Atmos. Chem. Phys., 7, 2163181, 2007 iy —* -
www.atmos-chem-phys.net/7/2165/2007/ Atmospherlc
© Author(s) 2007. This work is licensed Chem |stry

under a Creative Commons License.

and Physics

A chemistry-transport model simulation of middle atmospheric
ozone from 1980 to 2019 using coupled chemistry GCM winds
and temperatures

J. Damskil, L. Tholix!, L. Backman?, J. Kaurolal, P. Taalag2, J. Austin®4, N. Butchart?, and M. Kulmala®

1Research and Development, Finnish Meteorological Institute, P.O.Box 503, FI-00101 Helsinki, Finland

2Regional and Technical Cooperation for Development Department (RCD), World Meteorological Organization, case Postale
2300, CH-1211 Geave 2, Switzerland

3Geophysical fluid dynamics Laboratory, Princeton, NJ, USA

4Climate Research Division, Met Office, Exeter, UK

SDepartment of Physical Sciences, University of Helsinki, P.O.Box 64, FI-00014 Helsinki, Finland

Received: 15 December 2006 — Published in Atmos. Chem. Phys. Discuss.: 24 January 2007
Revised: 19 April 2007 — Accepted: 20 April 2007 — Published: 2 May 2007

Abstract. A global 40-year simulation from 1980 to 2019 teractions are very complex, studies using models that are
was performed with the FiInROSE chemistry-transport modelsophisticated enough have only been developed relatively
based on the use of coupled chemistry GCM-data. The maimecently. Several off-line chemistry-transport-type simula-
focus of our analysis is on climatological-scale processes irtions using observed meteorological fields have been pub-
high latitudes. The resulting trend estimates for the past pelished in the field of stratospheric ozone depletion in recent
riod (1980-1999) agree well with observation-based trendyears (e.gChipperfield 1999 Rummukainen et g1.1999
estimates. The results for the future period (2000-2019) sugEgorova et al.2001, Hadjinicolaou et al.2002 Chipper-
gest that the extent of seasonal ozone depletion over botfield, 2003. A number of coupled chemistry-climate-model
northern and southern high-latitudes has likely reached itsimulations have also recently been published. These include
maximum. Furthermore, while climate change is expectedthe works by e.gAustin (2002; Austin and Butchar{2003;

to cool the stratosphere, this cooling is unlikely to acceler-Austin et al.(2003ab); Manzini et al.(2003; Nagashima et
ate significantly high latitude ozone depletion. However, theal. (2002; Steil et al.(2003; Tian and Chipperfield2005;
recovery of seasonal high latitude ozone losses will not takeAustin and Wilson(2006; Eyring et al. (2009; Garcia et al.
place during the next 15 years. (2007. However, studies where the off-line CTM-approach
has been used with meteorological forcings from coupled
chemistry climate model integrations are uncommon. Such
a study is e.g. the work bBrasseur et al(1997. In this
work this off-line CTM-approach combined with CCM data

] ) will be utilized for the study of both the past and future be-
Long term stratospheric ozone change is a problem of gregt 4y iour of the stratospheric ozone layer. The aim of this

uncertainty and importance and is by no means solved. Thgqri is to drive an off-line chemistry-transport model with
interactions between climate change and stratospheric 0ZONg|atively detailed chemistry scheme using CCM output as a

depletion have already been recognised for a decade or Siyer, and to address questions concerning the near past and
(see e.gWMO, 2003. The link between climate change nea fyture stratospheric ozone concentration changes.
and stratospheric ozone depletion is usually studied using

models. For studies of the past ozone behaviour, off-ine Recently there has been an active debate on the trends
chemistry-transport models (CTMs) using observed meteoin stratospheric ozone and the possible signs of recovery of
rological forcing can be used. In order to study the futurethe ozone layerReinsel et a|.2005 Hadjinicolaou et aJ.
ozone behaviour, coupled chemistry climate models (CCMs2003 Weatherhead and Anderse?006 Yang et al, 2006

are typically required. Since the physical and chemical in-Dhomse et a.2006 Steinbrecht et al2008. The decrease

in equivalent effective stratospheric chlorine (EESC) has led
Correspondence tal. Damski to expectations of a stabilisation in ozone or even signs of
(juhani.damski@fmi.fi) recovery of stratospheric ozone. A positive trend has been

1 Introduction
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Table 1. Long-lived tracer amounts in the simulatiohystin and Butchar2003.

Year 1980 1985 1990 1995 2000 2005 2010 2015 2020

Cly(ppb) ~ 1.64 221 272 325 350 349 348 347 3.38
Bry (ppt) 88 97 113 141 169 187 186 180 17.4
NOy (opb) 184 186 188 191 194 197 200 203 207
N,O (ppb) 302 306 310 314 319 323 328 333 339
CH, (ppb) 1603 1651 1700 1749 1810 1882 1964 2052 2145
CO,(ppm) 337 346 355 365 375 385 395 406 417

