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Abstract. Chemistry-climate models (CCMs) are commonly 1 Introduction
used to simulate the past and future development of Earth’s
ozone layer. The fully coupled chemistry schemes calculateThe atmospheric ozone layer has been depleted by an-
the chemical production and destruction of ozone interacthropogenic emissions of CFCs, halons, and other halogen
tively and ozone is transported by the simulated atmosphericontaining compounds over the last decades. The Mon-
flow. Due to the complexity of the processes acting on ozondreal Protocol and its amendments and adjustments has led
it is not straightforward to disentangle the influence of in- to significant reductions in emissions of ozone depleting
dividual processes on the temporal development of ozonsubstances (ODSs) and halogen levels are now decreasing
concentrations. A method is introduced here that quantifie$WMO, 2010. Chemistry-climate models (CCMs) project
the influence of chemistry and transport on ozone concena return of ozone to 1980 levels in the 21st centusystin
tration changes and that is easily implemented in CCMs ancet al, 2010. In addition to ODSs, well-mixed greenhouse
chemistry-transport models (CTMs). In this method, ozonegas (GHG) concentrations will also impact the ozone layer,
tendencies (i.e. the time rate of change of ozone) are parand affect the timing of the return of ozone to 1980 val-
titioned into a contribution from ozone production and de- ues Eyring et al, 2010. It is known that enhanced GHG
struction (chemistry) and a contribution from transport of concentrations cool the stratosphef¢MO, 2007). This in-
ozone (dynamics). The influence of transport on ozone influences chemical reactions as most ozone destruction re-
a specific region is further divided into export of ozone out action rates are temperature dependent @agtmann and
of that region and import of ozone from elsewhere into thatSolomon 2007. Furthermore, changes in dynamics might
region. For this purpose, a diagnostic is used that disagalter transport and hence influence the distribution of ozone.
gregates the ozone mixing ratio field into 9 separate fielddn the upper stratosphere, where ozone is largely chemically
according to in which of 9 predefined regions of the atmo-controlled, the chemical effects are expected to dominate
sphere the ozone originated. With this diagnostic the ozon@zone changes while in the lower stratosphere where the life-
mass fluxes between these regions are obtained. Furthetime of ozone is long, transport changes are expected to also
more, this method is used here to attribute long-term changeplay a role. The major challenge in determining the impor-
in ozone to chemistry and transport. The relative change irfance of chemical versus transport effects on ozone is to un-
ozone from one period to another that is due to changes iiangle their relative influence. Many studies have analysed
production or destruction rates, or due to changes in imporfuture ozone projections and inferred the role of different
or export of ozone, are quantified. As such, the diagnosticglrivers of ozone changes from, for example, the compari-
introduced here can be used to attribute changes in ozongon of simulations with and without changes in well-mixed
on monthly, interannual and long-term time-scales to the re-GHGs Eyring et al, 2010 or from results of linear regres-
sponsible mechanisms. Results from a CCM simulation aresion modelling Oman et al.2010. In this study, a method
shown here as examples, with the main focus of the papeis introduced that quantifies ozone transport and allows the
being on introducing the method. effect of transport changes on ozone to be quantified explic-
itly.

This method consists of three different diagnostics that

Correspondence td:. Garny build on each other. The first is the ozone origin di-
BY (hella.garny@dir.de) agnostic developed bysrewe (2006. This diagnostic,
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and modifications made for this study comparedsiewe 2 Ozone origin diagnostic
(2006, together with selected results are shown in S&dh

Grewe(2006, the ozone origin diagnostic was used to study2. 1  Method

the composition of a climatological mean ozone distribution

_(|n a Steady stat_e S'mglat'on)' while here it is incorporatedrpe o70ne origin diagnostic allows partitioning of ozone at
into a transient simulation. any point in the atmosphere into the amount of ozone that

In the second diagnostic (Se8), changes in ozone from  iqinates from each of a certain number of predefined re-
one timestep to the next are reconstructed using the ozon&

i et _gions dividing the whole atmosphere. A full description of
budget equation, thereby attributing these changes to the di is method is given itGrewe(200§. Technically, in addi-

feren_t source and sink terms of the ozone budget. The_tenﬂon to the standard ozone field, a supplementary ozone field
dencies are decomposed into contributions from chemlstr)for each of the predefined regions is introduced. Here, the
and transport. The chemistry contribution is further divided g4 osphere is divided into nine regions, resulting in nine ad-
into production and destruction of 0zone, which can then alsyjtiona| ozone fields. Each of these nine global 0zone fields
be divided further to study the relative importance of differ- . <ists of ozone that is produced in one of the nine prede-
ent chemical reaction cycles. The novel aspect of the method | .4 regions only, i.e. thith ozone field is global in extent

developed here is the separation of the transport tendencigs; contains only 0zone molecules that were created in re-

into expor_t of ozone and import of ozone out of and .|nto d|f_— gioni. On the other hand, at each point in the atmosphere,
ferentregions of the atmosphere. This is made possible by ing,q |oca) destruction rate is applied to all nine ozone fields.

corporating the ozone origin diagnostic and decomposing thﬁ'hus, the 0zone molecules produced in regiare advected
ozone tendencies of the additional ozone fields obtained throughout the atmosphere making ozone figldind are

this diagnostic_._The origin diagnosti(_:, in _combination with eventually destroyed at some point in the atmosphere. The
the decomposition of ozone tendencies, is used to calculatghange in 0zone mixing ratio for ozone figldver one time

the ozone budgets and ozone mass fluxes between differeg[ep (i.e. the tendency in ozon%)@\tamodel gridpoint (with

regions. This decomposition can be used to study and Unp iy deg, latitudeg, altitudez) that is situated in regio
derstand the local and non-local contributions to the annua[:an be expressed as:

cycle and interannual variability in ozone.
The third and final diagnostic allows the attribution of dif- o

ferences in ozone between two climate states (e.g. betweeg_3 = Ps;j — Dog_|_ T; (1)

two different periods) to changes in the sink and source 97

terms, as shown in Sect. In particular, the relative dif- ‘

ference in the mean ozone mixing ratios in a region can bdlere G is the mixing ratio of the ozone fieldat gridpoint

divided into those caused by changes in production rates(?, ¢, z). P is the total ozone production at this gridpoint

destruction rates and transport to or from different regions.Per unit time, i.e. in units of ozone mixing ratio per time

This is obtained by using the decomposition of ozone ten-(€.g. ppbvs?). D is the fraction of the ozone destroyed per

dencies as performed in the second part of the diagnosticinit time at that gridpoint (in units of 13). 7; is the net

and expressing the differences in ozone between two period@mount of ozone from ozone fieldransported to or from the

in terms of changes in the sink and source terms. respective point in the atmosphere per unit time, i.e. as well

A simulation with the chemistry climate model E39C-A in units of ozone change per time (e.g. ppb¥)s The delta

