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Summary

This thesis is dedicated to investigating the interannual and small-scale variability of ozone
and water vapor in the Arctic middle atmosphere using ground-based microwave radiometers
GRound-based Ozone MOnitoring System for Campaigns (GROMOS-C) and MIddle Atmospheric
WALter vapor RAdiometer for Campaigns (MIAWARA-C), located at Ny-Alesund, Svalbard (78.99°
N, 12° E). These measurements provide continuous observations over an altitude range covering

20 to 75 km, offering valuable insights into atmospheric dynamics and chemical processes by
comparing with reanalysis and satellite datasets. Furthermore, by integrating Whole Atmo-
sphere Community Climate Model with thermosphere and ionosphere extension (WACCM-X)
model simulations with meteor radar observations, this study examines the radiative effects
of ozone and water vapor on mesospheric dynamics. This combined approach enhances our
understanding of the complex interactions between radiative forcing, atmospheric waves, and
circulation patterns in the Arctic middle atmosphere.

Chapter 1 provides an overview of the structure and dynamics of the Arctic middle atmo-
sphere. It introduces the key large-scale circulation patterns, including the polar vortex, the
Brewer-Dobson Circulation (BDC), and Sudden Stratospheric Warming (SSW) events, which
play a crucial role in atmospheric variability. The chapter also examines the influence of plane-
tary waves and atmospheric tides on middle atmospheric dynamics. Furthermore, it discusses
the role of ozone and water vapor in the Arctic middle atmosphere, emphasizing their interac-
tions with atmospheric circulation and radiative processes. Finally, the chapter presents key
measurement techniques and modeling approaches for studying middle atmospheric dynamics

and composition.

Chapter 2 describes the datasets used in this study, focusing on ground-based and satellite
observations as well as model simulations. It first introduces ground-based microwave mea-
surements, including the principles of microwave remote sensing and the specific instruments
GROMOS-C and MIAWARA-C, which provide continuous observations of ozone and water
vapor in the Arctic middle atmosphere. Next, it presents integrated ozone and water vapor

datasets from Aura Microwave Limb Sounder (MLS), the Modern-Era Retrospective Analysis

for Research and Applications (MERRA)-Version 2 reanalysis, and the Specified Dynamics (SD)
WACCM-X model, highlighting their relevance for studying atmospheric variability. Finally,
the chapter discusses meteor radar observations, effectively capturing tidal activity in the
Mesosphere and lower Thermosphere (MLT).

The aim and impact of this thesis are presented in chapter 3, which outlines how the
thesis contributes to the broader scientific understanding and the specific role of the project in
advancing the study.



Chapter 4 presents ozone and water vapor variability in the polar middle atmosphere
observed with ground-based microwave radiometers.

Chapter 5 examines the dynamical and chemical processes in response to polar ozone
anomalies during major SSW and early final stratospheric warming events.

Chapter 6 presents new insights into the polar ozone and water vapor, radiative effects,
and their connection to the tides in the mesosphere lower thermosphere during major SSW
events.

Finally, Chapter 7 summarizes the conclusions of this thesis and provides an outlook on
potential future research directions.
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1 The Arctic middle atmosphere

The atmospheric region extending from approximately 10 to 100 km, known as the middle
atmosphere, has become increasingly recognized with the gradual development of middle
atmospheric science. Since the 1950s, understanding of the stratosphere and mesosphere has
expanded rapidly, and the importance of this region within the climate system has become
evident. Asresearch has progressed, several new stratospheric phenomena have been discovered,
such as Quasi-Biennial Oscillation (QBO), SSW, the Antarctic ozone hole, and the impact of
large-scale circulation changes on surface weather and patterns.

The Arctic middle atmosphere is crucial in modulating polar and high-latitude climate
variability and atmospheric circulation. Characterized by extreme seasonal changes in solar
radiation—from continuous darkness in winter to continuous sunlight in summer—the Arctic
middle atmosphere exhibits strong temperature gradients that drive large-scale dynamical
processes. These include the formation and breakup of the polar vortex, the propagation of
planetary and gravity waves, and interactions with atmospheric tides. SSW frequently occurs in
the Arctic winter, and can lead to significant disruptions in the polar vortex, influencing weather
patterns at lower altitudes in the troposphere and even affecting the higher altitudes in the
mesosphere and ionosphere. These phenomena occurring in the Arctic middle atmosphere reveal
strong dynamical, chemical, and physical processes due to coupling between the troposphere and
the middle atmosphere. Particularly, the impact of the distribution and variations of atmospheric
composition in the Arctic middle atmosphere play a critical role in radiative balance and chemical
processes, with implications for climate change and long-term atmospheric trends.

Understanding the structure, dynamics, and composition of the middle Arctic atmosphere is
fundamental for improving climate models and predicting mesosphere/stratosphere-troposphere
interactions. This thesis examines the vertical structure of the atmosphere, large-scale circulation
patterns, and the roles of ozone and water vapor in middle atmospheric dynamics. Additionally,
it explores observational and modeling capabilities and their implications for mesospheric
processes, with a specific focus on the Arctic region.

1.1 Structure and dynamics

1.1.1 Vertical structure

The atmosphere extends from sea level to space and, generally, is in hydrostatic equilibrium
under the influence of gravity and buoyancy, with pressure decreasing exponentially with
altitude, and density rapidly with altitude. Figure 1.1 presents the mean seasonal temperature
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and zonal wind profiles above Ny-Alesund, Svalbard. The Earth’s atmosphere is typically
divided into the troposphere, stratosphere, mesosphere, and thermosphere based on the vertical
temperature gradient characteristics as shown in Figure 1.1a. The upper boundaries of these
layers are referred to as the tropopause, stratopause, mesopause, and thermopause, respectively
(Mohanakumar, 2008). The altitudes of these boundaries are not fixed but vary slightly with
latitude and atmospheric dynamic circulation.

The troposphere is the atmospheric layer where we live, extending from the Earth’s
surface up to the tropopause. The heat in the troposphere primarily comes from the Earth’s
thermal radiation, resulting in a negative temperature gradient where temperature decreases
with increasing altitude. On average, the atmospheric temperature drops by approximately
0.65°C for every 100 meters of altitude gain. The troposphere contains about 75% of the total
atmospheric mass and nearly all atmospheric water vapor. Strong vertical mixing occurs in
this layer, and water vapor activity is intense (including the water cycle, cloud formation,
precipitation, and storms), making it the primary driver of weather disturbances and climate
change (Mak, 2011).

The stratosphere extends upward from the tropopause to approximately an altitude of 50 km
at the stratopause, where about 90% of atmospheric ozone is concentrated. This layer contains
about one-sixth of the total atmospheric mass. The temperature distribution in the stratosphere
is primarily controlled by the photochemical processes of ozone, causing the temperature
to increase with altitude. As a result, vertical motion in the stratosphere is very weak, and
there is minimal water vapor and particulate matter. Pollutants entering the stratosphere from
the troposphere can persist for long periods due to the high stability of this layer, which is
characterized mainly by large-scale horizontal motion.

The mesosphere lies between approximately 50 km and 90 km in altitude. In this layer, the
heat released by exothermic reactions involving carbon dioxide and other molecules exceeds
the heat absorbed from solar radiation by ozone, leading to a decrease in temperature with
increasing altitude. The summer mesosphere is the coldest region of the atmosphere (see
Figure 1.1a). Similar to the troposphere, the mesosphere has a negative temperature gradient,
allowing for high-altitude convection. Additionally, various photochemical reactions occur in
this layer, resulting in luminous phenomena such as airglow and auroras. Furthermore, most
meteoroids burn up at these altitudes, providing a continuous mass input of meteoric material
and dust.

Above the mesosphere is the thermosphere, where atmospheric temperature increases
with altitude due to the absorption of high-energy solar radiation by oxygen molecules. This
layer experiences intense ultraviolet (UV) solar radiation, leading to strong photodissociation
and molecular ionization reactions. As a result, the chemical reaction rates in the thermosphere
are extremely high.

The temperature structure in the stratosphere and lower mesosphere is primarily governed
by radiative heating and cooling. The large-scale mean zonal wind structure can be interpreted
within the framework of thermal equilibrium. Differential radiative heating between the
equatorial and polar regions establishes a latitudinal temperature gradient, through thermal
wind balance, which drives quasi-geostrophic zonal winds. As shown in Figure 1.1b, these
winds exhibit a pronounced seasonal cycle, characterized by eastward (westerly) winds in the
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Figure 1.1 Mean seasonal temperature (a) and zonal wind profiles over Ny-Alesund, Svalbard (78.99°
N, 12° E) during boreal winter and summertime. The temperature and wind data are from the WACCM-
X(SD) model simulations.

winter hemisphere and westward (easterly) winds in the summer hemisphere. This semiannual
reversal occurs near the equinoxes in response to the seasonal variation in solar insolation. The
climatological distribution of these zonal wind patterns, as depicted in Figure 1.1b, highlights
the seasonal asymmetry in wind direction, particularly at high latitudes.

1.1.2 Polar vortex

The polar vortex is a large circumpolar cyclone that forms in the middle atmosphere during
the fall, driven by decreased solar insolation at polar latitudes. It is maintained radiatively
by the cold temperatures at the pole, which result from the absence of ozone heating during
the polar night, and gradually decays during the spring season. The vortex exists in both the
Arctic and Antarctic during the winter, but its characteristics and behavior differ significantly
between the two hemispheres. The Antarctic polar vortex is generally more stable, stronger, and
less prone to disturbances, persisting for a longer duration compared to its Arctic counterpart.
In contrast, the Arctic vortex is more variable and susceptible to disruptions. The vortex is
occasionally disrupted by the upward propagation of planetary waves from the troposphere,
and the amplitude of these waves is larger in the Northern Hemisphere than in the Southern
Hemisphere. Extreme disruptions to the vortex are referred to as sudden stratospheric warming
events (see subsection 1.1.3). These disruptions result in the vortex being displaced off the pole
and, in some cases, even split into two separate cyclones. When this occurs, significant changes
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Figure 1.2 Contours of the polar vortex during the winter and spring in 2020. The vertical line is
positioned at Ny-Alesund, Svalbard.

in middle atmosphere chemistry and dynamics are observed, and these changes are linked to
tropospheric weather patterns. Figure 1.2 shows the evolution of the polar vortex from the
tropopause to the middle mesosphere during the winter and spring seasons of 2020. The polar
vortex edge is determined from the European Centre for Medium Range Weather Forecasts
(ECMWEF) operational data as the geopotential height contour with the largest wind speed at a
given pressure level. The edge of the vortex increases with height. Therefore, the polar vortex
acts as a transport barrier between polar and midlatitude air masses. Along the edge of the polar
vortex, there are strong gradients in both trace gas concentrations and temperature.

The exceptional strength of the stratospheric polar vortex had consequences for winter
and early spring weather near the surface and for stratospheric ozone depletion. Due to the
unusually weak tropospheric wave activity during winter and reflected waves traveling upward
from the troposphere back downward, a cold and strong vortex exists for several months. For
example, the extremely low temperatures inside the polar vortex during the winter/spring of
2020 are shown in Figure 1.3. The cold and stable conditions within the polar vortex allow for a
large formation of polar stratospheric clouds and subsequent heterogeneous ozone depletion
(Lawrence et al., 2020a; Manney, Millan, et al., 2022; Rao and Garfinkel, 2021). Figure 1.4
illustrates the ozone anomaly over the Arctic during the spring of 2020. The observed ozone
levels were the lowest ever recorded for this season, indicating that 2019/2020 experienced
the most severe ozone depletion potential in the observational record (Lawrence et al., 2020a;
Manney, Livesey, et al., 2020).

1.1.3 Sudden stratospheric warmings and their impacts

The winter polar vortex undergoes abrupt disruptions or a sudden weakening, characterized by
large and rapid temperature increases, sometimes exceeding 50 K or reversal of westerly winds
and a rapid rise in the winter polar stratosphere (approximately 10-50 km). This phenomenon
is called a SSW. SSWs are caused by the breaking of planetary-scale waves that propagate
upwards from the troposphere. During an SSW, the polar vortex breaks down, accompanied
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Figure 1.3 Daily time series of 50-hPa minimum temperatures poleward of 40°N. The labeled horizontal
black lines represent the approximate formation thresholds for the nitric acid trihydrate (NAT) and ice
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Figure 1.4 Map of Northern Hemisphere ozone volume mixing ratio anomalies during winter and
spring 2020, highlighting extreme Arctic ozone depletion in spring. The anomaly is derived by subtracting
the 2015-2023 climatological mean ozone volume mixing ratio (VMR) from the 2020 ozone VMR. The
black contour represents the polar vortex edge at the 460 K potential temperature level.

by rapid descent and warming of air in polar latitudes, mirrored by ascent and cooling above
the warming. These warmings are generally classified into three main categories based on
their intensity and impact: major warming, minor warming, and final warming. Figure 1.5
shows a specific type of SSW in the Northern Hemisphere. Since the enhanced propagation of
planetary waves into the stratosphere is heavily influenced by topography, with the Northern
Hemisphere having far more complex terrain than the Southern Hemisphere, planetary waves
in the Northern Hemisphere are generally stronger and larger in scale, leading to most SSW
events occurring in the Northern Hemisphere, with an average of six events per decade (Rao,
Ren, et al,, 2018; Yu et al., 2018).

Major warming

Major warming events often occur during mid-winter and are defined by a positive tempera-
ture gradient between 60° latitude and the Pole, and a breakdown of the polar vortex, where
zonal-mean zonal winds at 60° latitude and the 10 hPa level reverse from westerly to east-
erly. Furthermore, major warming events are mainly attributed to the split or displacement of
the stratospheric polar vortex by the upward propagating planetary waves (Baldwin, Ayarza-
gliena, et al., 2021; Charlton and Polvani, 2007; Pancheva et al., 2008; Qin et al., 2021). The
incisive dynamical perturbations during SSWs have significant effects on stratospheric trans-
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port and composition such as ozone and other trace gases anomalies in the distributions of
constituents throughout the lower and middle stratosphere (Bahramvash Shams et al., 2022;
Camara et al,, 2018; Hong and Reichler, 2021). The effects of major warming events are now
recognized to extend well above the stratosphere and can significantly alter the chemistry and
dynamics of the mesosphere, thermosphere, and ionosphere. Major warming events lead to
mesospheric cooling at high latitudes, as well as a reversal of the zonal mean zonal winds from
easterly to westerly, which are primarily due to changes in gravity wave drag (Hoffmann et al.,
2007; Limpasuvan et al., 2016; Siskind et al., 2010). Major warming events also influence the
tidal variabilities in the MLT. SSWs are often accompanied by an enhancement of migrating
semidiurnal tides in the MLT regions after the SSW onset in the mid-latitude and polar lati-
tudes (vanCaspel_2023_lunar_tide ; Bhattacharya, Shepherd, and Brown, 2004; Chau et al.,
2015; Dutta, Sridharan, and Sinha, 2024; Jacobi et al., 1999; Liu, Janches, et al., 2022; Stober,
Baumgarten, et al., 2020; Zhang et al., 2021). Major warming events play an important role in
generating variability in the low-latitude and midlatitude ionosphere, with an increase in vertical
plasma drifts and electron densities in the morning and a decrease in the afternoon (Baldwin,
Ayarzagiiena, et al., 2021; Fejer et al., 2011; Goncharenko et al., 2010; Pedatella, Liu, et al., 2012).
The downward effect through the induced meridional circulation (Song and Robinson, 2004;
Thompson, Furtado, and Shepherd, 2006) and planetary wave absorption and reflection (Shaw,
Perlwitz, and Harnik, 2010) contribute to tropospheric response (Domeisen, Sun, and Chen,
2013; Smith and Scott, 2016) and also lead to the surface pressure anomalies (Domeisen, Butler,
and Charlton-Perez, 2020).

Minor warming

In contrast, minor warming events during mid-winter are characterized by strong warming
of the Arctic stratosphere at 10 hPa and higher levels without a reversal of zonal-mean zonal
winds poleward of 60° latitude at 10 hPa. While their immediate impacts are less pronounced
than those of major warming events, minor warming events can still influence atmospheric cir-
culation patterns. For instance, the September 2019 Southern Hemisphere minor warming event
was associated with significant deceleration of westerly winds and the emergence of easterly
anomalies in the subpolar region, extending into the extratropics and tropical stratosphere (Rao,
Garfinkel, et al., 2020). During the shifts of the upper stratospheric and mesospheric vortex,
the air masses arrive from the midlatitudes, which confirms that the separation of polar and
midlatitude air persists during minor warnings (Schranz, Tschanz, et al.,, 2019). During minor
warming events, the deseasoned migrating diurnal tide exhibits a significant short-term increase
around the peak warming day across all latitudes, while the deseasoned migrating semidiurnal
tide also shows a notable enhancement, indicating a clear tidal response to the warming (Mitra
et al., 2023).

Final warming

Final warming events are identified by the criterion that the daily mean zonal-mean zonal winds
at 60° latitude and 10 hPa exhibit an easterly flow and remain so continuously for more than 10
consecutive days (Butler and Domeisen, 2021). Final warming events are primarily driven by an
increase in shortwave radiation in the polar regions in spring in combination with planetary
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Figure 1.5 Zonal-mean zonal temperature averaged polar region 70° - 90° N (left) and zonal-mean
zonal wind at 60°N (right), during major warming, minor warming, and final warming SSW events based
on MERRA-2 reanalysis data .

wave forcing (Black and McDaniel, 2007; Friedel, Chiodo, Stenke, Domeisen, and Peter, 2022).
While a final SSW occurs every year in both hemispheres, its timing is subject to large interannual
variability. In the Arctic, final warming events have been observed from as early as mid-March
to as late as the end of May (Hu, Ren, and Xu, 2014), depending on variations in the upward
propagation of tropospheric planetary waves, as well as the stratospheric background flow and
temperature (Hu, Ren, and Xu, 2014; Salby and Callaghan, 2007; Thiéblemont et al., 2019). The
timing of the final SSW has important consequences for both stratospheric and tropospheric
climate and sub-seasonal to seasonal predictability (Ayarzagiiena and Serrano, 2009; Butler,
Charlton-Perez, et al., 2019; Thiéblemont et al., 2019). Final warming events are closely tied to
anomalies in stratospheric ozone in the Arctic, for instance, an extremely cold polar vortex with
drastic springtime ozone depletion in 2019/2020 (Lawrence et al., 2020b; Matthias, Dérnbrack,
and Stober, 2016). Final SSW events leave their fingerprint on the tropospheric circulation

through downward coupling by linking the phase changes of the North Atlantic Oscillation
(NAO) and Arctic Oscillation (AO), causing surface climate changes (Baldwin, Ayarzagiiena,
et al, 2021).

1.1.4 Brewer-Dobson circulation

The BDC plays a crucial role in regulating the distribution of ozone in the stratosphere and
the exchange of mass between the stratosphere and the troposphere. The strongest ozone
production occurs in the equatorial stratosphere due to maximized solar insolation, while the
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highest ozone concentrations are observed in the polar lower stratosphere. This apparent
contradiction was first explained by Brewer (Brewer, 1949) and Dobson (Dobson, 1956), who
proposed that a tropical convective motion transports ozone-rich air into the stratosphere,
where it is then advected towards the winter pole and descends adiabatically at high latitudes.
This meridional circulation, now known as the BDC, is characterized by the upwelling of
air masses that can transport tropospheric air deep into the stratosphere. These air masses
are then transported horizontally towards high, polar latitudes, where they sink back into
the troposphere (Butchart, 2014). The BDC directly affects the temperature of the tropical
tropopause and the amount of water vapor entering the stratosphere, which, in turn, influences
the surface climate through radiative changes. Furthermore, variations in the stratospheric
circulation may influence regional climate and weather patterns.

The BDC is a mechanically forced circulation, with the driving force provided by atmo-
spheric waves such as planetary and synoptic-scale Rossby waves that propagate upwards from
the troposphere and break at upper (so-called “critical”) levels in the stratosphere (Andrews,
Holton, and Leovy, 1987; Holton et al., 1995). When these waves reach their critical levels,
they break and deposit momentum into the mean flow, causing a deceleration of the zonal
wind. This momentum deposition drives a net poleward transport of air masses, inducing
tropical upwelling and high-latitude downwelling. The Coriolis force acts on this poleward
flow, modifying the vertical velocity field and leading to the large-scale overturning motion that
characterizes the BDC. The BDC influences stratosphere-troposphere coupling, affecting climate
and atmospheric composition. The downward transport in the winter hemisphere impacts
surface weather, while the tropical upwelling regulates the distribution of stratospheric water
vapor and ozone. Understanding this circulation is crucial for predicting long-term changes in
atmospheric dynamics, ozone depletion, and climate variability.

Additionally, the pole-to-pole circulation existing in the mesosphere is often referred to as
residual circulation or transformed Eulerian mean circulation (Andrews, Holton, and Leovy,
1987; Becker, 2012; Lindzen, 1981; Smith, 2012). Figure 1.6 shows a schematic diagram of the
large-scale atmospheric circulation. This circulation in the mesosphere is mainly driven by
gravity waves , which results in the summer mesopause temperature up to 100 K below the
radiative equilibrium (Becker, 2012; Lindzen, 1981; Smith, 2012). The extreme cold temperatures
at the summer mesopause are the result of an upwelling and a corresponding adiabatic cooling
of the uplifted air masses in the summer hemisphere and are accompanied by a downwelling in
the winter hemisphere.

1.1.5 Coupling to mesosphere-lower thermosphere

The Arctic middle atmosphere, encompassing the stratosphere and mesosphere, plays a critical
role in vertical coupling processes that extend into the mesosphere and lower thermosphere.
While the variability of the middle atmosphere is primarily driven by atmospheric waves
propagating upward from the troposphere, recent studies have demonstrated that this coupling
is a two-way process, where stratospheric and mesospheric dynamics significantly influence both
tropospheric circulation and upper atmospheric variability (Baldwin, Stephenson, et al., 2003;
Charlton, Oneill, et al., 2004). In particular, stratosphere-troposphere interactions are crucial for
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Figure 1.6 Schematic diagram of the global circulation in the stratosphere and mesosphere (Brewer-
Dobson circulation) is shown as grey arrows. Upward propagating atmospheric waves, which drive the
circulation, are shown as green wavy arrows, and two-way mixing as red arrows.

modulating large-scale weather patterns and improving seasonal forecasts in midlatitude and
polar regions (Sigmond et al., 2013).

To better capture these interactions, numerical weather prediction (NWP) and climate
models have extended their upper boundaries into the mesosphere and lower thermosphere.
However, the scarcity of direct observations at these altitudes remains a major challenge for
model development. Without sufficient observational constraints, models rely on parameteriza-
tions, artificial damping mechanisms, and sponge layers to approximate middle atmospheric
dynamics (Alexander et al., 2010; Kim, Eckermann, and Chun, 2003). The MLT serves as a
key transition region for energy and momentum transfer to the upper atmosphere, where
planetary, tidal, and gravity waves originating in the troposphere propagate upward, interact
nonlinearly, and drive substantial variability in the thermosphere and ionosphere (Alexander
et al., 2010; Kim, Eckermann, and Chun, 2003; Liu, 2016). Understanding this vertical coupling
across atmospheric layers is essential for accurately modeling energy transport and extreme
atmospheric events. Expanding observational datasets and refining model representations of
wave-driven interactions will be critical for advancing weather and climate predictions in the
Arctic and beyond.

1.2 Atmospheric waves

From the lower to the upper atmosphere, waves and oscillations of various temporal and
spatial scales propagate through the atmospheric medium. These waves transport energy and
momentum from their source regions to their dissipation regions, where wave breaking and
dissipation drive deviations from thermal equilibrium. Wave motions of different scales play a
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crucial role in the dynamics, physics, and radiative processes of the Arctic middle atmosphere.
The following sections provide a brief introduction to the most relevant wave types in the
middle atmosphere.

1.2.1 Planetary waves

Planetary waves are large-scale, low-frequency oscillations in the atmosphere due to the Earth’s
rotation (i.e., the Coriolis effect) and latitudinal temperature gradients. The horizontal scales
of planetary waves typically span thousands to tens of thousands of kilometers, with zonal
wavenumbers 1, 2, and 3. Based on their propagation characteristics and periodicity (Straus
and Shukla, 1988), planetary waves are generally classified into two types: Quasi-stationary
Planetary Waves (QSWs) and Transient Planetary Waves (TPWs).

QSWs are characterized by long periods, typically ranging from several tens of days
(Figure 1.7), and appear nearly stationary in the Earth’s rotating frame of reference. These
waves typically propagate westward relative to the background zonal flow, which is a defining
characteristic of Rossby waves. Rossby et al., 1939 first derived these waves from the principle of
absolute vorticity conservation and demonstrated how the S-effect (i.e., the latitudinal variation
of the Coriolis parameter) leads to large-scale atmospheric oscillations, which explains the
formation of semi-permanent centers of action such as the Aleutian and Icelandic Lows. These
quasi-stationary waves are mainly excited by orographic forcing (e.g., the Himalayas, the Rocky
Mountains) and thermal forcing (e.g., land-sea temperature contrasts) (Huang and Gambo, 1982,
1983). Consequently, QSWs are typically more active in the Northern Hemisphere due to their
more complex terrain and stronger thermal forcing (Held, Ting, and Wang, 2002). As these
waves propagate upward into the stratosphere and mesosphere, they can interact with the
polar vortex and trigger major dynamical disturbances such as SSW, subsequently influencing
weather and climate patterns in the troposphere.

TPWs are characterized by dominant periodicities of about 2, 5, and 10 days (Madden, 1979;
Walterscheid, 1981). These waves are generally excited by mechanisms such as oscillations in
background wind, nonlinear wave-wave interactions, and latent heat release in the equatorial
atmosphere. They usually reach their peak amplitudes in the MLT and play a significant role in
the vertical transport of momentum and energy within these regions (Baldwin and Dunkerton,
2001; Beard et al., 1999; Pancheva, 2001).

QSWs are a key dynamical factor influencing the stratospheric atmosphere. A large number
of theoretical, observational, and simulation studies demonstrate that stratospheric QSWs are
the result of the upward propagation of QSWs excited in the troposphere (Charney and Drazin,
1990; Charney and Drazin, 1961; Matsuno, 1970; Pogoreltsev et al., 2007). On the one hand,
quasi-stationary planetary waves, as long-period disturbances with large spatial scales in the
mid-latitude atmosphere, exchange atmospheric composition and heating between the mid-
latitude and polar regions of the stratosphere through adiabatic transport. On the other hand,
these waves break extensively in the stratosphere and, through wave-mean flow interactions,
significantly influence the weather and climate in the stratosphere. Eliassen, 1961 derived
the relationships between vertical energy flux, vertical momentum flux, and the mean flow
through their study of the vertical propagation of topographic gravity waves, which theoretically
explains the vertical propagation of atmospheric waves and their interactions with the mean

10



1.2 Atmospheric waves

08-day wave

08-day wave

0.1 15 0.1 6
S
=} ! 10 % ! iz
2] =y —
510 2 10 [ g
é 5 £ 2 <
A 100 100
500 0 500 0
2016 2017 2018 2019 2020 2021 2022 2016 2017 2018 2019 2020 2021 2022
16-day wave 16-day wave
0.1 15 0.1 6
=
5‘;: ! 10 g ! 4z
I3 = =
510 ,D& 10 g
g 52 2 <
A 100 100
500 0 500 0
2016 2017 2018 2019 2020 2021 2022 2016 2017 2018 2019 2020 2021 2022
32-day wave 32-day wave
0.1 15 0.1 6
<
5‘;: ! 10 g ! 4z
I3 = =
510 E_ 10 g
g 52 2 <
A 100 100
500 0 500 0
2016 2017 2018 2019 2020 2021 2022 2016 2017 2018 2019 2020 2021 2022

Figure 1.7 Different wave periods derived from zonal wind speed (left) and temperature (right) in the
middle atmosphere over Ny-AIesund, Svalbard (78.99° N, 12° E), based on MERRA-2 reanalysis data
from 2016 to 2022.

flow. Momentum and heat transported by Rossby waves can be described by momentum fluxes
(v’u’) and heat fluxes (v'0’), with u and v describing the zonal and meridional wind velocities
and O the potential temperature (Andrews, Holton, and Leovy, 1987). The overbars denote zonal
averages, while primes indicate the deviation from the zonal mean. Using Eliassen-Palm flux
(EPF) and its divergence (V - F) to describe the propagation and dissipation of zonally averaged
planetary waves (Andrews and Mclntyre, 1978; Holton, 1983). In regions with EPF convergence
(V- F <0), wave dissipation leads to a deceleration of the zonal flow, and vice versa for regions
with EP flux divergence (V- F > 0).

Moreover, planetary waves can propagate vertically into the middle atmosphere and en-
counter critical layers, where their phase speed matches the background wind. At these altitudes,
the waves undergo breaking, resulting in the deposition of momentum and energy into the
mean flow (Matsuno, 1971). This process induces dynamical heating and significantly alters
the circulation. The resulting perturbations can destabilize the winter polar vortex and are a
primary driver of SSW events (Birner and Albers, 2017; Coy, Eckermann, and Hoppel, 2009;
Holton, 1980). Therefore, the propagation and dissipation of planetary waves significantly

influence the middle atmosphere.

1.2.2 Atmospheric tides

Atmospheric tides are global-scale, periodic oscillations in atmospheric pressure and wind fields
primarily driven by the periodic variations in solar thermal radiation and lunar gravitational
forcing (Lindzen and Chapman, 1969). Atmospheric tides can be categorized into migrating
and non-migrating tides based on their zonal propagation features. Migrating tides always
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propagate westward with the Sun’s apparent motion and exhibit a zonally symmetric structure
with constant phase relative to local solar time. They are also referred to as solar tides or
sun-synchronous tides. In contrast, non-migrating tides are not sun-synchronous, have different
zonal wavenumbers and frequencies, and may propagate eastward or remain stationary. The
excitation sources of non-migrating tides are usually related to the differences in solar radiation
absorption over land and ocean (Hibbins et al., 2019; Tsuda and Kato, 1989).

The crests and troughs of the zonal structure of migrating tidal waves and the longitudinal
distribution of solar radiation strongly reply that migrating tides are primarily driven by solar
heating. They typically are driven through three primary mechanisms (Forbes, 1984; Forbes and
Garrett, 1979; Hagan, 1996; Hagan, Roble, and Hackney, 2001; Lieberman, Ortland, and Yarosh,
2003; Lindzen and Chapman, 1969): Tropospheric absorption of solar near-infrared radiation
by water vapor; Stratospheric ultraviolet absorption by ozone; Thermospheric heating from
extreme UV absorption above 100 km altitude. Due to the vertical distribution of water vapor
and ozone, the absorption of solar radiation by water vapor decreases with altitude, whereas
ozone absorption peaks near 50 km, and the secondary and tertiary ozone layers above this
level exhibit a more pronounced seasonal variability.

Tidal waves propagate efficiently upward, relatively small in the lower atmosphere, reach-
ing large amplitudes in the MLT region. Near the surface, tidal winds typically exhibit mean
amplitudes of about 2 m/s, while in the MLT region, tidal wind variations can exceed 80 m/s
within a few hours as shown in Figure 1.8. When atmospheric tides propagate upward from
the lower atmosphere into the middle and upper atmosphere, they are modulated by tropo-
spheric forcing processes near their source regions, including tropical intraseasonal oscillations,
QBO, and the Southern Oscillation (Cen et al., 2022; Yang et al., 2018). In addition to being
modulated by lower atmospheric activity, tides in the MLT also interact with other large-scale

waves (e.g., planetary waves and gravity waves), and with the background zonal-mean flow
through nonlinear processes (Forbes and Garrett, 1979; Hagan, Roble, and Hackney, 2001;
McLandress, 2002; Riggin and Lieberman, 2013; Yigit and Medvedev, 2015). These interactions
facilitate further energy and momentum exchange, enhancing their influence on the dynamic
and physical processes of the middle and upper atmosphere. Furthermore, as tides reach higher
altitudes, they may dissipate or break, generating secondary waves and depositing energy and
momentum into the mean flow. Through these mechanisms, atmospheric tides serve as one
of the primary dynamical drivers of the MLT and upper thermosphere system (Forbes, Zhang,
et al., 2008).

Atmospheric tides are fundamental for understanding the dynamics of the atmosphere as
a coupled system. Their observation and modeling are therefore crucial for monitoring and
predicting atmospheric variability and long-term change (Lindzen, 1971; Lindzen and Chapman,
1969; Volland, 2012). The precise behavior of atmospheric tides on sub-seasonal and local scales
remains an active area of research. In particular, the day-to-day variability in amplitude and
phase, and the detailed relationships between tidal signatures in temperature and wind fields,
as well as the atmospheric composition, are topics of current atmospheric research.

