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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 signa
transmission and background suppression while it avoids erroneous influences on the measurement.

Climatological results are derived from three years of nighttime measurements at Kihlungsborn (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 reveal ed.
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 grundlgenderBedeutungfir die Erforschungder
Erdatmospéire. Das Temperaturprofiln der Mesopausengton (80—105km Hohe)kannmit
Hilfe einesLidars(eines’LaserRadars”)gemessewerdendasmit ResonanzstreuuramMet-
allatomenarbeitet.

Teil der vorliegendeArbeit ist die Weiterentwicklungdes verwendeterKalium-Lidars.
Schwerpunktéilden dabeider Festldrperlaseund die Neuentwicklungeinesoptischenril-
ters,derdie Temperaturmessuraypchbei vollem Tageslichtermbglicht. Temperaturmessun-
genwurdenamLeibniz-Institutfir Atmosplarenphysikn Kihlungsborr{54°N) durchgeiihrt
undaufRerdenmit einemtransportablesystemauf Tenerifa (28°N) und Spitzbegen (78’ N).

Die Lidarmessungemn den verschiedenemreiten konntendas saisonaleZwei-Niveau-
Verhaltender Mesopauseals ein globalesPhanomenetablieren. Die Mesopaused.h. das
Temperaturminimunm diesemHohenbereichtritt im Laufe desJahresausschliel3liclin zwei
bestimmterHohennveausauf, die nureinegeringeAbhangigleit von dergeographischeBre-
ite aufweisenDie niedrigsterTemperaturestellensichdabeistetsim Sommerein.

ErstekontinuierlicheMessungerkompletterTages@ngezeigendeutlicheVariationender
TemperatudurchWellenverschiedenefypen. Einewichtige Rolle spielendabeiganz-,halb-
unddritteltagigeGezeiten Besonderstarkist die halbtigigeGezeitausgepigt, die Amplitu-
denvon mehrals 15 Kelvin erreicherkann.
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Chapter 1

Intr oduction

The Earth’ s Atmosphere

The Earths middle atmospherend its temperaturestructureare the primary subjectof this
work. The middle atmospherénasbecomea topic of researchapproximatelyone hundred
yearsago, with the surprisingdiscovery by Teisserenale Bort and ABmannin 1902thatthe
temperatur@lecreasavith heightdoesnot continueto outerspacebut endsatabout8—11km.
A correctapproximationof the temperaturgorofile wasnot establishedintil the 1960s. The
nomenclaturavhichis now conventiondividesthe atmospheren the basisof its verticaltem-
peraturegradientinto tropospherdup to 8—15km), stratospheréup to ~50km), mesosphere
(upto ~100km) andthermosphereA numberof knowvn physicalandchemicalcharacteristics
distinguishtheselayers.However, mary fundamentaphenomenandprocessesf the middle
atmosphere;omprisingboththestratospherandthe mesosphergrenotunderstoodndform
topicsof currentresearch.

The boundarieetweerntheselayers(tropo-, strato-and mesopausedrefar from imper
meable. Studiesover the pastdecadehave shavn that strongchemical,dynamicaland ra-
diative coupling exists betweenthem (e.g. Summes, 1999; Brasseuret al., 2000; Baldwin
and Dunkerton 2001;Beder and Scmitz 2003). With recentinterestin long-termclimate
andtemperaturdrendsit hasbecomencreasinglyevidentthatthe globalatmospherenustbe
consideredsanintegratedsystemto clarify therelatve rolesof naturalandanthropogenief-
fectsonthe Earth’s climate. For example,increasingevels of carbondioxide (associatedvith
globalwarmingin the tropospherejeadto global coolingin the middle atmosphere While
tropospheridemperaturds predictedto increaseby 1-4K in a doubledCO, scenario effi-
cientradiatve cooling is expectedfrom modelcalculationgo cool the middle atmospherdy
10-20K. Sucha large temperaturechangewould inducesignificantchangesn the middle
atmosphereirculation. This, in turn, would affect troposphericlimatebecausestratospheric
dynamicsprovide the upperboundarymechanicaforcing of tropospheriovave patterns.On
the otherhand,dissipationof gravity andplanetarywaves,both generatedn the troposphere,
provide momentunmdragon the circulationof the middle atmosphereThe large temperature
changepredictedfor the uppermesospherbasled to the proposabf usingit asa precursoiof
climatetrends(seereview by Beig et al., 2003). To detectandassessuchtrendsoneneeds
bothaccuratéemperatureneasuremen@ndthoroughunderstandingf the processegovern-
ing themesospherienegy budget.

A gravitationally boundatmospherés in hydrostaticequilibrium. Solarradiationandthe
radiative propertiesof theatmosphericonstituentprovide theboundaryconditionsfor afirst-
orderdescriptionof the vertical thermalstructure.An atmosphereontrolledby sunlightcan
scarcelybe rotationally symmetric. Neverthelessijt is usefulto think of a meanplanetary
atmosphereyith diurnalandlatitudinalvariationsoccurringaboutthe mean.
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—December - June Typical midlatitude temperatureprofiles of the
120 Earths atmosphereare shavn in Figure 1.1 for
| thermosphere_ =] Juneand December They are taken from CIRA-86
’ (COSAR InternationalReferenceAtmospherel 986,
> mesopause Flemingetal., 1990),whichis basecbnmeasurements
andtheoreticahpproximationsThetropospheridem-
peraturas governedby H,O dueto radiative andcon-
vective exchangeln the stratospher&raceamountof
O3 areformedby sunlight,andthe high efficiengy of
O3 to absorhultraviolet radiationcauses temperature
inversionabove thetropopauseln themesospherahe
decreasén O3 productionin combinationwith thein-
creasedate of cooling to spaceby CO, leadsto the
“ re-establishmendf a declining temperature.Finally,
tropospher\e““\.‘.‘_\: above the mesopauseheatingby O photolysisand
R ionization,togetherwith the lack of efficient infrared
150 200 250 300 .. .
temperature [K] em|SS|on,|ncreasesheth(.ermosphereemperaf[ureiao
about1000K. Detaileddiscussionf the main pro-
Figure 1.1: Model of the atmospheric cessesare found in the literature (e.g. Chamberlain
temperatureat 55°N for winter (solid) andHunten 1987;GoodyandYung 1989).
andsummer(dotted). The uppermesospherexhibits a counterintuitive
seasonabehaiour in Figurel.1,with lower tempera-
turesobseredin summetthanin winter. Thiseffectis
strongesaroundthe mesopauséhe temperatureninimum betweermesospherandthermo-
spherewhichis locatedatalower heightin summeitthanin winter. Theoddseasonalariation
increasesowardsthe polar regions, which are sunlit the whole day in summer It illustrates
thatthis region of theatmospherés far from a purelyradiative equilibrium. Fromthe appear
anceof noctilucentcloudsnear83km (e.g. Gadsdenand Scroder, 1989),it haslong been
expectedthatthis regionis colderin summerthanin winter. In thethin andrelatively dry air,
temperaturesearl50K (below -120°C) arerequiredfor the formationof ice particles,which
constitutethe visible noctilucentcloudsandcontritute to the appearancef polarmesospheric
summerechoebsenedby radar
The cold summemesopause knowvn to betheresultof a dynamicaleffect. In the upper
mesospheréhe breakingof gravity waves (seebelow) depositsmomentumwhich inducesa
dragon the meanflow, causinga meridionaldrift from the summerto the winter pole. This
meridionalmotion givesriseto vertical motionthroughmasscontinuity Adiabaticcoolingin
summerandheatingin winter causeghetemperatures themesospherto deviateby upto 60—
90K from a radiatvely-determinedequilibrium. Throughthis mechanisnthe polar summer
mesopausbecomedghe coldestregionin the Earths atmosphere.
The major radiative, dynamicaland chemicalprocesseshat govern the enegy balance
in the mesospherare thoughtto be qualitatively known. However, we still do not have a
guantitatve globalunderstandingf the magnitudeandrelative importanceof theseprocesses
andtheiroverallrolein determininghestructureandvariability of themesospherée.g. Roble
1995;Mlynczak 2000). Especiallyin themesopauseegion, theenegy budgetis complex asit
consistf severaltermswhich arelargerin magnitudehantheir sum.In additionto radiative
anddynamicalprocessesexothermalchemicalreactionsinvolving the odd-oxygenand odd-
hydrogenspecieqsuchasO, O3, H, and OH) contrikute to mesospheriheating,thoughthe
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chemicalenegy is partly radiatedaway asobserableairglow. Turbulentdissipationof wave
enegy is anotherprocesswhich can, at leastlocally, causelarge heatingrates(Ebel 1984;
Lubken 1997).

The atmospherés 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) planetarywaves of the global atmospheravith periodsof days. Insteadof attaining
a staticequilibrium, the meanstateof the atmospherés a notionalmeanwhich is character
ized by the waves occurringaboutit. Throughnon-linearinteractionswvavescancontinually
exchangeenegy andmomentumwith the meanflow andthusinfluencelarge scalecirculation
patterns(e.g. Holton and Alexander 2000). Waves are intenselystudiedas a major compo-
nentof the atmospherehat provides couplingbetweenthe layers. On the otherhand,where
the meanstateis of interest,it is necessaryo averageout wave perturbations.In particular
tidal waveswhich areperiodicwith the solarday have alarge potentialto biasnighttime(and
daytime)measuremen@ndobscuregherealmeanstateof theatmosphere.

Temperature Measurements

Theenegy budgetgovernsthe thermalstructure the dynamicsandthe chemicalcomposition
of theatmosphereTherefore jts understandingields a fundamentascientificproblem. Until

today though, no extensie temperaturedataset exists from which the mesospherienegy
budgetcanbe determined.

The mesopauseegion is not easily accessibldor measurementsin-situ measurements
canonly be doneby meansof rockets and are thereforeexpensve andrare. Passve rocket
experimentswith falling spheresracledfrom thegroundhave beenperformedmorefrequently
overthedecadedyut they still only provide snapshotsf themomentarystateof theatmosphere
andarerestrictedto a few launchsites. Their vertical resolutionis not ideal andthe altitude
rangedoesnot cover thefull mesopauseegion, beingmostlylimited to belov 90km.

With the progressof lasertechnologylidar instrumentsbecameamnorefrequentlyusedas
they canmeasureatmospherigparametergontinuouslywith high verticalandtemporalreso-
lution (seeChapter3). Hence they canbeemplo/edto studyboththe climatologicalstructure
andthe wave perturbations.Potassiunresonancdidars are usedin this work to obtaintem-
peratureprofilesof the mesopauseegion. In thealtituderangeof approximately75to 110km
exist layersof metalatoms,which areusedastracersto determineair temperaturesvith high
accurayg (Fricke andvon Zahn 1985). Theselayersare permanentind believed to originate
from extraterrestriaimaterial. The averageglobal massaccretionfrom small meteoroidsvas
determinedo be aboutl110tonsperday (Love and Brownlee 1993). Whenmeteoroidsenter
theatmospher¢hey canproduceradardetectabléonizationtrails andvisible shootingstarsin
thesealtitudes. As they evaporate they generatea stronglocal enhancemerf metalatoms
which hasfrequentlybeendetectedoy resonancéidars (e.g. vonZahnetal., 2002). Besides
the temperatureneasurementsnetal lidars can provide information on the compositionand
dynamicsof the mesopauseegion.

Optical remotesensingof the mesopauseegion haslong beenlimited to the period of
darknessdueto the high solarbackgroundduring daytime. This restrictionhasbeena ma-
jor challengein lidar developmentover recentyears. Hence,the upgradeof the potassium
resonancdidarsfor long-termcontinuousday-and-nightemperatureneasurement®rms an
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importantpartof this work.

Today thereis a variety of remotesensingtechniquedor temperatureneasurementms
the mesosphere So-calledRayleighlidars can derive the temperaturdrom the troposphere
to the mesosphereyp to heightsof about90km. Passve instrumentsanalysingthe airglow
emissionslike OH-spectrometerganbe operateccontinuouslyat relatively low expenseand
have beenwidely applied. A majordisadwantageof thesetechniquess the absencef height
information,thusthe accuratelyneasuredemperaturealuecannotbe closelyassignedo one
altitude. Therelatively newv methodof deriving temperaturefrom meteorradarobsenrations
hasthe advantageof beingindependenof weatherconditionsandtime of day, but it cannot
derive vertical profilesandneedsalong integrationtime andsomea-priori informationabout
the stateof theatmosphereln contrastto groundbasedbserations,a spacebornéstrument
canprovide nearglobalmappingat the expenseof local time coverageandusuallywith poorer
resolutionand accurag. Thus, the differentobseration techniquescomplementeachother
asthey all have specificadvantagesdifficulties and shortcomings. For example, they can
be combinedto provide daytime and nighttime temperature®r, ideally on a single day, a
groundbasedldar canmeasurahe local time variation,while a satellitecoversthe horizontal
dependence.

Objectivesand Structur e of This Work

This studyhasbeencarriedout at the Leibniz-Instituteof AtmosphericPhysicsin Kiihlungs-
born, Germary, andconcentratesn lidar measurementsf the temperaturén the mesopause
region. Theobjectivesof thework to thisthesisincluded(a) thesetupof anew lidar systemand
its technicaldevelopmenffor daylightcapability (b) measurementsf thetemperaturstructure
atdifferentlatitudesand(c) analyse®f thedatawith respecto themeantemperaturstructure
aswell asseasonahnddiurnalvariations.

The structureof this thesisis organizedasfollows. Chapter2 describeghe principlesof
the lidar obsenation methodandtemperaturealculation. Chapter3 dealswith the technical
detailsof theinstrumentsncludingmajordevelopmentf thelaserandof therecever system.
Chapter4 presentghe datasetobtainedover the lastfew yearsandinvestigateseasonaand
latitudinal variationsof the potassiumlayer and the temperaturesn the mesopauseegion.
Chapter5 addressethe effects of tides and waves on the temperaturestructure,andfinally,
Chapter6 providesa shortsummaryof theresults.

In this work the mesopauseeggion is referredto asthe altituderangefrom 80 to 105km,
whereinthe mesopausaltitudevaries. Altitudesin this region cannotgenerallybe attributed
to eitherthe mesospherer the thermosphereAlternatively, the term mesospherlowerther
mosphee (MLT) is oftenusedin theliterature.Also corvenientis the simplifying useof meso-
spheri¢ especiallyfor the metallayers,evenunderconditionswhenthey aremainly locatedin
thelower thermosphere.

This work discusse®bserationsat differentlatitudeswhich are classifiedinto low, mid
and polar latitudes Latitudesbelov 30° arereferredto aslow latitudesand compriseboth
thetropics(< 23.5") andthe subtropics.Midlatitudesdenotethe temperatezone(30°-66.5')
while polarlatitudesreferto the Arctic or Antarctic.



Chapter 2

The Principle of Lidar Measurements

This chaptergives an introductionto the physical principles of atmospherididar measure-
ments. It alsodiscusseshe derivation of air temperatureandpotassiundensitiesfrom lidar
obserations. The mostimportantmathematicalmethodsusedin this work to evaluatethe
measuremen@resummarizedn AppendixC anddiscussedvith respecto their practicalap-
plication. Exceptfor one novel methodusedto combinetwo datasets(the consistencyes),
they have beendiscussedn detailin theliterature.

Theacrorym LIDAR (light detectionandranging)hasbeenintroducedn relationto radar
as both devices have the sameoperationprinciple. A lidar is an active remotesensingin-
strumentwhich sendsout a pulsedlaserbeamandrecevesthe light scatteredbackfrom the
atmosphereAt which distancethe scatteringprocesshasoccurreds calculatedrom thetime
elapsedetweeremissionanddetectionof the light. A variety of informationaboutthe scat-
teringmediumcanbe derived from the intensity spectralcompositionandpolarizationof the
scatteredight, dependingn the propertiesof the emittedlight. As the scatteringandabsorp-
tion of the laserbeamis proportionalto the densityof the scatterer@andabsorberdjdars have
oftenbeenusedto measureoncentrationsf aerosolstracegasesandatmospheripollutants.

2.1 Scatteringof Light

Light is scatteredn the atmospherdy variousprocessesWhena planewave encountersan
ensemblef taigetswith thetotal cross-sectiow, theintensityof light dl scatterednto a solid
angledQ in thedirectiond is givenby

dr
dQ

lo do
— 02N, 2.1)

wherely is the illumination intensity g—g is the differential scattercross-sectionandN is the
numberof scatteringelementsn theilluminatedvolumeV of lengthl andareaA. Usingthe
local numberdensityof thescattererp = N/(A-1), Eq.2.1becomes

d
dQ

do

leolp G 2.2)

9
In the caseof thelidar, dQ is very smallandonly backscatteretight is obsered (3 =~ 180).
The differentialcross-sectiolis oftenreplacedoy the volumebackscattecoeficient

do

B=p- oo 23)

180

This canbe rewritten asdl = lp B | dQ andexpandedto derive the lidar equation(seenext
section).
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Elastic scatteringprocessei the atmospherare attributed to differentprocessesvhich
canbeclassifiednto threecatayories:

Rayleigh scattering' comprisesnon-resonanscatteringby air particleswith dimensions
much smallerthanthe wavelengthof the light, mainly the moleculesN, and O, (e.g.
review by She 2001). Its intensityis relatedby A~* to the wavelength.For A = 770nm
the averagemolecularbackscattercross-sections dg?;y =1.373-10°32 %ﬁ (Budholtz,
1995)aslongasthemeancompositiorof theatmospheré unchangedupto ~100km).

Whenmolecularanisotroy is neglected,the differential cross-sections relatedto the
total cross-sectiowray via the phasefunctionby 208 = Ty 3(1+cog9).

Mie scattering? refersto scatteringby aerosolswith a size similar to the wavelength. The
backscatteicross-sectioroyie increasesstrongly with the particle size, but it is also
dependenbn shapeandmaterial.Informationaboutthe sizedistribution of atmospheric
aerosolcan be derived from the wavelengthdependencef the backscattecoeficient
(e.g.Muller andQuenzel1985).For very smallparticles(belon aboutl00nm),theMie
cross-sectiomorvegestowardsthe Rayleighvalue. For larger particles,Mie scattering
increasesnoreslowly with decreasingvavelength(typically aboutA—1 to A=2).

Resonancescattering canoccurby resonantibsorptiorandelasticre-emissiorif the wave-
lengthemittedcoincidesexactly with atransitionline of anatmosphericonstituentAs
the cross-sectionsanbe very large (15 or moreordersof magnituddarger thanoray),
they canbe usedto quantify the occurrenceof tracegasesasin the caseof the meso-
sphericmetalatoms.

Thetotal backscattecross-sectionf avolumeof air is thesumof theabove processeandcan
beexpresseds

B = BRay+ BMie‘l‘BRes
doRay

_ dO'K
Pair —dQ 160

S (2.4)
dQ 180

+ BMie + Pk

The secondine of Eg. 2.4 assumesthat resonancecatteringis completelydueto K atoms.
Resonanceacatteringhasby far the highestwavelengthdependencand, thus, if A is varied
slightly (by about1:1¢) only Breswill changesignificantlywhile Bray andBie stayconstant.
By this wavelengthdependencet is possibleto distinguishbetweenthe contritutions from

differentscatteringorocesses.

2.2 The Lidar BackscatterSignal

A lidar measuregheintensityof light scatteredn theatmosphereThedetectedntensityatthe
timet afteralaserpulsewassentout, is assignedo a distanceof r = 2ct from the instrument
(c, speeddf light). Thealtitudewherethescatteringorocessookplaceis givenby z= zy+r for
avertically pointing lidar locatedat analtitudezy. The detectedight intensityfrom a distance

1Referringto thework of Lord Rayleigh(JohnWilliam Strutt,1842—1919)Thedefinitionusuallyincludesboth
elasticCabannesndrotationalRamanscattering Young 1981).
2Namedafter Gusta Mie (1868—1957)who calculatedhe scatteringoy sphericaparticles.
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ri is integratedover aninterval dr whichis typically 200m for thelidarsusedin thisstudy The
correspondingime intenvals aredt, =1.334us. For elasticscatteringorocessethe measured
intensity| from the distancentenal [r; + dr/2] atthe laserwavelengthA is describedby the
linearlidar equation

100r) =10(N) BOMT) dr NV T200 1) 75 o) +U (1), 25)

Thetermsaredefinedasfollows:
lo(A) : Intensityof laserpulseemittedinto theatmospherée.g. enegy, numberof photons).
B(A,ri) : Total volumebackscattecoeficient.

n(A) : Overallefficiengy of therecever, includinginsertionlossef thefiber cable transmis-
sionof opticsandwavelengthselectve filters, anddetectionefficiengy of thedetector

T(A,r;) : Transmissiorof the atmospherdetweerthe locationof the lidar andthe scattering
volumer;. In thelidar equation,T appearsquaredasthe stretchis passedwice. It is
givenby the effective extinction coeficienta as

T(A,ri) =exp (—/Oria()\,r)dr> . (2.6)

A : Effective areaof thereceving telescop@ccuyying asolidangleof dQ = A/r? (in sr)when
seenfrom thelocationof scattering.

o(ri) : Overlapfunction betweenthe laserbeamandthe telescopes field of view. For our
K-lidars, full overlap(o = 1) is achieved abore 20km. In the caseof partialoverlapthe
enegy distribution over theradiusof the laserbeamhasto betakeninto account.

U(ri) : Non-backscattesignal,may consistof continuousbackgroundadiationU;,, andelec-
tronic noiseUg of the detector which canbe inducedpartly by the signal from lower
distances:

U(r) = [ Un(h) NV A+ Ue(r) 2.7)

Thedescriptionof the detectedsignalin theform of Eq. 2.4and2.5is simplifiedandmay not
bevalid in all caseslt excludesnon-linearandsecondareffectswhich mayoccurfor various
reasons.The mostimportantof theseeffectsare summarizedn Section2.3.3. Usuallyit is
possibleto avoid them,but otherwisethey have to beincludedin the dataevaluation.
Someof the abore parameterslike the tropospherictransmissionare not knowvn well
enoughto calculatethe volumebackscattecoeficient 3(r;) directly. For mesospheriapplica-
tions, the evaluationis restrictedin practiseto relative calculationsbetweerheightswherethe
transmissioossesarenggligible andoverlapdoesnot change.Then,thelidar equation(2.5)
canbesimplifiedto
I(A,ri):con:t-w—ru(ri). (2.8)
|
Furthermore,|t is usually possibleto achiare an altitude independenbackground(or have
its characteristicknown). ThenU canbe determinedat altitudeswheref3 = 0 (e.g. above
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Figure 2.1: Lidar returnaveragedver 1 h or 100,000aserpulses.Left: detected (z) in photoncounts
perlaserpulseand200-maltituderange.Middle: backscattecoeficient B(z). Right: backscatteratio
R(2). Measuredn June3'd, 2003,with theK-lidar in Kiihlungsborn.

120km) andcanbe subtractedrom the signal. Afterwardsthe rangecorrectionis appliedto
calculatethecorrectedsignali(r;) = (I(r;) —U) r?, whichis directly proportionako thevolume
backscattecoeficient B(A) for thewavelengthconsidered.

If the backscattecoeficientis known in onealtituderg it canbe calculatedfor ary other
In practicerg is chosento be an altitude (e.g. 40km) wherethe backscattesignalis strong
and known to be the result of Rayleigh scatteringonly, except after extraordinaryvolcano
eruptions. The air densityis taken from a modelatmospherée.g. CIRA, MSIS) to calculate
B(ro) = Bray(ro) ~ Pair(ro), from whichthevolumebackscattecoeficient canbedervedas

B(ri) = Bray(ro) - 1(ri) /I (ro) - (2.9)

Usingthis methodof relative measurementshe densityof potassiunmatomsor the backscatter
coeficient of noctilucentcloudsis determined.Usually the portion of the signal Bray Which
is dueto Rayleighscatterings calculated andsubtractedrom the backscattecoeficient to
evaluatethe additionalBadd = B — Bray- Alternatively, the backscatteratio R= /Bray canbe
used.R— 1is proportionalto the mixing ratio of a scatteringspecies.

An examplefor thelidar returnsignalis shavn in Figure2.1, obtainedwith the stationary
K-lidar describedn Chaptei3. As alwaysin thiswork, thelidar pointedvertically andaltitudes
aregivenwith respecto sea-leel. The measuredeturnsignalfrom abose 40km is givenas
meanphotoncountsperlaserpulse.Lessthanonephotonis detectederpulsein eachaltitude
intenal (1/dt; ~ 0.75MHz). The signal consistsof the exponentially decreasingRayleigh

3To calculateBray the recever bandwidthhasto be considered.For the IAP K-lidars, it is narrav enoughto
strongly suppresghe shiftedrotationalRamanlines and, hence the Rayleighsignal canbe assumedo originate
purelyfrom the Cabannesine (She 2001).
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scatteringin the lower partandis dominatedby the potassiunresonanceignal between85
and 115km. Above the potassiumlayer a backgroundof 2x1073/dt, canbe seen. In this
case(June3d, 2003)the layer exhibited two maximanear90 and 110km. The backscatter
coeficientshavn in themiddlepanelcorrespondo apotassiundensityof px = 20atoms/cm
at90km. The backscatteratio (right panel)equalsonein thelower partwheref3 = Bray. The
dominancef theupperpeakshavs thatthe potassiunmixing ratio px / Pair is higherat 110km
thanat90km.

2.3 Temperature Measurements

Atmospheridemperaturesanbederivedfrom lidar measurementsy varioustechniquege.g.

Rayleighlidar, Ramanlidar) but until now the completemesopauseegion is accessiblenly

by metalresonancdidars which emplo/ the mesospheriatomlayers. First temperaturesti-

mationswereobtainedby Blamontet al. (1972)usingabsorptioncells. Fricke and von Zahn

(1985)developeda methodto derive accurateair temperaturgrofilesby probingthe sodium
layerwith anarrav-bandlaser Thepotassiunidar techniqueusedin thiswork wasintroduced
by vonZahnandHoffner (1996)to measurahe air temperaturén the mesospheripotassium
layerby determininghe Dopplerwidth of thepotassiunD; resonancéine. Thespectrashape
of theline is given by the atoms’meanthermalmovement,which is governedby the ambient
temperature.Before taking the K(D1) hyperfinestructureinto account,the broadeningof a

singleresonancéine is consideredelow.

2.3.1 Doppler Broadening

Generally an ensembleof atomsat restwould have a Lorentzian-lineprofile dueto thefinite
durationof the oscillationof the absorbingand re-emittingatoms. The naturallinewidth is
given by the lifetime 1 of the excited stateasdvy = (2rw)~1. For the K(D;) transitionwith a
lifetime of 26.2ns,the naturallinewidth is abouté MHz.

This linewidth is not obsered in the atmospherasall atomsarein thermalmotion and
their apparentesonancdrequeny is shiftedfrom theintrinsic frequeng. Whena frequeng

Vo is emittedfrom the ground,the atomsseethe frequeng v = vo, /¢y = Vo(1—w/c) due

to the optical (linearized)Doppler effect Here, w is the vertical (or radial for non-\ertical
obsenrations)componenbf the relative velocity betweerthe atomandthe obserer (positve
away from theground).For theK(D) transitionat 770nm, aradial velocity of 1 m/sproduces
a shift of aboutl.3MHz.

At thermalequilibrium,atoms(andmolecules¥ollow a Maxwellianspeedistribution. At
atemperaturd’, thenumberof atomsn(w) perunit volumewith averticalvelocity component
betweerw andw+ dw is

P _ 2

n(w)dw = ———e~ (W) gy 2.10
(W) -y : (2.10)
wherep is the total density of atoms. The most probablespeedwy, is calculatedfrom the
temperaturethe massof the atomsm andthe Boltzmannconstantkg by %mv\% =kgT. The
densityof atomswhoseresonancdrequenciesare shiftedfrom vg into the intenal from v to
v —dv is givenby therelationsabove as

c(v—vp) 2
n(v)dv cp _( vag) dv. (2.11)

=——e
WpVoy/TT
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This representa Gaussiardistribution with thefull half-width (FWHM) of

ke T

w
3Vp = 2vIN2—LPvg = {/8In2—=—v
D c° me ' °

(2.12)

whichis calledthe Dopplerwidth andproportionalto +/T. Thus,we get

_ [In2 pdv v—yo\?
n(v)dv =2 ?Eexp— (zvmz o ) . (2.13)

For potassiumatomsat T = 200K the mostprobablespeedis w, = 292m/s, and a single
transitionatthe K(D1) frequenyg hasa Dopplerwidth of dvp = 631MHz, or dAp = 1.25pm.

Thelidar measuresasafunctionof laserfrequeng, the effective volumebackscattecoef-
ficient3(v) (Eq.2.3)whichis proportionalto the densityof atomsscatteringatthatfrequeng.
For afinite laserbandwidth 3 equalsthe integral over the laserlineshapégunctiong, whichis
normalizedo [ g(v')dv' =1

gV )n(V)adv' —— (2.14)
/ dQ 180"

As atomicresonancdines are always obsened with Dopplerbroadeningthe specificdiffer-
ential cross-sectioris often replacedby a temperaturelependeneffectivebackscattecross-
sectionoes to separatehetemperatureffect from the density

e (V) =B(v)/p, (2.15)

where p denotesthe total numberdensityof atoms. Still, in somecasesit is importantto
remembethatit is not the cross-sectiothatis reducedn the Dopplerwings, but the number
of scatteringatoms.

Theseconsiderationbave ngglectedthenaturallinewidth becausé is significantlysmaller
thanthe Dopplerwidth for mesospheripotassium Neverthelessfor correcttemperatureal-
culationsthe naturallinewidth andthe laserbandwidthhave to betakeninto accountto calcu-
late the effective profile. Thisis a so-calledVoigt profile, which is a corvolution of Gaussian
and Lorentzianprofiles. Thereare otherbroadeningnechanismsut they do not have to be
considerechere. For mesosphericonditionsthe collision frequeng is muchsmaller(cf. Ap-
pendixB) thanthe naturallinewidth and,thus, pressue broadeningdueto a reducedifetime
is negligible.

2.3.2 The PotassiumD; Resonancé.ine

Theinfluenceof the nuclearspinof the potassiumatom(l = 3/2) causesheK(D) fine struc-
ture line to split into four hyperfinecomponentgiependingon the total angularmomentum
guanturmumberf thegroundandexcitedstate(F andF’ = 0 or 1). Thesplittingamountgo
231MHz (0.457pm) for the lower (4S;,2) and28MHz (0.055pm) for the upperstate(4P1/2)
of 3K. The frequeny offset betweenthe transitionpairs (F,F’) is given in more detail in
AppendixA. All transitionsareof equalstrengthexceptfor the wealer (1,1). The hyperfine
structureandtheline centeraredifferentbetweer?K andthesecondstableisotope*'K which
hasa naturalabundanceof 6.73%.Theisotopicshift of theline centeris 235MHz (0.465pm).
No deviation from the universalisotopiccompositionhasbeenfound (Humayunand Clayton
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Figure 2.2: The effective backscattecross-sectiowf atmospheripotassiunfor temperaturesf 125,
200and275K. Theindividual hyperfinestructurelines areindicatedat the bottomwith a linewidth of
20MHz. A wavelengthoffsetof 2pm equalsl GHz in frequeng. Adaptedfrom vonZahnand Hoffner
(1996).

1995a,b)evenin extraterrestriaprobes.Thereforetheobseredpk of mesospheripotassium
appearsasa superpositiorof the two isotopecross-sectionsvith their naturalabundanceh,.
Theeffective backscattecross-sectiolis a superpositiorof the Dopplerbroadenedines:

4
O'eff(T) = -;A_ 4lgi hAO'i7A(T) y (2.16)

whereg; arethe individual weightsof the four hyperfinestructuretransitionsand A is the
atomicmass.Figure2.2shaws o for threedifferentatmospheritemperatureévonZahnand
Hoffner, 1996). The centerwavelengthis 769.9nm in standardair and770.109m in vacuum
(cf. AppendixA). The width and the shapeof the curve are temperaturedependent. The
FWHM of 936MHz (1.85pm) at 200K increasesvith T by aboutl MHz/K. The maximum
cross-sectiofs 7.65x 10~ m?/srfor T = 200K.

Our lidar measurementssea continuousfrequeng scanto determinethe frequenyg de-
pendencef the backscattecoeficient. The measure@(A) is completelydeterminedby four
atmospherigroperties:The mean is proportionalto the K densitypk (z) andthe frequeng
independenbackgrounds causedby Mie scatteringprovided that Rayleighsignalandback-
groundhave beencompletelysubtractedTheoffsetof the centroidwavelengthfrom theatomic
resonancéine centeris determinedy thevertical (radial)wind componentandthewidth and

shapeof the curve aregovernedby theair temperaturd (z).

2.3.3 Deviations From the Linear Lidar Equation

As mentionedabove, undercertainconditionshelineardescriptiornf themeasuredidar return

in thesimplifiedform of Eqg. 2.8 maynotbevalid. Suchdeviationsmustbeconsideredn order
to ensurecorrecttemperatur@anddensitycalculations.

11
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Themostfrequenttechnicalcauseor non-linearityis the detector Detectoramaybecome
saturatedvhentheilluminanceexceedsa certainlimit, but the outputsignalcanbe corrected
aslong asthe detectorcharacteristias knowvn. Conditionswherethe detectorexhibits gain
changesiueto the signalfrom lower altitudesshouldbe avoided. In that case,n would not
be constantandboth the backscattesignalandthe backgroundvould becomeimpossibleto
determine.

In the mesospherdyigh laserenegy densitiescancausetheresonanscatteringprocesdo
be saturatedThe scatteringorightnesss limited, whenthe numberof excitedatomsbecomes
significantin relationto the numberin the groundstate. Saturationeffects occurwhenthe
interactionof anatomwith a photonis preventedor influencedby a previousscatteringprocess
duringthesamdaserpulse andthey mayappeain differentways. Thiseffect canbeimportant
for bothdensityandtemperatureneasurementndwill bediscussedh detailin Section3.3.4.
In the mesopauseegion, the collision frequeny is in the orderof 10*s™* (cf. AppendixB)
and, thus, equilibrium conditionswill have beenrestoredat the following laserpulsewhich
occursafter~ 0.03s.

The metallayeritself may causehighly frequeny dependenéxtinction of the laserbeam
andthe backscatteretight. While this effect is negligible for potassium(belov 0.1%), it is
significantfor the sodiumlayer dueto the higherdensitiesand hasan influenceof 2—8K on
temperaturedlerived with Na-lidars(Yu and She 1993). Suficiently large backscattecoefi-
cientsthatwould causemultiple scatteringof a singlephoton,asin troposphericlouds,do not
occurin themiddleatmosphere.

In contrastto sodiumandiron resonancédidars, the influenceof the Earths magneticand
electricfieldsarenegligible for our potassiunidar dueto the differentatomicproperties.For
the linearly polarizedlight used,the Hanle effect doesnot changethe transitionpropabilities
(Zimmermannl1975;vonZahnandHoffner, 1996)for potassiunmand,hencethecross-section
is independenbf the geomagnetidield. The Zeemarsplitting is belov 1 MHz for a realistic
field of 0.5G. Thelinear Starkeffect doesleadto anadditionalsplitting of the K(D>) line but
not of the K(D1) line used,andthe quadraticeffect resultsin aline shift belov 1 MHz unless
electricfieldsabove 10° Vm~1 would occur



Chapter 3

The PotassiumTemperature Lidar

The varioustypesof lidar instrumentsare classifiedaccordingto the atmospheriarameter
measure@ndthescatteringproces®r atmosphericonstituenused.The potassiuntesonance
temperaturdidars (K-lidars) of the Leibniz-Instituteof AtmosphericPhysics(IAP) werede-
velopedprimarily for the purposeof measuringhe temperaturén the mesopauseegion by
probingthe spectrakhapeandwidth of theresonancéine of mesospheri& atoms.Potassium
densitiesandaerosobackscattecoeficientsarealsoderived from the measurements here-
trieval of atmospheriparameterérom the receved signalhasbeendiscussedn Section2.2.
This chapterprovides a technicaldescriptionof the lidar, discusseshe improvementsmade
duringthisthesiswork andgivesanassessmemf the currentinstrumentperformance.

Lidars consistof a transmitterand a recever unit. The schematicof the IAP K-lidars
is shavn in Figure 3.1. The transmitterunit includesan alexandrite power laser a seeding
laser which is stabilizedto a potassiumvapourcell and a spectrumanalyserfor measuring
thefrequeng of the laserpulses.A telescopeamirror collectsthe backscatteretight from the
atmospherandfocussest into a fiber cable. On the detectionbenchthe light is thenfiltered
andcorvertedto electronicsignalsfor registration. The constituentsaredescribedn detailin
thefollowing sections.

Y

potassium cell

seeder laser

detection bench

v
| MR —

alexandrite laser

electronics €=

A

spectrum analyser - ~

telescope mirror

Figure3.1: Schematiof thelAP K-lidar setup.Thetransmittetunitis shavn to theleft andtherecever
to theright.
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Thepotassiunlidar principlehasbeendevelopedatBonnUniversityin the 1990sfor meso-
pausetemperatureneasurementsThe first instrumentwasinstalledin a standardransport
containeifor easytransportationo variouslocationsandhasbeenoperationakince1995.Dur-
ing a shipbornecampaignn 1996anda first yearof obserationsin Kiihlungsbornyaluable
resultswereobtainedandthe principle of operationof theinstrumentprovedto beappropriate
for reliable nighttime temperaturaneasurementsTo enablenecessaryurther developments
of the system while keepingthelidar in operation,it wasdecidedto build a second(station-
ary) systemin the IAP building in Kiuihlungsborn. Thereby it becamepossibleto continue
the measurementat Kilhlungsborrwith the advantageof common-wlume obserationswith
the otherlidarsandto operatehe transportabldidar at remotelocations.In particular it was
deemedlesirablgo extendthe obserationsto otherlatitudesto completethe globalpictureof
themesosphere.

Theinstrumentdevelopmentffocussedn two aspectsfirstly, thelaserhadto beimproved
andmademore stableanduserfriendly to enablelong-termoperationby non-scientificstaf.
Measurementsith continuoushigh accurag arenecessaryo identify interannualariations
andtrendsin the mesopauseegion. Secondlythelidar hadto be preparedor daytimeobser
vationsto analysefor example,tidesandsystematidifferencesetweenday- andnighttime.
Apart from someimprovementsof thelaser majorupgrade®f therecever werenecessaryo
achiere daylightcapability

3.1 Transmitter Unit

Theheartof alidar systemis thepowerlaserwhich produces continuousseriesof light pulses
which areemittedinto the atmosphereFor the IAP K-lidars this is provided by a solid-state
alexandriteringlasemwhichis seedecndQ-switchedo achieze narrav-bandpulses. A number
of additionalcomponentare necessaryo controlandanalysethe performanceof the power

laser

Selectionof the Lidar Type

For the objective of this work, it is desiredto derive temperaturesvith an uncertaintyof less
than+5K ataresolutionof aboutl h and1km over the whole mesopauseegion. Lidar tem-
peraturesoundingof this region are possibleby usingthe metalatomsin the layersat about
80-11(km asatracerandmeasuringhe thermallyinducedDopplerbroadeningf anatomic
resonancdine. Sincethework of Fricke andvonZahn(1985),this hasbeensuccessfullydone
by probingthe D, transitionof sodiumat 589nm with a narrav-banddyelaser However, it is
preferableto usesolid-statdasersto achieve higheroutputpower andsmallerspectralband-
width, in additionto amorecompactetupandreducednaintenanceffort, whichis especially
importantfor atransportablesystemandlong-termoperationat remotesitesor automaticsys-
tems. A tuneablenigh power narrav-bandsolid-statdaserwhich operatesat 589nm hasonly
recentlybecomeavailable (Sheet al., 2002c). Light at this wavelengthcan be generatedy
frequeng mixing of two infrared lasers(Jeys et al., 1989; Vanceet al., 1998) or a two-step
non-linearcorversionof the nearinfraredoutputof analexandritelaser(Sctmitzetal., 1995).
To avoid the problematiccorversionprocessesHoffner and von Zahn (1995) developed
thealternatve approactto usepotassiunmatomsinsteadof sodium.TheK densityin themeso-
spherevasknown to be smallerby morethanoneorderof magnitudgMegie etal., 1978),but
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thisis balancedy sometechnicaladvantagesTheK(D1) line at 770nmis directly accessible
by high power alexandritelasers,whereagshe strongerkK(D») resonancdine at 766nm (see
AppendixA) lies within an O, absorptiorbandandcannotbe used(proposedy Papenetal.,
1995). A narrav-bandtransmitterhad beendevelopedsince1991in collaborationbetween
Bonn University and a manufcturerof alexandritelasers(Light Age, Inc., SomersetlJSA),
usingaring resonatowvith injectionseedingd Sdmitz 1994). Temperatureneasurementsave
beencarriedout successfullywith this lasersystemsince1995(von Zahnand Hoffner, 1996;
vonZahnetal., 1996).

Whenit wasinitiated at the IAP in 1997to build a secondyet stationary)lidar for meso-
pausetemperatureneasurementshe sameprinciple wasadoptedso that developmentsrom
onesystemcanbe appliedeasilyto the other Althoughthe alexandritelaserhadprovento be
suitablefor K-lidar measurements, numberof improvementswverenecessaryespecially for
the achiszementof daylightcapability To this enda new lasersetupwasdevelopedaspartof
thisthesis.

The necessarymprovementsconcernboth the value andthe stability of several laserpa-
rametergpulseduration,pulseenegy, repetitionrate,beamdivergenceandbeamdirection).
For reliable and easyoperationthe transmitterneededo be adwvanced,away from an expert
systemwhich could only be operatedy a well trainedscientistwho wasfully occupieddur
ing the operation.Additionally, the time neededor preparatiorandmaintenancevork hadto
berestricted.Thefrequenyg of systembreakdavns dueto damagedpticsor otherfailuresof
the alexandritepower laseror the seedingaserhadto be reducedandthe regular lifetime of
thelasercomponentgnhanced.

The laserdevelopmentwas basedon a commerciallyavailable lasersystem(Light Age,
Inc. PAL-101PRD) andwasundertakn in closeco-operatiorwith J. Hoffner. Technicalde-
tails of the laserdevelopmentare considereatonfidentialandaredescribedn aninternallAP
report. They areintendedfor publicationin collaborationwith the manugcturer This work
concentratesn a qualitative discussiorandtheimprovementsachieved. A detailedanalysisof
asimilarlasersystemis alsoavailablein the openliterature(Wulfmeyer, 1998).

3.1.1 The Alexandrite Laser

Amongthefirst tunablesolid-statdaserswasthe alexandritelaser(Walling etal., 1979). The
lasermaterialalexandrite(Crét : BeAl,O,) is similarto ruby (Cr3t : Al,O3), which canbeused
to build athree-leel laser Alexandritelaserscanbe operatedn a vibronic transitionwhere
the lower laserlevel of the chromiumions is vibrationally broadenedtherebyresemblinga
four-level laser This makesit easierto reachthe lasingthresholdandallows laseroperation
continuouslyover therangeof about700-820hm. The propertiesof alexandritearedescribed
elsavhere(e.g. Walling, 1987;Koedner, 1992; Duarte, 1995). Two broadabsorptiorbands,
centerecht 420and560nm, allow effective pumpingwith flashlamps.Dueto anupperreser
voir level which lies enegetically about800cm ™ belon the upperlaserlevel, alexandritehas
a relatively long fluorescencdifetime of morethan100pus. This facilitatesflashlamppump-
ing and Q-switchoperation.The cross-sectioffior stimulatedemissionpeaksnear750nm for
a crystaltemperaturef 70°C. Alexandriteis a birefringentmaterialwith biaxial properties,
wherethelaserlight is alwayslinearly polarized.Dueto therelatively low gainof alexandrite,
opticalcomponenténsidetheresonatomustbe selectectarefullyin orderto minimizelosses.
In thering resonatofFigure3.2), two laserrodsaremountedin pumpchambersith two
flashlampseach,which are situatedat the outerfocal lines of a double-ellipticreflector The
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Figure 3.2: Schematiof the IAP alexandritelasersetup(OC, outputcoupler;BRT, birefringenttuner;
SMD, single-modaliode). Thearrows give the directionof beampropagationMirrors arenotlabelled.

light from the flashlampsds efficiently focussedntotherod which is situatedat the common
innerfocal pointin aglasstube. Throughthis flow tubetherod temperaturés keptconstanby
athermallystabilizedwatercycle. The power suppliesnominally allow a pulserepetitionrate
of upto 60Hz, but dueto theelectronicsit is restrictedto 40Hz.

