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Abstract

This thesis studies the long-term relation between the solar wind driven energetic
particle forcing into the atmosphere and the tropospheric circulation in the Northern
Hemisphere winter. The work covers the period of more than one hundred years since
the turn of the 20th century to present. The thesis makes a statistical analysis of satellite
measurements of precipitating energetic electrons, sunspot number data and geomagnetic
activity, and compares them with temperature and pressure measurements made at the
Earth’s surface.

Recent results, both observational and from chemistry climate models, have indicated
significant effects in the Earth’s middle atmosphere due to the energetic electrons precip-
itating from the magnetosphere. These effects include the formation of reactive hydrogen
and nitrogen oxides in the high latitude mesosphere and the depletion of ozone caused by
them. Ozone is a radiatively active and important gas, which affects the thermal struc-
ture and dynamics of the middle atmosphere. Accordingly, the depletion of ozone can
intensify the large scale stratospheric circulation pattern called the polar vortex. Winter
weather conditions on the surface have been shown to be dependent on the polar vortex
strength.

This thesis shows that there is a significant relation between the average fluxes of
medium energy (ten to hundred keVs) precipitating electrons and surface temperatures in
parts of the Northern Hemisphere in winter time. Temperatures are positively correlated
with electron fluxes in North Eurasia and negatively correlated in Greenland during
the period 1980-2010 which is covered by direct satellite observations of precipitating
particles. This difference is especially notable when major sudden stratospheric warmings
and the quasi-biennial oscillation (QBO), which both are known to affect the polar vortex
strength, are taken into account. When extended to the late 19th century, the analysis
shows that a similar temperature pattern is predominated during the declining phase of
the sunspot cycle. The high speed solar wind streams and energetic particle precipitation
typically maximize also at the declining phase of the solar cycle.

This specific temperature pattern is related to the variability of the northern an-
nular mode (NAM), which is the most significant circulation pattern in the Northern
Hemisphere winter. Before the space era, geomagnetic activity measured by ground ob-
servations can be used as a proxy for energetic particle precipitation. Earlier studies have
found a significant positive correlation between geomagnetic activity and NAM since the
1960s. We find that, when the QBO measured at 30 hPa height is in the easterly phase,
a positive correlation is extended to the beginning of 1900s. We also show that high
geomagnetic activity causes a stronger effect in the Northern Hemisphere winter than
high sunspot activity, especially in the Atlantic and Eurasia.

A comprehensive knowledge of the Earth’s climate system and all its drivers is crucial
for the future projection of climate. Solar variability effects have been estimated to
produce only a small factor to the global climate change. However, there is increasing
evidence, including the results presented in this thesis, that the different forms of solar
variability can have a substantial effect to regional and seasonal climate variability. With
this new evidence, the solar wind related particle effects in the atmosphere are now
gaining increasing attention. These effects will soon be included in the next coupled
model inter comparison project (CMIP6) as an additional solar related climate effect.
This emphasizes the relevance of this thesis.



Keywords: Solar activity, Solar wind, Energetic particle precipitation, Geomag-
netic activity, Atmospheric circulation, Quasi-biennial oscillation, Sudden strato-
spheric warming, North Atlantic Oscillation, Northern annular mode, Sea-level
pressure, Surface air temperature



Preface

This work has been carried out at the ReSoLVE Centre of Excellence, Space Cli-
mate Research Unit of the University of Oulu. First and foremost, I want to
thank my supervisors for their guidance over the years. Doc. Timo Asikainen,
your pedagogic style of explaining difficult concepts as well as endless source of
new ideas have made this thesis possible. Prof. Kalevi Mursula, your experience
and expertise in the solar-terrestrial research and encouragement during the diffi-
cult times have been equally important. I want to thank also our whole research
group for a very nice and easy atmosphere even with the high quality research we
are performing.

I want to acknowledge all the parties responsible for the financial support: the
Academy of Finland, the European Commission’s Seventh Framework Program
(FP7), the Emil Aaltonen Foundation and the former Department of Physics of
the University of Oulu.

I want to thank my many friends, particularly Mikko Salo and Matti Kemi,
whose occasional company have given me much needed relief from different duties
of life. Our success in pub quizzes still amaze me today.

I am grateful for my parents and my sisters family for all the support they have
given me. My childhood home has always been a safe haven when the world has
been too much.

Above all, I want to thank my wife and true friend Tuija for all the love and
wisdom. You have made me complete. Our beautiful boys Ahti and Hannes make
every new day truly worthwhile.

Oulu, September 12, 2016

Ville Maliniemi





Original publications

This thesis consists of an introduction and four original papers.

I Maliniemi, V., T. Asikainen, K. Mursula and A. Seppälä (2013), QBO-
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1. Introduction

Sun, our closest star, is the main energy source here on Earth. Most of the pro-
cesses occurring both on the surface and in the atmosphere of the Earth are either
directly or indirectly driven by solar radiation. The Sun provides energy for our
climate and necessary conditions for life. In addition to the solar radiation, stream
of plasma called solar wind flows from the Sun’s upper atmosphere into the helio-
sphere. Solar wind consists of charged particles which carry Sun’s magnetic field
creating the heliospheric magnetic field. When the solar wind hits the magnetic
field of the Earth it feeds energy and particles inside the region dominated by
the Earth’s magnetic field called the magnetosphere. Inside the magnetosphere
charged particles originating from the solar wind are accelerated towards the in-
ner magnetosphere and are partly captured into the closed magnetic field lines
[Kivelson and Russell , 1995]. These trapped particles form plasma populations of
different energies and dynamics.

Solar wind couples with the Earth’s magnetosphere mainly through magnetic re-
connection, where two distinct magnetic regions, heliospheric and magnetospheric
are rapidly connected resulting in release of magnetic energy [Forbes and Priest ,
1987]. Solar wind energy input enhances different current systems in the magneto-
sphere, especially the ring current and field-aligned currents. The ring current is a
westward current around the Earth in equatorial latitudes carried by the positive
ions and electrons. During intensive times of solar wind energy input enhanced
ring current weakens the mean geomagnetic field at Earth’s surface considerably
[Daglis et al., 1999]. Field-aligned currents flow along the magnetic field lines
and associated field-aligned electric fields accelerate the particles. They are the
main drivers of the auroral activity that occurs sporadically in the high latitude
ionosphere [Arnoldy , 1974].

Field-aligned acceleration of the particles allows them to penetrate deep enough
along the magnetic field lines to precipitate into the Earth’s atmosphere. Particles
precipitate from different L-shells (field line distance from the Earth in the equator)
depending on the intensity of the energy input from solar wind. Precipitation
occurs at some level always in the high-latitudes (large L-value) in an arc-shaped
area in the night side [Mironova et al., 2015]. The precipitation forms an oval-
shaped area around the Earth’s magnetic poles. This is called auroral oval and it
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is the region where auroras can be observed. With intense solar wind energy input
precipitation can also occur in the mid-latitudes, when precipitating oval extends
equatorward.

Particle precipitation, depending on the energy of the particles, reaches differ-
ent levels of the atmosphere. Auroral electrons with up to ten keV further from
the plasma tail are precipitated more or less constantly into the auroral oval and
produce ionization above 100 km. Medium energy electrons with tens to hundreds
of keV from the ring current and from the outer radiation belt are precipitated
to the altitudes between 70 to 100 km [Turunen et al., 2009]. In the upper meso-
sphere (70-90 km) these electrons initiate chemical changes by creating nitrogen
and hydrogen oxides.

Hydrogen oxides have relatively short lifetime and can destroy ozone only in
their formation altitudes [Andersson et al., 2014a]. During polar night when no
sunlight reaches the high latitudes nitrogen oxides can have prolonged lifetime and
are able to descend into the lower mesosphere and stratosphere [Funke et al., 2014b]
and cause ozone destruction there. Because ozone is an important radiatively
active gas, its depletion can lead to thermal changes in the stratosphere. Upper
stratosphere is heated due to the decrease in ozone radiative cooling and lower
stratosphere is cooled due to the changes in the residual circulation [Langematz
et al., 2003].

During winter, under the thermal-wind balance, temperature gradient between
low- and high-latitude stratosphere induces a westerly zonal wind jet. This zonal
wind jet in the polar stratosphere is called polar vortex [Andrews et al., 1987]. With
its strong westerly winds, polar vortex isolates the cold high-latitude air from the
warmer air in the lower latitudes. Thermal changes in the polar stratosphere due to
the ozone depletion (by nitrogen oxides) also affect the polar vortex [Baumgaertner
et al., 2011]. Variability in the high-latitude stratosphere is also connected to the
lower atmosphere.

Planetary waves propagating from the troposphere into the stratosphere drive
the mean meridional circulation of the stratosphere as well as define the strength
of the descending air in the upper polar stratosphere. When upward propagat-
ing planetary wave fluxes are strong, descent of air is enhanced; it causes adia-
batic warming in the lower polar stratosphere as well as weakens the polar vortex.
Strong polar vortex episodes are marked by weakened planetary wave propagation
and associated residual circulation which lead to weaker adiabatic warming, i.e,
anomalous cooling in the polar stratosphere [Salby and Callaghan, 2003].

Decreased descent and anomalous cooling in the polar stratosphere increases the
tropopause height and leads to negative pressure anomaly on the surface, where
as in the mid-latitudes tropopause descends and pressure anomalies on the surface
are positive [Kidston et al., 2015]. The north-south shifts in the tropospheric mass
between the high and mid-latitudes are characterized by the northern annular
mode (NAM) pattern. When the polar vortex is strong, positive pressure gradient
often forms between mid- and polar latitudes signifying a positive NAM [Thompson
and Wallace, 2000]. This enhances westerly winds in the interface of the pressure
centers and isolates the cold polar air into the Arctics. When the NAM is negative
weaker pressure gradient and weaker westerlies allow arctic air to be distributed
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also to mid-latitudes.
The NAM pattern can be also observed more locally in the North Atlantic

region where the North Atlantic Oscillation (NAO) has a similar behavior. This
pressure/wind variability significantly affects the winter weather in large parts
of the Northern Hemisphere and distinct temperature patterns are related to the
positive and negative NAM/NAO conditions [Hurrell et al., 2003]. During positive
NAM/NAO negative temperature anomalies are observed in Northern Canada and
Greenland and positive temperature anomalies are observed in Eastern USA and
especially in North Eurasia. This is due to the intensified storm tracks from the
Atlantic Ocean to North Europe and Russia, which bring warmer and moist air
to North Eurasia. Temperature anomaly patterns are essentially reversed during
negative NAM/NAO.

Earlier research in recent years has provided increasing evidence of the modu-
lating effect of particle precipitation on the polar vortex and on the surface NAM
[Seppälä et al., 2013]. This is also emphasized by recent inclusion of the particle
precipitation forcing to the solar related climate effects, which are recommended
for climate modelers [Matthes et al., 2016]. Yet there exist uncertainties especially
related to the long-term variability of this solar wind/precipitating particle effect
[Thejll et al., 2003]. This thesis clarifies some of these uncertainties by focusing on
determining the long-term variability in the connection between solar wind driven
particle precipitation and surface climate measurements during Northern Hemi-
sphere winter. To do this we use precipitating particle measurements as well as
long-term geomagnetic activity as a proxy for the particle activity. The surface cli-
mate response is defined by temperature and sea-level pressure observations since
the late 19th century.



2. The Sun and solar activity

2.1. Solar radiation, sunspots and solar magnetic activity

The Sun is a giant fusion reactor where hydrogen nuclei are transformed into
helium nuclei and other heavier elements in the solar core. Energy released in the
process is radiatively transported to outer parts of the Sun up to about 0.7 solar
radius. From this layer onwards to the surface, temperature is decreased enough
so that the convection becomes more efficient way of energy transport. Convection
cells in this convection zone carry the heat from the top of the radiative zone to
the photosphere, the visible surface of the Sun [Stix , 2004].

Turbulent convection of conductive plasma below the photosphere also main-
tains the solar dynamo, which is the source of the solar magnetic field. Frozen-in
magnetic property of the conductive plasma forms magnetic flux tubes in the
convection zone [Fisher et al., 2000]. Convective thermal cells also form granu-
lar appearance on the photosphere. Sunspots are the strongest concentration of
magnetic flux emerging from the convection zone to the solar surface. They are
dark regions in the solar surface that are cooler than the surroundings. Sunspots
typically have a bipolar structure with magnetic loops connecting two sunspots
[Fisher et al., 2000].

The oldest parameter used to quantify sunspots is the Wolf sunspot number
which is defined as

Rz = k(10G + N),

where G is the number of sunspot groups, N is the number of individual sunspots
in all groups and k is a calibration factor dependent on the observer [Clette et al.,
2014]. The number of sunspots experiences cyclic variability which defines the
solar (sunspot) cycle. This cycle evolves roughly over 11 years from minimum to
minimum. The cyclic variability is due to the evolution of solar magnetic field
from dominantly poloidal field during solar minimum to toroidal field during solar
maximum and back to poloidal field in the next minimum [Charbonneau, 2010].
In fact the solar magnetic cycle is roughly 22 years since, every other solar cycle,
the poloidal field is reversed. This kind of magnetic evolution is thought to be
due to the differential rotation and meridional circulation in the convection zone
[Charbonneau, 2010].
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Sunspots form the longest record of direct observations of the Sun, which have
been measured more or less continuously since the 17th century [Usoskin, 2013].
In addition to the 11-year sunspot cycle, the Sun also experiences longer cycles
of varying activity [Usoskin, 2013]. The 20th century solar activity is known as
the modern grand maximum. During the 17th century sunspots were almost com-
pletely absent for a long period of time known as the Maunder minimum [Usoskin
et al., 2015]. Figure 2.1 shows the monthly values of Wolf sunspot number and
the group sunspot number (another parameter often used to quantify sunspots)
since the 17th century. Sunspot cycle evolution is asymmetric in a way that the
ascending phase from minimum to maximum is usually shorter than the declining
phase from maximum to minimum [Hathaway et al., 1994; Hathaway , 2010]. In
Papers II and III we use sunspot activity since the late 19th century to study if and
how the surface temperatures and associated sea-level pressure variability during
winter in the Northern Hemisphere are affected by the varying sunspot activity.

10 Ilya G. Usoskin

where 𝐺 is the number of sunspot groups, 𝑁 is the number of individual sunspots in all groups
visible on the solar disc and 𝑘 denotes the individual correction factor, which compensates for
differences in observational techniques and instruments used by different observers, and is used to
normalize different observations to each other.
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Figure 1: Sunspot numbers since 1610. a) Monthly (since 1749) and yearly (1700 – 1749) Wolf sunspot
number series. b) Monthly group sunspot number series. The grey line presents the 11-year running mean
after the Maunder minimum. Standard (Zürich) cycle numbering as well as the Maunder minimum (MM)
and Dalton minimum (DM) are shown in the lower panel.

