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iiiAbstratThis thesis investigates the mehanism of denitri�ation of the Arti lower stratosphereand the impat of denitri�ation on ozone loss using the SLIMCAT hemial transportmodel. The development of a new mirophysial model for the simulation of growthand sedimentation of large nitri aid trihydrate partiles is also desribed.Model simulations of Arti denitri�ation were arried out using thermodynami equi-librium shemes based on the sedimentation of either nitri aid trihydrate or ie usingdi�erent meteorologial analyses. The severity and extent of denitri�ation in ie-basedmodel runs was found to be highly sensitive to the meteorologial analyses used whereasnitri aid trihydrate denitri�ation shemes exhibited onsiderably less sensitivity.The response of thermodynami equilibrium and mirophysial NAT-based denitri�a-tion to meteorologial onditions has been studied in a series of short idealised simula-tions. It was found that mirophysial denitri�ation was onsiderably more sensitiveto the relative orientation of the polar vortex ow and the region of old temperatures.A onentri vortex and old region are required to promote the long partile growthtimes required for strong denitri�ation in the mirophysial model. Redued rates ofdenitri�ation were evident in the mirophysial model at the highest altitudes.Results from the mirophyial denitri�ation sheme were ompared with in-situ andremote observations of denitri�ation for two reent old Arti winters. There wasremarkable agreement between model and observations of both the magnitude andloation of denitri�ation despite the simple volume-averaged nuleation rate used inthe model. The limited range of observations did not allow further onstraints to beplaed on the mirophysial model.Denitri�ation was found to enhane Arti ozone loss by up to 30% during 1999/2000.Sensitivity studies of the impat of denitri�ation on Arti ozone loss were performedusing thermodynami nitri aid trihydrate denitri�ation shemes. Cumulative ozonedepletion was found to inrease non-linearly with inreasing denitri�ation. Enhanedreovery of hlorine radials to hydrogen hloride in strongly denitri�ed model runso�set redued reovery to hlorine nitrate, limiting the impat of denitri�ation to theequivalent of 20 days additional ozone loss.
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Chapter 1
Introdution
1.1 OverviewChemial depletion of stratospheri ozone (O3) by halogens released from synthetihlorouoroarbons (CFCs) and bromoarbons has undoubtedly beome one of themost sienti�ally studied environmental issues. Ozone plays a vital role in ensuringthe survival of life on Earth through the attenuation of solar ultraviolet (UV) radiationand is important for the regulation of limate as a radiatively ative "greenhouse"gas. Understanding how hanges in the onentration and distribution of stratospheriozone may impat upon the future limate of the Earth is of onsiderable importaneto mankind. Satellite and ground-based observations of mid-latitude and polar surfaeUV-B irradiane have shown inreases onsistent with dereased ozone olumns [forexample, Herman et al., 1996; Bodhaine et al., 1997; Fioletov et al., 1997; Frederik etal., 1998℄.Inreased levels of surfae UV-B radiation are assoiated with a number of soio-eonomi problems. Human health may be diretly a�eted as inreased UV radiationis assoiated with impaired immune system funtion, DNA-mutation and oular dam-age [Longstreth et al., 1998℄. Moan et al. [1989℄ demonstrated an assoiation betweenUV-B exposure and the inidene of non-melanoma skin aner. Potential indirethealth e�ets of inreased surfae UV radiation inlude inreased rates of pathogenmutation and alterations to agriultural prodution [for example, Sinha and Hader,



21998; Caldwell et al., 1998℄. Changes in terrestrial and oeani biodiversity as wellas material damage by photo-degradation may also ontribute to the eonomi onse-quenes of inreased terrestrial UV radiation [for example, UNEP, 1995; Andrady etal., 1998℄.Ozone also plays a signi�ant role in regulating the limate of the Earth as a radiativelyative greenhouse gas. Changes in the onentration and distribution of stratospheriozone may impat upon the future limate of the Earth and inreased penetration ofthe troposphere by UV radiation may alter the omplex photohemistry of this region.Coupled oean-atmosphere general irulation model (GCM) alulations indiate thatstratospheri ozone depletion may have o�set around one third of the radiative foringdue to the inreases in the atmospheri burden of well-mixed greenhouse gases [WMO,1999℄.The annual mean Southern Hemisphere mid-latitude ozone olumn has delined byaround 6% per deade sine 1975 [WMO, 2003℄. A smaller derease has ourred inthe annual mean ozone olumn over the Northern Hemisphere mid-latitudes duringthis time. A long-term trend is diÆult to establish due to the limited duration ofobservations ombined with the e�et of the Mount Pinatubo volani eruption in1991 [WMO, 2003℄. Large seasonal ozone losses in the Antarti region ontinue to bereported in all years (exept the unusual winter of 2002) with olumn redutions of upto 70% in Otober. Ozone loss is almost omplete between 12 and 20 km at this time[for example, Hofmann et al., 1997℄.Substantial Arti ozone loss has been reported for seven winter/spring periods between1988/89 and 2001/02 [for example, Rex et al., 1997, 2002; Goutail and Pommerau,1997; Newman et al., 1997℄. Eah of these winters of enhaned ozone loss is assoiatedwith partiularly low stratospheri temperatures [Pawson and Naujokat, 1999℄. Despiteolumn losses of 30% or more during old winters, the total ozone olumn above theArti has not fallen below the 220 Dobson Units (DU) threshold for an ozone "hole".For dynami reasons the Arti has a bakground ozone olumn that is around 40%higher than the Antarti in early spring [Bojkov et al., 1986℄.Many of the fundamental dynami and hemial proesses responsible for the regu-lation of stratospheri ozone and its anthropogeni destrution are well understood,



3however it is still not possible to quantitatively reprodue these e�ets in numerialmodels. The Arti poses a partiular hallenge to the stratospheri modelling ommu-nity as the wintertime meteorology exhibits onsiderable interannual variability. Artistratospheri temperatures are frequently at the threshold for the formation of polarstratospheri louds whih atalyse the heterogeneous onversion of halogen reservoirsto more ative forms. Studies using general irulation models (GCMs) show that ou-pling between ozone loss and radiative ooling of the lower stratosphere may lead tosigni�antly inreased Arti ozone losses during the period 2010-2020 [Shindell et al.,1998℄ although subsequent studies tend to ontradit this [for example, Shnadt et al.,2000; Austin, 2002℄.Major questions that remain to be answered inlude: How do polar stratospheri louds(PSCs) form and grow? What is the signi�ane of lee-wave events in PSC formation?Do heterogeneous halogen ativation rates on PSC partiles agree with laboratory mea-surements? Is it possible to reonile observed polar ozone loss rates with measuredhalogen and nitrogen speies? How will limate hange impat ozone loss proesses?How an observations of denitri�ation and dehydration in polar regions be explainedquantitatively and what is their urrent and potential future impat on hemial ozoneloss? This thesis addresses the mehanism of denitri�ation of the Arti stratosphereand explores the impat of denitri�ation on ozone loss.1.2 SummaryThe essential role played by stratospheri ozone in proteting the biosphere from theharmful e�ets of solar UV light and its ruial role in the atmospheri radiative budgethas been desribed briey. In the following hapter, the hemial and dynami proessesregulating the O3 budget of the stratosphere are desribed with partiular emphasis onthe high-latitudes. Chapter 3 desribes the physial priniples of the SLIMCAT modelused as the basis for this study and in Chapter 4, results are presented for the winter of1999/2000 using two simpli�ed denitri�ation shemes. The oupling of SLIMCAT to anew Lagrangian mirophysial denitri�ation sheme (hereafter, DLAPSE) is desribedin detail in Chapter 5. Chapter 6 explores the sensitivity of this denitri�ation shemeto idealised meteorology, while the subsequent hapter ompares in detail the model



4denitri�ation for two old Arti winters with observations from a variety of platforms.Chapter 8 disusses the e�et of denitri�ation on ozone depletion during the Artiwinter of 1999/2000 and Chapter 9 explores the sensitivity of O3 depletion in thiswinter to hanges in denitri�ation. In the �nal hapter, onlusions based on theresults presented in the preeeding hapters are drawn and some suggestions made forontinued work.
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Chapter 2
Chemial, dynamial andphysial proesses in thestratosphere
2.1 IntrodutionOzone is a trae onstituent of the atmosphere, omprising a few parts per million byvolume in the stratosphere. A full explanation of the observed distribution and trendsin the distribution of stratospheri O3 requires a detailed understanding of the hemialand transport proesses a�eting O3 in the stratosphere. Total reative nitrogen (NOy)plays a ruial role in regulating the halogen-atalysed loss proesses whih destroyO3 in the lower stratosphere. Setion 2.2 desribes the formation and partitioning ofO3, NOy and halogens in the lower stratosphere. The dynamis of the stratosphereare disussed in Setion 2.3 whih fousses on the meteorologial fators governingthe distribution of trae gases and the formation of the polar vortex. Setion 2.4desribes the dominant polar O3 loss proesses and the subsequent setion examines theproperties of PSCs. The �nal two setions of this hapter review urrent understandingof the assoiation between denitri�ation and O3 loss and future preditions of theimpat of limate hange on stratospheri O3.



62.2 Stratospheri hemistry of ozone and reative nitro-gen2.2.1 Oxygen-only hemistryStratospheri ozone is produed in two steps from moleular oxygen (O2). The �rststage is the photodissoiation of O2 by solar radiation with wavelengths below 242nm whih ours at altitudes greater than 20 km. The oxygen atoms formed may beeither the ground state (O(3P)) or the �rst exited eletroni state (O(1D)). Subsequentreation of O(3P) with O2 and an inert moleule yields O3 in a three-body reation.Chapman was the �rst to desribe the photohemistry of O3 in his seminal publiationof 1930 [Chapman, 1930a℄: O2 + h� ! O+O (2.1)O2 +O(3P) +M ! O3 +M (2.2)O3 + h� ! O2 +O (2.3)O3 +O(3P) ! 2O2 (2.4)where M represents an inert third moleule.Photolysis (Reation 2.4) is the most rapid O3 loss term whilst reation with O2 dom-inates the loss of O (Reation 2.3) and leads to a rapid inter-onversion of O andO3 without loss of odd oxygen (Ox = O + O3). Stratospheri hemial models oftenintegrate Ox as a "family" before steady-state partitioning of Ox into its onstituents.Chapman soon extended this oxygen-only theory of stratospheri ozone to inlude theexponential derease of pressure with altitude and spherial geometry [1930b, 1931a,1931b℄. The maximum onentration of O3 is typially between 4 and 8 parts per millionby volume (ppmv) at around 30 km altitude. The peak onentration in moleules perm3 is, however, found at around 25 km due to the exponential derease of pressurewith altitude.



72.2.2 Trae SpeiesExtensions to the oxygen-only theory of stratospheri O3 reognised apparent disrep-anies between the seasonal and latitudinal variations in O3 olumns whih had beenpreviously attributed to upper stratospheri irulation [for example, Craig, 1950℄.Three families of trae speies have been identi�ed whih atalytially alter the strato-spheri abundane of O3. These families are hydrogen (H), nitrogen (N) and halogens(Cl and Br): X + O3 ! XO+O (2.5)XO +O3 ! X + 2O2 (2.6)overall : 2O3 ! 3O2 (2.7)where X = OH, NO, Cl or Br. Several additional stratospheri ozone loss ylesatalysed by halogens have subsequently been identi�ed. Two of the most importanthalogen-atalysed yles responsible for the depletion of ozone in the polar lower strato-sphere are disussed in more detail in Setion 2.4. The �rst of these yles involves theformation and subsequent photolysis of the ClO dimer [Molina and Molina, 1987℄. Therate of dimer formation and the relative importane of this yle to overall hemialozone loss is inreased at low temperatures. Stratospheri ozone may also signi�antlydepleted by a yle whih involves the oupling of ClO and BrO [Yung et al., 1980℄.Although the abundane of bromine in the stratosphere (�20 pptv) is onsiderablylower than that of hlorine, bromine reservoirs are more readily photolysed to ativeforms [WMO, 1999℄.In the mesosphere the hydrogen family dominates O3 loss. At lower altitudes, the ni-trogen family dominates. Halogen-atalysed losses by the ClO + O yle are alulatedto peak around 40 km. Water (4-5 ppmv) and methane (CH4, 1.8 ppmv) are the souregases for the hydrogen family; and nitrous oxide (N2O, 320 ppbv) is the predominantsoure of stratospheri nitrogen. Emissions of CH4 and N2O are predominantly naturalin origin although anthropogeni soures are inreasing their tropospheri onentra-tions by approximately 1% per annum [WMO, 1999℄. The preursors of stratospherihalogens are dominated by anthropogeni soures of both Cl and Br. These are linkedto the use of hlorouoroarbons (CFCs) and other brominated and hlorinated hydro-arbons. These anthropogeni ompounds are unreative in the troposphere and are



8transported to the stratosphere where they release halogens. In 1999, the stratospherihlorine onentration was 3.8 ppbv ompared with pre-industrial levels estimated tobe 0.6 ppbv [WMO, 1999℄.Stratospheri reative nitrogen hemistryTotal reative nitrogen (NOy) is the sum of the reative nitrogen speies present inan air parel (N + NO + NO2 + NO3 + 2N2O5 + HNO3 + ClONO2 + HO2NO2 +BrONO2 + minor onstituents). In this setion, the stratospheri soures of NOy andits partitioning between long-lived and short-lived forms are desribed.N2O is relatively unreative in the troposphere and is transported to the stratospherewhere it is photolysed. Around 90% of this photohemial loss is due to Reation 2.10whih does not produe NOy: N2O+ h� ! O+N2 (2.8)N2O+O(1D)! O2 +N2 (2.9)N2O+O(1D)! 2NO (2.10)Only Reation 2.10 (around 6% of N2O loss) produes NOy, with the former reationresponsible for the majority of stratospheri NOy. This relationship an be learly seenin Figure 2.1 in the range 30 ppbv < [N2O℄ < 300 ppbv. Other minor stratospherisoures of NOy inlude airraft emissions and transport from the mesosphere (fromdissoiation of N2 by photolysis, solar protons, osmi rays and eletron-preipitation).At higher altitudes in the stratosphere (>30 km) the rate of hemial NOy loss inreasesrapidly due to the reation between N and NO:N + NO! N2 +O: (2.11)This results in a maximum NOy onentration around 25-30 km before dereasingrapidly. Figure 2.1 shows a harateristi stratospheri NOy/N2O orrelation obtainedfrom the NASA Jet Propulsion Laboratory (JPL) Mark IV interferometer aboard anObservations of the Middle Stratosphere (OMS) balloon in early Deember 1999 withthe rapid turnover in NOy at [N2O℄ < 30 ppbv.



9

Figure 2.1: NOy=N2O from the JPL Mark IV interferometer aboard an OMS balloonon Deember 3, 1999 from Kiruna, Sweden.The inter-onversion of NOy speies in the stratosphere and the partitioning betweenlong-lived (reservoir) and short-lived NOy speies plays a ruial role in halogen-atalysedpolar ozone loss hemistry as disussed in Setion 2.4. The short-lived NOy onstituents(N + NO + NO2 + NO3 = NOx) are partiipants in ozone destrution yles as dis-ussed in Setion 2.4.There are 4 long-lived NOy (reservoir) speies of partiular relevane to the lowerstratosphere.Dinitrogen pentoxide (N2O5) is formed at night by the three-body reation betweenNO2 and NO3: NO2 +NO3 +M! N2O5 +M: (2.12)Chlorine nitrate (ClONO2) and bromine nitrate (BrONO2) are formed in three-bodyreations between NO2 and ClO or BrO respetively:NO2 +ClO+M! ClONO2 +M: (2.13)BrONO2 has a short lifetime ompared to ClONO2 due to more rapid photolysis. There-fore, the impat of NOy on deativation of ClO is greater than its e�et on BrO due to



10more rapid re-ativation of the latter. Nitri aid (HNO3) is formed by the three-bodyreation of NO2 and hydroxyl (OH):NO2 +HO+M! HNO3 +M: (2.14)N2O5 undergoes photolysis and thermal deomposition, although the former is thegreater ontributor in the lower stratosphere in the absene of heterogeneous hemistry:N2O5 + h� ! NO2 +NO3 (2.15)N2O5 +M! NO2 +NO3 +M: (2.16)ClONO2 and BrONO2 are re-onverted to NOx by photolysis:ClONO2 + h� ! NO3 +Cl: (2.17)HNO3 is destroyed by photolysis and oxidation by OH, eah of whih makes a ompa-rable ontribution in the lower stratosphere:HNO3 + h� ! NO2 +OH (2.18)HNO3 +OH! NO3 +H2O: (2.19)2.2.3 Stratospheri halogen hemistryOrgani halogen ompounds are released into the troposphere where they are rapidlymixed. The fully halogenated speies e.g. CFC-11 (CHCl3) and CFC-12 (CF2CCl2) aretotally inert in the troposphere and are transported to the stratosphere. Organi halo-gens ontaining hydrogen reat with OH in the troposphere and their lifetimes in thelower atmosphere determine the fration transported to the stratosphere. Emissions ofCFCs, Halons, HCFCs and several halogenated solvents are regulated by the MontrealProtool and subsequent amendments. Emissions peaked in the early 1990s and thetimesales involved with their transport from the boundary-layer to the stratosphereare suh that stratospheri loadings are now at about their maximum.The onstituents of total organi hlorine (CCly = 3[CCl3F℄ + 2[CCl2F2℄ + 3[CCl2FCClF2℄+ 3[CH3CCl3℄ + 4[CCl4℄ + [CH3Cl℄ + [CHClF2℄ + minor onstituents) are rapidlymixed in the troposphere and are transported to the stratosphere under the inuene



11of the residual irulation. CCly is transported through the stratosphere by the merid-ional irulation where they are onverted to inorgani forms either by photolysis orreation with OH. Above 30 km, virtually all stratospheri Cl is in inorgani forms,mostly HCl and ClO. This air is transported to high latitudes by the meridional iru-lation where it desends. Halogens are eventually transported out of the stratosphereto the troposphere where the soluble omponents are rained out.2.3 Dynamis of the stratosphereThe distributions of ozone and other trae speies in the atmosphere are determinednot only by hemistry but also by transport. The rate of many hemial reations andthe position of thermodynami equilibrium are temperature-dependent and the thermalstruture of the atmosphere is inuened by the distribution of radiatively ative traegases. This setion disusses the meteorologial fators whih govern the transportof mass, momentum and heat in the middle atmosphere. A onsideration of theseproesses is essential in any examination of the distribution of stratospheri omponentsunder the inuene of the large-sale irulation and quasi-horizontal mixing. Theseproesses are disussed in detail in Holton, [1992℄ and are summarised here.2.3.1 Atmospheri temperature strutureThe stratosphere is the region of the atmosphere between the troposphere (approxi-mately 10-15 km) and the mesosphere (approximately 50 km). Approximately 10% ofthe mass of the atmosphere resides in the stratosphere. The lower boundary of thestratosphere, the tropopause, is haraterised by a temperature minimum and the up-per boundary, the stratopause, is de�ned by a temperature maximum. This negativelapse rate is due primarily to the balane between infrared (IR) radiative ooling andthe absorption of solar UV by O3 and a�ords the stratosphere a strong stati stabil-ity. Figure 2.2 shows a shemati representation of a typial high-latitude atmospheritemperature pro�le.
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Figure 2.2: Shemati diagram of the vertial temperature pro�le of the atmosphere athigh latitude (adapted from Guyot, [1998℄).2.3.2 Meridional stratospheri irulationThe upper stratosphere is onsidered to be approximately in radiative equilibrium withthe temperature dereasing from the warm summer pole to the old winter pole. Inontrast, the lower stratosphere is disrupted by the transfer of heat and momentum byplanetary wave propagation from the troposphere. Planetary wave foring maintainsextra-tropial stratospheri temperatures above thermal equilibrium. This results inadditional radiative ooling and a residual downward motion. In ontrast, tropiallower stratospheri temperatures are displaed below thermal wind balane resultingin radiative heating and large-sale asent of air.The transport of mass and energy between the stratosphere and its surrounding re-gions, the mesosphere above and espeially the troposphere below, has been long stud-ied. Dobson et al. [1929℄ speulated that there was a persistent global poleward anddownward irulation in the stratosphere based on their measurements of the latitudi-nal variation in olumn ozone. Two deades later, following observations of dramati
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Figure 2.3: Shemati diagram of the Brewer-Dobson irulation. Reprodued fromWMO [1999℄.dereases in water vapour aross the tropial tropopause [Dobson et al., 1946℄, Brewer[1949℄ proposed that air asended into the stratosphere aross the tropial tropopauseand travelled poleward before desending at mid and high latitudes.Figure 2.3 shows the lassial piture of the global mean stratospheri irulation withlarge-sale asent in the tropis (due to widespread onvetion) in addition to the slowerwave-indued upwelling. Most reent studies of tropospheri onvetion suggest thatonvetion rarely penetrates the stratosphere but stops several kilometres short [WMO,2003℄. Airmasses subsequently asend into the stratosphere under the inuene of theresidual irulation.The wintertime mid-latitudes are haraterised by a "surf zone" where rapid isentropitransport is ombined with slower poleward and downward motion of air. This re-gion is stirred by breaking Rossby waves. Potential temperature surfaes greater than380 K remain entirely within the stratosphere and no isentropi transport between thestratosphere and troposphere ours. Below the 300 K potential temperature surfaeairmasses remain within the troposphere and similarly no diret isentropi stratosphere- troposphere exhange ours. Diret transport between the mid and high latitude



14stratosphere and troposphere may also our diretly on isentropi surfaes betweenapproximately 300 and 380 K. These surfaes lie within the stratosphere at high lati-tudes but at lower latitudes lie within the troposphere.2.3.3 The Polar VortexThe isolation of an airmass for a protrated period is an essential pre-requisite forsigni�ant hemial depletion of polar stratospheri O3. At the autumnal equinox, thepolar regions experiene inreasing darkness and insuÆient radiative heating oursto ounterbalane the infrared radiative ooling. Rapid ooling of this region, allied towarm mid-latitudes, results in a large latitudinal pressure gradient whih, under theinuene of the Coriolis fore, results in a strong westerly wind. This polar night jetextends from 100 mb to 1 mb or higher. Air poleward of the night jet is referred to asthe polar vortex and may evolve to be substantially di�erent in its hemial ompositionompared to the mid-latitude stratosphere.The vertial propagation of Rossby planetary waves whih disrupt the polar vortexmay only our in the presene of westerly winds below a ritial threshold, the Rossbyritial veloity. The Rossby ritial veloity is dependent upon the horizontal sale ofthe waves and, in pratie, vertial propogation of planetary waves is limited to waveswith wavenumbers 1 { 3.Jukes and MIntyre [1987℄ have shown that Rossby wave breaking is responsible fordetrainment of air from the edge of the vortex. This proess ours mainly in theform of �laments. The reverse proess, injetion of air into the vortex, also ours onoasions although the ore of the vortex is generally una�eted [Plumb et al., 1994℄.In the Antarti, the polar night jet has a veloity suÆient to form a strong andpersistent barrier to horizontal mixing between the polar vortex and the mid-latitudes.Combination of the mixing barrier with the extremely low temperatures found withinthe vortex onspire to reate the ideal onditions for substantial springtime ozone losses,ommonly referred to as the Antarti ozone hole.The Arti polar vortex is both warmer and smaller than the Antarti vortex, withonsiderable interannual meteorologial variability. These di�erenes may be attributed



15to the interhemispheri di�erenes in distribution of landmasses. In the northern hemi-sphere, orographially enhaned planetary wave ativity may transfer energy and mo-mentum to the Arti stratosphere distorting and warming the polar vortex. Thisdistortion may beome large enough to ause a reversal of the mean zonal ow fromwesterly to easterly and ause the vortex to deay prematurely.Major warmings our every 2 { 3 years in the Arti on average although they havebeen less frequent the 1990s. Minor warmings, whih result in an inrease in vortextemperature without a reversal of the mean ow, our to some extent in all winters.Cold Arti winter stratospheres are haraterised by an absene of planetary waveativity and a stable vortex whih, in turn, are oupled to meteorologial phenomenasuh as the periodi reversal of the mean zonal wind in the equatorial stratosphere, theQuasi-biennial Osillation (QBO).The onept of an isolated region of the stratosphere in the polar regions during win-tertime surrounded by a surf zone does not stritly apply to the lowermost stratosphere(below �380 K). In this region, the polar night jet is weak and there is no strong bar-rier to mixing between mid and high latitudes. In addition, isentropi surfaes mayinterset the troposphere resulting in signi�ant horizontal transport from midlatitudesto polar regions and the reverse by synopti-sale waves [Holton et al., 1995℄.2.4 Polar ozone depletionFarman et al. [1985℄ disovered large springtime olumn O3 losses over Antartia. Apersistent feature of this seasonal O3 loss over the last 20 years has been the almosttotal loss of O3 in the lower stratosphere. These losses have been oinident with thedramati inrease in the stratospheri halogen loading. Suh large losses ould notbe explained by hemial models utilising gas-phase halogen hemistry alone. It hasbeome lear that the Antarti ozone hole is a result of a ombination of dynamialand hemial fators unique to the polar regions in winter and spring.



162.4.1 Ativation of halogen reservoirsThe hemial reations responsible for the interonversion of the reservoir speies(ClONO2, BrONO2, N2O5 and HNO3) our on aerosol surfaes. As the tempera-ture drops below a threshold of approximately 195 K in the lower stratosphere, PSCsmay form. Lower temperatures inrease the rate of heterogeneous onversion of halogenreservoirs to ative halogens. Reations 2.20{2.24 list the �ve main ativation pathwaysalthough other ativation reations may our. The bakground sulphate aerosol itselfmay also atalyse the heterogeneous ativation of halogens at low temperatures:ClONO2 +H2O! HNO3 +HOCl (2.20)BrONO2 +H2O! HNO3 +HOBr (2.21)ClONO2 +HCl! HNO3 +Cl2 (2.22)N2O5 +H2O! 2HNO3 (2.23)HCl + HOCl! Cl2 +H2O (2.24)The heterogeneous ativation reations detailed above prime the polar vortex withhlorine gas (Cl2), bromine gas (Br2) and bromine hloride (BrCl). These halogenompounds require subsequent photodissoiation to initiate the atalyti O3 loss yles:Cl2 + h� ! Cl + Cl: (2.25)Br2 and BrCl photolyse similarly.2.4.2 Catalyti O3 lossThere are a number of atalyti yles whih destroy O3 in the polar stratosphere. Twoof these yles (involving Cl and OH) are desribed in Setion 2.2.2. A signi�ant lossyle under very old onditions involves the formation and subsequent photolysis of



17the ClO dimer, dihlorine dioxide (Cl2O2) [Molina and Molina, 1987℄:2(Cl + O3 ! ClO+O2) (2.26)ClO + ClO+M! Cl2O2 +M (2.27)Cl2O2 + h� ! ClO2 +Cl (2.28)ClO2 +M! Cl + O2 +M (2.29)overall : 2O3 ! 3O2 : (2.30)The oupled ClO and BrO yle [Yung et al., 1980℄ plays a signi�ant role in polarO3 depletion, espeially in the Arti where temperatures are generally higher and lessfavourable to ClO dimer formation: Br +O3 ! BrO +O2 (2.31)Cl + O3 ! ClO+O2 (2.32)ClO + BrO! Br + ClO2 (2.33)ClO2 +M! Cl + O2 +M (2.34)overall : 2O3 ! 3O2 : (2.35)The relative ontribution of eah of these yles to the overall O3 loss in the Artifor several winters in the late-1990s has been determined by Millard et al., [2002℄.Despite onsiderable interannual variability in the magnitude of O3 loss assoiatedwith dynamial fators, halogen hemistry dominates O3 loss proesses in all years.The ClO-BrO yle is the major ontributor with the dimer yle making a signi�antontribution during old winters. During warmer winters, the HO2-atalysed yle mayontribute losses omparable to the ClO-BrO yle although the total loss is generallylower. Other loss yles ontribute only small amounts to the total O3 loss.2.4.3 Deativation of halogensWithin an isolated polar vortex, atalyti ozone destrution an ontinue until eitherall the O3 is removed, as ours in the Antarti, or until the ClOx is deativated byreonversion to reservoir speies. In the Arti, ClOx is deativated predominantly byreation of ClO with NO2 to reform ClONO2 (Reation 2.13). In the Antarti, the



18onditions of very low O3 and low NOx ause the ClOx to be onverted diretly to HCl[e.g. Douglass et al., 1995℄: Cl + CH4 ! HCl + CH3: (2.36)Heterogeneous onversion of N2O5 to form HNO3 (Reation 2.23) on liquid aerosolsand PSCs also ontributes to very low NO2 onentrations in winter [e.g. Noxon, 1978;Fahey et al., 1989℄. The reovery of NO2 in the sunlit spring vortex ours in twoways: through photolysis of HNO3 (Reation 2.19) and reation of HNO3 with OHand subsequent photolysis of the NO3 formed (Reations 2.19 and 2.37) leading to thedeativation of ClOx: NO3 + h� ! NO2 +O: (2.37)2.5 Polar stratospheri loudsIt is learly established that under the extremely old onditions whih prevail withinboth polar lower stratospheri vorties during wintertime that PSCs are able to formthrough the ondensation of trae gases (predominantly H2O and HNO3). PSCs playa ruial role in providing a surfae to atalyse the heterogeneous hemial reationswhih ativate halogens from their inert reservoirs and destroy ozone. PSCs an also re-distribute ondensed material vertially by gravitational sedimentation [Solomon, 1999℄.The dynamis of the wintertime polar stratosphere is suh that any redistribution ofHNO3 within an airmass is seasonally permanent and only replenished when the vortexbreaks down.2.5.1 The role of PSCs in ozone depletionPSCs were onsidered to be a olourful meteorologial uriosity during the winter andearly springtime in both hemispheres until the disovery of the Antarti ozone hole[Farman et al., 1985℄. A omplete understanding of the proess of polar ozone loss isdependent on a quantitative desription of the hemial and mirophysial propertiesof PSCs due to their ruial role in atalysing halogen ativation.



