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Abstract
Solar activity has been driving changes in Earth’s climate throughout history. However, since the 1970s,
the emissions of greenhouse gases by human activities have become the dominant factor of climate
change. Today, global warming is one of the main challenges of the modern society. On centennial
time-scales, the solar contribution could still be important for climate. A factor closely related with
solar activity is energetic particle precipitation. The impact of energetic particles on atmospheric
composition and climate is relatively new area of research. Our aim is: (i) to investigate the influence
of solar activity on terrestrial climate during the long term solar changes and (ii) to investigate the
impact of energetic particle precipitation, specifically electrons, on atmospheric chemistry and climate.
For these purposes we are using SOCOL3-MPIOM chemistry-climate model with interactive ocean.
Measurement data from atmospheric monitoring stations shows a significant temperature increase
During the early 20th century (1910 – 1940). This period coincided with an increase in both greenhouse
gases and solar activity. To determine the main driver for the temperature increase we conducted a
comprehensive model study. We considered separately solar UV radiation, solar visible and infrared
radiation, energetic particle precipitation, greenhouse gases, ozone precursors, and volcanic eruptions.
Globally, our results suggest that the surface warming was mostly induced by increase in concentrations
of greenhouse gases. In Europe, however, this temperature increase may have been dominated by an
increase of ozone precursors emissions (CO and NOx). The solar radiation in visible and infrared
wavebands produced a smaller, yet detectable contribution in temperature trends, especially around
Labrador Sea.
In 1970s, some human-emitted substances were found to be depleting ozone layer. This was confirmed
by observations and an ozone hole over Antarctica was found leading to the prohibition of ozone
depleting substances emissions in 1987. Since the ozone layer is the protective shield of Earth against
solar UV radiation, a thinning ozone layer is harmful to living beings. At the same time, however, solar
UV radiation is responsible for producing ozone. Recent observations of the Sun show that solar activity
is gradually decreasing and it has been hypothesized that the Sun might enter a new grand solar
minimum in the 21st century. The change in solar radiation might impact the atmospheric chemical
composition, temperature and regional climate. In order to investigate the effects of reduced solar
activity on these variables, we conducted a model study covering the 21st and 22nd centuries that assumes
the Sun will enter a phase of grand solar minimum. Focusing at the end of 21st century, we found that
an unusually strong grand solar minimum enhances cooling of the stratosphere and mesosphere due to
the presence of high concentrations of the greenhouse gases. We find that the global warming leads to
an acceleration of the meridional circulation from tropics to poles and combined with the lower rates of
ozone production due to the reduced solar activity, stratospheric ozone concentrations decrease over
tropics. Though, based on the ban of ozone depleting substances ozone recovery is expected to happen
within the 21st century, we show that total ozone would not recover globally to the levels before the
ozone hole as long as grand minimum lasts. This could lead to increase of UV radiation reaching the
surface with potential implications for Earth’s ecosystem.
Energetic particles constantly bombard the Earth and, as mentioned above, their precipitation into the
Earth’s atmosphere is another climate forcing related to solar activity. As part of these particles,
energetic electrons can initiate cascades of chemical reactions of which some lead to the production of
odd nitrogen oxides and odd hydrogen oxides (NOx and HOx). Due to their low energy (< 30 keV)
auroral electrons produce NOx only above the mesosphere while continuously precipitating from
magnetosphere. In the polar winter, NOx can descend inside the polar vortex down to the stratosphere
where it depletes ozone. Only a recent advance in climate modeling allows implementing this effect of
the auroral electrons, which motivated us to analyze their impact on atmospheric chemistry during the

Southern Hemispheric winter. Results indicate that around 90% of winter NOx in the polar regions in
the upper stratosphere comes from the precipitation of auroral electrons. In accordance with satellite
observations, ozone anomalies of around 30% in the mesosphere and around 15% in the stratosphere
are found during winters with intense electron precipitation.
Electrons of higher energies (middle energy; 30 – 300 keV), precipitate from Earth’s outer radiation
belt. They are able to penetrate to lower altitudes than auroral, producing NOx and HOx directly in the
mesosphere. Satellite observations of higher energy electron fluxes became available only recently. In
order to investigate their impact on atmospheric chemistry and climate, we have included them in our
model. We confirm that these electrons, during geomagnetically active periods, significant amounts of
NOx and HOx are produced and thus induce ozone depletion. Ozone anomalies in the mesosphere and
stratosphere can reach up to 15% and 8%, respectively compared to climatological mean state.
Furthermore, by depleting ozone they induce changes in atmospheric temperature and dynamics.
Particularly during winters with high electron precipitation, we found anomalous mesospheric warming
and stratospheric cooling in both Northern and Southern polar regions. The change in atmospheric
temperature and dynamics leads to impact on the surface temperature during boreal winter: cooling
around North Pole and warming over continental Asia.
Using a single model, we made substantial advances in understanding the influence of solar radiation
and energetic electron precipitation on Earth’s chemistry and climate. Nevertheless, we suggest, more
models shall include these processes and continue broadening our knowledge about solar influence on
climate.

Zusammenfassung
Seit Menschengedenken beeinflusst die Aktivität der Sonne das Klima auf der Erde. Nichtsdestotrotz,
werden die klimatischen Veränderungen seit den 70er Jahren hauptsächlich durch die anthropogene
Emission von Treibhausgasen bestimmt. Heutzutage ist der Klimawandel eine der grössten
Herausforderungen der modernen Gesellschaft. In grösseren Zeitskalen betrachtet, könnte die
Strahlungsaktivität der Sonne auch weiterhin signifikanten Einfluss auf das Klima der Erde haben. Ein
weiterer wichtiger Aspekt ist der Ausstoss energiegeladener Partikel, welcher eng mit der Aktivität der
Sonne verknüpft ist. Die Untersuchung des Einflusses, den diese Partikel auf die Zusammensetzung der
Atmosphäre und das Klima haben, ist ein erst relativ junger Zweig der Wissenschaft. Die Zielsetzung
dieser wissenschaftliche Arbeit ist zweiteilig: Erstens, untersuchen wir den Einfluss der Strahlung der
Sonne auf das irdische Klima über die Dauer grossskaliger Aktivitätsschwankungen. Zweitens,
untersuchen wir den Einfluss energetisch geladener Partikel, im Speziellen energiereicher Elektronen,
auf das Klima und auf die chemische Zusammensetzung der Atmosphäre. Zur Untersuchung verwenden
wir das Chemie-Klima-Modell SOCOL3-MPIOM, welches die Wechselwirkung zwischen Atmosphäre
und Ozean berücksichtigt.
Die Messdaten atmosphärischer Überwachungsstationen zeigen einen deutlichen Anstieg der
Temperatur während des frühen 20. Jahrhunderts (1910 – 1940). Interessanterweise fällt diese Phase
mit einer Erhöhung zweier Faktoren zusammen, der Treibhausgaskonzentration und der
Sonnenaktivität. Um die Hauptursache dieses Temperaturanstieges zu identifizieren, haben wir eine
umfangreiche Modellierungsstudie durchgeführt. In dieser Studie wurden energiereiche Partikel,
Treibhausgase, Ozonvorläufer und Vulkanausbrüche als Einflussparameter berücksichtigt, sowie die
solare Strahlung im sichtbaren und infraroten Bereich getrennt von der UV-Strahlung. Global
betrachtet, deuten die Ergebnisse dieser Studie darauf hin, dass der allgemeine Konzentrationsanstieg
aller Klimagase hauptursächlich für die Erhöhung der Oberflächentemperatur ist. In Europa jedoch,
kann dieser Temperaturanstieg eventuell allein auf den Anstieg der Ozonvorläuferkomponenten (CO
und NOx) zurückgeführt werden. Als deutlich geringeren, dennoch nachweissbaren, globalen
Einflussfaktor konnte die solare Strahlung im sichtbaren und infraroten Bereich herausgearbeitet
werden, mit einem ausgeprägtem Einfluss auf die Temperaturentwicklung um die Labradorsee.
In den 70er Jahren des letzten Jahrhunderts wurde entdeckt, dass bestimmte anthropogen produzierte
chemische Verbindungen die Ozonschicht unseres Planeten zerstören können. Die Bestätigung dieses
Prozesses durch die Entdeckung des Ozonloches über der Antarktis führte im Jahre 1987 zu einem
weltweiten Verbot der weiteren Emission dieser chemischen Verbindungen. Die Ozonschicht stellt das
Schutzschild der Erde gegen den exzessiven Einfall solarer UV Strahlung dar, somit hat eine
Ausdünnung dieser Schicht einen gesundheitsschädlichen Einfluss auf alle der Strahlung ausgesetzten
Lebewesen. Gleichzeitig ist jedoch eben diese UV Strahlung für den Aufbau der Ozonschicht
verantwortlich. Da für das Ende des 20. und den Anfang des 21. Jahrhunderts eine graduelle Abnahme
der solaren Aktivität aufgezeichnet wurde, stellt sich die Frage, welchen Einfluss, die solare Aktivität
auf die Nettoproduktion des Ozons in der Stratosphäre hatte. Die reduzierte Sonnenaktivität in diesem
Zeitraum könnte jedoch auch weiteren Auswirkungen haben. So könnten zum Beispiel die chemische
Zusammensetzung und die Temperatur in der Stratos- und Mesosphäre stark beeinflusst werden, so wie
auch regional gesehen das troposphärische Klima. Um die Effekte der reduzierten Sonnenaktivität auf
die Ozonschicht und die anderen genannten Parameter zu untersuchen, haben wir eine weitere
Modellstudie durchgeführt, welche den Zeitraum des 21. und 22. Jahrhunderts beleuchtet und
grundsätzlich davon ausgeht, dass die graduelle Reduktion letztlich zu einem langanhaltenden
Minimum der Sonnenaktivität führt. Betrachtet man das Ende des 21. Jahrhundert, zeigt sich, dass die
hohe Konzentration an Treibhausgasen einen kühlenden Effekt auf die Stratos- und Mesosphäre haben
kann. Unter Berücksichtigung, dass die globale Temperaturerhöhung einen beschleunigten

meridionalen Transport von den Tropen zu den Polen verursacht, kommt es, in Kombination mit der
niedrigen Ozonproduktion durch die reduzierte Sonnenaktivität, zu einer Gesamtreduktion des Ozons
in der Stratosphäre über den Tropen. Solange diese reduzierte Sonnenaktivität anhält, wird es auch
global gesehen zu keiner Erholung der Ozonkonzentration zu Werten wie vor Beginn der Zerstörung
des Ozons durch die anthropogenen Chemikalien kommen. Dies könnte zu einer erhöhten UV Strahlung
am Boden führen und dadurch potentiell auch das Ökosystem der Erde beeinflussen.
Die Erde wird permanent von energiereichen Partikeln bombardiert und deren Absinken innerhalb der
Erdatmosphäre ist neben der Solarstrahlung ein weiterer Aspekt der Sonnenaktivität. Ein Teil dieser
Partikel, nämlich energiereiche Elektronen, können Kaskaden von chemischen Reaktionen auslösen.
Einige dieser Reaktionen können zur Produktion von Stickstoff- und Wasserstoffoxiden, im Speziellen
NOx und HOx, führen. Während ihres Absinkens aus der Magnetosphäre, produzieren AuroraElektronen NOx, aufgrund ihrer relativ niedrigen Energie von unter 30 keV jedoch ausschliesslich
oberhalb der Mesosphäre. Dieses NOx kann im Wintern innerhalb des polaren Vortex’ bis in die
Stratosphäre absinken, wo es Ozon zerstört. Motiviert durch die seit Kurzem mögliche
Berücksichtigung der Effekte der Aurora Elektronen in Klimamodellen, haben wir deren Einfluss auf
die chemische Zusammensetzung der winterlichen Atmosphäre auf der Südhalbkugel untersucht. Die
Ergebnisse deuten darauf hin, dass über den Polen allein 90% des in der oberen Stratosphäre
vorkommenden NOx durch Aurora-Elektronen induziert ist. In Übereinstimmung mit
Satellitenmessungen, finden wir zudem eine Ozonabweichung von rund 30% in der Mesosphäre und
rund 15% in der Stratosphäre in Wintern mit intensivem Elektronenfluss.
Während die niederenergetischen Aurora-Elektronen aus der Magnetosphäre herabsinken, sinken
Elektronen mittlerer Energie (30 – 300 keV) aus dem äusseren Strahlungsgürtel herab und produzieren
NOx und HOx direkt in der Mesosphäre. Die Integration dieser Elektronen mittlerer Energie in unser
Modell, ermöglicht es uns ihren Einfluss auf die chemische Zusammensetzung der Atmosphäre und das
Klima zu untersuchen. In Übereinstimmung mit Satellitenmessungen, können wir zeigen, dass diese
Elektronen währen geomagnetisch aktiven Phasen signifikante Mengen an NOx und HOx produzieren.
Die ozonzerstörende Wirkung dieser beiden Substanzen führt zu Abweichungen der Ozonkonzentration
von bis zu 15% in der Mesosphäre und 8% in der Stratosphäre. Die reduzierte Ozonkonzentration
wiederum beeinflusst Dynamik und Temperatur der Atmosphäre. Speziell in Wintern, in denen eine
hohe Dichte der absinkenden Elektronen mittlerer Energie verzeichnet wird, zeigt sich eine Erwärmung
der Mesosphäre und eine Abkühlung der Stratosphäre in den Polarregionen, was für beide Hemisphären
gilt. Diese Veränderungen der Temperatur und Dynamik hat zudem Einfluss auf die
Oberflächentemperatur in borealen Wintern. Wir zeigen, dass es zu einer Abkühlung um den Nordpol
und zu einer Erwärmung über Kontinentalasien kommt.
Schon durch die Verwendung eines einzigen Computermodells konnten wir substanzielle Fortschritte
bei der Aufklärung des Einflusses der von der Sonne emittierten Strahlung und energiereicher Partikel
auf die Chemie und das Klima der Erde erzielen. Nichtsdestotrotz, empfehlen wir die Integration dieser
Prozesse in weitere Klimamodelle, um darüber unser Wissen über den Einfluss der Sonne auf unser
Klima zu erweitern.
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1 Introduction
1.1 Solar radiation
The Sun is an ordinary star of spectral class 2 and
luminosity V. It consists mostly of hydrogen (92%
in terms of particle number) and helium (8%) [e.g.
Kallenrode, 2003]. The Sun is also special in that
it is the closest star to Earth and is responsible for
keeping suitable temperatures for life. One of the
ways the Sun impacts the Earth is through solar
radiation. The total solar irradiance (TSI) is a
measure of Sun radiation over all wavelengths and
is defined as the total power per unit area that
reaches the Earth. Today’s value of TSI is
approximately 1’361 Wm-2 [Solanki, 2013].
The Sun is a variable star with its output varying
over time. Continuous measurements of solar
activity from space have become possible only
since 1977 [Gray et al., 2010]. However, the
observations of the dark areas on the Sun, also
called sunspots, begun in 1610, only one year after
the invention of the telescope. Later, it was found
that solar activity is proportional to the area of the
Sun covered with sunspots and the sunspot
number thus became a proxy for reconstructing
solar activity. Reconstructions of solar activity
before the instrumental period are based on
radioactive isotopes gathered from the ice cores
and tree rings. Namely, solar activity modulates
production rate of these isotopes in the
atmosphere. This way, solar activity has been
reconstructed thousands of years into the past
[Steinhilber et al., 2009].
Decadal solar variability was first observed in the
mid 19th century [Schwabe, 1852; Wolf, 1861].
Today, this cycle is known as the 11-year solar
cycle, with TSI increases between minimum and
maximum of 0.1% [Fröhlich, 2006].
Several reconstructions of TSI have been made
based on different solar proxies (Figure 1.1). The
reconstructions reveal solar cycles with time
periods of hundreds of years, with peaks and
minima called “grand solar maxima” and “grand
solar minima”, respectively. The recent TSI

reconstruction made by Shapiro et al. [2011]
features bigger difference between present values
and grand solar minimum than previous
reconstructions.
Grand minima and maxima appear in clusters
separated by 2’000 – 3’000 years. The duration of
a grand maxima follows an exponential
distribution, while the grand minima come in two
types: a short (30 – 90 years) Maunder-type and
long (> 110 years) Spörer–type [Solanki, 2013].

1.2 Solar impact on Earth’s climate
The Sun has driven changes in Earth’s climate
throughout history. As an example, the Dalton
solar minimum (1790 - 1830) together with
volcanic activity caused cooling in Europe during
this period [Anet et al. 2013]. The most obvious
effect of solar activity on climate is its direct
influence of the energy balance of the Earth. In a
cloud-free atmosphere, part of the solar ultraviolet, visible and infrared radiation reaches and
warms the surface. The estimated global surface
difference between solar maximum and minimum
is 0.07 K, but this is strongly regionally dependent
[Gray et al., 2010].
Observations from the early 20th century (1910 –
1940) show a significant surface warming [Jones
et al., 1999; Yamanouchi, 2011]. Interestingly,
this period coincided with an increase in both
solar activity [e.g. Solanki et al., 2013] and
concentrations
of
greenhouse
gases
[Meinshausen, 2011]. Modeling studies have
provided several explanations for this warming.
Some suggest that anthropogenic factors were
dominant [e.g. Delworth and Knutson, 2000],
while some conclude that natural factors are more
important [Nozawa et al., 2005], and still others
suggested that a combination of these factors was
the cause of the warming [Tett et al., 1999].
The second global warming begun in the late 20th
century at the end of 1970s and this has been
attributed to increases emissions of greenhouse
gases due to the human activities [IPCC, 2013].
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Figure 1.1. Different total solar irradiance (TSI) reconstructions covering the period 1600 to present. The dark
blue vertical line shows the uncertainty, but no reconstruction is available [Schrijver et al., 2011]. The light blue
horizontal line is a Judge et al. [2012] correction of Shapiro et al. [2011] reconstruction [figure from Solanki et
al. 2013].

