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Abstract
This thesis studies the effect of energetic electron precipitation (EEP) on the Earth’s
atmosphere, focusing on the northern wintertime stratosphere. EEP is driven by the
interaction between the Earth’s magnetosphere and solar wind, a plasma stream from
the Sun. Energetic electrons precipitate constantly from the near-Earth space to the
high-latitude upper atmosphere. In the northern hemisphere, EEP has been found to
affect in the lower atmosphere during the winter, most notably on the polar vortex, a
wind system dominating winter stratosphere. Variations in polar vortex also extend to
the surface, where EEP has been observed to affect large-scale weather modes.
The aim of this thesis is to clarify the EEP effect on wintertime middle atmosphere
and its dependence on atmospheric conditions. The EEP effect is also studied together
with the other solar-related driver, solar radiation, and internal drivers of the atmosphere.
This work utilizes newly calibrated and corrected satellite measurements of precipitating electron fluxes and surface measurements of geomagnetic activity to quantify EEP
activity. The atmosphere is studied by using reanalysis datasets which are based on
comprehensive observations and cover the whole globe from the surface to about 50 kilometer altitude. In this work we use different statistical methods to reliably distinguish
the atmospheric variability related to EEP.
Results of this thesis confirm the earlier findings that EEP significantly enhances
the northern polar vortex. We also show that EEP is the main solar-related driver
of the wintertime northern stratosphere. The EEP effect on the polar vortex is found
to be particularly significant if the quasi-biennial oscillation (QBO), a wind mode in
the equatorial stratosphere, is in the easterly phase. A remarkable interdependence is
revealed between the EEP effect on the polar vortex and an extreme event of wintertime
stratosphere, the sudden stratospheric warming (SSW). This thesis shows that an SSW
occurs almost in every northern winter in which EEP activity is low and QBO is in
the easterly phase. Moreover, the EEP effect was found to be enhanced during the few
weeks preceding SSWs which are characterized by increased activity of planetary waves,
dynamical disturbances propagating from the surface. This thesis also confirms that
the EEP effect depends directly on planetary waves and, especially, on their latitudinal
distribution. These findings help to better understand the mechanism of the EEP effect
and, thus, improve the modelling and forecasting of the northern wintertime atmosphere.
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1. Introduction
Life on Earth is, to large extent, determined by the Sun, which warms the land and
air of our planet. This solar heat is unevenly distributed in both space and time
as the Earth rotates on its axis, which gives rise to diverse and variable state of
the atmosphere, weather. Seasonal weather variations and regional differences in
average weather, climate, are well-known and relatively systematic. However, there
are also other weather and climate variabilities occurring in both short time-scales,
e.g., days or weeks, or long time-scales, e.g., years or even centuries, which are more
unpredictable and fascinating than expectable seasonal and regional variations.
The Sun itself is not invariant and, thus, contributes to less familiar but potentially predictable variability in the Earth’s atmosphere and climate. The earliest
observed sign of solar variability is varying occurrence of sunspots, dark regions
temporarily appearing on the solar surface. The occurrence rate of sunspots varies
in a 11-year cycle, first noted by Schwabe [1844], but also on longer time-scales
[for a review, see, e.g., Usoskin et al., 2007]. Sunspots are related to variability in,
e.g., solar magnetic fields [Babcock , 1961], total solar irradiance (TSI) [Floyd et al.,
2003], and the properties of interplanetary plasma flowing from the Sun, the solar
wind [Hundhausen, 1979]. Variations in the TSI are relatively small during the
sunspot cycle, but they can be observed in the Earth’s atmosphere [Gray et al.,
2010]. However, recent studies [e.g., Rozanov et al., 2005; Seppälä et al., 2013; Maliniemi et al., 2013; Ward et al., 2021] have underlined the significance of another
solar-related driver of atmospheric variability, the energetic particle precipitation.
Particles precipitating into the Earth’s atmosphere originate from the near-Earth
space, the Sun or even outside the solar system. Regardless of the source, energetic
particle precipitation is modulated by the Sun or solar wind in one way or another.
Recent studies [e.g., Ward et al., 2021] have proposed that energetic electrons
from the Earth’s magnetosphere, the region of near-Earth space dominated by
Earth’s magnetic field, have the largest effect on the Earth’s atmosphere among
the different types of precipitating particles. Electrons are accelerated in the interaction between the magnetosphere and the solar wind. Electrons precipitate
to the high-latitude atmosphere in both hemispheres and collide with atmospheric
atoms or molecules. Collisions and the following chemical reactions form reactive
compounds which destroy ozone [Swider and Keneshea, 1973; Crutzen et al., 1975;
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Barth, 1992]. Ozone is an important molecule species which influences the temperature in the atmosphere, especially in the stratosphere at 10 km - 50 km altitude.
The direct impact of precipitating electrons occurs at relatively high altitudes,
between 50 km and 100 km above the Earth’s surface. However, a part of reactive compounds produced by precipitating electrons can descend down to lower
altitudes during the winter, establishing the indirect effect of energetic particle
precipitation in the stratosphere [Funke et al., 2005; Randall et al., 2007].
Several studies [Baumgaertner et al., 2011; Seppälä et al., 2013] have found that
increased electron precipitation is associated with a strengthening of the polar
vortex, the dominant wind system in the winter stratosphere. Moreover, changes
in the polar vortex can propagate downward in the atmosphere and the effect of
electron precipitation can be observed even in the surface weather [Palamara and
Bryant, 2004; Seppälä et al., 2009; Baumgaertner et al., 2011; Maliniemi et al.,
2013, 2016]. However, the effect of electron precipitation on polar vortex and
surface weather patterns has been found to depend on the prevailing conditions in
the atmosphere [Palamara and Bryant, 2004; Seppälä et al., 2013; Maliniemi et al.,
2013, 2016], but the mechanisms behind these dependencies are still unresolved.
Furthermore, earlier studies have presented that the northern polar vortex is also
affected by the other solar-related driver, the varying solar irradiance [Labitzke
and Van Loon, 1988], and by several atmospheric internal drivers [Holton and
Tan, 1980; Van Loon and Labitzke, 1987; Robock , 2000; Garfinkel and Hartmann,
2007]. However, the effects on polar vortex by different drivers, including the two
solar-related drivers, have, so far, not been comprehensively studied or compared
to each other.
The aim of this thesis is to clarify the effect of energetic electron precipitation
(EEP) on the northern polar vortex. We examine which conditions are optimal
for the effect of electron precipitation on wintertime northern stratosphere. This
helps to understand the mechanisms behind the effect. Moreover, we compare the
effect of electron precipitation to the effects of other potential drivers of the polar
vortex. We will particularly study the relative importance of the two solar-related
effects, which clarifies the overall solar effect on the atmosphere. Results of this
study will also improve the understanding of atmospheric dynamics as well as the
modelling and forecasting of the state of atmosphere and climate in inter-annual
and longer time scales, especially in the wintertime northern hemisphere.

2. The Sun and near-Earth space
2.1. The Sun and solar wind
The Sun is an active and variable star which produces energy with fusion reactions
in its core [e.g., Stix , 2004]. This energy eventually radiates out of the Sun to space.
Solar radiation is the main energy source, e.g., in the Earth. Energy released in
fusion reactions also drives the convection of plasma, matter consisting of charged
particles, outside the core giving rise to the solar magnetic field [Babcock , 1961;
Ossendrijver , 2003]. Convective plasma forms the so-called convection layer of the
Sun, which is topped by the solar atmosphere. The solar atmosphere contains the
layers of the photosphere, the chromosphere and the corona [Stix , 2004].
The Sun and especially the solar magnetic field experience a periodic variation
which is manifested by sunspots. Sunspots are dark regions on solar surface involving highly concentrated magnetic flux tubes which extend out of the solar surface
[Mathew et al., 2003]. The occurrence of sunspots is not constant but varies in a
11-year cycle [Schwabe, 1844]. Figure 2.1 (top panel) shows 13-month smoothed
sunspot numbers starting from year 1750. During minima the solar magnetic field
is almost dipolar and sunspots are rare [Babcock , 1961]. In maxima sunspots are
frequent and the solar magnetic field is multipolar and complex [Babcock , 1961].
In addition to the 11 - year cycle, solar activity and magnetic fields vary in longer
time scales [Eddy, 1977; Usoskin et al., 2005], which can be seen, e.g., in sunspot
cycle amplitudes in Figure 2.1.
Solar irradiance also varies with the sunspot cycle. Sunspots are cold and dark
regions and, thus, radiate less than the solar surface on average [Willson et al.,
1981; Chapman, 1987]. However, they are surrounded by active regions and faculae
which radiate more than the average solar surface and, thus, overcompensate the
effect on sunspots [Willson et al., 1981; Chapman, 1987]. Accordingly, the total
solar irradiance varies in concert with the sunspot cycle, which is seen as about
0.2% difference in the TSI between sunspot minima and maxima [Willson et al.,
1981; Floyd et al., 2003; Gray et al., 2010]. Figure 2.1 (bottom panel) presents
monthly TSI with sunspot numbers. Compared to this minor variability in total
solar irradiance, variations can be relatively large at specific wavelengths of solar
radiation [Floyd et al., 2003; Ermolli et al., 2013]. Figure 2.2 shows the solar
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Fig. 2.1. Top: Yearly mean sunspot numbers in 1750-2020. Bottom: Monthly mean total
solar irradiance (TSI) in 1980-2020. Thick blue line represent the 13-month running mean
TSI. Grey area represents sunspot numbers provided by WDC-SILSO Royal Observatory
of Belgium. TSI is reconstructed by Yeo et al. [2014].

spectral irradiance (first panel), altitude of absorption in the Earth’s atmosphere
for wavelengths of solar radiation (second panel) and relative (third panel) and
absolute (fourth panel) variability in the SSI during the solar cycle. In ultraviolet
wavelengths the variations range from 1% to 20% while at smaller wavelengths
(extreme ultraviolet) irradiance can vary even up to 100% during the solar cycle.
The solar wind is plasma from the solar corona flowing in the interplanetary
space. The solar wind is highly conductive plasma and, thus, magnetic field is
frozen in plasma motion, i.e., magnetic field lines follow the motion of plasma
and particles of plasma stay on the same magnetic field lines. Due to this frozenin condition, the solar wind carries the solar magnetic field all over the solar
system. The heliosphere is the region where the influence of solar wind and the
solar magnetic field extends to. The magnetic field of solar wind is also called
heliospheric magnetic field (HMF). The speed of solar wind observed near the
Earth is about 400-500 km/s on average but varies depending on the source of the
solar wind [Hundhausen, 2012]. High-speed solar wind streams (HSS) originate
from large regions of open magnetic field in the corona, the coronal holes, and
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Fig. 2.2. First panel: Solar spectral irradiance (SSI) based on measurements by SORCE
and TIMED satellites in the period between 22.4.2004 - 23.7.2010. Second panel: Typical
absorption altitude of solar radiation in the Earth’s atmosphere for each wavelength.
Third panel: Relative SSI variability during the solar cycle. Fourth panel: Absolute SSI
variability during the solar cycle. In the third and fourth panel red lines correspond to
the variability, which is in phase with solar cycle, and blue lines to the variability, which
is out of phase with the solar cycle. Figure by Ermolli et al. [2013], licensed under CC
BY 3.0.