(Stenke et a.2009 is used to demonstrate the method. The Operators;; equals 1 ifj =i and is zero otherwise, i.e. the

simulation is identical to the SCN-B2d simulation described 0zone production is only added to ozone fieldiyridpoint

in Garny et al.(2009, and a brief description of the model (€, ¢, z) lies within region:.

and the simulation is given in Appendi. The demonstra- It can be shown that the sum of all nine ozone fields is

tion of the method is largely independent of the details of theequivalent to the full ozone field at all times if this is true for

model. The method described in this paper can be applied tthe initial condition in a mathematically exact way. For all

any model which supplies the amounts of chemical produc-other initial conditions, the sum of the ozone fields also con-

tion and destruction of ozone, i.e. CCMs as well as CTMs,verges exponentially to the full ozone field, i.e. the method

after incorporating the ozone origin diagnostic. A special-is convergent. The time of convergence and thus the spin-

ity of the model used here is the fully Lagrangian advectionup time depends on the chemical lifetime and the transport

scheme ATTILA that provides a large set of trajectories thattimescale, and an appropriate initialization is recommended

are used to calculate air mass fluxes. This adds the possibito guarantee fast spin-up (see AppenBix In practice, the

ity to compare ozone mass fluxes to air mass fluxes, but theum of the tracer fields might, however, differ from the full

trajectory data are not necessary for the calculation of ozon@zone field due to numerical diffusion that acts differently on

mass fluxes and the ozone attribution method. the tracer fields as they have different gradients. Therefore,
the mass of the sum of the nine partitioned ozone fields is
scaled to the mass of the full ozone field after each time step.
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Fig. 1. Schematic illustrating the ozone origin diagnostic. Two

source regions are shown (red and purple boxes), in which ozon%eld At any point in the atmosphere, the method allows
molecules of the respective colour are produced. The molecules ~ ’

can be transported out of their source region (along some trajector;?zo_ne to bE_} partitioned '”t9 molecules originating from thg
illustrated by the black line), and are destroyed eventually. Choosd€fined regions, as shown in the example of the black box in
ing any subregion of the atmosphere (for example the black box),F'g- 1
the contribution of ozone from different source regions to the full  The partitioning of the atmosphere into the nine regions
ozone field can be determined. For example, in the black box GO%)f ozone Origin is shown in F|¢ The regions are cho-
of the ozone molecules_ originate from the southern mid-latitude boXgepy 5o that three boxes represent the troposphere (northern
and 40% from the tropical stratosphere box. and southern extratropics and tropics) and the six remaining
regions represent different parts of the stratosphere. In con-
Hence it is always given that trast _threyve (2009, the ex_tratropical stratospherg is nc_;t
subdivided into lower and middle stratosphere but into mid-
9. latitudes and high latitude&rewe(2006 showed that ozone
O3(0.¢,z,1) = 2013(9,¢,Z,t) 2) produced in the extratropical lower stratosphere is not a ma-
i=1 jor contributor to the total amount of ozone anywhere in the
In Grewe (2006 it was shown that the numerical accu- atmosphere. The objective of the subdivision implemented
mulated error in ozone is less than 2% almost everywherd1€re is to examine the role of ozone production at high lat-
in the atmosphere; only small regions around the tropicalitudes in summer and to study transport of ozone between
tropopause region and at high latitudes showed errors ofigh, middle and low latitudes. In general, the subdivision
more than 5%. Since in the model version used in the currenf the atmosphere into any number of regions can be chosen
study the semi-Lagrangian advection scheme of the model i@rbitrarily and customized to the subject of interest.
Grewe (2006 was replaced by the fully Lagrangian scheme The latitudinal boundaries are chosen to resemble barriers
ATTILA, the errors due to numerical diffusion are expected to transport, i.e. the tropical and polar barrier, and to subdi-
to be even smalleiStenke et a).2008. vide the atmosphere according to regions of ozone produc-
The ozone origin diagnostic is illustrated schematically in tion and destruction. Figurg (top) shows the climatologi-
Fig. 1. Ozone from two different source regions is shown. cal mean net ozone production in the solstice seasons in the
In each source region, ozone molecules of the respectiv@000s. The boundary between the regions representing the
“colour” are produced, i.e. “red” molecules in the mid- tropics and mid-latitudes is chosen so that in the winter hemi-
latitude source region and “purple” molecules in the tropi- sphere the boundary divides the tropical region of net pro-
cal source region. The created ozone molecules are transhuction from the region of net destruction in the winter ex-
ported within and out of their source region, and will be tratropics. The lower panels of Fig§show the mean residual
destroyed eventually at some point in the atmosphere. Theirculation and the location of the polar vortex. The bound-
ozone molecules originating from a particular source regionary between the regions representing middle and high lati-
(i.e. of a particular “colour”) therefore make a global ozone tudes resembles approximately the separation of air masses

www.geosci-model-dev.net/4/271/2011/ Geosci. Model Dev., 4,236-2011



274 H. Garny et al.: Attribution of ozone changes

DJF JIA

10 T T T T Il 10 T T T T T T Il
Hos 0.6

/\

L. %
1

—

\
o
)

\
o
)

™
™

pressure [hPa]
=
o
pressure [hPa]
=
o

?‘{/ﬁ\x | [
3 | T s 0P e

[
1
o
N

e
=
[ [

03 net Production [109kg]
03 net Production [109I<g]

1
o
o
1
o
o

\’/\ :
103\\@@ . . = 10°L— n . % 1

-80 -60 -40 -20 O 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
latitude latitude

10 : 10 10 10
6 @ 6 @
T 2w 2
% 2 ) % \ 2 ks
= — =" -
2 30 r S @ 30 n
2 2 G 3 2 ©
& 50 2 & 50 2
EE i\\ 6 6 @

100 -10 100 -10

-80 -60 -40 -20 20 40 60 80 -80 40 60 80

0 20 0 20
latitude [°] latitude [°]
Fig. 3. Top: climatology (2000—2009) of the net ozone production in kg per gridbox and over the three-month period DJF (left) and JJA
(right). The grey solid line is the mean position of the dynamical tropopause. Bottom: climatology of the mass-weighted streamfunction of
the residual circulation in the stratosphere. The grey dashed line is the location of the winter hemisphere jet (latitude of maximal zonal wind
speed). The vertical and horizontal bars denote the inter-annual variability. as 1