Stratospheric ozone is produced by chemical
reactions involving the ultraviolet (UV) part of the
solar spectrum. Solar UV photolyses oxygen
molecules into atomic oxygen, which recombines
with O2 to produce ozone. These reactions are
most efficient in the tropical stratosphere leading
to the highest ozone production in this region.
Naturally, global total ozone varies by 1 – 2%
between typical maxima and minima of the solar
cycle [WMO, 2014]. By absorbing UV radiation,
ozone protects life on Earth and its presence is
vital to human well-being.
In 1974 it was discovered that some humanproduced substances could destroy ozone layer
and thus endanger life on Earth. Observations
confirmed ozone depletion and in the mid 1980s
the ozone hole was found above Antarctica. As a
response to the ozone layer thinning the Montreal
Protocol was established in 1987, banning the
emission of ozone depleting substances into the
atmosphere. Recovery of the ozone layer is

expected to happen by the second half of the 21st
century [WMO, 2014].
Since the middle of the 20th century the Sun has
been in grand maximum state; however, recent
observations have shown that solar activity has
started to diminish. The last solar cycles have had
the smallest sunspot numbers in the past 100 years
[Lockwood et al., 2011; Owens et al., 2011]. This
suggests that the Sun might be heading towards a
grand minimum phase in the 21st century [Abreu
et al., 2010; Roth and Joos, 2013; Steinhilber and
Beer, 2013], but the time scale and amplitude of
each grand solar minimum is highly uncertain. In
one of the future possible evolutions of the solar
activity, Steinhilber and Beer [2013] state that a
solar minimum could last until the end of the 22nd
century.
Studies have shown that future grand solar
minima would not cancel the effects of global
warming [Mokhov et al., 2008; Anet et al., 2013b;
Meehl et al., 2013; Maycock et al., 2015];
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however, much less focus has been put on the
stratospheric changes that a grand solar minimum
could invoke. Moreover, to our knowledge, there
has been no attempt to investigate the impact on
atmospheric chemistry and climate of a grand
solar minimum lasting until the end of the 22nd
century.
Since the implementation of the peak in ODS
concentrations in the atmosphere in the late 1990s
ozone layer has slowly been starting to recover.
The possibility that the Sun might enter a grand
solar minimum in future has not been taken into
the account in future projections of ozone
recovery [WMO, 2014]. This might compromise
or even completely cancel the recovery of the
ozone layer.

1.3 Energetic particle precipitation
Besides for electromagnetic radiation the Sun also
continuously and sometimes explosively emits
plasma from its surface. This plasma is called
solar wind and it carries charged particles, mostly
electrons and protons but also alpha particles and
traces of heavier ions.
The Earth is continuously hit by energetic
particles that originate from the Sun, the
magnetosphere or outside of the solar system.
This process is called energetic particle
precipitation and depending on the origin and type
of the particles, they are separated into four
categories: auroral electrons, radiation belt
electrons, solar protons and galactic cosmic rays.
The aurorae, or polar lights are the manifestation
of solar-terrestrial interaction. They are most
visible in the high latitudes, away from city lights,
when the sky is clear and no full moon is present.
The process behind this phenomenon is the
collisional excitation of air molecules caused by
the
electrons
precipitating
from
the
magnetosphere. Namely, solar wind particles can
couple in the Earth’s magnetosphere in the
magnetotail region. During solar storms and substorms, they get accelerated and precipitate into
the atmosphere. Their energies are typically less
than 30 keV and this energy is deposited at 80 –
130 km altitude [ Turunen et al., 2009] in the
auroral ovals (60-75° geomagnetic latitude)

[Baker, 2000; Barth et al., 2003]. Auroral electron
precipitation intensifies in the declining phase of
the solar cycle [Marsh et al., 2007; Emery et al.,
2008].
Electrons with higher energies (30 keV to several
MeV) originate from the outer Van Allen
radiation belt [Bazilevskaya et al., 2008]. During
solar disturbances they propagate into the
atmosphere in the sub-auroral ovals (55-65°
geomagnetic latitude) [Andersson et al., 2014]
and are able to penetrate deeper into the
atmosphere, reaching the mesosphere (50 – 80
km) and those of the highest energies, the
stratosphere (< 50 km) [Turunen et al., 2009].
The Sun is also a source of energetic protons.
Events on the Sun such are solar flares, coronal
mass ejections and accompanied interplanetary
shocks, release huge clouds of high-speed plasma.
Solar proton events occur mostly during solar
maxima and their energies are typically up to 500
MeV [Giacalone, 2005; Cane et al., 2006]. Unlike
electron precipitation, solar proton events are
sporadic. Nevertheless, due to their high energies,
they are able to reach stratosphere [Jackman et al.,
2009].
The most energetic among energetic particles are
galactic cosmic rays. As their energies go up to 5
x 1013 MeV [Grieder, 1978; Dorman, 2004], their
ionization maximizes at around 15 km in the polar
regions and gradually decreases with latitude
[Usoskin et al., 2010].
The importance of energetic particle precipitation
for atmospheric composition and climate lies in
their ability to ionize neutral air molecules (N2 and
O2) in the Earth’s atmosphere, which can
recombine leading to the formation of reactive
nitrogen (NOx = N + NO + NO2) and hydrogen
(HOx = H + OH + HO2) oxides. NOx and HOx
radicals can catalytically deplete ozone [Brasseur
and Solomon, 2005]. HOx is short-lived as it gets
rapidly transformed to H2O (e.g. OH + HO2 ®
H2O + O2). Therefore, ozone depletion by HOx
can be observed only in areas of electron
precipitation highly localized in space and time.
On the other hand, the lifetime of NOx is longer
and it can be transported by atmospheric
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circulation far from the ionization region [e.g.
Mironova et al., 2015].
In the thermosphere, where auroral electron
precipitation occurs, humidity is low and the
production of NOx can be described by [Nicolet,
1975; Porter, 1976; Rusch et al., 1981; Sinnhuber
et al., 2012]:
N2 + e* ® N+ + N(4S) + 2e-,
N2 + e* ® N* + N(4S) + e-,
N2 + e* ® N2+ + 2e-,
N2 + O ® NO+ + N(4S),
N2+ + N+ ® N2+ + N(4S),
N2+ e- ® N* + N(4S),
NO+ + e- ® N(4S) + O,
N+ + O ® O+ + N(4S),

Ozone is capable of altering the radiative balance
in the atmosphere in both short and longwave
spectral bands [e.g. Karami et al., 2015]. The
changes in ozone concentrations are able to
impact radiative heating and temperature, which
are followed by in changes in dynamics with
potential influence on the surface [Limpasuvan et
al., 2005].
The effect of galactic cosmic rays [Calisto et al.,
2011; Jackman et al., 2016], solar proton events
[Jackman et al., 2011], auroral electron
precipitation [Baumgaertner et al., 2011; Rozanov
et al., 2012a] and radiation belt electron
precipitation [Semeniuk et al., 2011] have been
studied.
However,
recent
advances
in
understanding and parameterization of these
processes for climate models has motivated us to
estimate their impact on atmospheric chemical
composition and climate more precisely.

1.4 The aim and outline of this thesis

*

N + O2 ® NO + O.
The destruction of NOx occurs through
NO + hv ® N(4S) + O followed by the
cannibalistic reaction N(4S) + NO ® N2 + O.
However, in the absence of sunlight, photodissociation of NO is disabled leading to a longer
lifetime of NOx [Brasseur and Solomon, 2005].
Below 80 km, where the precipitation of radiation
belt electrons occurs, the atmospheric chemistry
becomes more complex due to the presence of
water vapour. The processes leading to the
formation of NOx stay the same as in the
thermosphere, while the reaction of oxygen with
water vapour leads to HOx production [Solomon
et al., 1981; Aikin, 1994; Sinnhuber et al., 2012].
Below 60 km electron precipitation is weak,
therefore HOx induced depletion of ozone is
limited to the mesosphere [Mironova et al., 2015].
The ionization of N2 and O2 peaks well above the
stratosphere, where the ozone layer maximum is
located. However, during the polar night, when
the lifetime of NOx is long, the downward
transport of NOx inside the polar vortex plays an
important role. If the electron precipitation is high
enough, NOx is able to affect ozone in the
stratosphere [Solomon et al., 1982].

One of the most puzzling climate events in the 20th
century was the surface temperature increase from
1910 – 1940. During this period, solar activity
increased at the same time concentrations of
greenhouse gases did. The results of previous
studies [Tett et al., 1999; Delworth and Knutson,
2000; Meehl et al., 2004; Nozawa et al., 2005;
Yamanouchi, 2011] are conflicting. Chapter 2
presents a model study which estimates the
different
contributions
of
natural
and
anthropogenic factors to the observed warming in
the 1910 – 1940 period.
As previously mentioned, there is a good
possibility that the Sun is going into another grand
solar minima. If this were to occur, it would be
very important to predict its impact on changes in
the whole atmosphere, especially on the recovery
of the ozone layer. Many studies have already
shown that a solar minimum in the 21st century
would not compensate global warming, but we
also consider the extreme possibility of the Sun
staying in a minimum state into the 22nd century.
These results are described in Chapter 3.
Recent major advances [Funke et al., 2016] in
climate model parameterization of auroral
electrons has provided the opportunity to examine
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their importance for atmospheric chemistry. The
upcoming Coupled Model Intercomparison
Project – 6 (CMIP6) model activity motivates us
to investigate if auroral electron precipitation has
an important influence on atmospheric
composition and thus if these particles should be
included in climate models. We show the results
in the Chapter 4.
Observations
precipitation

of radiation belt
fluxes (of middle

electron
energies

30 – 300 keV) has made it possible to include the
in climate models [Wissing and Kallenrode,
2009]. We investigated their effect on
atmospheric chemistry and climate. Furthermore,
to our knowledge, there so far has been no attempt
to quantify the effect of radiation belt electrons on
surface climate. Chapter 5 presents our findings
about the impact and importance of these
electrons on atmospheric chemistry and regional
climate.

6

2 Contributions of natural and anthropogenic forcings to
the early 20th century warming*
by Pavle Arsenovic†, Eugene Rozanov†‡ and Thomas Peter†

2.1 Abstract
The observed early 20th century warming (1910 – 1940) is one of the most intriguing climate anomalies
in the twentieth century. We investigate potential contributions from natural and anthropogenic forcings
to the surface temperature increase by performing seven model experiments with chemistry-climate
model with interactive ocean SOCOL3-MPIOM. The influence of energetic particle precipitation, solar
ultraviolet irradiance, solar visible and infrared irradiance, well-mixed greenhouse gases, ozone
precursors, and volcanic eruptions were considered separately. Model results suggest only 0.28±0.08 K
annual mean global warming during the considered period which is by 25% smaller than the observed
0.37±0.06 K trend. We found that the two third of the global warming is caused by the well-mixed
greenhouse gases (WMGHG: CO2, CH4 and N2O) increase, while the increase of the deep penetrating
solar irradiance constitute approximately one third of the total warming. In regional scale the WMGHG
warm up temperature increase over large areas and the warming in Europe is found to be due to the
increase of ozone precursors (CO and NOx) emissions. Because the WMGHG behaviour is well
constrained only higher solar forcing or including new forcing mechanisms can help to reach better
agreement with observations. The other considered forcings (heavily absorbed UV, energetic particles
and volcanic eruptions) do not significantly contribute to the annual and global mean warming.
_____________________________________

2.2 Introduction
Two periods of significant and sustained global
warming occurred in the 20th century: in the
1925 – 1944, where global temperatures increased
by 0.37 K; and 1978 – 1997 with a 0.32 K increase
[Jones et al., 1999]. Although it is likely that the
observed global warming in the second half of the
20th century is mainly caused by human activities
[IPCC report, 2013], the reasons of the early 20th
century warming are not identified [e.g.,
Yamanouchi, 2011].
There are several external climate forcings that
had an increasing trend from 1910 – 1940 and may
therefore have contributed to the increase. Rising
trend of solar activity [e.g. Solanki et al., 2013]
could have some influence on the surface
temperature. Large volcanic eruptions inject
sulfur gases into the stratosphere which being

*

converted to sulfate aerosols can scatter solar
radiation back to space and cool down the Earth’s
surface [Stothers, 2000]. There were no major
tropical volcanic eruptions during this period [e.g.
Sato et al., 1993], therefore, the warming in the
early 20th century could have been related only to
a recovery after the climate cooling by two major
volcanic eruptions prior to 1910: Krakatau in
1883 and Santa Maria in 1902. At the same time,
the concentrations of well-mixed (CO2, N2O and
CH4) greenhouse gases and emissions of ozone
precursors (CO and NOx) were rising due to the
advances in industry. Later are also important in
production of tropospheric ozone, which is also a
strong greenhouse gas [e.g. Monks et al., 2015].
Although tropospheric aerosol concentrations
also increased in this period, their impact is to cool
the surface by reflecting sunlight, so we do not
consider these in this study.

Prepared for submission to Geophysical Research Letters
IAC ETH, Zürich, Switzerland
‡
PMOD/WRC, Davos, Switzerland
†

7

a)

b)

Figure 2.1. The model boundary conditions for 1910 – 1940 period: a) Natural factors: Ap index describing
energetic particle precipitation intensity, relative solar 180 – 250 nm irradiance change [%] with respect to 1910
– 1940 period and solar 250 – 4000 nm irradiance change [‰] relative to 1910 – 1940 period; b) Anthropogenic
factors: CO2 concentrations [ppm] and global surface NOx emissions change relative to 1910 – 1940 [%].

Previous studies have put forward several
explanations for the 1910 - 1940 warming.
Delworth and Knutson [2000] found that the
observed warming could be induced by a
combination of anthropogenic forcings and
unusually large internal variability of the
atmosphere-ocean system. Tett et al. [1999] state
that early 20th century warming can be explained
by considering the combined influence of
anthropogenic drivers, internal variability and
possibly solar activity. Subsequent modeling
study by Tett et al. [2002] suggests that the global
warming in 1907 – 1957 was caused by increase
in greenhouse gases, natural forcing and internal
variability, but they conclude that the warming
was mainly caused by natural forcings. Meehl et
al. [2004] confirmed this finding with the coupled
climate model with ocean. Their results suggest
that the early 20th century warming was mainly
driven by the increase in solar activity. Another
modeling study was performed by Nozawa et al.
[2005] and they found that natural forcings such
as volcanic eruptions and solar activity caused
more warming than anthropogenic forcings.
Furthermore, Stott et al. [2003] pointed out that
solar activity might have bigger impact on climate
systems than simulated by models.
Recent advances in climate models and drivers
motivate us to re-evaluate the contributions of

natural and anthropogenic forcings on early 20th
century warming. As most of the solar UV
radiation gets absorbed above the troposphere and
solar visible and infrared radiation is able to reach
Earth’s surface, we separately evaluate their role
for the warming. It is known that energetic particle
precipitation can impact surface climate
[Baumgaertner et al., 2011; Rozanov et al.,
2012a; Seppälä et al., 2013; Maliniemi et al.,
2014] and recently published model forcings
[Matthes et al., 2016] allow us to estimate their
contribution to the early 20th century warming.
We also distinguish the role of well-mixed
greenhouse gases from ozone precursors to the
early 20th century warming.

2.3 Methods
We use the state of the art chemistry-climate
model SOCOL3-MPIOM [Stenke et al., 2013;
Muthers et al., 2014a], which consists of an
atmospheric component, ECHAM5.4 [Roeckner,
2003], the chemistry module MEZON [Rozanov
et al., 1999; Egorova et al., 2003] and the
interactive ocean module MPIOM [Marsland et
al., 2002; Jungclaus et al., 2006]. The model has
T31 spectral horizontal resolution and 39 vertical
levels covering the atmosphere from the ground to
0.01 hPa (~80 km).
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a)

b)

c)

d)

Figure 2.2. Annual global mean surface temperature anomalies in observations (HadCRUT4) for 1910 – 1940 in
comparison to ensemble mean model results: a) ALL; b) fixUV and fixVIS/IR; c) noEPP and noVOL; d) fixGHG
and fixWMGHG.

The model is free running except for the quasibiannual oscillation, which is nudged, as it does
not spontaneously form with the current model
setup. For solar activity we used spectral solar
irradiance from Shapiro et al. [2011]
reconstruction integrated over six spectral
intervals used in ECHAM-5 radiation code: 180 –
250 nm, 250 – 440 nm, 440 – 660 nm, 660 – 1190
nm, 1190 – 2380 nm and 2380 – 4000 nm. The
same spectral solar irradiance reconstructions
were used for the parameterization of the extra
heating [Sukhodolov et al., 2014] and photolysis

rates. Daily ionization rates by galactic cosmic
rays, solar protons and reactive nitrogen influx
from the thermosphere are prescribed as in
Matthes et al. [2016]. Greenhouse gases
concentrations, ozone depleting substances are
prescribed using Meinshausen et al. [2011]
historic values.
Figure 2.1a shows the
considered: the percentage
irradiance for 180 – 250 nm
4000 nm (blue) relative to

external forcings
change in solar
(violet) and 250 –
the 1910 – 1940
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average, and the geomagnetic activity Ap index
(green). The change in 180 – 250 nm is up to 8%,
while the change in 250 – 4000 nm does not
exceed 1‰ (0.1%). Figure 2.1b shows the 1910
– 1940 anthropogenic forcings: prescribed CO2 is
representative for well-mixed greenhouse gases,
and the relative change in global NOx emissions
for 1910 – 1940.

linear trend calculation and use the MannKenndal significance test within a 95%
confidence interval. When comparing the global
mean model output with observations, we
compare only the grid points that have no missing
observations in the whole 1910 – 1940 period.