have a speed of 600-800 km/s [Hundhausen, 2012]. The structure and heliographic
distribution of coronal holes depend on solar activity and phase of the sunspot
cycle. In sunspot minima coronal holes cover the solar poles while in maxima
they appear mostly at lower heliographic latitudes [Bame et al., 1976]. In the
declining phase of the sunspot cycle, coronal holes are more likely to extend to
low heliographic latitudes [Bame et al., 1976; Mursula et al., 2015]. Since the
Earth is located close to the solar equatorial plane, HSSs are most common in the
near-Earth space during the declining phase [Meredith et al., 2011].
When a HSS confronts a slower solar wind ahead of it, a shock region is formed
between them. This shock front is called co-rotating interaction region (CIR) or a
stream interaction region (SIR) [Hundhausen, 1973]. Another type of disturbance
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in the solar wind is a coronal mass ejection (CME) which is a large-scale eruption
of coronal plasma. Formation of a CME is often related to the magnetic fields
of sunspots and, thus, the occurrence rate of CMEs follows the sunspot cycle
[Webb and Howard , 1994]. CMEs typically contain dense plasma [Vourlidas et al.,
2010] and strong core magnetic fields in the form of flux rope [Burlaga et al., 1981;
Gosling, 1990; Owens et al., 2005]. CMEs often propagate faster than average solar
wind [Webb and Howard , 1994, 2012] and, thus, they form shock fronts similarly
as HSSs. The region between a CME and its shock front containing complex and
intense magnetic field structures is called the sheath region [Burlaga et al., 1981;
Kilpua et al., 2017].

2.2. Magnetosphere
The magnetosphere is the region surrounding the Earth where the Earth’s magnetic field dominates. The Earth’s magnetic field is roughly a dipole field which is
formed in the liquid outer core of the Earth [e.g., Weiss, 2002]. The shape of the
magnetosphere is determined not only by the Earth’s magnetic field, but also by
the solar wind. Figure 2.3 illustrates the structure of magnetosphere. The outer
boundary of the magnetosphere is the magnetopause (shown as lightest blue layer
in Figure 2.3), a current layer formed between the Earth’s magnetic field and the
HMF carried by solar wind. On dayside the magnetosphere is shaped like half
sphere, but the nightside magnetosphere is elongated by the effect of the solar
wind. This extended region of magnetosphere is called the magnetotail (or magnetic tail as in Figure 2.3). The magnetotail is separated to two lobes, in which
magnetic fields are directed toward the Earth in the northern tail lobe and away
from the Earth in the southern tail lobe. Consequently, a cross-tail current layer,
the neutral sheet, is formed between the two tail lobes. Charged particles carry
the cross-tail current forming the so-called plasma sheet between the tail lobes.
Plasma sheet ions have a typical energy between 1 - 10 keV, and plasma sheet
electrons have energies between 0.1 - 3 keV [Baumjohann et al., 1989].
In the inner magnetosphere, the magnetic field closely resembles the dipole field.
In a dipole magnetic field charged particles can be trapped in the so-called magnetic bottle. In the magnetic bottle, motion of charged particles consists of small
scale gyro motion perpendicular to magnetic field, and back and forth motion along
meridionally orientated magnetic field lines. Particles also drift in azimuthal direction and, thus, orbit the Earth due to Lorentz force that affect particles moving
in inhomogeneous magnetic field and electric fields of the magnetosphere. There
are four separate but partly overlapping plasma populations in the inner magnetosphere: the two radiation belts, the ring current and the plasmasphere. Two
permanent radiation belts surround the Earth: inner radiation belt at distances
0.5 - 2 Earth’s radii and outer radiation belt at 3 - 10 Earth’s radii above the
Earth’s surface in the equatorial plane [e.g., Koskinen and Kilpua, 2022]. The
inner radiation belt is rather stable and mainly consists of trapped protons with
energies between 10 MeV to 1 GeV [Barth et al., 2003]. While a part of these pro-
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Fig. 2.3. The structure of magnetosphere. Magnetic field lines are presented as blue lines
and electric currents as yellow arrows. Reprinted by permission from [De Keyser et al.,
2005] @ Springer Nature.

tons are originally solar protons [Kellogg, 1959], the most energetic protons in the
inner radiation belt are formed after cosmic rays, very high energy particles originating from the Sun or outside the solar system, collide with atmospheric nuclei
and produce neutrons which decay to protons [Singer , 1958]. The outer radiation
belt is more variable than the inner radiation belt and includes trapped electrons
with energies from 400 keV to tens of MeV [Li and Temerin, 2001]. The ring current encircles the Earth at the distance of 2-7 Earth’s radii above the surface and
mainly consists of electrons and positive ions with energies of 10 - 300 keV [Daglis
et al., 1999]. Positive ring current ions circulate the Earth westward and, thus,
form a westward electric current. Plasmasphere is located closest to the Earth of
these plasma populations and consists of low energy electrons and protons with
energies close to 1 eV which corotate with the Earth [Koskinen and Kilpua, 2022].
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2.3. Interaction between solar wind and magnetosphere
In principle the magnetosphere and the solar wind are two separate plasma systems with their own frozen-in magnetic fields and, thus, they cannot easily mix
with each other. However, one way they can interact with each other is by socalled magnetic reconnection process which leads to a merging of the HMF and
the Earth’s magnetic field [Dungey, 1961]. Reconnection occurs between magnetic
fields of two separate plasma regions when the electric current layer, which separates the regions, thins so much that the magnetic fields close to the current layer
begin to diffuse. Eventually, this can lead to a temporary and local deformation
of the current layer, which causes a topological merging of magnetic fields of the
plasma regions. Reconnection occurs most efficiently if magnetic fields of the two
plasma regions are oppositely directed [Dungey, 1961]. The so-called convection
cycle, which involves reconnection process, is illustrated in Figure 2.4. The convection cycle starts with the reconnection of the HMF and the Earth’s magnetic
field in the dayside boundary of the magnetosphere where solar wind flows directly
toward the magnetosphere. Since the Earth’s magnetic field is northward in the
dayside magnetosphere, the dayside reconnection depends predominantly on the
southward component of the HMF. Solar wind then drags merged magnetic field
toward the tail side of the magnetosphere, which leads to convection of magnetic
flux and plasma to the magnetotail also in the magnetosphere. At some point the
tail current, which maintains the tail lobe magnetic flux, becomes unstable due
to increased magnetic flux, and reconnection occurs between the two oppositely
directed magnetic fields in the neutral sheet leading into a process called the substorm. Newly-closed elongated field lines in the tail inflict magnetic tension force to
plasma, which drives the plasma on closed magnetic field lines from the far nightside magnetosphere toward the Earth and eventually to the dayside, completing
the convection cycle. Solar wind particles can propagate along the merged magnetic field lines into the magnetosphere where they either join the existing plasma
populations or precipitate to the Earth’s atmosphere. Altogether, the convection
cycle with day- and nightside reconnection allows mass, momentum and energy to
flow from the solar wind into the magnetosphere. Since the magnetic field lines of
the magnetosphere are connected to the Earth’s atmosphere, the convection cycle
drives plasma convection also in the polar cap region of the ionosphere, the layer of
Earth’s atmosphere where gas is partly ionized. The convection in the ionosphere
is also shown in Figure 2.4.
CMEs and HSSs cause significant magnetic reconnection since they often carry
magnetic fields which are more intense and more optimally directed than the
magnetic field of average solar wind [Borovsky and Denton, 2006]. In addition
to intensity and direction of the HMF, reconnection also depends on solar wind
speed [Gonzalez et al., 1999], which is why HSSs and fast CMEs drive enhanced
reconnection. In a CME both the core and sheath region contain intense magnetic fields which can be optimally directed for reconnection [Burlaga et al., 1981;
Kilpua et al., 2017]. CIR regions in front of HSSs contain also strong magnetic
fields [Smith and Wolfe, 1976], but HSSs themselves involve plasma waves called
Alfvén waves which oscillate the magnetic field in the south-north direction and,
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Fig. 2.4. The idealized convection cycle of HMF and geomagnetic field lines according
to Dungey [1961]. Numbers correspond to temporal evolution of the convection cycle,
starting from the dayside reconnection marked with 1 and 1’. The schematic of the Earth
at bottom shows the ionospheric footpoint of the reconnected magnetic field line during
the cycle. Reprinted by permission from [Kivelson et al., 1995] @ Cambridge University
Press.

thus, establish reconnection for longer time than CMEs [Tsurutani and Gonzalez ,
1987]. Therefore, while CMEs often drive more intense reconnection and produce
stronger geomagnetic disturbances than HSSs, HSS-driven reconnection and disturbances normally last longer than those initiated by CME [Borovsky and Denton,
2006]. Events of large, global geomagnetic disturbances following CMEs or HSSs
are called geomagnetic storms.

2.4. Particle precipitation
Magnetospheric particles are accelerated and precipitate into the Earth’s atmosphere after energy extraction from the solar wind by reconnection. The magnetospheric sources of precipitating particles are the plasma sheet, the radiation
belts and the ring current. Plasma sheet ions and electrons are accelerated toward
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Neutral line
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Earthward moving plasma and magnetic flux

Field-aligned current

Substorm
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Cross-tail current

Fig. 2.5. Schematics of Earthward plasma flow in the magnetosphere (top) and current
wedge (bottom) during the geomagnetic substorm. Red lines correspond to magnetic
field lines, blue lines to electric currents, and yellow arrows to enhanced plasma flow.
Modified from [McPherron et al., 1973].

the Earth mainly during geomagnetic substorms. This process is schematically
presented in Figure 2.5. Acceleration of plasma sheet particles is partly due to
magnetic tension force by elongated closed magnetic field lines formed in the tailside reconnection. As plasma sheet plasma and magnetic flux are gathered closer
to the Earth, increasing magnetic field creates strong induction electric fields which
further accelerate the particles [Aggson et al., 1983; Birn et al., 1998]. Eventually, the magnetotail current is disturbed as a result of increased magnetic flux,
and a electric current system called the substorm current wedge is temporarily
formed [McPherron et al., 1973]. This current wedge involves electric currents
flowing along the magnetic fields into and out of the ionosphere where they are
connected by westward electric current, the so-called substorm electrojet. During the existence of substorm current wedge, plasma sheet particles travel along
the field-aligned currents of the current wedge and precipitate into the Earth’s
atmosphere [McPherron et al., 1973]. Due to electric potential difference between
the magnetospheric start point and ionospheric end point of the current wedge,
precipitating particles are even further accelerated [Evans, 1974; Kaufmann et al.,

19
Mean flux of precipitating electrons
with energies > 30 keV in the year 2001
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Fig. 2.6. Mean flux of precipitating electrons in the northern hemisphere in 2001. Grey
areas mark missing data. Fluxes are calculated using data of the MEPED instrument on
board the NOAA/POES satellites.