For instance, Baumgarten and Stober (2019) analyzed diurnal and semidiurnal temperature
tides using lidar observations and compared their phase characteristics with wind field tides
derived from reanalysis data. Additionally, a climatological comparison conducted by Stober,
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Figure 1.8 Zonal (left) and meridional (right) hourly winds as a function of time and height above
polar latitude station at Tromse (69.58° N, 19.22° E) during the wintertime measured by Meteor radar.

Kuchar, et al., 2021 utilized wind measurements from six meteor radars located at conjugate
latitudes to validate mean winds and the representation of diurnal and semidiurnal tides in
general circulation models (GCMs). Further, the modulation of tidal amplitudes by trace gas

variability during major SSW events has been explored using simulated radiative heating and
cooling rates. A detailed analysis of these interactions is presented in chapter 6.

1.3 Composition and radiative effects

1.3.1 Ozone

Ozone (O3) is classified as an essential climate variable by the World Meteorological Organization
(WMO) due to its significant role in atmospheric chemistry and climate regulation. Despite
being a minor constituent of the Earth’s atmosphere (accounting for less than 0.0001% of its
composition), ozone plays a crucial role in absorbing and filtering out harmful UV radiation
from the Sun, particularly UV-B and UV-C wavelengths, preventing them from reaching the
Earth’s surface, consequently enabling and sustaining life in the Earth’s biosphere.

Ozone is mostly found in the stratosphere approximately between 20 and 50 km above the
surface, a region often referred to as the stratospheric ozone layer, where ozone concentration is
relatively high with a maximum of 5 ppmv at the polar latitudes in summer (Figure 1.11a). In
the stratosphere, it is primarily produced through the photodissociation of molecular oxygen
(O) by UV radiation, a process described by the Chapman cycle:

O, +hy — 0+0 (1.1)
0+0,+M—03;+M (1.2)
O3+hv— 0,+0 (1.3)
O03+0—0,+0, (1.4)

The formation of Os is preceded by the photodissociation of molecular oxygen (O,),
producing atomic oxygen (O) as described in Equation 1.1. Solar UV radiation with wavelengths
shorter than 242 nm (UV-C) breaks apart an O, molecule into two O atoms. In an exothermic
three-body reaction, O subsequently combines with O, to form Os, as shown in Equation 1.2.
Here, M acts as an inert collision partner, which can be any atmospheric constituent. The rapid
photolysis of O3 results in the production of O, and O, as described in Equation 1.3. Due to the
fast exchange between O and O3, recombination reactions also occur, converting O and O3 back
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into O, in Equation 1.4. Because of the rapid interchange between O; and O, they are often
treated together as the odd oxygen (Oy) family.

Chapman’s pure-oxygen chemistry, described above, governs the formation and destruction
of ozone. In addition, the equilibrium concentration of Os is also controlled by catalytic reactions
involving specific catalysts, as outlined in the general scheme;

03+X—XO0+0 (1.5)
XO0+0—X+M (1.6)
03+0—>20, (1.7)

Species that can most efficiently fulfill the role of catalyst X are hydroxyl radicals (OH),
nitrogen oxides (NO), and inorganic halogens, which are particularly effective in the destruction
of ozone (Bates and Nicolet, 1950). These catalysts play a significant role in ozone depletion,
especially in the polar stratosphere, where their abundance and reactivity are enhanced under
certain conditions.

To understand changes in O3 abundance in the atmosphere, it is essential to consider two

main processes: (1) the transport of O3 into or out of the region of interest, and (2) the chemical
creation or destruction of O3. These processes are described by the continuity equation:

d[0s] _ J[Os]
dt ot

+V-V[Os3]+ S (1.8)

Y (2)

where [Os3] represents the concentration of ozone, V is the wind vector, and S denotes the
chemical sources and sinks of ozone. The first two terms on the right-hand side describe the
transport of ozone, which is governed by atmospheric dynamics. The third term represents the
chemical processes that create or destroy ozone, controlled by atmospheric chemistry. When
examining ozone production and loss, it is essential to distinguish between the two factors
influencing changes in ozone concentrations, as they can either obscure or mimic each other.
The interplay between dynamics and chemistry plays a crucial role in shaping the distribution of
atmospheric constituents, and understanding this competition between both is key to accurately
interpreting ozone changes (Brasseur and Solomon, 2005).

Ozone is also present in the MLT regions, though at lower concentrations than in the
stratosphere. A secondary ozone layer forms between 90 and 105 km (Figure 1.9), with a peak
concentration driven by UV absorption at much shorter wavelengths (137-200 nm) compared
to the stratospheric ozone layer, which primarily forms due to the absorption of UV radiation
in the 185-242 nm range by molecular oxygen (Smith and Marsh, 2005). The extremely cold
temperatures in the mesopause region, combined with the location of the atomic oxygen
density maximum, contribute to ozone formation at this altitude. Furthermore, a tertiary ozone
layer exists between 70 and 75 km (Figure 1.9), characterized by a local maximum that occurs
exclusively at high latitudes in the wintertime hemisphere during nighttime (Marsh, Smith,
et al., 2001; Smith, Espy, et al., 2018). This nighttime phenomenon results from a significant
reduction in ozone destruction by hydrogen radicals under nocturnal conditions (Degenstein
et al., 2005; Marsh, Smith, et al., 2001).
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Figure 1.9 Variation of ozone VMR in the Arctic averaged from 70° N to 90° N in 2022 simulated by
WACCM-X(SD).

1.3.2 Water vapor

Water vapor (H,O) is a key trace gas in the middle atmosphere, playing a crucial role in
atmospheric chemistry, radiation, and dynamics. Although its concentration is relatively low
compared to the troposphere, water vapor in the stratosphere and mesosphere significantly
influences climate processes, the ozone layer, and atmospheric circulation. The primary sources

of water vapor in the middle atmosphere include:

1. Water vapor enters the middle atmosphere through the cold tropical tropopause, where low
temperatures cause most of it to condense and freeze into ice particles before ascending
(Fueglistaler et al., 2009; Holton et al., 1995; Nassar et al., 2005).

2. The oxidation of methane (CH,) generates water vapor within the middle atmosphere
(Brasseur and Solomon, 2005; Le Texier, Solomon, and Garcia, 1988):

CH;+OH — CH3 +H,O (1.9)

3. Occasional injections from deep convection or volcanic eruptions (Corti et al., 2006;
Dessler and Sherwood, 2009; Joshi and Jones, 2009; Manney, Santee, et al., 2023; Xu et al.,
2022).

In the stratosphere, water vapor concentration generally increases with altitude due to

methane oxidation. However, as altitude increases, photodissociation becomes a significant
loss mechanism. Below approximately 70 km, photodissociation is driven by radiation in
the Schumann-Runge bands. At higher altitudes, Lyman-« radiation (121.6 nm) dominates
the breakdown of water vapor. The balance between production and loss processes typically
results in a maximum water vapor concentration near the stratopause - water vapor volume
mixing ratio peak of about 7 ppmv near this altitude in the polar region in summer, as seen in
Figure 1.11b.
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Figure 1.10 Variation of water vapor VMR in the Arctic averaged from 70° N to 90° N in 2022 simulated
by WACCM-X(SD).

Above the mesosphere, water vapor concentration generally decreases with altitude due to
the absence of additional sources. However, two distinct exceptions disrupt this trend, occurring
under specific spatial and temporal conditions. A secondary peak between 65 km and 75 km
appears in the tropics around the equinox and in the polar summer. It results from an interplay
of dynamics and chemistry during intense solar insolation, involving upwelling winds and
autocatalytic water vapor formation from molecular hydrogen (Sonnemann, Grygalashvyly,
and Berger, 2005). An additional peak around 82 km in the polar summer arises due to the
redistribution of water vapor by sedimenting ice particles associated with noctilucent clouds
(NLCs) and polar mesospheric summer echoes (PMSEs) (Summers et al., 2001; Von Zahn and
Berger, 2003).

Water vapor is a valuable tracer for studying dynamical processes in the middle atmosphere,
as its chemical lifetime and vertical transport timescales are comparable (Brasseur and Solomon,
2005). Its lifetime varies with altitude, ranging from weeks in the upper mesosphere to months
in the lower mesosphere. The wave-driven large-scale meridional circulation influences water
vapor transport, with upwelling of moist air in summer and subsidence of dry air in winter
(Figure 1.10). Water vapor has been widely used to investigate vertical motion in the middle
atmosphere, including transport during SSWs, periodicities, and ascent and descent rates
(shi2023; Bailey et al., 2014; Lee et al., 2011; Orsolini et al., 2010; Scheiben et al., 2012; Schranz,
Tschanz, et al., 2019; Tschanz and Kampfer, 2015). Additionally, water vapor observations can
capture well the following large-scale descent inside the newly formed mesospheric vortex.
The polar vortex edge acts as a transport barrier, limiting the exchange of chemical species
between midlatitudes and polar regions. This leads to strong horizontal gradients in water
vapor concentrations across the vortex boundary. At mesospheric altitudes, water vapor levels
are generally lower inside the polar vortex than outside, due to the downward transport of dry
air from higher altitudes within the vortex core.
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Figure 1.11 Mean seasonal ozone (a) and water vapor VMR profiles over Ny-Alesund, Svalbard (78.99°
N, 12° E) during boreal winter and summertime from WACCM-X(SD) model simulations.

1.3.3 Radiative and dynamical effects of ozone and water vapor

Ozone and water vapor are key trace gases in the Earth’s atmosphere, both playing essential
roles in sustaining life and regulating the climate. Typical ozone and water vapor profiles
from the surface up to 100 km altitude can be seen in Figure 1.11. Stratospheric ozone absorbs
harmful UV radiation from the Sun, protecting life on Earth’s surface. This absorption also
heats the stratosphere, shaping the atmospheric thermal structure. In contrast, tropospheric
ozone acts as a pollutant that poses risks to human health but also serves as an oxidizing agent,
helping to break down other atmospheric pollutants. Water vapor is one of the most significant
greenhouse gases (GHG) in the troposphere, contributing to the greenhouse effect that increases
the Earth’s mean surface temperature. Additionally, water vapor has a chemical lifetime of
the order of months to years in the upper stratosphere and lower mesosphere (Brasseur and
Solomon, 2005), making it a valuable tracer for studying large-scale upwelling and downwelling
of air masses in the polar mesosphere (Schranz, Tschanz, et al., 2019; Straub, Tschanz, et al.,
2012; Tschanz, Straub, et al., 2013).

Both ozone and water vapor are the major contributors to solar heating and terrestrial
cooling, thereby influencing Earth’s radiation budget and surface climate (Brasseur and Solomon,
2005). In the middle atmosphere, ozone is the dominant absorber, and carbon dioxide is the
dominant emitter. Infrared emission by ozone and water vapor, and solar absorption by water
vapor, molecular oxygen, carbon dioxide, and nitrogen dioxide play secondary roles (Figure 1.12).
The primary source of solar heating in the stratosphere and mesosphere is the absorption of
ultraviolet radiation by ozone, while in the lower thermosphere, molecular oxygen plays a
dominant role. On the other hand, terrestrial cooling is primarily driven by thermal infrared
emission, which is strongly dependent on temperature and the presence of GHG such as carbon
dioxide, ozone, and water vapor. These gases regulate the Earth’s energy balance by absorbing
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and re-emitting infrared radiation, influencing atmospheric temperatures and climate dynamics.
The presence of GHG, such as carbon dioxide, ozone, and water vapor, absorb and re-emit
longwave radiation, acting to cool the stratosphere and mesosphere. Although GHG warm
the troposphere by trapping outgoing longwave radiation, some of this re-emitted radiation
escapes to space, resulting in overall cooling of the stratosphere. This cooling occurs because
the stratosphere is less dense and optically thinner than the troposphere, allowing more infrared
radiation to be lost to space.

In the Arctic stratosphere, the highest temperatures occur during the polar summer when
continuous solar radiation heats the atmosphere, while the lowest temperatures are observed
in winter due to the prolonged absence of sunlight and strong radiative cooling. However,
stratospheric temperatures in the Arctic can fluctuate more, leading the ozone and water vapor
changes, particularly during extreme events such as SSWs. Exploration of the distinct roles
of the radiative and dynamical heating rates during these events can link to the ozone and
water vapor VMR variations, whereby the heating/cooling supplied by dynamics is balanced
by shortwave radiative heating and longwave radiative cooling. Following a discussion of the
approximations and assumptions (Dunkerton, 1978; Solomon et al., 1986), the zonally averaged

residual Eulerian thermodynamic equation can be expressed as:

i+7i+_"(HN2+i)—_
ot "oy UV R Tz T

(1.10)

where T is the zonally averaged deviation from the global mean temperature, %—z represents
the temperature gradient, and HTNZ represents the global mean static stability. The net radiative
heating rate 6 (Kiehl and Solomon, 1986; Solomon et al., 1986) accounts for the combined effects
of both shortwave and longwave radiative heating. The v* and @" are the residual meridional

and vertical winds as follows (Andrews, Holton, and Leovy, 1987):

M, = —e"" W) -v'60'/6.%.,) (1.11)

M, = -e"H ("X -v'0'/6,%,) (1.12)

where v and w are the meridional and vertical winds, 6 is the potential temperature, a is the
Earth’s radius, and ¢ is the latitude.

The complex interactions within the chemistry-climate system (Figure 1.13) make it chal-
lenging to attribute changes in ozone solely to variations in ozone-depleting substance (ODS)s
and other influencing factors. For instance, reductions in polar stratospheric ozone due to
increased equivalent stratospheric chlorine (ESC) lead to stratospheric cooling, as less UV

radiation is absorbed by ozone. This cooling further enhances the effectiveness of ESC by
promoting the formation of polar stratospheric clouds. Additionally, rising GHG concentrations

contribute to the radiative cooling of the stratosphere while simultaneously strengthening the
BDC, which induces adiabatic warming in the polar stratosphere and enhances mixing with
lower latitudes.
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Figure 1.12 Vertical distribution of solar short-wave heating rates by ozone (O3), molecular oxygen
(0,), Nitrogen Dioxide(NO,), water vapor (H,0), carbon dioxide (CO,), and the terrestrial long-wave
cooling rates by CO,, O,, and H,O. This figure is from Brasseur and Solomon, 2005.

1.4 Observational and modeling approaches

The following section provides a comprehensive overview of ozone and water vapor measure-
ments in the middle atmosphere, highlighting key observational techniques, including satellite,
ground-based, and in-situ measurements. Additionally, it discusses model simulations used
to study their distributions, variability, and underlying physical and chemical processes. The
section also examines the strengths and limitations of different measurement approaches and
the role of models in interpreting observations and improving our understanding of middle

atmospheric dynamics and chemistry.

1.4.1 Measurements

Various techniques are used to measure trace gases in the atmosphere, with the choice of method
depending on factors such as altitude range, spatial coverage, and temporal resolution. These
techniques can be broadly classified into in situ measurements and remote sensing methods
(Figure 1.14). In situ measurements, conducted using instruments on balloons, aircraft, or rockets,
provide direct sampling at specific locations. In contrast, remote sensing techniques, including
ground-based or satellite measurements rely on the atmospheric emission and absorption of
electromagnetic radiation to measure atmospheric trace gases. These methods are governed by
the principles of radiative transfer theory.

Balloon-borne techniques (ozonesondes) provide valuable in situ measurements of the
vertical distribution of the ozone concentration in the atmosphere but are limited to the lower
part of the middle atmosphere, generally reaching altitudes of up to approximately 35 km.
Ozonesondes are lightweight and launched in tandem with a radiosonde that also transmits
air pressure, temperature, humidity, and wind data to a ground station (Murata et al., 2009;
Van Malderen et al.,, 2021) to investigate atmospheric gravity wave activity (Chane-Ming et
al., 2000; Tateno and Sato, 2008). Ultra-thin-film high-altitude balloons that can attain an
altitude of about 50 km (Matsuzaka et al., 2000). Precise water vapor measurements above the
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Figure 1.13 Schematic of stratospheric chemistry-climate interactions of ozone and water vapor. Links
between elements of the chemistry-climate system are indicated with arrows representing chemistry
(blue), radiation (red), transport (green), and other mechanisms (black). This figure is from the WMO
report using a simplified picture including feedback processes. Simple and more complex feedback cycles
can be constructed following the linking mechanisms.

troposphere can also be collected by in-situ balloon-borne sensors such as Laser Absorption
Spectrometers (Graf et al., 2021). Weather balloons are launched once or twice daily from

numerous stations worldwide, and their data are widely assimilated into NWP models and
reanalysis datasets, such as the MERRA-2. In situ observations are achievable to measure the
stratospheric ozone profile through sounding rocket campaigns. Additionally, these rockets have
been instrumental in studying atmospheric tides in the middle atmosphere, as demonstrated
by (Lindzen and Chapman, 1969; Miillemann and Liibken, 2005), who used repeated rocket
soundings to investigate tidal structures. Due to their ability to obtain high-resolution data
during both ascent and descent, sounding rockets are also effective in capturing small-scale
atmospheric phenomena, such as turbulence in the MLT region (Roberts and Larsen, 2014).
Aircraft-based measurements offer high spatial and temporal resolution, complementing balloon
and satellite observations. Research aircraft equipped with specialized instruments have been
used in various campaigns to investigate stratospheric composition and dynamics. For example,
airborne platforms such as NASA’s ER-2 and WB-57 aircraft have been employed to study
stratospheric ozone variability and transport processes (Anderson et al., 2017). Similarly, in
situ water vapor measurements from aircraft missions have contributed to understanding
stratosphere-troposphere exchange and the role of water vapor in climate regulation (KLEY,
2000).

Remote exploration of dynamics and composition in the middle atmosphere is challenging
due to the region’s altitude and the limitations of direct in-situ measurements. The Network
for the Detection of Atmospheric Composition Change (NDACC) is a globally coordinated
international network comprising over 90 stations that conduct high-precision, long-term mea-
surements of atmospheric composition (De Maziére et al., 2018). NDACC is structured around
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Figure 1.14 Overview of different measurement approaches for atmospheric composition (Salawitch
et al., 2019).

categories of ground-based observational techniques (sonde, lidar, microwave radiometers,
Fourier Transform Infrared (FTIR), UV-visible Differential Optical Absorption Spectroscopy

(DOAS)-type, and Dobson-Brewer spectrometers, as well as spectral UV radiometers), timely
cross-cutting themes (ozone, water vapor, measurement strategies, cross-network data integra-
tion), satellite measurement systems, and theory and analyses (Figure 1.15):

Ground-based observations play a key role in monitoring middle atmospheric composition.
Microwave radiometers (e.g., GROMOS-C and MIAWARA-C) detect emission lines from ozone
and water vapor in the microwave spectrum, providing vertical profiles with high time resolution
(Fernandez, Murk, and Kampfer, 2015; Schranz, Fernandez, et al., 2018; Straub, Murk, and
Kémpfer, 2010). FTIR spectrometers record solar absorption spectra, allowing highly precise

and accurate retrieved water vapor profiles (Schneider and Hase, 2009; Wu et al., 2023). The
long-term stability of ground-based FTIR measurements makes them valuable for validating
satellite-derived water vapor data and model simulations (Bernet et al., 2020; Vigouroux et al.,
2008). Lidars and radars provide long-term data for detecting the changes and trends in the
middle atmosphere. Differential Absorption Lidar (DIAL) measures ozone concentration profiles
with a high vertical resolution, while radars contribute to wind and turbulence measurements
that influence water vapor transport (Keckhut et al., 2011; Steinbrecht et al., 2009). Satellite-
based instruments offer global coverage of ozone and water vapor distributions. Instruments
such as the MLS on Aura, the Sub-Millimeter Radiometer (SMR) on Odin, and FTIR sensors like
TROPOspheric Monitoring Instrument (TROPOM) provide continuous observations, capturing

key dynamical and chemical processes influencing middle atmospheric composition (Murtagh
et al., 2002; Waters et al., 2006). By integrating data from these complementary remote sensing
techniques, researchers can better investigate middle atmospheric processes, improve model
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1 The Arctic middle atmosphere

UV radiation
GHGs
Temperature

NO,

Microwave spedirometar

FTIR (NO. NO,, HNO,)

i Altitude
e

=
=

Surface spectral UV iradiance

.
|
2
-
;}:
2
&)
=
i

Akl =

Fipples indicate approximate vertical resolution

Total Column Vertical Profiles
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simulations, and enhance our understanding of the role of ozone and water vapor in atmospheric

circulation and climate.

1.4.2 Models

Atmospheric models, especially those focused on weather prediction and climate research are
mainly concerned with the troposphere and the lower stratosphere. In the last decades, a general
trend to elevated model-tops has been observed with models providing data for the middle
atmosphere (up to 80 km), and even up to the thermosphere (500 km). How well the modeled
quantities agree with measurements in these altitudes is the subject of current research (Blanc
et al.,, 2019; Le Pichon et al., 2015; Riifenacht, Baumgarten, et al., 2018a).

Global Climate Models (GCMS) and Chemistry-Climate Models (CCMs) are essential
tools for investigating dynamics, chemistry, and radiative processes in the stratosphere and
mesosphere. A key application of these models is to assess ozone depletion and recovery (Amos
et al., 2020), particularly in response to ODSs and climate change. For example, the WACCM,
a high-top extension of the Community Earth System Model (CESM), simulates stratospheric
ozone trends (Davis et al., 2023; Gettelman et al., 2019), the impact of the QBO (Wang, Hong, et al,,
2022), and planetary wave propagation in the middle atmosphere (Lu et al., 2018). Furthermore,

WACCM simulations can capture the formation of nighttime secondary ozone layers during
major SSW events (Tweedy et al., 2013), and the spatial and temporal structure of tertiary ozone
maximum in the polar winter mesosphere (Smith, Espy, et al., 2018).

Models such as MERRA-2 and European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalyses datasets assimilate observational data to improve the representation of
stratosphere-troposphere exchange and mesospheric dynamics, which influence climate variabil-
ity and extreme weather events (Wang, Fu, et al., 2023). The Chemistry-Climate Model Initiative

(CCMI) has provided multi-model assessments of stratospheric ozone trends and variability,
demonstrating how changes in middle atmospheric composition impact surface climate and
circulation patterns (Cohen et al., 2021; Garfinkel et al., 2021; Harari et al., 2019).
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1.4 Observational and modeling approaches

Chemical Transport Models (CTMs) such as Toulouse Off-line Model of Chemistry And
Transport/Single Layer Isentropic Model of Chemistry And Transport (TOMCAT/SLIMCAT)
and Goddard Earth Observing System (GEOS)-Chem have been extensively used to study
stratospheric ozone and water vapor transport. TOMCAT/SLIMCAT, a 3-dimensional offline

model, relies on prescribed meteorological fields to simulate ozone depletion and water vapor
variations, particularly in response to dynamical and chemical processes (Chipperfield, 2006).
Similarly, GEOS-Chem, driven by reanalysis meteorology, has been widely applied to investigate
the transport of tropospheric pollutants into the lower stratosphere and the impact of climate
variability on ozone distribution (Bey et al., 2001).

The Chemical Lagrangian Model of the Stratosphere (CLaMS) focuses on small-scale
transport and mixing effects that influence ozone and water vapor variability. Studies using
CLaMS have demonstrated the importance of isentropic mixing and diabatic descent in shaping
polar ozone loss and tropical water vapor variability (McKenna et al., 2002). Additionally,
regional-scale models like Icosahedral Nonhydrostatic Model (ICON) and Weather Research
and Forecasting Model (WRF) have been employed to investigate gravity wave dynamics,
stratospheric intrusions, and mesoscale transport processes (Zangl et al., 2015). These models
have provided valuable insights into the fine-scale structure of the middle atmosphere, aiding
in the improvement of parameterizations in global models.
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2 Datasets

To investigate the variability of middle atmospheric ozone and water vapor in the Arctic, as
well as their radiative effects on mesospheric tides, this thesis utilizes ground-based microwave
radiometer and meteor radar measurements. Given the complexity of atmospheric processes,
it is essential to complement these observations with satellite measurements and reanalysis
datasets to achieve a more comprehensive understanding. With continuous advancements in
satellite technology and improvements in data assimilation models, an increasing number of
atmospheric datasets have become available. The following sections provide a detailed overview
of the ground-based measurements and other datasets used in this study.

2.1 Ground-based microwave measurements

2.1.1 Microwave radiometry

Microwave radiometry is a passive remote sensing technique that measures trace gases, temper-
ature, and horizontal winds in the middle atmosphere. It uses radiation in the microwave part
of the electromagnetic spectrum from approximately 3 GHz to 3000 GHz, with corresponding
wavelengths from 10 cm to 0.1 mm. The principle of microwave radiometry is described in
detail for example in Clancy and Muhleman, 1993. Microwave radiometry observes rotational
transition lines of atmospheric molecules in the microwave spectrum. It is one of the very few
measurement techniques that is sensitive to the middle atmosphere from 30 to 70 km altitude
and is also able to provide altitude-resolved profiles in this altitude region. For a long time it
has been used to remotely measure the mixing ratio of atmospheric constituents like ozone or
water vapor (e.g. Lobsiger, 1987; Nedoluha, Bevilacqua, et al., 1995).

In microwave radiometry, we are interested in the intensity of radiation emitted by a
molecule. Molecules that possess an electric or magnetic dipole absorb and emit microwave
radiation due to rotational transitions between energetic states. Each molecular species has
its own absorption and emission spectrum characterized by molecule-specific spectral lines.
The strength of the emitted spectral lines can then be used to derive information about the

atmospheric composition.

The shape of the emission lines of oxygen, ozone, and water vapor in the microwave
spectrum is determined by the broadening of the central line. A microwave radiometer at the
ground measures the pressure and Doppler broadened emission lines, which can be used to infer
altitude-resolved profiles of a specific species. The most likely vertical distribution of the species
can be inferred with an optimal estimation technique using a radiative transfer model to simulate
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Figure 2.1 The location of Ny-Alesund is on the island of Spitsbergen in the Svalbard archipelago
(a), well within the Arctic Circle (Schon et al., 2022). It serves as a hub for Arctic research, hosting
permanent stations from 11 countries and several ground-based atmospheric observatories, including
the French-German Alfred Wegener Institute for Polar and Marine Research and the Polar Institute
Paul-Emile Victor (AWIPEV) Arctic Research Base (b) from the AWIPEV website. GROMOS-C and
MIAWARA-C are located on the roof of this abservatory.

the observed spectral line. These models essentially solve the above equations for prescribed
atmospheric conditions. In this thesis, the Atmospheric Radiative Transfer Simulator (ARTS)
has been used to perform the most radiative transfer calculations. ARTS is an open-source
community model focused on the microwave frequency region (Buehler et al., 2018; Eriksson,
Buehler, et al., 2011) and includes useful features to simulate the effect of the microwave receiver

on the incoming radiation (Eriksson, Ekstrom, et al., 2006) and is very flexible with regards to
the atmosphere definition.

2.1.2 Instruments: GROMOS-C and MIAWARA-C

To improve monitoring of middle atmospheric composition changes in the polar regions and
to investigate dynamic and chemical processes in the Arctic, two ground-based microwave
radiometers GROMOS-C and MIAWARA-C at Ny-Alesund, Svalbard (78.99° N, 12° E) have
performed the ozone and water vapor measurements since September 2015. Developed by the
Institute of Applied Physics (IAP) at the University of Bern, these instruments observe day-to-day,
seasonal, annual, and long-term variations in ozone and water vapor in the middle atmosphere,
providing valuable insights into polar atmospheric variability and long-term trends.

The location of Ny-Alesund (see Figure 2.1a) within the Arctic Circle provides a unique
viewpoint for atmospheric observations. As one of the northernmost year-round research
stations in the world and hosting several research stations from many different countries, it plays
a key role in global atmospheric monitoring networks. The location offers a well-maintained
infrastructure and minimal local pollution. Research activities at Ny-Alesund span a wide
range of disciplines, including atmospheric science, glaciology, terrestrial ecology, and marine
ecosystems, making it ideal for polar-latitude studying the impacts of climate change.
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2.1 Ground-based microwave measurements

Both GROMOS-C and MIAWARA-C were deployed in September 2015 at the AWIPEV
Arctic Research Base in Ny-Alesund, Svalbard, one of the northernmost permanent research

stations in the world (see Figure 2.1b for a view of the observatory). The AWIPEV base, jointly
operated by France and Germany, plays a vital role in polar research and contributes to the
NDACC—a global network of over 90 stations dedicated to high-quality measurements of
atmospheric constituents.

Periods of high optical thickness, especially during rainfall, can introduce substantial noise
into the measured spectra, leading to retrieval failures, particularly for ozone measurements from
GROMOS-C. Moreover, MIAWARA-C is equipped with an automatic protective lid that closes
during precipitation, preventing measurements from being recorded under rainy conditions.
However, the clean and dry Arctic air, particularly during winter, often results in relatively low
atmospheric opacity, enhancing measurement accuracy.

GROMOS-C

GROMOS-C is an ozone microwave radiometer that measures the ozone emission line at
110.836 GHz (Fernandez, Murk, and Kampfer, 2015). The Microwave Physics group in Bern has
specialized in the development of ozone radiometers for several decades (Calisesi et al., 2002;
Calisesi, 2003; Moreira et al., 2015). Unlike other instruments, GROMOS-C was designed to
be compact, facilitating transport and operation at remote field sites under extreme climate
conditions. Additionally, GROMOS-C can switch the frequency of its local oscillator, allowing it
to also measure CO at 115 GHz. The instrument is housed externally and is not installed inside
a building, ensuring free sight in all cardinal directions. GROMOS-C features two rotating
mirrors, enabling observations in all directions. Therefore, GROMOS-C observes subsequently
on the four cardinal directions (North, East, South, and West) under an elevation angle of 22°
with a sampling time of 4 s (in Figure 2.3a, b). A photograph of GROMOS-C located on the roof
of the atmospheric observatory at Ny-Alesund is shown in Figure 2.2.

Ozone profiles are retrieved from the ozone spectra with ARTS Version 2 (Eriksson, Buehler,

et al., 2011) using QPACK (Eriksson, Jiménez, and Buehler, 2005) and according to an optimal
estimation algorithm (Rodgers, 2000). The retrieved ozone profiles cover an altitude range of
approximately 20-70 km with a time resolution of 2 hours. The retrieved ozone profile agrees
well with the convolved MLS profile and has been illustrated (shi2023; Fernandez, Murk, and
Kampfer, 2015). The averaged ozone time series, calculated from the four cardinal directions, is
shown in Figure 2.2c. The measurement response is defined as the area below the averaging
kernel for the given altitude and is a measure of the relative contribution of the a priori to the
retrieved profile. The area where the measurement response is larger than 0.8 is considered
the trustworthy altitude range of the ozone profile. The peak height of the averaging kernels
corresponds to the nominal height of the averaging kernel between 50 and 0.1 hPa, and the
vertical resolution increases from about 10 to 25 km in this altitude range. The altitude resolution
is defined as the full width at half-maximum of the averaging kernel. Zonal and meridional wind
profiles are retrieved from ozone spectra measured in the east-west and north-south directions.
The retrieval algorithm is described by Hagen et al. (2018) and Riifenacht, Kdmpfer, and Murk
(2012). For wind profile retrievals, an integration time of one day is required, and the resulting
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Figure 2.2 The ground-based microwave radiometer GROMOS-C at Ny-Alesund.

profiles cover an altitude range from approximately 75 km down to 60-45 km, depending on
tropospheric opacity.

Ozone measurements from GROMOS-C were analyzed to characterize the diurnal ozone
cycle, revealing pronounced seasonal variations in the diurnal ozone signal at Ny-Alesund. In
addition, the instrument demonstrated the capability to detect the tertiary ozone maximum
above Ny-Alesund during winter (Schranz, Fernandez, et al., 2018). Over three years, ozone
measurements from GROMOS-C were also used to investigate ozone variability associated
with both minor and major SSW events. The retrieved ozone profiles were validated through
comparisons with Atmospheric Chemistry Experiment — Fourier Transform Spectrometer (ACE-
FTS) satellite data, OZone Radiometer for Atmospheric Measurements (OZORAM) ground-based
observations, and in situ measurements, showing agreement within 6% relative to SD-WACCM

simulations and other observational references (Schranz, Tschanz, et al., 2019).

