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ARTICLE INFO ABSTRACT

The Arctic middle atmosphere was affected by major sudden stratospheric warmings (SSW) in February 2018
and January 2019, respectively. In this article, we report for the first time the impact of these two events on
the middle atmospheric nitric oxide (NO) abundance. The study is based on measurements obtained during
two dedicated observation campaigns, using the Sub-Millimetre Radiometer (SMR) aboard the Odin satellite,
measuring NO globally since 2003. The SSW of February 2018 was similar to other, more dynamically quiet,
Arctic winters in term of NO downward transport from the upper mesosphere-lower thermosphere to lower
altitudes (referred to as energetic particle precipitation indirect effect EPP-IE). On the contrary, the event of
January 2019 led to one of the strongest EPP-IE cases observed within the Odin operational period. Important
positive NO anomalies were indeed observed in the lower mesosphere-upper stratosphere during the three
months following the SSW onset, corresponding to NO volume mixing ratios more than 50 times higher than
the climatological values. These different consequences on the middle atmospheric composition are explained
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by very different dynamical characteristics of these two SSW events.

1. Introduction

Nitric oxide (NO) has long been recognised as one of the most im-
portant trace gases in the middle and upper atmosphere, due to its role
in cooling the thermosphere through mid-infrared emission (Kockarts,
1980; Mlynczak et al., 2003), as an indicator of energy input (e.g.
Sinnhuber et al., 2012; Mlynczak et al., 2015), and in its involvement
in the ozone catalytic destruction (Crutzen, 1970).

NO chemistry in the mesosphere and lower thermosphere (MLT)
consists in a complex scheme of coupled reactions, strongly influenced
by solar and geomagnetic activity (Brasseur and Solomon, 2005). Solar
irradiance and energetic particle precipitation (EPP) are the main
sources of ionisation and dissociation in this region, and provide the
necessary elements for NO chemistry to take place (Barth and Bailey,
2004; Sinnhuber et al., 2012). EPP refers to the process by which
energetic charged particles, protons and electrons, precipitate into the
Earth’s atmosphere and affect the chemistry through neutral and ionic
reactions. These particles originate either directly from the Sun in case
of solar proton events or else from the Earth’s magnetosphere and
radiation belts. The latter are electrons which precipitate into the polar
atmosphere along magnetic field lines during auroras or geomagnetic
perturbations arising from the interaction between the solar wind and
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the magnetosphere. The altitude range over which a particle penetrates
into the atmosphere is determined by its energy. The most energetic of
these electrons (called medium energy electrons, MEE) can penetrate
into the lower mesosphere, e.g. during geomagnetic storms, while lesser
energetic auroral electrons do not penetrate deeper than the mesopause
region (Mironova et al., 2015). In the MLT, the NO vertical distribution
is characterised by a strong increase in concentration with height,
reaching a maximum around 110 km (Siskind et al., 1998). Previous
studies have shown that, in this atmospheric region, the precipitation of
auroral electrons is the main source of NO at high latitudes, while solar
soft X-rays have a more important contribution at lower latitudes (e.g.
Kiviranta et al., 2018).

Under sunlit conditions, in the MLT, NO has a chemical lifetime
of less than one day, whereas it may persist for several weeks during
polar winter due to the absence of sunlight. Through diffusion and
eddy mixing and, occasionally, through large-scale downward advec-
tion, NO can thus be transported from its MLT reservoir into the
upper mesosphere. In particular, the downward branch of the middle
atmospheric residual circulation brings the NO-enriched air masses to
lower mesospheric and stratospheric altitudes. This thermospheric and
mesospheric production by EPP followed by winter-time downward
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transport of NO into the stratosphere at high latitudes is generally re-
ferred to as the EPP indirect effect (EPP-IE; Randall et al., 2007). There
is a distinct inter-annual variability of this descent in the northern
hemisphere however, as a strong NO descent occurs during particularly
major sudden stratospheric warming (SSW) events associated with an
elevated stratopause (hereafter, ES-SSWs) (Manney et al., 2009; Pérot
et al.,, 2014; Orsolini et al., 2017). Following the onset of ES-SSWs,
there is a marked jump in the altitude of the stratopause that reforms at
altitudes corresponding normally to mesospheric heights. During such
events, planetary waves generated in-situ in the middle atmosphere
provide a strong forcing of the zonal-mean flow and are — for a brief
period following the onset — the main driver of a strong downward
meridional residual circulation near the mesopause. This reversal of
the lower thermospheric residual circulation (climatologically upwards
in winter, overlying the downwards meridional residual circulation
below) (Lossow et al., 2009; Limpasuvan et al., 2016; Orsolini et al.,
2017) can bring down more NO from the MLT reservoir into the
mesosphere. Not all SSWs are accompanied by an elevated stratopause
however (Chandran et al., 2013), as will be illustrated below.

