the UV range
theinstrumentsareUV, UV-A or UV-B radiometers.

By 'shading'a pyranometefrom the directradiation(comingdirectly from the
sun) one can measurehe diffuse radiation (coming from the hemispherenot di-
rectly from thesun).

For the measurementf directradiationonecaneitherusea calculation(global
minus diffuse, correctedfor the cosineof the zenith angle of the sun) or a mea-
surementwith a tube shapeddetectorthat hasto be aimedat the sun. The latter
instruments calleda pyrheliometer A measuremenwith a pyrheliometeris more
accurateput atthe sametime it demandsnoreattention.Thereexistsalsoa pyrhe-
liometerversionof theUV radiometer

All theinstrumentsnentionedareavailablein differentaccurayg classesyary-
ing from referenceanstrumentg+/- 0.5%) to secondclassinstrumentgroughly +/-
10%).

Three of the basicinstruments pyranometerpyrheliometerand pyrgeometer
areall basedon a thermaldetector This detectorhasa at spectralresponseThe
differencesrein a Iter materialandin eld of view. For apyranometeandpyrhe-
liometerthe Iter material,which also protectsthe sensoragainstervironmental
in uences,is glass,only letting solarradiation(0.3—3 m) passFor apyrgeometer
thematerialusedis coatedsilicon, only allowing farinfraredradiation(3—50 m)to
pass.
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A pyrheliometethasalimited eld of view (5 degreesopeningangle).Thether
mal detectorshave a small voltage output, linearly proportionalto the incoming
radiation. Since 1993, pyranometersand pyrheliometershave beencharacterized
accordingto the ISO standarchumber9060.This ISO standarccanactasa guide-
line in choosingthe right detectorspeci cation. Thereis no ISO standardde ned
for pyrgeometersr UV radiometers.

The UV radiometersaredifferentin bothdetectotypeand Iter speci cations.
UV-B andUV-A radiometerfiave anarron bandsensitvity. For theUV-B radiome-
ter, the centralwavelengthis at 306 nm becausehe optimum effect is reached
whenthe humanskin (Erythermal)spectrumandthe solarspectrumaremultiplied.
The UV-A radiometercentralwavelength 386 nm, is choserbecausehis particular
wavelengthis alsousedin the WMO air pollution network.

Ventilationof radiationmetersimprovesthe accurag andthe reliablity of the
measurementdt minimizescertainoffsetsand keepsthe measuringinstruments
freefrom dew andfrost.

The secondrendis combiningthe tracking of pyrheliometersandthe shading
of pyranometers.

8.1 Radiation Detectors

Radiationquantitieswhich have to be measuredn solarenegy researctandappli-
cation:

Total (global) irradiance Total amountof solarirradianceon an upward-facing
surface;sumof verticalcomponenbdf directnormalsolarirradianceandthe dif-
fusesky irradiancelt is measurecabitherwith a pyranometeior moreaccurately
by summingthe directanddiffusehorizontalirradiance.

Diffuseirradiance

Radiationthatreacheshegroundthathasbeenscatteredy theatmosphericon-
stituents.It is measuredvith a pyranometethatis continuallyshadedrom the
directsolarirradiance.

Directirradiance

Solarradiationpassindlirectly throughtheatmospheré&om the sunwithoutbee-
ing scatteredr absorbedyy theatmosphereTypically it is measure@nasurface
thatis keptnormalto thedirectionthe centerof the sunsdiscby a solartracler.
Spectrairradiance

higher spectralresolutionthan broadbandneasurementslypically in spectral
bandsof severalto afew 10sof nanometersThedirectirradiancein certainnar
rowbandchannelsis measuredy sunphotometersTheseobsenationscan be
usedto derive the total transmittanceof the atmospherewithin the respectie
spectrabandwhich canin turn be usedto deduceaerosobpticaldepths.
Sunshinéhours(sunshineduration)

durationof sunshinepnly qualitatve
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Only broadbandnstrumentwill betreatedn detail!

Differenttypesof radiometricdetectors:

calorimetric: radiantenegy absorbedy anhigh-conductvity metal(blackpainted)
is corvertedinto heatthatis measured,;
temperatureiseis measuref irradiation  absolutenstrumentpossible

thermomechanicdifferentthermalexpansionpropertiesof two metalstripeswhen
exposedto radiationleadto differentdistortions whicharemeasured
example:pyranographginaccurate!)

thermoelectric:two junctionsof dissimmilarmetalwires at differenttemperature
lead to a voltage difference(electromotve force), it is (Seebeck-
effect). ExamplesCopperConstantaniianganin-Constantan
thermopilesensorsysually: increasingEMF by coupling several thermocou-
plesin seriegthermopile)
important:cold junctionsmustbe at constantemperature thermalcontact
with massie brassplate
Plot: thermopilecon gurations

photoelectric:mainly photovoltaic effect, usuallysilicon solarcell detectoyusually
temperatureompensated.
adwantagecheapfastresponseglisadwantagespectrakensitvity
frequentlyusedin PV-plantmonitoring!

Plot: PV-spectrakensitvity

8.2 Field Instruments

Mainly two differenttypesof instrumentsare usedreferringto the radiationinci-
dentfrom the total hemispherésolid angle ) or radiationcomingonly from the
directionof the sun(directnormalradiation).

8.2.1 Global Radiation

Globalradiationis thehemisphericasolarradiation,i. e.theradiationrecevedby a
planesurfacefrom thesolid angle2 steradianinstrumentsneasuringiemispher
ical solarradiationarecalledpyranometer

Global radiationis measuredby a pyranometer Modern pyranometerusing
wirewound platedthermopilescanbe one of two types:With a black sensomro-
tectedby two precisionground,polishedhemispheresr with a black and white
"star” sensothatis protectedby a singlepolishedhemisphere.

Over the years,there have beenefforts to increasethe linearity of response,
durability, theadherencéo theLambertcosineresponséaw andindependenciom
ambienttemperatureffects.
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Transformatiorof radiative enegy to heat

temperaturef thereceving surfaceis raised

steadystateequilibriumis attainedby heatlossesto thermalsinks (instrument
body, ambientair)

constanwoltage

Themainpartsof apyranometeare:
- thermalsensot(black paintedsurface)
- glassdomegprotectionminimizing exchangeof thermalradiation,IR-shield)
- instrumentody

The requiredpyranometeraccurag canonly be realizedwith detectorsof the
thermoelectridype. The temperaturef the absorbeiis measuredy a thermopile
(seriesof thermocouples)whoseactive junctionsarein contactwith the absorber
surface(Moll-Gorczynski-type) The passie junctionsareconnectedo the instru-
mentbody, which thereforehasto be shieldedagainstthe radiation.A remaining
temperaturelependenchasto becompensatetly anauxiliary thermistorcircuitry.

