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Summary

The review generalizes experimental data on the relationships between the solar activity agents (space weather)
and atmosphere constituents. It is shown that high-energy solar protons (SPE) make a powerful impact on
photo-chemical processes in the polar areas and, correspondingly, on atmospheric circulation and planetary
cloudiness. Variations of the solar UV irradiance modulate the descent rate of the zonal wind in the equatorial
stratosphere in the course of quasi-biennial oscillation (QBO), and thus control the total duration (period) of
the QBO cycle and, correspondingly, the seasonal ozone depletion in the Antarctic. The geo-effective solar
wind impacts on the atmospheric wind system in the entire Southern Polar region, and influences the dynamics
of the Southern Oscillation (ENSO).
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Pe3rome

B 0030pe 0000111eHbI IKCTIEPUMEHTAIBHbIC JAHHBIC O BIMSHAN KOCMHYECKOH MOTO/IBI Ha 3eMHYHO atMocdepy.
[ToxazaHo, 4TO BEICOKOIHEPIUYHBIE COHEUHBIE IPoToHbI (SPE) 0Ka3bIBatOT MOIIHOE Bo3/ieHicTBHE Ha (HOTOXH-
MHYECKHE TIPOLECCHI B MOMAPHBIX 00MACTIX U, COOTBETCTBEHHO, HA aTMOCHEPHYHO UPKYISAIHNIO U TIaHETap-
HyI0 001a4HOCTh. Bapuarmn consedroro YO-u3mydeHus MOAEIUPYIOT CKOPOCTh CITyCKa 30HAIBHBIX BETPOB B
9KBATOPHAIbHOI cTpatocdepe B xoze kBasuaByxieTHel ocumsiimi (QBO) 1 KOHTPOIUPYIOT, TAKHM 00pa3om,
0011y MpomomKUTenbHOCTD (Tiepron) QBO mukia u, COOTBETCTBEHHO, BApHUALIUHU OOIIETO COMCPIKAHUS 030HA
B AHTapkrike. [€03((peKTHBHBIH CONMHEUHbII BeTep BO3ACHCTBYET Ha CHCTEMY KaTabaTHueCKHX BETPOB BO BCEH
FOKHOU TOJSIPHO# 00/1aCTH U BIHSCT HA THHAMUKY F0kHOU octpmisiin (ENSO).

KutroueBnle cioBa: armocdepa 3emin, armocdepHast IUPKYISIHS, BHICOKOIHEPT HUHBIE COTHEUHBIE IPOTOHB,
re0d((peKTHBHEIH COTHEUHBII BeTep, KBasuAByxaeTHs s ocuuuisims (QBO), kocMudeckast morozia, Moae bHEIE
PacyeThI, 030HOBAS «IBIPay, TIAHETAPHAS 00NAYHOCTD, coNHeuHOe YD-u3nyuenue, toxHas ocsiust (ENSO).
Jast murupoBanusi: Troshichev O.A., Gabis I.P, Krivolutsky A.A. Influence of cosmic weather on the Earth’s
atmosphere. [Tpo6nemsl Apkruxu n Anrapkruku. 2021, 67 (2): 177-207. https://doi.org/10.30758/0555-2648-
2021-67-2-177-207.
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INTRODUCTION

The term “space weather” refers to a complex of phenomena and processes in the
heliosphere determined by the solar activity. In the ordinary, narrower sense, the term applies
to the space controlled by the Earth’s magnetic field, i.e. to the Earth’s magnetosphere.
The concept of the solar activity includes a number of various electromagnetic and mass
emissions, which are provided by the processes taking place permanently in the atmosphere
and convective zone of the Sun. The main agents of the solar activity that influence the
Earth’s atmosphere are the solar UV irradiance, solar high-energy particles E < 500 eV
(SEP) (or the solar cosmic rays — SCR), a permanent stream of the galactic cosmic rays
E > 1 GeV (GCR) modified by the solar activity, high energy particles accelerated in the
magnetosphere (auroral electrons), and the solar wind — low-energy solar plasma with
the frozen magnetic field permanently ejected by the Sun.

