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Abstract

The future evolution of tropical ozone in a changing climate is investigated by analysing
timeslice simulations with the state-of-the-art Chemistry-Climate Model EMAC. Be-
tween the present and the end of the 21st century a significant increase in ozone
is found globally for the upper stratosphere and the extratropical lower stratosphere,5

while in the tropical lower stratosphere ozone decreases significantly. Different studies
showed before that this decrease is connected to changes in tropical upwelling. By
splitting the relative ozone change into the contributions from transport, chemical pro-
duction, and chemical loss, the impact of chemical processes in addition to transport
in this region is analysed. The dominant role of transport for future ozone changes is10

confirmed, but it is found that changes in ozone destruction and especially changes
in the production of ozone do contribute to the relative ozone changes in the tropical
lower stratosphere. The causes for the changing loss and production rates are studied
by separating the contributions from the different catalytic loss cycles and the different
production processes. It is shown that changes in the production are mainly due to15

changes in the overlying ozone column which are determined by both chemistry and
transport. Changes in the ozone destruction can be attributed to a modified efficiency of
the ClOx and NOx loss cycles in the lower and middle stratosphere and of the HOx loss
cycle in the lowermost tropical stratosphere. The role of ozone transport in determining
the ozone trend in this region is found to depend on the changes in net production,20

with a smaller contribution from transport to the ozone changes if the net production
decreases.

1 Introduction

Studying the evolution of stratospheric ozone (O3) in the 21st century is still of great
interest not only to confirm the success of the Montreal Protocol and its amendments25

but also to understand the impact of increasing anthropogenic greenhouse gas (GHG)
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emissions whose growing rate is still uncertain. For the annual mean extratropical total
ozone column a future increase is predicted by state-of-the-art chemistry-climate mod-
els (CCMs), which will result in a recovery to 1980 values or even in a super-recovery
by the end of the 21st century (e.g., Austin et al., 2010a; SPARC CCMVal, 2010; Oman
et al., 2010b; WMO, 2011). In the tropics, however, the models show no return of the5

ozone column to levels before 1980. This different evolution is due to a significant de-
crease of the partial ozone column in the lower stratosphere (e.g., Austin et al., 2010a),
which is explained by an increase in tropical upwelling related to increasing concentra-
tions of long-lived GHGs and a concomitant increase of the sea surface temperatures
(SSTs; e.g., Garny et al., 2011a). As in the tropical lower stratosphere isentropic hor-10

izontal mixing is weak because of the subtropical transport barriers (e.g., McIntyre
and Palmer, 1984), this region is quasi isolated from midlatitudes and the budgets of
chemical compounds are determined by a balance of mean upwelling and chemical
production and loss (Plumb, 1996). Avallone and Prather (1996) confirmed this con-
nection between the velocity of rising air parcels in the tropics and the mixing ratios for15

ozone in the lower tropical stratosphere. Hence, the abundance of ozone in this region
is primarily determined by the balance of net ozone production and the rate of ascent.
The faster the air rises the less ozone is present in this region. Accordingly, Waugh
et al. (2009) and Oman et al. (2010b) explained the negative ozone trend with a re-
duced transit time of air parcels through the tropical lower stratosphere and therefore20

a reduced accumulation of ozone in this region.
The net ozone production in a pure oxygen atmosphere is determined by the Chap-

man cycle (Chapman, 1930). In this cycle ozone is produced by the photolysis of molec-
ular oxygen (O2), while the reaction between ozone and atomic oxygen (O) leads to the
destruction of ozone. The photolysis of ozone and the reaction between molecular and25

atomic oxygen, which are also part of the Chapman cycle, do not contribute to the pro-
duction or loss of ozone, but cause a fast interconversion between ozone and atomic
oxygen. Because of this fast interaction, O3 and O can be combined in the odd oxygen
familiy Ox (Seinfeld and Pandis, 2006). The atmosphere, however, consists not only
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of oxygen compounds. In addition to the Chapman loss reaction, catalytic loss cycles,
which involve hydrogen, nitrogen, chlorine or bromine radicals, contribute substantially
to the ozone destruction (e.g., Bates and Nicolet, 1950; Crutzen, 1970; Molina and
Rowland, 1974).

The abundance of tropical ozone is also influenced by the phase of the quasi biennial5

oscillation (QBO) in the equatorial zonal winds and the temperature (e.g., Randel and
Wu, 1996). However, in the long-term mean this approximate two-year cycle in ozone
is nearly canceled and therefore unimportant for the analysis of long-term changes.

In a future climate not only the tropical upwelling and the accumulation of ozone
will change due to increased GHG concentrations. Moreover, the atmospheric con-10

centrations of substances acting as catalysts for ozone destruction as well as the
stratospheric temperature will change and will thus modify the chemical loss rates.
The stratospheric loading of halogens will decline due to the successful regulation of
ozone depleting substances (ODSs) and is predicted to reach pre-1980 values in the
second half of the 21st century (e.g., Newman et al., 2007). Throughout the strato-15

sphere this will result in a significantly reduced chemical ozone loss due to the reduced
abundance of chlorine and bromine radicals. At the same time, the increase in the
concentrations of the GHGs carbondioxide (CO2), methane (CH4) and nitrous oxide
(N2O) as well as stratospheric water vapour (H2O) will cause a significant cooling of
the stratosphere (e.g., IPCC, 1996, 2001). This has a direct effect on ozone chemistry20

