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Abstract (English)

In the presenstudy, asynopticand dynamic analysis of a stratospheric air intrusion
episode into the troposphere in the Hohenp
Januay 2015 is initially conducted. A deep Stratosphere to Troposphere Transport
(STT) event is presented, followed by an examination of its impact on tropospheric
ozone levels in the study area. Of crucial importance is the reduction in the tropopause
height, irdicating the potential for a stratospheric intrusion to penetrate the troposphere,
contributing to the downwdr transport of ozone. This intrusion results in the
tropopause foldleading to a continuous layer with discontinuities, termed dynamic
tropopause, promoting the mixing of stratospheric and tropospheric air and
consequently enhancing ozone levels in the troposphere, reducing water vapor, and
increasing potential vorticityPV) values.The gnoptic analysis of this phenomenon
describes an uppégvel trough and a deep tropopause fold at 500 hPa. Disturbances in
the upper troposphere, directly associated with positive PV anon@akssipposéhe

use of PV for diagnosingynoptic processes. Tropopause folds are located at the
entrance of subtropical jet streams and are determined by their intensity and position,
mainly prevailing in subtropical zones based on the downward vertical extent of the
stratospheric intrusion to a certageopotential heightin the context of the
development and implementation of the thesis, ozone measurements from the WOUDC
ozonesonde and data from the Copernicus Atmosphere Monitoring Service (CAMS)
were usedsuccessfully reproducing the-salledfihook-shaped streamemwith ozone

rich and dry airin the tropospherdn the second part of hstudy an examination of

the impact of climate change on tropospherone and in the transport of stratospheric
ozone to the tropospherg conducted using data from simulations byiiE6 Earth
system models under the SSPB scenario. This takes into accowtbbal warming

and the ozone impact near polluted areas according to future climate change scenarios.
The role of anthropogenic emissions in the future is crucial, as an increase in ozone is
observed in both polluted and unpolluted regions above the criticdlipdhe coming
decades. Climate change positively influences ozone in remote areas away from
pollution sources but has negative effects only in regions close to potlotedes.

Climate change due to intensified warming associated with jet stream activity

c



contributes to highestratospheriozone values due to the tropopause fold mechanism
by the end of the 21st century in subtropical and polluted regidvescontinuous and
progressively increasing exposure to stratospheric ozone contributes to increased
mortality attributable to ozone, owing to population growth arehag

Key words: stratospheric intrusion, tropospheric ozone, CAMS, CMIP6
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cHa'g’t er /Clf . | ntroducti on

Il n this study, we investigated the synoptic
of a deep stratospheric intrusion into the
The ul ti mate goal was t o anal yze ozone C

Hohespenberg during the event t hat occurre
purpose of this study is to comprehensivel

synoptic features of the tropopause fold

met eor olaonge tcearls ptalrat i nteract and relate toc
observational and model data to deter mine
the devel opment of such episode. The analy

appear aencter opfopahuse fold event and extends



J]. Study of the process of tropoj

1.1 Historical review

The discovery of ozone took place in 1840
during a thunderstorm, detected an el ectr
responsi bSienc'eo ztohneen', ozone has become a sig
atmospheric chemistry. By the 1850s, me a s
various stations, revealing concentrations
1940, it waas cihdeemmitciafli ecdo mgpsound i n s mog, part

and Londgn,t ol eaaddvienr s e effects on the at mo
Continuous ozone measurements indicated a
to 40 ppb in recent studies. According to f
ri se by mor e 1tOh0an 60 ppb by

1.2 Tropospheric -<&MeSthraantiossnpsheaofi ¢ T rOzpmsey

Producti on
Ozone is cofMeirdmeCéd matNMed&krorcer (NTCF), as

i feti me, |l asting at mo st a fewiweekdy Th
influence the gl obal radiation balance, e
0. 40W/ meading to an average gl obal sur f ac

attributed to ozone. Other NTCFsaniducCHude ace
(Turnock eAkralt.i,di 23023t;Tlaér ef o2r0e2,2 t he redu
substances wil |l be much morwhiaccht ihvaes tah alni,f «
100 vyAtammsspheric chemistry i nvestigates t

procesdetsert miame the rate of production and

in the troposphere. The distribution of o
depends on its producti on, l oss and trans
becauseties eiittdpiema photochemically through
the stratosphere. I n the | ower stratospher
to the upper stratosphere, |l eading to ozo
transpeorr tt haant hproducti on. Conversely, t he
ultraviolet radiation for photochemical re



primarily due t o prodthnt i Bhec(tStorndtcospaer
Phot ochemi cal oxi @d@nthsol dsc hsmgei tb&Zzmaaet i n t
atmosphere, affecting both the environment
of the stratosphere, with maxi mum values i1
at an al t3i0t ukdre, owWwhil% t he r emar oip oxgp hler% . e
Stratospheric ozone absorbs ultraviolet raf
from diseases. For this reason, It IS re
tropospheric ozone has both posriet.i vGen anhde n

one hand, it is con(ssiodeaald eddetirbdame na ad n elz)
infrared Earth radiati on, contributing to
at mosphere. Additionall vy, pol |l uti on I ssue

considered a photochemicdal ap@lhloutoaxamte mdeeal t
intensified under solar radiation. On t he
radi cal (OH) in the troposphere is cruci al

photol ysi ss<oBlébzameaatd oxidizes trace el eme

ozone constitutes as a primary source of t
especially for OH. Consequently, essenti al
trace eldememdtusciang greenhouse gases. |t is

reducing the |I(ivibétaitmé eoforgagdandcg oimporugrarsi
compo (CMYGH) , thereby mitigating thse agr eenh
strong phytodetoxi ficat.lonn tahgee ngdt Fostootsipe e E
called 1T good ozoneQ)r aadisDtioEm d & f0dlidng UV

Ozone ispoeétoanadaatythat not directly emitte
sunlight and oxNidat @ eoft h@xr) aagnednt ol ati | e
compounds (VOCs) <called ozone precursors.
two distinct pathways. Firsstilny,iththd rppotspdh
depends on the presence of primary poll ut a
NQ) and volatile organic compounds (VOCs) .
NQand VOCs with theg Faond-Raryistosnt & o PAitb tssujcihg 6 06 0
l ow altitudes,a>0 2180 mand ir ®taicthre swiatnd t he si g
atomic O occurs through The geciodmd ipsastohcw aayt i
to the transport of stratospheer,i cwhoezno nteh et

guantity of NOx is | ess thanz2obthegptructatomo -


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/nitrogen-oxide

whil e NOx values exoepemreoadudctOi opmp.t vT hlee acdh etr
tropospheric ozone is defined as the bal an
Deviati on from photochemical equil i brium
destruction,ozapeoddchgon oreacti onlfsh,e as i
accumul ation of o0zone @aqc Uur gq tanrdevagdhi ntgh et soe

deviation from photochemical equilibrium,
Equation for Tropospheric Ozone Producti on:
NQ+ K280 axkm4d424> n® + O (1)1

O +->030

NO +->0N© 20
NO +2-HOOH # NO 1.2

NO +,-RORO + NO (1)3

The origin of stratospheric ozoneatt akres pl .
altitude above 20 km. Atomic O is produced

O:by deep ultraviolet zpaddacitoon Thettdiefteno

stratosphere is the 38@ayrce oheatomisc aO.malkit
di stri bati @® &fm, Owhi ch acts as a filter fo
Stability prevails in the stratosphere be
Stability in the stratosphereedepmpdsabar @
consistently increases in the stratosphere
movements. An isentropic surface consists

(StratosphArrkElce©Ozommei ¢ Text book) .

