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Abstract

This work discussesmeasurementsof the groundbasedmicrowave Radiometer
for AtmosphericMeasurements(RAM), theretrieval of desireddataproductsand
their interpretation.The radiometeris operatedat the Arctic stationof the Net-
work for theDetectionof StratosphericChange(NDSC)atNy-Ålesund,Spitsber-
gen(78.9� N, 11.9� E). It measureswatervaporat22GHz, ozoneat142GHzand
chlorinemonoxideat 204GHz.

Thefirst partof thiswork concentratesonthedataretrieval. A summaryof the
mostrecentstatusof the retrieval softwareis given asa referenceandto reflect
somenew additions. A specialfocus lies on the water vapor retrieval, which
provedto beunexpectedlydifficult to implement.

The secondpart dealswith the determinationof ozoneloss rates,chlorine
activation anddenitrification. A methodto determineloss ratesfrom the mea-
surementsof theRAM hasbeendevelopedandimprovedover thelastfour years.
Here,ozonelosscalculationsfor the winters1999/2000and2000/2001arepre-
sented,accompaniedby a comparisonto other techniques,a mathematicalex-
aminationof themethodandan error analysis,including theeffectsof different
diabaticheatingrates,mixing, thedefinitionof thevortex edge,altituderesolution
andotheraspects.

Measurementsof chlorinemonoxide,denitrificationandreservoir gasesare
presentedand examinedin the context of the current understandingof ozone
chemistry. It is shown by modelcomparisonsthatthegeneralaspectsof chemistry
seemto bewell understood.It is alsopointedthatthereremainsomeconsiderable
uncertaintiesin measurementsaswell asin themodelassumptions.

Thethird partexaminesthepossibilitiesof retrieving troposphericwatervapor
columnsfrom themeasurementsof theradiometer. Whenthetroposphericwater
vaporbiasis measuredattwo differentfrequencies,thecalculationof thecolumns
is straightforwardandanestablishedmethod.Thestudyhereconcentrateson the
effectsof precipitationandcloudsandpossibilitiesto correcttheoccurringerrors.
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Intr oduction

Microwave radiometersbuilt in Bremen,Germany, have beenmeasuringstrato-
spherictracegasesfor almosta decadenow. Looking back,a wealthof measure-
mentsandscientific resultshasresultedfrom our researchactivity. First ozone
measurementshavealreadybeenconductedin 1992,andcontinuousobservations
beganin 1994in Ny-Ålesund,Spitsbergen(79� N, 12� E). In thefollowing years,
moreandmoreinstrumentshavebeenadded.In themoment,ozoneprofiles,chlo-
rinemonoxideprofiles,troposphericwatervaporcolumnsandstratosphericwater
vaporprofilesaremeasured.Ny-Ålesundis partof theprimaryArctic stationof
theNetwork for theDetectionof StratosphericChange(NDSC),wheretheinstru-
mentsareoperatedin cooperationwith theAlfred WegenerInstituteof Polarand
MarineResearch(AWI) in Potsdam,Germany, andtheInstituteof Environmental
Physics(IUP) in Bremen.Main goalof theNDSCis theidentificationof changes
in the ozonelayer andthe examinationof their causes.Therefore,a continuous
seriesof ozonemeasurementshasbeenrecordedat Ny-Ålesundandusedto infer
ozonedepletion. Equally relevant are the measurementsof chlorinemonoxide,
which is an importantspeciesin the chemistryof ozonedepletionand can be
usedto testtheunderstandingof theunderlyingchemicalmechanisms.Chlorine
monoxideis obtainedby only half adozenof instrumentsin theArctic, with very
limited spatialandtemporalcoverage,makingobservationsveryvaluable.A sim-
ilar situationexists for watervapor, which is importantfor the radiationbalance
in thestratosphereandthetrendin ozonedepletion.

Thestoryis continuedwith new radiometersatBremen(53� N, 8� E),Mérida,
Venezuela(8� N, 71� W), andSummit,Greenland(72� N, 38� W). Theradiometer
in Bremenis measuringozoneatmid latitudessince1999,while theinstrumentin
Venezuelawill beoneof thefirst radiometersmeasuringtracegasesin thetropics
andis locatedin morethan4500m altitudeto reducetheinfluenceof watervapor.
Theextremelydry locationof Summitin theArctic, situatedin morethan3000m
altitude,is ideally suitedfor theobservationof rarelymeasuredspeciesthatonly
show upathigh frequencies,wheretheatmosphereis nearlyopaqueunderhumid
conditions.For example,thefirst continuousmeasurementsof N2O andHNO3 in
theArctic will becarriedoutat Summit.
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Microwaveradiometersmeasurethethermallyinducedradiationof atmosphe-
ric tracegasesanddeduceprofile informationfrom thepressurebroadenedform
of theemissionlines. A greatadvantageto otherinstrumentsis thepossibility to
measurein thepolarnight andthehigh temporalresolutionof themeasurements.
Theinstrumentsarealsoalmostindependentof weatherconditions.Hence,acon-
tinuousmeasurementseriesfor ozoneandwatervaporandregular observations
of chlorine monoxideprovide the opportunityof long term trend analysesand
continuingobservationsof Arctic ozoneloss.

Purposeof this work is the retrieval andinterpretationof the numerousdata
productsof theradiometers,with aspecialfocusonozonedepletion.Thedetermi-
nationof anthropogenicozonedepletionhasbeena key topic in atmosphericsci-
encesin thelastdecade.Thisdevelopmentwasinitiatedin 1985,whenFarmanet
al. discovereda strongozonedeficit in thesouthernpolarregion in spring,which
wasapparentlycausedby anthropogenicinfluences.In thenineties,asimilarphe-
nomenoncouldalsobeobservedin theArctic. In thefollowing, thepolitical and
public interestinducedby the harmful effectsof increasingultraviolet radiation
andtheimpactof ozoneon theclimatechangecatalyzeda tremendousamountof
scientificresearchactivity. In an unprecedentedevent in environmentalpolitics,
this ledto aworldwidebanonchlorofluorocarbons,whichweremaderesponsible
for theozonedecline.A detailedoutlineof thehistoryof ozonedepletionis given
in thefirst chapterof this thesis,which leadsusto a summaryof thecontentsof
this work.

Thebasicprinciplesof stratosphericphysicsandchemistrywill beexplained
in the first chapter, while the secondintroductorychaptercontainsa description
of the instrumentand the fundamentalsof radiative transfer. The third chapter



dealswith the retrieval of desireddataproductsfrom the measuredspectra. A
summaryof themostrecentstatusof theretrieval softwareis givenasareference
and to reflect somenew additionsnot publisheduntil yet. Specialattentionis
given to the new watervaporretrieval, a speciesthat proved to be unexpectedly
difficult to implement.Althoughnovalidatedprofilescouldbeobtainedyet,some
promisingdevelopmentsareshown. The detailedreview of the physicalmodel
andof the changesin the retrieval codehopefully will lay the foundationfor a
successfulretrieval in thefuture.Thedevelopmentof anew retrieval for theozone
radiometerin Bremenandthechlorinemonoxideradiometerin Spitsbergenshall
alsobementionedhere.

Thefourth chapterpresentscalculationsof ozonedepletionandexaminesthe
chemistryof ozoneloss. Countlessstudieshave beencarriedout aiming at a
betterunderstandingof ozonedepletionover the last few years. Examplesare
the EASOE (1991/1992)and SESAME (1994/1995)campaignsand especially
the American-Europeanjoint effort SOLVE/THESEOin the winter 1999/2000,
which is presentedherein detail.A wide varietyof differenttechniqueshasbeen
developedto determinateozonelossratesin the past. Many of themhave been
employedduringtheSOLVE/THESEOcampaign,givinganexcellentopportunity
to comparedifferenttechniquesandto assesstheir errors. A methodfor thede-
terminationof ozonelossratesfrom themeasurementsof theozoneradiometerin
Spitsbergenis describedandappliedto thedatafrom thewinters1999/2000and
2000/2001.Cumulativelossesof 1 � 2 � 0 � 4ppmand0 � 4 � 0 � 3ppmareinferredfor
the two winters. The agreementbetweentheseresultsandthe findingsof other
methodsis shown to begood,consideringthelargeuncertaintiesof all techniques.
Sincea detailederroranalysiswasmissingsofar for our method,it is conducted
in additionto thepracticalcomparison.Effectsof altituderesolution,thechoice
of theobservedperiod,theinfluenceof thevortex edgedefinition,differentheat-
ing ratesor mixing andprincipaldifferencesin theseveralmethodsarediscussed.
Furthermore,a mathematicalexaminationof themethodis performed,leadingto
theintroductionof apassiveprofile in theozonedepletioncalculations.

Thecomputationof ozonelossrateswouldnotbecompletewithoutaphysical
interpretationof the data. Measurementsof chlorinemonoxide,reservoir gases,
nitratespeciesanddenitrificationareshown to develop a chemicalscenariofor
thewinter. Resultsarecomparedto theSLIMCAT model,whichencompassesthe
currentknowledgeof stratosphericphysicsandchemistry(asfar ascomputation-
ally possible),anddiscrepanciesarediscussed.Especially, differencesin chlorine
activationareobserved,which areattributedto uncertaintiesin thedenitrification
schemeandtheformationmechanismfor stratosphericcloudsin themodel. The
surprisinglygoodagreementof theozonelossratesof themeasurementsandthe
modelis alsoexamined. It is shown that the generalaspectsof ozonedepletion
arequalitatively well understood,but that thereremainsomequantitative uncer-



tainties.Thelastchapterexaminesthepossibilitiesof retrieving watervaporand
liquid watercolumnsfrom the radiometermeasurements.Sincethe radiometers
werenot explicitly built to measurethis quantities,this is a nice additionto the
variety of our measurements.The focus herelies on the effectsof cloudsand
precipitationandmethodsof correctingoccurringerrors.Finally, thework is con-
cludedwith asummaryof all results.

In hopefor apleasantreading,
IngoWohltmann



1 Physics and Chemistr y of the
Atmosphere

1.1 Composition of the Atmosphere

Theatmosphereof theearthformedlong agofrom gasesescapingfrom theinte-
rior of the earthandthe biosphere.It is composedmainly of nitrogen(78.1%),
oxygen(20.9%)andsomenoblegases(0.9%). The remainderconsistsof sev-
eral tracegases.Themoststriking featureof theatmosphereis thesharpdropof
pressurewith altitude.It canbeexplainedby thehydrostaticequilibriumbetween
gravity andthepressuregradient

∂p� ∂z ��� ρg (1.1)

wherep is pressure,z is altitude,ρ is thedensityof air andg is thegravitational
acceleration.In regardto thepressure,theidealgaslaw states

p � ρRT� mmol (1.2)

whereT is thethermodynamictemperature,R � 8 � 31Jmol 	 1K 	 1 is theuniversal
gasconstantandmmol is themassof NA � 6 � 022 
 1023 molecules.Combination
of Equation1.1and1.2yieldsthebarometriclaw

p � z�
� p0exp ��� z� H � (1.3)

undertheassumptionthatT is constant.p0 is thereferencepressureat sealevel,
which is usuallysetto 1013hPa. ThepressurescaleheightH � RT ��� mmolg� has
avalueof about7 km.

The atmospherecan be divided in several layersdistinguishedby different
physicalproperties,seeFigure1.1.Thetroposphereis thelowermostlayer, marked
by a negative vertical temperaturegradientdueto adiabaticmotions,which will
be explainedbelow. Most of the weatherphenomenatake placein the tropo-
spheredue to the dynamically imbalancedsituationconnectedwith a negative
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Figure1.1: Layersof the atmosphere.The temperatureprofile is typical of a subarctic
winteratmosphere.

temperaturegradient.Thetropospherealreadycontainsmorethan50%of all air
molecules.We will focuson the next layer of the atmosphere,the stratosphere,
extending from roughly 8 km to 50 km in the polar winter. The stratosphere
is marked by a positive temperaturegradientcausedby diabaticheating,which
leadsin turn to a dynamicallystablesituationwith low verticalwind speeds.The
stratosphereis dynamicallyandchemicallyisolatedfrom thetropospherethrough
thetropopause(definedby theWorld MeteorologicalOrganizationasthealtitude
wherethetemperaturelapseratefirst decreasesbelow 2 K � km in a 2 km altitude
range). Furtherlayersarethe mesospherewith a negative temperaturegradient
andthevery hot thermosphere.Thelayersfrom the troposphereup to themeso-
sphereform thehomosphere,wheregasesarein thermalequilibrium.

Tracegasesaregaseswhich arehighly variablein time andspace.Although
their amountscanbevery low, they usuallyhave agreatimpacton thephysicsof
theatmosphere.Their abundancecanbemeasuredin severalways.Numberden-
sity givesthenumberof moleculespervolume. Volumemixing ratio is theratio
of thenumberof moleculesof theobservedspeciesto thenumberof moleculesof
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all species.It canbecalculatedfrom thenumberdensityn of thegasby

x � nkBT � p (1.4)

wherekB � 1 � 38 
 10	 23 J� K is Boltzmann’s constant. It is often measuredin
percent,partspermillion (ppm)or partsperbillion (ppb). Sincevolumemixing
ratiosareconservedundermovements,they arenormallyusedin mostanalyses.
Finally, the columnof a tracegasis given by the vertical integral of the num-
ber density. Ozonecolumnis often measuredin DobsonUnits, where1 DU is
givenby 2 � 69 
 1016 molecules� cm2, correspondingto anozonelayerof 0.01mm
thicknessatseapressure.Ozonecolumnis importantfor theamountof ultraviolet
radiationreachingthesurfaceof theearth.

1.2 Physics of the Atmosphere

Generalaspectsof the physicsof the atmospherewill not be repeatedhere,be-
causethey canbefoundin numeroustext books.Instead,we will concentrateon
someconceptsusedfrequentlyin this thesis.

At first, wewill introducetheconceptof anair parcel.An air parcelis defined
asanentityconsistingof ever thesameair moleculesmoving aroundin theatmo-
sphere.If somepropertyx of theparcel,like its velocity or pressure,is changed
locally for an observer moving with the parcel(Lagrangianviewpoint) and the
changeis givenby ∂x� ∂t, thechangefor anobserver standingat a fixedposition
(Eulerianviewpoint) is

Dx
Dt

� ∂x
∂t

� u
acosϑ

∂x
∂ϕ

� v
a

∂x
∂ϑ

�
w

∂x
∂z

(1.5)

in sphericalcoordinates.u is thezonalwind here,v is themeridionalwind, w is
theverticalwind, ϑ is latitude,ϕ is longitudeanda is theradiusof theearth.The
derivative D � Dt is calledthe substantive derivative. Note that by definition, the
mixing ratio of anair parcelcannotbechanged.

Next, wewill establishausefulcoordinatesystemthatsimplifiesthefollowing
discussions.It consistsof potentialtemperatureinsteadof altitudeandpotential
vorticity insteadof horizontalcoordinates.A thermodynamicprocesswithout the
supply of externalheatis calledadiabatic. In the stratosphere,most processes
canbeconsideredadiabaticon thetimescaleof a few days.For longertimescales
radiative heatinghasto be considered.Potentialtemperatureis a quantityof an
air parcelthatremainsconstantunderadiabaticconditions.It is definedas

Θ � T

�
p0

p � 2� 7
(1.6)
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wherep0 is anarbitraryreferencepressureandT andp aretemperatureandpres-
sureof the air parcel. Θ is the temperaturethe air parcelwould have if it were
movedadiabaticallyto thereferencepressurelevel. Theconservationof potential
temperatureexpressesthe fact that increasingpressureincreasesthe temperature
of an thermally isolatedair parceldue to the transformationof work into heat.
Sincepotentialtemperaturenormally increasesmonotonicallywith altitudeand
doesnot vary very rapidly in horizontaldirection, it canbe usedinsteadof the
z coordinate,cancelingany vertical adiabaticmovements.Surfacesof constant
potentialtemperaturearecalled isentropes.In the lower stratosphere,25 K po-
tential temperaturecorrespondto about1 km altitudedifference,with the475K
isentropiclevel situatedaround20km altitude.On thescaleof a few days,air in
thestratospheremovesonly on isentropicsurfaces.

It canbe shown that an air parcelthat is moved adiabaticallyandvertically
from its original position will continueits movementwhen the actualvertical
temperaturedecreaseis higherthanthediabatictemperaturedecrease(instability
againstconvection)andwill beforcedbackto its originalpositionwhentheactual
temperaturedecreaseis lower thanthe adiabaticdecreaseor thereis a tempera-
tureincrease(stabilityagainstconvection).Thisexplainsthedynamicdifferences
betweentheconvective troposphereandthestratosphere.

Potentialvorticity is a quantityconservedunderadiabaticandreversiblecon-
ditions andthereforecanbe usedasa tracerfor air masses.Its advantageover
chemicaltracersis the fact that it canbe calculatedfrom wind, temperatureand
pressure,which are easily available for the whole globe. Potentialvorticity is
theproductof thethicknessof the isentropesandthecurl of thewind field in an
absolutecoordinatesystem

P � g
∂Θ
∂p

� ζp
�

f � (1.7)

whereg is the gravitational acceleration,∂Θ � ∂p is the changeof potentialtem-
peraturewith pressureandthe last term is the curl of the wind field, alsocalled
absolutevorticity. Theabsolutevorticity is composedof theplanetaryvorticity f
andthe relative vorticity ζp of thewind field. f is givenby 2 �Ω � sinϑ, whereΩ
is theangularvelocity of theearth.ζp is thecurl of thewind field relative to the
earthsurface,which is givenby

ζp � 1
acosϑ

�
∂v
∂ϕ

� ∂ � ucosϑ �
∂ϑ � (1.8)

Theconservationof potentialvorticity is connectedwith thefact thattheangular
momentumof arotatingair massmustbeconserved.If theair massis stretchedin
verticaldirection,theangularvelocity mustincrease.Potentialvorticity is mea-
suredin unitsof PVU � 10	 6 K m2kg 	 1s	 1. It decreasesfrom thecenterto the
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edgesof the low pressureareanormally found in the Arctic winter stratosphere
(whichwewill comebackto soon)andthereforecanbeusedasahorizontalcoor-
dinate.Sometimes,equivalentlatitudeis usedasacoordinateinsteadof potential
vorticity. Theequivalentlatitudeof a potentialvorticity contouris definedasthe
latitudeit wouldhave if theenclosedareawouldbecircularandcenteredover the
pole. Equivalentlatitudehastheadvantageof beinglessinfluencedby shorttime
fluctuationsin theabsolutevaluesof potentialvorticity.

Finally, let usalsohaveashortlook ontheequationsgoverningthedynamics.
In equilibrium, the horizontalwind is determinedby the balanceof the Coriolis
forcewith thehorizontalpressuregradient

f u ��� 1
a

∂Z
∂ϑ

(1.9)

f v � 1
acosϑ

∂Z
∂ϕ

(1.10)

whereZ is the geopotentialaltitude of a given pressuresurface. Wind blows
parallelto theisobaresin equilibrium,sothat thepressuregradientis conserved,
which is called geostrophicwind. Combinationof the barometriclaw and the
equationsfor thehorizontalwind yields

f
∂u
∂z

��� R
aH

∂T
∂ϑ

(1.11)

f
∂v
∂z

� R
aHcosϑ

∂T
∂ϕ

(1.12)

Thesearetheequationsof thethermalwind, connectinga horizontaltemperature
gradientwith anincreasein wind speedwith altitude.Finally, theverticalwind is
drivenby thediabaticheatingrateQ, givenasthediabaticallyinducedtemperature
changepertime

w � Q � ∂T
∂t

(1.13)

andtheconservationof massis describedby thecontinuityequation

1
acosϑ

�
∂u
∂ϕ

� ∂ � vcosϑ �
∂ϑ � � 1

ρ0

∂ � ρ0w�
∂z

� 0 (1.14)

with ρ0 � exp ��� z� H � beingameanair density.
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Figure1.2: Brewer-Dobsoncirculation.Thethin horizontallinesdenoteisentropiclevels.
Seethetext for adetailedexplanation.Adaptedfrom [Holton etal., 1995]

1.3 Dynamics of the Stratosphere

Comparedto the troposphere,thedynamicsof thestratospherearequitesimple.
Due to the positive temperaturegradientin the stratosphere,convection is not
likely. The temperaturegradientis causedby the absorptionof sunlightby the
ozonelayer, which is virtually identicalin extentwith thestratosphere.Thever-
tical movementsin the stratosphere,which arevery slow (some10 m per day),
areconnectedto diabaticprocesses,which in turn arecausedby adiabaticmove-
mentsinducedby planetarywaves.In thetropicsthereis anupwellingmovement
anddiabaticheatingin the sunlight,while at the polesthereis an downwelling
movementanddiabaticcoolingwhich is especiallyprominentat thewinter pole
in the dark polar night. At the sunlit summerpole, movementis virtually non-
existent. For continuity reasonsa polewardmotion of air developsin thewinter
hemisphere.This meanmeridionalmovementis calledBrewer-Dobsoncircula-
tion. A sketchof this circulationis givenin Figure1.2. Theoverturningtime for
thecirculationcell is about5 years.

We will turn to thehorizontalcirculationnow. Thethermalgradientfrom the
equatorto thewinterpoleimpliestheformationof a low pressureareain thepolar
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Figure1.3: Polarvortex at February17, 2000at 475K. Potentialvorticity asa tracer
shows the distinction betweeninner andouter vortex air masses.The inner andouter
vortex edgeis markedby thick lines.Thepositionof BremenandNy-Ålesundis marked
by dots.A minor warmingdisturbstheshapeandpositionof thevortex.

region,calledthepolarvortex. At thevortex edge,abandof strongwesterlywinds
canbefoundaccordingto theequationsof thethermalwind, which is calledthe
polarnight jet. In theinnervortex air is virtually isolatedfrom air massesoutside
thevortex dueto thenearlygeostrophicair motionat theedge.An examplefor
theappearanceof thepolarvortex canbefoundin Figures1.3and1.4.

Interestingly, theBrewer-Dobsoncirculationis not causedby radiationin the
endand it is not even purely diabatic. In the so calledsurf zone,which is sit-
uatedbetweenthe polar vortex andthe tropics,air is turbulently mixed in hori-
zontaldirectionby planetarywavespropagatingvertically from the troposphere.
Thewave breakingof theseeddiestakesmomentumout of themovementsin the
stratosphereandleadsto a decelerationof thewesterlywindsprominentin these
altitudes.In turn this leadsto a dynamicallyandthermodynamicallyimbalanced
situation. Air from the mid latitudes,which is too warm for thepoles,is drawn
polewardsincedynamicforcesarenot balancedwith theCoriolis forceanymore.
It begins to move downwardfor continuity reasons,andwarmsup adiabatically,
pushingtemperaturesabovetheirradiativevaluesanddriving thediabaticcooling.
Strongdownwelling is connectedwith a weakvortex, high stratospherictemper-
aturesin polar regions and high wave activity and vice versa. Becauseof the
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Figure1.4: Temperature,pressureandwind for the polar vortex at February17, 2000.
Left panel: Temperatureandpressure,which hasthesameisolinesat isentropes.Right
panel: Wind speed(contours)andwind direction(arrows). The inner andoutervortex
edgeis marked by thick lines. The positionof BremenandNy-Ålesundis marked by
dots.

distributionof land,seaandmountainsthat influencewave activity, theAntarctic
vortex is usuallymuchmorestablethantheArctic vortex.

During particularlystrongwave breakingeventsthe momentumtaken from
the vortex canleadto a breakdown of the wind system.This is calleda sudden
stratosphericwarming,becauseit is associatedwith a prominentrise in temper-
atureinsidethevortex. Often, thepolarvortex canrecover from a warmingand
build upagain.But in spring,whensunlightcomesback,thevortex splitsupor is
destroyedentirely.

It is oftendiscussedwhatprocessesarecausallyconnectedwith theformation,
stabilityanddurationof thevortex andthecorrespondinglow temperatures,since
a stableand cold vortex is connectedwith high ozonedepletion. Suggestions
includecorrelationswith the negative radiative forcing due to increasingwater
vaporanddecreasingozone,wave activity of planetarywavesin thetroposphere,
the Quasi-BiennalOscillationof the tropical stratospherewinds in east-westdi-
rection(QBO), the North-Atlantic Oscillation(NAO) andmany more. It seems
certainthat thereis a connectionbetweentemperaturesandwave activity [New-
man et al., 2001], sinceMarch vortex temperaturesand Januarywave-induced
heatfluxesarehighly correlated.Waveactivity maybeweakeneddueto coupling
to the greenhouseeffect, which could obstructthe propagationof tropospheric
waves in the stratosphere.In turn, this could lead to a colderandmore stable
vortex in thefuture.
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1.4 Ozone Chemistr y

Althoughozonehasa mixing ratio of only a few ppm,it is a very importanttrace
gas. The absorptionof harmful ultraviolet radiationin the stratospheremakes
life on earthjust possible,andthestratospherewould not evenexist without the
diabaticheatingof theozonelayer. Ozoneformsby thephotolysisof molecular
oxygen:

O2
�

hν � O
�

O λ � 242nm (1.15a)

O
�

O2
M� O3 (1.15b)

whereM is anair moleculeneededfor theconservationof momentum.Similarly,
it is destroyedby photolysisat greaterwavelengths:

O3
�

hν � O2
�

O � 3P� λ � 1100nm (1.16a)

O3
�

hν � O2
�

O � 1D � λ � 310nm (1.16b)

The excitedstateO � 1D � canrelax to the groundstateO � 3P� by collision. Since
ozoneandoxygenatomsrapidlyinterchangewith eachother, thelifetime of ozone
itself is short,while only the following reactionsproducea net lossin the long-
livedoddoxygen,thesumof O andO3:

O
�

O3 � O2
�

O2 (1.17a)

O
�

O
M� O2 (1.17b)

Reactions1.15to 1.17form theChapmancycle,which waspostulatedin [Chap-
man,1930]. It leadsto an equilibrium statefor ozonemixing ratiosdepending
on altitudeandseason.It turnedoutquickly thattheChapmanreactionsoveresti-
matedtheozonecontentof theatmosphere.This inconsistency wassolvedby the
discoveryof catalyticreactionsof theform

X
�

O3 � XO
�

O2 (1.18a)

XO
�

O � X
�

O2 (1.18b)

O
�

O3 � O2
�

O2 (1.18c)

The radicalX canbe recycled many timeswithout beingdestroyed. Thus,even
small amountsof the radicalscandestroy muchlargerabundancesof ozonedue
to the catalyticnatureof the cycles. The mostimportantcatalysatorsX areOH
[BatesandNicolet,1950],NO [Crutzen,1970],Cl [StolarskiandCicerone,1974]
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andBr [Wofsy et al., 1975]. The mostsignificantnaturalcatalyticcycle in the
lowerandmiddlestratosphereis theNO cycle,while theOH cycle is dominating
in theupperstratosphere.Themainanthropogeniccycle is theCl cycle.

Sourcegasesfor theradicalsareN2O for NO andH2O andCH4 for OH. These
sourcegasesaremainly of troposphericorigin andarepartially photolysedin the
stratosphere.N2O andthe sumof H2O andCH4 areonly minorly changedby
the productionof the radicalsin the lower polar stratosphereandcan therefore
be usedas tracers,which we will take advantageof later. Sourcegasesfor Cl
andBr areman-madechlorofluorocarbons.Chlorofluorocarbonsaredecomposed
photochemicallyin thestratosphereandquickly form gaseslike HCl or HF. In-
terestingly, fluor playsno role in ozonedepletion,sinceHF is verystableandcan
alsobeusedasa tracertherefore.

The catalyticcyclesare deceleratedby reactionsof the radicalswith them-
selves,for example:

ClO
�

NO2
M� ClONO2 (1.19a)

BrO
�

NO2
M� BrONO2 (1.19b)

NO2
�

OH
M� HNO3 (1.19c)

Cl
�

HO2 � HCl
�

O2 (1.19d)

Cl
�

CH4 � HCl
�

CH3 (1.19e)

ClO
�

HO2 � HOCl
�

O2 (1.19f)

ClO
�

NO � Cl
�

NO2 (1.19g)

ThechemicallyinactivegasesClONO2 andHCl producedby someof thesereac-
tionsarecalledreservoir gases,sincethey storetheozonedestroying radicalCl.
Otherproductsthatwe will show to play a role soonareHNO3 andthereactive
HOCl.

In 1985,Farmanetal. discoveredastrongozonedeficit in thesouthernvortex
in spring(Figure1.5,upperpanel).It eventurnedout thatthis deficit hadexisted
unnoticedsincethe mid-seventies.The word ozonehole wascoinedquickly by
thepressandcatalyzeda vivid public discussionabouttheharmfuleffectsof the
ultraviolet radiationnormallyabsorbedby ozone.Thestronglossof ozonein the
polar springthat causesthe Antarctic ozonehole cannotbe explainedsolely by
catalyticreactions.It is a matterof factnow, thattheozoneis destroyedwith the
help of heterogenousreactionssettingfree chlorinefrom the reservoir gaseson
thesurfaceof polarstratosphericcloudsthatform in thepolarnight.

Firstsuggestionsfor thesemechanismswerealreadypublishedayearlater, for
exampleby CrutzenandArnold [1986]or Solomonetal. [1986]. They blamedthe
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Figure1.5: Decreaseof ozonecolumnsin the lastdecades.Upperpanel: Averagetotal
ozonecolumnsfor OctoberoverHalley Bay, Antarctica.Dotsadaptedfrom Farmanetal.
[1985], diamondsfrom JonesandShanklin[1995] andvon König [2001]. Lower panel:
Averagetotal ozonecolumnsbetween63# and90# N for Marchfrom differentsatellites.
Adaptedfrom Newmanetal. [1997,2002].
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anthropogenicallyproducedchlorofluorocarbons,whichdecomposeinto reservoir
gasesandfurtherinto radicalsthroughheterogenousreactionsin thestratosphere,
for destroying theozonelayer. Pioneeringwork in thisdirectionhadalreadybeen
donein the seventiesby Molina andRowland [1974]. The productionof chlo-
rofluorocarbonswasstoppedthereuponby internationalagreementdocumented
in the MontrealProtocol[1987] andits adjustments.However, dueto the slow
transportin the stratosphereand the stability of chlorofluorocarbonsin the tro-
posphere,chlorineloadingis expectedto reachits peakjust around2000. Addi-
tionally, dueto horizontalmixing in thetroposphereandtheBrewer-Dobsoncir-
culation,chlorofluorocarbonsandtheirproductsareveryuniformly distributedin
thestratosphere.Ironically, chlorofluorocarbonswereusedwidely in theindustry
(e.g. in refrigeratorsor asaerosolpropellants),just becausethey werechemical
inert andhadno harmful effectson theenvironmentandhealth. In the nineties,
a phenomenonsimilar to theozonehole,but lesspronounced,couldalsobeob-
served in theArctic [Newmanet al., 1997]. As canbeseenin Figure1.5, lower
panel,theamountof ozonelossis highly dependenton thetemperaturesandvor-
tex developmenthereandoftenmaskedby diabaticdescent.

The processesleadingto the ozoneholewill be discussedin somemorede-
tail now. During the polar night, whenthe polar vortex forms, the influx of air
massesfrom lower latitudesis suppressed,andthe lack of sunlightleadsto very
low temperaturesin thelowerpolarstratosphere.Polarstratosphericclouds(also
called PSCs)form hereundercertaintemperatureand pressureconditionsand
mixing ratiosof their constituents.Typically, they canbe found between16 to
27 km, wherethey aregeneratedfrom watervapor, gaseousnitric acid and the
backgroundsulfateaerosol.Nitric acid is mainly producedby reaction1.19c,so
thata decelerationof thenaturalcatalyticcyclesis connectedwith a acceleration
in theheterogenouschemistry. At athresholdtemperatureof approximately195K
at the475K isentropiclevel, polarstratosphericcloudsof TypeIa canform, con-
sistingof solid HNO3 $ 3H2O (nitric acid trihydrateor NAT) particleswith radii
of about1 µm. Solid particlescanalsobe formedby sulphuricacid tetrahydrate
(SAT) below 215K, but theseparticlesplaynorole in chlorineactivation.TypeIb
cloudsconsistof liquid ternaryH2O� HNO3 � H2SO4 solutions(STS)andform at
temperaturesof about191K. Below 188K, polarstratosphericcloudsof TypeII
thatarecomposedof iceparticleswith radii of about10µm canexist.