Thermal Lensing

The pumpingenegy absorbedcausesa warming of the laserrod. Therod is cooledat the
surfaceby thewater leadingto aradialtemperatur@listribution thatis parabolico afirst-order
approximationjnducinga rod-endcurvature. At pulserepetitionratesabove 10Hz a nearly
stationarystateis reachedvhich depend®nthemeanpumpingpower. Theresultingrefractive
index alsobecomegparabolicandtogethemwith the curved rod-endgeometrythe rod actsasa
thick lenswith a certainfocal length. For the systemused the focal lengthwasmeasurednd
foundto bein goodagreementvith the morerefinedmeasurementsy Wulfmeyer (1998).The
rodspossesan astigmatisnwhich is dueto the differentcharacteristicef the crystalaxes. It
is correctedby therodin thesecondpumpchambemvhichis rotatedby 90°, implying theneed
for thesamerotationof the polarizationaxisof thebeambetweerthe pumpchambersin order
to achieve stablemodesin the resonatgrthethermallensingof therodsmustbe compensated
partly by the useof diverging lenses.

It is desirableto operatethe laserwith low pumpingenegy by minimizing the resonator
lossesand optimizing the optical alignment. Thereby the thermallensing fluctuationsand
pointinginstabilitiesarereducedandthelifetime of the flashlampss significantlyenhanced.

Operation Principle of the Laser

The generalsetupof the IAP alexandritelaseris shavn in Figure 3.2. The beamcirculates
clockwisethroughthe ring andleavestheresonatoto the left. Sidebeamsareusedto mon-
itor the laserperformancgSection3.1.3). Sincetwo beamdirectionsare possiblein a ring
resonatqran optical diode is emplo/ed to achieze unidirectionaloperation. It consistsof a
Faradayrotator which rotatesthe polarizationaxis by 45° dependingon the beamdirection
anda quartzrotatorwherethe directionof rotationis independentrom the beamdirection. In
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reversedirection,the polarizationexperienceso netrotationandis notamplifiedsignificantly
in the laserrod (about10% of the otherorientation). Instead,it is suppressedy high losses
at the otheropticswhich arealignedunderthe Brewsterangle. Therefore the polarizationis
parallelto the planeof incidenceat theright pumpchamberndperpendiculaat the left.

For operatioroff thegainmaximum broad-bandpectrafiltering is achievedby a birefrin-
genttuner (BRT), alsocalleda Lyot-filter. As describedy PreussandGole(1980),it consists
of a seriesof birefringentplateswhich arerotatedto tunethe transmissiorpeakto the desired
wavelength.

In normaloperation,a laserpulsewould build up by spontaneougsmissionassoonasa
netamplificationin the resonatois reachedi. e. whenthe gainin therodsexceedshe losses
during one round-trip. This occursbeforethe completeenegy from the flashlamppulseis
storedin the rod and may resultin multiple laserpulseswhich mustbe preventedfor lidar
applications Also, narrav-bandpulsescanbe achiezed only if thelaserpulsebuilds up when
theresonatoprovidesconstructie interferencdor the desiredwavelength(seebelow). Thus,
a Q-switd is usedto reducethe resonatoiquality until the fluorescencenaximumis reached
andtheresonanceonditionsaresatisfied.At this moment,it switchesquickly to high quality
andallows a laserpulseto emepge. The Q-switchconsistsof a Poclels-cell, which usesthe
linear electro-opticaleffect to changethe beampolarizationandinducelossesand suppress
amplification.

New ResonatorSetupand PulseLength

The performanceof the commerciallyproducedaseris not sufiicient for temperaturesound-
ings. The adwancedversiondevelopedat Bonn University and usedin the first generation
potassiumidar (BU setup) wasnot fully satisfyingeither To furtherimprove the performance
andreliability of the alexandritelasera numberof changesvereappliedto theresonatosetup
atthe lAP. The presentsetupwhich wasdevelopedduringthis work is referredto asthe IAP
setup Thetechnicalchangesredescribedn moredetailin theinternalreport.

For abeamwidth of 1 mm, anoutputpulseenegy of 200mJanda pulselengthof 200ns,
themeanpower densityis aboutl MW/mm?. If thereflectiity of theoutputcoupleris 75%the
power densityinsidetheresonatois 4 timeshigherandcloseto thetypical damagehreshold
of optical suriaces(10MW/mm?). Thus,to reducethe risk of damageto the optics, a larger
beamdiameteris appreciated.

Thebeampropagatiorin theresonatocanbe simulatedusingthe ABCD matrix technique
for Gaussiaroptics(Kogelnik andLi, 1966;Magni, 1986).Calculationdor the BU setuphave
shavn thatthe beamwaistwas smallerthan1 mm (Sdmitz 1994). For the IAP setupof the
resonatqgrsimilar calculationsshav thatit wasincreasedy morethan30% (Hoffner, private
communicationhich reducesheenegy densityby 50%.

A long durationof the laserpulsesis crucialfor two reasonsFor the lidar measurements
it is importantto avoid saturationeffects which dependon the temporaland spatialenegy
density Thus,longerpulsesallow a lower beamdivergencewhich is necessaryor daytime
lidar operation.Also, increasinghe pulselengthwill againreducethe enegy densityin and
outsidethe laserresonatolandthereforetherisk of damageo the optics. As the fluorescence
lifetime of the upperlaserlevel of alexandriteis verylong, it doesnotlimit the pulselength.In
orderto enablealidar rangeresolutionof 200m thegeometridengthof thelaserpulsesshould
notexceedthis limit. Hence theaim wasto extendthe FWHM value(t,) of thenearGaussian
pulsesto 200-30Mns.
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Figure 3.3: Temporalintensityprofile of asinglelaserpulsemeasuredvith afastphotodiodgarbitrary
units). The FWHM lengthof this pulsewas320ns,the outputenegy wasabout150mJ.

Thelaserpulselengthof the commerciakalexandritelaserPAL-101PRO wasnot specified
by the manufcturerandwasfoundto bebelav 100nsfor Q-switchoperation.Sdmitz(1994)
reporteda pulselengthof 115nsfor theBU lasersetup.With thelAP setupmuchlongerpulses
wereachieed. The exampleof Figure 3.3 shavs a pulselengthof t, = 320nswhich is only
slightly abore the typical valuefor an enegy of 150mJ. For pulseenegiesup to 200mJ, a
meanvalue of 250nsis obtainedwith the new lasersetup. With increasingpulseenegy the
pulselengthdecreasedueto enhancedjainin thelaserrod.

3.1.2 ResonatorModesand Injection Seeding

In a laserresonatora numberof transerseelectro-magneti€TEM) and longitudinalmodes
may be formed,all having individual frequenciesln normaloperationthe lasingprocessan
occurin all stablemodeswhich have frequencieswithin the gain curve. For measuringhe
atmospheridoppler broadeninghe frequenyg spectrumshouldbe asnarrav as possibleto
avoid uncertaintiesdue to the corvolution of the laserspectrumand the backscattecross-
section(Eg. 2.14). The fundamentallEM mode(TEMqg) hasa Gaussiarenegy distribution
andthe lowestdivergence. Therefore,it is desiredto operatethe laserin TEMgg andsingle
longitudinalmode.

For eachlongitudinal modethe optical path length L mustbe an integer multiple of the
wavelengthfor positive interferencdo occur Thefrequeng spacingbetweeradjacentmodes
is givenasAv,_ = c/L, whichis thereciprocalof theround-triptime of alight pulsethroughthe
resonatar For a 2-m resonatothe modespacingis Av, = 150MHz. Whenthe laseremitsin
two longitudinalmodeshey areclearlydetectedy thespectrunanalyseanda corresponding
modebeatingof ~7 ns canbe obseredin the temporaldevelopmentof the laserpulseinten-
sity whenmeasuredvith a fastphotodiode.The spacingof two transersalmodesTEMy, is
Avmn=c/(4L) in aring resonato(Wulfmeyer, 1995,p. 90). Accordingly slover modebeating
canbe obsered whenthelaseris allowedto form othermodesin additionto TEMgg. Higher
transersalmodescanbe identified visually whenthe beamis widenedand projectedonto a
screenwhereeachmodeproduces specificpattern.Highermodeshave alargerbeamdiame-
terandsuffer higherrefractionlossesat smallaperturesn thelaser ThelAP laseris obsered
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to operatan TEMgo modefor morethan99% of the pulses.

Thetransmissiorcurve of thebirefringenttuneris relatively broadandallows amplification
of severallongitudinalmodes Narronv-bandoperatiorof analexandritelaserwasdemonstrated
by Shhwemmeret al. (1991) who usedinjection seedingby a diode laserwith a bandwidth
which coverstwo or threelongitudinalmodes.Thecontinuous-vave (cw) beamof theseeding
laseris coupledinto the resonatoiso thatsomelight intensityat the desiredfrequenciess al-
wayspresentWhenthe Q-switchenableghe building up of alaserpulsethe stimulatedemis-
sion at the seedingfrequencieslominatesspontaneousmissionat otherfrequencies.Thus,
only the seedednodesarepresenin thelaserpulse.

In orderto achieve singlelongitudinalmode (SLM) operationthe alexandritelaseris in-
jection seededy a cw diode laserwith a bandwidthwhich is smallerthanthe longitudinal
modespacing.In this caseSLM operationcanbeachiaredif the seedingrequeng matchesa
resonatomode.As this conditionis not alwaysfulfilled, amodematding techniquehasto be
applied,to ensureghatoneresonatomodematcheshe seedingrequenyg atthetime whenthe
laseris fired.

Mode Matching

The different possibilitiesof mode matchinghave beenanalysedby Sdmitz (1994) for an
alexandritelaser Active stabilizationof the resonatoto the seedefrequeng would be com-
plicatedbecausdhe frequeng is steadilychangingduring lidar operation. Furthermore|n
ervironmentswith high noiseor vibrationsthe stabilizationwould needto be extremelyfast.
Finally, during the pumpingprocessthe refractive index of the laserrodschangesand,thus,
the opticallengthof the resonatarTheseconditionsmake active stabilizationof the resonator
impractical.

Instead,it is possibleto usea fastresonance-deteoti technique.A photodiodebehinda
lasermirror (SMD in Figure 3.2) measureshe light intensityin the resonatobeforethe Q-
switchis opened.The signalis a superpositiorof the fluorescencéntensity originatingfrom
thespontaneousmissionof thepumpedaserrodsandaninterferencesignalfrom the seeding
beam(Figure 3.4). Thefluorescencéntensityis proportionalto the enegy storedin thelaser
rodsandthusits maximumis thebesttime for thelaserpulseto build up. Thecontinuousseed-
ing light is amplifiedin therodsandproducesself-interferencaftereachcirculation. Positve
interferencandicatestimeswhenthe cavity is resonanwith the injectedbeam. A detection
of thisinterferencecanbe usedto obtainSLM operationby openingthe Q-switchat this time,
ashasbeendescribedoy Hendesonet al. (1986). A dedicatecelectronicdevice detectsthe
interferencemaximaandtriggersthe Q-switchto openat the first one after the fluorescence
maximumis reached.This producesa SLM laserpulseat the seededrequeng. SLM laser
operationis confirmedeitherby theabsencef modebeating(Figure3.3) or with theaid of the
spectrumanalyselseeSection3.1.3).

Mode matchingcanbeachiezedin differentways. It is possibleto passiely wait for mode
matchingto occurby chancgStmitzetal., 1995),which is donein the commercialversion.
Unfortunatelythe opticallengthhasaturningpoint (dL/dt = 0) whenthemaximumenengy is
storedin therod andthusthe modulationis very weakduringthe periodwhenmodematching
is desired If thelaserpulseis delayedoy morethanabout20usafterthemaximumof thelaser
rod fluorescencdnasoccurred,its enegy will be significantlyreduced.Like in the example
shawn in the left panelof Figure 3.4, for a large fraction of pulsesno usablemodematching
occurrednearthefluorescencgeak.
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Figure3.4: Theseedingnterferencaletectedy the SMD photodiode Themaximumof theunderlying
fluorescenceurve is marked by the verticalline. The sharppeaksarecausedy positive interference
of theseedelight. Left: original setupwith passive modematching.Right: actve modematchingwith
thepiezo-drivenmirror.

This lack of modulationcanbe overcomeby applyinga fastjitter of atleast+Av, onthe
seedingrequeny. Thistechniqueallows reliableSLM operatiorandhasbeenusedin the BU
setupsince1995. However, the frequeny jitter is alsopresentin the alexandritelaseroutput
andcreateglisturbancen lidar application.

Therefore,in the new IAP setupa different active mode matchingtechniqueis applied
whichwasfirst demonstratetly Hendesonetal. (1986)for alinearNd: YAG laser At thetime
of thefluorescencenaximum theresonatotengthis changedy a piezoelectri@ctuatomhich
maovesonelasermirror. The motionis perpendiculato the mirror surfaceandextendsover a
few umwhichdoesnotinfluencetheresonatostability. To achiere asuficiently fastmovement
with a single piezofor shortintenals betweenthe interferenceslightweight lasermirrors are
usedandappropriatedriving electronicshave beendevelopedatthe IAP. As demonstrateéh
Figure3.4aninterferencepatternis inducedwith aspacingof about20puswhichis suficientto
alwaysobtaina modematchingconditionat the maximumof thefluorescenceurve. Thereby
thetemporaljitter of the Q-switchfiring time is reducedo a rangeof 20usand,consequently
theenegy stabilityis noticeablyenhancedThepiezoproducesresonatotuningof only about
1MHz during a laserpulselength of 200ns and, thus, no significantspectralbroadenings
expecteddueto achangeof thegeometriaesonatolengthduringthepulseemission. However,
afrequeny variationwithin thedurationof thelaserpulse(achirp) mayalternatvely becaused
by electronicallyinduceddetuningof the resonatar This processannotbe avoidedbecause
therefractive index of thealexandriterodsdepend®n the degreeof electronicexcitation. The
excitation changegapidly during the laser pulseformation. Thereby the optical resonator
lengthandtheresonancéequeng change.

The new piezosetupenablesstableSLM operationat exactly the desiredfrequeny and
could also be usedfor applicationswhich needhigh pulse-to-pulsdrequeng stability The
actve modematchingtechniquenasbeendemonstratetieforeto allow reliableoperationof a
Nd:YAG laserin high noiseervironments(Fry etal., 1991). Evenvibrationsof the lasertable
or lasermirrors, which might occurwhenthelidar wasinstalledon a ship, do not disturbthe
SLM operationof our alexandritelaser
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The SeedinglLaser

For injectionseedinghe power laserwe employ a cw single-modealiodelaser Sincel997an
externalcavity diodelaser(ECDL) hasbeenused(TopticaDL 100)in whichagratingprovides
feedbackinto the laserdiode. This gratingactsasan externalresonatomland causeghe diode
to emit at a singlefrequeng only. The frequeng canbe tunedover a rangeof about6 GHz
without modehoppingby tilting the grating. During lidar operationthe K(D 1) resonancdine
is scannedy a continuousmodulationof the ECDL frequeng over arangeof 1.64GHz.

Dueto theusedcavity versionwith highthermalstability, thediodelasershavs short-term
frequeny fluctuationsof a few MHz only. This stability is sufficient to performDopplerfree
spectroscop of potassiumatomsaswasdoneby Lautenbah (2001)for accuratecalibration
of the spectrumanalyser Thereby the spectralwidth of the seedethasbeenestimatedo be
about9 MHz (FWHM). Whenthe laseris switchedon it returnsto the K(D;) frequeng with
anaccurag of afew GHz andcanbere-tunedeasilyto theresonancdine.

As shavn in the schematiof the seedesetup(Figure3.5), the beamfrom the diodelaser
passesnopticalisolator(Linos,60dB) to suppresdackreflectionsntothediodewhich could
interfere with its performance. An anamorphotigrism pair forms a circular beamprofile
after the polarizationis rotatedto minimize losses.A beamsplitter directsa fraction of the
beaminto a potassiunvapourcell. Theresonanceaignalfrom the vapourcell is detectedhy a
photomultiplierandusedto stabilizethefrequeng scanto the centerof theresonancéine with
anaccurag of afew tensof MHz by meanf alock-in amplifier This providesthefrequeng
guidancéor thelidar operation.

Themainportionof theseedetight is passinghroughalasermodulator(Linos LM0202),
which containsa Poclels-cell and can be switchedelectronicallyto couplethe laserbeam
into oneor anotherfiber cable. Thesepolarizationmaintainingsingle-moddiber cablesguide
the beameitherto the alexandritelaseror to the spectrumanalyserto measurethe seeding
laserspectrumdirectly. Attenuatedby the variousoptical componentsat least10% of the
outputpower of 20mW arecouplednto theringlaseranamountwhichis sufficientfor reliable
injectionseeding.Thecouplingtechniquen the lAP setupis discussedn theinternalreport.

The lasermodulatoralso senes to switch off the seedingbeamwhenthe laserpulseis
sentoutinto theatmosphereThe continuousseedingoeamcould otherwisecontritute signif-
icantly to the backgroundecauset producesa steadysignalfrom the lower troposphergsee
Section3.2.4).

o fiber to | pofassium
ke, spectrum [N || vapour cell ECDL
g analyser -
3 A
fe
g_| 01
= |
laser modulator prism pair isolator

Figure 3.5: The seedinglaser(ECDL, externalcavity diodelaser;PMT, photomultipliertube). The
mainfractionof the beamis coupledinto eitherof thetwo fiber cables.



22 CHAPTER 3. THE POTASSIUM LIDAR

0.8

0.6 -

intensity
o
~

©
N}

k { [l i

i \ P
Wl LY L
; .

0.0 i N S .
0 256 512 768 1024
diode number

Figure 3.6: Frequenyg spectrumpicture’ of a singlelaserpulseobtainedwith the spectrumanalyser
Thediodearraymeasurea cross-sectionf theinterferenceing pattern.The width of the peakscorre-
spondgo about40MHz FWHM, which s theresolutionof the spectrumanalyser

3.1.3 Lidar Operation

During the lidar measurementthe laseroperationneedsto be monitoredcontinuously Al-
thoughthe lasermirrors have high reflectiity (>99.5%),a significantamountof laserenegy
is leaving theresonatothere(up to 4 mJfor anoutputcouplerreflectvity of 75%andanoutput
enegy of 200mJ). ThesesidebeamgseeFigure3.2)areusedto analysehelaserperformance
duringoperation.Onesidebeamnis directedonaJoulemeteto monitorthe pulseenegy, which
is a fixed fraction of the main output. The secondone passesn adjustableattenuatoandis
directedinto the spectrumanalyser This is a stabilizedplaneFabry-Perotetalon(Hovemere
Itd.) with anominalfree spectrafangeof 1 GHz. Thefringe patternisimagedonalinearCCD
array (1024 diodes)which is readout after eachlaserpulseto calculatethe pulsefrequeng
andits bandwidthin real-time.An exampleis shavn in Figure3.6. Theresolutiondepend®n
the positionon thearrayandthe lowestdetectabldandwidthrangeshetweem0 and60MHz.
With a Dopplerfree polarizationspectroscopexperiment,Lautenbab (2001)determinedhe
calibrationof the spectrumanalysemwith anaccurag of 1 MHz. Thelong-termstability of the
spectrumanalyseiis not sufiicient to useit asanabsolutdrequeny standardandthereforethe
seedindaseris stabilizedto the vapourcell.

Fortemperatureneasurementsnly therelative frequeng of eachoutgoinglasempulsehas
to beknown andcanbe measuredvith high accurag by the spectrumanalyser Betweenthe
seedindgaserandthe power lasera frequeng offsetof up to 35MHz is obsered. Therefore,
it is necessaryo measurahe frequenyg of the outgoinglaserbeam,whereasijt would not be
sufiicient for accurateemperatureneasurement® solely determinethe seedingfrequeng.
Theobseredshift is in theorderof the spectrawidth of thelaserpulses.ts causds notclear
but it might bearesultof the chirpinducedby the changeof therefractive index.

By modulatingthe frequeny of the seedindaser theK(D;) line is scannedvith a period
of about2s. With the spectrumanalysereachlaserpulseis evaluatedandonly if the pulseis
foundto be single-modethe backscattesignalfor the determinedrequeny is stored.

Ourtechniqueof a continuoudrequeng scanremainsin contrastto techniqguesemplo/ed
in sodiumlidars which useonly two or threefixed laserfrequencieqSheet al., 1990; She
and Yu, 1994;Gardneretal., 2001)andderive thetemperaturdrom their intensityratio. Our
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Figure 3.7: Laserpulseenegy measurean February25", 2003.For every 5000pulsesboththemean
andstandardieviation areplotted. The averagevalueof the standardieviationsis belov 6 mJ.

techniqueprovidesthepossibilityto comparehetheoreticalwith themeasuredorm of the ogg
curve and calculateother parameters.This senesto ensurecorrecttemperaturealculations
and hasbeendonewith the laserbandwidth,the spectrumanalysercalibration, the isotopic
compositionandline shift of potassiumandfrequeny dependensaturatioreffects (Hoffner,
manuscripin preparation).

With this techniquethe laserbandwidthwas determinedto be about12MHz (FWHM).
Thisvalueis clearlybelown theresolutionof the devicesavailableto usto measurehe spectral
width directly. It is in accordancevith the Fourier limit that defineswith Av = 1/(2t,) a
minimumspectralidth of 2MHz for a pulselengthof t, =250ns.

The divergenceof the laserbeamin single modeoperationwas determinedio be about
0.4mrad (full angle)by measuringhe beamdiameterat a distanceof 30m. This divergence
is in goodagreementvith the calculatedresonatormodesandresultsin a beamdiameterof
40m in 100km altitude. Whena smallerfield of view of the receving telescopés used,the
divergenceof thelaserbeamcanbe adaptedy passingt througha beam-widenindelescope.
The beamsteeringmirror reflectsthe beaminto the atmospherendis exactly tilted by pico-
motors(NewFocuslinc.) to ensurghatthe beamdirectionmatchegheviewing directionof the
telescopendoverlapin the middle atmospherés complete. The exacttime atwhich thelaser
beamis sentoutis registeredby a photodiode.

3.1.4 Achievements

Comparedvith theformer(BU) setupthe beamdivergenceof the alexandritelaserin the IAP
setupis reducedandits pointing stability appeargo be higher This is importantfor daylight
operationwhenthefield of view of thereceving telescopesnustbe small(cf. Section3.3).
The continuouslymonitoredlaser pulse enegy shaws the inherentstability of the IAP
system(Figure3.7). For aperiodof 12 hoursthelaserdid run unattendeéndthe meanenegy
for eachgroupof 5000laserpulsess shavn togethemith its standardieviation. Themeasured
pulse-to-pulsevariability of the laserenegy is 5%. The periodic variation of the meanis
about1% andis mainly dueto variationsof the cooling watertemperature The temperature
clearlyshavs 30-minoscillationsuntil 06:00UT whichareinducedby anNd:YAG lasersystem
operatingsimultaneoushduringthattime. This demonstratethata further enhancedtability
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Table 3.1: Typical propertieof the IAP alexandritepower lasersduringK-lidar operation.

Lasermedium 2rods,Crt : BeAl,Oq4
Geometry ring resonator
Wavelength 770nm,tunable
Spectrawidth <20MHz (FWHM)
Polarization linear
Repetitionrate 33Hz
Pulseenegy 150mJ
Enegy fluctuations 5% (10)
Pulselength 250ns(FWHM)
Beamdivergence 0.4mrad(full angle)

of thealexandritelasercouldbeachiezed by theintroductionof anactive controlof thecooling
watertemperature.

Thetransmittersystemhasbeensubstantiallyimprovedfor long termoperation.Thether
mal stability is muchhigherandthe cooling systemworks reliably, therebyavoiding regular
re-adjustmentsf the alexandritelaser With the new setupthe alignmenthasbecomeeasier
and,hence morereproducible.The increasediulselengthandlarger beamdiameterreduce
therisk of damageo the optical componentsDueto reducedresonatotossesvealer pump-
ing is requiredand,thus,thelifetime of theflashlampsstronglyenhancedby abouta factorof
four. In the currentoperationmodethelifetime of the Q-switchcrystalsis extendedrom afew
monthsto severalyears.Operationin singlelongitudinalmodeis achiezed reliably.

Sincethe laserin the transportabldidar systemwasreluilt almostidentically to the sta-
tionary systemin February2001,it hasbeensuccessfullyin operationon the Arctic island of
Spitsbegenwithout a significantfailure of the alexandritelaser Thetransmittersystemin its
currentstateis regardedappropriatefor regular continuouslong-termtemperaturaneasure-
ments. The typical operationparametersf the alexandritepower lasersin the IAP setupare
gatheredn Table3.1,beingvalid for bothsystemsPulseenegiesupto 200mJarepossiblebut
only 150mJareregularly usedto protectthe opticalcomponentsindavoid saturatioreffects.

Thelaserperformances not only clearly superiorto the commerciallyavailable setupbut
it is alsoanimprovementcomparedvith our previous systemandto the parameterschieved
by Wulfmeyer (1998) for a similar high-performancealexandriteringlaser With one pump
chamberonly, he obtainedpulseswith 200ns for only 50mJ of outputenegy andthe same
beamdivegence. Theenegy fluctuationsof hislaserwerelessthan8% andthelinewidth was
belov 40MHz.

The high efficiengy of the IAP laserswith the new resonatosetupis demonstratetyy the
requiredpumpenegy. To producelaserpulseswith 150mJ the flashlampsare operatedat
1.76kV insteadof the formerly needed.1kV ata similar repetitionrate. This is areduction
of the pumpenegy by 30%. The slopeefficiengy of the laseris estimatedo be 0.6% from
thepumpingenegy neededo raisethe outputenegy from 100to 150mJ. Thesenumbersare
obtainedfor seedesinglemodeoperation.

Currently bothIAP K-lidar systemsareoperatedn a semi-automatienode. They canbe
operatedy personswith limited training andstudentshave beenemployed to performatmo-
sphericmeasurementsAfter the switch-onprocedureremotecomputercontrol is provided
for mostimportantfunctions,which include online datavisualization,prevention of system
damagesndthe completeshutdavn of the system.
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3.2 Recever Unit for Nighttime Operation

In this sectionthe recever unit of the IAP K-lidars is describedfirst, in the stateit wasused
for nighttimeobserations. The necessaryipgradeof theinstrumentfor daytimeoperationis
thesubjectof Section3.3.

Thelight from the atmospherés collectedby a telescopenirror andtransferredhrough
a fiber cableto the detectionbend whereit is filtered and detected. The electronicsignals
producedarethenregisteredandstoredby computer

A majordifficulty for lidar investigationsf themesopausesgion is theweaksignal. This
is partly dueto the distanceterm A/r? in the lidar equation(Eg. 2.5) which givesthe solid
anglecoveredby the receving telescopef about10-1°sr. Althougha powerful lasersource
is usedsingle photonevents have to be registeredin the receved backscattersignal. The
mainimplicationsare(a) thatit is appropriateo take someefforts to maximizethe signaland
statisticallyenhancéheresults and(b) thatfor daylightoperatiorintensefiltering is necessary
to separatehe backscattesignalfrom the solarbackground.

3.2.1 Telescopes

The IAP lidars emplgy parabolictelescopeanirrorsto receve the light from the atmosphere.
Thesignalstrengthis proportionako thereceverarea.Dueto largetelescopebeingextremely
costly a systemof 8 smallermirrors of 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 anarealargerthanonel.3-mtelescope.

In lidar applicationno imageis producedby the telescopéout thelight 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 large aperture
diameterqup to 1 mm) canbe usedand mediumoptical quality of the telescopes sufficient.
Usually abundleof 7 fiberswith 0.6mm apertureeachwasemplo/ed which givesa full field
of view (FOV) of 500uradwith the focal lengthof 1.2m. This is sufficient to cover the full
laserbeamand no beam-wideningelescopéhadto be used. The transportablénstrumentis
equippedvith ahigh quality 0.8-mmirror andwasoperatecata FOV of 789urad.

3.2.2 DetectionBench

Whenthe light entersthe detectionbenchthroughthe fiber cable bundle it encounterghe
chopperat first. This wheelwith four fins rotatesat 10,000min—! and modulatesthe light
with a frequeng of 667Hz. The laseris synchronizedo this wheelandfires whenthe fiber
is coveredby afin. This senesto protectthe sensitve detectorfrom the high intensity of the
light scatteredackfrom thelower atmosphereAbout 0.2msafterthelaserhasfired, thefiber
is uncoveredandthe signaloriginatingfrom above 30km canpass.

A lensforms a parallelbeamwhich then passeghe optical filter andis focussedon the
detectar For nighttime operationinterferencefilters with 1 nm bandwidthare used. They
provide sufiicient backgroundreductionand a high transmission(about70%). For daytime
operationhigherefforts arenecessarandwill bediscussedn Section3.3.

The signalis detectedby a photoncountingphotomultipliertube (PMT). The type used
(Burle C31034-A02)has,at 15%, the highestquantumefficiency available at 770nm anda
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nominallow dark countrate of lessthan 100Hz when cooledto belonv -30°C. To achieve
this it is placedin a sealedair-cooledhousing(Productsfor Researcinc. PC206CE). The
PMT providesa linearresponsdor countratesup to ~10MHz andhasa projectedsensitve
photocathodareaof 4mm x 10mm.

With a dichroitic beamsplitting mirror in front of the interferencdilter otherwavelengths
canbe separatedrom the beam. In this way the telescopehave beenusedsimultaneously
for otherlidars whatensureccommonvolumeoperation.This wasimportantfor the studyof
meteortrails, wherebeneattpotassiunalsosodium,iron andcalciumatomsandcalciumions
have beenobsered (cf. vonZahnetal., 1999,2002).

3.2.3 Electronics

The synchronizatiorof the variouslidar componentss governedby IAP-built electronics.In
accordancevith the laserrepetitionrate eachlidar soundingis initialized at a time whenthe
freerunningchoppemwheelis in thedesiredoosition. With certaindelays thelaserflashlamps,
the Q-switch, the single mode electronics,and othersare activated. When the laser pulse
is detectedo emege the counteris startedandthe lasermodulatoris switchedto block the
seedingbeam.

The photoncountsignalfrom the PMT is amplifiedandpassedhrougha discriminatorto
achiere uniform pulseswhich are countedby a Joeger S3 model. The counterintegratesthe
photoncountsover 200-mrangeintenals (binsof dt, =1.334us)andcanbereadoutaftereach
laserpulse.Dueto frequentirregularitiesthe CAMA C interfaceelectronicshave beenreplaced
in 2003by an adwvancedcounterdevelopedat the IAP (T. Kopnick and J. Hoffner), which is
operatecht 50-mrangeintenals.

The photoncount profiles are transferredto a computerwhich also readsthe spectrum
analyses diodearray Accordingto the spectralinformation(purity, wavelength)the photon
countsaretypically integratedover 4000laserpulses(~2min) andthenstoredin afile. An
examplefor the meancountrate hasbeenshavn in Figure2.1 (p. 8). The storageof single
lidar return profilesis possiblebut usableonly for nighttime operation. The photoncount
signalfrom about40km heightis usedto continuouslymonitorthe overlapbetweenthe laser
beamandthetelescopes FOV.

While the laserwavelengthis continuouslyvaried over the Dopplerwidth of the K(D;)
resonancdine, the photoncountsare usually binnedinto 18 intenals of 0.18pm width, i. e.
they aresortednto theintenalsandintegratedseparatelyNumberandwidth of thesebinshave
beenchoserto optimizethetemperaturealculationfrom thepotassiunbackscattesignal. The
resultingrangeof +1.62pm from the K(D,) line centeris thelidar scanrange over whichthe
laserwavelengthis continuouslytuned.To accountfor thelower resonancsignalin thewings
of theDopplerbroadenetine (~10%o0f thesignalattheline centertheseedindaserperforms
asinusoidakcancausinga highernumberof pulsesattheouterthanatthe centerwavelengths.

3.2.4 Temperature Retrieval

While themagnitudeof thebackscattecoeficientallowsto calculatehepotassiundensity the
atmosphericgemperatureés derived from its wavelengthdependencéseeSection2.3.2). The
spectralshapeof the theoreticaleffective backscattecross-sectiorfFigure 2.2) is fitted to the
backscattecoeficientsf3(A) measuredor the 18 wavelengthsbins. The numericalevaluation
is carriedout with a computerprogramdevelopedat the IAP by J. Hoffner. The systematic
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Figure 3.8: Exampleof a nighttime measuremerfrom KiihlungsbornAugust12/13", 1997. Left:
temperatur@rofileat0:00UT afterlhand2km integration.Right: K densitiesvith 200m and~2min
resolution;theindividual profilesareplottedwith anoffsetgivenby thetime axis.

uncertaintyof thefit hasbeenestimatedy vonZahnand Hoffner (1996)to beabout3K. It is
dueto uncertaintiesn the atomicconstantsthelaserbandwidthandsaturatioreffects.

An examplefor a nighttimemeasuremeris givenin Figure3.8. This temperaturgrofile
fromthemid of AugustatK iihlungsborns atypical summeiprofile with theabsoluteminimum
at 86km anda secondaryminimumat 102km. At the peakof the K layernear90km with a
densityof px = 80cm 3 the statisticaltemperaturaincertaintiesareaslow as+1K afterone
hourintegration. Valueswith errorsof lessthan+10K arecalculatedover a wide rangeof the
layer with densitiesdown to a few atomsper cm®. Density profiles are given with a higher
resolution(~2min) and shav variationson shortertimescales. As pg is derived from the
photoncountsintegratedover all wavelengthsts statisticaluncertaintyis lower.

The statisticatemperaturerror dependon the uncertaintief the 18 (A)-valueswhich
aredueto photonnoise. It decreasewith theaccumulatesdhumberof countsbut increasesvith
the numberof backgroundcounts. From a simulationof measurement@Hoffner, manuscript
in preparation)n the configurationdescribedthe expectedtemperaturaincertaintyis shavn
in Figure 3.9 for eachnumberof signaland backgroundphotoncountssummedover the 18
wavelengthdins. For asignal-to-backgnand ratio (SBR)of betterthan100:1,thebackground
becomesrrelevant. Thevaluesaregivenfor atemperaturef T = 180K andincreaseslightly
with T.

Underideal conditionsin moonlessnights a backgroundcountrate of 1/400Q/dt, (one
countper4000lasershotsand200-maltitudeinterval) canbe achiered, whichis dueto PMT
darkcounts starlightandnightglov of theatmosphereln spiteof thelow densitiesof thealkali
metals,their atomicresonancdines are quite prominentin the photochemicahirglow dueto
their highreactvity with oxygencompoundgChamberlainandHunten 1987,p. 286). A lidar
returnsignal of 0.1/dt, canbe recordedfrom the peakof the potassiumayer for relatively
highK densitiegcompareFigure2.1). After a 10°-fold integration,typically over 2km andlh
(about100,000lasershots) thesel®® countsallow temperaturgalculationswith anaccurag
of nearlyx1 K. Takinganerrorof 10K asathresholdfor reliabletemperatureneasurements,
resultsareexpectedover therangewherethe signalis abore 5% (10>’ countsin Figure3.9)at
the edgeof the potassiumayer (in agreementvith Figure3.8).

For a constantSBR the uncertaintyis inverselyproportionalto v/S and+/B. A reduction
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Figure 3.9: Isolinesof simulatedstatisticaluncertaintyfor an atmospheridemperaturef 180K, de-
pendingon the numberof signalandbackgroundphotoncountsintegratedover all wavelengths.The
thin isolinesrepresenf.2, 0.5, 2, 5, 20, and 50K errors,respectiely. The grey lines mark constant
signal-to-backgroundhtios.

of the numberof countsand integrationtime by a factorof 100 will increasethe error only

by afactorof 10. Thus,thetemporalresolutioncanbe largely enhancedvhenonly the peak
of the layeris considered.For anincreasedackgroundunderdaylight conditions,a SBR of

1:1 may be obtained.After the sameintegrationasbefore,10° signalandbackgrounccounts
would provide anaccurag whichis reducedo nearly+10K. Thus,thetemperaturealculation
would belimited to therangewith high K densitiesunderdaylightconditions.

Seederinduced Background

A significantheight-independentackgroundignalcanbe causedy the cw beamof theseed-
ing laserand canincreasehe uncertaintyof the temperaturecalculation. The seedingbeam
circulatesin the resonatorand leavesthe resonatolongthe sameaxis asthe pulsefrom the
power laser andalsothe portionreflectedby the outputcouplerwhenthe seedetight enters
the resonatoiis propagatingnto the atmosphereAlthoughit is of low power the continuous
beamgivesrise to a significantbackgroundsignal. The lower tropospheredueto its high
backscattecoeficient andlow distance causes signalthat addsto the pulsedlaserreturns
from all altitudes.Sinceit is atthe K(D1) wavelengthit cannotbe rejectedin the detector In
orderto suppresshis unwantedsignal,thelasermodulatorhasbeenintegratedinto the seeder
setup(Figure3.5)andswitchesoff theseedingpbeamwithin 1 pusafterthelaserpulseis emitted.

The seederinducedbackgroundbecomesohvious under certainweatherconditions, as
shavn in Figure3.10. During the obserationsof the Leonidmeteorshaverin 1999thecondi-
tionsweredifficult dueto hazeandlow clouds. While the potassiunrsignalwasreducedonly
by 35%, the sameaerosolsausedhe backgroundo increasenearlyby a factorof 100when
the lasermodulatorwas not used(c). The averageSBR droppedto aboutl:1. By contrast,
whenthe seedingpeanwasblocked (+) no significantbackgroundenhancemertdccurredand
more accurategemperaturecalculationswere possible. Underclear sky conditionsthe effect
of blocking the seedingbeamis notableat the upperedgeof the layer, extendingthe altitude
rangeusablefor temperaturealculationby severalkm.
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Figure 3.10: Relationbetweerbackgroundand meanpotassiunsignal (80—105%m) during hazycon-
ditionsin the night of November15"/16", 1999, at Kithlungsborn.During the first hour the seeding
beamwasnotblocked (o); afterwards,it wasblockedby thelasermodulator(+).

3.3 Daylight Upgrade of the Lidar Recever

For along time lidar investigationsof the mesospherbave beenrestrictedto nighttimecondi-
tions. Duringdaytimethesunlightproducesbackgroundvhichis about6 ordersof magnitude
largerthanthe backgroundccausedy nightglov andstarlight. With thelidar configurationde-
scribedabove the backgroundvould exceedthe signalfrom themesospherby atleast3 orders
of magnitude This countratewould exceedthe bandwidthof the detectorandits noisewould
hinderthe evaluationof the data,asis obviousfrom Figure3.9 (SBR<1:1000).

In orderto enablecontinuousneasurementuringdayandnightandmeasurementiuring
polar summerconditions,the backgrounchasto be suppressetly atleastadditional3 orders
of magnitude.This would causethelidar signalto exceedthe backgroundSBR>1:1), sothat
afteranintegrationtime in the orderof onehour, temperaturesanbederived. Threedifferent
measureganbetaken. Only their combinationprovidesdaylight capabilityandtheir effects
on the temperatureneasurementbave to be considereccarefully Spectralfiltering should
reducetherecever bandwidthfrom aboutAA = 1 nmto AA < 10pm. Spatialfiltering canalso
suppresghe backgroundsignificantly and the usageof a more efficient detectorwill reduce
the necessaryntegrationtime. The mainresultsdiscussederehave alreadybeenpublished
(Fricke-Bggemannetal., 2002a).

3.3.1 Spectral Filtering Technique

For nighttime lidar obserations, conventional interferencefilters are completelysuficient,
which canhave aspectrabandwidthdown to 0.3—1.0nm. For efficientdaylightrejectionmuch
smallerbandwidthsf belov 10pm arerequiredbecauséhebackgrounds givenby its integral
(Eq. 2.7). Thetransmissiorpassbanghouldcover thefull spectralwidth of the probedreso-
nanceline. Theinfluenceof a narraw filter curve is discussedelav in detail (Section3.3.2)
but it is clearthata flat filter curve over the lidar scanrangeof 3.2pm will minimize neces-
sarycorrectionsandavoid uncertaintiecausedy fluctuationsof thefilter curve. The second
requiremento the opticalfilter is a high transmissiorover the passban@dnda goodblocking
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Figure3.11: Theprinciplesetupof a Faradayanomalouslispersioropticalfilter (FADOF). Theincom-
ing beamis linearly polarizedby a polarizerandpasseshroughanatomicvapourcell in alongitudinal
magnetidield. Only whenthelight interactsawith the potassiunvapourit canpartially passtheanalyser
otherwiseit is efficiently blocked.

outside.Theidealfilter would be describedy anrectangulatransmissiorcurve with awidth
of about5 pm.

The commonnarrav-bandfilter technologyfor lidar is the high-resolutionFabry-Perot
etalon(e.g. McKay, 1999). Its disadwantageis the requiremenbf high optical quality of the
incominglight. A narrav spectrabandwidthcombinedwith ahigh peaktransmissiomequires
anextremelylow beamdivergence|. e. large opticalapertureswhich make thetechnicalreal-
izationof suchafilter very expensie (~100,00CEUR). To tuneandlock anetalononthelidar
emitterwavelength extensive mechanicahndthermalstabilizationis necessaryReliableoper
ationof suchafilter requiresatemperature-stablendvibration-freeenvironment. This cannot
always be guaranteedor a transportabldidar systemoperatedunderextremeclimatical and
operationatonditions.

The Faraday AnomalousDispersionOptical Filter (FADOF)

A morerobustandcost-efective (~15,000EUR) technologyis anatomicresonancéilter. The
Faradayanomaloudglispesion opticalfilter (FADOF) hasbecomamportantin free-spacep-

tical communicatiorandremotesensing.The FADOF theoryhasbeendiscussedhoroughlyin

theliterature.Firstdevelopedby Yeh(1982)it wasimprovedby Yin andShay(1991)to include
hyperfinestructureeffects. Dick and Shay(1991)shaved thefirst experimentalrealizationof

sucha filter. For daytimeoperationof their sodiumlidar, a FADOF hasbeendevelopedby

Chenetal. (1993,1996). For potassiumthe theoryhasalsobeendiscussedn detail (Yin and
Shay 1992;Dressleretal., 1996)andanoperationafilter for solarremotesensingvasdevel-

opedby Tomczyket al. (1995). Therefore the following discussiorfocussen the operation
principle of thefilter, whichis shavn in Figure3.11.

A FADOF consistsof an atomicvapourcell within a permanenmagneticfield between
crossedpolarizersthefield is orientedparallelto the optical axis. The spectraportionof light
whosestateof polarizationis not influencedby the atomicvapouris completelyblocked by
thesecondoolarizer The polarizationaxis of light closeto anatomicresonancevavelengthis
rotatedby anangled,q; dueto theresonanfFaradayeffect, whentravelling throughthe vapour
cell. Hencejit canpartly (~ sir’ ¢o;) passheanalyser

The effect canbe explainedconsideringthe normal Zeemaneffect. In an externalmag-
netic field an atomicresonancdine is split into threecomponents:an unshiftedrepolarized
andtwo o*-polarizedlines, which experiencethe Zeemanshift of +Avz (or AAz). In the
direction of the magneticfield the parallel T-=components not active andthe perpendicular
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Figure 3.12: The refractive index curves of the atomic vapourfor circularly polarizedlight around
the correspondindZeemancomponent.The curvesare normalizedto the imaginarypart (grey). The
anomalouglispersiorof thereal part(black) extendsbeyondthe absorptiorregion.

o*-componentgppeamwith oppositecircular polarization. Therefractve index n=n, +i-n;
of theatomicvapourshavs ananomalouslispersiorin thevicinity of aresonancdéine asplot-
tedin Figure3.12. In the centerthe high imaginarypartn; causesiearlycompleteextinction
but it decreasemorerapidly thanthe deviation of the real partn;. Thus,away from the ex-
tinction region the speedof propagationis changed. Anomalousdispersionoccursfor both
o-componentandthe differentcircular componentpassthe vapourcell at differentspeeds.
As theincominglinearly polarizedlight is a compositeof two circularly polarizedoeamstheir
phasesareshiftedafter passinghe cell. Consequentlythe planeof linear polarizationof the
composites rotatedby half the phasedifference. Thus,the beamcan partially passthe ana-
lyser This effect of circular birefringenceis known asthe Faradayeffect. Additionally, the
inverseZeemareffect or circulardichroismoccurs:closeto the Zeemarshiftedwavelengths,
onecircular components completelyabsorbedwvhile 50% of the other passeghe analyser
resultingin atotal transmissiorof 7 (AAz) = 25%.

