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Abstract

De sorte que je me dis, Le bourdonnemert ne
sert point a souligner la danse, mais au con-
traire a la varier. Et la méme gure exacte-
ment change de sensselon le bourdonnemert
qui I'accompagne. Et javais recueilli et clase
un grand nombre d'observations a ce sujet
non sans resultat. Mais il ne s'agissait pas
seulemen de la gure et du bourdonnemert,
mais aussi de la hauteur a laquelle la gure
s'executait.

Samuel Beckett, Molloy

The scieni ¢ issuesaddressedin this study emergedin the frame of an international
sciertic eld experiment: SOLVE/THESEO (SAGE Ill Ozone Loss and Validation
Experiment / Third European Stratospheric Experiment on Ozone). A main objective
of this project wasto improve our knowledge on the role of orographically induced polar
stratospheric clouds in the activation of passiwe resenoir compounds into active forms
that destroy ozone. The unprecederted obsenation of very large nitric acid hydrate
particle obsenations achieved during the mission deployment aboard the NASA ER-2
high-altitude aircraft in addition raised the needto investigate the potential medanisms
for the formation of thesedenitrifying particles.

In a rst part, making use of mesoscalemeteorological simulations, an analisis is
preseried of the dynamical medanisms leading to a stratospheric ice cloud, obsened
over Greenland by an aircraft-b orne lidar. An alternativ e forcing mechanismto orograph-
ically induced gravity waves is proposed, which might be generally relevant for polar
stratospheric cloud formation. Waves emitted from breaking Rossly-wave regions with
an assaiated unbalanced jet stream at the trop opauselevel can also lead to mesoscale
temperatures uctuations in the stratosphere that are sucien tly strong to induce
mesoscalecooling below the frost point.

As stratospheric winter temperatures play a key role in the chain of microphysical
and chemical processedhat lead to the formation of polar stratospheric clouds, chlorine
activation and eventually to stratospheric ozonedepletion, we presen, in a secondpart,
a quantitativ e assessmetnon the temperature data quality for two Arctic winters and the
implications on microphysical processes. Using independert data (from ER-2 measure-
ments and non-assimilatedradiosondes)the validation of the ECMWF (European Cernter
for Medium-Range Weather Forecast) temperature analysesin the stratosphere shows
generally a high accuracyof the ECMWF data. Howewer, if only the coldesttemperatures
are considered,the model hasa warm bias. When comparing with mesoscalesimulations,
which better resolve vertically propagating gravity waves, the volume of air below the
frost point, the number of nucleated ice particles and activated chlorine compounds are
signi cantly too low in the global analyses.

Vi



Abstract

A Lagrangian model study on the life-cycle of the obsened large nitric acid trih ydrate
particles is preserted in the third part, for sewral potential nucleation mecanisms. It is
shown that the non-resolhed gravit y-wave induced mesoscalecooling might remain a crit-
ical issueto determine the most likely nucleation medanism, and that the stratospheric
temperaturesand the badkground concerirations of nitric acid are key factors in the calcu-
lation of the particle growth process.Many uncertainties remain in the model asindicated
by the signi cant sensitive dependencieson a wide range of parameters. The initialization
of the particles remains a major issueas none of the implemented nucleation mecanisms
ts perfectly with the obsenations. Howewver, based on this Lagrangian model study,
the ice nucleation scenarioscannot be ruled out. The model results also support the hy-
pothesisthat seweral nucleation mecanismsmight occur in the stratospheric polar vortex.

This thesis is a serious and uniquely comprehensie attempt to combine a variety
of obsenational data, challenging high-resolution numerical model simulations over
complex topography and extensive diagnostic investigationsto tackle an outstanding and
top-priorit y problem in ervironmental sciences.The future prediction of the stratospheric
ozonelayer relies strongly on our knowledgeof temperature conditions, polar stratospheric
cloud formation and denitri cation.

Vi



Resume

Or ce n'est pas le moment de m'attirer des
incredules. On dirait quelquefois que j' ecris
pour le public. Et malgre tout le travail
gue j'avais consace a ses questions, | etais
plus que jamais etourdi par la complexite de
cette danseinnombrable, ou devaient interve-
nir d'autres determinants dont je n'avais pas
la moindre idee. Et je me disais, avec ravisse-
ment, Voila une chose que je pourrai etudier
toute me vie, sansjamais la comprendre.
Samuel Beckett, Molloy

C'est dans le cadre d'une campagne scierti que internationale, SOLVE/THESEO
(SAGE IIl OzoneLossand Validation Experiment / Third European Stratospheric Ex-
periment on Ozone) que les resultats preseriesci-apresont ete obtenus. Un des objectifs
principaux de cette campagnestratospherique etait d'approfondir les connaissancesur le
rdle desondesorographiquessur l'activ ation desreserwirs de chlore inertes en composes
actifs, qui detruisent I'ozone. Des obsenations sansprecedert de tres grossesparticules
composeesd'hydrates d'acide nitrique, e ectueesa bord de I'avion de haute altitude de
la NASA ER-2, raviverert la necessie d'explorer les mecanismesde formation de ces
particules au large potentiel de denitri cation.

Dans une premiere partie, en utilisant dessimulations a mesoedielle, une analyse est
faite des mecanismesdynamiques conduisart a la formation d'un nuage stratospherique
de glace,obsene par un lidar aeroporte au dessusdu Groenland. Un mecanismealternatif
aux ondesde montagne est propose pour la generation d'ondesde gravit e, potentiellement
importantes pour la formation de nuagesstratospheriqueset donc pour Il'activation des
composes de chlore inertes. Dans les regionsou les ondesde Rossly se brisent, assciees
a un fort jet, courbe anticycloniquement, hors equilibre geostrophiqueet a hauteur de la
trop opause,des ondesde gravit e qui se propagert verticalemert peuvent &tre emiseset
baisserla temperature stratospherique en-deca du point de congelation.

Comme la temperature joue un rple essetiel dansla longue chane de processuamicro-
physiqueset chimiques qui menert nalement a la decomposition des moleculesd'ozone
stratospherique, dans une deuxieme partie, une appreciation quarntitativ e de la qualite
des donneesde temperature ainsi que de leurs implications micro-physiques pour deux
hivers arctiques est preseniee. A l'aide de mesuresde temperature independartes et non
assimilees(provenart du systeme meteorologiquea bord de 'ER-2 et de ballons-sondes)
la validation des analysesde temperature du CEPMMT (centre europeen de prevision
meteorologiquea moyen terme) pour la stratosphere montre que celles-cisort precises,
sauf pour les temperatures tr es bassesqui sort biaiseesvers le haut. En comparart les
analysesCEPMMT avec des simulations a mesoedelle qui resohent mieux les ondesde
gravit e sepropagear verticalemert, il estmontr e que le volume d'air dont la temperature
est plus basseque le point de congelation, le nombre de particules de glace creees,ainsi
gue la quarntit e de composeschloresactives,sort inferieurs dans les analysesglobalesque
dansle modele a mesoedelle.
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Resume

Dans la troisiemepartie, une etude Lagrangiennedu cycle de vie desgrossesparticules
obseneesest menee, pour di ererts mecanismesde formation. Il y est montre que les
ondes de gravite a mesoedelle non-resoluesdemeureri une question critique et que
les temperatures stratospheriques et les concerrations de fond d'acide nitrique sort
des elemerts clefs pour calculer la croissance,la sedimertation et I'evaporation de ces
particules d'acide nitrique trih ydrate. Plusieurs incertitudes demeurert quant au modele,
comme l'indiquent les fortes sensibilites a la majorit e de sesparametres. L'initialisation
desparticules demandeune attention particuli eretant il estvrai qu'aucun desmecanismes
de formation n'est capable de reproduire exactemen les obsenations. Cependart, base
sur cette etude Lagrangienne, la formation des particules contenant de I'acide nitrique
depuis la glace stratospherique ne peut etre exclue. Les resultats n'excluent pas non
plus que cesparticules qui denitri en t les tourbillons polaires soiert formespar plusieurs
mecanismes.

Cette theserepreserte une tentativ e serieuse,comprehensiwe et a longue vue de mettre
en synergie des obsenations diversi ees,des simulations numeriques a haute resolution
au-dessusde topographies complexes et des explorations diagnostiques pousseesan
d'aborder un problemeessetiel et d'actualit e en sciencesrvironnementales. La prevision
de la coudche d'ozone stratospherique pour les prochaines decenniesdepend de notre
connaissancedes conditions de temperature, de la formation de nuagesstratospheriques
et de la denitri cation.
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Introduction

Voila donc la proposition. A quelqu'un sur
le dos dans le noir une voix egrene un pase.
Question aussi par moments d'un presern et
plus rarement d'un avenir. Comme par exem-
ple, Tu niras tel quetu es. Et dansun autre
noir ou dans le méme un autre. Imaginant le
tout pour setenir compagnie. Vite motus.

Samuel Beckett, Cette fois






Chapter 1

In tro duction

In this section, the cortext of the presert work is
shortly described, somebadkground intro duction is de-
livered and se\eral useful de nitions and notations are
preseried.

1.1 Framew ork

The sciertic issuesaddressedin this study emerged
in the frame of an international scieric eld exper-
iment: SOLVE/THESEO 2000. Between November
1999and April 2000,two major eld experimerts, the

Stratospheric Aerosol and Gas Experiment (SAGE) 111

Ozone Loss and Validation Experiment (SOLVE) and
the Third EuropeanStratospheric Experiment on Ozone
(THESEO 2000), collaborated to form the largest eld

campaignyet mounted to study Arctic ozoneloss. This

international campaign involved more than 500 scien-
tists from over 20 countries and was hosted at Kiruna

(Sweden). The main sciertic aims of SOLVE/ THE-

SEO 2000 were to study (1) the processedeading to

ozoneloss in the Arctic vortex and (2) the e ect on
ozone amournts over northern midlatitudes. A more
speci ¢ goal was to assesdhe role of gravity wavesin

the ozonedepletion process(seecontributions in Part

| and Il). The campaign included satellites, researd
balloons, aircraft (such asthe DLR Falcon, the NASA

DC-8 and the NASA ER-2), ground stations, and the

dedicated application of ozone sondes. Obsenations
made during the campaign shoved that temperatures
were below the climatological meanin the polar lower
stratosphere over the course of the 1999-2000winter

(seePart 11). Becauseof the low temperatures, exten-
sive polar stratospheric clouds (PSC) formed acrossthe

Arctic.

Very large particles (r > 10 m) containing nitric
acid trih ydrate were obsened for the rst time during
this campaign, reinforcing the need of understanding
their nucleation (see Part I11). Heterogeneouschemi-

cal reactions on the surfacesof the PSC particles pro-
duced high levels of reactive chlorine within the polar
vortex by early January. This reactive chlorine cat-
alytically destroyed about 60% of the ozonein a layer
near 20 km betweenlate January and mid-March 2000,
with good agreemen being found between a number
of empirical (Lumpe et al., 2002; Randall et al., 2002;
Danilin et al., 2002) and modeling (Sinnhuber et al.,
2000; Harris et al., 2002; Sinnhuber et al., 2002) stud-
ies. The measuremets madeduring SOLVE/THESEO
2000 have improved our understanding of key photo-
chemical parameters and the ewlution of ozone-
destroying forms of chlorine (Newman et al., 2002)

1.2 Motiv ation

Ozone (O3) is an atmospheric gas which screensthe
harmful form of solar radiation known as ultraviolet
(UV) radiation. About 90% of the ozonein our atmo-
sphereis contained in the stratosphere(the region from
about 9 to 55km above the Earth's surface). Ozone
concerrations are greatestbetweenabout 15and 30km.
The importance of ozonefor living organismswas rec-
ognizedearly, and sincethe late 1920'sthe total ozone
column has been measuredon a regular basis. The
world's longesttime seriesof total ozonecolumn mea-
suremerts (with Dobsonspectrophotometers)is carried
out at Arosa (Switzerland) and shows a signi cant de-
creasesincethe 1970's(Stahelin et al., 2001).

Absorption of harmful solar UV radiation by the at-
mosphereis critical for our well being, since UV light
can break the bonds of deaxyrib onucleic acid (DNA)
moleculesand thereby damagecells. On occasionthese
damaged DNA molecules are not repaired, and can
replicate, leading to dangerous forms of skin cancer
in humans (basal, squamous,and melanoma). Fortu-
nately, ozonestrongly absorbsUV. Diminished levels of
ozoneleadto increaseof UVb and UVaradiation at the



1.3 Polar stratospheric clouds

surfacewith a consequeh adversebiological response.

Ozoneis produced by intense UV radiation in the
stratosphere,with wavelengthslessthan 240nm leading
to the photolyze of an oxygen molecule:

0, " (2 50 (1.1)
O+ 0,+ M I 03+ M (1.2)
net : 30, " 204 (1.3)

where M denotesa collisionpartner (N, or O,). The
ozonemoleculethrough its lifetime absorbsUV via 03
+h ! O+0,andO+ O+ M+ h | O3
+ M. In the early 1970's, scientists (among them the
later Nobel-LaureatesP. Crutzen, M. Molina and F. S.
Rowland) warned of potential damaginge ects of chlo-
ro uoro carbons (CFCs) on the ozone layer. Farman
et al. (1985) published record-low total ozonemeasure-
ments over Antarctica. In the subsequen years, the
basicchemical reactionswererecognizedby Molina and
Molina (1987).

Ozoneis destroyed when it reacts with one of a va-
riety of chemicalsin the stratosphere such as chlorine
(CI), bromine (Br), nitrogen monoxide (NO), or hy-
droxylradicals (OH), denotedas\X":

h

Os I 0,+0 (1.4)

O3+ X I 0,+ XO (1.5)

O+ X0 I O,+ X (1.6)

net :  20; " 30, (1.7)

A typical chlorine atom can undergothis catalytic pro-
cessseveral times and destroy thousands of ozonemo-
leculesin this fashion. This catalytic cycle corntinues
until one of the following reactions (here showvn only
for chlorine) terminates the process:

ClO+ NO2+ M !
Cl+ CHg4 !

CIONO; + M
HCl + CH3

(1.8)
(1.9)

The global ozonelevelsare approximately balancedbe-
tween the solar production and chemical lossesfrom
these processes. Increasing the levels of chlorine and
other pollutants in the stratosphere can increasethe
chemical loss process, and subsequetly decreasethe
ozonelevels.

The winter Arctic and Antarctic lower stratosphere
is an unusual environment for both chemistry and me-
teorology. During the winter, Arctic temperatures at

INTR ODUCTION

about 20km canfall below -85 C. Although the strato-
sphereis very dry, these extremely low temperatures
causecloudsto form. ThesePSCsenablechemicalreac-
tions (known asheterogeneoushemical processesjhat
accelerateozoneloss. Thesereactions are described in
the next section.

The ozoneholeis a region of extreme ozonelossthat
has been appearing annually sincethe 1970'sover the
Antarctic cortinent. Ozone amourts over Antarctica
drop dramatically (by more than 50%) in the course
of a few weeksduring the August-Septermber period.
The growth of chlorine and bromine levelsin the strato-
spherehas produced very large lossesof ozoneover the
polar regions, producing this ozone hole. During the
1990's, Antarctic ozone levels were less than half of
what was obsened during the 1960'sand 70's. How-
ever, becauseof the dierent climatic forcings of the
Arctic and Antarctic vortices, the Arctic ozonelevels
remained higher. Still, during recert yearsthere have
also beensubstancial (30%) ozonelossesover the Arc-
tic.

The extremely low ozoneyears in the Arctic dur-
ing the 1990'sare characterized by temperatures lower
than the climatological mean. The low temperatures
lead to an increasein the occurrence of PSCs. The
PSCsthen leadto increasedozonelossvia the heteroge-
neousreactionsthat occur on the surfacesof the PSCs.
Cooler temperature in the Arctic may lead to increased
formation of PSCs, and thereby massiwe ozonelosses.
The ability to predict theselossesrequiresdetailed un-
derstanding of the chemistry, dynamics, and radiativ e
properties of the Arctic stratosphere.

Reported ozonelossesand predictions of ozoneloss
have led to international treaties such asthe Montreal
Proto col, which have regulated the production of cer-
tain gaseswhich harm the ozonelayer. Further researt
and measuremelts has begun to provide insight into
how other atmospheric processeqsuch as greenhouse
warming) can a ect ozone.

Both polar regions have shovn reduced ozoneover
the last decade. The principal question for SOLVE/
THESEO wasto explain theselosseswith detailed mea-
suremernts and modeling of the chemistry, dynamicsand
photolytic properties of the stratosphere.

1.3 Polar stratospheric clouds

As the stratospherecoolsto very low temperaturesover
the Arctic or Antarctic during winter, polar stratos-
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pheric clouds can form. Figure 3.7 on page 44 shows a
photograph of a PSC taken from Kiruna during the sci-
entic SOLVE/THESEO 2000mission. On the surface
of the cloud particles, heterogenousreactions activate
resenoir species,which then can undergothe catalytic
cycle (equation 1.7), in the following fashion (Solomon
et al., 1986; Tolbert et al., 1987):

CIONO, + HCI(c) ! Cl,+ HNO3(c)  (1.10)
HCI(c)+ HOCI ! Clo+ H,0(c)  (1.11)
c, "™ 2c (1.12)

where (c) stays for the condensedphase. To date, 3
di erent particle typeswereunivocally identi ed by in-

situ measuremeits of PSCs: supercooled ternary solu-
tion droplets (STS), nitric acid trih ydrate (NAT) parti-

clesand water ice particles. Basedon thermodynamic
considerations, other nitric acid hydrates (such as ni-

tric acid dihydrate, NAD) may alsoprevail in the polar
stratosphere if temperatures are su cien tly cold (see
e.g.Koop et al., 1997).

Supercooled ternary solution droplets develop from
the binary H,SO4/H ,0 background aerosolat temper-
atures betweenthe ice frost point and the equilibrium
NAT temperature (Tya1). At 3K above the frost
point, the binary solution droplets beginto swell through
uptake of HNO3 and H,O from the gasphase. Even-
tually, the particles can grow to sizesr 0.3 m. This
processdoesnot needto overcomea nucleation barrier,
and consequetly the number density of STS clouds is
determined by the number density of the background
aerosol,which is Npackground ~ 10cm 3,

Temperatures reaching the ice frost point, T, al-
low ice particles to exist, but ice nucleation needsto
overcome a nucleation barrier. Based on the homo-
geneousnucleation experiments of Koop et al. (2000),
the saturation of solution droplets with respect to ice
required to overcome the nucleation barrier, Sjce =
PP o =R (T), where pfiy is the water partial pres-
sure and p;¥, is the water vapor pressure of ice, is
Shue  1:6. This correspondsto a temperature Tpyc
Tice 2:6K. The number density of ice clouds is lim-
ited by the number density of the background aerosol
and is a function of the cooling rate at the nucleation
temperature Tnyc. Rapid cooling (i.e. & 10K/h) leads
to ice nucleation in almost all liquid ternary solution
droplets. At cooling rates. 10K=h only a fraction of
the badkground aerosolfreezes,the rest remains liquid

supercooled droplets.

Similarly to the ice particles, NAT particles have to
overcomea nucleation barrier. Although the thermo-
dynamic properties of NAT are well known, their for-

1.4 Gravity waves

mation medanism in the polar stratosphere remains
speculative (seediscussionin Part I11).

Depending on the temperature history of an air par-
cel, dierent particles types may coexist, at least for
a certain time. NAT particles may coexist with STS
and ice particles for brief periods, though in the end
STS will disappear in the thermodynamic equilibrium.
Above the ice frost point only STS and NAT can exist
and above Tya 1 only the Jungeaerosol,i.e. H,SO4/H ,0
badkground particles will survive. Due to the lower
HNO3 vapor pressureof NAT comparedto STS, NAT
particles will grow on the expense of STS particles.
Depending on the NAT number density, this process
may be very slow (i.e. only a few NAT particles can-
not e cien tly deplete the gas phase, and hence the
STS droplets will remain basically una ected for se-
veral hours).

1.4 Gravity waves

The fact that gravity waves (GWs) are a fundamen-
tal ingredient in the general circulation of the middle
and upper atmospherewas already known for decades
(Murgatroyd, 1957). It is for example now accepted
that in middle and high latitudes, GWs propagating
from below are the major source of turbulence in the
upper mesosphergLindzen, 1981).

Also in the trop osphereand in the stratospherewave
overturning generatesturbulence, also termed as clear
air turbulence (CAT), which is a main source of mix-
ing and vertical transport of tracers and might cause
damageto aircraft. Gravity wave drag is known to
have a great in uence on the middle atmosphere'sme-
teorological and climatological temperature and wind
distributions. Also the quasi-biennial oscillation in the
equatorial lower stratosphereand its assaiated Brewer-
Dobson upwelling could not be explained without tak-
ing accourt of GW activity (Dunkerton, 1997). Fur-
ther, the drag due to topographically forced GWSs is to
beincluded in generalcirculation and numerical weather
prediction modelsthrough parametrizations. The main
errors - without taking into accourt of this subgrid en-
ergy transfer - are the failing of lling of the extratropi-
cal cyclones,excessiely low surfacepressurein high lat-
itudes, very strong surfacewesterly winds around mid-
latitudes (Palmer et al., 1986)and the lack of a realistic
weak wind layer in the lower stratosphere (Sato et al.,
1999). There is a range of further catchwords which are
often found in the context of gravity wavesand ow
over mountains, some of them are: cold stagnant air
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pool supported by mountain slopes(Pierrehumbert and
Wyman, 1985), trop opauseair exchange, shallow foehn
(Seibert, 1985; Sprengerand Schar, 2001), rainfall dis-
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N2Os + H,0O(c) !
CIONO, + H,0(c) !

2HNO3(c)
HOCI + HNO3(c)

(1.16)
(1.17)

tribution control or Taylor caps which are airmasses |t is destroyed by photolysis and reaction with the hy-

separatedfrom the normal o w (Schar and Davies, 1988).

Furthermore, gravity waveswere recognizedby mo-
dels and obsenation to play an important role in stra-
tospheric ozonedepletion by favoring polar stratospheric
clouds to form. When gravity waves propagate verti-
cally without losing their energy their amplitude in-
creasesas the air density decreases. The amplitude
in the temperature eld can reach up to 10 to 15 K
(Bacmeister et al., 1994) and if the synoptic temper-
atures are near the thresholds (Tice; TnaT) GW may
causesu cien t mesoscalecooling for PSCsto form.

Carslaw et al. (1998) have arguedthat thesegravity
wave PSCsmay be more important than rst expected.
Although the clouds are not very large, they can pro-
cessa signi cant volume of the polar vortex if the cloud
persists for a few hours (the polar jet reades veloci-
ties 100-15Gkm/h, and consequetly a stationary PSC
can activate chlorine in a volume extending 1000km in
o w-direction). In addition, these gravity wave PSCs
could give rise to a chain of processedeading to sewere
denitri cation (seeSectionl1.5). The dynamical meda-
nismsleadingto GWs are reviewedin Part |11, and case
studiesof gravity wavesand their induced PSCsare dis-
cussedin detail in Fueglistaler et al. (2003) (mountain
wave over the Scandinavian Alps on 25-27 Jan 2000)
aswell asin Part | (jet instability induced inertia GW
over Greenland), I (mountain wave over Scandinavia
on 11 Jan 2000) and 111 (mountain wave induced by
o w over the Ural ridge).