1976; Goertz and Boswell , 1979]. Precipitating plasma sheet particles arrive at
the atmosphere at geomagnetic latitudes between 60◦ -80◦ , forming the so-called
auroral oval [Akasofu, 1966]. An average auroral oval is shown in Figure 2.6 which
presents the map of average flux of precipitating electrons with energies over 30
keV in the northern hemisphere in 2001. Particles precipitating from the plasma
sheet are called auroral particles and they have energies ranging from 0.1 keV to
tens keVs for electrons and to hundreds keVs for protons [Akasofu and Chapman,
1972].
Particles of the outer radiation belt and the ring current are mainly accelerated and precipitating during geomagnetic storms and substorms [Reeves et al.,
2003; Meredith et al., 2004]. Ions and electrons propagating from the plasma sheet
can join the radiation belts and ring current, increasing their particle populations.
Plasma sheet electrons injected into the inner magnetosphere during substorms
also often contribute to generation of various plasma waves, which further accelerate a part of the electrons to relativistic (MeV scale) energies [Horne et al., 2005;
Horne, 2007]. The interaction of waves and energetic particles also leads into scattering, which causes some of the particles to escape the magnetic bottle of the
dipolar field lines and precipitate along the field lines into the Earth’s atmosphere
mainly at lower geomagnetic latitudes (50◦ -70◦ ) than auroral oval, depending on
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particle energy and source [Horne et al., 2009; Mironova et al., 2015]. Precipitating ions and electrons of ring current and radiation belts have energies between 10
keV to 2 MeV [Mironova et al., 2015].
Both CMEs and HSSs cause geomagnetic disturbances which drive the acceleration of charged particles in the magnetosphere. However, the nature of geomagnetic activity is typically different during CMEs and HSSs. Whereas CMEs
cause large and relatively short-term geomagnetic storms, disturbances by HSSs
are weaker but more frequent and longer-lasting [Borovsky and Denton, 2006].
While CMEs produce the most intense enhancements in the precipitation of relativistic electrons precipitating from the radiation belts, HSSs are more frequent
and long-lasting and, therefore, dominate the variability of all precipitating electrons [Borovsky and Denton, 2006; Asikainen and Ruopsa, 2016]. This is also
underlined by the fact that both HSS occurrence [Richardson et al., 2000] and
overall precipitating electron fluxes [Meredith et al., 2011; Asikainen and Ruopsa,
2016] peak in the declining phase of sunspot cycle. Figure 2.7 shows the monthly
means of solar wind speed, precipitating electron flux measured by the low-altitude
POES satellites [Asikainen, 2019], and the Ap index of geomagnetic activity, with
normalized sunspot number in the background in each panel. Both the flux of
precipitating electrons and Ap index correlate with the solar wind speed, but do
not follow the sunspot cycle.
In addition to the magnetospheric particles, high-energy ions from the Sun and
outside the heliosphere can precipitate to the Earth’s atmosphere. Solar energetic
particles (SEP) are mainly protons with energies between 1 MeV to multiple GeVs
[Reames, 1999]. SEPs are accelarated in solar flares, massive explosions occurring
in the solar atmosphere, or in shock waves forming ahead of fast moving CMEs
[Reames, 2013]. Thus, the SEP events are rather short and sporadic, and occur
most frequently around sunspot maxima like solar flares [Lee et al., 2012] and
CMEs [Webb and Howard , 2012]. SEPs travel along the HMF and penetrate
to the Earth’s magnetosphere inside the polar cap and, thus, precipitate to the
atmosphere mainly at geomagnetic latitudes inside the auroral oval [Patterson
et al., 2001]. Energetic ions from the interstellar space are called galactic cosmic
rays (GCR). They have even larger energies than SEPs, ranging from 10 MeV
up to even 1021 eV [Mironova et al., 2015]. Contrary to SEPs, the number of
GCRs precipitating to the Earth’s atmosphere maximizes in sunspot minima and
minimizes in sunspot maxima, which is due to the effect of HMF on GCRs in
the heliosphere [Usoskin, 2017]. The most energetic GCRs can precipitate to the
Earth’s atmosphere at any latitude, but typically GCRs affect the Earth more at
high latitudes [Bazilevskaya et al., 2008].

2.5. Measurements and proxies of precipitating particles
The POES (Polar Orbiting Environmental Satellites) satellites operated by NOAA
have almost continuously measured precipitating and trapped electrons and protons since the launch of the TIROS-N satellite in November 1978. The POES
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Fig. 2.7. Monthly averaged solar wind speed (top), precipitating energetic electron flux
(middle), and geomagnetic Ap index (bottom). Solar wind speed is from OMNI 2 dataset
(https://omniweb.gsfc.nasa.gov) [King and Papitashvili, 2005]. Electron fluxes are measured by MEPED satellite (> 30 keV energy channel) and corrected and calibrated by
Asikainen and Mursula [2013], Asikainen and Ruopsa [2019] and Asikainen [2019]. Ap
index is obtained from https://www.gfz-potsdam.de/en/kp-index/.

satellites orbit the Earth at about 850 km altitude on Sun-synchronous polar orbits. In addition to monitoring and imaging the Earth’s atmosphere the satellites
measure electrons and protons with TED (Total Energy Detector) and MEPED
(Medium Energy Proton Electron Detector) instruments. The TED instrument
measures particles with energies lower than 20 keV and the MEPED instrument
measures particles with energies above 30 keV. Both instruments are included in
the SEM (Space Environment Monitor) package which has had two versions, SEM1 (from 1979 to 1998) and SEM-2 (from 1998 onwards). The MEPED instrument
differs between the two versions of SEM by its construction and orientation of the
telescopes relative to the satellite body. Additionally, electron flux detectors are
contaminated by energetic protons. Asikainen and Mursula [2013] calibrated the
POES measurements of SEM-1 and SEM-2 and corrected the proton contamina-
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tion to create a coherent data series of precipitated electron fluxes. Later Asikainen
and Ruopsa [2019] and Asikainen [2019] constructed a homogenized composite of
these electron data. These corrected MEPED data of electrons were used in Paper
I.
In addition to direct satellite measurements, the precipitation of magnetospheric
particles can be indirectly estimated with indices measuring geomagnetic activity.
Geomagnetic indices are based on the measurement of magnetic field variations
at the Earth’s surface. One advantage of geomagnetic indices over satellite measurements is their temporal coverage, as the Earth’s magnetic field has been continuously measured since 1840’s, more than hundred years before any satellite
measurements. In Papers II, III, IV and V we use the Ap index, a global (based
on 13 observatories) geomagnetic activity index describing the range of magnetic
field variations in 3 hour time intervals, to quantify energetic electron precipitation activity. The Ap index and the flux of precipitating electrons (with energies
over 30 keV, measured by POES satellites) correlate significantly [Asikainen and
Ruopsa, 2016] and, thus, the Ap index has been used to model energetic electron
precipitation [Van de Kamp et al., 2016]. Correlation between the Ap index and
the electron flux is also visible in Figure 2.7.

3. Middle atmosphere
3.1. Layers of the atmosphere
The atmosphere of the Earth is defined by the temperature profile which alternately decreases and increases upward, forming layers. The vertical temperature
profile is maintained by solar radiation which is absorbed at different wavelengths
at different altitudes. Figure 3.1 shows an average temperature profile of the atmosphere at mid-latitudes.
The lowermost layer, the troposphere, extends from the surface to approximately 10 km altitude. The surface of Earth absorbs a major portion of solar
radiation [Stephens et al., 2012] and warms the troposphere from bottom up.
Temperature has a local minimum at the upper boundary of the troposphere,
the tropopause. Due to upward decreasing temperature profile, the troposphere is
convectively unstable and, thus, involves complex dynamics due to vertical convective motions of air. This is seen as, e.g., numerous circulation cells and variable
weather patterns on the surface level. There are three large scale meridional circulation cells in the troposphere in both hemispheres: Hadley, Ferrel and Polar cell.
The Hadley cell involves warm air rising at the equator, flowing poleward near the
tropopause, descending to the surface at approximately 30◦ latitude and flowing
back to the equator at the surface level. The Polar cell is also thermally driven and
involves ascending of air at subpolar latitudes approximately at 60◦ and descending of air in the cold polar region. The Polar cell is completed by poleward flow
near the tropopause and equatoward flow from the pole at the surface level. The
Ferrel cell exists between the Hadley and Polar cell. While the Ferrel cell is partly
connected to the two other meridional cells, it is fundamentally driven by eddies
[e.g. Holton and Hakim, 2012]. The Ferrel cell involves air descending at subtropical latitudes and ascending at subpolar latitudes. Between these regions air flows
poleward at the surface level and equatoward close to the tropopause. In addition
to the meridional circulation cells, the troposphere is also influenced by a notable
zonal circulation cell above the Pacific Ocean, the Walker cell, which involves air
flowing from the eastern parts of the Pacific Ocean to the western parts at the
surface level. In the western Pacific, air rises, flows back to the eastern Pacific
near the tropopause and descends. The Walker cell is connected to the El-Niño -
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Annual temperature profile at 45°N

Fig. 3.1. Annual temperature profile at 45◦ N according to COSPAR international reference atmosphere 1986 model [Rees, 1988].

