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Abstract The explicit calculation of stratospheric ozone in global climate models still comes at a high
computational cost. Here, the usefulness of a linear ozone parameterization in a global climate model is
assessed by comparing it to an explicit chemistry scheme and to observations. It is shown that the annual
mean total ozone column and the tropical ozone profile agree well for the linear and the explicit
chemistry schemes and the observations. Ozone variability caused by the quasi-biennial oscillation
and by extratropical quasi-stationary planetary waves is reproduced qualitatively, but its magnitude is
underestimated in particular in the simulations using the linear parameterization. The response of ozone
to a quadrupling of CO2 simulated with both schemes is in the range of earlier simulations with explicit
schemes. This concerns in particular ozone decreases in the tropical lower stratosphere and increases
above predicted as a consequence of a strengthening of tropical upwelling and potentially affecting climate
sensitivity. This study demonstrates that despite existing weaknesses a linear ozone parameterization can
be a useful tool to represent stratospheric ozone in climate models at negligible computational cost.

Plain Language Summary Ozone is the main absorber of solar radiation in the stratosphere.
Feedbacks between ozone, temperature, and circulation are therefore crucial for stratospheric
variability and responses to external forcings like anthropogenic greenhouse gas emissions. However,
the comprehensive representation of stratospheric ozone in global climate models comes at a high
computational cost. Here, we analyze to what extent a computationally cheap linear ozone
parameterization can overcome this problem. It is shown that a linear ozone scheme reproduces well key
features of the mean ozone distribution but underestimates variability induced by circulation patterns
like the quasi-biennial oscillation of winds in the tropical stratosphere. The response of ozone to an
idealized global warming scenario (instantaneous quadrupling of the atmospheric CO2 concentration)
simulated with the linear ozone scheme is in the range of earlier model studies with more complex
chemistry schemes. We demonstrate that despite existing weaknesses, a linear ozone parameterization can
be a useful tool to represent stratospheric ozone in climate models at negligible computational cost.

1. Introduction
Ozone is the most important absorber of solar radiation in the stratosphere. The ozone distribution is, there-
fore, crucial for stratospheric temperature and circulation and has been shown to have impacts down to the
Earth's surface. Consequently, an increasing number of climate models include comprehensive representa-
tions of stratospheric chemistry, which comes at a high computational cost. In this paper we try to answer
the question how useful a traditional linear ozone parameterization is for global climate modeling taking
into account recent advances in the knowledge of ozone-circulation and ozone-climate feedbacks.

Several recent studies with comprehensive chemistry-climate models show large changes in ozone in the
tropical lower stratosphere as a response to a quadrupling of CO2 (Dietmüller et al., 2014; Marsh et al., 2016;
Muthers et al., 2014; P. J. Nowack et al., 2015). The studies report impacts of these ozone changes on effective
climate sensitivity that range between about 0% and −20%. Chiodo et al. (2018) found that the spread in
the reduction of lower tropical stratospheric ozone between these different models emerges from the spread
in the strength of the change in tropical upwelling. In an idealized model study with a one-dimensional
radiative convective equilibrium model representing the tropical atmosphere, Dacie et al. (2019) showed
that differences in the tropical ozone changes could contribute to the large spread in the chemistry-climate
feedback. In contrast to this, Chiodo and Polvani (2019) found that global mean radiative effects from three
different ozone anomalies prescribed in a three-dimensional coupled climate model are very similar and
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close to 0 because effects in the longwave and shortwave parts of the spectrum and in tropics and extratropics
almost cancel. However, the potential chemistry-climate feedback provides a strong motivation for the use
of interactive stratospheric ozone in global climate models.

More motivation comes from effects of stratospheric ozone on circulation and feedbacks between the two.
For example, the quasi-biennial oscillation (QBO) of zonal winds in the tropical stratosphere is known to
produce also an oscillation in ozone, and it has been shown that the simulated QBO differs for model experi-
ments with interactive and prescribed ozone (Tian et al., 2006). Furthermore, planetary waves in the middle-
and high-latitude stratosphere create corresponding wave signatures in ozone, which provide a feedback
on the waves and also influence the zonal mean circulation (e.g., Albers & Nathan, 2012; Gabriel et al.,
2007; Kirchner & Peters, 2003; Peters et al., 2015; Silverman et al., 2018). While it is known since about
two decades that in particular the Antarctic ozone hole affects atmospheric circulation down to the surface
(e.g., Thompson & Solomon, 2002), more recent model studies have indicated that also the aforementioned
stratospheric ozone-dynamics feedbacks influence stratosphere-troposphere coupling (Haase & Matthes,
2019; Lin et al., 2017; Romanowsky et al., 2019).

However, in climate model intercomparison experiments like the fifth Coupled Model Intercomparison
Project (CMIP5) most models still do not operate with interactive atmospheric chemistry due to high com-
putational cost but prescribe, in general, monthly and zonal mean ozone fields. Ozone-circulation feedbacks
are obviously ignored when ozone fields are prescribed.

Beside explicit calculation of ozone, another option to represent ozone are parameterizations. Nowack
et al. (2018) proposed a parameterization based on machine learning that has, however, not yet been
included in a general circulation model. Other ozone parameterizations calculate the ozone as a lineariza-
tion of the net chemical production term in the ozone continuity equation. The advantage of such an
approach is its computational efficiency. In this study, we assess the usefulness of the linear ozone param-
eterization from Cariolle and Teyssèdre (2007), commonly called “Cariolle scheme,” for global climate
modeling by comparing it to an explicit chemistry scheme and to observations. We focus on two major
aspects of which the importance is increasingly realized as described above, first, dynamically induced
variability in ozone and second, the response of ozone to global warming.

Cariolle and Déqué (1986) were the first to develop a linear ozone parameterization based on sensitivity cal-
culations with a chemistry-transport model containing a more comprehensive explicit chemistry scheme.
Their parameterization depends only on temperature and ozone concentration; hence, no other chemical
species need to be modeled. An updated version of the Cariolle scheme includes also a term for hetero-
geneous chemistry (Cariolle & Teyssèdre, 2007). It is included in the operational forecast model of the
European Centre for Medium-Range Weather Forecasts and in the ERA5 reanalysis model (Hersbach et al.,
2018). The Cariolle scheme has been widely used to analyze past ozone trends and ozone variability
(Hadjinicolaou et al., 2005; Jrrar et al., 2006; Pyle et al., 2005).

Similar linear parameterizations have been developed by McLinden et al. (2000) (LINOZ) and McCormack
et al. (2006) (CHEM2D-OPP). Geer et al. (2007) compared three ozone parameterizations (Cariolle, LINOZ
and CHEM2D-OPP) for data assimilation and stated that all three schemes work well in the stratosphere
and mesosphere.