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

sensottypes:Eppley PSRPKipp & ZonenCM 11,CM 21, Schenk

spectralsensitvity: nearly uniform in range300-2800m (governedby glass
domeabsorption)

responsdime!

Plot: typical pyranometedata(K&Z datasheet)

Characteristics of Pyranometer. Thevaluesin parenthesegive thespeci cations
for rst classpyranometeaccordingto the WMO classi cation.

Responsdime i.e.thetimefor reachingacertainpercentagef the nal measuring
valuedueto thethermalinertiaof theinstrument95% value: 30sec)

Zerooffset dueto thermalradiation( 15Wm  for 200Wm  netthermalradi-
ation,ventilated)

Non-stationarity causedy the ageingof the absorbesurface( 1% peryear).

glassdomes
thermistor

compensation element

sensing element

subframe

dessicator

—

Fig. 8.1. Schematiconstructiorof Kipp & ZonenCM 11 pyranometer
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Non-linearity Thechangen responsiity with irradiancdevel ( 1% from mea-
suredvalueat500Wm  overfull range).

CosineresponseThe deviation in responsiity from the proportionalityto the co-
sineof theangleof incidence( 2% at60 angleof incidence, 5% maxi-
mumdeviation withim 60 —80 .

Azimuth responseTheazimuthalvariationof the deviationin responsiity from the
cosineresponsé 5% deviationfrom meanat80 angleof incidence).

Spectrakelectvity governedby the glassdomeandthe absorbercoating( 5 %
maximumdeviationin  from averagewithin thespectrarange0.35-1.5 m).

Temperatureesponsedueto the changingambienttemperaturg4 % deviation for
achangeof ambienttemperaturavithin aninterval of 50K).

Tilt responsewhenthe pyranometeis operatedn aninclined position( 2% de-
viation for verticalmountingand1000Wm ).

8.2.2 DirectRadiation

Directradiationis measuredby useof a pyrheliometerwhich measuresadiationat
normalincidence Thepyrheliometerconsistof awirewoundthermopileatthebase
of atube,the apertureof which bearsaratio to its lengthof 1 to 10, subtendingan
angleof 543'30” (Eppley NIP). Thislimits theradiationthatthethermopilereceves
to direct solarradiationonly. The pyrheliometeris mountedon a solartracker for
continuougeadings.

Fromsmallsolid anglecenteredat the sun's disk

directnormalradiation
angulardiameterof sun'sdisk: 0.5 .

instrumentsmeasuringlirectsolarirradianceare calledpyrheliometerUsually

of thermoelectridype.

Components:
- thermalsensot(blackenedsurface black cavity)
- (diaphragm}ube
- trackingdevice

typically full angleof view: 56 .

8.2.3 Diffuse Radiation

Diffuseradiationcaneitherbe derived from the directradiationandthe global ra-
diation or measuredyy shadinga pyranometefrom the directradiationsothatthe
thermopileis only receving the diffuseradiation.

The directmeasurementf the diffuseradiationis performedby usinga pyra-
nometerwhich is shieldedfrom direct solarradiationby a circulardisk or a x ed
shadering (shadav band).A shadingdisk mustbe trackedto follow the sunspath
and thereforerequiresa hugeamountof maintenanceThereforeoperationalsta-
tions are usually equippedwith shadering devices,which have to be adjustedto
only follow the solardeclinationl-2timesaweek.
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Becausehe shadering coverspartsof the diffusesky insteadof only the sun
disk, a shadingcorrectionhasto be applied.The correctionfactordependsn the
pyranometertype, the geometryof the shadering, the geographicalatitude and
the actual anisotropy of the sky radiancedistribution. According to Drummond
(1956)andDehneg(1984),isotropicandanisotropiaorrectionfactorsareintroduced
throughthe empiricalformulas,respectrely:

(8.1)

where , and
is the sunsethour angle. and arethe width and
theradiusof theshadingring, respectiely. is thedeclinationof thesunand the
geographicalatitude.
The anisotropiccorrectionfactoris expressedasa function of the uncorrected
diffuseradiationG , theglobalradiationG andthe declinationof thesun :

(8.2)

Thecorrectedvalueof thediffuseradiationthuscanbewritten:
(8.3)

An indirectmethodof measuringhe diffuseradiationis the simultaneousnea-
surementof the global radiation andthe direct normal radiation usinga
pyranometeanda pyrheliometer The diffuseradiationthenis calculatedusingthe
relationship

(8.4)

1 Front Aperture

Full View Angle
Slope Angle

Receiver

Fig. 8.2.View limiting geometryof a pyrheliometer
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8.3 SpecialMeasurements

8.3.1 Ultraviolet Radiation

For the measuremenf sunandsky ultraviolet radiationin the wavelengthinter-

val 0.295-0.385 m, which is particularlyimportantin ervironmental,biological,
andpollution studieshe Total Ultraviolet Radiomete{Model TUVR) canbe used.
This instrumentutilizes a photoelectriccell protectedby a quartzwindow. A spe-
cially designede on diffusernotonly reducegheradiant ux to acceptabléevels
but alsoprovidescloseadherencéo the Lambertcosinelaw. An encapsulatedar

row bandpasginterference)lter limits thespectraresponsef thephotocellto the
wavelengthinterval 0.295-0.385 m.

8.3.2 Infrar ed Radiation

Netradiometersiave beenemployedfor longwave radiationbeyond3 m for work
in thermal balancebut they were criticized for the fragile nature of their thin
polyethylenedomesandtheir requirementfor compressorsr nitrogenbottlesfor
purging or ventilation. This problemis overcomeby the Precisioninfrared Ra-
diometer(Eppley Model PIR).

8.3.3 Spectral Radiation

SpectralRadiometerareinstrumentdik e sunphotometefSPM), which consistof
interferencelters andsilicon detectordo measuresolarradiationin anarrov spec-
tral band (typically 5nm FWHM). SPM's are usedto determinethe atmospheric
turbidity (aerosoloptical depth)andthe concentratiorof tracegasesuchasozone
or watervapor A SPMis calibratedin termsof its extraterrestrialsignalat 1 AU
(astronomicalunit) distancefrom the sun.When calibratedin absoluteunits, the
SPM canalsobe usedto determinethe solarspectralirradiancefrom 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 solarradia-
tion. This type of instrumentcan be constructedand characterizedo yield abso-
lute radiationvaluesin StandardnternationalSlI) unitsby employing theelectrical
substitutionmethod.A selectedgroup of theseinstrumentss known asthe World
Standardsroup(WSG)whichis maintainedat the World RadiationCenter(WRC)
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in Davos, Switzerland Usingthis groupof instrumentsthe World RadiationRefer
ence(WRR)is periodicallydeterminedAll othercavity instrumentsarereferenced
to the WRR by intercomparison.

