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Abstract we use height-resolved and total column satellite observations and 3-D chemical transport
model simulations to study stratospheric ozone variations during 1998-2017 as ozone-depleting
substances decline. In 2017 extrapolar lower stratospheric ozone displayed a strong positive anomaly
following much lower values in 2016. This points to large interannual variability rather than an ongoing
downward trend, as reported recently by Ball et al. (2018, https://doi.org/10.5194/acp-18-1379-2018). The
observed ozone variations are well captured by the chemical transport model throughout the stratosphere
and are largely driven by meteorology. Model sensitivity experiments show that the contribution of past
trends in short-lived chlorine species to the ozone changes is small. Similarly, the potential impact of modest
trends in natural brominated short-lived species is small. These results confirm the important role that
atmospheric dynamics plays in controlling ozone in the extrapolar lower stratosphere on multiannual time
scales and the continued importance of monitoring ozone profiles as the stratosphere changes.

Plain Language Summary Emission of long-lived chlorine and bromine-containing
ozone-depleting substances has led to the depletion of the ozone layer, most notably the Antarctic
ozone hole. Policy action through the Montreal Protocol has phased out the production of the major
long-lived ozone-depleting substances. Consequently, stratospheric chlorine and bromine amounts are
declining, and we expect the ozone layer to slowly recover. However, although the tropical lower
stratosphere is not a region where large ozone loss has so-far been observed, a recent study by Ball
et al. (2018) suggested that ozone there is decreasing, in disagreement with models and expectations of
ozone recovery. We use updated observations and an atmospheric model to investigate these issues.
First, we use an additional year of observations which show that ozone values in the lower stratosphere
increased in 2017, which is a consequence of variations in atmospheric dynamics. Second, our 3-D model
performs well in reproducing the observed ozone variations. Although the model is not perfect, the
comparisons suggest that we do have a good understanding of the lower stratospheric ozone. Third, we
quantify the role of short-lived chlorine and bromine compounds, which are not controlled by the
Montreal Protocol, on the recent ozone changes. The effect is small.

1. Introduction

Depletion of the stratospheric ozone layer by chlorine and bromine species has been a major environmental
issue since the early 1970s. Following controls on the production of the long-lived halocarbons which trans-
port chlorine and bromine to the stratosphere, the ozone layer is expected to recover over the course of this
century (WMO, 2014). Decreases in the stratospheric loading of chlorine and bromine have been observed,
and there are signs of this resulting in an increase in ozone in the upper stratosphere and the Antarctic lower
stratosphere (e.g., Chipperfield et al., 2017; Harris et al.,, 2015; Solomon et al., 2016; Strahan & Douglass, 2017;
Weber et al., 2018).

However, in contrast to this expectation of increasing stratospheric ozone, Ball et al. (2018) recently reported
evidence for an ongoing decline in lower stratospheric ozone at extrapolar latitudes between 60°S and 60°N.
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They applied a dynamical linear modeling (DLM) regression approach (Ball et al,, 2017) over the period
1998-2016 to several merged ozone data sets covering both total column and three separate height regions:
lower, middle, and upper stratosphere. The DLM technique estimates smoothly varying nonlinear
background trends without the prescription of any explanatory variable, such as effective equivalent
stratospheric chlorine. Ball et al. (2018) found, with a high degree of probability, that between 60°S and
60°N lower stratospheric ozone, and the total stratospheric column, continued to decline from 1998 to
2016, which contradicts expectations of ozone recovery. Their DLM approach is not able to attribute this
decrease to a specific process. However, they analyzed results from two nudged chemistry-climate models
(CCM:s) for the periods until 2014 and 2015, respectively, and found that they were not able to reproduce
the observed lower stratospheric ozone changes. Ball et al. (2018) suggested possible reasons for the
observed ongoing ozone decrease, and the models’ inability to reproduce it, including additional ozone
depletion from increasing halogenated very short-lived substances (VSLSs).

Very short-lived substances are source gases with atmospheric lifetimes of 6 months or less. Brominated
VSLSs, such as bromoform and dibromoethane, which are emitted naturally from the oceans, are known
to contribute about 5 ppt to the current stratospheric loading of inorganic bromine (WMO, 2014).
Recently, there has been interest in chlorinated VSLSs (VSLS-CI) which, in contrast, are largely of anthropo-
genic origin. In particular, observations from global surface networks (Hossaini, Chipperfield, Montzka,
et al., 2015; Hossaini et al., 2017) and the upper troposphere (Oram et al., 2017) indicate an increase in
compounds such as dichloromethane since the early 2000s. Hossaini et al. (2017) investigated the possible
impact of an increase in VSLS-Cl on stratospheric ozone. They found only a modest contribution from
VSLS-Cl increases observed so far to ozone depletion, which occurred in regions where chlorine is known
to deplete ozone, notably the polar regions.