Once in the stratosphere, the NO, chemical family (NO + NO,) plays
a crucial role, because it is involved in the main catalytic cycle respon-
sible for ozone (O3) depletion between about 25 and 40 km (Crutzen,
1970). Based on ten years of satellite observations, Funke et al. (2014)
showed that NO, produced by EPP (hereafter, EPP-NO,), together with
other chemically associated reactive nitrogen species (NO,) reaches
down to altitudes below 30 km in both hemispheres in almost all the
winters observed. Resulting changes in O; concentrations correspond-
ing to an average depletion of 10%-15% have been documented in
satellite observations (e.g. Fytterer et al., 2015; Damiani et al., 2016).
Model studies even suggest that ozone loss can continue throughout
polar summer after large SSWs (Sinnhuber et al., 2018). In turn,
changes in O; have the potential to alter the radiative budget, and thus
the dynamics, of the middle atmosphere (Sinnhuber et al., 2018; Guttu
et al.,, 2020). Several studies based on comparisons of NO between
state-of-the-art chemistry climate models and satellite observations
have highlighted that, despite some recent improvements, the amount
of EPP-NO transported down is still significantly underestimated in the
models, especially after major SSWs (e.g. Funke et al., 2017; Orsolini
et al., 2017). This deficiency makes it difficult to quantify the effect of
EPP on O; and middle atmosphere dynamics in models, with potential
implications for climate modelling. EPP is a potential contributor to
the solar influence on climate, and has been recommended for the first
time as a solar forcing parameter for the CMIP-6 model studies (Matthes
et al., 2017). To this end, it is capital to provide high-quality satellite
observations of NO to benchmark new model simulations.

Currently, the Sub-Millimetre Radiometer (SMR) aboard the Odin
satellite is the only instrument that provides global coverage of middle
atmospheric NO. We present in this paper the evolution of NO con-
centration during two remarkable SSW events in the recent winters
2017-2018 and 2018-2019, based on dedicated measurement cam-
paigns, and put it in perspective using the unique long-term record of
0Odin/SMR NO observations since 2003.

2. Data sets
2.1. Odin/SMR

Odin is a Swedish-led research satellite mission, launched in 2001
in cooperation with the Canadian, French and Finnish space agen-
cies (Murtagh et al., 2002). It became an European Space Agency (ESA)
third party mission in 2007. The satellite is orbiting the Earth in a
sun-synchronous orbit at an initial altitude of 580 km and a 18:00
local time ascending node. These parameters are slightly varying with
time due to the drifting orbit. Odin was initially a joint astronomy
and aeronomy mission and, before April 2007, the observation time
was equally divided between the two disciplines. Since this date, the
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satellite is entirely dedicated to atmospheric observations. Two in-
struments are aboard the Odin platform, namely the Sub-Millimetre
Radiometer (SMR) and the Optical Spectrograph and InfraRed Imager
System (OSIRIS). Our study is based on NO measurements performed
by SMR.