The visible and the infrared solar irradiation provides the main input in the total solar
irradiance (TSI), with the total energy absorption in the Earth’s atmosphere £ = 1366 W/m?.
TSI practically does not vary during the solar cycle (change < 0.1%), that is why the total
irradiance has usually been called “solar constant”. The input of the solar and galactic
cosmic rays, high energy particles and solar wind in the total irradiance is negligible, and
the existing models of the atmosphere variability do not take into consideration short-term
changes of the solar activity. However, in contrast to the total solar irradiance, the energy
input of cosmic rays and energy particles can increase hundreds and more times in the
periods of high solar activity. These particles strongly ionize the atmosphere at different
altitudes and the corresponding changes of different atmospheric constituents can lead to
a crucial modification of the atmospheric processes.

The term “atmosphere” refers to a layer of gases that are held near the Earth,
from the sea level up to the height of ~ 100 km, due to the gravitational force. The
Earth’s atmosphere is divided into four main regions, namely: the troposphere (from
0 to about 12 km) — the warmest layer near the Earth due to the heat rising from the
Earth’s surface, the stratosphere (12-50 km) — the layer with a large concentration
of ozone gases, which absorb most of the solar UV irradiation, protecting the Earth
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Fig. 1 Global system of atmospheric circulation, with the low pressure zones marked as L and the
high pressure zones marked as H

Puc. 1. I'moGanbHas cucrema aTMOC(i)epHOP‘I HUPKYISIIUHU, TAC 30HbI HU3KOTO JABJICHHUS OTMCYCHBI
3HAaKOM L, a 30HBI BBICOKOTO JIaBJICHUS — 3HaKoM H

from harmful ultra violet (UV) rays, the mesosphere (50-80 km) — the coldest of the
atmospheric regions, where the water vapours freeze and create clouds made purely of
ice, and the thermosphere (80-500 km), including the ionosphere) — the layer where the
temperatures can rapidly increase and decrease because of the thin air and proximity to
the sun. The weather at the ground level is determined by short-term changes of such
tropospheric parameters as temperature, humidity, air pressure, precipitation, and wind
speed and direction.

