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Abstract. The future evolution of tropical ozone in a chang- duces the amount of ozone that can be transported within an
ing climate is investigated by analysing time slice simula- air parcel.

tions made with the chemistry—climate model EMAC. Be-

tween the present and the end of the 21st century a signifi-

cant increase in ozone is found globally for the upper strato-

sphere and the extratropical lower stratosphere, while in thd  Introduction

tropical lower stratosphere ozone decreases significantly by

up to 30 %. Previous studies have shown that this decrease 3tudying the evolution of stratospheric ozong)( the 21st
connected to changes in tropical upwelling. Here the domi-Century is still of great interest not only to estimate the ef-
nant role of transport for the future ozone decrease is confect of the Montreal Protocol and its amendments but also
firmed, but it is found that in addition changes in chemi- 0 understand how increasing anthropogenic greenhouse gas
cal ozone production and destruction do contribute to the(GHG) emissions will affect ozone. For the annual mean ex-
ozone changes in the tropical lower stratosphere. Betweef atropical total ozone column a future increase is predicted
50 and 30 hPa the dynamically induced ozone decrease of uBY State-of-the-art chemistry—climate models (CCMs), which
to 22 % is amplified by 11-19 % due to a reduced ozone proyvill result in a recovery to 1980 values by the end of the 21st
duction. This is counteracted by a decrease in the ozone losgentury (e.g.Austin et al, 2010 SPARC CCMVe] 201Q
causing an ozone increase by 15-28%. At 70 hPa the larg@man et al.201g WMO, 2011). In the tropics, however,
ozone decrease due to transperbR %) is reduced by an en- the models show no return of the ozone column to levels be-
hanced photochemical 0zone production (+28 %) but slightlyfore 1980. This different evolution is due to a significant de-
increased {5 %) due to an enhanced ozone loss. It is foundcrease of the partial ozone column in the lower stratosphere
that the increase in the ozone production in the lowermos{e-9-Austin et al, 2010, which is explained by an increase
stratosphere is mainly due to a transport induced decread8 tropical upwelling related to increasing concentrations of
in the overlying ozone column while at higher altitudes the long-lived GHGs and a concomitant increase in the sea sur-
ozone production decreases as a consequence of a chemicalfjee temperatures (SSTs; e@arny et al. 20113. Since in
induced increase in the overlying ozone column. The ozondhe tropical lower stratosphere isentropic horizontal mixing
increase that is attributed to changes in ozone loss betwed Weak because of the subtropical transport barriers (e.g.
50 and 30 hPa is mainly caused by a slowing of the,CIO Mcintyre and Palmerl1984), this region is quasi-isolated
and NQ loss cycles. The enhanced ozone destruction belowfom midlatitudes and the budgets of chemical compounds
70 hPa can be attributed to an increased efficiency of the Hoare determined by a balance of mean upwelling and chemi-
loss cycle. The role of ozone transport in determining thec@l production and los$>{umb 199§. Avallone and Prather
ozone trend in this region is found to depend on the change§199@ confirmed this connection between the velocity of ris-