The sub-millimetre radiometer is a limb emission sounder measur-
ing globally a variety of trace gases as well as temperature in the
middle atmosphere. It uses four sub-millimetre channels (486.1-503.9,
541.0-558.0, 547.0-564.0, 563.0-581.4 GHz) and one millimetre-wave
channel (118.25-119.25 GHz) (Merino et al., 2002). The observation
of different species requires channel switching. Nitric oxide is re-
trieved from the observation of two thermal emission lines in a band
centred near 551.7 GHz, corresponding to the Odin/SMR frequency
mode 21 (FM21). The retrieval is based on an optimal estimation
technique and the obtained product consists in volume mixing ratio
(vmr) profiles (Eriksson, 2020). NO is measured from 45 to 120 km of
altitude, during both day- and nighttime, with a latitudinal coverage
between 82.5°S and 82.5°N. SMR is at present the only instrument
providing NO observational data on a global scale. Systematic errors
amount to 3% from spectroscopic parameters, 2% from calibration
and 3%-6% from sideband suppression (Sheese et al., 2013). The
vertical resolution is approximately 3-4 km in the upper stratosphere,
7 km in the mesosphere up to 80 km and increases to 10 km in the
upper mesosphere-lower thermosphere. NO observational programme
started in October 2003 and is still ongoing, making this data set
one of the longest NO concentration records available for the middle
atmosphere. Bender et al. (2015) showed that the version 2.1 of SMR
NO data was consistent with NO measurements from SCIAMACHY
(SCanning Imaging Absorption spectroMeter for Atmospheric CHar-
tographY), MIPAS (Michelson Interferometer for Passive Atmospheric
Sounding) and ACE-FTS (Atmospheric Chemistry Experiment - Fourier
Transform Spectrometer), despite the different measurement methods
and retrieval strategies used for these four instruments. The data set has
recently undergone a full reprocessing. The version 3.0 of SMR level 2
NO data is used in our study. Although no rigorous validation study
has yet been carried out for this latest data version, Kiviranta et al.
(2018) showed that an empirical model simulating NO concentration
in the MLT, based on SMR v3.0 measurements, could reproduce to a
large extent the NO variability observed by several other instruments
(namely, SOFIE (Solar Occultation For Ice Experiment), SCTAMACHY,
ACE-FTS and MIPAS). This constitutes an indirect comparison between
these different data sets, showing that they are in good agreement with
each other.

In the beginning of the mission, NO was measured one day per
month. As previously said, the instrument has been entirely dedicated
to atmospheric observations since 2007. NO measurements could there-
fore be performed much more frequently after this date, on an irregular
basis of two observation days in a 14-day cycle (4 to 5 days per month).
This corresponds to the standard observation schedule. Owing to SMR
operational flexibility, dedicated observations in a specific frequency
mode and/or with specific settings can be relatively easily scheduled.
Such dedicated observational campaigns took place during the two
northern winters 2017-2018 and 2018-2019, based on the alerts for
developing SSW issued by forecasting centres. Hence, we carried out
two NO measurement campaigns, from 06-02-2018 to 25-04-2018 and
from 26-12-2018 to 25-04-2019, respectively, in order to be able to
study more accurately the impact of the dynamical perturbations on the
middle atmospheric NO concentrations. During these two periods, the
frequency mode 21 was used for five consecutive days in the beginning,
in order to cover the onset of the SSW events, and for two consecutive
days in a four-day cycle then (with a few observation gap periods, due
to instrumental technical problems). This led to up to 4700 NO profiles
per month, globally, while the average number of profiles per month
is approximately 2000, under normal conditions.
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2.2. MERRA-2

In order to look at the dynamical state of the middle atmosphere
during the two winters under consideration, we are using wind and
temperature data from the Modern-Era Retrospective analysis for Re-
search and Applications version 2 (MERRA-2) (Gelaro et al., 2017).
Reanalyses integrate satellite-based data and conventional weather ob-
servations into a modelling framework to provide Earth system datasets
that are continuous in space and time. MERRA-2 is a global atmospheric
reanalysis produced by the National Aeronautics and Space Admin-
istration (NASA) using the Goddard Earth Observing System Model
version 5 (GOES-5) with its Atmospheric Data Assimilation System
(ADAS) version 5.12.4. It has a horizontal resolution of 0.625° x 0.5°,
72 vertical levels going from 985 to 0.01 hPa (from the troposphere
to the upper mesosphere) and covers the period 1980-present. In our
study, we use the three dimensional 3-hourly time-averaged assimilated
meteorological fields (data set name M2T3NVASM) (Global Modeling
and Assimilation Office (GMAO), 2015). A detailed description of this
product, and of MERRA-2 data in general, can be found in Bosilovich
et al. (2016) and Bosilovich et al. (2015).