observed in mid latitude NH ozone since the mid-1990s,cooled ternary solutions (STS, PSC type Ib), nitric acid trihy-
which has been attributed both to changes in atmospheridrates (NAT, PSC type la), NAT-rock and water ice particles
dynamics (increased planetary wave driving) as well as de{ICE, PSC Type IlI) and sedimentation. Chemical kinetics
creasing EESC. The reason for the change in dynamics isised in this work are updated to follow JPL-20&atder
not fully understood, and could be either natural variability et al, 2003. For the transport of the model constituents a
or driven by the climate change. The future evolution of the flux-form Semi-Lagrange Transport-schemié(and Rood
stratospheric ozone is therefore still uncertain. 199§ is used. For more detailed description of the FInROSE-
The focus of this study is on climatological scale fea- model see@amski et al.2007).
tures such as regionally averaged seasonal ozone variations The meteorology (i.e. winds and temperatures) used in
or year-to-year ozone variations in the high-latitude strato-thjs study was produced by the UMETRAC (Unified Model
sphere. We will present the results of a global 40-year mid-with Eulerian Transport And Chemistry). UMETRAC is a
dle atmospheric simulation from 1980 until the end of 2019. ccM based on the UK Met. Office’s Unified Modellen,
We will show how the average hlgh-latltude Concentrationslggg_ The ozone fields predicted by the Chemistry in UME-
of stratospheric ozone, and ozone destruction have evolve¢RAC are used in the model radiation scheme to couple
during the past period (1980-1999), and how ozone is exthe chemistry to the climate. In this study we have used
pected to evolve in the near future (2000—2019) The Strath UMETRAC model integration Comp|eted for the period
spheric processes affecting high latitude stratospheric 0zonfom January 1975 to January 202&uétin and Butchart
will also be analysed, and the trend analysis of the past ang¢003. The integration was based on the use of observed sea
future periods will be shown and compared against measuresyrface temperatures and sea ice coverage for the past pe-
ments. The simulation has been performed with the globatiod (1980-2000). For the future period (2000—2020) UME-
chemistry-transport model, FinROSE, describeddamski  TRAC used the results of a coupled ocean-atmosphere ver-
etal.(2007). For this study FinROSE model has been driven sjon of the Hadley Centres climate modelifiams, 2003).
with the winds and tgmperqtures from a transient S|mglat|on The horizontal resolution in this 40-year FInROSE integra-
of the coupled chemls_try chma_t_e model UMETRA@S“” tion was 5.00 by 11.25 (latitude-longitude) with pole to
and Butchar(2003, using specified concentrations of long- pole latitudinal coverage. The vertical resolution of the sim-

lived tracers such as the well-mixed greenhouse gases. ulation was around 2700 m at 24 pressure levels from surface
up to~0.15 hPa (or-62 km). The vertical grid of the model

2 Simulation settings and driver data uses every other point of that used in UMETRAC. For the
horizontal grid, the wind and temperature values are inter-

FinROSE is a global 3-D grid point modeDamski et al, polated from the UMETRAC three-dimensional daily values

2007, which is originally based on the NCAR-ROSE-model using bilinear interpolation. The vertical wind is solved in

(Rose 1983 Rose and Brasseut989. FinROSE is an off-  the FINROSE transport scheme.

line chemistry transport model. The model includes 27 long- The initial distributions of chemical constituents were

lived species/families and 14 species that are assumed to lhaken directly from the UMETRAC integration. The

in photochemical equilibrium. Chemistry includes around boundary conditions were taken from UMETRAC monthly

110 gas-phase reactions, 37 photodissociation processes ameans. The chemical scheme in FInROSE does not include

10 heterogeneous reactions. Photodissociation coefficienfgarametrizations for the source gases (e.g. CFCs and their

are compiled using the PHODIS radiative transfer modelchemistry). The concentrations of the long-lived tracers fol-

(Kylling, 1992 Kylling et al., 1997 and used through look- lowed the projections defined Austin and Butchar(2003.

up tables. The aerosol and polar stratospheric cloud (PSChHalogen data and the well-mixed greenhouse gases are from

processing includes liquid binary aerosols (LBA), super- Austin and Butcharf2003. The levels and expected future

Atmos. Chem. Phys., 7, 2163381, 2007 www.atmos-chem-phys.net/7/2165/2007/



J. Damski et al.: A CTM simulation of stratospheric ozone from 1980 to 2019 2167

Age of Air, [Years]

evolutions of long-lived species, relevant to this study are Age of Air above Poles at 10hPa, [Years]
shown in Tablel. Atmospheric concentrations of long-lived '
tracers (Tablel) are constrained at each timestep by relax- ,
ation towards monthly mean zonal averages given by the
driver model. The indizidual members in thg chegmical fgmi- 2 )M“’WVW /‘/"W ‘M‘W‘M I ,“/W‘,m WW WM”
lies (NG, Cly and Byy), are constrained with respect to their
relative contributions given by the chemistry scheme.
As a result of projections in well-mixed greenhouse gases 0 e
and other long-lived constituents (Taldleand chemistry cli- Year of Simulation
mate coupling in the driver model, the UMETRAC simu-
lation captured the main characteristics of observed stratof9- 1. The evolution of the age of air tracer above the South Pole
spheric temperature trends and also indicated continued coo plack hne)_and NOfth_POIe (red line) at 10 hPa during the 40-year
ing of the stratosphere in the near future. The Antarctic cool- INROSE simulation (in years).
ing trend in the past in the UMETRAC results also clearly in-
dicated a strong connection between Antarctic ozone deple-
tion and cooling of the stratosphere (gaestin and Butchart
2003.

