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Abstract

This work focuses onpaersttiianha tpirnegs sturreen, dosbrei nmpneorizaot et
upper troposphere/l ower stratosphere (UT/LS) regi
a nowvenlo g ednaitsaesdket named RHARM (Radi osounding HARMo]

Studiyemger ature, water vapour, and ozone trend
variability. Temperature changes in the UT/LS are
sea surface temperatureh(8STyraeedheunster gddpelbeot(i GHX
substances (ODS) %Lyarainaied <wttudaile.s, h2a0v0e9 )been condu
di fferent climate variables at a regional and gl o
stratospheric ozone as a response goohumhe émopeks
cooling of the stratdsprher é mptartt mdn rODeSt oanl .t ,r 00 It
absence-sofratkowehbérniscbeeal regorted sinkteMb9@B8VEPD
increased tropopause tidthper asseopei aned hwi ppleraoweadl

|l ayer, due to the Weapgpieoed waswefbund uBsi hheGl oba
OccultatiR®D)y @@N&S and simulations with the Nation
At mosphere Community Climate Model (WACCM). Such
have i mportant i mplications for climate, such as :

et al%d, MPOE3Yyec-bat hyg, rhdl hoopom vmela stthraeg metnhtes st r at
after yea(®hbdbfi poondi aWhetther 20 1€6l)owdown or change
UT/ LS will persist in the future is an open gquest

1W. J. Randel, K. P. Shine, J. Austin, J. Barnett, C. Claud, N. P. Gillett, P. Keckhut, U. Langematz, R. Lin, Csl.ong, C. Mea
A. Miller, J. Nash, D. J. Seidel, D. W. J. Thompson, F. Wu, and S. Yoden, « An update of observed stratospheric
temperature trerds,»JGRyol. 114, D02107, 2009.

2 J. Hartmann, A. West, P. Renforth, P. Kéhler, C. L. De La Rocha, D-@latvolf, H. H. Dirr, and J. Scheffran,
«Enhanced chemical weathering as a geoengineering strategy to reduce atmospheric carbon dioxide, supply nutrients,
and mitigate ocean acidifation», Reviews of Geophysics, vol. 51, p-149, 2013.

3L. M. Polvani, L. Wang, V. Aquila, and D. W. Waddte Impact of OzorBepleting Substances on Tropical Upwelling,

as Revealed by the Absence of LowB#matospheric Cooling since the Late 1990s,», Journal of Climate, vol. 3@, 2523
2534, 2017.

4Wang, R.«GOZCARDS merged data for ozone monthly zonal means on a geodetic latitude and pressure grid v1.01
NASA Goddard Earth Sciences Data and Information Services,Q&it@r

5 R.Philipona, and A. KrauckReturn glider radiosonde for in situ uppair research measurements,», AMT, vol. 9,
25352544, 2016.
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This work estimates-bomzanree nerassrud £ mesitrsg flralm d dinr
thern Hemisphere Additional OZonesondes (SHAD
ion Change (NDACC), andd awWad rolnd D@z an eCeart d
, devel oped r ewwipenhc ttihvee Icyo |l blya bNvASIA,i oMOAOA, m
nand h&/M@orTlese datasets are merged to pr
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centration at the gl obal scal e. The resulting

-

nes nding profiles oftenamecustativbanameasuwibaen
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wWor , which in theory should be identical but

(72)

an d i gfafromordedtitngf i ndi vi dual data poiemtnss. Me

t ot

0
k
mat s
h
sel e

e different networks do not al ways report
ction criteria has hbmaendnagspd % iedt it Mg ow 20 IT ® INa
refine the quality and ensuseritehse afdequalfiitcyatadl

o WwW:

Pl ausibility checks: reported values should be
Compl eteness check: on a monthly basis to veri
OQutliers cheeQuarusilrg Rame el mearhod as foll ows:
1
d QQQMEIOL 'YE @i Qi 0 O MR BEIOD,Y
1
Vertical coverage checks: on a monthly basis t
Vertical compl eteness checks: to ensure a mini
region covered by the ozonesoundings;

Statistics of missing values: to check the coh

uni fied dataset is then grgupedlammlciomrg i wnrgc & rot
trend calculation. The 155 available stations

.Lon@Qoverage (LC): 26 stations (with a data ti me

2.Medium coverage (MC): 23 stations (with a dat a

tre
reg
t he

.Short coverage (SC): 106 stations (with data t

The first two clusters are the only ones with
nds. The |l atter is estimated from monthly mean
ression methods arteo Wpaged ifder fegt igoatnitn g itcragd i ds

trend calculation, including:



1 Leassqgtuare | inear regr%®ssion (Reinsel et al . 20

T LOTUS re®eeswipan| ovs’ki GBketk maln.n, 82019 ., 2022

1 Least Absolute Deviation (LAD)Barerga®aslsWonml qar8d
Schneidefr C€an)i1888afd RanthaedrF)&tl 9016. ,

T TheSeln regredgd8B,6nSi(eTheeli 192 Behseh,18®@;, Hir sch,

T The Meemndal (MK) té&stMd K din9 4§l s=k®7bsed to stat
is a significant trend of the variable of inte

The comparison shows that comparing trends est
MC provides very similalhPhrayeent doe examps e, Fohet
the different regressors, range from 0. 6% decade
uncertainty in cases where the trends arequsalginti yf i
data accoalbdoweg ,t oiistt duedeasstt ri enrad . The es¢i mahew, ohort
Norther n Hieldatsip(thNeHl)e: s

T a negative trend -20006%tPla& 9 @€rh,e rpeeducoidngprteo 1%
2000 -1tk a5 0

T a negativeforentde 0dxM0 68d® are c o nat rpacssti ttiove tr e
for the -1 ci@Past
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For the Tropics (TR) sector,

T for the-20dr0i,od proabouwed®WwPandn ocfontrast to a p
at -1 @Pfao r -2p0d0s0t,

T for the-20r0i,0od Pproesi ti ve 5reRach rtehaec hoad elr 0-% aantd ,
2000 period the estimated trend did not pass t

The estimates for the NH sector are co@6iLl9)ent

for t2h0eOOprtei me series, in the | ower stratosphere,
reaches a negatilviega tf roe n2t0h0ed pbiGe ade rli0ds , in the | ¢
smal | negative t h&ada orfegla4,i vaen dt raetn dl 000f 2 %. Thi s
which makes the result produced ien unhciesr twaoirnkt y( arbaol
TR, t-h@O0O@rti me series, in the | ower strat ¢2sOplh9e)r e,
show a negative trend of 2% per decadePaand moneéer a
the estimate shown in this work that presents a p
10% ahPda0Othis discrepancy is probably due to the
for trendHoewetvienra, t i-boN0. @ hei Mm®sseri es, there is a p

stratosphealso shown ihPatdi powiotrikye atndendtofl 08 %.
an uncertainty |imit of N7 %, howeSv@&amPlaaybe wasndot

to be significant by the MK test.

Fi nadrl yt,emiper ature and water vapour trends, thi
HARMoni zation (RHARM), providing a homogenized da
along with an estimation o0f97t readmeswmameamgt suradae
RHARM met hod has been used to adjust twice daily
pressure | evel siliOn htPme rfamgre 1®Pf781,t®M0C he present,
Radi oAobaldieve. Rel ative humidity data are | imited
to all reported | evel s. RHARM is the first data s
the observational upcessarptyeat ReldA8Wdp ofaisadlddusg t d rc
not affectendt &dmi mcatoissn of bi ases across stations
RHARM shows warming trends of 0.39 K/ decaRe @ahe 3«
RHARM adjustments also reduce diff-8&aeagee8eai héar t~h
ERA5 reanal ysis, wi tMNhHftolre tetmpenm @d utr ee fafnalc tr eil mtti hvee



1. Vertical structure of t he at mos

1.1 Water vapour and ozone in the atmosphe

l denti fying, explaining amél guanti fayimmgphari a
particular ozone and water vapour, are among the

Water vapour is the most important atmospheric
are the main cause of the increase in the troposp
fuels is the main ecaudgatoimamshacH €Or d @2idn ¢ oc omaa me
temperatures, responsible for the increase in atm

Ot her processes that can alter str aet otsrpahnesrpiocr twaotfe
the troposphere to the stratosphere that bypasse:s
overshoots the tropopause) .-l Waneer suamduwrs pihrertehd Ud
an i mporitmnthe oE&rth's radiation budget and clim
predomasaonciwted with two main sources: transport
Tr opi cs, and in situ oxidatwiren anfd mwatkane.apOliange
UT/ LS cause alterationksi eisem mradiaat.i,ve20flo2r)c.i n@b s(eer.
stratospheric water vapour concentration increaseé

existence of stratospheric water vapouradlelddsactke ¢

estimated to be &K MDesismatreley &.I3 ,W2m13). Strat os
i mportant role i hofudsmi agketyr at esngpheério strRitosph
Sarra et al., 1992; Di Girolamo et al ., 1994). Fu
in the processes |l eading to the formation of hydr

and ozone deplledss saw md@ic.halni s m30 1

Ozone is a gas mostly found in the stratospher
stratosphere. Ozone is also a greenhouse gas, wa

system. Additionallydangecams fUVteayo®fangotdehendl]l

2005)DaKideff et al. (1999) noted that <climate che
in water vapour. The scenari o envi si dmuedc iwo utlhdat ne
in response to greenhouse gas increases, thereby



noted that the threshold temperature-diepd ehahggermra
on polar stratospheric cloud (PSC) particles was
t hat threshol d drednpealzeai eet € nigncreraase®ns can contir
An increase in water vapour could then | ead to ¢

conjunction with enhanced frequentciycuofarpaolnart hset rAar

Before the year-d2apDeétisgvehami oalone( ODSs) , t h
greenhouse gases, were released into the atmosphe
Convention and its Ameamdtmeyntrse @auwmldatAe aphhladi omlsuacuo
whi ch are the principal causes of the anthropoger
falling ozone concentrations i n t5heh Puapfpree meslit)lrea t mis
1980s through the | at e -21090900,s .h olwe vtehre, rpeocseintti vdee ctar des
the upper strat oslpateirteuchend fpraom ida dehdkadmeddei v 2t aod
results rwasrty ifadr dtagra depending on the observati on

I n this chapter, we aim to provide the essenti
stratosphere that determine the content of ozone

and cl i mate.
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2 Ther mal structure of the atmosphere

The atmosphere is c¢classified based on its ther
operties of individual regions. The simplest pi
e vertical profaterefimgl bBbgureedn(pameker,bhe Frc
mperature decreases with altitude at a nearly <c

known as the troposphere. Havién.gs aK/gklnmo, b atl h emetar!
ntains the majority of what is known as weat hert
mit of the troposphere or "tropopausehHPa sasnbdoc¢at

aracterized by dnmapasler umtt echdmge riegi oinmdr om t he

km i s known as the middle atmosphere. Above t he
d then i ndmread s hiemtem tTéhmep & rnactrueraes ewiit h al ti tude
ratosphere reflects the warming of ozone, which
e troposphere, the stratosphere i rnwvaladesatdnnwley pw
e upper | imit of the stratosphere orhPastwheopat
mperature reaches its maxi mum. Above the strato
sos where, ozone warming decreases. Convective mo
the mesosphere. Meteor trails form in this regi

ring daylight hour sa.t Tame a"lmeda ¢ wupdeeu sod " alp®a; | oonchaet adede

second temperature minimum is reached. Above tF
ermosphere. Unli ke the | ower regions,y timeuttrhaelr
ntinuum. The ionization of molecules by energet
ns, each of which interacts differently with th

11



Zonal mean temperature Annual mean
Kelvin
305
300
295
290
285
280
275
270
265
260
255
250
245
240
235
230
225
220
210
200
190
180

Pressure (hPa)

20
30
40
&0
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FiglbhreZomealin temperature (annual mean) as a function of | atit.

Temperatures are warmest on the summemr tplbd ewiamt

pol e. I n the mesosphere, where the temperature de
i s reversed. Te mpheer astuunineesr aproel ec,o Iwdheiscth oins tin perpe
t o war meorn wvtahleuevsi nt er pol e, which is in perpetual
di stribution, contrary to radi aafi viey ncaommiscisd eirmmt @ ©1tn
observed ther mal structure. The ther mal structure
0, which is shown in Figure 2 at the same time of
subtropical jet streams, which strengthen with al

motion that oeazah shaevmisg whaerde i (nSal by, 1995) .
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Zonal mean wind Annual mean
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FigreZomean wind (annual mean) as a function of | atitude and
Above the subtropical jets, the zonal mean fl ow
in the two hemispheres. I n the winter hemisphere,
night jet, reachhegl sweedsmesbspbBemégs I n the summe
weakens above the tropopause and is then replacec

Reaching speeds somewhat higher thami $ heasneamn!| yoai
merges with weak easterly winds in the tropical
compl ex and involves much greater wvawdradbgdd tdi «thra
in Figur(eSsallbyand 9205) .
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1.3 Water vapour in the atmosphere

Because it i s continuously creanbateHderi nt s@amebalir
transferred by atmospheric motions, which would h
Circulation has a significant i mpact on this spec
ori gi rcctuanuiltag iaon zones. Water vapour is the most
of i ts role in radiative processes, cl oud for mat

According to latitude andomeéahi dudeéeri Buguobpe 8f depi
Pexit o, 1983) .