3. Middle atmospheric dynamics during two recent northern win-
ters

Various criteria exist for determining the occurrence of a major
sudden stratospheric warming, but the most commonly used definition
relies on the reversal of the zonal-mean zonal wind at a latitude of
60° and at a pressure level of 10 hPa (Charlton and Polvani, 2007).
The time of the reversal is hereafter referred to as the central date,
or onset of the SSW event. We have therefore started our comparison
of the dynamical conditions during the northern winters 2017-2018
and 2018-2019 by looking at the MERRA-2 zonal-mean zonal wind
at 60° and 10 hPa, from early October to early May, as shown in
Fig. 1. The MERRA-2 climatological mean over the period 1980-2019
is also shown, as well as a measure of the inter-annual variability
(expressed as plus and minus one standard deviation) and the minimum
and maximum values encountered during this period. This plot shows
that the climatological high-latitude circulation is characterised by
persistent westerlies throughout the boreal cold season, associated with
the polar vortex. The zonal winds climatologically reverse in April,
indicating the stratospheric final warming. The evolution of the zonal-
mean zonal wind during the winter 2017-18 is represented by the green
line. It followed the climatological evolution until early February, when
it suddenly reversed on the 11th. The easterlies reached particularly
high values (up to —24 m/s), and persisted for several weeks. As we
can see in Fig. 1, those actually correspond to the strongest zonal-mean
easterlies observed at this latitude and height in late February since
1980. The polar vortex only weakly recovered, with westerlies lying
within the climatological range until the stratospheric final warming
in mid-April, close to the date of its climatological occurrence. The
evolution of the zonal-mean zonal wind during the winter 2018-19 is
represented by the purple line. We can see that this winter was also
characterised by a major SSW event, with a reversal of the westerlies
starting on January 01. The easterlies reached values of about -10 m/s
and persisted for almost three weeks. The polar vortex then recovered
and the zonal-mean westerlies increased until mid-March when values
over 50 m/s were the strongest observed during that time of the year
since 1980 at 10 hPa. They then decreased and the final warming
occurred in late April. The zonal-mean circulation at high latitudes
during these two northern winters is next examined using MERRA-2
over a broader range of altitudes encompassing the stratosphere and
the lower mesosphere.
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3.1. Winter 2017-2018

The SSW of February 2018 can be characterised as a vortex split
event, given the predominance of the wave-2 at the onset. It was
nevertheless preceded by a preliminary planetary wave pulse in mid-
January, primarily from wave-1 (Lii et al., 2020; Xie et al., 2020). While
the pronounced impacts of the SSW in the troposphere in the form of
cold air outbreaks over Europe, Asia and North America in February
and March have been studied (Karpechko et al., 2018; Lii et al., 2020;
Overland et al., 2020; Knight et al., 2020), there have been few studies
of the stratosphere-mesosphere coupling during this event. A notable
exception is Wang et al. (2019) who observed the mesospheric zonal
wind reversal and carbon monoxide (CO) abundance in the layer 70-
85 km using ground-based microwave remote sensing at a mid-latitude
site. Fig. 2a shows the evolution of the MERRA-2 zonal-mean zonal
wind, averaged in the latitude band 70-90°N, as a function of height.
Transient zonal-mean easterlies appear in the mesosphere already in
December and in late January, but the reversal occurred nearly simul-
taneously from the lower mesosphere through the mid-stratosphere two
weeks later. As we can see in the lower panel, the polar stratopause
lowers dramatically by about 20 km around the onset of the event,
in agreement with previous studies (Limpasuvan et al., 2016). By
approximately one month after the central date, the westerlies have
clearly recovered at mesospheric altitudes, while in the stratosphere
the recovery is only partial and of short duration with the zonal-mean
zonal winds thereafter oscillating between weak easterlies and weak
westerlies. While the stratopause displays a weak double structure in
early March, with a temperature maximum at 50 km and another
weaker maximum about 10 km higher, this event does not reveal a
distinct characteristic elevated stratopause, as observed for example
during the vortex split events of 2009 or 2013 (Pérot et al., 2014).
The polar zonal-mean mesospheric cooling is not very pronounced,
with temperatures remaining above 210 K (Fig. 2c). Wang et al. (2019)
showed that there is no indication of an elevated secondary maximum
in zonal-mean temperature, neither of mesospheric large-scale vertical
ascent and cooling, based on CO observations at mid-latitudes (47-
52°N) from MLS (Microwave Limb Sounder) and from a ground-based
microwave radiometer, and on temperature observations from MLS.