4 Simulated global annual ozone distribution

A comparison of the model results with the ozone climatol-
ogy compiled byFortuin and Kelder (1998 is shown in
Fig. 2. This climatology is based on ozonesonde measure-
ments and satellite measurements of ozone, covering the pe-
riod from 1980 to 1991. In Fig2 the same period was used
for averaging the model results. The comparison shows that
The ability of a model to reproduce the stratospheric Brewer-both models give reasonable and comparable results. How-
Dobson circulation can be estimated using an analysis of thever, there are discrepancies between the simulations and ob-
simulated age of air. This has become a standard way foservations. The modelled ozone partial pressures are gener-
testing stratospheric transport models in general¢@egh  ally lower than observed in FInROSE, and higher than ob-
and Hall (2002 for a review). In this study the age of air served in UMETRAC.
(hereafter also AOA) is defined as the average amount of time In general the ozone maxima in FinROSE ozone distribu-
spent by the air parcels for the transportation from the sourceion seems to be located higher up than in the measurements,
areas to any specific latitude and altitude in the stratospherawvhile in the UMETRAC climatology the altitude matching
The AOA diagnostic was used to see how the transport forcseems to be better. The tropical ozone maximum in Fin-
ing, provided by the UMETRAC, works with the FInROSE ROSE is clearly too weak while in UMETRAC the opposite
transport scheme in comparison with the observed Breweris true. Over the high southern latitudes the FinROSE data
Dobson circulation. As stated Byall et al. (1999, in most s in line with the measurements, since both the altitude and
CTMs the propagation of the annual atmospheric oscillationshe magnitude compares well. The ozone distribution in Fin-
is too rapid in the vertical direction, and the CTMs also typi- ROSE over the high northern latitudes is worse, as the partial
cally underestimate the mean age of air throughout the stratopressure of ozone is too low while the height of the ozone
sphere. maximum is reasonable. The height distribution of ozone
Figure 1 shows the evolution of the AOA tracer at the in FINROSE vyields to a lower column abundance, while in
10 hPa level in FinROSE over the North and South Pole. In-UMETRAC the higher partial pressure at more correct alti-
terannual variability is clearly seen in the peaks during thetudes give too high ozone column abundances.
wintertime periods, as expected, with less interannual vari- A general conclusion from Fig2 is that the FinROSE
ability during the summer. Over the South Pole the maxi-model reproduces the observed global patterns. The differ-
mum values are about three years, and the minimum sumences between the two models, as well as between mod-
mer values just below two years. Over the North Pole theels and measurements, seem to be connected with limita-
maximum values are less than three years, and the minimurtions and imperfections in the reproduction of the Brewer-
typically around two years. While the simulated general be-Dobson circulation and with the differences in the strato-
haviour follows what is expected from observations and the-spheric chemistry formulations in these two models.
ory, the absolute values are significantly lower than those UMETRAC includes the coupling between transport char-
given inWaugh and Hall(2002). The evolution of the AOA  acteristics and atmospheric composition through radiation,
tracer is stable throughout the 40-year simulation period, bui.e. the changes in the composition due to the chemical
the model seems to have a Brewer-Dobson circulation whictprocessing are reflected in the simulated temperatures and
is unrealistically fast. winds. Since the simulated composition is in balance with

3 Transport characteristics of the 40-year
CTM-simulation
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0zone maximum is too strong, i.e. the reproduced Brewer-

Dobson circulation in FinROSE has less ozone to start with,

and transport towards the winter pole, while UMETRAC has

too much. An offset in the ozone maximum during late win-

ter to early spring, also affects ozone amounts during summer
18 and autumn.

FINROSE Ozene, [mPa]

60S 308 30N 60N 90N

o UMETRAC Ozone, [mPa]
o 03 : ; : : : 13
= . 5 High latitude ozone evolution
é) 8 Figure3 (upper panel) shows the percentage anomalies (from
= 3 the 1980-1989 mean) in simulated total ozone enclosed by
< 05BN BN SN . the 75th southern latitude for the 40-year simulation period
Fortuin&Kelder ozone, [mPa] in comparison to satellite-based TOMS-v8 and OMI total
0{'_ ‘ ‘ - - : ozone measurements. Results from both the FinROSE and
1 the UMETRAC simulations are shown. The FinROSE model
reproduces all the observed main features, and the anomalies
seen in the simulated ozone are of the same magnitude as in
90N the TOMS measurements. The anomalies in the UMETRAC
ozone are quite similar to the ones in FINROSE, although the
o5, INROSE—Climatology, [mPa] total ozone levels are generally higher than measured.
1] ‘ ‘ : : : In all cases the ozone hole starts to develop during July—
10 5 August, and ozone recovery is complete by the end of
o ,88: 4 November or early December, meaning that the ozone deple-
T 30 ; - - 5 tion caught by the FInROSE model is well timed. Another
— 805 B0S XS EQ XN BON  SON well-reproduced element in Fi@. upper panel is the grad-
g UMETRAC—Climatology, [mPa] 2 ual incrgase pf the Antarcf[ic; ozone anomaly in both models.
2 03 — —— 1 Antarctic springs that exhibit no or very weak ozone deple-
E 13. Pﬁ/vg:éo;“_\;» “va » tion occur the same years in FInROSE and UMETRAC. The
0] === ==c"- UMETRAC and FinROSE transport schemes end up in very
1001 ﬁa[}ﬁw\%ufmﬁ -2 similar results, and therefore the driver model determines
900 4——=—" < . : : mainly year to year and season to season variability. The dif-

90S  60S 305 EQ 30N  6ON 90N

Latitude ferences in absolute levels between the models derive mainly

from the differences in chemical formulations.

Fig. 2. Calculated model ozone climatologies for the period from ~ DUring the future period of the simulation (in Fig) both
1980 to 1991, the measurement-based ozone climatdfogiyin models exhibit similar patterns in the month-to-month ozone