The speci cation,the calibrationandthe useof pyranometerandpyrheliome-
tersis coveredby internationaktandardsThe mostcommonstandardsre:

ISO 9060 : Speci cation and classi cation of instrumentsfor measuringhemi-
sphericakolaranddirectsolarradiation.This standardcoversthespeci cation,
andcanseneasaguidewhenselectingnstrumentdor a particularapplication.

ISOTR 9901 : Field pyranometerstecommendegracticefor use.This standard
coversselectionjnstallationandmaintenancef pyranometers.

1ISO 9847 : Calibrationof eld pyranometerdy comparisorto a referencepyra-
nometer This standardcoverscalibration,both during usein the eld andin-
doors.

8.5 Operation, Maintenance and Calibration of Instruments



9. Satellite Data for Solar Resource Assessment

Satellite

e h >

Fig. 9.1. Earth-satellitesystem.The height of the geostationaryMETEOSAT satelliteis
35800km. Theview angle is81 .
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10. Intr oduction

10.1 Wind Energy Conversion Paths

‘ radiative energy from the sun ‘ solar radiant flux: 343 Wni’
total potential energy: 2510° In?’
. o . -2
‘ potential energy of the atmosphere ‘ available potential energy: 5.5+ 10° Jm
production rate: 2.3 Wm’®

'

kinetic energy of the atmosphere 1.5-10° Jni

'

mechanical energy at the rotor

'

electric energy from the WEC

Fig. 10.1.Wind enegy conversion o w diagramfrom irradiatedsolarenegy to electricen-
ey producedy awind turbine.Thevaluesgivenfor theenegiesandenegy ux esarelong
termglobalaverages.






11. Origin of Atmospheric Motions

11.1 Available Potential Energy

Thetotal enegy of theatmosphereanbe devidedinto the

internalenegy
gravitational potentialenegy
kinetic enegy.

Internaland gravitational potentialenegy are often summarizedastotal potential
enegy.
Internalenegy  of aunit columnof air:

(11.1)

where =717Jkg K isthespecic heatof dry air atconstanvolume, is
theair densityand is thetemperatureGenerallyit is: with mass .
Gravitationalpotentialenegy  of aunit columnof air:

(11.2)

where =287Jkg K isthegasconstantor dry air, is the acceleration
dueto gravity, istheheightabosegroundand is theair pressureat the bottom
of thecolumn.Generallyit is: .

With the speci ¢ heatat constanpressure =1004Jkg K thetotal poten-
tial enepgy of the atmosphergsum of internaland gravitational potentialenegy)
canbewritten:

— — (11.3)

Only a very small fraction of the total potentialenegy of the atmospheras
availablefor corversionto kinetic enegy. Thekineticenegy  of a unit column
of airis:

- (11.4)
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The generationof available potentialenegy and kinetic enegy in the atmo-
spherds demonstratetly the simplemodelatmosphershovnin Fig. 11.1.Two air
massesatadifferenttemperaturareseperatethy awall. Acrossthewall horizontal
gradientsof have beenestablished.

Remawing thewall leadsto:

— rearrangemerdf theair masses
— stablehydrostatichbalance
— warmair completelyabove cold air mass.

Thedifferencebetweerthetotal potentialenegy at start-andatend-pointof the
rearrangemeris calledtheavailablepotentialenegy.

High horizontalpressur@radient  high availablepotentialenegy

11.2 Heat Balanceof the Atmosphere

Theradiationbudgetat thetop of the atmospheréor thewhole earthis balancedn
thelongtime averageThatis, theincomingshortwave radiationequalgheoutgoing
longwave radiationleadingto a stabletemperatureegimefor the earth-atmosphere
system.

The differential heatingof the earthresultsin an availability of partsof the
total potentialenegy of the atmospherdor conversioninto kinetic enegy. An at-
mospherewhich is in an hydrostaticequilibrium (i.e.: no horizontal gradientsof

) hasnokinetic enegy. It is in rest!

P,< R
P< B
cold warm
P <R
PSR
Po Po

Fig. 11.1.Air columnsof differenttemperaturesesultingin a horizontalpressureyradient.
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outgoing
longwave radiation
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solar radiation
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11.2. Annualzonalmeanestimatef absorbedsolarradiationand outgoinglongwave






12. Physical Principles of Atmospheric Motion

The ow of air in the atmospherés basicallydescribedoy Newton's secondaw
known from classicalmechanicswhich describeghe relationshipbetweenforces
actingon anobjectandthe acceleratiorthey causein aninertial referencesystem.
In vectornotation,thegeneraform is:

(12.1)

where istheobjectsmassTheactualform of theequatiordepend®ntheforces
that dominatethe given o w. Theseforceswill be discussedn the following sub-
sections.

12.1 ForcesActing on an Air Parcel

12.1.1 Static State

pressurdorce (force/area)
units:Nm =kgs m =Pa(Pascal)
In meteorologycommonlytheunit 1 hPa= 100Pa = 1 mbaris used.

Assumingair in rest: The pressurdorce is a measureof the weight of an air
columnabove aunit area(staticpressure).
Note: This re ects two differentphysicalconceptsPressureactsin all directions
(scalar), the pressurdorce (vector)actsin onedirectiononly.

Theweight of acolumnof air with height andbasearea is:

(12.2)

where isthevolumeof thecolumn.
Thepressureghenis:

- _ (12.3)
This is the hydrostaticpressurewhich is only exactin the abscencef vertical

air motions.
Assumingathin layerof the column,Eq. 12.3resultsin
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(12.4)

andthesurfacepressure
(12.5)

Eq.12.4is thehydmstaticequationwhich describeshehydrostaticequilibrium
betweerthe gravitationalforce andthe pressureyradientforce.