Already a quarter century ago Mahfouf et al. (1994) made use of an early version of the Cariolle scheme to
account for ozone changes in a general circulation model study of the climate response to a doubling of CO2.
They found a similar dipole response of tropical stratospheric ozone to global warming as reported by Chiodo
et al. (2018) but with a much smaller magnitude. One could argue that today the relevance of computation-
ally cheap ozone schemes is much smaller than at that time because running explicit chemistry schemes over
climate time scales at typical climate model resolutions has become much more affordable. However, there
are also good arguments to invest additional computing power rather in very high, convection-permitting
model resolutions (e.g., Satoh et al., 2019) or the computation of very large ensembles (e.g., Maher et al.,
2019), where again the cost of comprehensive explicit chemistry schemes would be prohibitive. Given the
more recent knowledge on the importance of the role of ozone for climate studies as discussed above, we
think it is timely to ask again the question how well current linear ozone schemes can perform in global
climate modeling.
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To answer this question, we use simulations with the general circulation model Hamburg Model of the
Neutral and Ionized Atmosphere (HAMMONIA) coupled to both the explicit chemistry model MOZART
(Model of Ozone and Related Tracers Kinnison et al., 2007) and the Cariolle scheme, enabling a direct com-
parison of the two schemes. We concentrate on two major points: how well the Cariolle scheme reproduces
(a) the climatological ozone distribution and variability induced by the QBO and extratropical planetary
waves and (b) the ozone response to a quadrupling of CO2. Regarding (a), we compare the linear scheme to
observations and reanalysis data. A strong forcing like quadrupled CO2 allows us to study the limitations of
the linearization of the parameterization.

This paper is organized as follows: Section 2 describes the model setup and the linear Cariolle scheme
along with a short summary of the used observational and reanalysis data. Section 3.1 compares the
Cariolle scheme to the observations, and section 3.2 shows the response of the ozone parameterization to
quadrupling of CO2. Finally, section 4 summarizes and discusses the main outcomes and limitations of
this study.

2. Model and Observational Data
2.1. HAMMONIA
HAMMONIA is the chemistry and general circulation model used in this study. It is an upward extension of
the general circulation model ECHAM5 (Roeckner et al., 2006) and treats atmospheric dynamics, radiation,
and chemistry interactively from the surface to the thermosphere (2 * 10−7 hPa, ∼250 km altitude). The
atmospheric chemistry is calculated by MOZART (Kinnison et al., 2007). A more detailed description is
given by Schmidt et al. (2006) and Meraner et al. (2016).

For this study, HAMMONIA is run with a triangular truncation at Wave Number 63 (T63), which corre-
sponds to a horizontal resolution of about 1.9◦ in latitude and longitude. In the vertical, 119 layers are used
of which the thickness in the middle atmosphere ranges from ∼800 m near the tropopause to ∼3 km near
the mesopause.

We implemented the Cariolle scheme (see section 2.2) in HAMMONIA and, hence, have now two ways to
predict ozone: either by the Cariolle parameterization or by the MOZART explicit chemistry scheme. In con-
trast to the model used in Meraner et al. (2016) ion chemistry is not considered. We carried out two timeslice
experiment sets, in which either the Cariolle ozone or the MOZART ozone interacts with the radiation. All
experiments used in this study calculate both ozones; however, only one ozone tracer per experiment inter-
acts with the radiation. Hence, Cariolle ozone is an additional output in the MOZART simulations. This has
the advantage that both ozone schemes can be compared excluding any difference from circulation. The
Cariolle scheme provides parameters only up to 0.01 hPa. Above this height the MOZART explicit chemistry
is used in all experiments to stabilize the upper atmospheric temperature in HAMMONIA preventing the
model from crashing.

All boundary conditions are set constant to minimize transient impacts. Stratospheric aerosols are set to
constant low values of the Year 1999; likewise, we simulate solar minimum (e.g., the F10.7 solar flux is set
to 68.7 10−22 W·m−2·Hz−1). Sea surface temperature (SST) and sea ice cover as well as the upper and lower
boundaries of chemistry species are set to an average annual cycle of the period 1979–2008. Carbon dioxide
is fixed at 359.09 ppmv (and to 1436.37 ppmv for the 4xCO2 case).

We simulate two different climatic conditions: the late twentieth century (average over 1979–2008, named
Control hereafter) and “global warming” (quadrupled atmospheric CO2 concentration and +6.7 K globally
uniform SST increase, named 4xCO2 hereafter). The increase in SST is taken from a multimodel mean from
CMIP5 coupled models (Andrews et al., 2012). We ran 15 years for each experiment but analyzed only the
final 8 years, discarding the first 7 as spin-up.

As both Control experiments show no or only a weak indication of a QBO (not shown), we performed an
additional set of experiments with retuned gravity wave source parameters (see section 2.1). We tuned the
QBO by increasing the source term of the nonorographic gravity wave parameterization (Hines, 1997), the
uniform, isotropic root-mean-square wave wind speed at a fixed launching level of 830 hPa, from 0.7 to
1.0 m/s. These experiments were started from the spun-up states and run for only 5 years. The, in total, six
experiments of this study are listed in Table 1.
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Table 1
List of experiments with either MOZART or Cariolle ozone tracer interacting with radiation
for two different climatic conditions (late twentieth century or global warming), and with two
RMS wave wind speeds (𝜎) of the gravity wave source function

Experiment Ozone tracer SST (K) CO2 (ppmv) 𝜎 (m/s)
MOZART Control MOZART 290.7 359.09 0.7
Cariolle Control Cariolle 290.7 359.09 0.7
MOZART 4xCO2 MOZART 297.4 1436.37 0.7
Cariolle 4xCO2 Cariolle 297.4 1436.37 0.7
QBO MOZART Control MOZART 290.7 359.09 1.0
QBO Cariolle Control Cariolle 290.7 359.09 1.0

Note. The sea surface temperature is a global and annual mean.

The implementation of the Cariolle scheme in addition to the MOZART scheme in HAMMONIA has
increased the total run time of the model by about 1%. In the ICON general circulation model (not used in
this study; Giorgetta et al., 2018) the Cariolle scheme can be used optionally instead of a prescribed ozone
climatology and increases the run time by about 5%. While exact numbers will depend on the specific com-
puter, implementation, and model configuration, the computational cost of such a linearized ozone scheme
can be considered negligible in comparison to complex schemes like MOZART, which usually increase the
computing time of general circulation models by more than a factor of 2.