and Kelder(1998, and respective differences. Values are shown asanomalies, as they do during the past period. A comparison
partial pressures (mPa). between the anomalies seen during the past years (i.e. 1980
to 1999) and during the near future (i.e. from 2000 to 2019)
suggests that in the near future the behaviour of ozone will
be similar to that observed during the 1990s.
the dynamics, one may say that UMETRAC produces itsown The ozone anomalies in the north are rather different from
balanced aeronomy. When the winds and temperatures frorwhat is seen in the south as F&shows. The overall multi-
such a model are introduced to a CTM where the transportyear monthly mean evolution in both models follows the ob-
is formulated in similar way, but chemical formulations are served seasonal patterns well. While not shown in Bjg.
different, the realized compositional patterns end up beinghe modelled total ozone in FinROSE is about 40 DUs lower
qualitatively the same, but quantitatively different. As Rtg. than the TOMS measurements during summer. Furthermore,
shows, the ozone climatologies derived from FInROSE andn some cases during the winter-spring maximum, FInROSE
UMETRAC have differences e.g. in magnitude and altitudegives over 100 DUs lower total ozone values than TOMS.
of the tropical ozone maximum. The tropical maximum can In UMETRAC the summertime minima are regularly around
be considered the starting point for the Brewer-Dobson cir-100 DUs higher, and the wintertime maximum are around
culation, as new stratospheric air is injected from the tro-50 DUs higher than measured. Although the simulated age
posphere mainly over the tropics. In FInROSE the maxi-of air is too short, we may now conclude that the seasonal be-
mum is located too high up, and in UMETRAC the tropical haviour in the general transport characteristics is reasonable
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Fig. 3. Comparison of observed total ozone anomalies (from 1980-1989) with the modelled ozone anomalies. Time series are shown as
average values within the 75 latitude circle (upper panel) and78 latitude circle (lower panel). The anomalies in total ozone calculated

from FinROSE data are presented by black lines, the UMETRAC anomalies as green lines, and the anomalies derived from the TOMS data
by red lines and from OMI by blue lines.

and that there are clear similarities in the modelled interanproximately 14 and 24 km). The time series show how some
nual and seasonal patterns. major processes are simulated in the model. Significant chlo-
rine activation occurs during every austral winter-spring sea-

) son of this 40 year time series. The model simulates well the

6 Ozone depletion major chlorine activation, which occurs soon after the start
. . . f austral polar night. Chlorine activation starts as soon as

The processes causing ozone depletion require first of a he type-1 PSCs appear. At the same time the level of total

formation of polar stratospheric clouds (i.e. PSCs), enougr}]itrogen, expressed by NOstarts to decrease. The actual

inorganic chlorine (and possibly other halogens) to be CONy70ne loss, as seen in Fig starts as the analysed area be-

verted to active form, low enough stratospheric temperatureg s suniit. This is seen as a deviation between the passive
tﬁ cause Idenltnfltlzatlon, and flnaII)_/r,hSO(I:Ie_lr r%dle_ltlon fto dr've_ozone tracer and model ozone. As the temperatures gradu-
the actual ozone loss processes. The distribution of ozone Ially increase during the spring and the vortex disappears, the

dependent on both atmospheric transport and chemistry. Igcg evaporate and the large-scale ozone depletion is typi-
order to have an approximate separation of these two ma"&ally over by the end of November

processes, we have formulated a passive ozone tracer, for i )
which only the transport scheme of the model has been ap- In the early 1980s the magnitude of the simulated ozone

plied. The passive ozone tracer is initialized twice every year|0SS was at most between 50 and 60%. After the mid-
on 1st of June, and on 1st of December using the regula|19805 ozone depletion started to increase, frequently indicat-
model ozone. ing losses of more than 80% between 31 and 146 hPa. The

fractional chlorine activation (in Figt) was typically slightly

Time series of anomalies (from the 1980-1989 mean) in ; )
total nitrogen (NQ) and water vapour (¢0), the evolution larger during the 1980s than during 1990s and later decades.
However, the total chlorine loading is lower in the 1980s and

of chlorine activation (i.e. CIQCly), and the difference be-

tween the passive ozone tracer (Trace}-end model ozone ~the net effect on ozone was low.
are shown in Fig4 for the whole 40-year time series together ~ The rate of decrease of NO.e. the rate of denitrification,
with the PSC exposure times (for types | and II). All values increases when the temperatures drop below the threshold
are based on monthly mean values within 75-80averaged for formation of ice particles. The relatively large PSC-type-
over the vertical column from 146 to 31 hPa (i.e. between apdl particles are formed and sedimented, which is seen as a

www.atmos-chem-phys.net/7/2165/2007/ Atmos. Chem. Phys., 7, 21852007
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Ozone loss chemistry at 75°S—90°S
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Fig. 4. Simulated evolutions for 1980-2019 of main constituents affecting ozone witli,7&8nd between 146 and 31 hPa. In the upper

frame the percentage anomalies in total nitrogen is shown by the red line and in water vapour by the blue line. The relative difference between
the passive ozone tracer and regular model ozone by yellow bars. In the lower frame the chlorine activation is shown by orange bars, the
PSC type-I tracer is given by the green line and the PSC type-Il tracer by the black line.

