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Abstract

This work discussesneasurementsf the groundbasedmicrowave Radiometer
for AtmosphericMeasurementéRAM), theretrieval of desireddataproductsand
their interpretation. The radiometeris operatedat the Arctic stationof the Net-
work for the Detectionof Stratospheri€hanggNDSC)at Ny-,&lesund,Spitsbeir
gen(78.9 N, 11.9 E). It measuresvatervaporat22 GHz, ozoneat142GHz and
chlorinemonoxideat 204 GHz.

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

The secondpart dealswith the determinationof ozoneloss rates,chlorine
activation and denitrification. A methodto determineloss ratesfrom the mea-
surement®f theRAM hasbeendevelopedandimprovedoverthelastfour years.
Here, 0zonelosscalculationsfor the winters 1999/2000and 2000/2001are pre-
sented,accompaniedy a comparisonto other techniquesa mathematicakx-
aminationof the methodandan error analysis,including the effects of different
diabaticheatingrates mixing, thedefinitionof thevortex edge altituderesolution
andotheraspects.

Measurementsf chlorine monoxide,denitrificationand reseroir gasesare
presentedand examinedin the contet of the currentunderstandingpf ozone
chemistry It is shovn by modelcomparisonshatthegenerabspect®f chemistry
seento bewell understoodlt is alsopointedthatthereremainsomeconsiderable
uncertaintiesn measuremeniaswell asin themodelassumptions.

Thethird partexamineghe possibilitiesof retrieving tropospheriavatervapor
columnsfrom the measurementsf the radiometer Whenthe tropospheriovater
vaporbiasis measureattwo differentfrequenciesthecalculationof thecolumns
is straightforvardandan establishednethod.The studyhereconcentratesn the
effectsof precipitationandcloudsandpossibilitiesto correcttheoccurringerrors.






Intr oduction

Microwave radiometersouilt in Bremen,Germairy, have beenmeasuringstrato-
spherictracegasedor almosta decadenow. Looking back,a wealthof measure-
mentsand scientific resultshasresultedfrom our researchactiity. First ozone
measurementsave alreadybeenconductedn 1992,andcontinuousobsenations
beganin 1994in Ny-AIesund,Spitsbegen(79° N, 12° E). In thefollowing years,
moreandmoreinstrumenthave beenadded.In themomentozoneprofiles,chlo-
rine monoxideprofiles,tropospheriavatervaporcolumnsandstratospherigvater
vaporprofilesaremeasuredNy-,&Iesundis partof the primary Arctic stationof
the Network for the Detectionof Stratospheri€hangg NDSC),wheretheinstru-
mentsareoperatedn cooperatiorwith the Alfred Wegenerinstituteof Polarand
MarineResearcliAWI) in PotsdamGermary, andthe Instituteof Environmental
PhysicgIUP) in Bremen.Main goalof theNDSCis theidentificationof changes
in the ozonelayer andthe examinationof their causes.Therefore,a continuous
seriesof ozonemeasurementsasbeenrecordedt Ny-,&lesundand usedto infer
ozonedepletion. Equally relevant are the measurementsf chlorine monoxide,
which is an importantspeciesin the chemistryof ozonedepletionand can be
usedto testthe understandin@f the underlyingchemicalmechanismsChlorine
monoxideis obtainedby only half adozenof instrumentsn the Arctic, with very
limited spatialandtemporalcoverage makingobsenationsvery valuable.A sim-
ilar situationexists for watervapot which is importantfor the radiationbalance
in the stratospherandthetrendin ozonedepletion.

Thestoryis continuedwith new radiometeratBremen(53° N, 8° E), Mérida,
Venezueld8° N, 71° W), andSummit,Greenland72° N, 38> W). Theradiometer
in Bremenis measuringpzoneat mid latitudessince1999,while theinstrumenin
Venezuelavill beoneof thefirst radiometersneasuringracegasesn thetropics
andis locatedin morethan4500m altitudeto reducetheinfluenceof watervapor
Theextremelydry locationof Summitin the Arctic, situatedn morethan3000m
altitude,is ideally suitedfor the obsenation of rarely measuredgpecieghatonly
showv up at high frequencieswherethe atmospherés nearlyopaquaunderhumid
conditions.For example thefirst continuousmeasuremenisf NoO andHNOs in
the Arctic will becarriedoutat Summit.
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Microwave radiometersneasurehethermallyinducedradiationof atmosphe-
ric tracegasesanddeduceprofile informationfrom the pressuréoroadenedorm
of theemissionlines. A greatadwantageto otherinstrumentgs the possibility to
measuren the polarnight andthe high temporalresolutionof the measurements.
Theinstrumentsarealsoalmostindependenof weatherconditions.Hence acon-
tinuousmeasuremergeriesfor ozoneand watervaporandregular obsenations
of chlorine monoxideprovide the opportunity of long term trend analysesand
continuingobsenationsof Arctic ozoneloss.

Purposeof this work is the retrieval andinterpretationof the numerousdata
productsof theradiometerswith aspeciafocusonozonedepletion.Thedetermi-
nationof anthropogeniozonedepletionhasbeena key topic in atmosphericci-
encesn thelastdecadeThis developmentasinitiatedin 1985,whenFarmanet
al. discovereda strongozonedeficitin the southerrpolarregionin spring,which
wasapparentlycausedy anthropogenimfluencesin thenineties a similar phe-
nomenorcouldalsobe obseredin the Arctic. In thefollowing, the political and
public interestinducedby the harmful effects of increasingultraviolet radiation
andtheimpactof ozoneon the climatechangecatalyzeda tremendousmountof
scientificresearchactiity. In anunprecedentedventin ervironmentalpolitics,
thisledto aworldwidebanon chlorofluorocarbonsyhichweremaderesponsible
for theozonedecline.A detailedoutline of the historyof ozonedepletionis given
in thefirst chapterof this thesis,which leadsusto a summaryof the contentsof
thiswork.

The basicprinciplesof stratospheriphysicsandchemistrywill be explained
in the first chapter while the secondintroductorychaptercontainsa description
of the instrumentand the fundamentalf radiative transfer The third chapter



dealswith the retrieval of desireddataproductsfrom the measuredspectra. A
summaryof the mostrecentstatusof theretrieval softwareis givenasareference
andto reflect somenew additionsnot publisheduntil yet. Specialattentionis
givento the new watervaporretrieval, a specieghat provedto be unexpectedly
difficult to implement.Althoughno validatedprofilescouldbeobtainedyet, some
promisingdevelopmentsare shavn. The detailedreview of the physicalmodel
and of the changesn the retrieval codehopefully will lay the foundationfor a
successfutetrieval in thefuture. Thedevelopmenbf anew retrieval for theozone
radiometeiin Bremenandthe chlorinemonoxideradiometeiin Spitsbegenshall
alsobementionechere.

Thefourth chaptempresentsalculationsof ozonedepletionandexaminesthe
chemistryof ozoneloss. Countlessstudieshave beencarriedout aiming at a
betterunderstandingf ozonedepletionover the last few years. Examplesare
the EASOE (1991/1992)and SESAME (1994/1995)campaignsand especially
the American-Europeaipint effort SOLVE/THESEOin the winter 1999/2000,
whichis presentedherein detail. A wide variety of differenttechniquedasbeen
developedto determinateozonelossratesin the past. Many of themhave been
employedduringthe SOLVE/THESEOcampaigngiving anexcellentopportunity
to comparedifferenttechniquesandto assessheir errors. A methodfor the de-
terminationof ozonelossratesfrom themeasurementsf the ozoneradiometeiin
Spitsbegenis describedandappliedto the datafrom the winters1999/2000and
2000/2001 Cumulatvelossesf 1.2+ 0.4 ppmand0.4+ 0.3 ppmareinferredfor
the two winters. The agreemenbetweentheseresultsandthe findings of other
methodsds shovn to begood,consideringhelargeuncertaintie®f all techniques.
Sincea detailederroranalysiswasmissingsofar for our method,it is conducted
in additionto the practicalcomparison.Effectsof altituderesolution,the choice
of the obsenred period,the influenceof the vortex edgedefinition, differentheat-
ing ratesor mixing andprincipaldifferencesn the severalmethodsarediscussed.
Furthermorea mathematicaéxaminationof the methodis performed)eadingto
theintroductionof a passve profile in the ozonedepletioncalculations.

Thecomputatiorof ozonelossrateswould notbe completewithoutaphysical
interpretationof the data. Measurementsf chlorine monoxide,reserwir gases,
nitrate speciesand denitrificationare shavn to develop a chemicalscenariofor
thewinter. Resultsaarecomparedo the SLIMCAT model,whichencompasseabe
currentknowledgeof stratospheriphysicsandchemistry(asfar ascomputation-
ally possible) anddiscrepanciearediscussedEspecially differencesn chlorine
activationareobsered,which areattributedto uncertaintiesn the denitrification
schemeandthe formationmechanisnfor stratosphericloudsin the model. The
surprisinglygoodagreemenof the ozonelossratesof the measurementandthe
modelis alsoexamined. It is shavn thatthe generalaspectf ozonedepletion
arequalitatively well understoodbut thatthereremainsomequantitatve uncer



tainties. The lastchapterexaminesthe possibilitiesof retrieving watervaporand
liquid watercolumnsfrom the radiometermeasurementsSincethe radiometers
werenot explicitly built to measurehis quantities,this is a nice additionto the
variety of our measurementsThe focus herelies on the effects of cloudsand
precipitationandmethodsof correctingoccurringerrors.Finally, thework is con-
cludedwith asummaryof all results.

In hopefor apleasanteading,
Ingo Wohltmann



1 Physics and Chemistr y of the
Atmosphere

1.1 Composition of the Atmosphere

The atmospheref the earthformedlong agofrom gasesescapingrom the inte-
rior of the earthandthe biosphere.It is composedmainly of nitrogen(78.1%),
oxygen(20.9%)and somenoble gaseq0.9%). The remainderconsistsof sev-
eraltracegases.The moststriking featureof the atmospherés the sharpdrop of
pressuravith altitude. It canbeexplainedby the hydrostaticequilibriumbetween
gravity andthe pressurgyradient

dop/0z= —pg (1.1)

wherep is pressurezis altitude,p is the densityof air andg is the gravitational
accelerationln regardto the pressuretheidealgaslaw states

P = PRT/Mpyq (1.2)

whereT is thethermodynamitemperatureR = 8.31Jmol~*K 1 is theuniversal
gasconstanandmme is themassof Na = 6.022x 10?3 molecules Combination
of Equationl.1and1.2yieldsthe barometridaw

p(2) = poexp(—z/H) (1.3)

undertheassumptiorthatT is constant.pg is the referencepressureat sealevel,
whichis usuallysetto 1013hPa. The pressurescaleheightH = RT/(mmeig) has
avalueof about7 km.

The atmospherecan be divided in several layersdistinguishedby different
physicalpropertiesseeFigurel.l. Thetropospherés thelowermostayer, marked
by a negative vertical temperaturgradientdueto adiabaticmotions,which will
be explainedbelon. Most of the weatherphenomendake placein the tropo-
spheredue to the dynamicallyimbalancedsituation connectedwith a negative
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14 1 Physics and Chemistry of the Atmosphere
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Figure 1.1: Layersof the atmosphere The temperaturerofile is typical of a subarctic
winter atmosphere.

temperaturgradient. Thetropospheralreadycontainsmorethan50% of all air
molecules.We will focuson the next layer of the atmospherethe stratosphere,
extending from roughly 8 km to 50 km in the polar winter. The stratosphere
is marked by a positive temperaturgygradientcausedoy diabaticheating,which
leadsin turnto adynamicallystablesituationwith low verticalwind speedsThe
stratospheres dynamicallyandchemicallyisolatedfrom thetropospher¢hrough
thetropopausédefinedby the World MeteorologicalOrganizationasthe altitude
wherethe temperaturéapseratefirst decreasebelonv 2 K /kmin a 2 km altitude
range). Furtherlayersare the mesospherevith a negative temperaturegradient
andthevery hot thermosphereThe layersfrom the troposphereaip to the meso-
sphergdorm the homospherewheregasesarein thermalequilibrium.

Tracegasesaregaseswvhich arehighly variablein time andspace.Although
theiramountscanbevery low, they usuallyhave a greatimpacton the physicsof
theatmosphereTheir abundancecanbe measuredn severalways. Numberden-
sity givesthe numberof moleculesper volume. Volumemixing ratio is theratio
of thenumberof moleculesof the obsenedspecieso thenumberof moleculesof
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all specieslt canbe calculatedrom the numberdensityn of the gasby

x=nksT/p (1.4)

whereks = 1.38 x 1023 J/K is Boltzmanns constant. It is often measuredn
percentpartsper million (ppm)or partsperbillion (ppb). Sincevolumemixing
ratiosareconsered undermovementsthey arenormally usedin mostanalyses.
Finally, the columnof a tracegasis given by the vertical integral of the num-
ber density Ozonecolumnis often measuredn DobsonUnits, wherel DU is
givenby 2.69 x 10*® moleculegcn?, correspondingo anozonelayerof 0.01mm
thicknessatseapressureOzonecolumnis importantfor theamountof ultraviolet
radiationreachingthe surfaceof the earth.

1.2 Physics of the Atmosphere

Generalaspectf the physicsof the atmospheravill not be repeatechere,be-
causehey canbefoundin numerougext books. Insteadwe will concentraten
someconceptaisedfrequentlyin this thesis.

At first, we will introducetheconcepif anair parcel.An air parcelis defined
asanentity consistingof everthe sameair moleculesmoving aroundin theatmo-
sphere.If somepropertyx of the parcel,like its velocity or pressureis changed
locally for an obsener moving with the parcel(Lagrangianviewpoint) andthe
changeis givenby 0x/dt, the changefor an obserer standingat a fixed position
(Eulerianviewpoint) is

Dx ox u ox Vvox 0x

Dt~ ot  acosyop ads oz
in sphericalcoordinatesu is the zonalwind here,v is the meridionalwind, w is
theverticalwind, 9 is latitude,$ is longitudeanda is theradiusof theearth.The
derivative D/Dt is calledthe substantre derivative. Note thatby definition, the
mixing ratio of anair parcelcannotbe changed.

Next, wewill establistausefulcoordinatesystenthatsimplifiesthefollowing
discussionslt consistsof potentialtemperaturensteadof altitude andpotential
vorticity insteadof horizontalcoordinatesA thermodynamigrocesswithoutthe
supply of external heatis called adiabatic. In the stratospheremost processes
canbeconsiderechdiabaticon thetimescaleof afew days.For longertimescales
radiatve heatinghasto be considered.Potentialtemperaturaes a quantity of an
air parcelthatremainsconstanunderadiabaticconditions.It is definedas

o-(3)”

(1.5)
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wherepg is anarbitraryreferencepressurandT andp aretemperaturendpres-
sureof the air parcel. © is the temperaturehe air parcelwould have if it were
movedadiabaticallyto thereferencepressurdevel. Theconserationof potential
temperaturexpresseshe factthatincreasingpressurancreaseshe temperature
of anthermallyisolatedair parceldueto the transformationof work into heat.
Sincepotentialtemperaturenormally increasesnonotonicallywith altitude and
doesnot vary very rapidly in horizontaldirection, it canbe usedinsteadof the
z coordinate cancelingary vertical adiabaticmovements. Suriacesof constant
potentialtemperatureare calledisentropes.In the lower stratosphere25K po-
tential temperatureorrespondo aboutl km altitude difference with the 475K
isentropiclevel situatedaround20 km altitude. On the scaleof a few days,air in
the stratospherenovesonly onisentropicsurfaces.

It canbe shown thatan air parcelthatis moved adiabaticallyand vertically
from its original position will continueits movementwhen the actualvertical
temperaturelecreasés higherthanthe diabatictemperaturelecreasdinstability
againstorvection)andwill beforcedbackto its original positionwhentheactual
temperaturalecreases lower thanthe adiabaticdecreaser thereis a tempera-
tureincreasestability againstconvection). This explainsthe dynamicdifferences
betweerthe corvective troposphereandthe stratosphere.

Potentialvorticity is a quantityconseredunderadiabaticandreversiblecon-
ditions andthereforecan be usedasa tracerfor air masses.lts advantageover
chemicaltracersis the factthatit canbe calculatedrrom wind, temperatureand
pressurewhich are easily available for the whole globe. Potentialvorticity is
the productof the thicknessof theisentropesandthe curl of thewind field in an
absolutecoordinatesystem

00
P=g5 G+ 1) (3.7)

whereg is the gravitational accelerationp®/0dp is the changeof potentialtem-
peraturewith pressureandthe lasttermis the curl of the wind field, alsocalled
absolutevorticity. The absolutevorticity is composedf the planetaryorticity f
andthe relative vorticity {, of thewind field. f is givenby 2|Q|sind, whereQ
is the angularvelocity of the earth.;, is the curl of the wind field relative to the
earthsurface ,whichis givenby

1 (av M)

(p (1.8)

~acosd \ap 09
The conserationof potentialvorticity is connectedvith the factthatthe angular
momentunof arotatingair massmustbeconsered. If theair masss stretchedn

vertical direction,the angularvelocity mustincrease.Potentialvorticity is mea-
suredin unitsof PVU = 10" Km?kg~—1s~1. It decreasefrom the centerto the
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edgesof the low pressureareanormally foundin the Arctic winter stratosphere
(whichwewill comebackto soon)andthereforecanbeusedasahorizontalcoor
dinate.Sometimesequivalentlatitudeis usedasa coordinatensteadof potential
vorticity. The equivalentlatitudeof a potentialvorticity contouris definedasthe
latitudeit would haveif theenclosedareawould becircularandcenteredverthe
pole. Equivalentlatitudehasthe advantageof beinglessinfluencedby shorttime
fluctuationsin the absolutevaluesof potentialvorticity.

Finally, let usalsohave ashortlook ontheequationgjoverningthe dynamics.
In equilibrium, the horizontalwind is determinedby the balanceof the Coriolis
forcewith the horizontalpressurgradient

10Z
_ 1oz 1.
fu 299 (1.9
1 o0z
V= acosd o (1.10)

whereZ is the geopotentialaltitude of a given pressuresurface. Wind blows
parallelto theisobaresn equilibrium, sothatthe pressureggradientis consered,
which is called geostrophiowind. Combinationof the barometriclaw and the
equationdor the horizontalwind yields

ou R 0T
ov R 0T
9z aHcosd 0 (1.12)

Thesearethe equation®f thethermalwind, connectinga horizontaltemperature
gradientwith anincreasen wind speedwith altitude. Finally, theverticalwind is
drivenby thediabaticheatingrateQ, givenasthediabaticallyinducedemperature
changepertime

oT
~O— — 1.1
w pn (1.13)
andthe conserationof masss describedy the continuity equation
1 ou 0(vcosd) 1 d(pow)
- s — = 1.14
acoso <a¢ o9 ) oo 0z 0 (1.14)

with pg ~ exp(—z/H) beinga meanair density
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Figurel.2: Brewer-Dobsoncirculation. Thethin horizontallinesdenotesentropidevels.
Seethetext for a detailedexplanation.Adaptedfrom [Holton etal., 1995]

1.3 Dynamics of the Stratosphere

Comparedo the tropospherethe dynamicsof the stratospherare quite simple.
Due to the positive temperaturegradientin the stratospheregornvectionis not
likely. Thetemperaturgradientis causedby the absorptionof sunlightby the
ozonelayer, which is virtually identicalin extentwith the stratosphereThe ver-
tical movementsin the stratosphereywhich arevery slow (somel0m per day),
areconnectedo diabaticprocessesyhichin turn arecausedy adiabaticmove-
mentsinducedby planetarywaves.In thetropicsthereis anupwellingmovement
anddiabaticheatingin the sunlight, while at the polesthereis an downwelling
movementanddiabaticcooling which is especiallyprominentat the winter pole
in the dark polar night. At the sunlit summerpole, movementis virtually non-
existent. For continuity reasonsa poleward motion of air developsin the winter
hemisphere.This meanmeridionalmovementis called Brewer-Dobsoncircula-
tion. A sketchof this circulationis givenin Figure1.2. The overturningtime for
thecirculationcell is about5 years.

We will turnto the horizontalcirculationnow. Thethermalgradientfrom the
equatotto thewinter poleimpliestheformationof alow pressureareain thepolar
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Polar vortex at 475 K February 17, 2000
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Figure 1.3: Polarvortex at Februaryl7, 2000at 475K. Potentialvorticity asa tracer
shaws the distinction betweeninner and outer vortex air masses.The inner and outer
vortex edgeis marked by thick lines. The positionof BremenandNy-Alesundis marked
by dots. A minor warmingdisturbsthe shapeandpositionof the vortex.

region, calledthepolarvortex. At thevortex edge abandof strongwesterlywinds
canbefoundaccordingto the equationf the thermalwind, which is calledthe
polarnightjet. In theinnervortex air is virtually isolatedfrom air masse®utside
the vortex dueto the nearlygeostrophiair motion at the edge. An examplefor
theappearancef the polarvortex canbefoundin Figuresl.3and1.4.
Interestingly the Brewer-Dobsoncirculationis not causeddy radiationin the
endandit is not even purely diabatic. In the so called surf zone,which is sit-
uatedbetweenthe polar vortex andthe tropics, air is turbulently mixedin hori-
zontaldirectionby planetarywavespropagatingvertically from the troposphere.
Thewave breakingof theseeddiestakesmomentunout of the movementsn the
stratospherandleadsto a deceleratiorof the westerlywinds prominentin these
altitudes.In turn this leadsto a dynamicallyandthermodynamicallymbalanced
situation. Air from the mid latitudes,which is too warm for the poles,is dravn
poleward sincedynamicforcesarenot balancedvith the Coriolis forceanymore.
It beginsto move downwardfor continuity reasonsandwarmsup adiabatically
pushingtemperatureabovetheirradiatve valuesanddriving thediabaticcooling.
Strongdownwelling is connectedvith a weakvortex, high stratospheri¢cemper
aturesin polar regions and high wave actvity and vice versa. Becauseof the



20 1 Physics and Chemistry of the Atmosphere
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Figure 1.4: Temperaturepressureandwind for the polar vortex at Februaryl7, 2000.
Left panel: Temperatureand pressurewhich hasthe sameisolinesat isentropes.Right
panel: Wind speed(contours)andwind direction (arrons). The inner and outervortex
edgeis marked by thick lines. The position of Bremenand Ny-Alesundis marked by
dots.

distribution of land, seaandmountainghatinfluencewave actwvity, the Antarctic
vortex is usuallymuchmorestablethanthe Arctic vortex.

During particularly strongwave breakingeventsthe momentumtaken from
the vortex canleadto a breakdevn of the wind system.This is calleda sudden
stratospheriavarming, becauset is associateavith a prominentrise in temper
atureinsidethevortex. Often,the polarvortex canrecover from a warmingand
build up again.But in spring,whensunlightcomesback,thevortex splitsup or is
destryedentirely.

It is oftendiscussedvhatprocessearecausallyconnectedavith theformation,
stability anddurationof thevortex andthe correspondindow temperaturessince
a stableand cold vortex is connectedwith high ozonedepletion. Suggestions
include correlationswith the negative radiatve forcing dueto increasingwater
vaporanddecreasingzone wave actvity of planetarywavesin thetroposphere,
the Quasi-Biennalscillation of the tropical stratospherevindsin east-westli-
rection (QBO), the North-Atlantic Oscillation (NAO) andmary more. It seems
certainthatthereis a connectiorbetweentemperaturesndwave actiity [New-
man et al., 2001], since March vortex temperaturegnd Januarywave-induced
heatfluxesarehighly correlated Wave actvity maybewealeneddueto coupling
to the greenhouseffect, which could obstructthe propagationof tropospheric
wavesin the stratosphere.n turn, this could leadto a colderand more stable
vortex in thefuture.
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1.4 Ozone Chemistry

Althoughozonehasa mixing ratio of only afew ppm,it is averyimportanttrace
gas. The absorptionof harmful ultraviolet radiationin the stratospherenakes
life on earthjust possible,andthe stratospheraould not even exist without the
diabaticheatingof the ozonelayer Ozoneformsby the photolysisof molecular
oxygen:

O2+hv—-0+0 A <242nm (1.15a)
0+0, M 05 (1.15b)

whereM is anair moleculeneededor the conserationof momentumSimilarly,
it is destryedby photolysisat greatemwavelengths:

O3+ hv — 024+ 0(3P) A < 1100nm (1.16a)
O3+ hv — 0,+0('D) A < 310nm (1.16b)

The excited stateO(1D) canrelaxto the groundstateO(°P) by collision. Since
ozoneandoxygenatomsrapidlyinterchangevith eachother thelifetime of ozone
itself is short,while only the following reactionsproducea netlossin the long-
livedodd oxygen,thesumof O andOs:

0+03—0,+0 (1.17a)
o+oMo, (1.17b)

Reactionsl.15to0 1.17form the Chapmarcycle, which waspostulatedn [Chap-

man, 1930]. It leadsto an equilibrium statefor ozonemixing ratios depending
on altitudeandseasonlt turnedout quickly thatthe Chapmarreactionsoveresti-
matedthe ozonecontentof theatmosphereThis inconsisteng wassolvedby the

discovery of catalyticreactionsof the form

X403 — X0+ 09 (1.18a)
XO+0—X+0, (1.18Db)
O+03—-0,+0 (1.18c)

Theradical X canberegycled mary timeswithout beingdestryed. Thus,even
smallamountsof the radicalscandestry muchlarger abundance®f ozonedue
to the catalytic natureof the cycles. The mostimportantcatalysators are OH
[BatesandNicolet,1950],NO [Crutzen,1970],Cl [StolarskiandCicerone 1974]
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andBr [Wofsy et al., 1975]. The mostsignificantnaturalcatalytic cycle in the
lowerandmiddle stratospherés the NO cycle, while the OH cycle is dominating
in theupperstratosphereThe mainanthropogenicycle is the Cl cycle.

Sourceggasedor theradicalsareN2O for NO andH,0 andCHjy for OH. These
sourcegasesaremainly of tropospheri®rigin andarepartially photolysedn the
stratosphere No,O andthe sumof H>,O and CH4 are only minorly changedby
the productionof the radicalsin the lower polar stratospher@and cantherefore
be usedastracers,which we will take advantageof later Sourcegasesor ClI
andBr areman-madehlorofluorocarbonsChlorofluorocarbonaredecomposed
photochemicallyin the stratospher@andquickly form gasedike HCI or HF. In-
terestingly fluor playsnorole in ozonedepletion sinceHF is very stableandcan
alsobeusedasatracertherefore.

The catalytic cycles are deceleratedy reactionsof the radicalswith them-
selwes,for example:

Clo+NO, ¥ cloNo, (1.193)
BrO+NO; X BrONO, (1.19b)
NO,+OH ¥ HNO; (1.19c)
Cl+HO, — HCl+ 0, (1.19d)
Cl+ CH, — HCl+CHg (1.19)
ClO+ HO, — HOCI+ 0, (1.19)
ClO+NO — Cl+NO; (1.19g)

Thechemicallyinactive gasesCIONO, andHCI producedoy someof thesereac-
tions arecalledreserwir gasessincethey storethe ozonedestrging radical Cl.

Otherproductsthat we will show to play a role soonareHNO3 andthe reactve
HOCI.

In 1985,Farmanetal. discorereda strongozonedeficitin the southernvortex
in spring(Figure 1.5, upperpanel).It eventurnedout thatthis deficit hadexisted
unnoticedsincethe mid-seventies. The word ozonehole was coinedquickly by
the pressandcatalyzeda vivid public discussioraboutthe harmful effectsof the
ultraviolet radiationnormally absorbedy ozone.Thestronglossof ozonein the
polar springthat causeghe Antarctic ozonehole cannotbe explainedsolely by
catalyticreactions.t is a matterof factnow, thatthe ozoneis destroyedwith the
help of heterogenouseactionssettingfree chlorinefrom the reserwir gaseson
the surfaceof polarstratosphericloudsthatform in the polarnight.

Firstsuggestionfor thesemechanismsverealreadypublishedayearlater, for
exampleby CrutzenandArnold [1986]or Solomonetal. [1986]. They blamedthe
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Figure 1.5: Decreasef ozonecolumnsin the lastdecadesUpperpanel: Averagetotal
ozonecolumnsfor Octoberover Halley Bay, Antarctica.Dotsadaptedrom Farmanetal.
[1985], diamondsrom Jonesand Shanklin[1995] andvon Konig [2001]. Lower panel:
Averagetotal ozonecolumnsbetweern63® and90° N for March from differentsatellites.
Adaptedfrom Newmanetal. [1997,2002].
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anthropogenicallproducedhlorofluorocarbonsyhichdecomposeto reseroir
gasesandfurtherinto radicalsthroughheterogenouseactionsn the stratosphere,
for destrying theozonelayer. Pioneeringvork in thisdirectionhadalreadybeen
donein the seventiesby Molina and Rowland [1974]. The productionof chlo-
rofluorocarbonsvas stoppedthereuporby internationalagreementiocumented
in the Montreal Protocol[1987] andits adjustments.However, dueto the slow
transportin the stratospherand the stability of chlorofluorocarbonsn the tro-
posphereghlorineloadingis expectedto reachits peakjust around2000. Addi-
tionally, dueto horizontalmixing in the tropospherendthe Brewer-Dobsoncir-
culation,chlorofluorocarbonandtheir productsarevery uniformly distributedin
thestratospherdronically, chlorofluorocarbonsiereusedwidely in theindustry
(e.q. in refrigeratorsor asaerosolpropellants)just becausehey werechemical
inert and hadno harmful effectson the ervironmentandhealth. In the nineties,
a phenomenosimilar to the ozonehole, but lesspronouncedgould alsobe ob-
senedin the Arctic [Newmanetal., 1997]. As canbe seenin Figurel1.5, lower
paneltheamountof ozonelossis highly dependentn thetemperatureandvor-
tex developmenthereandoftenmasledby diabaticdescent.

The processeteadingto the ozonehole will be discussedn somemorede-
tail now. During the polar night, whenthe polar vortex forms, the influx of air
massedrom lower latitudesis suppressedindthe lack of sunlightleadsto very
low temperatures thelower polar stratospherePolarstratosphericlouds(also
called PSCs)form hereundercertaintemperatureand pressureconditionsand
mixing ratios of their constituents.Typically, they canbe found betweenl6 to
27 km, wherethey are generatedrom watervapor gaseousitric acid andthe
backgroundsulfateaerosol.Nitric acidis mainly producedby reactionl.19c,so
thata deceleratiorof the naturalcatalyticcyclesis connectedvith aacceleration
in theheterogenoushemistry At athresholdemperaturef approximatelyl 95K
atthe475K isentropiclevel, polarstratosphericloudsof Typela canform, con-
sistingof solid HNOg3 - 3H,0 (nitric acid trihydrateor NAT) particleswith radii
of aboutl pum. Solid particlescanalsobe formedby sulphuricacid tetrahydrate
(SAT) below 215K, but theseparticlesplay norolein chlorineactivation. Typelb
cloudsconsistof liquid ternaryH,O/HNO3/H2S0Oy solutions(STS)andform at
temperaturesf aboutl191K. Below 188K, polarstratosphericloudsof Typell
thatarecomposef ice particleswith radii of about10 pum canexist.