3.2. Winter 2018-2019

The 2018-2019 SSW was a mixed-type event with a pronounced
wave-1 displacing the polar vortex prior to the onset while, around
the time of the onset, the wave-1 was accompanied by a significant
contribution from a wave-3. Prolonged subsequent wave forcings from
both wave-1 and wave-2 led to a complex break-up of the polar
vortex into several lobes (Rao et al., 2019; Lee and Butler, 2020).
While these studies examined stratosphere—troposphere coupling and
the event predictability, its impact on the mesosphere has up to now
barely been studied, with the exception of Shepherd et al. (2020), who
used ground-based optical and radar measurements in the high Arctic
as well as MLS observations to characterise the SSW. Shi et al. (2020)
also looked at the impact of this event on the mesosphere, but they
focused on the mid-latitudes. Fig. 2 shows the evolution of the MERRA-
2 zonal-mean zonal wind 2b) and temperature (2d) as a function of
height throughout the winter 2018-2019. Albeit the onset occurred
on January 01, the figure reveals that the polar cap zonal-mean zonal
wind reversed nearly simultaneously throughout the mesosphere on
December 24 already. In contrast to the previous year, the SSW of
2019 did not lead to marked surface cooling episodes, perhaps due
to counteracting influences from the tropics (Knight et al., 2020). On
the other hand, the event exhibited the characteristics of an elevated
stratopause event. The strong warming in the upper stratosphere was
associated with a pronounced mesospheric cooling, with temperatures
below 200 K, as seen in Fig. 2d. In MERRA-2, the stratopause reformed
around 70 km, although the re-analyses appear to underestimate the
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MERRA2 zonal-mean zonal wind at 60°N and 10 hPa
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Fig. 1. MERRA-2 zonal mean zonal wind at 60°N and 10 hPa during the winter 2017-18 (in green) and the winter 2018-19 (in purple). The vertical dashed lines indicate the
central dates for each of the sudden stratospheric warming events under consideration. The MERRA-2 winter-time zonal wind climatology is also shown. The black line corresponds
to the average over the period 1980-2019, the shaded area represents the wind values within one standard deviation of the mean, and the dotted lines show the minimum and

maximum values encountered during this period.
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Fig. 2. Winter-time evolution of the MERRA-2 polar cap (70-90°N) zonal mean zonal wind (upper panels) and temperature (lower panels), as a function of altitude, from October
to May, for the winters 2017-18 (left panels) and 2018-19 (right panels). The black contour lines correspond to 0 m/s and to 235 K, respectively.

reformation altitude —75 km according to MLS (Shepherd et al., 2020)-
due to limitations imposed by the model upper boundary. The strong
recovery of the polar vortex previously discussed at 10 hPa is seen to
start in the mesosphere already in mid-January (Fig. 2b). Shi et al.
(2020) showed, based on MLS carbon monoxide measurements, that
the descent motion associated with the recovered vortex extended at
significantly lower altitudes in 2019 than in 2018 (compared to the
results of Wang et al. (2019).

The comparison between Fig. 2 left and right panels confirms that
the January 2019 event has had considerably more impact on the
dynamics at mesospheric altitudes than the February 2018 event. Its
impact on the composition of the mesosphere has yet been little stud-
ied, and the effects of both SSW events on the middle atmospheric NO
abundance is described for the first time in the following section.

