Response to Reviewer Comments on Manuscript “Influence of the North Atlantic Oscillation on
European tropospheric composition: an observational and modelling study”

We thank the reviewers for their comments and suggestions for the manuscript. The reviewer
comments are given below in black text, followed by our responses in red text and any additions to
the manuscript in blue text. References to page and line numbers are based on the ACPD version of
the manuscript.

Firstly, as all three reviewers had similar “general comments”, we have prepared responses to these
points applicable to all the reviewers. These are:

1.1. Why is the work novel?

Several studies have indeed looked at the interaction of the NAO and composition using datasets (e.g.
satellite or surface) and models. However, many of these studies were performed 10-15 years ago and
new satellite missions (see point 1.2) allow us to build upon previous work (e.g. Eckhardt et al., 2003;
Creilson et al., 2003) to see if these relationships seen in the past are still valid and if newer more
sophisticated instruments see similar or different patterns. Secondly, some studies (e.g. Pausata et al.,
2012) have used satellite data only to evaluate models and not to examine if the model composition
— NAO interactions can been seen in the satellite data itself. Finally, many studies (e.g. Pausata et al.,
2012; and Thomas and Devasthale 2014) have looked at 1 or 2 pollutants in isolation. Our study
analyses several species. Therefore, we feel that this is a timely study building upon previous work
which uses a novel synergy of model and satellite datasets to investigate the influence of the NAO on
multiple tropospheric (UTLS) pollutants (e.g. the anti-correlation in the NOx and ozone responses to
the NAO).

We have updated the Introduction to explain this on P4 L10-20 “In this study, we aim to better
constrain previously investigated relationships (e.g. NAO - TCNO,, Eckhardt et al., 2003) and quantity
unexplored relationships (e.g. vertical ozone profiles and upper troposphere — lower stratosphere
(UTLS) peroxyacetyl nitrate (PAN)) between the NAO and atmospheric composition by utilising recent
satellite observations with higher spatial resolution, more frequent sampling and smaller uncertainties
(e.g. Ozone Monitoring Instrument (OMI) TCNO,) and simulations from the TOMCAT chemistry
transport model (CTM). These tools allow for a more comprehensive assessment of recent interactions
between the NAO and tropospheric composition, the correlation response between trace gases, the
extent to which the NAO can influence UTLS composition and an understanding of the key processes
governing pollution levels over source regions. Section 2 discusses the observations and model setup,
Section 3 describes the links between satellite observed/model composition and the NAO and our
discussion and conclusions are presented in Sections 4 and 5.”.

1.2. What is the justification for using these satellite datasets?

Eckhardt et al., (2003) investigated the impact of the NAO on satellite observed (GOME) TCNO; finding
a reduction in TCNO, over the UK/north-western Europe. The enhancement of the westerly flow in
NAO+ yielded a reduction in TCNO; linked to its long-range transport. Though a useful result from
Eckhardt et al., (2003), the signal of the order of 10 molecules/cm?is rather weak compared to the
average concentrations. The differences are also the NAO+ composite minus the NAO- composite,
while here we use the seasonal average to find the impact of the NAO on TCNO,. Finally, given the
large uncertainties in the DOAS technique, | would expect signals of this magnitude to likely be well
within the uncertainty range of the composition averages in each grid cell over the UK/north-western
Europe.



Therefore, our use of the OMI TCNO,, which is a spatially higher resolution instrument with a larger
sample size, finds similar signals over the UK/north-western Europe but outside the uncertainty of the
instrument with anomalies in the order of 10%® molecules/cm? highlighting a more robust signal.

In term of the manuscript text, we have added the following text on P6 L11 “We primarily use OMI
TCNO; data as the instrument has a much higher spatial resolution and sampling than the GOME
TCNO; data used by Eckhardt et al., (2003). Therefore, we use OMI to build upon that work and explore
whether we can detect a more robust TCNO,-NAO signal, which is challenging given the short lifetime
of NO,.”.

For tropospheric ozone, only a few studies have looked at the interaction between ozone and the
NAO. Creilson et al., (2003) used the TOR product to look at this interaction over the southern Europe
during the spring time NAO. Therefore, they were limited to the investigation of just the tropospheric
column and looked at a different season to our study. Secondly, Pausata et al., (2012) only used the
TOR data to evaluate their model, before having a detailed look at the modelled linked between the
NAO and ozone. Therefore, there is a clear gap to use satellite tropospheric ozone data (i.e. from TES)
which can be used to investigate the responses of ozone to the NAO, and can also provide important
vertical information. As we show in our results from Section 3.1.3, there are clear differences between
the two phases in ozone response to the NAO in Zones 1 & 2 on opposite sides of the North Atlantic.
These patterns have not be found previously using satellite data.

We have made this point clearer in the Section 1 on P6 L17 “Previous studies of the NAO impacts on
ozone have only used satellite tropospheric column data either directly or to evaluate model
simulations. Therefore, the vertical ozone profiles retrieved by TES provide the opportunity to better
understand the vertical response of ozone from NAO circulation patterns.”.

For MIPAS PAN, as far as we are aware, this data has never been used before to look at potential
impacts of the NAO on UTLS composition. As stated in the Introduction, Thomas and Devasthale (2014)
used AIRS CO at 500 mb to look at the impact of the NAO on CO over Scandinavia, but limited research
has been done using satellite data to see the response of pollutants to the NAO in the UTLS. PAN has
a lifetime of several months once in the upper troposphere, so is a potentially good tracer for looking
at polluted air masses. By using the MIPAS PAN data and the TOMCAT output in combination, we are
able to explain these interactions (see sections 3.1.2 & 3.2.2). This is especially true for NAO-, where
Figure 3d, 10d and 11d show that the satellite can detect enhanced PAN over Iceland in NAO- in the
UTLS, which is simulated by the model and then shown to be due to the vertical transport of polluted
tropospheric air masses from southern/central Europe into the UTLS over Iceland. Therefore, the use
of MIPAS data is novel and, with the help of a model, highlights pathways of pollution transport into
the UTLS.

We have made this point more clear on P7 L5 “Few studies have directly used satellite measurements
of composition to investigate the influence of the NAO on UTLS trace gas distributions. This is the first
study to use satellite retrieved UTLS PAN, which has a lifetime of several months in the UTLS (Singh et
al., 1996), to investigate the impact of NAO tropospheric circulation patterns on UTLS composition.”.

1.3. What is the added benefit of the TOMCAT model simulation?

The three satellite instruments, while providing useful information, do not have the same temporal
and spatial coverage of a CTM. OMI TCNO; is an integrated column value and provides no
vertical/surface information. The TES ozone data provides useful vertical information down into the
boundary layer but has poor spatial coverage. Therefore, it is difficult to get a clear spatial pattern
from the data alone. Hence, we collate the data into 4 regions and investigate changes in the vertical



profiles in response to the NAO. However, TOMCAT is able to provide detailed surface fields and
vertical profiles across the entire domain. Finally, the MIPAS PAN in the UTLS provides limited
information on exchanges of pollutants from the lower troposphere into the upper troposphere. For
instance, even though MIPAS PAN shows enhanced PAN over the Icelandic region in the UTLS during
NAO-, it is the model simulations (see Figure 11d) which identifies the source of this UTLS PAN
enhancement from vertical assent of polluted tropospheric air.

To make this more clear in the manuscript we have added, on P8 L16, “Here, the TOMCAT simulations
help to diagnose the key processes governing the satellite derived NAO-composition relationships by
providing information (e.g. the surface) where the satellite instruments cannot detect trace gases and
offers full spatial/temporal data coverage.”.

1.4. The conclusions are too generic and need expanding.
We agree that the conclusions need to be more focussed. We have rewritten them as:

“This study has used state-of-the-art satellite data records of atmospheric trace gases to identify
recent influences of the North Atlantic Oscillation (NAO) on tropospheric composition over the
North Atlantic and Europe. We have used tropospheric column NO, (TCNO;) measurements from the
Ozone Monitoring Instrument (OMI), which provides higher resolution and sampling than past
instruments, to detect clear and significant responses (i.e. reduction in UK TCNO; during NAO-high)
from NAO circulation patterns, building upon the initial signal reported by Eckhardt et al. (2003).
Vertical profiles of ozone from the Tropospheric Emissions Spectrometer (TES) allow a detailed
assessment of satellite-observed lower tropospheric ozone sampled under the NAO phases. Robust,
statistically significant signals are found on both sides of the North Atlantic as a result of changes in
the westerly circulation during the two NAO phases. Finally, peroxyacetyl nitrate (PAN) observations
in the upper troposphere-lower stratosphere (UTLS) from the Michelson Interferometer for Passive
Atmospheric Sounding (MIPAS) are exploited, given the long lifetime of PAN (several months, Singh
et al., 1996), for the first time to investigate vertical transport of polluted tropospheric air masses
into the UTLS under different NAO conditions.