We performed seven ten-member model
simulations covering 1851 – 1940 period. The
first experiment (referred hereafter to as ALL)
includes all the transient forcings. To investigate
contributions of an individual forcing, we either
fix them at 1851 levels or switched them off
completely.

Comparison of the surface temperature trends in
the observations and all the seven experiments are
given in Figure 2.2a-d. They illustrate annual and
global mean anomalies relative to 1910 – 1940
mean. Both observations and model results
display warming during this period (Figure 2.2a).
However, observations show the larger negative
local temperature anomaly at the beginning of the
period of around -0.2 K and the highest anomaly
at the end of the period of up to 0.3 K, which are
absent in the model.

For the second simulation (no energetic particle
precipitation, noEPP) all energetic particle
precipitation forcings were set to zero during the
whole simulation. The third experiment (fixed
solar ultraviolet; fixUV) is forced with the same
boundary conditions as ALL except for the first
wavelength band of ECHAM5 radiation code
(180 – 250 nm), extra heating and photolysis rates,
which was set to January 1851 value. This
experiment was designed to exclude all drivers
responsible for the initiation of the top-down
mechanism (ref. Gray et al., 2010 maybe). In the
fourth experiment (fixed solar visible and infrared
irradiance; fixVIS/IR) we fix only irradiance in
wavelength bands from 250 – 4000 nm at January
1851. This experiment was designed to exclude
direct heating of the troposphere and surface by
solar irradiance. The fifth simulation (fixGHG)
employs fixed concentrations of well-mixed
greenhouses gases (CO2, N2O and CH4), ozone
depleting substances and ozone precursors (NOx
and CO) emissions at January 1851. The sixth
simulation (fixWMGHG) is forced by same
boundary conditions as fixGHG except that ozone
precursors emissions are taken into account.
Finally, the seventh simulation noVOL was
performed by keeping the stratospheric aerosols at
January 1851 levels, when no volcanic eruption
occurred and the stratospheric aerosols loading
was low.
To evaluate performance of the model, we used
surface air temperature from MetOffice’s
HadCRUT v4.5. For the trend analysis, we exploit

2.4 Results

Experiments fixUV and fixVIS/IR (Figure 2.2b)
show a pronounced warming during the
investigated period. Temperature anomalies are
reduced in the both fixUV and fixVIS/IR
experiments compared to observations in the 1935
– 1940 period. Anomalies in fixUV all period
show very little difference to ALL. However,
temperature anomalies in fixVIS/IR are lower
both in the beginning and end of shown period.
This suggests that part of the global warming was
caused by increasing solar irradiance in 250 –
4000 nm spectral interval during this period.
Both noEPP and noVOL (Figure 2.2c) anomalies
show similar behavior as ALL. The surface
temperature is lower in the end of the period in
noEPP simulation, but the difference is not
statistically significant.
Figure 2.2d shows the temperature evolutions
when the trends in only greenhouse gases and
greenhouse gases and CO and NOx emissions are
excluded. In fixGHG temperature warming is less
pronounced, but still present, than before. In
fixWMGHG, the temperature is higher than
fixGHG in the end of the period. This suggests
that most of the global warming is coming from
the greenhouse gases. However, as shown before,
solar 250 – 4000 nm irradiance cannot be
neglected.
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Figure 2.3. Annual global linear temperature trend in K per 31 years of observations and model experiments.
Circles present trends of individual ensemble members, crosses are ensemble median values.

Linear trends in global temperature over the 31year period for observations and all ensemble
members of the experiments are shown in Figure
2.3. The trend in observations reaches
0.37±0.06 K/31y, while the median trend of ALL
ensembles is lower (~0.28±0.08 K/31y) even
though trends of two ensembles are close to
observed. Medians of noEPP and fixUV are
somewhat lower than ALL (0.27±0.08 K/31y and
0.26±0.08 K/31y, respectively) and show bigger
ensemble spread. Ensemble members of
fixVIS/IR have even bigger spread with one
ensemble member matching the trend of
observations, but two show negative trend. The
smallest
trend
of
ensemble
median
(0.12±0.08 K/31y) is present in fixGHG
experiment and it has large variability with one
ensemble member reaching negative trend of
around -0.3 K/31y. The trend is higher in
fixWMGHG suggesting that CO and NOx play an
important role in global warming. Trend of
noVOL simulation is highest among model
simulations, suggesting that the lack of volcanic
eruptions from 1851 has no impact on global
surface temperature increase.
Since the internal variability is high in some
ensemble members in different experiments and
some trends match the observations, internal

variability of the atmospheric system cannot be
excluded as the cause of the observed warming.
The annual surface temperature trend per 31 years
(1910 – 1940) of ensemble mean ALL experiment
is shown in Figure 2.4a. The warming is visible
over almost the whole globe, but most pronounced
in the Northern Hemisphere with a trend of around
0.5 K, in northern Africa, Euroasia and north
America. In the Southern Hemisphere, the
warming trend is less pronounced, but still
present. Over the oceans it is around 0.3 K, except
over Australia and Antarctica where is around 0.5
K/31y.
We used the ensemble mean values to calculate
trend of a difference between ALL and each
experiment in order to investigate the contribution
of each forcing on surface temperature trends.
Energetic particle precipitation contributes to the
warming only in the high latitudes (not shown).
Warming is present in Kamchatka (around
1K/31y), but also found around Antarctica (up to
0.5 K/31y). Statistically significant increase is
also seen in north Atlantic (around 0.3 K/31y).
The influence of solar UV irradiance on warming
trends is very weak all over the globe, except for
Australia where the warming of 0.5 K/31y is
present (not shown).
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a)

b)

c)

d)

Figure 2.4. a) the linear temperature trend [K per 31 years] of an ensemble mean of ALL experiment and
difference between: b) ALL and fixVIS/IR, c) ALL and fixGHG and d) ALL and fixWMGHG. Coloured areas
are significant at 95% confidence level using a Mann-Kendall test.

The solar irradiance in 250 – 4000 nm spectral
interval contributes more to surface warming than
solar UV influence on the stratosphere (Figure
2.4b). It contributes to surface temperature
increase, mostly in northern hemisphere. The
warming is most prominent in Labrador Sea
(1K/31y), but also over Mediterranean Sea, north
Atlantic and Australia of around 0.3 K/31y.

The biggest contribution to the global warming
comes from greenhouses gases (Figure 2.4c). The
temperature increase is spread over large areas of
the globe, with prominent maxima in Asia,
Antarctica and Australia, but also present in the
north Africa and middle America. Unlike
previous forcings, greenhouse gases contribute
also to surface warming in Europe (around 0.5
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K/31y). The warming trend in Europe disappears
in Figure 2.4d. This suggest that surface
temperature increase in Europe was mostly caused
by increase of ozone precursors emissions. The
emissions of these gases are most intensely
increasing over Europe in 1910 – 1940 which
supports the found warming.
Although volcanic activity causes some changes
in temperature trend, they cover very small areas,
therefore volcanic activity has minor impact on
the warming trend (not shown).

2.5 Conclusions
In this paper we estimated the contributions of
natural and anthropogenic forcings to early 20th
century warming. The model simulation
containing all transient forcings shows increasing

trend in surface temperature, but it is
underestimated compared to observations. Solar
UV irradiance is shown to have very little impact
on global and annual mean temperature trend.
However, solar visible and infrared radiation are
more important; it causes largest warming around
Labrador and Mediterranean Sea. Absence of
volcanic eruptions since 1851 did not contribute
to the warming trend and energetic particle
precipitation caused only small warming in the
northern Atlantic and Kamchatka. The largest
contribution to early 20th century warming is
coming from anthropogenic forcing. Increase of
well-mixed greenhouse gases (CO2, N2O and
CH4) concentrations cause the warming in Asia,
Africa and over oceans in equatorial regions but
the warming in Europe is mostly coming from
increased emissions of ozone precursors (CO and
NOx).
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3 Implications of potential future grand solar minimum for
ozone layer and climate*
by Pavle Arsenovic†, Eugene Rozanov†‡, Julien Anet§, Andrea Stenke† and Thomas Peter†

3.1 Abstract
Continued anthropogenic greenhouse gas (GHG) emissions are expected to cause further global
warming throughout the 21st century. Understanding potential interferences with natural forcings is thus
of great interest. Here we investigate the impact of a recently proposed 21st century grand solar
minimum on atmospheric chemistry and climate using the SOCOL3-MPIOM chemistry-climate model
with interactive ocean. We examine several model simulations for the period 2000 – 2199, following
the greenhouse gas scenario RCP4.5, but with different solar forcings: the reference simulation is forced
by perpetual repetition of solar cycle 23 until the year 2199, whereas the grand solar minimum
simulations assume strong declines in solar activity of 3.5 and 6.5 W/m2 with different durations.
Decreased solar activity is found to yield up to a doubling of the GHG induced stratospheric and
mesospheric cooling. Under the grand solar minimum scenario tropospheric temperatures are also
projected to decrease. On the global scale the reduced solar forcing compensates at most 15% of the
expected greenhouse warming at the end of 21st and around 25% at the end of 22nd century. The regional
effects are predicted to be stronger, in particular in northern high latitude winter. In the stratosphere,
the reduced incoming ultraviolet radiation leads to less ozone production by up to 8%, which
overcompensates the anticipated ozone increase due to reduced stratospheric temperatures and an
acceleration of the Brewer-Dobson circulation. This, in turn, leads to a delay in total ozone column
recovery from anthropogenic chlorine-induced depletion, with a global ozone recovery to the pre-ozone
hole values happening only upon completion of the grand solar minimum in the 22nd century or later.
_____________________________________

3.2 Introduction
Global warming is one of the main current societal
problems. The observed global warming since
preindustrial period (1850 – 1900) until the end of
20th century (1986 – 2005) is estimated to be
around 0.6 °C (IPCC, 2013). The mean global
surface temperature is expected to continue to rise
in the 21st century due to human activity and an
associated increase of greenhouse gas (GHG)
concentrations. In its fifth assessment report
(AR5) the Intergovernmental Panel on Climate
Change (IPCC) examined four Representative
Concentration Pathways (RCPs) of GHG
concentration trajectories (IPCC, 2013). The
projected warming (2081-2100 mean minus 19862005 mean) is 1±0.4 °C for RCP2.6, 1.8±0.5 °C
*

for RCP4.5, 2.2±0.5 °C for RCP6.0, and
3.7±0.7 °C RCP8.5, given as multi-model mean ±
standard deviation of the various IPCC models. In
December 2015, many countries agreed to make
an effort to reduce their emissions of GHG into
the atmosphere in order to keep the global surface
temperature rise below 2 °C above pre-industrial
levels. This agreement was adopted under United
Nations Framework Convention on Climate
Change (UNFCCC), and it is now known as The
Paris climate agreement. RCP2.6 is the only GHG
concentration scenario that limits the global mean
surface temperature increase at 2 °C at the end of
21st century [van Vuuren et al., 2011b].
A second major anthropogenic influence on the
atmosphere results from the release of ozone
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depleting substances (ODSs). Rowland and
Molina (1974) warned against human-produced
chemicals playing an important role in
stratospheric ozone depletion, leading to a
thinning of the ozone layer, thereby increasing the
incidents of skin cancer and eye cataracts, but also
affecting plants, crops and the ocean ecosystem
(e.g., Hegglin et al., 2015). Observations
confirmed the global ozone depletion, and
revealed that the maximum ozone depletion
occurred in the springtime Antarctic stratosphere,
a phenomenon commonly known as the “ozone
hole”. As a response to ozone depletion, the
Montreal Protocol was established in 1987, which
prohibited emissions of certain ODSs into the
atmosphere. In their latest report on the ozone
layer, the World Meteorological Organization
(WMO) and United Nations Environmental
Programme (UNEP) projected that the reduction
of ODSs will lead to ozone increase in the 21st
century, reaching pre-1980 levels in the second
half of the century, with detailed recovery times
depending on latitude (WMO, 2014).
The projections of terrestrial climate by the IPCC
and of the ozone layer by WMO/UNEP assume
solar irradiance to remain basically constant with
respect to both incoming integrated power (total
solar irradiance, TSI) and spectral distribution of
the power (spectral solar irradiance, SSI).
However, the Sun is a variable star and its output
varies over vast time scales. The decadal-scale
solar variability was discovered in the middle of
the 19th century [Schwabe, 1852; Wolf, 1861].
This cycle is today known as the 11-year solar
cycle and is characterized by a change in TSI
between
maximum
and
minimum
of
2
approximately 1 W/m at Earth distance
[Fröhlich, 2006], corresponding to about 0.07%
of the average TSI of 1366 W/m2 [Gray et al.,
2010]. Solar activity on longer time scales can be
reconstructed using cosmogenic radionuclides,
whose atmospheric production rate is modulated
by solar activity. The reconstructions reveal
cycles in the order of hundreds of years, called
“grand solar minima” and “grand solar maxima”.
Several recent publications suggest a new grand
solar minimum to occur in the 21st century (Abreu
et al., 2010; Lockwood et al., 2011; Roth and Joos,
2013) and to last even until the end of 22nd century

(Steinhilber and Beer, 2013). Such events might
have a significant impact on climate and on the
ozone layer. As an example, the Dalton minimum
(1790 – 1830) is thought to have contributed to
significant cooling in Europe [Luterbacher et al.,
2004; Brugnara et al., 2013]. It was characterized
by reduced solar irradiation [Hoyt and Schatten,
1998], estimated to range between a moderate ~1
W/m2 [Kopp, 2016] and as much as ~5 W/m2
[Shapiro et al., 2011b] below present values. Anet
et al. (2013b) applied the forcing derived by
Shapiro et al. (2011) to modulate the solar input in
a climate model and found that, among other
natural factors (e.g. volcanic activity), the
computed cooling was to a large degree caused by
low solar activity. A grand solar minimum, which
was even more prolonged than the Dalton
Minimum was the Maunder Minimum, the period
starting around 1645 and continuing to around
1715 when sunspots became exceedingly rare.
Energetic particle precipitation (EPP) is closely
related to solar activity. Energetic particles have
the ability to produce odd nitrogen and odd
hydrogen species, NOx ([N] + [NO] + [NO2]) and
HOx ([H] + [OH] + [HO2]), which are known to
catalytically deplete ozone. Amongst all energetic
particles, galactic cosmic rays (GCR) are the most
energetic (1 MeV to 5·1013 MeV; Dorman, 2004),
so that they penetrate deep into the atmosphere.
Their influence is most important in the polar
lower stratosphere and upper troposphere [Calisto
et al., 2011; Mironova et al., 2015; Jackman et al.,
2016]. Their intensity is anticorrelated with the
solar activity [Bazilevskaya et al., 2008].
Conversely, low energy electrons (LEE) are
stopped already in the upper atmosphere and
produce NOx in thermosphere, above 80 km
altitude. During polar night, NOx created by LEE
is then transported downwards and affects
mesospheric and stratospheric ozone [Rozanov et
al., 2012b]. Therefore, inclusion of these
processes in chemistry-climate models is
important for a realistic representation of ozone.
With respect to surface temperature, reductions in
solar activity may lead to a partial compensation
of the radiative forcing stemming from increased
anthropogenic emissions of GHGs. A number of
studies were conducted to estimate if a potential
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future grand solar minimum would slow or even
cancel global warming. Mokhov et al. (2008)
performed 21st century simulations with different
solar, volcanic and anthropogenic forcings. Their
analysis of the response of global mean nearsurface temperature to various solar scenarios
showed that solar activity variations of up to 2
W/m2 impose only small changes in the surface
temperature. Meehl et al. (2013) used the climate
model CESM1 WACCM to investigate whether a
future Maunder-like minimum could stop global
warming. They found that such a potential grand
solar minimum in the middle of 21st century
would slow and delay anthropogenic global
warming, such that surface temperatures would be
lower by several tenths of a degree by the end of
the grand minimum. However, their study focused
on surface temperature, whereas chemical effects
and stratospheric changes caused by a grand solar
minimum were not investigated. Another
modelling study was performed by Anet et al.
(2013a) using the SOCOL3-MPIOM model. Their
work also showed a reduction of surface
temperatures of the same order of magnitude as
shown by Meehl et al. (2013) and a delay of the
ozone recovery back to the “pre-ozone hole”
conditions. Ineson et al. (2015) used the
HadGEM2-CC climate model to evaluate possible
impacts of a grand solar minimum on climate.
They found that the reduction of solar irradiance
of about 0.13% would globally cool the surface by
around 0.1 K for the second half of 21st century.
Maycock et al. (2015) used the same model and
applied a decrease in total solar irradiance and UV
over the second half of 21st century of 0.12% and
0.85% respectively, compared to present values.
They found that the decrease in solar activity
would reduce global annual near surface
temperature by around 0.1 K and cool the
stratopause region by around 1.2 K. However,
their climate model lacked interactive chemistry,
hence change in ozone and the influence of the
EPP were neglected.
The present work is a continuation and extension
of the study of Anet et al. (2013a). Here we
investigate the atmospheric response to a potential
grand solar minimum which starts around 2020,
reaches full depth by about 2090, and lasts either
until 2200 or recovers within the 22nd century.