Atmospheric processes such as radiation transfer, convection and aerosol movement
play important roles in regulating the temperature and water cycles and protecting the
mankind from excessive heat and the harmful radiation from the Sun. The atmospheric
large-scale winds give rise to large and slow moving currents in the oceans. The oceans in
turn provide an input of energy and water vapour into the air. The large-scale movement
of air masses caused by the joint action of solar heating, the Earth’s daily rotation and by
the Coriolis force, was named atmospheric circulation. The idealised global circulation
can be described as a world-wide system of winds which accomplish the transport of
heat from the tropical to the polar latitudes (Figure 1). In each hemisphere there are three
section (Hadley cell, Ferrell cell and Polar cell) where the air circulates through the entire
depth of the troposphere. The land surface air masses in the Hadley Cell (at the latitudes
from 0° to 30° N and S) flow towards the equator as easterlies; the circuit is closed by an
air mass which lifts in the “equatorial low” zone, moves in the upper stratosphere to the
latitude of ~ 30° N and S and lowers to the surface in this zone, named “the subtropical
high”. The warm surface air masses in the Ferrell cell (at the latitudes from 30° to 60°
N and S) predominantly flow from the subtropical high as westerlies. At the polar latitudes
the cold dense air sinks near the poles and blows towards the middle latitudes as the
polar easterlies. Being strongly affected by the ocean currents and the surface orography,
the real atmospheric circulation is dependent on the distribution of the continents and
oceans and, as a result, is different in the northern and the southern hemispheres. Thus,
the atmospheric circulation redistributes the thermal energy on the surface of the Earth
and determines the Earth’s climate.
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The polar cells crucially respond to the solar heating and demonstrate strong
seasonal changes (oscillations) dependent on the tilt of the Earth’s rotation axis relative to
the Sun (i.e. on the zenith angle of the Sun). As a result, the Arctic Oscillation (AO) and
the Southern Oscillation (SO) are the dominant modes of the planetary climatic systems
on the Earth. The Arctic Oscillation [1] is the mean-monthly sea level pressure variability
over the Northern Hemisphere caused by the gradient of the sea level pressure between
the Arctic basin and the middle latitudes. The North Atlantic Oscillation (NAO) has
long been recognized as the major circulation pattern influencing the weather from the
eastern North America to Europe. The amplitude of NAO is commonly characterized by
the NAO index, which represents the normalized sea-level pressure difference between
stations in the Azores and Iceland. The Southern Oscillation (SO) is determined as
a negative correlation between the pressure fluctuations at the sea level in the Southeast
Pacific high and the North Australian-Indonesian low. The anomalous warming of the
surface water in the Eastern Pacific is named El Nifo and the cold phase is named
La Nina. This coupled system links El Nifio to the atmospheric branch of SO and is
named ENSO [2]. The Southern Oscillation is characterized by the SOI index, which
is negative when ENSO is in a warm phase (El Nifio events) and positive when ENSO
is in a cold phase (La Nina events). The ENSO is the most pronounced year-to-year
fluctuation of the climate system on the Earth, which strongly influences the other
planetary climatic systems, including the NAO and AO. The effect of the statistically
justified correlation between the NAO, ENSO and other circulation patterns and the
variability of the climatic system in distant regions is termed “teleconnection”. The
phenomenon of teleconnection is derived from the fact that the stream from the WSSP
(Western Subtropical South Pacific ) area with an extremely high temperature at the level
of the ocean (SST anomaly) usually spreads in the South—East direction, forming the
Antarctic Circumpolar Current (ACC) in the Southern ocean. This circumpolar current
branches out northward into the Atlantic and Indian oceans with a strong impact on the
weather conditions in these longitudinal sectors.

Thus, the global atmospheric circulation is divided into several climatic systems,
whose characteristics can strongly change from year to year in spite of the fact that the total
solar irradiation (TSI), the main factor of the solar influence on the Earth, practically does
not vary during the solar cycle. The most dramatic alterations take place at high latitudes,
suggesting that the polar vortices are significantly affected by the solar activity. This review
presents experimental evidence of space weather influence on the Earth’s atmosphere,
with the main attention paid to the contribution made by research carried out in Russia.
The following topics are examined: (1) Effect of energetic particles of the solar, galactic
and magnetospheric origin, (2) Model computations of the cosmic rays influence on
atmospheric processes, (3) Ozone depletion in the Antarctic and the solar UV irradiance,
(4) The solar wind influence on atmospheric processes.

1. Influence of energetic particles on the Earth’s atmosphere
1.1. Ionization produced by energetic particles (altitudinal profiles and ionization rates)

Energetic particle precipitation (EPP) plays a significant role in many atmospheric
processes [3, 4]. Various sources of ionization penetrate to different atmospheric levels and
demonstrate different ionization rates. Figure 2 [4] demonstrates the efficiency of various
ionizers as instantaneous ionization raters (in cm~s™") at different altitudes of penetration.
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Fig. 2. Energetic particles impact on the Earth at different altitudes [4]

Puc. 2. Nonn3anms, mpon3BoauMast Ha pa3HbIX BEICOTAX PA3INYHBIMHU 3apsHKCHHBIMU JacTUIaMH [4]

High-energy particles of the galactic origin or galactic cosmic rays (GCR) consist
mainly of protons with energy in the range from a few MeV to GeV [3]. They penetrate
into the Earth’s atmosphere down to the ground level and provide ionization rates up to
40 ion pairs (cm~s™) in the troposphere (4 ~ 10 km). Maximum cosmic rays ionization
rates are observed at the altitude 15-26 km, depending on the level of solar activity. The
geomagnetic field acts as a shield for the incident cosmic rays and filters GCR particles
according to their energy. The effect of geomagnetic shielding is characterized by a cut-off
rigidity Rc: the lower the geomagnetic latitude, the higher is the rigidity, and the higher is
the energy of GCR penetrating the atmosphere at this latitude. Particles with the energy
E > 10 GeV can pass through the geomagnetic shield even in the equatorial area. The
galactic cosmic rays are constantly present in the Earth’s atmosphere, their intensity is
modulated by the solar activity cycle: the higher the solar activity, the smaller the number
of GCR events.