The value of Rz (see Figure 1a) is calculated for each day using only one observation made
by the “primary” observer (judged as the most reliable observer during a given time) for the day.
The primary observers were Staudacher (1749 – 1787), Flaugergues (1788 – 1825), Schwabe (1826 –
1847), Wolf (1848 – 1893), Wolfer (1893 – 1928), Brunner (1929 – 1944), Waldmeier (1945 – 1980)
and Koeckelenbergh (since 1980). If observations by the primary observer are not available for
a certain day, the secondary, tertiary, etc. observers are used (see the hierarchy of observers in
Waldmeier, 1961). The use of only one observer for each day aims to make Rz a homogeneous time
series. As a drawback, such an approach ignores all other observations available for the day, which
constitute a large fraction of the existing information. Moreover, possible errors of the primary
observer cannot be caught or estimated. The observational uncertainties in the monthly Rz can be
up to 25% (e.g., Vitinsky et al., 1986). The WSN series is based on observations performed at the
Zürich Observatory during 1849 – 1981 using almost the same technique. This part of the series
is fairly stable and homogeneous although an offset due to the change of the weighting procedure
might have been introduced in 1945 – 1946 (Svalgaard, 2012). However, prior to that there have
been many gaps in the data that were interpolated. If no sunspot observations are available for
some period, the data gap is filled, without note in the final WSN series, using an interpolation
between the available data and by employing some proxy data. In addition, earlier parts of the
sunspot series were “corrected” by Wolf using geomagnetic observation (see details in Svalgaard,
2012), which makes the series less homogeneous. Therefore, the WSN series is a combination of

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2013-1

Fig. 2.1. Sunspot numbers since 1610. a) Monthly (since 1749) and yearly (1700 to

1749) Wolf sunspot number series. b) Monthly group sunspot number series. The thick

line presents the 11-year running mean after the Maunder minimum. Standard (Zurich)

cycle numbering as well as the Maunder minimum (MM) and Dalton minimum (DM) are

shown in the lower panel [Usoskin, 2013].

Temperature of the photosphere is about 5770 K and the spectrum of the solar
radiation is close to the black-body radiator at 5770 K [Stix , 2004]. Total solar
irradiance (TSI) and spectral solar irradiance (SSI, solar radiation in different
spectral bands, e.g., UV radiation) vary over the solar cycle roughly in phase with
the sunspots [Fröhlich and Lean, 1998; Lockwood and Fröhlich, 2007]. This is due
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to the fact that the bright active regions surrounding sunspots (faculae) contribute
relatively more to the brightness of the Sun than the dark sunspot regions which
cause a reduction [Lean, 1991]. Recent observations have shown TSI (also called
the solar constant) to vary over the solar cycle roughly between 1363 Wm−2 during
solar maximum and 1361 Wm−2 during solar minimum [Kopp and Lean, 2011],
which is on average lower by 4-5 Wm−2 than in the earlier measurements [Fröhlich
and Lean, 2004]. Thus variation of TSI over the solar cycle is less than 0.2% [Gray
et al., 2010]. On the other hand, some spectral bands have been shown to vary
much more over the solar cycle. For example UV radiation in 200-400 nm wave
lengths (important for the Earth’s middle atmosphere) can vary 5-10% between
solar minimum and maximum [Ermolli et al., 2013].

2.2. Solar corona and solar wind

Solar atmosphere changes from the photosphere to the chromosphere and to the
corona with increasing radial distance. Density decreases rapidly with altitude in
the chromosphere and its main feature is the reddish light (hydrogen emission)
observable during solar eclipses [Stix , 2004]. Temperature increases gradually in
the chromosphere up to around 20000 K. Between the chromosphere and the corona
lies a thin transition layer, where temperature rises dramatically from 20000 K to
millions of kelvins in the corona [Aschwanden, 2005].

In the corona, plasma is fully ionized and it extends far out of the Sun. Coronal
plasma is confined to magnetic flux tubes emerging from the photosphere which
are mainly related to the active regions on the photosphere, e.g., sunspots [As-
chwanden, 2005]. The exact mechanism of coronal heating is still not well known
but likely involves some sort of energy feed from the magnetic field, e.g., magnetic
reconnection. This is a phenomenon where magnetic topology is radically altered
by collapse of electric currents allowing separated magnetic regions to connect and
magnetic energy to transform to other forms of energy [Forbes and Priest , 1987].
Part of plasma in the closed coronal loops can escape them and form coronal
streamers away from the Sun. This escaping continuous stream of plasma from
the corona is called solar wind [Kivelson and Russell , 1995]. Closed magnetic
loops can also collapse completely forming coronal mass ejections (CME). They
are rapid energetic eruptions of coronal plasma where magnetic reconnection re-
leases a cloud of plasma and magnetic field [Crooker et al., 1997]. They occur
sporadically but are more frequent during solar maximum [Chen, 2011].

Solar wind also comes from the coronal holes, which are regions of unipolar
magnetic field of open magnetic flux. Solar coronal holes exist almost always at
high latitudes of the Sun. After solar maximum, when solar magnetic polarity has
changed, polar coronal holes extend also to low latitudes [Timothy et al., 1975].
Solar wind flow is faster from the coronal holes than from the closed coronal
loops [Nolte et al., 1976]. These high speed streams (HSS) can form so called
corotating interaction regions (CIR) where fast flowing plasma from the coronal
holes interacts with slow solar wind from neighboring region of the corona in
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the longitudinal direction [Kivelson and Russell , 1995]. As the Sun rotates and
these different plasma populations interact with each other due to the spiraling
of the heliospheric magnetic field, they form a compression region followed by a
rarefaction region as seen in Figure 2.2.STREAM INTERACTION SCHEMATIC
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Fig. 2.2. Formation of a corotating interaction region [Pizzo, 1978].

Because of high conductivity of the solar wind plasma, the magnetic field of the
solar corona is carried with the solar wind flow to the heliosphere [Dessler , 1967].
This heliospheric (interplanetary) magnetic field and solar wind extend far beyond
the planetary orbits and to the edge of the heliosphere, where solar wind pressure
is in equilibrium with the interstellar matter [Krimigis et al., 2013]. Average solar
wind speed at the Earth’s orbital distance is 450 km/s with the number density
of 7 cm−3 [Kivelson and Russell , 1995]. Solar wind is largely modified by the
occurrence of CMEs and high speed streams [Gosling , 1996]. Due to the evolution
of low latitude coronal holes, solar wind speed observed at the Earth’s orbit usually
maximizes a few years after solar maximum during the declining phase of the solar
cycle, as seen in Figure 2.3 [Mursula et al., 2015].
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2. HSS EFFECT ON THE Z-COMPONENT
IN THE POLAR CAP

Presenting a new way of studying the solar wind–
magnetosphere coupling, it was recently shown (Lukianova et al.
2012) that the annual means of the magnetic field Z-component
at polar cap observatories are significantly enhanced during
the strongest HSS years. Figure 2 depicts the annual means
in 1926–2009 (data gap in 2007 and 2008) of the Z-component
at Godhavn (GDH; 62.25◦ geographic latitude, 306.47◦ geo-
graphic longitude), the longest running polar cap observatory.
In addition to the full year means, Figure 2 also depicts the
annual means of the Z-component in the magnetically quietest
days (called Z(q), calculated from the five quietest days of each
month), as well in the most disturbed days (called Z(d), obtained
from the five most disturbed days each month). (In 1932–2009
the internationally selected five quietest and five most disturbed
days of each month are based on the geomagnetic Kp index,
which exists from 1932 onward. For the earlier years 1926–1931
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Figure 3. Annual means of GDH ΔZ and SOD |ΔH |. (a) Differences ΔZ of the
GDH Z-component since 1926 in units of nT. (b) Differences |ΔH | in the SOD
H-component since 1914 in units of nT. Annual sunspot numbers (dashed line
without scale) are included as reference in both panels.

we have used these days based on the Ci index. Magnetic
data were received from the World Data Center at Edinburgh
(http://www.wdc.bgs.ac.uk) and SW data were from NASA/
NSSDC OMNI2 database (http://omniweb.gsfc.nasa.gov.)

The long-term (secular) evolution of the Z-component at
GDH during the time depicted in Figure 2 is roughly sinu-
soidal with amplitude of about one percent of the field intensity.
On top of the secular variation Figure 2 shows, particularly
clearly in the Z(d) curve, several positive deflections, i.e., years
of enhanced vertical magnetic field intensity. The two largest
positive deflections occurred in 1952 and 2003, and some oth-
ers, e.g., in 1930, 1941, 1963, 1982, and 1994. It was shown
recently (Lukianova et al. 2012), using a number of observato-
ries from both the northern and southern polar cap, that the de-
flections in the Z-component occurred at all stations in the same
years, when high-speed stream occurrence and substorm activity
(and the related AL index) were at maximum. Accordingly, the
Z-component of a polar cap station can be reliably used to iden-
tify years of persistent HSS activity. The two small inserts in
Figure 2 depict an enlarged view of the Z(d) and Z(q) curves
around 1952 and 2003, the two years of the largest deflections.
The quiet-day curve Z(q) is also somewhat increased in these
years, indicating that the persistent high-speed streams raised
the Z-component even during the quietest days above its normal
level. In order to quantify the effect of high-speed streams on
the Z-component, we remove the quiet time field Z(q) from the
disturbed time field Z(d), constructing annual differences ΔZ =
Z(d)−Z(q). This difference also removes the seasonal and secu-
lar variations of the absolute level of the magnetic field, which
is necessary in view of the rather large related variations of the
magnetic baseline.

3. ANNUAL SOLAR WIND SPEED FROM δZ

Figure 3(a) depicts the annual means of ΔZ for GDH in
1926–2009. The cycle maxima of ΔZ are found in the declining
phase of all the included eight SCs, in agreement with the above
discussed SC occurrence of equatorial extensions of coronal
holes and high-speed streams at Earth’s orbit. In fact, ΔZ has
cycle maxima in the same years as SW speed (see Figure 1(a))
for all other cycles except for cycle 21, where SW speed attained
closely similar values in a few consecutive years (1982–1985).

2

Fig. 2.3. Occurence of high speed solar wind streams and geomagnetic activity (aa index)

relative to the sunspot cycle [Mursula et al., 2015].

2.3. Geomagnetic activity and magnetospheric particles

When the solar wind collides with the magnetosphere, magnetic reconnection can
happen if the solar wind magnetic field is roughly antiparallel to the magneto-
spheric magnetic field [Forbes and Priest , 1987]. This feeds magnetic energy and
solar wind plasma into the magnetosphere. When CME hits the Earth’s mag-
netosphere, enhanced reconnection causes intensive but short-lived geomagnetic
storms [Chen, 2011]. HSS and associated CIRs cause less intense geomagnetic
activity which typically lasts for several days in a row and can reappear with ∼
27 day periodicity (solar rotation period) for several solar rotations. On the long
run this leads to more persistent energy transport into the magnetosphere com-
pared to CMEs [Richardson and Cane, 2012]. The movement of plasma past the
dayside magnetosphere to the nightside causes the magnetosphere to form a long
comet-like tail in the nightside with open magnetic field lines [Baumjohann and
Treumann, 1997].

In the tail-side reconnection region open tail lobe field lines are closed and a
part of the solar wind plasma is trapped into these field lines. In this process,
known as the magnetic substorm, particles of solar wind origin are energized and
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transported into the inner magnetosphere where the magnetic field is roughly
dipolar [Angelopoulos et al., 2008]. Inside the inner magnetosphere these particles
form populations which are trapped into the closed field lines of the Earth’s strong
magnetic field [Walt , 2005]. Particles bounce along the closed magnetic field lines,
mirroring back and forth in a magnetic ’bottle’ formed by the converging and
stronger magnetic field closer to the Earth.

The inner magnetospheric particles form several plasma populations of different
energies. The plasmasheet is located between the different tail lobes of the mag-
netotail on the last closed field lines. It consists of plasma with energies typically
of several keV. Electrons from the plasmasheet are the cause of the aurora and
they form the field-aligned currents when traveling from the magnetosphere to the
ionosphere [Arnoldy , 1974].

The ring current is a dynamical plasma population typically consisting of parti-
cles with energies of tens to hudreds of keV. It forms westward current around the
Earth’s equator during enhanced energy input from the solar wind. This current
is mainly carried by positive ions (and to lesser degree electrons) circling the Earth
westward (eastward) due to the gradient-curvature drift in the dipolar magnetic
field [Daglis et al., 1999]. The ring current weakens the mean geomagnetic field by
forming an opposite directed magnetic field in the equatorial region in accordance
with the Ampere’s law. The ring current explains most of the observed weaken-
ing in the Earth’s magnetic field horizontal-component during geomagnetic storms
[Burton et al., 1975], although other current systems are known to significantly
affect it as well [Asikainen et al., 2010].

The most energetic particle population in the magnetosphere are the radiation
belts. They consists of inner belt with energetic (tens of MeV) protons and outer
belt with energetic (hundreds of keV to MeV) electrons. Unlike plasmasheet or
ring current electrons, which are mainly accelerated by substorm or storm in-
jections, relativistic electrons in outer radiation belt are accelerated by different
wave-particle interactions from the seed population injected into the inner mag-
netosphere by substorms [Horne et al., 2005]. The basic structure of the mag-
netosphere and the different particle populations can be also seen in the Figure
2.4.

Enhanced energy injection from the solar wind accelerates the particles and
leads to the generation of various plasma waves which disturb the regular bouncing
motion of trapped particles and leads them to penetrate deeper along the field lines.
Eventually they can escape their magnetic bottle and precipitate to the atmosphere
[Mironova et al., 2015]. Auroral electrons are more or less constantly precipitated,
but greatly enhanced during substorms. They precipitate from large L-values into
the high latitude thermosphere (above 100 km) and ionosphere. Ring current
and radiation belt electron precipitation is more related to the magnetic storm
times and they come from smaller L-values than auroral electrons. They mainly
precipitate into the thermosphere and mesosphere (below 100 km) [Turunen et al.,
2009]. Precipitating electrons form an arc shaped area in the night-side, which
forms an oval shape around the magnetic pole. This oval expands equatorwards
during geomagnetic storms [Baumjohann and Treumann, 1997]. Different particle
populations precipitating into the atmosphere and the height of their maximum
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Figure 1. Schematic illustration of Earth’s magnetosphere, illustrating major distinct regions and
electric current systems.

and ground-based measurements, combined with extensive conceptual, theoretical,
and numerical modeling efforts. We picture the magnetosphere as a complex and
dynamic system that responds to influences imposed from both outside and within,
to produce a myriad of physical behavior.

Geomagnetic storms are the most powerful class of events driven by the Sun at
Earth. The geomagnetic storm is a phenomenon in which 1017 Joules (equivalent
to 23 megatons, TNT) are sometimes released over a period of several days. The
processes associated with geomagnetic storms present natural hazards to humans
and their space and ground based technological systems. These include radiation
hazards to systems and humans in space, increased satellite drag in low Earth orbit
and an associated shortened satellite lifetime, and sometimes damaging inductive
currents in large, man-made electrically conducting systems, such as pipelines and
power grids [Odenwald, 2001].