1.5 Denitri cation

Denitri cation is the irreversibleremoval of reactive ni-
trogen from the polar stratosphere by the sedimena-
tion of particles containing nitric acid (HNO3) such as
NAD and NAT. HNOgj in the stratosphere is mainly
formed by the reaction

NO,+ OH+M I HNO3z+ M (1.13)

whereM is any atmosphericmoleculewhich is not chan-
ged by the reaction. Further sourcesof HNO3 can be
heterogenousreactionson liquid or solid PSC patrticles,
like

CIONO, + HCI(Q) !
N2Os + HCI(s) !

Cl, + HNO3(c)
CINO, + HNO3(c)

(1.14)
(1.15)

droxyl radical (OH) respectively:

HNOs ™  OH+ NO,

HNO3; + OH ! NOj3z + H,0

(1.18)
(1.19)

The time scalefor the gasphasereactionsis seweral
weeksand leadsto a seasonalvariation in HNO3z mix-
ing ratio that increaseswith latitude (Gille et al., 1996;
Sartee et al., 1999). The photolysis of HNO3 in polar
spring releasesNO, which deactivates chlorine by the
reaction 1.8. Removal of HNO3 from the polar strato-
sphereby denitri cation therefore slows down chlorine
deactivation and leadsto prolonged ozonedestruction
and enhancedozoneloss(Rex et al., 1997;Waibel et al.,
1999; Tabazadehet al., 2000).

Denitri cation ewvents in recert Arctic winters have
been reported applying satellite-borne, balloon-borne
and aircraft-b orne techniques (Sugita et al., 1998; Rex
et al., 1999;Kondo et al., 2000;Kleinbehl et al., 2003).
Denitri cation in the Arctic vortex 1999/2000was rst
suggestedby Sartee et al. (2000) based on measure-
ments of the Microwave Limb Sounder on board the
UARS satellite. Popp et al. (2001) and citetCar:02
studied denitri cation using NOy in situ measuremets
from the high latitude aircraft ER-2 (seealso contribu-
tions in Part I11).
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1.6.1 Lidar and backscatters

Lidar (acronym for light detection and ranging) have
becomemore and more useful and utilized for atmo-
sphericmeasuremets. Both, ground-basedand aircraft-
borne systemsare in operation worldwide. The lidar
emits a laser pulse vertically and recordsthe intensity
of the badkscatter as a function of time.

The primary obsenable quartities arethe total badck-
scatter coe cient, ©@ at a given wavelength (typi-
cally 1064,532 and 354nm), and its two componerts,
the perpendicular and parallel backscatters: @ and

@l The measuredtotal backscatter coe cien t is the
sum of the badkscatter of air molecules(Rayleigh scat-
tering) and aerosolparticles: '@ = aerosol . rayleigh

To determine the badkscatter coe cien t from the
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measuredintensity |, the signal has to be calibrated.
The measuredintensity is a function of the badkscatter
coe cien t and the intensinty of the beam: | = 1o
wherel isthe measuredintensity and | ¢ is the intensity
of the laserat the position of the scatterer. This simpli-
ed description avoids the 1=r? decreasein power and
neglectsall signaldistortions onthe recordingunit. The
signal is calibrated by measuring! at a location with-
out aerosol,such that ©@ = rayleigh ‘gnq rayleigh jg
known for given temperature and pressure. It follows
that g = lcaib = caiv Wherethe sux ‘calib' refersto
the calibration position, and subsequetly the backscat-
ter coe cien t is calculated from:

total — lo

~ leaiib = calib

The attenuation of the laser beam due to absorption
and re ection of the scatterershasto beiterativ ely cor-
rectedi.e. lo is a function of the 'history' of the lidar
beam.

The total, perpendicular and parallel badkscatter
ratios (BSR) are de ned as:

aerosol 4 rayleigh
BSR = rayleigh (1-20)
g;lerosol + ’r)ayleigh
BSR? = - rayleigh (1-21)
2
aerosol 4 rayleigh
BSR = rayleigh (1-22)
A further quartity, the volume depolarization, V', is
given by:
| 2eroso| + [)ayleigh
vol — 7 ;
- aerosol 4 rayleigh (123)
BSR- rayleigh
= Rep 1.24
BSR (1.24)

where the volume depolarization of air molecules, V',
for lidar systemsdetecting the rotational Raman lines
plus the Cabannesline of air moleculesat wavelengths
354. & 1064nm is approximately given by (Young,
1980): "@eish = 0:0014.

The aerosoldepolarization is given by

aerosol
aerosol — _?

(1.25)

aerosol

The depolarization of the badkscatter contains in-
formation about the shape of the scatterer: the back-
scatter of liquid, spherical particles is not depolarized.

1.6 Further de nitions

Thus, depolarization in lidar bacscatter is a safein-
dicator for the presenceof aspherical, solid scatterers.
Special care should be taken when analyzing lidar data
with very low badkscatter, becauseequation 1.24is then
sensitive to the noisein the measuremen

The ratio of badkscatter coe cien ts at two wave-

lengths, say ;1 and , with 1 < », also called ‘color
ratio' is a function of the size of the scatterers:
_ _ aerosol( 1)
CR( 1= 2) = aerosol () (1.26)

For large scatterers,i.e. when the size of the scatterer
is much larger than , the color ratio approachesunity.

1.6.2 Numerical
models

weather prediction

The meteorological spatial elds of velocity, temper-
ature, speci ¢ humidity and geopotential usedin this
study arereferredto as\analysis elds" and stemwhen
not elsespeci ed from the EuropeanCenter for Medium-
range Weather Forecast (ECMWF). The ECMWEF in
Reading (UK) provides numerical forecastson a op-
erational basis as well as the analysesused as initial

conditions for the forecasts. The elds are available at
a time interval of 6h.

A numerical weather prediction model resolvesthe
governing equations for the atmosphere, the Navier-
Stokes and continuity equations as well as the laws of
thermodynamics. The ECMWF forecastmodel is based
on the hydrostatic primitiv e equationsand includes so-
phisticated parameterization schemes for corvection,
gravity wave drag, radiation and planetary boundary
layer processes,and was continuously reformed (e.qg.
Simmonset al., 1989;Hortal and Simmons,1991;Ritchie
et al., 1995).

1 May 1985

13 May 1985

17 Septenber 1991
1 April 1998

9 March 1999

12 October 1999
21 November 2000

T106L16
T106L19
T213L31
T319L31
T319L50
T319L60
T511L60

Table 1.1: Resolution in ECMWEF forecast model

In Table 1.1 the truncated horizontal wavenumbers
and the numbers of hybrid levels are given from 1985
onwards. Due to the chaotic nature of the atmospheric
dynamics, forecastintegrations are very sensitive to the
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initial conditions. The determination of the initial state
asexactaspossibleis basedon a worldwide operational
measuremem network with anirregular spacingconsist-
ing of primarily surfaceobsenations from weather sta-
tions, radio-sondes,aircraft obsenations and radiance
and motion vectors from satellites. The data are com-
bined with a short-range forecast(background) eld by
minimizing the di erences in a dynamically consistert
way to yield the analysis elds, aprocesshat is referred
to as assimilation.

Early assimilation techniques interpolated between
the obsened data and the badkground eld taking into
accoun the uncertainties of both values(\optim um in-
terpolation"). An enhancemeh was achieved by the
introduction of the 3-D variational (3D-Var) assimila-
tion that takesinto accourt obsenationsin a giventime
window (e.g. 3h) around the designatedanalysistime
and minimizes the error with an iterativ e variational
technique (e.g. Courtier et al., 1998;Rabier et al., 1998;
Anderssonet al., 1998). The rst 3D-Var schemewas
implemerted in ECMWF operations in January 1996.

The computationally more expensive 4-D variational
(4D-Var) analysis, introducedin Novenmber 1997,is an
extensionof 3D-Var incorporating alsothe time dimen-
sion. This is done by employing a simpli ed dynamical
model that canberun alsobackward in time. Thus, the
error between the model state and obsenational data
can be calculated at exactly the time (and location) the
measuremeis were taken by running the model itera-
tiv ely forward and badkward in time. A time window of

3his used, from Septenber 2000onwards 6h. (e.g.
Rabier et al., 2000; Mahfouf and Rabier, 2000; Klink er
et al., 2000).

The constraints of changesin the model formulation
makesit di cult to compareanalysis elds of dierent
years. Re-Analysis projects circumvert this problem by
regeneratinganalysis elds for a certain period with a
xed model formulation and the retained obsenational
data (currently ERA-15 and ERA-40).

Both temporal and spatial resolutionsare limited by
computer systemresources.To increasethe local accu-
racy of numerical weather forecastsor hindcasts, meso-
scale models with higher temporal and spatial resolu-
tion are run for selectedlimited geographicaldomains,
wherethe initial and boundary conditions are provided
by global NWP models such asthe ECMWF analyses
or forecasts (so called 'nesting' of NWP models). In
the present study large use of such mesoscalemodel
simulations with the HRM was made (seePart |, for a
detailed description of the model).
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1.6.3 Trajectories

The ECMWEF analysisand HRM hindcast elds arefur-
ther employed for the calculation of three-dimensional
and isertropic trajectories using a tool developed by
Wernli and Davies (1997) that follows a method intro-
duced by Petterssen(1956).

Numerically, the nite-di erence approximation of
the trajectory equation dx=dt = u(x) can be found by
combining the Taylor expansionsabout the position at
t = tp evaluated at t = t; and vice versa(Walmsleyand
Mailhot, 1983;Stohl, 1998):

X(t) = x(0)+ 5( Dfulto) + u(tg+

du(to) , du(ts)

+ 1.27
dt dt ( )

1 2

—(t

)
The restriction to the rst two terms is referred to as
the \constant accelerationsolution" and can be solved
iterativ ely starting with

X1(t1) X (to) + ( t)u(to) (1.28)
Xa(t1) X (to) + %( t)fu(to) + us(ts)g (1.29)

(1.30)
Xt X(to)* 5( Dfulto)+ Ui 1(t)g(1.3D)

whereu; is the velocity interpolated linearly at x;. The
identical result was obtained with a graphical approac
by Petterssen(1956).

The accuracy of trajectory calculations, in particu-
lar in the presenceof vertical motion asin the tropo-
sphere,is di cult to ascertain but has beenaddressed
in seweral casestudies (seeStohl, 1998, for a detailed re-
view). Various numerous passiwe tracer experiments in
the real atmosphereunderline the high accuracyof tra-
jectories calculated with analyzedwind elds. The use
of three-dimensionalwind elds appear to out-perform
the reduction to isertropes or isobars in the tropo-
sphere,whereaswithin the stratosphere,the computa-
tionally lessexpensiwisertropic schemeis of similar ac-
curacy (Stohl and Seibert, 1998). For the stratosphere,
it is further recognizedthat the use of ECMWF ana-
lyzed wind elds is reasonablein particular since the
4D-Var assimilation was introduced (see Section 1.1),
and a high temporal resolution as 6 h improve the qual-
ity signi cantly (Knudsenet al., 2001). An inter-model
comparison,including the one usedhereafter, revealsa
high consistencybetweenthe di erent implementations
(Stohl et al., 2001).
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For presen work, the mertioned tra jectory tool has
beenextendedin order to compute aerosoltra jectories.
In addition to air parcels, particles grow or evaporate
depending on temperature and, as a function of their
size,they fall acrossthe isertropes. A detailed descrip-
tion of thesegrowth and sedimertation processesn the
Lagrangian frame is given in Part II1.

1.6.4 Potential Vorticit y

The space-timedistribution of Ertel's potential vortic-
ity (PV or Q) is a useful eld to examinethe dynamics
of the upper trop osphereand stratosphere. PV com-
bines absolute vorticit y and static stability on a rotat-
ing sphereand the generalform derived by Ertel (1942)
can be expressed(under the hydrostatic assumption
and the earth to be spherical) in the pressurecoordinate
system by:

PV= g! r ; (1.32)
where! = + f k denotesthe absolute vorticity, =
r ~u the relativevorticity, f = 2 sin represerns the
earth rotational e ect, k is the normal vector, u the
velocity and = (po=p) T the potential temperature.

PV exhibits sewral properties that combine kine-
matic and thermodynamic aspects,and makesit a pow-
erful diagnosticfor synoptic to global scalestudies(Hos-
kins et al., 1985), although it can not be directly mea-
sured and its calculation requires spatial derivatives of
wind and potential temperature elds. This is proba-
bly why its practical usewas not possibleuntil analysis
elds from numerical models were available in the late
1970's. A comprehensie review can be found in Hos-
kins et al. (1985), a recent introduction to PV as a
diagnostic for meteorologistsis given by Morgan and
Nielsen-Gammon(1998), somecharacteristics of PV of
generalinterest are itemized below (Liniger, 2002):

Conserv ation

Under the adiabatic and frictionless assumption, PV is
materially consened

D
—PV=0:
Dt

(1.33)
Under these conditions PV may be regardedas a pas-
sive tracer. Thus for example, PV is consened on a
surface of constart  (isertrope), or vice versa, is
consened on an iso-PV surface.
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Invertibilit y principle

The spatial distribution of PV anomaliesagainsta given
badkground state and an appropriate boundary con-
dition (e.g. the surface temperature) permits the re-
construction of balanced (as balance condition, usu-
ally the geostrophic or the quasi-geostrophicapproxi-
mations are chosen)dynamics (Kleinschmidt, 1950;Hos-
kins et al., 1985). In a simplied picture, this can also
be seenasan analogyto electrostatics, wherethe charge
distribution (correspondingto PV) determinesthe elec-
tric eld and vice versa(e.g. Bishop and Thorpe, 1994;
Thorp e and Bishop, 1995).

Non-conserv ation

The consenation of PV is limited by diabatic and fric-
tional processesand the sourcesare given by (Hoskins
et al., 1985)

D
—PV=

]
Dt gl +gF r

(1.34)

Diabatic e ects (), as latent heat releasein the tro-
posphereor the (weaker) radiativ e heating and cooling
in the stratosphereand above clouds, and frictional ef-
fects (F) over orography or assaiated with turbulence
(Shapiro, 1980), can modify the PV distribution. In-
vestigations of structures in the upper trop osphereand
lower stratosphere (Liniger, 2002) revealed that con-
densational processesre the mostimportant onesboth
with respect to location and scale. A region of latent
heat release,i.e. —6 0, can induce a positive (neg-
ative) Lagrangian PV tendency before (after) passing
the heating region. The resulting changeof PV strongly
depends on the intensity and geometry of the heating
and the syndironous ascen (Stoelinga, 1996; Wernli
and Davies, 1997; Wernli, 1997; Pomroy and Thorpe,
2000)

1.6.5 Dynamical trop opause

The strong changein vertical stability resp. lapse rate
acrossthe trop opauseinduces a strong change in PV
for constart relative vorticity. Indeed, a strong ver-
tical increasein PV in the extratropical stratosphere
makes it possibleto de ne a \dynamical trop opause"
by PV. Usually, the iso-PV surface of 2 pvu (poten-
tial vorticity unit, 1 pvu = 10 ®m?s 'Kkg ?!) is used
in the extra-tropics (seeHolton et al., 1995). In the
tropics, most de nitions identify multiple trop opauses
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or fail completely (e.g. the PV trop opause). Usually,
the isertrop e of 380K is usedfor dynamical studies.

1.6.6 Equiv alent latitude

The availabilit y of high-resolution hemisphericor global
data setsmakesit possibleto calculate spatial and tem-
poral derivativesasnecessaryfor PV. The interpolation
of PV on isertropic surfacesprovides a potent perspec-
tive for the upper trop osphereand lower stratosphere
(seeSection 1.6.4).

For climatological analysesit is often customary to
calculate zonal means. A more physical approac is to
averagenot along latitude but pseudo-consered \ma-
terial tubes" (McIntyre, 1980). PV cortours on isen-
tropic surfacesform pseudo-materialtubesin an adia-
batic frictionless ow. A new coordinate can then be
created by labeling the PV value of ead contour to
its \equivalent latitude", which is the latitude of the
zonal circle that encloseshe samearea as the contour
(Butchart and Remskerg, 1986). The methodology is
not restricted to PV by any means. It could be alsoap-
plied to another consenedtracer, e.g. on PV surfaces
or even an obsened atmospheric tracers constituent.
It is however reasonableto choosea tracer that has a
strong meridional and weak zonal variability. That is,
if a parcel's PV valueis Q, then its equivalent latitude
is
A(Q)

1
1
2r2 "’

e = Sin

(1.35)

wherer, is the radius of the earth and A(Q) is the area
enclosedby the contour of constart PV whosevalueis Q
(cf. Sobel et al., 1997). If the corntour is separated(e.qg.
cut-o cyclones),the areais computed by summing up
including all \islands".

An extensionof this conceptconsidersalsothe verti-
cal spacingof the isertrop es(which results in a massin-
stead a horizontal areaweighting), but revealedno sig-
ni cant enhancemen (Nakamura, 1995). Another en-
hancemen usesa selectedPV contour co-located with
the polar vortex edgepreservingthe meridional geom-
etry polewards and relaxing it to geographicallatitude
towards the equator that tries to courter the strong
PV undulation dueto Rossly wave breakingin the surf-
zone(Norton, 1994). This method requiresan objective
vortex edgede nition and it is unclear how it can be
applied in the absenceof the polar vortex. Also, equiv-
alent latitude itself has beenusedto de ne the polar
vortex edgebasedon the PV gradient and wind veloc-
ity (Nash et al., 1996). Investigations by Sonia Hohl,
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Mark Liniger and the author indicate howewver a lim-
ited robustnesssincemultiple edgesare found regularly,
in particular if using current high-resolution ECMWF
analyseswithout smoothing.

As a demonstration for the concept of equivalent
latitude, PV and geographicallatitude are corverted to
equivalert latitude at a specic time instance. In com-
parison to the zonal mean counterpart, PV increases
polewards monotonically on ead isertrop e and regions
of isertropic gradients (corresponding to steepPV con-
tours) are enhancednoticeably.

1.7 Outline of the thesis

A: inventant toute I'histoire au fur et
amesurea al e sur le pasde la porte
t'in ventant toi te reinventant pour
la millioni eme fois oubliant tout le
lieu ou tu etais et pourquoi la Folie
Fourier et le restela ruine de l'enfant
quetu etais retournevoir si elle etait
la toujours pour t'y cacdher encorele
temps qu'il fassenuit et que vienne
I'neure du depart que cette heure vi-
enne

Samuel Beckett, Cette fois

The presert work is subdivided in three Parts, eath
of which is an acceptedpaper (Part 1) or along version
of a manuscript to be submitted for publication (Part
[l and I11). Soewvery Part contains its own intro duction
and conclusions.

In Part I, \Analysis of a jet stream induced gravity
wave assciated with an obsenedice cloud over Green-
land", the dynamical mecanismsleadingto a PSC are
investigated and reveal that not only mountain waves
canleadto stratospheric coolings su cien t for PSCsto
form.

In Part 11, \Arctic stratospheric temperature in the
winters 1999/2000 and 2000/2001: a quartitativ e as-
sessmehand microphysicalimplications", ECMWF stra-
tospheric temperatures are examined and comparedto
their mesoscaleounterparts. The implications for den-
itri cation, particle formation and chlorine activation
are investigated.

In Part 111, \A Lagrangian model study on the life
cycle of large NAT particles", a comprehensie vortex-
wide, winter-long simulation of denitrifying particles
are preserted.



Part |:
Analysisof a jet streaminducedgravity wave
assgiatedwith an obseredicecloud
over Greenland

Physique, no too soon, perhaps never, vague
bowed body bonewhite when light at full,
nothing clear but ashenglare asimagined, no,
attitudes too with play of joints most clear
more various now. For nine and nine eighteen
that is four feet and more acrossin which to
kneel, arse on heels, hands on thighs, trunk
best bowed, and crown on ground.

Samuel Beckett, All Strange Away






Chapter 2

An ice cloud

2.1 Abstract

ma téte ou est ma tete elle repose
sur la table ma main tremble sur la
table elle voit bien que je ne dors pas
le vent soue impetueux les petits
nuagesvont vite la table vogue de
la clarte a 'ombre de I'ombre a la
clarte

Samuel Beckett, Comment c'est

A polar stratospheric ice cloud (PSC type I1) was
obsened by airborne lidar above Greenland on 14 Jan,
2000. It wasthe unique obsenation of an ice cloud over
Greenlandduring the SOLVE/THESEO 2000campaign.
Mesoscalesimulations with the hydrostatic HRM mo-
del are preserted which, in contrast to global analyses,
are capableto producea vertically propagating gravity
wave that inducesthe low temperatures at the level of
the PSC a orded for the ice formation. The simulated
minimum temperature is 8K below the driving anal-
ysesand 3K below the frost point, exactly coinciding
with the location of the obsenedice cloud. Despite the
high elewations of the Greenland orography the simu-
lated gravity wave is not a mountain wave. Analyses
of the horizontal wind divergence,of the background
wind pro les, of badkward gravity wave ray-tracing tra-
jectories, of HRM experiments with reducedGreenland
topography and of seweral instability diagnostics near
the trop opauselevel provide evidencethat the wave is
emitted by geostrophic adjustment or by an instabil-
ity assaiated with an intense,rapidly ewolving, anticy-
clonically curved jet stream.

In order to ewvaluate the potential frequency of such
non{orographic polar stratospheric cloud events, an ap-
proximate jet instability diagnostic is performed for
the winter 1999/2000. It indicates that ice{PSCs are
only occasionallygeneratedby gravity wavesemanating
from an unstable jet.

2.2 intro duction

In situations where the large-scalestratospheric tem-
perature is slightly above the thresholds for the exis-
tence of NAT (nitric acid trih ydrate) or ice, gravity
waves can be e ectiv e in inducing PSCs. At the sur-
face of PSC particles, heterogeneoughlorine activation
might occur. A CI atom can in turn ewverntually de-
stroy seweral hundreds stratospheric ozone molecules.
Thus, in the last years, mountain gravity wavesgained
substartial consideration as model studies and obser-
vations confer them an important role in stratospheric
ozone depletion (Cariolle et al., 1989; Carslaw et al.,
1998). Mountain wave-induced adiabatic expansion of
air along tilted isertropescan lead to temperature dif-
ferencesof up to 13K as comparedto analyseswhich
do not contain the wave signals(Dornbrack et al., 1999)
and may allow stratospheric temperature to drop below
the ice formation threshold.

Recerily, Hitchman et al. (2003) proposedan alter-
native Gravity Wave (GW) forcing medanism for PSC
formation: wavesemitted from breaking Rosshy-waves
with an assaiated unbalanced jet stream at the tro-
popauselevel can also lead to mesoscaletemperature
uctuations in the stratospheresu cien t to cool below
the frost point (Tice).