Solar energetic particles (SEP), mainly protons with energy in the range from tens
keV to higher than100 MeV, are named the solar cosmic rays (SCR). They are related to
solar eruptive areas or accelerated in the space [5]. The SEP events are sporadic phenomena,
which are typical of epochs of maximum solar activity: the larger the SEP intensity,
the less frequent is their occurrence. Solar protons penetrate down to the stratosphere
(h = 30-60 km) in the polar regions.

Solar wind serves as the main source of high-energy electrons, which are trapped
and accelerated in the Earth’s magnetosphere. The high-energy electrons, with energy from
~ 30 keV up to several MeV, emitted from the radiation belts (REP), produce ionization
rates mostly in the mesosphere-thermosphere at heights of 60—100 km. The electrons with
energy Ee = 1-100 keV (auroral electrons), originating in the external magnetosphere,
produce ionization of > 10* cm~s™ in the lower thermosphere (A = 90-120 km). Their
energy deposition is confined to the auroral oval. The auroral and radiation belt electron
precipitations occur in connection with magnetospheric disturbances and reach maxima
during the decay phase of the solar cycle. The magnetospheric-auroral electrons are
absorbed in the upper atmosphere, but the bremsstrahlung produced by these electrons
can penetrate down to 20 km [3, 4, 6].

Solar UV and X irradiations provide ionization rates ~10°-~10* ion pairs cm~s™! in
the thermosphere, at altitudes about 100150 km. The UV irradiation is responsible for the
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generation of the ionospheric conductivity in high-latitude regions in the summer season.
Solar UV irradiation in the range from 200 to 400 nm penetrates into the stratosphere and
troposphere. Visible and infrared irradiation penetrates to the Earth’s surface. The total
solar irradiance changes over a wide range of periods, from minutes to the 11-year solar
cycle. The irradiance of the Sun varies in phase with the solar cycle with an amplitude of
~ 0.1 % and a period of roughly 11 years. During the solar storm period in October 2003,
the total solar irradiance (TSI) dropped by an unprecedented 0.34 % due to the dark large
sunspots. Geomagnetic field restricts the intrusion of energetic particles in the low- and
mid-latitudinal atmosphere according to their energy [3, 7, 8], but the high-latitudinal
atmosphere is accessible to all types of particles, from the solar UV irradiation to the
galactic cosmic rays.

1.2. Ionization processes affected by energetic particle precipitation

The main chemical composition of the Earth’s atmosphere is roughly the same
from the ground level to 100 km, but physical conditions that are of primary importance
in atmospheric dynamics and climate are essentially different at different altitudes and
latitudes. For example, the temperature in the low and middle atmosphere is different by
100°K, and the atmospheric density is different by 6 orders of magnitude. The ionization
rate in the atmosphere (which is mainly neutral) changes with space and time and brings
into action various physico-chemical processes which can initiate processes in the
atmosphere, from the global circulation to climatic changes.