3.3 Methods
We use the coupled chemistry-climate model
SOCOL3-MPIOM (Stenke et al., 2013; Muthers
et al., 2014), which consists of the atmospheric
model coupled to the chemistry module and the
ocean model. The atmospheric component is a
general circulation model ECHAM5.4, a spectral
model based on primitive equations with
temperature, vorticity, divergence, the surface
pressure, humidity and cloud water as prognostic
variables [Roeckner, 2003; Manzini et al., 2006;
Roeckner et al., 2006]. Here it was applied in a
configuration with T31 spectral horizontal
truncation (approximately 3.75° x 3.75°
horizontal resolution) and 39 vertical levels from
the ground to 0.01 hPa (~80 km). The chemistry
module is MEZON [Rozanov et al., 1999;
Egorova et al., 2003], which computes the
tendencies of 41 gas species, taking into account
200 gas-phase, 16 heterogeneous and 35
photolytical reactions. The oceanic component is
MPIOM, a primitive equation model with the
hydrostatic and Boussinesq assumptions made. It
includes a dynamic/thermodynamic sea-ice
module and uses a curvilinear orthogonal grid
which allows for various setups. In our study it
was used with a nominal horizontal resolution of
3°, divided vertically into 40 levels from the ocean
surface to the bottom (for more details see
Muthers et al., 2014).
We simulated five different scenarios, each with
two ensemble members, with the only difference
between these experiments being the applied solar
forcing: four experiments with grand solar
minima of two different strengths and two
different durations, plus a reference simulation
(see Figure 2.1). The reference simulation
(hereafter termed REF) is forced by a perpetual
repetition of the solar cycle 23 until the year 2199.
Two experiments assume a weak drop (termed
WD or WDR) in the solar forcing with total solar
irradiance (TSI) approximately 3.5 W/m2 lower
than in REF (0.25% reduction). The assumed
solar minimum either continues throughout the
22nd century (WD) or starts to recover (WDR)
soon after reaching the minimum of -3.5 W/m2
around the year 2087.
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Figure 3.1. Total solar irradiance change relative to the mean of the REF scenario (green line) in % used in the
simulations. Weak drop (WD) in blue, weak drop with recovery (WDR) in purple, strong drop (SD) in red and
strong drop with recovery (SDR) in orange.

Two further experiments assume a strong drop
(termed SD or SDR) with TSI about 6.5 W/m2
lower (0.48% reduction) than in REF, again either
continuing throughout the 22nd century (SD) or
recovering (SDR) soon after reaching the
minimum (Figure 3.1). Since this is a
continuation of the study of Anet et al. (2013a),
we are using the same solar forcing as they did. It
is calculated using the method developed by
Shapiro et al. (2011) based on the solar
modulation potential (F). The applied spectral
solar irradiance (SSI) is described in Anet et al.
(2013a, Figure S3). The prolonged grand solar
minimum scenarios (WD and SD) are based on
the same F: WD represents the upper envelope of
the uncertainty range of the solar forcing
reconstruction, while SD represents the mean of
solar forcing. The same applies to WDR and SDR,
but the F follows the recovery of grand solar
minimum. We call the scenarios “weak” and
“strong” for clear distinction, though it must be
noted that both scenarios actually represent
stronger irradiance reductions than those
generally assumed previous studies [Mokhov et
al., 2008; Meehl et al., 2013; Ineson et al., 2015;

Maycock et al., 2015] and by the IPCC. As
described by Meehl et al. (2013), previous
estimates regarding the TSI decrease during the
Maunder Minimum compared to present-day
values range from somewhere close to present 11year solar minima, to reductions of 0.15% to 0.3%
below present solar minima all the way to more
than 0.4% below present solar minima derived by
Shapiro et al. (2011) and applied here in the SD
and SDR scenarios. The stronger reductions in
TSI have been criticized as being too large
[Feulner, 2011], but here we regard these
estimates as an absolute lower bound in TSI.
Judge et al. (2012) found the Shapiro et al. (2011)
estimates to be within bounds set by current stellar
data, however, likely have over-estimated quietSun irradiance variations by about a factor of two,
based upon a re-analysis of sub-mm data from the
James Clerk Maxwell telescope. This is the basis
for the WD and WDR scenarios employed here.
In agreement with Meehl et al. (2013) we
emphasize that the caveat for the present study is
that an actual future Maunder Minimum-type
event could feature a smaller reduction of TSI and
an even lower climate system response.
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Figure 3.2. Annual mean residual vertical velocities (w*) at 70 hPa averaged over 20° N – 20° S latitudes and
smoothed with Savitzky-Golay filter. Weak drop (WD) in blue, weak drop with recovery (WDR) in purple, strong
drop (SD) in red and strong drop with recovery (SDR) in orange.

To extend the simulations to the 22nd century, we
repeated the last solar cycle for WD and SD
simulated by Anet et al. (2013a) for the year 2090
(Figure 3.1) until the year 2199 as was suggested
by Steinhilber and Beer (2013). For WDR and
SDR we mirrored SSI values backwards from
2088 into the future. This way we constructed the
recovery of solar activity to pre-grand solar
minimum values. The parameterizations of
galactic cosmic rays (GCR), solar energetic
protons and low energy electrons (LEE) were
introduced identically to Rozanov et al. (2012).
Apart from solar irradiance, F is used to
parametrize GCR (based on Usoskin et al., 2010)
and also to develop the geomagnetic activity (Ap)
index needed for the LEE parameterization. As
mentioned above, since “weak” and “strong”
scenarios are developed from the same F, the EPP
forcing is identical in WD and SD and in WDR
and SDR scenarios.
Tropospheric aerosols are adapted from NCAR
Community Atmospheric Model (CAM3.5)
simulations with a bulk aerosol model forced with
CMIP4 sea surface temperatures and the 2000 –
2100 CMIP5 emissions. For the 22nd century
simulations, they are fixed at 2090 levels.

Stratospheric aerosols are kept at background
levels except for the following four randomly
chosen volcanic eruptions in the 21st century:
Fuego-like eruption in 2024, a smaller eruption in
2033, an Agung-like eruption in 2060 and again a
smaller eruption in 2073 (Anet et al., 2013a;
2013b). For the 22nd century we assume four
identical small eruptions (with a magnitude
between the eruptions in 2033 and 2073) in the
years 2115, 2137, 2166 and 2187. The
concentrations of GHGs and ODSs follow the
CMIP5 RCP4.5 scenario [Meinshausen et al.,
2011; van Vuuren et al., 2011a], while the quasibiennial oscillation (QBO) wind fields are nudged
(for more details on the experimental set-up see
Anet et al., 2013a).

3.4 Results
In order to understand the influence of a future
grand solar minimum on climate and ozone layer
evolutions, we first investigate the future
evolution for the individual solar forcing
scenarios. Subsequently we calculate differences
in various quantities between the applied solar
scenarios and REF for the future (2090 – 2099) to
elucidate the role of the solar forcing.
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3.4.1 Brewer-Dobson Circulation
(BDC)
The transformed Eulerian mean vertical residual
velocity (w*; Hardiman et al., 2010) can be used
as a measure of intensity of the Brewer-Dobson
circulation. Figure 3.2 shows annual mean w*
slightly above tropopause (70 hPa) averaged over
20° N – 20° S, since its maximum is around 15°
– 20° on both hemispheres [Eyring et al., 2010].
To reduce variability, the curves are smoothed
with Savitzky and Golay (1964) filter.
The BDC accelerates in all experiments. From
1960 throughout the 21st century, the increase is
2 – 3% per decade, which agrees with SPARC
multi-model mean [Eyring et al., 2010] and study
of Butchart et al. (2006). The intensification is
most evident in the first half of 21st century, when
the increase of GHG concentrations is highest
(van Vuuren et al., 2011, Figure 9). The second
half of 21st century and the 22nd century show a
continued acceleration of the BDC, however with
a reduced strength, but statistically significant (at
95% confidence level using Mann-Kendall
significance test). The intensification is highest in
REF simulation and lower in WD and SD
scenarios. However, in WDR and SDR scenarios,
after the recovery of solar activity, BDC quickly
adjusts to match the REF scenario at the end of
22nd century.

3.4.2 NOx response
According to the applied RCP4.5 scenario,
surface emissions of NOx are decreasing and
concentrations of N2O are increasing during the
21st century. Decreasing NOx emissions in the
troposphere lead to lower NOx concentrations in
REF by up to 80% by the end of 21st century
throughout the northern and of up to 40%
throughout the southern troposphere (Figure
3.3a). In contrast, increasing N2O concentrations
lead to increasing NOx levels in the upper
stratosphere due to N2O conversion to reactive
nitrogen oxides through the reaction with O(1D)
[Brasseur and Solomon, 2005]. By the end of the
21st century stratospheric NOx is projected to
increase by about 10%. The NOx decrease by 20%
in the tropical upper troposphere most likely

comes from decreasing tropospheric NOx and
therefore less NOx transport from the troposphere
into the stratosphere.
Figure 3.3b shows the simulated future change in
NOx volume mixing ratio changes for the SD
scenario. The different solar forcing leaves NOx
levels unchanged in the troposphere, where NOx
is dominated by anthropogenic influence. In the
stratosphere, however, the effect of the solar
irradiance decrease is well visible. Reduced NO
photolysis limits NOx removal in the stratosphere
via the reaction N + NO ® N2 + O, leading to a
more pronounced stratospheric NOx increase
under SD than under REF conditions.
Furthermore, the GCR intensity is stronger during
grand solar minima leading to enhanced NOx
production in the lower polar stratosphere. This
effect, together with faster transport to the polar
regions via BDC, yield around 50% more NOx the
in southern and 20% in the northern hemisphere.
During the grand solar minimum, the precipitation
of LEE is decreased, leading to 60% reduced
production of NOx in the polar mesosphere.
At the end of the 21st century, the lower photolysis
rates in SD relative to REF would yield around
10% more stratospheric NOx (Figure 3.3c). The
WD scenario would only lead to a 5% more
stratospheric NOx, i.e. about half the effect of SD
(Figure 3.3d). As the applied LEE forcing in the
model is the same for WD and SD, there is a
similar reduction of NOx of around 80% in the
polar mesosphere.

3.4.3 Temperature response
In REF, anthropogenic forcings according to
RCP4.5 lead to a warming of the troposphere and
a cooling of the stratosphere and mesosphere in
the future as indicated in Figure 3.4a. The
tropospheric warming reaches a maximum of
around 3 K in the tropical upper troposphere.
Zubov et al. (2013) showed that tropospheric
warming is mainly caused by the surface warming
due to increase of down-welling infrared radiation
by GHG, enhanced by latent heat release in the
middle troposphere. The temperature decrease in
the stratosphere and mesosphere results from
increased cooling rates of GHGs.
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(a)

(b)

(c)

(d)

Figure 3.3. Annual zonal mean NOx difference in % of future (2090 – 2099) minus near present (2000 – 2009)
for REF (a) and SD (b), and the difference SD – REF (c) and WD – REF (d) under future conditions (2090 –
2099). Coloured regions are significant at the 95% confidence level (calculated using a Student t-test). Colour
interval is 10%.

The secondary maximum in the Antarctic lower
stratosphere is explained by the ozone recovery
following the limitation of ODSs emissions. Li et
al. (2009) used the Goddard Earth Observing
System chemistry climate model to evaluate
temperature and ozone response to GHG increases
and ODS declines. They found a warming of the
troposphere in the second half of the 21st century
of up to 4 K compared to the mean 1975 – 1984
values, accompanied by a cooling of stratosphere
of up to 8 K. Our results for the same period (not
shown) agree very well with their study. In the SD
scenario the warming of the whole troposphere
continues into the 22nd century relative to the end

of 21st, with an additional warming peaking at
around 1 K in tropics (not shown), while
stratospheric temperatures do not further change
during that century. The latter is expected, as the
stratosphere has relatively short thermal
relaxation time of less than a month [Newman and
Rosenfield, 1997].
Figure 3.4b shows the temperature difference
between future and present for the SD scenario.
Relative to REF in Figure 3.4a, the temperature
response pattern shows a reduced warming by up
to 1 K in the troposphere, but a more intensive
cooling in the stratosphere and mesosphere.
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(c)
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Figure 3.4. Annual zonal mean temperature difference in K of future (2090 – 2099) minus near present (2000 –
2009) for REF (a) and SD (b), and difference SD – REF (c) and WD – REF (d) under future conditions (2090 –
2099). Coloured regions are significant at the 95% confidence level (calculated using a Student t-test). Colour
interval is 1 K.

The analysis of the zonal annual mean
temperature presented by Maycock et al. (2015)
showed the most intense cooling around the
stratopause of up to 1.5 K for the 2050 – 2099
period. Our results for the same period suggest a
similar temperature pattern (not shown).
However, the magnitude is larger: the most
pronounced cooling is located above the
stratopause and amounts to around 2 K in the WD
and 3 K in the SD scenario. The difference in
magnitude is related to a smaller decrease of the
solar UV irradiance in their study. The
temperature anomaly in SD compared to REF is
shown in Figure 3.4c. The temperature difference

increases from the tropopause to the mesopause
up to -7 K. Cooling in the troposphere of around
0.5 K is also found, but this can compensate less
than 20% of the warming caused by
anthropogenic GHG emissions. As expected, the
WD scenario (Figure 3.4d) shows a similar
difference pattern, but with a smaller magnitude.
The global mean surface temperature evolution is
displayed in Figure 3.5. As shown by Anet et al.
(2013a), the global mean surface temperature
rises in the 21st century in all three scenarios
(REF, WD, SD).
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Figure 3.5. Annual global mean surface temperature in K of ensemble means from 1960 to 2199.

The difference of global surface temperature
between REF and SD, averaged over the last 20
years of the 21st century, is about 0.3 K (as also
found by Anet et al. (2013a)). Should the grand
solar minimum persist until the end of the 22nd
century, the difference between REF and SD
would increase to about 0.6 K (averaged over
2180 – 2199), which is about 25% of projected
global warming of 2.3 K at the end of the 22nd
century compared to the base period (1986 –
2005). The continued temperature increase after
2100 is supported by the thermal inertia of the
ocean, as all forcings are kept constant in the 22nd
century.
In case of a recovery of the minimum within the
22nd century, the difference of global surface
temperature between REF and SDR, averaged
over the last 20 years of the 22nd century, is
computed to be only about 0.1K. This temperature
response would compensate just ~4% of the
anthropogenic temperature increase at the end of
22nd (2180 – 2199) century. In other words, an
occurrence of the grand solar minimum in 21st
century followed by its recovery would only
slightly reduce global surface temperature.

For the RCP4.5 scenario, climate models also
predict a warming about 2 K at the end of 21st
century (2081 – 2100) compared to the 1986 –
2005 reference period (Figure 12.8, IPCC, 2013).
As the ocean has a larger heat capacity and
thermal inertia than the land surface and the
atmosphere, the warming over land is more
pronounced. The increase is most prominent near
the poles of both northern (up to 5 K) and southern
hemisphere (up to 3 K) (Figure 12.11, IPCC,
2013), a feature known as polar amplification
[Serreze and Barry, 2011]. Comparing the end of
the 21st century (2090 – 2099) to its beginning
(2000 – 2009), our model reproduces the polar
amplification well: REF yields an increase of up
to 4 K in North America and of up to 2 K in
Antarctica (Figure 3.6a). The other continental
regions warm up by around 2 K, while the sea
surface temperature increases by 1 – 1.5 K. Recent
studies (IPCC, 2013; Bakker et al., 2016) suggest
that the Atlantic Meridional Overturning
Circulation (AMOC) could weaken in the 21st
century resulting in a temperature reduction in the
North Atlantic. Our simulations reproduce this
characteristic cooling of 1 K in the northern
Atlantic that could be caused by a weakening of
the AMOC in the 21st century.
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Figure 3.6. Spatial distribution of surface temperature difference in K of future (2090 – 2099) minus near present
(2000 – 2009) for REF (a) and SD (b), and of far future (2190 – 2199) minus intermediate future (2090 – 2099)
for REF (c) and SD (d). Coloured regions are significant at the 95% confidence level (calculated using a Student
t-test). Colour interval is 0.5 K.

A pronounced global warming would persist even
if a strong irradiance drop, scenario SD, occurred
in the near future, see Figure 3.6b. The model
suggests a reduction of the warming in northern
high latitudes, i.e. the damping of the polar
amplification in the SD scenario. The surface
temperature increase is also damped over
continental Africa, Asia and North America, but
amplified around Antarctica. The sea surface
temperature, although still increasing, shows a
smaller warming compared to REF. A study by
Menary and Scaife (2014) suggests that the low
solar irradiance might cause a strengthening of the
AMOC
through
stratosphere-troposphere
coupling. Our results confirm the disappearance
of the cooling in the northern Atlantic, likely
caused by a recovering AMOC in the grand solar
minimum [Muthers et al., 2016]. Beyond the
scope of our paper, this phenomenon needs to be
investigated in more detail as it might have an
impact on global, and especially on the European
climate [Jackson et al., 2015].
The surface temperature continues to rise in 22nd
century (Figure 3.6c and 3.6d) in both the REF
and SD scenarios. REF shows that the further

increase is located mostly on the continents, but
also in the Pacific, Kamchatka, Alaska and
Greenland. The warming patterns in the 22nd
century show similar locations of maxima as at the
end of the 21st, but with a smaller magnitude.
The warming during the 22nd century is less
pronounced than in the previous century,
especially in the SD case. The maximum warming
of 1 K is located in the high latitudes.
The reduction of the annual mean surface
temperatures due to the reduced solar activity at
the end of 21st century is pronounced in the Arctic,
and generally continental areas show lower
surface temperatures, except for Australia and
Europe, see Figure 3.7a for the strong reduction
(SD) scenario. The sea surface temperatures
decrease by up to 0.5 K. The weaker WD scenario
also shows a reduced warming, but to a smaller
magnitude (Figure 3.7b). The cooling is most
prominent in Russia and North America,
amounting to around 1 K. The temperature
decrease over sea is confined to the Indian Ocean
and does not exceed 0.5 K.
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Figure 3.7. Global projections of spatial distributions of annual mean surface temperature differences in K of SD
minus REF (a) and WD minus REF (b) in the late 21st century (2090 – 2099). Polar projections of boreal winter
(DJF) mean surface temperature differences in K of SD minus REF (c) and WD minus REF (d) in the late 21st
century (2090 – 2099). Coloured regions are significant at the 95% confidence level (calculated using a Student
t-test). Colour intervals are 0.5 K in (a) and (b) and 2 K in (c) and (d).