19In addition to the diret e�et of PSCs as surfaes for heterogeneous halogen ativationreations, PSCs were soon impliated in more indiret e�ets on gas-phase hemistry.In 1986, PSCs were proposed to sequestrate gas-phase HNO3, reduing the rate ofphotolyti formation of NOx (Reations 2.19 and 2.19) [Toon et al., 1986; Crutzen andArnold, 1986℄. Salawith et al. [1989℄ suggested that denitri�ation ould ontribute tothe exaerbated ozone losses reported over the Antarti. The presene of NOy in PSCswas on�rmed by observations during the 1987 Antarti Ozone Experiment (AAOE)[Fahey et al., 1989℄.2.5.2 Types of PSCTwo basi types of PSC were identi�ed by lidar (light detetion and ranging) duringAAOE - Type I and Type II [Browell et al., 1990; Toon et al., 1990℄. Type II PSCs arerare in the Arti and believed to be water ie louds. Type I louds are more frequentlyobserved and are subdivided into at least two further ategories based on their di�eringproperties under lidar observation. Type Ia PSCs exhibit moderate baksatter andhigh depolarisation of lidar and are assumed to be aspherial solids omposed largely ofnitri aid hydrates. PSCs whih produe moderate baksatter without depolarisationare assumed to be omposed of small, spherial partiles in the liquid state [Toon etal., 1990℄. These Type Ib PSCs are believed to be a solution of sulphuri and nitriaids with a variable omposition determined by the ambient temperature [Carslawet al., 1994; Tabazadeh et al., 1994℄. Peter [1997℄ has reviewed the thermodynami,mirophysial and hemial properties of PSCs and the following desription of PSComposition is adapted from this work.IeThe ondensation of stratospheri water vapour to form ie is ommonplae in theAntarti wintertime stratosphere where temperatures an fall as low as 180 K forextended periods [MCormik et al., 1981℄. In the Arti, where synopti temperaturesinfrequently drop below the ie frost point (Tie), ie louds may form in lee-waves whererapid adiabati ooling may produe loalised temperatures below Tie. Ie partileshave radii in the range 1 - 10 �m and number densities between 10�4 { �1 m�3. The



20thermodynami properties of ie are desribed by Marti and Mauersberger [1993℄:log(pH2O) = �2663:5T + 12:537 (2.38)where log(pH2O) is the vapour pressure of water over ie in Torr. A similar expressionfor pH2O is also desribed in Hanson and Mauersberger [1988℄ although the di�erenesbetween these two expressions under typial lower stratospheri onditions is negligible.Nitri aid trihydrateVoigt et al. [2000℄ have identi�ed the existene of nitri aid trihydrate (NAT) by in-situ mass spetrometry in a PSC over Sandinavia in 1999. Laboratory determinationof the vapour pressure of NAT under onditions relevant to the stratosphere have beendetermined by Hanson and Mauersberger, [1988℄. NAT is thermodynamially the moststable of the HNO3 hydrates under stratospheri onditions. The saturation vapourpressure of HNO3 (in Torr) over NAT for the range 200 K < T < 180 K is given by:log(pHNO3) = m(T):log(pH2O) + b(T) (2.39)where m(T) = -2.7836 - 0.00088T, and b(T) = 38.9855 - 11 397/T + 0.009179T.Under typial lower stratospheri onditions (50 mb and 6 ppmv H2O), the saturationvapour pressure of NAT (TNAT) is typially �7 K higher than Tie. Observations ofNAT-ontaining Type Ia PSCs in the Arti prior to the SOLVE/THESEO-2000 �eldampaign indiated that these solid partiles were generally smaller than ie partileswith maximum radii typially around a few �m and number densities in the range10�4 { 0.1 m�3. Vertial redistribution of HNO3 by the gravitational sedimentationof NAT partiles was onsidered to be insigni�ant due to their small size. Subsequentin-situ observations by Fahey et al., [2001℄ have revealed the existene of very largeNAT partiles with radii up to 20 �m and number densities of �10�4 m�3 whih maybe apable of eÆiently denitrifying the Arti stratosphere [Carslaw et al., 2002℄.In-situ observations of total PSC partile volumes greater than those attributable toeither NAT or ternary liquid aerosols [Dye et al., 1990℄ prompted Wofsy et al. [1990℄to propose that suh partiles were omposed of ie oated with NAT. An alternativeexplanation was provided by Peter et al. [1990℄ where NAT and ie o-ondense.



21Gravitational sedimentation of NAT-oated ie was onsidered to be the most likelymehanism to aount for denitri�ation of the Arti stratosphere until observations ofvery large NAT partiles by Fahey et al. [2001℄ fored a re-evaluation of the mehanismof Arti denitri�ation [Tolbert and Middlebrook, 1990; Middlebrook et al., 1996℄.Nitri aid dihydrateThe existene of metastable HNO3-ontaining hydrates in the polar stratosphere hasbeen proposed. Only the vapour pressure of nitri aid dihydrate (NAD) has beenmeasured in the laboratory in the range 190 K < T < 230 K:ln(pHNO3) = �22360T + 84:8 � 2ln(pH2O) (2.40)where pHNO3 and pH2O are the partial pressures of HNO3 and H2O in Torr [Worsnopet al., 1993℄. This study suggests that NAD is only slightly less stable than NAT undertypial lower stratospheri onditions and may form more readily due to its lower free-energy barrier for nuleation.Liquid PSCsThermodynami models have been used to alulate the omposition and ondensedvolume of liquid ternary PSCs [Carslaw et al., 1994, 1995a, 1997; Tabazadeh et al.,1994℄. For use in large-sale models Carslaw et al. [1995b℄ derived an analytial ex-pression for the omposition of aqueous ternary HNO3/H2SO4/H2O solutions understratospheri onditions using e�etive Henry's Law onstant (H�):(p0N � pN)RT = nsMNMS (2.41)where pN is the equilibrium vapour pressure of HNO3 over the droplet in atmospheres(atm) and p0N is the total partial pressure of gas phase HNO3 (atm) assuming nouptake. ns is the onentration of H2SO4 (in mol m�3), MN is the molality of HNO3in the droplet (mol kg�1 H2O), MS is the molality of H2SO4 (mol kg�1 H2O) and R isthe gas onstant (= 8.207�10�5 m3 atm mol�1 K�1). pN is given by:pN = MNH� (2.42)



22where H� has units mol kg�1 atm�1.H� = H�NNbmN(MN +MS) + H�NSbMS(MN +MS) (2.43)where H�NNb is the Henry's Law onstant of HNO3 in a binary H2O { HNO3 solutionand H�NSb is the Henry's Law onstant of H2SO4 in a binary H2O { H2SO4 solution.The onentrations of HNO3 and H2SO4 in the ternary solution may be related to theironentrations in the respetive binary solutions:MSMSb + MNMNb = 1 (2.44)where MNb and MSb are the binary solution onentrations of HNO3 and H2SO4.These equations may be solved to produe analyti solutions for MN and MS:MS = �(A + 2os([E + D℄=3)(A2 � 3B)1=2)=3 (2.45)MN = MNb(1� MSMSb ) (2.46)Eah of the parameters A, B, D and E are given in Appendix A.Figure 2.4 shows how the omposition of the liquid phase varies as a funtion of tem-perature under typial lower stratospheri onditions aording to Equations 2.45 and2.46. The solubility of HNO3 (and other gases e.g. HCl) is low at temperatures above200 K and the aerosol may be onsidered a binary H2SO4/H2O aerosol. This situationhanges dramatially as the temperature is lowered until, at around 192 K, HNO3 formsthe major solute in the aerosol and it is substantially depleted from the gas phase.2.5.3 Nuleation of solid partilesThe formation of solid partiles may our either through the homogeneous freezing ofliquid aerosols or heterogeneous nuleation. Ie partile formation in the stratosphere iswell haraterised. Experimental studies by Koop et al. [2000℄ show that ie nuleatesdiretly from the bakground ternary aerosol and is dependent only on water ativity.An expression for the homogeneous nuleation rate oeÆient as a funtion of waterativity and pressure is also derived.
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Figure 2.4: The partitioning of HNO3 and H2SO4 as a funtion of temperature in STSaerosol. Reprodued from Carslaw et al., [1997℄.The nuleation mehanism of NAT in the stratosphere remains unertain. Tabazadehet al. [2001℄ have suggested that homogeneous nuleation of NAT may our at a ratesuÆient to denitrify the Arti stratosphere based on extrapolation of laboratory databy Saledo et al. [2001℄. However, Knopf et al. [2002℄, have reently demonstratedusing new laboratory experiments that homogeneous nuleation of NAT is too slow toaount for the formation of NAT PSCs even at temperatures several K below TNAT.An alternative mehanism for NAT formation is through mountain wave temperatureperturbations [Meilinger et al., 1995; Tabazadeh et al., 1996; Carslaw et al., 1998,1999℄. Observations show that solid HNO3 partiles are produed by mountain waveie louds. Reent modelling studies by Fueglistaler [2002℄ have used a mirophysialmodel to show that the widely distributed very large NAT partiles at low numberdensities observed by Fahey et al. [2001℄ may be produed below a "mother loud"omposed of NAT, downwind of an ie loud. Dhaniyala et al. [2001℄ have used asimple 2-D partile model to show that the formation of high number densities of NATpartiles in lee waves may also produe large NAT partiles at low number densitiesthroughout old regions of the vortex.



242.6 Denitri�ation and ozone lossDenitri�ation may be de�ned as the permanent removal of NOy from an airmass bythe gravitational sedimentation of NOy-ontaining partiles. Denitri�ation redues theformation rate of NOx (Reations 2.19 and 2.19) and slows the rate of ClOx deativationto ClONO2, extending the duration of O3 loss. For dynamial reasons, the Artivortex is warmer and more disturbed than the Antarti vortex. Denitri�ation ofthe wintertime Arti lower stratosphere is less intense and more sporadi than in theAntarti due to the lower frequeny of formation of PSCs.Extensive early denitri�ation may redue halogen ativation as an airmass depleted inHNO3 has a redued potential for forming the PSCs whih atalyse the heterogeneousativation reations. The PSC formation threshold is sensitive to gas-phase HNO3 andH2O onentrations and early denitri�ation may redue the formation of PSCs andsuppress the heterogeneous ativation of halogens. This is disussed further in Chapter3. Model studies of polar O3 loss vary onsiderably in their omplexity, from simplephotohemial box models to global 3-D CTMs and oupled limate-hemistry GCMs.These models frequently ignore denitri�ation entirely or ontain very simple thermo-dynami equilibrium shemes whih may be inappropriate for aurately simulating there-distribution of HNO3 by the sedimentation of PSCs. Several modelling studies [e.g.Chipper�eld and Pyle, 1998; Waibel et al., 1999; Tabazadeh et al., 2000, 2001℄, haveindiated that denitri�ation may be important for enhaning springtime O3 loss inthe Arti. This e�et may beome enhaned in the future with predited radiatively-indued ooling of the lower stratosphere due to the inreased burden of greenhousegases in the atmosphere [WMO, 1999℄.2.6.1 Observations of denitri�ation and ozone lossWidespread and intense denitri�ation is a ubiquitous feature of the wintertime Antar-ti stratosphere due to the persistently low temperatures of the vortex. In-situ obser-vations of denitri�ation in the Antarti stratosphere were reported by Fahey et al.,[1989℄ during AAOE. Frequent in-situ airraft observations like these are preluded dueto the remoteness of the Antarti vortex.



25Remote observations of HNO3 from the Mirowave Limb Sounder (MLS) instrumentaboard the Upper Atmosphere Researh Satellite (UARS) satellite have revealed thatdenitri�ation of the Antarti lower stratosphere is essentially omplete [Santee et al.,1995, 1999℄. Tabazadeh et al., [2000℄, have used MLS observations of HNO3 and H2Otogether with aerosol extintion from the Cryogeni Limb Array Etalon Spetrometer(CLAES) aboard the same satellite in early winter to examine the timing of denitri�-ation. They observed that denitri�ation of the Antarti lower stratosphere oursbefore the onset of temperatures low enough for the widespread formation of ie PSCs.Cold winters are also assoiated with signi�ant stratospheri O3 depletion in the Ar-ti. Denitri�ation is more sporadi and less intensive than the Antarti, althoughobservations of this exist from both in-situ and remote instruments for the old Artiwinters of 1988/89, 1994/95, 1995/96, 1996/97 and 1999/2000. In-situ measurementsof NOy made during the Airborne Arti Stratospheri Experiment (AASE) were madeby hemiluminesene during the winter of 1988/89 aboard the NASA ER-2 high alti-tude researh airraft. These observations revealed signi�ant denitri�ation withoutaompanying dehydration at altitudes between 17 and 19 km [Fahey et al., 1990℄. Ev-idene for sedimentary redistribution of NOy during this winter was supported by insitu-observations of NOy between 10 and 12 km aboard the NASA DC-8 whih indi-ated elevated levels of NOy onsistent with nitri�ation [Hubler et al., 1990℄. Arnold etal. [1989℄ also observed denitri�ation between 18 and 20 km and nitri�ation around14 km during an in-vortex balloon ight arrying a mass spetrometer. They also ob-served denitri�ation during a similar balloon ight during 1992 [Spreng and Arnold,1994℄.During the Arti winter of 1994/95, denitri�ation was observed between 18 and 20km by an in-situ balloon-borne NOy instrument [Sugita et al., 1998℄. Fisher et al.[1997℄ observed simultaneous enhanements in NOy and HNO3 at altitudes around12 km. The use of separate methods of analysis for these omponents preluded thelikelihood of instrumental e�ets as the ause of the enhanements whih are attributedto nitri�ation. Further evidene of denitri�ation during this winter was obtainedduring an in-vortex ight of the Mihelson Interferometer for Passive AtmospheriSounding (MIPAS-B2) in February 1995. Strong denitri�ation was observed between19 and 21 km with weaker nitri�ation around 13 km [Wetzel et al., 1997; Waibel et



26al., 1999℄.The ER-2 made one ight into the polar vortex during the Stratospheri Traers ofAtmospheri Transport (STRAT) �eld ampaign in 1996. Denitri�ation of 50% a-ompanied by dehydration of 0.5 ppmv at altitudes between 18.5 and 19.5 km wereobserved together with nitri�ation at 14 km. Bak trajetories indiated that thesampled airmass had previously enountered temperatures below Tie and seletive ie-based nuleation was proposed [Hintsa et al., 1998℄. Signi�ant umulative O3 losses(2.4 ppmv, 64%) in denitri�ed air were reported during the 1995/96 winter [Rex et al.,1997℄. Observations of ontinued O3 loss in airmasses long after vortex temperaturesrose above the PSC formation temperature were attributed to denitri�ation.High latitude pro�les of HNO3 were reorded by the Improved Limb Atmospheri Spe-trometer (ILAS) aboard the Advaned Earth Observing Satellite (ADEOS) during1996/97. Denitri�ation exeeding 40% was observed in approximately 10% of pro�lesobtained between 18 and 23 km in late February. A region of nitri�ation between13 and 15 km was also observed. Bak trajetory analysis demonstrated that denitri-�ation in airmasses was losely orrelated with exposure to temperatures below Tie[Kondo et al., 2000℄. One balloon ight in support of the ILAS instrument arrying ahemiluminesent NOy detetor also indiated moderate denitri�ation [Kondo et al.,1999℄.Dessler et al. [1999℄ have used MLS HNO3 and CLAES aerosol observations ombinedwith 4-day trajetories to examine temporary and permanent depletion of gas-phaseHNO3 during several Arti winters. Reversible sequestration of HNO3 by PSCs wasbest explained by uptake into ternary aerosols at temperatures below 196 K. Signi�antdenitri�ation (of up to 17%) was only found when airmasses were exposed to minimumtemperatures below 190 K during the four day trajetory. They onlude that extensivedenitri�ation of the Arti requires several yles below 190 K.The joint SOLVE/THESEO-2000 �eld ampaign during the Arti winter of 1999/2000provided unpreedented observations of denitri�ation in the Arti lower stratosphereby the ER-2 between January and Marh [Fahey et al., 2001; Popp et al., 2001℄. Allairmasses enountered over this entire period with [N2O℄ > 125 ppbv were denitri�edwith maximal denitri�ation exeeding 80%. Remote observations from the Airborne



27Submillimeter Radiometer (ASUR) during Deember 1999 and January { Marh 2000aboard the DC-8 support the ER-2 observations. The timesale of these observationsindiate that substantial denitri�ation had ourred between the two deployments[Kleinbohl et al., 2002℄.ASUR observations in January indiated the absene of a detetable signal of denitri-�ation lose to the edge of the vortex although the limited vertial resolution of theinstrument in the lower stratosphere (6 { 8 km) restrits the detailed onlusions aboutthe vertial distribution of HNO3 whih may be drawn. The MLS instrument was oper-ated for two brief periods in February and Marh 2000 with restrited spatial overage.Regions of low HNO3 (4 ppbv) within the Arti vortex at 465 K in February wereattributed primarily to sequestration in PSCs at low temperatures. Depressed valuesof HNO3 on the same isentropi surfae in late Marh, after temperatures had risenabove the PSC formation threshold, were onsidered to be due to a ombination ofphotolysis, enhaned mixing from lower latitudes and denitri�ation. Levels of HNO3in polar regions reovered to similar values implying that there is no "memory" ofdenitri�ation from one year to the next [Santee et al., 1999℄.Rihard et al. [2001℄ used in-situ observations from the ER-2 to quantify umulativepolar O3 loss rates for 1999/2000. The umulative loss by mid-Marh at 450 K wasfound to be 58%. Gao et al. [2001℄ have used the ER-2 NOy and O3 observations toquantify the e�et of denitri�ation on O3. Airmasses whih were denitri�ed by 71%with residual NOy (rNOy) of 3 ppbv � rNOy � 5 ppbv were found to have an O3 lossrate of 63 ppbv per day in late February and early Marh. Less severe denitri�ationwas found to be assoiated with lower O3 losses of 49 and 43 ppbv per day for airmasseswith 5 ppbv � rNOy � 7 ppbv and 7 ppbv � rNOy � 9 ppbv respetively at the sametime.Signi�ant hemial O3 loss has been observed during several old winters in the Artiduring the 1990s [for example, von der Gathen et al., 1995; Manney et al., 1996, 1997;Bregman et al., 1997; Rex et al., 1998℄. Ozone loss rates in the Arti were oftenomparable with the Antarti but umulative losses were lower due to the shorter lossperiod [Rex et al., 1997℄. The winters of 1995/96 and 1996/97 were haraterised byunusually old and stable polar vorties with the O3 loss persisting into springtime[Manney et al., 1997℄.



282.6.2 Modelling denitri�ation and ozone lossBrasseur et al. [1997℄ used a semi-Lagrangian, 3-D o�-line CTM to evaluate the ef-fet of denitri�ation on O3 depletion in the Antarti. The model ontained detailedgas-phase and heterogeneous hemistry shemes. Denitri�ation was parameterised us-ing an equilibrium sheme based on the sedimentation of NAT-ontaining ie, whihis adequate for the Antarti where wintertime temperatures are suÆiently low forwidespread ie formation. In their model, denitri�ation was found to delay ClOx de-ativation by two weeks and was responsible for an additional 20% O3 depletion. Chip-per�eld and Pyle [1998℄ also found that denitri�ation tended to enhane Arti polarO3 loss, but they also found that very severe, early denitri�ation may derease ozoneloss by promoting deativation of ClOx to HCl, whih is less eÆiently re-ativated.Other modelling studies suggest that denitri�ation may play a more important rolein the Arti than the Antarti, where ontinued springtime ativation on PSCs ismore e�etive at re-ativating ClOx. Portmann et al. [1996℄ used a 2-D model toshow that denitri�ation is not a prerequisite for large Antarti ozone losses. In theirmodel, ontinuous heterogeneous proessing at low temperatures on sulphate aerosolswas suÆient to depress NOx and maintain elevated ClOx in spring.Considine et al. [2000℄ have used a thermodynami equilibrium parameterisation inthe NASA Global Modelling Initiative (GMI) hemial transport model (CTM) whihdi�ers in key aspets from the more ommon approah used in the SLIMCAT (andREPROBUS) CTMs desribed in Chapter 3. Type I PSCs are assumed to have aternary aerosol omposition and Type II PSCs are assumed to be omposed of iewith o-ondensed NAT. PSC formation is only assumed when supersaturations of 10and 1.6 over the thermodynami equilibrium partial pressure of HNO3 (Equation 2.39)and H2O (Equation 2.38) respetively are ahieved. A log-normal size distribution isused to determine partile radii based on an integrated number density of 10 partilesm�3 for the ternary aerosol and 0.01 partiles m�3 for ie with a standard deviationof 1.6. In ommon with other CTMs, denitri�ation only ours by the gravitationalsedimentation of ie partiles ontaining the thermodynami equilibrium onentrationof NAT.A photohemial box model study of the ontribution of denitri�ation to Arti O3



29loss in 1994/95 [Waibel et al., 1999℄ showed that denitri�ation may ause an additionalloal 55% ozone loss by mid-April. A mirophysial denitri�ation model was used tosimulate the MIPAS-B observed NOy in this winter. Three di�erent denitri�ationshemes based on the ondensation of the thermodynami equilibrium onentrationof NAT either diretly or heterogeneously on ie were used. Partile number densitieswere presribed to provide a best �t to observations.No horizontal advetion sheme was used in the denitri�ation model. Horizontal trans-port was ahieved by homogeneous distribution with no ross-vortex mixing. Thissheme does not retain horizontal gradients in traers or partiles whih ould be im-portant if denitri�ation is a result of loalised fators or its impat on O3 is non-linear.The potential impat on O3 loss of enhaned denitri�ation in a future older Artistratosphere was also onsidered. They onluded that inreased denitri�ation is likelyto delay reovery of Arti O3 due to redutions in halogen loading and model sim-ulations of future Arti O3 depletion are likely to require a realisti treatment ofdenitri�ation if a quantitative desription of the proess is to be ahieved.Tabazadeh et al. [2000℄ have used a photohemial box model with a omprehensiveheterogeneous hemistry sheme to examine the role of denitri�ation in enhaningArti O3 loss during the old winters of 1994/95 and 1995/96. The magnitude ofdenitri�ation in model trajetories was modulated by varying the fall veloity of NATpartiles. This simplisti approah indiated that omplete denitri�ation of air parelsould produe a maximum additional 25% ozone loss. Denitri�ation of 50% was re-quired to have a measurable impat on ozone loss. Additional model runs based onfuture halogen loading senarios and a 4 K redution in temperature indiated that thee�et of denitri�ation would be limited to 30%.Ozone loss during the 1999/2000 winter has been modelled by Gro� et al., [2002℄ usingthe Chemial Lagrangian Model of the Stratosphere (CLaMS). Hemispheri simula-tions were performed from mid-February to mid-Marh on four isentropi levels inthe lower stratosphere based on an initialisation from observations and the Mainz 2-Dhemial model. In order to overome the absene of mixing normally assoiated withLagrangian transport models, CLaMS used a omplex physial mixing sheme basedon the ombination of air parels or formation of new parels as determined by thetrajetory distribution if ritial maximum and minimum trajetory separations were



30exeeded.CLaMS ontained a detailed gas-phase and heterogeneous hemistry sheme with 36speies and 114 reations. The denitri�ation sheme was based on a parameterisationof partile settling veloities derived from ER-2 NOy in-situ partile observations. Nonitri�ation was inluded in the model. The Lagrangian approah allows small-salefeatures suh as �laments to be identi�ed whih are often unresolved in Eulerian models.CLaMS aurately reprodued observed O3 loss at 425 { 450 K but underestimated lossat 475 K when ompared to ER-2 observations. The model is not suitable for seasonalsimulations without periodi re-initialisation beause the trajetories do not desenddiabatially.Jensen et al. [2002℄ have used a 1-D olumn model to explore the sensitivity of denitri�-ation by NAT partiles to a number of fators inluding temperature history, numberdensity and ompetition with liquid aerosols. They found that longer growth timesled to larger partiles and inreased denitri�ation whilst partile onentrations werebelow 0.01 m�3, a fator of 100 higher than observed by Fahey et al. [2001℄ during1999/2000. This study was limited by the use of a 1-D olumn as wind shear withinthe vortex would be expeted to produe signi�ant horizontal distributions of NATpartile trajetories as they sediment.2.7 GCM studies of future Arti ozone lossThere have been many GCM studies of the likely impat of the inreased atmospheriburden of radiatively ative gases on the future omposition of the atmosphere. Par-tiular emphasis has been plaed on the potential impat of limate hange on strato-spheri O3. Chapter 12 of WMO [1999℄ desribes in detail seven oupled hemistry andlimate models used for these studies. These models di�er in their representation ofmany hemial and dynamial features. For example, signi�ant variations in halogenloading, gas-phase hemistry, heterogeneous hemistry and the temperature responseto greenhouse gas foring makes diret omparison of limate models diÆult. Therefollows a brief disussion of some of the more reent work in this area in an attempt toeluidate general trends for the future.



31Shindell et al. [1998℄ used the Goddard Institute for Spae Studies (GISS) GCM witha very simple O3 hemistry sheme to predit future Arti ozone depletion. Maximumozone losses were predited in the 2010-2020 deade based upon expeted hlorineloadings and a derease in stratospheri temperatures of around 10 K ausing enhanedhlorine ativation. The model did not expliitly inlude PSCs and related proesses,though the study illustrates the potential for limate hange to a�et polar ozonedepletion. In addition, the simpli�ed treatment of planetary wave propagation in thisstudy may bias the Arti vortex towards unrealistially old onditions not unlike theurrent Antarti situation where the absene of upward wave propogation leads to anextremely old, stable and persistent vortex.Dameris et al. [1998℄ investigated the impat of predited greenhouse gas and CFCemissions (using the IPCC IS92a senario) on stratospheri O3 in 2015 in an o�-lineoupled limate-hemistry model ECHAM3/CHEM i.e. the model had no feedbakbetween O3 and the GCM stratospheri temperatures whih were derived using a li-matology of O3. The model used a simpli�ed stratospheri heterogeneous hemistrysheme without denitri�ation. The model upper boundary is 10 hPa whih is a severelimitation to meridional transport in the simulated upper atmosphere. In the northernpolar region, the radiative ooling signal due to inreased tropospheri GHG emissionswas found to be small ompared to the interannual variability. In the Antarti, nosigni�ant reovery of springtime stratospheri O3 was notied despite the redution inhalogen loading. Their model predited that Antarti ozone reovery will be delayedby limate hange.An updated version of this model [Shnadt et al., 2002℄ was able to reprodue theobserved total O3 trend and the springtime Antarti O3 losses but underestimatedArti springtime losses between 1980 and 1990. For 2015, the model predits a 10%derease in total O3 over the Antarti in springtime (ompared to 1990) due to en-haned hlorine ativation at lower temperature. In the Arti, springtime O3 lossseswere predited to derease by around 10% in the same period. This was attributed toenhaned deativation of ClOx due to in part to inreased airraft NOx emissions inthe Arti lower stratosphere. Signi�antly, an inrease in planetary wave ativity in awarmer future troposphere led to a less stable and warmer Arti vortex.Most reently, Grewe et al. [2003℄ have used an updated version of the ECHAM3/CHEM



32model to examine the omposition of the future atmosphere based on preditions ofdiret GHG emissions and limate hange. The overall impat was an inrease in atmo-spheri NOy and total O3 (due to inreased NOx emissions) but a delay in the reoveryof polar O3 due primarily to hanges in preipitation, loud formation and irulation.They found that preditions of hanges in the atmospheri omposition due to temper-ature and water vapour hanges were more reliable than those due to irulatory andpreipitation hanges.There have been several studies of the potential impat of inreased greenhouse gasemissions on stratospheri O3 using the United KingdomMeteorologial OÆe (UKMO)Uni�ed Model (UM) with stratospheri hemistry. Austin et al. [2000℄ have performedsimulations of the period 1979 { 2015 using an extended version of the model witha full hemistry sheme inluding thermodynami parameterisations of heterogeneousreations but without denitri�ation. The modelled O3 depletion was ompared withobservations in 1979 { 80 and 1994 { 95 and demonstrated good agreement. AntartiO3 depletion and total global O3 depletion were predited to reah a peak in 2005.In the Arti stratosphere, the O3 trend was dominated by onsiderable interannualvariation although a minimum was predited for 2010.An updated version of the oupled hemistry and limate UM featuring an inreasedupper boundary, updated rate onstants and denitri�ation has been used by Austin[2002℄ to examine past trends in stratospheri O3. The denitri�ation sheme assumesthermodynami equilibrium formation of NAT and ie with sedimentation speeds of0.14 and 13 mm s�1 respetively. It onludes that the typial interannual variabilityin O3 is reproduible although disrepanies in absolute O3 levels exist in polar regions.In the Antarti, the model reprodues the magnitude of the O3 loss but underestimatesthe area of loss and overestimates the duration of the loss with exessive interannualvariation. Arti O3 losses are under-predited ompared to observations. The mainonlusion of this study is that oupled limate - hemistry GCMs are not yet apableof reliably prediting the future atmospheri omposition.Austin et al. [2003℄ have assessed GCM preditions of future polar stratopsheri O3.The �rst signs of O3 reovery (de�ned as the date when deadally averaged minimumO3starts to inrease) are predited to our between 2001 and 2008 in the Antarti. In theArti, reovery is predited to our slightly later (2004{2019) due to a ombination of



33radiative foring and detetion due to interannual variability. The ability of GCMs toaurately reprodue the dynamial proesses in the urrent and future polar regionswas identi�ed as the dominant unertainty.Many of the dynamial interations between the stratosphere and troposphere are notfully understood. Realisti quanti�ation of the many feedbaks between dynamis andhemistry is also important. A major fator in this unertainty is the limited modelrepresentation of planetary wave propogation, or the resultant heat ux-temperaturerelationship, whih results in a signi�ant old bias in polar regions in many GCMs.The inlusion of non-orographi gravity wave drag and an inreased resolution mayimprove model representation of these proesses. Many GCM studies of the impatof inreased emissions of GHG indiate a radiatively indued delay in the reovery ofstratospheri O3, espeially in the Antarti. The situation in the Arti is less ertainas any trend is masked by the onsiderable interannual variability in the meteorologyof the Arti polar vortex. The study by Shindell et al. [1998℄ stands out as preditingonsiderably enhaned O3 losses for the Arti region whereas other studies indiatethat whilst severe O3-loss events are possible, radiatively fored dynamial hanges aremore likely to redue the severity of Arti O3 loss due to inreased planetary waveativity. It is likely that the simpli�ed dynamis in the Shindell et al. study is theause of this disrepany.The inability of models to aurately reprodue the observed inrease in stratospheriwater vapour [Oltmans et al., 2000℄ may also be a signi�ant fator in the predition ofthe future stratosphere. The temperature of formation of PSCs and resultant hetero-geneous hlorine ativation is sensitive to the prevailing water vapour onentration.Perturbations to the aerosol loading and hene, the heterogeneous ativation of hlorinein the lower stratosphere due to volani emissions are another unertainty. Signi�antvolani events ould inrease stratospheri O3 loss for a period of several years. Mostof these studies have negleted the role of denitri�ation in their assessment of futurehanges to stratospheri O3.



342.8 SummaryTremendous progress has been made in our understanding of the dynamial, hemialand mirophysial proesses responsible for the observed distribution of stratospheriO3. Despite this, a full quantitative understanding of the O3-loss proess at middlelatitudes and the Arti region have yet to be obtained. Considerable unertaintiesstill exist in our understanding of the formation and properties of PSCs, the rates ofseveral key hemial reations and the fators governing the underlying meteorology.The situation in the Arti is onsiderably more unertain than the Antarti as in-terhemispheri di�erenes in the prevailing meteorology mean that a more detailedunderstanding of these proesses is imperative.Model preditions of the future stratospheri O3 layer are hampered by the omplexinterations between hemistry and limate and the omputational requirements ofdetailed model simulations. Despite the omplexity of most reent models, many pro-esses whih may impat upon stratospheri O3 are poorly represented or not inludedat all. One suh proess is denitri�ation. Stratospheri hemistry models and a fewGCMs use thermodynami equilibrium ie-based denitri�ation shemes whih reentobservations by Fahey et al. [2001℄ suggest are inappropriate for the urrent Artistratosphere. This thesis disusses the development of a more realisti mirophysialNAT-based denitri�ation sheme based on new observations and an investigation ofthe impat of denitri�ation on Arti O3 loss.