According to gener al at mospheric circul ati
tropi cal regions.-DdHoswernv erc, r dlhleat Boewelreads
concentration at the poles.-DobsobhecNocuhat:

i's steenmgeérngrin a greater concentration &
increases where it iIs not produced-photoch
Dobson circul ati on. During lunch hours, th

to maxi mumasobhai on ¢ hoine dleosntvreayseed ydqur i ng



hours dueThaes NOpOoduced, acting as a signif
the night. 4lst ipmaotdeulcye,d HNMhi ch Acsoredmoygedoa
t he. deqxyg@nab(sorbs the destructiveahigh er
ul travi olFetgurrbesipllae s emt.s t he chemi cal proces

Equation for Stratospheric Ozone Productio
O+ hv (deep> ud t+ a(ido)l et )

O +®0

STEPS
Activated Oxygen

"

STEP1
0 Oxygen Molecule (0,)

STEP 4

Omone(©) e Formation of &

performing

oxidation &
decomposition zo n e

functions

STEP2

Ultra-violet-C splits
STEP3 oxyge: 0.
Ozone (O,) is formed Fiko atorn vaen (O

FigurleOtone formati bbhtpsoc¢éswswesofrenaraodastries

wor)ks/

The concept of background ozone &exists dt

di spersion in remote areas. |t i's not i nf
emi ssi ons. Additionally, ozone 1S transpor
becaudie biitt sexa | onger | ifetime, owing to mo
compared to theThleoweirf ettrionmpeo sopfh eorzeoo.ne i s sho
days to a few weeks, especially when it is
can abnes ptorrted over | ong distances

1.3 Strdroppbehere Exchange (STE)
The exchange between the stratosphaeyreer sand t
di ffer i n composition and t heamxbndsytnaabmilc tpyr.

Mor eover, they contribute to the o0ozone bud

M N


https://www.ozoneindustries.co.th/how-ozone-works/
https://www.ozoneindustries.co.th/how-ozone-works/

Strat ey mlpeorsdekehange (STE) i nvol ves t wo t

Strat addphoeproes pher e (STT) , transferring ric
troposphere anddt r at oY) eh er evDI vi ng t he tr
substances produced by human activities, s
which adeplbebneg in the stratosphere, i mpa
St ohl et alozolksyle3db)i.n Itnhet hset r at osphere, st
When adiabatic changes dominate, there is
resulting in downward and upward movements
attributedDobsctire uBraawem (BDC), first wused
to understand ozone and water vapor di str
stratosphere and troposphere. I n the trop
intense heating. Howvad v ecri,r cdudeattiomnt lcen aBDE€,s
This meridional circulation is due to dyn:

propagation of pl anetary waves from the tr
upward movements in theetcopatedsadfdileeneé barl
topography and temperature contrasts bet wi
Northern Hemisphere. Consequentl vy, these p

subtropitcalach)j etn t he strat os phewaev,e tbhreeya kb rne

l evel, energy and momentum are released,
stratosphere only in the Northern Hemi sph
motions over mid and high | atitudehse,r ozone

ozone concentrations at the poles despite

Finally, owinght amaitrhda nozzdhree troposphere, st
(B°nisch et al ., 2010) . The significant (
ss ratosphere due to ultraviolet radiation,
into atomic oxygen, which then reacts wit
Accor di ng -stcoalteh-EBorbesswegge ci r cul ati on, ozone i
pol Blserefor e, polar air is richer in ozone
stratosphere, due to | ower absorption of u
oxygen mol ecul es, |l eading to a |l onger o0zon

tihs region ( St-Aat oElpéecetrriacn i ©z $Theexatt boasgkh)e.r e T
Tropospher(eSTEX)c hoacncguer s t hrough the mechani s
takes place in thel saubtuodescalertgitoms @it e g

Mp



(FSprenger et al ., 210 Aad dStpn emdgemipersp aér ¢ -
Exchangies (&0&¢rved even at higher |l atitude:

1.4 DynamikhAnR&®eeingtfi al Vorticity
Vorticity is a measure of the | ocal rotat.i
conserved as it changes wit hpoctoenndairtaglecn aey at

constitutes as a dynamic par ameter occurr

frictionless conditions, where the air p
generating vorticity in a gas massn The an
i sentropic | evepaot, etrsdunradar caet su rweh erreematihnes cons
stialbi ty to thhtelsaer2sulrzf)sa,c efshe( conservation of
contributes to maintaining the stability ¢
conducted on these surfaces, which are c¢r
at mospheric circulasionmhandowenat halk 9Btk

represented by the sum of absolute vortici:Ht

r¢) f )/ dp constant.

PV =(, +f)-(—g2—9)
P @s)

Tekeeghkconsists of absolute vorticity and atm
t he corPtodwrng iafl Vorticity Units (PVU). Pot

-

ole in distingubpbsphebet wadnthlkeestratosp

surface with a value of 2 PVU separates t
known as the dynamic tropopause. Stratosph
potenti al vorti cdiutey teox csewelbdsitnegnt2 aPVWt ati c
strong PV with |l ow rela20¥Veé) huvodedwer(,Mi @
vorticity is wuseful in identifying stratos
troposphere tywdasaldadwygihmg fPrVonvad. 5 to 1 P
vorticity. It i s also employed to deter min
on the pr edpedt eveddi tailacliaPey Usagfi dla.sb ad OBar t al i ¢
Potential wvorticity increases with geograptl
to its dynamic property (absol uptoet ewndri tail ci t
temperature) (Ertel, 1942). A positive ano

MC



northern hemi spher e contributes t o t he i
particularly in the genesis of a cyclone
Pyt haro2ud22). When there is a significant ¢
i mplies that air changes its direction and

|l ead to the sl ope of isentropic surfaces.

1.5 Dynamiky Mamail ¢y sTrsopopause Anomaly

The dynamic tropopause anomaly refers to t

decrease in tropopause height i s observed,
altitudes. This indicates that stratospher.|
penetrated into the upper troposphere, res

weat her conditions at the Earth's surface.
geopotenti al height of the tropppaeseéeiabs c
vorticity from the upper stratosphere into