in the net production as a reduced net production also relng air parcels in the tropics and the mixing ratios of ozone
in the lower tropical stratosphere. Hence, the abundance of
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ozone in this region is primarily determined by the balancein atomic oxygen causes a reduction in the efficiency of the
of net ozone production and the rate of ascent. The faster thivss cycles without changing the concentrations of the radi-
air rises the less ozone is produced in the air parcel and theals. Another contribution to the ozone increase in a cooler
less ozone is present in this region. According¥gugh etal.  stratosphere is the temperature induced decrease in the rate
(2009 andOman et al(2010 explained the negative ozone coefficient of the @ + O°P — 2 O, reaction that describes
trend with a reduced transit time of air parcels through thethe net loss pathway of the Chapman cycle (dansson et
tropical lower stratosphere and therefore a reduced accumuwal., 2004). Besides the impact of GHG induced temperature
lation of ozone in this region. changes on the chemistry, also the increasing abundances of
The net ozone production in a pure oxygen atmospheranethane (Chf) and nitrous oxide (MO) will affect strato-
is determined by the Chapman cycléhgpman1930. In spheric ozone chemistry..l is an important source of ni-
this cycle ozone is produced by the photolysis of moleculartrogen oxides in the stratosphere (€gtes and Hay4967),
oxygen (Q), while the reaction between ozone and atomic while the oxidation of CH is relevant for the production of
oxygen (O) leads to the destruction of ozone. The photoly-stratospheric water vapour §8) and hence for the produc-
sis of ozone and the reaction between molecular and atomition of the hydroxyl radical OH (e.gSeinfeld and Pandis
oxygen, which are also part of the Chapman cycle, do no2006. Thus, the efficiency of the catalytic 0zone loss cycles
contribute to the production or loss of ozone, but cause a fasinvolving nitrogen and hydrogen radicals can be modified.
inter-conversion between ozone and atomic oxygen. BecausRevell et al.(2012 show that the increase inJ® surface
of this fast interaction, @and O can be combined in the odd concentrations between the 1960s and the 2090s will lead to a
oxygen family Q (Seinfeld and Pandi00§. The atmo-  slightly enhanced ozone loss rate in the tropical upper strato-
sphere, however, consists not only of oxygen compounds. Irsphere, but to a slowing of the rate elsewhere. The ozone loss
addition to the Chapman loss reaction, catalytic loss cyclesrate due to an increase in gldnd hence in hydrogen radi-
which involve hydrogen, nitrogen, chlorine or bromine rad- cals is predicted to increase in the upper stratosphere during
icals, contribute substantially to the ozone destruction (e.gthe 21st century (e.g?ortmann and Solomer2007 Rev-
Bates and Nicoletl95Q Crutzen 197Q Molina and Row-  ell et al, 2012. Additionally, a change in the ozone column
land 1974. above a certain layer will modify locally the downward flux
The abundance of tropical ozone is also influenced by theof shortwave (SW) solar radiation and will therefore affect
phase of the quasi-biennial oscillation (QBO) in the equato-the ozone production via photolysis in the underlying layers
rial zonal winds and the temperature (eRandel and Wy (e.g.Haigh and Pylg1982).
1996. However, in the long-term mean this approximate In this study we analyse in detail to which extent the
two-year cycle in ozone is nearly canceled and thereforeprojected changes in stratospheric composition and temper-
unimportant for the analysis of long-term changes. ature will affect the ozone chemistry in the tropical lower
In a future climate it is not only the tropical upwelling stratosphere. The ultimate goal is to quantify if and how
and the accumulation of ozone that will change due to in-these chemically induced ozone changes contribute to the to-
creased GHG concentrations. The atmospheric concentrdal negative ozone change in this region which is generally
tions of substances acting as catalysts for ozone destructioattributed to dynamical changes. Moreover, it is examined
as well as the stratospheric temperature will change and willvhich processes are relevant for the detected chemical ozone
thus modify the chemical loss rates. The stratospheric loadehanges. For this purpose simulations with a state-of-the-art
ing of halogens will decline due to the successful regula-CCM have been carried out in which the simulated ozone
tion of ozone depleting substances (ODSs) and is predictedhanges have been split into the contributions from transport
to reach pre-1980 values in the second half of the 21st cenand chemistry. The causes for the changes in the chemical
tury (e.g.Newman et a].2007). Throughout the stratosphere ozone production and loss are studied by separating the dif-
this will result in a significantly reduced chemical ozone loss ferent production and loss pathways with the help of the tool
due to the reduced abundance of chlorine and bromine radiStratO3Budwhich is described here for the first time.
cals. At the same time, the increase in the concentrations of The study is composed as followed: first we describe the
the GHGs, primarily carbon dioxide (G will cause a sig- model and the experimental set-up used for the analysis
nificant cooling of the stratosphere (elBCC, 1996 2001). (Sect.2). Then the different methods of analysis and the post-
This has a direct effect on 0zone chemistry as the rate of mogprocessing todbtratO3Budare explained (Sec). In Sect4
chemical reactions is temperature dependent. The impact dhe results are presented and discussed. Finally, the conclu-
a temperature decrease on ozone is found to result primarilgions are drawn (Sed).
from the increased rate of the three-body reaction G,+0O
M — Os + M which leads to a changed patrtitioning of odd
oxygen in favour of ozone instead of atomic oxygRog¢en- 2 Model and experimental set-up
field et al, 2002 Jonsson et al2004). In the upper strato-
sphere the reactions with atomic oxygen are the rate limitingFor this study three simulations have been performed at
steps in the catalytic ozone loss cycles. Therefore, a decreasbe Freie Universitat Berlin with the ECHAM/MESSy
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Table 1.Boundary conditions for the three time slice simulatidbbsstands for observations.

R2000 R2095 GHG2095
GHGs Obs for 2000 IPCC A1b for 2095 IPCC A1b for 2095
ODSs Obs for 2000 WMO adjusted Al for 2095 Obs for 2000
SSTs/SICs modelled modelled modelled
(1995-2004 mean) (2090-2099 mean) (2090-2099 mean)

Atmospheric Chemistry (EMAC) CCM in the version 1.7 has been performed. The boundary conditions used for the
(Jockel et al.2006. The core atmospheric model is the Eu- simulations are shown in Table Natural forcings such as
ropean Centre Hamburg general circulation model (GCM)solar variability (e.g. the 11-year solar cycle), the QBO,
in the 5th generation (ECHAM5Roeckner et al.2006. ENSO or volcanic eruptions are not included in the simu-
This GCM is coupled to the atmospheric chemistry modulelations. Since the vertical velocity and the ozone abundance
MECCA (Module Efficiently Calculating the Chemistry of in the tropics are modulated by the phase of the QBO (e.g.
the AtmosphereSander et al.2005 via the Modular Earth  Randel and Wu1996 Baldwin et al, 2009, in the time slice
Submodel System (MESSy1). The model is used with thesimulations the inter-annual variability of these quantities is
standard set of submodels which ensures that the most imeonsiderably reduced in the tropics compared to transient
portant physical processes (e.g. convection, radiation) are insimulations (not used in this study) including this equatorial
cluded. Additionally, the FUBRad parameterisatibfissen  oscillation. The mean state, however, is found to be compa-
et al, 2007 is applied as the SW radiation scheme. The rable between the simulations with and without QBO. As the
model is used in the horizontal resolution T42 (XB.8) focus of this study is on long-term changes, the set-up of the
and with 39 hybrid model layers between the surface andsimulations is appropriate.
0.01hPa £ 80km). The sea surface temperatures (SSTs)
and sea ice concentrations (SICs) are prescribed.