In this paper we use a detailed atmospheric chemical transport model (CTM) to investigate the results of Ball
et al. (2018). We perform a range of experiments in order to quantify the possible effect of different processes
on lower stratospheric ozone, including the role of halogenated VSLS. We compare the model results with
satellite observations, which have been updated through to the end of 2017, that is, an additional year com-
pared to the analysis of Ball et al. (2018).

2. TOMCAT 3-D CTM

We have performed a series of experiments with the TOMCAT 3-D CTM (Chipperfield, 2006). The model
contains a detailed description of stratospheric chemistry including heterogeneous reactions on sulfate
aerosols and polar stratospheric clouds. The model was forced using European Centre for Medium-Range
Weather Forecasts ERA-Interim winds and temperatures (Dee et al, 2011) and run with a resolution of
2.8° x 2.8° and 32 levels from the surface to ~60 km. The surface mixing ratios of long-lived source gases
(e.g., CFCs, HCFCS, CH,4, and N,O) were taken from WMO (2014) scenario A1. The solar cycle was included
using time-varying solar flux data (1998-2017) from the Naval Research Laboratory solar variability model,
referred to as NRLSSI2 (update of Coddington et al., 2016). Stratospheric sulfate aerosol surface density
(SAD) data for 1998-2014 were obtained from ftp://iacftp.ethz.ch/pub_read/luo/CMIP6/ (Arfeuille et al.,
2013; Dhomse et al., 2015). As the equivalent SAD values are not yet available for the later years, a consis-
tent time series over the whole period is not possible; thus, for 2015-2017, the SAD values were repeated
from 2014. Thus, our analysis will miss the impact on ozone of SAD changes due to the eruption of Calbuco
in 2015.

Four chlorinated VSLSs are included in the model: CH,Cl,, CHCI3, C,Cly, and CoH4Clo. A time-dependent
mixing ratio boundary condition was prescribed at the tropopause for each, based on the results of
Hossaini, Chipperfield, Saiz-Lopez, et al. (2015) and updated to 2016 (see Figure S1 and Table S1 in the
supporting information). The prescribed source gas loadings agree well with available high-altitude aircraft
observations (Hossaini, Chipperfield, Saiz-Lopez, et al., 2015; Navarro et al.,, 2015), indicating the strato-
spheric chlorine input from VSLS is reasonable in our simulations. Total stratospheric chlorine from VSLS
(including product gases COCl, and HCI) increases by 3 ppt Cl/yr over the 2000 to 2016 period in the
model, reaching ~114-ppt Cl in 2016. As discussed in our previous work, this increase predominately
reflects growth in atmospheric CH,Cl, since the early 2000s. In addition to VSLS-Cl, the standard model
contains a fixed 5 ppt of stratospheric Br, delivered from CHBr; (assumed 1 ppt) and CH,Br, (1 ppt).
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TOMCAT has been shown to reproduce well observed levels of stratospheric Br, with this approach
(Werner et al., 2017).

We performed a total of six simulations. The control run (CNTL) was spun up from 1977 and integrated
until the end of 2017 including all of the processes described above. Sensitivity simulations were initialized
from the control run in 1996 and also integrated until the end of 2017. Run NOCL removed the
observation-based VSLS-Cl trend, while run EXBR assumed an additional VSLS-Br trend of 1 ppt over
20 years (0.05 ppt/yr). Although there is no direct evidence for such a trend in brominated VSLS, this
change is within the uncertainty of the stratospheric VSLS-Br loading, and we wanted to investigate the
potential for changes in this to impact ozone. Run fDYN was the same as CNTL but used annually
repeating meteorology from 1996. Run fDYN_NOSC was the same as fDYN but used a fixed solar flux from
January 1996. Finally, run fDYN_NOSC_fAER was the same as fDYN_NOSC but also used a repeating
aerosol field from 1996.