4. Impact on the NO concentration

The evolution of the NO volume mixing ratios at latitudes greater
than 70°N is shown in Fig. 3 (upper panel), as observed by Odin/SMR
from October 2003 until April 2019. The black stars on the top of the
plot indicate the days when measurements were made. Those high-
light the significantly higher temporal sampling starting from 2007,
when the astronomy part of the Odin mission ended, as explained
in Section 2. In the lower thermosphere, a 11-year cycle signature
clearly appears, with higher NO vmr values during the declining phases
of solar cycles 23 and 24 (in 2004-2007 and 2015-2018). This is
due to a higher geomagnetic activity during these periods, combined
with a relatively important solar activity near the solar maximum,
leading to an increased production of NO (e.g. Hendrickx et al., 2015).
The relative contributions of solar and geomagnetic activities to the
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Fig. 3. Upper panel: SMR NO polar cap (70°N-90°N) time series as a function of altitude. The whole operational time period of frequency mode 21 of the Odin satellite, starting
in October 2003, is represented. The contour lines correspond to the same levels as those indicated in Fig. 4, but have not been labelled here, for the sake of clarity of the figure.
The thicker one corresponds to a volume mixing ratio of 10 ppbv. Black stars on the top of the plot indicate the days when measurements were made. Lower panel: Monthly
mean NO vmr anomaly, in the lower mesosphere-upper stratosphere and in the same latitude band, for the month of February. The anomaly is defined as the absolute difference
between the measured vmr and the SMR ‘“quiet winter” climatological value on the same day (see Section 4 for more details). The number of FM21 observation days in February

is indicated on the top of each bar.

NO variability in this altitude region have been analysed in detail
by Kiviranta et al. (2018). Lower down, the NO vmrs display a strong
seasonal variability, with higher values in winter, due to the downward
transport of NO-enriched air masses from the upper mesosphere-lower
thermosphere reservoir to the lower mesosphere —upper stratosphere,
as explained in Section 1. This EPP-IE is noticeably stronger in some
specific years, namely 2004, 2006, 2009 and 2013. All these winters
are characterised by a particularly strong vortex recovery following an
ES-SSW event, leading to unusually important NO amounts in the upper
stratosphere, as described in previous studies (e.g. Randall et al., 2005,
2006, 2009; Pérot et al., 2014; Orsolini et al., 2017). As it can be seen,
the ES-SSW event of 2019 led to one of the strongest descents in the
record.

In Fig. 4, we are focusing on the two Arctic winters 2017-18
and 2018-19 described in Section 3, during which two special SMR
observation campaigns were carried out (see Section 2), in order to
further study the impact of these SSWs on the middle atmospheric
composition, and especially on NO abundance. The upper and middle
panels represent the temporal evolution of polar cap NO vmr during
the two winters under consideration from early October to early May,
in the latitude band (70-90°N). In all panels, cross hatch patterns
indicate areas with a measurement response (MR) lower than 0.7. The
measurement response is defined, for each profile, as the sum of the
rows of the averaging kernel matrix (Rodgers, 2000). This constitutes
a measure of the relative contribution of the measurement and the a
priori to the retrieved profile. All values are represented here, for the
sake of completeness, but those with a low MR (between 70 and 85 km
when the NO concentration is low, and above 115 km) are influenced
by the a priori and should therefore be interpreted with caution. The
black stars on the top of the first two panels highlight the fact that NO
was measured much more frequently during the dedicated observation
campaigns, starting a few days before the central dates of the SSW
events (represented by the thick dashed lines) and continuing during
the following months (see Section 2 for more details). Although the
data gap between mid-November and mid-December 2018 prevents
a full overview of the NO reservoir evolution for this second win-
ter, it can be seen that the NO vmr in the lower thermosphere was
more important before the SSW event of February 2018 than before
the event of January 2019. This can be explained by differences in
geomagnetic activity. The mean Kp-index during the three months
preceding the SSW central date was indeed slightly higher in 2017-18

than in 2018-19 (1.41 and 1.28, respectively, based on the Kp-index
data from the German Research Center for Geosciences, available at
https://www.gfz-potsdam.de/en/kp-index/). Despite this difference, a
tongue of increased NO concentrations was observed following the
2019 SSW event, with mixing ratios of several tens of ppbv in the lower
mesosphere-upper stratosphere, while this was not the case after the
2018 event. In order to put the EPP-IE during these two winters in
perspective, we compare it to the NO vmrs usually observed by SMR
when the polar vortex is not strongly disturbed by planetary waves,
as shown in the lower panel of Fig. 4. This plot represents the Arctic
SMR NO vmr as a function of time and altitude, averaged over all the
winters with low or moderate dynamical activity (i.e. the winters that
were not affected by a reversal of the zonal-mean zonal wind at 60°N
and 10 hPa for more than seven consecutive days between November
and March), hereafter referred to as “quiet winter" climatology. This
evaluation was made based on MERRA-2 zonal wind data, and led to
the selection of 9 winters out of 16 during the Odin operational period.