MIAWARA-C

MIAWARA-C is a water vapor microwave radiometer that measures the rotational transition
line of water vapor at 22 GHz (Straub, Murk, and Kampfer, 2010). The Microwave Physics
group has previously built two other 22 GHz water vapor radiometers (De Wachter et al., 2010;
Deuber et al., 2005). A photograph of MIAWARA-C, which is also located on the roof of the
atmospheric observatory at Ny-Alesund, is shown in Figure 2.2. The standard measurement
cycle of MIAWARA-C is to measure sky East, reference East, sky West, and reference West for
about 15 s each. Every 15 minutes, the ambient load is measured for about 2 s, and the sky at
60° elevation is measured for about 15 s. A tipping curve is performed to determine the sky
temperature at 60° elevation. Similar to GROMOS-C, MIAWARA-C retrieval is also performed
with ARTS Version 2 (Eriksson, Buehler, et al., 2011) and QPACK software (Eriksson, Jiménez,
and Buehler, 2005) according to the optimal estimation algorithm (Rodgers, 2000). From the
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Figure 2.3 GROMOS-C ozone measurements from the four cardinal directions (North, East, South,
and West) at two pressure levels: 10 hPa (a) and 50 hPa (b). Panel (c) shows the averaged ozone time
series from all four directions.

measured spectra, we retrieve water vapor profiles that cover an altitude range extending from
37 km to 75 km with a time resolution of 2-4 h and a vertical resolution of 12-19 km. A detailed
description of the design and the retrieval algorithm can be found in Straub, Murk, and Kéampfer
(2010) and Tschanz, Straub, et al. (2013).

Three years of MIAWARA-C measurements were intercompared with satellite, ground-
based observations, and models, showing agreement within 5% relative to SD-WACCM sim-
ulations and ACE-FTS satellite measurements (Schranz, Tschanz, et al., 2019). Following this
validation, water vapor measurements from MIAWARA-C were used to estimate the descent
of water vapor within the Arctic polar vortex (Schranz, Hagen, et al., 2020; Schranz, Tschanz,
et al., 2019).
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Figure 2.4 The ground-based microwave radiometer MIAWARA-C at Ny-Alesund.

2.2 Integrated ozone and water vapor datasets

2.2.1 Aura/MLS

The MLS is an instrument onboard NASA’s EOS-Aura satellite which was launched in 2004
(Waters et al., 2006). The satellite is in a Sun-synchronous orbital altitude of 705 km, with a
period of 1.7 hours, and 98 ° inclination. MLS scans the limb in the direction of orbital motion,

which gives almost pole-to-pole coverage (82°S to 82°N) with each profile spaced 1.5 degrees or
165 km along the orbit track. The instrument measures thermal microwave signals in the 118,
190, 240, 640, and 2500 GHz regions of the spectrum, with separate microwave receiver and
spectrometer assemblies for each region (see in Figure 2.5), which deduce vertical abundance
profiles of atmospheric composition, along with temperature, geopotential height, cloud ice
amount, and relative humidity according to the “Level 2” retrieval algorithms (Livesey et al.,
2018; Read et al., 2006; Schwartz, Read, and Snyder, 2006). These observations are essential for
monitoring the stability and recovery of the stratospheric ozone layer, enhancing predictions of
climate change and variability, and improving the scientific understanding of global air quality
and its long-range transport. In this thesis, the focus is on the measurements of ozone, water
vapor, and temperature.

Ozone is retrieved from the 240 GHz spectral band, which provides ozone profiles from
approximately 16 km to 86 km altitude (316 — 0.001 hPa), with vertical resolutions ranging from
2.5 to 6 km. Comparisons of MLS ozone with other ozone observations have indicated general
agreement at the 5-10% level with stratospheric profiles relative to several other satellites,
balloons, aircraft, and ground-based data (Hubert et al., 2016; Nair et al., 2012; Schranz, Tschanz,
et al., 2019; Tegtmeier et al., 2013).

Water Vapor is retrieved from the 190 GHz spectral line, which provides water vapor
profiles extending from around 10 km to 86 km altitude (316 - 0.00215 hPa). The vertical
resolution is about 3.5 km between 316 hPa and 4.64 hPa, and approximately 15 km above 0.1
hPa. The MLS and ground-based measurements and climate models show strong interannual
agreement, particularly a clear QBO signature (Kawatani, Lee, and Hamilton, 2014; Nedoluha,
Gomez, et al., 2007). When comparing MLS data to the MERRA and MERRA-2 reanalysis

30



2.2 Integrated ozone and water vapor datasets

Product Origin Spectral region

BrO CorePlusR4AB14 640GHz

CH;Cl CorePlusR4AB14 640 GHz

CH3CN CorePlusR4AB14 640 GHz

CH3O0H Methanol 640 GHz

clo CorePlusR4AB14 640 GHz

co CorePlusR3 240GHz

GPH GPHONnly 118 & 240GHz

H,0 CorePlusR2 190 GHz

HCI CorePlusR4AB14 640GHz

HCN HydrogenCyanide 190 GHz

HNO, CorePlusR2 (15hPa and less) 190 GHz
CorePlusR3 (larger than 15 hPa) 240GHz

HO, CorePlusR4AB14 640 GHz

HOCI CorePlusR4AB14 640 GHz

IwcC HighCloud 240GHz

IWP HighCloud 240GHz

N,O NitrousOxide 190 GHz

05 0zoneOnly 240GHz

OH CorePlusR5 2.5THz

T ﬁ:guputed from Temperature and 190 GHz

S0, CorePlusR3 240GHz

Temperature  CorePlusR3 118 & 240GHz

Figure 2.5 The origin of each of the standard products from version 5 Level 2 Data Quality Document.

datasets show significantly different horizontal transport rates, with MERRA and MERRA-2
being 106% faster in the Northern Hemisphere but 42-45% slower in the Southern Hemisphere
compared to MLS (Jiang et al., 2015).

Temperature is derived from radiances measured by the 118 & 240 GHz radiometers.
Temperature profiles have a vertical resolution of 3—4 km from 261 hPa to 10 hPa, degrade to
7-8 km at 1-0.1 hPa, 11 km at 0.01 hPa, and to 12 km at 0.0001-0.0002 hPa. MLS observational
data with high vertical resolution can quantify temperature trends in the upper stratosphere,
particularly above 45 km, which display generally in agreement with other satellite limb
instruments (Dubé et al., 2024; Wing et al., 2018). New and updated temperature observations in
the middle and upper stratosphere will better understand the multidecadal cooling rate (cooling

trend) and more accurately quantify the impact of humanity on the climate.

2.2.2 MERRA-2

The MERRA-2 is NASA’s latest global atmospheric reanalysis dataset, developed by the Global
Modeling and Assimilation Office (GMAO). It spans from 1980 to the present and provides a
consistent and high-resolution record of atmospheric variables for climate and weather research
(Waters et al., 2006). Gelaro et al. (2017) provides foundational descriptions of the reanalysis
system and its use in climate monitoring. Compared to MERRA, MERRA-2 assimilates a

broader range of observational data, including modern satellite measurements, and incorporates
significant improvements to the GEOS model and data assimilation system (Gelaro et al., 2017).
MERRA-2 enhances the representation of physical processes in the atmosphere, including better
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treatment of trace gas constituents (e.g., ozone and water vapor), land surface interactions, and
cryospheric processes. It has a 0.5° x 0.625° horizontal grid, with 72 hybrid-eta vertical levels
extending from the surface up to 0.01 hPa, and a time resolution of 6 hours. The dataset is widely
used for studies involving atmospheric composition, dynamics, and climate variability, and is
publicly accessible through the NASA Goddard Earth Sciences Data and Information Services
Center data portal. In this thesis, key applications of MERRA-2 include evaluating variability in
stratospheric ozone and water vapor, examining atmospheric transport processes, and validating
satellite observations and model simulations such as those from MLS and WACCM-X(SD).

2.2.3 WACCM-X

The WACCM-X is an advanced numerical model developed by the National Center for Atmo-
spheric Research (NCAR) as part of the NCAR framework, which extends from the surface to
approximately 500-700 km altitude, thereby covering the entire atmosphere up to the thermo-
sphere and lower ionosphere (Liu, Bardeen, et al., 2018; Pedatella, Chau, et al., 2019). WACCM-X
supports coupling to active or prescribed ocean, sea ice, and land components, enabling fully
interactive Earth system simulations.

WACCM-X builds upon the physics of WACCM, which itself extends to 145 km and is
based on the Community Atmosphere Model (CAM). It includes a detailed interactive chemistry
module for major chemical species such as ozone, water vapor, and related trace gases (Garcia
et al,, 2017; Gettelman et al., 2019; Marsh, Mills, et al., 2013). Key improvements in recent model
versions include updates to non-orographic gravity wave drag parameterizations, enhanced
representations of SSW events, updated chemical kinetics, and the inclusion of time-varying
GHG and ODS (Eyring et al., 2013; Neale et al., 2010; Sander et al., 2010). WACCM-X(SD) is
employed for constrained studies. In this configuration, model winds and temperatures from the
surface up to 50 km are nudged toward the MERRA-2 reanalysis data, ensuring close agreement
with observed meteorological conditions in the troposphere and stratosphere (Gelaro et al.,
2017). WACCM-X(SD) sustains the model’s full capability in the mesosphere, thermosphere,
and ionosphere, making it ideal for investigating vertical coupling processes during events like
SSWs or tidal amplification.

The WACCM-X(SD) simulations use a horizontal resolution of 1.9° latitude x 2.5° longi-
tude, with a vertical resolution increasing above 0.96 hPa to better capture upper atmospheric

dynamics. The model output includes temperature, winds, trace gases (e.g., O3, H,0), and
radiative heating/cooling rates with a 3-hourly time resolution.

2.3 Meteor radars

Meteor radars are active remote sensing instruments that detect the backscattered radio signals
from meteor trails left by meteoroids as they ablate upon entering Earth’s atmosphere. By
measuring the Doppler shift of the meteor trail echoes, meteor radars provide high-resolution
observations of horizontal wind components (zonal and meridional) in the MLT region. The
spatial and temporal resolution of these measurements allows for detailed studies of atmospheric
dynamics, including tides and gravity waves, as well as to estimate the gravity wave momentum
flux. Meteor radar observations can be used to retrieve the constant phasing of planetary
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2.3 Meteor radars

Figure 2.6 Locations of the three high-latitude stations in the Arctic: Svalbard, Tromsg, and Sodankyl4.

wave propagation parameters (Stober, Matthias, et al., 2017). By measuring the ambipolar
diffusion coeflicient, they can also retrieve the temperature field in these altitudes (Stober,
Jacobi, et al., 2008). The wind retrieval algorithm builds upon the wind analysis techniques
originally introduced by Hocking, Fuller, and Vandepeer, 2001 and Holdsworth, Reid, and
Cervera, 2004. The adaptive spectral filter (ASF)2D, as used in (Baumgarten and Stober, 2019;
Stober, Baumgarten, et al., 2020), is further optimized to enhance wind estimation accuracy and
is employed to estimate the total tidal amplitude and phases.

In this thesis, observational data from three high-latitude stations located at Svalbard
(78.99°N, 15.99°E), Tromse (69.58°N, 19.22°E), and Sodankyl4 (67.37°N, 26.63°E) (Figure 2.6)
are used to calculate the total tides primarily dominated by migrating tidal components. A
comprehensive quantification of tidal amplitude variability and co-located tracer variability

during SSW events is explored in Chapter 6, by combining observational data with model
simulations.
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3 Aim and impact of this thesis

The global climate system is likely to remain in a state of accelerated transformation over the
next several decades and has profound impacts on global environments and ecosystems. In this
context, the middle atmosphere (approximately 20-100 km altitude) has emerged as a key area
of focus in atmospheric science. However, observational data for this altitude range remain
relatively limited, facing challenges for validating middle atmospheric numerical models and
identifying potential long-term trends (Hagen et al., 2018; Riifenacht, Baumgarten, et al., 2018b).
Given a key zone for mass and energy exchange between the stratosphere and mesosphere
(Limpasuvan et al., 2016; Shepherd, Beagley, and Fomichev, 2014), the middle atmosphere
presents substantial scientific and practical value. Long-term and continuous measurements
of wind speed, temperature, density, and atmospheric composition in this region not only
help reveal the structure and evolution of the middle atmosphere but also provide essential
observational evidence for understanding vertical coupling processes between atmospheric
layers. Such data are vital for improving parameterizations in general circulation models,
enhancing the accuracy of climate projections, and advancing numerical weather prediction
capabilities.

Ozone and water vapor are key constituents of the middle atmosphere. Their distributions
and variability are strongly influenced by photochemical processes and solar radiation (Schranz,
Fernandez, et al., 2018; Schranz, Tschanz, et al., 2019), and in turn, they affect the atmospheric
radiative balance and feedbacks in climate change (Banerjee et al., 2019; Friedel, Chiodo, Stenke,
Domeisen, Fueglistaler, et al., 2022; Friedel, Chiodo, Sukhodolov, et al., 2023). Variations in
ozone concentration significantly influence atmospheric oxidative capacity and the Earth’s
radiation budget. Water vapor, due to its relatively long chemical lifetime, serves as an ideal
tracer for investigating changes in polar vortex structure, middle atmospheric dynamics, and
the impact of SSW events on polar atmospheric conditions. Therefore, long-term and stable
monitoring of ozone and water vapor provides new insights to reveal physical and chemical
processes in the middle atmosphere, thereby enhancing our understanding of polar middle
atmospheric variability.

In this context, the thesis aims to clarify the significance of ground-based microwave
measurements of Arctic middle atmospheric ozone and water vapor. Specifically, it intends
to highlight how these observations, when compared to satellite and model data, effectively
capture diurnal, seasonal, interannual, and long-term variations in polar ozone and water
vapor. Additionally, the thesis aims to explore how ozone anomalies at different time scales
influence stratospheric and mesospheric dynamics and physical processes. The main questions
are addressed:
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3 Aim and impact of this thesis

36

+ Chapter 4: How do interannual and seasonal variations in ozone and water vapor differ

between the Northern and Southern Hemispheres, and what are the associated vertical
transport velocities of water vapor? Additionally, it investigates how well ground-based
radiometers, reanalysis, and satellite data can characterize these differences and improve
our understanding of polar atmospheric dynamics.

Chapter 5: How can observational and numerical simulations quantitatively analyze
the dynamical and chemical mechanisms behind polar ozone variations during major
warming and final warming SSW events? How do interactions such as horizontal eddy
effects, vertical advection, and photochemical processes lead to distinct ozone anomaly
patterns and their sustained changes during both types of events?

Chapter 6: How do diurnal, semidiurnal, and terdiurnal tidal amplitudes in the Arctic MLT
vary during and after major SSW events, and what are the roles of dynamical and radiative
processes in these variations? How do changes in ozone and water vapor, induced by
planetary wave breaking, influence mesospheric tidal variability and their contribution
to short-wave heating and long-wave cooling during major SSW events?



4 Interannual variability of ozone and
water vapor

4.1 Introduction

Over the past eight years, continuous ground-based microwave radiometer measurements from
GROMOS-C and MIAWARA-C have been conducted at (78.99° N, 12° E). We investigate the
interannual and seasonal variability of ozone and water vapor at polar latitudes using multi-year
ground-based microwave radiometer measurements, in combination with MERRA-2 reanalysis
and Aura-MLS satellite data.

In the following publication, we present climatologies for both trace gases and evaluate
the consistency across datasets. A hemispheric comparison is conducted by introducing a
virtual station at 78.99° S, 12° E, revealing stronger variability in the Northern Hemisphere.
Furthermore, we estimate vertical transport velocities of water vapor, offering insights into the
residual circulation and polar dynamics linked to the stratospheric polar vortex.

4.2 Publication

The following article has been published in Atmospheric Chemistry and Physics (ACP).
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Abstract. Leveraging continuous ozone and water vapor measurements with the two ground-based radiome-
ters GROMOS-C and MIAWARA-C at Ny—Alesund, Svalbard (79° N, 12° E) that started in September 2015 and
combining MERRA-2 and Aura-MLS datasets, we analyze the interannual behavior and differences in ozone and
water vapor and compile climatologies of both trace gases describing the annual variation of ozone and water
vapor at polar latitudes. A climatological comparison of the measurements from our ground-based radiometers
with reanalysis and satellite data was performed. Overall differences between GROMOS-C and Aura-MLS ozone
volume mixing ratio (VMR) climatology are mainly within +7 % throughout the middle and upper stratosphere
and exceed 10 % in the lower mesosphere (1-0.1 hPa) in March and October. For the water vapor climatology,
the average 5 % agreement is between MIAWARA-C and Aura-MLS water vapor VMR values throughout the
stratosphere and mesosphere (100—0.01 hPa). The comparison to MERRA-2 yields an agreement that reveals dis-
crepancies larger than 50 % above 0.2 hPa depending on the implemented radiative transfer schemes and other
model physics. Furthermore, we perform a conjugate latitude comparison by defining a virtual station in the
Southern Hemisphere at the geographic coordinate (79° S, 12° E) to investigate interhemispheric differences in
the atmospheric compositions. Both trace gases show much more pronounced interannual and seasonal variabil-
ity in the Northern Hemisphere than in the Southern Hemisphere. We estimate the effective water vapor transport
vertical velocities corresponding to upwelling and downwelling periods driven by the residual circulation. In the
Northern Hemisphere, the water vapor ascent rate (5 May to 20 June in 2015, 2016, 2017, 2018, and 2021 and
15 April to 31 May in 2019 and 2020) is 3.4 + 1.9 mm s~ ! from MIAWARA-C and 4.6 + 1.8 mms~! from Aura-
MLS, and the descent rate (15 September to 31 October in 2015-2021) is 5.0 4 1.1 mms~! from MIAWARA-C
and 5.4+ 1.5mms~! from Aura-MLS at the altitude range of about 50-70 km. The water vapor ascent (15 Oc-
tober to 30 November in 2015-2021) and descent rates (15 March to 30 April in 2015-2021) in the Southern
Hemisphere are 5.2 4 0.8 and 2.6 & 1.4 mm s~! from Aura-MLS, respectively. The water vapor transport vertical
velocities analysis further reveals a higher variability in the Northern Hemisphere and is suitable to monitor and
characterize the evolution of the northern and southern polar dynamics linked to the polar vortex as a function
of time and altitude.
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1 Introduction

Ozone and water vapor are essential climate variables that
play a key role in the radiative balance in the middle atmo-
sphere. Their seasonal and interannual variability is closely
coupled to dynamical and chemical processes, which are
driven and modulated by atmospheric waves including plan-
etary waves, gravity waves (GWs), and atmospheric tides.
These atmospheric waves transport energy and momentum
from their source region to the altitudes of their dissipation
and thus contribute to the energy balance between different
atmospheric layers.

Model results suggest that GWs drive the summer
mesopause temperature up to 100 K below the radiative equi-
librium (Lindzen, 1981; Smith, 2012; Becker, 2012). The ex-
treme cold temperatures at the summer mesopause are the
result of an upwelling and a corresponding adiabatic cool-
ing of the uplifted air masses in the summer hemisphere
and are accompanied by a downwelling in the winter hemi-
sphere. The pole-to-pole circulation is often referred to as
residual circulation or transformed Eulerian mean circula-
tion (Andrews and Mcintyre, 1976). Another important cir-
culation branch at altitudes lower than the residual circula-
tion is the Brewer—Dobson circulation (BDC) (Brewer, 1949;
Dobson, 1956). BDC is a factor in stratospheric ozone and
water vapor variability, but, as mentioned later in this pa-
per, polar stratospheric clouds can have significant seasonal
impacts on ozone and water vapor abundances in the lower
stratosphere. The circulation is fundamentally driven by dis-
sipating waves of tropospheric origin and broadly consists
of large-scale tropical ascent and winter pole descent. BDC
is much weaker during boreal summer due to the different
distribution of land masses and the associated differences in
the generation of planetary and GWs between both hemi-
spheres. BDC can govern the entry and distribution of air
masses and constituents from the troposphere into and within
the stratosphere. The meridional transport of trace gases into
the polar cap is controlled by the strength of the polar vor-
tex during polar winter, which is driven by the temperature
gradient between the polar cap and the mid-latitudes through
the thermal wind balance in the hemispheric winter strato-
sphere, and the vortex forms an essential barrier separating
ozone-rich air at the mid-latitudes from ozone-depleted air
within the polar cap. However, planetary waves can disturb
the polar vortex and even lead to its breakdown during sud-
den stratospheric warming events (SSWs) (Matsuno, 1971;
Baldwin et al., 2021), which is accompanied by a large-scale
intrusion and mixing of air masses from the mid-latitudes to-
wards the high latitudes, helping to recover the ozone vol-
ume mixing ratio (VMR) (Schranz et al., 2020). Further-
more, the transition from the winter to the summer circula-
tion is decisively controlled by the presence of the planetary
wave activities (Matthias et al., 2021). Previous studies even
concluded that dynamical forced transitions have a persis-
tent impact on the circulation lasting several weeks (Bald-
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win and Dunkerton, 2001). The stratospheric quasi-biennial
oscillation (QBO) modulates the Northern Hemisphere win-
tertime stratospheric polar vortex, resulting in its weakening
and shifting (Garfinkel et al., 2012; Zhang et al., 2019). Wang
et al. (2022) use reanalysis data and model simulations to
demonstrate that the total column ozone and stratospheric
ozone (50-10hPa) anomalies are seasonally dependent and
zonally asymmetric in the polar region, and in that work the
QBO affects the polar vortex and stratospheric ozone mainly
by modifying the wave number 1 activities. Tao et al. (2019)
investigate an intercomparison of simulated stratospheric wa-
ter vapor variations, focusing on the QBO and long-term
variability and trends.

Stratospheric ozone observation results largely reflect
a distribution that presents significant asymmetry in both
hemispheres, with the differences reaching their maximum
values in the winter and spring seasons (Shepherd, 2008). Be-
cause most ozone is found in the lower stratosphere, the dif-
ferences in the column ozone distribution explain the asym-
metry because of dynamic transport, as well as the interan-
nual variability of ozone in both hemispheres (McConnell
and Jin, 2008; Langematz, 2019). Long-term polar ozone
observations offer better recognition and predictability of
stratospheric ozone trends and an understanding of the attri-
bution of changes. Water vapor has a chemical lifetime on the
order of months in the upper stratosphere and lower meso-
sphere (Brasseur and Solomon, 2005); therefore, it can be
used as a tracer to study a large-scale upwelling and down-
welling of the air masses in the polar mesosphere. The meso-
sphere at the high latitudes is characterized by an annual vari-
ation with higher water vapor during local summer and lower
water vapor during local winter that is mainly determined by
the mean vertical transport (Forkman et al., 2005; Lee et al.,
2011). Straub et al. (2010) and Schranz et al. (2019) estimate
the vertical gradient of water vapor inside of the polar vortex
in autumn based on microwave radiometry measurements at
polar latitudes. The distribution and variability of ozone and
water vapor exhibit a wealth of information on atmospheric
circulation.

There are several techniques to obtain ozone and water va-
por measurements in the middle atmosphere. The Aura satel-
lite with the Microwave Limb Sounder (MLS) collects global
water vapor and ozone profiles among other chemical species
with coverage at a fixed local time due to its sun-synchronous
orbit (Livesey et al., 2006). Ground-based observations are
often performed using Brewer and Dobson instruments (Zu-
ber et al., 2021), which provide very high-quality and high-
precision ozone column densities but lack the vertically re-
solved information. Lidars are providing good vertical reso-
lution to measure ozone (Brinksma et al., 1997; Bernet et al.,
2021). The instruments carried with aircraft and balloon-
borne instruments including ozonesondes and frost-point hy-
grometers perform highly vertically resolved measurements
of ozone and water vapor in the upper troposphere and lower
stratosphere (Zahn et al., 2014; Eckstein et al., 2017). How-
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ever, there are only a few systems available and the observa-
tion time depends on tropospheric weather conditions. At tro-
pospheric altitudes, water vapor can also be retrieved lever-
aging Raman lidars (Sica and Haefele, 2015, 2016). Precise
water vapor measurements above the troposphere can also be
collected by in situ balloon-borne sensors such as laser ab-
sorption spectrometers (Graf et al., 2021). Ground-based mi-
crowave radiometers (MWRs) allow continuous observations
under all weather conditions with a time resolution of the or-
der of hours except during rain. MWRs measuring ozone and
water vapor are valuable as they complement satellite mea-
surements, are relatively easy to maintain, have long life-
times (which ensures long and continuous time series cov-
ering several decades), and can be operated from different
locations with measurements performed autonomously on
a campaign basis (Scheiben et al., 2013, 2014). Ground-
based microwave radiometry is a reliable technique that per-
forms continuous measurements to monitor the vertical pro-
files of ozone and water vapor VMR changes to investigate
Arctic and Antarctic dynamics from diurnal to interannual
timescales.

Here, we present a detailed comparison of ozone and wa-
ter vapor observed by Aura-MLS at the conjugate latitude
station leveraging multiyear ground-based observations from
GROMOS-C and MIAWARA-C performed at Ny-Alesund
and Aura-MLS and reanalysis data. We produce and com-
pare the polar regions’ multiyear-mean ozone and water va-
por climatologies at conjugate latitude stations (Fig. 1). On
the one hand, it is intended to provide a well-characterized
representation of ozone and water vapor measured by the
two instruments and the chemistry differences between both
hemispheres concerning climatological behaviors. On the
other hand, it provides a source of data for future work,
including intercomparison studies and evaluation. Further-
more, we use the water vapor mixing ratio measurements
from MIAWARA-C and Aura-MLS observation data to de-
rive the ascent and descent rates. We estimate the strength
of upwelling and downwelling in both hemispheres over the
polar stations and discuss their interannual variability and the
hemispheric differences.

We provide an overview of the datasets in Sect. 2. The time
series of ozone and water vapor at conjugate latitude stations
in the Northern Hemisphere (NH) and Southern Hemisphere
(SH) are presented in Sect. 3. The climatologies of ozone and
water vapor are discussed in Sect. 4. The transport of water
vapor is discussed in Sect. 5. Sections 6 and 7 present the
discussion and conclusions of this study.

2 Instruments and models
In this study, we use ozone and water vapor measure-
ments from our two ground-based MWRs GROMOS-C and

MIAWARA-C, which are only available to measure at single
locations and are thus representative of a specific geographic
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Figure 1. A geographical map indicating the two stations in the
northern and southern polar regions. The conjugate latitude station
in the Southern Hemisphere is a virtual station for this study. The
locations of the stations are indicated with a solid red circle.

location. Both instruments are located at Ny—Alesund, Sval-
bard (79° N, 12° E), and have collected continuous data since
September 2015. We extract the interannual ozone and wa-
ter vapor variability between Jan 2015 and July 2022 from
MERRA-2 and Aura-MLS over northern and southern polar
stations. The corresponding virtual conjugate latitude station
(79° S, 12° E) is shown in Fig. 1. In addition, we use temper-
ature observations from Aura-MLS.

2.1 GROMOS-C

GROMOS-C (GRound-based Ozone MOnitoring System for
Campaigns) is an ozone MWR measuring the ozone emission
line at 110.836 GHz at Ny-Alesund, Svalbard (79° N, 12° E),
which is described in detail in Fernandez et al. (2015). It was
built by the Institute of Applied Physics (IAP) at the Univer-
sity of Bern. GROMOS-C is very compact, meaning it can be
transported and operated at remote field sites under extreme
climate conditions. It further can switch the frequency of the
local oscillator and measure the 115 GHz carbon monoxide
(CO) emission line. The system noise temperature of the in-
strument is about 1080 K. The optics setup of GROMOS-C
has two rotating mirrors such that observations in all four
cardinal directions are possible. Therefore, GROMOS-C ob-
serves in the four cardinal directions (north, east, south, and
west) under an elevation angle of 22° with a sampling time of
4. Ozone VMR profiles are retrieved from the ozone spectra
with a temporal averaging of 2 h leveraging Atmospheric Ra-
diative Transfer Simulator version-2 (ARTS2; Eriksson et al.,
2011) and Qpack?2 software (Eriksson et al., 2005) according
to the optimal estimation algorithm (Rodgers, 2000). An a
priori ozone profile is required for optimal estimation and
is taken from an MLS climatology of the years 2004-2013.
The sensitive altitude range for this instrument extends from
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23 to 70km. The vertical resolution of ozone profiles is 10—
12km in the stratosphere and increases up to 20km in the
mesosphere as estimated from the width of the averaging
kernels. The averaging kernels (AVKs) of GROMOS-C to-
gether with its measurement response, errors, and ozone pro-
files are shown in Appendix A (Fig. Al). In the lower strato-
sphere, the errors are below 0.3 ppmv and reach above the
stratopause values up to 0.4 ppmv. More details about the
uncertainty and the AVKs can be found in Ferndndez et al.
(2015).

2.2 MIAWARA-C

MIAWARA-C (Mlddle Atmospheric WAter vapor RA-
diometer for Campaigns) is a ground-based MWR measur-
ing the pressure-broadened rotational emission line of wa-
ter vapor at the frequency of 22 GHz. It was also built by
the University of Bern and is located at Ny-Alesund, Sval-
bard (79° N, 12° E). The MIAWARA-C front end is an un-
cooled heterodyne receiver with a system noise temperature
of 150 K. The antenna is followed by a dual-polarization re-
ceiver. The incident radiation is split into vertical and hori-
zontal polarization by an orthomode transducer (OMT) lo-
cated immediately after the feedhorn. The two polarized
signals are processed in the two identical receiver chains
and separately analyzed in a fast Fourier transform (FFT)
spectrometer model Acqiris AC240. The spectrometer has a
400 MHz bandwidth and a spectral resolution of 30.5 kHz.
The standard measurement cycle of MIAWARA-C is to mea-
sure sky east, reference east, sky west, and reference west
for about 15s each. Every 15 min the ambient load is mea-
sured for about 2 s, and the sky at 60° elevation is measured
for about 15s. A tipping curve is performed to determine
the sky temperature at 60° elevation. The difference spec-
tra in the east and west directions and the two polarizations
are then calibrated separately with the hot and cold measure-
ments close in time. Similar to GROMOS-C, MIAWARA-
C retrieval is also performed with ARTS2 (Eriksson et al.,
2011) and QPACK software (Eriksson et al., 2005) accord-
ing to the optimal estimation algorithm (Rodgers, 2000). An
a priori measurement is taken from an MLS climatology of
the years 2004-2008. From the measured spectra we retrieve
water vapor profiles that cover an altitude range extending
from 37 to 75 km with a vertical resolution of 12—-19 km and
with a time resolution of 24 h depending on the opacity of
the troposphere. For MIAWARA-C, retrievals are performed
with a constant time resolution and with a constant noise
of 0.014 K. The AVKs of MIAWARA-C, together with its
measurement response, errors, and water vapor profiles, are
shown in Appendix A (Fig. A2). In the upper stratosphere,
the errors are 0.5 ppmv and increase from 0.5 to 1.5 ppmv
in the mesosphere. A detailed design of the instrument and
description of the retrieval algorithm can be found in Straub
et al. (2010) and Tschanz et al. (2013).
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2.3 Aura-MLS

The Microwave Limb Sounder (MLS) is one of the payloads
onboard NASA’s Earth Observing System (EOS)-Aura satel-
lite, which was launched in 2004 (Waters et al., 2006). The
satellite is in a sun-synchronous orbital altitude of 705 km
with a period of 1.7h and 98° inclination. MLS scans the
atmospheric limb in the direction of orbital motion, which
gives almost pole-to-pole coverage (82°S to 82° N), lead-
ing to retrieved profiles at the same latitude every orbit, with
a spacing of a 1.5° great circle angle along the suborbital
track. Ozone is retrieved from the band of 240 GHz, and
water vapor is retrieved from the 183 GHz line. Tempera-
ture is derived from radiances measured from the 118 and
240 GHz channels with a vertical resolution between 3 and
6km (Schwartz et al., 2015b). The estimated temperature
single-profile precision is 0.5-1.2 K from 100 to 0.001 hPa.
MLS provides ozone profiles (version 5) from 12 to 80 km al-
titude with a vertical resolution of 2.5-6 km (Schwartz et al.,
2015a) and water vapor profiles (version 5) from 10 to 90 km
with a vertical resolution of 3.5 km from 316 to 4.64 hPa and
15km above 0.1 hPa (Lambert et al., 2015). The estimated
ozone single-profile precision varies from 0.2 to 0.4 ppmv
from the middle stratosphere to the lower mesosphere. For
water vapor, the estimated precision is 0.2—-0.3 ppmv in most
of the stratosphere and increases to 0.7-0.8 ppmv in the mid-
dle mesosphere. It passes at Ny-Alesund twice a day at
around 04:00 and 10:00 UTC. Profiles for comparison are ex-
tracted if the location is within £1.2° latitude and £6° lon-
gitude of either Ny-Alesund or the defined virtual conjugate
latitude station.

2.4 MERRA-2

The Modern-Era Retrospective Analysis for Research and
Applications, version 2 (Waters et al., 2006; Gelaro et al.,
2017, MERRA-2) is the latest global atmospheric reanaly-
sis produced by the NASA Global Modeling and Assimila-
tion Office (GMAO) from 1980 to the present. MERRA-2
assimilates observation types not available to its predeces-
sor, MERRA, and includes updates to the Goddard Earth Ob-
serving System (GEOS) model and analysis scheme so as to
provide a viable ongoing climate analysis beyond MERRA’s
terminus. MERRA-2 provides a regularly gridded, homoge-
neous record of the global atmosphere and incorporates ad-
ditional aspects of the climate system including several im-
provements to the trace gas constituents, land surface repre-
sentation, and cryospheric processes.