as the rate of most chemical reactions is temperature dependent. The impact of a tem-
perature decrease on ozone is found to result primarily from the increased rate of the
three-body reaction O + O2 + M → O3 + M which leads to a changed partitioning of
odd oxygen in favor of ozone instead of atomic oxygen (Jonsson et al., 2004). In the
upper stratosphere the reactions with atomic oxygen denote the rate limiting steps in25

the catalytic ozone loss cycles. Therefore, a decrease in atomic oxygen causes a re-
duction in the efficiency of the loss cycles without changing the concentrations of the
radicals. Another contribution to the ozone increase in a cooler stratosphere is the
temperature induced decrease in the rate coefficient of the O3 + O3P → 2 O2 reaction
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that describes the net loss pathway of the Chapman cycle (e.g., Jonsson et al., 2004).
Besides the impact of GHG induced temperature changes on the chemistry, also the
increasing abundances of CH4 and N2O will affect stratospheric ozone chemistry. N2O
is an important source of nitrogen oxides in the stratosphere (e.g., Bates and Hays,
1967), while the oxidation of CH4 is relevant for the production of stratospheric water5

vapor and hence for the production of OH (e.g., Seinfeld and Pandis, 2006). Thus, the
efficiency of the catalytic ozone loss cycles involving nitrogen and hydrogen radicals
can be modified. Additionally, a change in the ozone column above a certain layer will
modify locally the downward flux of shortwave (SW) solar radiation and will therefore
affect the ozone production via photolysis in the underlying layers (e.g., Revell et al.,10

2012).
In this study we analyse in detail to which extent the projected changes in strato-

spheric composition and temperature will affect the ozone chemistry in the tropical
lower stratosphere. The ultimate goal is to quantify if and how these chemically in-
duced ozone changes contribute to the total negative ozone change in this region15

which is generally attributed to dynamical changes. Moreover, it is examined which
processes are relevant for the detected chemical ozone changes. For this purpose
simulations with a state-of-the-art CCM have been carried out in which the simulated
ozone changes have been split into the contributions from transport and chemistry. The
causes for the changes in the chemical ozone production and loss are studied by sep-20

arating the different production and loss pathways with the help of the tool StratO3Bud
which is described here for the first time.

The study is composed as followed: first we describe the model and the experimental
setup used for the analysis (Sect. 2). Then the different methods of analysis and the
post-processing tool StratO3Bud are explained (Sect. 3). In Sect. 4 the results are25

presented and discussed. Finally, a conclusion is drawn (Sect. 5).
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2 Model and experimental setup

For this study three simulations have been performed at the Freie Universität Berlin with
the ECHAM/MESSy Atmospheric Chemistry (EMAC) CCM in the version 1.7 (Jöckel
et al., 2006). The core atmospheric model is the European Centre Hamburg general
circulation model (GCM) in the 5th generation (ECHAM5, Roeckner et al., 2006). This5

GCM is coupled to the atmospheric chemistry module MECCA (Module Efficiently Cal-
culating the Chemistry of the Atmosphere) (Sander et al., 2005) via the Modular Earth
Submodel System (MESSy1). The model is used with the standard set of submod-
els which ensures that the most important physical processes (e.g., convection, radi-
ation) are included. Additionally, the FUBRad parameterisation (Nissen et al., 2007)10

is applied as SW radiation scheme. The model is used in the horizontal resolution
T42 (2.8◦ × 2.8◦) and with 39 hybrid model layers between the surface and 0.01 hPa
(∼ 80 km). The sea surface temperatures (SSTs) and sea ice concentrations (SICs) are
prescribed.

Three multi-year equilibrium-simulations (i.e., in time-slice mode with fixed boundary15

conditions but including an annual cycle) have been performed. The model has been
integrated at least over 20 yr after a spin-up time of two years. The first simulation rep-
resents the reference state of the atmosphere for present day conditions (R2000) with
observed mixing ratios of the well-mixed GHGs (CO2, CH4, N2O) from IPCC (2001) and
the ODSs from WMO (2007). The second simulation represents the future atmosphere20

at the end of the 21st century (R2095), as it is predicted based on the moderate GHG
scenario A1B (IPCC, 2000) and the adjusted A1 scenario for ODSs (WMO, 2007). This
means an increase of the boundary mixing ratios by 87 % for CO2, 15 % for CH4 and
17 % for N2O. The mixing ratio of organic chlorine in the troposphere is reduced by
63 % between 2000 and 2095. The prescribed SSTs and SICs are 10 yr averages for25

the particular periods using the model output from a transient simulation with the cou-
pled atmosphere ocean model ECHAM5/MPIOM (Max-Planck-Institute Ocean Model)
(Jungclaus et al., 2006) for the equivalent scenario. Averaging is necessary to ensure
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neutral conditions of the El Niño Southern Oscillation (ENSO), but it must be noted
that it also reduces the inter-annual variability of the SSTs. Further information on the
simulations and a detailed analysis of dynamical changes in the future is found in Ober-
länder et al. (2013).

To study the impact of increasing GHGs, a sensitivity study with the GHGs and5

SSTs/SICs changed to future conditions (GHG2095), but fixed ODSs has been per-
formed. The boundary conditions used for the simulations are shown in Table 1. Nat-
ural forcings such as solar variability (e.g. the 11 yr solar cycle), the QBO, ENSO or
volcanic eruptions are not included in the simulations.

