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Abstract: This work presents a comprehensive study of the temperature structure of the Earth's middle
atmosphere. Temperature profiles in the mesopause region (80 to 105 km) are derived by means of a
groundbased potassium resonance lidar and used to characterize the mean state of the atmosphere at different
latitudes as well as seasonal and diurnal variations. One objective of this work was a further development of the
lidar system used, including the tunable all solid-state laser emitter. Previously, the measurements were restricted
to nighttime and thus it was a major challenge to enable observations in full daylight. To this end a unique
FADOF (Faraday Anomalous Dispersion Optical Filter) was developed which provides a high signal
transmission and background suppression while it avoids erroneous influences on the measurement.

Climatological results are derived from three years of nighttime measurements at Kühlungsborn (54°N). The
seasonal variations of potassium density and temperature are analysed. In addition, observations were carried out
during four campaigns at Tenerife (28°N) and main features of the seasonal variation at this latitude are revealed.
The density of metal atoms exhibits a semiannual variation, which is presumably present at all latitudes and
distinguishes potassium from other mesospheric metals. The temperature analyses confirm the concept of a
global two-level behaviour of the mesopause. Even at the low latitude of 28°N the lowest temperatures occur
only at two distinct altitude levels, which are nearly identical to midlatitudes. At 28°N the low-level state of the
mesopause occurred for about one month near summer solstice, whereas it exists for four months at 54°N.

Temperature variations on the time scale of hours are used to study wave and tidal perturbations of the
mesopause region. Detailed analyses show that accurate results on tides can only be derived from data sets which
cover nearly complete diurnal cycles. Two continuous observations over several days are presented which have
become possible with the achieved daytime capability. While a diurnal temperature oscillation was significantly
present at 54°N it was not detectable at 28°N. The prevailing tidal component under winter conditions is a
semidiurnal oscillation with amplitudes up to 15 K. Comparisons with current models show that especially this
component is regularly underestimated. Strong amplitude variations of the tides are present on short time scales
which are possibly induced by interactions with planetary waves.
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Zusammenfassung

Die Kenntnisder Lufttemperaturist von grundlegenderBedeutungfür die Erforschungder
Erdatmospḧare. DasTemperaturprofilin der Mesopausenregion (80–105km Höhe)kannmit
Hilfe einesLidars(eines”Laser-Radars”)gemessenwerden,dasmit ResonanzstreuunganMet-
allatomenarbeitet.

Teil der vorliegendeArbeit ist die Weiterentwicklungdes verwendetenKalium-Lidars.
Schwerpunktebilden dabeider Festk̈orperlaserund die NeuentwicklungeinesoptischenFil-
ters,der die Temperaturmessungauchbei vollem Tageslichtermöglicht. Temperaturmessun-
genwurdenamLeibniz-Institutfür Atmospḧarenphysikin Kühlungsborn(54� N) durchgef̈uhrt
undaußerdemmit einemtransportablenSystemauf Teneriffa (28� N) undSpitzbergen(78� N).

Die Lidarmessungenan den verschiedenenBreiten konntendassaisonaleZwei-Niveau-
Verhaltender Mesopauseals ein globalesPḧanomenetablieren. Die Mesopause,d.h. das
Temperaturminimumin diesemHöhenbereich,tritt im LaufedesJahresausschließlichin zwei
bestimmtenHöhenniveausauf,dienureinegeringeAbhängigkeit vondergeographischenBre-
ite aufweisen.Die niedrigstenTemperaturenstellensichdabeistetsim Sommerein.

ErstekontinuierlicheMessungenkompletterTagesg̈angezeigendeutlicheVariationender
TemperaturdurchWellenverschiedenerTypen.EinewichtigeRolle spielendabeiganz-,halb-
unddritteltägigeGezeiten.Besondersstarkist die halbẗagigeGezeitausgepr̈agt,die Amplitu-
denvon mehrals15 Kelvin erreichenkann.
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Chapter 1

Intr oduction

The Earth’ sAtmosphere

The Earth’s middle atmosphereandits temperaturestructureare the primary subjectof this
work. The middle atmospherehasbecomea topic of researchapproximatelyone hundred
yearsago,with the surprisingdiscovery by Teisserencde Bort andAßmannin 1902that the
temperaturedecreasewith heightdoesnot continueto outerspacebut endsat about8–11km.
A correctapproximationof the temperatureprofile wasnot establisheduntil the 1960s. The
nomenclaturewhich is now conventiondividestheatmosphereon thebasisof its verticaltem-
peraturegradientinto troposphere(up to 8–15km), stratosphere(up to � 50km), mesosphere
(up to � 100km) andthermosphere.A numberof known physicalandchemicalcharacteristics
distinguishtheselayers.However, many fundamentalphenomenaandprocessesof themiddle
atmosphere,comprisingboththestratosphereandthemesosphere,arenotunderstoodandform
topicsof currentresearch.

The boundariesbetweentheselayers(tropo-, strato-andmesopause)arefar from imper-
meable. Studiesover the pastdecadehave shown that strongchemical,dynamicaland ra-
diative coupling exists betweenthem (e.g. Summers, 1999; Brasseuret al., 2000; Baldwin
and Dunkerton, 2001;Becker and Schmitz, 2003). With recentinterestin long-termclimate
andtemperaturetrendsit hasbecomeincreasinglyevident thattheglobalatmospheremustbe
consideredasanintegratedsystemto clarify therelative rolesof naturalandanthropogenicef-
fectson theEarth’s climate.For example,increasinglevelsof carbondioxide(associatedwith
global warmingin the troposphere)leadto global cooling in the middle atmosphere.While
tropospherictemperatureis predictedto increaseby 1–4K in a doubledCO2 scenario,effi-
cient radiative cooling is expectedfrom modelcalculationsto cool themiddleatmosphereby
10–20K. Sucha large temperaturechangewould inducesignificantchangesin the middle
atmospherecirculation. This, in turn, would affect troposphericclimatebecausestratospheric
dynamicsprovide the upperboundarymechanicalforcing of troposphericwave patterns.On
theotherhand,dissipationof gravity andplanetarywaves,bothgeneratedin thetroposphere,
provide momentumdragon the circulationof the middle atmosphere.The large temperature
changepredictedfor theuppermesospherehasled to theproposalof usingit asa precursorof
climatetrends(seereview by Beig et al., 2003). To detectandassesssuchtrendsoneneeds
bothaccuratetemperaturemeasurementsandthoroughunderstandingof theprocessesgovern-
ing themesosphericenergy budget.

A gravitationally boundatmosphereis in hydrostaticequilibrium. Solarradiationandthe
radiative propertiesof theatmosphericconstituentsprovide theboundaryconditionsfor afirst-
orderdescriptionof the vertical thermalstructure.An atmospherecontrolledby sunlightcan
scarcelybe rotationally symmetric. Nevertheless,it is useful to think of a meanplanetary
atmosphere,with diurnalandlatitudinalvariationsoccurringaboutthemean.
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Typical midlatitude temperatureprofiles of the
Earth’s atmosphereare shown in Figure 1.1 for
Juneand December. They are taken from CIRA-86
(COSPAR InternationalReferenceAtmosphere1986,
Flemingetal., 1990),whichis basedonmeasurements
andtheoreticalapproximations.Thetropospherictem-
peratureis governedby H2O dueto radiative andcon-
vective exchange.In thestratospheretraceamountsof
O3 areformedby sunlight,andthe high efficiency of
O3 to absorbultraviolet radiationcausesa temperature
inversionabovethetropopause.In themesosphere,the
decreasein O3 productionin combinationwith thein-
creasedrateof cooling to spaceby CO2 leadsto the
re-establishmentof a declining temperature.Finally,
above the mesopause,heatingby O2 photolysisand
ionization,togetherwith the lack of efficient infrared
emission,increasesthe thermospheretemperaturesto
about1000K. Detaileddiscussionsof the main pro-
cessesare found in the literature(e.g. Chamberlain
andHunten, 1987;GoodyandYung, 1989).

Theuppermesosphereexhibits a counter-intuitive
seasonalbehaviour in Figure1.1,with lower tempera-
turesobservedin summerthanin winter. Thiseffect is

strongestaroundthemesopause(thetemperatureminimumbetweenmesosphereandthermo-
sphere)which is locatedata lowerheightin summerthanin winter. Theoddseasonalvariation
increasestowardsthe polar regions,which aresunlit the whole day in summer. It illustrates
thatthis region of theatmosphereis far from a purelyradiative equilibrium. Fromtheappear-
anceof noctilucentcloudsnear83km (e.g. Gadsdenand Schröder, 1989), it haslong been
expectedthat this region is colderin summerthanin winter. In thethin andrelatively dry air,
temperaturesnear150K (below -120

�
C) arerequiredfor theformationof ice particles,which

constitutethevisible noctilucentcloudsandcontribute to theappearanceof polarmesospheric
summerechoesobservedby radar.

Thecold summermesopauseis known to betheresultof a dynamicaleffect. In theupper
mesospherethe breakingof gravity waves(seebelow) depositsmomentumwhich inducesa
dragon the meanflow, causinga meridionaldrift from the summerto the winter pole. This
meridionalmotiongivesriseto verticalmotionthroughmasscontinuity. Adiabaticcoolingin
summerandheatingin wintercausethetemperaturesin themesosphereto deviateby upto 60–
90K from a radiatively-determinedequilibrium. Throughthis mechanismthe polar summer
mesopausebecomesthecoldestregion in theEarth’s atmosphere.

The major radiative, dynamicaland chemicalprocessesthat govern the energy balance
in the mesosphereare thoughtto be qualitatively known. However, we still do not have a
quantitative globalunderstandingof themagnitudeandrelative importanceof theseprocesses
andtheiroverall rolein determiningthestructureandvariability of themesosphere(e.g.Roble,
1995;Mlynczak, 2000).Especiallyin themesopauseregion,theenergy budgetis complex asit
consistsof severaltermswhich arelargerin magnitudethantheir sum.In additionto radiative
anddynamicalprocesses,exothermalchemicalreactionsinvolving the odd-oxygenandodd-
hydrogenspecies(suchasO, O3, H, andOH) contribute to mesosphericheating,thoughthe



3

chemicalenergy is partly radiatedaway asobservableairglow. Turbulent dissipationof wave
energy is anotherprocesswhich can, at leastlocally, causelarge heatingrates(Ebel, 1984;
Lübken, 1997).

The atmosphereis permanentlyperturbedby waves,periodicoscillationsin temperature,
wind, pressureand density. They are classifiedby their physicalpropertiesas (a) acoustic
waveswith periodsof secondsandbelow, (b) gravity waveswith periodsof minutesto hours
and(c) planetarywavesof the global atmospherewith periodsof days. Insteadof attaining
a staticequilibrium, the meanstateof the atmosphereis a notionalmeanwhich is character-
ized by the wavesoccurringaboutit. Throughnon-linearinteractionswavescancontinually
exchangeenergy andmomentumwith themeanflow andthusinfluencelargescalecirculation
patterns(e.g. Holton and Alexander, 2000). Wavesareintenselystudiedasa major compo-
nentof the atmospherethat providescouplingbetweenthe layers. On the otherhand,where
the meanstateis of interest,it is necessaryto averageout wave perturbations.In particular,
tidal waveswhich areperiodicwith thesolarday, have a largepotentialto biasnighttime(and
daytime)measurementsandobscuretherealmeanstateof theatmosphere.

TemperatureMeasurements

Theenergy budgetgovernsthethermalstructure,thedynamicsandthechemicalcomposition
of theatmosphere.Therefore,its understandingyieldsa fundamentalscientificproblem.Until
today, though,no extensive temperaturedataset exists from which the mesosphericenergy
budgetcanbedetermined.

The mesopauseregion is not easily accessiblefor measurements.In-situ measurements
canonly be doneby meansof rockets andare thereforeexpensive andrare. Passive rocket
experimentswith falling spherestrackedfrom thegroundhavebeenperformedmorefrequently
overthedecades,but they still only providesnapshotsof themomentarystateof theatmosphere
andarerestrictedto a few launchsites. Their vertical resolutionis not ideal andthe altitude
rangedoesnot cover thefull mesopauseregion,beingmostlylimited to below 90km.

With the progressof lasertechnology, lidar instrumentsbecamemorefrequentlyusedas
they canmeasureatmosphericparameterscontinuouslywith high vertical andtemporalreso-
lution (seeChapter3). Hence,they canbeemployedto studyboththeclimatologicalstructure
andthe wave perturbations.Potassiumresonancelidars areusedin this work to obtaintem-
peratureprofilesof themesopauseregion. In thealtituderangeof approximately75 to 110km
exist layersof metalatoms,which areusedastracersto determineair temperatureswith high
accuracy (Fricke andvonZahn, 1985). Theselayersarepermanentandbelieved to originate
from extraterrestrialmaterial. The averageglobal massaccretionfrom small meteoroidswas
determinedto beabout110tonsperday (LoveandBrownlee, 1993). Whenmeteoroidsenter
theatmospherethey canproduceradar-detectableionizationtrails andvisible shootingstarsin
thesealtitudes. As they evaporate,they generatea stronglocal enhancementof metalatoms
which hasfrequentlybeendetectedby resonancelidars(e.g. vonZahnet al., 2002). Besides
the temperaturemeasurements,metal lidars canprovide informationon the compositionand
dynamicsof themesopauseregion.

Optical remotesensingof the mesopauseregion haslong beenlimited to the period of
darkness,dueto the high solarbackgroundduring daytime. This restrictionhasbeena ma-
jor challengein lidar developmentover recentyears. Hence,the upgradeof the potassium
resonancelidars for long-termcontinuousday-and-nighttemperaturemeasurementsformsan
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importantpartof this work.
Today, thereis a variety of remotesensingtechniquesfor temperaturemeasurementsin

the mesosphere.So-calledRayleighlidars can derive the temperaturefrom the troposphere
to the mesosphere,up to heightsof about90km. Passive instrumentsanalysingthe airglow
emissions,like OH-spectrometers,canbeoperatedcontinuouslyat relatively low expenseand
have beenwidely applied. A majordisadvantageof thesetechniquesis the absenceof height
information,thustheaccuratelymeasuredtemperaturevaluecannotbecloselyassignedto one
altitude. Therelatively new methodof deriving temperaturesfrom meteorradarobservations
hasthe advantageof beingindependentof weatherconditionsandtime of day, but it cannot
derive verticalprofilesandneedsa long integrationtime andsomea-priori informationabout
thestateof theatmosphere.In contrastto groundbasedobservations,a spaceborneinstrument
canprovidenear-globalmappingat theexpenseof local timecoverageandusuallywith poorer
resolutionand accuracy. Thus, the different observation techniquescomplementeachother
as they all have specificadvantages,difficulties and shortcomings. For example, they can
be combinedto provide daytimeand nighttime temperaturesor, ideally on a single day, a
groundbasedlidar canmeasurethe local time variation,while a satellitecoversthehorizontal
dependence.

Objectivesand Structure of This Work

This studyhasbeencarriedout at the Leibniz-Instituteof AtmosphericPhysicsin Kühlungs-
born,Germany, andconcentrateson lidar measurementsof the temperaturein themesopause
region. Theobjectivesof thework to thisthesisincluded(a)thesetupof anew lidar systemand
its technicaldevelopmentfor daylightcapability, (b) measurementsof thetemperaturestructure
atdifferentlatitudesand(c) analysesof thedatawith respectto themeantemperaturestructure
aswell asseasonalanddiurnalvariations.

The structureof this thesisis organizedasfollows. Chapter2 describesthe principlesof
the lidar observation methodandtemperaturecalculation.Chapter3 dealswith the technical
detailsof theinstrumentsincludingmajordevelopmentsof thelaserandof thereceiversystem.
Chapter4 presentsthe datasetobtainedover the last few yearsandinvestigatesseasonaland
latitudinal variationsof the potassiumlayer and the temperaturesin the mesopauseregion.
Chapter5 addressesthe effectsof tidesandwaveson the temperaturestructure,andfinally,
Chapter6 providesa shortsummaryof theresults.

In this work the mesopauseregion is referredto asthe altituderangefrom 80 to 105km,
whereinthe mesopausealtitudevaries. Altitudes in this region cannotgenerallybe attributed
to eitherthemesosphereor thethermosphere.Alternatively, the termmesosphere/lowerther-
mosphere (MLT) is oftenusedin theliterature.Also convenientis thesimplifying useof meso-
spheric, especiallyfor themetallayers,evenunderconditionswhenthey aremainly locatedin
thelower thermosphere.

This work discussesobservationsat different latitudeswhich areclassifiedinto low, mid
andpolar latitudes. Latitudesbelow 30

�
are referredto as low latitudesandcompriseboth

thetropics( � 23.5
�
) andthesubtropics.Midlatitudesdenotethetemperatezone(30

�
–66.5

�
)

while polarlatitudesreferto theArctic or Antarctic.



Chapter 2

The Principle of Lidar Measurements
This chaptergives an introductionto the physicalprinciplesof atmosphericlidar measure-
ments.It alsodiscussesthe derivation of air temperaturesandpotassiumdensitiesfrom lidar
observations. The most importantmathematicalmethodsusedin this work to evaluatethe
measurementsaresummarizedin AppendixC anddiscussedwith respectto their practicalap-
plication. Exceptfor onenovel methodusedto combinetwo datasets(the consistencytest),
they have beendiscussedin detail in theliterature.

Theacronym LIDAR (light detectionandranging)hasbeenintroducedin relationto radar
as both devices have the sameoperationprinciple. A lidar is an active remotesensingin-
strumentwhich sendsout a pulsedlaserbeamandreceivesthe light scatteredbackfrom the
atmosphere.At which distancethescatteringprocesshasoccurredis calculatedfrom thetime
elapsedbetweenemissionanddetectionof the light. A varietyof informationaboutthescat-
teringmediumcanbederivedfrom the intensity, spectralcompositionandpolarizationof the
scatteredlight, dependingon thepropertiesof theemittedlight. As thescatteringandabsorp-
tion of thelaserbeamis proportionalto thedensityof thescatterersandabsorbers,lidarshave
oftenbeenusedto measureconcentrationsof aerosols,tracegasesandatmosphericpollutants.

2.1 Scatteringof Light

Light is scatteredin the atmosphereby variousprocesses.Whena planewave encountersan
ensembleof targetswith thetotalcross-sectionσ, theintensityof light dI scatteredinto a solid
angledΩ in thedirectionϑ is givenby

dI
dΩ

����
ϑ

� I0

A
dσ
dΩ

����
ϑ

N � (2.1)

whereI0 is the illumination intensity, dσ
dΩ is the differentialscattercross-section,andN is the

numberof scatteringelementsin the illuminatedvolumeV of length l andareaA. Using the
local numberdensityof thescatterersρ � N �	� A 
 l � , Eq.2.1becomes

dI
dΩ

����
ϑ

� I0 l ρ
dσ
dΩ

����
ϑ � (2.2)

In thecaseof thelidar, dΩ is very smallandonly backscatteredlight is observed (ϑ 
 180
�
).

Thedifferentialcross-sectionis oftenreplacedby thevolumebackscattercoefficient

β � ρ 
 dσ
dΩ

����
180��� (2.3)

This canbe rewritten asdI � I0 β l dΩ andexpandedto derive the lidar equation(seenext
section).
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6 CHAPTER 2. L IDAR MEASUREMENTS

Elasticscatteringprocessesin the atmosphereareattributed to differentprocesseswhich
canbeclassifiedinto threecategories:

Rayleigh scattering1 comprisesnon-resonantscatteringby air particleswith dimensions
muchsmallerthanthe wavelengthof the light, mainly the moleculesN2 andO2 (e.g.
review by She, 2001). Its intensityis relatedby λ � 4 to thewavelength.For λ � 770nm
the averagemolecularbackscattercross-sectionis dσRay

dΩ
� 1 � 373 
 10� 32 m2

sr (Bucholtz,
1995)aslongasthemeancompositionof theatmosphereis unchanged(upto � 100km).
Whenmolecularanisotropy is neglected,the differentialcross-sectionis relatedto the

total cross-sectionσRay via thephasefunctionby dσRay

dΩ

���
ϑ
� σRay

4π
3
4 � 1 � cos2 ϑ � .

Mie scattering2 refersto scatteringby aerosolswith a sizesimilar to the wavelength. The
backscattercross-sectionσMie increasesstrongly with the particle size, but it is also
dependenton shapeandmaterial.Informationaboutthesizedistribution of atmospheric
aerosolcan be derived from the wavelengthdependenceof the backscattercoefficient
(e.g.Müller andQuenzel, 1985).For verysmallparticles(below about100nm),theMie
cross-sectionconvergestowardstheRayleighvalue.For largerparticles,Mie scattering
increasesmoreslowly with decreasingwavelength(typically aboutλ � 1 to λ � 2).

Resonancescattering canoccurby resonantabsorptionandelasticre-emissionif thewave-
lengthemittedcoincidesexactly with a transitionline of anatmosphericconstituent.As
the cross-sectionscanbe very large (15 or moreordersof magnitudelarger thanσRay),
they canbe usedto quantify the occurrenceof tracegasesasin the caseof the meso-
sphericmetalatoms.

Thetotalbackscattercross-sectionof avolumeof air is thesumof theabove processesandcan
beexpressedas

β � βRay � βMie � βRes� ρair
dσRay

dΩ

����
180� � βMie � ρK

dσK

dΩ

����
180��� (2.4)

The secondline of Eq. 2.4 assumes,that resonancescatteringis completelydueto K atoms.
Resonancescatteringhasby far the highestwavelengthdependenceand, thus, if λ is varied
slightly (by about1:106) only βReswill changesignificantlywhile βRay andβMie stayconstant.
By this wavelengthdependence,it is possibleto distinguishbetweenthe contributions from
differentscatteringprocesses.

2.2 The Lidar BackscatterSignal

A lidar measurestheintensityof light scatteredin theatmosphere.Thedetectedintensityat the
time t aftera laserpulsewassentout, is assignedto a distanceof r � 2ct from theinstrument
(c, speedof light). Thealtitudewherethescatteringprocesstookplaceis givenby z � z0 � r for
a vertically pointinglidar locatedat analtitudez0. Thedetectedlight intensityfrom a distance

1Referringto thework of Lord Rayleigh(JohnWilliam Strutt,1842–1919).Thedefinitionusuallyincludesboth
elasticCabannesandrotationalRamanscattering(Young, 1981).

2NamedafterGustav Mie (1868–1957),who calculatedthescatteringby sphericalparticles.
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r i is integratedoveraninterval dr whichis typically 200m for thelidarsusedin thisstudy. The
correspondingtime intervals aredtz � 1.334µs. For elasticscatteringprocesses,themeasured
intensityI from the distanceinterval � r i � dr � 2� at the laserwavelengthλ is describedby the
linear lidar equation:

I � λ � r i � � I0 � λ � β � λ � r i � dr η � λ � T2 � λ � r i � A

r2
i

o � r i ��� U � r i � � (2.5)

Thetermsaredefinedasfollows:

I0 � λ � : Intensityof laserpulseemittedinto theatmosphere(e.g. energy, numberof photons).

β � λ � r i � : Total volumebackscattercoefficient.

η � λ � : Overallefficiency of thereceiver, includinginsertionlossesof thefibercable,transmis-
sionof opticsandwavelengthselective filters,anddetectionefficiency of thedetector.

T � λ � r i � : Transmissionof theatmospherebetweenthelocationof thelidar andthescattering
volumer i . In the lidar equation,T appearssquaredasthe stretchis passedtwice. It is
givenby theeffective extinction coefficient α as

T � λ � r i � � exp

�����
r i

0
α � λ � r � dr � � (2.6)

A : Effectiveareaof thereceiving telescopeoccupying asolidangleof dΩ � A� r2
i (in sr)when

seenfrom thelocationof scattering.

o � r i � : Overlap function betweenthe laserbeamandthe telescope’s field of view. For our
K-lidars, full overlap(o � 1) is achievedabove 20km. In thecaseof partialoverlapthe
energy distribution over theradiusof thelaserbeamhasto betakeninto account.

U � r i � : Non-backscattersignal,mayconsistof continuousbackgroundradiationUb andelec-
tronic noiseUe of the detector, which canbe inducedpartly by the signal from lower
distances:

U � r i � � �
Ub � λ � η � λ � dλ � Ue � r i � � (2.7)

Thedescriptionof thedetectedsignalin theform of Eq. 2.4and2.5 is simplifiedandmaynot
bevalid in all cases.It excludesnon-linearandsecondaryeffectswhich mayoccurfor various
reasons.The most importantof theseeffectsaresummarizedin Section2.3.3. Usually it is
possibleto avoid them,but otherwise,they have to beincludedin thedataevaluation.

Someof the above parameters,like the tropospherictransmission,are not known well
enoughto calculatethevolumebackscattercoefficient β � r i � directly. For mesosphericapplica-
tions,theevaluationis restrictedin practiseto relative calculationsbetweenheightswherethe
transmissionlossesarenegligible andoverlapdoesnot change.Then,thelidar equation(2.5)
canbesimplifiedto

I � λ � r i � � const 
 β � λ � r i �
r2
i

� U � r i � � (2.8)

Furthermore,it is usually possibleto achieve an altitude independentbackground(or have
its characteristicsknown). ThenU can be determinedat altitudeswhereβ � 0 (e.g. above
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Figure2.1: Lidar returnaveragedover1h or 100,000laserpulses.Left: detectedI ± z² in photoncounts
perlaserpulseand200-maltituderange.Middle: backscattercoefficient β ± z² . Right: backscatterratio
R± z² . Measuredon June3rd, 2003,with theK-lidar in Kühlungsborn.

120km) andcanbe subtractedfrom the signal. Afterwardsthe rangecorrectionis appliedto
calculatethecorrectedsignalÎ � r i � � � I � r i � � U � r2

i , whichis directlyproportionalto thevolume
backscattercoefficient β � λ � for thewavelengthconsidered.

If thebackscattercoefficient is known in onealtituder0 it canbecalculatedfor any other.
In practicer0 is chosento be an altitude(e.g. 40km) wherethe backscattersignal is strong
and known to be the result of Rayleighscatteringonly, except after extraordinaryvolcano
eruptions.Theair densityis taken from a modelatmosphere(e.g. CIRA, MSIS) to calculate
β � r0 � � βRay � r0 � � ρair � r0 � , from which thevolumebackscattercoefficient canbederivedas

β � r i � � βRay � r0 �³
 Î � r i �´� Î � r0 � � (2.9)

Usingthis methodof relative measurements,thedensityof potassiumatomsor thebackscatter
coefficient of noctilucentcloudsis determined.Usually the portion of the signalβRay which
is dueto Rayleighscatteringis calculated3 andsubtractedfrom the backscattercoefficient to
evaluatetheadditionalβadd

� β
�

βRay. Alternatively, thebackscatterratio R � β � βRay canbe
used.R

�
1 is proportionalto themixing ratio of a scatteringspecies.

An examplefor thelidar returnsignalis shown in Figure2.1,obtainedwith thestationary
K-lidar describedin Chapter3. As alwaysin thiswork, thelidar pointedverticallyandaltitudes
aregivenwith respectto sea-level. Themeasuredreturnsignalfrom above 40km is givenas
meanphotoncountsperlaserpulse.Lessthanonephotonis detectedperpulsein eachaltitude
interval (1� dtz 
 0.75MHz). The signal consistsof the exponentiallydecreasingRayleigh

3To calculateβRay the receiver bandwidthhasto be considered.For the IAP K-lidars, it is narrow enoughto
stronglysuppressthe shiftedrotationalRamanlines and,hence,the Rayleighsignalcanbe assumedto originate
purelyfrom theCabannesline (She, 2001).
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scatteringin the lower part and is dominatedby the potassiumresonancesignalbetween85
and 115km. Above the potassiumlayer a backgroundof 2×10� 3 � dtz can be seen. In this
case(June3rd, 2003) the layer exhibited two maximanear90 and110km. The backscatter
coefficientshown in themiddlepanelcorrespondsto apotassiumdensityof ρK

� 20atoms/cm3

at 90km. Thebackscatterratio (right panel)equalsonein thelower partwhereβ � βRay. The
dominanceof theupperpeakshowsthatthepotassiummixing ratioρK � ρair is higherat110km
thanat 90km.

2.3 TemperatureMeasurements

Atmospherictemperaturescanbederivedfrom lidar measurementsby varioustechniques(e.g.
Rayleighlidar, Ramanlidar) but until now the completemesopauseregion is accessibleonly
by metalresonancelidarswhich employ themesosphericatomlayers.First temperatureesti-
mationswereobtainedby Blamontet al. (1972)usingabsorptioncells. Fricke andvonZahn
(1985)developeda methodto derive accurateair temperatureprofilesby probingthe sodium
layerwith anarrow-bandlaser. Thepotassiumlidar techniqueusedin thiswork wasintroduced
by vonZahnandHöffner (1996)to measuretheair temperaturein themesosphericpotassium
layerby determiningtheDopplerwidth of thepotassiumD1 resonanceline. Thespectralshape
of theline is givenby theatoms’meanthermalmovement,which is governedby theambient
temperature.Before taking the K(D1) hyperfinestructureinto account,the broadeningof a
singleresonanceline is consideredbelow.

2.3.1 Doppler Broadening

Generally, an ensembleof atomsat restwould have a Lorentzian-lineprofile dueto the finite
durationof the oscillationof the absorbingandre-emittingatoms. The naturallinewidth is
givenby the lifetime τ of theexcitedstateasδνN

� � 2πτ �´� 1. For theK(D1) transitionwith a
lifetime of 26.2ns,thenaturallinewidth is about6MHz.

This linewidth is not observed in the atmosphereasall atomsarein thermalmotion and
their apparentresonancefrequency is shiftedfrom the intrinsic frequency. Whena frequency

ν0 is emittedfrom the ground,the atomsseethe frequency ν � ν0 µ c� w
c¶ w 
 ν0 � 1 � w� c� due

to the optical (linearized)Doppler effect. Here, w is the vertical (or radial for non-vertical
observations)componentof the relative velocity betweenthe atomandthe observer (positive
awayfrom theground).For theK(D1) transitionat 770nm,a radialvelocity of 1m/sproduces
a shift of about1.3MHz.

At thermalequilibrium,atoms(andmolecules)follow a Maxwellianspeeddistribution. At
a temperatureT, thenumberof atomsn � w� perunit volumewith averticalvelocitycomponent
betweenw andw � dw is

n � w� dw � ρ
wp · π

e�¹¸ wº wp » 2dw � (2.10)

whereρ is the total densityof atoms. The most probablespeedwp is calculatedfrom the
temperature,the massof the atomsm andthe BoltzmannconstantkB by 1

2mw2
p
� kBT. The

densityof atomswhoseresonancefrequenciesareshiftedfrom ν0 into the interval from ν to
ν
�

dν is givenby therelationsabove as

n � ν � dν � cρ
wp ν0 · π

e��¼ c ½ ν ¾ ν0 ¿
wpν0 À 2

dν � (2.11)
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This representsa Gaussiandistribution with thefull half-width (FWHM) of

δνD
� 2 · ln2

wp

c
ν0

�ÂÁ 8ln2
kBT
mc2 ν0 � (2.12)

which is calledtheDopplerwidthandproportionalto · T. Thus,we get

n � ν � dν � 2 Á ln2
π

ρ dν
δνD

exp

�Ã�
2 · ln2

ν
�

ν0

δνD
� 2 � (2.13)

For potassiumatomsat T � 200K the most probablespeedis wp
� 292m/s, and a single

transitionat theK(D1) frequency hasa Dopplerwidth of δνD
� 631MHz, or δλD

� 1.25pm.
Thelidar measures,asa functionof laserfrequency, theeffective volumebackscattercoef-

ficient β � ν � (Eq.2.3)which is proportionalto thedensityof atomsscatteringat thatfrequency.
For a finite laserbandwidth,β equalstheintegral over thelaserlineshapefunctiong, which is
normalizedto Ä g � ν Å�� dν Å � 1,

β � ν � � �
g � ν Å � n � ν Å � dν Å dσ

dΩ

����
180��� (2.14)

As atomicresonancelines arealwaysobserved with Dopplerbroadening,the specificdiffer-
ential cross-sectionis often replacedby a temperaturedependenteffectivebackscattercross-
sectionσeff to separatethetemperatureeffect from thedensity,

σeff � ν �ÇÆ β � ν �´� ρ � (2.15)

whereρ denotesthe total numberdensityof atoms. Still, in somecasesit is importantto
rememberthat it is not thecross-sectionthat is reducedin theDopplerwings,but thenumber
of scatteringatoms.

Theseconsiderationshaveneglectedthenaturallinewidth becauseit is significantlysmaller
thantheDopplerwidth for mesosphericpotassium.Nevertheless,for correcttemperaturecal-
culationsthenaturallinewidth andthelaserbandwidthhave to betakeninto accountto calcu-
late theeffective profile. This is a so-calledVoigt profile, which is a convolution of Gaussian
andLorentzianprofiles. Thereareotherbroadeningmechanismsbut they do not have to be
consideredhere.For mesosphericconditionsthecollision frequency is muchsmaller(cf. Ap-
pendixB) thanthenaturallinewidth and,thus,pressure broadeningdueto a reducedlifetime
is negligible.

2.3.2 The PotassiumD1 ResonanceLine

Theinfluenceof thenuclearspinof thepotassiumatom(I � 3� 2) causestheK(D1) fine struc-
ture line to split into four hyperfinecomponentsdependingon the total angularmomentum
quantumnumbersof thegroundandexcitedstate(F andF Å � 0 or 1). Thesplittingamountsto
231MHz (0.457pm) for the lower (4S1º 2) and28MHz (0.055pm) for theupperstate(4P1º 2)
of 39K. The frequency offset betweenthe transitionpairs (F � F Å ) is given in more detail in
AppendixA. All transitionsareof equalstrengthexceptfor the weaker (1,1). Thehyperfine
structureandtheline centeraredifferentbetween39K andthesecondstableisotope41K which
hasa naturalabundanceof 6.73%.Theisotopicshift of theline centeris 235MHz (0.465pm).
No deviation from theuniversalisotopiccompositionhasbeenfound(HumayunandClayton,
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Figure 2.2: Theeffective backscattercross-sectionof atmosphericpotassiumfor temperaturesof 125,
200and275K. Theindividual hyperfinestructurelinesareindicatedat thebottomwith a linewidth of
20MHz. A wavelengthoffsetof 2pm equals1GHz in frequency. Adaptedfrom vonZahnandHöffner
(1996).

1995a,b),evenin extraterrestrialprobes.Therefore,theobservedρK of mesosphericpotassium
appearsasa superpositionof the two isotopecross-sectionswith their naturalabundancehA.
Theeffective backscattercross-sectionis a superpositionof theDopplerbroadenedlines:

σeff � T � � 4

∑
i  1

∑
A  39! 41

gi hA σi ! A � T �³� (2.16)

wheregi are the individual weightsof the four hyperfinestructuretransitionsand A is the
atomicmass.Figure2.2shows σeff for threedifferentatmospherictemperatures(vonZahnand
Höffner, 1996).Thecenterwavelengthis 769.9nm in standardair and770.109nm in vacuum
(cf. Appendix A). The width and the shapeof the curve are temperaturedependent.The
FWHM of 936MHz (1.85pm) at 200K increaseswith T by about1MHz/K. The maximum
cross-sectionis 7.65× 10� 17 m2/sr for T � 200K.

Our lidar measurementsusea continuousfrequency scanto determinethe frequency de-
pendenceof thebackscattercoefficient. Themeasuredβ � λ � is completelydeterminedby four
atmosphericproperties:Themeanβ is proportionalto theK densityρK � z� andthefrequency
independentbackgroundis causedby Mie scatteringprovided thatRayleighsignalandback-
groundhavebeencompletelysubtracted.Theoffsetof thecentroidwavelengthfrom theatomic
resonanceline centeris determinedby thevertical(radial)wind component,andthewidth and
shapeof thecurve aregovernedby theair temperatureT � z� .
2.3.3 Deviations From the Linear Lidar Equation

As mentionedabove,undercertainconditionsthelineardescriptionof themeasuredlidar return
in thesimplifiedform of Eq.2.8maynotbevalid. Suchdeviationsmustbeconsideredin order
to ensurecorrecttemperatureanddensitycalculations.
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Themostfrequenttechnicalcausefor non-linearityis thedetector. Detectorsmaybecome
saturatedwhenthe illuminanceexceedsa certainlimit, but theoutputsignalcanbecorrected
as long as the detectorcharacteristicis known. Conditionswherethe detectorexhibits gain
changesdueto the signalfrom lower altitudesshouldbe avoided. In that case,η would not
be constantandboth the backscattersignalandthe backgroundwould becomeimpossibleto
determine.

In themesosphere,high laserenergy densitiescancausetheresonantscatteringprocessto
besaturated.Thescatteringbrightnessis limited, whenthenumberof excitedatomsbecomes
significantin relation to the numberin the groundstate. Saturationeffects occur when the
interactionof anatomwith aphotonis preventedor influencedby apreviousscatteringprocess
duringthesamelaserpulse,andthey mayappearin differentways.Thiseffectcanbeimportant
for bothdensityandtemperaturemeasurementsandwill bediscussedin detailin Section3.3.4.
In the mesopauseregion, the collision frequency is in the orderof 104 s� 1 (cf. AppendixB)
and, thus,equilibrium conditionswill have beenrestoredat the following laserpulsewhich
occursafter � 0 � 03s.

Themetallayer itself maycausehighly frequency dependentextinction of the laserbeam
andthe backscatteredlight. While this effect is negligible for potassium(below 0.1%), it is
significantfor the sodiumlayer dueto the higherdensitiesandhasan influenceof 2–8K on
temperaturesderived with Na-lidars(Yu andShe, 1993). Sufficiently large backscattercoeffi-
cientsthatwouldcausemultiplescatteringof asinglephoton,asin troposphericclouds,donot
occurin themiddleatmosphere.

In contrastto sodiumandiron resonancelidars, the influenceof theEarth’s magneticand
electricfieldsarenegligible for our potassiumlidar dueto thedifferentatomicproperties.For
the linearly polarizedlight used,the Hanleeffect doesnot changethe transitionpropabilities
(Zimmermann, 1975;vonZahnandHöffner, 1996)for potassiumand,hence,thecross-section
is independentof the geomagneticfield. TheZeemansplitting is below 1MHz for a realistic
field of 0.5G. ThelinearStarkeffect doesleadto anadditionalsplitting of theK(D2) line but
not of theK(D1) line used,andthequadraticeffect resultsin a line shift below 1MHz unless
electricfieldsabove 105 Vm � 1 would occur.



Chapter 3

The PotassiumTemperature Lidar
The varioustypesof lidar instrumentsareclassifiedaccordingto the atmosphericparameter
measuredandthescatteringprocessor atmosphericconstituentused.Thepotassiumresonance
temperaturelidars (K-lidars) of the Leibniz-Instituteof AtmosphericPhysics(IAP) werede-
velopedprimarily for the purposeof measuringthe temperaturein the mesopauseregion by
probingthespectralshapeandwidth of theresonanceline of mesosphericK atoms.Potassium
densitiesandaerosolbackscattercoefficientsarealsoderivedfrom themeasurements.There-
trieval of atmosphericparametersfrom the received signalhasbeendiscussedin Section2.2.
This chapterprovides a technicaldescriptionof the lidar, discussesthe improvementsmade
duringthis thesiswork andgivesanassessmentof thecurrentinstrumentperformance.

Lidars consistof a transmitterand a receiver unit. The schematicof the IAP K-lidars
is shown in Figure 3.1. The transmitterunit includesan alexandritepower laser, a seeding
laser, which is stabilizedto a potassiumvapourcell anda spectrumanalyserfor measuring
thefrequency of the laserpulses.A telescopemirror collectsthebackscatteredlight from the
atmosphereandfocussesit into a fiber cable.On thedetectionbenchthe light is thenfiltered
andconvertedto electronicsignalsfor registration.Theconstituentsaredescribedin detail in
thefollowing sections.
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Figure3.1: Schematicof theIAP K-lidar setup.Thetransmitterunit is shown to theleft andthereceiver
to theright.
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Thepotassiumlidar principlehasbeendevelopedatBonnUniversityin the1990sfor meso-
pausetemperaturemeasurements.The first instrumentwas installedin a standardtransport
containerfor easytransportationto variouslocationsandhasbeenoperationalsince1995.Dur-
ing a shipbornecampaignin 1996anda first yearof observationsin Kühlungsborn,valuable
resultswereobtainedandtheprincipleof operationof theinstrumentprovedto beappropriate
for reliablenighttimetemperaturemeasurements.To enablenecessaryfurther developments
of the system,while keepingthe lidar in operation,it wasdecidedto build a second(station-
ary) systemin the IAP building in Kühlungsborn.Thereby, it becamepossibleto continue
themeasurementsat Kühlungsbornwith theadvantageof common-volumeobservationswith
theotherlidarsandto operatethetransportablelidar at remotelocations.In particular, it was
deemeddesirableto extendtheobservationsto otherlatitudesto completetheglobalpictureof
themesosphere.

Theinstrumentdevelopmentfocussedon two aspects:firstly, thelaserhadto beimproved
andmademorestableanduserfriendly to enablelong-termoperationby non-scientificstaff.
Measurementswith continuoushigh accuracy arenecessaryto identify interannualvariations
andtrendsin themesopauseregion. Secondly, thelidar hadto bepreparedfor daytimeobser-
vationsto analyse,for example,tidesandsystematicdifferencesbetweenday-andnighttime.
Apart from someimprovementsof thelaser, majorupgradesof thereceiver werenecessaryto
achieve daylightcapability.

3.1 Transmitter Unit

Theheartof a lidar systemis thepower laserwhichproducesacontinuousseriesof light pulses
which areemittedinto the atmosphere.For the IAP K-lidars this is provided by a solid-state
alexandriteringlaserwhichis seededandQ-switchedto achievenarrow-bandpulses.A number
of additionalcomponentsarenecessaryto control andanalysethe performanceof the power
laser.

Selectionof the Lidar Type

For the objective of this work, it is desiredto derive temperatureswith an uncertaintyof less
than±5 K at a resolutionof about1h and1km over thewholemesopauseregion. Lidar tem-
peraturesoundingsof this region arepossibleby usingthemetalatomsin the layersat about
80–110km asa tracerandmeasuringthethermallyinducedDopplerbroadeningof anatomic
resonanceline. Sincethework of Fricke andvonZahn(1985),this hasbeensuccessfullydone
by probingtheD2 transitionof sodiumat 589nm with a narrow-banddyelaser. However, it is
preferableto usesolid-statelasersto achieve higheroutputpower andsmallerspectralband-
width, in additionto amorecompactsetupandreducedmaintenanceeffort, whichis especially
importantfor a transportablesystemandlong-termoperationat remotesitesor automaticsys-
tems.A tuneablehigh power narrow-bandsolid-statelaserwhich operatesat 589nm hasonly
recentlybecomeavailable(Sheet al., 2002c). Light at this wavelengthcanbe generatedby
frequency mixing of two infrared lasers(Jeys et al., 1989;Vanceet al., 1998)or a two-step
non-linearconversionof thenearinfraredoutputof analexandritelaser(Schmitzetal., 1995).

To avoid the problematicconversionprocesses,Höffner and von Zahn (1995)developed
thealternative approachto usepotassiumatomsinsteadof sodium.TheK densityin themeso-
spherewasknown to besmallerby morethanoneorderof magnitude(Megie etal., 1978),but
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this is balancedby sometechnicaladvantages.TheK(D1) line at 770nm is directly accessible
by high power alexandritelasers,whereasthe strongerK(D2) resonanceline at 766nm (see
AppendixA) lies within anO2 absorptionbandandcannotbeused(proposedby Papenet al.,
1995). A narrow-bandtransmitterhadbeendevelopedsince1991 in collaborationbetween
Bonn University anda manufacturerof alexandritelasers(Light Age, Inc., Somerset,USA),
usingaring resonatorwith injectionseeding(Schmitz, 1994).Temperaturemeasurementshave
beencarriedout successfullywith this lasersystemsince1995(vonZahnandHöffner, 1996;
vonZahnet al., 1996).

Whenit wasinitiatedat theIAP in 1997to build a second(yet stationary)lidar for meso-
pausetemperaturemeasurements,the sameprinciple wasadoptedso that developmentsfrom
onesystemcanbeappliedeasilyto theother. Althoughthealexandritelaserhadprovento be
suitablefor K-lidar measurements,a numberof improvementswerenecessary, especially, for
theachievementof daylightcapability. To this enda new lasersetupwasdevelopedaspartof
this thesis.

The necessaryimprovementsconcernboth the valueandthe stability of several laserpa-
rameters(pulseduration,pulseenergy, repetitionrate,beamdivergenceandbeamdirection).
For reliableandeasyoperationthe transmitterneededto be advanced,away from an expert
systemwhich couldonly beoperatedby a well trainedscientist,who wasfully occupieddur-
ing theoperation.Additionally, thetime neededfor preparationandmaintenancework hadto
berestricted.Thefrequency of systembreakdowns dueto damagedopticsor otherfailuresof
the alexandritepower laseror the seedinglaserhadto be reducedandthe regular lifetime of
thelasercomponentsenhanced.

The laserdevelopmentwasbasedon a commerciallyavailable lasersystem(Light Age,
Inc. PAL-101PRO) andwasundertaken in closeco-operationwith J. Höffner. Technicalde-
tails of thelaserdevelopmentareconsideredconfidentialandaredescribedin aninternalIAP
report. They areintendedfor publicationin collaborationwith the manufacturer. This work
concentratesonaqualitative discussionandtheimprovementsachieved.A detailedanalysisof
a similar lasersystemis alsoavailablein theopenliterature(Wulfmeyer, 1998).

3.1.1 The Alexandrite Laser

Amongthefirst tunablesolid-statelaserswasthealexandritelaser(Walling et al., 1979). The
lasermaterialalexandrite(Cr3¶ :BeAl2O4) is similar to ruby(Cr3¶ :Al 2O3), whichcanbeused
to build a three-level laser. Alexandritelaserscanbe operatedon a vibronic transitionwhere
the lower laserlevel of the chromiumions is vibrationally broadened,therebyresemblinga
four-level laser. This makesit easierto reachthe lasingthresholdandallows laseroperation
continuouslyover therangeof about700–820nm. Thepropertiesof alexandritearedescribed
elsewhere(e.g. Walling, 1987;Koechner, 1992;Duarte, 1995). Two broadabsorptionbands,
centeredat 420and560nm, allow effective pumpingwith flashlamps.Dueto anupperreser-
voir level which lies energeticallyabout800cm� 1 below theupperlaserlevel, alexandritehas
a relatively long fluorescencelifetime of morethan100µs. This facilitatesflashlamppump-
ing andQ-switchoperation.Thecross-sectionfor stimulatedemissionpeaksnear750nm for
a crystal temperatureof 70

�
C. Alexandriteis a birefringentmaterialwith biaxial properties,

wherethelaserlight is alwayslinearly polarized.Dueto therelatively low gainof alexandrite,
opticalcomponentsinsidetheresonatormustbeselectedcarefullyin orderto minimizelosses.