In both scenarios simulating a solar anomaly, a
temperature increase of up to 1 K in SD and 0.75
K in WD, is predicted over the North Atlantic,
likely due to a partial recovery of AMOC
[Muthers et al., 2016]. Considering the SD
scenario, the boreal winter analysis of surface
temperature response (Figure 3.7c and 3.7d)
shows the largest temperature reduction in winter
over the Barents Sea and northern Asia. Similar
cooling areas appear also in the WD case. The
warming in the North Atlantic and in Greenland is
present in the boreal winter projection as well as
in the annual mean. Ineson et al. (2015) showed
wintertime cooling in northern Eurasia and
eastern North America with minima of -1.5 K in
the 2050 – 2099 period. Our simulations show a
similar, but more pronounced pattern for the same
period (not shown), possibly due to our applied

drop in UV forcing being stronger than the one
used by Ineson et al. (2015). Chiodo et al. (2016)
reported significant cooling in their model
simulations in boreal winter in continental Asia
and the Bering Sea with peaks of -1.2 K for
2005 – 2065. This cooling is accompanied by a
warming in North America and off the coast of
Japan. Our results for WD suggest a slight
warming at the east coast of North America and
Europe, albeit not statistically significant (not
shown).

3.4.4 Ozone response
Due to the Montreal Protocol ODSs’
concentrations are projected to further decrease in
future, which is expected to lead to a recovery of
stratospheric ozone, mainly in polar lower
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stratosphere and globally in the upper stratosphere
(Figure 3.8a). The decrease in concentrations of
chlorine species strongly affects polar lower
stratospheric ozone (exceeding +30%), mainly
due to a slowing of heterogeneous chlorine
chemistry in the polar winter stratosphere, which
is also responsible for the Antarctic “ozone hole”
[Solomon et al., 1986]. The increase in the upper
stratosphere of 15 – 20% is a result of reduced
intensity of the catalytic ozone destruction by
reactive chlorine species (Molina and Rowland,
1974). In particular in the tropical stratosphere,
the increase in ozone is also due to the GHG
induced cooling, which slows the catalytic ozone
destruction cycles as well as the reaction
O + O3 ® 2 O2. In the mesosphere the reaction
O + O2 + M ® O3 + M also becomes important as
its reaction rate coefficient increases with cooling
[Jonsson et al., 2004], leading to ozone increase
of around 5%. Conversely, the future decline of
NOx surface emissions will result in less
tropospheric ozone with a maximum in the
northern hemisphere of up to 20%.
Besides chemical processes, which depend on
ODS concentrations and on temperature, the
circulation changes expected to result from GHGinduced radiative changes, are also important for
ozone. The acceleration of the BDC causes faster
transport of ozone from the tropics to high
latitudes causing ozone decrease in the tropical
lower stratosphere exceeding 10% around 100
hPa (Figure 3.8a). The further acceleration of the
BDC during the 22nd century leads to a further
reduction of tropical ozone by 5% (years
2190 – 2199 relative to 2090 – 2099, not shown)
and an increase in polar regions of 5%.
The strong solar minimum scenario SD shows a
similar ozone pattern (Figure 3.8b). The increase
of ozone in the lower polar stratosphere is the
same as in REF as the impact by ODSs does not
seem to depend much on the solar activity.
However, in the upper stratosphere the ozone
increase is smaller than in the reference case, as
its production is supressed by low level of solar
UV. Regardless, decreasing ODSs concentrations
dominate over a decrease of the solar activity,
therefore stratospheric ozone mixing ratios

increase. The ozone decrease in the troposphere
and in the tropical stratosphere is very similar as
in REF, as it is a result of anthropogenic activities.
The most pronounced future differences between
ozone in the SD scenario and REF occur in the
mesosphere. Reduced photolysis of water vapour
results in future decreases of HOx of 40% in the
mesosphere (not shown), which contribute to the
ozone increase at these altitudes. Together with
the NOx decline due to the LEE weakening in the
grand solar minimum and the GHG-induced
cooling, it leads to an increase of ozone in the
mesosphere of up to 35%. The comparison
between SD and REF at the end of 21st century is
depicted in Figure 3.8c.
Due to the weaker solar UV irradiance in the
grand solar minimum, stratospheric ozone is
reduced of up to 8% in nearly the entire
stratosphere in SD compared to REF scenario.
Less mesospheric NOx and HOx and colder
temperature in the grand solar minimum impacts
ozone at these altitudes, leading to an increase of
up to 30%. The results are similar in case of WD,
but changes are smaller by approximately a factor
of 2 (Figure 3.8d).
Figure 3.9a shows the future increase in the
annual mean total ozone column (TOC) over the
middle to high latitudes in REF, which is
attributed to reduced emissions of ODSs and an
enhanced BDC in the warmer climate (Zubov et
al., 2013). This future increase reaches 40 (60)
Dobson units in the Northern (Southern)
Hemispheres, which corresponds to about 10 –
20% of TOC increase. Acceleration of the BDC is
expected to transport more ozone from the tropics
to mid-latitudes fostering extra-tropical ozone
recovery, but delaying ozone recovery in the
tropics [Austin and Wilson, 2006; Shepherd, 2008;
Waugh, 2009]. Because of this effect, future
tropical ozone levels even show further decline at
the end of 21st century compared to near present
values.
The slowing of photochemical ozone loss
reactions caused by the cooling in the stratosphere
[Barnett et al., 1975; Jonsson et al., 2004]
contributes to a smaller degree to the overall TOC
evolution (Zubov et al., 2013).
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Figure 3.8. Annual zonal mean ozone difference of future (2090 – 2099) minus near present (2000 – 2009) for
REF (a) and SD (b), and difference of SD minus REF (c) and WD minus REF (d) for the late 21st century (2090
– 2099). Coloured regions are significant at the 95% confidence level (calculated using a Student t-test). Colour
interval is 5% in (a) and (b) and 2% in (c) and (d).

Li et al. (2009) showed that the BDC acceleration
plays a crucial role in future ozone recovery and
spatial distribution. They found recovery of
extratropical ozone in year 2060 to 1975-1984
levels, but the tropical TOC did not recover. A
study performed by Shepherd (2008) also showed
this so-called “super-recovery” of extra-tropical
and “sub-recovery” of tropical ozone by the end
of the 21st century with respect to 1960 values.
Figure 3.9b illustrates future TOC changes for the
SD scenario. Reduction of the solar activity in the
future changes the situation dramatically. Weaker
solar UV reduces oxygen photolysis leading to

lower ozone production rate and pronounced TOC
depletion in the entire tropical area by around 15
– 20 DU (≙ 5 – 6%). On the other hand, cooler
ocean surface due to less solar activity (see Figure
3.7a) slightly reduces BDC relative to REF (see
Figure 3.2). These two processes cancel about 30
– 50% of the TOC increase in the Northern
hemisphere obtained for REF. Over the Southern
hemisphere the TOC changes are dominated by
the reduction in ODSs [Zubov et al., 2013],
therefore the implications of the potential solar
minimum are not as dramatic.

26

(a)
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Figure 3.9. Spatial distribution of total-column ozone difference in Dobson units of future (2090 – 2099) minus
near present (2000 – 2009) conditions for REF (a) and SD (b). Coloured regions are significant at the 95%
confidence level (calculated using a Student t-test). Colour interval is 10 Dobson units.

(a)

(b)

Figure 3.10. Spatial distribution of total-column ozone difference in Dobson units of SD minus REF (a) and WD
minus REF (b) for the late 21st century (2090 – 2099). Coloured regions are significant at the 95% confidence
level (calculated using a Student t-test). Colour interval is 5 Dobson units.

The effect of a decrease of the solar activity on the
TOC is illustrated in Figure 3.10a and 3.10b.
Both of the grand solar minimum scenarios
predict a reduction in TOC, which would be
stronger in the SD than in the WD scenario. An
ozone reduction of around 10 DU in the tropics in
SD and 5 DU in WD is mostly a result of reduced
production, and to a lesser degree because of a
very small difference in BDC between the
experiments. The most affected areas are midlatitudes with maximum around 20 DU in the SD
case (up to 4%). Since the polar vortex prevents
mixing of ozone-rich air with polar air, ozone-rich
air accumulates in the mid-latitudes. We found
that drop in solar activity deaccelerates polar
vortices on both hemispheres (not shown) and due
to the weaker polar vortex, more ozone is able to
reach polar areas. Also, during the grand solar
minimum, less ozone is produced in the tropical
lower stratosphere. These two factors lead to less
accumulation of the ozone-rich air in the midlatitudes, creating a TOC minimum.

The amount of UV radiation that reaches the
surface depends on incoming UV as well as on
ozone layer thickness. Although the solar UV
input is reduced in grand solar minimum, we
showed that the ozone layer is thinning in the
tropical areas. The increase in tropospheric O(1D)
in the grand solar minimum (not shown) suggests
that ozone photolysis by UV (l<320 nm) is
enhanced through reaction O3 + hv ® O2 + O(1D)
[Brasseur and Solomon, 2005]. The increase of
UV radiation at ground level can have potential
positive and negative effects on human health
[Reichrath, 2006]. UV radiation is important for
the production of vitamin D and therefore for
human health [Hart et al., 2011], but can also
cause skin cancer [Armstrong and Kricker, 2001].
Furthermore, UV radiation was shown to be
harmful to plants as well, damaging DNA,
proteins, lipids and membranes [Hollosy, 2002].
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Figure 2.11. Annual global mean total-column ozone in Dobson units of ensemble mean values for 1960 – 2199
period. The horizontal grey line presents the 1960 – 1980 period mean value.

A future grand solar minimum could delay the
recovery of the ozone layer [Anet et al., 2013a] by
several years. In Figure 3.11 we show annual
global mean total ozone column evolution until
the end of the 22nd century. The first decline in
1960 – 1990 period of total ozone is caused by the
emission of ODSs before the Montreal Protocol
coming into force. In the beginning of the 21st
century, with the Montreal Protocol being
effective, total ozone is increasing in all three
solar scenarios. In the second half of the century,
after a substantial reduction of reactive halogen
containing species, the dominant effect on ozone
will be solar activity. In the reference scenario
(REF), the total global ozone recovers to the 1960
– 1980 values and even exceeds them. However,
neither the weak nor the strong solar minimum
scenario (WD and SD) show a recovery within the
simulated period. If the grand solar minimum
persists during the 22nd century, as the
stratospheric temperatures and solar UV
irradiance stay unchanged, so does the global
mean of TOC. However, since the BDC continues
to accelerate, it will continue to redistribute ozone
from the tropics to the polar regions, which lead
to the absence of strong trends in the global mean
value. When the grand minimum recovers, TOC
recovers to REF values readily.

3.5 Conclusions and outlook
In this paper we investigated the influence of a
potential future grand solar minimum on
atmospheric chemistry and climate. Such an
event, should it occur with the extreme intensity
assumed here, could partly counteract the
anthropogenic climate change caused by ongoing
emissions of greenhouse gases that follow
RCP4.5 scenario, but would still be by far too
weak to fully compensate it. Even if the grand
solar minimum were fully developed by the year
2090 and then lasted until the end of the 22nd
century, global mean surface temperatures would
continue to rise. While the solar effect, when
assuming the said strong drop in solar irradiance
(the SD scenario), is predicted to compensate
about 15% of GHG-induced warming by the year
2100, this fraction could increase to about 25%
during the 22nd century, suggesting that the Earth
system is still equilibrating to the increased GHG
concentrations (which stay approximately
constant during the 22nd century within RCP4.5).
For the lowest GHG concentration scenario,
RCP2.6, IPCC (2013) multi-model mean projects
global warming at the end of 21st century of 1±0.4
°C. Our results show that even in this case, the
extreme drop in solar activity would only reduce
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the projected increase in surface temperature by
around 20 – 50%. As expected, for the higher
RCPs 6.0 and 8.5 the grand solar minimum would
result in only very minor reduction of the
warming. This leads us to conclusion that strong
drop in solar forcing would help us reach the Paris
agreement goal for RCP2.6 and increase the
chance of reaching it for RCP4.5. Nevertheless,
the multi-model mean of RCP4.5 (IPCC, 2013)
would still be above 2 °C threshold.
Areas with the highest partial compensation of
global warming are located in high northern
latitudes especially in the winter period. Our
results suggest that a grand solar minimum could
lead to a recovery of AMOC, which might cancel
the cooling in North Atlantic in the 21st century
[Muthers et al., 2016]. More research should be
done to address the uncertainty of the solar
influence on the AMOC response.
A cooling caused by the weaker solar activity
occurs throughout the middle atmosphere, with a
prominent maximum in the mesosphere. Our
results indicate an increase in stratospheric NOx
via decreased UV radiation and decrease of
mesospheric NOx as the EPP becomes weaker in
a grand solar minimum. Water vapour photolysis
is also decreased in the grand solar minimum
leading to reduced HOx concentrations. The
declines of NOx and HOx, together with the
reduced UV heating, result in an ozone increase in
the mesosphere. In the stratosphere, although the
ozone production is reduced here as well due to
the decrease in solar UV, the reduction of ODSs
cause an increase in ozone.
While this study enhances our understanding of
the effect of energetic particle precipitation for
high and low energetic particles (such as GCRs
and LEEs, respectively), future work should also
concentrate on energetic electrons of higher
energies [Matthes et al., 2016] and thus evaluate
more precisely their effect on future climate. The
flux of energetic electrons is dependent on solar
activity (e.g. Sinnhuber et al., 2012) and in the
grand solar minimum its intensity is diminished.
By including these particles in climate models, we
can expect an amplification of our results in the
grand solar minimum – less NOx produced and
more stratospheric ozone preserved in polar

regions, followed by further changes in dynamics
and temperature [Arsenovic et al., 2016].
While the future grand solar minimum reduces
surface temperature to some degree, it faces us
with another problem: thinning of the tropical
ozone layer. The acceleration of atmospheric
dynamics caused by the warming of tropospheric
climate due to the GHGs transports the freshly
formed ozone more quickly away from the
tropical into extratropical areas and give catalytic
chemical cycles less time to deplete ozone. As a
consequence, the extratropical areas will reach a
“super-recovery” of ozone, while the tropical
areas display negative anomalies. Even if the
grand solar minimum does not occur, the total
ozone in the tropics will be reduced compared to
present values. Since the probability of the grand
solar minimum to happen in 21st century is rather
high [Steinhilber and Beer, 2013], this will
compromise the ozone recovery even after a low
level of active halogens will be reached. The
tropical regions would suffer a loss of up to 6% of
the column ozone compared to present values, and
tropical ozone would not reach the recovery to the
pre-ozone hole (1960-1980) levels. Therefore, all
efforts to reduce GHG emissions and the
fulfilment of Paris agreement are absolutely
crucial. The possibility of failing the Paris climate
agreement also brings the risk of thinning of
tropical ozone layer.
In the strong and weak solar scenarios, SD and
WD, the acceleration of atmospheric dynamics
persists throughout the 22nd century, leading to an
ozone redistribution from the tropics to the poles,
but the global total ozone would stay at the similar
levels as at the end of the 21st century. In the SDR
and WDR scenarios, when the solar minimum
recovers during the 22nd century, global total
ozone would increase rapidly and recover (or
super-recover).
Stratospheric ozone plays a key role for terrestrial
life as it absorbs UV radiation. Although during
grand solar minimum UV radiation is decreased,
the fact that ozone layer is thinning lets more UV
reach the ground. The increase of UV radiation at
the ground in grand solar minimum could have
implications on terrestrial ecosystem and needs to
be investigated in future studies.
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4 Evaluation of modeled NOy and ozone responses to
energetic particle precipitation in the South Hemispheric
winter*
by Pavle Arsenovic†, Alessandro Damiani‡, Eugene Rozanov†§, Bernd Funke** and Thomas Peter†

4.1 Abstract
Precipitating energetic particles have the potential to change the chemistry of the polar atmosphere by
producing odd nitrogen and hydrogen (NOx and HOx) species, which then catalytically destroy ozone.
Recently, there have been major advances in constraining these particle impacts through a new
parametrization. Here we investigate the effects of low energy (auroral) electrons on NOx production
during Southern Hemisphere winters from 2002 – 2010 using the chemistry-climate model SOCOL3MPIOM. Our results show that the majority of NOx in the polar mesosphere and stratosphere comes
from auroral electrons. In the polar vortex, NOx subsides and affects ozone at lower altitudes above 10
hPa. Comparing a year with high electron precipitation with a quiescent period, we found that the largest
ozone depletion occurs in the mesosphere, and as the anomaly propagates downward, 15% less ozone
is found in the stratosphere during active winter months, which is confirmed by satellite observations.
_____________________________________

4.2 Introduction
The energetic particles originating from the Sun,
the magnetosphere, or from outside the solar
system continuously precipitate into the Earth’s
atmosphere and can influence atmospheric
processes. They ionize neutral air molecules in the
middle and upper polar atmosphere and create odd
nitrogen and hydrogen species, NOx ([N] + [NO]
+ [NO2]) and HOx ([H] + [OH] + [HO2]). NOx and
HOx radicals can catalytically deplete ozone. The
in-situ destruction of ozone is characteristic for
HOx. On the other hand, NOx, in the absence of
sunlight, subsides within the down-welling branch
of the overturning circulation, affecting ozone
concentrations at lower altitudes [Mironova et al.,
2015].
High energy particles, i.e. solar protons [Jackman
et al., 2007] and radiation belt electrons
[Semeniuk et al., 2011; Arsenovic et al., 2016] can

