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Sudden stratospheric warming (SSW) events are large-scale dynamic phenomena which can significantly affect
the circulation, temperature, and composition of different atmospheric layers. The circulation changes during
these events induce variations in the atmospheric neutral and ion densities and cause the vertical transport
of various trace species. The severity of effects induced by major SSW events in the mesosphere and lower
thermosphere (MLT) region has received less attention than that in the lower atmosphere. The major influence
of temperature and vertically transported trace species on the energetics, thermal and compositional structure
of the MLT region has been investigated during two major SSW events with elevated stratopause. Variations in
the nitric oxide volume emission rates (NO-VER), a measure of infrared radiative cooling by NO, are reported
for the first time in the context of the dynamical changes during SSW events. This study investigates the role
of temperature and NO variability on the energetics of the MLT region, particularly during the formation of
elevated stratopause. The effects of supplemented NO density on the secondary ozone layer has also been
investigated during these events, the anti-correlation between secondary ozone and NO does not conclude on
the role of NO in the secondary ozone peak density variations. Notwithstanding the similarity in terms of
defining characteristics, both SSW events impact the secondary ozone layer differently. In contrast to earlier
studies, it is suggested that along with temperature, the availability of atomic oxygen is the major factor for

the observed variation in secondary ozone during the SSW events.

1. Introduction

Nitric oxide (NO), a highly variable trace species in Earth’s atmo-
sphere, plays a crucial role in the energy budget of the mesosphere
and lower thermosphere (MLT). Barth (1992), Mlynczak et al. (2003),
and Sharma et al. (1996) have discussed the critical role of NO in the
thermal and compositional structure of the MLT region due to its lowest
ionization potential. The infrared-active (IR-active) vibrational modes
of NO help in regulating temperatures, mainly in the MLT region, by
absorbing excess energy and re-radiating in the infrared spectrum. The
5.3 pm emission from NO acts as a natural thermostat, balancing the
temperature variations by providing radiative cooling primarily during
geomagnetic storm conditions (Mlynczak et al., 2003). Therefore, the
temperature sensitivity of NO emissions (Kockarts, 1980) makes it a
good cooling agent and an indicator to observe the effects of external
forcing on the MLT region. It is evident from the earlier studies that,
among other IR-active molecules, emissions from NO play a crucial role
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in the cooling of the MLT region during extreme space weather and
geomagnetic events (Ogawa, 1976; Mlynczak et al., 2010; Ranjan et al.,
2023).

Due to the negligible photodissociation during polar winter nights,
the increased photochemical lifetime of NO helps it be controlled
by atmospheric dynamics as well. The variation in the NO and its
emission in the mesosphere may affect the mesospheric cooling, and
the descent of NO can contribute to the change in the stratospheric
ozone (Solomon et al., 1982). Randall et al. (2009) indicated that
during the year 2009, under low geomagnetic activity conditions, about
50-time enhancement in NO, was observed in the stratosphere because
of vertical transport, which could lead to the ozone (O3) depletion. In
contrast to this, Salmi et al. (2011) suggested that O5 depletion in the
stratosphere was not due to high NO, descending amounts but rather
was due to increased solar radiation and activation of halogen and
hydroxyl (HO,) compounds in the late winters. Therefore, the vertical
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transport of trace species such as NO, and their effects on other trace
species such as O5 are not completely understood.

Solar radiation causes photolysis of molecular oxygen (O,) and
produces atomic oxygen (0), which participates in the O; formation by
a three-body reaction throughout the middle atmosphere (De Grand-
pré et al., 2000). Variations in the hydrogen (H) and oxygen in the
photochemical reactions influence the O3 concentration in the middle
atmosphere. The maximum abundance of O3 near the mesopause is,
therefore, caused by a balance of the photolysis of oxygen molecules
producing a large amount of O; competing against the continuing
loss of hydrogen (Smith and Marsh, 2005). The O; peak around 90-
100 km is known as the “secondary ozone layer" and is maintained
by photochemical equilibrium, which is much more abundant near
the mesopause at night due to reduced photolytic destruction (Smith
and Marsh, 2005). Several observational studies have primarily fo-
cused on the mesospheric O3 variation due to dynamic changes during
extreme dynamic events; however, the effects of other trace species’
variation during these events have some uncertainty (Smith et al.,
2009, 2014; Tweedy et al., 2013). Based on the discussion above,
we conclude for now that the middle atmospheric dynamics have a
prominent influence on mesospheric NO and O; abundance. Therefore,
it is important to study the NO and O variability with temperature and
circulation-induced composition change into the middle atmosphere
during extraordinary dynamic events for a better understanding of the
mesospheric thermal structure and chemistry of trace species.

Sudden Stratospheric Warming (SSW) events are common among
these dramatic dynamic events in which stratospheric temperature in-
creases by several tens of Kelvins with the decline or sometimes reversal
of wintertime stratospheric circulation in the polar region (Baldwin
et al., 2021; Chandran et al., 2014; Scherhag, 1960; Schoeberl, 1978).
Vertically propagating quasi-stationary planetary scale waves (Rossby
waves) interact with the stratospheric mean flow, which slows down or
sometimes reverses the wintertime eastward winds and opposes wave-
induced motion in the stratosphere, resulting in residual downwelling
and therefore a dramatic warming in the polar stratosphere. This
sequence of events defines the occurrence of an SSW event (Charney
and Drazin, 1990; Matsuno, 1971). Recent studies tried to broaden and
update the definition of SSW since their identification is sensitive to the
latitudes, wind speed threshold, pressure level, and preconditioning of
the stratosphere (Butler et al., 2015; Butler and Gerber, 2018; Charlton
and Polvani, 2007; de la Camara et al., 2017; Limpasuvan et al., 2004).