In MERRA-2, methods of analysis, model uncertainties,
and observations cause uncertainties (Rienecker et al., 2011).
Davis et al. (2017) provides a comprehensive assessment of
the MERRA-2 ozone product that relatively clearly shows
the vertical distribution of ozone and water vapor in the
stratosphere and has the best agreement with stratospheric
ozone observations compared to other reanalysis products.
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Wargan et al. (2017) identified that ozone in MERRA-2
data were expected to have higher uncertainties in regions
of high variability, such as winter high latitudes. The un-
certainties are related to the chemistry model ozone bias
(Gelaro et al., 2017), which is altitude dependent in MERRA-
2. Similar behavior was also found in other GEOS chem-
istry models (Knowland et al., 2022; Wargan et al., 2023).
MERRA-2 stratospheric water vapor is also biased compared
to independent observations from Aura-MLS and the Atmo-
spheric Chemistry Experiment-Fourier Transform Spectrom-
eter (ACE-FTS). In this study, we use the ozone and water va-
por with 72 model levels from the surface up to 0.01 hPa and
a horizontal resolution of 0.5° x 0.625°. The time resolution
is 6h. MERRA-2 products are accessible online through the
NASA Goddard Earth Sciences Data Information Services
Center (GES DISC).

3 Climatologies of ozone and water vapor

This section examines the ozone and water vapor clima-
tologies over Ny—Alesund, Svalbard (79° N, 12° E), and the
conjugate latitude station (79° S, 12° E) generated from the
GROMOS-C, MIAWARA-C, MERRA-2, and Aura-MLS
datasets. It is important to evaluate how well GROMOS-C
and MIAWARA-C can monitor the ozone and water vapor
variability and enhance our understanding of their distribu-
tion in the Arctic middle atmosphere. The inherent variabil-
ity of ozone and water vapor in the middle atmosphere can be
displayed better in the resulting climatologies, as measured
by the two instruments involved in this study, and provide
a crucial source of data for future work including intercom-
parison studies and model evaluation, assessing ozone deple-
tion, validating satellite observations, and studying climate
change.

3.1 Ozone

Figure 2 shows the climatological ozone distribution as a
function of pressure and time deduced from GROMOS-C,
MERRA-2, and Aura-MLS in both hemispheres. Many fea-
tures of ozone MWR measurement climatologies are broadly
consistent with model and satellite data. Some exceptional
maximum values larger than 8 ppmv in MERRA-2 data
above 0.1 hPa are described in Sect. 3.

Overall, the ozone profile reveals a characteristic seasonal
dependence at polar latitudes. In particular, the altitude of the
maximum ozone VMR, as well as its temporal variability,
exhibits a seasonality. The peak ozone VMR (approximately
6.5 ppmv) appears in the NH in the late spring, whereas au-
tumn shows the lowest values throughout the course of the
year. The maximum observed and reanalysis ozone VMR
(approximately 5.5 ppmv) in the SH is 1.0 ppmv smaller than
the NH maximum and occurs later in the hemispheric spring
season. The primary driver of the hemispheric maximum in
ozone VMR is related to circulation processes throughout

https://doi.org/10.5194/acp-23-9137-2023

9141

the stratosphere, including those associated with the BDC,
transporting ozone-rich air toward the poles in the winter—
spring hemisphere. To be precise, this circulation moves the
ozone-rich air from the tropical photochemical source region
to high latitudes after the polar vortex broke down and essen-
tially enables the intrusion of ozone-rich air from the mid-
latitudes into the polar region and the replacement of the
ozone-depleted air masses. Another essential feature is that
GROMOS-C and Aura-MLS capture the tertiary ozone VMR
maximum at the northern polar latitude in the early winter
and in late spring at the southern polar latitude. However, the
tertiary ozone maximum in GROMOS-C occurs at altitudes
close to or even above the limit of 0.8 for the measurement
response. MERRA-2 performs poorly when trying to capture
the tertiary ozone VMR maximum in both polar latitudes.
Due to the complexity of altered dynamics in the polar re-
gions (Wargan et al., 2017) introducing extra uncertainties
into numerical models and data assimilation systems, ozone
VMRs exhibit dramatic variability (red shading in Fig. 2b, e)
in the mesosphere.

From September to November in the Southern Hemi-
sphere, both MERRA-2 and MLS effectively capture the
presence of the ozone hole in the lower stratosphere. How-
ever, the climatology of ozone in the NH does not reflect a
corresponding signature. The annual cycle of ozone at 46 hPa
in both hemispheres further reveals this significant feature, as
shown in Fig. 3a. MLS exhibits a greater magnitude of ozone
depletion compared to MERRA-2. In Fig. 8b, the ozone lev-
els at 3 hPa in the NH follow an annual cycle, with a peak oc-
curring in March and a minimum in October. The SH ozone
VMR maintains a constant level of 5 ppmv throughout the
summer while experiencing two minimum values in Febru-
ary and October. Furthermore, the ozone VMR in MERRA-2
consistently remains lower than that in MLS except during
autumn in the SH. In the mesosphere, there is relatively good
agreement between GROMOS-C and MLS, while MERRA-
2 exhibits higher variability (Fig. 3c). Both hemispheres have
dramatically different seasonal variations and distribution in
ozone due to differences in the stratospheric dynamics of the
two hemispheres.

3.2 Water vapor

Figure 4 shows the climatology of water vapor vertical and
temporal distribution from MIAWARA-C, MERRA-2, and
Aura-MLS over both stations (79° S and 79° N) compiled
from measurements collected between 2015 and 2021. The
annual variation of water vapor with a maximum during
hemispheric summer and a minimum during hemispheric
winter is clearly visible. During the hemispheric winter, the
middle-atmospheric water vapor maximum is shifted down
to about 10 hPa, whereas it rises up to the lower mesosphere
during the hemispheric summer. The characteristics of wa-
ter vapor in both hemispheres depend strongly on the meso-
spheric pole-to-pole circulation, which is an upwelling with
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Figure 2. Climatology (2015-2021) of the monthly ozone distribution from GROMOS-C (a), MERRA-2 (b, e), and Aura-MLS (c, f) above
Ny—Alesund, Svalbard, in the NH and the conjugate latitude station in the SH. There is no GROMOS-C measurement for ozone in the SH.

The x axis displays the month.

moist air transporting upwards for the hemispheric summer
and a corresponding downward motion with dry air into the
stratosphere during the winter (Orsolini et al., 2010). In ad-
dition, due to the relatively long photochemical lifetime of
water vapor, more water vapor produced by methane oxida-
tion accumulates in summer.

The annual cycle of monthly mean water vapor VMR at
three separate pressure levels (3, 0.3, and 0.02 hPa) in both
hemispheres can be seen in Fig. 5. Water vapor VMR ap-
pears at a maximum in October in both hemispheres in the
stratosphere (3 hPa) due to the oxidation of methane. Due
to photodissociation caused by solar Lyman-alpha radiation
acting as a sink and the amount of water vapor being in equi-
librium between different photochemical processes and ver-
tical transport, water vapor is more smooth, with nearly con-
stant mixing ratios from winter to spring in the NH. In the
mesosphere (0.3 and 0.02 hPa), water vapor gradient varia-
tions can be found during hemispheric spring and summer.
The gradient at 0.02 hPa is steeper than at 0.3 hPa from April
to July in the NH (from November to January in the SH).
Furthermore, the positive gradient is weaker, but the time of
increase lasts longer and shows an extreme negative gradient
in the hemispheric autumn. In both hemispheres, the seasonal
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behavior of water vapor is almost symmetric at 0.02 hPa and
has a slight asymmetry at 0.3 hPa. At 0.02 hPa the maximum
value of the water vapor mixing ratio persists for 1 month,
and at 0.3 hPa the decrease in water vapor is not visible until
September in the NH (March in the SH), but it then appears
with a steep gradient.

3.3 Relative differences

In the two ground-based radiometer measurements from
GROMOS-C and MIAWARA-C, the aforementioned sea-
sonal behavior in their ozone and water vapor distributions
display very similar patterns to Aura-MLS and MERRA-2.
However, there are distinct differences between the datasets.
To quantitatively assess the consistency of the ozone and wa-
ter vapor climatologies from GROMOS-C and MIAWARA-
C, the relative differences (RDs) of ozone and water vapor
VMR between the ground-based MWRs and the two other
data sets are calculated using the following expression:

_ (@)radiometer — (@)dataset

RD = -100 %, (1)
(q))dataset
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Figure 3. The annual cycles of monthly ozone VMR from
GROMOS-C, MERRA-2, and Aura-MLS at 46 hPa (a), 3hPa (b),
and 0.1 hPa (c). Solid lines represent Ny-Alesund in the NH, and
dashed lines represent the conjugate latitude station in the SH. Each
month is averaged for the years 2015-2021. The months on the axes
are adjusted accordingly for the SH.

where ¢ represents either ozone or water vapor VMR. Before
evaluating the differences in climatology between MWRs
and MERRA-2 and Aura-MLS, each MERRA-2 and Aura-
MLS profile is convolved with the averaging kernels of
MWRs. The convolution is performed according to the fol-
lowing expression:

Xcony =Xa —A(x, —X), 2

where X cony 1S the convolved profile, x, is the a priori profile,
A is the averaging kernel matrix, and x is the high-resolution
profile of MERRA-2 and Aura-MLS.

Figure 6 shows the relative differences of ozone and wa-
ter vapor climatologies from GROMOS-C and MIAWARA-
C with respect to average convolved MERRA-2 and Aura-
MLS. In Fig. 6a, the largest negative RD is larger than 50 %
above 0.2 hPa in winter and spring because of the high bias
of model ozone chemistry in the mesosphere in MERRA-
2 (Wargan et al., 2023). GROMOS-C shows relatively good
agreement with MERRA-2 in the lower and middle strato-
sphere (50-5 hPa), with RDs smaller than +5 %, but includes
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a low RD with magnitudes greater than 10 % in the upper
stratosphere in autumn. GROMOS-C and Aura-MLS agree
well, with RDs mainly within +7 % throughout the mid-
dle and upper stratosphere, and exceed positive RD 10 %
in the lower mesosphere (1-0.1 hPa) in March and October
(Fig. 6b).

The RD between MIAWARA-C and MERRA-2 is larger
than 50 % throughout the late autumn to spring months
above 0.2hPa in Fig. 6c. Simultaneously, MERRA-2 un-
derestimates water vapor VMR at all altitudes due to the
lack of assimilated observation to constrain the water va-
por reanalyses in the polar mesosphere and also in part due
to the methane oxidation parameterization being disabled
in the GEOS Composition Forecast model (Davis et al.,
2017; Knowland et al., 2022). The MIAWARA-C agrees
with MERRA-2 within 7% in the stratosphere and lower
mesosphere (about 100-0.3 hPa). MIAWARA-C and Aura-
MLS show relatively good agreement, with RDs within 5 %
throughout the stratosphere and lower mesosphere (approxi-
mately 100-0.02 hPa) in Fig. 6d. Furthermore, MIAWARA-
C exhibits a negative RD within 8 % above the lower meso-
sphere (around 0.1-0.01 hPa). Additionally, we found a wet
bias of 5 %—7 % between 100 and 1hPa for MIAWARA-C
measurements in each season. The wet bias becomes no-
ticeable between July and November, primarily attributed to
variations in instrument performance and, to a certain extent,
the dynamic effects causing an elevation in water vapor lev-
els within the stratosphere (as seen in Fig. 8a).

Note that the RD between ground-based MWRs and Aura-
MLS is in part the Aura-MLS ozone and water vapor profile
sampling (as mentioned in Sect. 2.3) and the measurement
geometry, leading to seasonal variations in the polar ozone
and water vapor distribution. Furthermore, the diurnal cy-
cle in the ozone and water vapor has not been explicitly ac-
counted for in the GROMOS-C and MIAWARA-C measure-
ments. Neglecting the diurnal cycle potentially contributes
to positive RDs between MWR measurement and other data
sets in the upper stratosphere and lower mesosphere. Over-
all, GROMOS-C and MIAWARA-C are valuable to monitor
the distribution of stratospheric ozone and mesospheric water
vapor at the polar latitudes, respectively, which gives us more
details to investigate their long-term variability, sources, and
trend.

4 Time series of ozone and water vapor

4.1 Ny-AIesund, Svalbard (79° N, 12° E) in the NH

The time series of daily ozone for GROMOS-C, MERRA-2,
and Aura-MLS at Ny—f%lesund, Svalbard (79° N, 12°E), ex-
tending from 2015 to 2021 are shown in Fig. 7. The ozone
daily profiles measured with GROMOS-C cover a pressure
range of 100-0.03hPa, which corresponds to about 16—
70km. The horizontal upper and lower white lines indicate
the bounds of the trustworthy pressure range where the mea-

Atmos. Chem. Phys., 23, 9137-9159, 2023
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Figure 4. Climatology (2015-2021) of the water vapor monthly distribution from MIAWARA-C (a), MERRA-2 (b, e), and Aura-MLS (c, f)
above Ny-Alesund, Svalbard, in the NH and the conjugate latitude station in the SH. There is no MIAWARA-C measurement for water vapor

in the SH.

surement response is larger than 0.8, meaning that the mea-
sured spectrum contributes more than 80 % to the retrieved
profile. The measurement data gaps are that GROMOS-C
measured CO for about 2 months during winter 2017/2018
and the spectrometer had a hardware problem during winter
2016/2017 and summer 2019.

Figure 7 reveals the annual ozone cycle with higher ozone
VMR in summer (about 6ppmv) than in winter (about
4.5 ppmv) at about 5 hPa (= 35 km). The GROMOS-C ozone
VMR time series together with MERRA-2 and Aura-MLS at
about 5 hPa smoothed by a 30d running mean is shown in
Appendix B (Fig. Bla). We can see that all three datasets are
able to capture the annual ozone variations well in the strato-
sphere. Stratospheric ozone largely follows the annual cycle
of solar irradiation and is produced through the Chapman cy-
cle; more specifically, ozone VMR is mainly dominated by
photochemical production in the summer months in the Arc-
tic middle atmosphere.

In late winter and spring, the stratospheric ozone’s higher
variability is largely associated with the stratospheric polar
vortex. Figure 7 shows the ozone VMR starting to increase
up to the maximum value of about 8 ppmv for some of the
years in the stratosphere when the polar vortex is disturbed

Atmos. Chem. Phys., 23, 9137-9159, 2023

or weakened by the planetary waves leading to the formation
of SSWs. It shows that the planetary wave activity results in
meridional transport of the ozone-rich air from the subtropics
towards the pole and significantly perturbed the distribution
of ozone. For example, the polar vortex split and shifted away
from Ny-Alesund, and ozone VMR reached about 7 ppmv
during the winter 2018/2019 SSW (Schranz et al., 2020). In
some years, the polar vortex is stable and strong over Ny-
Alesund, and ozone VMR sustains smaller values. At the
end of the winter 2019/2020 season, the stratosphere fea-
tured an extremely strong and cold polar vortex, resulting
in low stratospheric ozone in the polar regions (Lawrence
et al., 2020; Inness et al., 2020). During late winter and early
spring, stratospheric ozone decreases rapidly when the vortex
passes over Ny-Alesund.

Marsh et al. (2001) and Smith et al. (2009, 2018) investi-
gate the tertiary ozone maximum in the winter middle meso-
sphere at high latitudes based on the models and observa-
tions. In this study, GROMOS-C and Aura-MLS present the
seasonal tertiary ozone layer at 0.03—0.02hPa (about 70—
75 km) in winter months, but the tertiary ozone VMRs have
higher values of 15 %—20 % in MERRA-2 (as shown the red
shading in Fig. 7b). The red shading originates from the un-

https://doi.org/10.5194/acp-23-9137-2023
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Figure 5. The annual cycles of monthly ozone VMR from
GROMOS-C, MERRA-2, and Aura-MLS at 3 hPa (a), 0.3 hPa (b),
and 0.02 hPa (c). Solid lines represent Ny-Alesund in the NH, and
dashed lines represent the conjugate latitude station in the SH. Each
month is averaged for the years 2015-2021. The month on the axes
is adjusted accordingly for the SH.

certainties in the MERRA-2 product, which are expected to
be magnified at high latitudes in winter and spring when
the variability is increased compared to other seasons (War-
gan et al., 2017). The anomalous atmospheric dynamics, dis-
placed or split polar vortex, and hemispherically asymmet-
ric conditions during SSWs may cause complexity and addi-
tional uncertainties in the estimation of ozone flux and trans-
port terms. Figure 7 shows the consistencies of GROMOS-C
with both MERRA-2 and Aura-MLS datasets in the time se-
ries of ozone below 1 hPa. A clear annual cycle in the strato-
sphere is well captured by all datasets, and the higher vari-
ability of ozone in winter and spring seasons is clearly visi-
ble. Remarkably, the annual variation in MERRA-2 ozone is
significantly different from the observed variation through-
out the mesosphere above 1 hPa.

Figure 8 shows the time series of daily water vapor VMR
from MIAWARA-C, MERRA-2, and Aura-MLS at Ny-
Alesund, Svalbard (79° N, 12° E), for the period 2015-2021.
MIAWARA-C continuously measures water vapor profiles
which cover a pressure range from 5-0.02 hPa correspond-
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ing to about 37-75 km. The horizontal upper and lower white
lines again indicate the bounds of the trustworthy pressure
range where the measurement response is larger than 0.8.

The most evident feature of water vapor is its annual cycle
with higher mixing ratios during local summertime and lower
mixing ratios during local wintertime throughout the middle
atmosphere. This seasonal behavior is mainly driven by the
upward and downward branches of the mesospheric residual
circulation. As shown in Appendix B (Fig. Bla), water va-
por VMR has a maximum of about 7.5 ppmv in summer and
a minimum of about 3.5 ppmv in winter at 0.1 hPa (approx-
imately 60km). Due to the air subsidence inside the polar
vortex from autumn to winter, water vapor VMR reaches the
maximum at 10 hPa.

In some years, such as 2020, water vapor exhibits a larger
variability in late winter and spring. The variation of wa-
ter vapor is mainly affected by the occurrence of a ma-
jor SSW which interrupts the polar vortex; after that point,
the vortex recovers, and the lower mesospheric water vapor
content increases and is accompanied by a decrease in the
stratosphere, corresponding to the water vapor vertical pro-
file in the regions outside of the polar vortex (Schranz et al.,
2019, 2020). In general, in MIAWARA-C the annually vary-
ing mesospheric distribution of water vapor agrees well with
reanalysis data and satellite observations. However, there are
notable differences at the polar latitudes in the water vapor
VMR compared to MERRA-2 throughout the stratosphere
and the mesosphere. While MERRA-2 shows a tendency
to lower water vapor VMR compared to MIAWARA-C and
MLS observations, the seasonal variations of similar ampli-
tude do show reasonably good agreement with the observa-
tions. This tendency is likely related to the lack of assimilated
observations and known deficiencies in the representation of
stratospheric transport (Davis et al., 2017) in the reanalysis
data.

4.2 The conjugate latitude station (79° S, 12° E) in the
SH

Figures 9 and 10 show time series of ozone and water vapor
VMR from MERRA-2 and Aura-MLS at the conjugate lati-
tude station (79° S, 12° E) for the 2015-2021 period, respec-
tively. For comparison purposes, the conjugate latitude sta-
tion results are lagged by 6 months relative to those for Ny-
Alesund. Both stations exhibit annual cycles of ozone, while
the conjugate latitude station shows an ozone VMR maxi-
mum of about 6 ppmv in summer and a minimum of about
4ppmv in winter at about 5hPa, as shown in Appendix B
(Fig. B1b).

Compared to the interannual ozone variability at Ny-
Alesund, the results from the conjugate latitude station are
less variable throughout the spring in the stratosphere. Com-
pared to the NH, the planetary wave activity is much weaker
in the SH, where a minimum in the ozone mixing ratios
prevails over the polar latitudes during the late winter and

Atmos. Chem. Phys., 23, 9137-9159, 2023
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Figure 6. Monthly distributions of ozone and water vapor relative differences between ground-based MWRs and data sets: (a, c) MERRA-2
and (b, d) Aura-MLS.
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Figure 7. Time series of daily ozone VMR as a function of pressure over Ny-Alesund, Svalbard (79° N, 12° E), for the 2015-2021 period.
Panels show ozone VMR from (a) GROMOS-C measurements, (b) MERRA-2 reanalysis data, and (¢) MLS satellite observations. The
vertical white lines represent the data gaps caused by the hardware and measurement problems. The horizontal upper and lower white lines
indicate a measurement response of 0.8 in panel (a).

spring. There is a dominance of an isolated and stable po- alytic ozone depletion in the lower stratosphere. This pro-
lar vortex which inhibits the meridional ozone transport to cess is reflected well in the MLS observations and MERRA-
the South Pole throughout the annual cycle, and the forma- 2 data for September and October at the conjugate latitude
tion of polar stratospheric clouds promotes the production station. Figure 10 presents the water vapor annual cycle with
of chemically active chlorine and bromine, leading to cat- higher mixing ratios during local wintertime and lower mix-
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Figure 9. The same as Fig. 7 (without GROMOS-C measurements) but for the SH at the conjugate latitude station (79° S, 12° E).

ing ratios during local summertime over the conjugate lati-
tude station. Furthermore, polar stratospheric cloud particles
can sediment with considerable velocities and irreversibly
remove water and nitric acid, resulting in a substantial re-
duction in water vapor VMR at the lower stratosphere dur-
ing the southern polar winter and early spring (Waibel et al.,
1999; Tritscher et al., 2021). After September, the water va-
por VMR increases again as the polar stratospheric cloud in-
fluence reduces.

https://doi.org/10.5194/acp-23-9137-2023

While MERRA-2 generally does an excellent job at repro-
ducing the variability of stratospheric ozone and water vapor,
it fails in the mesosphere as discussed in previous sections
and also underestimates the vertical extent of the ozone hole,
which appears to end at lower altitudes (larger pressures) in
MERRA-2 than in MLS. This is also reflected in water va-
por, where MERRA-2 fails to reproduce the vertical layering
(e.g., July 2015 or July 2017) and underestimates the area of
dehydration. Since the reanalysis is less constrained when it

Atmos. Chem. Phys., 23, 9137-9159, 2023
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Figure 10. The same as Fig. 8 (without MIAWARA-C measurements) but for the SH at the conjugate latitude station (79° S, 12° E).

is assimilated (Davis et al., 2017; Shangguan et al., 2019),
this behavior can be seen in MERRA-2 when it is compared
to observations. It further demonstrates that ozone and water
vapor in the NH will continue to be available from ground-
based MWR observations; however, the detailed information
about the SH winter as shown here for the “conjugate lati-
tude” will be lost after the end of the last three limb sounders,
such as Aura-MLS, which is still observing.

5 Dynamics and transport of water vapor

Water vapor is widely used as a tracer to investigate the dy-
namics of transport processes in the Arctic middle atmo-
sphere (Lossow et al., 2009; Straub et al., 2012; Tschanz
et al., 2013; Schranz et al., 2019, 2020). The chemical life-
time of water vapor is on the order of years in the lower
stratosphere, months in the lower mesosphere, and weeks in
the upper mesosphere (Brasseur and Solomon, 2005). Water
vapor mixing ratios display different dynamical features de-
pending on the altitude ranges because of different vertical
gradients of water vapor VMR above and below its peak in
the upper stratosphere. The water vapor mixing ratio is as-
sumed to be constant for a month and a half, and the vertical
velocity of air can be estimated.

The time periods of the year when water vapor VMR in-
creases and decreases with altitude (in the upper stratosphere
and lower mesosphere) measured from MIAWARA-C and
Aura-MLS over both Ny-Alesund and the conjugate latitude
station are well covered in this study. We will denote the pe-
riod with a stable high water vapor mixing ratio as the hemi-
spheric summer and the positive and negative transition pe-
riods as the upwelling and downwelling branches, respec-
tively. With the northern and southern hemispheric water va-
por measurements, we calculate the effective ascent and de-
scent rates as derived from a linear regression fit to different
water vapor mixing ratio isopleths (5.5, 6.0, and 6.5 ppmv).

Atmos. Chem. Phys., 23, 9137-9159, 2023

For instance, the ascent and descent rates from 6.5 ppmv wa-
ter vapor isopleth are shown in Figs. 11 and 12).

The time period of many years of descent rate from
15 September to 31 October in the altitude range of about
50-70km is well presented in Fig. 11 (the first and third
rows). This is an estimated result and not a quantitative cal-
culation of the water vapor descent since the water vapor dy-
namic and chemical reactions not directly related to descent
may also affect the polar water vapor changes. However, the
effect of dynamic processes such as planetary wave distur-
bance is relatively obvious to estimate the ascent rate. As
shown in Fig. 11 (second and fourth rows), the time period
of 5 years (2015, 2016, 2017, 2018, and 2021) of ascent rate
starts from 5 May to 20 June, and in another 2 years (2019
and 2020) the starting time for the increase of water vapor
happens earlier by approximately 20d (from 15 April). In
2019 and 2020, MIAWARA-C and Aura-MLS observe the
return of the water vapor mixing ratio to pre-winter values
in mid-April, and the moist air is lifted to greater altitudes in
early May. The starting time of the ascent rate in 2019 and
2020 is about 3 weeks earlier than that in other years, which
is caused by several processes. The planetary waves displace
the polar vortex above Ny-Alesund, and water-vapor-rich air
is transported into the upper stratosphere; furthermore, the
maximum water vapor mixing ratio is re-established at an al-
titude of about 55 km. Wave breaking and mixing above the
strongest vortex level tends to reduce the tracer gradient (Lee
etal., 2011), leading to an increase in the water vapor mixing
ratios. In addition, photochemical processes from solar radi-
ation can also contribute to the accumulation of water vapor
in the springtime at the stratopause altitude (Brasseur and
Solomon, 2005).

In the SH, the time period of each year of the ascent
rate is relatively consistent from 15 October to 30 Novem-
ber in the upper stratosphere and mesosphere (Fig. 12). The
descent rate of water vapor from 15 March to 30 April
in the SH appears to be similar for each of the 7 years,

https://doi.org/10.5194/acp-23-9137-2023
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Figure 12. The same as Fig. 11 (without GROMOS-C measurements) but for the conjugate latitude station (79° S, 12° E) in the SH.

likely due to the higher stability and strength of the south-
ern polar vortex. Figure 13 shows the annual variability of
effective ascent and descent rates in the SH and NH dur-
ing a given time period. In contrast to the NH, the south-
ern hemispheric rate exhibits less interannual variability and
an approximately consistent variation with the rates corre-
sponding to the different isopleths, illustrating the qualita-
tive agreement in different years in the effective vertical rates
for the transition periods in the SH. The uncertainties for
the ascent and descent rates of airflow over northern and
southern polar latitude stations are depicted by error bars in
Fig. 13. Effective ascent and descent rates estimated from
water vapor measurements are very significant. Table 1 gives
a more quantitative perspective to compare the vertical move-
ment of air in both hemispheres. In the NH, the average
vertical velocities are 3.4 4 1.9mms~! from MIAWARA-C
and 4.6+ 1.8 mms~! from Aura-MLS for upwelling from

https://doi.org/10.5194/acp-23-9137-2023

spring to summer and 5.0+ 1.1 mms~! from MIAWARA-
C and 5.4+ 1.5mms™! from Aura-MLS for downwelling
from summer to autumn. During the transition from winter
to spring, the vertical velocity is 5.2 0.8 mms~! for down-
welling and 2.6 + 1.4mms~! for upwelling from autumn to
winter calculated by Aura-MLS in the SH. Table 1 shows a
stronger upwelling branch in the NH polar summer meso-
sphere as compared to the SH, and this is accompanied by
a stronger downwelling branch towards the SH winter in the
polar region. In general, these results assess the ability to de-
rive middle atmospheric ascent and descent rates from water
vapor measurements at polar latitudes and further provide ev-
idence for the higher variability in the NH than in the SH.

Atmos. Chem. Phys., 23, 9137-9159, 2023
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Table 1. Comparison of the mean values and standard deviations
(SDs) of ascent and descent rates from MIAWARA-C and Aura-
MLS in both hemispheres. The mean is computed for the rates from
5.5, 6.0, and 6.5 ppmv isopleths (as shown in Fig. 13).

Ascent rate NH (mean£SD) SH (mean &+ SD)
(mms™ l)

MIAWARA-C 34+19 -
Aura-MLS 46+1.8 26+t1.4
Descent rate NH (mean+SD)  SH (mean £ SD)
(mms™ 1)

MIAWARA-C 50+1.1 -
Aura-MLS 54+15 52+0.8

6 Discussion

Continuous observations of essential climate variables such
as ozone and water vapor are important for investigating the
radiative balance of the atmosphere. Interhemispheric and
interannual differences shed light on ozone and water va-
por natural variability due to transport and photochemistry.

Atmos. Chem. Phys., 23, 9137-9159, 2023

Ground-based measurements such as those performed by
GROMOS-C and MIAWARA-C provide a high-resolution
and continuous data set of these trace gases at remote loca-
tions such as Ny-Alesund. A comparison to the Aura-MLS
satellite data exhibits excellent agreement throughout all al-
titudes in the stratosphere with GROMOS-C and the up-
per stratosphere and lower mesosphere with MIAWARA-C.
The climatologies of Aura-MLS and the MWRs agree within
+10 % during the year. However, a climatological compari-
son to the reanalysis data MERRA-2 and our ground-based
radiometers indicates larger discrepancies above 0.2 hPa.
These increased deviations are partially due to the imple-
mented radiative transfer schemes and other model physics
used, such as interactive chemistry, which is computation-
ally much more expensive (Gelaro et al., 2017). Furthermore,
MERRA-2 includes the MLS observations of temperature
and ozone in the 3DVAR data assimilation (Wargan et al.,
2017). MLS observations are most important for the meso-
sphere and are weighted by their precision and accuracy.
The interhemispheric comparison is performed by defin-
ing a virtual conjugate latitude station (79° S, 12°E) in the
Southern Hemisphere at conjugate geographic coordinates.
Although the general seasonal morphology is very similar,

https://doi.org/10.5194/acp-23-9137-2023
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Figure 14. Temperature gradients between the mid-latitudes and polar latitudes in the NH (60 and 80° N) and SH (60 and 80° S). Red and

black contours represent positive and negative values (£10 K).

the Northern Hemisphere shows much more variability in the
time series of ozone and water vapor. One of the most signif-
icant differences is the occurrence of the ozone hole in the
Southern Hemisphere towards the end of the winter season
below 10hPa (Solomon et al., 2014). During this time the
water vapor VMR measurements also exhibit a minimum due
to the formation of polar stratospheric clouds (Flury et al.,
2009; Bazhenov, 2019) providing even more favorable con-
ditions for catalytic ozone destruction reactions. In Fig. 14,
we present zonally averaged temperature at two conjugate
latitudes and compare results between the polar and mid-
latitudes from Aura-MLS observations in both hemispheres.
The southern polar latitudes appear much colder, by about
20 K, than their northern counterparts, as seen in Appendix C
(Fig. C1). Furthermore, the temperature gradient between the
mid-latitudes and high latitudes is stronger in the Southern
Hemisphere at the stratosphere and thus drives a more sta-
ble polar vortex due to the thermal wind balance, which pre-
vents the mixing of ozone-rich air from the low latitudes and
mid-latitudes into the polar cap by planetary waves as can of-
ten be observed in the Northern Hemisphere (Schranz et al.,
2019). There are only a few occasions from 2015 onward
where such a stable and cold polar vortex was observed in
the Northern Hemisphere, i.e., in 2015/2016 and 2019/2020
in the Arctic winter(Matthias et al., 2016; Lawrence et al.,
2020), which can also lead to anomalies in the middle atmo-
spheric dynamics (Stober et al., 2017).