200 . Water vapour (g kg™")
=
S 400
=
5 600 =
[
800
100
Q0.5 6058 308 i 30N 60N a0 N
Latitude
FigBreVariation of zonal mean water vapour mi xing ratio witdl
maxi mum value. Mi xing ratios superior to 18 g/Tkgpacse at fben
Oort and Pexito (1983).
Wat er vapour is confined al most exclusilvel y t
decreases steadily with altitude, f Troonpiac smatxoi nau nmi
of a few parts per million at the tropopause. The

" decreases with altitude eivtehn cnoonrset irtaupeind!| yi.s Tshiem
(i) multiplied by”)he density of dry air (

P [1. 1]
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Sinnckecreases exponentially with altitude, wat
of the atmosphere -iSan by, xXil9W5s5)atiThhealzomatlecr ease
g/ kg poleward of 60A. Theserefhdeact ertiss tpircosducft i w
redistribution by atmospheric circulation and de:¢
condensation and precipitation. Because ofpitdhese
transport of air between source andiviedk Rregihamsa
duration, which can be ideniitrhedn aas stihneg|ltei npearrceeq uitr

on the order of days. Every few days, a parce

moi sture through evaporation, or a c¢loudy arnedgi on
precipitation. Mo st of the water wvapour in Figur
Consequentl vy, transport through the <circuliption p
Vertical and horizont al transport, call ed convec
redistribgtSadobypf 1995) . I ntroduced to the surfac:

transported upwards by deep csocnavleec tviovret idceealcst basnsd d
the globe in a complex manner. Unli ke the average
di stribution of water vapour on a single Tdapi ¢s, ¢
where water vapour has been moved vertically by d
hundred kil ometres. At medium and high |l atitudes,
refl ects t hier hpiasrtcoerly roefisomndhiehigarea.t t hhat phocat has be
affecting water vapour have acted on it (Salby, 1

15



1.4 Ozone i n the atmosphere

Ozone, consisting of three oxygen at oms, i's a
was first identified in the | aboratory by Christi
by Andr ® Houzeau ingu8%®8 4( Brldusdura,t e300 &&)v.er Ril i m
ozone | ayer (Figure 4a) and its role in the stratoc
in which temperature rises with aletiozwdhe, iBi gwmd i
is a significant and natwurally occurring greenhou
har mf ul ultraviolet +Badi2&t8i cam) (CAV)R, 8 Uevsnpne)c,i aal cltyi nlV
sourdenef prosi ti ve temperature gradient in the str:

which traps heat to warm the Earth's surface (Fi gl
t hec aslol erdi xweed I gr e e WHIMEGIHGes )gases (

1. Its relatively short chemical I ifetime mean
and therefore its distribution is controlled
t he WMGHGs, o0zone is o@ratdmecsesmghemd imaetltyemwitttham

2. Second (Figure 4c¢c), imavied ean gvtehr yUVs trraadn ga ta bos
absorber of visible radiation). The ozone | a
characteristic increashe ost rtetmpsepghdrueg eanvd ,t hi mal

resi stance to vertical moti on.

As wel | as ozagintedas!l sol ras nmaeit & mait eect l inks to hun

t hat abBorlagdi §vi on and protects much of Earthos

wavelength radiation, hel ping maf intaiaf | $f eatoms [Ela
surface o0ozone values are detriment al to human hi
mai ntained by a balance between photochemical pr o

produodiaoartal oss (I PCC/ TEAP, 2005) .
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and Langematz (1994); (b) atmospheric temperature prhgfitlhe, b
tropopause below and the stratopause above; (c) schemianglce s h
headed arrows) and inframe(dt {d R)z @mé s &b shoer gadte damaahreomidsea, tbivaonhd it
the ultraviolet (solid curve) and infrared (dasheed tceunmpveer)a tausrs

due to a 10% change in ozone concentrationP&C/dEAPer2nos5alti
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1.4.1 Stratospheric chemistry

Sever al chemical regi mes can be identified fo
results from a balance between production through
a series of catal ydpecicegx | efs hHydrod gye m,g miatdri cqadn,

Phot ochemical react i o.nsA dpohnoitnoacthee nti hceasl e npordoed e sfsoers
ozone in the stratosphere was first fommOChapumaty
1930) .

According to Chapman reactions, o0zone isgprodu

at ultraviolet wavelengths below 242 nm:
0 QO0Uu O [ 1. 2]

The atomic oxygen producediito flora)gQeaoaei ¢n react

0 0 0OU [ 1. 3]
wheb é&s an inert air mol ecul e stabilizing the rea
production of ozone is balanced by its | oss throu

0 QoL U [ 1. 4]

O anldestablish a rapid photochemical equilibrium tt
fodd oxygeno. Finally, in this sequence of reacti

0 0 ©¢0 [ 1. 5]

Destruction by reaction [1.5] alone cannot expl ai |
known that, away from pol ar | ati tudes, t he ozone

destruction inheataryni|[cCycyel d§ :o0f

w0 09w O [ 1. 6]

® 0 %wu 0 [ 1. 7]

OQp O ©¢o
The net reaction is equivalent to the reaction |
oxygen" sizace Onangdi ©k photochemical equilibrium
results in the | oss of an ozone molecule as well
cycl e. I n the stratospbhegeifitibaeste wheheseactktiparh
(X = Cl), and hydrogen (X a% alp,y e@Hl)s sreassdii malt s earl & we
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contribute to ozone depletion. The frequency of
significantly rises between 25 and 40 kil ometres
2005) .

I n the polar regions, the abundance of CI O inc
surface of polar stratospheric cloud particles (I
| ow concentrationsy wlii Clyclliemilt. s Itnh & he fsf icaisenc t wo

domi nant reaction mechanisms for polar ozone | os
1974). Thecaflilresdt ,CltChedismoer cycl e, i @aniortihteiratCé d K \yCy
6avéalfdo a0 O [ 1. 8]
6auv QO a0l 0o a [ 1. 9]
6auvuodald O [ 1. 10]
¢oaulv ©6a00 [ 1. 11]
0 Qdav © av [ 1. 12]

and the seBoOGd¢cythe, Ci ® initiated by the reaction

oavéi ®06adi O [ 1. 13]

600 ©0a00 [ 1. 14]

01 0 906100 [ 1. 15]

0 Qfpd © o0 [ 1. 12]
The net result of cycle 2 and cycle 3 is the ¢
three oxygen chycallesulagse. chBdtal yti c, as chlorine (CI
cycl es. Sunlight is needed to complete the cycles

and 3 are responsible for moosft tohfes pwhiemtgezre@as d ® s n
and Antarctic stratosphere. At high ClO3@%abpbenddage
| at e -swpirnitnegr. OQutside tBe Opalyard er e gi orfs mitntne ClmPor
Cl O concentrations and the effect of the CI O di me

pol ar temperatures.
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1.4.2 Dynamical processes
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The distribution of the total ozone column ( T

the distribution in the | ower stratosqilkréi meandens
cycle, which incr easeeshiwvwihters tl atail tuledse iann d hhea sNH a't
val ues around a4t0iOt ubdles A(tb etiwve en 30 Ajzcaonndc erOtAr d tni doro t
maxi mum values in spring and mini mum svoanl aule smaixni nauun

i n SepQ@ctnbbeear and the miamuraurny .i nT h[2ecneemabne rdi abat i c
transport o#$ sahriatho sexlpdraiicnsOt he seasonal vari ati
are significant, r eldocrhtihegninssrpchierrde 1( 0B jDU oivma tehhe al

420
390
360
330
300
270
240
210
180
150
120

Latitude [deg]

1 2 3 4 5 6 7 8 9 10 11 12

Month
FigéreThe climatol ogical seasonal cycle of total ozoi2®2®ol umn
Changes in BD circulation also affect polar te
motions) ; increased wave forcing coincides with

increased ozone transpace}y. o3bneechempsetayurehent

on ozone act in concert and are coupl ed.
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1.4.3 Ozone depletion issue

The depletion of the stratospheric ozone | ayer
of the |l ast 40 years. Serious concern about ozone
breakdowmadé omampounds, ismu-sthirea smiCqg &ehrleo rrienl ee aasteo ms
of catalytically destroying the ozone | ayer ( Mol
activity increased dramatically aftere tdheepldeitsi coonv e
Antarctic | ower strat osglhleed Amntrdarnogt itch eo zspmrd nhlga |l &
depl etion was caused by increased | evels of chlor
the convstrasbloen ®hl orine species into active form
stratospheric c¢clouds that form in winter and spr
predict the ozone hole in advdarhee etveod aut § &0 nt lod madk
include these processes (Solomon et al ., 1986). A
process of international protection of theidodzsone
i mpl ement ation was established with the signing c
Montreal Protocol on Substances that Deplete the
environment al proallcyi phaceaedtboughmodesnhiltimits o
of key ODS, such as CFCs and halons containing b
subsequent amendments and adjustmentst hwhimah nowveérma
of OoDS, including CFCs, substituted hydrochl orof
met hyl c¢chl oroform and carbon tetrachloride. -These
100 years (Ko uest tahle ,r e2sOplo3n)s ea nodf taht mospheri c chl ol

emi ssions is slow. However, observations show (WM
atmosphere is |l argely meeting thmodMonafreahe Pmag ol
decreasing, as shown in Figure 7.
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a Distribution of stratospheric czone (October 2004-2016)
i 150

o
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Fi gér eL athietighe cross section of stratospheric ozone and ti me
A: October -20&86pgezo¢BO60440ncentration (1012 molecules per c¢cm
insttumanboard the Aura satellite. The thick black | ixnts ind
shows the main regions where o0zone is most sev-DPobbyndemstcayat

which transportopaicsupwawds dsnthlkeepoles and downwards at hi

the winter pol e. Panel B: Mont hly average obser veddepdterfiage
substances (| éotr axisurseediegéndrom the National Octeearnmh ¢  an
monitoring programme. The thick grey |line shows tbm evbbuti

hal oc ae.bgp@sCs) from the World Meteorological Organisation (W
mont hly mean HCI (p.p.-t.) in the tropical upper straposghere
55 km, Mml GOXRCARD®S satellite measurement sc.onH@li niisn ga ODrSe aaknddo w m

altitude.

The sum of troposphe(i Ooblel ¢ yjMpoeén tpeékaak eg@ O¥nd i. [, 6 91
the sum of tropospheric bro¢iomd z kealdadd)Tadhe f, e ivr gt as
abundance of chlorine (found I argely in the form
br omi ne, which arehderfokebdofvedmt hbeset OBBpspheric
37 years (depending on the region) due to the sl o\v
( Newman et al ., 2007) .
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1.4.4 Recovery of the ozone layer and trends

The wvariability of ot her factors influencing
temperature), aerosol | oading and solar irradianc:
which is expected to bpoiabmbatpar chepdede ol @lealcley.

therefore to what extent and where ozone recovery

extent to which the ozone | ayer wil!/l paecowner st giuw
and composition of the atmosiphealktelihemg ctome i phypsis
atmosphere: the tropopause is rising and the stra
Brewemson circulation in which air is tr®&nsmpayt e
accelerate in the future (Butchart €t omilcs &220d 019
downwel |l i n-gaint uthes mand pcoulrar Arse izoomse mibghtd amac e i
in the | ower stratosphere (where most of the o0zo
decrease iTmopia@rse aind tame i ncrease at higher | atitu
increasing ozone in that region, sl owing down t he
Jonsson et al ., 2009) . Alall Ityh ebsye tchhea n ghnecy eaarsee Adirni VG

t he sam#® tainme € €WHOIl s ar e al sabéinrcg emar tnigg ulwa rt lhy CdHe n
emi ssions from natur al and anthropogenic sources

catalytic cycles that ressanthOfNandch t bBaddegradaneot

change. What is clear is that the chemistry and d
make the raepvertyy omf omgrosme | evels meaningless. The
we consider how recovery occurs in different part:

changestirmtmesmpheric factors such as tropospheric

with their grentdivBtiablitityg, dmakwe meani-Bigrfe@d¢owemy

( McKenzie et al., 2007). This is an even more com
view, since the control of provymakéonsn a@aand coHas umip:
Montreal Protocol is mainly judged by changes in
the Montreal Protocol is already undoubtedly a su
expeed benefits -Bf oradiadnenamd Wwel | as <c¢limate. }
decreases on ozone | evels has proven much more di

based on the concept ®ifndder sdcaver Yri 9 hafsteen edefhie
ODSs (the key driver of the Montreal Protocol ), e
decline and wultimatel pdtodtriraelturav olfd ODBMQ@,0s 2p& e )

fingerprints) of recovery have been defined (WMO,

l1.a significant sl owing of stratospheric ozone d

2.then the onset of a significant increase;
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3.and finally, the full recovery of ozone from C

t hem.
However, it i s more beneficial to think of recove.
full recovery does not necessar-1980ilmpvgl a8 bhedtau e
of t her fcaucltaorr sr,i siinngp aretviel s of GHGs, i's growing.