*

penetrate into the mesosphere and stratosphere
and produce NOx and HOx. Electrons of lower
energies (< 30 keV, auroral) originate from the
magnetosphere
[Seppälä
et
al.,
2007;
Baumgaertner et al., 2009; Rozanov et al., 2012]
where they get accelerated in the magnetotail and
precipitate into the lower thermosphere in the
auroral ovals (55 – 70° geomagnetic latitude)
[Baker et al., 2001; Barth et al., 2003].
There have been numerous attempts to include
low energy electrons (LEE) in climate models.
Callis et al. [1998] used satellite observations of
electron fluxes as input for two-dimensional
model and found that stratospheric ozone is
sensitive to enhanced nitrogen compounds
coming from energetic particle precipitation
(EPP). Chemistry-climate models with top in the
thermosphere, e.g. HAMMONIA [Schmidt et al.,
2006] and WACCM3 [Marsh et al., 2007], can
include effects of LEE directly because there are
effective within the model domain. For climate
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models that have an upper lid below the
thermosphere, a prescription of LEE as NOx
influx through the model top is recommended
[Baumgaertner et al., 2009]. A parameterization
of this flux, based on the geomagnetic activity Ap
index, has been developed by Baumgaertner et al.
[2009] and has been incorporated into a climate
models. Results showed significant ozone
depletion in the mesosphere and stratosphere
[Baumgaertner et al., 2011]. Rozanov et al.
[2012] used the same parameterization in the
SOCOL chemistry-climate model and found
significant ozone decreases in the mesosphere and
stratosphere of around 10% during Antarctic
winters.
Funke et al. [2016] have recently developed a
semi-empirical
model
that
calculates
concentrations and fluxes of mesospheric and
stratospheric NOy compounds ([NO] + [NO2] +
2x[N2O5] + [HNO3] + [ClONO2]) based on the
Michelson
Interferometer
for
Passive
Atmospheric Sounding (MIPAS) observations.
The model exploits the nearly linear relationship
between Ap index with observed NOy produced by
EPP. This step forward in the representation of
LEE in climate models motivates us to investigate
if LEE has a larger impact on atmospheric
chemistry than previously thought.
Here we present results from a state of the art
climate model that employs the new Funke et al.
[2016] parameterization of LEE together with the
previous representations of other energetic
particles. It is crucial to have realistic
representation of EPP in models as the introduced
signal impacts atmospheric chemistry and
potentially regional climate [Baumgaertner et al.,
2011; Rozanov et al., 2012a; Seppälä et al., 2013;
Maliniemi et al., 2014]. Therefore, we validate
our results by comparing to satellite observations.
The Arctic polar vortex is highly variable and
dependent on meteorological conditions [Seppälä
et al., 2007] and in the free running mode, the
climate models cannot reproduce these variations
accurately. Because of this, this paper focuses on
evaluating NOx and ozone response to LEE
precipitation in Antarctic winters (JJA: June, July
and August).

4.3 Methods
We used the coupled chemistry-climate model
SOCOL3-MPIOM [Stenke et al., 2013; Muthers
et al., 2014a]. The model consists of the
atmospheric component ECHAM5.4 [Roeckner,
2003], the chemistry module MEZON [Rozanov
et al., 1999; Egorova et al., 2003] and the
interactive ocean module MPIOM [Marsland et
al., 2002; Jungclaus et al., 2006]. The model
boundary conditions and parameterizations are
identical to those described in Arsenovic et al.
[2016], except for the LEE parameterization.
Galactic cosmic rays (GCR) are parameterized as
a function of geomagnetic latitude, pressure and
solar modulation potential as it was done by
Calisto et al., [2011], ionization by solar protons
(SP) is treated according to Jackman et al. [2008]
and middle energy electrons (MEE) with energies
lower than 300 keV are taken from Atmospheric
Ionization Module Osnabrück (AIMOS) v1.6
[Wissing and Kallenrode, 2009; Arsenovic et al.,
2016]. Electrons of energies higher than 300 keV
are not included in the model due to a lack of
adequate parameterization.
As for LEE, we are using here the semi-empirical
model for NOy influx [Funke et al., 2016] through
the model top at 0.01 hPa. As more than 99% of
the NOy comes from NO at this altitude [Brasseur
and Solomon, 2005], we approximate the NOy
influx calculated by the semi-empirical model as
NO influx at this level in SOCOL3-MPIOM.
Figure 4.1 shows the monthly mean geomagnetic
Ap index that covers the simulated period. Period
2002-2005 was characterized by a rather high Ap
index and the 2006-2010 period by low values.
For our simulations we have used daily NO fluxes
calculated from daily Ap indices.
Two sets of 6-member ensemble simulations with
T31L39 resolution are carried out, covering the
2002-2010 period: an experiment simulation
(referred hereafter as PAR) which includes all
energetic particles (GCR, SP, MEE and LEE), and
a reference simulation (NOPAR), which has the
same model boundary conditions but energetic
particles are not included.
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Figure 4.1. The monthly mean geomagnetic Ap index during the simulated period: Years 2002 – 2005 were rather
active, while the period 2006 – 2010 was geomagnetically quiet.

We used two satellite datasets to validate our
model results: MIPAS and the Microwave Limb
Sounder (MLS). MIPAS is a Fourier transform
spectrometer aboard the ENVISAT satellite
[Fischer et al., 2008]. By comparing the MIPAS
measurements with ground stations, balloon,
aircrafts and other satellite measurements, it has
been proven that MIPAS data are of high quality.
Since it can provide the total NOy budget in the
upper atmosphere, we used this dataset to validate
simulated NOy. The MLS aboard Aura satellite
[Froidevaux et al., 2008] provided daily
measurements of ozone profiles in upper
atmosphere since August 2004. We used MLS
observations to validate modeled ozone.

4.4 Results
To estimate the total effect of EPP on NOx and
ozone, we compared the results of the PAR and
NOPAR simulations for the geomagnetically
active period (2002 – 2005). Note that this is an
idealized comparison and it is not comparable
with observations, as there is always some amount
of particle precipitation in the atmosphere (unlike
in NOPAR simulation).
SP events happen sporadically though they can
contribute significantly to the overall NOx
produced by EPP. In particular, the very large SP
events in October/November 2003 had a strong
impact in both hemispheres. However, during the

months considered here (June-August) no
relevant SP events occurred, so almost all the NOx
coming from EPP is produced by other energetic
particles. Since GCR have the biggest impact on
ozone around 15 km altitude [Calisto et al., 2011],
we approximate EPP produced NOx in the upper
stratosphere and mesosphere as an effect of
electron (LEE and MEE) precipitation. Arsenovic
et al. [2016] showed the sole effects of MEE, so
we are using this study to isolate LEE effect on
NOx and ozone.
The zonal mean of austral winter (JJA) average
NOx differences between PAR and NOPAR is
shown in Figure 4.2a. In polar night, NOx is
transported to lower altitudes by descending air
motion. Consideration of EPP results in NOx
increases of more than 500 ppbv in the upper
mesosphere inside the polar vortex of which the
MEE precipitation contributes to around 50 ppbv
(≙ 10%) of the NOx increase at these altitudes. The
other 90% is produced mostly by LEE. Enhanced
NOx propagates downwards all the way to the 10
hPa level. The NOx increase in the upper
stratosphere (10 – 1 hPa) is around 10 ppbv, of
which, with a similar ratio as in the mesosphere,
only 1 ppbv are produced by MEE and the rest
mostly by LEE. The NOx increase in the upper
troposphere/lower stratosphere of around 1000%
is produced by GCR precipitation, however it
does not exceed 1 ppbv.
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Figure 4.2. NOx (left) and O3 (right) difference between PAR and NOPAR simulation for the geomagnetically
active period (2002 – 2005) for austral winter (JJA). The colours show difference in percent and isolines show
difference in absolute values in ppbv. Coloured regions are significant at the 99% confidence level (calculated
using a Student t-test).

The ozone decrease due to the EPP is illustrated
in Figure 4.2b. Ozone is significantly reduced
throughout the whole polar region above 100 hPa.
There are two peaks of ozone anomaly. The
maximum decrease of up to 65% (500 ppbv) is
located in the upper mesosphere. This is more
than in previous modeling studies [Rozanov et al.,
2012a], but this is because we’re focusing on the
geomagnetically active winters, when the EPP
effects are much more pronounced.
The MEE initiated ozone depletion is up to 200
ppbv, or 40% of the total ozone loss caused by
EPP. As Verronen and Lehmann [2015] pointed
out, this maximum of the ozone depletion in the
mesosphere is caused by HOx. Enhanced NO
coming from LEE leads to HOx repartitioning
which increases ozone loss through catalytic HOx
reactions. The MEE parameterization includes in
situ OH production as well, which explains the
higher efficiency of MEE in depleting ozone
compared to the LEE parameterization which
prescribes NO influx only. Therefore, it is
important not to neglect MEE parameterization in
climate models.
The magnitude of the ozone depletion is gradually
decreasing with height reaching ~15% (~200
ppbv) at the stratopause. The second ozone

depletion peak is located in the 10 – 1 hPa layer,
reaching 25% (450 ppbv). MEE contributes with
120 ppbv ozone decrease at these altitudes. A
smaller ozone depletion is found also in the lower
stratosphere, albeit it does not exceed 10%.
Figure 4.3 shows the NOy concentrations in the
PAR simulation and in MIPAS data averaged over
70-90⁰S at 80, 70, 60 and 50 km. The wintertime
peaks of NOy are mainly caused by MEE
production and by transport from the
thermosphere initiated by LEE. The model
matches very well the MIPAS observations at all
four levels. The in-situ production by MEE gives
a small contribution to NOy concentrations [see
Arsenovic et al., 2016, Figure 6]. During strong
SP events (vertical lines in Fig. 4.3), the peaks of
NOy are visible in the model results, but not in
MIPAS data at 80 and 70 km. At lower altitudes,
the SP events are visible in both model results and
MIPAS data. Particularly in the second half of
2003, when three strong SP events occurred (Oct
26, Oct 28 and Nov 4), the model produces almost
two times higher NOy than observed. The slight
overestimation of modelled NOy at 50 km in
geomagnetically quiet period does not come from
EPP, as it is present in the NOPAR simulation as
well (not shown).
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Figure 4.3. Comparison between observed (MIPAS) and simulated (experiment PAR) NOy volume mixing ratio
at 80, 70, 60 and 50 km for the Southern Hemisphere (> 70° S average). Vertical lines present the occurrence of
strong SP events*

*

X category, data from ftp://ftp.swpc.noaa.gov/pub/indices/SPE.txt
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Recent work of Matthes et al., [2016] shows a
substantial improvement of the EMAC model in
reproducing NOy compared to the observations
when the Funke et al. [2016] parameterization is
used. They used a different approach, prescribing
NO concentrations (instead of fluxes) in the
model within the 0.09 - 0.01 hPa layer and
performed the simulations with specified
dynamics. In this study, ozone responses were
evaluated by comparing high and low
geomagnetic activity years and not by on/off
experiments as done here, but their estimate
shows good agreement with satellite observations.
To validate our simulated ozone responses, we
follow a similar approach as used in Matthes et al.
[2016], that is, we used O3 data for 2005-2010
from the MLS. We analyzed 2005 – 2010 period
when the both simulation and MLS data are
available. Ozone anomalies during the high
geomagnetically active year are depicted in
Figures 4.4a and 4.4b. They are calculated as the
difference averaged over 70 – 90⁰ S between the
active year (2005) and the average of
geomagnetically quiet years (2006 – 2010)
divided by the ozone averaged over the whole
period (2005 – 2010). There is a good agreement
between MLS and the modeled ozone anomaly
pattern in both mesosphere and stratosphere.
Observations show around 20% less ozone in the
upper mesosphere (< 0.1 hPa) occurring mostly in
JJA period.
The exception is the SP event (of X17 magnitude)
on September 8, 2005. It created an ozone
anomaly of up to 80% stretching throughout
whole mesosphere. The mesosphere below 0.1
hPa shows a little difference between the
geomagnetically active and quiet years in absence
of SP events. The observed negative ozone
anomaly appears again around the stratopause in
July and propagates downwards to nearly 10 hPa

at the beginning of September. The peak ozone
anomaly occurs in August around 3 hPa, reaching
~15%. This pattern is known from previous
modeling studies [Figure 9, Rozanov et al., 2012]
as well as from observations [Figure 5a, Damiani
et al., 2016] where ozone depletion is maximized
in the upper mesosphere, gradually decreasing in
the lower mesosphere and increasing again
reaching a second maximum in the upper
stratosphere. In mid-September and October
another ozone decrease of up to 30% appears
below 20 hPa. This anomaly is only marginally
statistically significant and it is not related to EPP
and can be caused by internal variability of the
system.
The model shows a negative ozone anomaly in the
mesosphere as well. However, the magnitude is
higher (around 30%) and it is present from May to
September. The September 2005 SP event is
visible in the model simulations as well and
descends from around 1 hPa in the end of
September reaching 10 hPa in the end of October.
Similar pattern, but less obvious, is seen in the
observations. Ozone anomalies in the lower
mesosphere (0.5-0.1 hPa) seem to be more
pronounced in the model than in the MLS
observations. This is particularly evident in June
in 1 – 0.1 hPa when the modeled uppermesosphere anomaly appears to relate to the
upper-stratospheric anomaly, in contrast to the
observations. This suggest that HOx production
by MEE might be overestimated. In the upper
stratosphere model simulations agree well with
observations.
The
decrease
propagates
downwards, reaching approximately 10 hPa in
August, with a peak around 15% in good
agreement with the observations. The lower
stratosphere also shows a negative ozone anomaly
but the signal is more spatially scattered than in
the observations.
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Figure 4.4. Mean ozone anomaly poleward of 70° S calculated as difference of year 2005 and average of 2006 –
2010 with respect to 2005 – 2010 period. Upper plot: MLS observations. Lower plot: ensemble mean of PAR
simulations. The colour scale highlights the changes in the middle stratosphere and mesosphere. Black lines
highlight -10%, -15% and -50%. Note that mesospheric ozone depletion reach 80 – 90% during some strong solar
proton events. Coloured regions are significant at the 95% confidence level (calculated using a Student t-test).

4.5 Conclusions
In this paper, we assessed the impact of
employing a new parameterization of LEE (< 30
keV) in a climate model on simulated NOx and
ozone variability. We used the SOCOL3-MPIOM
climate model and focused on the Southern
Hemispheric winter season. Most of the NOx in
the mesosphere and stratosphere is produced by
LEE in the thermosphere and transported
downward. A smaller fraction, namely 10%, is
generated in-situ by ionization due to precipitating
electrons of higher energies. However, these
electrons cannot be neglected because they
produce HOx which depletes ozone near its source
region in the mesosphere. The EPP leads to a
reduction of ozone in the whole mesospheric and
stratospheric polar region with a maximum ozone
depletion in the mesosphere (-65%) and a second

peak anomaly in the upper stratosphere (-20%).
NOy is compared with MIPAS observations at
four altitudes in the mesosphere and excellent
agreement is found. However, the model still
tends to overestimate NOy production in the case
of strong SP events in the lower mesosphere.
Simulated ozone has been compared to MLS
satellite observations and patterns of ozone
anomalies during the high EPP year 2005
compared to 2006-2010 match well. The model
overestimates mesospheric ozone anomalies, but
in the stratosphere a good match is accomplished.
Ozone depletion of up to 15% is found during July
and August and reaches into the lower
stratosphere. These chemical EPP signals will
cause dynamical changes in the stratosphere that
could propagate into the lower atmosphere,
potentially affecting regional climate. Therefore,
we recommend including EPP in climate models.
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5 The influence of Middle Range Energy Electrons on
Atmospheric Chemistry and Regional Climate*
by Pavle Arsenovic†, Eugene Rozanov†‡, Andrea Stenke†, Bernd Funke§, Jan-Maik Wissing**,
Kalevi Mursula††, Fiona Tummon† and Thomas Peter†

5.1 Abstract
We investigate the influence of Middle Range Energy Electrons (MEE; typically 30-300 keV)
precipitation on the atmosphere using the SOCOL3-MPIOM chemistry-climate model with coupled
ocean. Model simulations cover the 2002-2010 period for which ionization rates from the AIMOS
dataset and atmospheric composition observations from MIPAS are available. Results show that during
geomagnetically active periods MEE significantly increase the amount of NOy and HOx in the polar
winter mesosphere, in addition to other particles and sources, resulting in local ozone decreases of up
to 35%. These changes are followed by an intensification of the polar night jet, as well as mesospheric
warming and stratospheric cooling. The contribution of MEE also substantially enhances the difference
in the ozone anomalies between geomagnetically active and quiet periods. Comparison with MIPAS
NOy observations indicates that the additional source of NOy from MEE improves the model results,
however substantial underestimation above 50 km remains and requires better treatment of the NOy
source from the thermosphere. A surface air temperature response is detected in several regions, with
the most pronounced warming occurring in the Antarctic during austral winter. Surface warming of up
to 2 K is also seen over continental Asia during boreal winter.
_____________________________________

