Reply by the authors to Referee 1’s comments on
“Seasonal, interannual and decal variability of Tropospheric Ozone in the North Atlantic:
Comparison of UM-UKCA and remote sensing observations for 2005-2018" (acp-2022-99)

Anonymous Referee 1 (RC1)

We wish to thank the Referees for their time and constructive comments, which have helped
us improve the quality of the original manuscript. Our responses to these comments are

provided below (the Referee’s comments are shown in italic).

The authors have presented a thorough analysis of their model simulation of tropospheric
ozone’s distribution and trends across the North Atlantic region, and have made very good
use of satellite data. The paper is well written, the figures are clear and the topic is
appropriate for the journal. However, | have three major concerns, described below, that
should be addressed before the paper could be accepted for publication.

Major comments
1) Lines 124 - 135

This section suggests that the research community does not have a clear understanding of
ozone trends across the North Atlantic region. However, there is a large body of evidence
that ozone has increased over relatively long time periods, e.g. since the mid-1990s. In
contrast, ozone’s large interannual variability does make it difficult to detect trends on
shorter time scales. | recommend that you provide a general overview of northern
hemisphere ozone trends, highlighting what is known regarding long term trends, and then
focus on the uncertainties of shorter trends across the North Atlantic region, as follows:

A) Begin with the latest assessment of global tropospheric ozone trends provided by IPCC
ARG6, based on observations (see Section 2.2.5.3 in Chapter 2 by Gulev et al., 2021) and
models (Section 6.3.2.1 in Chapter 6 by Naik et al., 2021). Long-term trends since the mid-
20" century are overwhelmingly positive (Tarasick et al., 2019) and trends since the mid-
1990s are also positive in the free troposphere (Gaudel et al. 2020; Cooper et al., 2020;
Chang et al., 2022), while trends at the surface and in the boundary layer are variable at
northern mid-latitudes, but generally positive in the tropics (Cooper et al., 2020). This is nicely
summarized by Figure 2.8 in Chapter 2. The most recent update to the OMI/MLS global trend
can be found in the State of the Climate in 2020 report (Ziemke, 2021)

B) Recent papers by Cohen et al. (2018) and Gaudel et al. (2020) use IAGOS ozone profiles to
show positive ozone trends in the upper troposphere of the North Atlantic and in the free
troposphere above eastern North America and above Europe since 1994. At the surface
ozone trends at remote sites show a range of positive and negative trends.

C) The new paper by Chang et al. (2022) combines all available IAGOS and ozonesonde
profiles above western Europe to show ozone increased in the free troposphere from 1994 to
2019. Figure S12 in the supplement shows the trends are also positive on the shorter time
scale of 2004-2019. But when the period is shortened to 2008-2019 the trends are much
weaker. It’s difficult to say if the weak 2008-2019 trend is simply due to a true weakening in



the ozone increase, of if the strong interannual variability across this short period introduces
so much noise that the detection of a clear signal is not possible.

We agree with the referee that ozone has increased over relatively long time periods and
agree to implement changes as suggested in the referee’s comments, with one small
correction: IPCC, Chapter 6 is Szopa et al. not Naik et al. 2021. To address the referee’s
point we now start with a brief discussion on long-term ozone trends and have further
expanded/clarified lines 124-135 as follows:

“Whilst there is consensus on the long term increase in global ozone burden, it is harder to
pinpoint its magnitude due to the sparse nature and reliability of early ozone
measurements. Using isotopic evidence from polar firn and ice and some model simulations,
Yeung et al. (2019) estimated an ozone increase of less than 40% between 1850 and 2005.
Tarasick et al. (2019) found surface ozone increases of 30-70% between historical (1877-
1975) and present day (1975-2015) measurements at rural Northern Hemisphere stations;
they also found that free tropospheric ozone has increased by ~50% between the same
period for Northern Europe and the Eastern USA. CMIP6 model integrations are consistent
with observations, with the multi-model ensemble mean producing an increase in
tropospheric ozone burden of ~109 + 25 Tg (~40%) between 1850-1859 and 2005-2014
(Szopa et al., 2021); this change in ozone has been attributed to an increase in
anthropogenic ozone precursor emissions over the same time period (Szopa et al. 2021).