In addition to the strength of the polar vortex, we investi-
gated the strength of the upwelling and downwelling in both
hemispheres, which we consider a proxy of the strength of
the residual circulation. Water vapor has a longer lifetime
than CO at 50-70 km (Brasseur and Solomon, 2005), which
makes it a more robust tracer to manifest the vertical mo-

https://doi.org/10.5194/acp-23-9137-2023

tion of air. The effective rates of vertical transport are es-
timated by using the water vapor measurements following
the approach presented by Straub et al. (2010). The vertical
velocities are derived under the assumption that other pro-
cesses, such as chemical reactions, photodissociation, or hor-
izontal advection, are less important. Here we analyze pe-
riods around the equinoxes. During this time of the year,
the horizontal gradients of temperature between the polar
region and the mid-latitudes are minimal or negligible, and
thus there is no strong forcing due to horizontal tempera-
ture gradients or planetary waves driving the zonal or merid-
ional transport. Furthermore, we only investigated altitudes
below typical hydroxyl (OH) layer heights, which also re-
duces the impact of photodissociation in our estimates (Ryan
et al., 2018). We obtained vertical velocities of 3.4 +1.9
and 4.6 + 1.8 mms~! for the upwelling towards the northern
hemispheric summer and vertical motions of 5.0 £ 1.1 and
5.4+ 1.5mms~! downwelling during the fall transition. Fur-
thermore, there is rather significant interannual variability in
the Northern Hemisphere that is not found above the Antarc-
tic continent. Due to the frequent occurrence of SSWs, the
spring transition is more variable in the NH (Matthias et al.,
2021). In the Southern Hemisphere, the spring transition to-
wards summer is characterized by 2.6 + 1.4 mms~! vertical
velocity, and during the transition from summer to winter a
downwelling with 5.2+ 0.8 mms~! vertical velocity is ob-
served. A high variability in NH winter downwelling would
imply a high variability of SH summer upwelling, which is
indeed observed in Fig. 13. This suggests that the interhemi-
spheric coupling (Kornich and Becker, 2010; Orsolini et al.,
2010; Smith et al., 2020) means that disturbances are trans-
mitted from the winter stratosphere to the summer meso-
sphere in the other hemisphere. However, it is worth noting
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that there is a lower variability in SH winter downwelling,
which corresponds to a higher variability in NH summer
upwelling. This observation suggests that the coupling be-
tween the winter and summer circulations within each hemi-
sphere is influenced by various factors beyond the interhemi-
spheric exchange. As shown in Fig. 14, with a stronger tem-
perature gradient during SH winter, the polar vortex is rela-
tively stable and well defined, leading to reduced variabil-
ity in the downward motion of air (downwelling). For in-
stance, the SSW events during the NH winter (Limpasuvan
et al., 2016; Schranz et al., 2019, 2020) or increased strato-
spheric planetary wave activity (de Wit et al., 2015) lead to
increased variability in the NH winter stratosphere. Simula-
tions with a GW-resolving model response to the enhanced
winter hemisphere Rossby wave activity may lead to both
interhemispheric couplings through a downward shift of the
GW-driven branch of the residual circulation and increased
GW activity at high summer latitudes (Becker and Fritts,
2006). Other observational studies using polar mesospheric
clouds and stratospheric reanalysis data exhibited an inter-
hemispheric correlation during the summer months (Karls-
son et al., 2007; Espy et al., 2011). More recent model results
suggested that the strongest interhemispheric coupling signa-
tures are found between the stratosphere and mesosphere in
the opposite hemisphere (Smith et al., 2020).

7 Conclusions

Continuous ground-based measurements of ozone and water
vapor remain an essential tool to understand the short and
long-term evolution of the middle atmosphere, as well as for
the validation and parameterization of atmospheric models.
In this study, we present ozone and water vapor measure-
ments from the two ground-based radiometers GROMOS-
C and MIAWARA-C located at Ny—Alesund, Svalbard, col-
lected between 2015 and 2021. The data were compared
to observations from MLS onboard the Aura spacecraft as
well as reanalysis data MERRA-2. This comparison showed
a good agreement for the climatological behavior between
the ground-based radiometers and MLS to within almost
47 % for ozone at about 50—1 hPa and within +5 % for wa-
ter vapor at about 100-0.02 hPa. However, we identified pro-
nounced differences between the measurements and the re-
analysis data above 0.2 hPa where MERRA-2 deviations up
to 50 % were visible. Ground-based observations are going
to become more important within the next few years as the
satellite instruments such as MLS are going to reach the end
of their life and so far there are no adequate replacements in
orbit.
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By defining a virtual conjugate latitude station in the
Southern Hemisphere, we investigated altitude-dependent in-
terhemispheric differences. Both trace gases showed a much
higher variability during the northern hemispheric winter
driven by planetary wave activity. The Southern Hemisphere
was characterized by a more stable polar vortex and colder
temperatures in the polar cap that result in more favorable
conditions to form polar stratospheric clouds and thus more
efficient ozone destruction by catalytic reactions causing the
well-known ozone hole. Furthermore, the polar stratospheric
cloud formation was accompanied by a reduction in the water
vapor VMR at the same altitudes in the lower stratosphere.

We investigated the strength of the residual circulation
by estimating the upwelling and downwelling above Ny-
Alesund and the corresponding conjugate latitude station.
Typical ascent rates during the summer transition reach val-
ues of 3.4-4.6mms~!, and for the downwelling in the fall
transition vertical velocities of 5.0-5.4 mms~! are inferred.
Correspondingly, a vertical velocity of 2.6mms~! for the
upwelling and 5.2 mm s~ for the downwelling is calculated
in the SH. The Northern Hemisphere also reflected a much
more pronounced interannual variability compared to the
southern polar latitudes. However, there is no strong corre-
lation between upwellings and downwellings in the opposite
hemispheres; this is most likely due to dynamic processes
such as the QBO or weather patterns that play a role and need
to be taken into account. Therefore, long-term ozone and wa-
ter vapor measurements will create a deeper understanding
of the mechanisms that control polar ozone and water vapor
variability and predict the future evolution of middle atmo-
spheric ozone and water vapor in climate changes.
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Appendix A: Retrieved results of instruments
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Figure A1. Example of GROMOS-C hourly ozone retrievals on 25 October 2021 around 01:00 UTC. Panel (a) shows the averaging kernels
together with measurement response; panel (b) shows the measurement, smoothing, and observation errors; and panel (c) shows the retrieved
and a priori ozone profile.
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Figure A2. Example of MIAWARA-C hourly water vapor retrievals on 20 August 2021 around 23:00 UTC. Panel (a) shows the averaging
kernels together with measurement response; panel (b) shows the measurement, smoothing, and observation errors; and panel (c) shows the
retrieved and a priori water vapor profile.
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Appendix B: Ozone and water vapor
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Figure B1. GROMOS-C, MERRA-2, and Aura-MLS ozone VMR time series at about 5 hPa smoothed by a 30 d running mean over Ny-
Alesund, Svalbard (79° N, 12° E), and the conjugate latitude station (79° S, 12° E).
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Figure B2. MIAWARA-C, MERRA-2, and Aura-MLS water vapor VMR time series at 0.1 hPa smoothed by a 30d running mean over
Ny-Alesund, Svalbard (79° N, 12° E), and the conjugate latitude station (79° S, 12° E).
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Appendix C: Time series of temperature at
mid-latitudes and polar latitudes
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Figure C1. Time series of temperature from Aura-MLS observations as a function of pressure over conjugate polar latitudes (80° N and
80° S) and conjugate mid-latitudes (60° N and 60° S) in both hemispheres.

Data availability. The GROMOS-C and MIAWARA-C level 2
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spheric Composition Change and are available at https://ndacc.
larc.nasa.gov/stations/ny-alesund-norway (Schranz et al., 2020).
MLS v5 data are available from the NASA Goddard Space
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5 Ozone anomalies during stratospheric
warming events

5.1 Introduction

The high-resolution daily ozone profile measurements from GROMOS-C are used to investigate
ozone anomalies in the Arctic during major SSW and early FSW events. These ground-based
observations, MERRA-2 reanalysis, and MLS satellite data facilitate obtaining vertically resolved
structures of ozone anomalies relative to compiled climatologies and to assess the consistency
across observational and modeled data sources.

Our analysis reveals distinctive ozone anomaly patterns associated with SSW and final

stratospheric warming (FSW) events. For SSWs, we observe a consistent sequence of positive
ozone anomalies at all altitudes within 30 days of the event onset, followed by descending
negative anomalies in the middle stratosphere. In contrast, FSWs exhibit positive anomalies
in the lower and middle stratosphere and negative anomalies in the upper stratosphere at
onset, which then evolve into the opposite. To further understand the processes driving these
anomalies, we apply the ozone continuity equation using MERRA-2 meteorological fields and
utilize the ozone tendency diagnostics from MERRA-2. This approach allows us to quantitatively
separate the contributions of horizontal eddy transport, vertical advection, and photochemistry.
Additionally, we examine variations in total column ozone, linking them to horizontal eddy
effects and vertical motion in the lower stratosphere.

5.2 Publication

The following article has been published in Atmospheric Chemistry and Physics (ACP).

Citation: Shi, Guochun, Witali Krochin, Eric Sauvageat, and Gunter Stober. “Ozone
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Abstract. The impact of major sudden stratospheric warming (SSW) events and early final stratospheric warm-
ing (FSW) events on ozone variations in the middle atmosphere in the Arctic is investigated by performing
microwave radiometer measurements above Ny—Alesund, Svalbard (79° N, 12° E), with GROMOS-C (GRound-
based Ozone MOnitoring System for Campaigns). The retrieved daily ozone profiles during SSW and FSW
events in the stratosphere and lower mesosphere at 20—70 km from microwave observations are cross-compared
to MERRA-2 (Modern-Era Retrospective Analysis for Research and Applications, version 2) and MLS (Mi-
crowave Limb Sounder). The vertically resolved structures of polar ozone anomalies relative to the climatologies
derived from GROMOS-C, MERRA-2, and MLS shed light on the consistent pattern in the evolution of ozone
anomalies during both types of events. For SSW events, ozone anomalies are positive at all altitudes within 30d
after onset, followed by negative anomalies descending in the middle stratosphere. However, positive anomalies
in the middle and lower stratosphere and negative anomalies in the upper stratosphere at onset are followed
by negative anomalies in the middle stratosphere and positive anomalies in the upper stratosphere during FSW
events. Here, we compare results by leveraging the ozone continuity equation with meteorological fields from
MERRA-2 and directly using MERRA-2 ozone tendency products to quantify the impact of dynamical and
chemical processes on ozone anomalies during SSW and FSW events. We document the underlying dynamical
and chemical mechanisms that are responsible for the observed ozone anomalies in the entire life cycle of SSW
and FSW events. Polar ozone anomalies in the lower and middle stratosphere undergo a rapid and long-lasting
increase of more than 1 ppmv close to SSW onset, which is attributed to the dynamical processes of the hor-
izontal eddy effect and vertical advection. The pattern of ozone anomalies for FSW events is associated with
the combined effects of dynamical and chemical terms, which reflect the photochemical processes counteracted
partially by positive horizontal eddy transport, in particular in the middle stratosphere. In addition, we find that
the variability in polar total column ozone (TCO) is associated with horizontal eddy transport and vertical advec-
tion of ozone in the lower stratosphere. This study enhances our understanding of the mechanisms that control
changes in polar ozone during the life cycle of SSW and FSW events, providing a new aspect of quantitative
analysis of dynamical and chemical fields.
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1 Introduction

The wintertime polar stratosphere is characterized by a
strong, westerly, and cold polar vortex. Due to the differ-
ent sea—land distributions in the Northern Hemisphere and
Southern Hemisphere, large-scale waves with several hun-
dred kilometers of wavelength are generated in the tropo-
sphere. These waves propagate upward into the stratosphere,
disturbing or weakening the polar vortex and thus affecting
the dynamics there (Andrews et al., 1987). The occurrence of
sudden stratospheric warming (SSW) events (Charlton and
Polvani, 2007; Butler et al., 2015) in midwinter is mainly at-
tributed to the split or displacement of the stratospheric polar
vortex by the upward-propagating planetary waves (Holton,
1980; Pancheva et al., 2008; Matthias et al., 2013; Albers
and Birner, 2014; Qin et al., 2021; Baldwin et al., 2021). Ob-
served final stratospheric warming (FSW) events (Black and
McDaniel, 2007) in early spring depend on variations in the
upward propagation of tropospheric planetary waves as well
as increasing shortwave radiation in the polar region (Salby
and Callaghan, 2007; Sun et al., 2011; Thiéblemont et al.,
2019). As the only atmospheric species effectively absorbing
ultraviolet solar radiation from about 250 to 300 nm, ozone
plays the most important role in the coupling between chem-
istry, radiation, and dynamical processes in the stratosphere
and lower mesosphere. Ozone radiative heating and cooling
peak in the stratopause; in the upper mesosphere, heating by
oxygen becomes important as well. Therefore, the dynami-
cal fluctuations and chemical reactions of stratospheric ozone
in the Arctic are subject to both events (Lubis et al., 2017;
Oehrlein et al., 2020; Friedel et al., 2022).

SSW events characterized by abrupt warming and weak-
ening or reversal of the polar wintertime westerly circu-
lation lead to extreme ozone variability at the polar lat-
itudes (Schranz et al., 2019, 2020). de la Camara et al.
(2018b) utilized the Whole Atmosphere Community Climate
Model (WACCM) output and European Centre for Medium-
Range Weather Forecasts Re-Analysis Interim (ERAI) to do
a comprehensive and quantitative analysis of ozone advec-
tive transport and mixing in equivalent latitude coordinates
during the life cycle of SSW with polar-night jet oscillation
and without polar-night jet oscillation. Bahramvash Shams
et al. (2022) emphasized the high variability of middle-
stratospheric ozone fluctuations and the key role of verti-
cal advection in middle-stratospheric ozone during SSW us-
ing MERRA-2 (Modern-Era Retrospective Analysis for Re-
search and Applications, version 2) reanalysis data. Oehrlein
et al. (2020) analyzed the responses with and without inter-
active chemistry versions of WACCM to major SSW events,
which resulted in a pattern resembling a more negative North
Atlantic Oscillation following midwinter SSW events. Hong
and Reichler (2021) examined the changes in ozone in both
the Arctic and tropical regions and documented the underly-
ing dynamical mechanisms of the observed changes during
the life cycles of SSW and vortex intensification events. In
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the mesosphere and lower thermosphere (MLT) regions, the
evolution of secondary ozone during SSW5s is associated with
anomalous vertical residual motion due to the wind reversal
from the stratosphere up to the mesosphere and is consistent
with photochemical equilibrium governing the MLT night-
time ozone based on Specified Dynamics (SD)-WACCM
(Tweedy et al., 2013; Smith-Johnsen et al., 2018).

Several case studies of FSW events utilizing a combina-
tion of chemistry—climate models and reanalysis data em-
phasize stratospheric ozone anomalies, which are influenced
by the position and strength of the polar vortex and chemi-
cal processing to different dynamical conditions. Salby and
Callaghan (2007) used a three-dimensional model of dy-
namics and photochemistry to investigate the enriched polar
ozone during springtime through isentropic mixing by plan-
etary waves and eliminated much of the apparent ozone de-
pletion. Thiéblemont et al. (2019) confirmed the timing of
FSW affected by ozone and greenhouse gases using cou-
pled chemistry—climate models of WACCM. Lawrence et
al. (2020) used MERRA-2 and the Japanese Meteorological
Agency’s 55-year Reanalysis (JRA-55) to show ozone de-
pletion and total column ozone (TCO) amounts in the North-
ern Hemisphere polar cap decreasing to the lowest level ever
observed in springtime. Hong and Reichler (2021) investi-
gated the persistent loss in Arctic ozone during vortex inten-
sifications, which is dramatically compensated for by sud-
den warming-like increases after the final warming. Friedel
et al. (2022) contrasted results from chemistry—climate mod-
els with and without interactive ozone chemistry to quantify
the impact of ozone anomalies on the timing of the FSW
and its effects on the surface climate. Other studies focused
mainly on the dynamical effects of the FSW using ground-
based and satellite observations to characterize the transition
to the spring and summer circulation in terms of the dynam-
ical or radiative forcing (Matthias et al., 2021) or the tidal
amplification of the semidiurnal tide in the aftermath of ma-
jor SSW events (Stober et al., 2020).

Utilizing the outcomes of ozone continuity equations,
we derive the relative contributions of dynamical transport
versus chemical processes in determining the polar ozone
anomaly behavior observed in SSW and FSW events. In
addition, we show that polar ozone anomalies in the lower
stratosphere predominantly governed by the horizontal eddy
effect and vertical advection transport processes exhibit a
strong correlation with polar total column ozone correspond-
ing to both types of events. Overall, our goal is not only to
provide a new view of the dynamical and chemical-driven
variability in polar ozone anomalies but also to apply it to the
validation of coupled chemistry—climate models and other
reanalysis data.

The paper is structured as follows. Section 2 describes the
data and methods. Section 3 provides the vertically resolved
ozone field at polar latitude stations. Section 4 discusses the
ozone budget through dynamical and chemical processes and
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the dynamically controlled polar TCO. Finally, Sect. 5 sum-
marizes and discusses the results.

2 Data and methods

2.1 GROMOS-C (GRound-based Ozone MOnitoring
System for Campaigns)

GROMOS-C is an ozone microwave radiometer that has
measured the ozone emission line at 110.836 GHz at Ny-
Alesund, Svalbard (79° N, 12°E), since September 2015. It
was built by the Institute of Applied Physics at the University
of Bern. The radiometer is very compact and is optimized for
autonomous operation. Hence, it can be transported and op-
erated at remote field sites under extreme climate conditions.
GROMOS-C subsequently observes in the four cardinal di-
rections (north, east, south, and west) at an elevation angle of
22° with a sampling time of 4 s. Ozone volume mixing ratio
(VMR) profiles are retrieved from the ozone spectra with a
temporal averaging of 2 h by leveraging the Atmospheric Ra-
diative Transfer Simulator version 2 (ARTS2; Eriksson et al.,
2011) and Qpack?2 software (Eriksson et al., 2005) according
to the optimal estimation algorithm (Rodgers, 2000). An a
priori ozone profile is required for optimal estimation and is
taken from an MLS climatology collected between the years
2004 and 2013. The retrieved 2-hourly ozone profiles have
vertical resolutions of 10—12 km in the stratosphere and up to
20 km in the mesosphere and cover a sensitive altitude range
of 23-70km. The averaging kernels (AVKs) of GROMOS-
C together with its measurement response, errors, and ozone
profiles are shown in Fernandez et al. (2015) and Shi et al.
(2023).

2.2 Aura Microwave Limb Sounder (MLS)

NASA’s Earth Observing System (EOS) MLS instrument on
board the Aura spacecraft measures thermal emissions from
the limb of Earth’s atmosphere. MLS provides comprehen-
sive measurements of vertical profiles of temperature and 15
chemical species from the upper troposphere to the meso-
sphere, spanning nearly pole-to-pole coverage from 82°S to
82° N (Waters et al., 2006).

The ozone profile is retrieved using the 240 GHz mi-
crowave band, which extends from 261 to 0.0215 hPa for rec-
ommended scientific applications. Vertical spacing for these
layers is about 1.3 km everywhere below 1hPa and about
2.7km at most altitudes above 1 hPa. The vertical resolution
of the retrieved ozone profile is reported to be around 3 km,
extending from 261 hPa up into the mesosphere (Livesey et
al., 2011; Schwartz et al., 2015). The time records for the
MLS ozone profiles used in this study are from August 2004
to December 2021 (in the next section, the SSW event in
2003/2004 is not available for analyzing ozone variations
from MLS). MLS passes Ny-Alesund twice a day at around
04:00 and 10:00 UTC. Profiles for comparison are extracted
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if the location is within =+ 1.2° latitude and £6° longitude of
Ny-Alesund.

2.3 MERRA-2

MERRA-2 (Waters et al., 2006; Gelaro et al., 2017) of the
Goddard Earth Observing System-5 (GEOS-5) atmospheric
general circulation model (AGCM) is the latest global at-
mospheric reanalysis produced by NASA’s Global Model-
ing and Assimilation Office (GMAQO) from 1980 until the
present. A variety of datasets are assimilated into the AGCM
to create three-dimensional MERRA-2 ozone datasets with
a time resolution of 6h, although the MERRA-2 fields are
provided every 3 h (Wargan et al., 2017; Gelaro et al., 2017).
The retrieved ozone profiles from the Solar Backscatter Ul-
traviolet Radiometer (SBUV, 1980 to 2004) and MLS (since
August 2004, down to 177 hPa until 2015, down to 215 hPa
after 2015, and up to 0.02 hPa), together with the TCO from
SBUV (1980 to 2004) and the Ozone Monitoring Instrument
(OMI) (since 2004), are assimilated into MERRA-2 (Gelaro
etal., 2017).

MERRA-2 data have been used to study ozone trends,
processes, and validations with ozonesondes, microwave ra-
diometers, and satellite observations (Lubis et al., 2017;
Albers et al., 2018; Wargan et al., 2018; Schranz et al.,
2020; Hong and Reichler, 2021; Bahramvash Shams et al.,
2022; Shi et al., 2023). In this study, the ozone dataset from
MERRA-2 reanalysis with 72 model levels from the surface
to 0.01 hPa, a horizontal resolution of 0.5° x 0.625°, and a
time resolution of 3 h will be used. To have the finest possi-
ble vertical resolution for comparisons with our microwave
measurements, MERRA-2 ozone at the model levels is used
to investigate the polar ozone variations in the stratosphere
and mesosphere. In addition, meteorological variables such
as temperature, eastward and northward winds, and vertical
pressure velocity extracted from 42 pressure levels facilitate
the calculation of variables such as residual meridional cir-
culation and potential temperature.

As given by Lubis et al. (2017), the MERRA-2 ozone ten-
dency product on 42 pressure levels from the surface up to
0.1 hPa (https://doi.org/10.5067/SOLYTKS57786Z) is assimi-
lated with GEOS-5 using the odd-oxygen mixing ratio, gO,,
as its “diagnostic” variable (Bosilovich et al., 2015; Lubis et
al., 2017). An odd-oxygen family transport model provides
the ozone concentration necessary for solar absorption. Fol-
lowing Bosilovich et al. (2015) and Lubis et al. (2017), the
vertically integrated ozone tendency coupling to the layers
above and below is given as

3g0, S 3g0,
|: 9t x:| = [V (v40:) |pyn + |:3tx:|
TOT PHY

9g0x
+|: o j| : )]
ANA
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This equation consists of four terms describing the total
ozone tendency (TOT), which is balanced by the conver-
gence of odd-oxygen mixing ratio products (first term on
the right-hand side (DYN) of Eq. 1), the total physics prod-
uct (PHY) of parameterized production, and loss terms and
the total analysis product (ANA) describing the total ozone
tendency from the analysis. The derived ozone data prod-
ucts have been validated in the troposphere and stratosphere
(Bosilovich et al., 2015). In the mesosphere above 0.1 hPa,
the odd-oxygen family starts to be dominated by atomic oxy-
gen rather than ozone and, thus, MERRA-2 results for ozone
are no longer representative of the mesosphere for hemi-
spheric winter (Shi et al., 2023), although MLS ozone mea-
surements are assimilated up to 0.02 hPa. Furthermore, the
total ozone tendency from physics (PHY) is decomposed into
contributions from chemistry (CHM), turbulence (TRB), and
moist physics (MST). Given the parameterized ozone chem-
istry in MERRA-2, the total ozone tendency from chemistry
(CHM) is analyzed together with the correcting tendency
term (i.e., CHM 4 ANA). The contributions of turbulence
and moist physics are negligible in the stratosphere and are
therefore not considered in this analysis.

2.4 Transformed Eulerian mean (TEM) ozone budget

The local changes for atmospheric tracers () are investi-
gated using the TEM continuity equation that results from
transport processes and chemical sources and sinks as fol-
lows (Andrews et al., 1987):

X, = (—ﬁ*yy — o'+ eV My Y. MZ)

Ydyn

+(P-1L), 2)
—_—
S

where 7, is the tracer tendency that denotes transport of the
zonal mean tracer volume mixing ratios due to the horizontal
and vertical advection by the residual circulation (v*, ®*), the
horizontal and vertical eddy transport effects are e¥/#V - M y
and ¢“/HV.M,, and S is chemical production minus loss
(P — L). The chemical net is calculated as the residual of the
left-hand side minus the sum of the first four terms X 4,, on
the right-hand side of Eq. (2) to better understand the chemi-
cal component in the stratosphere. The overbars indicate the
zonal means, and the primes denote the departure from the
zonal mean. The scale height is represented by an H of 7 km.

The v* and @* in Eq. (2) denote the TEM residual merid-
ional and vertical winds defined as

T =T —e/Hp, (ez/HW /51), 3)
& =@+ (acosp)' (cos(gp)ﬁ/@) , 4)

where v and w are the meridional and vertical winds, 6 is the
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potential temperature, a is Earth’s radius, and ¢ is the lati-
tude.

Here, the eddy transport vector M can be decomposed into
meridional and vertical components M, and M, respectively
(Andrews et al., 1987):

My ==/ (Vi) V8T, 5)

M= e/ (o =00 /0.3, ©)

2.5 Identification of SSW and FSW events

Stratospheric warming events are a crucial stratospheric phe-
nomenon and indicate the vertical coupling of the entire mid-
dle atmosphere affecting the mesosphere, stratosphere, and
troposphere. Many studies combined temperature increases
and wind reversals to detect major SSW events in midwinter
(Charlton and Polvani, 2007; Hu et al., 2014; Butler et al.,
2015; Butler and Gerber, 2018). One of the most often-used
definitions of a major SSW event during wintertime (Charl-
ton and Polvani, 2007) is that zonal-mean zonal winds at
60°N and the 10hPa level reverse direction from westerly
to easterly and that the zonal-mean temperature gradient be-
tween 60 and 90° N becomes positive. As shown in Table 1,
we identify 10 major SSW events in this study as described
in Li et al. (2023). For the FSW events, different studies have
analyzed springtime stratospheric zonal winds using single
pressure levels at varying latitudes and thresholds (Black and
McDaniel, 2007; Byrne et al., 2017; Matthias et al., 2021) as
well as multiple pressure levels (Hardiman et al., 2011). We
found seven early FSW events (in Table 1) identified by But-
ler and Domeisen (2021) based on the criterion that the daily
mean zonal-mean zonal winds at 60° N latitude and 10 hPa
exhibit an easterly flow and remain so continuously for more
than 10 consecutive days, as outlined by Butler and Gerber
(2018). The SSW and FSW composites will be discussed for
the wind and temperature fields and anomalies, which are de-
fined as deviations from the daily seasonal climatology.

3 Meteorological background situations

To examine the ozone anomalies during late winter over
the polar latitude station, we summarize some key dynam-
ical quantities of SSW and FSW events. Figure 1 illustrates
the pressure—time evolution of the SSW and FSW compos-
ite zonal-mean zonal wind (at 60° N) and temperature (70—
90°N) in MERRA-2 reanalysis data. Below approximately
0.1 hPa, the westerly wind rapidly weakens — lags by 10d —
and then switches to an easterly wind after the SSW onset
(lags by 0d) at 10hPa in Fig. 1a. The easterly wind returns
after approximately 15 d at 10 hPa. After around 20 d of SSW
onset, the wind at 0.1 hPa reverses direction to westerly with
a maximum speed of 80ms~! and stays like this for at least
20d. The temperature fields undergo alterations in conjunc-
tion with the wind field reversal. The SSW onset is character-
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Table 1. Dates of the major SSW and early FSW events used for the composite in this study.

Number Winters SSW central date Winters FSW central date
1 2003/2004 5 January 2004  2004/2005 13 March 2005
2 2005/2006 21 January 2006  2010/2011 4 April 2011
3 2006/2007 24 February 2007  2013/2014 27 March 2014
4 2007/2008 22 February 2008  2014/2015 28 March 2015
5 2008/2009 24 January 2009  2015/2016 5 March 2016
6 2009/2010 9 February 2010  2016/2017 8 April 2017
7 2012/2013 6 January 2013 2019/2020 14 March 2020
8 2017/2018 12 February 2018 - -
9 2018/2019 2 January 2019 - -
10 2020/2021 3 January 2021 - -

ized by the rapid warming in the stratosphere in Fig. 1c, indi-
cating the rapid descent of the stratopause to lower altitudes.
In Fig. 1b, the zonal-mean zonal wind at 60° N and 10 hPa
during an FSW event is easterly with lags of 50d until the
early summer and does not reverse its direction to westerly.
The wind reversal is accompanied by a temperature increase
exceeding 280K after the FSW onset in Fig. 1d. Tempera-
tures in the lower stratosphere also increase greatly, but there
is cooling in the upper mesosphere.

Furthermore, we derive anomalies for the relevant physi-
cal quantities by subtracting the mean climatology obtained
from all years for our composites of SSW and FSW events.
Significant anomalies of wind, temperature, and @* extend
over nearly the entire pressure range and throughout the life
cycle of SSW and FSW as shown in Fig. 2. The strongest
negative wind anomalies occur during the first 15 d after the
SSW onset and diminish within 20 d in the stratosphere, cor-
responding to the strongest positive anomalies in the meso-
sphere occurring between 20 and 50 d after the onset day as
shown in Fig. 2a. These changes occur in parallel to rapid
stratospheric warming, with the temperature maxima appear-
ing in near-vertical quadrature with the wind anomalies dur-
ing those 5 d before and after the SSW onset (Fig. 2¢). Dur-
ing the recovery phase following the SSW, progressively de-
scending negative anomalies in the stratosphere appear with
positive anomalies in the mesosphere, along with the refor-
mation of the “normal” stratopause. The lower mesosphere
exhibits negative wind anomalies with lags ranging from
—30 to 20d, with the most pronounced negative values ob-
served at 1hPa (Fig. 2a). The vertical extent of the zonal
wind and temperature anomalies at FSW onset is similar to
that of the SSW event, but the magnitude and strength are
different. The temperature anomaly at 1 hPa almost vanishes
and remains around zero after FSW onset. @* anomalies over
the polar regions (70-90° N) as an indicator of wave forcing
show more intense downward propagation (blue) and upward
propagation (red) during both events. The obvious differ-
ence between the two types of events is that strong upwelling
starts about 3 weeks earlier at negative lags for SSW events
(Fig. 2e). The statistically significant positive anomalies van-
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ish after 15d, giving way to negative anomalies emerging
within 30d in Fig. 2e. In contrast, FSW events exhibit &*
anomalies that remain positive for a duration near 40 d above
1 hPa (Fig. 2f). The lasting @* anomalies after the FSWs at
and below 1 hPa are very small though.

4 Local changes over Ny-Alesund, Svalbard (79°N,
12°E)

Leveraging continuous ozone measurements from the
ground-based radiometer GROMOS-C at Ny-Alesund, Sval-
bard (79°N, 12°E), and combining MERRA-2 and MLS
datasets, we analyze the temporal evolution of ozone and
provide more details on the impacts of SSW and FSW events.
The main benefit of the ground-based observations is the
much higher temporal resolution of 2h, which permits us
to estimate the sampling bias from the MLS satellite, taking
data at only two local times. This higher temporal resolution
is also sufficient to resolve the daily ozone cycle (Schranz
et al., 2018). Figure 3 exhibits the SSW and FSW compos-
ite ozone VMR at Ny—Alesund (79°N, 12°E) as a function
of the time lag for an event’s central date. The GROMOS-
C-measured ozone VMR over Ny-Alesund is greatly en-
hanced after an SSW and FSW onset. The results indicate
good agreement between MERRA-2 (below 0.1 hPa) and
MLS with GROMOS-C observations. However, due to the
complexity of altered dynamics in the winter polar regions
introducing additional uncertainties into numerical models
and data assimilation systems (Wargan et al., 2017), ozone
VMRs exhibit dramatic variability (in Fig. 3c, d) in the meso-
sphere from MERRA-2. Discontinuities in MERRA-2 ozone
(Shi et al., 2023) in the mesosphere (0.1-0.01 hPa) have to
be taken into account, which is likely associated with the
extension of stratospheric chemistry up to the mesosphere.
Knowland et al. (2022) discussed the model ozone biases in
MERRA-2 due to mesospheric parameterization being dis-
abled in the NASA Goddard Earth Observing System Com-
position Forecast (GEOS-CF), and the stratospheric chem-
istry now extends up through the top of the GEOS atmo-
sphere, thus avoiding the need to repeatedly read in produc-
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Figure 1. Pressure—time section of the SSW and FSW composite zonal-mean (a, b) zonal wind and (c, d) temperature from MERRA-2.
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tion and loss rates. Gelaro et al. (2017) investigated these par-
tially understandable increased deviations using the imple-
mented radiative transfer schemes and other model physics
such as interactive chemistry, which is computationally much
more expensive. Shi et al. (2023) discussed the climatolog-
ical deviations of the measurements from the ground-based
radiometer GROMOS-C with MERRA-2 and MLS. Other-
wise, the presence of much more atomic oxygen compared to
ozone in the upper mesosphere could be used to explain the
observed large discrepancies above 0.1 hPa when MERRA-2
ozone is compared with MLS and GROMOS-C. Our analysis
reveals qualitative agreement in stratospheric ozone between
MERRA-2 and observations from the GROMOS-C and MLS
instruments during FSW and SSW events. This agreement
serves as a robust justification for employing MERRA-2 data
to explore the dynamics—chemistry relationship in subse-
quent steps of our research, providing confidence in the reli-
ability of MERRA-2 ozone data for our analytical purposes.