The impact of SSW events is not only experienced in the polar
stratosphere; they reaching up to troposphere (Kodera et al., 2016; Nath
et al., 2016; Rao et al., 2020). Various effects on the structure, dy-
namics, and composition of the mesosphere, lower thermosphere, and
ionosphere has been reported earlier (Bailey et al., 2014; Damiani et al.,
2010; Goncharenko et al., 2010; Gong et al., 2016, 2021; Ma et al.,
2022; Koushik et al., 2018; Randall et al., 2006; Yamazaki et al., 2015).
A positive correlation between air temperature and underground muon
flux was also reported during these events (Varotsos et al., 2010).
There have been several studies that have tried to explore this vertical
coupling, and they attribute the reason for this connection mainly to
the zonal mean circulation change due to variation in gravity wave
filtering (Chandran et al., 2014; Holton, 1983; Limpasuvan et al., 2016;
Nayak and Yigit, 2019; Yigit et al., 2016). The reversal of mesospheric
circulation can happen readily due to additional wave forcing from
the lower atmosphere and their interaction with the weak background
flow, which may result in an independent meridional circulation (Iida
et al., 2014; Laskar et al., 2019). This circulation rapidly propagates
downward into the upper stratosphere and lower mesosphere (USLM)
and distorts the polar vortex and stratospheric mean structure. The re-
versed stratospheric circulation allows the propagation of the westward
gravity waves into the mesosphere. The net planetary wave forcing
dominating westward gravity waves drag results in the polar down-
welling that produces adiabatic warming and reforms the stratopause at

mesospheric altitudes, known as elevated stratopause (ES) (Chandran
et al., 2014; Limpasuvan et al., 2012, 2016).

The vortex breakdown and downwelling from the mesosphere to
the stratosphere affect the composition of these regions via increased
vertical transport of trace species (Bailey et al., 2014; Randall et al.,
2009; Wang et al., 2019), and air mixing between polar and extra-
polar regions (Manney et al., 2009). The enhanced polar mesospheric
temperature and the vertical transport-led descent of trace species into
an unusually strong re-established USLM vortex can cause the increased
destruction of polar stratospheric O3 (Solomon et al., 1982). The varia-
tions in the hydroxyl (OH) layer were also found to be associated with
the mesospheric temperature and odd oxygen (O,) variations during
the winters with an SSW (Damiani et al., 2010), but variations in
the secondary O5 layer in the mesosphere and lower thermosphere
(MLT) are not completely understood in relation to temperature or
trace species concentration changes (Smith et al., 2009). Earlier studies
mainly focused on the transport of trace species from the thermosphere
into the mesosphere during SSW events, but the impact of these trans-
ported species on the composition and thermal structure still remains
unclear. Hence, it is very important to address the role of circulation
changes, temperature changes, and transport on the abundance of NO,
resulting in 5.3 pm emission and on O during these extraordinary
dynamic events. Tweedy et al. (2013) reported the qualitative study of
variability of the secondary O3 layer using the “Specified Dynamics”
version of the Whole Atmosphere Community Climate Model (SD-
WACCM) for several major SSW events with elevated stratopause. In
their composite analysis, the effect of some major SSW events accompa-
nied by minor SSW events, and their severity have not been addressed.
The reason for the underestimation of the secondary O3 maximum
values in their SD-WACCM simulation also remains unclear. Therefore,
a quantitative analysis of the variability of trace species during every
individual SSW event is required to understand the complexity of
dynamics, which play a differential role in each SSW event. To clarify
the mutual impact of the trace species on one another since every SSW
event influences the atmosphere differently, which is also evident in
our results. Since the timing of SSW events affects vertical transport as
well (Holt et al., 2013), we have selected two SSW events during 2006
and 2009 which occurred at around the same time.

The present study focuses on understanding the variations in the
mesospheric and lower thermospheric NO abundance, its 5.3 pm emis-
sion, and O3 abundance in the MLT region due to temperature and
circulation change induced transport during major SSW events ac-
companied by elevated stratopause (SSW-ES) occurred in mid-winter.
As mentioned earlier, the vertically transported NO can influence the
radiative cooling and middle atmospheric O3. The results pertaining
to the impact of vertically transported NO and O on the NO volume
emission rates (VER, erg.cm~3.s~1) and mesospheric O3 over the polar
region during these major SSW-ES are presented. The finding suggests
the differential response of the MLT region towards two major SSW-ES
events.

2. Data and methodology

2.1. Sounding of the atmosphere using broadband emission radiometry
(SABER)

SABER onboard NASA’s TIMED (Thermosphere, Ionosphere, Meso-
sphere, Energetics, and Dynamics) satellite, launched in December
2001, provides the measurement of infrared (IR) and near-IR emissions
from several atmospheric constituents (Mlynczak, 1997). The TIMED
satellite is in a nearly circular orbit with an inclination of 74° at
about 625 km altitude. SABER is a ten-channel broadband IR (1.27
to 16.9 pm) radiometer that provides near-global radiance data of the
earth’s limb on a daily basis. SABER obtains profiles from 52°S to
83°N for about 60 days during its north-viewing mode and switches
its viewing mode to the south (measuring from 52°N to 83°S) after



60 days and repeats this sequence for subsequent time periods. SABER
has an altitude coverage of 10 km to 180 km with a 0.4 km limb
vertical sampling interval. The details about the SABER instrument
can be found in Russell et al. (1999). The SABER data is widely used
in earlier studies and validated (Bharti et al., 2018; Mlynczak et al.,
2003; Ranjan et al., 2023; Shepherd et al., 2014; Smith et al., 2009).
Additionally, Varotsos and Efstathiou (2018) also verified the SABER
dataset by examining long-term variations in the power emitted by NO
and carbon dioxide CO, from the thermosphere, thus enhancing the
reliability of the SABER dataset.

The temperature is obtained from the 15 pm emission of CO,,
which is in local thermodynamic equilibrium (LTE) in the stratosphere
and lower mesosphere. The temperature and O3 data from SABER are
available from nearly 15 km to 110 km altitude range, whereas O and
H data are available from about 40 km to 110 km altitude range. In
this study, we have employed temperature, O3, O, and H from the
SABER data version v2.0 for 2006 (displaced vortex type) and 2009
(split vortex type) major SSW events with ES, in the north viewing
mode of SABER over the polar region. For a given latitude and altitude
range, both the ascending and descending orbital profiles with daytime
and nighttime data are included in the daily averaged time series of
various parameters.