tropopause signifies the minimum height 0 1

stratospheric intrusion into the wupper tro
due to the pempoitemeontal natyretbére 1 s dist
surfaces and the vorticity of the surroun
di stortion, i nduoéd pbwenthieaxliitnyt r uw.i domar ocl
Consequentl vy, ascent occurs in the front,
vorticity and circulation, resulting in c)
known as the | ocal maxi mum hei ght . Behind
mi miaim height (Georgiev et al., 2016). The d
PVU or 2 PVU®K( %k ps\WU (=HdlLIOt on et al ., 1995; H
remaining stabl e pdouewtda tatilce t yommnidnaftisy i et e
persistence. The continuous surface of 1.5
delineates the troposphere fromothatisdlr at
vorticipto.entowVvalvwes i@ie¢yfound in the tro
potent i alalwecerst iiocni ttyhe stratosphere, owing t
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5; Russell et al., 2012). This is parti
ioe, deher ty varies with height, resul ti
ei n, 200 3; Mc Wi I | i ams, 1980; Reed et al
in the tropical zone with a potenti al t
vail s, indicating static stability in tfF
no mi Xxing I n tMaks ogioaza@d@dhd&)o.us Hd aegvear ,( |
tinuous | ayer has discontinuities, t he
ning that one part i's situated above t|
ometer s. I n t hese dristcosnph enruiicd iaisr, mitx as
ed tropospheric air ( KoImap o p2aulsle;e fHooll dtso
ociated wijattseerepamsiti ohbabfiaudebocadathe
trong vertical wind shear prdvaaiiltsu.deTsr oy
oughcdlag geycl onic and anticyclonic dist
eam (Akrk2o0lLdj sDani al sen and Mohnen, 197"
d shear 4madi sudengempédr ature gradients
map gyt evigaritailci ty penetratesei ntod eitppEerupope
turbances. This tropopause anomaly modi
l onic circulation, known as positive Vv
eam interaction, it contributods stuo fabe
ther phenomena, as wel |l as a reduction
dr ei et al ., 2019). This distortion res
ntropes converge, whil e stataind satbhahlil luit t
ticity increases (Georgiev et al., 2016)
tropopause can gener at e cyclogenesi s
posphere. Tropopause folds arengre of t
ween the stratosphere and troposphere,
posphere occur due to ageostrophic flow
al ., 1985, Hol ton et al ., 160631i sTabpbpe

f ace or t o cutof f | ows i n t he 500 h Pa

MYy



tropopalude are classified into shall ow, m ¢
altitude difference.t hEhd r\deordtgiaciasle deexftiemmetd (

di stance between the highest and | owest dy
fold is associated with the intrusion of s
in an increase in ozone dsvailsrs i mnmandpeorttr of

stratosphere to the troposphere exhibits t
pot endrntailci ty PYytleradreaga g eneanl €vel s, |l ow water
and high stability. Essentially, these are
(Akrietti,ddlB. A stratospheric intrusion that
beneath the subtropical jet stream is term
and isentropic slope. THiag i madleaniasnmd ios caa
western sfifdel oowfs . c VAtha upt sl opesenihmnicegentr c

baroclinicity, favoring tropopause folds 1t}
2000; Uccellini et al ., 1985). Tropopause |
are linked to changes in wela¢ heeveahdp ménmaa
intensification of weather systems such as
is observed in regions with significant ve
i n wind Hovweeevde r , it is difdorcruddt Ity raecpgrue ad
phenomenon in these abrupt slopes in dynami
al ., ThGG®3)i.nfl uences and intensifies the
strong meridional temperature gradient, fu
di sturbances that eventually | ead to the |
observedgdsgstratospheric intrusion is init
stratospheric air occurs alongposepmemrep( W
1985) and secondl vy, it happenhsopopagteet hel
attributed to the | ow Richardson number (P
Tropopause folds and cutoff | ows, as discu

stratospheric air from the-l atraudseépleé¢Aacebd
al ., 1994, Keyser and Shapiro, 1986) . Dur i
especially in hot spot rtehgei ocnosn,t rdiubeu ttioo nt roof
processes (Dafka et al., 2020; Zanis et al
and reactions influenced by high pollution
al ., 2020; Kanaki dou weats afli.r,s t2 0i1nlt)r.o dTu cogpdo phe
due to the higher values of potenti al vort

M cp



This stratospheric intrusion impacts o0zone
1 958 . Tropopause fold is indicated ,by the
2003) and the presence of dry stratospheri

Not ewsetthyospheric intrusions into the tro]
can reach very |l ow isobaric |l evel s, l eadi
tropospheric air mi Xi ng, resulting in the
(Zanabk. etil2700F3i)g.ure 1. 2, It i's observed that
intersect the tropopause. Additionally, dy
|l evedDODPa, while a clear descent of the tr

| elvse, speci fi-lcatliltyudens tthoe tnmied dDIhdPra. zdrhe, 1

exchange of masses between the troposphere

to various contributing factors. I'n this t
rel ease gases into the at mospheFruer,t hvelrinolr eg
industrial activities emit greenhouse gase:
composition, thereby resulting intaysignif

is the contribution of the tropopause fold
sl ope, hence termed dynamic tropopause f ol
as o0zone, from the stratosphere to the tr
motions are observed in the tropical zone,
convergence. Hewewvseorn, ptrhoec eBsrsewerays a key r

ozone from the tropical zone to the pol ar
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Fi gur:e Gl obal scale circulation: Tropopause 1is
the | owermost stratosphere, t hleo tpti onrld slaatybheer i s t
atmospheric boundary | ay®280K)Thientiesresnetcrtopti lce st
(souhnht¢ceéeps:// agupubs.onlinelibraryl)wiley.com/ doi

1.6 JetClStmadamsogy of the jet stream
The jet stream movesphessuoeraibsywd tbeerhsve e n

primarily obaer8bB3ekm méldowophese, forming

warm si de. It is generated by temperature
Jet streams form in regions with significa
transitional zone bet weemhiswadll heprfe)al sandat

i's a narrow air current that attains high

the 300hPa isobaric | evel and i s associat ecf
tropopause. The alxiignsofprtehcei sjeelty swirteham he

the right of the tropopause fold, where wi
100 Kmdt 44 mdwi)ng from west to east. It is
velocities (on the order of a few centi met
shears. However, the vertical wi nd compone
the tropopalbyet hehdoei zont al wind componen


https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2002JD002490

500 hPa, the vertical wind component i s maxX
constituting whatdigvergépeceeldayer asAddiet zen
one or more maxJenta shr evalkisl smpejeet maxi ma,

wind speed region and can be considered a

interaction between the jet stream and the
horizont al wind areanldi nkhed et o sjaeatntermaeako
tropopause anomaly as the jet stream appro
speed and, consequently, vertical movement :
strelaam.s strengthens the dynamic tropopaus
Tropopause fold is considered the mini mum

the jet streak (Georgiev @&t 3alhbet r 2@ilcgl. jAe
stream is | ocated euvel30wWindvheertee rtstei eugpm etrh e
Hadl ey cell and begins to flow zonally fro
f orTchee Pol ar jet stream i-sesetuawaited fAto®DAg

the pole is deflected from west to east

Polar Jet

Subtropical Jet

Figur®et streamacumwwa:!l athomoda. gov/ jetstream/ gl

Large variations in air mass speed occur a
t husgedashter op hsi cn obta |vaanl ci ed . l nstead, the ageo
| eads to vertical movements at the jet str

systems due to convergence and divergence.

entrance of et g ejoestt rsotprhdacm,witnkd i s vertical
divergence to the | eft and downward moti ons:¢
t o decel eration, t he ageostrophic flow g

circul atidmfli)duebsertvied ageostrophic wind,
motions and reinforcing surface systems an

stream, cyclonic devel opment is observed t

HH


http://www.srh.noaa.gov/jetstream/global/jet.htm

entrance. Speci fically, surface convergenc

moti ons, surface -cgeeélogdnesrgemne wiptpler dov
Conversely, on the right side of the exit
devel opment i s noted. More precisely, surfe
whil el eppér convergence occurs. When the |je
more slowly in the atmosphere, winds dece
stlagb condi tions I n an area. Consequently,
di sturbances may persist in a region for ar
north to south meridional flow, di verging

we atphheer nomena such as heatwaves and fl oods

significant temperature contrasts due to tl

|l atitudes towards | ower ones. During wint
bet ween tha&t ovaramandk gt he col d pole intensifi
strength and sout hward movement. This resu
from higher to | ower | atitudes, significart

weat her Muaaktrtoegrinasnn(i s and 288&H3 amalmoeg!iout ens
gradi ent |l eads to a strong pressure gradi
intensified et stream i s a consequence
bet ween the tropics and t heer epaosliee si,n at hdei fff
according to climate models (Stohl et al .,