In thering resonator(Figure3.2), two laserrodsaremountedin pumpchamberswith two
flashlampseach,which aresituatedat the outerfocal lines of a double-ellipticreflector. The
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Figure3.2: Schematicof theIAP alexandritelasersetup(OC,outputcoupler;BRT, birefringenttuner;
SMD, single-modediode).Thearrowsgivethedirectionof beampropagation.Mirrors arenot labelled.

light from theflashlampsis efficiently focussedontotherod which is situatedat thecommon
innerfocalpoint in a glasstube.Throughthisflow tubetherodtemperatureis keptconstantby
a thermallystabilizedwatercycle. Thepower suppliesnominallyallow a pulserepetitionrate
of up to 60Hz, but dueto theelectronics,it is restrictedto 40Hz.

Thermal Lensing

The pumpingenergy absorbedcausesa warming of the laserrod. The rod is cooledat the
surfaceby thewater, leadingto aradialtemperaturedistribution thatis parabolicto afirst-order
approximation,inducinga rod-endcurvature. At pulserepetitionratesabove 10Hz a nearly
stationarystateis reachedwhichdependsonthemeanpumpingpower. Theresultingrefractive
index alsobecomesparabolicandtogetherwith thecurvedrod-endgeometrytherod actsasa
thick lenswith a certainfocal length.For thesystemused,thefocal lengthwasmeasuredand
foundto bein goodagreementwith themorerefinedmeasurementsby Wulfmeyer (1998).The
rodspossessanastigmatismwhich is dueto thedifferentcharacteristicsof thecrystalaxes. It
is correctedby therod in thesecondpumpchamberwhich is rotatedby 90

�
, implying theneed

for thesamerotationof thepolarizationaxisof thebeambetweenthepumpchambers.In order
to achieve stablemodesin theresonator, thethermallensingof therodsmustbecompensated
partly by theuseof diverging lenses.

It is desirableto operatethe laserwith low pumpingenergy by minimizing the resonator
lossesand optimizing the optical alignment. Thereby, the thermal lensingfluctuationsand
pointinginstabilitiesarereducedandthelifetime of theflashlampsis significantlyenhanced.

Operation Principle of the Laser

The generalsetupof the IAP alexandritelaseris shown in Figure3.2. The beamcirculates
clockwisethroughthe ring andleavesthe resonatorto the left. Sidebeamsareusedto mon-
itor the laserperformance(Section3.1.3). Sincetwo beamdirectionsarepossiblein a ring
resonator, an optical diode is employed to achieve unidirectionaloperation. It consistsof a
Faradayrotator which rotatesthe polarizationaxis by 45

�
dependingon the beamdirection

anda quartzrotatorwherethedirectionof rotationis independentfrom thebeamdirection.In
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reversedirection,thepolarizationexperiencesnonetrotationandis not amplifiedsignificantly
in the laserrod (about10% of the otherorientation). Instead,it is suppressedby high losses
at the otheropticswhich arealignedunderthe Brewsterangle. Therefore,the polarizationis
parallelto theplaneof incidenceat theright pumpchamberandperpendicularat theleft.

For operationoff thegainmaximum,broad-bandspectralfiltering is achievedby abirefrin-
genttuner(BRT), alsocalledaLyot-filter. As describedby PreussandGole(1980),it consists
of a seriesof birefringentplateswhich arerotatedto tunethetransmissionpeakto thedesired
wavelength.

In normaloperation,a laserpulsewould build up by spontaneousemissionassoonasa
netamplificationin theresonatoris reached,i. e. whenthegain in therodsexceedsthe losses
during one round-trip. This occursbeforethe completeenergy from the flashlamppulseis
storedin the rod and may result in multiple laserpulseswhich must be preventedfor lidar
applications.Also, narrow-bandpulsescanbeachievedonly if thelaserpulsebuilds up when
theresonatorprovidesconstructive interferencefor thedesiredwavelength(seebelow). Thus,
a Q-switch is usedto reducetheresonatorquality until the fluorescencemaximumis reached
andtheresonanceconditionsaresatisfied.At this moment,it switchesquickly to high quality
andallows a laserpulseto emerge. The Q-switchconsistsof a Pockels-cell,which usesthe
linear electro-opticaleffect to changethe beampolarizationand inducelossesandsuppress
amplification.

NewResonatorSetupand PulseLength

Theperformanceof the commerciallyproducedlaseris not sufficient for temperaturesound-
ings. The advancedversiondevelopedat Bonn University and usedin the first generation
potassiumlidar (BU setup) wasnot fully satisfyingeither. To furtherimprove theperformance
andreliability of thealexandritelasera numberof changeswereappliedto theresonatorsetup
at theIAP. Thepresentsetupwhich wasdevelopedduringthis work is referredto asthe IAP
setup. Thetechnicalchangesaredescribedin moredetail in theinternalreport.

For a beamwidth of 1mm,anoutputpulseenergy of 200mJanda pulselengthof 200ns,
themeanpowerdensityis about1MW/mm2. If thereflectivity of theoutputcoupleris 75%the
power densityinsidetheresonatoris 4 timeshigherandcloseto thetypical damagethreshold
of optical surfaces(10MW/mm2). Thus,to reducethe risk of damageto the optics,a larger
beamdiameteris appreciated.

Thebeampropagationin theresonatorcanbesimulatedusingtheABCD matrix technique
for Gaussianoptics(Kogelnik andLi, 1966;Magni, 1986).Calculationsfor theBU setuphave
shown that the beamwaist wassmallerthan1mm (Schmitz, 1994). For the IAP setupof the
resonator, similar calculationsshow that it wasincreasedby morethan30%(Höffner, private
communication)which reducestheenergy densityby 50%.

A long durationof the laserpulsesis crucial for two reasons.For the lidar measurements
it is importantto avoid saturationeffects which dependon the temporaland spatialenergy
density. Thus, longerpulsesallow a lower beamdivergencewhich is necessaryfor daytime
lidar operation.Also, increasingthe pulselengthwill againreducethe energy densityin and
outsidethelaserresonatorandthereforetherisk of damageto theoptics. As thefluorescence
lifetime of theupperlaserlevel of alexandriteis very long, it doesnot limit thepulselength.In
orderto enablea lidar rangeresolutionof 200m thegeometriclengthof thelaserpulsesshould
not exceedthis limit. Hence,theaim wasto extendtheFWHM value(tp) of thenearGaussian
pulsesto 200–300ns.
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Figure3.3: Temporalintensityprofileof asinglelaserpulsemeasuredwith a fastphotodiode(arbitrary
units).TheFWHM lengthof this pulsewas320ns,theoutputenergy wasabout150mJ.

Thelaserpulselengthof thecommercialalexandritelaserPAL-101PRO wasnot specified
by themanufacturerandwasfoundto bebelow 100nsfor Q-switchoperation.Schmitz(1994)
reportedapulselengthof 115nsfor theBU lasersetup.With theIAP setupmuchlongerpulses
wereachieved. Theexampleof Figure3.3 shows a pulselengthof tp � 320nswhich is only
slightly above the typical valuefor an energy of 150mJ. For pulseenergiesup to 200mJ, a
meanvalueof 250ns is obtainedwith the new lasersetup. With increasingpulseenergy the
pulselengthdecreasesdueto enhancedgainin thelaserrod.

3.1.2 ResonatorModesand Injection Seeding

In a laserresonatora numberof transverseelectro-magnetic(TEM) andlongitudinalmodes
maybeformed,all having individual frequencies.In normaloperationthe lasingprocesscan
occur in all stablemodeswhich have frequencieswithin the gain curve. For measuringthe
atmosphericDopplerbroadeningthe frequency spectrumshouldbe asnarrow aspossibleto
avoid uncertaintiesdue to the convolution of the laserspectrumand the backscattercross-
section(Eq. 2.14). The fundamentalTEM mode(TEM00) hasa Gaussianenergy distribution
andthe lowestdivergence. Therefore,it is desiredto operatethe laserin TEM00 andsingle
longitudinalmode.

For eachlongitudinalmodethe optical path lengthL mustbe an integer multiple of the
wavelengthfor positive interferenceto occur. Thefrequency spacingbetweenadjacentmodes
is givenas∆νL

� c� L, whichis thereciprocalof theround-triptimeof alight pulsethroughthe
resonator. For a 2-m resonatorthemodespacingis ∆νL

� 150MHz. Whenthelaseremitsin
two longitudinalmodesthey areclearlydetectedby thespectrumanalyserandacorresponding
modebeatingof � 7nscanbe observed in thetemporaldevelopmentof the laserpulseinten-
sity whenmeasuredwith a fastphotodiode.Thespacingof two transversalmodesTEMmn is
∆νmn

� c�	� 4L � in aring resonator(Wulfmeyer, 1995,p.90). Accordingly, slowermodebeating
canbeobserved whenthelaseris allowedto form othermodesin additionto TEM00. Higher
transversalmodescanbe identifiedvisually whenthe beamis widenedandprojectedonto a
screen,whereeachmodeproducesaspecificpattern.Highermodeshave a largerbeamdiame-
ter andsuffer higherrefractionlossesat smallaperturesin thelaser. TheIAP laseris observed
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to operatein TEM00 modefor morethan99%of thepulses.
Thetransmissioncurveof thebirefringenttuneris relatively broadandallowsamplification

of severallongitudinalmodes.Narrow-bandoperationof analexandritelaserwasdemonstrated
by Schwemmeret al. (1991) who usedinjection seedingby a diode laserwith a bandwidth
which coverstwo or threelongitudinalmodes.Thecontinuous-wave (cw) beamof theseeding
laseris coupledinto theresonatorsothatsomelight intensityat thedesiredfrequenciesis al-
wayspresent.WhentheQ-switchenablesthebuilding up of a laserpulsethestimulatedemis-
sion at the seedingfrequenciesdominatesspontaneousemissionat other frequencies.Thus,
only theseededmodesarepresentin thelaserpulse.

In orderto achieve singlelongitudinalmode(SLM) operationthe alexandritelaseris in-
jection seededby a cw diode laserwith a bandwidthwhich is smallerthan the longitudinal
modespacing.In this caseSLM operationcanbeachievedif theseedingfrequency matchesa
resonatormode.As this conditionis not alwaysfulfilled, amodematching techniquehasto be
applied,to ensurethatoneresonatormodematchestheseedingfrequency at thetimewhenthe
laseris fired.

Mode Matching

The different possibilitiesof modematchinghave beenanalysedby Schmitz (1994) for an
alexandritelaser. Active stabilizationof theresonatorto theseederfrequency would becom-
plicatedbecausethe frequency is steadilychangingduring lidar operation. Furthermore,in
environmentswith high noiseor vibrationsthe stabilizationwould needto be extremelyfast.
Finally, during the pumpingprocess,the refractive index of the laserrodschangesand,thus,
theoptical lengthof theresonator. Theseconditionsmake active stabilizationof theresonator
impractical.

Instead,it is possibleto usea fastresonance-detection technique.A photodiodebehinda
lasermirror (SMD in Figure3.2) measuresthe light intensity in the resonatorbeforethe Q-
switch is opened.Thesignalis a superpositionof the fluorescenceintensityoriginatingfrom
thespontaneousemissionof thepumpedlaserrodsandaninterferencesignalfrom theseeding
beam(Figure3.4). Thefluorescenceintensityis proportionalto theenergy storedin the laser
rodsandthusits maximumis thebesttimefor thelaserpulseto build up. Thecontinuousseed-
ing light is amplifiedin therodsandproducesself-interferenceaftereachcirculation.Positive
interferenceindicatestimeswhenthe cavity is resonantwith the injectedbeam. A detection
of this interferencecanbeusedto obtainSLM operationby openingtheQ-switchat this time,
ashasbeendescribedby Hendersonet al. (1986). A dedicatedelectronicdevice detectsthe
interferencemaximaandtriggersthe Q-switchto openat the first oneafter the fluorescence
maximumis reached.This producesa SLM laserpulseat the seededfrequency. SLM laser
operationis confirmedeitherby theabsenceof modebeating(Figure3.3)or with theaidof the
spectrumanalyser(seeSection3.1.3).

Modematchingcanbeachievedin differentways.It is possibleto passively wait for mode
matchingto occurby chance(Schmitzet al., 1995),which is donein thecommercialversion.
Unfortunately, theopticallengthhasaturningpoint (dL � dt � 0) whenthemaximumenergy is
storedin therod andthusthemodulationis very weakduringtheperiodwhenmodematching
is desired.If thelaserpulseis delayedby morethanabout20µsafterthemaximumof thelaser
rod fluorescencehasoccurred,its energy will be significantly reduced.Like in the example
shown in the left panelof Figure3.4, for a large fraction of pulsesno usablemodematching
occurrednearthefluorescencepeak.
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Figure3.4: Theseedinginterferencedetectedby theSMD photodiode.Themaximumof theunderlying
fluorescencecurve is markedby the vertical line. Thesharppeaksarecausedby positive interference
of theseederlight. Left: original setupwith passive modematching.Right: activemodematchingwith
thepiezo-drivenmirror.

This lack of modulationcanbeovercomeby applyinga fastjitter of at least � ∆νL on the
seedingfrequency. This techniqueallows reliableSLM operationandhasbeenusedin theBU
setupsince1995. However, the frequency jitter is alsopresentin the alexandritelaseroutput
andcreatesdisturbancein lidar application.

Therefore,in the new IAP setupa different active modematchingtechniqueis applied
whichwasfirst demonstratedby Hendersonetal. (1986)for alinearNd:YAG laser. At thetime
of thefluorescencemaximum,theresonatorlengthis changedby apiezoelectricactuatorwhich
movesonelasermirror. Themotion is perpendicularto themirror surfaceandextendsover a
few µmwhichdoesnotinfluencetheresonatorstability. To achieveasufficiently fastmovement
with a singlepiezofor shortintervals betweenthe interferences,lightweight lasermirrorsare
usedandappropriatedriving electronicshave beendevelopedat theIAP. As demonstratedin
Figure3.4aninterferencepatternis inducedwith aspacingof about20µswhichis sufficient to
alwaysobtaina modematchingconditionat themaximumof thefluorescencecurve. Thereby,
thetemporaljitter of theQ-switchfiring time is reducedto a rangeof 20µsand,consequently,
theenergy stabilityis noticeablyenhanced.Thepiezoproducesaresonatortuningof only about
1MHz during a laserpulselengthof 200ns and, thus, no significantspectralbroadeningis
expecteddueto achangeof thegeometricresonatorlengthduringthepulseemission.However,
afrequency variationwithin thedurationof thelaserpulse(achirp) mayalternatively becaused
by electronicallyinduceddetuningof the resonator. This processcannotbe avoidedbecause
therefractive index of thealexandriterodsdependson thedegreeof electronicexcitation.The
excitation changesrapidly during the laserpulseformation. Thereby, the optical resonator
lengthandtheresonancefrequency change.

The new piezosetupenablesstableSLM operationat exactly the desiredfrequency and
could alsobe usedfor applicationswhich needhigh pulse-to-pulsefrequency stability. The
active modematchingtechniquehasbeendemonstratedbeforeto allow reliableoperationof a
Nd:YAG laserin high noiseenvironments(Fry et al., 1991).Evenvibrationsof thelasertable
or lasermirrors,which might occurwhenthe lidar wasinstalledon a ship,do not disturbthe
SLM operationof our alexandritelaser.
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The SeedingLaser

For injectionseedingthepower laserwe employ a cw single-modediodelaser. Since1997an
externalcavity diodelaser(ECDL) hasbeenused(TopticaDL 100)in whichagratingprovides
feedbackinto the laserdiode. This gratingactsasan externalresonatorandcausesthe diode
to emit at a singlefrequency only. The frequency canbe tunedover a rangeof about6GHz
without modehoppingby tilting thegrating. During lidar operationtheK(D1) resonanceline
is scannedby a continuousmodulationof theECDL frequency over a rangeof 1.64GHz.

Dueto theusedcavity versionwith high thermalstability, thediodelasershows short-term
frequency fluctuationsof a few MHz only. This stability is sufficient to performDoppler-free
spectroscopy of potassiumatomsaswasdoneby Lautenbach (2001)for accuratecalibration
of the spectrumanalyser. Thereby, the spectralwidth of the seederhasbeenestimatedto be
about9MHz (FWHM). Whenthe laseris switchedon it returnsto theK(D1) frequency with
anaccuracy of a few GHz andcanbere-tunedeasilyto theresonanceline.

As shown in theschematicof theseedersetup(Figure3.5), thebeamfrom thediodelaser
passesanopticalisolator(Linos,60dB) to suppressbackreflectionsontothediodewhichcould
interferewith its performance. An anamorphoticprism pair forms a circular beamprofile
after the polarizationis rotatedto minimize losses.A beamsplitter directsa fraction of the
beaminto a potassiumvapourcell. Theresonancesignalfrom thevapourcell is detectedby a
photomultiplierandusedto stabilizethefrequency scanto thecenterof theresonanceline with
anaccuracy of a few tensof MHz by meansof a lock-in amplifier. Thisprovidesthefrequency
guidancefor thelidar operation.

Themainportionof theseederlight is passingthrougha lasermodulator(Linos LM0202),
which containsa Pockels-cell and can be switchedelectronicallyto couplethe laserbeam
into oneor anotherfiber cable.Thesepolarizationmaintainingsingle-modefiber cablesguide
the beameither to the alexandritelaseror to the spectrumanalyserto measurethe seeding
laserspectrumdirectly. Attenuatedby the variousoptical components,at least10% of the
outputpowerof 20mW arecoupledinto theringlaser, anamountwhichis sufficient for reliable
injectionseeding.Thecouplingtechniquein theIAP setupis discussedin theinternalreport.

The lasermodulatoralso serves to switch off the seedingbeamwhen the laserpulseis
sentout into theatmosphere.Thecontinuousseedingbeamcouldotherwisecontribute signif-
icantly to thebackgroundbecauseit producesa steadysignalfrom thelower troposphere(see
Section3.2.4).
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Figure 3.5: The seedinglaser(ECDL, externalcavity diode laser;PMT, photomultipliertube). The
mainfractionof thebeamis coupledinto eitherof thetwo fiber cables.
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Figure 3.6: Frequency spectrum‘picture’ of a singlelaserpulseobtainedwith the spectrumanalyser.
Thediodearraymeasuresa cross-sectionof theinterferencering pattern.Thewidth of thepeakscorre-
spondsto about40MHz FWHM, which is theresolutionof thespectrumanalyser.

3.1.3 Lidar Operation

During the lidar measurementsthe laseroperationneedsto be monitoredcontinuously. Al-
thoughthelasermirrorshave high reflectivity ( M 99.5%),a significantamountof laserenergy
is leaving theresonatorthere(upto 4mJfor anoutputcouplerreflectivity of 75%andanoutput
energy of 200mJ).Thesesidebeams(seeFigure3.2)areusedto analysethelaserperformance
duringoperation.Onesidebeamis directedonaJoulemeterto monitorthepulseenergy, which
is a fixed fraction of the main output. The secondonepassesan adjustableattenuatorandis
directedinto the spectrumanalyser. This is a stabilizedplaneFabry-Perotetalon(Hovemere
ltd.) with anominalfreespectralrangeof 1GHz. Thefringepatternis imagedonalinearCCD
array(1024diodes)which is readout after eachlaserpulseto calculatethe pulsefrequency
andits bandwidthin real-time.An exampleis shown in Figure3.6. Theresolutiondependson
thepositionon thearrayandthelowestdetectablebandwidthrangesbetween40 and60MHz.
With a Doppler-freepolarizationspectroscopy experiment,Lautenbach (2001)determinedthe
calibrationof thespectrumanalyserwith anaccuracy of 1MHz. Thelong-termstability of the
spectrumanalyseris not sufficient to useit asanabsolutefrequency standardandthereforethe
seedinglaseris stabilizedto thevapourcell.

For temperaturemeasurements,only therelative frequency of eachoutgoinglaserpulsehas
to beknown andcanbemeasuredwith high accuracy by thespectrumanalyser. Betweenthe
seedinglaserandthepower lasera frequency offset of up to 35MHz is observed. Therefore,
it is necessaryto measurethefrequency of theoutgoinglaserbeam,whereas,it would not be
sufficient for accuratetemperaturemeasurementsto solely determinethe seedingfrequency.
Theobservedshift is in theorderof thespectralwidth of thelaserpulses.Its causeis not clear
but it might bea resultof thechirp inducedby thechangeof therefractive index.

By modulatingthefrequency of theseedinglaser, theK(D1) line is scannedwith a period
of about2s. With the spectrumanalysereachlaserpulseis evaluatedandonly if thepulseis
foundto besingle-mode,thebackscattersignalfor thedeterminedfrequency is stored.

Our techniqueof a continuousfrequency scanremainsin contrastto techniquesemployed
in sodiumlidars which useonly two or threefixed laserfrequencies(Sheet al., 1990; She
andYu, 1994;Gardneret al., 2001)andderive thetemperaturefrom their intensityratio. Our
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Figure3.7: Laserpulseenergy measuredon February25th, 2003.For every5000pulsesboththemean
andstandarddeviation areplotted.Theaveragevalueof thestandarddeviationsis below 6mJ.

techniqueprovidesthepossibilityto comparethetheoreticalwith themeasuredform of theσeff

curve andcalculateotherparameters.This servesto ensurecorrecttemperaturecalculations
andhasbeendonewith the laserbandwidth,the spectrumanalysercalibration,the isotopic
compositionandline shift of potassium,andfrequency dependentsaturationeffects(Höffner,
manuscriptin preparation).

With this techniquethe laserbandwidthwas determinedto be about12MHz (FWHM).
This valueis clearlybelow theresolutionof thedevicesavailableto usto measurethespectral
width directly. It is in accordancewith the Fourier limit that defineswith ∆ν N 1OQP 2tp R a
minimumspectralwidth of 2MHz for a pulselengthof tp N 250ns.

The divergenceof the laserbeamin single modeoperationwasdeterminedto be about
0.4mrad(full angle)by measuringthe beamdiameterat a distanceof 30m. This divergence
is in goodagreementwith the calculatedresonatormodesandresultsin a beamdiameterof
40m in 100km altitude. Whena smallerfield of view of the receiving telescopeis used,the
divergenceof thelaserbeamcanbeadaptedby passingit througha beam-wideningtelescope.
Thebeamsteeringmirror reflectsthe beaminto the atmosphereandis exactly tilted by pico-
motors(NewFocusInc.) to ensurethatthebeamdirectionmatchestheviewing directionof the
telescopeandoverlapin themiddleatmosphereis complete.Theexacttime at which thelaser
beamis sentout is registeredby a photodiode.

3.1.4 Achievements

Comparedwith theformer(BU) setupthebeamdivergenceof thealexandritelaserin theIAP
setupis reducedandits pointingstability appearsto behigher. This is importantfor daylight
operationwhenthefield of view of thereceiving telescopesmustbesmall(cf. Section3.3).

The continuouslymonitoredlaserpulseenergy shows the inherentstability of the IAP
system(Figure3.7). For a periodof 12hoursthelaserdid run unattendedandthemeanenergy
for eachgroupof 5000laserpulsesis shown togetherwith its standarddeviation. Themeasured
pulse-to-pulsevariability of the laserenergy is 5%. The periodic variation of the meanis
about1% andis mainly dueto variationsof the cooling watertemperature.The temperature
clearlyshows30-minoscillationsuntil 06:00UT whichareinducedby anNd:YAG lasersystem
operatingsimultaneouslyduringthattime. This demonstratesthata furtherenhancedstability
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Table 3.1: Typical propertiesof theIAP alexandritepower lasersduringK-lidar operation.

Lasermedium 2 rods,Cr3S : BeAl2O4

Geometry ring resonator
Wavelength 770nm,tunable
Spectralwidth T 20MHz (FWHM)
Polarization linear
Repetitionrate 33Hz
Pulseenergy 150mJ
Energy fluctuations 5% (1σ)
Pulselength 250ns(FWHM)
Beamdivergence 0.4mrad(full angle)

of thealexandritelasercouldbeachievedby theintroductionof anactivecontrolof thecooling
watertemperature.

Thetransmittersystemhasbeensubstantiallyimprovedfor long termoperation.Thether-
mal stability is muchhigherandthe cooling systemworks reliably, therebyavoiding regular
re-adjustmentsof the alexandritelaser. With the new setupthe alignmenthasbecomeeasier
and,hence,morereproducible.The increasedpulselengthandlarger beamdiameterreduce
therisk of damageto theopticalcomponents.Dueto reducedresonatorlossesweaker pump-
ing is requiredand,thus,thelifetime of theflashlampsstronglyenhancedby abouta factorof
four. In thecurrentoperationmodethelifetime of theQ-switchcrystalsis extendedfrom afew
monthsto severalyears.Operationin singlelongitudinalmodeis achievedreliably.

Sincethe laserin the transportablelidar systemwasrebuilt almostidentically to the sta-
tionarysystemin February2001,it hasbeensuccessfullyin operationon theArctic islandof
Spitsbergenwithout a significantfailureof thealexandritelaser. Thetransmittersystemin its
currentstateis regardedappropriatefor regular continuouslong-termtemperaturemeasure-
ments.The typical operationparametersof the alexandritepower lasersin the IAP setupare
gatheredin Table3.1,beingvalid for bothsystems.Pulseenergiesupto 200mJarepossiblebut
only 150mJareregularly usedto protecttheopticalcomponentsandavoid saturationeffects.

Thelaserperformanceis not only clearlysuperiorto thecommerciallyavailablesetupbut
it is alsoanimprovementcomparedwith our previoussystemandto theparametersachieved
by Wulfmeyer (1998) for a similar high-performancealexandriteringlaser. With one pump
chamberonly, he obtainedpulseswith 200ns for only 50mJ of outputenergy andthe same
beamdivergence.Theenergy fluctuationsof his laserwerelessthan8% andthelinewidth was
below 40MHz.

Thehigh efficiency of theIAP laserswith thenew resonatorsetupis demonstratedby the
requiredpump energy. To producelaserpulseswith 150mJ the flashlampsare operatedat
1.76kV insteadof theformerly needed2.1kV at a similar repetitionrate. This is a reduction
of the pumpenergy by 30%. The slopeefficiency of the laseris estimatedto be 0.6% from
thepumpingenergy neededto raisetheoutputenergy from 100to 150mJ.Thesenumbersare
obtainedfor seededsinglemodeoperation.

Currently, bothIAP K-lidar systemsareoperatedin a semi-automaticmode.They canbe
operatedby personswith limited trainingandstudentshave beenemployed to performatmo-
sphericmeasurements.After the switch-onprocedureremotecomputercontrol is provided
for most importantfunctions,which include online datavisualization,prevention of system
damagesandthecompleteshutdown of thesystem.
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3.2 Receiver Unit for Nighttime Operation

In this sectionthe receiver unit of the IAP K-lidars is described,first, in the stateit wasused
for nighttimeobservations. Thenecessaryupgradeof the instrumentfor daytimeoperationis
thesubjectof Section3.3.

The light from the atmosphereis collectedby a telescopemirror andtransferredthrough
a fiber cableto the detectionbench whereit is filtered anddetected.The electronicsignals
producedarethenregisteredandstoredby computer.

A majordifficulty for lidar investigationsof themesopauseregion is theweaksignal.This
is partly due to the distanceterm AO r2 in the lidar equation(Eq. 2.5) which gives the solid
anglecoveredby the receiving telescopeof about10U 10 sr. Althougha powerful lasersource
is usedsingle photoneventshave to be registeredin the received backscattersignal. The
mainimplicationsare(a) that it is appropriateto take someefforts to maximizethesignaland
statisticallyenhancetheresults,and(b) thatfor daylightoperationintensefiltering is necessary
to separatethebackscattersignalfrom thesolarbackground.

3.2.1 Telescopes

The IAP lidars employ parabolictelescopemirrors to receive the light from the atmosphere.
Thesignalstrengthis proportionalto thereceiverarea.Dueto largetelescopesbeingextremely
costlya systemof 8 smallermirrorsof 0.5m diameterand1.2m focal lengthwasinstalledat
the IAP. This setupis very flexible asthe individual mirrors canbe groupedin variousways
to distribute the areabetweenthe lidar systems.Seven of the mirrors could be usedwith the
K-lidar andprovide anarealargerthanone1.3-mtelescope.

In lidar applicationno imageis producedby the telescopebut the light is collectedinto a
fiber which is placedat its focal point. With the relatively shortfocal lengthsused,no addi-
tional optic is needed.For nighttimelidar operationfiber cableswith relatively largeaperture
diameters(up to 1mm) canbeusedandmediumopticalquality of the telescopeis sufficient.
Usually, a bundleof 7 fiberswith 0.6mm apertureeachwasemployedwhich givesa full field
of view (FOV) of 500µradwith the focal lengthof 1.2m. This is sufficient to cover the full
laserbeamandno beam-wideningtelescopehadto be used. The transportableinstrumentis
equippedwith a high quality 0.8-mmirror andwasoperatedat a FOV of 789µrad.

3.2.2 DetectionBench

When the light entersthe detectionbenchthroughthe fiber cablebundle it encountersthe
chopperat first. This wheel with four fins rotatesat 10,000minU 1 and modulatesthe light
with a frequency of 667Hz. The laseris synchronizedto this wheelandfires whenthe fiber
is coveredby a fin. This servesto protectthesensitive detectorfrom thehigh intensityof the
light scatteredbackfrom thelower atmosphere.About0.2msafterthelaserhasfired,thefiber
is uncoveredandthesignaloriginatingfrom above 30km canpass.

A lensforms a parallelbeamwhich thenpassesthe optical filter and is focussedon the
detector. For nighttime operationinterferencefilters with 1nm bandwidthare used. They
provide sufficient backgroundreductionand a high transmission(about70%). For daytime
operationhigherefforts arenecessaryandwill bediscussedin Section3.3.

The signal is detectedby a photoncountingphotomultipliertube(PMT). The type used
(Burle C31034-A02)has,at 15%, the highestquantumefficiency available at 770nm anda
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nominal low dark count rate of lessthan 100Hz when cooledto below -30V C. To achieve
this it is placedin a sealedair-cooledhousing(Productsfor ResearchInc. PC206CE). The
PMT providesa linear responsefor countratesup to W 10MHz andhasa projectedsensitive
photocathodeareaof 4mm × 10mm.

With a dichroitic beamsplitting mirror in front of theinterferencefilter otherwavelengths
can be separatedfrom the beam. In this way the telescopeshave beenusedsimultaneously
for otherlidarswhatensuredcommonvolumeoperation.This wasimportantfor thestudyof
meteortrails,wherebeneathpotassiumalsosodium,iron andcalciumatomsandcalciumions
have beenobserved(cf. vonZahnetal., 1999,2002).

3.2.3 Electronics

Thesynchronizationof thevariouslidar componentsis governedby IAP-built electronics.In
accordancewith the laserrepetitionrateeachlidar soundingis initialized at a time whenthe
freerunningchopperwheelis in thedesiredposition.With certaindelays,thelaserflashlamps,
the Q-switch, the single modeelectronics,and othersare activated. When the laserpulse
is detectedto emerge the counteris startedandthe lasermodulatoris switchedto block the
seedingbeam.

Thephotoncountsignalfrom thePMT is amplifiedandpassedthrougha discriminatorto
achieve uniform pulseswhich arecountedby a Joerger S3 model. The counterintegratesthe
photoncountsover200-mrangeintervals(binsof dtz N 1.334µs)andcanbereadoutaftereach
laserpulse.Dueto frequentirregularitiestheCAMAC interfaceelectronicshavebeenreplaced
in 2003by an advancedcounterdevelopedat the IAP (T. Köpnick andJ. Höffner), which is
operatedat 50-mrangeintervals.

The photoncount profiles are transferredto a computerwhich also readsthe spectrum
analyser’s diodearray. Accordingto the spectralinformation(purity, wavelength)the photon
countsaretypically integratedover 4000laserpulses( W 2min) andthenstoredin a file. An
examplefor the meancountratehasbeenshown in Figure2.1 (p. 8). The storageof single
lidar return profiles is possiblebut usableonly for nighttime operation. The photoncount
signalfrom about40km heightis usedto continuouslymonitor theoverlapbetweenthe laser
beamandthetelescope’s FOV.

While the laserwavelengthis continuouslyvaried over the Doppler width of the K(D1)
resonanceline, the photoncountsareusuallybinnedinto 18 intervals of 0.18pm width, i. e.
they aresortedinto theintervalsandintegratedseparately. Numberandwidth of thesebinshave
beenchosento optimizethetemperaturecalculationfrom thepotassiumbackscattersignal.The
resultingrangeof ±1.62pm from theK(D1) line centeris the lidar scanrange over which the
laserwavelengthis continuouslytuned.To accountfor thelower resonancesignalin thewings
of theDopplerbroadenedline ( W 10%of thesignalattheline center)theseedinglaserperforms
asinusoidalscancausingahighernumberof pulsesat theouterthanat thecenterwavelengths.

3.2.4 Temperature Retrieval

While themagnitudeof thebackscattercoefficientallowsto calculatethepotassiumdensity, the
atmospherictemperatureis derived from its wavelengthdependence(seeSection2.3.2). The
spectralshapeof thetheoreticaleffective backscattercross-section(Figure2.2) is fitted to the
backscattercoefficientsβ P λ R measuredfor the18 wavelengthsbins. Thenumericalevaluation
is carriedout with a computerprogramdevelopedat the IAP by J. Höffner. The systematic
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Figure 3.8: Exampleof a nighttimemeasurementfrom Kühlungsborn,August12th/13th, 1997. Left:
temperatureprofileat0:00UT after1h and2km integration.Right: K densitieswith 200m and X 2min
resolution;theindividualprofilesareplottedwith anoffsetgivenby thetime axis.

uncertaintyof thefit hasbeenestimatedby vonZahnandHöffner (1996)to beabout3K. It is
dueto uncertaintiesin theatomicconstants,thelaserbandwidthandsaturationeffects.

An examplefor a nighttimemeasurementis given in Figure3.8. This temperatureprofile
from themid of AugustatKühlungsbornis atypicalsummerprofilewith theabsoluteminimum
at 86km anda secondaryminimumat 102km. At the peakof the K layernear90km with a
densityof ρK N 80cmU 3 thestatisticaltemperatureuncertaintiesareaslow as±1 K afterone
hourintegration.Valueswith errorsof lessthan±10K arecalculatedover a wide rangeof the
layer with densitiesdown to a few atomsper cm3. Densityprofilesaregiven with a higher
resolution( W 2min) and show variationson shortertimescales.As ρK is derived from the
photoncountsintegratedover all wavelengthsits statisticaluncertaintyis lower.

Thestatisticaltemperatureerrordependson theuncertaintiesof the18 β P λ R -valueswhich
aredueto photonnoise.It decreaseswith theaccumulatednumberof countsbut increaseswith
the numberof backgroundcounts.From a simulationof measurements(Höffner, manuscript
in preparation)in the configurationdescribed,the expectedtemperatureuncertaintyis shown
in Figure3.9 for eachnumberof signalandbackgroundphotoncountssummedover the 18
wavelengthsbins.For asignal-to-background ratio(SBR)of betterthan100:1,thebackground
becomesirrelevant. Thevaluesaregivenfor a temperatureof T N 180K andincreaseslightly
with T.

Under ideal conditionsin moonlessnights a backgroundcount rate of 1O 4000O dtz (one
countper4000lasershotsand200-maltitudeinterval) canbeachieved,which is dueto PMT
darkcounts,starlightandnightglow of theatmosphere.In spiteof thelow densitiesof thealkali
metals,their atomicresonancelines arequite prominentin the photochemicalairglow dueto
theirhighreactivity with oxygencompounds(ChamberlainandHunten, 1987,p. 286).A lidar
return signal of 0 Y 1O dtz can be recordedfrom the peakof the potassiumlayer for relatively
highK densities(compareFigure2.1). After a106-fold integration,typically over2km and1h
(about100,000lasershots),these105 countsallow temperaturecalculationswith anaccuracy
of nearly±1K. Takinganerrorof 10K asa thresholdfor reliabletemperaturemeasurements,
resultsareexpectedover therangewherethesignalis above 5% (103 Z 7 countsin Figure3.9)at
theedgesof thepotassiumlayer(in agreementwith Figure3.8).

For a constantSBR the uncertaintyis inverselyproportionalto [ S and [ B. A reduction
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Figure 3.9: Isolinesof simulatedstatisticaluncertaintyfor an atmospherictemperatureof 180K, de-
pendingon the numberof signalandbackgroundphotoncountsintegratedover all wavelengths.The
thin isolinesrepresent0.2, 0.5, 2, 5, 20, and50K errors,respectively. The grey lines mark constant
signal-to-backgroundratios.

of the numberof countsandintegration time by a factorof 100 will increasethe error only
by a factorof 10. Thus,the temporalresolutioncanbe largely enhancedwhenonly the peak
of the layer is considered.For an increasedbackgroundunderdaylight conditions,a SBR of
1:1 maybeobtained.After thesameintegrationasbefore,105 signalandbackgroundcounts
wouldprovideanaccuracy whichis reducedto nearly±10K. Thus,thetemperaturecalculation
would belimited to therangewith high K densitiesunderdaylightconditions.

SeederInduced Background

A significantheight-independentbackgroundsignalcanbecausedby thecw beamof theseed-
ing laserandcanincreasethe uncertaintyof the temperaturecalculation. The seedingbeam
circulatesin the resonatorandleavesthe resonatoralongthe sameaxis asthe pulsefrom the
power laser, andalsothe portion reflectedby the outputcouplerwhenthe seederlight enters
the resonatoris propagatinginto the atmosphere.Although it is of low power the continuous
beamgives rise to a significantbackgroundsignal. The lower troposphere,due to its high
backscattercoefficient andlow distance,causesa signalthat addsto the pulsedlaserreturns
from all altitudes.Sinceit is at theK(D1) wavelengthit cannotberejectedin thedetector. In
orderto suppressthis unwantedsignal,thelasermodulatorhasbeenintegratedinto theseeder
setup(Figure3.5)andswitchesoff theseedingbeamwithin 1µsafterthelaserpulseis emitted.

The seederinducedbackgroundbecomesobvious under certainweatherconditions,as
shown in Figure3.10.Duringtheobservationsof theLeonidmeteorshower in 1999thecondi-
tionsweredifficult dueto hazeandlow clouds.While thepotassiumsignalwasreducedonly
by 35%,thesameaerosolscausedthebackgroundto increasenearlyby a factorof 100when
the lasermodulatorwasnot used( \ ). The averageSBR droppedto about1:1. By contrast,
whentheseedingbeamwasblocked( ] ) nosignificantbackgroundenhancementoccurredand
moreaccuratetemperaturecalculationswerepossible.Underclearsky conditionsthe effect
of blocking the seedingbeamis notableat the upperedgeof the layer, extendingthe altitude
rangeusablefor temperaturecalculationby severalkm.
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Figure 3.10: Relationbetweenbackgroundandmeanpotassiumsignal(80–105km) duringhazycon-
ditions in the night of November15th/16th, 1999,at Kühlungsborn.During the first hour the seeding
beamwasnot blocked( ^ ); afterwards,it wasblockedby thelasermodulator( _ ).

3.3 Daylight Upgradeof the Lidar Receiver

For a long time lidar investigationsof themesospherehave beenrestrictedto nighttimecondi-
tions.Duringdaytimethesunlightproducesabackgroundwhichis about6 ordersof magnitude
largerthanthebackgroundcausedby nightglow andstarlight.With thelidar configurationde-
scribedabovethebackgroundwouldexceedthesignalfrom themesosphereby at least3 orders
of magnitude.This countratewould exceedthebandwidthof thedetectorandits noisewould
hindertheevaluationof thedata,asis obviousfrom Figure3.9(SBR̀ 1:1000).

In orderto enablecontinuousmeasurementsduringdayandnightandmeasurementsduring
polarsummerconditions,the backgroundhasto besuppressedby at leastadditional3 orders
of magnitude.This would causethelidar signalto exceedthebackground(SBRa 1:1),sothat
afteranintegrationtime in theorderof onehour, temperaturescanbederived. Threedifferent
measurescanbe taken. Only their combinationprovidesdaylight capabilityandtheir effects
on the temperaturemeasurementshave to be consideredcarefully. Spectralfiltering should
reducethereceiver bandwidthfrom about∆λ N 1nm to ∆λ b 10pm. Spatialfiltering canalso
suppressthe backgroundsignificantlyandthe usageof a moreefficient detectorwill reduce
the necessaryintegrationtime. The main resultsdiscussedherehave alreadybeenpublished
(Fricke-Begemannetal., 2002a).

3.3.1 SpectralFiltering Technique

For nighttime lidar observations, conventional interferencefilters are completelysufficient,
whichcanhaveaspectralbandwidthdown to 0.3–1.0nm. For efficientdaylightrejectionmuch
smallerbandwidthsof below 10pmarerequiredbecausethebackgroundis givenby its integral
(Eq. 2.7). The transmissionpassbandshouldcover thefull spectralwidth of theprobedreso-
nanceline. The influenceof a narrow filter curve is discussedbelow in detail (Section3.3.2)
but it is clearthat a flat filter curve over the lidar scanrangeof 3.2pm will minimize neces-
sarycorrectionsandavoid uncertaintiescausedby fluctuationsof thefilter curve. Thesecond
requirementto theopticalfilter is a high transmissionover thepassbandanda goodblocking



30 CHAPTER 3. THE POTASSIUM L IDAR

c d

e f
gihkj lnm9o p�qnm rns(r�t uivxwnyz|{i}�~i���k������� ����*�����k�,�

Figure3.11: Theprinciplesetupof aFaradayanomalousdispersionopticalfilter (FADOF). Theincom-
ing beamis linearly polarizedby a polarizerandpassesthroughanatomicvapourcell in a longitudinal
magneticfield. Only whenthelight interactswith thepotassiumvapourit canpartiallypasstheanalyser,
otherwiseit is efficiently blocked.

outside.Theidealfilter would bedescribedby anrectangulartransmissioncurve with a width
of about5pm.

The commonnarrow-band filter technologyfor lidar is the high-resolutionFabry-Perot
etalon(e.g. McKay, 1999). Its disadvantageis the requirementof high optical quality of the
incominglight. A narrow spectralbandwidthcombinedwith ahighpeaktransmissionrequires
anextremelylow beamdivergence,i. e. largeopticalapertures,which make thetechnicalreal-
izationof suchafilter veryexpensive ( W 100,000EUR). To tuneandlock anetalononthelidar
emitterwavelength,extensive mechanicalandthermalstabilizationis necessary. Reliableoper-
ationof sucha filter requiresa temperature-stableandvibration-freeenvironment.Thiscannot
alwaysbe guaranteedfor a transportablelidar systemoperatedunderextremeclimatical and
operationalconditions.

The Faraday AnomalousDispersionOptical Filter (FADOF)

A morerobustandcost-effective ( W 15,000EUR) technologyis anatomicresonancefilter. The
Faradayanomalousdispersionopticalfilter (FADOF) hasbecomeimportantin free-spaceop-
tical communicationandremotesensing.TheFADOF theoryhasbeendiscussedthoroughlyin
theliterature.Firstdevelopedby Yeh(1982)it wasimprovedby Yin andShay(1991)to include
hyperfinestructureeffects. Dick andShay(1991)showedthefirst experimentalrealizationof
sucha filter. For daytimeoperationof their sodiumlidar, a FADOF hasbeendevelopedby
Chenet al. (1993,1996).For potassium,thetheoryhasalsobeendiscussedin detail (Yin and
Shay, 1992;Dressleret al., 1996)andanoperationalfilter for solarremotesensingwasdevel-
opedby Tomczyket al. (1995). Therefore,the following discussionfocusseson theoperation
principleof thefilter, which is shown in Figure3.11.

A FADOF consistsof an atomicvapourcell within a permanentmagneticfield between
crossedpolarizers;thefield is orientedparallelto theopticalaxis.Thespectralportionof light
whosestateof polarizationis not influencedby the atomicvapouris completelyblocked by
thesecondpolarizer. Thepolarizationaxisof light closeto anatomicresonancewavelengthis
rotatedby anangleϕrot dueto theresonantFaradayeffect,whentravelling throughthevapour
cell. Hence,it canpartly ( W sin2 ϕrot) passtheanalyser.

The effect canbe explainedconsideringthe normalZeemaneffect. In an externalmag-
netic field an atomicresonanceline is split into threecomponents:an unshiftedπ-polarized
and two σ � -polarizedlines, which experiencethe Zeemanshift of � ∆νZ (or ∆λZ). In the
direction of the magneticfield the parallel π-componentis not active and the perpendicular
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Figure 3.12: The refractive index curvesof the atomic vapourfor circularly polarizedlight around
the correspondingZeemancomponent.The curvesarenormalizedto the imaginarypart (grey). The
anomalousdispersionof therealpart(black)extendsbeyondtheabsorptionregion.

σ � -componentsappearwith oppositecircularpolarization.Therefractive index n N nr ] i � ni

of theatomicvapourshows ananomalousdispersionin thevicinity of a resonanceline asplot-
ted in Figure3.12. In the centerthehigh imaginarypartni causesnearlycompleteextinction
but it decreasesmorerapidly thanthe deviation of the real part nr . Thus,away from the ex-
tinction region the speedof propagationis changed.Anomalousdispersionoccursfor both
σ-componentsandthe differentcircular componentspassthe vapourcell at differentspeeds.
As theincominglinearlypolarizedlight is acompositeof two circularlypolarizedbeams,their
phasesareshiftedafter passingthe cell. Consequently, the planeof linear polarizationof the
compositeis rotatedby half the phasedifference.Thus,the beamcanpartially passthe ana-
lyser. This effect of circular birefringenceis known asthe Faradayeffect. Additionally, the
inverseZeemaneffect or circulardichroismoccurs:closeto theZeemanshiftedwavelengths,
onecircular componentis completelyabsorbedwhile 50% of the otherpassesthe analyser,
resultingin a total transmissionof

� P ∆λZ R N 25%.
Theabove illustration is simplified,becausefor the K(D1) transition,theanomalousZee-

maneffect occursandthehyperfinestructurehasto betaken into account.In strongexternal
magneticfieldsthecouplingof nuclearandelectronicmomentumis subordinateandF (theto-
tal angularmomentum)is no longera well definedquantumnumber. TheZeemaneffect of the
hyperfinemultiplet is transferredto thehyperfinesplitting of theZeemanmultiplet (Paschen-
Backeffect of thehyperfinestructureor Back-Goudsmitheffect,WindholzandMusso, 1988).
Thetransmissionis calculatedfollowing thetheorygivenin theliteraturecitedabove. Thenu-
mericalalgorithmis basedon a programby S. Tomczyk(privatecommunication) andfor the
dispersioncurvestabulatedapproximationsareused(Beckers, 1969;Gray, 1992,pp.227ff).

