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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 OzoneMOnitoring System for Campaigns (GROMOS-C) andMIddle Atmospheric

WAter vapor RAdiometer for Campaigns (MIAWARA-C), located at Ny-Ålesund, 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.
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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. As research 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

1



1 The Arctic middle atmosphere

and zonal wind profiles above Ny-Ålesund, 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

2



1.1 Structure and dynamics

Figure 1.1 Mean seasonal temperature (a) and zonal wind profiles over Ny-Ålesund, 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

3



1 The Arctic middle atmosphere

Figure 1.2 Contours of the polar vortex during the winter and spring in 2020. The vertical line is

positioned at Ny-Ålesund, 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

(ECMWF) 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, Millán, 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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1.1 Structure and dynamics

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

polar stratospheric cloud (PSC) threshold.

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-

güena, 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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1 The Arctic middle atmosphere

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;

Cámara 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,

Ayarzagüena, 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

6



1.1 Structure and dynamics

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 SSWoccurs 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 (Ayarzagüena 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, Dörnbrack,

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, Ayarzagüena,

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

7



1 The Arctic middle atmosphere

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 andmesospheric 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

8



1.2 Atmospheric waves

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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1 The Arctic middle atmosphere

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 β-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
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1.2 Atmospheric waves

Figure 1.7 Different wave periods derived from zonal wind speed (left) and temperature (right) in the

middle atmosphere over Ny-Ålesund, 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′θ′), with u and v describing the zonal and meridional wind velocities

and θ 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 (∇ ·F) to describe the propagation and dissipation of zonally averaged

planetary waves (Andrews and McIntyre, 1978; Holton, 1983). In regions with EPF convergence

(∇ ·F < 0), wave dissipation leads to a deceleration of the zonal flow, and vice versa for regions

with EP flux divergence (∇ ·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

11



1 The Arctic middle atmosphere

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; Yiğit 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 Tromsø (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 (O
3
) is classified as an essential climate variable by theWorldMeteorological 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:

O2 +hν −−−→O+O (1.1)

O+O2 +M −−−→O3 +M (1.2)

O3 +hν −−−→O2 +O (1.3)

O3 +O −−−→O2 +O2 (1.4)

The formation of O
3
is preceded by the photodissociation of molecular oxygen (O

2
),

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
2
molecule into two O atoms. In an exothermic

three-body reaction, O subsequently combines with O
2
to form O

3
, as shown in Equation 1.2.

Here, M acts as an inert collision partner, which can be any atmospheric constituent. The rapid

photolysis of O
3
results in the production of O

2
and O, as described in Equation 1.3. Due to the

fast exchange between O and O
3
, recombination reactions also occur, converting O and O

3
back
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1 The Arctic middle atmosphere

into O
2
in Equation 1.4. Because of the rapid interchange between O

3
and O, they are often

treated together as the odd oxygen (O
X
) family.

Chapman’s pure-oxygen chemistry, described above, governs the formation and destruction

of ozone. In addition, the equilibrium concentration of O
3
is also controlled by catalytic reactions

involving specific catalysts, as outlined in the general scheme;

O3 +X −−−→ XO+O (1.5)

XO+O −−−→ X+M (1.6)

O3 +O −−−→ 2O2 (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 O
3
abundance in the atmosphere, it is essential to consider two

main processes: (1) the transport of O
3
into or out of the region of interest, and (2) the chemical

creation or destruction of O
3
. These processes are described by the continuity equation:

d[O3]
dt

=
∂[O3]
∂t

+V · ∇[O3]︸                ︷︷                ︸
(1)

+ S︸︷︷︸
(2)

(1.8)

where [O
3
] 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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1.3 Composition and radiative effects

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
2
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 themiddle 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
4
) generates water vapor within the middle atmosphere

(Brasseur and Solomon, 2005; Le Texier, Solomon, and Garcia, 1988):

CH4 +OH −−−→ CH3 +H2O (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-α 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.

15



1 The Arctic middle atmosphere

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 Kämpfer, 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-Ålesund, 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:

∂T
∂t

+ v∗
∂T
∂y

+ω∗(
HN2

R
+
∂T
∂z

) =Q (1.10)

where T is the zonally averaged deviation from the global mean temperature,
∂T
∂z represents

the temperature gradient, and
HN 2

R represents the global mean static stability. The net radiative

heating rateQ (Kiehl and Solomon, 1986; Solomon et al., 1986) accounts for the combined effects

of both shortwave and longwave radiative heating. The v∗ and ω∗ are the residual meridional

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

My = −ez/H (v′χ′ − v′θ′/θzχz) (1.11)

Mz = −ez/H (ω′χ′ − v′θ′/θzχy) (1.12)

where v and ω are the meridional and vertical winds, θ is the potential temperature, a is the

Earth’s radius, and ϕ 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 (O
3
), molecular oxygen

(O
2
), Nitrogen Dioxide(NO

2
), water vapor (H

2
O), carbon dioxide (CO

2
), and the terrestrial long-wave

cooling rates by CO
2
, O

2
, and H

2
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 situmeasurements, 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; Müllemann and Lübken, 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 Mazière 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

andwater vapor in themicrowave spectrum, providing vertical profiles with high time resolution

(Fernández, Murk, and Kämpfer, 2015; Schranz, Fernandez, et al., 2018; Straub, Murk, and

Kämpfer, 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

Figure 1.15 NDDACC measurements capabilities, including species and parameters measured, in-

strumental measurement techniques, and watch measurements approximate vertical resolution (from

(De Mazière et al., 2018).

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; Rüfenacht, 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 (Zängl 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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2 Datasets

(a) (b)

Figure 2.1 The location of Ny-Ålesund is on the island of Spitsbergen in the Svalbard archipelago

(a), well within the Arctic Circle (Schön 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-Émile 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, Ekström, 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-Ålesund, 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-Ålesund (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 frommany 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-Ålesund 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.

26




















































































































































































































































	Table of Contents
	The Arctic middle atmosphere
	Structure and dynamics
	Vertical structure
	Polar vortex
	Sudden stratospheric warmings and their impacts
	Brewer-Dobson circulation
	Coupling to mesosphere-lower thermosphere

	Atmospheric waves
	Planetary waves
	Atmospheric tides

	Composition and radiative effects
	Ozone
	Water vapor
	Radiative and dynamical effects of ozone and water vapor

	Observational and modeling approaches
	Measurements
	Models


	Datasets
	Ground-based microwave measurements
	Microwave radiometry
	Instruments: GROMOS-C and MIAWARA-C

	Integrated ozone and water vapor datasets
	Aura/MLS
	MERRA-2
	WACCM-X

	Meteor radars

	Aim and impact of this thesis
	Interannual variability of ozone and water vapor
	Introduction
	Publication

	Ozone anomalies during stratospheric warming events
	Introduction
	Publication

	Radiative effect of ozone and water vapor on mesospheric tides
	Introduction
	Publication

	Conclusions and Outlook
	List of publications
	Acknowledgements
	Declaration of consent