Three multi-year equilibrium simulations (i.e. in time- 3 Methods
slice mode with fixed boundary conditions but including an
annual cycle) have been performed. The model has been ir3.1  Ozone budgets
tegrated at least over 20 years after a spin-up time of two
years. The first simulation represents the reference state ofhe production and loss rates of ozone in the model simula-
the atmosphere for present day conditioR&G0Q with ob- tions are calculated in two different ways: the total produc-
served mixing ratios of the well-mixed GHGs (GOCHs, tion and loss terms are obtained with the help of the MESSy
N0) from IPCC (2003 and the ODSs fronwMO (2007). tool ProdLoss while the contributions from the single pro-
The second simulation represents the future atmosphere ﬂuction processes and loss CyCleS are calculated with the tool
the end of the 21st centuriRR099, as it is predicted based StratO3Bud
on the moderate GHG scenario A1BPCC, 2000 and the )
adjusted A1 scenario for ODS¥MO, 2007). This means 3:1.1 Total production and loss

an increase of the boundary mixing ratios by 87 % for _ . .
CO,, 15% for CH, and 17 % for NO. The mixing ratio The ozone tendencies due to chemical reactions are calcu-

of organic chlorine in the troposphere is reduced by 63%!ated in the chemistry module MECCA. However, no out-

between 2000 and 2095. The prescribed SSTs and gjcRut of the production or loss terms integrated over all in-
are 10-year averages for the particular periods using thé(qlved re_actions (i.e. the total production and total loss) is
model output from a transient simulation with the coupled 91Ven- With the help of the MESSy todtrodLoss (http:

atmosphere ocean model ECHAMS/MPIOM (Max-Planck- //wvvw.messy—interface.o)_gthe calculfation of the tptal pro-
Institute Ocean ModelJungclaus et al2008 for the equiv- duction and the total loss is included in the online integration

alent scenario. Averaging is necessary to ensure neutral corff the model. Based on the concepttitzen and SchmailzI
ditions of the El Nifio—Southern Oscillation (ENSO), but it (1983 only those reactions are choserProdLossand taken
must be noted that it also reduces the inter-annual variabilito account for the total production and loss, which repre-
ity of the SSTs. Further information on the simulations and aS€Nt effective loss and production terms, while rapid null-

detailed analysis of dynamical changes in the future is founocycIes are not considered. ) ) i
in Oberlander et a(2013. As ozone and atomic oxygen are in rapid photochemical

To study the impact of increasing GHGs on the evolution equilibrium in the stratosphere, the chemical budgets are cal-

of 0zone, a sensitivity study with the GHGs and SSTs/sicsculated for the odd oxygen family,di.e. Os+0°P+O'D).

changed to future conditions&sHG2095, but fixed ODSs With ozone being the main constituent of @ the stra_to-
sphere (e.gJohnston and Podolsk&978, the production
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and loss of ozone are approximated by the production andable 2. List of reactions that are rate determining for the different
loss of odd oxygen. These terms are implemented in EMACozone production pathways and ozone loss cycles.

as diagnostic variables and are calculated every time step us-
ing the instantaneous temperature and trace gas concentra- Production  Reactions

tions as input. Photolysis @ + hv — O3P + O°P
HO» HO5 + NO — OH + NGOy

3.1.2 Production pathways and loss cycles CHzO,  CH30y + NO — CH30 + NO,
As the atmospheric composition will change in the future due Losscycle  Reactions

fco modified anthropogenic and natural emissions, the relative Ox 03+0%P > 20,
importance of single ozone loss cycles is also expected to

change. Therefore it is essential to separate the ozone loss O'D +Hy;0 — 2 OH

into the loss due to the Chapman cyclg)@nd the catalytic NOx NO; + O°P— NO + O,
cycles involving the hydrogen, nitrogen and halogen radicals. HOy HO, + O3 — OH+2 0O,
Equivalent to the calculation of the total loss and production OH + O3 — HO, + Oy

rates, this separation could also be obtained during the model HO, + 0P — OH + O,
integration. However, this feature has not been used in our OH+OP—> H+0p

simulations. Therefore the separation of the chemical cycles

is carried out by using the MESSy toBtratO3Bud(see the

Supplement), which allows the approximate calculation off-

line (i.e. as a post-processing step) based on standard model

output. In our study we applieBtratO3Budon the 6-hourly ClO+CIO+M— Cl02 + M

model output. BrOx BrO + CIO— Br + Cl+ Oy
StratO3Budallows us to calculate the stratospheric ozone BrO + ClO— BrCl + O

budgets using the model output for the temperature and a set BrO + O°P— Br + 0,

of chemical tracers (see the Supplement). The tool is based

on the concept of chemical families (i.e. related chemical

species with short lifetimes are combined). This allows a re-The offline calculated total loss of ozone is defined as the

duction of the full chemical loss cycles to the rate limiting sym of the losses from the five single loss cycles.

steps. Here, the families of odd oxygenyjOodd nitrogen Figure 1a illustrates the contribution of the different loss

(NOx=NO+NG), odd hydrogen (HE=H+OH+HQ,), odd  cycles to the total ozone loss in the tropical stratosphere for

chlorine (CIQ=CI+CIO) and odd bromine (Bri>Br+BrO)  the R2000reference simulation. It shows the dominant role

are used. The reaction pathways that are considered for thgf the nitrogen loss cycle in the middle stratosphere, while

different loss cycles due t0,QNOx, HOx, CIOx and BrQ: i the lower and upper stratosphere the hydrogen cycle de-

are listed in Table2. The ozone change over time due to a termines the ozone loss. The ozone loss through chlorine and