Our results, supported by simulations from the TOMCAT chemistry transport model (CTM), confirm
that primary pollutant (i.e. NO3z) concentrations are reduced (enhanced) under NAO-high (NAO-low)
conditions over Europe, heavily dependent on the strength of the westerly flow across the Atlantic.
However, secondary pollutants, such as ozone, have anti-correlated patterns as maritime air masses
(ozone-enriched air formed downwind from North American primary pollutant emissions) disperse
polluted European air masses under NAO-high conditions, significantly increasing the background
ozone levels. Under NAO-low conditions, the slackening of the North Atlantic westerly flow, allows
for the accumulation of primary pollutants over Europe, where ozone concentrations are further
decreased by ozone titration (loss through reaction with nitric oxide, NO). Different responses to
that over Europe are observed and simulated by TES and TOMCAT over the western North Atlantic
where enhanced westerly flow (NAO-high conditions) yields lower ozone concentrations over
eastern North America through pollutant (both ozone and ozone precursors) long range transport
towards Europe. However, the weakening of the westerly flow (NAO-low conditions) allows ozone to
accumulate/form over the region. We also find that NAO circulation is important for UTLS
composition as polluted air masses (e.g. with high PAN content) originating from Europe during
NAO-low (accumulation of lower tropospheric pollution) can propagate to this altitude resulting in
elevated PAN concentrations over Iceland/Southern Greenland. Model simulations show UTLS ozone
spatial patterns over the North Atlantic are strongly anti-correlated to that of PAN, where the two
trace gases act as flags for polluted tropospheric and clean stratospheric air in the UTLS.



Overall, the use of recent satellite data sets, not used in context of the NAO before, and a model
simulation have quantified the recent influences of the NAO on tropospheric composition and co-
variability between pollutants.”.

Direct Responses to Review 2’s Comments:

The authors used satellite observations and the TOMCAT chemistry transport model (CTM) to
investigate the influence of the winter-time North Atlantic Oscillation (NAO) phases on the
tropospheric concentrations of NO2, PAN, ozone over the North Atlantic and western Europe. Though
the methods are scientifically sound, the authors fail to properly motivate the study and it is not clear
what is the underlying purpose other than to ascertain what was presented in numerous other studies
that the manuscript cites.

Please see the response to general point 1.1.

The findings and conclusions of the manuscript in my view do not offer any new general implications
for atmospheric science. The manuscript fails to expand beyond what is readily established in the
literature or introduce sufficiently novel methods or techniques, other than perhaps some
incremental improvements.

Please see the response to general point 1.4.

My recommendation is that this paper undergoes major revisions before publication in ACP to:
properly motivate the choice of remote sensing products, explain the need and purpose of
supplementing the analysis of observations with model simulations, and to include more detailed
discussion of the scientific implications of the outcomes.

Please see the response to general points 1.1 to 1.4.
Specific comments:

p.4 1.24: It's understood that November is sometimes included in the seasonal data to increase low
statistics. However, to aid intercomparison wouldn’t it be better to be consistent in all cases?

We have now redone the analysis of all observations and model species for the winter-time NAO
defined as November-December-January-February (NDJF). The text throughout the manuscript has
been modified to reflect the slight changes in the spatial patterns of the relationships caused by the
inclusion of November data.

p.5 I.1: "significant" NAO+ and NAO- phases may be misconstrued by the reader. Propose to change
to "high and low" as is usually found in the literature.

The reviewer is correct that “high” and “low” is often used to represent significant NAO+ and NAO-
events in the literature. To that end, we have replace occurrences of “NAO+” and “NAO-“ with “NAO-
high” and “NAO-low”, respectively. This introduction of NAO+/- in the abstract and section 2.1 (NAOI)
has also been re-defined.

p.5. 1.28: What is the point of including wind vectors in the Figs? They are not referred to in the
discussion/analysis.

The wind vectors allow the reader to see the circulation patterns in each NAO phase and the impact
on composition. The analysis of the circulation patterns are discussed in section 2.1 relating to Figure
1, in section 3.2.2 discussing the PAN spatial distribution in Figure 10, in section 3.2.3 (e.g. P15 L1-2
“TOMCAT surface ozone under NAO+ (Figure 12a) peaks at approximately 28-30 ppbv over sub-tropical



and western North Atlantic co-located with the enhanced westerlies.” and several other locations.
Therefore, we need to leave the wind vectors on the Figures in their current state.

p.7.1.7: Please clarify what is meant by "The systematic errors will cancel considerably when comparing
species-NAO composites to their winter-time averages". Why is that so?

This text is trying to point out that the systemic errors (offsets), absolute or percentage, are consistent
between measurements i.e. unlike random errors which will vary considerably for each observation.
Therefore, when the seasonal composition average is subtracted from the NAO composite, any
systematic errors will largely cancel leaving the residual NAO anomaly and associated random errors.
Therefore, to make this clearer, the text has been reworded to: “When each chemical species is
sampled under the NAO phases and then compared with the seasonal (winter-time) average, the
anomalies (i.e. NAO composite — seasonal average) will be dominated by random errors as the
systematic errors will cancel considerably”.

p7.1.14: "range from approximately 10-40%, peak at 15-20% and are between 10-20%" meaning needs
to be made clearer. Is that respectively for OMI/MIPAS/TES?

Yes this is for the respective instruments. We have reworded P7 L12-15 with “However, over the North
Atlantic and western Europe, OMI TCNO; random errors range between approximately 10-40%. For
MIPAS PAN at 150 hPa the random errors peak at 15-20%, while ranging between 10-20% for TES
lower tropospheric ozone.”

Sec. 2.3: The section on the TOMCAT model has to be reworked to limit to information that is relevant
to the present study.

We have shortened the model description, section 2.3, to:

“TOMCAT is a three-dimensional (3-D) off-line chemistry transport model (CTM; e.g. Chipperfield
(2006)). ECMWF ERA-Interim meteorological analyses are used to force the model winds,
temperature, and humidity (Dee et al., 2011). The standard TOMCAT tropospheric chemistry version
uses 82 advected tracers and 229 gas-phase reactions (Emmonset al., 2015), which includes the
extended tropospheric chemistry (EXTC) scheme (Monks et al., 2017). TOMCAT also includes
heterogeneous N,Os hydrolysis using on-line size-resolved aerosol from the Global Model of Aerosol
Processes (GLOMAP) model (Mann et al., 2010). The model anthropogenic emissions come from the
Streets v1.2 inventory, which is a composite of several regional emissions inventories (Emmons et
al.,2015). The MACCity inventory (Granier et al., 2011) is used for the natural emissions and biomass
burning emissions come from the Global Fire Emissions Database (GFED) v3.1 inventory (Randerson
et al., 2013).The model was initialised in December 2005, using a restart (initialisation) file from
previous simulations, and run for 2006 to 2015 at the 2.8  x 2.8 ° spatial resolution (Monks et al.,
2017).”

We still include some information about the number of reactions and provide the Monks et al., (2017)
reference for the extended chemistry scheme as this will be important for ozone formation. The
information of N,Os is also retained as this will be an important sink of NOy and thus PAN formation.

p.10 .12: Any reference as to why the higher tropopause potentially aids vertical transport into the
UTLS?

Here we used the dynamical tropopause definition (i.e. +/-2 potential vorticity units) which is not fixed
and will depend on vertical transport. If upwards vertical transport is enhanced, this will push the
tropopause to a higher altitude and will more likely promote exchanges of tropospheric air masses



into the UTLS (i.e. the air mass passes over the +/-2 PVU line).Therefore, in Figure 11c & d, one can
see that the green line (zonally averaged tropopause across the Atlantic) is larger in NAO- when
vertical transport in the mid-latitudes yields a higher tropopause and movement of PAN into the UTLS.
This explains the PAN enhancements seen in Figures 3d and 10d. To make this clearer, we have
reworded the text on P10 L13 to “The higher tropopause signifies enhanced vertical transport, which
in this case, is the propagation of polluted air masses (i.e. large PAN content) from further down in the
troposphere into the UTLS”. Secondly, we have changed the text on P14 L16 to “Vertical transport will
also have an important impact in NAO+, as signified by the higher MIPAS-derived tropopause height
(see SM), with propagation of polluted air masses, from the lower troposphere, into the UTLS”.

p.11 1.21: "We also have evaluated TOMCAT surface/tropospheric ozone against a range of
observations. In all cases, TOMCAT has suitable skill to represent these chemical tracers and their
responses to the NAO circulation patterns.". Is there any appropriate reference? OR Perhaps include
the comparison in the SM?

This is all discussed or done in the supplementary material. Hence we have added “(see SM)” on P11
L24.

The NO2 has a much short lifetime in the atmosphere than the timespan considered here and is
heavily dependent on emissions. It is not convincing that the randomly scattered green regions of
significance in Fig. 2 allow or support any generalised conclusions for NO2 concentrations to be
influenced by a seasonal teleconnection pattern.

The reviewer is correct that the NO2 signal is not as strong as the TES ozone or MIPAS PAN signals,
however, we believe the results in Figure 2 do provide some insight into the impact of the NAO on
NO2. Eckhardt et al., (2003) found a weak response of TCNO; under NAO+, which we have built upon
highlighting a significant reduction over the UK (Figure 2c). This is seen to a degree between Figure 2a
and 2b where the TCNO, concentrations over the UK in NAO+ range from 5-10 x10*molecules/cm?
while 8-12 x10®molecules/cm? during NAO-. These results potentially lay the foundations to extend
this work once the new high resolution TropOMI instrument (7x7 km? vs 10s x 10s km? for OMI) TCNO,
product becomes available and city scale changes potentially can be seen. Please see the response to
general point 4 and additional text to the manuscript where we emphasise these results.