Southern Oscillation (ENSO) climate variability mode which explains a significant
portion of atmospheric variability in the Pacific Ocean and its surroundings [e.g.,
Rasmusson and Wallace, 1983; Ropelewski and Halpert, 1986]. The positive phase
of ENSO, so called El Niño, is related to a weakening of the Walker cell, while the
negative phase of ENSO, so called La Niña, is related to a strengthening of the
Walker cell. The ENSO is also found to affect weather in global scale in the surface
level [Yulaeva and Wallace, 1994; Dai and Wigley, 2000] and in the upper layers
of atmosphere [Van Loon and Labitzke, 1987; Garfinkel and Hartmann, 2007].
The stratosphere is located above the troposphere approximately at 10-50 km
altitude from the surface. Temperature increases with altitude in the stratosphere
due to absorption of solar ultraviolet (UV) radiation by ozone, which is discussed
in Section 3.2. Absorption and heating rates of solar UV radiation maximize at
the stratopause, the upper boundary of the stratosphere [Brasseur and Solomon,
2006]. Because of its vertical temperature profile the stratosphere is convectively
stable and its dynamics is relatively simpler compared to the troposphere. However, atmospheric waves, disturbances propagating into the stratosphere from the
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troposphere, provide significant variability to the stratosphere [Rossby, 1939; Charney and Drazin, 1961; Matsuno, 1970], which is discussed in Section 3.4.
Above the stratopause there is the mesosphere where temperature again decreases with altitude. As air density decreases, ionization and heating rates by
solar UV radiation decrease above the stratopause [Murgatroyd and Goody, 1958].
Although the temperature decreases upward, the mesosphere is dynamically similar to the stratosphere rather than to the troposphere due to a significant influence by atmospheric waves [Holton, 1982; Garcia and Solomon, 1985], which is
discussed in Section 3.4. The stratosphere and mesosphere are together referred
to the middle atmosphere.
The thermosphere is located above the mesosphere. Thermospheric air is very
tenuous and most of solar X-ray and extreme UV radiation is absorbed in the thermosphere [Roble et al., 1987]. Thus, the temperature increases with altitude and
the air is significantly ionized. In addition to solar radiation, particle precipitation
also contributes to the ionization of air in the thermosphere [e.g., Turunen et al.,
2009].

3.2. Ozone
Solar UV radiation maintains the ozone production and destruction cycle in the
middle atmosphere [Chapman, 1930]:
O2 + hν → O + O

(3.1a)

O + O2 + M → O3 + M

(3.1b)

O + O3 → 2 O2

(3.1c)

O3 + hν → O2 + O

(3.1d)

where hν is the energy of a solar photon with frequency ν, and M is a molecule
(e.g., N2 or O2 ) which does not react but is needed to balance momentum and
energy in the second equation. Equations 3.1a and 3.1b describe production of
ozone, and Equations 3.1c and 3.1d describe destruction of ozone by reaction with
atomic oxygen (3.1c) and photolysis (3.1d). In Reactions 3.1a and 3.1d, solar UV
radiation is absorbed as kinetic energy of associated molecules, i.e., heat. The
wavelength of solar radiation has to be smaller than 242.4 nm in Reaction 3.1a
and smaller than 310 nm in Reaction 3.1d [e.g., Brasseur and Solomon, 2006]. In
addition to absorption of UV radiation, ozone emits thermal infrared (IR) radiation
and, thus, can act as a radiative coolant in the absence of solar radiation, e.g., in
polar darkness [Mlynczak et al., 1999; Brasseur and Solomon, 2006]. In the lower
stratosphere, ozone also absorbs IR radiation coming from the troposphere and
surface level, contributing to radiative heating [London, 1980; Mlynczak et al.,
1999]. Figure 3.2 shows globally averaged heating and cooling rates of ozone
absorbing solar shortwave radiation and absorbing and emitting terrestrial long
wave radiation. While the heating rate by solar UV radiation maximizes at the
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Solar short wave and terrestrial long wave radiation
heating/cooling rates by ozone
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Fig. 3.2. Global heating and cooling rates of ozone. Red line correspond to heating rate
due to absorption of solar short wave radiation and blue line to cooling/heating due to
emission/absorption of terrestrial long wave radiation. Modified from [London, 1980].

stratopause, the maximum of ozone density in the middle atmosphere is located
in the middle stratosphere at altitudes of 20-30 km [McPeters and Labow , 2012]
where air density and, thus, amount of O2 needed for Reactions 3.1a and 3.1b are
larger than above.
While solar UV radiation is the fundamental driver of ozone production and
destruction in the middle atmosphere, ozone balance is also affected by several
ozone-depleting molecules such as chlorine-fluorine-carbon (CFC) compounds and
odd nitrogren (N Ox ) and hydrogen (HOx ) oxides. These compounds act as catalysts in reactions which transform ozone back to O2 molecules. E.g., in the case
of N Ox and HOx , ozone is destroyed in reactions
XO + O3 → XO2 + O2

(3.2a)

XO2 + O → XO + O2

(3.2b)

⇒ O3 + O → 2O2

(3.2c)

where X is either N or H. CFCs [Molina and Rowland , 1974] and part of N Ox
[Crutzen, 1979] in the stratosphere originate from the anthropogenic sources and
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have decreased stratospheric ozone during the industrial era [Staehelin et al., 2001].
However, CFC emissions have been reduced after the restrictions of Montreal protocol in 1987, and the stratospheric ozone has started recovering since the end
of 20th century [Chipperfield et al., 2017]. In the upper stratosphere and above,
N Ox [Crutzen et al., 1975; Barth, 1992; Marsh et al., 2004] and HOx [Swider
and Keneshea, 1973; Andersson et al., 2014] are produced by energetic particle
precipitation, which is discussed in Section 4.1.

3.3. Polar vortex
In winter the polar middle atmosphere does not receive solar UV radiation and,
thus, becomes colder than sunlit mid-latitude and low-latitude regions. Due to the
combined effect of pressure-gradient and Coriolis forces, the atmosphere tends to
adjust itself into a so-called thermal wind shear balance where these two forces balance each other. In this situation the meridional temperature gradient is directly
proportional to the vertical zonal wind gradient [e.g., Andrews et al., 1987]:
R ∂T
∂u
=−
∂z
Hf ∂y

(3.3)

where u is the zonal wind (eastward as positive direction), z is the altitude, R is
the gas constant, H is the atmospheric scale height, f = 2Ω sin(φ) is the Coriolis parameter, φ is the latitude, T is the temperature, and y is the distance
in northward direction. As a result of this balance, an eastward, i.e., westerly
wind increasing with altitude surrounds the cold winter pole in the stratosphere
and lower mesosphere, forming the so-called polar vortex. Figure 3.3 shows December climatology of zonally averaged temperature and zonal wind distributions
from the surface level up to 0.1 hPa pressure corresponding to the middle mesosphere. Westerly (positive) zonal wind increases with altitude in the northern
winter stratosphere, being strongest approximately at 60◦ N. In the lower mesosphere the latitude of maximum westerly wind has moved to 40◦ N. On average the
polar vortex forms and strengthens during the fall and early winter, maximizes in
strength in the midwinter, and weakens and finally breaks down during the spring
after the polar sunrise. The background wind is mainly westward, i.e., easterly in
the summer middle atmosphere as seen in the Southern Hemisphere in December
in Figure 3.3.
In addition to seasonal variability, the polar vortex varies during the winter
and between winters. This is mainly due to planetary waves which propagate
and dissipate in westerly background wind of wintertime stratosphere (discussed
in more detail in Section 3.4). Figure 3.4 shows climatology and distribution of
zonally averaged zonal wind at 10 hPa at 60◦ N and 60◦ S latitudes, quantifying the
strength of the polar vortex in the northern and southern hemisphere, respectively.
The northern polar vortex is typically weaker and more variable than the southern
polar vortex, which can be seen in Figure 3.4. This difference is due to higher
planetary wave activity in the northern hemisphere [e.g., van Loon et al., 1973;
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Fig. 3.3. Mean December zonally-averaged temperature (background color) and zonal
wind (contours) from years 1979-2019. Solid contours correspond to westerly (positive)
zonal wind and dashed contours to easterly (negative) zonal wind. Temperature and
zonal wind data are from ERA5 dataset [Hersbach et al., 2020].

Andrews et al., 1987].
Variations in the stratospheric polar vortex can also propagate down to the troposphere [Baldwin and Dunkerton, 2001]. In the northern hemisphere, variations
of the polar vortex influence, e.g., the Northern Annular Mode (NAM) and the
North Atlantic Oscillation (NAO) climate variability modes at the surface level.
These modes are partly connected to each other and govern a significant portion of
wintertime weather variability in Europe and North America [Hurrell et al., 2003].
A strengthening (weakening) in the polar vortex leads to a more positive (negative)
NAM and NAO with an approximate lag of 10-20 days [Baldwin and Dunkerton,
2001]. Positive NAM and NAO are seen as warmer and moister weather in the
Northern Europe and as colder and drier weather in the Southern Europe [Hurrell
et al., 2003].
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Zonally averaged zonal wind at 10 hPa at 60°N (top) and 60°S (bottom)
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Fig. 3.4. Daily climatology of zonally-averaged zonal wind at 10 hPa at 60◦ N (top) and
60◦ S (bottom). Thick black line represents mean value and thin black lines correspond to
minimum and maximum value. Grey area mark values between 10% and 90% percentiles.
Zonal wind data are from ERA-Interim dataset [Dee et al., 2011].

3.4. Planetary and gravity waves
In addition to the reactions and heating by solar UV-radiation, the dynamics of
middle atmosphere are affected by atmospheric waves. The two most influential
wave types in the middle atmosphere are planetary waves, which mainly affect
the stratosphere, and gravity waves, which have the largest effect in the mesosphere and equatorial stratosphere. However, both wave types are found in both
atmospheric layers and can even propagate to the thermosphere [Richmond , 1978;
Forbes, 1996]. Both planetary and gravity waves originate mainly at the surface
level. These waves greatly contribute to the interaction between the lower and
middle atmosphere.
A planetary or Rossby wave is formed when a fluid is displaced in meridional
direction in the Earth’s atmosphere [Rossby, 1939]. Coriolis force, which varies
with latitude, acts as a returning force for the meridionally displaced wind producing a planetary wave. Planetary waves are mainly formed near the surface level
where land-sea contrasts in temperature and topological features, e.g., mountain
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regions disturb winds [Andrews et al., 1987]. Formation of planetary waves is more
frequent in the northern than southern hemisphere because of larger land-sea interfaces and mountain ranges [van Loon et al., 1973]. To examine properties of
planetary waves, we can use the beta-plane approximation, i.e., Coriolis term is
approximated as f = f0 + βy, where f0 = 2Ω sin φ0 , φ0 is the latitude, y is a
small meridional distance, and β = 2Ωa−1 cos θ0 , where a is the Earth’s radius.
In the quasi-geostrophic case (i.e., flows are almost in geostrophic balance), the
dispersion relation for planetary waves can be written as [Charney and Drazin,
1961]
β
ω
= cx − u = − 2
(3.4)
k
k + l2 + f02 N −2 [m2 + (4H 2 )−1 ]
where ω is the wave frequency, k, l and m are zonal, meridional and vertical
wavenumbers, respectively, cx is the zonal phase velocity, and N 2 = g(dθ/dz)/θ
is the so-called buoyancy frequency where g is the gravitational acceleration and
θ is the potential temperature. Overline indicates a zonally averaged value. The
vertical wavenumber is now
 2