decrease in water vapour and especially inyN@he aver-  During September these cycles are responsible for about 50
age total nitrogen (N¢) between 146 and 31 hPa shows a to 80% of the total 0zone loss. The rest of the ozone depletion
significant drop in connection to the occurrence of PSCs ofis due to the second most important catalytic cycle during the
type-Il. Since conditions cold enough for the formation of ozone hole season, namely the BrO-CIO cycle. The coupled
ice particles exist during most of the winter-spring seasonsCIO-BrO destruction of ozone is almost as important as the
Fig. 4, the monthly average results do not exhibit any clearCIOx cycles during August and October. However, it should
signs of significant denitrification caused by rapid sedimen-be kept in mind that the amount of absolute ozone deple-
tation of large NAT patrticles (i.e. NAT rocks). However, this tion itself is smaller during August as there is only a limited
does not rule out the possible sedimentation of NAT rocks onamount of solar radiation available within the analysed area.
a more local and shorter time scale. It is also worth noting that during other times of year, the
Severe denitrification does not take place during every sincatalytic cycles of NQ (summer), and HO(autumn) are the
gle simulated season. Exceptions are especially the year®ain contributors to ozone depletion (not shown). However,
1983 and 1992 when the decrease in total nitrogen shown b§s seen from Fig5 these cycles do not contribute signifi-
a positive anomaly, and also the ozone loss is smaller. Durcantly to the chemical depletion of ozone during winter and
ing these non ozone depletion cases the formation of ice iSPriNg.
relatively moderate due to warmer conditions, which can be  Another way to analyse the 40-year time-series is to look
seen in the PSC exposure in Hg.These warmer conditions  at the total inorganic chlorine level in the atmosphere (see
may be connected to sudden stratospheric warming eventgable 1). Keeping in mind that since early 1980s the in-
which are known to be very rare in the Southern Hemisphereyrganic chlorine loading increased from about 1.6 to about
(see e.gShepherd et 312009. More likely, they illustrate 3.5 pph in the late 1990s, and that it is projected to remain
problems in simulating model dynamics at the edges of theabove 3 ppb until the end of the 40-year simulation period,
normal distribution. a conclusion can be made: Chlorine activation, although a
Figure5 shows how the two main chemical ozone loss cy- regular phenomenon, does not in itself lead to severe ozone
cles have contributed to the simulated net ozone loss ovedepletion. After the winter season the high southern latitude
Antarctica. The relative effect of catalytic ozone loss cyclesstratosphere becomes sunlit and the active chlorine is rapidly
by active chlorine (i.e. CI¢) is clearly the most significant. deactivated if N@ is present. This means that the amount
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Fig. 5. A climatology showing the relative portions of the ozone loss chemistry due to the two main catalytic ozone loss cycles in FInROSE.
The left panel shows the effect of the Gi@rocessing and the right panel shows the effect of combined B0y chemistry. The past

period (1980-1999) is indicated with black lines and the future period (2000-2019) with red lines. The errorbars show the minimum and
maximum portions during each month. The values are averaged within #t®I@6tude, and between 146 and 31 hPa.

of inorganic chlorine controls the potential severity of ozone clearly connected with the average existence of type-lI PSCs,
depletion, and the occurrence and magnitude of PSCs andhile in this averaged analysis no signs of type-Il PSCs are
denitrification affects how long ozone depletion is prolongedfound. The ozone loss exhibits no clear trend, except per-
in the spring. haps the increase during the first half of the 1980s. The
The time series in Fig® and4 show that the increase in  cases of higher chlorine activations clearly coincide with the
inorganic chlorine has made the ozone depletions more seweak, but obvious, denitrifications and in turn with the ozone
vere since the beginning of 1980s. The level of ozone dedosses. It is quite clear that the low stratospheric tempera-
pletion reached during the latter part of the 1990s seems téures provide the conditions for ozone depletion. Therefore,
continue also during the future period. The two main factorsif the stratospheric temperatures would decrease as a result
are in place (i.e. the chlorine activation, and denitrification) of the enhanced greenhouse effect, the probability for sig-
throughout the whole 40-year simulation, while during the nificant ozone loss may increase in the northern hemispheric
early years the actual levels of inorganic chlorine were lower,high-latitudes.
and therefore the ozone depletion was less severe. However, In general, between 7H and 90 N, the total nitrogen
it is important to note that even with inorganic chlorine lev- does not exhibit as large a decrease as it does over Antarc-
els below 2 pph, large-scale ozone destruction may occur, tica. This result is expected, as the temperatures are not low
provided that the temperatures are low enough for extende@nough for ice-cloud formation. Since PSC type-Il clouds
periods of time leading to e.g. denitrification. are uncommon in the northern polar stratosphere, no exten-
The situation in the winter and springtime northern high- Sive ozone depletion occurs. However, during some years
latitude stratosphere is far less favourable for PSC formasStronger denitrification occurs, as the negative anomalies
tion than in the south, as sufficiently low temperatures do not(from the 1980-1989 mean) in NOeach values of about
occur regularly. Time series of anomalies (from the 198050 to 60%. A closer look at the PSC-tracers also indicates
1989 mean) in total nitrogen (NPand water vapour (D), tha@ while there are no ice—fprm PSCS', type-1 PSCs are seen
the evolution of chlorine activation (i.e. CILIy), and the ~ during most of the winters since the mid 1980s.
difference between the passive ozone tracer (Tragpafd Another interesting feature in these figures emerges if the
model ozone are shown in Fi for the whole 40-year time behaviour of total nitrogen, water vapour, and the existence
series together with the PSC exposure times (for types | an@f ice-clouds are compared with each other. It seems that
). All values are based on monthly mean values within 75—While there are no type-Il PSCs, the NAT PSCs coincide with
90° N, averaged over the vertical column from 146 to 31 hpathe stronger denitrifications. A logical conclusion is that the
(i.e. between approximately 14 and 24 km). As can pbeNAT particles have grown to sizes where significant sedi-
seen, these results differ from the Antarctic ones. Whilg NO mentation is possible. Denitrification occurs, but these low
seems to exhibit some drops during the course of the simulatémperatures are not persistent enough for large scale deni-
tion, the water vapour distribution is stable. trifications. Nevertheless, during the most prominent years
Interestingly, it seems that even on this average perspectivi-g- 2000 or 2013) the drop in total nitrogen over the Arctic
chlorine activation of around 20 to 30% takes place during al-'S calculated to be about 40%.
most every winter/spring. The level of chlorine activation is
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Ozone loss chemistry at 75°N—90°N
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Fig. 6. Simulated evolutions for 1980-2019 of main constituents affecting ozone witliihl,7&nd between 146 and 31 hPa. In the upper

frame the percentage anomalies in total nitrogen is shown by the red line and in water vapour by the blue line. The relative difference between
the passive ozone tracer and regular model ozone by yellow bars. In the lower frame the chlorine activation is shown by orange bars, the
PSC type-I tracer is given by the green line and the PSC type-Il tracer by the black line.