Thereis still somedebateregardingtheformationandcompositionof strato-
sphericclouds. An overview of themostrecentunderstandingis givenby Koop
et al. [1997],seealsoFigure1.6.A typical formationpathis theuptakeof HNO3

by liquid H2SO4 particlesto form STSparticles(path1 � 3 � 5). Ice particles
can form subsequentlyfrom the STS particles,coveredby NAT, SAT or a liq-
uid STScoating(path7 � 9 � 10). Solid NAT particlescannormallyonly form
throughco-condensedNAT oniceparticles(path14or 12 � 25). Theassumption
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etal. [1997].
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thatNAT particlescanonly form below thefrost point is unsatisfactory, because
theobservedextentof NAT cloudsis not compatiblewith this supposition.Thus,
someotherexplanationshave beenproposed,for examplethe creationof NAT
throughHNO3 $ 2H2O (NAD). A new developmentis the discovery of so-called
NAT rocks[Fahey et al., 2001]with radii of up to 10µm. Theformationof these
particlesis still not clear, but the may be formedwithout the help of ice parti-
cles. Anotherpoint of discussionis the influenceof mesoscalecloudsforming
overmountainrangesin comparisonto synopticclouds.More informationcanbe
foundfor examplein [Koopet al., 1997]or [Drdla et al., 2002].

Onthesurfaceof thepolarstratosphericclouds,severalreactionsfreechlorine
andbrominefrom thereservoir gases:

ClONO2
�

HCl � Cl2
�

HNO3 (1.20a)

ClONO2
�

H2O � HOCl
�

HNO3 (1.20b)

BrONO2
�

H2O � HOBr
�

HNO3 (1.20c)

HOCl
�

HCl � Cl2
�

H2O (1.20d)

HOBr
�

HCl � BrCl
�

H2O (1.20e)

N2O5
�

H2O � HNO3
�

HNO3 (1.20f)

N2O5
�

HCl � ClNO2
�

HNO3 (1.20g)

Additionally, NOx (thesumof NO, NO2 andtheirnighttimereservoir 2N2O5), is
convertedto HNO3 andremovedfrom thegasphase,impedingthedeactivationof
ClO by reaction1.19a.ThepartitioningbetweenHCl andClONO2 at thebegin-
ning of thewinter is to someextent importantfor the timing of theactivationof
chlorine,sincetheabove reactionshave differenttime scalesandalsodependon
the typeof thecloudsurface. Activation is fastestwhenHCl andClONO2 have
thesamemixing ratio,sincereaction1.20ais themostrapidone.

If theparticlesin thecloudsarelargeenough,sedimentationwill setin, remov-
ing NOx from the altitudelayersof the clouds. The sameis true for the HNO3

directlyproducedby thereaction1.19cwhichcouldreactbackto NOx through

HNO3
�

hν � OH
�

NO2 (1.21a)

HNO3
�

OH � NO3
�

H2O (1.21b)

The removal of NOx by meansof sedimentation,which is calleddenitrification,
will lengthentheprocessof ozonedepletion,becauseit is mademoredifficult for
ClO to returnto its reservoir gases.While denitrificationis quitecommonin the
Antarctic,it hasonly beenobservedsporadicallyin theArctic. Denitrificationcan
be connectedwith dehydrationin caseof ice particlescoatedwith NAT, or can
happenjust with NAT particles,whereNAT rocksbecomevery effective dueto
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theirhighfall velocities.Denitrificationwithoutdehydrationwasobservedseveral
timesin theArctic, whichis anotherhint thatNAT particlesdonot form indirectly
throughice clouds.SmallNAT particlesor STSparticlesarelesslikely to cause
denitrificationdueto their lower fall velocities.

Massive ozonelosswill only startwhensunlightreappearsin the precondi-
tionedstratosphereenablingcatalyticcyclesto destroy ozonein largequantities.
TheClO cycle cannotexplain theozonelossratesdueto thelack of atomicoxy-
gen.Ozoneis ratherdestroyedby thecycle

2Cl
�

2O3 � 2ClO
�

2O2 (1.22a)

ClO
�

ClO
M� Cl2O2 (1.22b)

Cl2O2
�

hν � ClOO
�

Cl (1.22c)

ClOO
M� Cl

�
O2 (1.22d)

2O3
�

hν � 3O2 (1.22e)

discoveredby Molina andMolina [1987]. Thechlorineradicalsarephotochem-
ically producedfrom thechlorinespecieson theright sideof the reactions1.20.
The chlorinemonoxideoriginatingfrom the reactionwith ozone1.22ais stored
in the dimer Cl2O2 at night, andis convertedto chlorinedioxide whensunlight
comesback.This leadsto a diurnalcycle in ClO with low mixing ratiosat night.
A similar cycleexistsfor bromine:

Cl
�

O3 � ClO
�

O2 (1.23a)

Br
�

O3 � BrO
�

O2 (1.23b)

BrO
�

ClO � Br
�

ClOO (1.23c)

ClOO
M� Cl

�
O2 (1.23d)

2O3
�

hν � 3O2 (1.23e)

The brominecycle makes up for abouta third of the depletionof the chlorine
cycledespitethelow abundancesof brominein thestratospherebecausebromine
is lesstightly boundthanchlorine[Solomon,1999].

Consideringall effects,the strongestozonedepletionis usuallyfound in the
altitudelayersaround20km. This happensto bejust thealtitudewherethepeak
concentrationscanbefound.A summaryof theozonedestructioncycle is shown
in Figure1.7. In earlywinter, mostof thechlorineis storedin thereservoir gases.
When temperaturesdecreasein the polar night, polar stratosphericcloudsfree
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Figure1.7: Ozoneholechemistry. Adaptedfrom Websteretal. [1993].

chlorine from the reservoir gases.With the sun comingback in spring, ozone
is destroyed by the catalyticcyclesshown above. Eventually, the air warmsup
andthe vortex is destroyed. In the following, air rich in NOx is mixed in from
mid latitudes,NOx is setfreeagainfrom thevanishingstratosphericcloudsand
producedphotochemicallyby reaction1.21a.Thus,thecyclewill finally cometo
astopvia thereactions1.19.Sincereaction1.19ais muchfasterthanthereactions
producingHCl, deactivationoccursmainly into ClONO2, which only later in the
yearreachesequilibriumwith HCl.

Regardingthefuturedevelopmentof theozonedestruction,therearetwo di-
verging trends.On theonehand,thelower stratospherewasgettingcoolerin the
lastdecades[PawsonandNaujokat,1999]dueto enhancedgreenhouse-gascon-
centrationsanddecreasingwave activity in the surf zone,enlarging the areaof
polarstratosphericcloudformationandleadingto a morestablevortex breaking
up later in theyear. A morestablevortex would not only leadto enhancedozone
depletionbut alsomeanlessdownwardtransportandaccumulationof ozone.On
the otherhand,the chlorineloadingof the stratosphereis decreasingdueto the
Protocolof Montreal.Shindellet al. [1998] have useda circulationmodelwith a
verysimpleozonechemistry(withoutdenitrification)to makea longtermpredic-
tion of ozonedepletionin theAntarcticandtheArctic. They predictthatAntarc-
tic ozonelosswill peakin 2010–2020andandwill not bedetectableanymoreby
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Figure 1.8: Latitudinal distribution of ozonevolume mixing ratios in December. The
contoursshow themixing ratio in ppm.Takenfrom theclimatologyof FortuinandKelder
[1998].

around2050.In theArctic, theinterannualvariability partiallymasksthetrendin
ozone,but thesituationis roughlycomparablehere.

1.5 Ozone Distrib ution

Theglobalozonedistribution is a resultof bothchemicalanddynamicaleffects.
In Figure1.8 themeanozonevolumemixing ratiosfor Decemberareshown asa
functionof altitudeandlatitude. A typical Arctic profile measuredby theRAM
canbe foundsomewhataheadin Figure3.4, page70. While in theupperatmo-
spherephotochemistryis so fastthatozoneconcentrationsarein photochemical
equilibrium,transportprocessesaredominatingin the lower atmosphere.Ozone
is producedin themiddlealtitudesof theatmosphere.In high altitudesthe lack
of oxygenpreventsthe productionof ozone,while in low altitudesthe ultravio-
let light neededfor thephotolysishasalreadybeenabsorbedby ozoneat higher
levels. Thereforeozoneforms a layer in the stratosphere.The main production
areafor ozonewith thehighestpeakvolumemixing ratiosis situatedin thetrop-
ics dueto the intenseradiationthere.Paradoxically, the largestcolumnamounts
of ozonecanbe found in the high latitudes,seeFigure1.9. This is due to the
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Figure1.9: Meanannualcycle of ozonecolumnsasa functionof time andlatitudemea-
suredby theTOMS instrumenton boardtheNimbus7 satellitebetween1979and1992.
Contourlinesshow thecolumnin stepsof 25DU.

Brewer-Dobsoncirculation,whichveryeffectively carriesozonefrom low to high
latitudesandfrom middleto low altitudes.This is alsoevidentin theozonemix-
ing ratioprofiles.While tropicalozoneprofileshaveaprominentpeakandasteep
positive gradientin the lower stratosphere,Arctic ozoneprofileshave a lesspro-
nouncedpeak,but alsoa smallergradient.Theozonelayeralsoextendsto lower
altitudesin thepolar region dueto the lower tropopause.Thesetwo effectslead
to highercolumns,sincenumberdensity(asa functionof mixing ratio) falls ex-
ponentiallywith altitude.

Seasonalchangesin thecolumnsareverypronouncedin thepolarregions,but
muchlessprominentin the tropics,ascanbe seenin Figure1.9. In winter and
spring,ozonecolumnsrisedueto theaccumulationof ozonein thepolarvortex
causedby the Brewer Dobsoncirculation. While the columnsrise to morethan
450DU in the northernvortex andhave a maximumabout80� N, the columns
only rise to about350DU in the southernvortex with a maximumabout60� S.
This is dueto thestrongerdownwelling in theweaknorthernvortex andthebetter
isolationof air in the strongsouthernvortex. The low columnsaroundOctober
at the southpole mark the ozonehole. The differencebetweenozonecolumns
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in southernmid latitudesand the southpolar region is about250DU. To an
extentof about50DU, this is anaturaleffectcausedby theisolationof thevortex.
The ozonehole chemistrycan lower the columnsby an additional200DU. In
contrast,ozonedepletionin thenorthernvortex is barelyvisibleandsuperimposed
by diabaticmovements.

1.6 Chlorine Mono xide and Water Vapor

We will alsohave a shortlook at theotherspeciesmeasuredby theRAM instru-
ment. Chlorine monoxideis a tracegaswith abundancesin the ppb range. A
typical chlorinemonoxideprofile measuredby theRAM is shown in Figure3.5,
page71. It hasanaturalpeakin theupperstratosphereatabout40km, whichcan
befoundthroughoutthesunlitglobeandis causedby thecatalyticchlorinecycle.
Thesecondpeakatabout20km is originatingfrom thechlorinemonoxidedimer
cycle. It is a clearsignfor ozonedepletionandcanonly beobservedin thepolar
springin sunlight.Night timemixing ratiosarealmostzeroat thesealtitudes.

Watervaporis very variableandcancompriseup to 3% of the atmospheric
compositionin the troposphere.It is responsiblefor many weatherphenomena,
andessentialto life on earth.Watervaporis alsothemostimportantgreenhouse
gasandhasgreatinfluenceon the radiationbalanceof the earth. In the tropo-
sphere,watervaporis notchangedby chemistryverymuchandis in arapidcycle
of evaporation,transportandprecipitation.Theexponentialdecreaseof waterva-
porwith altitudeis causedby condensationthroughadiabaticupwardmovements.
Watervaporentersthestratospheremainly in thetropical tropopause,which acts
asa freezingtrap for the vapor. Thus, stratosphericwatervapormixing ratios
aremuch lower than in the troposphereand lie about4 ppm. A typical strato-
sphericwatervaporprofile measuredby the RAM is shown in Figure3.2. The
mostimportantchemicalreactiongeneratingwatervaporin thestratosphereis the
oxidationof methane,leadingto a conservationof thequantity2CH4

�
H2O and

a minimummixing ratio for watervaporin thelower stratosphere.In additionto
that,watervaporhasa role in ozonechemistryandcoolsthestratosphereradia-
tively. Thus,theobservedincreaseof stratosphericwatervaporof about1% per
yearleadsto coldertemperaturesin thevortex.

1.7 Literature

Thereis a wealthof literatureon the topic of ozonedepletionandrelateditems,
someof whichwill beintroducedhere.Thebulk of thegeneralinformationgiven
hereis taken from thesesources.A nice overview of the history, conceptsand
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chemistryof ozonedepletioncanbe found in [Solomon,1999],which is a good
paperto begin with. Theextensive list of referencesthereinis alsoworth a look.
Overviewsarealsogivenin thereportsof theWMO [WMO, 1999].Somebooks
worthto noteare[BrasseurandSolomon,1986]and[Wayne,1991]for thechemi-
calaspectsand[Holton,1992]for thedynamicalaspectsof stratosphericsciences.



2 Instrument

2.1 Overview

The Radiometerfor AtmosphericMeasurements(RAM) is a groundbasedmi-
crowave radiometersituatedat Ny-Ålesund,Spitsbergen(78.9� N, 11.9� E). It is
operatedby theUniversityof BremenandtheAlfred WegenerInstituteof Polar
andMarine Research(AWI) aspart of the Network for the Detectionof Strato-
sphericChange(NDSC).Theinstrumentconsistsof threereceiverssharingacom-
monbackend. Eachreceiver passively detectsthethermalemissionof rotational
transitionsof themeasuredspecies.Thereceiversmeasurea watervaportransi-
tion at 22.235GHz,anozonetransitionat 142.175GHzandachlorinemonoxide
transitionat 204.352GHz. The detectedradiationis led througha quasioptics,
collectedby ahornantenna,down convertedto anintermediatefrequency, ampli-
fied andfed into an acousto-opticalspectrometer. The intensityreceived by the
spectrometeris calibratedabsolutelyby comparisonwith hotandcoldblackbod-
ies.Volumemixing ratioprofilesof all speciesarefinally obtainedfrom thepres-
surebroadenedshapeof therotationallinesusingtheoptimalestimationmethod.

Beforewepresenttheinstrumentsandtheir severalcomponents,we will give
anintroductionto radiativetransferandabsorptioncoefficients.Subsequently, the
differentpartsof the instrumentsaredescribed.We concludethe chapterwith
thedifferentmeasurementtechniquesthatcanbeusedandtheir explanation.Ad-
ditionally, we will have a short look at the BRERAM, a microwave radiometer
measuringanozonetransitionat 110.846GHzat Bremen(53� N, 8� E).

GeneralinformationabouttheRAM canbefoundin [Klein, 1993]and[Sinnhu-
ber, 1995,1999]. Chlorinemonoxidemeasurementsarealsodescribedin [Raf-
falski, 1998] andwatervapormeasurementsin [Lindner, 2002]. Furtherinfor-
mationaboutradiative transfer, microwave spectraandmeasurementtechniques
canbefoundin [Janssen,1993],[TownesandSchawlow, 1975]and[Ulaby etal.,
1981,1982,1986].

33
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2.2 Radiative Transf er

Microwaveradiometersdetectthethermalradiationoriginatingin theatmosphere.
A beamof radiationthatcrossestheatmospherecanbe modifiedby absorption,
scatteringandemission.Scatteringis negligible underfair weatherconditionsin
themicrowaveregion,sowewill concentrateon emissionandabsorptionhere.

A bodythatabsorbsall incidentradiationis calledablackbody. A blackbody
is alsoa perfectemitter, sincea systemof two identicalblackbodieshasto stay
in thermalequilibrium for symmetryreasons.Black body radiationis emitted
accordingto Planck’s law:

Lblack
ν � T y ν �
� 2hν3

c2

1

exp � hν
kBT �z� 1

(2.1)

The spectralbrightnessLν is the power per solid angle,emitting areaand fre-
quency interval. It will beshown laterthatthis is just thequantityreceivedby the
instrument.T is thethermodynamictemperatureof thebody, h � 6 � 62 
 10	 34 Js
is Planck’s constant,kB is Boltzmann’s constant,ν is the frequency and c �
3 
 108 m� s is the speedof light. For frequenciesin the microwave region,
hν { kBT is valid, andPlanck’s law is simplifiedas

Lblack
ν � T y ν �
| 2ν2kB

c2 T (2.2)

This is theRayleigh-Jeanslaw, which hasthepleasingpropertyof beingpropor-
tional to temperature.To obtainthesamebehavior for Planck’s law, wedefinethe
brightnesstemperature

TB � T y ν �
� hν
kB

1

exp � hν
kBT �}� 1

(2.3)

which is virtually identicalwith T in themillimeter wave region. Now we getan
exactidentity for all frequencies

Lblack
ν � T y ν �
� 2ν2kB

c2 TB � T y ν � (2.4)

sothatblackbodyradiationdetectedby theinstrumentcaneasilybeexpressedin
brightnesstemperatures.

In themicrowaveregime,absorptionoccurswhenrotationalstatesof molecules
areexcited by the incomingradiation. Absorptiononly happensat discretefre-
quenciescorrespondingto thequantumtransitionsof themolecules,renderingthe
atmosphereto a graybodywith frequency dependentabsorption.Theabsorption



2.2 Radiative Transfer 35

coefficient α � zy ν � is definedasthe fraction of the radiationthat is absorbedper
unit interval, hence

dLν � α � zy ν � Lν � zy ν � dz (2.5)

whereLν is thespectralbrightnessof thebeamwhichshouldnotbeconfusedwith
theblackbodyradiationLblack

ν . dz is assumedto follow thepathof thebeam.The
absorptioncoefficient is evidently proportionalto the numberof absorbinggas
molecules,but is alsodependenton thepropertiesof themolecules,asdescribed
in the next section. A quantity relatedto α is the opacity, the integral of the
absorptioncoefficient

τ � z1 y z2 y ν �~� z2�
z1

α � zy ν � dz (2.6)

If τ � 0 theatmosphereis transparent,while τ � ∞ meansthattheatmosphereis
opaque.

The emissioncoefficient of a gray body like the atmosphereis equalto the
absorptioncoefficient accordingto Kirchhoff ’s law. If we combineKirchhoff ’s
law andEquation2.5,wegettheneteffectof absorptionandemission

dLν � α � Lν � Lblack
ν � dz ��� Lν � Lblack

ν � dτ (2.7)

Integrationgivestheradiative transferequationor Schwarzschildequation

Lν � z0 y ν �~� Lν � z∞ y ν � e	4� z∞
z0

α � z�M� ν � dz�� z∞�
z0

α � z��y ν � Lblack
ν � T � z���0y ν � e	 � z�

z0
α � z� � � ν � dz� � dz� (2.8)

wherez0 and z∞ are two arbitrary altitudes. If we extend the definition of the
brightnesstemperaturein Equation2.4 to arbitraryradiationby replacingLblack

ν
by Lν, wecansubstitutethepowersby brightnesstemperatures,yielding

TB � z0 y ν �
� TB � z∞ y ν � e	 � z∞
z0

α � z� � ν � dz�� z∞�
z0

α � z��y ν � Tblack
B � T � z���0y ν � e	 � z�

z0
α � z� � � ν � dz� � dz� (2.9)

We will seesoonthatTB � z0 y ν � is thequantitymeasuredby theinstrument.Thus,
we have to know abouttheabsorptioncoefficientsandthetemperatureandpres-
sureof theatmosphereto reconstructthemeasurement.A typical spectrumof the
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sky in the microwave region is shown in Figure2.1. For a deeperunderstand-
ing of theshapeof thespectrum,wewill needmoreknowledgeof theabsorption
coefficients,which is givenin thenext section.

If we want to calculatewith altitudesinsteadof integratingalongthepathof
the beam,we have to substituteall occurrencesof z with the altitude r and to
replacedz by � dz� dr � dr. For an instrumentwith a pencilbeamantennalooking
upundertheangleϑ, theresultis

dz
dr

� 1
�

r � a�
sin2 ϑ �

2r � a � r2 � a2
(2.10)

if thecurvatureof theearthis considered.Theradiusof theearthis denotedby a.

2.3 Absorption Coefficients

Theinformationaboutthemixing ratioprofileof theobservedspeciesis contained
in the absorptioncoefficients. The absorptioncoefficient of the atmospherecan
bewrittenas

α � zy ν ��� ∑
ki

α �ki � zy ν � xk � z� (2.11)

with k indicatingthemoleculesthatform theatmosphereandi denotingthetran-
sitionsof every species.xk is the volumemixing ratio of the speciesandα �ki is
calledabsorptioncrosssection.Theabsorptioncrosssectionfor asingletransition
is givenby

α �ki � zy ν �
� n � z� akiSki � z� Fki � zy ν � (2.12)

n is thenumberdensityof air, a is theratio of theisotopethatperformsthetran-
sition, S is the line strengthandF is the form factor, which givesthe frequency
dependentterm. Thequantummechanicalexpressionfor thecrosssectionyields
nocleardistinctionbetweenSandF, sotheirdefinitionis somewhatarbitrary. We
will follow Janssen[1993] here.Thefrequency dependencehasseveralcauses:� Naturalline width� Dopplerbroadening� Pressurebroadening� Frequency shift
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Figure2.1: Atmosphericspectrumfrom 0 GHzto 400GHzfor asubarcticstandardatmo-
sphere,seenfrom thegroundwith anmeasurementzenithangleof 70# . Arrows show the
positionof thespectrameasuredby the22 GHz watervapor, 110GHz ozone,142GHz
ozoneand204GHz chlorinemonoxideradiometers.Above 400GHz, theatmosphereis
opaque.

The naturalline width is causedby the uncertaintyprinciple andis totally neg-
ligible for rotationaltransitionsin themicrowave region. Dopplerbroadeningis
causedby the motion of the moleculesof the air relative to the observer. The
resultfor theform factoris

FD � ν �
� 1

π1� 2γD � i exp

� � �
ν � νi

γD � i � 2 �
(2.13)

Thetransitionfrequency is denotedby νi . TheDopplerbroadeningparameterγD � i
is givenby

γD � i � νi

�
2kBT
mkc2 � 1� 2

(2.14)
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Figure2.2: Line shapedueto pressurebroadening.Absorptioncrosssectionsfor 10km
and30km altitudefor ozoneat142GHz.

It dependson the temperatureT and the molecularweight mk of the species.
Pressurebroadeningis causedby the decreaseof the lifetime of groundstates
and excited statesof the observed molecule,originating from collisions of the
molecules. The higher the pressure,the shorteris the time betweencollisions
andthe morethe lifetime is decreased,leadingin turn to an increaseof the half
width of the line accordingto Heisenberg’s uncertaintyprinciple. Thus,broad
lines originatefrom low altitudesandnarrow lines originatefrom high altitudes
(seeFigure2.2). The mostcommonapproachfor the line shapeof the pressure
broadeningis thevanVleck-Weisskopf line shape

FC � ν y νi �
� 1
π

�
ν
νi � 2

�
γC � i� ν � νi � 2 � γ2

C � i � γC � i� ν � νi � 2 � γ2
C � i � (2.15)

This line shapewasderived by van Vleck andWeisskopf [1945] underthe ap-
proximationthat the collisions are sufficiently short and strong. The pressure
broadeningparameterγC � i is givenby

γC � i � wi � p � pk � � T0

T � xi �
ws� i pk

�
T0

T � xs� i
(2.16)

wherethe first term describesbroadeningdue to oxygenand nitrogenand the
secondterm describesself broadeningdueto the observed moleculeitself. The
parameterswi , xi , ws� i andxs� i haveto bedeterminedempirically. T0 is anarbitrar-
ily chosenreferencetemperature,andp andpk arethepressuresof theatmosphere
andof theobservedspecies,respectively. Nearνi , thevanVleck-Weisskopf line
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shapecanbesimplified:

FL � ν y νi �
� 1
π

γC � i� ν � νi � 2 � γ2
C � i (2.17)

This is theLorentzline shape,which is equivalentto theline shapeof a classical
oscillator. The shapeof an atmosphericline nearνi is the convolution of the
Lorentzline shapeandtheDopplerline shape

FV � ν y νi �J� ∞�	 ∞

FL � ν � ν � y νi � FD � ν � � dν � (2.18)

andis calledVoigt line shape.The integral of the Voigt line shapecanonly be
calculatednumerically, seefor example[Drayson,1976].Theline shapeusedfor
all calculationshereis a combinationof thevanVleck-Weisskopf line shapeand
theVoigt line shape,which is correctfor awide rangeof frequencies:

F � ν y νi �J� �
ν
νi � 2 � FV � ν y νi � � FV � ν y1� νi �/� (2.19)

In additionto the broadeningof lines,a shift in the centerfrequency canoccur.
Sincethis is only importantfor watervapor, it will betreatedin Section3.4.5.The
line strengthfor a transitionfrom theenergy Ei2 to theenergy Ei1 is givenby

Ski � T �~� 8π3ν2
i µ2

i gi

3hcQk � T � �
exp

� � Ei1

kBT � � exp

� � Ei2

kBT � � (2.20)

whereνi is theline frequency, µi is thequantummechanicaltransitionprobability
andgi is the weight accordingto the nuclearspin. The partition function Q � T �
is in goodapproximationgivenby the productof the vibrational,rotationaland
electronicpartition functions,thusQk � T �F� Qvib � k � T � Qrot � k � T � Qel � k � T � . For our
instruments,Qel � k doesonly play a role for chlorinemonoxide.AssumingEi1 �
Ei2 { kBT, weobtaintheformula

Ski � T �~� S�ki � T0 � � T0

T � qk � 1 1
Qvib � k � T � exp

�
bi � 1 � T0

T
� � (2.21)

usedbyJanssen[1993],wheremostspectralparametersweretakenfrom. Theline
strengthat thereferencetemperatureT0 is definedby S�ki � T0 �4� Ski � T0 � Qvib � k � T0 �
andis tabulatedfor many species.Theparameterbi isgivenby � Ei1

�
Ei2 �1��� 2kBT0 � .

For theabove formulaQrot � k � T �~� Tqk is assumed,whereqk is 0 for anatom,1� 2
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for a linear moleculeand3� 2 in any othercase.The vibrationalsumhasto be
computedfrom thefundamentalvibrationalstates:

Qvib � k � ∏
l

�
1

1 � exp ��� Tkl
T � � dkl

(2.22)

The energy of the statesis Ekl � kBTkl anddkl is the degenerationof the states.
Finally, theelectronicsumfor chlorinemonoxideis givenby

Qel � k � 1
�

exp ��� Tel � k � T � (2.23)

with theelectronicstateenergy Eel � k � kBTel � k.
Themostprominentline spectrain themicrowaveregionarecausedby water

vaporwith its strongdipole momentandby oxygen. Although oxygenhasno
electricdipole moment,its magneticdipole momentandthe large abundancein
theatmosphereleadto ratherstronglines.Nitrogenhasno linesin themicrowave
region dueto its vanishingdipolemoments.Ozoneexhibits a multitudeof lines,
but the line strengthsaresomewhat lower thanfor oxygenor watervapordueto
thelower mixing ratios. In additionto the line spectra,watervaporandnitrogen
continuacanbefound. Thewatervaporcontinuumis possiblycausedby devia-
tionsof theline shapefrom thevanVleck-Weisskopf line shapefar from theline
centers,andis to someextentdependenton which linesareexplicitly calculated.
Thus,it cannotbeconsideredasa realcontinuum.

2.4 Instrument Description

2.4.1 Quasi Optics

The radiationreceived by the instrumentoriginateseitherfrom the atmosphere,
a hot black body, or two differentcold black bodies. Radiationfrom the atmo-
sphereentersthelaboratorythrougha styrofoamwindow, which is transparentin
themicrowaveregion. A rotatingmirror is pointedto oneof thesourcesaccording
to a computercontrolledprogramandleadsthe radiationto a quasioptics. The
purposeof thequasiopticsis to focustheradiationandto restrictthereceivedfre-
quency range.Thenamequasiopticsis dueto thesimilarbehavior of microwaves
andvisible light, apartfrom somefeatureslikeapronouncedtransversespreading
of the beam. For somemoredetailedinformationaboutmicrowave optics,see
[Goldsmith,1998].We will concentrateon theopticsof theozoneradiometerfor
now, sinceit is themostcomplicatedone.Theopticsof theotherinstrumentsare
analogous.An outlineof theozonequasiopticsis shown in Figure2.4.
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Figure2.3:Theradiometersin thelaboratoryin Ny-Ålesund.Fromleft to right: Thewater
vapor, ozoneandchlorinemonoxidefrontend.Themiddlerackcontainsthebackend.

Someof themirrors in theopticsarejust usedto focusandredirectthe radi-
ation,like themirrorsE0 up to E5. But somepartsof theopticsrequirea deeper
investigation. The first elementof interestis the dichroitic plate D. It is used
to suppressunwantedfrequency contributions in the radiationandconsistsof a
metalplatewith concentricholes,which leadto a frequency dependentreflection
coefficient. Next, the pathlengthmodulatorR3 is usedto suppressFabry-Ṕerot
interferencesin theopticsby periodicallychangingtheopticalpathlengthwith a
moving rooftopmirror.

The most importantelementis the Martin-Puplettinterferometer, which is
usedasa bandpassfilter to suppressunwantedfrequency ranges.It consistsof
thefixedrooftopmirror R1, themovablerooftopmirror R2 andthewire grid G1.
Thewire grid transmitsor reflectstheincomingradiationdependingon its polar-
ization.It canbeshown thatif thepathlengthdifferencebetweenthefixedrooftop
mirror andthegrid andthemovablerooftopmirror andthegrid is notzero,radia-
tion is transformedbetweenthepolarizationswithoutchangingtheoverallpower.
Thereforeit is possibleto attenuatethe radiationby addingwire grids aspolar-
izationfilters at theexit andtheentranceof theinterferometer. Thewire grid G2
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Figure2.4: Quasiopticsof the142GHzradiometer

formstheentranceof theinterferometer, while thewire grid G0 is theexit. If δ is
thepathlengthdifference,theattenuationof theincomingradiationis givenby

D � 1
2 � 1 � cos� 2πδν � c��� (2.24)

whereν is the frequency andc is the speedof light. Dependingon the relative
positionof the wires of the wire grids at the entranceandthe exit to eachother
andthe useof the transmittedor reflectedincomingbeamasa signalbeam,the
polarizationof the signalbeamis rotatedby 90� or left in its original polariza-
tion. Thenegativesigncorrespondsto rotatingoperation,while thepositivesign
correspondsto non-rotatingoperation.Thewire gridsat theentranceandtheexit
areorientatedfor non-rotatingoperation.δ is chosenso that transmissionis at a
maximumfor ν � νi andat a minimumwherethe largestunwantedcontribution
occurs.