0
(see Figure 7) and the first phase (or Afingerpri
e

observed (WMO, 2014; Newc hawsr dblre eent dalf f,i cu0G3)t.0 Hew
the nextephaseral uvupward trend in ozone due to dec
|l evel s have be2fQ gealsninmgv. f llowéser , due to the
(typically many decades, Koateeéel mlt hrdd3)i medhi sl a
increase before the entry into -1bryeané tbeddbactt
decrease in dhomagls dzomeg. eAlulad 0, ywea rmsi gthot peaxspse clie-
possible to detect a significant upward trend in
2000) . Figure 8 shows an over vi ewe motf aoszoaxes mea rotf sl
Harris et al. (2015), Steinbrecht et al. (2017),
WMO (2014) Harris et al. (2015) Steinbrecht et al. (2017) LOTUS (2019)
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FigB8reOverview of ozone profile trends from past and recent
(20127), and LOTUS (Petropavlovskikh et al., 2019) amengtsown
boefre the turnaround of ODSs antdnaehbhkeybostperrod di htershbytas
and error bars represent the 95 % confidence interrvtadl faoxri st h

for display purposes.
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1.4.4.1 pre2000trends

Negatieeds are found throughout -2a0lnorsitod hfeore nd
al | satellite and ground dat a. Il ndi vi dual and co
evidence of declining ozone concentrat i-bchnPdaeive | ) he
from t1h%8O0Omsi dt hr ough the 1990s. De phIPat-4 @n ki a @ e S .

per decadleaiinttutdtes madd 4. 8% péPeteopde | pOulsok)Reah Tersod |
of ozone decline inilbhéd Prai)dalre sctomasti depladldg ( dOver
val atesni@® pkr decade. Negative trends &aPa fwhuinlde ii
the moster at osphehBa (tuppntde W00 fer depending on | a

significant at aroupBebtopeaev! decglkiHohwieavtetrHle.cNHZX A e

results is reduced in therbbwerarsabatobtpilereddoe
sensitivity of satellite obhasrdatmeassur efmeands geear
results of satellite trends. However, dwuei hg t hies.i
period, the significance of tdhid fterendsiei s esatl tso al
of model simulations (within 1% per decade) acros
confedehat these ozone | osses were the result of

However, | arger di fferences exi st bet ween satell

di sagreements outsideHofPetargpawhceshkiakmtetesal n, t

1.4.4.2 post2000 trends

Positive trends are found throughout the upper
po-28000 period for bdbtak edateleinidtse ahd hgebgtered e dualt te
depending on the observeaetsiudn st shlomwi gueati Sat elall il y
mi-dati t udid%Npeof d2cade in the ulphpPear aidd 58t pepheare a
t hTeRe bet welhiPa~3Positive trends of appndxi matéakey SH®

hPian -maditudes, alt hough g tPattirotpiacvdloved&mkihd eerhaeea ini
l atitudes of NH, trends in the uhpPaecAt salratibB@gberb
mi-dati tude trends are no | onger statistically sig

hPtao al most zer oh MaPtewt eeonp abvl oavrsdk il2dth t ehte a'lR.,, t2 ®InhA)s
bel olwPal5t hough eveill . es%dieneaatdees aofe 0s.t5a t(iPsettircoaplal vyl oivns
et al ., Geodanvnall ybasdhdseesaltted | at e -hasadgrekmemnyt a twii
model simul ati ons. Persistent negati veRatrreen d sk eilrny

consequence of radiative forcing and greenhouse g
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derived trends differ mar keldRay diepeinide nigowerr t diter ata

For exampbaesedatesuite show statistically insigni
and gbhased trends agree in sign, except iModele TI
simul ations, howedart,i tpurdeed itate npdoss iitni eotrmi chemi sphe
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2. Temperature, water vapour, and

This section provides a description of the t

techniques used to investigate the UT/ LS.

2.1 Temperature, water vapour and wind rad
Measurements of temperatur e, relative humidit\

basic inpuanaglapwuaie dteises i be act ual weat her patterns

of samd tmedingm operational numerical weather fore

and variability. These variatiesomadesmeasurabl e s

The basic concept of radiosoundi ngirmaaganerasme retn
in direct contact with the air and i mmediately t
Radi osondes are attaclyecdgtotathiygugh bDhéel @a@amosp
di sseminated through the GTS (Gl obal Tel ecommuni
I nformation System). Theadseored e0o perdd coertd airuotuasd tyn el
radi osweneesilevel oped i ncehe.uthhaers mdmsy ode ctahdee sl,a srtad

| aunched worl dwide by more than 1200 stations and

nati onal weather services. Operational soundéngs
and |l ocal atmospheric conditions. Di fferent sond
nowadays in use, and provide data with apeaopreat
time data availability, high vertical resoluti on,
simple applicability and moderate costs, make rad

Beyond t hree |l vad ®@tdheappl i cati ons whi ch primari |\

radi osondes supply valuable data from the higher

tropopause into t heS)l.owdpmp esrtarda toossopuhnedrien g( UMleasur em

one of the most relevant anchor points for atmospl
used to investiegaftaej nchleirngaetre ettr eanld.s, (201 2; Ma donn:
extremely dry -iannfdl useonl caerd rcaodn daittiioonns and the | ow pr
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are stild]l a challenge for radiosonde sensor technr
such as those made by GRUANr Naew®GCIOS Refmagnad| W

met hodsproagc @eositng t he adatrea wivean |l mdt &d a

To descri be i n det ai | a radiosonde sensor, t
radi osonde, one -9ft t{mespeomsssotw hm@adhdmhmarsi mper ated by t
t hthesi s dumemguremteinn

The RS41 radiosonde consists of a sensor boom

by an atbtaadheady Lpiack, and mechanically and t her ma
antenna, connected to theteppdsiatetrearnd uo®y. @Bliddpbae
radi osonde is suspended to the unwinder string in
the body when the radiosonde is ascending. -UVhe st

treated polypropylene string.

Figarevai sala R#&®dGi.osonde RS41
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i s
wa
Es

Except for the humidity sensor chip, the entir
covered with a highly reflective aluminium <co
rmi ng -whay es hsoorltar radvaticooml ongl RThadcaating al s

pecially in terms of the temperature sensor el e

water clouds and subsequent temperatugesoéundiaqén

bo
p o
pe

Th
i n
I o
i n

co

p |
Wi
Un
Du

ar

s e
me
ca
ad

om is bent at an angle of about 45A away from t
inting downwards against the direction of the a
rformanceiofg ewbecppo

1.0n the one hand, the surface of the sonde hous

to minimise radiative effects that are connect

2.0n the other hand, effective ventilation of th

e housing of the radiosonde is approximately 15
tegrated board of the radiosonde, as well as th
gger, radi o ntnraa,nsamd ttehe a@RS aamnteenna and receiV
tegrated board of the radiosonde. The sensor b

nnector .

The Vaisala RS41 temperature sleowsoa drmsd desdsgn
atinum technology (Pt1000) . The measurement sic
th temperature. The semcwtr lmmenbh hasgtdh mandi
certaintylire¢datiedy tof non05 K (k = 2) is stated,
ring these tests, the uncertainty of fThe refail ¢

e valid for the temperature range of 198 UC to

The humidity sensor is based on the widely use
nufacturer and-rpoomddaedliniess €hepanoitive humic
drophilic porousrpanygmear amataernihaln tthdtm (g ha c kne
urface area A) which form a plate capacitor. Th
|l ymer exchanges water mol ecul es pweintdhi ntgh eo ns utrhreo ue
sorbed water, the eb6fethevepotiyekectamidec themetf am
nsitively due to the high rel afThve pmgampm@ict ttiyvicths
asured as frequency change which serves as a I
pacitance of the polymer measures the relative

s ordpetsiboonpt equi |l i brium changes with relative humi
o6 - - [ 2. 1]
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The humidity sensor of the RS41 radi o¥iosndkepts
above the ambi¥at aicobhsmaprt YbbfFmebsaf edbboyt absKps:
sensor. Both the resistance heating el ement and t
chip next t% 4 hme podryenerby the Pt1000 sensor near
vapour partial pressure directlIQ YaRoWwe whheht ser f a

saturation vapour pressure, cannot directly be me
poiin.tg. /Q°"Y, and thé&odevwanpaiint par cel does not <char
there are no phase transitions. That i s, with the
o - - [ 2. 2]
QY YXY [ 2. 3]
The same applies to the environment:
QY YXY [ 2. 4]
The relative humidity in the ambient air is there
YoOY— [ 2. 5]

With the measSanddndat hbesméasured relative humi
"Ycan be directly converted into the relative humi
dew pYoviantsal a w9sOe sc otntpeatli™9d e form of Wexl er b6s for mu

of the saturatQmndd.ouThips emetulrced ensures that t

by the sensor is always kept bel ow the saturat:i
6contaminationé with |liquid water, and wsh earee tthhee
performance i mprovement at | ow ambi ent temperatu
susceptibility to direct solar irradiation (no dr

Wi nd measurements ar e instead derived from t

RS41/ SPS311 system, consisting of a base GPS antert
and receiver onboard t he sr addei soisgonnedde .t oT hper odveifdaeu I dti f

the positioning of the radiosonde.

Finally, pr essurad smeevadaulracbmeen.t sThreaypr essure ser
atmospheric pressure at the current heaieghtstiamta ss
crystal capacitive silicon sensor el emernet .s elnns otrh e
pressuries wWalriewed froBel dhw, GiPrth nRilgxiatmpdee. o f a ver
temperature (panel a) and relative humidity (pa

respectivel y)
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Profile at Tateno, 2017-09-15 00UTC
(a} Temperature (B ulT} {c) RH (d) ufl}
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Fi gudTehe profile of (a) temperatam@d) (BH buemperainrtygy ahce6tad

2017 for Tateno station. The dotted |Iine in panell s a(b)i sand e(
represent, anrcroadmetl etdoetda,l unce rTthai mtlya,c kr elsipneecst iivrel yanel s (b)
screening based on the idea that data with ,unz®&2@mfiadu est iexrc
reliability and need to be verified individually.