This article will report on an ice PSC recorded by
the NASA DC-8 lidar during the transfer ight on 14
Jan 2000 from the NASA Dryden certer to Kiruna
(Northern Sweden),wherethe SOLVE/THESEO (SAGE
11 OzoneLossand Validation Experiment / Third Eu-
ropean Stratospheric Experiment on Ozone) campaign
was hosted. It wasthe only stratospheric ice-cloud ob-
served over Greenland during the entire deploymernt.
The temperatures from global analyses(i. e. from the
European Center for Medium-Range Weather Forecast,
ECMWF) arese\eral degreegoo high to explain the oc-
currenceof ice at a height of about 23km (seeFig. 2.1,
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top). A mesoscaleGW which would not be resolved
by global models could lead to the neededtemperature
decrease.This cloud obsenation (i) providesthe fortu-

itous opportunit y to investigate the capability of meso-
scalemodels to realistically simulate the stratospheric
temperature eld over the complex and large-scaleto-

pography of Greenlandand (ii) motivatesthe investiga-
tion of the dynamical medanismsthat wereresponsible
for the generation of small scalepatcheswith tempera-
ture T below Tice. The main focus of the presen study
arethe dynamicsand modeling capabilities. The reader
is referredto Luo et al. (2003) for thorough microphysi-
cal considerationsof this ice cloud. Few hours after the

DC-8 obsenation the NASA ER-2 aircraft alsocrossed
Greenlandduring its transfer igh t and obsenedan en-
hancedwind and temperature variance. This alsocould
be attributed to a GW and deliversa further validation

opportunit y for the mesoscalenodel. In the remaining
of the introduction some general badkground on grav-

ity wave generation medchanisms{ a key aspect of the

presert study { is provided.

Gossardand Hooke (1975) review the following mecdh-
anismsthat canact asenergysourcesfor GWs: cornvec-
tion, density impulses(acceleratingfronts), geostrophic
or ageostrophicadjustment, topographical forcing and
vertical shearinstability. There is no necessaryconnec-
tion between the poorly understood processesof ad-
justment and instability. For an up-to-date discussion
of this issueseeMcintyre (2003).

Seweral articles report obsenations of inertia GW
which could be attributed to emanate from vertical
shearinstabilities or adjustments, e. g. Thomas et al.
(1999); Pavelin et al. (2001); Hertzog et al. (2001); Pe-
ters et al. (2003). In the casesdiscussedby Shibata
et al. (2003) and Hitchman et al. (2003), the GWs were
induced near the level of an unbalancedjet stream and
led to the formation of PSCsasobsenedby lidars. The
characteristics of thesewaveswere 100 1000km
horizontal wavelength, 1:7  12km vertical wavelength
and 10 23h for the ground basedwave period.

Uccellini and Koch (1987) analyzed13 casesof wave
everts over the USA with horizontal wavelengths50 <
h < 500km which all wereinitiated by adjustment or
instabilit y. Analyzing eight casesof obsened mesoscale
varianceenhancemets in the temperature and horizon-
tal wind velocity, Fritts and Nastrom (1991) found one
caseead due to topography and jet-stream instabilit y.
These two casesshowed the largest mean variancesin
wind and temperature.
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Using a hydrostatic spectral model O'Sullivan and

Dunkerton (1995) were able to simulate the life cycle of
an initially balanced baroclinic wave, generating iner-

tia GW, by spontaneousageostrophicadjustment near
the level of maximum wind speed, in the vicinity of
the jet-stream exit region. In an other idealized setup,
Sutherland and R. (1995), using nonlinear incompress-
ible Boussinesg- onv simulations restricted to two di-
mensions,pointed out that a precondition for the onset
of a Kelvin-Helmholz instability is that the maximum
shear on the upper ank of the jet, which typically
is situated near the trop opause,is shifted downward
by about 1km into a region in which the static sta-
bility is small. By reviewing obsenations, theory and
model studies, Knox (1996) showved a stark connection
between strongly anticyclonic o w situations and GW
activity induced by adjustment or inertial instabilit y.
With atwo{dimensional incompressibleBoussinesgmo-
del, Scinoccaand Ford (2000) were able to simulate the
Kelvin{Helmholz instabilities of the shearlayerthat en-
genderslarge{scale GW radiation.

In order to investigate the dynamical medanisms
that lead to the generation of obsened GWs over Gre-
enland on 14 Jan 2000, we have performed meteoro-
logical simulations, comprising the ertire island. Meso-
scalesimulations of the southerntip of Greenland,for a
mountain wave event reacing the stratospherein 1992,
including validation with obsenations (which were pre-
serted and discussedby Chan et al. (1993)) were al-
ready performed by Leutbeder and Volkert (2000).

In the following section, the limited{area model and
its setup are preseried. The lidar ice-cloud obsena-
tions are shown in section 2.4. Then, in section 2.5,
the secondGW signature measuredon the same day
is introduced and the mesoscalesimulations compared
with obsenations. In Section 2.6 the medanismsthat
producedboth GWs are investigated and the wave sig-
natures found in the mesoscalenumerical experiment
interpreted. Backward ray trajectories are displayed
and discussedin section 2.6.3. The more general po-
tential for jet-induced GWs which might lead to PSC
formation is estimated for one winter seasonin section
2.7.

2.3 Meteorological models

In the following subsectionsthe model data utilized in
this study are described.
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Figure 2.1: Backscatter ratio (BSR) at 1064nm from the DC-8 LaRC lidar during a igh t over Greenland on January
14, 2000. Overlayed are the 4-D interpolated temperature elds from (top) the ECMWF analysesand (middle) the HRM
mesoscalemodel simulation. The lower panel displays the underlying orography with resolutions of 0.0125 (red line),
0.125 (blue line) and 0.125 , Gaussian lItered (black line, as usedin the simulation). The ight path is shown by the
orange line in Fig. 2.4 (top).
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2.3 Meteorological models

2.3.1 ECMWF analyses

The ECMWEF operates a spectral meteorological mo-
del and usesa four-dimensional variational data assim-
ilation scheme (4-D var) since November 1997 (Rabier
et al., 2000). It makesuse of the advanced microwave
sounding unit data which greatly improved the Arc-
tic stratospheric temperatures (ECMWF, 1999). The
triangular truncation version T319 (corresponding to
a grid size of 60km) has been introduced in April
1998and additional vertical levelsin March 1999. Since
then, the ECMWF model includes 60 levels, of which
typically about 30 are in the stratospherei.e. above the
2pvu (potential vorticity units, 10 ®m?s 'K kg ?) tro-
popausefor the consideredlatitudes and season.

These6-hourly ECMWEF analysesprovided the ini-
tial conditions and lateral boundary data for the meso-
scalesimulations described below.

2.3.2 HRM
The model

The limited-area high resolution model (HRM) is the
successopf the Europa-Modell (EM, ECMWF (1991)).
The EM was used operationally by the German and
SwissWeather Servicesuntil early 2001. In the hindcast
mode, it is intensively applied for regional climate sim-
ulations (e.g., Luthi et al. (1996)). In this climate ver-
sion, a 15-yearintegration over Europe revealeda good
agreemen of simulated precipitation with obsenations
and other limited-area models (Frei et al., 2003). Dur-
ing the SOLVE/THESEQO deployment, the HRM pro-
duceddaily quasi-operational stratospheric forecaststo
help mission planing. Fueglistaler et al. (2003) ex-
amined the mountain wave induced PSC evernt over
Scandinavia on 25 Jan 2000 (seealso Dernbrack et al.
(2002)). Using a microphysical box model and tra jec-
tories from a HRM simulation, they could realistically
reconstruct the obsened lidar signals assiated with
the PSC.

The HRM integrates the set of primitiv e equations
in the hydrostatic limit in hybrid pressurecoordinates
(terrain-following sigma coordinates near the ground
and constart p-levelsin the stratosphere). The prog-
nostic variablesare perturbation pressure temperature,
the three wind componerts aswell as speci ¢ humidity
and cloud liquid water content. The full physics form
includes parametrizations of radiation and cornvection
(ECMWF, 1991).
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A linear fourth order di usion is applied in the hor-
izontal to ensure numerical stability. The di usion is
scaleselective, where only the wavesup to four times
the meshwidth are noticeably attenuated. As the fourth
order di usion correspondsto a v e points-operator, a
secondorder di usion is applied at the borders of the
domain. In the vertical direction, the di usion parame-
trization is basedon a ux-gradient approach in which
the turbulent vertical uxes are proportional to the ver-
tical gradient of the variable to be attenuated and a
di usion coe cien t. The computation of the turbulent
vertical di usion coe cien ts is basedupon the second
order closure of the equationsfor higher momerts.

The HRM has been tested for ow past obstacles
in idealized conditions (Luthi, 1994). The response of
a uniform, constartly strati ed, adiabatic and inviscid
ow to a bell-shaped, isolated mountain was found to
be in good agreemem with analytical solutions. The
radiativ e upper boundary condition of the model based
on Bougeault (1983) and Klemp and Durran (1983) (see
Herzog(1995) for its application to hybrid coordinates)
was found suitable and showed no sign of spurious re-
ection.

Setup of the Greenland simulations

A dry physicssimulation without convectionwasinitial-
ized on 13 Jan 2000,12UTC which includes the other
parametrizations (soil processesyradiation and turbu-
lence). It is performed for 30 hours with a computa-
tional time step of 25 secondsand output is produced
every hour. Sensitivity experimerts, for a wide range of
parameters (which will be discussedin the Appendix),
showed for instance that inclusion of moist thermody-
namics and the exclusion of radiation, in the presen
case,havellittle or no e ect on modeling the generation
of GWs and their propagation into the stratosphere.

The model orography is derived from the 30" spaced
elewation data setfrom the U.S. GeologicalSurvey, Sioux
Falls, South Dakota. For the present simulation, a
Gaussian lter is applied to the orography in order to
reducethe short wavelength contributions to the moun-
tain waves(seeFig. 2.1) as nite di erencing errors are
large for waveswith wavelength closeto twice the mesh
width.

In the stratospherea relatively high vertical resolu-
tion is necessaryin order to resolve GWs, astheir ver-
tical wavelength might becomesmall due to high static
stability and vertical wind shear. Therefore an equidis-
tant level spacing of approximately z  700m has
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2.4 Ice cloud above Greenland on Jan 14, 2000
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Figure 2.2: Temperature in K (a) and cooling rate in Kh ! (b) along the air trajectory started at the time and location
of maximum observed backscatter ratio. The dashedline in panel (a) indicates the time evolution of HRM temperature

at the trajectory's starting point.

been chosenthroughout the model atmosphere. (This
vertical resolution is at the lower limit, but could not be
increasedfurther for such a large domain due to com-
putational restrictions.) There are 60 vertical levelsin
total with the model top at 2hPa ( 42km). The hor-
izontal resolutionis x = 0:125 which correspondsto

14km and the simulation comprisesthe ertire island
of Greenland (145 x 201 grid points, seeFig. 2.4 for a
view of the domain). Simulations for suc large a do-
main (1800 3000km) are challenging and the lidar
and ER-2 in-situ obsenations provide the possibility to
validate aspects of the numerical experimerts.

2.4 Ice cloud above Greenland
on Jan 14, 2000
2.4.1 Lidar observation

During the foremertioned igh t, the NASA DC-8 LaRC
Aerosollidar (a piggy-bad instrument measuringbadk-
scatter ratios at 354nm and 1064nm as well as de-
polarization at 532nm) recorded both types of PSCs
above Greenland. The lidar recordings of the ight
segmen within the mesoscalesimulation domain (see
Fig. 2.4) are shown in Fig. 2.1. For a badkscatter ra-
tio at 1064nm greater then 50 (red), water ice (PSC
typell) can safelybe assumeddue to the large amourt
of condensatedmass,and lower values (backscatter ra-
tio lower than 30, green and dark blue) indicate the
presenceof supercooled ternary solution droplets (PSC
typel). The ice cloud near 23 W, 77 N at an altitude
of 23km (correspondingto 25hPa or 520K) has
a horizontal extensionin the aircraft ight direction of

50km and is the certral feature of the presert inves-
tigation. Its horizontal location is indicated in Fig. 2.4

(top, orangecircle) and is closeto the easterncoast of
Greenland.

The ECMWEF temperatures (overlayed contours in
the upper panel of Fig. 2.1) are too high to allow ice
formation: at the height of the obsened ice cloud the
ECMWEF temperatureis 189K which is morethan 3K
above the frost point at 25hPa (assuminga water mix-
ing ratio of 6ppmv). For the homogeneousucleation
of ice particles, temperatureseven 3K below the frost
point (i. e. 183K) are required (Koop et al., 2000).

The disposition of the single PSC lidar signals sug-
gests that gravity waves could accourt for the regu-
lar appearance of the required cold patches, namely
with a vertical and horizontal wavelengthsof the order

; 4and  180km. Closerinspection of the ice
cloud revealsthat a wavetrain with much smaller scale,

h  15km, is superimposed. We hypothesizethat this
ne-scale features are assaiated with vertically propa-
gating non-hydrostatic GWSs triggered by the complex
structure of the underlying topography. However, these
structures havetoo small a scaleto be resolved by a hy-
drostatic model for the entire Greenlandisland. There-
fore, the model analyseswill be restricted to the inter-
pretation of the ice cloud as a whole and not consider
its internal structure.

2.4.2 Air tra jectory

The cooling rate of air parcelsinvolved in the PSC for-
mation is an important factor determining the cloud's
microphysical composition. Here we usethe HRM sim-
ulation output which (in contrast to ECMWF) provides
a realistic stratospheric temperature eld for this par-
ticular case(as discussedin Section2.5.1).

In order to estimate the cooling rate that air parcels
undergo as they becomepart of the ice cloud, we com-

puted an air tra jectory from the location (22.6 W, 77.3 N)

and time (8UTC) of maximum obsened badscatter
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2.4 Ice cloud above Greenland on Jan 14, 2000
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Figure 2.3: The synoptic situation on Jan 13, 18UTC (a)
and Jan 14, 6 UTC (b) from ECMWF analysis data. Color:
potential vorticit y [pvu] at 320K, blue contours: wind speed
at 370hPa (isolines for 30, 45 and 60ms ) and black vec-
tors: wind vectors at the model lowermost level if velocity
>5ms !, south of 80 N. The violet contour denote the
vortex edgeon the 665K isertrop e.

ratio (cf. Fig. 2.1), backward and forward in time,
with the HRM wind elds. A description of the tra-
jectory calculation tool can be found in Wernli and
Davies (1997). The temperature as well as the cool-
ing/w arming rate along the trajectory are shown in
Fig. 2.2 and the horizontal trace of the trajectory is
drawn in Fig. 2.4 (top, black line). The air parcel's
temperature oscillations have a time scale of about 2
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hours while traveling over Greenland, possibly due to

GWs, and only for a short time period (< 1h) temper-

ature goesbelow Tice. 1h after the occurrence of the

PSC the air has warmed by 13K and T exceedsalso

the threshold for the existence of NAT. Note also in

Fig. 2.2athe striking di erence of the temperature ex-

periencedby the PSC air parcel and the more slowly

varying local temperature ewvolution. As a consequence,
during the short time neededfor the air parcel to cross
the cold region, the wave can be regarded as frozen.

The cooling rate (Fig. 2.2b) at the onset of nucle-
ation controls the resulting ice particle number density.
Here, the high rates (> 40Kh 1) leadto freezingof the
great majority of the liquid ternary solution droplets,
resulting in an ice PSC with particle nhumber density
n 10'cm 2 (Fueglistaler et al., 2003). This cooling
rate stays in good agreemen with the onesfound by
Luo et al. (2003), who derived an air trajectory from
the lidar PSC measuremen

The calculated cooling rates exceedthe onesquoted
by Shibata et al. (2003) and would not lead to substan-
tial dehydration due to the small particle sizesand the
short lifetime of the ice particles of 0:5h. The sedi-
menting velocity of particles with radii 1 m is about
1mh 1, thus the fall distanceis lessthan 1m. It has
beensuggestedthat NAT can nucleate on ice particles
(Carslaw et al., 1998;Luo et al., 2003). Based on the
temperature history along the trajectory (Fig. 2.2a),
the air parcel remains below the equilibrium temper-
ature for NAT (Hanson and Mauersberger, 1998) only
about one hour and thereafter particles will evaporate
rapidly. This duration is too short for substartial den-
itri cation induced by this particular ice cloud. A de-
tailed discussionof the microphysical life cycle of other
PSC particles can be found in Fueglistaler et al. (2003)
and Luo et al. (2003).

2.4.3 The synoptic situation

Here,using ECMWF analysisdata, we presert the syn-
optic situation in the region of Greenland during the
hours prior to the ice cloud obsenation. From the 13th

of January 18UTC (Fig. 2.3a)through the 14th, 6UTC
(Fig. 2.3b) and further to the 15th, a pronounced up-

per trop ospheric ridge shifts northeastwards from the
southeastof Greenland,asseenby the protruding tongue
of low PV air on the 320K isertrope. This ridge ini-
tiated already on the 12th Jan 2000 and transformed
into a mid-trop ospheric anticyclone on the 16th with
closed500hPa-geoptential isolines (not shown). This
anticyclone is assaiated with a negative upper-level
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Figure 2.4: Mesoscaletemperature [K] elds from the HRM
simulation on 14th of January 2000, 7UTC (23km height,
top) and 18UTC, at the cruise altitude of the ER2 (19.3km,
bottom). Regions with T < Tiee (' 1862K, top and '
1887 K, bottom) are shown in green and the regions with
T < Taat (¢ 1916K, top and ' 1952 K, bottom) are
displayed in blue. Orange overlayed lines are the DC-8 (top)
and ER-2 ight pathes (bottom). The crossesdenote the
locations of the airplanes at the model output time. The
circles denote the position of the obsenation of gravity wave
signatures. The black line in the top panel is the horizontal
trace of the air trajectory shown in Fig. 2.2.

2.5 Wave signaturesin the HRM simulations

PV-anomaly (Schwierz, 2001) and remains quasi-
stationary between Greenland and Europe until the
25th of January. As underlined by Knox (1996), strong
anticyclonically curved ows may be regionswith large
vertical shears. Theseregions,by meansof geostrophic
adjustment or inertial instability o er medanisms for
GW generation.

The jet-stream which goesalong with the region of
maximum PV gradients is very intense and strongly
curved. On the 370hPa surface, wind speedsexceed
60ms ! in the vicinity of the trop opause(seethe blue
cortours). At 18UTC Jan 13(Fig. 2.3a), there is strong
de ection betweenthe S{N aligned jet streak south of
Greenlandand the westerly jet streak acrossGreenland
further north. 12 hours later (Fig. 2.3b), upper level
winds blow about parallel to the SE coastof Greenland
and a northerly jet streak has formed NE of Iceland.
Generally, the synoptic situation in the Greenland re-
gion has a strong non-stationary character during this
time period ascon rmed in Fig. 2.6 displaying the time
ewolution of the wind pro les at the location of the ice
cloud.

In the lower troposphere, a slowly ewlving low-
pressuresystem (which is not assaiated with corvec-
tion) dewvelopsfrom the 13th to the 15th January on the
south-western tip of Greenland producing a southerly
surface ow south of the island (see wind vectors in
Fig. 2.3). Theseintenselow-level winds (up to 20ms 1)
favor the orographic generation of vertically propagat-
ing GWs, at leastin the south and middle of the island,
the situation in the north being more complex.

At around 26km height the vortex edgeis approxi-
mativ ely zonally aligned (seepurple cortours in Fig. 2.3).
Parallel alignmernt of the trop osphericand stratospheric
jets privileges the vertical propagation of GWs (irre-
spective of the generation mecanism) and can lead
to enhancedGW-induced temperature perturbations in
the stratosphere (Whitew ay and Duck, 1999).

2.5 Wave signatures in the HRM
simulations

In this section GW structures in the HRM simulation
are explored. The focusis (i) onthe GW that led to the
formation of the ice PSC obsenedby the lidar on board
the DC-8 (this GW will be referred to as 'wave DC8'
hereinafter), and (ii) to GWs identied from the ER-
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Figure 2.5: Temperature (a) and zonal and meridional wind
(b) measuremerts aboard the ER-2 aircraft on January 14,
2000(1 secresolution) within the mesoscalesimulation do-
main aswell asECMWF and HRM temperatures along the
igh t path which is shown in Fig. 2.4 (bottom).

2 in-situ measuremets (in the following ‘wave ER2").

The obsenations serwe also to quartitativ ely validate
aspects of the model simulation.

2.5.1 Horizon tal views of mesoscale tem-
peratures

A horizontal view of the HRM temperature eld at the
time (7UTC 14 Jan, 17h after the start of the simu-
lation) and height (23km) of the maximum obsened
lidar badkscatter ratio (Fig. 2.1) indicates rich meso-
scalepatterns. Seweral spots exist over Greenland with
stratospheric temperatures low enoughto allow PSC
type Il formation (T < 183K; Fig. 2.4, top). Vertical
sectionsthrough these potential locations of ice-clouds
(not shown) exhibit evidencethat these cold spots are
induced by dierent GW with clearly di ering char-
acteristics as horizontal and vertical wavelengths (see
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also Section 2.6.3, where the wave characteristics will
be speci ed quartitativ ely). Note that the southern-
most cold location ( 32 W, 72 N) has been sam-
pled by the ER-2 about eleven hours later, when the
wave activity has weakened in the mesoscalemodel.
Figure 2.4 (bottom) shows the HRM temperatures at
the time (18UTC) and ight altitude (19.3km) of the
ER2 obsenation. Here also, the HRM producesverti-
cally propagating GWs at the location of temperature
and wind variance enhancemen obsened by the ER-2
(Fig 2.5).

2.5.2 Mo del validation with observations

The vertical sectionof HRM temperature alongthe DC-

8 igh t path (Fig. 2.1, bottom) revealsclear GW signals
leading to large deviations from the ECMWF analyses
(compare with Fig. 2.1, top). Near 23 W, the meso-
scalesimulation producesa temperature minimum 8K

colder than the analyses(and 4.5K below the frost

point), at the exactlocation of the ice cloud. This isin

good agreemen with Luo et al. (2003) who estimated
mesoscaldemperature variations of 7K with respect
to the ECMWF analyses by matching backscatter ratio

of ice particles obtained from a microphysical model to

the measuredbackscatter ratio aboard the DC-8. The

horizontal and vertical extension of the ice cloud, as
seenin the lidar plane, is also very well reproduced by

the HRM. The other (type I) clouds obsened by the

lidar do not always exactly correspond to, but are close
to alocal HRM temperature minimum.

Aboard the ER-2, the meteorological measuremen
system(MMS) is collecting data with a sampling rate of

10Hz and an uncertainty of 0.3K for temperature and
1ms ! for the airspeed(Scott et al., 1990). This yields
low-pass ltered data at a resolution of 1secor 200m
horizontal distance at mean cruise speed. The MMS
temperature, zonal and meridional wind obsenations
aredisplayedin Fig. 2.5alongwith the HRM simulation

and ECMWF analysesinterpolatedin time and spaceto
the ight path. The limitations of the HRM resolution
(15km in spaceand 1h in time) indicate that no perfect
agreemen with the obsenations canbe expectedon the
smallest scales. The obsenations shov enhancedtem-
perature and wind variancearound 30 W which canbe
identied asa GW signature, as noted by Chan et al.
(1993). HRM temperatures and winds also show en-
hanced uctuations at the right location, however with

too long a horizontal wavelength. They oscillate around
the driving ECMWF analyses,and thus, if the analy-
sesare biased (positively at the beginning and end of
the considered igh t segmert) the (uctuating) meso-
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Figure 2.6: Time and vertical evolution of the ECMWF
wind intensity (arrow length) and wind direction (wester-
lies are horizontal arrows to the right) interpolated to the
location of the ice cloud obsenation (22.65 W, 77.32 N).
The right axe displays the mean pressureon the respective
ECMWF model level at the location of the cloud.

2.6 Interpretation of HRM wave signatures

scale temperatures and winds are likely to show the
samebias. The overall HRM di erences with respect
to the obsenations are weakly positive for temperature
(lessthan 1K with a standard deviation of 1.7K) and
slightly negative for wind velocity (-0.7ms 1).