inside and outside the polar vortex, which acts as a barriebut air masses are not separated according to their dynam-
to transport. The location of the jet (and the transport bar-ical origin (i.e. air masses within the polar vortex). There-
rier) varies and, especially in the Northern Hemisphere, thefore, for example, it is not possible to make conclusions re-
vortex is not zonally symmetric. The location of the wind garding transport across the polar barrier if ozone molecules
maxima in the seasonal mean, as shown in Bidgs, how-  originating from a polar box are detected in mid-latitudes —
ever, relatively stable from year to year (as indicated by thethey might have been equatorward of the polar barrier while
horizontal bars that represent one standard deviation) anth the polar box. The same is true for cross-tropopause
close to the defined boundaries between middle and high lattransport: as the boundary between the “tropospheric” and
itudes. The model levels that separate the three tropospheristratospheric” boxes is not coincident with the tropopause,
regions from the stratospheric regions are chosen to roughlgir masses that are transported across this boundary are not
represent the tropopause. The structure of the dynamicabecessarily crossing the tropopause. Therefore, by using
tropopause (specified as 3.5PVU, s&ewe and Damerjs fixed boundaries, the question can be addressed regarding
1996 varies for different seasons (see RBYy.but the interan-  how much ozone originating from different geographical re-
nual variability in the location of the tropopause is relatively gions contributes to the ozone amount at a certain point.
small (as indicated by theslvertical bars). The location of However, it cannot be concluded explicitly whether ozone
the tropopause, the wind jets and the zero-line of net ozonerossed dynamical boundaries. To separate air masses ac-
production is almost unchanged in the future (2040-2049)cording to their dynamical region of origin it would be nec-
compared to the 2000s (not shown). Therefore, it can be asessary to use flexible boundaries such as the tropopause or
sumed that air masses with similar properties are describethixing barriers defined by e.g. PV gradients. However, this
by the fixed boxes both in the present and future. makes the interpretation more difficult since changes in the
o0zone mass within a region might either be due to changes in

Fixed regional boundaries following model levels and lat- : . )
Lo b : . the ozone sources and sinks or due to changes in the size of
itudinal grids are used here. This allows an analysis ofthe region

the properties of ozone from a certain geographical region,

Geosci. Model Dev., 4, 27286, 2011 www.geosci-model-dev.net/4/271/2011/
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2.2 Results: ozone origin « 107

As an illustrative example, an analysis of ozone for the north- /x/f—x\\__m
ern mid-latitudes using the ozone origin diagnostic is shown
in Fig. 4. The mean ozone mixing ratio averaged over the |
northern mid-latitudinal source region, i.e. the yellow region
in Fig. 2, has an annual cycle (black line) with highest val-
ues in northern spring and lowest values in northern autumn.
The partitioning of ozone into its regions of origin shows
that the annual cycles in ozone from different origins have
much larger amplitudes, but partially cancel. The yellow line
shows the annual cycle in ozone that originates locally, i.e.
if the northern mid-latitude stratosphere would not import
ozone from any other region of the atmosphere, this is how
the annual cycle in ozone would appear. The locally pro- =
duced ozone has highest mixing ratios in summer and lowest =
in winter, as expected. Ozone of tropical origin (purple line), i
on the other hand, clearly shows a wintertime maximum, be-
ing in phase with the maximum in the northern mid-latitude Fig- 4. Climatology (2000-2009) of the annual cycle in ozone
stratospheric ozone. Even though locally produced 0zondnixing ratios a\./era.gedlover the northern‘miq-latitude stratosphere
makes the largest contribution (67% in the annual mean), théhe yellow region in Fig2). The black line is the mean ozone
annual cycle is determined primarily by ozone of tropical ori- mixing ratio and the colours are the m.e"’_m m'x'“Q ratios of the .nme
. . . o ozone origin tracers (colours follow Fig; yellow: local, purple:
gin (which onl){ contributes 22% I.n Fhe annugl mgan). Ozonetropical middle stratosphere, pink: tropical lower stratosphere). The
frqm other reQ'O”S makes a ”e,g"g't?'e contribution to 0ZON€yertical bars denote theslvariability over the analysed decade.
mixing ratios in the northern mid-latitudes. The fact that the
annual cycle in mid-latitude ozone is induced by transport

of tropical ozone into mid-latitudes is commonly known. It

is, however, somewhat surprising that tropical ozone maked&\orthern Hemisphere (see Fi9), tropical ozone contributes
still only a relatively small contribution to the total amount More there. In the annual mean, the contribution of tropical
of ozone compared to what is produced locally. This resultoZone to mid-latitude ozone is, however, only about 10-20%,
agrees with the findings @rewe(2008. but shows a distinct annual cycle (as shown for tropical ozone
The relative contribution of each of the nine ozone fields toiN the northern mid-latitudes above). Another interesting fea-
the net 0zone mixing ratio at each point (i.e. the contributiontU® iS the spread of ozone originating in the tropical lower
of each “colour” of ozone, following the example of Fij. str:?\tosphere .to higher latitudes in the Iowgr stratosphere,
is shown as a latitude-height map in Fig. Each panel il- whlc_:h ap_proxmately follovx_/s the structure of isentropic lev-
lustrates the contribution of the ozone field from one source®!S in this region. Mid-latitude ozone also shows tongues
region, so that the sum of the nine plots equals to 1 every-Of ~10% cor_1tr|k_3ut|(_)n reaching into lower Iatlt_udes. These
where. It can be seen that in the middle stratosphere, localljeatures are indicative of frequent wave breaking events that
produced ozone dominates over transported ozone (as cof?iX tropical and extratropical air (e.gkandel et a|. 1993,
tributions are high within the source regions), which can beleadlng to transport of ozone between low latitudes and ex-
expected from strong ozone production and short life-times [ratropics.
In the tropical middle stratosphere, the contribution of lo- These results, as well as the result&oéwe(2006, anal-
cal ozone is highest, while in the polar regions only aboutyse exclusively the climatological mean origin of ozone. To
30% of the ozone at the upper levels is of local origin. In study the long-term changes in the origin of ozone, differ-
the polar lower stratosphere even less ozone is of local orient decades from the transient simulation used here are com-
gin, and mostly originates from the mid-latitudes. Ozone pared in Fig.6, showing the difference in mean ozone mix-
originating in the tropical stratosphere is transported pole-ing ratios in the northern mid-latitudes between the present
ward and downward, apparent by the regions of enhance@000s) and the future (2040s). Ozone mixing ratios increase
contribution in the extratropics. This transport is due to thethrough all seasons, and the annual cycle becomes more pro-
residual circulation, which transports air from the tropics into nounced. Examination of the individual ozone fields, con-
the extratropics of the winter hemisphere (see Bidnot- sisting of ozone of different origin, shows that during winter,
tom). In the summer hemisphere, the circulation is morethis increase is largely due to enhanced ozone amounts orig-
confined in its vertical extent and implies weak transportinating in the tropics. This suggests that enhanced transport
of air from the mid-latitudes to high latitudes in the lower of ozone from the tropics to mid-latitudes is the cause of in-
stratosphere. As the meridional circulation is stronger in thecreasing ozone mixing ratios in the mid-latitudes. However,

o) = = > c = [@)] o N > (&)
o & 2 & 5 3 3 0o R & o
L = < s » < n © =z A
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Fig. 5. Climatology (2000-2009) of the contribution of ozone originating from the regions indicated by the boxes to the full ozone field
(O4/0g) for each of the nine source regions.

care has to be taken in the interpretation of these results: the
. enhanced mixing ratios of ozone of tropical origin in the mid-
x 10 latitudes could also result from a decrease in the mid-latitude
destruction rates. The same problem arises for the enhance-
ment of locally produced ozone: the increase could result
from more ozone production, decreased destruction rates, or
more export of mid-latitude ozone. This highlights the need
to define a method which separates the effects of dynam-
ics (transport) and chemistry (production and destruction) to
assign long-term changes in ozone to these processes. In
the next section, a method which allows the attribution of
changes to transport and chemistry separately is presented.