In most recent decades, between the mid 1990s and present day, we see a more marked
ozone increase in tropical regions compared to mid-latitudes (Gulev et al., 2021). At
northern mid-latitudes, surface and low altitude ozone trends are variable, with some
positive and some negative trends, but more positive values are observed in tropical regions
(Cooper et al., 2020; Gaudel et al., 2020), where changes are between 2-17% per decade
(Gulev et al., 2021). Similarly, ozone in the tropical free troposphere has increased more
compared to ozone in the mid-latitude free troposphere, with increases of 2-12% per
decade and 2-7% per decade, respectively (Cooper et al., 2020; Gaudel et al., 2020; Gulev et
al., 2021; Chang et al., 2022).

Ozone trends in the North Atlantic can be influenced by a variety of factors. Anthropogenic
emissions of ozone precursors have been decreasing in North America and Europe since the
1990s as a result of air quality policies; this reduction is potentially contributing to lower
tropospheric ozone trends at northern mid-latitude compared to equatorial regions, where
anthropogenic emissions of ozone precursors have continued to increase (Archibald et al.,
2020a). Due to the relatively long lifetime of free-tropospheric ozone, 20-30 days (Young et
al., 2013; Monks et al., 2015), North Atlantic ozone concentrations can also be affected by
hemispheric transport of ozone generated by emissions outside of the local region (e.g.,
Butler et al., 2018; Sorooshian et al. (2020)). Other potential factors contributing to North
Atlantic ozone trends include changes in tropical biogenic and biomass burning emissions,
tropical NOx emissions from lightning and transport of ozone rich air from the stratosphere.
Several studies have focused on ozone trends in Europe, USA and the North Atlantic region
using surface measurements, sondes, aircraft and satellite observations (Cooper et al., 2014;
Parrish et al., 2014; Oetjen et al., 2016; Heue et al., 2016; Gaudel et al., 2020; Cohen et al.,
2018; Cooper et al., 2020; Chang et al., 2022). However, due to ozone’s large interannual
variability, calculated trends can be influenced by the reference years; furthermore, due to
ozone spatial heterogeneity and large seasonal variations, reported trends can differ in



magnitude depending on the horizontal/vertical location and season (e.g. Cohen et al.,
2018).

2) 1 am puzzled by the apparent lack of any long-term ozone increase simulated by the
model (which uses CMIP6 emissions), in contrast to the positive trends produced by the
CMIP6 models (Skeie et al., 2020). It would help if the authors can show a global map of
modelled TCO ozone trends for the period 1992-2018 similar to the plot in the supplement
for 2005-2018, so that the reader can understand where the model is and is not simulating
ozone increases. As shown by IPCC ARG6 the strongest observed ozone trends have been in the
tropics, especially for the period 1994-2016 when frequent IAGOS ozone profiles are
available. However, Figure 4 shows no ozone increase across the tropics for the period 1992-
2018. Similarly, the model shows no ozone increase in either the tropical or the mid-latitude
N. Atlantic regions for the period 2005-2018; overall the model indicates a weak ozone
decrease. The authors could also compare their results to those of Zhang et al. (2016, 2021),
who show that ozone increases in the tropics are driving ozone increases at northern mid-
latitudes.