Thereis still somedebateregardingthe formationandcompositionof strato-
sphericclouds. An overview of the mostrecentunderstandings givenby Koop
etal.[1997], seealsoFigurel.6. A typical formationpathis the uptale of HNO3
by liquid H,SOy particlesto form STSparticles(pathl — 3 — 5). Ice particles
canform subsequentlfrom the STS particles,coveredby NAT, SAT or a lig-
uid STScoating(path7 — 9 — 10). Solid NAT particlescannormally only form
throughco-condensetlAT onice particles(path14or 12— 25). Theassumption
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Figure 1.6: Formationof polar stratosphericlouds. Arrows shav possibleformation
paths.Dashedpathsareonly possibleunderspecialcircumstancesAdaptedfrom Koop
etal.[1997].
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that NAT particlescanonly form below the frost pointis unsatiséctory because
theobsenedextentof NAT cloudsis not compatiblewith this supposition.Thus,
someother explanationshave beenproposedfor examplethe creationof NAT
throughHNO3 - 2H,0 (NAD). A new developmentis the discovery of so-called
NAT rocks[Fahg etal., 2001]with radii of upto 10 um. Theformationof these
particlesis still not clear but the may be formed without the help of ice parti-
cles. Anotherpoint of discussionis the influenceof mesoscaleloudsforming
over mountainrangesn comparisorto synopticclouds.More informationcanbe
foundfor examplein [Koopetal.,1997]or [Drdla etal., 2002].

Onthesurfaceof thepolarstratosphericlouds,severalreactiondreechlorine
andbrominefrom thereserwir gases:

CIONO; + HCIl — Cl> + HNO3 (1.20a)
CIONO; +H20 — HOCI+ HNO3 (1.20b)
BrONO, + H,0O — HOBr+ HNO3 (1.20c)
HOCI+HCI — Cl,+H20 (1.20d)
HOBr+ HCI — BrCl+H,0 (1.20e)
N20s+ H20 — HNO3 + HNO3 (1.20f)
N2Os + HCIl — CINO2 + HNO3 (1.209)

Additionally, NOy (thesumof NO, NO, andtheir nighttimeresenoir 2N>0s), is
cornvertedto HNO3 andremovedfrom thegasphasejmpedingthe deactvationof
ClO by reaction1.19a. The partitioningbetweenrHCI andCIONO; at the begin-
ning of the winter is to someextentimportantfor the timing of the activation of
chlorine,sincethe above reactionshave differenttime scalesandalsodependon
the type of the cloud surface. Activationis fasteswwhenHCI and CIONO, have
the samemixing ratio, sincereactionl.20ais the mostrapidone.

If theparticlesn thecloudsarelargeenoughsedimentationvill setin, remov-
ing NOy from the altitude layersof the clouds. The sameis true for the HNO3
directly producedoy thereactionl.19cwhich couldreactbackto NOy through

HNO3+ hv — OH+ NO» (1.21a)
HNO3+ OH — NO3 + H>O (1.21b)

Theremoval of NOy by meansof sedimentationwhich is called denitrification,
will lengthenthe procesof ozonedepletion becausét is mademoredifficult for
CIO to returnto its reserwir gasesWhile denitrificationis quite commonin the
Antarctic,it hasonly beenobseredsporadicallyin the Arctic. Denitrificationcan
be connectedvith dehydrationin caseof ice particlescoatedwith NAT, or can
happenust with NAT particles,whereNAT rocksbecomevery effective dueto
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theirhighfall velocities.Denitrificationwithoutdehydratiorwasobsenedseveral
timesin theArctic, whichis anothethint thatNAT particlesdo notform indirectly
throughice clouds. SmallNAT particlesor STSparticlesarelesslikely to cause
denitrificationdueto their lower fall velocities.

Massve ozonelosswill only startwhensunlightreappearsn the precondi-
tionedstratospherenablingcatalyticcyclesto destry ozonein large quantities.
The CIO cycle cannotexplain the ozonelossratesdueto the lack of atomicoxy-
gen.Ozoneis ratherdestryedby thecycle

2Cl4+ 203 — 2CI0+ 20, (1.22a)
clo+cloX cl,0, (1.22Db)
Cl,0z + hv — CIOO+Cl (1.22¢)
cloo™ ci+ o, (1.22d)
203+ hv — 30, (1.22€)

discoveredby Molina andMolina [1987]. The chlorineradicalsare photochem-
ically producedrom the chlorine specieson theright sideof the reactionsl.20.

The chlorinemonoxideoriginatingfrom the reactionwith ozonel.22ais stored
in the dimer Cl,O2 at night, andis corvertedto chlorine dioxide whensunlight
comesback. This leadsto adiurnalcycle in CIO with low mixing ratiosat night.

A similar cycle existsfor bromine:

Cl+ 03— CIO+ 0O (1.23a)
Br+ O3 — BrO+0; (1.23b)
BrO+ CIO — Br+ CIOO (1.23¢)
cloo ci+o, (1.23d)
203+4+hv — 30, (1.23e)

The brominecycle makes up for abouta third of the depletionof the chlorine
cycle despitethelow abundance®f brominein the stratospheréecausdromine
is lesstightly boundthanchlorine[Solomon,1999].

Consideringall effects, the strongesbzonedepletionis usuallyfoundin the
altitudelayersaround20 km. This happendo bejustthe altitudewherethe peak
concentrationsanbefound. A summaryof the ozonedestructiorcycle is shavn
in Figurel.7.In earlywinter, mostof thechlorineis storedin thereseroir gases.
When temperatureslecreasen the polar night, polar stratosphericloudsfree
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Figurel.7: Ozonehole chemistry Adaptedfrom Websteretal. [1993].

chlorine from the reserwir gases. With the sun comingbackin spring, ozone
is destrgyed by the catalytic cyclesshavn above. Eventually the air warmsup

andthe vortex is destrged. In the following, air rich in NOy is mixedin from

mid latitudes,NOy is setfree againfrom the vanishingstratosphericloudsand
producedphotochemicallypy reactionl.21a.Thus,thecycle will finally cometo

astopviathereactionsl.19. Sincereactionl.19ais muchfasterthanthereactions
producingHCI, deactvationoccursmainly into CIONO,, which only laterin the
yearreachequilibriumwith HCI.

Regardingthe future developmentof the ozonedestructiontherearetwo di-
verging trends.On the onehand,thelower stratosphergasgettingcoolerin the
lastdecade$PawsonandNaujokat,1999]dueto enhancedjreenhouse-gason-
centrationsand decreasingvave actvity in the surf zone,enlaging the areaof
polar stratosphericloud formationandleadingto a morestablevortex breaking
up laterin theyear A morestablevortex would not only leadto enhanceazone
depletionbut alsomeanlessdownwardtransporiandaccumulatiorof ozone.On
the otherhand,the chlorine loading of the stratospherés decreasinglueto the
Protocolof Montreal. Shindellet al. [1998] have useda circulationmodelwith a
very simpleozonechemistry(without denitrification)to make along termpredic-
tion of ozonedepletionin the Antarcticandthe Arctic. They predictthat Antarc-
tic ozonelosswill peakin 2010-202Gndandwill notbe detectableanymoreby
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Figure 1.8: Latitudinal distribution of ozonevolume mixing ratiosin December The
contoursshawv themixing ratioin ppm. Takenfrom the climatologyof FortuinandKelder
[1998].

around2050.In the Arctic, theinterannualariability partially masksthetrendin
ozone but the situationis roughlycomparabldere.

1.5 Ozone Distrib ution

The global ozonedistribution is a resultof both chemicalanddynamicaleffects.
In Figure1.8the meanozonevolumemixing ratiosfor Decembeareshovn asa
function of altitudeandlatitude. A typical Arctic profile measuredy the RAM
canbe found somevhataheadn Figure3.4, page70. While in the upperatmo-
spherephotochemistrys so fastthat ozoneconcentrationsrein photochemical
equilibrium, transportprocessearedominatingin the lower atmosphereOzone
is producedn the middle altitudesof the atmosphereln high altitudesthe lack
of oxygenpreventsthe productionof ozone,while in low altitudesthe ultravio-
let light neededor the photolysishasalreadybeenabsorbedy ozoneat higher
levels. Thereforeozoneforms a layerin the stratosphereThe main production
areafor ozonewith the highestpeakvolumemixing ratiosis situatedin thetrop-
ics dueto the intenseradiationthere. Paradoxically the largestcolumnamounts
of ozonecanbe found in the high latitudes,seeFigure 1.9. This is dueto the



30 1 Physics and Chemistry of the Atmosphere

TOMS 1979-92
80 7

30

Latitude
[ =]

nnsan  Jan FebMar Apr May Jun Jul Aug Sep Oct Nov Dec
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Brewer-Dobsoncirculation,whichvery effectively carriesozonefrom low to high
latitudesandfrom middleto low altitudes.Thisis alsoevidentin the ozonemix-
ing ratio profiles.While tropicalozoneprofileshave aprominentpeakanda steep
positive gradientin the lower stratosphereirctic ozoneprofileshave alesspro-
nouncedoeak,but alsoa smallergradient. The ozonelayeralsoextendsto lower
altitudesin the polarregion dueto the lower tropopause Thesetwo effectslead
to highercolumns,sincenumberdensity(asa function of mixing ratio) falls ex-
ponentiallywith altitude.

Seasonathangesn thecolumnsarevery pronouncedn thepolarregions,but
muchlessprominentin the tropics,ascanbe seenin Figure1.9. In winter and
spring,o0zonecolumnsrise dueto the accumulatiorof ozonein the polar vortex
causedoy the Brewer Dobsoncirculation. While the columnsrise to morethan
450DU in the northernvortex and have a maximumabout80° N, the columns
only riseto about350DU in the southernvortex with a maximumabout6(°® S.
Thisis dueto thestrongerdownwellingin theweaknorthernvortex andthe better
isolationof air in the strongsouthernvortex. The low columnsaroundOctober
at the southpole mark the ozonehole. The differencebetweenozonecolumns
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in southernmid latitudesand the south polar region is about250DU. To an
extentof about50DU, thisis anaturaleffect causedy theisolationof thevortex.
The ozonehole chemistrycanlower the columnsby an additional200DU. In
contrastpzonedepletionin thenorthernvortex is barelyvisibleandsuperimposed
by diabaticmovements.

1.6 Chlorine Monoxide and Water Vapor

We will alsohave a shortlook at the otherspeciesneasuredby the RAM instru-
ment. Chlorine monoxideis a tracegaswith abundancesn the ppb range. A
typical chlorinemonoxideprofile measuredy the RAM is shown in Figure 3.5,
page7l. It hasanaturalpeakin theupperstratospheratabout40km, which can
befoundthroughouthe sunlitglobeandis causedy the catalyticchlorinecycle.
The secondpbeakat about20km is originatingfrom the chlorinemonoxidedimer
cycle. It is aclearsignfor ozonedepletionandcanonly be obsenedin the polar
springin sunlight.Night time mixing ratiosarealmostzeroat thesealtitudes.

Watervaporis very variableand can compriseup to 3% of the atmospheric
compositionin the tropospherelt is responsibldor mary weatherphenomena,
andessentiato life on earth. Watervaporis alsothe mostimportantgreenhouse
gasand hasgreatinfluenceon the radiationbalanceof the earth. In the tropo-
spherewatervaporis notchangedy chemistryvery muchandis in arapidcycle
of evaporationtransportandprecipitation.Theexponentialdecreasef waterva-
porwith altitudeis causedy condensatiothroughadiabaticupwardmovements.
Watervaporentersthe stratospherenainly in the tropicaltropopausewhich acts
asa freezingtrap for the vapor Thus, stratospheriavater vapor mixing ratios
are much lower thanin the troposphereandlie about4 ppm A typical strato-
sphericwatervapor profile measuredy the RAM is showvn in Figure3.2. The
mostimportantchemicalreactiongeneratingvatervaporin thestratospheres the
oxidationof methaneleadingto a conseration of the quantity2 CH, + H>O and
aminimummixing ratio for watervaporin the lower stratosphereln additionto
that, watervaporhasarole in ozonechemistryandcoolsthe stratosphereadia-
tively. Thus,the obsenedincreaseof stratospheriavatervaporof about1% per
yearleadsto coldertemperatures the vortex.

1.7 Literature

Thereis a wealthof literatureon the topic of ozonedepletionandrelateditems,
someof whichwill beintroducedhere.Thebulk of thegenerainformationgiven
hereis taken from thesesources.A nice overview of the history, conceptsand



32 1 Physics and Chemistry of the Atmosphere

chemistryof ozonedepletioncanbe foundin [Solomon,1999], which is a good
paperto begin with. The extensie list of referenceshereinis alsoworth a look.

Overviews arealsogivenin thereportsof the WMO [WMO, 1999]. Somebooks
worthto noteare[BrasseuandSolomon,1986]and[Wayne,1991]for thechemi-
calaspectaind[Holton, 1992]for thedynamicalaspect®f stratospherisciences.



2 Instrument

2.1 Overview

The Radiometerfor AtmosphericMeasurement$RAM) is a groundbasedmi-

crovave radiometersituatedat Ny-AIesund,Spitsbegen(78.9’ N,11.9 E).Itis

operatedoy the University of Bremenandthe Alfred Wegenerinstitute of Polar
andMarine Researci{AWI) aspartof the Network for the Detectionof Strato-
sphericChanggNDSC).Theinstrumentonsistof threereceverssharingacom-
mon baclend. Eachrecever passvely detectshe thermalemissionof rotational
transitionsof the measuredpecies.Thereceversmeasurea watervaportransi-
tion at22.235GHz, anozonetransitionat 142.175GHz anda chlorinemonoxide
transitionat 204.352GHz. The detectedradiationis led througha quasioptics,
collectedby a hornantennagdown corvertedto anintermediatdrequeny, ampli-
fied andfed into an acousto-opticaspectrometerThe intensity receved by the
spectrometeis calibratedabsolutelyby comparisorwith hotandcold blackbod-
ies. Volumemixing ratio profilesof all speciesarefinally obtainedirom the pres-
surebroadeneahapeof therotationallinesusingthe optimal estimationmethod.

Beforewe presentheinstrumentsandtheir severalcomponentswe will give
anintroductionto radiatve transferandabsorptiorcoeficients. Subsequentlythe
different partsof the instrumentsare described. We concludethe chapterwith
thedifferentmeasurementechniqueghatcanbe usedandtheir explanation.Ad-
ditionally, we will have a shortlook at the BRERAM, a microwave radiometer
measuringanozonetransitionat 110.846GHz at Bremen(53° N, 8° E).

GenerainformationabouttheRAM canbefoundin [Klein, 1993]and[Sinnhu-
ber, 1995,1999]. Chlorine monoxidemeasurementare alsodescribedn [Raf-
falski, 1998] and water vapor measurements [Lindner, 2002]. Furtherinfor-
mationaboutradiative transfer microwvave spectraand measurementechniques
canbefoundin [Janssen]993],[TownesandSchavlow, 1975]and[Ulaby etal.,
1981,1982,1986].

33
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2.2 Radiative Transfer

Microwaveradiometersletecthethermalradiationoriginatingin theatmosphere.
A beamof radiationthat crosseghe atmosphereanbe modified by absorption,
scatteringandemission.Scatterings negligible underfair weatherconditionsin
themicrowave region, sowe will concentrat®n emissionandabsorptiorhere.

A bodythatabsorbsll incidentradiationis calledablackbody. A blackbody
is alsoa perfectemitter sincea systemof two identicalblack bodieshasto stay
in thermalequilibrium for symmetryreasons. Black body radiationis emitted
accordingo Plancks law:

_ 2h3 1
T2 h
¢ exp(per) —1

Lo2K(T, v) 2.1)

The spectralbrightnessL, is the power per solid angle, emitting areaand fre-
gueng interval. It will beshown laterthatthisis justthe quantityrecevedby the
instrument.T is thethermodynamitemperaturef thebody, h = 6.62x 1034 Js
is Plancks constant,kg is Boltzmanns constant,v is the frequeny and c =
3 x 168 m/s is the speedof light. For frequenciesin the microwave region,
hv < kgT is valid, andPlancks law is simplifiedas

2v2kg

Lblack T, v) ~ il (2.2)

Thisis the Rayleigh-Jeankw, which hasthe pleasingpropertyof beingpropor
tionalto temperatureTo obtainthe samebehaior for Plancks law, we definethe
brightnesgemperature
h 1
Ta(T,V) = o (2.3)

whichis virtually identicalwith T in the millimeter wave region. Now we getan
exactidentity for all frequencies

2v2kg
2

Lblack T, y) = Ta(T,V) (2.4)
sothatblackbodyradiationdetectedy theinstrumentaneasilybe expressedn
brightnesgemperatures.

In themicrowaveregime,absorptioroccurswhenrotationalstatef molecules
are excited by the incomingradiation. Absorptiononly happensat discretefre-
guenciesorrespondingo the quantuntransitionsof themoleculesrenderinghe
atmospher¢o a gray bodywith frequeny dependenabsorption.The absorption
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coeficient a(zv) is definedasthe fraction of the radiationthatis absorbedper
unitinterval, hence

dLy = a(z,v)Ly(z,v)dz (2.5)

whereL, is thespectrabrightnesof thebeamwhich shouldnotbeconfusedvith
theblackbodyradiationL22%K dz is assumedo follow the pathof thebeam.The
absorptioncoeficient is evidently proportionalto the numberof absorbinggas
moleculesput is alsodependenbn the propertiesof the moleculesasdescribed
in the next section. A quantity relatedto a is the opacity the integral of the
absorptiorcoeficient

)

1(z1,2,V) = /a(z,v) dz (2.6)

Z

If T — Otheatmospherés transparentwhile T — o meanghattheatmospherés
opaque.

The emissioncoeficient of a gray body like the atmospheres equalto the
absorptioncoeficient accordingto Kirchhoff’s law. If we combineKirchhoff’s
law andEquation2.5,we getthe neteffect of absorptiorandemission

dLy = a(Ly — L2y dz = (L, — LB1ak) gt (2.7)

Integrationgivestheradiatve transferequationor Schwarzschildequation

LV(Zo,V) _ LV(ZOO,V)effZZ(;O a(Z,v)dZ

Zoo
- / A(Z,V)LEKT (2),v)e o @V g7 (2.8)
2

wherezp and z, aretwo arbitrary altitudes. If we extend the definition of the
brightnessemperaturén Equation2.4 to arbitraryradiationby replacinglb'ack
by Ly, we cansubstitutethe powersby brightnesgsemperaturesyielding

Ta(20,V) = T (2, v)€ 20 SZV) %

Zoo
- / a(Z, ) TEHT (2),v)e ot V) o7 (2.9)
7

We will seesoonthatTg(zp,V) is thequantitymeasuredby theinstrument.Thus,
we have to know aboutthe absorptioncoeficientsandthe temperatureandpres-
sureof theatmospheréo reconstructhe measurement typical spectrunof the
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sky in the microwave region is showvn in Figure2.1. For a deeperunderstand-
ing of the shapeof the spectrumwe will needmoreknowledgeof theabsorption
coeficients,whichis givenin thenext section.

If we wantto calculatewith altitudesinsteadof integratingalongthe pathof
the beam,we have to substituteall occurrence®f z with the altituder andto
replacedz by (dz/dr)dr. For aninstrumentwith a pencilbeamantenndooking
up undertheangled, theresultis

dz 1+r/a

az_ (2.10)
dr \/sinza +2r/a+r2/a?

if thecurvatureof the earthis consideredTheradiusof the earthis denotedby a.

2.3 Absorption Coefficients

Theinformationaboutthemixing ratio profile of theobseredspeciess contained
in the absorptioncoeficients. The absorptioncoeficient of the atmospherean
bewrittenas

a(zv) = 3 0 (V%@ (2.11)

with k indicatingthe moleculeghatform the atmospherandi denotingthetran-
sitions of every species.x, is the volume mixing ratio of the speciesanday; is
calledabsorptiorcrosssection.Theabsorptiorcrosssectionfor asingletransition
is givenby

0k (2 V) = n(QaiSi(2)FRi(z V) (2.12)

n is the numberdensityof air, a is the ratio of the isotopethat performsthetran-
sition, Sis the line strengthandF is the form factor which givesthe frequengy
dependenterm. The quantummechanicakxpressiorfor the crosssectionyields
no cleardistinctionbetweerSandF, sotheirdefinitionis someavhatarbitrary We
will follow Janssefil993] here.Thefrequeny dependenchassereralcauses:

e Naturalline width
e Dopplerbroadening
e Pressuréroadening

e Frequenyg shift
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Figure2.1: Atmosphericspectrunfrom 0 GHz to 400GHz for a subarcticstandardatmo-
sphereseenfrom the groundwith anmeasuremergenithangleof 70°. Arrows shaw the
positionof the spectrameasuredy the 22 GHz watervapor 110GHz ozone,142GHz

ozoneand204 GHz chlorinemonoxideradiometers Above 400GHz, the atmospherés
opague.

The naturalline width is causedoy the uncertaintyprinciple andis totally neg-
ligible for rotationaltransitionsin the microwave region. Dopplerbroadenings
causedby the motion of the moleculesof the air relative to the obserer. The
resultfor the form factoris

N2
Fo(v) = T[l/i-VDi &P (_ (VVD,:)I) ) 13)

Thetransitionfrequeny is denoteddy vi. The Dopplerbroadeningparameteyp
is givenby

2kg T\ 72
Yo, = Vi ( ch2> (2.14)
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Figure2.2: Line shapedueto pressuréoroadening Absorptioncrosssectionsfor 10km
and30km altitudefor ozoneat 142GHz.

It dependson the temperaturel and the molecularweight mg of the species.
Pressuréoroadenings causedoy the decreasef the lifetime of groundstates
and excited statesof the obsered molecule,originating from collisions of the

molecules. The higherthe pressurethe shorteris the time betweencollisions

andthe morethe lifetime is decreasedgeadingin turn to anincreaseof the half

width of the line accordingto Heisenbey’s uncertaintyprinciple. Thus, broad

lines originatefrom low altitudesandnarraw lines originatefrom high altitudes
(seeFigure2.2). The mostcommonapproachfor the line shapeof the pressure
broadenings thevanVleck-Weisslopf line shape

N_L[fv ? YCi Yc,i
Fc(v,v.)—ﬁ<v—i> ((V—vi)2+véi+(V+vi)2+v%,i) (2.15)

This line shapewas derived by van Vleck and Weisslopf [1945] underthe ap-
proximationthat the collisions are sufficiently shortand strong. The pressure
broadeningparametey is givenby

To) ™ To)
Ye,i =Wi(p— px) (70) + Ws;j Pk (%J) (2.16)

wherethe first term describesbroadeningdue to oxygenand nitrogenand the
secondterm describesself broadeningdueto the obsered moleculeitself. The
parametersy, i, Wsj andxsj have to be determinecempirically. To is anarbitrar
ily chosemnreferencéemperatureandp andpy arethepressuresf theatmosphere
andof the obsened speciesrespectrely. Nearv;, the vanVleck-Weisslopf line
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shapecanbe simplified:

1 YC,i
F V,V' - = @ 217
S g .
Thisis the Lorentzline shapewhichis equivalentto the line shapeof a classical
oscillator The shapeof an atmospheridine nearv; is the convolution of the
Lorentzline shapeandthe Dopplerline shape

00

Fo(vw) = [ L=V v)Fo(v)dv (2.18)

—00

andis calledVoigt line shape.The integral of the Voigt line shapecanonly be
calculatechumerically seefor example[Drayson,1976]. Theline shapeusedfor
all calculationshereis a combinationof the vanVleck-Weisslopf line shapeand
the Voigt line shapewhichis correctfor awide rangeof frequencies:

2
F(v,vi) = (\%) (Fy (v, Vi) + Fv (v, —v;)) (2.19)

In additionto the broadeningof lines, a shift in the centerfrequeng canoccut
Sincethisis only importantfor watervapot it will betreatedn Section3.4.5.The
line strengthfor atransitionfrom theenepy E;, to theenegy E;, is givenby

8T@Vi2ui29i —Ei; —E,

0= Feam (*° () (&) &0
wherev; is theline frequeng, | is the quantummechanicatransitionprobability
andg; is the weightaccordingto the nuclearspin. The partition function Q(T)
is in goodapproximationgiven by the productof the vibrational, rotationaland
electronicpartition functions,thus Qx(T) = Quib k(T ) Qrotk(T)Qeik(T). For our
instrumentsQe k doesonly play a role for chlorinemonoxide. AssumingE;, —
Ei, < ksT, we obtaintheformula

7)" qmmeo(50-P)

i(T)=S(To) [ = ————exp| bi(1— = 2.21
M=% () gomee(be- @2.21)
usedby Janssefil993],wheremostspectraparameterseretakenfrom. Theline
strengthat the referenceemperaturdly is definedby S, (To) = Sii(To) Quib,k(To)
andis tatulatedfor mary speciesTheparameteb; is givenby (E;, +Ei,) /(2ks To).
For theabove formulaQotk(T) ~ T% is assumedwhereqy is 0 for anatom,1/2
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for alinear moleculeand3/2 in ary othercase. The vibrationalsumhasto be
computedrom thefundamentavibrationalstates:

di
1
Quibk = I|_| (m) (2.22)

The enepgy of the statess Ey = kgTy anddy is the degeneratiorof the states.
Finally, the electronicsumfor chlorinemonoxideis givenby

Qelk = 14+ exp(—Teik/T) (2.23)

with the electronicstateenegy Ee k = kg Tel k-

Themostprominentline spectran the microwave region arecausedy water
vapor with its strongdipole momentand by oxygen. Although oxygenhasno
electricdipole moment,its magneticdipole momentandthe large abundancen
theatmospheréeadto ratherstronglines. Nitrogenhasnolinesin themicrowvave
region dueto its vanishingdipole moments.Ozoneexhibits a multitude of lines,
but the line strengthsare somavhatlower thanfor oxygenor watervapordueto
the lower mixing ratios. In additionto theline spectrawatervaporandnitrogen
continuacanbe found. The watervaporcontinuumis possiblycausedy devia-
tionsof theline shaperom the vanVleck-Weisslopf line shapear from theline
centersandis to someextentdependenbn which linesareexplicitly calculated.
Thus,it cannotbe consideredsarealcontinuum.

2.4 Instrument Description

2.4.1 Quasi Optics

The radiationreceved by the instrumentoriginateseitherfrom the atmosphere,
a hot black body, or two differentcold black bodies. Radiationfrom the atmo-
sphereentersthe laboratorythrougha styrofoamwindow, whichis transparenin
themicrowaveregion. A rotatingmirror is pointedto oneof thesourcesccording
to a computercontrolledprogramandleadsthe radiationto a quasioptics. The
purposeof thequasiopticsis to focustheradiationandto restricttherecevedfre-
gueng range.Thenamequasiopticsis dueto thesimilar behaior of microvaves
andvisible light, apartirom somefeaturedik e apronouncedrans\ersespreading
of the beam. For somemore detailedinformation aboutmicrowave optics, see
[Goldsmith,1998]. We will concentraten the opticsof the ozoneradiometeirfor
now, sinceit is themostcomplicatedone. The opticsof the otherinstrumentsare
analogousAn outline of the ozonequasiopticsis shaovn in Figure2.4.
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Figure2.3: Theradiometersn thelaboratoryin Ny-AIesund.FromIeft toright: Thewater
vapor ozoneandchlorinemonoxidefrontend. The middle rack containghebaclend.

Someof the mirrorsin the opticsarejust usedto focusandredirectthe radi-
ation, like the mirrors EO up to E5. But somepartsof the opticsrequirea deeper
investigation. The first elementof interestis the dichroitic plate D. It is used
to suppressinwantedfrequeng contributionsin the radiationand consistsof a
metalplatewith concentricholes,which leadto afrequeny dependenteflection
coeficient. Next, the pathlengthmodulatorR3 is usedto suppress-abry-Ferot
interferencesn the opticsby periodicallychangingthe optical pathlengthwith a
moving rooftop mirror.

The mostimportantelementis the Martin-Puplettinterferometer which is
usedas a bandpasidilter to suppressinwantedfrequeny ranges. It consistsof
thefixedrooftopmirror R1,the movablerooftopmirror R2 andthewire grid G1.
Thewire grid transmitsor reflectstheincomingradiationdependingn its polar
ization. It canbeshavn thatif thepathlengthdifferencebetweerthefixedrooftop
mirror andthegrid andthe movablerooftopmirror andthegrid is not zero,radia-
tion is transformedetweerthe polarizationsvithout changinghe overall power.
Thereforeit is possibleto attenuatahe radiationby addingwire grids aspolar
izationfilters at the exit andthe entranceof the interferometerThe wire grid G2
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Figure2.4: Quasiopticsof the 142GHz radiometer

formstheentranceof theinterferometerwhile thewire grid GO is theexit. If dis
the pathlengthdifferencethe attenuatiorof theincomingradiationis givenby

D= %(11 cog2rdv/c)) (2.24)

wherev is the frequeng andc is the speedof light. Dependingon the relatve
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. The negative sign corresponds$o rotatingoperationwhile the positive sign
correspond$o non-rotatingoperation.Thewire gridsatthe entranceandthe exit
areorientatedfor non-rotatingoperation.d is chosenso thattransmissions at a
maximumfor v = v; andat a minimum wherethe largestunwantedcontribution
occurs.