A O3 [vmr]

3 Transport of 0zone masses

3.1 Method

Aug r
Sep
Oct 1
Nov r
Dec

The amount of ozone within some volume in the atmosphere
Fig. 6. As in Fig. 4, but difference 2040s minus 2000s. Colours changes due to chemical production and destruction and due
follow Fig. 2: yellow: local, purple: tropical middle stratosphere, to transport of ozone into or out of that region. The time
pink: tropical lower stratosphere. Here, the vertical bars denote théntegrated ozone budget (Ef). can be used to estimate the
1o uncertainty in the differences. transport tendency of ozone over a certain time intedval
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[7;]=dOj— ([P18; — [ POL]) 3) i

The operatof-] indicates the integrated quantity over the
time stepdz. [T;] is the amount of ozone originating in region |
i that is transported to (or from) a given point in the atmo- = do,
sphere duringlt. To obtain[T;], it is necessary that the pro- & )
duction and destruction rates of ozone are known separately o’ Y 14 404 ! \\/V
i.e. these fields need to be available as model output. Here | W\/
the production and destruction rates are available as mean , do,
over one time interval. The time interval over which the
transport is calculated is chosen here as one month. The
ozone tendencxlOfl3 is then the accumulated change ig O ‘ ‘ ‘
over the course of a month, which is equal to the difference month1 month2 month3
in O between the first and last timestep of the month. This__ o ) )
is illustrated in Fig.7, where the ozone tendency is marked Fig9- 7. Schematic illustrating monthly ozone tendencies. An ar-
by the blue vertical arrows. The sum of the production angbitrary ozone tlme series (with arbitrary units) is shown for threg
destruction, respectively, over each time step in a month ign°nths. The difference between the ozone value at the beginning
the total 0zone production and destruction tendency. Th and the end of the mo_nths (blue horizontal lines) is the same as the

: . ccumulated change in ozone over the course of each month (blue
monthly tendencies are used to obtain a monthly transpor‘tjlrrows).
tendency using EqJ3jf. In principle, the transport estimate
does not depend on the chosen integration time interval.

The availability of the production and destruction tenden-in production, destruction and transport. Fig@ehows
cies allows an estimate of the total transport tend¢@igyor  a climatology of the monthly tendencies of the nine ozone
each gridpoint of the atmosphere. This is the net transportfields averaged over the northern mid-latitude region. As
i.e. the sum of ozone transported away from this region andhe ozone tendencies are the changes within one month, they
ozone imported from other regions. Incorporating the ozoneare equivalent to the time derivative of the annual cycle in
origin diagnostic allows the export of ozone from a region ozone shown in Figd. While local ozone accumulates from
and the import of ozone originating in the 8 other regions February to August, it decreases through the other half of the
to be distinguished. It is therefore possible to determine theyear. Ozone of tropical origin (the contributor to northern
ozone fluxes between all regions. mid-latitude ozone second in importance) shows a reversed

The production and destruction terms are dominant inannual cycle with negative tendencies in the first half of the
Eq. @), and the transport tendengy;] is a small residual year and positive tendencies in the second half of the year.
and therefore subject to numerical uncertainties. A numericalThe lower panel in Fig8 shows the decomposition of the
discrepancy arises from the fact that in the chemistry schemeendencies into the contributions by production (which is dif-
of the model, the saved diagnostics of production and deferent from zero only for locally produced ozone), destruc-
struction are calculated directly from the reaction rates andion and transport. Note that the scale of these tendencies is
concentrations of the rate limiting reactions, while the ozoneone order of magnitude larger than the net tendencies, i.e. the
budget differential equation is solved using a semi-implicit net change in ozone is a small residual between production,
numerical integration scheme (here: Eulerian backward fordestruction and transport. The terms are shown as defined in
mulation). This leads to a discrepancy between the savegq. @3), i.e. production and destruction are both positive, and
production and destruction terms and the ozone tendenciegositive transport tendencies indicate import while negative
To account for this, the production and destruction valuestransport tendencies denote export of ozone.
are subsequently adjusted so that the global ozone budget is Local ozone in the mid-latitudes is produced largely in
closed, with the constraint that the adjusted production ancsummer, when the solar irradiance is strongest. The destruc-
destruction terms should be as close as possible to the intion of local ozone shows a similar annual cycle as the pro-
tial values. As this adjustment is applied only to the output, duction term, but with a slight lag. The net production is
no accumulation of errors occurs. For the full global ozone~20% of the total production, i.e. production is largely off-
field, the adjustments are1%. The estimated mass fluxes set by destruction as expected from the relatively short life-
[T;] are affected by the adjustment mostly by less than 10%. time of ozone in this region. The transport tendency of local
ozone is negative throughout the year, as expected, as local
ozone can only be exported and not imported. The transport

The results for the northern mid-latitudes are shown heretendenCIes show a relatively small annual cycle.

as an example of the decomposition of ozone tendencies

Y

3.2 Results: local ozone budget and mass fluxes
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-7 positive until February. The annual cycle in local mid-
x 10 . . :
6 ——————————— latitude ozone is dominated by the seasonal dependence of
al ozone production. The sum of locally originating ozone and
ozone originating in the tropics determines the annual cycle
— 20 1 of ozone in the mid-latitudes: the maximum in mid-latitude
3 ozone in March to April results from a combination of ele-
[ 0 — — . .
—™ vated amounts of tropical ozone (that is destroyed and thus
8 _of decreases strongly afterwards) and increasing production of
local ozone (which was low earlier in the year).
—4t 1 This application of the ozone attribution method allows
S an improved understanding of the spring-time maximum in
6 _ ozone due to transport accumulation over the winter as fol-
§ © 8 3 5 3 3% & 8 3 3 lows: itself peaks in J dth lati
S P83~ 2 30 28 ows: transport itself peaks in January, and the accumulation
" of ozone of tropical origin peaks in February. The maximum
g0 in ozone is, however, found in March to April due to the addi-
tional effect of local ozone production. If only the transport
4t 1 effect would determine the spring-time maximum it would
al take place about 1-2 months earlier. This detailed analysis
B of the causes of the annual cycle in ozone is possible also for
! ] the other regions.
zell The monthly transport tendencies for all regions are illus-
° 1 —\AQ _’_ trated in Fig 9 (left) as annual mean mass fluxes between the
0 2= Slindail different regions of the atmosphere for the 2000-2009 cli-
matology. Fluxes are shown only between selected regions;
-1 — a complete list of fluxes between all regions is given in Ta-
S 2 3 <EtL 2 S 3 9 % g 2 8 ble 1. Together with Fhe ozone flu>_<es, the annual mean ozone
I = = 7 < 0 Z 0 budget for each region is shown in Figj. The net transport