2.2. Whole Atmosphere Community Climate model with thermosphere—
ionosphere eXtention (WACCM-X)

WACCM is a comprehensive numerical model that is developed
using the National Center for Atmospheric Research’s (NCAR) Com-
munity Earth System Model (CESM) (Marsh et al., 2013). WACCM-X
is the thermospheric and ionospheric extension of the WACCM, and
its output data has been used for winds in the present study. The
upward extension is from the surface of the earth up to between 500
and 700 km altitude, depending on the solar activity, which is the
top boundary of this model. Above 0.96 hPa, vertical resolution has
been increased to one-quarter scale height with the top pressure (p) of
4.1x 10710 hPa,

WACCM-X includes neutral wind dynamo, ionospheric transport,
and calculation of ion/electron energetics and temperatures. Parameter-

ized non-orographic gravity waves forcing revision and improvements
related to SSW frequency (Garcia et al.,, 2017) are also included.
The tropospheric and stratospheric dynamics can be constrained in
WACCM-X by the specified-dynamics (SD) version of the model, which
was broadly used to study SSW (Chandran et al., 2014; Smith et al.,
2011). The self-consistently resolving lower atmospheric processes
in the WACCM-X 2.0, enables a more realistic simulation of upper
atmospheric variability due to lower atmospheric forcing. The details
of the WACCM-X model are given by Liu et al. (2018).

The winds in the stratosphere and mesosphere are presented using
daily mean zonal, meridional, and vertical wind (converted from Pa/s
to m/s) data from WACCM-X daily output that were released as part
of NCAR-CESM version 2. The daily output files contain the specified
dynamics (SD) WACCM-X version v2.1 simulation with the nudging
of Modern-Era Retrospective analysis for Research and Applications,
Version 2 (MERRA-2) data from the surface up to 50 km. The details
about the SD-WACCM-X daily output file and the data utilized for
this study can be found at: https://www.earthsystemgrid.org/dataset/
ucar.cgd.ccsm4.SD-WACCM-X v2.1.html. The meridional and vertical
residual winds, v and w, have been calculated for the selected SSW
events by taking the difference between the quiet-time mean values
before the SSW-ES onset and the actual values of the correspond-
ing wind components. The quite-time mean/pre-SSW values are the
averaged values of the utilized quantities from the day of available
SABER observation in north viewing mode to the day before SSW-onset
(approx. one week).

2.3. Scanning Imaging Absorption spectroMeter for Atmospheric Cartogra-
PpHY (SCIAMACHY)

The NO density variation in the mesosphere and lower thermo-
sphere during the northern hemispheric polar winters of 2006 and
2009 has been analyzed using nitric oxide number density data from
SCIAMACHY. SCIAMACHY, onboard ESA’s ENVISAT satellite launched
on March 1, 2002, is an imaging spectrometer with a moderate reso-
lution that measures reflected and transmitted sunlight by the Earth’s
atmosphere in a wide wavelength range (240-2380 nm) (Bovensmann
et al,, 1999; Burrows et al.,, 1995). SCIAMACHY observes scattered
and reflected radiance in limb and nadir geometry and transmitted
radiance in solar and lunar occultation geometry. The main objective
of the SCIAMACHY mission was to study the physics and chemistry
of the Earth’s atmosphere to improve our understanding of global at-
mospheric composition changes. SCCAMACHY has eight high-resolution
channels that provide measurements of a large number of atmospheric
constituents. SCTAMACHY retrieves the NO density in the upper meso-
sphere by observing the gamma bands of NO using UV channel 1
(230-314 nm) (Bender et al., 2017b). More details of the SCTAMACHY
instrument can be found in Bovensmann et al. (1999) and the refer-
ences therein. The SCTAMACHY data is available at the data-set record
developed by Bender et al. (2017a).

NO-VER has also been calculated as per the scheme detailed in
Khomich et al. (2008) using NO density obtained from SCIAMACHY,
while temperature and O density are used from the SABER dataset. The
other important species densities are obtained using the NRLMSISE-00
model (Picone et al., 2002). The oxygen molecule ion (O;) concen-
tration is obtained from the IRI model. The facility of online-run for
NRLMSISE-00 and IRI-2016 models to get data is also available at https:
//ccme.gsfe.nasa.gov/. Since the excitation processes of NO emission
are thermal in nature (Ogawa, 1976), the fluorescence caused by the
solar radiation and the earthshine has been neglected in the NO-VER
calculations for the selected polar night periods.

This study examines two robust major SSW events with ES that
occurred at the same time (~23 January) in 2006 and 2009, em-
ploying simultaneous observational data from SCIAMACHY (available
between 2002 and 2012) and SABER in north viewing mode (~10
January - ~10 March) during the norther polar winter, and WACCM-
X modeled outputs. The entire duration of an SSW event is divided
into three phases: SSW onset when circulation starts to change in the
mesosphere and zonal wind reverses at 1 hPa level; the main phase
when temperature and circulation remain reversed in the stratosphere
and mesosphere; and finally the recovery phase when characteristic
wintertime circulation is re-established in the USLM.

3. Results and discussion

3.1. Major SSW events, their characteristics, and effects on temperature and
circulation

In order to understand the effect of major stratospheric warming
events on radiative cooling by NO over the northern polar region,
two major SSW events with ES (SSW-ES) occurred during the mid-
winter of the years 2005-2006 and 2008-2009 are considered in the
present study. These two events are referred to as the 2006 SSW and
2009 SSW events. The 2006 event was a major SSW-ES event preceded
by a minor SSW event that occurred several days prior to the major
SSW-ES event. The atmosphere has been significantly impacted by
these SSW events. The characteristic features of these warming events
are established using the SABER measurement and WACCM-X model
output data. The daily averaged zonal mean temperature between 70°
and 80° N, obtained from SABER measurements, and the zonal mean
winds daily averaged at the SSW defining latitude (60° N), derived from
the WACCM-X model output data during these winters are shown in
Fig. 1.
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Fig. 1. Daily averaged zonal mean temperature (a-b) between 70° and 80° N derived from SABER observations in north viewing mode during (a) 2006 and (b) 2009 winters;
zonal averaged daily zonal wind (c-d) at 60° N derived from WACCM-X modeled data during (c) 2006 and (d) 2009 winters. Positive values (red) indicate eastward winds, and
the vertical lines indicate the SSW onset (zonal wind reversal at 1 hPa). (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

The lower stratospheric temperature was already enhanced before
the 2006 major SSW event and gradually starts to decrease when
SABER starts measurements in the northern polar region.