2.4.2 Antenna and Mixer

The power perfrequeng thatis detectedby the hornantenngsave for the effect
of theinterferometerranbedescribechs

1
Phorn= éAeff Qefly (2.25)
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whereAgr is theeffective antennarea Qer is theeffective detectingangleandL,
is the intensityof theradiation. The Etenduprinciple, which shallnot be derived
here states

A = Act Qe (2.26)

whereA is the wavelength. Combiningthe Etenduprinciple with the definition
of thebrightnessemperaturen Equation2.4 givesa simplerelationshipbetween
spectrapower andbrightnessemperature

Phorm= kgTs (2.27)

Sincecommonlyusedamplifiersare not ableto amplify the frequencieghatwe
wish to detectthe signalis down corvertedto anintermediatdrequeng. Thisis
achieved by mixing theatmospherisignalwith the muchstrongersignalof alo-
cal oscillatorandpassingt to adevice with anon-linearesponsef theresulting
currentto the inducedvoltage. Sucha configurationis called a heterodyneae-
cewer. It canbeshowvnthattherelationshipbetweerthelocal oscillatorfrequengy
Vi 0, the intermediatefrequeng vig and the amplified atmospheridrequencies
Vin IS

Vin=NV o+ViF, neENy (2.28)

If theintermediatdrequeng andthelocal oscillatorfrequeng aregiven,several

discretesignalfrequenciesareamplifiedat the sametime, giving a superposition
of the spectrapowersof the singlefrequencieslt canbe shovn thatthe spectral
powersof thedifferentfrequenciearenotamplifiedwith thesameefficiency. The

resultingspectrapower is rather

P= ngz L(Vn)Ta(Vn) (2.29)

wheretheTg arethebrightnessemperatureatthedifferentfrequenciesndthelL
areproportionalityfactors. The signalfrequenciesrecalledsidebands with v
giving the uppersidebandandv_; giving the lower sidebandof thefirst ordet
Both sidebandscanbe usedassignalbandswith the othersidebandbeingthe
mirror sideband. Thelocal oscillatorfrequeng is normally chosemeartheline
frequeng to obtaina smallintermediatdrequeng. Thelocal oscillatorfrequen-
ciesare 14.235GHz for watervapotr 134.175GHz for ozoneand 196.352GHz
for chlorinemonoxide,correspondindgo anintermediatefrequeng of 8 GHz at
theline center The useof the Martin-Puplettinterferometebecomeslearhere.
It canbe usedto suppresstleastoneof the unwantedsidebandsmostoftenthe
mirror sidebandof thefirst orderis suppressetiecausét is usuallythe strongest
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Figure2.5: Thebaclendof theradiometersn Ny-Alesund

one. Sincethe interferometeinfluencegshe proportionalityfactors,they have to
be written asL(vn) = A(vh)D(vy) wherethe A are constantscalled conversion
modesandD is thebandpassof theinterferometer

We will now give someimplementatiordetails. The mixer andthe first am-
plifier aresituatedinsidea vacuumchamberandcanbe cooleddown to 12K by
liquid helium. Thisis doneto lower the thermalnoisein the measurementThe
mixer consistf a Schottky diodesituatedoehindthe hornantennao which the
radiationof alocal oscillatorbasingon a Gunndevice is coupledby a waveguide.
Thezenithangleof theantennas choserto be 70° for ozoneandis variable(but
similar) for chlorine monoxideandwatervapor This is a compromisebetween
higher attenuationof the line in the tropospherawith higher zenith anglesand
lower intensity of the stratospheridine with lower zenith angles. The antenna
patternis assumedo bea pencilbeam.

2.4.3 Intermediate Frequency Chain

The first elementof the intermediatefrequeng chainis a bandpasdilter with a
bandwidthfrom 6.8 GHz to 8.5 GHz. After 22 dB of amplificationthe signalis
mixedfor asecondimein orderto transformthesignalto the 1.6 GHzto 2.6 GHz
rangeof the spectrometerSincethe signalhas1.7 GHz bandwidthandthe spec-
trometeronly 1 GHz bandwidth,the rangefrom 6.85GHz to 7.85GHz andthe
rangefrom 7.5GHz to 8.5 GHz aregivenin turn to the spectrometerTwo local
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oscillatorswith 5.25GHz and5.9 GHz thatcanbeputinto the chainalternatvely
by a microwave switchareusedfor this. Later, thetwo spectraaremeigedagain.
Finally thesignalis led throughanothebandpas§lter, a33dB amplifier, a22dB
amplifier, a power divider (asinput for a powermeter) a microwave switchanda
switchableattenuatarThelastmicrowave switchchangedetweertheintermedi-
atefrequeng chainanda combgeneratousedfor frequeng calibration.Thelast
elemenibf thechainis the spectrometer

2.4.4 Acousto Optical Spectr ometer

The acoustooptical spectrometedecomposeshe microwave radiationinto its
spectrum. The microwave radiation excites a transducercoupledto a crystal,
which is setinto acousticoscillations. That modifiesthe refractionindex of
the crystal periodically A laserbeampenetratingthe crystal is diffracted by
the acousticoscillations. The intensity of the laserbeamdiffractedto the an-
gled is proportionalto the intensity of the microwave radiationat the frequeng
Vv = 9ncs/A|, wherecs is the speedof sound,n is the meanrefractionindex and
A is thewavelengthof thelaser Thelaserlight is detectedby a CCD arraywith
1728channels Althoughthe gapbetweenthe channelss 0.56 MHz, theresolu-
tion of thespectrometeis only 1.6 MHz dueto the scatteringof laserlight.

2.45 Bremen Radiometer

The ozoneradiometerin Bremen(BRERAM) was built in 1997 and beganop-
erationalmeasurements 2000. It detectsthe rotationaltransitionof ozoneat
110.836GHz. Opticsand baclend are similar to the RAM, so we will not go
into detail here. Measuremengjuality is someavhatlowerin Brementhanin Ny-
Alesund, sincethe measurementare more affected by watervaporhere. More
informationon the instrumentcanbe foundin [Tuckermann,1997]and[Hoock,
2000].

2.5 Measurement Principle

Thespectrapowerthatis recevedby the spectrometels composeaf two parts.
Theactualspectrums superimposednthesystemmoiseof theinstrumentwhich
is usuallymuchlarger thanthe detectedsignal. The spectralpower P; of the at-
mospherecan be expressedn termsof brightnessemperaturesywhich are pro-
portionalto the spectrapower:

Pa: G(TB’a—f— TB’Sys) (230)
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Themeasuredtmospherisignalis denotedy Tg 5. G is anamplifyingfactorand
Tg,sys IS the systemnoisetemperaturecorrespondindo the systemnoisePsys =
GTg,sys Thesystemnoiseshouldnot be confusedwith the actualnoisethatcan
beseenonthespectrumlt is relatedto the systemnoiseby

Tg,sys
o~ —22 2.31
Vv AVAL ( )

whereAv is the frequeng resolutionof the instrumentandAt is the integration
time. Thesystemnoiseitself canbethoughtof asabiassignalthatis evenpresent
whenno radiationis measured.It originatesfrom several sourcedik e thermal
noisein theamplifiersor terminationloadsin the optics.

2.5.1 Totalpo wer Method

The totalpover methodis usedby the ozoneradiometersn Bremenand Spits-
beigen. Somemeasurementhave also beencarried out with the water vapor
radiometerwith promisingresults. The methoddependson a sufficiently strong
spectralsignature.All threevariablesin Equation2.30areunknown, sothatad-
ditional equationsare needed.For this reason,a hot anda cold black body are
measuredh turnwith theatmosphere:

Ph=G(Tgn+ TB,sys) (2.32)
PC - G(TB,C + TBlsys) (233)

TheradiationTg j, andTg ¢ of theblackbodiesis well known, whenwe know their
physicaltemperatures.Thus, we obtaina systemof threeequationswith three
unknown variables,which caneasily be solved. For the atmosphericspectrum,
we gain

Teh—Ti
Tea= T+ %(Pa— P) (2.34)
Solvingfor the systemnoise,we get
TBh—YTBc . Ph

Let us now have a look at the implementatiorof the totalpover methodfor the
ozoneradiometerin Spitsbegen. The hot black body is realizedby a piece of
foamedplastic at room temperature. The temperaturewhich is neededn the
above formulas, is measuredoy a Pt-100diode. Thereare two different cold
black bodies. The extern cold black body consistsof a dewar vesselffilled with
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liquid nitrogenat 77 K. The dewar is protectedby a lid, so that the nitrogen
cannotevaporate.Sincethe radiometermeasureshe combinedtemperaturesf
thelid andthe nitrogen,thetemperaturef thelid is measurednceperdayin a
calibrationmeasuremenil heinterncold blackbodyis situatednsidethevacuum
chambefor themixerandis notusedn themoment.For thespectrathehotload,
thecoldloadandtheatmospheraremeasuredh turnfor aboutl s. Thecountsof
the CCD arethensummedupfor 40s. Thetotalponverformulais appliedto every
single measurementand the resulting spectraare integrateduntil a integration
time of about200sis reached.

2.5.2 Reference Beam Method

For the very weaklines of the chlorinemonoxideradiometermandthe moderately
weakline of the watervaporradiometerthe referencebeamtechniqueis used.
This method,which was developedby Parrish et al. [1988], hasthe adwvantage
of cancelingany non-linearitiesin the relationshipbetweenspectralpower and
brightnessemperature.On the otherhand,we loosethe information aboutthe
spectralbias, becauset is implicitly subtracted.The referencebeamtechnique
usesa secondsourceof radiationwhich is adjustedto matchthe spectralpower
of the signalbeam,but doesnot containthe line. Subtractionof the two spectra
eliminatesnon-linearities put doesconsere the informationthatis containedn
theline. In our casethereferencesourceis a secondoeampointingin adifferent
directionthanthe signalbeam.Thereferencebeamis attenuatedy anabsorber
usuallyanacryl glassplate,to suppressheline information. Additionally, a sub-
stantialamountof radiationis addedby thermalemissionfrom the acryl glass
plate. The angleof the signal beamis adjustedin orderto matchthe spectral
powersof the signalbeamandthereferencédbeam.

If P, is the spectralpower of the referencebeamandPs is the spectralpower
of the signalbeam,a derivationsimilar to the total power methodyields

Ps— P _ Tgs— Tpr
I:)r TB,r + TB,sys

(2.36)

The systemnoiseTg sys hasto be determinedn a secondmeasurementlg s and
Tg arethe brightnessemperature®f the signalandreferencespectrarespec-
tively.

Theline of the chlorineradiometelis so weakthatthe referencebeamtech-
niqueis notsufficientto obtainspectravheretheinstrumentafeaturesaresmaller
thantheline. Thus,we take advantageof the strongdiurnal variationof chlorine
monoxidein thelower stratospherandsubtraciighttime measurementsyhere
almostno chlorinemonoxideis presenin the lower stratospherefrom daytime
measurementsle Zafraetal., 1989]. Day time is definedas1 houraftersunrise
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to 1 hourbeforesunsein the stratospherer the 2 hoursaroundlocal noonwhen
the day is too shortfor this condition. Night time is definedfrom 3 hoursafter
sunseto 1 hour beforesunrise.In duskanddawn, chlorine monoxideis notin
photochemicakquilibrium and exhibits a fastchangein its mixing ratio, with a

rapidincreasalueto photolysisin the morninganda somevhatslower decrease
dueto thebackreactionto thedimerin theevening.



3 Retrieval

3.1 Overview

Theaim of theretrieval is to obtainvolumemixing ratiosandotherdesiredquan-
titiesfrom themeasuredgpectrum.Thespectrums supposedo be somefunction
of the quantitieswe want to retrieve. Hence,we canobtainthesequantitiesby
determiningtheinverseof this function. Unfortunately the inversionis a mathe-
maticallyill-posedproblemin caseof theradiatve transferequation.A standard
approachto solve suchproblemsis the optimal estimationmethod. Thus, sec-
tion 3.2 dealswith the generakpplicationof this methodto our data.

Sections3.3 and 3.4 describethe detailedimplementatiorof the retrieval for
the differentinstrumentsin additionto the existing softwarefor ozoneandchlo-
rine monoxideretrieval in Spitsbegen, somenew retrieval software hadto be
developedfor the instrumentsouilt in the lastthreeyears,namelythe waterva-
por radiometeiin Spitsbegenandthe ozoneradiometerin Bremen.A complete
rewrite of the existing retrieval software,which resultedin a muchfaster easier
to useand more completeprogram,was also performed. All partsof the soft-
warewere developedin Matlab, an interpreterlanguagespecializedn matrices
and numericalmathematics.The forward modelsandretrieval methodsfor the
ozoneand chlorine monoxideradiometersare describedn a generalmannerin
section3.3, togethemwith someexamplesfor spectraprofilesandaltituderange
andresolution. Section3.4 dealswith the challengegosedby the watervapor
radiometer The watervaporline is surprisinglydifficult to retrieve, dueto facts
asthe exponentialdecreasén mixing ratiosanda complicatedine form. Some
methodsof dealingwith theseproblemsor circumventingthemaredescribedand
first preliminaryprofilesareshown.

3.2 Optimal Estimation

The optimal estimationmethodis a corvenientway to retrieve somesearched
parametergrom given datathat are a function of theseparametersespecially

49
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if the correspondingnathematicaproblemis underconstrainedr ill-posed. A
thoroughdescriptionof the optimal estimationmethodandthe generalproblem
of datainversioncanbefoundin [Rodgers2000].

We assumethat the given datay are somearbitrary function F(x) of the
searchedarameterx andthat somestatisticalerror € is superimposean the
data:

y=F(X)+¢ (3.1)

For example x maybeavectorof volumemixing ratiosin differentaltitudesand
y maybeavectorof brightnesgsemperatureatdifferentfrequenciesDiscretizing
thesenormallycontinuoudunctionsis necessaryo computeanumericalsolution,
but it is alsocorvenientto be ableto usematrix algebra.The vectorvaluedfunc-
tion F(x) is calledthe forward modelandcontainsthe physicsof the problem,in
our casetheradiative transferequation.Normally, it is only anapproximationo
thereal physicsof the problem,which maybetoo complex or unknawvn.

At first, we will examinethe caseof a linear forward model. We will see
laterthatthe morecommoncaseof a non-linearproblemcanoften betreatedoy
linearization.Thelinearcases givenby

y =F(Xo) + K(Xx—Xo) +¢ (3.2)

wherexg is somearbitrary point for the time being. The constantmatrix K is
called weighting function matrix. If we useF(x) — F(xo) insteadof F(x) and
X — Xg insteadof x, whichis easilyreversible ,we get

y=Kx+¢ (3.3)

Usually we have more datathanretrieved parametersThus, at first glance,this
is an overdeterminedsystemof equationswhich can be solved by minimizing
the squareddifference(KX —y)?, whereX is the estimatedsolution. However,
thereare problemswith this approach.lt turnsout thatthe matrix K is ill-posed
in the caseof theradiatve transferproblem,meaningthatthe matrix is formally
overdeterminedyut thatits rows arealmostlinearly dependentThussmallerrors
in the data,introducedby noiseor the truncationof humberson the computer
leadto large errorsin theresultX. An approacho understandhisis to examine
thenull spaceof K. Underdeterminedhatriceshave anull spacelf thereis anull
spacetherearesolutionsto theequationsvhich do notcontributeto thespectrum

KXnun =0 (3.4)

andthereforecannot be measuredHence,we canaddan arbitraryvectorfrom
the null spaceto a solutionandstill getthe samespectrumgvenif we scalethe
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vectorwith a very large number The problemis madeworseby the noiseon
the spectrumwhich allows for even more possiblesolutions. This leadsto large
oscillationsof the estimatedsolutionaroundthe true stateof the atmosphereif
nottreatedproperly

Theapproachakenin theoptimalestimatiormethods to providevirtual mea-
surementgo stabilizethe inversion. We assumehatwe know at leastthe mean
Xo andthe covariancesS, of anindependenimeasuremergeries giving ussome
apriori knowledgeon the overall appearancef our parameters. Thedefinition
of the covariancematrix Sy canbe foundin Appendix3.A. Xg is calleda priori
profileandS is calleda priori covariance We now minimizethedeviation of the
resultingprofile X from the a priori profile xo andthe deviation of the spectrumy
from the syntheticspectruni(X) atthe sametime

X2 = (R—x0) 'S¢ (& —x0) + (F(X) —y) 'S HF(X) —y) (3.5)

weightingthe deviationswith thereciprocalof the correspondingrrors.S; is the
covariancematrix of the errorsin the spectrumwhich shouldbe known. Mini-
mizing X2 yields

R=G(y—Kxo)+xo With G=SKT(KSKT+S)™ ! (3.6)

Thisis the optimalestimationequationfor thelinearcase.

3.2.1 Resolution

Substitutingy = Kx + € in Equation3.6 givesa relationbetweerthe true profile
x andthe estimatedrofile X:

X=Ax+ (1 —A)xy+Ge (3.7)
whereA is thesocalledaveragingkernelmatrix
A=CGK (3.8)

Let ushave alook at the rows of this matrix. We look first at the altitudeswhere
enoughinformationaboutthe mixing ratiosis hiddenin the spectrum.Here,the
rows of theaveragingkernelmatrix oftenhave a Gaussiarshapewith apeakatthe
altitude of the retrieved mixing ratio, seeFigure3.1. Thus,theretrieved volume
mixing ratio ata givenaltitudeis a weightedmeanof the volumemixing ratiosin
afinite layer In additionto this, a constanicontribution of the a priori profile is
added.However, this contributionis usuallysmallin thealtituderangeconsidered
here.Theterm Ge describesheerrorin the profile dueto errorsin the spectrum.
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Figure 3.1: Averagingkernels. Typical row valuesof four differentrows (for ozoneat
142 GHz). The indicesof the rows are indicatedby the altitude annotatedabove the
curwes.

The shapeof the averagingkernelsis a measurdor the altituderesolutionof
theretrieval. The broaderthe kernelsare,theworseis theresolution.A straight-
forward way to definealtitude resolutionis the responsef the retrieval to two
deltafunction peaksin the true profile. The smallestdistancewherethesefunc-
tions canbe distinguishedn the estimatedprofile is the altituderesolution. It is
given by the half width of the rows of the kernels. A very similar resultis ob-
tainedby takingthereciprocalof the diagonalelementsf the averagingkernels,
sincethe peakvaluesarea measurdor the degreesof freedomperlevel. Altitude
resolutionin Figures3.2to 3.5andTables3.1to 3.2is estimatedvith thismethod.

Thereare altitudeswherethereis no suficient informationin the spectrum
to retrieve mixing ratios. In this altituderange,the seconderm of Equation3.7
becomesignificantandthe estimatedrofile approachethe a priori values.The
altituderangeof theretrieval is determinedy the sumof therow elementf the
kernel. If the sumis nearunity, the first termin Equation3.7 is dominantand
theapriori hasno contrikution. If it is nearzero,the profile is dominatedby the
apriori. Limiting factorsfor the altituderangearenoise,instrumentakffectsand
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the obsened bandwidthfor low altitudesand Doppler broadeningand spectral
resolutionfor high altitudes.

A relatedtopicis the signal-to-noiseatio of the measurementf we compare
the intensity of the line to the measuremennoise, we seethat small lines are
moredifficult to retrieve thanlargelines. It is easietto distinguishtheinformation
inheritedin the line shapefrom the noisewhentheline is larger. Thus, altitude
resolutionandrangearea function of the signal-to-noiseatio. We will seelater
how we cankeepthe signal-to-noiseatio ata constantevel, whichis desirable.

Finally, if wewantto compareanindependenhighresolutionmeasuremerio
our estimatedrofile, we have to apply Equation3.7 to theindependenineasure-
ment.We obtainasmoothed/ersionof themeasuremeni ouraltituderesolution.

3.2.2 Errors

Errorsin the estimatedprofile canbe dividedin errorsoriginatingfrom the spec-
trum propagatingnto the profile, errorsin the forward modeland errorsdueto
the restrictedaltituderesolution. We have alreadyseenthatthe error originating
from the spectrums givenby the covariancematrix

S =GSGT (3.9)

All statisticalerrorsshavn in thefollowing werecalculatedaccordingo this for-
mula. Thealtituderesolutionerror hasonly to be consideredf onecomparesan
independenieasuremerthathasnot beentreatedwith Equation3.7 to the esti-
matedprofile. If theindependenmeasuremerttasbeenadjustedo our altitude
resolutionthis erroris of nointerest.It is givenby

S=(1-A)S(I-A)T (3.10)

We will notconsidetthis errorsourcein thefollowing sinceall independeninea-
surement$iave beenconvolutedto our altituderesolution. The errorsin the for-

ward modelcanbedividedinto errorsdueto simplificationsor unknovn physics
andinto errorsdueto parameter®f the modelthat are not exactly known. The
lattererroris givenby

Sz = (GKp)Sh(GKp)" (3.11)

whereb isthevectorof theparametersf themodel. S, is thecovariancematrix of
theparametersandKy, is givenby 0F /db, whichis definedby Ky, j; = 0F(x) /db;.
Errorsin the forward modelaredifficult to calculateanalytically Thus,we will
not presenthem hereand shavn errorsarea lower limit. However, a study of
theseerrorsfor an older versionof the forward model canbe found in [Wohlt-
mann,1999]. If theerrorfrom thespectrumandall theforwardmodelerrorsfrom
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the old modelare combined,theresultingerroris muchlarger thanthe discrep-
anciesactuallyobsenedin comparisorwith ozonesondes.Thisis a hint thatthe
covariancematricesS; andS, are quite conserative estimatesf the errorsand
couldbeminimizedin somecases.

3.2.3 Nonlinearities

In generalno linearrelationshipbetweerx andy is given. It is possibleto adapt
the optimal estimationmethodto non-linearproblemsby meansof two different
methods:

¢ Newtonmethod:This approachs suitablefor slightly non-linearproblems.

e Levenbeg-Marquardimethod:Thismethods applicablefor moderatenon-
linearproblems.

Both methodsareiterative. For eachof the methodswe linearizeF(x) by expan-
sionto a Taylor seriesatanappropriatgoint Xo:

y = F(X) +& = F(x0) + K(x —X0) + O(x?) + ¢ (3.12)
Theweightingfunction matrix

oF

is now dependenbn x. Its elementsare definedby Kj; = dF(x)/0x;. For the
Newton methodthemodelF(x) is expandedatapointX, in then-th iterationand
theweightingfunctionsarecalculatedas

oF .
Kn= G_X(Xn) (3.14)

Theestimated,,1 of thenext iterationis computedoy

§(n+1 = Gn[(y_ KnXO) + Kn)A(n - F()’Zn)] +Xo
Gn=SKT(KnSK]+S:) ! (3.15)

Comparedvith Equation3.6anextratermgiving thedifferencebetweerthe exact
andlinearizedforward modeloccurs. As aninitial point Xg = Xg is chosen.The
iterationis quit whenX, doesnot changeanymore.
ThelLevenbeg-Marquardimethodusedifferentapproachedependingnthe
distanceto the minimum. If the minimum s near the formula givesthe Newton
method.If the minimumis far away, the steepestiescentmethodis used,which
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stepsdown a little distancealong the steepesgradientof the x? function. A
controlparametey switchescontinuallybetweerthe methods:

Rni1=Xn+[KAS HKn+ (1+Y)S
[KaS: (Y — F(&n)) — Sc M (Rn— Xo)] (3.16)

giving the Newton methodfor y — 0 andthe steepestiescentmethodfor y — .
Thevalueof y is changedn every iterationstepdependenon x?:

o If Xﬁ+1 > X2, yis multiplied by afactor> 1 and&n. 1 is not updated.
e If X2, < X& vis dividedby afactor> 1 andXs1 is updated.

Again, theiterationis quitif X, corverges.Sinceit is notsurethattheinitial point
is neartheabsoluteninimumof x2, it is possibleto hit only alocal minimumwith
the Levenbeg-Marquardimethod.

3.3 Retrieval

We will now give an overview over the differentretrieval methodsand forward
modelsactuallyusedfor thefour radiometersliscussedhere. Theretrievalshave
mary featuresin common,so we will not split this sectionby radiometershput
describehedifferentfeaturesandmake specialremarksfor singleradiometersif
necessaryWe will begin with somecommonfeaturedik e spectrumcovariances
anda priori valuesin subsectior8.3.1. The forward modelsaredescribedn sub-
section3.3.2. Table3.1and3.2 give a summarywherewhich featureis used,and
Figures3.2to 3.5shav someexampledor profiles,spectraandaltituderesolution
for all radiometersFinally, we introducea new algorithmto achiaze comparable
signal-to-noiseatiosin the spectran subsectior8.3.3. The newv watervaporre-
trieval is describedn somemore detail in section3.4, wherewe presenta full
forwardmodelanda simplified modelleadingto first results.

3.3.1 General Features

Thefirst choiceto bemadeis whichiterationmethodshouldbeused.All retrievals
exceptfor thefull watervaporretrieval usethe Newtoniteration,becausehey are
only slightly non-linear For thefull watervapormodel,theLevenbeg-Marquardt
methodhasto beused.We have alsotried a simpleapproacHor watervaporwith
the Newton methodusing only the innermostchannelsof the spectrumandthe
totalpaver spectra.The next issueis choosingthe parametershat shouldbe re-
trieved and the parameterghat shouldbe constantor calculatedin the forward
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| Model | 22GHz (full) | 22GHz (simple) |
Method Levenbeg-Marquardt Newton
Integration Reference Totalpaver
A priori Sondegtroposphere)glimatology(stratosphere)

Spectruncovariance

Noise,baseline

Noise,baseline

mirror line

Altitude resolution - 15-20km
Altitude range - 20-42km
Line form Van Vleck Weisslopf, | VanVleck Weisslopf

Line broadening

Self, Foreign,Doppler

Foreign,Doppler

Line shift Self, Foreign(retrieved) | —
Continuum Cruz-Pol -
Troposphere Directcalculation Two layer
Tropospheridias - retrieved
Cosmicradiation calculated -

Window calculated -
Sidebands only bandpass only bandpass
Standingwaves retrieved retrieved
Offset optional -

Slope optional retrieved
Absorberplate calculated/retrieed -
Spectruncornvolution | calculated calculated

Table3.1: Retrieval models

model. Retriered parametersnclude the mixing ratios (all models),the bright-
nesstemperaturef the tropospheridias (all totalpover measurementsgmpli-
tudesof standingwaves (all models),slope (optionally) and offset (optionally).
Themixing ratiosareretrievedon a1l km grid reachingrom 0.5to 100.5km. For
simplicity, the samegrid is usedfor the retrieval andthe radiative transfercalcu-
lation. Again, the watervaporretrieval is anexception.Here,we useafiner grid
in the radiative transferin the moist tropospheresincethe opacity of the layers
shouldbe smallto obtaina correctintegration.

Input parameterghat are constantor calculatedin the forward modelsare
pressureand temperaturethe wave numbersof the standingwaves, instrument
parameterglik e local oscillatorfrequeng, pathlengthdifferenceof theinterfer
ometey relative corversionmodes,hot andcold load temperatures)jne param-
eters,measuremendngle,window transmissionputdoortemperatureand some
others.
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Model \ 110GHz \ 142GHz \ 204GHz

Method Newton Newton Newton

Integration Totalpaver Totalpaver Reference

A priori Sondes Sondes Model

Spectrumcovari- | Noise, T, v, base-| Noise,T, v, base-| Noise,baseline

ance line line

Altitude resolu-| 12-14km 9-12km 10-15km

tion

Altitude range 20—-44km 12—-46km 14-45km

Line form Van Vleck Weiss-| VanVleck Weiss-| Van Vleck Weiss-
kopf kopf kopf

Line broadening | Foreign,Doppler | Foreign,Doppler | Foreign,Doppler

Troposphere Two layer Two layer Parrish

Tropospheridias | 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

Absorbermlate - - calculated

Second.O - optional -

Spectrumcornvo- | calculated calculated calculated

lution

Table3.2: Retrieval modelsl|

Temperature and Pressure

Pressurandtemperaturaretakenfrom analyse®f the NationalCenterfor Envi-
ronmentaPredictionNCEP)andtheEuropearCenterfor MediumRangéNeather
Forecas{ECMWF). Datagapsin the NCEPdataarefilled upwith ECMWF data.
Temperaturen the upperatmospherés takenfrom a climatologyandpressuras
calculatedrom the hydrostaticequilibriumhere.

Joined Channels

The optimal estimationmethodinvolvesthe inversionof a matrix of dimension
n x n, wheren is the numberof frequeng channels. Sincethis is a very time
consumingoperation,it is efficient to reducethe numberof frequeng channels
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beforetheinversion. Thus,we averagethe spectrometechannelsnto frequeny
binsthatarevery smallin theline center wheremostof theinformationis stored,
andgetlargerattheline wings. All following operationsare performedwith the
reducedspectrum. After the inversionthe last forward spectrumis interpolated
backto the original frequeng grid to enablea comparisonwith the measured
spectrum.

Spectrum Covariance

Thespectruncovarianceshouldcompriseall errorsthatareapparentn the spec-
trum. Considerecerrorsourcesarenoise,andfor thetotalpover spectragrrorsin
thetemperatureneasurementsndfrequeny calibrationerrors. The noiseonthe
spectrumis calculatedirom the variationof the brightnessemperatureg adja-
centchannels.Theresultshouldbe comparableo the temporalvariationin one
channelwhich mathematicallydefineshe noise.Thenoisein ajoinedchannels
givenby

1 1 1 Nzt 12
o= NVa\N-1 et .

whereN is the numberof spectrometechannelsn ajoinedchannelandyy is the
k-th spectrometechannel. Thefactor1/+/2 accountgor the combinationof the
two measurementg andyy. 1. Frequeng andtemperaturealibrationerrorsare
derivedby anerroranalysisof thetotalpoveror referencdoeamformulas.Finally,
a constantvalueis addedto the diagonalof the spectrumcovarianceto account
for leftoverstatisticalandunknovn systemati@rrorsourcesAlthoughthisadhoc
erroris unsatisctory it is necessarfor thecorvergenceof theoptimalestimation
method.

A Priori Values

Themeanandcovarianceof anindependenteasuremergeriesareneededo cal-
culatethe a priori profile andcovariance.Whereno measuremergeriesis avail-
able,a climatologyhasto be used. The tropospherigart of the a priori profile
andcovarianceof the watervaporradiometeiis inferredfrom relatve humidities
measuredy several 100 sondedaunchedn Ny-Alesund. In the stratospherea
climatologyfrom the HALOE (HalogenOccultationExperimentiandMLS (Mi-
crovave Limb Sounder)nstrumentsn boardthe UARS satelliteis used[Randel
et al., 1998]. The a priori valuesof the ozoneradiometerin Spitsbegenwere
derivedfrom the meanandstandarddeviation of measurementsf ozonesondes
launchedn Ny-Alesund.For theradiometeiin Bremen,no local sondemeasure-
mentsareavailable. It is plannedto usea weightedmeanof sondedaunchedn
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nearbyplaceslike Hohenpeissenbgr Germaly, or Uccle, Belgium, here. In the
moment,a climatologyis used. The a priori profile of the ozoneradiometerss
further modified by calculatingthe altitude of the tropopauseand settingmean
andcovarianceto troposphericvaluesbelow this altitude. The chlorinemonoxide
apriori profileis derivedfrom aclimatologyfor theupperpeakof theprofile. The
apriori for the lower stratospherés setto zeroto avoid ary biasin theretrieved
mixing ratios.

3.3.2 Forward Model Features

Aim of the forward model F(x) is an accuratesimulationof the spectrummea-
suredby theinstrument.We not only have to considerthe atmospherispectrum,
but alsotheintegrationmethod(e.g. thetotalpover method)andinstrumentafea-

tures.If we havetakeninto accountall effectsthatcancausea detectablehange
in the spectrumwe obtaina singlecomplicatedfunction F(x). We will describe
all partsof this functionin the next subsections.