β
N
1
2
2
.
(3.5)
m2 =
−
(k
+
l
)
−
f02
u − cx
4H 2
Since N 2 , f02 and β are normally positive in the atmosphere, a vertically propagating planetary wave (m2 > 0) has to fulfil conditions [Charney and Drazin,
1961]
β
0 < u − cx < 2
.
(3.6)
k + l2 + f02 /(4N 2 H 2 )
This means that planetary waves have always easterly phase velocity relative to
background wind (cx − u < 0). Moreover, stationary planetary waves (cx = 0),
which are most influential planetary waves in the middle atmosphere [e.g., Andrews
et al., 1987], can propagate only in westerly (u > 0) background winds which are
not too strong. Since the zonal wind in the stratosphere is mainly westerly in the
winter hemisphere and easterly in the summer hemisphere, stationary planetary
waves propagate and affect in the middle atmosphere only in the winter. In the
real atmosphere, the propagation of planetary waves depends on the background
wind and temperature in a more complex way, which is described by the refractive
index of planetary waves [Matsuno, 1970; Salby, 2012]:
n2 =
where

∂q 1
f02
− k2 −
,
∂y u − cx
4N 2 H 2

∂q
∂2u
1 ∂
=β− 2 −
∂y
∂y
ρ0 ∂z



f02 ∂u
ρ0
N 2 ∂z

(3.7)


(3.8)

is the meridional gradient of the potential vorticity and ρ0 is the air density. Essentially n2 corresponds to l2 + (f02 /N 2 )m2 and, thus, describes planetary wave
propagation in meridional-vertical plane. Planetary waves are evanescent in regions where n2 < 0, and they propagate toward regions, where n2 is large, and
away from regions, where n2 is small [Matsuno, 1970]. According to Equation
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3.7, planetary waves propagate away from a strong westerly wind, if the curvature
terms in Equation 3.8 are assumed to be small. While n2 describes the dependence
of planetary wave propagation on background wind and temperature, the propagation and effect of planetary waves can be studied by using a quantity called
Eliassen-Palm flux (EP flux, F), which is parallel to the group velocity of planetary
waves [Eliassen and Palm, 1961]. EP flux is calculated in the quasi-geostrophic
case on a beta-plane as
F = (0, Fy , Fz ) = (0, −ρ0 v 0 u0 , ρ0 f0 v 0 θ0 (∂θ/∂z)−1 )

(3.9)

where v is meridional wind velocity (northward as positive direction). Prime (’)
indicates zonal anomaly, e.g., u0 (x, y, z) = u(x, y, z) − u(y, z). Figure 3.5 shows the
average EP flux (arrows) in December at pressure levels 1 - 200 hPa at latitudes
20◦ - 90◦ N. On an average winter, planetary waves propagate upward in the lower
stratosphere at middle and high latitudes, while in the upper stratosphere the
propagation is increasingly directed more equatoward. In Paper V we use the
vertical component of EP-flux to study the intensity and latitudinal distribution
of planetary waves in the stratosphere.
A gravity or buoyancy wave is formed when a fluid is displaced vertically in
the Earth’s atmosphere, typically due to topographical or convective obstacles
[e.g., Fritts and Alexander , 2003]. Buoyancy force, which varies with altitude,
acts as the returning force for a vertically displaced wind. Similarly to planetary
waves, gravity waves originate mostly at the surface level [Hines, 1960]. For small
scale quasi-geostrophic gravity waves propagating in zonal - vertical direction, the
dispersion relation can be written as [e.g., Holton and Hakim, 2012]:
r
ω
N2
= cx − u = ±
.
(3.10)
2
k
k + m2
Contrary to planetary waves, phase velocity of gravity waves relative to the background zonal wind can be westerly (+ sign on right side of Equation 3.10) or
easterly (- sign) with respect to background wind. Furthermore, stationary gravity waves with westerly (easterly) phase velocity relative to the background wind
propagate vertically in easterly (westerly) background winds. However, the propagation of gravity waves in the real atmosphere depends on the background temperature and zonal wind in a more complex way than described in Equation 3.10
[Andrews et al., 1987; Salby, 2012]. If the scale of gravity wave is large enough,
the Coriolis force also contributes to the wave motion resulting to the so-called
inertia-gravity waves.
Planetary and gravity waves do not propagate endlessly in the atmosphere as
their amplitudes grow with altitude and decreasing air density. Because of increasing amplitude, atmospheric waves dissipate as they travel and, eventually,
become nonlinear and break [Andrews et al., 1987]. A dissipating or breaking
wave deposits momentum parallel to its phase velocity into the background flow
and decelerates the background zonal wind. The so-called transformed Eulerianmean (TEM) equations can be used to study the relationship between the zonal
background wind and planetary waves [Andrews and McIntyre, 1978]. The TEM
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Fig. 3.5. Eliassen-Palm flux (EP flux) climatology in December. Arrows represent EP
flux and background color represents divergence of EP flux divided by the air density.
The dataset of ERA-40 [Uppala et al., 2005] and ERA-Interim [Dee et al., 2011] combined
by Asikainen et al. [2020] is used to calculate EP-flux components.

equation for zonal momentum balance in the quasi-geostrophic case states
∂u
1
= f0 v ∗ + ∇ · F + X
∂t
ρ0

(3.11)

where v ∗ is the meridional component of the residual circulation (see Section 3.5)
and X is the friction term which describes combined effect of other factors, e.g.,
gravity wave breaking. EP flux divergence (∇·F) is negative in regions where planetary waves dissipate [Eliassen and Palm, 1961]. According to Equation 3.11, EP
flux convergence (divergence) decelerates (accelerates) westerly background wind
if v ∗ and X are unchanged. Figure 3.5, in which background color corresponds
to EP flux divergence divided by the density, shows that EP flux converges, i.e.,
planetary waves dissipate almost in the whole northern stratosphere in December. Unlike planetary waves, gravity waves propagate also in easterly background
winds. Since gravity wave phase velocity with respect to the background zonal

F/ [m/s/day]

Pressure [hPa]

5
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wind is always opposite to the background wind, a dissipating or breaking gravity
wave decelerates background winds regardless of the direction of winds.
The interdependence between planetary waves and background wind establishes
a feedback mechanism, the so-called wave - mean flow interaction [Andrews et al.,
1987]. In principle, planetary waves are refracted toward a weak westerly wind and
away from a strong westerly wind. In the quasi-geostrophic case this dependence is
apparent in Equation 3.4 showing that both vertical and horizontal wavenumbers
are inversely proportional to the zonal wind. If the background westerly wind in
some region is initially weakened, planetary waves converge and dissipate more in
that region and, thus, weaken the westerly wind in the region even further, which
increases even more planetary wave dissipation, and so on. In the opposite case, if
the background wind is initially strengthened, planetary waves divert more away
from that region and dissipate less, leading to a feedback loop of strengthening
westerly wind and decreasing wave dissipation. Due to this wave - mean flow
interaction relatively minor variations in, e.g., winds, temperature or planetary
waves can lead to intense and extensive dynamical disturbances [Andrews et al.,
1987; Baldwin et al., 2019]. A similar wave - mean flow interaction is also possible
for gravity waves, since their vertical propagation is inversely proportional to the
strength of zonal wind as seen in Equation 3.10 [Salby, 2012; Baldwin et al., 2019].

3.5. Residual circulation
Dissipating planetary and gravity waves do not only decelerate background zonal
wind but also drive meridional circulation in the middle atmosphere [Andrews and
McIntyre, 1978; Haynes et al., 1991]. This circulation is called the residual or
Brewer-Dobson circulation and it is illustrated in Figure 3.6. When a wave dissipates and decelerates the background zonal wind, a momentary imbalance between
decreased Coriolis force and invariable pressure-gradient force leads to a meridional
flow, which is poleward (equatoward) if decelerated background wind is westerly
(easterly). In the quasi-geostrophic case, meridional and vertical components of
the residual circulation are given as


1 ∂ ρ0 v 0 θ 0
∗
v =v−
(3.12a)
ρ0 ∂z ∂θ/∂z
∂
w =w+
∂y
∗



v0 θ0
∂θ/∂z


(3.12b)

where w is vertical wind velocity. The two components v ∗ and w∗ describe circulation which is driven by diabatic processes, e.g., dissipating atmospheric waves, and
not by adiabatic processes, e.g., motion related to passing non-dissipative waves
[Andrews et al., 1987]. According to Equation 3.11, v ∗ is proportional to −∇ · F if
the zonal wind is in balance, i.e, ∂u/∂t is zero, and if X is neglected. The relation
between v ∗ and w∗ is described by the TEM equation for the mass continuity
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Fig. 3.6. Residual circulation in the stratosphere and mesosphere. Black arrows represents the residual circulation, the orange region marked with P presents the main region
of planetary wave dissipation and the blue region marked with G presents the main region
of gravity wave dissipation. Modified after Plumb [2002].

[Andrews et al., 1987]:

∂v ∗
1 ∂
+
(ρ0 w∗ ) = 0
(3.13)
∂y
ρ0 ∂z
According to Equation 3.13, a residual circulation is completed by an ascent and
a descent of air. The TEM equation for the thermodynamic relation between diabatic heating and the material change of temperature can be written as [Andrews
et al., 1987]
∂T
J
N 2H
=
− w∗
(3.14)
∂t
cp
R

where J is the diabatic heating rate per unit mass, which is dominated by net
radiative heating rate in the middle atmosphere [Andrews et al., 1987], and cp is
the specific heat capacity of air at constant pressure. The second term in the right
side of Equation 3.14 corresponds to the adiabatic heating by ascent or descent
related to the residual circulation. According to Equation 3.14, descent (ascent)
related to the residual circulation leads to an adiabatic warming (cooling) which
is eventually balanced by diabatic heating (i.e., increased/decreased net radiative
heating).
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The stratospheric residual circulation, driven mainly by planetary waves, consists of an average poleward flow in the winter stratosphere completed by the
ascent in the equator and the descent in the winter pole. In winter, the residual
circulation transports, e.g., ozone from the low-latitudes to the polar region, where
ozone is accumulated in the polar darkness [e.g., Butchart, 2014]. Additionally,
the descent of air adiabatically warms the wintertime polar stratosphere while the
ascent of air adiabatically cools the lower equatorial stratosphere.
Similarly as planetary waves in the stratosphere, gravity waves initiate a meridional circulation in the mesosphere. However, since gravity waves act also in the
summer hemisphere, the mesospheric meridional circulation consists of average
circulation from the summer pole toward the winter pole. This circulation is completed by ascent and adiabatic cooling in the summer pole, and by descent and
adiabatic warming in the winter pole.