The geomagnetic substorm [Akasofu, 1964; Arnoldy and Chan, 1969; Rostoker
et al., 1980] is a shorter time-scale phenomenon (typically an hour rather than one
or more days) in which much less total energy (∼3 × 1015 J) are dissipated [Baker
et al., 1997a]. It has long and widely been thought (in fact, the very terminology
implies) that magnetospheric substorms form the building blocks for geomagnetic
storms [Akasofu, 1968, Chapman, 1962]. However, this line of thinking is not

Fig. 2.4. Structure of the Earth’s magnetosphere [Pollock et al., 2003].

ionization is shown in the Figure 2.5.
In addition to the particles precipitating from the magnetosphere, particles

with higher energies enter the atmosphere directly from the heliosphere. These
are galactic cosmic rays and solar energetic particles. Galactic cosmic rays come
from outside of the heliosphere and their fluxes vary in antiphase with the solar
cycle. This is due to the varying shielding of the heliospheric magnetic field.
Energies of the galactic cosmic rays can be sufficient to penetrate into the lower
atmosphere (down to the surface) [Usoskin et al., 2004]. Solar energetic particle
(protons and electrons from few MeV to GeV) events occur sporadically, usually
related to the strong CMEs and flares [Ryan et al., 2000]. They can penetrate into
the atmosphere through the polar cap, region close to the magnetic poles. Galactic
cosmic rays (protons and heavier ions from ten MeV up to 1021 eV) can precipitate
also to the lower latitudes depending on the energy and the geomagnetic cutoff
[Mironova et al., 2015]. On the other hand fluxes of galactic cosmic rays are very
small compared to the magnetospheric particles, or solar energetic particles.

Changes in the magnetic field of the Earth can be observed also on the surface
in the form of geomagnetic activity. Variations in the current systems formed by
different magnetospheric (mainly auroral) particles cause disturbances in the mag-
netic field observed on the surface. Geomagnetic activity has been monitored since
the 1840s and it can be used to reconstruct the solar wind and heliospheric condi-
tions [Svalgaard and Cliver , 2010; Lockwood , 2013; Holappa et al., 2014] and as a
proxy for energetic particle activity before the space era [Asikainen and Mursula,
2014].
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Fig. 1 Instantaneous ionization
rates of EPP, Solar EUV and
X rays in Earth’s atmosphere.
The figure is modified from
Baker et al. (2012)

which can be up to an order of magnitude, still leave some results inconclusive. The goal
of the present manuscript is to summarize the current knowledge of the effect of EPP in
the Earth’s atmosphere. The paper aims to provide a wide and complete up to date review
of the state of the art on energetic particle properties, their transport in the atmosphere,
and the physics and chemistry of the upper, middle and lower parts of the atmosphere. The
manuscript is organized as follows: Sect. 2. ENERGETIC PARTICLES, which describes
the different sources and energies, measurements and variability of EPP. Section 3. EN-
ERGETIC PARTICLES INFLUENCE ON ATMOSPHERIC PROCESSES, which includes
sections on EPP effects on (a) atmospheric ion properties (Sect. 3.1); (b) gas phase chem-
istry and the ozone layer (Sect. 3.2); (c) atmospheric electricity and the global electrical
circuit (Sect. 3.3); (d) cloud effects. Section 4. SUMMARY generalizes the findings of
the paper, which attempt to convey the level of scientific understanding of various EPP
processes as well as assess the importance of EPP in terms of their potential climate im-
pacts.

2 Energetic Particles

The Earth is continuously bombarded by energetic charged particles coming from outer
space (Grieder 2001; Vainio et al. 2009), collectively known as energetic precipitating par-
ticles (EPPs) which penetrate into the Earth’s atmosphere and can influence a variety of
atmospheric processes (Bazilevskaya et al. 2008). The majority of energetic particles (EPs)
originate from outer space and are known as cosmic rays (CRs), consisting mostly of pro-
tons. The solar wind provides an additional source of EPP that are less energetic and mostly
electrons, which are accelerated/trapped in the Earth’s magnetosphere. Such particles pre-
cipitate into the atmosphere from various regions in the magnetosphere, both driven by solar
wind conditions and intrinsic magnetospheric processes. The multitude of processes and
their dynamical variability leads to high variations in spatial, temporal, flux and energy dis-
tributions of the precipitating particles. In the polar cusp and the polar cap region loss-cone
particles precipitate directly on open magnetic field lines, whereas at auroral ovals, and sub-
auroral latitudes precipitation on closed field lines occurs when trapped particles are pushed
to the loss-cone, which may happen even at midlatitudes for relativistic electron precipita-
tion from radiation belts.

Fig. 2.5. Ionization rates of different particle species in the different atmospheric heights

[Baker et al., 2012; Mironova et al., 2015].

The particles precipitating into the atmosphere have been monitored by satel-
lites orbiting the Earth on low altitude (850 km above the surface) since 1979 by
NOAA/POES (polar orbiting environmental satellites) [Raben et al., 1995; Evans
and Greer , 2000]. They carry onboard the MEPED (medium energy proton and
electron detector) instrument which measures energetic particles of different en-
ergies and essentially in two directions, parallel and perpendicular to the local
vertical direction. This enables observations of both particles precipitating into
the atmosphere and the trapped particles bouncing along the field lines [Walt ,
2005]. Due to the instrument degradation in time the measurements normally
show erroneous fluxes already after two years of launch. On the other hand new
satellites have been launched on a regular basis.

Recently Asikainen and Mursula [2011], Asikainen et al. [2012] and Asikainen
and Mursula [2013] have corrected the degraded particle fluxes and constructed
homogenous fluxes since 1979. They have shown these fluxes to correlate reason-
ably well with the average geomagnetic activity [Asikainen and Mursula, 2014] and
peak in the declining phase of the solar cycle being predominantly driven by high
speed solar wind streams [Asikainen and Ruopsa, 2016]. These medium energy
protons and electrons (tens to hundreds keV) are mainly the ring current particles
as discussed earlier and precipitate to the upper and middle atmosphere [Turunen
et al., 2009; Mironova et al., 2015]. In Paper I corrected particle fluxes have been
used to study the relation between the 30-100 keV/100-300 keV electron fluxes and
the surface temperature measurements in the Northern Hemisphere winter for last
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3 decades. In Paper III and IV geomagnetic activity has been used as a proxy for
precipitating particle fluxes when the relation between geomagnetic activity and
surface measurements is studied for the entire 20th century.



3. Atmospheric dynamics

3.1. Atmospheric layers

The Earth’s atmosphere consists of different layers which are commonly defined
by the vertical temperature profile. Figure 3.1 shows this profile in the lowest 100
km of the atmosphere. The troposphere is the first layer above the surface and
the region where all weather phenomena occur. In the troposphere, temperature
decreases with height up to the tropopause and then starts to increase [Andrews,
2010]. This is where the stratosphere begins at around 15 km (100 hPa) at the
equator and around 10 km (200-300 hPa) at the poles. In the stratosphere tem-
perature increases with height. This is due to ozone, which absorbs solar UV
radiation efficiently. Most of the atmospheric ozone is located in the stratosphere
[Staehelin et al., 2001]. Temperature reaches a local maximum at the stratopause
in 50 km altitude (∼ 1 hPa).

In the mesosphere temperature decreases again with height up to the mesopause,
the coldest part of the atmosphere, occuring in 80-90 km altitude (0.001-0.01
hPa). In the thermosphere the temperature again rises with height due to the
absorption of energetic solar radiation [Andrews, 2010]. Solar UV and gamma
radiation creates charged particles and upper mesosphere is also the height where
the ionosphere begins. Above the thermosphere there is the exosphere, where
particles are still affected by the Earth’s gravitation but density is too low for
them to behave like a regular gas found in the lower atmosphere. The exosphere
gradually transforms to space in 500-1000 km altitude.

3.2. Tropospheric circulation

The major driving force of the tropospheric circulation is solar heating. It drives
several large-scale circulation cells which transport heat meridionally from the
equator to the poles. One can see the illustration of these cells and associated
surface winds in Figure 3.2. The Hadley cell is located on either side of the equator



24

8 Introduction

1.4.1 The mean temperature and wind fields

Figure 1.3 shows a typical example of the vertical structure of the temperature in the lowest
100 km of the atmosphere. The atmosphere is conventionally divided into layers in the
vertical direction, according to the variation of temperature with height. The layer from
the ground up to about 15 km altitude, in which the temperature decreases with height,
is called the troposphere and is bounded above by the tropopause. The layer from the
tropopause to about 50 km altitude, in which the temperature rises with altitude, is called the
stratosphere and is bounded above by the stratopause. The layer from the stratopause to
about 85–90 km, in which the temperature again falls with altitude, is called the mesosphere
and is bounded above by the mesopause. Above the mesopause is the thermosphere, in
which the temperature again rises with altitude.

The troposphere is also called the lower atmosphere. It is here that most ‘weather’
phenomena, such as cyclones, fronts, hurricanes, rain, snow, thunder and lightning, occur.

The stratosphere and mesosphere together are called the middle atmosphere. A notable
feature of the stratosphere is that it contains the bulk of the ozone molecules in the atmo-
sphere; see Figure 1.4. The neighbourhood of the ozone maximum in the lower stratosphere
is loosely known as the ozone layer. The production of ozone (O3) molecules occurs
through photochemical processes involving the absorption of solar ultra-violet photons by
molecular oxygen (O2) in the stratosphere, three O2 molecules eventually forming two O3
molecules. The equilibrium profile of ozone depends also on chemical ozone-destruction
processes and on the transport of ozone by the winds (see Chapter 6).

Fig. 1.3 Typical vertical structure of atmospheric temperature (K) in the lowest 100 km of the atmosphere.
Based on data from Fleming et al. (1990).Fig. 3.1. Vertical temperature profile in the lowest 100km of the atmosphere [Andrews,

2010].

extending from the equator to the subtropics. It is predominantly thermally driven
by solar heating which causes warm air to ascend in the equatorial region [Holton,
2004]. As the air rises it cools and moisture condenses to clouds causing constant
rainfall in the tropics. As air reaches the tropopause it turns meridionally and flows
to the subtropical regions, where it descends as dry air to the surface. This will
create region of constant fair weather and weak precipitation. The flow returns to
the intertropical convergence zone (ITCZ) at/near the surface completing the loop
of Hadley cell. Due to the coriolis force the return flow of trade winds turns towards
southwest in the Northern Hemisphere and towards northwest in the Southern
Hemisphere.

Another thermally driven cell that operates at high latitudes is called the polar
cell. Air at roughly 60◦ latitude rises towards the tropopause and moves pole-
ward. It then descends in the polar region and induces a cold, dry high-pressure
area there. At the surface, air returns to 60◦ latitude completing the loop. The
winds associated to the return flow of the polar cell are directed southwest in the
Northern Hemisphere due to the coriolis effect. Between the two thermally driven
cells is another cell called the Ferrell cell. It circles the air to the opposite direction
between 30◦ latitude and 60◦ latitude [Holton, 2004]. It is driven by eddies formed
at mid-latitudes by baroclinic instability and it connects the Hadley and the polar
cells into a global general circulation, similarly as a wheel spins to opposite direc-
tion between two wheels rotating to same direction. The Ferrell cell is weaker and
more variable than the Hadley and polar cells and causes the weather conditions
and northeast directed surface winds to be variable in the mid-latitudes [Hurrell
et al., 2003].
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In addition to the large scale meridional circulation cells another longitudinally
directed cell, the Walker cell operates in the equatorial Pacific. It is directly
related to the El Niño/La Niña phenomena [Wang et al., 2012]. Under normal
conditions trade winds blow westwards and the air ascends in the Western Pacific
and descends in the Eastern Pacific. This produces low pressure, rainy conditions
in the West Pacific and dry, high pressure conditions in the East Pacific. Due to
the trade winds warm surface water is carried westwards enhancing upwelling of
cold water in the East Pacific. During La Niña the Walker cell is enhanced and
upwelling of cold water and enhanced trade winds produce a typical sea surface
temperature pattern with a anomalous cold tongue westward from the coast of
South America. During El Niño, the Walker cell is weakened and can even turn
to the opposite direction [Wang et al., 2012]. This causes opposite conditions in
either side of the Pacific compared to La Niña conditions.

Fig. 3.2. The general meridional circulation cells in the troposphere and associated surface

winds [Laing and Evans, 2011].

3.3. Stratospheric and mesospheric circulation

The main features of stratospheric circulation are a westerly zonal flow in the win-
ter hemisphere and an easterly zonal flow in the summer hemisphere. This zonal
wind structure is due to the thermal structure of the stratosphere [Holton, 2004].
Ozone absorbs solar UV radiation efficiently and heats the stratosphere. During
winter time, when less solar radiation is absorbed, meridional temperature gra-
dient forms between equator and winter hemisphere. This enhances the westerly
winds under the thermal-wind balance [Andrews et al., 1987]. In the summer hemi-
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sphere stratospheric temperature is higher than in the equator forming opposite
temperature gradient and mean zonal wind direction.

Stratospheric meridional and vertical circulation is dominated by the Brewer-
Dobson circulation. It has lower and upper branches. In the lower stratosphere it
results in upwelling in the tropics and subsidence in mid- and high latitudes of both
hemispheres. The upper branch flow is from the tropics to the winter hemisphere as
depicted in Figure 3.3. In the stratosphere meridional circulation is not primarily
thermally driven, like in the troposphere, but is caused by the presence of wave
drag [Plumb, 2002]. Large scale planetary Rossby waves form in the troposphere
due to the large movements of air and coriolis force. These waves can propagate
upwards into the stratosphere and grow due to the diminishing density. They
preferentially propagate in the stratosphere under westerly mean flow [Andrews,
2010]. Eventually they can break and deposit their momentum. This drives the
mean residual circulation poleward, especially in the winter hemisphere, where
planetary waves are more frequent and westerly zonal mean flow is dominant in
the stratosphere [Andrews et al., 1987].

The mesospheric circulation is dominated by a global circulation from summer
pole to winter pole. This is primarily driven by upward propagating inertia-gravity
waves from the troposphere. These are formed by weather systems and topograph-
ical variability. They can penetrate through the stratosphere when their phase ve-
locities are opposite to the mean flow [Fritts and Alexander , 2003]. When reaching
the mesosphere, amplitudes of these waves have grown in the diminishing density
to large enough for them to break. Dissipation of these waves in the mesosphere
drives the opposite directed zonal flow than in the stratosphere, i.e., easterly in
the winter hemisphere, and meridional flow from the summer hemisphere to the
winter hemisphere [Plumb, 2002]. This is accompanied with the ascent from the
stratosphere to the mesosphere in the summer hemisphere and vice versa in the
winter hemisphere (see Fig. 3.3).

3.4. Polar vortex and sudden stratospheric warming

The polar vortex is a large scale wind structure in the polar stratosphere and
upper troposphere. It is observed around both geographic poles during extended
winter season. It is directly related to the stratospheric thermal-wind balance
between the equator and the winter hemisphere. In fall the formation of polar
vortex starts when solar radiation weakens in the polar regions, and large scale
westerly winds start circling the pole due to the increased latitudinal temperature
gradient [Andrews et al., 1987]. In late spring the vortex breaks down due to
increased solar heating at high latitudes. A weak oppositely directed vortex can
be observed in the summertime [Waugh and Polvani , 2010]. The strong westerly
winds at the edge of polar vortex isolate the cold stratospheric polar air from the
warmer air in the mid-latitudes. The strength of the polar vortex is dependent on
the temperature inside the vortex.