Technical corrections:

p.6 1.3: change to "measurements of total column NO2 (TCNO2)"

This should not be necessary as TCNO2 has already been defined on P3 L17.
p.6 1.4: UTLS PAN -> "UTLS Peroxyacetyl Nitrate (PAN)"

This has been changed in line with the reviewer’s comment.

p.7 1.1 Printing the full file type list in the manuscript text is unecessary and extraneous. Either refer
to it (or move details in a supplement).

We agree and this information has been placed in the supplementary material.
p.7 1.6 and elsewhere "random error" -> "statistical uncertainty"

We believe that "random error" is a suitable term to use as we provide discussion on the different
type of errors (i.e. systemic and random). Therefore, it is better to be consistent.

p.8 1.8: Cite IUPAC website as reference



In line with Reviewer 1’s Specific Comment 10, the model description text has been shortened and the
reference to IUPAC removed.

Fig.3: It’s very hard for the reader to discern the green lines and areas of significance on top of dashed
lines in panels c) d). Perhaps make bolder?

We have made the green lines thicker on figures with the anomaly plots and significance contouring.
Sec. 3.2 Title "Model Composition" -> "Model Results"

This has been changed.

p.12 1.4,6: Missing TCNO2 units

This has been changed.

p.14 1.14: larger -> higher

This has been changed.

Fig.5 Squares and diamonds are cluttered over the errors. Perhaps a different representation using
horizontal bands and removal of the yellow sensitivity band may be clearer.

We feel the current graphic is suitable and is the same presentation methodology of Pope et al.,
(2016). The copy editors at ACP will be able to take the decision on clarity of the final figures.
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Abstract

We have used satellite observations and a simulation from the TOMCAT chemistry
transport model (CTM) to investigate the influence of the well-known winter-time North
Atlantic Oscillation (NAO) on European tropospheric composition. Under the posi-
tive phase of the NAO (NAO+NAQO-high), strong westerlies tend to enhance transport
of European pollution (e.g. nitrogen oxides, NO,, carbon monoxide, CO) away from
anthropogenic source regions. In contrast, during the negative phase of the NAO
(NAS-NAO-low), more stable meteorological conditions lead to a build up of pollutants
over these regions, relative to the winter-time average pollution levels. However, the
secondary pollutant ozone shows the opposite signal of larger values during NAC+:
NAS+NAO-high. NAO-high introduces Atlantic ozone-enriched air into Europe while
under NAC—NAO-low westerly transport of ozone is reduced yielding lower values
over Europe. Furthermore, ozone concentrations are also decreased by chemical loss
through the reaction with accumulated primary pollutants such as nitric oxide (NO)
in NAC-NAO-low. Peroxyacetyl nitrate (PAN), in the upper troposphere-lower strato-
sphere (UTLS) peaks over Iceland/Southern Greenland in NAG-NAO-low, between
200-100 hPa, consistent with the trapping by an anticyclone at this altitude. Model sim-
ulations show enhanced PAN over Iceland/Southern Greenland in NAG—NAO-low is
associated with vertical transport of polluted air from the trepesphere-mid-troposphere
into the UTLS. Overall, this work shows that NAO circulation patterns are an important
governing factor for European winter-time composition and air pollution.

1 Introduction

Atmospheric circulation can play an important role in the transport and accumulation
of air pollutants from and over source regions (e.g. Pope et al. (2014); Stohl (2006);
Quinn et al. (2007)). This is most evident in the Northern Hemisphere winter/spring
when emission of anthropogenic pollutants (e.g. nitrogen oxides (NO,) and carbon
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monoxide (CO)) are largest (Edwards et al., 2004; Zhou et al., 2012), slower chem-
ical loss mechanisms (i.e. photochemistry and reaction with OH) remove less pollu-
tion and winter-time dynamics are enhanced (more intense mid-latitude depressions
and blocking systems (Trigo, 2006; Hurrell and Deser, 2010)). Over North America,
the North Atlantic and Europe, the winter-time North Atlantic Oscillation (NAO) is one
of the most prominent and frequent modes of atmospheric variability. It represents
the redistribution of atmospheric mass between the Arctic and subtropical North At-
lantic (Hurrell and Deser, 2010) controlling pressure gradients, wind flows, storm tracks
and moisture budgets (Hurrell, 1995; Osborn, 2006). During the NAO positive phase
(NAS+NAO-high), the climatological Icelandic low and Azores high pressure systems
both intensify leading to enhanced westerly circulation (storm tracks) across the At-
lantic into north-western Europe. The NAO negative phase (NAC-NAO-low) results in
a weakening of this meridional pressure gradient leading to reduced westerly winds
and a re-orientation of the storm tracks over southern continental Europe.

Previous studies have used a range of satellite observations and modelling tools to
investigate the impact of NAO circulation patterns on tropospheric composition. Eck-
hardt et al. (2003) composited Global Ozone Monitoring Experiment (GOME) tropo-
spheric column nitrogen dioxide (TCNO,) under the winter-time NAO finding an in-
crease (decrease) of 3-5 (3-7) x 104 molecules/cm? in the NAO—NAGC+NAO-low
(NAO-high) phase over Scandinavia/eastern Europe (UK and France). Thomas and
Devasthale (2014), using Atmospheric Infrared Sounder (AIRS) CO at 500 hPa, found
that NAO+and-NAS-—NAO-high and NAO-low significantly increased (2.5%) and de-
creased (4%) CO concentrations over the Nordic countries, respectively. Creilson et al.
(2003) investigated the links between the NAO and tropospheric ozone from the To-
tal Ozone Mapping Spectrometer/Solar Backscattered Ultraviolet tropospheric ozone
residual (TOR) product (1979-2000). They found the largest correlations between
the NAO and TOR in winter/spring, where tropospheric ozone is larger by 3-5 DU
(0-2 DU) over central-western Europe (Mediterranean) during the spring-time NAO+
{NAOS-NAO-high (NAO-low). Pausata et al. (2012) found that in December-January-

3



20

25

February (DJF) NA©+NAQO-high significantly increases (90% confidence level) surface
ozone by 6-10 ppbv over the UK and northern Europe, while NAO-NAO-low leads to
a decrease of 4-10 ppbv. This is indicative of Atlantic ozone-rich air being transported
into Europe under strong westerly flow during NAC+—UnderNAO-NAO-high. Under
NAO-low, the weaker winds are re-orientated-reorientated over southern continental
Europe aiding the accumulation of primary pollutants (e.g. nitric oxide, NO), which acts
as a substantial sink of ozone in winter. Bacer et al. (2016) and Christoudias et al.
(2012) used modelled artificial CO/aerosol tracers, to find significant negative (pos-
itive) correlations between the NAO meteorological fields and composition over Eu-
rope (Canada). This highlighted the replacement of European pollution under NAO+
NAO-high with clean Atlantic air, while pollution accumulated over continental Europe
during NAG-NAO low.
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Momtormg Instrument (OMI) Hﬁhrempfe\ﬁdes—mghewesehjﬂeﬁ—aﬂdﬁefe#equeﬂt

kwmﬁmﬁwmww%m
of recent interactions between the NAO and tropospheric composition, the correlation
response between trace gases, the extent to which the NAO can influence UTLS
composition and_an understanding of the key processes governing pollution levels
over sotfrees—regionsand-poputated-areassource regions. Section 2 discusses the
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observations and model setup, Section 3 describes the links between satellite ob-
served/model composition and the NAO and our discussion /and conclusions are pre-
sented in Seetien-Sections 4 /and 5.

2 Observations and Model
2.1 North Atlantic Oscillation Index

Jones et al. (1997) define the North Atlantic Oscillation Index (NAQOI) as “the nor-
malised pressure at the southern location (i.e. Gibraltar) minus the normalised pres-
sure at the Icelandic site (i.e. Reykjavik)”. The 2006-2015 nermalised-winter-time
(BdFNovember-December-January-February, NDJF) NAOI time-series (normalised by
the time-series standard deviation)” , obtained from the Climatic Research Unit (CRU),
University of East Anglia, is plotted in Figure 1a. Here, significant NAO+-and-NAO-
NAO-high and NAO-low phases occur when the time-series is greater or less than 1.0
and -1.0 standard deviations (blue dotted lines), respectively. However, the multiple
satellite records used in this study to assess the composition-circulation relationships
all cover different time periods, so the NAO phases are determined based on their cor-
responding NAOI time-series. We then compare the satellite composition-circulation
relationships with the model relationships for the 2006-2015 period. Satellite data also
have periods of missing data, especially in winter, so the season is extended in some
cases (e.g. includes November) to build up a sizeable satellite composite for more
robust signals.

Figures 1b-e show the pressure anomalies, relative to the BJFNDJF 2006-2015
average, and winds under both NAO phases at the surface and 10 km derived from
European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim data.
Under NA©+NAO-high (Figure 1b), the Icelandic low pressure system intensifies by 5-
10 hPa at the surface. Over the subtropical North Atlantic, surface pressure increases
by 3-5 hPa, yielding a stronger meridional Atlantic pressure gradient. Therefore, en-
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hanced westerly winds (i.e. storm tracks) peaking over 10 m/s are orientated over
north-western Europe. Green polygonned regions show significant differences (99%
confidence level) between NAO composite pressure and the BJF-NDJF average us-
ing the Wilcoxon Rank Test (WRT, Pirovano et al. (2012)). NAG-NAO-low (Figure 1c)
shows the opposite pattern, with significant positive (negative) pressure anomalies of
5-15 hPa over the Southern Greenland/Iceland (subtropical North Atlantic). The pres-
sure anomaly reversal yields a weaker meridional pressure gradient, slower easterly
winds (below 10 m/s) between 50-60°N and southwards shift in the storm tracks. At
10 km, the spatial structure and significance of the pressure anomalies are similar to
the surface, but with smaller absolute differences (i.e. as pressure decreases with al-
titude). The more uniform westerly flow (Figure 1d) peaks at approximately 40 m/s.
Under NA©G-NAO-low (Figure 1e) the 10 km westerlies are over the sub-tropical North
Atlantic with weakened flow (approximately 10 m/s) over the mid-North Atlantic.