The curved jet stream, as proposed by Bjer
horizontal et stream as it forms troughs

pressure systems. During the intruusiinogn of

t ropofpalucsse, the jet stoasecain I[faotlil oomss & rhde shee csd
Rossby waves, -scan ®i dwarveeds loafr gper essur e syst
formation and evolution of the jet stream,
Cori dleicg .efThe temperature difference betwe
the predicted temperature increase accordi |
air pressure difference cal-preeds spurees ssuyrset egms
porl aar eagreemsd ulroew systems in tropical regi ol

higohessure (prodsaguyr ero dglinamyssud avie)asger hy wi nds

w h
st
i s
vV a
me

vV O

Fi
h t

ich are stronger the more intense the pre
ream in the upper troposphere intensifies
cruci al for predictingrsedere tweathheeri r
riability of the wind, accur atei aplredict
teorological parameter for detecting di s
rticity.

Entrance Region Dynamics of a Jet Streak

Circulations in the Exit and Entrance Regions of an Upper-Level Jet Streak

Indirect thermal
circulation

Weak static
stability

Courtesy of Moore 2004

glr@r oss sect i oangse oosft riospohtiacc hesi rocful sadummmei n i s

tps://www. meted.ucar.edu/) abs/ synoptic/jets_



https://www.meted.ucar.edu/labs/synoptic/jets_ageo_circ/print.php

The climatol ogy of the jet stream exhibits

vary according to geographical and seasona
ozone issndépendverage climatology of tropo
on the average <climatology of the jet stre
tropopause fold is observed in winter, nea
mor e paedoaucompared to summer mont lesnswhen it
Hence, a higher frequency of jet stream oc

mi-datit AdeAsN)(,20mainly in the subtropical zo
j et stream weakens and shifts nort hwar d,
Conseenqtul vy, during summer, tropopause fol ds
intensity due to thAaec owelatkhdgn etdor, hestl | ® wr e a m.

tropopause folds are observed in winter, pr
for jaemt sgstrreemgt hening i n North I ndia, whi |
trend is observed in the eastern Mediterrtr
Ocean, and Auscdalae i ar opMemplawsne f ol ds are id
such as the Arctic Ocean and Antarctica 1in
folds (below 700 hPa) are observed in extr
the North Atl ant hc A@eennoaanHBHoWNever, during
val ues are heb seearsvteedr ni nMedi t erranean due t
subsidence in this regi on-Etceaouvinkmitnse d ewsiutlht itn
from the pressure gradient . Theo peofpsatuesren Me ¢
events. As a result, shall ow tropopause f
frequency. Consequently, shall ow folds d e
tropopause folds (Akritidis et al ., 2021;
Shl Il ow tropopause folds are | ocated at t he
while medi amopophdsepapproach | ower i sobari
mean cl i matological tropopause height.



Mean climatology of Tropopause folds

Fi gulr.eb Spati al di stribution of the average cli
Medi um=M, Deep=D; the rhombus represents the wi
t he s umme(T hfmiogwahss )b arseesdutotnmr i ti di s et al ., 2021

1.7 Role of ageostr opdautco W nldows bar ocl i

According tlo 6tthhee fGogurod i s force creates a

geostrop/gi € ai 8 thalcled,errmdn ng, horizont al Wi
uni form moti on. It results from the balanc
pressure gradient force and the Coriolis f.

\ | | | F(g)

T
TT '
H

H H

Figlbre Geostrophic equilibrium (windbdiueection:
col or and Cor i o)siosurfcoerrce: green col or
http://de. wikipedia.org/wiki/ Geostrophischer W



http://de.wikipedia.org/wiki/Geostrophischer_Wind

For geostrophic flow to exist, isobars (on

surfaces) mu s t be straight and parall el t
(Kar ak os2t0a2sl) . I n geostrophic wind, there i
the geostrophic wind, the denser the isoba

the geostVgogphngewi nésul ting Vagt  Wdheageadton

Vagepresents the vector difference bet ween

Vagperpendocuhearaccel eration vector and 1is
studwa,god cruci al met eorol ogical system, t he
correlation with the jet stream, convergen
occurs at t hegeeoxsittr ogprhg ecrt fveanrdmbocritdrar geostr op
wind. THgeestnophic movements at the entranc
in changes in surfHKaereak@sl2b)s, tAte ogeo stgr ¢
in an isobaric coordinate systenfelg:6cal cul &

N A

EEEAC Y (R

The ageostrophic wind in a | ocal coordinat
equaiielgnss

., i@

p ox & pof ox
.fl".:'_lg ”x:_L(a_P
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Il n a barotropic atamoRs)p hiessr ea fwhnd)tei e mdasfi ¢l e

motion is significantly weakened because e
al ., 2016) . Consequentl vy, there is no ver:
baroclinic regions, which refacedo( aumfaaoe
of constant density) intersect with isopyecrt

and temper at9upr,e e(xHoletsosne,d by (P,MNh.e akc €l abl bygsh
syst emd aitn tmidee rlegw osepn feamaenireead i Aleevck |t o up

troughs and owe their formation and devel

instability. The devel opmecgte ocsft ropbse spsi
since winds omsehgpsesi sdtharsoncept of bar
with the temperature gradient, |l eading to
Pyt harsorlb22) . Within the context of <cyclog
warm advection, consequently increasing th
back into the system.

Cuaff | ows consi-bevel howlasethepp6bb hPa i
becomes separated or fully detached from

weat her conditions due to t heifrf dlooms mMmoweanr
durienmgsunmmer months and can persist for sev

jet stream distorts and an upper troposphe

meridional flow. This phenomenon is partict
weakaennd t he meridional flow is favored due
1998). As this detachment from the main f|
pol ar source region becomes isol ated. Thi

vorticowyr alnadtilve humidity (Nieto et al.,

as a mechanism for transporting ozone bet
through convection (Li et al ., 2015). Thei
t hey canstriamestpmd tmi xi ng of stratospheric e
(Godoy et al ., 2011; Rondanelli et al ., 20C
Organi zation, 1986).