FADOF TransmissionCurveCalculation

ThenormalZeemansplitting is determinedby theappliedmagneticfield B as∆νZ N eBO 4πme.
For a given∆νZ, therefractive index at any wavelengthis proportionalto thenumberof atoms
alongthebeampath.Thus,therotationanglecanbeadjustedto ϕrot N π O 2 at thecenterby the
vapourpressurevia thecell temperatureθF . Consequently,

�
is nearly99%at theline center

if theZeemansplitting is large enough.Thecalculatedrotationandtransmissioncurvesfor a
K(D1) FADOF areshown in Figure3.13 for the parameterswhich have beenrealizedin our
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Figure3.13: Calculatedcurvesfor aK(D1) FADOF with θF  124.8! C, B  1800G and22mmoptical
pathlength.Left: rotationangleϕrot of the planeof polarization.The vertical lines mark the Zeeman
shift of ∆λZ  ±6.18pm. Right: theoreticaltransmission" for linearly polarizedlight. Thegrey area
denotesthelidar scanrangeof ±1.62pm.
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Figure3.14: Calculateddependenceof theFADOF transmissionon thefilter cell temperatureθF . Left:
transmissionat theline center(solid),for afield of B  1800G. Theintegratedtransmission(dotted)has
beennormalized.Right: FWHM width of thecentertransmissionpeak.

FADOF (seebelow). They arecharacteristicfor aFADOF of any materialandsetof parameters
(e.g. Yeh, 1982,for Cs). ϕrot is constanthalfway betweenthe two Zeemanlines,wheretheir
contributionsoverlap.Thiscenternaturallyagreeswith thecenterof theatomicresonanceline.
Thus,a flat andcenteredtransmissioncurve is achievedwhich providesthebestconditionfor
spectralanalysisof the atmosphericK(D1) line. Around the Zeemanshiftedabsorptionlines
∆λZ, thetransmissionequals25%.Awayfrom theZeemanlines,

�
becomesmaximumwhere

the rotation amountsto an odd multiple of π O 2. For the parametersgiven (B N 1800G, or
0.18T, and20G/mm gradientalongthe pathlengthof 22mm), the transmissioncurve hasa
centerpeakof 6.7pmFWHM andtwo sidepeaksof W 4pmFWHM about10pmoff thecenter.

The dependenceof the FADOF transmissioncurve on the cell temperatureθF is shown
in Figure3.14for an otherwiseunchangedconfiguration.The theoreticaltransmissionat the
line centerreachesmorethan99% at a filter temperatureof θF N 125V C. For lidar applica-
tion, thebackgroundsignalis givenby theintegratedtransmission# � P λ R dλ (thebackground
equivalentbandwidth) which peakswith a valueof 14.7pm at thesametemperature.As it de-
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Figure3.15: Thetwin FADOF systemintegratedin theIAP K-lidar detectionbench(B, magneticfield).
Themagnetsareintegratedinto theoven.FromFricke-Begemannet al. (2002a).

creasesmoreslowly, thehighestSBRis alsoreachedfor thisθF . WhenθF is increasedboththe
transmissionandthewidth of thecentralpeak(right panel)decrease.For lower temperatures,�

(0pm) decreasesandproducesa dip on thecurve asthemaximumtransmission(ϕrot N π O 2)
is foundto thesidesof thecenter. Thesetransmissionpeaksoccurat theedgesof thelidar scan
range(±1.62pm) for a 1.5V C lower θF . Thus,for a stabletransmissioncurve a temperature
stability with variationsbelow ±1V C is required.

As shown by Yeh(1982)theFADOF hasa very largeacceptanceangleand,therefore,the
demandsontheopticalqualityof theincominglight arelow, especiallywhencomparedwith an
etalon.Whenthedivergenceof thelight getstoo largetheblockingefficiency of thepolarizers
canbereduced.

Twin Filter Design

To realize the FADOF technologycompactfilter cells have beendesignedat the IAP (by
J. Höffner and M. Alpers) which are easily positionedbetweenthe polarizers. Thesefilter
cells containthe heating,temperatureprobe,magnets,and potassiumvapourcell in an iso-
latedhousingof 85mm lengthand96mm diameter. Both the apertureandthe pathlengthof
the vapourcell are22mm. To producea strong,uniform, andstablemagneticfield, a stack
of permanentNdFeB ring-magnetsenclosesthe vapourcell. The magnetsare custom-built
(Magnetfabrik Schramberg) to achieve, dependingon thestackheight,anaxial field of nearly
2000G which is homogeneousover thediameterof thevapourcell. Thevapourcell is heated
mainly at its windows to avoid condensationof potassiumin thebeampath.Its temperatureis
stabilizedwith a resolutionof 0.1V C.

Whenthe light entersthe detectionbenchthroughthe fiber cable,it is not polarized. As
theFADOF workswith polarizedlight anda high overall transmissionis desired,a novel twin
filter designwas developedat the IAP consistingof two parallel FADOFs with orthogonal
polarization(Figure3.15). Using thin-film polarizercubesthe reflectedand the transmitted
beamof the first polarizercan be used. In the two filter cells the planeof polarizationis
rotatedandthelastpolarizermergesthetwo beamsagain.Thedegreeof backgroundreduction
dependson theextinction ratio of thepolarizers.Thereflectedbeamis insufficiently polarized
( W 95%)andthereforeadditionalpolarizersareinsertedbehindthebeamsplitterandthecells.
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Figure 3.16: Measuredtransmissioncurve of theIAP twin FADOF (solid) comparedwith thetheoret-
ical curve (dotted)which is scaledto thesametransmission.Thegrey areamarksthe lidar scanrange
andtheeffectiveK(D1) cross-sectionis givenfor comparison.FromFricke-Begemannet al. (2002a).

Polarizersonthetransversebranches(verticalin Figure3.15)arerotatedby 90V aboutthebeam
axis.With thissetupextinctionratiosof upto 1:104 arereachedandtheremainingtransmission
wasmeasuredto bealmostcompletelydueto thefilter cell influence.

Theusedfiber cables(CeramOptecOptranUV/WF), typically, have a numericalaperture
of NA N 0.22. It definesthe maximumentranceanglefor the fiber in a mediumwith the
refractive index n0 assinαmax N NA O n0. Whenthe emerging light is collimatedwith a lens
of f N 40mm, the beamhasa diameterof f � 2tanαmax ] dF N 18.6mm for a fiber aperture
of dF N 0.6mm anda remainingdivergenceof 15mrad. Over the pathlengthof 400mm to
theinterferencefilter thediameterincreasesby 6mm. In this configurationtheapertureof the
vapourcells is completelyused.Therefore,a uniform magneticfield over thecross-sectionis
necessary.

The tunablenarrow-bandseedinglasercanbecoupledinto the fiber cableto measurethe
practicaltransmissioncurve of the twin FADOF. A high overall transmissionof about75%
is achieved, excluding the interferencefilter, which hasa peaktransmissionof 68.5%. The
remaininglossesaremainly transmissionlossesof thepolarizersandtheuncoatedopticalwin-
dows of the vapourcells. An exampleof themeasuredtransmissionaroundthe line centeris
givenin Figure3.16.As shown in thegraph,anexcellentagreementis achievedwith thetheo-
reticalfilter curve for a field of B N 1800G with a gradientof 200G/cmanda cell temperature
of θF N 124.6V C. Theagreementwasmeasuredover thefull rangeof ±15pm(cf. Figure3.13).
Theseparametervaluesaredeterminedfrom thebestagreementwith themeasuredcurveatdif-
ferenttemperatures.While nodevicewasavailableto usto measureB directly, thevaluesarein
goodagreementwith thespecificationsfor themagnets.Thetemperaturesmeasuredin thetwo
housingsare120V C and127V C for anidenticaltransmissioncurve. Theabsolutecalibrationof
thetemperatureprobesseemsto beoff by a few degreesbut thedeviation mayalsoresultfrom
thefactthattheprobesdo not measureθF directly at thecell but outsidethemagnets.

In summary, averyhightransmissionandcontrastareachievedwith thenovel twin FADOF
design. Regardlessof any possibleinaccuraciesof the theoreticalfilter curves, the measure-
mentsshow thatthedesiredflat K(D1) transmissioncurve wasrealized.TheFADOF naturally
alsoallows sometransmissionat theK(D2) line (766nm), but herethe interferencefilter pro-
videsfull blocking.
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3.3.2 FrequencyResponseand Effective Transmission

All scatteringprocessesusedwith the K-lidars are usually categorizedaselastic scattering.
Nevertheless,thespectralcompositionof thebackscatteredlight will deviatesignificantlyfrom
thelaserpulsespectrum.To calculatedtheeffectof narrow spectralfiltering onthetemperature
measurements,the optical Dopplereffect is consideredagain. As describedin Section2.3.1,
the effective cross-sectionis broadenedbecausethe moving scatterersexperiencea shifted
frequency νR N νE J ∆νD, whereνE is thefrequency measuredattheemitterand∆νD N νE wO c
is theDopplershift. Theverticalvelocity w is definedpositive in upwarddirection.Whenthe
backscatteredlight is spectrallyfilteredby thelidar receiver, its frequency hasto becalculated.
It is givenas

ν
K
R N ν

K
E J ∆ν

K
D L and ν

M
R N ν

M
E J ∆ν

M
D Y (3.1)

In this notation,thearrows denotethebeamdirection.Soν
K
E is thelidar emittedandν

M
R is the

lidar received frequency. For elasticscatteringthe scatteringobjectsreceive andemit at the
samefrequency, i. e. ν

K
R N ν

M
E. As requiredby linearmomentumconservation, thevelocity of

the objectpracticallydoesnot changeduring the scatteringprocessandthe Dopplershift is
thesamefor bothdirections:∆ν

K
D N ∆ν

M
D N ∆νD. Thus,thefrequency received by thelidar is

shiftedby twice this value:
ν
M
R N ν

K
E J 2∆νD Y (3.2)

When light is emittedat a single frequency ν
K
E and scatteredback from the atmosphere,it

hasa spectraldistribution f P ν MR R which dependson the scatteringprocessand the velocity
distribution of thescatterers.Theeffective transmission

� eff of thefilter for thebackscattered
light is theinnerproductof this spectrumwith thefilter transmissioncurve

� P ν R :
� eff P ν KE R N O

f P ν MR R � P ν MR R dν
M
R Y (3.3)

For example,Rayleighscatteringis practically independentof frequency within the Doppler
rangeand the signal from an altitude z hasa continuousspectraldistribution fRay P ν

M
R R . It

hastwice the Doppler width given for the molecularvelocity distribution n P ν R in Eq. 2.12,
dependingon the local air temperatureTRay P zR and causesa smoothingof the transmission
curve. For relatively heavy aerosolparticles,theDopplerbroadeningis smallcomparedwith
the filter bandwidthandthe effective transmissionfor the Mie scatteredlight equalsthe filter
transmission.

FADOF Influence on the PotassiumResonanceSignal

Resonantbackscatteringby K atomsonly occurswhentheatomsexperiencethelaserfrequency
asanatomicresonancefrequency, i. e.ν

K
R N νK and,thus,when∆νD N ν

K
E J νK . Thiscondition

is fulfilled for a portion of atomsgiven by the Maxwellian distribution n P ∆νD R in Eq. 2.13.
The received light, therefore,hasa frequency of ν

M
R N νK J P ν KE J νK R . In other words, for

light emittedatνK ] ∆νD theelasticallybackscatteredsignalis receivedatνK J ∆νD. For each
atomicresonanceline only atomsin a distinct portion of the velocity distribution canscatter
thelight andthereceivedlight becomesa compositeof differentlyshiftedfrequencies.For the
four hyperfinestructurelinesνK of theK(D1) transition(AppendixA), this mechanismresults
in four differentvaluesof ν

M
R.

Furthermore,the emitting frequency of the atomis not necessarilyequalto that received.
Frombothexcitedstates(F P�N 0 L 1) of theatom,relaxationis possibleinto bothgroundstates
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Figure3.17: Frequency responsefrom theK(D1) transitionfor TK Q 200K. Left: for laserlight emitted
at the centerfrequency the 12 frequency componentsandtheir relative intensitiesaregiven aswhite
bars,with theDopplerbroadenedhfs lines(black)of 39K andtheeffective cross-section(grey). Right:
FADOF transmission" (black)andeffective transmission" eff

K for theresonancesignal(grey).

(F R 0 L 1). Thus,excitationat ν SR R νK
F T 0 with fluorescenceat ν

M
E R νK

FT 1 (andviceversa) are
additionalscatteringpathways.Sincethesetwo transitionsdiffer by thesamefrequency asthe
correspondingDopplershiftsneeded,thereceivedfrequenciesareequal.Thus,for eachexcited
state,threedifferentfrequenciesareobserved,resultingin a total of six linesperisotope.The
effective transmissionfor the lidar returnfrom the potassiumlayer, for an emittedν SE, is the

sumover the12 receivedfrequenciesν
M
R:U eff

K V ν SE W R ∑
U V ν MR W fK V ν SE L ν MR WAX (3.4)

Theweightingfunction fK includesisotopicoccurrence,transitionline weight,andMaxwellian
velocity distribution and,thus,the temperaturedependence.As shown in Figure3.17(white
bars),thespectralresponsefor laserlight emittedat theline centeris distributedover therange
of thebroadenedcross-sectionfrom -416to 810MHz. Consequently, theeffective filter curve
is smoothedover the centerof the K(D1) line and becomesasymmetric(right panel). It is
suchthat the effect of the FADOF on temperaturemeasurementsis reducedandcanbecome
negligible.

TheatmospherictemperatureTK is calculatedfrom thespectralintensitydistribution of the
detectedresonancebackscattersignal. Due to the signal being the productof the backscat-
ter cross-sectionandthe effective filter transmission,the calculatedtemperaturemay deviate
systematicallyfrom the true TK. As the effective filter transmissiondependson the unknown
temperatureTK in the K layer, it is not possibleto correctthe measuredsignal prior to the
temperaturecalculationbut the calibrationof thetemperaturecalculationhasto becorrected,
if necessary(Chenet al., 1996). Figure3.18shows the influenceof the FADOF temperature
θF on thecalculationof theatmospherictemperaturefor TK R 150K and250K (derivedfrom
syntheticdata).Thecalculatedvaluedoesnotdeviatefrom TK for filter temperaturesnearθF R
124Y C. This zero-crossingpoint dependsonly marginally on TK andis onedegreebelow the
valuefor maximumline centertransmission.At θF R 124Y C thefilter transmission

U
shows a

slight dip at the centerof lessthan1% (cf. Figure3.14). The temperaturedeviation is higher
for a higherTK whenthebroaderfrequency responsecausesa reduced

U eff
K at thewingsof the

scanrange.If a temperatureerrorof up to 1K wasacceptable,theallowedrangefor FADOF



3.3. DAYLIGHT UPGRADE OF THE L IDAR RECEIVER 37

FADOF temperature [°C]

te
m

p
e

ra
tu

re
 d

e
v
ia

ti
o

n
 [

K
]

FADOF influence on temperature calculation

150K

250K

120 122 124 126 128
-4

-3

-2

-1

0

1

2

3

4

Figure 3.18: Thesimulateddeviation dueto the FADOF transmissioncurve betweentheatmospheric
temperatureand the valuecalculatedfrom the resonancesignal for TK Q 150K and250K. Positive
valuesdenotefit resultsbeingtoo high.

operationwouldbeθF R 124±0.8Y C. Theobservedstabilityof theFADOF cellsis muchhigher
(±0.2Y C) andregular measurementsof the filter curve ensurethat the correctoperationpoint
is used.Thus,no temperaturecorrectionsarenecessarywhentheFADOF is usedandthead-
ditional uncertaintyis below 0.3K. This conclusionwassupportedby testmeasurementswith
andwithout thedaylightfilter which showedno detectabletemperaturedifference.

FADOF Influence on the Rayleigh Signal

For air moleculesthe Rayleigh(or Cabannes)backscattercross-sectionis constantover the
lidar scanrangeandthe wavelengthdependenceof the measuredRayleighsignalequalsthe
effective filter transmission.Due to the backscattersignalbeingDopplerbroadened‘twice’
(Eq. 3.2),

U eff
Ray for the Rayleighsignalhasa relatively strongwavelengthdependence.For a

realisticatmospherictemperatureof TRay R 250K in an altitudeof 40km,
U eff

Ray at the edges
of the lidar scanrangeis 8% lower thanat thecenterwhenthefilter hasthedesiredtempera-
ture of θF R 124Y C. The calculated

U eff
Ray (Figure3.19, left panel)is in goodagreementwith

themeasurements.For θF R 122Y C and126Y C, thedeclineis changedto about5% and13%,
respectively. This dependenceof

U eff
Ray on θF is strongerthantheinfluenceof TRay. Assuming

TRay R 150K a declineof 6% for θF R 124Y C is calculated,which is closerto theoriginal 8%
thanfor a two degreescolderfilter andTRay R 250K. Thus,

U eff
Ray, which is alwaysobtained

from thedata,is ratherinsensitive to TRay but canbeusedto monitor θF duringthe measure-
ment.To thisendthesecondcentralmoment,thevariance,of thespectralintensitydistribution
(∑ V λk Z λ0 W 2βk [ Nβ0), over the 18 wavelengthbins λ1 X\X λN, is calculatedand shown in Fig-
ure3.19(right panel).Evena changein TRay by 100K doesnot causea strongerchangeof the
variancethanthatresultingfrom a warmingof thefilter cell by 1.3Y C. Dueto thestratospheric
temperaturevariationsbeingin theorderof 10K, thestatisticallyrobust varianceis a suitable
measureto continuouslymonitorthefilter curve duringlong-termlidar measurements.

As describedbefore(p. 8), the mesosphericbackscattercoefficient is determinedthrough
a comparative measurementto theRayleighsignalfrom a lower altitude(e.g. 40km). Hence,
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U eff
Ray V λ W for theRayleighsignalcouldhave anerroneousinfluenceon thedataevaluation.For

the idealfilter temperatureof θF R 124Y C andTRay R 250K, themean(theoretical)effective
transmissionis 94% for the Doppler broadenedRayleighsignal while it is 99% for the K
resonancesignal. Thus,thederivedbackscattercoefficientshave to becorrectedby about5%
to yield correctvaluesof thepotassiumdensity. If a referencefrom higheraltitudesis used,the
lower temperaturescausea reduceddensitycorrectionwhich reaches2% for TRay R 150K.

The implicationsof
U eff

Ray V λ W for the temperaturemeasurementsaremoreimportant. For
nighttimeoperationwithoutanarrow-bandfilter thesignalin eachwavelengthbin wasnormal-
izedto its own Rayleighsignalto calculatetheβK V λ W curve. This procedureavoidserroneous
influencesof varying laserpulseenergy or atmospherictransmissionon the temperaturesde-
rived. If it would beappliedto measurementswith the daylightfilter, thereduced

U eff
Ray at the

outerwavelengthswould leadto apparentlybroadercurvesandhighertemperatureswould be
calculated.This effect is quantifiedin Figure3.20. The deviation dependson θF aswell as
on TK andTRay at the altitudefrom which the Rayleighsignalis usedfor normalization.For
the FADOF operationpoint θF R 124Y C, the inducedsystematicerror would rangefrom 4K
to 16K, beingsmallerfor lower TK andTRay. For TRay R 150K (grey curves),theeffect could
beminimizedby a FADOF operationat θF R 122Y C at theexpenseof overall filter transmis-
sionanda direct influenceon thetemperatures,asdiscussedabove. Furthermore,theFADOF
temperaturecannotbeadjustedbecauseTRay is not known in advanceandmaychangeduring
a measurement.Thus, this correctionis not feasiblewith sufficient accuracy andshouldbe
avoided.

Themoreaccuratetechniqueis anormalizationto thenumberof lasershotsperwavelength
bin andtheRayleighsignalattheline center. Thismethodreliesonaconstantlaserpoweranda
constantreceiver efficiency. Thelatteris assuredby usingthesamedetectorandelectronicsfor
all wavelengths.Dueto thehigherlaserstability in thenew IAP setup,its energy is notfoundto
vary with wavelength.Furthermore,it is now possibleto measurethelaserpower duringlidar
operationsimultaneouslyfor eachlaserpulse.In thevicinity of theK(D1) line theatmospheric
transmissiondoesnot vary systematically. Statisticalfluctuationsof the Rayleighsignal,i. e.
the laserpower inside the FOV, can also be inducedby atmosphericturbulenceor passing
cloudsbut they arerandomlydistributedandaverageout aftersufficient integrationtime. The
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averagingprocessis supportedby a fastwavelengthscan(2s period)which is possiblewith
theexternalcavity seedinglaser.

3.3.3 Reductionof the Field of View

The backgroundintensity is proportionalto the solid anglecapturedby the telescopemirror
and,thus,to the squareof the field of view (FOV) of the telescope.The (full) FOV is deter-
minedby theratio of fiber aperturediameterdF andthetelescope’s focal length.For nighttime
measurementswith the stationarylidar, fiberswith dF R 0.6mm wereused,giving a FOV of
500µrad. In the transportablelidar, the FOV was789µrad. For daylight lidar operationthe
FOV mustbereducedto a minimum. A backgroundreductionby a factorof 10 wasaimedat
and,thus,a reductionof the FOV to below 200µrad(the apparentdiameterof Jupiterranges
from 150to 240µrad).

The possibilitiesfor a reductionof the FOV arelimited by the atmosphericseeingwhich
denoteswave front distortionsdue to atmosphericturbulence. Astronomersassociategood
seeingconditionswith a resolutionbetterthan5µrad(1arcsec,Wilson, 1996).For sunlit con-
ditions the seeingcaneasilybe ten timesworse. Whenthe FOV is reducedbelow 200µrad,
signalfluctuationsareobservedto increase,especiallyfor a high solarelevation. Theinduced
signallossesareexpectedto counteracta reductionto below ^ 100µrad.

In addition, the divergenceof the laserbeamhasto be reducedto maintainfull overlap
betweenthebeamandtheFOV. A threefoldGalileanbeam-wideningtelescopeis usedto obtain
a beamdivergenceof 133µrad. Furthermore,a high pulse-to-pulsepointing stability of the
laseris necessary, which wasachieved with the new lasersetup. The necessaryfull overlap
at all altitudesused( _ 40km) limits the FOV reductiondue to the bi-static setupof the K-
lidars. Anotherlimit is setby thesaturationeffectswhich areto beexpectedwhentheenergy
intensityin thepotassiumlayer is increaseddueto thenarrow laserbeam(discussedin detail
in Section3.3.4).

With the stationaryK lidar in Kühlungsborn,testshave beenmadeto usea bundle of
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0.27mm fibersto geta FOV of about225µradwith threeof the0.5-mmirrors. Unfortunately,
theopticalqualityof themachine-turnedaluminiummirrorsdid notprovideafocusof thatsize.
Althoughthelaserbeamdivergenceis clearlybelow thenominalFOV, only between20%and
50% of the intensitywerereceived. Thus,the insufficient optical quality of thesetelescopes
doesnot allow daytimeoperation.

Therefore,the first measurementsin full daylight werecarriedout with the transportable
lidar on Tenerifein November2000. This instrumentis equippedwith a high quality 0.8-
m telescopethat hasa focal length of 1.9m andwas specifiedto have a focus spot smaller
than 50µm. It was previously usedwith a 1.5mm fiber, i. e. a FOV of 789µrad. After a
dF R 0.365mm fiber (FOV 192µrad)wasinstalled,almostthefull signalwasobtained,while
thesolarbackgroundwasreducedby a factorof 17. In combinationwith theFADOF this was
sufficient for measurementsin full daylight.

In Kühlungsbornanew 30” (0.762m) telescopemirror wasinstalledin summer2002which
provideshigh optical quality (RMS surfaceaccuracy of λ/24) anda focal lengthof 3.227m.
With adF R 0.6mmfiber, it hasaFOV of 186µradandreachedbackgroundvaluescomparable
to thetransportablesystem.A furtherreductionto 124µradis possibleusingan0.4mm fiber.
Thereby, thebackgroundis halved,but thesignalis alsoreducedby 10–15%becausethebeam
divergenceof 133µradexceedstheFOV. Additionally, highersignalfluctuationsareobserved
at timesof strongconvectionwhich arepresumablycausedby downgradedseeingconditions.

3.3.4 Saturation

Reducingthetelescope’s FOV impliesa reductionof thebeamdivergencewhich increasesthe
energy densityin thelaserbeam.Whentheenergy densitygetstoo high thebackscattersignal
from thepotassiumlayermaynolongerbeproportionalto thelaserenergy. Duringonescatter-
ing processtheexcitedatomis not availablefor absorbingandre-emittingfollowing photons.
Furthermore,stimulatedemissionmay causethe photonfrom the excited atomto be emitted
coherentlywith thelaserbeam,directedupwardsandnot scatteredbackto thereceiver. These
two processesreducethe detectedresonancesignalratherindependentof frequency over the
Dopplerrangeof theresonanceline. Thus,they will reducethe apparentatomdensity, while
influencingthetemperatureretrieval only weakly. Dueto thedifferentstrengthsof thepossible
relaxationpathways,theatomswhich have beenexcitedbeforemaydeviate from theequilib-
rium groundstatedistribution. This opticalpumpingwill influencethe following backscatter
processesdependingon frequency anddisturbthe temperaturederivation. To accuratelycal-
culatethesaturationeffect, exactknowledgeof thespectral,temporalandspatiallaserenergy
distribution (andalsotheatmospherictransmission)is requiredbut usuallynot available.

A first-orderestimationof the saturationcan be derived undersimplifying assumptions.
Thetotal absorptioncross-sectionof anatomis givenas(Fricke andvonZahn, 1985)

σtot Ra` ∞

0
σ V ν W dν R f

πe2

mec
R f b 2 X 654 c 10d 6 m2sd 1 e (3.5)

where f is theoscillatorstrength(0.339for K(D1)). Thecontributionsaredistributedover the
hyperfinecomponentswith thenaturallinewidth. At this point theeffective cross-sectionσeff ,
which is dueto Dopplerbroadening,mustnotbeusedasit appliesonly to anensembleof ther-
mally moving atoms.As thelaserbandwidthΓL is largerthanthenaturallinewidth ( ^ 6MHz),
it is reasonableto assumea meanlaserenergy per unit frequency of Ep [ ΓL constantlyover

thenaturallinewidth. Thespectralphotondensityi R Ep f hν
AΓL

is about6.6× 107 md 2Hzd 1 for an



3.3. DAYLIGHT UPGRADE OF THE L IDAR RECEIVER 41

illuminatedareaof A R 220m2 (in 90km altitudefor 186µraddivergence)anda pulseenergy
of 150mJ.Thenumberof photonsperlaserpulsewhich arescatteredby oneatomexcitedvia
a strongK(D1) hyperfinestructuretransition(weightg R 5[ 16, σtot R 9× 10d 7 m2sd 1) at the
centerof thelaserline, is estimatedto be

p Ra` ∞

0
i V ν W U gσ V ν W dν R i

U
gσtot g 9 X 3 e (3.6)

for an atmospherictransmissionof
U R 0 X 5, assumingthreetimesthe extinction asfor pure

Rayleighscattering.Dueto thepulselengthof tp g 250nsbeingscarcely10 timesthenatural
lifetime of the excited stateof τn R 26.2ns,a numberof 9.3 scatteringprocessesper atomis
hardlypossible.Significantsaturationcanalreadybeexpectedif p _ 0 X 1 tp [ τn, i. e. theatoms
areinvolvedin scatteringprocessesonaverageduring10%of thepulseduration.To fulfill this
conditiontheenergy densitywould needto bereducedby oneorderof magnitude.

In the literaturethe degreeof saturationS hasbeensubjectto several considerations.It
is definedasoneminusthe ratio of the received saturatedandthe expectedunsaturatedsig-
nal. Although it shouldbenotedthat the processof saturationis highly non-linear, the mean
photonflux ε R Ep f hν

Atp
is calculatedto comparethe available results. For the above values

(150mJ,250ns, 186µrad)the flux is 1× 1022md 2sd 1. This flux is usedasa referencevalue
ε0 R 1022md 2sd 1 for comparisonin thefollowing.

Thefirst treatmentof the K(D1) transitionby Megie et al. (1978)gave a saturationof 8%
for broadbandlaserpulseswith ε R 3ε0 (0.77J, 30ns, 0.7mrad, and8pm bandwidth). For
the IAP K-lidar, Eska(1998)calculatedS R 2% for ε R 2 X 3ε0 (150mJ, 100ns and0.2mrad
pulses).For thereducedphotonflux of ε R 0 X 6ε0 for a systemcomparableto thoseusedhere
(0.2mrad,275ns,100mJ),vonZahnandHöffner (1996)predictedabout1% saturation.

Thedegreeof saturationcanbeestimatedexperimentallywhentheenergy densityis var-
ied. Sincea variableattenuatorwasnot available,theadjustmentof the4-fold beam-widening
telescopewasvariedfor a constantpulseenergy of 150mJanda pulselengthof 200ns. The
lowestdivergencewas133µrad(ε R 2 X 5ε0). As the Rayleighsignalis not saturatedit canbe
usedasa measureof thebeamintensityinsidethetelescope’s FOV andit decreasesexpectedly
whenthe beamdivergenceexceedsthe FOV of 186µrad(Figure3.21). The absolutevalues
of the beamdivergencearenot known dueto the high uncertaintyof the beamdiameter. As-
suming2.5mm, the additionaldivergenceis variedin multiplesof 200µrad(0, 1, 2, 3, 4, 6,
8). If theK layerwould not change,linearbackscatteringwould resultin a straightline in the
graph. From the two groupsat minimum divergence,which wereobtainedat the beginning
andtheendof thetest,theatmosphericpotassiumdensitycanbeestimatedto have variedby
a factorof two within the3 hours.Thepotassiumsignalfor thelowestdivergenceis expected
to beabout5–10timeshigherto give thesameratio asfor thelowestintensities.In agreement
with the above estimation,it is found that the energy densitymustbe reducedby a factorof
10 to reachthe linear region, wherethe K signalis not saturated.A saturationof S R 50%is
achieved whentheRayleighsignalis decreasedby a factorof threewith no significantsignal
lossesfrom the potassiumlayer. This saturationis higherthanthe valuescalculatedby Eska
(1998)andmorecomparableto the resultsof Papenet al. (1995)who have calculatedabout
50%saturationof theK(D2) line for a flux of ε R 2 X 2ε0 (200µrad,200ns,250mJand30MHz
spectralwidth). As theK(D2) oscillatorstrengthis twice thatof K(D1), thesecalculationmay
beapplicableto theobservationswith oursystem,which wasoperatedathalf thepulseenergy.
The lower valuesderived in otherestimationsmay be dueto the useof inaccuratevaluesfor
theeffective cross-section.
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Figure 3.21: Relationbetweenthe Rayleighsignalfrom 40km altitudeandthe potassiumresonance
signal(80–105km) for differentvaluesof additionalbeamdivergence,measuredin Kühlungsbornon
September13th, 2002. The spotsmark single files (4000shots)andthe error barsgive the standard
deviationsfor eachbeamdivergence.

Influenceof Saturation on the Temperature Measurements

As saturationoccursat all frequencieswithin the Dopplerbroadenedresonanceline, it influ-
encestheabsolutebackscattercoefficient morethanits spectraldependence.Thus,thetemper-
aturesderived areinfluencedlessthanthedensities.For a singletransitionwithout hyperfine
structure,saturationdoesnot changethe observed Doppler-width. For the D1 transitionof
potassium,thethreestronghfs lineswhich contribute93.75%of thecross-sectionareof equal
strengthandthussaturatedto the samedegree. Thereby, the shapeof the resonancecurve is
changedonly slightly. Simulations(von Zahnand Höffner, 1996)of the wavelengthdepen-
dencehave shown that even a saturationof 10% would changethe temperatureresultsonly
by about0.2K. Thesecalculationsaresupportedby theexperimentalresults.Evenwhenthe
saturationreaches80%thesystematictemperatureoffset is foundto belessthan5K.

Consequently, the K-lidar temperaturesare indeedlesseffectedthan the resultsfrom a
narrow-bandNa-lidarfor which vonder Gathen(1990,1991)calculatedanerrorof about8K
for 10%saturation.Thehighersensitivity is dueto theweightsof thehyperfinestructurecom-
ponentswhich arelessuniform for the Na(D2) transitioncomparedwith K(D1). The Na(D2)
hyperfinestructureis dominatedby oneof the six lines which constitutesnearly50% of the
cross-section.It is threetimesstrongerthanany otherandsaturatedearlier.

Somepossibledeviation of theK(D1) spectrumis dueto opticalpumpingoccurringduring
thedurationof a laserpulse.Atomsexcitedfrom thegroundstatedoubletF R 1 (namedD1b),
which includestheoneweaker line, aremoreprobableto cascadeinto thegroundstateF R 2
thaninto theoriginalstate.In theformercaseit is notavailableto absorbanotherphotonat the
samefrequency. For excitationof theotherdoublet(D1a) theprobabilityof a relaxationto the
F R 1 groundstateis lower (aboutonthird). Thus,thestrongerD1a doubletis lessdeclinedby
opticalpumpingthantheweaker D1b.

In summary, theusefulreductionof thefield of view is limited by themaximumachievable
luminanceof themetallayer. For theIAP K-lidars saturationmayoccurfor beamdivergences
below about700µrad. The influenceon temperaturemeasurementsdependson thehyperfine
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structureof the observed line andis relatively low for K(D1). Consequently, the laseris op-
eratedfor daytimemeasurementsat Ep R 120mJ andtp R 270ns, which reducesthe photon
flux to 60%comparedwith the150mJand200nsusedin thetestmeasurement(Figure3.21).
Furthermore,thebeam-wideningtelescopeis adjustedto giveanincreasedbeamdivergenceof
about300µradcomparedwith the133µradpossible.Dependingon atmospherictransmission,
this resultsin a saturationof aboutS R 50% which introducessignificantuncertaintyto the
densitymeasurementswhile thetemperaturesderivedarestill reliable.

3.3.5 AvalanchePhotodiode

The introductionof the FADOF and reductionof the FOV have reducedthe backgroundto
a degreewheretemperaturemeasurementsunderdaylight conditionsbecomepossible. The
accuracy of thetemperaturesderivedcanbedoubledfor aconstantSBRwhenthestatisticsare
enhancedby a factorof 4 (Figure3.9). This might be realizedin variousways. An extended
integration in time andaltitudewould causean undesirableresolutionreduction. To operate
the lidar at higherrepetitionratesis possiblein principle by nearlya factorof two but would
imply many changesfor thedetectorelectronics.A largerreceiving areais relatively costly. In
this case,aneasierway to increasethephotoncountswasthe introductionof a moreefficient
detector.

Avalanchephotodiodes(APDs) are known to have high efficienciesfor wavelengthsin
the nearinfraredwith a maximumnear700nm andin the last yearssinglephotoncounting
moduleswith low noisehavebecomecommerciallyavailable.Themodelused(EG&G SPQM-
AQR) is specifiedwith a darkcountrateof 25Hz anda photondetectionefficiency of 68%at
770nm. This meansa possibleimprovementby a factorof 4.5 comparedwith the PMT. The
disadvantagesarea smallsensitive diodeareawith lessthan200µmdiameter(e.g. 192µmfor
our S/N 5212-1)andthereduceddynamicrangewith 10MHz bandwidthandsignificantnon-
linearitiesabove 1MHz. The correctionfactorfor 5MHz countrate,typically, exceeds1.33
andis known with anaccuracy of ±5%. Furthermore,thedeviationsfrom the linear response
can be correctedonly for steadysignalsbut as the lidar signal variesrapidly with altitude,
time-dependentcorrectionswould be necessarydue to signal-inducedheatingeffects of the
diodeitself. This effect is observed to vary betweenmodulesof the sametype. Whenboth
backgroundandRayleighsignalarekept low enough,parallelmeasurementswith APD and
PMT have proventhatno noticeabledeviation in theresultsis inducedby thedetector.

Using a fiber cableapertureof dF R 0.6mm the collimatedbeamon the detectionbench
attainsa diameterof ^ 26mm behindthe FADOF (seep. 34). It needsto be imagedwith an
effective focal length f of lessthan13mm to make the spotfit completelyonto the sensitive
detectorarea.This f -numberof f [ 0 X 5 is very smallandno suitablelenssystemwascommer-
cially available from seriesproduction. Sphericalaberrationis expectedto causesignificant
lossesundertheseconditions,soa combinationof asphericaldoubletlensesis used.A series
of threeavailablelenseswith decreasingdiameterandfocal length(50, 30, and14mm) was
foundto meettherequirements.A focal diameterof 196µm wascalculatedusingray tracing
theory, assumingno aberration.Whenfiberswith smalleraperturesareused(smallerFOV),
themappingbecomeslesscritical.

Thenominalefficiency exceedsthe15%of thePMT by a factorof 4.5. With thedescribed
imaginglenssystem,asignalenhancementby afactorof 4 wasreachedin lidar measurements.
Theremaininglossesof 10–15%arepresumablycausedby themultiplesurfacesandremaining
aberrationsof theimaginglenssystem.
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Figure 3.22: Daytimemeasurementexamples:raw data(black)anddataafterbackgroundsubtraction
(grey). Left: On Tenerifeat sunrise(0h solarelevation,06:44LT) on December10th, 2000. Right: On
Svalbardon June18th, 2001(01:27LT), at a solarelevationof 12.4h . Thephotoncountsareaveraged
over4000laserpulses( i 2min) with analtituderesolutionof 200m.

3.3.6 AchievedDaylight Capability

Thecombinationof theFADOF andthedecreasedFOV hasreducedthesolarbackgroundby
about3 ordersof magnitudein comparisonwith the nighttimeconfiguration.The first mea-
surementswith thetwin FADOF werecarriedout with thetransportableK-lidar in November
2000on Tenerife(28Y N). Due to goodweatherconditionsandthe high altitudeof the site it
waspossibleto measuretemperaturescontinuouslyduring night andday, althoughthe PMT
wasstill used(seeSection5.3for results).Thehighestsolarelevationanglewas42Y . TheAPD
hasbeenintegratedinto thereceiver in December2000.An examplefor a photoncountprofile
obtainedunderdaylight conditionsis given in the left panelof Figure3.22showing SBRsof
up to 5. Sincethesolarelevation of 0Y doesnot take atmosphericrefractioninto account,the
dataweretakenshortlyaftertheapparentsunrise.

Thesemeasurementshavedemonstratedthedaylightcapabilityof thenew detectionsystem
andtheinstrumentwassubsequentlyinstalledon Svalbard(78Y N). A profile of photoncounts
measuredin the Arctic nearsummersolsticeis given in the right panelof Figure3.22. For a
solarelevation of 12.4Y a SBR of 20 wasobtainedat the peakof the potassiumlayer which
extendsfrom 87 to 98km. A noctilucentcloud (NLC) is alsoclearlyvisible causinga strong
backscattersignalnear84km. On Svalbard,mesospherictemperatureshave beenmeasured
duringtheArctic summerwhenthemaximumsolarelevationis 35Y . At Kühlungsborn,daytime
observationshave becomepossiblewith theinstallationof the30” telescopemirror in summer
2002.

The backgroundsignalduring daytimedependsstronglyon both the solarelevation and
theatmosphericconditions.Thedependenceon thesolarelevationis givenin Figure3.23asit
wasobserved nearsummersolsticein Kühlungsborn,whenthesuncanbeup to 59.4Y above
thehorizon.Thevaluesshown weremeasuredfor a FOV of 186µradon June26th undergood
weatherconditions,exceptaroundnoon(solarelevation _ 50Y ), whensomecumulusclouds
appeared.Temperaturescouldstill bederivedwith a statisticaluncertaintyof ±5K at thepeak
of thepotassiumlayerwhena smallerFOV (124µrad)wasused.

In additionto Rayleighscatteredsunlight,a dominantpartof the backgroundis observed
to be causedby Mie scattering.It canbecomea multiple of the Rayleighcontribution, espe-
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Figure3.23: Thesolarbackground,asafunctionof solarelevation,asobservedwith aFOV of 186µrad
in Kühlungsbornon June26th, 2003.Thescatterfor anglesabove50h is dueto clouds.

Table 3.2: Typical receiverpropertiesof thestationaryIAP potassiumlidar, August2003.

Telescope Newtonian,d Q 76.2cm, f Q 3227mm
Field of view 186µrad

Broad-bandfiltering IF-filter (1nm, ] Q 70%)
Narrow-bandfiltering Twin K-FADOF (1800G, 124h C, ] Q 75%)
Overallpeaktransmission 50%
Contrast 1:10,000
Peakwidth (FWHM) 6.7pm
Temperatureeffect ±0K

Detector APD
Photondetectionefficiency 68%@ 770nm

cially dueto haze,mist or cirrusclouds,evenif thesignalis attenuatedonly weakly. Whenthe
skylight brightnessincreases,it canbe seenby the naked eye that the contributionsof longer
wavelengthsareincreasedstrongerthanthatof shorterwavelengths(i. e.thesky turnsfrom blue
towardswhite)and,thus,theK-lidar measurementsat770nmarestronglyeffected.In summer,
thetroposphericboundarylayeris broaderthanin winterandexhibitsanenhancedscattercoef-
ficient (SchneiderandEixmann, 2002)asaerosolsswell dueto thehigh watervapourcontent.
This canincreasethebackgroundto a level wheretemperaturemeasurementsin full daylight
becomeimpossible.In Kühlungsborn,theatmosphericconditionsin summer, especiallyunder
stablehigh-pressureweatherconditions,togetherwith the high solar elevation may prevent
continuouslong-termK-lidar observations. But even whena certainperiodaroundnoonhas
to beexcluded,measurementsover about20 hoursareoftenpossibleandthey aresufficient to
identify mostwave perturbations,includingdiurnaltides.

Finally, the receiver configurationis summarizedin Table 3.2. The given overall trans-
missionof 50% includesthe completedetectionbenchbetweenfiber cableanddetector. For
daytimetemperaturemeasurementstheoverallsystematicuncertaintyis increasedby upto 5K
anddependson the weatherconditions. It is mainly dueto variationsof the backgroundand
thelaserenergy while thelaserscansover thedifferentwavelengthchannels.
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3.4 PotassiumLidar: Discussionand Outlook

The resonancelidar techniquedevelopedsincethe work of Fricke and von Zahn (1985)has
becomethestandardmethodto measureatmospherictemperaturesin themesopauseregion. It
doesprovide verticalprofilesof high accuracy andgoodtemporalandspatialresolution.With
thedaylightcapabilityit canbeusedto retrieve continuousmeasurementserieson thescaleof
hoursanddaysaswell aslong-termobservationsfor monthsandyearsat almostany location.

With the describedconfigurationof the IAP potassiumlidars, reliable temperaturemea-
surementshave beencarriedout underboth nighttime and daytimeconditions. Continuous
measurementshave beenperformedcovering periodsup to 100 hoursandobservationswere
successfullyconductedunderArctic summerconditions. While resultswill be discussedin
the following chapters,this sectionsummarizesthetechnicalprogressthat hasbeenachieved
duringthework up to this thesis.

Dueto therecentdevelopmentsthealexandritepower laserhasbecomea reliableandeasy
to usesystemwith ideal spectralpurity, high power, long pulsesandbeampropertieswhich
aresufficient for small fieldsof view asthey arenecessaryfor daylightoperation.Theexter-
nal cavity diodelaserfor injection seedinghasproven to provide full control over the power
laser frequency and is very useful to determineoptical propertieslike filter characteristics.
Comparedwith thesystemsusedin sodiumtemperaturelidars,thetransmitterunit of theIAP
K-lidars is very compact,all solid-state,andpossessesa high long-termstability.

Thesystemhasahighpotentialfor automationandis alreadyoperatedin asemi-automatic
modewhich is inevitable for long continuousmeasurements.An increaseddegreeof automa-
tion includingthereactionto thecurrentweatherconditionswouldenablemeasurementsunder
rapidly changingconditionsandcouldstronglyenlargethenumberof measurements.

Lidar MeasurementsDuring Daytime

While observationsat nighttimehave beencarriedout before,mesospherictemperaturemea-
surementswith the IAP K-lidars are now possiblealso in full daylight. Using a FADOF, a
narrow field of view anda highly efficient detector, temperatureshave beenderivedwith ±5 K
statisticalaccuracy at solarelevationsup to 60Y . However, the altituderangeusablefor tem-
peraturemeasurementsis reducedduringdaytime.Thedemandson theweatherconditionsare
muchhigherthanduringnighttimebecause,beneathagoodtransmission,alsoa low capability
of scatteringsunlightis necessary.

Thepotentialof the IAP K-lidars for daytimeoperationmaybecomparedwith otherres-
onancetemperaturelidar techniques,althougha quantitative discussionis beyondthescopeof
this work. Sodiumlidars areusedat ColoradoStateUniversity with a FADOF (Chenet al.,
2000)andat theUniversityof Illinois (StatesandGardner, 2000a)with anetalonfor daytime
operation.Usingsodiumhastheadvantageof higherdensitiesin themesosphere(10–100times
thatof K). It couldresultin a muchbettersignal-to-noiseratio thanfor theK-lidar if thesame
laserpower andfilter performancewereavailable. In practise,typical signal-to-background
ratiosreportedfor Na-lidarsat thepeakof thelayerandthepeakof theresonanceline at noon
rangebetween15(Chenetal., 1996)and0.5–4.0(StatesandGardner, 2000a)whicharecom-
parableto the K-lidar values. Furthermore,dueto the morecomplex hyperfinestructurethe
temperatureevaluationis muchmoresensitive to saturationthanin thecaseof potassium.