12.1.2 Differ encesn Air Pressue

resultingin anadditionalforce: pressurgradientforce
With it is (Fig. 12.1):

(12.6)

— (12.7)

_ (12.8)

— (12.9)

- (12.10)
Analoguefor componentin  and directions:

_ N (12.11)

Vectoraddition:

+ pdydz -(p+ %E dx) dydz

Y

A

dy AN
dx

Fig. 12.1.The -componenbf the pressurgradientforceactingona uid element.
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— (12.12)
with gradientof
_ — — (12.13)
is an operatorproducingthe vector gradientof a scalar eld. is a vector
normalto theisobarglineswith = const.).
Thehorizontalcomponenbf the pressurgradientforceis:
— (12.14)

Horizontal gradientsin pressurecausepressuregradientforces perpendicular
to the pressuresolines(isobarslineswith = const.)directedfrom low to high
pressure:

(12.15)






13. Fundamental Forces

13.1 Forcesfor Vertical Air Motions

Acting forces:
— verticalpressurgyradientforce perunit mass:
— gravitationalforce:
Equationof motion:

_ _ (13.1)

If typical magnitudedor the accelerationgivenin Eq. (13.1) are assessedt
is shavn thatin mostcasesn goodapproximatiorthe vertical acceleratiorcanbe
neclecteccomparedo the driving forcesin the verticaldirection. Thus,thevertical
pressurgradientforceandthegravitationalforcearebalancedin largescale).This
stateis calledthe hydrostaticequilibrium

L (13.2)
or
- (13.3)

where =9.81ms isthegravitationalacceleratioratsealevel.
For an atmospherén a hydrostaticbalancethe decreasen pressurenearthe
ground( ) canbecalculatedrom Eq. (13.3):

kgm ms hPa/m (13.4)
and

m/hPa (13.5)



66 13. FundamentalForces

13.2 Forcesfor Horizontal Air Motion

Fluid elementsarein uenced by

— horizontalpressuregradientforce
— Coriolisforce

— friction (viscous)force

13.2.1 Horizontal Pressue Gradient Force

From spatialpressurdifferencegiven by the horizontalpressuregradient it
follows:

— (13.6)
and

- (13.7)

and aredirectedperpendiculato theisobarstowardslow pressure.

13.2.2 Coriolis force

Particle movementonthe earthcanbe separateéhto two parts:
— movementwith respecto theearthsurface
— rotationwith theearth.

In arotating coordinatesystem( x edto the earths surface)an additionalvir-
tual® forcehasto be consideredthe Coriolis force. It actsonly onmaving particles.
(Thisis differentfrom the centrifugalforce,anothervirtual force thatactsevenon
particlesin restwith respecto theearthsurface.)

Qualitative description
Example:Meridionalmovementof a particlein North-Southdirection.
Therotationalspeedof a particledepend®n latitudeanddecreasefom its maxi-
mumyvalueatthe equaton1670km/h)to 0 km/h atthe poles.

For particlesmoving from the equatortowardsNorth the principle of consera-
tion of angularmomentuncauses higherrotationalspeedasthatof their environ-
ment.For an obsener on the earthsurface(i.e. on the rotationalreferencesystem)
thisis anvirtual de ection of the particleto theright.

(Note: Thisis valid for motionsin the northernhemisphereln the southerrhemi-
sphereghede ectionis to theleft.)

Example:Zonalmovementsn East-Wéstdirection.

Motionsin zonaldirectionsleadto changesn thecentrifugalforce : eastvard:
increasing westward: decreasing.

Thisforceis of avirtual naturebecausef its abscencén anabsolutespace- xed coordi-
natesystem.
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Motionsfrom Westto Eastcauseanaccelerationtowardsthe equatorandvertically
upward (Eastto Westvice versa).This againis a virtual de ection to theright (in
thenorthernhemisphere).

Mathematicatescription:

A formal descriptionof the apparenforcesactingon moving objectsin arotat-
ing systemcan be derived by a transformatiorof coordinatehetweenthe inertial
referenceframe and the referenceframe rotating with the angularvelocity of the
earth.The motion of an objectwith respecto a rotating systemcanbe described
by therelationshipbetweerthetotal derivatives? of a positionvectorin aninertial
referencdrameandin therotatingsystem:

- (13.8)

where and aretherespectie ratesof changeof in theinertial and
the rotating systemandthe secondterm on the right-handsideis the contribution
dueto the rotationof the systemwith the angularvelocity . Applying Eq. (13.8)
to thevelocity vector gives

- - — (13.9)

Thetotal derivative is therateof changeof a givenquantityfollowing the motion.

km/h

y AN |=
/AN

‘{\\\\ .
]
A

IR
)

.

\
)
).

NN, N
60° \ r/ 835
% - 433

S

Fig. 13.1. The Coriolis force actingon particleswhich move meridionally The right scale
givestherotationalspeedf the earthsurfacefor a givenlatitude.
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andaftersubstituting(13.8)into (13.9)
_ = — — (13.10)

- — (13.11)

Eq.(13.11)stateghattheacceleratiorin aninertial systemequalstheaccelera-
tion relative to therotatingsystemplusthe Coriolis acceleratior{seconderm) plus
the centripetabcceleratiorfthird term).

Vectornotationof the Coriolis forceandaccelerationtespectiely:

(13.12)
(13.13)

where is the vectorof the earths rotation(
rads ).
In its cartesiarcomponentsthe Coriolis accelerationis:

Usually, the vertical componenf the Coriolis force is small comparedo the
gravitationalforceandverticalwind speedsaremuchsmallerthanhorizontalones,
sothatthesetermscanbe neglectedleaving only horizontalcomponents:

(13.14)

where ( in midlatitudes)s the Coriolis parameter
From Eq. 13.14it is clear that the Coriolis force vanishesat the equatorand is
perpendiculato the horizontalwind vector

13.2.3 Friction Force

Theair motionis sloveddown atthe earths surfacedueto thefriction forceacting
in the lowestlayersof the atmospheré . For ,itis
Thefriction forceis determinedy
— wind velocity
— surfaceroughness
— thermalstability of theatmosphere.
A simplerelationshipfor thefriction forceis:

(13.15)
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with thefriction (or viscous)coefcient
Thefriction forceis directedopposedo thewind o w.

Thefriction forceis mentionechereonly to completethelist of forcesactingon
anair parcel.lts detaileddescriptionis out of the scopeof thistext, but is of major
importancedor thedescriptiorof turbulent o wsin theatmospheridoundaryayer.

13.3 Equation of Motion

Horizontalmotionsof uid elementdn the atmospheraregovernedby the acting
forcesintroducedn section13.2:

(13.16)

Theindividual acceleratiorof uid elementgair parcelsthusis:

L (13.17)

Insertingfrom Eq. (13.7),(13.14)and(13.15) thehorizontalequationof motion
canbewritten:

_ (13.18)

Note:Accelarations dueto achangean velocity of themotionaswell asdueto
achangdn directionof themotion.

13.4 Balancesof the Horizontal Wind Field

13.4.1 Geostrophic Balance

Assuminga parcelof uid in a heightabore the surface,whereit doesnot expe-
rienceary in uence of the underlyingsurfaceonits ow, i.e., no friction forceis
actingon it. Comparingthe typical magnitudef the acceleratiorterm andof the
actingforces:

accelerationl0 ms ,
forces:10 ms

In goodapproximationtheacceleratiortanbe neglectedin mostsituationsand
anequilibriumbetweerthehorizontalpressurgyradientforceandthe Coriolis force
is established:

- (13.19)

or
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— (13.20)

Thewind speed representinghis balances calledthe geostophicwind  and
is writtenin absolutedermsas

— (13.21)

Fig. 13.2shavsthat  is perpendiculato the pressureggradient andpar
allel to theisolinesof constanpressurdisobars). is proportionalto thedistance
betweertheisolines.