Relatedto the forward modelis the calculationof the weighting functions
K = dF/ox. All dervativesneededor theweightingfunctionsarecalculatedan-
alytically. Most retrievals calculatethe derivativesnumerically sincecalculating
the derivativesmanuallycanbe quite tedious. However, it hasonly to be done
onceandspeedsip theretrieval enormously

Spectral Lines

For all lines,the VanVleck Weisslopf line shapdas used seeEquation2.19. The
mirror line is only consideredor watervapot sinceit is truly neggligible for the
otherspectraLine intensitiesarecalculatedaccordingto Equation2.21. Most of
theline parameterseededaretakenfrom [Janssen]993]. Table3.3to Table3.6
give anoverview overtheparametersised.

As hasbeenstatedalready the Voigt line shapecan only be calculatednu-
merically. SinceMatlabis aninterpreterdlanguage speeds animportantissue.
It turnedout that the algorithmof Drayson[1976], which was usedformerly to
computethe Voigt line shapewasunacceptablglow. Thereforea new algorithm
developedby Humlicek [1979] and optimizedfor speedby Kuntz [1997] was
chosenlt computeghefollowing expression

1/, V=Vi Yo
)= K Ye 3.18
Fv (v, Vi) v ( v VD) (3.18)
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wherethefunctionK is givenby

K(xy) = Re| - / &Xp(—t%) (3.19)
nJ (X+iy) —t

The mainadvantageof the algorithmis thatall frequenciesanbe calculatedn-

dependentlyallowing Matlabto performsomeoptimizations.

For the 22 GHz watervaporradiometeronly oneline hasto calculated.The
modelsfor the ozoneradiometersat 110 GHz and 142 GHz both considertwo
lines. For the chlorinemonoxideradiometerit turnedout to be sufficient to per
form the forward calculationonly for a clusterof nine lines of the mainisotope
of chlorine monoxidecenteredat 204 GHz. In the old model, morelines were
considered.

Radiative Transfer

The power receved by the instrumentis describedby the Schwarzschildequa-
tion 2.9. Theintegralis simplified by transformingt to anintegral overthetrans-
missiony, wherey is givenby

4

X(z,v) = exp —/a(z’,v) dz (3.20)

2

sothatthe Schwarzschildequationgives

X(Zoo,V)
T stralZ0,V) = — / TSRK(T (z(X)) ,v) dx’ (3.21)
X(Z0,v)

Theintegral is discretizedwith the trapezoidformula. While the applicationof
the trapezoidformulato the forward modelis quite easy the evaluationof the
weighting functionsis significantly more difficult. A detailedtreatmentcanbe
foundin [von Konig, 2001]. Theintegrationitself relieson arecursve algorithm,
which considerablyspeedsip computatiortime, see[Sinnhuber,1999]. Finally,
the curvatureof the earthis consideredy Equation2.10.

Tropospheric Absorption

The atmospherispectrumof all radiometerss composedf a tropospheridias
andthe obseredlinesfrom the stratosphereThe tropospheridias,whichis al-
mostfrequeng independenriginatefrom line wingsof adjacentinesandfrom
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| Property | Value
Frequeng v; 22.23508GHz
Wavelengthi; 1.35cm

Pressurdroadeningv 2.81MHz/hPa
Pressurdroadening 0.69

Selfbroadeningvs 13.2MHz/hPaV
13.49MHz/hPa(?

Selfbroadenings 1

Frequeny shift d -0.9MHz/hPalV)

-1.035MHz/hPa?
Referenceemperaturdy | 300K

Line strengthSat Ty 0.1272x 107" m?Hz
Line strengthpropertyb | 2.143
FundamentamodesT| 2294K, 5262K, 5404K
Isotopicratioa 0.9973
Molecularweightm 18u

Table3.3: Propertieof thewatervaportransitionat22 GHz, from [Janssen] 993],except
for (W[Mrowinski, 1970],(?[Liebe andDillon, 1969]

| Property | Value | Value
Frequeng v; 109.559335Hz 110.83604GHz
Wavelengthi; 2.7mm 2.7mm
Pressurdroadeningv 2.22MHz /hPa 2.37MHz/hPa
Pressurdroadening 0.76 0.73
Referenceemperaturdy 300K
Line strengthSat Ty 0.1032x 101 m?Hz | 0.3724x 10 1 m?Hz
Line strengthpropertyb | 0.911 0.093
FundamentamodesT, 1008K, 1499K, 1587K
Isotopicratio a 0.9928
Molecularweightm 48u

Table3.4: Propertief the ozonetransitionat 110GHz, from [Janssen]1993]
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| Property | Value | Value
Frequeng v; 142.175045Hz 144.919365Hz
Wavelengthi; 2.1mm 2.1mm
Pressurdroadeningv 2.50MHz/hPa 2.29MHz/hPa
Pressurdroadening 0.70 0.76
Referenceemperaturdy 300K
Line strengthSat Ty 0.7388x 10 1®*m?Hz | 0.2772x 10 1*m?Hz
Line strengthpropertyb | 0.231 0.438
FundamentamodesT, 1008K, 1499K, 1587K
Isotopicratioa 0.9928
Molecularweightm 48u

Table3.5: Propertieof the ozonetransitionat 142GHz, from [Janssen]993]

| Property | Value
Frequeng v; 204.2701GHz—-204.3626GHz
Wavelengthi; 1.5mm

Pressurdroadeningv 3.49MHz/hPa
Pressurdroadening 0.75
Referenceemperaturdy | 300K

Line strengthSat Ty 0.9252x 10718 m?Hz-0.8542x 10> m?Hz
Line strengthpropertyb | 0.084

FundamentamodeT, 1212K

ElectronicmodeT, 458.3K

Isotopicratioa 0.7559

Molecularweightm 51u

Table 3.6: Propertiesof the chlorine monoxidetransitionat 204 GHz, from [Janssen,
1993]
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continuumemissionterms. The stratospheridines areadditionallyattenuatedby
thetroposphericspeciesIf we assumehatthe biastemperaturés constaniover
thefrequeny rangeof theinstrumentwe canwrite

Tg,atm = T8 straiXtrop( TB,trop) + TB,trop (3.22)

We will referto thisformulaasatwo layermodel. Tg rop is thetropospheridias,
Tg stratthe stratospheriemissionand

T

Xtrop = €Xp —/O((Z',V) dZ (3.23)
0

is thetropospheridransmissionywherezr is the altitudeof thetropopauseSince
the biasis not completelyindependenof frequeng, an additionalslopeis fitted
to thespectraThetropospheridransmissions in goodapproximatiorafunction
of the biastemperature.Thus, it is calculatedfrom the biastemperaturen the
forwardmodel.

The biastemperaturas usedas a retrieved parameteiin the ozonemodels
andthe simple watervapor modelfor several reasons.On the onehand,it can
easily be retrieved, becauseat is more or lessthe brightnessemperatureat the
lowermostfrequeny channel.On the otherhand.,it is neededo calculatesome
other parametersn the model (mostimportantly the tropospheridransmission,
but alsothe highersidebands).Onecould amguethatthe biastemperatureould
besetto thetemperaturef theleftmostchannebeforetheretrieval, butin general
this temperaturawill not be identicalwith the biastemperaturedue to standing
wavesor highersidebands.

Thetropospheridransmissionwhichis neededo scaletheline, is calculated
asafunctionof thebias. For thedeterminatiorof thisfunction,atmospherispec-
tra and absorptioncoeficients have beencalculatedfrom the temperaturepres-
sureandwatervapordataof several 100 sondedaunchedat Ny-,&lesund.CaIcu-
lationswere performedby the generalmicrowvave forward modelof the Institute
of EnvironmentalPhysics ARTS [Buhleretal.,2002]. Theresultingtropospheric
transmissionsvereplottedversusthe computedcbiastemperatureandfitted to a
polynomial. Sincebiastemperaturendtransmissiorareboth a function of tem-
peraturepressur@ndwatervaporprofile,it is quitesurprisingin thefirstmoment
thatthe scattern the relationshipbetweenthemis smallenoughto fit a polyno-
mial. However, if thetemperaturef thetropospherd 2’2k anda areassumedo
be constantwhichis approximateltrue, it is easyto show that

Xtrop =1- TB,trop/TrEIaCk (3-24)
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Thewatervaporandchlorinemonoxidemodelstreatthe tropospherdaifferently.
Thefull watervaporretrieval computeghe mixing ratiosof the tropospheresx-
plicitly from theinformationin thespectrumThus,noscalingof thestratospheric
line is neededpecauset is alreadyincludedin the radiatve transfercalculation.
The chlorine monoxideretrieval usesthe methodof Parrishet al. [1988] to cal-
culatethe pure stratospheridine beforethe retrieval. A detaileddescriptionof
themethodis givenin thewatervapormodeldescriptionn section3.4.3(with an
additionalexplanationwhy this methodis not applicablefor watervapor).

Cosmic Radiation

Cosmicbackgroundadiationbehaeslik e black body radiationwith a tempera-
ture of 2.7K andpropagateshroughthe atmospherelt is simply addedto the
stratosphericadiation:

Tg,strat— TB,strat+ TB,cosmic (3.25)

It hasbeenassumedherethatthe stratospheri¢ransmissions nearl.

Windo w

The styrofoamwindow of thelaboratoryattenuatethe atmosphericadiationand
emitsits own blackbodyradiation:

Tg.a= Xw B atm+ (1 — XW)TB,W (3.26)

Here,xw is thetransmissiomf thewindow andTg \ its temperatureThetempera-
tureis calculatedasthe meanof outdoorandroomtemperatureThetransmission
of thewindow is setto 0.99.

Higher Side Bands

As we have seenthe power receved by the mixer is composedf differentfre-
gueng bandssuperimposean eachother In mostcasesthe radiationof the
highersidebandss expectedo be negligible. However, atleastfor the ozonera-
diometerin Spitsbegen,thisis notthe casgLanger,1995]. Thefirst threelower
anduppersidebandsarethereforeexplicitly considered:

P= L(vn)Ta(Vn 3.27
n_iézﬂ (Vn) T (Vn) (3.27)

Thepower P is additionallydividedby kg to obtainthe correspondindprightness
temperatureTheproportionalityfactorsaregivenby L(vn) = A(vn)D(Vn), where
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the\ arethecorversionmodesandD is thebandpassof theinterferometerThus
the corversionmodes,the path length differenceof the interferometerand the
local oscillatorfrequeng have to be known. Cornversionmodesare taken from
Langer[1995] andthe pathlengthdifferenceis measuredt the instrument. The
brightnessemperaturesn the higherbandsare calculatedas a function of fre-
gueny andthe biastemperaturef the spectra.Again, spectraof all sidebands
werecalculatedy thegeneraforwardmodelARTS, for a setof several100son-
des.Theresultingbrightnessemperaturesereplottedversushe computeddias
temperatur@andfitted to apolynomialfor all intermediatdrequenciesThis poly-
nomialis thenusedin the forward modelto obtainthe brightnesgsemperatures.

Evenif all higherside bandshave a corversionmodeof zero, which is as-
sumedfor the watervaporandchlorinemonoxideradiometersandthe ozonera-
diometerin Bremendueto a lack of measurementst leastthe bandpassof the
interferometeihasto beconsidered:

P=/\(V1)D(V1)TB(V1) (3.28)

In caseof the ozoneradiometelin Bremen,it hasto be remarled thatthe lower
sidebandv_1 is usedfor thesignal. Thus,frequenciesredescendingrom high
to low throughthe channelswhich hasto betakeninto accounwhenmultiplying
theinterferometebandpass.

Standing Waves

Multiple reflectionsoccurringbetweerthe variousopticalelementancausen-
terferenceeffectsin thespectraFor smallreflectionindices theattenuationn the
spectrapower canbe expressedy acosineaccordingo thewell known formula
of Fabry-Ferot:

2riro 2riro
(1—[’1[’2)2 (1—r1r2)

Here,theincomingpower Py is attenuatedo P. r; andr, arethereflectionindices
of the optical elements.n is the refractionindex of air, d is the distanceof the
reflectingelementsy thefrequeng of theradiationandc the speedof light. The
wave lengthA of the standingwave canbe expressedy the distanceof the two

elementgausinghewave:
c
d= 3.30
2nA ( )

Standingwavesin the forward modelareexpressedy alinearcombinationof a
sineanda cosineto accountor aneventualphaseshift @:

Ccoq2rv/A+ ®) = Acoq2rv/A) + Bsin(2rv/A) (3.31)

P=R, (1_ 5 cos(4nndv/c)) (3.29)
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Retrieved parametersire A andB. The wave lengthof the standingwave A has
to beknown in advance.While standingvaveswith a shortwavelengthareeasily
detectablendorthogonato the measuremenstandingvaveswith wave lengths
similar to the bandwidthof the radiometercan posegreatproblems,sincethey
influencethe mixing ratiosandcannotreadilybe seen.

Offset and Slope

Theslopeoriginatingfrom thefrequeng dependenpartof thetropospheriemis-
sion shouldbe a function of the bias temperature.However, someeffects can
causean offsetor a slopethat cannotbe calculatedrom known parametersEx-
amplesarea changeof weatherconditionsduringareferencdbeammeasurement
or rain. Hence,a slopeandan offsetcanbefitted optionally in the forward mod-
els. However, sinceslopeandoffsetcandisturbtheretrieval of otherparameters,
they shouldbeusedwith care.

Frequenc y Resolution

Thefrequeng resolutionof theinstruments coarsethanthefrequeng difference
betweenthe channelsof the spectrometeras a result of the finite width of the

laserbeam. The distribution of the power that leaksinto neighboringfrequeny

channelshasa Gaussiarshape.This hasto be consideredn the forward model.
Mathematically the resultingspectrumis a corvolution of the original spectrum
andthe Gaussiarcurve:

(s8g)v) = [ sv-v)gv)av (3.32)

Here, s is the spectrumand g the Gaussiarcurve. In the forward model, the
convolution is performeddirectly by approximatingthe integral by a sum. The
standardapproacho usethe corvolution theoremanda Fouriertransformations
slower here,becausehe Gaussiarcurwe is only significantlydifferentfrom zero
for about10 channels. The corvolution of the spectrumimplies a corvolution
of theweightingfunctions,whichis only donewherethe corvolutedspectrums
significantlydifferentfrom the original spectrunfor performanceeasons.

Opacity of Absorber Plate

Theopacityof theabsorbeplatecanberetrievedoptionallyin thewatervaporand
chlorinemonoxidemodels.Sinceits retrieval is not orthogonalo theretrieval of
otherparameterst shouldbe usedwith care.The opacityof the platecaneasily
be measuredby observingthe cold load with andwithout the platein the pathof
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thebeam.Opacityhasbeenmeasuredn the past,but insteadof the cold load, the
atmospheravas taken as the radiationsource,without measuringts brightness
temperaturebut estimatingit from groundtemperature.The errorsintroduced
by this methodwereso large, that the retrieval hasbeengiventhe possibility to
retrieve the opacity until new measurementsf the cold load areavailable.

Second Local Oscillator

The secondocal oscillatorin the intermediatdrequeng chainis not only pass-
ing the signalsidebandto the spectrometeibut alsothe secondower sideband,
dueto a designflaw. Althoughthe corversionmodeof this sidebandis sosmall
that no superimposedpectrumcould be detectedon the final spectrumfor the
spectrometenormallyin use,a replacemenspectrometeusedfor somemonths
shawved clearly a mirror imageof the ozoneline. For this reasona mirror spec-
trum derivedfrom theforward calculationof theline canbe addedo theforward
spectrum.Theaddedspectrunis scaledoy aretrievedfactor In themoment this
is only implementedor the ozoneradiometerin Spitsbegen,sinceit turnedout
thatthe effect on mixing ratioswasrathersmall.
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Figure 3.2: Watervapor spectrumand profile. Upperleft: Innermost200 channelsof
themeasureadpectrumgorrectedor thetropospherdthin line), andforward calculation
(thick line). Upperright: Retrieved profile (thick line, with errorbars)anda priori profile
(thin line). Lower left: Altitude resolution(solid line) and sumof the averagingkernel
rows (dashedine), multiplied by 100. Lower right: Full measuredpectrum.
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3.3.3 Moist Weather Conditions

A new algorithmhasbeendevelopedto treatspectrathat were measuredinder
moistweatherconditions,asthey often occurin the Arctic summer Oneof the
disadantagef the optimal estimationmethodis the dependencef the profile
guality on weatherconditions.The a priori contritution is rising for badweather
conditionswhile thealtituderesolutionis goingdown. It would bedesirablgo get
profileswith thesamepropertiesegardles®f thesituation.Basedonanalgorithm
developedby Langer[1999],anew methodhasbeenimplementeduccessfullyn
theozoneretrievals.

Theideaof the algorithmis to increaseéheinformationcontentof the spectra
at the expenseof the integrationtime. In badweatherconditions,the signal-to-
noiseratio decreasedueto theincreasingattenuatiorof theline by tropospheric
watervapor While the noiseremainsunchangedthe line is declining. If the
spectraare integratedto keeptheir signal-to-noiseaatio constantthe averaging
kernelsandhencethe altituderesolutionanda priori contritution do not change
arymore.

If theforwardmodelis strictly linear, it is possibleto give anintuitive expres-
sionfor the resultingprofile. It caneasilybe shavn, thatthe profile X resulting
from the inversionof the meany of the spectrais a meanover the profilescorre-
spondingto the discretespectra:

Kxi=yi=Kx=y (3.33)

The discretespectraandprofilesaredenotedwith y; andx;. In thefollowing we
assume simplemodelof our spectrum:

Tg = XtropIB,strat+ IB,trop+ O (3.34)

whereTg strat iS the 0zonespectrum Xtrop IS the transmissiorof the troposphere,
Tg trop IS the tropospheridiasand o is the measurememntoise. Sincewe know
Xtrop @ndTg trop IN @advance we canlinearizethe spectrunby

TB — TB (0}
TB,mean: B Blop = TB,straH‘ (3-35)

Xtrop Xtrop

AIthoughtheforward modelis linear now, the measurementoisehasbeenam-
plified by xtrop If we computethemean

— 1 oiti \?
T = T ti + . 3.36
B,mean— Z|tl Z B,strati i+ Z|tl IZ <Xtrop,i> ( )

with t; astheintegrationtime of measuremerit the numberof measurementse
needto obtaina tolerablesignal-to-noiseratio grows unacceptablyarge. Thus,
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we useanotherapproachWe assumehatthe ozonemixing ratio doesnotchange
significantly during the integrationtime we needfor a tolerablesignal-to-noise-
ratio. If we correctthe spectreonly for the bias

T8,mean= T — TB,trop = TB,straiXtrop+ O (3.37)

andcalculatea weightedmeanwith transmissiorasa weightingfactor

ﬁ i T,stratiXtrop,iti + ﬁ Yi(oitj)?
ﬁ Yi Xtrop,ili

(3.38)

TB,mean:

the resultis as desired. The expressionreducesto 'ITB,mean: T, strat Whenwe
assume constanmixing ratio, andnoiseis muchlessamplified.

3.4 Water Vapor, Spitsber gen

In additionto the existing retrieval softwarefor ozoneandchlorinemonoxide,a
forward model and inversionalgorithm had to be developedfor the new water
vaporradiometer Althoughthe 22 GHz line is one of the more prominentlines
in the microwave spectrumjt turnedout to be quite difficult to develop a proper
retrieval algorithm.In fact,it wasnot possibleto retrieve ary reliableinformation
from the full spectrayet. However, a simplified approachusingonly the inner
200channel®f thespectrunturnedoutto be promisingandgavefirst preliminary
results.Herewe usedtotalpaver spectrahatweremeasure@sateston June24,
2001.Thefull modelwasonly operatedwvith the referencdoeamspectrasofar.

3.4.1 A Simple Approach

We will seein the next sectionghattheretrieval of the full watervaporspectrum
is a challenginganderrorpronetask. However, mostof the problemsare negli-
gible whenwe only regardthe part of the line originatingfrom the stratosphere.
Therefore we have createdhew spectrarom the innermost200 channelqcorre-
spondingto about100MHz) of the original spectra.Pressurdéroadeningallows
the retrieval of profile informationdown to 20 km for thesespectra. The tropo-
sphericbiasis consideredy applicationof the two layer model,which wasalso
usedfor theozonespectra Additionally, aslopeandstandingwvavesareretrieved.
Line calculationis the sameasfor thefull model,with the exceptionof frequeng
shift andselfbroadeninginsteadof the logarithmicmixing ratiosdescribedater,
the usualmixing ratiosareused. A constanimixing ratio of 5.5ppmis taken as
apriori profile.
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We have usedthe only 19 totalpowver spectraever measuredvith the water
vaporradiometerto testthe model. In afirst step,we retrieve a profile for every
singleof the spectraall measuredvith aboutl hour of integrationtime on June
24, 2001. The scatterbetweenthe profilesis unrealistic,probablycausedby a
standingwave with a wave lengthof somel0MHz, which is just aboutthe typi-
cal half width of theline in the stratosphereTherefore we apply a secondstep.
Here,we averageall totalpover spectraafter scalingthemwith the atmospheric
transmissionmetrievedin thefirst stepandsubtractinghe slopeandbiastempera-
ture. This procedureshouldgive the averagestratospheri¢ine, seesection3.3.3.
The profile obtainedfrom this line is shown in Figure 3.2, togethemwith a single
original spectrumandtheintegratedandcorrectedspectrumlt is evidentthatthe
standingwave is still notsuppressedhusthe profile hasto be consideregrelim-
inary. A comparisorwith profilesin e.g. [Nedoluhaetal., 1995]or [Peter 1998]
shavsthatthegenerakhapeof the profile is reasonableyut thatthemixing ratios
seento beoverestimated.

3.4.2 Logarithmic Retrieval

We will cometo the full modelnow. The maindravbackfor the inversionis the
exponentialdecreasef the watervapormixing ratio with altitude. Mixing ratios
may vary between3 ppm and several 1000ppm Thereforeall calculationsare
carriedout with thelogarithmof the mixing ratio. Thisis a very effective way of
cancelingargeartificial oscillationsin the profile, becaus@egative mixing ratios
areexplicitly forbidden.Thus,thelarge contributionin brightnesgemperaturef
alargepositive oscillationin the profile cannotbe canceledut by alargenegative
oscillationin the radiative transferequation. Although the inversionwould not
yield any sensibleresultswithout logarithmic mixing ratios, they leadto some
otherunwantedproblemswhich areexplainedin thefollowing.

Everyoccurrencef themixing ratiox in theforwardmodelhasto bereplaced
with exp(l), wherel is the logarithm of the mixing ratio as the new retrieved
parameterObviously, this causeghe forward modelto becomevery non-linear
Consequentlythe Levenbeg-Marquardimethodhasto be usedby the inversion,
leadingto slow convergenceandnon optimal solutions. The weightingfunctions
have to be modifiedaswell, 0F(x) /0x hasto bereplacedy

OF(x) ox _ oF(exp(l))

ax ol otepn) >0 (3-39)

The a priori profile andthe a priori covariancehave to be corvertedto the loga-
rithm. Thisis straightforvard whenanindependenimeasuremergeriesis avail-
able. However, it is muchmoredifficult to corvert a givenmeanandcovariance
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from aclimatologyto their logarithmicequivalents.First of all, a probability dis-

tribution hasto beassumedWe have two possibilitieshere.We canassume nor-

mal distribution for the mixing ratios. If the covarianceis largein comparisorto

themean thenormaldistributionhasnonnegligible probabilitiesfor negative val-

ues,whichis unphysical.Unfortunately this is just the casefor watervapor im-

plying thatthewatervapormixing ratiosarenotnormallydistributed. Thesecond
possibility is to assumea lognormaldistribution for the mixing ratios,sothatthe
logarithmof themixing ratiosis normallydistributed.It is shavn in Appendix3.B

thatif the meanis muchlargerthanthe standarddeviation, (xo);i > 1/(Sx)ii, the
logarithmicmeanis the logarithmof the old meanfor bothcases

|0% |nX0 (3.40)

Underthe sameassumptiongsabove, thelogarithmiccovarianceturnsout to be
correlatedwith the relative error (r); = /(Sk)ii /(Xo)i- With this definition, the
covariances givenby

(S)ii = (r)? (3.41)

We arein thelucky situationthat sondemeasurementsf watervaporare avail-
ablein the troposphere.Thus,the tropospherianeanand covariancehave been
calculatedby takingthelogarithmizedmixing ratiosof several100sondesin the
stratospherea climatology from HALOE and MLS datahasbeenusedfor the
mean.Thecovariancehasbeentakenfrom thelasttroposphericzalue.

In principle,we getsimilar problemswhenwe try to corvertthe errorswhich
resultfrom theoptimalestimatiormethodbackfrom thelogarithmicvaluesto the
normalvalues.In the momentwe have foundno properway to do this.

3.4.3 Reference Beam Spectra

We have chosena direct approachfor computingthe forward model of the wa-
ter vapor measurementsFollowing Equation2.36, (Ps— P;) /P is taken asthe
measurementector whereP; is the power of the referencebeamandP; is the
power of the signalbeam. Thus,the forward calculationhasto compute(Tg s —
Te,r)/(Ter + Tg,sys), WhereTg s is the brightnessemperaturef the signalbeam,
T r is the brightnesgemperaturef the referencebeamand Tg sys is the system
noisetemperature. The original approachchosenby Parrish et al. [1988] and
mary othersto invert the referencebeamspectrais to computethe pure strato-
sphericline beforethe retrieval andto invert only this line. This is doneby the
useof two simplifications.

Thefirst oneis theintroductionof atwo layer model. Sincethe spectrabias
is notknown, the attenuatiorof the stratospheritine by tropospheriavatervapor
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is not known either It canonly be deducedby additionalinformation, like the
measuremergngleor theline shapeof the partsoriginatingfrom thetroposphere.
In Parrishetal. [1988], it is assumedhatthe attenuatingspecieds only situated
in thetropospherewhile the obsenedspeciess only situatedn the stratosphere.
Thisis truefor chlorinemonoxideor ozone for example.Now the measurement
angleis afunctionof thetropospheriavatervaporcontentandhenceof the atten-
uationof theline. If Tg 5(2p) is the measuredbrightnesdemperaturef the signal
beamandTg ((2o) is the measuredrightnessemperaturef the referencebeam,
the Schwarzschildequationgives

Ta s(20) = Ta(zr)e " 4 T(95) (3.42)
Tor(zo) = (Ta(zr)e ™)+ Ta(9) ) e+ Ty(1—e ™) (3.43)

Here, 1(9) is the troposphericopacity as a function of the measuremerdingle,
Tg(9) isthetropospheridrightnessemperaturelg (z7) isthestratospheribright-
nesgemperatur@riginatingfrom above z7, 14 is theopacityof theabsorbeplate,
Ty is thetemperaturef the plate,ds is the angleof the signalbeamand3; is the
angleof thereferencébeam.Now we assumehatthe systennoiseis muchlarger
thanthe signal Tg y < Tg sys andthatthe biasin the signalbeamequalsthe bias
in thereferencebeamTg(9s) = Tg(d)e @+ Ty(1— e 'd). The secondassump-
tion is valid, because¢he measuremerdnglehasbeenchosenust to matchthis
requirementHowever, it is assumedhatthe biasis moreor lessindependenof
frequeng, sothatthe signof equalityis valid for all frequenciessincethe emis-
sionfrom the plateis frequeng independentThe stratospheri¢ine cannow be
computedoy

TB,sys Ps -F

TB(ZT) = e—T(as) _ e—Tde—T(’Sr) Pr

(3.44)

Unfortunatelythetwo assumptionfrom above arenot valid for watervapor The
systemnoiseis in the orderof magnitudeof the signal,andthe biasis not fre-
gueny independent.

Anotherissueis the two layer model. Obviously, the two layer modelis not
very well suitedfor watervaporspectrebecaus@bsenedandattenuatingspecies
arethesame.n principle,it would bepossibleo dividetheprofile in stratospheric
watervaporandtropospheriavatervaporwithout any approximationsHowever,
thereis no cleardistinctionbetweenthe attenuatingandthe emitting layer, mak-
ing it somavhatarbitrarywherezr is situated.Indeed,thereis no needat all to
introducetwo layers. It is much more cornvenientto includethe volume mixing
ratios of all altitudesin the forward modelinsteadof parameterizinghe tropo-
sphericattenuatiorby oneparameteandincluding only the stratospherienixing
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ratios. The troposphericattenuations includedimplicitly in the integral of the
Schwarzschildequatiorandis still determinednainly by themeasuremerdangle,
of whichthisintegralis a function.

Onemay amguethatthereis not enoughinformationin the spectrumfor tro-
pospheriamixing ratios. Thatcanbe solved by parameterizinghe mixing ratios
with oneparametersothatonly oneparameters retrieved, but theforwardmodel
cancalculatethetropospherianixing ratiosout of this parameterFor example,if
we assumehatthewatervaporcontentdecreasesxponentiallyin thetroposphere
up to analtitudezr wherethe mixing ratiois xt:

X = XxreXp(—A(z—z7)) (3.45)

we couldretrieve the scalingfactor A and calculatethe mixing ratiosfromit. In
generalwe haveto uselessretrievedparameterf thetropospheréhanthenum-
berof layersthatare consideredn the integral of the radiatve transferequation.
Sincethe opacity of the tropospheras quite large, we have to usea very fine
grid in thetroposphereo avoid errorsin theintegration. However, the inversion
is renderedunstablef we usemuchmoreretrieved parametershanindependent
informationis available.

The secondsimplification of Parrish et al. allows the integration of spectra
measuredinderdifferentangles.Sincetheair massfactordz/dr in Equation2.10
doesonly vary by about1% within 10km, it canbe replacedby the constantair
massfactorin a givenaltitude, provided mixing ratiosare only significantly dif-
ferentfrom zeroaroundthe chosenaltitude. If self absorptionis negligible, the
air massfactorcannow be placedoutsideof the integral in the radiatve transfer
equatior2.9. Hence|t is possibleto scaletheline asif it weremeasuredh zenith
direction. Subsequentlythe scaledspectracan simply be averaged. However,
this approachis not possiblefor the direct forward model, sincethe considered
altituderangeis largerandself absorptions not nggligible here. Eitherthereare
enoughmeasurementsnderthe sameangle,or the retrieval hasto invert spectra
measuredinderdifferentanglesin parallel. This would meanto put all spectra
in themeasurementectory in parallel,multiplying thedimensionof mostmatri-
cesandvectorsin the retrieval. Disadwantagesareincreasednemoryusageand
computatiortime.