H+ 03— OH+ O,
ClOy ClIO+O3P— Cl+ Oy
CIO + HO, — HOCI + O,

specific loss cycle is given by: oxygen radicals peaks in the upper stratosphere between 3
and 2 hPa. The loss via the catalytic cycle involving bromine

_ 4 [O3]| = k1 2[species][speciesP+ 1) is constrained to the lower stratosphere. In the tropics, the
dt i - inter- and intra-annual variability of the chemical production

+ k3_a[speciesB[speciesy+ ... and loss rates is very small and therefore not shown. The

variation of the relative importance of ozone loss cycles with

Here, the subscript denotes the ozone loss due to thg O height shown in Figla is consistent with other studies (e.qg.
NOy, HOx, CIOy or BrOy cycles. k > is the (temperature IPCC/TEAR 20085.
dependent) reaction rate coefficient for the reaction between The ozone production is separated into the contributions
speciesl (e.g. N§) and species?2 (e.g.%®) as it is used from photolysis of oxygen and from methane photooxi-
in the chemistry module MECCA. [speciesl] stands for thedation. During the oxidation of methane the hydroperoxyl
number density of speciesl. This study uses the rate coeffiradicals HQ and CHO, are produced (e.glohnston and
cients according to the JPL 2006 recommendati@anfler  Kinnison 1998. The reaction of these radicals with NO
et al, 2006, consistent with the EMAC simulations. The loss leads to the production of ozone. Therefore, the reactions of
terms are obtained by integrating the corresponding differenNO+HGO, and NO + CHO, are considered for ozone pro-
tial equations at each grid point over time using the 6-hourlyduction inStratO3Bud
model data for the particular species and the temperature.  The contribution from the different production pathways

After the integration, the terms are converted back to vol-to the total ozone production is shown in Figp. In the lower
ume mixing ratios for comparison with the online calculated stratosphere both the production due to NOHHiDdd due
fields of the total production and loss of ozorrddLos$. to photolysis are important, but with increasing altitude the
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Fig. 1. Vertical profile of the annual mean relative contribution@yfthe different ozone loss cycles, that is, the @d), NG, (green), HQ
(orange), CIQ (blue), and BrQ (magenta) loss cycles, aifl) the ozone production pathways, that is, via photolysis of oxygen (blue) and
the reactions NO+H® (red) and NO + CHO» (green), to the sum in the tropics (25-25 N) in % for the reference simulatioR2000

(solid) and the future simulatioR2095(dash-dotted). The standard deviation of the multi-annual average is very small and therefore not
shown.

contribution of the photolysis increases. Above 30 hPa, morechanges due to transport (R_T), production (R_P) and de-
than 90 % of the ozone production is attributed to the photol-struction (R_D). For this calculation it is required that the
ysis of Q. The reaction NO+CkO, represents an important mean annual tendency of ozone is zero or small compared
production pathway in the troposphere (not shown) and low-to the other terms, which is fulfilled in the case of time
ermost stratosphere. In the middle and upper stratospheraslice simulations. Furthermore, the ozone loss rate (L in
however, the contribution to the ozone production is irrele-mol/mol/s) is expressed as the fraction of ozone that has been
vant. destroyed (D in 1/s) times the ozone volume mixing ratig (O
The separation of the production and loss cycles throughn mol/mol) at each grid point and each time step=ID-Os3.
post-processing the model data shows reasonable results, bitiis assumed that the time integration of the ozone loss rate
it has to be noted that the total production and loss terms difis approximated by the integration of D times the integration
fer between the online and the offline calculations due to theof Os.
reduced sampling rate and the reduced set of reactions taken Garny et al. (20118 showed that the relative ozone
into account inStratO3Bud For the offline calculation only changes between the atmospheric state 1 and 2 can then be
6-hourly data have been available with the consequence thatpproximated by the sum of the single contributions plus a
the minimum and maximum values of substances with largenon-linear term:
diurnal cycles cannot be captured well. This leads to differ-

2 1
ences mainly in the wintertime polar lower stratosphere. Atro, — Os”— 05 ~R T+R P+R D+ 2)
all latitudes and in all seasons, a difference arises from the Os? B B h
smaller set of chemical reactions that is use&iratO3Bud +R_D-(R_T+R_P.

compared to the MESSy to®rodLoss(see Secp), with

largest discrepancies in the lower stratosphere. However, ifere, the relative ozone change due to transport is
the tropical stratosphere the disagreement is relatively smalilefined as R_T=(FT1)/(P1+T1) with T; and R (in
(maximum differences in the lower stratosphere: 1% in themol mol~1 month1) denoting the transport and the produc-
production, 5-8 % in the loss) and changes in these variabletion during the atmospheric state Analogously, the rela-

are qualitatively consistent (see Sebt. tive ozone change due to production is defined: R_RB=(P
P1)/(P1+T1). The sum of production and transport is a
3.2 Long-term changes guantity describing the source of ozone. The relative ozone

change due to changes in the destruction is defined as
The causes of long-term ozone changes are analysed by ap D=(D;-D2)/D,. In the following the sum of R_T, R_P,
plying the method described arny et al(20110. Therel-  R_D and the non-linear term is denoted asiRDat is, RQ
ative ozone changes (Bpbetween two atmospheric equi- ~ RO;.
librium states 1 and 2 are separated into the relative ozone