2.2. Cariolle Scheme: Linear Ozone Parameterization
We implemented the Cariolle scheme as described by Cariolle and Déqué (1986) and Cariolle and Teyssèdre
(2007) in HAMMONIA. The scheme describes the net chemical ozone production in terms of a first-order
Taylor series depending on ozone volume mixing ratio xO3

, temperature T, the overhead ozone column
O3

= ∫ ∞
z xO3

(h)dh at any point of the atmosphere, and the zenith angle 𝛼. The ozone tendency is calculated
using eight coefficients A1 … ,A8, which are prescribed as zonal means and are interpolated from monthly
means for every model time step:

dxO3

dt
= A1 + A2(xO3

− A3) + A4(T − A5) + A6(O3
− A7) + A8xO3

× 𝜒{T≤195K} × 𝜒{cos 𝛼>0}, (1)

where 𝜒B is the characteristic function of set B; that is, 𝜒B(x) = 1 if x ∈ B and 𝜒B(x) = 0 otherwise. The
coefficients A3,A5,A7 represent the point in the multidimensional space at which the Taylor series was
constructed and mean ozone mixing ratio, temperature, and the overhead ozone column at this point. The
coefficient A1 represents a net chemical ozone tendency, and A2,A4,A6 the partial derivatives of this ten-
dency with respect to ozone mixing ratio, temperature and the overhead ozone column, respectively. The
coefficient A8 accounts for heterogeneous chemistry in the Antarctic region.

The first two terms in equation (1) correspond to the traditional linearization of net photochemical loss and
production rates of ozone, where 𝜏 = −1∕A2 can be interpreted as the photochemical relaxation time. A1
is most important in the low-latitude middle stratosphere. At altitudes where photochemistry is in a steady
state (A1 = 0), the first two terms reduce to a relaxation toward the zonal mean profile A3. The temperature
dependency is described by the third term. Higher stratospheric temperatures slow down the production
cycle of ozone causing lower ozone concentrations. The fourth term in equation (1) models the influence
of the local ultraviolet (UV) flux on ozone concentrations. Less (more) ozone in the overhead atmosphere
leads to an increase (decrease) of UV flux reaching lower altitudes and in turn to increasing (decreasing)
ozone production due to molecular oxygen dissociation. This mechanism has its largest influence in the
stratosphere and upper mesosphere. UV radiation also plays an important role in the activation of catalytic
ozone destruction. Finally, the fifth term accounts for heterogeneous chemistry and is introduced by Cariolle
and Teyssèdre (2007). Ozone is lost when the polar stratospheric temperature is lower than 195 K, and the
Sun is over the horizon due to heterogeneous ozone destruction from chlorine activation on the surface of
polar stratospheric cloud particles in high-latitude winter and spring.

We use Version 2.9 (from March 2017) of the Ai coefficients of the Cariolle scheme. They were generated
by perturbing the 2-D photochemical model MOBIDIC (Cariolle & Brard, 1985) by ±20% for ozone mixing
ratio and overhead ozone column and by ± 10 K for temperature (Cariolle & Teyssèdre, 2007).
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Figure 1. Relative difference in annual mean ozone volume mixing ratio (%) between Cariolle Control and MOZART
Control.

Cariolle and Déqué (1986) found that the largest deviation in ozone distribution between their parameteri-
zation and their explicit chemistry is less than 12% (see their Figure 4). The largest errors are located in the
lower stratosphere. However, we compare the Cariolle scheme to a different model with a different explicit
chemistry. Hence, we expect larger differences between the Cariolle scheme and the MOZART chemistry
than those found by Cariolle and Déqué (1986). Indeed, Figure 1 shows deviations up to 50%, mainly in
the troposphere and polar lower stratosphere. MOZART simulates more ozone in the troposphere and less
in the polar lower stratosphere than the Cariolle scheme and in turn the ARPEGE model used as original
reference. Hence, the MOZART and ARPEGE chemistries differ quite substantially. Despite the larger devi-
ations, our comparison method sheds light on the usefulness of the Cariolle scheme without prior tuning
in climate models.

2.3. Observational Data
We compare results obtained with the linear scheme not only to an explicit chemistry scheme but also to
observational and reanalysis data. In this section, we briefly describe the used data in order of appearance.

First, we evaluate the total column ozone using the National Institute of Water and Atmospheric
Research-Bodeker Scientific v3.3 (NIWA-BS) total column ozone database (Bodeker et al., 2005; Struthers
et al., 2009). These data combine total ozone measurements from various sources: the Global Ozone Mon-
itoring Experiment 2 (GOME-2) instruments, four Solar Backscatter Ultraviolet (SBUV) instruments, the
Ozone Monitoring Instrument (OMI), and the Scanning Imaging Absorption Spectrometer for Atmospheric
Chartography (SCIAMACHY) instrument.

Second, the tropical ozone profile is compared to two climatologies: the Climatology 2011 from McPeters
and Labow (2012) and the CMIP5 ozone data set from Cionni et al. (2011). The first climatology is based
on observations of the Microwave Limb Sounder (MLS) instrument on the Aura satellite from 2004 to 2010
and data from balloon sondes from 1988 to 2010. The latter climatology has been created in support of
CMIP5 using a multiple linear regression analysis of SAGE I+II satellite observations and polar ozonesonde
measurements for the period from 1979 to 2009. We averaged each climatology between 10◦S and 10◦N to
obtain a tropical ozone profile.

Third, we evaluate the ozone anomalies induced by the QBO using winds from the Free University of
Berlin data, which is based on soundings from Singapore, and the ozone profiles from the Southern Hemi-
sphere Additional Ozonesonde (SHADOZ) network (Witte et al., 2017), which provides ozone sonde records
from seven tropical stations. We average over data from three stations around the equator (San Cristobal,
Nairobi, and Kuala Lumpur) to obtain a monthly mean tropical ozone profile of high vertical resolution
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Figure 3. (a) Tropical (10◦S to 10◦N) ozone profiles (ppmv) for two climatologies (McPeters & Labow, 2012 and Cionni
et al., 2011) and two HAMMONIA simulations: MOZART Control (red solid line) and Cariolle Control (blue, dashed
line). The error bars represent 1 𝜎 standard deviation from the McPeters and Labow (2012) climatology. (b) The same as
(a) but zoomed in on the lowermost stratosphere (200–20 hPa).

In the following we analyze two aspects of ozone variability: tropical vertical anomalies caused by the QBO
and zonal inhomogeneities attributed to extratropical planetary waves.
3.1.1. Sensitivity to the QBO
The QBO is an oscillation of zonal winds between easterlies and westerlies in the tropical stratosphere
(see Baldwin et al., 2001, and references therein). The QBO dominates the interannual variability of tropical
stratospheric ozone.

The tuned-QBO simulations show a QBO-like oscillation, but with a period shorter than in observations.
The FU-Berlin data for 1987–2018 (see section 2.3) show a mean QBO period of 27.8±3.5 months, whereas
the MOZART QBO simulation has a mean QBO period of 20.5 months and the Cariolle QBO simulation of
23.5 months. However, the QBO amplitude at 20 hPa is well reproduced in the model simulations. In the
observations, the QBO oscillates between 16.0± 4.1 m/s (west phase) and −32.0± 5.5 m/s (east phase). In
our model simulations, the equatorial zonal wind varies between 16.3 (17.1) m/s for the west phase and
−27.0 (−27.3) m/s for the east phase in the MOZART (Cariolle) QBO experiment.