2.2 Satellite Observations

To investigate the links between tropospheric composition and the NAO, we have used
satellite measurements of TCNO-, tropospheric ozone profiles (and sub-columns, 0-
6 km) and UTLS PAN. TCNO, (DOMINO product v2.0; Boersma et al. (2011b)) for
2005 to 2015 comes from OMI, on-board NASA’s AURA satellite (2004 - present),
with a sun-synchronous overpass of approximately 13.30 local time (LT). OMI is nadir-
viewing with a spectral range of 270-500 nm and pixel footprint sizes of 16-23 km
and 24-135 km along and across track, respectively (Boersma et al., 2007). A full
description of the OMI NO,, retrieval is discussed by Eskes and Boersma (2003). In-
dividual retrievals were screened for poor data quality flags, geometric cloud fraction
greater than 0.2 and the OMI row anomalies (Braak, 2010). We primarily use OMI
TCNO, data as the instrument has a much higher spatial resolution and sampling than

Pope et al. (Accepted). Therefore, we use OMI to build upon the work of Eckhardt et al. (2003
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and explore whether we can detect a more robust TCNO»-NAO signal, which is challengin

iven the short lifetime of NO,.
Tropospheric ozone measurements used here are from the Tropospheric Emission

Spectrometer (TES) on-board the NASA’s AURA satellite. TES is an infrared Fourier
transform spectrometer that measures thermal emissions over the spectral range of
650 - 2250 cm~! and has a nadir-viewing footprint of 45 km? (Richards et al., 2013).
TES has peak sensitivity to lower tropospheric ozone at approximately 850 hPa (Wor-
den et al., 2013). The TES data has also been screened for poor data quality flags.

Previous studies of the NAO impacts on ozone have only used satellite tropospheric
column data either directly or to evaluate model simulations. Therefore, the vertical
ozone profiles retrieved by TES provide the opportunity to better understand the vertical

response of ozone from NAO circulation patterns.
The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) operated

onboard ESA’s ENVISAT satellite between 2002-2012 and measured many trace gases
including PAN in the UTLS. ENVISAT was a sun-synchronous polar-orbiting satellite,
which performed 14.4 orbits per day, crossing the equator at about 10:00 am and 10:00
pm LT. MIPAS was a limb-viewing emission spectrometer covering the spectral region
between 685 and 2410 cm~! (Fischer et al., 2008), which produced up to 1400 profiles
each day. The measurements, in reduced resolution nominal mode, had 27 tangent
altitudes per limb scan. The lowermost (uppermost) tangent altitudes ranged approxi-
mately from 5 km (70 km) near the poles to 12 km (77 km) at the equator (Wiegele et al.,
2012). The data-wasretrieved-Few studies have directly used satellite measurements

of composition to investigate the influence of the NAO on UTLS trace gas distributions.
This is the first study to use satellite retrieved UTLS PAN (from the Karlsruhe Insti-
tute for Technology (KIT) %H%Ws&%nm&%kspeetr&kresmuﬂe& V%Hsee
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which has a lifetime of several months (Singh et al., 1996), to investigate the impact of

NAOQ tropospheric circulation patterns on UTLS composition.
In terms of satellite errors and uncertainties, the random errors are primarily as-

sessed when compositing different chemical species under the two NAO phases. The

When each chemical species is sampled under the NAO phases and then compared
with the seasonal (winter-time) average, the anomalies (i.e. NAO composite — seasonal

average) will be domlnated b random errors as the systematlc errors will cancel con-
siderablyw . The

averaging of daily data will reduced the random error component by a factor of 1.0/ /n,
where n represents the number of days with good quality satellite data. For exampe,
OMI TCNO, n is typically greater than 20-30 observations per grid cell southwards of
60°N, while n ranges between 0 and 10 observations between 60-70°N. Therefore, the

TCNO, signal is less robust northwards of 60°N. The random errors of the different
species under both NAO phases is discussed further in the supplementary material

(SM). However, over the North Atlantic and western Europe, OMI TCNO, - MIPAS-PAN
150-hPaand TESlowertropospheric-ozonerandom errors range frem-between approx-
imately 10-40%;-. For MIPAS PAN at 150 hPa the random errors peak at 15-20%and

are-, while ranging between 10-20% overthe-North-Attantic-ane-westernEuropefor TES
lower tropospheric ozone. Boersma et al. (2004), Glatthor et al. (2007) and Richards

et al. (2008) provided detailed discussion on these product uncertainties, respectively.

2.3 TOMCAT 3-D Model

TOMCAT is a three-dimensional (3-D) off-line chemistry transport model (CTM; e:g-
Chipperfield-et-al.{1993);-Stockwell-and-Chipperfield{1999):-Chipperfield (2006)). ECMWF
ERA-Interim meteorological analyses are used to force the model winds, tempera-
ture, and humidity (Dee et al., 2011). The standard TOMCAT tropospheric chem-
istry version uses 82 advected tracers and 229 gas-phase reactions (Emmons et al.,

2015), WhICh mcludes the extended tropospherlc chemlstry (ExTC) scheme —The VYOG
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TOMCAT also includes heterogeneous N>Os hydrolysis usmg on-line size-resolved
aerosol from the Global Model of Aerosol Processes (GLOMAP) model (Mann et al.,

use-the-Leeds-Master Chemical-Meehanism-{(MGEM)--The model anthropogenic emis-
sions come from the Streets v1.2 inventory, which is a composite of several regional
emissions inventories (Emmons et al., 2015). The MACCity inventory (Granier et al.,
2011) is used for the natural emissions and biomass burning emissions come from the
Global Fire Emissions Database (GFED) v3.1 inventory (Randerson et al., 2013).The
model was initialised in December 2005, using a restart (initialisation) file from previ-
ous simulations, and run for 2006 to 2015 at the 2.8° x 2.8° spatial resolution (Monks
et al., 2017). Here, the TOMGAT simulations help to diagnose the key processes
(e.g. the surface) where the satellite instruments cannot detect trace gases and offers
full spatial/temporal data coverage.

—(Monks etal 2017
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3 Resulis
3.1 Observations of Tropospheric Composition
3.1.1 Nitrogen Dioxide

OMI TCNO; was sampled under the winter-time (November - February) NAO+NAO-high
(Figure 2a) and NASC—NAO-low (Figure 2b) for 2005-2015. Peak TCNO2 concen-
trations (over 15 x 10'> molecules/cm?) in both phases are over the Po Valley and
the Benelux region. Over the UK, source region TCNO, ranges between 7-13 x
10'® molecules/cm? and 6-10 x 10'5 molecules/cm? in NAO—and-NAO+NAO-low and
NAO-high, respectively. We hypothesise that NAC+NAO-high enhanced westerly flow
transports NOs, off the UK mainland, as seen by Pope et al. (2014) who investigated
the impacts of cyclonic conditions on UK TCNO.. Figure 2c supports this, highlighting
significant negative anomalies of -4 to -2 x 10! molecules/cm? between the TCNO,
NAS+NAO-high composite and 11-year winter-time average. Significant anomalies,
shown in the green polygonned regions, are based on the WRT at the 95% confidence
level and where composite and winter-time averages + their respective random errors
(Pope et al., 2015) do not overlap. Systematic errors will cancel when differencing
the two TCNO, composites. NAO-NAO-low reduces westerly flow across Europe and
might be expected to aid TCNO, accumulation, but there is actually little change in the
anomaly field (Figure 2d). Only the Benelux region (3-5 x 10'® molecules/cm?) and
North Sea (-2.0 to -1.0 x 10'® molecules/cm?) show significant anomalies linked to
NO- accumulation and reduced transport off the UK mainland.

3.1.2 Peroxyacetyl Nitrate

The MIPAS PAN 200-100 hPa average volume mixing ratio, sampled under NAO+
NAO-high (DJF) between 2002-2012 (Figure 3a), shows peak (minimum) PAN con-
centrations of 50-55 (10-20) pptv in the sub-tropical North Atlantic (over Newfoundland
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and the Canadian Arctic). During NAO-NAO-low (Figure 3b), PAN concentrations are
lower over the sub-tropical Atlantic, but slightly larger over Newfoundland/the Canadian
Arctic between 30-45-25-40 pptv. PAN concentrations are also larger (approximately
40 pptv) over Iceland/Southern Greenland/Denmark Strait leaving a spatially prominent
feature. MIPAS-derived tropopause height (see SM) peaks at 11 km in this region while
it is only 9-10 km in the surrounding area (excluding the sub-tropical North Atlantic).
There is also an increase in pressure and convergence of winds over this region (Fig-
ure 1d) potentially highlighting the impact of NAG-—NAO-low vertical transport of PAN
into the UTLS; this is investigated further using TOMCAT (see Section 3.2.2). In Fig-
ure 3c under NAC+NAO-high, peak significant anomalies of 5-15 pptv occur over the
sub-tropical Atlantic and Aretie-regionnoerthwards-ef-76°Nnorth-eastern Arctic region
(top right of the domain). There are also significant negative anomalies (-5-te—+-15
to -5 pptv) over the Quebec region. Significant anomalies are based on the WRT
(95% confidence level) and where the NAO composite and the winter-time averages
=+ their uncertainty ranges do not overlap. Over Iceland/Greenland (sub-tropical North
Atlantic and Europe), there are positive (negative) anomalies of 5-15 (-5 to -1) pptv in
NAO-NAO-low.