5.2 Introduction
Energetic particles are one of the natural factors
closely related to solar activity that can directly
impact the chemical composition of the upper
atmosphere. They can directly impact temperature
and dynamics and can also have an indirect effect
on polar surface temperatures [Seppálá et al.,
2009; Rozanov et al., 2012a]. Their contribution
to climate change is, however, not well
established and typically not included in climate
change assessments such as the 2014
Intergovernmental Panel on Climate Change
[IPCC report, 2013].
Depending on their source and energy, energetic
particles can be divided into five categories:
*

galactic cosmic rays (GCR), solar energetic
protons (SEP), low energy (auroral or
plasmasheet) electrons (LEE), and middle and
high energy (Van Allen radiation belt) electrons
(MEE and HEE). GCR originate from outside of
our solar system and consist largely of protons, ~
10% helium nuclei and ~ 1% other elements, with
energies ranging from about 1 MeV up to 5x1013
MeV [Grieder, 1978; Dorman, 2004]. Ionization
by GCR maximizes at around 15 km altitude
[Usoskin et al., 2010] over the polar areas and
gradually decreases towards the equator. SEP
originate from solar flares, coronal mass ejections,
and accompanied interplanetary shocks. They
occur as sporadic events and their kinetic energy
is typically up to 500 MeV [Giacalone, 2005;
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Cane et al., 2006]. Ionization by SEPs is most
pronounced in the Polar Regions [Jackman et al.,
2007] and maximizes in the upper stratosphere.
Energetic electrons originate from the solar wind
and they can be trapped in the terrestrial
magnetosphere (LEE), forming the aurora, or
trapped in the outer Van Allen radiation belt
where they can get accelerated during
geomagnetic substorms and precipitate into the
atmosphere (MEE and HEE) [Sinnhuber et al.,
2012]. LEE (< 30 keV) precipitate into the
atmosphere from the Earth’s magnetospheric
plasmasheet [Brasseur and Solomon, 2005] and
ionize neutral molecules above 90 km altitude
inside the auroral oval (roughly 55°–70°
geomagnetic latitude), but they are not capable of
penetrating to lower latitudes [Baker et al., 2001;
Barth et al., 2003]. MEE precipitate continuously
from the radiation belt (energies varying from 30
to 300 keV) by spiralling down into the subauroral zone and ionize neutral molecules (N2 and
O2) mostly between 70-90 km altitude to produce
nitrogen and hydrogen oxide radicals [Rusch et
al., 1981; Solomon et al., 1981; Aikin, 1994;
Turunen et al., 2009; Egorova et al., 2011], which
are known to deplete ozone in catalytic
destruction cycles [Brasseur and Solomon, 2005].
Finally, HEE (300 keV - several MeV) precipitate
from the outer radiation belt and affect
atmospheric chemistry below 70 km altitude [e.g.
Bazilevskaya et al., 2008; Turunen et al., 2009]
Study of the lower thermosphere, mesosphere,
and stratosphere essentially started in the second
half of the 20th century. The chemical
composition of the middle atmosphere and
thermosphere was investigated using in situ
measurements and remote sensing instruments
and it has since become apparent that energetic
particle precipitation can significantly influence
atmospheric chemistry above the tropopause [e.g.
Nicolet, 1965, 1975; Weeks et al., 1972; Swider
and Keneshea, 1973; Crutzen et al., 1975;
Solomon et al., 1982]. The influence of energetic
particles on the ozone layer and climate is a
relatively new area of research. The effects of
GCR have been analysed by Calisto et al. [2011],
Semeniuk et al. [2011], and more recently by
[Jackman et al., 2016]. The simulated and
observed effects of energetic SEP on the

atmosphere have been widely presented in the
literature [e.g. Jackman et al., 2009; Funke et al.,
2011]. Several groups have studied the influence
of LEE. Baumgaertner et al. [2009] and Rozanov
et al. [2012] applied state-of-the-art chemistryclimate models (CCM) and demonstrated that
LEE substantially affect the ozone layer,
stratospheric dynamics, as well as tropospheric
climate during the cold season. However, these
models did not include MEE and HEE electrons,
which can underestimate the importance of
energetic particles.
One of the first attempts to estimate the influence
of MEE on the atmosphere was undertaken by
Codrescu, [1997]. They used data obtained from
the TIROS/NOAA polar orbiting satellites to
characterize precipitating protons and electrons
with energies in the range of 30 keV - 2.5 MeV
and used these data as inputs for the National
Center for Atmospheric Research (NCAR)
thermosphere
ionosphere
mesosphere
electrodynamic general circulation model (TIMEGCM). They showed that MEE and HEE together
significantly increased NOx ([N]+[NO]+[NO2])
and HOx ([H]+[OH]+[HO2]) leading to ozone loss
of up to 27% between 70 and 80 km. This was in
turn followed by small changes in temperature
and wind. However, the potential climate effects
of MEE were not considered in this work. Among
others, a modeling study on energetic electrons
was carried out using the Canadian Middle
Atmosphere Model [CMAM; Semeniuk et al.,
2011]. They used electron flux data from the
Medium Energy Proton and Electron Detector
(MEPED) for the period 1979-2006. The energy
range of the electron data used in their model was
30-1000 keV and ionization rates were calculated
using a simplified energy deposition code. Their
results revealed significant increases of NOx and
HOx in the mesosphere and upper stratosphere,
which led to average mesospheric ozone depletion
of up to 60% (80%) for boreal (austral) winter for
the simulated period. These changes in ozone in
turn influenced atmospheric temperature and
dynamics. However, their experiments did not
include the NOx produced by LEE resulting in low
NOx
mixing
ratios
in
the
upper
stratosphere/mesosphere and an underestimation
of the relative ozone depletion.
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Limited understanding of MEE and their
properties is reflected in the absence of reliable
model parameterizations for the ionization
induced by these particles. MEE precipitation into
atmosphere is associated with high speed solar
wind streams [Baker et al., 1993], which are most
frequent during the declining phase of the solar
cycle. On the other hand, a possible future grand
solar minimum [Steinhilber and Beer, 2013]
would lead to suppression of geomagnetic activity
and a decrease in electron precipitation. In this
case, the absence of MEE in models could result
in an overestimation of the ozone increase in
future, with consequent implications for climate.
The direct ionizing effect leading to NOx and HOx
production is constrained to the mesosphere. HOx
is short-lived (lifetime of seconds-hours), while
NOx has a longer lifetime (days-months).
Therefore, HOx is more important near its
production region in the mesosphere while NOx
can be transported in the polar vortex [Solomon et
al., 1982] to the stratosphere, inducing ozone
depletion through catalytic chemical cycles.
Ozone decreases lead to reduced heating and thus
alters atmospheric dynamics, i.e. perturbations
which may impact all the way down to the
troposphere and Earth's surface [Baumgaertner et
al., 2011].
Recent progress in the calculation of ionization
rates [Wissing and Kallenrode, 2009] makes it
possible to consider MEE in global climate
models. Furthermore, the availability of accurate
observations of atmospheric composition [e.g.
Andersson et al., 2014; Funke et al., 2014] can be
used to validate model results.

5.3 Methods
We use the coupled chemistry-climate model
SOCOL3-MPIOM [Stenke et al., 2013; Muthers
et al., 2014a], which consists of the general
circulation model ECHAM5.4 [Roeckner and

Bäuml, 2003] coupled to the chemistry module
MEZON [Rozanov et al., 1999; Egorova et al.,
2003] and the MPIOM ocean model [Marsland et
al.,
2002;
Jungclaus
et
al.,
2006].
Parameterizations of GCR, SEP, and LEE were
introduced identically as in Rozanov et al. [2012]
and Anet et al. [2013a]. GCR ionization rates are
parameterized as a function of geomagnetic
latitude, pressure, and solar modulation potential.
Daily vertical profiles of solar proton ionization
rates are taken from [Jackman et al., 2007], while
the NOx flux into the model domain from the
auroral zone is parameterized using the
geomagnetic
disturbance
Ap
index
[Baumgaertner et al., 2009]. HEE are not
implemented due to the lack of an available
parameterization.
The treatment of MEE in this model version is
based on ionization rates obtained from the
AIMOS version 1.6 dataset. AIMOS [Wissing and
Kallenrode, 2009] is a 3D numerical model
designed to calculate atmospheric ionization rates
from energetic particle precipitation. AIMOS
exploits a Monte Carlo approach and a sorting
algorithm to assign observations from POES15/16 and GOES-10/11 satellites to horizontal
precipitation cells, depending on geomagnetic
activity. The AIMOS data includes electrons,
SEP, and alpha particles for the period 2002-2010.
The highest MEPED electron channel, measuring
electrons with energies exceeding 300 keV, is not
included in the dataset as it does not have a proper
upper energy range and is also contaminated
[Yando et al., 2011]. During periods of high
proton flux, MEPED electron channels are not
used at all. The electron energy range is 30 - 300
keV and unlike in previous versions where a
positive bias was observed, there is no apparent
overestimation of the electron ionization rate in
version 1.6. In order to investigate the influence
of MEE, we use daily ionization rates below 0.01
hPa (~80 km) from precipitating electrons.
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Figure 5.1. (A) Monthly and global mean ionization rates at 0.01 hPa (~ 80 km altitude). The vertical line
separates periods of high (2002-2005) and low (2006-2010) geomagnetic activity. The blue (green) line: Northern
(Southern) Hemisphere mean values while red stars indicate maximum and minimum ionization rates, (July 2004
and January 2010, respectively).
(B) – Vertical profiles of the peak daily ion pair production. The dash-dot (solid) line represents maximum
(minimum) monthly ionization rates for the 2002-2010 (October 28, 2003 and January 1, 2010, respectively).
(C) – Daily mean maximum ionization rates for the Northern (left) and Southern (right) Hemisphere for October
28, 2003. The black dot indicates the location of the geomagnetic pole (following Finlay et al. 2010).

Figure 5.1a shows the hemispheric average of
monthly mean ionization rates at 0.01 hPa. The
period considered is characterized by different
levels of solar and geomagnetic activities: the
time period from 2002 to 2005 was rather active
and characterized by very intense ionization,
while after 2005 geomagnetic activity decreased,
leading to lower ionization rates. Ionization rates
in the Southern Hemisphere are higher than in the
Northern Hemisphere at any time of the covered
period. The red stars in Figure 5.1a show the
maximum and minimum values of ionization rates
shown in Figure 5.1b. The maximum values
appear in the second half of 2004 while minimum
values are observed at the beginning of 2010.

Ionization rates are highest at the model top (0.01
hPa) and decrease with altitude. The maximum
ionization rate is four orders of magnitude higher
than the minimum values. It should be noted that
the magnitude of the applied ionization rates are
up to ten times smaller than in Semeniuk et al.
[2011].
The geographic distribution of maximum
ionization rates at 0.01 hPa is shown in Figures
5.1c and 5.1d. The maximum electron ionization
rates that occur on 28 October 2003 coincide with
the one of the largest solar proton events of the
past thirty years [Degenstein et al., 2005]. The
centre of the auroral oval is located at the
geomagnetic pole (black dot in the Figures 5.1c
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and 5.1d, following Finlay et al. 2010), and the
asymmetric spatial distribution is caused by the
drift of the loss cone. Electrons gyrate along the
Earth’s magnetic field lines, bouncing from pole
to pole. As they do so, some electrons get lost
when they enter denser air at the poles. This loss
intensifies when the magnetic field weakens in the
area of the South Atlantic Anomaly (SAA) and
particle precipitation therefore intensifies at the
foot-points of the field lines crossing the SAA.
The southern position of the SAA also causes the
observed hemispheric asymmetry.
In the model ionization rates are converted to NOx
and HOx production rates by assuming that 1.25
nitrogen atoms are produced per ion pair, from
which 45% is ground-state atomic nitrogen and
55% is N(2D), which instantaneously convert to
NO. The number of HOx particles produced per
ion pair is parameterized as a function of altitude
and ionization rate for daytime, polar summer
conditions of temperature, air density, and solar
zenith angle. This simplified treatment of NOx and
HOx production in the mesosphere and upper
stratosphere has been widely applied for the study
of energetic particle effects on the atmosphere
[e.g. Jackman et al., 2008; Funke et al., 2011;
Semeniuk et al., 2011; Rozanov et al., 2012]. This
approach has been evaluated by comparison with
more detailed treatments of the ion chemistry by
Egorova et al. [2011] and Nieder et al. [2014].
These studies confirmed that the accuracy of this
approach is within 10-20% up to about 80 km
altitude, for most of the species considered,
including ozone. However, the production of
HNO3 driven by ion recombination cannot be
properly reproduced.
We performed two ensemble experiments
covering the 2002-2010 period using our standard
model configuration with approximately 3.75°
horizontal resolution and 39 vertical levels from
the surface up to 0.01 hPa [Muthers et al., 2014a].
The reference ensemble (hereafter referred to as
NOMEE) consists, in terms of particles, of GCR,

SEP, and LEE. The experiment (termed MEE) in
addition includes MEE ionization rates from
AIMOS. All other forcing data (solar irradiance,
aerosols, greenhouse gases, ozone depleting
substances, quasi-biennial oscillation) are kept the
same between the experiments. Solar irradiance
follows the 11-year solar cycle. Tropospheric
aerosols are adapted from CAM3.5 simulations,
while stratospheric aerosols are kept at
background levels. Concentrations of greenhouse
gases (GHGs) and ozone depleting substances
(ODSs) follow the RCP4.5 scenario [van Vuuren
et al., 2011a], while the quasi-biennial oscillation
(QBO) is nudged [see Anet et al., 2013a]. Each of
the ensembles (MEE and NOMEE) consists of 6
members.

5.4 Results
We focus on the 2002-2005 period, when
ionization by MEE is most pronounced.
During the polar night NOx doesn’t get destroyed
by photolysis and can be transported by
atmospheric winds. In the presence of sunlight,
however, its lifetime is only a couple days.
Therefore, more pronounced and vertically
extensive NOx enhancement is observed in the
winter hemispheres (Figure 5.2). In the Southern
Hemisphere upper mesosphere, the NOx increase
exceeds 40 ppbv (or more than 100% relative to
the reference case) and extends down to the
stratopause. The magnitude of the simulated NOx
enhancement is slightly smaller than the 50-150
ppbv simulated by Semeniuk et al. [2011], which
is to be expected since we apply much smaller
ionization rates. The region of maximum increase
is confined to the pole where sunlight is almost
completely absent. In the Northern Hemisphere
these features are less pronounced due to
generally weaker ionization (see Fig. 5.1) and
enhanced horizontal mixing across the vortex
edge. Some NOx enhancement is also visible
during the summer season, but mostly in areas
outside the polar day zone.

41

(A) DJF

(B) JJA

Figure 5.2. Zonal mean NOx difference (MEE - NOMEE) in ppbv for DJF (A) and JJA (B), averaged over the
2002 – 2005 period. Coloured regions are significant at the 95% confidence level (calculated using a Student ttest).

The spatial distribution of the NOx increase at 0.01
hPa (~ 80 km) is better illustrated in Figure 5.3,
which suggests that the most pronounced NOx
increase occurs in the regions with highest
ionization rates. In winter, the extra NOx produced
by MEE is retained inside the polar vortex and is
not depleted because of the lack of photolysis
[Funke et al., 2014b]. In the summer, NOx is
locally produced in regions with high ionization
rates, but the presence of sunlight in the Polar
Regions leads to intense chemical destruction and
less pronounced or even insignificant NOx
increases. Stronger ionization rates in the
Southern Hemisphere lead to higher amounts of
NOx than in the Northern Hemisphere in both
seasons. The weaker polar vortex in the Northern
Hemisphere (Fig. 5.3a) leads to increased
horizontal mixing of NOx across the vortex and
thus a less defined shape compared to the
Southern Hemisphere (Fig. 5.3d).
The seasonal and vertical structure of the MEE
NOx enhancement over the Northern and Southern
Polar Regions (60°-90°) is further illustrated in
Figure 5.4. Additional NOx production occurs
above 64 km in all seasons, but maximizes during
winter when sunlight is absent. The stronger
wintertime descent inside the southern polar
vortex facilitates deeper penetration of NOx into

the stratosphere compared to the Northern
Hemisphere [Rozanov et al., 2012a]. The NOx
reaches down to altitudes of nearly 32 km, albeit
the enhancement below 50 km is only marginally
significant. The Northern Hemisphere pattern is
strongly dominated by the large geomagnetic
storms that occurred in November 2003, which
resulted in a peak in NOx enhancement.
Because of its short lifetime, the seasonal and
vertical structure of the HOx response to MEE
over the Polar Regions (60°-90°) is only
significant in the most upper model level in
winter. Increases of up to 2 ppbv and 6 ppbv are
simulated in the Northern and Southern
Hemispheres, respectively (not shown).
Some of the first experimental evidence that
electron precipitation could produce significant
HOx increase was provided by Verronen et al.
[2011] and Andersson et al., [2012]. They have
shown that the HOx increase due to particle
precipitation is confined to the upper mesosphere
(70-78 km altitude). The geographical distribution
of the MEE HOx response at 0.01 hPa is illustrated
in Figure 5.5; increases of up to 12 ppbv are
simulated. This enhancement is only visible in
winter and translates to a HOx increase of up to
45% in the Northern Hemisphere and almost
250% in the Southern Hemisphere.
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(A) NH, DJF

(B) SH, DJF

(C) NH, JJA

(D) SH, JJA

Figure 5.3. Monthly mean response of NOx (ppbv) to MEE at 0.01 hPa (averaged for 2002-2005). (A) Boreal
winter (DJF). (B) Austral summer (DJF). (C) Boreal summer (JJA). (D) Austral winter (JJA). Colored regions
are at 95% confidence level (calculated using a Student t-test).

Again, the location of the enhancement
corresponds to the location of peak MEE
ionization rates. During summer no statistically
significant impact on HOx is seen because of its
extremely short lifetime and because the MEE

response is masked by photolysis of water vapour.
The magnitude of the HOx increase is lower than
the annual mean response of 7 ppbv simulated by
Semeniuk et al. [2011], again due to the smaller
ionization rates applied in this study.
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(A) 60°-90°N

(B) 60°-90°S

Figure 5.4. Monthly zonal mean response of NOx, (ppbv) to MEE averaged over 60°–90°N (A) and 60°–90°S
(B), calculated for 2002-2005. Colored areas are significant at the 95% confidence level (calculated using a
Student t-test).
(A) NH, DJF

(B) SH, JJA

Figure 5.5. Monthly mean response of HOx (ppbv) to MEE at 0.01 hPa (averaged over 2002-2005). (A) Boreal
(DJF) and (B) Austral (JJA) winter. Colored regions are significant at the 95% confidence level (calculated using
a Student t-test).
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Figure 5.6. Comparison between NOy observations (MIPAS) and MEE/NOMEE simulations at three altitudes –
70, 60 and 50 km for (Left) the Northern Hemisphere (>70° N average) and (Right) the Southern Hemisphere
(>70° S average).