HY



1.8 VerticWat ere bwamdidyisike Anal ysi
According to the=tggwntihmhei ver tigouaak i moti on i

vertical vedafdPtay ,s ) whenr e¢e he i sobarmmk@ coor di
for vertical velocity, it indicates conver
(adiabatic |ifting) with the direction of
(fi.p7 Conversyeloy, iwhesni gni fies divergence

downward motions (adiabatic compression) wi

col der ones.
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- e
ogeostrophic ogeostrophic
low flo
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flow h
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Figlrjggeostrophvertfil mawvs amaelceci ty (
https:// www. sci enceardul raenestt.aceopnt/etso phi cesw/setarrotphh i ¢

Il n the Northern Hemi sphere, circulation is
i ssw®lolsitive due to the Earthleosseyichoai c |
presasmnud eanl euvpeplert r ough, coh)vergesockt iomgur s
motions at the surface and diver(gdmde i n tF
promotes warm advection and positive vort
surface cyclogenesis due to cykilg@hifcaverti
pressuriever gewr®g ,o0d ewmrds ng to downward mot.i
convergence in the upper atmosphere. This s
vortaagvegti on ( NVA), contributing to subsi
anticycloPRPyt haoO@iRgist y (

H ¢


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ageostrophic-flow
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https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ageostrophic-flow
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ageostrophic-flow

B . The contri bution of cl i mate ¢

1.1 Climate Ghlaomgelrlompma@ptheafi c Ozone

The tr opopauoscea trfeedy idesm sarehar acteri zed by si
gradients along the tropopause. This pron«
formation of tropopause folds with the wul't
from the stratosephelre t9® WwWoethrapessepbeng t
change on thissdpzodeopopaagpertol ®s are typ
near | et streams, which are |l ocated in the

Ossi s expected wherfeoltds ser @ rfoprorpeadi s( Akritid

according to a future temperature increas:
di fference along the folds, |l eadimg to str e
transport. Addi tionall vy, climate change mas
patterns, namely the intensity of et str
tropopaudwsme afddlids.on, the response of <c¢l i mat
studied, whecrld mart ea dwar mer an i ncrease i n
intensify the release of | atent heat and ¢t
2020he response to future climate change
predicted $to aetnofEampgeersgxicdraen gd T@®8HGEERt al ., 2
Ozone i s coBttrraotl otBepdpebrygxicdnrmaenge ( STE), whi ch
cruci al rol e i n gHooMeavle r ¢ | isma tadDoosbpsloeng e ¢ B
circul ation (BDLpherfifeec3 BE tfhleowtamd conseql
ozone in the | ower stratosp-hHaye €Akanlitidi2¥
Morgenstern et al ., 2018).

12Cl i mate Change |I mpact on Tropospheric
Cli mate change plays a significant role in
negative i mpacts depending on polluted regi
at mosphere have a greater negative | mpact
climapateuch as a potenti al temperature incr
ozone destruction prevails due to the high

oM



enhance OH production, | eading to ozone d

sources exhibit a strong reduction in sur
indicating a positive climate change i mpact
Artci c region, an increase in ozone i s obser
stratosphere t o t he troposphere. However,
ant hropogenic or due to emissions, result
i mpaanty meigati ve. Key factors expected to c

includdepkzeneng substances (ODSs) and emis

(NOx) (Fiore et al ., 2015; Revell et al .,

i ndiscathe warming trend and serves as an in
to Akritidis et al. (2019), the <climate <ch
future reduction of ozone | evels in the str
vapor |l eading to ozone destruction. The 1

tropopause height and the poleward shift of

greenhouse gas abundance, resulting in str
tropsoepatuo higlié&ranaét i tedQlzeasd e p| €t0i0MBg . subst a
(O®) , such as chlorofluorocarbons and hal on
ozone conddangt.rimtdwent i ng UV absorption and
cooli Mg a consequence, a significant t emp
stratosphere and thelwarnmet sdp ad plseprmheries ¢
increases ¢gowwteheal ti hudbee | ower parts of thi
than in the upper parts of the troposphere
stratosphere into the troposphere. Consequ

instabidnhagncersd t he devel opmenwWhemf tdayasl on
di ffcer eweakens, it results in the pol eward
more wavelike form (Akritidis et al ., 2019
future tropospheric ozone changes depend

human aatfegctieg precursor emissions, c hem
producti on and | os s, t he exchange of air
troposphere (STE) and deposition processes
However, thecamost facgors expected to govel
spati al di stribution in the stlabi @s@her e a
emi ssions of 0z one -dperpel ceutrisnogr ssupbesctiaensc,e so z(oC

chlorofl uorocarbons (CFCs), contributing t

OH



' ohgved greenhouse gases (GHGsgndbsrutedd as c.
greenhouse gasmet (| &H)E;s JiClaulcthdiarsg t emper at ur
'itghtning NOx emissions, biogenic volatile
water vapor (Fiore26t5al Zan?k®6llhét iBiecweelalsCee d
concentr adciaoind nafuc@Ot emperature rise due t
emit radiation. Natural <climate variabilit:
to reduce oBberpphgudnAictcmed, N0 @®» t he Montr
a gradual reduction of(l ObD&iedpeexdreepdteedad ngy sk
(Europeds, M. E. Europe's Envi r)Inhme nF.CsT h e
(chl orofl uorocarbons) and halons dhe now cC
Kyoto Protocol deals with the greenhouse g
hydrofl uorocarbons (HFCs )2, Odeardd.uré@teoc ar bor

investigation and future analysis of tropo
scenari os, such as Representative Concen
considering different emi ssion values, ai
tropoxsphezone Ce@hasncgeen.ar Ro s represent di ffe
concentration trajectand ear arswegde fiwnl ctlo mar ey
the implicationnmhisef edsealtopaméyt s.ncludes t |
change oamdcltihreatfaut ure The macdenarsi oe pofeselnitr
are based on specific greenhouse gas value:
Consequentl vy, this difference is estimated
climate iTnhet hRRCHsutpurroeduced by the integrate
i n the(llInR@GG government al P aansesl e s, mE iCtltihma t e

Assessment Repgdret b@ASRS) f oai tch itnhaet ea i pom 00jfe catni
and assestsei rcdh acnlgiem pr esent iTnhge alPtCeO mpautbil vi es h
credible reports and data concerning clim
i mpact s. The Sixth Assessment Report ( ARG6)
Coupl ed nMoedreclo mpari son Project (CMIP6) and

Socioeconomic sgJPathwapnse ( SEBnario framewor

encomgprissti ng knowledge on climate change
ant hropogenic emissions, aiming to address
projections involve simulations based on
climat d G@dvWealld owi ng for an estimation of t



Significant | rteltaurstoudy udbfsb@macreaes i mechaast

partly influence the trajectoraccoffdi ngpaop
CMI P6 model s, pa-7t Dc wlceernlay i oha efBP8enting
actions for atmospheric pollutants, there
ppb by 2050 primarily due to increessased em
Consequently, the ozone prodactdi bhenatbees
asbalizati on unt il 2100. However, despite
substances, the increase in tropospheric c
contributing factors to this trend includ:é

BVOCs,; GOh increase in tropopause height, |
ozone to the troposphere (STT) and cl i mat ¢
Europe and North AmerWided ,(aTuThd)s.k detwnwhr d
ozone trawvepeytthe-DB8mAswer circul ati on due
greenhouse gases, as pr.jlcs@aniafrhiacgc hse péess
2021) .