www.atmos-chem-phys.net/14/2959/2014/ Atmos. Chem. Phys., 14, 2291, 2014



2964 S. Meul et al.: Chemical contribution to tropical ozone change

1 4 Results
e Z: 4.1 Contribution to long-term ozone changes
) 2 Hos
3 £ e The annual mean ozone change between the prék2600Q
2 ® ‘i;"m and the future R2095 reference simulations is shown in
2 % o Fig. 2. In the middle and upper stratosphere a significant
a & H-os global increase in ozone by 10-30% is found. In the lower
2 Hos stratosphere, however, the increase is confined to the extra-
-0.8 tropical regions with the largest relative changes in the south-
1000 . VA B S-S , 0 - ern polar lowermost stratosphere. In the tropical lower strato-
WS RS W5 RN N AN e sphere the expected negative ozone trend is prominent in

the simulations with a decrease by up to 30% in the annual
Fig. 2. Latitude-height section of the change in the annual meanmean. The maximum absolute changes in the tropical lower
zonal mean ozone mixing ratio betweRR000andR2095in ppmv  stratosphere of0.41 ppmyv at 30 hPa are slightly larger than
(red/blue shading indicates positive/negative changes). Statisticallyh gther CCMs, while the ozone increase above 10 hPa lies in

significant changes on the 99 % confidence level are coloured. Blackn e range of the models included in the studyOohan et al.
contours indicate the relative ozone change in %, the contour inter(ZOlQ

o . .
valis 10%. In order to isolate the causes of the tropical ozone decrease

in detail, the ozone change at different lower stratospheric

The non-linear term in Eq2J represents the contribution levels averaged over 2525 N is split into the contribu-
from interactions between changes in the destruction (R_Djions from transport, production and destruction aGarny
and changes in ozone that is available for destruction (R_Tet al- (20118 (Fig. 3, left column). The lowest level that is
+ R_P). It can be considered as a correction of the ozoné&onsidered is 70 hPa. Here, the largest relative ozone changes
change attributed to destruction changes because the amou@gcur and the air parcels are definitely located in the strato-
of actual ozone loss does also depend on the available ozongPhere, both, for the present and future conditions, whereas
The non-linear term is small if the relative changes are smalfhe region below is influenced by a future elevation of the

but can also have an important contribution to the relativetropical tropopause layer (not shown).
ozone change. In the tropical lower stratosphere (70 and 50 hPa), the large

The transport of ozone in the different simulations is de- relative ozone decrease between the years 2000 and 2095 is
rived from the assumption that the tendency of ozone ovefmainly attributed to transport processes. This result is consis-
one month is determined by the sum of the monthly inte-tent with the relation between the tropical lower stratospheric
grated ozone transport, production, and loss. Since the terfzone abundance and tropical upwelling discussed in the lit-
dency, the production, and the loss terms (frBrodLosg  erature (e.gAustin et al, 2010 Oman et al.201Q SPARC
are known, the transport can be calculated as the residual fd¢gCMVal, 2010 WMO, 2011). A significant enhancement
each month and grid point. For more details €seny et al. of the tropical upwelling in the lower stratosphere between
(2011B. It has to be noted that with this method no informa- 2000 and 2095 can also be identified in the time slice simu-
tion is given about the characteristics of the ozone transporti@tions with EMAC used in this study (not shown). This leads
for example, if ozone is transported vertically or horizontally. t0 & stronger net export of ozone in the tropical lower strato-
Furthermore, changes in the transport cannot be clearly atSPhere. With the help of the ozone origin diagnostic it is veri-
tributed to a change in the import or export of ozone. This gapfied that the larger net export is driven by an increased export
can be filled by applying a diagnostic tool, which allows the ©f locally produced ozone molecules and not by a reduction
identification of the region of chemical production for each ©f the 0zone import (not shown). As the main topic of this
ozone molecule in the model domain. This ozone origin di-Study is to analyse the role of ozone chemistry and not to de-
agnostic is explained in detail @rewe(2006 andGarny et  tect the causes for changes in ozone transport, we will not go
al. (20118 and has been implemented in the EMAC version into further details here.
used here. With the help of this tool the region in the tropical With increasing height the ozone change attributed to
lower stratosphere (tropopause — 30 hPa) can be charactefhanges in transport becomes smaller and at 30 hPa the rel-
ized as a region with a net ozone export in all seasons (i.edtive changes due to production and destruction changes

more ozone molecules are transported out of than into thigreé dominant. While in the 50 and 30 hPa layers the trop-
region). ical ozone decrease due to transport is amplified by a re-

duced production, at 70hPa a positive contribution to the

ozone changes is found from an increased production. Fur-
thermore, a small future ozone decrease due to modified de-
struction rates is found at 70 hPa. However, the more ozone
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4.2 Partitioning of ozone production and loss