We calculate QBO ozone anomalies by removing the mean from QBO-east and QBO-west composites. We
use the zonal wind speed at 20 hPa as criterion: If its monthly mean is below −5 m/s, this month is classified
as QBO-east phase, a month with a wind speed above +5 m/s is classified as QBO-west phase. All months for
each phase are then averaged. We compare the ozone anomalies from the two QBO experiments to a tropical
mean of the SHADOZ database (see section 2.3). As SHADOZ does not provide zonal wind speeds, we use
the FU-Berlin QBO data to distinguish between QBO-east and QBO-west phase for the SHADOZ data.

Figure 4 shows the ozone anomalies for the QBO-east and QBO-west phases. In general, ozone is reduced
during a QBO-east phase and increased during a QBO-west phase in the lower stratosphere. During a
QBO-east phase the strength of the lower stratospheric tropical upwelling is increased as part of the sec-
ondary circulation caused by the QBO, and vice versa for the QBO-west phase. This leads to a negative
(positive) ozone anomaly during a QBO-east (QBO-west) phase (Gray & Pyle, 1988). The Cariolle and
MOZART chemistries reproduce the structure of the observed ozone anomalies qualitatively, but the ampli-
tudes of the ozone anomalies around 30 hPa are smaller for both model simulations. Especially, the Cariolle
ozone generates only about half of the amplitude at 30 hPa compared to the observations. At least a part of
the general underestimation of the QBO signal may be related to deficiencies in the simulated QBO winds,
but a perfect match cannot be expected in a free running simulation.

More important for the evaluation of the usefulness of linear ozone schemes is again the question whether
the differences between MOZART and Cariolle ozone anomalies are due to the different chemistry schemes
or merely due to different dynamics. Therefore, we use the Cariolle ozone calculated in the MOZART Con-
trol experiment, which has the advantage that the dynamics are the same as for the MOZART ozone. Below
10 hPa the ozone anomalies calculated by the Cariolle scheme in both experiments (cf. gray and blue lines
in Figure 4) are very similar. Thus, the difference between the MOZART and Cariolle ozone anomalies are
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Figure 4. Ozone anomalies (ppmv) averaged between 5◦S to 5◦N for (a) QBO-west and (b) QBO-east phase for
SHADOZ ozonesondes and two HAMMONIA experiments: MOZART QBO (red, solid line) and Cariolle QBO
(blue, dashed line). The gray, dashed line represents the Cariolle ozone from the MOZART QBO experiment.

mainly due to the different chemistry schemes. Part of the difference between observed and simulated ozone
anomalies may be due to differences in the simulated and real secondary stratospheric circulation patterns
caused by the QBO, but the weaker amplitude of the Cariolle ozone in comparison to MOZART indicates a
general limitation of the linear scheme.
3.1.2. Zonal Asymmetry
The second variability feature we analyze are the ozone deviations from the zonal mean in middle and high
latitudes. The zonal asymmetry in ozone can provide a radiative feedback on the wave structure in temper-
ature and circulation and affect the zonal mean state and stratosphere-troposphere coupling, as mentioned
in the introduction.

Figure 5 shows the quasi-stationary zonal ozone asymmetry at 10 hPa in the Northern Hemisphere for Jan-
uary. A predominant wave-one structure is evident in the reanalysis data and in all simulations. However,

Figure 5. Deviations from zonal mean ozone (O3*) (ppmv) at 10 hPa for January from (a) MERRA-2 reanalysis data (1979–2007), (b) MOZART Control,
(c) Cariolle Control, and (d) Cariolle ozone from the MOZART Control experiment.
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Figure 6. Relative response in annual mean zonal mean ozone (%) for the 4xCO2 experiments for (a) MOZART
chemistry, (b) Cariolle chemistry, and (c) its difference.

compared to the reanalysis data the amplitudes in the model simulations are too weak, particularly for the
Cariolle ozone. Different dynamics between the reanalysis and the model simulations may contribute to
this. Indeed, the zonal temperature deviation is much weaker in the model than in the reanalysis. But sim-
ilarly as in the case of QBO variability, the amplitude of the wave structure in Cariolle ozone is also weaker
than in MOZART ozone when both are taken from MOZART Control (Figures 5b and 5d) and have, hence,
experienced the same dynamics. One reason for the weaker Cariolle ozone amplitude is likely that the
Cariolle parameters are prescribed as zonal averages, which may dampen the wave structure. Furthermore,
at this altitude, the zonal mean meridional ozone gradient is smaller in the Cariolle experiment than in the
MOZART experiment resulting in a weaker contribution of meridional advection to ozone anomalies. Both
HAMMONIA simulations show a much smaller meridional ozone gradient than the reanalysis data explain-
ing at least part of the differences between model and reanalysis data. Analysis of simulated ozone patterns
in high-latitude austral spring (not shown) indicates a similar relation between wave amplitude (weaker in
Cariolle than in MOZART) and zonal mean meridional gradient.

3.2. Ozone Changes Under Quadrupling of CO2
To assess the response of the linear ozone scheme to global warming, we carried out experiments with
quadrupled atmospheric CO2 and a 6.7 K SST increase (see section 2.1). This SST increase is estimated as
mean equilibrium response for CMIP5 models. Thus, the imposed temperature increase is higher than what
coupled atmosphere-ocean models in general simulate only 100 or 150 years after a quadrupling of CO2 as
equilibrium is not reached at that time.

Figure 6 shows the response of ozone in the 4xCO2 experiments for the two different chemistry schemes.
In both schemes ozone decreases in the tropical lower stratosphere by ∼50% and increases above by ∼35%.
However, the maximum increase is for the Cariolle scheme at a higher altitude than in MOZART. In the
lower stratosphere (60–20 hPa) the explicit chemistry simulates a stronger decrease in ozone for 4xCO2 than
the linear chemistry. Furthermore, the Cariolle scheme simulates a larger ozone increase in the tropical
troposphere (about 30%) than the MOZART scheme (10%). Note that neither scheme is specifically designed
for a realistic representation of tropospheric chemistry. Again, differences in the responses of the Cariolle
ozone between the Cariolle and MOZART simulations are small (not shown), which indicates that all above
mentioned differences between MOZART and Cariolle are caused by the different chemistries and not by
different dynamics.