The weakening of stratopause due to the SSW events, the subsequent
formation of ES at an altitude above 80 km, and its gradual descent
to its climatological altitude can be clearly seen for both the SSW-ES
events in Fig. 1(a-b). It can also be seen from the figure that the polar
mesospheric temperature decreases to its lowest value, corresponding
very well in phase with the largest enhancement in the lower strato-
spheric temperature. The earlier onset of the SSW in the mesosphere
compared to the stratosphere is clearly visible, as the temperature of the
mesopause starts decreasing earlier with a descending mesopause alti-
tude on January 20 (the vertical line indicating zonal wind reversal at
1 hPa) in both cases. The mesospheric cooling was stronger in the 2009
major SSW-ES event (40 K) in comparison to the 2006 event (20 K). The
warming during the stratopause descent at the onset was also stronger
in the 2009 event (50K) than the 2006 event (20 K). Despite similar
defining characteristics, the magnitudes of the mesospheric cooling and
stratospheric warming in the two SSW-ES events are different, which
could be due to differences in the magnitude of residual circulation
changes in both events.

The prominent feature of a major SSW, i.e., the wind reversal from
eastward to westward, can be clearly noticed in Fig. 1(c—d). Although
the WACCM-X modeled zonal winds have a strong westward bias in
the high latitudes (Sassi et al., 2021), the lower stratospheric wind
reversal can be seen as a prominent feature beginning on 20 January
at 60° N and 10 hPa level (~ 30 km) for 2006 and 2009 SSW events,
respectively. The weakening of strong circulation (eastward) before
the SSW onset leading to a reversal from eastward (~ 100 km/s) to
westward (~ 40 km/s) in the stratosphere can be noticed to occur
during the peak SSW period. It can be seen that the zonal winds were
reversed above 10 hPa level several days before the commencement of
the SSW-ES in the winter of 2006, with enhanced lower stratospheric
temperatures indicating a minor SSW event, but the intensification of
westward winds occurred at the time of the SSW-ES onset. During the
2006 winter, the atmosphere began to recover from the minor SSW
event around January 15, while the major SSW-ES began to develop
on January 20.

The prevailing westward zonal mean winds in the mesosphere start
to reverse much ahead of the lower stratospheric wind reversal. The
zonal wind reversal in the lower mesosphere can be seen on January 20

of the 2006 and 2009 winters, which quickly descended into the lower
stratosphere (on January 25). The early reversal of mesospheric winds
has also been confirmed by Iida et al. (2014) and suggested that large-
scale waves, generated by instabilities, cause the earlier wind reversal
in the polar mesosphere during an SSW. However, the role of the
lower atmospheric conditions prior to and during an SSW onset cannot
be neglected (Kurihara et al., 2010). The upper mesospheric wind
is completely reversed during the same time when the stratospheric
eastward winds are reversed, and subsequently, we can see strong
eastward winds in the upper mesospheric altitudes, particularly during
the 2006 event. Meanwhile, the winds continued to be westward in
the stratosphere until the eastward winds from mesospheric altitudes
descended to the climatological polar stratopause altitude, coinciding
with the reformation of the stratopause for the major SSW events
represented in Fig. 1(a-b).

It is now widely accepted that upward and equatorward propagat-
ing planetary waves with large amplitudes break in the USLM and
disturb the mean circulation (e.g., (Baldwin et al., 2021), Chandran
et al. (2014), Matsuno (1971) and references therein). As the SSW
event starts to unfold, resulting in the slowing down of stratospheric
westerly winds, more eastward propagating gravity waves begin to
saturate at the mesospheric altitudes, thus providing more eastward
forcing (Liu and Roble, 2002). The westward gravity waves are lim-
ited by the anomalous stratospheric westward wind, and thus the
eastward waves propagate to higher altitudes. The saturation of east-
ward propagating waves helps sustain the stratospheric temperature
increase by facilitating more downwelling over the winter polar strato-
sphere. Due to the increased drag of eastward propagating gravity
waves in the mesosphere, the downwelling can decrease and result in
the cooling of the mesosphere and subsequent disappearance of the
stratopause (Limpasuvan et al., 2016; Siskind et al., 2005), as seen
inFig. 1.

After the SSW onset, due to the reversal of the stratospheric residual
circulation, the westward forcing by the planetary waves dominates
the eastward forcing by the gravity waves in the mesosphere, and this
westward planetary wave drag drives the poleward and downward
circulation (Limpasuvan et al., 2012). The downward circulation causes
adiabatic heating and forms an elevated stratopause at the mesospheric
altitudes (Chandran et al., 2014; Limpasuvan et al., 2016), modifying
the thermal structure there. The mesospheric westward winds and
cooling rapidly propagate downward due to enhanced dissipation of the



100 +———7—iiggi=- et L 100
g 95 95
§ 90 90
£ 85 85

80 80

100 100
;5 95 95
S 90 90
2
ﬁ 85 85

80 80

15

14.4
13.8
13.2
12.6

Density (Iog1ocm'3)

12
10

o N £ o
v (m/s)

01Jan 15Jan 31 Jan 15Feb 28Feb 01Jan 15Jan 31 Jan 15 Feb 28 Feb

Fig. 2. Daily averaged zonal mean neutral density derived from SABER observations during (a) 2006 and (b) 2009 winters, zonal averaged daily meridional residual circulation
derived from WACCM-X model data during (c) 2006 and (d) 2009 winters between 70° and 80° N. The arrows in the lower row indicate the directions, and colored contours show
the magnitude of the meridional residual circulation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

eastward propagating gravity waves in the upper mesosphere (Siskind
et al., 2005). During the recovery phase of SSW, the reversed circu-
lation decays quickly, followed by a pattern more characteristic of a
typical winter. This wave-driven mean circulation in high latitude win-
ters brings the ES to its climatological altitudes gradually (Limpasuvan
et al., 2012). This change of wind has been shown to have profound
significance in the polar mesospheric and stratospheric composition,
and chemistry.

3.2. Effects of major SSW events on polar mesospheric neutral abundance

In line with the earlier discussion, it is clear that these events
can have a strong bearing on the neutral abundances by means of
temperature-dependent rate coefficients and/or due to the dynamical
processes driven by these events. In order to further understand their
effect on neutral densities, the daily averaged zonal mean atmospheric
neutral density obtained from SABER (a-b) and the zonal averaged
daily meridional circulation, V* (c—d) derived from WACCM-X output
data between 70° and 80° N have been shown in Fig. 2 for these major
events.