3. Ozone Data Sets
We use three sources of data for column ozone comparisons:

1. Solar Backscatter Ultraviolet Radiometer (SBUV) National Oceanic and Atmospheric Administration
(NOAA) merged ozone data release 6 (1998-2016) constructed by merging SBUV/SBUV2 total column
and profile data. The SBUV(/2)-NOAA data set has recently been extended into 2017 with the addition
of OMPS data from Suomi-NPP. The SBUV(/2)-only data set, and shortly the OMPS extension, can be
obtained from ftp://ftp.cpc.ncep.noaa.gov/SBUV_CDR. The data set is composed of adjusted SBUV and
SBUV/2 data from Nimbus 7 and NOAA 9, 11, 16, 17, 18, and 19. NOAA 16, 17, and 19 are adjusted to fit
NOAA 18. NOAA 9 is adjusted to fit between the ascending and descending nodes of NOAA 11. In the
2017-extended data set, OMPS is adjusted to the SBUV/2 data from NOAA 19. Total column data are
the sum of the layer profile data.

2. GOME-SCIAMACHY-GOME-2 (GSG) merged data set (1995-2017) constructed by merging total column
ozone from Global Ozone Monitoring Experiment (GOME), the Scanning Imaging Absorption
Spectrometer for Atmospheric Chartography (SCIAMACHY), and GOME-2A instruments retrieved with
the WFDOAS algorithm (e.g., Weber et al., 2011, 2018). The SCIAMACHY and GOME-2A data were succes-
sively bias corrected during overlap periods to the starting record of GOME. GSG data can be obtained
from http://www.iup.uni-bremen.de/gome/wfdoas/merged/wfdoas_merged.html.

3. GOME-SCIAMACHY-OMI-GOME-2 Essential Climate Variable (GTO-ECV) data (1995-2017) from the ESA
Climate Change Initiative (Coldewey-Egbers et al, 2015; Garane et al, 2018). GTO-ECV data are
constructed by applying GOME-type Direct FITting algorithm to the GOME; SCIAMACHY, GOME-2A,
GOME-2B, and Ozone Monitoring Instrument (OMI) observations. The GTO-ECV data can be obtained from
https://atmos.eoc.dIr.de/gto-ecv.

For height-resolved comparisons we use Aura-Microwave Limb Sounder (MLS) v4.2 level 2 data (2004-2017).
MLS data can be obtained from https://disc.gsfc.nasa.gov/datasets?page=1&keywords=ML203_004. MLS
zonal monthly means are calculated by binning the profiles at model latitude intervals. For partial column
ozone comparisons we also use the BAyeSian Integrated and Consolidated (BASIC) composite ozone time
series data set (Alsing & Ball, 2017), described in Ball et al. (2017).

4, Results

4.1. Ozone Observations

Figures 1a-1d show the anomaly in column ozone for the lower, middle, upper, and total stratosphere
from the BASIC data and model control run CNTL. The lower boundary of the stratosphere was taken to
be 100 hPa between 30°S and 30°N and 147 hPa at higher latitudes. The anomaly is calculated by subtract-
ing the long-term means for each month from the monthly means (see figure caption). The anomaly is
shown in order to highlight interannual changes; absolute comparisons of the columns are shown in
Figure S2. Figure 1e compares the modeled total column ozone with observations from GSG, GTO-ECV,
and SBUV-NOAA. There is good agreement between SBUV and GTO-ECV, with GSG showing some larger
differences in the recent years. As noted in Ball et al. (2018), the observations show a large negative
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Figure 1. Anomaly in column ozone (DU) averaged from 60°S-60°N for (a) upper stratosphere (10-1 hPa), (b) middle strato-
sphere (32-10 hPa), (c) lower stratosphere (147/100-32 hPa), (d) total stratosphere, and (e) total column for 1998-2017
from TOMCAT control simulation CNTL. (a)-(d) Also show results from the BASIC data set (Ball et al., 2018) for 1998-2016.
(e) also shows observations from GOME-SCIAMACHY-GOME-2, GOME-SCIAMACHY-OMI-GOME-2 Essential Climate Variable,
and Solar Backscatter Ultraviolet Radiometer NOAA merged ozone data for 1998-2017. The anomalies

are calculated with respect to the 1998-2016 monthly means.

anomaly in the lower stratosphere in 2016 and consequently in the stratospheric and total column.
However, the additional year of 2017 shows a strong positive anomaly of around 3 DU in the lower
stratospheric and total columns. Therefore, this lengthened time series changes the appearance of a
recent downward trend in lower stratospheric column ozone and suggests, rather, a more important role
for atmospheric variability.