Ozone changes simulated in our 4xCO2 experiments are well in the range of results from other chemistry
-climate models. Chiodo et al. (2018) compared the ozone response to instantaneous quadrupling of CO2 in
four different chemistry-climate models and reported decreases in the tropical lower stratosphere between
about 30% and 50% and increases in the upper stratosphere by 40% to 50%. Figure 7a compares the absolute
changes in tropical mean ozone for 4xCO2 from the MOZART and Cariolle scheme to these four models.
The difference between the chemistry schemes in HAMMONIA is as large as differences between different
chemistry-climate models are in general. Chiodo et al. (2018) have identified a strong intermodel correlation
between changes in upwelling in the tropical tropopause region and changes in tropical lower stratospheric
ozone. Figure 7c is a reprint of Figure 6b from (Chiodo et al., 2018) showing this correlation but with both
HAMMONIA experiments added. Concerning this quantity, the responses of the HAMMONIA experiments
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Figure 7. Tropical (10◦S to 10◦N) response in annual mean (a) ozone (ppmv) and (b) temperature (K) for the HAMMONIA experiments and four other
chemistry-climate models (GISS-EH-2, GFDL-CM3, CESM-WACCM, and SOOCOL). (c) Scatterplot of vertical velocity (mm/s) at 100 hPa versus lower
stratospheric (100–20 hPa) ozone column (DU) averaged between 22◦S and 22◦N in response to quadrupling of CO2. The data of the other models is from
Chiodo et al. (2018).

are almost identical. The correlation between changes in vertical wind and ozone drops from −0.98 to −0.86
after including both HAMMONIA experiments, but their responses are well in the range of the other models.

The described ozone changes contribute to the temperature responses in the 4xCO2 experiments (Figure 8),
which are very similar for the linear and explicit chemistry schemes. The zonal mean differences between
the chemistry schemes are less than 3 K everywhere. The largest discrepancies emerge in the tropical mid-
dle atmosphere and resemble changes due to different QBO phases. The temperature changes from both
schemes are in good agreement with the results of the four chemistry-climate models presented by Chiodo
et al. (2018) (Figure 7b). The larger temperature response of HAMMONIA in the troposphere is caused by
the larger SST increase compared to the chemistry-climate models which are coupled to an ocean and have
not fully equilibrated at the time for which results are shown. However, all models exhibit a similar lower
stratospheric cooling to which the ozone reduction contributes up to slightly more than 2 and 3 K in the
simulations by Marsh et al. (2016) and Nowack et al. (2015), respectively. Part of the ozone feedback on cli-
mate sensitivity reported by several studies would be caused by less water vapor entering the stratosphere
due to the cooling effect of the ozone reduction on the tropical tropopause (e.g., Dacie et al., 2019).

We conclude that the responses of ozone in the tropical lower stratosphere in the 4xCO2 experiments are very
similar for the two chemistry schemes and also in the range of what is predicted by other chemistry-climate
models. This is likely related to ozone in the tropical lower stratosphere being rather controlled by transport
than chemistry. Figure 9 compares the photochemical lifetime of ozone and vertical transport constants. The
photochemical lifetime is estimated as −1/A2 from equation (1)(see also Figure 3 from Cariolle & Teyssèdre,

Figure 8. Response in annual mean zonal mean temperature (K) for the 4xCO2 experiments for (a) MOZART chemistry, (b) Cariolle chemistry, and (c) its
difference.
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Figure 9. Profiles of tropical (10◦S to 10◦N) and annual mean photochemical lifetime and time constant of vertical
transport (s) for Cariolle Control and Cariolle 4xCO2 .

2007). The vertical transport constant is approximated by −w∕Hi,where we assume for the scale height of
ozone Hi = 5 km (Brasseur & Solomon, 2005). For w, we use the tropical mean of residual vertical wind. In
the lower stratosphere (between 300 and 70 hPa) the photochemical lifetime is larger than the dynamical
time constant. The vertical transport constants for MOZART Control and Cariolle Control are comparable
inducing similar changes in ozone in the 4xCO2 experiments. This result is in line with the findings of
Chiodo et al. (2018), who showed that the changes in ozone are highly negatively correlated to changes in
the lower stratospheric upwelling (see Figure 7c).

4. Summary and Conclusion
In this study, we assessed how useful a linear ozone parameterization is for global climate modeling.
Simulations with the general circulation and chemistry model HAMMONIA were carried out including
the linear Cariolle ozone scheme (Cariolle & Teyssèdre, 2007). We compared simulations with this ozone
parameterization to simulations with the comprehensive MOZART chemistry scheme. With respect to
the climatological distribution and variability of ozone, we compared the simulations further to obser-
vations, with respect to their responses to global warming to earlier simulations with comprehensive
chemistry-climate models. Running the MOZART and Cariolle schemes in parallel in HAMMONIA, while
letting only one of the ozone fields interact with the model's radiation code, enables to identify which
differences between simulated fields can be uniquely traced back to the chemistry schemes.

Differences in total column ozone between the Cariolle scheme and the explicit chemistry are within 10%.
Similarly, the tropical ozone profile agrees very well for both chemistry schemes and with observations.
However, this can be assumed to be a specific feature of this particular scheme and not general to linear
approaches.

In terms of ozone variability we concentrated on signals caused by the QBO and by extratropical
quasi-stationary planetary waves. Qualitatively, for both variability features the Cariolle scheme agrees
well with the MOZART scheme and with observations. However, the amplitudes of the variability patterns
simulated by the linear approach are up to about 50% smaller than by the explicit scheme. The relax-
ation toward a climatological mean state, implicit in linear approaches, obviously reduces amplitudes of
circulation-induced variability patterns on time scales of the QBO as of quasi-stationary planetary waves.
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The responses of ozone in the 4xCO2 experiments are almost identical for the comprehensive and the lin-
ear ozone scheme, and both responses are well in the range of simulations with other chemistry-climate
models (Chiodo et al., 2018). The reduction of ozone in the lower tropical stratosphere, which has been iden-
tified as particularly relevant for an ozone feedback on climate sensitivity, differs only slightly between the
two schemes. As ozone in this region is sensitive mostly to changes in tropical upwelling and the chemical
lifetime is relatively long, intrinsic deficiencies of linear approaches should a priori not matter much, here.
A possible issue could be an upward shift of the tropopause, because some of the coefficients used in the
Cariolle and other linear schemes have relatively strong vertical gradients in this region. Anyhow, it is impos-
sible to say which of the responses is more realistic because also in this region they are in the range of
responses reported by Chiodo et al. (2018).

It is clear that even with today's computational capacities comprehensive chemistry schemes are too expen-
sive for many modeling approaches in climate research like large ensembles or convective-permitting
resolutions. From our analyses we conclude that computationally cheap linear ozone schemes like the
Cariolle scheme can be useful tools in such cases. For the zonal mean response of stratospheric ozone to
global warming, possible deficiencies of the linear approach seem not to matter much even for a relatively
strong forcing as the quadrupling of the atmospheric CO2 concentration. With respect to ozone-circulation
feedbacks, our analysis shows that comprehensive chemistry schemes are superior to the linear scheme
in reproducing more realistic amplitudes of variability patterns. However, the linear scheme has certainly
advantages over the prescription of climatological ozone fields also in this respect.