Theabove illustrationis simplified, becausdor the K(D;) transition,the anomalougZee-
maneffect occursandthe hyperfinestructurehasto be takeninto account.In strongexternal
magnetidieldsthe couplingof nuclearandelectronicnomentunis subordinateandF (theto-
tal angulaTmomentumy)s no longerawell definedquantunrnumber The Zeemareffect of the
hyperfinemultipletis transferredo the hyperfinesplitting of the Zeemammultiplet (Paschen-
Backeffect of the hyperfinestructureor Back-Goudsmitteffect, Windholzand Mussg 1988).
Thetransmissioris calculatedollowing thetheorygivenin theliteraturecitedabove. Thenu-
mericalalgorithmis basedon a programby S. Tomczyk (private communicatiopandfor the
dispersiorcurvestatulatedapproximationsareused(Beders, 1969;Gray, 1992,pp. 227f).

FADOF TransmissionCurve Calculation

ThenormalZeemarsplitting is determinedy theappliedmagnetidield B asAv; = eB/4mme.
For agivenAvyz, therefractive index at ary wavelengthis proportionalto the numberof atoms
alongthebeampath. Thus,therotationanglecanbeadjustedo ¢,; = 11/2 atthe centerby the
vapourpressurevia the cell temperaturd:. ConsequentlyT is nearly99%at theline center
if the Zeemarsplitting is large enough.The calculatedrotationandtransmissiorcurvesfor a
K(D1) FADOF areshavn in Figure 3.13for the parametersvhich have beenrealizedin our
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Figure 3.13: Calculateccurvesfor aK(D1) FADOF with 6 = 124.8C, B = 1800G and22mm optical
pathlength.Left: rotationangled,q: of the planeof polarization. The verticallines markthe Zeeman
shift of AA\z; = £6.18pm. Right: theoreticatransmissionZ for linearly polarizedlight. The grey area
denoteghelidar scanrangeof £1.62pm.
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Figure 3.14: Calculateddependencef the FADOF transmissioron thefilter cell temperaturd®g . Left:
transmissiorattheline center(solid), for afield of B=1800G. Theintegratedtiransmissior{dotted)has
beennormalized Right: FWHM width of the centertransmissiorpeak.

FADOF (seebelow). They arecharacteristiéor aFADOF of ary materialandsetof parameters
(e.g. Yeh, 1982,for Cs). ¢t is constantalfway betweenthe two Zeemarlines, wheretheir
contritutionsoverlap. This centematurallyagreesith thecenterof theatomicresonancéne.
Thus,a flat andcenteredransmissiorcure is achiazed which providesthe bestconditionfor
spectralanalysisof the atmospherid<(D1) line. Aroundthe Zeemarshiftedabsorptioriines
Az, thetransmissiorequals25%. Away from the Zeemarines, 7 becomesnaximumwhere
the rotation amountsto an odd multiple of /2. For the parametergiven (B = 1800G, or
0.18T, and20G/mm gradientalongthe pathlengthof 22mm), the transmissiorcurve hasa
centempeakof 6.7pmFWHM andtwo sidepeaksof ~4 pm FWHM aboutlOpm off thecenter
The dependencef the FADOF transmissiorcurve on the cell temperaturédg is shavn
in Figure3.14for anotherwiseunchangedaonfiguration. The theoreticaltransmissiorat the
line centerreachegnorethan99% at a filter temperatureof 6 = 125 C. For lidar applica-
tion, the backgroundsignalis givenby theintegratedtransmissionf 7 (A)dA (the badkground
equivalentandwidth which peakswith avalueof 14.7pm atthe sametemperatureAs it de-
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Figure3.15: Thetwin FADOF systenintegratedin thelAP K-lidar detectiorbench(B, magnetidield).
Themagnetsareintegratedinto the oven. From Fricke-Bggemannret al. (2002a).

creasemoreslonly, thehighestSBRis alsoreachedor this8r. When6k isincreasedhoththe
transmissiorandthe width of the centralpeak(right panel)decreaseFor lower temperatures,
7 (0pm) decreaseandproducesadip onthe curve asthe maximumtransmissior{¢yot = 17/2)
is foundto the sidesof the center Theseransmissiompeaksoccurattheedgef thelidar scan
range(x1.62pm) for a 1.5°C lower 6. Thus,for a stabletransmissiorcurve a temperature
stability with variationsbelov +1°C is required.

As shavn by Yeh (1982)the FADOF hasa very large acceptancangleand,therefore the
demand®ntheopticalquality of theincominglight arelow, especiallywhencomparedvith an
etalon.Whenthedivergenceof thelight getstoo large the blockingefficiengy of thepolarizers
canbereduced.

Twin Filter Design

To realizethe FADOF technologycompactfilter cells have beendesignedat the IAP (by
J. Hoffner and M. Alpers) which are easily positionedbetweenthe polarizers. Thesefilter
cells containthe heating,temperaturgrobe, magnets and potassiumvapourcell in aniso-
lated housingof 85mm lengthand 96 mm diameter Both the apertureandthe pathlengthof
the vapourcell are22mm. To producea strong,uniform, and stablemagneticfield, a stack
of permaneniNdFeB ring-magnetsencloseghe vapourcell. The magnetsare custom-hilt
(Magnethbrik Schrambag) to achieve, dependingon the stackheight,an axial field of nearly
2000G whichis homogeneousver the diameterof the vapourcell. Thevapourcell is heated
mainly atits windows to avoid condensatiof potassiunin the beampath. Its temperaturés
stabilizedwith aresolutionof 0.1°C.

Whenthe light entersthe detectionbenchthroughthe fiber cable, it is not polarized. As
the FADOF workswith polarizediight anda high overall transmissions desired a novel twin
filter designwas developedat the IAP consistingof two parallel FADOFs with orthogonal
polarization(Figure 3.15). Using thin-film polarizercubesthe reflectedandthe transmitted
beamof the first polarizercan be used. In the two filter cells the plane of polarizationis
rotatedandthelastpolarizermeigesthetwo beamsagain. Thedegreeof backgroundeduction
depend®ntheextinction ratio of thepolarizers.Thereflectedbeamis insuficiently polarized
(~95%) andthereforeadditionalpolarizersareinsertedoehindthe beamsplitteandthe cells.
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Figure 3.16: Measuredransmissiorcurve of the IAP twin FADOF (solid) comparedvith the theoret-
ical curve (dotted)which is scaledto the sametransmission.The grey areamarksthelidar scanrange
andtheeffective K(D 1) cross-sectiotis givenfor comparisonFromFricke-Beggemannretal. (2002a).

Polarizeronthetransersebranchegverticalin Figure3.15)arerotatedoy 90° aboutthebeam
axis. With this setupextinctionratiosof upto 1:10* arereachedindtheremainingtransmission
wasmeasuredo bealmostcompletelydueto thefilter cell influence.

The usedfiber cables(CeramOpte®©ptranUV/WF), typically, have a numericalaperture
of NA = 0.22. It definesthe maximumentranceanglefor the fiber in a mediumwith the
refractive index ng assinamax = NA/ng. Whenthe emeging light is collimatedwith a lens
of f = 40mm, the beamhasa diameterof f - 2tananax+ de = 18.6mm for a fiber aperture
of dr = 0.6mm anda remainingdivergenceof 15mrad. Over the pathlengthof 400mm to
theinterferencdilter the diameterincreasedy 6 mm. In this configurationthe apertureof the
vapourcellsis completelyused. Thereforea uniform magneticfield over the cross-sectiotis
necessary

The tunablenarrav-bandseedingasercanbe coupledinto the fiber cableto measurghe
practicaltransmissiorcurve of the twin FADOF. A high overall transmissiorof about75%
is achieved, excluding the interferencefilter, which hasa peaktransmissiorof 68.5%. The
remaininglossesaremainly transmissioossef the polarizersandthe uncoatedpticalwin-
dows of the vapourcells. An exampleof the measuredransmissioraroundthe line centeris
givenin Figure3.16.As shavn in thegraph,anexcellentagreemenis achiared with thetheo-
reticalfilter curve for afield of B= 1800G with a gradientof 200G/cmanda cell temperature
of B = 124.6 C. Theagreementvasmeasureaver thefull rangeof £15pm (cf. Figure3.13).
Theseparametevaluesaredeterminedrom thebestagreementvith themeasuredurwe atdif-
ferenttemperaturesWhile no device wasavailableto usto measurd directly, thevaluesarein
goodagreementvith the specificationgor themagnetsThetemperaturemeasuredh thetwo
housingsare120°C and127 C for anidenticaltransmissiorcurve. Theabsolutecalibrationof
thetemperaturg@robesseemso beoff by afew degreesbut the deviation mayalsoresultfrom
thefactthatthe probesdo not measureédg directly atthe cell but outsidethe magnets.

In summaryavery hightransmissiomndcontrastareachievedwith thenovel twin FADOF
design. Regardlessof ary possibleinaccuracie®f the theoreticalffilter curves, the measure-
mentsshaw thatthe desiredflat K(D ;) transmissiorcurve wasrealized. The FADOF naturally
alsoallows sometransmissiorat the K(D>) line (766nm), but herethe interferencdilter pro-
videsfull blocking.
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3.3.2 FrequencyResponseand Effective Transmission

All scatteringprocessesisedwith the K-lidars are usually catayorized as elastic scattering.
Neverthelessthespectracompositiorof the backscatteretight will deviatesignificantlyfrom
thelaserpulsespectrum.To calculatedheeffect of narrawv spectrafiltering onthetemperature
measurementshe optical Dopplereffect is consideredagain. As describedn Section2.3.1,
the effective cross-sections broadenedecausehe moving scattererexperiencea shifted
frequeny vg = Ve — Avp, wherevg is thefrequeng measureattheemitterandAvp = vew/c
is the Dopplershift. Theverticalvelocity w is definedpositive in upward direction. Whenthe
backscatteretight is spectrallyfilteredby thelidar recever, its frequeng hasto becalculated.
It is givenas

VE :VE—AVTD, and vg :viE—A\ﬂD. (3.1)

In this notation,the arrons denotethe beamdirection. SovTE is thelidar emittedandv§ is the
lidar receved frequeng. For elasticscatteringthe scatteringobjectsreceve and emit at the
samefrequengy, i. e. VE = viE. As requiredby linear momentunconseration, the velocity of
the objectpractically doesnot changeduring the scatteringprocessand the Doppler shift is
the samefor both directions;:AvTD = A\ﬂD = Avp. Thus,thefrequeng receved by thelidar is
shiftedby twice thisvalue:

vé :vTE—ZAvD. (3.2)

Whenlight is emitted at a single frequeng VTE and scatteredback from the atmosphereit
hasa spectraldistribution f(vé) which dependson the scatteringprocessand the velocity
distribution of the scatterersThe effective transmissionZ ¢ of thefilter for the backscattered
light is theinnerproductof this spectrunwith thefilter transmissiorcurve 7 (v):

7D = [ f(vk) T(vk) v (3.3)

For example,Rayleighscatteringis practicallyindependenbf frequeng within the Doppler
rangeand the signal from an altitude z hasa continuousspectraldistribution fray(Vg). It
hastwice the Dopplerwidth given for the molecularvelocity distribution n(v) in Eq. 2.12,
dependingon the local air temperaturelray(z) and causesa smoothingof the transmission
cune. For relatively heary aerosolparticles,the Dopplerbroadenings small comparedvith
the filter bandwidthandthe effective transmissiorfor the Mie scatteredight equalsthefilter
transmission.

FADOF Influence on the PotassiumResonanceSignal

Resonanbackscatteringy K atomsonly occurswhentheatomsexperiencehelaserfrequenyg
asanatomicresonancérequeny, i. e.vge =vK and,thus,whenAvp = VTE —vK. Thiscondition
is fulfilled for a portion of atomsgiven by the Maxwellian distribution n(Avp) in Eq. 2.13.
The receved light, therefore,hasa frequeng of Vf:a =vKk— (VTE —vK). In otherwords, for
light emittedat vk + Avp theelasticallybackscatteredignalis recevedatvk — Avp. Foreach
atomicresonancéine only atomsin a distinct portion of the velocity distribution canscatter
thelight andtherecevedlight becomes compositeof differently shiftedfrequenciesFor the
four hyperfinestructurdinesvX of theK(D1) transition(AppendixA), this mechanismesults
in four differentvaluesof vé.

Furthermorethe emitting frequeng of the atomis not necessarilyequalto thatreceved.

Frombothexcited state§F’ = 0, 1) of the atom,relaxationis possibleinto both groundstates
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Figure3.17: Frequeng responsérom theK(D) transitionfor Tx = 200K. Left: for laserlight emitted
at the centerfrequeng the 12 frequengy componentand their relative intensitiesare given as white
bars,with the Dopplerbroadenedhfs lines (black) of 3°K andthe effective cross-sectiotigrey). Right:
FADOF transmissiorZ” (black)andeffective transmissior, }2“ for theresonancsignal(grey).

(F = 0,1). Thus,excitationat v}, = VE_, with fluorescencetv: = vK_, (andviceversa) are
additionalscatteringpathvays. Sincethesetwo transitionsdiffer by the samefrequenyg asthe
correspondindopplershiftsneededtherecevedfrequenciesreequal. Thus,for eachexcited
state threedifferentfrequenciesareobsered, resultingin atotal of six linesperisotope.The
effective transmissiorfor the lidar returnfrom the potassiumayer, for an emittedvTE, is the
sumover the 12 received frequenciew:

TE"(VE) = 3 T(VR) fic(VE Vi) - (3.4)

Theweightingfunction fx includessotopicoccurrencetransitionline weight,andMaxwellian

velocity distribution and, thus, the temperaturelependenceAs shavn in Figure 3.17 (white

bars) thespectraresponsdor laserlight emittedattheline centeris distributedovertherange
of thebroadenedross-sectiofrom -416to 810MHz. Consequentithe effective filter curve

is smoothedover the centerof the K(D;) line and becomesasymmetric(right panel). It is

suchthatthe effect of the FADOF on temperaturaneasurements reducedandcanbecome
negligible.

Theatmospheri¢cemperaturd is calculatedrom the spectralintensitydistribution of the
detectedresonancédvackscattesignal. Due to the signal beingthe productof the backscat-
ter cross-sectiorandthe effective filter transmissionthe calculatedtemperaturanay deviate
systematicallyfrom thetrue Tx. As the effective filter transmissiordependson the unknavn
temperaturelk in the K layer, it is not possibleto correctthe measuredsignal prior to the
temperaturealculationbut the calibrationof the temperaturealculationhasto be corrected,
if necessaryChenetal., 1996). Figure 3.18 shaws the influenceof the FADOF temperature
B onthe calculationof theatmosphericemperaturdor Tx = 150K and250K (derivedfrom
syntheticdata). Thecalculatedraluedoesnotdeviatefrom Tk for filter temperaturesearfg =
12#C. This zero-crossingoint dependonly maginally on Tx andis onedegreebelow the
valuefor maximumline centertransmissionAt 6 = 124 C thefilter transmissionZ” shavs a
slight dip at the centerof lessthan1% (cf. Figure3.14). The temperaturaleviation is higher
for ahigherTx whenthe broaderfrequeng responseausesa reduceorf};Eff atthewingsof the
scanrange.If atemperaturesrrorof up to 1K wasacceptablethe allowed rangefor FADOF
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Figure 3.18: The simulateddeviation dueto the FADOF transmissiorcurve betweerthe atmospheric
temperatureand the value calculatedfrom the resonancesignalfor Tx = 150K and250K. Positive
valuesdenotefit resultsbeingtoo high.

operationwouldbe B8 =124+0.8C. Theobseredstability of the FADOF cellsis muchhigher
(x0.2C) andregular measurementsf thefilter curve ensurethatthe correctoperationpoint
is used.Thus,no temperatureorrectionsarenecessaryvhenthe FADOF is usedandthe ad-
ditional uncertaintyis belowv 0.3K. This conclusiorwassupportedy testmeasurementsith
andwithoutthedaylightfilter which shaved no detectabléaemperaturalifference.

FADOF Influence on the Rayleigh Signal

For air moleculesthe Rayleigh(or Cabannespackscattecross-sectioris constantover the
lidar scanrangeandthe wavelengthdependencef the measuredRayleighsignalequalsthe
effective filter transmission.Due to the backscattesignal being Doppler broadenedtwice’
(Eq.3.2), ‘ngy for the Rayleighsignalhasa relatvely strongwavelengthdependenceFor a
realisticatmospheridemperaturef Tray = 250K in an altitude of 40km, 7" at the edges
of thelidar scanrangeis 8% lower thanat the centerwhenthefilter hasthe desiredtempera-
tureof B = 124C. The calculated‘TF§§y (Figure3.19, left panel)is in goodagreementvith
themeasurementgzor 8 = 122 C and126°C, thedeclineis changedo about5% and13%,
respectiely. Thisdependencef 'ngy on B¢ is strongerthanthe influenceof Tray. Assuming
Tray = 150K adeclineof 6% for 6 = 124 C is calculatedwhichis closerto the original 8%
thanfor a two degreescolderfilter and Tray = 250K. Thus,ifggy, which is always obtained
from the data,is ratherinsensitve to Tray but canbe usedto monitor 6 duringthe measure-
ment. To this endthe seconccentralmoment thevariance pf the spectralintensitydistribution
(5 (A — Mo)?Bk/NPo), over the 18 wavelengthbins A1..Ay, is calculatedand shavn in Fig-
ure3.19(right panel).Evenachangen Tray by 100K doesnot causea strongerchangeof the
variancethanthatresultingfrom awarmingof thefilter cell by 1.3°C. Dueto the stratospheric
temperaturevariationsbeingin the orderof 10K, the statisticallyrobust varianceis a suitable
measureo continuouslymonitorthefilter curve duringlong-termlidar measurements.

As describedbefore(p. 8), the mesospheribackscattecoeficient is determinedhrough
acomparatie measuremenb the Rayleighsignalfrom alower altitude (e.g. 40km). Hence,
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Figure 3.19: FADOF effective transmissiorfor the Rayleighsignal. Left: FADOF transmissionT
(black)andeffective transmissiorﬂ‘,ggy (grey). Right: Thevarianceof thefrequeng distribution of the
Rayleighsignaldueto the FADOF transmissiorcurve for Tray = 150K and250K.

'ngy()\) for the Rayleighsignalcould have an erroneousnfluenceon the dataevaluation. For
the idealfilter temperaturef 6 = 124°C andTray = 250K, the mean(theoretical)effective
transmissionis 94% for the Doppler broadenedrayleigh signal while it is 99% for the K
resonancsignal. Thus,the derived backscattecoeficientshave to be correctedby about5%
toyield correctvaluesof thepotassiundensity If areferencdrom higheraltitudesis usedthe
lower temperaturesausea reduceddensitycorrectionwhich reachef% for Trqy = 150K.

The implicationsof ngy()\) for the temperatureaneasurementare more important. For
nighttimeoperatiorwithouta narrav-bandfilter thesignalin eachwavelengthbin wasnormal-
izedto its own Rayleighsignalto calculatethe Bk (A) curve. This procedureavoids erroneous
influencesof varying laserpulseenegy or atmospheridransmissioron the temperaturesle-
rived. If it would be appliedto measurementwith the daylightfilter, thereduced‘TF‘if;[y atthe
outerwavelengthswould leadto apparentlybroadercurvesandhighertemperaturesvould be
calculated. This effect is quantifiedin Figure 3.20. The deviation dependon 6 aswell as
on Tk andTray at the altitude from which the Rayleighsignalis usedfor normalization. For
the FADOF operationpoint 6 = 124 C, the inducedsystematicerror would rangefrom 4K
to 16K, beingsmallerfor lower Tx andTray. For Tray = 150K (grey curwes),the effect could
be minimizedby a FADOF operationat 6 = 122 C at the expenseof overall filter transmis-
sionanda directinfluenceon thetemperaturesasdiscusse@bove. Furthermorethe FADOF
temperatureannotbe adjustedbecausdray is notknown in advanceandmay changeduring
a measurementThus, this correctionis not feasiblewith sufficient accurag andshouldbe
avoided.

Themoreaccuratdgechniquéds anormalizatiorto thenumberof lasershotsperwavelength
bin andtheRayleighsignalattheline center Thismethodreliesonaconstantaserpoweranda
constantecever efficiengy. Thelatteris assuredy usingthe samedetectorandelectronicgor
all wavelengths Dueto thehigherlaserstabilityin thenew IAP setupjts enegy is notfoundto
vary with wavelength.Furthermoreijt is now possibleto measurdhe laserpower duringlidar
operatiorsimultaneouslyor eachlaserpulse.In thevicinity of theK(D1) line theatmospheric
transmissiordoesnot vary systematically Statisticalfluctuationsof the Rayleighsignal,i. e.
the laserpower inside the FOV, canalso be inducedby atmospheridurbulenceor passing
cloudsbut they arerandomlydistributedandaverageout after sufiicientintegrationtime. The
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Figure 3.20: The possibleerroneoudnfluenceof the effective transmissiorfor the Rayleigh signal
on thetemperaturealculationwhenthe signalis normalizedindependentlyior eachwavelength. The
simulationresultsaregivenfor eachcombinationof temperaturdi in the potassiumayerandTray in
theRayleighaltitude(solid: Tx = 250K, dotted:Tx = 150K; black: Tray = 250K, grey: Tray= 150K).

averagingprocesss supportedoy a fastwavelengthscan(2s period)which is possiblewith
the externalcavity seedindaser

3.3.3 Reduction of the Field of View

The backgroundntensityis proportionalto the solid angle capturedby the telescopeamirror

and, thus,to the squareof the field of view (FOV) of the telescope.The (full) FOV is deter

minedby theratio of fiber aperturediameterd: andthetelescopes focal length. For nighttime
measurementwith the stationarylidar, fiberswith d= = 0.6mm wereused,giving a FOV of

500urad. In the transportabldidar, the FOV was 789urad. For daylight lidar operationthe
FOV mustbereducedo a minimum. A backgroundeductionby afactorof 10 wasaimedat

and,thus,areductionof the FOV to belov 200urad(the apparentliameterof Jupiterranges
from 150to 240urad).

The possibilitiesfor a reductionof the FOV arelimited by the atmospheriseeingwhich
denoteswave front distortionsdue to atmospheridurbulence. Astronomersassociategood
seeingconditionswith a resolutionbetterthan5 prad(1 arcsec\Wlson, 1996). For sunlitcon-
ditions the seeingcaneasily be tentimesworse. Whenthe FOV is reducedbelonv 200urad,
signalfluctuationsareobseredto increasegspeciallyfor a high solarelevation. Theinduced
signallossesareexpectedo counteract reductionto belov ~100urad.

In addition, the divergenceof the laserbeamhasto be reducedto maintainfull overlap
betweerthebeamandtheFOV. A threefoldGalileanbeam-wideningelescopés usedto obtain
a beamdivergenceof 133urad. Furthermorea high pulse-to-pulseointing stability of the
laseris necessarywhich wasachieved with the new lasersetup. The necessaryull overlap
at all altitudesused(>40km) limits the FOV reductiondue to the bi-static setupof the K-
lidars. Anotherlimit is setby the saturatioreffectswhich areto be expectedwhenthe enegy
intensityin the potassiumnayeris increasedlueto the narrav laserbeam(discussedn detail
in Section3.3.4).

With the stationaryK lidar in Kilhlungsborntestshave beenmadeto usea bundle of
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0.27mm fibersto geta FOV of about225uradwith threeof the 0.5-mmirrors. Unfortunately
theopticalquality of themachine-turnedluminiummirrorsdid notprovide afocusof thatsize.
Althoughthelaserbeamdivergenceis clearly belowv the nominalFOV, only betweer20%and
50% of the intensitywerereceved. Thus,the insuficient optical quality of thesetelescopes
doesnotallow daytimeoperation.

Therefore the first measurements full daylightwere carriedout with the transportable
lidar on Tenerifein November2000. This instrumentis equippedwith a high quality 0.8-
m telescopehat hasa focal length of 1.9m andwas specifiedto have a focus spotsmaller
than50um. It was previously usedwith a 1.5mm fiber, i.e. a FOV of 789urad. After a
dr =0.365mm fiber (FOV 192urad)wasinstalled,almostthe full signalwasobtainedwhile
the solarbackgroundvasreducedoy afactorof 17. In combinationwith the FADOF thiswas
sufficient for measurements full daylight.

In Kiihlungsborranewn 30” (0.762m) telescopenirror wasinstalledin summer2002which
provides high optical quality (RMS surfaceaccurag of A/24) anda focal lengthof 3.227m.
With ade =0.6mmfiber, it hasa FOV of 186uradandreachedackgroundraluescomparable
to thetransportablesystem.A furtherreductionto 124uradis possibleusingan0.4mm fiber.
Therebythebackgrounds halved, but the signalis alsoreducedoy 10—-15%becaus¢hebeam
divergenceof 133uradexceedghe FOV. Additionally, highersignalfluctuationsareobsered
attimesof strongcorvectionwhich arepresumablycausedy dovngradedseeingconditions.

3.3.4 Saturation

Reducingthetelescopes FOV impliesareductionof the beamdivergencewhichincreaseshe
enegy densityin thelaserbeam.Whenthe enegy densitygetstoo high the backscattesignal
from thepotassiumayermaynolongerbeproportionalto thelaserenegy. During onescatter
ing procesghe excited atomis not availablefor absorbingandre-emittingfollowing photons.
Furthermore stimulatedemissionmay causethe photonfrom the excited atomto be emitted
coherentlywith thelaserbeam directedupwardsandnot scatteredackto therecever. These
two processeseducethe detectedesonanceignalratherindependenof frequeng over the
Dopplerrangeof theresonancdine. Thus,they will reducethe apparenatomdensity while
influencingthetemperatureetrieval only weakly Dueto thedifferentstrength®f thepossible
relaxationpathways,the atomswhich have beenexcited beforemay deviate from the equilib-
rium groundstatedistribution. This optical pumpingwill influencethe following backscatter
processeslependingon frequeny anddisturbthe temperaturelerivation. To accuratelycal-
culatethe saturatioreffect, exactknowledgeof the spectraltemporalandspatiallaserenegy
distribution (andalsothe atmospheri¢ransmission)s requiredbut usuallynot available.

A first-orderestimationof the saturationcan be derived undersimplifying assumptions.
Thetotal absorptiorcross-sectionf anatomis givenas(Fricke andvonZahn 1985)

® TEe?
OtOt_/() C(V)dV = f@

wheref is theoscillatorstrength(0.339for K(D1)). The contritutionsaredistributedoverthe
hyperfinecomponentsvith the naturallinewidth. At this point the effective cross-sectiowes,
whichis dueto Dopplerbroadeningmustnotbeusedasit appliesonly to anensemblef ther
mally moving atoms.As thelaserbandwidthl_ is largerthanthe naturallinewidth (~6 MHz),
it is reasonabléo assumea meanlaserenegy per unit frequeng of E,/I". constantlyover

the naturallinewidth. The spectraphotondensityi = EA"ﬂEV is about6.6x 10’ m—2Hz ! for an

=f.2.654x 10 %m?s7 ¢, (3.5)




3.3. DAYLIGHT UPGRADE OF THE LIDAR RECEIVER 41

illuminatedareaof A = 220m? (in 90km altitudefor 186praddivergence)anda pulseenegy
of 150mJ. Thenumberof photonsperlaserpulsewhich arescatteredy oneatomexcitedvia
astrongK(D1) hyperfinestructuretransition(weightg = 5/16, 0yt = 9% 10~/ m?s™1) atthe
centerof thelaserline, is estimatedo be

p= / V) Tgo(v)dv = i Tgow ~ 9.3, (3.6)

for an atmospheridransmissiorof 7 = 0.5, assuminghreetimesthe extinction asfor pure
Rayleighscattering Dueto the pulselengthof t, ~ 250nsbeingscarcelylOtimesthenatural
lifetime of the excited stateof 1, = 26.2ns,a numberof 9.3 scatteringprocesseper atomis
hardly possible.Significantsaturatiorcanalreadybe expectedf p > 0.1t,/1y, i. €.theatoms
areinvolvedin scatteringorocessesn averageduring 10% of the pulseduration.To fulfill this
conditionthe enegy densitywould needto bereducedby oneorderof magnitude.
In the literaturethe degreeof saturationS hasbeensubjectto several considerations.It

is definedasoneminusthe ratio of the receved saturatedandthe expectedunsaturatedig-
nal. Althoughit shouldbe notedthat the processof saturationis highly non-lineay the mean

photonflux € = E%:v is calculatedto comparethe available results. For the above values

(150mJ, 250ns, 186prad)the flux is 1x 10??m—2s1. This flux is usedasa referencevalue
g0 = 10?2m~2s~1 for comparisorin thefollowing.

Thefirst treatmentbof the K(D1) transitionby Megie et al. (1978)gave a saturationof 8%
for broadbandaserpulseswith € = 3¢q (0.77J, 30ns, 0.7mrad, and 8 pm bandwidth). For
the IAP K-lidar, Eska(1998)calculatedS = 2% for € = 2.3g¢ (150mJ, 100ns and0.2mrad
pulses).For the reducedphotonflux of € = 0.6¢q for a systemcomparabldo thoseusedhere
(0.2mrad,275ns,100mJ),vonZahnand Hoffner (1996)predictedabout1% saturation.

The degreeof saturationcanbe estimatedexperimentallywhenthe enegy densityis var-
ied. Sincea variableattenuatomwasnot available,the adjustmenbf the 4-fold beam-widening
telescopevasvariedfor a constanpulseenegy of 150mJanda pulselengthof 200ns. The
lowestdivegencewas 133urad(e = 2.5¢p). As the Rayleighsignalis not saturatedt canbe
usedasa measuref thebeamintensityinsidethetelescopes FOV andit decreasesxpectedly
whenthe beamdivergenceexceedsthe FOV of 186urad(Figure 3.21). The absolutevalues
of the beamdivergenceare not knowvn dueto the high uncertaintyof the beamdiameter As-
suming2.5mm, the additionaldivergenceis variedin multiplesof 200urad(0, 1, 2, 3, 4, 6,
8). If theK layerwould not changelinearbackscatteringvould resultin a straightline in the
graph. From the two groupsat minimum divergence,which were obtainedat the beginning
andthe endof thetest,the atmospheripotassiundensitycanbe estimatedo have variedby
afactorof two within the 3 hours. The potassiunsignalfor the lowestdivergenceis expected
to beabout5-10timeshigherto give the sameratio asfor the lowestintensities.In agreement
with the above estimation,it is found thatthe enegy densitymustbe reducedby a factor of
10to reachthelinearregion, wherethe K signalis not saturated A saturationof S= 50%is
achized whenthe Rayleighsignalis decreasetby a factorof threewith no significantsignal
lossesfrom the potassiumayer This saturationis higherthanthe valuescalculatedby Eska
(1998)and more comparableo the resultsof Papenet al. (1995)who have calculatedabout
50% saturatiorof the K(D>) line for aflux of € = 2.2¢q (200urad,200ns,250mJand30MHz
spectralwidth). As theK(D,) oscillatorstrengthis twice thatof K(D1), thesecalculationmay
beapplicableto theobserationswith our systemwhich wasoperatedat half the pulseenengy.
The lower valuesderived in otherestimationamay be dueto the useof inaccuratevaluesfor
the effective cross-section.
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Figure 3.21: Relationbetweenthe Rayleighsignalfrom 40km altitude andthe potassiunresonance
signal (80—105km) for differentvaluesof additionalbeamdivergence measuredn Kilhlungsborron
Septembet 3", 2002. The spotsmark single files (4000 shots)and the error barsgive the standard
deviationsfor eachbeamdivergence.

Influence of Saturation on the Temperature Measurements

As saturationoccursat all frequencieswvithin the Dopplerbroadenedesonancdine, it influ-
encegheabsoluteébackscattecoeficientmorethanits spectradependencel hus,thetemper
aturesderived areinfluencedessthanthe densities.For a singletransitionwithout hyperfine
structure,saturationdoesnot changethe obsered Dopplerwidth. For the D1 transitionof
potassiumthethreestronghfs lineswhich contritute 93.75%of the cross-sectiomreof equal
strengthandthus saturatedo the samedegree. Thereby the shapeof the resonanceure is
changedonly slightly. Simulations(von Zahnand Hoffner, 1996) of the wavelengthdepen-
dencehave shavn that even a saturationof 10% would changethe temperatureesultsonly
by about0.2K. Thesecalculationsare supportedy the experimentalresults.Evenwhenthe
saturatiorreaches80%the systematidemperatureffsetis foundto belessthan5K.

Consequentlythe K-lidar temperaturesre indeedless effected than the resultsfrom a
narrav-bandNa-lidarfor which vonder Gathen(1990,1991)calculatedanerrorof about8 K
for 10%saturation.Thehighersensitvity is dueto theweightsof the hyperfinestructurecom-
ponentswhich arelessuniform for the Na(D,) transitioncomparedvith K(D1). The Na(D»)
hyperfinestructureis dominatedby one of the six lines which constitutesnearly 50% of the
cross-sectionlt is threetimesstrongerthanary otherandsaturatedarlier

Somepossibledeviation of theK(D 1) spectrurnis dueto opticalpumpingoccurringduring
thedurationof alaserpulse.Atomsexcited from thegroundstatedoubletF = 1 (namedD1y),
whichincludesthe onewealer line, aremoreprobableto cascadénto the groundstateF = 2
thaninto theoriginal state.In theformercaseit is notavailableto absorbanothemphotonatthe
samefrequeng. For excitation of the otherdoublet(D15) the probability of a relaxationto the
F = 1 groundstateis lower (aboutonthird). Thus,the strongerD1, doubletis lessdeclinedby
opticalpumpingthanthewealer D1y,

In summarytheusefulreductionof thefield of view is limited by themaximumachiezable
luminanceof themetallayer For thelAP K-lidars saturatiormayoccurfor beamdivergences
belov about700urad. The influenceon temperatureneasurementdependon the hyperfine
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structureof the obsered line andis relatively low for K(D;). Consequentlythe laseris op-
eratedfor daytimemeasurementat E, = 120mJandt, = 270ns, which reduceghe photon
flux to 60% comparedwvith the 150mJand200nsusedin thetestmeasuremer(Figure3.21).
Furthermorethe beam-wideningelescopés adjustedo give anincreasedeamdivergenceof
about300uradcomparedvith the 133pradpossible Dependingon atmospheridcransmission,
this resultsin a saturationof aboutS = 50% which introducessignificantuncertaintyto the
densitymeasurementshile thetemperaturederived arestill reliable.

3.3.5 AvalanchePhotodiode

The introductionof the FADOF and reductionof the FOV have reducedthe backgroundo
a dggreewheretemperaturaneasurementanderdaylight conditionsbecomepossible. The
accuray of thetemperaturederived canbedoubledfor a constanSBRwhenthe statisticsare
enhancedy afactorof 4 (Figure3.9). This might be realizedin variousways. An extended
integrationin time andaltitude would causean undesirablaesolutionreduction. To operate
thelidar at higherrepetitionratesis possiblein principle by nearlya factorof two but would
imply mary changedor thedetectorelectronics A largerreceving areais relatively costly In
this caseaneasiemway to increasehe photoncountswasthe introductionof a moreefficient
detector

AvalanchephotodiodegAPDs) are known to have high efficienciesfor wavelengthsin
the nearinfraredwith a maximumnear700nm andin the last yearssingle photoncounting
moduleswith low noisehave becomecommerciallyavailable. Themodelused EG&G SPQM-
AQR) is specifiedwith a dark countrate of 25Hz anda photondetectionefficiency of 68% at
770nm. This meansa possibleimprovementby a factorof 4.5 comparedwith the PMT. The
disadwantagesreasmallsensitve diodeareawith lessthan200umdiameter(e.g. 192umfor
our S/N 5212-1)andthereduceddynamicrangewith 10MHz bandwidthandsignificantnon-
linearitiesabore 1 MHz. The correctionfactorfor 5MHz countrate, typically, exceedsl.33
andis known with anaccurag of +5%. Furthermorethe deviationsfrom thelinearresponse
canbe correctedonly for steadysignalsbut asthe lidar signal variesrapidly with altitude,
time-dependentorrectionswould be necessarylue to signal-inducedheatingeffects of the
diodeitself. This effectis obsered to vary betweenmodulesof the sametype. Whenboth
backgroundand Rayleighsignal are kept low enough parallelmeasurementaith APD and
PMT have proventhatno noticeabledeviation in theresultsis inducedby the detector

Using a fiber cableapertureof dg =0.6mm the collimatedbeamon the detectionbench
attainsa diameterof ~26 mm behindthe FADOF (seep. 34). It needsto be imagedwith an
effective focal length f of lessthan13mm to make the spotfit completelyontothe sensitve
detectorarea.This f-numberof f /0.5 is very smallandno suitablelenssystemwascommer
cially available from seriesproduction. Sphericalaberrationis expectedto causesignificant
lossesundertheseconditions,soa combinationof asphericatioubletlenseds used. A series
of threeavailablelenseswith decreasingliameterandfocal length (50, 30, and14mm) was
foundto meetthe requirementsA focal diameterof 196um wascalculatedusingray tracing
theory assumingno aberration.Whenfiberswith smalleraperturesare used(smallerFOV),
themappingbecomedesscritical.

Thenominalefficiengy exceedgshe 15%of the PMT by afactorof 4.5. With thedescribed
imaginglenssystemasignalenhancemerity afactorof 4 wasreachedn lidar measurements.
Theremainingosseof 10-15%arepresumablyausedy themultiple surfacesandremaining
aberration®f theimaginglenssystem.
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Figure 3.22: Daytimemeasuremergxamples:raw data(black) anddataafterbackgroundsubtraction
(grey). Left: On Tenerifeat sunrise(0° solarelevation,06:44LT) on DecemberL0", 2000. Right: On
Svalbardon June18", 2001 (01:27LT), ata solarelevationof 12.4. The photoncountsareaveraged
over4000laserpulses(~2 min) with analtituderesolutionof 200m.

3.3.6 Achieved Daylight Capability

The combinationof the FADOF andthe decrease&OV hasreducedhe solarbackgroundoy
about3 ordersof magnitudein comparisorwith the nighttime configuration. The first mea-
surementsvith the twin FADOF werecarriedout with thetransportablék-lidar in November
20000n Tenerife(28°N). Dueto goodweatherconditionsandthe high altitude of the site it
was possibleto measurdemperaturesontinuouslyduring night andday, althoughthe PMT
wasstill used(seeSection5.3for results). Thehighestsolarelevationanglewas42’. The APD
hasbeenintegratedinto thereceverin Decembe2000.An examplefor a photoncountprofile
obtainedunderdaylight conditionsis givenin the left panelof Figure 3.22 shaving SBRsof
upto 5. Sincethe solarelevation of 0° doesnot take atmospherigefractioninto accountthe
dataweretakenshortly aftertheapparensunrise.

Thesemeasurementsave demonstratethedaylightcapabilityof thenew detectiorsystem
andtheinstrumentwassubsequentljnstalledon Svalbard(78N). A profile of photoncounts
measuredn the Arctic nearsummersolsticeis givenin theright panelof Figure3.22. For a
solarelevation of 12.4 a SBR of 20 wasobtainedat the peakof the potassiumayer which
extendsfrom 87 to 98km. A noctilucentcloud (NLC) is alsoclearly visible causinga strong
backscattesignalnear84km. On Svalbard,mesospheri¢cemperaturebiave beenmeasured
duringtheArctic summemwhenthemaximumsolarelevationis 35°. At Kiihlungsborngaytime
obsenrationshave becomepossiblewith theinstallationof the 30” telescopemirror in summer
2002.

The backgroundsignal during daytimedependsstrongly on both the solar elevation and
theatmosphericonditions.Thedependencenthesolarelevationis givenin Figure3.23asit
wasobsened nearsummersolsticein Kilhlungsbornwhenthe suncanbe up to 59.4 above
the horizon. The valuesshovn weremeasuredor a FOV of 186pradon June26™ undergood
weatherconditions,exceptaroundnoon (solar elevation >50°), when somecumulusclouds
appearedTemperaturesouldstill bedervedwith a statisticaluncertaintyof +5K atthe peak
of the potassiuniayerwhenasmallerFOV (124urad)wasused.

In additionto Rayleighscatteredsunlight,a dominantpart of the backgrounds obsered
to be causedby Mie scattering.lt canbecomea multiple of the Rayleighcontrikution, espe-
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Figure 3.23: Thesolarbackgroundasafunctionof solarelevation,asobsenedwith aFOV of 186purad
in Kilhlungsborron June26™, 2003. The scatterfor anglesabove 50° is dueto clouds.

Table 3.2: Typical recever propertief the stationaryAP potassiumidar, August2003.

Telescope Newtonian,d = 76.2cm, f = 3227mm
Field of view 186urad

Broad-bandiltering IF-filter (Lnm, T =70%)
Narrow-bandfiltering Twin K-FADOF (1800G, 124°C, 7 = 75%)
Overall peaktransmission  50%

Contrast 1:10,000

Peakwidth (FWHM) 6.7pm

Temperatureffect +0K

Detector APD

Photondetectiorefficiency 68% @ 770nm

cially dueto haze mistor cirrusclouds,evenif thesignalis attenuatenly weakly Whenthe
skylight brightnessncreasesit canbe seenby the naked eye thatthe contritutions of longer
wavelengthsareincreasedtrongethanthatof shortemwavelengthgi. e.thesky turnsfrom blue
towardswhite) and,thus,theK-lidar measurementst 770nmarestronglyeffected.In summer
thetropospheridoundarylayeris broadetthanin winterandexhibitsanenhancedcattercoef-
ficient (Sthneiderand Eixmann 2002)asaerosolswell dueto the high watervapourcontent.
This canincreasehe backgroundo alevel wheretemperatureneasurements full daylight
becomeampossible In Kiihlungsborntheatmosphericonditionsin summeyespeciallyjunder
stablehigh-pressuraveatherconditions,togetherwith the high solar elevation may prevent
continuoudong-termK-lidar obserations. But evenwhena certainperiodaroundnoonhas
to beexcluded,measurementaver about20 hoursareoften possibleandthey aresufiicientto
identify mostwave perturbationsincludingdiurnaltides.

Finally, the recever configurationis summarizedn Table 3.2. The given overall trans-
missionof 50% includesthe completedetectionbenchbetweerfiber cableanddetector For
daytimetemperatureneasurementhe overall systematiaincertaintyis increasedy upto 5K
anddependsn the weatherconditions. It is mainly dueto variationsof the backgroundand
thelaserenegy while the laserscansover the differentwavelengthchannels.
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3.4 PotassiumLidar: Discussionand Outlook

The resonancéidar techniquedevelopedsincethe work of Fricke and von Zahn (1985) has
becomehe standardnethodto measureatmospheridcemperatures the mesopausegion. It
doesprovide vertical profilesof high accurag andgoodtemporalandspatialresolution.With
the daylightcapabilityit canbe usedto retrieve continuousneasuremergerieson the scaleof
hoursanddaysaswell aslong-termobsenrationsfor monthsandyearsat almostary location.

With the describedconfigurationof the IAP potassiumlidars, reliable temperaturenea-
surementdave beencarriedout underboth nighttime and daytime conditions. Continuous
measurementsave beenperformedcovering periodsup to 100 hoursand obserationswere
successfullyconductedunderArctic summerconditions. While resultswill be discussedn
the following chaptersthis sectionsummarizeghe technicalprogresshat hasbeenachieved
duringthework upto this thesis.

Dueto therecentdevelopmentghe alexandritepower laserhasbecomeareliableandeasy
to usesystemwith ideal spectralpurity, high power, long pulsesandbeampropertieswhich
aresufiicient for smallfields of view asthey arenecessaryor daylightoperation.The exter
nal cavity diodelaserfor injection seedinghasprovento provide full control over the power
laserfrequeng andis very usefulto determineoptical propertieslike filter characteristics.
Comparedvith the systemausedin sodiumtemperaturdidars, the transmitterunit of the IAP
K-lidarsis very compactall solid-stateandpossesseghigh long-termstability.

Thesystemhasahigh potentialfor automatiorandis alreadyoperatedn a semi-automatic
modewhich is inevitable for long continuousmeasurementsAn increasedlegreeof automa-
tion includingthereactiornto the currentweatherconditionswould enablemeasurementsnder
rapidly changingconditionsandcould stronglyenlage the numberof measurements.