These qualitativ e and quartitativ e comparisons of
HRM temperatures and winds with the available inde-
pendert measuremets, point to the capability of the
HRM to produceaccuratepropagating GWs above Gre-
enland up to the middle stratosphereand completesthe
validation of this HRM simulation.

of HRM wave

2.6 Interpretation

signatures

Various diagnostic techniques are applied to the HRM
model output in order to obtain evidencefor the origin
of the two GW structures (‘wave DC8', ‘wave ER2')
discussedin the last sections. The diagnostics mainly
include analysis of wind pro les, investigation of the
horizontal divergenceof the wind eld patterns and de-
tailed GW ray tracing calculations.

2.6.1 Wind proles

We rst look at the time ewolution of the badkground
wind proles from ECMWF analysesinterpolated to

the location of the ice cloud obsenation. Note the high
unstationarity of the wind pro le and the strong wind

around 250hPa in Fig. 2.6, even at this high latitude.

The changeof wind direction with height of more than

90 in the layer from 900 to 500hPa on the 14 Jan
2000,00 UTC points to the existenceof a critical layer
(at least for stationary waves) which prevents moun-
tain wavesto propagate upward into the stratosphere.
At critical surfaces,the badkground basicwind matches
the phasespeedof the wave. Therefore, a critical level
avoids vertical propagation of a wave depending on its
speci cations. As mertioned above, the small scaleun-
dulations seenin the badkscatter signal (Fig. 2.1) might
be causedby orographic waves. But They would have
to propagate vertically without encounering a critical

surface, or prior or after the occurrenceof this critical

layer, or, get their way through the trop osphere not
literarily vertically. In contrast, for ‘wave ER2' (not
shown), the wind direction changeslesswith height and
the wind pro le allows vertical wave propagation from
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Figure 2.7: HRM-Div ergence(blue) and convergence[10 °
18UTC)

s 11 eld along the DC-8 (top, 7UTC) and ER-2 (bottom,
igh t paths on Jan 14 2000 as a function of longitude and pressure. The black crossin the upper panel shows

the location of the obsered ice PSC. The lower solid curve reproducesthe underlying smoothed orography.
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Figure 2.8: SameasFigure 2.7 but for a HRM simulation for
which the orography has beenuniformly reduced by 25%.

the surface to the middle stratosphere. These wind

proles are a rst indication that 'wave ER2' can be
a vertically propagating mountain wave whereas'wave

DC8' might not.

2.6.2 Div ergence along igh t trac ks

The horizontal wind divergencecalculated from the HRM
simulations is shown in Fig. 2.7 along the two igh't

paths for the 14th of January 07UTC (top, 'wave DC8')
and 18UTC (bottom, 'wave ER2'). The alternation
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of convergenceand divergenceas well as the bad tilt

of the constart phaselines are characteristic of verti-

cally propagating GWs. For 'wave ER2', vertical co-
herency is obvious from the Greenland mountains to
the model top and thus, this wave is due to an oro-
graphic forcing. For ‘wave DC8', the patterns corrob-
orates the indications from previous section: that this
wave is not a mountain wave. According to Fig. 2.7
its origin might be situated in the upper trop osphere.
This is con rmed by careful inspection of many verti-
cal divergencesectionsin other planes(not shown). A
set of cross-sectionscertered at the cloud obsenations
and sections perpendicular to the ight route for the
erntire HRM-simulation time span reveal that there is
no mountain wave sourcein the vicinity of the section
preserted in Fig. 2.7. They alsoshow that the displayed
signature in Fig. 2.7 is not the remnant of a mountain
wave excited hours before. Note that from Fig. 2.7,
'‘wave DC8' appearsto be horizontally more extended
and hasa larger horizontal and a smaller vertical wave-
length than 'wave ER2'.

Figure 2.8 shonsthe samevertical sectionsasFig. 2.7,
but for a HRM experiment for which the height of the
Greenland topography has beenreducedby 25%, lead-
ing to a maximum Greenland elevation of 2367instead
of 3155m. It shaws that while 'wave DC8' is scarcely
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a ected, the divergencesignature of 'wave ER2' almost
disappearsin this sensitivity experiment. This givesa
further clue to the above hypothesis about the waves'
origins.

In order to further corroborate the jet-stream ori-
gin of 'wave DC8', badkward ray trajectories will be
computed in the next section.

2.6.3 GW ray tracing

Here we apply the GW ray tracing technique to our
'wave DC8' case. This technique has provento be use-
ful for determining the sourceof GWs obsened in the
stratosphere. (Hertzog et al., 2001). The version of
the ray-tracing equations applied here is (Jones, 1969;
Lighthill, 1978;Hertzog et al., 2001):

dx; _ @

da T &

d @ oo

T - & (i=123); (21

with x = (X1;X2;X3) the wave padket position, k =
(k;1; m) = (kg; ko; k3) the zonal, meridional and verti-
cal wavenumbersand ! the wave's apparent frequency

This setof equationsis complemeried by the non-hydrostatic

dispersion relation:

N2 12
m?= ——2 fS(k2+ 12);
o

(2.2)
where ! ¢ is the wave's intrinsic frequency and N the
Brunt Veisala frequency Intrinsic and apparent fre-
guencyare further linked by the Doppler shift equation:
' =1o+ ku+lv; (2.3)
with u and v the zonal and meridional wind compo-
nents. The system of equations. 2.1 can be solved for
a three-dimensionaltime-varying structure of the back-
ground elds, asexposedin Hertzog et al. (2001). The
rst equation of the systemstatesthat the wave packet
trajectory is given by its ground-basedgroup velocity,
while the secondequation expressesthe refraction of
the wave vector along the trajectory due to the inho-
mogeneities of the propagating medium (wind shear,
variations of N 2). For the derivation of system2.1, the
WKB approximation is necessary:the properties of the
badkground medium have to vary slowly on a time and
length scale comparable to the wave parameters. In
terms of vertical wind shear,the Richardson number of
this propagating medium hasto be su cien tly high.

2.6 Interpretation of HRM wave signatures

In order to cortrol the accuracy of the numerical
scheme preserted above, we rst compare the wave
padket frequency ewolution obtained from the disper-
sion relationship 2.2 with a direct estimate of ! , which
is computed through integration of

d _ @@’ @

it a2 @ @
in the sameway as equations. 2.1, with u = (u;Vv). In
the ensenble simulation preserted below, both estima-
tions do not dier more than 0.1% which gives con -
dencein the numerical scheme.

(2.4)

A secondaccuracy test is performed by reversing
the ray trajectory simulation, i.e. we verify that taking
the wave characteristics at the end of the backward in-
tegrations asinitial conditions for a forward integration
leadsagain to the terminal wave characteristics.

Finally, we also examinethat the WKB approxima-
tion remainsvalid during the integration. As in Marks
and Eckermann (1991), the validity of this assumption
is chedked by computing the Liouville-Green parame-
ters which respectively measurethe local rate of change
of the zonal, meridional, vertical wavenumbers and in-
trinsic frequency As an example,

1 @&

- (2.5)

is the Liouville-Green parameterfor k, the zonalwavenum-

ber. The other parameters are computed analogously
Theseparametersare calculated during the integration
of the ray equationsand enableusto control the valid-
ity of our results. In the simulation presened below,
these parametersare order 0.1 in the stratosphereand
order unity in the vicinity of the trop osphericjet (not
shown), where the accuracyis therefore smaller due to
the strong vertical wind shear. The badkground elds
(horizontal winds and static stability) necessaryfor the
integration are taken from the ECMWF analyses.

To compute backward ray trajectories, the termi-
nal wave speci cations (direction of propagation, in-
trinsic frequency and vertical wavelength or the three
wavenumbersat the time of obsenation) are requested.
As the uncertainty in theseterminal wave speci cations
is a large sourceof error, we computed an ensenble of
badkward ray trajectories with varied terminal condi-
tions.

The way these wave characteristics are derived is
exposedin the following section and then the result of
the backward ray tracing simulation is presered.
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Figure 2.9: Vertical pro les (using HRM data) at the location (22.6W, 77.3N) and time (8 UTC) of maximum backscatter
ratio obsenation. Panel a) shows the zonal (solid) and meridional (dashed) wind components along with their (13{34 km

height) tted

rst order polynomial (thin lines), while the deviations thereto are represerted in panel b) along with the

analoguetemperature uctuations (dash-dotted line). The parallel (solid) and perpendicular (dashed) wind variancesare

revealed as a function of the propagation angle in panel c).

Table 2.1: Gravity wave packet speci cations and uncer-
tainties.

! 0:f
33 1.0

x_[km]
384

h_[km]
8 1.2

-173 4

W ave speci cations

The following procedurehasbeenapplied to determine
the characteristics of the (supposed monochromatic)
wave padket at the time and location of the ice cloud ob-
senation. At this time and location, a vertical sound-
ing has been performed through the HRM model at-
mosphere. The resulting zonal and meridional wind
pro les are shown in Fig. 2.9a. The horizontal veloc-
ity vector rotates anticyclonically with height, which is
consistert with an upward energy propagation and a
negative vertical wavenumber m (using the corvertion
that the intrinsic frequency! o is positive).

In order to derive the wind oscillations induced by
the gravity wave, a linear t (thin line in Fig. 2.9a
within the range13to 34km) hasbeensubtracted from
the actual proles. The resulting wind and tempera-
ture perturbations are displayed in Fig. 2.9b. For the
presen case,this method provided a more consistern
and robust signal than the hodograph method usedfor
instanceby O'Sullivan and Dunkerton (1995) and Hert-
zoget al. (2001). Reasonableestimation for the vertical
wavelength can be obtained from the di erent variables
and height ranges(Fig. 2.9aor b) leadingto , =8000

1200m.
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Then, to determine the correct wave propagation
angle, , we varied betweenO and 179 (0 stays
for eastvard wave propagation) and identied the an-
gle with maximum variance of the parallel wind (see
Fig. 2.9¢c). The wind componerts have therefore been
projected to the parallel and perpendicular direction of
the propagation angle, between21 and 28km, which is
the height range where the wave signal can clearestbe
identi ed in the consideredsounding (seealsoFig. 2.1).
It turns out that a maximum existsfor = 7 for which
the parallel wind variance (solid line) reaches72m?s 2.
There remainsan ambiguity of 180 about the propa-
gation direction, which will be treated after estimating
the magnitudes of the horizontal wave numbers. The
polarization equations (Andrews et al., 1987),

hoi " #
ud cogmz + )
vO

= AROI !f—osin(mz+ )

; (2.6)

state that the ratio between the propagation parallel
and perpendicular wind variances are equal to ! o=f,
wheref is the Coriolis parameter. [R()] is the rota-
tion matrix which allows the phasespeedto be aligned
with the propagation direction, A is the wave amplitude
and aphase{shift. In our case,the ratio for =7 is
I o=f = 3:3, which yields an intrinsic period of 2 =! o =
3:72h, in agreemen with the assumption of an inertio
GW in the rotating waveregime(f . !¢ N). Know-
ing that jtan | = jl=kj, the horizontal wavelength can

be estimated, leadingto 1, = sqrtl2(72+|2 = 384km.

The ambiguity in the group velocity direction of the
wave, or in other words in the sign of the horizontal
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(d) vertical wavelength
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Figure 2.10: Variables along the 175 backward ensenble ray trajectories: (a) altitude, (b) meridional (dashed) and zonal
wind components from ECMWF analyses, (c) zonal and meridional (dashed) wavelengths, (d) vertical wavelength, (e)
Richardson number from ECMWF (dashed) and HRM and (f) intrinsic and apparent (dashed) frequencies. The time of
obsenation, (to), is 14 Jan 7Th30UTC. The most likely trajectory is displayed in red. The stars show the supposedtime

of generation (seetext).
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Figure 2.11: Four{dimensional linear interpolation of the
Richardson number (colors) from the HRM data along the
ray-tra jectory which is indicated by the black line asa func-
tion of pressureand time (secondsfrom 13 Jan OUTC). The
cross denotes the minimum Richardson number along the
trajectory and the possiblelocation of wave generation (see
text). The white contours denote the wind velocity (con-
tours for 40, 50 and 60ms l); the violet contour show the
positive vertical shear (contours for 12.5and 17.5 10 3s !);
the blue contour trop ospheric low static stability regions
(N2 = 1:25 10 “*s 2) and the dotted black curve shows
the trop opause (de ned by the PV=2 pvu potential vortic-
ity isosurface).

wave numbers can be removed with the help of the
Doppler shift, equation 2.3. At the cloud location and
time of obsenation, the ECMWF analysesgiveu 45
and v 7ms 1. For k < 0, the calculated apparert
period is {16.3 2 =! {4.5h and for k > 0, 2 =!
is comprised between 1.3 and 1.7h. Independertly,
the wave apparert period can be estimated from the
time ewolution of the temperature at this xed location
(Fig. 2.2a) which givesj2 =!'j 10h. Clearly, positive
wavenumbers cannot explain the existing Doppler shift
and therefore k < 0. Furthermore, as the wave vec-
tor is aligned with the direction of propagation, k <0
also implies that | < 0, thus the e ectiv e propagation
angleis = 173 and the horizontal wave vector is
directed towards west-south-west. For simplicity, the
ray trajectory computed from this rst estimation of
the wave parameters,k, | and m (seeTable 2.1) will be
referredto as'rst guessray' hereinafter.

Note that the apparert frequency determined from
the temperature evolution at the location of cloud ob-
senation and estimated from the Doppler shift equa-
tion di er, but have the sameorder of magnitude. We
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will accourt for this discrepancyby starting an ensem-
ble of rays, as noted above and described below. Fur-
ther, the presert wave parameters lie in the range of
previously obsened/simulated jet-induced gravity waves.

In order to take account of the errors which amplify
along the ray simulations from the terminal conditions,
we started an ensenble of ray trajectories, with ini-
tial conditions given by the uncertainties of the wave
parameters, which we estimated generously The wave
parametersalong with their estimated uncertainties are
summarized in Table 2.1. We allowed , to vary be-
tween 6.8 and 9.2km, in steps of 400m, and, and
I o=f as indicated in Table 2.1, with eac 5 possible
values. In total, this yields 175initial conditions. As a
consequencethe horizontal wavelength varies between
241 and 684km.

The only parameters we assumedto be perfectly
known are the time, height, longitude and latitude of
the cloud obsenation. Becausethe ray trajectories
were found to be little sensitive to their initial height
within the rangezp = 23 1km, all tra jectorieswereini-
tiated at 23km, 22.6W and 77.3N at Jan 14,0730UTC.

Results

The results are depicted in Fig. 2.10 for all 175 back-
ward ray tra jectories, with the ' rst guessay' indicated

in red. The horizontal projection of the ray trajecto-
ries are shown in Fig. 2.13b. From the 175 ensenble

members, there are 57 which remain in the stratosphere
during the ertire simulation (i. e. with z always lower
than 9km) They will not be consideredin the follow-
ing discussion. From all the tra jectories coming from
the trop osphere,none started from ground levels above
mountainous terrain. Thus, accordingto theseray tra-
jectories, an orographic origin of ‘wave DC8' can be
ruled out.

In the hours before the obsenation, as the wave
padket ascendsand its vertical wavelengthincreasesgv-
ery ray encourtered a caustic, indicated by an apparert
changeof sign in the action density (not showvn). Nev-
ertheless,Broutman (1986) shows that the ray-tracing
equationscan still producevalid results after the caus-
tic, asalso suggestedoy the smooth horizontal trace of
the rays.

Note that the vertical wavelength of the 'rst guess
ray' (as of the other rays) rapidly increasesdrom 5km
in the hours prior to obsenation (corresponding alti-
tude of 20km). This is in nice quantitativ e agreemet
with the two levels of PSC in the lidar obsenations
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Figure 2.12: Density weighted horizontal divergence
[10 °kgm 3s 1] of the HRM wind eld on the 13 Jan 2000
at 21UTC. Black contour indicates the 50 ms ! isotach and
the purple contour shows valuesof Ri = 1. The crossis the
location of the wave generation as inferred from the ray-
tracing simulation. The horizontal trace of the section is
shown in g 2.13a.

at about 18.5and 23km (seeFig. 2.1). This changein
vertical wavelengthmight provide a part of the explana-
tion of why no cloud is obsered above 23km: actually,
if , remained constart (5km), PSCstype | would be
expectedat 27km height where the synoptic temper-
atures are very closeto thoseat 19km (Fig. 2.1), the
rst o or of PSCs;taking accourt that the NAT equi-
librium temperature is 4K lower at 27km compared
to 23km.

The other part of the explanation is that the frost
point is 3K lower at 27km ascomparedto the height
of the ice cloud.

Between6{12 h prior to the obsenation most of the
ensenble's tra jectories passthrough the trop opausejet
(which coincideswith the increasein the vertical wave-
length and intrinsic frequency). For the 'rst guess
ray', the wind speedat this momert exceeds60 ms !

2.6 Interpretation of HRM wave signatures

be expected where Ri is smaller than a certain thresh-
old value. Calculated from gridded data elds, this
threshold dependson resolution, and is taken typically
as Ri. = 1 in mesoscalemodels.

For the 'rst guessray', weidenti ed its most prob-
able location of wave generation where Ri attains its
minimum along the ray. This occursat 54 W, 71 N
andt = 13h, or 13 Jan 1830UTC, near the 370hPa
pressurelevel, or 300K isertrop e (seecrossesn Figs. 2.10
{ 2.12). This location coincides with the region of
maximum vertical shear and low static stability (see
Fig. 2.11), which is also a prerequisite for the onset
of strong turbulence. Despite the dispersion of the ray
tra jectories, 85% of the ensenble membersreaching the
trop ospheredo attain their minimum in Ri in a very
similar situation asthe 'rst guessray', i.e. low static
stability and large positive vertical shear, beneath the
jet core. In this sensethe 'rst guessray' is represen-
tativ e of the actual trajectory of the wave packet. The
horizontal trace of the 'rst guessray' (only showvn un-
til the minimum Richardson number in Fig. 2.13a) in-
dicatesthat the wave hasbeengeneratedon the north-
ern side of the jet, characterized by cyclonic horizontal

shear. O'Sullivan and Dunkerton (1995); Thomas et al.
(1999) also found wave emissionin the jet exit region.

We now inspect the HRM atmosphereat the pos-
sible time and location of generation of 'wave DC8',
according to the badkward ray trajectory simulations.
Figure 2.12showsthe divergenceof the horizontal wind-
eld multiplied by the air's density, in order to en-
hance the lower trop ospheric wave signals, almost ex-
actly along the ray trajectory (the horizontal trace of
the vertical sectionis shownn as the thick white line in
Fig. 2.13a)at 13 Jan 2000,21UTC. The samesections
for the two previous hours show similar patterns with
lessclarity. Besidesignalsdue to the relaxation at the
boundary of the mesoscaledlomain, Fig. 2.12 givesevi-
dencefor a GW propagating upwards and someindica-
tion of an other wavetrain propagating downwards that
interfereswith other lower trop osphericprocessesCon-
sistert with the badkward ray trajectories, both waves
look like being generated beneath the jet core. The

(Fig. 2.10c)with astrong northerly componert (Fig. 2.100{/2/€ Propagating downwards has a much smaller verti-

(The mean and standard deviation of the wind veloc-
ity for the ensenble is 55 5 ms 1) Shortly before
crossingthe jet, asthis ray was already ascending, it
was located in a positive vertical shearlayer where the
Richardson number, Ri, becomes< 1 in the ECMWF
aswell asin the HRM data elds (Fig. 2.10f). (For the
ray ensenble the averagedminimum HRM Richardson
number becomes2.1 1.7.) Ri is a dynamically signi -
cant stability and turbulence indicator. Instabilit y can

cal wavelength, while the one propagating upward ex-
hibits characteristics that are in reasonableagreemen
with the results from the ray-tra jectory calculations.

Note further in Fig. 2.11 that the 'rst guessray'
passesvery closeto a tropopausefold. Using a two-
dimensional,isertropic primitiv e equation model, Gidel
and Shapiro (1979) showed that two patches of turbu-
lence can be assaiated with trop opausefolds: one in
the stratosphere above the jet core and one, stronger,

27



AN ICE CLOUD

2.6 Interpretation of HRM wave signatures

Figure 2.13: Three jet instabilit y diagnostics: the Richardson Number (a) computed with HRM data at the presumedtime
of 'wave DC8' generation, 13 Jan 19UTC, the residual from equation 2.8 (10 °® s 2) (b) both on the 370hPa surface and
the Lagrangian Rosshy number (c) on the 300K isertropic surface. The two latter diagnostics computed with ECMWF
data for Jan 13 18 UTC. In panel (b) the ensenble rays are shown in full length, in red for the 'rst guessray' and in the
other panels, the horizontal trace of the 'rst guessray' is indicated by the black line until its supposed generation and
the crossesmark the location where the ensenble ray trajectories crossthe depicted horizontal surfacesThe bold white

line in panel (a) is the horizontal trace of the vertical crosssection showvn in Fig. 2.12.

situated in the tropospherebelow the jet axis. The
fact that the ray hits an intense jet-stream, assa@iated
with a tropopausefold is a further piece of evidence
that 'wave DC8' is emitted from a strong vertical shear
layer.

2.6.4 Instabilit y diagnostics

A nal step of our analysis of the dynamical origin of
'‘wave DC8' is a brief analysis of the dynamical stabil-

ity characteristics of the trop opause-leel jet-streak. To
this end, three diagnostics are calculated as suggested
by previous studies of jet-stream instabilities (Zhang

et al., 2000;Hertzog et al., 2001): the Lagrangian Rossly
number, Richardson number and the residual of the

non-linear balance equation. As the theoretical un-

derstanding of vertical shearinstability is still limited,

these quartities should be regarded as useful proxies
instead of rigid criteria for GW generation.

First, Fig.2.13a shows a horizontal view of Ri de-
rived from HRM at the time and level of the supposed
wave generation. In agreemen with the discussionin
the previous section, the westerly jet streak is assai-
ated with very low values (Ri < 1) and it is within or
closeto this narrow band that most of the ray trajec-
tories crossthe trop opauselevel.

Second, the Lagrangian Rossty number, Ro, was

with V being the horizontal wind vector. O'Sullivan
and Dunkerton (1995) found that GW generation oc-
curred in regionswhereRo & 0:2. This condition is not
perfectly ful lled for our ray trajectories (seeFig. 12c),
although they passcloselyto a region with large Ro.

Finally the non-linear balance equation (NBE), de-
rived from the full divergencetendency equation in the
casewhere the advection term, the non-linear e ects
of divergenceand the cortributions of vertical motion
gradients can be neglected,is given by

2J(u;v) u+f r?2 =0 (2.8)
where J stays for the Jacobian, is the relative vor-
ticity and r 2 stands for the horizontal Laplacian of
the geopotential. Deviations from this balance con-
dition, i.e. the residuum of eq. 2.8, is also a mea-
sure for the ow's potential instability. Figure 2.13b
shows this residual on the 370hPa surface computed
with ECMWF analysesalong with the full length of
the ensenble rays. The region of maximum imbalance
predicted by the NBE is located somewhat eastward
of the region where the wave packets were presumably
generatedand slightly to the north of the maximum Ro.
However, the patch with largest deviations from non-
linear balance corresponds quite nicely with the band
of small Ri and the ensenble rays all travel through
a region with substartial (although not maximum) di-
agnosedjet-stream unbalance. Taken together, these

computedwith ECMWF data accordingto e.g.O'SullivanPrief diagnosticsare supportiv e of our claim that ‘wave

and Dunkerton (1995)
@
R = L

FIV] (2.7)

28

DC8' is generatedby adjustment of by shearinstabilit y.
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Figure 2.14: Winter 1999/2000 climatology of potential
jet instabilities computed with the residual of the non-
linear balance equation (equation 2.8) and ECMWF anal-
yses elds. The probability depicted in the upper (lower)
panel is that at least on one model level in the 500{100hPa
range, the residual of the NBE exceeds40s 2 for all lati-
tudes (longitudes) and every ECMWF output within agiven
day.