0 R2095—R2000 o GHG2095—R2000
0.61 0.61 In Fig. 1 the patrtitioning of the annual mean total ozone pro-
041 041 duction and ozone loss for tifR2095simulation is compared
o | - o to the partitioning for theR2000reference simulation. The
Y N | oy ™E R relative contribution from @ photolysis to the total produc-
_0.4] _0.4] tion is slightly reduced in the future, and consequently the
-0.6 -0.6 importance of the ozone production due to methane oxida-
-0.81 30nPa | 081 30hPa tion is slightly increased. Regarding the ozone loss, the rel-
-1 -1 ative contribution of the single loss cycles clearly changes
g: gz from present to future conditions. A large reduction of the
0] 0.4 contribution from chlorine (from 23 to 9 % at 2 hPa) as well
0.2 02 as an increase in the contribution from [@roughout the
0 I |:| - u 0 I D - stratosphere are found. The contribution from N0 the
~0.21 -0.21 I total ozone loss rises from 62 9R200Q to 68 % R2095
—041 —041 at 7 hPa. The relative importance of thg €cle does not
081 061 change below 10hPa but is slightly increased in the upper
_O'?' 50hPa _O'?' 50hPa stratosphere.
0.8 0.8
0.6 0.61 4.3 Contributions to ozone production and loss changes
0.41 0.4
021 I 0.21 The annual mean ozone changes attributed to the different
_0‘2’: I D - _02: I D - chemical production and destruction reactions are shown in
i I o] Fig. 4a and b. A decrease in the ozone loss rate is equivalent
—061 064 to an increase in the local ozone abundance if the number
-0.81 -0.81 of ozone molecules that are available for destruction is con-
70hPa 70hPa . .
-1 -1 stant. Here, the relative change in ozone that results from a
- < g - < g modified ozone chemistry and that is independent of the local
r ¥ xow x c= X xx X xx x c-=

ozone abundance is shown.

Changes in the reaction rates which lead to the ozone
Fig. 3. The relative ozone change (B its con.tributions from changes in Fig4 can be caused by changes in the number
ILZ”:S&%&TEJL'O?:;%‘:J%?‘Z E%}E’)@ mge‘:g%‘;g%é?gogé?t) andyensity of the involved compounds and, in the case of gas
column) and betwee®HG2095and R2000(right column) in 70 phase reaCt.lons’ by Changgs in the temperature (seéf}ig.
(bottom), 50 (middle) and 30 hPa (top) in the tropics(85:25 N). as the reaction rate coef_ﬁqeriman bg temperature dgpen—
For more details see text. dent. The number 'delnsmes of species can be modified by

both increased emissions and a colder and therefore denser
stratosphereJonsson et 312004).
is produced (and the less destroyed) during the transit of the Before we discuss the results in detail, it should be pointed
air parcel through the lower stratosphere, the larger the fraceut that the ozone changes attributed to production and loss
tion that is transported out of this region within this air par- can differ between the offlineSfratO3Bud black) and the
cel. This means that the large relative ozone change that isnline (ProdLoss black with circles) calculation method. No
attributed to transport is partly influenced by changes in thedifference is found in the ozone changes due to production
ozone production and loss. throughout the tropical stratosphere (black line over black

In summary this analysis shows that the projected futurdine with circles). The ozone changes due to the online and
ozone decrease in the tropical lower stratosphere not onlyhe offline calculated loss, however, exhibit small but signif-
will be induced by changes in ozone transport, but also willicant differences in the lower stratosphere (70-50 hPa) with
be affected by a modified ozone production and destruction.larger changes for the online calculated loss. Nevertheless,

To understand which processes cause the change in they point in the same direction and a qualitative analysis of
mean monthly production and destruction, in the following the contributions from the single loss reactions to the total
the terms of ozone production and loss are further split intoozone change is reasonable.
their individual pathways with the help &tratO3Budand Above ~50 hPa, the ozone production will decrease be-
analysed in detail. tween 2000 and 2095 due to a reduced photolysis of oxygen.
At lower altitudes, however, an increased ozone production is
found for future conditions. At 70 hPa this can mainly be at-
tributed to an enhanced photolysis rate of molecular oxygen,
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Fig. 4. Vertical profiles of the relative ozone changes (in %) attributed to changes in ozone prodagtod ozone losgb) relative to the
respective sumy, black solid line) between thR2095and R2000simulations in the tropics (255-25 N). Colours are as in Fidl. In

addition to the total change&] the contributions from the different loss cycles and the three production pathways (coloured dashed lines)
are shown. The grey line shows the relative change in ozone volume mixing ratio (scale on the bottom) which is equivalenFts RO
comparison the total changes due to production and loss derivedradiossare also included (black solid line with circles).