An example of monthly tempeiZadlug§ eofantohmal i ean d I
ERAnteri m;2 MAMRRB)RA for the RAOBCORE anidORI GHraagt
are shownlaitn pRiegurue elhPeov @& from 100
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FiglteMonthly temperatur e-lanfoNnaofi etsh eatr atchieo srcergd eo no blsOeArSv at i on's
four reanalysis-laattas es MERBRRAF RAERA t he vertical | evels (A)
50 HHEd, 70 hPa, and (F) 1P018&Pa, over the period 1980

The -wedwn variability associated with major v
1991) is evident in all iBdtPlaewvetl s,, Ranomnhigc wlhar Irye am
ERA5 shows the |l owest differences compared to the

in the order of -ldntke,r iins2 fNMOENRIBABI. R AFnoPraEnRd0 hlPdatke v e | s | t |
datasets tend to show slightly |l arger 4i Kfandnh2s
respectively. However, similar patterns are produ
is worth mentioning that this becmrREEBCORE i adjnwdt mn
were used for radi oslomtder ibm;2 s MEBRRA €éntd ol GH iESRAu s €
Di fferences between reanalysis and RAOBCORE/ RI CH

(e.g., assismihmotdied n uselle medat as epl irnegs o leuttci.o)n., Fsuprat
especially noteworthy that the resulting anomaly
representation of the atmospheric circulation in
byet PBO signature in this atmospheric region; pos
negative temperature anomalies correspond to east

33



Regarding the uncertainttyhicf inhermadi ovonde N0
t he GRUAN net wor k, presented in this thesis in Ch
Furthem mohm®&®pt édthe RHARM networ k wild al so be prese
wi || be discussed (Dirksen et al., 2020).
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2.2 0Ozonesondes

Ozonesondes are small , i{biogmteweinghtr umemd sgondeace
the vertical di stribution of atmospheri e€50x&ame ainmd
ozonesonde records &atossverali heasbheememigest aozor

with some starting in the 1960s. During nor mal f
met eorol ogi cal radi osonde for transmi ssidoint i tomalt
met eorol ogi cal parameters of pressure, temperatur
wi t h GPRISa s eddr i vitnd direction-dandvevd ndl sipteedle. aUddgdi
tel emetry, t he @urorzeomtesmamaleuriesd thhyantsimi tted t o th
(TarasickThe akzone2@itofiles are obtained with an

100m to 150m, while the SHADOZ (Tphnopeh eadllMWave been

2.2.1 System
Al t hough other types of o0zonesonde instruments
al most all ozonesounding stations worl dwide now u:

showhi g®r earlc hi\Bi, 02 p0®GFG il es annually (Tarasick

Anode Cell

Figu2eTwo ECC ozonesonde instrumentss6 Amageebyynadief bgr Scti emareu f
Right :-ZENyBpELeé made by ENSCI Corporation. Differences are mino
cell deamat @l housing, and the plastic used to cons(tTraurcats itchke
et al., 2019)
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Thisensor measures ozone using iodine/iodide e
i mmersed in separate cathode and anode chambers
solution. The anode cell cBoonttha i cnesl las scoolnuttaiionn asna tet
potassium bromide (KBr) and a phosphate buffer to

densely packed cotton fibres) connecting thet t wo

prevents mixing, thereby preserving their respect
into the cathode ce)l li mmndolrwetaicag . twdl ¢ fhonrano wlii @dinn e | (€
equil ibeiomnverboeadthackl adbi hum el ectrode resultin

each ozone molecule entering the sensor causes t w

it measures as a current. Thheaadegduwl ttihreg aenloanttr iod a
air. The electrochemical technique assumes no se
relati onshlip mdi rnthei Med (Sterling et al., 2018).

2.2.2 Retrieval

The ozonesonde equation for Ogplicsil dei egmit hed ob

first | aw of electrolysis and the ideal gas | aw a

; Yo " P uy, P
VF — ® o— L —
€0 o ® OBG X 5y

[ 2. 6]
The first term is an empirical constant where
constant. The two in the denominator represent th
sensing cel/l for etved)y aogowmmi mplaclulk gte@ai chi omet

equation are the Pmeasdr ¢thec dlalc k@po tiendtnd lrlo cawnrprse |
fl owt@itre3gm t he pumpy¥Y)t é mp edreagtr ierees (Kel vi n, agyd. t he
The cell currents, the pump flow rate, and the pu
The ozone sew9go0l sefaf imeiasmay (@©f how efficiently ge
the ozone sensor are converted (tToarea seicctkr. ceritsn @l redh dcz
i s measured by comparison to Whédr €a¢i dbnae¢i onoCe
SondeGCs) .
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2.2.3Reprocessing

Before a | aunch, each ECC sensor is conditione
procedures that are taken either fr oSt atnldear da mOpfea c
Pr oc ellQR)e, (odersitvaed omr ocedures. Because each ozone
to conditioning procedures slightly differently,
particular for thewbraakgromenadawuar arre 6p achanfué tdehress e
must be documented and archived in perpetuity (Wi
procedur es, i nstrument types, and sensing soluti
processing cwdgteovmairzed approach to reprocessing i :
procedur e:

1. To document ozonesonde profile metadata from ¢

original data files, and historical knowl edge
the station Principal oFrsyestigators (Pls) and/
2. To assess the extent to which data can be full
are missing or incomplete, average values are
flow rates.
3. To provide a summary, iitemize what corrections

2.2.4 Uncertainty Budget Analysis

The uncertainty in the calWdl asi ancompbbeétezof
uncertainties associated with each of t hey) di fher
backgroungd ,cutrhreenvtol(umetri agp fl otver aeempef at,bneaemd Mpht
ozone sensdol Sdfefrild ingney @l . ) .2A A58 pawWitt tod ethealdat a
systematic bias effects are removed and hence it
random nor mal cciegttraii mutyi ccrm.l cuHemtuimn al so account ¢

by homogeni zing the dat a Trheec dGrach sasndant Hiasw iosf iemralou:

the overall reﬁga(té.evee ahzser Hai 6t YDOAT Bmnel and0l1hkp,
additional uncertainties (Tarasick et al., 2019):
z t— . I B [2. 7]
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Her e, the addirteiporealent ermddnti onal random un
uncertainties associated with any bias correctior
pressure coordinate or time regispgmrasdeoda af urmhee I
ozone partial pressur e. For exampl e, a pressure
altitude, wi || transl ate into an effective error
(TarasjcRO2&9) al

Figu3bows the uncertainties of each variabl e a

profile from Boulder, CO (Sterling et al ., 2018) .
background current arehehevémalgestuncent ai buy oi &
di fference in the measured and background cell cul
is the smallest contributor to the total uncertai

) / /
25
{ [  Total Uncertainty * Ozone Partial Pressure
= Meas. / BG Cell Current Uncertainty

Pump Flowrate Uncertainy

~N
(=}

= Pump Temperature Uncertainty

» Ozone Sensor Uncertainty

z{’f \

. L . . .
0% 1% 2% 3% 5% 6% 7% 8% 0 5 10 15 20
Relative Uncertainty (%) Ozone Partial Pressure (mPa)

Altitude (km ASL)
o
u

l

5

0

FiguBeOzone partial pressure and the relative uncertaienty wi

sounding in Boulder, CO (Figure 6 in Sterling et al., 2018).

2.2.5 Error Component Analysis

Overall, in recent decades, the random error component of sonde measurements is generally within
+5i10% between the tropopause and altitudes less than 26 km for all types of sondes. Systematic biases
between all types of ozonesondes or compared to otbeeaensing techniques are smaller thaifl&%.

Above about 26 km altitude the results are not conclusive and the measusetrenourof the sonde types

differs. The uncertainty at the top of the measured profile depends on the type of ozonesonde and sensor
solution. For example, intercomparison studies (e.g., Smit et al., 2007; Smit and ASOPOS panel, 2014) indicate
that the response &CC sondes between 28 km and 35 km depends on the type of ECC sonde and sensing

solution applied (i.e., 1@0% differences at altitudes near 35 km). However, laboratory studies (Johnson et

al., 2002) and international intercomparisons like the Jilich ©Zonde Intercomparison Experiment
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(JOSIE) (Smit et al., 2007) and the Balloon Experiment on Standards for Ozone Sondes (BESOS) (Deshler et
al., 2008) have also clearly demonstrated that even small differences in sensing techniques, sensor types, or
sensing solutions can introduce signifitanhomogeneities in the lortgrm sounding records between

different sounding stations or within each station individually.

Therefore, existing artefacts in logrm sounding records have to be resolved by homogenization
either in space (between different stations) or in time (teng changes) through the use of generic transfer
functions that have been derived from interpamnison experiments (e.g., JOSIE or BESOS) and dual balloon
soundings (Deshler et al., 2017). A major goal of the Ozone Sonde Data Quality Assessmé&DLYIS
to reduce the uncertainties between kbergn sounding records from i120% down to 510% thraugh the use
of generic transfer functions (Smit and GBQA panel, 2012). Currently, a total of about 30 kiegn station
records have been reevaluated and homogenized by resolving known instrumental bias effects, thereby
reducing the uncertainties dowm 5 10% (Tarasick et al., 2016; Van Malderen et al., 2016; Deshler et al.,
2017; Sterling et al., 2018; Witte et al., 2017; Witte et al., 2018).

2.2.6 Example of ozone partial pressure temporal series

Figusdhows an example time series of o0ozone par

ozonesondes | aunched at the Bomallder station (39.9

Boulder Ozonesonde Time Series

T . .V' ' ||| H* H W”lw w W m "M W i

I' il | E

~ "2 E
£ 2
= S
v o
g a
E w
< 5
o

Or'ﬂ

1992 1996 2000 2004 2008 2012 2016 2020
Year
Fi gudTd me series of ozone partial pressure profmdség .(in mPa)
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It can be seen hbhéwthlkee okioglke ptr o¥all eesare found
with the maxi mum around 24 km, wi t hout any obviou

Further more, havingssmnoh ahwagsumpatei dstei watded iot h
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2.3 Techniques compari son

Figlsédhows four ozone profile time series meas

usifngmeasur ement techniques: 0 zloingehsto nd e s e c tdieasnc r At
(LI DARt ropavl!l ovs;M®gheetanal Menz0®28, 198@ekMmahonec¢t
2003; Godin et al., 1999; Leblanc and McDermid, 2
( MWR, Connor et al ., 1995; Hocke et2@®@13; 22t@WBder He
Nedol uha et aBarr ae 168t Mhi tbladie@® 9-Fromm sl fe@Gr muhf r a Re
Hase et al ., 1999; Has e, 2000; Pougatchev et a l ,

r
=]
o

~
o
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w
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~
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e microwave radiometer AE FTIR | H
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1] o
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FiglbeTi me series of ozone profiles for the Lauder station,
top |l eft ozonesondes, top right LI DAR, bottom |l eft microwave

These ftoaurrm;gohaigght y data sets make it possible
for calculating ozonerpngkiskteserdabe HOef fveemmrteheed
i mmedi ately apparent. For the o0ozonesondes, t he v
approxi rkat,elfyor33 he LI DAR ken vaaldn,50p@mr otxh enamied ryo wWa
bet ween appkmxankdm,& Ofyor2 0t he FTI R b ektnwe eFu rtthhee r smuorrfe
measurement techniques also have differentm vaenrdt i c
15 for 60 secondsm BhbARSbebawpraxBm@bely 6Q@ esecor
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bet wékem a&kdm 1f7o0r approxi matel ykmnteoho80, mFiliuRe$sesa
Tabl e 1.

Techni qu Vertical Vertical r Tempor al r
Ozoneson Sur f acken t 10@ tom1l5 6 G
LI DAR 7Tkm tlom50 3. m5tan 15 6 G
MWR r adi o1 2&m tlom7C 8km tlom1l7 1h
FTI R Sur f ackem t <Xk m 3 On
Tabll eOverview of the vertical coverage range, vertical and t
radi ometer, and FTIR techniques.

Despite the different sensitivities and diffe
reproduce the same phenomenon well and, therefore
hi gher ozone concentr &tm drksm3fOrwd m ha pap rnoaxxi i kmetre ¢ oyf 2aC
ozonesonde data, given the consistency with other
good coverage for the study of anomali feranbdet aral

presemnhetdudyn
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3. Uni fi ed Ozonesonde Dat aset

To i mprove the time and spatial coverage of o0z
estimation of trends, a unified database of ozone
existing ozonesoundi 3gutdladerars elesmi pploern a eAld diyt it dhrea l
t hNet wor k for the Detection of At motipMoearlidc OZompEeo s

Ultraviol et Radi ati on Data Centre (WOUDC). The u
di frfterleati tudes and sufficient sampling for the
addition, only a few variables of interest were

formats and amounts oéd dhbyaeaok metawdmka pesopite

measurements provided to different initiatives.
Fotrhis purpose, an algorithm was i mplemented a
di fferent features and duplicated profil es.
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3.1 Unified Dataset Composition

3.1.1 SHADOZ
The SHADOZ network provides ozone profiles meas
soundings also yields pressur e, temperatur e, and

net work was designed it azdmueso ddd ap rheeftielr eosg elmeeti w eye

t hTfeopi cSsbandpi cs, and the network data was recent|
I'n the wunified dataset, the SHADOZ V6.0 hfaoe mheanL
considered, providing also uncertainties for 14 o
than a decade. SHADOZ is the only one of the thre
uncertaintat af orrecewaah drhe original spati al cover

requirements:

l.that the network consists of existing stations:s
2. full zonal coverage t-onead sfod avteu raen oebgsueart voerd ail n

ozone (see Thompson et al., 2017 and reference

At the initiation of SHADOZ in 1998, nine stations
hence the name of t he emqatawmrrk .j o$tnaetdi &HSA DriOZr taks d fo |
1999) , Paramaribo (in 1999), CosiR®&O0OR) caafdnHaNOOE
soundings began in 2004). Hilo, Hawaii, with a re
The 14 SHADOZ stations which have operated for at