Thegeostrophiavind is agoodmeasurdor thegeneraivind o w for agivensite
(area)becauseof its independencen speci ¢ surface characteristicgorography
obstaclestoughness).

Note: Thegeostrophi@pproximatioris notvalid in equatoriakegionssincethe
Coriolis forceis notde ned for

The geostrophi@assumptiomequireshe abscencef horizontalaccelerations:

straightsteady o w (uncuned o w)
parallelto isolinesof constanpressure
distancebetweerisobars

13.4.2 Friction Wind

In theatmospheriboundarylayer(ABL) thefriction forceaddsto theactingforces.
Thebalancenow is (Fig. 13.3):

~ (13.22)

With decreasingvind velocity the Coriolis forcealsodecreaseslo compensate
for the pressuregradientforce, the wind hasto turn left. This indicatesthatin the

_
Fp,h L

A

p-dp

v
—

Fen H

Fig. 13.2.ThegeostrophibalanceThehorizontalcomponentsf thepressurgradientforce
andthe Coriolisforce arebalanced. isthegeostrophiavind.
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atmospheridoundarylayer the horizontalwind hasa componentirectedtoward
lower pressurdFig. 13.4).
Thede ectionangle depend®n

— surfaceroughness

— latitude

— turbulence.

Typical valuesfor the surfacewind de ection are15-30 over seaand25-50
over land. The correspondingaluesfor are and ,respectiely. Dueto

thedecreasin@oriolisforce increasesvith decreasindatitude.
Theverticalchangeof wind speecanddirectiondueto thedecreasingn uence
of friction with heightis representetdy thelogarithmicEkmanspiral (Fig. 13.5).

v

Fp,h L
A
= p- dp
Vi
2) L
> » Vv
Ffr 9
. \ > p
‘v .- Fc,h
- -
Ffl’ + Fc'h H

Fig. 13.3.The balanceof horizontalforcesin the atmospheridoundarylayer The pressure
gradientforce is balancedby the sumof the Coriolis force andthefriction force
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o\

Fig. 13.4.Schematicsurfacewind patternassociatedvith centersof high andlow pressure.
Thewind eld is indicatedby arravs, isobarsareshavn by solid lines. Note thatthis holds
for the Northernhemispherenly. The circulationin the Southernhemispheras clockwise
for lows andcounterclockwiséor highs.

167 m 333m
500 m
a. 667 m
». /1000m

Yo

Fig. 13.5.ThetheoreticaEkmanspiraldescribingthe heightdependencef the departureof
thewind eld in theboundarylayerfrom geostrophidalance. is thedirectionaldeparture
from thegeostrophiavind.



14. Wind Climatology

14.1 Local Winds

Establishmentf local wind systemsby thermallyinducedpressuregyradients.
Driving force: differentialheating
Themainstepsn thedevelopmentareshavnin Fig. 14.1.Note, thatfor length
scaledelon 100km theeffect of the Coriolis forceis smallandtheair o w follows
mainly the pressureggradient.
Examplesf local andregionalwind systemswhich arebasedn this concept:
— sea-breezwinds
— mountain/alley winds
— monsoorwinds.

—
A B
vp
—>
—
. —— vp 5 S— S—
ALY N
> ﬂ/_\
op <\/

Fig. 14.1.Schematidevelopmentbf awind systemA. Two columnsof air arein hydrostatic
equilibriumeach.Theair is in rest.B. Differentialheatingcauseshe temperaturef the left

columnto riseanda horizontalpressuregradientbetweerthe two columnsin largerheights
establishesC. This resultsin a horizontalwind o w directedtowardslower pressureand
thusproducesa horizontalpressuregradient(andawind o w) atthe surfacein the opposite
direction.D. Dueto the conseration of massvertical motion of air is necessaryo closethe
circulation.
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14.2 General Cir culation of the Atmosphere

(mostlydynamicalin nature)

g.: globalcirculation

g.: Hadley circulation

ITCZ: corvective clouds
air motiondirectedtowardsthe equatoyby Coriolis forcede ection to right
tradewinds: eastto west(bothhemispheres)

Circulationnorth andsouthof 30 deg is characterizedby strongwesterlywind
regimes(Rossbycirculation).

Seperatiorof tropicalair from cold (ant)arcticair masses

region of stronghorizontalcontrastsn temperaturepressurehumidity,

With this circulationwesterlywaves are coupledwhich transportenegy from
equatoriakegionsto polarregions.

Yearto-yearvariability wind index

14.3 Wind Resouices

Generallystrongwind resourcesanbeexpectedn regionswith permanenfsteady)
strongwind regimes.Thatis
— localwind systemgmonsoortype)
— orographicallyinducedwind systems
— strongwindsresultingfrom the globalcirculation(westerlies)
gs.: wind maps



15. Wind Flow in the Atmospheric Boundary Layer

intro: layersof theatmospherdan uence of surfacefriction

We know: atsurfaceit is: ms .

Above someheight the in uence of the surfaceon the wind o w (through
friction, turbulence)canbe neglected.

freeatmospheregeostrophidalancedo w:

Thelayerin which the transitionbetweenthesetwo statesof atmospherico w
occursis calledtheatmospheriboundarylayer (ABL) or planetanyoundarylayer
(PBL).

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

15.1 Boundary Layer Height

considerableariationsoccur:100m 2000m
EX.: clearnightsandlow wind speedvery low
summerdaywith highinsolation:very high
typical value: 1000m
Theheightdepend®n:
— thermalstability of theatmospherédaily andannualvariability !)
— wind speed
— surfacecharacteristicroughnessorography )

15.2 Vertical Structure of the Boundary Layer

Transitionbetween (surface)and (top of the ABL) implies strong
verticalgradientof wind speed= wind shear)
sourceof turbulence
vertical ux esof momentumandheat

The form of the verticalwind speedpro le againis stronglyin uenced by the
thermalstability of theatmospheréwhich increase®r decreasesirbulence).