35
Chapter 3
Desription of the SLIMCATmodel
3.1 IntrodutionAtmospheri modelling aims to simulate the physial and hemial proesses whihour in the atmosphere by solving the governing equations whih represent these pro-esses. A fully interative solution desribing eah of these dynami, thermodynamiand kineti proesses and their interdependenies is not feasible and suitable approxi-mations are required in order to represent the system of interest. This study of Artidenitri�ation, and its subsequent impat on stratospheri ozone depletion, utilises theSLIMCAT 3-D o�-line CTM. SLIMCAT was developed by Martyn Chipper�eld andPasal Simon for the study of stratospheri proesses and now forms one member of asuite of models used to simulate the hemistry of the atmosphere within the U.K.This hapter desribes the basi physial priniples involved in numerial modelling ofstratospheri hemistry and transport and desribes the essential features of the SLIM-CAT CTM. Setion 3.2 briey desribes the priniples governing the transport andphysial behaviour of atmospheri onstituents while the subsequent setion desribesthe essential hemial proesses of relevane to this study. Finally, the detailed formu-lation of the SLIMCAT model is desribed, with partiular emphasis on the default



36thermodynami (equilibrium) denitri�ation parameterisation used to represent thevertial redistribution of mass in polar regions due to the gravitational sedimentationof PSCs.3.2 General theory of stratospheri modelling3.2.1 The equation of stateFor any ideal gas in the atmosphere, its equation of state may be de�ned in terms oftemperature, pressure and density: p = �RT (3.1)where p is the pressure in Pasals (Pa), T is the absolute temperature in Kelvin, �is the density in kg m�3 and R the gas onstant for dry air in J kg�1 K�1. A gasmay behave as an ideal gas if the intermoleular fores are suÆiently small. The errorassoiated with this approximation under typial atmospheri onditions for dry air is< 0.2% [Pruppaher and Klett, 1997℄.3.2.2 The �rst law of thermodynamisThe �rst law of thermodynamis is an expression of the onservation of energy withina system: dQ = dU + pdV (3.2)where dQ is an inremental hange in the total energy transferred between an air pareland its surroundings, dU is the hange in internal energy and pdV is the work done on(or by) the parel. If the gas is onsidered to be ideal then ombining Equations 3.1and 3.2 for a dry atmosphere: dQ = pdT� 1�dp (3.3)where p is the spei� heat apaity of dry air (in J kg�1 K�1). For adiabati vertialmotion dQ = 0, Equations 3.1 and 3.3 an be used to obtain the potential temperature



37(�) of the air parel in K: � = T�p0p � Rp (3.4)3.2.3 Equations of motionThe law of onservation of momentum (Newton's seond law of motion) relates theresponse of a uid to the sum of the fores ating upon it. This may be expressed inan inertial frame of referene as: a = 1mXF (3.5)where a is the inertial aeleration, m is the mass of the air parel and F is the resultantfore ating on it.For a rotating frame of referene like the Earth's atmosphere, following Jaobson [2000℄,it an be shown that: a = dvdt + 2
� v +
� (
�Re) (3.6)where v is the absolute veloity, 
 is the angular veloity of the air parel (in radianss�1) and Re is the radius of the earth. The loal aeleration (al), Coriolis aeleration(a) and entripetal aeleration (ar) are given respetively by:al = dvdt a = 2
� v ar = 
� (
�Re) (3.7)In the atmosphere, the air parel is a�eted by the gravitational fore (F�g), the pressure-gradient fore (Fp), and the visous fore (Fv). Sine the Earth is rotating, the en-tripetal fore (-Fr) and Coriolis fore (F) per unit mass must be inluded in Equation3.5 to give the total inertial momentum equation:al = 1m �F�g + Fp + Fv � F + Fr� : (3.8)The Coriolis fore is given by: Fm = 2
� v (3.9)



38and the pressure-gradient fore per unit area:Fpm = �1�rp (3.10)In the absene of wind shear, Fv = 0 and with wind shear:Fvm = �r2v (3.11)where � is the kinemati visosity. The entripetal fore may be ombined with thetrue gravitational fore to produe an e�etive gravitational fore (Fg):Fg = F�g + Fr (3.12)where g is the e�etive gravitational fore and:g = Fgm (3.13)Exluding turbulent e�ets, whih is a reasonable approximation for the stratosphere,the momentum equation may be given as:dvdt = 2
� v � 1�rp+ �r2v+ g (3.14)3.2.4 The ontinuity equationThe rate of hange of an atmospheri onstituent, X, with time may be expressed at a�xed point or in a frame of referene whih moves with X. The total derivative (dX/dt)may be expressed in 3-D as:dXdt = �X�t + u�X�x + v�X�y +w�X�z (3.15)where u, v, w are the 3-D omponents of the wind speed orresponding to the x, y,z diretions and �X�t is the loal derivative at a �xed point. The left side of Equation3.15 is the total time derivative of X expressed with respet to a Lagrangian frame ofreferene whilst the time derivative on the right side is expressed with respet to anEulerian frame of referene. Inlusion of the gradient operator (r) into Equation 3.15gives the ux divergene form of the total derivative:dXdt = �X�t + u�X�x + v�X�y + w�X�z = �X�t + (v:r)X: (3.16)



39The ontinuity equation expresses the onservation of mass for a uid. In the abseneof internal soures of prodution or loss, and ignoring non-advetive proesses, then forthe advetion of an air parel, the ontinuity equation may be expressed in terms ofdensity as: 1� ���t = �r:v (3.17)where r:v is the veloity divergene and 1� ���t is the frational rate of inrease of density.Inluding photohemial prodution (P) and loss (L) terms into Equation 3.17 gives:�[X℄�t = P� L[X℄�r:v[X℄ (3.18)where [X℄ is the onentration of speies X.The hoie of modelling framework is determined by the nature of the proesses tobe studied. Lagrangian models assume that there is no horizontal mixing (dispersion)between the model box and the surrounding air although emissions may enter throughthe top or bottom of the box. The air parel is assumed to behave like a point sourewhih is adveted with the wind and typially has a resolution from a few metres to sev-eral km. Although this approah produes detailed struture, global 3-D Lagrangianmodels an require enormous omputational resoures and the Eulerian approah isgenerally used. In the Eulerian framework, the atmosphere is divided into a numberof ells with a typial horizontal resolution of tens { hundreds of km. Vertial mixingproesses in the stratosphere are generally weak due to the strong stability and weakturbulene. Horizontal mixing ours through the formation and shearing of 2-D �l-amentary strutures whih are eventually removed by moleular di�usion or loalisedturbulene. High resolution numerial studies by Waugh et al. [1997℄ indiate that themixing timesale for the stratospheri surf zone is of the order of one month. Therefore,aurate seasonal studies of transport and hemistry require the inlusion of realistimixing, whether impliit or expliit. Mixing in Eulerian models is a produt of theresolution and the advetion sheme. Eulerian models generally overestimate the ex-tent of mixing ompared to the real atmosphere even when advetion shemes with lownumerial di�usion are used due to the relatively oarse horizontal resolution.



403.3 Chemistry3.3.1 KinetisThe hemistry of the stratosphere is omplex and involves many speies, inludingmoleules, radials and ions of widely di�ering reativities. Experimentally determinedkineti data for many stratospheri reations are available, for example Sander et al.[2000℄ and DeMore et al. [1997℄, and are updated periodially. Eduated extrapolationof experimental results to stratospheri onditions is often required.Rate oeÆients for hemial reations an depend on both temperature and pressure.Experimental kineti tehniques are used to determine the temperature and pressuredependene of rate onstants. The rate onstants of many reations are observed todemonstrate an exponential temperature relationship denoted by the Arrhenius equa-tion: k = Aexp��EaRT � (3.19)where A is the experimentally determined pre-exponential fator and Ea is the experi-mentally derived ativation energy. For some reations, A may also exhibit a temper-ature dependene.3.3.2 PhotohemistrySolar radiation in the visible and UV regions of the spetrum ontain energy omparableto the bond energies of many atmospheri omponents. Moleular absorption of photonsof spei� wavelengths auses eletroni exitation. For example, for O3:O3 + h� ! O�3 (3.20)where � denotes an exited eletroni state. Dissoiation is one of the possible reationpathways of the exited state(s). Other potential fates inlude ionisation, transfer of theenergy to neighbouring moleules, quenhing by moleular ollision and uoresene orhemial reation with neighbouring moleules. The number of moleules whih reatalong a given path per photon absorbed is the quantum yield (�) for that pathway.



41From the Beer-Lambert Law, Iabs = I0(1� exp(�[X℄l)) (3.21)where Iabs is the intensity of light absorbed by speies X and I0 is the intensity of theinident light (in photons m�2 s�1), l is the path length in m and � is the absorptionross setion (m2 moleule�1).Equation 3.21 may be redued to: Iabs � I0�[X℄l (3.22)if the absorption is weak in the atmosphere. Replaing I0 with the atini irradiane,J(�), whih is the total irradiane at a wavelength � in photons m�2 s�1. The pho-todissoiation onstant, (J) is given by:J = s �(�)�(�)J(�)d� (3.23)and has units s�1. In general, photolysis is onsidered to be a �rst order proess. Forexample, the photolysis of ozone (Reation 2.4) is given by:Rate = J2:4[O3℄ (3.24)where J2:4 is the photodissoiation onstant for Reation 2.4.In the atmosphere, the value of J for a hemial speies is determined by its absorptionspetrum. For all speies at a given plae the J values are a�eted by the overheadO3 olumn, the surfae albedo, and multiple sattering and absorption by atmospherionstituents (trae gases, aerosols and louds).3.4 SLIMCAT model formulationSLIMCAT is an o�-line Eulerian CTM whih, therefore, does not solve the dynamialomponent of the ontinuity equation. Horizontal winds and temperatures are spe-i�ed using meteorologial analyses from either the UKMO or the European Centrefor Medium-Range Weather Foreasts (ECMWF). In the strongly stable and strat-i�ed stratosphere, horizontal advetion ours mainly on isentropi levels (adiabati



42transport). The model may be run at a variety of horizontal and vertial resolutions.Typially, for polar studies, the horizontal resolution varies between 2.5Æ longitude �2.5Æ latitude and 7.5Æ longitude � 5Æ latitude. SLIMCAT employs user-de�ned po-tential temperature levels in the range 330 K { 3000 K (approximately 10 km { 55km) as the vertial oordinate. The vertial resolution typially varies from 18 { 36isentropi levels with levels more losely spaed in the lower stratosphere. Vertialadvetion between isentropi levels is alulated from diabati heating (ooling) ratesusing the MIDRAD radiation sheme [Shine, 1987℄. Horizontal traer advetion is byonservation of seond-order moments whih is stable, aurate and has low numerialdi�usivity [Prather, 1986℄.3.4.1 Meteorologial analysesUKMO analysesThe UKMO analyses are based on the Uni�ed Model and utilise a hybrid assimilationsystem whih is terrain-following in the troposphere and follows pressure levels in thestratosphere. The model output of 3-D winds, temperature and geopotential height on a3.75Æ longitude by 2.5Æ latitude grid are interpolated to 22 pressure levels orrespondingto the UARS retrieval levels with an upper level at 0.3 hPa. The spaing between modellevels produes a vertial resolution of approximately 1.5 km in the lower stratosphere[Swinbank and O'Neill, 1994℄.No major hanges were made to the analyses between Deember 1996 and April 2000although there was an error in the model top level O3 �eld during 1999/2000 whihaused upper stratospheri temperatures to be too old and ould aount for a sys-temati o�set of �1 K in the Arti lower stratosphere [R. Swinbank, pers. omm.℄.ECMWF analysesThe ECMWF analyses used in this study have hanged onsiderably between 1996and 2000 although the basi model remains a hybrid formulation whih uses a ter-rain following vertial oordinate in the troposphere and a pressure oordinate in the



43stratosphere. Model output is produed 6-hourly using variational assimilation (3-DVAR from January 1996 and 4-D VAR from November 1997). In 1996/1997, the modeloutput was produed on 31 levels with stratospheri resolution of around 1.5 km inthe lower stratosphere. The upper limit at 10 hPa imposes limitations on the use ofthese analyses for the upper stratospheri or long term studies. In 1999/2000, thevertial resolution of the model was inreased to 60 levels with output at intervals ofapproximately 1 km in the lower stratosphere and an upper limit of 0.1 hPa.In this thesis, the analyses were used on a 2.8Æ by 2.8Æ Gaussian grid assoiated witha T42 spetral resolution.3.4.2 SLIMCAT hemistryThe model ontains a detailed gas-phase stratospheri hemistry sheme whih is de-sribed in more detail in Appendix B [see also Chipper�eld, 1999℄. Chemial rateonstants are obtained from laboratory data [DeMore et al., 1997℄ with updates ofsome NOx reations from Brown et al. [1999a, 1999b℄. Photodissoiation onstantsare alulated in the model using a 4-D look-up table of pressure, temperature, O3olumn and solar zenith angle based on [Lary and Pyle, 1991; Lary, 1991℄. The e�et ofspherial geometry and multiple sattering are inluded. The model has a �xed albedoand ontains no desription of loud e�ets. The model also ontains a treatment ofheterogeneous reations on liquid aerosols, NAT and ie whih is desribed in moredetail below.Chemial familiesThe high omputational demands of integrating all the model hemial speies sepa-rately is too great for ontemporary 3-D CTMs. Furthermore, it is probably undesirableto advet short-lived speies separately. To overome this problem, SLIMCAT adoptsthe family approah to integrating the hemial ontinuity equations. In this approah,photohemial equilibrium between ertain short-lived speies listed in Table 3.1 isassumed.



44Fixed N2;O2;H2;H2SO4Long-lived CH4;CO;H2O;N2O;CFC� 11;CFC� 12Steady-state HOx(H;HO;HO2)CHyOx(CH3;CH3O;CH3O2;CH2O;HCO;CH3COOH)Short-lived Ox(= O(3P);O(1D);O3);H2O2,NOx(= N;NO;NO2);NO3;N2O5;HNO3;HNO4;ClOx(= Cl;ClO;Cl2O2);HCl;HOCl;OClO;ClONO2;BrOx(= Br;BrO);HBr;HOBr;BrCl;BrONO2Table 3.1: Chemial speies inorporated in the SLIMCAT equilibriummodel. Sulphateaerosol loading is updated monthly from SAGE II satellite data.An example of the family approah in SLIMCAT is provided by the Chapman hemistryof Ox (Reations 2.2 { 2.4). Ignoring transport, the ontinuity equation for O3 is givenby: �[O3℄�t = k2:3[O2℄[O℄[M℄ � J2:4[O3℄� k2:4[O3℄[O℄ (3.25)Similarly the ontinuity equation for O is:�[O℄�t = J2:4[O3℄ + 2J2:2[O2℄� k2:4[O3℄[O℄� k2:3[O2℄[O℄[M℄ (3.26)Summing these equations gives the ontinuity equation for Ox:�[Ox℄�t = 2J2:2[O2℄� 2k2:4[O3℄[O℄ (3.27)Reations 2.3 and 2.4 are not represented in the ontinuity equation for Ox as theyrepresent the inter-onversion of Ox with no net hange. The photohemial steady-state ratio of O3 and O is given by:[O℄[O3℄ = J2:4k2:3[O2℄[M℄ (3.28)The assumption of photohemial steady-state may not be valid at night and speieswith long lifetimes in darkness (for example OClO) are not inluded in model families.



45Heterogeneous hemistryChemial reations on the surfae of PSCs play a ritial role in the halogen-atalyseddepletion of polar ozone. The heterogeneous onversion of stable reservoir speies tomore ative forms typially ours in several steps. For example, the heterogeneousreation of HCl and ClONO2 (Reation 2.22) begins with the adsorption of HCl onto the surfae of the partile. The reation ours when a moleule of ClONO2 withsuÆient kineti energy ollides with the partile. Therefore, heterogeneous reationsmay be treated as pseudo-�rst order. The rate of reation is given by:�d[ClONO2℄dt = k02:22[ClONO2℄ (3.29)where k02:22 is the equivalent �rst order rate onstant. From kineti theory:k02:22 = 14 ��ClONO22:22 �A (3.30)where ��ClONO2 is the mean speed of ClONO2 moleules, �A is the available surfae areaof the partiles and 2:22 is the experimentally derived reation probability. ��ClONO2 isderived from kineti theory.SLIMCAT ontains a detailed heterogeneous hemistry sheme. Reations our on thesurfae of frozen partiles (ie and NAT) or liquid aerosols depending on the ambienttemperature of the gridbox. Kineti data are generally obtained from DeMore et al.[1997℄. The reation probabilities () assumed for the di�erent partiles are given inAppendix B. The rates of heterogeneous reations are parameterized following Hansonand Ravishankara [1994℄ using the HCl solubility of Luo et al. [1995℄. The  valuesfor heterogeneous reations on liquid aerosol is parameterized following the results ofHanson et al. [1996℄.PSCs are assumed to be in thermodynami equilibrium with the bulk gas-phase �elds,with no modi�ation of the model temperature to aount for supersaturation. Theomposition of liquid aerosols (ontaining HNO3, H2SO4, H2O and HCl) is alulatedanalytially [Carslaw et al., 1995a, 1995b℄.The equilibrium saturation vapour pressure of H2SO4 is taken from Ayers et al. [1980℄.The mass of ondensed NAT formed in the model is as desribed by Hanson andMauersberger [1988℄ and shown in Equation 2.39.



46Pressure (hPa) Ie saturation Temperature (K)Murray [1967℄ Hanson and Mauersberger [1988℄10 180.6 179.530 186.4 185.550 189.3 188.470 191.2 190.4100 193.3 192.5200 197.5 196.8Table 3.2: Comparison of ie saturation temperatures from two parameterisations as-suming 5 ppmv H2O.The presene of ie is tested using the following expression:p0H2O = 610:78 exp�21:875T � 273:16T� 7:66 � (3.31)where p0H2O is the saturation vapour pressure of water over ie in Pa and T is thetemperature in Kelvin [Murray, 1967℄. Ie is assumed to inorporate NAT as a o-ondensate (though the heterogeneous hemial rates on the surfae assume pure ie)and HNO3 is removed from the gas phase aording to the expression of Hanson andMauersberger [1988℄.Comparison of Ie Saturation EquationsSeveral alternative expressions exist to desribe the saturation vapour pressure of waterover ie. Assuming typial lower stratospheri water onentrations of 5 ppmv, the iesaturation temperature at varying pressures for two expressions is given in Table 3.2.The alulated temperature of ie formation under the onditions desribed show thatthe expression used in the SLIMCAT model (Equation 3.31) produes a greater regionbelow the ie ondensation temperature than the alternative expression from Hansonand Mauersberger [1988℄. Marti and Mauersberger [1993℄ also desribe an expressionfor the determination of the saturation vapour pressure of water over ie. Under theonditions desribed in Table 3.2, alulated ie formation temperatures are within 0.2



47K of those obtained from Hanson and Mauersberger [1988℄. Available surfae areas forheterogeneous hemistry are determined from the ondensed masses assuming either a�xed number density or a �xed radius.3.5 SummaryThis hapter desribed the basi physial and hemial priniples whih underpin hem-ial modelling of the stratosphere. The SLIMCAT 3-D CTM used to perform thermo-dynami equilibrium denitri�ation simulations for the Arti 1999/2000 winter wasalso desribed. These simulations are disussed in detail in Chapters 4 and 8. TheSLIMCAT CTM desribed here is also used for the advetion of traers when oupledto the Lagrangian mirophysial denitri�ation model whih is disussed further inChapters 6 and 7.
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Chapter 4
SLIMCAT thermodynamiequilibrium denitri�ation
4.1 IntrodutionFull mirophysial PSC shemes are omplex and omputationally expensive for inlu-sion into global 3-D models. The SLIMCAT CTM, in ommon with other CTMs andGCMs, uses simpli�ed PSC shemes for the determination of heterogeneous hemistryand denitri�ation. These shemes are generally based on the assumption of thermo-dynami equilibrium between the partiles formed (whether liquid aerosol, NAT or ie)and the gas-phase. Denitri�ation is ahieved by the appliation of a spei� fall veloityto the partiles. Suh PSC shemes are easily implemented and are omputationallyeÆient. This hapter examines whether thermodynami equilibrium denitri�ationshemes are able to apture the observed Arti denitri�ation during the winter of1999/2000.Before onsidering the implementation of NAT and ie-based denitri�ation shemes inSLIMCAT, the temperature struture of the polar vortex is onsidered. Temperatureplays a ruial role in the alulation of denitri�ation in any model. The SLIMCAT3-D CTM used for the modelling studies disussed in this hapter is fored with mete-orologial analyses from both the UKMO or ECMWF. All simulations using the new



49mirophysial model (Chapters 6 and 7) use only the ECMWF analyses. Model resultsfrom two old Arti winters (1999/2000 and 1996/97) are presented in this thesis, andthis hapter disusses the prevailing meteorology of eah.4.2 The Arti winter of 1999/2000The Arti winter of 1999/2000, following two relatively warm winters, was hara-terized by a old and persistent vortex [Manney and Sabutis, 2000℄. Temperaturesremained below the nitri aid trihydrate (NAT) equilibrium temperature TNAT, anominal PSC formation temperature, from mid-Deember to early Marh (see Figure4.1). These onditions aused widespread denitri�ation whih, for the �rst time, wasobserved in the Arti. Satellite observations of HNO3 suggest that there was extensivedenitri�ation around the 465 K potential temperature level whih persisted long aftertemperatures rose above the PSC threshold in early Marh [Santee et al., 2000℄.4.2.1 Comparison of UKMO and ECMWF analysesBuss et al. [2003℄ have ompared the UKMO and ECMWF analyses with radiosondesand the NASA high-altitude researh airraft (ER-2) in-situ temperature data fromthe Meteorologial Measurement System (MMS). This study found that the ECMWFanalyses had lower satter but UKMO reprodued the lowest temperatures better. The�rst in-vortex ER-2 ight was on 20th January 2000, at a time when vortex temper-atures were inreasing from the very low values in early January. In ontrast, Drdlaet al. [2002℄ used the UKMO analyses to simulate the formation of solid PSCs in atrajetory model. They found that the UKMO temperature minima were too old bybetween 1 and 3 K in January. Manney et al. [2002℄ have ompared six meteorologialanalyses during two old Arti winters (1995/96 and 1999/2000). They onlude thatin January, the UKMO analyses were older than other analyses, produing air pareltrajetories with signi�antly longer durations ontinuously below TNAT.Figure 4.1 shows the minimum temperature north of 50ÆN at 46 hPa from the UKMOanalyses for the Arti winters of 1994/95 to 1999/2000 and the minimum temperature



50at 44 hPa for the ECMWF analyses of winter 1999/2000. In the UKMO analyses,winter 1999/2000 was one of the oldest of the past six years. As well as showing along period below TNAT, winter 1999/2000 also showed the longest period below theie equilibrium point (Tie). During the oldest period from mid-Deember 1999 to lateJanuary 2000, with temperatures well below the NAT point, temperature minima fromthe UKMO analyses were �1{3 K lower than the ECMWF analyses. This di�ereneis also evident in omparisons of the UKMO analyses with the National Centers forEnvironmental Predition (NCEP) analyses [Manney and Sabutis, 2000℄.
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Figure 4.1: Minimum temperature in the UKMO analyses at 46 hPa poleward of 50oNfor the Arti winters 1994/1995 to 1999/2000 and ECMWF analyses at 44 hPa for1999/2000.The UKMO analyses produe a onsiderably greater area below Tie than the ECMWFanalyses in late Deember and January. Ie saturation existed in an area of six millionkm2 at its peak on January 10 using the UKMO analyses whereas, in the ECMWFanalyses, the area of ie saturation was only 1 million km2 at the same time on the 460K potential temperature surfae.Figure 4.2 shows the evolution of the vertial distribution of the area of NAT supersat-
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Figure 4.2: Modelled area of NAT supersaturation for 1999/2000 as a funtion ofpotential temperature from ECMWF analyses.uration produed by the ECMWF analyses. Between late-Deember and mid-January,the analyses produe an extended area below TNAT in a region from �600 K to �420K. Vortex temperatures remained below TNAT until early Marh although the extentof the NAT supersaturated region was signi�antly redued after a warming event inFebruary. The UKMO analyses produe a similar extent of NAT supersaturation. Fig-ure 4.3 ompares UKMO and ECMWF analyses inside the polar vortex at 460 K onthe SLIMCAT model grid. At temperatures greater than 200 K the analyses agreewell, but the UKMO analyses are onsistently older in the oldest regions of the lowerstratospheri vortex, espeially in mid-winter. Table 4.1 summarizes the di�erenesat 460 K; between Deember 9, 1999 and January 7, 2000 the UKMO temperaturesare signi�antly older (-2.33 K, standard deviation 0.70 K) when the temperature isbelow 190 K and when 190 < TUKMO < 195 (-1.37 K �0.73 K). Between January 8and February 6, 2000 the UKMO analyses are also older than the ECMWF analysesbelow 190 K (-2.46 K �1.59), though the satter is larger.The UKMO and ECMWF analyses are learly di�erent in the 1999/2000 Arti lowervortex. In order to determine whih analyses are more realisti at high latitudes theanalyses are ompared with sonde data. Figure 4.4 ompares the analyses with tem-
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Figure 4.3: Satter plot of in-vortex ECMWF and UKMO analyzed temperatures forthe periods Deember 9, 1999 - January 7, 2000 and January 8, 2000 - February 6, 2000interpolated to 460 K. The vortex is de�ned by UKMO potential vortiity > 30 PVU.
Date T range (K) Mean �T (K) Standard Deviation (K)De 9-Jan 7 < 190 -2.33 0.70190<T<195 -1.37 0.73> 195 -0.35 0.86Jan 8-Feb 6 < 190 -2.46 1.59190<T<195 -0.77 1.18> 195 0.46 1.16Feb 7-Mar 7 < 190 - -190<T<195 0.24 0.68> 195 1.14 0.93Table 4.1: Mean vortex UKMO - ECMWF temperature di�erene at 460 K.



53peratures from ozone sonde launhes at Ny �Alesund. (Note that these temperatureobservations are not routinely assimilated in the ECMWF analyses, though it is possi-ble for launhes before 1100 UT).During the mid-winter period, where large UKMO-ECMWF temperature disrepaniesexist in the lower stratosphere, the sondes show better agreement with the ECMWFanalyses (Appendix C). Although this sonde omparison indiates the ECMWF tem-peratures are loser to independent observations, our omparisons with the in-situ ER-2Meteorologial Measurements System (MMS) [Sott et al., 1990℄ temperature observa-tions are not so lear. For example, on the ight of January 20, when temperaturesbelow 191 K were observed by the ER-2, MMS temperature measurements were gener-ally lower than both ECMWF and UKMO analyses at ruise altitudes. These results arenot shown. Previous studies, using analyses for previous years, have shown that boththe UKMO [Pullen and Jones, 1997℄ and the 31-level ECMWF (with a top boundaryat 10 hPa) [Knudsen, 1996℄ analyses have tended to underestimate the possible extentof PSCs. In winter 1999/2000 the bias in the meteorologial analyses during the oldestperiod is in the opposite sense to previous years with the UKMO analyses signi�antlyolder than sondes. The new 60-level ECMWF analyses are in good agreement withobservations.The result of this analysis is supported by Manney et al. [2001℄ who found that theUKMO analyses were the oldest of the six analyses studied during Deember 1999and January 2000 whilst the ECMWF analyses were oldest when temperatures werehigher in February. The UKMO Uni�ed Model ontained an error in the top levelO3 �eld during this time whih may have been a ontributory fator. The ECMWFanalyses have undergone onsiderable hanges over the preeeding four years and arenow produed by a 4-D variational analysis on 60 levels and appear to be the mostrealisti for this winter.4.3 The Arti winter of 1996/97The Arti winter of 1996/97 was the third old Arti winter in a row. The early winterperiod (Deember 1996{January 1997) was haraterised by a warm and disturbed



54
a)

b)

Figure 4.4: Comparison of UKMO and ECMWF temperature analyses with tempera-tures from ozone sonde ights from Ny �Alesund (79oN, 12oE) at (a) 460 K and (b) 506K during winter 1999/2000. (Sonde temperatures are averaged over the height of themodel gridbox and vertial bars indiate 1 standard deviation.)
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Figure 4.5: Modelled area of NAT supersaturation for 1996/97 as a funtion of potentialtemperature from ECMWF analyses.vortex due to planetary wave ativity reduing the intensity of the polar night jet.This was followed by a long period in February{April 1997 where wave ativity wasweak resulting in a strong and stable polar vortex. Figure 4.5 shows the area of thenorthern hemisphere where temperatures in the ECMWF 31-level operational analyseswere below TNAT. During the early winter period, the low temperatures were mostlyon�ned to the region between 500 and 600 K and oupied a onsiderably smaller areathan the orresponding period of 1999/2000. The polar vortex persisted until earlyMay, over a month longer than the limatologial mean for the Arti vortex [Pawsonand Naujokat, 1999℄.