Lidar MeasurementsDuring Daytime

While obsenationsat nighttime have beencarriedout before,mesospheritemperaturenea-
surementvith the IAP K-lidars are now possiblealsoin full daylight. Using a FADOF, a
narrawv field of view andahighly efficient detectortemperaturebave beenderived with £5K
statisticalaccurag at solarelevationsup to 60°. However, the altituderangeusablefor tem-
peraturemeasurements reducedduringdaytime.Thedemand®n theweatherconditionsare
muchhigherthanduringnighttimebecauseheneatta goodtransmissionalsoalow capability
of scatteringsunlightis necessary

The potentialof the IAP K-lidars for daytimeoperationmay be comparedvith otherres-
onancgemperaturdidar techniquesalthougha quantitatve discussions beyondthe scopeof
this work. Sodiumlidars are usedat ColoradoStateUniversity with a FADOF (Chenet al.,
2000)andatthe University of lllinois (Statesand Gardner, 2000a)with anetalonfor daytime
operation.Usingsodiumhastheadwantageof higherdensitiesn themesospherél0-10Qtimes
thatof K). It couldresultin amuchbettersignal-to-noiseatio thanfor the K-lidar if thesame
laserpower andfilter performancewere available. In practise,typical signal-to-backgrouh
ratiosreportedfor Na-lidarsat the peakof the layerandthe peakof theresonancdine atnoon
rangebetweenl5 (Chenetal., 1996)and0.5-4.0(Statesand Gardner, 2000a)which arecom-
parableto the K-lidar values. Furthermoredueto the more complex hyperfinestructurethe
temperaturevaluationis muchmoresensitve to saturatiorthanin the caseof potassium.

Iron hasabout2-3 times the density of sodium (Kane and Gardner, 1993) but only a
tenthof its oscillatorstrength,dependingn the transitionused,andhasalsobeenstudiedby
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lidar before. The Fe-Boltzmanrechniquehasbeenshavn to allow temperatureneasurements
but in daylight only in the presenceof very high densities(Chu et al., 2002). It usesone
thermallyexcitedlower statewhich may constituteonly 1% of thetotal occurrencehencethe
signalstrengthis drasticallyreduced.Thesystematiaincertaintyis relatively high, inducedfor
exampleby the spectralenegy distribution of the broad-bandasersused. Alternatively, the
Dopplerbroadeningof iron canbe probedwith a narrav-bandlaser similar to the technique
describedherefor potassiumand first testsat night have beencarriedout at the IAP with
promisingresults(Lautenbab and Hoffner, manuscripsubmittedto Appl. Optics.

Spectral Filtering Technique

A fundamentatechniquefor successfullaytimelidar measurements the spectralffiltering.
Thenovel twin FADOF providesa hightransmissioranda goodbackgroundeduction(Fricke-
Begemannet al., 2002a). The flat filter transmissiorcurve in combinationwith the width of
the centralpeakprovides efficient filtering that hasno direct effect on the temperaturenea-
surementsTheflat filter curve is amajorimpraovementcomparedvith all FADOF realizations
reportedbefore. Sincethe FADOF doesnot affect the measurementagyatively, it remains
integratedin the instrumentduring nighttime measurementsherebyproviding uniform con-
tinuousdatasets.

The first FADOF for lidar resonanceemperaturaneasurementeasbeendevelopedby
Chenetal. (1993)for asodiumlidar. Dueto thelargerhyperfinestructuresplitting (~1.8GHz
for Na(D,) vs. ~0.5GHz for K(D1)) andthe narrawer filter curve used(~2 GHz FWHM vs.
~3.4GHz),the necessargorrectionfor temperaturealculationdies abore 50K (Chenetal.,
1996). Thus, the exact knowledge of the FADOF transmissiorcurve is very importantfor
the sodiumlidar to minimize the uncertaintiesemeging from this correction. The effective
transmissiorof about10% reportedin their work andalsothe currentvalue of 20-25%(She
etal., 2003)is significantlybelov our 75%. Thedifferenceis partly causedy our twin setup
which allows the useof both polarizationaxesof the receved light, whereasnly oneaxisis
usedin their sodiumfilter.

The Fabry-Perot Etalon

Themorewidely usednarrav-bandfiltering techniques the Fabry-Peroetalon.Concurrently
to the developmentof the FADOF, afilter setupwith a stabilizedetalon(Hovemereltd.) had
beentestedasanalternatve with the stationaryK-lidar. It hasa bandwidthof 10pm FWHM
anda finesseof 50 which is relatively high for a singleparalleletalon. In orderto make this
finesseusablethe allowed divergenceof the beamin the detectionbenchis about4 mrad. To
attainthisvalue,a 4-fold beam-wideningandanapertureof 1:00mm hadto beused.With light
from the seedingaserwhich hasa lower divergence the specifiedfinessewasverified anda
transmissiorof 70%wasachiezed. A high contrasiof nearly1000: 1wasrealizedwhichis still
by afactorof 10 lessthanthatof the FADOF. Unfortunately the stability of the etalonwasnot
sufiicient. Thermallyinducedvariationsof the centerof the transmissiorbandby +2 pm were
obseredin astablelaboratoryervironment. They needto be suppressetieforetheinstrument
canbe emplogyed for lidar measurementdgut even after 2 yearsof trials, the etalondoesnot
provide therequiredstability. If theabore resultscouldbereproducedn lidar operationboth
filtering techniquesvould have similarvaluesfor peaktransmissiormndbackgroundquivalent
integratedtransmissionincludingthe sidebandsn the caseof the FADOF.
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Calculationswith syntheticdatafor the etalonparametershav that the effective trans-
missionfor the K(D1) resonancéackscattesignalis lessuniform thanthat of the FADOF.
Temperatureorrectionsbetween2 K and5K arenecessaryor atmosphericemperaturesf
150K and 250K, respectiely, whenthe etalonis operatedat the line center Additionally, a
shift of the centerof thetransmissiorbandby 2 pm caninfluencethe temperaturesalculation
by upto 3K.

In summary for mesospheritemperaturaneasurementahich usethe K(D1) resonance
line, the FADOF appearsuperiorto anetalon.It is muchmorecostefficient, thelarge accep-
tanceanglesetslower requirementsor theincominglight, the spectraktability is assurediue
to the atomicresonanceandit is very robust. Thelatter propertiesareespeciallyimportantif
theinstrumenis operatedindernon-idealconditionssuchasthatfoundin the Arctic, onboard
aresearchvesselor on anaircraft. For otherlidar types,the FADOF techniques usableonly
if suitablevapourcellsareavailable.

Futur e Developments

The signal-to-backgraud ratio shouldbe improved further to malke the potassiunlidar day-
time measurementmore robust. As saturationalreadylimits the reductionof the field of
view, a higherpulseenegy or spatialfiltering is not feasible. Spectrallybroadedaserpulses
wouldreducethe problemof saturatiorbut enhancesystematiaincertaintiesn thetemperature
derivation. Temperatureareoftencalculatedvith 1 km verticalresolutiononly but higherres-
olutionsareusedfor metallayerandaerosobbsenrations.Hence althoughlongerlaserpulses
would decreassaturationasignificantfurtherincreaseof the pulselengthis alsonotdesirable
andits realizabilityis questionableTheremainingpossibility of spectraffiltering is discussed
separatelypelow.

Higheraccurayg of temperaturealculationscanalsobe achiezed with enhancedtatistics.
Theoverall efficiengy of the detectoiis very high alreadybut anincreasen recever areaor in
laserpower and FOV, simultaneouslywould increasethe photoncounts. But the efforts for a
significantincreasén photoncountsarerelatively high andthe maximumphotoncountrateof
thedetectoiis alreadyreached.

Possiblyin the future muchbetterstatisticscanbe providedif the pulserepetitionrate of
thepower laseris stronglyincreasedThus,alarge futureimprovementwould bea substitution
of the flashlampsy laserdiodesfor pumpingthe alexandriterods. The pulserepetitionrates
couldbeincreasedo aboutl kHz, therebyreducingthe necessaryntegrationtime by a factor
of 30. Furthermorea reducedpowver consumptionwould simplify the operationat remote
placesandreduceproblemsof thermalstability. The operationof a diode-pumpedlexandrite
lasemwasfirstdemonstratetly Sthepsetal. (1990)andits applicationfor aspaceborn®oppler
lidar wasdiscussedy McKay and Wikerson (1997). A limiting factortodayis the lifetime
of high power pumpingdiodes. Neverthelessdiode-pumpedilexandritelasershave already
becomecommerciallyavailable.

Currently the systematiaincertaintyduring daytimeis increaseadomparedvith nighttime
measurementaut this couldlargely be avoided. Theinfluenceof quickly varyingweathercon-
ditions, e.g. passingcloudsor fog, canbe reducedvhenthe measurementegimeis changed,
away from the sinusoidalwavelengthscanto a pulse-to-pulsevariation of the wavelength.
Furthermorea more accuratebackgrounddeterminatiorcould be achieved by extendingthe
measuremernb higheraltitudes,measuringt betweerthe laserpulsesor simultaneouslyn a
nearbywavelength.The enegy of eachindividual laserpulseneedgo be storedtogethemwith
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its frequeng andthe photoncounts.In ary casemajorrevisionsof the dataacquisitionsystem
will benecessaryn thefuture.

Further Background Reduction With the FADOF Technique

Beyond the backgroundejectionachiezed with the FADOF discusseda higherreductionis
possiblewhen a narraver filter curve is realized. This can be achieved with a lower mag-
neticfield. Suchfilter cells have beendevelopedfor the IAP K-lidars which are operatedat
B = 800G and B = 111°C andcanbe exchangedquickly with the regular cells. While the
backgroundintegratedtransmission)s furthersuppressetly a factorof 3 comparedvith the
regular FADOF, thetransmissiorattheline centeris still about90%. Dueto the FWHM being
reducedo about2 pm, thelidar is notoperatedn scanningmodebut stabilizedto theline cen-
ter. Thismodeis usedfor thedetectionof aerosolgnoctilucentclouds)but not for temperature
measurementsecauséemperatureorrectionof several 10K would be necessarywhile the
transmissiorof 90%is usablefor Mie scatteringthe effective transmissions reducedo 50%
for theK resonancandRayleighbackscattesignaldueto the Dopplerbroadening.

The main differencebetweenour regular FADOF andan idealfilter, which would have a
rectangulafilter curve, arethesidepeaksf the FADOF transmissiorcurve (Figure3.13). The
T = 25% plateauscontritute to about15% of the backgroundwhile the remainingamountis
equallydistributedbetweerthecentralandthesidepeaks As only thecentepeakis neededor
thelidar measurementshe backgrounds twice ashigh asnecessaryThe side peaksaredue
to the inherentsymmetryof the FADOF and cannotbe avoided by changingits parameters.
A possibility to suppresghemwould be the usageof additionalabsorptioncells behindthe
FADOF. Whenabsorptiorcellsareplacedin atransersalmagnetidield they canbedesigned
to absorbonly the Zeemanshiftedlines. This cannotbe donewith a singlecell, becausdhe
emeqing light is not polarized.A rejectionof boththe 25% plateausandthe sidepeakswould
bepossibleand,thus,a furtherbackgroundeductionby morethan50% could be achiered.
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Chapter 4
The Nighttime Climatology

A large databasef temperaturesoundingsat differentlocationshasbeenaccumulatedvith
the lAP K-lidars. This chaptemwill first introducethis databaseThe presentatiofiocusse®n
mid andlow latitudesfor which a climatologyis derivedin thiswork. Themeanpropertiesand
the seasonaVariation of the potassiumayer andthe temperatursstructureof the mesopause
region are presentedn the following sections.Although temperaturesoundingsarethe main
topic of this work, it seemsaturalto presentthe potassiumdensitiesfirst becausahe metal
occurrencdormsthebasisfor temperatureneasurementsy K-lidars.

4.1 Data Coverageof the PotassiumLidar Measurements

Initial potassiumandtemperaturesoundingswith the transportableK-lidar were carriedout

on the Germanisland of Rugen(54°38'N, 13°24’E) in 1995 (Hoffner and von Zahn 1995).

During acampaigrontheresearclvesselPolarstern’betweerApril 24" andJunel8h, 1996,

nighttimetemperatureneasurementsith thisinstrumentsvereperformedvhile sailingnorth-

wardfrom 71°Sto 45°N (vonZahnetal., 1996). Theseobserationsled to the discovery of the

two-level behaiour of themesopausehich exhibiteda discontinuityof its altitudeatnorthern
low latitudes.Thepotassiumayerandits latitudinalstructure pbsened duringthis campaign,
have beendescribedn detailby Eskaetal. (1999).

SinceJune26h, 1996, routinepotassiumidar measurementsave beenmadeat the site of
thelAP in Kiihlungsborr(54°07’'N, 11°46'E, zp = 70m) with thetransportableystem.Since
1999measurementarecontinuedusingthe new stationaryinstrument.The first annualsetof
temperaturelatasupportedhe conceptof a two-level mesopaus€Sheandvon Zahn 1998).
The potassiumayer exhibited an unexpectedseasonalariation that deviatesfrom thoseof
other metals(Eskaet al., 1998). The datasetfrom Kuhlungsbornhasbeenextendedover
severalyearsandis thereforepresentecgainin this work.

From March 1999 until December2000, the lidar containerwasinstalledon the Canary
islandof Tenerife, wherethelidar wassituatedat 2390m altitudeatthe Obsenatoriodel Teide
(2818'N, 17°31'W). This astronomicakite enjoys excellentweatherconditionsfor lidar ob-
senations,especiallyin the springand summermonths. At this locationdatawereretrieved
during five measurementampaigns.Between2001 and 2003 this lidar was operatedat the
Arctic archipelagdvalbard(78°14°'N, 15°23’E) to studytemperatureandnoctilucentclouds
atthisvery high latitude(Hoffner etal., 2003).

Table4.1 presentsghe partof the K-lidar databasevhichis consideredn this thesisor has
beenobtainedduring the work to it. It givesan overvien of the temperatureand potassium
soundingsollectedsincethe beginning of obserationsin Kithlungsborrin 1996 and shavs
theaccumulategeriodof K-lidar temperatureneasurementndthenumberof nightsgrouped
in seasonsNotethatDecembers addedo thewinter seasomf thefollowing year Originating
from purenighttimeobsenrations themeasurementregroupedn termsof nights i. e.periods
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Table 4.1: Temperatureneasurementwith the transportableandthe stationarylAP K-lidar. For each
seasontheobsenationperiodin hoursandthe numberof nightsaregiven(o, nighttimeonly; e, includ-
ing daytimemeasurements).

Year Latitude K-lidar | Dec-Jan-Feld Mar-Apr-May | Jun-Jul-Aug| Sep-Oct-Ne

1996 54°N transp. - = — — | 62h 190 | 125h 290
1997 54°N transp. | 131h 180 | 122h 280 | 109h 320 | 70h 140
1998 54°N transp.| 41h 60| 45h 160 | 17h 100 | 47h 9o
1999 54°N transp.| 30h 6o — — — — — —
1999 54°N stat. - = — — — — | 25h 6o
2000 54°N stat. 12h 1o — — 8h 4o — —
2001 54°N stat. —_ - — — | 10h 2o — —
2002 54°N stat. 9h 1le | 13h 2e¢ | 50h 14e | 79h 1le
2003 54°N stat. | 137h  8e | 58h 8e | 118h 22e | 164h 20e
1999 28N transp. — — | 165h 250 | 110h 150 | 107h 150
2000 28&N transp. — — — — — — | 170h  10e
2001 28N transp.| 36h 3e — — —_ - — —
2001 78N transp. — — — — | 224h 33e | 53h 17e
2002 78N transp. 9h 1o | 111h 16e — — — —
2003 78N transp. — — | 133h 19e¢ | 138h 34e — —

from noonon oneday to noonon the following day (in UT, universaltime). Seasonsvhich
includedaytimeobsenrationsaremarked(e). Themeasurementsith thetwo systemsatKiih-
lungsbornare listed separately A list with detailedinformation for eachmonthis givenin
AppendixD, includingdatafrom Riigenandthe Polarsterrcampaign.

The largestportion of daytimedatahasbeenobtainedat Svalbard. At 78N in summey
operationof thelidar is possibleonly whenit is capableof daytimemeasurementgueto the
continuoudaylightconditionsfor morethan4 months.The evaluationof this uniquedataset
is notwithin the scopeof this work, which concentratesn mid andlow latitudes.

Data From K Uhlungsbormn (54°N)

In Kiihlungsbormrmeasurement&ere carried out mostfrequentlyduring the first year (until
summerl997). On averagebetweenl0 and 20 nights of datafrom eachmonth of the year
werecollectedbeforethe systemwasmaovedto Tenerife.By contrastjn subsequengearsthe
new stationarysystemwasmainly usedfor instrumentdevelopmentfor measurementsn spe-
cial occasionandtofill remaininggapsin theseasonatoverage.Only sincetheinstallationof
the new telescopen summer2002have high quality daytimemeasurementsecomepossible
andarecarriedout moreregularly. The majority of datastill originatesfrom pure nighttime
obsenrations.At presentareliableclimatologyfor thelatitudeof 54°N canbederivedonly for
nighttime conditions. The inclusionthe daytimeobserationswould resultin a very inhomo-
geneouglatasetbecauseahey areirregularly distributed over the year have higherstatistical
errorsandcover a reducedaltituderange. The nighttimeclimatologyis given belov from all
the dataobtainedbetweenJune1996 and February1999. The temporalcoverageof the data
usedis shawvn in Figure4.1. The dataarewell distributed over the year thoughsomegaps
exist in Marchandin NovemberDecembemwhengoodweatheris rare. Thelocal time cov-
eragechangesignificantlywith the seasonsThe periodof darknesgerdayrangedrom 4 to
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Figure4.1: Localtime coverageof the nighttimeK-lidar obsenationsin Kithlungsborrasa composite
of measurementsadebetweenl996and1999.

14 hours.Thus,especiallyduringsummertheresultsmaybeinfluencedoy diurnalvariations,
while in winter the effectsof semi-andterdiurnaltidesarealmostsmoothedut.

Thedatasetconsistof about800hoursfrom 187 nightsfrom which thefirst half hasbeen
publishedbefore. To investigatethe seasonalariation of the potassiumdensity Eskaet al.
(1998)used94 selectechightsfrom oneyear(Junel996— Junel997)which did not exhibit
sporadiclayers. Temperaturaatafrom the first 13 months(July 1996— August1997)were
studiedby SheandvonZahn(1998)in combinationwith the climatologyfrom 41° and69°N.
FromKiihlungsborrthe authorsused88 nightswith 3 hoursor more,plus 2 nightsfrom May
1995 (Ruigen). Thesefirst 2 nightsare excludedfrom the following analysisdueto possible
systematidifferencego the measurementst Kiihlungsborn.

Data From Tenerife (28 N)

OnTenerifemeasurementgereconcentratedn five campaignsDueto thegoodweatheicon-
ditionsthelidar could usuallybe operatedn 1999during the entire periodof darknessvhich
lastslongerthan 8 hoursthroughoutthe whole year With the developmentof the FADOF,
K-lidar daytimemeasurementsecamepossibleandwerefirst successfullycarriedout during
anadditionalcampaignn 2000.
The systemwas installedin mid-March 1999, followed by four obseration campaigns

during 1999with routineoperationgroviding atotal of 382 hoursof measuremerduring 55
nights:

« March28" to April 2", plusApril 14", 1999: 6 nights(2 nightswith 8—9h)
« May 15 26, 1999:19 nights(15 nightswith 8-9h)

« Junel9" to July 15", 1999: 15 nights(13 nightswith 8—9h)

+ November6"— 29", 1999:15 nights(9 nightswith 9-12h)
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Thelastcampaignwvasinterruptedby a periodof badweatherfrom November13" to 19"
(includingthe Leonid meteorshawver). The reactionof boththe K layerandthe ambienttem-
peraturego the 1999Leonid meteorshawver hasbeendescribedy Hoffner etal. (2000). The
authorsdid not find ary outstandingenhancemertf potassiunor changeof thetemperature
dueto theLeonids.

The campaignwith the first K-lidar daytimemeasurementwas carriedout from Novem-
ber12" to DecemberlO", 2000. A periodwith goodweather(Novemberl9"—26") enabled
nearly uninterruptedneasurementtor a full week, which provide an exceptionallong-term
dataset.

Although the nighttime datado not cover a full years cycle, they provide interestingin-
sightsinto theseasonalariationof themesospheripotassiuntayerandtemperaturestructure.
Theresultsarepresentedn the following sectionsfrom which basicpartshave alreadybeen
published(Fricke-Baggemannet al., 2002b). The daytimedataarerestrictedto Novemberand
Decemberlndhencethe resultsfrom 2000areanalysedseparatelyor diurnal variation(Sec-
tion 5.3).

4.2 The MesosphericPotassiumLayer

Lidar soundingsf the Earths upperatmospherenetallayershave contritutedsignificantlyto

ourunderstandingf themesopauseegion (80to 105km). While themetalsareusedastracers
to studythe dynamicsandtemperaturestructure analysingthe occurrenceof metalatomshas
also provided insightinto atmospherichemistry Almost all available resultsare from mid

andpolarlatitudes.For midlatitudesthe seasonaVariationsof Na, Ca, FeandK densitiesare
well studied(Planeetal., 1999;Gerding et al., 2000;Helmeret al., 1998; Eskaetal., 1999,
respectrely), both throughobseration and modelling. Sodiumis relatively easyto obsere

andhasbeenstudiedmostextensvely. Althoughlow latitudesarealsoof considerablénterest,
datafrom thereareonly recentlybecomingavailable(Friedmanetal., 2002;Fricke-Bggemann
etal., 2002b;Raizadaand Tepley, 2003).

4.2.1 Midlatitude PotassiumLayer: Kihlungsbom (54°N)

The seasonaVariationof the potassiuniayerabove Kiihlungsbornasderived from the night-
time measurementss shavn in Figure 4.2. Density profilesare obtainedevery ~2 minutes
(4000 laserpulses)with 200m altitude resolution. The detectionlimit for nighttime obser
vationsis about0.2 atoms/cri underclearsky conditions. For the evaluationthe individual
profileshave beenpre-averagedo give nightly means.In comparisorwith the datafrom the
first years cycle (Eskaet al., 1998), the extensionof the databaseby two more yearshas
statisticallyimprovedtheresultsandaddedsomeinterestingdetails.

Thepotassiumayeris permanentlybseredbetweerBOkm and105km. Themostpromi-
nentfeatureof theK layeris the semi-annuavariationof atomicoccurrenceBoth the density
pk atthepeakof thelayerandtheintegratedcolumndensityCx = [ pk (z)dz arehigheratthe
solsticeghanat the equinoxes. The columndensityin winter is even higherthanin summey
with about7 and5x 10’ cm~2, respectiely. In springandautumnonly Cx ~ 3% 10’ cm2 is
obsered.

The peakdensityhasone maximumin Januarywith densitiesabose px = 60cm—3 and
anotherin summer The latteris muchbroadey it lastsfor about4 months(May — August)
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Figure4.2: Nighttime climatologyof the potassiuntdensityat 54°N. For smoothinghe dataa Hanning
filter with 21 daysand2km FWHM is applied. Contoursaregiveneach5cm~3 with thefirst contour
at0.5cm~3 insteadof zero.

andreachesaluesof up to 70cm3. In Figure4.2 it appearsvith somesubstructuref local
maxima, which however, is sensitve to the smoothingfilter applied. At the minima, peak
densitiemnear20cm 3 areobsered.

Thealtitudeof the peakshaws a simpleannualcycle with a minimum at the beginning of
January(~87km) anda maximumat the endof March (~94km), while beingratheruniform
throughoutsummerand autumn. For the centroidaltitude a similar variationbetween92km
and 89km wasfound by Eskaet al. (1998). The width of the layer exhibits a clearannual
variationwith root-mean-squar@gms) valuesvarying betweer3km and5km. The minimum
of thewidth in summerproduceghelower columndensitythanin winter. A similarvariationis
obtainedvhentheouteredgeof thepermanenkayerareconsideredexceptfor theupperedge
in summerwhich is obsered at higheraltitudes. Whereaghe lower edgeis well defineddue
to the sharpgradientat the bottomsideof thelayer, the altitudeof the upperedgedependon
thethresholdchosenThesporadicoccurrencef separatdigh layersat altitudesup to 130km
causes slov decreasavith altitudeof the averagedensityat the upperedge.In summeythe
averagepotassiummixing ratio (px /pair) is nearlyconstanwith heightabose 100km.

4.2.2 Low Latitude PotassiumLayer: Tenerife (28°N)

To illustrate the seasonaVariation of the potassiumayer above Tenerife,all obserationsin
1999aregroupednto periodsof 5to 9 nightswith smalltemporalseparatiomndacomparable
characteristic.For thesegroupsthe meanlayer propertiesaregivenin Table4.2. Dueto the
limited numberof nights, this analysisis basedon the individual 2-minute profiles without
pre-averaging.For the eightgroupsthe meandensityprofilesareshovn in Figure4.3 without
ary verticalsmoothing.

At Tenerife, the overall meanstateof the potassiuniayeris characterizedy a peakatom
densityof 43atoms/cra at an altitude of 90km. The meancolumndensityderived from our
obsenationsis Cx = 4.2x 10’ cm~2. The major partof the potassiumayeris constantlylo-
catedbetweerB5 and95km with wings extendingfrom 80to 105km. However, undercertain
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Table 4.2: Meanpropertiesof the potassiunayer asobsenedat 28°N. For the columndensitie(in-
tegratedeitherover the whole profile or up to 95km only) the 1o-standarddeviation of the individual
2-minuteprofilesis given.

# Period Nights Profiles ColDens ColDens<95km
1999 (with ALE)?! [1e7/cn?] [le7/cnt]
1 27Mar. —14 Apr. 6 (2) 713 2.4+0.7 2.1+0.7
2 1May-15May 8(4) 1551 2.4+0.8 1.9+0.7
3 15May-20May 5(0) 772 47+1.4 4.3+1.3
4 20May—27 May 6 (4) 1229 6.7+2.8 5.3+1.8
5 20June-2July 8(3) 1250 6.0+2.1 5.3+1.9
6 3July—15July 7(4) 1195 5.6+2.5 46+2.1
7 6Nov.—13Nov. 6(2) 1188 28414 2.3+15
8 18Nov. —19Nov. 9(5) 1237 28+1.1 24+1.0
1 Thenumberof nightswith obvious atomiclayerenhancemer(®LE) or sporadidayers
# PeakDensity  Peak Median RMS-Width
[1/cmd] Altitude  Altitude (FWHM)
1 ...videsupm... 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
T 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: Mean potassiundensity profilesmeasuredat 28N for the periodsgiven. The grey area
representthe 1-o standardleviation of theindividual 2-minuteprofiles. Furtherstatisticoon theprofiles
areprovidedin Table4.2 (from Fricke-Bggemanretal., 2002b).
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conditionsit canreachupto altitudesof 115km (cf. groups4, 5 and6). The high variability is
shawvn by the 1o-standardieviation whichis about50%at the heightof thepeakandincreases
furtherwith altitude. Sporadidayersareobsered mainly above 95km andthereforedensities
have beenintegratedupto thisaltitudealso(givenin Table4.2). Theoccurrencef thesdayers
doesnot exhibit a clearseasonatlependenceSporadidayersareapparenfrom the graphsby
anincreasedstandarddeviation (e.g. panel4) but do not affect the seasonaVlariation of the
overall layer parameters.

The mostremarkablefeatureof the seasonalariationis the strongincreasen both peak
andcolumndensityby a factorof about2.5 within 14 daysduring May (periods#2-4). The
densityremainshigh during summerandis low againin November The otherparametersf
the potassiumayershaw little systematiorzariation. The heightof the peakseemso decrease
duringsummerfrom 90km in April to 89km in July while the medianheightremainsslightly
abore 90km. Thewidth appeardo stayrelatively constant.

In summaryfrom 55 nightsof lidar obserationsat 28N it waspossibleto derive a sea-
sonalseriesof meanpotassiunprofilesin themesopauseegion. Major featureof theseasonal
variationhave beenrevealeddespitethe absencef datafrom afull years cycle.

4.2.3 PotassiumLayer: Discussion

The potassiumlayer at 54°N, as obtainedfrom the 3-yeardataset, corroborateshe earlier
measurementsf thefirst yearandno significantinterannualvariationhasbeendetectedEska
etal. (1998)have shavn thatthe meancolumndensityof 4.4x 10’ cm~2 atKiihlungsborriies
within therangeof valuesderivedfrom earliertwilight obsenationsat midlatitudeg44-52 N)

by variousgroups.

SeasonabDensity Variation at Different Latitudes

Themidlatitudemeasurementsith the IAP lidar have identifiedthe previously unknavn sea-
sonalvariationof the K layer As thevariationis of semi-annuatharacteit is distinctfrom
thatof all othermesospherimetallayerswhich have beenobsered. Thisresulthasstimulated
theinterestin thebehaiour of theK layerat differentlatitudes.

Priorto ourmeasurementsn Tenerife datafrom low latitudeswerescarcelyavailable. The
Polarsterrcampaigrprovideddataat 24°N duringtwo nights(Junel15-13", 1996 Eskaetal.,
1999),with acolumndensityof Cx = 7.3x 10’ cm~2 (or 5.5 belav 95km) anda peakdensity
of px = 60cm—3, which complementhe datagapbetweerour periods4 and5 (Table4.2).

ThePolarsterrobserationsbetweerB0’N and30° S, shawing Cx ~ 7—8x 107 cm2, have
led to the hypothesighat the occurrenceat low latitudesmight in generalbe higherthanat
midlatitudes.Our datafrom Tenerifeshav thatthis is not the casein springandautumnwhen
Ck is 10-20%lessthanthe valuefor Kiihlungsborrof 3x 10” cm~2. Instead this new Tenek
ife datasetsuggestsa strongsemi-annualariationat low latitudeswith a secondmaximum
in winter, asobsered at midlatitudes. From the nighttime campaigngrom 1999 considered
above, no databetweenDecembeiand Februaryare available. However, the sparseobsera-
tionsin Decembe2000indicatethatthe K densityincreasedetweerate Novemberandmid
December

Thefirst potassiumdetectiorby lidar (Felix etal., 1973)wasreportedrom Jamaicg 18 N),
wherea high densityof Cx = 9% 10’ cm~2 (+25%)wasobsened on Januan27". This obser
vationwould fit the assumptiorof a semi-annualariationat low latitudes. With a symmetry
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betweenthe hemispheresthe high densitiesobsered during the Polarsterncampaignunder
southerrwinter conditionswould alsosupportthis picture.

Recently Friedmanet al. (2002) reportedpotassiumlidar measurementgom Arecibo,
PuertoRico, (18 N) coveringafull years cycle. Their datasetshavs a semi-annuavariation
which seemgo be even strongerthanat Tenerifewith aboutCx = 6, 5 and2x 10’ cm—2 for
summerwinter andtheintermediataninima,respectiely. Thecorrespondingaluesfor 54°N
are5, 7 and3x 10’ cm~2. At Arecibo the annualdensityvariation appearsnore symmetric
with a narraver summemaximumcomparedvith Kiihlungsborn.

Thelidar obserationsat44°N of Megie etal. (1978)shav adecreas@ potassiunby about
30%throughoutluneto DecemberAlthoughthe absolutadensityvaluesmustbedoubted(see
Eskaetal., 1998),this variationqualitatively agreeswith the otherobserations.

The quantitatve evaluationof the polar latitude measurementwith the IAP lidar at Sval-
bard (78°N) is beyond the scopeof this thesis. Neverthelessit shouldbe notedthata semi-
annualcharactermof the potassiuniayeris alsoindicatedat the Arctic site. While no winter
measurementareavailable,low densitiesaroundthe equinoxsandhighervaluesin summer
agreewith mid andlow latitudebehaiour.

Thus,asno principle differenceis expectedfor the southerrhemispherethe semi-annual
variation can be seenas a global phenomenon.High columndensitiesin summerand pre-
sumablyagainin winter, togethemwith minimaattheequinoxs,wererevealedin variouslidar
obserations. Comparedwith midlatitudes,the seasonadlifferencesare strongerat low lati-
tudesandleadto higherdensitiesn summer

PotassiumLayer Properties

At Tenerife,the height of the K layerpeakdeclinesfrom April towardsJuly slightly by about
1km andis very non-uniformin Novemberwhile no systematio/ariationwasobseredin the
medianheight. This finding is in agreementwith the obserationsfrom Arecibo, wherelittle
seasonabariationof the centroidheightwasfound. The annualmeanis 91.5km andonly the
autumnvaluesappeasslightly higher By contrastat54°N the heightshavs a clearmaximum
in spring(~ 92km) anda minimum in January(88—89%m). Throughoutthe restof the year
the centroidheightis ratherconstant.This behaiour canbe interpretedasa superpositiorof
annualandsemi-annuavariation. The meanheightis 90.5km which is similar to 28 N.

The width of the layer at 28°N hasan averagerms-walue of 5km anddid not exhibit a
systematicvariation. The meanvalueis slightly higher (5.5km) at 18N wherethe layeris
aboutl km broadelin summerthanin winter. This broadlayerin summeris dueto a bimodal
vertical structurewhich is not obsered at the other stations. Contraryto the low latitudes,
the width at 54°N shaws a clearannualcycle with a maximumin winter and+1 km variation
aroundthe meanof 4 km.

Consistentvith the constantvidth, the peak density is proportionatlto the columndensity
at 28°N. By contrast,at 54°N the highestpeakdensityis foundin summerandthe highest
columndensityin winter while both shav the pronouncedsemi-annualariation. Average
peakdensitiegangefrom 20 to 70cm~2 at mid andlow latitudesbut individual profilesoften
exhibit muchhigherdensities.

In conclusionthepotassiumayeratlow latitudesdoesnot exhibit muchseasonalariation
of its geometricheightandwidth. While thisis in contrasto 54°N, acloseagreemenbetween
18 and28 N is obsered. Thesemi-annuabariationof thepotassiurmoccurrencepnthe other
hand,is a featurethatis commonto all latitudes. The variability of the 2-min profilesabout



4.2. THE MESOSPHERIC POTASSIUM LAYER 59

their monthly meanis generallyhigherat low latitudes(~50%) thanat midlatitudes(~30%).
Thereasorfor the highervariability is presumablya strongemwave actvity.

MesosphericLayers of Other Metals

TheseasonaVariationof a numberof mesospherimetalatomlayershasbeenstudiedbut the
semi-annuatharactenf the potassiumayerappearsinique.

Kaneand Gardner (1993)have comparedron (Fe)andsodium(Na) layersat 40°N. Both
have a columndensitywhich is morethan100timeshigherthanthatof potassium.Themean
valuesareCyng = 530% 107 cm™2 andCre = 1060x 10’ cm™2. The columndensitiesaredom-
inatedby anannualcycle. The densityvaluesarethreetimeshigherin winter thanduringthe
summeminimum. The layer centroidheightsvary semi-annuallyasit is the casewith potas-
sium. While themeanFeheightof 88km is clearlybelown theK height,the Naheightat 92km
is abore it. The maximumlayerwidth of Na occursin winter andagainin summeywhereas
FeandK both shav anannualvariationwith a singleminimumin summer On average the
Felayerhasarms-widthof 3.4km andis narraver thantheK layerby aboutl km. In contrast
to K, the Fe densitydiffers significantlybetweernmid andlow latitudes(Raizadaand Tepley,
2003). This supportghe assumptiorthatthe Fe layeris controlledby differentprocessethan
theK layer

The calcium(Ca)layerat 54°N wasstudiedby Gering et al. (2000). The meancolumn
densityof 2.1x 10’ cm~2 is slightly lower thanfor K. Columnandpeakdensityshov amainly
annualvariationbut, in contrastto Na and Fe, with a minimumin springanda maximumin
autumn.Width andheightchangesemi-annuallyboth with a minimumin summer While the
layer width of K, Fe and Cais out of phasewith that of Na, the centroidheightis the only
parametethatvariessimilarly for all metals.Gerding etal. analysedhe calciumlayerwith a
chemicalmodel. Thereasorfor the unusuabehaiour of calciumandits obsered high night-
to-nightvariability is the small contritution Caatomsmake to the whole family of Ca-species
(whichis dominatedby Ca" andCaCGQ; in theregion of themesospherienetallayer).

Sodiumandiron layersat midlatitudesarefoundto be highly correlatedwith thethermal
structureof the mesopauseegion (seeSection4.3), which is dominatedby an annualvaria-
tion. Thedensityof thesemetalsis controlledby thechemicalprocessewhich aretemperature
dependentln contrastfor potassiunthe seasonabariationappeargo be semi-annuahndun-
correlatedwvith temperatureTheindependencef temperaturés supportedy thefinding that
the semi-annuabensityvariationdecreasewith increasingatitudewhereaghe temperature
variationincreases.The chemicalreactionsof potassiumarevery similar to thoseof sodium
andhave beenanalysedn achemicalmodelfor theK layerby Eskaetal. (1999).Not only the
temperaturebut alsochemicalreactionstracegasconstituentandtransporimechanismgail
to explainthe uniqueseasonabariationof potassium.

Theauthorgroposedhe sourceof the mesospherimetalsasthe causefor thedifferences.
The majority of meteoroidsundego differential ablationand metalswith differentvolatility
ablateat differentaltitudesdependingpn massandvelocity of the meteoroidgvonZahnetal.,
2002). Thus, the fraction of meteoriticmaterialthat can contrikute to the permanenmetal
layersdependstronglyonthe massandvelocity distribution. Thevariationof this distribution
throughoutheyeartherebyaffectsthemesospheritayersof differentmetalsin differentways.
Thisinterpretatioris supportedy theobserationthatthesemi-annuatharacteof theK layer
is independenof latitude.



60 CHAPTER 4. CLIMATOLOGY

4.3 The Temperature Structur e of the MesopauseRegion

The main objective of the climatologicalobserationsof the mesopauseegion with the IAP
K-lidars is the investigationof the vertical temperaturestructureandits temporaland latitu-
dinal variation. The mesopausehe upperboundaryof the mesospherds characterizedy a
pronouncedninimumin the temperaturerofile. It is the horizontalsurfacewith the absolute
temperatureninimum betweemmesospherandthermospherat eachlocation. Whenshorter
time scalesare consideredthe mesopauseould eitherbe identified by the altitude of thein-
stantaneousemperaturaminimum or by the altitude of the absoluteminimum of the mean
temperaturgorofile, after appropriateaveragingto smoothout mostwave effects. Following
SheandvonZahn(1998),thelatterdefinitionis favouredherebecausé excludesperturbations
by small scaleatmospheriavaves. Consideringglobal andseasonascalesthe mesopausé
thealtitudewhich separatesvo majoratmosphericegionswith distinctthermalcharacteristics
andenepgy budgets.

In orderto determinethe altitudeandtemperaturef the mesopausdemperaturerofiles
obtainedfrom lidar obserationswould ideally be averagedover 24 hoursto smoothout both
gravity andtidal waves. Singlenighttimemeasurementsanonly provide approximateesults
andevenwhenaveragedover multiple nightsthey may be biasedby systematiaiurnal varia-
tions. Thesecanonly be identifiedby continuous24-h obserationsandwill be discussedn
thenext chapter Neverthelessthebiasis expectedo besmallwhenthenighttimeobserations
usedcover 8 to 12 hours.

Temperaturesisedin this sectionare calculatedrom the photoncountprofilesintegrated
over singlenightswith a 1-km vertical binninganda 2-km runningmeanfilter. Theremain-
ing statisticalerroris belav 1K atthe centerof the potassiumayerandincreasesowardsits
wings. If it exceedsathresholdvalue,the temperaturesalueis discarded.The profilesfrom
individual nightsarethenaveragedo obtaina climatologicalmean.Theaccurag of themeans
increasesvith the numberof profilesincludedin the averageandsimilar maximumuncertain-
tiesaredesiredfor bothstations.Therefore thelarge numberof obserationsin Kithlungsborn
allows individual valueswith up to 20K statisticaluncertaintyto be used while for Tenerifea
thresholdvalueof 12K wasapplied.

Previous Obsevations

To explorethethermalstructureof the mesopausesgion, alarge numberof experimentshave
beenperformedover the pastdecades Most frequenthave beenrocket-grenadeype experi-
mentsand meteorologicalocket launchedqe.g. von Zahn 1990;Lubken 1999). As pointed
outby vonZahn(1990),noneof thesemethodsvereableto yield informationontemperatures
abore ~92km. Consequentlythesemeasurementsave only beenableto detectthe meso-
pausewhenit waslocatedbelov 90km. In theinterpretationt hadbeendisregardedthatthe
majority of the profilesdid not shav a temperatureninimum, andif it did, thatit could have
beena local minimumwhich did not representhe mesopauseThus,the mesopauswasas-
sumedto be locatedslightly belov 90km (e.g. USSA 1976,seeAppendixB). Experiments
whichdeterminedemperatureto abose 100km, like rocketbornemassspectrometersr active
falling sphereshave beentoo infrequentto provide a consistenglobalpicture.

Only with theadwentof groundbasedhetalresonancdidarswith the potentialto measure
accuratdaemperaturgrofilesfrom 80km to 110km, hasour presennotionstartecto develop.
From sodiumlidar obserationsat 6%° N, von Zahnand Neuber(1987)found the mesopause
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Figure 4.4: Nighttime temperaturelimatologyat Kihlungsborn54°N). The datahasbeensmoothed
usinga Hanningfilter with 31 daysand2 km FWHM.

to be consistentlylocatedat 100km altitude duringwinter. Summertimerocket measurement
at the samelocation clearly locatedthe mesopausat 88km (von Zahn and Meyer, 1989).
Surprisingly at midlatitudeg41°N) the sametwo altitudelevelswerefoundfor themesopause
in winter and summey againwith the useof a sodiumlidar (Sheet al., 1993). The global
two-level characteof the mesopausbecamesvidentfrom the potassiuniidar measurements
by vonZahnet al. (1996)onboardthe Polarstern.Sailing from 71°S to 45°N in April-June,
adistinctjump of the mesopausaltitudefrom 99km down to 83km wasobsered near24°N
in mid June. Both beforeandafterthat day, the mesopausealtitude hadbeenratherconstant
around100km and 86km, respectiely. On the otherhand,the mesopauséemperaturéhad
continuouslydecreasewvith increasindatitudethroughouthe whole seriesof measurements.
Taking into accountthe first year of lidar temperaturaneasurements Kihlungsborn,
Sheand von Zahn (1998) establishedhe conceptof the global two-level behaiour of the
mesopauseT hroughoutthe winter hemispherendthe tropicsthe mesopauseés in its normal
state,. e.locatedat 100km. Only at high andmidlatitudesin summeris the mesopauséund
near88km. SheandvonZahnestimatedhatat ary time andlocationon Earth,onefindsthe
mesopausenly with afrequenyg of 17%in thelower statebut regularly its altitudeis 1200km.

4.3.1 Midlatitude Temperature Structure: Kthlungsbom (54°N)

Thenighttimetemperaturelimatologyof themesopauseegionat54°N is shawvn in Figure4.4.
It coversthe 187 nightsof measurementf,om 1996until 1999, performedwith thel AP’ sfirst
generatiorpotassiumidar. Throughoutthe yeartemperaturesanbe derived approximately
between80km and 105km, i. e. in the region where potassiumdensitiesare abore 1 cm3.
The meantemperaturef this layeris about190K. A filter with 31 daysFWHM wasapplied,
whichis wider thanthatfor the potassiundensitiedbecaus®f strongday-to-dayvariations.

A cold region in summerbelov 95km is the mostremarkablefeatureof the temperature
structure. Around solsticeand 87km altitude, the temperaturesirop down to nearly 160K,
while in winter temperaturesbore 200K are obsered at thesealtitudes. This behaiour is
counterintuitive becaus&uringsummerthe mesospherexperienceshe highestenegy input
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Figure 4.5: Harmonicfit to the seasonalemperaturegFigure4.4) at54°N. Left: annualmeantemper
atureof fit anddata. Middle: annualandsemi-annuabmplitudes.Right: phasegSE, springequinox;
SS,summersolstice;AE, autumnequinox; WS, winter solstice)

of solarradiation,but obviously, the mesopauseegion is not governedby radiative processes
alone.In 95-10km temperaturearerelatively constantandonly above this level theseasonal
variationis foundto be in phasewith the solarinput. This region is alsocharacterizedy a
strongtemperaturéncreasevith altitude.