Thermalstability is expressedy meansof the actualverticaltemperaturegra-
dientcomparedo the adiabaticemperaturegyradientin dry air ( 1K /100m)
for avertically moving air parcel.
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1K/100m stable
1K/100m neutral
1K/100m unstable
Thelogarithmicwind pro le is strictly valid only in a neutrallystrati ed atmo-

sphere.
Idealizationshorizontalhomogeneityandstationarity
Surfacelayer:assumptionsstrongverticalgradientsof variablesaswind veloc-
ity, temperature,
Simplelaws analoguédo thosethatgovernmoleculardiffusionin laminar o ws
might applyfor turbulenttransporin thelowestatmosphere:

— (15.1)

where is the turbulent exchangecoefcient for momentum(the counterparof
viscosityin laminar o ws). is alsocalledthe eddydiffusivity or eddyviscosity

Usually, the atmospheridooundarylayer is subdvided in two layers: surface
layer, Ekmanlayer.

15.2.1 The SurfacelLayer

In heightsupto  100m the shearstresscanbe approximatedo be constantwith
height(for neutralconditions).Changesn wind directioncanbe neglected.If the
shearstresds written as

— (15.2)
Z
A
\\ I
AN dT/dz=G
N neutral
dT/dz< G dT/dz > G
stable N unstable
\\ > T

Fig. 15.1.Stability regimesin dry air.
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where  representsertical transportof horizontalmomentumand  is the
eddyviscosity This assumptiodeadsto thelogarithmicwind pro le:

— - (15.3)

where is the von Karman constantand s the friction
velocity, a quantitycharacterizinghe verticalturbulent ux of momentum.

To derive Eq. (15.3),it is usedthat canbe describedn termsof the vertical
wind speedgradientandthe mixing length , whichrepresentshelengthscalenec-
essanyfor changingthe turbulentcharacteristicef a vertically moving eddy also
characterizethe sizeof the eddiesnvolved:

— (15.4)
where
In its integratedform thelogarithmicpro le canbewrittenas
— = (15.5)
where is anintegrationconstantdenotingthe heightwhere =0. can

notdirectly beinterpretedasa physicallength,but depend®nthesizeandstructure
of thelocal roughnes®lementsFor this reason is calledthe roughnesdength.

canexperimentallybe derivedfrom measuredvind pro les, but usuallycharac-
teristicvaluesfor givensurfacetypesareused(Tah 15.2.1).

Table 15.1.Typical valuesfor theroughnessength  inm.

ice 10 highgrass 0.04
smoothsea 2-3 10 wheat 0.05
sand 10 -10 lowwoods  0.05-0.1
grassysurface 0.015- 0.02 highwoods 0.2-1.0
low grasssteppe 0.03 sulurbia 1-2
at country 0.02 city 1-5

Eq.(15.3)and(15.5)arevalid only underseveralassumptions:
- only for meanvalues(periodslongerthan10 min.)
- horizontallyhomogeneousurface
- neutralstability of theatmosphere
Given a wind speedvaluein height andthe local roughnesdength  the
completeverticalpro le canbe calculatedusingEq. (15.5):

(15.6)
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Frequentlyasimplerpower law is usedto describethe verticalwind pro le:

- — (15.7)

where representthein uence of height,surfaceroughnesandthermalatmo-
sphericstability. An oftenusedvalueis . Dueto the strongvariability of
the useof thepower law is notrecommended.

For shortperiodwind speeddata( onehour, instantaneoushe actualatmo-
sphericstate(concerningstability) hasto betakeninto considerationA commonly
usedmethodis the useof the boundarylayer similarity theory (Monin-Obukhov
theory)by applyinga correctionfunctionto thelogarithmicwind pro le:

— - - (15.8)

where is a universalfunction of the height relative to the similarity
scale (Monin-Ohukhov-length. For neutralatmospheres

15.2.2 The Ekman Layer

The layer on top of the surfacelayer characterizedy increasingshearstresswith
heightanda changingwind directionwith heightis calledthe Ekmanlayer.

1000

) R

z [m]
z [m]

00 f-oore

200

Fig. 15.2.Thelogarithmicwind pro le in logarithmic(left) andlinearright) heightscale(
=0.05m, =0.4ms ).



16. Wind Resource Assessment

16.1 The EuropeanWind Atlas

16.1.1 Overview and BasicConcepts

assessmerdf wind enegy resources:
- establisithe meteorologicabasisfor the assessmermf wind enegy resources
- provide suitabledatafor evaluatingwind power output
- high precisionrequirementbecaus®f -dependence
- methodneedhigh-qualitylongtime series( 10 a) of wind datadueto long term
variationsin wind climate
problem:
wind speedat a givensitedepend®n two factors:
- overallweathersystemgtypical scale:1000km)
- nearbytopography(typical scale:10 km)
wind dataarerepresentatie only valid for the actualpositionof the station
methodfor transformationof wind speedsatisticsis required(horizontaland
verticalextrapolation)
solution:EuropearWind Atlas: setof modelshasedn physicalprinciplesof
boundarylayer o w takinginto account:
- effect of differentsurfaceconditions(roughness)
- shelteringeffects(buildings,trees,..)
- variationsof theterrainheight(orography)
threemainin uences:
- terrainclass(surfaceroughnessfour classes)
- shelteringobstacles
- terrainheightvariations(orography)
regionalwind climatologieshave beencalculatedrom morethan 200 sites(at
least10 a of dataandaccuratesite descriptionseach)
calculationof generalizedvind climate:
- at andhomogeneouterrain
- no nearbyobstacles
- heightsof 10,25,50,100,200m - four roughnesslasses 20datasetsfreefrom
localin uences reginally representatie
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spatialscaleof representatienessliependsn orographicstructureof landsape:
- at, openterrain:upto 200km
- mountainousrea:closeto station

regional datasetsmainly give statisticalinformationin termsof the probability
distribution function(thisis suffcientinformationfoe wind power estimates) use
of Weibhull distributiondivisioninto 12wind directionclasses 240setsof Weihull
parameters

essentialsystematiaescriptionof topographiccharacteristics: effectsof ob-
stacles shelteringeffects
- surfacefo terrain
- topographielementsontributing to roughnessvegetation houses
- orographidn uence: decrease/increasd wind speeddueto hills, ridges,cliffs, ..

threemain effectsof topography:

- shelter
- roughness
- orography

16.1.2 Physical Models

logarithmicpro le: - = -

geostrophidraglaw: — —
assumptionsstationarity homogeneitybarotrophyneutralstability
balancegeostrophyandsurfaceroughness
stability corrections:
- smallwind speedsotimportant  neutralassumptiorgenerallygood
- modi cationsassmallperturbationgo neutralstate
- input: climatitologicalaverage varianceof surfaceheat ux
effect on vertical pro les of climatologicalmeansand standarddeviations of
wind speeds
taking averagevaluesfor overlandandseastationsyespectiely

SurfaceRoughness.roughnesss determinedy sizeanddistribution of roughness
elements
Wind Atlasincludesfour types: roughnesslasses
roughnesparameterizedly lengthscale
empiricalrelationshipwith sizeof elements: with height , cross
sectionahrea anddensity (averagehorizontalareaoccupiedoy eachelement)
porosityfor nonsolidelements!

seasonathange®f roughness!