Il n an assessment report (Fifth Assessment

representedlOscFegturetsd are divided into
Therefore, for the composition of the r1ep:¢
<dhe Physical Science Basis>>, which i nk:¢

human factors. W&2 <s<elcnopnadc tgsr,ouMpd aipst ati on an
which deals with thehamgeéi cdthieontshi ofd aglrior

<<Mitigation of Climate Change>> which har
climate change according to specific strat
Thus, a comprehensive assessment report i
mitigating climate change in the future. ;

human activities and cl ihneat &s siess samemdr toafi na
change is subject to an evalwuation of futu

the natur al variability of the c¢climate and



Climate Change - Ozone Depletion
Halocons

s {ODSs} N
PFCs HFCs HCFCs CFCs Halons

Methyl Carbon Methyl
chloroform tetrachloride bromide

Atmospheric
Removal

Emis s.ions

5 End of ‘ d
Destruction | ~Life B " ml

Use & Banks Production

Figulrced nteraction of climate change wi t h an
https://www.ipcc.ch/sitéell.apsdsfet s/ upl oads/ 2018/ 0

Ozone concentrations in the Northern Hemi
compar eidndwstprieal period with an annual me ¢
to the emission of precursor compounds res
al . 1;2682artmann et al ., 2013). According to
ozone |l evels for the year 2mM&X0i,mun dwaisl yde&
meanone thoeshaols&k aasrsoeeBdgnlea Mdrecso et al .,
Consequentl vy, concentrations exceeding t h
ant hropogeni c neominsaslj olniensiltlesyiomg i n profound
both human hea(ltei aetdThelegessidh@okfie)angiOs/qr

reveals the spatial distribution of ozone in conjunction with the impact of climate

change. When positive, it indicates that a slight increase in temperature leads to a
significantly greater ozone change. This is observaégions near polluted sources,

such as North China and India, where the increase in ozone change may be attributed

to NOx emissions (Zanis et al., 2022). However, with a sufficiently large increase in
temperature change, the ozone change decreases. bhiseived near the equator,

indicating the strong signal of climate change in oceanic and remote regions away from

polluted sources, as well as in North America. Essentially, the surface ozone decreases

due to significant climate change resulting from glolarming attributed to abundant

water vapor. The future changes in global tropospheric ozone are based on different

future scenarios according to simulatio@eanges in human activities modify radiative

op


https://www.ipcc.ch/site/assets/uploads/2018/03/sroc_full-1.pdf

forcing proportional to the greenhouse gas, which acts either positively, leading to the

warming of the atmosphere, or negatively, resulting in atmospheric cooling. Therefore,

they have a direct impact on temperature and act as a cause of climate cleasgesadn

in Wm2, Consequentlyfropaspheric ozone contributes to anthropogenic radiative

forcing, as it increases atmospheric temperature levels. The imp&cpospheric

ozone on radiative forcing $ 0. 4 02, Wins i denti fied as the ¢t}
contributor to gl obiable hmenadn craardbioant idvieo xfiodrec i
(Percy eRadl ati 2@08brcing in the I PCC used

chanAQmreasl yses of historical records reveal a
|l evels in developing countries due to ant h
i s observed in developed countries attribu
(ei et al ., &I012; 2®@4)et dlewdrt hel ess, it
significant challenge in developed nations
of ozone background, which is transported
periods. Ant i ciapa®tsedi nf ugamirsesiiomesr resul ting

activities are expected to be decisive fa

particularly in industrialized regions (Leli
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13¢he i mpact of demogr aphmeBeahtdhcl i mat e
According -Todctemeaa xR DI naI>wirtitvahrgh chall en
mi tigation and adaptation and weak air pol

concentrations are observed in studies unt
the 21st centuryRé&8uy aborthy skt leawlmg,e xpOXAu;r e |
ozone results in significant i mpacts on hur

and respiratory di sGhesrs& (HudaweXR@®2®) aal mqgr e

significantancdauisee nsttiufdiieedd as the strongest

burdens is the i nceenags.e Tihni sp ohpeuallatthi obnu radnedn
premat ur eatmaargtess! iutrdeea rif v205n yeeiatrhseer at mospherii
or in combination with sociodemographic f a
According to estimates, there wil!l be an i
annually by 2100 (Turnock et al ., 2023), w
to multiply ninefold, despite the projecte
(Akritidis et al., 2024). However, gmortali:t

ol der age groups more vulnerable to at mos

oT
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mortality rates, while younger individuals

is primarily observed in South and East As
to increased | ife expectancy and @& | arger
at mospheric poll utants. Future mortality
popul ation growth and agei ng, observed par
ant hhropogenic emissions and climate change
comitbutes to this mortality to a very small
change as mortality is observed due to th

reducing ozone precursor substances.

According tlhet Wert@abHealth Organization (W

ozone guidelines -chlaisreidc aodn setxupdeireismenitmlt he
ozone, the WHO gui% elnicnree aesset iimmatnmeosr taall ty d
t he average o0 zapnper ocacrbgelesmjt Ir OaOixheconra np e& i o d a
compared to the fundamental |limit of 70 Og/
35 pphb. Considering the conversion factor
eg/ mjt lcomrresponds to 50 ppb. For t he ann
recommends a guideline of 40 Og/ mj, equi va
Organi zation, 2006). These guidelines, whi
risk, ar e bionfhorametdhrmypogeni c and natur al

stratospheric intrusion in surafbdde tlbencent

standard threshold -hsusepeat oH00THg/ mMnt ev ek

i defined vetr -lhé0r80m dmijt o @y, paarrarntcaudsar atteni

respiratory implications. Concleour apenninesd e
result i n significant health | mpacts. How
threshold values for riskomassmay mexhi rietl art a

iations in accordan(dé awi teli Pailorj eqgRDIGIB3Y

dicate that, by the year 2100, a signifi
exposed to ozone cohtsnbobaerovoed ekateftu
ncentrations continue to increase in cer
spite miti(glautrinoonc kmeSdhsawdrda 2k02602 3 a |
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https://iris.who.int/bitstream/handle/ 10665/ 629
guenge=1
Daily maxi-
g 6 Basis for selected level
hour mean
(pg/m’)
High levels 240 Significant health effects; substantial proportion of vulnerable populations affected.
Important health effects: does not provide adequate protection of public health.
Exposure to this level of ozone is associated with:
Interim target-1 ¢ physiological a{ld inflammatory ?ung effects in healthy exercising young adults
(IT-1) 160 exposed for periods of 6.6 hours;
*  health effects in children (based on various summer camp studies in which
children were exposed to ambient ozone levels).
¢ anestimated 3-5% increase in daily mortality* (based on findings of daily time-
series studies).
Provides adequate protection of public health, though some health effects may oc-
cur below this level. Exposure to this level of ozone is associated with:
* anestimated 1-2% increase in daily mortality® (based on findings of daily time-
Air quality 100 series studies).
guideline (AQG) ¢ Extrapolation from chamber and field studies based on the likelihood that real-
life exposure tends to be repetitive and chamber studies exclude highly sensi-
tive or clinically compromised subjects, or children.
* Likelihood that ambient ozone is a marker for related oxidants.
Tabl.e2 | mpact of changes in ¢t
oOzone
Vari abl es Chang I mpactigt on O
BDC f negative
Hal oca®©b®&ns(C f positive
HCF Gba,l ons)
Ant hropogeni f negative

GHGs [CO2, ,
Hal ocar b HF<Ls

Nat uPrraelcur sor f negati ve

( NOx ,

BVOC,

activity

thunder storm

ST

negati ve

g Te(p e r

atur e

»

Positivenpo
regi ons)
Negative
regi ons)


https://iris.who.int/bitstream/handle/10665/69477/WHO_SDE_PHE_OEH_06.02_eng.pdf?sequence=1
https://iris.who.int/bitstream/handle/10665/69477/WHO_SDE_PHE_OEH_06.02_eng.pdf?sequence=1

Chapter n2e.t hDoadt oal oagnyd

2.1 Dat a

The data used in this thesis includes o0zon
parameters such as geopotenti al height, h
verticaly) vetecatyvéeé andpoepeaitiiat Nomidiciyy
CAMS gl obal reanapysi sal BACANE (e Thepdaniase:

has a tempor al The oHw@o poena mifc uds hAotumoss.p her e

Service (CAMS), monitors the atmospheric

related to air pol | dteCANS aRdaayadegemihasussees ¢ :

mod el resul ts in conjunction with data as:s
observations and i ncorporates dat a from
measurements and satel |l iAdedidaitoan afldry, o oddrser
ozonesonde dat a (Vertical ozone profil e)