In this study, we only used the Cariolle scheme, but there is no reason to expect that other linear ozone
parameterizations should perform in principle very differently. Their application in global climate change
simulations, for example, of CMIP type, should be advantageous in comparison to the still widespread pre-
scription of ozone climatologies. We expect even smaller differences between explicit and linear chemistry
schemes when the coefficients for the linear scheme were derived from the chemistry model to which the
linear scheme is compared, which was not the case in this study. More detailed parameterization approaches
have been developed (e.g., SWIFT—Kreyling et al., 2018; Wohltmann et al., 2017), which may work better
in particular in situations where ozone chemistry behaves very nonlinear. Machine learning approaches as
proposed by Nowack et al. (2018) may provide another option in the future. However, also the further devel-
opment of linear parameterizations to include, for example, effects of solar variability, volcanic eruptions,
or even orbit variability could be envisioned.

Data Availability Statement
Primary data of the model simulations and scripts used in the analysis and other supporting information
that may be useful in reproducing this work are archived by the Max Planck Institute for Meteorology
and can be accessed online (http://hdl.handle.net/21.11116/0000-0005-61B8-E). The NIWA-BS data set can
be obtained from the www.bodekerscientific.com/data/total-column-ozone website. The Climatology 2011
can be obtained from the Goddard anonymous ftp account (ftp://toms.gsfc.nasa.gov/pub/ML&urluscore;
climatology). The CMIP5 ozone climatology is available at the website (cmip.llnl.gov/cmip5/forcing.htm#
ozone&urluscore;forcing). The zonal mean zonal wind data from the FU Berlin can be obtained from the
website (www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/index.html). The SHADOZ data are avail-
able at the tropo.gsfc.nasa.gov/shadoz/ website. The MERRA-2 data can be obtained from the NASA
Goddard Earth Sciences Data and Information Services Center. Last access to all data was on 25 April 2019
for this study.

References
Albers, J. R., & Nathan, T. R. (2012). Pathways for communicating the effects of stratospheric ozone to the polar vortex: Role of zonally

asymmetric ozone. Journal of the Atmospheric Sciences, 69(3), 785–801.
Andrews, T., Gregory, J. M., Webb, M. J., & Taylor, K. E. (2012). Forcing, feedbacks and climate sensitivity in CMIP5 coupled

atmosphere-ocean climate models. Geophysical Research Letters, 39, L09712. https://doi.org/10.1029/2012GL051607
Baldwin, M. P., Gray, L. J., Dunkerton, T. J., Hamilton, K., Haynes, P. H., Randel, W. J., et al. (2001). The quasi-biennial oscillation. Reviews

of Geophysics, 39(2), 179–229. https://doi.org/10.1029/1999RG000073
Bodeker, G. E., Shiona, H., & Eskes, H. (2005). Indicators of Antarctic ozone depletion. Atmospheric Chemistry and Physics, 5(10),

2603–2615. https://doi.org/10.5194/acp-5-2603-2005
Brasseur, G. P., & Solomon, S. (2005). Aeronomy of the middle atmosphere: Chemistry and physics of the stratosphere and mesosphere.

Dordrecht: Springer.

Acknowledgments
The authors gratefully acknowledge
Gabriel Chiodo for providing the
model data for GISS-EH-2, GFDl-CM3,
CESM-WACCM and SOCOL. The
authors thank Daniel Cariolle for
providing the coefficients for the
linear ozone parameterization.
This study was supported by the
Max-Planck-Gesellschaft (MPG),
and computational resources were
made available by Deutsches
Klimarechenzentrum (DKRZ) through
support from Bundesministerium für
Bildung und Forschung (BMBF).
HS receives financial support form the
BMBF programme ROMIC2 (Role of
the Middle Atmosphere in Climate,
phase 2) in project SOCTOC.

MERANER ET AL. 12 of 14

http://hdl.handle.net/21.11116/0000-0005-61B8-E
www.bodekerscientific.com/data/total-column-ozone
ftp://toms.gsfc.nasa.gov/pub/ML_climatology
ftp://toms.gsfc.nasa.gov/pub/ML_climatology
cmip.llnl.gov/cmip5/forcing.htm$delimiter "005C317 $ozone_forcing
cmip.llnl.gov/cmip5/forcing.htm$delimiter "005C317 $ozone_forcing
www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/index.html
tropo.gsfc.nasa.gov/shadoz/
https://doi.org/10.1029/2012GL051607
https://doi.org/10.1029/1999RG000073
https://doi.org/10.5194/acp-5-2603-2005


Journal of Advances in Modeling Earth Systems 10.1029/2019MS002003

Cariolle, D., & Brard, D. (1985). The distribution of ozone and active stratospheric species: Results of a two-dimensional atmospheric model.
In C. S. Zerefos & A. Ghazi (Eds.), Atmospheric ozone (pp. 77–81). Dordrecht: Springer. https://doi.org/10.1007/978-94-009-5313-0&
urluscore;16

Cariolle, D., & Déqué, M. (1986). Southern Hemisphere medium-scale waves and total ozone disturbances in a spectral general circulation
model. Journal of Geophysical Research, 91(D10), 10,825–10,846. https://doi.org/10.1029/JD091iD10p10825

Cariolle, D., & Teyssèdre, H. (2007). A revised linear ozone photochemistry parameterization for use in transport and general circulation
models: Multi-annual simulations. Atmospheric Chemistry and Physics, 7(9), 2183–2196. https://doi.org/10.5194/acp-7-2183-2007

Chiodo, G., & Polvani, L. M. (2019). The response of the ozone layer to quadrupled CO2 concentrations: Implications for climate. Journal
of Climate, 32(22), 7629–7642.

Chiodo, G., Polvani, L. M., Marsh, D. R., Stenke, A., Ball, W., Rozanov, E., et al. (2018). The response of the ozone layer to quadrupled CO2
concentrations. Journal of Climate, 31(10), 3893–3907. https://doi.org/10.1175/JCLI-D-17-0492.1

Cionni, I., Eyring, V., Lamarque, J. F., Randel, W. J., Stevenson, D. S., Wu, F., et al. (2011). Ozone database in support of CMIP5 simulations:
Results and corresponding radiative forcing. Atmospheric Chemistry and Physics, 11(21), 11,267–11,292. https://doi.org/10.1029/2011
JD017006

Dacie, S., Kluft, L., Schmidt, H., Stevens, B., Buehler, S. A., Nowack, P. J., et al. (2019). A 1D RCE study of factors affecting the tropical
tropopause layer and surface climate. Journal of Climate, 32(20), 6769–6782. https://doi.org/10.1175/JCLI-D-18-0778.1

Dietmüller, S., Ponater, M., & Sausen, R. (2014). Interactive ozone induces a negative feedback in CO2-driven climate change simulations.
Journal of Geophysical Research: Atmospheres, 119, 1796–1805. https://doi.org/10.1002/2013JD020575