2.4.2 Antenna and Mixer

Thepower perfrequency that is detectedby thehornantenna(save for theeffect
of theinterferometer)canbedescribedas

Phorn � 1
2

AeffΩeffLν (2.25)



2.4 Instrument Description 43

whereAeff is theeffectiveantennaarea,Ωeff is theeffectivedetectingangleandLν
is theintensityof theradiation.TheEtenduprinciple,which shallnot bederived
here,states

λ2 � AeffΩeff (2.26)

whereλ is the wavelength. Combiningthe Etenduprinciple with the definition
of thebrightnesstemperaturein Equation2.4givesasimplerelationshipbetween
spectralpowerandbrightnesstemperature

Phorn � kBTB (2.27)

Sincecommonlyusedamplifiersarenot ableto amplify the frequenciesthatwe
wish to detect,thesignalis down convertedto anintermediatefrequency. This is
achievedby mixing theatmosphericsignalwith themuchstrongersignalof a lo-
caloscillatorandpassingit to adevicewith anon-linearresponseof theresulting
currentto the inducedvoltage. Sucha configurationis calleda heterodynere-
ceiver. It canbeshown thattherelationshipbetweenthelocaloscillatorfrequency
νLO, the intermediatefrequency νIF and the amplifiedatmosphericfrequencies
ν � n is

ν � n � nνLO � νIF  n !#" 0 (2.28)

If theintermediatefrequency andthelocal oscillatorfrequency aregiven,several
discretesignalfrequenciesareamplifiedat thesametime,giving a superposition
of thespectralpowersof thesinglefrequencies.It canbeshown thatthespectral
powersof thedifferentfrequenciesarenotamplifiedwith thesameefficiency. The
resultingspectralpower is rather

P � ∑
n $&% L � νn � TB � νn � (2.29)

wheretheTB arethebrightnesstemperaturesat thedifferentfrequenciesandtheL
areproportionalityfactors.Thesignalfrequenciesarecalledsidebands,with ν1

giving theuppersidebandandν ' 1 giving the lower sidebandof thefirst order.
Both sidebandscanbeusedassignalbands,with theothersidebandbeingthe
mirror sideband.Thelocal oscillatorfrequency is normallychosenneartheline
frequency to obtaina small intermediatefrequency. Thelocal oscillatorfrequen-
ciesare14.235GHz for watervapor, 134.175GHz for ozoneand196.352GHz
for chlorinemonoxide,correspondingto an intermediatefrequency of 8 GHz at
theline center. Theuseof theMartin-Puplettinterferometerbecomesclearhere.
It canbeusedto suppressat leastoneof theunwantedsidebands,mostoftenthe
mirror sidebandof thefirst orderis suppressedbecauseit is usuallythestrongest
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Figure2.5: Thebackendof theradiometersin Ny-Ålesund

one. Sincethe interferometerinfluencestheproportionalityfactors,they have to
be written asL � νn �(� Λ � νn � D � νn � wherethe Λ areconstantscalledconversion
modesandD is thebandpassof theinterferometer.

We will now give someimplementationdetails. The mixer andthe first am-
plifier aresituatedinsidea vacuumchamberandcanbecooleddown to 12K by
liquid helium. This is doneto lower the thermalnoisein themeasurement.The
mixer consistsof a Schottky diodesituatedbehindthehornantennato which the
radiationof a localoscillatorbasingonaGunndevice is coupledby awaveguide.
Thezenithangleof theantennais chosento be70� for ozoneandis variable(but
similar) for chlorinemonoxideandwatervapor. This is a compromisebetween
higher attenuationof the line in the tropospherewith higher zenith anglesand
lower intensityof the stratosphericline with lower zenithangles. The antenna
patternis assumedto beapencilbeam.

2.4.3 Intermediate Frequenc y Chain

The first elementof the intermediatefrequency chainis a bandpassfilter with a
bandwidthfrom 6.8GHz to 8.5GHz. After 22 dB of amplificationthesignalis
mixedfor asecondtimein orderto transformthesignalto the1.6GHzto 2.6GHz
rangeof thespectrometer. Sincethesignalhas1.7GHz bandwidthandthespec-
trometeronly 1 GHz bandwidth,the rangefrom 6.85GHz to 7.85GHz andthe
rangefrom 7.5GHz to 8.5GHz aregivenin turn to thespectrometer. Two local
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oscillatorswith 5.25GHzand5.9GHzthatcanbeput into thechainalternatively
by a microwaveswitchareusedfor this. Later, thetwo spectraaremergedagain.
Finally thesignalis ledthroughanotherbandpassfilter, a33dB amplifier, a22dB
amplifier, a power divider (asinput for a powermeter),a microwave switchanda
switchableattenuator. Thelastmicrowaveswitchchangesbetweentheintermedi-
atefrequency chainandacombgeneratorusedfor frequency calibration.Thelast
elementof thechainis thespectrometer.

2.4.4 Acousto Optical Spectr ometer

The acoustooptical spectrometerdecomposesthe microwave radiationinto its
spectrum. The microwave radiationexcites a transducercoupledto a crystal,
which is set into acousticoscillations. That modifies the refraction index of
the crystal periodically. A laserbeampenetratingthe crystal is diffractedby
the acousticoscillations. The intensity of the laserbeamdiffractedto the an-
gle ϑ is proportionalto the intensityof themicrowave radiationat thefrequency
ν � ϑncs� λl , wherecs is thespeedof sound,n is themeanrefractionindex and
λl is thewavelengthof thelaser. Thelaserlight is detectedby a CCD arraywith
1728channels.Althoughthegapbetweenthechannelsis 0.56MHz, theresolu-
tion of thespectrometeris only 1.6MHz dueto thescatteringof laserlight.

2.4.5 Bremen Radiometer

The ozoneradiometerin Bremen(BRERAM) wasbuilt in 1997andbeganop-
erationalmeasurementsin 2000. It detectsthe rotationaltransitionof ozoneat
110.836GHz. Opticsandbackend are similar to the RAM, so we will not go
into detailhere.Measurementquality is somewhat lower in Brementhanin Ny-
Ålesund,sincethe measurementsaremoreaffectedby watervaporhere. More
informationon the instrumentcanbe found in [Tuckermann,1997]and[Hoock,
2000].

2.5 Measurement Principle

Thespectralpower thatis receivedby thespectrometeris composedof two parts.
Theactualspectrumis superimposedonthesystemnoiseof theinstrument,which
is usuallymuchlarger thanthedetectedsignal. Thespectralpower Pa of theat-
mospherecanbe expressedin termsof brightnesstemperatures,which arepro-
portionalto thespectralpower:

Pa � G � TB,a ) TB,sys� (2.30)
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Themeasuredatmosphericsignalis denotedby TB,a. G is anamplifyingfactorand
TB,sys is the systemnoisetemperaturecorrespondingto the systemnoisePsys �
GTB,sys. Thesystemnoiseshouldnot beconfusedwith theactualnoisethatcan
beseenon thespectrum.It is relatedto thesystemnoiseby

σ * TB,sys+
∆ν∆t

(2.31)

where∆ν is the frequency resolutionof the instrumentand∆t is the integration
time. Thesystemnoiseitself canbethoughtof asabiassignalthatis evenpresent
whenno radiationis measured.It originatesfrom several sourceslike thermal
noisein theamplifiersor terminationloadsin theoptics.

2.5.1 Totalpo wer Method

The totalpower methodis usedby the ozoneradiometersin BremenandSpits-
bergen. Somemeasurementshave also beencarriedout with the water vapor
radiometer, with promisingresults.Themethoddependson a sufficiently strong
spectralsignature.All threevariablesin Equation2.30areunknown, so thatad-
ditional equationsareneeded.For this reason,a hot anda cold black body are
measuredin turnwith theatmosphere:

Ph � G � TB,h ) TB,sys� (2.32)

Pc � G � TB,c ) TB,sys� (2.33)

TheradiationTB,h andTB,c of theblackbodiesis well known,whenweknow their
physicaltemperatures.Thus,we obtaina systemof threeequationswith three
unknown variables,which caneasilybe solved. For the atmosphericspectrum,
wegain

TB,a � TB,c ) TB,h , TB,c

Ph , Pc � Pa , Pc � (2.34)

Solvingfor thesystemnoise,weget

TB,sys � TB,h , yTB,c

y , 1
with y � Ph

Pc
(2.35)

Let us now have a look at the implementationof the totalpower methodfor the
ozoneradiometerin Spitsbergen. The hot black body is realizedby a pieceof
foamedplastic at room temperature.The temperature,which is neededin the
above formulas, is measuredby a Pt-100diode. Thereare two different cold
black bodies. The extern cold black body consistsof a dewar vesselfilled with
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liquid nitrogenat 77 K. The dewar is protectedby a lid, so that the nitrogen
cannotevaporate.Sincethe radiometermeasuresthe combinedtemperaturesof
the lid andthenitrogen,thetemperatureof the lid is measuredonceperday in a
calibrationmeasurement.Theinterncoldblackbodyis situatedinsidethevacuum
chamberfor themixerandis notusedin themoment.For thespectra,thehot load,
thecoldloadandtheatmospherearemeasuredin turnfor about1s. Thecountsof
theCCDarethensummedupfor 40s. Thetotalpowerformulais appliedto every
single measurement,and the resultingspectraare integrateduntil a integration
timeof about200s is reached.

2.5.2 Reference Beam Method

For thevery weaklinesof thechlorinemonoxideradiometerandthemoderately
weak line of the watervaporradiometer, the referencebeamtechniqueis used.
This method,which wasdevelopedby Parrish et al. [1988], hasthe advantage
of cancelingany non-linearitiesin the relationshipbetweenspectralpower and
brightnesstemperature.On the otherhand,we loosethe informationaboutthe
spectralbias,becauseit is implicitly subtracted.The referencebeamtechnique
usesa secondsourceof radiationwhich is adjustedto matchthe spectralpower
of thesignalbeam,but doesnot containthe line. Subtractionof the two spectra
eliminatesnon-linearities,but doesconserve the informationthat is containedin
theline. In our case,thereferencesourceis asecondbeampointingin adifferent
directionthanthesignalbeam.Thereferencebeamis attenuatedby anabsorber,
usuallyanacryl glassplate,to suppresstheline information.Additionally, asub-
stantialamountof radiationis addedby thermalemissionfrom the acryl glass
plate. The angleof the signal beamis adjustedin order to matchthe spectral
powersof thesignalbeamandthereferencebeam.

If Pr is thespectralpower of the referencebeamandPs is thespectralpower
of thesignalbeam,aderivationsimilar to thetotal powermethodyields

Ps , Pr

Pr
� TB,s , TB,r

TB,r ) TB,sys
(2.36)

ThesystemnoiseTB,sys hasto bedeterminedin a secondmeasurement.TB,s and
TB,r are the brightnesstemperaturesof the signalandreferencespectra,respec-
tively.

The line of thechlorineradiometeris soweakthat the referencebeamtech-
niqueis notsufficientto obtainspectrawheretheinstrumentalfeaturesaresmaller
thantheline. Thus,we take advantageof thestrongdiurnalvariationof chlorine
monoxidein thelowerstratosphereandsubtractnight time measurements,where
almostno chlorinemonoxideis presentin the lower stratosphere,from day time
measurements[de Zafraet al., 1989]. Day time is definedas1 houraftersunrise
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to 1 hourbeforesunsetin thestratosphereor the2 hoursaroundlocal noonwhen
the day is too short for this condition. Night time is definedfrom 3 hoursafter
sunsetto 1 hour beforesunrise. In duskanddawn, chlorinemonoxideis not in
photochemicalequilibrium andexhibits a fastchangein its mixing ratio, with a
rapid increasedueto photolysisin themorninganda somewhatslower decrease
dueto thebackreactionto thedimerin theevening.
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3.1 Overview

Theaimof theretrieval is to obtainvolumemixing ratiosandotherdesiredquan-
tities from themeasuredspectrum.Thespectrumis supposedto besomefunction
of the quantitieswe want to retrieve. Hence,we canobtainthesequantitiesby
determiningthe inverseof this function. Unfortunately, theinversionis a mathe-
matically ill-posedproblemin caseof theradiative transferequation.A standard
approachto solve suchproblemsis the optimal estimationmethod. Thus,sec-
tion 3.2dealswith thegeneralapplicationof this methodto our data.

Sections3.3 and3.4 describethedetailedimplementationof the retrieval for
thedifferentinstruments.In additionto theexisting softwarefor ozoneandchlo-
rine monoxideretrieval in Spitsbergen, somenew retrieval software had to be
developedfor the instrumentsbuilt in the last threeyears,namelythe waterva-
por radiometerin Spitsbergenandtheozoneradiometerin Bremen.A complete
rewrite of theexisting retrieval software,which resultedin a muchfaster, easier
to useandmorecompleteprogram,wasalsoperformed. All partsof the soft-
wareweredevelopedin Matlab, an interpreterlanguagespecializedin matrices
andnumericalmathematics.The forward modelsandretrieval methodsfor the
ozoneandchlorinemonoxideradiometersaredescribedin a generalmannerin
section3.3, togetherwith someexamplesfor spectra,profilesandaltituderange
andresolution. Section3.4 dealswith the challengesposedby the watervapor
radiometer. Thewatervaporline is surprisinglydifficult to retrieve, dueto facts
astheexponentialdecreasein mixing ratiosanda complicatedline form. Some
methodsof dealingwith theseproblemsor circumventingthemaredescribed,and
first preliminaryprofilesareshown.

3.2 Optimal Estimation

The optimal estimationmethodis a convenientway to retrieve somesearched
parametersfrom given datathat are a function of theseparameters,especially

49
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if the correspondingmathematicalproblemis underconstrainedor ill-posed. A
thoroughdescriptionof the optimal estimationmethodandthe generalproblem
of datainversioncanbefoundin [Rodgers,2000].

We assumethat the given data y are somearbitrary function F � x � of the
searchedparametersx and that somestatisticalerror ε is superimposedon the
data:

y � F � x � ) ε (3.1)

For example,x maybeavectorof volumemixing ratiosin differentaltitudesand
y maybeavectorof brightnesstemperaturesatdifferentfrequencies.Discretizing
thesenormallycontinuousfunctionsis necessaryto computeanumericalsolution,
but it is alsoconvenientto beableto usematrix algebra.Thevectorvaluedfunc-
tion F � x � is calledtheforwardmodelandcontainsthephysicsof theproblem,in
our casetheradiative transferequation.Normally, it is only anapproximationto
therealphysicsof theproblem,which maybetoocomplex or unknown.

At first, we will examinethe caseof a linear forward model. We will see
later that themorecommoncaseof a non-linearproblemcanoftenbetreatedby
linearization.Thelinearcaseis givenby

y � F � x0 � ) K � x , x0 � ) ε (3.2)

wherex0 is somearbitrarypoint for the time being. The constantmatrix K is
called weighting function matrix. If we useF � x � , F � x0 � insteadof F � x � and
x , x0 insteadof x, which is easilyreversible,weget

y � Kx ) ε (3.3)

Usually we have moredatathanretrievedparameters.Thus,at first glance,this
is an overdeterminedsystemof equations,which canbe solved by minimizing
the squareddifference � Kx̂ , y � 2, where x̂ is the estimatedsolution. However,
thereareproblemswith this approach.It turnsout that thematrix K is ill-posed
in thecaseof theradiative transferproblem,meaningthat thematrix is formally
overdetermined,but thatits rowsarealmostlinearlydependent.Thussmallerrors
in the data,introducedby noiseor the truncationof numberson the computer,
leadto largeerrorsin theresultx̂. An approachto understandthis is to examine
thenull spaceof K . Underdeterminedmatriceshaveanull space.If thereis anull
space,therearesolutionsto theequationswhichdonotcontributeto thespectrum

Kxnull � 0 (3.4)

andthereforecannot bemeasured.Hence,we canaddan arbitraryvectorfrom
thenull spaceto a solutionandstill get thesamespectrum,even if we scalethe
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vectorwith a very large number. The problemis madeworseby the noiseon
thespectrum,which allows for evenmorepossiblesolutions.This leadsto large
oscillationsof the estimatedsolutionaroundthe true stateof the atmosphere,if
not treatedproperly.

Theapproachtakenin theoptimalestimationmethodis to providevirtual mea-
surementsto stabilizethe inversion. We assumethatwe know at leastthemean
x0 andthecovariancesSx of anindependentmeasurementseries,giving ussome
a priori knowledgeon theoverall appearanceof our parametersx. Thedefinition
of thecovariancematrix Sx canbe found in Appendix3.A. x0 is calleda priori
profileandSx is calledapriori covariance.Wenow minimizethedeviationof the
resultingprofile x̂ from thea priori profile x0 andthedeviation of thespectrumy
from thesyntheticspectrumF � x̂ � at thesametime

χ2 � � x̂ , x0 � TS' 1
x � x̂ , x0 � ) � F � x̂ � , y � TS' 1

ε � F � x̂ � , y � (3.5)

weightingthedeviationswith thereciprocalof thecorrespondingerrors.Sε is the
covariancematrix of the errorsin the spectrum,which shouldbe known. Mini-
mizing χ2 yields

x̂ � G � y , Kx0 � ) x0 with G � SxKT � KSxKT ) Sε � ' 1 (3.6)

This is theoptimalestimationequationfor thelinearcase.

3.2.1 Resolution

Substitutingy � Kx ) ε in Equation3.6 givesa relationbetweenthe trueprofile
x andtheestimatedprofile x̂:

x̂ � Ax ) � I , A � x0 ) Gε (3.7)

whereA is thesocalledaveragingkernelmatrix

A � GK (3.8)

Let ushave a look at therows of this matrix. We look first at thealtitudeswhere
enoughinformationaboutthemixing ratiosis hiddenin thespectrum.Here,the
rowsof theaveragingkernelmatrixoftenhaveaGaussianshapewith apeakatthe
altitudeof the retrievedmixing ratio, seeFigure3.1. Thus,the retrievedvolume
mixing ratioatagivenaltitudeis aweightedmeanof thevolumemixing ratiosin
a finite layer. In additionto this, a constantcontribution of thea priori profile is
added.However, thiscontributionis usuallysmallin thealtituderangeconsidered
here.ThetermGε describestheerrorin theprofiledueto errorsin thespectrum.
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Figure3.1: Averagingkernels. Typical row valuesof four different rows (for ozoneat
142GHz). The indicesof the rows are indicatedby the altitude annotatedabove the
curves.

Theshapeof theaveragingkernelsis a measurefor thealtituderesolutionof
theretrieval. Thebroaderthekernelsare,theworseis theresolution.A straight-
forward way to definealtituderesolutionis the responseof the retrieval to two
deltafunctionpeaksin the trueprofile. Thesmallestdistancewherethesefunc-
tionscanbedistinguishedin theestimatedprofile is thealtituderesolution.It is
given by the half width of the rows of the kernels. A very similar result is ob-
tainedby takingthereciprocalof thediagonalelementsof theaveragingkernels,
sincethepeakvaluesareameasurefor thedegreesof freedomperlevel. Altitude
resolutionin Figures3.2to 3.5andTables3.1to 3.2is estimatedwith thismethod.

Therearealtitudeswherethereis no sufficient information in the spectrum
to retrieve mixing ratios. In this altituderange,thesecondtermof Equation3.7
becomessignificantandtheestimatedprofile approachesthea priori values.The
altituderangeof theretrieval is determinedby thesumof therow elementsof the
kernel. If the sumis nearunity, the first term in Equation3.7 is dominantand
thea priori hasno contribution. If it is nearzero,theprofile is dominatedby the
apriori. Limiting factorsfor thealtituderangearenoise,instrumentaleffectsand
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the observed bandwidthfor low altitudesandDoppler broadeningandspectral
resolutionfor high altitudes.

A relatedtopic is thesignal-to-noiseratioof themeasurement.If wecompare
the intensity of the line to the measurementnoise,we seethat small lines are
moredifficult to retrievethanlargelines. It is easierto distinguishtheinformation
inheritedin the line shapefrom the noisewhenthe line is larger. Thus,altitude
resolutionandrangearea functionof thesignal-to-noiseratio. We will seelater
how wecankeepthesignal-to-noiseratio ataconstantlevel, which is desirable.

Finally, if wewantto compareanindependenthighresolutionmeasurementto
our estimatedprofile,we have to applyEquation3.7 to theindependentmeasure-
ment.Weobtainasmoothedversionof themeasurementin ouraltituderesolution.

3.2.2 Errors

Errorsin theestimatedprofile canbedividedin errorsoriginatingfrom thespec-
trum propagatinginto the profile, errorsin the forward modelanderrorsdueto
therestrictedaltituderesolution.We have alreadyseenthat theerrororiginating
from thespectrumis givenby thecovariancematrix

S1 � GSεGT (3.9)

All statisticalerrorsshown in thefollowing werecalculatedaccordingto this for-
mula. Thealtituderesolutionerrorhasonly to beconsideredif onecomparesan
independentmeasurementthathasnot beentreatedwith Equation3.7 to theesti-
matedprofile. If the independentmeasurementhasbeenadjustedto our altitude
resolution,this erroris of no interest.It is givenby

S2 � � I , A � Sx � I , A � T (3.10)

Wewill notconsiderthiserrorsourcein thefollowing sinceall independentmea-
surementshave beenconvolutedto our altituderesolution.Theerrorsin the for-
wardmodelcanbedividedinto errorsdueto simplificationsor unknown physics
andinto errorsdueto parametersof the modelthat arenot exactly known. The
lattererroris givenby

S3 � � GKb � Sb � GKb � T (3.11)

whereb is thevectorof theparametersof themodel.Sb is thecovariancematrixof
theparameters,andKb is givenby ∂F � ∂b, whichis definedby Kb - i j � ∂Fi � x ��� ∂b j .
Errorsin the forward modelaredifficult to calculateanalytically. Thus,we will
not presentthemhereandshown errorsarea lower limit. However, a studyof
theseerrorsfor an older versionof the forward modelcanbe found in [Wohlt-
mann,1999]. If theerrorfrom thespectrumandall theforwardmodelerrorsfrom
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theold modelarecombined,the resultingerror is muchlarger thanthe discrep-
anciesactuallyobservedin comparisonwith ozonesondes.This is a hint thatthe
covariancematricesSε andSb arequite conservative estimatesof the errorsand
couldbeminimizedin somecases.

3.2.3 Nonlinearities

In general,no linearrelationshipbetweenx andy is given. It is possibleto adapt
theoptimalestimationmethodto non-linearproblemsby meansof two different
methods:.

Newtonmethod:Thisapproachis suitablefor slightly non-linearproblems..
Levenberg-Marquardtmethod:Thismethodis applicablefor moderatenon-
linearproblems.

Both methodsareiterative. For eachof themethods,we linearizeF � x � by expan-
sionto aTaylor seriesatanappropriatepoint x0:

y � F � x � ) ε � F � x0 � ) K � x , x0 � ) O � x2 � ) ε (3.12)

Theweightingfunctionmatrix

K � ∂F
∂x � x � (3.13)

is now dependenton x. Its elementsaredefinedby Ki j � ∂Fi � x ��� ∂x j . For the
Newtonmethod,themodelF � x � is expandedatapoint x̂n in then-th iterationand
theweightingfunctionsarecalculatedas

Kn � ∂F
∂x � x̂n � (3.14)

Theestimated̂xn/ 1 of thenext iterationis computedby

x̂n/ 1 � Gn 0 � y , Knx0 � ) Knx̂n , F � x̂n �21 ) x0

Gn � SxKT
n � KnSxKT

n ) Sε � ' 1 (3.15)

Comparedwith Equation3.6anextratermgiving thedifferencebetweentheexact
andlinearizedforwardmodeloccurs.As an initial point x̂0 � x0 is chosen.The
iterationis quit whenx̂n doesnot changeanymore.

TheLevenberg-Marquardtmethodusesdifferentapproachesdependingonthe
distanceto theminimum. If theminimumis near, theformulagivestheNewton
method.If theminimumis far away, thesteepestdescentmethodis used,which
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stepsdown a little distancealong the steepestgradientof the χ2 function. A
controlparameterγ switchescontinuallybetweenthemethods:

x̂n/ 1 � x̂n )30KT
nS' 1

ε Kn ) � 1 ) γ � S' 1
x 1 ' 10KT

nS' 1
ε � y , F � x̂n �4� , S' 1

x � x̂n , x0 �21 (3.16)

giving theNewton methodfor γ 5 0 andthesteepestdescentmethodfor γ 5 ∞.
Thevalueof γ is changedin every iterationstepdependenton χ2:.

If χ2
n/ 1 6 χ2

n, γ is multipliedby a factor 6 1 andx̂n/ 1 is notupdated..
If χ2

n/ 1 7 χ2
n, γ is dividedby a factor 6 1 andx̂n/ 1 is updated.

Again,theiterationis quit if x̂n converges.Sinceit is notsurethattheinitial point
is neartheabsoluteminimumof χ2, it is possibleto hit only alocalminimumwith
theLevenberg-Marquardtmethod.

3.3 Retrie val

We will now give an overview over the differentretrieval methodsandforward
modelsactuallyusedfor thefour radiometersdiscussedhere.Theretrievalshave
many featuresin common,so we will not split this sectionby radiometers,but
describethedifferentfeaturesandmakespecialremarksfor singleradiometers,if
necessary. We will begin with somecommonfeatureslike spectrumcovariances
anda priori valuesin subsection3.3.1.Theforwardmodelsaredescribedin sub-
section3.3.2.Table3.1and3.2giveasummarywherewhich featureis used,and
Figures3.2to 3.5show someexamplesfor profiles,spectraandaltituderesolution
for all radiometers.Finally, we introducea new algorithmto achievecomparable
signal-to-noiseratiosin thespectrain subsection3.3.3. Thenew watervaporre-
trieval is describedin somemoredetail in section3.4, wherewe presenta full
forwardmodelandasimplifiedmodelleadingto first results.

3.3.1 General Features

Thefirst choiceto bemadeis whichiterationmethodshouldbeused.All retrievals
exceptfor thefull watervaporretrieval usetheNewton iteration,becausethey are
only slightly non-linear. For thefull watervapormodel,theLevenberg-Marquardt
methodhasto beused.Wehavealsotriedasimpleapproachfor watervaporwith
the Newton methodusingonly the innermostchannelsof the spectrumandthe
totalpower spectra.Thenext issueis choosingtheparametersthatshouldbe re-
trieved and the parametersthat shouldbe constantor calculatedin the forward
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Model 22GHz(full) 22GHz(simple)

Method Levenberg-Marquardt Newton
Integration Reference Totalpower
A priori Sondes(troposphere),climatology(stratosphere)
Spectrumcovariance Noise,baseline Noise,baseline
Altitude resolution – 15–20km
Altitude range – 20–42km
Line form Van Vleck Weisskopf,

mirror line
VanVleck Weisskopf

Line broadening Self,Foreign,Doppler Foreign,Doppler
Line shift Self,Foreign(retrieved) –
Continuum Cruz-Pol –
Troposphere Directcalculation Two layer
Troposphericbias – retrieved
Cosmicradiation calculated –
Window calculated –
Sidebands only bandpass only bandpass
Standingwaves retrieved retrieved
Offset optional –
Slope optional retrieved
Absorberplate calculated/retrieved –
Spectrumconvolution calculated calculated

Table3.1: Retrieval models

model. Retrieved parametersincludethe mixing ratios(all models),the bright-
nesstemperatureof the troposphericbias(all totalpower measurements),ampli-
tudesof standingwaves(all models),slope(optionally) andoffset (optionally).
Themixing ratiosareretrievedona1 km grid reachingfrom 0.5to 100.5km. For
simplicity, thesamegrid is usedfor theretrieval andtheradiative transfercalcu-
lation. Again, thewatervaporretrieval is anexception.Here,we usea finer grid
in the radiative transferin the moist troposphere,sincethe opacityof the layers
shouldbesmallto obtaina correctintegration.

Input parametersthat are constantor calculatedin the forward modelsare
pressureand temperature,the wave numbersof the standingwaves, instrument
parameters(like local oscillatorfrequency, pathlengthdifferenceof the interfer-
ometer, relative conversionmodes,hot andcold load temperatures),line param-
eters,measurementangle,window transmission,outdoortemperatureandsome
others.
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Model 110GHz 142GHz 204GHz

Method Newton Newton Newton
Integration Totalpower Totalpower Reference
A priori Sondes Sondes Model
Spectrumcovari-
ance

Noise,T, ν, base-
line

Noise,T, ν, base-
line

Noise,baseline

Altitude resolu-
tion

12–14km 9–12km 10–15km

Altitude range 20–44km 12–46km 14–45km
Line form Van Vleck Weiss-

kopf
VanVleck Weiss-
kopf

Van Vleck Weiss-
kopf

Line broadening Foreign,Doppler Foreign,Doppler Foreign,Doppler
Troposphere Two layer Two layer Parrish
Troposphericbias retrieved retrieved –
Cosmicradiation calculated calculated –
Window calculated calculated –
Sidebands only bandpass 6 bands only bandpass
Standingwaves retrieved retrieved retrieved
Offset – – retrieved
Slope retrieved retrieved retrieved
Absorberplate – – calculated
SecondLO – optional –
Spectrumconvo-
lution

calculated calculated calculated

Table3.2: Retrieval modelsII

Temperature and Pressure

Pressureandtemperaturearetakenfrom analysesof theNationalCenterfor Envi-
ronmentalPrediction(NCEP)andtheEuropeanCenterfor MediumRangeWeather
Forecast(ECMWF).Datagapsin theNCEPdataarefilled upwith ECMWFdata.
Temperaturein theupperatmosphereis takenfrom a climatologyandpressureis
calculatedfrom thehydrostaticequilibriumhere.

Joined Channels

The optimal estimationmethodinvolvesthe inversionof a matrix of dimension
n 8 n, wheren is the numberof frequency channels.Sincethis is a very time
consumingoperation,it is efficient to reducethe numberof frequency channels
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beforetheinversion.Thus,we averagethespectrometerchannelsinto frequency
binsthatareverysmallin theline center, wheremostof theinformationis stored,
andget largerat theline wings. All following operationsareperformedwith the
reducedspectrum.After the inversionthe last forward spectrumis interpolated
back to the original frequency grid to enablea comparisonwith the measured
spectrum.

Spectrum Covariance

Thespectrumcovarianceshouldcompriseall errorsthatareapparentin thespec-
trum. Considerederrorsourcesarenoise,andfor thetotalpowerspectra,errorsin
thetemperaturemeasurementsandfrequency calibrationerrors.Thenoiseon the
spectrumis calculatedfrom thevariationof thebrightnesstemperaturesin adja-
centchannels.Theresultshouldbecomparableto the temporalvariationin one
channel,whichmathematicallydefinesthenoise.Thenoisein a joinedchannelis
givenby

σ � 1+
N

1+
2 9 1

N , 1

N ' 1

∑
k : 1

yk/ 1 , yk ; 1< 2
(3.17)

whereN is thenumberof spectrometerchannelsin a joinedchannelandyk is the
k-th spectrometerchannel.Thefactor1� + 2 accountsfor thecombinationof the
two measurementsyk andyk/ 1. Frequency andtemperaturecalibrationerrorsare
derivedby anerroranalysisof thetotalpoweror referencebeamformulas.Finally,
a constantvalueis addedto the diagonalof the spectrumcovarianceto account
for leftoverstatisticalandunknownsystematicerrorsources.Althoughthisadhoc
erroris unsatisfactory, it is necessaryfor theconvergenceof theoptimalestimation
method.

A Priori Values

Themeanandcovarianceof anindependentmeasurementseriesareneededto cal-
culatethea priori profile andcovariance.Whereno measurementseriesis avail-
able,a climatologyhasto be used. The troposphericpart of the a priori profile
andcovarianceof thewatervaporradiometeris inferredfrom relative humidities
measuredby several100sondeslaunchedin Ny-Ålesund. In thestratosphere,a
climatologyfrom theHALOE (HalogenOccultationExperiment)andMLS (Mi-
crowaveLimb Sounder)instrumentson boardtheUARS satelliteis used[Randel
et al., 1998]. The a priori valuesof the ozoneradiometerin Spitsbergenwere
derivedfrom themeanandstandarddeviation of measurementsof ozonesondes
launchedin Ny-Ålesund.For theradiometerin Bremen,no local sondemeasure-
mentsareavailable. It is plannedto usea weightedmeanof sondeslaunchedin
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nearbyplaceslike Hohenpeissenberg, Germany, or Uccle,Belgium,here. In the
moment,a climatologyis used. The a priori profile of the ozoneradiometersis
further modifiedby calculatingthe altitudeof the tropopauseandsettingmean
andcovarianceto troposphericvaluesbelow this altitude.Thechlorinemonoxide
apriori profile is derivedfrom aclimatologyfor theupperpeakof theprofile. The
a priori for the lower stratosphereis setto zeroto avoid any biasin theretrieved
mixing ratios.

3.3.2 Forwar d Model Features

Aim of the forward modelF � x � is an accuratesimulationof the spectrummea-
suredby theinstrument.We not only have to considertheatmosphericspectrum,
but alsotheintegrationmethod(e.g. thetotalpowermethod)andinstrumentalfea-
tures.If we have takeninto accountall effectsthatcancausea detectablechange
in thespectrum,we obtaina singlecomplicatedfunctionF � x � . We will describe
all partsof this functionin thenext subsections.