564.4 Equilibrium model desription4.4.1 Model initialisationA basi model run (using UKMO analyses) was initialized in Otober 1991 from a 2-D latitude { height model and integrated until Deember 1999 using UKMO analyses.Then eight 120-day experiments were initialized from this basi run. These experimentsare desribed in the following paragraphs and a summary of these experiments is givenin Table 4.2.Both 24-hourly, 22-level UKMO [Swinbank and O'Neill, 1994℄ and 6-hourly 60-levelECMWF analyses have been used to fore the model used in this Chapter. The modelresolution was 7.5Æ longitude � 5Æ latitude � 18 isentropi levels from 330 to 3000 K(approximately 10 to 55 km). In all omparisons, model output is at 12 UT and is nottemporally interpolated to observations.A modelled passive ozone traer was initialized from the model ozone �eld on Deember1, 1999 and was used to diagnose hemial ozone loss. Despite the lower resolution, ourresults are in agreement with those obtained from the higher resolution simulation ofthis winter [Sinnhuber et al., 2000℄.4.4.2 Model denitri�ation shemesTwo di�erent denitri�ation shemes have been used in the SLIMCAT model; one inwhih denitri�ation is driven by sedimentation of ie on whih NAT has ondensed;and one in whih denitri�ation is based on sedimentation of NAT alone. In bothshemes only liquid aerosol partiles exist for T>TNAT and NAT is assumed to format TNAT. The shemes di�er in their treatment of NAT and ie. In the �rst shemeie is assumed to form at the ie frost point and to remove gas phase HNO3 as o-ondensed NAT. In this sheme, ie partiles are assumed to have a radius of 10 �mand a fall veloity of approximately 1500 m/day and NAT partiles, released upon ieevaporation, are assumed to have a radius of 1 �m [Larsen, 1991℄. Denitri�ation inthis sheme is e�etively due only to ie partiles ontaining o-ondensed HNO3. For



57Run Analyses Het. Chem. Surfae Area Denitri�ationUKICE UKMO LA/NAT/ie 10 m�3 NAT, 10 �m ie 10 �m NAT/ieUKNOD UKMO LA/NAT/ie 10 m�3 NAT, 10 �m ie noneECICE ECMWF LA/NAT/ie 10 m�3 NAT, 10 �m ie 10 �m NAT/ieECNOD ECMWF LA/NAT/ie 10 m�3 NAT, 10 �m ie noneUKNAT UKMO LA/NAT 0.5 �m (max. 1 m�3) NAT 6.5 �m NATUKNND UKMO LA/NAT 0.5 �m NAT noneECNAT ECMWF LA/NAT 0.5 �m (max. 1 m�3) NAT 6.5 �m NATECNND ECMWF LA/NAT 0.5 �m NAT noneTable 4.2: SLIMCAT 3-D equilibrium denitri�ation model runsnon-denitri�ed model runs, partile sedimentation is swithed o�. This sheme is thedefault denitri�ation sheme in SLIMCAT and is used in many CTMs.In the seond sheme no ie forms in the model. NAT partiles are represented bya bimodal distribution (radii 0.5 �m and 6.5 �m) based on observations of Fahey etal. [2001℄. Fall veloities of 1 m/day and 1100 m/day, respetively, are used for thetwo modes. In this sheme, denitri�ation ours by the sedimentation of the largeNAT partiles, while heterogeneous hemial reations are alulated on the small NATmode, whih has the greatest surfae area density. The number density of the smallmode is set to be 1 m�3 and the ondensed HNO3 mass is assigned to this modeto produe partiles with a mode radius of 0.5 �m. Any additional ondensed HNO3is assigned to the large mode. For non-denitri�ed model runs using this sheme, thenumber density is not �xed and all the ondensed mass is assumed to be in the smallmode. Partiles are assumed to reah the equilibrium size instantaneously in modelruns, a proess whih may not be representative of the real atmosphere, espeially forthe large partiles [Carslaw et al., 2001℄. The equilibrium liquid aerosol/NAT/ICEmodel hemistry sheme assumes that liquid aerosol exists only for T > TNAT, NATexists only for Tie < T < TNAT, and ie exists only for T < Tie.The di�erent model runs are listed in Table 4.2. Model runs UKNAT and ECNAThave a bimodal distribution of NAT with radii of 0.5 �m and 6.5 �m with a maximumnumber density for the small mode of 1.0 m�3 with the remaining ondensed mass



58redistributed to the large mode [Fahey et al, 2001℄. Model runs UKNND and ECNNDhave all the ondensed mass in 0.5 �m NAT partiles. For sedimentation NAT partileshave a radius of 1 �m and ie partiles have a radius of 10 �m with fall veloities of40 m/day and 1500 m/day for UKICE and ECICE. Model runs UKNAT and ECNAThave a NAT fall veloity of 1 m/day and 1100 m/day for the 0.5 �m and 6.5 �m modes,respetively [Larsen, 1991℄. These eight model runs over the ombinations of di�erentanalyses and di�erent denitri�ation shemes with the orresponding non-denitri�edruns.4.5 Model results and omparison with observationsIn this setion modelled denitri�ation and dehydration are ompared with in-situ andremote observations using a variety of instruments during the SOLVE/THESEO-2000�eld ampaign.4.5.1 Modelled denitri�ationFigure 4.6 shows the extent of modelled denitri�ation in ppbv of HNO3 for the runsUKICE, ECICE, UKNAT and ECNAT on 5 days from late Deember to mid-Januaryat 460 K diagnosed by omparison with their non-denitri�ed model runs (UKICE-UKNOD, ECICE-ECNOD, UKNAT-UKNND and ECNAT-ECNND).Using the ie denitri�ation sheme, whih was the default sheme in previous SLIM-CAT studies, the UKMO analyses produe strong, extensive denitri�ation in the lowerstratosphere, whih develops between late Deember and early January. The alulatedvortex mean denitri�ation for UKICE for Marh, 2000 at 460 K is 65% (diagnosedfrom UKICE - UKNOD). This is the �rst Arti winter sine initialization in 1991that this version of the model has produed denitri�ation, although observations haveindiated that denitri�ation has ourred in previous winters. The magnitude of deni-tri�ation is signi�antly smaller when ECMWF analyses are used in onjuntion withthe ie sheme (16% at 460 K as a vortex mean,diagnosed from ECICE - ECNOD) asexpeted based on the limited period below Tie.
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Figure 4.6: Modelled denitri�ation (in ppbv of HNO3) on 5 days for winter 1999/2000at 460 K. Also shown are the 28 and 30 PVU UKMO potential vortiity ontours.In the model, sedimentation of large NAT partiles auses greater denitri�ation thanthe equivalent ie-based shemes. This di�erene is espeially pronouned for theECMWF analyses. Denitri�ation in NAT-based model runs starts earlier and is moreextensive relative to the ie-based model runs. Although the denitri�ation starts



60slightly earlier in the UKNAT run, both UKMO and ECMWF analyses give similar ex-tents of denitri�ation at this level by early January. Using the older UKMO analysesand the NAT sheme, vortex mean denitri�ation at 460 K for Marh, 2000 (from UK-NAT - UKNND) is 77% whilst the modelled vortex mean denitri�ation using ECMWFanalyses (ECNAT - ECNND) is 60%.4.5.2 Comparison of modelled and observed NOyThe di�erent model runs are now ompared with NOy observations obtained duringSOLVE/THESEO-2000 with the aim of evaluating the di�erent shemes. Althoughthe 3-D model denitri�ation shemes are relatively simple, their ability to apture theextent and timing of the observed denitri�ation in winter 1999/2000 is ruial whenonlusions on the hemial e�et of denitri�ation on hlorine hemistry and ozonedepletion are to be drawn. Details of the NOy instrument are given in Appendix D.Figure 4.7 ompares modelled NOy with ER-2 observations [Fahey et al., 2001℄ for fourin-vortex ights on (a) January 20, 2000, (b) February 3, 2000, () Marh 7, 2000 and(d) Marh 12, 2000; hosen to represent the temporal evolution of the denitri�ationpro�le. Also shown are omparisons of SLIMCAT denitri�ation (UKICE-UKNOD,ECICE-ECNOD, UKNAT-UKNND and ECNAT-ECNND) and ER-2 denitri�ation(NOy-NO�y) against � for the same four ights (panels (e)-(h)). NO�y was obtainedusing data from the Mark IV balloon ight of Deember 3, 1999 using the relation NO�y= 17.0959 - 0.02046[N2O℄ - 0.000105[N2O℄2 (following Fahey et al. [1990℄) and usingArgus tunable diode laser N2O [Jost et al., 1998℄. Experimental unertainties for NOyand N2O are reported to be 20% and 10% respetively.Figure 4.8 ompares the pro�les of mean denitri�ation inside the polar vortex fromall ER-2 ights from January 14, 2000 to Marh 12, 2000. Modelled denitri�ation isdiagnosed from the di�erene between the denitri�ed and non-denitri�ed pairs of modelruns and ER-2 denitri�ation is alulated from NOy - NO�y. This approah is used asthe model NO�y (N2O) is systematially low in the vortex. The data have been averagedin 10 K potential temperature bins and the vortex was de�ned as PV > 19 PVU at 420K. The error bars show � 1 standard deviation. ER-2 NO�y for January 23 uses ALIASN2O with an estimated auray 2-10%. For air masses with T < TNAT, small partiles



61are oversampled by the NOy instrument, thus enhaning the NOy signal. Therefore,the magnitude of denitri�ation inferred from these data is a lower limit.The observations learly show regions of strong denitri�ation (up to 12 ppbv) at 460K and evidene for nitri�ation below 400 K. Model run UKICE underestimates themagnitude of the observed denitri�ation and nitri�ation (as diagnosed from the NO�yorrelation) by approximately 2-3 ppbv and the denitri�ation is displaed upwards byaround 20 K potential temperature (Figure 4.8). Note that there is onsiderable �nehorizontal struture in the observed NOy whih the oarse grid model and equilibriumdenitri�ation sheme is unable to reprodue.Foring the ie model with the warmer, but more realisti, ECMWF analyses (runECICE) produes onsiderably less denitri�ation (around 2 ppbv at 460 K) due to thevery short time that air masses are exposed to temperatures below Tie. This modelrun strongly underestimates the observed extent of denitri�ation.Replaing the ie sheme with the denitri�ation sheme based solely on NAT (runsUKNAT and ECNAT) produes NOy �elds that are in better agreement with obser-vations than either ECICE or UKICE. The mean di�erene between modelled andobserved NOy is generally smaller for ECNAT ompared to UKNAT, whih tends tooverestimate NOy at ER-2 altitudes in January and underestimate NOy in Marh.Runs ECNAT and UKNAT are also in better agreement with the vertial distributionof denitri�ation and nitri�ation. This is espeially evident in the "stak" ight (ightonsisting of a series of legs at inreasing altitudes over Kiruna) of February 3 (Figures4.7b and 4.7f) where the ie denitri�ation sheme shows NOy inreasing along theight trak, while observations show that the sampled air was generally denitri�edabove 380 K.4.5.3 Comparison of modelled and observed dehydrationIe-based denitri�ation shemes may produe signi�ant dehydration if the synoptitemperature falls suÆiently low. By ontrast, any denitri�ation sheme based solelyon NAT will be limited to a dehydration of 3�[HNO3 ℄ or approximately 30 ppbv.This provides additional evidene to disriminate between an Arti denitri�ation
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Figure 4.7: Comparison of SLIMCAT NOy for four model runs (UKICE blue, ECICEgreen, UKNAT grey and ECNAT orange) and NASA ER-2 NOy (blak) for four in-vortex ights.
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Figure 4.8: Pro�les of mean denitri�ation inside the polar vortex from 11 ER-2 ightsfrom January 14, 2000 - Marh 12, 2000 for ER-2 observations (blak), UKICE (blue),ECNAT (yellow) and UKNAT (red).



64mehanism based on the sedimentation of synopti sale ie and a sheme based onsedimentation of large NAT partiles. Hermann et al. [2002℄ has quanti�ed dehydrationin the Arti winter of 1999/2000 using in-situ observations of total hydrogen (Htot =H2O + 2 CH4 + H2) and equivalent water (H2Oeq = H2O + 2 CH4) aboard the ER-2.The mean value of H2Oeq is 7.38 � 0.11 ppmv within the vortex and 7.32 � 0.13 in theextra-vortex regions sampled by the ER-2. In the model, H2Oeq should be onservedin the absene of dehydration as oxidation of CH4 yields two H2O moleules. It is notneessary to assume that they are well mixed due to the ompatness of the orrelationbetween them.Isolated ourrenes of dehydration were observed during three ights, most notablyJanuary 27, 2000 when a 400-kilometre long region of the ight trak near the vortexedge exhibited dehydration of up to 0.63 ppmv. This was attributed to the airmassexperiening temperatures below the ie-frost point eighteen days earlier. Figure 4.9shows the modelled dehydration (diagnosed from UKICE-UKNOD) is in good agree-ment with the observations during this ight but, in general, the model exhibits muhmore extensive dehydration, espeially at altitudes above the ER-2 (over 1 ppmv at500 { 550 K in late January). This dehydrated air then desends diabatially until it issampled by the ER-2 during the third deployment (February 26 { Marh 12). In-vortexdehydration at 440 { 460 K is around 0.6 ppmv in the model at this time. The abseneof widespread dehydration from in-situ ER-2 observations indiates that the observeddenitri�ation of the Arti vortex during 1999/2000 ourred without large sale iesedimentation.4.6 SummaryObservations show that in the winter 1999/2000 widespread denitri�ation ourred inthe Arti vortex. Two of the NAT-based model simulations (UKNAT and ECNAT)were able to reprodue this widespread denitri�ation leading to modelled NOy in goodagreement with the ER-2 observations.The ie denitri�ation sheme fored with UKMO analyses produes strong denitri�-ation but the NOy pro�le is displaed vertially upwards by around 20 K ompared to
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Figure 4.9: Model dehydration at 460 K and 420 K as diagnosed from UKICE-UKNODon January 27, 2000. The ER-2 ight trak (solid line) and MPV=30 PVU ontour(dotted line) are also shown.



66observations (Figures 4.7 and 4.8). Foring the ie denitri�ation sheme with ECMWFanalyses produes very little denitri�ation due to the very limited ie formation thatours in the warmer ECMWF analyses. This di�erene illustrates the sensitivity ofthe ie-based denitri�ation sheme to relatively small temperature variations below190 K.The ECMWF-fored NAT sheme produes earlier and more widespread denitri�ationthan the ie-based shemes. It aptures the magnitude of denitri�ation well at all butthe highest altitudes, where it underestimates the NOy de�it by around 2 ppbv. Thisresult is important beause observed NOy is an upper limit. The UKMO-fored NAT-based denitri�ation results are similar to the ECMWF NAT sheme but with betteragreement at the highest (and lowest) altitudes.This hapter desribed the hemial transport model used to perform equilibrium den-itri�ation simulations for the Arti 1999/2000 winter. Results were presented forboth ie-based and NAT-based denitri�ation using UKMO and ECMWF analyses.Comparison of these analyses indiated that those from the UKMO were onsiderablyolder than those from the ECMWF in the ore of the vortex during Deember andJanuary.Although the NAT-based PSC sheme used in this hapter is simple, the NOy �eldsprodued with both the UKMO or ECMWF analyses are suÆiently realisti for usein hemial models. This sheme is based on spei�ed partile radii for sedimentationwhih are obtained from observations. This sheme is therefore not useful for prognostistudies. Observations of large NAT partiles with their long growth times and rapidsedimentation mean that thermodynami equilibrium between the partiles and thesurrounding atmosphere annot be assumed. For the �rst time, in-situ evidene ofwidespread and severe denitri�ation in the Arti and the disovery of large NAT-partiles at low number densities means that a full mirophysial treatment of NAT inPSCs may be required. The following three hapters of this thesis desribe the DLAPSEmodel, examine the sensitivity of mirophysial denitri�ation to various meteorologialfators and present results for simulations of denitri�ation in two reent old winters.
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Chapter 5
Priniples of the newmirophysial denitri�ationmodel
5.1 IntrodutionPSCs have been observed in the Arti winter vortex for a number of years. TheSOLVE/THESEO-2000 �eld ampaign has onsiderably improved our knowledge of theomposition and size distribution of PSC partiles although a omplete understandingof the nuleation proess remains outstanding. Voigt et al. [2000℄ have on�rmed thepresene of NAT in lee-wave PSCs by in-situ mass spetrometry. Observations by Faheyet al. [2001℄ revealed that PSC partiles ould have radii of up to 10 �m with integratednumber densities of around 10�4 m�3. These partiles are signi�antly larger andpresent at muh lower abundanes than previously reported. Mirophysial alulations[Carslaw et al., 2002℄ have revealed that under typial lower stratospheri onditions, a10 �m radius NAT partile takes around 8 days to grow and has a terminal fall veloityof over 1500 m/day. Previous model PSC shemes based on parameterisations of thethermodynami equilibrium between partiles (usually ie) and their surroundings may,therefore, be invalid if a detailed simulation of Arti denitri�ation is required.



68Temperature (K) Pressure (mb) �� (10�6m)298 1000 0.065200 100 0.5185 50 0.6Table 5.1: Mean free path of air at typial lower stratospheri temperatures and pres-suresIn this hapter, the mirophysial foundations governing the non-equilibrium (kineti)growth and sedimentation of partiles are disussed. The major features of the newmodel are then desribed.5.2 Continuum and non-ontinuum dynamisThe growth and sedimentation of individual aerosol partiles are proesses determinedby the interation between the partile and the surrounding atmosphere. The relativelength sales of the partile and the moleular separation, the mean free path (��),determine the mode of transfer of mass and momentum between the partile and thesurrounding atmosphere.The Knudsen number (Kn) is used to express the relationship between partile radius,rp and moleular mean free path: Kn = ��rp (5.1)Representative values for the mean free path of air under typial stratospheri on-ditions are listed in Table 5.1. When �� � rp, Kn ! 0 and the partile "views" thesurrounding atmosphere as a ontinuous uid { the ontinuum regime. If �� � rp,Kn ! 1 and the partile interats with the uid as if it were a olletion of disretemoleules { the non-ontinuum (kineti) regime. At values of Kn � 1, harateristi ofPSCs in the lower stratosphere, partiles are onsidered to be in the transition regimeand orretions must be applied to growth and sedimentation terms to aount forthese e�ets.



695.3 Growth of single aerosol partiles5.3.1 Partile growth by vapour di�usion in the ontinuum regimeDi�usion of a gaseous speies X to the surfae of a stationary partile (radius rp) isgiven by Seinfeld and Pandis [1998℄:��t = � 1r2p ��r(r2p~JX;r) (5.2)where (r,t) is the onentration of X, and ~JX;r(r,t) is the molar ux of X at any distaner (m).Fik's Law [e.g. Bird et al., 1960℄ desribes the molar ux (~JX;r) to (from) the partileif the air is stationary relative to the partile:~JX;r = �Dg ��r (5.3)where Dg is the di�usivity of X in air.Using Fik's Law and assuming X is present in low onentrations, Equation 5.2 be-omes: ��t = Dg ��2�r2 + 2r ��r� (5.4)If 1 is the onentration of X in the uniform free atmosphere and s the onentrationof X at �� from the surfae of the partile, then(r; 0) = 1 (5.5)(1; t) = 1 (5.6)(rp; t) = s (5.7)Using Equations 5.5 to 5.7 as boundary onditions, Equation 5.4 an be solved to give:(r; t) = 1 � rpr (1 � s) + 2rprp� (1 � s)Z (r�rp)=2pDgt0 e��2d� (5.8)where � is the volume mixing ratio of X [Seinfeld and Pandis, 1998℄. For large valuesof t: (r� rp)=2pDgt! 0 (5.9)



70and the onentration pro�le approahes steady-state:(r) = 1 � rpr (1 � s) (5.10)The total ow of X (in moles per unit time) towards the partile (J) in the ontinuumregime is given by: J = 4�r2p(~JX)r=rp; or (5.11)J = 4�rpDg(1 � s) (5.12)5.3.2 Partile growth in the kineti regimeThe derivation of mass ux does not inlude a orretion for the kineti e�et when itis no longer appropriate to assume that �� � rp. For moleules in three-dimensionalrandom motion the number of moleules striking a unit area per unit time (ZN) is:ZN = 14N�X (5.13)where N is the number of moleules per unit volume and �X is the mean moleularspeed: �X = � 8kT�mX�1=2 (5.14)where mX is the moleular weight of X. The molar ux towards a partile of radius rpper unit time (Jk) is: Jk = �r2p�X�(1 � s) (5.15)where � is the moleular aommodation oeÆient (the ratio of the number of moleulesentering the ondensed phase to the number of gas moleules striking the surfae).The ratio of the kineti regime ow to the ontinuum regime ow is given by:JkJ = ��Xrp4Dg (5.16)



715.3.3 Model partile growth equationIn the model, the moleular ux (Jm) towards a partile of radius rp is alulated interms of moleular di�usion but using a modi�ed di�usion oeÆient (Dm) to aountfor non-ontinuum e�ets at the partile surfae [Pruppaher and Klett, 1997℄:Jm = 4�rpDm(1 � s) (5.17)where Dm is given by: Dm = Dg1 + 4Dg�Xrp (5.18)From mass balane: Jm = �pmX ddt(43�r3p) (5.19)Combining Equation 5.17 and the above gives:drpdt = DmmX�p (1 � s)( 1rp ) (5.20)where  = �=RT and applying the equation to HNO3 vapour over a NAT partile:drpdt = DmmNAT�NATRT (pHNO3 � pNATHNO3)� 1rp� (5.21)where mNAT is the moleular mass of NAT, pHNO3 is the ambient partial pressure ofHNO3 and pNATHNO3 is the vapour pressure of HNO3 over NAT.Integrating Equation 5.21 gives: r2p = r2p0 + 2Gt (5.22)where G = DmmNAT�NATRT (pHNO3 � pNATHNO3)5.3.4 The Kelvin e�etThe saturation pressure of a gas over its ondensed phase is not only a funtion oftemperature but also the radius of the partile. This radius dependene is known as



72the Kelvin e�et and enhanes the saturation vapour pressure over urved surfaes andis signi�ant for small partiles. The Kelvin e�et may be de�ned as:p�s = psexp� 2ms�RT�rp� (5.23)where p�s is the saturation vapour pressure over a urved surfae of radius rp, ps is thesaturation vapor pressure over a plane surfae and � is the surfae tension. Figure 5.1shows the Kelvin fator, K = � 2ms�RT�rp� as a funtion of radius for NAT and ie. Forrp � 0.1 �m, K ! 1 and, therefore, ignoring the Kelvin e�et in the model growthequation has only a very small e�et.
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Figure 5.1: Kelvin fator for NAT (solid line) and ie (dotted line) as a funtion ofpartile size at 195 K and 187 K respetively.5.4 SedimentationIn order to examine the dynamial behaviour of NAT partiles in the stratosphere, itis neessary to begin by onsidering idealised behaviour of a single spherial aerosolpartile in a visous uid - the ontinuum regime. This disussion an then be ex-



73tended to enompass non-ontinuum e�ets whih may be relevant under stratospherionditions.5.4.1 Drag on a single spherial partileAny partile moving with a veloity u0, experienes a drag fore, Fdrag. In orderto alulate Fdrag for motion in an inompressible Newtonian uid it is neessary tosolve the ontinuity equation and the Navier-Stokes momentum balane equations todetermine both the veloity and pressure �elds around the partile. Fdrag is the sumof the normal and tangential omponents of the fore ating on the spherial partileand is obtained from Seinfeld and Pandis [1998℄:Fdrag = 6��rpu0 (5.24)where � is the visosity of the uid. This is known as Stokes' Law and is appliablefor situations in whih the Reynolds number, Re << 1 and is equally appliable to thesituation in whih a partile is moving through a stationary uid.5.4.2 Slip ow orretionStokes' Law is based around ontinuum dynamis (Kn ! 0). When the partile diam-eter approahes �� of the surrounding uid, the non-slip assumption is no longer validand the drag fore exerted on a partile by the uid is lower than expeted.From kineti theory, the mean free path of a gas moleule is given by:�� = 2�pp(8m=�RT) : (5.25)Table 5.1 shows that the mean free path for gas moleules under typial lower strato-spheri onditions is similar to the diameter of NAT partiles in a PSC and a slipow orretion must be applied to fall veloities. The Cunningham slip ow orretionfator (C) is de�ned aording to Pruppaher and Klett [1997℄ as:C = 1 + ��rp �1:257 + 0:4exp��1:1rp�� �� (5.26)



74This fator is inorporated into the Stokes' Law drag equation used to desribe partilesedimentation to orret for non-ontinuum e�ets in the model:Fdrag = 6��rpu0C ; (5.27)u0 = FdragC6��rp (5.28)and Fdrag = 43�r3p�g (5.29)Substituting for Fdrag in Equation 5.28 and applying to sedimentation time (t) anddistane (z): dzdt = �Sr2p where S = 2�gC9� (5.30)5.4.3 Combined growth and sedimentationThe model growth and sedimentation terms may be ombined (Equations 5.22 and 5.30)by substituting for rp to give the oupled time-dependent growth and sedimentationequation used in the model for individual partiles:dzdt = �S r2p0 � 2GS t (5.31)where rp0 is the partile radius at t0.Integration of Equation 5.31 gives:z = z0 � Sr2p0t�GSt2 (5.32)In the model, this is expressed as:z(t + �t) = z(t) � Srp(t)2�t�GS�t2 (5.33)where �t is the model timestep, z(t) is the vertial position at time t, and z(t + �t)is the altitude at time t + �t.Model NAT partiles are assumed to be spherial for the alulation of sedimentationveloity. In reality, NAT rystals may have a hexagonal ylindrial struture with anaspet ratio of �0.8 [Luo et al., pers. omm.℄, therefore the spherial assumption mayoverestimate NAT-partile fall veloities by approximately 10%.



755.5 DLAPSE Model desriptionIn the DLAPSE model, the analyti term (Equation 5.33) is used to desribe the 3-Dtime-dependent growth and sedimentation of a large number of NAT partiles usinga domain-�lling Lagrangian approah [Carslaw et al., 2002℄. The essential features ofthis model are desribed in the following setion.5.5.1 Partile initialisationFor all simulations undertaken with the DLAPSE model, partiles are initialised witha radius of 0.1 �m on a osine-weighted latitude grid between 50Æ and 90ÆN whereverT < TNAT at a ontrolled rate to ensure a uniform spatial distribution of partiles.New partiles are initialised every 6 hours throughout the period of the simulationat random vertial positions between 350 and 600K to ensure that oherent stru-tures in the partile �elds are smoothed. This time-averaged nuleation rate makesno assumptions about potential nuleation mehanisms for NAT partiles in the lowerstratosphere whih, as disussed in Chapter 2, are poorly understood. Our purposein this study is not to examine the validity of potential nuleation mehanisms but tosimulate whether large NAT partile-indued denitri�ation is apable of reproduingthe observed denitri�ation in old Arti winters. The results presented are unlikelyto be espeially sensitive to the preise nature of the nuleation mehanism so long asthey are eventually distributed widely throughout the vortex as shown in Fueglistaleret al. [2002℄. The intention of this study is to examine the partile distributions anddenitri�ation several days after the partile �elds are generated.5.5.2 TimestepThe analyti solution to partile growth and sedimentation works beause the low num-ber density of partiles means that the gas phase and partile growth are essentiallydeoupled over a single timestep. The timestep needs to be short enough to minimiseerrors in the alulation of �z and �r without inreasing the omputational ost un-aeptably. In pratie, a timestep of 30 minutes is used.



765.5.3 Nuleation barrierThe model volume-averaged nuleation sheme has no barrier to the formation of NATfrom the gas-phase. In the model, NAT is initialised wherever T < TNAT. It hasbeen suggested that the nuleation of NAT in the stratosphere may require signi�antsupersaturation of the atmosphere, reduing the rate of partile formation [e.g. Peteret al., 1991℄. If a nuleation barrier does exist, the model will tend to overestimatepartile formation. The e�et on denitri�ation would depend on available HNO3.5.5.4 Horizontal and vertial advetionPartiles are adveted in the horizontal diretion using a fourth-order Runge-Kuttasheme and utilising linear interpolation of the ECMWF 2.5Æ latitude � 2.5Æ longitudeanalysed winds to the partile position. Vertial transport of individual partiles in themodel is alulated at eah timestep from Equation 5.33.5.5.5 Coupling of the Lagrangian partile denitri�ation model withSLIMCATIn order to simulate the 3-D impat of NAT partile growth and sedimentation on theseasonal evolution of gas-phase HNO3 in a realisti manner, DLAPSE has been oupledto the Eulerian SLIMCAT CTM (as desribed in Chapter 3).The initial oupling of the Lagrangian partile model and the SLIMCAT CTM wasarried out by Jamie Kettleborough at the Rutherford Appleton Laboratory, Didot,Oxfordshire in 2000/01. SLIMCAT is written in FORTRAN whilst the Lagrangian par-tile denitri�ation model is written in IDL. The models run in parallel and exhangeinformation at eah timestep. SLIMCAT gas-phase HNO3 is passed to the Lagrangianpartile model through a UNIX named pipe. In the partile model, gridded HNO3 isinterpolated to the position of eah partile for the alulation of growth and sedimen-tation. This hange in HNO3 for eah partile is onverted to a gas-phase �HNO3 onthe SLIMCAT 3-D model grid and the �eld is passed bak via the named pipe to theSLIMCAT model. SLIMCAT 3-D gas-phase HNO3 is adjusted by �HNO3 prior to the
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Figure 5.2: Shemati diagram of the oupled model.advetion step. The updated HNO3 �eld is fed bak to the Lagrangian partile modelwhere loalised hanges in gas-phase HNO3 alter partile growth rates. Figure 5.2 is ashemati representation of the oupled model.This sheme was hosen over the more traditional method of adveting a series of par-tile number density and size distribution bins in an Eulerian model for a number ofreasons, despite the omputational ost involved in adveting up to 150 000 individualpartiles. The Lagrangian approah allows the traking of individual partiles through-out their lifetime without the numerial di�usion assoiated with bin-resolved Eulerianmethods. The Lagrangian approah also allows the ompilation of partile age, sizeand sedimentation statistis at any loation, whih provide valuable information aboutthe most suitable meteorologial onditions for denitri�ation. A full 3-D Lagrangianapproah to modelling partile trajetories also overomes the major drawbak of ol-



78umn models, in whih simplifying assumptions about partile temperature histories orgas-phase HNO3 are usually required.5.6 SummaryThis hapter desribed in detail the mirophysial onepts used in the DLAPSE modeland its oupling with the SLIMCAT CTM. An analyti ombined growth and sedimen-tation equation used in the DLAPSE model was derived. This novel approah providesthe signi�ant bene�t of omputational eÆieny over the alternative method of Eule-rian advetion of partile size bins. A Lagrangian approah means that the model is nota�eted by the numerial di�usion often assoiated with Eulerian advetion of partilesizes. In addition, this approah produes useful diagnostis about partile historieswhih enhane the understanding of the denitri�ation proess. The following hapterexplores the sensitivity of the denitri�ation in the oupled model to the nuleation rateand various meteorologial fators. Results from the DLAPSE oupled to SLIMCATare ompared to SLIMCAT with an equivalent equilibrium denitri�ation sheme.
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Chapter 6
Sensitivity study of mirophysialdenitri�ation
6.1 IntrodutionA series of 10-day simulations were used to examine the sensitivity of denitri�ation inDLAPSE to the partile nuleation rate and meteorologial onditions. Where appro-priate, omparisons were made with the two thermodynami equilibrium denitri�ationsheme to identify the impat of a full mirophysial simulation on modelled denitri�-ation. The aim of this hapter is to understand some of the fators ontrolling denitri-�ation in the atmosphere before simulating denitri�ation with the full meteorologialomplexities of a spei� Arti winter.6.2 SLIMCAT model formulationThe SLIMCAT CTM oupled to DLAPSE for this study is a simpli�ed version of thatdesribed in detail in Chapter 3, but with several key modi�ations whih are detailedbelow. Resolution of the SLIMCAT model is higher at 5.6Æ longitude � 5.6Æ latitudewith 36 isentropi levels between 350 and 3000 K. (The resolution of SLIMCAT forequilibrium denitri�ation studies was 7.5Æ longitude by 5Æ latitude with 18 isentropi



80levels.) Inreasing the vertial resolution allows model isentropi levels to be spaedat 10 K (300 { 400 m) intervals in the lower stratosphere where this high resolution isuseful for the aurate diagnosis of denitri�ation in the polar vortex.This version of SLIMCAT ontains no hemistry and advets two traers - HNO3 and anon-sedimented (passive) HNO3. Two additional non-adveted traers are also outputfor diagnosti purposes - the umulative hange in gas phase HNO3 (�HNO3) and solidphase HNO3 as determined by DLAPSE.At low temperatures, the bakground sulphate aerosol sequesters gas-phase HNO3,thereby reduing the rate of growth of NAT partiles. The model used for these om-parisons does not aount for this proess and is, therefore, likely to overestimate therate of denitri�ation in regions where the temperature is low enough for substantialuptake of HNO3 into liquid aerosol (4 K or more below TNAT). This setion examinesthe sensitivity of the oupled model denitri�ation �elds to hanges in vortex meteo-rology. The temperature �eld used is marginally above the threshold at whih HNO3uptake into the bakground sulphate aerosol ours. Neglet of liquid aerosols thereforehas a minor e�et in the alulation of denitri�ation from available HNO3 in this ase.The meteorology used for the model studies of Arti denitri�ation were arefullyontrolled in order to separate the inuene of hanging meteorologial onditions fromother fators. In order to ahieve this separation, the temperatures, pressures andwinds were �xed at the ECMWF analyses for 0 UT on Deember 23, 1999. Theseonditions were hosen for two reasons. Firstly, the temperatures in the polar lowerstratosphere were below TNAT but not so low that synopti-sale ie or liquid aerosolformation was signi�ant. Seondly, the region of NAT supersaturation (hereafter, theold pool) and the polar vortex were onentri resulting in potentially long partilegrowth times.For all model simulations in this hapter, the initial model HNO3 and H2O �elds wereset to representative stratospheri values (8 ppbv and 5 ppmv respetively). The 10-day time period of these simulations is suÆient to allow growing partiles formed inthe uppermost isentropi layer of the nuleation region (700 K) to desend to the low-ermost model level (350 K). Use of a �xed meteorologial analyses produes partile�elds whih are in a quasi-steady state. The onstant partile nuleation rate when