There is a large hemispheric difference in the polar vortices as well. The Antarc-
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Plumb: Stratospheric Transport 2
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Figure 1. Monthly mean meridional distributions of
(left two panels) HF (parts per billion by volume) and
of (right two panels) CH4 (parts per million by vol-
ume) during March (top) and September (bottom),
from measurements by the HALOE instrument (Russell
et al., 1993a) on the Upper Atmosphere Research Satel-
lite. Calculation of the monthly mean distributions for
these data is described in Randel et al. (1998).

altitudes. These characteristics have been confirmed
from modern radiation calculations based on observed
distributions of temperature and radiatively active con-
stituents (Rosenlof, 1995; Eluszkiewicz et al., 1996),
provided one interprets “mean circulation” as “resid-
ual mean circulation”, rather than the straightforward
Eulerian mean (it is the residual mean that is relevant
to tracer transport [e.g. Andrews et al., 1987)). A
schematic of the residual circulation of the atmosphere
(up to the mesopause) is depicted in Fig. 2. In the

Figure 2. Schematic of the residual mean meridional
circulation in the atmosphere. The heavy ellipse de-
notes the thermally-driven Hadley circulation of the tro-
posphere. The shaded regions (labelled “S”, “P”, and
“G”) denote regions of breaking waves (synoptic- and
planetary-scale waves, and gravity waves, respectively),
responsible for driving branches of the stratospheric and
mesospheric circulation.

tropical troposphere, the well-known Hadley circula-
tion can be understood, at least in its simplest form,
as a nonlinear circulation driven by latitudinal gradi-
ents in thermal forcing (Held and Hou, 1980). Despite
the temptation to interpret the apparently thermally-
direct circulation of the stratosphere in the same way, it
is clear that other processes must be involved, since air
following the circulation must lose angular momentum
as it moves poleward. The direct, large-scale, effects
of friction being utterly negligible in the stratosphere,
such loss of angular momentum can only be ascribed to
the impact of waves: the presence of wave drag is thus
crucial to the stratospheric circulation.
In contrast to the much more quiescent summer

hemisphere, the wintertime stratosphere is dominated

Fig. 3.3. Schematic of the residual mean meridional circulation in the atmosphere [Plumb,

2002].

tic vortex is stronger and longer lived than the northern counterpart [Waugh and
Polvani , 2010]. The northern vortex is weaker and more disturbed than the one in
the Antarctic because the larger planetary wave generation in the north weakens
the vortex. The reasons for the higher planetary wave activity in the Northern
Hemisphere are the land-ocean contrast and topographical formation in the north-
ern middle latitudes (large mountain ranges of Rocky mountains and Himalaya).
Intensified meridional residual circulation driven by enhanced planetary wave ac-
tivity leads to increased adiabatic warming inside the polar vortex decelerating
the polar vortex [Salby and Callaghan, 2003].

The vortex can even break down if the planetary wave activity is strong enough.
This phenomenon is called the sudden stratospheric warming (SSW) [Manney
et al., 2005]. SSWs are accompanied by an abrupt rise of temperatures of the polar
stratosphere up to several tens of degrees during the winter. The temperature
rise can happen in only a few days and, in the extreme case, can intercept the
general westerly flow completely and replace it by an easterly flow [Limpasuvan
et al., 2004]. SSW events are mainly a Northern Hemisphere phenomenon due to
the reasons discussed above and they occur on average every other year [Manney
et al., 2005]. Mid-winter SSWs in the Southern Hemisphere are rare and only one
has been observed in recent decades [Thompson et al., 2005]. If the vortex is very
strong, planetary waves are more probably reflected and do not cause SSWs. This,
and the lower planetary wave activity in general, are the reasons for the rareness
of SSWs in the Southern Hemisphere.



28

A major stratospheric warming is defined as an event where both the zonal mean
temperature gradient and the zonal mean winds at 10 hPa change sign poleward
of 60◦ latitude. If, on the other hand, temperature increase is considerable but
the vortex is not destroyed (no reversal of zonal mean flow) it is called a minor
warming, which occurs more often than major warming [Manney et al., 2005].
At the end of winter, when sunlight starts to warm the polar stratosphere, the
westerly mean flow and the polar vortex are destroyed. This final warming occurs
usually between March and May in the Northern Hemisphere [Labitzke, 2002].

3.5. Quasi-biennial oscillation

The quasi-biennial oscillation (QBO) is a zonal wind pattern in the equatorial
stratosphere, which oscillates with roughly 28-month peridiocity between westerly
and easterly zonal wind [Baldwin et al., 2001]. The QBO initializes at ∼3 hPa in
the upper stratosphere from where the persisting wind regime propagates down-
wards with time down to lower stratosphere at around 100 hPa. The maximum
amplitude is usually obtained around 20 hPa [Andrews et al., 1987]. The speed
of downward propagation is roughly 1 km per month. Easterlies generally have
larger amplitudes than westerlies [Anstey and Shepherd , 2014]. The QBO has
been continuously observed since the 1950s [Labitzke, 2002], and reconstructed us-
ing early stratospheric balloon and ozone measurements at the beginning of the
1900s [Brönnimann et al., 2007a]. Figure 3.4 shows the time-height section of the
monthly-mean zonal wind in the equatorial region.
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Plate 1. (top) Time-height section of the monthly-mean zonal wind component (m s-•), with the seasonal 
cycle removed, for 1964-1990. Below 31 km, equatorial radiosonde data are used from Canton Island (2.8øN, 
January 1964 to August 1967), Gan/Maledive Islands (0.7øS, September 1967 to December 1975), and 
Singapore (1.4øN, January 1976 to February 1990). Above 31 km, rocketsonde data from Kwajalein (8.7øN) 
and Ascension Island (8.0øS) are shown. The contour interval is 6 m s -•, with the band between -3 and +3 
unshaded. Red represents positive (westerly) winds. After Gray et al. [2001]. In the bottom panel the data are 
band-pass filtered to retain periods between 9 and 48 months. 
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Plate 2. Dynamical overview of the QBO during northern winter. The propagation of various tropical waves 
is depicted by orange arrows, with the QBO driven by upward propagating gravity, inertia-gravity, Kelvin, and 
Rossby-gravity waves. The propagation of planetary-scale waves (purple arrows) is shown at middle to high 
latitudes. Black contours indicate the difference in zonal-mean zonal winds between easterly and westerly 
phases of the QBO, where the QBO phase is defined by the 40-hPa equatorial wind. Easterly anomalies are 
light blue, and westerly anomalies are pink. In the tropics the contours are similar to the observed wind values 
when the QBO is easterly. The mesospheric QBO (MQBO) is shown above --•80 km, while wind contours 
between --•50 and 80 km are dashed due to observational uncertainty. 

Fig. 3.4. (top) Time-height section of the monthly-mean zonal wind component with the

seasonal cycle removed. Red represents positive (westerly) winds. Bottom: Data are

band-pass filtered to retain periods between 9 and 48 months [Baldwin et al., 2001].
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The theory of the QBO is based on vertically propagating gravity waves from
the troposphere to the stratosphere with oppositely directed horizontal momentum
[Plumb, 1977; Giorgetta et al., 2002]. Dissipation of the gravity waves occurs where
the phase speed of the wave is close to the background flow. This means that the
waves with eastward and westward momentum dissipate at different heights. If the
phase velocity of the waves is to the same direction as the dominating background
flow, they are damped in the region with strong wind shear. The waves with phase
velocity to the opposite direction are free to propagate higher. These waves then
dissipate in the upper stratosphere and gradually start to build a new wind shear
with an opposite sign. The shear zone descends due to the momentum it gains
from the dissipated waves down to the lower stratosphere where it is destroyed by
diffusion [Plumb, 1977; Baldwin et al., 2001]. New, oppositely directed, wind shear
descends from the upper stratosphere and the cycle repeats itself. Naturally there
is considerable variability in both periodicity and amplitude of the QBO due to
other factors.

The QBO has been shown to affect the strength of the polar vortex [Holton and
Tan, 1980; Baldwin et al., 2001; Anstey and Shepherd , 2014]. This effect is called
the Holton-Tan effect, which states that in the Northern Hemisphere the vortex
is stronger during westerly QBO and weaker during easterly QBO [Holton and
Tan, 1980; 1982]. This is explained by the movement of the zonal wind zero-line,
which is pushed poleward during the easterly QBO phase, whence planetary waves
are preferentially guided into the polar vortex region, depositing momentum and
disturbing the vortex [Holton and Tan, 1980; Baldwin et al., 2001; White et al.,
2015]. This has been recently reviewed by Anstey and Shepherd [2014]. On the
other hand, the Holton-Tan effect has been shown to vary in strength [Lu et al.,
2008a; 2014] and is usually observed only in the early and mid-winter (November,
December, January) diminishing in the later winter [Lu et al., 2008a; 2014]. In the
late winter, another QBO effect at high latitudes is observed. It has been shown
that the Brewer-Dobson circulation is enhanced during the easterly QBO phase
[see e.g. Flury et al., 2013]. A stronger Brewer-Dobson circulation enhances ozone
levels at mid- and high latitude stratosphere during easterly QBO and late winter
[Baldwin et al., 2001; Li and Tung , 2014]. This leads to changes in the meridional
temperature gradient between the equator and the pole. The QBO variability has
been considered in Papers I, III and IV when studying the combined effect of QBO
and solar variability on the surface climate variations.

3.6. Northern annular mode and North Atlantic Oscillation

The northern annular mode is a pattern of pressure variability in the Northern
Hemisphere which is characterized by pressure anomalies of opposite signs in the
polar region and mid-latitudes [Thompson and Wallace, 2000]. The NAM is ob-
served over a range of altitudes in the lower atmosphere. On the surface positive
NAM is characterized by a dipolar pattern with a negative anomaly over the polar
region and horizontally symmetric positive anomalies over the North Pacific and
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the North/Central Atlantic [Thompson and Wallace, 2000]. For historical reasons
the NAM on the surface is sometimes called the Arctic Oscillation [Thompson and
Wallace, 1998]. The NAM is usually calculated by the principal component analy-
sis (PCA), also called the empirical orthogonal function (EOF) analysis [Hannachi
et al., 2007] of sea-level pressure or geopotential height over the Northern Hemi-
sphere excluding the tropics. The NAM is the first principal component explaining
the largest part of the variance [Baldwin, 2001]. It is mainly a winter phenomenon
but exists also during summer [Lee and Hameed , 2007], to the same degree as the
polar vortex, as discussed earlier.

Another closely related feature on the Northern Hemisphere surface and tropo-
sphere variability is called the North Atlantic Oscillation. The NAO is confined to
the North Atlantic region representing the pressure difference between the Atlantic
polar region and mid-latitudes [Hurrell et al., 2003]. In the simplest form it has
been observed as a pressure difference between Iceland and the Azores/Iberian
peninsula. Observations of pressure in these regions go back to the early 19th
century [Jones et al., 1997]. Reconstructions of the NAO using multiple proxy
records can extend it to medieval times [Luterbacher et al., 2001; Trouet et al.,
2009]. The NAO can be also defined using PCA if one confines it to the North
Atlantic region [Hurrell et al., 2003] or uses the rotated PCA over the whole hemi-
sphere [Huth et al., 2006]. There have been discussions of whether the NAM or
the NAO is the primary physical circulation pattern in the Northern Hemisphere
[Ambaum et al., 2001] and it has been proposed that the NAM is simply a statis-
tical artifact, whereas the NAO is a real phenomenon [Huth, 2007]. Nevertheless
correlation between the NAO and the NAM is very high and they both capture
the main circulation variability in the Northern Hemisphere [Hurrell et al., 2003].
One can see both the NAM and the NAO pattern during winter months in Figure
3.5.

The NAO/NAM anomalies lead to specific weather patterns from the Arctics to
the low latitudes. The temperature pattern caused by positive NAO during winter
months is shown in Figure 3.6. Positive NAO, characterized by increased pressure
difference between mid- and high latitudes in the Atlantic leads to intensification
of storm tracks from the Atlantic to North and Central Europe which produces
warmer and wetter winter conditions to most of North Eurasia [Hurrell et al., 2003].
At the same time milder conditions are observed also over the East Coast of USA
whereas colder than average conditions are observed in the Northeast Canada and
Greenland. This is mainly due to the fact that enhanced circulation around the
Arctics locks the cold arctic air to the arctic latitudes and the jet stream in the
upper troposphere runs more steadily from west to east.

During the winters when the NAO is negative the temperature anomalies are
essentially reversed and warmer than average conditions are obtained in Northeast
Canada and Greenland and colder conditions occur in North Eurasia and East
Coast of USA due to the distribution of cold arctic air to the lower latitudes and
the waviness of the jet stream [Hurrell et al., 2003]. This waviness of the jet
stream also causes the so called blocking events in the North Atlantic [Barriopedro
et al., 2008]. The NAO variability also has a significant contribution to the mean
Northern Hemisphere temperature evolution during winter both in the late 20th
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Fig. 3.5. Left: Leading EOF of the winter (December-March) mean sea-level pressure

anomalies over the Northern Hemisphere (20-90◦N) representing the NAM pattern. It

explains 33% of the total variance during 1900-2013. Right: Varimax-rotated leading

EOF of the winter (December-March) mean sea-level pressure anomalies over the North-

ern Hemisphere (20-90◦N) representing the NAO pattern during 1900-2013. The patterns

are displayed in terms of pressure anomalies (hPa) related to the one standard deviation

increase in the NAM/NAO time series.

century [Hurrell , 1995; 1996] and in the centennial scale [Trouet et al., 2009]. The
NAM/NAO has a positive trend since about 1960s to the end of 1990s [Thompson
et al., 2000] (see also Figure 3.6 lower panel).

Connection between the stratospheric polar vortex and lower tropospheric cir-
culation has gained much attention in recent years. It is now quite widely accepted
that the stratospheric anomalies can descend down to the surface level and affect
weather patterns [Baldwin and Dunkerton, 2001; Kidston et al., 2015]. The phys-
ical mechanism regarding how the anomalies in the stratosphere connects to the
troposphere is explained by Kidston et al. [2015]. Planetary waves from the tro-
posphere propagating into the stratosphere control the strength of the residual
mean circulation of the stratosphere, as explained above. When the wave forcing
is strong, residual mean circulation is also strong, meaning enhanced descent of
air in the descending part of the Brewer-Dobson circulation, i.e., partly inside the
polar vortex in the Northern Hemisphere (see Fig. 3.3). Descending air warms
adiabatically and weakens the vortex. At the same time ascent in the low latitudes
is also enhanced due to the mass continuity [Salby and Callaghan, 2003].

When planetary wave forcing is weak, descent of air inside the polar vortex
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is weakened, leading to weaker adiabatic warming, i.e., to anomalous cooling.
This strengthens the polar vortex. Weakened descent of air in the high latitudes
increases the tropopause height and reduces sea-level pressure at high latitudes
[Ambaum and Hoskins, 2002]. At the same time tropopause gets lower at mid-
latitudes causing positive sea-level pressure anomalies [Kidston et al., 2015]. This
leads to the typical positive NAM/NAO pattern. The surface pattern is essen-
tially reversed during strong planetary wave forcing and weak vortex [Baldwin
and Dunkerton, 1999]. SSW events in the stratosphere are usually followed by
negative NAO/NAM on the surface. The anomaly propagation from the strato-
sphere to the lower troposphere takes usually from several days to weeks [Baldwin
and Dunkerton, 2001], and the coupling can be observed in seasonal, decadal and
even centennial scales [Kidston et al., 2015]. On the other hand, there is statis-
tical evidence that the weak vortex events might not descend as often into the
troposphere [Perlwitz and Graf , 2001].
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©2001 by National Academy of SciencesFig. 3.6. Top: Spatial correlation map of mean winter (DJFM) station temperature and

sea surface temperature (SST) correlated against the NAO index. Bottom: the NAO

index defined as the difference between the normalized DJFM sea-level pressure anomaly

at Lisbon, Portugal and Stykkisholmur, Iceland [Visbeck et al., 2001].