Relatedto the forward model is the calculationof the weighting functions
K � ∂F � ∂x. All derivativesneededfor theweightingfunctionsarecalculatedan-
alytically. Most retrievalscalculatethederivativesnumerically, sincecalculating
the derivativesmanuallycanbe quite tedious. However, it hasonly to be done
onceandspeedsup theretrieval enormously.

Spectral Lines

For all lines,theVanVleck Weisskopf line shapeis used,seeEquation2.19.The
mirror line is only consideredfor watervapor, sinceit is truly negligible for the
otherspectra.Line intensitiesarecalculatedaccordingto Equation2.21.Most of
theline parametersneededaretakenfrom [Janssen,1993].Table3.3 to Table3.6
giveanoverview over theparametersused.

As hasbeenstatedalready, the Voigt line shapecanonly be calculatednu-
merically. SinceMatlab is an interpreterlanguage,speedis an importantissue.
It turnedout that the algorithmof Drayson[1976], which wasusedformerly to
computetheVoigt line shape,wasunacceptablyslow. Thereforea new algorithm
developedby Humlicek [1979] and optimizedfor speedby Kuntz [1997] was
chosen.It computesthefollowing expression

FV � ν  νi ���>= 1� π
γD

K � ν , νi

γD
 γC

γD
� (3.18)
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wherethefunctionK is givenby

K � x  y�?� Re @A i
π

∞B' ∞

exp � , t2 �� x ) iy � , t CD (3.19)

Themainadvantageof thealgorithmis thatall frequenciescanbecalculatedin-
dependently, allowing Matlabto performsomeoptimizations.

For the22GHz watervaporradiometer, only oneline hasto calculated.The
modelsfor the ozoneradiometersat 110GHz and142GHz both considertwo
lines. For thechlorinemonoxideradiometer, it turnedout to besufficient to per-
form the forward calculationonly for a clusterof nine lines of the main isotope
of chlorinemonoxidecenteredat 204GHz. In the old model,more lines were
considered.

Radiative Transf er

The power received by the instrumentis describedby the Schwarzschildequa-
tion 2.9.Theintegral is simplifiedby transformingit to anintegralover thetrans-
missionχ, whereχ is givenby

χ � z ν �E� exp @A , zB
z0

α � zF  ν � dzF CD (3.20)

sothattheSchwarzschildequationgives

TB,strat� z0  ν �?� , χ G z∞ H ν IB
χ G z0 - ν I Tblack

B J T � z� χ FK�4L  ν � dχ F (3.21)

The integral is discretizedwith the trapezoidformula. While the applicationof
the trapezoidformula to the forward model is quite easy, the evaluationof the
weighting functionsis significantlymoredifficult. A detailedtreatmentcanbe
foundin [vonKönig,2001].Theintegrationitself reliesona recursivealgorithm,
which considerablyspeedsup computationtime, see[Sinnhuber,1999]. Finally,
thecurvatureof theearthis consideredby Equation2.10.

Tropospheric Absorption

Theatmosphericspectrumof all radiometersis composedof a troposphericbias
andtheobservedlinesfrom thestratosphere.Thetroposphericbias,which is al-
mostfrequency independent,originatesfrom line wingsof adjacentlinesandfrom
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Property Value

Frequency νi 22.23508GHz
Wavelengthλi 1.35cm
Pressurebroadeningw 2.81MHz � hPa
Pressurebroadeningx 0.69
Selfbroadeningws 13.2MHz � hPaG 1I

13.49MHz � hPaG 2I
Selfbroadeningxs 1 G 1I
Frequency shift d -0.9MHz � hPaG 1I

-1.035MHz � hPaG 2I
ReferencetemperatureT0 300K
Line strengthSat T0 0 M 1272 8 10' 17 m2Hz
Line strengthpropertyb 2.143
FundamentalmodesTl 2294K, 5262K, 5404K
Isotopicratioa 0.9973
Molecularweightm 18u

Table3.3: Propertiesof thewatervaportransitionat22GHz, from [Janssen,1993],except
for N 1O [Mrowinski, 1970], N 2O [LiebeandDillon, 1969]

Property Value Value

Frequency νi 109.55933GHz 110.83604GHz
Wavelengthλi 2.7mm 2.7mm
Pressurebroadeningw 2.22MHz � hPa 2.37MHz � hPa
Pressurebroadeningx 0.76 0.73
ReferencetemperatureT0 300K
Line strengthSat T0 0 M 1032 8 10' 16 m2Hz 0 M 3724 8 10' 16 m2Hz
Line strengthpropertyb 0.911 0.093
FundamentalmodesTl 1008K, 1499K, 1587K
Isotopicratio a 0.9928
Molecularweightm 48u

Table3.4: Propertiesof theozonetransitionat110GHz, from [Janssen,1993]
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Property Value Value

Frequency νi 142.17504GHz 144.91936GHz
Wavelengthλi 2.1mm 2.1mm
Pressurebroadeningw 2.50MHz � hPa 2.29MHz � hPa
Pressurebroadeningx 0.70 0.76
ReferencetemperatureT0 300K
Line strengthSat T0 0 M 7388 8 10' 16 m2Hz 0 M 2772 8 10' 16 m2Hz
Line strengthpropertyb 0.231 0.438
FundamentalmodesTl 1008K, 1499K, 1587K
Isotopicratioa 0.9928
Molecularweightm 48u

Table3.5: Propertiesof theozonetransitionat 142GHz, from [Janssen,1993]

Property Value

Frequency νi 204.2701GHz–204.3626GHz
Wavelengthλi 1.5mm
Pressurebroadeningw 3.49MHz � hPa
Pressurebroadeningx 0.75
ReferencetemperatureT0 300K
Line strengthSat T0 0 M 9252 8 10' 18 m2Hz–0 M 8542 8 10' 15 m2Hz
Line strengthpropertyb 0.084
FundamentalmodeTl 1212K
ElectronicmodeTe 458.3K
Isotopicratio a 0.7559
Molecularweightm 51u

Table 3.6: Propertiesof the chlorine monoxidetransitionat 204GHz, from [Janssen,
1993]
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continuumemissionterms.Thestratosphericlinesareadditionallyattenuatedby
thetroposphericspecies.If we assumethat thebiastemperatureis constantover
thefrequency rangeof theinstrument,wecanwrite

TB,atm � TB,stratχtrop � TB,trop� ) TB,trop (3.22)

Wewill referto this formulaasa two layermodel.TB,trop is thetroposphericbias,
TB,strat thestratosphericemissionand

χtrop � exp @A , zTB
0

α � zF  ν � dzF CD (3.23)

is thetropospherictransmission,wherezT is thealtitudeof thetropopause.Since
thebiasis not completelyindependentof frequency, anadditionalslopeis fitted
to thespectra.Thetropospherictransmissionis in goodapproximationa function
of the bias temperature.Thus, it is calculatedfrom the biastemperaturein the
forwardmodel.

The bias temperatureis usedas a retrieved parameterin the ozonemodels
andthe simplewatervapormodel for several reasons.On the onehand,it can
easilybe retrieved, becauseit is moreor lessthe brightnesstemperatureat the
lowermostfrequency channel.On theotherhand,it is neededto calculatesome
otherparametersin the model (most importantly the tropospherictransmission,
but alsothehighersidebands).Onecouldarguethat thebiastemperaturecould
besetto thetemperatureof theleftmostchannelbeforetheretrieval,but in general
this temperaturewill not be identicalwith the biastemperaturedueto standing
wavesor highersidebands.

Thetropospherictransmission,which is neededto scaletheline, is calculated
asafunctionof thebias.For thedeterminationof this function,atmosphericspec-
tra andabsorptioncoefficientshave beencalculatedfrom the temperature,pres-
sureandwatervapordataof several100sondeslaunchedat Ny-Ålesund.Calcu-
lationswereperformedby thegeneralmicrowave forwardmodelof theInstitute
of EnvironmentalPhysics,ARTS[Bühleretal.,2002].Theresultingtropospheric
transmissionswereplottedversusthecomputedbiastemperaturesandfitted to a
polynomial.Sincebiastemperatureandtransmissionarebotha functionof tem-
perature,pressureandwatervaporprofile,it is quitesurprisingin thefirst moment
that thescatterin the relationshipbetweenthemis smallenoughto fit a polyno-
mial. However, if thetemperatureof thetroposphereTblack

B andα areassumedto
beconstant,which is approximatelytrue,it is easyto show that

χtrop � 1 , TB,trop� Tblack
B (3.24)
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Thewatervaporandchlorinemonoxidemodelstreatthetropospheredifferently.
The full watervaporretrieval computesthemixing ratiosof the troposphereex-
plicitly from theinformationin thespectrum.Thus,noscalingof thestratospheric
line is needed,becauseit is alreadyincludedin theradiative transfercalculation.
The chlorinemonoxideretrieval usesthe methodof Parrishet al. [1988] to cal-
culatethe purestratosphericline beforethe retrieval. A detaileddescriptionof
themethodis givenin thewatervapormodeldescriptionin section3.4.3(with an
additionalexplanationwhy this methodis not applicablefor watervapor).

Cosmic Radiation

Cosmicbackgroundradiationbehaveslike blackbody radiationwith a tempera-
ture of 2.7K andpropagatesthroughthe atmosphere.It is simply addedto the
stratosphericradiation:

TB,strat 5 TB,strat ) TB,cosmic (3.25)

It hasbeenassumedherethatthestratospherictransmissionis near1.

Windo w

Thestyrofoamwindow of thelaboratoryattenuatestheatmosphericradiationand
emitsits own blackbodyradiation:

TB,a � χwTB,atm ) � 1 , χw � TB,w (3.26)

Here,χw is thetransmissionof thewindow andTB,w its temperature.Thetempera-
tureis calculatedasthemeanof outdoorandroomtemperature.Thetransmission
of thewindow is setto 0.99.

Higher Side Bands

As we have seen,thepower receivedby the mixer is composedof differentfre-
quency bandssuperimposedon eachother. In most cases,the radiationof the
highersidebandsis expectedto benegligible. However, at leastfor theozonera-
diometerin Spitsbergen,this is not thecase[Langer,1995]. Thefirst threelower
anduppersidebandsarethereforeexplicitly considered:

P � ∑
n: � 1 - � 2 - � 3

L � νn � TB � νn � (3.27)

ThepowerP is additionallydividedby kB to obtainthecorrespondingbrightness
temperature.Theproportionalityfactorsaregivenby L � νn �P� Λ � νn � D � νn � , where
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theΛ aretheconversionmodesandD is thebandpassof theinterferometer. Thus
the conversionmodes,the path length differenceof the interferometerand the
local oscillatorfrequency have to be known. Conversionmodesaretaken from
Langer[1995] andthepathlengthdifferenceis measuredat the instrument.The
brightnesstemperaturesin the higherbandsarecalculatedasa function of fre-
quency andthebiastemperatureof thespectra.Again, spectraof all sidebands
werecalculatedby thegeneralforwardmodelARTS,for asetof several100son-
des.Theresultingbrightnesstemperatureswereplottedversusthecomputedbias
temperatureandfittedto apolynomialfor all intermediatefrequencies.Thispoly-
nomialis thenusedin theforwardmodelto obtainthebrightnesstemperatures.

Even if all highersidebandshave a conversionmodeof zero,which is as-
sumedfor thewatervaporandchlorinemonoxideradiometersandtheozonera-
diometerin Bremendueto a lack of measurements,at leastthebandpassof the
interferometerhasto beconsidered:

P � Λ � ν1 � D � ν1 � TB � ν1 � (3.28)

In caseof the ozoneradiometerin Bremen,it hasto be remarked that the lower
sidebandν ' 1 is usedfor thesignal.Thus,frequenciesaredescendingfrom high
to low throughthechannels,whichhasto betakeninto accountwhenmultiplying
theinterferometerbandpass.

Standing Waves

Multiple reflectionsoccurringbetweenthevariousopticalelementscancausein-
terferenceeffectsin thespectra.For smallreflectionindices,theattenuationin the
spectralpowercanbeexpressedby acosineaccordingto thewell known formula
of Fabry-Ṕerot:

P � P0 Q 1 , 2r1r2� 1 , r1r2 � 2 ) 2r1r2� 1 , r1r2 � 2 cos� 4πndν � c�SR (3.29)

Here,theincomingpowerP0 is attenuatedto P. r1 andr2 arethereflectionindices
of the optical elements.n is the refractionindex of air, d is the distanceof the
reflectingelements,ν thefrequency of theradiationandc thespeedof light. The
wave lengthΛ of thestandingwave canbeexpressedby thedistanceof the two
elementscausingthewave:

d � c
2nΛ

(3.30)

Standingwavesin theforwardmodelareexpressedby a linearcombinationof a
sineandacosineto accountfor aneventualphaseshift Φ:

Ccos� 2πν � Λ ) Φ �T� Acos� 2πν � Λ � ) Bsin� 2πν � Λ � (3.31)
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RetrievedparametersareA andB. Thewave lengthof thestandingwave Λ has
to beknown in advance.While standingwaveswith ashortwavelengthareeasily
detectableandorthogonalto themeasurement,standingwaveswith wave lengths
similar to the bandwidthof the radiometercanposegreatproblems,sincethey
influencethemixing ratiosandcannotreadilybeseen.

Offset and Slope

Theslopeoriginatingfrom thefrequency dependentpartof thetroposphericemis-
sion shouldbe a function of the bias temperature.However, someeffects can
causeanoffsetor a slopethatcannotbecalculatedfrom known parameters.Ex-
amplesareachangeof weatherconditionsduringa referencebeammeasurement
or rain. Hence,a slopeandanoffsetcanbefitted optionally in theforwardmod-
els. However, sinceslopeandoffsetcandisturbtheretrieval of otherparameters,
they shouldbeusedwith care.

Frequenc y Resolution

Thefrequency resolutionof theinstrumentis coarserthanthefrequency difference
betweenthe channelsof the spectrometer, asa result of the finite width of the
laserbeam.The distribution of the power that leaksinto neighboringfrequency
channelshasa Gaussianshape.This hasto beconsideredin the forwardmodel.
Mathematically, the resultingspectrumis a convolution of theoriginal spectrum
andtheGaussiancurve:� s U g� � ν �E� ∞B' ∞

s� ν , ν F � g � ν F � dν F (3.32)

Here, s is the spectrumand g the Gaussiancurve. In the forward model, the
convolution is performeddirectly by approximatingthe integral by a sum. The
standardapproachto usetheconvolution theoremandaFouriertransformationis
slower here,becausetheGaussiancurve is only significantlydifferentfrom zero
for about10 channels.The convolution of the spectrumimplies a convolution
of theweightingfunctions,which is only donewheretheconvolutedspectrumis
significantlydifferentfrom theoriginal spectrumfor performancereasons.

Opacity of Absorber Plate

Theopacityof theabsorberplatecanberetrievedoptionallyin thewatervaporand
chlorinemonoxidemodels.Sinceits retrieval is not orthogonalto theretrieval of
otherparameters,it shouldbeusedwith care.Theopacityof theplatecaneasily
bemeasuredby observingthecold loadwith andwithout theplatein thepathof
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thebeam.Opacityhasbeenmeasuredin thepast,but insteadof thecold load,the
atmospherewastaken asthe radiationsource,without measuringits brightness
temperaturebut estimatingit from groundtemperature.The errors introduced
by this methodwereso large, that the retrieval hasbeengiven the possibility to
retrieve theopacity, until new measurementsof thecold loadareavailable.

Second Local Oscillator

Thesecondlocal oscillatorin the intermediatefrequency chainis not only pass-
ing thesignalsidebandto thespectrometer, but alsothesecondlower sideband,
dueto a designflaw. Althoughtheconversionmodeof this sidebandis sosmall
that no superimposedspectrumcould be detectedon the final spectrumfor the
spectrometernormally in use,a replacementspectrometerusedfor somemonths
showedclearlya mirror imageof theozoneline. For this reason,a mirror spec-
trumderivedfrom theforwardcalculationof theline canbeaddedto theforward
spectrum.Theaddedspectrumis scaledby a retrievedfactor. In themoment,this
is only implementedfor theozoneradiometerin Spitsbergen,sinceit turnedout
thattheeffecton mixing ratioswasrathersmall.
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Figure3.2: Watervapor spectrumandprofile. Upper left: Innermost200 channelsof
themeasuredspectrum,correctedfor thetroposphere(thin line), andforwardcalculation
(thick line). Upperright: Retrievedprofile (thick line, with errorbars)andapriori profile
(thin line). Lower left: Altitude resolution(solid line) andsumof the averagingkernel
rows (dashedline), multiplied by 100.Lower right: Full measuredspectrum.
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Figure3.3: Ozonespectrumandprofilefor the110GHzradiometer. Upperleft: Measured
spectrum(thin line) andforward calculation(thick line). Upperright: Retrieved profile
(thick line, with error bars)anda priori profile (thin line). Below: Altitude resolution
(solid line) andsumof theaveragingkernelrows (dashedline), multiplied by 100.
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Figure3.4: Ozonespectrumandprofilefor the142GHzradiometerUpperleft: Measured
spectrum(thin line) andforward calculation(thick line). Upperright: Retrieved profile
(thick line, with error bars)anda priori profile (thin line). Below: Altitude resolution
(solid line) andsumof theaveragingkernelrows (dashedline), multiplied by 100.
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Figure3.5: ChlorinemonoxidespectrumandprofileUpperleft: Measuredspectrum(day-
night difference,thin line) andforward calculation(thick line). Upperright: Retrieved
profile (thick line, with errorbars)anda priori profile (thin line). Below: Altitude reso-
lution (solid line) andsumof theaveragingkernelrows (dashedline), multiplied by 100.
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3.3.3 Moist Weather Conditions

A new algorithmhasbeendevelopedto treatspectrathat weremeasuredunder
moist weatherconditions,asthey often occurin theArctic summer. Oneof the
disadvantagesof theoptimalestimationmethodis thedependenceof theprofile
quality on weatherconditions.Thea priori contribution is rising for badweather
conditions,while thealtituderesolutionis goingdown. It wouldbedesirableto get
profileswith thesamepropertiesregardlessof thesituation.Basedonanalgorithm
developedby Langer[1999],anew methodhasbeenimplementedsuccessfullyin
theozoneretrievals.

Theideaof thealgorithmis to increasetheinformationcontentof thespectra
at the expenseof the integrationtime. In badweatherconditions,the signal-to-
noiseratio decreasesdueto theincreasingattenuationof theline by tropospheric
water vapor. While the noiseremainsunchanged,the line is declining. If the
spectraare integratedto keeptheir signal-to-noiseratio constant,the averaging
kernelsandhencethealtituderesolutionanda priori contribution do not change
anymore.

If theforwardmodelis strictly linear, it is possibleto giveanintuitiveexpres-
sion for the resultingprofile. It caneasilybe shown, that the profile x̄ resulting
from theinversionof themeanȳ of thespectrais a meanover theprofilescorre-
spondingto thediscretespectra:

Kx i � yi V Kx̄ � ȳ (3.33)

Thediscretespectraandprofilesaredenotedwith yi andxi. In thefollowing we
assumeasimplemodelof ourspectrum:

TB � χtropTB - strat ) TB,trop ) σ (3.34)

whereTB - strat is theozonespectrum,χtrop is the transmissionof the troposphere,
TB - trop is the troposphericbiasandσ is the measurementnoise. Sincewe know
χtrop andTB - trop in advance,wecanlinearizethespectrumby

TB,mean � TB , TB,trop

χtrop
� TB - strat ) σ

χtrop
(3.35)

Although the forwardmodelis linearnow, themeasurementnoisehasbeenam-
plified by χ ' 1

trop. If wecomputethemean

T̄B,mean � 1

∑i ti
∑
i

TB W stratW iti X 1

∑i ti
∑
i
Q σiti

χtropW i R 2

(3.36)

with ti astheintegrationtime of measurementi, thenumberof measurementswe
needto obtaina tolerablesignal-to-noiseratio grows unacceptablylarge. Thus,
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weuseanotherapproach.Weassumethattheozonemixing ratiodoesnotchange
significantlyduring the integrationtime we needfor a tolerablesignal-to-noise-
ratio. If wecorrectthespectraonly for thebias

TB,mean Y TB Z TB,trop Y TB W stratχtrop X σ (3.37)

andcalculateaweightedmeanwith transmissionasaweightingfactor

T̄B,mean Y 1
∑i ti

∑i TB W stratW iχtropW iti X 1
∑i ti [ ∑i \ σiti ] 2

1
∑i ti

∑i χtropW iti (3.38)

the result is as desired. The expressionreducesto T̄B,mean Y TB W strat when we
assumeaconstantmixing ratio,andnoiseis muchlessamplified.

3.4 Water Vapor , Spitsber gen

In additionto theexisting retrieval softwarefor ozoneandchlorinemonoxide,a
forward modeland inversionalgorithmhad to be developedfor the new water
vaporradiometer. Although the22 GHz line is oneof themoreprominentlines
in themicrowave spectrum,it turnedout to bequitedifficult to developa proper
retrieval algorithm.In fact,it wasnotpossibleto retrieveany reliableinformation
from the full spectrayet. However, a simplified approachusingonly the inner
200channelsof thespectrumturnedoutto bepromisingandgavefirst preliminary
results.Hereweusedtotalpowerspectrathatweremeasuredasa teston June24,
2001.Thefull modelwasonly operatedwith thereferencebeamspectrasofar.

3.4.1 A Simple Appr oach

We will seein thenext sectionsthattheretrieval of thefull watervaporspectrum
is a challenginganderror-pronetask. However, mostof theproblemsarenegli-
gible whenwe only regardthepartof the line originatingfrom thestratosphere.
Therefore,we have creatednew spectrafrom theinnermost200channels(corre-
spondingto about100MHz) of theoriginal spectra.Pressurebroadeningallows
the retrieval of profile informationdown to 20 km for thesespectra.The tropo-
sphericbiasis consideredby applicationof thetwo layermodel,which wasalso
usedfor theozonespectra.Additionally, aslopeandstandingwavesareretrieved.
Line calculationis thesameasfor thefull model,with theexceptionof frequency
shift andselfbroadening.Insteadof thelogarithmicmixing ratiosdescribedlater,
theusualmixing ratiosareused.A constantmixing ratio of 5.5ppmis takenas
apriori profile.
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We have usedthe only 19 totalpower spectraever measuredwith the water
vaporradiometerto testthemodel. In a first step,we retrieve a profile for every
singleof thespectra,all measuredwith about1 hourof integrationtime on June
24, 2001. The scatterbetweenthe profiles is unrealistic,probablycausedby a
standingwave with a wave lengthof some10MHz, which is just aboutthetypi-
cal half width of the line in thestratosphere.Therefore,we applya secondstep.
Here,we averageall totalpower spectraafter scalingthemwith the atmospheric
transmissionretrievedin thefirst stepandsubtractingtheslopeandbiastempera-
ture. This procedureshouldgive theaveragestratosphericline, seesection3.3.3.
Theprofile obtainedfrom this line is shown in Figure3.2, togetherwith a single
original spectrumandtheintegratedandcorrectedspectrum.It is evidentthatthe
standingwave is still notsuppressed,thustheprofilehasto beconsideredprelim-
inary. A comparisonwith profilesin e.g. [Nedoluhaet al., 1995]or [Peter, 1998]
showsthatthegeneralshapeof theprofile is reasonable,but thatthemixing ratios
seemto beoverestimated.

3.4.2 Logarithmic Retrie val

We will cometo thefull modelnow. Themaindrawbackfor the inversionis the
exponentialdecreaseof thewatervapormixing ratio with altitude.Mixing ratios
may vary between3 ppm andseveral 1000ppm. Thereforeall calculationsare
carriedout with thelogarithmof themixing ratio. This is a veryeffectiveway of
cancelinglargeartificial oscillationsin theprofile,becausenegativemixing ratios
areexplicitly forbidden.Thus,thelargecontribution in brightnesstemperatureof
a largepositiveoscillationin theprofilecannotbecanceledoutby alargenegative
oscillation in the radiative transferequation. Although the inversionwould not
yield any sensibleresultswithout logarithmicmixing ratios, they lead to some
otherunwantedproblems,which areexplainedin thefollowing.

Everyoccurrenceof themixing ratiox in theforwardmodelhasto bereplaced
with exp \ l ] , where l is the logarithm of the mixing ratio as the new retrieved
parameter. Obviously, this causesthe forwardmodelto becomevery non-linear.
Consequently, theLevenberg-Marquardtmethodhasto beusedby theinversion,
leadingto slow convergenceandnonoptimalsolutions.Theweightingfunctions
have to bemodifiedaswell, ∂F \ x ]4^ ∂x hasto bereplacedby

∂F \ x ]
∂x

∂x
∂l Y ∂F \ exp \ l ]�]

∂ \ exp \ l ]�] exp \ l ] (3.39)

Thea priori profile andthea priori covariancehave to beconvertedto the loga-
rithm. This is straightforwardwhenanindependentmeasurementseriesis avail-
able. However, it is muchmoredifficult to convert a givenmeanandcovariance
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from aclimatologyto their logarithmicequivalents.First of all, a probabilitydis-
tributionhasto beassumed.Wehavetwo possibilitieshere.Wecanassumeanor-
mal distribution for themixing ratios. If thecovarianceis largein comparisonto
themean,thenormaldistributionhasnonnegligible probabilitiesfor negativeval-
ues,which is unphysical.Unfortunately, this is just thecasefor watervapor, im-
plying thatthewatervapormixing ratiosarenotnormallydistributed.Thesecond
possibility is to assumea lognormaldistribution for themixing ratios,sothatthe
logarithmof themixing ratiosis normallydistributed.It is shown in Appendix3.B
that if themeanis muchlarger thanthestandarddeviation, \ x0 ] i _ [ \ Sx ] ii , the
logarithmicmeanis thelogarithmof theold meanfor bothcases

l0 ` lnx0 (3.40)

Underthesameassumptionsasabove, thelogarithmiccovarianceturnsout to be
correlatedwith the relative error \ r ] i Y [ \ Sx ] ii ^ \ x0 ] i . With this definition, the
covarianceis givenby\ Sl ] ii Y \ r ] 2i (3.41)

We arein the lucky situationthat sondemeasurementsof watervaporareavail-
ablein the troposphere.Thus,the troposphericmeanandcovariancehave been
calculatedby takingthelogarithmizedmixing ratiosof several100sondes.In the
stratosphere,a climatology from HALOE andMLS datahasbeenusedfor the
mean.Thecovariancehasbeentakenfrom thelasttroposphericvalue.

In principle,we getsimilar problemswhenwe try to convert theerrorswhich
resultfrom theoptimalestimationmethodbackfrom thelogarithmicvaluesto the
normalvalues.In themoment,wehave foundnoproperway to do this.

3.4.3 Reference Beam Spectra

We have chosena direct approachfor computingthe forward modelof the wa-
ter vapormeasurements.Following Equation2.36, \ Ps Z Pr ]�^ Pr is taken as the
measurementvector, wherePr is the power of the referencebeamandPs is the
power of thesignalbeam.Thus,the forwardcalculationhasto compute \ TB,s Z
TB,r ]4^ \ TB,r X TB,sys] , whereTB,s is thebrightnesstemperatureof thesignalbeam,
TB,r is the brightnesstemperatureof the referencebeamandTB,sys is the system
noisetemperature.The original approachchosenby Parrish et al. [1988] and
many othersto invert the referencebeamspectrais to computethe purestrato-
sphericline beforethe retrieval andto invert only this line. This is doneby the
useof two simplifications.

Thefirst oneis theintroductionof a two layermodel. Sincethespectralbias
is notknown, theattenuationof thestratosphericline by troposphericwatervapor
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is not known either. It canonly be deducedby additionalinformation, like the
measurementangleor theline shapeof thepartsoriginatingfrom thetroposphere.
In Parrishet al. [1988], it is assumedthat theattenuatingspeciesis only situated
in thetroposphere,while theobservedspeciesis only situatedin thestratosphere.
This is truefor chlorinemonoxideor ozone,for example.Now themeasurement
angleis a functionof thetroposphericwatervaporcontentandhenceof theatten-
uationof theline. If TB,s \ z0 ] is themeasuredbrightnesstemperatureof thesignal
beamandTB,r \ z0 ] is themeasuredbrightnesstemperatureof thereferencebeam,
theSchwarzschildequationgives

TB,s \ z0 ]TY TB \ zT ] ea τ b ϑs c X TB \ ϑs] (3.42)

TB,r \ z0 ]TYed TB \ zT ] ea τ b ϑr c X TB \ ϑr ]4f ea τd X Td \ 1 Z ea τd ] (3.43)

Here,τ \ ϑ ] is the troposphericopacityasa function of the measurementangle,
TB \ ϑ ] is thetroposphericbrightnesstemperature,TB \ zT ] is thestratosphericbright-
nesstemperatureoriginatingfrom abovezT, τd is theopacityof theabsorberplate,
Td is thetemperatureof theplate,ϑs is theangleof thesignalbeamandϑr is the
angleof thereferencebeam.Now weassumethatthesystemnoiseis muchlarger
thanthesignalTB,r g TB,sys andthat the biasin thesignalbeamequalsthebias
in thereferencebeamTB \ ϑs]hY TB \ ϑr ] ea τd X Td \ 1 Z ea τd ] . Thesecondassump-
tion is valid, becausethemeasurementanglehasbeenchosenjust to matchthis
requirement.However, it is assumedthat thebiasis moreor lessindependentof
frequency, sothat thesignof equalityis valid for all frequencies,sincetheemis-
sion from theplateis frequency independent.Thestratosphericline cannow be
computedby

TB \ zT ]TY TB,sys

ea τ b ϑs c Z ea τdea τ b ϑr c Ps Z Pr

Pr
(3.44)

Unfortunately, thetwo assumptionsfrom abovearenotvalid for watervapor. The
systemnoiseis in the orderof magnitudeof the signal,andthe bias is not fre-
quency independent.

Anotherissueis the two layermodel. Obviously, the two layermodelis not
verywell suitedfor watervaporspectrabecauseobservedandattenuatingspecies
arethesame.In principle,it wouldbepossibleto dividetheprofilein stratospheric
watervaporandtroposphericwatervaporwithout any approximations.However,
thereis no cleardistinctionbetweentheattenuatingandtheemitting layer, mak-
ing it somewhatarbitrarywherezT is situated.Indeed,thereis no needat all to
introducetwo layers. It is muchmoreconvenientto includethe volumemixing
ratiosof all altitudesin the forward model insteadof parameterizingthe tropo-
sphericattenuationby oneparameterandincludingonly thestratosphericmixing
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ratios. The troposphericattenuationis includedimplicitly in the integral of the
Schwarzschildequationandis still determinedmainlyby themeasurementangle,
of which this integral is a function.

Onemay arguethat thereis not enoughinformationin thespectrumfor tro-
posphericmixing ratios. Thatcanbesolvedby parameterizingthemixing ratios
with oneparameter, sothatonly oneparameteris retrieved,but theforwardmodel
cancalculatethetroposphericmixing ratiosoutof thisparameter. For example,if
weassumethatthewatervaporcontentdecreasesexponentiallyin thetroposphere
up to analtitudezT wherethemixing ratio is xT:

x Y xT exp \ Z A \ z Z zT ]�] (3.45)

we could retrieve thescalingfactorA andcalculatethemixing ratiosfrom it. In
general,wehaveto uselessretrievedparametersin thetropospherethanthenum-
berof layersthatareconsideredin the integral of theradiative transferequation.
Sincethe opacity of the troposphereis quite large, we have to usea very fine
grid in thetroposphereto avoid errorsin the integration. However, the inversion
is renderedunstableif we usemuchmoreretrievedparametersthanindependent
informationis available.

The secondsimplificationof Parrish et al. allows the integrationof spectra
measuredunderdifferentangles.Sincetheair massfactordẑ dr in Equation2.10
doesonly vary by about1% within 10km, it canbereplacedby theconstantair
massfactorin a givenaltitude,providedmixing ratiosareonly significantlydif-
ferentfrom zeroaroundthe chosenaltitude. If self absorptionis negligible, the
air massfactorcannow beplacedoutsideof the integral in theradiative transfer
equation2.9.Hence,it is possibleto scaletheline asif it weremeasuredin zenith
direction. Subsequently, the scaledspectracan simply be averaged. However,
this approachis not possiblefor the direct forward model,sincethe considered
altituderangeis largerandself absorptionis not negligible here.Eitherthereare
enoughmeasurementsunderthesameangle,or theretrieval hasto invert spectra
measuredunderdifferentanglesin parallel. This would meanto put all spectra
in themeasurementvectory in parallel,multiplying thedimensionof mostmatri-
cesandvectorsin the retrieval. Disadvantagesareincreasedmemoryusageand
computationtime.