81T < TNAT reates spatial variations in partile number densities whih may be at-tributed to advetion, sedimentation and the atmospheri volume where the partileswere nuleated.6.2.1 Equilibrium model formulationThe equilibrium denitri�ation sheme used in this hapter is a simpli�ed version of theSLIMCAT model used in Chapter 3. This model ontains no hemistry and advetsonly gas-phase and passive HNO3. The resolution of the equilibrium SLIMCAT modelis idential to that used in the oupled SLIMCAT/DLAPSE model desribed above.Denitri�ation in this version of SLIMCAT is based on sedimentation of the thermody-nami equilibrium onentration of ondensed HNO3 [Hanson and Mauersberger, 1988℄.A NAT partile radius of 2 �m was assumed for NAT in order to produe denitri�a-tion of a omparable magnitude to the mirophysial simulation. As with the oupledmodel, initial model gas-phase HNO3 and H2O where set to 8 ppbv and 5 ppmv respe-tively and the �xed ECMWF analysis used. Denitri�ation of a omparable magnitudeto that produed in the mirophysial model is required to prevent ompliating e�ets(e.g. unrealisti fall veloities leading to overly rapid denitri�ation) from ourring.6.3 Sensitivity to NAT nuleation rateThe �rst of the idealised simulations examines the sensitivity of the denitri�ationprodued in the DLAPSE model to the volume averaged nuleation rate. The downwardmass ux (~JHNO3) for a partile distribution is the sum of the downward uxes for eahpartile, whih an be derived from the equations in Setions 5.3 and 5.4:~JHNO3 / � nNAT r5NAT (6.1)The rate of denitri�ation at any point in spae is equal to the divergene of thedownward ux at that point and the umulative denitri�ation is the sum of thesedivergenes. Table 6.1 lists the nuleation rate used for eah model run in this study.Figure 6.1 shows the daily vortex mean HNO3 (gas-phase and ondensed phase) as afuntion of potential temperature for eah model run (the vortex is de�ned as the region



82Simulation NR1 NR2 NR3 NR4 NR5 NR6Nuleation rate 3.0 15.0 30.0 150.0 300.0 1500.(� 10�11 m�3 s�1)Table 6.1: Table showing nuleation rate used for eah model runpoleward of the MPV = 30 PVU). The magnitude of the vortex mean denitri�ationis sensitive to the nuleation rate with peak denitri�ation inreasing from 0.07 ppbvto 2.85 ppbv when the nuleation rate inreases from 3.0� 10�11 m�3 s�1 to 1.5�10�8 m�3 s�1. At the lowest nuleation rates the modelled peak denitri�ation (at565 K) inreases almost linearly with the nuleation rate as there is suÆient ondens-able HNO3 available to support the additional partiles. Denitri�ation at the highestnuleation rates is limited by the available of HNO3, as disussed above. The peaknitri�ation is around 50% of the orresponding peak denitri�ation mixing ratio dueto the inreased atmospheri pressure at nitri�ation altitudes. Figure 6.2 shows howthe vortex mean umulative denitri�ation at 565 K on Day 10 varies as a funtion ofthe nuleation rate. At very low number densities, denitri�ation by NAT partiles isvery ineÆient.The short model spin-up period is apparent before Day 3 of the simulation where theinitial denitri�ation rate is low. This may be attributed to the small size of modelNAT partiles and their low abundane early in the simulation. There is around a 2day time lag between the rates of peak denitri�ation at 565 K and nitri�ation at 425K whih is losely related to the transit time for the largest NAT partiles betweenthese two regions.Figures 6.3 and 6.4 show the model partile size distributions at four 10 K deep isen-tropi layers between 450 and 410 K, lose to the lower limit of the region of NATsupersaturation where the partiles are largest. There is a striking derease in thesize of NAT partiles between model runs NR1 and NR6. The modal radius at 420 Kdereases from 7 �m at the lowest nuleation rate (3.0 � 10�11 m�3 s�1) to 2.5 �mat the highest nuleation rate (1.5 � 10�8 m�3 s�1). The mean partile radius overthe entire model domain derease from 4.3 �m to 1.8 �m between these model runs.Higher nuleation rates give rise to higher number densities of partiles, whih restrit
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Figure 6.1: Vortex mean denitri�ation pro�les for model runs NR1 { NR6.their maximum size due to the availability of gas-phase HNO3.Denitri�ation at high nuleation rates is limited by the very small number of NATpartiles. The maximum radius of eah partile is limited to �10 �m, whih an beahieved by falling through the full depth of the NAT-supersaturated region. Inreasesin the number density lead initially to inreased denitri�ation due to the inreasednumber of partiles arrying HNO3 downward [Carslaw et al., 2002℄. At very highnuleation rates denitri�ation would be expeted to reah a maximum then, eventually,to derease one more. This derease ours one inreased number density is o�set by aderease in partile size and sedimentation speed as partiles ompete for the available
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Figure 6.3: Partile size distributions at four isentropi levels on day 10 of the simulationfor model run NR1.
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Figure 6.4: Partile size distributions at 4 isentropi levels on day 10 of the simulationfor model run NR6.HNO3. This regime has not been simulated beause the model is not optimised tosimulate the short timesale proesses ourring with rapid partile growth.For all the subsequent sensitivity studies in this hapter a nuleation rate orrespondingto 3.0 � 10�10 partiles m�3 s�1 is used, orresponding to NR3. This nuleation rateprodues NAT-partile number densities omparable to those observed by the NOyinstrument aboard the ER-2 on January 20, 2000 when the model is initialised 10 daysearlier.6.4 TemperatureThe ambient temperature is expeted to exert an important inuene on the growthof NAT partiles and denitri�ation. Partile growth is a�eted diretly via the tem-perature dependene of Equation 5.21. Partile growth times and hene sizes are also



86Equilibrium model run EF1 EF2 EF3 EF4Mirophysial model run MF1 MF2 MF3 MF4Frational T o�set (Fra) -0.50 -0.25 +0.25 +0.50O�set at Tmin (K) -3.0 -1.5 1.5 3.0Table 6.2: Table showing the temperature o�sets applied to T-TNAT for eah modelrun.a�eted beause a global redution in the ambient temperature will inrease the volumeof the region of NAT supersaturation. In this sensitivity study the temperature �eldis modi�ed in two ways. Firstly, for eah run the volume below TNAT is kept onstantwhilst the temperature within the region of NAT supersaturation is altered. In theseond series of runs, temperature o�sets were applied globally to the temperature �eldin model run NR3, altering both the area and depth of the region of NAT supersatu-ration. In both ases, the �elds from DLAPSE are ompared to the equilibrium NATsheme. The modi�ed temperature �elds were provided by Graham Mann (Universityof Leeds).6.4.1 Temperature o�set with onstant area of NAT supersaturationTable 6.2 lists the o�sets applied to the model temperatures in the region of NATsupersaturation as a fration of T-TNAT with negative values indiating a derease intemperature. A frational temperature o�set of Fra results in a new temperature inthe T-TNAT region of the vortex:Tnew = Told � Fra(Told � TNAT) (6.2)Averaged aross the old pool, a frational temperature o�set of, for example, -0.5orresponds to a 1.85 K redution in temperature. Figure 6.5 shows the temperaturepro�le at the loation of the oldest temperatures within the NAT-saturated regionapplied to the model runs listed in Table 6.2. The indiated TNAT, determined assuming8 ppb HNO3 and 5 ppm H2O, is also shown. It an be seen that in addition to a onstantarea, the depth of the old pool also remains approximately onstant, restriting anyhanges in partile size, population or denitri�ation to the e�et of temperature onpartile growth.
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Figure 6.5: Temperature pro�les of the frational o�set applied to the entre of theNAT supersaturation region.Figure 6.6 shows the temporal development of denitri�ation as a funtion of potentialtemperature for two mirophysial model runs (MF1 and MF4) and the orrespondingequilibrium model runs (EF1 and EF4). In both ases denitri�ation is stronger in theolder model runs despite the approximately onstant area and depth of the old pool.The vertial extent of denitri�ation also appears to inrease with a derease in tem-perature in both sets of model runs although there are onsiderable di�erenes in theoverall struture of the denitri�ation produed by the mirophysial and equilibriumshemes. Equilibrium denitri�ation in these idealised model runs is e�etively a fun-tion of T-TNAT (whih determines the ondensed mass) and the period of the model runas the fall speed is presribed until the redistributed mass approahes thermodynamiequilibrium. Mirophysial denitri�ation has a longer "spin-up" time as the modelrequires around two days to produe suÆient large partiles that an sediment.Denitri�ation generally ours at lower altitudes in DLAPSE than the thermodynamiequilibrium model. Peak denitri�ation in the equilibrium model ours at 595 K. Atthe highest altitudes in the mirophysial model, the partiles must be small beausethey have not sedimented signi�antly and, therefore, redistribute little mass. Themagnitude of denitri�ation is not diretly omparable beause the fall speed of NAT
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Figure 6.6: Vortex mean denitri�ation as a funtion of potential temperature and timefor model runs MF1 and MF4, EF1 and EF4.in the equilibrium sheme was adjusted to produe denitri�ation omparable to theDLAPSE model at 565 K.
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Figure 6.7: Vortex mean denitri�ation as a funtion of the old pool frational tem-perature o�set from the mirophysial model run (*) at 565 K and equilibrium modelrun � 0.5 (+) at 595 K on Day 10 of the simulations.



89DLAPSE demonstrates an almost linear inrease in vortex mean denitri�ation at 565K with dereased temperature (Figure 6.7). At this altitude, a 2.3 K (50% of T-TNAT)additional ooling is responsible for a further 0.19 ppbv (39%) denitri�ation. Therelationship between these two variables is initially similar in the equilibrium modelbut at the lowest temperatures, the rate of denitri�ation is initially very rapid butslows as the available HNO3 in the old pool is diminished.
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Figure 6.8: Vortex mean partile radius (blak) and mean partile age (blue) on Day10 for mirophysial model runs MF1 { MF4.Figure 6.8 shows how the vortex mean partile radius and partile age vary with thefrational temperature o�set by Day 10 of the simulation. Partile radius dereases withinreased temperature whih is onsistent with slower growth at higher temperaturesdue to dereased availability of ondensable HNO3. The age of partiles has an inverserelationship with radius onsistent with more rapid sedimentation of larger partilesresulting in lower modelled mean ages.6.4.2 Absolute temperature o�setsThe absolute temperature o�sets applied to eah model equilibrium and mirophysialmodel run are listed in Table 6.3. Also listed is the perentage hange in that area ofNAT supersaturation ompared to model run NR3. Temperature pro�les at the entreof the region of NAT supersaturation orresponding to eah model run are shown in



90Equilibrium model run EO1 EO2 EO3 EO4Mirophysial model run MO1 MO2 MO3 MO4Temperature o�set -2.0 -1.0 +1.0 +2.0% �ANAT 565 K (NR3=13.3�106 km2) 13.5 9.0 -28.5 -44.4Table 6.3: Table showing the temperature o�sets applied to eah model run.Figure 6.9. Unlike the sensitivity study above, the global temperature o�set appliedto eah model run will also alter both the area and the depth of the old pool inaddition to the NAT-supersaturation. A 4 K derease in temperature inreases thearea of NAT-supersaturation by 67% (from 11.5 to 19.2 million km2). The depth ofthe NAT-supersaturated region inreases from 440 { 620 K to 400 { 660 K with a 4 Kderease in temperature.

Figure 6.9: Pro�les of the global temperature o�sets applied at the entre old poolFigure 6.10 shows the vortex mean denitri�ation from both the mirophysial andequilibrium models as a funtion of temperature o�set on Day 10. Denitri�ation at565 K in the mirophysial model inreases approximately linearly with dereased tem-perature. A 2 K derease in temperature from the base model run auses an additional0.43 ppbv (94%) inrease in vortex mean denitri�ation. Equilibrium denitri�ation
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Temperature offset (K)Figure 6.10: Vortex mean denitri�ation as a funtion of the temperature o�set fromthe mirophysial model run (*) at 565 K and equilibrium model run � 0.5 (+) at 595K on Day 10 of the simulations.demonstrates a linear initial response at 595 K to dereasing temperature. Denitri�a-tion for model runs EO1 and EO2 is around twie the magnitude of the denitri�ationin the equivalent mirophysial model runs (MO1 and MO2). At the lowest tempera-tures, the rate of denitri�ation in the equilibrium sheme is slowed by saturation e�ets(model runs EO3 and EO4). In both models, dereasing the global temperature ausesstronger denitri�ation than reduing the temperature within the old pool alone.Figure 6.11 shows the temporal development of vortex mean denitri�ation as a fun-tion of potential temperature for mirophysial model runs, MO1 and MO4; and theorresponding equilibrium model runs, EO1 and EO4. A redution of 4 K in the globaltemperature signi�antly inreases both the magnitude and extent of denitri�ation inboth models. At the highest temperatures, the mirophysial model (MO1) produesweak denitri�ation in a narrow range between 560 and 585 K. The re-distribution ofHNO3 is more ompliated in the equivalent equilibrium model run (EO1). There isa region of denitri�ation between 640 and 550 K with a narrow region of weak nitri-�ation immediately below. A further region of denitri�ation is loated between 460and 440 K. This denitri�ation pro�le may be explained by Figure 6.9. The regions ofdenitri�ation and nitri�ation orrespond to the loation of maxima and minima inT-TNAT.Model run MO4 is strongly denitri�ed between 585 and 450 K whilst in the equivalent



92equilibrium model run (EO4), denitri�ation is more loalised between 620 and 550K. Di�erenes in the vertial loation of nitri�ation also exist. Nitri�ation in modelrun MO4 is loated between 420 and 360 K whereas model run EO4 is nitri�ed 20 Klower. Enhaned vortex mean denitri�ation at lower temperatures is due to inreasedNAT-supersaturation and larger vortex area below TNAT. In ommon with the resultsin Setion 6.4.1, peak denitri�ation in the mirophysial model runs ours at loweraltitudes (565 K) than the equilibrium model (595 K). The initial development ofdenitri�ation is delayed in the mirophysial model due to the initial spin-up period.

Figure 6.11: Daily vortex mean denitri�ation as a funtion of potential temperaturefor mirophysial model runs (MO1, MO4) and equilibrium runs (EO1 and EO4).Vortex mean radius and mean age of model partiles for runs MO1 { MO4 are plottedin Figure 6.12. The mean radius inreases from 2.3 �m to 4.5 �m with a derease of 4K in temperature. The mean partile age initially inreases from 2.2 days to 2.95 daysas temperatures are redued then remains almost onstant despite further redutions.Additional loss of larger partiles through faster gravitational sedimentation at lowertemperatures is o�set by the inreased volume of the old pool, whih redues partileloss by horizontal advetion out of the old pool. This is in ontrast to Figure 6.8
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Figure 6.12: Vortex mean partile radius (blak) and mean partile age (blue) on Day10 for mirophysial model runs MO1 { MO4.where the �xed area of the old pool results in a redution in partile age at lowertemperatures onsistent with inreased sedimentary losses.The relative ontributions of the inreased area of NAT-supersaturation and lowertemperatures within the NAT-supersaturated region to inreased denitri�ation an beestimated. From Figure 6.7, a frational o�set of -0.5 �(T-TNAT) is equivalent to anadditional 0.19 ppbv vortex mean denitri�ation ompared to the baseline run (NR3). Itan be shown that this frational o�set is equivalent to a mean redution in temperatureof 1.53 K in the NAT-supersaturated region at 565 K. From Figure 6.10, 1.53 K globalooling orresponds to 0.33 ppbv additional vortex mean denitri�ation ompared toNR3. Inreased partile growth ontributes around 0.19 ppbv (58%) of this additionalglobal denitri�ation and the remainder of the additional loss (0.14 ppbv, 42%) is due tothe inreased area of NAT-supersaturation. With a 0.77 K ooling, the ontributions are56% and 44% from enhaned growth and inreased NAT-supersaturation, respetively.Overall, the main e�ets of dereasing temperature are extension of partile lifetimes byinreasing the volume of the vortex whih is NAT-supersaturated. Inreased partilegrowth rates through more rapid ondensation of HNO3 are also important. Theseproesses are not deoupled as the lifetime of a growing partile is ultimately limitedby the time taken to sediment through the NAT-supersaturated region.



946.5 Vortex onentriityIn the Antarti vortex, the wind and temperature �elds are normally onentri aroundthe pole. In the Arti, however, the wind and temperature �elds are frequently o�set[Pawson et al., 1995℄. The underlying meteorologial auses of this o�set (barolini)vortex state in the Northern Hemisphere have been disussed in Chapter 4. In abarolini vortex, NAT partiles are more likely to be adveted out of the old pool,reduing the time available for growth. This situation would be expeted to redue thesize of NAT partiles and, therefore, their sedimentation veloity and denitri�ationpotential.The sensitivity of denitri�ation to the onentriity of the old pool and vortex isexplored by progressively inreasing the o�set between the entroids of the vortex andold pool. The old pool is rotated relative to the vortex from the baseline analysis usedfor the runs above. These rotated temperature �elds were produed by performing solidbody rotations of inreasing magnitude (0Æ, 5Æ, 10Æ, 15Æ and 20Æ) on the temperature�eld about an axis through the entre of the sphere onneting the latitude/longitudepoints [0Æ,0Æ℄ and [0Æ,180Æ℄ and were provided by Graham Mann. This approah hasthe advantage of retaining the old pool area and shape whih allows diret omparisonof the e�et of an inreasingly barolini old pool and vortex on partile growth anddenitri�ation. These rotated temperatures mean that the model meteorologial �eldsare not in thermal wind balane and may not be totally representative of barolinipolar vorties. Nevertheless, the rotated �elds are useful for investigating the sensitivityof denitri�ation to the degree of baroliniity of the vortex and old pool.Figure 6.13 shows the temperature �elds on the 565 K potential temperature level forold pool rotations of 0Æ and 20Æ. TNAT is diagnosed from the expression of Hansonand Mauersberger, [1988℄ (Equation 2.39) for [HNO3℄ = 8 ppbv and [H2O℄ = 5 ppmv.At a rotation of less than 10Æ the entire old pool is loated within the vortex and at20Æ, the entroid of the old pool is loated lose to the edge of the vortex (normalisedentroid separation = 1). Figure 6.14 shows how the entroid separation of the vortexand old pool normalised by the radius of the old pool is determined. The vortex andold pool are onsidered to be irles with entroids X and Y respetively. The entroidseparation, C = X-Y, is normalised by the radius of the old pool (R). Values of nor-
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Figure 6.13: Temperature ontour plot at 565 K for old pool rotations of 0Æ and 20Æ.The 40 PVU MPV ontour (blak) and T = TNAT ontour (white) are also shown.malised entroid separation > 1 indiate the absene of "losed" ow onditions as allthe vortex air is likely to experiene exursions above TNAT, onsiderably reduing thetime available for partile growth and the potential for denitri�ation. This approx-imation is not useful when either the old pool or vortex are onsiderably distorted.Nevertheless, it is an indiator of the extent of losed ow in this study as neither theold pool or vortex are signi�antly distorted (Figure 6.13).Figures 6.15 shows the denitri�ation produed in the mirophysial and equilibriumshemes at 565 K (the altitude of oldest temperatures and lose to peak denitri�a-tion). At rotations of 0Æ both the equilibrium and mirophysial model runs produedenitri�ation of around 3 ppbv lose to the entre of the vortex on Day 10. Inreasingthe rotation of the old pool relative to the vortex a�ets the denitri�ation produedby the mirophysial model in a very di�erent way to that produed by the equilibriumsheme. Inreasing the o�set of the old pool has muh less e�et in the equilibrium
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       cold pool centroidFigure 6.14: Determination of entroids of vortex and old pool. Centroid separationnormalised by old pool radius = C/R.sheme, indiating that denitri�ation is equally eÆient wherever T < TNAT. Max-imum denitri�ation is redued in the equilibrium sheme beause it is spread overa wider area of the vortex. The denitri�ation produed by the mirophysial modeldereases rapidly as the separation of the vortex and old pool entroids inreases, asthe lifetime of NAT partiles and their denitri�ation potential is redued.The mirophysial fators ausing the dereased denitri�ation with inreased oldpool and vortex o�set are illustrated in Figure 6.16. The mean age of partiles delinesrapidly from 3 days (0Æ o�set) to 0.8 days (20Æ o�set) due to inreased advetion ofpartiles out of the old pool. This has a diret impat on denitri�ation by reduingthe mean radius of partiles and the mean number density, reduing vortex meandenitri�ation at 565 K from 0.48 ppbv with no o�set to 0.03 ppbv with an o�set of20Æ. In ontrast, the equilibrium model denitri�ation is less on�ned to the regionlose to the entre of the vortex and is muh less a�eted by the o�set between vortexand old pool until a onsiderable fration of the old pool lies outside the vortex [Mannet al., 2002℄.
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Figure 6.15: NOy �eld at 565 K on Day 10 for old pool rotations of 0Æ, 5Æ, 10Æ and15Æ for DLAPSE model (left) and the thermodynami equilibrium sheme (right).
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Figure 6.16: Vortex mean partile radius (blak), mean age (blue) and mean numberdensity (yellow) as a funtion of old pool rotation for mirophysial model runs.6.6 SummaryThis hapter has examined the sensitivity of the DLPASE model to hanges in themodel nuleation rate, vortex temperature and the relative orientation of the vortexand old pool. At very low nuleation rates the partiles grow to a maximum diameterof approximately 20 �m, whih is an upper limit determined by ontinuous growththrough the full depth of the NAT-supersaturated region. However, low nuleationrates result in very low total ondensed mass, therefore, denitri�ation is small. Therate of denitri�ation inreases with inreasing nuleation rate until an upper limit isreahed where partiles are so numerous that ompetition for available HNO3 limitstheir size and fall speed.Dereasing the temperature inreases the extent and magnitude of denitri�ation in themodel. There are two ontributory fators. A lower temperature inreases the mass ofHNO3 available for ondensation (by inreasing the NAT-supersaturation) and inreasesthe area of the old pool available for partile growth. A 1.5 K derease in temperatureauses an additional 0.33 ppbv denitri�ation as a vortex average with enhaned partile



99growth aounting for around 58% of the additional loss. Inreases in the area ofNAT-supersaturation aounting for the remaining 42% of this loss. The equilibriumdenitri�ation sheme exhibits broadly similar sensitivity to hanges in temperature asDLAPSE although the vertial distribution of denitri�ation is signi�antly di�erent.Inreasing the o�set between the old pool and vortex has a dramati e�et on themagnitude of denitri�ation. The shift from "losed ow" onditions when the vortexow and old pools are aligned to "through ow" onditions redues the lifetime andsize of partiles and therefore their denitri�ation potential. A rotation of 10Æ of theold pool relative to the vortex is suÆient to redue the vortex mean denitri�ationby 62% in the DLAPSE model. The equilibrium denitri�ation sheme is muh lesssensitive to the o�set between the vortex and old pool, dereasing by 16% for a 10Ærotation beause of the instantaneous partile growth assumption.The following hapter uses a modi�ed version of SLIMCAT oupled to DLAPSE tosimulate the redistribution of HNO3 during two previous old winters. Comparisonsare made with observations of denitri�ation from a variety of soures.
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Chapter 7
Modelled denitri�ation in oldArti winters of the 1990s
7.1 IntrodutionThis hapter desribes the modelled evolution of denitri�ation of the Arti lowerstratosphere during four reent old winters - 1994/95, 1995/96, 1996/97 and 1999/2000.Detailed results are presented for seasonal simulations of two of these winters (1999/2000and 1996/97) using the oupled SLIMCAT and DLAPSE model desribed in Chapter 5.Comparisons are made with observations of NOy and HNO3 from the SOLVE/THESEO-2000 �eld ampaign during 1999/2000 and the ILAS instrument aboard the ADEOSsatellite during 1996/97.7.2 Spei� model desriptionThe model used in this hapter is similar to that desribed in Chapter 6 but withthe modi�ations detailed below. Water and sulphuri aid are inluded as additionaladveted traers in SLIMCAT to allow the inlusion of an equilibrium analytial liq-uid aerosol sheme for the sequestration of gas-phase HNO3 [Carslaw et al., 1995℄.Uptake of HNO3 into the bakground sulphate aerosol to produe a liquid PSC may



101dramatially redue the available gas-phase HNO3 for NAT growth at low tempera-tures (typially �3 K below the NAT equilibrium temperature). The model assumesa number density of 10 m�3 for the bakground aerosol and the equilibrium mass ofsequestered HNO3 is alulated. The residual gas-phase HNO3 volume mixing ratio ispassed to the partile growth and sedimentation model. Water volume mixing ratiosare also passed from the SLIMCAT advetive model to DLAPSE for growth alula-tions. All simulations were run for a period of 100 days from a point in early winterprior to the onset of temperatures below TNAT.7.3 Modelled denitri�ationFigures 7.1 { 7.4 show height-time slies of the alulated denitri�ation for 1994/95,1995/96, 1996/97 and 1999/2000. Also shown is the area of the polar vortex where PSCformation is possible and the normalised separation of the entroids of the polar vortexand NAT-supersaturation area. The entroids of the polar vortex and old pool aredetermined by onsidering eah region as a uniform geometri struture (no weightinggiven to temperature or PV). The entroid separation is then normalised by the oldpool irle-equivalent radius (Figure 6.14).Centroids are used to determine approximately the "onentriity" of the vortex andold pool in order to indiate whether the vortex is in losed-ow or through-ow ondi-tions. Large entroid separations are indiative of a highly barolini vortex dominatedby through-ow onditions and short partile growth times. Low entroid separationsindiate that the vortex and old pool are onentri with a region of losed-ow lead-ing to long partile growth times and signi�ant denitri�ation potential. This simpleapproximation is useful for large periods of the winter although it may not auratelyrepresent the ow when the Arti vortex is highly distorted [Mann et al., 2002℄.Eah of the winters studied were older than the limatologial average for the Artiover the period 1965 { 1998 and featured extended periods of temperatures below thethreshold for the formation of PSCs [Pawson and Naujokat, 1999℄. Although eah ofthese winters was old, onsiderable dynamial di�erenes exist between them. TheArti winter of 1994/95 was haraterised by a smaller old pool in terms of both area
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Figure 7.1: Contour plots showing the temporal evolution of a) vortex area; b) nor-malised separation of old pool and vortex entroids; and ) % model denitri�ation asa funtion of potential temperature for winter 1994/95.and vertial extent ompared to 1999/2000. In addition, the vortex and old pool weregenerally less onentri (more barolini) in 1994/95. There were two short periodsduring 1994/95 (Deember 13 { 20 and January 10 { 15) when the entroid separationbetween the vortex and old pool were low. This resulted in longer partile growthtimes and signi�ant denitri�ation. Vortex-mean denitri�ation reahed a maximumof 6 ppbv (35% of NOy at 500 K) by mid-January 1995.The early winter of 1995/96 was haraterised by a old and onentri vortex and old
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Figure 7.2: As Figure 7.1 but for 1995/96.pool at altitudes above 500 K. This would be expeted to produe intense denitri�a-tion, but Figure 7.2 reveals the existene of a region with a high entroid separationbetween 450 { 500 K. The impat of this dynamial feature on the magnitude of denitri-�ation at this time is learly demonstrated as the large entroid separation dereasesthe partile growth times. At around day 40 the vortex and old pool beome onentriand the rate of denitri�ation inreases to give a maximum vortex-mean denitri�ationof 8 ppbv (50% of NOy at 450 K).In 1996/97, the polar vortex was too warm for the formation of PSCs until early Jan-uary. The period between mid-January and early February was haraterised by ashallow and disturbed region below NAT-supersaturation above 500 K with short par-
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Figure 7.3: Contour plots showing the temporal evolution of a) normalised separationof old pool and vortex entroids; and b) % model denitri�ation as a funtion ofpotential temperature for winter 1996/97.tile lifetimes and minimal denitri�ation. From mid-February onwards, the situationwas radially di�erent with a deep old pool of moderately large area and very lowentroid separations. This allowed the formation of large NAT partiles at signi�antnumber densities in the model ausing moderately strong denitri�ation over a rela-tively small area of the vortex. The vortex mean denitri�ation at 450 K reahed 30%by the end of February 1997.The Arti winter of 1999/2000 was haraterised by an exeptionally old and onen-tri vortex and old pool between mid-Deember 1999 and late-January 2000, produingthe ideal onditions for denitri�ation. Vortex-mean denitri�ation reahed a peak of55% by mid-February 2000 between 400 and 450 K. The vortex was also more than40% denitri�ed between 550 and 380 K at this time.
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Figure 7.4: Contour plots showing the temporal evolution of a) normalised separationof old pool and vortex entroids; and b) % model denitri�ation as a funtion ofpotential temperature for winter 1999/2000.7.4 Comparison of modelled denitri�ation with observa-tions during winter 1999/2000Model HNO3 traer �elds are ompared with in-situ NOy observations from the ER-2and the limited HNO3 observations from the MLS instrument to evaluate the perfor-mane of the mirophysial denitri�ation sheme. Modelled partile size distributionsare also ompared with in-situ partile observations from the NOy instruments aboardthe ER-2.7.4.1 Model initialisationTraers for winter 1999/2000 were initialised from a full-hemistry, multi-annual SLIM-CAT model run [e.g. Chipper�eld, 1999℄. Model NOy was saled to observations from