The climatologicaltemperaturefn eachaltitudeareanalysediy a LMS fit of annualand
semi-annuaharmonicvariation(seeAppendixC.1 for details):

T(t) = To+ Taicoq2m(t — 1) /12mo) + T coq 2m(t — @) /6mMoO) . (4.2)

It representshe averageddataquite closely andwidely agreeswith the analysisof Sheand
von Zahn (1998)which wascarriedout for the first yearof the current3-yeardataset. Sig-
nificantinterannuablariationswerenot obsered. The derived fit parametersredisplayedin
Figure4.5. The annualcomponenteachesan amplitudeof T; = 25K at altitudesof 86km
andabove 105km, while it falls belov 2K at 97km. The semi-annuaharmonicsimilarly has
a minimum in this region but the amplitudesare, in general,much smallerthanfor the 12-
month period (typically T, = 5K). The annualvariationat 87km is in goodagreementvith
obserationsof OH-nightglav which originatesnearthis altitude and shawvs a similar ampli-
tude(~22K at51°N, Bittneretal., 2002). Theamplitudeminimumat97km indicatesa phase
jump of the annualcomponen{right panel). Above 97km the temperaturanaximumoccurs
one month after summersolstice. Below this heightit occursin winter: while at 87km the
maximumis attainedat winter solstice at otherheightsit variesby about+10 daysaroundthis
datewith atendeng to occurlateratlower altitudes.The maximaof the semi-annuatompo-
nentoccurat the equinoxes at 82km andincreasinglylater with increasingaltitude (nearthe
solsticegn 105km).

A slight deviation (~2K) betweenthe annualmeanprofile of the dataandthat of the fit
functions(Tp) is obsened at 88km (Figure4.5, left panel). This is mainly causedby the re-
mainingirregularitiesin thedistribution of the obsenations,which weremostfrequentin June
to August. The measuredneantemperaturés lowestin 96km with 185.6K anda secondary
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Figure 4.6: Frequeny distribution of the heightof the mesopausat 54°N, at a vertical resolutionof
2km. Includedareall obsenationswhich coveredmorethan4 hoursandwhich shavedthe mesopause.

minimumof 186.9K is weaklyindicatedat 89km. The fitted meanshavs a distincttempera-
tureminimumof 185.6K at 97km, while 10km belaw it predictsTy = 190K.

Therelatively isothermabnnuaimeantemperatur@rofilein combinatiorwith theoddsea-
sonalvariationleadsto the formation of the two-level mesopauseThe temperatureat 97km
is ratherconstant. In winter a cold region developsabore this altitude while in summerit
developsbelaw it. Sincethe temperaturesit 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
occurseitherabore 100km or near87km asapparenfrom statisticson the occurrenceof the
mesopausérigure4.6). Its altitudeis countedfor eachnight which lastedmorethan4 hours
andwhich allowed the mesopauséo be identified. The frequeng distribution peaksaround
the two altitudesof 102km and 87km, which representhe regular and the summermeso-
pauserespectiely. Themesopauswasrarelylocatedin theregion of 90—-95km. The picture
is still disturbedby wave perturbationandbecomeslearerwhenonly longermeasurements
areconsideredbut dueto the shortsummemights, this would reducethe numberof summer
mesopausebsenationsandbiastheresults.

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

No completeyearround cycle of measurementss available from Tenerife. To illustrate the
seasonalariationof the temperaturgrofile at this subtropicalsite, the meanprofilesfor the
four campaignsn 1999areshavn in Figure4.7. No further vertical smoothingwas applied
to the data. Valuesare only shavn for altitudeswheredatacan be derived from morethan
50% of the nights. The panelsalso demonstratehe naturalnight-to-nightvariability which
significantlyexceedghe errorbarsresultingfrom the statisticaluncertaintiegor theindividual
nights. The springprofile (1) shavs a clearlocal minimumat 88km. Anotherminimumat or
abore 101km is notfully delineateecaus®f alack of potassiumThe May (2) andsummer
(3) profilesboth shawv two distinct minima above 85km and at 100km with temperaturesf
about185K. After summersolsticethe lower minimumhasbecomegust cold enoughto form



64 CHAPTER 4. CLIMATOLOGY

Mar 27 - Apr 14, 19996 nights) 110 May 1-26, 1999 (@18 nights)
T ] E T T T T T

[
[
o

altitude [km]
PR
© O O
REE
I [
altitude [km]
PR
© O O
R
I I I

©
o

T T
!

90 o i

85f E

©

a

T
!

L L L L L i E L L L L L
8970 180 190 200 210 220 230 8970 180 190 200 210 220 230
temperature [K] temperature [K]
Jun 20 - Jul 15, 19984 nights) 110 Nov 6-29, 1999 (13 nights)
T T T T T = r T T T T T
3 1 r 4

110

R
o
a

T

!
R
o
a

T

R
o
o

T

!
R
o
o

T

o
a
AREamaesmmsm

©

a
T
!

©
o
T
!

altitude [km]
altitude [km]
©
]

o)
a
T

8s5f E

L L L L L 1 £ L L L L L
8970 180 190 200 210 220 230 85?70 180 190 200 210 220 230
temperature [K] temperature [K]

Figure 4.7: The meantemperaturerofiles at Tenerife (28°N) for the four campaigngn 1999along
with the standarddeviation of the nightly means.Valuesareonly showvn for altitudeswheremorethan
50% of the nightscontributereliabledata(from Fricke-Begemannretal., 2002b).

the mesopause.The Novemberprofile (4) representsa typical regular mesopausavith an
altitude of 100km anda constantapserate belon. During all seasonshe temperaturef the
mesopauseemainsin therangeof 180to 195K. The obsenrationsfrequentlylastedfor more
than8 hourspernight, exceptfor (1). Thus,biasingeffectsof semi-andterdiurnaltidescanbe
expectedo besmallaswell asthatof gravity waves.

For theannualvariationamaximumamplitudeof 18K at85km is derivedfrom aharmonic
fit (Eq.4.1, notshavn). Similarto Kiihlungsborrit decreasewith increasingheightto 2K at
101km, but no phaseshift is obsered at this altitude. At all heightsavailable (up to 104km),
temperaturesm Novembermwerehigherthanthoseduringary othercampaign.

The variability at 28°N is of comparablemagnitudeto that obsered at 54°N. The 1o-
standarddeviation of 8-9K is of the sameorderasthe vertical structurein May andsummer
Neverthelessthe doublestructue with two minimais very clearasit occursin almostevery
night. A major contritution of the variability is dueto the variationof the meantemperature.
For example,for May (2) nearly 60% of the variancein eachaltitude is constitutedby the
night-to-nightvariance(c?) of the mean taken between86km and100km. The uppermini-
mum varieslessin altitudethanthe lower and,hence the temperaturelifferencebetweenhe
minimumandtheintermediatenaximumbecomestatisticallysignificantwhenthemeantem-
peratures subtractedExceptfor the 2-km verticalintegrationin the temperatureetrieval, no
furthersmoothingwasappliedand,thus,the continuity of the profilesfurthersupportghatthe
structures not dueto statisticalfluctuations.

For a more detailedlook at the mesopaus@ehaiour, the May and summer(June-July)
campaignsaresplit into periodsof 3 or 4 subsequentightsandshavn in Figure4.8. During
thefirst half of May the mesopauswasstill locatedat the regular high altitude near100km.
The profilesthenbecamemoreisothermablwith the gradientgraduallychangingfrom negative
to positive (panelsl and2). At the endof May a clearlow mesopausstatewas reached.
Analogouslyattheendof June low mesopauseonditionswerestill presen{panel3) with the
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Figure 4.8: Developmentof the meantemperaturerofilesat 28°N (the numberof nightsis givenin
parenthesegjuringthecampaignsn May (panelsl and2) andJune—July(3 and4). Theboldline gives
the earlierperiodin eachpanel. No nightsareskipped. Valuesareonly presentedor altitudeswhere
morethan50% of the nightscontributereliabledata(from Fricke-Begemannretal., 2002b).

upperminimumgettingmorepronouncedindby the mid of July theregular statewasreached
again(paneld). Thus,startingattheendof May (Figure4.8, panel2), the mesopausattained
alow stateat 86km for aboutfour weeks. The meantemperaturef the low mesopauswas
183K. Thetransitionperiodsbetweenthe regular andthe low mesopausstatelastedabout
two weekseach.

4.3.3 Discussion:Low Latitude Temperatures

In contrastto midlatitudestherearefew datafrom low latitudesthatwould be comparabldgo
the measurementgresentedbore. Froma southernow latitudesite, Clemeshatal. (1999)
reporteda meantemperatureprofile retrieved by lidar in late winter (July—October23°S).
The mesopauswasobsered at 103km with atemperaturef 190K. Apart from theslightly
highermesopausethis profile is in very goodagreementith the winter profile (4) shavn in
Figure4.7,suggestindiemisphericcsymmetry

FromHawaii (20°N), Leblancet al. (1998)have reportedclimatologicaltemperaturesx-
tendingupto 85km (alsoatnight),asmeasuredy Rayleighlidar. At thisaltitudethey obtained
an annualvariationrangingfrom slightly belov 190K in summerto about200K throughout
OctoberMarch.FromFort Collins (41°N), Sheetal. (2000)have reportedmnonthlymeanval-
uesat 85km with annualextremaof 175and216K in JuneandNovember respeciiely. Also
atthisaltitude,theseasonalariationof 38K at28 N, apparenin Figure4.7,fills thegapquite
reasonabhandmight be smoothedut alittle if moreextensve datasetswould be available.

At the 100-km level, Tenerifeseesonly small seasonalariation around190K, asalso
similarly obsered at midlatitudes. Over the full rangeof the K layer, all other seasonsp-
pearwarmercomparedvith Novembemwhichis theclosestepresentationf winter conditions
availableat 28 N. This contrastavith midlatitudes(41° and54°N), wherefrom 100km up-
wardsthehighestemperatureareobseredin summer Whereaghe seasonavariationof UV
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absorptiorby O, governsthetemperatureariationabose 98km at midlatitudesjt seemso be
moreconstantt subtropicalatitudesandsubordinatéo dynamicalcooling.

Recently Friedman(2003) haspublisheda temperaturelimatology measuredy potas-
siumlidar at Arecibo (18°N) in 2001-2003.As expected,n summerthe mesopausé found
attheregularlevel (99km). With T = 176K it is about5K colderthanthe low mesopause
at Tenerifeandin goodagreementvith theresultsfrom the PolarsternHowever, the seasonal
variationwasnot expectedwhich doesnot approe the anticipatedyearroundwinter-like high
mesopauseAn annualvariationby up to +20K with low temperaturesn summemwasfound
between95km and 103km, i. e. above the altitude rangewherethis type of variationis ob-
sened at midlatitudes. While this is in contrastto midlatitudes,a similar variation was ob-
senedat 28°N but with muchsmallermagnitude.In April at 18N, a cleardoublestructure
was obsered with relatively low temperature$<185K) at the lower minimum near86km.
This is in good agreementvith the resultsfrom our first campaignat 28°N (March—April),
whenalsounexpectedlylow valuesweremeasuredt this level. Similar perturbationgiearthe
autumnequinoxhave beenreportedby Taylor etal. (2001)for 35> and41°N. Possiblereasons
for this finding may bethetidal activity or planetarywave perturbationgluringthe springtime
transition (e.g. Shephat et al., 2002). Finally, in Novemberthe nearlyisothermalprofile at
Areciboagreeswith Tenerifevaluesbelav 90km but the mesopausées about20K warmer In
summaryit appearghatthetemperatureabore the low latitudesitesat 28° and18°N shav a
wealer agreementhanit wasobseredfor the potassiumayer

Empiricalmodelsof theatmospherareavaluabletool for geophysicatesearchhencehey
needto be comparedvith measuredatato checkthe accurag of the modelperceptionsFor
the mesopauseegion two classe®f modelsarewidely used. CIRA (COSRAR International
ReferencéAtmosphereromprisegablesbasedn averageof globaldatacompilations Mass
SpectrometeincoherentScatteiRadar(MSIS-classempiricmodelsaredescribedy analytic
functionsfitted to an extensie databaseThe MSIS-E-90model (Hedin 1991)gives,for the
locationof Tenerifeatlocal midnightin mid Novembeythevaluesfor 200K, 177K and200K
at altitudesof 85km, 95km and105km, respectiely. While the valueatthe upperlevel is in
agreementvith the lidar data,the othermodelvaluesarelower by about20K. Zonal/diurnal
meansarecolderin 105km (186K) but unchangedt the lower levels. For July 15!, the model
provides 186K, 180K and 205K, respectiely. TheseO-LT valuesmatchour summerdata
(campaign3) more closely but at the centeraltitude of 95km they are againtoo low. The
zonalmeanvaluesdeviateatall levelsin thedirectionthatincreaseshe differencego thelidar
results.Thesituationin May andApril is similarto summersolstice.

Piconeet al. (2002) publishedthe updatedNRLMSIS-E-00which doesnhot include nen
datafrom the mesopauseegion but is differentdueto somechangesn the modelparameteri-
zation. Thus,thegeneraliscrepanciewith themeasuremeni@reconsered. Changesappear
mainly in thelocal time dependenceyhencomparedwith the previous version. Throughout
theyear theO-LT temperaturearenow lower thanthe zonalmeansat 80—10Ckm for 28°N.

Temperaturei Julyfrom CIRA-86 (Flemingetal., 1990)areafew degreedowerbetween
85 and95km andhigherat lower altitudes,whencomparedvith the MSIS-E-90zonalmean.
The valuesnear90-95km of ~180K are againlower thanthe lidar results. For November
CIRA-86 gives highertemperaturethan MSIS-E-90by up to 15K between90 and 105km.
Consequentlythey arecloserto thelidar measuremen&roundl00km (187K) butagainmuch
too low around90km (191K). In contrastto thesediscrepanciest shouldbe mentionedhat
belov 80km the empiricalmodelsarein much betteragreementvith the meantemperature
profile (e.g. Sheetal., 1995).
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Figure 4.9: Similarto Figure4.6 but for 28°N. Includedareall obsenationsfrom 1999which covered
morethan3 hoursandshovedthe mesopause-rom Fricke-Begemannetal. (2002b).

4.3.4 Discussion:The Two-Level Mesopause

Alongsidethe absolutetemperaturesmuch attentionhasbeenattractedby the vertical tem-
peraturestructureandthe behaiour of the mesopausaltitude. The seasonaénd latitudinal
two-level structurehasbeendescribedabore. At midlatitudesthe mesopauseccursregularly
nearl00km but for someperiodin summelit is locatedat 87 km.

For an overview of the mesopausaltitudesabore Tenerife, Figure 4.9 shavs the occur
rencefrequeng of the mesopausat eachheight. The altitude of the mesopauséasbeen
countedfor 40 nightswith obserationslastingmorethan3 hours. The mesopauseés clearly
appearingat two distinctlevels only: aregular (high) level anda low level. Eventhoughthe
bar chartin Figure 4.9 includesthe obserationsfrom the transitionperiods,the mesopause
is nearly never found in the intermediaterangebetweenthe two levels. The histogramis in
perfectagreementvith that for KiihlungsbornFigure 4.6), shaving peaksnear101km and
87km. However, the relative occurrenceat the upperaltitude would be increasedf the ob-
senations at Tenerifewere distributed more evenly over the year The agreemenstrongly
supportsthe conceptof the mesopauseccurringworldwide at two altitudelevelsonly. The
mesopausealtitudesat 28°N alsoagreewith the obserationsat 41°N, wherethe meanalti-
tudeswere101km for August—Apriland86.5km for May—July(Sheetal., 2000). The mean
mesopaustemperaturdor the lower statewas~180K. In Novembey the regular mesopause
hadameantemperaturef 192K, which wasonly 2K belav our low latitudevalue.

As discussediy Sheand von Zahn (1998), the sametwo-level mesopausdehaiour is
obsenred for all latitudesaway from the tropics, with a regular altitude around100km. The
appearancef thelow mesopause summarizedn Table4.3. Thelow mesopaus& summer
was obsered at Tenerifefor about4 weeksat 86km. At 41°N Sheet al. (2000) obsered
the summerstatefor more than 3 months(early May to mid August) at 86.5km. At Kih-
lungsborn(54°N) it occursfor the 4-monthperiod May—Augustat 87km. Numerousrocket
measurementsear69 N, betweerlate April andmid Septembershavedalow mesopausat
88km from early May to early Septembermwith temperatureaslow as129K (vonZahnand
Meyer, 1989;Lublen 1999). Evenat Svalbard(78°N) the samebehaiour is apparentWhile
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Table 4.3: Low mesopauseatatein summerat selectednorthernlatitudes, given are valuesfor the
averagedminimum temperatureand the durationof the low mesopausetate. Taken from takulated
monthly meangsinglestations)or contourplots (HRDI satellitedata).

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

78N 89 115 4% mo. o/e Hoffner, privatecommunication
6N 88 129 4 mo. o/e Lubken (1999)

54°N 87 162 4 mo. —/e thiswork

41°N 86 178 3 mo. —/e Sheetal. (2000)

41°N 87 173  2mo. o/e Chenetal. (2000)

40°N 875 187 2mo. o/e Statesand Gardner (2000a)
28N 86 183 1mo. —/e thiswork

18N (99) — — —/e Friedman(2003)
>45N  >82 <175 1mo. o/ — Ortland etal. (1998)
>45°N >84 <175 4mo. o/ — ThulasimmanandNee(2002)

thetemperaturetherefall to nearly115K, the periodwith alow mesopauses of similarextent
with 4%2 monthsfrom the beginning of May until mid SeptemberThe altitude of the summer
mesopausappeargo be higherthan88km, therebycontinuingthe weakincreaseof summer
mesopauseltitudeswith latitude. As a minor differenceto the idealizedpicture by Sheand

von Zahn (their Figure 1), the period of existenceof the summermesopausécreaseonly

slowly from midlatitudestowardsthepole.

At thetropicalsite of Arecibo(18°N) themesopauses atits regularlevel duringthewhole
summer(Friedman 2003). However, the lowest temperaturesvere not always found near
100km, but instead around93km in Februaryand90km in October

Thefirsttemperaturelimatologybasedndiurnalmearidar temperatur@rofileshasbeen
given by Statesand Gardner (2000a)for 40°N, therebyconfirming the two-level behaiour
with transitionslasting not morethana week. The low summermesopaus&as found only
in May and Junewith 186.6K at 87—88km but not in the July meanwhenthe transitionto
the regular stateoccurred. Thus, the summerperiod was not symmetricto summersolstice.
This agreeswith thelAP measuremenisn Tenerife.The existenceof thelow mesopausstate
at 41°N is alsofound for 2 monthly meanswhen daytime obserationsare included (Chen
etal., 2000),in comparisorwith 3 monthsfor purenighttimedata(Sheet al., 2000). On the
otherhand,the diurnal meantemperaturef the low mesopauselearly deviatesbetweenthe
measuremenst40° and41°N.

Theworldwide appearancef two altitudelevelsis closelyrelatedto the doublestructure
which appearswith greatregularity in the (nighttime)temperaturgrofilesmeasuredy lidar
atmid andlow latitudes.It hasbeenlinkedin theliteratureto tidal variations breakinggravity
wavesandchemicalheating. The climatologyat 54°N, givenin Figure 4.4, doesnot exhibit
a doublestructuredue to the smoothingfilter appliedbut it is weakly indicatedeven in the
annualmeans.By contrasta doublestructureis very prominentin mary nights,especiallyin
springandautumn,asin the examplefrom Augustgivenin Figure 3.8. Two minimaat the
altitudesof theregularandthe summemmesopausareobsered. Theintermediatemaximum
in the heightrange90-95km is 30—40K warmerthanthe minimain this example. At 41°N
thedoublestructure by up to 5K, is apparenin monthly meansfrom springandautumn(Yu
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and She 1995; Sheet al., 2000). At 28N it is clearly visible from all campaignsxceptfor
November(Figure4.7). At 18N a persistentloublestructureis obseredfrom mid April until
mid August. The persistencef this phenomenomprovidesthatthe mesopausearelyoccursin
this intermediatealtituderegion betweerB0 and95km.

Satellite Measurements

Instrumentsonboardthe Upper AtmosphereResearchSatellite (UARS) have beenusedto
derive temperature$rom the MLT
region.  The High Resolution
Doppler Imager (HRDI) measures
the brightness of two rotational
lines in the O, atmospheridband.
Ortland et al. (1998) derived pre-
liminary daytime mean tempera-
tures from HRDI data for July
1993/94 with anestimatecderror of __
+7K. Their Figure 12 is repro- 60 —20 -20 0 20 40 60
ducedhere(Figure4.10). Thetwo- latituce

level structureis evident and be-
tween ~10° and 45°N, a vertical
doublestructureis obsered. Con-
traryto ourlidar measurementghe
upperaltitudeminimum stayscolderthanthe lower minimumuntil 40°N. At 30°N they shav
two minima at 98km (173K) and81km (187K). The altitudesare lower than measuredy
lidar and the temperatureof the upper minimum seemstoo low comparedwith our night-
time results(185K). Towardspolar latitudesthe mesopausaltitude increasesn agreement
with lidar and rocket measurementbut at 69°N the mesopauséemperaturds too high by
~15K. Recentlypublisheddatafrom the sameinstrument(Thulasiemanand Neg 2002)
have basicallyconfirmedthe earlier(preliminary)results. A low mesopausé apparenpnly
poleward of 45° in the temperaturesvhich are averagedover 4 months(May—August1993).
Near3(’N a constantemperaturef 190K is reportedfor 80—90km anda mesopaus&vith
slightly lessthan180K at 97km. The absolutevalueshave comecloserto the K-lidar. Onthe
otherhand,the newver datado not shav the doublestructurewhich appearedn the July data
(Figure4.10),presumablhydueto the 4-monthaverage.However, Thulasimmanand Neealso
publishedequinoctialresults which shav two local minimaat variouslatitudes.The Septem-
bervaluesareespeciallycloseto the AP lidar's springprofile, althoughthelower minimumis
locatedfurtherdown at80km.

FromtheWind ImaginginterferometefWINDII) onUARS, Shephet etal. (2001)derived
temperatureprofiles up to 90km. Datawere retrieved in the latitudinal rangeof 25-35N
in July 1992/93during the morning and afternoonhours. The temperaturegrofile shavs a
minimum at 83km of about190K (x10K), which is slightly closerin heightto the lidar-
obsened summemesopausé86km, 183K) thanthe HRDI results.

The SME spacecraftneasuredemperaturespto 92km at 14:00-15:0Q.T (Clancyetal.,
1994). In Novemberand April minimaat 80km with 200K betweer25° and30°N werede-
rivedwhich deviate significantlyfrom bothlidar or UARS data.However, for July aminimum
with 192K at84km is reportedwhich closelymatcheghelidar data.
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Figure 4.10: MLT temperaturesat daytime for July from
UARS/HRDI, takenfrom Ortland etal. (1998).
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Figure 4.11: Mesopausg¢emperaturestructurefrom the COMMA-IAP model (from Berger and von
Zahn 1999).Resultsarefor June21%, themesopausis marked. Left: nighttime,right: diurnalmean.

Model Atmospheres

It hasbeenpointedout in several works beforethat semi-empiricalmodelsdo not include
the obsered globaltwo-level structureof the mesopausekor subtropicalatitudes,CIRA-86
givesamesopausaltitudethatvariessmoothlybetweerf7km in winterand93km in summey
thus, in a region whereit is never obsered. At midlatitudesin summerthe mesopausés
indicatedlower and, hence,closerto the obserations but the variationis againcontinuous
in contrastto the abrupttransitionmeasured.The recentMSIS version(Piconeet al., 2002,
NRLMSIS-E-00)is similarto CIRA for 28°N whenthezonalmeanis consideredndit predicts
a nearly constantmesopausaeltitude of ~97km at midnight. The vertical doublestructure
is also not representedor the mid and low latitudesat which it is obsered. On the other
hand for 54°N theseasongpatternis nicely reproducedespeciallywhennighttime(00:00LT)
valuesare considered.The mesopausés at ~99km in winter and ~88km in summerwith
transitiondastingonly 4 weekseachin April andSeptemberOctober Eventhelocalminimum
in January—Februaiig reproducedlosely The mesopaustemperaturealuesarenotasclose
to thelidar climatologysincethey decreaséo belav 150K on July 1%,

Thefirst accurateepresentationf themesopauseegion with a 3-dimensionagienerakir-
culationmodelwasachiezedby Berger andvonZahn(1999)with the COMMA-IAP (COlogne
Model of theMiddle Atmospheré atthe|AP). Theirresultsarereproducedierein Figure4.11
shawing the diurnal and a nighttime (22:00-04:0Q.T) meanfor bettercomparisorwith the
lidar measurementsThe authorswere ableto reproducehe mesopausbeehaiour at midlat-
itudesand predictedtwo nearly equivalentnighttime minima of ~185K at 87 and99km for
June21%t and28°N. This is in almostperfectagreemenwith our finding. At night the low
summemesopausis apparenat 30°N andhigherlatitudes while for the diurnalmean.areg-
ular mesopauses predicteduntil 40°N. Thisis in correspondenceith boththe UARS/HRDI
andour lidar obserations. Furthermorethe modelexhibits anincreaseof mesopausaltitude
towardsthe summerpolewhich agreesalsowith the measurementd herepresentationf po-
lar latitudeshasbeenimproved furtherin morerecentversionsof the model(Bemer and von
Zahn 2002).

1For detailson COMMA seealsoBerger (1994)andEbeletal. (1995)
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The causatie mechanism®f the mesopauséormationwere studiedby Bermger and von
Zahn(1999)in detail. They concludedthat the dominanceof IR cooling processesn com-
binationwith the chemicalheatreleaseby the major reactionsinvolving O, H, andOs in the
90 to 95-kmregion, is primarily responsibl€or the regular high-level mesopauseThe low-
level mesopausé& summeris dueto the momentumdepositionby breakinggravity waves.
The global two-level featureof the mesopausés mainly dueto photochemicaheatingpro-
cessesvhile diurnaltidesplay animportantrole in theformationof thedoublestructureatlow
latitudes.

4.3.5 Concluding Remarks

It canbe concludedhatmeasurementsy meansof resonancéidarshave providedanentirely
new view of thetemperaturetructureof the altituderegion betweer80 and105km. Lidar ob-
senationsat locationsfrom subtropicalto very high latitudeshave establishedhe worldwide
two-level characteristiof themesopausel heresultsarepartly supportedy satellitemeasure-
ments but deviating findingsalsoexist. Thetemperature@lataderived by lidar have stimulated
new modellingefforts which have increaseaur understandingf the physicalprocessem the
middleandupperatmosphere.

Themainresultsderivedduringthework to thisthesiscanbesummarizedasfollows. From
threeyearsof routinenighttimeK-lidar measurementst Kiihlungsborr(54°N) the low meso-
pausestateis determinedo exist for about4 monthsaroundsummersolsticewhenminimum
temperaturesf nearly 160K arereachedat 87km. The lAP K-lidar measurementsat Tener
ife (28 N) in 1999 have revealeda seasonatwo-level behaiour as seenat higher latitudes
which is consistentwith the earlierPolarsterrresults. In our nocturnallidar obserationsthe
low mesopausstateis characterizedby analtitudeof 86km andatemperaturef 183K. This
is similar in altitude andslightly warmerthanat 41°N. The low mesopausstateexisted for
about4 weeksfrom theendof May until theendof June.In Novemberwe obseredaregular
mesopauswith 194K at 100km.

Theweaktemperaturgradientat low latitudesin summeyif combinedwith strongtidal
wave activity, would allow for local time dependenciesf the mesopauséehaiour. Differ-
enceswhich concernthe mesopauseltitude and temperaturenave beenidentified between
nighttimelidar anddaytimesatellitemeasurementdf the discrepanciesre partly causecdy
diurnalvariationsremaingo beevaluated.Hence continuousobsenrationsover completediur-
nal cyclesareneededo derive thetrue (diurnal) meantemperaturestructureandits variations
(cf. Chaptenb).

First 24-h lidar obsenationsnear4®N (Chenet al., 2000; Statesand Gardner, 2000a)
have shavn thatthe meantemperaturef the low mesopausé summermight be underesti-
matedby up to 5K dueto a lack of daytimemeasurementandthat the doublestructureis
lesspronouncedn diurnalmeanprofiles(seeSection5.4.2). Thus,the periodof existenceof
the low mesopausstateis restrictedon a diurnal averagebut the altitudeis unchanged.On
the otherhand,thereis a large discrepang betweenthe two datasetsgiving annualtempera-
ture variationsat 86km of 21K andof 9.5K at41° and4(°N, respectiely. Thesevaluesare
smallerthanthe amplitudesderived at the samelocationsfrom the nighttime data,24K and
13.5K, respeciiely.

With the COMMA-IAP model Bemer and von Zahn (1999) werefirst able to represent
the mesopaustemperaturetructureat summersolsticeconditionsin agreementvith thelidar
obsenrations,while empiricalmodelsare still unableto shav the obsered doublestructure.
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Piconeet al. (2002)were aware of the fact that the vertical doublestructureis not well rep-
resentedn their MSIS model, althoughits formulationis suficiently flexible to capturesuch
structuresAs they noted themodelprovidesprimarily asmoothconnectiorbetweerthelower
thermospherandtheregion below 62.5km dueto alack of datafrom the uppermesosphere.
They explicitly calledfor a comprehense databaseof 24-h obserations of the mesopause
region. Thosecan be provided increasinglyin the nearfuture by metalresonancdidars to
improve the quality of thewidely usedempiricalmodels.

Long-termvariationsof the mesopauséemperaturejncluding solarcycle influencesor
generatrendscouldnotbeaddressedofar. Sheetal. (2002b)obseredatemperaturéncrease
at 98.5km over Fort Collins (41°N) until December2000 which they attributed to the 11-
yr solarcycle. Especiallyafter April 2000they reportedtemperaturesvhich exceededthe
climatologicalmeanby about15K. Although, in a morerecentassessmertf the datathe
increasavasdeterminedo beonly about8 K (She privatecommunication)A similarvariation
of themesopauseegiontemperatur@ver Kithlungsborrshouldbe obserablewith the IAP K-
lidars also. The K-lidar measurementsegan after the solar minimum in June1996 and no
significantinterannuakariationhasbeenobseredsinceMarch1999. As operationof the new
instrumentwassparsen 1999-2001atemperaturehangeduringthis periodwould barelybe
detectableHowever, it hasbeennotedthatobsenrationsin 2002and2003with the stationary
lidar yielded, on average,highertemperatureshanthosefrom the late 1990s. This effect
could partly be causedy a systematicatlifferencebetweerthe two instruments.To allow a
conclusve analysisadirectcomparisorof thetwo K-lidars afterthereturnof thetransportable
systemfrom Svalbardwould bevaluable.



Chapter 5

Diur nal Temperature Variations and Tides

The meanstateof the mesopausbasbeendiscussedn the previous chaptertogethemwith its
seasonabariation. However, theatmospherés in a stateof permanenperturbatiorby various
waves. As the climatology givenin Chapter4 is basedon nighttime obserationsonly, it is
necessaryo understandhe natureof diurnaltemperaturevariations. Solartidesarethe most
profoundandpersistenperturbation®f thelarge scaledynamicsin the mesospherandlower
thermosphereDueto theirdiurnal periodicity (periodsof 24h, 12h, etc.),they mayalsocause
asystematialifferenceof the atmosphers’statebetweemightandday

The topic of this chapteris the effect of tideson the temperaturdield of the mesopause
region. Thetheoryof tideshasbeendiscussedh detailin theliterature(ChapmarandLindzen
1970;Forbes 1982a,b1995;Lindzen 1990)andonly themajorcharacteristicaresummarized
below. In the following sections differentapproacheso derive tidal informationfrom lidar
obserationsare assesseth casestudies,exemplifying the importanceand the potential of
continuousmeasurementsovering full diurnal cycles. Finally, the resultsare discussedn
relationto othermeasuremeniandcurrentstate-of-the-annodelpredictions.

Tides

Atmospherictidesare global-scalevaveswith periodsthatare harmonicsof a solaror lunar
day This work focusseson solarthermaltides, which are periodically forced by solar UV
andIR radiation. In contrastto oceanictides, solarandlunar gravitational tidesare of minor
importancein the atmosphere.The main excitation of thermaltidesis dueto absorptionof
solarradiationby H,O in thetropospherehy O3 in the stratospheréandalsoat the secondary
ozonemaximumin the mesopausesgion) andby O, abase 90km.

Gravity is the restoringforce of tidal wavesand,thus,tidescanbe classifiedasa special
groupof gravity waves,with thedistinctive featurethatthey areaffectedby theEarth’s spheric-
ity androtation. Like othergravity waves,tidescanpropagatevertically and,if their enegy
is consered, theiramplitudeggrow with increasingaltitudeasatmospheriaensitydecreases.
The dispersionrelation of gravity waves providesthat the vertical componentof phaseand
wave (enepgy) propagatiorareof oppositesign.

The classicaltidal theory (Chapmanand Lindzen 1970) describesatmospheridides as
eigenmodesf the Earth’s atmospherevhich are excited by periodicforcing. Thetidal equa-
tionis separabléor verticalandhorizontalstructure For eachperiodthatis asubharmoniof a
solarday, the eigewvaluesdetermingheverticalwavelengthandthe eigenfunctionsknowvn as
Houghmodesdescribehe latitudinal structure(e.g. Forbes 1995). The vertical wavelengths
of thefirst threesymmetricmodesareA, 1 ~ 28,11 and7km for diurnaltides,andA > ~ 311,
54 and33km for semidiurnatides. The actualvaluesdependon the backgroundemperature
profile andthe valuesgiven arefor anisothermalatmospherat 256K (Forbes 1995). In ad-
dition, for diurnal oscillations,trapped(or evanescentmodesexist, which cannotpropagate
vertically andappeamith aninfinite verticalwavelength.Coriolis forcesinhibit vertical prop-
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agationif therelevantwave frequeng is lessthanthe Coriolis parameterf = 2Q sing (where
Q is the Earths angularrotationrateandgis latitude).

Propagatingliurnaltidesmaximizeat low latitudes. They arestrongbelonv 20° andnear
30-40 whereaghereare alsonodesat 25-30 for the first four Houghmodes. In contrast,
trappedmodesare concentrateadt higherlatitudes(abore ~50°). Semidiurnaimodes,on the
otherhand,attaintheir maximumat middle to high latitudes. The degreeto which the atmo-
sphericresponsédalls into eitherof thesemodesis determinediy how well the horizontaland
vertical structureof thesemodesmatchthatof theforcing. The expansionof solarforcing via
03 andH,0 into Houghmodesshawvs thatmostof thediurnalforcing goesinto trappedmnodes,
while the semidiurnalproportioncan effectively be storedin a single global mode(Lindzen
1990).Thisyieldsanexplanationfor thedominanceof thesemidiurnatide asit wasmeasured
in surfacepressurenscillations,which werethe first atmospherididesto be obseredin the
late eighteenttcentury(e.g. Cartwright, 1999).

Theclassicatidal modesdescribemigrating tideswhich propagatevestwardwith the ap-
parentmotion of the sunand,thus,occurwith a constanphasean local time at every location
onacircle of latitude. In addition,so-callednon-migating tidesexist whosehorizontal(west-
ward)wavenumbersleviate from their frequenciesn cyclesperday Thetermnon-migrating
tidesmay be misleadingasthey canbe standingor propagatingaroundthe Earth,eastvard or
westward, but distinct from the apparenimotion of the sun. Thus,they arealsocalled non-
classicabr notsun-synchronousSincethetropospheridorcingis to a high degreenot zonally
symmetric,it is believed to be the major sourcefor latitudinal differencesand non-migrating
tides. Othersourcesl|ik e non-linearinteractionsbetweermigratingtidesandstationaryplan-
etarywavesin the middle atmosphereare alsodiscussedn the literature(e.g. Forbeset al.,
2003).

Observations and Modelling

Groundbasedemotesensinginstrumentsmeasuregemporalfluctuationsof atmospheriga-
rameterswhich are causedy the full spectrumof atmospheriavaves. Variationswhich are
coherenover a suficiently long time interval andexhibit periodsof 24, 12, 8, or 6 hoursare
associatedvith tides. They representhe local superpositiorof migratingandnon-migrating
tides. Theseaaredistinguishabl@nly by theirlongitudinalstructurewhich canbeobtainedrom
networksof groundbaseadhstrument®or spacebornexperimentsin contrastsatellitegrovide
alimited local time coverageand,hence a combinationof bothtechniquess desirable.
Tideshave to alarge extentbeenstudiedwith mechanisti@andgeneralkirculationmodels
(GCMs) sincethe developmentof the classicaltheory (seeForbes 1995; Cartwright, 1999;
Hagan 2000). Modelling thetidal structureof the mesopauseegion at midlatitudesis espe-
cially complicatedaspropagatingandtrappedmodesare of comparablémportance(Forbes
1982a). The tidal componentof horizontalwind oscillationsin the MLT region have been
studiedexperimentallyfor decadesisingradars.Additionally, spacebornaind obserations
have increasedn recentyearsandprovide tidal information. Subsequentjynodelshave been
improved andtestedon the representationf tidal winds and,today they arefoundto give in-
creasinglyreasonableredictionsof thewind obsenrations(e.g. Mansonretal., 2002;Pancheva
etal., 2002;Forbeset al., 2003). As horizontalwinds arecontrolledby differentmodesthan
temperatur@ndverticalwind, no closecorrelationbetweertheiramplitudesandphasess ex-
pected.Thereforetidal perturbation®f thetemperaturdnave to be consideredndependently
Comparedvith wind obsenrations,only very limited temperaturelatafrom theMLT region
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areavailable. Groundbasedirglow andlidar studieshave long beenrestrictedo nighttimeand
did notallow completesamplingof tidal structuresThus,diurnaltideshadto beexcludedfrom
theanalysis.Sincemetalresonancédarshave first beenupgradedor daylightoperationafew
initial studiesusing diurnal obserationshave beencarriedout (Statesand Gardner, 2000b;
Sheet al., 2002a). Correspondinglythe following analysisbegins with the nighttime lidar
measurementer whichalarge databasexistsatthel AP beforecase®of daytimeobserations
are discussed.Monthly meannighttime temperaturevariationsat 54° and 28N have been
analysedby Oldag (2001)to investigatethe seasonavariationof tidal actwvity. In this work,
partsof the dataare evaluatedagainwith an extendedmethodologyin preparationfor the
assessmemf diurnalvariations.

5.1 Tidal Analysis of Nighttime Measurements

5.1.1 Derivation of Tidal Parameters

In the previous chapteronly nightly meantemperaturgrofileshave beenusedbut, in fact,the
atmospherés far from adoptinga constantemperaturerofile. The potassiumlidars detect
strongperturbationsn almostevery measuremenifemperaturealuesusedbelov arederived
atintenvals of 15min and1km from photoncountprofileswhich areintegratedover 1h and
2km. An examplefor theobseredvariationsis shavn in Figure5.1(panell). Thecolourcon-
tour plot shavs the deviationsfrom the meantemperaturerofile for the night of the 10"/11
of November 1999, at Tenerife (28 N). Deviationsup to +25K are obsered with regular
patterngorogressinglovnwards. Suchstrongvariationsarenot exceptionalin the mesopause
region andarealsoseenat otherlidar stations Evenvariationsover twice this rangehave been
obseredon singleoccasionstlow andmidlatitudes(Oldag, 2001;Williams etal., 2002).

Perturbationganbe causedy variouswave phenomenaSolartidescanbe extractedas
they have constantphasesij. e. the temperaturanaximumappearn every day at the same
local time in a given altitude. Thus, by averagingover a numberof nights with respectto
localtime (LT), mostincoherengravity wave effectsaresmoothedut andthetidal signature
remains.Thisis exemplifiedin panel2 of Figure5.1usingall 12 nightswith morethan2 hours
of measurementsom Novemberl999at Tenerife. Thetemperatureat eachheightandlocal
time are averagedand the altitudinal meansare subtractedo derive the meanLT variation
A wave structurebecomesglearwith a separatiorof about6 h betweerminimaandmaxima.
Deviationsof nearly20K arestill present.Dueto varying potassiunoccurrenceandweather
conditionsonly afew nightscontritute to the compositeat the upperandlower edgesgcausing
alarge scattelin the meanvariation.

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

T(t)=Ao+ Y Acogw(t—@)),  with « =2ri/24h. (5.1)

For the constantperiods2m/w, the fit providesamplitudeA; andphaseq, which is thelocal
time whenthe maximumtemperatureoccurs. The LT valuesare weightedwith the inverse
squareoot of the numberof contrituting nightsandusedonly whenatleast25% of the nights
provide data.

For nighttimemeasurementsoveringaboutl2 hours,only semidiurnalSD) andterdiurnal
(TD) harmonicganbefittedreliably but thediurnalharmonichasto beexcluded.Thedifferent
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Figure 5.1: Temperaturevariationsat Tenerife (28°N) in November1999: (1) Deviation from the
meanprofile during a single night (Nov. 10M/11™). (2) MeanLT variationfor all nightswith >2h of
obsenations.(3) Amplitudesandphasegrom two separaténarmonicfits, and(4) from a combinedfit
of 12-hand8-h harmonics.

harmonicsarenotindependenfrom eachotherand,hencecombinedits in thesensef Eq.5.1
will deviatefrom separatéits of theindividualharmonicgseeAppendixC.1). Thesignificance
of the resultsfrom different harmonicanalysess briefly consideredbelav. The resultsof
separatdits of singlecosinefunctions,with eitheran8-h or 12-hperiod,to the meanvariation
are shawvn in panel3 of Figure 5.1 and resembleclosely the resultsof Oldag (2001). The
parameterfrom thetwo fits exhibit a strongsimilarity, althoughthe SD amplitudereache45K
andthe TD amplitudereache®nly 10K. Thephase®f both harmonicdollow the dovnward
propagatingpatternwhich is obvious from the contourplot over the whole altituderange. At
midnighta maximumis displayedat 97km anda minimum at 83km (panel2). Eachof the
separatdits represents verticalwavelengthof ~30km, causingdifferentphasepropagations.
An inspectionof the residualtemperaturevariationsafter subtractionof the fitted harmonic
(notshawn), revealsremainingsystematistructuresThus,asingleharmoniccannotrepresent
the completemeanLT variation. Thisis in agreementvith the resultsof Oldag (2001)who
analysedmonthly meanvariationsfrom the IAP K-lidars at Tenerifeand Kiihlungsborrand
foundthatsingletidal harmonicscanexplain abouthalf the variationobsened.

To extendthe analysis,a combinedfit of a sumof SD and TD harmonics(asin Eq.5.1)
is appliedto the meandeviation andthe resultsaregivenin panel4. The enlagementof the
error barsreflectsthe addeddegreesof freedomof the fit algorithm. Phaseinformationis
given only whenthe amplitudedeviatessignificantlyfrom zero. The SD componentemains



5.1. TIDAL ANALYSIS OF NIGHTTIME MEASUREMENTS 77

105 : 105 105 105
i ——
Xa ——t [l —— ——t
100 -+ 100 100 100
o—‘i — —— — 5‘74 e |
— e 2l gl
—_ F¥O — ol ] —_ i
3 ol ot 3 VA ] ol
X 95 95 X 95 -+ 95
= tet [l = lag i
0] o] o] 0] i o]
° ——i et ° — ——i ——
2 H —e—{ [ 2 F?—O — ——t [
s 90 -+ 90 s 90 + -+ 90
K Kot bed T »—14“4_.2{—‘ [RAPE
pe—i [l ———
—— o] —— gl
. el =R
85 -+ 85 85 < -85
i —— -
8h 8h 8h 8h
12h 12h 12h 12h
80 T T T 80 80 T T T 80
(0] 5 10 15 20 O 4 8 12 o 5 10 15 20 O 4 8 12
amplitude [K] phase [LT] amplitude [K] phase [LT]

Figure 5.2: Amplitude andphaseprofilesfrom a combinedfit of 12-hand8-h harmonicgo the mean
nighttimetemperaturevariationat Tenerifein May 1999(left) andJune/July1l999(right).

similar asbeforethoughits amplitudeis furtherincreasecaborze 90km. The TD component
becomeglominantbelov 87km anddecreaseswardshigheraltitudes. Surprisingly the TD
phases constanbover the full altituderangewhile the SD tide turnsoutto beresponsibldor
the apparentdowvnward phasepropagatiorabore 87km, whereit is the strongercomponent.
The SD wave (enegy) propagatesipwardwith a verticalwavelengthA, > ~ 35km, denotinga
forcing atlower altitudes.