Figure7 shows a climatology of how the different ozone 7 Ozone changes and trends
loss processes have contributed to the net ozone loss in the
north. During the northern hemispheric winter and spring theFigure8 can be taken as a starting point for the analysis of the
catalytic ozone loss cycles by active chlorine and bromine arehigh latitude ozone changes. Ozone changes in the simulated
almost equally significant as they are responsible for aboutjata are shown as the difference between the climatology of
30 to 40% each of the total ozone loss. During the first1980-1984 and the respective climatology of 1995-1999 (i.e.
half of the 1980s, processes other than chlorine destructiomear past change). The near future change is shown as a dif-
or coupled bromine-chlorine destruction were dominant, i.e.ference between the ozone climatology of 1995-1999 and
the NO,-chemistry had a more significant role until the early the climatology of 2015-2019. FiguBshows these differ-
1990s (not shown). However, the absolute levels of 0zonences in the mixing ratio. The past period difference shows
depletion were lower than after the mid 1980s. Furthermoreg decrease in the ozone mixing ratios throughout the whole
the previously shown timeseries (F&)).suggests that during  stratosphere. This difference has its maximum in the Antarc-
years with more significant ozone depletion, destruction bytjc polar stratosphere, being over 300 p@wound 50 hPa.
ClOy is the most important process. While in the north the respective stratospheric decrease is

In the Arctic stratosphere denitrification is clearly weaker about 100 to 150 ppbdepending on the altitude. During the
than in the Antarctic, and therefore the net ozone depletion iguture period, the model gives a slight increase of 50,ppb
also weaker in the 40-year simulation. However, as alreadyhear 50 hPa, over the southern polar areas, and a similar in-
stated for the Antarctic stratosphere, even a chlorine loadcrease in the upper stratosphere. Over the northern polar ar-
ing below 2 pph may lead to significant large scale ozone eas an increase of the order of 50 pjsbseen throughout the
depletion if conditions for chlorine activation and denitrifi- \whole stratosphere above 100 hPa. The results shown here
cation prevail for long enough time periods. Therefore, thewill be discussed further below where the statistical signifi-
possible cooling of the Arctic stratosphere may give rise tocance of these changes will be assessed using trend analysis.

more severe ozone depletion. Figure9 shows the latitudinal distribution of average an-
nual trend estimates from the FiInROSE, TOMS (version 8)
and UMETRAC total ozone for the past period (1980 to
1999). The trend estimates of both models for the near future
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Fig. 7. A climatology showing the relative portions of the ozone loss chemistry due to the two main catalytic ozone loss cycles in FInROSE.
The left panel shows the effect of the Gi@rocessing and the right panel shows the effect of combined B0y chemistry. The past

period (1980-1999) is indicated with black lines and the future period (2000-2019) with red lines. The errorbars show the minimum and
maximum portions during each month. The values are averaged within th¢ [@Gtude, and between 146 and 31 hPa.

period (2000-2019) are also shown. The trend estimates FinROSE O,fsss-tss0)_ () sso-1s80 [ 0p, ]
are calculated applying a standard linear regression to the 03 = o

monthly mean values. The trend errors, based on the Stu-
dent’s T-test, are given for the 95% significance level. The
overall agreement with measurements is good and both mod &' ;
els give similar trend estimates as obtained from the TOMS
measurements.

For the past period, both actual values and uncertainty in-
tervals of the FinROSE trends behave similarly as the TOMS
trends. In the vicinity of 60S the decreasing annual average 100 10
trend from FinROSE is only slightly less than the TOMS- ,
derived trend. In the case of UMETRAC, the magnitude of 908 805 30 B 30N 60N SN
the southern trends is somewhat smaller than the correspond Latitude -50
ing FINROSE trends, and the trend errors exhibit somewhat FINROSE O %1190 5199 [ppb, | ~100
narrower error ranges. '

Both models give large, statistically significant negative
trends over the high polar latitudes. Over Antarctica the
trend in the FINROSE data is almosi8%/decade and in
the UMETRAC data the trend is about6%/decade. Over
the northern polar areas, FINROSE gives a trend of about
—3.5%/decade, and UMETRAC aboub.5%/decade. The
trends in polar ozone are well in line with the trend estimates
shown byWMO (2003 Chapter 4, Figs. 4—-3Hadjinicolaou
et al.(2002 or Fioletov et al.(2002. 300

The average annual trend estimates for the future period m e m LOﬁTU de o - o
(in Fig. 9) are similar for both models over the high south-
em I.qtitudes. _B_Oth models exhibit small but statistically in- Fig. 8. Ozone changes in average annual zonal distributions. Top
significant positive trends of 2 to 3% per decade. Over theyane| gives the change between 1980-1985 and 1995-1999. Lower
northern polar areas the results of the two models are almosjanel shows the difference between 1995-1999 and 2015-20109.
the same. The UMETRAC trend estimates give a positivevalues are shown as mixing ratios.
trend of about 3%/decade, which is significant at the 95%
confidence level. FiInROSE gives nearly the same trend with
a somewhat larger error range and the trend is also signifi-
cant at the 95% level. From an annual average perspective

Altitude, [hP

Mixing Ratio
[ppb.]