Figure 4 shows the zonally averaged (90°-20°E) vertical profiles of MIPAS PAN un-
der the two NAO phases. Peak PAN concentrations at 300-250 hPa range between
100 and 130 pptv in both phases, but are larger in NA©-—NAO-low between 30-50°N
by 10-20 pptv. However, northwards of 70°N, PAN concentrations between 225 and
100 hPa tend to be larger under NA©+-NAO-high conditions. Figure 4c shows the
NAO+NAO-high zonal anomalies relative to the winter-time average (hatched anoma-
lies are insignificant based on the WRT - 95% confidence level). Northwards of 50°N,
significant positive anomalies (5-15 pptv) exist between 366-166-300-125 hPa. MI-
PAS derived tropopause height under NAGC+-NAO-high (see SM) is typically higher
than in NAQfNNAVQIAviyNover the North Atlantrc and Europe by 1-2 km. TLhereferlehe

e&va%eekPANweeen%ra%ren&engnaﬁn@rThe hi her tro opause sr nrfres enhance
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vertical transport, which in this case, is the propagation of polluted air masses (i.e.
large PAN content) from further down in the troposphere into the UTLS. Southwards of

50°N, positive anomalies occur between 200-100 hPa, while negative anomalies are
found between 300-250 hPa. Under NASG-—NAO-low conditions (Figure 4d), there are
significant positive anomalies (5-15 pptv) at 300-275 hPa between 66-9630-90°N and
they reach up to 125 hPa at 56-7660-80°N coinciding with peak PAN concentrations
over Iceland in Figure 3b. Significant negative anomalies (-5 to -1 pptv) exist at 225-
50 hPa which coincide with the negative anomalies in Figure 3d over the sub-tropical
Atlantic. Between 30-50°N, there is an altitude anomaly dipole reversal with NAO+
NAO-high showing significant positive (negative) anomalies at 200-100 hPa (300-250
hPa) and NASG-—NAO-low highlighting significant positive (negative) anomalies at 300-
275 hPa (225-50 hPa). These patterns are linked to changes to regional circulation
patterns under the different NAO phases and will be explored further using TOMCAT
in Section 3.2.2.

3.1.3 Ozone

Figure 5 shows TES vertical profiles averaged over four regions (Zones 1-4) cover-
ing the North Atlantic, between 2005 and 2011, sampled during significant winter-time
(November-February) NAO events. These four domains are selected because TES has
infrequent spatial sampling (Richards et al., 2008) meaning spatial ozone distributions
are often noisy/unclear. In Zone 1 (UK), TES ozone sampled under NAC+NAO-high
(red line) is significantly larger (90% - squares and 95% -diamoends- diamonds) than
in NA©—NAO-low (blue line) by 3-4 ppbv throughout the region of peak sensitivity
(900-650 hPa - yellow box). Similar patterns exist in surface ozone measurements
from the UK Automated Urban and Rural Network (AURN, DEFRA (2015)). Under
NAG+NAO-high, surface ozone concentrations were significantly higher than in NAO-
NAO-low by 5-10 ug/m? across the UK (see SM). The opposite is true for AURN surface
NO, where concentrations across the UK are lower by 5-10 ug/m3 in NAO+NAO-high.
This supports the hypothesis that NAC+NAO-high increases (decreases) ozone con-
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centrations over western Europe (western Atlantic) through enhanced westerly trans-
port of ozone and dispersion of other species involved in its removal (e.g. NO) over
Europe. Zone 2 (Newfoundland) has the opposite signal where the NAG—NAO-low
ozone profile is significantly (95%) larger by 2-4 ppbv than the NAG+NAO-high profile.
Again, this is potentially linked to enhanced westerly ozone transport across the At-
lantic towards Europe during NA©+NAO-high. In Zone 3 (North Atlantic), there are in-
significant differences at approximately 900 hPa, however, ozone is significantly greater
under NAG—NAO-low between 875-350 hPa. There are insignificant differences in
Zone 4 ozone up to 600 hPa, but NAC+NAO-high ozone is significantly larger above
this altitude.

3.2 Model EompositionResults

TOMCAT has been evaluated in multiple studies (e.g. Monks et al. (2017); Richards
et al. (2013)) for NO, PAN and ozone, which is discussed in detail in the SM. We also
have evaluated TOMCAT surface/tropospheric 0zone against a range of observations
covering western Europe and the North Atlantic. In all cases, TOMCAT has suitable
skill to represent these chemical tracers and their responses to the NAO circulation

patterns (see SM).
3.2.1 Nitrogen Dioxide

In NAC+-anrd-NAOC-NAO-high and NAO-low (Figure 6a & b), where TOMCAT has been
sampled under the NAO phases in Figure 1a, the model TCNO- over western Europe
ranges between 3 to 9 x 10'® molecules/cm? and 6 to over 10 x 10'® molecules/cm?,
respectively. Over the UK, NA©+NAQO-high enhanced westerly flow transports NO,
off the mainland (Figure 6¢) with significant negative anomalies of -2.0 to -0.5 x 10%°
molecules/cm?, relative to the winter-time average. OMI TCNOs has a similar NAO+
NAO-high UK signal (2c), but it is less spatially extensive and does not cover as much
of continental Europe. In NAG-NAO-low, OMI (Figure 2d) only shows accumulation
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of TCNO, over the Benelux region, while TOMCAT (positive anomalies over 1.5 x
10!5 molecules/cm?) accumulates TCNO, over all of continental Europe (Figure 6d).

Potential reasons for model-satellite NAO-low anomaly differences (Figure 2d and 6d

included: 1) As OMI has peak retrieval sensitivity in the mid-upper troposphere it

stable conditions trap NO, in the boundary layer, 2) The model NO, life time in the
NAO-low composite is potentially longer than the satellite equivalent as it represents
all sky conditions, while the satellite composite represents clear sky conditions only

i.e. more photochemical loss of NO,).
At the surface, TOMCAT surface NO, ranges between 0-6 ppbv and 2-8 ppbv in

NAO+—and-NAO-NAO-high and NAO-low, respectively. TOMCAT does have a sys-
tematic surface NO, low bias against surface observations (see SM), but this sys-
tematic offset is removed when considering anomalies (Figure 8c & d), relative to
the winter-time average. TOMCAT surface anomalies typically have similar spatial
patterns to the TOMCAT TCNO-, but they are less spatially extensive. Under the
NAO+NAO-high, there are significant negative (positive) anomalies of -0.5 (0.2) ppbv
over the UK (North Sea) highlighting the westerly transport of NO, off the UK mainland.
Under NAGS-NAO-low, significant positive anomalies (0.0 to 1.0 ppbv) highlight the ac-
cumulation of NO, from reduced westerly flow across the UK. This is consistent with
the AURN results presented in the SM. The model also shows a significant anomaly
dipole over Scandinavia which reverses between phases. This, in combination with the
reduced spatial impact on surface NO, compared with the tropospheric pattern, implies
that processes above the surface also influence the response of the tropospheric NO,
distribution to the NAO.

Figure 8 shows the TOMCAT NO, meridional-vertical cross-section at 0°E. Between
35-60°N TOMCAT simulates NO, concentrations above 1.0 ppbv from 1000 hPa to
900 (806850) hPa in NAC+-{(NAOG-NAO-high (NAO-low). Negative anomalies (under
-6-2-0.05 ppbv), relative to the winter-time average, from 1000-900 hPa at 50°N (Fig-
ure 8c) show the enhanced NAS+NAO-high westerly flow transporting NO, through-
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out the boundary layer away from UK source regions. This NO is transported into
the North Sea yielding positive biases of 6-1-0.02 ppbv northwards of 55°N with ver-
tical ascent into the mid-troposphere (approximately 600-700 hPa at 60-70°N). Under
NAO-NAO-low (Figure 8d), there are positive (6-2-above 0.05 pptv) anomalies between
40-5535-65°N as the weakened meridional winds have a southerly flow with ascent
(descent) at 65 (40)°N. This highlights reduced NO,, transport from the climatological
westerlies aiding accumulation in the lower troposphere (1000-700 hPa). Therefore,
processes throughout the lower troposphere over the UK are important in governing
the tropospheric column burden during the two NAO phases.