If the primary particle has sufficient energy to enter the atmosphere, it accidentally
collides with the nucleus of one of the atmospheric gases, where the most abundant
nuclei are nitrogen (N) and oxygen (O). All energetic precipitating particles (EPP) ionize
neutral molecules (N, or O,) in the Earth’s atmosphere and produce chemically active
radicals such as N, NO, H, HO, which can be further transformed by gas phase chemistry.
Additional amounts of NO, and HO, will intensify the process of ozone oxidation and,
correspondingly, ozone depletion. The effects of the short-lived radicals HO, are localized
in space and time: they are observed only where particle precipitation occurs. The radicals
NO, are more stable and can be transported by atmospheric winds. Because of this, the
NO, enhancement can be observed after the event and far from the production area.
Different secondary products can be created in such a nuclear collision; they can be further
transformed by gas phase chemistry influencing the ozone balance for the ozone layer. The
auroral electrons represent one of the main sources of nitrogen oxides in the thermosphere.
Thus, energetic precipitating particles can directly affect the chemical composition with
implications for further changes in the atmospheric dynamics and climate. The produced
quantities of ions and ionization rates are important parameters determining the electric
properties of the atmosphere, as well as the formation of gas admixtures and aerosols.

1.3. Atmospheric effects of high-energy particle precipitation
(cloudiness and ozone content)

The influences of the GCR and SEP variations on the atmosphere were studied over
years [9]. The results of the analyses proved to be ambiguous. On the one hand, it was
demonstrated that the galactic cosmic rays affect the high-level cloud coverage [10], the
global total cloud cover [11, 12] and low cloud coverage [13]. On the other hand, the
effect of the GCR variations on the cloudiness was not confirmed under detailed analysis:
correlation with GCR disappears when the cloud coverage fraction is decomposed by cloud
type or height, by region (reduce for ocean basis), by latitude (patterns in the tropical zone
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are better associated with the concurrent El Nifio) [14, 15]; the global cloudiness increases
during the past century regardless of the variations of GCR [16]; the low cloud cover
correlates with the solar irradiance better and more consistently than with the cosmic ray
flux [17]. The total conclusion was made that the direct connection between GCR and
the clouds is not evident, however, a mechanism connecting EPP ionization with clouds
coverage can not be ruled out [18].

Ionization of the thermosphere and mesosphere is directly related to the formation
of the ozone depleting atmospheric components. Ionization of the atmosphere controls
the global electric circuit [19], which can affect the clouds properties (see, for example,
[20, 21]. The GCR and SCR ionization can influence clouds formation by means of ion
induced nucleation [22, 23], through cyclogenesis in the atmosphere at the low and middle
latitudes [24, 25] and aerosols [4, 26, 27, 28]. Results presented in [29, 30, 31] demonstrate
that the ionization rate increasing in the polar stratosphere leads to the production of
aerosol nuclei, to the growth of their size and, as a consequence, to the formation of the
stratospheric clouds. According to [31], an enhancement of the ionization rate by a factor
of ~ 2 in the polar region under night/cold/winter conditions can lead to formation/growing
of the aerosol particles in the altitude range of 10-25 km. The ozone response to the NO,
n HO, increase depends on the altitude; it can even exceed the ozone response to the
solar EUV irradiation in the high latitude stratosphere. The annual mean ozone depletion
is the most pronounced in the mesosphere (more than 10 %) and it is also visible in the
middle stratosphere, reaching 3—4 % [32].

The solar protons with energy E, > 90 MeV are related to the intensification of
cyclones and the cyclogenesis intensity in the Northern Atlantic, as well as to the variations
of the thermo-baric fields in the troposphere at the low and middle latitudes [33, 34]. The
galactic cosmic rays with energies E ~ 20-80 MeV and ~ 2-3 GeV, which precipitate,
respectively, in the regions of the climatic Arctic and Polar fronts, may be involved in
the processes of cyclone and anticyclone formation and development at the extra-tropical
latitudes [35]. The stratospheric polar vortex is one of the most important connecting links
between the solar activity and the circulation of the lower atmosphere at the extra-tropical
latitudes. As the results of [36, 37, 38] demonstrate, an intrusion of the high-energy solar
protons into the polar stratosphere gives rise to the growth of ionization rates, a change in
chemical composition and ozone depletion. As a result, the winter stratosphere becomes
cold and the stratospheric polar vortex is strengthened.