The magnitude of the meridional residual circulation (V*) is given
by V* = v v*2 + w*2, where v* and w* are the meridional and vertical
components of the residual circulation, and the vectors indicate the
averaged (v, w) wind components. The meridional residual circulation
with strong upward vertical wind is referred to as upward residual
circulation, whereas the meridional residual circulation with strong
downward vertical wind is denoted as downward residual circulation.
From the figure, it can be noticed that the neutral density increases
earlier in the polar upper mesosphere during the onset of the SSW
event, coinciding with the decrease in the mesospheric temperature.

The large variation in density is observed at lower altitudes com-
pared to higher altitudes in the mesosphere compared to their pre-SSW
values. An increase of ~ 20% in the density at the onset and a ~ 30% de-
crease after the SSW compared to pre-SSW values have been observed
below 90 km during the 2006 event. During the 2009 SSW event, ~ 70%
density enhancement at the onset and ~ 20% density reduction after the
SSW compared to pre-onset values have been observed below 90 km.
The relative low density enhancements during the 2006 major SSW
onset in comparison to the 2009 event could be due to the already
increased density level felicitated by the 2006 minor SSW event. The
increase in the neutral density can be due to the strong upward and

equator-ward circulation at the SSW-ES onset, as seen in Fig. 2(c—
d). In the MLT region, the upward residual circulation was stronger
during a minor SSW event than during the major SSW event in January
2006, while the upward residual circulation was very strong during the
2009 major SSW, as seen in Fig. 2(c-d). Whereas, downward residual
circulation was more intense after the 2006 event than the 2009 event.
These changes in the residual circulation are attributed to be the main
cause of the observed density variation during these events.

The denser air mass moves upward due to intensified upward cir-
culation, supplementing neutral density in the MLT region, and leads
to adiabatic cooling by means of expansion. The equator-ward and
upward flow in the stratosphere can influence the westward gravity
waves, which result in the earlier reversal of the mesospheric cir-
culation and simultaneous mesospheric cooling associated with the
upward motion (Liu and Roble, 2002; Smith-Johnsen et al., 2018).
This cooling of the mesosphere further leads to a contraction of the
atmosphere and an increase in the neutral density at the corresponding
altitude of cooling in the upper mesosphere, followed by a decrease in
density above it. Yamazaki et al. (2015) also reported a decrease in
the thermospheric density during the SSW events. As the temperature
starts increasing in the mesosphere with the ES formation due to down-
ward circulation after the peak warming period, the neutral density
starts decreasing due to the strong downward residual circulation. The
downward residual circulation, driven by wave forcing in the recovery
phase of the SSW events, brings less dense air mass from higher to lower
altitudes, resulting in reduced density in the polar mesospheric region.
It is apparent from the context above that the 2006 SSW-ES occurring
with minor SSW affects neutral density less than the 2009 SSW-ES
that occurs without minor SSW. This difference in response could be
attributed to the displaced and split polar vortex during the 2006 and
2009 SSW events, respectively. The response of the displaced/split
events needs to be investigated in detail, which is beyond the scope
of our study as we employ the zonal mean approach to investigate the
temporal variation during these events.

3.3. Effects of major SSW events on polar mesospheric NO radiative cooling

The above discussion underlines the role of SSW events in modulat-
ing the structure and energetics of the whole atmosphere in general
and the stratosphere and mesosphere in particular. This large-scale
temperature and compositional change can have a significant effect
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on the radiative emission processes and on the primary and secondary
layers of ozone. The NO, trace species is known to be responsible for
balancing the ozone in the stratosphere (Lary, 1997; Solomon et al.,
1982) and controlling the overall heat budget in the upper mesosphere
and thermosphere (Mlynczak et al., 2005). As discussed earlier, the
infrared radiative emission by NO at 5.3 pm plays a crucial role in
cooling the upper mesosphere and lower thermosphere, particularly
during a geomagnetic storm. Since the NO is vibrational IR-active,
the NO present in the mesospheric altitudes is also highly sensitive to
changes in temperature.

In addition to the temperature, the compositional changes in oxygen
and nitrogen can also significantly influence the overall infrared energy
output by NO. Thus, the key ingredients of NO chemistry and the
radiative emission process are highly subjected to the effects induced
in the atmosphere during the major SSW events. The availability of
NO density from SCIAMACHY can help us gather information on the
chemistry, dynamics, temperature, and wind structure in the MLT
region. This effect on NO emission is presented in continuation with the
earlier discussion. In order to obtain the magnitude of the NO radiative
flux exciting from the mesosphere, the 5.3 pm volume emission rate
(VER) for the NO molecule can be estimated (Khomich et al., 2008) by
Eq. (1).

NO_VER — v { [NOJ X (ayo, X [O] + ayq,, X [05] + ayg, X [N,]) } ®

1+ ( Pnog X[O1+Progy, XIO021+Axoy, XIN2 I+hvo ), x[07] )
As3

where a = f exp(—hv/kT) are excitation rate coefficients (cm=3s~1)
and

Pno,, =42 107! (Hwang et al., 2003),

Brnog, = 2:4 % 10~ (Murphy et al., 1975),

Prnoy, = 1.7 % 10716 (Murphy et al., 1975),

ﬁNO& =44 % 10710 (Khomich et al., 2008)

are de-excitation rate coefficients (cm=3s~1) of NO molecule by the
corresponding atoms, molecules, and ions. The quantities in brackets
represent the corresponding concentrations (cm™3), and the value of
the Einstein coefficient A5 5 is 13.38.

In Fig. 3, variation in the NO-VER calculated from SCIAMACHY-
derived NO density and SABER-derived temperature (a,b), NO density
(c—d), and O density (e—f), averaged daily between 70° and 80° N
during the 2006 and 2009 winters, respectively, is shown.

Since major changes in NO-VER are seen between 80 and 90 km, the
zonally averaged daily NO and O densities between these altitudes are
shown, along with the NO-VER. There are uncertainties in the SABER
observed NO-VER below 115 km (Mlynczak et al., 2021), therefore,
the calculated NO-VER are employed, which have lower values than
SABER derived NO-VER. These results are consistent with Mlynczak
et al. (2021) indicating large values of SABER observed NO-VER.