3.4.4 Continua and Line Wings

Sincethe tropospheras calculatedexplicitly in the forward model,andalsobe-
causecontinuahave anonnegligible frequeny dependencwithin thebandwidth
of the radiometercontinuaandwings of adjacentines have to be consideredn
theretrieval. We follow the approactof Cruz-Poletal. [1998] here. We assume
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a contribution dueto unconsideredvatervaporlinesin the microwave region, a
watervaporcontinuum(the differencebetweena forward modelwith all known
watervaporlines anda measuremenind a contribution dueto an oxygenline
clusterat60 GHz. Theoxygenline clusteris consideredy calculating33 oxygen
lines. Theline shapeof oxygenlinesis givenby

_1/v 2 Yo +Yi(v—=vi) Yci—Yi(v+vi)
_ﬁ<v_i> ((v-vi)ery(z;i + (v+Vi)2+véi) (3.46)

whereY; is thesocalledline couplingconstantlt is givenby

0.8
RONAEED

wherey; andv; areempiricalparameteraindTy is a referencaemperature The
watervaporcontinuumtermis describedy

o= (Cspﬁ (?) 10.5-i-Crpk(I0— Px) (?) 3) v? (3.48)

wherepy is thewatervaporpartialpressur@ndC; andCs areempiricalparameters
takenfrom Liebe [1989]. The watervaporlines which wereexplicitly computed
by Liebe[1989] areconsideredy multiplying the continuumtermwith a factor

of 1.2.

3.4.5 Frequency Shift and Self Broadening

The 22 GHz line hasa pronouncedrequeng shift. Differentwatervaporpres-
surescausethe centerof theline to move to differentfrequenciesTheVanVleck
Weisslopf line shapeas modifiedby

_1/v ? Yc,i Y,
Fe(v) = p (V_|> ((V_Vil)2+y<2:,i + (V+Vf)2+v(23,i> (3.49)

with
Vi = Vj — Av; (3.50)

whereAv; is the frequeng shift [Townesand Schavlow, 1975]. The frequeng
shift originatedrom phaseshiftsof theradiationinducedby collisions. Theequa-
tion for thefrequeng shift parameteAv; hasa certainsimilarity to the equation
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for the pressuréoroadeningoarameter The exponentof the temperaturalepen-
dentpartis directly coupledto the exponentxs from the pressuréoroadeningpa-
rameterfPickett, 1980]:

+%Xs

Av = di py (%) (3.51)

N

The parameterd; hasto be determinedempirically Somemeasurementbave
beenconductedaround1970 here[Liebe and Dillon, 1969; Mrowinski, 1970].
Thefrequeny shift of Mrowinski [1970], whichis valid betweer?.6 x 10~2 hPa
and40 hPa, hasbeenusedfor the forward model.

It hasalsobeenexaminedif thereis afrequeng shift dueto oxygenandnitro-
gen.LiebeandDillon [1969] assumehattheforeignshiftis negligible compared
to theselfshift. A possibilityto verify thisis theretrieval of the foreignshift with
theoptimalestimatiormethod.Thisapproachasbeenmplementedindsuccess-
fully testedby von Konig [2001] for severallinesin the 600 GHz range. While
the modificationof the forward modelis very easythederivativeswith respecto
Av; in the weightingfunctionsbecomequite complex. Thereforethey have been
computednumericallyin von Konig [2001]. For this thesisthey have beencal-
culatedanalyticallyfor thefirst time. However, dueto the persistenproblemsin
invertingthefull spectranoreliablefrequeng shift couldberetrievedyet.

In additionto the foreign broadeningconsideredn the ozoneand chlorine
monoxidemodels,self broadeninghasto be modeledin the watervapormodel,
whichis especiallymportantin thetroposphereSelfbroadenindeadsto adepen-
deng of the absorptioncrosssectionson the mixing ratios, which considerably
complicateghederivativesin the weightingfunctions.
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3.A Covariance Matrices
Assumea measuremenrgerieswith N quantities,eachmeasuredM times, given

by the vectorsx; (i = 1,...,M) andits elementsxi (k= 1,...,N). Then,the
covariancematrix of thevectoris givenby

2 52
01 912
g2. -
Sc= 21 (3.52)
2
ONN
ThevariancesZ, aregivenby

1

2
Okk:—M_ll
|

%\(Xik —X)? (3.53)
while the covariancess? aregivenby
) 1 M _ _
Ok =1 i;(mk — %) (Xt — X)) (3.54)
wherethe meanx is

Xik (3.55)
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3.B Logarithmic Distrib ution

In principle,it is possibleto corvert meanandcovarianceof a normaldistribution
to theirlogarithmicequialents.However, it turnsout thatthe occurringintegrals
areonly analyticallysolvableundertheassumptiorthatthe meanis muchgreater
thanthe variancep > 0. This assumptions not only neededor the integrals,
but alsoto avoid anonnggligible probabilityfor unphysicahegative valuesin the
distribution.

Thenormaldistributionis givenby

2
F(x) = \/Z_iioexp (—% (X;X“X> ) (3.56)
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whereyy is the meanof the distribution, oy is the standarddeviation and f (x) is
themixing ratio. Application of thelogarithmyields

2
f(1) =Cexp <_% (%}:W) ) (3.57)

with ayet unknovn normalizingconstanC andx = expl. Thedomainfor x and
the correspondinglomainfor | have to be restrictedto avoid divergenceof the
following integrals. This restrictionis equivalentto the exclusionof unphysical
outliersandnegative values.We assume domainof X = px — N0y, . .., kx + NOx,

with a sufficiently smallintegern, correspondingo | = In(px — noy), ..., IN(px+

noy). However, n shouldnot becometoo small either becausave assumet can
bereplacedoy infinity in someof the following integrals. First of all, we have to

calculatethe normalizingconstant:

IN(px+0x) (Mx+noy)

cl- / % / ex( (ech'j “X)>d| (3.58)

In(px—noy) —Nox)

i _ expl—kx
With z= o

1
ex dz 3.59
/ p( ) Z+ y/Ox (359
Introducingp > ox, we get
1 Hx
3.60
= /o (3.60)

Next, we computethelogarithmicmean/ f (1)l dl:
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Again, we usepy > Oy:

1 px Ox 1
WLt /exp(——zz) dz = Inpi (3.62)
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Similarly, we getthe covariance

In(px+nox)
0.2 1 Hx / exp| —= eXpI Hx (I _ M)zdl
' \/_nox 2 Oy

N(x—Nox)

X l X X _I X 2
= \/%[g—x/exp (—%f) (n(zoziﬁx)/oxn“) dz (3.63)

wherewe alreadyhave takenadwantageof py = In . Introducingtherelative error
r = Oy/Mx Yields

n
, 1 ux/ ( 122) (IN(14zr) + Inpy — Inpy)?
of=—2 [ exp| -2 dz 3.64
! v 21T0x_n P 2 Z+ ux/ox ( )

Finally, assumingu > ox andIn(1+ zr) ~ zr, we get

_r /exp( )zzdz \/_nzj\\/; — 12 (3.65)

Another approachwould be to assumea lognormaldistribution for the mixing
ratios

2
f(x) = Cexp (-% ('”’;“‘) ) (3.66)

sothatthelogarithmof the mixing ratio is normaldistributed. The resultfor the
meanandthe covarianceis exactly the samein this case.




4 Ozone Depletion

4.1 Overview

The determinatiorof anthropogeni@zonedepletionhasbeena key topic in at-
mosphericsciencesn thelastdecadesThereis still avivid interestin this topic,
particularlydueto the wide coveragein the pressandin politics connectedvith
theincreasedisk of skincancerandtheimpacton climatechange Hence count-
lessstudieshave beencarriedoutin thelastyearsaimingatabetterunderstanding
of themechanismef ozonedepletion.

A severedepletionof stratospheri@zonehasbeenobsered every yearover
Antarcticain latewinter andspringin thesestudiessincethemid eighties.A sim-
ilar but not quite aspronouncedzonedepletionhasalsobeendetectecbver the
northernpolarregionin the pastwinters. The greateseffort sofar to quantifythe
ozonelossin theArctic wasthe SOLVE/THESEOcampaigrin 1999/2000a joint
effort of numerousAmericanandEuropeannstitutesanduniversities yielding a
multitude of simultaneousneasurementsf the key speciesof ozonechemistry
[Newmanetal., 2002]. A wealthof publicationgresultedrom the campaignren-
deringthis winter to oneof the bestexaminedexamplesof ozonedepletion.The
winter of 1999/200(rovedto beaprimeexamplefor severedepletion.Thepolar
vortex developedin early Decembeandremainedstrongandstableuntil March.
Temperaturesvereexceptionallycold andenabledhe formationof polar strato-
sphericcloudsin large areasof the vortex. Cloudformationwasaccompaniedy
high chlorine activation, and extensve denitrificationwas measuredor the first
timein the Arctic vortex.

This chapteris split into two parts. The calculationof ozoneloss ratesis
treatedin thefirst part, while the reasongor thelossareexaminedin the second
part. We will have alook atthe computatiorof ozonelossratesfirst. A variety of
differenttechniqueiasbeendevelopedover the pastdecadedo determineozone
lossrates. The main taskof all thesemethodsis the separatiorof dynamically
inducedandchemicallyinducedchangesn the measureazonemixing ratios. A
shortoutline of the several possibilitiesto dealwith this problemshall be given
now:

83
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e TheMatchtechniqueusesa Lagrangianapproach.An air parcelis probed
by a sondeat a giventime andlocationandits pathis followed by trajec-
tory calculations.Whenthe air parcelpassesanotherlaunchfacility, it is
probedfor a secondime. Differencesn the obsened ozoneconcentration
atagivenisentropegcorrectedor diabaticdescentrom aradiative transfer
model,aredueto chemicalloss.

e Othermethodausethecorrelationof atracerandozoneto separatdetween
dynamicalndchemicalbzonevariations.Changesn theratio of adynamic
tracersuchasN2O or HF andozonecanonly be causedy chemicalozone
lossor mixing becauséracerandozonefollow the samedynamics.

e Several techniquesusevortex averagedozonemixing ratios from differ-
entinstruments.Diabaticsubsidences againaccountedor by a radiatve
transfermodel.

e The last possibility is to use modeledpassve ozonecomparedto actual
measurements.

Vortex averagedzoneossratescanalsobederivedfrom themeasurementsf the
RAM instrument. Althoughtheobsenationsarecarriedoutatasinglelocation,it
is feasibleto obtainvortex meandrom the ozonemeasurementsy assuminghat
thevortex is sufficiently homogenoussothatthe temporalmeanof the measure-
mentscanbe corvertedto a spatialmean.As usual,diabaticdescents calculated
by a radiatve transfermodel. This methodwas first proposedand applied by
Sinnhube1999]. First resultscoveredthe winter 1996/1997[Sinnhuberet al.,
1998], followed by calculationsfor the winter 1997/1998Langeret al., 1999].
A modified andimproved versionof the ozonedepletionsoftware was usedfor
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 altitude here. This is not only the altitude wherethe strongestoss
ratesareusuallyobsenred,but it is alsothe solealtituderange whereour method
is applicablewith acceptablerrorbarsdueto somealtituderesolutionfeatures.
In thefollowing, we will give anoverview over the next sections.In the sec-
tions 4.2 and4.3, we dealwith the methodin generalandwith the detailsof its
implementation giving information aboutthe calculationof loss ratesand cu-
mulative loss, the radiatve transfermodel, the vortex edgecalculationandthe
treatmentof altitude resolution. Section4.4 givesan overview over the meteo-
rological situationin which the measurementsok place. Resultsof the ozone
depletioncalculationsare presentedn section4.5. The accurag of the tech-
niquesusedfor the determinatiorof ozonelossratesis animportantanddisputed
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topic. Thus,we performa detailedcomparisorto other measurementandthe
SLIMCAT model,accompaniedby anin-depthexaminationof errorsourcesand
a mathematicallystringenterror analysis. Comparisoranderror analysiscanbe
foundin sections4.6 and4.7. In section4.8 we have a shortlook on the general
pictureandpresentesultsfor otherisentropidevelsthanthe475K level andhigh
resolutionmeasurements.

Anotherfocal pointis the chemistryof the ozonedepletion.Measurementesf
chlorinemonoxide,reserwir gaseshitrate speciesanddenitrificationare shovn
to developa chemicalscenaridor the winter. Chlorinemonoxidemeasurements
of theRAM have alreadybeeninvestigatedor earlierwintersin the pastin [Raf-
falski et al., 1998] and[Klein et al., 2000]. In section4.9 we presenthe mea-
surement®f chlorinemonoxideconductedn 1999/2000andtheir interpretation.
The evolution of chlorinemonoxideand otherimportanttracegasess shavn in
the courseof thewinter andresultsarecomparedo the SLIMCAT model,which
is representinghe currentunderstandingf ozonechemistry Someobviousdis-
crepanciesrediscussedurther Especially differencesn chlorineactivationare
obsenred, which are attributedto uncertaintiesn the denitrificationschemeand
theformationmechanisnior stratosphericloudsin themodel. Sincedenitrifica-
tion playedanimportantrolein 1999/2000it is discusseth detailin sectiord.10.
Thesurprisinglygoodagreemenof the ozonelossratesof themeasuremenisnd
the modelis examinedin section4.11. Finally, section4.12 givesan overview
over theresultsfor thewinter 2000/2001.

4.2 Method

The obsened ozonechangeat a given altitude is a superpositionof dynamic
changesandchemicalloss. In orderto obtainthe chemicalloss, it is necessary
to separatehemicalvariationsfrom dynamicvariations.The latterarecausedy
horizontal,adiabaticanddiabaticmotions,which canbe treatedseparatelynside
thevortex:

e Horizontalchange:Air insidethepolarvortex is expectedto bewell mixed
andisolatedfrom mid latitudeair massesThusthe verticalozonedistribu-
tion at Ny-Alesundis assumedo berepresentatie for air massesnsidethe
vortex (aslong asNy-,&Iesundis situatednsidethevortex). To accountfor
horizontalinhomogeneitieghe ozonedataaretemporallyaveraged.

¢ AdiabaticchangeTheadiabatiachanges takeninto accounby calculating
all changesta givenisentropiclevel.

e Diabatic change: Diabatic heatingratesare calculatedusing a radiatve
transfermodel. In combinationwith the known vertical gradientof ozone,
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this canbe usedto calculatethe ozonechangedueto descenbr ascentel-
ative to theisentropes.

Theseassumptionsllow usto determinevortex averagedozonelossratesfrom
obsenationsatasinglelocation.Vortex averagesarerequirednotonly for ozone,
but alsofor the input parametersf theradiative transfermodel. Thusthe vortex
edgehasto becalculatecandthedatahave to beaveragedappropriatelyCarehas
to betakenthatno exchangeof air over the vortex edgeis occurring,which can
be examinedwith differentmethoddSobeletal., 1997].

The chemicalchangedx/dt of the volumemixing ratio x at a givenisentrope
couldnow beobtainedusinga simpleequation:

ox Dx 0x00
—=="__2"=Q (4.2)

ot Dt 00T

Dx/Dt denoteghe obsened changedx/00 is the vertical gradientof the ozone
mixing ratio with respecto potentialtemperatureg®/dT is the changeof poten-
tial temperaturavith temperatureandQ is the calculatecheatingrate. Note that
thisis justasubstantre derivative neglectinghorizontalmotionssolvedfor dx/at.

It canbe shown thatthe calculationof the cumulatve ozoneloss by simply
integratingEquation4.1 would leadto erroneousesults(seeAppendix4.A). Al-
ternatvely, we have createdan ozonetracerfrom the RAM datathatrepresents
the profile thatwould have beenobsered without any chemicalprocessesThis
passve profile is computedoy takinganinitial profile andsubsidingt by

0z 0z00

ot 00T
in every altitude wherethe profile is definedandinterpolatingit on the original
grid again. 0z/00 is the derivative of altitudewith respecto potentialtempera-
ture. Hence,heatingratesare not only neededat the isentropiclevel wherethe
ozonelossratesare obtained but in all altitudeswherethe passve profile is de-
fined. The subsidedorofile is corvolutedwith the averagingkernelsto realignit
with the altituderesolution(seeAppendix4.B). The obsenedandpassve ozone
profilesareaveragedover a periodof 5 days. Eventually the chemicalloss¢ can
be computedby subtractinghe passve profile p from the obsened profile X:

(4.2)

E=%—p (4.3)

The cumulatve lossandthe ozonelossratesarerenderedcomparabléy calcu-
lating the lossratesdirectly from the cumulatve lossandignoring Equation4.1.
The chemicalchangeis calculatedby taking the differencebetweenthe cumu-
lative lossesfrom 12.5 daysbeforeand 12.5 daysafter the consideredday and
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dividing it by 25 days.The sameis donefor the passve profilesandthe obsened
0zonemixing ratio to obtainthe diabaticandobsened change.The long period
of 25 daysusedfor the lossrate calculationss dueto the amplificationof mea-
suremennoisein thederiative of the mixing ratio.

4.3 Implementation

Additional dataareneededhpartfrom the ozoneobsenationsto performtheloss
ratecalculations.Temperaturegeopotentiahltitude,wind andpotentialvorticity
areobtainedrom theanalysisof the EuropearCenterfor Medium-Rangé&Veather
ForecasfECMWF) on a 2.5° x 2.5° grid in longitudeand latitude. All datais
available at 12 pressurdevels, exceptfor potentialvorticity, which is given at
isentropiclevels. The dataareusedfor the calculationof the vortex edgeandas
aninputfor theradiatve transfermodel.

Carbondioxide andwatervapot which are neededoy the radiatve transfer
model,have to be modeleddueto a lack of measurementarbondioxide hasa
mixing ratio of about360ppm, whichis spatiallyconstanbut permanentlyising
dueto anthropogenipollution. Watervaporis derivedfrom thetemperaturdield
and a climatology In the tropospherea constantrelatve humidity of 70% at
groundlevel decreasindinearly to 8% at 12km is assumedThis relationshiphas
beendeducedrom the meanhumidity of sondedaunchedat Ny-,&lesund. The
watervapormixing ratio is calculatedfrom the productof the relative humidity
andthe saturationpressurewhich is a function of temperature.The breakpoint
betweertropospherandstratospheres takenfrom the tropopausédevel givenin
theECMWFtemperaturelata.In thestratospheraclimatologyderivedfrom data
of theHALOE andMLS instrumentn boardthe UARS satelliteis usedRandel
etal., 1998]. Watervaporis a considerablerror sourcefor every methodusing
calculatedcooling rates,sinceit is known so badly. In the future, water vapor
profilesfrom the 22 GHz radiometercould be used but in the momentthesedata
arenotreliableenough.

The calculationof the vortex edgeis crucial becausehe obseredair masses
have to be well isolatedfrom mid latitudesandhomogenous A fixed potential
vorticity valueis oftentakenasthe edgecontour In theory thereis no exchange
of air over the edgeof a potentialvorticity contour if all processesareadiabatic
andreversible. However, the choiceof the potentialvorticity valuetendsto be
quite arbitrary and thereare certainly irreversibleand diabaticprocesses.Thus
we usea more accuratemethod. The edgeof the vortex is calculatedusingthe
potentialvorticity gradientwith respecto equivalentlatitude[Nashetal., 1996].
As areminder the equivalentlatitude of a potentialvorticity contouris defined
asthe latitudeit would have if the enclosedareawould be circularandcentered
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overthepole. The maximaof the secondleriative of the potentialvorticity with

respecto equialentlatitudearetaken astheinnerandouteredgeof the vortex.

The calculationis stabilizedby multiplying thefirst derivative with the potential-
vorticity-mappedwind strength. Finally, the equivalentlatitude of the edgeis

averagedver5 daysto eliminateunrealisticscatter

Ozonedataareaveragedover5 days.Dayswith Ny-,&lesundoutsidethevor-
tex arediscardedThis corvertsthetemporalmeanof the ozonemixing ratioto a
spatialmeanover theinnervortex. Consecutre dayswith a weakgradientat the
beaginningandthe endof the obsenedtime periodareexcludedbecausair from
mid latitudescould be adwectedinsidethe vortex andalter the mixing ratios. If
therearedayswith aweakgradientscatteredhroughouthe obsenedperiod,the
methodis not applicable. Alternatively, methodsof calculatingtransportacross
thevortex edgecould be used,but usuallythe errorbarsof thesemethodsaretoo
large for meaningfulresults.

Input datafor the radiatve transfermodelare averagedover the areainside
of the inner vortex edge. For the heatingrate calculationsthe radiatve transfer
modelMIDRAD by Shine[1987,1991]is used.The codeof this modelappears
in almostevery studywhereheatingratesareneededandall methodspresented
hereinvolve somemoreor lessrecentversionof MIDRAD, sometimeswith spe-
cial adaptionsThethermalinfraredabsorptiorandemissiondueto carbondiox-
ide, watervapor and ozoneis calculatedfor a frequeng rangefrom 0 cm ! to
3000cm 1 with an expressiorsimilar to the radiative transferequation2.9. The
expressionis giving the net radiatve flux asthe differenceof the upward and
downwardflux. If F is the netirradiance(the integral of the spectralbrightness
over all solid anglesandfrequencies)the heatingrateQ canbe calculatecby

_ goF

AT

(4.4)

whereg is thegravitationalacceleratiorandcy, is thespecificheatcapacityat con-
stantpressure.The model parameterizethe absorptionlines by a narrav band
modelby Malkmuswith a spectraresolutionof 10cm 1 in orderto reducecom-
putationtime. Line dataaretakenfrom the HITRAN catalogue.The shortwave

absorptiordueto ozoneandwatervaporis computedyy the DISORT program.A

detaileddescriptionof the modelcanbe foundin [Sinnhubey 1999]. In orderto

reducecomputationtime further, the calculationsarecarriedout aszonalmeans
with input dataaveragedver longitudesinsidetheinnervortex edge.Theresult-
ing heatingratesareaveragedverall latitudesinsidethepolarvortex. Themodel
usesan albedoof 0.9, assuminghat the surfaceis coveredwith ice and snow.

Cloudsarenot consideredn thecalculations.
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4.4 Meteorological Situation

Thewinter of 1999/2000vasoneof the coldestwintersin the stratospheren the
last20 yearsiManney andSahutis, 2000],fitting well into agenerakoolingtrend
in the stratosphergPawsonandNaujokat,1999]. This is evidentin a plot of the
vortex minimum temperature®f the lastwinters, seeFigure4.1. Temperatures
droppedbelow the formationtemperaturdor NAT cloudsthroughoutDecember
JanuaryandFebruaryatthe475K isentropidevel. In Januaryeventheformation
of ice cloudswas possible,which is quite unusualfor the Arctic. The potential
areawherethe formationof polar stratosphericloudswaspossibleis presented
in Figure4.2 for the 475K andthe 550K level. The areafor NAT cloudsis
depictedin light gray andthe areafor ice cloudsis shovn in dark gray. NAT
temperaturebave beencalculatedaccordingo HansonandMauersbeger[1988]
from the watervaporclimatology andwith a HNOs mixing ratio of 10 pph. Ice
temperaturesverecalculatedwvith the Magnusformula[Roedel,1994]. Thearea
of thevortex is shavn for comparison.Measurementsf the satelliteinstrument
POAM Il andof the groundbasedidar in Ny-,&lesundshcw that the potential
polar stratosphericloud areais a goodestimatorfor thereal occurrenceof these
cloudsin thiswinter [Bevilacquaetal., 2002;Rex etal., 2002].

In Figure 4.3, the evolution of the polar vortex is displayed. The contours
representhe potentialvorticity at a givenequialentlatitudeanddate. The black
dotsmarkthepositionof Ny-Alesundin termsof equivalentlatitudeandthethick
lines denotethe inner andthe outeredgeof the vortex. In early Decemberthe
vortex edgeis not shavn dueto a weak gradientprohibiting the calculationof
the edge. The polarvortex formedduring the first daysof Decemberl999at the
475K level andremaineddiscernibleuntil early April. Vortex developmentwas
comparableo othercold wintersandresultedn a stableandisolatedvortex, with
arelatively slow build-up in Decembedisturbedonly by someminor warmings.
In Januaryto April warmingsoccurredbetweemmid Januaryandearly February
(warmingabove ice temperatures)n mid Marchandin early April (breakup of
the vortex). Beginning on March 17, the vortex split up into two parts,leaving
Ny-Alesundoutsidethe vortex. Ny-Alesundwassituatedwell insidethe vortex
from early Decemberon until this moment. Thusthe periodof usableresultsfor
the ozonedepletioncalculationsextendsfrom Decemberll1, 1999to March 16,
2000.

Although therewas somefilamentation,no intrusion of extra vortex air oc-
curredthatremarkablyalteredthe mixing ratiosafter DecemberWe have carried
out reversedomainfilling calculationsthat indicatethat the vortex air waswell
isolatedfrom mid latitudeair for the investigationperiodfrom Januaryon. Since
thisis only a qualitatve statemenftor establishednethodsof transportdetection
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Figure4.1: Minimum temperatureatthe46hPapressurdevel (aboutd75K). Linesshav
the formationtemperaturegor NAT (upperline) andice clouds(lower line). Adapted
from Sinnhubetretal. [2000].

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

Richardet al. [2001] usetracercorrelationsto shav that no mixing across
thevortex edgeoccurred.If two or morechemicallyconseredtracerswith non-
linearcompactrelationshipsbetweertheir mixing ratiosshov no deviationsfrom
theinitial early vortex relationshipthroughoutthe winter, we candraw the con-
clusionthatno large isentropicmixing eventbetweenvortex andoutervortex air
occurred. It hasbeenassumedhat the outervortex relationshipis significantly
differentfrom theinnervortex relationshiphere.Richardet al. concludefrom in-
situmeasurementsf theNASA ER-2aircraftandOMS balloonmeasurementsf
N2O, CO, andCFC-11thatthe vortex wasrelatively well isolatedfrom January
to March. It hasto benotedthatsometimesnixing maybedifficult to detectfrom
tracerrelations[Plumb et al., 2000], so we cannotexclude mixing categorically
here.

Rex etal. [2002] shav by comparisorof Matchlossratesandvortex averaged
lossratesfrom sondeghatno significantmixing occurred.In Match,careis taken
to avoid areaf smallscalemixing [Rex etal., 1999]. If therewasentrainmenbf
extravortex air, thevortex averagedosswould bealtered put notthelossinferred
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Figure4.2: PotentialPSCarea. in 1999/2000.Upperpanel: Temporalevolution of the

areaof temperaturebelon the formationtemperaturef NAT (light gray) andice (dark

gray)atthe475K level insidethevortex. Theareaof thevortex is shavn for comparison.
Lower panel:Samefor the 550K level.
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Potential vorticity of the polar vortex at 475 K
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Figure 4.3: Vortex evolution in 1999/2000at the 475K level. Contoursrepresenthe
potentialvorticity atagivenequialentlatitudeanddate. Theblackdotsmarktheposition
of Ny-Alesundin termsof equivalentlatitudeandthethick linesdenotetheinnerandthe
outeredgeof thevortex.

from Match. Thelossprofilesagreevery well for theperiodfrom early Januaryto
late March, shaving thatno substantiamixing happenedseealsoFigure4.15).

In Figure 4.4, the evolution of the heatingratesis shavn. The upperpanel
presentshe heatingrateprofile asafunctionof pressurdor anarbitrarily chosen
day Thedashedine shavs the heatingdueto shortwave radiation(mainly by
ozonein the stratospherandwatervaporin the troposphereandthe thick solid
line shaws the cooling dueto long wave radiation(mainly by carbondioxide in
thestratospherandwatervaporin thetropospherandstratosphere).ong wave
coolingandshortwave heatingleadto a netcoolingrate(thin line). In the lower
stratospherdyeatingandcoolingalmostcancelout, whichis connectedvith large
errorbarsin thenetcoolingrates.lt is evidentthatthe netcoolingrates,andthus
the subsidenc®f air, increaseconsiderablywith altitude. This effect influences
the passve profilesof the ozonedepletioncalculationsaswe will seesoon.The
lower panelshaws the temporalevolution of the heatingrates. While the long
wave cooling staysalmostconstantin the courseof the winter, the shortwave
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Figure4.4: Heatingrates.Long wave coolingis shawvn by asolid line, shortwave heating
is shavn by a dashedine and net heatingratesareshovn asa thin line. Upperpanel:
HeatingratesatMarch1, 2000asafunctionof pressureLowerpanel: Temporakvolution
of theheatingratesin thewinter 1999/2000atthe 475K level.
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heatinggetsstrongerueto theincreasen sunlithoursin thevortex. Theresultis
adecreasén thenetcoolingof thevortex, leadingto strongdescentn December
whichis steadilydecreasingo zeroin March.

4.5 0Ozone Depletion in 1999/2000

The obsened ozonevolumemixing ratio atthe 475K level is presentedn Fig-
ure4.5. Following anincreaseuntil the endof Januarythe volumemixing ratio
beginsto decreassignificantly(thick line). Dueto thelimited verticalresolution
of the RAM andthe ozonelossoccurringin arathernarrav layer, the obsered
decreaseés underestimateth comparisorwith high resolutionmeasurementat
this altitude. In fact, valuesaslow as1.5ppm have beenobsened by sondesn
the consideredime period. However, sondesadjustedto the vertical resolution
of the RAM (dots)show very goodagreementThe SLIMCAT calculationgthin
line) will bediscussedater.

In Figure4.6 we presentheresultsof thevortex averagedzonelosscalcula-
tions. The ozonechangedueto diabaticdescenof air masseshroughthe 475K
level decreases the courseof the winter (thin line), andleadsto anincreasdn
the ozonevolumemixing ratio dueto the positive verticalozonegradientat these
altitudes.The diabaticchangehasto be subtractedrom the obsened mixing ra-
tios (thick line) to obtainthechemicalossrates(dashedine). Chemicalossrates
of about10 ppb/day in Decemberand Januarywhich were completelymasled
by the descenbf ozonerich air from above, areleadingto anincreasen the ob-
senations. Interestingly muchlesschemicallossis expectedin Decemberand
Januarysincethesunlittimesin thevortex aremuchtoo shortto causesignificant
chlorineactivationandstratosphericloudformationhasnot setin. We will come
backto thisissuelater. In FebruaryandMarch ozonelossreachedatesof up to
25ppb/day, causinghe obsereddeclineof theozonevolumemixing ratio. Note
thatthesdossratesareaveragedveranaltituderangecorrespondingo the RAM
verticalresolutionandaretemporallyaveragecdbover 25 daysandtendto belower
thanthe actuallossratesatthis altitude.

The shadedareadenotesthe estimatedaccurag of the calculations. The
shawn errorsare calculatedassuminga statisticalerror of 0.14ppmin the RAM
measurementsAdditionally, an autocorrelatiortime of the ozonetime seriesof
0.5daysis supposedTheerrorof theheatingratesis setto 0.1K. While theerror
of the RAM measurements well known, the errorin the heatingratescanonly
beestimatedThiswill bediscussedh moredetailin sectiond.7. A detailederror
analysiss givenin Appendix4.C.