SHADOZ Sites: https://tropo.gsfc.nasa. gov/shadoz

N e
[ o — & 05 /;
N ol PR )
;ﬂlo HI \ \ {/ HE\ %jff\’l /}\ ~|,V|etnam
W \ A (
Costa Rica ( vanous\é%\)% “&P_aramarlbo S\rjam \c, \ JP ) /%J a
San Cristobal, Ecuado /ai/rob| Kenya “E”? Apur, alaysia
b ( ¢ '{“‘\Q f\scens\gn Is. 3(1 o % "‘X"R‘\g
ago Pago, Am. Samoa \ Natal, Brazil K
&£ago Pag az / ) o ,\
N / | South Af 4 F/ &a Reunion s., Fran \Suva, Fily,
,' / rene, Sout :‘\nc%/(u U \

{ \ Vo
f.l . ’5./ L L~ MLNJ/ C;b
L

-

FiguBeMap of the 14 SHADOZ stations (https://tropo.gsfc.nasa.
eal ., 2017).
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3.1.2 NDACC

The NDACC network, which officially started op
di stribubadedgso®esmidbg research stations with more

Despite the high data quality, NDACC does not

measurements. Only for a Subset of measurements,
same | evel of detail asorrse)ADDEr t i NDIACKr friolve damsd |
from different measurement techniques, which ar e:

1T FTIR spectrometer;

T UWwi sible spectrometer (total columns only);

f microwave spectrometer;

T LI DAR;

f Ozonesondes,;

9 Dobson/ Brewer (total columns only).

NDACC datasets are publicly available from the ND

For this study, only ozonesounding profile dat

shown ih7 Figure

#9909 Dobson/Brewer 03
@008 Sonde 03

{RRIVAL.HEIGHTS
MCMURDO

Figt7eMap of the 33 NDACC ozonesounding stations (ftp://ftp.
Coper@Glicmat e [Idbfsa Store (
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3.1.3 WOuUDC

The WOUDC network, which is p6AYWrofgrtamemeGlodb d Ih
Met eor ol ogi cal Organization ( WMO)c,onwuasoles taa bclhiisvhee
|l omngrm accgualioyhioplBer vati on hVdMQ@ aG AW dn entewt oardka t caf

measuring ozone column and ozone vertical pr-rofil e
gual i fygarldatagppl i cati on areas via coordinateodbadct i\
calibrationcemdreata quality

Ozone data from WOUDC are extensively used by
and applications including the joint WMO, UNEP s
Depl etion. Those Assessnrexntuwsndmber adtudtdhies We @& nenvae rCy ni
t he Protecti onantilhdshe tOrzeo nmo dtayeut horitative over\

concerning stratospheric ozone.

To meet the needguafitsywabdht mplpll é chi gbn ar eas
observation network coordinates activities not on
and datcaemmmdsityy gui ded by the WMO Ozone Scientifi

WOUDC is the most comprehensive initiative f
although quality checked for ,tameitdheogowutgichsiyenh ey i z e
terms of traceability and uncertainties atdhvatrmoeSHATL
down!l oadmeaansdu ruesnree nt s f ol |l owing the guidelines pro

policy.php).

Detailed information on al/l 150 ozone observat
their GAW and platform I Ds, geographic |l ocation,
reporting periods i sbsaivtae .l albhlee golno bt awe int&@ps oG mietztoende
data to WOUDC i1ls8 shown in Figure
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Ozonesonde stations
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30°N
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30°S

30°s
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90°s L == - 90°s

180° 120°W 60°W 0° 60°E 120°E 180°
Figu8eMap of the global distribution of all ozonesonde measu

3.1.4 Selection of Variables

As a preliminary step for the creation of the
souneeéewhbatkawertes chosen, and tReskn aaedisthioovm, iwh eTn
uncertainty cointncl.bdMsd oresntarosmedl s@r !l i er, t he thr e

and amounts of data and metadat a.
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Standard name Description Uni t

station_name The name of the sta N.A.
|l ocation_l atitude Latitude of station deg
| ocation_l ongitude Longitude of statio deg
report _timestamp Date when the ozoneN.A.

format-mmgyy yhh: mm: ss

zone) .
air_pressure At mospheric pressur Pa
air_temperature Aitremperature in degKk
relative_ _humidity Rel ative humidity i 1
|l atitude Observation | atitud deg
|l ongitude Observation | ongitu deg
observation_height _ Height of sensor akm ( a.
surface. Positiveey:q
sondes) , neg et.igvbet )f.
visual observations
observing platform.
ozone_partial _pressThe | evel parti al p Pa
ozone_concentrationThe | evel mi xing ra ppmv
ozone_ partial pressTot al uncertainty i Pa

0Ozonhe praestsivarle as a

individual uncert
Uncertainties due
assumed as random
nor mal di stributio

cal cul ati on al so ac

uncertainty gemiuzirmg

record.
profile_source_netwSource network of t N.A.
type_f 1l ag Station classificat N. A.
Tab2l eLi st of the selected variables for storing in the unifi

4 8



3.1.5Handling of the duplicated profiles

The main problem in merging the three datasets
profil es. For dutdleiacsat itomo, pirtofmd aerss dtolr gwbahidmn & B ;e e«
dat asedanc cTluri swhen measurements fr omorteh et lseatmeo it ,at
which in theory should be identical but are often
and providing the amount of indThkhRisgual sdamaap®i hl a

net works do not al ways report the same number of
a range of selection criteria have been applied t

characterization of the measur ement uncertainties

T I'n case of a single profile for a day (no dupl

T I'n case of duplicates, the profile selection i
measurement uncertainties on the ozone concent
in the SHADOZ database iamdtlierNBAME datcahaoa.s

hand, doesmnyoteptavintg esti mates
T Discarded profiles are eventually used to dens
at different pressure | evels not available in
Tab3pe ovi des an overview of the main information o
dat abase, including the number of profiles for ea
DATABAS # STATI PERI OD # PROFIL UNCERTAI N
DATA
SHADOZ 14 192822 9343 Yes
NDACC 33 19120 45382 Yes (for
fraction
wouDC 150 19022 97252 N o
UNI FI EI 155 192822 78885 Yes
Tab3l eOverview of information on the number of stations, peri
the three datasets used.
As shown3 i m htamluenber of profiles present in th
profiles available for the WOUDC network because

1972822, and WOUDCnc |qurdoedseelaiestsu raelfisood ut heg-f@7ivodappea
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t o
197

Bel
1
1
1
1

To

ser

have more profiles than those of the wunified d

7 were also excluded from the analysis.
ow, the composition of the unified database, i

SHADOZ record stored: 20839851 (14.97% of wuni f
NDACC record stor eduni6fdi3e6d3 8908t a(l4 6r.e2clo¥% do)f;
WOUDC record stored: 54069095 (38.82% of wuni fi
UNI FI ED tot al record: 139272844.

show the benefits of wusing the unified ozoneso
ies of ozone proEi9aMNEgai1dBaodihleatHid of rsamt$WADOZ,

WOUDC with the corresponding time seriels9 obtained

HILO Ozonesonde Time Series UNIFIED
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Figl®eHi |l o 1s9fa7t2i 1o0Bht OMe series for wphe el rSIHADOZ d atoalteaste |(etfap ,
cent,reand WOUDC (bottom right) datasets. The time series of

t he

mi s
ar e
dup

0zo

contribution of the ozonesonde profiles from SHADOZ, NDA

It appears that the unified time series merge:
sing in the SHADOZ and NDACC datasets; bet ween
availabl e; bet ween 1998 andat8l8anwhéeheahl gbo
licates and select the highest quality profile

ne concentration profiles for Hil o. The ti me
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ozonesounding profiles from SHADOZ, 327 (17.14%)
addin@ umpttad of 1908 profil es.

3.16 Dataset data coverage

Figddows theatumgap, the number of monthly ozor

uni fied database at a global scal e.

Station data coverage
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FigRabeHeat map of the number of monthly profiles available in
The numberavoafi Iparbolfei liens t he uni fied database in
increase in the number of stations performing o0zo

at di ff er dorerhina tHietmpotepsh ¢ (a¢NiP6 0 d40d0sA NI) r t HHe min s prhiedr e
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l at i(NHE 6 6N ATNW)op(TRIOABD AS)ut HHe mn s pnhi ddrae | (BHE@BD AS)
anshut He mn s phderr el a(® PiOuBI®AS)and f or f our20iePrat 22@@!1 | a
hPa HOOPa anldhPEDhis division into | atitudinal band
representativeness of the sing]lFe guthaetoivoi ndse,s aasn deixsa
temporal dat a -khoPvwaenr déadg & aftcoydjetviniec B0i s qui te similar
the otheralinvesdeé grnamrges

Heatmap of narth_polz at 50hPa-1hPa layer Heatmap of northern_hemisphere at 50hPa-1hFa layer Heatmap of tropics at 50hPa-1hFPa layer

0

Heatmap of southern_hemisphere at 50hPa-1hPa layer 2) th pole at 50hPa-1hPa layer

FigRteSame 268 oFi glbhree profiles cove0dimRa.a vertical range up to

Figlteveal s how the vagdgtakimmjNdaeanTRy whepeombbkes
st at iintsuatred Moo ecatved , for each | atitudinal secto
data before and tabfdatethe 198 | t humbés odfueascents av
vertical range covered, which gradually i mproved
2ith a comparison of two profhéeelettsgénematbed b

1979 and the second on the right in the spring of
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Profile for NATAL station from 1979-07-01 to 1979-09-30 Profile for NATAL station from 2019-04-01 to 2019-06-30
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FigakeOn the |l eft is the plot of all the profiles generated
station of Natal Notice the difference in the numpben2®f9.pro
The number of profiles provided by the station
than the numbesprrdmnge200lfa | (elsl® iand diithicipe m fneth e urtelde dur
summer ovd @@¥&80 painrnes trheaas t Hsepdr idnugr aoefg i 4 Ailuds,tFri agtue e
23 The different atmospheric s anspolnidgegueseefd t hese pr
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FigRaBeThe plot of the profiles was generated i n t hlet sruenvmeearl so
t hahe di fference in the veprtoifcislhasnlegotduéei bo dbhettef beneaesend
single profile.
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Figa4dbdows the stations available in the wunified
Ozonesonde stations
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FigRdeMap of global ozonesounding stations available in t
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3.2 Station Classificati on

The stations saved within the wunified dataset
activityummhar tdife ozonesoundings produced monthly.

anomalies and trends, const rqau anltist ywegtea tdiedn sn efdo rt ¢
analysis. This is becausandmalai epsvamadger esd&ewi tlo
As a consequence, the stations of the unified da
assuming one month is covered i f at | &g tsuremss aotz c

|l east monthly coverage of the ¢ apmeo vsiedrei enso,r ec otnhsai nd

per month due to high costs.

Accor daisngrleyportedtihe Appermdiax | Abl e stations we

clusters:

l.Long cqdqLre&€nage6 stations (with a continuous dat

2. Medium coverage (MC): 23 stations (with a cont

3.Short coverage (SC): 106 stations (with conti
avail able between 1978 and 2022).