How closelythefit representshe datacanbe describedby the standarddeviation ogr of
the residualsafter subtractingthe fit function. Averagedover the altitude range85-100km,
the SD oscillationsfit the datareasonablyvell andreduceoyr to 3.7K from anoriginal value
of 8.6K for thedata. The TD fit aloneis clearly a worserepresentationf the measurements
with ogt = 6.7K, whereasthe combinationdeviatesonly by oqr = 2.5K, which is mainly
dueto non-systematidluctuations. Including an additional24-h or 6-h harmonicinto the fit
function T doesnot leadto a closerrepresentatiomf the data. Neverthelesstheremay be
contritutions of otherharmonicswhich would biasthe results. Using a combined24-h and
12-hfit (notshavn) andacceptingheverylarge errorbars theresultsarevery similarto those
shavn in paneld with A; replacingAg, adiurnalphaseof ¢ ~ 0h for all altitudesandaslightly
reducedwvavelengthof A,> ~ 30km. The phaseoppositionbetweenp; andgs agreeswith the
simulationdiscussedn theappendix(FigureC.1).

In summarythe resultsgivenin panel4 shav the stability of thefit function with 2 har
monics.Whereaseparatdits interpretthe samevariationin two differentways,the combined
fit canbe expectedo give the mostreliableresultswhenaboutl12 hoursof dataareavailable.
Thefit values,especiallyfor the TD harmonicmay beinfluencedby a diurnaltide, though.

5.1.2 Tidal Parametersat Tenerife for Differ ent Seasons

From Tenerife,sufficient datato derive the nightly meanLT variationarealsoavailablefrom
thetwo campaign®f nearly4 weeksin May andJune/July1999. While the periodof darkness
lastsabout11 hoursin Novembey it is 8 hoursnearsummersolstice. While this is enough
for a separatditting of individual harmonicsthe combinedfit of SD and TD componentss
vulnerableto producingartificial resultsandhasto beinspectedcarefully

The resultsfor the two campaignsareshavn in Figure5.2 andexhibit major similarities,
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which are presumablycharacteristidor the time aroundsummersolstice. The SD component
is dominantover the whole altituderange.lts amplitudeincreasegrom A, <5K belov 86km
to 10-15K nearl00km. The SD phasep, shavs a dovnward propagatioronly abose 90km,
being slightly slover than —2km/h, which is equvalentto a vertical wavelengthof A,, =
20-25km. For the TD componentthefit givesAsz ~ 5K in the rangeof 85-95km andless
belov andabove. The TD phasebehaiour is clearonly in May with a downward propaga-
tion of about—2.5km/h abase 90km. The higherphasevelocity is associatedvith the same
wavelengthasfor the SD.

Whenthe resultsfor November(Figure 5.1, panel4) are comparedwith thosefor May—
July, thehigheramplitudesof upto A, = 20K andAz = 10K arenoticeable TheSD amplitude
A, decreaseabore 95km in Novemberwhile it increasesvith altitudeof the whole rangein
May—July The phasespeedof both componentdendsto be lower in summerthanin winter
andthe maximumoccursat a later local time around90km. The enlaged error barsreflect
the shorterobsenation periodsin summerwhich complicatethe combined12-h and 8-h fit.
Comparedwith the separatdits (seeOldag, 2001),the surprisinglycloseagreemenbetween
the SD and TD componentss reduced. The increaseof the TD amplitudewith heightis no
longerpresentwhile the SD amplituderemainsrelatively unchanged.

5.1.3 Tidal Parametersat K iihlungsbom in Winter

In Kithlungsborn(54°N), temperatureneasurementare possiblefor up to 14 hourswithout
daylightcapabilityin winter. Thetemporakoveragds drasticallyreducedduringotherseasons
(cf. Figure4.1l)anddoesnotallow reliablesimultaneoudits of SDandTD componentsDuring
winter, datafrom individual monthsarerathersparseandunevenly distributed. Dueto the high
variability of the atmospherea reductionto coherenttidal signalsis not assuredand single
nightscould have alarge influenceon thefit results.As discussedy Oldag (2001),a similar
phasecharacteristids obsered for the winter months. This finding is consistentwith that
for semidiurnalwind tides at this latitude (Jacobi et al., 1999). Hence,from the winters of
1997to 1999all nightswith morethanonehourof obseration from DecemberJanuaryand
February(DJF)arecombined.This DJF meanincludes?7, 12 and7 nights,respecirely, from
theindividual months.On average thesenightscontainnearly8 hoursof obseration.

ThemearnlT variationof thetemperaturandtheresultsfrom combinedSDandTD fits are
givenin Figure5.3. As in the previous case awarm periodis clearlyvisible which propagates
downward during the night (locatedat 90km nearlocal midnight). Below 90km, positive
temperatur@leviationsfrom the meanprofile arealsofoundatthe beginningandthe endof the
averagenight. The cold-to-warm transitionbeforemidnight and the warm-to-coldtransition
aftermidnightexhibit differentpropagatiorates.Consequentlythe TD componentiominates
thefit resultsin the lower part of altituderangewhile the SD components strongerabove it.
Thus,the downward progressiorof the warm periodis reflectedmainly by the TD harmonic
in thelower partandby the SD harmonicin theupperpartof the altituderange.Theresulting
phasespeedf thedominantcomponents about5—6km/hin eachheightrangeandthe phases
connectsmoothlyat 23h at 92-93km. Thus, abase 91km the SD wavelengthis A,»> = 60—
72km. The SD harmonicshavs a phasegump at 91km andthe TD harmonicshavs one at
95km. The phasebehaiour indicatesthe influenceof anotherwave and simulationshave
shavn thata propagatingliurnaltide could have causedt.

The DJF meansmootheout intraseasonalariability. Whencomparedwith thefit results
for individual monthsandperiods(Oldag, 2001),the SD componenin theDJFmeanisin rela-
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Figure5.3: Meantemperatureariation(left) andresultsfrom acombinedit of 12-hand8-hharmonics
(right) for nighttimeobsenationsat Kithlungsborrin winter (DJF97-99).

tively closeagreementvith theresultsfor DecembeandJanuaryalthoughin Januaryslightly
lower amplitudesarefoundat 95—-100km. In FebruarybetweerB85and90km, SD amplitudes
reachl0K whichis thethreefoldvaluecomparedvith thoseshavn in Figure5.3. Thelongest
vertical SD wavelengthduringthis periodwasobseredin Decembewith A, = 44km, which
is still lessthanthe DJFresult. The TD componentendsto bewealer in thecombinedDJFfit
thanin theindividual analyses.For all months,in theindividual fits the behaiour of the SD
andTD phaseis very similar andit is resembledn the combinedcalculation(Figure5.3) by
the strongercomponentn eachaltitude.

5.1.4 Discussion

Purenighttimeresultsfrom the lidar measurementsave beenusedto derive tidal parameters
in this section.While theresultsareassessednly briefly belov, a detaileddiscussiorfollows
in Section5.4. Dueto the limited obsenation period, the diurnal tide cannotbe determined
but it may causespuriouseffectson the higherharmonicsasexemplifiedin FigureC.1, and
indicationsfor suchaninfluencehave beenfound. Althoughresultsfrom combinedits should
be considerectarefully it hasbeendemonstratedhat individual fits cannotprovide reliable
tidal information. This is becauséhey arenotindependenfrom eachotherbut both of them
tendto reproducehe dominatingwave pattern.

In generalreducedmagnitudesf the temperaturevariationsin winter at 54°N (DJF) in
comparisorwith 28N (November)areevident. Therelationbetweerthe SD andTD compo-
nentsis similar at both latitudes.The TD is strongerelon 90km thanthe SD in all datasets,
exceptfor May at 28°N, whenboth were equallyassmall. The appearancef the tempera-
ture maximumwasa few hourslaterat Tenerifeandits propagatiorspeedvassimilar at both
locations.

Autumntransitionsbetweersummerandwinter tidal patternscanoccuraslate asNovem-
ber at midlatitudes(e.g. Gille et al., 1991; Williams et al., 1998; Jacobi et al., 1999). The
transitionperiodsare associateavith small SD tidesof horizontalwinds. Sincea strongSD
tide wasobsered at Tenerifein Novemberl999,it canbeassumedhatthe obserationswere
carriedout afterthe autumntransitionandthatthe winter tidal patternwasobsered.

Lidar temperatureneasurementt nightin Fort Collins (41°N) wereanalysedy Wiliams
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etal. (1998). In agreementvith the resultsfrom 54°N they found similar behaiour for the
winter monthsand provided resultsfor a meandatasetfrom Novemberto March. Fits of

SD harmonicgdeterminedncreasingamplitudewith height,with A, = 8-9K betweer80 and
100km, i. e. a magnitudewhich rangesbetweenthosefor 28 and54°N. With a dowvnward

propagatingphaseyieldingA,> = 30km and@, = Oh at97km, thephasings in perfectagree-
mentwith our resultsfrom Tenerife.For summerMay—August)at 40° N, reducedamplitudes
(A2 <5K) belav 100km anda similar phasingwith A, > = 35km werefoundwhichis alsoin

agreementvith our resultsfrom 28°N.

In summary a cleardowvnward propagatingSD tide (with A,> = 30-35km in winter) is
obseredin themesopausesgion temperatureatall stations.It decreasewith latitudeandis
wealer in summerthanin winter whenA,; canexceedl10K.

The terdiurnaltide hasbeendeducedwith considerableamplitudefrom potassiumand
sodiumlidar measurement§.he existenceof a TD wind tide hasbeenshavn by Smith(2000),
and8-h temperaturescillationshave alsobeenidentifiedin nighttimeairglow measurements
atmidlatitudes(Wensetal., 1995;Pendletoretal., 2000). Fromthe Tenerifedata,TD phases
with no vertical propagatiorarederived but classicatidal theorypredictstrappedmodesonly
for the24-h componentsThus,the TD parametersirepossiblyinfluencedby the diurnaltide
which cannotbe identifiedon the basisof purenighttimemeasurements.

5.2 Combination with WINDII Measurements

Temperatureneasurementis the mesopauseegion at daytimeare possiblewith spaceborne
experiments TheWind Imaginginterferomete{WINDII) onboardheUpperAtmosphereRe-
searchSatellite(UARS) canmeasurdaemperaturest altitudesbetween65 and90km (Shep-
herd etal., 2001). To derive temperaturevariationsover completediurnalcyclesWINDII data
canbe combinedwith the potassiuniidar results. This approacthasbeendiscussedn detail
by Shephat and Fricke-Begemann(2004)andis representetierein summarizedorm only.

WINDII dervesmesospheritemperatureom Rayleighscatteredunlightvia thedensity
scaleheight. Obserationson a latitude circle changen local time by ~20min for consecu-
tive days. Daily zonalmeansprovide singlelocal time valuesanda period of 36 obseration
daysis requiredto achieve full local daytimecoverage(06:00-18:0Q.T). Hence,day-to-day
variationsin backgroundemperaturevill appearaschangesvith respecto localtime. Succes-
sional36-dayperiodsareusuallynot obtaineddueto the obserationscheduleand,in practise,
compositeof several monthsor yearshave to be used. Eventhen,gapsin local time remain
andthe dataassociatedvith differentlocal timesoriginatefrom differentperiodsof obsera-
tion. This may causea spuriouslocal time dependencanda large scatterof the datawhen
comparedwith a groundbasedystemwhich coversthe completerangeof local timesduring
eachnight. To reduceinfluencesfrom yearto-yearvariations,the annualmeanis subtracted
from the WINDII dataandtheresidualsareaveragedn localtime. WINDII temperaturaeata
wereavailablefrom theyears1991to 1997.For comparisorwith thelidar measurementsati-
tuderangesf 10° centerecht 28°N and55°N wereused.Dueto the smallverticaloverlap,no
combinedprofile could beretrieved andthe studywasrestrictedto the altitudeof 89km.

A geophysicatlifferencebetweerlidar andsatelliteobserationsliesin therepresentation
of non-migratingtides. While the lidar, at a fixed longitude,measureshe local tidal activ-
ity without distinctionbetweermmigratingandnon-migratingtides,the satelliteprovideszonal
averageswhich represenbnly the migratingcomponents.The magnitudeof non-migrating



5.2. COMBINATION WITH WINDII MEASUREMENTS 81

Table5.1: Semi-andterdiurnalfit resultsfor 89km at 28°N derivedseparatelyor K-lidar andWINDII
data.Also givenarethe numberof obsenationsandthe meantemperaturdy for eachdataset.

Month Instrum. Obs. \ Az [K] @ [h] Az [K] @m[h] TolK]
K-lidar 12 13.0+0.9 2.4+0.2 7.1+15 4.0+0.2 2195
WINDII 38 7.4+25 1.2+0.0 3.8+0.3 6.1+0.9 210.0

K-lidar 18 7.8+43 4.6+x1.0 58+3.3 7.3x0.6 1945
WINDII 60 5.4+0.3 9.7+0.4 8.5%+1.1 4.2+0.1 199.1

Nov.

May

component@andtheir influenceon the lidar datais not known. Model simulations(discussed
in Section5.4.5)have estimatedsignificantlylower amplitudedfor the non-migratingthanfor
the migratingcomponentsbut dataare scarcelyavailable. Pancheva et al. (2002) combined
wind measurements the 90to 95-kmregion from 22 radarinstrumentsFor northernmidlat-
itudesin summetthey derivedalongitudinalamplitudevariationof +30%and35%for diurnal
andsemidiurnaltides,respectiely. From HRDI daytimedata, Talaat and Lieberman(1999)
deducedhatnon-migratingtemperaturdidesin the mesopauseesgion possessignificantam-
plitudes,e.g. at27°N in Novemberthe strongestiurnalmodepeaksat 85km with 4K.

Thoughbeingawareof thesecomplicationsarisingfrom the combinationof datafrom two
totally differentinstrumentsit is believedthatthefollowing approachs justifiedby thescarcity
of measurementsovering completediurnal cycles. Beforemeasurementare combinedthey
areconsideredndependentlyo assessheir comparability

Low Latitude Measurements

Temperaturesrom WINDII between23® and33’N were obtainedbetween1992 and 1996.
Thus,nosimultaneousbserationswith theK-lidar at28°N areavailable.K-lidar andWINDI|I
resultsfrom combinedfits of 12-h and 8-h harmonicsaregivenin Table5.1. Thelidar data
reproducehe resultsfrom the previous sectionfor 89km. Marginal deviationsaredueto the
differentbinningin local time which was changedo matchthe 30-min grid of the WINDII
data.

In Novemberbothinstrumentseea dominantlystrongsemidiurnabndawealerterdiurnal
oscillation. Both amplitudesare significantly wealer for the satellite data, while relatively
small deviations are found for the phases.This suggestghat amplitudesarereducedin the
satellitedataby smoothingoutlatitudinal differencesyearto-yearvariationsor non-migrating
components.

In contrast,diverging parametergor May arederived from the two datasetswith almost
oppositephases.While the amplitudesdeviate by 2—3K, it shouldbe notedthatthey agree
within therelatively large uncertaintieandthatthe sumof thetwo amplitudess nearlyiden-
tical for bothinstruments.Large amplitudeerrorsshav thatthe temperaturevariationcannot
be attributed unambiguouslyto eitherof the two harmonics.This could resultfrom the short
periodof darknessn summeror the presencef anotheroscillationlike a diurnaltide. The
semidiurnattide is foundto belessprevalentin May thanin November The meantempera-
turesTy of theindividual datasetsdeviate by 5—-10K. It is notpossibleto decideif thisis dueto
instrumentabias,day-nightdifferenceor geophysicavariationof thebackgroundemperature.
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Table 5.2: Semi-andterdiurnalfit results,asin Table5.1,but for winter (DJF)at 55°N.

Instrument Years Obs.| Ag[K] ®h As[K] @[h]  To[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+x1.4 04+4.1 5447 206.9

Midlatitude Measurements

For thewintermonthsfrom 50° to 60°N, WINDII datahave beenanalysedn thework of Shep-
herd and Fricke-Begemann(2004)building threeconsecutie 2-yearcompositegrom 1992to

1997.Thederived harmonicfit parametergxhibit alarge variability with amplituderangesof

A, = 3.5-6.7K andAg = 0.4—-4.6K. For thelastdataset(DJF96—-97)which overlapsin time

with the lidar measurementshe strongestSD componenis derived with analmostopposite
phaseo the previousyearswhile theweakTD is insignificant(Table5.2).

TheK-lidar measurementst K ihlungsborr{54°N) in winter have provideda 3-yearand3-
monthcompositg(Section5.1.3). In comparisorwith the lidar obserationsof a singlemonth
andyearat Tenerife,this compositels presumablylessinfluencedby non-migratingcompo-
nents,becausdheseare expectedto vary stronglyfrom yearto yearandaverageout. In the
lidar datathe TD is strongerthanthe SD contritution, both with small uncertaintiesand @,
is alsosignificantly differentfrom the satelliteresultsfor DJF96—97.1t is interestingto note
that the addedamplitudesare againpractically the samefor WINDII andK-lidar data. The
differentcontritutionsto the harmonicsmay be dueto a diurnal componentvhich cannotbe
accountedor here. Inspectionof the datashavs, that 46% of the lidar obsenrationsarefrom
JanuarywhereasWINDII measuremente/ere mostly carriedout in February(52%). Since
thelidar resultsfrom the individual monthshave shavn the strongesSD andthe wealestTD
harmonicin Februarythis yieldsanothempossibleexplanationfor thedifference.

In comparisorwith the low latitude data,the agreemenbf the individual tidal fits is not
superiorin this casein spite of the temporaloverlap betweenWINDII andlidar data. Some
parametergven agreebetterwith the resultsfrom other2-yeardatasets. On the otherhand,
themeantemperature3y arenearlyidenticalin this case.TheTy differencedetweeridar and
satelliteat 28N arewithin the variability rangewhichis givenby the WINDII 2-yeardatasets
atmidlatitudes suggestinghatthey cannotbeinterpretedassystematiaay-nightdifferences.

5.2.1 Approachto Diurnal Tidal Components

Separatanalysef the temperatureneasurementom the two differentinstrumentshave
shavn certainagreementsinddifferences.Their causecannotbe addressedinlessthe influ-
enceof thediurnaltide is consideredThe diurnaltide canbe deducednly from temperature
datacovering almostfull diurnal cycles,ashasbeendiscussecarlier This possibility is of-
feredby the combinationof lidar datafrom the nighttimeandsatellitedatafrom the daytime.
For this combination theresidualtemperaturegdeviationsfrom the mean)from eachin-
strumenthave to be usedto prevent the differencesn absolutetemperatureausingan alias
in the diurnal behaiour. Possiblecausedor suchdifferencesare numerous,ncluding in-
strumentabffsets,geophysicalearto-yearvariationsor longitudinaldependenciedut also,
systematiaay-nightdifferencesThejoineddataarefitted with acombinatiorof thefirst three
diurnal harmonicg(24-, 12-, and 8-h periods). The resultingfit functionsareshavn together
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Figure 5.4: Combinedresidualgblack) of K-lidar (circles)andWINDII (stars)temperatureat 89km
with tidal fit (solid). For the consistentcombination(white) error bars are 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) andKiihlungsborr(DJF). Thelower partgivesthe resultfor the consis-
tentcombinatiorwith thetotal offsetAT = ATN — ATP betweertheresidualgseetext for details).

| AKl @l A Kl @l AsK] @[] ATIK]
Nov. 28°N | 4.5:0.4 7.6+0.5 8.8:0.6 2.7+0.2 4.1:0.8 3.720.1
May 28N |4.5+0.3 7.8+0.5 3.9%05 11.6+0.2 2.9+0.3 3.6+0.3
DJF 54N |52:0.4 8.1+0.6 4.2+05 9.7+0.5 2307 0.820.1

Nov. 28N | 6.5+0.4 9.3+0.7 8.8+0.8 2.7+0.1 3.2+04 3.8+0.3 -4.8
May 28N | 4.0+0.3 5.8+0.5 4.6+05 11.7+0.2 3.5+0.3 3.7+x0.3 +3.9
DJF 54N | 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 achiered with the joined

datasetsandthefits give a closereproductiorof the systematiozariations.Onealsonotesthe
relative large scattelin the WINDII daytimedatathathasbeendiscusse@bove. Thetransition
betweertheindividual datasetsis remarkablyunobtrusie, consideringherangeof variations
in the data. Thefit parametersrelistedin Table5.3, now includingamplitudeA; andphase
¢ of a 24-h harmonic.In all threecasesthe diurnalamplitudedie in the samerangeasthe
componentsonsideredreviously. Althoughthe numberof fit parameterss increasedthey

arederivedwith muchlessuncertainty(belov 1K and1h, respectrely) thanin thefits of the
individual datasets.

The Novemberdatafrom 28N shav two cleartemperaturenaximain the early morning
andafternoorhours resultingfrom astrongsemidiurnabscillation. Its amplitude(A, = 8.8K)
lies betweerthevaluesderived separatelyrom lidar andWINDII data,andthe sameholdsfor
theterdiurnalcomponent While the amplitudesarecloserto the smallerWINDII values,the
phasesrecloserto the lidar results. The diurnal componenis aboutequalin strengthto the
terdiurnalandhasits maximumin themorning (g, = 8 h). For May, thediurnalfit parameters
are very closeto thosefrom November The higher harmonicsin this casehave a reduced
magnitudecomparedvith thosederivedbeforewith considerableincertainty The phasegrom
thejoineddataarecloserto thosefrom WINDII dataalone.Forthetime aroundwinter solstice
and50-60N, thediurnaltide is derived from the joined datawith surprisingsimilarity to the
low latitudecasesTheparametersf the higherharmonicsarecloseto the meanvaluesof the
individual analysis.

ConsistentCombination

Althoughthe datacombinationdook reasonablepne needso considera disadwantageof the
usageof residualtemperaturesThe residualshave beencalculatedseparatelyfor bothinstru-
ments. Combiningtheminto one datasetinevitably includesthe assumptiorthat the mean
backgroundemperaturegre equalfor both obserations. This is not necessarilftrue when
systematidifferencesetweenday-andnighttimeexist. Diurnal variationsaredeterminedn
thefit procedureand,therebytheresultmaybecomédnconsistentvith theimplicit assumption
of the combination. As discussedn detail in Appendix C.1, with the so-calledconsistency
test a novel methodwasdevelopedwhich providesan offsetbetweerthe two datasetsandfit
parametersvhich areconsistentvith eachother In aniteratve procedurethe offsetis derved
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from thefit resultsandthe fit is recalculated.The terdiurnalcomponents of minor impor

tancefor the offset but it wasfoundto be very sensitie to a large scatterof the dataandthe
relative uncertaintiesassigned.Therebyin one case resultswhich are consideredinrealistic
werederived and, thus,the TD componentis not includedin the consisteng test. Thetestis

performedwith 24-h and12-h component®nly andafterwardsall threeharmonicsarefitted
to thederived combination.

Offsetsupto 5K arecalculatecandamplitudeshave changedy upto 2K in theconsistent
combinationasshavnin Figure5.4(white). As apparenfrom thefit resultsgivenin Table5.3,
the SD componentsrebasicallyconsered aswasexpected.The TD componentareslightly
variedin their strengthbut not in their phase. It hasbeenexpectedthat the combinationof
residualspartly smoothesut the diurnal oscillationand, in fact, the diurnaltide is estimated
to be strongelin the autumn—wintemonths,whereador May (28°N) mainly ¢, haschanged.
Interestingly the November(28N) and DJF (54°N) diurnal tides are againestimatedo be
identical. Thediurnaltide is foundto dominateat midlatitudeswhile the semidiurnaldoesso
atlow latitudes.For May at 28N, thethreeharmonicsareof almostequalmagnitude.

The total offset AT of the nighttime lidar temperatureselative to the daytime WINDII
resultsis derived from the consisteng testandgivesaninitial hint to theday-nightdifferences
at89km. In the casesof November(28N) andDJF (54°N), the night is colderthanthe day
Thesdlifferencesarederivedfor thecalculatedneansf thedatasetswhichmaybeinfluenced
by the remaininggapsin local time coverage. Whenmeansfrom the consistenfit functions
arecalculatedor the 12-hintenvals, centeredatlocal noonandmidnight, thevalueschangebut
thetendeny is consered. For Novemben28°N), thenightis estimatedo be2.6K colderthan
the diurnal mean,while for May (28°N) it is slightly warmerby 0.8K. For May, the diurnal
phaseis closeto 6 h and,hence,only small differencesare calculated althougha significant
amplitudeA; wasfound. In the DJF (54°N) casethenightis 3.8K colder whichis evenmore
thanin Novemberat thelower latitude.

5.2.2 Discussion

The combinationof K-lidar and WINDII temperaturaneasurementprovides threediurnal
datasets. They have beenreproducedvith goodagreemenby regressiomanalysesncluding
24-,12- and8-h harmonics. This provided initial informationaboutthe diurnal temperature
tide which wasnot available beforefor theselatitudesin the mesopauseegion. It shavs that
from thecombinatiorof complementargatasets asfrom daytimeandnighttimeobsenrations,
further and more accurateinformation can be successfullyjdeducedhanfrom the individual
datasets.On the otherhand,it wasalsodemonstratethatthe fundamentatifferencesof the
two databasegive rise to uncertainties Geophysicavariability from yearto year andwithin
WINDII' s 1(° latitudeband,arepossiblecausedor discrepancies the analyses.Suchvari-
ability within a narrav latitude bandhasbeenobsered in radarwind tides by Jacobi et al.
(1999). Betterresultscould be expectedfrom more correlatedobserationsandthe contriku-
tion of non-migratingcomponentganbe addressed atleastoneof theinstrumentgprovides
diurnalcoverage.

In acomparabl@pproachDrob etal. (2000)combineddatafrom HRDI, sodiumlidar and
nightglov spectrometewhich were obtainedat 41°N during the sameperiod. They derved
temperaturevariationsat 87km by fitting the datawith a multi-dimensionalFourier model.
While SD parametersre generallyconsistentwith thosederived from lidar measurements
alone(Wlliams etal., 1998;Statesand Gardner, 2000b) theresultsfor thediurnaltide vitally
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dependon the bias correctionof the instruments. The determinedbias correctionsof +10K
exceedtheoffsetsAT derivedfor ourcombination.Diurnalamplitudesof abouts K (@, = 14h)
werederived for DJFwith notableyearto-yearvariation. Similar amplitudeswerecalculated
for summemvhile transitionperiodsin October/NeemberandaroundApril exhibitedstrongly
reduceddiurnaltides. At this point only the comparabilityof the outcomewith our studyis
noted.A moredetaileddiscussiorof theresultsfollows in Section5.4.

5.3 Daytime Lidar Measurements

Studiesof thediurnalvariability of temperatures themesopauseegion have beendrastically
improvedsincethedaytimeupgradeof thel AP potassiunmidars. SinceNovember2000,alarge
numberof measurementwhich includedaytimeobsenrationshave beencarriedout. Though,
atmid andlow latitudesthey arestill sparseandirregularly distributed. Thereforetheanalysis
in this work concentratesn the study of two outstandingmeasurementom Tenerifeand
Kuhlungsbormwhich continuouslycover severaldays.

5.3.1 Measurementsat Tenerife, November 2000

As describedin Section4.1 the first measurementander daylight conditionswere carried
out with thetransportabld-lidar on Tenerifeduringa campaigrin NovemberandDecember
2000. The first temperatureneasurementas performedsuccessfullyon November17". A
periodof goodweatherenabledcontinuoudidar operationfrom November19", 22:00UT to
November26", 08:30UT which wasinterruptedonly onthe 215t (ca.13:00-18:00T) andon
the 22" for lessthanonehour Ignoringthelatter a periodof about106 hoursof continuous
measurementsasobtained.

Thetemperaturesbtainedduringthe7-dayrunareshavnin Figure5.5. Duringthedaythe
altituderangeof thetemperaturerofilesis restrictedto regionsof high potassiundensitydue
to the skylight backgroundCondensatiorloudsover the mountainridge aroundnooncaused
anincreasedackgroundon two days(22"? and2349). As the photomultiplierwasstill used
asa detectorin this measuremer(cf. Section3.3.6),the integrationintenals for temperature
calculationare increasedo 3km and2h. Uncertaintiesup to 20K are acceptedalthough
valuesabore 10K are usually reachedonly for one altitude bin at the edgeof the profiles.
The highesttemperature®ccur at 85-90km, wherein Novemberthe atmospheraés ~20K
warmerthannearthe mesopausat 100km (cf. Figure4.7). Downward progressingstructures
arevisible during the whole 7-day period. For example, cold phasesare seento propagate
down from 105km after midnighton eachday On the otherhand,Figure5.5 demonstrates
thatthemesopauseegionis far from shaving onemonochromatiavave or only coherentidal
perturbation.For example,high temperaturesxceeding230K areobsenedto alargerextent
on only two days (20" and2349). Beforethe full spectrumof variationsis consideredthe
analysiswill first berestrictedo tidal signatures.

Harmonic Analysis

As in the previoussectionsthemeasuredemperatureareaveragedwith respecto localtime.
Theresultingdeviationfrom thediurnalmeanprofileis shavn in Figure5.6 (panell). A strong
similarity to the datafrom Novemberl999(Figure5.1, panel2) canbe seenwvhenthechanged
time axis is noted. Analogousdovnward propagatingca. —2km/h) structuresappeamwith a
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Figure5.5: The7-dayrun of temperatureneasuremenist Tenerifein November2000,calculatedvith
al-kmand30-minresolutionfrom 3-km and2-hintegrationintervals. On occasiorprofilesreachup to
109km anddown to 78km.

similar phasing(e.g. at 90km a warmperiodbegins closeto local midnight). To examinethe
comparabilitywith theresultsfrom the previousyear acombinedl2-hand8-h fit wasapplied
to the subsebf nighttimedata(18:00-06:0Q.T). Thefit resultsfor 2000(panel2) shav some
agreementith thosefor 1999. The SD components againdominating,althoughwith lower
amplitudesespeciallybetween90 and95km. An identical phasingwith a phasevelocity of
about-3km/h is derived. The highestTD amplitudesoccuragainin the lower part of the
heightrange but like the SD amplitudesthey arelowerthanin 1999. The TD phasingis also
differentfrom the previousyearandnow shavs a downward propagatiorsimilar to thatof the
SD component.

The completediurnal datasetfrom November2000allows to be fitted with a harmonic
seriesincluding the first 4 harmonicsof the solarday; i. e. 24-, 12-, 8-, and 6-h cosinefunc-
tions. Thefit reproduceshe obseredtemperaturezariationsvery well asshavn in panel3 of
Figure5.6. Theresidualdeviation o4t is about2-3K over the heightrangewith full diurnal
coverageanddueto short-scaldluctuations.Thetidal parametersierived by the harmonicfit
aregivenin panel4. Above 97km thedatado notcoverthewholediurnalcycle. Consequently
theresultsof the multi-parametefit have a high uncertaintyasindicatedby the enlagederror
bars(x5K), andthey changenvhenthe 6-h harmonicis excluded.

Below 97km, amplitudesn theorderof A; = 3-5K areconstantlyderivedfor thediurnal
(D) componentwhite). The D phaseshavs anunusualupward propagationwith a speedof
about2.5km/h, indicatingaforcingin thethermospheretHowever, theresultsarealsoconsis-
tentwith two regions of non-propagatingscillations(divided at 91 km). As expectedfrom
thecontourplot, the SD componen{black)is dominatingthetemperatureariation.Compared
with the nighttime data(panel2), its amplitudeis increasedetween85 and95km to above
10K, whichis closerto thevaluesfor Novemberl999. The SD phaseemainaunchanged¢om-
paredwith the nighttimeresultsfrom bothyears with A, > = 33km. The TD amplitude(grey)
is reducedo belov 3K and,hence wealer thanthe D component.The D amplitudeprofile
is very similar to that of the TD componenfrom the nighttimesubsetpanel2). Thus,when
usingnighttimedataonly, theunresoleddiurnalcomponentvidently hasalargeinfluenceon
theresultsfor the higherharmonics The TD phasds constantlynear4 h for all altitudes asit
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Figure 5.6: Temperaturevariationsat Tenerifein November2000: (1) MeanLT variationfor all seven
nights. (2) Amplitudesandphasedrom a harmonicfit to nighttime dataonly. (3) Variationasrepro-
ducedby theharmonicfit (incl. 24h), and(4) parametergrom thefit (D, white; SD, black; TD, grey).

wasfor Novemberl999. Shifting the phasevaluesbelov 90km to around20h shaws that ¢
is atall altitudesabout3 h behindg;. The 6-h harmonicis not shavn althoughit wasincluded
in thefit. Its amplitudeis about1-2K (exceptabore 97km) andthe effect of includingit into
thefit onthe othercomponentss neggligible.

For comparisorwith the WINDII/K-lidar combination
(WIK) theresultsfor 89km aregatheredn Table5.4. Com- 14y 5 4: Fit parameteréor 89km,
parisonwith the W/K Novemberdata (Table 5.3) yields November2000, Tenerife.
goodagreementoncerningthe dominantSD component,
althoughit is even strongerin November2000. The TD  Period| A [K] @ [h]
phaseq;s is also in agreemenbut the amplitude Az has 24h | 4.6+0.8 18.0+0.7
practicallyvanishedn this case.The D amplitudein 2000 12h | 13.1+09 2.9+0.1
agreeswith thatfrom the direct combinationwhile it was 8h| 0.9+09 3.9+1.2
largerafterapplyingtheconsisteng test(A; = 6.5K). The
D phaseg; shaws the largestdeviation (9—10h) from the
WIK resultsandwill bereconsideredbelow.
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Spectral Analysis

In the previous sectionstemperaturevariationsin the mesopauseegion were analysedwith
regardto their contentof diurnal harmonicswvhich werederived after averagingthe measure-
mentswith respecto local time. Neverthelessit hasbeennotedthat mary fluctuationsin the
temperaturdield do not exhibit a 24-h periodicity They canbe causedy wavesof arbitrary
periodswhich canbecloseto thoseof tides.

Thestudyof gravity andplanetarywavesis atopic of its own andbeyondthe scopeof this
work. Apart from demonstratinghe new dataquality thathasbecomeavailablewith daytime
measurementshis sectionis dedicatedo shav thatrelevantinformationcanbe gainedfor the
studyof tidesfrom spectrabnalysisof datasetscoveringmultiple diurnalcycles.Long contin-
uouslidar runsallow thefrequeng spectrunof thetemperatur@erturbationgo bedetermined
by standardnethodsof spectralanalysis'summarizedn AppendixC.2).

For comparisorwith the previousresults theanalysisis againconcentratedn thealtitude
of 89km sincethe meanfeaturesarevery similar at adjacentheights. Periodogramsor tem-
peraturevariationsduring the 7-daylidar run in November20000on Tenerifearedisplayedin
Figure5.7 (upperrow). The power spectrums estimatedvith boththewindowedfastFourier
transform(FFT) and the maximumentroy method(MEM) using zero paddingto fill data
gaps. Sincethe temperaturesvere derived from 2-h integratedphotoncounts,only periods
longerthan4 h areconsideredThe FFT spectrunprovidesa salientbroadfeaturefor periods
nearl2h, whichis consistentvith the strongsemidiurnattide describecbefore. On the other
hand,additionaldiurnalharmonicsuchas24-, 8- or 6-h oscillationsarenotapparentinstead,
contributionsfrom periodslongerthan24h andatlow valuesarefound. Thegenerafinding is
confirmedby the MEM periodogramBY contrastto the FFT it candeterminesxactfrequeng
valuesfor the spectrafeatures.The semidiurnalcomponents accuratelyidentifiedwith a pe-
riod of 11.9h. Thelow frequeng contrikutionsareassociatedvith periodsof 31.7and79h,
andpower peaksat high frequenciesvith periodsof 9.9,4.8,6.9and4.1h, respectiely, in the
orderof their power. All of themindicateincoherentgravity or planetarywavesratherthan
tidal actvity. Whereaghe absencef 8-h and6-h periodsis in agreemenwith the harmonic
analysisasignificant24-hcomponentvould have beenexpectedout is notfound. Somewave
featurescanbe identifieddirectly in Figure5.5like the 79h periodwhich correspondso the
hightemperaturesn November20" and23".

The power spectrumestimationsabore assumeconstantperiod and phaseover the time
stretchobsered. Thetemporaldevelopmentof the spectraldistribution canbe assessedith
theaid of awavelettransformation.The derived amplitudespectrumis givenin thelower row
of Figure5.7. It shouldbe noted(seeAppendixC.2) thatthe amplitudesareonly approximate
valueswhich tendto be underestimatefbr aboutone periodat the beginning andthe end of
thetime stretchcoveredandto alower degreearoundthe datagapon the secondday (Novem-
ber21%Y. Thelargestamplitudesareagainderived for the 12-h oscillationbut with significant
changesn magnitude.While its maximumon the forth day (November234) exceeds20K,
it dropsto nearly5K only oneday later On averageit agreeswith A, = 13.1K from the
harmonicfit. Three12-h maximaoccurwhich areseparatedby 48—60h. On November21st
the maximumamplitudeappearsith a periodof 10h accordingto the secondanpeakin the
MEM power spectrum. A combinationof 10-h and 12-h oscillationspresumablyoccurred,
whichis notresohable. Periodsbetweenl2 and24h arenot obsered but a contrilution with
morethan24h is found. Its centemeriodvariesfrom below to abore 32h in agreementvith a
meanof 31.7h from the MEM analysis.Periodswell abose 48h cannotbeinvestigatedn this
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Figure 5.7: Spectralanalysisof the temperaturesat 89km above Tenerifemeasurediuring the 7-day
lidar run on November19"-26", 2000. Top left: FFT periodogramgcertainperiodsare given at the
upperaxis. Topright: MEM periodogramthegrey line givesanoiselevel estimation.Thepowerscales
logarithmicin arbitraryunits. Bottom: Waveletamplitudespectrurnfor thefull periodof measurements.
Solidisolinesaregivenevery5K.

waveletanalysisdueto thelimited periodof continuousobsenation. The 32-hwave of vary-
ing amplitudegivesriseto a significantD amplitudevalueof 3—4K in the harmonicanalysis.
Thus,it hasa large erroneousnfluenceonthediurnalharmonic.

Towardsshorterperiods,thereis againa rangeof few spectralpowver at 6—-8h anda more
active bandat4-5h, in agreemenwith the periodogramsThesewvavesaredisplayedo bevery
short-lived, lastingonly oneor two periods.Sincethe Morlet waveletitself hasa half-width of
nearlytwo periods,the spectrafeaturescould have beeneven shorter In thatcasethe period
identifiedin the wavelet spectrunmcandeviate significantlyfrom theintrinsic frequeng of the
oscillationandthatin the periodogramAlternatively, the patternof recurringoscillationsmay
begeneratedot by individual wave pacletshut by the beatingof two independentvaveswith
similar frequenciesor a modulatedwave amplitude. It is remarkablethat theseoscillations
maximizealwaysaround12:00LT which maybedueto a 48-hmodulationof the shortperiod
wave. Theseoscillationshave their strongespeaksimultaneouslywith the 12-h component.
This suggests couplingbetweerthe semidiurnacomponenandwavesof shorterperiods.
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Figure5.8: The5-dayrun of temperatureneasuremenist Kiithlungsbornn February2003,calculated
with a 1-km and15-minresolutionfrom 2-km and1-h integrationintervals. On occasiorprofilesreach
upto 106km anddown to 79km.

5.3.2 Measurementsat K tihlungsbom, February 2003

Onesimilarly long continuoussetof temperatureneasurementsith the K-lidar in Khlungs-
born exists. Apart from threedatagapsof aboutlh, a period of goodweatherin February
2003 permittedcontinuoustemperatureneasurementtor nearly 113 hours (February22'9,
17:33UT to February27", 10:26UT). Thetemperatureduringthe5-dayrun arederived after
2-km and 1-h integrationandshawvn in Figure5.8. Noting the generallylower temperatures,
the plot resemblesnary featuresof its analoguefrom Tenerife(Figure 5.5). Again, strong
temperaturevariationsover a rangeof about50K are obsered in every heightwith down-
ward propagatingstructures. Higher temperature®ccur around85km thanaround100km,
reflectingthe high (regular) mesopausstateat this time of year

Harmonic Analysis

The proportionof regular diurnal temperatureerturbationds shavn by the meanLT varia-
tion in Figure5.9. The contourplot is surprisinglysimilar to thatfrom 28°N for November
(Figure5.6),shaving mainly semidiurnalvariation. Again, at 90km awarmperiodbeaginsjust
beforelocal midnightandthis transitionpropagateslovnward at about2 km/h.

Fitting the datawith diurnal harmonicsyields a decreasef all amplitudeswith increas-
ing heightfrom 85 to 95km. Due to lack of dataaroundnoonabove 95km, the resultsare
consideredo be partially artificial which is alsoreflectedby the increasingerror bars. The
SD componentiominateswith amplitudesup to 10K, while the othersarewealer by morea
factorof 2. The D componenis aboutequalto the TD harmonicandshawvs no clearphase
propagationwith the maximumoccurringaroundlocal midnight. For the higherharmonics,
equalphasevelocitiesof about-1.7to —1.8km/h arederied, correspondindo A,> = 21km
andAz3 = 14km.

For this casethe tidal analysisfor the nighttime (18:00-06:0QT) subsetof the datais
not displayed.Sincethe diurnal components relatively weak,SD andTD fit parametersre
similar to thosefrom the completediurnal analysisexceptfor the TD amplitudeAs whichis
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Figure5.9: Temperaturevariationsat Kithlungsborrin February2003. Left: MeanLT variationfor all
five nights.Right: Parameterérom thefit to meanLT variation(D, white; SD, black; TD, grey).

increasedn the purenighttimecalculation.

Comparedwith the DJF meanwinter data(Figure 5.3), the dominantSD componentis
strongererein therange85—-95km. Its phaseexhibits a continuougphasepropagatiorandis
closeto theformervaluesbelon the phasgump. Az hasa similar altitudedependencwiith a
maximumof about6 K between85 and90km. The dowvnward phasepropagationwas, with
—6km/h, relatvely fastin the DJF meanand was adoptedpartially by the SD andthe TD
componentA comparablghasevelocity is notidentifiedherefor ary of theharmonicshut it
would be consistentvith the D phaseap; in 85-95km.

The fit valuesfor 89km are gatheredin Table 5.5.

Significantdifferencesappearin comparisorwith the DJF  1apje 55:  Fit parametersfor
results obtained from the WINDII/K-lidar combination 89km, February2003, Kithlungs-
(W/K). In the5-daylidar runthedominatingSD component born.

hastwice theamplitudeandalmostthe oppositephase.The -
diurnaltide, which was estimatedasthe dominantcompo- Perlod\ A [K] @ [h]
nentwith morethan5K in theW/K combinationappear$o 24h | 2.2+0.7 0.9%1.2
be muchwealer in this caseandthe phasedgliffer by ~8h. 12h | 8.7+0.7 3.4#0.2
Only theterdiurnaltidal parameterarein closeagreement. 8h | 3.3+x0.7 0.6+0.3

In contrast,the fits of single SD and TD harmonicsto
the nighttime datafrom February1997-99(Oldag, 2001)
arein surprisinglygoodagreementvith the resultsfrom the diurnallidar data. For the ampli-
tudesat 89km, A, = 6 K andAz = 4K werederived andboth phasesarenearlh. Thus,the
differencesetweerthe W/K combinationandthe 5-dayrun may partly resultfrom the differ-
ent periodscoveredby the data. Most of the WINDII dataoriginatefrom Februarywhereas
the largestportion of DJF lidar obserationshave beencarriedout in January As the semi-
diurnal tide was determinedo be strongerin Februarythanin the two previous months,A;
waslargerin the WINDII data,whichareaccordinglyin betteragreementvith thelidar results
from February2003. However, it is notedthatthe SD phaseis in relatively closeagreement
betweerthetwo lidar datasetswhile the WINDII resultsdeviate.




5.3. DAYTIME LIDAR MEASUREMENTS 93

5d2d 24h 12h 8h 6h period 5d2d 24h 12h 8h 6h period

] FFT ] MEM
o 2o o 2
0 E 0 E
H H
[o] [o]
Q Q
= =
o] o]
[¢] [¢]
= 1 = 1y

o ; ; ; ; o " : , :
o 0.05 0.10 0.15 0.20 0.25 o 0.05 0.10 0.15 0.20 0.25
frequency [1/h] frequency [1/h]

22.02. 23.02. 24.02. 25.02. 26.02. 27.02.
1 1

period [h]
'_\
o
[>1]1epmiduwe

0

[¢]
local time [h]

Figure5.10: SameasFigure5.7 but atK ihlungsborrduringthe 5-daylidar run on February22"d-270,
2003.Notethechangedamplituderangein the waveletspectrum.