3.6. Quasi-biennial oscillation
The equatorial stratosphere is characterized by the quasi-biennial oscillation (QBO),
a zonal wind mode involving westerly and easterly winds descending down from the
upper stratosphere [Baldwin et al., 2001]. Figure 3.7 shows the temporal evolution
of zonally averaged zonal wind in the equatorial lower stratosphere (10 - 100 hPa).
The QBO is driven by atmospheric waves, mainly gravity waves propagating in
the tropical stratosphere, and its period is between 24-32 months [Baldwin et al.,
2001]. The index for QBO is often defined as the equatorial zonally-averaged zonal
wind at the pressure level of 30 hPa or 50 hPa.
The QBO also influences the extratropical stratosphere and, e.g., the polar vortex which is stronger when the QBO wind is westerly than when it is easterly
[Holton and Tan, 1980]. This is believed to be due to planetary waves which are
guided differently in the two phases of the QBO [Holton and Tan, 1980; Garfinkel
et al., 2012]. The QBO wind pattern determines the critical line for planetary
waves where the zonal wind changes from westerly to easterly. Planetary waves
propagating in the winter stratosphere confront the critical line already at subtropical latitudes if the QBO wind is easterly in the lower stratosphere (e.g., at 30
hPa). If the QBO wind is westerly in the lower stratosphere, planetary waves can
propagate even across the equator there. Thus, planetary waves affect less in the
winter stratosphere during the westerly QBO phase and more during the easterly
QBO phase. This is the so-called Holton-Tan effect [Holton and Tan, 1980].
The QBO is also related to variations in meridional circulation which are illustrated in Figure 3.8. Ascending of air is increased (decreased) below the maximum
easterly (westerly) zonal wind in the equator [Plumb and Bell , 1982]. Thus, the
poleward component of circulation is enhanced (weakened) near the easterly (westerly) equatorial wind [Plumb and Bell , 1982]. Accordingly, air then descends more
(less) in the extratropics at altitudes below the equatorial maximum of easterly
(westerly) winds, completing the anomalous circulation related to QBO. Garfinkel
et al. [2012] suggested that changes in the meridional circulation related to QBO
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Fig. 3.7. Equatorial zonally averaged zonal wind presenting the QBO in 1979-2018 from
ERA-Interim reanalysis dataset [Dee et al., 2011].

affect the propagation of planetary waves in the extratropical upper stratosphere
so that planetary waves converge more at high-latitudes in the easterly than in
the westerly QBO phase, explaining the polar vortex modulation by QBO.

3.7. Sudden stratospheric warming
Sudden stratospheric warming (SSW) is an extreme event in the wintertime polar
stratosphere typically driven by increased planetary wave activity. When planetary
wave activity is enhanced in the suitably pre-conditioned stratosphere, dissipation
and breaking of planetary waves can rapidly increase due to wave-mean flow interaction, leading to a greatly enhanced residual circulation, a sudden adiabatic
warming of the polar stratosphere and a weakening of the westerly wind of polar
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Fig. 3.8. Schematic of the anomaly circulation pattern related to the QBO in the tropical
and extratropical stratosphere. E corresponds to easterly zonal wind and W to westerly
zonal wind. Blue (red) color of arrows corresponds to adiabatic cooling (warming).
Modified after Flury et al. [2013].

vortex [Baldwin et al., 2021]. A major SSW includes a complete reversal of the
westerly wind of the polar vortex (measured, e.g., at 10 hPa at 60◦ N) [Andrews
et al., 1987]. Figure 3.9, top panel shows the zonal wind of polar vortex in the
northern hemisphere in the winter 2008/2009 in which a major SSW occurred in
24th of January. Figure 3.9, bottom panels show the speed of horizontal winds
at 10 hPa, illustrating the form of the polar vortex, before (10.1.2009, bottom
left panel) and after (28.1.2009, bottom right panel) the SSW. Before the SSW in
January 2009, the polar vortex is circular and strong, while after the SSW there
is no one clear vortex but two smaller ones and the average zonal wind at 60◦ N
has turned to easterly. If an SSW occurs during the midwinter, the polar vortex
recovers relatively quickly, approximately in 10-20 days [Limpasuvan et al., 2004].
During every spring the so-called final warming occurs, after which the polar vortex does not form again until the next autumn. The effect of SSW extends also
to the troposphere and surface level where they are observed as negative phases
of the NAM [Baldwin and Dunkerton, 2001] and NAO [Domeisen, 2019].
On average six major SSWs occur per decade in the northern hemisphere while
in the southern hemisphere altogether only one major SSW has been observed
[Varotsos, 2004]. However, the SSW occurrence rate in the northern hemisphere
has not been constant in time but it has varied, e.g., between decades. For example,
only two SSWs occurred in the 1990’s while even nine SSWs occurred in the 2000’s
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Fig. 3.9. Top: Zonally averaged zonal wind at 60◦ N at 10 hPa in the winter 2008/2009
(red line) in which an SSW occurred in January 24. Bottom: Speed of horizontal wind at
10 hPa in the northern hemisphere in 10.1.2009 (left) and in 28.1.2009 (right), i.e., before
and after the SSW, respectively. Black line and grey areas in the top panel represent
overall distribution of the wind in years 1979-2019, similarly as in Figure 3.4. Red circles
in the top panel mark the dates represented in the bottom panels.

[Butler et al., 2017]. Different factors, such as the QBO [Labitzke, 1982], the solar
activity [Gray et al., 2004] and the ENSO [Butler and Polvani , 2011], have been
suggested to affect the occurrence of SSWs. In Paper IV we revisit the dependency
of SSW occurrence on the above-mentioned factors and EEP.
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3.8. Reanalysis datasets of the atmosphere
Reanalysis datasets are widely used to study the atmosphere. Reanalysis datasets
are produced by assimilating vast amounts of atmospheric observations from different sources (e.g., satellite, airborne and surface measurements), which often cover
only limited regions and time periods, into sophisticated climate models involving
dynamical, chemical and radiative processes [Fujiwara et al., 2017]. By combining
real observations with complex models, reanalysis datasets can provide accurate
estimates of numerous atmospheric variables (e.g., temperature, winds and ozone)
with high temporal and spatial resolution and global coverage at altitudes spanning
from the surface up to even mesosphere. While reanalysis datasets for the surface
level commonly cover the time period from the 19th century onwards, reanalysis
data of the middle atmosphere are typically available only from the 1950’s onwards
due to limited number of high-altitude observations [Fujiwara et al., 2017].
In Paper I we use ERA-Interim reanalysis data produced by European Centre
for Medium-Range Weather Forecasts [Dee et al., 2011]. ERA-Interim dataset is
available from January 1979 to August 2019, and covers 37 pressure levels from
the surface (1000 hPa) to the stratopause (1 hPa). In Paper IV we also use
the predecessor of ERA-Interim, ERA-40 [Uppala et al., 2005], which has a more
limited vertical resolution (23 pressure levels) and its underlying climate model as
well as the data assimilation techniques are less developed than the model used
to produce ERA-Interim [Dee et al., 2011]. However, the ERA-40 data cover the
period from September 1957 to August 2002 and, thus, can be used to extend the
ERA-Interim dataset. In Paper IV we use the ERA-40 dataset in addition to the
ERA-Interim dataset. In Papers II, III and V we use a dataset consisting of both
ERA-40 and ERA-Interim data which are combined with a recently developed
method by Asikainen [2019]. This combined dataset is introduced in Paper III.

4. Influence of energetic particles in the
atmosphere
4.1. The chemical effect of particle precipitation
Precipitating charged particles ionize and excite neutral particles of the atmosphere. While precipitating magnetospheric ions collide with atmospheric particles
already in the uppermost parts of the atmosphere, magnetospheric electrons can
penetrate to the middle atmosphere. Energetic electron precipitation (EEP) occurs in both hemispheres mainly at geomagnetic latitudes between 50◦ -75◦ . Figure
4.1 shows the altitude profiles of typical ionization rates for different types of particles, solar extreme ultraviolet and solar X-ray radiation. Auroral electrons have
a rather low energy and affect mainly the altitudes between 100 and 150 km in
the auroral oval which is located approximately at geomagnetic latitudes between
60◦ -75◦ [Akasofu, 1966; Turunen et al., 2009]. Medium- and high-energy electrons
of the radiation belts influence 50 - 100 km altitude mainly at geomagnetic latitudes between 50◦ -70◦ [Horne et al., 2009; Turunen et al., 2009]. Solar energetic
protons (SEPs) precipitate over the polar regions at geomagnetic latitudes higher
than 70◦ and penetrate even to the lower stratosphere at 10 km altitude [Patterson
et al., 2001; Mironova et al., 2015]. While SEPs can penetrate to lower altitudes
than magnetospheric electrons, they occur only during rapid events following solar
flares and CMEs [Reames, 2013] and, thus, their effect is rather brief and sporadic.
Galactic cosmic rays (GCRs) penetrate down to the lower stratosphere and troposphere, but their effect is mainly limited to the troposphere [Jackman et al., 2016;
Calisto et al., 2011; Mironova et al., 2015]. Energetic particle precipitation (EPP)
is the blanket term for precipitation of SEPs and magnetospheric electrons (and,
in some context, GCRs). The current consensus is that EEP is the main driver
of the total EPP effect on middle atmosphere because EEP is driven continuously
by the solar wind and is nearly always present to some degree [Ward et al., 2021].
The main chemical effect of EEP is the production of odd nitrogen (N Ox ; e.g.
N O, N O2 , N O3 ) and hydrogen (HOx ; e.g. OH, HO2 ) oxides which are formed by
EEP-induced ionization and excitation of nitrogen, oxygen and hydrogen atoms
and molecules [Solomon et al., 1981; Barth, 1992; Marsh et al., 2004; Turunen
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Fig. 4.1. Ionization rates of different types of particle precipitation and solar extreme
ultraviolet (EUV) and X-ray radiation. Reprinted by permission from [Mironova et al.,
2015] @ Springer Nature.

et al., 2009; Andersson et al., 2014]. E.g., precipitating energetic electrons (marked
as e∗ in the following equations) form N O and N O2 in reactions
N2 + e∗ → 2N + e

(4.1a)

N + O2 → N O + O

(4.1b)

N O + O → N O2

(4.1c)

O2 + e∗ → O2+ + 2e

(4.2a)

and OH in reactions
O2+
O4+
O2+

+ O2 + M →

+ H2 O →

O2+

O4+

+M

· H2 O + O2
+

· H2 O + H2 O → H3 O · OH + O2

H3 O+ · OH + e → H + OH + H2 O

(4.2b)
(4.2c)
(4.2d)
(4.2e)