The variability of NO-VER directly correlates with the changes in
the thermal structure of the MLT region during SSW events. Hence,
an understanding of the cooling pattern of the MLT region can be
obtained from the calculated NO-VER during these major SSW events.
The impact of the 2006 minor SSW cannot be seen on the NO-VER,
NO, and O densities before the major SSW onset in the 2006 winter, as
SABER starts measurements only after the recovery of the 2006 minor
SSW in the northern polar region. It can be seen from Fig. 3(a-b) that
at the SSW onset, i.e., when winds started to slow down, the NO-VER
decreased vaguely from its pre-SSW values following the decrease in
upper mesospheric temperature. It can also be seen from the figure
that the NO-VER reaches its lowest value when the zonal wind reversal
occurs, coinciding with the minimum values of O (Fig. 3.e-3.f) and
temperature in the mesosphere during these events. These changes in
temperature and O density can influence the radiative emissions by NO,
since the magnitude of NO-VER is proportional to the rate of collisional
excitation of NO into the vibrationally excited state NO(v=1), as shown
in R1.

C
NO(w=0)+0 SN NO(w=1)+0 (RD)

The rate of collisional excitation Cy, = k;[0]e™2%/T; k; = 4.2 x 10~
cm’s~! in the MLT region strongly depends on the temperature and
O (Sharma et al., 1998; Mlynczak et al., 2003).

The wind reversal changes the gravity wave filtering, thereby chang-
ing the circulation in the upper mesosphere from poleward/downward
to equatorward/upward. This change in the circulation results in a
net depletion in the O density at the mesospheric altitudes (Liu and
Roble, 2002; Medvedeva et al., 2019; Shepherd et al., 2010). The
decreased O and low temperature reduce the rate of collision excitation
of NO and, therefore, less NO-VER during the SSW onset. As discussed
above, before the peak warming period in the stratosphere, the reversed
circulation causes a decrease in temperature, NO, and O density in
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Fig. 4. Zonal mean NO density derived from SCIAMACHY between 0° and 90° N in the MLT region during 2006 (upper row) and 2009 (lower row) SSW events, respectively.

the mesosphere. The depletion in NO density is negligible while O
reduced by about 200% and 250% in comparison of pre-onset values
in the 2006 and 2009 events, respectively (Fig. 3.c-3.f). The values
of these three parameters (temperature, O, and NO) during the peak
warming period in the stratosphere have not recovered to their pre-
SSW values at mesospheric altitudes, therefore resulting in marginally
reduced NO-VER during peak warming periods.

The recovery phase of SSW is accompanied by an increase in tem-
perature, NO, and O in the polar mesosphere. From Fig. 3, the increase
in NO-VER following the variation of other parameters is very straight-
forward. The 2009 event was extended, therefore showing a delayed
enhancement of NO-VER, NO, and O densities during its recovery phase
in comparison to the 2006 event. In the recovery phase, NO-VER en-
hanced ~ 400% and ~ 500% to the pre-onset values during the 2006 and
2009 SSW events, respectively. The NO-VER enhancement appeared to
follow the increased temperature pattern during ES formation in the
recovery phase of both major events, but the sharp enhancements were
observed during rapid NO and O increments. The enhancement in NO-
VER can be attributed to an increase in temperature, NO, and O due to
the downward flow of lower thermospheric air into the mesosphere (Liu
and Roble, 2002; Shepherd et al., 2010) (Fig. 2.c-2.d). It is clear from
Fig. 3(c—f) that in the recovery phase of both the major SSW events,
the NO density enhanced ~ 300% to its pre-onset values, whereas the
O density enhanced ~ 250% and ~ 300% to its pre-SSW values during
the 2006 and 2009 events, respectively. This abundance of NO, O, and
other trace species has been created by the enhanced descent of polar
thermospheric air into the mesosphere (Bailey et al., 2014; Pérot and
Orsolini, 2021; Randall et al., 2006; Siskind et al., 2007; Wang et al.,
2019).

The descent of NO abundant from the thermosphere into the meso-
sphere over the polar region following the ES formation can be seen in
Fig. 4.

The narrow maxima confined near 70° N is a result of NO pro-
duction by energetic electron precipitation along the auroral latitudes.
During the 2006 event, the vertical transport of the NO-rich air oc-
curred very quickly after the SSW event (Fig. 4.b &c), when the
downward residual circulation established at the mesospheric altitudes.
Since the 2009 SSW-ES event was more prolonged, the delayed vertical
transport eventuated (4.h-4.i) when the more characteristic wintertime
circulation has re-established over the polar mesosphere. Our results
are consistent with earlier studies (Bailey et al., 2014; Pérot and
Orsolini, 2021; Randall et al., 2006) indicating downward transport of
NO into the mesosphere from the thermosphere.

To understand the relative importance of the temperature NO and
O on the NO radiative emission in the MLT, a sensitivity analysis
is performed. As discussed earlier, NO radiative emission is strongly
dependent on temperature, changes in the concentration of NO, and
O. Hence, an analysis of NO-VER variation independently with these
parameters at mesospheric altitudes (80-90 km) during these SSW
events is presented in Fig. 5.

The variation of NO-VER with any particular species at mesospheric
altitudes (80-90 km) is analyzed by taking the mean of the pre-SSW
values of other species. The SCTAMACHY measurements of NO density
support the modeled variation of NO-VER very well, also indicating that
the role of increased NO abundance and temperature is more critical
in the overall infrared flux radiating out, particularly in the recovery
phase of both the SSW-ES events. During the SSW onset, the reduced
temperature and O density are responsible for the observed decrease in
NO-VER (Fig. 5.a-5.1).

It is evident from the figure that temperature enhancement during
ES formation plays a very crucial role in the NO-VER variations;
however, the contribution of enhanced NO abundance appears to be
larger (Fig. 5.c—d) than the temperature (Fig. 5.a-5.b). The role of O
was limited during ES formation (Fig. 5.e-5.f) in both events. This is
consistent with Bharti et al. (2018), suggesting the important role of
NO density enhancement in the NO radiative cooling. During the ES
formation in the polar mesosphere, the increased temperature facili-
tates higher collisional excitation of NO, resulting in a higher NO-VER.
However, this variation is prominent during the downward circulation
when ES forms at mesospheric altitudes. This variation suggests the
relative importance of trace species and temperature, and the role of
mesospheric dynamics on the overall infrared emission.