tendencyl" does not necessarily equal the sum of the arrows
Fig. 8. Climatology (2000-2009) of the annual cycle in the net pointing to and from a region, as not all fluxes are shown for
monthly tendencieg O in ozone (top) and in the lower panel the clarity.
tendencies due to transpef} ) (solid line), productior(P) (dashed To compare the transport of ozone to transport of air
line) and destructionDOj) (dash-dotted line) in the northem mid-  masses, the trajectories from the Lagrangian advection
latitudes. Yellow lines are local mid-latitude ozone, purple lines scheme ATTILA are used to calculate air mass fluxes that are
tropical ozone. shown in the right hand panel of Fi. The trajectories are

calculated online and used for the transport of all trace gases,

and are saved 12-hourly so that a database of about 500 000

Ozone originating in the tropical middle stratosphere trajectories is available at each time step. To calculate the
makes an important contribution to northern mid-latitude mass fluxes, the atmosphere is then divided into the same re-
ozone (see purple line in Fig). The transport tendency is gions as in the ozone origin diagnostic. The trajectories that
close to zero in summer, increases through autumn and intgre |ocated in the region of interest at the end of the month
winter, and then decreases in spring. This behaviour is as eXgre followed backward over the course of the month. As each
pected since the transport by the BDC is strongest in northtrajectory represents an equal mass of air, simple counting of
ern winter (see Fig3). The destruction of ozone of tropical trajectories originating from the nine regions gives the total
origin in the mid-latitudes follows the transport tendencies, mass flux of air within one month. Due to mass conservation,
but lags by about 1-2 months. Therefore, the net tendencyhe sum of the imported and exported mass in each region is
(sum of transport and destruction) is positive until February,zero. This is robustly fulfilled in the model, the sum of export
when the amount of ozone transportEd into the mid'latitude%nd import is less than 1% of the total export in all regions ex-
exceeds the destruction. After February, more ozone of tropcept the tropical lower stratosphere, where the error is 2.6%.
ical origin is destroyed in the mid-latitudes than resupplied, The cancellation of import and export for air mass fluxes is
and the mixing ratio of that ozone decreases. contrary to ozone fluxes, since ozone has chemical sinks and
The incorporation of this diagnostic allows an explanationsources. The air mass fluxes are approximately 6 orders of

of the annual cycle in ozone in the mid-latitudes. Ozonemagnitude larger than the ozone mass fluxes, which is rea-
of tropical origin peaks in February (see F#, but thisis  sonable considering that ozone mixing ratios are on the order
not because transport is strongest in this month but ratheof parts per million (16 kg kg™1).
because the balance between transport and destruction is
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Fig. 9. Climatology (2000-2009) of annual mean ozone mass fluxe¥ kyr—1) (left) and air mass fluxes (6kgyr=1) (right). In
the upper figure, the annual mean ozone budget of each region is shown, i.e. the total dest®)¢ctppoduction ) and net transport

(T). In the troposphere, also the deposition (Dep) is listed separately. Values are rounded, i.e. mass fluxes shown as “0” are smaller than
0.5 x 1019/0.5 x 1018 kg yr—1, respectively.

Table 1. Annual ozone mass transport inlﬂkg yr~1 from each predefined region to each of the eight other regions.

TO
nhT  shT tT LS tS nmS smS npS spS
nhT - 142 53.73 0.02 0.09 0.09 0.05 0.01 o0.00
shT 0.65 — 21.38 0.00 0.07 0.01 0.02 0.00 o0.01

tT 35.55 27.37

- 0.56 0.48 0.93 1.06 0.12 0.17
tLS 4.37 2.53 10.38

% - 749 3.87 3.88 0.54 049
x tS 2.15 099 420 1.80 — 3454 3540 197 1.00
“ nms| 12.46 154 17.63 2.00 20.84 - 100 839 0.11
smS | 1.90 6.38 13.05 212 24.59 1.23 - 014 0974
npS 1.32 0.13 157 0.03 0.13 2.67 0.00 - 0.00

spS 012 045 078 005 016 0.00 351 0.00 -

1 nhT=northern extratopical troposphere, shT=southern extratropical troposphere, tT=tropical troposphere, tLS=tropical lower stratosphere, tS=tropical stratosphere,
nmS = northern mid-lat stratosphere, smS = southern mid-lat stratosphere, npS = northern polar stratosphere, spS = southern polar stratosphere

Note that there is a slight difference in the ozone flux have taken the ozone molecules a longer time than one month
and air mass flux calculation concerning the transport time-to travel from the source to the destination region. In the up-
scales. The mass fluxes calculated from the trajectories arper stratosphere, where life-times are typically shorter than
the fluxes that leave the source region and enter the destin@ne month, it can be assumed that the ozone molecules were
tion region within one month. The transport time-scale of transported within a month or less, while in the lower strato-
the ozone fluxes, on the other hand, cannot be determinegphere, the transport time scales are longer.

ILoemotzhoencejlarr?Qs: tlecn?esrg ?:g rrrgeitlg eorf ijlééiir?ggi):)ﬁnv?/}{[vr::;htite Many previous studies have dealt with mass or tracer ex-
. 9 thange across the tropopause, but there are few estimates of

regarded month (adding to the monthly ozone tendency dur- . .

mass fluxes between different regions of the stratosphere.

?:The results obtained with the method described here, can

the source region at some time before that. However, it mig E)e compared to the estimates of troposphere-stratosphere
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ozone exchange of previous studies. The tropospheric ozonleoth directions across the defined boundaries can be explic-
budget including the contribution of stratospheric ozone toitly quantified. The (0zone) mass fluxes into mid-latitudes
tropospheric ozone has been studied in many models, asf about 4x 108kgyr— (35x 10'°kgyr—1) are partly bal-
summarized byStevenson et ak200§. The contribution  anced by fluxes into the tropics of roughly20® kg yr—1

of stratospheric ozone transport to tropospheric ozone i§25x 101%kgyr—1). With the method used here, not only
estimated at 5% 17 x 101°kgyr—! from the multi-model net ozone mass fluxes, but fluxes into and from each region
mean inStevenson et al[2006, comparing well with esti-  to each other can be determined (the values are listed in Ta-
mated cross-tropopause ozone fluxes from observations dile 1).