4. Atmospheric variability due to solar activity

4.1. Ozone production by solar UV variability

Solar UV radiation is the main source of stratospheric ozone at low latitudes.
Production of ozone involves photodissociation of oxygen molecule to two oxygen
atoms, which occurs below 240 nm wavelength. Oxygen atom reacts with an
oxygen molecule to form ozone molecule. Ozone is also destroyed in the photolysis
occuring between 240-310 nm wavelengths, which forms an oxygen atom and an
oxygen molecule [Haigh, 2007]. Shorter wavelengths have larger variability over
the solar cycle than the longer wavelength UV radiation [Ermolli et al., 2013],
which causes the production rate to dominate cyclic variability [Haigh, 1994].
Ozone in the equatorial upper stratosphere has been shown to vary by 2% over
the 11-year solar cycle and less in the lower stratosphere [Haigh, 2007]. Ozone
is mainly produced in the equatorial stratosphere but is also transported to mid-
and high latitudes by the Brewer-Dobson circulation [Weber et al., 2011]. Due to
the transport, the total ozone column is usually greater at mid- and high latitudes
than at low latitudes. On the other hand, because of the variation in the Arctic
springtime ozone loss in the lower stratosphere, ozone varies considerably from
year to year at mid- and high latitudes [Staehelin et al., 2001].

Ozone is one of the most important gases for solar radiative heating of the whole
middle atmosphere and most of the solar UV is absorbed above the troposphere.
The variation in ozone production affects the solar UV absorption which has a
direct effect on heating rates in the equatorial stratosphere [Gray et al., 2010].
Figure 4.1 shows the zonally and annually averaged temperature difference between
solar maximum and minimum over all latitudes. Accordingly, the upper equatorial
stratosphere is heated due to the increased ozone production [Gray et al., 2010].
Increasing equatorial heating rates also increases meridional temperature gradients
between low and high latitudes and, with the thermal wind balance, intensifies
also the zonal wind in the subtropics [Andrews et al., 1987]. This also leads to
the strengthening of the polar vortex, which in turn affects the propagation of
planetary waves [Kodera and Kuroda, 2002]. The temperature signal in the lower
equatorial stratosphere in Figure 4.1 is thus believed to come from the weakening
of the Brewer-Dobson circulation [Kodera and Kuroda, 2002].
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production rate through photolysis of molecular oxygen,
primarily in the middle to upper stratosphere at low latitudes
[Haigh, 1994], and (2) changes in the precipitation rate of
energetic charged particles, which can indirectly modify
ozone concentrations through changes in the abundance of
trace species that catalytically destroy ozone, primarily at
polar latitudes [e.g., Randall et al., 2007]. In addition,
transport‐induced changes in ozone can occur [e.g.,Hood and
Soukharev, 2003;Rind et al., 2004; Shindell et al., 2006;Gray
et al., 2009] as a consequence of indirect effects on circulation
caused by the above two processes.
[47] On the 11 year time scale, the mean irradiance near

200 nm has varied by ∼6%, over the past two solar cycles

(see Figure 3). Figure 10 shows the mean solar cycle ozone
variation as a function of latitude and altitude obtained from
a multiple regression statistical analysis of SAGE satellite
data for 1985–2003, excluding several years following the
Mt. Pinatubo volcanic eruption [see also Chandra and
McPeters, 1994; McCormack and Hood, 1996; Soukharev
and Hood, 2006; Randel and Wu, 2007]. In the upper
stratosphere where solar UV variations directly affect ozone
production rates, a statistically significant response of 2%–
4% is evident. Positive responses are also present at middle
and higher latitudes in the middle stratosphere and in the
tropics below the 20 hPa level. A statistically insignificant
response is obtained in the tropical middle stratosphere. The
lower stratospheric ozone response occurs at altitudes where
ozone is not in photochemical equilibrium and the ozone
lifetime exceeds dynamical transport time scales, which
implies that these ozone changes are induced by changes in
transport arising from a secondary dynamical response (see
also section 4).
[48] The density‐weighted height integral of ozone at each

latitude gives the “total column” ozone, and a clear decadal
oscillation in phase with the 11 year solar cycle is evident in
both satellite data [Soukharev and Hood, 2006] and ground‐
based (Dobson) data; the latter show a signal going back at
least to the middle 1960s (four cycles) [Chipperfield et al.,
2007; see also Zerefos et al., 1997]. The ozone response
in the lower stratosphere is believed to be the main cause of
the total column ozone signal because of the high number
densities at those levels.
3.1.2. Stratospheric Temperatures
and Winds
[49] There is also statistically significant evidence for

11 year SC variations in stratospheric temperature and zonal
winds. Figure 11 shows the temperature signal estimated

Figure 10. Annual averaged estimate of Smax minus Smin

ozone differences (%) from a multiple regression analysis
of SAGE II ozone data for the 1985–2003 period. Shaded
areas are significant at the 5% level [from Soukharev and
Hood, 2006].

Figure 11. Annual averaged estimate of Smax minus Smin temperature difference (K) derived from a
multiple regression analysis of the European Centre for Medium Range Weather Forecasts (ECMWF)
Reanalysis (ERA‐40) data set (adapted from Frame and Gray [2010]). Dark and light shaded areas
denote statistical significance at the 1% and 5% levels, respectively.
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Fig. 4.1. Annual average of the temperature difference (K) between solar maximum and

minimum derived from multiple regression analysis. Dark and light shaded areas show

significance at 1% and 5% levels, respectively [Frame and Gray , 2010].

4.2. NOx and HOx production by particle precipitation and
related ozone depletion

Energetic precipitating electrons produce odd nitrogen (NOx = NO + NO2)
[Seppälä et al., 2007; Baumgaertner et al., 2009; Sinnhuber et al., 2011; Rozanov
et al., 2012; Sinnhuber et al., 2014; Funke et al., 2014a] and odd hydrogen (HOx =
H + HO + HO2) [Verronen et al., 2011; Andersson et al., 2012; Sinnhuber et al.,
2012; Rozanov et al., 2012] in the atmosphere. This occurs in the upper and middle
mesosphere [Turunen et al., 2009; Sinnhuber et al., 2012; Mironova et al., 2015].
The geographical region where these enhancements occur is limited mainly to the
high latitudes where most of the particle precipitation occurs as discussed earlier.
Precipitation region and NOx and HOx enhancements form an oval shape struc-
ture centered around magnetic poles and enclose the magnetic polar cap [see e.g.
Andersson et al., 2014b; Sinnhuber et al., 2016].

NOx and HOx are important chemicals for the ozone balance since they both
act as catalysts in chemical reactions destroying ozone. HOx is reasonably short-
lived, which means that it can only affect the ozone balance in the altitudes where it
has been produced. It has been shown recently that significant ozone destruction
can be caused by HOx produced by precipitating electrons in the mesosphere
[Andersson et al., 2014a; Seppälä et al., 2015]. NOx on the other hand has a
long lifetime in the absence of sunlight which occurs at high latitudes during polar
night. During wintertime mesospheric NOx can descend down to stratospheric
levels [Baumgaertner et al., 2009; Funke et al., 2014b] due to the downward winter
circulation in the mesosphere (see Chapter 3.3 for details). In Figure 4.2 one can
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see the temporal evolution of NOy (includes also other compounds of reactive
nitrogen in addition to NOx) between 20-70 km altitudes during years 2002-2012
[Funke et al., 2014b].

Journal of Geophysical Research: Atmospheres 10.1002/2013JD021404
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Figure 10. Temporal evolution of the EPP-NOy VMR at (top) 70–90◦S and (bottom) 70–90◦N during the Envisat mission lifetime (July 2002 to March 2012).

episodes. In any case, it leads to an underestimate of the EPP-NOy contributions and in consequence our
estimates can, for these conditions, be regarded as a lower limit of the actual EPP-NOy .

A further issue arises if there are other air processes perturbing NOy , beyond the subsidence of
EPP-processed air. In particular, our method is sensitive to denitrification by sedimentation of polar
stratospheric cloud (PSC) particles in the lower stratospheric vortex. In our analysis this local loss results
in an apparent negative EPP-NOy contribution. This occurs principally below 25 km in the SH during
June–September and is clearly visible in the obtained EPP-NOy densities shown in Figure 9. In order to
reduce the associated low bias in the calculation of SH EPP-NOy deposition, we set the EPP-NOy to zero for
all bins of the climatology where they are found to be negative. It remains, however, as an interesting topic
for further studies to evaluate the role of PSC sedimentation as a direct loss mechanism for EPP-NOy .

In summary, the uncertainty of our EPP-NOy estimates is dominated by the multiplicative component of
the NOy systematic retrieval error which is about 10%. Above 50 km the latter can be exceeded by random
retrieval errors of up to 15% in daily data. Uncertainties related to the assumption of spatial homogene-
ity of the transfer function are expected to introduce absolute errors in the order of 0.5 ppbv which can
be considered as a detection limit, particularly at lower altitudes. All further limitations lead to a possible
underestimate of EPP-NOy .

4. EPP-NOy Distributions in the 2002–2012 Polar Winters

Figure 10 shows the temporal evolution of the derived MIPAS EPP-NOy VMR in the 20–70 km range at
70–90◦S and 70–90◦N. As expected, the EPP-NOy evolution above 50 km resembles that of the total NOy as
shown in Figures 1 and 2 and discussed in section 2. Below, the polar winter descent of EPP-NOy can now be
traced without being masked by the stratospheric NOy background. In the SH, descending EPP-NOy reaches
altitudes as low as 25 km at the end of all austral winters of the 2002–2012 period. The encountered late
winter EPP-NOy VMRs at these altitudes of 1–10 ppbv vary over the solar cycle in a similar proportion as the
midwinter VMRs in the mesosphere. Below approximately 40 km, the vertical slope of the EPP-NOy tongues
experiences a noticeable reduction, indicating that descent rates slow down in the stratosphere.

A similar stratospheric EPP-NOy evolution is also observed in the NH, though Arctic winter abundances
below 50 km are significantly smaller than in the SH. With the exceptions of the 2003/2004, 2008/2009,
and 2011/2012 winters affected either by SPEs or by ES events, EPP-NOy VMRs are generally lower than
10 ppbv below 40 km. Late winter EPP-NOy contributions reach also altitudes around 25 km in most
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Fig. 4.2. Temporal evolution of the NOy volume mixing ratio produced by particle

precipitation at (top) 70-90◦ S and (bottom) 70-90◦ N. [Funke et al., 2014b].

In the stratosphere and lower mesosphere NOx can destroy ozone, leading to
significant ozone depletion [Randall et al., 2005; Sinnhuber et al., 2006; Konopka
et al., 2007; Baumgaertner et al., 2011; Fytterer et al., 2015]. Figure 4.3 depicts
the modeled difference of zonal mean ozone abundance in Northern Hemisphere
winter due to the particle precipitation. Note that the NOy amounts from electron
precipitation in this model corresponds to the geomagnetically very active winter
2003/2004 which is compared to the other model run without induced NOy. Thus,
this model result represents an extreme case rather than an average effect. Another
significant source of NOx in the middle atmosphere are the SEP events [Jackman
and McPeters, 2004]. As discussed earlier the SEPs with energies of several MeV
penetrate the atmosphere directly down to the stratospheric levels in the polar cap
[Mironova et al., 2015]. SEPs can lead to strong sporadic enhancements of NOx

and substantial upper stratospheric and mesospheric ozone loss [Jackman et al.,
2001].

As discussed above, ozone is an important radiatively active gas and its de-
pletion in the upper and middle stratosphere leads to changes in the balance of
radiative heating and cooling. During polar night, when no sunlight is observed
at high latitudes the heating effect of the short-wave radiation is expected to be
small. On the other hand, ozone is also an effective radiative coolant and green-
house gas and it can absorb long-wave radiation from below. This can lead to
temperature changes in the high-latitude stratosphere even in wintertime. Lange-
matz et al. [2003] showed that ozone loss at mid- and high latitude stratosphere
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shows the same dataset but SSW years excluded, which can
be directly compared toSepp̈alä et al.(2009) Fig. 3. As in
the reanalysis study, the pattern becomes more pronounced,
the cooling in the Eastern North Atlantic is now stronger, al-
though it still does not cover Greenland, in contrast to the
reanalysis results. Also, the United States SAT now shows a
consistent warming.

Results for the SH winter months JJA are depicted in
Fig. 5. Similar to the transient simulation and the reanal-
ysis (Fig.3 andSepp̈alä et al., 2009, their Fig. 6), negative
anomalies of up to 2 K are found around the Ross Sea and the
western side of the Antarctic Peninsula, positive anomalies of
2 K are found on and north of the Antarctic Peninsula. The
large negative anomaly in East Antarctica seen in Fig.3 is
not present in this set of simulations. The 95 % significance
level from a Student’s t-test (see above) is indicated by the
white contours. Note that the main features of the pattern are
not significant. Using different subsets of the simulation (not
shown), unlike the NH behaviour, very different patterns are
obtained. Possible reasons for this behaviour are discussed in
the next section. However, as already pointed out above, we
focus the presented analysis on the NH because of the low
significance of the SH response.

The differences in the temperature patterns in Fig.7
(Fig. 5) compared with Fig.1 (Fig. 3) are potentially due
to the use of extreme levels of strong and weak geomag-
netic activity in the sensitivity study, compared with those
in the transient simulation. The overall similarity of the tem-
perature patterns in the reanalysis, transient simulation, and
sensitivity simulations suggest that the coupling mechanism
linking geomagnetic activity and surface temperature is op-
erating in the EMAC model. The precise pattern is sensitive
to the absolute levels of the geomagnetic activity. However,
substantial differences between the transient and sensitivity
temperature patterns occur.