106the JPL Mark IV interferometer on Deember 3, 1999, within the polar vortex as themodel produes exess NOy at altitudes above 25 km. Diabati desent within thevortex during the winter would bring this air into the denitri�ed region by the end ofthe winter making meaningful omparison diÆult.The baseline volume-averaged nuleation rate used in the model (8.0 �10�9 m�3 s�1)was derived from ER-2 NAT-partile observations by Northway et al. [2002℄. Integratednumber densities from forward inlet on the NOy instrument were approximately 10�4m�3 for partiles greater than 2 �m diameter for long periods of this ight. A seriesof model runs were arried out with the nuleation rate adjusted eah time to produemodel partile number densities of �10�4 m�3 in a sampling volume orresponding tothe gridboxes ontaining the ER-2 ight trak (latitude: 69.3ÆN to 85.6ÆN, longitude:16.9ÆE to 22.5ÆE and altitude: 420 K to 440 K).Figure 7.5 shows the sensitivity of the modelled denitri�ation to the volume-averagednuleation rate for the entire winter rather than a 10 day period with �xed meteorologyas disussed in Chapter 5. Inreasing the rate of NAT partile nuleation has theexpeted e�et of inreasing the initial rate of denitri�ation at all levels within the NATregion, resulting in approximately 0.7 ppbv (10%) extra denitri�ation with a nuleationrate of 8.0 �10�10 m�3 s�1, inreasing to approximately 1.5 ppbv (20%) when thenuleation rate is inreased further to 8.0 �10�9 s�1. The vortex is de�ned as theregion poleward of the modi�ed potential vortiity ontour relative to the EPV at 460K (MPV460) greater than 36 PVU. The magnitude of denitri�ation may be determinedby omparison with observations but is relatively insensitive to small hanges in thenuleation rate. A nuleation rate of 8.0 �10�10 m�3 s�1 is used in all model runs inthe remainder of this hapter and all partiels are nuleated with a radius of 0.1 �m.7.4.2 Comparison with ER-2 NOy observationsSingle ight omparisonsComparisons of the model NOy output at 12 UT when interpolated to the ER-2 ighttrak are generally very good, as illustrated by Figure 7.6. The yellow and green shadedregions indiate the range of model values obtained for NOy and NO�y, respetively,
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Figure 7.5: Modelled vortex mean denitri�ation at 455 K for the Arti winter1999/2000 at partile nuleation rates of 8.0�10�10 (blak), 2.4�10�9 (red) and8.0�10�9 (green) m�3 s�1.when the eight neighbouring horizontal gridboxes are sampled (at latitude � 5.6Æ andlongitude � 5.6Æ from the point of observation). This range is examined beause apoint-by-point omparison may be signi�antly a�eted by a small mis-math betweenthe model 3-D �elds and observations for reasons other than inherent model error. Thisproblem is ompounded when large spatial gradients in a traer, suh as NOy, exist.Figure 7.6 shows observed and modelled NOy and NO�y for two ER-2 ights on January20 and Marh 11, respetively. On both ights the observed NO�y and model passiveNOy are in good agreement, apart from the region between 3.7 and 4.2 � 104 s UT onJanuary 20 and around the vortex edge (3.2{3.5 � 104 s UT and 4.2{4.6 � 104 s UT)on Marh 11. On January 20 the model reprodues the large spikes in observed NOyat 3.6, 4.7, 5.0 and 6.2 � 104 UT whih are assoiated with asent and desent throughlayers of strongly nitri�ed air around 15 km. The model also reprodues the very lowNOy values of around 2 ppbv at 5.2 � 104 UT when the airraft is at 20 km near thepole.
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109airraft enountering a large PSC with signi�ant numbers of small partiles whih areoversampled by the airraft. The latter regions may be too small to be reproduedin a global model (see Appendix D for details of the NOy instrument). The ross-vortex ight on Marh 11 demonstrates the exellent agreement between observed andmodelled NOy. Around the edge of the vortex (between 3.2 { 3.5 � 104 s UT and 4.2{ 4.6 � 104 s UT) the model does not fully apture the small-sale spatial variabilityin the observed NOy. The minimum NOy enountered on the ight of Marh 11, 2000is �4 ppbv at 460 K.Figure 7.7 indiates that the region between 450 { 550 K (diretly above the ER-2) was almost totally denitri�ed on January 20. By mid-Marh these airmasses haddesended to altitudes where they ould be sampled by the ER-2. Denitri�ationhad been essentially omplete for over a month by this time. The very low NOyonentrations found during the January ights are no longer observed due to mixingwithin the vortex and aross the vortex edge in the model. The ER-2 observationswithin the polar vortex during Marh indiate minimum gas-phase NOy onentrationsof �4 ppbv, in exellent agreement with the model. There is no evidene of NOy valuessigni�antly lower than this value during any of the ER-2 ights in Marh. Observationsat higher altitudes in January would have provided additional onstraints in order toevaluate the performane of the new model denitri�ation sheme.In general, the model is able to reprodue the observed in-vortex NOy for the majorityof ights although ertain ights show onsiderable regions of disagreement with theobserved NOy. Figure 7.8 shows the model and observed NOy for the ER-2 stak ightof February 3, 2000. Here, for larity, eah of the model outputs is plotted as a linerather than the ontours used in Figure 7.6. Modelled passive NOy and ER-2 NO�yshow very good agreement but the NOy shows a onsiderable disrepany between 6.9�104 and 7.4 �104 UT.NOy normally exhibits a large vertial gradient whih an be onsiderably enhaned in astrongly denitri�ed vortex, inreasing the diÆulty of exatly reproduing the observeddenitri�ation. The apparent disagreement between the model and ER-2 NOy duringthe early leg of the ight an be explained by Figure 7.9. This �gure shows the modelNOy pro�le interpolated to the airraft position. At the lowest altitudes, where themodel disrepany is greatest, it an be seen that the apparent disagreement is in
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Figure 7.7: Comparisons of model and ER-2 NOy for a) January 20 and b) Marh 11,2000.a region where the vertial NOy gradient is partiularly large - NOy hanges by 12ppbv over a narrow vertial distane. This region is also lose to the model bottomboundary at 350 K whih also inreases the diÆulty of obtaining the orret vertialNOy distribution in the lowest model isentropi levels. In addition, there is a region
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Figure 7.8: Comparisons of model and ER-2 NOy for February 3, 2000. Key : ER-2NOy (blak), model NOy (red), ER-2 NO�y (blue) and model passive NOy (green).of highly denitri�ed air (NOy< 2 ppbv) between 500 { 530 K, above the airraft ighttrak.Denitri�ation and nitri�ation are driven by the vertial temperature struture of thevortex. Aurately modelling the region of nitri�ation is espeially diÆult as it oursin a very narrow vertial region of the vortex immediately below the region of NATsupersaturation. The model has a high vertial resolution in the lower stratospherewith isentropi levels at 10 K intervals orresponding to a vertial resolution of approx-imately 300 m but it is the resolution of the temperature �eld from the meteorologialanalysis (�800 m) used to fore the model whih governs the loation of the region ofnitri�ation.Multi-ight NOy pro�lesFigure 7.10 shows the probability distribution of modelled and observed denitri�ationas a funtion of potential temperature for all 12 ER-2 ights between January 14
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Figure 7.9: Model NOy pro�le along ER-2 ight trak for February 3, 2000.and Marh 12, 2000. The ER-2 data used in this omparison were 10-seond runningaverages obtained from the merge �les provided by Ross Salawith (Jet PropulsionLaboratory, Pasadena). The model was interpolated to the ER-2 position at eah ofthese times. The denitri�ation alulated at eah data point was binned into 1 ppbv,10 K bins and normalised by the total number of points.Figure 7.10a shows the probability distribution for all points and Figure 7.10b showsonly points where the temperature was above TNAT (based on the in-situ data). Thiswas done to avoid possible enhanement of the gas phase NOy by oversampling of NOy-ontaining aerosol partiles [Popp et al., 2001℄. Despite the rejetion of the majority(over 80%) of data from the in-vortex �ghts during the �rst ER-2 deployment in Januaryand early February, suÆient spread of points remain to allow a meaningful omparison.Comparing observed and modelled denitri�ation in this way removes some of the noiseinherent in any point-by-point omparison between high resolution in-situ data and lowresolution model �elds due to the presene of sub-grid sale features in observationswhih are not reprodued in global 3-D models.The majority of data were reorded at ER-2 ruise altitudes between 420 K and 460
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Figure 7.10: Normalised probability density distribution of model and ER-2 denitri-�ation as a funtion of potential temperature for a) all points and b) points aboveTNAT only. Coloured ontours show model denitri�ation (NOy minus passive NOy)and blak ontour lines show ER-2 denitri�ation (NOy minus NO�y) for all ER-2 ightsto Marh 12, 2000.



114K. The model aptures the overall magnitude and vertial distribution of the observeddenitri�ation. In both the observations and the model maximum denitri�ation of 13ppbv ours at 465 K, falling to around 8 ppbv at 415 K. There is a general 1 ppbv o�setbetween modelled and observed denitri�ation in this region when the denitri�ationis greater than 8 ppbv. A small disrepany like this is within the onstraints of anyomparison based on diagnosing denitri�ation from NO�y, whih assumes the ompleteabsene of mixing of in-vortex N2O. This o�set is also evident at 465 K in airmasseswhere there is little denitri�ation.7.4.3 Mirowave Limb Sounder omparisonsThe MLS instrument aboard the UARS satellite has provided global observations ofmany key stratospheri speies, inluding O3, HNO3 and ClO sine its launh in 1991[Waters et al., 1999℄. In reent years, the instrument has su�ered a number of failuresand its operation has been severely urtailed although it did provide gas-phase HNO3measurements over a restrited region of the Arti for 3 periods during 1999/2000.The absene of signi�ant denitri�ation in the MLS HNO3 observations for the Artiprior to 1999/2000 has been a major fator in support of the idea that denitri�ationwas not a ommon phenomenon.MLS instrument desriptionThe MLS instrument measures mirowave emissions in three regions { 63, 183 and 205GHz with a vertial san range between 15 and 85 km. Important advantages of thistehnique inlude the ability to observe pro�les at night and the long wavelength is notdegraded by the presene of stratospheri aerosols [Santee et al., 1999℄. HNO3 is not aprimary produt of the MLS instrument but is routinely retrieved due to an emissionline in the 205 GHz band. Latitudinal overage interhanges between north-looking(80ÆN { 34ÆS) and south-looking (80ÆS { 34ÆN) periods every 36 days. The data usedin this study are based on the Version 5 retrieval algorithm have a quoted preision of1 ppbv and have not been orreted for biases.Figure 7.11 shows the MLS averaging kernel at the standard UARS pressure levels.
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Figure 7.11: MLS HNO3 averaging kernel as a funtion of pressure for the region 100{1hPa.The e�etive vertial resolution of the MLS instrument in the lower stratosphere is6 km. This is a onsiderable disadvantage in the diagnosis of denitri�ation in theArti where HNO3 is rarely removed from the stratosphere and the separation of thedenitri�ed and nitri�ed air may be lose to the resolution of the instrument.The model is initialised with an NOy �eld from a saled SLIMCAT model run whereasthe MLS instrument measures only gas-phase HNO3. Model NOy is assumed to beequal to HNO3 in the Arti lower stratosphere. In order to ompare the model withthe satellite observations the model �elds were interpolated from their isentropi oor-dinates to the standard pressure oordinates. The model �elds are further modi�ed bythe appliation of the MLS averaging kernel to degrade the model �elds to the vertialresolution of the MLS instrument. Comparison between MLS HNO3 and model NOy isrestrited to the lower stratosphere where the assumption that NOy � HNO3 is valid.
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HNO3  (ppbv)Figure 7.12: Contour plot of MLS HNO3 at 68 hPa on February 9 { 11, 2000 (ourtesyof Mihelle Santee, NASA JPL).
a) b)

HNO3

Figure 7.13: Model NOy at 68 hPa on February 10, 2000 a) degraded to the MLSvertial resolution (�6 km) and b) without degradation (�1.5km).February 9 { 11, 2000 observationsObservations of gas phase HNO3 at 68 hPa on February 9 { 11, 2000 from the MLSinstrument (Figure 7.12) indiate a region with mixing ratios as low as 5 ppbv in the



117polar vortex over Greenland and Hudson Bay. The satellite observations also indiate aregion with high HNO3 mixing ratios (around 11 ppbv) loated over the Alaska/Yukonoastline. Figure 7.13 shows the model NOy interpolated to 68 hPa before and after theappliation of the MLS averaging kernel on February 10, 2000. Degrading the vertialresolution of the model inreases the apparent gas-phase onentration by 2 { 4 ppbvwithin the polar vortex when the vortex is strongly denitri�ed. This may have on-tributed to the absene of an unambiguous denitri�ation signal in MLS observationsof the Arti in earlier winters [Santee et al., 2000℄. The degraded model �eld repro-dues the overall magnitude and loation of the observed high HNO3 over the Alaskanoastline and the redued HNO3 over Greenland during 1999/2000.7.4.4 Partile �eld omparisonsFigure 7.14 ompares the modelled partile size distributions on January 20, 2000 withpartile sizes derived from ER-2 NOy observations by Northway et al. [2002℄. Theobserved size distribution is obtained for a short period of the ight (46 { 47 ks UT)at altitudes of 420 { 440 K. Individual peaks in the forward faing inlet are assumedto be single partiles whih have a normal size distribution in the atmosphere. Modelnuleation rates were saled to produe integrated number densities whih math theobservations (around 10�4 partiles m�3). The distribution of partile sizes is apturedby the model with a sharp redution in partile populations of partiles with a diametergreater than 18 �m. No partiles larger than 20 �m are observed whih is onsistentwith the alulated upper limit of partile sizes based on mirophysial theory [Carslawet al., 2002℄. The modal partile size is greater in the model than observed (14 �m),espeially when a small region of the model (77Æ { 82ÆN) is sampled.Figure 7.15 shows the model partile size distributions on two isentropi levels orre-sponding to the upper and lower regions sampled by the ER-2 on January 20, 2000.The model indiates that the largest partiles were loated in a region 45 { 90ÆE, 70 {80ÆN, to the east of the ER-2 ight trak and lose to the downwind edge of the oldpool. In ontrast, at the upwind edge of the old pool, modelled partiles are onsider-ably smaller. Model partiles extend beyond the downwind edge of the indiated oldpool, onsistent with the time required for evaporation of large partiles. Partile size
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Figure 7.14: Comparison of ER-2 NOy instrument derived partile sizes with modelledpartile sizes for January 20, 2000. The ER-2 size distribution (dashed line) was ob-tained for ight times between 46 and 47 ks UT at potential temperatures of 420 {440 K. Two modelled partile size distributions orresponding to the ight trak areshown: above 70ÆN (thin line) and 77 { 82ÆN (thik line). Reprodued from Carslawet al. [2002℄.distributions within the old pool are dominated by sedimentation. The mean modelpartile size inreases signi�antly with dereased altitude within the old pool. Thisan learly be seen in Figure 7.15, where the maximum mean modelled partile radiusinreases from �4.0 �m at 440 { 450 K to >5.5 �m at 410 { 420 K. In ontrast, themodel indiates that mean partile sizes at the upward edge of the old pool are notsigni�antly a�eted by hanging altitude.7.4.5 SummaryThe mirophysial model produes denitri�ation whih is in good agreement with ob-servations from the ER-2 during the winter of 1999/2000. However, the model suggests
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Figure 7.15: Model mean partile sizes at a) 450 { 440 K, and b) 420 { 410 K onJanuary 20, 2000. Also shown is the MPV = 40 PVU ontour (solid line), the regionof NAT supersaturation (dashed line) and ER-2 ight trak (white line)that most of the denitri�ation had ourred before the �rst in-vortex ight on Jan-uary 20, 2000, so there are no observations during the denitrifying phase. Observationsduring this period would have allowed additional onstraints to be plaed on the modelnuleation rate as the rate of denitri�ation is sensitive to nuleation rate. In addition,the ER-2 vertial pro�ling of the vortex is limited to around 460 K, the region wheredi�erent denitri�ation shemes exhibit the smallest di�erenes. The most extensivedenitri�ation in the models is to be found at higher altitudes (450 { 550 K).In onlusion, although the observed and modelled denitri�ation are in agreement forthis winter the lak of observations during the denitrifying phase and the limited ver-tial range of these observations limit their ability to fully onstrain the mirophysialdenitri�ation model. In order to further evaluate the mirophysial model denitri�-ation sheme, model denitri�ation, results and observations for the Arti winter of1996/97 are now investigated.



1207.5 Comparison of modelled denitri�ation with observa-tions during winter 1996/97The Arti winter of 1996/97 was older than the 1965 { 1998 average but haraterisedby a late onset of temperatures below the NAT equilibrium threshold. There was nofull-sale sienti� ampaign during this winter although useful HNO3 data are availablefrom MLS and ILAS aboard ADEOS during this period [Sasano et al., 1999℄.7.5.1 Model initialisationThe model setup for this omparison was essentially as that used for the 1999/2000winter (with a nuleation rate of 8.0 � 10�10 m�3 s�1). The 60-level ECMWF re-analyses were not yet available for the period of this study and, therefore, the 31-levelanalyses were used to fore the model for the Arti winter of 1996/97. This imposeslimitations on the model transport as the uppermost level of these analyses is 10 hPa,onsiderably below the upper boundary of the model at 3000 K. Consequently, themodel winds and temperatures are onstant with height above the upper limit of theanalyses. This linearity is likely to severely ompromise long-term transport studies inthe model when fored with these analyses. For the purposes of this seasonal study ofthe lower stratosphere the oarse vertial resolution of the 31-level analyses are likelyto be a limiting fator.In the absene of in-situ data for model initialisation, model NOy, H2O and H2SO4were initialised from the latest multi-annual SLIMCAT model run (run 184) whihontained the latest updates to gas-phase NOy hemistry [Brown et al, 1999a; 1999b℄and has more realisti in-vortex vertial NOy pro�les in the low to mid-stratosphere.This improvement is essential for omparisons in late winter when diabati desentbrings this air into the region where denitri�ation is possible (380 { 600 K).Figure 7.3 shows the modelled vortex mean denitri�ation for 1996/97 as a funtion ofpotential temperature. During the �rst 25 days of this simulation there was a signi�antarea between 500 and 650 K where temperatures were below TNAT yet denitri�ationwas only weak. This period was haraterised by a distorted vortex with a large sepa-



121ration of vortex and old pool entroids resulting in short partile lifetimes and smallpartile radii. There is very little evidene of nitri�ation at lower levels during this pe-riod. In February and Marh 1997, there was an absene of dynamial ativity [Pawsonand Naujokat, 1999℄ whih resulted in a stronger polar night jet, lower temperatures andmoderate denitri�ation between 520 and 400 K. These results are onsistent with theILAS observations of Kondo et al. [2000℄, who attributed the observed denitri�ationduring this February period to the sampled airmasses having experiened temperaturesbelow Tie 14 days earlier.When ompared to 1999/2000, the vortex-mean denitri�ation appears substantiallylower (Figure 7.5). This may be attributed primarily to the muh smaller area ofdenitri�ation in the modelled Arti winter of 1996/97 ompared to the unpreedentedsize in reent years of the old denitri�ed region in 1999/2000. The ore of the denitri�edregion has NOy losses omparable to the denitri�ed regions of the vortex in 1999/2000at 460 K (Figures 7.16 and 7.17) although the depth of the denitri�ed region is lowerthan 1999/2000.7.5.2 Comparison of model with ILAS observationsInstrument desriptionThe orbit of the ADEOS satellite was a sun-synhronous, subreurrent polar orbit atan altitude of approximately 800 km. The ILAS sensor aboard this satellite was a solaroultation, visible and infra-red absorption spetrometer. Vertial distributions ofmeasured atmospheri omponents (HNO3, O3, N2O, CH4, H2O, NO2, CFC-11, CFC-12 and aerosol extintion) were obtained by onstant solar traking. These fators inonjuntion with an orbit period of approximately 100 minutes ombine to produearound 14 pro�les of the atmosphere in a narrow band at high latitude. There wereno N2O observations from ILAS after February 28, 1997, limiting the duration of thisstudy, although modelled denitri�ation had almost eased by this date in any ase.



122Comparisons of model and ILAS observationsIn order to ompare the model with ILAS observations within the polar vortex, themodel output for eah day is bilinearly interpolated to the o-ordinates of eah satellitepro�le. The model was not temporally interpolated to the observations. Comparisonsof model NOy with ILAS HNO3 have only been made using pro�les in whih the aerosolextintion is less than the bakground value plus 3 standard deviations. This methodis in aordane with the method of Kondo et al. [2000℄ to avoid potential interfereneof PSCs on the retrieved pro�les. ILAS N2O pro�les are used to derive NO�y followingthe method of Sugita et al. [1998℄:[NO�y℄(ppbv) = 5:71� 2:28� + 11:8�2 � 2:14�3 � 1:04�4 (7.1)where � = log10([N2O℄ (ppbv)) and is valid in the range 20 ppbv � [N2O℄ � 220 ppbv.Comparisons of denitri�ation are limited to the region below 500 K where the assump-tion that observed [HNO3℄ � observed [NOy℄ within the polar vortex is valid.
HNO3
(ppbv)

∆ HNO3
 (ppbv)

a) b)

Figure 7.16: a) Modelled NOy and b) modelled �NOy at 465 K on February 21, 1997.Loation of ILAS sampling points shown as numbered rosses. Solid lines indiatethe MPV=32 and 36 PVU ontours and the dashed line indiates the region of NAT-supersaturation.Figures 7.16 and 7.17 show the model NOy and denitri�ation on the 465 K isentropilevel on February 21, and February 28, 1997. The loation of the ILAS observations
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Figure 7.17: As Figure 7.16 but for February 28, 1997.

Figure 7.18: a) Model NOy (solid red), model passive NOy (dashed red), ILAS HNO3(solid blue) and ILAS NO�y (dashed blue) pro�les. b) Model (red) and ILAS (blue)denitri�ation at Point 3 from Figure 7.16 on February 21, 1997.is marked with numbered rosses. These plots are indiative of the frequeny of ILASobservations sampling the denitri�ed region of the vortex; typially 1 or 2 pro�les perday. Figures 7.18 { 7.21 ompare model NOy, and passive NOy with ILAS HNO3 and
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Figure 7.19: As Figure 7.18 but for Point 10 from Figure 7.16 on February 21, 1997.

Figure 7.20: As Figure 7.18 but for Point 0 from Figure 7.17 on February 28, 1997.
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Figure 7.21: As Figure 7.18 but for Point 11 from Figure 7.17 on February 28, 1997.NO�y on 2 days in late February. These observations have been seleted to illustratetypial pro�les obtained within the denitri�ed region for this period.It an be seen that the model produes two separate and distint regions of denitri�-ation on February 21, 1997 (Figure 7.16); one loated over entral Greenland and theother over northern Siberia. Figure 7.18 shows the ILAS and model pro�les at Point3 over Siberia. The ILAS pro�le indiate signi�ant denitri�ation between 420 and550 K with modest nitri�ation at around 380 K, features whih are reprodued inthe model pro�le. Pro�le 10 from Figure 7.16 is shown in Figure 7.19. This point isloated deep within the modelled denitri�ed zone. Modelled passive NOy and observedNO�y are in exellent agreement below 475 K. The model also aptures the altitudeof the observed nitri�ation at 385 K and the vertial gradient of the denitri�ation.However, the model slightly underestimates the altitude and magnitude of the maximaldenitri�ation.Figures 7.20 and 7.21 show ILAS and modelled pro�les at Points 0 and 11 from Figure7.17. Pro�le 11 is loated on the region of maximal modelled denitri�ation whereaspro�le 0 is loated at the edge of this denitri�ed zone in a region of moderate deni-



126tri�ation. Pro�les 0 and 11 on this day also demonstrate similar agreement betweenthe model and ILAS observations as desribed for Pro�le 10 on February 21. Pro-�le 0 with lower denitri�ation has better agreement between modelled and observeddenitri�ation between 475 and 500 K.In summary, the observed and modelled pro�les demonstrate a remarkable agreementboth in the vertial extent and the magnitude of the denitri�ation below 500 K. Athigher altitudes the disrepany between observed HNO3 and NO�y does not indiatedenitri�ation but is an illustration of the limitations of the assumption that [HNO3℄= [NOy℄.Figure 7.22 shows satter plots of ILAS and model in-vortex pro�les for two periodsduring late winter 1997: Figure 7.22a) prior to the onset of extensive denitri�ation(January 21 - February 10, 1997) and Figure 7.22b) in the fully developed denitri�edphase (February 20 - February 28, 1997) [Kondo et al., 2000℄ for the 350{520 K region.In the model, denitri�ation is diagnosed as NOy - passive NOy whilst ILAS denitri�-ation is obtained from HNO3 - NO�y. The in-vortex pro�les are identi�ed using MPV� 36 PVU on the 465 K isentropi level. It an be seen in Figure 7.22a that the HNO3- NO�y diagnosti has a tight orrelation in the 370{500 K region during January 21 -February 10, 1997 but exhibits onsiderable satter outside these altitudes. The dis-repany at higher altitudes in the ILAS diagnosed denitri�ation may be attributedto NOy at these altitudes omprising signi�ant onentrations of speies other thanHNO3. At these altitudes during polar night N2O5, ClONO2 and NO3 may onstitutea signi�ant fration of NOy. At the lowest altitudes, the apparent denitri�ation inthe ILAS data may be attributed to the breakdown in the NO�y relation at [N2O℄ >220 ppbv. The model pro�les exhibit limited denitri�ation at higher altitudes (up to3 ppbv at 500 K) and nitri�ation of up to 2 ppbv at 435 K.Figure 7.22b shows the equivalent plot for the denitri�ed period. In ontrast to Figure7.22a, both the model and ILAS pro�les exhibit onsiderable denitri�ation above 435K for some pro�les. Peak denitri�ation of over 10 ppbv is observed at higher altitudesin both the model and ILAS observations, although the model does not math themaximal observed denitri�ation at the highest altitudes. At lower altitudes (365 {405 K) there is weak nitri�ation evident in both the model and ILAS pro�les. Thereare no N2O observations from ILAS after February 28, 1997, limiting the duration of
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Figure 7.22: ILAS (blue) and model (red) denitri�ation for in-vortex pro�les for theperiods: a) January 21 - February 10, 1997 and b) February 20 - February 28, 1997 (f.Figure 7.3).denitri�ation omparisons for the purposes of this study.7.5.3 Comparisons of model and MLS observationsThe MLS instrument aboard the UARS satellite obtained Northern Hemisphere pro�lesto 80ÆN during the period February 19 { 28, 1997. This period oinides with the ILASobserved denitri�ation phase. Figure 7.23 shows the MLS-observed HNO3 on the 68hPa pressure level on February 26, 1997 and model gas-phase HNO3 interpolated to
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a) b)

Figure 7.23: a) MLS HNO3 and b) model NOy at MLS resolution on 68 hPa pressurelevel on February 26, 1997.the instrument pressure levels and sampled using the MLS instrument averaging kernelas desribed in Setion 7.4. The model, when sampled aording to the MLS averagingkernel, reprodues the observed region of redued gas-phase HNO3 between 70Æ { 80ÆN and 0Æ { 90ÆE. This redued gas-phase HNO3 has been previously attributed tosequestration by PSCs and not denitri�ation [Santee et al., 2000℄.Figure 7.24a shows the modelled gas phase NOy minus passive NOy for February 26,1997. Gas phase NOy is signi�antly redued over an area poleward of 70ÆN between0Æ and 90ÆE. The peak redution in modelled gas phase NOy at 68 hPa is �6 ppbv ina region lose to Spitzbergen. Figure 7.24b shows total NOy minus passive NOy whihremoves the e�et of sequestration of NOy by liquid aerosol and NAT on gas phaseNOy. Denitri�ation of �3 ppbv is evident poleward of 70ÆN between 0Æ and 90ÆE.The model suggests that the redued gas-phase HNO3 observed by MLS is onsistentwith a ombination of sequestration and denitri�ation. Comparisons with MLS dataearlier in the north-viewing period show that the model produes more denitri�ationthan is observed at 68 hPa although the MLS vertial resolution restrits detetion ofair whih is not strongly denitri�ed.
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Figure 7.24: a) Modelled gas-phase NOy minus passive NOy and b) modelled total NOy(= gas phase + ondensed phase) minus passive NOy at 68 hPa on February 26, 1997.7.6 SummaryThe mirophysial model of denitri�ation by large NAT partiles used for this studyis apable of reproduing both the magnitude and extent of observed denitri�ationduring both the winters inluded in this study. There are limitations to the extentto whih the available datasets onstrain the model for eah of these winters. During1999/2000 the in-situ observations from the ER-2 provided valuable information frommid-January to mid-Marh between 350 and 460 K but ompletely missed the ruialdenitrifying phase in late Deember/early January. In-situ observations during thedenitrifying phase would have provided an additional onstraint on the nuleation rateused in the model as the model NOy �eld is most sensitive to hanges in nuleationrate in the early stages of denitri�ation. In addition, the upper altitude limit tothe operation of the ER-2 was below the region where the model predited maximaldenitri�ation (500{550 K) during the �rst period of its deployment although this regionhad desended to ER-2 altitudes by the end of the seond deployment in Marh. TheMLS observations were severely limited during this winter both in the spatial extent ofobservations and the period of operation.During the winter of 1996/97 observations from the ILAS instrument showed that



130signi�ant denitri�ation ourred during February within the Arti polar vortex.However, the instrument produed only one or two pro�les per day within the denitri�edregion. Despite the agreement between ILAS observations and modelled denitri�ationfor this winter the frequeny of observations limits the onlusions that may be drawnfrom suh a omparison. Comparisons between model and MLS HNO3 also demonstratevery good agreement in late February 1997 but less good in mid-February. The vertialresolution of the MLS instrument (�6 km at 68 hPa) signi�antly redues its detetionof denitri�ation and the instrument is limited to sampling regions equatorward of80ÆN. The most denitri�ed air is often loated at the highest latitudes assoiated withthe region of losed ow [Mann et al., 2002℄. Nevertheless, there is exellent agreementbetween the ILAS-observed and modelled denitri�ation during February 1997 usingmodel nuleation rates based on observations from 1999/2000.Observations of denitri�ation in the Arti are urrently either insuÆient in numberor ompromised in resolution or vertial extent to fully onstrain 3-D denitri�ationmodels. The forthoming remote MIPAS global observations of HNO3 and most of theonstituents of NOy aboard the ENVISAT satellite promise signi�antly inreased ver-tial resolution (2 { 3 km in the lower stratosphere) oupled with high spatial resolutionat high latitudes. This dataset should signi�antly improve our ability to onstrain 3-Dmodels of polar hemial and mirophysial proesses as urrent observations do notfully onstrain the model.
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Chapter 8
Impat of denitri�ation onArti ozone loss
8.1 IntrodutionThe aim of this hapter is to quantify the impat of denitri�ation on O3 loss in theArti during the strongly denitri�ed winter of 1999/2000. Meteorologial analysesfrom the UKMO and ECMWF are used in onjuntion with ie and NAT-based ther-modynami equilibrium denitri�ation shemes to explore the sensitivity of O3 loss todi�erent parameterisations of denitri�ation. Setions 8.2 and 8.3 develop the studyof denitri�ation for the model runs disussed in Chapter 4 and ompare the modelledCly and O3 with observations from the SOLVE/THESEO-2000 ampaign.8.2 E�et of denitri�ation on Cly speiesDenitri�ation an delay the deativation of ClOx at the end of the winter, whihin turn an lead to inreased ozone depletion [e.g. Brasseur, 1997; Chipper�eld andPyle, 1998; and Tabazadeh et al., 2000℄. Here, the e�et of the di�erent denitri�ationshemes on the behaviour of key Cly speies is investigated. Comparison with ER-2observations of ClOx, ClONO2 [Stimpe et al., 1999℄ and HCl [Webster et al., 1994℄ is
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 a)  UKICE / UKNOD b) ECICE / ECNOD

c)  UKNAT / UKNND d)  ECNAT / ECNND

Figure 8.1: Model vortex mean ClONO2 (blue), ClOx (red) and HCl (green) at 460 Kfor denitri�ed (solid lines) and non-denitri�ed model runs (dotted lines) for (a) UKICEand UKNOD; (b) ECICE and ECNOD; () UKNAT and UKNND; and (d) ECNATand ECNND. The polar vortex is de�ned as the area at 460 K enlosed by the PV =30 PVU ontour.used to investigate if these Cly speies an be used to evaluate indiretly the di�erentdenitri�ation shemes.8.2.1 AtivationFigure 8.1a shows that the heterogeneous ativation of reservoir speies to ClOx onPSCs in early winter is idential in runs UKICE and UKNOD as this proess oursrapidly on NAT at temperatures below �195 K. (Table 4.2 in Chapter 4 lists the mainfeatures of these runs.) Similarly, for ECICE and ECNOD (Figure 8.1b) there is nodi�erene between the denitri�ed and non-denitri�ed model runs during the ativationphase.