45 to 59x 1019kgyr-1 by Gettelman et al(1997. In The net flux of air mass and of ozone mass between two
the study presented here, the total net ozone mass flurkegions can be of different sign, depending on the ozone gra-
between the stratospheric and the tropospheric regions idient in this region. For example the mass flux from the tro-
78x 10%kgyr1, i.e. substantially larger than these pre- posphere into the lower stratosphere in the tropics is positive
vious estimates. The overestimation of ozone mass fluxegas expected from upwelling in this region), but the net ozone
might be either due to an overestimation of the air mass exflux is downward. This can be easily understood as the ozone
change between troposphere and stratosphere or due to tingixing ratios are much smaller in the troposphere than in the
too high gradients in ozone mixing ratios between the tro-lower stratosphere. In the extratropics, the net fluxes from
posphere and stratosphere in the model used here. The dine stratosphere into the troposphere are downward both for
mass fluxes between the broadly defined tropospheric anthass and ozone mass, but while the upward ozone flux is
stratospheric boxes presented here (shown in Figght) close to zero, the upward mass fluxes are not negligible.

are strongest in mid-latitudes, with values of net downward
fluxes of around 2%10%kgyr-1. These values compare
well with observational estimates bgrewe and Dameris
(1996, having found strongest cross-tropospause mass ex-
change in the mid-latitudes with peak values of about 25 to4 1 Method
35x 106 kgyr—1 (with exact values depending on the def-

inition of the tropopause and the method used to calculaterhe oz0ne budget equation (EX). partitions the ozone ten-

the mass flux). As the stratosphere-troposphere air mass flufe ¢y into terms associated with transport and with chem-
compares well to previous estimates, the too high values f0fg¢y ” The chemistry and transport tendencies for different
the ozone mass flux are most likely due to anomalously highyjimate states can be compared, but do not necessarily ex-
ozone mixing ratios in the stratosphere, that are known 9y 5in the causes of the ozone changes as the ozone mixing ra-
occur in the model used herStenke et a).2009. tio at one point is the result of the balance between the differ-

As mass is conserved in the Lagrangian scheme, the masg,( soyrces and sinks. The attribution of differences in 0zone
fluxes to and from each box sum to zero (as rounded numberg,iying ratios between different climate states to changes in
are shown the sum of the numbers that are shown might diffeg | ,rces and sinks can be obtained as follows:

slightly from zero). Ozone, on the other hand, has chemical 1, gifferent states of the atmosphere, for example two

sources and sinks and the net ozone mass flux for a regiog,o periods p1 and py) are compared under the assump-
can therefore be different from zero (e.g. the tropical lowerion that ozone is approximately in balance within each pe-

stratosphere shows a net flux out of the region). The inteyjoq j e there is no drift in the ozone mixing ratios over this

grated chemical production and destruction (and in the Casf)eriod. For each period, the ozone budget equation for the
of the troposphere, deposition) of ozone, whose sum equal§nnal mean change in ozone is:

the net transport, is indicated in each region.

The air mass fluxes clearly reflect the well-known circu- [ 903
lation in the stratosphere, with net upwelling in the tropics, [W
net poleward transport of air from low to higher latitudes and [803]”2

4 Attribution of long-term ozone changes to chemistry
and transport

pP1

| =tr1r - ooa sy~
4

downwelling into the troposphere in the extratropics. The =[P]?? —[DO3]*2+[T]*>~0

largest downward mass flux into the troposphere occurs in

the mid-latitudes. In the tropical middle stratosphere the pos- are the integration denoted By is the integral over the

itive net air mass fluxes into the mid-latitudes are balanced by; o periodsp; and ps, respectively. Assuming the ozone

upward fluxes. The ozone mass fluxes show that in the tropg, e in palance requires the mean of the annual tendency in

ical stratosphere more ozone is transported out of this regioR,4ne gver each time period to be zero. In practice, for the
(into the extratropics) than into this region, as expected since hod [ 20 P h b liqibl q
the tropical stratosphere is a known source region for ozoneMethod to wor [T] as _to e negligible compared to
However, transport does not act in one direction only butthe other terms in the equation. HapOs] ~[D][Oz], the

a considerable exchange of air masses takes place throug:muations above can be transformed to describe the relative

two-way mixing Plumh 2007. Here, the tracer flux in Cchange in ozone as:

dt
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4.2 Results: attribution of long-term changes

Ro, =[O3]pz_[o3][71 The relative difference of the mean ozone mixing ratio in
[Os]t ®) each region was calculated between the decades 2040—2049
[D]P [[P]P2—[P]Pr  [T]P2—[T]P* and 2000-2009 from the transient simulation. The relative
=[D]1’2 <[p]p1+[T]m [P]Pr+[T]P* l) -1 changes in ozone due to changes in production, destruction
and transport were calculated using E5). Figure10shows
It can be seen from this equation that if there were onlythe results for each region with the transport term separated

changes in the destruction rate ({.€]72 = [P]** and[T]"2 into changes due to import and export of ozone. The first two

=[T]P1), the resulting changes in ozone are bars in each plot show the relative difference in ozone calcu-
lated directly from the ozone changes (middle term of&q.

Rgs =[D]"/[D]"? — 1= ([D]"* —[D]"?)/[ D]"2. (6) and from the right hand side of Edp)( If the assumption that

ozone being in balance over the regarded periods (as made
Similarly, changes solely in production cause changes inn Eq.4) is valid, the two bars should be equal. Even though

ozone of ozone is known to change rapidly during the periods regarded
here, it can be seen that within the uncertainty bounds of the
Ro"’3 = ([P]P2—[P]"Y)/([ PP +[T]"Y) (7) directly calculated difference, the two bars cannot be distin-

guished, i.e. the assumption is fulfilled sufficiently well. It is
and changes solely in transport cause ozone changes of  important to make this check before interpreting the follow-
ing results, as they are only valid if this check shows that the
Rgs =(T172—=[T1"YH) /(PP +[T]"Y). (8) method works for the region and periods considered.
The ozone mixing ratios increase from 2000 to the mid
Changes in the destruction rate are directly transferable t@1st century in most regions of the atmosphere, only in the
changes in ozone (i.e. a 10% reduction in the local destructropical lower stratosphere is the difference close to zero.
tion rate translates to 10% more ozone). Changes in producthe attribution method allows the changes in ozone to be at-
tion or transport, on the other hand, have to be consideredributed to chemical and dynamical processes. In the strato-
relative to the total amount of a potential ozone “source”, i.e.spheric regions, the changes in ozone are generally largely
the sum of production and transport. driven by changes in chemistry. A decrease in the destruction
The relative change in ozone can then be written as: rates leads to higher ozone mixing ratios in the mid-latitudes,
the tropical middle stratosphere and the polar regions. In the
southern polar region, the largest relative difference in ozone
Ro, =(R8,+1)(RG, + RS, +1)—1 © in the stratosphere occurs (about 10%). Reductions in de-
Y P T D/ pP T struction rates would lead to an increase in 0zone mixing ra-
=R, T Ro, T Ro, T Ro,(Ro, + Ro,) tios of approximately 20%. The increase is, however, coun-
When relative changes are smafl (.1), the last term is an teracted by a negative effect on ozone due to less import of

order of magnitude smaller than the first terms and can pdzone into the southem polar stratosphere. The changes in

neglected so that the total relative change in ozone is appro he southern polar _strafcosphere are examin ed n more detail
elow. Another region in the stratosphere in which changes

imately equal to the sum of the relative changes due to de: ¢ ol : tantrole is the tropical | irat
struction, production and transport changes: In transport pay an important role IS the tropical lower strato-

sphere. Even though the overall changes in ozone are close
) to zero here, it turns out that this is due to the cancellation
of changes in transport and chemistry. While production in-