3 Methods10

3.1 Ozone budgets

The production and loss rates of ozone in the model simulations are calculated in two
different ways: the total production and loss terms are obtained with the help of the
MESSy tool ProdLoss, while the contributions from the single production processes
and loss cycles are calculated with the tool StratO3Bud.15

3.1.1 Total production and loss

The ozone tendencies due to chemical reactions are calculated in the chemistry mod-
ule MECCA. However, no output of the production or loss terms integrated over all
involved reactions (i.e. the total production and total loss) is given. With the help of the
MESSy tool ProdLoss (http://www.messy-interface.org) the calculation of the total pro-20

duction and the total loss is included in the online integration of the model. Based on
the concept of Crutzen and Schmailzl (1983) only those reactions are chosen in Prod-
Loss and taken into account for the total production and loss, which represent effective
loss and production terms, while rapid null-cycles are not considered.
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As ozone and atomic oxygen are in rapid photochemical equilibrium in the
stratosphere, the chemical budgets are calculated for the odd oxygen family Ox

(=O3 +O3P+O1D). Assuming that ozone is the main constituent of Ox in the strato-
sphere, the production and loss of ozone are approximated by the production and loss
of odd oxygen. These terms are implemented in EMAC as diagnostic variables and are5

calculated every timestep using the instantaneous temperature and trace gas concen-
trations as input.

3.1.2 Production pathways and loss cycles

As the atmospheric composition will change in the future due to modified anthropogenic
and natural emissions, the relative importance of single ozone loss cycles is also ex-10

pected to change. Therefore it is essential to separate the ozone loss into the loss due
to the Chapman cycle (Ox) and the catalytic cycles involving the hydrogen, nitrogen and
halogen radicals. Equivalent to the calculation of the total loss and production rates, this
separation could also be obtained during the model integration. However, this feature
has not been used in our simulations. Therefore the separation of the chemical cycles15

is carried out by using the MESSy tool StratO3Bud (see Supplement), which allows
the approximate calculation off-line, i.e., as a post-processing step based on standard
model output. In our study we applied StratO3Bud on the 6 hourly model output.

StratO3Bud allows us to calculate the stratospheric ozone budgets using the model
output for the temperature and a set of chemical tracers (see Supplement). The tool is20

based on the concept of chemical families, i.e. related chemical species with short life-
times are combined. This allows a reduction of the full chemical loss cycles to the rate
limiting steps. Here, the families of odd oxygen (Ox), odd nitrogen (NOx =NO+NO2),
odd hydrogen (HOx =H+OH+HO2), odd chlorine (ClOx =Cl+ClO) and odd bromine
(BrOx =Br+BrO) are used. The reaction pathways that are considered for the differ-25

ent loss cycles due to Ox, NOx, HOx, ClOx and BrOx are listed in Table 2. The ozone
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change over time due to a specific loss cycle is given by:

(−d/dt
[
O3

]
)i = k1_2 [species1] [species2]+ k3_4 [species3] [species4]+ . . . (1)

Here, the subscript i denotes the ozone loss due to the Ox, NOx, HOx, ClOx or BrOx
cycles. k1_2 is the (temperature dependent) reaction rate coefficient for the reaction

between species1 (e.g., NO2) and species2 (e.g., O3P) as it is used in the chemistry5

module MECCA. [species1] stands for the number density of species1. This study uses
the rate coefficients according to the JPL 2006 recommendations (Sander et al., 2006),
consistent with the EMAC simulations. The loss terms are obtained by integrating the
corresponding differential equations over time using the 6 hourly model data for the
particular species and the temperature.10

After the integration, the terms are converted back to volume mixing ratios for com-
parison with the online received terms (ProdLoss). The offline calculated total ozone
loss is defined as the sum of the losses from the five single loss cycles.

Figure 1a illustrates the contribution of the different loss cycles to the total ozone loss
in the tropical stratosphere for the R2000 reference simulation. It shows the dominant15

role of the nitrogen loss cycle in the middle stratosphere, while in the lower and upper
stratosphere the hydrogen cycle determines the ozone loss. The ozone loss through
chlorine and oxygen radicals peaks in the upper stratosphere between 3 and 2 hPa.
The loss via the catalytic cycle involving bromine is constrained to the lower strato-
sphere. In the tropics, the inter-annual variability of the chemical production and loss20

rates, indicated by the error bars, is very small. The intra-annual variability is slightly
larger (not shown). The variation of the relative importance of ozone loss cycles with
height shown in Fig. 1a is consistent with other studies (e.g., IPCC/TEAP, 2005).

The ozone production is separated into the contributions from photolysis of oxygen
and from methane photooxidation. During the oxidation of methane the hydroperoxyl25

radicals HO2 and CH3O2 are produced (e.g., Johnston and Kinnison, 1998). The reac-
tion of these radicals with NO leads to the production of ozone. Therefore, the reactions
of NO+HO2 and NO+CH3O2 are considered for ozone production in StratO3Bud.
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The contribution from the different production pathways to the total ozone production
is shown in Fig. 1b. In the lower stratosphere both the production due to NO+HO2
and due to photolysis are important, but with increasing altitude the contribution of
the photolysis increases. Above 30 hPa, more than 90 % of the ozone production is
attributed to the photolysis of O2. The reaction NO+CH3O2 represents an important5

production pathway in the troposphere (not shown) and lowermost stratosphere. In the
middle and upper stratosphere however, the contribution to the ozone production is
irrelevant.