133Interestingly, for model runs based on NAT denitri�ation, the maximum mid-winterClOx mixing ratio is redued in denitri�edmodel runs (UKNAT and ECNAT) omparedto their non-denitri�ed equivalents (UKNND and ECNND). In addition, the NAT-basedmodel runs are less ativated than their ie-based equivalents by 0.2 { 0.4 ppbv of ClOxon January 1, 2000. This may be attributed to redutions in partile surfae areaavailable for heterogeneous reation of halogen reservoirs in model runs UKNAT andECNAT.NAT-based model runs are strongly denitri�ed throughout the polar vortex (Figure4.6) by early January, 2000, whereas, the ie-based runs show only weak denitri�ationover a small region of the vortex at this time. In addition there is redued NAT surfaearea available for heterogeneous proessing in model runs UKNAT and ECNAT, wherethe majority of the ondensed NAT is in the large mode (whih has a relatively lowsurfae area) during this period in the denitri�ed models (see Figure 8.2). The area ofthe vortex below TNAT at this time is not signi�antly di�erent between the UKMOand ECMWF analyses although there are large di�erenes in the area below Tie.8.2.2 DeativationFor run UKICE, the diagnosed denitri�ation (65% as a vortex mean) has no e�et onthe vortex-averaged amount of ative hlorine until early February, when a signi�antportion of the vortex is exposed to solar radiation and photohemial loss of HNO3reforms NOx (Figure 8.1a). Denitri�ation slows the reonversion of ClOx to ClONO2by around two weeks for run UKICE ompared to run UKNOD by dereasing availableNOx. The relatively weak denitri�ation in run ECICE has a barely disernible e�eton Cly hemistry. Deativation of ClOx to HCl is enhaned by denitri�ation due tolow NOx.Delayed deativation of ClOx is also evident in model runs using the NAT denitri�ationsheme (UKNAT and ECNAT). Comparison of UKNAT with UKNND (Figure 8.1)indiates that reovery of ClOx to ClONO2 is delayed by more than 20 days with a meanvortex denitri�ation of 8.1 ppbv (77%) at 460 K. The �nal ClONO2 onentration islower by �0.5 ppbv. Comparison of model runs ECNAT and ECNND (Figure 8.1d),with a mean vortex denitri�ation of 5.9 ppbv (60%) at the same potential temperature



134demonstrates a redued reovery time for Cly reservoirs of around 10 days in Marh.8.2.3 Diagnosis of heterogeneous ratesIn model runs ECICE, ECNOD, UKNAT, ECNND and, espeially, run ECNAT, vortex-mean ClONO2 remains signi�antly greater than zero throughout the winter. This isa result of inomplete ativation due to slower heterogeneous proessing rates at thehigher temperatures in the ECMWF analyses and lower surfae area in all NAT-basedmodel runs. NAT denitri�ation runs are based on a bimodal NAT distribution withthe large mode absorbing most of the HNO3 at low temperature. Diagnosis of theserates over Ny �Alesund (Figure 8.2) shows that for the reation of ClONO2 with HCl,the heterogeneous rates on solid partiles during the ativation phase in mid-Deemberare around 10�3 s�1 for the UKICE run and 10�4 s�1 for the ECICE run (expressedas the �rst-order loss rate of ClONO2).The denitri�ed NAT model runs UKNAT and ECNAT show signi�antly lower ratesof around 3.0 { 7.0 � 10�5 s�1 whilst their non-denitri�ed equivalents (UKNND andECNND) exhibit more rapid proessing, with rates around 10�4 s�1. Reation 2.20also proesses ClONO2, and this reation is muh more rapid in the UKICE model runas the heterogeneous rates are onsiderably enhaned on ie partiles (1 � 10�3 s�1)ompared with the ECICE run (1 � 10�7 s�1) where there is very limited ie formationand most of the proessing ours on NAT.8.2.4 ER-2 ComparisonsER-2 observations of key Cly speies are ompared to model results from the ie shemesin Figure 8.3 and the NAT shemes in Figure 8.4 for January 20, Marh 5, Marh 7 andMarh 12. These dates inlude the ER-2 ights late in the winter where the e�ets ofdenitri�ation on Cly are expeted to be the largest. No ER-2 HCl data were availablefor the ight on February 26, 2000. ClO data for all ights were adjusted aording toEquation 8.1 to aount for the formation of ClO2 from reation of Cl with O2 at low
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Figure 8.2: Time-height ross setions of temperature for a) UKMO and b) ECMWFanalyses at Ny �Alesund (79oN, 12oE) and model heterogeneous reation rates on solidPSCs for the 4 denitri�ed runs ){k).



136ambient temperatures within the instrument [R. Stimpe, pers. omm.℄ClOadjusted = ClO� (3:0 � (0:00924 � TMMS)) (8.1)where TMMS is the in-situ temperature reorded by the MMS instrument.All ights were within the polar vortex and unertainties in the observations werequoted as HCl 2 { 10% [Webster, pers. omm.℄, ClOx 17%, Cl2O2 20% and ClONO220% [R. Stimpe, pers. omm.℄.UKMO model runs overestimate ClOx by between 0.2 and 0.6 ppbv in mid-winter whenthe model has essentially full ativation, most likely due to the e�et of unrealistiallylow temperatures on heterogeneous rates. It is only during late February and Marhthat the e�et of denitri�ation on ClOx beomes apparent. During this period thedenitri�ed UKMO runs (UKICE and UKNAT) have ClOx values that exeed observa-tions by around 0.2 { 0.5 and 0.2 { 0.6 ppbv respetively. The non-denitri�ed UKMOrun UKNOD appears to agree better with the observations yet underestimate ClOx by0.2 { 0.4 ppbv in mid-Marh. In mid-Marh, the run UKNND underestimates ClOx byaround 0.5 ppbv.The runs fored by ECMWF analyses overestimate the observed ClOx in mid-winterby around 0.4 ppbv on many ights but underestimate ClOx by a similar amounton January 27. In mid-Marh, runs ECICE and ECNOD both underestimate ClOx byaround 0.2 to 0.3 ppbv while model run ECNAT is in good agreement with observationswhile ECNND underestimates ClOx by approximately 0.5 ppbv.All model runs apart from UKNAT tend to overestimate ClONO2 when omparedwith ER-2 observations. The strongly denitri�ed runs, espeially UKNAT, but alsoUKICE and ECNAT, produe signi�antly smaller disrepanies in mid-Marh (< 0.4ppbv). In fat, the observations of ClONO2 inside the vortex on Marh 12 (Figures8.3h) and 8.4h) give the learest indiation that the most strongly denitri�ed modelruns (UKICE, UKNAT and ECNAT) are more realisti than the non-denitri�ed runs.Under the onditions of 1999/2000, observations of hlorine speies even later in thewinter would have been desirable to examine the deativation of ClOx to reservoirspeies under highly denitri�ed onditions.The agreement between modelled and ALIAS HCl is poor during January and early
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Figure 8.3: Comparison of ER-2 observations (blak) with model results from runsUKICE (blue) and UKNOD (green), ECICE (red) and ECNOD (yellow) for ClOx (a{ d), ClONO2 (e { h), and HCl (j { m) for January 20, Marh 5, Marh 7 and Marh12, 2000.
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Figure 8.4: As Figure 8.3 but with model results from runs UKNAT (blue), UKNND(green), ECNAT (red) and ECNND (yellow).



139February { the observations show muh larger values than the model (not shown).In Marh the agreement is muh better for the strongly denitri�ed model runs, andthe larger HCl values of run UKNAT, UKICE, and ECNAT are in better agreementthan the non-denitri�ed model runs due to enhaned reovery of ClOx to HCl underdenitri�ed onditions.The omparison of the model with the ER-2 hlorine speies observations is somewhatinonlusive. An important aveat to this omparison is that the sum of ER-2 HCl,ClONO2 and ClOx observations underestimates the expeted Cly by an average of20%. This disrepany preludes any de�nitive statements about the performane ofthe di�erent model shemes with the urrent data. In general, the denitri�edmodel runstend to give the best omparison with the HCl and ClONO2 reservoirs in late winter.However, these denitri�ed runs tend to overestimate ClOx in this period, espeially forthe runs fored by UKMO analyses.8.3 E�et of denitri�ation on ozone lossDenitri�ation slows the overall rate of deativation of ClOx to reservoir speies inspringtime. This setion examines the e�et of a dereased rate of ClOx deativationon ozone loss during 1999/2000. Comparisons are made with O3 observations from theER-2 and ozone sondes from Ny �Alesund.Figure 8.5a) and b) show that there is generally exellent agreement between modelledand observed O3 in the polar vortex on January 20 and February 3, 2000 before sig-ni�ant ozone depletion ours. In early to mid-Marh the omparison with the modelpassive O3 shows that signi�ant O3 depletion has ourred in UKICE and UKNAT(over 55% by Marh 12) and there is good agreement with observed O3 values (Figures8.5), 8.5d) and 8.6a). Model run ECNAT (Figure 8.6b) gives smaller losses (around40% by Marh 12) and overestimates observed ozone by around 0.6 ppmv.ECMWF-fored runs and UKMO-fored runs show di�erent features near the edgeof the polar vortex (3.5 � 104 s - 4.5 � 104 s) on Marh 11. This di�erene is dueto the higher temporal resolution of the ECMWF analyses whih produes tighterhorizontal gradients in modelled traer �elds at the edge of the vortex. Overall, these
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Figure 8.5: Comparison of ER-2 observed O3 (blak) with SLIMCAT model runsUKICE (blue), ECICE (yellow) and the passive O3 traers from UKICE (dashed blue)and ECICE (dashed yellow) on a) January 20, b) February 3, ) Marh 7 and d) Marh11, 2000. Grey shaded region is extra-vortex air. Unertainties in the ER-2 in-situobservations of O3 are 3% [Rihard et al., 2001℄.
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Figure 8.6: Comparison of ER-2 observed O3 (blak) with the SLIMCAT model forMarh 12, 2000. a) SLIMCAT ie-based model runs : UKICE (solid blue) ECICE(solid yellow), UKNOD (dashed blue), ECNOD (dashed yellow) and the passive O3traers from UKICE (dotted blue) and ECICE (dotted yellow); b) SLIMCAT NAT-based model runs : UKNAT (solid green), ECNAT (solid red), UKNND (dashed green),ECNND (dashed red), and the passive O3 traers from UKNAT (dotted green) andECNAT (dotted red).
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Figure 8.7: Comparison of O3 sonde observations (+) at Ny �Alesund (79oN, 12oE) withmodel output from runs UKICE (blue), UKNOD (green), UKICE passive O3 (dottedblak), ECICE (red), ECNOD (yellow), ECICE passive O3 (dashed blak) at 460 K.omparisons show that the onentrations of O3 in the strongly denitri�ed model runsfored by the older UKMO analyses (UKICE and UKNAT) are in good agreement within-situ observations of O3 in Marh when signi�ant hemial depletion has ourred.Ozone mixing ratios in all ECMWF-fored model runs are signi�antly greater thanobservations due primarily to lower hemial depletion, although hanges in vertialtransport due to the di�erent temperatures in UKMO and ECMWF analyses ontributeup to 40% of the disrepany.Figure 8.7 ompares the four ie-based model runs with sonde observations from Ny�Alesund at 460 K. Model run UKICE shows aumulated ozone loss by late Marh of69%, with denitri�ation ontributing around 30% of the loss (relative to non-denitri�edUKNOD). Aumulated losses for the ECICE run peaks at 44% with denitri�ationresponsible for only 6% of this loss. Figure 8.8 is similar to Figure 8.7 but for the 4NAT-based model runs. The UKNAT model run shows aumulated losses reahing74% by the same date with denitri�ation also ontributing 30% of the loss (relativeto UKNND). Aumulated losses for ECNAT is 48% and the e�et of denitri�ation issmaller, ontributing around 21% of the O3 loss. The aumulated ozone loss in the
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Figure 8.8: Comparison of O3 sonde observations (+) at Ny �Alesund (79oN, 12oE) withmodel output from runs UKNAT (blue), UKNND (green), UKNAT passive O3 (dottedblak), ECNAT (red), ECNND (yellow), ECNAT passive O3 (dashed blak) at 460 K.ECMWF runs at Ny �Alesund by late Marh is less than the UKMO runs.The agreement between the di�erent model runs and the observed O3 is inonsistentwith the NOy and Cly omparisons in Chapter 4: ECNAT and UKNAT give the bestsimulation of the observed denitri�ation (ompared with ER-2 NOy observations); theECMWF analyses appear to give more realisti stratospheri temperatures (omparedwith sondes) and ClOx (ompared with ER-2 observations) but ECNAT does not appearto reprodue the O3 loss as well as run UKICE or UKNAT. However, ECNAT doesappear to reprodue the ER-2 ClOx observations better than the UKMO-fored runs.Based on these omparisons, it seems that the model with the realisti ClOx evolutionunderestimates O3 loss. Other modelling studies, for example, Guirlet et al. [2000℄;Hansen and Chipper�eld [1999℄ and Beker et al. [1998℄ have reported similar �ndings.In-vortex hemial O3 loss rates for the period February 26 - Marh 12, 2000 for theUKMO-fored model runs are omparable to the losses alulated by Gao et al., [2002℄,from ER-2 observations. O3 loss rates derived by Gao et al. [2002℄ are 63 ppbv/dayfor 71% denitri�ed air parels and 43 ppbv/day for 43% denitri�ed air parels. Losses



144averaged 59 ppbv/day over this period for the 77% denitri�ed UKNATmodel run and 56ppbv/day for the 65% denitri�ed UKICE model run. The non-denitri�ed UKMO-foredmodel runs UKNOD and UKNND have loss rates of 42 ppbv/day and 39 ppbv/day,respetively. All ECMWF-fored models have O3 loss rates that are onsiderably lowerthan their UKMO-fored equivalents. Figures 8.7 and 8.8 indiate that O3 loss in eventhe most denitri�ed model runs had e�etively stopped by late Marh, prior to thebreak-up of the polar vortex.8.4 SummaryThe unertainties in the ER-2 observations of ClOx, ClONO2 and HCl mean that it isnot possible to unambiguously determine whih model simulation is the most realisti.All non-denitri�ed model runs have too muh ClONO2 and too little HCl in mid-Marhompared with ER-2 observations. Three strongly denitri�ed model runs show delayedreovery of ClOx into ClONO2 by between 10 to 20 days and enhaned reovery to HClompared with the equivalent non-denitri�ed model runs, in better agreement withobservations from the ER-2. The most denitri�ed model run (the UKMO-fored NATsheme) gives the best agreement with observed ClONO2 and HCl at this time butthe UKMO-fored denitri�ed shemes appear to have too muh ClOx due to the lowin-vortex temperatures in these analyses during Deember and January.The modelled O3 loss inside the vortex is sensitive to the analyses used. Losses reah69% at 460 K by late Marh in UKMO-fored ie denitri�ation model run and 74%with the UKMO-fored NAT denitri�ation sheme, in exellent agreement with thesondes from Ny �Alesund, although in these runs ClOx is apparently too large. O3losses are onsiderably smaller when the ECMWF analyses are used, reahing around49% with the ie sheme and 56% with the NAT denitri�ation sheme at 460 K. Thisdi�erene is due to redued levels of ClOx in the ritial Marh period when vortexairmasses reeive signi�ant sunlight. Inomplete initial heterogeneous ativation of Clyand smaller denitri�ation (resulting in faster deativation of ClOx) both ontributeto this di�erene with the UKMO runs, though the ClOx was in better agreementwith the ER-2 data. UKMO-fored model O3 loss rates for the period February 26 toMarh 12 show that extensive denitri�ation results in O3 loss rates of �60 ppbv/day



145(UKICE and UKNAT) and �40 ppbv/day for non-denitri�ed model runs (UKNODand UKNND). O3 loss rates were lower for ECMWF-fored runs at �25 ppbv/dayfor the extensively denitri�ed ECNAT run and �20 ppbv/day for non-denitrifed runs(ECNOD and ECNND).The SLIMCAT model shows that widespread and severe denitri�ation of the Artilower stratosphere during the old winter of 1999/2000 an aount for an additional30% O3 loss at 460 K when the UKMO analyses are used with either the ie or NATdenitri�ation shemes, or an additional 21% loss when the ECMWF analyses are usedwith the NAT sheme. Despite the onsiderable denitri�ation in several model runs,the extent of denitri�ation was insuÆient to prevent the deativation of ClOx andonsequent O3 loss beyond late Marh.
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Chapter 9
Sensitivity of Arti ozonedepletion to denitri�ation in1999/2000
9.1 IntrodutionIn the previous hapter, the impat of denitri�ation on Arti ozone loss during thewinter 1999/2000 was disussed. Ozone loss was found to be sensitive to the magnitudeof denitri�ation produed with di�erent meteorologial analyses. Here, the sensitivityof Arti ozone loss to denitri�ation is explored in a di�erent way. Meteorologialanalyses from the ECMWF are used, but the magnitude of modelled denitri�ation isvaried and its impat on hemial ozone depletion is examined in a series of winter-longsimulations.The denitri�ation sheme used in the SLIMCAT CTM for this study is the thermo-dynami equilibrium bimodal NAT sheme previously desribed in Chapters 3, 4 and8 (model run ECNAT). The magnitude of denitri�ation is ontrolled by varying aombination of the fall veloity of the large NAT-partile mode and adjusting the massof HNO3 ontained in the large mode. Adjustments to the ondensed mass in the largemode are ahieved through reduing the temperature of the model alulation of the



147equilibrium onentration of ondensed HNO3 (Equation 2.39) and reduing the massretained in the non-sedimenting small NAT-partile mode (with a orresponding in-rease in partile number density to retain equivalent partile surfae areas to preventa�eting heterogeneous hemistry alulations). The equilibrium denitri�ation shemeis hosen for this study for reasons of omputational eÆieny and simpliity.9.2 Model desriptionThe thermodynami equilibrium onentration of ondensed HNO3 is partitioned be-tween the small and large partile modes. The small NAT partile mode is initiallyassumed to have a radius of 0.25 �m and a maximum number density of 10 m�3. Thefration of ondensed NAT in the small mode is assumed not to sediment. Denitri�-ation ours by the sedimentation of the large NAT-partile mode at pre-determinedfall veloities as desribed in Chapters 3 and 4.A series of model runs was performed with the magnitude of denitri�ation ontrolledby adjusting the fall veloity of the ondensed NAT in the large mode. The magnitudeof denitri�ation inreases with inreased fall veloity until the remaining gas-phaseHNO3 is no longer suÆient to allow further NAT formation. Subsequent redutions ingas-phase HNO3 an then be ahieved by reduing the temperature. A series of modelruns were undertaken in whih the temperature passed to the model thermodynamiequilibrium alulation (Equation 2.39) was redued in inrements of 1 K to furtherredue pHNO3 and inrease modelled denitri�ation. To further inrease model denitri-�ation, the fration of ondensed HNO3 retained in the small NAT-partile mode wasredued by dereasing their radius. Total partile number densities were adjusted toretain partile surfae area used for model heterogeneous hemistry alulations. Table9.1 lists the fall veloity and temperature o�set applied to the NAT equilibrium al-ulation for eah of these runs. The temperatures used in the hemial and advetivemodel routines were not hanged in order to maintain onsisteny of homogeneous andheterogeneous reation rates with earlier model runs. These runs should be viewed asa straightforward means of adjusting the hange in denitri�ation during the winter.Finally, two model runs were undertaken where the temperature was redued by 4



148Model run Fall veloity Equivalent partile �T Small NAT mode(ms�1) radius (�m) to TNAT radius (�m)ECN0 0.0 0.0 0 0.25ECN1 0.0001 0.6 0 0.25ECN2 0.001 2.1 0 0.25ECN3 0.005 4.6 0 0.25ECN4 0.01 6.4 0 0.25ECN5 0.05 14 0 0.25ECN6 0.1 19 0 0.25ECN7 0.1 19 -4 0.25ECN8 0.1 19 -8 0.25ECN9 0.1 19 -8 0.125ECN10 0.1 19 -8 0.031Table 9.1: Fall veloity and temperature o�sets used for SLIMCAT 3-D equilibriumsensitivity model runs ECN0 { ECN10.K to i) model alulation of NAT PSCs and ii) NAT heterogeneous hemistry ratealulations and vertial transport subroutines. Temperatures were not redued ineither run for the alulation of ie supersaturation (Equation 3.31). The ECMWFanalyses used for this study are not suÆiently old to produe widespread ie formationand, therefore, ie-indued denitri�ation (Figure 4.6) is small. Quanti�ation of theimpat of NAT-indued denitri�ation on O3 loss is therefore possible.Estimated fall veloities for the large NAT partiles observed during the 1999/2000winter (3 { 10 �m radii) are 0.005 { 0.03 ms�1. Observations of the small partile modeindiate a modal radius of �0.5 { 1 �m. Model run ECN0 has a fall veloity of zerofor the large mode of NAT partiles and forms the ontrol ase with no denitri�ation.Figure 9.1 shows the temporal hange in vortex mean NOy at 460 K over the ourseof the winter for model runs ECN0 { ECN10. Inreasing the fall speed of NAT hasa signi�ant impat on the rate and magnitude of denitri�ation at this level in mid-Deember. However, reall that the impat of denitri�ation on O3 loss in the model hasbeen shown to be unimportant for the Arti winter of 1999/2000 until February. The
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Figure 9.1: Daily vortex-mean NOy at 460 K for model runs ECN0 { ECN6 (thiklines), ECN7 { ECN8 (dashed lines) and ECN9 { ECN10 (thin lines).minimum vortex-mean HNO3 at 460 K for model runs with denitri�ation ontrolledby the fall speed of NAT alone (ECN1 { ECN6) is 3.8 ppbv in late January, whihorresponds to a denitri�ation of 7.8 ppb (67%). Reduing the temperature in theNAT-equilibrium alulation further dereases the vortex-mean HNO3 to 3.1 ppb (73%denitri�ation). Reduing the radius of the small NAT mode allows a greater frationof the ondensed mass to be sedimented, further dereasing vortex-mean HNO3 at 460K to 10.6 ppbv (91% denitri�ation). In addition, the absolute minimum in HNO3ours earlier. The slow reovery evident in the vortex-mean HNO3 from Day 30 maybe attributed to the inreased area enlosed by the MPV = 36 PVU ontour. MPVsales linearly with height and diabati desent inreases the area enlosed by a givenMPV ontour over the ourse of the winter. Transport of less-denitri�ed air into thevortex may also ontribute to the modelled NOy reovery. The range of modelleddenitri�ation used in this simulation overs the typial ranges of denitri�ation whihwould be expeted to our in Arti airmasses [Mann et al., 2003℄.



1509.3 Sensitivity of Cly to denitri�ationThe response of ClOx to varying denitri�ation is shown in Figure 9.2a for the modelruns ECN0 { ECN10. The rates of heterogeneous reations on NAT are suÆientlyrapid at these low temperatures that ativation is almost omplete in all model runs,leading to a vortex-mean ClOx of around 2.1 ppbv by Day 30. Figure 9.2b showsthat ClONO2 reahes a minimum in all model runs of 0.2 ppbv on January 1 beforereovering to a plateau of 0.4 { 0.5 ppbv for the following four weeks. Conentrations ofClONO2 remain at approximately 1 ppb in a sunlit "ollar" region lose to the vortexedge, whih is responsible for the vortex-mean value reahing a plateau signi�antlyabove zero. Figure 9.2 shows that HCl is ompletely removed in all model runs untilat least Day 45, followed by a slow reovery. The most denitri�ed model runs (ECN9{ ECN10) are ativated most rapidly although the di�erene in minimum HCl is small(�0.1 ppbv) by January 1.After Day 35, denitri�ation delays the deativation of ClOx to ClONO2 whilst reoveryto HCl is enhaned. ClOx is fully deativated in the non-denitri�ed model run ECN0 byDay 75 whereas omplete deativation of model runs ECN9 { ECN10 has not ourredby the end of the simulation on Day 96. Deativation of ClOx in this winter ours intwo phases separated by a short period of redued deativation around Day 60.Between Day 35 and Day 55, the deativation of ClOx ours predominantly to ClONO2and is sensitive to the magnitude of denitri�ation. The 91% denitri�ed model run,ECN10, has 1.5 ppbv ClOx remaining by Day 55, whereas the non-denitri�ed modelrun, ECN0, has only 0.7 ppbv ClOx remaining by the same time. During this period,HCl reovery is very slow in all model runs although HCl reovery is slightly enhanedby strong denitri�ation. In model run ECN10, HCl reovers to 0.4 ppbv by Day 55,double the level in model run ECN0 by the same time. The 10.6 ppbv denitri�ationin model run ECN10 is equivalent to a 20 day delay in ClOx deativation ompared toECN0 at this time.The "plateau" between Day 55 and Day 65 in all speies an be attributed to aninrease in the area of the old pool during this period, enhaning rates of reativationof reservoir speies to ClOx and ompensating for the on-going deativation reations.
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Figure 9.2: Daily vortex-means at 460 K for a) ClOx, b) ClONO2, and ) HCl, formodel runs ECN0 { ECN6 (thik lines), ECN7 { ECN8 (dashed lines) and ECN9 {ECN10 (thin lines).
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Figure 9.3: Vortex-mean ClOx deativation rate (blak triangles), ClONO2 formationrate (blue rosses) and HCl formation rate (red stars) for model runs ECN0{ECN10for a) Days 35{56 and b) Days 60{78.Between Day 65 and the end of the simulation, deativation of ClOx ours to bothClONO2 and HCl. Enhaned reovery to HCl in the most denitri�ed model runsompensates for the dereased rate of reovery to ClONO2 in this period, suh that therate of deativation of all model runs is similar during this time.Figure 9.3 shows the average rate of deativation of ClOx at 460 K as a funtion ofmean denitri�ation for the same two periods: a) February 6 to February 22, 2000and b) Marh 4 to Marh 19, 2000. During the February period (Figure 9.3a) therate of deativation of ClOx dereases almost linearly with inreasing denitri�ation,from 42 pptv/day with no denitri�ation to 19 pptv/day with 10.6 ppbv denitri�ation.The rate of deativation of ClOx to HCl inreases from 3 pptv/day in the absene ofdenitri�ation (�7% of the total deativation) to a maximum of 8 pptv/day (�47%).Figure 9.3b shows the equivalent situation for Marh. In this later period, the ClOxdeativation rate does not exhibit suh a dependene to denitri�ation as in February.Here, the ClOx deativation rate remains �45 pptv/day, reduing slightly for modelruns with a vortex-mean denitri�ation greater than 9 ppbv. Dereased loss of ClOxto ClONO2 due to dereased availability of NOx in strongly denitri�ed model runs ismitigated by inreased ClOx deativation to HCl. The non-linear trend in modelledClONO2 in this early spring period may be due to the almost omplete deativation ofClOx in model runs with weak or moderate denitri�ation, rather than the availability



153of NOx.In the absene of severe denitri�ation, deativation of ClOx in the Arti lower strato-sphere ours predominantly through reation with NO2 (formed from photolysis ofHNO3) to form ClONO2. Low HCl abundane means that springtime reativationof hlorine in periods with low temperatures ours through the heterogeneous rea-tion of ClONO2 and water (Reation 2.20). The more rapid heterogeneous reationof ClONO2 and HCl (Reation 2.22) is suppressed. However, intense denitri�ationenhanes deativation of ClOx to HCl. In this winter, model run ECN10 (91% deni-tri�ed) has approximately equal reovery of ClOx to HCl and ClONO2, inreasing thesuseptibility of the springtime Arti lower stratosphere to subsequent reativation.Suppression of PSC formation by low NOy abundane would be expeted to redue therate of reativation although the bakground sulphate aerosol alone may be suÆientto atalyse the heterogeneous onversion of HCl and ClONO2 to ClOx and reativatethe vortex.9.4 Sensitivity of ozone loss to denitri�ationSetion 9.3 examined the impat of denitri�ation on the rate of deativation of ClOx.During February 2000, the availability of ClOx was sensitive to the magnitude of denitri-�ation due to delayed reovery of ClONO2. Here the impat of denitri�ation-indueddelays in the reovery of ClOx on ozone are explored.Figure 9.4a shows the vortex-mean O3 at 460 K for model runs ECN0 { ECN10. In theabsene of denitri�ation, omparison of model run ECN0 with the passive O3 traerindiates that 1.2 ppbv of O3 has been lost due to hemistry by Day 80. This orre-sponds to 34% of the model-predited passive O3 at this level. Stronger denitri�ationinreases the rate of O3 loss until, in model run ECN10, a vortex-mean denitri�ationof 91% auses 1.0 ppbv (83%) additional loss ompared to the non-denitri�ed modelrun (ECN0) on Day 95. Figure 9.4b shows the average vortex-mean O3-loss rate asa funtion of average vortex-mean denitri�ation at 460 K for Day 60 { 80 for modelruns ECN0 { ECN10. In the absene of denitri�ation, the vortex-mean O3 loss rateduring this period is �14 ppbv/day. The inrease in the vortex-mean O3 loss rate with
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Figure 9.4: a) Daily vortex-mean O3 at 460 K for model runs ECN0 { ECN6 (thiklines), ECN7 { ECN8 (dashed lines) and ECN9 { ECN10 (thin lines); b) vortex-meanO3 loss rate as a funtion of vortex-mean denitri�ation between Day 60 { Day 80 formodel runs ECN0 { ECN10.additional denitri�ation is non-linear.