The first two clusters were the only ones able to
and trends. The difference 2Wi twhhetrtee t 3@ clowstrargei o
Sout h( PAS;, O06AMWssified as LC, i s(54.nplAS;d A 8 BISAMEW
as MC, and 5Wi.t0PANP albdh adsAsAiW)i ed as SC.
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PRAHA Station data u:o\herat_:]e30 MACQUARIE_ISLAND station data coverage SOUTH POLE station data coverage

1978 1978 30 1978

1979 1979 1979

1980 1980 1980

1981 1981 1981

1982 1982 1982

1983 1983 1983

1984 1984 1984

1985 25 1985 k25 1985 25

1986 1986 1986

1987 1987 1987

1988 1988 1988

1989 1989 1989

1990 1990 1990

1991 1991 1991

1992 1992 1992

1993 20 1993 20 1993 20

1994 1994 1992

1995 1995 1995

1996 1996 1996

1997 1997 1997

1998 2 1998 i 1998 g

1999 = 1999 z 1999 =

2000 15 2 2000 15 2000 15 2

2001 a 2001 =3 2001 a

2002 k] 2002 k] 2002 ‘s

2003 3 2003 # 2003 #

2004 2004 2004

2005 2005 2005

2006 2006 2006

2007 2007 2007

2008 10 2008 10 2008 10

2009 2009 2009

2010 2010 2010

2011 2011 2011

2012 2012 2012

2013 2013 2013

2014 2014 2014

2015 2015 2015

2016 5 2016 5 2016 E

2017 2017 2017

2018 2018 2018

2019 2019 2019

2020 2020 2020

2021 2021 2021

2022 2022 2022

2023 2023 o 2023 0
12345678 910112 12345678 910112 12345678 910112

Figabe Data coverage of the station of Praha ¢ket,r gl acslsaisfsiief
iMedium Coverageo, anldonSgouGQaw ePbdigee dati ghe¢cdvermasgdi of Macquari e
bel ong to the LC cl ugsatpdr ,t hbriete imo n2 hGt3itrthdags a rmeees fraurpe ,e dt hihse st @

as MC. However, in theaddi twmieen adlait tah the placssdim@abofeIC afs t h
soon as 20 years of continuous data is reached. I mltyh & oda e e
first 4 months of the year, consequently misss$ingi ¢etheawz88e s

The 49 stations c¢classified as LC or MC, onh6 whi ch
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Ozonesonde stations

75 - sy ¢ e
L]
MC
50 ) < 5.
L]
. . 4
25 3 .
a L]
=
2 07
b= L]
3 —25 4
L]
—50 1 ‘
-75 1 . :
-
T T T T T T T
—150 =100 —50 )] a0 100 150
Longitude
Total station: 49
FigRab6eMap of global ozloomreg ouamd rnag &ituam i oonvser &agpa cl uster s,

Tabldlséh ows , for each | atitudinal sector, t he
each cluster.
#Long c osvtearte # Medi um co #Long and me
stations coveshgtior
NP 5 3 8
N H 12 19
TR 4 10 14
SH 2 1 3
SP 3 2 5

Tabd e Number

Due

out on

The

based

on

to t

cl as

ot

olforsg ac o omsh d ©,r

medi um

he

tahrses g

si fication

her sour ces

cover age

presented in

cluster, and

ni tvine sleéecalor s f

u n ccearl tcauil natt eebda & @rmeginodn By &rdeelrie&ilh i snat e s

t his
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I nstruments for Free Tr HEXGS pFhjeOMacd Ozbate Mewspr ewme

to be added to those already considered.

3.3 Quality checks

Ensuring the quality of products within the wun
reliability for estimating anomalies and trends.
NDACC, SHADOZ, and WOUD&t proé¢i ¢ eBi daonrd{ steheetyh @ebrlee | i

T Plausibility checks, to ensure reported val ue:
the measur ement uni ts of the | htermatoonad mey
checks for the main variables of the SHADOZ, N

f OQutliers check, to verify if there is a suspi
identifiedQuairnglteh®ahgtemet hod as foll ows:

1
d QQQMEIOL 'YE @i Qi 0 O MR REIOD,Y
1
I f many ®ouhder shase are thoroughly investigat
the dataset;

T Completeness checks are undertaken on a month
(availability of at |l east 1 profile per month

T Vertical coverage checks are performed hoPfha a mc
59711 profihlPagg 5e %06 d 1@598 (18.bBbRP&)dhRE minmMat e
4577 (5. 8%hPardwR&n 50
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Vari abl e Pl ausi bl e FI|l agged Fl agged Fl agged

range SHADOZ NDACC wouDC
Air pressu 0 Pa 0. 008¢9 0.04% 0.01%
Air temper 150 O xKO 3 0.21% 2. 78% 0. 46%
Relative ho O x O 1.2 9.23% 17.48%9 13.082¢
Ozone rO 0 Pa 2.31% 7.32% 0.85%
pressure
Ozone conc O ppmv O X 2.31% 86. 229 N. A.
Ozone [N. D. 19. 759 68. 059 N. A.
pressure
uncertaint
Tabsl ePl ausibility checks were appliaemdd tWOUDE tmmiselveacti add teas f

uni fied database.

T Vertical compl eteness checks to ensure a minin
region covered by the ozonesoundings. This is
wor k, 78885 profiles wer2z%)chdkickemdotanpasosnl tyhil:

atmospheric regions.
f Statistics of missing values are also investig

6shows the percentage of missing values presen

Vari abl e % mi s Reason
dat a
Air temperature 1.68% Values fl agged by pl

Rel ative humidity 14. 30% Values flagged by pl
Ozone partial pre 4.61% Val ues fpllaagugseidb iblyi t y

Ozone concentrati 78. 5% Only available from
net wor ks, but not al
files.

Ozone parti al 75.49% Only available from

uncertainty net wor ks, not al way ¢
files, someti mes pre

Tab6l eMi ssing data percentage of the main variables within th
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Al'l t heheqcdkaslsicty bed above are used to verify t
reliability. Profiles that fail these checks wil

i s shown2d n Figure

ozone profile for ASCENSION_ISLAND station from 2019-07-01 to 2019-09-31 ozone profile for HILO station from 2000-04-01 to 2000-06-30
0014 0.016 4
0.012 0014
g o010 g ooz
gﬁ.oﬂs go.om
= Z o008
£ o.006 €
g 2 0006
g g
50.004 §0.004
b 0.002
0.000 0.000
108 107 10° 10 10° 10?
Pressure (hPa) Pressure (hPa)
FigAr7reExamples of ozone sonde profiles were rejected after t
values (magenta profile below 400 hPa) compared to tnlhe seeaso
|l evel due to a reporting error from the measur ementv asltuaetsi,ons
the | atter being an order of magnitude smaller.

The magenta profile (Figuweroenp2etbekeytdpbhhete&ntr
seasonal average hhha nddedensatri béeaghth@0 strat osphe
(Figure 27 right panel) seems to present a very |
i mpl ausi bl e values. For these rdcatsonet, fidr tthreesred ¢
esti mate would be altered, which is why it was de
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34Representativeness of the stations

Repr eseretsast ievrar aircsd a l when a cliiamatoentv amicals! e ,u
studied wusing discrete samp3lbiundgy iftmroetmhdesn Unbehtlsvweorr vkt h
repr esennuastti vbeen epsrsel i mi nar iolzyo ngeu avmatrii faibeid ittoy eants udrie

accurately captheedapplroathi el wbokaaetdhodrys We2a0heyt

whifcdic bnesa measurement site's ability to reproducd
ozone coQG)umnt (nfeCar by | ocati ons, using co,y reHawn oint
Figur.eToR 8l Ozone Ma p pEiarg h S pPeOchtHErEo)m#E b B € satell it

(https://scienceemfajsamgdul mi slNVi9®nN /datroemB @ c etnob ee s t2i Onde
correbtthdezommse obfervahmom$ dbibknreisliae¢edbagaeare 29 sho

representativeness o funtihdeaéeld® acsleu sotnelry st ati ons of

50

Correlation Scale

04 02 00 02 0.4 06 08 10

-50

-150 -100 -50 0 50 100 150

FigRBRepresentani geadsonsf using EP TOMS iolxeocneembseart e2l 0l Gi5t)e. dTahtea
the I evel of correlation between a station and thedsandoOndi

not correl atetdhan a@rdild wpadihntt $.e
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50

Correlation Scale

04 02 00 02 0.4 06 08 10

-50

-150 -100 -50 0 50 100 150

FigR®Tehe same as Figure 28 but consider.ing only the stations

Figures rx8apaoiad 20o0rr el at i & arhfeo rs ttahtei i obnGht Rigkyyasi t! earb
andc8hpared to shetoidotishieHiacadba o béleatwietrh | ogi cal ly
area with correl atailanr ovwaglhu ensoR b adrrtgpmeastd hcaad dOyo8 s, t h
in the LMC cluster may be considered redundant anct

guality of t hdhrelmat e¢di sftefinesrechBaa n @ snear t he |leogwat or

data records enabling the selection of a -zséd¢radi on
correlation, while i n,tthhee driefninearnetn coef itsh emuecrhmpsiyncaal |
expect | arger differences between the LC and ot he

be given to the trends esti nahtee dShebpirtrhed mM@dmat her
di f f erxefeq@peg Oceani a.
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4 . Ozone concentration trends

4.1 Methodol ogi es

Structur al uncertainty is about whether the ma
target (Baldissera Pacchetti, 2021).tdbkniqgqluéswia
trends aims to quantify structural uncertainty.

4.1.1 Leastsquare linear regression

Tle Leagwautare | i nmatrhodk gaseskmosvnt feorwe l(IRei ns el et

®w ‘ Y 1w 0Oho pMBAY [ 4. 1]
whedwies the monthly oamsomdley tti imme vad hiaddpstasi ghedm
|l evel "Ytisrma, seasonal component t"MaB r OE— : en b

 Alo— ,0 —is the lineari strered |firreedri tthree nrde sa nddu a |

assumed to be autoregressive of the order of 1 [ A

The trends =estimated in this study concern t

seasonality into account, so equation [4.1] reduc
w ‘ 1w Oh o pMBAY [ 4. 2]

The -drnden aut oregressive mode |l all ows noi se
measuremed€ s wi thh whi ch i s typically positive

autocorrelation may arise from various n atouvrearl f e
ti me. For -eemampVeari &bingns i n ezande aryen ainm fcl we rceceud
which are positively autocorrelated across meteor
as the NorthtiAdn aot i thesAgid¢ttiac Oscill ation, whi cl
(Appenzeller et al ., 2000; Wei ss et al ., 2001) .

measurabl e, Oandltulee claamg geodnet i mes be considered a
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that dynamicall y vaalfdei.e nfeer tchzeorcaurdatna, commonl y

statistical mod e | in [4.2] include additional exp
types of natur al dynamic and cheBieahi alnfOsenkkat
solar cycle variations, and other <climate pattern

As sihgiwm o (letD CtdMecht her h@ a8t oadrrel ati on i s an

but in this work, it was not considered. For this

w ‘ ]Jwh o pMBARY [ 3].

4.1.2 Least Absolute Deviation Regression

Least Absolute Deviation (LAD) regression is a
the paired data to the | inear model wusing a robus:
1968; Wong and SchndeiRletrhelrr,. ,191968;9 ;S aCuatleirt zetanal . |,
an algorithm by Barrodale and Roberts (1974). Thi
af or an over dethdri miemad egqyuskteoonwnss ,i ni . e., given equ

B Opw QN phkfB B @ ¢ [ 4. 4]
the algorithm @edtevhmicrhe smianiwvwe czteosr t he sum of t he &

Qo B & B  Opos [ 4. 5]

A typical application oefinbar atgbpai fhim psobbe
consi sitpoigntosffowdt Wkt eboul d be approximated by a |

I'n o | n o6 E | n 6in &nhoerm. This is ecdquwiodaltdmtn ttwm ftihi
of I inear equations:
B n O] »w QN pltB K [ 4. 6]

Suppose the data contains some wild points (i
i naccurate compared to the overall accuracw of t
approximati om (1l ®dadsear esh)anapmraox p pnad x idmeet i@ingami t hn
modi ficatiponeaonofptbgrammappgl sedipt ext met paopmalbl ffor m

A feature of the routine is its ability to pass t

6 4



4.1.3 TheilSen regression

TheSeln regression involves the computation of
the time series, taking the medi anrSewmaleuse iamattolre atl
significantly mor eeaarc crua qart ees stihoann fsoirmpd kkeweidn and |
perfor mancesr oshiunsitl dre atsat nsognuar es even for normally
(Thed®b0; Si egelld8a2nd HBed nssddn92nd ICiompsiced el ri nae amu Irteigr e
(Dang et al ., 2008):

® | O Th 1QpBR [ 4. 7]
wheljries t he inht e rdaienpetn sainodn pjafB & Meatreer ,i nadnedpendent an
di stributed (i .i.d.) random errors.