2.7 Potential for jet-induced GW
in the SOLVE win ter

In order to estimate the likely frequency and potential
importance of ice clouds generated by shear instabili-
ties and adjustment, we have applied the NBE (equa-
tion 2.8) diagnosticsto the ertire winter from the be-
ginning of Decenber 1999to the end of March 2000.
We have chosena residual threshold of 410 4s 2 and
applied this threshold within the 100to 500hPa verti-
cal layer in the northern hemisphere(20{90 N) to the
6 hourly ECMWF analyses.

The probability that for a given day and longitude
(latitude), at least one time step and one model level
within the height range exceedsthe chosenthreshold
is shown in the upper (lower) panel of Fig. 2.14. It
is shown that, mainly in January 2000, instability is
diagnosedat high latitudes. Note that the discussed
caseon 14 Jan is assiated with a strong signalin this
proxy climatology, ascomparedto other events at high
latitudes during this winter. The climatology indicates
that jet induced GWs may be frequert, but mainly in
the southernmost part of the Eurasian continent and
the subtropical Pacic jet. In regions with the possi-
bility for GWs to generate PSCs, say north of 60 N,
unstable jet everts arerelatively rare (3 events during
the consideredperiod).

2.7 Potential for jet-induced GW in the SOLVE winter

Generally the time ewolution of the potential insta-
bilit y regionsindicates eastvard propagation with the
same order of magnitude than the synoptic weather
systems (Fig. 2.14, top). In the meridional direction
(Fig. 2.14, bottom), it appearsthat seweral instability
regions describe an anticyclonic propagation, in agree-
ment with the results of Knox (1996).

Better understanding of the physical processeghat
lead to the occurrenceof vertical shearinstabilities or
adjustment would be strongly desirableand could lead
to a better substartiated criterion for the identi cation
of jet-induced GWs.

2.8 Conclusions

Et cependant, sonimage a elle reste
liee a celle du banc, pour moi, non
pas du banc de la nuit, mais du
banc du soir, de sorte que parler du
banc, tel qu'il m'apparaissait le soir,
c'est parler d'elle, pour moi. Cela
ne prouve rien, mais je ne veux rien
prouver.

Samuel Beckett, Premier amour

Using meteorological data from ECMWF analyses
and mesoscaleHRM hindcast simulations, we investi-
gated the dynamical medanisms that generated two
vertically propagating gravity waves. 'Wave ER2' was
undoubtfully generatedby the orography and we have
given multiple evidencethat 'wave DC8' was generated
near an intense upper-tropospheric jet streak, poten-
tially by the geostrophic adjustment of a jet instabil-
ity. In particular, we detected that the tropopause-
level and surfacesynoptic featureswere very similar to
the 13 jet-induced GW casesreviewed in Uccellini and
Koch (1987): a surface low upstream of the wave ac-
tivit y with an assaiated northeast-southwest oriented
distinct frontal boundary and wave generation at the
exit region of an intense jet streak. Furthermore, the
most plausible location of wave production wasin the
very vicinity of a trop opausefold assaiated with the
strong jet.

In the HRM simulation, the simulated wave doesac-
count for the 8K mesoscaleooling. It remainsan open
guestion whether in reality small-scalenon-hydrostatic
gravity waves (that can not be captured by the hydro-
static model simulation) further modify the tempera-
ture eld and the internal cloud structure. The lidar
signal givescertainty that mountain waveswith a hor-
izontal scaleof 15km (not resolved by the hydro-
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static HRM) propagateuntil the cloud location. There-
fore, the ice cloud could be the result of superimposi-
tion and/or interaction of a broader spectrum of atmo-
spheric wavesthan nally simulated.

Still, the mesoscalemodel HRM was found to be a
suited model for the simulation of vertically propagat-
ing waveswhich, in the preser study, applies for two
di erent wave generation mechanisms. In particular,
the model simulation captured very well the amplitude
and location of the cold spot with T < Tjce. Sensitiv-
ity experiments (seeAppendix) revealedthat the model
results are particularly sensitive to the horizontal dif-
fusion and initialization time.

In line with the recert studies of Hitchman et al.
(2003) and Shibata et al. (2003) this study indicates
that mesoscalePSCs can be induced not only by oro-
graphically triggered GWs but also via an alternative
mechanism that is related to the rapid ewolution of in-
tenseand curved jet streamsnear the trop opauselevel.
It remainsfor further work to quartify the relevance of
the two mechanisms. Our preliminary attempt to count
the potential jet-instabilit y everts in the polar regions
during one winter indicates that they occur only spo-
radically.

App endix: Sensitiv e dependencies
to model parameters

Elevennumerical sensitivity experiments have beencon-
ducted to test the dependenciesof the HRM simula-
tions to seweral model parametersand processesCom-
pared to the original simulation discussedin the pa-
per (in the following called control run), they were un-
dertaken changing one parameter ead time. These
comprise changesof the horizontal and vertical reso-
lution, variations in horizontal di usion, modi cations
in the initialization time and inclusion or not of physi-
cal parametrizations. Table 2.2 summarizesthe eleven
experiments along with the minimum modeled temper-
atures at the locations of the obsened waves. These
experimernts are discussedhereafter.

Initialization. The choiceof the initialization time
of a simulation is subtle when comparing with obsena-
tions at a particular time. The longer the run, the
more the mesoscalenodel will develop its own dynam-
ics and might drift away from the driving analyses.On
the other hand, too late a starting time of the simula-
tion may prevent the mesoscalefeatures (as GWSs) to
dewvelop and fully propagate. Four runs with initializa-
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tion prior to the initialization of the cortrol run two
runs with initialization after the 13 Jan 2000, 12UTC
have been performed to evaluate this signi cant sensi-
tivit y (seeTable 2.2).

For the temperature at the location of the cloud ob-
sernved by the DC-8, the minimum is achieved with the
cortrol simulation. The more the simulation is initial-
ized earlier or later, the more the amplitude of the wave
decreasesand the higher becomesthe minimum meso-
scaletemperature. Note alsothe slight vertical shift in
the height of minimum temperature at this location as
the initialization movesaway from the control run. For
the experiment started on 14 Jan 0 UTC, the DC8 wave
structure becomeshardly identi able (e.g. in vertical
sectionssimilar to the onesshown in Figs. 2.1 and 2.7)
which expresseither that the onset of the wave was
missedor that the GW had no time to propagateto the
ight path. According the ray-tracing simulations the
former is more likely the case.

A similar behavior, evenif lessmarked is found for
the minimum temperature assciated with 'wave ER2'.
The simulation which producesthe minimum temper-
ature wasinitialized six hours beforethe cortrol run.

Resolution. In order to test the impact of ver-
tical resolution, the number of vertical levels was re-
ducedby a factor of two, the model top kept unchanged.
'Wave DC8' appearsto be emitted properly but dis-
sipates prior to reach the cloud altitude. There, an
upward shifted temperature minimum exists but the
wave structure cannot be recognizedany longer. This
is in good agreemen with the ray tracing model (see
Fig. 2.10b)which indicated that at the momert of emis-
sion the vertical wavelength was smaller than at the
momert of obsenation. The e ect of the vertical reso-
lution onthe ‘wave ER2' with larger vertical wavelength
is negligible.

Repeating the cortrol run with doubled horizon-
tal mesh width, roughly extinguishes '‘wave ER2' as
revealed by an equivalent to Fig. 2.7. However this
simulation deliversthe absolute minimum temperature
assaiated with 'wave DC8' of all simulations.

An increasein horizontal and/or vertical resolution
was not undertaken due to computational limitations.
Furthermore, additional reduction of the horizontal mesh
width makesno sensefor a hydrostatic model.

Di usion. In this experimert, the horizontal dif-
fusion coe cien ts wereincreasedby an order of magni-
tude. The e ect on 'wave DC8' is dramatic asits tem-
perature minimum increasesby 4K while the e ect on
the minimum temperature assaiated with 'wave ER2'
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Table 2.2: Summary of the numerical experiments conducted with the mesoscalemodel HRM. TS

2.8 Conclusions

CE stays for the Temper-

ature at the time and location of maximum observed backscatter ratio and on the 25.3hPa level, T2S® is the minimum

temperature at the samelocation at any height. and T.:R2

minimum in the temperature.

is the minimum temperature where the ER-2 obsered a local

Simulation TICE  TDE8 p(ThCe)  TER?
Initial. 12 Jan 12UTC -88.6 -88.9 23.8 -81.8
Initial. 12 Jan 18UTC -87.3 -87.4 26.4 -82.6
Initial. 13 Jan OOUTC -88.5 -88.9 23.8 -83.6
Initial. 13 Jan 06UTC -89.6 -89.7 23.8 -84.0
control run -91.2 -91.3 23.8 -82.6
Initial. 13 Jan 18UTC -88.2 -88.3 21.4 -83.1
Initial. 14 Jan OOUTC -83.9 -84.9 19.3 -82.0
30 vertical levels -85.7 -87.3 15.6 -83.8
double mesh{widths -93.0 -93.7 21.4 -83.6
10x di usion -87.7 -87.8 21.4 -84.0
moist physics -89.8 -89.8 21.4 -84.0
corv no rad -90.9 -91.0 23.8 -84.1

was astonishingly a cooling of 1.5K. A plausible ex-
planation is that the wave encourters less destructive
interferencewith other short wavelengths waves, since
theseare Itered by the strong di usion as seenin an
equivalent of Fig 2.7. O'Sullivan and Dunkerton (1995)
establishedthat inertio GW are primarily sensitive to
horizontal hyperdi usion. Here, not only the ampli-
tude of 'wave DC8' was reduced but also its vertical
wavelength

Physical parametrizations. The inclusion of con-
vection or the exclusion of the radiation schemein the
simulation gave strikingly similar wave characteristics.
These processeshave no inuence on the generation
and propagation of GW up to the stratosphereat least
for the present setup. This is not the casefor the in-
clusion of moisture: the diabatic e ects assaiated with
the evaporation and condensationof water impinged on
the simulated temperatures.
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Part |I:
Arctic stratosphericemperaturein the
winters 1999/200@&nd 2000/2001.:
a quaritative assessmemand
microplysicalimplications

Omnipresence d'une faible clarte jaune
gu'aole un va-et-vient vertigineux entre des
extrémes se touchant. Temperature agitee
d'un tremblement analogue mais de trente a
quarante fois plus lent qui la fait tomber rapi-
demert d'un maximum de l'ordre de vingt-
cing degres a un minimum de l'ordre de cing
d'ou une variation reguliere de cinq degrespar
seconde. Cela n'est pas tout a fait exact.

Samuel Beckett, Le depeupleur






Chapter 3

Temp eratures

Puis tout aussi soudain la de nou-
veau. Longtemps apres. Ainsi
de suite. Tout autre renoncerait.
Avouerait. Personne. Plus per-
sonne. Tout autre que l'autre.
L'autre attend qu'elle reparaisse.
Pour pouvoir reprendre. Reprendre
le - comment dire? Comment mal
dire?

Samuel Beckett, Mal vu mal dit

3.1 Abstract

Stratospheric winter temperaturesplay a keyrole in the
chain of microphysical and chemical processeshat lead
to the formation of polar stratospheric clouds (PSCs),
chlorine activation and evertually to stratosphericozone
depletion. Here the temperature conditions and its
implications during the Arctic winters 1999/2000 and
2000/2001 are quartitativ ely investigated using obser-
ved pro les of water vapour and nitric acid, and tem-
peraturesfrom high-resolution radiosondesand aircraft
obsenations, global ECMWF and UKMO analysesand
mesoscalenodel simulations over Scandinasia and Gre-
enland. Thesetwo cold winters are characterized by a
large and very stable polar vortex in 1999/2000and a
much smaller and strongly disturbed vortex one year
later. With regard to the accuracy of the temperature
data, it is shown that the ECMWF model resolvesparts
of the gravity wave activity and generally agreeswell
with the obsenations. However, for the very low tem-
peratures near the ice frost point the ECMWF analy-
seshave a warm bias of 1-6K comparedto radioson-
des. The mesoscalemodel HRM qualitativ ely repro-
ducesthe low temperature events assaiated with ob-
served mountain wave PSCs over Scandinavia. Quan-
titativ e comparisonwith the high-resolution soundings
indicates that in casesthe HRM matchesthe obsened
very cold temperatures with high accuracy in others it

is in error due to an incorrect represenation (vertical
wavelength) of the propagating gravity waves. Quan-
titativ e estimates of the impact of the mesoscaletem-
perature perturbations indicates that over Scandinavia
and Greenland the wave-induced stratospheric cooling
(as simulated by the HRM) a ects only moderately the
estimated chlorine activation but strongly enhanceshe
potential for ice formation.

3.2 Intro duction

In recert years, investigations of the accuracy of stra-
tospheric temperatures have gained considerable im-
portance for the assessmets of anthrop ogenicozonede-
pletion and climate change. The scarcity of radiosonde
and other obsenations in the Arctic renders meteo-
rological models and assimilation systemspatrticularly

important in this region. In this Section, rst the mi-
crophysical and chemical implications of polar vortex
temperature are elucidated and then a brief overview is
given on someearlier studies on stratospheric temper-
atures.

Heterogeneousgeactionscausingchlorine activation,
prerequisite for ozone depletion, take place on polar
stratospheric cloud (PSC) particles of either supercooled
ternary solution droplets (STS, H2SO4/HNO 3/H ,0)
(Carslaw et al., 1994), solid nitric acid trih ydrate (NAT)
aerosolsurfaces(Toon et al., 1986;Crutzen and Arnold,
1986; Voigt et al., 2000), or most e cien tly on ice par-
ticles (Tolbert et al.,, 1987). The formation and ex-
istence of PSCs is mainly cortrolled by temperature:
STS clouds can exist only when T < Tgys essetially
the HNO3 point, NAT clouds only when T < TyarT,
the NAT equilibrium temperature, and ice clouds only
when T < Tice, the frost point (Peter, 1997).

For more than a decade,the microphysical meda-
nisms for cloud particle formation in the stratosphere
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are being discussed(Solomon, 1990; Peter, 1997). Re-
cently, very large NAT particles with low number den-
sities have beenobsened (Fahey et al., 2001;Northway
et al., 2002) which may e cien tly redistribute HNO3
from upper to lower levelsdue to gravitational settling.
In the upper levels, the resulting denitri cation may
lead to enhancedozone destruction by chlorine-atom
catalyzed cycles (Waibel et al., 1999). The nucleation
of these particles possibly occurs on ice Waibel et al.
(1999) in which casetheir existencecrucially depends
on the size and occurrence of regionswith T < Tic.
Formation of NAT onice hasbeenobsenedin lee-wave
PSCs(Carslaw et al., 1998)and in the laboratory (Bier-
mann et al., 1998).

Although there is no clear laboratory evidencefor
NAT nucleation without proceedingice formation, other
possibilities for NAT formation have been suggested,
such asheterogeneou®r homogeneousiucleation start-
ing from ternary droplets (Tabazadehet al., 2001), ei-
ther related to high or to long-lasting (> 5-7days) NAT
supersaturations (Tabazadehet al., 2000). Howewer,
irrespective of the nucleation medanism, low temper-
atures appear indispensable for NAT nucleation and
hence for denitri cation, which potentially enhances
ozonedestruction. Oncenucleated,the growth and sed-
imentation of NAT particles depends again sensitively
on the spatial externt of areaswith T < Tyat (Carslaw
et al., 1998;Mann et al., 2003).

The anthrop ogenic emissions of greenhousegases
are likely to lower the stratospheric temperatures (Ka-
roly, 1987; Shindell et al., 1998) and also e.g. from
methane oxidation to enhancethe stratospheric water
vapour content (Nedoluha et al., 1998; Evans et al.,
1998). Both these e ects may lead to a postponemen
of the recovery of the ozone layers in polar regions,
which is generally expected in the upcoming decades
after the successfuban of ozone-depletingsubstances.
The hypothesis of less ozone leading to lesslocal ra-
diative warming and henceto a cooling of the polar
vortices (Solomon, 1990) was recertly con rmed (Ran-
del and Wu, 1999;Rosier and Shine, 2000). Further, it
should be noted that temperature interacts in a com-
plex way with the strength, structure and ewolution of
the polar stratospheric vortex (Zhou et al., 2000).

These chemical and climate-related aspects which
indicate the key role of the vortex-wide stratospheric
temperatures motivate the presert analysis of temper-
atures during the winters 1999/ 2000and 2000/2001in
the Arctic stratosphere,and of the uncertainties of the
available data sets.

Temperatures from di erent meteorological analy-
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sesand their implications for PSC formation have been
studied and intercompared previously (Newman et al.,
1993;Manney et al., 1996;Pawsonet al., 1999)and un-
certainties of at least 2K have beenfound. In a recert
comparison of v e dierent analyses,(Manney et al.,
2003)found typical di erences ofupto 5K in the an-
alyzed stratospheric temperatures elds, with many of
the largest di erences occurring at low temperatures,
and variations of areas of low temperature of up to

25%. They further compared air trajectories driven
by thesemeteorologicalanalysesand concludedthat the
choiceof analysisstrongly in uences the results of mod-
eling polar processes. Assimilated temperatures have
also been comparedto measuremets from long dura-
tion balloon ights in the Arctic stratospheric vortex
during the Arctic winters 1992to 1995aswell as 1997,
1999and 2000 (Knudsenet al., 1996, 2002) indicating
signi cant mean errors of up to 2.4K in the rst study
and smaller mean errors in the more recert years, with
occasionallarge errors (> 14K). They also found that
UK Met O ce (UKMO) temperatures data had larger
scatter around the balloon values than the ECMWF
(European Cernter for Medium-Range Weather Fore-
cast) data and that UKMO had a cold bias with respect
to balloon measuremets at high temperatures, and a
warm bias at low temperatures, which is in agreemen
with the ndings of Davieset al. (2003), who compared
analyseswith radiosondes.The latter alsoshowed that
chemical transport model runs driven with ECMWF
and UKMO elds produced signi cantly dierent pat-
terns of denitri cation, chlorine activation, and ozone
loss.

One of the main sourcesof stratospheric temper-
ature departures above land surfacesof the northern
hemisphere are vertically propagating gravity waves
(Nastrom and Fritts, 1992). Adiabatic expansion/
compressionof air along tilted isertropes can lead to
temperature di erences of up to 13K as comparedto
analyseswhich do not contain the wave signals (Dorn-
brack et al., 1999). Further evidencestemsfrom meso-
scale numerical modeling studies (that include valida-
tion with obsenations) of spectacular casesof gravity
wave propagation and assciated wave-induced PSCs
above Scandinavia (Dernbrack et al., 1999, 2001; Kivi
et al., 2001). Basedon a cortin uous seriesof mesoscale
numerical simulations over Scandinavia during January
1997, Dornbrack and Leutbecer (2001) estimated the
periods of potential PSC formation by gravity waves
and found them to make a substartial contribution .

A certral aim of the presen study is to assesghe
quality of the ECMWF and UKMO stratospheric anal-
ysis temperatures for two arctic winters. For this pur-
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X y NZ nNZgrat tOp t assimilation
ECMWF 1.0 1.0 60 11 0.1 6 4D-Var
UKMO 3.75 25 22 7 0.316 24 analysescorrection
HRM 0.125 0.125 50 13 2.0 1 none

Table 3.1: Characteristics of the employed NWP data: Longitudinal ( x, [ ]), latitudinal

( v, [], and temporal ( t

[h]) resolution, total number of levels (nz), number of levels between 100 and 10hPa (nzsyar ), uppermost model level (top

[hPa]) and utilized assimilation scheme.

posethe utilized data will be describedin Section2 and
an overview is given on the polar vortex ewolution dur-
ing the winters 1999/2000and 2000/2001in Section 3.
We estimate the non-resolhed temperature uctuations
due to vertically propagating gravity waves(Sections4
and 5). To this end, seriesof mesoscalesimulations over
Scandinavia and Greenland have been undertaken for
January 2000 and 2001, and the temperature data of
the three NWP models are compared with soundings
and aircraft obsenations. Finally, based upon obser-
ved pro les of HNO3; and H,O estimatesare preserted
for the potential for PSC formation and chlorine activa-
tion over thesemountainous regions,using temperature
elds from UKMO, ECMWF and the mesoscaleHRM
simulations (Section 6).

3.3 Data

In the following Sectionsthe obsenational and model
data usedin this study are presened.

3.3.1 Meteorological data

Table1l summarizesthe main characteristics and di er-
encesof the used meteorologicaldata sets.

The ECMWEF operatesa spectral model and usesa
four-dimensional variational data assimilation scheme
(4-D var) since November 1997 (Rabier et al., 2000).
It makesuseof the advanced microwave sounding unit
data which greatly improved the Arctic stratospheric
temperatures (ECMWEF, 1999). The trian-
gular truncation version T319 (corresponding to a grid
sizeof 60km) hasbeenintroducedin April 1998and
additional vertical levelsin March 1999. Sincethen 25
model levels are in the stratosphere above 100hPa. In
November 2000 the horizontal resolution was further
increasedwith the transition to triangular truncation

version T511 (corresponding to a grid sizeof 40km).
Knudsenet al. (2002) comparedpreoperational runs of

the 50 levels ECMWF model (operational on 5 May
1999)with the 31levelsversionand found that stratos-
pheric temperature biaseswere largely remaoved.

The data assimilation of the UKMO ensuesfrom an
analysis correction scheme, in which obsenations are
gradually inserted over a period certered on the obser-
vation time (Swinbank and O'Neill, 1994), which was
developed for the Upper Atmosphere Researt Satel-
lite (UARS) project. This data set has 15 levels above
100hPa. Howewer, erroneoustop level ozonedata were
in usein 1999/2000, resulting in large decreasesn up-
per stratospheric temperatures; which could also ac-
count for a systematic cold bias of 1K in the lower
stratosphe (Lorenc et al., 2000).

The limited-area mesoscalemodel HRM integrates
the set of primitiv e equationsin the hydrostatic limit.
The full physicsversionapplied hereincludesparametriza-
tions of radiation and cornvection (ECMWF, 1991). A
former version of this model was used operationally
by the German and SwissWeather Servicesuntil early
2001and in the hindcast mode for regional climate sim-
ulations (Luthi et al., 1996). Fueglistaler et al. (2003);
Busset al. (2004. (Seealsochapter 3.) discusstwo case
studies of vertically propagating gravity waves simu-
lated with the HRM. In the latter study, the model is
described in detail. In essencehindcast simulations,
using ECMWF analysis data as initial and boundary
conditions, with a horizontal resolution of 0.125 (corre-
sponding to  14km) and 60 vertical levelsup to 2hPa
were started every 48 hours! in the domain of Scandi-
navia for the Januaries 2000 and 2001. For the larger
domain of Greenland the simulations were started ev-
ery 24 hours and the simulation times 12-48hours were
usedfor January 2000. The model output is every hour.
We focused on Januaries, becausea 20 year climatol-
ogy (Dernbrack et al., 2001) shows that January is the
month in which the major winter stratospheric gravity
wave activity over Scandinavia occurs.