3.3 Linking EPP-NOx and SAT anomalies

As shown byBaumgaertner et al.(2009), geomagnetic activ-
ity related polar winter NOx enhancements leads to strato-
spheric ozone loss due to the catalytic destruction of odd
oxygen. Therefore, ozone mixing ratios are expected to be
significantly different between the simulations S-EPP and
S-noEPP. Ozone differences between these two simulations
(1O3 = OS−EPP

3 −OS−noEPP
3 ) as a function of latitude and al-

titude for DJF are shown in Fig.8.
Indeed, stratospheric ozone is reduced by up to

1 µmol mol−1 in the middle and upper stratosphere (approxi-
mately 20 % in the upper stratosphere, 10 % at 20 hPa) in the
polar area. This leads to a mean total column ozone loss of up
to 35 DU. Since ozone is an important radiatively active gas,
in general stratospheric ozone concentration changes lead to
effects in temperatures. During polar winter, the affected re-
gion is mostly dark, so effects caused by the absorption of
solar short-wave radiation are expected to be small. How-

Fig. 8. Climatological DJF change (µmol mol−1) of ozone,1O3 =

OS−EPP
3 − OS−noEPP

3 . Red-yellow/blue colours indicate posi-
tive/negative differences.

ever, ozone is also a radiative coolant, an effective green-
house gas, and it absorbs longwave radiation from the sur-
face. Ozone changes can therefore potentially lead to temper-
atures changes even during the polar night. Ozone depletion
effects on temperature and dynamics have been subject to in-
tensive research in the past (Christiansen et al., 1997; Randel
and Wu, 1999; Austin et al., 2001; Langematz et al., 2003;
Shine et al., 2003, and others), mainly focusing on CFC in-
duced ozone depletion. In general, such responses have been
shown to be dependent on latitude, season, and on the vertical
profile of ozone loss. For the analysis here, a relevant study
was conducted byLangematz et al.(2003). Using sensitivity
simulations with prescribed ozone loss and a control simu-
lation, they found a heating above the stratopause and cool-
ing below for the NH polar winter (see their Fig. 8a). Using
additional radiative transfer calculations, which show only a
warming throughout the stratosphere (their Fig. 9), they con-
cluded that the decrease in ozone radiative cooling is respon-
sible for the warming in the simulation with ozone depletion.
The cooling below the stratopause was attributed to dynam-
ical heating induced by a decrease of the mean meridional
circulation. Figure9 presents the temperature differences be-
tween the two sensitivity simulations performed here. The
figure shows that polar lower stratospheric temperatures be-
tween 200–5 hPa decrease by up to 4 K in the S-EPP sim-
ulation, and above 4 hPa polar temperatures increase in the
S-EPP simulation, indicating that the two-fold response de-
scribed byLangematz et al.(2003) is likely to be also respon-
sible for the effects observed in the EMAC simulations.

Polar stratospheric temperature changes during winter are
likely to have an effect on the polar vortex. A quantity
that is often used to describe the strength of the vortex is
the Northern Annular Mode (NAM) index (Baldwin and
Dunkerton, 2001), with positive NAM index values indicat-
ing a strong polar vortex and negative index values a weaker

www.atmos-chem-phys.net/11/4521/2011/ Atmos. Chem. Phys., 11, 4521–4531, 2011

Fig. 4.3. Modeled climatological change of ozone (µmol mol−1) for Northern Hemisphere

winter (Dec, Jan, Feb) related to the strong particle activity. 1 µmol mol−1 corresponds

to roughly 20% total ozone in the polar upper stratosphere [Baumgaertner et al., 2011].

can lead to heating above the stratopause and cooling in the polar winter strato-
sphere. A similar temperature profile in the stratosphere related to particle precip-
itation, NOx enhancements and ozone destruction in the upper stratosphere was
also observed [Seppälä et al., 2013] and predicted by models [Baumgaertner et al.,
2011; Semeniuk et al., 2011; Arsenovic et al., 2016]. Figure 4.4 shows the mod-
eled temperature difference in Northern Hemisphere winter related to the strong
precipitating electron activity. The heating above the stratopause is a result of
decreased radiative cooling, i.e, a direct consequence of ozone depletion. Cooling
below the stratopause, on the other hand, has a dynamical origin. It is caused
by weakening of the planetary wave activity and associated down welling of resid-
ual meridional circulation, which leads to less adiabatic warming, i.e., anomalous
cooling [Langematz et al., 2003; Baumgaertner et al., 2011].

Cooling in the polar winter stratosphere intensifies the polar vortex [Baumgaert-
ner et al., 2011; Seppälä et al., 2013] and connects particle precipitation to polar
vortex strength [Arsenovic et al., 2016]. SSW events have a tendency to disturb
this connection [Seppälä et al., 2009; 2013]. This is also observed in Paper I by
showing that the two most evident outliers in the data depicting the connection
between surface temperatures and electron precipitation were years with strong
and long lasting SSW events. On the other hand it has been shown that the de-
scent of NOx can be greatly enhanced by the occurrence of elevated stratopause
event that follow particularly strong warmings [Orsolini et al., 2010; Holt et al.,
2013] and likely lead to enhanced ozone loss later on in the winter [Randall et al.,
2005].
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Figure 9. Zonal mean temperature difference (MEE - NOMEE) in K for DJF (A) and JJA (B) averaged over 2002-2005. Colored 

regions are significant at the 95% confidence level (calculated using a Student t-test) 

(A) ΔT (DJF) (B) ΔT (JJA) 

 

  
  
Figure 10. Zonal mean wind difference (MEE - NOMEE) in m/s for DJF (A) and JJA (B) averaged over 2002-2005. Colored regions 

are significant at the 95% confidence level (calculated using a Student t-test) 

(B) v (JJA) (A) v (DJF) 

 

 

 

Fig. 4.4. Modeled zonal mean temperature difference in kelvins for Northern Hemisphere

winter (Dec, Jan, Feb) related to the strong energetic electron precipitation. [Arsenovic

et al., 2016].



5. Solar effects on surface climate

Several review and other articles in recent years have concluded that solar vari-
ability has an impact on surface climate and regional weather patterns [Haigh,
2007; Gray et al., 2010; Lockwood , 2012; Seppälä et al., 2014]. Currently the In-
tergovernmental Panel of Climate Change (IPCC) only includes the variability of
total solar irradiance to the radiative forcing changes of global climate. TSI varies
only about 0.1% over the solar cycle. Long-term reconstructions of TSI since the
pre-industrial era give a radiative forcing change of about 0.05 Wm−2 between
1750-2011, with the effect to global temperature increase being less than 0.1 K
[IPCC , 2013]. On the other hand, several results in recent years have underlined
the significant regional impacts of solar variability by other mechanisms than di-
rect TSI variability [for a review see, e.g., Gray et al., 2010; Seppälä et al., 2014],
which are also partly acknowledged by IPCC. Solar variability has been recog-
nized to have significant effects on several regions of the planet, e.g., in North
America, Europe, Eurasia, the Atlantic Ocean, the Pacific Ocean and Antarctica.
The following sections discuss the mechanisms which are widely accepted by both
solar and climate communities: TSI effect in the equatorial oceans, solar spectral
variability effect on equatorial stratospheric ozone and its effect on circulation,
energetic particle precipitation effect at high latitudes and solar wind and inter-
planetary magnetic field effect to the global electric circuit. Schematic overview
of these mechanisms is shown in Figure 5.1.

5.1. Radiation related effects

In addition to the direct effect of TSI variability to the global temperatures [Misios
et al., 2016], a regional mechanism in the Pacific has been proposed. This so called
bottom-up mechanism involves increased solar absorption over the cloud free areas
of subtropical oceans during solar maximum. This increases evaporation in these
areas which is transported to the precipitation zones through the trade winds, en-
hancing the intertropical convergence zone. Enhanced upwelling and precipitation
enhances trade winds and the Hadley and the Walker circulations in the Tropical
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Fig. 5.1. Schematic overview of several solar induced influences to climate [Gray et al.,

2010].

Pacific [Meehl et al., 2008]. In surface measurements this is seen as a La Niña
type feature during solar maximum with decreased sea surface temperatures in
the eastern equatorial Pacific (La Niña cold tongue) and higher sea level pressure
over the Aleutian low [Meehl et al., 2008]. This can be also observed in Figure 5.2.

A schematic diagram of the bottom-up mechanism is presented in Figure 5.3.
This feature is observed to occur during solar maximum in the Pacific sea surface
temperatures, sea level pressure around Aleutian low and in the tropical precipi-
tation [van Loon et al., 2007; van Loon and Meehl , 2011], while it has also been
succesfully modeled by climate models [Meehl et al., 2008; Meehl and Arblaster ,
2009]. On the other hand, there has been some critisism due to suggested incon-
sistencies of the results [Roy and Haigh, 2012], with some other results showing an
El Niño type feature during solar maximum instead [White and Liu, 2008; Tung
and Zhou, 2010]. Roy [2014] has shown that the solar influence in the Pacific
has changed over time so that solar maximum produced a La Niña type feature
between 1850s and 1950s and an El Niño feature in recent decades. On the other
hand, Meehl and Arblaster [2009] showed that these conflicting results can be
partly explained by the lagged response around solar maximum where a La Niña
feature is followed by El Niño 1-2 years after solar maximum.

As discussed earlier, solar UV variability can have a noticeable effect on strato-
spheric ozone and heating rates in low latitudes [Haigh, 1994; McCormack and
Hood , 1996]. This has a direct impact on the Brewer-Dobson circulation and merid-
ional temperature gradient, especially during winter time [Kodera and Kuroda,
2002]. It has also been shown that this signal can descend down to the tropo-
sphere and affect the Hadley and the Ferrell cells [Haigh et al., 2005]. In addition
to the changes at low latitudes there is evidence that the increased meridional
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Meehl et al. (2003) noted that all the major tropical
low-level convergence zones were affected by solar
forcing in the model. Van Loon et al. (2004) showed for
northern summer that the low-level convergence asso-
ciated with the South Asian monsoon and the ITCZ in
the tropical Pacific, in particular, were intensified dur-
ing peaks in the DSO. Thus there was observational
evidence to support coupled surface feedbacks that
could amplify a relatively small solar signal, certainly
much smaller than the multidecadal increase in the
early twentieth century studied by Meehl et al. (2003).

Subsequently, van Loon et al. (2007) and van Loon
and Meehl (2008) showed a similar response in obser-
vations for northern winter. The focus in those studies
showed a large response in the intensification of the
Pacific Ocean convergence zones, the ITCZ and SPCZ,
to increased solar forcing at peaks in the DSO. These
were shown to be most notable in the tropical Pacific at
that time of year in part because of the large expanse of
the air–sea interaction across the Pacific Ocean, as well
as the nature of the air–sea coupling at that time of year
occurring mostly over ocean regions in the Pacific.
These same effects are occurring in other regions, but
are most strongly and consistently seen in the Pacific in
northern winter. Thus, in this article, we focus on the
northern winter season and Pacific region as in van
Loon et al. (2007). As noted earlier, what is new here is
that we document a response directly comparable to
the observations for the DSO, which has roughly half
the globally averaged forcing of the multidecadal forc-
ing spanning the first half of the twentieth century dis-
cussed in Meehl et al. (2003). Since there has been some
question regarding the multidecadal amplitude of the
total solar irradiance change in the first half of the
twentieth century (e.g., Foukal et al. 2004), the DSO is
much more firmly documented, albeit with smaller am-
plitude. Thus this is a more severe test of the climate
system response to the solar forcing coincident with
peaks of the DSO. Possible lagged responses shown in
other studies will be discussed later.

4. Observed coupled response to solar forcing in
the Pacific region

Before seeing if this mechanism is working in the
models used in our study, we first examine the climate
system response to solar forcing in the Pacific region in
observations. Anomalies (computed relative to the
nonpeak years) for SST and SLP for the peak solar
years when these data are available (11 peak yr in the
DSO: 1883, 1893, 1905, 1917, 1928, 1937, 1947, 1957,
1968, 1979, and 1989) are shown in Figs. 1a,c, respec-
tively (after van Loon et al. 2007). The composite SST
anomalies for those 11 yr for the months of December–

FIG. 1. (a) The average anomalies of SST (°C) in the 11 solar
peak years for DJF computed relative to all other years—1883,
1893, 1905, 1917, 1928, 1937, 1947, 1957, 1968, 1979, and 1989—
from the NOAA ERSST dataset (available online at http://www.
cdc.noaa.gov/cdc/data.noaa.ersst.html). (b) The average tropical
rainfall anomalies (mm day�1) for January–February (GPCP grid-
ded precipitation dataset) in the solar peaks in 1979, 1989, and
2000, in comparison to all other years. Dashed line is the 6 mm
day�1 contour from the long-term mean climatology. (c) As in (a)
but for the average anomalies of SLP (hPa) (Hadley Centre SLP
dataset); shading indicates significance at or above the 95% level,
indicating the relative magnitude of the anomalies compared to
the noise. For further details regarding observed data sources, see
van Loon et al. (2007).
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Fig. 5.2. The average winter (DJF) anomalies of (top) sea surface temperature, (middle)

precipitation and (bottom) sea-level pressure in the solar peak years relative to the cli-

matologies. For temperature and pressure 11 solar peak years during 1883-1989 are used

and for precipitation three solar peak years during 1979-2000 are used. Shading indicates

significance at or above 95% level [Meehl et al., 2008].

temperature gradient enhances the westerly flow at high latitudes and the polar
vortex during winter [Matthes et al., 2004; 2006], ultimately affecting the NAO
as well [Kodera, 2002]. This is usually called the top-down mechanism [Gray
et al., 2010]. This mechanism can easily explain several observational facts on a
statistical relation between surface climate and sunspot activity in the Northern
Hemisphere winter including blocking frequency [Barriopedro et al., 2008], NAO
and other circulation types [Huth et al., 2006], Atlantic and Europe sea-level pres-
sure [Brugnara et al., 2013] and tropospheric temperature [van Loon and Labitzke,
1988; Ineson et al., 2011]. It has also been shown that the top-down mechanism in
the Pacific combined with the bottom-up mechanism can enhance the weak solar
signal [Meehl et al., 2009]. One can see the poleward and downward progression
of the top-down solar climate signal in Figure 5.4.

Although the top-down mechanism is seen in the models and in observations for
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FIG. 4. Schematic showing processes involved with the Pacific air–sea response coincident
with the peak years of solar forcing.
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Fig. 5.3. Schematic diagram of the bottom-up mechanism in the Pacific [Meehl et al.,

2008].

the late 20th century, longer observational records give conflicting results. Gray
et al. [2013] showed that a positive NAO response relative to the solar cycle is
observed a few years after the solar maximum when winters of 1850-2004 were
studied. They later confirmed this also for longer datasets [Gray et al., 2016].
Explaining this, Scaife et al. [2013] proposed a model where the Atlantic Ocean
acts as a heat buffer so that the positive NAO response due to the top-down
mechanism builds up over several years. Andrews et al. [2015] showed in their
model that positive NAO related ocean temperature pattern is stored during the
winter in deep ocean layers and partly re-emerges during the next winter building
up the positive NAO response over the years after solar maximum. However, there
is still much uncertainty in this mechanism since the model used by Scaife et al.
[2013] with realistic solar variability gives a NAO response without a lag [Gray
et al., 2013]. Another issue is the rather small autocorrelative nature of the NAO
in interannual timescales [Feldstein, 2000; Hurrell et al., 2003], which does not
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Figure 2 |Agreement between modelled and observed surface climate
response. Winter (December to February) composite anomalies for solar
minimum (blue) and solar maximum (red) for model (crosses) and
reanalyses (circles). a, AO, sea-level pressure difference between
mid-latitude (30◦–55◦ N) and Arctic-latitude (65◦–90◦ N) bands; NAO,
sea-level pressure difference (hPa) between Azores and Iceland.
b, T, near-surface temperature for Northern European region (0◦–60◦ E,
50◦–70◦ N). The vertical lines show the standard error.

occur even in the presence of steady tropospheric planetary wave
forcing19, and these late-winter westerly wind anomalies seem to
be associated with a similar ‘Polar Jet Oscillation’4, with the initial
easterly phase of the oscillation being determined by solar forcing
as described above.