Starting with a & ipnplge olmidnoea aers arli dngdrt eesoshihogn &6 Wo p d i

poi wtshdhy & dhare needed and anf ieSst imat oAl todr n tei

with any two distinct point&,| tfibe sm dfd sqwhieb

is mini mifizedt wheyw the equations:

Ol 1o ™o | Te T [ 4. 8]

The s odrutd a@oRds a nk

are the | east( LsagnuzdaOndtée),e st i

robust fesfi mhitios | tolpen t he medi an of these | east S
X DQ@y, ——Dh O 0 Q¢ [ 4. 9]

whebh@® D@0V denotes the mediddd@® 0of Thhe iKkKemhvdreSTemwe i |

estimator which is robust with high breakdown poi
no assumption of identifiability on the error is
identifiability conditions on the error distribut
di stribution @riossna suwefrfoi,ciaemdt tdhondi ti on. Then, S i
t he median of the | east squares estimates:
| DQQyy, —DO fp QQ¢ [ 4. 10]
These result ipem memplanekst henap@rarmdt érs known

medipam compaenmnenat or may be a very poor estimator.
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I to construct a robust]; edtoirmad@@®npgodeDpt ME Tinter c

Alternativel y,if wéemoahhaesbusmayeusing the multivari

| h D6 Qi DO WO Q Q¢ [ 4. 11]

whelréeQO@ D@ 0Ust ands for the multid&uags iD2U0e medi an of t

4.1.4 LOTUS regression

LOTUS regression relies on the classic multipl
variability from explanatory variables using the
variables wused in the -Bi@nhw$ amodeslici At at itShormi t @QRB@)
OscillationyeBNSOp)] arheytle, the Stratospheric Os
|l ohgegrm trend. I ndependentt bivataegtermoadlgg reddan db eff an
t hpeeak ofepkzenieng substances (0ODS), i . e. before Je
mo d e | is applied to weightless ozone records base

are provided as mont lalry sevasagal lymadsfeaesitied andh
Fourier components r eapnrneusaeln tvianrgi aatninounasl. alnhde sfeinit i |
series is based on the following equation:

wad T M DOCO T A DOGO T D IDGYS T ad IYE addil dd D

fo0® 1 o f O o B o F GO 1 woOo o H o I awO

oGO - oD [ 4. 12]
wadis the monthly mean ozond amdmalkythieméiseérideso

-ddrepresents tthéelamasé Dalruem |t weror.t hogonled & alomploat a

with principal componentOtaiad OBnids aFOIN®. 7 amr o»xi ap.pl |

the tredindo,berdasn@op are written as foll ows:
56 PQ® o
mQ® o
5 5 mo® o
pPQ® o
mQ® o
00 PA® 0 wE® O
mo® o
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ocorresponds to 01 oJadn WwWarnyu al-B/6 @kOadadd n( Gedte itanl 0. p, a v2l 002v2s |
et ,2a0l1.9

4.15 Mann-Kendal test

The pur pbaekeondatlhe MK) test (Kensdatlo ,s t1a%7i5s;t i Ma
whet her there is a monotonic upward or downward t
upward (downward) trend means that the variabl e i
may or breayl innoear. The MK test can be used in plac
can be used to test whether the slope of the esti
analysis requires that the residuals of the fitt
required by.tehe MK tt estr gincketa incd M| @e sttré Htut i on

The MK test is based on the following hypotheses:
T When no trend i s present, t he measurements ok
di stributed. The independence assumption mean:
ti me;

1T Observations obtained over time represent actu
T Sample collection, processing and measur ement

observations of underlying populations over ti

There is no requirement that the measurements be
The MK test may be cal cudmd evbaelildoewds loemree oar enomies d ii n
(LD), but teste mawvfeorsmdiycefwielclt el by such events.

The MK test tests whet FO89r atna racjce@tt tttheOpmyltlerm
wher e:

1 O: No monotonic trend;

T O: Monotonic trend is present.

The initial assumpt i ®©n soft rtuhee alMkl ttehsatt itsh et hdaatt at hm
reasonabl eOdoulbtejlExitserdecacnedpt ed .
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4.16 Calculating trends

Decadal ozone trendisvieasée i ascti mMathedrusieygg etslsé of
on the average monthly anomalies determined from
MC cl.TIBéedat aset wasvesrep acsddd-@@0Rgel@O®P,a ulbd@OP,a and
5a@ahPa and five I(MR i(t@@AMAMNNHI| ( 3660AANRdRr  30ASH (BOAS)
an8P (80AS8p determine the avEh@agavewadgd!| yoaateoma l
calcul ated usingvidagtaahf i ami & luld iasneydet tishged sfvod rl toiwc anlg  f

weé € dwa oo dQuéd o [ 43] 1
And i n percentage:
WE & WA ‘ : Dprm [ 44] 1

Whebdeowis the average odf momé ho h@n@e@el ues i s t he

average of tfloeg awocante uvMaaltueeds from the average for t
(from 1978 to 2022). The daiifvfesr @rhee alvetr mamiif aththexd
year A greater or | ower amount of i azeseéiisgh annda tchaet ec
a positive or negative number f araestshees saeewde ruasgen gma

regressors after the series of aweerrag eciasho mwahnlegyema m

I n order to measure the effectiveness of t he
( MAD) of the residuals was aldshdBdie,t etrimé nMAD iFOrdae

t he median of the absolute deviations from the me
QO aQQQUnE
D00 G QQQEE s [ 45] 1

that i s, starting from the residuals (deviations)

absolute values.
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4.2 Clusters comparing

The LC and LMC clusters are contrasted to quan

For each cluster ivreralilcallathiatnuydenbaereasafampd odlill es
valid value of the o0ozone concentr anaingn rreescpoercdteidv & l
LC LMC
30P0C 20D0(C 10HD0 5ahPi 30P0(20D0( 10H0 56ahPc:
hPa hPa hPa hPa hPa hPa
N P 9403 9402 9402 9404 1250 1250 1250 1250
NH 3464 3464 3464 3470 4152 4153 4153 4159
TR 5392 5394 538¢ 5394 1256 1256 1256 1257
SH 3171 3171 3171 3171 4327 4327 432€ 4327
SP 6005 600t 6004 6007 78823 788& 7882 788¢

Tab7l eNumber of plrohgl echveofriergmadidurm dqovegrhagdge clusters, for al
fouertical ranges

Long coverage Long and Medium
30P0(C 20D0C 10HD0 5a@hPg30®0(200D0( 100 5@hPe
hPa hPa hPa hPa hPa hPa

NP 1534°2699.2410¢ 425412139:3778.337215666°¢
NH 3556:6392:61401129444904:8755!/8139:'16470
TR 1554¢2385.:2233: 455043409 522914798:9224:
SH 1069192411714 3229911712102 1873 3458:
SP 1317:2253 2140, 431471709 294312673 48509¢

Tab8l eNumber of rlecwmg dscbOlpefcis@@mgndmd medr umhtdvetageers, for al
fouertical ranges

From the amount of ®&atia d9uwvmmaorsisaedd ei nt oTachallec ul
from the MC cluster addedasteopdrhtee @& Ci f oTra bolbet ai ni ng
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30D0MPa 20-D0OPa 10D Pa 5ahPa
NP 0. 28 0.29 0.29 0. 25
N H 0. 27 0. 27 0. 25 0.21
TR 0.54 0.54 0.53 0.51
SH 0.09 0.09 0. 08 0.07
SP 0.23 0.23 0.20 0.11
Tabdl ePercentage lodngddolhemmge ttbw hdgletaamidn meldd usmt eovef ageal |l | a

at t he vienrdtiiccaatledr anges

Additions for all/l l atitudinal regiTaiRnesgidon ,n owh ie
exceeds 509%.s Thhiigsh liisgifdiGeadh pi,re tTa3btllee gr eat er number

to the MC cluster (10 stations) compared to the L

To quantify the values of using LMC vs LC, t h
calcul ated and the MK test was applied to ch®eck w
land3how only the results of the20MKO0 t-2@D2 daond thg
2022, respectively, andhenehatdgsval pesséontedl bekbd
effect of spati al sampoérkngwbedgbke of rleihtdys oaawalre tvHaee

Comparing the results for all periods, it <can
in more cases than the MC cluster. The | atter rar.
the LC at differenmepnesshnanée thapwrgesar Ehino big ad
instead of the LC. This conclusion is I|likely rela
the following analysis kFisg@8@dsh ccvil e 0 o b rbped rwiegeanh HLeC La
LMC claufshertsrend per decade (in percentagengedtiams:
Square Linear (LIN), Least -Sfens dliTust¢eagDe vy s at $ oan d LtA
mul ti pkeglieaswalownatleldN,u sLiADy iamneda rT Sr egr essor s
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197280 SP SH TR NH NP
5ahPa I NT NT D D
10D Pg NT NT NT D D
Me 20-DOIOP i NT D D D D
30-DOOP i I NT D D D
5dhPa D D I D D
109 Pg D NT I D NT
-C 20-DOMOP { D NT I D NT
30DOMOP i NT NT I D I
5dhPa D D I D D
e 109 Pg D NT I D D
20-DOOP i D NT I D D
30-DOOP i NT NT NT D D
Tablloe MK test resul-2800o0fot hel peciodt a3 &efrdr call IL elgatgidtsu di nal
(Decreasing trend), | (lncreasing trend), NT (No trend).
20@® 2 SP SH TR NH N P
5ahPa NT I NT I NT
e 10D Pg NT NT I NT I
20-DOMOP { NT NT | NT I
30DOMOP i NT NT | NT I
5ahPa I D | D D
109 Pg I D NT | NT
-C 20-DOMOP { NT D NT | NT
30DOOP i NT NT NT | NT
5ahPa I D I NT D
e 10D Pg I D I I NT
20-DOOP i NT NT I I NT
30-DOIOP | NT NT NT I NT

Tabllle MK test resul-2822ofot hal pecli odt @08 ¥ efrdr call IL elgatgidtsu di n al
(Decreasing trend), | (lIlncreasing trend), NT (No trend).
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19282 SP SH TR NH N P

5ahPa NT I NT I NT
10D Pg NT D I D D
MC
20-DOIOP i NT NT D D D
30-DOOP i I D NT D D
5dhPa D I I D D
L 1090 Pe¢ D D NT D I
20-DOMOP i D D I D I
30-DOIOP i NT NT NT NT I
5ahPa D I I D D
1090 Pe¢ D D D D D
L MC
20-DOMOP { D D NT D D
30-DOOP i NT NT NT D D
Tabll2ze MK test resul-2822o0fot hel peciodt a3 &efrdr call IL elgatgidtsu di nal
(Decreasing trend), | (lncreasing trend), NT (No trend).

Due to the smaller  themounéenos$ edsatiamatvad 2@0®I0e MC
( Tablaersell @ hiafti cfaenvter | ati thhde/ Ders ph & @il nctame ewu mMne r
ascernthse iprerd a2 20N&ObKEe c1 D)t pest her MC in thel samee
foll owimeg ser itche Z0e@rywa s, chosen as the turning po
Petropavl ovskarkd cectheatimcr e28t83 qpanvthedmd nblee lodwer

var i dmmi ImMbteyozbne .ti me series
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NP sector for 1978-2022

LIN T5
20 20 20
i -+ LC
30 30 30
40 40 40
50 50 50
ol 60 60
g g g
£ 70 £ 70 £ 70
& v 4
S B0 S 80 S 80
2 2 2
@ 90 L 80 @ 90
* 102 = 107 = 107 |
200 200 200 ‘
| L | .
H I { it
0 % T T T T 300 T T T T T 300 T T T T T
=75 =50 =25 00 2.5 -4 =2 0 2 4 -4 -2 o] 2 4
Trend (%b/dec) Trend (%/dec) Trend (%/dec)
LIN LAD TS
20 T 20 - 20 i
| - LC H - LC H -+ LC
| i i
i |
30 ! 30 30 |
i i
i i
50 1 50 50 '
60 60 60
] ] ]
Z 70 £ 7 £
[ o @
é &0 § &0 § 80
g 90 % 90 9 90
o o o
107 107 107 4
200 200 200
300 T T T T T 300 T T T T T 300
-6 -4 =2 0 2 4 -4 -2 0 2 4
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NH sector for 1978-2022
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TR sector for 1978-2022
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SH sector for 1978-2022

15

LAD

LIN

20

50

=]
w

R 887y
—

(edy) 2unssaig

200

300

- LC

20

30

40

50

o
=]

o o
mnug

102

(edy) aunssald

200

300

= LMC

- LC

%

-4

=6

20

30

=]
L=

o o 9n

(edy) aunssald

200

300

Trend (%/dec)

Trend (%/dec)

Trend (%/dec)

] R 8 8% 8 R BRY g g
(edy) 2Inssald
e
. Lo
[m]
5
o
Y
{ ol
2 R 8 8 8 R8BSy g g

(edy) ainssald

LIN

20
30
40

30
60
70
80
90
02
200
300

(edy) ainssald

Trend (%/dec)

Trend (%/dec)

Trend (%/dec)

sector.

nal

sanmebas SoHgatrikeudi

FiggBeThe

76



T5

SP sector for 1978-2022
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Fotrheb dlPlaayekebéei mates between the two clusters
approxi maxethye 1NP whi ch Tshmalilid ®er2%ce is due to th
data involved in the estimates for Fbpot ti0edl th@tae 1l |,y
the di fferences r embhNaH samadl tIhSdgH f dofnSeR t ehhbdRt 0e 4d% ff foer e
i ncreases, reaching approxitrheRel fowéow em,d t4Re r MIS pt
custer revieghisf iacamint HeMEn & whighe f i cRed a mdhigrrADIOOe t |
hPlaayet he NHs madliilfif em&@s©ca bet ween the cluster esti
around 1.5% and trkharh®H Tdf, a maealreudsde eda¥hssing MICf i,cant
therefore it is not possible to cal culvaatsd gai dii fcfae
posittrievnebame situation as t hedipfrfe&vrhdbracse | mg eRosrf ar o
t he -3D®M0 hPa | ayer , nsmogsnti ftirceamds daree tmo t he ilnihmist ed
vertical rang,e,wietxic edpitf ffeorren djges NPt hap NHolxi miat ed yt &
The trends estimated with the LOTUS regressor ar
regressor s, except for -NBHO(hBa)taedLBP (fegresberlL
1000 hPa) which showTpWSs irteigvree stsroern dcso nfpoarr etdh et oL n e
regressors. Furthermore, for LOTUS estimates the
di fference, is | owas tshawnfon Tabhkaer 14dsti mates,
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4. 3 Tecempari sons

As mentioned above, the differences between t
and therefore it was decided to use ovrelryt itchmdf guamns
the UT/ LS. 3BelTab, dlaéidhed I1Marbedpeorlt t he results obtai
analysing the percentage per deanageé of 20@6¢2P0plOSt e
and the 202Rr peflDdfs.