Figure 4 shows the composite ozone anomalies in
GROMOS-C, MERRA-2, and MLS at Ny-Alesund (79°N,
12°E) as a function of time lag for the SSW and FSW cen-
tral date. These subplots show very similar behavior despite
the variety of datasets and years covered. The strongest pos-
itive ozone anomalies of up to 1ppmv for more than 30
consecutive days after SSW onset in the middle- and upper-
stratospheric layers are evident. The positive ozone anoma-
lies persist around 20 d after FSW onset in the middle strato-
sphere following a negative value of around 0.6 ppmv de-
scending in the upper stratosphere. Otherwise, there is a
negative ozone anomaly in the lower stratosphere and up-
per stratosphere before FSW onset that is stronger than be-
fore the onset of the SSW events. Note that the GROMOS-C
composite is based on only three SSW and FSW events be-
cause the measurement campaign started in September 2015.
The anomalies are estimated in terms of the daily climatol-
ogy (between 2015 and 2022).

5 Dynamical and chemical effects on ozone

5.1 Seasonal cycle of the ozone transport budget

Seasonal changes in ozone tendencies from the eddy effect,
advection transport, and chemical loss and production pro-
cesses based on MERRA-2 reanalysis data for the period
2004-2021 are shown in Fig. 5. The contribution from each
term in Eq. (2) is calculated to infer the seasonal cycle of the
ozone transport budget in MERRA-2 averaged between 70
and 90° N. The ozone tendency x; shows a distinct increase
during winter and fall and a decrease during spring and early
summer. In Fig. 5b, the horizontal eddy transport exhibits
a prominent seasonal cycle, with positive and significantly
stronger ozone eddy mixing observed throughout the strato-
sphere over the entire year, except for the summer months.
Vertical eddy transport tends to show a dipole pattern with
opposite effects between the middle and upper stratosphere
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from late fall to early spring in Fig. Sc. This indicates that
seasonality in eddy mixing plays a major role in the polar
ozone annual cycle. Horizontal advection of ozone is much
smaller compared to eddy-mixing and chemical processes as
shown in Fig. 5d (an increase of 5 times). However, it has
negative effects on the ozone mixing transport in the polar
regions. During fall and winter, the vertical advection trans-
port exhibits a pattern comparable to that of the vertical eddy
term, yet it demonstrates a tendency towards positive values
in the upper stratosphere during summer. Finally, the chemi-
cal term is positive during winter in the middle stratosphere.
However, the greatest ozone destruction occurs in spring,
reaching its maximum in April.

Figure 5g—i show the seasonal cycle of all terms averaged
over the latitudes from 70 to 90°N for the pressure levels
10hPa (~30km), 3hPaK (~40km), and 1 hPa (~ 50 km).
At 10hPa horizontal eddy transport and net chemical loss
nearly balance each other out, particularly from February
to June. Vertical eddy transport makes a negative contri-
bution from September to April. Horizontal eddy transport
has a large positive contribution of within 0.4 ppmvd~' in
March at 3 hPa, corresponding to maximum chemical ozone
destruction. However, chemical production starts from Oc-
tober to February and has a peak in January at 3 hPa. Thus,
the shape of the ozone seasonal cycle is mainly determined
by the seasonally varying eddy-mixing transport and chem-
ical loss and production. At 1hPa, the chemical term is of
crucial relevance, and the seasonal budget of ozone is com-
pletely controlled by competing effects of horizontal eddy
transport and chemical terms. As a result, the eddy mixing
effectively transports ozone into the polar region during win-
ter and spring, where the horizontal eddy transport is so large
that it balances a large fraction of the chemical ozone de-
struction.

Although the chemical term S displays the features of a
chemical sink and source term, including location and sea-
sonality in Fig. 5, there are differences compared to other
methods of calculating ozone loss rates as shown in Fig. 6.
We use the output from the chemistry transport model to dis-
play the seasonal cycle of TOT, DYN, and CHM based on
Eq. (1). TOT shows good agreement in magnitude with the
results x; from the TEM analysis. The largest discrepancy
between S and CHM (between DYN and CHM) occurs dur-
ing the winter months in the middle and upper stratosphere,
where the negative (positive) tendency in Eq. (2) is found
rather than the positive (negative) tendency found in Eq. (1).
It is important to note that the residual term in the TEM equa-
tion is shown to be representative of the chemical net produc-
tion term S (&7, — Xdyn)- This is an approximation since it
also contains ozone transport due to unresolved waves, such
as gravity waves (Plumb, 2002). One of the causes of this dis-
crepancy is that S calculations for MERRA-2 rely on the dy-
namical diagnostic terms in Eq. (2), in particular the effects
of irreversible eddy-mixing transport ¢¥/#V . M. The hori-
zontal eddy mixing is predominantly influenced by the forc-
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Figure 3. Pressure—time section of SSW and FSW composite ozone VMR from (a, d) GROMOS-C, (b, €) MERRA-2, and (c, f) MLS at

Ny-Alesund (79°N, 12°E).

ing from the breaking of resolved waves (Plumb, 2002). Fur-
thermore, this discrepancy is very pronounced during winter,
as shown in Figs. 5f and 6¢. Randel et al. (1994) and Min-
ganti et al. (2020) studied the effect of the SSW event on
the NoO TEM budget, which showed more contributions of
vertical advection and horizontal eddy mixing to this budget
during the SSW event than in the seasonal mean. Thus, we
can explain the resulting discrepancy in the ozone TEM bud-
get from the highly frequent occurrence of SSW events in
the Northern Hemisphere, which affects the seasonal cycle
in climatology in the polar regions. Hence, the discrepancy
in the ozone TEM budget can be accounted for by the more
frequent occurrence of midwinter SSW events in the North-
ern Hemisphere, leading to the effects on the ozone TEM
budget in the polar regions at the seasonal scale. Determining
the ozone transport mechanisms during stratospheric extreme
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events for better understanding of stratospheric processes and
ozone variability in stratospheric chemistry—climate mod-
els and better representation in chemistry—climate models
therefore has the potential to improve medium-range weather
forecasts during high-latitude winter.

5.2 Insights into the ozone budget during SSW and

FSW events

A climatological comparison of ozone anomalies through-
out the life cycle of SSW and FSW events using MERRA-
2 and MLS data provides more details about the dynamical
and chemical contributions and temporal evolution of both
events. Figure 7 visualizes the composite vertical structure
and evolution of ozone anomalies in MERRA-2 and MLS
during SSW and FSW events averaged over the polar regions
(70-90° N). The vertically resolved ozone VMR (Fig. 7a, c)
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Figure 4. Same as in Fig. 3 but for anomalies at Ny—Alesund, Svalbard (79° N, 12°E).

shows a more complicated picture during SSW events com-
pared to FSW events (Fig. 7b, d). A weak negative ozone
anomaly in the lower and middle stratosphere and a positive
ozone anomaly in the upper stratosphere close to the SSW
onset are presumably related to the polar stratosphere being
dominated by an anomalously strong and cold vortex dur-
ing this time, leading to reduced transport of ozone-rich air
masses into the polar regions. Within the first 20d follow-
ing the SSW onset, the ozone VMR anomalies rapidly in-
crease by more than 1 ppmv and persist for up to 50 d until
late winter in the middle stratosphere (30—-10hPa). The neg-
ative anomalies above 5hPa exist only briefly at the SSW
onset. They are followed by persistent positive anomalies,
which tend to reach their maximum value with lags of 20d
in the stratopause and lower mesosphere. During FSW events
the ozone anomaly is unusually negative below the 10 hPa
level before the onset day, exhibiting a reduced ozone VMR
of about —0.8 ppmv from lags of —30 to 0d compared to

https://doi.org/10.5194/acp-24-10187-2024

the climatology. Above 5hPa, the negative anomalies per-
sist over the life cycle of FSW events and the altitude of the
negative anomaly tends to descend with time after the FSW
onset. However, the positive ozone anomalies have a peak
in the middle stratosphere at the FSW onset and also persist
for about 20 d, propagating downward into the lower strato-
sphere. The structure of these anomalies differs somewhat
from that of SSW events, particularly in the transition from
rapidly increasing positive to descending negative anomaly
tendencies in the middle to upper stratosphere after FSW on-
set.

Utilizing the results obtained from vertically integrated
ozone tendency and ozone continuity equations, we com-
pare the specific contributions of dynamical and chemical
processes to the observed ozone anomaly behavior during
SSWs and FSWs. Figures 8 and 9 present the anomalous
ozone tendencies averaged between 70 and 90°N during
SSW and FSW events, along with their associated dynamical

Atmos. Chem. Phys., 24, 10187-10207, 2024



10196

(a) Ozone tendency: ¥,(x5)

(b) Horizontal eddy: e*/*(V - M,)

G. Shi et al.: Ozone and SSW

(c) Vertical eddy: e*/#(V - M,)

0.1 b 03
0.2
= 1 i 0.1
[-™ a - . .
= = > | =
2 -,
10 £
2 =
2 0.1
&
100 -0.2
500 -0.3
JJFMAMJ J A S OND J FMAMJ J A S OND J FMAMJ J A S OND
(d) Horizontal advection: —v*x,(x5) (e) Vertical advection: —w*y, (f) Chemical tendency: S
0.1 ‘ 03
- e 0.2
— 1 - -
£ ) 01
= @ = Q\ B
2 0z
& 01 T
100 -0.2
500 -0.3
JJ FMAM1J J A S OND J FMAMJ J A S OND J FMAMIJ J A S OND
o4 (g) 10 hPa (h) 3 hPa (i) 1 hPa
T A Oé
T>»
<
= 0 = N\
>
E -
=
-0.2
-0.4
JJ FM A M J J A S O N D J FMAMIJ J A S OND J FMAMJ J A S OND

Ozone tendency: ¥,

Horizontal eddy: e/ (V - M,)

Vertical eddy: e*/H(V - M,)
Horizontal advection: —v*x,

Vertical advection: —&*x;
Chemical tendency: §
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and chemical fields. We have omitted the contributions due
to the horizontal advection (not shown) since they are small
compared to the other processes. Moreover, we decompose
the total ozone tendency into contributions of dynamical and
chemical terms in Eq. (1) to infer the sources of transient
changes in the polar stratospheric ozone tendency anomalies.
The results indicate pronounced ozone tendency anoma-
lies ) primarily between 100 and 10 hPa, starting with a pos-
itive ozone tendency anomaly from lag —8 d to the onset day
(Fig. 8a). The evolution of the ozone tendency anomaly ¥ is
consistent with the TOT anomaly in Fig. 8f. The evolution of
the TOT anomaly in the lower and middle stratosphere (be-
tween 100 and 1 hPa) is mainly dominated by DYN (Fig. 8g).
DYN in the lower and middle stratosphere (100 and 10 hPa)
is primarily attributed to the ozone transport via vertical ad-
vection (Fig. 8d) and eddy transport effects (Fig. 8b, c). No-
tably, the dominance of the dynamical term in ), or the TOT
anomaly in the lower stratosphere during the life cycle of the
SSW composite is consistent with the transient changes in
vertical residual mean transport (Fig. 2). A strong negative
w* exists in the polar regions corresponding to the positive
Xdyn and TOT (Fig. Al). An intensified residual circulation
significantly weakens or breaks up the polar vortex, hence
facilitating poleward ozone transport and resulting in an in-
crease in the ozone VMR (Schranz et al., 2020; Shi et al.,
2023; Bahramvash Shams et al., 2022; Harzer et al., 2023).
In the upper stratosphere, there is a notable negative ozone
tendency anomaly at the onset of SSW, primarily driven by
horizontal eddy and vertical advection. The vertical eddy ef-
fect contributes to building up the negative ozone tendency
anomaly, while the chemistry term S tends to compensate
for the ozone tendency anomaly from lag —10d to the SSW
onset day. Conversely, as the vertical eddy effect builds up
the ozone tendency anomaly, the chemistry term S balances
or weakens the ozone tendency anomaly after the SSW on-
set. Positive vertical eddy transport ¢%/# V . M, and negative
S in the upper stratosphere (between 3 and 1 hPa) from SSW
onset day O to lag 35 d partially counteract the dynamically
induced ozone anomalies through S (Fig. 8e). Interestingly,
Fig. 8h presents two opposite attributions of CHM before
and after SSW onset (the period is from lag —15 to 35d)
in the upper stratosphere, which is almost the opposite ten-
dency compared with S. The significant discrepancy during
SSW events is evident in S, with negative contributions in
the upper stratosphere (Fig. A2) that are possibly due to un-
certainties in calculating the eddy transport term, along with
uncertainties in the rest of the dynamical terms. A poten-
tial source of discrepancy is that Eq. (2) does not account
for the effects of numerical diffusion and vertical diffusion
due to the gravity wave parameterization in particular; these
are presumably non-negligible in the middle to upper strato-
sphere. As discussed in Brasseur and Solomon (2005), the
polar middle stratosphere, as the transition layer, is intricate
and requires consideration of various conditions and addi-
tional constraints. This is because ozone is chemically con-
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trolled above this layer, while below it is dynamically con-
trolled.

During FSW, the anomalous ozone tendency Y, exhibits
notable differences compared to SSW events, particularly in
the middle stratosphere, where the FSW ozone tendency is
affected by chemical and dynamical process-induced wave—
mean flow interactions. In Fig. 9, the negative ¥, anomaly
lags from 5 to 15d in the middle stratosphere, which are
attributed to the photochemical effects, partially counter-
acted (Fig. 9e and h) the positive horizontal eddy transport
(Fig. 9b). In the lower stratosphere, the strong anomalous
positive tendency x, at FSW onset (Fig. 9a) is associated
with the dynamical terms, which are horizontal eddy and
enhanced vertical advection transports (Fig. 9b and d). In
the upper stratosphere, there is no obvious ozone tendency
anomaly at FSW onset, which can be explained by the neg-
ative contributions of vertical eddy transport (Fig. 9¢) coun-
teracted by other terms. The evolutions of TOT and S are
consistent with ; and CHM, respectively, in the lower and
middle stratosphere (50-3 hPa) during FSW. In addition, the
strong x; and CHM around FSW onset emphasize the impor-
tance of chemical processes in spring.

There is also remarkable agreement between S and CHM
(as well as between X 4y, and DYN) anomalies in the lower
mesosphere during the SSW and FSW events displayed
in Fig. 8d, h. This can be attributed to the temperature—
ozone relation that suggests that, in a region dominated
by pure oxygen chemistry, a temperature decrease of 10K
would produce an increase in ozone of about 20 % (Brasseur
and Solomon, 2005). Temperature changes will modify all
temperature-dependent photochemical rates and hence feed-
back to the ozone chemistry. As shown in Fig. 1d and h, from
lags of 10 to 40d during SSW events in the lower meso-
sphere, the negative temperature anomaly is more than 10 K
from of lags 10 to 40 d, and the positive 0ozone VMR anomaly
reaches 0.5 ppmv. Ozone anomalies resulting from the nega-
tive dynamical transport and chemical production manifest
a few days after SSW onset and last for an extended pe-
riod of 50d. During FSW events, positive dynamical trans-
port and net chemical loss nearly balance each other out at
0.5 hPa (Fig. A2), leading ozone tendency anomalies to fluc-
tuate around zero.

5.3 Dynamical control of the total column ozone

Many studies have highlighted the significant impact of en-
hanced propagation of planetary waves in the lower strato-
sphere on the increase in TCO in winter (Matthias et al.,
2013; Shaw and Perlwitz, 2014; Lubis et al., 2017; Safied-
dine et al., 2020; Matthias et al., 2021), subsequently lead-
ing to reduced ozone depletion in springtime (Manney et al.,
2020; Lawrence et al., 2020; Schranz et al., 2020). The posi-
tive TCO anomalies after SSW events span a period exceed-
ing 40 d when analyzing data from ERAS and MERRA-2 re-
analysis, MLS, or comprehensive GCMs such as WACCM

Atmos. Chem. Phys., 24, 10187-10207, 2024
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Figure 9. Same as in Fig. 8 but for the FSW composite events.

over the polar regions (de la Camara et al., 2018b; Safied-
dine et al., 2020; Bahramvash Shams et al., 2022; Hocke et
al., 2023). Robust positive TCO anomalies during early FSW
events are influenced by the wave geometry of the FSW (But-
ler and Domeisen, 2021). Therefore, the dynamical behavior
of SSW and FSW events which alter the chemical and dy-
namical evolution of the polar stratospheric ozone VMRs af-
fects the distribution of TCO over the northern polar region.
As TCO is dominated by the lower stratosphere, changes in
lower-stratospheric ozone will map directly into TCO.

Quantitatively separating the effects of dynamic and
chemical processes on TCO is challenging because polar
ozone is similarly affected by each process. Therefore, we
focus on the variability caused by dynamical processes in the
TCO changes based on the relative contributions of dynam-
ical and chemical processes in Sect. 5.2. We calculate TCO
tendency anomalies in the Northern Hemisphere (30-90° N)
during SSW and FSW events using MERRA-2 in Fig. 10. We
find that enhanced polar TCO close to the SSW and FSW on-
set is mainly induced by the anomalous horizontal eddy ef-
fect and vertical advection transport in the lower stratosphere
(at 30 hPa in Fig. 10). In terms of the 450 K level, it turns out
that the dynamical processes involved affect the polar TCO
tendency anomalies. Figures 10 and A3 indicate that the po-
lar TCO anomalies during SSW and FSW events can be at-
tributed to anomalous dynamical processes.

https://doi.org/10.5194/acp-24-10187-2024

6 Discussion and conclusions

In this paper, we use MERRA-2 reanalysis data to identify
SSW and FSW events by analyzing zonal wind fields and po-
lar temperatures covering the period from 2004 to 2022. We
focused on investigating the vertically resolved polar ozone
variations during both SSW and FSW events and quantify-
ing their driving mechanisms. The impact of major SSW and
early FSW events on ozone in the stratosphere and meso-
sphere was investigated using microwave radiometer mea-
surements taken by GROMOS-C at Ny—Alesund, Svalbard
(79°N, 12°E). Microwave observations of the daily ozone
profiles during SSW and FSW events were retrieved in the
stratosphere and lower mesosphere at 2070 km. GROMOS-
C captured the high variability of middle-stratospheric ozone
fluctuations, showing a dramatic increase in ozone VMRs
after SSW and FSW onset. For validation purposes, local
changes in ozone VMRs from MERRA-2 in the stratosphere
and mesosphere displayed common features in GROMOS-C
and MLS under SSW and FSW conditions. Ozone anomalies
are identified throughout the stratosphere and lower meso-
sphere (from 100 to 0.1 hPa) during SSW and FSW events.
Notably, positive ozone VMR anomalies of approximately
1.5 ppmv in the middle stratosphere persisting for 30 d after
SSW onset and 20 d after FSW onset have been documented.

Atmos. Chem. Phys., 24, 10187-10207, 2024
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latitude in the Northern Hemisphere.

Qualitative agreement in ozone between MERRA-2 and
observations from GROMOS-C and MLS during FSW
and SSW events provides confidence in the reliability of
MERRA-2 data up to an altitude corresponding to 0.1 hPa
for investigating the driving mechanisms of polar ozone dy-
namics and chemistry. Above 0.1 hPa, MERRA-2 ozone data
indicate larger deviations from GROMOS-C and MLS due
to the used odd-oxygen family model. In the mesosphere,
odd oxygen starts to be dominated by atomic oxygen and no
longer by ozone and thus can explain why MERRA-2 ex-
hibits less good agreement with the observations, although
MLS ozone is assimilated up to 0.02 hPa in the mesosphere.
Based on the TEM budget equation, we rationalize the im-
pact of SSW and FSW events on ozone anomalies by calcu-
lating dynamical and chemical terms in Eq. (2) using meteo-
rological variables provided by MERRA-2 reanalysis data.

1. The enhanced transport of ozone into the polar cap on
the seasonal scale is attributed to the increased occur-

Atmos. Chem. Phys., 24, 10187-10207, 2024

rence of SSW events during midwinter in the North-
ern Hemisphere. However, more ozone chemical loss in
springtime than the climatology of the seasonal mean
is attributed to more early FSW events (Matthias et al.,
2021).

. The impact of SSW and FSW events on total ozone

tendency is shown by the altitude tendencies from the
lower to middle stratosphere (from the middle to upper
stratosphere and to the lower mesosphere) that change
from positive to negative (from negative to positive)
close to onset.

. Positive ozone anomalies larger than 1 ppmv close to

SSW onset in the lower and middle stratosphere are
attributed to the dynamical processes of the horizon-
tal eddy effect and vertical advection transport, while
this response pattern for FSW events is associated with
the combined effects of dynamical and chemical terms

https://doi.org/10.5194/acp-24-10187-2024
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reflected by the photochemical effect counteracted par-
tially by positive horizontal eddy transport, in particular
in the middle stratosphere.

4. Substantial differences in the chemical fields in the
upper stratosphere displaying negative S and posi-
tive CHM after SSW onset within 30d are attributed
to greater uncertainties in TEM diagnostics, particu-
larly when calculating eddy effects and mean advection

transports.

Our results establish a new perspective on the driving mech-
anisms behind pronounced polar ozone anomalies associ-
ated with dynamical and chemical processes in the strato-
sphere during SSW and FSW events. Although previous
studies have shown composite spatial and temporal ozone
responses to SSW events in the Arctic (de la Cdmara et al.,
2018a, b; Hong and Reichler, 2021; Bahramvash Shams et
al., 2022; Harzer et al., 2023), we took a more comprehen-
sive approach and higher altitudes up to the lower meso-
sphere to study the polar ozone anomalies, and we consid-
ered not only major SSW events but also early FSW events.
The polar ozone response pattern reflects the underlying
ozone transport anomalies when viewed over the polar lat-
itude station with a vertically resolved response structure.
The ozone response signature during SSW and FSW events
in the stratosphere and lower mesosphere can be explained
by consecutive counteracting anomalous tendencies associ-
ated with eddy-mixing effects and advection transports on
daily timescales, as well as chemical production and loss. In
particular, these studies showed that weaker midwinter plan-
etary wave forcing in the stratosphere due to weaker upward
wave propagation leads to lower spring Arctic temperatures
and thus to more ozone destruction in spring. In particular,
our results suggest that anomalous ozone tendencies during
FSW events in the middle stratosphere can be attributed to
the dynamical field counteracted partially by chemical loss.
Furthermore, the type of SSW is characterized by anoma-
lous evolution of ozone tendencies in winter, leading to dis-
tinct chemistry patterns and variations in the intensity and
duration of anomalous transport and mixing properties in the
upper stratosphere. In contrast, chemistry contributions dur-
ing years with FSW events in spring are relatively less pro-
nounced in the upper stratosphere, representing a predomi-
nantly smooth transition according to the climatology.
Finally, referring back to a novel aspect of this study in-
volving the relative contributions of dynamical and chemical
effects to the anomalous ozone tendency, we found that a sig-
nificant discrepancy in chemical effects between S utilizing
TEM diagnostics and CHM from chemistry transport mod-
els is observed during SSW events, which is not replicated
in FSW events, as shown in Fig. 9e, h. This finding con-
tributes to a growing body of evidence suggesting that the
difference is associated with substantial uncertainties in the
calculated dynamical terms derived from the MERRA-2 re-
analysis for SSW events. However, it is unclear whether the
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remaining differences only result from the quality of the re-
analysis data and substantial anthropogenic ozone-depleting
substances in recent decades, indicating that ozone chem-
istry has become increasingly important in governing climate
variability. There have been several studies showing that po-
lar vortex dynamics are key to understanding polar ozone
VMRs (Sun et al., 2014; Banerjee et al., 2020; Schranz et
al., 2020; Shi et al., 2023). Due to the ban on chlorofluoro-
carbons (CFCs) that the Montreal Protocol ozone depletion
policy was supposed to enforce, a trend reversal in the circu-
lation is expected. Recent studies show such a trend reversal;
however, it has not yet been confirmed whether the ozone
recovery or the increased carbon dioxide is the cause of the
changes in dynamics. Monitoring ozone in the stratosphere
and lower mesosphere therefore remains a high priority and
is supported by the Global Atmospheric Watch (GAW) pro-
gram. In addition, we found that the ozone tendency in the
lower stratosphere is primarily due to the horizontal eddy ef-
fect and vertical advection transport. Thus, we consider the
observed variability in zonally averaged TCO in the polar re-
gions for SSW and FSW events from MERRA-2. Dynamical
processes in the lower stratosphere dominate TCO variabil-
ity.

In general, the findings of this study contribute to a more
comprehensive interpretation of the observed ozone vari-
ability at polar stations, with particular emphasis on the
ozone anomaly situation. While existing research has pre-
dominantly concentrated on dynamic effects on Arctic ozone
(de la Camara et al., 2018b; Bahramvash Shams et al., 2022;
Harzer et al., 2023), our study emphasizes the combined con-
tribution of dynamical and chemical effects to polar ozone
anomalies. This is especially evident because the anomalies
of polar TCO during SSW and FSW events can be attributed
to wave-driven anomalous dynamics. Therefore, understand-
ing the interplay between dynamical and chemical processes
during stratospheric extreme events will enhance our com-
prehension of the connections between middle- and upper-
stratospheric dynamics and ozone chemistry. This knowledge
is crucial for interpreting the observed vertically resolved
pattern of daily variability and better quantifying polar ozone
evolution.

Atmos. Chem. Phys., 24, 10187-10207, 2024



10202

Appendix A

. (a) @* anomaly at 30 hPa during SSW
90 N _

70'N .

{

Latitude [degree]

v
>,
z

30N \
-30 -20 -10 0 10 20 30 40
(¢) Xayn anomaly at 30 hPa during SSW

90N ’ IT’ ' -

70N

Latitude [degree]

[
>,
z

(]

30N -
-30 -20 -10 0 10 20 30 40
(e) DY N anomaly at 30 hPa during SSW

90N = =

70'N

Latitude [degree]

[
>,
z

30N '
30 20 -10 0 10 20 30 40

50

0.2

-0.2

0.2

-0.2

ms™]

[ppmy d™']

[ppmv da! ]

G. Shi et al.: Ozone and SSW

(b) @* anomaly at 30 hPa during FSW
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Figure A1. Evolution of the @* anomalies dO3/ds (ms~!) and Xdyn as well as the DYN anomalies at 30 hPa (ppmv d=1) for the composite
of SSW (a, ¢, ) and FSW (b, d, f) events as a function of time and latitude in the Northern Hemisphere.
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Data availability. The GROMOS-C level-2 data are provided by
the Network for the Detection of Atmospheric Composition Change
(NDACC) and are available at the NDACC data repository https://
www-air.larc.nasa.gov/pub/NDACC/PUBLIC/meta/mwave/ (Uni-
versity of Bern, 2024). The MLS v5 data are available
from the NASA Goddard Space Flight Center Earth Sci-
ences Data and Information Services Center (GES DISC) at
https://doi.org/10.5067/Aura/MLS/DATA2516 (Schwartz et al.,
2020). The MERRA-2 data are provided by NASA at the Modeling
and Assimilation Data and Information Services Center (MDISC)
and are available at the model level (Global Modeling and Assimila-
tion Office, 2015b) at https://doi.org/10.5067/ WWQSXQSIVFWS,
at the pressure level (Global Modeling and Assimilation Of-
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6 Radiative effect of ozone and water
vapor on mesospheric tides

6.1 Introduction

The anomalies in ozone and water vapor VMR observed during SSW events have been examined
to assess their contribution to the atmospheric response, including changes in radiative forcing
and dynamical transport in the stratosphere and mesosphere. Moreover, the SSW events
also influence the MLT region, including modifications in the propagation and amplitude of
atmospheric tides. Therefore, the potential mechanisms linking these tidal variations to changes
in radiative forcing and trace gas distributions remain an area of active investigation.

In the following publication, we examine the variability of diurnal, semidiurnal, and terdi-
urnal tidal amplitudes during and after SSW events in the Arctic MLT region using meteor radar
observations from three high-latitude stations Sodankyla (67.37°N, 26.63°E), Tromsa (69.58°N,
19.22°E), and Svalbard (78.99°N, 15.99°E) as well as one station outside the polar vortex lo-
cated at Collm (51.3°N, 13°E). By integrating ground-based tidal amplitude observations with
concurrent variations in ozone and water vapor, we explore how planetary wave activity and
associated dynamical changes modulate tidal behavior at polar latitudes. To further understand
the radiative contributions of trace gases to tidal variability, we employ simulations from the
WACCM-X(SD), focusing on shortwave heating and longwave cooling rates. These observed
tidal patterns correlate with ozone-induced radiative changes, suggesting a secondary role of
ozone to the tidal amplitudes. In contrast, while water vapor serves as an effective dynam-
ical tracer, its limited radiative influence results in a minimal direct impact on mesospheric
tides.
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Abstract. We examine the variability of diurnal (DT), semidiurnal (SDT), and terdiurnal (TDT) tide amplitudes in the Arctic
mesosphere and lower thermosphere (MLT) during and after sudden stratospheric warming (SSW) events using meteor radar
data at three polar-latitude stations: Sodankyld (67.37°N, 26.63°E), Tromsg (69.58°N, 19.22°E), and Svalbard (78.99°N,
15.99°E) as well as one station outside the polar vortex located at Collm (51.3°N, 13°E). By combining tidal amplitude
anomalies with trace gas variations, induced by large-scale dynamical changes caused by the breaking of planetary waves, this
study provides new observational insights into the variation of ozone and water vapor, transport, and tides at polar latitudes. We
use short-wave (QRS) and long-wave (QRL) radiative heating and cooling rates simulated by the WACCM-X(SD) model to
investigate the roles of polar ozone and water vapor in driving mesospheric tidal variability during SSWs in the polar regions.
Our analysis reveals distinct tidal responses during SSW events. At the onset of SSWs, a significant negative anomaly in TDT
amplitudes in zonal and meridional components is observed, with a decrease of 3 m/s, approximately 25% change compared to
the mean TDT amplitude. Meanwhile, SDT shows a positive anomaly of 10 m/s, with changes reaching up to 40% ,indicating
an enhancement of tidal amplitude in both components. The DT amplitude exhibits a delayed enhancement, with a positive
amplitude anomaly of up to 5 m/s in the meridional wind component, occurring approximately 20 days after the onset of SSWs.
A similar, but weaker effect is observed in the zonal wind component, with changes reaching up to 30% in the zonal component
and 50% in the meridional wind component. We analyzed the contributions of ozone and water vapor to the short-wave heating
and long-wave cooling before, during, and after the onset of SSW events. Our findings suggest that the immediate responses

of SDT are most likely driven by dynamical effects accompanied by the radiative effects from ozone. Radiative forcing change
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during SSW likely plays a secondary role in DT tidal changes, but appears to be important 20 days after the event, particularly
during the spring transition. Water vapor acts as a dynamical tracer in the stratosphere and mesosphere but has minimal radiative
forcing, resulting in a negligible impact on tidal changes. This study presents the first comprehensive analysis of mesospheric
tidal variability in polar regions during sudden stratospheric warmings (SSWs), examining and linking the significant role of

trace gases and radiative effects in modulating tidal dynamics.

1 Introduction

Major SSW events are dramatic disruptions of the winter polar stratosphere, characterized by rapid temperature increases and
the reversal of the typical westerly winds. These events occur due to the interaction between planetary waves propagating
from the troposphere into the stratosphere and the stratospheric mean circulation (Matsuno, 1971; Andrews et al., 1987). This
interaction leads to the weakening or splitting of the winter stratospheric polar vortex (Haynes et al., 1991; Matthias et al.,
2013), resulting in a circulation reversal, increased downwelling in the polar stratosphere, and a subsequent rise in temperature
due to adiabatic heating. SSWs have broad impacts, influencing surface temperature (Davis et al., 2022; Hall et al., 2021),
weather patterns in the troposphere (Baldwin et al., 2021; Domeisen et al., 2020), large-scale circulation (lida et al., 2014),
stratospheric transport and composition (de la Cdmara et al., 2018; Schranz et al., 2020; Shi et al., 2024), and altering the
behavior of atmospheric tides in the MLT regions (Becker, 2017; Zhang et al., 2021; Liu et al., 2022) and up to the ionosphere
(Fang et al., 2012; Pedatella and Liu, 2013; Jones Jr. et al., 2020; Giinzkofer et al., 2022).

Several observational and numerical studies have established that the occurrence of SSW events influences the tidal vari-
abilities in the MLT across equatorial latitudes (Sridharan et al., 2009; Lima et al., 2012; Jin et al., 2012; Sathishkumar and
Sridharan, 2013; Siddiqui et al., 2018; Liu et al., 2021), as well as middle and polar latitudes (Jacobi et al., 1999; Bhattacharya
et al., 2004; Hoffmann et al., 2007; Pedatella et al., 2014; Chau et al., 2015; Stober et al., 2020; Liu et al., 2021; Eswaraiah
et al., 2018; Hibbins et al., 2019; Zhang et al., 2021; Dempsey et al., 2021; Liu et al., 2022; van Caspel et al., 2023; Dutta
et al., 2024). For instance, van Caspel et al. (2023) used a mechanistic tidal model to investigate the response of SDT to the
2013 SSW event and compared their findings with Meteor Radar (MR) wind observations at three stations: CMOR (43.3°N,
80.8°W), Collm (51.3°N, 13.0°E), and Kiruna (67.5°N, 20.1°E). Hibbins et al. (2019) observed an enhancement in the mid-
latitude migrating SDT in the MLT regions around 10-17 days after the SSW onset using meteor wind data from the Super
Dual Auroral Radar Network (SuperDARN) in the Northern Hemisphere. Dutta et al. (2024) reported an increase in solar SDT
amplitude in the polar MLT regions during the boreal SSW event of 2013 and the austral SSW event of 2019. Additionally,
Sathishkumar and Sridharan (2013) found a significant enhancement of DT amplitude in the zonal wind and the strength of the
equatorial electrojet just before the onset of SSW, with the solar SDT dominating over the DT during the SSW.