3.2.2 Peroxyacetyl Nitrate

At the surface, although PAN has lower concentrations than NO, in source regions, it
has a longer lifetime resulting in more significant responses to the seasonal average
under the different NAO phases. Under NAO+NAO-high (Figure 9a), TOMCAT surface
PAN peaks between 200-220 pptv over the Western Atlantic. Over Europe, PAN ranges
between 150-170 pptv as, like NO,, enhanced westerly flow transports PAN away from
western European source regions replacing it with cleaner sub-tropical North Atlantic
air (100-150 pptv). Through reduced transport, NAG-NAO-low conditions aid pollutant
accumulation over continental Europe with PAN concentrations of 190 to over 300 pptv.
The NASC+NAO-high TOMCAT PAN anomalies (Figure 9c), relative to the winter-time
average, highlight reduced concentrations of -50 to -20 pptv over continental Europe,
while in the western North Atlantic there are no significant anomalies. This infers similar
transport processes to the winter-time average resulting in minimal PAN changes, yet
NAGC-—NAO-low (Figure 9d) weakens/reverses the winds yielding significant negative
anomalies of -20 to -10 pptv. Therefore, westerly flow, similar under NA©+-NAO-high
and average winter-time conditions, aids the long-range transport of PAN from North
America. As NAO-—-NAO-low interrupts this transport pathway, there is a significant
decrease in background PAN.

We now investigate whether TOMCAT reproduces the MIPAS UTLS PAN patterns
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under the NAO phases, despite the slightly different time periods. Previous studies
(e.g. Emmons et al. (2015); Pope et al. (2016)) have shown that TOMCAT PAN com-
pares reasonably well with aircraft observations, but there is a systematic difference
between TOMCAT and KIT MIPAS PAN (see SM). Therefore, we primarily focus on the
anomalies, relative to the winter-time average, under the NAO phases as this sys-
temic difference is removed. TOMCAT PAN 200-100 hPa average peaks (over 50
pptv), in NAS+NAO-high, over the western subtropical North Atlantic (Figure 10a).
The south-westerly flow (approximately 30 m/s) at this altitude transports PAN across
the Atlantic reaching 35 pptv over |beria. However, at approximately 0°E, a southerly
shift in the winds over the Mediterranean leads to lower continental Europe PAN con-
centrations (20-30 pptv). Northwards of 70°N, the flow (20-30 m/s) accumulates PAN
over the Arctic region (20-24 pptv). Similar spatial patterns are seen in MIPAS with
peak PAN concentrations over the westerly sub-tropical Atlantic, minimum PAN over
Canada/Hudson Bay and elevated PAN in the Arctic region. However, MIPAS PAN
absolute concentrations are systematically targer-higher than TOMCAT (see SM). Ver-
tical transport will also have an important impact as-in NAO-high, as signified by the

higher MIPAS-derived tropopause height in-NAO+(see SM)allows-forthe-uplift-of-PAN
into-this—altitude-range—In-NAO-, with propagation of polluted air masses, from the

lower troposphere, into the UTLS. In NAO-low, peak PAN (over 40 ppbv) occurs in
the sub-tropical Atlantic where the winds are predominately zonal (westerly) yield-

ing lower PAN concentrations (15-25 pptv) over the mid-North Atlantic. Continental
Europe PAN concentrations have decreased (10-20 pptv), as north-westerly flow is
transporting cleaner Arctic air masses into the region. PAN accumulation over Iceland
and Southern Greenland (25 ppbv) correlates with the large UTLS pressure increase
shown in Figure 1d. Figure 10d highlights the significant enhancement of PAN over Ice-
land/Southern Greenland with positive anomalies, relative to the winter-time average,
of 5-10 pptv. Again, the MIPAS-derived tropopause height in NAO—NAO-low peaks
in this region (approximately 11 km - see SM) suggesting sufficiently strong vertical
transport of tropospheric air masses. In NAS-NAO-low, as the strong westerly flow in
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NAG+NAO-high (Figure 10b) has shifted equator-wards, there are significant negative
anomalies under -15 pptv across the North Atlantic, which match the MIPAS equiva-
lent in Figure 3d. There are some similarities between the TOMCAT (Figure 10c) and
MIPAS (Figure 3c) NAS+NAO-high PAN anomalies with increased PAN in the east-
ern Arctic. However, TOMCAT simulates insignificant-positive anomalies (6-2-0-5 pptv)
over the North Atlantic between 35-45°N while MIPAS has significant positive anoma-

lies tof 10 ppbv)—TOMCATA(MIPAS)-also-simutates{ebserves)pptv. TOMCAT also
simulates significant negative anomalies over the UK/western-Nerth-Atlantie{rorthern
GCanadajeastern North Atlantic, which are not seen{simutated)by- MPAS(TOMGCAT)-
observed by MIPAS. Therefore, the model results only allow for limited assessment of

the NAO influence of UTLS PAN in NAO-high over these regions.
Figure 11 shows the zonal average (90°W-20°E) meridional-vertical TOMCAT PAN

distribution under both NAO phases. Between 1000 and 600 hPa, PAN concentrations
are above 200 pptv apart from in the region 30-40°N. From 400-200 hPa, there is a
sharp PAN decrease to less than 30 pptv. The vertical PAN profile between 30-40°N
differs from other latitude bands with PAN peaking at 150-200 pptv from 1000-700
hPa and then 60-100 pptv up to 200 hPa. Between 200-100 hPa, PAN concentrations
(30-60 pptv) are larger than other latitude bands linked to the higher tropopause (also
observed by MIPAS - see SM). The significant decreases in surface PAN over Eu-
rope from NAS+NAO-high enhanced westerly flow (Figure 9c) occur throughout the
troposphere with negative zonal anomalies of -10 to -3 pptv (Figure 11c). Above the
tropopause (dashed green line), strong vertical (w winds are scaled by 10 for clarity) -
meridional transport accumulates PAN (positive anomalies ef3-6-over 10 pptv) in Arctic
UTLS. Under NA©G-NAO-low (Figure 11d), there are positive (5-10 pptv) and negative
(-10 to -5 pptv) anomalies between 30-50 and 60-90°N throughout the troposphere.
The surface patterns (Figure 9d), where reduced transport aids PAN accumulation
over Europe, appear to account for this zonal tropospheric pattern. Between 30-50°N,
there is limited meridional flow aiding PAN accumulation over Europe in NAG-NAO-low.
The vertical flow contributes to positive anomalies (3-5 pptv) propagating into the UTLS
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consistent with PAN accumulation shown in Figure 10d between 50-70°N.
3.2.3 Ozone

TOMCAT surface ozone under NAC+NAQO-high (Figure 12a) peaks at approximately
28-30 ppbv over sub-tropical and western North Atlantic co-located with the enhanced
westerlies. Over continental Europe, ozone concentrations are significantly larger (1-2
ppbv - Figure 12c) than the winter-time average ranging between 13-22-13-25 ppbv.
This matches a similar pattern in the observations; AURN surface ozone was signifi-
cantly higher over the UK under NAG+than-NAG-NAO-high than NAO-low (SM) and
TES lower tropospheric ozone (Zone 1, Figure 5) was larger under NAG+NAO-high. In
Zone 2, TES lower tropospheric ozone was higher under NAO-NAO-low, which corre-
lates with the surface TOMCAT pattern. Pausata et al. (2012) found similar patterns
with significant positive (negative) correlations over Europe (western North Atlantic)
between surface ozone and the NAOI in DJF. Under NAG-NAO-low conditions, TOM-
CAT ozone concentrations are consistent across the North Atlantic (28-30 ppbv) as
the weakened/reversed westerlies limit the transport of ozone-enriched Atlantic into
Europe yielding lower concentrations of +3-16-13-20 ppbv. Over the western North
Atlantic (Europe), ozone concentrations (Figure 12d) have increased (decreased) with
significant positive (negative) anomalies of 2-3 ppbv (-3 to -1 pptv). Again, Pausata
et al. (2012) presented similar results which also match TES and AURN ozone obser-
vations (see SM). TOMCAT tropospheric column ozone (not shown here) also showed
similar anomalies.

At the surface, the PAN and NO, spatial anomalies are anti-correlated with ozone,
so UTLS ozone (Figure 13) was investigated to see if this relationship was consistent at
higher altitudes. TOMCAT 200-100 hPa average ozone, sampled under NAO+NAO-high,
ranges from 800 to 1000 ppbv northwards of 60°N but decreases towards the sub-
tropical North Atlantic with minimum concentrations of 150-200 ppbv. A similar pattern
occurs under NAS—NAOQO-low except for the ozone reduced air mass (500-700 pptv)
stretching from approximately 45-65°N along 15-45°W. Higher ozone concentrations
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(800-1000 ppbv) also propagates further south in NA©G—NAO-low on either side of
the Atlantic surrounding the reduced ozone limb. The UTLS ozone anomalies (Fig-
ure 13c & d) are also anti-correlated with the PAN. Whereas PAN has positive {mainty
nen-significant)-anomalies across the Atlantic basin in NAG+NAO-high, there are sig-
nlflcant negatlve ozone anomalles (under -100 teﬁe&ppbv) eveHh&HK%eas%em

aﬁamaheﬁfeﬁes&weﬂ%eﬂ-ﬁgﬁﬂeaﬂ%kmls antl correlatlon is mefeﬁfmﬂrﬁeﬂ%&ﬁdef
NAO-also prominent under NAO-low, where significant TOMCAT ozone anomalies (50-

200 ppbv) exist over the mid-North Atlantic and Europe, while significantly negative for
PAN. As shown in Figures 10 and 11, tropospheric positive PAN anomalies propagate
into the UTLS over Iceland/Southern Greenland, but the ozone anomalies are signifi-
cantly negative (-150 to -50 ppbv). Potential reasons for the PAN-ozone anti-correlation
include the air mass origin or the PAN (NO,)-ozone chemistry. The thermal decom-
position of PAN forms the peroxyacetyl radical and NO,, which is an UTLS ozone sink
(i.e. conversion of NO, to NO and then reaction with ozone) while a tropospheric ozone
source in the presence of volatile organic compounds (Richards et al., 2013). However,
lower UTLS temperatures (i.e. around 250 K) yield a PAN lifetime of several months
(Singh, 1987) and a less likely factor in the PAN/NO,-0zone anomaly anti-correlations.
Cohen et al. (1994) show that UTLS ozone-HO, chemistry is a more significant sink
pathway for ozone, however, there is no clear correlation between the NAO HO, and
ozone anomalies. Methane, a good air mass tracer due to its approximate 9-year
lifetime (e.g. McNorton et al. (2016)) and anthropogenic source, was sampled under
the NAO phases (not shown) and highlighted similar anomaly patterns to PAN, again
anti-correlated with ozone. Therefore, PAN and methane (ozone) act as signatures for
the transport of polluted (clean) air masses in the troposphere for the different NAO
phases.