Iron hasabout2–3 times the densityof sodium(Kane and Gardner, 1993) but only a
tenthof its oscillatorstrength,dependingon thetransitionused,andhasalsobeenstudiedby
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lidar before.TheFe-Boltzmanntechniquehasbeenshown to allow temperaturemeasurements
but in daylight only in the presenceof very high densities(Chu et al., 2002). It usesone
thermallyexcitedlower statewhich mayconstituteonly 1% of thetotal occurrence,hence,the
signalstrengthis drasticallyreduced.Thesystematicuncertaintyis relatively high, inducedfor
exampleby the spectralenergy distribution of the broad-bandlasersused. Alternatively, the
Dopplerbroadeningof iron canbe probedwith a narrow-bandlaser, similar to the technique
describedherefor potassiumand first testsat night have beencarriedout at the IAP with
promisingresults(Lautenbach andHöffner, manuscriptsubmittedto Appl.Optics).

SpectralFiltering Technique

A fundamentaltechniquefor successfuldaytimelidar measurementsis the spectralfiltering.
Thenovel twin FADOF providesahightransmissionandagoodbackgroundreduction(Fricke-
Begemannet al., 2002a). The flat filter transmissioncurve in combinationwith the width of
the centralpeakprovidesefficient filtering that hasno direct effect on the temperaturemea-
surements.Theflat filter curve is a majorimprovementcomparedwith all FADOF realizations
reportedbefore. Sincethe FADOF doesnot affect the measurementsnegatively, it remains
integratedin the instrumentduring nighttimemeasurements,therebyproviding uniform con-
tinuousdatasets.

The first FADOF for lidar resonancetemperaturemeasurementshasbeendevelopedby
Chenetal. (1993)for a sodiumlidar. Dueto thelargerhyperfinestructuresplitting ( ^ 1.8GHz
for Na(D2) vs. ^ 0.5GHz for K(D1)) andthe narrower filter curve used( ^ 2GHz FWHM vs.^ 3.4GHz), thenecessarycorrectionfor temperaturecalculationslies above 50K (Chenet al.,
1996). Thus, the exact knowledgeof the FADOF transmissioncurve is very importantfor
the sodiumlidar to minimize the uncertaintiesemerging from this correction. The effective
transmissionof about10% reportedin their work andalsothe currentvalueof 20–25%(She
et al., 2003)is significantlybelow our 75%. Thedifferenceis partly causedby our twin setup
which allows the useof bothpolarizationaxesof thereceived light, whereasonly oneaxis is
usedin their sodiumfilter.

The Fabry-Perot Etalon

Themorewidely usednarrow-bandfiltering techniqueis theFabry-Perotetalon.Concurrently
to the developmentof the FADOF, a filter setupwith a stabilizedetalon(Hovemereltd.) had
beentestedasanalternative with the stationaryK-lidar. It hasa bandwidthof 10pm FWHM
anda finesseof 50 which is relatively high for a singleparalleletalon. In orderto make this
finesseusabletheallowed divergenceof the beamin the detectionbenchis about4mrad. To
attainthisvalue,a 4-fold beam-wideningandanapertureof 100mmhadto beused.With light
from the seedinglaserwhich hasa lower divergence,the specifiedfinessewasverified anda
transmissionof 70%wasachieved. A highcontrastof nearly1000:1wasrealizedwhich is still
by a factorof 10 lessthanthatof theFADOF. Unfortunately, thestability of theetalonwasnot
sufficient. Thermallyinducedvariationsof thecenterof thetransmissionbandby ±2pm were
observedin astablelaboratoryenvironment.They needto besuppressedbeforetheinstrument
canbe employed for lidar measurements,but even after 2 yearsof trials, the etalondoesnot
provide therequiredstability. If theabove resultscouldbereproducedin lidar operation,both
filtering techniqueswouldhavesimilarvaluesfor peaktransmissionandbackgroundequivalent
integratedtransmission,includingthesidebandsin thecaseof theFADOF.
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Calculationswith syntheticdatafor the etalonparametersshow that the effective trans-
missionfor the K(D1) resonancebackscattersignal is lessuniform thanthat of the FADOF.
Temperaturecorrectionsbetween2K and5K arenecessaryfor atmospherictemperaturesof
150K and250K, respectively, whenthe etalonis operatedat the line center. Additionally, a
shift of thecenterof the transmissionbandby 2pm caninfluencethetemperaturecalculation
by up to 3K.

In summary, for mesospherictemperaturemeasurementswhich usethe K(D1) resonance
line, theFADOF appearssuperiorto anetalon.It is muchmorecostefficient, thelargeaccep-
tanceanglesetslower requirementsfor theincominglight, thespectralstability is assureddue
to theatomicresonance,andit is very robust. Thelatterpropertiesareespeciallyimportantif
theinstrumentis operatedundernon-idealconditionssuchasthatfoundin theArctic, onboard
a researchvesselor on anaircraft. For otherlidar types,theFADOF techniqueis usableonly
if suitablevapourcellsareavailable.

Futur eDevelopments

The signal-to-background ratio shouldbe improved further to make the potassiumlidar day-
time measurementsmore robust. As saturationalreadylimits the reductionof the field of
view, a higherpulseenergy or spatialfiltering is not feasible.Spectrallybroaderlaserpulses
wouldreducetheproblemof saturationbut enhancesystematicuncertaintiesin thetemperature
derivation.Temperaturesareoftencalculatedwith 1km verticalresolutiononly but higherres-
olutionsareusedfor metallayerandaerosolobservations.Hence,althoughlongerlaserpulses
woulddecreasesaturation,asignificantfurtherincreaseof thepulselengthis alsonotdesirable
andits realizabilityis questionable.Theremainingpossibilityof spectralfiltering is discussed
separatelybelow.

Higheraccuracy of temperaturecalculationscanalsobeachievedwith enhancedstatistics.
Theoverall efficiency of thedetectoris very high alreadybut anincreasein receiver areaor in
laserpower andFOV, simultaneously, would increasethephotoncounts.But theefforts for a
significantincreasein photoncountsarerelatively highandthemaximumphotoncountrateof
thedetectoris alreadyreached.

Possibly, in thefuturemuchbetterstatisticscanbeprovided if thepulserepetitionrateof
thepower laseris stronglyincreased.Thus,a largefutureimprovementwouldbeasubstitution
of theflashlampsby laserdiodesfor pumpingthealexandriterods. Thepulserepetitionrates
couldbeincreasedto about1kHz, therebyreducingthenecessaryintegrationtime by a factor
of 30. Furthermore,a reducedpower consumptionwould simplify the operationat remote
placesandreduceproblemsof thermalstability. Theoperationof a diode-pumpedalexandrite
laserwasfirst demonstratedbySchepsetal. (1990)andits applicationfor aspaceborneDoppler
lidar wasdiscussedby McKay and Wilkerson (1997). A limiting factortodayis the lifetime
of high power pumpingdiodes. Nevertheless,diode-pumpedalexandritelasershave already
becomecommerciallyavailable.

Currently, thesystematicuncertaintyduringdaytimeis increasedcomparedwith nighttime
measurementsbut thiscouldlargelybeavoided.Theinfluenceof quickly varyingweathercon-
ditions,e.g. passingcloudsor fog, canbereducedwhenthemeasurementregimeis changed,
away from the sinusoidalwavelengthscanto a pulse-to-pulsevariation of the wavelength.
Furthermore,a moreaccuratebackgrounddeterminationcould be achieved by extendingthe
measurementto higheraltitudes,measuringit betweenthelaserpulsesor simultaneouslyon a
nearbywavelength.Theenergy of eachindividual laserpulseneedsto bestoredtogetherwith
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its frequency andthephotoncounts.In any case,majorrevisionsof thedataacquisitionsystem
will benecessaryin thefuture.

Further Background Reduction With the FADOF Technique

Beyond the backgroundrejectionachieved with the FADOF discussed,a higherreductionis
possiblewhen a narrower filter curve is realized. This can be achieved with a lower mag-
netic field. Suchfilter cells have beendevelopedfor the IAP K-lidars which areoperatedat
B j 800G andθF j 111Y C andcanbe exchangedquickly with the regular cells. While the
background(integratedtransmission)is furthersuppressedby a factorof 3 comparedwith the
regularFADOF, thetransmissionat theline centeris still about90%.Dueto theFWHM being
reducedto about2pm,thelidar is not operatedin scanningmodebut stabilizedto theline cen-
ter. Thismodeis usedfor thedetectionof aerosols(noctilucentclouds)but not for temperature
measurementsbecausetemperaturecorrectionsof several10K would benecessary. While the
transmissionof 90%is usablefor Mie scattering,theeffective transmissionis reducedto 50%
for theK resonanceandRayleighbackscattersignaldueto theDopplerbroadening.

Themain differencebetweenour regular FADOF andan ideal filter, which would have a
rectangularfilter curve,arethesidepeaksof theFADOF transmissioncurve (Figure3.13).TheU j 25%plateauscontribute to about15%of thebackgroundwhile theremainingamountis
equallydistributedbetweenthecentralandthesidepeaks.As only thecenterpeakis neededfor
thelidar measurements,thebackgroundis twice ashigh asnecessary. Thesidepeaksaredue
to the inherentsymmetryof the FADOF andcannotbe avoidedby changingits parameters.
A possibility to suppressthemwould be the usageof additionalabsorptioncells behindthe
FADOF. Whenabsorptioncellsareplacedin a transversalmagneticfield they canbedesigned
to absorbonly the Zeemanshiftedlines. This cannotbe donewith a singlecell, becausethe
emerging light is not polarized.A rejectionof boththe25%plateausandthesidepeakswould
bepossibleand,thus,a furtherbackgroundreductionby morethan50%couldbeachieved.
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Chapter 4

The Nighttime Climatology
A large databaseof temperaturesoundingsat different locationshasbeenaccumulatedwith
theIAP K-lidars. This chapterwill first introducethis database.Thepresentationfocusseson
mid andlow latitudesfor whichaclimatologyis derivedin thiswork. Themeanpropertiesand
the seasonalvariationof the potassiumlayer andthe temperaturestructureof the mesopause
region arepresentedin the following sections.Although temperaturesoundingsarethe main
topic of this work, it seemsnaturalto presentthe potassiumdensitiesfirst becausethe metal
occurrenceformsthebasisfor temperaturemeasurementsby K-lidars.

4.1 Data Coverageof the PotassiumLidar Measurements

Initial potassiumandtemperaturesoundingswith the transportableK-lidar were carriedout
on the Germanislandof Rügen(54Y 38’N, 13Y 24’E) in 1995(Höffner and von Zahn, 1995).
Duringa campaignontheresearchvessel‘Polarstern’betweenApril 24th andJune18th, 1996,
nighttimetemperaturemeasurementswith thisinstrumentswereperformedwhile sailingnorth-
wardfrom 71Y Sto 45Y N (vonZahnetal., 1996).Theseobservationsledto thediscovery of the
two-level behaviour of themesopausewhichexhibitedadiscontinuityof its altitudeatnorthern
low latitudes.Thepotassiumlayerandits latitudinalstructure,observedduringthis campaign,
have beendescribedin detailby Eskaetal. (1999).

SinceJune26th, 1996,routinepotassiumlidar measurementshave beenmadeat thesiteof
theIAP in Kühlungsborn(54Y 07’N, 11Y 46’E, z0 j 70m) with thetransportablesystem.Since
1999measurementsarecontinuedusingthenew stationaryinstrument.Thefirst annualsetof
temperaturedatasupportedthe conceptof a two-level mesopause(SheandvonZahn, 1998).
The potassiumlayer exhibited an unexpectedseasonalvariation that deviatesfrom thoseof
other metals(Eskaet al., 1998). The dataset from Kühlungsbornhasbeenextendedover
severalyearsandis thereforepresentedagainin this work.

From March 1999until December2000, the lidar containerwasinstalledon the Canary
islandof Tenerife,wherethelidar wassituatedat2390m altitudeat theObservatoriodelTeide
(28Y 18’N, 17Y 31’W). This astronomicalsiteenjoys excellentweatherconditionsfor lidar ob-
servations,especiallyin the springandsummermonths. At this locationdatawereretrieved
during five measurementcampaigns.Between2001and2003this lidar wasoperatedat the
Arctic archipelagoSvalbard(78Y 14’N, 15Y 23’E) to studytemperaturesandnoctilucentclouds
at this very high latitude(Höffner etal., 2003).

Table4.1presentsthepartof theK-lidar databasewhich is consideredin this thesisor has
beenobtainedduring the work to it. It givesan overview of the temperatureandpotassium
soundingscollectedsincethe beginning of observationsin Kühlungsbornin 1996andshows
theaccumulatedperiodof K-lidar temperaturemeasurementsandthenumberof nightsgrouped
in seasons.NotethatDecemberis addedto thewinterseasonof thefollowing year. Originating
from purenighttimeobservations,themeasurementsaregroupedin termsof nights, i. e.periods

51



52 CHAPTER 4. CLIMATOLOGY

Table 4.1: Temperaturemeasurementswith thetransportableandthestationaryIAP K-lidar. For each
season,theobservationperiodin hoursandthenumberof nightsaregiven( k , nighttimeonly; l , includ-
ing daytimemeasurements).

Year Latitude K-lidar Dec-Jan-Feb Mar-Apr-May Jun-Jul-Aug Sep-Oct-Nov

1996 54h N transp. — — — — 62h 19 k 125h 29 k
1997 54h N transp. 131h 18 k 122h 28 k 109h 32 k 70h 14 k
1998 54h N transp. 41h 6 k 45h 16 k 17h 10 k 47h 9 k
1999 54h N transp. 30h 6 k — — — — — —

1999 54h N stat. — — — — — — 25h 6 k
2000 54h N stat. 12h 1 k — — 8h 4 k — —
2001 54h N stat. — — — — 10h 2 k — —
2002 54h N stat. 9h 1 l 13h 2 l 50h 14 l 79h 11 l
2003 54h N stat. 137h 8 l 58h 8 l 118h 22 l 164h 20 l
1999 28h N transp. — — 165h 25 k 110h 15 k 107h 15 k
2000 28h N transp. — — — — — — 170h 10 l
2001 28h N transp. 36h 3 l — — — — — —

2001 78h N transp. — — — — 224h 33 l 53h 17 l
2002 78h N transp. 9h 1 k 111h 16 l — — — —
2003 78h N transp. — — 133h 19 l 138h 34 l — —

from noonon oneday to noonon the following day (in UT, universaltime). Seasonswhich
includedaytimeobservationsaremarked( m ). Themeasurementswith thetwo systemsatKüh-
lungsbornare listed separately. A list with detailedinformation for eachmonth is given in
AppendixD, includingdatafrom RügenandthePolarsterncampaign.

The largestportion of daytimedatahasbeenobtainedat Svalbard. At 78n N in summer,
operationof the lidar is possibleonly whenit is capableof daytimemeasurementsdueto the
continuousdaylightconditionsfor morethan4 months.Theevaluationof this uniquedataset
is not within thescopeof this work, which concentrateson mid andlow latitudes.

Data From Kühlungsborn (54n N)

In Kühlungsbornmeasurementswerecarriedout most frequentlyduring the first year(until
summer1997). On averagebetween10 and20 nightsof datafrom eachmonthof the year
werecollectedbeforethesystemwasmovedto Tenerife.By contrast,in subsequentyearsthe
new stationarysystemwasmainlyusedfor instrumentdevelopment,for measurementsonspe-
cial occasionsandto fill remaininggapsin theseasonalcoverage.Only sincetheinstallationof
thenew telescopein summer2002have high quality daytimemeasurementsbecomepossible
andarecarriedout moreregularly. The majority of datastill originatesfrom purenighttime
observations.At present,areliableclimatologyfor thelatitudeof 54n N canbederivedonly for
nighttimeconditions.The inclusionthe daytimeobservationswould resultin a very inhomo-
geneousdatasetbecausethey areirregularly distributedover the year, have higherstatistical
errorsandcover a reducedaltituderange.Thenighttimeclimatologyis given below from all
the dataobtainedbetweenJune1996andFebruary1999. The temporalcoverageof the data
usedis shown in Figure4.1. The dataarewell distributed over the year, thoughsomegaps
exist in March andin November–Decemberwhengoodweatheris rare. The local time cov-
eragechangessignificantlywith theseasons.Theperiodof darknessperdayrangesfrom 4 to
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Figure4.1: Local time coverageof thenighttimeK-lidar observationsin Kühlungsbornasa composite
of measurementsmadebetween1996and1999.

14 hours.Thus,especiallyduringsummer, theresultsmaybeinfluencedby diurnalvariations,
while in winter theeffectsof semi-andterdiurnaltidesarealmostsmoothedout.

Thedatasetconsistsof about800hoursfrom 187nightsfrom whichthefirst half hasbeen
publishedbefore. To investigatethe seasonalvariation of the potassiumdensityEskaet al.
(1998)used94 selectednightsfrom oneyear(June1996– June1997)which did not exhibit
sporadiclayers. Temperaturedatafrom the first 13 months(July 1996– August1997)were
studiedby SheandvonZahn(1998)in combinationwith theclimatologyfrom 41n and69n N.
FromKühlungsborntheauthorsused88 nightswith 3 hoursor more,plus2 nightsfrom May
1995(Rügen). Thesefirst 2 nightsareexcludedfrom the following analysisdueto possible
systematicdifferencesto themeasurementsat Kühlungsborn.

Data From Tenerife (28n N)

OnTenerifemeasurementswereconcentratedonfivecampaigns.Dueto thegoodweathercon-
ditionsthelidar couldusuallybeoperatedin 1999duringtheentireperiodof darknesswhich
lastslonger than8 hoursthroughoutthe whole year. With the developmentof the FADOF,
K-lidar daytimemeasurementsbecamepossibleandwerefirst successfullycarriedout during
anadditionalcampaignin 2000.

The systemwas installedin mid-March 1999, followed by four observation campaigns
during1999with routineoperationsproviding a total of 382hoursof measurementduring55
nights:

• March28th to April 2nd, plusApril 14th, 1999:6 nights(2 nightswith 8–9h)

• May 1st– 26th, 1999:19 nights(15 nightswith 8–9h)

• June19th to July 15th, 1999:15 nights(13 nightswith 8–9h)

• November6th– 29th, 1999:15 nights(9 nightswith 9–12h)
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Thelastcampaignwasinterruptedby a periodof badweatherfrom November13th to 19th

(includingtheLeonidmeteorshower). Thereactionof boththeK layerandtheambienttem-
peraturesto the1999Leonidmeteorshower hasbeendescribedby Höffner et al. (2000).The
authorsdid not find any outstandingenhancementof potassiumor changesof thetemperature
dueto theLeonids.

Thecampaignwith the first K-lidar daytimemeasurementswascarriedout from Novem-
ber12th to December10th, 2000. A periodwith goodweather(November19th–26th) enabled
nearlyuninterruptedmeasurementsfor a full week,which provide an exceptionallong-term
dataset.

Although the nighttimedatado not cover a full year’s cycle, they provide interestingin-
sightsinto theseasonalvariationof themesosphericpotassiumlayerandtemperaturestructure.
Theresultsarepresentedin thefollowing sections,from which basicpartshave alreadybeen
published(Fricke-Begemannet al., 2002b).Thedaytimedataarerestrictedto Novemberand
Decemberandhencetheresultsfrom 2000areanalysedseparatelyfor diurnalvariation(Sec-
tion 5.3).

4.2 The MesosphericPotassiumLayer

Lidar soundingsof theEarth’s upperatmospheremetallayershave contributedsignificantlyto
ourunderstandingof themesopauseregion(80to 105km). While themetalsareusedastracers
to studythedynamicsandtemperaturestructure,analysingtheoccurrenceof metalatomshas
alsoprovided insight into atmosphericchemistry. Almost all available resultsare from mid
andpolarlatitudes.For midlatitudes,theseasonalvariationsof Na,Ca,FeandK densitiesare
well studied(Planeet al., 1999;Gerding et al., 2000;Helmeret al., 1998;Eskaet al., 1999,
respectively), both throughobservation andmodelling. Sodiumis relatively easyto observe
andhasbeenstudiedmostextensively. Althoughlow latitudesarealsoof considerableinterest,
datafrom thereareonly recentlybecomingavailable(Friedmanetal., 2002;Fricke-Begemann
etal., 2002b;RaizadaandTepley, 2003).

4.2.1 Midlatitude PotassiumLayer: Kühlungsborn (54o N)

Theseasonalvariationof thepotassiumlayerabove Kühlungsborn,asderivedfrom thenight-
time measurements,is shown in Figure4.2. Densityprofilesareobtainedevery p 2 minutes
(4000 laserpulses)with 200m altitude resolution. The detectionlimit for nighttime obser-
vationsis about0.2 atoms/cm3 underclearsky conditions. For the evaluationthe individual
profileshave beenpre-averagedto give nightly means.In comparisonwith the datafrom the
first year’s cycle (Eskaet al., 1998), the extensionof the databaseby two more yearshas
statisticallyimprovedtheresultsandaddedsomeinterestingdetails.

Thepotassiumlayeris permanentlyobservedbetween80km and105km. Themostpromi-
nentfeatureof theK layeris thesemi-annualvariationof atomicoccurrence.Both thedensity
ρK at thepeakof thelayerandtheintegratedcolumndensityCK qar ρK s zt dz arehigherat the
solsticesthanat the equinoxes. Thecolumndensityin winter is even higherthanin summer,
with about7 and5× 107 cmu 2, respectively. In springandautumnonly CK v 3× 107 cmu 2 is
observed.

The peakdensityhasonemaximumin Januarywith densitiesabove ρK q 60cmu 3 and
anotherin summer. The latter is muchbroader, it lastsfor about4 months(May – August)
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Figure4.2: Nighttimeclimatologyof thepotassiumdensityat54w N. For smoothingthedataaHanning
filter with 21 daysand2km FWHM is applied.Contoursaregiveneach5cmx 3 with thefirst contour
at 0.5cmx 3 insteadof zero.

andreachesvaluesof up to 70cmu 3. In Figure4.2 it appearswith somesubstructureof local
maxima,which however, is sensitive to the smoothingfilter applied. At the minima, peak
densitiesnear20cmu 3 areobserved.

Thealtitudeof thepeakshows a simpleannualcycle with a minimumat thebeginningof
January( p 87km) anda maximumat theendof March( p 94km), while beingratheruniform
throughoutsummerandautumn. For the centroidaltitudea similar variationbetween92km
and89km wasfound by Eskaet al. (1998). The width of the layer exhibits a clear annual
variationwith root-mean-square(rms)valuesvaryingbetween3km and5km. Theminimum
of thewidth in summerproducesthelowercolumndensitythanin winter. A similarvariationis
obtainedwhentheouteredgesof thepermanentlayerareconsidered,exceptfor theupperedge
in summer, which is observed at higheraltitudes.Whereasthelower edgeis well defineddue
to thesharpgradientat thebottomsideof thelayer, thealtitudeof theupperedgedependson
thethresholdchosen.Thesporadicoccurrenceof separatehigh layersataltitudesupto 130km
causesa slow decreasewith altitudeof theaveragedensityat theupperedge.In summer, the
averagepotassiummixing ratio (ρK y ρair) is nearlyconstantwith heightabove 100km.

4.2.2 Low Latitude PotassiumLayer: Tenerife (28o N)

To illustratethe seasonalvariationof the potassiumlayer above Tenerife,all observationsin
1999aregroupedinto periodsof 5 to 9 nightswith smalltemporalseparationandacomparable
characteristic.For thesegroupsthe meanlayer propertiesaregiven in Table4.2. Due to the
limited numberof nights, this analysisis basedon the individual 2-minuteprofiles without
pre-averaging.For theeightgroupsthemeandensityprofilesareshown in Figure4.3 without
any verticalsmoothing.

At Tenerife,theoverall meanstateof thepotassiumlayer is characterizedby a peakatom
densityof 43atoms/cm3 at an altitudeof 90km. The meancolumndensityderived from our
observationsis CK q 4.2× 107 cmu 2. The major part of the potassiumlayer is constantlylo-
catedbetween85 and95km with wingsextendingfrom 80 to 105km. However, undercertain
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Table 4.2: Meanpropertiesof the potassiumlayer asobservedat 28w N. For the columndensities(in-
tegratedeitherover the whole profile or up to 95km only) the 1σ-standarddeviation of the individual
2-minuteprofilesis given.

# Period Nights Profiles ColDens ColDensz 95km
1999 (with ALE)1 [1e7/cm2] [1e7/cm2]

1 27 Mar. – 14 Apr. 6 (2) 713 2.4 { 0.7 2.1 { 0.7
2 1 May – 15 May 8 (4) 1551 2.4 { 0.8 1.9 { 0.7
3 15 May – 20 May 5 (0) 772 4.7 { 1.4 4.3 { 1.3
4 20 May – 27 May 6 (4) 1229 6.7 { 2.8 5.3 { 1.8
5 20 June– 2 July 8 (3) 1250 6.0 { 2.1 5.3 { 1.9
6 3 July – 15 July 7 (4) 1195 5.6 { 2.5 4.6 { 2.1
7 6 Nov. – 13 Nov. 6 (2) 1188 2.8 { 1.4 2.3 { 1.5
8 18 Nov. – 19 Nov. 9 (5) 1237 2.8 { 1.1 2.4 { 1.0
1 Thenumberof nightswith obviousatomiclayerenhancement(ALE) or sporadiclayers

# PeakDensity Peak Median RMS-Width
[1/cm3] Altitude Altitude (FWHM)

1 . . .videsupra . . . 29.4 89.9km 90.1km 4.4(7.0)km
2 . . . . . . . . . . . . . . . . 23.2 89.9km 90.1km 5.7(8.9)km
3 . . . . . . . . . . . . . . . . 50.6 88.3km 88.9km 4.7(8.7)km
4 . . . . . . . . . . . . . . . . 62.5 89.3km 90.3km 5.8(10.4)km
5 . . . . . . . . . . . . . . . . 71.1 89.1km 89.5km 5.3(7.8)km
6 . . . . . . . . . . . . . . . . 53.4 88.7km 90.9km 5.2(9.0)km
7 . . . . . . . . . . . . . . . . 29.3 90.7km 90.9km 4.5(8.2)km
8 . . . . . . . . . . . . . . . . 22.6 86.9km 88.7km 5.3(12.6)km
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Figure 4.3: Meanpotassiumdensityprofilesmeasuredat 28w N for the periodsgiven. The grey area
representsthe1-σ standarddeviationof theindividual2-minuteprofiles.Furtherstatisticsontheprofiles
areprovidedin Table4.2(from Fricke-Begemannet al., 2002b).



4.2. THE MESOSPHERIC POTASSIUM LAYER 57

conditionsit canreachup to altitudesof 115km (cf. groups4, 5 and6). Thehigh variability is
shown by the1σ-standarddeviationwhich is about50%at theheightof thepeakandincreases
furtherwith altitude.Sporadiclayersareobservedmainly above 95km andthereforedensities
havebeenintegratedupto thisaltitudealso(givenin Table4.2). Theoccurrenceof theselayers
doesnot exhibit a clearseasonaldependence.Sporadiclayersareapparentfrom thegraphsby
an increasedstandarddeviation (e.g. panel4) but do not affect the seasonalvariationof the
overall layerparameters.

The mostremarkablefeatureof the seasonalvariationis the strongincreasein both peak
andcolumndensityby a factorof about2.5 within 14 daysduringMay (periods#2–4). The
densityremainshigh duringsummerandis low againin November. Theotherparametersof
thepotassiumlayershow little systematicvariation.Theheightof thepeakseemsto decrease
duringsummerfrom 90km in April to 89km in July while themedianheightremainsslightly
above 90km. Thewidth appearsto stayrelatively constant.

In summary, from 55 nightsof lidar observationsat 28| N it waspossibleto derive a sea-
sonalseriesof meanpotassiumprofilesin themesopauseregion. Major featuresof theseasonal
variationhave beenrevealeddespitetheabsenceof datafrom a full year’s cycle.

4.2.3 PotassiumLayer: Discussion

The potassiumlayer at 54| N, as obtainedfrom the 3-yeardataset, corroboratesthe earlier
measurementsof thefirst yearandnosignificantinter-annualvariationhasbeendetected.Eska
etal. (1998)have shown thatthemeancolumndensityof 4.4× 107 cmu 2 at Kühlungsbornlies
within therangeof valuesderivedfrom earliertwilight observationsatmidlatitudes(44–52| N)
by variousgroups.

SeasonalDensity Variation at Different Latitudes

Themidlatitudemeasurementswith theIAP lidar have identifiedthepreviously unknown sea-
sonalvariationof the K layer. As the variationis of semi-annualcharacterit is distinct from
thatof all othermesosphericmetallayerswhichhavebeenobserved. Thisresulthasstimulated
theinterestin thebehaviour of theK layerat differentlatitudes.

Priorto ourmeasurementsonTenerife,datafrom low latitudeswerescarcelyavailable.The
Polarsterncampaignprovideddataat24| N duringtwo nights(June11st–13th, 1996,Eskaetal.,
1999),with a columndensityof CK q 7.3× 107 cmu 2 (or 5.5below 95km) anda peakdensity
of ρK q 60cmu 3, which complementthedatagapbetweenour periods4 and5 (Table4.2).

ThePolarsternobservationsbetween30| N and30| S,showing CK v 7–8× 107 cmu 2, have
led to the hypothesisthat the occurrenceat low latitudesmight in generalbe higher thanat
midlatitudes.Our datafrom Tenerifeshow thatthis is not thecasein springandautumnwhen
CK is 10–20%lessthanthevaluefor Kühlungsbornof 3× 107 cmu 2. Instead,this new Tener-
ife datasetsuggestsa strongsemi-annualvariationat low latitudeswith a secondmaximum
in winter, asobserved at midlatitudes.From the nighttimecampaignsfrom 1999considered
above, no databetweenDecemberandFebruaryareavailable. However, the sparseobserva-
tionsin December2000indicatethattheK densityincreasedbetweenlateNovemberandmid
December.

Thefirst potassiumdetectionby lidar (Felixetal., 1973)wasreportedfrom Jamaica(18| N),
wherea high densityof CK q 9× 107 cmu 2 (±25%)wasobservedon January27th. This obser-
vationwould fit the assumptionof a semi-annualvariationat low latitudes.With a symmetry
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betweenthe hemispheres,the high densitiesobserved during the Polarsterncampaignunder
southernwinter conditionswould alsosupportthis picture.

Recently, Friedmanet al. (2002) reportedpotassiumlidar measurementsfrom Arecibo,
PuertoRico, (18| N) coveringa full year’s cycle. Their datasetshows a semi-annualvariation
which seemsto be even strongerthanat Tenerifewith aboutCK q 6, 5 and2× 107 cmu 2 for
summer, winter andtheintermediateminima,respectively. Thecorrespondingvaluesfor 54| N
are5, 7 and3× 107 cmu 2. At Arecibo the annualdensityvariationappearsmoresymmetric
with a narrower summermaximumcomparedwith Kühlungsborn.

Thelidar observationsat44| N of Megieetal. (1978)show adecreasein potassiumby about
30%throughoutJuneto December. Althoughtheabsolutedensityvaluesmustbedoubted(see
Eskaet al., 1998),this variationqualitatively agreeswith theotherobservations.

Thequantitative evaluationof thepolar latitudemeasurementswith theIAP lidar at Sval-
bard(78| N) is beyond the scopeof this thesis. Nevertheless,it shouldbe notedthat a semi-
annualcharacterof the potassiumlayer is also indicatedat the Arctic site. While no winter
measurementsareavailable,low densitiesaroundtheequinoxesandhighervaluesin summer
agreewith mid andlow latitudebehaviour.

Thus,asno principledifferenceis expectedfor thesouthernhemisphere,thesemi-annual
variation can be seenas a global phenomenon.High column densitiesin summerand pre-
sumablyagainin winter, togetherwith minimaat theequinoxes,wererevealedin variouslidar
observations. Comparedwith midlatitudes,the seasonaldifferencesarestrongerat low lati-
tudesandleadto higherdensitiesin summer.

PotassiumLayer Properties

At Tenerife,theheight of theK layerpeakdeclinesfrom April towardsJuly slightly by about
1km andis very non-uniformin November, while no systematicvariationwasobservedin the
medianheight. This finding is in agreementwith the observationsfrom Arecibo,wherelittle
seasonalvariationof thecentroidheightwasfound. Theannualmeanis 91.5km andonly the
autumnvaluesappearslightly higher. By contrast,at 54| N theheightshows a clearmaximum
in spring( p 92km) anda minimum in January(88–89km). Throughoutthe restof the year
thecentroidheightis ratherconstant.This behaviour canbe interpretedasa superpositionof
annualandsemi-annualvariation.Themeanheightis 90.5km which is similar to 28| N.

The width of the layer at 28| N hasan averagerms-valueof 5km anddid not exhibit a
systematicvariation. The meanvalue is slightly higher (5.5km) at 18| N wherethe layer is
about1km broaderin summerthanin winter. This broadlayer in summeris dueto a bimodal
vertical structurewhich is not observed at the other stations. Contraryto the low latitudes,
thewidth at 54| N shows a clearannualcycle with a maximumin winter and±1 km variation
aroundthemeanof 4km.

Consistentwith theconstantwidth, thepeak density is proportionalto thecolumndensity
at 28| N. By contrast,at 54| N the highestpeakdensityis found in summerand the highest
column density in winter while both show the pronouncedsemi-annualvariation. Average
peakdensitiesrangefrom 20 to 70cmu 3 at mid andlow latitudesbut individual profilesoften
exhibit muchhigherdensities.

In conclusion,thepotassiumlayerat low latitudesdoesnotexhibit muchseasonalvariation
of its geometricheightandwidth. While this is in contrastto 54| N, a closeagreementbetween
18| and28| N is observed. Thesemi-annualvariationof thepotassiumoccurrence,ontheother
hand,is a featurethat is commonto all latitudes. The variability of the 2-min profilesabout
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their monthlymeanis generallyhigherat low latitudes( p 50%)thanat midlatitudes( p 30%).
Thereasonfor thehighervariability is presumablya strongerwave activity.

MesosphericLayers of Other Metals

Theseasonalvariationof a numberof mesosphericmetalatomlayershasbeenstudiedbut the
semi-annualcharacterof thepotassiumlayerappearsunique.

KaneandGardner (1993)have comparediron (Fe)andsodium(Na) layersat 40| N. Both
have a columndensitywhich is morethan100timeshigherthanthatof potassium.Themean
valuesareCNa q 530× 107 cmu 2 andCFe q 1060× 107 cmu 2. Thecolumndensitiesaredom-
inatedby anannualcycle. Thedensityvaluesarethreetimeshigherin winter thanduringthe
summerminimum. Thelayercentroidheightsvary semi-annuallyasit is thecasewith potas-
sium.While themeanFeheightof 88km is clearlybelow theK height,theNa heightat92km
is above it. The maximumlayer width of Na occursin winter andagainin summer, whereas
Fe andK both show an annualvariationwith a singleminimum in summer. On average,the
Felayerhasa rms-widthof 3.4km andis narrower thantheK layerby about1km. In contrast
to K, the Fe densitydiffers significantlybetweenmid andlow latitudes(RaizadaandTepley,
2003).This supportstheassumptionthattheFelayer is controlledby differentprocessesthan
theK layer.

Thecalcium(Ca) layer at 54| N wasstudiedby Gerding et al. (2000). The meancolumn
densityof 2.1× 107 cmu 2 is slightly lower thanfor K. Columnandpeakdensityshow amainly
annualvariationbut, in contrastto Na andFe, with a minimum in springanda maximumin
autumn.Width andheightchangesemi-annuallybothwith a minimumin summer. While the
layer width of K, Fe andCa is out of phasewith that of Na, the centroidheight is the only
parameterthatvariessimilarly for all metals.Gerding et al. analysedthecalciumlayerwith a
chemicalmodel.Thereasonfor theunusualbehaviour of calciumandits observedhigh night-
to-nightvariability is thesmallcontribution Caatomsmake to thewholefamily of Ca-species
(which is dominatedby Ca} andCaCO3 in theregion of themesosphericmetallayer).

Sodiumandiron layersat midlatitudesarefound to behighly correlatedwith thethermal
structureof the mesopauseregion (seeSection4.3), which is dominatedby an annualvaria-
tion. Thedensityof thesemetalsis controlledby thechemicalprocesseswhicharetemperature
dependent.In contrast,for potassiumtheseasonalvariationappearsto besemi-annualandun-
correlatedwith temperature.Theindependenceof temperatureis supportedby thefinding that
the semi-annualdensityvariationdecreaseswith increasinglatitudewhereasthe temperature
variationincreases.The chemicalreactionsof potassiumarevery similar to thoseof sodium
andhave beenanalysedin a chemicalmodelfor theK layerby Eskaetal. (1999).Not only the
temperature,but alsochemicalreactions,tracegasconstituentsandtransportmechanismsfail
to explain theuniqueseasonalvariationof potassium.

Theauthorsproposedthesourceof themesosphericmetalsasthecausefor thedifferences.
The majority of meteoroidsundergo differentialablationandmetalswith differentvolatility
ablateatdifferentaltitudesdependingon massandvelocity of themeteoroids(vonZahnetal.,
2002). Thus, the fraction of meteoriticmaterialthat can contribute to the permanentmetal
layersdependsstronglyonthemassandvelocitydistribution. Thevariationof thisdistribution
throughouttheyeartherebyaffectsthemesosphericlayersof differentmetalsin differentways.
This interpretationis supportedby theobservationthatthesemi-annualcharacterof theK layer
is independentof latitude.
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4.3 The TemperatureStructure of the MesopauseRegion

The main objective of the climatologicalobservationsof the mesopauseregion with the IAP
K-lidars is the investigationof the vertical temperaturestructureandits temporalandlatitu-
dinal variation. Themesopause,theupperboundaryof the mesosphere,is characterizedby a
pronouncedminimumin thetemperatureprofile. It is thehorizontalsurfacewith theabsolute
temperatureminimumbetweenmesosphereandthermosphereat eachlocation. Whenshorter
time scalesareconsidered,the mesopausecould eitherbe identifiedby the altitudeof the in-
stantaneoustemperatureminimum or by the altitude of the absoluteminimum of the mean
temperatureprofile, after appropriateaveragingto smoothout mostwave effects. Following
SheandvonZahn(1998),thelatterdefinitionis favouredherebecauseit excludesperturbations
by small scaleatmosphericwaves. Consideringglobal andseasonalscales,the mesopauseis
thealtitudewhichseparatestwo majoratmosphericregionswith distinctthermalcharacteristics
andenergy budgets.

In orderto determinethealtitudeandtemperatureof the mesopause,temperatureprofiles
obtainedfrom lidar observationswould ideally beaveragedover 24 hoursto smoothout both
gravity andtidal waves.Singlenighttimemeasurementscanonly provide approximateresults
andevenwhenaveragedover multiple nightsthey maybebiasedby systematicdiurnalvaria-
tions. Thesecanonly be identifiedby continuous24-h observationsandwill be discussedin
thenext chapter. Nevertheless,thebiasis expectedto besmallwhenthenighttimeobservations
usedcover 8 to 12 hours.

Temperaturesusedin this sectionarecalculatedfrom thephotoncountprofilesintegrated
over singlenightswith a 1-km vertical binning anda 2-km runningmeanfilter. Theremain-
ing statisticalerror is below 1K at thecenterof thepotassiumlayerandincreasestowardsits
wings. If it exceedsa thresholdvalue,the temperaturevalueis discarded.The profilesfrom
individualnightsarethenaveragedto obtainaclimatologicalmean.Theaccuracy of themeans
increaseswith thenumberof profilesincludedin theaverageandsimilar maximumuncertain-
tiesaredesiredfor bothstations.Therefore,thelargenumberof observationsin Kühlungsborn
allows individual valueswith up to 20K statisticaluncertaintyto beused,while for Tenerifea
thresholdvalueof 12K wasapplied.

Previous Observations

To explorethethermalstructureof themesopauseregion, a largenumberof experimentshave
beenperformedover the pastdecades.Most frequenthave beenrocket-grenadetype experi-
mentsandmeteorologicalrocket launches(e.g. von Zahn, 1990;Lübken, 1999). As pointed
outby vonZahn(1990),noneof thesemethodswereableto yield informationontemperatures
above p 92km. Consequently, thesemeasurementshave only beenable to detectthe meso-
pausewhenit waslocatedbelow 90km. In the interpretationit hadbeendisregardedthat the
majority of theprofilesdid not show a temperatureminimum,andif it did, that it could have
beena local minimum which did not representthe mesopause.Thus,the mesopausewasas-
sumedto be locatedslightly below 90km (e.g. USSA, 1976,seeAppendixB). Experiments
whichdeterminedtemperaturesto above100km, likerocketbornemassspectrometersor active
falling spheres,have beentoo infrequentto provide a consistentglobalpicture.

Only with theadventof groundbasedmetalresonancelidarswith thepotentialto measure
accuratetemperatureprofilesfrom 80km to 110km, hasour presentnotionstartedto develop.
From sodiumlidar observationsat 69| N, vonZahnand Neuber(1987)found the mesopause
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Figure 4.4: Nighttimetemperatureclimatologyat Kühlungsborn(54w N). Thedatahasbeensmoothed
usinga Hanningfilter with 31 daysand2km FWHM.

to beconsistentlylocatedat 100km altitudeduringwinter. Summertimerocket measurement
at the samelocation clearly locatedthe mesopauseat 88km (von Zahn and Meyer, 1989).
Surprisingly, atmidlatitudes(41| N) thesametwo altitudelevelswerefoundfor themesopause
in winter and summer, againwith the useof a sodiumlidar (Sheet al., 1993). The global
two-level characterof themesopausebecameevident from thepotassiumlidar measurements
by vonZahnet al. (1996)onboardthe Polarstern.Sailing from 71| S to 45| N in April–June,
a distinct jump of themesopausealtitudefrom 99km down to 83km wasobservednear24| N
in mid June.Both beforeandafter that day, the mesopausealtitudehadbeenratherconstant
around100km and86km, respectively. On the otherhand,the mesopausetemperaturehad
continuouslydecreasedwith increasinglatitudethroughoutthewholeseriesof measurements.

Taking into accountthe first year of lidar temperaturemeasurementsin Kühlungsborn,
Sheand von Zahn (1998) establishedthe conceptof the global two-level behaviour of the
mesopause.Throughoutthewinter hemisphereandthetropicsthemesopauseis in its normal
state,i. e. locatedat 100km. Only at high andmidlatitudesin summeris themesopausefound
near88km. SheandvonZahnestimatedthatat any time andlocationon Earth,onefindsthe
mesopauseonly with a frequency of 17%in thelower statebut regularly its altitudeis 100km.

4.3.1 Midlatitude Temperature Structure: Kühlungsborn (54o N)

Thenighttimetemperatureclimatologyof themesopauseregionat54| N is shown in Figure4.4.
It coversthe187nightsof measurements,from 1996until 1999,performedwith theIAP’sfirst
generationpotassiumlidar. Throughoutthe year temperaturescanbe derived approximately
between80km and 105km, i. e. in the region wherepotassiumdensitiesare above 1cmu 3.
Themeantemperatureof this layer is about190K. A filter with 31 daysFWHM wasapplied,
which is wider thanthatfor thepotassiumdensitiesbecauseof strongday-to-dayvariations.

A cold region in summerbelow 95km is the mostremarkablefeatureof the temperature
structure. Around solsticeand87km altitude, the temperaturesdrop down to nearly160K,
while in winter temperaturesabove 200K areobserved at thesealtitudes. This behaviour is
counter-intuitive becauseduringsummerthemesosphereexperiencesthehighestenergy input
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Figure4.5: Harmonicfit to theseasonaltemperatures(Figure4.4)at 54w N. Left: annualmeantemper-
atureof fit anddata.Middle: annualandsemi-annualamplitudes.Right: phases(SE,springequinox;
SS,summersolstice;AE, autumnequinox;WS,winter solstice)

of solarradiation,but obviously, themesopauseregion is not governedby radiative processes
alone.In 95–100km temperaturesarerelatively constantandonly above this level theseasonal
variation is found to be in phasewith the solar input. This region is alsocharacterizedby a
strongtemperatureincreasewith altitude.

Theclimatologicaltemperaturesin eachaltitudeareanalysedby a LMS fit of annualand
semi-annualharmonicvariation(seeAppendixC.1 for details):

T̃ s t t q T0 ~ T1coss 2π s t � φ1 t y 12mot ~ T2coss 2π s t � φ2 t y 6mot�� (4.1)

It representsthe averageddataquite closelyandwidely agreeswith the analysisof Sheand
von Zahn (1998)which wascarriedout for the first yearof the current3-yeardataset. Sig-
nificant interannualvariationswerenot observed. Thederived fit parametersaredisplayedin
Figure4.5. The annualcomponentreachesan amplitudeof T1 q 25K at altitudesof 86km
andabove 105km, while it falls below 2K at 97km. Thesemi-annualharmonicsimilarly has
a minimum in this region but the amplitudesare, in general,much smallerthan for the 12-
monthperiod(typically T2 q 5K). The annualvariationat 87km is in goodagreementwith
observationsof OH-nightglow which originatesnearthis altitudeandshows a similar ampli-
tude( p 22K at51| N, Bittneretal., 2002).Theamplitudeminimumat97km indicatesa phase
jump of the annualcomponent(right panel). Above 97km the temperaturemaximumoccurs
onemonthafter summersolstice. Below this height it occursin winter: while at 87km the
maximumis attainedat winter solstice,at otherheightsit variesby about±10 daysaroundthis
datewith a tendency to occurlaterat lower altitudes.Themaximaof thesemi-annualcompo-
nentoccurat the equinoxesat 82km andincreasinglylater with increasingaltitude(nearthe
solsticesin 105km).

A slight deviation ( p 2K) betweenthe annualmeanprofile of the dataandthat of the fit
functions(T0) is observed at 88km (Figure4.5, left panel). This is mainly causedby the re-
mainingirregularitiesin thedistribution of theobservations,which weremostfrequentin June
to August. Themeasuredmeantemperatureis lowestin 96km with 185.6K anda secondary
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Figure 4.6: Frequency distribution of the heightof the mesopauseat 54w N, at a vertical resolutionof
2km. Includedareall observationswhichcoveredmorethan4 hoursandwhichshowedthemesopause.

minimumof 186.9K is weakly indicatedat 89km. Thefitted meanshows a distinct tempera-
tureminimumof 185.6K at 97km, while 10km below it predictsT0 q 190K.