Previous studies have suggested that the primary mechanisms driving SDT variability in the MLT during SSW include the
modification of tidal amplitudes via propagation of tidal waves (Jin et al., 2012; Eswaraiah et al., 2018; He and Chau, 2019;
van Caspel et al., 2023), and the nonlinear interaction between tides and planetary waves (Liu et al., 2010b; Pedatella and

Forbes, 2010; Lima et al., 2012; He et al., 2020, 2024). For instance, Lima et al. (2012) demonstrated that the intensified
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tides and quasi-two-day wave amplitudes at low-latitude observed during a major SSW event are associated with strengthened
planetary wave activity in the stratospheric winter of the Northern Hemisphere. Given that the absorption of solar ultraviolet
radiation (UV) by stratospheric ozone is the primary source of SDT (Forbes and Garrett, 1978; Lindzen and Chapman, 1969),
and that SSWs affect the distribution of stratospheric and mesospheric ozone, changes in ozone density could potentially
influence the enhancement of SDT during SSW (Goncharenko et al., 2012; Pedatella et al., 2014; Limpasuvan et al., 2016;
Eswaraiah et al., 2018; Stober et al., 2020; van Caspel et al., 2023). Goncharenko et al. (2012) reported that the prolonged
increase in tropical ozone density around peak ozone heating rates generated a migrating semidiurnal tide, while circulation
changes amplified longitudinal inhomogeneities in ozone distribution, potentially leading to the generation of non-migrating
tides. Limpasuvan et al. (2016) suggested that the migrating SDT is globally amplified during the 20-30 day interval following
SSW onset, likely due to enhanced stratospheric ozone in the tropics and associated solar heating linked to equatorial upwelling
and cooling caused by the SSW. Eswaraiah et al. (2018) studied ozone transport over Antarctica and explored the nonlinear
interaction between planetary waves and tides to understand tidal enhancement observed 3 to 4 weeks after the central day
of SSWs. Moreover, Siddiqui et al. (2019) utilized WACCM simulations to investigate tidal amplitudes during the 2009 SSW
event, highlighting the crucial role of stratospheric ozone variability in modulating semidiurnal solar tidal changes. While the
nonlinear interaction between tides and planetary waves is considered a primary cause of SDT enhancement in the MLT region,
the impact of stratospheric ozone and water vapor on tidal changes during SSW events has been studied more extensively in
tropical regions than in polar regions (Sridharan et al., 2012; Goncharenko et al., 2012; Pedatella and Liu, 2013; Siddiqui et al.,
2019). Motivated by the observed links between trace gas variations in tropical regions during SSWs and changes in wave-tidal
amplitudes in the MLT, this study aims to explore how trace gases, specifically ozone and water vapor, change in polar regions
and their potential influence on tidal amplitudes during SSW events.

This study examines the causes of mesospheric tidal variability in the polar regions during SSWs, specifically focusing on the
role of radiative effects from ozone and water vapor. We use long-term MLT wind measurements from MRs at northern polar-
latitude stations: Sodankylid (67.37°N, 26.63°E), Tromsg (69.58°N, 19.22°E), and Svalbard (78.99°N, 15.99°E) to analyze the
variability of DT, SDT, and TDT in the zonal and meridional wind components compositing 10 major SSW events from 2004 to
2023 and the Collm (51.3°N, 13°E) MR outside the polar vortex as a reference (see in Appendix B). We utilize the short-wave
(QRS) heating and long-wave (QRL) cooling rates simulated by the Specified Dynamics (SD) Whole Atmosphere Community
Climate Model with thermosphere and ionosphere extension (WACCM-X) to investigate heating and cooling rates associated
with ozone and water vapor responses to SSW concerning tidal variations in the MLT region. In the first step, we compare
water vapor and ozone anomalies from WACCM-X(SD) with observations to ensure consistency with the observational data
before analyzing their role in tidal variability. This study presents a quantification of total radiative forcing changes during
SSW events and their close correspondence with ozone and water vapor changes observed at polar latitudes. Previous studies
already compared WACCM-X(SD) tides and mean MR winds together with other general circulation models (GCMs) (Stober
et al., 2021b). The combined analysis of tidal amplitude anomalies and trace gas variations in the polar regions provides new

insights into the factors influencing tidal dynamics during SSWs.
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2 Data and Methodology
2.1 Meteor radar data and analysis

Meteor radar observations collected at three stations in high latitudes are located at Svalbard (78.99°N, 15.99°E, from March
2001 to present), Tromsg (69.58°N, 19.22°E, from November 2003 to present), and Sodankyld (67.37°N, 26.63°E, from
December 2008 to present) in the Arctic, and Collm (51.3°N, 13°E, from August 2004 to present) in the mid-latitude regions.
All systems were almost continuously in operation for measuring zonal and meridional winds in the MLT region with a
temporal resolution of 1 h and vertical resolution of 2 km, which uses the same wind retrieval algorithm (Stober et al., 2021a, b).
The wind retrieval algorithm is a further development of the wind analysis introduced by Hocking et al. (2001) and Holdsworth
et al. (2004). The total tidal amplitude and phases are estimated using the adaptive spectral filter (ASF2D) (Baumgarten and
Stober, 2019; Stober et al., 2020; Krochin et al., 2024). The total tides, usually dominated by migrating (DW1, SW2, TW3)

tidal components, are obtained using the following function:

T(t,2),ult, 2),0(t, 2) = To(2),uo(2),v0(2) + i [An(z) sin (%t) + Bp(2)cos @it)] , 1)

n=1
where T, u, and v are the temperature, zonal, and meridional winds, respectively. P, is 8, 12 and 24 h, corresponding to terdi-
urnal tides (TDT), semidiurnal tides (SDT) and diurnal tides (DT), respectively. A,, and B,, denote the Fourier coefficients for
the tidal amplitudes at a given altitude. These coefficients are regularized, assuming certain smoothness of the tidal phase with
altitude. The zonal mean zonal and meridional wind and the zonal mean temperature are given by 7§, ug, and vy, respectively.
The retrieval function also includes longer period waves such as the quasi-two-day wave (QTDW) and stationary planetary

waves (Baumgarten and Stober, 2019; Schranz et al., 2020).
2.2 GROMOS-C

GROMOS-C (GRound-based Ozone MOnitoring System for Campaigns) is an ozone microwave radiometer that measures the
ozone emission line at 110.836 GHz at Ny-Alesund, Svalbard (78.99° N, 12° E) since September 2015. It was built by the
Institute of Applied Physics at the University of Bern (Fernandez et al., 2015). Measured ozone profiles are retrieved from
the ozone spectra with a temporal averaging of 2 hours, leveraging the Atmospheric Radiative Transfer Simulator version-2
(ARTS?2; Eriksson et al., 2011) and Qpack?2 software (Eriksson et al., 2005) according to the optimal estimation algorithm
(Rodgers, 2000). The retrieved ozone profile has a vertical resolution of 10-12 km in the stratosphere and up to 20 km in the
mesosphere, covering an altitude range from 23 to 70 km. The measured datasets were used to study the photochemically
induced diurnal cycle of ozone in the stratosphere and lower mesosphere (Schranz et al., 2018). The ozone measurements of
GROMOS-C have been validated with AURA-MLS and MERRA-2 (Schranz et al., 2020; Shi et al., 2023, 2024). Furthermore,
GROMOS-C has proved capable of measuring the tertiary ozone layer above Ny-x&lesund, Svalbard, in winter (Schranz et al.,
2018).
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2.3 MIAWARA-C

MIAWARA-C (MIddle Atmospheric WAter vapor RAdiometer for Campaigns) is a ground-based microwave radiometer mea-
suring the pressure-broadened rotational emission line of water vapor at the frequency of 22 GHz. The University of Bern built
this instrument (Straub et al., 2010) and performed a campaign at Ny—Alesund, Svalbard (78.99° N, 12° E) since September
2015. MIAWARA-C retrieval, like GROMOS-C, is conducted using the ARTS2 (Eriksson et al., 2011) and QPACK2 software
(Eriksson et al., 2005), following the optimal estimation algorithm (Rodgers, 2000). From the measured spectra, the retrieved
water vapor profiles cover an altitude range extending from 37 km to 75 km with a time resolution of 2-4 h and a vertical
resolution of 12-19 km. MIAWARA-C measurements were validated against MERRA-2 reanalysis, MLS observations, and
WACCM simulations, followed by a comprehensive intercomparison (Schranz et al., 2019, 2020; Shi et al., 2023). Moreover,
the effective ascent and descent rates of air were estimated using the water vapor from MIAWARA-C as a passive tracer to
investigate the dynamics of transport processes in the Arctic middle atmosphere (Straub et al., 2010; Schranz et al., 2019; Shi
et al., 2023).

2.4 Aura-MLS

NASA’s Earth Observing System (EOS) Microwave Limb Sounder (MLS) instruments on board the Aura spacecraft measure
thermal emissions from the limb of Earth’s atmosphere. MLS provides comprehensive measurements of vertical profiles of
temperature and 15 chemical species from the upper troposphere to the mesosphere, spanning nearly pole-to-pole coverage
from 82°S to 82°N (Waters et al., 2006; Schwartz et al., 2008). Aura MLS version 5 Level 2 profile measurements of ozone
and water vapor volume mixing ratios (VMR) between August 2004 and December 2022 are used in this study. The pressure
range for MLS ozone measurements useful for scientific applications extends from 261 to 0.0215 hPa (16-86km), while for
water vapor it ranges from 316 to 0.00215 hPa (10-86km). The MLS water vapor dataset has been compared globally with
ground-based microwave radiometers, typically showing values that are 0-10% higher than the profiles obtained from the
microwave radiometers in the range of 3-0.03 hPa (Nedoluha et al., 2017). The ozone profiles from MLS and ground-based
microwave radiometer measurements agree within 5% in the range of 18-0.04 hPa (Boyd et al., 2007; Bell et al., 2024). Relative
differences of ozone and water vapor climatologies at polar stations from Aura-MLS and radiometers agree well, with relative
differences mainly within +7% throughout the middle and upper stratosphere (Shi et al., 2023). In this study, ozone and water
vapor profiles are extracted for locations within +1.2° latitude and +6° longitude of Ny-Alesund, Svalbard, Sodankyli, and

Tromsg.
2.5 WACCM-X

The Whole Atmosphere Community Climate Model with thermosphere and ionosphere extension (WACCM-X) is an atmo-
spheric configuration of the NCAR’s Community Earth System Model (CESM) that extends into the thermosphere with a
model top boundary between 500 and 700 km (Liu et al., 2018). WACCM-X can be run with coupled or prescribed ocean,

sea ice, and land components, enabling studies at all atmospheric levels, including thermospheric and ionospheric weather
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and climate. Physical processes represented in WACCM-X are built upon those in the regular WACCM configuration, which
has a model top at 145 km, which in turn is built upon the Community Atmosphere Model (CAM) with its top at the lower
stratosphere. The physics of these models is described in Marsh et al. (2013); Gettelman et al. (2019) and Neale et al. (2013).
WACCM-X includes an interactive chemistry module that describes the major chemical processes, including ozone and related
chemical tracers. Radiative transfer calculations in WACCM-X are based upon those in WACCM3 and described in Liu et al.
(2010a).

We performed a climatological run from 2015 to 2023, leveraging the well-established Specified Dynamics mode of the
model (WACCM-X(SD)) setup corresponding to the GROMOS-C and MIAWARA-C campaigns. WACCM-X(SD) is a version
of WACCM-X whose temperature and winds from the surface to the stratosphere at ~50km are constrained by the Modern-
Era Retrospective Analysis for Research and Applications version 2 (MERRA-2) reanalysis dataset (Gelaro et al., 2017). By
nudging with MERRA-2, the model states correspond closely to the actual meteorological state up to the highest nudged
altitudes close to the stratopause. The model outputs (winds, temperature, trace gases, QRL, and QRS cooling/heating rates)
have a conventional latitude-longitude grid with a horizontal resolution of 1.9 ° x 2.5° and a time resolution of 3 hours.
The vertical resolution is the same as WACCM below 0.96 hPa but has been increased to one-quarter scale height above that
pressure level. The model top pressure is 4.1 x 10719 hPa (typically between 500 and 700 km altitude, depending on the solar
and geomagnetic activity). The QRS heating rate is primarily governed by ozone and water vapor absorption of radiation at
stratospheric altitudes. In the mesosphere, the QRS is affected by atomic oxygen and direct exothermic heating as well as other
ionospheric energy sources, such as particle precipitation. In contrast, the presence of carbon dioxide, water vapor, and ozone

influences the QRL cooling rate.
2.6 MERRA-2

The Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2) is a global atmospheric reanal-
ysis produced by NASA’s Global Modeling and Assimilation Office (GMAO), using the Goddard Earth Observing System-5
(GEOS-5) atmospheric general circulation model. Covering the period from 1980 to the present, MERRA-2 assimilates a wide
range of observational datasets to generate three-dimensional (a horizontal resolution of 0.5° x 0.625° and 72 model levels
from the surface to 0.01 hPa) meteorological fields (e.g. zonal and meridional winds, temperature, ozone, and water vapor)
with a 3-hourly time resolution. This study uses zonal and meridional wind fields for comparison with WACCM-X(SD) model

simulations.

3 Results

3.1 Initial comparison of WACCM-X(SD) and combined Meteor Radar and MERRA-2 fields for SSW 2018/2019

We first evaluate the wind patterns observed by Meteor Radar (MR) + MERRA-2 and WACCM-X(SD) in the stratosphere,

mesosphere, and lower thermosphere. Figure 1 illustrates the variability in zonal and meridional wind components above
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Tromsg during the winter 2018/2019 SSW event, covering the altitudes from 20 to 100 km. The comparison shows that the
combined MERRA-2 and MR winds agree reasonably well with WACCM-X(SD), reflecting even daily features. Zonal winds
agree within 2-5 m/s for the overlapping region at 75 km. Climatologically, mean meridional winds are generally weaker and
around the zero line; thus, the agreement does not look as good, but the overall magnitude difference is similar within 2-5 m/s.
MERRA-2 and MR zonal and meridional winds often show very consistent tidal features and only occasionally some phase
difference for individual days. WACCM-X(SD) winds are very similar to MERRA-2 up to the maximum nudging altitude, they
start to generate features above that are neither reflected in MERRA-2 nor in the MR winds. These differences are likely due to
the decreasing nudging strength with altitude. Additionally, the gravity wave (GW) parameterizations may contribute to these
discrepancies by driving the fields away from the observed state (Stober et al., 2021b). In particular, around the SSW there are
strong zonal and meridional wind features that are not seen in the observations. We also noticed that the elevated stratopause
does not extend beyond 75 km in WACCM-X(SD), but is found up to this height in the combined MR and MERRA-2 wind
fields. The formation of the elevated stratopause is accompanied by the reformation of the polar vortex, indicated by the
eastward winds that start to intensify at the mesosphere ( 60-80 km) and gradually descend with time after the SSW event.
The GW parameterizations tend to produce or strengthen certain tendencies in the wind fields, resulting in larger deviations
of the instantaneous winds, while sustaining most of the large-scale wind patterns. This is in agreement with previous studies
targeting the climatological behavior of MLT winds between MR winds and tides in comparison to WACCM-X(SD) (Stober
et al., 2021b).
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Figure 1. The cross-section of zonal and meridional wind variations at Tromsg (69.58°N, 19.22°E) during the SSW of 2018/2019, derived
from (a, ¢) MR and MERRA-2, (b, d) WACCM-X(SD). The white horizontal line marks the 75 km altitude level. In the left panels, the
horizontal line distinguishes meteor radar (upper section) from MERRA-2 (lower section). The vertical blue line denotes the central date of

SSW on January 2, 2019.
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Furthermore, we present and analyze WACCM-X(SD) fields that are not commonly used but provide essential information
to investigate and understand the short-term tidal variability. Figure 2 shows the 3-hourly ozone and water vapor VMR as
well as QRL and QRS for the location of Tromsg. The WACCM-X(SD) simulation reflects the exchange of airmasses in the
middle atmosphere due to the SSW event. In particular, the sudden intrusion of water vapor into the mesosphere and the
increase of ozone in the stratosphere are evident. The large-scale dynamics also directly affect the QRL and, thus, the cooling
of the middle atmosphere, resulting in a pronounced double-layer structure with increased cooling rates at around 40 km and
above 80 km starting already 10 days before the SSW central day. These changes in the cooling rates are aligned with water
vapor anomalies, but given the mean cooling rate of around 0.3 K/day due to water vapor in the mesosphere (Brasseur and
Solomon, 2005), its contribution to the QRL cooling rate is negligible. Thus, variations in QRL are more closely aligned with
temperature (warming in the stratosphere, cooling in the mesosphere, and warming above) rather than changes in water vapor.
For the short-term tidal variability, ozone and short-wave absorption might play a key role. WACCM-X(SD) shows the primary
stratospheric ozone layer at 20-50 km, the tertiary ozone layer around 60-70 km, and the secondary ozone layer above 90 km.
The secondary ozone layer reflects a strong diurnal modulation and starts to fade toward the spring transition. Furthermore,
associated with the large intrusion and exchange of air masses, the secondary ozone layer is disturbed, which starts again about
10 days before the SSW event and restores afterward. These changes are accompanied by a strong response from the QRS.
Furthermore, the QRS also reveals a clear signature of a diurnal forcing starting 20-30 days after the SSW, which is related to
the slowly descending elevated stratopause and the increased ozone VMR. During this time, after an SSW event, the secondary
ozone layer at the MLT almost vanished. Although the 2018/19 SSW event can be considered to be representative of major
SSWs, there is a noticeable variability between events. In section 3.2 and 3.3, we present composite analysis for major SSW
events concerning the central day and focus on anomalies rather than absolute values.

We also performed a tidal analysis for the SSW 2018/19 event. Therefore, we applied the ASF2D to the MR and WACCM-
X(SD) data for the location of Tromsg. Figure 3 shows the SDT anomalies for the zonal and meridional wind components,
respectively. The anomaly is calculated by comparing each day’s value to the climatological average for the same day across
all years from 2015 to 2023. WACCM-X(SD) exhibits a much stronger semidiurnal tidal amplification than can be found in
the observations for the horizontal wind. As already seen in the instantaneous winds, WACCM-X(SD) produces additional
features at the MLT, which likely also affect the tidal propagation, resulting in a decreased agreement when comparing daily
features, while the overall behavior seems to still be reproduced. The comparison for the DT is showcased in Figure 4. The
DT appears to be polarized and exhibits much stronger amplitudes in the meridional wind component compared to the zonal
wind component. Furthermore, the MR observations as well as WACCM-X(SD) capture a diurnal tidal enhancement starting
about 20 days after the SSW. However, the altitude range where this enhancement can be found is more confined below 80 km
in WACCM-X(SD), whereas the MR measurements indicate a strong DT up to 100 km. This difference seems to be related to

the differences in the altitude coverage of the elevated stratopause presented in Figure 1.
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Figure 2. The cross-section of (a) water vapor, (b) ozone, (c) QRL cooling rate, and (d) QRS heating rate variations at Tromsg during the

winter SSW of 2018/2019, derived from WACCM-X(SD).

Meteor radar WACCM-X(SD)
110 (a) SDT amplitude in zonal wind at Tromse 110 (b) SDT amplitude in zonal wind at Tromse 20
-
] L3 - -
— 3 v
E 100 “ “\ ’ { ¥ 100 0 5
5 ! £
< 90 90 0o =
E ! ' i E
= 80 80 -10 =
< A
70 t 70 + T =20
-50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80
110 ; ©) SDT amplitude in meridional wind at Tromse 110 (d) SDT amplitude in meridional wind at Tromse 20
S B 1
— )
z 'y —
oo \ ‘ | | 100 0+
g
Q =N
g 90 90 0 =
= 80 ' 80 10 =
= L LT : i
70 70 + ' 220
-50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80

Days since SSW 2018/2019 onset Days since SSW 2018/2019 onset

Figure 3. The cross-section of SDT amplitude anomalies in zonal and meridional wind components at Tromsg during the winter SSW of
2018/2019, derived from (a, ¢) MR and (b, d) WACCM-X(SD).

3.2 Composite analysis of mean wind response during SSWs

To understand the variation of winds and tides before and after SSW, the anomalies of zonal and meridional winds and tidal
amplitude are investigated. Figure 5 presents the composite zonal and meridional wind anomalies observed by three MRs at
Sodankyléd, Tromsg, and Svalbard as a function of time relative to the SSW central date. The central date, as defined in Li et al.

(2023) and Butler et al. (2017), corresponds to the onset of SSW, which is identified based on the zonal-mean zonal winds at
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Figure 4. The same as Figure. 3 but for the DT amplitude.

60°N and 10 hPa reversing from westerly to easterly. 10 major SSW events from 2004 to 2023 are analyzed in this study (in
Table A1). In the left panel of Figure 5, a reversal of the zonal wind is evident starting about 10 days before the nominal SSW
onset according to the mean zonal wind at 10 hPa and 60°N. During this period, the zonal wind becomes westward, with wind
reversal anomalies reaching approximately 8 m/s at 80 km altitude.

As we move southward from Svalbard to Tromsg and Sodankylid, the westward winds gradually strengthen after day O,
peaking at around 90 km with anomalies reaching up to 20 m/s. Following the onset of the SSW, eastward winds dominate
from 80 to 85 km for approximately 45 days, coincidental with the presence of an elevated stratopause that forms after the
stratospheric warming and the reformation of the 'normal’ stratopause towards the spring transition (Manney et al., 2009;
Matthias et al., 2021). In contrast, the meridional winds at these polar-latitude stations exhibit greater variability than the zonal
winds. Alternating positive and negative wind speed anomalies are observed throughout the entire altitude range, both before
and after the SSW onset (from day -50 to day 20), indicating significant large-scale planetary wave activity in the meridional
winds before and during the SSW onset and a reduced activity afterward. The polar vortex is reestablished after the SSW, as
indicated here by the period of intensified westerly winds, where the planetary waves are rather weak. Planetary wave activity
during SSWs plays a crucial role in modulating atmospheric tides (Hibbins et al., 2019; Zhang et al., 2021; van Caspel et al.,
2023; Qiao et al., 2024).

3.3 Composite analysis of the mean response of tides during SSW events

The tidal components have been extracted from the zonal and meridional winds observed by meteor radars following the
procedure for the mean winds, leveraging the ASF2D analysis during SSW events. Figure 6 shows the composite amplitude
anomalies for 10 SSWs of the TDT in the zonal and meridional winds at the three high-latitude stations, while Figures 7
and 8§ illustrate the corresponding anomalies for SDT and DT, respectively. The anomalies for SDT and DT observed from
WACCM-X(SD) are shown in Appendix A.
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Figure 5. The cross-section of SSW composite (a, ¢, €) zonal and (b, d, f) meridional wind anomalies observed with three MRs at Sodankyl,
Tromsg, and Svalbard over the period from 2004 to 2021, respectively. The vertical blue line represents the central date of the SSW (day 0

of SSW onset). The contours represent zero wind speeds.
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Figure 6. The cross-section of SSW composite TDT amplitude anomalies in the (a, c, e) zonal and (b, d, f) meridional wind components

observed with three MRs at Sodankyld, Tromsg, and Svalbard, respectively.
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In Figure 6, a pronounced decrease in TDT amplitude is observed within a few days before and after the SSW onset, char-
acterized by a magnitude of up to -3 m/s in both the zonal and meridional wind components. The tidal amplitude changes
can be presented as a percentage difference relative to the mean value. This reduction in TDT amplitude (20-30%) suggests
a significant suppression of the TDT during the onset phase of SSWs, possibly due to changes in the background wind and
temperature conditions that inhibit the propagation of this tidal component. Following this initial suppression, TDT amplitudes
start to strengthen approximately 10 days after the SSW onset at Svalbard and Sodankyld and 20 days later at Tromsg, even-
tually reaching maximum positive anomalies of up to 4 m/s. The recovery and subsequent amplification of the TDT may be
attributed to the reformation of the stratopause and the altered wind structure in the MLT region, which facilitates the upward
propagation of the tides. Notably, the strength of the TDT amplitude anomaly at Tromsg and Svalbard is stronger than at
Sodankyld, indicating potential latitudinal and longitudinal variations in the tidal response to SSWs. These observations align
with previous studies that have utilized mechanistic global circulation models (Lilienthal et al., 2018; Lilienthal and Jacobi,
2019) and satellite measurements (Moudden and Forbes, 2013) to discuss the excitation mechanisms of TDT, such as direct

solar heating, nonlinear interactions, and gravity wave—tide interactions.

100 (a) Sodankyli SDT ampli in zonal wind 100 (b) Sodankyli SDT amplitude in meridional wind 0
v v
E 95 95 L s T
< 90 90 (-]
3 2
= 55 85 5 E
< <
80 ' ' . e e . — 80 . . — - . G — v — -10
=50 -40 =30 20 -10 0 10 20 30 40 50 60 70 80 =50 -40 =30 20 -10 0 10 20 30 40 50 60 70 80
100 (©) Tromse SDT amplitude in zonal wind 100 (d) Tromse SDT amplitude in meridional wind 0
E 95 95 5 T
-5; 90 90 0%
g =
= =)
=< 85 85 5 F
< <
80 80 -10
=50 -40 =30 20 -10 0 10 20 30 40 50 60 70 80 -50  -40 -30 20 -10 0 10 20 30 40 50 60 70 80
100 (e) Svalbard SDT amplitude in zonal wind 100 ®) Svalbard SDT amplitude in meridional wind 0
>
E 9 95 s T
8 90 90 0o 2
= 85 85
80 80
=50 -40  -30  -20  -10 0 10 20 30 40 50 60 70 80 -50  -40  -30 20 -10 0 10 20 30 40 50 60 70 80
Days since SSW onset Days since SSW onset

Figure 7. The same as Figure. 6 but for SDT amplitude anomalies.

Figure 7 illustrates that the SDT amplitude anomalies at the three stations, in both wind components, can reach up to 10 m/s
(changes with peaks reaching up to 40%) within an altitude range of 90-100 km, persisting for only a few days around the SSW
onset. This short-lived but intense enhancement of SDT, particularly in the zonal wind component, indicates a strong and rapid
response of the SDT to the dynamical changes induced by the SSW. The pronounced increase in SDT amplitudes suggests that
the modification of zonal mean winds during SSW may provide more favorable conditions for the upward propagation of SDT,

potentially amplified by interactions with planetary waves. This rapid response is also consistent with the ozone enhancement
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at equatorial to middle latitudes around the onset of the SSW, as shown by Siddiqui et al. (2019) (in Figure 3b). Overall, the
SDT amplitude anomalies are found to be approximately twice as large as those of TDT and DT, highlighting the sensitivity of
SDT to SSW-induced disturbances.
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Figure 8. The same as Figure. 6 but for DT amplitude anomalies.

Figure 8 shows the DT amplitudes before, during, and after the central date of SSWs. Unlike the TDT and SDT, the DT
amplitudes do not exhibit a distinct variation around the SSW onset. However, in both wind components at Sodankyld, Tromsg,
and Svalbard, the DT amplitude starts to enhance around 20 days after the SSW onset, reaching a peak nearly 40 days post-SSW.
This enhancement in DT amplitude persists for about a month, indicating a delayed response to the SSW. The stronger positive
amplitude anomalies are more evident in the meridional wind component than in the zonal wind component. In comparison, the
positive amplitude anomaly in the zonal wind component above Tromsg and Svalbard is less pronounced than at Sodankyla,
suggesting a latitudinal/longitudinal dependency in the DT response. The DT amplitude changes have magnitudes of the order
of 30% in the zonal component and 50% in the meridional component. The delayed enhancement of DT could be linked to
the restoration of the stratopause by the gradual descent of an elevated stratopause accompanied by increased ozone VMR
and subsequent changes in thermal and dynamical conditions in the upper mesosphere, which may alter the tidal propagation

environment and lead to the amplification of the DT.
3.4 Atmospheric composition and radiative processes during SSWs

Trace gases play a crucial role in the energetic and radiative balance in WACCM-X(SD). The modeled long-wave cooling

and short-wave heating rates provided by the simulation require a good representation of the trace gas VMR. Therefore, we
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extracted the WACCM-X(SD) water vapor and ozone fields for all three MR locations and used the retrieved ozone and water

vapor VMR from our radiometers MIAWARA-C and GROMOS-C in Ny-Alesund, Svalbard.
3.4.1 Water vapor

Figure 9 compares MLS and WACCM-X(SD) water vapor VMR anomalies for the entire middle atmosphere. The composite
analysis exhibits a similar pattern between the satellite and the model. There is a weak tendency in WACCM-X(SD) to under-
estimate water vapor anomalies after the SSW event. During the SSW around the central day, larger deviations are only visible

above 75 km.

(b) Water vapor anomaly at Sodankyla from WACCM

(2 Water vapor anomaly at Sodankyla from MLS
100 1.5 100 L5
1 1
— 80 80
£ 05 T & < N = 05 T
4 g & e oz Y g
B 60 0 5 601 N} ~ . 7d (U
§ 7058 v -y 7058
< 40 40
commeall -1 -1
ERSR P - s
20 L5 20 - L5
50 40 -30 20 -10 0 10 20 30 40 50 60 70 80 S50 40 30 20 -10 0 10 20 30 40 50 60 70 80
100 (c) Water vapor anomaly at Tromse from MLS s 100 (d)  Water vapor anomaly at Tromse from WACCM s
1 1
— 80 80
£ 05 7 & i | - 0s F
= a i 3| (R < a
g 60 05 601 V.3 0 RN 0o £
= 05 & . 05 &
< 40 40
ae——— = -1 -1
HETTE, T - V45 I3 e
20 L5 20 = 15
50 40 <30 20 -10 0 10 20 30 40 50 60 70 80 S50 40 30 20 -10 0 10 20 30 40 50 60 70 80
100 (e) ‘Water vapor anomaly at Svalbard from MLS s 100 () Water vapor anomaly at Svalbard from WACCM s
1 1
— 80 80
£ 05 T 2 05 T
= N :
§ 60 0 5 601 ‘S 0 5
Z 0.5 § 0.5 §
< 40 40
-1 -1
—
20 -L5 20 52 = -15
50 40 <30 20 -10 0 10 20 30 40 50 60 70 80 S50 40 30 20 -10 0 10 20 30 40 50 60 70 80
Days since SSW onset Days since SSW onset

Figure 9. The cross-section of SSW composite water vapor anomalies measured by MLS (a, c, e) and simulated by WACCM-X(SD) (b,
d, f) over Sodankyld, Tromsg, and Svalbard. The positive and negative anomalies of water vapor are shown in solid and dashed contours,

respectively.

Furthermore, we compared the WACCM-X(SD) reduced water vapor VMRs with the local MIAWARA-C observations
from Ny-Alesund. MIAWARA-C collects spectra during an entire day, whereas MLS only measures at fixed local times above
Svalbard. Figure 10 shows MIAWARA-C anomalies from the composite analysis between 2015-2023. The WACCM-X(SD)

contours are overlaid and reflect the good agreement for the water vapor anomalies. Composite analysis results in water vapor
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VMR changes of about £1.25 ppmv for SSW events. During the events, the intrusion of water vapor-rich airmasses from the
mid-latitudes results in increased water vapor mixing ratios throughout the upper stratosphere up to the mesosphere, reaching
altitudes of about 80 km. WACCM-X(SD) reproduces the SSW-related changes in water vapor VMR at the upper stratosphere
and mesosphere. This is remarkable considering that the water vapor fields are not nudged and calculated from the interactive
chemistry module. This also provides confidence that the calculated QRL cooling rate provides a meaningful model parameter

for comparison to the observations.

Water vapor anomaly at Ny-Alesund (79N) from MIAWARA-C
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Figure 10. The cross-section of SSW composite water vapor anomalies (color-coded) from ground-based MIAWARA-C microwave ra-
diometer measurements at Ny-Alesund, Svalbard. The overlaid solid and dashed contours represent positive and negative anomalies of water

vapor from WACCM-X(SD) at Svalbard, respectively.