Shelter Effectsby Obstacles. sheltereffect: relative decreas@ wind speecdehind
anobstacle
dependingn:
- distancefrom obstacldo site
- heightof obstacle
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- heightat site (rotor hubheight)

- lengthof obstaclglateral  in nite: max.shelterzero:no shelter)

- porosityof obstacle( 0 for buildings, 0.5 for trees(changingseasonally),
0.33for row of buildingswith spacingf 1/3 the building lengthbetweerthem

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

results:speedncreasedy afactorof 1.8ontop of thehill; negative speed-upn
front andlee of the hill (20-40percent)

for moderateorographysimplecorrectiondor theseeffectscanbeapplied

for complicatederrainnumericalhydrodynamicamodelshave to beused

16.1.3 Application of the Model

Stepl: Selectabasestation
regionalwind climatology(oneof theavailableWind Atlas sites,i.e. statisti-
caldescription)
requirementsimilar topographicsituation;distanceusually 100km;
mountainscoastlines!
Step2: Roughnesslescription
classifyingsurfacetypesaroundthe site
divisioninto 12 -sectorsandsectorby-sectorclassi cation(roughness
classes)
Weibull distribution for eachsector
roughnesslescriptionwith changesn a givensector(roughnesghange):
non-homogeneousurface problem:de ning auniqueroughnes$ength
developmentof internalboundarylayerwith height anddistancefrom rough-
nesschange :

modelingnew pro le with severallogarithmicparts
correctionfactorfor Weibull  parameter:

with height of internalboundarylayer
dividing segmentinto partswith equalroughness
Step3: Calculationof total Weibull distribution
- , for eachsectoravailable;alsotherelative frequencie®f occurence
- calculationof mean  andmeansquares for eachsector
- calculatetotal meanandmeansquare
- from calculate
- usetableto calculate
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- note:assumptiontotal distributionis Weibull distribution
Step4: Sheltereffects
Correctionof Weibull  parametedependingn: - distanceobstacle-sit¢ )
- heightandlengthof obstaclq , )
- heightatsite( )
- porosityof obstaclg )
empiricalrelationships
Step4: Orography
Correctionfor speed-ugffectsfrom local teraininhomogeneities
Assumption: o w is modelledaspotential o w
velocity is gradientof a potential
calculationof potential o w perturbationdy terain
adwantagemathematicallyattractive description(polarrepresentation)
potential o w perturbation
surfacefriction effects

with half width andheight
for smoothhills (slope  0.3)only!

16.2 Resource Assessmenin Complex Terrain - Mesoscale
Modeling
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European Wind Atlas

Orographic Model

Input: terrain height contour lines

Roughness Model

input: roughness classification

Shelter Model

input: position and dimension of obstacles

Wind Data from Wind Climate
Meteorological at Specific Sites
Stations in Europe

Fig. 16.1.Structureof the Wind Atlas AnalysisandApplication Programme.






17. Wind Measurements

hasstill to bewritten...
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A. Statistical Characterization of Meteorological
Time Series

A.1 Time Series:Mean and Variance

Thevaluesof meteorologicalariablegypically changewith time.
Measurementsf thesevariablesRecordingheinstantaneoug.e. discrete)al-
uesfor momentswith a constan{equidistantfime step
ExamplesWeatherobsenationsevery 3 or 6 hours,digital datarecordingsys-
temswith measuremerftequenciedelon 1 Hz;
Thesequencef datagainedfrom thesemeasurements
is calledatimeseries
Thefrequeng of changg( uctuation) in a giventime serieschangestself with
time andis a priori not known. Exceptingthe well known daily and annualcy-
clesthese uctuationsarepartly dueto theevolving weathercondition(e.g.moving
cyclones)andto statisticallydistributed perturbationgwind turbulence,irradiance
in uenced by maving clouds).Fluctuationsare usuallydifferentfor differentvari-
ablesandfor differenttime scales.
The time seriesusually containboth, deterministicand stochasticcompo-
nents.
The maximumfrequeng thatcanbe measureds determinedy:
— respons®f the measuringnstrument(time constant) example:thermalpyra-
nometews. solarcell pyranometer
— sanmplingrateof dataaquisitionsystem.
The samplingtheoemstateghatthe samplingrate musthave a minimumtime in-

tenval of (Nyquist-intenal), where is thebandwidth.
Thevalue thenrepresentshequality for the periodbetween
and . is assumedsthemeanvalueof for this period.

Assuming instantaneoumeasurementsf thevariable with a constantime
interval . Thenthemeanvalueof thetotal time period is givenby

- (A1)
Thisis anapproximatiorfor the exactmeanvaluegivenby

_ (A.2)
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Mean valuesdo not containary information aboutthe deviation of the time
seriesvaluesfrom thisvalue.A measurdor thedeviationfrom themeanis givenby
thevarianceof

- (A.3)

is calledthe standad deviation andis a measureof the deviation from the
meanwhich posessethe sameunit asthevariableunderconsideration.

A.2 FrequencyDistrib utions

Typically, not only the time scaleis divided into discretetime stepsbut also the
rangeof valuesis seperatedhto classesAs anexample,TableA.2 listsresultsfrom
awind classi er.

Table A.1. Separatiorof wind speedime seriesvaluesin classesvith width of 1 m/s.

no.of class lowerlimit  upperlimit  no.of valuesin class

1 0.0 0.99 30 0.15 0.15

2 1.0 1.99 60 0.30 045

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 graphicalrepresentatiof the frequeng distribution is the histogramin
Fig A.1. The relative frequeng (or the probability) that the values fall into
class is

— (A.4)

Note thattherelative frequenciesanonly be interpretedasprobabilitiesif the
samplesizeis large enoughso that meanand varianceof both sampleand total
‘population’ areequal!