5ahPa % dec SP SH TR NH NP
LI N - 10(94 7.@2D. . 5. (%4 <-9. (98 8

19200/ LAD - 8.(@34 . 8.(0B. {-5. (62 4-9. (1% .

TS - 9.(@10)7.62." 6. @5 €-7. (514 .

Long LIN | 6.2®. t2.@@0 1 2.0®D. :-1. (313 4-5. (@3 5
cover|20@m2 LAD |6.68.¢-2.79 1 1.@8D. (-1.@©L9 5-5. (H7. 4
cl ust TS 6.06. 2.6 0 2.02.:0.@FL 5. @2 7
LIN |-5.(30 7 0.©Q%. 4.0O®. .-1. (@418 5-2. {4 5

19202 LAD |-1.(2A1 6 0.60. ¢ 4.6H. t-1. @1 3-2.(R9 4

TS [-1.(617 1 0.3@D. (4.(BR. (-1. 712 6-2. (27 2

Tabll3 Percentage per decadeb(t%l/i chea) wdft ht Henh et rLéd mde ag s t(iLmmaNt)egs L e
TheSieln (TS) regressors fodhRBwhdr tliiadc.dh uhd madé e tse ct tohbat ad ensepdd et ride
LOTUS regr esslLiegre nadr:e Psohsoiown.ve value (increasing trend); Negat

At -15hoP@Tab3) e fdr each | atitudinal sector, al | t
estimated trends can be consi der e2d0 Or0Oe,l iaasb |seh ownn dier
(Chaptérer®), s an i mbal aflO86i mn-a@BdoaddvY @ar avche chf c@amwm
uncertainty to i ndhddeetas ewi IFlofrairdidboi nsearr@sedodns , pr obl em
wei ght on the trend -20s2t2 nsaitnec ef otrh etahedl @psetrhieords &1EOAT7t & C
period wil/ b 00®slird ct 2dr ¢ we dl9B 6t hat al | trends
for the SP, whi@®W2Rorextckkedpedi%od 09Dt h the | inea
for the NP, whi €l 0fO0orr etalcen epse r5i% b wEli@Pr7eB8slsyorf. or t he L

Tabl4des hd ws t he maxi mum di fferences bet ween t he

considered regression methods, which helps unders
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Maxi mum sl ope diff el
%/ dec 5@hPa 1090 Pa20DO0WP: 30-DO0MPa

SP - - - NT
SH 1.(4. 4 NT NT NT
1920/ TR 0(®.3 7.(A.6 - -
NH 0(®.2 0(®.7 0 (6.1 2,(D. 8
NP 2 (G . 1. NT NT 6. (2. 6.
SP 0(D.1 2.(D.8 NT NT
Long SH 0(D.0 1.(®.5 1.(D.6 NT
cover|20@m2 TR 0.(D. 1 NT NT NT
cl ust NH 0(®.0 1.(®.0 2.(9.0 1.(D. 4.
N P 0.(®. 2 NT NT NT
SP 4 (%.6 14(D6. 2.(B.7 NT
SH 0(®.3 2.(®.4 1.(D.3 NT
192®2] TR 0.(®. 3 NT 1.(1. 9 NT
NH 0(®.3 0.(D.8 1. (4.2 NT
NP 0(®.3 0(D.2 2(D.5 1(D.6

Tabllde The maxi mum di fference viem tti rcedriNITr smhreqgmess | Nos bTersetnkdest)s.e dt her
val aktsained from the LOTUS regression are shown.

The differanerc @, ft es piGihgee! p e r-2 0000 ble9c7e88h s el b Mmi t ed
avail abhlee caonnds eqqtureinndt U raalg eunc e,r tfaoirn ttyh et Reeagnakrs dpirerr gi e0So
estimated using onhVthwaoagbht aheonsgc etatudii @fhdb B &, aree C
using theseoasttihreatogsher | atitudi mald 4 daatochaddh et he
numb esrt adifisawri g i ci ent to char aofewmizoamet teoncemtiraal o\
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1090 P« %/ dec SP SH TR NH N P

LI N - NT 8.0©8. :-8. (382 4 NT
197280 LAD - NT 10.(29 -7.(78 6 NT
TS - NT 3.2®8. 1-8.(B3 2 NT
Long LIN |4.88. ¢-8.(6/3 7 NT 3.4d. L NT
cover|20@m2 LAD 2.62. :-9.@77 6 NT 4. 0F. NT
cl ust TS 2.(7®. ¢-8.(80. 1 NT 4.@4%. . NT
LIN |-18416. -4.@32 9 NT -1.(34 4 1.(06. ¢
19282 LAD 0.@8®. 5.@&HA7 0 NT -1.(23 3 1.(656.
TS -1.(718 7-3.(A7. 2 NT 1.1 6 1.(0B.

Tabll58he sdwmébl l@stl 3fvoerr ttihcch0-Dh RBage

For t-B&hP®BOOti calprreasnegnetse dtihe Eashlienat es of 't he
192800 are nmdngiederadd e i n 5tdhhePvae a mé c&hry rtameg fepear it didk
202t2h,e paucitylooi®dasatmothed fofreect trhoebnutes e maeds eéhsotrdiessmat e
us e has di scr eplainmcaeagrs efs cuoir tisih aiusnedde, retea iwmti y eofi t2 % s
for the LOTUSRBRasewgyaleisdhbiprrendche LO6O0Dotadl S B&&epancy, v
uncert®&whtiyl eoefit i s only 0. 4% hfeorontl lyev ald@TetdSd nedsgtri ens
anmdai scr epanicn easddist iNbHnt t @n Itpye afldiR8x 2h2e, bot h twietsh u
| ess tfhobrot B %l i nearegndsI®WIT®€/Si s due to the higher

verticwmHhemrantglee variability is greater.
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20DOOP ¢ %/ d e SP SH TR NH N P

Ll N - NT - 9. (98 6 NT
19200 LAD - NT - 10.(854 NT
TS - NT - 9. (492 0 NT
Long LI N NT 6.9 8 NT 7.08.0 NT
cover|20@m2Z LAD NT 4.2 2 NT 7.62.0 NT
clust TS NT  6.(@64 4 NT 10.(®7C NT
LIN |4.@44 7 4.@B2 1 3.22. -1.(@04 9 2.25. (
19207 LAD |-2.(62. -4.(638 8 3.(7®.{ 0.6®. z2.©9D. ¢
TS | 3.@4B. 2.(®B4 9 2.66. { 2.(@02 2 0.7>D. ¢

Tabll6ghe samél l@gtl 3fvoerr tti hcedla GhaPnag. e

Regar di nlg0OaPhaa yr2edoirnt eTda, bl €éf #¢r ences are small fo
I n the esti mates, t he small amowanti abhfl ed @tz @ vex ioln d
(Sal byAgd®®chdldeveR spnsindoetee if ds| ¢ he -6 O0TD edfdo&r9 7TBR i n
t he s amer e eadlnsdmeerieirdab | tehmaicdr tsamal | er dat a 1a9roiunt
t han af ttehre, ensatkiimagt 0 wexd eodgpdiahiemtd rfeenads i bl e

30-DOP: % dec SP SH TR N H NP

LI N NT NT - 8.5 1 5.@2D. ;

197200 LAD NT NT - -8.(88 711.(Z1

TS NT NT - 6.(686 210 .(®B2
Long LI N NT NT NT 7.02®. . NT
cover |20@®m4 LAD NT NT NT 8.(1®. ¢ NT
clust TS NT NT NT 6.78&.*¢ NT

LI N NT NT NT NT 2.090%. ¢

192802 LAD NT NT NT NT 3.0%.

TS NT NT NT NT 2. 072, :

Tabll7Z&he samél l®gtl 3fvoerr ttihced 0-® GhaPnag. e
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Fotrh3d @0 h Plaa ( db I7gt sel t uat i on

the differences

i tsh26t a0elh Plssanyael rials o a ¢ h

f-20 2 NHo rmalnyd) N&Pr  f imsI1I9W8Fuet hecmbr

the fewest trends judged significant

by the MK te

The mostveguiitcadolra amg esldPanyg -SHORas5Q hey

are the
have the | argest number

of data and therefore

pro
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4. 4 Trends in UT/ LS Ozone Vertical Profil e

The trend esti mates presented in the previous
of data available for each I8ttt hedserat osewt dbh. tAs
data is that of NH followed by TR. The trends of
at t-hhePam@ -5100Pwmer ti cal ranges

4.4.1 Northern Hemispheremid-latitudes

Fi gaB5-38s how the trends cal cul althden & o5100 Pveer tN H asle
rangedi st i ngu2iOsEhd FHEBOtONEoHdE@ 0DM2t2i)Mer i es .
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ozone Trend for northern_hemisphere at 50hPa-1hPa (1978-01-01 to 1999-12-31)

—— Maonthly anomalies (MAD = 4.7209513)
—— trend_LADFIT = -5.52 %/dec

—— trend_LINFIT = -5.94 %/dec

20 4 trend_TS = -6.65 %/dec

15 1

10 7

=

ozone anomalies (%)

R

-5 4

-10
T T T T T T
1980 1984 1988 1992 1996 2000
Date
Mann-Kendal test: trend=decreasing, h=True, p-value=0.0

ozone LOTUS regression for northern_hemisphere at 50hPa-1hPa (1978-01-01 to 1999-12-31)
—— Monthly anomalies (MAD = 4.7209513)
—— LOTUS regressor
—— LADFIT on LOTUS = -6.46 %/dec

20 —— LINFIT on LOTUS = -6.4 %/dec

TS on LOTUS = -6.6 %/dec

15 +

10 4

19’30 19‘94 19‘99 19‘92 1.9’96 20‘00
Date
Mann-Kendal test: trend=decreasing, h=True, p-value=0.0

ozone anomalies (%)
v

Fig8beTrends etshiNeHmat iitowmai i alh Paect ocfadthpeBPd -1 2 PpJe8r.i oQin otph e

is the trentihesarir maéeé tNdFdedhi)sotn absol ut e (dADIRANTI) ocbBleaielge ¢ 69 ®inon
anat btohtet e mt hesttirmantded using ,evhel UuOTRISN FleTy n glsAsli folme aand efB e s s o
resupei a@gnt age pefrodeeadlkr (é&dndesxsgor used and the MAD cal cul at
figure | egend. ddmtaldtyh,e atestuhe boot ttchre MK test .
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ozone Trend for northern_hemisphere at 100hPa-50hPa (1978-01-01 to 1999-12-31)

20 4

10

ozone anomalies (%)

—10

—20 4

—— Meonthly anomalies (MAD = 7.0923588)
—— trend_LADFIT = -7.58 %/dec
—— trend_LINFIT = -8.33 %/dec

ph

trend_TS = -8.23 %/dec

T T T T
1980 1984 1988 19592

Date

T T
1996 2000

Mann-Kendal test: trend=decreasing. h=True, p-value=0.0

ozone LOTUS regression for northern_hemisphere at 100hPa-50hPa (1978-01-01 to 1999-12-31)

20 4

104

ozone anomalies (%)

-10 4

—20 1

W%

Monthly anomalies (MAD = 7.0923588)
LOTUS regressor

LADFIT on LOTUS = -7.67 %/dec

LINFIT on LOTUS = -8.42 %/dec

TS on LOTUS = -8.22 %/dec

Figga6eThe

T T T T
1980 1984 1988 1992
Date

T T
1996 2000

Mann-Kendal test: trend=decreasing, h=True, p-value=0.0
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