Hohenpei ssenberg station were obtained fro
Ultraviolet Radiation Dat a Ce

(https://woudc.org/ dat al/)datFausretth eirnnoor.ep, h pd7a tdz

CMI P6 project (Coupled Model I ntercompari s
(httpsnddeslglfnl . gdv/ swearrech/ atmi pbbzed. Coupl

Il ntercompari son Project phlasree dé6 s(o@NIoRe6c)o n C
pat hways c®3RI RRgalhd tladl 6CM in general for

climate ghejrectirensdour adcigstnignétr osncemar mos:t
considering greenhouse gases with the | eas
scenari o, to the most pessimistic scenario
wor st scenari o. The sctehniasr i ot uddnydOeir s wi IBiSdeiss t |
represents the pessimistic scenari o, i's no
the threshold considered critical. So that
deal with them effectively.

The CAMS Reanalysis is a product wutilizing
high spatiotempor al resolution.( ath/el ohnor i z
vertical resolution includes 60 model | eve


https://atmosphere.copernicus.eu/data
https://woudc.org/data/dataset_info.php?id=ozonesonde
https://esgf-node.llnl.gov/search/cmip6/

spatial resolution is 80 km. Therefore, wit

rel ative to observations rather than under

mod el data and servebths AsbessmemtdaRepor f o
change. Shared Socioeconomic Pathways (SSF

trajectories of greenhouse gas emissions a

(Turnock ©t Nell |l 22w e , u22dd4as i nput dat a
project changes in atmospheric pollutants
Model s ( ESMs) . Essentially, experiments ar.

futur e nc hatnngoessp hier i ¢ gases by Earth System

are coupled <climate models that i ntegrate
at mospher e, ocean and | and, i ncorporating
according to aegumdn amet, erkinmavmni ons. They ar

CMI P6 due to their consideration of change:

The most opti milst9i € sIcdmamiabi $$SRYy) invol ve
Wm? corresponding to an increase in global

by 2100 compraeaneldistoi aheperi od. The scenar

anal ysist.0s (88B8onal rivalries), ™hich ha
corresponding to an increase in temperatur
to 4.2 degrees Ced 9wlNIClhy s2t0@ri oh&@aSSR3cl
6.3 ™Wmcorresponding to a temperature increeé

most pessimis8ib Gtesnsarl of $&IP5devel opment)
of 8.5 Wmorr esammorndicmgatsee in global temper at
by 2H&t00r agROR 2) .

Tab2l.el Cl assi ficatiaon of climate scenari os

global
warming Moderate
scenarios global Pessimistic

High global
emission

emission scenario scenario

Low global scenario

emission
scenario




2.2 Methodal ogy

The gl obal mod el aims to assess the future
ozone based on simulations on a global scal
(Aerosol Chdmitetrrcyo mdadelson Project) were ¢

experi ments considered futuraeayl ichatmat g s
(ssp370pdSST) under the same futuveOanthro
scenari o) . The experiméhbt toi Mel0OPer iThe iss
experi ment account for the tempor al vari at
future anthropogenic emissions. Il n contras
only changes in emissions,i bgscaosetaert. sTh:H
di fference between 2t)ieprtowad dexp drnismerhtts i (ndq
c

|l i mate change on ozone concentrations.

SSspP37DSHEI70pdSST= sign of clima2glchange or

Tab2.a@2nf ormati on on t heagtAAwBICahteino Mo daerd d otult @ ul C g
for CMIP6 AerChemMI P ssp370SST and ssp370pdSST

‘Model ExperimeModel t VariabResolu VerticRefer:eé
name/ sce l evel DOI

"CMI PBEGC ssp370p(ESM O3mol 3 U 1T 341 dveECGEart

Ear-t h3 ssp370Sf{interac mo-l) 250km [ evel Consor

Aer Che SSPr3. 0 chemi st 120x90 (2020:¢

l on/ | a 2020b)

Anal yses of specificraeaenedteewd ot ogith&@&l spardmm
intrusion event are presentaeaddabfdD9Pedbipfai

| ongitude and | atitude mapseandoacr dhe alnlal
parameters include geopotenti al hei ght, p C
vertical and horizont al wi nd speed and (
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ermodynamic analysis of a stratospheric i

atistical tools in Rstudio, Python and E:
3 Study area

e study area selected for the assessment
trusion event is Hohenpeissenberg (47A48"
e increased ozone concentrationweresul tir
| lected for the br4dddaAdNe rt OE Br0OAEe am dr & g ioamn 3f
e CAMS data cover the time period from (
nuary 2015. The stratospheric ozone intr
1®hservational ozonesonde data from WOUD
nuary 2015 at 062Z.

(47M8NjNIAON]E

g2ar® Study area of a world map (Hohenpeis



Chapter 3. Resul ts

A synoptic and thermodynamic analysis of a
tropopause fold event duri nn;antulae ype&rmildd ofv
Hohenpei ssenberg is presented. Distributiol
(PV), specific humidity, horizontal and ver
The analysis reveals a clear cortriedmtamd be

tropopause fold.

A. Synoptic analysis

3.1 Ozone synoptic analysi s

To investigate the stratospheric intrusio
exami ned. Potenti al vorticBpnyg whi [de pioztoaca
concentrations are observedJdJaoouargi rmg t0d Zt
di stinctive fl ow witk ahilghd odizhconoek cschrnacpeendtor eot
area iIs noted. The synoptic situation on 2
up pleerv el trough a4PVBO0O0 seRParopitdh saur f ace,
Scandinavia to central Europe. This syste

concentrations exceed 100 ppb i natnhuearsyt udy

at 00Zdi ncgoiwmictith | ow relative humidity valL
January at 12Z, ozone concentrations appro
ozone concentrations approach 230 ppb. On
exceed 100 ppbJawbate and | ater, t he syst
sout heastward. Consequentl vy, over the stu
approaching 50 ppb are observed. Il n the
approaching 200 ppbes pexerttidalng v@mPtViUc iarye
Therefor e, the combination of both parame
stratospheric origin. Hi gh ozone val ues é

Ger many and appealrepattidt bheoug(onwgeesnttrkan ece

convergence and divergence occur. Due to ir
and stable stratospheric air rich in ozone
moves southward and east war d gohf oEurnoep ev,a | supee

foll ows the jet stream path. However, on 2



values approaching Europe is observed. Nev:
and gradually dissipates after 27 January.
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The monthly mean ozone valwues for January
2003 to 2022 at the33DO0OAbPardsobatoctheveb
the European region and specifically above
values of 90 to 100 ppb are observed for t
ozone values are di scecrereedd nogv elrl Ot hpep bN o rwthh | A
mont hly ozone values are | ocated over the

Thi observation represent good agreement wi

folds as mentioned earlier. Specifically, |
tropopause folds is observed, |l eading to e
Consequently, the highest o0ozone concentrat

03 Monthly Mean January at 300hPa

Fi g3r2Average monthly January ozone valwue (in
300 hPa.