Signals in the lower stratosphere communicate a response
throughout the depth of the troposphere, particularly in the storm-
track regions (Fig. 1), and although the mechanism is still subject
to debate it involves a dynamically balanced tropospheric response

to the stratospheric circulation change above, and occurs as a
robust feature of experiments where the stratosphere is perturbed20.
Altered development of baroclinic instability in the troposphere21,
or a feedback between the propagation of synoptic-scale eddies and
the eddy-driven jet22, may also be important.

Our experiment confirms a ‘top-down’, stratosphere-to-
troposphere, pathway for the high-latitude response to recent
observed solar variability with an altered westerly jet. The
AO/NAO-like pattern and changes in atmospheric circulation
that emerge from the model resemble the previous observed
estimates of the effects of solar variability not only in pattern and
evolution but also in amplitude through the autumn and winter
seasons. Climate models, including those with comprehensive
upper-atmosphere physics7,8, have typically been inconsistent in
simulating the observed extratropical response to the 11-year solar
cycle, with the model response often weak or not significant.
Our experiments suggest that underestimation of the ultraviolet
component of the solar variability could provide a plausible
explanation. This idea is supported by early experiments where
larger but arbitrary imposed changes in ultraviolet flux in a nu-
merical model reproduced the observed polewards and downwards
evolution through internal dynamics23. The establishment of a
large-enough upper-stratosphere meridional temperature gradient
is crucial to this mechanism and we note that other recent studies
show the model response in the equatorial upper stratosphere
to be substantially larger with SIM data than with an earlier
solar-variability reconstruction11,24.

Other studies have discussed possible ‘bottom-up’ influences
on surface climate through changes in surface radiative effects25,
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Fig. 5.4. Composite monthly zonal mean zonal wind for the difference between the

solar minimum and maximum for October to March in model (top) and reanalysis data

(bottom). The solid white contours indicate significance at the 95% confidence level for

the model (top) and 90% for reanalysis [Ineson et al., 2011].

support a memory of the signal from one winter to the next. In Paper II we find
similar results as Gray et al. [2013] but, instead of the lagged ocean response to
the top-down mechanism, they are explained in terms of the solar wind speed and
the associated energetic particle precipitation having its maximum in the declining
phase of sunspot cycle [Mursula et al., 2015; Asikainen and Ruopsa, 2016].

It has also been observed that the phase of the QBO can have a significant
effect on how solar activity (sunspots or radio flux 10.7 cm) correlates with winter
conditions in the Northern Hemisphere [Ruzmaikin and Feynman, 2002]. It was
noted already in the 1980s by the pioneering work of Labitzke and van Loon [1988]
that the North Pole geopotential heights in the stratosphere are negatively corre-
lated with solar 10.7cm flux during QBO easterly phase and positively correlated
during westerly QBO phase. Later on it has been shown that this relation exists
in a larger scale over the equatorial stratosphere and winter pole so that the polar
vortex/NAM is positively correlated with sunspots/10.7 cm flux during easterly
QBO and negatively correlated during westerly QBO [e.g., Labitzke and van Loon,
2000; Lu et al., 2009]. This has also been reviewed recently by Anstey and Shep-
herd [2014]. Thus, solar activity can disrupt the Holton-Tan relation so that it
effectively works only during low solar activity [Naito and Hirota, 1997]. Time
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series of stratospheric high-latitude temperatures and solar flux during different
QBO phases are presented in Figure 5.5.

LIFE CYCLE OF THE QBO-SOLAR RELATIONSHIP IN THE NH WINTER 1033

Figure 1. Latitude–height cross-section of correlations between monthly-averaged zonal mean temperature and 6-month averaged F10.7 cm solar
flux (Fs with units of 10−22 W m−2 Hz−1) preceding the temperature averages for all years (the 1st column), under wQBO (the 2nd column), and
under eQBO (the 3rd column). Top row: February, bottom row: March. The number of data points (i.e. years) used to calculate the correlation
coefficients (r) are indicated on the top of each panel. Red solid, blue dotted and black dotted lines are positive, negative and zero correlations,

respectively. The contour interval is ±0.1. Shaded areas denote confidence levels above 95%, calculated using standard one-sided t-test.
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Figure 2. Time series of the 6-month averaged F10.7 cm solar flux (Fs, the dashed line) and the deseasonalized February temperature at 85◦N,
(a) at 50 hPa under wQBO (the solid line) and (b) at 150 hPa under eQBO (the solid line). The correlation coefficients and statistical confidence

levels (in brackets) are shown in the top of each panel.

Figure 3). Under wQBO, the correlation is −0.78, signif-
icant at the 99.9% confidence level. Under eQBO, the cor-
relation is 0.65, significant at the 99.1% confidence level.
Similar to Figure 2, 1999/2000 winter under wQBO and
1974/1975, 1996/1997, 2001/2002 winters under eQBO
appear to be anomalous.

Further sensitivity studies using data from different
time periods gave qualitatively similar results for those
QBO-modulated solar signals in the high latitudes shown
in Figures 1 and 3. Including or excluding the years
affected by volcanic eruptions also makes little change

to the general features of the signals. In addition, linear
de-trending or removing the lower frequency components
does not alter the general spatial patterns and confidence
levels. This agrees well with Salby and Callaghan (2006)
who also found that the QBO-SC relationship during
February primarily exists in the high-frequency compo-
nent of the temperature.

The fact that the time series of the El Niño/Southern
Oscillation (ENSO) and F10.7 cm solar flux Fs are only
weakly correlated helps to rule out a linear contamination
of the QBO-SC relationship by ENSO. However, it does

Copyright c© 2009 Royal Meteorological Society Q. J. R. Meteorol. Soc. 135: 1030–1043 (2009)
DOI: 10.1002/qj

Fig. 5.5. Time series of 6-month average 10.7cm solar flux (dashed line) and deseason-

alized February temperature at 85◦ N, at 50 hPa under westerly QBO (solid line top)

and at 150 hPa under easterly QBO (solid line bottom). Correlation coefficients and

statistical significance levels (in brackets) are shown in the top of each panel [Lu et al.,

2009].

5.2. Solar wind related effects

As discussed earlier, magnetospheric particles precipitating to the atmosphere can
have notable effect on atmospheric chemistry and dynamics [Baumgaertner et al.,
2011; Seppälä et al., 2013]. They are believed to cause significant effects also
on the surface involving complex coupling between planetary wave activity, the
meridional and zonal flow, the polar vortex strength and the NAM [Rozanov et al.,
2005; Baumgaertner et al., 2011; Rozanov et al., 2012; Arsenovic et al., 2016].
This is also seen in observations using geomagnetic activity as a proxy for particle
precipitation [Seppälä et al., 2009].

Several authors have observed the connection between geomagnetic activity
and the surface signal of NAO or NAM [e.g., Thejll et al., 2003; Lukianova and
Alekseev , 2004; Li et al., 2011; Bochńıček et al., 2012] but have not explicitly
related it to particle precipitation. Geomagnetic activity is a reasonable proxy for
precipitating magnetospheric particles, since it mainly measures the intensity of
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ionospheric electric currents produced by auroral particles [Østgaard et al., 2002].
It has been used as a proxy for medium-energy (ring current) particles as well
[Seppälä et al., 2009]. Use of geomagnetic activity indices as a proxy is due to the
lack of reliable long-term measurements of precipitating particles before the late
1970s.

Figure 5.6 shows the seasonal differences of surface temperatures between high
and low geomagnetic activity times. Figure 5.7 shows the corresponding model
differences of surface pressure during winter. It is clear from Figure 5.6 that ge-
omagnetic activity only affects surface temperature (and pressure) during winter
and spring. Paper I confirms the earlier results of Seppälä et al. [2009] by using
actual calibrated and corrected precipitating electron fluxes [Asikainen and Mur-
sula, 2013]. It shows that there is a positive relation between energetic electron
fluxes and surface temperature signal related to the NAO. SSW events are also
found to have a weakening effect on this relation, as observed earlier [Lu et al.,
2008b; Seppälä et al., 2009; 2013].

Student t-test. The 90% and 95% confidence levels are
shown in the DSAT figures. Both Figures show similar DJF
DSAT patterns, with warming over the Northern Eurasian
continent and cooling over the Greenland area. When the
SSW years were excluded the statistically significant areas
increased and the temperature variability increased to �4.5
K over Greenland and to 4 K over Northern Eurasia.
[9] Figures 4 and 5 show the Case N2 (controlled for

solar irradiance variation) differences (DSAT) between the
seasonally averaged SATs for the high Ap minus low Ap

years with and without the SSW years, respectively. As in
Case N1, Case N2 in DJF shows warming over the Eurasian
continent and northern North America, and the patterns
extend in area and become somewhat more intense when
SSWs are excluded. This might be as a result of more stable
vortex conditions aiding downward propagation of the
signals. The alternating cooling/warming pattern seen in
Figures 2–5 resembles the model results of Rozanov et al.
[2005], who suggest that it is typical for enhanced EPP-NOx

in the presence of enhanced polar vortex intensity. Similar
structure in the surface level temperature anomaly is ob-
served for the wintertime Northern Annular Mode (NAM)
[e.g., see Figure 13 in Hurrell et al., 2003], suggesting that
variations in the Ap may modulate the preexisting NAM.
The pattern seen in DJF appears to subside during the spring
months and disappears by summer (JJA). For Case N2 a
new pattern begins to emerge again in SON, which in these
seasonal averages has little resemblance to the DFJ patterns.

It should be noted, however, that monthly averages (not
shown because of their lower statistical significance) show
large regions where DSAT approaches ±4 K in October and
November, with the Case N2 pattern in November being
very similar to December, but offset in location. This
suggests that the physical mechanism responsible for the
DJF differences could have started as early as October.
[10] Figures 6 and 7 are analogous to Figures 3 and 5, but

for the southern hemisphere Cases S1 and S2. As in Cases N1
and N2, there are alternating patterns of warming and cooling
in wintertime (JJA)DSAT; there is also substantial cooling in
the fall (MAM). The maximum JJA DSAT is �5 K in the
western part of the Antarctic region, in the Antarctic Penin-
sula and the Amundsen Sea. The JJA DSAT pattern is
somewhat similar to the Southern Annular Mode (SAM) in
terms of warming (<1 K) in the Antarctic Peninsula region,
but inconsistent with SAM-induced cooling elsewhere over
the continent [Thompson and Wallace, 2000]. The cooling
over the continent observed in the fall (MAM) is more
consistent with the SAM pattern.
[11] Next we compare the year-to-year SAT variability in

specific regions directly with Ap variability; although, due
to the complexity of atmospheric processes one would not
expect any connection between geomagnetic activity and
the surface temperature variability to necessarily be the
most dominant influence from year-to-year. This is one of
our main reasons for attempting to do a statistical study. For
the comparison of the temporal variability of the SAT and

Figure 3. Northern hemisphere seasonal differences in SAT (DT = High Ap � Low Ap) for Case N1
with SSW years excluded for the seasons denoted.

Figure 4. Northern hemisphere seasonal differences in SAT (DT = High Ap � Low Ap) for Case N2,
which has low F10.7, i.e., removing solar cycle variations. SSW years included.
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Fig. 5.6. Northern hemisphere seasonal differences in surface temperature between high

and low geomagnetic activity during 1958-2007 with SSW years excluded for the seasons

denoted [Seppälä et al., 2009].

Positive correlation between geomagnetic activity and NAO has been observed
since 1960s/1970s, but for earlier periods, i.e., in the late 19th and early 20th
century this correlation has been observed to be weakly negative [Thejll et al., 2003;
Lukianova and Alekseev , 2004; Li et al., 2011]. This change has been explained by
the weaker overall level of geomagnetic activity in the early 20th century and the
increase of high speed streams in the declining phase of the solar cycle since the
1940s [Li et al., 2011]. Also changes in stratospheric dynamics in the latter half of
the 20th century either by internal variability or by the anthropogenic effects have
been proposed [Thejll et al., 2003]. Figure 5.8 shows the long-term evolution of the
Pearson correlation coefficient between geomagnetic activity and NAO calculated
for different seasons. In Paper IV we show that the negative correlation between
geomagnetic activity and NAO/NAM in the early 20th century only holds true in
the early winter, e.g., in December and January, whereas the response observed in
late winter and early spring from February onwards is weakly positive.
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Fig. 12. NAM index for an exemplary winter calculated from simulation S-EPP (top) and S-noEPP (bottom). Red-yellow/blue colours
indicate positive/negative differences.

Fig. 13. DJF surface pressure difference (hPa)1p = pS−EPP
−

pS−noEPP, SSW years excluded. Red-yellow/blue colours indicate
positive/negative differences.

observed temperature patterns found in the SAT difference
between S-EPP and S-noEPP (Fig.7). The NAM phase can
also be detected in the surface pressure. The positive phase
is characterised by anomalously low pressures at high lat-
itudes and higher than average pressures at mid-latitudes.
Figure 13 depicts the DJF surface pressure differences be-

tween the simulations S-EPP and S-noEPP. The negative
pressure anomalies over Greenland and positive anomalies
at mid-latitudes indicate a positive NAM phase as expected,
although the low pressure region does not extend over Scan-
dinavia as the NAM often does. Since the NAM related NAO
(see e.g.Hurrell and Kushnir, 2003) index is often calculated
as the pressure difference between the Azores and Reykjavik,
Iceland, the predicted pattern also influences the NAO index.

In the light of this mechanism, a possible reason for the
lack of a similarly significant response in the SH could be the
fact that the SH polar vortex is already much colder and more
stable than in the NH. This potentially makes it less suscep-
tible to perturbations by NOx enhancements. However, the
SH response is subject to further work.

4 Conclusions

Sepp̈alä et al.(2009) used reanalysis data to show that winter
surface air temperatures divided up in years of low and high
geomagnetic activity show significant temperature anomalies
similar to NAM patterns found at high latitudes. Here, we
have shown that this effect is also found in a 44-year tran-
sient simulation that used the Ap index to parametrise geo-
magnetic activity and associated NOx production in the mid-
dle and upper atmosphere through particle precipitation. In
order to avoid aliasing from sea surface temperatures (SST)
and other boundary conditions present in the transient simu-
lation, two additional nine-year simulations were performed,

www.atmos-chem-phys.net/11/4521/2011/ Atmos. Chem. Phys., 11, 4521–4531, 2011

Fig. 5.7. Modeled DJF surface pressure anomaly (hPa) related to the strong particle

activity. [Baumgaertner et al., 2011].

Earlier studies have also suggested that the QBO can be an important modifier
to the relation of geomagnetic activity and the NAO/NAM [Palamara and Bryant ,
2004; Bochńıček and Hejda, 2006; Seppälä et al., 2013]. However, mutually con-
flicting results have been reported on the relations between the QBO, geomag-
netic activity and the NAO/NAM. Palamara and Bryant [2004] and Bochńıček
and Hejda [2006] observed a stronger positive correlation between geomagnetic
activity and the NAM during the easterly phase of the QBO at 30 hPa. This
is confirmed for precipitating electrons in Paper I. On the other hand Lu et al.
[2008b] and Seppälä et al. [2013] found a stronger relation between geomagnetic
activity and the polar vortex during westerly QBO at 50 hPa. All of these stud-
ies had roughly the same time period at the end of the 20th century. Results in
Paper IV partly explain these conflicting results and show that the QBO effect
is temporally variable and that both the QBO at 30 hPa easterly and the QBO
at 50 hPa westerly produce a positive relation for the time period used in earlier
studies. However, for the whole 20th century the easterly QBO at 30 hPa better
shows the positive relation, especially in late winter..