3.4.4 Contin ua and Line Wings

Sincethe troposphereis calculatedexplicitly in the forwardmodel,andalsobe-
causecontinuahaveanonnegligible frequency dependencewithin thebandwidth
of the radiometer, continuaandwingsof adjacentlineshave to beconsideredin
theretrieval. We follow theapproachof Cruz-Polet al. [1998] here.We assume
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a contribution dueto unconsideredwatervaporlines in the microwave region, a
watervaporcontinuum(thedifferencebetweena forwardmodelwith all known
watervaporlines anda measurement)anda contribution dueto an oxygenline
clusterat60GHz. Theoxygenline clusteris consideredby calculating33oxygen
lines.Theline shapeof oxygenlinesis givenby

F Y 1
π i ν

νi j 2 k γC W i X Yi \ ν Z νi ]\ ν Z νi ] 2 X γ2
C W i X γC W i Z Yi \ ν X νi ]\ ν X νi ] 2 X γ2

C W i l (3.46)

whereYi is thesocalledline couplingconstant.It is givenby

Yi Y p i T0

T j 0 m 8 i yi X i T0

T Z 1j vi j (3.47)

whereyi andvi areempiricalparametersandT0 is a referencetemperature.The
watervaporcontinuumtermis describedby

α Y k
Csp2

k i T0

T j 10m 5 X Cf pk \ p Z pk ] i T0

T j 3 l ν2 (3.48)

wherepk is thewatervaporpartialpressureandCf andCs areempiricalparameters
takenfrom Liebe[1989]. Thewatervaporlineswhich wereexplicitly computed
by Liebe [1989] areconsideredby multiplying thecontinuumtermwith a factor
of 1.2.

3.4.5 Frequenc y Shift and Self Broadening

The 22 GHz line hasa pronouncedfrequency shift. Dif ferentwatervaporpres-
surescausethecenterof theline to moveto differentfrequencies.TheVanVleck
Weisskopf line shapeis modifiedby

FC \ ν ]TY 1
π i ν

νi j 2 k γC W i\ ν Z ν ni ] 2 X γ2
C W i X γC W i\ ν X ν ni ] 2 X γ2

C W i l (3.49)

with

ν ni Y νi Z ∆νi (3.50)

where∆νi is the frequency shift [TownesandSchawlow, 1975]. The frequency
shift originatesfrom phaseshiftsof theradiationinducedby collisions.Theequa-
tion for thefrequency shift parameter∆νi hasa certainsimilarity to theequation
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for the pressurebroadeningparameter. The exponentof the temperaturedepen-
dentpart is directly coupledto theexponentxs from thepressurebroadeningpa-
rameter[Pickett,1980]:

∆ν Y di pk i T0

T j 1
4 o 3

2xs

(3.51)

The parameterdi hasto be determinedempirically. Somemeasurementshave
beenconductedaround1970 here[Liebe and Dillon, 1969;Mrowinski, 1970].
Thefrequency shift of Mrowinski [1970],which is valid between2 p 6 q 10a 2 hPa
and40hPa, hasbeenusedfor theforwardmodel.

It hasalsobeenexaminedif thereis afrequency shift dueto oxygenandnitro-
gen.LiebeandDillon [1969]assumethattheforeignshift is negligible compared
to theselfshift. A possibilityto verify this is theretrieval of theforeignshift with
theoptimalestimationmethod.Thisapproachhasbeenimplementedandsuccess-
fully testedby von König [2001] for several lines in the 600GHz range.While
themodificationof theforwardmodelis veryeasy, thederivativeswith respectto
∆νi in theweightingfunctionsbecomequitecomplex. Thereforethey have been
computednumericallyin von König [2001]. For this thesisthey have beencal-
culatedanalyticallyfor thefirst time. However, dueto thepersistentproblemsin
invertingthefull spectra,no reliablefrequency shift couldberetrievedyet.

In addition to the foreign broadeningconsideredin the ozoneand chlorine
monoxidemodels,self broadeninghasto be modeledin thewatervapormodel,
whichis especiallyimportantin thetroposphere.Selfbroadeningleadsto adepen-
dency of the absorptioncrosssectionson the mixing ratios,which considerably
complicatesthederivativesin theweightingfunctions.
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3.A Covariance Matrices

Assumea measurementserieswith N quantities,eachmeasuredM times,given
by the vectorsxi (i Y 1 r�p�p4pSr M) and its elementsxik (k Y 1 r�p�p�p2r N). Then, the
covariancematrixof thevectoris givenby

Sx Ytsuuuv σ2
11 σ2

12 p4p�p
σ2

21
. . .

...
. . .

σ2
NN

wyxxxz (3.52)

Thevariancesσ2
kk aregivenby

σ2
kk Y 1

M Z 1

M

∑
i { 1

\ xik Z x̄k ] 2 (3.53)

while thecovariancesσ2
kl aregivenby

σ2
kl Y 1

M Z 1

M

∑
i { 1

\ xik Z x̄k ] \ xil Z x̄l ] (3.54)

wherethemeanx̄k is

x̄k Y 1
M

M

∑
i { 1

xik (3.55)

3.B Logarithmic Distrib ution

In principle,it is possibleto convertmeanandcovarianceof anormaldistribution
to their logarithmicequivalents.However, it turnsout thattheoccurringintegrals
areonly analyticallysolvableundertheassumptionthatthemeanis muchgreater
thanthe varianceµ _ σ. This assumptionis not only neededfor the integrals,
but alsoto avoid anonnegligible probabilityfor unphysicalnegativevaluesin the
distribution.

Thenormaldistribution is givenby

f \ x]TY 1|
2πσx

exp
k Z 1

2 i x Z µx

σx j 2 l (3.56)
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whereµx is themeanof thedistribution, σx is thestandarddeviation and f \ x] is
themixing ratio. Applicationof thelogarithmyields

f \ l ]?Y Cexp
k Z 1

2 i expl Z µx

σx j 2 l (3.57)

with a yet unknown normalizingconstantC andx Y expl . Thedomainfor x and
the correspondingdomainfor l have to be restrictedto avoid divergenceof the
following integrals. This restrictionis equivalentto the exclusionof unphysical
outliersandnegativevalues.We assumea domainof x Y µx Z nσx r�p�p4p4r µx X nσx,
with a sufficiently small integern, correspondingto l Y ln \ µx Z nσx ] r�p�p�pSr ln \ µx X
nσx ] . However, n shouldnot becometoo smalleither, becausewe assumeit can
bereplacedby infinity in someof thefollowing integrals.First of all, we have to
calculatethenormalizingconstantC:

C a 1 Y ln b µx o σx c}
ln b µx a nσx c f \ l ]

C
dl Y ln b µx o nσx c}

ln b µx a nσx c exp
k Z 1

2 i expl Z µx

σx j 2 l dl (3.58)

With z Y expl a µx
σx

C a 1 Y n}a n

exp i Z 1
2

z2 j 1
z ~ µx ^ σx

dz (3.59)

Introducingµx _ σx, we get

C Y 1|
2π

µx

σx
(3.60)

Next, wecomputethelogarithmicmean� f \ l ] l dl :

µl Y 1|
2π

µx

σx

ln b µx o nσx c}
ln b µx a nσx c exp

k Z 1
2 i expl Z µx

σx j 2 l l dlY 1|
2π

µx

σx

n}a n

exp i Z 1
2

z2 j ln \ zσx ~ µx ]
z ~ µx ^ σx

dz (3.61)

Again,weuseµx _ σx:

µl ` 1|
2π

µx

σx
lnµx

σx

µx

n}a n

exp i Z 1
2

z2 j dz Y lnµx (3.62)
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Similarly, wegetthecovariance

σ2
l Y 1|

2π
µx

σx

ln b µx o nσx c}
ln b µx a nσx c exp

k Z 1
2 i expl Z µx

σx j 2 l \ l Z µl ] 2dlY 1|
2π

µx

σx

n}a n

exp i Z 1
2

z2 j \ ln \ zσx ~ µx ]�Z lnµx ] 2
z ~ µx ^ σx

dz (3.63)

wherewealreadyhavetakenadvantageof µl Y lnµx. Introducingtherelativeerror
r Y σx ^ µx yields

σ2
l Y 1|

2π
µx

σx

n}a n

exp i Z 1
2

z2 j \ ln \ 1 ~ zr ] ~ lnµx Z lnµx ] 2
z ~ µx ^ σx

dz (3.64)

Finally, assumingµx _ σx andln \ 1 ~ zr ] ` zr, weget

σ2
l Y 1|

2π
r2

n}a n

exp i Z 1
2

z2 j z2dz Y 1|
2π

r2 2
|

π

4̂
|

2
3 Y r2 (3.65)

Another approachwould be to assumea lognormaldistribution for the mixing
ratios

f \ x]TY Cexp
k Z 1

2 i lnx Z µl

σl j 2 l (3.66)

so that the logarithmof themixing ratio is normaldistributed. Theresultfor the
meanandthecovarianceis exactly thesamein this case.



4 Ozone Depletion

4.1 Overview

The determinationof anthropogenicozonedepletionhasbeena key topic in at-
mosphericsciencesin thelastdecades.Thereis still a vivid interestin this topic,
particularlydueto thewide coveragein thepressandin politics connectedwith
theincreasedrisk of skincancerandtheimpactonclimatechange.Hence,count-
lessstudieshavebeencarriedout in thelastyearsaimingatabetterunderstanding
of themechanismsof ozonedepletion.

A severedepletionof stratosphericozonehasbeenobservedevery yearover
Antarcticain latewinterandspringin thesestudiessincethemid eighties.A sim-
ilar but not quiteaspronouncedozonedepletionhasalsobeendetectedover the
northernpolarregion in thepastwinters.Thegreatesteffort sofar to quantifythe
ozonelossin theArctic wastheSOLVE/THESEOcampaignin 1999/2000,ajoint
effort of numerousAmericanandEuropeaninstitutesanduniversities,yielding a
multitudeof simultaneousmeasurementsof the key speciesof ozonechemistry
[Newmanetal.,2002].A wealthof publicationsresultedfrom thecampaign,ren-
deringthis winter to oneof thebestexaminedexamplesof ozonedepletion.The
winterof 1999/2000provedto beaprimeexamplefor severedepletion.Thepolar
vortex developedin earlyDecemberandremainedstrongandstableuntil March.
Temperatureswereexceptionallycold andenabledtheformationof polarstrato-
sphericcloudsin largeareasof thevortex. Cloudformationwasaccompaniedby
high chlorineactivation,andextensive denitrificationwasmeasuredfor the first
time in theArctic vortex.

This chapteris split into two parts. The calculationof ozoneloss ratesis
treatedin thefirst part,while thereasonsfor the lossareexaminedin thesecond
part.Wewill havea look at thecomputationof ozonelossratesfirst. A varietyof
differenttechniqueshasbeendevelopedover thepastdecadeto determineozone
lossrates. The main taskof all thesemethodsis the separationof dynamically
inducedandchemicallyinducedchangesin themeasuredozonemixing ratios.A
shortoutline of the severalpossibilitiesto dealwith this problemshall be given
now:

83



84 4 Ozone Depletion� TheMatchtechniqueusesa Lagrangianapproach.An air parcelis probed
by a sondeat a given time andlocationandits pathis followedby trajec-
tory calculations.Whenthe air parcelpassesanotherlaunchfacility, it is
probedfor a secondtime. Dif ferencesin theobservedozoneconcentration
at a givenisentrope,correctedfor diabaticdescentfrom a radiative transfer
model,aredueto chemicalloss.� Othermethodsusethecorrelationof a tracerandozoneto separatebetween
dynamicalandchemicalozonevariations.Changesin theratioof adynamic
tracersuchasN2O or HF andozonecanonly becausedby chemicalozone
lossor mixing becausetracerandozonefollow thesamedynamics.� Several techniquesusevortex averagedozonemixing ratios from differ-
ent instruments.Diabaticsubsidenceis againaccountedfor by a radiative
transfermodel.� The last possibility is to usemodeledpassive ozonecomparedto actual
measurements.

Vortex averagedozonelossratescanalsobederivedfrom themeasurementsof the
RAM instrument.Althoughtheobservationsarecarriedoutatasinglelocation,it
is feasibleto obtainvortex meansfrom theozonemeasurementsby assumingthat
thevortex is sufficiently homogenous,sothatthetemporalmeanof themeasure-
mentscanbeconvertedto aspatialmean.As usual,diabaticdescentis calculated
by a radiative transfermodel. This methodwas first proposedand appliedby
Sinnhuber[1999]. First resultscoveredthe winter 1996/1997[Sinnhuberet al.,
1998], followed by calculationsfor the winter 1997/1998[Langeret al., 1999].
A modifiedandimprovedversionof the ozonedepletionsoftwarewasusedfor
Klein et al. [2002], which treatedthe winter 1999/2000.This chapteris an ex-
tendedandupdatedversionof this paper. Additionally, first resultsarepresented
for the winter 2000/2001.We will concentrateon the 475K isentropiclevel at
about20 km altitudehere. This is not only the altitudewherethe strongestloss
ratesareusuallyobserved,but it is alsothesolealtituderange,whereour method
is applicablewith acceptableerrorbarsdueto somealtituderesolutionfeatures.

In thefollowing, we will give anoverview over thenext sections.In thesec-
tions4.2 and4.3, we dealwith the methodin generalandwith the detailsof its
implementation,giving information about the calculationof loss ratesand cu-
mulative loss, the radiative transfermodel, the vortex edgecalculationand the
treatmentof altituderesolution. Section4.4 givesan overview over the meteo-
rological situationin which the measurementstook place. Resultsof the ozone
depletioncalculationsare presentedin section4.5. The accuracy of the tech-
niquesusedfor thedeterminationof ozonelossratesis animportantanddisputed
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topic. Thus,we performa detailedcomparisonto othermeasurementsandthe
SLIMCAT model,accompaniedby anin-depthexaminationof errorsourcesand
a mathematicallystringenterroranalysis.Comparisonanderroranalysiscanbe
found in sections4.6 and4.7. In section4.8 we have a shortlook on thegeneral
pictureandpresentresultsfor otherisentropiclevelsthanthe475K level andhigh
resolutionmeasurements.

Anotherfocalpoint is thechemistryof theozonedepletion.Measurementsof
chlorinemonoxide,reservoir gases,nitratespeciesanddenitrificationareshown
to developa chemicalscenariofor thewinter. Chlorinemonoxidemeasurements
of theRAM havealreadybeeninvestigatedfor earlierwintersin thepastin [Raf-
falski et al., 1998] and[Klein et al., 2000]. In section4.9 we presentthe mea-
surementsof chlorinemonoxideconductedin 1999/2000andtheir interpretation.
Theevolution of chlorinemonoxideandotherimportanttracegasesis shown in
thecourseof thewinter andresultsarecomparedto theSLIMCAT model,which
is representingthecurrentunderstandingof ozonechemistry. Someobviousdis-
crepanciesarediscussedfurther. Especially, differencesin chlorineactivationare
observed,which areattributedto uncertaintiesin the denitrificationschemeand
theformationmechanismfor stratosphericcloudsin themodel.Sincedenitrifica-
tion playedanimportantrolein 1999/2000,it is discussedin detailin section4.10.
Thesurprisinglygoodagreementof theozonelossratesof themeasurementsand
the model is examinedin section4.11. Finally, section4.12 givesan overview
over theresultsfor thewinter 2000/2001.

4.2 Method

The observed ozonechangeat a given altitude is a superpositionof dynamic
changesandchemicalloss. In orderto obtainthe chemicalloss, it is necessary
to separatechemicalvariationsfrom dynamicvariations.Thelatterarecausedby
horizontal,adiabaticanddiabaticmotions,which canbetreatedseparatelyinside
thevortex:� Horizontalchange:Air insidethepolarvortex is expectedto bewell mixed

andisolatedfrom mid latitudeair masses.Thustheverticalozonedistribu-
tion atNy-Ålesundis assumedto berepresentativefor air massesinsidethe
vortex (aslongasNy-Ålesundis situatedinsidethevortex). To accountfor
horizontalinhomogeneities,theozonedataaretemporallyaveraged.� Adiabaticchange:Theadiabaticchangeis takeninto accountby calculating
all changesat agivenisentropiclevel.� Diabatic change: Diabatic heatingratesare calculatedusing a radiative
transfermodel. In combinationwith theknown verticalgradientof ozone,
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this canbeusedto calculatetheozonechangedueto descentor ascentrel-
ative to theisentropes.

Theseassumptionsallow us to determinevortex averagedozonelossratesfrom
observationsatasinglelocation.Vortex averagesarerequirednotonly for ozone,
but alsofor the input parametersof theradiative transfermodel. Thusthevortex
edgehasto becalculatedandthedatahaveto beaveragedappropriately. Carehas
to be taken thatno exchangeof air over thevortex edgeis occurring,which can
beexaminedwith differentmethods[Sobelet al., 1997].

Thechemicalchange∂x̂ ∂t of thevolumemixing ratio x at a givenisentrope
couldnow beobtainedusingasimpleequation:

∂x
∂t Y Dx

Dt Z ∂x
∂Θ

∂Θ
∂T

Q (4.1)

Dx̂ Dt denotestheobservedchange,∂x̂ ∂Θ is theverticalgradientof theozone
mixing ratiowith respectto potentialtemperature,∂Θ ^ ∂T is thechangeof poten-
tial temperaturewith temperatureandQ is thecalculatedheatingrate. Note that
this is justasubstantivederivativeneglectinghorizontalmotionssolvedfor ∂x̂ ∂t.

It canbe shown that the calculationof the cumulative ozonelossby simply
integratingEquation4.1would leadto erroneousresults(seeAppendix4.A). Al-
ternatively, we have createdan ozonetracerfrom the RAM datathat represents
theprofile thatwould have beenobservedwithout any chemicalprocesses.This
passiveprofile is computedby takinganinitial profileandsubsidingit by

∂z
∂t Y ∂z

∂Θ
∂Θ
∂T

Q (4.2)

in every altitudewherethe profile is definedandinterpolatingit on the original
grid again. ∂ẑ ∂Θ is thederivative of altitudewith respectto potentialtempera-
ture. Hence,heatingratesarenot only neededat the isentropiclevel wherethe
ozonelossratesareobtained,but in all altitudeswherethepassive profile is de-
fined. Thesubsidedprofile is convolutedwith theaveragingkernelsto realignit
with thealtituderesolution(seeAppendix4.B). Theobservedandpassiveozone
profilesareaveragedovera periodof 5 days.Eventually, thechemicallossĉ can
becomputedby subtractingthepassiveprofile p̂ from theobservedprofile x̂:

ĉ Y x̂ Z p̂ (4.3)

Thecumulative lossandtheozonelossratesarerenderedcomparableby calcu-
lating the lossratesdirectly from thecumulative lossandignoringEquation4.1.
The chemicalchangeis calculatedby taking the differencebetweenthe cumu-
lative lossesfrom 12.5 daysbeforeand12.5 daysafter the consideredday and
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dividing it by 25days.Thesameis donefor thepassiveprofilesandtheobserved
ozonemixing ratio to obtainthediabaticandobservedchange.The long period
of 25 daysusedfor the lossratecalculationsis dueto theamplificationof mea-
surementnoisein thederivativeof themixing ratio.

4.3 Implementation

Additional dataareneededapartfrom theozoneobservationsto performtheloss
ratecalculations.Temperature,geopotentialaltitude,wind andpotentialvorticity
areobtainedfromtheanalysisof theEuropeanCenterfor Medium-RangeWeather
Forecast(ECMWF) on a 2 p 5��q 2 p 5� grid in longitudeand latitude. All datais
available at 12 pressurelevels, except for potentialvorticity, which is given at
isentropiclevels. Thedataareusedfor thecalculationof thevortex edgeandas
aninput for theradiative transfermodel.

Carbondioxide andwatervapor, which areneededby the radiative transfer
model,have to bemodeleddueto a lack of measurements.Carbondioxidehasa
mixing ratioof about360ppm, which is spatiallyconstantbut permanentlyrising
dueto anthropogenicpollution. Watervaporis derivedfrom thetemperaturefield
and a climatology. In the troposphere,a constantrelative humidity of 70% at
groundlevel decreasinglinearly to 8%at12km is assumed.This relationshiphas
beendeducedfrom the meanhumidity of sondeslaunchedat Ny-Ålesund. The
watervapormixing ratio is calculatedfrom the productof the relative humidity
andthe saturationpressure,which is a function of temperature.The breakpoint
betweentroposphereandstratosphereis takenfrom thetropopauselevel givenin
theECMWFtemperaturedata.In thestratosphereaclimatologyderivedfromdata
of theHALOE andMLS instrumentsonboardtheUARSsatelliteis used[Randel
et al., 1998]. Watervaporis a considerableerror sourcefor every methodusing
calculatedcooling rates,sinceit is known so badly. In the future, watervapor
profilesfrom the22GHz radiometercouldbeused,but in themomentthesedata
arenot reliableenough.

Thecalculationof thevortex edgeis crucialbecausetheobservedair masses
have to be well isolatedfrom mid latitudesandhomogenous.A fixed potential
vorticity valueis oftentakenastheedgecontour. In theory, thereis no exchange
of air over theedgeof a potentialvorticity contour, if all processesareadiabatic
andreversible. However, the choiceof the potentialvorticity valuetendsto be
quite arbitraryandtherearecertainly irreversibleanddiabaticprocesses.Thus
we usea moreaccuratemethod. The edgeof the vortex is calculatedusingthe
potentialvorticity gradientwith respectto equivalentlatitude[Nashet al., 1996].
As a reminder, the equivalentlatitudeof a potentialvorticity contouris defined
asthe latitudeit would have if theenclosedareawould becircularandcentered
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over thepole.Themaximaof thesecondderivativeof thepotentialvorticity with
respectto equivalentlatitudearetakenasthe innerandouteredgeof thevortex.
Thecalculationis stabilizedby multiplying thefirst derivativewith thepotential-
vorticity-mappedwind strength. Finally, the equivalent latitude of the edgeis
averagedover5 daysto eliminateunrealisticscatter.

Ozonedataareaveragedover5 days.Dayswith Ny-Ålesundoutsidethevor-
tex arediscarded.This convertsthetemporalmeanof theozonemixing ratio to a
spatialmeanover theinnervortex. Consecutive dayswith a weakgradientat the
beginningandtheendof theobservedtime periodareexcludedbecauseair from
mid latitudescould be advectedinsidethe vortex andalter the mixing ratios. If
therearedayswith aweakgradientscatteredthroughouttheobservedperiod,the
methodis not applicable.Alternatively, methodsof calculatingtransportacross
thevortex edgecouldbeused,but usuallytheerrorbarsof thesemethodsaretoo
largefor meaningfulresults.

Input datafor the radiative transfermodelareaveragedover the areainside
of the inner vortex edge. For the heatingratecalculationsthe radiative transfer
modelMIDRAD by Shine[1987,1991] is used.Thecodeof this modelappears
in almostevery studywhereheatingratesareneeded,andall methodspresented
hereinvolvesomemoreor lessrecentversionof MIDRAD, sometimeswith spe-
cial adaptions.Thethermalinfraredabsorptionandemissiondueto carbondiox-
ide, watervaporandozoneis calculatedfor a frequency rangefrom 0 cma 1 to
3000cma 1 with anexpressionsimilar to theradiative transferequation2.9. The
expressionis giving the net radiative flux as the differenceof the upward and
downwardflux. If F is thenet irradiance(the integral of the spectralbrightness
overall solid anglesandfrequencies),theheatingrateQ canbecalculatedby

Q Y g
cp

∂F
∂p

(4.4)

whereg is thegravitationalaccelerationandcp is thespecificheatcapacityatcon-
stantpressure.The modelparameterizesthe absorptionlines by a narrow band
modelby Malkmuswith aspectralresolutionof 10cma 1 in orderto reducecom-
putationtime. Line dataaretakenfrom theHITRAN catalogue.Theshortwave
absorptiondueto ozoneandwatervaporis computedby theDISORT program.A
detaileddescriptionof themodelcanbefound in [Sinnhuber, 1999]. In orderto
reducecomputationtime further, thecalculationsarecarriedout aszonalmeans
with input dataaveragedover longitudesinsidetheinnervortex edge.Theresult-
ing heatingratesareaveragedoverall latitudesinsidethepolarvortex. Themodel
usesan albedoof 0.9, assumingthat the surfaceis coveredwith ice andsnow.
Cloudsarenotconsideredin thecalculations.
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4.4 Meteor ological Situation

Thewinter of 1999/2000wasoneof thecoldestwintersin thestratospherein the
last20years[Manney andSabutis,2000],fitting well into ageneralcoolingtrend
in thestratosphere[PawsonandNaujokat,1999]. This is evident in a plot of the
vortex minimum temperaturesof the last winters,seeFigure4.1. Temperatures
droppedbelow theformationtemperaturefor NAT cloudsthroughoutDecember,
JanuaryandFebruaryat the475K isentropiclevel. In January, eventheformation
of ice cloudswaspossible,which is quite unusualfor the Arctic. The potential
areawherethe formationof polar stratosphericcloudswaspossibleis presented
in Figure 4.2 for the 475K and the 550K level. The areafor NAT cloudsis
depictedin light gray and the areafor ice cloudsis shown in dark gray. NAT
temperatureshavebeencalculatedaccordingto HansonandMauersberger[1988]
from thewatervaporclimatologyandwith a HNO3 mixing ratio of 10 ppb. Ice
temperatureswerecalculatedwith theMagnusformula[Roedel,1994]. Thearea
of thevortex is shown for comparison.Measurementsof thesatelliteinstrument
POAM III andof the groundbasedlidar in Ny-Ålesundshow that the potential
polarstratosphericcloudareais a goodestimatorfor therealoccurrenceof these
cloudsin this winter [Bevilacquaetal., 2002;Rex et al., 2002].

In Figure 4.3, the evolution of the polar vortex is displayed. The contours
representthepotentialvorticity at a givenequivalentlatitudeanddate.Theblack
dotsmarkthepositionof Ny-Ålesundin termsof equivalentlatitudeandthethick
lines denotethe inner andthe outeredgeof the vortex. In early December, the
vortex edgeis not shown due to a weakgradientprohibiting the calculationof
theedge.Thepolarvortex formedduringthefirst daysof December1999at the
475K level andremaineddiscernibleuntil earlyApril. Vortex developmentwas
comparableto othercoldwintersandresultedin astableandisolatedvortex, with
a relatively slow build-up in Decemberdisturbedonly by someminor warmings.
In Januaryto April warmingsoccurredbetweenmid JanuaryandearlyFebruary
(warmingabove ice temperatures),in mid Marchandin earlyApril (breakup of
the vortex). Beginning on March 17, the vortex split up into two parts,leaving
Ny-Ålesundoutsidethe vortex. Ny-Ålesundwassituatedwell insidethe vortex
from earlyDecemberon until this moment.Thustheperiodof usableresultsfor
the ozonedepletioncalculationsextendsfrom December11, 1999to March16,
2000.

Although therewassomefilamentation,no intrusionof extra vortex air oc-
curredthatremarkablyalteredthemixing ratiosafterDecember. We havecarried
out reversedomainfilling calculationsthat indicatethat the vortex air waswell
isolatedfrom mid latitudeair for theinvestigationperiodfrom Januaryon. Since
this is only a qualitative statementfor establishedmethodsof transportdetection
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Figure4.1: Minimum temperaturesatthe46hPapressurelevel (about475K). Linesshow
the formation temperaturesfor NAT (upperline) and ice clouds(lower line). Adapted
from Sinnhuberetal. [2000].

like contourcrossingor local gradientreversal[Sobelet al., 1997], further evi-
denceis needed.

Richardet al. [2001] usetracercorrelationsto show that no mixing across
thevortex edgeoccurred.If two or morechemicallyconservedtracerswith non-
linearcompactrelationshipsbetweentheirmixing ratiosshow nodeviationsfrom
the initial early vortex relationshipthroughoutthe winter, we candraw the con-
clusionthatno large isentropicmixing eventbetweenvortex andoutervortex air
occurred. It hasbeenassumedthat the outervortex relationshipis significantly
differentfrom theinnervortex relationshiphere.Richardet al. concludefrom in-
situmeasurementsof theNASA ER-2aircraftandOMSballoonmeasurementsof
N2O, CO2 andCFC-11that thevortex wasrelatively well isolatedfrom January
to March. It hasto benotedthatsometimesmixing maybedifficult to detectfrom
tracerrelations[Plumb et al., 2000], so we cannotexcludemixing categorically
here.

Rex etal. [2002]show by comparisonof Matchlossratesandvortex averaged
lossratesfrom sondesthatnosignificantmixing occurred.In Match,careis taken
to avoid areasof smallscalemixing [Rex etal.,1999]. If therewasentrainmentof
extravortex air, thevortex averagedlosswouldbealtered,but notthelossinferred
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Figure4.2: PotentialPSCarea. in 1999/2000.Upperpanel: Temporalevolution of the
areaof temperaturesbelow the formationtemperatureof NAT (light gray)andice (dark
gray)at the475K level insidethevortex. Theareaof thevortex is shown for comparison.
Lowerpanel:Samefor the550K level.
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Figure 4.3: Vortex evolution in 1999/2000at the 475K level. Contoursrepresentthe
potentialvorticity atagivenequivalentlatitudeanddate.Theblackdotsmarktheposition
of Ny-Ålesundin termsof equivalentlatitudeandthethick linesdenotetheinnerandthe
outeredgeof thevortex.

from Match.Thelossprofilesagreeverywell for theperiodfrom earlyJanuaryto
lateMarch,showing thatnosubstantialmixing happened(seealsoFigure4.15).

In Figure4.4, the evolution of the heatingratesis shown. The upperpanel
presentstheheatingrateprofile asa functionof pressurefor anarbitrarily chosen
day. The dashedline shows the heatingdueto shortwave radiation(mainly by
ozonein thestratosphereandwatervaporin thetroposphere)andthethick solid
line shows the cooling dueto long wave radiation(mainly by carbondioxide in
thestratosphereandwatervaporin thetroposphereandstratosphere).Longwave
coolingandshortwave heatingleadto a netcoolingrate(thin line). In thelower
stratosphere,heatingandcoolingalmostcancelout,whichis connectedwith large
errorbarsin thenetcoolingrates.It is evidentthatthenetcoolingrates,andthus
thesubsidenceof air, increaseconsiderablywith altitude. This effect influences
thepassiveprofilesof theozonedepletioncalculations,aswe will seesoon.The
lower panelshows the temporalevolution of the heatingrates. While the long
wave cooling staysalmostconstantin the courseof the winter, the shortwave
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of theheatingratesin thewinter1999/2000at the475K level.
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heatinggetsstrongerdueto theincreasein sunlithoursin thevortex. Theresultis
adecreasein thenetcoolingof thevortex, leadingto strongdescentin December,
which is steadilydecreasingto zeroin March.

4.5 Ozone Depletion in 1999/2000

The observedozonevolumemixing ratio at the 475K level is presentedin Fig-
ure4.5. Following an increaseuntil theendof January, thevolumemixing ratio
beginsto decreasesignificantly(thick line). Dueto thelimited verticalresolution
of the RAM andthe ozonelossoccurringin a rathernarrow layer, theobserved
decreaseis underestimatedin comparisonwith high resolutionmeasurementsat
this altitude. In fact, valuesaslow as1.5ppm have beenobservedby sondesin
the consideredtime period. However, sondesadjustedto the vertical resolution
of theRAM (dots)show very goodagreement.TheSLIMCAT calculations(thin
line) will bediscussedlater.