3.4. Impact of major SSW events on polar secondary ozone layer

Ozone, being a very important trace species, can show considerable
variation during SSW events (Smith et al., 2009, 2014; Smith-Johnsen
et al.,, 2018). As mentioned earlier, the availability of O and H can
significantly affect the overall abundance of O5 at the secondary peak.
The decrease in stratospheric O can be ascribed to the strong NO,
descent during SSW events occurring early enough in the winter pe-
riod (Randall et al., 2009; Rozanov et al., 2005). Therefore, various
aspects related to NO in the middle and upper atmosphere and its
interrelation with the O3 species need a detailed analysis. The daily
averaged zonal mean night-time O3 density between 70° and 80° N,
along with temperature, H, and O density, obtained from night-time
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SABER measurements during the 2006 and 2009 major SSW events, is
shown in Fig. 6.

The impact of the 2006 minor SSW cannot be seen in the Og,
H and O densities before the 2006 major SSW-ES onset due to the
delayed measurements by SABER in north viewing mode. It is evident
from Fig. 6(a-b) that just before the onset, there is a ~ 20% and
~ 40% decrease in the night-time secondary O; in comparison to
their pre-onset values during the 2006 and 2009 events, respectively.
This decrease coincides with a drop in temperature when the residual
circulation starts to slow down in the polar mesosphere. This decrease
in O5 is also accompanied by a rapid decrease of ~ 35% and ~ 65% in

O density and a sudden enhancement of ~ 5% and ~ 10% in H density
compared to their pre-onset values (Fig. 6(c-f)), just before the onset
of 2006 and 2009 SSW events, respectively. This observed variation of
trace species can be the main reason for the changes in O3 as seen in
Fig. 6(a, b). The O reduction and H enhancement are large, which leads
to a large depletion in the secondary O5 peak density prior to the 2009
SSW onset. Moreover, the peak O3 density also shifts about 3-4 km
upward during the onset phase of these major SSW events. This upward
displacement of the secondary O; peak further confirms the upward
residual circulation during the SSW onset (Fig. 6(c—d)), consistent with
the earlier discussion.



It can be seen from Fig. 6(a) that the secondary peak O; density
was suddenly enhanced by ~ 25% coinciding with ~ 40% reduction in
H and ~ 10% depletion in O densities from their pre-SSW values. This
sudden increase is consistent with the earlier reports suggesting a short-
duration change in the secondary O; due to reduced temperature and
O (Smith-Johnsen et al., 2018; Tweedy et al., 2013). Whereas, during
the 2009 event, the peak O5 density decreased by ~ 15%, accompanied
by about a ~ 35% decrease in H and a ~ 40% reduction in O densities
after the onset of the 2009 event. During the recovery phase of both the
SSW events, the peak O5 altitude descended (3-4 km) to the altitude
of peak H. As the elevated peak O; altitude descends, ~ 35% and
~ 50% depletion in O3 peak density is noticed in comparison to its
pre-onset values after the 2006 and 2009 SSW events, respectively.
At the same time, ~ 35% and ~ 50% enhancement in H was also
observed at mesospheric attitudes during the 2006 and 2009 events,
respectively. A depletion of ~ 20% and an increase of ~ 40% in O
density were observed during the 2006 and 2009 events in comparison
to pre-SSW values. Thus, it is evident from the figure (Fig. 6.c-6.d)
that enhanced abundance of H and low availability of O during the
recovery phase of SSW can cause more O depletion at its peak altitude.
As we know, hydrogen is a very efficient sink for the ozone density.
This descent of the peak O3 layer has caused an effective quenching of
the available O. This enhanced destruction of secondary O; is stronger
during the 2009 event due to the larger availability of H at secondary
O3 peak altitude in the recovery phase of SSW (10 February onward).
An earlier report by Tweedy et al. (2013) has mentioned the enhanced
downward transport of H but did not consider the consequences that
arise following the descent of peak Oj altitude. The role of O during
these events appears to be strengthening the O; density and has been
investigated further.

The production and destruction processes of night-time O5 are
temperature and oxygen density dependent, and higher O3 concentra-
tions are generally associated with colder temperatures in the MLT
region (Smith and Marsh, 2005). During the formation of ES, the
supplemented temperature changes can also destroy O3 in the MLT
region. Some of the earlier studies (Kvissel et al., 2012; Salmi et al.,
2011) also reported the reduced amplitude of secondary O3 during the
ES formation. It is to be noted that the 2009 SSW event was more
prolonged among these, resulting in the largest displacement of peak
altitude and density of the secondary Oj layer during the main and
recovery phases of the SSW. Furthermore, albeit having similar defining
characteristics, the 2009 SSW-ES event, which occurred solely, seems
to impact the trace species abundance in the MLT region more than the
2006 SSW-ES event, which preceded with a minor SSW.

From the earlier discussion, it can be contended that the O5 vari-
ation is influenced by changes in temperature and other trace species.
Therefore, the correlations between O3, temperature, and other trace
species at the secondary O5 peak altitude (84-94 km) in the polar
region (where major changes are observed) are shown in Fig. 7.

All the values of the trace species are night-time daily averages, ex-
cept for NO density, since NO observations are derived from the morn-
ing and evening time occultation-measurement profiles from SCIA-
MACHY. Moreover, NO densities are assumed to be same in both day
and night due to their increased lifetime in the polar winters. It is
clear from the figure that O5 and temperature are anti-correlated with
a correlation coefficient of —0.585 and —0.401 during the 2006 and
2009 SSW-ES events, respectively. A similar anti-correlation can also
be seen between O3 and H during both the SSW-ES events. However,
the anti-correlation was smaller during the 2009 event (—0.517) in
comparison to the 2006 event (—0.891). There is also a weak anti-
correlation between O5; and O densities during both the SSW-ES events,
but the correlation factor is slightly lower in the case of the 2006
event. Although the role of NO in the destruction of O; above 80 km
is not clearly established, the O; and NO densities are anti-correlated
during both the SSW-ES events, and this anti-correlation is similar

in both events, suggesting an interaction between O3 and NO in the
MLT region. These results are slightly different from those presented
in Tweedy et al. (2013), which could be due to the fact that the present
study is mainly based on observational datasets and the target altitude
and time of observation being different.