Therelatively isothermalannualmeantemperatureprofilein combinationwith theoddsea-
sonalvariationleadsto the formationof the two-level mesopause.The temperatureat 97km
is ratherconstant. In winter a cold region developsabove this altitude while in summerit
developsbelow it. Sincethe temperaturesat all lower altitudesvary in phaseandthe ampli-
tudesincreasesteadilydown to 87km, the minimum is locatedat this altitudeassoonasthe
temperatureat 97km exceedsthe temperatureat all lower altitudes. Hence,the mesopause
occurseitherabove 100km or near87km asapparentfrom statisticson theoccurrenceof the
mesopause(Figure4.6). Its altitudeis countedfor eachnight which lastedmorethan4 hours
andwhich allowed the mesopauseto be identified. The frequency distribution peaksaround
the two altitudesof 102km and 87km, which representthe regular and the summermeso-
pause,respectively. Themesopausewasrarelylocatedin theregion of 90–95km. Thepicture
is still disturbedby wave perturbationsandbecomesclearerwhenonly longermeasurements
areconsidered,but dueto theshortsummernights,this would reducethenumberof summer
mesopauseobservationsandbiastheresults.

4.3.2 Low Latitude Temperature Structure: Tenerife (28o N)

No completeyear-round cycle of measurementsis available from Tenerife. To illustrate the
seasonalvariationof the temperatureprofile at this subtropicalsite, the meanprofilesfor the
four campaignsin 1999areshown in Figure4.7. No further vertical smoothingwasapplied
to the data. Valuesare only shown for altitudeswheredatacan be derived from morethan
50% of the nights. The panelsalsodemonstratethe naturalnight-to-nightvariability which
significantlyexceedstheerrorbarsresultingfrom thestatisticaluncertaintiesfor theindividual
nights.Thespringprofile (1) shows a clearlocal minimumat 88km. Anotherminimumat or
above 101km is not fully delineatedbecauseof a lack of potassium.TheMay (2) andsummer
(3) profilesboth show two distinct minima above 85km andat 100km with temperaturesof
about185K. After summersolsticethelower minimumhasbecomejust cold enoughto form
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Figure 4.7: The meantemperatureprofilesat Tenerife(28w N) for the four campaignsin 1999along
with thestandarddeviation of thenightly means.Valuesareonly shown for altitudeswheremorethan
50%of thenightscontributereliabledata(from Fricke-Begemannet al., 2002b).

the mesopause.The Novemberprofile (4) representsa typical regular mesopausewith an
altitudeof 100km anda constantlapseratebelow. During all seasonsthetemperatureof the
mesopauseremainsin therangeof 180to 195K. Theobservationsfrequentlylastedfor more
than8 hourspernight,exceptfor (1). Thus,biasingeffectsof semi-andterdiurnaltidescanbe
expectedto besmallaswell asthatof gravity waves.

For theannualvariationamaximumamplitudeof 18K at85km is derivedfrom aharmonic
fit (Eq.4.1,not shown). Similar to Kühlungsbornit decreaseswith increasingheightto 2K at
101km, but no phaseshift is observedat this altitude.At all heightsavailable(up to 104km),
temperaturesin Novemberwerehigherthanthoseduringany othercampaign.

The variability at 28| N is of comparablemagnitudeto that observed at 54| N. The 1σ-
standarddeviation of 8–9K is of thesameorderastheverticalstructurein May andsummer.
Nevertheless,thedoublestructure with two minima is very clearasit occursin almostevery
night. A majorcontribution of thevariability is dueto thevariationof themeantemperature.
For example,for May (2) nearly 60% of the variancein eachaltitude is constitutedby the
night-to-nightvariance(σ2) of the mean,taken between86km and100km. Theuppermini-
mumvarieslessin altitudethanthelower and,hence,thetemperaturedifferencebetweenthe
minimumandtheintermediatemaximumbecomesstatisticallysignificantwhenthemeantem-
peratureis subtracted.Exceptfor the2-km vertical integrationin thetemperatureretrieval, no
furthersmoothingwasappliedand,thus,thecontinuityof theprofilesfurthersupportsthatthe
structureis not dueto statisticalfluctuations.

For a moredetailedlook at the mesopausebehaviour, the May andsummer(June–July)
campaignsaresplit into periodsof 3 or 4 subsequentnightsandshown in Figure4.8. During
the first half of May the mesopausewasstill locatedat theregular high altitudenear100km.
Theprofilesthenbecamemoreisothermalwith thegradientgraduallychangingfrom negative
to positive (panels1 and 2). At the end of May a clear low mesopausestatewas reached.
Analogouslyat theendof June,low mesopauseconditionswerestill present(panel3) with the
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Figure 4.8: Developmentof the meantemperatureprofilesat 28w N (the numberof nightsis given in
parentheses)duringthecampaignsin May (panels1 and2) andJune–July(3 and4). Thebold line gives
the earlierperiodin eachpanel. No nightsareskipped.Valuesareonly presentedfor altitudeswhere
morethan50%of thenightscontributereliabledata(from Fricke-Begemannet al., 2002b).

upperminimumgettingmorepronouncedandby themid of July theregularstatewasreached
again(panel4). Thus,startingat theendof May (Figure4.8,panel2), themesopauseattained
a low stateat 86km for aboutfour weeks.The meantemperatureof the low mesopausewas
183K. The transitionperiodsbetweenthe regular andthe low mesopausestatelastedabout
two weekseach.

4.3.3 Discussion:Low Latitude Temperatures

In contrastto midlatitudes,therearefew datafrom low latitudesthatwould becomparableto
themeasurementspresentedabove. Froma southernlow latitudesite,Clemeshaet al. (1999)
reporteda meantemperatureprofile retrieved by lidar in late winter (July–October, 23| S).
Themesopausewasobserved at 103km with a temperatureof 190K. Apart from theslightly
highermesopause,this profile is in very goodagreementwith thewinter profile (4) shown in
Figure4.7,suggestinghemisphericsymmetry.

FromHawaii (20| N), Leblancet al. (1998)have reportedclimatologicaltemperaturesex-
tendingupto 85km (alsoatnight),asmeasuredby Rayleighlidar. At thisaltitudethey obtained
an annualvariationrangingfrom slightly below 190K in summerto about200K throughout
October–March.FromFort Collins (41| N), Sheetal. (2000)have reportedmonthlymeanval-
uesat 85km with annualextremaof 175and216K in JuneandNovember, respectively. Also
at thisaltitude,theseasonalvariationof 38K at28| N, apparentin Figure4.7,fills thegapquite
reasonablyandmight besmoothedout a little if moreextensive datasetswould beavailable.

At the 100-km level, Tenerifeseesonly small seasonalvariation around190K, as also
similarly observed at midlatitudes. Over the full rangeof the K layer, all otherseasonsap-
pearwarmercomparedwith Novemberwhich is theclosestrepresentationof winterconditions
availableat 28| N. This contrastswith midlatitudes(41| and54| N), wherefrom 100km up-
wardsthehighesttemperaturesareobservedin summer. Whereastheseasonalvariationof UV



66 CHAPTER 4. CLIMATOLOGY

absorptionby O2 governsthetemperaturevariationabove 98km atmidlatitudes,it seemsto be
moreconstantat subtropicallatitudesandsubordinateto dynamicalcooling.

Recently, Friedman(2003)haspublisheda temperatureclimatologymeasuredby potas-
siumlidar at Arecibo(18| N) in 2001–2003.As expected,in summerthemesopauseis found
at the regular level (99km). With T q 176K it is about5K colderthanthe low mesopause
at Tenerifeandin goodagreementwith theresultsfrom thePolarstern.However, theseasonal
variationwasnot expectedwhich doesnot approve theanticipatedyear-roundwinter-like high
mesopause.An annualvariationby up to ±20K with low temperaturesin summerwasfound
between95km and103km, i. e. above the altituderangewherethis type of variation is ob-
served at midlatitudes. While this is in contrastto midlatitudes,a similar variationwasob-
served at 28| N but with muchsmallermagnitude.In April at 18| N, a cleardoublestructure
wasobserved with relatively low temperatures( � 185K) at the lower minimum near86km.
This is in good agreementwith the resultsfrom our first campaignat 28| N (March–April),
whenalsounexpectedlylow valuesweremeasuredat this level. Similar perturbationsnearthe
autumnequinoxhave beenreportedby Taylor etal. (2001)for 35| and41| N. Possiblereasons
for this finding maybethetidal activity or planetarywave perturbationsduringthespringtime
transition(e.g. Shepherd et al., 2002). Finally, in Novemberthe nearlyisothermalprofile at
Areciboagreeswith Tenerifevaluesbelow 90km but themesopauseis about20K warmer. In
summary, it appearsthatthetemperaturesabove thelow latitudesitesat 28| and18| N show a
weaker agreementthanit wasobservedfor thepotassiumlayer.

Empiricalmodelsof theatmosphereareavaluabletool for geophysicalresearch,hencethey
needto becomparedwith measureddatato checktheaccuracy of themodelperceptions.For
the mesopauseregion two classesof modelsarewidely used. CIRA (COSPAR International
ReferenceAtmosphere)comprisestablesbasedon averagesof globaldatacompilations.Mass
SpectrometerIncoherentScatterRadar(MSIS-class)empiricmodelsaredescribedby analytic
functionsfitted to an extensive database.TheMSIS-E-90model(Hedin, 1991)gives,for the
locationof Tenerifeat localmidnightin mid November, thevaluesfor 200K, 177K and200K
at altitudesof 85km, 95km and105km, respectively. While thevalueat theupperlevel is in
agreementwith the lidar data,theothermodelvaluesarelower by about20K. Zonal/diurnal
meansarecolderin 105km (186K) but unchangedat thelower levels. For July 1st, themodel
provides 186K, 180K and 205K, respectively. These0-LT valuesmatchour summerdata
(campaign3) more closely but at the centeraltitude of 95km they are againtoo low. The
zonalmeanvaluesdeviateatall levelsin thedirectionthatincreasesthedifferencesto thelidar
results.Thesituationin May andApril is similar to summersolstice.

Piconeet al. (2002)publishedthe updatedNRLMSIS-E-00which doesnot includenew
datafrom themesopauseregion but is differentdueto somechangesin themodelparameteri-
zation.Thus,thegeneraldiscrepancieswith themeasurementsareconserved. Changesappear
mainly in the local time dependence,whencomparedwith the previous version. Throughout
theyear, the0-LT temperaturesarenow lower thanthezonalmeansat 80–100km for 28| N.

Temperaturesin Julyfrom CIRA-86(Flemingetal., 1990)areafew degreeslowerbetween
85 and95km andhigherat lower altitudes,whencomparedwith theMSIS-E-90zonalmean.
The valuesnear90–95km of p 180K are againlower than the lidar results. For November
CIRA-86 giveshighertemperaturesthanMSIS-E-90by up to 15K between90 and105km.
Consequently, they arecloserto thelidar measurementsaround100km (187K) but againmuch
too low around90km (191K). In contrastto thesediscrepancies,it shouldbementionedthat
below 80km the empiricalmodelsare in muchbetteragreementwith the meantemperature
profile (e.g. Sheet al., 1995).
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Figure4.9: Similar to Figure4.6but for 28w N. Includedareall observationsfrom 1999which covered
morethan3 hoursandshowedthemesopause.FromFricke-Begemannet al. (2002b).

4.3.4 Discussion:The Two-Level Mesopause

Alongsidethe absolutetemperatures,muchattentionhasbeenattractedby the vertical tem-
peraturestructureandthe behaviour of the mesopausealtitude. The seasonalandlatitudinal
two-level structurehasbeendescribedabove. At midlatitudesthemesopauseoccursregularly
near100km but for someperiodin summerit is locatedat 87km.

For an overview of the mesopausealtitudesabove Tenerife,Figure4.9 shows the occur-
rencefrequency of the mesopauseat eachheight. The altitude of the mesopausehasbeen
countedfor 40 nightswith observationslastingmorethan3 hours. The mesopauseis clearly
appearingat two distinct levels only: a regular (high) level anda low level. Even thoughthe
bar chart in Figure4.9 includesthe observationsfrom the transitionperiods,the mesopause
is nearlynever found in the intermediaterangebetweenthe two levels. The histogramis in
perfectagreementwith that for Kühlungsborn(Figure4.6), showing peaksnear101km and
87km. However, the relative occurrenceat the upperaltitudewould be increasedif the ob-
servationsat Tenerifewere distributed more evenly over the year. The agreementstrongly
supportsthe conceptof the mesopauseoccurringworldwide at two altitudelevels only. The
mesopausealtitudesat 28| N alsoagreewith the observationsat 41| N, wherethe meanalti-
tudeswere101km for August–Apriland86.5km for May–July(Sheet al., 2000). Themean
mesopausetemperaturefor thelower statewas p 180K. In November, theregularmesopause
hada meantemperatureof 192K, which wasonly 2K below our low latitudevalue.

As discussedby Sheand von Zahn (1998), the sametwo-level mesopausebehaviour is
observed for all latitudesaway from the tropics,with a regular altitudearound100km. The
appearanceof thelow mesopauseis summarizedin Table4.3. Thelow mesopausein summer
was observed at Tenerifefor about4 weeksat 86km. At 41| N Sheet al. (2000) observed
the summerstatefor more than 3 months(early May to mid August) at 86.5km. At Küh-
lungsborn(54| N) it occursfor the 4-monthperiodMay–Augustat 87km. Numerousrocket
measurementsnear69| N, betweenlateApril andmid September, showeda low mesopauseat
88km from earlyMay to early September, with temperaturesaslow as129K (vonZahnand
Meyer, 1989;Lübken, 1999).Evenat Svalbard(78| N) thesamebehaviour is apparent.While
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Table 4.3: Low mesopausestatein summerat selectednorthernlatitudes,given are valuesfor the
averagedminimum temperatureand the durationof the low mesopausestate. Taken from tabulated
monthlymeans(singlestations)or contourplots(HRDI satellitedata).

Latitude z [km] T [K] Period Day/Night Reference

78| N 89 115 4½mo. � / � Höffner, privatecommunication
69| N 88 129 4 mo. � / � Lübken(1999)
54| N 87 162 4 mo. – / � this work
41| N 86 178 3 mo. – / � Sheet al. (2000)
41| N 87 173 2 mo. � / � Chenetal. (2000)
40| N 87.5 187 2 mo. � / � StatesandGardner (2000a)
28| N 86 183 1 mo. – / � this work
18| N (99) — — – / � Friedman(2003)�
45| N �

82 � 175 1 mo. � / – Ortland etal. (1998)�
45| N �

84 � 175 4 mo. � / – ThulasiramanandNee(2002)

thetemperaturestherefall to nearly115K, theperiodwith alow mesopauseis of similarextent
with 4½ monthsfrom thebeginningof May until mid September. Thealtitudeof thesummer
mesopauseappearsto behigherthan88km, therebycontinuingtheweakincreaseof summer
mesopausealtitudeswith latitude. As a minor differenceto the idealizedpictureby Sheand
von Zahn (their Figure1), the periodof existenceof the summermesopauseincreasesonly
slowly from midlatitudestowardsthepole.

At thetropicalsiteof Arecibo(18| N) themesopauseis at its regularlevel duringthewhole
summer(Friedman, 2003). However, the lowest temperatureswere not always found near
100km, but instead,around93km in Februaryand90km in October.

Thefirst temperatureclimatologybasedondiurnalmeanlidar temperatureprofileshasbeen
given by Statesand Gardner (2000a)for 40| N, therebyconfirmingthe two-level behaviour
with transitionslastingnot morethana week. The low summermesopausewasfound only
in May andJunewith 186.6K at 87–88km but not in the July meanwhen the transitionto
the regular stateoccurred. Thus,the summerperiodwasnot symmetricto summersolstice.
Thisagreeswith theIAP measurementson Tenerife.Theexistenceof thelow mesopausestate
at 41| N is also found for 2 monthly meanswhen daytimeobservationsare included(Chen
et al., 2000),in comparisonwith 3 monthsfor purenighttimedata(Sheet al., 2000). On the
otherhand,the diurnal meantemperatureof the low mesopauseclearly deviatesbetweenthe
measurementsat 40| and41| N.

Theworldwideappearanceof two altitudelevels is closelyrelatedto thedoublestructure
which appearswith greatregularity in the (nighttime)temperatureprofilesmeasuredby lidar
atmid andlow latitudes.It hasbeenlinkedin theliteratureto tidal variations,breakinggravity
wavesandchemicalheating. The climatologyat 54| N, given in Figure4.4, doesnot exhibit
a doublestructuredue to the smoothingfilter appliedbut it is weakly indicatedeven in the
annualmeans.By contrast,a doublestructureis very prominentin many nights,especiallyin
springandautumn,as in the examplefrom Augustgiven in Figure3.8. Two minima at the
altitudesof theregularandthesummermesopauseareobserved. Theintermediatemaximum
in the heightrange90–95km is 30–40K warmerthanthe minima in this example. At 41| N
thedoublestructure,by up to 5K, is apparentin monthlymeansfrom springandautumn(Yu
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andShe, 1995;Sheet al., 2000). At 28| N it is clearly visible from all campaignsexceptfor
November(Figure4.7). At 18| N a persistentdoublestructureis observedfrom mid April until
mid August.Thepersistenceof this phenomenonprovidesthatthemesopauserarelyoccursin
this intermediatealtituderegion between90 and95km.

SatelliteMeasurements

Instrumentsonboardthe Upper AtmosphereResearchSatellite (UARS) have beenusedto
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Figure 4.10: MLT temperaturesat daytime for July from
UARS/HRDI, takenfrom Ortland et al. (1998).

derive temperaturesfrom the MLT
region. The High Resolution
Doppler Imager (HRDI) measures
the brightness of two rotational
lines in the O2 atmosphericband.
Ortland et al. (1998) derived pre-
liminary daytime mean tempera-
tures from HRDI data for July
1993/94,with anestimatederrorof
±7 K. Their Figure 12 is repro-
ducedhere(Figure4.10). Thetwo-
level structureis evident and be-
tween ¦ 10| and 45| N, a vertical
doublestructureis observed. Con-
trary to our lidar measurements,the
upperaltitudeminimumstayscolderthanthelower minimumuntil 40| N. At 30| N they show
two minima at 98km (173K) and81km (187K). The altitudesarelower thanmeasuredby
lidar and the temperatureof the upperminimum seemstoo low comparedwith our night-
time results(185K). Towardspolar latitudesthe mesopausealtitudeincreasesin agreement
with lidar and rocket measurementsbut at 69| N the mesopausetemperatureis too high by¦ 15K. Recentlypublisheddatafrom the sameinstrument(Thulasiramanand Nee, 2002)
have basicallyconfirmedthe earlier(preliminary)results.A low mesopauseis apparentonly
poleward of 45| in the temperatureswhich areaveragedover 4 months(May–August1993).
Near30| N a constanttemperatureof 190K is reportedfor 80–90km anda mesopausewith
slightly lessthan180K at 97km. Theabsolutevalueshave comecloserto theK-lidar. On the
otherhand,the newer datado not show the doublestructurewhich appearedin the July data
(Figure4.10),presumablydueto the4-monthaverage.However, ThulasiramanandNeealso
publishedequinoctialresults,which show two local minimaat variouslatitudes.TheSeptem-
bervaluesareespeciallycloseto theIAP lidar’s springprofile,althoughthelower minimumis
locatedfurtherdown at 80km.

FromtheWind ImagingInterferometer(WINDII) onUARS,Shepherd etal. (2001)derived
temperatureprofiles up to 90km. Data were retrieved in the latitudinal rangeof 25–35| N
in July 1992/93during the morning and afternoonhours. The temperatureprofile shows a
minimum at 83km of about190K (±10K), which is slightly closer in height to the lidar-
observedsummermesopause(86km, 183K) thantheHRDI results.

TheSME spacecraftmeasuredtemperaturesup to 92km at 14:00–15:00LT (Clancyet al.,
1994). In NovemberandApril minimaat 80km with 200K between25| and30| N werede-
rivedwhich deviatesignificantlyfrom bothlidar or UARS data.However, for July a minimum
with 192K at 84km is reportedwhich closelymatchesthelidar data.



70 CHAPTER 4. CLIMATOLOGY

Figure 4.11: Mesopausetemperaturestructurefrom the COMMA-IAP model(from Berger and von
Zahn, 1999).Resultsarefor June21st, themesopauseis marked.Left: nighttime,right: diurnalmean.

Model Atmospheres

It hasbeenpointedout in several works beforethat semi-empiricalmodelsdo not include
theobserved global two-level structureof themesopause.For subtropicallatitudes,CIRA-86
givesamesopausealtitudethatvariessmoothlybetween97km in winterand93km in summer,
thus, in a region whereit is never observed. At midlatitudesin summerthe mesopauseis
indicatedlower and, hence,closerto the observationsbut the variation is againcontinuous
in contrastto the abrupttransitionmeasured.The recentMSIS version(Piconeet al., 2002,
NRLMSIS-E-00)is similarto CIRA for 28| N whenthezonalmeanis consideredandit predicts
a nearly constantmesopausealtitude of ¦ 97km at midnight. The vertical doublestructure
is also not representedfor the mid and low latitudesat which it is observed. On the other
hand,for 54| N theseasonalpatternis nicelyreproduced,especiallywhennighttime(00:00LT)
valuesareconsidered.The mesopauseis at ¦ 99km in winter and ¦ 88km in summerwith
transitionslastingonly 4 weekseachin April andSeptember–October. Eventhelocalminimum
in January–Februaryis reproducedclosely. Themesopausetemperaturevaluesarenot asclose
to thelidar climatologysincethey decreaseto below 150K on July 1st.

Thefirst accuraterepresentationof themesopauseregionwith a3-dimensionalgeneralcir-
culationmodelwasachievedby Berger andvonZahn(1999)with theCOMMA-IAP (COlogne
Modelof theMiddle Atmosphere1 attheIAP). Theirresultsarereproducedherein Figure4.11
showing the diurnal anda nighttime(22:00–04:00LT) meanfor bettercomparisonwith the
lidar measurements.The authorswereableto reproducethe mesopausebehaviour at midlat-
itudesandpredictedtwo nearlyequivalentnighttimeminima of ¦ 185K at 87 and99km for
June21st and28| N. This is in almostperfectagreementwith our finding. At night the low
summermesopauseis apparentat30| N andhigherlatitudes,while for thediurnalmean,a reg-
ular mesopauseis predicteduntil 40| N. This is in correspondencewith boththeUARS/HRDI
andour lidar observations.Furthermore,themodelexhibits anincreaseof mesopausealtitude
towardsthesummerpolewhich agreesalsowith themeasurements.Therepresentationof po-
lar latitudeshasbeenimproved further in morerecentversionsof themodel(Berger andvon
Zahn, 2002).

1For detailson COMMA seealsoBerger (1994)andEbeletal. (1995)
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The causative mechanismsof the mesopauseformationwerestudiedby Berger and von
Zahn(1999)in detail. They concludedthat the dominanceof IR cooling processes,in com-
binationwith the chemicalheatreleaseby the major reactionsinvolving O, H, andO3 in the
90 to 95-km region, is primarily responsiblefor the regular high-level mesopause.The low-
level mesopausein summeris due to the momentumdepositionby breakinggravity waves.
The global two-level featureof the mesopauseis mainly due to photochemicalheatingpro-
cesseswhile diurnaltidesplayanimportantrole in theformationof thedoublestructureat low
latitudes.

4.3.5 Concluding Remarks

It canbeconcludedthatmeasurementsby meansof resonancelidarshave providedanentirely
new view of thetemperaturestructureof thealtituderegion between80 and105km. Lidar ob-
servationsat locationsfrom subtropicalto very high latitudeshave establishedtheworldwide
two-level characteristicof themesopause.Theresultsarepartlysupportedby satellitemeasure-
ments,but deviating findingsalsoexist. Thetemperaturedataderivedby lidar have stimulated
new modellingefforts which have increasedour understandingof thephysicalprocessesin the
middleandupperatmosphere.

Themainresultsderivedduringthework to thisthesiscanbesummarizedasfollows. From
threeyearsof routinenighttimeK-lidar measurementsat Kühlungsborn(54| N) thelow meso-
pausestateis determinedto exist for about4 monthsaroundsummersolsticewhenminimum
temperaturesof nearly160K arereachedat 87km. The IAP K-lidar measurementsat Tener-
ife (28| N) in 1999 have revealeda seasonaltwo-level behaviour as seenat higher latitudes
which is consistentwith the earlierPolarsternresults. In our nocturnallidar observationsthe
low mesopausestateis characterizedby analtitudeof 86km anda temperatureof 183K. This
is similar in altitudeandslightly warmerthanat 41| N. The low mesopausestateexistedfor
about4 weeksfrom theendof May until theendof June.In Novemberwe observeda regular
mesopausewith 194K at 100km.

The weaktemperaturegradientat low latitudesin summer, if combinedwith strongtidal
wave activity, would allow for local time dependenciesof the mesopausebehaviour. Differ-
enceswhich concernthe mesopausealtitude and temperaturehave beenidentified between
nighttimelidar anddaytimesatellitemeasurements.If the discrepanciesarepartly causedby
diurnalvariationsremainsto beevaluated.Hence,continuousobservationsovercompletediur-
nal cyclesareneededto derive the true (diurnal)meantemperaturestructureandits variations
(cf. Chapter5).

First 24-h lidar observationsnear40| N (Chenet al., 2000;Statesand Gardner, 2000a)
have shown that the meantemperatureof the low mesopausein summermight be underesti-
matedby up to 5K dueto a lack of daytimemeasurementsand that the doublestructureis
lesspronouncedin diurnalmeanprofiles(seeSection5.4.2). Thus,theperiodof existenceof
the low mesopausestateis restrictedon a diurnal averagebut the altitudeis unchanged.On
theotherhand,thereis a large discrepancy betweenthetwo datasetsgiving annualtempera-
turevariationsat 86km of 21K andof 9.5K at 41| and40| N, respectively. Thesevaluesare
smallerthanthe amplitudesderived at the samelocationsfrom the nighttimedata,24K and
13.5K, respectively.

With the COMMA-IAP model Berger and von Zahn (1999) werefirst able to represent
themesopausetemperaturestructureat summersolsticeconditionsin agreementwith thelidar
observations,while empiricalmodelsarestill unableto show the observed doublestructure.
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Piconeet al. (2002)wereawareof the fact that the vertical doublestructureis not well rep-
resentedin their MSIS model,althoughits formulationis sufficiently flexible to capturesuch
structures.As they noted,themodelprovidesprimarily asmoothconnectionbetweenthelower
thermosphereandtheregion below 62.5km dueto a lack of datafrom theuppermesosphere.
They explicitly called for a comprehensive databaseof 24-h observationsof the mesopause
region. Thosecan be provided increasinglyin the nearfuture by metal resonancelidars to
improve thequality of thewidely usedempiricalmodels.

Long-termvariationsof the mesopausetemperature,including solar-cycle influencesor
generaltrends,couldnotbeaddressedsofar. Sheetal. (2002b)observedatemperatureincrease
at 98.5km over Fort Collins (41| N) until December2000 which they attributed to the 11-
yr solar cycle. Especiallyafter April 2000 they reportedtemperatureswhich exceededthe
climatologicalmeanby about15K. Although, in a more recentassessmentof the datathe
increasewasdeterminedto beonly about8K (She, privatecommunication).A similarvariation
of themesopauseregiontemperatureoverKühlungsbornshouldbeobservablewith theIAP K-
lidars also. The K-lidar measurementsbeganafter the solarminimum in June1996andno
significantinterannualvariationhasbeenobservedsinceMarch1999.As operationof thenew
instrumentwassparsein 1999–2001,a temperaturechangeduringthis periodwould barelybe
detectable.However, it hasbeennotedthatobservationsin 2002and2003with thestationary
lidar yielded, on average,higher temperaturesthan thosefrom the late 1990s. This effect
could partly be causedby a systematicaldifferencebetweenthe two instruments.To allow a
conclusive analysisa directcomparisonof thetwo K-lidarsafterthereturnof thetransportable
systemfrom Svalbardwould bevaluable.



Chapter 5

Diur nal Temperature Variations and Tides
Themeanstateof themesopausehasbeendiscussedin thepreviouschaptertogetherwith its
seasonalvariation.However, theatmosphereis in a stateof permanentperturbationby various
waves. As the climatologygiven in Chapter4 is basedon nighttimeobservationsonly, it is
necessaryto understandthenatureof diurnal temperaturevariations.Solartidesarethemost
profoundandpersistentperturbationsof thelargescaledynamicsin themesosphereandlower
thermosphere.Dueto theirdiurnalperiodicity(periodsof 24h, 12h, etc.),they mayalsocause
a systematicdifferenceof theatmosphere’s statebetweennight andday.

The topic of this chapteris the effect of tideson the temperaturefield of the mesopause
region. Thetheoryof tideshasbeendiscussedin detailin theliterature(ChapmanandLindzen,
1970;Forbes, 1982a,b,1995;Lindzen, 1990)andonly themajorcharacteristicsaresummarized
below. In the following sections,differentapproachesto derive tidal informationfrom lidar
observationsare assessedin casestudies,exemplifying the importanceand the potentialof
continuousmeasurementscovering full diurnal cycles. Finally, the resultsare discussedin
relationto othermeasurementsandcurrentstate-of-the-artmodelpredictions.

Tides

Atmospherictidesareglobal-scalewaveswith periodsthat areharmonicsof a solaror lunar
day. This work focusseson solar thermaltides, which are periodically forced by solar UV
andIR radiation. In contrastto oceanictides,solarandlunar gravitational tidesareof minor
importancein the atmosphere.The main excitation of thermaltides is due to absorptionof
solarradiationby H2O in thetroposphere,by O3 in thestratosphere(andalsoat thesecondary
ozonemaximumin themesopauseregion) andby O2 above 90km.

Gravity is the restoringforce of tidal wavesand,thus,tidescanbe classifiedasa special
groupof gravity waves,with thedistinctive featurethatthey areaffectedby theEarth’sspheric-
ity androtation. Like othergravity waves,tidescanpropagatevertically and,if their energy
is conserved,their amplitudesgrow with increasingaltitudeasatmosphericdensitydecreases.
The dispersionrelationof gravity wavesprovides that the vertical componentsof phaseand
wave (energy) propagationareof oppositesign.

The classicaltidal theory (Chapmanand Lindzen, 1970) describesatmospherictides as
eigenmodesof the Earth’s atmospherewhich areexcitedby periodicforcing. The tidal equa-
tion is separablefor verticalandhorizontalstructure.For eachperiodthatis asubharmonicof a
solarday, theeigenvaluesdeterminetheverticalwavelengthandtheeigenfunctions,known as
Houghmodes,describethelatitudinalstructure(e.g. Forbes, 1995).Theverticalwavelengths
of thefirst threesymmetricmodesareλz§ 1 ¨ 28,11 and7km for diurnaltides,andλz§ 2 ¨ 311,
54 and33km for semidiurnaltides. Theactualvaluesdependon thebackgroundtemperature
profile andthevaluesgiven arefor an isothermalatmosphereat 256K (Forbes, 1995). In ad-
dition, for diurnal oscillations,trapped(or evanescent) modesexist, which cannotpropagate
vertically andappearwith aninfinite verticalwavelength.Coriolis forcesinhibit verticalprop-
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agationif therelevantwave frequency is lessthantheCoriolis parameterf © 2Ωsinφ (where
Ω is theEarth’s angularrotationrateandφ is latitude).

Propagatingdiurnal tidesmaximizeat low latitudes.They arestrongbelow 20ª andnear
30–40ª whereastherearealsonodesat 25–30ª for the first four Houghmodes. In contrast,
trappedmodesareconcentratedat higherlatitudes(above ¦ 50ª ). Semidiurnalmodes,on the
otherhand,attaintheir maximumat middle to high latitudes.The degreeto which the atmo-
sphericresponsefalls into eitherof thesemodesis determinedby how well thehorizontaland
verticalstructureof thesemodesmatchthatof theforcing. Theexpansionof solarforcing via
O3 andH2O into Houghmodesshowsthatmostof thediurnalforcinggoesinto trappedmodes,
while the semidiurnalproportioncaneffectively be storedin a singleglobal mode(Lindzen,
1990).Thisyieldsanexplanationfor thedominanceof thesemidiurnaltide asit wasmeasured
in surfacepressureoscillations,which werethe first atmospherictidesto be observed in the
lateeighteenthcentury(e.g. Cartwright, 1999).

Theclassicaltidal modesdescribemigrating tideswhich propagatewestwardwith theap-
parentmotionof thesunand,thus,occurwith a constantphasein local time at every location
on a circle of latitude.In addition,so-callednon-migrating tidesexist whosehorizontal(west-
ward)wavenumbersdeviatefrom their frequenciesin cyclesperday. Thetermnon-migrating
tidesmaybemisleadingasthey canbestandingor propagatingaroundtheEarth,eastwardor
westward, but distinct from the apparentmotion of the sun. Thus, they arealsocallednon-
classicalor notsun-synchronous.Sincethetroposphericforcing is to ahighdegreenotzonally
symmetric,it is believed to be the major sourcefor latitudinal differencesandnon-migrating
tides. Othersources,like non-linearinteractionsbetweenmigratingtidesandstationaryplan-
etarywavesin the middle atmosphere,arealsodiscussedin the literature(e.g. Forbeset al.,
2003).

Observations and Modelling

Groundbasedremotesensinginstrumentsmeasuretemporalfluctuationsof atmosphericpa-
rameters,which arecausedby the full spectrumof atmosphericwaves. Variationswhich are
coherentover a sufficiently long time interval andexhibit periodsof 24, 12, 8, or 6 hoursare
associatedwith tides. They representthe local superpositionof migratingandnon-migrating
tides.Thesearedistinguishableonly by their longitudinalstructurewhichcanbeobtainedfrom
networksof groundbasedinstrumentsor spaceborneexperiments.In contrast,satellitesprovide
a limited local time coverageand,hence,a combinationof bothtechniquesis desirable.

Tideshave to a largeextentbeenstudiedwith mechanisticandgeneralcirculationmodels
(GCMs) sincethe developmentof the classicaltheory (seeForbes, 1995;Cartwright, 1999;
Hagan, 2000). Modelling the tidal structureof the mesopauseregion at midlatitudesis espe-
cially complicatedaspropagatingandtrappedmodesareof comparableimportance(Forbes,
1982a). The tidal componentsof horizontalwind oscillationsin the MLT region have been
studiedexperimentallyfor decadesusingradars.Additionally, spacebornewind observations
have increasedin recentyearsandprovide tidal information.Subsequently, modelshave been
improvedandtestedon therepresentationof tidal windsand,today, they arefoundto give in-
creasinglyreasonablepredictionsof thewind observations(e.g.Mansonetal., 2002;Pancheva
et al., 2002;Forbeset al., 2003). As horizontalwinds arecontrolledby differentmodesthan
temperatureandverticalwind, no closecorrelationbetweentheir amplitudesandphasesis ex-
pected.Therefore,tidal perturbationsof thetemperaturehave to beconsideredindependently.

Comparedwith wind observations,only verylimited temperaturedatafrom theMLT region
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areavailable.Groundbasedairglow andlidar studieshave longbeenrestrictedto nighttimeand
did notallow completesamplingof tidal structures.Thus,diurnaltideshadto beexcludedfrom
theanalysis.Sincemetalresonancelidarshavefirst beenupgradedfor daylightoperation,afew
initial studiesusingdiurnal observationshave beencarriedout (Statesand Gardner, 2000b;
Sheet al., 2002a). Correspondingly, the following analysisbegins with the nighttime lidar
measurementsfor whichalargedatabaseexistsattheIAP beforecasesof daytimeobservations
are discussed.Monthly meannighttime temperaturevariationsat 54ª and 28ª N have been
analysedby Oldag (2001)to investigatethe seasonalvariationof tidal activity. In this work,
partsof the dataare evaluatedagainwith an extendedmethodologyin preparationfor the
assessmentof diurnalvariations.

5.1 Tidal Analysis of Nighttime Measurements

5.1.1 Derivation of Tidal Parameters

In thepreviouschapteronly nightly meantemperatureprofileshave beenusedbut, in fact,the
atmosphereis far from adoptinga constanttemperatureprofile. The potassiumlidars detect
strongperturbationsin almostevery measurement.Temperaturevaluesusedbelow arederived
at intervals of 15min and1km from photoncountprofileswhich areintegratedover 1h and
2km. An examplefor theobservedvariationsis shown in Figure5.1(panel1). Thecolourcon-
tour plot shows thedeviationsfrom themeantemperatureprofile for thenight of the10th/11th

of November, 1999, at Tenerife(28ª N). Deviations up to ±25K are observed with regular
patternsprogressingdownwards.Suchstrongvariationsarenot exceptionalin themesopause
regionandarealsoseenat otherlidar stations.Evenvariationsover twice this rangehave been
observedon singleoccasionsat low andmidlatitudes(Oldag, 2001;Williams et al., 2002).

Perturbationscanbe causedby variouswave phenomena.Solartidescanbe extractedas
they have constantphases,i. e. the temperaturemaximumappearson every day at the same
local time in a given altitude. Thus, by averagingover a numberof nights with respectto
local time (LT), mostincoherentgravity wave effectsaresmoothedout andthetidal signature
remains.This is exemplifiedin panel2 of Figure5.1usingall 12nightswith morethan2 hours
of measurementsfrom November1999at Tenerife.Thetemperaturesat eachheightandlocal
time are averagedandthe altitudinal meansaresubtractedto derive the meanLT variation.
A wave structurebecomesclearwith a separationof about6h betweenminimaandmaxima.
Deviationsof nearly20K arestill present.Dueto varyingpotassiumoccurrenceandweather
conditions,only a few nightscontributeto thecompositeat theupperandlower edges,causing
a largescatterin themeanvariation.

To derive tidal parametersa seriesof harmonicfunctionsis fitted in a LMS senseto the
meanLT variationin eachaltitude(seeAppendixC.1 for details):

T̃ « t ¬­© A0 ® ∑Ai cos« ωi « t ¯ φi ¬$¬A° with ωi © 2πi ± 24h ² (5.1)

For the constantperiods2π ± ωi , the fit providesamplitudeAi andphaseφi , which is the local
time when the maximumtemperatureoccurs. The LT valuesare weightedwith the inverse
squarerootof thenumberof contributing nightsandusedonly whenat least25%of thenights
provide data.

For nighttimemeasurementscoveringabout12hours,only semidiurnal(SD)andterdiurnal
(TD) harmonicscanbefittedreliablybut thediurnalharmonichasto beexcluded.Thedifferent
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Figure 5.1: Temperaturevariationsat Tenerife(28³ N) in November1999: (1) Deviation from the
meanprofile during a singlenight (Nov. 10th/11th). (2) MeanLT variationfor all nightswith ´ 2h of
observations.(3) Amplitudesandphasesfrom two separateharmonicfits, and(4) from a combinedfit
of 12-hand8-h harmonics.

harmonicsarenot independentfrom eachotherand,hence,combinedfits in thesenseof Eq.5.1
will deviatefrom separatefits of theindividualharmonics(seeAppendixC.1).Thesignificance
of the resultsfrom different harmonicanalysesis briefly consideredbelow. The resultsof
separatefits of singlecosinefunctions,with eitheran8-h or 12-hperiod,to themeanvariation
are shown in panel3 of Figure 5.1 and resembleclosely the resultsof Oldag (2001). The
parametersfrom thetwo fits exhibit astrongsimilarity, althoughtheSDamplitudereaches15K
andtheTD amplitudereachesonly 10K. Thephasesof bothharmonicsfollow thedownward
propagatingpatternwhich is obvious from thecontourplot over the wholealtituderange.At
midnight a maximumis displayedat 97km anda minimum at 83km (panel2). Eachof the
separatefits representsa verticalwavelengthof µ 30km, causingdifferentphasepropagations.
An inspectionof the residualtemperaturevariationsafter subtractionof the fitted harmonic
(notshown), revealsremainingsystematicstructures.Thus,asingleharmoniccannotrepresent
the completemeanLT variation. This is in agreementwith the resultsof Oldag (2001)who
analysedmonthly meanvariationsfrom the IAP K-lidars at TenerifeandKühlungsbornand
foundthatsingletidal harmonicscanexplain abouthalf thevariationobserved.

To extendthe analysis,a combinedfit of a sumof SD andTD harmonics(asin Eq. 5.1)
is appliedto the meandeviation andthe resultsaregiven in panel4. The enlargementof the
error barsreflectsthe addeddegreesof freedomof the fit algorithm. Phaseinformation is
given only whenthe amplitudedeviatessignificantlyfrom zero. TheSD componentremains
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Figure 5.2: Amplitudeandphaseprofilesfrom a combinedfit of 12-hand8-h harmonicsto themean
nighttimetemperaturevariationat Tenerifein May 1999(left) andJune/July1999(right).

similar asbeforethoughits amplitudeis further increasedabove 90km. The TD component
becomesdominantbelow 87km anddecreasestowardshigheraltitudes.Surprisingly, theTD
phaseis constantover thefull altituderangewhile theSD tide turnsout to beresponsiblefor
the apparentdownward phasepropagationabove 87km, whereit is the strongercomponent.
TheSD wave (energy) propagatesupwardwith a verticalwavelengthλz§ 2 ¨ 35km, denotinga
forcing at lower altitudes.

How closelythe fit representsthe datacanbe describedby the standarddeviation σdT of
the residualsafter subtractingthe fit function. Averagedover the altituderange85–100km,
theSD oscillationsfit thedatareasonablywell andreduceσdT to 3.7K from anoriginal value
of 8.6K for the data. TheTD fit aloneis clearly a worserepresentationof the measurements
with σdT © 6.7K, whereasthe combinationdeviatesonly by σdT © 2.5K, which is mainly
dueto non-systematicfluctuations.Including an additional24-h or 6-h harmonicinto the fit
function T̃ doesnot lead to a closerrepresentationof the data. Nevertheless,theremay be
contributions of otherharmonicswhich would biasthe results. Using a combined24-h and
12-hfit (notshown) andacceptingthevery largeerrorbars,theresultsareverysimilar to those
shown in panel4 with A1 replacingA3, adiurnalphaseof φ1 ¨ 0h for all altitudesandaslightly
reducedwavelengthof λz§ 2 ¨ 30km. Thephaseoppositionbetweenφ1 andφ3 agreeswith the
simulationdiscussedin theappendix(FigureC.1).

In summary, the resultsgiven in panel4 show the stability of the fit function with 2 har-
monics.Whereasseparatefits interpretthesamevariationin two differentways,thecombined
fit canbeexpectedto give themostreliableresultswhenabout12 hoursof dataareavailable.
Thefit values,especiallyfor theTD harmonic,maybeinfluencedby a diurnaltide, though.

5.1.2 Tidal Parametersat Tenerife for Differ ent Seasons

FromTenerife,sufficient datato derive the nightly meanLT variationarealsoavailablefrom
thetwo campaignsof nearly4 weeksin May andJune/July1999.While theperiodof darkness
lastsabout11 hoursin November, it is 8 hoursnearsummersolstice. While this is enough
for a separatefitting of individual harmonics,the combinedfit of SD andTD componentsis
vulnerableto producingartificial resultsandhasto beinspectedcarefully.

Theresultsfor the two campaignsareshown in Figure5.2 andexhibit major similarities,
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which arepresumablycharacteristicfor thetime aroundsummersolstice.TheSD component
is dominantover thewholealtituderange.Its amplitudeincreasesfrom A2 ¶ 5K below 86km
to 10–15K near100km. TheSD phaseφ2 shows a downwardpropagationonly above 90km,
being slightly slower than −2km/h, which is equivalent to a vertical wavelengthof λz§ 2 ©
20–25km. For the TD component,the fit givesA3 ¨ 5K in the rangeof 85–95km andless
below andabove. The TD phasebehaviour is clearonly in May with a downward propaga-
tion of about−2.5km/h above 90km. The higherphasevelocity is associatedwith the same
wavelengthasfor theSD.

Whenthe resultsfor November(Figure5.1, panel4) arecomparedwith thosefor May–
July, thehigheramplitudesof upto A2 © 20K andA3 © 10K arenoticeable.TheSDamplitude
A2 decreasesabove 95km in Novemberwhile it increaseswith altitudeof the wholerangein
May–July. The phasespeedof both componentstendsto be lower in summerthanin winter
andthe maximumoccursat a later local time around90km. The enlargederror barsreflect
the shorterobservation periodsin summerwhich complicatethe combined12-h and8-h fit.
Comparedwith theseparatefits (seeOldag, 2001),the surprisinglycloseagreementbetween
the SD andTD componentsis reduced.The increaseof the TD amplitudewith height is no
longerpresent,while theSD amplituderemainsrelatively unchanged.

5.1.3 Tidal Parametersat Kühlungsborn in Winter

In Kühlungsborn(54ª N), temperaturemeasurementsarepossiblefor up to 14 hourswithout
daylightcapabilityin winter. Thetemporalcoverageis drasticallyreducedduringotherseasons
(cf. Figure4.1)anddoesnotallow reliablesimultaneousfits of SDandTD components.During
winter, datafrom individual monthsarerathersparseandunevenlydistributed.Dueto thehigh
variability of the atmosphere,a reductionto coherenttidal signalsis not assuredandsingle
nightscouldhave a large influenceon thefit results.As discussedby Oldag (2001),a similar
phasecharacteristicis observed for the winter months. This finding is consistentwith that
for semidiurnalwind tidesat this latitude(Jacobi et al., 1999). Hence,from the wintersof
1997to 1999all nightswith morethanonehourof observation from December, Januaryand
February(DJF)arecombined.This DJFmeanincludes7, 12 and7 nights,respectively, from
theindividual months.On average,thesenightscontainnearly8 hoursof observation.

ThemeanLT variationof thetemperatureandtheresultsfrom combinedSDandTD fits are
givenin Figure5.3. As in thepreviouscase,a warmperiodis clearlyvisible which propagates
downward during the night (locatedat 90km nearlocal midnight). Below 90km, positive
temperaturedeviationsfrom themeanprofilearealsofoundat thebeginningandtheendof the
averagenight. The cold-to-warm transitionbeforemidnight andthe warm-to-coldtransition
aftermidnightexhibit differentpropagationrates.Consequently, theTD componentdominates
thefit resultsin the lower partof altituderangewhile theSD componentis strongerabove it.
Thus,the downward progressionof the warm periodis reflectedmainly by the TD harmonic
in thelower partandby theSD harmonicin theupperpartof thealtituderange.Theresulting
phasespeedof thedominantcomponentis about5–6km/h in eachheightrangeandthephases
connectsmoothlyat 23h at 92–93km. Thus,above 91km the SD wavelengthis λz· 2 © 60–
72km. The SD harmonicshows a phasejump at 91km andthe TD harmonicshows oneat
95km. The phasebehaviour indicatesthe influenceof anotherwave and simulationshave
shown thata propagatingdiurnaltide couldhave causedit.