In Figure4.6wepresenttheresultsof thevortex averagedozonelosscalcula-
tions. Theozonechangedueto diabaticdescentof air massesthroughthe475K
level decreasesin thecourseof thewinter (thin line), andleadsto anincreasein
theozonevolumemixing ratio dueto thepositiveverticalozonegradientat these
altitudes.Thediabaticchangehasto besubtractedfrom theobservedmixing ra-
tios(thick line) to obtainthechemicallossrates(dashedline). Chemicallossrates
of about10 ppb̂ day in DecemberandJanuary, which werecompletelymasked
by thedescentof ozonerich air from above,areleadingto anincreasein theob-
servations. Interestingly, muchlesschemicalloss is expectedin Decemberand
January, sincethesunlit timesin thevortex aremuchtooshortto causesignificant
chlorineactivationandstratosphericcloudformationhasnotsetin. Wewill come
backto this issuelater. In FebruaryandMarchozonelossreachedratesof up to
25ppb̂ day, causingtheobserveddeclineof theozonevolumemixing ratio. Note
thattheselossratesareaveragedoveranaltituderangecorrespondingto theRAM
verticalresolutionandaretemporallyaveragedover25daysandtendto belower
thantheactuallossratesat this altitude.

The shadedareadenotesthe estimatedaccuracy of the calculations. The
shown errorsarecalculatedassuminga statisticalerrorof 0.14ppmin theRAM
measurements.Additionally, anautocorrelationtime of theozonetime seriesof
0.5daysis supposed.Theerrorof theheatingratesis setto 0.1K. While theerror
of theRAM measurementsis well known, theerror in theheatingratescanonly
beestimated.Thiswill bediscussedin moredetailin section4.7.A detailederror
analysisis givenin Appendix4.C.

It canbeseenthatthelossratesin Decemberand,to alesserextent,in January
arestatisticallysignificant. Thereareseveral possibleexplanationsfor thesere-
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Figure4.5: Ozonemixing ratio at the 475K isentropiclevel in the winter 1999/2000.
Measurementsof theozoneradiometer(diurnalmeans,thick line) andof sondes(dots)at
Ny-Ålesund,andSLIMCAT modelresults(thin line).

sults.Sincesometransportacrossthevortex edgeoccurredin December[Richard
et al., 2001],mixing ratioscouldhave beenchangedby theintrusionof mid lati-
tudeair. Anotherexplanationis anoverestimationof thecoolingrates.Theheat-
ing ratesof SLIMCAT underestimateour cooling ratesby morethan0.2K ^ day
in DecemberandJanuary, which is outsideof the assumederror bars,seealso
Figure4.10. As alreadystated,a detaileddiscussionof theaccuracy of theheat-
ing ratescanbefoundin section4.7. As a third possibility, theinferredchemical
lossratesmaybetrue. If so,the losscannotbeexplainedby chlorineactivation,
sincemeasurementsof chlorinemonoxideshow verylow mixing ratiosin Decem-
ber(seesection4.9)andstratosphericcloudoccurrencewasonly sporadic.High
chemicalozonelossratesin darkareasof thevortex thatcannotnot beexplained
by thecurrentunderstandingof ozonechemistrywereobservedin severalstudies
sofar, for exampleby Becker et al. [1998]. Thus,unknown chemistrymaybethe
reasonfor thediscrepancies.However, a final conclusioncannotbereachedhere
without furtherevidence.
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Figure4.6: Ozonelossper day at the 475K isentropiclevel in 1999/2000. The thick
line shows theozonechangeperdayobservedby theradiometer, thethin line shows the
changedueto diabaticdescentinferredfrom the passive profile, the dashedline shows
thechemicalchange(with errorbars),givenby thedifferenceof theabove changes.All
changesare25 daymeans.Thepassive profile hasbeencorrectedfor naturalozonepro-
duction.

We will now addressthe cumulative loss. In Figure4.7 the volumemixing
ratio of December11, 1999, reducedby the cumulative chemicallossobtained
from theRAM calculations,is shown for the475K level. December11is takenas
aninitial pointsincethepassiveprofilewasinitializedonthisday. Thecumulative
lossaddsup to 1 p 2 � 0 p 4 ppm(41%)at theendof thewinter. This is oneof the
highestlossesever observedby the RAM, comparableto the cumulative lossof
1 p 4 � 0 p 4 ppm (53%) inferredin the winter 1996/97.The large error barsof the
cumulativelossresultmainlyfrom theerrorin theheatingrates,whichis assumed
to be systematic. SLIMCAT and GOME resultswill be discussedin the next
section.

Sinceozonelossonly occursin sunlight,theozonelossratespersunlit hour
arealsoworth a look, seeFigure4.8. The sunlit hourshave beencalculatedas-
sumingthatthevortex edgeinferredfrom thepotentialvorticity analysisdoesnot
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Figure4.7: Cumulative lossat the 475K isentropiclevel in 1999/2000. Shown is the
volumemixing ratio of December11, 1999reducedby thecumulative lossobtainedby
theozoneradiometer(thick line) andtheSLIMCAT model(thin line). TheGOMEresults
(line with asterisks)useFebruary13,2000asaninitial value.Thepassiveprofileusedfor
thecumulative losscalculationshasbeencorrectedfor naturalozoneproduction.

changein thecourseof 24hours.Thesunlit timesof everygrid point in thevortex
werecalculatedby performingonerevolutionof theearthandcountingthesunlit
hoursof the points. The sunlit timesof all pointshave beenaveragedspatially
then. In addition,a 25 day runningmeanhasbeenappliedto renderthe sunlit
hourscomparableto the averagedloss rates. The evolution of the sunlit hours
canbe found in Figure4.9. In DecemberandJanuary, the lossratesper sunlit
hour rangefrom 2 ppb̂ sunlithour to 4 ppb̂ sunlit hour. The large error barsin
this periodarea resultof thescalingof theoriginal lossrateswith theinverseof
the sunlit hours. In additionto the errorsof the lossrateswe have to take into
accountan error dueto the trajectoriesof the measuredair parcels.Air parcels
couldhavereceivedsystematicallymoreor lesssunlit hoursthanindicatedby the
vortex mean. This error is reducedif the numberof sunlit hoursis rising (it is
lessthan4 hoursuntil theendof January).In February, lossratespersunlit hours
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reacha maximumof 3 ppb� sunlithour,decliningslowly to 1 ppb� sunlit hour in
March. Thehigh lossratesper day in Marcharedueto the long sunlit timesof
the air parcels.The lossratesper sunlit hour areeven decreasingin March due
to the warmertemperatures.Resultsin Januaryareinconclusive, sincethey are
relatively low, but the potentialareafor stratosphericcloudswasat a maximum
then. However, thevariousinherenterrors(high dependenceof lossrateson the
temperatureandsunlit history of the air parcelsobserved, influenceof altitude
resolution,largeerrorbarsof thelossrates),make a quantitativecomparisondif-
ficult. A trajectoryanalysisof the measuredair parcelscould bring somemore
insighthere.Dueto thesamereasons,we have madeno quantitativecomparison
of chlorinemonoxidemixing ratiosandlossrates.
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4.6 Comparison with Other Techniques

In the winter 1999/2000,numeroustechniqueshave beenapplied to estimate
ozonedepletion. Since there are several independentmethods,a comparison
shouldgive a goodestimateof the accuracy we canexpect,which is important
for two reasons:The errorsof all methodsare quite large and, in somecases,
cannotbe calculatedanalytically. We examinethreeof the four major methods
mentionedin theintroduction:� TheLagrangiantechniqueMatch� Tracermeasurements� Vortex averagedloss

In addition to that, we testour knowledgeaboutthe underlyingphysicswith a
chemicalmodel. RAM resultsarecomparedto seven methodsbasingon mea-
surementsandonemodel in detail in the next subsections:to Match, to tracer
measurementsusing ASUR data,Mark IV data,HALOE dataor MIRA data,
to vortex averagedlosscalculationswith sondedataor GOME dataand to the
SLIMCAT 3D chemicaltransportmodel. All profilesobtainedby thesemethods
areconvolutedto thevertical resolutionof theRAM in orderto gainmeaningful
andcomparableresults.Wherepossible,comparabletime scaleshave beencho-
sen. While the beginning of the examinedtime period is not crucial dueto the
relatively low lossratesin DecemberandJanuary, all measurementperiodswere
chosento endaroundMarch15. Furtherissues,which we will examinein detail
in thenext subsections,aretheobservedregionsandprincipaldifferencesin the
methods.

4.6.1 Match

Matchprobesanair parcelwith anozonesondeat a giventime andlocationand
follows its path by trajectorycalculations. When the air parcelpassesanother
sondelaunchsitewithin a radiusof 400km, it is probedfor a secondtime. The
differencein the observed ozonemixing ratio at a certainisentropiclevel, cor-
rectedfor the diabaticdescent,is dueto chemicalloss. The descentratesused
by Match are taken from the SLIMCAT model. The Match techniquedirectly
measuresozonelossin a Lagrangianway in contrastto all othermethods,which
dependon a sufficiently homogenousvortex. Careis taken in Match to avoid
air massesthatarenot well conserved,for exampleby examiningthedivergence
of nearbytrajectoriesor by discardingtrajectorieswith a largepotentialvorticity
change.Furtherinformationcanbefoundin [Rex et al., 1997,1999,2002].
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TheMatchlossaddsup to 1.0� 0 � 25ppmat the475K level whenconvoluted
to the vertical resolutionof the RAM, in nice agreementwith the RAM results.
The lossis integratedbetweenJanuary5, 2000andMarch16, 2000. Theperiod
is comparableto theRAM time frame,sincelittle lossoccurredbetweenDecem-
ber 11, 1999andJanuary5, 2000. Match resultswereavailablebetween400K
and550K. Below andabove theselevels,no lossis assumedin orderto perform
theconvolution neededfor thecomparison(seeAppendix4.D). Thevortex edge
is chosento be36PVU, which is sligthly moreextensivethanouredgedefinition,
but shouldyield no large difference.Accordingto Rex et al. [2002], lessozone
lossoccurredat lowerequivalentlatitudesin thiswinter, soresultsmayhavealow
biasin comparisonto RAM. Sincethecoolingratesof SLIMCAT arelower than
theratesof theRAM model(Figure4.10),applicationof theRAM coolingrates
to Matchshouldleadto a highercumulative loss,anotherlow biasof theMatch
results.

4.6.2 Tracer Measurements

ASUR

TheAirborneSubmillimeterRadiometerASUR is a microwave radiometermea-
suring in the 600GHz range[von König et al., 2000]. While the measurement
principleis identicalto our instrument,observationshave to becarriedout above
the tropopausedueto thestrongwatervaporabsorptionin this frequency range.
In thewinter1999/2000,theinstrumentwasdeployedat theNASA DC-8aircraft
for 23 flights. The first deploymentlastedfrom November30, 1999to Decem-
ber16,1999,thesecondlastedfrom January14,2000to January29,2000andthe
third lastedfrom February27,2000to March15,2000.Theaircraftwasbasedat
Kiruna,Sweden(68� N, 20� E). Measuredspeciescompriseozone,N2O, HNO3,
ClO, HCl andsomeothers.Profilesarederivedfrom thespectrawith theoptimal
estimationmethod.Altitude resolutionfor ozoneandN2O is about6–10km. The
altituderangeis 16–40km for N2O and16–50km for ozone.Thedataof ASUR
neednot to beconvoluteddueto thesimilar altituderesolution.

In Bremeret al. [2002], ASUR measurementsof the chemicallyconserved
tracerN2O areusedto mark air parcels. If the ozonemixing ratio at the same
tracermixing ratio level is comparedat the begin andthe endof the winter, the
differencerepresentstheozonelossat this level, becausetracerandozonefollow
thesamedynamics.Bremeret al. reporta lossof 1 � 0 � 0 � 1 ppmbetweenthefirst
deploymentin Decemberandlastdeploymentin Marchat the100ppbN2O level
(approximately470K), which is in nice agreementwith our methodwithin the
errorbars.Thecalculationsusethemeanprofilesof thedeploymentsandthetime
periodis comparableto our measurements.
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We will addsomegeneralremarksin regardto tracermethodshere.Carehas
to betakenthatnomixing of extravortex air occursin theconsideredtimeperiod
[Plumbet al., 2000]. While largescalemixing of extra vortex air wasnegligible
in this winter from Januaryon [Richardet al., 2001], othertypesof mixing can
not be excludedcategorically. However, horizontalmixing dueto spatialdiffer-
encesof the descentratesinside the vortex shouldnot have beensignificantin
1999/2000[Ray et al., 2002]. Anotherissueis thechoiceof theinitial profilesof
tracerandozone,which is somewhatarbitrary. While the ASUR measurements
areusingvortex means,thefollowing methodsusesingleprofiles,which canin-
troduceerrorsof about20%[Rex et al., 2002;Harriset al., 2002]. Initial profiles
needto bemeasuredlateenoughto allow for a stablevortex, but earlyenoughto
avoid any ozoneloss.Ozonelossshouldbenegligible in the1999/2000winter if
theprofilewasobtainedaroundDecember, but somemixing occurredin thattime
period.Accordingto Müller et al. [2002],mixing shouldhave led to anunderes-
timateof ozonelosshere.Additionally, tracermeasurementsusuallyinvolveonly
two measurementdates,solossratescannot bededuced.

Mark IV

The Mark IV balloon interferometeris an FTIR spectrometermeasuringin the
650cm� 1 to 5650cm� 1 region[Toon,1991].Sinceit measuresover30speciesat
thesametime, its datawill appearin severalotherapplicationsin the following.
The vertical resolutionof the measurementsis about2 km. The interferometer
waslaunchedtwo timeson boardof theOMS balloongondola,on December3,
1999 (sunset)andon March 15, 2000 (sunrise). The launchsite wasEsrange,
Sweden,nearKiruna. Additionally, groundmeasurementstook placebetween
the launches.Thefirst launchtook placeinsidethedevelopingvortex, while the
secondlaunchhappenedonthedaythevortex brokeup. Potentialvorticity wasat
54PVU this day, but until thenext day, it droppedto 26PVU. Sincewe cannot
besurethatonly vortex air wassampled,wehavealsoexamineddataof theOMS
balloonlaunchfrom March5, whereonly in situ measurementstookplace.

N2O is usedagainasachemicallyconservedtracer. Thelossis calculatedbe-
tweenthelaunchin Decemberandthelaunchesat March5 or March15. Results
areconvolutedto our altituderesolution.Surprisingly, bothmeasurementsshow
very low losses.While themeasurementonMarch5 showsa lossof 0.5ppm, the
measurementon March15yields0.4ppmat the475K level. Thefirst resultmay
beexplainedby thehigh lossratesbetweenMarch5 andMarch15. Comparison
with Matchresultsfor March5 shows agreementwithin theerrorbars,although
the OMS resultsaresituatedat the lower endof the error range.The March 15
measurementswereobviouslydisturbedby extravortex air, whichis alsoapparent
in themeasureddenitrification,seesection4.10.



4.6 Comparison with Other Techniques 103

HALOE and Mark IV

In Müller et al. [1996,2002],thechemicallyconservedtracerHF is usedto mark
air parcels. The ozoneand HF measurementsare taken from the HALOE so-
lar occultationinstrumenton boardtheUARS satellite. The initial tracerprofile
usedis an HF profile derived from measurementsof theMark IV instrumenton
December3, 1999. HALOE datahave beentaken from measurementsbetween
March 11, 2000andMarch 14, 2000around65� N. Resultswereavailablebe-
tween380K and550K, andweretreatedlike theMatchdatafor theconvolution.
The vertical resolutionof HALOE is 2–3km for ozoneand4.5km for HF. The
HALOE lossaddsupto 1 � 3 � 0 � 4ppmat the475K level. Thevortex edgewasset
to 50PVU for theselectionof theHALOE measurements.This is roughlycompa-
rableto thevortex edgeaccordingto theNashcriterionatMarch14. A discussion
of thepossibleeffectof therestrictedlatituderangeof HALOE measurementscan
befoundin [Hoppelet al., 2002]for a similar problemof thePOAM instrument.
Here,anadditionaluncertaintyof 0.1ppmis estimated.Anotherissueis there-
strictionof HALOE measurementsto sunlitareas,whichmayslightly enhancethe
observedozoneloss.Ozonelossmayalsobeenhancedby thelongertimeperiod
in comparisonto theRAM. Nevertheless,theagreementof bothmethodsis good
within theerrorbars.

MIRA and FTIR at Kiruna

Koppet al. [2002] have useddatafrom thegroundbasedmicrowave radiometer
MIRA andanFTIR instrument.Both instrumentswerelocatedatKiruna. Theal-
tituderangefor MIRA is 17–55km, with analtituderesolutionof 7 km for ozone
and12km for N2O. Thealtituderangefor FTIR ozoneis 5–35km with a resolu-
tion of 7.5km andthealtituderangefor FTIR N2O is 0–30km with a resolution
of 10km, sothedataneednot to beconvolutedto our altituderesolution.

N2O or HF from the FTIR instrumenthave beenusedasa tracerwith simi-
lar results.Ozonelosshasbeencalculatedfrom vortex averagedmeasurements.
The early winter profile was deducedfrom measurementsbetweenJanuary22
andFebruary3 andthespringprofile wasdeducedfrom measurementsbetween
March4 andMarch12. With ozonefrom MIRA, thelossaddsupto 1 � 4 � 0 � 4ppm
at 475K, while ozonefrom theFTIR shows 1 � 1 � 0 � 2 ppmloss.Agreementwith
theRAM methodis goodagain.Theshortertimeperiodmayleadto a low biasof
theMIRA/FTIR data.Thevortex edgeis chosento be42PVU, which is similar
to our edgedefinitionin theconsideredtimeperiods.
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4.6.3 Vor tex Averaged Measurements

Sondes

Vortex averagedsondeprofileshave beencalculatedby Rex et al. [2002]. Ozone
sondesarelaunchedat several sitesall over the Arctic. Sondeslaunchedinside
the polar vortex have beenbinnedinto 10 day bins hereandaveraged.Heating
rateswereagaintakenfrom SLIMCAT. Theinferredlossprofile is verysimilar to
theMatchprofile (Figure4.15),sothattheconvolutedlossshouldbeverysimilar
to theconvolutedMatchloss.Sincetheagreementis soexcellent,wedonotneed
to comparethedatadirectlyandcanreferto theMatchresultshere.

GOME

GOME is anultraviolet andvisible light spectrometeron boardtheERS-2satel-
lite measuringin nadir geometry[Hoogenet al., 1999]. Ozonedepletionis de-
terminedby a methoddevelopedby Eichmannet al. [1999]. Thereareseveral
similaritiesin theGOME andRAM methods:Ozoneprofilesareobtainedby us-
ing theoptimalestimationmethod.Thecalculationof thevortex averagedozone
depletionis similar to theRAM approach,including theuseof exactly thesame
MIDRAD radiativetransfercode.However, therearesomeimportantdifferences:
Thegroundpixel areaobservedby GOME is about960 � 100 km2 andthereare
nomeasurementsduringthepolarnight. This limits thecomparisonto theperiod
afterearlyFebruary. In additionto this,GOMEusesnopassiveprofileandsimply
integratesthelossrates.GOME altituderesolutionis about6–10km. Thus,mea-
surementsneednotbeconvoluteddueto thesimilarverticalresolution.However,
acomparisonof GOME datato high resolutionsondeprofilesshowssurprisingly
goodagreement,a factthatmayintroduceerrorsin thecomparison.

The cumulative lossobtainedby GOME after February13, 2000(line with
asterisks)is shown in Figure 4.7. Loss ratesare higher than the resultsof the
RAM andSLIMCAT calculationsandaddup to 0 � 9 � 0 � 3 ppm until March 17
[Eichmann,2002]. ThedifferencebetweenRAM andGOME is well within the
error barsof both measurements(consideringthe shortertime period usedfor
GOME), but it shouldbe notedthat a comparisonis difficult dueto the reasons
statedabove and that the cumulative loss lies at the upperend of the rangeof
results.

The RAM and GOME cooling ratesare shown in Figure 4.10. The slight
differencesbetweenthecoolingratesof RAM andGOME canonly bedueto the
input datafor the model. The vortex edgewaschosento be 38 PVU, which is
quite extensive andshouldhave loweredthe lossrates,but this effect cannotbe
observed.
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4.6.4 SLIMCAT

SLIMCAT is a three-dimensionalchemicaltransportmodeldevelopedat theUni-
versityof Cambridge.Themodelis initialized in October1991andis forcedwith
U. K. MeteorologicalOffice(UKMO) temperaturesandwind fields.An overview
over themodelcanbe found in [Chipperfield,1999]. Themodelrunsat a reso-
lution of 5��� 7 � 5� (latitude � longitude)andis computedon 24 isentropiclevels
from 330K to 3000K. Vertical transportbetweenthe levels is calculatedby the
MIDRAD scheme.On November1, 1999a high resolutionintegrationwith a
resolutionof 2 � 5� � 3 � 75� is started[Sinnhuberetal.,2000].Gasphasechemistry
is calculatedfor over 30 speciesandchemicalfamilies andover 100 chemical
and photochemicalreactions,including all reactionsgiven in the introduction.
Heterogenouschemistryis calculatedon liquid, NAT andice particles,which are
assumedto bein equilibriuminstantlyin all areaswith T � TNAT, TNAT � T � Tice
andT � Tice, respectively. This simpleschememustleadto anoverestimationof
stratosphericcloudoccurrenceandchlorineactivation,sincenot all areasbelow
theformationtemperatureof thecloudsareactuallyfilled with clouds.

The denitrificationschemeis basedon two different schemes. In the first
scheme,ice particlesof 10µm radiusremoving HNO3 from thegas-phaseasco-
condensedNAT form below the frost point andNAT particleswith 1 µm form
above thefrost point (numberdensityis about10cm� 3 here).Fall velocitiesare
1500m� day and40 m� day. The secondschemeis basedon NAT rocks. NAT
is assumedto form herein two modeswith radii of 0.5µm and6.5µm without
the formationof ice particles,basedon the observationsof Fahey et al. [2001].
Thefirst modeformswith a numberdensityof 1 cm� 3 andHNO3 condensedin
excessis assignedto thelargemode.Fall velocitiesare1m� dayand1100m� day.
More informationaboutthedenitrificationschemescanbefoundin [Daviesetal.,
2002],wheretherunsarecalledUKICE andUKNAT, respectively.

Sincethecumulativeozonelossis virtually identicalfor thetwo schemes,we
will comebackto thesecondrun laterwhenwe examinethechlorineactivation
anddenitrification,wherebothrunsshow largedifferences.For thecomparison,
theSLIMCAT modelhasbeenconvolutedto thevertical resolutionof theRAM
andinterpolatedto thepositionof Ny-Ålesund.Thus,thevortex edgedefinition
is thesameasfor theRAM method.Themodeledmixing ratio at the475K level
showsexcellentagreementwith theRAM measurements,asdepictedin Figure4.5
(thin line).

Ozonelossin theSLIMCAT modelis determinedby comparisonwith a pas-
sive ozonetracer, which is initialized with the modeledozoneon December1,
1999. Figure4.7 shows the cumulative lossobtainedby the SLIMCAT model
(thin line), which addsup to 1.3ppm(46%)at theendof thewinter. This agrees
remarkablywell with thecumulativeozonelossfrom RAM measurements.Even
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schemesof RAM (thick line), SLIMCAT (thin line), GOME (asterisks)and ASUR
(squares).

the lossratesagreewell, with relatively low lossratesup to the endof January
andhigherlossratesin FebruaryandMarch.

It is interestingto notethatthederivedozonelossmatchestheRAM calcula-
tions,althoughthecoolingratesusedfor RAM andSLIMCAT arequitedifferent.
Thecoolingratesfor the two radiative transfermodels,which areshown in Fig-
ure4.10,differ by a factorof two until theendof January, whenthey converge.
Thelargercoolingratesof theRAM modelcauseastrongerdescentfor theRAM
passive ozoneprofile, which in turn mustleadto a higherpassive ozonemixing
ratio for the RAM in the lower stratosphere,dueto the positive gradientof the
mixing ratiowith respectto altitude.

Sincetheobservedozonemixing ratiosagreewell with themodeledmixing
ratios(Figure4.5), this shouldleadto higherozonelossratesin theRAM calcu-
lationsthanin theSLIMCAT model.But asshown in Figure4.11,highermixing
ratiosin theRAM passiveprofilecanonly beobservedbelow the475K level. The
plot shows theRAM passiveprofile from March10,2000(thick line), theSLIM-
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Figure4.11: Passive profilesof the RAM ozonelosscalculations(thick solid line) and
theSLIMCAT calculations(thin solid line) at March10, 2000. Thedashedline shows a
passive profilewith simulatedphotochemicalproduction(seetext).

CAT passiveprofileof thesameday(thin line) andthe475K level. Thereasonfor
thesimilarmixing ratiosof thepassiveprofilesat the475K level is acombination
of thedescentratesincreasingwith altitude(Figure4.4),neglectedphotochemical
productionandtheconvolution to theverticalresolutionof theRAM. Air masses
in the upperstratospheredescendconsiderablyfasterthan in the lower strato-
sphere,andcausetheozonemaximumin thepassive profile to be squeezedand
themaximumof themixing ratio to descendin thecourseof time. Passiveozone
is veryeffectively transporteddown to altitudesaround25km, wherethedescent
ratebeginsto decrease.In reality, photochemicalcyclesandhorizontalmotionfill
up theprofile above 35km, becausephotochemicalequilibriumis achievedhere
in somedays[Sinnhuberet al., 1999]. This naturaleffect is not consideredin the
passiveprofiles,leadingto a strongdecreasein thepassiveozonevolumemixing
ratioataltitudesaround25km. In additionto that,horizontalmotionis implicitly
consideredin theSLIMCAT profile,but not in theRAM profile.
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Accordingly, thedifferencebetweentheobservedor modeledprofile andthe
passive profile shows the net effect of missing photochemicalproductionand
chemicalloss. In thecourseof time, thepeakof theRAM passive ozoneprofile
overtakesthe peakof the SLIMCAT passive profile. In the convolution process
this differenceis propagatedto the475K isentropiclevel andevenbelow. At the
endof theozonelosscalculationperiod,bothprofilesintersectat the475K level
asdisplayedin Figure4.11. This effect would not appearin the high resolution
passiveprofile at 475K, becausetheair massesheredescentfor only about3 km
in thewholewinter, sothatevenat thebeginningof thewinter, theconsideredair
masseswouldhavebeenbelow 25km. Theimpactof slightdifferencesin theini-
tial RAM andSLIMCAT passiveprofilesis negligible comparedto thedescribed
effect.

A possibleworkaroundfor this problemis to simulatethenaturalozonepro-
ductionin the passive profile. Sincewe canassumethat transportplaysno role
above 50km, we just cansetthepassive profile to theinitial valueabove this al-
titude,regardlessof theconsideredday. Between35km and50km, we take into
accountthatequilibriumis achievedslower with decreasingaltitude,sothatonly
a part of the profile canbe filled up beforeit descentsto areaswherethe equi-
librium time is longer. We take the initial passive profile here,multiply it with a
factorfalling from 1 at 50km linearly to 0 at 35km andaddtheresultingmixing
ratio to thepassive profile of every consideredday. Theresultingpassive profile
is shown in Figure4.11 asa dashedline. If we calculateozonedepletionwith
thenew passiveprofile, thecumulativelossaddsup1.4ppm, about0.2ppmmore
thanbefore.Figures4.6and4.7alreadyshow thecorrectedcumulative loss.

4.7 Accurac y of the Heating Rates

Sincethedescentratesaremostcritical for theaccuracy of thedeterminedozone
lossrateswe have comparedthe RAM, SLIMCAT, ASUR andGOME ratesto
tracerobservations. In Figure4.12we show the descentratesin km/daycalcu-
lated from the cooling ratesgiven by the radiative transfermodels. The thick
line representsthe RAM cooling rates,while SLIMCAT is depictedby the thin
line, ASUR by the squaresandGOME by the asterisks.The shown SLIMCAT
coolingratesarevortex averagesandarenot necessarilyexactly thesameasthe
onesapparentover Ny-Ålesundthatwereusedfor theSLIMCAT passive profile
andozoneprofile. It is assumedherethatdifferencesaresufficiently small. N2O
tracermeasurementscarriedout with ASUR [Bremeret al., 2002] andwith the
Mark IV instrumenton boardtheOMS balloonareshown asstraightlines with
dotsmarkingthemeasurements.Notethatthedescentratesderivedfrom theN2O
observationsdependon very few measurementsonly andthata constantdescent
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of N2O (from ASURandMark IV) is shown for comparison.
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sidencedz� dt inferredfrom theheatingratesof RAM modelwithout changes(solid line)
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ratewasassumedin betweenmeasurements.Themodeleddescentrates(andthus
the cooling rates)differ significantlyfrom the measurementsin sometime peri-
ods. Especially, measurementsindicatethat theRAM cooling ratesaretoo high
in December, which would leadto an overestimationof ozonelossratesby our
method.Most deviationsin themodelscanbeexplainedby errorsin theheating
ratesof 0.2K potentialtemperaturechangeperday, exceptfor thelargediscrepan-
ciesin December(seeFigure4.10).Thus,we have chosenanerrorof 0.2K � day
to calculatethe error dueto diabaticdescentin the cumulative lossandthe loss
rates.Thediscrepanciesin Decemberareassumedto resultfrom anunexplained
systematicerror. This short analysisalso clearly indicatesthe needto provide
moretracerobservationsinsidethepolarvortex.

We will now examinethe reasonsfor the errorsin the heatingrates. Main
errorsourcesin all radiative transfermodelsarethe input parameters,especially
watervapor, albedoandthefact thatcloudsareneglected.Oneof thedifferences
betweenthe modelsis a global correctionof the cooling ratesin SLIMCAT to
obtainno divergencein themassflux. Thevortex edgedefinitionsdo not play an
importantrole aserror source.Runsof the RAM calculationswith fixed vortex
edgesgavethesameresultfor thecumulativelossastherunwith thedefinitionof
Nash.

Sincewatervaporis known so badly, a sensitivity analysishasbeencarried
out. The heatingrate calculationshave beenstartedwith water vapor mixing
ratios reducedby 50% and increasedby 50% in every altitude. The resulting
descentratesareshown in Figure4.13, in the samescaleas in Figure4.12. It
is evidentthat thediscrepanciesbetweenthedifferentmeasurementsandmodels
cannotsolelybeattributedto theuncertaintyin thewatervapormodel.

Anotherapproachto testthe accuracy of the heatingratesis to comparethe
actualpotentialvorticity changedueto diabaticeffectswith thechangeindicated
by the radiative transfermodel. The changeof the potentialvorticity is in good
approximationgivenby

dP
dt � P

dQ̂
dθ � Q̂

dP
dθ

(4.5)

whereQ̂ ��� dΘ � dT � Q is the heatingrate in potential temperatures.Thus, the
changeof thevortex meanpotentialvorticity hasbeencalculatedwith theRAM
heatingratesand hasbeencomparedto the meanpotentialvorticity from the
ECMWF analysis.Resultsareshown in Figure4.14,upperpanel. The thin line
showstheevolutionof themeanpotentialvorticity in thevortex at the475K level
accordingto ECMWF data. The thick line is thecalculatedevolution according
to the computedheatingrates. Agreementis excellent, and the resultingdevi-
ationscanbe explainedby errorssmallerthan0.2K in the heatingratesin the
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Figure4.14:Potentialvorticity evolution at the475K isentropiclevel in 1999/2000.Up-
perpanel:Vortex meanpotentialvorticity calculatedfrom theRAM heatingrates(thick
line) andfrom the ECMWF analysis(thin line). Lower panel: Heatingrates(in poten-
tial temperatures)from theRAM calculations(thick line) andinferredfrom theECMWF
analysis(thin line).
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mostcases.This is shown in thelowerpanel,whichdisplaystheheatingratesob-
tainedfrom theECMWFanalysiswhensolvingEquation4.5for Q̂ (thin line) and
theheatingratesfrom theRAM model(thick line). Theerror rangeagreeswell
with theerror rangethatcanbededucedfrom the tracermeasurements.Only in
Marcha systematicdeviation canbeobserved. Interestingly, thetracermeasure-
mentsshow the largestdeviationsin December. Thus,thedeviation in Marchof
theECMWF analysismaybedueto non-adiabaticeffectslike thedissipationof
thevortex by waves.However, a final conclusionwhich heatingratesarecorrect
cannotbereached.