Altitude, [hPa]
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Fig. 9. Annually averaged total ozone trends [%/decade]. The errorbars indicate the 95% confidence intervals, calculated using the Student’s
T-test.

the results from both models suggest that a small increasthe austral winter (June—August), the model reproduces the
in total ozone may take place over high southern latitudesobserved trends well. During the austral spring (September—
by 2019. However, the statistical significance is low imply- November), the most visible feature is the large, statistically
ing that the ozone depletion may remain on a similar level tosignificant (at the 95% confidence level) negative trend of to-
what was seen in the 1990s. Over the northern polar areasal ozone. At about 80S, the TOMS and FinROSE trend
on an annual average basis, a statistically significant positivestimates agree with a trend of aboeut8%/decade. Fin-
trend is simulated, which could be a sign of a start of 0zoneROSEs trend errors are in good agreement with the TOMS
recovery. These results are in line with those presented itrend errors, suggesting that the interannual variability sim-
Fig. 8. ulated by FInROSE is also of the same order. It is interest-
Figure 10 shaws e atudinldsruions of seasonal 1910 S L8 YD POV ofmor suguons e
total ozone trend estimates of FInROSE and TOMS for theh isoh id-latitud i ¢ d hich K
past period and FinROSE for the future period. As for the emisphere mid-latitude negative ozone trend, which peaks
annual average trend estimates, the seasonal trend estima{%%tween 45-50N and_then reducgs toward &l (e.g.Had-
from FINROSE are also in good or reasonable agreement witI’\'mCOl"’lou etal, 2009 is not well simulated.
t[r)]eeczzlxesr t‘rJZZ?;ryDl;rr:gg;gerg;;‘ec)r\r/]e\:wr?ct:retrhg}ﬁn:i]gsh(ll.aet.i1 In_ Fig.10(right panel) the sgasonal trend estimates for lat-
tudes the r,nodelled 'Erends are betwedhand—8%/decade itudinal total ozone behaviour in the near future (2009—2019)
being significantly different from zero at the 95% confider'1ce are shovyn.. It can be seen that the winter and sping total
level, During the spring months (March through May) at high ozone will increase over the poles. For the Arctic winter-

H latitudes. the model aarees reasonably well with th spring seasons this increase is around_3 to 5%/_decade, z_;md
nmoer;sirrr;:d trends, While TOM% gives a signifiZant negativjn the south for the austral winter-spring, the increase is
trend of around—.7%/decade FinROSE reproduces a trendabout 2 tq 3%/decade. The FmROSE results .|nd|cate that
of around—5%/decade WhiC’h agrees with the observationsthe negat.|ve ozone trgnds are Ieyellmg off during _the near
at the 95% confidence ievel futpre. Since the positive trend§ in winter and spring h|gh

' latitudes, calculated from the FInROSE results, are not sig-
The southern high latitude trends, shown in Rigleft and nificant, we can conclude (supported by é/geatherhead
middle panels follow the observation based trends. Duringet al, 200Q Austin and Butchart2003 Weatherhead and
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Fig. 10. Seasonally averaged total ozone trends [%/decade] of TOMS observations for the period 1980-1999 and of FInROSE for period
1980-1999 and 2000—-2019. The error bars indicate the 95% confidence intervals, calculated using the Student’s T-test.

Andersen2006 that no unambiguous recovery of the ozone  Figure 11 shows vertical cross-sections of the simulated
is likely to be seen before 2020. The resultsfafstin and  seasonal trends in FInROSE for the past period, focusing
Butchart(2003, as well as those iustin et al. (2003 on high latitudes. In the past negative trends between 250
also suggested that the turnover of ozone trends would stagnd 10 hPa are typical during all seasons. During the
in about 2005. The results presented here support those comorthern hemispheric winter, the statistically most signifi-
clusions. cant (95% confidence, or more) trends are betwebrand
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Fig. 11. Vertical distributions of the seasonal ozone concentration trends [%/decade] for the past period (1980-1999). The significance levels
are indicated with dotted black lines for 90% significance, with dashed for 95% significance, and with solid black line for 99% significance.

—10%/decade above 100 hPa, and north of theNsHati- Over the southern hemispheric high latitudes (in Bib.
tude. The maximum trend in the northern hemispheric winterthe winter trend estimates are somewhat different. While
is, however, located between 250 and 150 hPa, being aboutegative trends are typical over the whole domain, the statis-
—15%/decade (without statistical significance). This largetical significance of the negative ozone trends south 8575
negative trend is associated with trends in tropopause heighgnd below 10 hPa, is weak. At the 95% significance level a
and is further discussed below. In the northern hemispherid¢rend between-5 and—10%/decade is found only between
spring the decreasing trend in the lower stratosphere abov25 and 10 hPa, and the statistically most significant trends
40 hPa disappears while the negative trend below 40 hPare seen south of 7% around 25 hPa. During the Antarc-
stays negative. Similarly to the winter trend estimates, a static spring, ozone is depleted with estimated trends more than
tistically significant trend between5 and—10%/decade is —40%/decade south of the 7S latitude between 150 and
found between 150 and 50 hPa, while the maximum negb0 hPa. The estimated trends are also significantly different
ative trend of about-15%/decade is located between 250 from zero at the 99% level, and are related to the increasing
and 150 hPa. In the spring, this upper tropospheric to lowehalogen amounts (TabfB. These seasonal trend estimates
stratospheric trend is significant at the 90% level north ofare also in agreement with the observed trend estimates pre-
75° N. sented byRandel and W{1999.
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Fig. 12. Vertical distributions of the seasonal ozone concentration trends [%/decade] for the future period (2000—2019). The significance
levels are indicated with dotted black lines for 90% significance, with dashed for 95% significance, and with solid black line for 99%

significance.

Simulated trends for the future period are shownin ERy.  off during the last two decades of the simulation. The strato-
A very general conclusion of the northern polar stratosphericspheric cooling due to the climate change has a potential for
ozone trends is that they are slightly positive, but statisticallyenhancing the polar ozone depletion. However, based on the
not significant within the polar area. The same is true in theanalyses of the ozone trends alone, it is not straightforward
case of southern hemispheric wintertime trends (i.e. June tdéo say, whether this mechanism is seen in these results or not.