2. Model computations of the cosmic rays influence on atmospheric processes
2.1. Empirical basis for model computations

As was indicated above, high-energy solar particles (mainly solar protons), with
an energy of several to 500 MeV, enter the Earth’s stratosphere and mesosphere only
in the polar regions. For the first time, a sharp decrease in the ozone content in the
stratosphere was detected on-board the American Nimbus-4 satellite in the course of one
of the strongest flares on the Sun (August 4, 1972). As theoretical analysis has shown,
high-energy particles intrusion in the polar atmosphere produced oxides of nitrogen (NO,)
and hydrogen (HO, ), which destroy ozone in catalytic chemical cycles. Later two important
steps were made with the satellite missions NASA UARS (with HALOE instrument) and
European ENVISAT (with MIPAS instrument). Basing on the ENVISAT measurements
of ozone and other small gas components, the international project HEPPA (High Energy

ARCTIC AND ANTARCTIC RESEARCH * 2021 * 67 (2) 183




I'EOJIOI'MA U TEODPU3UKA GEOLOGY AND GEOPHYSICS

Particle Precipitation in the Atmosphere) was arranged. The project involved 10 research
groups including Russian teams from the Central Aerological Observatory (CAO, Moscow)
[39]. As a result, model computations were performed which demonstrated good agreement
with the data of satellite measurements during the solar flare in October 2003.

2.2. The CHARM model
To describe the global photochemical processes taking place in the Earth’s atmosphere,
the numerical Chemical Atmospheric Research Model (CHARM) was claborated in the
Laboratory of Atmospheric Chemistry and Dynamics of CAO [40]. The theoretical basis for
the model and a summary of the results are presented in [4, 40, 41, 42,]. The CHARM model
used the “splitting method”, which makes it possible to describe independently processes
of advective transport and photochemical processes. One of the most accurate methods, the
Prater’s method, is applied to describe the transfer processes. The corresponding velocity
components were calculated using the general circulation model [43]. The method of “chemical
families”, which can be found in [41], was used while integrating this system with chemical
kinetics equations, which belong to the so-called “rigid systems”. The “rigidity” of the systems
of chemical kinetics equations is manifested in this case in a large range of values of the
characteristic “lifetimes” of chemical components (from fractions of a second to hundreds of
years), which would require very small time steps of integration. The method of “families”
makes it possible to significantly decrease the “rigidity” of the system and considerably increase
the time step. The photochemical block of the model describes the interaction between the
41 chemical components involved in 127 photochemical reactions. The following chemical
components were calculated in the model:
— included in the chemical “families”
0, =0, + OCP) + O('D);
NO, =N + NO + NO, + NO, + 2N.O, + HNO, + HO,NO, + CINO,+N(’D);
Cl, = Cl + CIO + OCIO + CIOO + HOCI + HCI;
HO, = H + OH + HO, + 2H,0;
CH,, CH,0, CH,0,, CH,0,H, CH,O, CHO, CO;

— source gases
CH,, CO,, N,O, CF,Cl,, CFCl, H,, Cl,, Cl,, CH,Cl, CH,CI, O, (profile fixed),
N, (profile fixed), M = O, + N, (concentration of air molecules), H,O (global
distribution fixed).

The vertical profile of the molecular oxygen in the calculations was fixed. Also, the
global (two-dimensional) distribution of the water vapor, based on observations from the
UARS satellite (HALOE instrument), was not changed. The time step of integrating the
model varied from 100 to 500 s. The dissociation rates were recalculated after 1 h of the
model time, which allowed us to correctly describe the daily course of solar radiation over
a fixed point. The lower boundary of the model is at the ground level, the upper boundary
is at an altitude of 88 km, the height step in the model is 2 km, the resolution in latitude
is 5°, and in longitude it is 10°. The initial distributions of all minor gas species (MGS)
were taken from a one-dimensional photochemical model [44]. In describing the chemistry
of the troposphere, the processes of “leaching” in clouds for some components (H,O,,
HNO,, HCI, HNO,) were taken into account in parametric form. Heterogeneous reactions
on the surface of aerosol particles were not taken into account. The model demonstrated
computational stability when integrated over several model years and an ozone distribution
consistent with observations and those obtained from other models.
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2.3. Solar proton forcing (event of 14 July 2000)