Figure 9.5: a) In-vortex O3 (�) and passive O3 (+) as a funtion of rNOy for modelrun ECN0 on Day 80. b) Additional model O3 loss as a funtion of denitri�ation formodel runs ECN1 { ECN10 on Day 80. Colours denote the potential temperature ofmodel points.Figure 9.5a shows a orrelation plot of in-vortex O3 and passive O3 from model runECN0 as a funtion of residual NOy on Day 80 (Marh 20) at 6 isentropi levels from557 { 350 K. The vertial trend of inreasing O3 mixing ratios with altitude is learly



155evident in the modelled passive O3. Modelled O3 loss at the lowest isentropi levels(350 { 379 K) is <0.5 ppmv although this onstitutes a signi�ant fration of theavailable O3 at these altitudes. Modelled O3 loss generally inreases with inreasingNOy. Larger NOy mixing ratios are related to greater Cly abundanes as both havea positive vertial gradient in this altitude range, inreasing the potential for hemialO3 loss. At the higher altitudes, there is onsiderable hemial O3 loss (up to �1.7ppmv) in the absene of denitri�ation.Figure 9.5b shows a satter plot of additional in-vortex O3 loss (�O3, diagnosed asmodel O3 { non-denitri�ed O3) on Day 80 as a funtion of denitri�ation at 6 modelisentropi levels for model runs ECN0{ECN10. The maximum inrease in O3 loss dueto denitri�ation in model run EC10 is 1.1 ppmv for airmasses denitri�ed by > 12 ppbvand ours at the same altitude. This is equivalent to an additional 66% loss omparedto non-denitri�ed air parels. Additional loss is less than 0.2 ppmv for airmasses below400 K where Cly is small.Weak nitri�ation (�1 ppbv) is evident in a few model points at the lowermost isen-tropi levels although the impat of this weak nitri�ation on O3 in the model is negli-gible. The absene of strong nitri�ation in the model by this time may be attributedto transport. Nitri�ation ours in a relatively narrow region (�1 km) below the re-gion of NAT supersaturation as sedimenting partiles evaporate in their sub-saturatedsurroundings. During the winter of 1999/2000, the region of nitri�ation was at alti-tudes where the vortex is less isolated from mid-latitudes (Figure 7.4) and mixed awayrelatively rapidly. In addition, subsequent diabati desent arried nitri�ed air lose to(or below) the model bottom boundary.The response of umulative model O3 loss to inreasing denitri�ation is non-linear al-though there is no "runaway" O3 depletion in the most denitri�ed air parels. Reoveryof ClOx to HCl ompensates for slower deativation to ClONO2.Denitri�ation of this magnitude by the sedimentation of NAT partiles in the realArti stratosphere is diÆult to ahieve. From Equation 5.21 the rate of inrease ofpartile radius is given by: drpdt / (pHNO3 � pNATHNO3) 1rp (9.1)



156At low temperature, pNATHNO3 ! 0:dMHNO3dt / pHNO3r2p (9.2)where MHNO3 is the mass of HNO3 in the ondensed phase. A fator of 10 redutionin pHNO3 by denitri�ation leads to an equivalent redution in the rate of growthof NAT partiles. Redued partile radius, as a onsequene of redued ondensedHNO3 in denitri�ed air, also redues the rate of NAT partile growth (assuming a �xednumber onentration) whih further redues NAT partile growth and denitri�ation.Removing the last 1 { 2 ppbv of HNO3 is a slow proess even at very low temperature(where pNATHNO3 is essentially 0). Growth times of 8 days or more are required to growlarge NAT partiles [Carslaw et al., 2002℄ but this growth time will be inreased by atleast a fator of 10 under highly denitri�ed onditions.9.5 The relative importane of denitri�ation for ozoneloss in a older stratosphereEnhaned O3 loss at lower temperatures may be attributed to a ombination of fa-tors. Stronger denitri�ation leads to delayed deativation of ClOx as desribed in theprevious setion. The inreased volume of NAT supersaturation inreases the propor-tion of the vortex in whih ativation and denitri�ation an our. A redution intemperature also inreases the duration of possible PSC formation, potentially leadingto inreased springtime ativation of Cl from reservoirs. In addition, the rates of het-erogeneous reations whih ativate ClOx from their reservoir speies inrease at lowertemperature.Diabati desent within the vortex is also a�eted; lower temperatures result in slowerdiabati desent. This tends to redue the overhead O3 olumn. In addition, thereis a positive feedbak between low temperatures and a redued O3 olumn. Lowerstratospheri O3 means redued absorption of solar UV radiation resulting in delayedtemperature reovery and potentially greater O3 loss through the proesses identi�edabove. Several GCM studies have indiated that enhaned atmospheri burdens ofgreenhouse gases may lead to a ooling of the lower stratosphere. However, there



157Model run Fall veloity �T (K) Small mode Small mode(ms�1) radius (�m) number (m�3)ECNAT 0.014 0 0.5 10ECNND 0.0 0 0.5 10ECH4 0.0 -4 0.06 640ECT4 0.014 -4 0.06 640Table 9.2: Temperature o�set and NAT fall veloity applied to SLIMCAT 3-D equilib-rium sensitivity model runs ECH4 and ECT4.is onsiderable unertainty about the impat of a warmer future troposphere on thestrength and duration of the Arti polar vortex, whih is ritial for future O3 loss.Two additional model runs (ECH4 and ECT4) were undertaken in whih the modeltemperature was redued by 4 K to investigate the sensitivity of O3 loss to temperaturehanges. Table 9.2 lists the fall veloity and temperature o�set applied to these modelruns and the equivalent runs without temperature modi�ation from Chapter 4. Inorder to produe realisti denitri�ation in the older model runs, the radius of thenon-sedimenting small mode was redued and the abundane of the small partile modewas adjusted to retain the equivalent partile surfae area for heterogeneous hemistryalulations. The values used are unrepresentative of the real atmosphere but serve thepurposes of this simulation whih is to quantify the e�et of enhaned denitri�ationat lower temperatures on O3 loss. No hanges to the alulation of ie PSCs was madein any of the model runs at redued temperature.Figure 9.6a shows the temporal evolution of vortex mean NOy at 460 K for the modelruns listed in Table 9.2. Vortex-mean denitri�ation is �6.5 ppbv in model run ECNATby Day 40. A redution in temperature of 4 K initially inreases the rate of denitri-�ation due to the earlier onset and inreased volume of NAT-supersaturation wherepartile sedimentation an our. Vortex-mean denitri�ation is inreased by �4 ppbvrelative to ECNAT. Small disrepanies between NOy in non-denitri�ed model runs byspring are due to slight hanges in diabati desent and are negligible.The temporal evolution of vortex-mean Cly speies at 460 K for eah of the 4 modelruns is shown in Figure 9.6b { d. The impat of denitri�ation on Cly partitioning
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Figure 9.6: Temporal evolution of vortex-mean: a) NOy; b) ClOx; ) ClONO2; and d)HCl for model runs ECNAT (yellow), ECNND (blak), ECH4 (red) and ECT4 (blue)at 460 K.in model runs ECNAT and ECNND has been disussed previously in this hapter.A redution of 4 K auses ativation to our around 10 days earlier than model runECNAT. A temperature redution of 4 K produes mid-winter ClOx values of 2.2 ppbv,an inrease of �0.4 ppbv in the older model runs (ompared to ECNAT). Levels ofClONO2 and HCl at this time indiate almost omplete ativation of reservoir speies.Denitri�ation has no impat on levels of ClOx in the low temperature runs until Day20. Model runs ECNAT, ECNND and ECH4 show the harateristi "double dip"during deativation identi�ed in the previous setion, with the earlier phase dominatedby ClONO2 reovery and the later phase in whih deativation produes both HCl andClONO2. The low-temperature, denitri�ed model run (ECT4) undergoes only slowreovery to ClONO2 before Day 65. After this time, deativation to HCl is rapid andClOx levels are redued to <0.5 ppbv by the end of the simulation. The distribution ofClONO2 and HCl produed from deativation of ClOx in ECT4 is a�eted in a similarmanner to highly denitri�ed model runs in the previous setion.
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Figure 9.7: a) Daily vortex-mean O3 at 460 K for model runs ECNAT (yellow line),ECNND (blak line), ECH4 (red line) and ECT4 (blue line). Model passive O3 forECNAT (thin dotted line) and ECT4 (thin solid line) are also shown. b) Modelledumulative total olumn O3 loss in DU as a funtion of time above Ny �Alesund formodel runs ECNAT, ECNND, ECH4, and ECT4.Daily vortex-mean O3 at 460 K for model runs ECNAT, ECNND, ECH4, ECT4 and twopassive O3 traers (from ECNAT and ECT4) are shown in Figure 9.7a. Vortex-meanpassive O3 is frationally higher in the -4 K run but the di�erene is not signi�ant.Vortex-mean O3 loss inreases from 1.4 ppmv (40%) without temperature redution(ECNAT) to 2.5 ppmv (71%) when the temperature is redued by 4 K (ECT4), an86% inrease on ECNAT. Inreased denitri�ation ontributes 0.8 ppmv (32%) of thevortex-mean O3 loss when the temperature is redued by 4 K ompared with 17%without temperature adjustment (0.2 ppmv out of a total loss of 1.2 ppmv).The temporal evolution of modelled umulative O3 olumn loss above Ny �Alesund formodel runs ECNND, ECNAT, ECH4 and ECT4 is shown in Figure 9.8. Dereasedolumn losses between Day 65 and 75 above Ny �Alesund in all model runs are due tothe vortex moving away from this loation. Total olumn losses on Day 90 reah apeak of 68, 78, 97 and 143 DU respetively for eah of these model runs. An overallredution in temperature of 4 K in the model inreases umulative O3 loss by 65 DU(83%) ompared with the model run without temperature adjustment. Denitri�ationontributes 46 DU, 32% of the 143 DU total loss.Figure 9.8a shows the evolution of umulative O3 loss in DU K�1 (Dobson Units perunit potential temperature) as a funtion of potential temperature at Ny �Alesund from
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Figure 9.8: Daily umulative ozone loss (DU K�1) as a funtion of potential tempera-ture at Ny �Alesund for model runs a) ECNAT b) ECT4 and, ) ECT4-ECH4.model runs ECNAT. The vertial distribution of O3 loss in Marh is restrited to theregion between 550 and 350 K for model run ECNAT, with the largest losses between



161380 { 480 K. The apparent redution in umulative losses between Day 65 and 75 isdue to the vortex shifting away from Ny �Alesund. The umulative olumn loss on anyday may be obtained by integrating over potential temperature.The umulative O3 loss due to a 4 K redution in temperature is shown in Figure9.8b. Lower temperatures have only a small e�et until Marh. Thereafter, ECMWF-analysed temperatures (Figure 4.2) indiated a diminishing area below TNAT. Both anextension to the duration and extent of NAT-supersaturation from the 4 K redutionin temperature and the inreased denitri�ation ontribute to inreased O3 loss. ByDay 90 of the simulation, the additional ontribution of lower temperature to O3 lossis �0.45 DU K�1 predominantly between 490 and 350 K. The ontribution of strongerdenitri�ation to umulative O3 depletion due to a 4 K temperature redution is shownin Figure 9.8. Additional O3 losses due to denitri�ation are small until after Day 85when ECNAT and ECH4 are fully deativated. The impat of denitri�ation aeleratesto an additional 0.3 DU K�1 and denitri�ation-indued losses ontinue to the end ofthe simulation in the region between 400 and 500 K.9.6 SummaryA series of model runs using SLIMCAT with the thermodynami equilibrium deni-tri�ation sheme, and fored by ECMWF analyses, has been used to examine thesensitivity of Arti O3 loss to denitri�ation during the winter of 1999/2000. Therate of ativation of ClOx from HCl and ClONO2 reservoirs was found to be e�etivelyinsensitive to the magnitude of denitri�ation. The rate of deativation of ClOx andthe relative amounts of HCl and ClONO2 formed were, in ontrast, found to be verysensitive to the magnitude of denitri�ation.Two separate phases were apparent in the onversion of ClOx to reservoir speies inlate winter and early spring. Initially, deativation of ClOx was dominated by reationwith NO2 (from photolysis of HNO3) to form ClONO2. The rate of ClOx deativationduring this time was strongly dependent on the degree of denitri�ation, dereasingalmost linearly from 42 ppbv/day in the absene of denitri�ation to 19 ppbv/day for88% denitri�ed air. Denitri�ation delayed ClOx deativation by a maximum of 20



162days.During the later deativation phase, the rate of ClOx deativation was found to beinsensitive to denitri�ation with an overall loss rate of �40 ppbv/day. Dereaseddeativation to ClONO2 with inreased denitri�ation is mitigated by inreased deati-vation to HCl. Extensive denitri�ation deativates ClOx to approximately equimolarquantities of HCl and ClONO2 by early Marh. This may inrease the sensitivityof the lower stratosphere to subsequent re-ativation as heterogeneous rate of HCl +ClONO2 is signi�antly faster than the alternative heterogeneous ativation reationswhih our in the absene of HCl.Model simulations of the sensitivity of O3 loss to a 4 K derease in temperature were alsoarried out for the winter of 1999/2000 using the ECMWF analyses. In the baseline run,total olumn losses in the model attained a peak of 78 DU on Day 90 of the simulationwith denitri�ation ontributing 17% of the loss. A redution in model temperaturesof 4 K relative to the ECMWF analyses inreased umulative olumn O3 loss by 65DU (83%). Denitri�ation ontributed 32% of the O3 loss at lower temperature, withextended ativation due to the extended region of NAT-supersaturation ontributingmost of the remainder. Therefore, the ontribution of denitri�ation on O3 loss isenhaned at low temperature.



163
Chapter 10
Overall summary and futurework
10.1 ConlusionsA better understanding of key proesses responsible for depletion of stratospheri ozoneis required if aurate preditions of the future Arti ozone layer are to be made. Thegravitational sedimentation of HNO3-ontaining PSC partiles is one suh proess.In the Antarti, seasonal observations of denitri�ation were always aompanied bystrong dehydration. The most plausible mehanism used to explain these observationsinvolved the o-ondensation of NAT into ie PSCs at the extremely low temperaturesfound in the wintertime Antarti stratosphere [Peter et al., 1990; Wofsy et al., 1990℄.The absene of strong denitri�ation in observations of the wintertime Arti strato-sphere was attributed to the higher temperatures and limited formation of ie PSCs.Seasonal suppression of gas-phase HNO3 in MLS observations during old Arti winterswas attributed to sequestration of HNO3 in Type I PSCs and not viewed as evidene ofsigni�ant denitri�ation. The 6 km vertial resolution of the MLS HNO3 instrument inthe lower stratosphere, ombined with the instrument viewing restritions at the high-est latitudes has limited the potential for observations of Arti denitri�ation in pastwinters. In addition, balloon-borne observations were often lose to mountain ranges



164where the loal inuene of lee-waves ould dominate, restriting the onlusions whihmay be drawn from these observations about synopti-sale features. However, reentobservations from the MLS instrument have indiated that denitri�ation ourredbefore signi�ant dehydration in the early winter Antarti stratosphere. Therefore,denitri�ation may have initially ourred by the sedimentation of HNO3-ontainingpartiles without ie early in the Antarti winter [Tabazadeh et al., 2000℄.Observations of strong Arti denitri�ation in the absene of signi�ant dehydration[Fahey et al., 2001; Herman et al., 2002℄ together with very large NOy-ontaining parti-les provided support for the Antarti MLS observations disussed above by indiatingthat severe denitri�ation of the polar lower stratosphere by the gravitational sedimen-tation of partiles other than ie was possible. Mass ux alulations indiated that thelarge NOy-ontaining partiles at observed integrated number densities (approximately10�4 m�3) [Fahey et al., 2001℄ were suÆiently numerous and large to denitrify theArti stratosphere. NAT partile growth times of up to 8 days were required to attainpartile diameters omparable with observations (14 { 20 �m) based on kineti alula-tions [Carslaw et al., 2002℄. Thermodynami ie-based denitri�ation shemes used inmost stratospheri models were not appropriate for aurately simulating denitri�ationby the large NOy-ontaining partiles in the 1999/2000 Arti winter.Most global models of stratospheri hemistry, inluding SLIMCAT, have used verysimple thermodynami denitri�ation shemes based on parameterisations of the for-mation and sedimentation of o-ondensed NAT and ie either at or below Tie. Themagnitude of denitri�ation produed by the ie sheme in SLIMCAT has been shownhere to be omparable to observations in the 1999/2000 Arti winter but displaedvertially by 20 K when the unrealistially old UKMO analyses were used. No signif-iant denitri�ation was obtained using the ie denitri�ation sheme when the modelwas fored with the warmer ECMWF analyses. This is onsistent with results fromprevious winters, in whih SLIMCAT has failed to produe denitri�ation althoughobservations learly show that it has ourred. UKMO-analysed temperatures in allprevious modelled winters have been too warm to re-distribute signi�ant ondensedNOy when only sedimentation of ie partiles has been assumed.In this thesis, a simple denitri�ation sheme based on the sedimentation of a bimodalpartile distribution of ondensed NAT in equilibrium with the gas phase (designed to



165represent the large partiles observed during 1999/2000) produes denitri�ation in gen-eral agreement with observations from 1999/2000. However, modelled denitri�ationtended to be too great at the edge of the vortex. In Chapter 5, a full Lagrangian mi-rophysial alulation of NAT growth and denitri�ation (DLAPSE) was inorporatedin SLIMCAT. Results in Chapter 6 have shown that the mirophysial denitri�ationin DLAPSE is more sensitive to the orientation of old pool and vortex due to theredution in partile growth times whih ours when partile trajetories are advetedout of the old pool in the barolini ase. Although the vortex and old pool wereonentri for long periods during 1999/2000, there were also periods where the oldpool was o�set suÆiently to redue partile growth times and denitri�ation in theDLAPSE model without signi�antly a�eting the equilibrium denitri�ation sheme.Signi�ant di�erenes in the vertial distribution of denitri�ation also existed be-tween thermodynami equilibrium and mirophysial denitri�ation at the highest al-titudes. DLAPSE predited signi�antly less denitri�ation at the top of the NAT-supersaturated region (Chapter 6). Comparisons with the balloon-borne ILAS instru-ment were unable to resolve this issue due to the limitations of the assumption thatHNO3 = NOy above 500 K. Outside the work in this thesis, the DLAPSE model hasbeen oupled with the full SLIMCAT hemistry sheme, so this issue an now be revis-ited with more detailed omparisons.The DLAPSE model aptured both the magnitude and spatial distribution of denitri-�ation ompared to observations from the ER-2 during 1999/2000. By the time ofthe �rst ER-2 ight on January 20, 2000, the Arti vortex was already extensivelydenitri�ed. Capturing the initial denitri�ation phase would have provided valuableinformation on partile size information and denitri�ation rates to further onstrainthe model. The model was also used to simulate denitri�ation during 1996/97 utilisingnuleation rates based on observations of partile number densities from 1999/2000.Remarkable agreement between modelled denitri�ation and observations from theILAS instrument ourred below 500 K for the 1996/97 winter. Above this altituderange, the assumption that HNO3 = NOy beomes invalid even in a old and stronglyativated vortex, limiting the e�etive vertial range of the omparison. The timing ofdenitri�ation was also onsistent with observations from ILAS but not ompared toMLS, whih observed a later onset of denitri�ation. The absene of denitri�ation in



166MLS HNO3 an be attributed to the muh lower vertial resolution ompared to ILAS.Future high resolution HNO3 data from the MIPAS instrument aboard ENVISAT willprovide 3-D HNO3 and aerosol data to further evaluate the model.There was onsiderable O3 loss during the 1999/2000 Arti winter. Calulations basedon in situ observations by Rihard et al. [2001℄ showed reord umulative losses of 58%had ourred at 450 K by mid-Marh of that year. Total olumn losses reahed 20-25%[EORCU, 2001℄, slightly lower than those reorded during the Arti winter of 1995/96.SLIMCAT aurately reprodued the observed O3 loss but appeared to overestimateClOx for the winter of 1999/2000 when the older UKMO analyses were used. Similarresults were obtained with equilibrium denitri�ation shemes based on either NAT orie.Comparison of denitri�ed and non-denitri�ed model runs indiated that denitri�ationaounted for 30% of the umulative O3 loss at 450 K in the ore of the vortex. Bet-ter agreement with observed ClOx was obtained when the warmer but more realistiECMWF analyses were used to fore the model although the errors assoiated with themeasurements of Cly speies mean that drawing robust onlusions about ativation isnot possible. Signi�antly lower O3 loss was produed when the model was fored withthe ECMWF analyses. The ontribution of denitri�ation to O3 loss was also smallerat 21% due to the lower levels of ClOx in spring as a result of inomplete ativation inearly winter. These results are onsistent with the results of other modelling studieswhih indiate that, in order to reprodue the magnitude of hemial O3 loss, levels ofClOx in exess of observations are required [for example, Beker et al., 1998; Goutailet al., 1999℄.Sensitivity studies of the impat of denitri�ation on O3 loss in the Arti lower strato-sphere during 1999/2000 were undertaken with the SLIMCAT CTM in Chapter 9.Model denitri�ation was based on a bimodal NAT-equilibrium sheme and fored withthe ECMWF analyses with the magnitude of denitri�ation ontrolled by adjusting aombination of NAT partile fall veloity, pNATHNO3 and the mass of the non-sedimentingsmall mode. Results from this study showed that denitri�ation the impat of denitri�-ation on vortex-mean O3 loss was slightly greater than linear, in ontrast to Tabazadehet al. [2000℄, who used a photohemial box model to determine that 50% denitri�a-tion was required for a measurable impat on O3 loss. Reovery of ClOx was delayed



167by a maximum of 20 days, even for model runs with denitri�ation in exess of 90%due to enhaned reovery of HCl under extremely denitri�ed onditions.Ozone loss inreased almost linearly with inreasing denitri�ation beyond the 5 ppbvthreshold. 90% denitri�ation inreased vortex-mean umulative O3 loss by 1.0 ppmv(83%) by late-Marh. There was no evidene of signi�ant nitri�ation reduing theimpat of hemial O3 loss at lower altitudes during 1999/2000. Redued O3 loss dueto nitri�ation did not ompensate for enhaned O3 loss due to denitri�ation at higheraltitudes during 1999/2000.The magnitude of umulative O3 loss during the 1999/2000 Arti winter is sensitive tothe synopti temperature. Signi�ant systemati temperature di�erenes between theUKMO and ECMWF analyses were found in the Arti stratosphere during 1999/2000.The UKMO analyses were found to be signi�antly older than the ECMWF analyses,resulting in enhaned ativation of reservoir speies to ClOx and signi�antly enhanedO3 loss. A model sensitivity study based on the ECMWF analyses and denitri�ationby the sedimentation of NAT was arried out to explore the response of Arti O3 lossto redued temperatures. A redution of 4 K in the synopti temperature resulted inan 86% inrease in vortex-mean O3 loss at 460 K ompared to the base model run.Inreased denitri�ation was responsible for �1/3 of the O3 loss with the remainderattributable mainly to the inreased duration and extent of PSC temperatures andfaster heterogeneous halogen ativation reations. Changes due to diabati desent inthe polar vortex at lower temperatures were small. In other winters this may be moreimportant beause modelled passive O3 had relatively small vertial gradients in thelower stratosphere during 1999/2000.Ozone olumn losses in the model were signi�antly enhaned by a redution in temper-ature. Total olumn losses inreased by 83% (from 78 to 143 DU) when the temperaturewas redued by 4 K. Inreased denitri�ation one again aounted for �1/3 of thishange. The additional O3 loss at lower temperature ourred between 490 K and themodel lower boundary at 350 K.Signi�antly, the e�et of inreased denitri�ation on O3 loss in the model is mitigatedby enhaned reovery of ClOx to HCl. Stronger denitri�ation leads to slower initialreovery of ClOx to ClONO2 whih produes greater O3 loss. The enhaned HCl



168reovery limits the impat of denitri�ation to the equivalent of �20 days additionalloss. The resulting vortex ontains approximately equimolar onentrations of HCl andClONO2 whih pre-dispose the springtime vortex to re-ativation as the most rapidheterogeneous reativation reation pathways require HCl.Observations of Arti stratospheri meteorology [Pawson and Naujokat, 1999℄ indiatea derease in the temperature of the Arti lower stratosphere and inreased persisteneof the polar vortex in spring during the last deade. These physial hanges favour theformation of PSCs in the Arti lower stratosphere, inreasing the available surfae areato atalyse the onversion of halogen reservoirs to ozone-destroying forms and aidingdenitri�ation. The trend of inreased stratospheri water vapour (�1% per annumsine 1980) observed by Oltmans et al. [2000℄, if ontinued, would also promote theformation of PSCs. TNAT and Tie are inreased by �1 K per ppmv inrease in watervapour under typial lower stratospheri onditions (10 ppbv HNO3 and 5 ppmv H2O).GCM studies have shown that a ombination of inreased levels of greenhouse gases,ozone depletion and water vapour hanges an explain muh of the observed strato-spheri temperature hanges over the past 20 years [WMO, 2003℄. The impat of awarmer troposphere on the future Arti polar vortex in these models is onsiderablyless ertain. In partiular, representation of planetary wave propogation from the tro-posphere to the polar lower stratosphere is a major soure of unertainty in GCMs. Aninrease in the frequeny and intensity of sudden Arti stratospheri warmings due toplanetary wave propogation from a warmer troposphere ould signi�antly redue theseverity of halogen-indued ozone loss in the Arti [Shnadt, 2002℄.Denitri�ation aused by the sedimentation of large NAT-ontaining partiles was in-eÆient at denitrifying the outer regions of the vortex due to the relatively short timeavailable for partile growth in this region. In 1999/2000, despite temperatures belowTNAT only around 50% of the vortex area was strongly denitri�ed. The optimal ondi-tions for denitri�ation require long partile growth times, whih is generally favouredby a onentri orientation of the old pool and vortex. Equilibrium denitri�ationshemes tend to denitrify more evenly aross the entire vortex and are apable of ef-�iently denitrifying the outer regions of the vortex. Suh a mehanism based on thesedimentation of NAT is unrealisti due to the time required for the growth of NATpartiles to sizes suÆient for appreiable sedimentation.
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Figure 10.1: Temporal evolution of in-vortex minimum NOy as a funtion of potentialtemperature during 1999/2000 from DLAPSE.Figure 10.1 shows that the modelled minimum NOy within the polar vortex (from theDLAPSE model) dereases between mid-Deember and mid-January between 580 and430 K due to extensive and severe denitri�ation. From the end of January there isa steady erosion of the lowest NOy mixing ratios assoiated with the earlier intensedenitri�ation. This inrease in minimum NOy is due to mixing of non-denitri�ed airfrom non-denitri�ed regions of the vortex or aross the vortex edge. Minimum NOyinreases from �1 ppbv over the innermost 50% of the vortex to 3 { 4 ppbv by mid-Marh. Observations from the ER-2 in Marh (Figure 7.7) demonstrate that the modelreprodues the observed NOy in the denitri�ed vortex, although no observations of NOyare available to on�rm the existene of almost totally denitri�ed air over a wide regionof the vortex between 460 { 580K in late Deember and early January. In ontrast,Figure 7.4 in Chapter 7 shows that modelled vortex mean denitri�ation is erodedmuh more slowly by transport aross the vortex edge, supporting the supposition thatmixing within the vortex rather than transport aross the vortex edge is responsiblefor the majority of the observed inrease in minimum NOy during Marh.These �ndings may have signi�ant impliations for the enhanement of O3 depletion in



170the Arti due to denitri�ation by large NAT partiles. If mixing from the edge of thevortex is suÆient to dilute intense denitri�ation over a time period of several weeksthen it is likely that further denitri�ation events will be required in late winter/earlyspring to signi�antly enhane O3 loss. Alternatively, the vortex would have to bestrongly denitri�ed over its entire area. Suh a situation is only likely to our if theentire vortex is below TNAT for a period of several weeks or an additional denitri�ationmehanism operates (suh as synopti sale ie formation). Currently in the Arti,less than 50% of the vortex is below TNAT in a old winter. Under these onditions,denitri�ation by large NAT partiles fails to denitrify the full area of the vortex.The temperature of the polar vortex and hemial O3 loss within the vortex are stronglyoupled. Low temperatures in the vortex inrease the rate of heterogeneous reationswhih ativate hlorine from reservoir speies. The potential for severe denitri�ationto delay the deativation of ClOx is also inreased at low temperatures.10.2 Suggested future workThe limitations of the assumption that NOy = HNO3 in the DLAPSE model presentedhere are partiularly relevant for omparisons with observations made at higher alti-tudes within the polar vortex, as demonstrated in Chapter 7. The oupling of the fullSLIMCAT hemistry ode with DLAPSE removes the limitations of this assumption.Further omparisons are required between observations and the full-hemistry versionof DLAPSE to validate the model denitri�ation sheme at higher altitudes where thisassumption is invalid. The full hemistry DLAPSE model would also allow the e�etsof realisti denitri�ation by the growth and sedimentation of NAT on polar halogenativation and O3 depletion to be evaluated. The inlusion of a full hemistry ode,however, has signi�ant omputational osts.Runs at higher resolution with a redued timestep are needed to examine the e�et ofmixing and dilution on highly denitri�ed air over the ourse of a winter. Comparisonswith Lagrangian transport models e.g. CLaMS [Gro� et al., 2002℄ would allow investi-gations of the e�ets of numerial and physial mixing to be ompared. SLIMCAT, inommon with all Eulerian models, experienes a degree of numerial di�usion between



171gridboxes.Considerable unertainty still exists over the mehanism of seletive nuleation of thebakground aerosol to form large NAT partiles. The urrent volume-averaged nule-ation rate used in the model for the determination of denitri�ation ould be replaedby shemes whih nuleate NAT on ie at temperatures below Tie. Other shemesto test theories about the formation of NAT or ie in lee-waves ould be inluded if asuitable parameterisation for lee-wave temperature e�ets within the polar vortex wereused. However, at present there are no observations that allow a preferred nuleationmehanism to be identi�ed.The advent of a new generation of satellites from both the US (Earth Observing Sys-tem and SAGE III), Europe (ENVISAT) and Japan (ADEOS-2) will provide unpree-dented global observations of a range of key speies to further onstrain the DLAPSEmodel and nuleation mehanisms. In partiular, the high vertial resolution of MIPAS(aboard ENVISAT), ILAS-2 (aboard ADEOS-2), and EOS MLS should allow detailedomparisons of the magnitude and timing of model and observed denitri�ation.The feasibility of inorporating the denitri�ation sheme in CTMs on an operationalbasis needs to be investigated. Currently this is too expensive although inreased om-putational power and ode optimisation ould soon make this viable. Alternatively,a suitable parameterisation ould be developed for inlusion in CTMs and GCMs al-though this may prove diÆult due to the oupling of meteorology with partile growth,sedimentation and denitri�ation.
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Appendix A
Analyti expression for liquidaerosol omposition
From Carslaw et al., [1995b℄ an analytial expression for the omposition of aqueousternary HNO3/H2SO4/H2O solutions under stratospheri onditions is used both theSLIMCAT and DLAPSE models. The parameters A B, D and E used in Figure 2.45are de�ned as follows: A = ZHNNbM2Nb � ZHNSbMNbM2Sbp0NM2Nb �MNbMSbB = MSb((�2ZHNNbMNb) + (ZHNSbMSb) + (MNbMSb)� (HNNbMSbp0N))MNb �MSbC = ZHNNbMNbM2SbMNb �MSbD = atan p(4A2 � 3B)3 � (�2A3 + 9AB� 27C)2�2A3 + 9AB � 27C !

E = 2sin(1:0)where Z = RT ns.
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Appendix B
SLIMCAT heterogeneousreation probabilities

Reation Referene Reation Probability ()number Liquid Aerosol NAT ICEN2O5 + H2O 2.23 0.1 0.0003 0.01ClONO2 + H2O 2.20 1 3 0.1ClONO2 + HCl 2.22 1,2 3 0.2HOCl + HCl 2.24 4 0.1 0.3BrONO2 + H2O 2.21 5 0.006 0.3N2O5 + HCl 0.003 0.03HOBr + HBr 4 0.1 0.1HOBr + HCl 4 0.1 0.3HOCl + HBr 4 0.1 0.31) Hanson and Ravishankara [1994℄.2) HCl solubility from Luo et al. [1995℄.3) Hanson and Ravishankara [1994℄.4) Treated as bulk reation.5) Hanson et al. [1996℄.
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Appendix C
Comparison of Ny �Alesund ozonesonde temperatures with UKMOand ECMWF analyses.
UKMO temperaturesTheta Dates Temperature Temperature Standard Number of(K) Range (K) o�set (K) Deviation observations460 De 9{ < 195 -2.31 1.58 16Jan 27 > 195 -3.19 2.00 5Jan 28{ < 195 1.29 1.54 13Mar 31 > 195 0.41 1.88 22506 De 9{ < 195 -2.29 1.06 21Jan 27 > 195 - - 0Jan 28{ < 195 1.94 1.21 10Mar 31 > 195 0.28 2.18 22



175ECMWF temperaturesTheta Dates Temperature Temperature Standard Number of(K) Range (K) o�set (K) Deviation observations460 De 9{ < 195 -0.41 1.58 16Jan 27 > 195 -1.65 1.48 5Jan 28{ < 195 0.71 1.19 13Mar 31 > 195 -0.22 1.83 22506 De 9{ < 195 0.12 1.09 21Jan 27 > 195 - - 0Jan 28{ < 195 0.80 0.83 10Mar 31 > 195 -0.71 1.75 22
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Appendix D
NOy instrument desription
The NOy instrument aboard the NASA ER-2 �rst ew at high latitudes in 1987 duringthe Airborne Antarti Ozone Experiment (AAOE) [Fahey et al., 1989℄. Detetion ofthe multiple omponent NOy speies is based on hemial onversion of NOy to NO athigh temperature followed by the hemiluminesent detetion by reation with addedO3. The instrument (Figure D.1) omprises two sub-isokineti sample inlets, one at thefront faing forwards and the seond, at the rear but also forward-faing. CondensedNOy in the sampled atmosphere are also deteted by the instrument.Aerodynami studies [Northway et al., 2002℄ show that the maximum diameter ofaerosols deteted in the rear inlet is 2 �m although the sub-isokineti nature of thisinlet results in oversampling of partiles whih is a funtion of the partile size. Thisindiates that NOy values within PSCs are subjet to an enhanement whenever thereare partiles smaller than 2 �m diameter.Attempts were made to use the Multiple Aerosol Sattering Probe (MASP) in-situ par-tile ounter to rejet only those data points reorded when the airraft was ying inan enhaned aerosol region. In this approah, the MASP size distribution for partilesup to 2 �m was alulated for eah point and, in onjuntion with the NOy instru-ment inlet enhanement fator, an enhaned ondensed NOy mixing ratio (NOyenh)was determined. Whenever NOyenh exeeded 10 % of observed NOy then the pointwas rejeted. This resulted in the rejetion of most of the data from the �rst ER-2
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Figure D.1 Shemati diagram of ER-2 NOy instrument. Courtesy of Megan Northway,NOAA.deployment.The MASP data indiated that large enhanements in NOrmy should be observed bythe rear inlet of the NOy instrument over long periods of many ights during the �rstER-2 deployment. Suh enhanements were not observed by the NOy instrument. TheMASP data has reently been re-evaluated and there has been a redution partilemass in the 1 {2 �m range [Baumgardner, pers. omm.℄. Therefore, the magnitude ofdenitri�ation inferred from these data is a lower limit.
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