August). During the austral spring a small negative trend of . -
ozone is found close to 30 hPa south of ) although with- The neggtlve 0zone tren_d close o the tropopau_se n high
out statistical significance. According WMO (2003 the northern latitudes during winter and spring, shown in Eij.
decrease in the atmospheric chlorine loading will lead to a SOI(;] ImeTvr\:lth 1numb§rdof rec((jant studllcesh(see IWO
gradual recovery of the stratospheric ozone over the next 58 :2 eo ser\r/1e hepen ﬁr:jce of the é:o L:r:]m Oﬁoﬂe
years. No clear signal of the start of the recovery of ozone 'ﬁ on tl eftropgpaused eightis I\:ve ocuhmer|1te ;\t Ioug the
seen during the first two decades of the 21st century. How- evelz (;] unberstan ng r']s st hsomeV\;] at h|m|te h n ghen-
ever, the results from FInROSE do show that the ozone level§™ the observations have shown that the northern hemi-
spheric tropopause at mid- and high-latitudes have risen
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during the past few decades, which imply decreases in to- From the Antarctic perspective, as the temperatures below
tal ozone Austin et al.(20033 have shown that in the driver the frostpoint are observed on annual basis during winter, the
model (i.e. UMETRAC), a statistically significant decrease process of PSC sedimentation is relatively straightforward.
in tropopause pressures is exhibited over a wide range oHowever, as shown blfahey et al(2001), and further stud-
latitudes. Furthermore, over the mid-latitudes this negativeied by Carslaw(2002), under persistent conditions the NAT-
trend is about 1 hPa/decade, which in turn is in line with ob-type PSCs may also grow as large as 10 t@ 89 and there-
servations and other model chang8arfter et a).2003. In fore cause significant denitrifications due to sedimentation.
WMO (2003 it was concluded that these trends are not dueThis phenomena can be of great importance in the winter-
to the changes in stratospheric ozone, and thus radiativelyime northern polar stratosphere where temperatures below
driven, but due to the changes in tropospheric circulation.ice frostpoint are uncommon. According YdMO (2003,

As a conclusion, it may be stated that the FInROSE sim-the largest uncertainties in stratospheric model studies of
ulation also exhibits this observed connection between thezone depletion are due to the unrealistic representation of
tropopause height and ozone. denitrification processes. In order to have a more realistic
description, especially in the Arctic, the 40-year simulation
presented in this study takes into account denitrification ef-
fects resulting from the growing of the NAT patrticles to sizes
where sedimentation may become truly effective. However,
] o since this work is based on a single simulation, and focuses
The quality of CTM studies is very much dependent on the g, the analysis of climate-scale average quantities, it is not

transport characteristics, the quality of the driver fields, asgyaightforward to make conclusions on the effect of the more
well as on the chemistry scheme of the CTM. With respectyatailed treatment of denitrification.

to this study, the uncertainties associated with the CCM have |, ye Arctic stratosphere, chlorine activation is an annual
been discussed Awustin et al.(2003h. The shortcomingsin

8 Discussion

h lized B Dob rculati dthe henomenon. However, since the conditions in the Arctic
the realized Brewer-Dobson circulation, and the large naturay,, ., yoriex are less severe than in the Antarctic, no large

vgriability of the northern pglar yortex, increased the UNCer-seale Antarctic-like ozone depletion is seen in the simula-
tainty of the trend analyses in this study. The problems in the;,\ hefore the end of 2019. It is also possible that more

age of air distribution and the Brewer-Dobson circulation, are|ycal ozone perturbations may cause elevated levels of UV
well-known features of CTMsHall et al, 1999. over the populated northern hemisphere high-latitude areas
Every model produces its own aeronomy, and its ownif the ozone depletion affects the ozone distributions dur-
balances between radiation driven processes, dynamicallg the following summer as well. This matter has recently
driven processes, and chemistry driven processes. Thigeen addressed Hyioletov et al.(2005. Recently, quan-
means that in the case of dynamically-driven atmospherigjtative relations between the stratospheric temperatures and
processes, the patterns reproduced by FInROSE follow thosghe Arctic springtime ozone losses were found and discussed
in the driver simulation, which in turn are dependent on by Rex et al.(2004. Based on the observations, it was
the radiation couplings or used WMGHG projections in the shown that in the stratosphere, for each Kelvin cooled, a 15
CCM itself. In the case of chemistry-driven processes, likepy total column ozone reduction is realized. Further signif-
the springtime Antarctic ozone hole, the FInROSE model isjcant depletion could occur if the temperatures in the Arc-
capable of making a more independent representation. Ific reach ice-formation temperatures on larger scales before
general, the results presented here indicate that the ozonfe chlorine loading has reduced below 2 pptHere the
evolution is more predictable in the winter-spring Antarctic early 1980s ozone depletion events are important references.
stratosphere than in the Arctic stratosphere where the naturals was noted before, even chlorine levels below 2.1,ppb
interannual variability is greater. may cause large-scale ozone depletion. Whether the regula-
Since the analyses in this study are based on average quatiens in the Montreal protocol{NEP, 2000 are enough in
tities (i.e. zonal averages, monthly means etc.), we have nai colder stratosphere remains unanswered in this work. The
discussed all the fine-scale features that the simulation conlevel of chlorine remains above 3 ppturing the timeframe
tains. The inclusion of the effects caused by large NAT par-of this study (i.e. 1980-2019), therefore a longer simulation
ticles (i.e. sedimentation and denitrification) clearly have antimeframe would be needed. The Antarctic ozone depletions
effect on the results exhibited in this study, as the moderatere expected to continue as severe as they are at present until
Arctic denitrifications are being reproduced in the absence othe end of 2019.
ice particles. These results suggest, in line with other studies
(e.g.WMO, 2003, that the denitrification caused by gravita-
tional settling of ice particles is not causing denitrifications 9 Summary and conclusions
over the Arctic. While there was evidence of denitrifications
due to large NAT PSC sedimentation, the threshold for theOff-line Chemical Transport Models (CTMs) driven by
ice-formation was not crossed. externally provided wind and temperature fields are very
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