1Simulations were started every 48 hours for integration peri-
ods of 54 hours, and the simulation times 12-54 hours were used
for the temperature analysis.
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Figure 3.1: Observed mixing ratio proles of HNO 3 (dashed lines, in ppbv) and H>O (solid lines, in pppmv) during the
Arctic winter 1999/2000. The three proles of (HNO 3) are (from right to left) for the time periods of 30 Nov - 16 Dec
1999, 14 - 29 Jan 2000 (bold) and 28 Feb - 15 Mar 2000. Also shown are constant values of 7.5ppbv HNO 3 and 5ppmv
H-O (thin dotted lines) for comparison. The potential temperature () and pressure(p) levels are inferred from averaged

ECMWEF analysesnorth of 50 N in January 2000.

3.3.2 Mixing ratio proles of
HNO ; and H»,O

In order to properly estimate the frost point and the
NAT equilibrium temperature, mixing ratio pro les of
HNOj; and H,0O, measured during the Arctic winter
1999/2000SOLVE/THESEO-2000 campaignin Kiruna
(Sweden) are utilized. Water vapour obsenations from
the three di erent instruments during the time period
from 19 January to 5 March 2000 (Sdhiller et al., 2002)
and referencestherein] have been averagedto derive
the vertical prole shown in Fig. 3.1. Despite the use
of di erent hygrometersand the long time range, there
is a high degreeof coherencebetween the individual
measuremets.

On eath DC-8 ight of the campaign, the ASUR
instruments measuredpro les of the HNO3 mixing ra-
tio with a vertical resolution of 6-10 km (von Keonig
et al., 2000). Gas phasenitric acid wasfound to exhibit
rather small meridional variability in Decenber 1999
and March 2000 comparedto the vertical. Meridional
variabilit y in January 2000was mainly causedby vari-
able PSC coverage. This behavior is in general agree-
ment with satellite obsenations (Sartee et al., 1999).
Therefore, the neglect of horizontal gradients in H,O
and HNOj3; should not signi cantly a ect the calculated
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valuesof Tice and Tyat (Waibel et al., 1999).

In Figure 1, the averagedHNO3 pro le is shown for
three di erent time periods (30 Nov - 16 Dec 1999; 14
- 29 Jan 2000and 28 Feb - 15 Mar 2000), correspond-
ing to the DC-8 obsenation phases. The stratospheric
pro les of January and March reveal a decreasein gas
Phase HNO3; compared to Decenber. This decrease
may be causedby both, temporary uptake of HNO3 in
PSCs and denitri cation in January (Kleinbehl et al.,
2003). As the focusin this study will be on January, the
pro le of most interest is from the seconddeployment
(bold dashedline). For dates betweentwo obsenation
periods the pro les were linearly interpolated. In the
absenceobsenational data for the winter 2000/2001,
we applied the samepro les and ewolution of HNO3 to
the following year.

The e ects of theseobsenedtrace gaspro les onthe
PSC threshold temperatures are showvn in 3.2. Com-
pared to Tyat (computed accordingly to Hanson and
Mauersberger(1998)) and Tic. with constart mixing ra-
tios (which have beenfrequently usedin previous stud-
ies): (HNO3)=7.5 ppbv and (H,0)=5 ppmv, respec-
tively, the obsened pro les lead to 1 respectively 2K
higher equilibrium temperatures around 25km and by
about equalamournts lower temperaturesbelow  19km.
In this altitude range,a 1ppm water vapour increaseis
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3.4 Overview of the Arctic winters 1999/2000and 2000/2001
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Figure 3.2: Vertical proles of Tice (solid lines) and Tnat (dashed lines) for constant

=7.5 ppbv (thin lines) and for the observed pro les shown in

roughly equivalent to a 1K increaseof the frost point.

3.3.3 Temperature measurements

During the SOLVE/THESEO-2000 campaign, additio-
nal, high resolution radiosondeswerelaunchedat Kiruna
(67.53 E, 20.15N, Sweden) and Andy a (69.65 E,
15.40 N, Norway) during periods of special interest.
Both type RS80and RS90radiosondeswere used. The
temperature measuremeis have a vertical resolution of
50m, assuminga mean constart balloon ascen rate of
5ms . Horizontal wind speedobsenations are based
on Loran-C with wind componert errors of 0.5 (trop o-
sphere)and 1ms ! (stratosphere) (Nash, 1994). The
temperature sensor(RS80) reproducibility is 0.2K up
to 50 hPa, 0.3K for 50-15hPa and 0.4K above the 15
hPa level (Dornbrack et al., 1999). These soundings
are not used by the operational assimilation systems
and provide valuable independert information for vali-
dation of, and comparisonwith, NWP model data (see
Sections4 and 5).

During the same winter, the researth NASA air-
craft ER-2 accomplishedmissionsin the lower strato-
sphere. Onboard this aircraft, meteorological data in-
cluding temperature wererecordedwith a samplingrate
of 10Hz and an uncertainty of 0.3K (Scott et al., 1990).
This yields low-pass Itered data at a resolution of 1s
or 200m horizontal distance at mean cruise speed.

(H20)=5 ppmv and (HNO3)

Figure 1 (bold lines).

3.4 Overview of the Arctic
win ters 1999/2000
and 2000/2001

In this Sectionan overview is provided (using ECMWF
analysisdata) of the ewolution of the polar vortex dur-
ing the two winters and of the occurrence of cold re-
gions below the threshold temperatures Tyat and Tice,
respectively.

3.4.1 Shape and evolution of
the polar vortex

Fig. 3.3 shows the temporal ewolution of the size and
\asymmetry/eccentricit y" of the polar vortex on the
475K isertrop e during the winter seasongDJF). Fol-
lowing the method introduced by Nash et al. (1996)
the vortex edgewas de ned asthe largest PV gradient
in equivalent latitude. ECMWF analysesyield winter
averagesof PV = 36:2 and 38.1pvu for the winters
1999/2000 and 2000/2001, respectively, for the border
of the vortex on this level.

The \v ortex asymmetry" is also a PV-based quan-
tity (introduced by Calisesiet al. (2001)) which repre-
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vortex excentricity
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(right, in %, seetext for de nition) of the Arctic polar vortex on

475K during the winters 1999/2000 (dashed lines) and 2000/2001 (solid lines). The vortex edgeis taken as the 36pvu
contour in the rst winter and 38pvu in the second(seetext), calculated from ECMWF analysis data.

serts the fraction of the vortex (in %) situated outside
a circle with equal area and certered on the pole:

_A(r>Req & PV>PV ),

R%, '

where r is the radial distance from the pole and Req
is the radius of a circle with the equivalent areaasthe
polar vortex. For an almost circular symmetric vortex
certered on the pole s closeto 0, and approaches
1 for a strongly deformedvortex or for a (possibly still
circular) vortex whosecerter is displacedfar from the
pole.

In the winter 1999/2000the vortex grows steadily
during Decenber to attain a sizeof aimost 20 10° km?
at the beginning of the year 2000 (Figure 3a). Dur-
ing January the size of the vortex remains almost con-
stant and decreasesonly weakly in the secondhalf of
February. This vortex evolution is comparablewith the
onein other cold winters like 1995/1996 (Manney and
Sabutis, 2000), although the meteorological situations
were otherwise very di erent, with the cold region typ-
ically certered within the vortex during 1999/2000and
nearthe vortex edgein 1995/1996. Sabutisand Manney
(2000) analyzed Eliassen-Falm uxes for these winters
and concludedthat they werecharacterizedby lesswave
activity entering the stratosphere, prolonged periods of
low wave activit y and a background structure sud that
wave propagation into the mid- and high-latitude upper
stratosphere was prevented.

In contrast, during the winter 2000/2001the vortex
grows much more slowly and reaches a maximum size
of only 13 10°km? in early February. This might
be a consequenceof the November 2000 stratospheric
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warming which has, accordingto Manney et al. (2001)
profound implications for temperature, vortex strength
and transport during the following winter monthes. On
17 Feb 2001the vortex starts already to decay rapidly
and dissolvescompletely at the end of the month. The
strong corntrast between the two yearsis also evidert
from the time ewolution of the vortex asymmetry (Fig-
ure 3b). In the rst winter, after the early formation
phase,the vortex is extremely stable and the area out-
side the circle of perfect polar symmetry scarcely ex-
ceeds15-30%. This is quite di erent during the winter
2000/2001 where at least v e episades with a signi -

cant vortex distortion or displacemen canbeidenti ed.

For instance in mid-Decenber the vortex broke up into
two parts which merged again about 10 days later; in
early and mid-January the more or lesscircular vortex
wasshifted towards Greenlandand certral Asia, respec-
tively; and in early February the vortex was strongly
deformed and displaced from the Arctic towards the
Eurasian cortinent where it rapidly dissolved.

3.4.2 Vortex area below Tyat and Tie

The cortrasting polar vortex ewolutions during the two
winters are expectedto bere ected in the stratospheric
temperature elds. This is examinedin Fig. 3.4 which
shows time seriesof vertical proles of the total area
in the Arctic region (i.e. north of 50 N) where temper-
ature is below the threshold temperatures Tyat and
Tice-

As previously noted by Manney and Sabutis (2000)
extensive areaswith temperatures below Tyat existed
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3.5 lllustrativ e example of gravity wave activity

Figure 3.5: Geographical distribution of the probabilit y for
ECMWF temperature to be below Tnat (grey shaded) and
below Tice (overlayed white contours with same values) in
oneof the 16 isentropic levelsfrom 400to 700K (every 20K)
during DJF 1999/2000 (left) and 2000/2001. Bold lines in
panel a) show four ER-2 igh ts (black line for the 27th of
Jan); note that the 31st Jan 2000 Flight follows the same
path as on the 20st of Jan, but already returned at the
latitude of Spitzbergen. Bold lines in panel b) indicate the
mesoscaleintegration domains.

in the winter 1999/2000 (Figure 4a), in particular dur-
ing January where a vertically deep region extending
from about 450 to 650K (20-65hPa) was below the
NAT existencetemperature. In the following year the
region with T < Tyat is much smaller (Fig. 3.4b) ex-
cept for the time period 8-17 Jan, in agreemet with
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the generally smaller vortex and its early deca. In-
tegrated over the DJF winter period the total volume
below TnaT integrated between120and 10hPais three
times larger for 1999/2000then for 2000/2001,as com-
pared with the secondwinter (seeSection5.3.2). How-
ever, for the areawith T < Tje the picture is strikingly
di erent (Figures 4c,d) and the total volume below T
is 15% larger for the winter 2000/2001, when consid-
ering ECMWF temperatures (see also Section 5.3.2).
This is surprising considering the distinctiv ely weaker
vortex, but might be explained by the more pronounced
planetary wave activity (related to a rise of isertropes
above the Spitzbergen area and depressionover the
Bering Sea/Aleutian Islands) during Jan 2001 as com-
pared to the previous year. During both winters there
aretwo 5-10day periods with relatively large (synoptic-
scale) regionsbelow the ice frost point extending from
15to 60hPa. The evert of 8-17Jan 2001wasassciated
with record low temperatures as obsened by radioson-
des over Scandinavia (Kivi et al., 2001). During the
rst winter there were additional mesoscaleepisades
with T < Tice. One of them at 25 Jan 2000 was ver-
tically very deep (from 420 to 700K) and related to
intensemountain wave activit y over Scandinasia Dern-
brack and Leutbeder (2001); Fueglistaler et al. (2003).

Figure 3.5showsthe geographicaldistribution of the
vertically and temporally integrated areaswith temper-
ature below the thresholds. It revealsthat during both
winters the preferredlocations for low temperaturesac-
cording to ECMWF data extendedfrom northern Gre-
enland over Spitzbergen and northern Scandinavia to
the Kara Sea. Note again the larger probabilities for
T < Tnat during the rst winter and for T < Tie
during the second.

3.5 lllustrativ e example of

gravity wave activit y

The previous Section provided an overview of the polar
vortex ewolution and synoptic-scale temperature con-
ditions during the winters 1999/2000 and 2000/2001
ascaptured by the ECMWF data assimilation system.
Here a caseis preseried using output from HRM hind-
castsimulations and radiosondesrom Scandinavia where
vertically propagating gravity waves,which are not fully
resolved by the ECMWF analyses, strongly in uence
the stratospheric temperature eld. Two further cases
of vertically propagating gravity wavesin HRM simu-
lations are analysedby Fueglistaler et al. (2003); Buss
et al. (2004. (Seealso chapter 3.).
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3.5 lllustrativ e example of gravity wave activity

Figure 3.6: Example of 30hPa temperature elds [K] from ECMWF analyses(left panel) and HRM simulations (right
panel) in uenced by mountain waves. The caseis for for 18 UTC 11 Jan 2000 over Scandinavia

3.5.1 Gravity wave signals in
HRM simulations

Figure 3.6 presert a caseof vertical propagating grav-
ity wave at 18 UTC 11 Jan 2000 over the Scandina-
vian alps. In the afternoon of that day mother-of-pearl
clouds have been obsened and photographied to the
west of Kiruna (Jim Dye and Bruce Gandrud, personal
communication, seeFig. 3.7). The synoptic-scale sit-
uation was characterized by a high-pressureridge ex-
tending over certral Europe and a low pressuresystem
near Iceland leading to a strong south-westerly o w al-
most parallel to the Scandinarian mountain chain. As
a consequenceahis wave event would not be captured
by state of the art parametrizations (Bacmeister et al.,
1994;Dernbrack and Leutbeder, 2001) asthey require
strong o w perpendicular to the main ridge orientation.
Strong winds existed also at the trop opauselevel and
in the stratosphere where the edgeof the polar vortex
swept over Scandinavia during that day. The ECMWF
analysesshowv a weak wavy pattern in the 30hPa tem-
perature eld (Fig. 3.7a). The mesoscalenodel HRM
on the other hand producesa relatively gravity wave
signal (Figure 7b) such that temperaturesbetweenboth
NWP modelsdier by up to 7K. At 30hPa there is no
region below the frost point in the ECMWF data, but
the mesoscalesimulation showvstwo spots with T < Tice
which support the existenceof ice PSCs,in good qual-
itativ e agreemen with the type Il PSC obsenations.

We concludethis Sectionwith sometheoretical con-
siderations. The typical horizontal wavelength, , of

the gravity wave signalsin Figure 7 (and at other times,
noit shawn) are 150and 400km for the HRM and ECMWF,
respectively, which agreeswith the estimates of the
shortest horizontal wavelength resolved by numerical
modelsof 10 x (Leutbeder, 1998). In the limit of
linear theory, Gill (1982), chapter 8.7 derives an ana-
lytic expressionfor the pressureperturbation induced
by evanesent hydrostatic inertio gravity waves. The
condition for these wavesto be trapped is Uk < f;
where U is the (assumedas vertically constart) cross
mountain wind speed,k = 2 = the horizontal wavenum-
ber in U direction and f the Coriolis parameter. Under
the sameassumptionsand also with constart strati -
cation, N, the o w over a sinusoidal range of hills with
amplitude hg generatesvertically propagating wavesif
Uk > f. In this limit and for the hydrostatic range
(Uk  N), an analogousexpressioncan be derived for
the pressure perturbation, here expressedin terms of
temperature departures:

N2 2f?
UhoL—qi coskx + mz);

g N 22z uzk?

T2 UZ2k2

TO=

where m is the vertical wavenumber and the lapse
rate. Assuming reasonablevaluesof = 10 2Km 1;
U=15ms ;N =15 10 2s ; f = 1.4 10 *s 1;
ho = 2000m; o= 1:2kgm 3; (30hPa)= 0:055kgm 3
yields a maximum mountain-induced temperature per-
turbation of 7K for the ECMWF (taking 2 =k =
10 x) and maximum additional 10K for the HRM,
owing to the ner resolution. This provides a quali-
tativ e explanation for the greater gravity wave ampli-
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Figure 3.7: PSC type Il, seenwestwards from Kiruna in the afternoon of 11 Jan 2000. (Photo by Jim Dye and Bruce

Gandrud)

tude with higher horizontal resolution. Consideringthe
above quartitativ e estimates, it should be kept in mind
that not all the wavenumbers have the sameamplitude
and extinction may occur betweenthem. Therefore, in
some occasions,the HRM produceslow enough tem-
peraturesfor ice formation while the ECMWF remains
warmer (Figure 7) and in others the increasedreso-
lution leadsto dierent patterns but has a moderate
impact upon the overall potential for ice formation.

3.5.2 Gravity wave signals in
radiosondes

The obsenations of mother-of-pearl cloudsin combina-
tion with the signi cant di erences between ECMWF
and HRM temperaturesfor a situation with strong moun-
tain wave activity (Figure 6) qualitativ ely indicate the
capability of the mesoscalemodel to produce gravity
wave induced temperature signals. In the following
the model performance is investigated quartitativ ely
and a comparisonis made betweenobsened radiosonde
temperature pro les and interpolated pro les from the
UKMO, ECMWF and HRM data? for selectedcases

with and without largeamplitude gravity waves(Fig. 3.8).

The rst example (Figure 8a) is of the extreme event
of 25-26 Jan 2000 (Deornbrack and Leutbedcer, 2001;
Fueglistaler et al., 2003), which led to wave-induced

cooling below the ice frost point (cf. discussionof Fig. 3.4).

The soundingis from Andy a at 12 UTC and reaches
up to a height of 24km. First it is recognizedthat the
sounding indeed reveals a pronounced wave signal in

2Note that for every comparison with radiosonde data, the
drift of the balloon is taken into account.
the height range from 17 to 24km with temperature
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oscillations of 7K ewventhough Andy ais located up-
stream of the Scandinavian ridge. This is very well
reproduced by the mesoscalemodel HRM which cap-
tures the local temperature extrema near 19 and 22km
above And y a with high precision. On the other hand
the ECMWEF data excellertly agreewith the sounding
temperatures below the layer which is strongly in u-
encedby the waves,but they fail to reproducethe right
phaseof the wave induced signal. Finally the UKMO is
systematically at odds with the stratospheric measure-
ments in Andy a.

The sounding from Kiruna at 02 UTC 12 Jan 2001
(Fig. 3.8b) coincideswith the beginning of a mesoscale
cooling event (cf. Figure 11g). The sondetemperatures
reveals a moderate wave signal with a relatively short
vertical wavelength ( 3km) and with minima closeto
Tice at heights of 20, 24 and 27km. In this caseall
three modelsfail to correctly reproducethe wave struc-
ture above 19km. The HRM shows a wave pattern with
moderate amplitude which has a larger vertical wave-
length and is therefore not always in phase with the
obsened pro le above 20km. A reasonfor the inaccu-
rate vertical wavelength in the HRM simulation could
be the (for this case)too coarsevertical and/or hori-
zortal model resolution. UKMO doesnot and ECMWF
only partially resolvethe propagating wave. In the por-
tion 20to 27km the UKMO has a systematic cold bias
of up to 4K.

The third sounding is from Sodankyla at 11 UTC
30 Jan 2000. There is hardly any wave signal in this
ascen. In contrast to the two previous examples,this
sounding is used by the UKMO and ECMWF assim-
ilation systems. These are two reasonto expect the
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Figure 3.8: Temperatures from radio soundings (solid lines) from (&) Andy a at 12 UTC 25 Jan 2000, (b) Kiruna at 02
UTC 12 Jan 2001 and (c) Sodankylea at 11 UTC 30 Jan 2000. Overlayed are the interpolated temperature pro les from
ECMWF (dotted lines), UKMO (dash-dotted lines) and HRM hindcasts (dashed lines). The gray shadedline indicates
the ice frost point (with H,O prole from Figure 1) for the uppermost sounding part.

global modelsto be closeto the obsenations, which is
con rmed in Figure 8c.

These examples illustrate the richness of the ob-
served wave induced stratospheric temperature uctu-
ations and the diculties of the analysis systemsto
capture these structures. The mesoscalemodel HRM
(with the utilized spatial resolution) in somecasesre-
producesthe wave signalswith high accuracy in others
phaseand amplitude errors lead locally to large devia-
tions from the measuremets. This issuewill be inves-
tigated statistically way in Section5.2.

3.6 Validation and intercompar-
ison of model temp eratures

3.6.1 Comparison with ER-2
measuremen ts

First the analysestemperaturesare comparedwith ER-
2 in-situ measuremets during seweral igh ts in January

and February 2000 (20, 27, 31 Jan; 2 Feb) at an aver-
age altitude of 60hPa. Three of these ights took

place inside the vortex betweenKiruna and the north
pole, while the one on 27 Jan crossedthe vortex edge
on its way from Kiruna to the south of Moscow (see
igh t paths in Figure 6a). 26% of the obsened temper-
atures above 150hPawereabove Tya 1 (Most frequertly
on the 27 Jan ight) and none below the frost point.
According to the HRM hindcast simulations no ight
crosseda region of mountain wave activity. ECMWF
and UKMO temperatures have beeninterpolated lin-
early in spaceand time to the aircraft positions every
two seconds(which corresponds to a horizontal reso-
lution of about 400m). The statistical summary of
the 33560 data points shows on average an excellen
agreemen betweenECMWF minus ER-2 temperatures
(mean deviation Tecmwr Ter 2= 0:08 0:96K) and
somewhatlessfor the UKMO (0:51 1:23K)3. If only
the coldest 5% of the obsenational data are consid-
ered then the ECMWF is about one degreetoo warm

3This is in qualitativ e agreemert with the study by Knud-
sen et al. (2001) who found an averaged temp erature bias of -
0.43 0.97K for the ECMWF and 0.49 1.13K for the UKMO
based on long time balloon temperature measurements during
Feb and Mar 2000 in the range of 90 to 10hPa, and also with the
study of Manney et al. (2003) who state that in December 1999
and January 2000 the UKMO analysed temp eratures have a cold
bias.
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Figure 3.9: Number of the di erences betweenhigh-resolution radio soundingsfrom Andy ain Jan 2000 (left) and Kiruna
in Jan 2001 (right) and NWP model data. Dierence is the minimum (black) and mean(red) betweenall grid points within
a circle of 80km radius and the two model level closestto the measurmen and the obsenations. Note that data from
Andy a and Kiruna are not assimilated by the analyses. Only obsenations at altitudes between 150 and 10hPa-level are
considered. Positive di erences denote that the model temperatures are higher than those observed.

(0:9 0:6K) while herethe UKMO has a smaller bias
(0:5 0:9K). This indicates that (i) ECMWF temper-
atures (at least during the relatively short time period
of late January 2000) accurately represert the temper-
ature conditions in the polar vortex, also near the pole
wherevery few obsenational data are available for data
assimilation; (i) small-amplitude mesoscaletempera-
ture uctuations (which are not resolved by the model)
are a ubiquitous feature inside the stratospheric vortex
(Murphy and Gary, 1995) and lead to a slight model
warm bias for the coldest obsened temperatures; and
(iii) although the UKMO has a larger overall bias, it
is slightly more accurate for the coldest temperatures
during this 10 days period (this is not necessarilytrue
for other time periods, seeSections5.2 and 5.3.4).