The separation of the production and loss cycles through post-processing the model
data shows reasonable results, but it has to be noted that the total production and loss10

terms differ between the online and the offline calculations due to the reduced sampling
rate and the reduced set of reactions taken into account in StratO3Bud. For the offline
calculation only 6 hourly data have been available with the consequence that the mini-
mum and maximum values of substances with large diurnal cycles can not be captured
well. This leads to differences mainly in the lower polar wintertime stratosphere. At all15

latitudes and in all seasons, a difference arises from the reduction of the chemical reac-
tions to the relevant ones for stratospheric chemistry, with largest discrepancies in the
lower stratosphere. However, in the tropical stratosphere the disagreement is relatively
small and changes in these variables are qualitatively consistent (see Sect. 4).

3.2 Long-term changes20

The causes for long-term ozone changes are analysed by applying the method de-
scribed in Garny et al. (2011b). The relative ozone changes (RO3) between two atmo-
spheric equilibrium states 1 and 2 are separated into the relative ozone changes due to
transport (RT), production (RP) and destruction (RD). For this calculation it is required
that the mean annual tendency of ozone is zero or small compared to the other terms,25

which is fulfilled in the case of timeslice simulations. Furthermore, the ozone loss rate
(L in molmol−1 s−1) is expressed by the fraction of ozone that has been destroyed (D
in s−1) times the ozone volume mixing ratio (O3 in molmol−1) at each gridpoint and
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each timestep: L = D ·O3. It is assumed that the time integration of the ozone loss rate
is approximated by the integration of D times the integration of O3.

Garny et al. (2011b) showed that the relative ozone changes between the atmo-
spheric state 1 and 2 can then be approximated by the sum of the single contributions
plus a non linear term:5

RO3 =
O3

2 −O3
1

O3
1

≈ RT +RP +RD +RD · (RT +RP). (2)

Here, the relative ozone change due to transport is defined as RT = (T2−T1)/(P1+T1)
with Ti and Pi (in molmol−1 month−1) denoting the transport and the production during
the atmospheric state i . Analogously, the relative ozone change due to production is
defined: RP = (P2 −P1)/(P1 +T1). The sum of production and transport is a quantity10

describing the source of ozone. The relative ozone change due to changes in the de-
struction is defined as RD = (D1 −D2)/D2. In the following the sum of RT, RP, RD and
the non-linear term is denoted as RO∗

3, i.e. RO3 ≈ RO∗
3.

The non-linear term in Eq. (2) represents the contribution from interactions between
changes in the destruction (RD) and changes in ozone that is available for destruction15

(RT +RP). It can be considered as a correction of the ozone change attributed to de-
struction changes because the amount of actual ozone loss does also depend on the
available ozone. The non-linear term is small if the relative changes are small but can
also have an important contribution to the relative ozone change.

The transport of ozone in the different simulations is derived from the assumption20

that the tendency of ozone over one month is determined by the sum of the monthly
integrated ozone transport, production, and loss. Since the tendency, the production,
and the loss terms (from ProdLoss) are known, the transport can be calculated as
a residual for each month and gridpoint. For more details see Garny et al. (2011b). It
has to be noted that with this method no information is given about the characteristics of25

the ozone transport, e.g. if ozone is transported vertically or horizontally. Furthermore,
changes in the transport can not be clearly attributed to a change in the import or
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export of ozone. This gap can be filled by applying a diagnostic tool, which allows
to identify the region of chemical production for each ozone molecule in the model
domain. This ozone origin diagnostic is explained in detail in Grewe (2006) and Garny
et al. (2011b) and has been implemented in the EMAC version used here. With the
help of this tool the region in the tropical lower stratosphere (tropopause – 30 hPa) can5

be characterized as a region with a net ozone export in all seasons, i.e., more ozone
molecules are transported out of than into this region.

4 Results

4.1 Contribution to long-term ozone changes

The annual mean ozone change between the present (R2000) and the future (R2095)10

reference simulations is shown in Fig. 2. In the middle and upper stratosphere a signifi-
cant global increase in ozone by 10–30 % is found. In the lower stratosphere, however,
the increase is confined to the extratropical regions with the largest relative changes
in the southern polar lowermost stratosphere. In the tropical lower stratosphere the ex-
pected negative ozone trend is prominent in the simulations with a decrease by up to15

30 % in the annual mean. The maximum absolute changes in the tropical lower strato-
sphere of −0.41 ppmv at 30 hPa are slightly larger than in other CCMs, while the ozone
increase above 10 hPa lies in the range of the models included in the study of Oman
et al. (2010b).

In order to isolate the causes for the tropical ozone decrease in detail, the ozone20

change at different lower stratospheric levels averaged over 25◦ S–25◦ N is split into
the contributions from transport, production and destruction after Garny et al. (2011b)
(Fig. 3, left column). The lowest level that is considered is 70 hPa. Here, the largest rel-
ative ozone changes occur and the air parcels are definitely located in the stratosphere,
both, for the present and future conditions, whereas the region below is influenced by25

a future elevation of the tropical tropopause layer (not shown).
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In the tropical lower stratosphere (70 and 50 hPa) the large relative ozone decrease
between the years 2000 and 2095 is mainly attributed to transport processes. This
result is consistent with the relation between the tropical lower stratospheric ozone
abundance and tropical upwelling discussed in the literature (e.g., Austin et al., 2010a;
Oman et al., 2010b; SPARC CCMVal, 2010; WMO, 2011). A significant enhancement5

of the tropical upwelling in the lower stratosphere between 2000 and 2095 can also
be identified in the timeslice simulations with EMAC used in this study (not shown).
This leads to a stronger net export of ozone in the tropical lower stratosphere. With
the help of the ozone origin diagnostic it is verified that the larger net export is driven
by an increased export of locally produced ozone molecules and not by a reduction of10

the ozone import (not shown). As the main topic of this study is to analyse the role of
ozone chemistry and not to detect the causes for changes in ozone transport, we will
not go into further details here.