4.8 The General Picture

During the SOLVE/THESEOcampaignmany more thanthe studiesmentioned
alreadyhave beenperformed,providing thebestopportunityyet to comparethe
differentmethods. The methodsdiscussedin the last sectionsare summarized
in Table 4.1. Although the investigatedperiods,isentropiclevels and altitude
resolutionsareslightly differentin somecases,theresultsshouldbecomparable.
An exceptionis theresultof GOME,wherethetimeperiodis considerablyshorter.
Theagreementof all measurementsis verywell insidetheirerrorbars.

It is alsovery interestingto have a look at the many resultsthat have been
derivedfrom high resolutionmeasurements.Most studiesagreethatlosswasoc-
curringin a relatively narrow layerwith peaklossratesat the450K level. Obser-
vationsfrom 13studiesaroundthe475K level areshown in Table4.2.Theresults
of Matchandvortex averagedsondeprofilesarealsoshown in Figure4.15.Again,
theagreementbetweenthedifferentmethodsis quitewell, with resultssomewhere
between1.7ppm and1.9ppm in the mostcases.Somenotableoutliersarethe
MLS measurements(very shortmeasurementperiodandlargecorrespondinger-
ror) andthelow resultsof MSX (sparsesampling).In additionto thecitationsin
thetable,a comparisonof high resolutionmeasurementscanbefoundin [Harris
etal.,2002]andadditionalresultsaregivenin [Robinsonetal.,2002],[Salawitch
et al., 2002]and[Grantet al., 2002].
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Dataset Period Lossin ppm Reference

ASUR 30.11–16.12
to 27.2–15.3

1 � 1 � 0 � 1 Bremeret al. [2002]

GOME 13.2–17.3 0 � 9 � 0 � 3 Eichmann[2002]
Match 5.1–16.3 1 � 0 � 0 � 25 Rex et al. [2002]
RAM 11.12–16.3 1 � 2� 1 � 4 � 0 � 4 Klein et al. [2002]
FTIR 22.1–3.2

to 4.3–12.3
1 � 1 � 0 � 2 Koppet al. [2002]

MIRA/FTIR 22.1–3.2
to 4.3–12.3

1 � 4 � 0 � 4 Koppet al. [2002]

HALOE/Mark IV 3.12–11/14.3 1 � 3 � 0 � 4 Müller et al. [2002]
SLIMCAT 11.12–16.3 1 � 3 Sinnhuberet al. [2000]

Daviesetal. [2002]

Table4.1: Ozonelossestimateswith low altituderesolution,at the475K isentropiclevel.

Figure4.15:OzonelossprofilesfromsondesandMatchfor thewinter1999/2000between
JanuaryandMarch. Left: Meanozoneprofilesfrom sondemeasurements,adjustedfor
diabaticdescent.Gray scalescorrespondto the dategiven in the legend. Right: Loss
profile inferred from the left panel (gray scale)and Match resultsfor the loss profile
(squareswith errorbars).



114 4 Ozone Depletion
M

ethod
D

ataset
Isentrope

P
eriod

Lossin
ppm

R
eference

V
ortex

average
P

O
A

M
475

1.1–15.3
1� 8�

0� 2
H

oppeletal.[2002]
Passive
(M

odel)
P

O
A

M
(R

E
P

RO
B

U
S

)
475

11.1–15.3
1� 9

H
oppeletal.[2002]

V
ortex

average
S

ondes,
D

IA
L,

A
R

O
-

T
E

L,E
R

-2

470
10.1–17.3

1.74-2.01
Laitetal.[2002]

T
racer

H
A

LO
E

/M
ark

IV
475

3.12–14.3
1 �8 �

0 �4
M

ülleretal.[2002]

M
atch

S
ondes

475
5.1–15.3

1�9�

0�3
R

ex
etal.[2002]

T
racer

M
arkIV

/E
R

-2
430–460

.1–5.3
1.0-1.5

R
ex

etal.[2002]
T

racer
M

arkIV
/E

R
-2

450
3.2–12.3

1� 8�

0� 3
R

ichardetal.[2001]
V

ortex
average

M
LS

450
2.2–13.2

�
1�

2� 3�

0� 6
S

anteeetal.[2000]
V

ortex
average

S
ondes

475
1.12–15.3

1� 3�

0� 3
S

choeberletal.[2002]
V

ortex
average

P
O

A
M

III
475

1.12–15.3
1 �3 �

0 �1
S

choeberletal.[2002]
T

rajectory
en-

sem
ble

S
ondes,

P
O

A
M

,
D

IA
L,

A
R

O
-

T
E

L,E
R

-2

475
1.12–15.3

1 �4 �

0 �15
S

choeberletal.[2002]

V
ortex

average
S

ondes
450

20.1–12.3
1�7�

0�2
S

innhuberetal.[2000]
V

ortex
average

M
S

X
400–500

23.1–4.3
1� 0�

0� 08
S

w
artz

etal.[2002]

Table
4.2:

O
zoneloss

estim
atesw

ith
high

altitude
resolution.C

um
ulative

loss
atthe

given
isentropeand

in
the

given
period,except

� 1�scaledfor
52

days.A
ll

m
ethodstake

diabaticdescentinto
account.A

daptedfrom
[N

ew
m

an
etal.,2002]and

the
citations.



4.9 Chlorine Activation 115

60 65 70 75 80 85 90 95
0

0.2

0.4

0.6

0.8

1

1.2

March April

Day of 2000

M
ix

in
g 

ra
tio

 [p
pb

]

Figure4.16:Chlorinemonoxidemixing ratiosat475K in MarchandApril 2000.Shown
areRAM measurements(dotswith errorbars)andanASURmeasurement(square)above
Ny-Ålesund.Theequilibriumchlorinemonoxidemixing ratio above Ny-Ålesundcalcu-
latedby SLIMCAT from theClOx mixing ratio is shown asasolid line for comparison.

4.9 Chlorine Activ ation

Ny-Ålesundis oneof theveryfew siteswheresimultaneousobservationsof ozone
andchlorinemonoxideareroutinely carriedout. This providesa uniqueoppor-
tunity to validatethemodeledrelationshipof thesetwo speciesby comparisonto
their observed relationship.Chlorinemonoxideobservationsin Ny-Ålesundare
extremelydependentongoodandconstanttropospherictransmission.In atypical
winterin Ny-Ålesundobservationscanbecarriedouton10to 20days.In theyear
2000measurementswerestartedonFebruary29. In anexceptionallylongperiod
of favorableweatherconditionsit waspossibleto obtainprofileson 7 successive
daysuntil March6. Thisperiodwasfollowedby badweatheruntil March24with
only oneobservationon March11. After March24 uninterruptedmeasurements
werepossibleuntil April 1 whenthelastdatafor theseasonwereobtained.

In Figure4.16thechlorinemonoxidevolumemixing ratio at the475K isen-
tropic level is shown for all dayswith sufficientdataquality (solidblackdotswith
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Figure4.17: Comparisonof chlorinemonoxideprofilesmeasuredby RAM (thick line,
shadedareadenoteserrorbars)andby ASUR (thin line, dashedlinesdenoteerrorbars)
duringaflight overNy-Ålesundon March5, 2000.

errorbars). Observationsstartedon day59 (February29) andreacheda mixing
ratio of 0.9ppb on March 1. BetweenMarch 1 andMarch 11 we observed an
almostlinear decreaseof the chlorinemonoxidemixing ratio. Two weekslater
chlorinemonoxideshowedundisturbedvalues.All measurementsweretakenin-
sidethepolarvortex or at thevortex edge,exceptfor March24 and25,asshown
in Figure4.3. The periodof enhancedchlorinemonoxideis coincidentwith a
periodof pronouncedchemicalozonelossat the475K level (seeFigure4.6). As
thechlorinemonoxidedecreasesbetweenday60andday70, theozonelossrates
decreaseaswell. However, this maybeanartefactsincetheerrorbarsarequite
large.

Comparablechlorinemonoxideprofileswereobservedinsidethepolarvortex
by theASURradiometer[vonKönig,2001].Thealtituderesolutionof theASUR
profilesis almostthesameastheRAM resolution,but systematicdifferencesmay
becausedby theuseda priori data.A profile measuredduringa flight over Ny-
Ålesundon March 5 agreedwithin 0.2 ppb with the RAM chlorine monoxide
profile,seeFigure4.17.Theprofile is alsomarkedby asquarein Figure4.16.
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Figure4.18:Chlorinemonoxidemixing ratiosat the475K level in thewinter1999/2000.
Dotsshow measurementsof theASURradiometerwith anequivalentlatitudegreater65�
andsolarzenithanglesbetween86� –101� (December)andequivalent latitudesgreater
75� andsolarzenithanglesbetween68� –85� (JanuaryandMarch). Equilibrium mixing
ratios of chlorinemonoxideinferred from the ClOx valueof SLIMCAT areshown for
zenithanglesof 68� (solid line) and85� (dashedline).

Beforewe examinetheRAM datain moredetail,we will have a look at the
generalpicture. In Figure4.18,chlorinemonoxidemeasurementsfor thewhole
winterperformedby ASURareshown. Datahaveonly beenmeasuredduringthe
threemainphasesof theSOLVE/THESEOcampaignin earlyDecember, lateJan-
uaryandlateMarch. Unfortunately, therearealmostno chlorinemonoxidemea-
surementsavailablein betweenthephasesfrom otherinstruments.Datafrom Jan-
uaryandMarchhave only beenplottedif they hadanequivalentlatitudegreater
than75� andasolarzenithanglebetween68� and85� . Thefirst criterionensures
that dataweremeasuredin the vortex andthe secondoneensuresthat we only
considerdaymeasurementswherephotochemicalequilibriumwasachieved.Data
from Decemberhavenoconstrainton thesolarzenithangle,sinceit wastoodark
in thisperiod.Here,all measurementswith anequivalentlatitudegreaterthan65�
havebeenchosenandsolarzenithangleswerebetween86� and101� . Almostno
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chlorinewasactivatedin December. Sincethevortex lay in almostcompletedark-
nessthenandmostchlorinesetfreefrom thereservoir gasesshouldhave beenin
thedimer(or Cl2 andHOCl), this hasto beexpected.Chlorinemonoxidemixing
ratiospeakedin January, droppedto moderatevaluesin Marchandwerebackto
almostzeroin April (seetheRAM measurementsin Figure4.16).

For comparisonwe have plottedthechlorinemonoxidevaluesof theSLIM-
CAT model for the sametime period(Figure4.16 andFigure4.18, lines). The
SLIMCAT resultsfor theRAM measurementsareobtainedby subtractingmod-
elednight profilesfrom modeledday profilesandsubsequentconvolution to the
vertical resolutionof the RAM profiles (seealsoAppendix4.D). The chlorine
monoxidevalueis calculatedfrom thecomputedClOx value,whereClOx is the
long-livedsumof ClO andCl2O2, undertheassumptionof photochemicalequi-
librium. The solar zenith angleusedfor the calculationsis computedat noon
respectively midnight at Ny-Ålesund. The SLIMCAT resultsfor ASUR areob-
tainedslightly different. The linesshow thephotochemicalequilibriumvalueof
chlorinemonoxidefor a solar zenith angleof 68� (solid line) and85� (dashed
line), calculatedfrom theClOx valueof thevortex mean.

In December, SLIMCAT predictsa pronouncedchlorineactivation. This is
not expecteddue to the high solar zenith angles. Additionally, only little het-
erogenousprocessingoccurredin earlywinter dueto thewarmtemperaturesand
occasionalpolarstratosphericclouds.Thefew ASURmeasurementsthatwerenot
performedin completedarkness(lessthan95� solarzenithangle)underestimate
theSLIMCAT chlorinemonoxidemixing ratiosgreatly. Thisis mostprobablydue
to anoverestimationof thepolarstratosphericcloudareain SLIMCAT, which in
turn leadsto anoverestimationof thechlorineactivation.As alreadystated,polar
stratosphericcloudsform instantlyin SLIMCAT in all areasbelow TNAT. In fact,
polar stratosphericcloudswere only observed sporadicallyin Decemberin the
areasthat werecold enoughfor their formation. Additionally, the reservoir gas
HCl showedno signsof activation. HCl measurementsof theASUR radiometer
arecomparedto the SLIMCAT HCl calculationsin Figure4.20. HCl is trans-
formedinto active chlorinein theSLIMCAT model,but themeasurementsshow
undisturbedvaluesaround1.75ppb.

In January, the agreementbetweenSLIMCAT andASUR is quite well. Al-
mostall measurementswith solarzenithanglesbetween68� and85� lie between
the predictedequilibrium values. However, it is evident that the model under-
estimatesthe chlorine monoxidecontentcomparedto both instrumentsfor the
chlorineactivationperiodfrom lateFebruaryto mid March.After mid Marchthe
modelis againableto reproducetheRAM measurementswithin theirerrorbars.

Wewill alsohaveagenerallook at thereservoir gases.As alreadystated,HCl
from ASUR measurementsshowsundisturbedvaluesaround1.75ppbin Decem-
ber[Bremeretal.,2002],seeFigure4.20.Mixing ratiosbelow 0.5ppbin January
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Figure4.19: Vortex meanprofilesof N2O, usedasanaltitudescalein Figures4.20,4.21
and4.23.Left: Vortex meanN2O profilesmeasuredby ASUR for December(solid line),
January(dashedline) and March (dottedline). Right: The samefor SLIMCAT N2O.
Adaptedfrom [Kleinböhl etal., 2002].
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Figure4.20: Vortex meanprofilesof HCl. Left: Vortex meanHCl profilesmeasuredby
ASUR in December(solid line), January(dashedline) andMarch(dottedline). Profiles
areplottedversusN2O to eliminatediabaticdescent.Right: Thesamefor SLIMCAT HCl
versusSLIMCAT N2O. Adaptedfrom [von König,2001].
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Figure4.21: Vortex meanprofilesof ClONO2. Left: Vortex meanClONO2 profilesde-
ducedfrom columnmeasurementsof groundbasedFTIR andMark IV balloonprofiles,
for December(solid line) andMarch (dottedline). Profilesareplotted versusN2O to
eliminatediabaticdescent.Right: The samefor SLIMCAT ClONO2 versusSLIMCAT
N2O. Adaptedfrom Kleinböhl etal. [2002].

indicatehigh activationof chlorine. March mixing ratioswerecomparablylow,
which indicatesdeactivationfirst occurringinto ClONO2. ClONO2 profileswere
inferredfrom columnmeasurementsof thegroundbasedMark IV instrumentin
DecemberandMarch [Kleinböhl et al., 2002]. In January, we examineprofiles
deducedfrom a Cly budgetand ASUR measurements[von König, 2001]. Cly
is the sumof all chlorinespecieshere. Thus,the JanuaryClONO2 valueis not
independentof theothermeasurementsin January. ClONO2 shows undisturbed
valuesof about1.2ppbin December, valuesof 0.75ppbin Januaryandmorethan
1.5ppb in March, seealsoFigure4.21. Increasedvaluesof ClONO2 in March
comparedto Decemberand low HCl valuesin March confirm that deactivation
occurredfirst into ClONO2. Chlorinedeactivationwasnot completedin March.
If no chlorineactivation is assumedin December, Cly is in goodapproximation
composedof HCl andClONO2 andaddsup to about3 ppb. In March,HCl and
ClONO2 do only addup to about2 ppb, so that the remaining1 ppb have to be
activatedasClO, which is consistentwith the ClO measurementsof RAM and
ASUR. This is a hint that theClO measurementsarecorrectandthemodelis in
errorhere.

HNO3, which is also measuredby the ASUR instrument,decreasedfrom
9.5ppb in Decemberto 6 ppb in March. Measurementsthat could be affected
by HNO3 removal from the gasphaseby polar stratosphericcloudsarealready
excluded[Kleinböhl et al., 2002]. The decreaseis a clear sign for denitrifica-
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tion, which is treatedin thenext section.Photolysisof HNO3 into NOx is not the
major reasonfor the decline,which is alsoshown there. Januaryresultsarein-
conclusive. SomeHNO3 measurementsshowedhighervaluesthantheDecember
values,which is expected,sincechlorinewashighly activatedandnitratewasset
freefrom ClONO2. Othersshowedfirst signsof denitrification.

Wewill now examinethereasonsfor thediscrepancy betweenmodelandmea-
surementsin March. In contrastto the previouswinter, whenan overestimation
by themodelwasfound,thedifferencebetweenmodelandmeasurementis appar-
entlynot causedby theatmospherictemperaturesusedfor themodelcalculations
[Klein et al., 2000]. The temperaturesin 1998/99were very closeto the for-
mationtemperatureof polar stratosphericclouds. Slightly too low temperatures
usedin theSLIMCAT modelcalculationscauseda largedifferencein thesubse-
quentchlorineactivation. Thecold biasof temperaturesnearthe ice point in the
UKMO analysiscomparedto sonde,NCEPor ECMWFdatais awell known fea-
ture[Daviesetal.,2002].But thestratospherictemperaturesduringthe1999/2000
winter wereclearlybelow thecloudformationtemperaturesin themodelaswell
asin theECMWF temperatureanalysis.In additionto that,thedisagreementbe-
tweenmodeledandmeasuredchlorinemonoxidewouldberenderedworseby the
useof ECMWFtemperatures.

A moredetailedcomparisonof modelandobserved profilesis given in Fig-
ure 4.22. Herewe present12 of the retrieved chlorinemonoxideprofilesof the
winter 1999/2000. Along with the profiles (thick lines with gray shadederror
range)wehaveplottedtheSLIMCAT modelcalculationsin theiroriginalvertical
resolution(dashedline) andconvolutedto theRAM verticalresolution(thin line).
It is evidentthatthenarrow peakin theSLIMCAT modelin thelowerstratosphere
is considerablybroadenedin theconvolution process.A meaningfulcomparison
is only possiblebetweentheRAM profilesandtheconvolutedmodelprofiles.The
agreementin theupperpeakis not surprising,becausethevolumemixing ratioat
thesealtitudesis dominatedby thea priori informationin both cases.However,
the lower peakis underestimatedby themodelin all casesof enhancedchlorine
monoxide,althoughit appearsto have thesamealtitudeasthepeakin theRAM
profilesat least.

Thedifferenceof themodeledprofilesandtheobservedprofilesin the lower
peakmighteitherbecausedby themodelunderestimatingthechlorinemonoxide
mixing ratioat thepeaklevel or ataltitudesbetweenthepeakand � 23km where
thedifferencesbetweenmodelandobservationsarelargest.Bothpossibilitiesare
compatiblewhenthe modeledprofilesareadjustedto the RAM altituderesolu-
tion. To explore the discrepancy, further additionalinformation is needed.The
potentialcloudareashown in Figure4.2 indicatesthattemperaturesin significant
partsof thepolarvortex werelow enoughfor theformationof polarstratospheric
cloudsuntil mid Marchat the475K level (about19.3km at March16) but only
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Figure4.22:Chlorinemonoxideprofilesmeasuredby theRAM in 1999/2000.Shown are
12profilesmeasuredatdifferentdates(thick line, shadedareadenotestheerrorbars)and
SLIMCAT modelcalculationsfor thesamedateat their original resolution(thin dashed
line) andconvolutedto theRAM altituderesolution(thin solid line).

until thebeginningof Februaryat the550K level (about22.1km at March16).
This confirmstheexistenceof anactivatedchlorinelayer in themodeledprofiles
around19 km andindicatesthat no chlorinewasactivatedafter early February
around22km. But air massesat thesealtitudeswereveryprobablydenitrifiedby
thestratosphericcloudactivity seenearlieratthe550K level (seeFigure4.2).This
led to ongoingchlorineactivation in March dueto missingnitrogencompounds
neededfor thetransferof activatedchlorineinto thereservoir gases.Dif ferences
in denitrificationbetweenthemodelandmeasurementscouldaccountfor thedif-
ferencesin thechlorinemonoxideprofiles.
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4.10 Denitrification

The winter 1999/2000showed the most severe and widespreaddenitrification
ever observed in the Arctic stratosphere[Poppet al., 2001;Davies et al., 2002;
Kleinböhl et al., 2002]. However, no significantdehydrationwasobserved. We
will have a closerlook at thedifferentstudiesnow. Poppet al. measureddenitri-
ficationby theuseof dataof theMark IV instrumentandof flights of theNASA
ER-2 aircraft, while Kleinböhl et al. useddataof the ASUR instrumentandthe
Mark IV instrument.Davies et al. give a detailedstudyof the denitrificationin
SLIMCAT comparedto theER-2measurements.Resultsof MLS [Santeeet al.,
2000],which werealsoavailable,arevery roughestimatesandnot suitablefor a
meaningfulcomparison.

In the studycarriedout by Kleinböhl et al. [2002], denitrificationis derived
from combinedresultsof ASUR measurements(HNO3), groundbasedFTIR and
Mark IV balloonmeasurements(ClONO2) andmodelestimatesof NOx. Den-
itrification is inferred from the differencein NOy betweenDecember1999and
March2000,whereNOy is thesumof therelevantoddnitrogenspeciesClONO2,
HNO3 andNOx. Subsidenceis accountedfor by calculationonN2O levels.

A detailedcomparisonis carriedout betweentheSLIMCAT runwith UKMO
temperaturesandthe ice denitrificationschemeandtheASUR method,seeFig-
ure 4.23. SLIMCAT resultshave beenconvoluted to the altitude resolutionof
ASUR, which is comparableto the resolutionof the RAM. Both vertical pro-
files of thedifferencein NOy betweenDecemberandMarch(called∆NOy from
now on) imply thattheair wasdenitrifieduntil mid Marchataltitudesbetween16
and21km, andthatdenitrificationwasincreasingwith altitude.Furthermore,the
ASUR methodshowsa strongerdenitrificationthantheSLIMCAT model.At the
100ppb N2O level (equalto the 470K level in March), ∆NOy shows valuesof
about4 ppbfor ASUR and2.5ppbfor SLIMCAT. However, theerrorbarsof the
ASUR methodaresolargethattheresultis not statisticallysignificant.Although
it is not possibleto concludewith certaintyfrom the ASUR measurementsthat
the denitrificationwasmorepronouncedthanmodeledby SLIMCAT, they also
do notcontradictthis assumption.

Resultsfrom thedifferentSLIMCAT modelrunsby Daviesetal. [2002]point
in thesamedirection. Therun with UKMO temperaturesandthe ice denitrifica-
tion schemedoesnot agreevery well with measurementsof NOy by the NASA
ER-2 flights betweenJanuary14 and March 12, which imply a higher denitri-
fication throughoutthe observed altituderange(this canbe seenvery clearly in
Figure7 of the reference.High resolution∆NOy is about10 ppb at the 460K
level in thedataand8 ppbin themodel). Theuseof ECMWF temperaturesren-
derstheagreementevenworse.
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Figure 4.23: Denitrification profile. Left: Differencein NOy betweenDecemberand
Marchinferredby themethoddescribedin [Kleinböhl etal., 2002].Theprofile is plotted
versusN2O to eliminatediabaticdescent.Thedashedlinesshow theerrorbars.Theright
panelsshows correspondingresultsfrom SLIMCAT.

However, therun with thesimpleparameterizationof denitrificationby large
NAT particlesagreesbetterwith theobserved∆NOy regardlessof theusedtem-
peraturedata(ECMWFor UKMO, notshown here).Thisagreementis consistent
with theobservationthatnodehydrationoccurredin thevortex, whichwouldhave
takenplacewith ice particles.Denitrificationfirst occurredin early Februaryin
bothdenitrificationschemes,whenthesunlightcameback.Chlorinedeactivation
wasdelayedby abouttwo weeksin Marchin comparisonto 20 daysfor theNAT
scheme. Denitrification occurringonly after Januarywould explain the agree-
mentof ASURandSLIMCAT in January. Therathershortelongationof chlorine
activation in the NAT and ice schemesmay explain that the effect of different
denitrificationschemeson ozonelossis negligible (seebelow).

Interestingly, theicedenitrificationschemeoverestimatesClOx in comparison
with ER-2 measurementsin the wholewinter, which is just contradictoryto our
results.Unfortunately, sincetheER-2measuredmainly at onealtitude,no direct
comparisonto theRAM andASUR datais possibledueto therestrictedaltitude
resolution.SimilardiscrepanciesoccurbetweenClONO2 andHCl from theER-2
andfrom themodel,whichadditionallydonotaddup to theexpectedCly budget.
Thus,chlorinemeasurementsyield no clearresultin favor of oneof theschemes,
which is a pity, sincethedenitrificationresultsshow aquiteclearpicture.

Poppet al. [2001] alsouseresultsof theER-2to calculatedenitrification,but
insteadof ER-2 data,Mark IV resultsfrom December3 areusedfor the initial
NOy profile. However, the resultsareessentiallythe sameas in [Davies et al.,
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2002],andgiveabout10ppbdenitrificationatthe475K level. Denitrificationwas
alsocalculatedfor thetwo Mark IV balloonsbetweenDecember3 andMarch15.
Interestingly, it is significantlylowerat all altitudelevelsthanin theotherstudies
(about6 ppb at 475K). This is anotherhint that the March 15 measurementof
Mark IV mayhavebeendisturbedby extra vortex air. Poppet al. show thatthere
wasadependenceof thedenitrificationonequivalentlatitude,whichcouldexplain
theMark IV result.

Thus,asafinal conclusion,denitrificationhasbeenmodeledby SLIMCAT for
this winter, but the chlorinedeactivationmay have set in too early in the model
schemewith icedenitrification.

4.11 Effect on Ozone Loss

Thequestionremains,why themodelcanproducethecorrectozonelossalthough
it underestimatesthe chlorinemonoxidesignificantlyin March. The ozoneloss
rate is proportionalto the squareof the chlorine monoxideconcentration,see
for example[von König, 2001]. Thus,an underestimationof chlorine monox-
ide shouldleadto an underestimationof ozoneloss. It couldbe arguedthat the
ozonelosscalculationscorrespondto vortex averageswhile thechlorinemonox-
ide observationsare restrictedto one location only. If the chlorine monoxide
observationsandmodel calculationsat Ny-Ålesundwerenot representative for
the vortex consistency is not to be expected. But this is ratherunlikely: If the
measuredchlorinemonoxidewould not be representative, it would be scattered
aroundthechlorinemonoxidemodelvaluesandnot besystematicallyhigherfor
aperiodof weeks.

Theanswermaybethatthediscrepancy only lastedfor a few weeks,but that
ozonelossoccurredfrom Januaryto March. Davies et al. [2002] estimatethat
denitrificationcausedonly 30% of the observed ozonedeclineat 460K in the
ice run. This waseventruefor thestrongerdenitrifiedrun with theNAT scheme.
Tabazadehetal. [2000]suggestthat30%wasanupperlimit for theadditionalloss
dueto denitrificationfor a similar winter. Gaoet al. [2001] obtainsimilar results
for the loss due to denitrificationbasedon the examinationof air parcelswith
differentdenitrificationhistories.In any case,theeffectof denitrificationonozone
lossis stronglydependenton thetiming of polarstratosphericcloudappearance,
sunlightanddenitrification. If denitrificationwould occuronly in darknessand
air masseswouldberenitrifiedlateror stratosphericcloudsactivatedall available
chlorineregardlessof denitrification,noadditionallossis to beexpected.

Consideringour altituderesolutionandthefact thatat leasta partof theden-
itrification wasmodeledby SLIMCAT, the differencemay not be detectablein
theozonemeasurements.Replacingthe ice denitrificationschemewith theNAT
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schemeevenyieldsbetterresults,sinceit agreesbetterwith thechlorinemeasure-
ments(not shown), but givesthesamecumulativeozoneloss.Discrepanciesmay
alsobecausedby thedifferentheatingratesin theRAM radiative transfermodel,
theSLIMCAT modelandrealityor badlyknown rateconstantssuchasthatof the
ClO–BrOreaction.Eventhegoodagreementobservedmaybeincidentallydueto
thelargeerrorbarsconnectedwith theozonedepletioncalculations(about30%)
andchlorinemeasurements(about20%)andtheuncertaintiesin themodel.

Soit seemsthatwe obtaina realisticozonelossin SLIMCAT, althoughsome
runsunderestimatedchlorinemonoxide.Interestingly, Davieset al. [2002] draw
just the oppositeconclusion. Becauseof the discrepancy of the ER-2 measure-
mentsand the microwave measurementsof chlorine monoxide,they conclude
that the run that producedthe bestagreementwith denitrificationand chlorine
from ER-2measurements(ECMWFwith theNAT scheme)underestimatedozone
depletion.Thus,a run with acorrectozonelosswouldhave to overestimatechlo-
rine (like it happenedin the UKICE run in comparisonto the ER-2 data). But
they admit that uncertainties,causedfor exampleby the heatingratesor ER-2
measurementerrors,aresolargethatafirm conclusioncannotbereached.

It shouldbenotedthatanunderestimationof ozonedepletionoccurredquite
often in modelstudies,evenif chlorinewascapturedwell, seefor example[De-
niel et al., 1998;Becker etal., 1998;Woykeetal., 1999]. It mustbestressedhere
that the discrepanciescanvery muchdependon the evolution of the winter, the
modelassumptions(which normally includea verycrudeapproximationto deni-
trification andstratosphericcloudformationdueto time constraintsanda lack of
betterknowledge)andtheaccuracy of themeasurements(which is notbetterthan
20%for all known chlorinemeasurements).While SLIMCAT showeda general
underestimationin earliercold winterslike 1994/1995,it agreedquitewell with
several ozonedepletioncalculationsin 1999/2000,seefor example[Sinnhuber
et al., 2000]. Remarkably, this wasthe only winter whereSLIMCAT produced
significantdenitrification,whichmaybea hint for thediscrepancies.

A study similar to ours was conductedby Wu and Dessler[2001] for the
Antarctic ozonedepletionmeasuredby MLS. They found a very nice agree-
ment betweenmodeledand measuredozonedepletionfor the winters of 1993
to 1995. Chlorinemonoxidewasconstrainedby measurements,so thatdiscrep-
anciescouldbeaddressedto unknown chemistry, chlorinemeasurementerrorsor
badlyknown rateconstants.Dynamicsareusuallynegligible in theAntarctic,so
this errorsourcecouldbeexcluded.Thestudyof Wu andDesslershows that the
ozonelosscyclesitself seemto bequitewell understoodqualitatively andquanti-
tatively in theAntarctic. Thus,discrepanciesbetweenmodelsandmeasurements
in the Arctic could be dueto dynamics,for example. Sincechlorinemonoxide
wasconstrainedin themodel,no statementwasmadeaboutthemechanismsset-
ting freechlorinefrom thereservoir gasesor denitrification.Thus,anerror in the
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Figure4.24: PotentialPSCareain 2000/2001.Temporalevolution of the areaof tem-
peraturesbelow theformationtemperatureof NAT (light gray)andice (darkgray)at the
475K level insidethevortex. Theareaof thevortex is shown for comparison.

exactmodelingof denitrificationin SLIMCAT, while theozonelosscycleswere
modeledwell, is a goodexplanationfor theobserveddiscrepanciesin theArctic
accordingto Wu andDessler[2001].

The final conclusionremainsthatuncertaintiesin measurementsandmodels
deny a firm answerin regard to the causeof the discrepanciesfor the time be-
ing. However, the basicmechanismsof ozonelossseemto be well understood
nevertheless.