It canbeseerthatthelossratesin Decembernd,to alesserrextent,in January
are statisticallysignificant. Thereare several possibleexplanationsfor thesere-
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Figure 4.5: Ozonemixing ratio at the 475K isentropiclevel in the winter 1999/2000.
Measurementsf the ozoneradiometei(diurnalmeansthick line) andof sondegdots)at
Ny-Alesund,andSLIMCAT modelresults(thin line).

sults. Sincesometransporiacrosshevortex edgeoccurredn DecembefRichard
etal., 2001], mixing ratioscould have beenchangedy theintrusionof mid lati-

tudeair. Anotherexplanationis anoverestimatiorof the coolingrates.The heat-
ing ratesof SLIMCAT underestimateur cooling ratesby morethan0.2K /day
in Decemberand January which is outsideof the assumecerror bars,seealso
Figure4.10. As alreadystated a detaileddiscussiorof the accurag of the heat-
ing ratescanbefoundin section4.7. As arthird possibility, theinferredchemical
lossratesmaybetrue. If so,thelosscannotbe explainedby chlorineactivation,
sincemeasurementsf chlorinemonoxideshow verylow mixing ratiosin Decem-
ber (seesection4.9) andstratosphericloud occurrencavasonly sporadic.High

chemicalozonelossratesin darkareasof the vortex thatcannotnot be explained
by the currentunderstandingf ozonechemistrywereobsenedin severalstudies
sofar, for exampleby Becler etal. [1998]. Thus,unknovn chemistrymaybethe
reasorfor the discrepanciesHowever, a final conclusioncannotbe reachechere
without furtherevidence.
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Figure4.6: Ozoneloss per day at the 475K isentropiclevel in 1999/2000. The thick
line shaws the ozonechangeperday obsered by the radiometerthe thin line shawvs the
changedueto diabaticdesceninferred from the passie profile, the dashedine shavs
the chemicalchangeg(with error bars),given by the differenceof the abose changesAll
changesre 25 day means.The passie profile hasbeencorrectedor naturalozonepro-
duction.

We will now addresghe cumulative loss. In Figure 4.7 the volume mixing
ratio of Decemberll, 1999, reducedby the cumulatve chemicalloss obtained
fromtheRAM calculationsjs shavnfor the475K level. Decembed lis takenas
aninitial pointsincethepassve profile wasinitialized onthisday Thecumulatve
lossaddsup to 1.2+ 0.4 ppm (41%) at the end of the winter. Thisis oneof the
highestlossesever obsened by the RAM, comparabldo the cumulative loss of
1.4+ 0.4 ppm (53%) inferredin the winter 1996/97. The large error barsof the
cumulatvelossresultmainly from theerrorin theheatingrateswhichis assumed
to be systematic. SLIMCAT and GOME resultswill be discussedn the next
section.

Sinceozonelossonly occursin sunlight,the ozonelossratesper sunlit hour
arealsoworth a look, seeFigure4.8. The sunlit hourshave beencalculatedas-
sumingthatthevortex edgeinferredfrom the potentialvorticity analysisdoesnot
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Figure4.7: Cumulatve lossat the 475K isentropiclevel in 1999/2000. Shown is the
volumemixing ratio of Decemberl1, 1999reducedby the cumulatve lossobtainedby
theozoneradiometel(thick line) andthe SLIMCAT model(thin line). The GOME results
(line with asterisksjiseFebruaryl3,2000asaninitial value.The passie profile usedfor
the cumulatve losscalculationshasbeencorrectedor naturalozoneproduction.

changean thecourseof 24 hours.Thesunlittimesof every grid pointin thevortex
werecalculatedoy performingonerevolution of the earthandcountingthe sunlit
hoursof the points. The sunlit timesof all points have beenaveragedspatially
then. In addition, a 25 day running meanhasbeenappliedto renderthe sunlit
hourscomparableo the averagedossrates. The evolution of the sunlit hours
canbe found in Figure4.9. In Decemberand Januarythe lossratesper sunlit
hour rangefrom 2 ppb/sunlithour to 4 ppb/sunlithour. The large error barsin
this periodarea resultof the scalingof the original lossrateswith theinverseof
the sunlit hours. In additionto the errorsof the lossrateswe have to take into
accountan error dueto the trajectoriesof the measuredir parcels. Air parcels
could have recevedsystematicallynoreor lesssunlit hoursthanindicatedby the
vortex mean. This erroris reducedif the numberof sunlit hoursis rising (it is
lessthan4 hoursuntil theendof January)In Februarylossratespersunlithours
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Ozone loss rates at 475 K
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Figure4.8: Ozonelossper sunlit hour at the 475K isentropiclevel in 1999/2000.The
shadedhareadenotegheerrorbars.

Vortex averaged sunlit hours
14 T T T T

= =
o o) o N

Average sunlit hours

N

0 1
-20 0 20 40 60
Day of 2000

Figure4.9: Vortex averagedsunlithoursatthe 475K isentropiclevel in 1999/2000.
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reacha maximumof 3 ppb/sunlithour, decliningslowly to 1 ppb/sunlithourin
March. The high lossratesper day in March aredueto the long sunlit times of
the air parcels. The lossratesper sunlit hour are even decreasingn March due
to the warmertemperaturesResultsin Januaryareinconclusve, sincethey are
relatively low, but the potentialareafor stratosphericloudswasat a maximum
then. However, the variousinherenterrors(high dependencef lossrateson the
temperatureand sunlit history of the air parcelsobsened, influenceof altitude
resolution Jarge error barsof thelossrates) make a quantitatve comparisordif-
ficult. A trajectoryanalysisof the measuredhir parcelscould bring somemore
insighthere.Dueto the samereasonsye have madeno quantitatve comparison
of chlorinemonoxidemixing ratiosandlossrates.
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4.6 Comparison with Other Techniques

In the winter 1999/2000,numeroustechniqueshave beenappliedto estimate
ozonedepletion. Sincethere are several independentmethods,a comparison
shouldgive a good estimateof the accurag 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
mentionedn theintroduction:

e ThelagrangiartechniqueMatch
e Tracermeasurements
e Vortex averagedoss

In additionto that, we testour knowledgeaboutthe underlyingphysicswith a
chemicalmodel. RAM resultsare comparedo sezen methodsbasingon mea-
surementsaand one modelin detail in the next subsectionsto Match, to tracer
measurementssing ASUR data, Mark IV data, HALOE dataor MIRA data,
to vortex averagedioss calculationswith sondedataor GOME dataandto the
SLIMCAT 3D chemicaltransportmodel. All profilesobtainedby thesemethods
areconvolutedto the verticalresolutionof the RAM in orderto gain meaningful
andcomparableesults.Wherepossible comparabldime scaleshave beencho-
sen. While the beginning of the examinedtime periodis not crucial dueto the
relatively low lossratesin DecembemlandJanuaryall measuremereriodswere
choserto endaroundMarch 15. Furtherissueswhich we will examinein detalil
in the next subsectionsarethe obseredregionsandprincipal differencesn the
methods.

4.6.1 Match

Match probesanair parcelwith anozonesondeat a giventime andlocationand
follows its path by trajectorycalculations. When the air parcelpassesanother
sondelaunchsite within a radiusof 400km, it is probedfor a secondime. The
differencein the obsered ozonemixing ratio at a certainisentropiclevel, cor

rectedfor the diabaticdescentjs dueto chemicalloss. The descentratesused
by Match aretaken from the SLIMCAT model. The Match techniquedirectly

measure®zonelossin alLagrangianvay in contrasto all othermethodswhich

dependon a sufiiciently homogenouwortex. Careis taken in Match to avoid

air masseshatarenotwell consered, for exampleby examiningthe divergence
of nearbytrajectoriesor by discardingtrajectorieswith a large potentialvorticity

change Furtherinformationcanbefoundin [Rex etal., 1997,1999,2002].
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TheMatchlossaddsupto 1.0+0.25ppmatthe475K level whencornvoluted
to the vertical resolutionof the RAM, in nice agreementvith the RAM results.
Thelossis integratedbetweenJanuarys, 2000andMarch 16, 2000. The period
is comparablgo the RAM time frame,sincelittle lossoccurredbetweerDecem-
ber11, 1999andJanuary5, 2000. Match resultswere available betweerd00K
and550K. Below andabove thesdevels,nolossis assumedn orderto perform
the convolution neededor the comparisor(seeAppendix4.D). Thevortex edge
is choserto be36 PVU, whichis sligthly moreextensve thanour edgedefinition,
but shouldyield no large difference.Accordingto Rex et al. [2002], lessozone
lossoccurredatlowerequivalentlatitudesin thiswinter, soresultsmayhave alow
biasin comparisorto RAM. Sincethe coolingratesof SLIMCAT arelowerthan
the ratesof the RAM model(Figure4.10),applicationof the RAM cooling rates
to Match shouldleadto a highercumulatve loss,anothedow biasof the Match
results.

4.6.2 Tracer Measurements

ASUR

The Airborne SubmillimeterRadiometelASUR is a microwave radiometemmea-
suringin the 600 GHz range[von Konig et al., 2000]. While the measurement
principleis identicalto our instrumentobsenationshave to be carriedout above
the tropopausealueto the strongwatervaporabsorptionn this frequeng range.
In thewinter 1999/2000theinstrumentwvasdeplo/edatthe NASA DC-8 aircraft
for 23 flights. The first deploymentlastedfrom November30, 1999to Decem-
ber16,1999,thesecondastedfrom Januaryl4,2000to January29, 2000andthe
third lastedfrom February27,2000to March 15,2000. Theaircraftwasbasedat
Kiruna, Sweden(68° N, 20° E). Measuredspeciesompriseozone,N>,O, HNOg,
ClO, HCIl andsomeothers.Profilesarederivedfrom the spectrawith the optimal
estimatiormethod.Altitude resolutionfor ozoneandN»O is about6—10km. The
altituderangeis 16—40km for N>O and16-50km for ozone.The dataof ASUR
neednotto be convoluteddueto the similar altituderesolution.

In Bremeret al. [2002], ASUR measurementsf the chemicallyconsered
tracerN2O areusedto mark air parcels. If the ozonemixing ratio at the same
tracermixing ratio level is comparedat the begin andthe end of the winter, the
differencerepresentshe ozonelossat this level, becauséracerandozonefollow
the samedynamics.Bremeretal. reportalossof 1.0+ 0.1 ppmbetweerthe first
deploymentin Decemberandlastdeploymentin Marchatthe 100ppbN>O level
(approximately470K), which is in nice agreementvith our methodwithin the
errorbars.Thecalculationsusethemeanprofilesof thedeploymentsandthetime
periodis comparabléo our measurements.
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We will addsomegenerakremarksin regardto tracermethodshere.Carehas
to betakenthatno mixing of extravortex air occursin theconsideredime period
[Plumbetal., 2000]. While large scalemixing of extra vortex air wasnegligible
in this winter from Januaryon [Richardet al., 2001], othertypesof mixing can
not be excludedcateyorically. However, horizontalmixing dueto spatialdiffer-
encesof the descentratesinside the vortex shouldnot have beensignificantin
1999/200(Ray etal., 2002]. Anotherissueis the choiceof theinitial profilesof
tracerandozone,which is someavhat arbitrary While the ASUR measurements
areusingvortex meansthe following methodsusesingle profiles,which canin-
troduceerrorsof about20%[Rex etal., 2002;Harrisetal., 2002]. Initial profiles
needto be measuredate enoughto allow for a stablevortex, but early enoughto
avoid ary ozoneloss. Ozonelossshouldbe negligible in the 1999/2000winter if
the profile wasobtainedaroundDecemberbut somemixing occurredn thattime
period. Accordingto Muller etal. [2002], mixing shouldhave led to anunderes-
timateof ozonelosshere.Additionally, tracermeasurementssuallyinvolve only
two measuremerdates solossratescannot bededuced.

Mark IV

The Mark IV ballooninterferometeris an FTIR spectrometemeasuringn the
650cm~1 to 5650cm™! region [Toon,1991]. Sinceit measuresver 30 speciesat
the sametime, its datawill appeaiin severalotherapplicationgn the following.
The vertical resolutionof the measurements about2 km. The interferometer
waslaunchedwo timeson boardof the OMS balloongondola,on Decembe3,
1999 (sunset)and on March 15, 2000 (sunrise). The launchsite was Esrange,
Sweden,nearKiruna. Additionally, ground measurement®ok place between
thelaunches.Thefirst launchtook placeinsidethe developingvortex, while the
secondaunchhappenednthedaythevortex broke up. Potentialvorticity wasat
54 PVU this day, but until the next day, it droppedto 26 PVU. Sincewe cannot
besurethatonly vortex air wassampledwe have alsoexamineddataof the OMS
balloonlaunchfrom March5, whereonly in situ measurement®ok place.

N>O is usedagainasachemicallyconseredtracer Thelossis calculatedbe-
tweenthelaunchin Decemberandthe launchesat March5 or March 15. Results
are corvolutedto our altituderesolution. Surprisingly both measurementshav
very low losses While the measuremeran March5 shavs alossof 0.5ppm, the
measuremerdn March15yields0.4ppmatthe475K level. Thefirst resultmay
be explainedby the high lossratesbetweenMarch5 andMarch 15. Comparison
with Matchresultsfor March 5 shovs agreementvithin the error bars,although
the OMS resultsare situatedat the lower end of the errorrange. The March 15
measuremenisereobviously disturbedoy extravortex air, whichis alsoapparent
in themeasuredenitrification,seesection4.10.
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HALOE and Mark IV

In Muller etal. [1996,2002],the chemicallyconseredtracerHF is usedto mark

air parcels. The ozoneand HF measurementare taken from the HALOE so-

lar occultationinstrumenton boardthe UARS satellite. The initial tracerprofile

usedis an HF profile derived from measurementsf the Mark IV instrumenton

December3, 1999. HALOE datahave beentaken from measurementsetween
March 11, 2000 and March 14, 2000 around65° N. Resultswere available be-

tween380K and550K, andweretreatedik e the Matchdatafor the corvolution.

The vertical resolutionof HALOE is 2—3km for ozoneand4.5km for HF. The

HALOE lossaddsupto 1.3+ 0.4 ppmatthe475K level. Thevortex edgewasset

to 50PVU for theselectiorof theHALOE measurementg.hisis roughlycompa-
rableto thevortex edgeaccordingo the NashcriterionatMarch14. A discussion
of thepossibleeffect of therestrictedatituderangeof HALOE measurementsan

befoundin [Hoppeletal., 2002]for a similar problemof the POAM instrument.
Here,an additionaluncertaintyof 0.1 ppmis estimated.Anotherissueis there-

strictionof HALOE measurements sunlitareasyhichmayslightly enhancehe

obseredozoneloss.Ozonelossmayalsobeenhancedy the longertime period

in comparisorto the RAM. Neverthelessthe agreementf bothmethodss good

within theerrorbars.

MIRA and FTIR at Kiruna

Kopp et al. [2002] have useddatafrom the groundbasedmicrowave radiometer
MIRA andanFTIR instrument.Bothinstrumentaverelocatedat Kiruna. Theal-
tituderangefor MIRA is 17-55km, with analtituderesolutionof 7 km for ozone
and12km for N2O. Thealtituderangefor FTIR ozoneis 5-35km with aresolu-
tion of 7.5km andthe altituderangefor FTIR N2O is 0—30km with aresolution
of 10km, sothedataneednotto be corvolutedto our altituderesolution.

N>O or HF from the FTIR instrumenthave beenusedasa tracerwith simi-
lar results. Ozonelosshasbeencalculatedrom vortex averagedmeasurements.
The early winter profile was deducedirom measurementbetweenJanuary22
andFebruary3 andthe springprofile wasdeducedrom measurementisetween
March4 andMarch12. With ozonefrom MIRA, thelossaddsupto 1.4+ 0.4 ppm
at475K, while ozonefrom the FTIR shavs 1.1+ 0.2 ppmloss. Agreementwith
theRAM methodis goodagain.Theshortertime periodmayleadto alow biasof
the MIRA/FTIR data. The vortex edgeis choseno be 42 PVU, which is similar
to our edgedefinitionin the consideredime periods.
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4.6.3 Vortex Averaged Measurements

Sondes

Vortex averagedsondeprofileshave beencalculatedby Rex etal. [2002]. Ozone
sondesarelaunchedat several sitesall over the Arctic. Sondedaunchednside
the polar vortex have beenbinnedinto 10 day bins hereand averaged.Heating
rateswereagaintakenfrom SLIMCAT. Theinferredlossprofile is very similarto
theMatchprofile (Figure4.15),sothatthe convolutedlossshouldbevery similar
to the corvolutedMatchloss. Sincethe agreemenis soexcellent,we donotneed
to comparehe datadirectly andcanreferto the Matchresultshere.

GOME

GOME is anultraviolet andvisible light spectrometeon boardthe ERS-2satel-
lite measuringn nadir geometry[Hoogenet al., 1999]. Ozonedepletionis de-
terminedby a methoddevelopedby Eichmannet al. [1999]. Thereare several
similaritiesin the GOME andRAM methods:Ozoneprofilesareobtainedoy us-
ing the optimal estimationmethod. The calculationof the vortex averagedozone
depletionis similar to the RAM approachjncluding the useof exactly the same
MIDRAD radiativetransfercode.However, therearesomeimportantdifferences:
Thegroundpixel areaobsenedby GOME is about960x 100 km? andthereare
no measurementuringthe polarnight. This limits the comparisorto the period
afterearlyFebruaryIn additionto this, GOME usesno passve profile andsimply
integrateshelossrates.GOME altituderesolutionis about6—10km. Thus,mea-
surementsieednot be cornvoluteddueto the similar verticalresolution.However,
acomparisorof GOME datato high resolutionsondeprofilesshaws surprisingly
goodagreementafactthatmayintroduceerrorsin thecomparison.

The cumulatve loss obtainedby GOME after February13, 2000 (line with
asterisks)s shavn in Figure 4.7. Lossratesare higherthanthe resultsof the
RAM and SLIMCAT calculationsand add up to 0.9+ 0.3 ppm until March 17
[Eichmann,2002]. The differencebetweerRAM and GOME is well within the
error barsof both measurementgonsideringthe shortertime period usedfor
GOME), but it shouldbe notedthata comparisons difficult dueto the reasons
statedabove and that the cumulatve loss lies at the upperend of the rangeof
results.

The RAM and GOME cooling ratesare shovn in Figure 4.10. The slight
differencedetweerthe coolingratesof RAM andGOME canonly bedueto the
input datafor the model. The vortex edgewas chosento be 38 PVU, which is
quite extensve andshouldhave loweredthe lossrates,but this effect cannotbe
obsened.
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4.6.4 SLIMCAT

SLIMCAT is athree-dimensionathemicalransporimodeldevelopedat the Uni-

versityof Cambridge Themodelis initialized in Octoberl991andis forcedwith

U. K. MeteorologicalOffice (UKMO) temperatureandwind fields. An overview

over the modelcanbe foundin [Chipperfield,1999]. The modelrunsat a reso-
lution of 5° x 7.5° (latitude x longitude)andis computedon 24 isentropiclevels
from 330K to 3000K. Verticaltransportbetweerthe levelsis calculatedoy the
MIDRAD scheme.On Novemberl, 1999 a high resolutionintegration with a
resolutionof 2.5° x 3.75° is started Sinnhubetretal., 2000]. Gasphasechemistry
is calculatedfor over 30 speciesand chemicalfamilies and over 100 chemical
and photochemicaleactions,including all reactionsgiven in the introduction.
Heterogenoushemistryis calculatedon liquid, NAT andice particles,which are
assumedo bein equilibriuminstantlyin all areaswith T > Tnat, TnaT > T > Tice

andT < Tice, respectiely. This simpleschememustleadto anoverestimatiorof

stratosphericloud occurrenceand chlorine activation, sincenot all areasbelow

theformationtemperatur®f the cloudsareactuallyfilled with clouds.

The denitrification schemeis basedon two differentschemes. In the first
schemeijce particlesof 10 um radiusremoving HNO3 from the gas-phasasco-
condensedNAT form below the frost point and NAT particleswith 1 pm form
above the frost point (numberdensityis about10cm~2 here). Fall velocitiesare
1500m/day and40 m/day. The secondschemes basedon NAT rocks. NAT
is assumedo form herein two modeswith radii of 0.5um and 6.5 pm without
the formation of ice particles,basedon the obsenationsof Fahey et al. [2001].
Thefirst modeformswith a numberdensityof 1 cm—2 andHNOs condensedh
excesds assignedo thelargemode.Fall velocitiesarel m/dayand1100m/day.
More informationaboutthedenitrificationschemeganbefoundin [Daviesetal.,
2002],wheretherunsarecalledUKICE andUKNAT, respectiely.

Sincethe cumulatve ozonelossis virtually identicalfor thetwo schemeswe
will comebackto the secondrun later whenwe examinethe chlorineactivation
anddenitrification,wherebothrunsshawv large differences.For the comparison,
the SLIMCAT modelhasbeencornvolutedto the vertical resolutionof the RAM
andinterpolatedo the positionof Ny-,&lesund. Thus,the vortex edgedefinition
is thesameasfor theRAM method.The modeledmixing ratio atthe475K level
shavsexcellentagreemenwith theRAM measurementasdepictedn Figure4.5
(thinline).

Ozonelossin the SLIMCAT modelis determinedoy comparisorwith a pas-
sive ozonetracer which is initialized with the modeledozoneon Decemberdl,
1999. Figure 4.7 shows the cumulatve loss obtainedby the SLIMCAT model
(thin line), which addsup to 1.3ppm (46%) at the endof thewinter. This agrees
remarkablywell with the cumulatve ozonelossfrom RAM measurementsEven
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Figure4.10: Coolingratesatthe 475K isentropiclevel in 1999/2000.Ratesaregivenas
potentialtemperaturehange(d®/dT)Q perday Resultsareshavn from the MIDRAD
schemesof RAM (thick line), SLIMCAT (thin line), GOME (asterisks)and ASUR
(squares).

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

It is interestingto notethatthe derived ozonelossmatchegshe RAM calcula-
tions,althoughthecoolingratesusedfor RAM andSLIMCAT arequitedifferent.
The cooling ratesfor the two radiatve transfermodels,which areshown in Fig-
ure 4.10, differ by a factorof two until the endof Januarywhenthey cornverge.
Thelargercoolingratesof theRAM modelcausea strongerdescentor the RAM
passve ozoneprofile, which in turn mustleadto a higherpassve ozonemixing
ratio for the RAM in the lower stratospheregueto the positive gradientof the
mixing ratio with respecto altitude.

Sincethe obsened ozonemixing ratiosagreewell with the modeledmixing
ratios(Figure4.5), this shouldleadto higherozonelossratesin the RAM calcu-
lationsthanin the SLIMCAT model.But asshavn in Figure4.11,highermixing
ratiosin theRAM passve profile canonly beobsenedbelow the475K level. The
plot shovsthe RAM passve profile from March 10, 2000(thick line), the SLIM-
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Figure4.11: Passve profiles of the RAM ozoneloss calculations(thick solid line) and
the SLIMCAT calculationg(thin solid line) at March 10, 2000. The dashedine shavs a
passie profile with simulatedphotochemicaproduction(seetext).

CAT passve profile of thesameday (thin line) andthe475K level. Thereasorfor
the similar mixing ratiosof the passve profilesatthe475K levelis acombination
of thedescentatesincreasingwith altitude(Figure4.4),neglectedphotochemical
productionandthe convolution to the verticalresolutionof the RAM. Air masses
in the upper stratospherelescendconsiderablyfasterthanin the lower strato-
sphere andcausethe ozonemaximumin the passve profile to be squeezednd
the maximumof the mixing ratio to descendn the courseof time. Passve ozone
is very effectively transportealown to altitudesaround25 km, wherethe descent
ratebeginsto decreaseln reality, photochemicatyclesandhorizontalmotionfill
up the profile above 35 km, becausghotochemicakquilibriumis achieved here
in somedays[Sinnhuberetal., 1999]. This naturaleffectis not consideredn the
passve profiles,leadingto a strongdecreasén the passve ozonevolumemixing
ratio ataltitudesaround25km. In additionto that, horizontalmotionis implicitly
consideredn the SLIMCAT profile, but notin theRAM profile.
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Accordingly, the differencebetweenthe obsered or modeledprofile andthe
passve profile shavs the net effect of missing photochemicalproductionand
chemicalloss. In the courseof time, the peakof the RAM passve ozoneprofile
overtalesthe peakof the SLIMCAT passve profile. In the convolution process
this differences propagatedo the 475K isentropiclevel andevenbelow. At the
endof the ozonelosscalculationperiod,both profilesintersectat the 475K level
asdisplayedin Figure4.11. This effect would not appeaiin the high resolution
passve profile at 475K, becauseheair masseseredescenfor only about3 km
in thewholewinter, sothatevenatthe beginningof thewinter, the considereair
massesvould have beenbelow 25 km. Theimpactof slightdifferencesn theini-
tial RAM andSLIMCAT passve profilesis negligible comparedo the described
effect.

A possibleworkaroundfor this problemis to simulatethe naturalozonepro-
ductionin the passve profile. Sincewe canassumehattransportplaysno role
above 50 km, we just cansetthe passve profile to theinitial valueabove this al-
titude, regardlessof the consideredlay. Between35km and50km, we take into
accountthatequilibriumis achiezed slower with decreasin@ltitude,sothatonly
a part of the profile canbefilled up beforeit descentdo areaswherethe equi-
librium time is longer We take the initial passve profile here,multiply it with a
factorfalling from 1 at 50km linearly to 0 at 35 km andaddthe resultingmixing
ratio to the passve profile of every consideredlay. Theresultingpassve profile
is shovn in Figure4.11asa dashedine. If we calculateozonedepletionwith
thenew passve profile,thecumulatve lossaddsup 1.4 ppm about0.2ppmmore
thanbefore.Figures4.6 and4.7 alreadyshow thecorrecteccumulatve loss.

4.7 Accurac y of the Heating Rates

Sincethedescentatesaremostcritical for theaccurag of the determinedzone
lossrateswe have comparedhe RAM, SLIMCAT, ASUR and GOME ratesto
tracerobsenations. In Figure4.12 we shaov the descentatesin km/day calcu-
lated from the cooling ratesgiven by the radiative transfermodels. The thick
line representshe RAM cooling rates,while SLIMCAT is depictedby the thin
line, ASUR by the squaresand GOME by the asterisks.The shavn SLIMCAT
coolingratesarevortex averagesandare not necessarilyexactly the sameasthe
onesapparenbver Ny-AIesundthatwere usedfor the SLIMCAT passve profile
andozoneprofile. It is assumedherethatdifferencesaresufficiently small. NoO
tracermeasurementsarriedout with ASUR [Bremeret al., 2002] and with the
Mark IV instrumenton boardthe OMS balloonare shaovn asstraightlines with
dotsmarkingthemeasurement$Notethatthedescentatesderivedfrom theN,O
obsenationsdependon very few measurementsnly andthata constanidescent
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Figure4.12: Subsidenceat the 475K isentropiclevel in 1999/2000. Subsidenceiz/dt
inferred from the heatingratesof RAM (thick solid line), SLIMCAT (thin solid line),
ASUR (squaresandGOME (asterisks) Subsidencealculatedrom tracermeasurements
of NLO (from ASUR andMark V) is shavn for comparison.
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Figure4.13: Effect of watervaporon the subsidencatthe 475K isentropiclevel. Sub-
sidencedz/dt inferredfrom the heatingratesof RAM modelwithout changegsolid line)
andwith watervapormixing ratiosincreased&nddecreasetly 50% (dashedines).
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ratewasassumedh betweermeasurementd hemodeleddescentates(andthus
the cooling rates)differ significantlyfrom the measurementin sometime peri-
ods. Especially measurementsidicatethatthe RAM cooling ratesaretoo high
in Decemberwhich would leadto an overestimatiorof ozonelossratesby our
method.Most deviationsin the modelscanbe explainedby errorsin the heating
ratesof 0.2K potentialtemperaturehangegperday, exceptfor thelargediscrepan
ciesin Decembe(seeFigure4.10). Thus,we have choseranerrorof 0.2K /day
to calculatethe error dueto diabaticdescenin the cumulatve lossandthe loss
rates.The discrepanciesh Decembeareassumedo resultfrom anunexplained
systematicerror.  This shortanalysisalso clearly indicatesthe needto provide

moretracerobsenationsinsidethe polarvortex.

We will now examinethe reasondor the errorsin the heatingrates. Main
errorsourcesn all radiatve transfermodelsarethe input parametersespecially
watervapor albedoandthefactthatcloudsareneglected.Oneof thedifferences
betweenthe modelsis a global correctionof the cooling ratesin SLIMCAT to
obtainno divergencein the massflux. Thevortex edgedefinitionsdo not play an
importantrole aserror source. Runsof the RAM calculationswith fixed vortex
edgegavethesameresultfor thecumulatve lossastherunwith the definitionof
Nash.

Sincewatervaporis known so badly, a sensitvity analysishasbeencarried
out. The heatingrate calculationshave beenstartedwith water vapor mixing
ratios reducedby 50% and increasedoy 50% in every altitude. The resulting
descentratesare shavn in Figure4.13,in the samescaleasin Figure4.12. It
is evidentthatthe discrepanciebetweenhe differentmeasurementandmodels
cannotsolelybeattributedto the uncertaintyin the watervapormodel.

Anotherapproacho testthe accurag of the heatingratesis to comparethe
actualpotentialvorticity changedueto diabaticeffectswith the changandicated
by the radiatve transfermodel. The changeof the potentialvorticity is in good
approximatiorgivenby

drP dQ ~dP
&~ e~ de (4-5)
whereQ = (d©/dT)Q is the heatingratein potentialtemperatures.Thus, the
changeof the vortex meanpotentialvorticity hasbeencalculatedwith the RAM
heatingratesand hasbeencomparedto the meanpotential vorticity from the
ECMWEF analysis.Resultsareshowvn in Figure4.14,upperpanel. The thin line
shawstheevolution of themeanpotentialvorticity in thevortex atthe475K level
accordingto ECMWF data. Thethick line is the calculatedevolution according
to the computedheatingrates. Agreements excellent, and the resulting devi-
ationscan be explainedby errorssmallerthan 0.2 K in the heatingratesin the
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Figure4.14: Potentialvorticity evolution atthe 475K isentropiclevel in 1999/2000.Up-
per panel: Vortex meanpotentialvorticity calculatedrom the RAM heatingrates(thick
line) andfrom the ECMWF analysis(thin line). Lower panel: Heatingrates(in poten-
tial temperaturesiyom the RAM calculationgthick line) andinferredfrom the ECMWF

analysig(thin line).
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mostcasesThisis shovn in thelower panel,which displaysthe heatingratesob-
tainedfrom the ECMWF analysiswvhensolving Equationd.5for Q (thin line) and
the heatingratesfrom the RAM model(thick line). The errorrangeagreeswell
with the errorrangethat canbe deducedrom the tracermeasurementOnly in
March a systematiadeviation canbe obsered. Interestingly the tracermeasure-
mentsshawv the largestdeviationsin December Thus,the deviationin March of
the ECMWEF analysismay be dueto non-adiabatieffectslik e the dissipationof
the vortex by waves. However, a final conclusionwhich heatingratesarecorrect
cannotbereached.