The change in ozone due to transport can further be SepE%:_reases, the overall change due to transport results in a reduc-

rated into transport of ozone from different regions by usingt'r?;t I::azzsor;(artd#:stg T;rhzl:(;;d zz:(f?nrttﬁl;olz\c/’vne?.s-trrgiofénilgrge

the ozone origin diagnostic. A9’] = Z?_l[Ti], the change P . ger imp . b

in ozone due to transport equaky = Zg (117 compared to regions that include the middle stratosphere can
al%03 = 2i=1\l4i -

770 /(P17 4 [T174. Thi idecinsiaht into wheth be expected, as short life-times of ozone in the middle strato-
[7:1"™)/( . 17 +[T]™). This provides insight into whether sphere compared to timescales of transport cause ozone mix-
changes in ozone are due to changes in export or due t

h . d for the | h s . fhg ratios to be chemically controlled there. In the lower
changes in Import, and for t € gtter, the region ozone ISstratosphere, where ozone life-times are longer, ozone mix-
imported from. The uncertainty in each relative contribu-

tor is determined b lculating the ioint standard deviati ing ratios are controlled by dynamics to a larger degree.
oris determined by calculating the joint standard deviation 1, e troposphere, ozone increases by about 10 to 20%.
o =

(02+02)/N, whereoy ando are the standard devi- This is largely due to an increase in production, counteracted
ation of the annual mean values Bf P andT over periods by enhanced export. The increase in export can be under-
p1 andp» with lengthN. stood as increased 0zone mixing ratios leading to an increase

Ro, ~RE,+ RG, + RE, (10
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Fig. 10. Relative differences 2040s—2000s in mean ozone mixing rati(gsz({@gl)/ogl) of each region. The first bar and the second bar
are the differences calculated from the left and right hand side oBEQT e other bars are changes in ozone over this period due to changes
in chemistry (productiofiP] and destruction ratg®]) and dynamics (import, Im, and export, Ex). The errorbars denotesthagertainty

in the differences.

in export even if the air mass flux remains the same. In Southern polar Stratosphere
the Southern Hemisphere troposphere, enhanced import o 925 T
ozone is the largest contributor to the positive trend. 0.2

Employing the ozone origin diagnostic allows separation 0.15
into not only import and export, but also into the region
ozone is imported from. In Fig.1the changes in ozone mix-
ing ratios in the southern polar stratosphere are shown with
the changes due to transport partitioned into the 9 ozone ori-
gin regions. As noted above, the strong increase in ozone g
due to decreased destruction rates is partly counteracted b' -0.05
decreased import of ozone. The patrtitioning reveals that the
decrease in import is predominantly a decrease of ozone im-
ported from the southern mid-latitudes (denoted as “smS”in  -0.15
Fig. 11). The export of ozone (i.e. transport of local ozone,

“spS”) also decreases slightly (not significant), implying less Fig. 11. As in Fig. 10 but for the southern polar stratosphere only
exchange of ozone between mid-latitudes and the polar reang with the changes due to import split up into import from each

gion. The changes in ozone transport might be caused byegion (the region labels correspond to those in Taple
either changes in the strength of the transport (i.e. of air

m flux r han in the ozone mixing ratios. Th - L . . . I
ass fluxes) or by changes in the ozone g ratios Tase (ozone mixing ratios increase in mid-latitudes), it is

decreased import of ozone from mid-latitudes could be ex-; 7 . i
; likely that changes in the circulation cause the ozone trans-
plained by decreased mass transport or by decreased ozone

mixing ratios in the mid-latitudes. As the latter is not the port change.

0.1

0.05

difference in O3

0

-0.11

dOo3l P D nhT shT tT tLS tS nmSsmS npS spS
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5 Summary and outlook a given layer) can change ozone production and destruction.
This is so far not incorporated in the method, and will be a
A new method is demonstrated that allows a quantificationfocus of future improvements.
of the impact of changes in transport on ozone changes in The attribution method has a wide field of applications
CCMs and CTMs. The ozone origin diagnostic is used herein model assessments. By applying the method to various
in combination with a decomposition of ozone tendencies,CCMs, it will be possible to conduct process oriented com-
therefore not only allowing the determination of the origin of parison of these models. So far, only derived quantities are
ozone but also of the ozone mass fluxes between different regenerally used to estimate the contribution of chemical or
gions of the atmosphere. When comparing two climate stategiynamical processes to these differences ¢ugtin et al,
that are approximately in steady state, changes in ozone cap01(). When applying the ozone attribution method to differ-
be quantitatively attributed to changes in chemical produc-ent models (i.e. use two different models instead of different
tion, destruction and transport. periods in the analysis presented in Sdgit will be possi-

To apply the ozone attribution method described here it isple to track the differences in simulated ozone to differences
necessary to (1) implement the ozone origin diagnostic in théin the amount of ozone produced, destroyed or transported.
chemistry scheme of the model and (2) save the productiofFor the comparison of models either geographically fixed
and destruction rates of ozone as model output. Details o®r dynamical boundaries can be used to define the regions,
the implementation of the ozone origin diagnostic are givendepending on the question asked (as discussed above). Dy-
in AppendixB. The additional computational cost of the ori- namical boundaries allow for the comparison of cross-barrier
gin diagnostic is minimal; the only cost is the storage of thetransport, while fixed boundaries allow the direct compari-
additional tracers. son of ozone values and their sources and sinks in certain re-

Obviously the results shown here depend on the particulagjions (in this case, the different dynamical states have to be
model used. To assess whether the findings presented hetrgken into account to interpret the differences found). Unfor-
are valid generally, it will be necessary to apply the methodtunately, it will obviously not be possible to apply the method
to other model systems. To also capture the upper part of theirectly to observational data. However there is the possibil-
ozone layer, models that fully include the middle and upperity to use chemistry-transport models that are based on ob-
stratosphere are necessary. However, the results on the origerved wind fields, or even assimilated data sets such as that
of ozone are comparable for models with a high or low top from Kiesewetter et al(2010. A comparison of these data
(Grewe 2006. sets with CCMs using the ozone attribution method will al-