The ratio of NO vmr measured during the winters 2017-18 and
2018-19 to this dynamically quiet winter climatology was calculated
for each altitude-time bin (1 km-1day), and the result is shown in
Fig. 5 for the latitude band 70°N-90°N. This ratio is hereafter re-
ferred to as the NO excess. In 2017-18, it was oscillating around 1
(average excess = 1.02 + 0.59, calculated over the whole altitude
range), which corresponds approximately to the range of variability
observed during dynamically quiet winters ([0.68;1.62]). This natural
variability in middle atmospheric NO abundance is due to variations
in energetic particle fluxes (auroral electrons, MEE, protons) and in
solar irradiance, as well as to dynamical fluctuations (see Section 1).
The NO excess was particularly low (lower than 1 at all altitudes)
shortly before and after the central date in February 2018. Apart from
that, similar values were observed throughout the whole winter, with
no noticeable difference in the months following the SSW event. A
deficit of NO was also observed around the central date in 2018-19.
However, in that case, the NO excess started to significantly increase
one to two weeks after the onset of the SSW event in the mid and upper
mesosphere. This important excess propagated downward with time,
reaching particularly high values three to five weeks after the central
date in the stratopause region, where NO vmrs more the 50 times
higher than the climatological values were observed. The particularly
strong vertical gradient in the NO vertical distribution, as can be seen
in Fig. 4, explains the increasingly high values of the NO excess at lower
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Fig. 4. Winter-time evolution of the zonal-mean NO volume mixing ratio, as observed by Odin/SMR in the latitude band [70-90]°N, as a function of altitude. The upper and
middle panels correspond to the two winters under consideration, 2017-18 and 2018-19, respectively. The black vertical dashed lines indicate the central dates of the SSW events.
Black stars on the top of the plots indicate the days when measurements were made. The lower panel corresponds to the SMR “quiet winter” NO climatology (see Section 4 for
more details). In all panels, cross hatch patterns indicate areas with low measurement response (MR < 0.7, as defined in Section 4). White areas in the middle panel indicate the

periods when no observations could be made due to instrumental problems.

altitudes where the climatological mixing ratios are low. The mean NO
excess in the lower mesosphere and upper stratosphere, below 70 km,
for the 80 days following the SSW central date, was 10.98, while it was
very close to 1 (0.97) in 2018. Fig. 6 shows the mean NO anomalies
in the altitude band 45-70 km, again at latitudes greater than 70°N,
for both considered winters compared to all other winters observed by
Odin with a good temporal sampling. The daily anomaly is defined
here as the absolute difference between the daily mean vmr and the
dynamically quiet winter climatological value (as defined hereinabove)

corresponding to the same day, averaged over the indicated altitude
and latitude bands. Only the data points characterised by a measure-
ment response higher than 0.7 have been taken into account in this
calculation. NO was measured during four additional northern winters,
from October 2003 to April 2007, but it is not possible to follow the
temporal evolution of the NO vmr in a similar way during these winters
due to the low temporal sampling of the observations (see Section 2.1).
For this reason, they have not been included in the figure. A strong peak
in the NO anomaly appears after the event of January 2019, starting
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Fig. 6. Mean NO anomalies (NO vmr - NO vmr “quiet winter” climatology) in the lower mesosphere and upper stratosphere (45-70 km), at latitudes greater than 70°N, for the
winters 2017-18 (green) and 2018-19 (purple), compared to all other northern winters observed by Odin/SMR after 2007 (shades of grey). The green and purple vertical dashed
lines represent the central dates of the SSW events of February 2018 and January 2019, respectively. The numbers given in parentheses in the legend indicated the number of

NO vertical profiles taken into account for each winter.