TheDJFmeansmoothesout intraseasonalvariability. Whencomparedwith thefit results
for individualmonthsandperiods(Oldag, 2001),theSDcomponentin theDJFmeanis in rela-
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Figure5.3: Meantemperaturevariation(left) andresultsfrom acombinedfit of 12-hand8-hharmonics
(right) for nighttimeobservationsat Kühlungsbornin winter (DJF97–99).

tively closeagreementwith theresultsfor DecemberandJanuary, althoughin Januaryslightly
lower amplitudesarefoundat 95–100km. In February, between85 and90km, SD amplitudes
reach10K which is thethreefoldvaluecomparedwith thoseshown in Figure5.3. Thelongest
verticalSDwavelengthduringthisperiodwasobservedin Decemberwith λz· 2 © 44km, which
is still lessthantheDJFresult.TheTD componenttendsto beweaker in thecombinedDJFfit
thanin the individual analyses.For all months,in the individual fits the behaviour of the SD
andTD phaseis very similar andit is resembledin the combinedcalculation(Figure5.3) by
thestrongercomponentin eachaltitude.

5.1.4 Discussion

Purenighttimeresultsfrom the lidar measurementshave beenusedto derive tidal parameters
in this section.While theresultsareassessedonly briefly below, a detaileddiscussionfollows
in Section5.4. Due to the limited observation period,the diurnal tide cannotbe determined
but it may causespuriouseffectson the higherharmonics,asexemplifiedin FigureC.1, and
indicationsfor suchaninfluencehave beenfound.Althoughresultsfrom combinedfits should
be consideredcarefully, it hasbeendemonstratedthat individual fits cannotprovide reliable
tidal information. This is becausethey arenot independentfrom eachotherbut bothof them
tendto reproducethedominatingwave pattern.

In general,reducedmagnitudesof the temperaturevariationsin winter at 54ª N (DJF) in
comparisonwith 28ª N (November)areevident. TherelationbetweentheSD andTD compo-
nentsis similar at bothlatitudes.TheTD is strongerbelow 90km thantheSD in all datasets,
except for May at 28ª N, whenboth wereequallyassmall. The appearanceof the tempera-
turemaximumwasa few hourslaterat Tenerifeandits propagationspeedwassimilar at both
locations.

Autumntransitionsbetweensummerandwinter tidal patternscanoccuraslateasNovem-
ber at midlatitudes(e.g. Gille et al., 1991;Williams et al., 1998; Jacobi et al., 1999). The
transitionperiodsareassociatedwith small SD tidesof horizontalwinds. Sincea strongSD
tide wasobservedat Tenerifein November1999,it canbeassumedthattheobservationswere
carriedout aftertheautumntransitionandthatthewinter tidal patternwasobserved.

Lidar temperaturemeasurementsatnight in Fort Collins(41ª N) wereanalysedby Williams
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et al. (1998). In agreementwith the resultsfrom 54ª N they found similar behaviour for the
winter monthsand provided resultsfor a meandataset from Novemberto March. Fits of
SD harmonicsdeterminedincreasingamplitudewith height,with A2 © 8–9K between90 and
100km, i. e. a magnitudewhich rangesbetweenthosefor 28ª and54ª N. With a downward
propagatingphaseyieldingλz· 2 © 30km andφ2 © 0h at97km, thephasingis in perfectagree-
mentwith our resultsfrom Tenerife.For summer(May–August)at 40ª N, reducedamplitudes
(A2 ¸ 5K) below 100km anda similar phasingwith λz· 2 © 35km werefoundwhich is alsoin
agreementwith our resultsfrom 28ª N.

In summary, a cleardownward propagatingSD tide (with λz· 2 © 30–35km in winter) is
observedin themesopauseregion temperaturesat all stations.It decreaseswith latitudeandis
weaker in summerthanin winter whenA2 canexceed10K.

The terdiurnal tide hasbeendeducedwith considerableamplitudefrom potassiumand
sodiumlidar measurements.Theexistenceof a TD wind tide hasbeenshown by Smith(2000),
and8-h temperatureoscillationshave alsobeenidentifiedin nighttimeairglow measurements
at midlatitudes(Wienset al., 1995;Pendletonetal., 2000).FromtheTenerifedata,TD phases
with no verticalpropagationarederivedbut classicaltidal theorypredictstrappedmodesonly
for the24-hcomponents.Thus,theTD parametersarepossiblyinfluencedby thediurnal tide
which cannotbeidentifiedon thebasisof purenighttimemeasurements.

5.2 Combination with WINDII Measurements

Temperaturemeasurementsin the mesopauseregion at daytimearepossiblewith spaceborne
experiments.TheWind ImagingInterferometer(WINDII) onboardtheUpperAtmosphereRe-
searchSatellite(UARS) canmeasuretemperaturesat altitudesbetween65 and90km (Shep-
herd et al., 2001).To derive temperaturevariationsover completediurnalcyclesWINDII data
canbecombinedwith thepotassiumlidar results.This approachhasbeendiscussedin detail
by Shepherd andFricke-Begemann(2004)andis representedherein summarizedform only.

WINDII derivesmesospherictemperaturesfrom Rayleighscatteredsunlightvia thedensity
scaleheight. Observationson a latitudecircle changein local time by µ 20min for consecu-
tive days. Daily zonalmeansprovide singlelocal time valuesanda periodof 36 observation
daysis requiredto achieve full local daytimecoverage(06:00–18:00LT). Hence,day-to-day
variationsin backgroundtemperaturewill appearaschangeswith respectto localtime. Succes-
sional36-dayperiodsareusuallynotobtaineddueto theobservationscheduleand,in practise,
compositesof several monthsor yearshave to be used.Eventhen,gapsin local time remain
andthe dataassociatedwith differentlocal timesoriginatefrom differentperiodsof observa-
tion. This may causea spuriouslocal time dependenceanda large scatterof the datawhen
comparedwith a groundbasedsystemwhich coversthe completerangeof local timesduring
eachnight. To reduceinfluencesfrom year-to-yearvariations,the annualmeanis subtracted
from theWINDII dataandtheresidualsareaveragedin local time. WINDII temperaturedata
wereavailablefrom theyears1991to 1997.For comparisonwith thelidar measurements,lati-
tuderangesof 10ª centeredat 28ª N and55ª N wereused.Dueto thesmallverticaloverlap,no
combinedprofile couldberetrievedandthestudywasrestrictedto thealtitudeof 89km.

A geophysicaldifferencebetweenlidar andsatelliteobservationslies in therepresentation
of non-migratingtides. While the lidar, at a fixed longitude,measuresthe local tidal activ-
ity without distinctionbetweenmigratingandnon-migratingtides,thesatelliteprovideszonal
averageswhich representonly the migratingcomponents.The magnitudeof non-migrating
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Table5.1: Semi-andterdiurnalfit resultsfor 89km at 28³ N derivedseparatelyfor K-lidar andWINDII
data.Also givenarethenumberof observationsandthemeantemperatureT0 for eachdataset.

Month Instrum. Obs. A2 [K] φ2 [h] A3 [K] φ3 [h] T0 [K]

K-lidar 12 13.0±0.9 2.4±0.2 7.1±1.5 4.0±0.2 219.5
Nov.

WINDII 38 7.4±2.5 1.2±0.0 3.8±0.3 6.1±0.9 210.0

K-lidar 18 7.8±4.3 4.6±1.0 5.8±3.3 7.3±0.6 194.5
May

WINDII 60 5.4±0.3 9.7±0.4 8.5±1.1 4.2±0.1 199.1

componentsandtheir influenceon the lidar datais not known. Model simulations(discussed
in Section5.4.5)have estimatedsignificantlylower amplitudesfor thenon-migratingthanfor
the migratingcomponents,but dataarescarcelyavailable. Pancheva et al. (2002)combined
wind measurementsin the90 to 95-kmregion from 22 radarinstruments.For northernmidlat-
itudesin summerthey deriveda longitudinalamplitudevariationof ±30%and35%for diurnal
andsemidiurnaltides,respectively. From HRDI daytimedata,Talaat andLieberman(1999)
deducedthatnon-migratingtemperaturetidesin themesopauseregion possesssignificantam-
plitudes,e.g. at 27ª N in Novemberthestrongestdiurnalmodepeaksat 85km with 4K.

Thoughbeingawareof thesecomplicationsarisingfrom thecombinationof datafrom two
totally differentinstruments,it is believedthatthefollowing approachis justifiedby thescarcity
of measurementscovering completediurnalcycles. Beforemeasurementsarecombinedthey
areconsideredindependentlyto assesstheir comparability.

Low Latitude Measurements

Temperaturesfrom WINDII between23ª and33ª N wereobtainedbetween1992and1996.
Thus,nosimultaneousobservationswith theK-lidar at28ª N areavailable.K-lidar andWINDII
resultsfrom combinedfits of 12-h and8-h harmonicsaregiven in Table5.1. The lidar data
reproducethe resultsfrom theprevious sectionfor 89km. Marginal deviationsaredueto the
differentbinning in local time which waschangedto matchthe 30-min grid of the WINDII
data.

In Novemberbothinstrumentsseeadominantlystrongsemidiurnalandaweakerterdiurnal
oscillation. Both amplitudesare significantly weaker for the satellitedata,while relatively
small deviations are found for the phases.This suggeststhat amplitudesarereducedin the
satellitedataby smoothingout latitudinaldifferences,year-to-yearvariationsor non-migrating
components.

In contrast,diverging parametersfor May arederived from the two datasetswith almost
oppositephases.While the amplitudesdeviate by 2–3K, it shouldbe notedthat they agree
within therelatively largeuncertaintiesandthat thesumof thetwo amplitudesis nearlyiden-
tical for both instruments.Large amplitudeerrorsshow that the temperaturevariationcannot
be attributedunambiguouslyto eitherof the two harmonics.This could resultfrom the short
periodof darknessin summeror the presenceof anotheroscillation like a diurnal tide. The
semidiurnaltide is found to be lessprevalentin May thanin November. The meantempera-
turesT0 of theindividualdatasetsdeviateby 5–10K. It is notpossibleto decideif this is dueto
instrumentalbias,day-nightdifferenceor geophysicalvariationof thebackgroundtemperature.
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Table 5.2: Semi-andterdiurnalfit results,asin Table5.1,but for winter (DJF)at 55³ N.

Instrument Years Obs. A2 [K] φ2 [h] A3 [K] φ3 [h] T0 [K]

K-lidar 97–99 26 2.2±0.8 5.1±0.6 4.3±0.8 7.7±0.2 207.7
WINDII 96–97 56 6.7±2.0 9.6±1.4 0.4±4.1 5.4±4.7 206.9

Midlatitude Measurements

For thewintermonthsfrom 50ª to 60ª N, WINDII datahavebeenanalysedin thework of Shep-
herd andFricke-Begemann(2004)building threeconsecutive 2-yearcompositesfrom 1992to
1997.Thederivedharmonicfit parametersexhibit a largevariability with amplituderangesof
A2 © 3.5–6.7K andA3 © 0.4–4.6K. For thelastdataset(DJF96–97),which overlapsin time
with the lidar measurements,the strongestSD componentis derived with an almostopposite
phaseto thepreviousyears,while theweakTD is insignificant(Table5.2).

TheK-lidar measurementsatKühlungsborn(54ª N) in winterhaveprovideda3-yearand3-
monthcomposite(Section5.1.3). In comparisonwith thelidar observationsof a singlemonth
andyearat Tenerife,this compositeis presumablylessinfluencedby non-migratingcompo-
nents,becausetheseareexpectedto vary stronglyfrom yearto yearandaverageout. In the
lidar datathe TD is strongerthanthe SD contribution, both with small uncertainties,andφ2

is alsosignificantlydifferentfrom the satelliteresultsfor DJF96–97.It is interestingto note
that the addedamplitudesareagainpractically the samefor WINDII andK-lidar data. The
differentcontributionsto the harmonicsmaybe dueto a diurnal componentwhich cannotbe
accountedfor here. Inspectionof thedatashows, that46%of the lidar observationsarefrom
January, whereasWINDII measurementsweremostly carriedout in February(52%). Since
thelidar resultsfrom theindividual monthshave shown thestrongestSD andtheweakestTD
harmonicin February, this yieldsanotherpossibleexplanationfor thedifference.

In comparisonwith the low latitudedata,the agreementof the individual tidal fits is not
superiorin this casein spiteof the temporaloverlapbetweenWINDII andlidar data. Some
parameterseven agreebetterwith the resultsfrom other2-yeardatasets.On the otherhand,
themeantemperaturesT0 arenearlyidenticalin thiscase.TheT0 differencesbetweenlidar and
satelliteat28ª N arewithin thevariability rangewhich is givenby theWINDII 2-yeardatasets
at midlatitudes,suggestingthatthey cannotbeinterpretedassystematicday-nightdifferences.

5.2.1 Approachto Diur nal Tidal Components

Separateanalysesof the temperaturemeasurementsfrom the two different instrumentshave
shown certainagreementsanddifferences.Their causecannotbe addressedunlessthe influ-
enceof thediurnal tide is considered.Thediurnal tide canbededucedonly from temperature
datacovering almostfull diurnal cycles,ashasbeendiscussedearlier. This possibility is of-
feredby thecombinationof lidar datafrom thenighttimeandsatellitedatafrom thedaytime.

For this combination,theresidualtemperatures(deviationsfrom the mean)from eachin-
strumenthave to be usedto prevent the differencesin absolutetemperaturecausingan alias
in the diurnal behaviour. Possiblecausesfor suchdifferencesare numerous,including in-
strumentaloffsets,geophysicalyear-to-yearvariationsor longitudinaldependencies,but also,
systematicday-nightdifferences.Thejoineddataarefittedwith acombinationof thefirst three
diurnal harmonics(24-, 12-, and8-h periods).The resultingfit functionsareshown together
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Figure 5.4: Combinedresiduals(black)of K-lidar (circles)andWINDII (stars)temperaturesat 89km
with tidal fit (solid). For the consistentcombination(white) error barsare omitted for clarity. Fit
parametersaregivenin Table5.3.
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Table 5.3: Tidal fit resultsfor the first threediurnal harmonicsof the combineddataat 89km from
Tenerife(NovemberandMay) andKühlungsborn(DJF). Thelower partgivestheresultfor theconsis-
tentcombinationwith thetotal offset∆T ¹ ∆TN º ∆TD betweentheresiduals(seetext for details).

A1 [K] φ1 [h] A2 [K] φ2 [h] A3 [K] φ3 [h] ∆T [K]

Nov. 28ª N 4.5±0.4 7.6±0.5 8.8±0.6 2.7±0.2 4.1±0.8 3.7±0.1
May 28ª N 4.5±0.3 7.8±0.5 3.9±0.5 11.6±0.2 2.9±0.3 3.6±0.3
DJF 54ª N 5.2±0.4 8.1±0.6 4.2±0.5 9.7±0.5 2.3±0.7 0.8±0.1

Nov. 28ª N 6.5±0.4 9.3±0.7 8.8±0.8 2.7±0.1 3.2±0.4 3.8±0.3 -4.8
May 28ª N 4.0±0.3 5.8±0.5 4.6±0.5 11.7±0.2 3.5±0.3 3.7±0.3 +3.9
DJF 54ª N 6.5±0.3 9.5±0.6 4.1±0.4 10.0±0.2 2.6±0.8 0.7±0.1 -4.3

with the datain Figure5.4 (black). A goodlocal time coverageis achieved with the joined
datasetsandthefits give a closereproductionof thesystematicvariations.Onealsonotesthe
relative largescatterin theWINDII daytimedatathathasbeendiscussedabove. Thetransition
betweentheindividual datasetsis remarkablyunobtrusive, consideringtherangeof variations
in the data. Thefit parametersarelisted in Table5.3, now including amplitudeA1 andphase
φ1 of a 24-h harmonic. In all threecases,the diurnal amplitudeslie in the samerangeasthe
componentsconsideredpreviously. Although the numberof fit parametersis increased,they
arederivedwith muchlessuncertainty(below 1K and1h, respectively) thanin thefits of the
individual datasets.

TheNovemberdatafrom 28ª N show two cleartemperaturemaximain theearlymorning
andafternoonhours,resultingfrom astrongsemidiurnaloscillation.Its amplitude(A2 © 8.8K)
lies betweenthevaluesderivedseparatelyfrom lidar andWINDII data,andthesameholdsfor
theterdiurnalcomponent.While theamplitudesarecloserto the smallerWINDII values,the
phasesarecloserto the lidar results.Thediurnalcomponentis aboutequalin strengthto the
terdiurnalandhasits maximumin themorning(φ1 © 8h). For May, thediurnalfit parameters
are very closeto thosefrom November. The higher harmonicsin this casehave a reduced
magnitudecomparedwith thosederivedbeforewith considerableuncertainty. Thephasesfrom
thejoineddataarecloserto thosefrom WINDII dataalone.For thetimearoundwintersolstice
and50–60ª N, thediurnal tide is derivedfrom the joineddatawith surprisingsimilarity to the
low latitudecases.Theparametersof thehigherharmonicsarecloseto themeanvaluesof the
individual analysis.

ConsistentCombination

Althoughthe datacombinationslook reasonable,oneneedsto considera disadvantageof the
usageof residualtemperatures.Theresidualshave beencalculatedseparatelyfor both instru-
ments. Combiningtheminto onedataset inevitably includesthe assumptionthat the mean
backgroundtemperaturesareequalfor both observations. This is not necessarilytrue when
systematicdifferencesbetweenday-andnighttimeexist. Diurnal variationsaredeterminedin
thefit procedureand,thereby, theresultmaybecomeinconsistentwith theimplicit assumption
of the combination. As discussedin detail in AppendixC.1, with the so-calledconsistency
test, a novel methodwasdevelopedwhich providesanoffsetbetweenthetwo datasetsandfit
parameterswhich areconsistentwith eachother. In aniterative procedure,theoffsetis derived
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from the fit resultsand the fit is recalculated.The terdiurnalcomponentis of minor impor-
tancefor the offset but it wasfound to be very sensitive to a large scatterof the dataandthe
relative uncertaintiesassigned.Therebyin onecase,resultswhich areconsideredunrealistic
werederived and,thus,theTD componentis not includedin theconsistency test. The testis
performedwith 24-h and12-h componentsonly andafterwardsall threeharmonicsarefitted
to thederivedcombination.

Offsetsupto 5K arecalculatedandamplitudeshave changedby upto 2K in theconsistent
combination,asshown in Figure5.4(white). As apparentfrom thefit resultsgivenin Table5.3,
theSD componentsarebasicallyconservedaswasexpected.TheTD componentsareslightly
varied in their strengthbut not in their phase. It hasbeenexpectedthat the combinationof
residualspartly smoothesout the diurnal oscillationand,in fact, the diurnal tide is estimated
to bestrongerin theautumn–wintermonths,whereasfor May (28ª N) mainly φ1 haschanged.
Interestingly, the November(28ª N) andDJF (54ª N) diurnal tides are againestimatedto be
identical. Thediurnal tide is foundto dominateat midlatitudeswhile thesemidiurnaldoesso
at low latitudes.For May at 28ª N, thethreeharmonicsareof almostequalmagnitude.

The total offset ∆T of the nighttime lidar temperaturesrelative to the daytimeWINDII
resultsis derivedfrom theconsistency testandgivesaninitial hint to theday-nightdifferences
at 89km. In thecasesof November(28ª N) andDJF(54ª N), the night is colderthanthe day.
Thesedifferencesarederivedfor thecalculatedmeansof thedatasetswhichmaybeinfluenced
by the remaininggapsin local time coverage.Whenmeansfrom the consistentfit functions
arecalculatedfor the12-hintervals,centeredat localnoonandmidnight,thevalueschangebut
thetendency is conserved. For November(28ª N), thenight is estimatedto be2.6K colderthan
the diurnal mean,while for May (28ª N) it is slightly warmerby 0.8K. For May, the diurnal
phaseis closeto 6h and,hence,only small differencesarecalculated,althougha significant
amplitudeA1 wasfound.In theDJF(54ª N) case,thenight is 3.8K colder, which is evenmore
thanin Novemberat thelower latitude.

5.2.2 Discussion

The combinationof K-lidar and WINDII temperaturemeasurementsprovides threediurnal
datasets.They have beenreproducedwith goodagreementby regressionanalysesincluding
24-, 12- and8-h harmonics.This provided initial informationaboutthe diurnal temperature
tide which wasnot availablebeforefor theselatitudesin themesopauseregion. It shows that
from thecombinationof complementarydatasets,asfrom daytimeandnighttimeobservations,
further andmoreaccurateinformationcanbe successfullydeducedthanfrom the individual
datasets.On theotherhand,it wasalsodemonstratedthat thefundamentaldifferencesof the
two databasesgive riseto uncertainties.Geophysicalvariability from yearto year, andwithin
WINDII’ s 10ª latitudeband,arepossiblecausesfor discrepanciesin theanalyses.Suchvari-
ability within a narrow latitudebandhasbeenobserved in radarwind tidesby Jacobi et al.
(1999). Betterresultscouldbe expectedfrom morecorrelatedobservationsandthecontribu-
tion of non-migratingcomponentscanbeaddressedif at leastoneof theinstrumentsprovides
diurnalcoverage.

In a comparableapproach,Drobetal. (2000)combineddatafrom HRDI, sodiumlidar and
nightglow spectrometerwhich wereobtainedat 41ª N during the sameperiod. They derived
temperaturevariationsat 87km by fitting the datawith a multi-dimensionalFourier model.
While SD parametersare generallyconsistentwith thosederived from lidar measurements
alone(Williams etal., 1998;StatesandGardner, 2000b),theresultsfor thediurnaltide vitally
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dependon the biascorrectionof the instruments.The determinedbiascorrectionsof ±10K
exceedtheoffsets∆T derivedfor ourcombination.Diurnalamplitudesof about5K (φ1 » 14h)
werederived for DJFwith notableyear-to-yearvariation. Similar amplitudeswerecalculated
for summerwhile transitionperiodsin October/NovemberandaroundApril exhibitedstrongly
reduceddiurnal tides. At this point only the comparabilityof the outcomewith our studyis
noted.A moredetaileddiscussionof theresultsfollows in Section5.4.

5.3 Daytime Lidar Measurements

Studiesof thediurnalvariability of temperaturesin themesopauseregionhave beendrastically
improvedsincethedaytimeupgradeof theIAP potassiumlidars.SinceNovember2000,alarge
numberof measurementswhich includedaytimeobservationshave beencarriedout. Though,
atmid andlow latitudesthey arestill sparseandirregularlydistributed.Therefore,theanalysis
in this work concentrateson the study of two outstandingmeasurementsfrom Tenerifeand
Kühlungsbornwhich continuouslycover severaldays.

5.3.1 Measurementsat Tenerife,November2000

As describedin Section4.1 the first measurementsunderdaylight conditionswere carried
out with thetransportableK-lidar on Tenerifeduringa campaignin NovemberandDecember
2000. The first temperaturemeasurementwasperformedsuccessfullyon November17th. A
periodof goodweatherenabledcontinuouslidar operationfrom November19th, 22:00UT to
November26th, 08:30UT which wasinterruptedonly on the21st (ca.13:00–18:00UT) andon
the22nd for lessthanonehour. Ignoringthelatter, a periodof about106hoursof continuous
measurementswasobtained.

Thetemperaturesobtainedduringthe7-dayrunareshown in Figure5.5. Duringthedaythe
altituderangeof thetemperatureprofilesis restrictedto regionsof high potassiumdensitydue
to theskylight background.Condensationcloudsover themountainridgearoundnooncaused
an increasedbackgroundon two days(22nd and23rd). As the photomultiplierwasstill used
asa detectorin this measurement(cf. Section3.3.6),the integrationintervals for temperature
calculationare increasedto 3km and 2h. Uncertaintiesup to 20K are accepted,although
valuesabove 10K are usually reachedonly for one altitude bin at the edgeof the profiles.
The highesttemperaturesoccur at 85–90km, wherein Novemberthe atmosphereis µ 20K
warmerthannearthemesopauseat 100km (cf. Figure4.7). Downwardprogressingstructures
are visible during the whole 7-day period. For example,cold phasesare seento propagate
down from 105km after midnight on eachday. On the otherhand,Figure5.5 demonstrates
thatthemesopauseregion is far from showing onemonochromaticwave or only coherenttidal
perturbation.For example,high temperaturesexceeding230K areobservedto a largerextent
on only two days(20th and 23rd). Before the full spectrumof variationsis considered,the
analysiswill first berestrictedto tidal signatures.

Harmonic Analysis

As in theprevioussections,themeasuredtemperaturesareaveragedwith respectto local time.
Theresultingdeviationfrom thediurnalmeanprofileis shown in Figure5.6(panel1). A strong
similarity to thedatafrom November1999(Figure5.1,panel2) canbeseenwhenthechanged
time axis is noted. Analogousdownward propagating(ca.−2km/h) structuresappearwith a
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Figure5.5: The7-dayrunof temperaturemeasurementsatTenerifein November2000,calculatedwith
a1-km and30-minresolutionfrom 3-km and2-h integrationintervals.Onoccasionprofilesreachupto
109km anddown to 78km.

similar phasing(e.g. at 90km a warmperiodbeginscloseto local midnight). To examinethe
comparabilitywith theresultsfrom thepreviousyear, a combined12-hand8-h fit wasapplied
to thesubsetof nighttimedata(18:00–06:00LT). Thefit resultsfor 2000(panel2) show some
agreementwith thosefor 1999. TheSD componentis againdominating,althoughwith lower
amplitudesespeciallybetween90 and95km. An identicalphasingwith a phasevelocity of
about−3km/h is derived. The highestTD amplitudesoccur againin the lower part of the
heightrange,but like theSD amplitudes,they arelower thanin 1999.TheTD phasingis also
differentfrom thepreviousyearandnow shows a downwardpropagationsimilar to thatof the
SD component.

The completediurnal dataset from November2000allows to be fitted with a harmonic
seriesincluding the first 4 harmonicsof the solarday, i. e. 24-, 12-, 8-, and6-h cosinefunc-
tions. Thefit reproducestheobservedtemperaturevariationsvery well asshown in panel3 of
Figure5.6. The residualdeviation σdT is about2-3K over the heightrangewith full diurnal
coverageanddueto short-scalefluctuations.Thetidal parametersderivedby theharmonicfit
aregivenin panel4. Above97km thedatadonotcover thewholediurnalcycle. Consequently,
theresultsof themulti-parameterfit have a high uncertaintyasindicatedby theenlargederror
bars(±5K), andthey changewhenthe6-h harmonicis excluded.

Below 97km, amplitudesin theorderof A1 © 3–5K areconstantlyderivedfor thediurnal
(D) component(white). TheD phaseshows an unusualupward propagation,with a speedof
about2.5km/h, indicatinga forcing in thethermosphere.However, theresultsarealsoconsis-
tent with two regionsof non-propagatingoscillations(divided at 91 km). As expectedfrom
thecontourplot, theSDcomponent(black)is dominatingthetemperaturevariation.Compared
with the nighttimedata(panel2), its amplitudeis increasedbetween85 and95km to above
10K, whichis closerto thevaluesfor November1999.TheSDphaseremainsunchangedcom-
paredwith thenighttimeresultsfrom bothyears,with λz· 2 © 33km. TheTD amplitude(grey)
is reducedto below 3K and,hence,weaker thanthe D component.The D amplitudeprofile
is very similar to that of the TD componentfrom the nighttimesubset(panel2). Thus,when
usingnighttimedataonly, theunresolveddiurnalcomponentevidently hasa largeinfluenceon
theresultsfor thehigherharmonics.TheTD phaseis constantlynear4h for all altitudes,asit
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Figure 5.6: Temperaturevariationsat Tenerifein November2000:(1) MeanLT variationfor all seven
nights. (2) Amplitudesandphasesfrom a harmonicfit to nighttimedataonly. (3) Variationasrepro-
ducedby theharmonicfit (incl. 24h), and(4) parametersfrom thefit (D, white; SD,black;TD, grey).

wasfor November1999. Shifting thephasevaluesbelow 90km to around20h shows thatφ3

is at all altitudesabout3h behindφ1. The6-h harmonicis not shown althoughit wasincluded
in thefit. Its amplitudeis about1–2K (exceptabove 97km) andtheeffect of includingit into
thefit on theothercomponentsis negligible.

Table5.4: Fit parametersfor 89km,
November2000,Tenerife.

Period Ai [K] φi [h]

24h 4.6±0.8 18.0±0.7
12h 13.1±0.9 2.9±0.1

8h 0.9±0.9 3.9±1.2

For comparisonwith theWINDII/K-lidar combination
(W/K) theresultsfor 89km aregatheredin Table5.4. Com-
parisonwith the W/K Novemberdata(Table 5.3) yields
goodagreementconcerningthe dominantSD component,
althoughit is even strongerin November2000. The TD
phaseφ3 is also in agreementbut the amplitudeA3 has
practicallyvanishedin this case.TheD amplitudein 2000
agreeswith that from the direct combination,while it was
largerafterapplyingtheconsistency test(A1 © 6.5K). The
D phaseφ1 shows the largestdeviation (9–10h) from the
W/K resultsandwill bereconsideredbelow.



5.3. DAYTIME L IDAR MEASUREMENTS 89

SpectralAnalysis

In the previous sectionstemperaturevariationsin the mesopauseregion wereanalysedwith
regardto their contentof diurnalharmonicswhich werederived afteraveragingthe measure-
mentswith respectto local time. Nevertheless,it hasbeennotedthatmany fluctuationsin the
temperaturefield do not exhibit a 24-hperiodicity. They canbecausedby wavesof arbitrary
periodswhich canbecloseto thoseof tides.

Thestudyof gravity andplanetarywavesis a topic of its own andbeyondthescopeof this
work. Apart from demonstratingthenew dataquality thathasbecomeavailablewith daytime
measurements,this sectionis dedicatedto show thatrelevantinformationcanbegainedfor the
studyof tidesfrom spectralanalysisof datasetscoveringmultiplediurnalcycles.Longcontin-
uouslidar runsallow thefrequency spectrumof thetemperatureperturbationsto bedetermined
by standardmethodsof spectralanalysis(summarizedin AppendixC.2).

For comparisonwith thepreviousresults,theanalysisis againconcentratedon thealtitude
of 89km sincethe meanfeaturesarevery similar at adjacentheights.Periodogramsfor tem-
peraturevariationsduring the7-daylidar run in November2000on Tenerifearedisplayedin
Figure5.7(upperrow). Thepower spectrumis estimatedwith boththewindowedfastFourier
transform(FFT) and the maximumentropy method(MEM) using zero paddingto fill data
gaps. Sincethe temperatureswere derived from 2-h integratedphotoncounts,only periods
longerthan4h areconsidered.TheFFT spectrumprovidesa salientbroadfeaturefor periods
near12h, which is consistentwith thestrongsemidiurnaltide describedbefore.On theother
hand,additionaldiurnalharmonicssuchas24-,8- or 6-hoscillationsarenotapparent.Instead,
contributionsfrom periodslongerthan24h andat low valuesarefound.Thegeneralfinding is
confirmedby theMEM periodogram.By contrastto theFFT it candetermineexactfrequency
valuesfor thespectralfeatures.Thesemidiurnalcomponentis accuratelyidentifiedwith a pe-
riod of 11.9h. The low frequency contributionsareassociatedwith periodsof 31.7and79h,
andpower peaksat high frequencieswith periodsof 9.9,4.8,6.9and4.1h, respectively, in the
orderof their power. All of themindicateincoherentgravity or planetarywavesratherthan
tidal activity. Whereasthe absenceof 8-h and6-h periodsis in agreementwith the harmonic
analysis,a significant24-hcomponentwouldhave beenexpectedbut is not found.Somewave
featurescanbe identifieddirectly in Figure5.5 like the 79h periodwhich correspondsto the
high temperatureson November20th and23th.

The power spectrumestimationsabove assumeconstantperiodand phaseover the time
stretchobserved. The temporaldevelopmentof the spectraldistribution canbe assessedwith
theaid of a wavelettransformation.Thederivedamplitudespectrumis givenin thelower row
of Figure5.7. It shouldbenoted(seeAppendixC.2) thattheamplitudesareonly approximate
valueswhich tendto be underestimatedfor aboutoneperiodat the beginning andthe endof
thetime stretchcoveredandto a lower degreearoundthedatagapon thesecondday(Novem-
ber21st). Thelargestamplitudesareagainderivedfor the12-hoscillationbut with significant
changesin magnitude.While its maximumon the forth day (November23rd) exceeds20K,
it dropsto nearly 5K only one day later. On averageit agreeswith A2 © 13.1K from the
harmonicfit. Three12-h maximaoccurwhich areseparatedby 48–60h. On November21st

themaximumamplitudeappearswith a periodof 10h accordingto thesecondarypeakin the
MEM power spectrum. A combinationof 10-h and 12-h oscillationspresumablyoccurred,
which is not resolvable.Periodsbetween12 and24h arenot observedbut a contribution with
morethan24h is found. Its centerperiodvariesfrom below to above 32h in agreementwith a
meanof 31.7h from theMEM analysis.Periodswell above 48h cannotbeinvestigatedin this
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Figure 5.7: Spectralanalysisof the temperaturesat 89km above Tenerifemeasuredduring the 7-day
lidar run on November19th–26th, 2000. Top left: FFT periodogram,certainperiodsaregiven at the
upperaxis.Topright: MEM periodogram,thegrey line givesanoiselevel estimation.Thepowerscaleis
logarithmicin arbitraryunits.Bottom:Waveletamplitudespectrumfor thefull periodof measurements.
Solid isolinesaregivenevery5K.

waveletanalysisdueto the limited periodof continuousobservation. The32-hwave of vary-
ing amplitudegivesriseto a significantD amplitudevalueof 3–4K in theharmonicanalysis.
Thus,it hasa largeerroneousinfluenceon thediurnalharmonic.

Towardsshorterperiods,thereis againa rangeof few spectralpower at 6–8h anda more
activebandat4–5h, in agreementwith theperiodograms.Thesewavesaredisplayedto bevery
short-lived,lastingonly oneor two periods.SincetheMorlet waveletitself hasa half-widthof
nearlytwo periods,thespectralfeaturescouldhave beenevenshorter. In thatcasetheperiod
identifiedin thewaveletspectrumcandeviatesignificantlyfrom theintrinsic frequency of the
oscillationandthatin theperiodogram.Alternatively, thepatternof recurringoscillationsmay
begeneratednot by individual wave packetsbut by thebeatingof two independentwaveswith
similar frequenciesor a modulatedwave amplitude. It is remarkablethat theseoscillations
maximizealwaysaround12:00LT which maybedueto a 48-hmodulationof theshortperiod
wave. Theseoscillationshave their strongestpeaksimultaneouslywith the 12-h component.
This suggestsa couplingbetweenthesemidiurnalcomponentandwavesof shorterperiods.
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Figure5.8: The5-dayrun of temperaturemeasurementsat Kühlungsbornin February2003,calculated
with a 1-km and15-minresolutionfrom 2-km and1-h integrationintervals.On occasionprofilesreach
up to 106km anddown to 79km.

5.3.2 Measurementsat Kühlungsborn, February 2003

Onesimilarly long continuoussetof temperaturemeasurementswith theK-lidar in Kühlungs-
born exists. Apart from threedatagapsof about1h, a periodof goodweatherin February
2003 permittedcontinuoustemperaturemeasurementsfor nearly 113 hours(February22nd,
17:33UT to February27th, 10:26UT). Thetemperaturesduringthe5-dayrun arederivedafter
2-km and1-h integrationandshown in Figure5.8. Noting the generallylower temperatures,
the plot resemblesmany featuresof its analoguefrom Tenerife(Figure 5.5). Again, strong
temperaturevariationsover a rangeof about50K are observed in every height with down-
ward propagatingstructures.Higher temperaturesoccuraround85km thanaround100km,
reflectingthehigh (regular)mesopausestateat this time of year.

Harmonic Analysis

The proportionof regular diurnal temperatureperturbationsis shown by the meanLT varia-
tion in Figure5.9. The contourplot is surprisinglysimilar to that from 28ª N for November
(Figure5.6),showing mainlysemidiurnalvariation.Again,at90km awarmperiodbeginsjust
beforelocal midnightandthis transitionpropagatesdownwardat about2km/h.

Fitting the datawith diurnal harmonicsyields a decreaseof all amplitudeswith increas-
ing height from 85 to 95km. Due to lack of dataaroundnoonabove 95km, the resultsare
consideredto be partially artificial which is alsoreflectedby the increasingerror bars. The
SD componentdominateswith amplitudesup to 10K, while theothersareweaker by morea
factorof 2. The D componentis aboutequalto the TD harmonicandshows no clearphase
propagationwith the maximumoccurringaroundlocal midnight. For the higherharmonics,
equalphasevelocitiesof about−1.7 to −1.8km/h arederived, correspondingto λz· 2 © 21km
andλz· 3 © 14km.

For this casethe tidal analysisfor the nighttime (18:00–06:00LT) subsetof the datais
not displayed.Sincethe diurnalcomponentis relatively weak,SD andTD fit parametersare
similar to thosefrom thecompletediurnal analysis,exceptfor theTD amplitudeA3 which is
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Figure5.9: Temperaturevariationsat Kühlungsbornin February2003.Left: MeanLT variationfor all
five nights.Right: Parametersfrom thefit to meanLT variation(D, white; SD,black;TD, grey).

increasedin thepurenighttimecalculation.
Comparedwith the DJF meanwinter data(Figure 5.3), the dominantSD componentis

strongerherein therange85–95km. Its phaseexhibits a continuousphasepropagationandis
closeto theformervaluesbelow thephasejump. A3 hasa similar altitudedependencewith a
maximumof about6K between85 and90km. The downward phasepropagationwas,with
−6km/h, relatively fast in the DJF meanand was adoptedpartially by the SD and the TD
component.A comparablephasevelocity is not identifiedherefor any of theharmonics,but it
would beconsistentwith theD phaseφ1 in 85–95km.

Table 5.5: Fit parametersfor
89km, February2003, Kühlungs-
born.

Period Ai [K] φi [h]

24h 2.2±0.7 0.9±1.2
12h 8.7±0.7 3.4±0.2
8h 3.3±0.7 0.6±0.3

The fit values for 89km are gatheredin Table 5.5.
Significantdifferencesappearin comparisonwith the DJF
results obtained from the WINDII/K-lidar combination
(W/K). In the5-daylidar runthedominatingSDcomponent
hastwice theamplitudeandalmosttheoppositephase.The
diurnal tide, which wasestimatedasthe dominantcompo-
nentwith morethan5K in theW/K combination,appearsto
bemuchweaker in this caseandthephasesdiffer by µ 8h.
Only theterdiurnaltidal parametersarein closeagreement.

In contrast,the fits of singleSD andTD harmonicsto
the nighttime datafrom February1997–99(Oldag, 2001)
arein surprisinglygoodagreementwith theresultsfrom thediurnal lidar data.For theampli-
tudesat 89km, A2 © 6K andA3 © 4K werederived andbothphasesarenear1h. Thus,the
differencesbetweentheW/K combinationandthe5-dayrun maypartly resultfrom thediffer-
ent periodscoveredby the data. Most of the WINDII dataoriginatefrom February, whereas
the largestportion of DJF lidar observationshave beencarriedout in January. As the semi-
diurnal tide wasdeterminedto be strongerin Februarythanin the two previous months,A2

waslargerin theWINDII data,whichareaccordinglyin betteragreementwith thelidar results
from February2003. However, it is notedthat the SD phaseis in relatively closeagreement
betweenthetwo lidar datasets,while theWINDII resultsdeviate.
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Figure5.10: SameasFigure5.7but atKühlungsbornduringthe5-daylidar runonFebruary22nd–27th,
2003.Notethechangedamplituderangein thewaveletspectrum.

SpectralAnalysis

The 5-day lidar run at Kühlungsbornon February22nd to 27th is spectrallyanalysedin the
sameway asthe7-dayrun at Tenerifeandtheresultsaredisplayedin Figure5.10. As for the
datafrom Tenerife,the FFT periodogramshows a striking peakat periodsaround12h. The
contributionsfrom theotherdiurnalharmonicsaredifferentbecausethey show someenhance-
ment of spectralpower in this case. A long period featurenear5daysand somerelatively
continuouscontribution with frequenciesabove 0.2h¼ 1 arealsoobserved. In theMEM power
spectrum,thediurnalharmonicsarevery closelyrepresentedwith maximaat periodsof 23.8,
12.1,7.8 and5.9h, respectively, wherethesemidiurnaloscillationis aboutoneorderof mag-
nitudestrongerthanany other. Thelong termvariationis associatedwith a periodof 105h or
4.4days.Periodsof 9.4,4.4and4.1h arecalculatedfor thestrongestof theremainingfeatures.

The wavelet analysisconfirmsthe dominanceof the semidiurnalcomponent. Its initial
increaseis partly an edgeeffect of the wavelet analysis,the so-calledconeof influence. An
amplitudeof about12K is indicatedfor the seconddayandit graduallydecreasesduring the
measurementto below 5K, which is in goodagreementwith the meanA2 © 8.7K from the
harmonicanalysis(Table5.5). During the sametime the diurnal componentincreasesto 5K
on the forth night (February25th) anddecreasesagainafterwards. The contributions of the
6-h and8-h harmonicsarenot clearly resolved in the wavelet spectrum.Exceptfor onepeak
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neartheend,themaincontributionsoriginatefrom thesecondnight whenthe12-hwave also
exhibits its maximum. This observation agreeswith the finding in the tidal analysisthat the
TD tide alwaysshows a behaviour relatedto the 24-h and/orthe 12-h oscillation, indicating
modecoupling. The wavelet analysiscanalsobe usedto examinethe phasedevelopmentof
the semidiurnalcomponent(not shown). In this caseit is very stablenear3h, while it was
slightly morevariableat Tenerife,varying from 4h at the beginning to 2h at the endof the
7-dayperiod.

A relativequitebandexistsfor periodsbetween12and24h,whereasstrongerwaveactivity
is found for periodsbelow 6h, which is similar to Tenerife. On the third night an amplitude
of 10K is reachedby a shortperiodwave which correspondsto the 4.4-h peakin the MEM
periodogram.The averagepower contentof this wave is relatively low, becauseit exists for
only abouttwo periods. Like at Tenerifein November, the oscillationsof higher frequency
tendto maximizenearlocal noon, therebyindicatinga couplingto long-periodwaves. One
couldassumethatthesemidiurnaltide is themostprobablecandidate.It is theonly component
detectedat Tenerifewith 24-hperiodicityandby far thestrongestin this case.Furthermore,it
hasthesamephasein bothcaseswhichappliesalsoto themodulationof the4–5-hoscillations.

5.3.3 Measurementsat Kühlungsborn, June2003

Before the above resultsare discussed,an additionalexampleis presentedbriefly. No tidal
informationcould be derived earlier from Kühlungsbornin summer, due to the shortnights
of about4 hoursanda lack of daytimemeasurements.Although thesehave recentlybecome
possible,no continuouslidar run of several dayswas permittedby the weatherconditions
in summer2003. However, shorterobservationsarestill useful to investigatewave activity.
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Figure 5.11: MEM periodogramas in Figure5.7,
but for June26th/27th, 2003,at Kühlungsborn.

An 18-h measurementon June 26th/27th

shows variations of ±20K around 90km,
which is only slightly weaker thanin winter.
Theperiodogramhasto becalculatedwith a
reducedspectralresolutionwhen compared
with the longermeasurementsandhenceno
usableFFTanalysiscanbeobtained.Though
not very sharpdueto noiseandtheshortob-
servation, the MEM in Figure 5.11 shows
two distinct peakscorrespondingto periods
of 18.8and4.6h, whichis in goodagreement
with the data. From the half-width of the
peaks,uncertaintiesof ±2 h and±1 h canbe
assignedto thelow andhigh frequency max-
imum, respectively. Theshortperiodcontri-

bution is similar to thoseobserved in the casesdiscussedabove. A remarkabledifferenceis
theabsenceof any tidal periods,especiallythesemidiurnalcomponentthatwasmostdominant
both in thedatafrom Tenerifeandfrom Kühlungsbornin winter. Evenif thedegreesof free-
dom of the MEM calculationareincreased,suchthat spuriouspeaksappear, still no 12-h or
24-hcontribution is found. To somedegreethis is in agreementwith thefinding at 28ª N that
thesemidiurnaltide is weaker in summerthanin winter.
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5.3.4 Discussionof SpectralAnalyses

Thedaytimecapabilityof the IAP K-lidars providesa full diurnalcoverageandenablescon-
tinuoustemperaturemeasurementsover several days. Spectralanalysesof this seriesallow
thefrequency of perturbationsto bedeterminedanddistinguishto somedegreetidal andother
wave activity. Thereby, they provide further information in addition to harmonicanalyses.
Two casesfrom different locationsandtimeshave beenanalysedabove andthey show both
similaritiesanddifferences.While the resultswhich concerntidesarediscussedin detail in
Section5.4,a brief assessmentof thespectralanalysesis givenhere.

Observationsof uppermesospheretemperatures,which continuouslycover several nights
anddays,have not beenavailablewithout the daylight capabilityof metal resonancelidars.
Rayleigh lidar temperaturemeasurementsat daytimeare typically limited to below 60km.
Nevertheless,measurementsat 44ª N over severalconsecutive nightswerespectrallyanalysed
by Gille etal. (1991).They foundcleardiurnalandsemidiurnalsignaturesin Januarybetween
60 and70km. In contrast,in their datafrom Novemberboththeseharmonicswereabsentand
insteadperiodsof 22 and26h appeared,inducinga spuriousdiurnalamplitudein a harmonic
analysis.This is in generalagreementwith the resultsfrom the mesopauseregion presented
above which alsoshow a high variability of theperturbations,strongoscillationswith periods
thatdeviatefrom 24 and12h andtheabsenceof a 24-hwave in November(28ª N).

Sheetal. (2003)reportedresultsfrom aninitial 80-hcontinuouslidar measurementat Fort
Collins (41ª N) in April 2002. They identifiedtemperatureoscillationsin 89km with periods
of about10 and21h, while the zonalwind measuredsimultaneouslyexhibited contributions
with ca. 16, 24 and 40h. The 10-h component,especially, is in good agreementwith our
measurements.