Gabriel, A., Peters, D., Kirchner, I., & Graf, H.-F. (2007). Effect of zonally asymmetric ozone on stratospheric temperature and planetary
wave propagation. Geophysical Research Letters, 34, L06807. https://doi.org/10.1029/2006GL028998

Geer, A. J., Lahoz, W. A., Jackson, D. R., Cariolle, D., & McCormack, J. P. (2007). Evaluation of linear ozone photochemistry
parametrizations in a stratosphere-troposphere data assimilation system. Atmospheric Chemistry and Physics, 7(3), 939–959. https://doi.
org/10.5194/acp-7-939-2007

Giorgetta, M. A., Brokopf, R., Crueger, T., Esch, M., Fiedler, S., Helmert, J., et al. (2018). ICON-A, the atmosphere component of the
ICON earth system model: I. Model description. Journal of Advances in Modeling Earth Systems, 10, 1613–1637. https://doi.org/10.1029/
2017MS001242

Gray, L. J., & Pyle, J. A. (1988). A two-dimensional model of the quasi-biennial oscillation of ozone. Journal of the Atmospheric Sciences,
46(2), 203–220. https://doi.org/10.1175/1520-0469(1989)046h0203:ATDMOTi2.0.CO;2

Haase, S., & Matthes, K. (2019). The importance of interactive chemistry for stratosphere–troposphere coupling. Atmospheric Chemistry
and Physics, 19(5), 3417–3432. https://doi.org/10.5194/acp-19-3417-2019

Hadjinicolaou, P., Pyle, J. A., & Harris, N. R. P. (2005). The recent turnaround in stratospheric ozone over northern middle latitudes:
A dynamical modeling perspective. Geophysical Research Letters, 32, L12821. https://doi.org/10.1029/2005GL022476

Hersbach, H., de Rosnay, P., Bell, B., Schepers, D., Simmons, A., Soci, C., et al. (2018). Operational global reanalysis: Progress, future
directions and synergies with NWP (27): ERA Report Series. https://doi.org/10.21957/tkic6g3wm

Hines, C. O. (1997). Doppler-spread parameterization of gravity wave momentum deposition in the middle atmosphere. Part 1: Basic
formulation. Journal of Atmospheric and Solar-Terrestrial Physics, 59, 371–386.

Jrrar, A., Braesicke, P., Hadjinicolaou, P., & Pyle, J. A. (2006). Trend analysis of CTM-derived Northern Hemisphere winter total ozone
using self-consistent proxies: How well can we explain dynamically induced trends? Quarterly Journal of the Royal Meteorological Society,
132(619), 1969–1983. https://doi.org/10.1256/qj.05.136

Kinnison, D. E., Brasseur, G. P., Walters, S., Garcia, R. R., Marsh, D. R., Sassi, F., et al. (2007). Sensitivity of chemical tracers to meteorological
parameters in the MOZART-3 chemical transport model. Journal of Geophysical Research, 112, D20302. https://doi.org/10.1029/2006
JD007879

Kirchner, I., & Peters, D. (2003). Modelling the wintertime response to upper tropospheric and lower stratospheric ozone anomalies over
the North Atlantic and Europe. Annales Geophysicae, 21(10), 2107–2118. https://doi.org/10.5194/angeo-21-2107-2003

Kreyling, D., Wohltmann, I., Lehmann, R., & Rex, M. (2018). The extrapolar swift model (version 1.0): Fast stratospheric ozone chemistry
for global climate models. Geoscientific Model Development, 11(2), 753–769.

Lin, P., Paynter, D., Polvani, L., Correa, G. J., Ming, Y., & Ramaswamy, V. (2017). Dependence of model-simulated response to ozone
depletion on stratospheric polar vortex climatology. Geophysical Research Letters, 44, 6391–6398. https://doi.org/10.1002/2017GL073862

Maher, N., Milinski, S., Suarez-Gutierrez, L., Botzet, M., Dobrynin, M., Kornblueh, L., et al. (2019). The Max Planck Institute Grand
Ensemble: Enabling the exploration of climate system variability. Journal of Advances in Modeling Earth Systems, 11, 2050–2069.
https://doi.org/10.1029/2019MS001639

Mahfouf, J. F., Cariolle, D., Royer, J. F., Geleyn, J. F., & Timbal, B. (1994). Response of the Mto-France climate model to changes in CO2
and sea surface temperature. Climate Dynamics, 9(7), 345–362. https://doi.org/10.1007/BF00223447

Marsh, D. R., Lamarque, J.-F., Conley, A. J., & Polvani, L. M. (2016). Stratospheric ozone chemistry feedbacks are not critical for
the determination of climate sensitivity in CESM1(WACCM). Geophysical Research Letters, 43, 3928–3934. https://doi.org/10.1002/
2016GL068344

McCormack, J. P., Eckermann, S. D., Siskind, D. E., & McGee, T. J. (2006). CHEM2d-OPP: A new linearized gas-phase ozone photochemistry
parameterization for high-altitude NWP and climate models. Atmospheric Chemistry and Physics, 6(12), 4943–4972. https://doi.org/10.
5194/acp-6-4943-2006

McLinden, C. A., Olsen, S. C., Hannegan, B., Wild, O., Prather, M. J., & Sundet, J. (2000). Stratospheric ozone in 3-D models: A simple
chemistry and the cross-tropopause flux. Journal of Geophysical Research, 105(D11), 14,653–14,665. https://doi.org/10.1029/2000JD9
00124

McPeters, R. D., & Labow, G. J. (2012). Climatology 2011: An MLS and sonde derived ozone climatology for satellite retrieval algorithms.
Journal of Geophysical Research, 117, D10303. https://doi.org/10.1029/2011JD017006

Meraner, K., Schmidt, H., Manzini, E., Funke, B., & Gardini, A. (2016). Sensitivity of simulated mesospheric transport of nitrogen oxides to
parameterized gravity waves. Journal of Geophysical Research: Atmospheres, 121, 12,045–12,061. https://doi.org/10.1002/2016JD025012

Muthers, S., Anet, J. G., Stenke, A., Raible, C. C., Rozanov, E., Brönnimann, S., et al. (2014). The coupled atmosphere-chemistry-ocean
model SOCOL-MPIOM. Geoscientific Model Development, 7(5), 2157–2179. https://doi.org/10.5194/gmd-7-2157-2014

Nowack, P., Braesicke, P., Haigh, J., Abraham, N. L., Pyle, J., & Voulgarakis, A. (2018). Using machine learning to build temperature-based
ozone parameterizations for climate sensitivity simulations. Environmental Research Letters, 13(10), 104,016. https://doi.org/10.1088/
1748-9326/aae2be

Nowack, P. J., Luke Abraham, N., Maycock, A. C., Braesicke, P., Gregory, J. M., Joshi, M. M., et al. (2015). A large ozone-circulation feedback
and its implications for global warming assessments. Nature Climate Change, 5(1), 41–45. https://doi.org/10.1038/nclimate2451