The results of the control model simulation in Figure 1 tend to track the observed variations in ozone very
well at the different stratospheric levels and for the total columns. This includes reproducing the large nega-
tive anomaly in the lower stratosphere in 2016 and the positive anomaly in 2017 which, in Figure 1, is only
covered by the column observations. The performance of our model appears to be in contrast with the com-
parisons of nudged Whole Atmosphere Community Climate Model and SOlar Climate Ozone Link CCMs
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Figure 2. Anomaly in monthly mean stratospheric ozone (ppm) observed by the Microwave Limb Sounder (MLS, black line)
from 2005 to 2017 at 10, 21, 46, and 100-hPa pressure levels for (left) 35°S-60°S and (right) 35°N-60°N. Also shown are
results from the TOMCAT control simulation CNTL (red line) for 2004-2017. The straight dashed lines show the ordinary
least squares linear fits to the two data sets. The anomalies are calculated with respect to the 2005-2017 monthly means.

presented in Ball et al. (2018) and the associated supporting information. The reasons for this are not clear to
us, but we note that our CTM uses a direct application of meteorological reanalysis data in a procedure that
has been extensively tested against atmospheric tracer observations over many time scales. In contrast,
nudged CCMs are only relaxing toward a particular meteorological state and the results can still be
affected by other dynamical model terms. It is also important to note that the performance of off-line or
nudged models can vary with different meteorological data sets.

The comparisons in Figure 1 are averaged over a wide latitude range, which may be masking some differ-
ences between the ozone variations at tropical and middle latitudes and in addition are dominated by tropi-
cal ozone when applying area weighted zonal means. Also, the observations for the stratospheric levels do
not extend through 2017. Therefore, Figure 2 shows comparisons of ozone anomalies observed by the
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Figure 3. Zonal mean latitude-height plots of the ordinary least squares trend in ozone (ppb/decade) from 2005 to 2017 from (a) Microwave Limb Sounder
observations and TOMCAT simulations (b) CNTL, (c) fDYN, and (d) fDYN_NOSC_fAER. Latitude height plots of the annual mean difference in ozone (ppb) for

2017 between TOMCAT runs () CNTL-NOCL (showing the effect of chlorine very short-lived substance increase since 1998) and (f) EXBR-CNTL (showing the effect of
a potential 1-ppt increase in bromine from VSLS since 2000).

MLS and the model for four pressure levels between 100 and 10 hPa for the northern and southern
midlatitudes. Figures S3 and S4 show the equivalent absolute mixing ratio comparisons and similar
anomaly comparisons for the tropics, respectively. The MLS data show that the time variations shown in
Figure 1 for the lower stratosphere are different in various latitude regions. Figures 2 and S3 show that the
2017 increase in ozone occurs most strongly in the southern hemisphere (SH). Again, the model appears
to track the observed anomalies very well over this period, in particular in the past few years. The poorest
agreement between the model and MLS occurs at certain times at the lower altitudes in the SH, where the
model overestimates the amplitude of the observed anomalies in, for example, 2006/2007 at 100 hPa and
2012/2013 at 46 hPa. Nevertheless, these comparisons give us confidence that the model is able to
capture the observed variability in ozone and that we can thus use it to quantify the contributions from
different processes which determine this variability.

Figures 3a-3d show results from a simple ordinary least squares linear trend analysis on the MLS data and 3
model runs over the time period 2005-2017. The MLS observations show an increasing trend in the upper
stratosphere due to stratospheric cooling and decreasing chlorine (e.g., Harris et al., 2015). In the middle
and lower stratospheres the MLS observations show an increase in the SH and a decrease in the north,
especially in the polar regions. This pattern of trends is well reproduced by the control run CNTL. The strong
north-south asymmetry is similar to that derived in studies of stratospheric age-of-air over this period (e.g.,
Mahieu et al., 2014; Ploeger et al., 2015; Stiller et al., 2017). We are not attempting to derive robust trends over
this short time period or attribute the causes of the trends, but we simply want to demonstrate that the
model is able to reproduce the main features of the observed ozone variations. The results from run fDYN
(Figure 3c) show the trend resulting from changes in chemistry, aerosols, and the solar cycle only over the
period 2005-2017 (but with constant aerosol after 2014). The largest trends shown in Figure 3c, due to
dynamics, have been removed, and there is an increasing trend almost everywhere. The trend in Figure 3d
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Upper stratosphere [10 -1 hPa] (a) Mid stratosphere [32-10 hPa] (b)
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Figure 4. Contributions from different processes to the monthly mean partial ozone column change in the TOMCAT CTM
simulations for 60°S-60°N for (a) upper stratosphere (10-1 hPa), (b) middle stratosphere (32-10 hPa), (c) lower stratosphere
(147/100-32 hPa), and (d) total stratospheric column. In each case the model contributions were quantified from the
difference between two model runs.

is due only to changes in model chemistry, that is, prescribed mainly halogen-containing anthropogenic
gases. This shows a clear increasing trend in ozone in the upper stratosphere due to declining chlorine. In
the lower stratosphere, there is a large positive trend at SH midlatitudes, likely related to decreasing loss at
the edge of the Antarctic ozone hole, though depletion at the pole is saturated and shows a near-zero trend.