4.12 Ozone Depletion in 2000/2001

Thewinter of 2000/2001wascharacterizedby a weakvortex thatonly survived
for little morethana month.However, for thetime of its existence,temperatures
werequitecold. Thevortex formedin Decemberbut only gainedstrengthat the
endof themonth.At thebeginningof February, thevortex split up into two parts
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andvanishedin the next threeweeks.Nevertheless,temperaturesfell below the
formationtemperatureof NAT cloudsandeventhe formationtemperatureof ice
cloudsin largepartsof thevortex, aspresentedin Figure4.24. In Figure4.25the
evolution of thevortex is shown. Thevortex edgeis only displayedup to Febru-
ary12,becausethegradientwastooweakto applythemethodof Nashafterwards.
Ny-Ålesundwassituatedoutsideor at the edgeof the vortex in the whole win-
ter, makingit somewhatdifficult to obtainresults. Thus,calculationshave only
beencarriedout for the periodfrom January1, 2001to January30, 2001. The
observedozonevolumemixing ratio at the 475K level remainedquite constant
in thisperiod,seeFigure4.26.Subtractingthegaindueto diabaticdescentyields
chemicallossratesof about15 ppb  day, ascanbe seenin Figure4.27. This is
comparableto thelossratesof thepreviouswinter in thesametimeperiod.How-
ever, dueto the short time period,the cumulative lossis not large. The volume
mixing ratioof January1, 2001reducedby thecumulativechemicallossis shown
in Figurerefpic.cumloss2001for the475K level. Thecumulative lossaddsup to
0 ¡ 4 ¢ 0 ¡ 3 ppm(12%),which is barelysignificant.
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Figure4.25: Vortex evolution in 2000/2001at the 475K level. Contoursrepresentthe
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Figure4.28: Cumulative lossat the 475K isentropiclevel in 2000/2001.Shown is the
volumemixing ratio of January1, 2001reducedby thecumulative lossobtainedby the
ozoneradiometer. Thepassive profile usedfor thecumulative losscalculationshasbeen
correctedfor naturalozoneproduction.
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4.A Integration of Loss Rates

It is shown herewhy Equation4.1 cannotsimply be integrated.We will call the
observedprofilex, thepassiveprofilep andthechemicallossor gainprofilec with
c £ x ¤ p (losshasa negative sign andgain hasa positive sign). Theseprofiles
shallbethehigh resolutionprofiles.In thepassive tracermethod,thelow resolu-
tion passiveprofile p̂ andthelow resolutionobservedprofile x̂ aresubtracted:

ĉ £ x̂ ¤ p̂£ Ax ¥3¦ 1 ¤ A § x0 ¤©¨Ap ¥ª¦ 1 ¤ A § x0 «£ Ac (4.6)

Thus,the low resolutionchemicallossis just thehigh resolutionlossconvoluted
with theaveragingkernelsmatrix, which is very illustrative. Fromc £ 0 follows
ĉ £ 0, asit shouldbe.

Onemay arguethat it makesa differencewhethera high resolutionpassive
profile is subsidedandconvolutedto the altituderesolutionasthe last stepor if
a low resolutionprofile obtainedfrom thehigh resolutionprofile is subsidedand
convoluteda secondtime to realignit with thealtituderesolution.Thefirst case
is assumedin the above formula, while the secondcaseis the methodactually
used,becausethe RAM passive profile is in low resolutionfrom the beginning.
However, testswith sondeprofilesin highresolutionandconvolutedtoouraltitude
resolutionhave shown that the resultingpassive profilesagreevery well in both
cases.Dif ferenceswerebelow 0.05ppmthroughout.

Simply integratingEquation4.1leadsto erroneousresults.Thelossrateshave
to beintegratedbetweent0 andt to obtainthechemicallossĉ here,wheret0 may
beadatein Decemberandt maybeadatein Marchin ourcase:

ĉ £ x̂ ¦ t §¬¤ x̂ ¦ t0 §¬¤ t­
t0

∂x̂ ¦ t ®K§
∂Θ

Q̂ ¦ t ® § dt ®£ A ¦ x ¦ t §¬¤ x ¦ t0 §4§¤ t­
t0

∂
∂Θ

¨Ax ¦ t ® §¯¥3¦ 1 ¤ A § x0 « Q̂ ¦ t ® § dt ®£ A ¦ c ¦ t §¯¥ p ¦ t §¬¤ p ¦ t0 §4§¤ t­
t0

∂
∂Θ

¨Ax ¦ t ® §¯¥3¦ 1 ¤ A § x0 « Q̂ ¦ t ® § dt ®
(4.7)
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Figure4.29:Ozonelossperdayat the475K isentropiclevel inferredfrom Equation4.1.
Compareto Figure4.6.

Q̂ is theheatingratein potentialtemperaturesandΘ is thepotentialtemperature
itself. With

p ¦ t §�¤ p ¦ t0 §T£ t­
t0

∂x ¦ t ® §
∂Θ

Q̂ ¦ t ® § dt ® (4.8)

weobtain:

ĉ £ Ac ¦ t §¯¥ A

t­
t0

∂x ¦ t ®°§
∂Θ

Q̂ ¦ t ® § dt ®¤ t­
t0

∂
∂Θ

¨Ax ¦ t ® §¯¥3¦ 1 ¤ A § x0 « Q̂ ¦ t ® § dt ® (4.9)

Comparedto Equation4.6, anunpleasantextra termoccurs.This term is dueto
thefactthatit makesadifferenceif thegradientof theprofileis calculatedfirst and
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convolutednext or if the profile is convolutedfirst andthegradientis computed
from theconvolutedprofile. In additionto that,c £ 0 doesnot imply ĉ £ 0, which
is veryannoying.

4.B Doub le Convolution

Thelow resolutionpassive profile of theRAM hasto beconvolutedfor a second
time after subsidingit in orderto realignit with the altituderesolution. This is
equivalentto thesubstitutionof A by A2. If theresultof theoptimalestimationis
calledx̂1 £ Ax ¥3¦ 1 ¤ A § x0, theconvolutionyields

x̂2 £ Ax̂1 ¥ª¦ 1 ¤ A § x0£ A ¦ Ax ¥ª¦ 1 ¤ A § x0 §±¥3¦ 1 ¤ A § x0£ A2x ¥ª¦ 1 ¤ A2 § x0 (4.10)

Sincethe altituderesolutionof A2 is similar to the altituderesolutionof A (not
shown here),this is only a little drawback.

4.C Error Anal ysis

Theerrorof a singleozoneprofile is estimatedby directcomparisonwith ozone
sondes.The systematicerror is calculatedas the differencebetweenthe mean
of theRAM profilesandthemeanof theconvolutedsondeprofiles. Analogical,
thestatisticalerroris givenby thestandarddeviationof thedifferencebetweenthe
RAM profilesandtheconvolutedsondeprofiles.Thesystematicerroratthe475K
isentropiclevel is ¤ 0 ¡ 05ppm(lessthan2%) andthestatisticalerror is 0.14ppm
(lessthan5%) for the46 sondeslaunchedin thetime frameof thedepletioncal-
culations. This is well insidethe error barsof the sondesitself [Komhyr et al.,
1995].

Theerrorof thecumulative lossis givenby five differenterror sources.The
statisticalerrorsof theozoneprofile itself andthepassiveprofile have to becon-
sideredaswell astherespectivesystematicerrors.In additionto that,theerrorof
theheatingrateshasto betakeninto account.Thestatisticalerrorof thechemical
lossprofile is givenby

σ2
c £ σ2

x ¥ σ2
p (4.11)

whereσ2
x andσ2

p aretheerrorsof theozoneprofile andthepassive profile. The
errorof the ozoneprofile, which is averagedover 5 days,is calculatedfrom the
errorsof the singleprofilesat the 475K level. Sincethe ozonemeasurements
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arecorrelatedwith eachother, we will have to usea slightly unusualapproachto
calculatetheerrors.Theaveragecanbewrittenas

ȳ £ Gy £²¦ 1  N ³4³�³ 1  N §µ´¶¶¶· y1

y2
...
yN

¸y¹¹¹º (4.12)

wherethe y1 » ¡�¡4¡ » yN are the N mixing ratio measurements.The corresponding
covariancematrix (in this caseonly anumber)is givenby

Sȳ £ GSyGT (4.13)

Sy is thecovariancematrixof thesinglemeasurements.While thediagonalis just
the measurementerror of σ £ 0 ¡ 14 ppm, the correlationbetweenthe measure-
mentsin theoff-diagnoalelementshasto beconsideredaswell. It is assumedthat
thecovariancesaregivenby

Sy¼ i j £ σ2exp ¦S¤¾½ ti ¤ t j ½¿  τ § (4.14)

where ½ ti ¤ t j ½ is the time gap betweenmeasurementsi and j and τ is a con-
stantcalledcorrelationlength.While measurementsthatfollow shortlyaftereach
othershouldgivealmostthesameresult,becausetheozonemixing ratiodoesnot
changeso fast,measurementsthat areseparatedby a big time gapshouldshow
nocorrelation.Thecorrelationlengthgivesthepointwherethecorrelationbreaks
down. It canbeestimatedfrom thetimeseriesandis setto 0.5daysfor this anal-
ysis. The errorcomputedwith this methodis larger thantheerror calculatedby
division by À N. Thereasonis aneffective reductionof thenumberof measure-
mentsdueto thecorrelationbetweenthem.

We will now treattheremainingerrors.Theerrorof thepassiveprofile is the
errorof the initial profile, subsidedandconvolutedto realignit with thealtitude
resolution.Thesystematicerroris givenby

∆c £ ∆x ¤ ∆p (4.15)

where∆x and∆p arethe systematicerrorsof the ozoneprofile andthe passive
profile. Errorsarecountedpositive if themeasuredmicrowave profile is greater
thanthetrueprofile (from sondes).Sincec is negative in caseof ozonedepletion,
themeasureddepletiongetssmallerwhenwe have a positive systematicerror in
theozoneprofile,andthetruedepletionis greater.

Theerrorin theheatingratesis accountedfor by subsidingthepassiveprofile
with heatingratesQ changedby ¢ 0 ¡ 1 K and computingthe differenceto the
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passive profile actuallyused.Theerror is ¤ 0 ¡ 32ppmfor the lower heatingrates
and0.35ppmfor thehigherheatingrates.Here,lower heatingratesmeanmore
cooling,sincethenetheatingrateis negative. Thus,thepassive profile subsides
fasterthantheoriginal passive profile andthemixing ratio of thepassive profile
at 475K increases.Hence,the measuredc is renderedmorenegative than the
true lossprofile, andthemeasureddepletionincreasesin comparisonto the true
depletion.Thus,theerrorin c is negativefor lowerheatingrates.

The actualresultsfor thedifferenterrorsfor the winter 1999/2000aregiven
now. Thestatisticalerroraddsup to 0.05ppm, while thesystematicerror is only¤ 0 ¡ 02ppm. Theabsolutevalueof theerrororiginatingfrom theheatingratesis
0.3ppmfor thedecreasedheatingratesaswell asfor theincreasedheatingrates.
Thus,errorsareclearlydominatedby theerrorin theheatingrates.

Thecalculationof theerrorsof thelossratesis quitesimple.It is just theerror
of thebothcumulative lossesusedto infer thelossratedividedby thenumberof
daysbetweenthem.Typical valueslie about10ppb  day.

4.D Convolution of Independent Measurements

Theseveralmeasurementsandmodelresultsrequiredifferenttreatmentif wewant
to convolute themto our altituderesolution.Theresultsof Match,Mark IV and
HALOE/OMS wereavailableasa lossprofile. Thus,they have beenconvoluted
accordingto Equation4.6:

ĉ £ Ac (4.16)

Thealtitudegrid of thehigh resolutionprofilesis interpolatedto theretrieval grid
in orderto performtheconvolution. Sincethelossprofileswereonly availableon
a restrictedaltituderange,missingvalueswereassumedto bezero.

The resultsof SLIMCAT consistof a passive profile and an ozoneprofile.
They have beenconvolutedfirst andsubtractedafterwards,againto matchEqua-
tion 4.6. Additionally, theprofileshave beenaveragedover 5 daysafter thecon-
volution. The resultsof GOME, MIRA andASUR neednot to be convoluted,
becausethey haveasimilar altituderesolution.

If we want to compareindependentchlorinemonoxidemeasurementsto our
observations,they haveto beconvolutedto thealtituderesolutionof theRAM and
day andnight differenceshave to be used. However, it is not obvious in which
orderwe have to performtheseactions.Thespectraof theRAM aresubtracted
beforethe retrieval. If we assumethat the weighting functionsdo not change
betweenthedayandnight measurements,we cantake advantageof thefact that
theforwardmodelis almostlinear:

K ¦ xday ¤ xnight §?£ yday ¤ ynight (4.17)
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Thus,theresultof theoptimalestimationmethodis anestimatorfor thedifference
betweenthedaytimeprofileandthenight timeprofile:

x̂ £ A ¦ xday ¤ xnight§¯¥3¦ I ¤ A § x0 (4.18)

Hence,wehave to subtracttheprofilesfirst andto convolutethemnext.
Theconvolution of thedenitrificationprofilesis moreproblematic.Sincethe

averagingkernelsandthe a priori profile belongto ozoneor chlorinemonoxide
measurements,their usagein the convolution is not obvious. But if we want to
getan ideaof thedenitrificationin our altituderesolution,theonly possibility is
to calculateAn, wheren is thedifferenceprofile of thedenitrificationandA are
theaveragingkernelsof theozoneor chlorinemonoxideretrieval.



5 Water Vapor Columns

5.1 Overview

It is notonly possibleto deriveozoneprofilesfrom themeasurementsof theozone
radiometer, but also to obtain water vaporcolumns. In caseof an atmosphere
freeof liquid water, thereis anuniquerelationshipbetweenthebiasof thespec-
trum andthe watervaporcolumn. Unfortunately, moist atmosphericconditions
spoil this relationship.Additional measureshave to be performedto correctthe
columnsin thiscase.Thewatervaporcolumnis givenby theintegralof thenum-
berdensitynH2O of watervaporaboveacertainpoint of thesurfaceof theearth:

CH2O £ z­
0

nH2O ¦ z® § dz® (5.1)

A commonmeasurefor the watervaporcolumnis the precipitablewatervapor.
This is theheightof precipitationthatwould becausedby all thewatervaporin
thecolumn.It canbededucedfrom thecolumnby

CH2O

nliquid
with nliquid £ ρNA

mmol
(5.2)

wherenliquid is thenumberdensityof liquid water, ρ is themassdensityof liquid
water, mmol is themolecularweightandNA is Avogadro’sconstant.

5.2 Theor y

In Figure5.1 watervaporcolumnsfrom sondemeasurementsareplottedversus
bias measurementsof the ozoneradiometerperformedat the samedate. The
relationshipbetweenwatervaporcolumnsandbiasis exponentialfor fair weather
conditions.This relationshipcanbederived from the radiative transferequation
underthefollowing assumptions:
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138 5 Water Vapor ColumnsÁ Theabsorptioncrosssectionof watervaporα ÂH2O is a constant.Á Thetemperatureof thetroposphereTB,trop is aconstant.Á Liquid wateris absent.Á No scatteringoccurs.

Theabsorptioncoefficient of theatmosphereis mainly composedof theabsorp-
tion coefficientsof oxygenandwatervapor in the consideredfrequency range,
α Ã α ÂH2OnH2O ¥ α ÂO2

nO2
. In combinationwith theradiative transferequation,the

resultfor thebiasis

TB £ z­
0

α ¦ z® § TB,trop ¦ z® § exp ´· ¤ zÄ­
0

α ¦ z®Å® § dz®Æ® ¸º dz®£ TB,trop Ç 1 ¤ exp ¦S¤ α ÂH2OCH2O ¤ K §2È (5.3)

whereK is the constantcontribution of oxygen. The offset by oxygenis about
25K at142GHz,ascanbeseenin Figure5.1. If selfabsorptionis negligible, the
relationshipis renderedlinear

TB £ TB,trop ¦ α ÂH2OCH2O ¥ K § (5.4)

sinceexp ¦ x§�Ã 1 ¥ x for x É 1.

5.3 Method

In orderto obtainwatervaporcolumnsfrom themicrowavemeasurements,a for-
mulais conceivedthatyieldsthecolumnsasa functionof thebiasof thespectra.
Equation5.3 is the key to the problem. We canobtainthe threeunknown coef-
ficients,namelyTB,trop, α ÂH2O andK, by fitting a curve throughthemeasurement
pairsof sondewatervaporcolumnsandmicrowave biastemperatures.We intro-
ducetheopacityτ of thetropospherenow to simplify thefit, givenby

τ £ ln Ê TB,trop

TB,trop ¤ TB Ë (5.5)

Sincetherelationshipbetweenτ andCH2O is linear

τ £ α ÂH2OCH2O ¥ K (5.6)

we cangetα ÂH2O andK by a linearfit. TB,trop is moredifficult to gain,sinceit is
givenby thebiaswe would seeif theatmospherewould betotally opaque.Since
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Figure5.1: Watervaporcolumnsfrom sondemeasurementsversusbiastemperaturesof
radiometermeasurementsmadeat thesamedate.Black dotsmarksondelaunchesat fair
weatherconditions,andwhitedotsmarklaunchesatcloudyor rainy conditions.

this is never the case,it canonly be estimated.Fortunately, the valueof TB,trop

is not very importantfor theaccuracy of themeasurements.We will usea value
of 300K for the time being. Solving therelationshipof biasandcolumnfor the
columnandintroducingthefitted valuesyields

CH2O Ì τ Í K
α ÎH2O

Ì ln Ï 300ÐÑÏ 300 Í TB Ò�Ò Í 0 Ó 0609
0 Ó 0575

(5.7)

Only sondeslaunchedunderfair weatherconditionswereusedfor thefit. Wewill
alsohavealook at thepossibleerrorsourceshere.Theactualerrorsof themethod
in comparisonto sondesaregivenlaterin section5.5.Statisticalerrorsourcesfor
the columnsare noisein the measurements,varying tropospherictemperatures
andabsorptioncrosssections.Systematicerrorsareintroducedby problemswith
sondemeasurementsat very cold temperatures.Above 10km altitude,thesonde
datais consideredto beunreliable.Sincemostof thewatervaporresidesin the
first few kilometersof theatmosphere,this shouldbeaminor errorsource.
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5.4 Correction

Moist weatherconditionsbearingcloudsor precipitationspoil theassumptionthat
no liquid wateris present.Liquid watercontributesto theatmosphericspectrum
byabsorption,emissionandscattering.Absorptiondominatesif thewavelengthof
theradiationis muchgreaterthantheradii of thecloudor raindroplets(Rayleigh
regime). If the wavelengthandthe radii arecomparable,Mie scatteringoccurs.
Absorptionandemissionof radiationby dropletslead to systematicallyhigher
brightnesstemperaturescomparedto theresultsunderthesameatmosphericcon-
ditions without liquid water. Similar to thewatervaporabsorption,liquid water
absorptioncansimply bedescribedby anabsorptioncoefficient

α Ì α ÎH2OnH2O Ô α ÎO2
nO2 Ô α Îliquidnliquid (5.8)

wherenliquid is thenumberdensityof the liquid water. The effectsof scattering
aremoredifficult to infer, but mayalsohave a systematicbrighteningeffect for
thin clouds. In the140GHz region, botheffectsplay a dominantrole. This can
clearly be seenin Figure5.1. Spectratakenundermoist conditionsshow a sys-
tematicallyhigherbrightnesstemperaturethanspectraunderfair conditionsthat
weremeasuredat thesamewatervaporcolumn.Thus,Equation5.7overestimates
thewatervaporcolumnundermoistweatherconditions.

Weatherobservationsin Ny-Ålesundare not detailedenoughto correctthe
columns.Thestandardapproachto solve this problemis a secondmeasurement
at a frequency lessinfluencedby liquid water[Ulaby et al., 1981]. Themeasure-
mentsof thewatervaporradiometerat 22GHz areideally suitedfor this correc-
tion. Normally, the instrumentis operatedin referencebeammode. Thus, it is
necessaryto usethesky dip measurementto obtainthebrightnesstemperatureof
thespectrum.Unfortunately, this measurementis only performedaboutonceper
day. A changeto thetotal powermethodcouldsolve this problemin thefuture.

Theapproachto correctthecolumnmeasurementsusesa systemof two lin-
earequationsto obtainthetwo unknown variableswatervaporcolumnCH2O and
liquid watercolumnCliquid. A derivationsimilar to theoneof Equation5.3yields

τ22 Ì α ÎH2O Õ 22CH2O Ô α Îliquid,22Cliquid Ô K22

τ142 Ì α ÎH2O Õ 142CH2O Ô α Îliquid,142Cliquid Ô K142 (5.9)

with

τ22 Ì ln Ö TB,trop,22

TB,trop,22 Í TB,22 × τ142 Ì ln Ö TB,trop,142

TB,trop,142Í TB,142 × (5.10)

whenscatteringis assumedto be negligible. The constantsα ÎH2O, TB,trop andK
canbededucedfrom measurementsunderfair weatherconditions(for clarity we
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Figure5.2: Resultsof theMWMOD forwardmodel.Scatterplotsof watervaporcolumns
of sondesor calculatedliquid water columnsversusthe computedbrightnesstemper-
atures.Upperleft: Watervaporcolumnsversusbrightnesstemperaturesat 22 GHz. No
cloudsorprecipitationwereallowed.Upperright: Liquid watercolumnsversusadditional
brightnesstemperaturesdueto liquid waterat 22 GHz. Squaresmark cloud generation
by themodel,trianglesmarkadditionalprecipitationgeneration.Lower left: Watervapor
columnsversusbrightnesstemperaturesat 142GHz. No cloudsor precipitationwereal-
lowed.Lower right: Liquid watercolumnsversusadditionalbrightnesstemperaturesdue
to liquid waterat142GHz. Squaresandtriangles:seeabove.

Frequency TB,trop α ÎH2O α Îliquid K

22GHz(model) 300 0.0156 0.3005 0.0509
142GHz(model) 300 0.0570 3.6871 0.0520
142GHz(measured) 300 0.0575 — 0.0609

Table5.1: Parametersfor watervaporcolumnretrieval
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have omittedtheindex 22 or 142). Sincethereareno measurementsof rain rates
or cloudliquid watercontents,theconstantsα Îliquid haveto bedeterminedby ara-
diativetransfermodel.Oncetheconstantsareknown thesystemof equationscan
beinvertedto yield CH2O andCliquid asa functionof thebrightnesstemperatures.

All constantshave beenobtainedby the radiative transfermodelMWMOD.
MWMOD wasdevelopedby theInstitut für Meereskundein Kiel andby theUni-
versityof Washington.Oneof thestrengthsof thismodelis thepropersimulation
of hydrometeors,a possibility which is lacking in many othermodels.Someof
the featuresof the modelare the simulationof scatteringandabsorptionat hy-
drometeorsandthesurface,automaticcloudgenerationandmany differenttypes
of cloudsandprecipitationto choosefrom.

Temperature,pressureandhumidity profilesof about800 sondeswereused
in themodelruns. Cloudsweregeneratedautomaticallyby themodelby a sim-
ulation of the adiabaticrise of the air parcels.Condensationoccurredwhenthe
humidity exceeded92.5%. Ice andwatercloudswereallowedto form, andpre-
cipitation includedrain, snow andhail. The cloud drop sizedistributionswere
takenfrom Deirmendjian[1969] andUlaby et al. [1981],while therain dropsize
distribution wastaken from MarshallandPalmer [1948]. Resultsareshown in
Figure5.2 andthe retrievedparameterscanbe found in Table5.1. Theparame-
tersinferredfrom themicrowave measurementsandsondes,which wereusedin
Equation5.7,arealsoshown. Thevaluesof α ÎH2O andK aretakenfrom afit of the
calculatedτ to thewatercolumnsof sondesstartedunderfair weatherconditions,
while theα Îliquid arederivedfrom afit of τ Í α ÎH2OCH2O Í K to thecalculatedliquid
watercontentof themodel. Only modelresultswithout precipitationhave been
usedfor thesecondfit. Theparameterizationfor liquid wateris only valid up to
columnsof 0.15mm, includingabout85% of the simulatedclouds. Finally, the
inversionof Equation5.9 leadstoÖ CH2O

Cliquid × Ì Ö 91Ó 1612 Í 7 Ó 4300Í 1 Ó 4087 0 Ó 3860 × Ö τ22 Í K22

τ142 Í K142 × (5.11)

The zenithangleof the measurementshasbeensetto 70Ø for both frequencies.
Although the ozoneradiometeris usuallymeasuringunderthis angle,only two
daysof measurementsexist for thewatervaporradiometerhere.

Oldermeasurementscanbe correctedby a makeshift. We take advantageof
thefactthatmeasurementsundermoistconditionsoftenshow acolumnexceeding
thehighestcolumnphysicallypossible.Thehighestphysicalcolumnis a column
showing 100%relativehumidity at everyaltitude,which caneasilybecalculated
from thetemperatureprofile andthesaturationpressure.Columnsshowing more
thanthis maximumcolumnCmax arecorrectedby

Ccorr Ì CH2O Ô 0 Ó 0073∆C2 Í 1 Ó 07∆C Í 2 Ó 7384 (5.12)
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Figure5.3: Watervaporcolumnsversusdate.White squaresmarkresultsobtainedfrom
thebiastemperaturesof theozoneradiometer. Black dotsarecorrespondingsondemea-
surements.Thedifferenceis markedby a line. RAM measurementshave beencorrected
for liquid waterby themakeshiftmethod(seetext). For clarity, only a selectionof sonde
matchesis shown.

where∆C Ì CH2O Í Cmax is the differencecolumnin millimeters. The formula
is dueto the fact that thereis an empiricalcorrelationbetweenthe error in the
columnandtheexcessof thecolumnCH2O Í Cmax. Columnsunderfair weather
conditionsare automaticallyignoredby the method,becausethey never show
morethan100%humidity.

5.5 Results

Theresultsof thewatervaporcolumnmeasurementsareshown in Figure5.3.The
white squaresshow thewatervaporcolumnsthatwerededucedfrom radiometer
measurements,while theblackdotsshow sondemeasurementscarriedout at the
samedate. The agreementis excellent for fair weatherconditions,but in some
individual casesthe columnsdiffer by more than 5 mm. Statisticalerrorsare
0.57mmunderfair conditionsand1.69mmundermoistconditions.Columnsun-
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dermoistconditionsshow asystematicoffsetof 0.78mmto thesondesdueto the
factthatsomecolumnslie below Cmax althoughthey aredisturbedby liquid water.
Theannualcycle of the watervaporcontentof the tropospherecanbeobserved
nicely in the plot. Typical columnslie between5 mm and25 mm precipitable
watervapor. Comparedto mid latitudevaluesthis shows thevery arid conditions
in theArctic.



Conc lusions

This work presentedmeasurementsof the groundbasedmicrowave Radiometer
for AtmosphericMeasurements(RAM), operatedat theArctic stationof theNet-
work for theDetectionof StratosphericChange(NDSC)atNy-Ålesund,Spitsber-
gen(79Ø N, 12Ø E).

Chapter3 gaveasummaryof thestatusof theretrieval softwareanddescribed
recentadditionsandchanges.An introductionto theoptimalestimationmethod
wasfollowedby a presentationof theforwardmodelsfor thewatervapor, ozone
and chlorine monoxideradiometers.Retrieval parameterslike a priori profiles
andcovariancematricesweredescribedadditionally. Forwardmodelfeatureslike
the treatmentof the troposphericemission,standingwavesor highersidebands
werediscussedin detail.A new methodwasintroducedto treatspectrameasured
undermoistweatherconditions.Thenew algorithmguaranteesaconstantsignal-
to-noise-ratiofor all spectraandthusaconstantaltituderesolution.

A specialfocuswaslaid on the watervaporretrieval, which proved to be a
challengingtask. While it wasnot possibleto retrieve any reliableprofile infor-
mation from the full spectrayet, a simpleretrieval modelusingonly the inner-
most200channelslookedpromising.A preliminaryprofilecouldbeobtainedfor
June24,2001,showing basicagreementwith similar measurements.Featuresof
the model for the full spectrainclude logarithmicmixing ratios,a sophisticated
parameterizationof thetroposphericmixing ratiosanda calculationof frequency
shift, selfbroadeningandcontinua.Logarithmicmixing ratiosledto astrongnon-
linearity in themodel,which resultedin convergenceproblemsanddifficultiesin
determiningerrorsanda priori values.Inclusionof frequency shift, self broaden-
ing andcontinuaconsiderablycomplicatedtheforwardmodelandthecalculation
of the weighting functions,which were derivatedanalytically. In the moment,
it is doubtful if the retrieval of the full spectrawill eventually leadto meaning-
ful results. Consideringthe resultsof the simplified model, it may even not be
necessaryto retrieve thefull spectra.

Chapter4 provideddetailedinsightinto thechemistryanddynamicsof ozone
depletionin the Arctic and their currentunderstanding.While the focus was
clearlyon theozoneandchlorinemonoxidemeasurementsof theRAM, thegen-
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eral evolution of the winter 1999/2000wasshown in somedetail by a look on
othermeasurementsandmodels.

A methodfor thedeterminationof ozonelossratesfrom themeasurementsof
theozoneradiometerwaspresented.A modificationof this methodusinga pas-
siveprofilewasintroduced,leadingto moreaccurateresults.A cumulativeozone
lossof 1 Ó 2 Ù 0 Ó 4ppmfor thewinter1999/2000andof 0 Ó 5 Ù 0 Ó 3ppmfor thewinter
2000/2001wasderived.Lossratesreachedvaluesof 10ppbÐ dayin Decemberand
Januaryand25 ppbÐ day in March. Several explanationsfor the ratherhigh loss
ratesin Decemberwereproposed,includingmixing of mid latitudeair, anoveres-
timationof coolingratesor unknown chemistry. This emphasizestheimportance
of correctheatingratesandtheeffectsof mixing for theaccuracy of thelossrates.
An examinationof the accuracy of the heatingrates(including a comparisonto
tracermeasurements,a PV analysisanda sensitivity analysis)resultedin anesti-
matedaccuracy of 0.1K Ð day. This contributedanerrorof about0.3ppmto the
cumulative loss,renderingtheheatingratesto themainerrorsource.A compari-
sonto differenttechniquesfor thedeterminationof ozoneloss(includingMatch,
tracermethodsandvortex averagemethods)resultedin goodagreementbetween
theresultswhenadjustedto our altituderesolution.Remainingdifferencescould
easilybeexplainedby differencesin themethodsandinherenterrors,considered
time periodsandobserved altitudelevels. Comparisonto the SLIMCAT model
alsoresultedin verygoodagreement.

Measurementsof ClO, ClONO2, HCl, HNO3 and denitrificationwere pre-
sentedto develop a chemicalscenariofor the 1999/2000winter. All of these
measurementswere additionally comparedto SLIMCAT results. Obvious dis-
crepanciesbetweenmodeledandobserved mixing ratiosof ClO andHCl could
beassignedto uncertaintiesin theunderstandingandmodelingof denitrification
andpolarstratosphericcloudformation.However, it couldbeshown thatthebasic
processesleadingto ozonelossseemto bewell understoodqualitatively. Quan-
titativecomparisonsarestill problematicdueto largeerrorbarsin measurements
andmethodsof ozonelossdeterminationaswell asuncertaintiesin the models.
The negligible effect of the discrepanciesin ClO on the cumulative ozoneloss
couldbeattributedto theshortperiodof theadditionalozonedepletioninduced
by denitrification.

In Chapter5, it wasdemonstratedthatmeasurementsof theRAM canbeused
to deducewatervaporcolumnsandliquid watercontentsof thetroposphere.This
is a niceauxiliary dataproductconsideringthattheRAM wasnot explicitly built
to measurethesequantities.While watervaporcolumnscouldbeobtainedwith an
accuracy of 0.57mmunderfair weatherconditionswith thecurrentconfiguration,
liquid watercolumnsandaccuratewatervaporcolumnsundermoistweathercon-
ditionsareonly measurablein principle.Theeffectsof precipitationandcloudson
theaccuracy of themeasurementswereevaluatedwith a radiative transfermodel
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andapossiblemethodfor deducingliquid watercolumnswasshown. A makeshift
methodfor thecorrectionof watervaporcolumnsundermoistconditionswaspre-
sented.Errorsfor moistconditionswereabout1.69mm.

Finally, we will have a shortlook into thefuture. Therearestill opportunities
in theRAM datawhich remainunusedyet. Thebehavior of ozonemixing ratios
in summerandfall andchemistryin theupperstratospherebetween30–50km are
someexampleswhich cometo mind here. It alsoremainsto be hopedthat the
RAM will continueoperationsfor a long time, sinceevery dayof dataincreases
theopportunityto researchlong termtrendsbasedon a consistentdataset. Last
but not least,thenew instrumentsin GreenlandandVenezuelawill adda whole
new dimensionto thedatasetof themicrowave instruments,for exampleby the
first continuousmeasurementsof thetracerN2O in theArctic.
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Kleinböhl, A., Bremer, H., von König, M., Küllmann,H., Künzi, K. F., Goede,
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