Figure 14 shows the TOMCAT ozone cross-section at 0°E, similar to NO, in Figure
8. Under both NAO phases, lower-tropospheric (UTLS - above 300 hPa) ozone ranges
between 25-35 (above 100) ppbv. Meridionally, there is a decreasing poleward lower
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tropospheric ozone gradient, while in the UTLS peak (minimum) concentrations are
at the pole (30°N). The anomalies, as discussed above, are anti-correlated with NO.
In NA©+NAO-high, there are small positive (negative) anomalies over the UK (North
Sea) consistent with ozone-enriched air transported into the UK from the North Atlantic
and ozone loss downwind due to source region NO, transport, which propagate up to
approximately 600 hPa. The positive anomalies in the UTLS at 60°N are consistent
with ozone accumulation seen in Figure 13. Under NASG-—NAO-low conditions, the
negative anomalies (approximately -3 ppbv) between 45-65°N and 1000-700 hPa are
linked to UK NO, accumulation (Figure 7d). Atmospheric downwelling leads to UTLS
ozone (positive anomalies over 3 ppbv) propagation into the mid-troposphere at 40-
50°N. At high latitudes, small positive anomalies throughout the troposphere, which are
anti-correlated with PAN, show clean air transport around the UTLS Icelandic-Southern
Greenland anticyclone in which PAN accumulates.

A second TOMCAT ozone cross-section, at 56.25°W (Figure 15) has similar absolute
ozone concentrations to the 0°E cross-sections, but the anomalies highlight important
differences. In NAC+NAO-high, both cross-sections have similar lower tropospheric
ozone anomalies except at 50°N (Figures 14c¢ and 15c) with positive anomalies (ap-
proximately 1 ppbv) over the UK region and near 0 ppbv over the western North At-
lantic. Under NAS—NAO-low conditions, there are positive anomalies (Figure 15d,
1-3 ppbv) between 1000-600 hPa and 45-7650-70°N, but the eastern cross-section
(Figure 14d) highlights negative anomalies in this region (-3 to -1 pptv). While there
is downwelling of stratospheric ozone in the eastern cross-section into the mid/upper
troposphere during NAC-NAO-low, the western cross-section has upwelling of ozone
reduced air into the UTLS with negative anomalies of less than -5 ppbv. Overall, in
the lower troposphere, the TOMCAT cross-section anomalies support the signals in
the TES data. Over the UK (Zone 1, Figure 5, and eastern cross-section, Figure 14),
lower tropospheric ozone is larger (lower) than the winter-time average under NAC+
{NAS-NAO-high (NAO-low), while the opposite occurs in western North Atlantic (Zone
2 and western cross-section, Figure 15).

20



20

25

4 Discussion

Analysis of satellite-observed and model-simulated atmospheric composition sampled
under the different winter-time NAO phases clearly highlights the importance of trans-
port, both horizontal and vertical, for variability in concentrations of the air pollutant
species investigated. At the surface and in the lower troposphere, enhanced west-
erly flow in NA©+NAO-high influences primary pollutant concentrations (e.g. NO,)
over Europe as they are transported away from source regions and replaced by clear
Atlantic air masses. As NO, has a short lifetime of several hours, there is little im-
pact of the NAO circulation in the upper troposphere where NO, concentrations are
much lower. Under NA©G-NAO-low, the reduced westerly flow significantly aids the ac-
cumulation of NO; at levels between the surface and approximately 600 hPa. This
is important for air pollution levels over source regions which are predominately highly
polluted and populated. Ozone has the opposite signal to NO, in the lower troposphere
where NAO+NAO-high replaces primary polluted air (e.g. high NO, content) over Eu-
rope with ozone-enriched Atlantic air masses. The high ozone content of these air
masses is linked to ozone formed downwind of primary pollution from North America
and decreased levels of ozone depleting gases (e.g. NO, when photochemical and OH
activity are slower) over Europe. Over North America and the western North Atlantic,
NAO+-and-NAS-NAO-high and NAO-low show significant decreases and increases in
tropospheric ozone, respectively, as the NAC+NAO-high enhanced westerlies trans-
port ozone-enriched air masses towards Europe, while NACG—NAO-low weakens this
transport pathway resulting in elevated ozone concentration in the region from North
American pollution outflow.

In the UTLS, the spatial distribution of PAN is heavily influenced by both horizontal
and vertical transport. In NAG+NAO-high, as shown by MIPAS (see SM) and Figure 11,
the tropopause height is elevated enhancing the vertical transport of PAN into the UTLS
over the Arctic and sub-tropical North Atlantic. UTLS horizontal winds also contribute to
these elevated PAN concentrations as strong winds (e.g. 30 m/s) help accumulate PAN
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in the Arctic. In NAS-NAO-low, poleward flow from the sub-tropical North Atlantic has
weakened leading to a decrease in PAN over the North Atlantic and their is no longer
the accumulation of Arctic PAN. However, the UTLS anticyclone (as seen in Figure
1e) shows a clear accumulation of PAN in the UTLS over southern Greenland/Iceland
linked to vertical transport of PAN from the pollutant lower troposphere over Europe (re-
duced westerlies in NAO-NAO-low allow the accumulation of PAN and NO,). Ozone
in the troposphere and UTLS is anti-correlated with PAN, which we show to be trans-
port dominated, highlighting regions of air mass intrusions from the troposphere into
the stratosphere and vice versa. For instance, in the UTLS Icelandic/Southern Green-
land anticyclone ozone is significantly reduced while PAN is enhanced. In winter, as
photochemical activity and reaction with OH is reduced, polluted air masses with high
NO, content will yield low ozone and high PAN concentrations, respectively. However,
stratospheric intrusions into the upper troposphere (e.g. Figure 14d between 40-60°N)
have a high ozone content but low PAN concentrations as their is limited production of
PAN in this part of the atmosphere.

5 Conclusions

ThIS stud has used state-of-the-art satelllte data
records of atmospheric trace gases to identify recent influences of the North Atlantic

OSC|IIat|on (NAO) —We-havebuiltupon-severatprevious-studies{e-g—Eckhardt-et-ak(2003);7

bwu&ag%repesahea&eelumwa&rege&dmﬁd&on tro 0S herlc com osmon over th

North Atlantic and Europe. We have used tropospheric column NO, (TCNO,) measurements
from the Ozone Monitoring Instrument (OMI), which has-provides higher resolution and
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phase—eHh& an ast mstruments to detect clear and si nlflcant responses (i.e.
reduction in UK TCNO, during NAO-high) from NAO circulation patterns, building upon

the initial signal reported by Eckhardt et al. (2003). Vertical profiles of ozone from the
Tropospheric Emissions Spectrometer (TES) allow a detailed assessment of satellite-observe

lower tropospheric ozone sampled under the NAO phases. Robust, statistically significant
signals are found on both sides of the North Atlantic as a result of changes in the
westerly circulation during the two NAO phases. Finall eroxyacetyl nitrate (PAN

Interferometer for Passive Atmospheric Sounding (MIPAS) are exploited, given the lon
vertical transport of polluted tropospheric air masses into the UTLS under different
M%
W@WWMD&%M&

on the strength of the westerly flow across the Atlantic. g—high-content-of-nitrogen
eaede&—N@ﬁw&he&aﬂeﬁAﬂanﬂe&rﬁmasse"rHowever trepespheﬁc—ezeﬂeeeﬁeeﬂ%mﬂeﬂs

mem
maritime air masses (0zone-enriched air formed downwind from North American primary
pollutant emissions) disperse polluted European air masses under NAO-high conditions,
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ollutants over Europe, where ozone concentrations are further decreased by ozone
titration (loss through reactlon with nitric OX|de NO;—when-ozoneformationis—slower

eppesrteeeeeur&w&hﬁ D|fferent responses to that over Euro e are observed and

simulated by TES and TOMCAT over the western North Atlantic where enhanced
westerl flow (NAO-high conditions) vields lower ozone concentratlonsandaeeumulatfen

tevetsover eastern North America throu h oIIutant both ozone and 0zZone precursors
long range transport towards Europe. However, the weakening of the westerly flow
NAO-low conditions) allows ozone to accumulate/form over the region. We also show

find that NAO circulation is important for UTLS composition as polluted air masses