Someof thesespectralfeaturescan be attributed to non-linearinteractionsbetweenthe
semidiurnaltide anda quasi-two-dayplanetarywave (e.g. Palo etal., 1999).Amplitudemod-
ulationcanresultin differenceandsumfrequency excitationas

2 ½ cos« ωat ¬�½ cos« ωbt ¬­© cos« ωat ® ωbt ¬ ® cos« ωat ¯ ωbt ¬�² (5.2)

Thus, the interactionof 12- and 48-h period waves resultsin 16- and 9.6-h periods,which
have beenobserved in wind measurementsbefore(e.g. Mansonand Meek, 1990). Quasi-
two-daywaves(QTDWs), typically with periodsbetween44 and56h, arenot detectedin our
measurementsbut the secondarywavesmay be generatedat lower heightsandpropagateup
into theregion of observation. Furthermore,QTDWs aremoreoftenobservedaroundsolstice
in thesummerhemisphere(e.g.Shepherd etal., 1999)but they canpenetrateacrosstheequator
andhave alsobeenobserved in winter at midlatitudes(for 55ª N, seeHoffmannet al., 2002).
The9.6-hwave wasfoundto bethestrongestsecondarywave which is excitedby non-linear
interactionof migratingtideswith theQTDW in numericalsimulationsby Palo et al. (1999).
It canbeassociatedwith the periodsof 9.4 and9.9h in thetwo long-termlidar observations,
whereasno 16-hwave hasbeendetected.

Thewaveletspectragivefurthersupportto thisinterpretation.For anamplitudemodulation
in thesenseof Eq. 5.2, thespectrumwill show bothsumanddifferencefrequency, aslong as
their separationexceedsthewavelet resolution.Thetwo mixedfrequencies(ωa ¾ ωb) arenot
resolved whenωa ¿ 4ωb andmodebeatingwith 2ωb appearsin the spectruminstead.Thus,
24-hmodulations,asobserved for periodsbelow 6h, mayalsooriginatefrom a QTDW. Our
observationsagreewith radarmeasurementsof MLT winds, which show that 12-h, 24-h and
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48-hmodulationsdominatethevariability of oscillationswith periodsbelow 6h (Mansonetal.,
1998).

Measurementsof themeridionalwind weremadedaily in February2003nearKühlungs-
bornat theIAP radarstationon Rügen(55ª N, 13ª E; e.g. Hoffmannet al., 2002).Beneaththe
tidal components1, fluctuationswith periodsof about10and16h, aswell as2–3,6 and16days
wereidentifiedat 86km (Hoffmann, privatecommunication).This resultis in goodagreement
with thelidar observationsandtheadditionalperiodssupporttheinterpretationgivenabove.

The temperatureperturbationsof shorterperiods( ¶ 8h) could be causedby short-lived
gravity waves. Alternatively, onemight follow the line of the argumentabove andspeculate
about the periodsderived in the MEM periodograms.Surprisingly, all derived periodsare
obtainedby thisapproach.Mixing thehypotheticalQTDW with aTD tidealsoresultsin a9.6-
h wave additionallyin a 6.8-hwave,which compareswell with theperiodof 6.9h observedin
November2000. A periodof 4.8h is obtainedmixing 24- and6-h wavesor alternatively 12-
and8-hwaves.A 4-hperiodwouldresultfrom theinteractionof a6-hwavewith asemidiurnal
tide and4.1h werederivedfrom bothlidar observations.

Consideringthe low frequency part of the spectrumfor November, onefinds that the ob-
served79-and32-hperiodscouldoriginatefrom aQTDW anda4–5-dayplanetarywave. Such
planetarywavesareconsistentwith theamplitudemodulationof theSD tide in theNovember
observation. A correspondingperiod is derived directly from our Februarycasewith 105h.
The so-called5-daywavehasfrequentlybeenobserved in radarwind measurementsand is
identifiedasthefirst symmetricRossbywave (e.g. Forbes, 1995;Jacobietal., 1998).

5.3.5 Conclusionsof SpectralAnalyses

To summarize,spectralanalysisof long continuouslidar runshasbeendemonstratedto enable
betterunderstandingof harmonictidal analyses,in additionto exploring waveswith arbitrary
periods. While large spectralpower for 12-h oscillationswasfound, in agreementwith the
harmonicanalyses,the absenceof an exact 24-h oscillationmight explain the difficulties to
identify a clearphasepatternfor thediurnal tide for Tenerifein November2000. Thediurnal
fit resultsarestronglyinfluencedby the32-hwave. Suchsinglecontinuousmeasurementsover
severaldaysarepossiblynotsufficient to separatecoherenttidal componentsfrom otherwaves.
A strongday-to-dayvariability of the tidal componentsis found for both casesconsidered.
Amplitudeswereobservedto vary by a factorof 4–5within a few daysevenfor thestrongand
persistentsemidiurnaltide. Themostconstantparameterwasthephaseof thesemidiurnaltide.
Thus,a relatively largedatabaseis requiredto eventuallydeterminethemeantidal pattern.

Apart from thetidal periods,strongperturbationsareobservedwith periodsabove 24h and
below 6h, which areassociatedwith planetaryandgravity waves,respectively. Intermediate
periodsmay be connectedwith non-linearwave-wave interactionandalsothe gravity waves
appearancesuggestssuchinteractions.

For future studies,it will be helpful to extendthe spectralanalysisspatially. It is possi-
ble over a limited heightrangewith the datapresentedandfurther improvementsof the lidar
daylightcapabilityshouldprovide anextensionof theusableheightrange.At theIAP in Küh-
lungsborn,a Rayleigh/Mie/Ramanlidar systemis operatedwhich gives,in combinationwith
the K-lidar, continuoustemperatureprofilesfrom 100 down to 1km at nighttimewith a tem-
poral resolutionof 1h (Alpers et al., 2004). Thesemeasurementsallow to analysethe full

1The MF radarmeasurementsweremadeduring daytimeonly what may have spuriouseffectsin theanalysis
especiallyon thediurnalharmonics(e.g. Hernandez, 1999).
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vertical propagationof the waves. Additional informationaboutthe horizontalstructurecan
beobtainedby two or moreinstrumentslocatedat a suitabledistanceor in combinationwith
spaceborneexperimentswhensimultaneousmeasurementswith high resolutionareavailable.

5.4 Discussionof Tidal Analyses

TheIAP potassiumlidarsreveal strongsystematictemperaturevariationsin almostevery ob-
servation of themesopauseregion. A large proportionof thefluctuationscanbeexplainedin
termsof regularcoherentoscillationswith periodsthataresubharmonicsof a solarday. They
canbeinterpretedasatmospherictideswhenthedataarebasedon sufficiently long periodsof
observation. Significanttidal amplitudeshave beenobserved andtidesareconfirmedto have
a large influenceon thetemperaturefield in themesopauseregion. As discussedabove, fluc-
tuationswith otherperiodsalsooccuranda singlegroundbasedinstrumentcannotdefinitely
distinguishtidesfrom otherwaves. The amountof datarequiredfor a reliableclassification
dependson theactualperiods,durationandoccurrencerateof waveswith near-tidal periods.

Lidar observationsfrom differentmonths,yearsandlatitudeshave beenanalysed.In all
cases,themeanlocal timevariationexhibits prominentdownwardphasepropagationdenoting
upward wave (energy) propagation.The conditionsfor vertical propagationandwave-wave
interactionsbetweenthemesopauseregion,wheretheoscillationsareobserved,andthestrato-
sphereandtroposphere,wherethestrongestforcingdueto ozoneandwatervapouroccurs,are
highly variable.This causesthehigh variability of thetidal patternthatis observedon all time
scales:interannual,intraseasonalandday-to-day. While theshortesttime scaleshave become
evidentby thespectralanalysesof continuouslidar measurements,year-to-yearvariationsare
apparentin the lidar observationsfrom Novemberon Tenerife(Figure5.1 and5.6) aswell as
in theWINDII data.

Tidal parametershave beenderivedusingdifferentmethodsandthemainresultsaresum-
marizedbelow. While a large amountof nighttimelidar observationsareavailable,they have
to be interpretedcarefully. An unresolved 24-h wave canstrongly influencethe analysisas
hasbeendemonstratedusing diurnal measurements.In particular, the determinationof the
weaker componentbecomesuncertainwhich mostly concernsthe terdiurnaltide. Two cases
of importantcontinuouslong-termmeasurementshave beenpresentedand further technical
developmentis expectedto provide themmoreregularly in the future in Kühlungsborn.The
combinationwith the spaceborneWINDII daytimemeasurementshasprovided diurnal data
that hasnot beenavailableat theselocationsbefore. Although, it alsoincorporatesconsider-
ableuncertaintiescausedby thedifferentmethodsandperiodsof observation. In comparison
with thecontinuouslidar runs,certaindifferencesoccurredandit is not clearif they arecom-
pletelydueto geophysicalvariability or partly of systematicorigin. Furtherinformationcould
beobtainedfrom simultaneous24-hlidar andsatellitemeasurements.

5.4.1 Results

Amongthepossiblemodesof tidesit is thesemidiurnal tides thatshow on averagethelargest
amplitudes.Semidiurnaltideswith amplitudesup to A2 À 15K have regularly beenobserved
at low andmidlatitudesduringthemonthsaroundwinter solstice(November–February).Near
summersolsticestrong12-hoscillationswerealsopresentat 28Á N but a singleexamplefrom
54Á N hasshown thatconditionswith no detectable12-hwave alsooccur. This is in agreement
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with observations of horizontalwinds, for which the dominanceof the semidiurnaltide at
midlatitudesin winter is a well-known fact(Forbes, 1995).

At Tenerife(28Á N) in November1999 and 2000, upward propagatingsemidiurnaltides
with vertical wavelengthsof λz· 2 À 30–35km have beenobserved, which correspondto the
third symmetricHough mode,H « 2 ° 6¬ . In February2003 at 54Á N, a shorterwavelengthof
λz· 2 À 21km wasdeducedfrom the observations. This would correspondto a Houghmode
of high order, H « 2 ° 9¬ , which is expectedto be subjectedto large fluctuations,dependingon
propagationandforcing conditions. In spiteof the large amplitudevariations,a very stable
phaseof theSDwavewasderivedduringthe5 days.A similarphasepropagationwasobtained
from theDJF97–99nighttimecompositeonly around85km, wheretheSDcomponentis weak
and subordinateto the TD component.Between95 and 100km, above the phaseshift, the
SD tide was strongerin the meanDJF nighttime datathan in the 5-day run and exhibited
a vertical wavelengthof about60km, which can be identified with the more stablesecond
symmetricmode,H « 2 ° 4¬ . TheSD phaseat 89km is constantlynear3h duringwinter. Only
theW/K combinationfor DJFat 54Á N hasprovideda differentvalue,which is determinedby
theWINDII observationsthathave shown a largeyear-to-yearvariability anda valuenear3h
hasalsobeenobservedin previousyears.

Diur nal tides have becomedetectablewith observationscovering full diurnal cyclesand
they werefound to have significantamplitudesin the orderof A1 À 2–6K. TheW/K combi-
nationdeterminedsimilar amplitudesfor 28Á N in Novemberand54Á N in winter, whereasno
detectableD tide wasobservedin the7-daylidar run in November2000.Thetidal analysisof
this datais stronglyhamperedby thestronginfluenceof a 32-hwave.

Propagatingdiurnal Houghmodeshave vertical wavelengthsof lessthan27km, but cor-
respondingphasevelocitiesof 1km/h or lesswerenot observed in the continuouslidar runs.
In contrastto the SD tide, the D tide at 54Á N in February2003did not exhibit a clearphase
propagationbut wasrelatively constantwith altitude. This behaviour canbe causedby a su-
perpositionof variousmodesandalsoby a trappedmodewithout verticalpropagation,which
is excited in the MLT region. This interpretationwould be consistentwith the lidar mea-
surementsin autumnby StatesandGardner (1998)andwith themodellingresultsby Forbes
(1982a).Non-propagatingmodesareexpectedto peaknear18:00LT sincethey areforcedby
in-situ absorptionof solar radiation. The observed phaseat local midnight could alsoresult
from chemicalheating,which is known to be strongerduring the night thanduring the day
andpredictedto peakaround90km (Mlynczak, 2000). In this region it canbe strongerthan
theabsorptionof solarradiationandcouldexplain at leastpartsof theobservations.However,
recentmodellinghaspredictedtheeffect of chemicalheatingto besmall(Smithetal., 2003).

Thethird harmonic,the terdiur nal tide, appearedwith significantamplitudesin themea-
surements,except for November2000 at 28Á N. As the vertical wavelengthswere short (as
small as14km), they do not agreewith any modesexpectedfrom the classicaltidal theory.
It hasbeennotedthat the verticalprofilesof theTD parameters(A3 ° φ3) werealwaysin close
relationto thoseof the SD, the D, or both components.This suggeststhat they do not occur
as individual modesbut are coupledto the other tides. Hence,they could be generatedby
non-linearinteractionof diurnalandsemidiurnaltideswith eachotheror with planetarywaves
as discussedby Smithand Ortland (2001). For oscillationswith periodsof 6h, negligible
amplitudesof lessthan1–2K have beenderivedin thecontinuouslidar runs.

The resultspresentedneedto be assessedin the light of other work on this topic. To
focusthe following comparisonsthe tidal amplitudesderived from the continuouslidar runs
for 89km andthosefrom WINDII/K-lidar combination,after applying the consistency test,
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Table5.6: Overview of tidal amplitudesnear89km. ValuesbestmatchingthecontinuousK-lidar obser-
vationsareshown (K-lidar day/night-runs;W/K, WINDII/K-lidar combination;Na-lidarmeasurements;
GSWM,COMMA, andDNM modelresults).Seetext for detailsandreferences.

K-lidar W/K Na-lidar GSWM-00/02 COMMA DNM

Month(s) Nov. Nov. NDJ ASON Nov. Dec. Nov.
Latitude 28Á N 23–33Á N 40Á N 41Á N 27Á N 28Á N 28Á N
A1 [K] [4.6] 6.5 4.5 5.2 3.1 / 5.0 6.6 5.5
A2 [K] 13.1 8.8 7.0 4.5 4.1 / 4.7 6.0 0.5
A3 [K] [0.9] 3.2 2.6 — — 1.9 1.1

Month(s) Feb. DJF FMA DJF Feb. Dec. Jan.
Latitude 54Á N 50–60Á N 40Á N 41Á N 54Á N 53Á N 56Á N
A1 [K] 2.2 6.5 8.5 5.3 0.8 / 1.7 1.7 0.3
A2 [K] 8.7 4.1 3.7 9.0 2.4 / 2.1 6.6 0.5
A3 [K] 3.3 2.6 4.4 — — 0.8 0.4

aregiven in Table5.6 togetherwith comparablemeasurementsandmodelresults.Error bars
areomittedfor clarity. Thecorrespondingphasesaregatheredin Table5.7 below. Listed are
Na-lidarmeasurementsat 40Á N and41Á N. In addition,modelpredictionsareshown from the
GSWM (Global-ScaleWave Model), the COMMA-IAP andthe RAS-DNM GCM (Russian
Academyof Science- Departmentof NumericalMathematicsGeneralCirculation Model),
which is alsousedat theIAP. Valuesaregivenfor thetime period,altitudeandlocationwith
the closesttemporalandspatialagreementto the continuousK-lidar measurements.The K-
lidar valuesfrom November2000which arenot clearly causedby tidal activity aregiven in
brackets.Theavailableresultsarediscussedin detailbelow.

5.4.2 Lidar Measurementsat Other Latitudes

Prior to this work thereexistedno dataof temperaturemeasurementsin themesopauseregion
covering full diurnal cyclesat latitudesnear28Á and54Á N. However, groundbasedNa-lidar
observationshave beencarriedout at anintermediatelatitude.Resultsareavailablefor differ-
entlydefinedseasonsfrom Urbana,Illinois andFort Collins,Coloradoandthoseclosestto our
measurementsarelistedin Table5.6and5.7.

For Urbana (40Á N, 88Á W), annualvariationsof tidal parametersfrom continuouslidar
measurementswerecalculatedby StatesandGardner (2000b). The authorsnotedstrongdi-
urnalvariationsbelow 92km (andweaker in 92–100km) throughouttheyear, with exceptions
in late November, December, early JanuaryandMay showing weaker activity. The low am-
plitude in Novemberis in agreementwith the insignificantD componentin the7-dayK-lidar
run at 28Á N. Seasonal3-monthaveragesof the derived parameterswerecalculated,centered
at the equinoxesandsolstices.2 For NDJ (winter season,ca.November–January)the diurnal
amplitudeA1 reachesa maximumof 5K near90km anda minimum of 2K at 98km, which
is comparableto theW/K resultsfor 28Á N in Novemberandalsowith theresults(Figure5.9)

2Monthly averagesincludinga minimumof 3 nightswerefitted with thediurnalharmonics.While arithmetic
meanamplitudesare given, vector averagesare usedfor the phases.This procedurepossiblygenerateslarger
amplitudesthanthefit of a 3-monthtemperatureaveragewhich we have usedin theW/K combination.
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Table 5.7: As Table5.6but for thetidal phases(in local time).

K-lidar W/K Na-lidar GSWM-00/02 COMMA DNM

Month(s) Nov. Nov. NDJ ASON Nov. Dec. Nov.
Latitude 28Á N 23–33Á N 40Á N 41Á N 27Á N 28Á N 28Á N
φ1 [h] [18.0] 9.3 1.5 4 22.9/ 23.2 7.3 5.0
φ2 [h] 2.9 2.7 2.7 4.5 3.3/ 3.3 8.2 8.7
φ3 [h] [3.9] 3.8 2.4 — — 5.3 6.3

Month(s) Feb. DJF FMA DJF Feb. Dec. Jan.
Latitude 54Á N 50–60Á N 40Á N 41Á N 54Á N 53Á N 56Á N
φ1 [h] 0.9 9.5 11 3 1.8/ 2.6 17.2 15.7
φ2 [h] 3.4 10.0 3.5 2.7 2.4/ 2.5 7.8 6.6
φ3 [h] 0.6 0.7 1 — — 6.6 3.2

for Februaryat 54Á N. On theotherhand,theD phaseshows a cleardownwardpropagationat
40Á N which wasnot observed at the otherlatitudes.The SD harmonicexhibits a continuous
increasewith heightat 40Á N, reachingthe strengthof theSD tide at 28Á N only above 97km.
At 89km, A2 is closerto theresultsfrom theW/K combination.

In FMA (springseason,ca.February–April)at40Á N, A1 exceeds8K between85and90km
andadoptsa minimum of 4K at 95km. At 54Á N in February, A1 wasclearly smallerin the
5-daylidar run but hadcomparablealtitudedependence.In contrast,A2 wasstrongerin the
K-lidar observation. Thus,theK-lidar datafrom lateFebruary(54Á N) arein betteragreement
with theNa-lidarresultsat40Á N from aroundwintersolstice(NDF), althoughthey fall into the
laterperiod. This finding is furthersupportedby theexcellentagreementof bothφ1 andφ2 in
89km with theNDF mean.For autumn,winterandspring,downwardpropagatingphaseswith
λz· 2 » 30–33km arereportedfrom 40Á N, alsobeingin perfectagreementwith 28Á N. TheW/K
combinationfrom DJF 54Á N hasa larger temporaloverlapwith the NDJ periodbut shows a
betteragreementin D andSD amplitudeandphasewith theFMA resultsat 89km. Finally, for
theseasonalaveragefrom May to July, resultsat40Á N arerelatively closeto thevaluesinferred
from theW/K combinationfor May at 28Á N. TheTD harmonicsat 40Á N show amplitudesof
A3 À 2–3K at all seasonsand altitudesbelow 97km, except for FMA when it reaches5K
at 93km, thuslargely supportingour results.Like in our observations,the 6-h componentis
weaker thanthe8-h componentandis negligible.

For Fort Collins (41Á N, 105Á W), Sheetal. (2002a)derivedseasonaltidal parametersfrom
eighteendiurnal lidar observations. By inspectionof the tidal signature,observationswere
groupedto give autumn(ASON, Aug.–Nov.), winter (DJF),spring(Mar.–Apr.) andsummer
(May andJuly) means.Thus,theseasonsaredefineddifferentlyto thosediscussedabove. All
seasonsexhibit downwardphasepropagationof diurnal(λz· 1 » 20km) andsemidiurnal(λz· 2 »
35km) components,exceptfor theSD phasein ASON which is nearlyconstantwith altitude.
This λz· 2 is identicalwith that derived at 28Á N in November. While the phaseprofilesarein
goodagreementbetween40Á and41Á N, theamplitudesexhibit certaindifferences.Thesharp
diurnal amplitudeminima observed at 97km in the Urbanadatafor all four seasonsarenot
seenat Fort Collins. Instead,theheightprofilesfrom DJF(41Á N) show a distinctminimumof
tidal variation(D andSD)at85km. Thediurnalamplitudesbelow 90km aregenerallysmaller
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at Fort Collins thanat Urbanaby µ 4K in bothspringandautumnandby µ 2K in winter.
For ASON,tidal amplitudesat89km of A1 À 5.2K andA2 À 4.5K werefound.In relation

to our datafrom November(28Á N), thediurnalcomponentis comparablein magnitudebut the
semidiurnalamplitudeis significantlysmaller. TheDJFdatafrom 41Á N show a similardiurnal
amplitudebut a strongerSD tide of 9K. This is moresimilar to theresultsfrom Novemberat
28Á N, supportingthe argumentthat our resultsshouldbe consideredasrepresentinga winter
state.Comparedwith theresultsfrom 54Á N, A1 agreeswith theW/K combinationwhile A2 is
closeto theresultfrom thecontinuouslidar run. Finally, in summer, thediurnaltide is againof
equalstrength(5.3K) while the semidiurnalis muchweaker (3K) thanin winter, both being
comparableto our May W/K resultsfrom 28Á N. Higherharmonicsarereportedagainto beof
minor influencewith amplitudesbelow 4K at all heightsmappedabove Fort Collins.

In general,betweenthe autumnandspringtransitions(ca. November–February),the SD
tide appearsto be dominatingin the 85–95km rangeat all mid andlow latitudesconsidered.
During the restof the year, semidiurnalanddiurnal tidesareof comparablemagnitude.Am-
plitudesrangearound5K, exceptfor the winter SD tide, which canbe twice asstrong. The
deviationof theW/K DJFcasefrom thisfindingmaybeexplainedby themulti-yearandmulti-
monthaveragingof thedata,thefactthatthelidar datamostlyoriginatefrom Januarywhenthe
SD tide wasweakest,andtheSD phasedifferencein theindividual datasets.In contrastto the
K-lidar observationsat28Á and54Á N, acleardownwardpropagatingD phasewith aboutλz· 1 À
25–30km is observedat both40Á and41Á N in winter, indicatingthefirst symmetricpropagat-
ing diurnalmodeH « 1 ° 1¬ . Fromtidal theory, thediurnalmodesareexpectedto maximizenear
40Á N, suggestingthat a single prevalent modeis found at this latituderatherthan at 28Á or
54Á N andthat the amplitudemight be overestimatedin the W/K combination. On the other
hand,therearealsoconsiderabledifferencesbetweenthetwo lidar stationsat Fort Collins and
Urbanawhich arenot yet explained.Possiblesourcesincludethoseof geophysical(e.g. year-
to-yearvariations,longitudedependentnon-migratingtides),statistical(e.g. insufficient data
to averageout incoherentwave effects)anddata-processingorigin (e.g. definitionof seasons,
averagingprocedure).Both Sheet al. (2002a)andStatesandGardner (2000a)have reported
large month-to-monthvariability. Hence,the groupinginto seasonsis problematicaslong as
sufficient datafrom theindividual monthsarenot available.

5.4.3 Biasof Nighttime Mean Temperatures

Most climatological temperaturedataderived by optical methods,using groundbasedlidar
andairglow techniques(or spacebornemethods),originatefrom eithernighttimeor daytime
observations.While semidiurnaltideswill almostsmoothout in nighttimelidar observationsof
sufficient lengthin winter, this is not necessarilytruefor diurnaltides.Therefore,thepossible
biasof the climatologiesderived in comparisonwith diurnal meantemperaturesneedsto be
assessed.

Fit functionsobtainedby harmonicanalysesallow to calculatenighttime(18:00–06:00LT)
means,which arecomparedwith diurnal meantemperatures.A tendency towardsa negative
nighttimebias,i. e.a lower temperatureat night thanat daytime,wasfoundin November2000
at 28Á N over thewholealtituderangebut with largeuncertaintydueto themajor influenceof
the 32-h wave on the fit results. A strongernegative nighttimebiasof −2.6K for 89km has
beendeducedby theconsistency testfrom thejoinedW/K datain which theD tide wasmore
prominentthanin the7-daylidar run.

In February2003at 54Á N, the diurnalphaseφ1 lies nearmidnight for almostall altitudes
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up to 95km. Hence,in this casethe night is warmerthan the meanday in 84–95km. The
differencesrangebelow 2K (exceptfor 85–86km) anddecreasewith increasingaltitude(cf.
Figure5.9). Thus,the nocturnaltemperatureprofile hasa strongergradientthanthe diurnal
mean. On the contrary, from the W/K combinationa nighttime bias to lower temperatures
(−3.8K) wasderivedfor 89km andDJFat 54Á N. A significantD tide wasobservedin May at
28Á N but dueto its phasingthenighttimebiasis negligible (+0.8K). A smallnighttimebiasis
alsoexpectedfor 54Á N in summer, althoughonly shortperiodsof darknessoccur, if thesingle
observationwith no significantD andSD tidal contribution is representative.

In contrastto ourmeasurements,aclearupwardpropagatingD tideis observedbothatFort
Collins (41Á N) andUrbana(40Á N) with A1 » 4K andλz· 1 À 20–25km. It causesan annual
meannighttimebiastowardshighertemperaturesbetweenabout90 and100km, andtowards
lower temperaturesbelow andabove thesetidal nodes.Thus,the meantemperatureprofile is
systematicallybiasedwhenit is derived from purenighttimeobservations. However, thebias
at 89km is mostlysmallandits signvarieswith thealtitudeof thetidal node.

The diurnal tide appearsto be weaker at both K-lidar stationsconsideredthan at 40Á N
andalsomorevariableor dominatedby non-propagatingmodes.Thus, the influenceon the
nighttimemeantemperatureprofile andespeciallyon its gradientis expectedto besmallerat
28Á and54Á N thanat theintermediatelatitude.

5.4.4 Other Observations

While lidar observationsrely on goodweatherconditions,meteorradarscanbeusedfor con-
tinuousdiurnalobservationsof themesopauseregion. Thederivationof temperaturesdepends
ona-priori knowledgeof atmosphericpressureor themeantemperaturegradient.Whereasthe
absolutecalibrationis problematic,temperaturevariationscanbedetectedon a basisof about
30h of data,using monthly meancompositedays. The temperaturescalculatedfor 88km
dependon the varying vertical temperaturegradient. As discussedby Hocking and Hocking
(2002),this dependencecanbeaccountedfor whentheverticalwavelengthof thedominating
tidal patternis used,which is derivedfrom simultaneouslymeasuredwind perturbations.The
authorsreporteda largevariability of tidal parametersfrom year-to-yearandmonth-to-month.
During the winter months(DJF97–99)diurnal amplitudesandphasesat 43Á N rangedwithin
A1 À 3–12K andφ1 À 19–5h, respectively. ThecorrespondingsemidiurnalresultswereA2 À
5–10K andφ2 À 2–6h. Thisbroadspreadincludestheparametersderivedfrom thelidar runin
February2003.By contrast,from theW/K combinationfor DJFat 54Á N only theD amplitude
lies well within therangeandtheSD amplitudeat thelower edge,while thephasesareclearly
differentwith valuesof about10h. TheW/K combinationfor Novemberat 28Á N mainly dif-
fers with respectto φ1 while the otherparameterslie within the rangegiven by Hocking and
Hocking for 43Á N. Ontheotherhand,theW/K May (28Á N) resultsagreeexcellentlywith radar
resultsfor bothspringandsummer.

In conclusion,themeteorradarsupportstheobservationof largeinterannualandintrasea-
sonalvariability andtheagreementwith theresultsin this work is deemedfair. Theagreement
of the radarobservations(43Á N) with the Na-lidar resultsfrom 40Á N is closerthanwith ours
from 28Á and54Á N. A possiblecausefor deviations,apartfrom latitudinalandtemporaldiffer-
ences,is theassumptionof identicalverticalwavelengthsfor wind andtemperaturetides.This
is notconfirmedby recentsimultaneousmeasurementsof wind andtemperaturevariations(She
etal., 2003).

Spaceborneobservationshave considerabledifficulties to identify migratingtidesdueto
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theirrestrictedlocaltimecoverage.Somestudiesusedvaluesneartheequatordifferingin local
timeby 12h andattributeddifferencesto themigrating24-htide,oftenneglectingthepossible
influenceof an 8-h tide. On the otherhand,satellitescan infer the longitudinalstructureof
temperaturevariationsandcandistinguishbetweenmigratingandnon-migratingcomponents.
Shepherd et al. (1999)usedWINDII daytimemeasurementsto studymigratingdiurnal tides
in December/January. The D tides maximizewith amplitudesof 6K at the equatorin 75–
80km andtendto decreasetowardsthetropicsandhigheraltitudes( µ 3K at20Á N and90km).
This observationsupportedthesemi-empiricalstudyby Khattatov et al. (1997)who usedtidal
wind oscillations,derivedfrom HRDI data,to calculatediurnaltemperaturetides.Temperature
oscillationsarepredictedto minimizenear20Á andmaximizenear40Á throughouttheyear, in
agreementwith classicaltidal theory. For 28Á N in NovemberandMay, amplitudesof about
A1 À 5K werecalculatedfor 89km, andA1 À 5–10K for the altituderangeof 90–115km.
This agreeswith the W/K combinationsfor 28Á N for which similar amplitudesof 4.0–6.5K
have beenobserved. On theotherhand,the increasetowards40Á N is consistentwith the fact
that diurnal tidesclearly appearedin lidar observationsat 40Á but not at 28Á N in November
2000.

Theamplitudevaluesfor 7.5Á N derivedin NovemberduringtheCRISTA1 mission(Ober-
heideandGusev, 2002)aresimilar to theWINDII study. In addition,theauthorsderivednon-
migratingdiurnal tidesandfoundthemto beequivalentto themigratingmodes.Comparable
importancewasassignedto the non-migratingdiurnal componentsby Talaat and Lieberman
(1999)usingHRDI daytimeobservations.At 27Á N thegravestnon-migratingmodepeakswith
4K amplitudeat 85km. Thus,thedeviationsbetweenWINDII andlidar datacouldbepartly
causedby non-migratingtides.

The terdiur nal tide hasexperiencedconsiderablylessinterestthanthe lower harmonics.
Its globalstructurein thezonalwind field at95km hasbeenderivedby Smith(2000)whofound
that at midlatitudesnearsolsticethe TD amplitudecanreachonethird of the prevalentsemi-
diurnal tide andalsoconsideredtidal interactionasa possiblesource,which is in agreement
with our results.

In particularcases,large 8-h temperatureoscillationsexceeding10K have beenderived
at 42Á N from observations of nighttime airglow originating from near90km (Wiens et al.,
1995;Pendletonet al., 2000). TheTD amplitudesin our lidar observationsweremuchlower.
AlthoughincreasedTD activity nearequinoxis in agreementwith theresultsfrom 40Á N (Sec-
tion 5.4.2), only 50% smalleramplitudeswere found in the Na-lidar data. Due to the high
variability of tides,eventswith strongTD tidesarenot unreasonable,but on the otherhand,
spuriousresultsdueto theobservationperiodsof 8 or 10h arealsopossible.

5.4.5 Model Predictions

A widely usedmodel for the study of atmospherictides is the Global ScaleWave Model
(GSWM). Monthly resultsfor migratingdiurnal andsemidiurnaltides from the GSWM-00
(Hagan et al., 1999,2001)areavailableandthosecorrespondingto the two long-termlidar
measurementsaregivenin Figure5.12.Terdiurnaltidesarenotconsideredin theGSWM.The
altitudelevel nearestto the heightusedin the W/K combinationis 90.6km which is usedin
Table5.6and5.7.

Themodeldescribesanupwardpropagatingdiurnaltide(λz· 1 » 30km) at27Á N in Novem-
ber. ThepredictedD amplitudeis smallerthanin theW/K combination(3.1vs.6.1K) whereas
in the 7-daylidar run a 24-h oscillationof this strengthwasnot detected.With φ1 À 22.9h



104 CHAPTER 5. DIURNAL TEMPERATURE VARIATIONS

80

85

90

95

100

105

80

85

90

95

100

105

80

85

90

95

100

105

0 5 10 15 20

November 27°N

a
lt

it
u

d
e

 [
k

m
]

amplitude [K] phase [LT]

12h
24h

0 4 8 12 16 20 240 4 8 12 16 20 24
80

85

90

95

100

105

12h
24h

80

85

90

95

100

105

80

85

90

95

100

105

80

85

90

95

100

105

0 5 10 15 20

February 54°N

a
lt

it
u

d
e

 [
k

m
]

amplitude [K] phase [LT]

12h
24h

0 4 8 12 16 20 240 4 8 12 16 20 24
80

85

90

95

100

105

12h
24h

Figure5.12: Tidal parametersfrom theGSWM-00,for Tenerifein November(left) andfor Kühlungs-
born in February(right). Amplitudesandphasesof diurnal (white) andsemidiurnal(black)migrating
tidesaregiven.

at 90.6km, the phaseis oppositeto the W/K data. The SD tide is strongly underestimated
in the modelin comparisonwith the lidar measurement(A2 À 4.1K vs. 13.1K), while there
is closeagreementfor the phase(φ2 À 3.3h vs. 2.9h) which is alsoconfirmedby the W/K
combination.TheGSWM predictsa generalincreasein tidal amplitudeabove 90km which is
not observed in the measurementup to 98km. Comparedwith the lidar observation, the SD
verticalwavelength(λz· 2 Â 50km) is overestimatedby 15km.

TheGSWM resultsfor Februaryat 54Á N arevery similar to thosefor Novemberat 27Á N.
The amplitudesarereducedbut the SD tide remainsthe strongercomponentandits phasing
is practically unchanged.At 90.6km both componentsare much weaker than in the lidar
measurements(A1 À 2.2K vs. 0.8K andA2 À 8.7K vs. 2.4K) but thephasesagreewithin 1h.
A propagationof theD phasewasnotdetectablebut thephasejump(at85km in thelidar data)
is remarkablysimilar to the discontinuityat 86km in the GSWM. The modelresultsdo not
changemuchduringthewinter months,althoughthephasesareshiftedin January. Compared
with the DJF caseof the W/K combination,the amplitudesare againtoo low and also the
phasesaresignificantlydifferent.

ThemostrecentmodelversionGSWM-02(HaganandForbes, 2002,2003)includesnon-
migratingtidal componentsforcedby troposphericH2O insolationabsorptionandconvective
latentheatrelease.The tidal amplitudesfor 90.6km vary with longitudeby ±20–40%while
thephasesarealmostunchanged.In NovembernearTenerife(27Á N, 20Á W), A1 À 5.0K was
calculatedwhich is in good agreementwith the W/K combination. The SD tide adoptsits
highestamplitudeat this longitude(A2 À 4.7K), therebyslightly reducingthe differenceto
the measuredvalues. For FebruarynearKühlungsborn,nearly the lowest valueswithin the
latitudinal rangearecalculated(A1 À 1.7K, A2 À 2.1K). Nevertheless,the inclusionof non-
migratingcomponentsimprovestheagreementwith thecontinuouslidar measurementsfor the
diurnaltide in all cases.

Generalcirculation modelsoften include the calculationof tidal oscillations. From the
COMMA-IAP (seealsop.70),tidal resultsfor wintersolsticeconditionsareavailable(Berger,
privatecommunication). In themodelversionused,non-migratingcomponentscontributeonly
to about10%of thetidal amplitudes(Berger, 1994)and,hence,theresultscanbeinterpreted
asmigratingtides. The nearestgrid pointsto the lidar stationsare27.5Á and52.5Á N, andthe
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resultsfor 89km arelistedin thetablesabove. For thelow latitude,thediurnaltide is in good
agreementwith thecombinedW/K measurements,includingthephase.Thesemidiurnaltide,
althoughquite strong,is still weaker thandeterminedin both measurementsandof opposite
phase,while the TD componentis reasonablysmall. At midlatitudes,the model predictsa
prevalentSD tide anda weakD tide, what seemsto be correctin comparisonwith the 5-day
lidar run. On the otherhand,the 8-h tide is underestimatedandthe phaseagreementis poor,
alsoin relationto theDJFresultsfor theW/K combination.

TheRAS-DNM GCM (Grieger et al., 2002)includeslongitudinaldependenceof thetro-
posphericforcing of solar thermaltides and migrating and non-migratingcomponentshave
beenanalysedseparately. Temperaturetidesfor 86km nearTenerife(28Á N, 20Á W) aregiven
in Table5.6 and5.7 (Grieger, privatecommunication). For November, the diurnalamplitude
hasa maximumat this altitudewith 5.5K whereasthesemidiurnalis weak(0.5K). For thelo-
cal D tide, migrating(4.7K) andnon-migrating(1.3K) componentsaddconstructively, while
they partly annihilatefor theSD tide,being1K and0.7K, respectively. For JanuarynearKüh-
lungsborn(56Á N, 20Á E), all amplitudesare below 1K at this altitude. The D and SD tides
remainsmallover thewholealtituderangeup to 105km andonly theTD non-migratingcom-
ponentreaches3.5K near100km. Thus,with theexceptionof thediurnaltideat28Á N, all tidal
componentsareclearlyunderestimated.While theabsolutevaluesof thephasesdeviate from
the lidar measurements,their vertical structureis closelyrelated. The vertical wavelengthof
theSD tide is in perfectagreementwith themeasuredvalues:32km in Novemberat 28Á N and
21km in Januaryat 56Á N. TheD phaseat low latitudesindicatesa clearupwardpropagating
tide in themodelwhich wasnot observedin November. By contrast,a phasejumpis predicted
for theD tide near90km at 56Á N, similar to themeasurementsat 85km. TheTD phaseprop-
agatesat thesamevelocity astheSD phasenear90km in theRAS-DNM GCM in bothcases.
Thissupportstheinterpretationof our observationsthattheTD tide is oftencloselycoupledto
theD or SD tide.

In summary, it is notedthatthecomparisonswith modelresultsyield relatively few agree-
ments. In the models,the semidiurnaltide is mostly underestimatedand the phasesoften
differ significantly from the measurements.The GSWM givesa goodapproximationof the
diurnal amplitudedue to the inclusion of non-migratingcomponentsand representsclosely
the observed phaseof the semidiurnaltide. However, due to the longervertical wavelength
thanin thelidar observationsthis agreementis foundnear90km only. On theotherhand,the
COMMA-IAP providesthe mostreasonablesemidiurnalamplitudes,especiallyat 54Á N, and
theRAS-DNM GCM correctlypredictstheverticalwavelengthsfor theSD tides.

Similar resultswereachieved concerningthe tidal amplitudesfor 40Á N in winter which
are also underestimatedin the GSWM in comparisonwith the Na-lidar results(Statesand
Gardner, 2000b). The amplitudesat 41Á N areslightly larger andthusthe differencesto the
modelgreater(Sheet al., 2002a).On the otherhand,D andSD phasesarein relatively good
agreementwith theNa-lidarmeasurementsat bothstations,in caseswhentheseshow a clear
upwardpropagation.

Modelsseemto suggest(Haganetal., 1999)thatmaximumtidal amplitudesaround90km
shouldnot exceed6–8K but they areobserved to be larger. Modelswidely assumetempera-
ture tidesasbeingcausedby adiabaticcompressionandexpansion,andpropagatingupwards
into themesopauseregion. Otherpossibilitiesneedto beexaminedfurther, includingdiabatic
processeslike chemicalheatingwhich couldalsointroducetemperaturefluctuationsandmay
accountfor thefactthattodaymodelsrepresentwind tidesmuchbetterthantemperaturetides.
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5.5 Conclusions

Solarthermaltidesplayanimportantrole amongtheperturbationsof thetemperaturestructure
of themesopauseregionasthey causethestrongestandmostpersistentvariations.Thederiva-
tion of tidal parametersfrom lidar observationshasbeendemonstratedanddiscussedusing
differentapproaches.While providing quantitative informationthemeasurementsalsoreveala
largevariability of thetideson all time scales.

For bothdiurnalandsemidiurnaltides5K area typical amplitudeat low andmidlatitudes
in this altitude region. The casesconsideredbetweenNovemberandFebruarywere identi-
fied with winter conditions.They exhibit a strongprevailing semidiurnaltide with amplitudes
which regularly exceed10K andwhich aremostlyunderestimatedby models.Themostcon-
stantparameterseemsto bethephaseof thesemidiurnaltide which is almostunchangedeven
betweendifferentlatitudes.Theclearphasepropagationdenotesa singleupwardpropagating
modewith verticalwavelengthsbetween20 and35km in winter.

In contrast,the diurnal tide appearedwith a highly variablephaseandno distinctvertical
structureat 28Á and54Á N. It is presumablya superpositionof variouspropagatingandtrapped
modesand,additionally, it may be influencedby non-migratingtides. The classicaldiurnal
modesare expectedto peaknear40Á N and the diurnal tide appearsmore clearly structured
there.On occasion,however, downwardpropagating,trapped,and/ormultiple modesfor diur-
nal tidesarealsoobservedat this latitude(StatesandGardner, 1998;Sheetal., 2003).This is
in generalagreementwith classicaltheorywhichpredictsthatsemidiurnalforcinggoesmainly
into onesingleglobal mode,whereasmuchof the diurnal forcing is boundin trappedmodes
andtheremainderdistributedover severalmodes(Lindzen, 1990;Berger, 1994,p. 129). Dur-
ing the 7-day lidar run at 28Á N in November2000, no detectable24-h oscillation occurred
while thetidal analysiswasinfluencedby a 32-hwave. Theabsenceof a significantamplitude
in this caseis in agreementwith observationsnear40Á N which alsoshowedperiodswith only
weakdiurnaltidesin lateNovember(Drob et al., 2000;StatesandGardner, 2000b).

Terdiurnaloscillationsareobserved with notableamplitudesandareoften closelycorre-
lated to the diurnal and semidiurnaltides which suggeststhat a coupling mechanismexists
betweenthem.TD tidesareusuallynot thedominantcomponentand,thus,they cannotbede-
rivedaccuratelyfrom lidar observationsunlessD andSD oscillationsarealsodeducedwhich
requiresmeasurementscoveringcompletediurnalcycles.

The nighttimemeantemperaturetendsto be biasedtowardshighertemperaturesfrom 84
to 95km at 54Á N in February. On the contrary, a negative biaswasdeducedfrom the W/K
combinationfor 89km at 28Á and54Á N in winter. Sincethe diurnal tidesarerelatively weak
anddo not exhibit a clearpropagatingstructure,thebiasof thenighttimemeantemperatures,
andespeciallyof the temperaturegradient,areexpectedto be smallerat 28Á and54Á N than
near40Á N.

Theobservationsdiscussedhaveprovidedvaluableandin many respectsinitial information
abouttidal temperatureperturbations.Nevertheless,it hasbecomeevident thatmoreclimato-
logical measurementsover completediurnal cyclesare necessaryto clarify the role of tides
in the mesopauseregion in detail. Continuouslymeasuringgroundbasedinstrumentsshould
be combinedwith satelliteswhich simultaneouslyobserve the horizontaltemperaturestruc-
ture with high temporalresolution. Hence,metalresonancetemperaturelidars with daylight
capabilitycancontribute largely to thefutureexplorationof tidesin themiddleatmosphere.



Chapter 6

Summary
Lidar measurementsof thetemperaturestructureandpotassiumlayerin themesopauseregion
(80–105km) have beenreportedin this work. Basedon existing potassiumtemperaturelidar
technology, a new lidar systemhasbeensetupat theLeibniz-Instituteof AtmosphericPhysics
in Kühlungsborn.A multitudeof technicaldevelopmentshave improvedtheemitterandthere-
ceiverunit of thepotassiumlidar. Measurementshave successfullybeenperformedatdifferent
locations.Partsof theextensive datasethave beenanalysedwith respectto seasonalandlati-
tudinalvariations,aswell astidal signatures.Themainresultsof thiswork canbesummarized
asfollows.

• DeterminingtheDopplerbroadeningof thepotassiumresonanceline with anarrow-band
laserhasproven to be an appropriatetechniqueto measuretemperatureprofilesof the
mesopauseregion with high resolutionandhigh accuracy.

• With therecentdevelopments,thetunableall solid-statelasersystemhasbecomea reli-
ableandstablehigh power emitterfor continuouslong-periodobservation of themeso-
pauseregion.

• Thedevelopmentof theFaradayAnomalousDispersionOpticalFilter (FADOF) together
with a narrow field of view anda highly efficient detectorhasenabledtemperaturemea-
surementsin full daylight. The filter curve is almostideal with efficient background
reduction,high transmissionandno temperaturebiasimplied.

• Measurementsat Tenerife(28Á N), Kühlungsborn(54Á N) andSvalbard(78Á N) have pro-
videdclimatologicaldatasets.Thepotassiumlayerandtemperaturestructureatmid and
low latitudeshave beenanalysedandrevealedseasonalvariationsandlatitudinaldiffer-
ences,thoughtheTenerifedatado not cover a full year’s cycle. Comparisonswith other
observationsandmodelcalculationswerepresented.

• An outstandingfeatureof thepotassiumlayeris its semi-annualvariationwith highpeak
andcolumndensitiesaroundthe solstices.The seasonaldifferencesbetweensummer
and equinox increasetowards lower latitudesin spite of the decreasein temperature
variation:CK À 3 to 5× 107 cm¼ 2 at Kühlungsbornand2.5to 6× 107 cm¼ 2 at Tenerife.

• Thetemperaturestructureof themesopauseregion exhibits worldwidea two-level char-
acteristicwhich hasbeenestablishedby lidar measurementsfrom thesubtropicsto polar
latitudes.

• At Kühlungsborn,thethreeyearnighttimedatasetconfirmstheresultsdeducedfrom the
first yearof measurements,showing a maximumannualvariationof ±25K at86km and
lessthan±2 K at 97km.
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• At Tenerife,the nighttimemeantemperaturestructureexhibiteda low mesopausestate
for about4 weeksin summer, characterizedby analtitudeof 86km anda temperatureof
183K. Therebythemesopauseis similar in altitudeandslightly warmerthanat midlati-
tudes.In Novembera regularmesopausewith 194K at 100km wasobserved.

• Thenighttimelidar measurementshave shown thepresenceof strongtidal perturbations,
presumablywith a dominantupward propagatingsemidiurnaltide but the analysisis
obstructedby the limited local time coverage.At Tenerifethesemidiurnalactivity was
foundto beweaker in summerthanin November.