whereas in the lowermost stratosphere the changes in the rabyy the dynamically induced reduction of the ozone column
of the reaction between HCand NO will dominate the in- above. In the middle stratosphere, however, the ozone de-
crease in the ozone production. The decrease in the ozonaease due to transport is amplified because of the bulk of the
production from photodissociation of oxygen in the middle ozone column in the upper stratosphere that leads to reduced
and upper stratosphere is connected to the large ozone irezone production (Figb).
crease above 10 hPa (see RIj. This mechanism is known The total ozone loss rate, L (i.e.-Ogs), is projected to
as the reversed “self-healing” effect of the ozone layer (e.gdecrease above-90 hPa throughout the stratosphere (not
Portmann and SolomoR007). Figure5 shows the change of shown). The corresponding ozone changes that are attributed
the partial ozone column existing above the particular presto chemical destruction (Figib) are positive in the middle
sure level for the tropics. Above 50 hPa the ozone column isstratosphere, but negative at and beloi0 hPa. This illus-
larger in the future scenario leading to a larger absorption otrates that the total loss rate, L, which is generally used for
solar SW radiation at higher atmospheric levels. As a conseanalyses, is not only influenced by chemical processes but
quence the fraction of SW radiation penetrating to lower alti- also by the ozone abundance itself. Furthermore, it is found,
tudes is reduced and hence the efficiency of photolytic ozonghat future ozone changes below 50 hPa are determined by
production is decreased. Due to the future decrease of ozore modified loss rate in the HCcycle, while in the middle
in the tropical lower stratosphere the difference in the partialstratosphere the ozone increase related to chemical destruc-
ozone column has a maximum around 20 hPa and decreaséisn is dominated by reduced loss rates in the ,d@d NG,
below, resulting in a smaller above laying ozone column incycles.
the lowermost stratosphere and also at the surface. This in In the next step we examine which processes are responsi-
turn explains the positive ozone changes due to photolysis atle for the changes in the different loss cycles. Changes in the
and below the 70 hPa layer. rate of catalytic loss cycles can be caused by changes in the
The grey line in Fig4 represents the relative 0zone change abundance of the involved species or by changes in the reac-
averaged for the tropics (analogous to RO Fig. 3). The  tion rate coefficient due to temperature changes. The reduc-
comparison of the relative change in the ozone productiortion in the loss due to CIQis primarily linked to the future
and in the ozone mixing ratio shows that between 50 anddecline of the stratospheric chlorine loading (Fég) which
20 hPa both the ozone production and the ozone abundands a consequence of the regulation of the ODSs emissions.
will decrease, whereas in the lowermost stratosphere (belowhe decrease in the loss rate of the NE&cle, however,
70 hPa) the production changes are opposite to the changés in contradiction to the future increase in theQNemis-
in ozone. This is consistent with the results in Bgnd can  sions since one might expect that an increasei@ Bintering
now be explained by an increased ozone production via phothe stratosphere will also lead to an increase in stratospheric
tolysis in the lowermost stratosphere that is partially causedNOy. As Fig. 6a shows, this is not projected by the model
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Fig. 6. Annual mean changes in the chemical families \N@),

HOx (b), ClOy (c), BrOx (d) in %, in the partitioning of @ in %
(e) and in the temperature in K) between thdR2095and R2000
simulations (solid) and between tEHG2095and R2000simula-
simulations for the lower stratosphere. In fact, below 30 hPations (dot-dashed) in the tropics 25-25 N).
the NG mixing ratios will decrease by up to 20 % between
the year 2000 and 2095. It is found that the ratio between
NOy (i.e. NGO + nitrogen reservoir species) and®l de-
creases in the tropical lower stratosphere (not shown), whictlNO+O3 and by a decrease in chlorine, which mitigates the
indicates a reduction in the release rate ofyN@m N,O. reaction NO+CIO.
This can be related to a strengthening of the Brewer—Dobson Changes in the rate of the catalytic loss cycle involv-
circulation as mentioned bRRevell et al.(2012. Besides a ing HOy radicals are partially linked to the changes in the
reduction of the transit time of air parcels due to increasedHOy abundance (Figb). In the lowermost stratosphere KO
tropical upwelling, the dynamically induced ozone decreases influenced by an increased input of tropospheric water
reduces the photolysis rate of ozone and hence the aburvapour due to a warmer tropopause region (&gttelman
dance of excited atomic oxygen in the lower stratosphere (noet al, 2010. The decrease in HObetween 50 and 10 hPa
shown). Thus the release of N@om N,O via the reaction is dominated by a large decrease in H@hereas OH will

N,O + O'D decreases. slightly increase. Since the reactiorp®+O'D is a main
Since in the lower stratosphere the relative contributionsource of OH in the tropical lower stratosphere (élgnisco
from the catalytic N cycle to the total loss is small (Fidj), et al, 2001), and the abundance of'D will decrease in the

changes in the loss rate have only a small effect on ozone ifuture, a reduced formation of OH relative to the®in-

this region. Between 30 and 10 hPa, however, a significantrease will occur. The conversion of OH into H@ccurs by

increase in ozone due to changes in the loss throughiBlO the reaction of OH with @ As ozone is reduced by transport

found in Fig.4b. At this altitude range no significant change and production changes and the cooling of the stratosphere

in the NG, abundance will occur (Figa). Itis found thatthe  slows the reaction rate of OH+Qdown, the formation of

NOy abundance increases by up to 10 % due to the decline itHO; decreases. All in all this results in a slight increase in

the chlorine abundance and hence a reduced formation of th®H and a decrease in H@nd also in HQ. A similar trend

reservoir species chlorine nitrate (not shown). This increasgattern is also shown i@man et al(2010. Regarding the

is compensated by the increased tropical upwelling which rechange in ozone above 50 hPa an increase in ozone is at-

duces the release rate of §iBee above). tributed to HQ. Besides the decrease in BQhe increase
Nevertheless, a significant change in ozone is attributedn OH is offset by the reduced reaction rate of OHtdie to

to changes in the loss rate of the N©ycle. In agreement stratospheric cooling.

with the explanation byrevell et al.(2012), the decreased The reduction of the loss due to thg ©ycle between 50

efficiency of the NQ cycle is mainly caused by a smaller an 10hPa is caused by stratospheric cooling and the con-

O/Os ratio (Fig. 6e) as the temperature decreases. In addi-comitant decrease of the ratio between atomic oxygen and

tion, the conversion of NO into N& which is the relevant ozone as well as the decrease of the temperature dependent

compound in the rate determining step (TaB)gis reduced  reaction coefficient of the reactions®0°P (e.g.Jonsson et

by the temperature induced slowing down of the reactional., 2004. Below 70 hPa a slightly increased ozone loss due
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Fig. 7. Same as Figd but for the changes between 6&1G2095andR2000simulation.