approximately 15 days and extending up to 80 days after the central
date, reaching a maximum of 73 ppbv exactly one month after the
central date. As we can see, the 2019 EPP-IE was the second strongest
observed during the considered period, after the event of 2013 studied
by Pérot et al. (2014) and Orsolini et al. (2017). The 2004 and 2006
SSW events, which could not be represented in this figure, also had a
noticeable impact on the NO abundance in the lower mesosphere and
upper stratosphere, as it can be seen in the upper panel of Fig. 3. The

lower panel of this figure shows the NO vmr anomalies below 70 km
(calculated in the same way as the anomalies shown in Fig. 6) averaged
for the month of February, and highlights the important EPP-IE effect
observed in 2006. This should however be interpreted carefully since
the corresponding monthly mean value was greatly influenced by the
day when the measurements were made, in this period of seldom and
irregular NO observations. This histogram, combined with information
on the SMR sampling times, could be a useful benchmark to test
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the ability of chemistry climate models to reproduce the inter-annual
variability of NO abundance at high northern latitudes. As it can be
seen in both Figs. 3 and 6, the SSW event of February 2018 had on the
contrary no visible effect on NO transport, with anomalies close to zero
throughout the winter.

These results, based on SMR NO observations obtained during ded-
icated measurement campaigns, highlight the very different character-
istics of the two latest winters affected by a SSW event, in term of
EPP indirect effect. This will be discussed in light of the dynamical
conditions in the next section.

5. Summary and conclusions

We have seen in the previous sections that, although both 2017-18
and 2018-19 winters were affected by a major SSW, the consequences
these events had on the middle atmospheric NO abundance were very
different. The event of February 2018 had no noticeable impact on NO,
as observed by Odin/SMR. This can be explained by the fact that the
SSW did not lead to a clear elevated stratopause and the zonal-mean
zonal wind recovery in the mesosphere was very weak (see Fig. 2a and
2c). The conditions were not met to transport the NO down from its
reservoir in the lower thermosphere towards lower altitudes, in the
weeks following the central date. This winter was therefore similar
to other, more dynamically quiet winters in term of EPP-IE, except
around the central date, when the NO vmrs were slightly lower than
the climatological values throughout the mesosphere, as seen in Fig. 5.
This was due to the breakdown of the vortex, which interrupted the
wintertime descent.

The EPP-IE observed after the pronounced ES-SSW of January 2019
was on the contrary one of the strongest observed during the Odin
operational period. Although a slight decrease in NO mixing ratios
was also observed in the days surrounding the central date, important
positive anomalies were observed over the following three months
in the lower mesosphere and upper stratosphere (Fig. 6), as well as
values of the NO excess higher than 50 (Fig. 5). This can be explained
by the dynamical perturbations at mesospheric levels, in particular
the formation of a marked elevated stratopause and a strong vortex
recovery (Fig. 2b and 2d) which allowed a very efficient downward
transport of NO from the MLT to the lower mesosphere—upper strato-
sphere. We surmise that a reversal of the lower thermospheric mean
meridional circulation facilitated this strong downward transport, as
it was demonstrated during previous ES-SSW events (Orsolini et al.,
2017). Moreover, it is noteworthy that our results are consistent with
the conclusions of Holt et al. (2013). They indeed showed through
model simulations that the timing of the SSW may play a significant
role in determining the strength of the descent following the event, with
greater descent associated with events occurring earlier in the season.

This article constitutes the first report on the impact of these two
recent sudden stratospheric warmings on the middle atmospheric NO
abundance in the Arctic. The study is based on measurements obtained
during two dedicated observation campaigns and highlights the value
of Odin/SMR, which is currently the only instrument measuring middle
atmospheric NO on a global scale since other instruments in operation
like SOFIE (Gémez-Ramirez et al., 2013) and ACE-FTS (Sheese et al.,
2016) use solar occultations and have limited latitudinal coverage.
Odin/SMR also offers the possibility to the science team to adapt the
observation schedule to monitor particularly interesting atmospheric
events. Here, we have chosen to focus on two specific dynamical
perturbations, but we plan to develop a method to assess the amount
of EPP-NO, entering the stratosphere in both hemispheres, during
the whole Odin operational period, which will allow for an opti-
mal scientific exploitation of the SMR NO data in term of EPP-IE
and will contribute to improving the representation of this effect in
chemistry climate models. The global data set is available to the scien-
tific community on the Odin/SMR website (https://odin.rss.chalmers.
se/dataaccess) and allows users to investigate not only the effects
of particle precipitation, but also NO variability at low and middle
latitudes.
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