3.6.2 Comparison with temp erature
soundings

Next, a statistical analysis is performed for the non-
assimilated high-resolution radiosondesfrom the Scan-
dinavian stations And y a and Kiruna (cf. Section 2.3)
which are up- and downstream of the main Scandina-
vian mountains, respectively. We excludedthe UKMO

data for this comparison becauseof its erroneoustop-
level ozonedata. In orderto answer the question of how
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closethe models cometo the obsenations, the follow-
ing approach has been adopted: for every obsenation

point, within a circle of 80km radius all grid points
from the ECMWF and HRM on the 2 closest model
levels were comparedto the temperature measuremen
and the minimum di erence is determined asa measure
for the model error. For this choice of radius, there are
typically 8 ECMWF and 200 HRM data points to be
comparedwith ead single obsenation. Fig. 3.9 shows
this minimum di erence for all measuremen points be-
tween150and 10hPa during Jan 2000in And y a (total

of 15 soundingswith  4800measuremets) and during

Jan 2001in Kiruna (21 soundingswith totally 6100
measuremets). The lower panelsshov the sameeval-
uation but only for the coldest obsenation points with

T < Tice + 5K leading to 1000and 500 data points.

Minim um temp eratures

For Andy a (Fig. 3.9a) the averagetemperature di er-
enceis closeto zero( 0:2K for ECMWF and 0:01K
for HRM) and the standard deviation is 2.0K for ECMWF
and of 0.4K for HRM. On the other hand, if the com-
parison is restricted to very low temperatures (T <
Tice + 5K), then the ECMWF data are typically 0:7
1:6K too warm (0:06 0:3K for HRM). The meso-
scalemodel thus captures much better the occurrence
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Figure 3.10: Time seriesof vertical pro les of the minimum temperature relative to Tice (MiN(T  Tice) during January
2000. White contour lines demark Tice -4 K and Tice -8 K; Black contour lines are from 8K upwards in 2K interval. Shown
are three di eren t domains and three datasets asfollows: UKMO (left column), ECMWF (center column) and HRM (right
column). The domains are: ertire polar vortex north of 50 N (top), Greenland (middle) and Scandinavia (bottom). In
last panel, the letters indicate obsenations of ice PSCs during the intensive obsenation period of SOLVE/THESEO at
Andy a (\A") Kiruna (\K") and Tromse (\T").
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of thesevery low temperatures. Similar results hold for
the Kiruna soundingsin Jan 2001 (Figure 9b): there is
now a weak bias if consideringall temperatures (mean
error of -0.3K for ECMWF and -0.03K for HRM), and
again a fairly systematic underestimation of the low
temperaturesby about 1-6K. In summary, this compar-
isoncon rms the generalaccuracyof the ECMWF anal-
ysis temperatures and the sometimessigni cant warm
bias for the (mountain wave induced) very low temper-
atures in the ECMWF analyses.Also (Knudsenet al.,
1996), in a former version of the ECMWF, found the
largest discrepanciesbetween obsened and analyzed
stratospheric temperatures for low temperatures (their
Figures 2 and 5 show a warm bias of 3-6K for temper-
atures below 190K).

In the appendix some sensitivity studies to these
results are preseried. An equivalent to Figure 9 with
he mean instead of the minimum of these di erences
is displayed. Sensitivity experiments were conducted
for the radius of the circle for the HRM data, reducing
it successiely to 40, 30 and 20km for the HRM. (For
a radius of 40 (20) km there are about 50 (10) HRM
grid points on the two levels closestto an obsenation).
Little or no changesare found up to 30km, as can be
seenin the corresponding gures in the appendix.

3.6.3 Intercomparison of model

temp eratures

Here,a direct comparisonof the temperature elds from
the analysesand the HRM for the cold January months
is preserted, by looking rst at minimum temperatures
and then at the volumes below the thresholds. This
senesin particular to indicate the potential impact of
mesoscaletemperature oscillations on the abundance
and amplitude of cold temperatures.

Figure 3.10 shows time seriesof vertical pro les of
min(T Tice ) for January 2000for UKMO and ECMWF
data in three dierent areas: in the ertire polar re-
gion north of 50 N (Figures 10a,b), Greenland (Figures
10c,d) and Scandinavia (Figures 10f,g; seeFigure 5 for
an exact outline of the domains). For the two moun-
tainous regionsthe sameanalysis was performed with
output from seriesof HRM hindcast simulations (Fig-
ures 10e,h). The ice frost point prole hasbeentaken
asin Figure 3, and the shadingin Figure 10is suc that
temperatures below (above) Tic. are black (white and

grey).

We rst look at the ECMWF temperatures in the
three domains. In agreemen with Figure 5the ECMWF
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elds reveal four January episades with temperatures
below Tice in the Arctic vortex (Figure 10b): during
the rst two days of the month, from Jan 7-12 (seealso
Figures 6a,b), from Jan 18-20, and the most intense
episade from Jan 23-28 with values of 4K below the
frost point. Comparisonwith Figures 10d,g shows that
the lowest temperatures almost exclusively occur over
Greenland(rst 3 everts) and Scandinavia (last evert).

In comparison, the Met O ce temperatures show
somesigni cant di erences: during the rst 13 days of
Jan 2000 UKMO analysesare up to 4K colder than
ECMWEF in the layer between 20 and 50hPa. (Again
most of the minimum temperatures occur over Green-
land (compare Figures 10a,c), but the lowest UKMO
value around 10-11 Jan lies outside of Greenland and
Scandinavia.) On the other hand, the cold event asso-
ciated with strong wave activity around 25 Jan is much
wealker in the UKMO data.

Finally the comparisonwith temperaturesfrom the
higher resolution HRM simulations reveals large dif-
ferences. For the Scandinavian region (Figure 10g)
the previously mentioned mountain wave episade from
Jan 25-27is assaiated with distinctiv ely smaller mini-
mum temperaturesin the HRM dueto better resolving
the spectrum of vertically propagating waves. Simi-
lar (although vertically and temporally more con ned)
patcheswherethe minimum temperature is at least5K
below Tice occur during 7-21 Jan when ECMWF tem-
peratures are never below the frost point. For Green-
land the di erences are even more pronounced: From
13-28Jan HRM frequertly producesminimum temper-
aturesin the layer from 10to 60hPa which are at least
5K below the frost point, whereasECMWF analyses
indicate less extreme temperatures (except for 23-24
Jan; seealso Figures 10c,d).

The same analysis for January 2001* (Fig. 3.11)
gualitativ ely con rms the above ndings: (i) the lowest
ECMWEF temperatures occur preferertially over Gre-
enland or (for this winter more frequertly) over Scan-
dinavia; (i) UKMO minimum temperatures are typi-
cally lower than the onesfrom ECMWF; (iii) during
certain episades(e.g. 13-17 Jan 2001) the HRM vyields
signi cantly lower minimum temperaturesthan the two
global analyses. However, in cortrast to January 2000
this additional mesoscalecooling is restricted to a time
period of about one week and during that period also
UKMO and ECMWF temperatures are some degrees
below Tice.

4For this month HRM simulations were only performed for
Scandinavia due to the large CPU time demand for these meso-
scale simulations.
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Figure 3.11: Sameas Figure 10, but for January 2001 and without mesoscalemodeling in Greenland domain.
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Figure 3.12: Time history of the vortex coverage of the regions of Greenland (left) and Scandinavia (right) at 475K in

January 2000 (dashed line) and 2001 (solid line).

Also indicated in Fig. 3.10hand Fig. 3.11gare obser-
vations of type |l PSCsover Scandinavia, i.e. visual ob-
senationsat Andy a(\A"), Kiruna (\K"), Tromse (\T")
and visual aswell asbadckscatter radiosondeindications
for ice particles at Sodankyla (\S"). All ice cloud obser-
vations are qualitativ ely supported by the HRM tem-
perature minima, which corroboratesthe validity of the
simulated temperatures from the mesoscalenodel.

As an interesting side remark it is noted that the
periods with no signi cant mountain wave activit y over
Scandinavia and Greenland correspond to time periods
wherethe polar vortex waseither outside theseareasor
(almost) completely coveredthem (seeFig. 3.12). Rel-
atively high and undisturb ed temperatures prevail for
instance on 2-5 Jan 2000, 16 Jan 2000, 1-10 Jan 2001
and after 16 Jan 2001over Scandinavia (when this area
was outside the vortex) and after 26 Jan 2000 when
Scandinavzia was completely covered by the vortex. A
qualitativ ely similar relationship betweenthe mountain
wave activity and the location of the polar vortex ap-
pliesto the Greenlandareaand con rms the preference
for vertical wave propagation when the vortex edgeis
situated directly abovethe mountains (Whitew ay et al.,
1997; Dernbrack et al., 2001).

The analysis preserted in Fig. 3.13 con rms that
the stark di erences betweenthe ECMWF and HRM
data sets are con ned to episades of strong wave ac-
tivity (and therefore that they are not due to a sys-
tematic model bias). The diagrams show the maxi-
mum positive and negative deviations of ECMWF and
HRM grid point temperatures on 120, 70 and 20hPa
over Scandinavia for the Januaries 2000and 2001. The
apparert symmetry between positive and negative dif-
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ferences,the consistencyof the patterns on the three
vertical levels, and the amplitude increasewith height

(i.e. with decreasingpressure) are indicativ e for adia-
batic cooling/w arming assaiated with vertically prop-
agating gravity waves. On the 20hPa level the wave-
induced temperature changesamount up to 15K for
Jan 2000 and 10K for Jan 2001, except for the pe-
riod of 25-28 Jan 2000 when maximum di erences ex-
ceed 20K. These extremes occur in situations where
the coarser wave signal of the ECMWF and the me-
soscale uctuations of the HRM are out of phase. On
the other hand there aretime periods whenthe absolute
di erence hardly exceed22K in the ertire Scandinavian
region. They are more frequert during Jan 2001 than
in the previous year when only the days 13-14Jan and
22-24Jan seemto be undisturbed by mountain waves.
Finally we note the good correspondenceof the time
periods with signi cant wave activity (Figure 13) and
with extremely low temperatures (Fig. 3.10 and 3.12).
In particular, if temperatures are closeto or below the
ice frost point over Scandinavia, then during both win-
ters gravity wavesare presen and the local di erences
betweenthe ECMWF and HRM data are signi cantly
larger than on average.

To summarize, the analysis of global and mesoscale
temperatures revealed that lowest temperatures occur
predominantly over the Greenland and Scandinavian
region, and that ECMWF on occasionsunderestimates
the frequency amplitude and spatial extent of tem-
peratures below the frost point due to an incomplete
represenation of gravity wave induced adiabatic cool-
ing. However, it wasshown that gravity waveslead also
to additional transient warmings of similar amplitude
(typically 5-8K during wave episades).
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3.6 Validation and intercomparison of model temperatures
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Figure 3.13: Minim um (dashed) and maximum (solid line) temperature di erences betweenHRM and ECMWF (THrm
Tecwwe ) at 120hPa (bottom), 70hPa (middle) and 20hPa (top) in the domain of Scandinavia for January 2000 (left),

January 2001 (middle) and Greenland 2000 (right).

Air volumes below the thresholds

Figure 3.14 shows the January time seriesof the air

volume with temperaturesbelow Tyat and Tice, respec-
tively, in the range from 120to 10hPa, and in the hor-
izontal domains shown in Figure 5b for all three tem-
perature data sets. Considering the volume of air with

T < Tnart, the dierences betweenthe NWP models
are very small. During most of the month the HRM

simulations cannot be distinguished from the ECMWF.

The comparison between UKMO and ECMWF analy-
ses shaws that, only in Jan 2001 above Scandinavia
(Figure 14c) the di erence exceedsl0% (and reachesa
maximum of 3:8 10°km? on the 17 Jan). The agree-
ment betweenthe two analysesis morethan reasonable,
not only for the control domains and January months,

but also for the winter-long, hemispheric volumes (not

shown). Expressedasthe fraction of the air massnorth

of 50 N between 120 and 10 hPa, the volume where
T < Tnat amounted to 30.8% (30.7%) in the Arc-

tic winter Dec 1999to Feb 2000 basedupon ECMWF

(UKMO) data and to 9.6% (11.9%) during the follow-
ing winter. Betweenthe two years, there are substan-
tial di erences over Scandinavia, where the peak value
of the volume is in the secondwinter (Figure 14c) but

the total volume colderthan Tyat is 71% larger in the
rst winter (Figure 14b, ECMWF). Finally, the cortri-

butions of the Scandinavian and Greenland subregions
amournt to about 40% of the total volume of air with

T < TnaT north of 50 N for both winters. For the vol-
ume where T < Tjce the contributions of theseregions
are 47% (38 %) for ECMWF (UKMO) data in the rst

winter and 25% (30%) in the following one (see also
Fig. 5).

Apart from these overall numbers, the picture for
the volume of air where T < Tic (Fig. 3.14d-f) diers
strongly from the one for Tyat. Large di erences be-

tween the data sets are obvious during the rst half
of Jan 2000 over Greenland (Figure 14d). There, the
UKMO volume below the frost point is more than eight
times larger than the one for ECMWEF (as further dis-
cussedin Section5.3.4).

The additional cooling in the mesoscaleHRM due
to better resolved gravity waves leads, compared to
ECMWEF, to an increaseof the volume below the frost
point by afactor of 3.5in Scandinasia and of 1.2in Gre-
enland for Jan 2000. The marginal increase(factor 1.1)
in Scandinavia for Jan 2001may be dueto the increased
horizontal resolution intro ducedat the ECMWF in Nov
2000 and to the reduced overall gravity wave activity
comparedto the previous January.

Sensitivit y of air volumes below the thresholds

The volumes of air below the two thresholds north of
50 N were also computed with the ECMWF analyses
(i) for constart mixing ratios of HNO3; and H,O (cf.
Figure 1) and (ii) when adding a uniform \cooling" of

T =-1 and -2K. For (i) the results indicate that the
volume of air below TyaT IS NOt sensitive to the details
of the vertical trace gaspro les (reduction of only 4%
in both winters). The volume of air below Tice instead
reducesby 90% in the rst winter and 65% in the win-
ter 2000/2001 when taking the constart H,O mixing
ration of 5ppm. The sensitivity of these volumes to
uniform temperature shifts (i) is moderate in the NAT
case:a 1K cooling leadsto a volume increaseof 30%.
On the other hand the sensitivity is high for the ice sat-
uration limit: with temperature shifts of 1 and 2K the
volumes increaseby factors of 3.3 and 7.9 in the win-
ter 1999/2000. The volume increaseis lesspronounced
but still large for the winter 2000/2001 (factors 2.0 and
3.6).
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Figure 3.14: Air volume between 10 and 120hPa below the threshold temperatures Tnat (top) and Tice (bottom) for
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Further validation for period of largest
dierences between the analyses

To further investigate the large di erences during the
time period 1-13 Jan 2000 of the minimum temper-
atures and the volumes of air below the frost point
between UKMO and ECMWF analyses, the temper-
ature analyseswere comparedto all available TEMP
sounding data between 20 and 50hPa in the region
of northern Greenland and Spitzbergenduring this pe-
riod. For the total of 3550bsenational valuesthe mean
error amounts to 0:28 1:2K for the ECMWF and

1:42 2:0K for the UKMO. When considering only
the coldest10% of the temperature data, the errors are
1:56 1:0K and 0:60 0:8K, respectively. Thus the
UKMO is systematically too cold (but matches better
the very cold temperatures) while the ECMWF data
are overall closerto the obsenations. This is con rmed
when consideringthe 10% of the data with largest dis-
crepanciesbetweenthe two analysesyielding errors of
0:33 1:2K for ECMWF and 1:53 2:0K for UKMO.

In Jan 2001 over Scandinavia (Fig. 3.14f) UKMO
reaches again lower temperatures in a much wider do-
main than the ECMWF resulting in a volume with
T<Tice about twiceaslarge. The non-assimilatedsound-
ings from Kiruna on the days with big di erences (4
UTC 11Jan; 3UTC 12Jan; 7UTC 22Janand 5 UTC
24 Jan) all indicate that the ECMWF temperaturesare
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very closeto the radiosondeobsenations while negative
departures of the order of 1-5K between20 and 27km
occur with the UKMO (seealso Figure 8b). Note that
thesedi erences betweenthe analysesare qualitativ ely
similar to the onesfound when comparing to the ER-2
measuremets (Section 5.1).

3.7 Microph ysical and chemical
implications

In the following we investigate how the di erent NWP
model temperature elds aect NAT and ice nucle-
ation as well as chlorine activation on the liquid bi-
nary and ternary aerosols. Clearly, the strongly non-
linear temperature dependenceof all these processes
makes them particularly susceptibleto the previously
discussedemperature di erences. For example,Carslaw
et al. (1998) found that more than half of the inorganic
chlorine could becomeactivated in the single passageof
an air parcel through a mesoscalenountain wave PSC,
which wasresolvedin a mesoscalanodel applied to the
Scandinavian region but not in the ECMWF analyses
at that time. Some of the mesoscalecooling is now
actually captured, but there remain di erences to the
HRM which we quantied in terms of minimum tem-
perature (Fig. 3.10 and 3.11) and the volumes of cold
air (Fig. 3.14).
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3.7.1 The approach

To estimate the non-linear responseof ice and NAT nu-
cleation and of chlorine processingon liquid aerosolpar-
ticles we assume for simplicity, the badkground aerosol
to be monodisperse with constart mode radius r =

0:1 m and number density Naer = 10cm 2 in all fol-
lowing calculations. We estimate nucleation and Cl ac-
tivation within ead grid box of the HRM, ECMWF

and UKMO data in an Eulerian way, by assumingthe
temperature to be constart within a givengrid box over
the time step t of the model output (which is 24 hours
for the Met O ce and 6 hours for the other models). In

order to reducethe arbitrariness of the dierent t and
to take into accourt the air masstransport acrossthe
domain weintroducea normalizedtime step = 24h,
which correspondsto an air-parcel advection of 2000km
(about the mesoscalelomain width) for typical stratos-
pheric meanwinds of 25ms 1.

This calculation requiresnucleation and chlorine ac-
tivation rate coe cien ts. For ice, we implemented the
homogeneousice nucleation rate, Jice, given by Koop
et al. (2000). This is currently the most reliable param-
eterization for the nucleation rate coe cien t of ice from
agueoussolutions of arbitrary composition and concen-
tration.

For NAT, the description of the nucleation rate is
rendereddi cult dueto persisting problemsin our un-
derstanding of NAT nucleation. Possibly NAT nucle-
ateson a subsetof the ice particles in anice PSC follow-
ing co-condensationof HNO3 on the growing ice phase,
which has beendirectly obsenedin laboratory experi-
ments (Biermann et al., 2000) aswell asdownstream of
mountain-wave-inducedice PSCs(Carslaw et al., 1998).
This would yield a signature in NAT occurrencequite
similar to that of ice, just with appropriately reduced
number densities and with long particle trails down-
stream which slowly mix into the vortex. In addition,
theselong particle trails (termed \mother clouds") by
(Fueglistaler et al., 2002) might not lead to the in -
tration of large NAT particles (termed \NA T-rocks")
which sedimert out of the lower edge of the mother
cloud and then grow rapidely when falling into super-
saturated layers of air (the \mother-cloud/NA T-ro ck"
medhanism).

Howevwer, in the context of the large NAT particles
recertly discovered in the Arctic (Fahey et al., 2001)
aswell asduring the EUPLEX campain (from Kiruna,
Sweden, in the winter 2002/2003), doubts have been
expressedhat the nucleation on ice might really be suf-
cient to explain the obsened NAT (Tabazadehet al.,

3.7 Microphysical and chemical implications

2001). In the absenceof constraints from directly ap-
plicable laboratory data, Tabazadehet al. (2001) used
measuremets from Salcedoet al. (2001), and extrap-
olated these data from the applied very low labora-
tory temperatures to much higher stratospheric tem-
peratures in a not justiable manner (Knopf et al,,
2002). Due to the uncertainties involved in this pro-
cedurewe prefer to usethe following parameterization,
based upon bulk phase measuremeits by Koop et al.
(1995): JnaT = 0:005 [cm 3s 1] 2 r3Nge if T

Tnat 4K, and Jyat = 0 else,as an upper bound for
the number of NAT nucleation events per volume of air
and per unit time. It should be noted that this nucle-
ation rate coe cien t is about four orders of magnitude
smaller that the one usedby Tabazadehet al. (2001).

Finally, for chlorine activation, the reaction rate co-
e cien ts are estimated from the temperature-dependert
uptakecoe cient, (T), for CIONO reacting with H,O
or HCI on liquid binary or ternary aerosols,asgiven by
Fig. 7-2 in World Meteorological Organization (1999).
At 50hPa, 1for T. 188K and steeply decreaseso
0.01for T 196K. The reaction rate coe cien t, i.e. the
number of CIONO reactions per volume of air and per
time unit is givenby Jc; = (T)Vin Naer 12, where vy,
is the meanthermal velocity (which was assumedto be
Vih =200 ms 1).

3.7.2 The results

For all three rate coe cien ts J,(T), (with x =ice, NAT
or Cl), Fig. 3.15shawsthe results for the following aver-
ageover all grid boxesV; within the volume of interest
V (i.e. Scandinavia or Greenland):
b
V
V.

ViNx[l expf Jx(Ti) g]:
viv ViV

Here, Ny is the ice or NAT particle number density for
the nucleation calculations, or, for chlorine activation,
Nx is the number density of CIONO, moleculesin the
gasphase(typically Nciono ,  10° moleculescm 2 for
a mixing ratio of 1ppbv).

Evidently ice nucleation, requiring lower tempera-
tures ( Tnat  10K) than NAT nucleation (here as-
sumed Tyat  4K), shows the strongest sensitivity to
the di erent temperature data sets. Even chlorine ac-
tivation shows a considerabledependenceon these pa-
rameter changesowing to its strong increasebetween
TnaT @nd Tiee. Table2 highlights this behavior by show-
ing the sensitivities for the two winters of nucleation
and chlorine activation to a uniform temperature shift
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Figure 3.15: Time histories of the estimates of averaged number densities of NAT particles (top), ice particles (center
row) nucleating per day between 10 and 120 hPa, and averaged CIONO , mixing ratio activated per day between 50 and
60hPa. Calculations were performed for the domains of Greenland in Jan 2000 (left), Scandinavia in Jan 2000 (middle),
and Scandinavia in Jan 2001 (right). The solid line is for HRM, dashedfor ECMWF and dotted for UKMO. Note the

di eren t scalesin the middle row.
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1999/2000 2000/2001
NAT ice Cl NAT ice Cl
T= 1K +78  +267 +32 +57  +294 +39
T= 2K +188 +4628 +66 +133 +1024 +85
(H20)=5 ppm; (HNO3)=7.5 ppb -14 -48 0 -15 91 0

Table 3.2: Changes[%] in chlorine activation, NAT and ice particles nucleation nhumberswith respect to uniform temper-
ature shift T in ECMWF data and with constant HNO3; and H>O proles (see gure 1) for the region north of 50 N

and for the months DJF.

in ECMWF temperatures or when using constart in-
stead of the obsered mixing ratios of HNO3 and H,O
as shown in Fig. 3.1. Becauseof the 3K supersat-
uration neededfor ice nucleation (Koop et al., 2000)
and the extremely non-linear dependency of this pro-
cesson temperature there is little correlation between
the number of nucleated ice particles and the volume
of air below the frost point. For instance, the UKMO
regions with T < Tj, above Scandinavia during the
time period of Jan 2000 (Fig. 3.14e) produce no ice
particle at all (Figure 15e),in contrast to the ECMWF,
whosevolumebelow T wassmaller by a factor of two.
Meanwhile, the HRM produces12times more ice parti-
clesthan the ECMWF due to the additional mesoscale
mountain wave cooling. Also in the other considered
periods and domains, the HRM producesbetweenten
(Greenland, 2000) and two (Scandinavia, 2001) times
more ice particles as comparedto the ECMWF analy-
ses.As a further example,the comparisonof the global
analysesduring the three winter months in the whole
vortex shaws that the UKMO produces 30 (2) times
more ice particles in the winter 1999/2000(2000/2001)
than the ECMWEF. This contrasts with the volumes
with T < Tjce which werelarger in the UKMO, ascom-
pared to ECMWF, by only a factor of 3 (2.5).