With increasing height the ozone change attributed to changes in transport becomes
smaller and at 30 hPa the relative changes due to production and destruction changes15

are dominant. While in the 50 and 30 hPa layers the tropical ozone decrease due to
transport is amplified by a reduced production, at 70 hPa a positive contribution to the
ozone changes is found from an increased production. Furthermore, a small future
ozone decrease due to modified destruction rates is found at 70 hPa. However, the
more ozone is produced (and the less destroyed) during the transit of the air parcel20

through the lower stratosphere, the larger is the fraction that is transported out of this
region within this air parcel. This means that the large relative ozone change that is
attributed to transport is partly influenced by changes in the ozone production and
loss.

In summary this analysis shows that the projected future ozone decrease in the25

tropical lower stratosphere will not only be induced by changes in ozone transport, but
will also be affected by a modified ozone production and destruction.
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To understand which processes cause the change in the mean monthly production
and destruction, in the following the terms of ozone production and loss are further split
into their individual pathways with the help of StratO3Bud and analysed in detail.

4.2 Partitioning of ozone production and loss

In Fig. 1 the partitioning of the annual mean total ozone production and ozone loss5

for the R2095 simulation is compared to the partitioning for the R2000 reference sim-
ulation. The relative contribution from O2 photolysis to the total production is slightly
reduced in the future, and consequently the importance of the ozone production due
to methane oxidation is slightly increased. Regarding the ozone loss, the relative con-
tribution of the single loss cycles clearly changes from present to future conditions.10

A large reduction of the contribution from chlorine (from 23 to 9 % at 2 hPa) as well as
an increase in the contribution from HOx throughout the stratosphere are found. The
contribution from NOx to the total ozone loss rises significantly from 62 % (2000) to
68 % (2095) at 7 hPa. The relative importance of the Ox cycle does not change below
10 hPa but is slightly increased in the upper stratosphere.15

4.3 Contributions to ozone production and loss changes

The annual mean ozone changes attributed to the different chemical production and
destruction reactions are shown in Fig. 4a and b. A decrease of the ozone loss rate
is equivalent to an increase in the local ozone abundance if the amount of ozone
molecules that is available for destruction is constant. Here, the relative change in20

ozone that results from a modified ozone chemistry and that is independent of the local
ozone abundance is shown.

Changes in the reaction rates which lead to the ozone changes in Fig. 4 can be
caused by changes in the number density of the involved compounds and, in the
case of gas phase reactions, by altered reaction rate coefficients k due to tempera-25

ture changes (see Fig. 6f). The number densities of species can be modified by both
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increased emissions and a colder and therefore denser stratosphere (Jonsson et al.,
2004).

Before we discuss the results in detail, it should be pointed to the comparison of
the ozone changes attributed to production and loss between the offline (StratO3Bud,
black) and the online (ProdLoss, black with circles) calculated terms. No difference5

is found in the ozone changes due to production throughout the tropical stratosphere
(black line over black line with circles). The ozone changes due to the online and the
offline calculated loss, however, exhibit small but significant differences in the lower
stratosphere (70–50 hPa) with larger changes for the online calculated loss. Neverthe-
less, they point in the same direction and a qualitative analysis of the contributions from10

the single loss reactions to the total ozone change is reasonable.
Above ∼ 50 hPa the ozone production will decrease between 2000 and 2095 due to

a reduced photolysis of oxygen. At lower altitudes, however, an increased ozone pro-
duction is found for future conditions. At 70 hPa this can mainly be attributed to an en-
hanced photolysis rate of molecular oxygen, whereas in the lowermost stratosphere the15

changes in the rate of the reaction between HO2 and NO will dominate the increase in
the ozone production. The decrease in the ozone production from photodissociation of
oxygen in the middle and upper stratosphere is connected to the large ozone increase
above 10 hPa (see Fig. 2). This mechanism is known as the reversed “self-healing” ef-
fect of the ozone layer (e.g., Portmann et al., 2007). Figure 5 shows the change of the20

partial ozone column existing above the particular pressure level for the tropics. Above
50 hPa the ozone column is larger in the future scenario leading to a larger absorp-
tion of solar SW radiation at higher atmospheric levels. As a consequence the fraction
of SW radiation penetrating to lower altitudes is reduced and hence the efficiency of
photolytic ozone production is decreased. Due to the future decrease of ozone in the25

lower tropical stratosphere the difference in the partial ozone column has a maximum
around 20 hPa and decreases below, resulting in a smaller above laying ozone column
in the lowermost stratosphere and also at the surface. This in turn explains the positive
ozone changes due to photolysis at and below the 70 hPa layer.
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The gray line in Fig. 4 represents the relative ozone change averaged for the tropics
(analogous to RO3 in Fig. 3). The comparison of the relative change in the ozone
production and in the ozone mixing ratio shows that between 50 and 20 hPa both the
ozone production and the ozone abundance will decrease, whereas in the lowermost
stratosphere (below 70 hPa) the production changes are opposite to the changes in5