4.2. Cause of Ozone Variations

Figure 4 shows the contributions of different model processes to changes in partial column ozone from
60°S-60°N from 1998 to 2017. The largest absolute variations occur in the lower stratospheric (and total)
column where ozone is more abundant (see also Figures S5 and S6). Over all three levels the largest variations
over this time period are caused by meteorology (temperature and winds). This includes large variations of up
to £5 DU in the lower stratosphere and the switch from the negative to positive anomaly in 2016/2017. The
next largest impact over this time period is from the 11-year solar cycle in the upper and middle stratospheres.

For all altitude regions, and the total column, Figure 4 shows that the impact of the estimated trends in chlori-
nated VSLS is small—less than 0.5 DU in the total column. Similarly, the impact of an assumed 0.5 ppt/decade
increase in natural brominated VSLS has a small effect, though larger than for VSLS-CI. Figures 3e and 3f illus-
trate the effect of VSLS chlorine and bromine species, respectively. This is quantified from the difference in
modeled ozone in 2017 between pairs of simulations with and without the respective VSLS trends. The addi-
tional VSLS chlorine acts to deplete ozone in the upper stratosphere and high-latitude lower stratosphere.
Bromine is only important in the lower stratosphere. The maximum impact is at high latitudes, but it has a
larger impact at tropical latitudes than chlorine. The impact of VSLS halogens is larger under elevated SAD
loading from volcanic eruptions. However, these panels show that with the current chemistry included in
the model, halogenated VSLS do not have an especially large leverage to destroy ozone in the tropical lower
stratosphere compared to other regions during this relatively short period, even considering the assumption
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of constant aerosol after 2014 in the model simulations. This has to be borne in mind when looking for the
fingerprint of their impact on ozone loss.

5. Discussion and Conclusions

The results presented here update the work of Ball et al. (2018) in three important ways. First, in 2017 obser-
vations of ozone in the extrapolar lower stratosphere show a large positive anomaly, especially in the SH.
Inclusion of this additional year in the observational time series changes the interpretation of the ozone
behavior from one of a downward trend to one of larger variability.

Second, we show that the observed variations in stratospheric ozone can be reproduced by a 3-D model and
are therefore largely consistent with our understanding. While we cannot determine the cause of dynamical
variations which are the main driver of the observed ozone changes, we can say that there appear to be no
major shortcomings in the performance of the model.

Third, using a detailed stratospheric chemical model and realistic assumptions about the trend in chlorinated
VSLS, we can exclude this as a possible cause of significant lower stratosphere ozone depletion over the past
decade or so based on known chemistry. Chlorine-catalyzed ozone depletion is relatively inefficient in the
extrapolar lower stratosphere in the absence of enhanced aerosol SAD and so is unlikely to cause large
changes on this time scale. Even the assumption of a much larger chlorine VSLS trend would not produce
an impact in our model.

Ball et al. (2018) suggested that positive trends in tropospheric ozone (together with positive trends in the
upper stratosphere) may have compensated for the decline in lower stratosphere to result in near-zero
observed total ozone trends (Weber et al., 2018). This was also discussed in Shepherd et al. (2014). As our
study suggests a smaller trend in lower stratospheric ozone, this implies that positive tropospheric ozone
trends are not required to explain the recent changes seen in the partial stratospheric columns as well as
in total ozone.

Overall, the results presented here confirm that ozone in the extrapolar lower stratosphere is largely under
dynamical control, particularly over short time scales of a few years. The impact of chemical changes occurs
on longer time scales. With our off-line CTM we are not able to diagnose the cause of dynamical variations
and distinguish between variability and trends. CCM results have shown that ozone in the tropical lower stra-
tosphere is sensitive to trends in tropical upwelling, which is predicted to lead to smaller column ozone
values by the end of this century (Eyring et al., 2010). The results of Ball et al. (2018) and the work presented
here show that there can be much variability associated with these expected long-term trends. Therefore,
there is an important need for continued monitoring of ozone profiles throughout the lower stratosphere
to detect and understand changes such as this.
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