MERANER ET AL. 13 of 14

https://doi.org/10.1007/978-94-009-5313-0_16
https://doi.org/10.1007/978-94-009-5313-0_16
https://doi.org/10.1029/JD091iD10p10825
https://doi.org/10.5194/acp-7-2183-2007
https://doi.org/10.1175/JCLI-D-17-0492.1
https://doi.org/10.1029/2011JD017006
https://doi.org/10.1029/2011JD017006
https://doi.org/10.1175/JCLI-D-18-0778.1
https://doi.org/10.1002/2013JD020575
https://doi.org/10.1029/2006GL028998
https://doi.org/10.5194/acp-7-939-2007
https://doi.org/10.5194/acp-7-939-2007
https://doi.org/10.1029/2017MS001242
https://doi.org/10.1029/2017MS001242
https://doi.org/10.1175/1520-0469(1989)046h0203:ATDMOTi2.0.CO;2
https://doi.org/10.5194/acp-19-3417-2019
https://doi.org/10.1029/2005GL022476
https://doi.org/10.21957/tkic6g3wm
https://doi.org/10/c3qgm9
https://doi.org/10.1029/2006JD007879
https://doi.org/10.1029/2006JD007879
https://doi.org/10.5194/angeo-21-2107-2003
https://doi.org/10.1002/2017GL073862
https://doi.org/10.1029/2019MS001639
https://doi.org/10.1007/BF00223447
https://doi.org/10.1002/2016GL068344
https://doi.org/10.1002/2016GL068344
https://doi.org/10/d9r29m
https://doi.org/10/d9r29m
https://doi.org/10.1029/2000JD900124
https://doi.org/10.1029/2000JD900124
https://doi.org/10.1029/2011JD017006
https://doi.org/10.1002/2016JD025012
https://doi.org/10.5194/gmd-7-2157-2014
https://doi.org/10.1088/1748-9326/aae2be
https://doi.org/10.1088/1748-9326/aae2be
https://doi.org/10.1038/nclimate2451


Journal of Advances in Modeling Earth Systems 10.1029/2019MS002003

Peters, D. H., Schneidereit, A., Bügelmayer, M., Zülicke, C., & Kirchner, I. (2015). Atmospheric circulation changes in response to an
observed stratospheric zonal ozone anomaly. Atmosphere-Ocean, 53(1), 74–88.

Pyle, J. A., Braesicke, P., & Zeng, G. (2005). Dynamical variability in the modelling of chemistry-climate interactions. Faraday Discussions,
130(0), 27–39. https://doi.org/10.1039/B417947C

Rienecker, M. M., Suarez, M. J., Gelaro, R., Todling, R., Bacmeister, J., Liu, E., et al. (2011). MERRA: NASA's Modern-Era Retrospective
Analysis for Research and Applications. Journal of Climate, 24(14), 3624–3648. https://doi.org/10.1175/JCLI-D-11-00015.1

Roeckner, E., Brokopf, R., Esch, M., Giorgetta, M., Hagemann, S., Kornblueh, L., et al. (2006). Sensitivity of simulated climate to horizontal
and vertical resolution in the ECHAM5 atmosphere model. Journal of Climate, 19(16), 3771–3791. https://doi.org/10.1175/JCLI3824.1

Romanowsky, E., Handorf, D., Jaiser, R., Wohltmann, I., Dorn, W., Ukita, J., et al. (2019). The role of stratospheric ozone for
Arctic-midlatitude linkages. Scientific Reports, 9(1), 7962.

Satoh, M., Stevens, B., Judt, F., Khairoutdinov, M., Lin, S.-J., Putman, W. M., & Düben, P. (2019). Global cloud-resolving models. Current
Climate Change Reports, 5, 172–184.

Schmidt, H., Brasseur, G. P., Charron, M., Manzini, E., Giorgetta, M. A., Diehl, T., et al. (2006). The HAMMONIA chemistry climate model:
Sensitivity of the mesopause region to the 11-year solar cycle and CO2 doubling. Journal of Climate, 19(16), 3903–3931. https://doi.org/
10.1175/JCLI3829.1

Silverman, V., Harnik, N., Matthes, K., Lubis, S. W., & Wahl, S. (2018). Radiative effects of ozone waves on the Northern Hemisphere polar
vortex and its modulation by the QBO. Atmospheric Chemistry and Physics, 18(9), 6637–6659.

Struthers, H., Bodeker, G. E., Austin, J., Bekki, S., Cionni, I., Dameris, M., et al. (2009). The simulation of the Antarctic ozone hole by
chemistry-climate models. Atmospheric Chemistry and Physics, 9(17), 6363–6376. https://doi.org/10.5194/acp-9-6363-2009

Thompson, D. W., & Solomon, S. (2002). Interpretation of recent Southern Hemisphere climate change. Science, 296(5569), 895–899.
Thompson, A. M., Witte, J. C., Sterling, C., Jordan, A., Johnson, B. J., Oltmans, S. J., et al. (2017). First Reprocessing of Southern Hemisphere

Additional Ozonesondes (SHADOZ) ozone profiles (1998–2016): 2. Comparisons with satellites and ground-based instruments. Journal
of Geophysical Research: Atmospheres, 122, 13,000–13,025. https://doi.org/10.1002/2017JD027406

Tian, W., Chipperfield, M. P., Gray, L. J., & Zawodny, J. M. (2006). Quasi-biennial oscillation and tracer distributions in a coupled
chemistry-climate model. Journal of Geophysical Research, 111, D20301. https://doi.org/10.1029/2005JD006871

Witte, J. C., Thompson, A. M., Smit, H. G. J., Fujiwara, M., Posny, F., Coetzee, G. J. R., et al. (2017). First reprocessing of Southern
Hemisphere ADditional OZonesondes (SHADOZ) profile records (1998–2015): 1. Methodology and evaluation. Journal of Geophysical
Research: Atmospheres, 122, 6611–6636. https://doi.org/10.1002/2016JD026403

Wohltmann, I., Lehmann, R., & Rex, M. (2017). Update of the polar SWIFT model for polar stratospheric ozone loss (Polar SWIFT version 2).
Geoscientific Model Development, 10, 2671–2689.

MERANER ET AL. 14 of 14

https://doi.org/10/bjvv9n
https://doi.org/10.1175/JCLI-D-11-00015.1
https://doi.org/10.1175/JCLI3824.1
https://doi.org/10.1175/JCLI3829.1
https://doi.org/10.1175/JCLI3829.1
https://doi.org/10.5194/acp-9-6363-2009
https://doi.org/10.1002/2017JD027406
https://doi.org/10.1029/2005JD006871
https://doi.org/10.1002/2016JD026403

	Abstract
	Plain Language Summary


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