ozone. This is consistent with the results in Fig. 3 and can now be explained by an
increased ozone production via photolysis in the lowermost stratosphere that is partially
caused by the dynamically induced reduction of the ozone column above. In the middle
stratosphere, however, the ozone decrease due to transport is amplified because of
the bulk of the ozone column in the upper stratosphere that leads to reduced ozone10

production (Fig. 5).
The total ozone loss rate L (= D ·O3) is projected to decrease above ∼ 90 hPa

throughout the stratosphere (not shown). The corresponding ozone changes that are
attributed to chemical destruction (Fig. 4b) are positive in the middle stratosphere, but
negative at and below ∼ 70 hPa. This illustrates that the total loss rate L, which is15

generally used for analyses, is not only influenced by chemical processes but also by
the ozone abundance itself. Furthermore, it is found, that future ozone changes below
50 hPa are determined by a modified loss rate in the HOx cycle, while in the middle
stratosphere the ozone increase related to chemical destruction is dominated by re-
duced loss rates in the ClOx and NOx cycles.20

In the next step we examine which processes are responsible for the changes in
the different loss cycles. Changes in the rate of catalytic loss cycles can be caused
by changes in the abundance of the involved species or by changes in the reaction
rate coefficient due to temperature changes. The reduction in the loss due to ClOx
is primarily linked to the future decline of the stratospheric chlorine loading (Fig. 6c)25

which is a consequence of the regulation of the ODSs emissions. The decrease in the
loss rate of the NOx cycle, however, is in contradiction to the future increase in the N2O
emissions since one might expect that an increase in N2O entering the stratosphere will
also lead to an increase in stratospheric NOx. As Fig. 6b shows, this is not projected
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by the model simulations for the lower stratosphere. In fact, below 30 hPa the NOx
mixing ratios will decrease by up to 20 % between the year 2000 and 2095. It is found
that the ratio between NOy (=NOx + nitrogen reservoir species) and N2O decreases in
the tropical lower stratosphere (not shown), which indicates a reduction in the release
rate of NOy from N2O. This can be related to a strenghtening of the Brewer–Dobson5

circulation as mentioned by Revell et al. (2012). Besides a reduction of the transit
time of air parcels due to increased tropical upwelling, the dynamically induced ozone
decrease reduces the photolysis rate of ozone and hence the abundance of excited
atomic oxygen in the lower stratosphere (not shown). Thus the release of NOy from

N2O via the reaction N2O+O1D decreases.10

As in the lower stratosphere the relative contribution from the catalytic NOx cycle
to the total loss is small (Fig. 1), changes in the loss rate have only a small effect
on ozone. Between 30 and 10 hPa, however, a significant increase in ozone due to
changes in the loss through NOx is found in Fig. 4c. At this altitude range no significant
change in the NOx abundance will occur (Fig. 6a). Here, two processes might balance15

each other: on the one hand the increased tropical upwelling reduces the release rate
of NOy (see above). On the other hand a reduced formation of the reservoir species
chlorine nitrate due to the decline in chlorine will increase the NOx abundance (not
shown) and compensate the effect of a reduced release.

Nevertheless, a significant change in ozone is attributed to changes in the loss rate20

of the NOx cycle. In agreement with the explanation by Revell et al. (2012), the de-
creased efficiency of the NOx cycle is mainly caused by a smaller O/O3 ratio (Fig. 6e)
as the temperature decreases. In addition, the conversion of NO into NO2, which is
the relevant compound in the rate determining step (Table 2), is reduced by the tem-
perature induced slowing down of the reaction NO+O3 and by a decrease in chlorine,25

which mitigates the reaction NO+ClO.
Changes in the rate of the catalytic loss cycle involving HOx radicals are partially

linked to the changes in the HOx abundance (Fig. 6b). In the lowermost stratosphere
HOx is influenced by an increased input of tropospheric water vapour due to a warmer
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tropopause region (e.g., Gettelman et al., 2010). The decrease in HOx between 50 and
10 hPa is dominated by a large decrease in HO2 whereas OH will slightly increase.
Since the reaction H2O+O1D is a main source of OH in the tropical lower stratosphere
(e.g., Hanisco et al., 2001), and the abundance of O1D will decrease in the future,
a reduced formation of OH relative to the H2O increase will occur. The conversion of5

OH into HO2 occurs by the reaction of OH with O3. As ozone is reduced by transport
and production changes and the cooling of the stratosphere slows the reaction rate of
OH+O3 down, the formation of HO2 decreases. All in all this results in a slight increase
in OH and a decrease in HO2 and also in HOx. A similar trend pattern is also shown
in Oman et al. (2010a). Regarding the change in ozone above 50 hPa an increase in10

ozone is attributed to HOx. Besides the decrease in HO2, the increase in OH is offset
by the reduced reaction rate of OH+O3 due to stratospheric cooling.

The reduction of the loss due to the Ox cycle between 50 an 10 hPa is caused by
stratospheric cooling and the concomitant decrease of the ratio between atomic oxygen
and ozone as well as the decrease of the temperature dependent reaction coefficient15

of the reaction O3 +O3P (e.g., Jonsson et al., 2004). Below 70 hPa a slightly increased
ozone loss due to Ox is found that is related to the temperature increase of the tropical
tropopause region (Fig. 6f).