Another solar wind related climatic effect has been proposed, which is related
to the variations in the global electric circuit (GEC). Recent advances have shown
that solar wind and the interplanetary magnetic field (IMF) can affect this large
scale atmospheric electricity structure, which has been suggested to be related to
meteorological changes through cloud properties [Tinsley and Heelis, 1993; Tins-
ley , 2008; Rycroft et al., 2012]. The global electric circuit is maintained by the
potential difference between the surface and the ionosphere, which is driven by
thunderstorms mainly around the equatorial regions. The GEC is closed back to
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of correlation since around 1970, but appears uncorrelated
before that. This impression is confirmed by the results in
Table 1. For the period 1973 to 2000, annual averages of Ap
and NAO have a highly significant correlation of 0.62,
while there is a lack of correlation for the time period from
1932 to 1972. Table 1 also shows the results of correlating
seasonal averages. Apparently, high and significant correla-
tions are only found for winters after around 1970.
[7] In Figure 2 we show how the correlation between aa

and NAO evolve over a century, from 1886 to 1985. The
data have been split into seasons, and correlations are
computed within a 31-year sliding window. As before, we
find that the correlations are high and significant only
during the winter season, and that the correlations were
lower and not significant before about 1970. Figure 2 shows
the 99% significance level for winter only, as the other
seasons never reach this level. Note that the significance
level itself varies over time, which is an effect of non-
stationarity.
[8] The high winter-time correlation is mainly due to

quasi-decadal variability. A cross-coherency analysis
reveals that the winter series for Ap and NAO (1973–
2000) have a significant coherency-squared for time-scales
from 7 to 10 years.

3. The Spatial View: Ap Versus GPH

[9] By correlating the sea level pressure (SLP henceforth)
and the Geopotential Height (GPH) with the Ap index and

comparing to the same correlations using the NAO index
we can map the extent and character of the correlation
observed above. We use NCEP reanalysis GPHs [Kalnay et
al., 1996]. Figure 3 shows the correlation coefficient at sea
level and at 20 hPa in the stratosphere, as well as shaded
significantly correlated areas, for two periods: 1949–1972
and 1973–2000.
[10] In both periods the correlation between NAO and

SLP has strong and significant maxima over Spain and
Iceland as expected from the definition of the NAO.
We, like Boberg and Lundstedt [2002], use the Jones et
al. [1997] NAO index based on the Gibraltar - Iceland
pressure difference, rather than the Azores - Iceland
difference. We see that weaker positive correlations are
found in an annulus surrounding the negative correlations
over the polar region resembling the Arctic Oscillation (AO)
[Thompson and Wallace, 1998]. At 20 hPa the pattern of
correlations is in both periods dominated by a dipole with a
negative center over the East of the Eurasian continent and a
positive center over North America in the later period and
northern Europe in the earlier period. Only centers are
statistically significant.
[11] The pattern of correlations between Ap and SLP

strongly resembles that between NAO and SLP in the later
period, only with the main center dislocated from Spain to
the middle of the North Atlantic. Some similarity should be
expected as the Ap index and the NAO index have a
correlation of 0.6 in this period, but the global extent of the
similarity of the correlation patterns suggests that the NAO
index is a sufficient choice when one wants to study the
connections between the solar activity and the tropospheric
variability. In the earlier period (where the Ap index and the
NAO have a correlation of only 0.3) the correlations
between Ap and SLP are much weaker and nowhere
significant. In both periods the correlations between Ap and
stratospheric GPH resemble those between NAO and SLP
both regarding strength and patterns.
[12] We conclude that the NAO has a deep vertical

extent, as observed by Thompson and Wallace [1998], in

Figure 1. Annual means of the geomagnetic index Ap, the
NAO index, and the GPH at 20 hPa at 50�N, 140�W.

Table 1. Seasonal Correlation Results for NAO vs. Ap

Season

R R

1973 to 2000 1932 to 1972

All year 0.62 (98.9) 0.06 (28.0)
Spring (MAMJ) 0.21 (75.9) 0.04 (16.3)
Summer (JJAS) 0.27 (80.8) 0.06 (33.9)
Fall (SOND) 0.23 (83.9) 0.01 (4.9)
Winter (DJFM) 0.56 (99.5) 0.04 (17.1)

R is the Pearson correlation coefficient between serieswith one binned data
point per year for the indicated season. Significance levels (in parenthesis)
give the percentage of Monte Carlo trials performed on surrogate series that
achieved smaller or the same correlation. The numbers in bold face are those
we consider highly significant and unlikely to be due to chance.

Figure 2. Correlations between seasonal means of NAO
and the geomagnetic index aa for sliding 31-year intervals.
The dotted curve shows the 99% significance level for
winter-time data, a conservative choice according to
‘Thomson’s rule’ [Thomson, 1990].
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Fig. 5.8. Correlations between seasonal means of the NAO and the geomagnetic aa

index for sliding 31-year intervals. The dotted curve shows the 99% significance level for

winter-time data [Thejll et al., 2003].

the surface through the fair-weather regions at mid- and high latitudes [Harrison,
2004]. It has been shown that the so called Mansurov effect can alter tropospheric
heights and pressure through variations in the interplanetary magnetic field (dawn-
dusk component By) especially in southern high latitudes (Antarctica) [Lam et al.,
2014]. The signal is observed in the troposphere quite fast in a matter of days af-
ter the interplanetary magnetic field, which affects the ionospheric electric field,
changes direction [Lam et al., 2014]. Francia et al. [2015] observed temperature
variability in the Antarctic related to the ULF geomagnetic activity with a lag of
only few days.

Some observations have indicated that this mechanism can extend from the
polar regions to induce mid-latitude pressure variability [Lam et al., 2013]. Studies
have also linked the summer time thunderstorm occurrence rates in the United
Kingdom to the solar wind and IMF variability via the same mechanism [Scott
et al., 2014; Owens et al., 2014], while high-pressure vorticity is linked to the solar
magnetic sector boundary crossings [Wilcox et al., 1973]. This mechanism can
partly be mixed with the particle effect in the Northern Hemisphere since they
both follow the evolution of the solar wind and can cause similar responses in the
troposphere, although at different timescales. However, a complete understanding
of this mechanism is not yet established and gaps remain in the details of how
changes in the global electric circuit could lead to the observed meteorological
responses [Lam and Tinsley , 2015].



6. Surface climate measurements

In this thesis two series of surface climate observations, the surface air tempera-
ture and the sea-level pressure are used from two popular records: NASA God-
dard Institute surface air temperature analysis (GISTEMP) [Hansen et al., 2010]
and Met Office Hadley Center sea-level pressure analysis 2 (HadSLP) [Allan and
Ansell , 2006]. Both of these datasets provide gridded monthly maps (2◦ × 2◦

latitude-longitude grid boxes for GISTEMP and 5◦ × 5◦ latitude-longitude boxes
for HadSLP) of observations averaged from individual measurements. GISTEMP
data are constructed from ground station temperature anomaly measurements
(the climatological period from which anomalies are calculated is 1961-1990), sea
surface analysis and satellite measurements of sea surface temperatures from the
1980s onwards [Hansen et al., 2010]. The dataset starts from year 1880. Because
in certain areas, such as the Arctic region, the number of stations is limited, GIS-
TEMP uses spatial smoothing of 1200 km radius so that the temperature anomaly
in a grid box at a given location is computed as a weighted average of anomalies
of all stations located within 1200 km of that point. The weight decreases linearly
from 1 to 0 at a distance of 1200 km [Hansen et al., 2001; 2010]. This way nearly
global coverage is achieved. On the other hand, the Antarctic is poorly covered
until roughly the 1970s. In this thesis we only use data from the Northern Hemi-
sphere, which also has some data gaps in the Arctic region and in Africa in the
late 19th and early 20th century, but not as extensive as in the Antarctic.

For the HadSLP dataset individual station records and marine observations av-
eraged in 1◦× 1◦ latitude-longitude grid boxes are first checked with neighbouring
observations to remove possible outliers and errors. Land and marine observations
are then blended together by calculating the monthly anomaly values for each ob-
servation. The median value of all anomaly observations in 1◦×1◦ grids are chosen
and these median values are averaged over 5◦×5◦ grids and absolute pressures are
formed by adding back the climatological value. PCA is then applied to SLP data
from the whole globe in the period with reasonably good global coverage of 1948-
2004. 34 leading EOF modes are then used to reconstruct from sparse historical
observations a complete global coverage of sea-level pressure maps since year 1850
[Allan and Ansell , 2006]. Validation with other data sets (like reanalysis NCEP-
NCAR) has verified a reasonably good mutual correlation, although regions with



49

poor coverage (like Antarctic) show rather large errors [Allan and Ansell , 2006].



7. Summary

This thesis presents statistical studies of the long-term relation between solar wind
related geomagnetic/particle activity and surface climate variability in the North-
ern Hemisphere winter. The most important findings are the significant response
observed in the sea-level pressure and surface temperature pattern related to ei-
ther precipitating particles, geomagnetic activity or timing of the high speed solar
wind streams. Surface responses tend to favour a North Atlantic Oscillation or
northern annular mode type pattern with positive NAO/NAM responses related
to the high particle/geomagnetic activity, and to the declining phase of the solar
cycle when the high speed solar wind streams maximize. These responses are ob-
served at high statistical confidence since roughly the 1960s and with some specific
conditions even since the beginning of the 20th century.

In Paper I we study the correlation between precipitating particle fluxes and sur-
face temperatures in winters during 1980-2010. Particle fluxes are obtained from
the recalibration of the NOAA/POES satellite measurements [Asikainen et al.,
2012; Asikainen and Mursula, 2013], producing homogenous fluxes of medium
energy electrons (30-100 keV and 100-300 keV) for the last three decades. Us-
ing these fluxes the correlation between electrons and the NAO index and local
surface temperatures over the Northern Hemisphere are calculated. Positive tem-
perature anomalies related to the particle precipitation are observed in Northern
Siberia and Scandinavia and negative anomalies around Greenland. Major sudden
stratospheric warmings are noted to significantly decrease the correlation with the
likely explanation related to the destruction of the polar vortex. In addition, we
find that the QBO at 30 hPa strongly modify the temperature patterns related to
the particle precipitation so that during easterly QBO these patterns are greatly
enhanced in intensity and spatial extent.

Paper II concerns studies of the winter surface temperature and the NAO index
in different phases of the sunspot cycle. This study covers the period of 1869-2009
including 13 sunspot cycles. Cycles are divided into four phases: ascending, max-
imum, declining and minimum phase. We find significant temperature patterns in
the declining phase, which has the same temperature pattern found in Paper I for
a shorter period of time. The statistical significance of the temperature pattern in
the declining phase is also confirmed by the field-significance test. The NAO index
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is significantly different from the long-term mean only in the declining phase, and
only in one cycle among 13 yields a negative NAO value during the declining phase.
These results support the idea that high speed solar wind streams, which max-
imize in the declining phase, enhance particle precipitation into the atmosphere
and lead to the persistently positive NAO.

In Paper III the effects of sunspot activity (proxy for solar irradiance) and ge-
omagnetic activity (proxy for precipitating particles) are compared for the time
period 1900-2012 by means of multiple linear regression modeling. In addition,
other climatic parameters known to affect surface climate in the Northern Hemi-
sphere winter, ENSO [Brönnimann et al., 2007b] and volcanic activity [Fischer
et al., 2007] are included as explanatory variables into the model. Results show
that the geomagnetic activity better explains the variability obtained in the North
Atlantic region, where a positive NAO response is obtained. Sunspot activity
better explains SLP variability in the North Pacific region, where a significant
enhancement of SLP is obtained in the Aleutian low region. In addition, using
the QBO reconstruction by Brönnimann et al. [2007a] at 30 hPa we show that the
combined effect of the QBO and geomagnetic activity (QBO times normalized ge-
omagnetic activity) produces a much stronger response. This can be explained by
the positive relation between the geomagnetic activity and the NAM during east-
erly (negative) QBO, supporting the results of Paper I. It is also much stronger
than the combined effect of sunspots and QBO earlier observed, e.g., by Roy and
Haigh [2011].

In Paper IV we study the long-term correlation between geomagnetic activity
and the NAM on the surface. The NAM is calculated using the PCA/EOF anal-
ysis for the sea-level pressure and surface temperature data since 1900. The same
QBO reconstruction as in Paper III at 30 and 50 hPa heights is applied to com-
pare the mutual relationship between geomagnetic activity, the QBO and winter
NAM, similarly as studied in Paper I and III. We obtain these relationships using
different winter definitions and timings. Geomagnetic activity is obtained from
early/mid-winter (Dec,Jan) as later particle forcing is not likely to have long-term
effects [Seppälä et al., 2013], whereas the NAM is calculated for different winter
definitions. A significant correlation between geomagnetic forcing and the NAM is
obtained all through the winter since the 1960s, but in the first half of the century
a positive correlation is only observed in late winter. The easterly phase of the
QBO at 30 hPa greatly enhances the positive correlation, as found earlier in Paper
I and III.

Paper IV also shows that the QBO-NAM relation (Holton-Tan) is only ob-
served in early/mid-winter and more significantly with QBO obtained from 30
hPa. In addition, geomagnetic activity is noted to modify the Holton-Tan re-
lation so that early winter Holton-Tan relation is mainly observed during weak
geomagnetic activity. In late winter the Holton-Tan relation is not observed, but
instead an anti-Holton-Tan (negative correlation between the QBO and the NAM)
is observed during high geomagnetic activity.

This thesis shows the significant long-term positive relation between solar wind
related variability and surface circulation in the Northern Hemisphere winter. Mul-
tiple observational data are used to describe energetic particle and geomagnetic
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forcing, including direct measurements of precipitating electron fluxes for the last
three decades. A strong relation is observed in the latter half of the 20th cen-
tury, in agreement with earlier studies [Thejll et al., 2003; Seppälä et al., 2009].
In addition we show that, under appropriate conditions, the positive relation is
observed also in the early 20th century. The most important modulating factor
is the stratospheric QBO, whose role in the earlier literature has been somewhat
ambiguous. Our results show that the QBO modulation is always present during
easterly QBO using 30 hPa height.

The surface signal is mainly represented as a NAM or NAO signal with quite
notable magnitude. The temperature response can be several degrees of celsius
in Greenland and North Siberia. Our results, that are mainly based on statis-
tical inference, cannot confirm the actual mechanism of effects from the middle
atmosphere to the surface. Yet, there is evidence, both observational and from
model results, supporting the thermal and dynamical changes in the stratosphere
via ozone destruction by NOx and HOx. Recent advances in research related to
the modulation of the global electric circuit by solar wind might also contribute
to these results. This thesis highlights the systematic response of winter surface
circulation to the varying solar wind conditions and increase our current knowl-
edge of the solar related climate effects. Solar wind related particle forcing will
be implemented into the next coupled model inter comparison project (CMIP6)
[Matthes et al., 2016]. This will be an important step on enhancing our knowledge
of the whole climate system.
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Seppälä, A., H. Lu, M. A. Clilverd, and C. J. Rodger, Geomagnetic activity signatures
in wintertime stratosphere wind, temperature, and wave response, J. Geophys. Res.,
118 , 2169–2183, 2013.
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