3.4.2 Ozone

Ozone is one of the most crucial trace gases for the excitation of tides. WACCM-X(SD) shows all three ozone layers. The
primary layer extends from 20-50 km, the tertiary ozone layer is found at altitudes between 60-80 km, and the secondary ozone
layer covers altitudes above 90 km in Figure A2. At polar and high latitudes, WACCM-X(SD) exhibits the highest ozone VMR
at the secondary ozone layer, reaching 6-8 ppmv. The tertiary ozone layer takes values between 1-2 ppmv, and the stratospheric
ozone reaches about 4 ppmv before the SSW and 5-6 ppmv in the aftermath. Figure 11 presents the ozone anomalies from
MLS and WACCM-X(SD) corresponding to three stations during SSWs. The most significant positive ozone anomalies are
up to 1.5 ppmv and persist for over 30 days in the middle stratosphere following the SSW onset. In the upper stratosphere
and lower mesosphere, positive ozone anomalies persist for approximately two months starting around 10 days after the onset.
The persistence of positive ozone anomalies reflects prolonged changes in middle atmospheric circulation following the SSW.
The most significant changes in ozone VMR occur in the secondary ozone layer and the stratosphere. The stratospheric ozone
anomaly is closely related to the elevated stratopause and lasts up to 70 days after the SSW event. The secondary ozone layer
indicates a response around the SSW event, with anomalies reaching a maximum 10-15 days after the SSW. The observed

ozone increase reaches up to 1.5 ppmv, which is about 50% of the background value.
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Figure 11. The cross-section of SSW composite ozone anomalies measured by MLS (a, c, ) and simulated by WACCM-X(SD) (b, d, f) over

Sodankyld, Tromsg, and Svalbard. The positive anomalies of ozone are shown in solid contours.

We also performed a comparison between WACCM-X(SD), leveraging data reduction, and our local GROMOS-C mea-
surements at Ny-Alesund, Svalbard. Figure 12 shows in color scale the ozone VMR anomalies from the radiometer, and the
WACCM-X(SD) contours are overlaid. The stratospheric ozone anomalies are well-reproduced in WACCM-X(SD), underlin-
ing once more the performance of the interactive chemistry module. The differences at altitudes above 75 km are mostly due to
the low measurement response of GROMOS-C, as the spectral resolution is no longer sufficient to resolve the ozone Doppler
broadened line peak at 142 GHz, thus, the retrieved ozone values start to become dominated by the a priori information taken
from a climatology. Specifically, the ozone double-layer structure in the WACCM-X(SD) ozone anomalies that form at the
onset of the SSW and last for about two weeks, results in two layers of substantial UV heating. The superposition of these two
diurnal tidal waves at the mesosphere may effectively amplify the SDT at high latitudes due to a 12-hour phase offset caused by
the different vertical distances both waves have to travel, considering the typical vertical wavelengths of 30-50 km for semid-
iurnal tides at this latitude (Stober et al., 2021b, 2020). The change in ozone is strongly dependent on altitude and latitude, as
shown in the measurements and simulations (Figure 11). With the polar wind reversal during the SSW onset, planetary wave

activity in the stratosphere drives anomalous equatorial upwelling and cooling that enhances tropical stratospheric ozone. This
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Figure 12. The cross-section of SSW composite water vapor anomalies from ground-based microwave radiometers GROMOS-C at Ny-

Alesund, Svalbard. The overlaid solid contours represent positive anomalies of ozone from WACCM-X(SD) at Svalbard.

is qualitatively consistent with findings from Siddiqui et al. (2019) and Limpasuvan et al. (2016), which show a rapid ozone

increase from 20°S to 40°N, and a decrease poleward of 40°N.
3.4.3 QRL cooling and QRS heating rates

Previous studies have identified multiple mechanisms that could contribute to tidal variations during SSW events:

(a) Changes in the zonal mean winds that influence the vertical propagation of tides in the MLT region (Jin et al., 2012;
Pedatella et al., 2012; Stober et al., 2020).

(b) Ozone changes (Goncharenko et al., 2012; Eswaraiah et al., 2018; Siddiqui et al., 2019; Mitra et al., 2024).

(c) Nonlinear interactions between stationary planetary waves and tides (Pedatella and Forbes, 2010; Pedatella and Liu,
2013; Qiao et al., 2024).

Performing the composite analysis, we derived QRL and QRS anomalies for all SSW events. These anomalies are shown in
Figure 13 for Sodankyld, Tromsg, and Svalbard. There is almost no dependency on latitude in the general morphology of QRL
cooling rate anomalies among the three stations. The elevated stratopause reflects reduced cooling rates (reddish color) and
increased cooling above. The biggest anomalies and abrupt changes occur directly around and after the central day of the SSW,
corresponding to the temperature changes (Figure Al). The QRS heating rate (including effects by ozone) exhibits a more clear
stratification. The MLT region (80—-100 km) exhibits pronounced positive heating rate anomalies around and shortly after the
central date of the SSW, followed by a period of diminished, yet still positive, heating anomalies persisting from approximately
20 to 40 days after the event. Furthermore, the QRS shows a good correspondence to the ozone VMR and captures the diurnal
cycle in the stratosphere. During the recovery phase of the stratopause, the QRS shows a characteristic diurnal cycle.

Given the close agreement between all 3 stations, we are going to focus on Tromsg when investigating the absolute QRL
and QRS shown in Figure 14. The QRL absolute cooling rate indicates a rather consistent behavior before the SSW, with only

a small cooling rate below 40 km and around 80 km altitude. Between these layers, we find cooling rates ranging from -10 to
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Figure 13. The cross-section of SSW composite QRL cooling (a, c, €) and QRS heating (b, d, f) rate anomalies simulated by WACCM-X(SD)
over Sodankyld, Tromsg, and Svalbard. Red contours indicate positive temperature anomalies. Blue contours indicate negative temperature

anomalies.

-15 K/day. During the SSW and the first 10-15 days after the SSW event, we find reduced cooling rates from the stratosphere
up to 80 km in the MLT. The most extreme QRL value is observed after the central day above 80 km altitude, exceeding the
values of -20 k/day. On the other side, the QRS heating aligns with the total ozone VMR at the secondary and primary ozone
layers, and a much lower level also in the tertiary ozone layer. The largest QRS values are observed after the central day of the
SSW at the MLT, and subsequently in the stratosphere about 20 to 60 days later, when the elevated stratopause reaches again
the typical stratospheric altitudes. The QRS values at the MLT and the stratosphere are modulated by a diurnal cycle.

For tidal excitation, the QRS plays the most important role in understanding the derived tidal anomalies from the MR. The
QRL shows only a large-scale response with characteristic time scales of days during the SSw event. The cooling rates define
the large-scale temperature and wind background through which the atmospheric tides have to propagate rather than contribute
to the tidal forcing itself. Therefore, we conducted the composite analysis of the water vapor and ozone VMR, as shown in
Figure 15. The water vapor VMR shows a characteristic response after the SSW and indicates the presence of an elevated

stratopause, and towards the spring, a transition to the summer situation. However, the composite analysis of ozone VMR
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Figure 14. The cross-section of SSW composite QRL and QRS from WACCM-X(SD) at Tromsg.

indicates characteristic diurnal modulations at the stratosphere (30-50km) and at the altitude of the secondary ozone layer. This
double-layer structure is mainly responsible for the semidiurnal tidal activity during the winter months at these latitudes. The
superposition of the in-situ forced tide at the secondary ozone layer is out of phase with the diurnal tide that was excited at
the stratosphere/lower mesosphere and propagates upward. The tidal phase lines shown for the 2018/19 case study reach the
MLT region with a 12-hour offset compared to the diurnal heating cycle (see WACCM-X(SD) Figure 1). This coincides with
the vertical wavelengths that are found in climatological analysis (Stober et al., 2021b) for these stations. During the SSW, this
balance is disturbed, and the secondary ozone layer, together with the elevated stratopause, provides favorable conditions to
amplify the SDT. The QRS anomaly shows a pronounced enhancement at the secondary ozone layer that coincides with the
time of the semidiurnal tidal amplification and an increased ozone VMR at the stratosphere right after the SSW event. However,
WACCM-X(SD) also exhibits a secondary peak of the semidiurnal tides about 20 days before the SSW (Figure A2), which is
mostly absent in the observations. Apparently, with the onset of the SSW event, the dynamical conditions in the stratosphere
and mesosphere, together with a sufficient ozone VMR at all three ozone layers, provide favorable conditions to cause the
semidiurnal tide amplification. Furthermore, WACCM-X(SD) exhibits a fading of the QRS heating 20 days after the SSW
event, which is accompanied by reduced semidiurnal tidal activity. During this period, the diurnal tide starts to dominate the
observations around 80 km. This diurnal tide seems to be the direct result of the diurnal ozone cycle, which is associated with
QRS in the stratosphere. The delayed response of QRS (and consequently DT) in the stratosphere is likely associated with the
seasonal increase in solar illumination, as sunlight progressively reaches lower altitudes.

A crucial aspect of marked changes in direct shortwave heating of the stratosphere results from the increased ozone VMR.
Therefore, we performed additional analysis by computing the circle of illumination in dependence on altitude. Figure 16
shows a schematic of how to estimate the presence of sunlight for a specific geographic latitude and local time. All calculations
are performed using the J2000 reference epoch, and the sun ephemerides are valid for the period from 1950 to 2050 (United
States Naval Observatory. Nautical Almanac Office and Nautical Almanac Office (U.S.), 2009). The sun is above the horizon

at Svalbard at local noon after the 15th of January in the mesosphere and reaches the stratospheric altitudes towards the end
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Figure 15. The cross-section of SSW composite of water vapor (left) and ozone (right) VMR anomalies from WACCM-X(SD) at Tromsg.

of January. At Tromsg and Sodankyli, the stratosphere is always illuminated by the sun during noon, although both sites are
at latitudes beyond the polar circle and the surface remains in darkness. During midnight, all altitudes remain shadowed by
the Earth, and no sunlight reaches the stratosphere or mesosphere. This characteristic diurnal heating results in a pronounced
diurnal tide at the stratosphere (Schranz et al., 2018). Thus, the differences in the QRS between Svalbard and the Fennoscan-

dinavian mainland locations are understandable due to the availability of direct sunlight at certain altitudes. We calculated the

Figure 16. A schematic illustration showing the estimated sunlight presence for a given geographic latitude and local time. The diagram

visualizes the variation in sunlight exposure as a function of latitude, highlighting the effects of Earth’s rotation and axial tilt on day and

night cycles.

circle of illumination height above the latitudes of Sodankyld, Tromsg, and Svalbard for the longitude of the Greenwich merid-
ian, assuming 11:59:59 UTC for the dates listed in Table 1. These numbers are valid for 2023 and depend on the exact solar
longitude of the Earth around the sun’s orbit. Due to leap years, there are some changes in the exact altitudes between years of

a few hundred meters. We show the lowest altitude, the sun will be visible for that latitude at the Greenwich meridian for that
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Table 1. Illumination height at 12 UT above the latitudes of Sodankyld, Tromsg, and Svalbard.

Date Sodankyld (67.37°N)  Tromsg (69.58°N)  Svalbard(78.99°N)

01 Jan 0.14km 4 113km
15 Jan 0 0.23km 77km
31 Jan 0 0 26km
15 Feb 0 0 0
28 Feb 0 0 0

date, around noon (UTC). A zero indicates that the sun reaches the surface. Furthermore, considering the effective sampling
volume of more than 400 km in diameter of GROMOS-C and the meteor radars, some parts of the observation volumes are

further south and, thus, can collect sunlight at even lower altitudes.
3.5 Diurnal tide amplification and radiative forcing

The amplification of diurnal tides observed 20-40 days after the SSW is closely linked to enhanced radiative forcing, which is
closely related to the increased ozone VMR due to the formation of an elevated stratopause, combined with increasing solar ra-
diation toward the end of January. During this period, WACCM-X(SD) exhibits a pronounced diurnal amplitude enhancement
around 60-80 km. MR observations reveal a similar amplification, extending 5—10 km higher into the mesosphere. Both model
and observations indicate that the meridional wind component shows a stronger enhancement than the zonal component, as
shown in Figure 17, which compares MR and WACCM-X(SD) DW1 wind perturbations.

The wind perturbations show clear evidence of vertically propagation tidal modes, as indicated by the vertical phase progres-
sion. Notably, DW1 amplitudes in WACCM-X(SD) diminish between 90 and 100 km altitude, precisely the region where
the SW2 tide begins to grow significantly. MR observations also display a gradual decrease in DW1 amplitude with height,
though the trend is less pronounced than in the model. The DW1 temperature perturbations in WACCM-X(SD) are in good
agreement with the meridional wind structure and remain in phase with the QRS heating near 40 km altitude, corresponding
to the warm phase of the tide driven by solar forcing. We overlaid the QRS perturbation at the stratosphere onto the wind and
temperature contours. Figure 17e compares the QRS and temperature perturbation for the DW1 frequency component averaged
between 34-44 km altitude, corresponding to the seed region of the diurnal tidal wave (altitude region before the amplitude
grows rapidly). A modest phase offset is apparent between both time series due to the spike-like profile of the QRS and tem-
perature perturbation, in that QRS essentially drops to zero during the night and rises sharply during the day. QRS appears
to lead the temperature response. This phase offset may also be influenced by the coarse 3-hour temporal resolution of the
WACCM-X(SD) output.
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Figure 17. Time series of DW1 zonal and meridional winds, temperature, and QRS perturbations derived using adaptive spectral filtering
over Tromsg during 20-40 days following the 2018/19 SSW event. Panels (a) and (c) show results from MR observations, while panels (b),
(d), and (f) show results from WACCM-X(SD) simulations. The median values of temperature (black line) and QRS (blue line) perturbations

in the stratosphere (34-44 km altitude range) are presented in (e).

3.6 Semidiurnal tide amplification during SSW

The amplification of the semidiurnal tide during SSW events was reported in various previous studies (He et al., 2024; Forbes
and Zhang, 2012; He and Chau, 2019), which primarily focused on wind and temperature from observations to investigate this
phenomenon. Here, we present a detailed case study comparison between MR observations and WACCM-X(SD) in wind and
temperature fields to further investigate semidiurnal tidal behavior. Figure 18 shows the semidurnal tide in zonal and meridional
wind perturbations from both MR and WACCM-X(SD), including the temperature fields. Furthermore, we extracted the SW2
spectral band from QRS at mesosphere averaged over the 84-92 km altitude and overlaid it on the WACCM-X(SD) results.
Both model and observations exhibit a strong semidiurnal tide throughout most of the winter season above 90-100 km, with a
clear vertical phase progression indicative of upward propagation. In MR observations, semidiurnal tide amplification becomes
apparent after the onset of the SSW event, whereas in WACCM-X(SD), enhancement begins several days earlier. The simu-

lated tidal amplitudes are also considerably larger than those observed by MR. Notably, both WACCM-X(SD) and MR data
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Figure 18. Time series of SW2 zonal and meridional winds, temperature, and QRS perturbations derived using adaptive spectral filtering
over Tromsg before 20 days, and after 30 days following the SSW 2018/19 onset. Panels (a) and (c) show results from MR observations,
while panels (b), (d), and (f) show results from WACCM-X(SD) simulations. A zoomed-out view of the time series (black solid lines) is
shown in panel (f), corresponding to the median values of temperature (black line) and QRS (blue line) perturbations in the mesosphere

(84-92 km altitude range) as presented in (e).

display distinct variability in the SW2 tide at multi-day to weekly timescales, which closely resembles modulations observed
in the QRS. Filtering the QRS for the semidiurnal spectral contribution exhibits that several bursts of semidiurnal variation
agree mostly in the time of their occurrence with an amplified semidiurnal tide in the winds in WACCM-X(SD). However, this
coherence is much less visible in the semidiurnal temperature perturbations. Although our spectral analysis of the QRS reveals
a semidiurnal variability, the physical mechanism driving this modulation remains uncertain. Nonetheless, such a semidiurnal
modulation is beneficial to amplify the semidiurnal tide higher up in the MLT during the SSW.

We further examine the relationship between semidiurnal perturbation in QRS and temperature in Figure 18e. In the tidal
amplification region between 82-92 km, the semidiurnal perturbation in QRS reaches approximately 50% of the temperature
perturbation and shows even good agreement with periods of enhanced temperature amplitudes. Above this layer, both semid-
iurnal tidal wind and temperature amplitudes grow rapidly in WACCM-X(SD). MR tidal amplitudes also exhibit increasing
magnitude with increasing height, but their amplitude reaches approximately 50% of the WACCM-X(SD).
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4 Discussion

This study investigates the amplitude anomalies of DT, SDT, and TDT tides during SSW events using MR data from three
polar-latitude stations. The combined analysis of tidal amplitude anomalies and trace gas variations provides new insights into
the factors influencing tidal dynamics during SSWs, with a specific focus on the roles of ozone and water vapor. Our analysis of
MR data reveals distinct responses of DT, SDT, and TDT during SSW events. Combining observations and model simulation
results represents the attempt to explain mesospheric tidal variability in polar regions during SSWs by highlighting the critical
roles of trace gases, and short-wave and long-wave radiative heating.

The sun might not be above the horizon all the time during the day, and, hence, the effective short-wave absorption might be
smaller, which reduces the magnitude of the diurnal temperature change. In addition, it is important to emphasize that the ob-
served tidal change is part of the global tidal response, and the heating/cooling driving those changes are not confined to winter
high latitudes. The observed changes are a proxy for the global change, as discussed in the next paragraph. However, this is
not the case for the QRL, which means that the middle atmosphere is dominated by effective daily cooling rates of up to 10
to 20 K/day at the MLT. This cooling of the middle atmosphere defines the large-scale temperature field, and the stratification
of the middle atmosphere between the polar and middle latitudes drives the circulation and provides the background condition
for the propagation of planetary, tidal, and gravity waves. These dynamic effects further contribute to the energy balance and
the vertical coupling between the layers and can reach similar magnitudes to the QRL (see Appendix C).

Furthermore, the WACCM-X(SD) QRL and QRS values result from various processes, with contributions from the radiative
effects of ozone and water vapor (see also Liu et al. (2010b) and references therein). Our comparison to these trace gases,
thus, provides a proxy for the radiative heating changes. The radiative forcing, summarized, e.g., in Andrews et al. (1987),
underlines that ozone is the most important absorber of UV radiation at the stratosphere and lower mesosphere. However, in
the MLT region, oxygen and other chemical trace gases, resulting in exothermic heating, become significant. This is important
to consider at the MLT, where QRS often indicates a morphology very similar to the ozone VMR, but other chemical reactions
and absorbing species already dominate the absolute value, although ozone might affect the reaction rates or VMR of these
species as well. This is in particular the case for atomic oxygen.

The enhancement of the diurnal tide 20-40 days after the SSW provides important insights into post/SSW tidal dynamics.
This amplification appears to result directly from the increased ozone VMR, associated with the formation of the elevated
stratopause. WACCM-X(SD) shows a strong correspondence between the QRS-induced diurnal heating and the diurnal tem-
perature tide at the stratosphere. Although this diurnal tide is supposed to be a trapped mode due to its negative equivalent
depth, the WACCM-X(SD) model exhibits a vertical propagation in both temperature and wind perturbations. In the MLT
regions (80-90 km), however, the upward-propagating diurnal tide appears to be annihilated and disappears. At these altitudes,
the upward propagating diurnal tide is out of phase with the diurnal modulation of the QRS. Thus, heating occurs at heights
corresponding to the secondary ozone layer. Given the energy and momentum conservation, the dissipated tidal energy may be
transferred to other wave modes or the background mean flow. It is plausible that wave—wave interactions, such as nonlinear

wave coupling, could facilitate the generation of secondary tides, potentially contributing to the observed semidiurnal tide
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amplification. However, a detailed analysis of these processes is beyond the scope of this study.

Non-migrating tides are also affected by SSW events, though they exhibit considerable inter-event variability (Liu et al., 2010b;
Miyoshi et al., 2017; Stober et al., 2020). Their forcing seems to depend on the longitudinal difference in the vertical propa-
gation and longitudinal variations of the main absorbing trace gases and the planetary wave activity in the middle atmosphere.
In particular, ozone VMR is modulated by the planetary wave activity, which transports ozone-rich airmasses from the mid-
latitudes to high latitudes at stratospheric altitudes. Note, however, that we obtain the combined signature of migrating and
non-migrating tides from single-station measurements.

We also analyzed observations from the southernmost MR available in the European sector. The Collm MR (51.3°N,13°E) is
located at the edge of the polar vortex and, thus, sometimes shows signs of SSW events. As a result, the derived mean winds and
tidal anomalies show a morphology similar to that observed at polar and high latitudes. The Collm observations also reflect the
enhancement of DT and SDT (see Appendix B1), suggesting a hemispheric impact of these anomalies from polar to the mid-
latitudes. A few degrees further south, observations from MIAWARA and GROMOS provide additional insights. Figure B2
shows composite water vapor and ozone VMR for the location at Zimmerwald/Bern (47°N, 7°E), Switzerland. Applying the
same composite analysis to the ozone and water vapor measurements from GROMOS and MIAWARA at midlatitudes reveals
no discernible signatures associated with the SSW events. This is also reflected in the QRL and QRS anomalies shown in
Appendix B3. The QRL and QRS cooling and heating rates indicate a more stratified vertical structure resembling the layering
found in the trace gas measurements at the stratosphere and lower mesosphere.

One crucial aspect of the presented analysis is the implementation of the adaptive spectral filter technique, which is designed
to infer the short-term tidal variability using an adaptive window length for each tidal mode, performing an onion peeling
scheme solving first for the mean wind and diurnal tide and other long-period oscillations, which are later used as background
regularization for the higher frequency tidal components (Baumgarten and Stober, 2019; Stober et al., 2020). A critical aspect
of the algorithm is that the number of wave cycles determines the window length for each tidal component that is extracted,
which in the case of the TDT, SDT, and DT is very short, resulting in a rather wide bandwidth around each tidal frequency; thus,
there could be some contamination due to gravity wave activity that falls into this band. The reduction of TDT amplitude during
the SSW might be a combined result of a weakening of the tidal generation and changes in GW activity in the stratosphere. A
recent study has shown that the polar vortex itself can act as a source of GWs (Vadas et al., 2024), and this source diminishes
during the SSW as the polar vortex breaks down.

Our results also confirm the results obtained in van Caspel et al. (2023) using the PRimitive equations In Sigma-coordinates
Model (PRISM) tidal model and the Navy Global Environmental Model-High Altitude (NAVGEM-HA) background dynamics
to investigate the role of lunar tides relative to the SDT during SSWs. At Svalbard, the lunar tidal amplification should be
minimal compared to the mid-latitudes. However, the presented analysis reveals a clear SDT amplification after the onset of
the SSW, similar to Tromsg and Sodankyld. This points towards a minor contribution of the lunar tide, considering that lunar
tidal potential changes with latitude (Vial and Forbes, 1994; van Caspel et al., 2023). Furthermore, lunar tides are also trapped
tidal modes, resulting in a net zero vertical energy flux and requiring a similar mixing effect as proposed above to be amplified

(Perkeris resonance). Separating both mechanisms is crucial and requires spectral decomposition on a day-to-day basis. All
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long window Fourier or wavelet-based methods require phase stability for the selected window length, which is about 21
days to separate a lunar tide from a semidiurnal tide. This assumption is not satisfied considering the day-to-day variability
revealed by the adaptive spectral filter (Baumgarten and Stober, 2019; Stober et al., 2020). This underlines that radiative effects
(heating/cooling) due to the increase/decrease of trace gases such as ozone play a key role in these short-term amplifications

and can further amplify dynamical effects, altering the vertical tidal propagation during SSWs.

5 Conclusions

This study provides a comprehensive quantification of tidal variability and co-located tracer variability by combining observa-
tional data with model simulations. It discusses the radiative effects of tracer anomalies on mesospheric tidal variability during
SSWs. Our analysis reveals distinct tidal responses to SSWs, characterized by a pronounced enhancement of SDT amplitudes
following the onset of these events, while TDT amplitudes exhibit a decrease. The reduction in TDT during SSW likely re-
sults from a combination of diminished tidal generation and changes in gravity wave activity, which are strongly influenced
by the breakdown of the polar vortex. The DT, in contrast, exhibits a delayed enhancement of amplitude, coinciding with
the presence of an elevated stratopause and radiative heating effects driven by stratospheric ozone anomalies, which become
prominent 20-30 days after the SSW onset. The observed SDT amplification is likely primarily due to the dynamical effect and
modified by radiative heating effects modulated by ozone variability. Our correlation analysis between the semidiurnal tidal
perturbation in QRS and temperature at the amplification region suggests that direct radiative absorption plays some role in the
observed tidal enhancement. The ozone VMR exhibits distinct diurnal modulations at both the stratospheric ozone layer and
the secondary ozone layer, forming a double-layer structure that plays a pivotal role in modulating semidiurnal tidal activity
during winter at high latitudes, which leads to a constructive superposition of in situ and propagating DT components resulting
in enhanced tidal SDT amplitudes in the MLT region. However, this proposed mechanism requires further investigation and
confirmation in future studies.

Radiative processes, including both QRS heating and QRL cooling rates, play a fundamental role in shaping the large-scale
temperature structure and atmospheric stratification, thereby modulating the background conditions for planetary, tidal, and
gravity wave propagation. The longwave radiative effect dominates cooling processes in the MLT, with daily-averaged cooling
rates reaching up to -20 K/day. The dominance of QRL at mesospheric and lower thermospheric altitudes underscores its
significance in governing energy balance and vertical coupling processes in the middle atmosphere.

In summary, this study provides new insights into the coupling between trace gas variations, radiative heating, and tidal
dynamics in the polar mesosphere during SSWs. Future work should further quantify the isolated radiative effects on tidal

generation, potentially through targeted model simulations that distinguish between dynamical and radiative contributions.

Code availability. As a component of the community earth system model, WACCM-X source codes are publicly available at https://www.

cesm.ucar.edu/ (NCAR, 2024).
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Appendix A: Tidal amplitudes from WACCM-X(SD)

Appendix B: Mean winds and tidal amplitudes at mid-latitude station
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Table A1l. Dates of major SSW events were used for the composite in this study.

Number Winters SSW central date
1 2005/2006 21 Jan 2006
2 2006/2007 24 Feb 2007
3 2007/2008 22 Feb 2008
4 2008/2009 24 Jan 2009
5 2009/2010 09 Feb 2010
6 2012/2013 06 Jan 2013
7 2017/2018 12 Feb 2018
8 2018/2019 02 Jan 2019
9 2020/2021 03 Jan 2021
10 2022/2023 16 Feb 2023
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Figure A1. The cross-section of SSW composite temperature anomalies at Tromsg from MLS and WACCM-X(SD).
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Figure B1. The cross-section of SSW composite wind anomaly, SDT and DT amplitude anomalies in the zonal (left panels) and meridional

(right panels) wind components observed with MR at Collm (51.13°N, 13.01°E).
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Figure B2. The cross-sections of SSW composite water vapor and ozone from ground-based microwave radiometers GROMOS and MI-
AWARA at Bern (47°N, 7°E).
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Figure B3. The cross-sections of SSW composite QRL and QRS anomalies from WACCM-X(SD) at Bern (47°N, 7°E).
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Appendix C: Dynamic effects

To better understand these processes, we calculate dynamical heating and cooling rates associated with the air motion in the
Arctic region (65-90°N), along with the long-wave cooling and short-wave heating rates from a diagnostic viewpoint, as shown
in Figure C1. The dynamic rates associated with meridional and vertical motions according to the transformed Eulerian mean
framework described by equations 3.5.1 in Andrews et al. (1987) are calculated as follows:

Lo0T

Qdyn = 7[6 aiy +w*(

HN? 9T
T+§H (CDhH

where T is the zonally averaged deviation from the global mean temperature, %—Z represents the temperature gradient, and HT]YZ
represents the global mean static stability. ()4, is the dynamic heating/cooling rate. The v* and @™ are the residual meridional
and vertical winds.

The results indicate that anomalous vertical descent, as shown in Figure C2, causes adiabatic heating in the stratosphere
around 10 hPa before the SSW onset, which is only minimally offset by QRL radiative cooling, making the process nearly
adiabatic. The upward branch of the enhanced circulation, on the other hand, leads to dynamical cooling in the mesosphere,
minimally offset by a reduction in QRL. Although the dynamical heating/cooling term () 4,, dominates in the stratosphere and
mesosphere (Figure Cla), the radiative effects from QRL and QRS (Figure C2b, c) play a crucial role in shaping the evolution
of the thermal structure of the middle atmosphere. The residual vertical wind is calculated at each time step using Equation
3.5.1b in Andrews et al. (1987). In the middle stratosphere before day 0, a negative w* indicates downwelling, resulting in
dynamic heating due to enhanced descent. In the mesosphere at onset, a positive w* signifies upwelling, leading to dynamic

cooling associated with increased ascent.
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Figure C1. The cross-section of the anomaly of dynamic heating/cooling (Qayn), QRL, and QRS heating rates averaged over 65-90°N from
WACCM-X data.
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7 Conclusions and Outlook

Conclusions

This thesis investigates the variability of ozone and water vapor in the Arctic middle atmosphere
and their radiative effects on the mesospheric dynamics, leveraging long-term ground-based
microwave radiometer observations from GROMOS-C and MIAWARA-C at Ny—AIesund, Sval-
bard. By integrating these measurements with satellite datasets (MLS), reanalysis (MERRA-2),
meteor radar observations, and simulations from the WACCM-X(SD) model, the work provides
new insights into the dynamic and chemical processes modulating the Arctic stratosphere and
mesosphere.

Firstly, we establish the long-term climatology and interannual variability of ozone and
water vapor at polar latitudes. The comparison of ground-based data with satellite and reanalysis
datasets reveals that ground-based radiometers effectively capture seasonal and interannual
variations in both trace gases. Notably, the interhemispheric comparison highlights stronger
variability in the Northern Hemisphere, reflecting more active polar dynamics. Vertical transport
velocities derived from water vapor further support the seasonal evolution of the polar vortex
and the residual circulation, offering a robust tool for diagnosing hemispheric asymmetries in
atmospheric transport.

Secondly, we explore the evolution of ozone anomalies during major SSW and early final
warming SSW events. Using ground-based, satellite, and reanalysis datasets, the study quantifies
the contributions of dynamical and chemical processes to ozone anomalies. During SSW events,
the analysis shows that ozone increases throughout the stratosphere and lower mesosphere and
is largely driven by enhanced horizontal eddy transport and vertical advection. For early final
warming SSW events, the anomalies reflect a more complex interplay between photochemical
loss and dynamical transport, presenting the variability of the polar middle atmosphere during
transitional periods. These results deepen our understanding of the comprehension of the
connections between ozone and dynamic and chemical variability during polar stratospheric
disturbances.

Thirdly, we connect the radiative forcing of ozone and water vapor to mesospheric tidal
variability during SSW events, using a combination of WACCM-X(SD) model simulations and
meteor radar data. The study reveals distinct tidal amplitude anomalies in diurnal, semidiurnal,
and terdiurnal components during and after SSW onset, with the radiative effects of ozone
playing a significant role in modulating these tides. Water vapor, while important as a dynamical
tracer, shows limited direct radiative impact. The results highlight the coupling between radia-
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tively driven processes and wave—-mean flow interactions in the Arctic MLT during dynamically
disturbed periods.

Together, these studies address the crucial role of continuous observations at high latitudes
in advancing our understanding of middle atmospheric variability. Ground-based microwave
radiometry proves to be a powerful tool for tracking both short-term events and long-term
trends in key atmospheric trace gases. Moreover, the integration of observational and modeling
approaches enhances our ability to diagnose and attribute changes in the Arctic atmosphere,

particularly in response to extreme dynamical events.

Outlook

Building upon the findings of this thesis, several promising research directions are as fol-
lows:

The continued operation of GROMOS-C and MIAWARA-C will strengthen the climatologi-
cal baseline for Arctic ozone and water vapor, enabling more effective assessments of long-term

trends and their links to climate variability and change.

Building on the observed feedback between ozone and atmospheric dynamics, future work
might explore the role of ozone variability in modulating the QBO and its teleconnections with
polar stratospheric processes.

To better understand the coupling between chemical composition and wave dynamics,
radiative transfer calculations for GCMs could be refined by incorporating more realistic trace

gas distributions derived from high-resolution observations.

The impact of SSW-induced ozone anomalies on surface weather and climate remains an

open question. Future studies could investigate how radiative and chemical feedback in the
middle atmosphere propagate downward to affect tropospheric circulation patterns.

As the Arctic continues to warm, assessing whether and how the frequency and intensity
of SSW, and related chemical anomalies change over time is critical. The combined use of
observations and chemistry-climate models will be vital in quantifying such changes and their
implications for the Arctic and global climate.

In conclusion, this thesis not only advances our understanding of Arctic middle atmospheric
processes but also is the groundwork for future interdisciplinary studies focused on atmospheric
composition, dynamics, and their evolving role in the Earth’s climate system.
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