4.8 The General Picture

During the SOLVE/THESEO campaignmary morethanthe studiesmentioned
alreadyhave beenperformed providing the bestopportunityyet to comparethe
different methods. The methodsdiscussedn the last sectionsare summarized
in Table 4.1. Although the investigatedperiods,isentropiclevels and altitude
resolutionsareslightly differentin somecasestheresultsshouldbe comparable.
An exceptionis theresultof GOME,wherethetime periodis considerablyghorter
Theagreemenof all measurements very well insidetheir errorbars.

It is alsovery interestingto have a look at the mary resultsthat have been
derivedfrom high resolutionmeasurementdviost studiesagreethatlosswasoc-
curringin arelatvely narrav layerwith peaklossratesatthe 450K level. Obser
vationsfrom 13 studiesaroundthe475K level areshavnin Table4.2. Theresults
of Matchandvortex averagedsondeprofilesarealsoshovnin Figure4.15. Again,
theagreemenbetweerthedifferentmethodss quitewell, with resultssomeavhere
betweenl.7 ppmand 1.9 ppmin the mostcases.Somenotableoutliersarethe
MLS measurementg&/ery shortmeasuremerperiodandlarge correspondinger-
ror) andthe low resultsof MSX (sparsesampling).In additionto the citationsin
thetable,a comparisorof high resolutionmeasurementsanbe foundin [Harris
etal.,2002]andadditionalresultsaregivenin [Robinsonetal., 2002],[Salawvitch
etal.,2002]and[Grantetal., 2002].
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| Dataset | Period | Lossin ppm | Reference |
ASUR 30.11-16.12 | 1.1+0.1 Bremeretal. [2002]
t0 27.2-15.3
GOME 13.2-17.3 0.9+0.3 Eichmann2002]
Match 5.1-16.3 1.0+£0.25 Rex etal. [2002]
RAM 11.12-16.3 1.2/1.4+0.4 | Klein etal.[2002]
FTIR 22.1-3.2 1.1+0.2 Koppetal. [2002]
t04.3-12.3
MIRA/FTIR 22.1-3.2 14+04 Koppetal. [2002]
t04.3-12.3
HALOE/Mark IV | 3.12-11/14.3 | 1.3+ 0.4 Miller etal. [2002]
SLIMCAT 11.12-16.3 1.3 Sinnhuberet al. [2000]
Daviesetal.[2002]

Table4.1: Ozonelossestimatesvith low altituderesolutionatthe475K isentropidevel.

Day of the year
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Figure4.15: Ozondossprofilesfrom sondesandMatchfor thewinter 1999/200between
Januaryand March. Left: Meanozoneprofilesfrom sondemeasurementsdjustedfor
diabaticdescent. Gray scalescorrespondo the dategivenin the legend. Right: Loss
profile inferred from the left panel(gray scale)and Match resultsfor the loss profile
(squaresvith errorbars).
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M. Method Dataset Isentrope| Period Lossin ppm | Reference
A Vortex average| POAM 475 1.1-15.3 |1.8+£0.2 Hoppeletal. [2002]
© Passve POAM 475 11.1-153 | 1.9 Hoppeletal. [2002]
S (Model) (REPROBUS)
O Vortex average| Sondes, 470 10.1-17.3 | 1.74-2.01 | Lait etal.[2002]
~ DIAL, ARO-
TEL, ER-2
Tracer HALOE/Mark | 475 3.12-14.3 | 1.8+0.4 Miuller etal. [2002]
v
Match Sondes 475 5.1-15.3 | 1.94+0.3 Rex etal. [2002]
Tracer MarkIV/ER-2 | 430-460| .1-5.3 1.0-1.5 Rex etal. [2002]
Tracer MarkIV/ER-2 | 450 3.2-12.3 | 1.8+0.3 Richardetal. [2001]
Vortex average| MLS 450 2.2-13.2Y | 2.3+0.6 Santeeetal. [2000]
Vortex average| Sondes 475 1.12-15.3 | 1.34+0.3 Schoeberktal. [2002]
Vortex average| POAM I 475 1.12-15.3 | 1.34+0.1 Schoeberktal. [2002]
Trajectory en- | Sondes, 475 1.12-15.3 | 1.4+0.15 | Schoeberktal. [2002]
semble PQAM,
DIAL, ARO-
TEL, ER-2
Vortex average| Sondes 450 20.1-12.3 | 1.74+0.2 Sinnhubetretal. [2000]
Vortex average| MSX 400-500| 23.1-4.3 | 1.0+0.08 | Swartzetal.[2002]

Table4.2: Ozonelossestimateswvith high altituderesolution. Cumulatve lossat the given isentropeandin the given period, except
(I)scaledfor 52 days.All methodgake diabaticdescentnto accountAdaptedfrom [Newmanetal., 2002] andthe citations.
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Figure4.16: Chlorinemonoxidemixing ratiosat475K in MarchandApril 2000.Shavn
areRAM measurement&lotswith errorbars)andanASUR measuremer{squarepbove
Ny-Alesund. The equilibrium chlorinemonoxidemixing ratio above Ny-Alesundcalcu-
latedby SLIMCAT from the CIO4 mixing ratiois shavn asasolid line for comparison.

4.9 Chlorine Activ ation

Ny-,&lesundis oneof theveryfew siteswheresimultaneousbsenationsof ozone
andchlorine monoxideareroutinely carriedout. This providesa uniqueoppor
tunity to validatethe modeledrelationshipof thesetwo speciedy comparisorto
their obsered relationship. Chlorine monoxideobsenationsin Ny-Alesundare
extremelydependenbn goodandconstantropospheri¢gransmissionln atypical
winterin Ny-,&lesundobser\ationscanbecarriedouton 10to 20days.In theyear
2000measurementserestartedon February29. In anexceptionallylong period
of favorableweatherconditionsit waspossibleto obtainprofileson 7 successie
daysuntil March6. This periodwasfollowedby badweathemuntil March24 with
only oneobsenationon March 11. After March 24 uninterruptedmeasurements
werepossibleuntil April 1 whenthelastdatafor the seasomwereobtained.

In Figure4.16the chlorinemonoxidevolumemixing ratio atthe 475K isen-
tropiclevelis shown for all dayswith sufficientdataquality (solid black dotswith
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Figure4.17: Comparisorof chlorine monoxideprofilesmeasuredy RAM (thick line,
shadedareadenoteserrorbars)andby ASUR (thin line, dashedines denoteerror bars)
duringaflight over Ny-Alesundon March5, 2000.

error bars). Obsenationsstartedon day 59 (February29) andreacheda mixing
ratio of 0.9 ppb on March 1. BetweenMarch 1 andMarch 11 we obsered an
almostlinear decreasef the chlorine monoxidemixing ratio. Two weekslater
chlorinemonoxideshavedundisturbedralues.All measurementweretakenin-
sidethepolarvortex or atthevortex edge exceptfor March24 and25, asshown
in Figure4.3. The period of enhancedthlorine monoxideis coincidentwith a
periodof pronouncedhemicalozonelossatthe475K level (seeFigure4.6). As
thechlorinemonoxidedecreasebetweerday 60 andday 70, the ozonelossrates
decreasaswell. However, this may be an artefictsincethe error barsare quite
large.

Comparablehlorinemonoxideprofileswereobsenedinsidethepolarvortex
by the ASUR radiometeffvon Konig, 2001]. Thealtituderesolutionof the ASUR
profilesis almostthe sameastheRAM resolution but systematiaifferencesnay
be causedyy the useda priori data. A profile measurediuringa flight over Ny-
Alesundon March 5 agreedwithin 0.2 ppb with the RAM chlorine monoxide
profile, seeFigure4.17. Theprofileis alsomarked by a squaren Figure4.16.
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Figure4.18: Chlorinemonoxidemixing ratiosatthe475K level in thewinter 1999/2000.
Dotsshav measurementsf the ASUR radiometemwith anequivalentlatitudegreater65°
and solar zenith anglesbetween86°-10L (December)and equivalent latitudesgreater
75° andsolarzenithanglesbetween68°-85 (Januaryand March). Equilibrium mixing
ratios of chlorine monoxideinferred from the CIOy value of SLIMCAT are shavn for
zenithanglesof 68 (solid line) and85° (dashedine).

Beforewe examinethe RAM datain moredetail, we will have alook atthe
generalpicture. In Figure4.18, chlorine monoxidemeasurement®r the whole
winter performedby ASUR areshavn. Datahave only beenmeasuredluringthe
threemainphase®f the SOLVE/THESEOcampaignn earlyDecemberlate Jan-
uary andlate March. Unfortunately therearealmostno chlorinemonoxidemea-
surementswvailablein betweerthephasegrom otherinstrumentsDatafrom Jan-
uary andMarch have only beenplottedif they hadanequvalentlatitudegreater
than75° andasolarzenithanglebetweer68’ and85°. Thefirst criterionensures
that datawere measuredn the vortex andthe secondone ensureghat we only
considedaymeasurementgherephotochemica¢quilibriumwasachieved. Data
from Decembehave no constrainton the solarzenithangle,sinceit wastoo dark
in this period.Here,all measurementsith anequialentlatitudegreaterthan65°
have beenchoserandsolarzenithanglesverebetweer86° and101°. Almostno
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chlorinewasactivatedin DecemberSincethevortex lay in almostcompletedark-
nessthenandmostchlorinesetfree from thereserwir gaseshouldhave beenin
thedimer (or Cl, andHOCI), this hasto be expected.Chlorinemonoxidemixing
ratiospealedin Januarydroppedto moderatevaluesin Marchandwerebackto
almostzeroin April (seethe RAM measurements Figure4.16).

For comparisonve have plottedthe chlorine monoxidevaluesof the SLIM-
CAT modelfor the sametime period (Figure4.16 andFigure 4.18,lines). The
SLIMCAT resultsfor the RAM measurementare obtainedby subtractingmod-
elednight profilesfrom modeledday profilesand subsequentonvolution to the
vertical resolutionof the RAM profiles (seealso Appendix4.D). The chlorine
monoxidevalueis calculatedirom the computedClOy value,whereCIOy is the
long-lived sumof CIO andCl»0,, underthe assumptiorof photochemicaequi-
librium. The solar zenith angleusedfor the calculationsis computedat noon
respectiely midnight at Ny-Alesund. The SLIMCAT resultsfor ASUR are ob-
tainedslightly different. Thelines shav the photochemicakquilibrium value of
chlorine monoxidefor a solarzenithangleof 68° (solid line) and 85° (dashed
line), calculatedrom the CIOy valueof thevortex mean.

In DecemberSLIMCAT predictsa pronouncecchlorine activation. This is
not expecteddue to the high solar zenith angles. Additionally, only little het-
erogenougprocessingccurredn early winter dueto thewarmtemperatureand
occasionapolarstratosphericlouds.Thefew ASUR measurementhatwerenot
performedin completedarknesglessthan95° solarzenithangle)underestimate
theSLIMCAT chlorinemonoxidemixing ratiosgreatly Thisis mostprobablydue
to anoverestimatiorof the polar stratosphericloud areain SLIMCAT, whichin
turnleadsto anoverestimatiorof the chlorineactivation. As alreadystated polar
stratosphericloudsform instantlyin SLIMCAT in all areasbelow Tyat. In fact,
polar stratosphericloudswere only obsened sporadicallyin Decembelin the
areasthat were cold enoughfor their formation. Additionally, the reserwir gas
HCI shoved no signsof activation. HCI measurementsf the ASUR radiometer
are comparedo the SLIMCAT HCI calculationsin Figure4.20. HCI is trans-
formedinto active chlorinein the SLIMCAT model,but the measurementshaov
undisturbedraluesaroundl.75ppb.

In Januarythe agreemenbetweenSLIMCAT and ASUR is quite well. Al-
mostall measurementwith solarzenithanglesbetween68’ and85° lie between
the predictedequilibrium values. However, it is evident that the model under
estimateghe chlorine monoxidecontentcomparedo both instrumentsfor the
chlorineactiationperiodfrom late Februaryto mid March. After mid Marchthe
modelis againableto reproducehe RAM measurementsithin their errorbars.

We will alsohave ageneralook atthereserwir gasesAs alreadystated HCI
from ASUR measurementshavs undisturbedraluesaroundl.75ppbin Decem-
ber[Bremeretal., 2002],seeFigure4.20.Mixing ratiosbelov 0.5ppbin January
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Figure4.19: Vortex meanprofilesof N,O, usedasanaltitudescalein Figures4.20,4.21
and4.23. Left: Vortex meanN,O profilesmeasuredy ASUR for Decembe(solid line),
January(dashedine) and March (dottedline). Right: The samefor SLIMCAT N,O.
Adaptedfrom [Kleinbohl etal., 2002].
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Figure4.20: Vortex meanprofilesof HCI. Left: Vortex meanHCI profilesmeasuredy
ASUR in Decembe(solid line), Januarydashedine) andMarch (dottedline). Profiles
areplottedversusN,O to eliminatediabaticdescentRight: The samefor SLIMCAT HCI
versusSLIMCAT N»O. Adaptedfrom [von Konig, 2001].
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Figure4.21: Vortex meanprofilesof CIONO,. Left: Vortex meanCIONO, profilesde-
ducedfrom columnmeasurementsf groundbasedTIR andMark IV balloonprofiles,
for December(solid line) and March (dottedline). Profilesare plotted versusN,O to
eliminatediabaticdescent.Right: The samefor SLIMCAT CIONO, versusSLIMCAT
N>O. Adaptedfrom Kleinbdhl etal. [2002].

indicatehigh activation of chlorine. March mixing ratioswere comparablylow,

which indicatesdeactvationfirst occurringinto CIONGO,. CIONGO;, profileswere
inferredfrom columnmeasurementsf the groundbasedVark IV instrumentin

DecemberandMarch [Kleinbohl et al., 2002]. In Januarywe examineprofiles
deducedfrom a Cly budgetand ASUR measurementf/on Koénig, 2001]. Cly

is the sumof all chlorinespecieshere. Thus,the JanuaryCIONO, valueis not

independenof the othermeasurements January CIONO, shows undisturbed
valuesof aboutl.2ppbin Decembervaluesof 0.75ppbin Januaryandmorethan
1.5ppbin March, seealsoFigure4.21. Increasedvaluesof CIONO, in March

comparedo Decemberandlow HCI valuesin March confirm that deactvation
occurredfirst into CIONO,. Chlorinedeactvationwasnot completedn March.

If no chlorineactivationis assumedn DecemberCly is in goodapproximation
composedf HCl and CIONO, andaddsup to about3 pphb. In March, HCI and
CIONO, do only addup to about2 ppb, sothatthe remainingl ppb have to be
activatedas CIO, which is consistentwith the CIO measurementsf RAM and
ASUR. This is a hint thatthe CIO measurementare correctandthe modelis in

errorhere.

HNOs, which is also measuredoy the ASUR instrument,decreasedrom
9.5ppb in Decemberto 6 ppbin March. Measurementshat could be affected
by HNO3 removal from the gasphaseby polar stratosphericloudsare already
excluded[Kleinbohl et al., 2002]. The decreaseas a clear sign for denitrifica-
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tion, whichis treatedin the next section.Photolysisof HNOs into NOy is notthe
major reasonfor the decline,which is alsoshown there. Januaryresultsarein-
conclusve. SomeHNO3; measurementshavedhighervaluesthanthe December
valueswhichis expected sincechlorinewashighly activatedandnitratewasset
freefrom CIONQO,. Othersshawvedfirst signsof denitrification.

Wewill now examinethereasongor thediscrepang betweermodelandmea-
surementsn March. In contrastto the previous winter, whenan overestimation
by themodelwasfound,thedifferencebetweermodelandmeasuremens appar
ently notcausedy the atmospheri¢cemperaturesisedfor themodelcalculations
[Klein et al., 2000]. The temperaturesn 1998/99were very closeto the for-
mationtemperaturef polar stratosphericlouds. Slightly too low temperatures
usedin the SLIMCAT modelcalculationscaused large differencein the subse-
guentchlorineactivation. The cold biasof temperatureseartheice pointin the
UKMO analysiscomparedo sonde NCEPor ECMWF datais awell known fea-
ture[Daviesetal.,2002]. Butthestratospheritemperatureduringthe 1999/2000
winter wereclearly below the cloud formationtemperatures the modelaswell
asin the ECMWF temperatureanalysis.In additionto that,the disagreemernte-
tweenmodeledandmeasureahlorinemonoxidewould berenderedvorseby the
useof ECMWF temperatures.

A moredetailedcomparisorof modeland obsened profilesis givenin Fig-
ure 4.22. Herewe presentl2 of the retrieved chlorine monoxideprofiles of the
winter 1999/2000. Along with the profiles (thick lines with gray shadederror
range)we have plottedthe SLIMCAT modelcalculationsn their original vertical
resolution(dashedine) andcornvolutedto theRAM verticalresolution(thin line).
It is evidentthatthenarrov peakin the SLIMCAT modelin thelower stratosphere
is considerablybroadenedn the convolution process A meaningfulcomparison
is only possiblebetweertheRAM profilesandthecorvolutedmodelprofiles. The
agreemenin the upperpeakis not surprising becausehe volumemixing ratio at
thesealtitudesis dominatedby the a priori informationin both cases.However,
the lower peakis underestimatetly the modelin all casesof enhancedhlorine
monoxide,althoughit appeargo have the samealtitudeasthe peakin the RAM
profilesatleast.

The differenceof the modeledprofilesandthe obsened profilesin the lower
peakmighteitherbe causedy the modelunderestimatinghe chlorinemonoxide
mixing ratio atthe peaklevel or ataltitudesbetweerthe peakand~ 23km where
thedifferencedetweermodelandobsenationsarelargest.Both possibilitiesare
compatiblewhenthe modeledprofiles are adjustedto the RAM altitude resolu-
tion. To explore the discrepany, further additionalinformationis needed.The
potentialcloudareashowvn in Figure4.2indicateshattemperatures significant
partsof the polarvortex werelow enoughfor the formationof polar stratospheric
cloudsuntil mid Marchatthe 475K level (about19.3km at March 16) but only
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Figure4.22: Chlorinemonoxideprofilesmeasuredby theRAM in 1999/2000 Showvn are
12 profilesmeasuredt differentdateg(thick line, shadedireadenotegheerrorbars)and
SLIMCAT modelcalculationsfor the samedateat their original resolution(thin dashed
line) andconvolutedto the RAM altituderesolution(thin solid line).

until the beginning of Februaryat the 550K level (about22.1km at March 16).
This confirmsthe existenceof anactivatedchlorinelayerin the modeledprofiles
around19 km andindicatesthat no chlorine was activatedafter early February
around22 km. But air massest thesealtitudeswerevery probablydenitrifiedby
thestratosphericloudactivity seerearlieratthe550K level (seeFigure4.2). This
led to ongoingchlorineactivationin March dueto missingnitrogencompounds
neededor thetransferof activatedchlorineinto thereserwir gases Differences
in denitrificationbetweerthe modelandmeasurementsouldaccountfor the dif-
ferencesn thechlorinemonoxideprofiles.
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4.10 Denitrification

The winter 1999/2000shoved the most severe and widespreaddenitrification
ever obsened in the Arctic stratospher¢Poppet al., 2001; Davies et al., 2002;
Kleinbdhl et al., 2002]. However, no significantdehydrationwvasobsered. We
will have a closerlook at the differentstudiesnow. Poppet al. measuredienitri-
fication by the useof dataof the Mark IV instrumentandof flights of the NASA

ER-2 aircraft, while Kleinbodhl et al. useddataof the ASUR instrumentandthe
Mark 1V instrument. Davies et al. give a detailedstudy of the denitrificationin

SLIMCAT comparedo the ER-2 measurementsResultsof MLS [Santeeet al.,
2000], which werealsoavailable,arevery roughestimatesandnot suitablefor a
meaningfulcomparison.

In the study carriedout by Kleinbodhl et al. [2002], denitrificationis derived
from combinedresultsof ASUR measuremeni@iNOs), groundbased~TIR and
Mark IV balloon measurement@CIONO,) and model estimatesof NOx. Den-
itrification is inferred from the differencein NO, betweenDecemberl999and
March2000,whereNOy is thesumof therelevantoddnitrogenspeciesCIONO;,
HNO3 andNOy. Subsidencés accountedor by calculationon N2O levels.

A detailedcomparisoris carriedout betweerthe SLIMCAT runwith UKMO
temperaturesindtheice denitrificationschemeandthe ASUR method,seeFig-
ure 4.23. SLIMCAT resultshave beenconvolutedto the altitude resolutionof
ASUR, which is comparableo the resolutionof the RAM. Both vertical pro-
files of the differencein NOy betweenDecembeandMarch (calledANOy from
now on) imply thatthe air wasdenitrifieduntil mid Marchataltitudesbetweeril6
and21 km, andthatdenitrificationwasincreasingwith altitude. Furthermorethe
ASUR methodshaows a strongerdenitrificationthanthe SLIMCAT model. At the
100ppb N2O level (equalto the 470K level in March), ANOy shows valuesof
about4 ppbfor ASUR and2.5ppbfor SLIMCAT. However, the errorbarsof the
ASUR methodaresolargethattheresultis not statisticallysignificant.Although
it is not possibleto concludewith certaintyfrom the ASUR measurementthat
the denitrificationwas more pronouncedhanmodeledby SLIMCAT, they also
do not contradictthis assumption.

Resultsrom the differentSLIMCAT modelrunsby Daviesetal. [2002] point
in the samedirection. Therunwith UKMO temperatureandtheice denitrifica-
tion schemedoesnot agreevery well with measurementsf NOy by the NASA
ER-2 flights betweenJanuaryl4 and March 12, which imply a higher denitri-
fication throughoutthe obsered altitude range(this can be seenvery clearly in
Figure 7 of the reference.High resolutionANOy is about10 ppb at the 460K
level in the dataand8 ppbin themodel). Theuseof ECMWF temperaturesen-
derstheagreemenévenworse.
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Figure 4.23: Denitrification profile. Left: Differencein NOy betweenDecemberand
Marchinferredby the methoddescribedn [Kleinbdhl etal., 2002]. The profile is plotted
versusN,O to eliminatediabaticdescentThe dashedinesshav theerrorbars. Theright
panelsshawvs correspondingesultsfrom SLIMCAT.

However, therun with the simple parameterizatioof denitrificationby large
NAT particlesagreesetterwith the obsened ANOy regardlessof the usedtem-
peraturedata(ECMWF or UKMO, notshavn here).Thisagreemenis consistent
with theobsenationthatno dehydratioroccurredn thevortex, whichwould have
taken placewith ice particles. Denitrificationfirst occurredin early Februaryin
bothdenitrificationschemeswhenthe sunlightcameback. Chlorinedeactvation
wasdelayedby abouttwo weeksin Marchin comparisorio 20 daysfor the NAT
scheme. Denitrification occurringonly after Januarywould explain the agree-
mentof ASUR andSLIMCAT in January Therathershortelongationof chlorine
activationin the NAT andice schemesnay explain that the effect of different
denitrificationscheme®n ozonelossis negligible (seebelaw).

Interestinglytheice denitrificationschemeoverestimate€10y in comparison
with ER-2 measurements the whole winter, which is just contradictoryto our
results.Unfortunately sincethe ER-2 measurednainly at onealtitude,no direct
comparisorto the RAM andASUR datais possibledueto the restrictedaltitude
resolution.Similar discrepanciesccurbetweenCIONO, andHCI from theER-2
andfrom themodel,which additionallydo notaddup to the expectedCly budget.
Thus,chlorinemeasurementgeld no clearresultin favor of oneof theschemes,
whichis a pity, sincethedenitrificationresultsshav a quiteclearpicture.

Poppetal. [2001] alsouseresultsof the ER-2to calculatedenitrification,but
insteadof ER-2 data,Mark IV resultsfrom Decembel3 are usedfor the initial
NOy profile. However, the resultsare essentiallythe sameasin [Davies et al.,
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2002],andgiveaboutl0ppbdenitrificationatthe475K level. Denitrificationwas
alsocalculatedor thetwo Mark IV balloonsbetweerDecembeB andMarch15.
Interestinglyit is significantlylower atall altitudelevelsthanin theotherstudies
(about6 ppbat 475K). This is anotherhint thatthe March 15 measuremenf
Mark IV mayhave beendisturbedby extra vortex air. Poppetal. shav thatthere
wasadependencef thedenitrificationon equivalentlatitude ,which couldexplain
theMark IV result.
Thus,asafinal conclusiondenitrificationhasbeenmodeledoy SLIMCAT for

this winter, but the chlorine deactvation may have setin too early in the model
schemewith ice denitrification.

4.11 Effect on Ozone Loss

Thequestiorremainswhy themodelcanproducethecorrectozonelossalthough
it underestimatethe chlorine monoxidesignificantlyin March. The ozoneloss
rate is proportionalto the squareof the chlorine monoxideconcentrationsee
for example[von Konig, 2001]. Thus, an underestimatiorof chlorine monox-
ide shouldleadto an underestimatiomf ozoneloss. It could be amguedthatthe

ozonelosscalculationscorrespondo vortex averagesvhile the chlorinemonox-
ide obsenationsare restrictedto one location only. If the chlorine monoxide
obsenationsand model calculationsat Ny-Alesundwere not representatie for

the vortex consisteng is not to be expected. But this is ratherunlikely: If the

measurecthlorine monoxidewould not be representate, it would be scattered
aroundthe chlorinemonoxidemodelvaluesandnot be systematicallyhigherfor

aperiodof weeks.

The answemay bethatthe discrepang only lastedfor a few weeks but that
ozoneloss occurredfrom Januaryto March. Davies et al. [2002] estimatethat
denitrification causedonly 30% of the obsered ozonedeclineat 460K in the
ice run. Thiswaseventruefor the strongerdenitrifiedrun with the NAT scheme.
Tabazadeletal.[2000]suggesthat30%wasanupperlimit for theadditionalloss
dueto denitrificationfor a similar winter. Gaoetal. [2001] obtainsimilar results
for the loss due to denitrificationbasedon the examinationof air parcelswith
differentdenitrificationhistories.In any casetheeffectof denitrificationonozone
lossis stronglydependenbn thetiming of polar stratosphericloud appearance,
sunlightanddenitrification. If denitrificationwould occuronly in darknessaand
air massesvould berenitrifiedlateror stratosphericloudsactivatedall available
chlorineregardlesf denitrification,no additionallossis to be expected.

Consideringour altituderesolutionandthe factthatat leasta partof the den-
itrification was modeledby SLIMCAT, the differencemay not be detectabldan
the ozonemeasurementfReplacingtheice denitrificationschemewith the NAT



126 4 Ozone Depletion

schemevenyieldsbetterresults sinceit agreesetterwith thechlorinemeasure-
ments(not shawn), but givesthe samecumulatve ozoneloss. Discrepanciesnay
alsobecausedy thedifferentheatingratesin the RAM radiatve transfermodel,
the SLIMCAT modelandreality or badlyknown rateconstantsuchasthatof the
ClO-BrOreaction.Eventhegoodagreemenbbsenedmaybeincidentallydueto
thelarge error barsconnectedvith the ozonedepletioncalculationgabout30%)
andchlorinemeasurement@bout20%)andthe uncertaintiesn the model.

Soit seemdhatwe obtainarealisticozonelossin SLIMCAT, althoughsome
runsunderestimatedhlorinemonoxide. Interestingly Davies et al. [2002] draw
just the oppositeconclusion. Becauseof the discrepang of the ER-2 measure-
mentsand the microvave measurementsf chlorine monoxide,they conclude
that the run that producedthe bestagreementvith denitrificationand chlorine
from ER-2measuremeni&CMWF with the NAT schemelnderestimatedzone
depletion.Thus,arunwith acorrectozonelosswould have to overestimatehlo-
rine (like it happenedn the UKICE run in comparisonto the ER-2 data). But
they admit that uncertaintiescausedor exampleby the heatingratesor ER-2
measuremergrrors,aresolargethatafirm conclusioncannotbereached.

It shouldbe notedthatan underestimatiorf ozonedepletionoccurredquite
oftenin modelstudies,evenif chlorinewascapturedwell, seefor example[De-
niel etal.,1998;Becler etal., 1998;Woyke etal., 1999]. It mustbe stressedhere
that the discrepanciesanvery muchdependon the evolution of the winter, the
modelassumptiongwhich normallyincludea very crudeapproximatiorto deni-
trification andstratosphericloudformationdueto time constraintsanda lack of
betterknowledge)andtheaccurag of the measurementsvhichis notbetterthan
20%for all known chlorinemeasurements\While SLIMCAT shoved a general
underestimatiomn earliercold winterslike 1994/1995jt agreedquite well with
several ozonedepletioncalculationsin 1999/2000,seefor example[Sinnhuber
et al., 2000]. Remarkablythis wasthe only winter whereSLIMCAT produced
significantdenitrification,which maybe a hint for the discrepancies.

A study similar to ours was conductedby Wu and Dessler[2001] for the
Antarctic ozonedepletionmeasuredoy MLS. They found a very nice agree-
ment betweenmodeledand measuredzonedepletionfor the winters of 1993
to 1995. Chlorinemonoxidewas constrainedy measurementso that discrep-
anciescouldbe addressetb unknavn chemistry chlorinemeasuremergrrorsor
badly known rateconstants Dynamicsareusuallynegligible in the Antarctic, so
this error sourcecould be excluded. The studyof Wu andDesslershavs thatthe
ozonelosscyclesitself seento be quitewell understoodjualitatvely andquanti-
tatively in the Antarctic. Thus,discrepanciebetweemmodelsandmeasurements
in the Arctic could be dueto dynamics,for example. Sincechlorine monoxide
wasconstrainedn the model,no statementwasmadeaboutthe mechanismset-
ting free chlorinefrom thereserwir gasesr denitrification. Thus,anerrorin the
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Figure4.24: PotentialPSCareain 2000/2001. Temporalevolution of the areaof tem-
peraturedbelon the formationtemperaturef NAT (light gray) andice (darkgray) atthe
475K level insidethevortex. Theareaof thevortex is shavn for comparison.

exactmodelingof denitrificationin SLIMCAT, while the ozonelosscycleswere
modeledwell, is a goodexplanationfor the obsereddiscrepancies the Arctic
accordingto Wu andDesslel{2001].

The final conclusionremainsthat uncertaintiesn measurementand models
dery a firm answerin regardto the causeof the discrepanciegor the time be-
ing. However, the basicmechanism®f ozonelossseemto be well understood
nevertheless.