An alternatve presentatiof thesameanformationis thecumulative probability
diagramalsoshowvnin Fig. A.1. The cumulative probabilityis givenby

(A.5)
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andgivesthefrequeng of occurrencef classedelon avalue

Whenconnectinghe upperright pointsof thebarsin thecumulative probability
diagram,a function  which is piecewise linearis given. The gradientof  in a
givenclassis

— (A.6)

or

(A7)

is calledthe probability density

Note: relative probability! The relative probability gives the probability
for beingin a given class(independenbn its width). The probability densityis
normalizedby the classwidth. For wind speeddata, hasthe dimension(m/s)

The smallerthe classwidth, the morethe cumulative probability curve approxi-
matesto ancontinuouscurve. For anin nitesimal smallclasswidth becomes
a continuoudistribution function of

Theprobabilitydensity thenis

—_— (A.8)
or:
(A.9)
For thefollowing conditionsapply:
for all (A.10)

h() 4 H()
| 1.0 —

0.3

0.2 |
| 0.5

0.1 |

0 A v [m/s] 0 4 ——+ > v [m/s]
0 2 4 6 0 2 4 6

Fig. A.1. Histogram=f therelative frequeng (left) andthe cumulatve frequeny (right) for
thewind speedvaluesgivenin TableA.2.
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(A.12)

Therelative probabilities for agivenclasswidth is

(A.12)

Therelative probabilityfor a givenclasswidth canbereconstructedrom
or

A.3 Examplesof Analytical Probability Distrib utions
A.3.1 Normal Distrib ution

A mostoften usedprobability distribution is the Gaussiaror normal distribution
(Fig. A.2) with the probability density

_ (A.13)

andthe correspondinglistribution function

— (A.14)

which givesthe cumulative distribution. The Gaussiardistributionis commonly
appliedto describethe statisticalerrorsin the procesof repeatedneasurementsf
the samequantity (  law of large numbers).t is symmetricwith respectto the
mean . The probability thata measured/aluelies in the range is
0.682.

The Gaussiardistribution is an appropriateapproximationof the variation of
shorttimewind speediata( 1s)aroundtheirhourlymearnvalue.Unfortunately
it cannotbe appliedto the distribution of hourly wind speeddatafor longerperiods
(e.g.oneyear).

A.3.2 Weibull Distrib ution

For wind speediata,the Weibull distribution hasshavn to beagoodapproximation
of therealdataset.Its functionalrepresentationare:

- (A.15)
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and

(A.16)

wheretheshapefactor usuallyis closeto 2.0andthescalingfactor is close
to the meanwind speedFor a constanshapeactor = 2 thedistributionis called
Rayleighdistribution.

Plots:differentWeibull distributions

It canbe showvn thatthe Weikull paramerter and arerelatedto the mean
andthevariance of thetime series:

- (A.17)
and
- - (A.18)
where istheGammafunctionde ned by
(A.19)

A measuref thevariationof thetime seriesaroundthe meanvalueis thequan-
tity (coefcient of variation),which only is a function of the shapeparamerter

(L/sqrt(2*pi))*exp(-x**2/2) —

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

Fig. A.2. Probabilitydensityfunctionfor the Gaussiartistribution.
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- (A.20)

For usein relationshipwith wind enegy a nice behaior of the Weibull distribu-
tion is the ability to directly calculatethe meancubeof the variable :

- (A.21)

The calculationof the Weibull parameterdor a measuredime seriescan be
donein thefollowing manner:
1. Calculatethemean andthe standardleviation of thetime series.
2. With nd fromtableA.3.2.
3.With and nd with Eq....andtakulated -functionvalues.!

A.4 Autocorrelation

-functiontablescanbe foundin mathematicatables(e.qg.,Bronstein:Tasdentuch der
Mathematily.

F(x)

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

Fig. A.3. umulative probabilityfunctionfor the Gaussiardistribution.



Table A.2. Weibull shapeparameter asafunctionof

1.2 0.837 3.0 0.363
1.4 0.742 3.5 0.316
1.6 0.640 40 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 0444 8.0 0.148
26 0413 9.0 0.133

2.8 0387 100 0.120






B. Unit Sphere and Solid Angle

Any point within a cartesiarframe of referencemay be indicatedby the position
vector suchthat

(B.1)

where de nesthecoordinate®f thetip of thevector A directionvector
in termsof aunit positionvector whichhasits baseattheorigin andtip atthepoint
wherethis pointliesontheunit spherahatsurroundgheorigin. In thiscase

. A trigonometricinterpretatiorof the directionvectoris

(B.2)

where isthezenithangleand istheazimuthangle.Thedirectionvectorthen
is
(B.3)

Many radiationproblemsrequirethe consideratiorof radiantenegy con ned
to anelementof solid angle.A convenientway to think aboutthe solid angleis to
imaginea point sourceof light locatedat the centerof 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 the sphere Givena unit spherg(i.e., = 1) theareaof
theopeningis

(B.5)

Since =1,thesolidangleelement , which hasunitsof steradianis related
to and accordingo

(B.6)

Thesolidangleassociateavith all directionsaroundaspherehasthesamevalue
in steradiansisthe surfaceareaof a unit spherenamely



X

Fig. B.1. Angle anddirectionde nitions de ned with respecto a unit sphere.



C. Physical Constantsand Data

Table C.1. Physicalconstants

=2.9979 10 ms
=6.6261 10 Ws
=1.3802 10 WsK
=5.6705 10 Wm K

Vacuumvelocity of light
Plancks constant
Boltzmannconstant
Stefan-Boltzmanrconstant

=6.9600 10 m Meanradiusof thesun
=6.371 10 m Meanradiusof the earth
=5.988 10 kg Massof theearth
=1.4960 10 m Meandistancebetweerearthandsun
=7.292 10 rads Earth's angularspeedf rotation
=9.8062ms Accelerationof gravity atsealevel and45 latitude
=717JK kg Speci ¢ heatof dry air at constanwolume
=1004JK kg Speci ¢ heatof dry air at constanfpressure
=287JK kg Gasconstanfor dry air
=1013.25hPa Standardsea-leel pressure
=288.15K Standardsea-l@el temperature
=1.225kgm Standardsea-leel densityof dry air

Table C.2. Conversionfactors— Enegy density

Units Jm Whm calcm
1Jm 1 2.778 10 2.388 10
1Whm 3.6 10 1 0.08598
1 calcm 4187 10 11.63 1

A ux is the rate at which a substanceo ws. The enegy ux indicatesthe
amountof enepgy [J] that o wsin aunit of time [s]. Its unitis Watt[W].
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Table C.3. Basicradiometricquantities

Quantity Symbol  Unit
wavelength m, m
frequeng ( ) S
wavenumber( ) m ,cm
radiantenegy J=Ws
radiant ux w
radiant ux density(genenal) Wm
irradiance(incidentontoa surface) Wm
radiantexitance emittancgemeging from a surface) Wm
solarradiant ux density(globalirradiance) Wm
radianceradiantintensity(radiant ux propagating
in agivendirectionwithin asolid angle) Wm sr
insolation
generictermrepresentinghe solarenegy receved on ahorizontalsurface
whatever thetime interval considered
in speci ¢ casest is replacecdy:
irradianceinstantaneoumsolation Wm
irradiation:integratedirradianceover a speci ¢ time period Jm

(usually:onehour, oneday)
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