The ozone attribution method presented is only one possitow an evaluation of the processes modelled by CCMs in a
ble version, and there is scope for improvement and mod-quantitative manner.
ifications. In this version, fixed geographical regions are The attribution of ozone tendencies and changes on
used to divide the ozone field. It may be advantageous to dimonthly, interannual and long-term timescales to chemistry
vide the atmosphere according to dynamically separated reand transport can help to reveal the various processes forcing
gions, e.g. use the actual tropopause to divide the tropospheighanges in ozone. For example, it is known that the quasi-
from the stratosphere instead of a fixed pressure level. Thigiennial oscillation and the solar cycle impact ozone (e.g.
could be achieved by using the climatological values of theRandel and Cohl1994 Bodeker et a].2007 Dameris et a.
tropopause as the boundary between the pre-defined regiong006, and the processes are widely understood rmer-
which is probably a good approximation as the interannualsley and Tung1999 Gray and Pyle1989. However, using
variability of the tropopause height is small compared to thethe new methodology introduced here, it will be possible to
vertical model resolution. Furthermore, air masses inside an@éxplicitly quantify the relative contribution to the anomalies
outside the polar vortex could be separated by using, for exinduced by transport changes and by local chemistry.
ample, PV gradients to determine the polar barrier. However,
when using time varying boundaries, the interpretation of the
results requires acknowledging that the volume of the originAppendix A
region changes with time, which also has an impact on the
export and import of ozone. Another possibility is to further The E39C-A model and simulation description
separate the chemical terms into production and destruction
caused by different reaction cycles. This can be easily donén this study, the CCM ECHAMA4.L39(DLR)/CHEM-
as long as the production and destruction rates for the indi/ATTILA (E39C-A) is used. The model is an updated version
vidual reaction cycles are saved as model output. It wouldof ECHAM4.L39(DLR)/CHEM (E39C) Hein et al, 200Z;
also be desirable to be able to separate the effect of the avaiDameris et al.2005 with the former semi-Lagrangian ad-
able radiation for photodissociation. Even if the concentra-vection scheme replaced by the fully Lagrangian advection
tions of all chemical species remain the same, changes in thecheme ATTILA Reithmeier and Sause2002. In AT-
amount of available photons by absorption at layers abovellLA, the mass of the model atmosphere is divided into
the region of interest (i.e. non-local influence of ozone aboveapproximately 500 000 air parcels of equal mass which are
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advected three-dimensionally using the actual model wind
field. The use of the fully Lagrangian advection scheme AT-
TILA for tracer-transport improved the model performance
substantially $tenke et a).2008 2009. E39C is based on
the spectral general circulation model ECHAMA4.L39(DLR)
(Land et al, 2002 and the chemistry-module CHENS{eil

et al, 1998. The spectral horizontal resolution of the model
is T30, corresponding to approximately78°x3.75° on

the transformed latitude-longitude grid. In the vertical, the
model consists of 39 layers, extending from the surface to the
uppermost layer which is centred at 10 hPa. The chosen time
step is 24 min. The chemistry module CHEM is based on a
generalised family concept and includes homogeneous and
stratospheric heterogeneous ozone chemistry and the most
relevant chemical processes for describing the tropospheric
background chemistry. The current model version includes a
parametrisation for the bromine chemistry. For more details
on E39C-A, seé&tenke et al(2009.

The E39C-A simulation used in this study follows the def-
inition of the SCN-B2d simulation given ifkyring et al.
(2008. The simulation spans 1960 to 2049 following a 10 yr
spin-up. The ozone origin diagnostic was, however, only
incorporated after 2000. The boundary conditions follow
mostly observations in the past and projections in the future.
The sea surface temperatures are taken from the HadGEM
general circulation modelJéhns et al.200§. Concen-
trations of well-mixed greenhouse gases and anthropogenic
NOy emissions, as well as ozone depleting substances, fol-
low observations in the past and are prescribed according to
the SRESA1B scenaridRCC, 200]) and to the adjusted A1l
scenario YWMO, 2007 Eyring et al, 2008, respectively, af-
ter 2000. The simulation includes natural variability, i.e. the
solar cycle, the quasi-biennial oscillation and major volcanic
eruptions in the past are considered. Details on the simula-
tion can be found ifGarny et al(2009.

1.

Appendix B
Implementation of the ozone origin diagnostic

The implementation of the ozone origin diagnostic is de-
scribed here step by step. The additional ozone tracer fields
are handled as any tracer in respect to the transport. The fol-
lowing operations are applied in the chemistry scheme of the
model.

0. Setup

0.1. DefineN regions

Atfirst, any desired number of regions of origin that
subdivide the atmosphere need to be defined (i.e.
the nine regions in the example shown here). Dif-
ferent ways to divide the atmosphere and their ad- 2.
vantages and disadvantages are discussed inZSect.
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0.2. Implement and initializev additional ozone fields
+ two fields for production and destruction

For each defined region, an additional tracer field
needs to the introduced. The fields can be arbitrar-
ily initialized (as the method converges, i.e. for any
initial condition the sum of the tracers will equal
the full ozone field after enough integrations; see
Sect.2). However, it is recommended to initial-
ize the tracers in a way that reduces the spin-up
time; especially in regions with long chemical life-
times initialized ozone concentrations will decay
slowly. A good way of initializing is to assign to
each ozone tracer field the concentrations of the full
ozone field within the corresponding region, and
set the concentrations to zero elsewhere. In addi-
tion, two output fields are needed to save the total
ozone production and destruction (see below). The
N tracer fields are saved as output variables, de-
sirable at daily resolution. To calculate the accu-
mulated change in ozone over a certain period, the
ozone fields at the first and last timestep of the pe-
riod must be known (see Se@). The total chem-
ical production and destruction of ozone should be
saved as means over the output intervals.

In the model integration, for each timestep and for
each gridpointd,¢,z), the following operations are con-
ducted:

Mass fixing of ozone tracer fields

Even though the sum of the nine tracer fields are mathe-
matically equal to the full ozone field, numerical diffu-
sion leads to discrepancies in the fields. Therefore, the
N additional ozone fields need to be scaled to the full
ozone field by the scaling factor SF as follows:

N
> 050,9,2)

i=1
O3(0.¢.2)
56, ¢,2) < O5(6,¢,2) x SF fori=1..N

SF= (B1)

The left arrow ) indicates the assignment of field§ 0]
with the values on the right hand side (i.e. the rescaled
ozone fields). The variablengind QG are the addi-
tional N ozone fields and the conventional ozone field
in number density (molecules crh). The scale factor
SF can be applied to the ozone fields in any unit (either
mixing ratio or number density), but for the calculation
of SF ozone needs to be in units of number density (or
mass).

Determine total ozone productia? and total destruc-
tion rateD
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Determine the total chemical production ré&ef ozone
at the considered timestep at the current gridpoint, and
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