to O is found that is related to the temperature increase ofsphere the relative ozone changes gR@re nearly equal

the tropical tropopause region (Fif). to those derived when including a decline in ODSs. These
Furthermore, a coupling between the different cycles canchanges are therefore driven by the impact of increasing
cause changes in the loss rates. An increase in Wil in- GHGs only. However, the attribution of the relative ozone

crease the amount of Cl sequestered as HCI, while the inehange to changes in transport, production, and destruction
crease in HO and thus OH will increase the amount of ni- is clearly different, and hence also the specific role of the
trogen present as HNOThis coupling leads to a mitigation individual processes.

of the CIQ, and NG, cycles in addition to the decline inthe  The relative ozone decrease due to transport is larger for
abundance of reactive chlorine and nitrogen molecules. the GHG2095simulation at all three levels shown in Figj.

In summary, in the tropical region between the tropopauserhe increase due to production is larger at 70 hPa and has
and approximately 20 hPa, where a ozone decrease is pr@ven an opposite sign at 50 hPa compared tdr2@95sim-
jected between 2000 and the end of the 21st century, a chemation. At the same time the relative ozone increase due
ical contribution to the ozone trend is found in addition to to changes in the loss rates is smaller above 70 hPa. These
the prominent role of ozone transport. An enhanced, @ findings are connected in the following way: the tropical
cle slightly amplifies the negative ozone trend at the lowerupwelling does not significantly differ in thR2095and
edge of this region while in the middle and upper part of this GHG2095 simulations (not shown). The larger ozone de-
region the negative trend is reduced by less efficien NO crease due to transport is in fact the result of the increased
and CIQ, cycles. Concurrently, the ozone change in this re-ozone production via photolysis at 50 and 70 hPa and of the
gion is influenced by changes in the ozone production. Insmaller ozone decrease in 30 hPa (see Figeft). The en-
the lowermost tropical stratosphere an increase in ozone dukanced ozone production due to photodissociation is the con-
to production counteracts the negative ozone change due teequence of the smaller ozone increase in the upper strato-
transport. The chemically induced ozone increase in the upsphere related to a larger halogen loading in @¢G2095
per stratosphere, however, leads to a reduced ozone produsimulation compared tR2095(see Figs6c and7b). There-
tion in the middle stratosphere and thus to an enhancemeriore the ozone column above is smaller than in RR095

of the negative ozone change abevg0 hPa. simulation (Fig.5), the difference to thdR2000reference
_ _ simulation is clearly reduced and more SW radiation can
4.4 Impact of increasing GHGs penetrate into the lower stratosphere.

The ozone changes attributed to modified destruction rates
The detected changes in the chemical reaction rates are ge smaller in th&sHG2095simulation, but not negligible.
combined effect of the increase in GHGs and the reductionrjgyre7h shows that the largest contribution to the ozone in-
of chlorine and bromine containing compounds in the strato-crease is from the NQcycle. Even though the future changes
sphere. With the help of the sensitivity simulatiGhiG2095  jn NO, differ in the GHG2095versusR2095simulations in
which is integrated with future GHG and SST boundary con-the middle stratosphere (Fifa) due to an increased forma-
ditions, but present ODS levels, it is possible to isolate thetjon of chiorine nitrate in the&HG2095simulation, the in-

impact of GHGs on the tropical ozone change. The right col-quced ozone change due to Ni® of comparable magnitude.
umn of Fig. 3 illustrates that in the tropical lower strato-
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This shows that the limitation by the available atomic oxygendepends therefore also on the evolution of ozone in the up-

is the more relevant mechanism in reducing the effectivenesper stratosphere. If the ozone abundance further increases in

of the NG cycle. the upper stratosphere, because of the growing emissions of
Also without changing the emissions of the chlorine GHGs and the concomitant stratospheric cooling, the ozone

source gases, a slightly reduced loss due to thg, Ci@le production in the lower stratosphere will decrease. Addition-

contributes to the total change in the loss rate (up to 3%)ally, the ozone increase due to decreased destruction will

This has different reasons: on the one hand the coupling begrow less in the future, because the change that is attributed

tween the N@ and CIQ, cycles leads to a reduced efficiency to the halogen decline will cease. This together can lead to

of the CIQ, cycle when NQ is increased (above 10 hPa, see a reduced net production and the effect of an enhanced trop-

Fig. 6a). On the other hand, the fractional chlorine releaseical upwelling on ozone transport is reduced. A comparison

from the organic source gases is reduced due to an increased a hypothetical scenario without reducing the halogen emis-

upwelling by reducing the time available for photolysis (e.g. sions showed that the role of ozone transport in determining

Waugh et al.2007). the negative ozone trend in the tropical lower stratosphere
All in all future changes in the chemical production and is more important, when the net ozone production increases

loss rates are found to contribute to the ozone change in theather than decreases.

tropical lower stratosphere. Due to a dynamically induced re-

duction of the overhead ozone column, the ozone production

via O, photolysis will increase at 70 hPa and below. Concur- Supplementary material related to this article is

rently this leads to a larger transport induced ozone changaVvailable online athttp://www.atmos-chem-phys.net/14/

in this region. If the ODSs are fixed at the conditions for the 2959/2014/acp-14-2959-2014-supplement.zip

year 2000 and only the changes in the GHG concentrations

are considered, a similar ozone change is found in the trop-
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