Furthermore, a coupling between the different cycles can cause changes in the loss
rates. An increase in CH4 will increase the amount of Cl sequestered as HCl, while the20

increase in H2O and thus OH will increase the amount of nitrogen present as HNO3.
This coupling leads to a mitigation of the ClOx and NOx cycles in addition to the decline
in the abundance of reactive chlorine and nitrogen molecules.

In summary, in the tropical region between the tropopause and approximately
20 hPa, where a ozone decrease is projected between 2000 and the end of the 21st25

century, a chemical contribution to the ozone trend is found in addition to the prominent
role of ozone transport. An enhanced HOx cycle slightly amplifies the negative ozone
trend at the lower edge of this region while in the middle and upper part of this region
the negative trend is reduced by less efficient NOx and ClOx cycles. Concurrently, the
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ozone change in this region is influenced by changes in the ozone production. In the
lowermost tropical stratosphere an increase in ozone due to production counteracts
the negative ozone change due to transport. The chemically-induced ozone increase
in the upper stratosphere, however, leads to a reduced ozone production in the mid-
dle stratosphere and thus to an enhancement of the negative ozone change above5

∼ 50 hPa.

4.4 Impact of increasing GHGs

The detected changes in the chemical reaction rates are a combined effect of the in-
crease in GHGs and the reduction of chlorine and bromine containing compounds in
the stratosphere. With the help of the sensitivity simulation GHG2095, which is inte-10

grated with future GHG and SST boundary conditions, but present ODS levels, it is
possible to isolate the impact of GHGs on the tropical ozone change. The right column
of Fig. 3 illustrates that in the tropical lower stratosphere the relative ozone changes
(RO3) are nearly equal to those derived when including a decline in ODSs. These
changes are therefore driven by the impact of increasing GHGs only. However, the attri-15

bution of the relative ozone change to changes in transport, production, and destruction
is clearly different, and hence also the specific role of the individual processes.

The relative ozone decrease due to transport is larger for the GHG2095 simulation at
all three levels shown in Fig. 3. The increase due to production is larger at 70 hPa and
has even an opposite sign at 50 hPa compared to the R2095 simulation. At the same20

time the relative ozone increase due to changes in the loss rates is smaller above
70 hPa. These findings are connected in the following way: the tropical upwelling does
not significantly differ in the R2095 and GHG2095 simulations (not shown). The larger
ozone decrease due to transport is in fact the result of the increased ozone production
via photolysis in 50 and 70 hPa and of the smaller ozone decrease in 30 hPa (see Fig. 7,25

left). The enhanced ozone production due to photodissociation is the consequence of
the smaller ozone increase in the upper stratosphere related to a larger halogen loading
in the GHG2095 simulation compared to R2095 (see Figs. 6c and 7b). Therefore the
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UV-absorbing ozone column above is smaller than in the R2095 simulation (Fig. 5), the
difference to the R2000 reference simulation is clearly reduced and more SW radiation
can penetrate into the lower stratosphere.

The ozone changes attributed to modified destruction rates are smaller in the
GHG2095 simulation, but not negligible. Figure 7b shows that the largest contribu-5

tion to the ozone increase is from the NOx cycle. Even though the future changes in
NOx differ in the GHG2095 vs. R2095 simulations in the middle stratosphere (Fig. 6a)
due to an increased formation of chlorine nitrate in the GHG2095 simulation, the in-
duced ozone change due to NOx is of comparable magnitude. This shows that the
limitation by the available atomic oxygen is the more relevant mechanism in reducing10

the effectiveness of the NOx cycle.
Also without changing the emissions of the chlorine source gases, a slightly reduced

loss due to the ClOx cycle contributes to the total change in the loss rate (up to 3 %).
This has different reasons: on the one hand the coupling between the NOx and ClOx
cycles leads to a reduced efficiency of the ClOx cycle when NOx is increased (above15

10 hPa, see Fig. 6a). On the other hand the fractional chlorine release from the organic
source gases is reduced due to an increased upwelling by reducing the time available
for photolysis (e.g., Waugh et al., 2007).

All in all future changes in the chemical production and loss rates are found to con-
tribute to the ozone change in the tropical lower stratosphere. Due to a dynamically20

induced reduction of the overhead ozone column, the ozone production via O2 pho-
tolysis will increase at 70 hPa and below. Concurrently this leads to a larger transport
induced ozone change in this region. If the ODSs are fixed at the conditions for the year
2000 and only the changes in the GHG concentrations are considered, a similar ozone
change is found in the tropical lower stratosphere. This shows that the opposed ozone25

changes that are induced by chemistry and transport are connected. The decline of
ODSs in the future will lead to an increase in ozone in the middle and upper strato-
sphere and will counteract the dynamically induced reduction of the overhead ozone
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column. Hence the partial compensation of the transport induced ozone decrease is
due to a combination of production and destruction changes.