(i-e-e.g. with high PAN content) originating from Europe during NAO-low (accumulation
of lower tropospheric pollution) can propagate to this altitude —Forinstanee; the-verticat
transport-and-aceumutation-of- PAN-in-the- NAO—antieyelone-resulting in elevated PAN
ggngentrmover IceIand/Southern Greenland :Fheretere—theNAGﬂep%ﬁngﬁ

Wmmh%mm
over the North Atlantic are strongly anti-correlated to that of PAN, where the two trace
Qverall, the use of recent satellite data sets, not used in context of the NAQ before,
and a model simulation have quantified the recent influences of the NAQO on tropospheric
composition and co-variability between pollutants.
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Fig. 1. a) The Climate Research Unit (CRU), University of East Anglia, winter-time (November-
December-January-February, NDJF) normalised North Atlantic Oscillation (NAO) index for
2006 to 2015. Red and blue lines show the zero and one standard deviation thresholds, where
NAO index values outside this range are classed as significant phases. Panels b) and ¢) show
the NAO positive and negative phase surface pressure anomalies (ERA-Interim data) relative
to the winter-time average. Panels d) and e) show the same as b) and c), but for 10 km altitude.
Wind vectors are over-plotted for the respective NAO phases and altitudes. Green polygonned
regions highlight significant differences at the 99% confidence level based on the Wilcoxon

Rank Test (WRT). 30



Fig. 2. Mean Ozone Monitoring Instrument (OMI) tropospheric column NO, (10'®
molecules/m?) averaged between 2005 and 2015 under the CRU winter-time (NDJF) NAO
index. Panel a) is column NO, sampled under the positive NAO phase, b) is column NO, sam-
pled under the negative NAO phase, c) shows the column NO, positive NAO phase anomaly
relative to the winter-time average and d) is the column NO, negative NAO phase anomaly
relative to the winter-time average. Green polygonned regions highlight significant differences
at the 95% confidence level based on the WRT.
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Fig. 3. Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) peroxyacetyl ni-
trate (PAN; pptv) averaged between 200 to 100 hPa for 2002-2012. Panel a) shows PAN sam-
pled under the winter-time (NDJF) NAO positive phase, b) shows PAN sampled under the
winter-time NAO negative phase, ¢) shows the positive NAO phase anomaly relative to the
winter-time average and d) shows the negative NAO phase anomaly relative to the winter-time
average. Green polygonned regions highlight significant differences at the 95% confidence
level based on the WRT.
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Fig. 4. MIPAS PAN (pptv), 2002-2012, zonally averaged (90°W to 20°E) for a) the winter-time
(NDJF) NAO positive phase, b) the winter-time NAO negative phase, c) the positive NAO phase
anomaly relative to the winter-time average and d) the negative NAO phase anomaly relative
to the winter-time average. Black hatched regions highlight insignificant differences at the 95%
confidence level based on the WRT.
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Fig. 5. Tropospheric Emission Spectrometer (TES) ozone profiles, averaged over four regions
(Zone 1: 12°W-6°E, 48-62°N; Zone 2: 45-65°W, 45-65°N; Zone 3: 10-40°W, 40-50°N; Zone 4:
10-40°W, 55-65°N), between 2005 and 2011, sampled under the winter-time (NDJF) positive
(red line) and negative (blue line) phases. Horizontal lines show the satellite uncertainty range,
the yellow box highlights the region of peak TES sensitivity to lower tropospheric ozone and
the dotted lines show the profile averages +/- their respective standard deviations. Squares
and diamonds show where the ozone profiles sampled under each NAO phase are significantly
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different from each other at the 90% and 95% confidence levels based on the WRT.
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Fig. 6. TOMCAT troposphere column NO, (105 molecules/cm?) averaged between 2006 and
2015 sampled under the winter-time (NDJF) NAO. Panel a) NAO positive phase, b) NAO neg-
ative phase, c) shows the NAO positive phase anomaly relative to the winter-time average and
d) shows the negative NAO phase anomaly relative to the winter-time average. Wind vectors
show the horizontal 10m winds and the red, green and blue contours represent 980, 1000
and 1020 hPa surface pressure. Green polygonned regions in ¢) and d) highlight significant
differences at the 95% confidence level based on the WRT.
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Fig. 7. TOMCAT surface NO, (ppbv) averaged between 2006 and 2015 sampled under the
winter-time (NDJF) NAO. Panel a) NAO positive phase, b) NAO negative phase, c) shows the
NAO positive phase anomaly relative to the winter-time average and d) shows the negative
NAO phase anomaly relative to the winter-time average. Wind vectors show the horizontal
10m winds and the red, green and blue contours represent 980, 1000 and 1020 hPa. Green
polygonned regions in ¢) and d) highlight significant differences at the 95% confidence level
based on the WRT.
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Fig. 8. TOMCAT NO., (ppbv) cross section at 0°E averaged between 2006 and 2015 sampled
under the winter-time (NDJF) NAO. a) NAO positive phase, b) NAO negative phase, c) shows
the NAO positive phase anomaly relative to the winter-time average and d) shows the negative
NAO phase anomaly relative to the winter-time average. Green dashed lines represents the

dynamical tropopause. Wind vectors represent the cross section (0°E) meridional and vertical
(scaled by 10%) wind vectors.
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Fig. 9. TOMCAT surface PAN (pptv) averaged between 2006 and 2015 sampled under the
winter-time (NDJF) NAO. Panel a) NAO positive phase, b) NAO negative phase, c) shows the
NAO positive phase anomaly relative to the winter-time average and d) shows the negative
NAO phase anomaly relative to the winter-time average. Wind vectors show the horizontal
10m winds and the red, green and blue contours represent 980, 1000 and 1020 hPa surface
pressure. Green polygonned regions in ¢) and d) highlight significant differences at the 95%
confidence level based on the WRT.

40



45 50 55 B0 65 70 7

40 45 50 55 60 65 70 7

G¢ Or S¥ 0S5 GS 09 G9 OL G/
Se 0¥ G¥ 0S 65 09 9 0L G/

35 40
35

55 B0 B5 70 7

35 40 45 50

Fig. 10. TOMCAT PAN (pptv) averaged between 200 to 100 hPa for 2006-2015 sampled under
the winter-time (NDJF) NAO. Panel a) NAO positive phase, b) NAO negative phase, c) shows
the NAO positive phase anomaly relative to the winter-time average and d) shows the negative
NAO phase anomaly relative to the winter-time average. Wind vectors show the horizontal 200-
100 hPa winds. Green polygonned regions in ¢) and d) highlight significant differences at the
95% confidence level based on the WRT.

41



Pressure (hPa)
Pressure (hPa)

40 50 60 70 80 90
Degrees Latitude

0.0 36.7 73.3 110.0

Pressure (hPa)
Pressure (hPa)

40 50

70 80 90

B
Degrees Latitude

60
Degrees Latitude

-10.0 -6.7 -3.3 a.0 3.3 6.7 10.0

Fig. 11. TOMCAT zonally averaged (90°W to 20°E) PAN (pptv) between 2006 and 2015 sam-
pled under the winter-time (NDJF) NAO. Panel a) NAO positive phase, b) NAO negative phase,
¢) shows the NAO positive phase anomaly relative to the winter-time average and d) shows the
negative NAO phase anomaly relative to the winter-time average. Green dashed lines repre-

sents the dynamical tropopause. Wind vectors represent the zonally averaged (90°W to 20°E)
meridional and vertical (scaled by 10%) wind vectors.
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Fig. 12. TOMCAT surface ozone (ppbv) averaged between 2006 and 2015 sampled under the
winter-time (NDJF) NAO. Panel a) NAO positive phase, b) NAO negative phase, c) shows the
NAO positive phase anomaly relative to the winter-time average and d) shows the negative
NAO phase anomaly relative to the winter-time average. Wind vectors show the horizontal
10m winds and the red, green and blue contours represent 980, 1000 and 1020 hPa surface
pressure. Green polygonned regions in ¢) and d) highlight significant differences at the 95%
confidence level based on the WRT.
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Fig. 13. TOMCAT ozone (ppbv) averaged between 200 to 100 hPa for 2006-2015 sampled
under the winter-time (NDJF) NAO. Panel a) NAO positive phase, b) NAO negative phase, c)
represents the NAO positive phase anomaly relative to the winter-time average and d) repre-
sents the negative NAO phase anomaly relative to the winter-time average. Wind vectors show
the horizontal 200-100 hPa winds. Green polygonned regions in c¢) and d) highlight significant
differences at the 95% confidence level based on the WRT.
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Fig. 14. TOMCAT ozone (ppbv) cross section at 0°E/W averaged between 2006 and 2015
sampled under the winter-time (NDJF) NAO. Panel a) NAO positive phase, b) NAO negative
phase, c) shows the NAO positive phase anomaly relative to the winter-time average and d)
shows the negative NAO phase anomaly relative to the winter-time average. Green dashed
lines represents the dynamical tropopause. Wind vectors represent the cross section (0°E)
meridional and vertical (scaled by 10%) wind vectors.
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Fig. 15. TOMCAT ozone (ppbv) cross section at 56.25°W averaged between 2006 and 2015
sampled under the winter-time (NDJF) NAO. Panel a) NAO positive phase, b) NAO nega-
tive phase, c) shows the NAO positive phase anomaly relative to the winter-time average
and d) shows the negative NAO phase anomaly relative to the winter-time average. Green
dashed lines represents the dynamical tropopause. Wind vectors represent the cross section
(56.25°W) meridional and vertical (scaled by 10*) wind vectors.
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