First, we understand the referee’s concern about the lack of trend in the model. It is true that
our model integration between 2005 and 2018 underestimates the observed ozone trends in
both tropical and North Atlantic regions. However, | would like to point out that the timeseries
in Figure 4 (which extend back to 1992) are deseasonalised and ‘detrended’ anomalies (as
pointed out in the caption and discussion) and therefore we would not expect to see trends
in those plots. In the work by Skeie et al., it is clear that modelled ozone has increased
between 1850 and 2010; however, UKESM shows the lowest increase amongst models
which include tropospheric chemistry (Figure 3). It is also harder to pinpoint the sign and
magnitude of the ozone trends from CMIP6 models in the more recent decades. Figure 2 in
Skeie et al. shows that most models and observations have negative tropospheric ozone
trends between 1980 and 2000, and a very small positive trend between 2000 and 2010,
although there are large variations in magnitude between different models in both periods.
This is further proof of the problems arising from calculating and comparing tropospheric
ozone trends in the recent past, which partly arises from ozone’s large interannual variability.
To address the referee’s point, we have produced a trend map for 1992-2018 (as suggested)
which has now been included in supplementary Figure 7. As expected, this new panel shows
generally positive trends in the Tropics and Asia, indicating that ozone between 1992 and
2018 has increased in the model and trends can vary greatly depending on the reference
years considered.

3) The reporting of trends in Table 2 needs to be revised in order to follow the advice of the
American Statistical Association (ASA).

Table 2 reports zero when the calculated trend is less than the error of the trend estimate.
This is the same as saying a trend is statistically insignificant when the p-value is greater than
0.05. This method is no longer advised by the statistics community (ASA) and the authors
should instead report all trend values and their uncertainty, as advised by the very influential
paper by Wasserstein et al., 2019 (already cited 995 times, according to Web of Science). The
readers can then make up their minds regarding the confidence they place on the trend
value. This method of reporting all trend values was adopted by TOAR (Chang et al., 2017;
Tarasick et al. 2019) and is now being adopted by subsequent studies of ozone trends (Chang
etal., 2020, 2021, 2022; Gaudel et al., 2020; Cooper et al., 2020, Thompson et al. 2021, see
also Figure 2.8 in Chapter 2 of IPCC AR6 [Gulev et al., 2022])



We thank the referee for this comment. The full data including trends and their uncertainty is
already available in Supplementary Table 1, while we decided to report a percentage change
over the period in question in Table 2; this was because we are comparing different chemical
species and the absolute trend values would not give an indication on whether a trend is
large or small. However, we have now aggregated these results so that Table 2 now
provides absolute trend values and errors in addition to the percentage change of each
species over the period in question. We have also removed supplementary Table 1 as no
longer required.

Minor Comments:
Line 48

Tying STT to 30 degrees latitude in the region of the descending branches of the Hadley and
Ferrel cells is an over-simplification and not supported by the papers that are referenced. For
example, Figure 12 of Yang et al. (2016) shows the latitude of peak STT varies with season,
while, Figure 2 of Skerlak et al. (2014) shows the peak STT flux is typically in the 40-60 N
latitude range.

We agree with the referee that the statement was an oversimplification and have therefore
changed the sentence to remove specific reference to 30 degrees latitude.

Line 63

Tarrasick should be Tarasick
This has now been corrected.
line 109

When discussing transport of North American pollution into the North Atlantic Ocean, a good
review is provided by Sorooshian et al. (2020).

A reference to Sorooshian et al. (2020) has been added to the edited section (line 124-135)
when discussing long range transport of ozone (see above).

line 122

should jet speed by jet stream? What is meant by ocean transports?

“Jet speed” has been replaced with “speed of the jet stream”. Ocean transport is a measure
of the volumetric rate of transport by ocean currents. We have replaced lines 121-123 as
follows:

“Significant decadal variability has been observed for the North Atlantic Oscillation and the
speed of the jet stream (Hurrell, 1995; Woollings et al., 2015), ocean heat and salinity
content (Robson et al., 2016; Reverdin, 2010), sea ice extent (Swart et al., 2015), and the
rate of transport by ocean currents (Smeed et al., 2018).”



Table 2

the trends are expressed as a percentage, but a percentage of what?

We thank the referee for pointing out that the percentage had not been properly defined.
This is the percentage change per decade, relative to the concentration of each species at
the beginning of the period in question. This has now been clarified in the caption to Table 2.