5 Conclusions

The presented CCM simulations confirm the principal role of transport changes on the
future evolution of tropical ozone in the lower stratosphere. However, it is found that in5

a future climate also the destruction and in particular the production of ozone in this
region is modified. In the lowermost stratosphere the ozone production increases by
3 % (mainly due to photolysis) leading to a relative ozone increase of almost 30 %. This
increase is related to a reduced overhead ozone column. Above 70 hPa the production
is reduced with a maximum decrease of 15 % at 10 hPa because of an increased over-10

head ozone column. Accordingly, the resulting ozone change due to production above
70 hPa is negative. Changes in the loss rate, especially of the ClOx and NOx cycles, do
have a large relative contribution and lead to positive ozone changes above 70 hPa. In
the lowermost stratosphere (70 hPa) an intensified HOx cycle contributes to the ozone
decrease.15

The ozone transport is not only determined by the strength of the tropical upwelling,
but also by the rate of chemical ozone production and loss in the rising air parcel. The
contribution from circulation changes to the relative ozone change depends therefore
also on the evolution of ozone in the upper stratosphere. If the ozone abundance fur-
ther increases in the upper stratosphere, because of the growing emissions of GHGs20

and the concomitant stratospheric cooling, the ozone production in the lower strato-
sphere will decrease. Additionally, the ozone increase due to decreased destruction
will grow less in the future, because the change that is attributed to the halogen de-
cline will cease. This together can lead to a reduced net production and the effect of an
enhanced tropical upwelling on ozone transport is reduced. A comparison to a hypo-25

thetical scenario without reducing the halogen emissions showed that the role of ozone

27875

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/27855/2013/acpd-13-27855-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/27855/2013/acpd-13-27855-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 27855–27889, 2013

Chemical
contribution to
tropical ozone

change

S. Meul et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

transport in determining the negative ozone trend in the tropical lower stratosphere is
more important, when the net ozone production increases rather than decreases.

Supplementary material related to this article is available online at
http://www.atmos-chem-phys-discuss.net/13/27855/2013/
acpd-13-27855-2013-supplement.zip.5
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Table 1. Boundary conditions for the three timeslice simulations. Obs stands for observations.

R2000 R2095 GHG2095

GHG emissions Obs for 2000 IPCC A1b for 2095 IPCC A1b for 2095
ODS emissions Obs for 2000 WMO adjusted A1 for 2095 Obs for 2000

SSTs/SICs modelled modelled modelled
(1995–2004 mean) (2090–2099 mean) (2090–2099 mean)
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Table 2. List of reactions that are rate determining for the different ozone production pathways
and ozone loss cycles.

Production Reactions

Photolysis O2 + hν→ O3P + O3P
HO2 HO2 + NO → OH + NO2

CH3O2 CH3O2 + NO → CH3O + NO2

Loss cycle Reactions

Ox O3 + O3P → 2 O2

O1D + H2O → 2 OH
NOx NO2 + O3P → NO + O2
HOx HO2 + O3 → OH + 2 O2

OH + O3 → HO2 + O2

HO2 + O3P → OH + O2

OH + O3P → H + O2
H + O3 → OH + O2

ClOx ClO + O3P → Cl + O2
ClO + HO2 → HOCl + O2
ClO + ClO + M → Cl2O2 + M

BrOx BrO + ClO → Br + Cl + O2
BrO + ClO → BrCl + O2

BrO + O3P → Br + O2
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Fig. 1. Vertical profile of the annual mean relative contribution of the different ozone loss cycles
(a) and ozone production pathways (b) to the sum in the tropics (25◦ S–25◦ N) in % for the
reference simulation R2000 (solid) and the future simulation R2095 (dash-dotted). The error
bars denote the 2σ-standard deviation of the multi-annual average. The standard deviations of
the ozone production are very low and therefore the bars are covered by the profile curves.
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Fig. 2. Latitude-height section of the change in the annual mean zonal mean ozone mixing ratio
between R2000 and R2095 in ppmv (red/blue colours). Statistically significant changes on the
99 % confidence level are colored. Black contours indicate the relative ozone change in %, the
contour interval is 10 %.
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Fig. 3. The relative ozone change (RO3), its contributions from transport (RT), production (RP)
and destruction rate (RD) and the sum of the contributions (RO∗

3) between R2095 and R2000
(left column) and between GHG2095 and R2000 (right column) in 70 (bottom), 50 (middle) and
30 hPa (top) in the tropics (25◦ S–25◦ N). For more details see text.
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Fig. 4. Vertical profiles of the relative ozone changes (in %) attributed to changes in ozone
production (a) and ozone loss (b) relative to the respective sum (Σ, black solid line) between
the R2095 and R2000 simulations in the tropics (25◦ S–25◦ N). Besides the total changes (Σ) the
contributions from the different loss cycles and the three production pathways (colored dashed
lines) are shown. The gray line shows the relative change in ozone volume mixing ratio (scale
on the bottom) which is equivalent to RO3. For comparison the total changes due to production
and loss derived from ProdLoss are also included (black solid line with circles).
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Fig. 5. Ozone column above each pressure level (in DU) in the tropics for the reference simu-
lation (left) and the differences between the R2095 and R2000 (solid) and between GHG2095
and R2000 (dash-dotted) simulations (right).
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Fig. 6. Annual mean changes in the chemical families NOx (a), HOx (b), ClOx (c), BrOx (d) in
%, in the partitioning of Ox in % (e) and in the temperature in K (f) between the R2095 and
R2000 simulations (solid) and between the GHG2095 and R2000 simulations (dot-dashed) in
the tropics (25◦ S–25◦ N).
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Fig. 7. Same as Fig. 4 but for the changes between the GHG2095 and R2000 simulation.
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