By comparing daily ozone values to the mea
derived regarding whether daily values exc
achieved through the representation of dev
extent to which the observed variable exce

specific time ©period. Specifically, on 2E¢E
Hohenpei s Be)Bb ewhge 1{ e li igle @ hdadpeead st ructure i s
obseovede value, highlighted in green, e X

average monthly value for January from 200C



occurrence of this tropopause fold mechani :
concentrations. I n more detail, on 25 Janu
study area approach values around 100 ppb,
average ozone values are observed at 90 pp

the two, it is inferred that on 25 January
Subsequentl vy, on the following twoy daatt es o
00z, there is again an increase in ozone | e
values are at 200 pphb, Il ndicating an I nc
climatol ogical average. While on ®d&eJanuar:
is observed, by 140 units, as ozone values
practically demonstrates the stratospheric
the normal mean values.
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Ozone constitutes the most signifieant par
di mensional analysis is undertaken with t|
evolution of the phenomenon over the broad
di mei onal field of ozone concentrations exc
i s presednddeddemi ¢tiigng the stratospheric o0zo
over Hohenpeissenberg (47T m&BNj obhhE) fregidon

the highest concentrations of ozone in th

ny



Correspondi3ngbey,i cEFsgurhee el evated o6zone <co
di mensi onal representation over Hohenpei ss
ppb, as obser vied iitnudteh ef ilgounrgeist uadde t he 300hP
the -dihmersi onapr é¢s enhtdsltatei tluodnegi ftiuger es wi t

ozone values.
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2 Potential wvorticity synoptic analys
e evolution of meteorological conditions
sequence of potenti al vorticityofmP¥)D map

UTC on 25 January to Bge6UTT@eomnalTysdanasualy

- 0 0 < 9 «Q o
o < 9 O o O

=

rticity on isentropic surfaces reveals
ut heastward and exhibitin3. @eydlcdrsi ct heu |
opotenti al height field at the 300hPa i
cording to the color scale. A highly 1int
l ues exvtlk,edwarsy observed from O0Da&nwar Y25 J.
er thea.sHowgpvere at 12Z on 26 January, tfF
oP& U and the flow moves southeastward wi

om 25 January at 06Z to 26 January at 06

observed over Hohenpeissenberg. Il n comp
f f er etntcee vial ue of potential vorticity is
tension of the dynamic tropopause to |
ratosphehighasralwi tkity i s observed to per
nuary, the flow appears to be cut off fr
vel system has practically disconnected
akeneedv.erHow here i s no apparadntt hcee v3ellOchppnae
obar.ic | evel
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3.3 Specific humi-dgiattyel $ yheptwiad ean avlaypir ¢
stream

Regarsdpiendgiufmicd i.y7 (digharacteristic flow is

area witbkpeehruymi¢cdaowy values below 0.05. Ac
parameters depicted in the figures, the | 0o
of a dry intrusion into the troposphere. Coc

great ePrVU hparnec2i sely over the study area wit
presence of dry air that has entered the t
humi di thye lvlawaubesObbser ved from 00Z on 25 Jan
over Hohenpeissenberg, representing typica
and potential wvorticity values. While on 27
away, it exhubdstaphmi ghemhi va 0. 15, whi ch ¢ a
absentcereawbspgpheric intrusion. I n other <circlt

result in | ower relative humidity percent a
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respectively-shdpspgdbagtaeédmenokoThedr yhaok wi
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34Cross section synoptic analysis
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The vertical di stribution of potenti aslecvt
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The o0ozone measurements for the Hohenpei ss:
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B. Analysis of <c¢limate change

0Ozone

on

3.1 Future projected thacges on stratos

In Figure3.18 the first column illustrates the future changes ef @ccording to the
ssp370SST experiment for the periods 20039, 2042059 and 208@099.
Similarly, the second column depicts the future change®ssfaccording to the
ssp370pdSST simulation for the corresponding time period. The comparison between
the two simulations during the same time period and across different temporal phases
does not exhibit significant variatioBpecifically, in the ssp370SST experiment, it is
demonstrated thi@missions, in conjunction with climate change, impact stratospheric
ozone. While the ssp370pdS&Xperimentrefers to how emissions alone affect the
guantity of ozone originating from the stratosph@des). In both experiments, it is
observed that anthropogenic emissions, combined with the contribution of climate
change, increase ozone levels mainly towards the end of the 21st century due to
transport. It is noted that from 2020 to 2039, the subtropicabmegdf the northern
hemisphere exhibit the highest ozone concentrations, up18Agb, originating from

the stratosphere. Meanwhile, in the southern hemisphere, from 2050 onwards, there is
an increase i0ss by 10ppb, confirmed by the presencejef 4reamsin subtropical
regions and thus the formation of tropopause folds favoring STT transport.
Furthermore, during the time period from 2080 to 2099, higher ozone values originating
from the stratosphere in the Arctic up t@gb are observed, confirmed by existing
literature. Additionally, during this time frame, elevated O3s levels in Asia are noted
due to increased emissions, up tgpb. In both simulations, from 2020 to 2099, high
0zone concentrations up to 18 ppb originating from the stratospiessbserved in the
Atlantic Ocean, confirmed by the increased frequency of tropopause fold formations in
this region, which favor transport. It is noteworthy that very (s values prevail in
tropical regions during all three time periods due to the absence of jet streams, thus
preventing the formation of tropopause folds necessary for ozone transport.
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Figure 3.B: Ozone concentration®ss (shaded in ppbvj r om CMI P6 -Emod I3 ( EC

A e r C hfrenmtyvo experiments a) ssp370SST and b) ssp370pdSST for the future period 2020
2039, 204€2059,20862099, respectively.



In this particular case, simulations are conducted, according to the7S®B&nario,

to study the impact of climate change on the transport of ozone from the stratosphere
to the tropospheredgs). Specifically, it assesses the extent to which this transport is
enhanced by climate change during the 21st century, depending on temperature
magnitude. The difference between the two experiments illustrates the effect of climate
change on ozone transpdrom the stratosphere to the troposphere. Fundamentally,
tropopause folds are favored in areas near jet streams, which occur in the subtropical
regions of both the northern and southern hemispheres and vary in location based on
the season. Therefore, in specific areas of the subtropical zone, tropopauseciaids oc
thus favoring the downward transport of 0zon®s€). When there is an increased
temperature gradient in the tropopause, indicating a significant difference, it intensifies
the formation of tropopause folds, thereby enhancing this downward transport.
Therefore, with a possible future increase in temperature, an enhancement of the
tropopause fold is observed with the aim of enhancing STT transport. Consequently, it
is logical that over time, namely until 2100, a greater increase in temperature is
prediced, thus contributing to the increased vertical transport of stratospheric ozone
towards the tropospher©4s). Tropopause folds will intensify more and more over
time. More specifically, according to the figuB.190bserved from 2080 to 2099,
higherOssvalues, up to 2 units, are noted in subtropical regions due to the presence of
jet streams and consequent tropopause folds in both the northern and southern
hemispheres. Even higher values are observed in the Arctic region, up to 4 units,
indicating the geater contribution of downward ozone transport from the stratosphere.
The contribution of climate change, with its greater temperature increase, favors more
intense tropopause fold and thus higlas levels. This significant difference is
reflected compaed to the period from 2020 to 2039, where no significant temperature
increase is observed to enhance the tropopause folds. There is a small increase of 1 unit

in the Atlantic Ocean and the Arctic, therefore, there is no distinct incre@ss. in
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