Figures 15g-i shav the temporal ewolution of chlo-
rine activation between 60 and 50hPa. The dier-
ence between the models is comparatively small dur-
ing January. Solely for Greenland in Jan 2000, the
di erence between the three data setsis larger than
10%. Estimating the winter-long vortex-wide chlorine
activation in 1999/2000, based on ECMWF (UKMO)
temperatures, leadsto averagedvalues of 0.44pptd *
(0.41pptd ') averagedduring the months DJF. For the
following winter with higher total volumesof very cold
air and enhancedice production these gures amourt to
only 0.11pptd ! (0.13pptd 1); hencethe main coriri-
bution for chlorine activation comesfrom temperatures
above Tice despite the smaller rate coe cien ts.

Figures 15a-cindicate that for NAT nucleation, the

absolute values as well as the variations with time are
much lower than for ice production due to the weaker
dependenceof homogeneousNAT nucleation assumed
at very low temperatures. Generally, Figures 15a-c
show averaged nucleation rates for NAT particles of
about 0:4 1:2 10 %cm 3d 1.

3.7.3 Discussion: for

denitri cation

Implications

The typical values of 10 “cm 3 for particle number
density measuredby Fahey et al. (2001) obviously can-
not be reached with the computed number of homo-
geneouslynucleated NAT particles even if low stratos-
pheric temperatures are assumedto persist throughout
the entire winter ( 100d). If instead of the simply con-
stant nucleation rate for NAT assumedabove, we im-
plemert the parametrization of Tabazadehet al. (2001)
(despite its above-mertioned limitations), the meannu-
cleation rates increaseto 40 and 7 10 “cm 3d ! in
the rst and secondwinter, respectively. These rates
would now be much greater than for NAT nucleation
on ice: for example the assumption that NAT nucle-
ateson 1% of the ice particles NAT nucleates(Carslaw
et al., 1998)yields averagedratesof 1:6 10 cm 3d ?
for DJF 1999/2000and 1:7 10 ®cm 3d ! for the fol-
lowing winter (based on ECMWF data). Thus from
these very simple Eulerian considerations, NAT nucle-
ation on ice cannot be excludedasit is 100-1000times
more e cien t than the most optimistic homogeneous
NAT nucleation estimates.

Further, satellite obsenations have shown that in
the Arctic, the gasphaseHNOj; lossis more localized
and transient than in the Antarctic, with strong inter-
annual variability (Sarntee et al., 1999; Kondo et al.,
2000). These large variations of abundancesin gas
phasenitric acid are hardly compatible with denitrify-
ing NAT particles which only would have nucleated ho-
mogeneously becausethese rates show very low sensi-
tive dependenciedo temperaturesaswell astrace gases
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(seeTable2). (The Tabazadehet al. (2001) methodol-
ogy showing even lessvariance as the 'nucleation win-
dow' is restricted to a narrower temperature interval.)

An often brandished argument against NAT nucle-
ation on ice (Tabazadehet al., 2000) is the obsena-
tion of denitri cation occurring prior to dehydration as
temperatures decreasein early winter citepSartee:95.
Howewer, this is not in contradiction with the scenario
of ice particles forming in a lee-wave cloud, or in a small
synoptic region where T < Tj, sothat the life-cycle
of these particles is too short for signi cant settling
and the consequeh dehydration is then restricted in
too shallow a layer to be obsened. In both casestem-
peratures below Tyat might extend over large areas
and could imply denitri cation in regions apart from
thosewith T < T by advection and dispersion of the
settling NAT patrticles.

3.8 Summary and conclusions

That's better, now he's better, and
sosits and never stirs, clutching it to
him whereit gapes,till it all perishes
and rots o of him and hangso of
him in black itters.

Samuel Beckett, All strange away

A systematic investigation has been performed of
the temperature conditions in the Arctic stratosphere
during the winters 1999/2000and 2000/2001basedupon
measuremem data, UKMO and ECMWF analyses,and
mesoscaldHRM hindcast simulations. The results from
this study conrm and extend previous examinations
of stratospheric temperatures and of the relevance of
gravity wave disturbances (Dornbrack and Leutbeder,
2001). The novel aspectsinclude: (i) the use of obser-
ved pro les of HNO3 and H,O for the determination
of ice and NAT existencetemperatures; (ii) the direct
comparison of a cold stable vortex (winter 1999/2000)
with a strongly perturb ed one (winter 2000/2001); (iii)
the investigation of the \high-resolution" ECMWF anal-
yseswith 60 vertical levels(available sinceMarch 1999)
and a horizontal resolution of 60km ( 40km since
November 2000) in the polar region; (iv) a series of
month-long hindcast simulations with a mesoscalemo-
del for Greenland; and (v) the quartitativ e estimates
of microphysical implications with operational global
analysis data and mesoscalesimulations. The main re-
sults, which relate on the onehand to generalaspects of
cold stratospheric temperatures and their analysis, and
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on the other hand to particular characteristics of the
two winters under investigation, can be summarizedas

follows:

(1) During both winters the Arctic stratospheric tem-
peratures were characterized by large volumesbe-
low the NAT threshold temperature and by episades
of seweral days below the ice frost point. Typically
theseepisadeswere characterizedby cold synoptic-
scaletemperatures and additional mesoscalecool-
ing with substartial amplitude (2-10K) assaiated
with gravity wave propagation into the lower and
middle stratosphere.

(2) The secondwinter, 2000/2001 (with the smaller
and strongly perturb ed Arctic vortex), was ass@i-
ated with a 68% smaller volume of air below TnaT,
but with a 16% larger volume of air below the
ice frost point. The chemical/microphysical impli-
cations are that the integrated potential for chlo-
rine activation and homogeneousNAT particle for-
mation were 75% and 64% smaller, respectively,
while ice particle formation was92% larger during

the winter 2000/2001 comparedto 1999/2000.

Using independert data (from ER-2 aircraft mea-
suremerts and non-assimilatedradiosondes)he val-
idation of the ECMWF and UKMO temperatures
in the stratosphereshows generallya high accuracy
of the ECMWF data (meanerror 0.09 1.12K) and
slightly lessfor the UKMO (0.49 1.66K). How-
ever, if only the coldest temperatures are consid-
ered,the modelshave a warm bias, which is smaller
for UKMO than ECMWF. During certain time
periods the two analysis data sets di er substan-
tially in the polar region and validation with the
relatively sparsetemperature soundingsindicates
that for these casesUKMO has the larger bias.
Thesedi erences have signi cant implications, for
instance when estimating (i) the total volume of
air with T < T, which is (during the winter
1999/2000) 72% larger for UKMO temperatures
comparedto ECMWEF, or (ii) the number of ho-
mogeneousnucleated ice particles which is larger
by a factor of 30 when using UKMO data.

®3)

For the two consideredwinters, Greenlandand Scan-
dinavia (and the North Atlantic regionin between)
are the preferredregionsfor very low stratospheric
temperatures. For instancein the winter 1999/2000,
47% of the total air volume with T < Tjce resides
over the two mountainous regions. In terms of the
number of nucleated ice particles this proportion
risesto 84%.

(4)



TEMPERA TURES

(5)

(6)

ECMWEF analyseswith T319L60 resolution in the

winter 1999/2000(T511L60 in the winter 2000/2001))

partly capture the mountain wave signals, beyond
horizontal wavelengthsof 400km, although with
reducedamplitude which results in a warm bias in
casesof very cold temperatures of 1-6K.

The mesoscalanodel HRM (with a horizontal res-
olution of 15km) resolves ne scaledetails of the

wave-inducedtemperature uctuations. During both

winters (and unlike ECMWF and UKMO) the HRM
hindcast simulations indicate minimum tempera-
tures below Tice on all days when ice PSCs have
beenobsened over Scandinavia. In a more quan-
titativ e sense,it reproducesthe obsened pro les

with high accuracy in some cases,but in others
phase (and amplitude) errors lead to large devia-
tions from the measuremets. The better represen-
tation of wave-inducedcold temperatures strongly

3.9 Appendix

increasesthe volume of air with T < Tjce and the
potential for ice particle formation (for instance
over Scandinavia during the winter 1999/2000(and
comparedto ECMWF) the number of ice particle
nucleations increasesby a factor of 5).

Measuredpro les of HNO3 and H,O for the winter
1999/2000deviate substartially from the constart
values of 7.5ppbv and 5ppmv, respectively, and
their availability is essetial to determine the po-
tential for PSC formation. Homogeneouslyformed
NAT particles reduceby 14% when constart pro-
les are usedand the number of nucleatedice par-
ticles reducesby 48% (T able?2).

3.9 App endix
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Figure 3.17: Sameas Figure 9 but the circle for the HRM data has a radius of 30km
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Part [11:
A Lagrangiammodel study on
the life cycleof large
NAT particles

... brusque illumination. .. tout aussibete au
fond mais tellement elle... enun sens... l'id ee
gu'elle ferait peut-tre bien de... de gemir. ..
temps en temps... setordre pas question...
comme si bel et bien... au supplice... mais
rien a faire... plus fort qu'elle... vice de car-
actere... incapable de tromp erie... ou bien la
machine... tellement deconnecke... jamais
recu le message.. ou incapable de reagir...
comme engourdie. . .

Samuel Beckett, Pas moi






Chapter 4

NA T-ro cks

4.1 Abstract

During the SOLVE/THESEO-2000 eld campaign in
the winter 1999/2000 very large solid nitric acid tri-
(or di-) hydrate-containing (NAT or NAD) particles
with radius up to 10 m have been measuredin the
Arctic stratosphere. These obsenations are of special
interest for the understanding of the role of the nitric
acid-carrying aerosolsfor chlorine activation, for stra-
tosphericdenitri cation dueto the sedimenation of the
large nitric acid particles, and for the corntroversial dis-
cussionon the nucleation of these aerosols.

Here a systematic Lagrangian investigation is un-
dertaken of the obsened large particles during the win-
ter 1999/2000using ECMWEF. The study is basedupon
extensive aerosolparticle trajectory calculations, com-
puted forward, for the ertire vortex, from Jan to March
2000,basedon v edi erent particle nucleation scenar-
ios which have been proposedrecertly. The choice of
di erent scenariosre ects the gapin our understanding
of the nucleation medcanism of these particles.

Weillustrate that the particle tra jectoriesare highly
sensitive to their initial conditions (radius, location,
shape, and background HNO3 loads, etc.), a fact that
has been overlooked in many previous modeling stud-
ies of large NAT particles. The results indicate that
the unresolved gravit y-wave induced mesoscalecooling
remainsa critical issue,and that the stratospheric tem-
peratures and the badkground concertrations of HNO3
are other key factors in the calculation of the NAT par-
ticle growth process.

Noneof the implemented scenariosts perfectly with
the obsenations. Howewver, basedon this Lagrangian
model study, the ice nucleation scenarioscannot be
ruled out. The comparison betweenthe modeled sce-
narios and the obsened amounts of denitrifying parti-
clesis rendereddi cult in the sensethat there is little
agreemen betweenindividual igh ts when comparing

horizontal or vertical particle distributions, or the to-
tal condensedmass. For the igh t on 5 March 2000,we
show with alimited-area meteorologicalsimulation that
NAT nucleating on ice in this mesoscalebest matches
the obsenations.

4.2 Intro duction

Ou alors on fait des catalogues
raisonnes, comme Smith. Ou
alors on se livre franchement a
un bavardage desageable et confus.

C'est le casici.
Samuel Beckett, Le monde et le
pantalon

Denitri cation is the irreversible downward trans-
port of reactive nitrogen by sedimerion of nitric acid-
cortaining solid particles from higher stratospheric lay-
ers. As the solid aerosolsevaporate at lower elewations,
they re-inject the nitric acid (HNO3) bad to the stra-
tospheric air, a processtermed nitri cation.  Denitri -
cation is for long under considerableattention (World
Meteorological Organization, 1999) becausei) it de-
creasesthe rate of ClO, deactivation and in turn en-
hancespolar ozonelosses(Solomon, 1990; Fahey et al.,
1990; Rex et al., 1997), ii) the mecdanism(s) for the
nucleation of the falling particles is still not known
(Solomon, 1990; Peter, 1997) and iii) of recert in situ
obsenations of nitric acid containing large (r 5 m)
settling particles (Fahey et al., 2001; Northway et al.,
2002) in small number densities( 10 “cm 3). These
large particles are most likely composed of NAT (ni-
tric acid trih ydrate, HNO3 3H,0) and are commonly
termed \NA T-rocks" (Fueglistaler et al., 2002). How-
ever, the possibility that the obsened acid-cortaining
large particles were composed of nitric acid dihydrate
(NAD, HNOj3 2H,0) cannot be excluded.
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4.2 Introduction

Small nitric acid-cortaining particles in large num-
ber concertrations were well known from polar stra-
tospheric cloud (PSC) measuremets (Browell et al.,
1990). Measurmerts of large particles with low num-
ber densitiesin the polar stratospheresreach bad to
AASE-1 during the Arctic winter of 1989 (Dye et al.,
1990; Wofsy et al., 1990; Hofmann and Deshler, 1991;
Goodman et al.,, 1997). However, in the absenceof
simultaneous measuremets of composition, these par-
ticles have beenassumedto be ice or NAT-coveredice.
Based on the obsenations preseried by Fahey et al.
(2001); Northway et al. (2002), particles obsened in
these earlier studies may indeed have included large
NAT particles. Furthermore, rst evidencefrom in situ
measuremeis and composition analysishasbeengiven
for 1:3 stoichiometry of HNO3:H,O, characteristic for
NAT particles, within PSCs(Voigt et al., 2000).

Seweral medhanismsfor NAT-particle nucleation have
beenproposed,as the accurate modeling of the forma-
tion of theselarge particles is essetial for understand-
ing Arctic denitri cation and predicting future Arctic
ozone abundances. Salawitch et al. (1989) suggested
that preferertial nucleation of ice on particles found in
someNAT clouds(with r 1 m) could setthe stagefor
denitri cation (\ice on NAT"). Analysis of PSC parti-
cle sizesobsened in the Arctic led Wofsy et al. (1990)
to formulate the hypothesisthat denitri cation could
occur as ice particles fell through NAT-saturated re-
gions acquiring a layer of NAT through condensation
(\NA T onice"). An alternative mecanism for NAT
on ice was formulated by Peter et al. (1994) in which
HNOg3 is trapped in rapidly growing ice crystals asthe
air parcel cools, taking into accourt that the obser-
ved cloud was formed during a lee-wave event. Bier-
mann et al. (1998) proposeda further alternative med-
anism of NAT onice: NAT initially nucleatesfrom the
gasphaseon an ice particle and causesthe freezing of
the liquid ternary Im on ice. Indeed, the method of
parametrizing denitri cation in 3D chemical transport
models was long to assumethat HNO3; condenseson
ice (Chipper eld et al. (1993) and referencestherein).
Such a treatment of denitri cation stems from early
simulations of the Antarctic stratosphere,whereice oc-
cursfrequertly, and is probably responsiblefor the bulk
of the obsened denitri cation (Carslaw et al., 2002).
However, Waibel et al. (1999) madethe rst successful
3D simulation of denitri cation, for the Arctic strato-
sphere, with sedimeriing NAT particles (assumedto
be in thermodynamical equilibrium) which nucleated
on ice and releasedafter ice evaporation.

It is also conceiable that formation of NAT pro-

ceedsthrough the initial formation of the metastable
NAD followed by a solid-solid transition to NAT (Fox
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et al.,, 1995). NAD exists at temperatures below its
equilibrium point, Tyap but the question of exact mi-
crophysical medanism is not answered but transfered
to how and under which conditions NAD forms.

The assumptionhasbeenarticulated that NAT would
spontaneously nucleate on badkground aerosols,if these
were exposed for seweral days to supersaturated con-
ditions with respect to NAT (Tabazadehet al., 2000).
Further, assuminghomogeneousucleation of NAT from
badkground aerosolsTabazadehet al. (2001) microphys-
ically modeled the denitri cation in agreemen with
obsenations. But, the homogenousnucleation rates
they applied were extrapolated from nucleation rates
measuredby Salcedoet al. (2001) in a not justi able
manner, as demonstrated by Knopf et al. (2002). The
freezingbehavior of bulk HNO3/H ,SO4/H ,0 for polar
stratospheric conditions has been examined previously
by Koop et al. (1995) establishing an upper limit for
the nucleation rate of < 10 cm 2 which is orders of
magnitude lower than usedby Tabazadehet al. (2001).
It was also suggestedthat a small fraction of the am-
bient sulfate particles may freezeforming sulfuric acid
tetrahydrate (SAT). Theoretical and laboratory studies
have showvn that NAT can form on SAT under stra-
tospheric conditions (Koop and Carslaw, 1996; Iraci
et al.,, 1998). However, laboratory studies of sulfuric
acid shaow that it supercools rather than freezesin the
stratosphere. HeterogenousNAT formation was also
proposedon special nuclei (as micrometeorites, space-
craft debris, volcanic ash, or particles from the trop o-
sphere)to explain the selective nucleation process(T ol-
bert and Toon, 2001). However no laboratory and no
obsenational evidenceexists for such a medcanism.

Recerly Luo et al. (2003) proposed a parametri-
zation for NAT deposition nucleation rates, which only
dependon NAT supersaturation and temperature, based
onthe laboratory evidencethat extremegasphaseNAT
supersaturations (Syat &500,ascausedby strong cool-
ing rates, e.g. assaiated with mountain waves) pro-
mote NAT deposition nucleation on ice or other solid
surfaces,aslong asthey are not coatedwith STS. Their
nucleation rate are able to explain the formation of
NAT (deposedon ice surfaces)particle number densi-
tiesin the wide rangebetween10 4 and 10 3. Dhaniyala
et al. (2002) preseried a related hypothesisstating that
the known formation of nitric acid hydratesin lee-waves
ice clouds (Carslaw et al., 1998) generatesa ux of
large particles in the lower stratosphereand e ect vor-
tex wide denitri cation. A similar mechanism was pro-
posedsimultaneously by Fueglistaler et al. (2002) who
stated that PSCs of type la or la-enh (not obligato-
rily native from an ice cloud, PSC type Il) can act as
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mother clouds for NAT-ro cks, releasingthem as long
the mother cloud is being advectedwithin NAT super-
saturated conditions.

Using the particle obsenations of the winter 1999
/2000, Popp et al. (2001) inferred averageremaoval of
more than 60% of the reactive nitrogen resenoir (NOy)
throughout the core of the Arctic vortex, shawing that
denitri cation in the Arctic lower stratosphere can ap-
proach the sewerity and extent for that previously obser-
ved only in the Antarctic, aspredicted by Waibel et al.
(1999) stating that the Arctic stratosphereis currently
at the temperature threshold for denitri cation. Gao
et al. (2001) using the sameobsenations underlined the
spatial inhomogeneity of denitri cation and its substan-
tial role in controlling ozonedestruction. Carslawet al.,
(2002) (in the following Car'02) performed simulations
of theseobsened NAT-ro cks using a particle tra jectory
model. Constraining their 3D chemical transport mo-
del with the obsenations of Fahey et al. (2001), Davies
et al. (2003) were able to quantify the ozonedepletion
up to 74% at 460K, and the contribution of denitri-
cation to this loss, as high as 30%, using the same
denitri cation sdemeasin Carslaw et al. (2002). Fur-
ther, Flentje et al. (2002) using aircraft-b orne lidar ob-
senations (and the particles' tra jectory instrument de-
scribed in Section 4.3.2) could evidencethe settling of
synoptic PSCs particles between an outgoing and an
incoming ight leg.

In the latest polar winter campaign, EUPLEX, which
took placein the winter 2002/2003and was also hosted
in Kiruna, indications were found for here possibly un-
consideredNAT nucleation mecanisms,asnumber con-
certrations 10 3cm 2 were found on great vertical
and horizontal extensions, in the absenceof regions
with T<Tjc, throughout the Arctic vortex. Thesere-
cert obsenations might indicate that sewral dierent
nucleation medanisms might exist, which lead to the
formation of large NAT particles, rather than a unique
processensuring the wide range of obsened number
densities. In this study we will con ne to the 1999/2000
measuremets described in Fahey et al. (2001); North-
way et al. (2002).

In this paper we aim to test sewveral NAT nucleation
schemesand their capability of reproducing the large
obsened particles. Data and method will be presened
in next section. Sensitivity experimerts of the model to
its parameters are undertaken in Section 4.4. The re-
sults of the forward vortex- lling integration from Jan
to March 2000 are displayed in Section 4.5. De facto,
the samestudy than present onewasalready published

by (Carslaw et al., 2002); both studies share the same
motivations, aims and methodology. Howewer, here

4.3 Obsenations and methods

we investigethe application of somefurther nucleation
schemes. We show that ewven slight di erences in the
model formulation and in the model validation (e.g. by
comparisonwith all 7 mission igh ts) may lead to an-
tahonistic conclusionson the nucleation medanism at
work.

4.3 Observations and metho ds

The obsenations of the large NAT particles that in-
stigated presen study are scrumptiously described in
Fahey et al. (2001); Northway et al. (2002). Hereafter
someessetial aspectswill berecalled. The Lagrangian
instrument designedto simulate the life-cycle of these
large particles is then intro ducedin details.

Gas phasemixing ratios of HNO3 and H,O are re-
quired for the determination of Tyat Or Tice and of
particle growth rates. We utilized the mixing ratio pro-
les ( Hnos @and  H,0) measuredduring the Arctic
winter 1999/2000SOLVE/THESEO-2000 campaignhby
Sdiller et al. (2002); Kleinbehl et al. (2003) respec-
tively in the very same fashion as described in Buss
et al. (2004. (Seealso chapter 3.).

Aboard the ER-2, the meteorological measuremen
system (MMS) is collecting temperature data with a
sampling rate of 10Hz and an uncertainty of 0.3K for
temperature (Scott et al., 1990). This yields low-pass
Itered data, which are exploited in presert study (see
Fig 4.1), at a resolution of 1secor 200m horizontal
distance at mean cruise speed.

4.3.1 Large particle observation

Large particles wereobsenedbetweenJanuary and March
2000with three instruments on board the NASA ER-2
high-altitude aircraft. The presenation here is based
exclusively on the NOy instrument, which measured
NOy and NO (Faheyet al., 2001;Northway et al., 2002).
NOy is the sum of principal reactive nitrogen species,
of which HNO3, NO, NO,, N»,Os and CIONO, are im-
portant in the lower stratosphere (Fahey et al., 1989).
In the wintertime polar stratosphere,the vast majority
of this odd nitrogen is in the form of nitric acid (Kawa
et al., 1992). Two NOy measuremeis were made with
two independert measuremei channelsin order to dis-
tinguish sizesgreaterand smallerthan 1 m in radius,
the \fron t" and \rear" inlets, located on a particle sep-
arator attached to the aircraft fuselage(Kelly et al.,
1993;Fahey et al., 1989;Gao et al., 1997).
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