Reactive N Ox and HOx compounds catalytically destroy ozone (see Section 3.2)
and, thereby, establish the influence of EEP on radiative and thermal balance of
the middle atmosphere. The EEP-N Ox (N Ox produced by EEP) and EEP-HOx
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Fig. 4.2. Volume mixing ratio of EPP-NOy as a function of time and altitude at 70◦ -90◦ S
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(HOx produced by EEP) have the largest effect on ozone in the high-latitude wintertime atmosphere where solar UV-radiation does not dissociate N Ox , HOx or
ozone. The HOx compounds survive only minutes or hours at best in the mesosphere, regardless of circumstances [Brasseur and Solomon, 2006]. Therefore, the
effect of EEP-HOx is limited to the mesosphere and thermosphere. However,
EEP-N Ox survives even months in the polar darkness, which allows EEP-N Ox to
accumulate in the polar winter atmosphere [Solomon et al., 1982]. Furthermore,
EEP-N Ox descends with the residual circulation from the mesosphere down to
the stratosphere where it leads into catalytic ozone loss. This EEP-N Ox influence on the mesosphere and stratosphere is often called the indirect EEP effect,
because it requires the EEP-N Ox to be transported down from the altitude it is
created at [Solomon et al., 1982; Funke et al., 2005; Randall et al., 2007]. Figure
4.2 shows the descent of N Oy (including N Ox and its reservoir compounds like
HN O3 and ClON O2 ) produced by particle precipitation (including both magnetospheric particles and solar protons). Although EEP-N Ox can descend to the
middle stratosphere altitudes of 20-30 km, the largest amounts of EEP-N Ox exist
in the mesosphere and upper stratosphere [Funke et al., 2014b]. In the southern
hemisphere, the downwelling in the polar winter stratosphere and mesosphere is
relatively stable and the amount of descended EEP-NOx in the polar stratosphere
mainly depends on EEP activity [Funke et al., 2014a]. In the northern hemisphere, the downwelling is less stable and the amounts of EEP-N Ox in the polar
stratosphere are more variable and smaller on average compared to the southern
hemisphere [Funke et al., 2014b, a]. These differences between the hemispheres
are due to atmospheric waves, which disturb the dynamics of middle atmosphere
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Fig. 4.3. Modelled effect of medium energy electron precipitation on ozone in DecemberFebruary (right panel) and in June-August (left panel). Figure by Arsenovic et al. [2016],
licensed under CC BY NC ND.

and are more common in the northern than southern hemisphere (see Section 3.4).
According to many modelling studies [Rozanov et al., 2005; Baumgaertner et al.,
2011; Arsenovic et al., 2016; Sinnhuber et al., 2018] and observational studies [Andersson et al., 2014; Damiani et al., 2016] EEP decreases ozone on average by 30
% in the polar mesosphere and by 10 % in the polar upper stratosphere during
the winter. Andersson et al. [2014] showed that in daily time scales EEP can temporarily destroy even 90% of ozone in the polar winter mesosphere. In the upper
stratosphere ozone depletion induced by EEP is more intense and less variable in
the southern than northern hemisphere [Arsenovic et al., 2016; Sinnhuber et al.,
2018]. Figure 4.3 shows model based results of EEP effect on ozone in the upper
stratosphere and mesosphere in northern winter (left panel) and southern winter (right panel) according to Arsenovic et al. [2016]. Figure 4.4 shows responses
in zonal wind, temperature and ozone (rows 1-3) to EEP in the northern troposphere and stratosphere in December, January, February and March (columns 1-4)
according to Paper I. Results of Paper I and Figure 4.4 are based on observational
dataset of both atmospheric variables (ERA-Interim reanalysis data) and precipitating electrons (corrected and calibrated NOAA/POES MEPED satellite data).
Figure 4.4 (third row) shows that ozone is decreased by EEP both in the polar
upper and lower stratosphere. In Paper I we suggest that the ozone reduction in
the polar upper stratosphere is due to chemical reduction by EEP-N Ox, while in
the polar lower stratosphere ozone is decreased mainly due to weakened residual
circulation transporting less ozone to the polar stratosphere. The EEP effect on
the middle atmosphere dynamics is discussed in Section 4.2.
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4.2. The EEP effect on the dynamics of the wintertime
middle atmosphere
The radiative effect of ozone depletion depends on solar radiation. In sunlit conditions, ozone warms air by absorbing solar UV-radiation. On the other hand,
ozone also emits IR-radiation and, thereby, acts as a radiative coolant in the polar
darkness [London, 1980; Mlynczak et al., 1999]. Consequently, ozone depletion
caused by EEP warms the polar mesosphere and upper stratosphere during the
midwinter according to studies based both on models [Baumgaertner et al., 2011;
Arsenovic et al., 2016; Sinnhuber et al., 2018] and observations [Seppälä et al.,
2013]. In Papers I, II and III we also show using observational data that EEP
warms the polar upper stratosphere in the northern winter, which can be also seen
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in Figure 4.4 (second row).
Typically, only a small part of descending EEP-N Ox reaches the middle and
lower stratosphere during the winter especially in the northern hemisphere [Funke
et al., 2014b, e.g.,], which can be seen in Figure 4.2. Thus, the chemical ozone
decrease by EEP-N Ox and EEP-HOx is mostly confined to the upper stratosphere
and mesosphere. However, several studies based on models [e.g., Rozanov et al.,
2005; Baumgaertner et al., 2011; Arsenovic et al., 2016] have found that EEP also
decreases ozone in the lower polar stratosphere in the northern winter. In Paper I
we also find an ozone reduction related to EEP in the lower polar stratosphere in
the northern winter, which are shown in Figure 4.4 (third row). Moreover, both
model based studies [Rozanov et al., 2005; Baumgaertner et al., 2011; Arsenovic
et al., 2016] and observational studies [Lu et al., 2008; Seppälä et al., 2013, Paper
I; Paper II; Paper III] have shown that EEP decreases temperature in the polar
lower stratosphere and strengthens the westerly wind of the polar vortex in the
northern hemisphere. Figure 4.4 shows that EEP enhances zonal wind in the
high-latitude stratosphere and troposphere (first row) and decreases temperature
in the lower polar stratosphere (second row) in the northern winter hemisphere.
The EEP effect on the wintertime stratosphere extends also to the lower altitudes
and surface level in the northern hemisphere, where increased EEP is associated
with positive NAM and NAO modes [Palamara and Bryant, 2004; Seppälä et al.,
2009; Maliniemi et al., 2013]. In the southern hemisphere the EEP effect on
polar vortex is notably weaker than in the northern hemisphere [Lu et al., 2008;
Tomikawa, 2017; Arsenovic et al., 2016].
Earlier studies [e.g., Baumgaertner et al., 2011; Seppälä et al., 2013] have suggested that variations in the lower stratosphere are due to the dynamical impact
following the initial chemical-radiative EEP effect. This view is supported by earlier model based study by Langematz et al. [2003] showing that decreased ozone
in the upper high-latitude stratosphere weakens the residual circulation and, thus,
dynamically decreases ozone and temperature in the high-latitude lower stratosphere. Seppälä et al. [2013] presented observational evidence for EEP increasing
equatorward divergence of planetary waves from the polar vortex. Figure 4.5 shows
zonal wind and temperature responses (upper panels) and EP flux divergence and
adiabatic heating responses (lower panels) to Ap index (a proxy for EEP) in 5-15
days before SSWs, a period in which the EEP effect on polar vortex is found to
be enhanced (see Section 4.4), according to Paper III. In Paper III and Paper V
we show that the EEP increases EP flux divergence, i.e., planetary wave divergence in the high-latitude lower stratosphere (shown in Figure 4.5, bottom left
panel), which agrees with the results by Seppälä et al. [2013]. Moreover, in Paper
III we show that the negative temperature response to EEP in the polar lower
stratosphere is due to decreased adiabatic heating by residual circulation (shown
in Figure 4.5, bottom right panel).
The dynamical responses to EEP, e.g., in zonal wind, planetary waves and
residual circulation are most probably due to the wave - mean flow interaction
(see Section 3.4) which is initiated after the chemical-radiative EEP effect in the
polar mesosphere and upper stratosphere. The initial chemical EEP effect increases temperature in the high-latitudes and, thus, decreases the temperature

46

Fig. 4.5. EEP responses on zonal wind, temperature, integrated EP flux divergence and
integrated adiabatic heating 5-15 days before SSWs. Ap index is used a a proxy for EEP.
Figure by Asikainen et al. [2020], licensed under CC BY 4.0.

difference between the mid- and high-latitudes in the winter mesosphere and upper stratosphere. According to the thermal wind shear balance (Equation 3.3),
this decrease in temperature difference is associated with a decrease in vertical
gradient of zonal wind, i.e., zonal wind decreases above or increases below the
altitude of initial warming. Variabilities in both temperature and zonal wind then
affect the propagation of planetary waves (see Section 3.4) so that planetary waves
divert more away from the high-latitude stratosphere. Decreased planetary wave
dissipation then enhances the polar vortex and weakens the residual circulation
into the polar lower stratosphere, decreasing both ozone and temperature there.
Moreover, the strengthened westerly wind of the polar vortex refracts even more
planetary waves away from the polar vortex, leading to a feedback loop according
to the wave-mean flow interaction [Andrews et al., 1987]. Figure 4.6 illustrates
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the chemical and dynamical EPP effects on the atmosphere. Results of Paper IV
underline the significant connection between the EEP effect and planetary waves
by showing that EEP also affects the occurrence of SSWs. An SSW occurs almost certainly during the northern winter (15 of 17 winters) if the EEP activity
is below average and the QBO is in the easterly phase. Both easterly QBO and
low EEP activity weaken the polar vortex and increase planetary wave dissipation
in the high-latitude stratosphere and, thus, create favourable conditions for the
development of an SSW.