Spectral Analysis

The 5-day lidar run at Kithlungsborron February22' to 27" is spectrallyanalysedn the
sameway asthe 7-dayrun at Tenerifeandthe resultsaredisplayedin Figure5.10. As for the
datafrom Tenerife,the FFT periodogranmshaws a striking peakat periodsaround12h. The
contritutionsfrom the otherdiurnalharmonicsaredifferentbecauséhey shav someenhance-
mentof spectralpower in this case. A long period featurenear5daysand somerelatively
continuouscontrilution with frequenciesibore 0.2h~1 arealsoobsered. In the MEM power
spectrumthediurnalharmonicsarevery closelyrepresenteevith maximaat periodsof 23.8,
12.1,7.8and5.9h, respeciiely, wherethe semidiurnaloscillationis aboutone orderof mag-
nitudestrongerthanary other Thelongtermvariationis associateavith a periodof 105h or
4.4days.Periodsof 9.4,4.4and4.1h arecalculatedor the strongesof theremainingfeatures.
The wavelet analysisconfirmsthe dominanceof the semidiurnalcomponent. Its initial
increasds partly an edgeeffect of the wavelet analysis,the so-calledconeof influence An
amplitudeof about12K is indicatedfor the secondday andit graduallydecreaseduringthe
measuremenb belowv 5K, which is in goodagreementwith the meanA, = 8.7K from the
harmonicanalysis(Table5.5). During the sametime the diurnal componenincreaseso 5K
on the forth night (February25") and decreasesgainafterwards. The contritutions of the
6-h and8-h harmonicsarenot clearly resohed in the wavelet spectrum.Exceptfor onepeak
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nearthe end,the main contritutions originatefrom the seconchight whenthe 12-hwave also
exhibits its maximum. This obseration agreeswith the finding in the tidal analysisthatthe
TD tide always shavs a behaiour relatedto the 24-h and/orthe 12-h oscillation, indicating
modecoupling. The wavelet analysiscanalsobe usedto examinethe phasedevelopmentof
the semidiurnalcomponentnot shavn). In this caseit is very stablenear3h, while it was
slightly more variableat Tenerife,varying from 4 h at the beginning to 2 h at the end of the
7-dayperiod.

A relative quitebandexistsfor periodsbetweeril2 and24 h, whereastrongemave actiity
is foundfor periodsbelon 6 h, which is similar to Tenerife. On the third night an amplitude
of 10K is reachedby a shortperiodwave which correspondgo the 4.4-h peakin the MEM
periodogram.The averagepower contentof this wave is relatively low, becauset exists for
only abouttwo periods. Like at Tenerifein November the oscillationsof higherfrequeng
tendto maximizenearlocal noon, therebyindicating a couplingto long-periodwaves. One
couldassumehatthesemidiurnatide is themostprobablecandidatelt is theonly component
detectecht Tenerifewith 24-hperiodicityandby far the strongestn this case.Furthermoreit
hasthe samephasén bothcasesvhich appliesalsoto the modulationof the4—5-hoscillations.

5.3.3 Measurementsat K Gihlungsbom, June 2003

Before the above resultsare discussedan additionalexampleis presentedriefly. No tidal
information could be derived earlier from Kihlungsbornn summey due to the shortnights
of about4 hoursanda lack of daytimemeasurementsilthough thesehave recentlybecome
possible,no continuouslidar run of several dayswas permittedby the weatherconditions
in summer2003. However, shorterobserationsare still usefulto investigatewave actiity.
An 18-h measuremenbn June 26"/27"
shaws variations of +20K around 90km,
which is only slightly wealer thanin winter.
The periodogramhasto be calculatedwith a
reducedspectralresolutionwhen compared
with the longermeasurementandhenceno
usableFFT analysiscanbeobtained. Though
not very sharpdueto noiseandthe shortob-
senation, the MEM in Figure 5.11 shaws
, , , , , two distinct peakscorrespondingo periods
" Mequenoymi 0 ®%® of 18.8and4.6h, whichis in goodagreement
with the data. From the half-width of the
Figure 5.11: MEM periodogramesin Figure5.7, peaks,uncertaintieof +2h and+1h canbe
but for June26M/27™", 2003,atK ihlungsborn. assignedo thelow andhigh frequeny max-
imum, respectiely. The shortperiodcontri-
bution is similar to thoseobsered in the caseddiscussedibore. A remarkabledifferenceis
theabsencef ary tidal periodsespeciallythe semidiurnacomponenthatwasmostdominant
bothin the datafrom Tenerifeandfrom Kiihlungsborrin winter. Evenif the degreesof free-
domof the MEM calculationare increasedsuchthat spuriouspeaksappeay still no 12-hor
24-h contrikution is found. To somedegreethis is in agreementvith the finding at 28°N that
thesemidiurnakide is wealer in summetthanin winter.

2{1h 12h Sh 6h 4h period

MEM

log (power)
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5.3.4 Discussionof Spectral Analyses

The daytimecapabilityof the IAP K-lidars providesa full diurnal coverageandenablescon-
tinuoustemperatureneasurementever several days. Spectralanalysef this seriesallow
thefrequeny of perturbationso be determinedanddistinguishto somedegreetidal andother
wave actiity. Thereby they provide further informationin additionto harmonicanalyses.
Two casedrom differentlocationsandtimes have beenanalysedabose andthey shawv both
similarities and differences.While the resultswhich concerntides are discussedn detailin
Section5.4,abrief assessmemf the spectraknalysess givenhere.

Obsenationsof uppermesospheréemperaturesyhich continuouslycover seseral nights
and days, have not beenavailable without the daylight capability of metalresonancdidars.
Rayleighlidar temperaturemeasurementat daytime are typically limited to belov 60km.
Neverthelessmeasurementat 44°N over several consecutie nightswerespectrallyanalysed
by Gille etal. (1991). They foundcleardiurnalandsemidiurnakignaturesn Januarybetween
60 and70km. In contrastjn their datafrom Novemberboththeseharmonicsvereabsentand
insteadperiodsof 22 and26h appearedinducinga spuriousdiurnalamplitudein a harmonic
analysis. This is in generalagreementvith the resultsfrom the mesopauseegion presented
above which alsoshav a high variability of the perturbationsstrongoscillationswith periods
thatdeviatefrom 24 and12h andtheabsencef a 24-hwave in November(28 N).

Sheetal. (2003)reportedresultsfrom aninitial 80-hcontinuoudidar measuremerst Fort
Collins (41°N) in April 2002. They identifiedtemperaturescillationsin 89km with periods
of about10 and21h, while the zonalwind measureagimultaneouslyexhibited contrikutions
with ca. 16, 24 and40h. The 10-h componentespecially is in good agreementvith our
measurements.

Someof thesespectralfeaturescan be attributed to non-linearinteractionsbetweenthe
semidiurnatide anda quasi-two-dayplanetarywave (e.g. Palo etal., 1999). Amplitude mod-
ulationcanresultin differenceandsumfrequeng excitationas

2-coqWat) - cOg wpt) = cOY Wat + Wpt) + COFwWat — Wpt) . (5.2)

Thus, the interactionof 12- and 48-h period waves resultsin 16- and 9.6-h periods,which
have beenobsered in wind measurementbefore (e.g. Mansonand Meek 1990). Quasi-
two-daywaves(QTDWSs), typically with periodsbetweem4 and56h, arenot detectedn our
measurementiut the secondarywaves may be generatedt lower heightsand propagateup
into theregion of obseration. FurthermoreQTDWSs aremoreoften obsered aroundsolstice
in thesummethemispherée.g. Shepheat etal., 1999)but they canpenetratecrosgheequator
andhave alsobeenobsened in winter at midlatitudes(for 55°N, seeHoffmannet al., 2002).
The 9.6-hwave wasfoundto be the strongessecondarywave which is excited by non-linear
interactionof migratingtideswith the QTDW in numericalsimulationsby Palo et al. (1999).
It canbe associatedavith the periodsof 9.4 and9.9h in the two long-termlidar obsenrations,
whereaso 16-hwave hasbeendetected.

Thewaveletspectragive furthersupporto thisinterpretation Foranamplitudemodulation
in the senseof Eq. 5.2, the spectrumwill shav both sumanddifferencefrequeng, aslong as
their separatiorexceedshe waveletresolution. The two mixed frequenciegw, + wy) arenot
resohed whenw, > 4wy, andmodebeatingwith 2wy, appearsn the spectruminstead. Thus,
24-hmodulationsasobsenred for periodsbelon 6 h, mayalsooriginatefrom a QTDW. Our
obsenrationsagreewith radarmeasurementsf MLT winds, which shav that 12-h, 24-h and
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48-hmodulationgdominatehevariability of oscillationswith periodsbelowv 6 h (Mansoretal.,
1998).

Measurementsf the meridionalwind weremadedaily in February2003nearKihlungs-
bornatthelAP radarstationon Rigen(55°N, 13’E; e.g. Hoffmannetal., 2002). Beneaththe
tidal components fluctuationswith periodsof aboutl0and16h, aswell as2—3,6 and16 days
wereidentifiedat 86km (Hoffmann privatecommunication)This resultis in goodagreement
with thelidar obserationsandthe additionalperiodssupporttheinterpretatiorgivenabove.

The temperatureperturbationsof shorterperiods(<8h) could be causedby short-lved
gravity waves. Alternatively, one might follow the line of the amgumentabore andspeculate
aboutthe periodsderived in the MEM periodograms. Surprisingly all derived periodsare
obtainedby thisapproachMixing the hypotheticalQ TDW with aTD tide alsoresultsin a9.6-
h wave additionallyin a 6.8-hwave, which comparesvell with the periodof 6.9h obseredin
November2000. A periodof 4.8h is obtainedmixing 24- and6-h wavesor alternatvely 12-
and8-hwaves.A 4-h periodwould resultfrom theinteractionof a 6-hwave with asemidiurnal
tide and4.1h werederived from bothlidar obserations.

Consideringthe low frequeng partof the spectrumfor Novembey onefinds thatthe ob-
sened79-and32-hperiodscouldoriginatefrom aQTDW anda4-5-dayplanetarywave. Such
planetarywavesareconsistentvith the amplitudemodulationof the SD tide in the November
obsenration. A correspondingeriodis derived directly from our Februarycasewith 105h.
The so-called5-day wave hasfrequentlybeenobsered in radarwind measurementand is
identifiedasthefirst symmetricRossbywave (e.g. Forbes 1995;Jacobietal., 1998).

5.3.5 Conclusionsof Spectral Analyses

To summarizespectralnalysisof long continuoudidar runshasbeendemonstratetb enable
betterunderstandin@f harmonictidal analysesin additionto exploring waveswith arbitrary
periods. While large spectralpower for 12-h oscillationswas found, in agreementith the
harmonicanalysesthe absencef an exact 24-h oscillation might explain the difficulties to
identify a clearphasepatternfor the diurnaltide for Tenerifein November2000. Thediurnal
fit resultsarestronglyinfluencedby the 32-hwave. Suchsinglecontinuousneasurementver
severaldaysarepossiblynotsufiicientto separateoherentidal componentérom otherwaves.
A strongday-to-dayvariability of the tidal componentds found for both casesconsidered.
Amplitudeswereobseredto vary by afactorof 4-5within afew daysevenfor the strongand
persistensemidiurnatide. Themostconstanparametewasthe phaseof thesemidiurnatide.
Thus,arelatively large databasés requiredto eventuallydeterminehe meantidal pattern.

Apartfrom thetidal periods strongperturbationsreobseredwith periodsabore 24h and
belov 6 h, which areassociateavith planetaryandgravity waves,respectiely. Intermediate
periodsmay be connectedvith non-linearwave-wave interactionandalsothe gravity waves
appearancsuggestsuchinteractions.

For future studies,it will be helpful to extendthe spectralanalysisspatially It is possi-
ble over alimited heightrangewith the datapresentecind furtherimprovementsof the lidar
daylightcapabilityshouldprovide an extensionof theusableheightrange.At the IAP in Kih-
lungsborn,a Rayleigh/Mie/Ramatidar systemis operatedwvhich gives,in combinationwith
the K-lidar, continuoustemperaturerofilesfrom 100 down to 1 km at nighttimewith a tem-
poral resolutionof 1h (Alpers et al., 2004). Thesemeasurementallow to analysethe full

1The MF radarmeasurementaere madeduring daytimeonly what may have spuriouseffectsin the analysis
especiallyon thediurnalharmonicge.g. Hernandez1999).
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vertical propagatiorof the waves. Additional informationaboutthe horizontalstructurecan
be obtainedby two or moreinstrumentdocatedat a suitabledistanceor in combinationwith
spacebornexperimentsvhensimultaneousneasurementsith high resolutionareavailable.

5.4 Discussionof Tidal Analyses

The lAP potassiundidarsreveal strongsystematidemperaturevariationsin almostevery ob-
senation of the mesopauseegion. A large proportionof the fluctuationscanbe explainedin
termsof regular coherenbscillationswith periodsthataresubharmonicef asolarday They
canbeinterpretedasatmospheritcideswhenthe dataarebasedon suficiently long periodsof
obsenration. Significanttidal amplitudeshave beenobsered andtidesare confirmedto have
alargeinfluenceon thetemperaturdield in the mesopauseegion. As discusseabove, fluc-
tuationswith otherperiodsalsooccuranda single groundbasedhstrumentcannotdefinitely
distinguishtidesfrom otherwaves. The amountof datarequiredfor a reliable classification
depend®ntheactualperiods,durationandoccurrenceateof waveswith neartidal periods.

Lidar obserationsfrom differentmonths,yearsand latitudeshave beenanalysed.In all
casesthemeanlocal time variationexhibits prominentdonvnward phasepropagatiordenoting
upward wave (enegy) propagation.The conditionsfor vertical propagatiorand wave-wave
interactionshetweerthemesopausegion, wherethe oscillationsareobsered,andthe strato-
sphereandtropospherewherethe strongesforcing dueto ozoneandwatervapouroccursare
highly variable.This causeghe high variability of thetidal patternthatis obseredon all time
scalesinterannualjntraseasonandday-to-day While the shortestime scaleshave become
evidentby the spectralanalyseof continuoudidar measurementyearto-yearvariationsare
apparenin thelidar obserationsfrom Novemberon Tenerife(Figure5.1 and5.6) aswell as
in theWINDII data.

Tidal parameterfiave beenderived usingdifferentmethodsandthe mainresultsaresum-
marizedbelon. While alarge amountof nighttimelidar obserationsareavailable,they have
to be interpretedcarefully An unresoled 24-h wave canstrongly influencethe analysisas
hasbeendemonstratedising diurnal measurementsin particular the determinationof the
wealer componenbecomesincertainwhich mostly concernghe terdiurnaltide. Two cases
of importantcontinuouslong-termmeasurementbave beenpresentedand further technical
developmentis expectedto provide themmoreregularly in the future in Kithlungsborn.The
combinationwith the spaceborn&VINDII daytimemeasurementlasprovided diurnal data
thathasnot beenavailable at theselocationsbefore. Although, it alsoincorporatesonsider
ableuncertaintiecausedy the differentmethodsandperiodsof obseration. In comparison
with the continuoudidar runs,certaindifferencesoccurredandit is not clearif they arecom-
pletelydueto geophysicalariability or partly of systematiorigin. Furtherinformationcould
beobtainedfrom simultaneou®4-hlidar andsatellitemeasurements.

5.4.1 Results

Amongthepossiblemodesof tidesit is the semidiurnal tides thatshav on averagethelargest
amplitudes.Semidiurnattideswith amplitudesup to A, = 15K have regularly beenobsered
atlow andmidlatitudesduringthe monthsaroundwinter solstice(Novembe+February) Near
summersolsticestrongl2-h oscillationswerealsopresentat 28°N but a singleexamplefrom
54°N hasshavn thatconditionswith no detectablel 2-hwave alsooccur Thisis in agreement
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with obserations of horizontalwinds, for which the dominanceof the semidiurnaltide at
midlatitudesin winteris awell-known fact(Forbes 1995).

At Tenerife (28°N) in November1999 and 2000, upward propagatingsemidiurnaltides
with vertical wavelengthsof A,, = 30-35km have beenobsered, which correspondo the
third symmetricHoughmode,H(2,6). In February2003at 54°N, a shorterwavelengthof
Az2 = 21km was deducedrom the obsenations. This would correspondo a Houghmode
of high order H(2,9), which is expectedto be subjectedo large fluctuations,dependingon
propagationand forcing conditions. In spite of the large amplitudevariations,a very stable
phaseof the SD wave wasderivedduringthe5 days.A similar phaseropagatiorwasobtained
from the DIJF97-9%ighttimecompositeonly around85km, wherethe SD components weak
and subordinateto the TD component. Between95 and 100km, above the phaseshift, the
SD tide was strongerin the meanDJF nighttime datathanin the 5-day run and exhibited
a vertical wavelengthof about60km, which can be identified with the more stablesecond
symmetricmode,H (2,4). The SD phaseat 89km is constantlynear3h duringwinter. Only
the W/K combinationfor DJF at 54°N hasprovided a differentvalue,which is determinedy
the WINDII obserationsthathave shavn a large yearto-yearvariability anda valuenear3h
hasalsobeenobseredin previousyears.

Diur nal tides have becomedetectablevith obserationscovering full diurnal cyclesand
they werefoundto have significantamplitudesin the orderof A; = 2-6K. The W/K combi-
nationdeterminedsimilar amplitudesfor 28°N in Novemberand54°N in winter, whereasno
detectabld tide wasobseredin the 7-daylidar runin November2000. Thetidal analysisof
this datais stronglyhamperedy the stronginfluenceof a 32-hwave.

Propagatingliurnal Hough modeshave vertical wavelengthsof lessthan27km, but cor
respondingphasevelocitiesof 1 km/h or lesswerenot obsered in the continuoudidar runs.
In contrastto the SD tide, the D tide at 54°N in February2003did not exhibit a clearphase
propagatiorbut wasrelatively constantwith altitude. This behaiour canbe causedy a su-
perpositionof variousmodesandalsoby a trappedmodewithout vertical propagationwhich
is excited in the MLT region. This interpretationwould be consistentwith the lidar mea-
surements$n autumnby Statesand Gardner (1998)andwith the modellingresultsby Forbes
(1982a).Non-propagatingnodesareexpectedto peaknearl8:00LT sincethey areforcedby
in-situ absorptionof solarradiation. The obsened phaseat local midnight could alsoresult
from chemicalheating,which is knowvn to be strongerduring the night than during the day
andpredictedto peakaround90km (Mlynczak 2000). In this region it canbe strongerthan
theabsorptiorof solarradiationandcould explain at leastpartsof the obserations. However,
recentmodellinghaspredictedthe effect of chemicalheatingto be small (Smithetal., 2003).

Thethird harmonic theterdiur nal tide, appeareavith significantamplitudesn themea-
surementsexceptfor November2000 at 28°N. As the vertical wavelengthswere short (as
small as 14km), they do not agreewith ary modesexpectedfrom the classicaltidal theory
It hasbeennotedthatthe vertical profilesof the TD parametergAs, ¢3) werealwaysin close
relationto thoseof the SD, the D, or both components.This suggestshatthey do not occur
asindividual modesbut are coupledto the othertides. Hence,they could be generatedy
non-linearinteractionof diurnalandsemidiurnakideswith eachotheror with planetarywaves
asdiscussedoy Smithand Ortland (2001). For oscillationswith periodsof 6 h, negligible
amplitudesof lessthan1-2K have beenderivedin the continuoudidar runs.

The resultspresentecheedto be assesseth the light of otherwork on this topic. To
focusthe following comparisonghe tidal amplitudesderived from the continuoudidar runs
for 89km andthosefrom WINDII/K-lidar combination,after applyingthe consisteng test,



5.4. DiscussioN OF TIDAL ANALYSES 99

Table5.6: Overview of tidal amplitudesear89km. Valuesbestmatchingthecontinuousk-lidar obser
vationsareshavn (K-lidar day/night-runsW/K, WINDII/K-lidar combinationNa-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 | 28N 23-33N | 40°N  41°N 27°N 28N 28N
A1 [K] [4.6] 6.5 4.5 5.2 3.1/5.0 6.6 5.5
Ao [K] 13.1 8.8 7.0 4.5 4.1/4.7 6.0 0.5
Az [K] [0.9] 3.2 2.6 — — 1.9 1.1
Month(s)| Feb DJF FMA  DJF Feb Dec. Jan.
Latitude | 54°N  50-60N | 40°N  41°N 54N 53N 56°N
A1 [K] 2.2 6.5 8.5 5.3 0.8/1.7 1.7 0.3
Ao [K] 8.7 4.1 3.7 9.0 24/2.1 6.6 0.5
Az [K] 3.3 2.6 4.4 — — 0.8 0.4

aregivenin Table5.6 togethemwith comparableneasurementandmodelresults. Error bars
areomittedfor clarity. The correspondinghasesaregatheredn Table5.7 below. Listedare
Na-lidarmeasurementat 40°N and41°N. In addition,modelpredictionsareshavn from the
GSWM (Global-Scalewave Model), the COMMA-IAP andthe RAS-DNM GCM (Russian
Academyof Science- Departmentof Numerical MathematicsGeneralCirculation Model),

whichis alsousedat the IAP. Valuesaregivenfor thetime period,altitudeandlocationwith

the closesttemporaland spatialagreemento the continuousK-lidar measurementsThe K-

lidar valuesfrom November2000which are not clearly causedby tidal activity aregivenin

braclets. The availableresultsarediscussedn detailbelow.

5.4.2 Lidar Measurementsat Other Latitudes

Priorto this work thereexistedno dataof temperatureneasurementis the mesopausesgion
covering full diurnal cyclesat latitudesnear28 and54°N. However, groundbasedNa-lidar
obsenationshave beencarriedout at anintermediatdatitude. Resultsareavailablefor differ-
ently definedseasonfrom Urbanalllinois andFort Collins, Coloradoandthoseclosesto our
measuremenigrelistedin Table5.6and5.7.

For Urbana (40°N, 88°W), annualvariationsof tidal parameterdrom continuouslidar
measurementwere calculatedby Statesand Gardner (2000b). The authorsnotedstrongdi-
urnalvariationsbelav 92km (andwealerin 92—-100km) throughoutheyear with exceptions
in late Novembey Decemberearly Januaryand May shaving wealer actiity. The low am-
plitudein Novemberis in agreementvith the insignificantD componenin the 7-dayK-lidar
run at 28N. SeasonaB-monthaveragesof the derived parametersvere calculated centered
at the equinoxes andsolstices. For NDJ (winter seasonga. NovembesJanuary}he diurnal
amplitudeA; reachesa maximumof 5K near90km anda minimum of 2K at 98km, which
is comparabldo the W/K resultsfor 28°N in Novemberandalsowith the results(Figure5.9)

2Monthly averagesncluding a minimum of 3 nightswerefitted with the diurnalharmonics.While arithmetic
meanamplitudesare given, vector averagesare usedfor the phases. This procedurepossibly generatedarger
amplitudeghanthefit of a 3-monthtemperatureveragewhich we have usedin the W/K combination.



100 CHAPTER 5. DIURNAL TEMPERATURE VARIATIONS

Table 5.7: As Table5.6 but for thetidal phasegin localtime).

| K-lidar ~ W/K | Na-lidar | GSWM-00/02 COMMA DNM
Month(s) | Nov. Nov. NDJ ASON Nov. Dec. Nov.
Latitude | 28N  23-33N | 40°N  41°N 27N 28N 28N
@ [h] [18.0] 9.3 15 4 22.9/23.2 7.3 5.0
@ [h] 2.9 2.7 2.7 4.5 3.3/3.3 8.2 8.7
@3 [h] [3.9] 3.8 2.4 — — 5.3 6.3
Month(s)| Feb DJF FMA  DJF Feb Dec. Jan.
Latitude | 54°N  50-60N | 40°N 41°N 54°N 53N 56°N
@ [h] 0.9 9.5 11 3 1.8/2.6 17.2 15.7
@ [h] 3.4 10.0 3.5 2.7 2.4/2.5 7.8 6.6
@3 [h] 0.6 0.7 1 — — 6.6 3.2

for Februaryat 54°N. Onthe otherhand,the D phaseshavs a cleardownward propagatiorat

40°N which wasnot obsered at the otherlatitudes. The SD harmonicexhibits a continuous
increasawith heightat 40°N, reachingthe strengthof the SD tide at 28°N only abore 97km.

At 89km, A, is closerto theresultsfrom the W/K combination.

In FMA (springseasonga.February—Aprilat40°N, A; exceeds8K betweerB5and90km
andadoptsa minimum of 4K at 95km. At 54°N in February A; wasclearly smallerin the
5-daylidar run but had comparablealtitude dependenceln contrast,A, wasstrongerin the
K-lidar obsenation. Thus,the K-lidar datafrom late February(54°N) arein betteragreement
with theNa-lidarresultsat40°N from aroundwinter solstice(NDF), althoughthey fall into the
later period. Thisfinding is further supportedy the excellentagreementf both ¢, andg, in
89km with the NDF mean.For autumn winterandspring,dovnwardpropagatingphasesvith
Az =~ 30-33km arereportedrom 40°N, alsobeingin perfectagreementith 28°N. TheW/K
combinationfrom DJF 54°N hasa larger temporaloverlapwith the NDJ period but shawvs a
betteragreemenin D andSD amplitudeandphasewith the FMA resultsat 89km. Finally, for
theseasonadveragefrom May to July, resultsat40°N arerelatively closeto thevaluesinferred
from the W/K combinationfor May at 28°N. The TD harmonicsat 40°N shav amplitudesof
Az = 2-3K at all seasonsand altitudesbelon 97km, exceptfor FMA whenit reachessK
at 93km, thuslargely supportingour results. Like in our obserations,the 6-h componenis
wealer thanthe 8-h componentandis negligible.

For Fort Collins (41°N, 105 W), Sheetal. (2002a)derved seasondidal parameterfrom
eighteendiurnal lidar obserations. By inspectionof the tidal signature,obserationswere
groupedto give autumn(ASON, Aug.—Nov.), winter (DJF), spring (Mar.—Apr.) andsummer
(May andJuly) means.Thus,the seasongaredefineddifferently to thosediscussedbore. All
seasonsxhibit dovnwardphasepropagatiorof diurnal (A1 ~ 20km) andsemidiurnalA > ~
35km) componentsexceptfor the SD phasein ASON which is nearlyconstantwith altitude.
This A, is identicalwith thatderived at 28°N in November While the phaseprofilesarein
goodagreemenbetweed(® and41°N, the amplitudesexhibit certaindifferences.Thesharp
diurnal amplitudeminima obsered at 97km in the Urbanadatafor all four seasonsre not
seenat Fort Collins. Insteadthe heightprofilesfrom DJF (41°N) shav a distinct minimum of
tidal variation(D andSD) at85km. Thediurnalamplitudesbelon 90km aregenerallysmaller
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at Fort Collinsthanat Urbanaby ~4K in bothspringandautumnandby ~2K in winter,

For ASON, tidal amplitudesat 89km of A; = 5.2K andA,; = 4.5K werefound. In relation
to our datafrom November(28°N), the diurnalcomponents comparablén magnitudebut the
semidiurnalbmplitudeis significantlysmaller The DJFdatafrom 41°N shav a similardiurnal
amplitudebut a strongerSD tide of 9K. This is moresimilar to the resultsfrom Novemberat
28N, supportingthe argumentthat our resultsshouldbe consideredasrepresenting winter
state.Comparedvith theresultsfrom 54°N, A; agreeswith the W/K combinationwhile A; is
closeto theresultfrom thecontinuoudidar run. Finally, in summerthediurnaltide is againof
equalstrength(5.3K) while the semidiurnalis muchwealer (3K) thanin winter, both being
comparabldo our May W/K resultsfrom 28°N. Higherharmonicsarereportedagainto be of
minor influencewith amplitudeshelow 4K atall heightsmappedabove Fort Collins.

In general betweenthe autumnand spring transitions(ca. NovemberFebruary) the SD
tide appeargo be dominatingin the 85-95km rangeat all mid andlow latitudesconsidered.
During the restof the year semidiurnalanddiurnaltidesare of comparablanagnitude. Am-
plitudesrangearound5K, exceptfor the winter SD tide, which canbe twice asstrong. The
deviation of theW/K DJFcasgrom thisfinding maybeexplainedby the multi-yearandmulti-
monthaveragingof the datathefactthatthelidar datamostlyoriginatefrom Januarywhenthe
SDtide waswealest,andthe SD phasdlifferencen theindividual datasets.In contrasto the
K-lidar obserationsat28> and54°N, acleardownwardpropagatind phasewith about\,; =
25-30km is obseredatboth40> and41°N in winter, indicatingthe first symmetricpropagat-
ing diurnalmodeH (1,1). Fromtidal theory the diurnalmodesareexpectedo maximizenear
40°N, suggestinghat a single prevalentmodeis found at this latitude ratherthan at 28> or
54°N andthatthe amplitudemight be overestimatedn the W/K combination. On the other
hand,therearealsoconsiderablalifferencedetweerthe two lidar stationsat Fort Collins and
Urbanawhich arenot yet explained. Possiblesourcesncludethoseof geophysicale.g. year
to-yearvariations,longitudedependennhon-migratingtides), statistical(e.g. insuficient data
to averageout incoherentvave effects)anddata-processingrigin (e.g. definition of seasons,
averagingprocedure) Both Sheet al. (2002a)and Statesand Gardner (2000a)have reported
large month-to-monthvariability. Hence,the groupinginto seasonss problematicaslong as
sufficient datafrom theindividual monthsarenot available.

5.4.3 Biasof Nighttime Mean Temperatures

Most climatologicaltemperaturedataderived by optical methods,using groundbasedidar
andairglow technigueqor spacebornenethods),originatefrom eithernighttime or daytime
obserations.While semidiurnatideswill almostsmoothoutin nighttimelidar obsenrationsof
sufiicientlengthin winter, thisis not necessarilyruefor diurnaltides. Therefore the possible
bias of the climatologiesderived in comparisorwith diurnal meantemperaturemeedsto be
assessed.

Fit functionsobtainedby harmonicanalysesllow to calculatenighttime(18:00—06:0Q.T)
meanswhich arecomparedvith diurnal meantemperaturesA tendeng towardsa negative
nighttimebias,i. e. alowertemperaturat nightthanat daytime wasfoundin November2000
at28 N over the whole altitude rangebut with large uncertaintydueto the majorinfluenceof
the 32-h wave on thefit results. A strongemegative nighttime biasof —2.6K for 89km has
beendeduceddy the consisteng testfrom the joined W/K datain which the D tide wasmore
prominentthanin the 7-daylidar run.

In February2003at 54°N, the diurnal phasey; lies nearmidnightfor almostall altitudes
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up to 95km. Hence,in this casethe night is warmerthanthe meanday in 84-95km. The
differencesangebelov 2K (exceptfor 85—-86km) and decreasavith increasingaltitude (cf.
Figure5.9). Thus,the nocturnaltemperaturerofile hasa strongergradientthanthe diurnal
mean. On the contrary from the W/K combinationa nighttime bias to lower temperatures
(—-3.8K) wasderivedfor 89km andDJFat54°N. A significantD tide wasobseredin May at
28N but dueto its phasingthe nighttimebiasis negligible (+0.8K). A smallnighttimebiasis
alsoexpectedor 54°N in summeralthoughonly shortperiodsof darknes®ccur if thesingle
obsenrationwith no significantD andSD tidal contritution is representate.

In contrasto our measurements,clearupwardpropagatind tideis obseredbothatFort
Collins (41°N) andUrbana(40°N) with A; =~ 4K andA,; = 20-25km. It causesan annual
meannighttimebiastowardshighertemperaturedetweerabout90 and 100km, andtowards
lower temperaturebelon andabove thesetidal nodes.Thus,the meantemperaturegrofile is
systematicallybiasedwhenit is derived from purenighttimeobsenrations. However, the bias
at89km is mostly smallandits signvarieswith thealtitudeof thetidal node.

The diurnal tide appeardo be wealer at both K-lidar stationsconsideredhan at 40°N
andalsomore variableor dominatedby non-propagatingnodes. Thus, the influenceon the
nighttime meantemperaturgrofile andespeciallyon its gradientis expectedto be smallerat
28 and54°N thanattheintermediatdatitude.

5.4.4 Other Obsewations

While lidar obsenationsrely on goodweatherconditions,meteorradarscanbe usedfor con-
tinuousdiurnal obserationsof the mesopauseegion. The derivation of temperaturedepends
ona-priori knowledgeof atmospheripressurer the meantemperaturgradient. Whereaghe
absolutecalibrationis problematic temperaturevariationscanbe detectedn a basisof about
30h of data, using monthly meancompositedays. The temperaturesalculatedfor 88km
dependon the varying vertical temperaturegradient. As discussedy Hodcking and Hodcing
(2002),this dependenceanbe accountedor whenthe vertical wavelengthof the dominating
tidal patternis used,which is derived from simultaneouslyneasuredvind perturbationsThe
authorsreporteda large variability of tidal parameterérom yearto-yearandmonth-to-month.
During the winter months(DJF97-99)diurnal amplitudesand phasesat 43N rangedwithin
A; = 3-12K and@, = 19-5h, respectiely. The correspondingemidiurnakesultswereA, =
5-10K andg, = 2-6h. Thisbroadspreadncludesthe parameterderivedfrom thelidar runin
February2003.By contrastfrom the W/K combinationfor DJFat54°N only the D amplitude
lies well within the rangeandthe SD amplitudeat the lower edge while the phasesreclearly
differentwith valuesof about10h. The W/K combinationfor Novemberat 28°N mainly dif-
ferswith respecto ¢, while the otherparameterdie within the rangegiven by Hodking and
Hodking for 43’N. Ontheotherhand theW/K May (28°N) resultsagreeexcellentlywith radar
resultsfor bothspringandsummer

In conclusionthe meteorradarsupportshe obseration of large interannuabndintrasea-
sonalvariability andtheagreementvith theresultsin this work is deemedair. Theagreement
of the radarobserations(43°N) with the Na-lidar resultsfrom 40°N is closerthanwith ours
from 28> and54°N. A possiblecausefor deviations,apartfrom latitudinalandtemporaldiffer-
encesijs theassumptiorof identicalverticalwavelengthdor wind andtemperatur¢ides. This
is notconfirmedby recentsimultaneousneasurementsf wind andtemperatur@ariationsg(She
etal., 2003).

Spaceborn®bserationshave considerabldifficulties to identify migratingtidesdueto
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theirrestrictedocaltime coverage Somestudiesusedvaluesneartheequatodifferingin local
time by 12h andattributeddifferencego the migrating24-htide, oftenneglectingthe possible
influenceof an 8-h tide. On the otherhand,satellitescaninfer the longitudinal structureof
temperaturazariationsandcandistinguishbetweermigratingandnon-migratingcomponents.
Shephet etal. (1999)usedWINDII daytimemeasurement® study migratingdiurnaltides
in December/JanuaryThe D tides maximizewith amplitudesof 6K at the equatorin 75—
80km andtendto decreas¢owardsthetropicsandhigheraltitudes(~3K at20°N and90km).
This obsenation supportedhe semi-empiricabtudyby Khattator etal. (1997)who usedtidal
wind oscillations derivedfrom HRDI data to calculatediurnaltemperaturéides. Temperature
oscillationsarepredictedto minimize near20° andmaximizenear4(® throughoutheyear in
agreementvith classicaltidal theory For 28N in Novemberand May, amplitudesof about
A; = 5K werecalculatedfor 89km, and A; = 5-10K for the altitude rangeof 90-115m.
This agreeswith the W/K combinationgfor 28N for which similar amplitudesof 4.0—-6.5K
have beenobsered. On the otherhand,the increaseowards40°N is consistentvith the fact
thatdiurnaltidesclearly appearedn lidar obserationsat 40° but not at 28°N in November
2000.

Theamplitudevaluesfor 7.5°N derivedin Novemberduringthe CRISTAL mission(Ober
heideand Gusey, 2002)aresimilarto the WINDII study In addition,the authorsderived non-
migratingdiurnaltidesandfoundthemto be equivalentto the migratingmodes.Comparable
importancewasassignedo the non-migratingdiurnal componentdy Talaat and Lieberman
(1999)usingHRDI daytimeobsenrations.At 27°N the gravestnon-migratingnodepeakswith
4K amplitudeat 85km. Thus,the deviationsbetweenWINDII andlidar datacould be partly
causedy non-migratingtides.

Theterdiur nal tide hasexperiencedconsiderablytessinterestthanthe lower harmonics.
Its globalstructuran thezonalwind field at 95km hasbeenderivedby Smith(2000)whofound
thatat midlatitudesnearsolsticethe TD amplitudecanreachonethird of the prevalentsemi-
diurnaltide andalso consideredidal interactionasa possiblesource which is in agreement
with ourresults.

In particularcasesjarge 8-h temperaturenscillationsexceedinglOK have beenderived
at 42N from obsenrations of nighttime airglow originating from near90km (Wenset al.,
1995;Pendletoretal., 2000). The TD amplitudesin our lidar obserationsweremuchlower.
Althoughincreased' D actiity nearequinoxis in agreementvith theresultsfrom 40°N (Sec-
tion 5.4.2), only 50% smalleramplitudeswere found in the Na-lidar data. Due to the high
variability of tides, eventswith strongTD tidesare not unreasonablehut on the otherhand,
spuriousresultsdueto the obseration periodsof 8 or 10h arealsopossible.

5.4.5 Model Predictions

A widely usedmodelfor the study of atmospherididesis the Global Scale Wave Model
(GSWM). Monthly resultsfor migrating diurnal and semidiurnaltides from the GSWM-00
(Haganet al., 1999, 2001) are available and thosecorrespondingo the two long-termlidar
measurement@regivenin Figure5.12. Terdiurnaltidesarenotconsideredn the GSWM. The
altitudelevel nearesto the heightusedin the W/K combinationis 90.6km which is usedin
Table5.6and5.7.

Themodeldescribesnupwardpropagatingliurnaltide (A1 =~ 30km) at27°N in Novem-
ber ThepredictedD amplitudeis smallerthanin theW/K combination(3.1vs.6.1K) whereas
in the 7-day lidar run a 24-h oscillationof this strengthwas not detected.With ¢, = 22.9h
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Figure5.12: Tidal parameterérom the GSWM-00,for Tenerifein November(left) andfor Kiihlungs-
bornin February(right). Amplitudesandphasesf diurnal (white) and semidiurnal(black) migrating
tidesaregiven.

at 90.6km, the phaseis oppositeto the W/K data. The SD tide is strongly underestimated
in the modelin comparisorwith the lidar measurementA, = 4.1K vs. 13.1K), while there
is closeagreementor the phase(@, = 3.3h vs. 2.9h) which is also confirmedby the W/K
combination.The GSWM predictsa generaincreasén tidal amplitudeabose 90km whichis
not obsered in the measurementp to 98km. Comparedwith thelidar obseration, the SD
verticalwavelength(A,> > 50km) is overestimatedby 15km.

The GSWM resultsfor Februaryat 54°N arevery similar to thosefor Novemberat 27°N.
The amplitudesare reducedbut the SD tide remainsthe strongercomponentandits phasing
is practically unchanged. At 90.6km both componentsare much wealer thanin the lidar
measurementi@\; = 2.2K vs. 0.8K andA; = 8.7K vs. 2.4K) but the phasesgreewithin 1h.
A propagatiorof theD phasewvasnotdetectabldut thephasgump (at85km in thelidar data)
is remarkablysimilar to the discontinuityat 86km in the GSWM. The modelresultsdo not
changemuchduringthe winter months althoughthe phasesareshiftedin January Compared
with the DJF caseof the W/K combination,the amplitudesare againtoo low and alsothe
phasesresignificantlydifferent.

ThemostrecentmodelversionGSWM-02(Hagan and Forbes 2002,2003)includesnon-
migratingtidal componentgorcedby tropospheridi,O insolationabsorptiorand convective
latentheatrelease.Thetidal amplitudesfor 90.6km vary with longitudeby +20-40%while
the phasesarealmostunchangedIn NovembernearTenerife(27°N, 20°W), A; = 5.0K was
calculatedwhich is in good agreementvith the W/K combination. The SD tide adoptsits
highestamplitudeat this longitude (A, = 4.7K), therebyslightly reducingthe differenceto
the measuredralues. For FebruarynearKuihlungsbornnearly the lowest valueswithin the
latitudinal rangeare calculatedA; = 1.7K, A, = 2.1K). Neverthelessthe inclusionof non-
migratingcomponentémprovestheagreementith the continuoudidar measurementer the
diurnaltidein all cases.

Generalcirculation modelsoften include the calculationof tidal oscillations. From the
COMMA-IAP (seealsop. 70),tidal resultsfor winter solsticeconditionsareavailable(Berger,
privatecommunicatiop In themodelversionusednon-migratingcomponentsontrikute only
to about10% of thetidal amplitudegBemer, 1994)and,hence theresultscanbeinterpreted
asmigratingtides. The nearesgrid pointsto the lidar stationsare27.5and52.5N, andthe
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resultsfor 89km arelistedin thetablesabove. For thelow latitude,the diurnaltide is in good
agreementvith the combinedW/K measurement#cludingthe phase.The semidiurnatide,

althoughquite strong,is still wealer thandeterminedn both measurementand of opposite
phase,while the TD components reasonablysmall. At midlatitudes,the model predictsa
prevalentSD tide anda weakD tide, what seemsgo be correctin comparisorwith the 5-day
lidar run. Onthe otherhand,the 8-h tide is underestimatedndthe phaseagreementis poor,

alsoin relationto the DJFresultsfor the W/K combination.

The RAS-DNM GCM (Grieger etal., 2002)includeslongitudinaldependencef thetro-
posphericforcing of solarthermaltides and migrating and non-migratingcomponentdhave
beenanalysedseparately Temperaturgidesfor 86km nearTenerife(28 N, 20°W) aregiven
in Table5.6 and5.7 (Grieger, private communicatiopn For Novembey the diurnalamplitude
hasa maximumat this altitudewith 5.5K whereaghe semidiurnais weak(0.5K). Forthelo-
cal D tide, migrating(4.7K) andnon-migrating(1.3K) component&ddconstructiely, while
they partly annihilatefor the SD tide, being1 K and0.7K, respectiely. For JanuarynearKiih-
lungsborn(56°N, 20°E), all amplitudesare belov 1K at this altitude. The D and SD tides
remainsmall over thewholealtituderangeup to 105km andonly the TD non-migratingcom-
ponenteache8.5K nearl00km. Thus,with theexceptionof thediurnaltide at 28N, all tidal
componentareclearly underestimatedwhile the absolutevaluesof the phasesleviate from
the lidar measurementsheir vertical structureis closelyrelated. The vertical wavelengthof
theSDtideis in perfectagreementvith the measuredalues:32km in Novemberat 28N and
21km in Januaryat 56°N. The D phaseat low latitudesindicatesa clearupward propagating
tide in themodelwhichwasnotobseredin November By contrastaphasgumpis predicted
for the D tide near90km at56°N, similar to the measurementat 85km. The TD phaseprop-
agatesatthe samevelocity asthe SD phasenear90km in the RAS-DNM GCM in bothcases.
This supportgheinterpretatiorof our obserationsthatthe TD tide is oftencloselycoupledto
theD or SDtide.

In summaryit is notedthatthe comparisonsvith modelresultsyield relatively few agree-
ments. In the models,the semidiurnaltide is mostly underestimate@dnd the phasesften
differ significantly from the measurementsThe GSWM gives a good approximationof the
diurnal amplitudedue to the inclusion of non-migratingcomponentsand representglosely
the obsered phaseof the semidiurnaltide. However, dueto the longer vertical wavelength
thanin the lidar obserationsthis agreemenis foundnear90km only. Onthe otherhand,the
COMMA-IAP providesthe mostreasonablesemidiurnalamplitudes especiallyat 54°N, and
theRAS-DNM GCM correctlypredictsthe verticalwavelengthdor the SD tides.