4.12 Ozone Depletion in 2000/2001

The winter of 2000/2001wascharacterizedby a weakvortex thatonly survived
for little morethana month. However, for thetime of its existence temperatures
werequite cold. Thevortex formedin Decembeibut only gainedstrengthat the
endof themonth. At the beginning of Februarythe vortex split up into two parts
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andvanishedn the next threeweeks. Neverthelesstemperaturegell belov the
formationtemperaturef NAT cloudsandeventhe formationtemperaturef ice
cloudsin large partsof thevortex, aspresentedn Figure4.24. In Figure4.25the
evolution of the vortex is shavn. Thevortex edgeis only displayedup to Febru-
ary12,becaus¢hegradientwastooweakto applythemethodof Nashafterwards.
Ny-,&lesundwassituatedoutsideor at the edgeof the vortex in the whole win-
ter, makingit somevhatdifficult to obtainresults. Thus, calculationshave only
beencarriedout for the periodfrom Januaryl, 2001to January30, 2001. The
obsened ozonevolume mixing ratio atthe 475K level remainedquite constant
in this period,seeFigure4.26. Subtractinghe gaindueto diabaticdescenyields
chemicallossratesof about15 ppb/day, ascanbe seenin Figure4.27. Thisis
comparabldo thelossratesof the previouswinter in the sametime period. How-
ever, dueto the shorttime period, the cumulatve lossis not large. The volume
mixing ratio of Januaryl, 2001reducedy thecumulative chemicalossis shavn
in Figurerefpic.cumloss200for the 475K level. Thecumulatve lossaddsup to
0.4+£0.3ppm(12%),whichis barelysignificant.
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Potential vorticity of the polar vortex at 475 K
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Figure 4.25: Vortex evolution in 2000/2001at the 475K level. Contoursrepresenthe
potentialvorticity atagivenequialentlatitudeanddate. Theblackdotsmarktheposition
of Ny-Alesundin termsof equivalentlatitudeandthethick lines denotetheinnerandthe
outeredgeof thevortex.
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Figure4.26: Ozonemixing ratio at the 475K isentropiclevel in the winter 2000/2001.
Measurementsf the ozoneradiometel(diurnalmeansthick line) andof sondegdots)at
Ny-Alesund.



130 4 Ozone Depletion

Ozone loss rates at 475 K
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Figure4.27: Ozonelossper day at the 475K isentropiclevel in 2000/2001. The thick
line shaws the ozonechangeper day obsered by the radiometerthe thin line shawvs the
changedueto diabaticdesceninferred from the passie profile, the dashedine shavs
the chemicalchanggwith errorbars),given by the differenceof the abore changesAll
changesare 25 day means.The passie profile hasbeencorrectedor naturalozonepro-
duction.
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Figure4.28: Cumulatve lossat the 475K isentropiclevel in 2000/2001.Shawn is the
volumemixing ratio of Januaryl, 2001 reducedby the cumulative lossobtainedby the
ozoneradiometer The passie profile usedfor the cumulatie losscalculationshasbeen
correctedor naturalozoneproduction.
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4.A Integration of Loss Rates

It is shovn herewhy Equation4.1 cannotsimply be integrated. We will call the
obsenredprofile x, thepassve profile p andthechemicalossor gainprofile c with

c =X —p (losshasa negatie sign andgain hasa positive sign). Theseprofiles
shallbethe high resolutionprofiles. In the passve tracermethod the low resolu-
tion passve profile p andthelow resolutionobsened profile X aresubtracted:

Il
> > X

e=%-p
X+ (1—=A)xo—[Ap+ (1—A)X(]
c (4.6)

Thus,the low resolutionchemicallossis just the high resolutionlossconvoluted
with the averagingkernelsmatrix, which is very illustrative. Fromc = 0 follows
¢ =0, asit shouldbe.

One may arguethat it makesa differencewhethera high resolutionpassve
profile is subsidedand corvolutedto the altituderesolutionasthe last stepor if
alow resolutionprofile obtainedfrom the high resolutionprofile is subsidedcand
convoluteda secondime to realignit with the altituderesolution. Thefirst case
is assumedn the above formula, while the secondcaseis the methodactually
used,becausehe RAM passve profile is in low resolutionfrom the beginning.
However, testswith sondeprofilesin highresolutionandcornvolutedto ouraltitude
resolutionhave shawn thatthe resultingpassve profilesagreevery well in both
casesDifferencesverebelon 0.05ppmthroughout.

SimplyintegratingEquatiord.1leadsto erroneousesults.Thelossrateshave
to beintegratedbetweerty andt to obtainthe chemicalloss¢ here,wheretg may
beadatein Decembeandt maybeadatein Marchin our case:

= A(X(t) = x(to))

g %[AX(V) + (1= A)xolQ(t) o’
= A(c(t) +p(t) — p(to))
t
- a%[Ax(t’) + (1= A)xoQ(t) o’

(4.7)
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Ozone loss rates at 475 K
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Figure4.29: Ozonelossperdayatthe475K isentropiclevel inferredfrom Equation4. 1.
Comparego Figure4.6.

Q is the heatingratein potentialtemperatureand® is the potentialtemperature
itself. With

p() ~plto) = [ S35 o) o @9
to
we obtain:
t !
e=Ac(t)+A / a)(;(et)é(t’) dt’
to
t
_ / 2 Ax(t) + (L= Ay Q) o (4.9)

Comparedo Equation4.6, an unpleasanéxtra termoccurs. This termis dueto
thefactthatit makesadifferenceaf thegradienwof theprofileis calculatedirstand
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convolutednext or if the profile is corvolutedfirst andthe gradientis computed
from thecorvolutedprofile. In additionto that,c = 0 doesnotimply ¢ = 0, which
IS very anng/ing.

4.B Double Convolution

Thelow resolutionpassve profile of the RAM hasto be convolutedfor a second
time after subsidingit in orderto realignit with the altituderesolution. This is
equivalentto the substitutionof A by A2. If theresultof the optimalestimatioris
calledX; = Ax + (1— A)Xo, thecorvolutionyields

Xo = AXq+ (1—A)X0
=A(AX+ (1—A)xg) + (1 —A)xo
= A%+ (1—-A?)xg (4.10)

Sincethe altitude resolutionof A? is similar to the altitude resolutionof A (not
shown here) thisis only alittle dravback.

4.C Error Analysis

The error of a singleozoneprofile is estimateddy directcomparisorwith ozone
sondes. The systematicerror is calculatedas the differencebetweenthe mean
of the RAM profilesandthe meanof the convolutedsondeprofiles. Analogical,
thestatisticalerroris givenby thestandardleviation of thedifferencebetweerthe
RAM profilesandthecorvolutedsondeprofiles. Thesystematierroratthe475K

isentropiclevel is —0.05 ppm (lessthan2%) andthe statisticalerroris 0.14ppm
(lessthan5%) for the 46 sondedaunchedn the time frameof the depletioncal-
culations. This is well insidethe error barsof the sondedtself [Komhyret al.,

1995].

The error of the cumulative lossis givenby five differenterror sources.The
statisticalerrorsof the ozoneprofile itself andthe passve profile have to be con-
sideredaswell astherespectie systematierrors.In additionto that,the errorof
theheatingrateshasto betakeninto account.The statisticalerrorof thechemical
lossprofile is givenby

0% = 03+ 05 (4.11)

wherea? and 0% arethe errorsof the ozoneprofile andthe passve profile. The
error of the ozoneprofile, which is averagedover 5 days,is calculatedirom the
errorsof the single profiles at the 475K level. Sincethe ozonemeasurements
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arecorrelatedwvith eachother we will have to usea slightly unusualapproacho
calculatetheerrors.The averagecanbewritten as

Y1

y=Gy=(1/N---1/N) | 2 (4.12)

YN

wherethey,...,yn arethe N mixing ratio measurementsThe corresponding
covariancematrix (in this caseonly anumber)is givenby

S;=GS,G' (4.13)

S, is thecovariancematrix of the singlemeasurementdVhile thediagonalis just
the measuremengrror of 0 = 0.14 ppm the correlationbetweenthe measure-
mentsin theoff-diagnoalelementdasto beconsideredswell. It is assumedhat
thecovariancesaregivenby

Sij = o?exp(—[t —tj|/1) (4.14)

where [t —tj| is the time gap betweenmeasurements and j andt is a con-
stantcalledcorrelationlength.While measurementhatfollow shortlyaftereach
othershouldgive almostthe sameresult,becauséhe ozonemixing ratio doesnot
changeso fast, measurementthat are separatedy a big time gap shouldshav
no correlation.Thecorrelationlengthgivesthe pointwherethecorrelationbreaks
down. It canbe estimatedrom thetime seriesandis setto 0.5 daysfor this anal-
ysis. The error computedwith this methodis largerthanthe error calculatedby
division by v/N. Thereasoris an effective reductionof the numberof measure-
mentsdueto the correlationbetweerthem.

We will now treatthe remainingerrors. The error of the passve profile is the
error of the initial profile, subsidedandconvolutedto realignit with the altitude
resolution.The systematierroris givenby

Ac=Ax—Ap (4.15)

where/Ax and Ap arethe systematicerrorsof the ozoneprofile andthe passve
profile. Errorsare countedpositive if the measurednicrowave profile is greater
thanthetrueprofile (from sondes)Sincec is negative in caseof ozonedepletion,
the measurediepletiongetssmallerwhenwe have a positive systematicerrorin
theozoneprofile, andthetrue depletionis greater

Theerrorin the heatingratesis accountedor by subsidingthe passve profile
with heatingratesQ changedby +0.1 K and computingthe differenceto the
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passve profile actuallyused. The erroris —0.32 ppmfor the lower heatingrates
and0.35ppmfor the higherheatingrates. Here,lower heatingratesmeanmore
cooling, sincethe netheatingrateis negative. Thus,the passve profile subsides
fasterthanthe original passve profile andthe mixing ratio of the passve profile
at 475K increases.Hence,the measurecd is renderedmore negative thanthe
true lossprofile, andthe measurediepletionincreasesn comparisorto the true
depletion.Thus,theerrorin cis negative for lower heatingrates.

The actualresultsfor the differenterrorsfor the winter 1999/2000are given
now. Thestatisticalerroraddsup to 0.05ppm, while the systematicerroris only
—0.02ppm The absolutevalueof the error originatingfrom the heatingratesis
0.3ppmfor thedecreasetieatingratesaswell asfor theincreasedeatingrates.
Thus,errorsareclearlydominatedby theerrorin the heatingrates.

The calculationof theerrorsof thelossratesis quitesimple. It is justtheerror
of the both cumulatve lossesusedto infer thelossratedivided by the numberof
daysbetweerthem. Typical valueslie about10 ppb/day.

4.0 Convolution of Independent Measurements

Theseveralmeasuremenendmodelresultsrequiredifferenttreatmentf wewant
to corvolute themto our altituderesolution. The resultsof Match, Mark IV and
HALOE/OMS wereavailableasalossprofile. Thus,they have beencorvoluted
accordingo Equation4.6:

¢=Ac (4.16)

Thealtitudegrid of the high resolutionprofilesis interpolatedo theretrieval grid
in orderto performthe corvolution. Sincethelossprofileswereonly availableon
arestrictedaltituderange missingvalueswereassumedo be zero.

The resultsof SLIMCAT consistof a passve profile and an ozoneprofile.
They have beencornvolutedfirst andsubtractedafterwards,againto matchEqua-
tion 4.6. Additionally, the profileshave beenaveragedover 5 daysafterthe con-
volution. The resultsof GOME, MIRA and ASUR neednot to be corvoluted,
becausehey have a similar altituderesolution.

If we wantto compareindependenthlorine monoxidemeasurement® our
obsenations they haveto becorvolutedto thealtituderesolutionof theRAM and
day and night differenceshave to be used. However, it is not obviousin which
orderwe have to performtheseactions. The spectraof the RAM are subtracted
beforethe retrieval. If we assumethat the weighting functionsdo not change
betweenrnthe day andnight measurementsye cantake advantageof the factthat
theforwardmodelis almostlinear:

K (Xday— Xnight) = Yday — Ynight (4.17)
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Thus,theresultof theoptimalestimationrmethodis anestimatoifor thedifference
betweerthe daytime profile andthe night time profile:

Hence we have to subtracthe profilesfirst andto corvolute themnext.

The corvolution of the denitrificationprofilesis moreproblematic.Sincethe
averagingkernelsandthe a priori profile belongto ozoneor chlorine monoxide
measurementsheir usagein the convolution is not obvious. But if we wantto
getanideaof the denitrificationin our altituderesolution,the only possibility is
to calculateAn, wheren is the differenceprofile of the denitrificationandA are
theaveragingkernelsof the ozoneor chlorinemonoxideretrieval.



5 Water Vapor Columns

5.1 Overview

It is notonly possibleto derive ozoneprofilesfrom themeasurementsf theozone
radiometer but alsoto obtain watervapor columns. In caseof an atmosphere
free of liquid water thereis an uniquerelationshipbetweerthe biasof the spec-
trum andthe watervapor column. Unfortunately moist atmosphericonditions
spoil this relationship. Additional measure$fiave to be performedto correctthe
columnsin this case.Thewatervaporcolumnis givenby theintegral of the num-
berdensityny,o of watervaporabove a certainpoint of the surfaceof theearth:

4

CHzo = /nHzo(z’) dZ’ (5.1)
0

A commonmeasurdor the watervaporcolumnis the precipitablewatervapor
This is the heightof precipitationthatwould be causedy all the watervaporin
thecolumn.It canbededucedrom thecolumnby

. N
with  niquig = 2

5.2
Niiquid Mmol (2)

whereniiguig is the numberdensityof liquid water p is the massdensityof liquid
water myo is themolecularweightandNa is Avogadros constant.

5.2 Theory

In Figure5.1 watervaporcolumnsfrom sondemeasurementare plottedversus
bias measurementsf the ozoneradiometerperformedat the samedate. The
relationshipbetweerwatervaporcolumnsandbiasis exponentiaffor fair weather
conditions. This relationshipcanbe derived from the radiatve transferequation
underthefollowing assumptions:

137
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e Theabsorptiorcrosssectionof watervaporay, o is a constant.
e Thetemperatur®f thetropospherdp trop is aconstant.

e Liquid wateris absent.

e No scatteringoccurs.

The absorptioncoeficient of the atmospherés mainly composedf the absorp-
tion coeficients of oxygenandwatervaporin the consideredrequeng range,
o~ GﬁzonHzo_‘*‘ q*oznoz. In combinatiorwith theradiatve transferequationthe
resultfor thebiasis

z z
Tg = / a(Z)Tawop(Z) exp | — / a(Z)d?' | dZ
0 0
= T trop [ 1 — exp(—0tf;,0Ch,0 — K)] (5.3)

whereK is the constantcontribtution of oxygen. The offset by oxygenis about
25K at142GHz,ascanbeseenn Figure5.1. If selfabsorptions ngyligible, the
relationshipis renderedinear

sinceexp(x) ~ 1+ x for x < 1.

5.3 Method

In orderto obtainwatervaporcolumnsfrom the microwvave measurements for-
mulais concevedthatyieldsthe columnsasa functionof the biasof the spectra.
Equation5.3is the key to the problem. We can obtainthe threeunknovn coef-
ficients,namelyTg trop, cx*gzo andK, by fitting a curve throughthe measurement
pairsof sondewatervaporcolumnsandmicrowave biastemperaturesWe intro-
ducetheopacityt of thetropospheraow to simplify thefit, givenby

T=1In (ﬂ) (5.5)

TB,trop— T
Sincetherelationshipbetweert andC,o is linear
T= ai'20CHZO+ K (56)

we cangetor,’;zo andK by alinearfit. Tg trop is moredifficult to gain, sinceit is
givenby the biaswe would seeif theatmosphersvould betotally opaque.Since
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Figure5.1: Watervaporcolumnsfrom sondemeasurementgersushiastemperaturesf
radiometemeasurementsadeat the samedate. Black dotsmark sondelaunchesat fair
weatherconditions,andwhite dotsmarklaunchesat cloudy or rainy conditions.

this is never the case,it canonly be estimated.Fortunately the value of Tg trop
is not very importantfor the accurag of the measurementsiVe will usea value
of 300K for thetime being. Solvingthe relationshipof biasandcolumnfor the
columnandintroducingthefitted valuesyields

T—K _ In(300/(300—Tg)) — 0.0609
Ch,0 = = 5.7
"0 ar o 0.0575 &7

Only sondedaunchedunderfair weatherconditionswereusedfor thefit. We will
alsohave alook atthepossibleerrorsourcesere. Theactualerrorsof themethod
in comparisorto sondesaregivenlaterin section5.5. Statisticalerrorsourcedor
the columnsare noisein the measurementsjarying tropospheridemperatures
andabsorptiorcrosssections Systematierrorsareintroducedoy problemswith
sondemeasurementst very cold temperaturesAbove 10 km altitude,the sonde
datais consideredo be unreliable. Sincemostof the watervaporresidesn the
first few kilometersof the atmospherethis shouldbe a minor errorsource.
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5.4 Correction

Moist weatherconditionsbearingcloudsor precipitationspoiltheassumptiorthat
no liquid wateris present.Liquid watercontributesto the atmospherispectrum
by absorptionemissiorandscattering Absorptiondominatesf thewavelengthof

theradiationis muchgreaterthantheradii of thecloudor raindroplets(Rayleigh
regime). If the wavelengthandthe radii are comparableMie scatteringoccurs.
Absorptionand emissionof radiationby dropletsleadto systematicallyhigher
brightnesgemperaturesomparedo theresultsunderthe sameatmosphericon-
ditions without liquid water Similar to the watervaporabsorptionJiquid water
absorptiorcansimply be describedy anabsorptiorcoeficient

* * *
O = Op,0NH,0 + Ao, No, + AliguiaMiquid (5.8)

whereny, ,iq is the numberdensityof theliquid water The effectsof scattering
aremoredifficult to infer, but may alsohave a systematidorighteningeffect for
thin clouds. In the 140 GHz region, both effectsplay a dominantrole. This can
clearly be seenin Figure5.1. Spectrataken undermoist conditionsshowv a sys-
tematicallyhigherbrightnesgemperaturéhanspectraunderfair conditionsthat
weremeasure@tthesamewatervaporcolumn.Thus,Equation5.7 overestimates
thewatervaporcolumnundermoistweatherconditions.

Weatherobsenationsin Ny-,&lesundare not detailedenoughto correctthe
columns. The standardapproacho solve this problemis a secondmeasurement
atafrequeng lessinfluencedby liquid water[Ulaby etal., 1981]. The measure-
mentsof the watervaporradiometerat 22 GHz areideally suitedfor this correc-
tion. Normally, the instrumentis operatedn referencebeammode. Thus,it is
necessaryo usethe sky dip measuremerto obtainthe brightnessemperaturef
the spectrum.Unfortunately this measuremerns only performedaboutonceper
day A changeo thetotal power methodcouldsolve this problemin the future.

The approacho correctthe columnmeasurementssesa systemof two lin-
earequationdo obtainthe two unknown variableswvatervaporcolumnCi,o and
liquid watercolumnCiiquig- A derivationsimilarto theoneof Equation5.3yields

% *
122 = O}4,0,22CH,0 + Niquid 22Ciiquid + K22
* *
T142 = Op,0,14H,0 + Aliquid,14Ciquid + K142 (59

with

Too=In ( TB,trop,22 ) Tio=In < TB,trop,142 > (5.10)
T trop,22— Tp,22 T, trop,142— Tp,142

whenscatteringis assumedo be neggligible. The constantsx,ﬁzo, Tg,trop aNdK
canbededucedrom measurementsnderfair weatherconditions(for clarity we
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Figureb.2: Resultsof the MWMOD forwardmodel. Scattemplotsof watervaporcolumns
of sondesor calculatedliquid water columnsversusthe computedbrightnesstemper

atures.Upperleft: Watervaporcolumnsversusbrightnesgemperatureat 22 GHz. No

cloudsor precipitationwereallowed. Upperright: Liquid watercolumnsversusadditional
brightnesgemperatureslueto liquid waterat 22 GHz Squaresnmark cloud generation
by themodel,trianglesmarkadditionalprecipitationgenerationLower left: Watervapor
columnsversusbrightnessemperatureat 142GHz. No cloudsor precipitationwereal-

lowed. Lower right: Liquid watercolumnsversusadditionalbrightnessemperaturegue
to liquid waterat 142 GHz. Squaresandtriangles:seeabove.

| Frequeng | Torop | 00 | Qquia | K |
22 GHz (model) 300 | 0.0156| 0.3005| 0.0509
142GHz (model) 300 | 0.0570| 3.6871| 0.0520
142GHz (measured) 300 0.0575| — 0.0609

Tableb5.1: Parameters$or watervaporcolumnretrieval
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have omittedtheindex 22 or 142). Sincethereareno measurementsf rain rates
or cloudliquid watercontentsthe constantsxj, ;4 have to bedeterminedy ara-
diative transfermodel. Oncethe constant@areknown the systemof equationsan
beinvertedto yield Cy,0 andCiquiq asafunctionof the brightnessemperatures.

All constantdhave beenobtainedby the radiatve transfermodel MWMOD.
MWMOD wasdevelopedby the Institutfur Meereskundén Kiel andby the Uni-
versityof Washington Oneof the strengthf this modelis the propersimulation
of hydrometeorsa possibility which is lacking in mary othermodels. Someof
the featuresof the modelare the simulationof scatteringand absorptionat hy-
drometeorandthe surface,automaticcloud generatiorandmary differenttypes
of cloudsandprecipitationto chooserom.

Temperaturepressureand humidity profiles of about800 sondeswere used
in the modelruns. Cloudswere generatecgutomaticallyby the modelby a sim-
ulation of the adiabaticrise of the air parcels. Condensatioroccurredwhenthe
humidity exceede®2.5%. Ice andwatercloudswereallowedto form, andpre-
cipitationincludedrain, snov andhail. The cloud drop size distributionswere
takenfrom Deirmendjian1969] andUlaby et al. [1981], while therain dropsize
distribution wastaken from Marshalland Palmer[1948]. Resultsare showvn in
Figure5.2 andtheretrieved parameterganbe foundin Table5.1. The parame-
tersinferredfrom the microwave measurementandsondeswhich wereusedin
Equation5.7,arealsoshaovn. Thevaluesof aj, o andK aretakenfrom afit of the
calculated to thewatercolumnsof sondesstartedunderfair weatherconditions,
while theatj, iq arederivedfrom afit of T — oy Ch,0 — K to thecalculatediquid
water contentof the model. Only modelresultswithout precipitationhave been
usedfor the secondit. The parameterizatioffor liquid wateris only valid up to
columnsof 0.15mm, including about85% of the simulatedclouds. Finally, the
inversionof Equation5.9leadsto

( Ch,0 > _ ( 911612 —7.4300) ( T22 — Koo ) (5.11)
Cliquid —1.4087 0.3860 T142— K142 '
The zenithangleof the measurementsasbeensetto 70° for both frequencies.
Although the ozoneradiometeris usually measuringunderthis angle,only two
daysof measurementxist for thewatervaporradiometethere.

Older measurementsanbe correctedby a makeshift. We take advantageof
thefactthatmeasurementsndermoistconditionsoftenshowv acolumnexceeding
the highestcolumnphysicallypossible. The highestphysicalcolumnis a column
shawving 100%relative humidity at every altitude,which caneasilybe calculated

from the temperaturgrofile andthe saturatiorpressure Columnsshoving more
thanthis maximumcolumnCy,ax arecorrectedoy

Ceorr = CH,0 + 0.00731C? — 1.07AC — 2.7384 (5.12)
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Figure5.3: Watervaporcolumnsversusdate. White squaresnark resultsobtainedfrom
the biastemperaturesf the ozoneradiometer Black dotsarecorrespondingondemea-
surementsThedifferenceis marked by aline. RAM measurementsave beencorrected
for liquid waterby the malkeshiftmethod(seetext). For clarity, only a selectionof sonde
matchess shavn.

whereAC = Cy,0 — Cmax Is the differencecolumnin millimeters. The formula
is dueto the fact that thereis an empirical correlationbetweenthe errorin the
columnandthe excessof the columnCh,o0 — Cmax. Columnsunderfair weather
conditionsare automaticallyignored by the method, becausethey never shav

morethan100%humidity.

55 Results

Theresultsof thewatervaporcolumnmeasurementreshovnin Figure5.3. The
white squareshav the watervaporcolumnsthatwerededucedrom radiometer
measurementsyhile the black dotsshov sondemeasurementsarriedout at the
samedate. The agreements excellentfor fair weatherconditions,but in some
individual casesthe columnsdiffer by morethan5 mm. Statisticalerrorsare
0.57mmunderfair conditionsand1.69mmundermoistconditions.Columnsun-
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dermoistconditionsshov a systematioffsetof 0.78mmto the sondeglueto the
factthatsomecolumnslie below Cnax althoughthey aredisturbedoy liquid watet

The annualcycle of the watervaporcontentof the troposphereeanbe obsened

nicely in the plot. Typical columnslie between5 mm and 25 mm precipitable
watervapor Comparedo mid latitudevaluesthis shows the very arid conditions
in the Arctic.



Conclusions

This work presentedneasurementsf the groundbasedmicrowave Radiometer
for AtmosphericMeasurement@RAM), operatedat the Arctic stationof the Net-
work for the Detectionof Stratospheri€hanggNDSC)at Ny-,&lesund,Spitsbeir
gen(79 N, 12° E).

Chapter3 gave asummaryof the statusof theretrieval softwareanddescribed
recentadditionsandchanges.An introductionto the optimal estimationmethod
wasfollowedby a presentatiormf the forward modelsfor the watervapor ozone
and chlorine monoxideradiometers. Retrieval parameterdike a priori profiles
andcovariancematricesweredescribedadditionally Forwardmodelfeaturedike
the treatmentof the troposphericemission,standingwavesor highersidebands
werediscussedh detail. A newv methodwasintroducedo treatspectrameasured
undermoistweatherconditions.The new algorithmguaranteea constansignal-
to-noise-ratidor all spectraandthusa constangltituderesolution.

A specialfocuswaslaid on the watervaporretrieval, which provedto be a
challengingtask. While it wasnot possibleto retrieve ary reliable profile infor-
mationfrom the full spectrayet, a simpleretrieval modelusingonly the inner
most200 channeldooked promising.A preliminaryprofile could be obtainedfor
June24,2001,shaving basicagreementvith similar measurements-eatureof
the modelfor the full spectrainclude logarithmicmixing ratios, a sophisticated
parameterizatioonf thetropospherianixing ratiosanda calculationof frequeng
shift, selfbroadeningandcontinua.Logarithmicmixing ratiosledto astrongnon-
linearity in the model,which resultedn corvergenceproblemsanddifficultiesin
determiningerrorsanda priori values.Inclusionof frequeng shift, self broaden-
ing andcontinuaconsiderablycomplicatedhe forwardmodelandthe calculation
of the weighting functions, which were derivatedanalytically In the moment,
it is doubtfulif the retrieval of the full spectrawill eventuallyleadto meaning-
ful results. Consideringthe resultsof the simplified model, it may even not be
necessaryo retrieve thefull spectra.

Chapter4 provideddetailedinsightinto the chemistryanddynamicsof ozone
depletionin the Arctic and their currentunderstanding. While the focus was
clearlyon the ozoneandchlorinemonoxidemeasurementsf the RAM, thegen-
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eral evolution of the winter 1999/2000was shovn in somedetail by a look on
othermeasurement@ndmodels.

A methodfor the determinatiorof ozonelossratesfrom the measurementsf
the ozoneradiometemwaspresented A modificationof this methodusinga pas-
sive profile wasintroduced)eadingto moreaccurategesults.A cumulatve ozone
lossof 1.2+ 0.4 ppmfor thewinter 1999/200Gandof 0.5+ 0.3 ppmfor thewinter
2000/200wasderived. Lossratesreached/aluesof 10 ppb/dayin Decembeand
Januaryand 25 ppb/dayin March. Several explanationsfor the ratherhigh loss
ratesin Decembewereproposedincludingmixing of mid latitudeair, anoveres-
timation of coolingratesor unknavn chemistry This emphasizegheimportance
of correctheatingratesandtheeffectsof mixing for theaccurag of thelossrates.
An examinationof the accurag of the heatingrates(including a comparisono
tracermeasurements, PV analysisanda sensitvity analysisyesultedin anesti-
matedaccurag of 0.1K/day. This contritutedan error of about0.3ppmto the
cumulatve loss,renderingthe heatingratesto the mainerrorsource.A compari-
sonto differenttechniquedor the determinatiorof ozoneloss(including Match,
tracermethodsandvortex averagemethodsyesultedn goodagreemenbetween
theresultswhenadjustedo our altituderesolution.Remainingdifferencesould
easilybe explainedby differencesn the methodsandinherenterrors,considered
time periodsand obsered altitude levels. Comparisorto the SLIMCAT model
alsoresultedn very goodagreement.

Measurement®f CIO, CIONO,, HCI, HNO3 and denitrificationwere pre-
sentedto develop a chemicalscenariofor the 1999/2000winter. All of these
measurementwere additionally comparedto SLIMCAT results. Obvious dis-
crepanciedetweenmodeledand obsened mixing ratios of CIO andHCI could
be assignedo uncertaintiesn the understandingndmodelingof denitrification
andpolarstratosphericloudformation.However, it couldbeshavn thatthebasic
processegeadingto ozonelossseemto be well understoodjualitatvely. Quan-
titative comparisongrestill problematicdueto large errorbarsin measurements
andmethodsof ozonelossdeterminatioraswell asuncertaintiesn the models.
The ngligible effect of the discrepanciesn CIO on the cumulatve ozoneloss
could be attributedto the shortperiodof the additionalozonedepletioninduced
by denitrification.

In Chaptel5, it wasdemonstratethatmeasuremenisf theRAM canbeused
to deducewatervaporcolumnsandliquid watercontentf thetroposphereThis
is aniceauxiliary dataproductconsideringhatthe RAM wasnot explicitly built
to measurehesequantities While watervaporcolumnscouldbeobtainedwith an
accurag of 0.57mm underfair weatherconditionswith the currentconfiguration,
liquid watercolumnsandaccuratevatervaporcolumnsundermoistweathercon-
ditionsareonly measurable principle. Theeffectsof precipitationandcloudson
theaccurag of the measurementsereevaluatedwith aradiatve transfermodel
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andapossiblemethodfor deducindiquid watercolumnswasshavn. A makeshift
methodfor thecorrectionof watervaporcolumnsundermoistconditionswaspre-
sented Errorsfor moistconditionswereaboutl.69mm.

Finally, we will have ashortlook into the future. Therearestill opportunities
in the RAM datawhich remainunusedyet. The behaior of ozonemixing ratios
in summerandfall andchemistryin theupperstratospherbetweer80-50km are
someexampleswhich cometo mind here. It alsoremainsto be hopedthat the
RAM will continueoperationdor along time, sinceevery day of dataincreases
the opportunityto researchong termtrendsbasedon a consistentlataset. Last
but not least,the new instrumentan GreenlandandVenezuelavill adda whole
new dimensionto the datasetof the microwave instrumentsfor exampleby the
first continuousneasurementsf thetracerN»O in the Arctic.
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