In order to understand the contribution of different trace species
to the observed variability of peak O3 density, a sensitivity analysis at
the secondary O peak altitude (84-94 km) is presented in Fig. 8. The
variation due to NO fluctuations is also introduced to the secondary O5
maximum equation (Smith and Marsh, 2005) (Eq. (2)). Because of the
increased lifetime during the nighttime, NO can also be considered as
a potential candidate for the catalytic destruction of O5 in the middle
atmosphere.

k[O1[0,1p

, (2)
k>[O] + ks [H] + k4[NO]

[03] =

Where, k;,k,, k3, k, are the temperature-dependent reaction rate coef-
ficients.

_ 34 @ 24
ky =6.0x 10 (T) ,
(Sander et al., 2006),

~ 12 =2060
ky =8.0x 10 exp(—T )

(Sander et al., 2006),

ks =1.1x 10*‘°exp($),

(Sander et al., 2006),
_ 12 —1310
ky=14x10 exp(—T )

(Schofield, 1967)

Variation in O3 density with selected parameter at O5 peak altitude
(84-94 km) is studied by taking the pre-SSW mean values of the
remaining parameters. Although the calculated O; density from the
secondary O; maximum equation is 1.5-2 times larger than SABER
measured values during SSW onset, the variation pattern is similar to
the observation. The influence of temperature on the net Oj is very
clear from the figure during both events. The variation in temperature
during the entire event is very well exhibited by the calculated Og
density represented by the black line. The blue dashed line indicates
the SABER observed O; density in all panels of Fig. 8. The primary
factor in the abrupt increase in O5 density following the onset appears
to be the low temperature during mesospheric cooling (Fig. 8.c-8.d).
However, the reduced H during onset (Fig. 8.g-8.h) also contributes to
the sudden enhancement in the secondary O3 peak density, primarily
due to decreased destruction.

From Fig. 8(f), it can be seen that the reduced O density during
the 2009 event led to a larger depletion in O; density in comparison
to the 2006 event. As expected, the NO does not seem to contribute
to any change in O; density at these altitudes during both events
(Fig. 8.i-8.j). The reduced availability of H in combination with the low
temperature during the ascending O5 peak altitude resulted in sudden
O; enhancement during SSW onset. However, the availability of O
seems to limit this enhancement. Although, during the 2009 SSW onset,
a significant decrease in temperature and H density ideally should cause
a large O3 enhancement similar to the 2006 event, but a substantial
depletion in O density resulted in curtailed O3 density as observed
during the 2009 SSW onset (Fig. 8.b). Despite large decrease in H
density and in temperature during the 2009 SSW onset, the decrease in
05 is larger compared to the 2006 event. This might occur as a result
of the 2009 event’s considerable O density reduction. After the onset,
contribution of O dominates over temperature and H in the O3 peak
density variation (Fig. 8.e-8.f), and it is large during the 2009 SSW. At
the descended O3 peak altitude during ES formation, the availability of
O counteracts the O3 destruction by the increased H and temperature.
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Therefore, we conclude that the availability of O is very crucial for the
observed variability of secondary O3 density.

The explanation above makes clear that the MLT region was signif-
icantly impacted by the 2009 major SSW, which was more severe than
the 2006 major SSW. The measurements of SCTAMACHY and SABER
used in the present study indicate that during the ES formation, both
the NO density and O5 density are anti-correlated in the mesosphere,
suggesting a similar catalytic destruction as seen in the stratosphere.
But in further analysis and based on earlier studies (Kvissel et al., 2012;
Smith and Marsh, 2005), it can be said that the O3 and NO are both
similarly influenced by the transport and temperature changes, and the
role of chemical interaction between them is less likely. However, the
secondary Os peak is more influenced by the availability of O than the
temperature and H density variations. Therefore, it can be concluded
that the variation in secondary O; peak can be attributed to increased
production due to low temperature and large availability of O, and loss
due to the enhanced temperature and less abundant O. However, we
cannot neglect the effects of change in H on the Oj variation (Smith-
Johnsen et al., 2018; Tweedy et al., 2013; Damiani et al., 2010; Salmi
et al., 2011). The differential role of temperature during the main and
recovery phase in combination with the neutral species further adds to
the observed variability in NO-VER and O;.

4. Summary

In this study, we present an analysis of the variability in temperature
and vertically transported trace species, and their consequences on the
radiative emission by NO at 5.3 pm and secondary O3 maximum in MLT
region, during two major SSW-ES events : the 2006 SSW-ES happening
after a minor SSW, and the 2009 SSW-ES event. The defining features of
a major SSW such as zonal wind reversal and temperature enhancement
by several tens of Kelvin in the stratosphere are similar in both the
events and are clearly established using the SABER measurements and
WACCM-X output data. The altered residual circulation, due to change
in gravity wave filtering, causes the neutral densities in mesospheric
altitude to increase and decrease during the initial and recovery phases
of SSW, respectively. The upward residual circulation also depletes the
O density and temperature in the mesosphere causing the net NO-VER
to decrease during the mesospheric cooling period, and subsequently
the intense downwelling of NO during the formation of ES causes
more production of vibrationally excited NO that resulted in the net
enhancement in NO-VER. Since NO-VER is a measure of radiative
cooling, the large enhancement in its values indicates the increased
cooling in the MLT region when ES forms at the mesospheric altitudes.

Despite having similar defining features, the secondary O5 layer
exhibits differential response to both the events. The secondary Oj
density is found to be decreasing during the initial phase of SSW due
to the low temperature and low availability of O at its peak altitude. A
sudden enhancement in the peak density and altitude of the secondary
O, is caused by the variations in availability of O and H, and reduced
temperature which is facilitated by the residual circulation change.
Based on this analysis it is concluded that the sole 2009 SSW-ES event
impacted the trace species abundance in MLT region to a greater extent
compared to the 2006 SSW-ES event preceding a minor SSW event,
in its initial and recovery phases. In other words, being an intense
dynamic event, the 2009 SSW influences the MLT region strongly.

Despite a clear anti-correlation between O3 and NO, the net effect
of NO on Oj variability is negligible. This anti-correlation during the
SSW-ES may not be directly inferred to a similar chemical scheme
of catalytic destruction of O3 by NO seen in the stratosphere, but
needs a more detailed study, particularly during enhanced mesospheric
temperatures. The state of the polar vortex (displacement and splitting)
can also influence the thermal structure and transport of trace species,
which should be investigated further.
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