Similar resultswere achiered concerningthe tidal amplitudesfor 40°N in winter which
are also underestimatedh the GSWM in comparisorwith the Na-lidar results(Statesand
Gardner, 2000b). The amplitudesat 41°N areslightly larger andthusthe differencego the
modelgreater(Sheet al., 2002a).0n the otherhand,D andSD phasesrein relatively good
agreementvith the Na-lidar measurementat both stations,in casesvhentheseshav a clear
upward propagation.

Modelsseento suggestHaganetal., 1999)thatmaximumtidal amplitudesaround90km
shouldnot exceed6—8K but they areobsered to be larger Modelswidely assumeaempera-
turetidesasbeingcausediy adiabaticcompressiorandexpansion,andpropagatingupwards
into the mesopauseegion. Otherpossibilitiesneedto be examinedfurther, including diabatic
processefike chemicalheatingwhich could alsointroducetemperaturdluctuationsandmay
accounfor thefactthattodaymodelsrepresentvind tidesmuchbetterthantemperaturdides.
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5.5 Conclusions

Solarthermaltidesplay animportantrole amongthe perturbation®f thetemperaturetructure
of themesopausegion asthey causahe strongesandmostpersistentariations.Thederva-
tion of tidal parameterdrom lidar obsenationshasbeendemonstratednd discussedising
differentapproachesWhile providing quantitatve informationthe measurementslsoreveala
large variability of thetideson all time scales.

For bothdiurnalandsemidiurnatides5K areatypical amplitudeat low andmidlatitudes
in this altitude region. The casesconsideredbetweenNovemberand Februarywere identi-
fied with winter conditions.They exhibit a strongprevailing semidiurnatide with amplitudes
which regularly exceed10K andwhich aremostly underestimatelly models. The mostcon-
stantparameteseemdo be the phaseof the semidiurnatide which is almostunchangedven
betweerdifferentlatitudes.The clearphasepropagatiordenotesa singleupward propagating
modewith verticalwavelengthdbetweer20 and35km in winter.

In contrastthe diurnaltide appearedvith a highly variablephaseandno distinctvertical
structureat 28and54°N. It is presumablya superpositiorof variouspropagatingandtrapped
modesand, additionally it may be influencedby non-migratingtides. The classicaldiurnal
modesare expectedto peaknear40’N and the diurnal tide appearganore clearly structured
there.On occasionhowever, dowvnward propagatingtrapped and/ormultiple modesfor diur-
naltidesarealsoobsenedatthis latitude (Statesand Gardner, 1998;Sheetal., 2003).Thisis
in generabgreementvith classicatheorywhich predictsthatsemidiurnaforcing goesmainly
into onesingleglobal mode,whereasnuchof the diurnal forcing is boundin trappedmodes
andthe remaindedistributed over severalmodes(Lindzen 1990;Bermger, 1994,p. 129). Dur-
ing the 7-day lidar run at 28N in November2000, no detectable24-h oscillation occurred
while thetidal analysiswvasinfluencedby a 32-hwave. Theabsencef a significantamplitude
in this caseis in agreementvith obserationsnear4(® N which alsoshaved periodswith only
weakdiurnaltidesin late November(Drob et al., 2000; Statesand Gardner, 2000b).

Terdiurnaloscillationsare obsered with notableamplitudesand are often closely corre-
lated to the diurnal and semidiurnaltides which suggestghat a coupling mechanismexists
betweerthem.TD tidesareusuallynotthedominantcomponentnd,thus,they cannotbede-
rived accuratelyfrom lidar obserationsunlessD and SD oscillationsarealsodeducedvhich
requiresmeasurementsovering completediurnal cycles.

The nighttime meantemperaturdéendsto be biasedtowardshighertemperaturefrom 84
to 95km at 54°N in February On the contrary a negative bias was deducedrom the W/K
combinationfor 89km at 28 and54°N in winter. Sincethe diurnaltidesarerelatively weak
anddo not exhibit a clearpropagatingstructure the biasof the nighttime meantemperatures,
and especiallyof the temperatureggradient,are expectedto be smallerat 28° and54°N than
near4(°N.

Theobsenrationsdiscussethave providedvaluableandin mary respectsnitial information
abouttidal temperaturgerturbations Neverthelessit hashecomeevidentthatmoreclimato-
logical measurementever completediurnal cycles are necessaryo clarify the role of tides
in the mesopauseegion in detail. Continuouslymeasuringgroundbasedhstrumentsshould
be combinedwith satelliteswhich simultaneouslyobsere the horizontaltemperaturestruc-
ture with high temporalresolution. Hence,metalresonancéemperaturdidars with daylight
capabilitycancontrikute largely to the future explorationof tidesin the middle atmosphere.



Chapter 6

Summary

Lidar measurementsf the temperaturestructureandpotassiumayerin the mesopauseegion
(80-105%m) have beenreportedin this work. Basedon existing potassiuntemperaturdidar
technologyanew lidar systemhasbeensetup atthe Leibniz-Instituteof AtmosphericPhysics
in KiithlungsbornA multitudeof technicaldevelopmentdave improvedtheemitterandthere-
ceiver unit of thepotassiumidar. Measurementlave successfullypeenperformedat different
locations.Partsof the extensie datasethave beenanalysedvith respecto seasonaandlati-
tudinalvariations aswell astidal sighaturesThe mainresultsof thiswork canbesummarized
asfollows.

» DeterminingtheDopplerbroadeningf the potassiuntesonancéne with anarrav-band
laserhasprovento be an appropriateechniqueto measurdéemperaturgrofiles of the
mesopausesgion with high resolutionandhigh accurag.

» With therecentdevelopmentsthetunableall solid-statdasersystemhasbecomeareli-
ableandstablehigh power emitterfor continuoudong-periodobsenration of the meso-
pauseregion.

» Thedevelopmenbf theFaradayAnomalousDispersiorOpticalFilter (FADOF) together
with anarraw field of view anda highly efficient detectothasenabledemperaturenea-
surementsn full daylight. The filter curve is almostideal with efficient background
reduction high transmissiorandno temperaturdiasimplied.

» Measurementat Tenerife(28°N), Kilhlungsborn54°N) andSvalbard(78°N) have pro-
videdclimatologicaldatasets.The potassiumayerandtemperaturstructureat mid and
low latitudeshave beenanalysedandrevealedseasonabariationsandlatitudinal differ-
encesthoughthe Tenerifedatado not cover afull years cycle. Comparisonsvith other
obserationsandmodelcalculationsverepresented.

» An outstandindeatureof the potassiumayeris its semi-annuavariationwith high peak
and columndensitiesaroundthe solstices. The seasonatiifferencesbetweensummer
and equinoxincreasetowards lower latitudesin spite of the decreasen temperature
variation:Cx = 3to 5x 10’ cm~? atKiihlungsborrand2.5to 6 x 10’ cm~2 at Tenerife.

» Thetemperaturetructureof the mesopauseegion exhibits worldwide a two-level char
acteristicwhich hasbeenestablishedby lidar measurementsom the subtropicgo polar
latitudes.

» At Kuihlungsbornthethreeyearnighttimedatasetconfirmstheresultsdeducedrom the
first yearof measurementshaving amaximumannualvariationof £25K at86km and
lessthan+2 K at97km.
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At Tenerife,the nighttime meantemperaturestructureexhibited a low mesopausstate
for about4 weeksin summeycharacterizethy analtitudeof 86km andatemperaturef
183K. Therebythemesopauses similarin altitudeandslightly warmerthanat midlati-
tudes.In Novemberaregularmesopauswith 194K at 100km wasobsened.

« Thenighttimelidar measurementsave shavn the presencef strongtidal perturbations,
presumablywith a dominantupward propagatingsemidiurnaltide but the analysisis
obstructedoy thelimited local time coverage.At Tenerifethe semidiurnalactivity was
foundto bewealerin summetthanin November

« Thecombinationof nighttimelidar measurementsith daytimesatellitedata(WINDII)
providesdiurnaltemperaturelataat 89km, from which diurnaltideswith amplitudesof
about5K wereestimatedor low andmidlatitudes.

< Two continuouslidar runs over several daysgive an excellent possibility to study the
temporaldevelopmentof the temperature.The diurnal tidal componentin winter was
estimatedwealer thanthat from the lidar/satellitecombination. No detectablediurnal
tide waspresentin the obsenration at 28°N. The diurnal tide was significantat 54°N
but no singlepropagatingidal modewasapparentThe nighttimetemperaturdiaswas
towardshighertemperaturebetweer84 and95km.

« Thesemidiurnatide is the prevailing componentn the 85 to 95-kmregion with ampli-
tudesaround10K in winter atlow andmidlatitudes.The amplitudeis regularly under
estimatedn currenttidal models. The terdiurnaltide appeargo be stronglycoupledto
the24-hand12-hoscillations.

« The spectralanalyseshave confirmedthe existenceof a permanensemidiurnaltide.
It exhibited strong day-to-dayvariationsin amplitudebut a relatively constantphase.
The variability of the tidal amplitudess similarly high asobsered on interannuaknd
intraseasonacales.

 Additional oscillationswith periodsabove 24h andbelowv 12h wereidentified. Coupling
betweerdifferenttidal, gravity andplanetarywaveshasbeensuggestedby theresults.

PossibleFields of Work for Futur e Reseach

The nighttime datasetsobtainedhave provided valuableinformationaboutthe thermalstruc-
ture of the mesopauseegion. With respectto the climatology someopenquestionsgemain
which concernfor example the possiblenighttime bias or long-termtemperaturevariation.
The potassiunlidars arenow capableof long continuoustemperatureneasurementshough
the backgroundsensitvity needso be reducedurther This opensa wide rangeof possibili-
tiesto explore the temperaturdluctuations,especiallythosecausedoy wavesandtides. The
strongvariability of thetidal parametersn thescaleof yearsmonthsanddayshasshavn that
alarge databasef well-distributed measurements necessaryo obtaina consistentlimato-
logical picture of thetemperaturdides. In orderto take the horizontalstructureinto account
anddistinguishbetweemmigratingand non-migratingtides,it would be desirableto combine
continuousdiurnalllidar measurementwith simultaneousatellitedata. Additional informa-
tion could alsobe obtainedby the simultaneou®perationof two lidars at a certainhorizontal
distance.Merging the potassiuniidar datawith thatfrom otherlidar systemsoperatecat the
samesite allows to studywavesover alarge verticalrange.
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Appendix A

Atomic Data on Potassium

The mostimportantatomic datausedin this work are collectedin this appendix. General
dataare taken from the CRC Handbook(Lide, 1999) and the physical referencedatabase
(http://physics.nist.gov/PhysRefData) of the NIST (National Institute of Standardsaand Tech-

nology).
Thealkali metalpotassiumis characterizedby:

Atomic number 9K
Standarchtomicweight 39.0983(1)
Firstionizationenegy 4.3407eV
Groundstatelevel S/,

Groundstateconfiguration [Ar:1s?282p°353p%] 4s

Its naturalisotopiccompositionis:

Isotope Atomic mass Abundance  Nuclearspin K(D;) line shift
39 38.9637069(3) 0.932581(44) |1 =3/2 0

40 39.96399867(29) 0.000117(1) 1=4 125.58VIHz
41 40.96182597(28) 0.067302(44) |1 =3/2 235.28MHz

Thenaturallyoccurringradioactve “°K decaysslowly (t = 1.26 x 10° y). Dueto its low atun-
danceit is not consideredn the calculations.TheisotopesA2 and43 have half-life periodsof
severalhours.

ThegroundstateresonancéinesK(D,) andK(D») togetheareknown astheFraunhofeA’
line andgivenbelow. Theindex of refractionusedis ngi = 1.000275.Theoscillatorstrengthf
is relatedto thetransitioncoeficient Ay by f = Ay %)\2 -1.4992x 10716, whereAy is givenin
sand\ in A. Thelower (g;) andupper(gy) statisticalweightsaregivenby thetotal electronic
angulamomentunmasg = 2J + 1.

Transition \ K(D1) K(D>)
Wavelengthair [nm] 769.8974 766.4911
Wavelengthvacuum[nm] 770.1093 766.7021
Rel. intensity 24 25

A [108s71] 0.382(+10%) 0.387(+10%)
f-value 0.340 0.682
Terms2St1L, 28/ —2 P‘l)/2 28y, —2 Pg/z
g — O 2-2 2-4
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The K(D 1) Transition

The mostrecentaccuratemeasurementsf the valuesfor the K(D1) transitionby Saloman
(1993)areusedfor thiswork (uncertaintiesverenotgiven):

Centerresonancéevel A =12985170cm*

Oscillatorstrength f =0.339

Lifetime (=relaxationtime) T1=26.2ns

Thelifetime givesa naturaltransitionlinewidth of vy = (2mm)~! = 6.1 MHz (FWHM). Using
theinternationallyrecommendedaluesof the fundamentatonstant§ CODATA1998)theline
centercanbe expressedn differentunits:

Unit \ K(D,) line Corversionfactor

Afem™Y | 12985.17q(1)

Avac[NM] | 770.109286(59)

v [Hz] 3.89285603(30) x10'* ¢ =299792458n/s

E [J] 2.57943317(29) x1071° hxc=1.9864454416) x 1072°Im

E [eV] 1.60995573(14) hc/e = 1.23984185749) x 10°% Jm/As
Aair [Nnm] | 769.897387 Nair = 1.00027523CRC99)

Aair [NM] | 769.884480 Nair = 1.000292

At 770nmtherefractive index of standardir (15°C, 101.325%Pa,0.03Vol-% COy) is givenby
the CRCHandbookasng, = 1+ 27523x 10 8. Differentvaluesareusedin differentworksand
oftennotstatedexplicitly. Theactualvaluecanresultin achangeof A4 by morethan0.01nm.
A differencein wavelengthof AA4r = 1 pm equals505.84MHz and16.86x10°3 cm1.

The hyperfinestructure(hfs) splitting is causedby the interactionof the magneticfield
originatingfrom the electronicshellwith the magnetiomomentof the nucleusjn thecaseof a
non-vanishingnuclearspin. J andl coupleto atotal angularmomentumF =1—J,...,1 +J.
For K(D1) thequadrupolénteractionconstanis zeroandthedipole constanivasmeasuredy
Salomanl|t is 230.86VIHz for thegroundand28.0MHz for the upperstateof 3°K. Thevalues
for 1K are127.01IMHz and15.2MHz, respeciiely. This resultsin thefollowing total offsets
of thehfs componentérom theline’s centerof mass:

’Sp 2Py 39K 4K Line strength
[MHz] [pm] [MHz] [pm] relatve
F=1 F=2 310 -0.61 405 0.80 5
F=1 254 -050 375 0.74 1
F=2 F=2 -152 030 151 0.30 5
F=1 -208 041 121 0.24 5

For adiscussioron the effective line intensitiessee for example Windholzand Musso(1988).
For a thoroughdiscussiorof the effective backscattecross-sectionl, referto the comparable
lineshapeof sodiumwhich hasbeentreatedmoreextensvely in the literature(e.g. Chamber
lain etal., 1958;Fricke andvonZahn 1985).



Appendix B
U. S. Standard Atmosphere, 1976

TheU. S. StandardAtmospherdJSSA(1976)givesmearnvaluesfor the Earths atmospherelt
attemptgo depictidealizedyearround midlatitudevertical profilesfor thefollowing values:

Geometricaltitude z [10°m]
Geopotentiahltitude H [10°m]
Kinetic temperature T [K]
Pressure p [10?Pa]
Massdensity Pm [kg/m?]
Numberdensity pn [M~3
Accelerationdueto gravity g [m/s?]
Pressurecaleheight Hp [m]
Particlespeed v [m/s]
Collision frequeng v [1/9]
Meanfreepath L [m]
Molecularweight M [kg/kmol]

In TableB.1, valuesat somealtitudesare extractedto give a guidelinefor estimatingatmo-
sphericproperties. The stratopauseés locatedat 49km (T = 270.65K) and an isothermal
mesopauseange86-91km is givenwith 186.87K.

Table B.1: USSA(1976): valuesarereproducedvith atleast4 significantdigits whenpossible.

z | Okm 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 | 101325  264.99 11.97 0.2196  1.836e-3  2.538e-5
Pm | 1.2250 0.4135  1.84le-2 3.097e-4 3.416e-6 2.222e-8
Pn | 2.547e+25 8.598e+24 3.828e+23 6.439%e+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
v | 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-2 331
M | 28.964 28.964 28.964 28.964 28.91 26.2
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Appendix C

Data Analysis

The mostimportantmathematicaimethodsusedin this work to analysethe data, from the
recevedsignalto theobtainedime seriesaresummarizedn thisappendix With theexception
of the consistencyest they have beendiscussedn detailin theliterature.

The numericalevaluationis realizedusingthe programmingervironmentDELPHI (Bor-
land,Inc.) with asharedbbjectlibrary anddatabaseéevelopedby thelAP lidar groupto match
its specificrequirementsMarny mathematicatoutinesarebasedon the NumericalRecipesn
Pascal(Pressetal., 1989).

Error Bars

Continuousrariabledike atmospheriparameterareassumedo follow the Gaussian(or nor-
mal) distribution, whichis characterizedy the probability densityfunction

f(y) = ——e (1)
y_O-\/ET ’ .

wherep is the expectationvalue of the continuousvariabley. Unlessstatedotherwise,the
uncertaintyof a valueis given throughoutthis work asits standarddeviation o which equals
the squareroot of the varianceof its distrikbution.

For discretedistributions,e.g. countingprocessesoissonstatisticshave to be appliedto
describehe probabilitythatanumbery = 0,1, 2, ... is realized:

N

P(y) = W

(C.2)

TheparameteA equalshoththe expectationvalueandthevariance.If it hasanintegervalue,
theprobabilityof y = A andy = A — 1 is thesame For large valuesof A thePoissordistribution
convergestowardsthe Gaussian.

If thevariancehasto becalculatedrom themeany of adatasety; (i = 1,..,N), thedegrees
of freedomarereducedo N — 1 andthe varianceis calculatedo be o? = 5 (yi — y)2/(N — 1).
Meanvaluescalculatedrom independensetsof N datapointsaredistributedwith a reduced
varianceof a?/N. Themeany+ % hasanerrorprobability of B = 31.7%.

Fitting of Model Functions

If amodelfunction f4(t) is to befitted to a seriesof datapoints(t;, y;), with i = 1..N, measured
with respectto t, the mostlikely setof parametera is sought. It is taken to be the model
with the highestprobability of the given datasetasarealization.Assumingnormal(Gaussian)
distributions aroundthe true modelwith individual standarddeviations g;, the bestfit is the
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parametesetwhich givesa minimumfor thefunction

- %Z (V'_Tfla(t')f (C.3)

Thisis calledaleastmeansquae (LMS) fit andis usuallyrealizedin this work by emplgying
the Levenbeg-Marquardt algorithm(Presset al., 1989),which is suitablefor linearandnon-
linear functions. In the caseof countingprocessesthe LMS approachis not ideal because
the Poissondistribution deviatesfrom the Gaussian. The corvergencetowardsthe normal
distribution is relatively slowly out on the tail of the distribution what leadsto the fact that
outliersareoverestimatedn the LMS fit. Insteadarobustestimation(Pressetal., 1989)can
beapplied. It is usedfor exampleto derive the temperaturdrom the measuregbhotoncounts
(Section3.2.4).

C.1 Harmonic Analysis

The measuredemporalvariation of the temperaturer otheratmospherigarameterss anal-
ysedto identify the inherentcontritution of periodicprocesse¢e.g. wavesor seasonabaria-
tions). In somecaseghe calculationis naturallylimited to a few frequenciesasfor the tidal
analysis.In this casethe mostdirectmethodis anLMS fit of the expectedfunction f(t) to the
data.For harmonicanalysisthefitting functionis chosermasa superpositiorof sinusoids:

10 =A0+_2Ai cos e (t—)) - (C.4)

Here,Aq is a constanbffset,the m amplitudesof theindividual periodsT; = 21t/wy areA;, and
the phasesp denotethetime of the maximumvaluein theintenal [0, T;]. Usuallythe periods
arefixedvalues(e.g. Ty = 24h, T, = 12h) but they canalsobefitted asfree parameters.

Theharmonicfit in thesensef Eq. C.4 canproducevaluableresultsonly if theparameters
are chosenin a sensibleway accordingto the problem, and sometimest relieson a good
approximationfor the startingvaluesof the parameters.For example,if the temperaturds
measuredor mary daysandthenaveragedn binswith respecto local time, atime seriesis
achieved ontheintenal of [0,24h], asin Chapter5. To this seriesary periodcanbefitted but
only harmonicsof 24h aresensiblebecausdor othersthe functiondoesnot correspondo the
local timesthe dataweremeasuredt, exceptfor onecertainday

In generalthe resultsfor the individual harmonicsare not independenfrom eachother
exceptfor onespecialcase Only if thetime seriess sampledat equallyspacedntenalst; and
with equaluncertaintiess; over a period Tyt the fitting resultsfor harmonicsof the sampling
period(i. e.,T; = Tit/i) do notinfluenceeachother This is usuallynot the casefor measured
data. It meansthat, e.g., the amplitudeof a 12-h componentwill changeif a 24-h or 8-h
componenis includedin the fitting function f. A simultaneoudit of m periodswill differ
from theresultsof mindividual fits of the singleperiods.

The following examplerepresentdypical conditionsfor nighttimelidar operationwhere
it occursthat f(t) hasbeensampledover muchlessthanthe full periodof 24h. In this case
the diurnal harmoniccannotbe fitted with reliableresults,ashasbeendiscussedn the liter-
ature(e.g. Crary and Forbes 1983;Gille et al., 1991). On the otherhand,an existing 24-h
oscillationcanhave an erroneousnfluenceon the resultsfor the higherharmonicsasshavn
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Figure C.1: Examplefor thefit resultsof hypotheticabatarepresenting partially sampled24-hoscil-
lation (errorbars).Left: individual fits of 24-h (black), 12-h (grey) and8-h (white) oscillations.Right:
acombinedit (dotted)of 8-hand12-hoscillationswith thecomponentshavn separatelygrey, white).

in FigureC.1. It represents pure 24-h oscillationwith A; = 10 andA; = Az = 0, whichiis
sampledduringits positive half only, i. e. daytime.While the 24-h harmonicfunctionprovides
thetruewaveform,individual 8-h and12-hharmonicgeproducehehypotheticadatato some
degreewith amplitudesof A, = 3.8 and Az = 2.4 (left panel). A combinedfit (right panel)
with bothperiodsrepresentthe dataastonishinglywell with amplitudesof A, = 5.5andAz =
1.6. However, it is far off the true behaiour at timeswhenthe oscillationwasnot sampled.
At t = 0h thepredictionis off by 23 unitsfrom the correctvalue. Thetwo component®f the
combinedfunction are shavn alsoandit is found that the 8-h phaseis oppositeto the indi-
vidualfit. For the errorbarsgiven, all theseresultsarestatisticallyhighly significant,whereas
for combinationof 24-h, 12-h and8-h harmonicghe resultsareinsignificantthoughthey are
correctdueto theabsencef noise(A; = 10+ 23).

Thefalseamplituderesultscanevenbe doubledwhenthe phaseof the 24-h oscillationis
shiftedrelative to the period of datasampling. The erroneousesultsarereducedonly slowvly
whenthe samplingintenal is extended. Thus,in orderto achieve reliableresultsconcerning
all tidal oscillations,a samplingintenval of nearly24h is required.

The ConsistencyTest

A novel methods appliedin Sections.2for thetidal analysisvhenthediurnalharmonicsareto
bedeterminedrom a combineddatasetof lidar andsatelliteobtainedtemperature¢Shephet
and Fricke-Bgemann 2004). The temperaturesremeasuredy WINDII during daytimeby
thelidar duringnighttime. Thetwo datasetscanbefitted separatelyor the seriesof harmonics
but they will not reveal the 24-h component. To identify this the complementaryatasets
(Ti,t)® and(T;,t;)N arecombined. The meantemperaturesiave to be subtractedrom each
datasetto avoid influencesfrom instrumentalbias, periodandlocationof obseration. The
usageof residualshowever, implies thatthe real meantemperaturesluring both obseration
periodswereidentical. Thisis usuallynotthecasedueto theinfluenceof thediurnaltide which
is to bedetermined.

The harmonicseriesT is first fitted to the combinedzero-meardataset. Fromthis fitted
T the predictedensembleneansfor the two datasetsare calculatedseparatelye.g. ATP =
(T (t) — T;)P. Typically ATP andATN will notbeidenticalbut differ, mainly dueto the 24-h
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deviation
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FigureC.2: Examplefor theconsistentombinatiorof two syntheticresiduadatasetsfor night- (white)
anddaytime(grey) obtainedfrom a 24-h harmonicoscillationwith an amplitudeof 10 plus artificial
noise.The consisteny testrestoreghe original offsetto the data(dotted)andgivesthe correctfit result
(blackline).

component.This resultis in turn not consistenwith theimplicateassumptiorof anidentical
meanwhich was madewhen combiningthe residualdatasets. For correction,the calculated
meanis addedasan offsetto the datasetsgiving (T; + ATP, )P and (T, + ATN,t;))N. To the
correcteddatathe seriesis fitted againandthe meansarere-calculated.This procedurds re-
peateduntil the meanscalculatedrom thefit agreewith thoseof the datasets,. e. fit function
andoffsetareconsistentlt canbe shovn thattherecursions corverging. A numberof simu-
lationshave shavn thatthetrue offsetsarecalculatedprovided thatthe modelfunctionagrees
with the‘true’ courseof thedata(plusunsystematiscattering) As asimulationexample,Fig-
ure C.2 shawvs theresidualdatasetswith their meansubtracteqwhite andgrey) togethemwith
the consistendataandthefinal fit (black). Theinitial fit (not shavn) to the simply combined
datagivesanamplitudeof lessthan20%.

Oneexpectsthe diurnal amplitudeto increaseduring this procedureasits effect is partly
cancelledout by the useof the residuals. Evenif appliedto the absolutetemperatureshe
methodcanonly provide the correctrelative offset, but naturallynotthe correctmeanvalue.
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C.2 Spectral Analysis

The temporaldevelopmentof a physicalvariableoften needsto be analysedwith respecto
its frequeng content. Correctly speakingthereis a systematiaifferencebetweerharmonic
analysis thedetectiorof regularperiodicsignals,andspectal analysis thedescriptionof how
varianceis distributed as a function of time scalein non-periodicprocesses.Nevertheless,
they have somecommonpropertiesandanumberof mathematicalools exist which sene both
purposegiependingon the conditions. Here a shortintroductionto the methodsusedin this
work shall be given, more detailscan be found in a numberof textbooksandreviews (e.g.
Taubenheim1969; Presset al., 1989;von Stoch and Zwiers, 1999; Ghil et al., 2002). In
contrastto the harmonicfits, the resultsfor differentfrequenciesio not influenceeachother
but the uncertaintieof the sampleddatapointsarenot takeninto account. Spectralanalyses
are usefulonly for long time serieswherethe obsenation periodis a multiple of the signal
periodicity

The mostcommonmethodis to describeafunction f(t) by atrigonometricexpansionthe
continuoudrourier transformation

F(t) = /_iF(v)eZT“"tdv. (C.5)

The Fourier transformfunction F (v) is calculatedby inner productof the basefunction with
thevariablef (t):

F(v) = /_0; f(t)e 2Vt (C.6)

For the practiseof real functions,the Fouriertransformis symmetricallyequalto its comple
conjugatg(F (—v) = F*(v)).

In mary situationsthe value of f(t) is recordedat evenly spacedime intenals. The N
discretelysampledvaluesatintenals of At are

fo=f(ta), th=nAt, n=0,12,....N—1. (C.7)

Thefunction f (t) is completelydeterminedy theseriesf, if it is bandwidthimited to frequen-
ciessmallerin magnitudehanthe Nyquistcritical frequency. = 1/(2At). Higherfrequencies
arealiasedinto the frequeng range[—v¢, V.| andproducefalseresults. The discrete Fourier
transformis representedly a setof N discretenatural frequencie®vertherange—v. to v

k N N

VK= —— K=——+41,...,—
k +1, N

NAt’ 2 (C.8)

whereN is assumedio beeven. Thediscreteform of the Fouriertransformis themappingfrom
thesummabldime serieso a setof functionsdefinedover the Nyquistintenal by

N-1
F(v) =Rt = fae 2TV AL
2"
1 .
f, = MZF(Vk)eZT"Vk‘n. (C.9)

The complex Fourier coeficientsF = 5 f,e2k/N areindependenof the lengthof the sam-
pling intenal. In orderto simplify the numericalcalculationof the Fourier transform,the
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measuredaluesareoftenprovidedin a setof N = 2™ sampleswhatallows the applicationof
the FastFourier Transform(FFT) algorithm.

As canbeseenfrom thegivensetof frequenciegEq. C.8)thereis verylittle informationin
the low frequeng rangeandthe samplingintenal shouldbe chosenappropriatelyto provide
informationfor all frequencief interest. For example,the positive naturalfrequencief a
T =12h samplingperiodwith intervals of At =1h correspondo periodsof 2,2.4,3, 4,6, and
12h. A longersamplingintenal will enhancehe spectralresolutionwhile a smallerAt will
extendtherangeto higherfrequenciesHowever, thetransformF (v) canbe calculatedor ary
frequeng with thedisadwantageof loosingmary propertiesof thefull Fouriertransformwhich
is basedon a completesetof basefunctions.

The Power Spectrum

Thetotal power of the function f (t) is definedasthe integral over its total squaredamplitude
andcanequialently be calculatedn thefrequeng domain(Parseval’s theoen):

totalpoNer:/ |f(t)|2dt:/ |F(v)|?dv (C.10)

If the questionis addressedhow much power is containedin the frequeng intenal between
v andv + dv, it is corvenientto definethe (one-sided)owerspectal density(PSD) of the
function f(t) as

Pr(v) = [F(V)?+|F(—v)]?, 0<v<o,. (C.11)

It is equalfor arealfunctionto Ps(v) = 2|F (v)|2. For infinite functionsthe amplitudeof the
Fouriertransformmay not befinite (the Fouriertransformof a cosineis the sumof two delta
functions) thusthePSDperunittime P(v) maybeconsideredlt is calculatedy takingafinite
representatke stretchof f(t) (by settingit equalto zerooutsidethe range[0, T]), calculating
its PSD(C.11)anddividing it by thelengthT of thetime stretchused. Following Parseal’s
theoremits integral equalshe meansquaredcamplitudeof the signal:

0 _1 T 2
APMW_?A|mNm. (C.12)

For a cosinefunction f (t) = Acogwt) thetime stretchis takenasa multiple of its periodand
theabove calculationyieldsthevalueA?/2. It is notedthatfor a cosineP(v) is not corverging
but becomes deltafunctionfor T — o while its areais consered.

After the WienerKhinchin theoemit is equivalentto definethe power spectrumasthe
Fouriertransformof the auto-caoarianceof the time series.But asthe auto-cwarianceis well
definedonly over a shortrangeof thetime rangecoveredby the data,this is not the bestway
to calculatethe power spectrunof a shorttime series.

Power Spectrum Estimation

For a certainstochastigprocessthe continuouspower spectrumis a well-definedparameter
but for the caseof a discretelysampledunction f,, thePSDhasto be estimatedrom the data.
This canbedonein anumberof ways,thatgo underavariety of namesn theliterature(Press
etal., 1989). Therearealsodifferentnormalizationdor thetotal power, from whichthemean
squaedamplitudeis usedhere ,whichis equalto thevarianceof the sample:

1 1 /7
lpower= = fzz—/f 20t 1
totalpower NZ' nl T/, | f(t)|°dt (C.13)
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Figure C.3: FFT periodogram®f a cosinefunctionwith f = 1/12h (black)and f = 1/5.7h (grey)
demonstratingheleakageLeft: full FFT, right: windowed FFT.

The classicestimationof the PSD is the periodayram using the discreteFourier transform
coeficients(Eq.C.9):

1 2

PO) = Il
1 5 5 N

P(v) = m[||:k| +|F_i/?] k:1,2,...,§—1 (C.14)
1

P(ve) = W'FN/2|2'

The expectationvalueof the P(vi) is someaverageof the continuousPSDover the frequeng
rangearoundvy extendinghalfway to its neighbourfrequenciesAlthough,it canbeshawvn that
asignificantleakage from onefrequeng bin to the neighbouringbinsoccursin the Fourierpe-
riodogram,i. e. the estimated”SDis smearecbut. Only for a puresinewave of a frequenyg
equalto oneof the naturalfrequenciesy therewill benoleakageo adjacenvy’s. Theleakage
canbe reducedby data windowingwherethe stretchof datausedis multiplied with a win-
dow functionthat equalsoneat the centerandfalls off towardsthe edgesof the interval (see
Eq. C.16 belav). This effectis demonstratednh Figure C.3 wherethe periodogramsf two
differentcosinefunctionswith the sameamplitudeareshavn. 64 datapointsover a periodof
T = 48h arecalculated.The cosinewith f = 1/12h (black) matchesa naturalfrequeng of
the FFT andgivesa sharppeak,while the otherfrequeng (1/5.7 h, grey) lies abouthalfway
betweentwo FFT values(1/6 h and 1/5.33h) and producesa relatively broadperiodogram
dueto theleakage Thewindow function produces similar resultfor both casegright panel),
whichis preferableunlesgheoccurringfrequenciesareexactly knovn. For the significanceof
periodogramsseefor exampleHernandez1999).

A secondunpleasantact aboutthe simple periodogramis its variancewhich is always
100%(i. e. equalto the squareof its expectationvalue),independenof N. For long datasets
or shortsamplingintenals At, the variancecanbe reducedby averagingthe calculatedP(vy)
eitherover a numberof dataseggmentsor a numberof calculatedfrequencies.For the first
optionit turnsoutto be optimalto usesegmentswhich overlapby onehalf of theirlength.

Therearesomeadvantagesn adifferentapproximatiorwhosefree parametersy lie in the
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denominatgrnamely

V) ~ Mao S, with z=ePmvAL (C.15)
|14 Sl azM|

This modelis calledthe all-polesor maximumentiopy method(MEM) andcanbe calculated
with the useof the FFT of the autocorrelatiorof the f,. The MEM canpossiblyhave polesin
the compl z-plane,i. e., infinite spectraldensityat real frequenciesn the Nyquistintenal.
Thisis anadwantagecomparedvith the FFT
periodogrammakingthe MEM usefulto an-

o L. alysesharpspectralfeatures,corresponding
] . todiscretefrequencies On the otherhandit
= =3 hasto be usedcarefully asit may produce

spurious peaksfrom data including noise.
WhereasP(v) canalwaysbe evaluatedon a
very fine frequeng grid, the numberof pa-
! . rameterdM hasto be chosencarefully Nec-
oA A | Y |, essarilyit is M < N, but usuallyit is a few
’ o o o o **  timesthe numberof expectedsharpspectral
featuresin the data. In the exampleof Fig-
Figure C.4: MEM power estimationfor the same '€ C.4the MEM is cal.culateo\/.\llth M=3
functionsasin FigureC.3. for thetwo differentcosinefunctionsusedin
Figure C.3. Otherthanthe FFT it can pro-
ducesharpspectralfeaturesat the exact fre-
guencieof underlyingfunctions.

log (power)

frequency [1/h]

Time DependentPower Estimation: Wavelets

TheFouriertransformmethodsaresuitableto analysenomogenousr indefiniteperiodicfunc-
tions. For shortlived oscillationsthey do not provide informationat which time a frequeng
portion was present. When atmospherimbserationsare analysedhe caseof a uniform os-
cillation is ratherseldom(seeSection5.3). In orderto deducgemporalinformationaboutthe
intensityof afrequeng portionthewindowedrourier transformcanbeused,

YN (G, to) = /_ i gt —to) f (t)e“d (C.16)

The window function g(t —tp) is chosento befinite neart =ty andzerofor t — +c. Here
it senesto localize the amplitudeinformationin time, while, asmentionedabove, it is also
usefulto correctthe spectralleakageof the peridogrampower estimation. The accurag of
thelocalizationdependsn the window functiong but not on the angularfrequeny w = 2nv.
In general,a wider window function providesmoreaccurag in the frequenyg rangewhile a
narraver window givesbettertemporalresolution. The localizationin the frequeng domain
canbe derived from the Fourier transformof the window function G(v), usingthe variances
05 anda? of g(t) andG(v), respectiely. Owing to the uncertaintyprinciple, their relation
satisfiessgod > 11/2, wherethe equalityis achieved only wheng(t) is a Gaussian.

Under somecircumstancedt is consideredunfavourablethat the relative localizationin
the frequeny domain(og/w) is not constantut becomeswvorseif longerperiodsare anal-
ysed. Especiallyfor the geophysicalanalysisof wavesthis is incorvenient. To overcome
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this dependencef therelative localizationpropertieson the frequeng the continuousvavelet
transformationis definedanalogousliyto the Fourier transform(e.g. Foufoula-Geagiou and
Kumar, 1994):

1 o)
FY(At :—/ f(OW (t —to)dt. C.17
Ao) === | TOW(E-1) (C.17)
Thefunction f(t) is projectedontoa seriesof functions
1 ot
ot) = —= -1, C.18
U (0t) 7 Wo (A) (C.18)

derived from a motherwaveletiy. The parameteiA describeghe dilation and &t the time

offset. Thenormalizatiorfactorl/v/A ensureshat [ |y, |2 is constantTherearemathematical
conditionsfor awaveletfunctionleadingto therequesthatit corvergesto zerofor ot — e and

its Fouriertransformdoessofor w — 0.

The main propertiesof the waveletfunctionscanbe understoodvhentheir Fourier trans-
forms {ig, ], arecalculated.By definingthe centerof passingaandw% asthe centerof mass
andthe standarddeviation g over the positive frequeng rangeonly, andalsoagy, in thetime
domain,thefollowing relationshipsareobtained:

Oyn = AOyo forthetimelocalization
1 L

Opn = X ogo forthefrequeng localization and (C.19)
1 .

W, = N wjo forthefrequeny passingoand

Thus, the desiredfeatureis obtainedthat the relative frequeny localization cq,/w% of the
passingbandis conseredfor all valuesof thedilation parameteA.

Thereis a large numberof real and complex motherwavelets(e.g. Mexican hat, Haar).
From thosethat one mustbe chosenwhich is mostappropriatefor the applicationat hand.
The differentwaveletsandtheir propertiesarediscussedn varioustextbooks(e.g. Foufoula-
GeogiouandKumar, 1994).For oscillatoryprocessebk e they areobseredin theatmosphere
the Morlet waveletis applied,which is definedvery similarly to a Fourier transformwith a
Gaussiawindow (Eq.C.16):

Wo(T) =102 &% gt (C.20)
Thedimensionlesparametewy determineshe numberof oscillations(4wp/2m) includedbe-
tweenthe pointswherethe amplitudehasfallento e2. It is oftenchoserasthe smallestalue
allowedby theadmissibilityconditionwg > 5. Thefull half-width of thewy = 5 Morlet wavelet
is ~1.9 periods.Otherthanfor the windowed Fouriertransform the numberof oscillationsin
thewindow is keptconstanfor all frequenciesThe Fouriertransformof the Morlet wavelety
is givenby

P(w) = 107 e (WWo)?/2, (C.21)

The centerof its passingoandis wp andthe spreadssy andag bothequalunity. Thewavelet
transformis calculatedoy eitherthe useof Eq. C.17or the Fouriertransformto obtainthe am-
plitude F¥ asafunctionof timet andcenterangularfrequeng w = wo/A (or period2m /wp).
In Figure C.5 (left panel)the Morlet wavelet is shavn with a period of 24h. This mother
waveletis the only oneusedin this work.
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Figure C.5: Left: The Morlet waveletwith a periodof 24h andwg = 5. Thereal part(with dots)and
theimaginarypartareshavn, with thereal partscaledo unity. Right: Thewaveletamplitudespectrum
|F¥| of ananalyticfunctionin colourcontours Thelines markthe coneof influence.

For thediscretelysampleddataset f, with n=0,..., N—1 thewavelettransformis defined

as
" . = *((n'—n)At>
FY(A\th) 7 nZo fyQ — ) (C.22)

Whena complex waveletis usedthe analysisprovidesin additionto the intensityalsophase
information about f(t). The phaseq, can be calculatedfrom the complex F¥(A,t,) using
tang, = Im(F¥) /Re(F¥). Thephasdunction@(A, t,) equalsoneattimeswhenthecomponent
with dilation A is atits maximumvalue. Thewaveletpower spectrumis definedasP¥ (A, t,) =
FYA,tn) 2

A simulatedapplicationof the waveletanalysisis shavn in the right panelof Figure C.5.
Sampledover 120h aretwo harmonicswith periodsof 24h and8h. Thefirst is continuous
with anamplitudeof 10 andthe seconchasa 50%largeramplitudeandstartsathalf-time. The
wavelet spectrumcorrectly shavs both componentswvith their amplitude time of occurrence
andperiod (on the logarithmic scalegiven, the periodsof 4, 8, 16, and32h areat about2/5
of the majorintenals). Also shawn is the coneof influencedenotingthe rangewhereedge-
effectsbecomeimportant. For aboutone periodfrom the outsidethe amplitudesarereduced
andtheperiodis lesswell localized. For introductionto significanceestsof waveletanalysis,
seeTorrenceand Compo(1998). In one-dimensionapower spectraas describedn the last
section the 8-h harmonicwould simply appeamwith alower amplitude.
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Monthly Obselrvation Statistics

The monthly obsenration statisticsfor the IAP K-lidars is givenin the following tables. Sep-
aratetableslist (D.1) theinitial obserationson Rugen,(D.2) the Polarsterrcampaign/(D.3)
obsenrationsin Kihlungsbormwith thetransportablé-lidar, (D.4) on Tenerife,(D.5) on Sval-
bard,and (D.6) obsenrationsin Kilhlungsbornwith the new stationaryK-lidar. All datasets
since 1996 comprisemore than 500 hours of temperatureobserations from a total of 563
nights(anddays).Thereforeno completdisting of theindividual obsenrationsis given.

All valuesin thetablesincludeonly thoseobserationswherethelidar wasoperatedn reg-
ular scanningnodeon the K(D;) line allowing temperaturealculation,exceptfor thecolumn
‘No T’, whereotherfiles arecountedseparatelyIndividual files regularly include4000laser
shots(~2 minutes). The total measuremenime includesboth day and nighttime, while the
daylight periodsareaccumulatedeparatelyagain. As ‘nights’ the periodsbetweemoonand
noon(UT) arecountedandthe portionincluding daytimeobserationsis givenin additionas
‘days’. All measurementsntil DecembeB13!, 2003,areincluded.

In additionto J. Hoffner who accomplishedhll the campaignsa numberof otherpeople
wereinvolvedin themeasurementdJ. von Zahn,M. Alpers(until 2000),V. Eska(until 1997),
C. Fricke-Bagemann(1997-2003),T. Kodpnick, J. Oldag (1998-1999),J. LautenbacHhsince
2001),P. Menzel(since2001), M. Gerding(since2003),M. Rauthe(since2003),andmary
otherswho have assisted.

Table D.1: K-lidar temperatureneasurementat Juliusruh Riigen(55°N).

Month Year| T-files NoT Totaltime Daylight Nights Days
1 1995 0 205 Oh - 3 -
2 1995 0 724 Ooh - 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
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Table D.2: K-lidar temperatureneasurementduringthe Polarsterrcampaigrbetweer70°S and45°N.

APPENDIX D. MONTHLY OBSERVATION STATISTICS

Month Year| T-files NoT Totaltime Daylight Nights Days
3 1996 0 5 Oh - 1 -
4 1996 219 60 10h - 9 -
5 1996| 1615 54 82h - 13 -
6 1996 881 17 51h - 12 -
total \ 2715 143h 0Oh 35 0

Table D.3: Temperatureneasurementa Kilhlungsborr{54°N) with thetransportablé-lidar.

Month Year| T-files NoT Totaltime Daylight Nights Days
6 1996 15 4 lh - 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 31lh - 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 - Oh - 1 -
2 1998 7 - Oh - 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 0Oh 190 0



Table D.4: K-lidar temperatureneasurementsn Tenerife(28°N).

Month Year| T-files NoT Totaltime 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 - 61lh - 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 temperatureneasurementsn Svalbard(78°N).

Month Year| T-files NoT Totaltime 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: Temperatureneasurements Kihlungsborrn(54°N) with the stationaryK-lidar.

Month Year| T-files NoT Totaltime Daylight Nights Days
6 1999 0 58 Ooh - 3 -
9 1999 0 7 Ooh - 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 Ooh - 3 -
6 2001 0 22 Oh - 3 -
7 2001 0 81 Ooh - 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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