• Thecombinationof nighttimelidar measurementswith daytimesatellitedata(WINDII)
providesdiurnaltemperaturedataat 89km, from which diurnaltideswith amplitudesof
about5K wereestimatedfor low andmidlatitudes.

• Two continuouslidar runs over several daysgive an excellent possibility to study the
temporaldevelopmentof the temperature.The diurnal tidal componentin winter was
estimatedweaker thanthat from the lidar/satellitecombination.No detectablediurnal
tide waspresentin the observation at 28Á N. The diurnal tide wassignificantat 54Á N
but no singlepropagatingtidal modewasapparent.Thenighttimetemperaturebiaswas
towardshighertemperaturesbetween84 and95km.

• Thesemidiurnaltide is theprevailing componentin the85 to 95-kmregion with ampli-
tudesaround10K in winter at low andmidlatitudes.Theamplitudeis regularly under-
estimatedin currenttidal models.The terdiurnaltide appearsto bestronglycoupledto
the24-hand12-hoscillations.

• The spectralanalyseshave confirmedthe existenceof a permanentsemidiurnaltide.
It exhibited strongday-to-dayvariationsin amplitudebut a relatively constantphase.
The variability of the tidal amplitudesis similarly high asobserved on interannualand
intraseasonalscales.

• Additionaloscillationswith periodsabove24h andbelow 12h wereidentified.Coupling
betweendifferenttidal, gravity andplanetarywaveshasbeensuggestedby theresults.

PossibleFieldsof Work for Futur eResearch

Thenighttimedatasetsobtainedhave provided valuableinformationaboutthe thermalstruc-
ture of the mesopauseregion. With respectto the climatology, someopenquestionsremain
which concernfor examplethe possiblenighttime bias or long-termtemperaturevariation.
The potassiumlidars arenow capableof long continuoustemperaturemeasurements,though
the backgroundsensitivity needsto be reducedfurther. This opensa wide rangeof possibili-
ties to explore the temperaturefluctuations,especiallythosecausedby wavesandtides. The
strongvariability of thetidal parameterson thescaleof years,monthsanddayshasshown that
a largedatabaseof well-distributedmeasurementsis necessaryto obtaina consistentclimato-
logical pictureof the temperaturetides. In orderto take the horizontalstructureinto account
anddistinguishbetweenmigratingandnon-migratingtides,it would bedesirableto combine
continuousdiurnal lidar measurementswith simultaneoussatellitedata. Additional informa-
tion couldalsobeobtainedby thesimultaneousoperationof two lidarsat a certainhorizontal
distance.Merging the potassiumlidar datawith that from otherlidar systemsoperatedat the
samesiteallows to studywavesover a largeverticalrange.
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Appendix A

Atomic Data on Potassium

The most importantatomic datausedin this work are collectedin this appendix. General
data are taken from the CRC Handbook(Lide, 1999) and the physical referencedatabase
(http://physics.nist.gov/PhysRefData) of the NIST (National Instituteof StandardsandTech-
nology).

Thealkali metalpotassiumis characterizedby:

Atomic number 19K
Standardatomicweight 39.0983(1)
First ionizationenergy 4.3407eV
Groundstatelevel 2S1Ã 2
Groundstateconfiguration [Ar:1s22s22p63s23p6] 4s

Its naturalisotopiccompositionis:

Isotope Atomic mass Abundance Nuclearspin K(D1) line shift

39 38.9637069(3) 0.932581(44) I À 3Ä 2 0
40 39.96399867(29) 0.000117(1) I À 4 125.58MHz
41 40.96182597(28) 0.067302(44) I À 3Ä 2 235.28MHz

Thenaturallyoccurringradioactive 40K decaysslowly (τ À 1 Å 26 Æ 109 y). Dueto its low abun-
danceit is not consideredin thecalculations.Theisotopes42 and43 have half-life periodsof
severalhours.

ThegroundstateresonancelinesK(D1) andK(D2) togetherareknown astheFraunhoferA Ç
line andgivenbelow. Theindex of refractionusedis nair À 1.000275.Theoscillatorstrengthf
is relatedto thetransitioncoefficient Aik by f À Aik

gk
gi

λ2 ½ 1 Å 4992 Æ 10¼ 16, whereAik is givenin

s¼ 1 andλ in Å. Thelower(gi ) andupper(gk) statisticalweightsaregivenby thetotalelectronic
angularmomentumasg À 2J È 1.

Transition K(D1) K(D2)

Wavelengthair [nm] 769.8974 766.4911
Wavelengthvacuum[nm] 770.1093 766.7021
Rel. intensity 24 25
Aik [108s¼ 1] 0.382( ¾ 10%) 0.387( ¾ 10%)
f -value 0.340 0.682
Terms2SÉ 1LJ

2S1Ã 2 Ê 2 Po
1Ã 2 2S1Ã 2 Ê 2 Po

3Ã 2
gi Ê gk 2-2 2-4
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The K(D1) Transition

The most recentaccuratemeasurementsof the valuesfor the K(D1) transitionby Saloman
(1993)areusedfor this work (uncertaintieswerenot given):

Centerresonancelevel λ̄ À 12985Å 170cm¼ 1

Oscillatorstrength f À 0 Å 339
Lifetime ( » relaxationtime) τ À 26Å 2 ns

Thelifetime givesa naturaltransitionlinewidth of νN ÀÌË 2πτ Í$¼ 1 À 6 Å 1 MHz (FWHM). Using
theinternationallyrecommendedvaluesof thefundamentalconstants(CODATA1998)theline
centercanbeexpressedin differentunits:

Unit K(D1) line Conversionfactor

λ̄ [cm¼ 1] 12985.170(1)
λvac [nm] 770.109286(59)
ν [Hz] 3.89285603 (30) Æ 1014 c À 299792458m/s
E [J] 2.57943317 (29) Æ 10¼ 19 h Î c À 1 Å 98644544Ë 16ÍÏÆ 10¼ 25 Jm
E [eV] 1.60995573 (14) hcÄ e À 1 Å 239841857Ë 49ÍÐÆ 10¼ 6 Jm/As

λair [nm] 769.897387 nair À 1 Å 00027523(CRC99)
λair [nm] 769.884480 nair À 1 Å 000292
λair [nm] 769.898334 nair À 1 Å 000274

At 770nmtherefractive index of standardair (15Á C,101.325kPa,0.03Vol-% CO2) is givenby
theCRCHandbookasnair À 1 È 27523Æ 10¼ 8. Differentvaluesareusedin differentworksand
oftennotstatedexplicitly. Theactualvaluecanresultin achangeof λair by morethan0.01nm.
A differencein wavelengthof ∆λair À 1pm equals505.84MHz and16.86×10¼ 3 cm¼ 1.

The hyperfinestructure(hfs) splitting is causedby the interactionof the magneticfield
originatingfrom theelectronicshellwith themagneticmomentof thenucleus,in thecaseof a
non-vanishingnuclearspin. J andI coupleto a total angularmomentumF À I Ê J Ñ$Å$Å$Å"Ñ I È J.
For K(D1) thequadrupoleinteractionconstantis zeroandthedipoleconstantwasmeasuredby
Saloman. It is 230.86MHz for thegroundand28.0MHz for theupperstateof 39K. Thevalues
for 41K are127.01MHz and15.2MHz, respectively. This resultsin thefollowing total offsets
of thehfs componentsfrom theline’s centerof mass:

2S1Ã 2 2P1Ã 2 39K 41K Line strength
[MHz] [pm] [MHz] [pm] relative

F’=2 310 -0.61 405 0.80 5
F=1

F’=1 254 -0.50 375 0.74 1
F’=2 -152 0.30 151 0.30 5

F=2
F’=1 -208 0.41 121 0.24 5

For a discussionon theeffective line intensitiessee,for example,WindholzandMusso(1988).
For a thoroughdiscussionof the effective backscattercross-section,I refer to thecomparable
lineshapeof sodiumwhich hasbeentreatedmoreextensively in theliterature(e.g. Chamber-
lain et al., 1958;Fricke andvonZahn, 1985).



Appendix B

U. S.Standard Atmosphere,1976
TheU. S.StandardAtmosphereUSSA(1976)givesmeanvaluesfor theEarth’s atmosphere.It
attemptsto depictidealizedyear-roundmidlatitudeverticalprofilesfor thefollowing values:

Geometricaltitude z [103 m]
Geopotentialaltitude H [103 m]
Kinetic temperature T [K]
Pressure p [102 Pa]
Massdensity ρm [kg Ä m3]
Numberdensity ρn [m ¼ 3]
Accelerationdueto gravity g [m Ä s2]
Pressurescaleheight Hp [m]
Particlespeed v [m/s]
Collision frequency ν [1/s]
Meanfreepath L [m]
Molecularweight M [kg/kmol]

In TableB.1, valuesat somealtitudesareextractedto give a guidelinefor estimatingatmo-
sphericproperties. The stratopauseis locatedat 49km (T À 270.65K) and an isothermal
mesopauserange86–91km is givenwith 186.87K.

Table B.1: USSA(1976):valuesarereproducedwith at least4 significantdigits whenpossible.

z 0km 10km 30km 60km 90km 120km

H 0 9.984 29.86 59.44 88.74 117.8
T 288.15 223.25 226.5 247.0 186.9 360.0
p 1013.25 264.99 11.97 0.2196 1.836e-3 2.538e-5
ρm 1.2250 0.4135 1.841e-2 3.097e-4 3.416e-6 2.222e-8
ρn 2.547e+25 8.598e+24 3.828e+23 6.439e+21 7.116e+19 5.107e+17

g 9.8066 9.776 9.715 9.624 9.535 9.447
Hp 8434 6555 6693 7368 5636 12091
v 458.9 404.0 406.9 424.9 369.9 539.3
ν 6.919e+9 2.056e+9 9.219e+7 1.620e+6 1.56e+4 163
L 6.633e-8 1.965e-7 4.414e-6 2.624e-4 2.37e-2 3.31
M 28.964 28.964 28.964 28.964 28.91 26.2
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Appendix C

Data Analysis
The most importantmathematicalmethodsusedin this work to analysethe data, from the
receivedsignalto theobtainedtimeseries,aresummarizedin thisappendix.With theexception
of theconsistencytest, they have beendiscussedin detailin theliterature.

The numericalevaluationis realizedusingthe programmingenvironmentDELPHI (Bor-
land,Inc.) with asharedobjectlibrary anddatabasedevelopedby theIAP lidar groupto match
its specificrequirements.Many mathematicalroutinesarebasedon theNumericalRecipesin
Pascal(Presset al., 1989).

Err or Bars

Continuousvariableslike atmosphericparametersareassumedto follow theGaussian(or nor-
mal) distribution, which is characterizedby theprobabilitydensityfunction

f Ë yÍ À 1

σ Ò 2π
e¼ÔÓ y Õ µÖ 2

2σ2 Ñ (C.1)

whereµ is the expectationvalue of the continuousvariabley. Unlessstatedotherwise,the
uncertaintyof a valueis given throughoutthis work asits standarddeviation σ which equals
thesquareroot of thevarianceof its distribution.

For discretedistributions,e.g. countingprocesses,Poissonstatisticshave to beappliedto
describetheprobabilitythata numbery À 0 Ñ 1 Ñ 2 Ñ$Å$Å$Å is realized:

P Ë yÍ À λy

y!
e¼ λ Å (C.2)

Theparameterλ equalsboththeexpectationvalueandthevariance.If it hasanintegervalue,
theprobabilityof y À λ andy À λ Ê 1 is thesame.For largevaluesof λ thePoissondistribution
convergestowardstheGaussian.

If thevariancehasto becalculatedfrom themeanȳ of adatasetyi (i À 1 Ñ$Å\Å\Ñ N), thedegrees
of freedomarereducedto N Ê 1 andthevarianceis calculatedto beσ2 À ∑ Ë yi Ê ȳÍ 2 Ä Ë N Ê 1Í .
Meanvaluescalculatedfrom independentsetsof N datapointsaredistributedwith a reduced
varianceof σ2 Ä N. Themeanȳ ¾ σ×

N
hasanerrorprobabilityof β À 31Å 7%.

Fitting of Model Functions

If a modelfunction f̃a Ë t Í is to befitted to a seriesof datapoints Ë ti Ñ yi Í , with i À 1 Å\ÅN, measured
with respectto t, the most likely set of parametersa is sought. It is taken to be the model
with thehighestprobabilityof thegivendatasetasa realization.Assumingnormal(Gaussian)
distributions aroundthe true modelwith individual standarddeviationsσi, the bestfit is the

115



116 APPENDIX C. DATA ANALYSIS

parametersetwhich givesa minimumfor thefunction

χ2 Ø 1
N ∑

i Ù yi Ê f̃a Ë ti Í
σi Ú 2 Å (C.3)

This is calleda leastmeansquare (LMS) fit andis usuallyrealizedin this work by employing
theLevenberg-Marquardt algorithm(Presset al., 1989),which is suitablefor linearandnon-
linear functions. In the caseof countingprocesses,the LMS approachis not ideal because
the Poissondistribution deviates from the Gaussian. The convergencetowards the normal
distribution is relatively slowly out on the tail of the distribution what leadsto the fact that
outliersareoverestimatedin theLMS fit. Instead,a robustestimation(Presset al., 1989)can
beapplied.It is usedfor exampleto derive thetemperaturefrom themeasuredphotoncounts
(Section3.2.4).

C.1 Harmonic Analysis

Themeasuredtemporalvariationof the temperatureor otheratmosphericparametersis anal-
ysedto identify the inherentcontribution of periodicprocesses(e.g. wavesor seasonalvaria-
tions). In somecasesthe calculationis naturallylimited to a few frequencies,asfor the tidal
analysis.In this case,themostdirectmethodis anLMS fit of theexpectedfunction f̃ Ë t Í to the
data.For harmonicanalysisthefitting functionis chosenasa superpositionof sinusoids:

f̃ Ë t Í Ø A0 È m

∑
i Û 1

Ai cosË ωi Ë t Ê φi Í$ÍÜÅ (C.4)

Here,A0 is a constantoffset,them amplitudesof theindividual periodsTi
Ø 2π Ä ωi areAi, and

thephasesφi denotethetime of themaximumvaluein theinterval Ý 0 Ñ Ti Þ . Usuallytheperiods
arefixedvalues(e.g. T1

Ø 24h, T2
Ø 12h) but they canalsobefitted asfreeparameters.

Theharmonicfit in thesenseof Eq.C.4canproducevaluableresultsonly if theparameters
are chosenin a sensibleway accordingto the problem,and sometimesit relies on a good
approximationfor the startingvaluesof the parameters.For example,if the temperatureis
measuredfor many daysandthenaveragedin binswith respectto local time, a time seriesis
achievedon theinterval of Ý 0 Ñ 24hÞ , asin Chapter5. To this seriesany periodcanbefitted but
only harmonicsof 24h aresensiblebecausefor othersthefunctiondoesnot correspondto the
local timesthedataweremeasuredat,exceptfor onecertainday.

In general,the resultsfor the individual harmonicsarenot independentfrom eachother,
exceptfor onespecialcase.Only if thetimeseriesis sampledat equallyspacedintervalsti and
with equaluncertaintiesσi over a periodTtot the fitting resultsfor harmonicsof the sampling
period(i. e.,Ti

Ø Ttot Ä i) do not influenceeachother. This is usuallynot thecasefor measured
data. It meansthat, e.g., the amplitudeof a 12-h componentwill changeif a 24-h or 8-h
componentis includedin the fitting function f̃ . A simultaneousfit of m periodswill differ
from theresultsof m individual fits of thesingleperiods.

The following examplerepresentstypical conditionsfor nighttimelidar operationwhere
it occursthat f Ë t Í hasbeensampledover muchlessthanthe full periodof 24h. In this case
the diurnal harmoniccannotbe fitted with reliableresults,ashasbeendiscussedin the liter-
ature(e.g. Crary and Forbes, 1983;Gille et al., 1991). On the otherhand,an existing 24-h
oscillationcanhave an erroneousinfluenceon the resultsfor the higherharmonicsasshown
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FigureC.1: Examplefor thefit resultsof hypotheticaldatarepresentinga partially sampled24-hoscil-
lation (errorbars).Left: individual fits of 24-h(black),12-h(grey) and8-h (white) oscillations.Right:
acombinedfit (dotted)of 8-hand12-hoscillationswith thecomponentsshown separately(grey, white).

in FigureC.1. It representsa pure24-h oscillationwith A1
Ø 10 andA2

Ø A3
Ø 0, which is

sampledduringits positive half only, i. e.daytime.While the24-hharmonicfunctionprovides
thetruewaveform,individual 8-h and12-hharmonicsreproducethehypotheticaldatato some
degreewith amplitudesof A2

Ø 3.8 andA3
Ø 2.4 (left panel). A combinedfit (right panel)

with bothperiodsrepresentsthedataastonishinglywell with amplitudesof A2
Ø 5.5andA3

Ø
1.6. However, it is far off the true behaviour at timeswhenthe oscillationwasnot sampled.
At t Ø 0h thepredictionis off by 23 unitsfrom thecorrectvalue.Thetwo componentsof the
combinedfunction areshown alsoandit is found that the 8-h phaseis oppositeto the indi-
vidual fit. For theerrorbarsgiven,all theseresultsarestatisticallyhighly significant,whereas
for combinationof 24-h,12-hand8-h harmonicsthe resultsareinsignificantthoughthey are
correctdueto theabsenceof noise(A1

Ø 10 ß 23).
Thefalseamplituderesultscanevenbedoubledwhenthephaseof the24-hoscillationis

shiftedrelative to theperiodof datasampling.Theerroneousresultsarereducedonly slowly
whenthe samplinginterval is extended.Thus,in orderto achieve reliableresultsconcerning
all tidal oscillations,a samplinginterval of nearly24h is required.

The ConsistencyTest

A novel methodis appliedin Section5.2for thetidal analysiswhenthediurnalharmonicsareto
bedeterminedfrom a combineddatasetof lidar andsatelliteobtainedtemperatures(Shepherd
andFricke-Begemann, 2004). The temperaturesaremeasuredby WINDII duringdaytimeby
thelidar duringnighttime.Thetwo datasetscanbefittedseparatelyfor theseriesof harmonics
but they will not reveal the 24-h component. To identify this the complementarydatasetsà
Ti á ti â D and

à
Ti á ti â N arecombined. The meantemperatureshave to be subtractedfrom each

dataset to avoid influencesfrom instrumentalbias,periodandlocationof observation. The
usageof residuals,however, implies that the real meantemperaturesduring both observation
periodswereidentical.This is usuallynotthecasedueto theinfluenceof thediurnaltidewhich
is to bedetermined.

The harmonicseriesT̃ is first fitted to the combinedzero-meandataset. From this fitted
T̃ the predictedensemblemeansfor the two datasetsarecalculatedseparately, e.g. ∆TD Øã
T̃
à
ti âåä Ti æ D. Typically ∆TD and∆TN will not be identicalbut differ, mainly dueto the24-h
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FigureC.2: Examplefor theconsistentcombinationof two syntheticresidualdatasetsfor night-(white)
anddaytime(grey) obtainedfrom a 24-h harmonicoscillationwith an amplitudeof 10 plus artificial
noise.Theconsistency testrestorestheoriginaloffsetto thedata(dotted)andgivesthecorrectfit result
(blackline).

component.This resultis in turn not consistentwith the implicateassumptionof an identical
meanwhich wasmadewhencombiningthe residualdatasets.For correction,the calculated
meanis addedasan offset to the datasetsgiving

à
Ti ç ∆TD á ti â D and

à
Ti ç ∆TN á ti â N. To the

correcteddatathe seriesis fitted againandthe meansarere-calculated.This procedureis re-
peateduntil themeanscalculatedfrom thefit agreewith thoseof thedatasets,i. e.fit function
andoffsetareconsistent.It canbeshown thattherecursionis converging. A numberof simu-
lationshave shown thatthetrueoffsetsarecalculated,providedthatthemodelfunctionagrees
with the‘true’ courseof thedata(plusunsystematicscattering).As asimulationexample,Fig-
ureC.2shows theresidualdatasetswith their meansubtracted(white andgrey) togetherwith
theconsistentdataandthefinal fit (black). Theinitial fit (not shown) to thesimply combined
datagivesanamplitudeof lessthan20%.

Oneexpectsthe diurnal amplitudeto increaseduring this procedureasits effect is partly
cancelledout by the useof the residuals. Even if appliedto the absolutetemperaturesthe
methodcanonly provide thecorrectrelative offset,but naturallynot thecorrectmeanvalue.
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C.2 SpectralAnalysis

The temporaldevelopmentof a physicalvariableoften needsto be analysedwith respectto
its frequency content. Correctlyspeakingthereis a systematicdifferencebetweenharmonic
analysis, thedetectionof regularperiodicsignals,andspectral analysis, thedescriptionof how
varianceis distributed as a function of time scalein non-periodicprocesses.Nevertheless,
they have somecommonpropertiesandanumberof mathematicaltoolsexist whichserve both
purposesdependingon the conditions. Herea shortintroductionto the methodsusedin this
work shall be given, more detailscan be found in a numberof textbooksandreviews (e.g.
Taubenheim, 1969; Presset al., 1989; von Storch and Zwiers, 1999; Ghil et al., 2002). In
contrastto the harmonicfits, the resultsfor differentfrequenciesdo not influenceeachother
but the uncertaintiesof the sampleddatapointsarenot taken into account.Spectralanalyses
areusefulonly for long time serieswherethe observation period is a multiple of the signal
periodicity.

Themostcommonmethodis to describea function f
à
t â by a trigonometricexpansion,the

continuousFourier transformation:

f
à
t â Øaè ∞é ∞

F
à
ν â e2πi νt dν ê (C.5)

TheFourier transformfunctionF
à
ν â is calculatedby inner productof the basefunction with

thevariable f
à
t â :

F
à
ν â Ø è ∞é ∞

f
à
t â eé 2πi νtdt ê (C.6)

For thepractiseof real functions,theFourier transformis symmetricallyequalto its complex
conjugate(F

à ä ν â Ø F ë à ν â ).
In many situationsthe valueof f

à
t â is recordedat evenly spacedtime intervals. The N

discretelysampledvaluesat intervalsof ∆t are

fn
Ø f

à
tn âìá tn

Ø n∆t á n Ø 0 á 1 á 2 á ê$ê$ê á N ä 1 ê (C.7)

Thefunction f
à
t â is completelydeterminedby theseriesfn if it is bandwidthlimited to frequen-

ciessmallerin magnitudethantheNyquistcritical frequencyνc
Ø 1í à 2∆t â . Higherfrequencies

arealiasedinto the frequency range Ý ä νc á νc Þ andproducefalseresults.The discreteFourier
transformis representedby a setof N discretenatural frequenciesover therangeä νc to νc

νk
Ø k

N∆t á k Ø ä N
2 ç 1 á ê$ê$ê á N2 á (C.8)

whereN is assumedto beeven.Thediscreteform of theFouriertransformis themappingfrom
thesummabletime seriesto a setof functionsdefinedover theNyquistinterval by

F
à
νk â Ø Fk ∆t Ø N é 1

∑
nÛ 0

fne
é 2πi νktn∆t

fn
Ø 1

N∆t ∑
k

F
à
νk â e2πi νktn ê (C.9)

Thecomplex FouriercoefficientsFk
Ø ∑ fne2πi knî N areindependentof the lengthof the sam-

pling interval. In order to simplify the numericalcalculationof the Fourier transform,the
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measuredvaluesareoftenprovidedin a setof N Ø 2m samples,whatallows theapplicationof
theFastFourier Transform(FFT) algorithm.

As canbeseenfrom thegivensetof frequencies(Eq.C.8)thereis very little informationin
the low frequency rangeandthe samplinginterval shouldbe chosenappropriatelyto provide
informationfor all frequenciesof interest.For example,the positive naturalfrequenciesof a
T Ø 12h samplingperiodwith intervalsof ∆t Ø 1h correspondto periodsof 2, 2.4,3, 4, 6, and
12h. A longersamplinginterval will enhancethe spectralresolutionwhile a smaller∆t will
extendtherangeto higherfrequencies.However, thetransformF

à
ν â canbecalculatedfor any

frequency with thedisadvantageof loosingmany propertiesof thefull Fouriertransformwhich
is basedon a completesetof basefunctions.

The Power Spectrum

Thetotal power of the function f
à
t â is definedasthe integral over its total squaredamplitude

andcanequivalentlybecalculatedin thefrequency domain(Parseval’s theorem):

totalpower Øaè ∞é ∞ ï f à t â ï 2dt Øaè ∞é ∞ ïF à
ν â ï 2dν (C.10)

If the questionis addressedhow muchpower is containedin the frequency interval between
ν andν ç dν, it is convenientto definethe (one-sided)powerspectral density(PSD)of the
function f

à
t â as

Pf
à
ν â Ø ïF à

ν â ï 2 ç ïF à ä ν â ï 2 á 0 ð ν ñ ∞ ê (C.11)

It is equalfor a real function to Pf
à
ν â Ø 2 ïF à

ν â ï 2. For infinite functionsthe amplitudeof the
Fourier transformmaynot befinite (theFourier transformof a cosineis thesumof two delta
functions),thusthePSDperunit timeP

à
ν â maybeconsidered.It is calculatedby takingafinite

representative stretchof f
à
t â (by settingit equalto zerooutsidethe range Ý 0 á T Þ ), calculating

its PSD(C.11)anddividing it by the lengthT of the time stretchused.Following Parseval’s
theoremits integral equalsthemeansquaredamplitudeof thesignal:è ∞

0
P
à
ν â dν Ø 1

T
è T

0 ï f à t â ï 2dt ê (C.12)

For a cosinefunction f
à
t â Ø Acos

à
ωt â thetime stretchis takenasa multiple of its periodand

theabove calculationyieldsthevalueA2 í 2. It is notedthatfor a cosineP
à
ν â is not converging

but becomesa deltafunctionfor T ò ∞ while its areais conserved.
After the Wiener-Khinchin theorem it is equivalent to definethe power spectrumas the

Fouriertransformof theauto-covarianceof thetime series.But astheauto-covarianceis well
definedonly over a shortrangeof thetime rangecoveredby thedata,this is not thebestway
to calculatethepower spectrumof a shorttime series.

Power SpectrumEstimation

For a certainstochasticprocessthe continuouspower spectrumis a well-definedparameter,
but for thecaseof a discretelysampledfunction fn thePSDhasto beestimatedfrom thedata.
This canbedonein a numberof ways,thatgo undera varietyof namesin theliterature(Press
et al., 1989).Therearealsodifferentnormalizationsfor thetotal power, from which themean
squaredamplitudeis usedhere,which is equalto thevarianceof thesample:

totalpower Ø 1
N ∑

n ï fn ï 2 ó 1
T
è T

0 ï f à t â ï 2dt ê (C.13)
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Figure C.3: FFT periodogramsof a cosinefunction with f V 1
W
12h (black) and f V 1

W
5 X 7h (grey)

demonstratingtheleakage.Left: full FFT; right: windowedFFT.

The classicestimationof the PSD is the periodogram using the discreteFourier transform
coefficients(Eq.C.9):

P
à
0â Ø 1

N2 ïF0 ï 2
P
à
νk â Ø 1

N2

Y ïFk ï 2 ç ïFé k ï 2 Z k Ø 1 á 2 á ê$ê$ê á N2 ä 1 (C.14)

P
à
νc â Ø 1

N2 ïFN î 2 ï 2 ê
Theexpectationvalueof theP

à
νk â is someaverageof thecontinuousPSDover thefrequency

rangearoundνk extendinghalfwayto its neighbourfrequencies.Although,it canbeshown that
asignificantleakage from onefrequency bin to theneighbouringbinsoccursin theFourierpe-
riodogram,i. e. the estimatedPSDis smearedout. Only for a puresinewave of a frequency
equalto oneof thenaturalfrequenciesνk therewill benoleakageto adjacentνk’s. Theleakage
canbe reducedby data windowingwherethe stretchof datausedis multiplied with a win-
dow function that equalsoneat the centerandfalls off towardsthe edgesof the interval (see
Eq. C.16 below). This effect is demonstratedin FigureC.3 wherethe periodogramsof two
differentcosinefunctionswith thesameamplitudeareshown. 64 datapointsover a periodof
T Ø 48h arecalculated.The cosinewith f Ø 1í 12h (black) matchesa naturalfrequency of
the FFT andgivesa sharppeak,while the otherfrequency (1í 5 ê 7 h, grey) lies abouthalfway
betweentwo FFT values(1í 6 h and 1í 5 ê 33h) and producesa relatively broadperiodogram
dueto theleakage.Thewindow functionproducesa similar resultfor bothcases(right panel),
which is preferableunlesstheoccurringfrequenciesareexactly known. For thesignificanceof
periodograms,seefor exampleHernandez(1999).

A secondunpleasantfact aboutthe simple periodogramis its variancewhich is always
100%(i. e. equalto thesquareof its expectationvalue),independentof N. For long datasets
or shortsamplingintervals ∆t, thevariancecanbereducedby averagingthecalculatedP

à
νk â

either over a numberof datasegmentsor a numberof calculatedfrequencies.For the first
optionit turnsout to beoptimalto usesegmentswhich overlapby onehalf of their length.

Therearesomeadvantagesin adifferentapproximationwhosefreeparametersak lie in the
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denominator, namely,

P
à
ν â ó a0[[ 1 ç ∑M

kÛ 1 akzkî M [[ 2 á with z Ø e2πi ν∆t ê (C.15)

This modelis calledtheall-polesor maximumentropymethod(MEM) andcanbecalculated
with theuseof theFFT of theautocorrelationof the fn. TheMEM canpossiblyhave polesin
the complex z-plane,i. e., infinite spectraldensityat real frequenciesin the Nyquist interval.
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Figure C.4: MEM power estimationfor the same
functionsasin FigureC.3.

This is anadvantagecomparedwith theFFT
periodogram,makingtheMEM usefulto an-
alysesharpspectralfeatures,corresponding
to discretefrequencies.On theotherhandit
hasto be usedcarefully as it may produce
spuriouspeaksfrom data including noise.
WhereasP

à
ν â canalwaysbe evaluatedon a

very fine frequency grid, the numberof pa-
rametersM hasto bechosencarefully. Nec-
essarilyit is M ð N, but usually it is a few
timesthe numberof expectedsharpspectral
featuresin the data. In the exampleof Fig-
ure C.4 the MEM is calculatedwith M Ø 3
for thetwo differentcosinefunctionsusedin
FigureC.3. Other than the FFT it can pro-
ducesharpspectralfeaturesat the exact fre-
quenciesof underlyingfunctions.

Time DependentPower Estimation: Wavelets

TheFouriertransformmethodsaresuitableto analysehomogenousor indefiniteperiodicfunc-
tions. For short lived oscillationsthey do not provide informationat which time a frequency
portion waspresent.Whenatmosphericobservationsareanalysedthe caseof a uniform os-
cillation is ratherseldom(seeSection5.3). In orderto deducetemporalinformationaboutthe
intensityof a frequency portionthewindowedFourier transformcanbeused,

Fwin à ω á t0 â Øaè ∞é ∞
g
à
t ä t0 â f

à
t â eé iωtdt ê (C.16)

The window function g
à
t ä t0 â is chosento be finite neart Ø t0 andzerofor t ò ß ∞. Here

it serves to localizethe amplitudeinformation in time, while, asmentionedabove, it is also
useful to correctthe spectralleakageof the peridogrampower estimation. The accuracy of
thelocalizationdependson thewindow functiong but not on theangularfrequency ω Ø 2πν.
In general,a wider window function providesmoreaccuracy in the frequency rangewhile a
narrower window givesbettertemporalresolution.The localizationin the frequency domain
canbe derived from the Fourier transformof the window function G

à
ν â , usingthe variances

σ2
g andσ2

G of g
à
t â andG

à
ν â , respectively. Owing to the uncertaintyprinciple, their relation

satisfiesσ2
gσ2

G � π í 2, wheretheequalityis achievedonly wheng
à
t â is a Gaussian.

Under somecircumstancesit is consideredunfavourablethat the relative localizationin
the frequency domain(σG í ω) is not constantbut becomesworseif longerperiodsareanal-
ysed. Especiallyfor the geophysicalanalysisof waves this is inconvenient. To overcome
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this dependenceof therelative localizationpropertieson thefrequency thecontinuouswavelet
transformationis definedanalogouslyto the Fourier transform(e.g. Foufoula-Georgiou and
Kumar, 1994):

Fψ à λ á t0 â Ø 1�
λ
è ∞é ∞

f
à
t â ψ ëλ à t ä t0 â dt ê (C.17)

Thefunction f
à
t â is projectedontoa seriesof functions

ψλ
à
δt â Ø 1�

λ
ψ0 Ù δt

λ Ú á (C.18)

derived from a motherwaveletψ0. The parameterλ describesthe dilation and δt the time
offset.Thenormalizationfactor1í � λ ensuresthat � ïψλ ï 2 is constant.Therearemathematical
conditionsfor awaveletfunctionleadingto therequestthatit convergesto zerofor δt ò ∞ and
its Fouriertransformdoessofor ω ò 0.

Themainpropertiesof thewavelet functionscanbeunderstoodwhentheir Fourier trans-
forms ψ̂0 á ψ̂λ arecalculated.By definingthecenterof passingbandω0

ψ̂ asthecenterof mass
andthestandarddeviation σψ̂ over thepositive frequency rangeonly, andalsoσψ in thetime
domain,thefollowing relationshipsareobtained:

σψ � λ Ø λ σψ � 0 for thetime localizationá
σψ̂ � λ Ø 1

λ
σψ̂ � 0 for thefrequency localizationá and (C.19)

ω0
ψ̂ � λ Ø 1

λ
ω0

ψ̂ � 0 for thefrequency passingbandê
Thus, the desiredfeatureis obtainedthat the relative frequency localizationσψ̂ í ω0

ψ̂ of the
passingbandis conservedfor all valuesof thedilation parameterλ.

Thereis a large numberof real andcomplex motherwavelets(e.g. Mexican hat, Haar).
From thosethat one must be chosenwhich is most appropriatefor the applicationat hand.
Thedifferentwaveletsandtheir propertiesarediscussedin varioustextbooks(e.g. Foufoula-
GeorgiouandKumar, 1994).For oscillatoryprocesseslikethey areobservedin theatmosphere
the Morlet waveletis applied,which is definedvery similarly to a Fourier transformwith a
Gaussianwindow (Eq.C.16):

ψ0
à
τ â Ø π é 1

4 e
é τ2

2 e
é iw0τ ê (C.20)

Thedimensionlessparameterw0 determinesthenumberof oscillations(4w0 í 2π) includedbe-
tweenthepointswheretheamplitudehasfallento e

é 2. It is oftenchosenasthesmallestvalue
allowedby theadmissibilityconditionw0 � 5. Thefull half-widthof thew0

Ø 5 Morlet wavelet
is � 1.9periods.Otherthanfor thewindowedFouriertransform,thenumberof oscillationsin
thewindow is keptconstantfor all frequencies.TheFouriertransformof theMorlet waveletψ
is givenby

ψ̂
à
wâ Ø π é 1

4 e
é�� w é w0 � 2 î 2 ê (C.21)

Thecenterof its passingbandis w0 andthespreadsσψ andσψ̂ bothequalunity. Thewavelet
transformis calculatedby eithertheuseof Eq.C.17or theFouriertransformto obtaintheam-
plitudeFψ asa functionof time t andcenterangularfrequency ω Ø w0 í λ (or period2πλ í w0).
In Figure C.5 (left panel)the Morlet wavelet is shown with a period of 24h. This mother
waveletis theonly oneusedin this work.
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Figure C.5: Left: TheMorlet waveletwith a periodof 24h andw0 V 5. Therealpart (with dots)and
theimaginarypartareshown, with therealpartscaledto unity. Right: Thewaveletamplitudespectrum�
Fψ � of ananalyticfunctionin colourcontours.Thelinesmarktheconeof influence.

For thediscretelysampleddataset fn with n Ø 0 á ê$ê$ê á N ä 1 thewavelettransformis defined
as

Fψ à λ á tn â Ø ∆t�
λ

N é 1

∑
n� Û 0

fn� ψ ë Ù à n� ä nâ ∆t
λ Ú ê (C.22)

Whena complex wavelet is usedthe analysisprovidesin additionto the intensityalsophase
information about f

à
t â . The phaseφn can be calculatedfrom the complex Fψ à λ á tn â using

tanφn
Ø Im

à
Fψ â í Re

à
Fψ â . Thephasefunctionφ

à
λ á tn â equalsoneattimeswhenthecomponent

with dilation λ is at its maximumvalue.Thewaveletpower spectrumis definedasPψ à λ á tn â ØïFψ à λ á tn â ï 2.
A simulatedapplicationof the waveletanalysisis shown in theright panelof FigureC.5.

Sampledover 120h aretwo harmonicswith periodsof 24h and8h. The first is continuous
with anamplitudeof 10andthesecondhasa50%largeramplitudeandstartsathalf-time.The
wavelet spectrumcorrectlyshows both componentswith their amplitude,time of occurrence
andperiod(on the logarithmicscalegiven, the periodsof 4, 8, 16, and32h areat about2/5
of the major intervals). Also shown is the coneof influencedenotingthe rangewhereedge-
effectsbecomeimportant. For aboutoneperiodfrom the outsidethe amplitudesarereduced
andtheperiodis lesswell localized.For introductionto significancetestsof waveletanalysis,
seeTorrenceand Compo(1998). In one-dimensionalpower spectraasdescribedin the last
section,the8-h harmonicwould simply appearwith a lower amplitude.
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Monthly Observation Statistics
Themonthly observation statisticsfor the IAP K-lidars is given in the following tables.Sep-
aratetableslist (D.1) the initial observationson Rügen,(D.2) the Polarsterncampaign,(D.3)
observationsin Kühlungsbornwith thetransportableK-lidar, (D.4) on Tenerife,(D.5) on Sval-
bard,and(D.6) observationsin Kühlungsbornwith the new stationaryK-lidar. All datasets
since1996 comprisemore than 500 hoursof temperatureobservations from a total of 563
nights(anddays).Therefore,no completelisting of theindividual observationsis given.

All valuesin thetablesincludeonly thoseobservationswherethelidar wasoperatedin reg-
ular scanningmodeon theK(D1) line allowing temperaturecalculation,exceptfor thecolumn
‘No T’, whereotherfiles arecountedseparately. Individual files regularly include4000laser
shots( � 2 minutes). The total measurementtime includesboth day andnighttime,while the
daylightperiodsareaccumulatedseparatelyagain.As ‘nights’ theperiodsbetweennoonand
noon(UT) arecountedandtheportion includingdaytimeobservationsis given in additionas
‘days’. All measurementsuntil December31st, 2003,areincluded.

In additionto J. Höffner who accomplishedall the campaigns,a numberof otherpeople
wereinvolvedin themeasurements:U. vonZahn,M. Alpers(until 2000),V. Eska(until 1997),
C. Fricke-Begemann(1997–2003),T. Köpnick, J. Oldag (1998–1999),J. Lautenbach(since
2001),P. Menzel(since2001),M. Gerding(since2003),M. Rauthe(since2003),andmany
otherswho have assisted.

Table D.1: K-lidar temperaturemeasurementsat Juliusruh,Rügen(55� N).

Month Year T-files No T Total time Daylight Nights Days
1 1995 0 205 0h – 3 –
2 1995 0 724 0h – 5 –
3 1995 — – — – — –
4 1995 66 76 5h – 4 –
5 1995 28 160 12h – 3 –
6 1995 18 12 1h – 1 –

total 112 18h 0h 16 0

125
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TableD.2: K-lidar temperaturemeasurementsduringthePolarsterncampaignbetween70� Sand45� N.

Month Year T-files No T Total time Daylight Nights Days
3 1996 0 5 0h – 1 –
4 1996 219 60 10h – 9 –
5 1996 1615 54 82h – 13 –
6 1996 881 17 51h – 12 –

total 2715 143h 0h 35 0

Table D.3: Temperaturemeasurementsin Kühlungsborn(54� N) with thetransportableK-lidar.

Month Year T-files No T Total time Daylight Nights Days
6 1996 15 4 1h – 1 –
7 1996 427 15 20h – 6 –
8 1996 858 87 41h – 12 –
9 1996 1151 – 57h – 14 –

10 1996 886 6 43h – 10 –
11 1996 565 17 26h – 5 –
12 1996 127 13 6h – 1 –
1 1997 2124 17 94h – 12 –
2 1997 695 18 31h – 5 –
3 1997 1178 2 43h – 7 –
4 1997 1402 6 50h – 12 –
5 1997 709 2 28h – 10 –
6 1997 1046 34 41h – 14 –
7 1997 207 16 9h – 5 –
8 1997 1345 8 60h – 13 –
9 1997 685 4 29h – 6 –

10 1997 713 7 31h – 5 –
11 1997 233 – 10h – 3 –
12 1997 939 8 40h – 5 –
1 1998 5 – 0h – 1 –
2 1998 7 – 0h – 1 –
3 1998 392 3 20h – 6 –
4 1998 226 98 11h – 4 –
5 1998 287 18 14h – 6 –
6 1998 140 13 6h – 6 –
7 1998 80 – 4h – 2 –
8 1998 152 – 7h – 3 –
9 1998 345 – 17h – 4 –

10 1998 402 – 17h – 3 –
11 1998 312 – 13h – 2 –
12 1998 367 – 15h – 3 –
1 1999 76 – 3h – 1 –
2 1999 294 – 12h – 2 –

total 18390 799h 0h 190 0
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Table D.4: K-lidar temperaturemeasurementson Tenerife(28� N).

Month Year T-files No T Total time Daylight Nights Days
3 1999 376 – 15h – 2 –
4 1999 337 – 15h – 4 –
5 1999 3552 – 136h – 19 –
6 1999 1046 96 49h – 7 –
7 1999 1399 – 61h – 8 –
8 1999 — – — – — –
9 1999 — – — – — –

10 1999 — – — – — –
11 1999 2425 1 107h – 15 –
12 1999 — – — – — –
11 2000 4203 81 170h 129h 14 10
12 2000 848 58 36h 22h 9 3

total 14186 588h 151h 78 13

Table D.5: K-lidar temperaturemeasurementson Svalbard(78� N).

Month Year T-files No T Total time Daylight Nights Days
6 2001 1030 16 32h 32h 9 9
7 2001 2412 31 75h 75h 11 11
8 2001 3640 18 118h 110h 14 14
9 2001 981 – 36h 23h 11 9

10 2001 459 1 15h 6h 5 3
2 2002 265 2 9h – 1 –
3 2002 3284 70 111h 6h 16 8
4 2003 1635 18 56h 42h 6 6
5 2003 2216 6 77h 77h 13 13
6 2003 1181 14 43h 43h 13 13
7 2003 1448 3 58h 58h 11 11
8 2003 1105 2 37h 37h 10 10

total 19656 666 509 120 107
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Table D.6: Temperaturemeasurementsin Kühlungsborn(54� N) with thestationaryK-lidar.

Month Year T-files No T Total time Daylight Nights Days
6 1999 0 58 0h – 3 –
9 1999 0 7 0h – 1 –

10 1999 70 19 2h – 2 –
11 1999 593 58 22h – 7 –
1 2000 351 4 12h – 1 –
6 2000 88 10 3h – 2 –
7 2000 64 – 3h – 1 –
8 2000 50 – 2h – 1 –

10 2000 0 112 0h – 3 –
6 2001 0 22 0h – 3 –
7 2001 0 81 0h – 1 –
8 2001 283 – 10h – 2 –
1 2002 — – — – — –
2 2002 262 – 9h 3h 1 1
3 2002 245 – 8h 5h 1 1
4 2002 142 – 5h 3h 1 1
5 2002 — – — – — –
6 2002 811 25 28h 18h 10 5
7 2002 255 14 9h – 4 –
8 2002 368 128 13h – 8 –
9 2002 599 – 20h 2h 3 1

10 2002 332 5 12h 2h 3 3
11 2002 1337 11 47h 17h 5 4
12 2002 855 1 29h 7h 3 2
1 2003 — – — – — –
2 2003 2742 37 108h 45h 5 5
3 2003 182 16 7h 7h 3 3
4 2003 1328 12 51h 12h 5 3
5 2003 — – — – — –
6 2003 1661 78 61h 33h 10 9
7 2003 426 2 15h 9h 4 3
8 2003 1162 6 42h 3h 8 2
9 2003 1826 118 62h 2h 10 2

10 2003 1641 389 58h – 8 –
11 2003 938 5 32h 3h 2 1
12 2003 974 11 33h – 3 –

total 19585 705 173 124 46
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and C. E. Meek, Climatology of the semidiurnaltide at 52–56� N from ground-basedradarwind
measuremends1985–1995,J. Atmos.SolarTerr. Phys., 61, 975–991,1999.

Jeys,T. H., A. A. Brailove,andA. Mooradian,Sumfrequency generationof sodiumresonanceradiation,
Appl.Optics, 28, 2588–2591,1989.

Kane, T. J., and C. S. Gardner, Structureand SeasonalVariability of the Nighttime MesosphericFe
Layerat Midlatitdues,J. Geophys.Res., 98, 16,875–16,886,1993.

Khattatov, B. V., M. A. Geller,V. A. Yudin, andP. B. Hays,Diurnal migratingtide asseenby thehigh
resolutionDoppler imager/UARS 2. Monthly meanglobal zonal and vertical velocities,pressure,
temperature,andinferreddissipation,J. Geophys.Res., 102, 4423–4435,1997.

Koechner, W., Solid-statelaserengineering, vol. 1 of OpticalSciences, 3rd ed.,Springer-Verlag,1992.

Kogelnik,H., andT. Li, Laserbeamsandresonators,Appl.Optics, 5, 1550–1567,1966.

Lautenbach,J., Aufbau einerDoppler-freien Polarisationsspektroskopieals Wellenl̈angenstandardan-
handderKalium (D1)-Linie, Diplomathesis,TechnischeFachhochschuleWildau,2001.

Leblanc,T., I. S.McDermid,P. Keckhut,A. Hauchecorne,C. She,andD. A. Krueger, Temperaturecli-
matologyof themiddleatmospherefrom long-termlidar measurementsat middleandlow latitudes,
J. Geophys.Res., 103, 17,191–17,204,1998.

Lide, D. R.,CRCHandbookof chemistryandphysics:a ready-referencebookof chemicalandphysical
data, 80thed.,CRCPressLLC, 1999.

Lindzen,R. S.,dynamicsin atmosphericphysics, CambridgeUniversityPress,1990.

Love,S. G., andD. E. Brownlee,A directmeasurementof theterrestrialmassaccretionrateof cosmic
dust,Science, 262, 550–553,1993.
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141