4.3. Comparison between the solar-related effects in the
winter middle atmosphere
Energetic particle precipitation is not, of course, the only driver of variability in
the northern winter middle atmosphere. The other solar-related driver, varying
solar irradiance, affects ozone and temperature directly in the low-latitude middle
atmosphere [Soukharev and Hood , 2006; Frame and Gray, 2010]. In the equatorial
stratopause, the difference between solar maximum and minimum in temperature
is about 2 K [Frame and Gray, 2010] and in ozone about 3% [Soukharev and Hood ,
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2006; Ball et al., 2019]. The equatorial temperature anomaly has been suggested
to spread to wintertime stratosphere and polar vortex via the so-called top-down
mechanism [Kodera and Kuroda, 2002] which resembles the above mentioned mechanism of EEP effect including the wave-mean flow interaction. Figure 4.7 shows
the schematic for the atmospheric effect of variations in solar UV irradiance. Increased temperature in the equatorial upper stratosphere strengthens the westerly
wind at subtropical latitudes due to thermal wind shear balance in the wintertime
mesosphere and upper stratosphere. Increased westerly wind diverts planetary
waves away and, thus, increases and extends the westerly wind anomaly poleward
and to lower altitudes [Kodera and Kuroda, 2002]. However, the effect of solar
irradiance on, e.g., polar vortex in the northern hemisphere is rather inconsistent
and earlier studies have shown partly contradicting results about it [Camp and
Tung, 2007; Kodera et al., 2016]. In Paper II we do not find significant responses
to solar irradiance in zonal wind or temperature in the northern high-latitude
winter stratosphere. One possible explanation for contradicting results regarding
the effect of solar irradiance is QBO which has been found to modulate the effect
[Labitzke and Van Loon, 1988; Camp and Tung, 2007]. Labitzke and Van Loon
[1988] found that the polar stratosphere is warmer in solar minima than in solar
maxima if QBO is in the easterly phase while in the westerly QBO phase the effect
is reversed.
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In Paper II we compare the effects of EEP and solar irradiance and show that
the EEP effect on the northern polar vortex is by far more significant and stronger
than the effect of varying solar irradiance, even when the QBO is considered. It is
important to note that EEP and solar irradiance correlate only weakly with each
other and, thus, their effects on the atmosphere are out of phase with each other
and maximize at different times relative to the solar cycle. While solar irradiance
varies in concert with the sunspot cycle, EEP is essentially driven by the solar
wind, especially HSSs, and maximizes during the declining phase of sunspot cycle,
approximately 2-3 years later than the solar irradiance [Meredith et al., 2011;
Asikainen and Ruopsa, 2016]. Because of this the individual effects of EEP and
varying solar irradiance in the atmosphere could be rather reliably extracted from
the data.

4.4. Coupling of planetary waves and the EEP effect
Several studies have discovered that the EEP effect on the northern polar vortex
and the tropospheric Northern Annular Mode (and North Atlantic Oscillation)
depends on QBO [Palamara and Bryant, 2004; Lu et al., 2008; Maliniemi et al.,
2013; Seppälä et al., 2013]. However, the results on this QBO modulation have
been partly contradicting. E.g., Palamara and Bryant [2004] and Maliniemi et al.
[2013] show that based on surface measurements the EEP effect on NAM/NAO
is stronger and more significant in the easterly QBO phase (QBO-E) than in the
westerly phase (QBO-W) while, e.g., Seppälä et al. [2013] and Lu et al. [2008]
suggest, based on reanalysis data, that the EEP effect on the polar vortex is
stronger in QBO-W than in QBO-E. Different definitions of QBO across the studies
are one reason for such contradicting results since Palamara and Bryant [2004] and
Maliniemi et al. [2013] have used QBO at 30 hPa, while Seppälä et al. [2013] and
Lu et al. [2008] have used QBO at 50 hPa. Papers I and II show that using
QBO at 30 hPa pressure the EEP effect in the northern wintertime stratosphere is
stronger and more significant in the easterly than westerly QBO phase. This agrees
with Palamara and Bryant [2004] and Maliniemi et al. [2013]. Seppälä et al. [2013]
suggested that the EEP effect on stratospheric winds and temperatures is strong in
QBO-W because planetary waves do not interrupt the polar vortex and, thus, the
downward descending EEP-NOX is maintained inside the vortex. In Paper I and
Paper II we present that the EEP effect is strong in QBO-E because planetary wave
activity and meridional circulation are increased in the wintertime stratosphere in
QBO-E, which establishes more efficient wave - mean flow interaction after the
initial chemical-radiative EEP effect.
In Paper III we find that the EEP effect on polar vortex is enhanced in times
preceding an SSW. This enhancement is suggested to be, similarly to the above
mentioned QBO modulation, due to increased planetary wave activity before an
SSW driving a stronger wave - mean flow interaction after the initial EEP effect
in the polar upper stratosphere and mesosphere. Paper V shows that the EEP
effect is strong and significant in months in which planetary waves propagate more
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at the equatorward side of the polar vortex and less inside the polar vortex. In
the opposite case the EEP effect is only weak and not significant. We show that
when planetary waves propagate more at the equatorward side of the vortex, they
can be diverted away from the vortex toward lower latitudes by EEP. If waves are
propagating inside the polar vortex, they are trapped there and do not initiate
similar wave - mean flow interaction as waves equatorward the vortex [Dickinson,
1968; Matsuno, 1970]. Both Paper III and V underline the importance of planetary
waves in driving and enhancing the dynamical EEP effect in the stratosphere. They
also support the hypothesis presented in Papers I and II that the EEP effect is
enhanced in the QBO-E due to increased amount of planetary waves diverted from
the low-latitudes toward the polar vortex.

5. Summary
This thesis elaborates the atmospheric effects of energetic electron precipitation in
the northern wintertime stratosphere. The chemical-radiative effect of EEP mainly
occurs in the polar winter mesosphere and upper stratosphere in both hemispheres,
but in the northern hemisphere this initial effect spreads to influence the dynamics
at lower altitudes and latitudes due to planetary waves. Thus, the amplitude and
extent of the EEP effect depend on internal conditions of the atmosphere.
In Paper I we used observational reanalysis data of the troposphere and stratosphere and satellite measurements of precipitating electrons to show that increased
EEP is associated with decreased ozone in the polar stratosphere, increased (decreased) temperature in the polar upper (lower) stratosphere, and enhanced polar
vortex in the northern wintertime stratosphere. These findings agree with earlier studies based on models [Rozanov et al., 2005; Baumgaertner et al., 2011;
Arsenovic et al., 2016] and observational data with geomagnetic index as proxy
for EEP [Lu et al., 2008; Seppälä et al., 2013]. Moreover, we show that the EEP
effect is stronger in the easterly QBO phase than in the westerly phase if QBO
is determined at 30 hPa and has lead times of 0-6 months. These results agree
with the studies by Palamara and Bryant [2004] and Maliniemi et al. [2013] who
show the similar QBO modulation of the EEP effect on the surface weather modes.
In Paper I we also suggest that the observed differences in the two QBO phases
might be because the residual circulation and planetary wave activity is stronger
in the wintertime stratosphere in QBO-E than in QBO-W [Holton and Tan, 1980;
Garfinkel et al., 2012].
In Paper II we compare the EEP effect on northern polar vortex to the effects
of solar irradiance, El-Nino Southern Oscillation, volcanic aerosols and QBO. We
find that that the EEP effect is the strongest and most consistent among the
studied drivers, underlining the fact that the EEP is the main solar-related driver
of the northern polar vortex. Only the QBO causes an effect on polar vortex in
December which compares to the EEP effect. We also confirm the earlier finding
that the EEP effect on polar vortex is stronger in QBO-E than in QBO-W, even
when other considered drivers of polar vortex are included into the analysis.
In Paper III we find that the EEP effect in the wintertime northern stratosphere is enhanced in times preceding an SSW. We also present that, in addition
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to responses in temperature and zonal wind, EEP increases the planetary wave
divergence at high-latitude lower stratosphere in months preceding an SSW. In
shorter time scales, the EEP effect is strengthened 5-15 days before an SSW.
Planetary wave activity is also increased in the polar vortex before an SSW, which
is suggested to provide the necessary conditions for the amplification of the EEP
effect.
Paper IV presents the dependence of SSW occurrence on solar-related and internal atmospheric drivers. We found that SSWs occur significantly more likely in
the easterly than in the westerly QBO phase, which is in agreement with earlier
studies [Labitzke, 1982]. We also show that SSWs occur more likely in winters
with low than high EEP activity (quantified by geomagnetic activity), but this
difference is only marginally significant. However, if only the QBO-E winters are
considered, the difference in SSW occurrence between low and high EEP activity becomes large and significant. An SSW has happened in 15 of 17 winters in
which the QBO has been in the easterly phase and EEP activity has been low.
These results show the strong combined influence of EEP and QBO on the polar
stratosphere and indicate potentially significant influences on wintertime ground
weather variations as well [King et al., 2019].
In Paper V we examine the EEP effect on polar vortex by considering the
latitudinal distribution and intensity of planetary waves in the northern wintertime
stratosphere. We find that the EEP significantly enhances the polar vortex and
decreases planetary wave dissipation in the polar stratosphere in all winter months
only if the planetary waves propagate more at the equatorward side of the polar
vortex and less inside the vortex, while in the opposite case the EEP effect is not
significant. This suggests that in order to amplify the EEP effect the planetary
waves should be able to efficiently refract either away from or toward the polar
vortex. These findings ultimately confirm the view that planetary waves are behind
the modulation by QBO, presented in Papers I and IV, and by SSW, presented in
Paper III.
The findings of this thesis emphasize the role of planetary waves driving the
EEP effect in the stratospheric dynamics. While both the QBO and SSWs seem
to affect the EEP effect, planetary waves are the fundamental factor controlling
the amplification of EEP effect in the atmosphere. Therefore, the most important
implication of this thesis for future studies is that the intensity and propagation of
planetary waves should be carefully taken into account when considering all solarrelated influences in the climate system. This is a point which is often overlooked
in studies modeling the EEP effect on the atmosphere. Natural continuation for
the research in this thesis is to design chemistry-climate modeling experiments
where the level of planetary waves, their guidance in the atmosphere (dependent,
e.g., on the QBO) and the level of EEP are carefully controlled. This would allow
us to pinpoint and confirm the physical mechanisms and causality behind the
relationship between EEP and atmospheric variability suggested by this thesis. In
particular such climate model experiments could allow us to better understand how
and in what conditions the EEP effect is transmitted from the upper atmosphere
through mesosphere and stratosphere down to the surface level.
Confirming the mechanisms suggested by this thesis with numerical climate
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models is also important because properly modeled EEP effect can likely improve
the long-term forecasts of atmospheric and climate variability, especially in the
northern winter hemisphere. The findings of the thesis may be used to enhance
seasonal predictions of, e.g., SSW occurrence and the Northern Annular Mode
using predictions of EEP or geomagnetic activity from space weather and space
climate models. Such predictions could potentially be extended also to solar cycle
timescales. Model experiments can also be used to study the EEP effect on the
atmosphere in potential scenarios of future climate change which involve changes
in both the atmospheric dynamics and EEP activity. Improving the long-term
predictions of climate variability would obviously greatly benefit the society, since
climate variabilities related to the NAM and extreme winter weather following
SSWs can influence, e.g., production and consumption of electricity and energy,
food production, traffic conditions as well as human health and living conditions
in the northern hemisphere [e.g., Hurrell et al., 2003; Charlton-Perez et al., 2021].
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