To evaluate the simulated NOy ([N] + [NO] +
[NO2] + 2x[N2O5] + [HNO3] + [HNO4] +
[ClNO3]) we compare our results with
observations from the Michelson Interferometer
for Passive Atmospheric Sounding (MIPAS)
instrument, which flew onboard the ENVISAT

satellite [Funke et al., 2014b]. Figure 5.6 shows
NOy averaged over 70°-90° N/S at 50, 60 and 70
km altitude for both the Northern and Southern
Hemisphere. The seasonal cycle of NOy within the
polar caps is driven by a number of processes
including in situ chemical production/destruction,
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exchange with mid-latitudes and in situ
production from different precipitating energetic
particles, as well as thermospheric NOx produced
by LEE and transported downward during polar
winter. The model represents the features of the
NOy seasonal cycle reasonably well. For example,
the NOy enhancements caused by SEP in October
2003 and January 2005 are well simulated. The
increase of NOy after the breakdown of the polar
vortex caused by enhanced horizontal transport of
NOy from the mid-latitudes is also captured, as is
the wintertime influx of NOy from the
thermosphere. However, the magnitude of these
events is not in a good agreement with the satellite
observations. The Northern Hemisphere winter
2008/2009 was characterized by weak
geomagnetic activity and low ionization rates,
while dynamically-initiated major sudden
stratospheric warmings in December 2003 and
January 2009 led to massive intrusions of
thermospheric NOy into the stratosphere. This
event is clearly visible in the MIPAS observations
even down to 50 and 60 km [Funke et al., 2014b].
However, our model in free running mode and at
the relatively low horizontal resolution does not
properly simulate such events. The NOy peaks in
October 2003 and January 2005 are caused by
SPE, which are underestimated in the model
simulation except at 50 km. However, at this
altitude, the modeled NOy shows less sensitivity
to the ionization rates, and simulated NOy is
overestimated compared to MIPAS observations
during this geomagnetically inactive period. The
inclusion of MEE improves the representation of
NOy at 60 and 70 km, particularly during
geomagnetically active periods; however,
substantial underestimation of NOy during winter
remains an issue. This requires the development
of new parameterizations for the treatment of NOy
influx from the thermosphere.
A simulation without energetic particles (not
shown) suggests that almost all NOy at 70 and 60
km results from energetic particles; their
exclusion from the model would lead to a
significant underestimation of NOy and thus an
overestimation of ozone at these altitudes.

Figure 5.7 illustrates seasonal changes in ozone
mixing ratios resulting from MEE. The main
ozone loss occurs in the upper mesosphere (70-80
km altitude) and is driven by reactions involving
the NOx and HOx families [Sinnhuber et al.,
2012]. MEE strongly impact ozone in the
Southern Hemisphere during winter (JJA) where
ozone depletion reaches up to 200 ppbv (about
40%) in the upper mesosphere and up to 120 ppbv
(~2.5%) in the upper stratosphere. In the Northern
Hemisphere winter ozone depletion is slightly
smaller, reaching 150 ppbv (about 25%) in the
upper mesosphere. Ozone depletion is also visible
down to the upper stratosphere, but is not
statistically significant below 1 hPa. Semeniuk et
al. [2011] found even larger ozone decreases in
the mesosphere in response to MEE (more than 1
ppbv or up to 80% during austral winter), which,
again, can be explained by larger ionization rates
used.
Following Andersson et al. [2014] we compare
vertical profiles of ozone anomalies in the
Northern Hemisphere during geomagnetically
active (2003/2004) and inactive (2008/2009 and
2009/2010) periods (Figure 5.8). Anomalies are
calculated compared to a climatology from all
winter seasons (NDJF) over the 2002-2010 period
and averaged over the auroral oval (55°-70° N).
During active periods there is up to 15% less
ozone in the upper mesosphere and up to 8% less
in the upper stratosphere. Without MEE,
anomalies show large variability between
ensemble members and on average do not exceed
5% in the upper stratosphere. In contrast, during
inactive periods, there is a positive ozone anomaly
in the upper mesosphere of up to 5% and up to 3%
in the upper stratosphere. Andersson et al. [2014]
used satellite observations and also found similar
MEE impacts on ozone, with negative ozone
anomalies (up to 15%) in the mesosphere during
active periods and positive anomalies in the
mesosphere during inactive years (again up to
15%), which emphasizes the importance of MEE
for the atmospheric chemistry.
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(B) ΔO (JJA)

(A) ΔO (DJF)
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Figure 5.7. Zonal mean ozone difference (MEE - NOMEE) in ppbv for DJF (A) and JJA (B) averaged over 20022005. Coloured regions are significant at the 95% confidence level (calculated using a Student t-test).

Geomagnetism:
–––– active
–––– inactive

Figure 5.8. Vertical profiles of ozone anomalies (%)
for geomagnetically active (blue lines; year 2003) and
quiet (red lines; 2008-2009 average) periods averaged
over 55-65° N geomagnetic latitude. Anomalies are
calculated relative to mean winter values (NDJF) for
the entire period (2002-2010) for winter). Solid
(dashed) lines indicate the ensemble mean from the
MEE (NOMEE) simulations. Shading represents the
ensemble standard deviation of the anomalies.

Winter zonal mean temperature and zonal wind
changes resulting from MEE are shown in
Figures 5.9 and 5.10, respectively. Ozone loss

confined to the layers above 1 hPa during all
winter months (see Figure 5.7) leads to lower
heating rates and colder temperatures in the sunlit
part of the high latitudes, which is not
compensated by the small warming induced by
the decrease of infrared cooling rates [see Karami
et al., 2015]. This cooling provides the necessary
conditions for the statistically significant
acceleration of the winter mean northern polar
vortex by up to 7 m/s. A stronger polar vortex
leads to the intensification of the descent and
adiabatic warming in the mesosphere [e.g.
Limpasuvan et al., 2005], which compensates for
the initial cooling due to ozone depletion. As a
result, the temperature changes above 1 hPa are
only marginally significant. In the middle
stratosphere acceleration of the zonal winds
prevents horizontal heat and species transport
leading to cooling and ozone reduction (albeit not
significant). The same processes operate over the
Southern Hemisphere, however due to the
stronger and more stable vortex the changes are
slightly less significant and shifted downwards.
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(A) ΔT (DJF)

(B) ΔT (JJA)

Figure 5.9. Zonal mean temperature difference (MEE - NOMEE) in K for DJF (A) and JJA (B) averaged over
2002-2005. Coloured regions are significant at the 95% confidence level (calculated using a Student t-test).
(A) v (DJF)

(B) v (JJA)

Figure 5.10. Zonal mean wind difference (MEE - NOMEE) in m/s for DJF (A) and JJA (B) averaged over 20022005. Coloured regions are significant at the 95% confidence level (calculated using a Student t-test).

Semeniuk et al. [2011] found a significant
equatorward shift of the Northern Hemisphere
polar vortex, with simultaneous significant
decreases in temperature of up to 1 K near 50-60°
N in the lower stratosphere and increases of up to
1 K above the stratopause. These features are
consistent with our results, but the locations of the
significant changes are slightly different. In
austral winter we find conflicting results. Whereas
Semeniuk et al. [2011] show warming in the

stratosphere and cooling (both up to 3 K) in the
mesosphere, our model simulates the opposite
response. Our results are, however, consistent
with the acceleration of the polar vortex. Using the
ERA reanalysis, Seppälä et al., [2013] also found
that high geomagnetic activity can drive a
strengthening of the Northern Hemisphere polar
vortex, with warming in the polar upper
stratosphere and cooling below.
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Figure 5.11. Spatial distribution of 2 m temperature difference (MEE – NOMEE) in K for DJF (left plot) and
JJA (right plot) averaged over 2002-2005. Dashed line circles the regions with 90% and solid line with the 95%
confidence level (calculated using a Student t-test).

A further study [Karami et al., 2015] showed a
similar temperature response to our results in the
Southern Hemisphere, but a reversed in sign for
the Northern Hemisphere. However, direct
comparison is not possible because the ozone
perturbations scenario used for their study is
different from the ozone response simulated with
our model. Additionally, our results indicate
significant warming over Antarctica in the lower
troposphere of up to 1 K.
MEE precipitation influences not only chemistry
and climate in the upper atmosphere, but also the
surface climate. Intensification of the polar vortex
is known to force a positive phase of the
Northern/Southern Annular modes [Limpasuvan
et al., 2005]. In the Northern Hemisphere the
positive phase of the Northern Annular Mode
(NAM) results in cooling of the Polar Regions and
warming of up to 2 K over continental Asia
(Figure 5.11). A positive temperature anomaly is
also seen over Northern America; however, this is
not statistically significant. A recent study by
Chiodo et al. [2016] confirmed this mechanism by
showing that the cooling of the tropical
stratosphere due to the decrease in UV radiation
leads to a weakening of the Northern Hemisphere

polar vortex, a negative phase of NAM, and thus
warming in the Polar Region and simultaneous
cooling in mid-latitudes.
During austral winter an increase of sea level
pressure over Antarctica leads to a deceleration of
westerly winds around 60° S and thus a negative
phase of Southern Annular Mode (SAM). This
effect induces warming of up to 3 K over
Antarctica [Kwok and Comiso, 2002], which can
influence ice melt over longer timescales. Further
investigation of this effect is beyond the scope of
this paper. If the model accurately reproduces
observed NOy, ozone depletion will likely be
larger leading to larger thermal and dynamical
responses in the middle atmosphere and
amplification of the simulated surface signal.

5.5 Conclusions
During geomagnetically active periods (e.g. 2002
- 2005), MEE (with energies ranging 30 - 300
keV) lead to significant increases of NOx (up to
150%) and HOx (up to 250%) in the polar
mesosphere, which in turn result in ozone
depletion. Ozone decreases are particularly
evident during geomagnetically active years over
the auroral oval (55°-70°N/S) when negative
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anomalies of up to 15% and 8% are seen in the
mesosphere and stratosphere, respectively,
compared to the climatological mean state.
Dynamical changes are also seen during winter,
with an intensification of the polar vortex and
negative temperature anomalies in the middle
stratosphere. Furthermore, a significant surface
temperature response is detected over Antarctica
during austral winter and over central and eastern
Asia during boreal winter. The comparison of
simulated NOx with MIPAS data showed that the
implementation of a parameterization to represent
MEE improves the agreement, especially during
geomagnetically active periods. However, a
substantial underestimation of winter NOx above

50 km even during the quiet periods remains. This
model deficiency can be explained by the
underestimation of the downward flux of NOx
from the thermosphere and calls for an
improvement of the parameterization applied
here. A new parameterization is required to better
simulate the magnitude of potential NOx
decreases, particularly during periods of low solar
activity relative to present day conditions. MEE
produce thermal and dynamical changes in the
atmosphere, even down to the surface, and are
thus potentially of importance to climate change.
Our results indicate that the inclusion of MEE in
chemistry-climate models is crucial.
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6 Conclusions and outlook
The main goals of this thesis were (i) to evaluate
the influence of solar activity changes on
atmospheric chemistry and climate, and (ii) to
investigate the effect of auroral (low energy;
< 30 keV) and radiation belt (middle energy;
30 – 300 keV) electrons on atmospheric chemistry
and climate.
(i) To disentangle the contributions of different
natural and anthropogenic factors on the early 20th
century warming we performed seven model
experiments covering the period 1851 - 1940. We
separately considered the influence of energetic
particle precipitation, solar UV radiation, solar
visible and infrared radiation, well-mixed
greenhouse gases, ozone precursors, and volcanic
eruptions. The results of our study show that
although the model reproduces the warming trend,
it is underestimated by 25% compared to
observations. We found that the various factors
impact various regions of the Earth differently.
However, the biggest contribution to this warming
comes from anthropogenic activities. Two thirds
of the warming trend are caused by this factor as
it causes warming over large areas on Earth.
Interestingly, surface temperature increases in
Europe could have been caused by enhanced
emissions of ozone precursor gases (CO and
NOx), which came largely from this region.
Visible and infrared solar radiation constitute
approximately one third of the total warming.
Warming due to the increase of solar radiation is
found mostly around the Labrador and
Mediterranean Seas.
As the Sun might be heading towards a grand
minimum state in the 21st century we investigated
the effects of such a scenario on atmospheric
chemistry and climate. Model simulations cover
the 21st and 22nd centuries. We found that a grand
solar minimum doubles the cooling of the

mesosphere and stratosphere caused by
greenhouse gases. As the meridional circulation
accelerates in a warmer climate, the ozone
transport from the tropics to extra-tropics will be
enhanced. Combined with the fact that the
production rate of ozone will decrease, this will
lead to further thinning of the ozone layer in the
tropics. Although WMO [2014] predicts that
globally ozone recovery is expected to happen in
the second half of 21st century, we found that total
ozone does not recover to mean 1960 – 1980
values as long as a grand minimum lasts.
It is known from the previous studies that the
future grand solar minimum would not cancel
global warming. We found that even in case of an
unusually long solar minimum until 2200, only
around 20% of global warming gets compensated.
(ii) We made substantial advances in
understanding the influence of energetic electron
precipitation on the atmosphere. We included the
Funke et al. [2016] parameterization of auroral
electrons in our chemistry-climate model. Our
results show that auroral electrons produce
significant amounts of NOx in the mesosphere in
the Southern Hemispheric polar region during
winter. In geomagnetically active periods around
90% of NOx comes from precipitation of these
particles. Since NOx has a long lifetime in winter
it can descend and deplete ozone even in the
stratosphere. Comparing years with high energetic
particle precipitation with the quiet periods, we
found ozone anomalies in the mesosphere (-30%)
and during July and August another, smaller
anomaly present in the stratosphere (-15%).
Both NOx and ozone satellite observations match
our results very well. However, some
overestimation of modeled ozone depletion in the
mesosphere still persists.
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Figure 6.1. Comparison between observed (MIPAS) and simulated (experiment PAR) NOy volume mixing ratio
at 80, 70, 60 and 50 km (top to bottom) for the Northern Hemisphere (> 70° N average). Vertical lines present
the occurrence of strong SP events*

*

X category, data from ftp://ftp.swpc.noaa.gov/pub/indices/SPE.txt
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While we presented an excellent agreement of
modeled odd nitrogen and ozone in the Southern
Hemisphere, in the Northern Hemisphere the
situation is not as good (Figure 6.1). Modeled
NOy is significantly lower than observed in the
whole mesosphere. Northern hemisphere
dynamics are heavily wave driven and free
running simulations models cannot simulate
sudden stratospheric warmings accurately. As an
example, in the year 2009 a major sudden
stratospheric warming occurred, bringing a huge
amount of thermospheric NOy into the
mesosphere. The sudden increase of NOy is best
visible at 70, 60 and 50 km in the MIPAS
observations. However, in winters where there are
no sudden stratospheric warmings (e.g. 2008), the
model produced comparable results. Although the
prescribed flux of NO is higher in the southern
than in northern hemisphere (Figure 6.2), the
observed NOy is similar in the upper mesosphere
because of the slower downward mesospheric
circulation in the northern hemisphere, which
SOCOL3-MPIOM cannot reproduce.
Increasing the model resolution without
interactive ocean did not help to solve this issue
(not shown).

One way to overcome this problem would be to
specify dynamics in the model. However, this is
not possible for simulating the future climate.
Another way to overcome this problem could be
by improving the gravity wave drag in the model,
with which the mesosphere dynamics would be
more realistic.
To investigate the effects of radiation belt
electrons (middle energies, 30 – 300 keV), we
included observed fluxes of these electrons in our
model. We found that they significantly increase
NOx and HOx concentrations during periods with
intense electron precipitation in the polar
mesosphere. Comparison of modeled NOy with
the observations revealed that including these
electrons brings modeled NOy closer to the
observations. However, the model still
significantly underestimates observed NOy.
Modeled enhancements of NOx and HOx induce
ozone depletion. During geomagnetically active
years increases of around 15% in the mesosphere
and 8% in the stratosphere with respect to the
mean climatology were seen. This is also
confirmed with satellite observations from
previously published studies.

Figure 6.2. Comparison of hemispheric averages of NO flux at the 0.01 hPa level.

Changes in ozone concentrations drive changes in
temperature and dynamics at these altitudes. We
found significant anomalous mesospheric
warming and stratospheric cooling in the polar
regions, with the polar vortex intensifying in
boreal winter. We found that radiation belt

electrons indirectly influence surface temperature.
Warming over Asia and cooling In the Arctic was
observed during boreal winter while warming
over Antarctica was seen in austral winter.
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✷
This thesis deepened our knowledge about how solar activity and energetic electron precipitation impact
chemistry and climate. Although over the 20th century the direct impact of solar radiation on climate is
much smaller compared to anthropogenic factors, future changes will be crucial for the evolution of the
ozone layer.
The topic of energetic particles is of great interest at the moment, and they have been recommended for
inclusion as part of the solar forcing for the upcoming Coupled Model Intercomparison Project Phase
6 (CMIP6) model experiments. We showed that they significantly change atmospheric chemical
composition and dynamics, possibly even down to regional weather systems. This whole thesis is,
however, based on simulations from a single model. Hopefully other climate models will start including
these processes and thus continue broadening our knowledge about solar influence on terrestrial
climate.
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