Let us consider the effects of solar proton intrusion in ozone in the polar atmosphere
region using the example of one of the most powerful proton flares on July 14, 2000 (Bastille
Day Event). It should be noted that the SPE of July 14, 2000 occurred when the Southern and
Northern polar regions were in different conditions of illumination by the Sun (polar night over
the south pole and polar day over the north pole). Therefore, the difference in their chemical
response is of special interest. To calculate the particle ionization rates, the data from the GOES-
10 satellite in various (integral) energy channels (> 5, > 10, > 30, > 50, > 100, > 370, > 480,
> 640 MeV) were used. Then the corresponding differential spectra were calculated. The
field of the calculated ionization velocity at each time was localized between the geomagnetic
pole and latitude 66° for each hemisphere. This field was thought to be isotropic inside the
polar cap. Each pair of ions formed during the deceleration of solar protons in the atmosphere
leads to the formation of 1.25 nitrogen atoms and 2.0 OH radical molecules, as well as 1.15
oxygen atoms. Figure 3 shows the model ionization rate in the northern polar region caused by
this event. One can see that the maximum values of the ionization rate lie in the mesosphere.
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Fig. 3. lonization produced by the solar protons in the northern polar region at latitudes from 15
to 110 km during Bastille Day Even (July 14-15, 2000); color scale on the right shows the rate of
ionization, expressed as ion-pair (m>s) [45]

Puc. 3. Monusanus, npou3BoguMasi COIHEUHbIMU IPOTOHAMU Ha BbIcOTax oT 15 1o 110 kM B ceBep-
HOH noJsipHOH o6nacth B xoze coobitust Jlens bactummu (14 mrons 2000 .); iBeToBast MIKaia crpasa
[I0Ka3bIBaCT YPOBEHb HOHM3ALMH B euHMIaX (ion-pair) (m3s™') [45]

As mentioned above, each pair of ions formed during the flash gives rise to NO and
OH molecules that destroy ozone. Figure 4 (upper panel) shows the ozone destruction
over the northern daylight (left) and the southern night (right) polar regions, according
to model calculations [40, 46].

As the figure shows, the reaction of the ozone in the daylight and night regions
is basically different. Over the daytime area, the destruction is strong (ozone in the
mesosphere is completely destroyed), but ozone quickly recovers after SPE end in the
presence of solar radiation (during polar day). Over the unlit area the ozone demonstrates
only small depletion, without recovery.
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Fig. 4. Ozone changes (in %,) in the northern (left) and southern (right) polar regions caused by
solar proton events on July 14, 2000: according to CHARM model (upper panel) and according to
measurements on board UARS satellite (the HALOE instrument) (lower panel) [40]

Puc. 4. VI3MeHeHus1 KOHIIEHTpanuy 030Ha (B %) B ceBepHOH (ci1eBa) U I0KHOH (CIpaBa) MOJISIPHBIX
obnactax B xoze coOsrtust 14 mromnst 2000 r. cormtacuo MoaensHbIM pacueram (CHARM) (Bepxuuit
psin) 1 no raHHbBIM u3Mepennit Ha ciytHrke UARS (mpubop HALOE) (awokunit psan) [40]
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Fig. 5. Total ion production for the most powerful solar proton events (SPE) during 23" solar cycle
at latitude 70° N [44]

Puc. 5. KomuectBo noHOB, 00pa3oBaHHBIX B cT010€ arMocdeps! Ha mupote 70° N, Bo Bpemst Hau-
Goree MOITHEIX NPOTOHHBIX coObITHI (SPE) B 23-M nkite conHeuHON akTUBHOCTH [44]
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The availability of the satellite measurements covering the SPE period in July 2000
made it possible to compare the model results with experimental data. Figure 4 (lower
panel) shows the results of data processing of the HALOE instrument installed on-board
the American UARS (Upper Atmosphere Research Satellite) satellite, which measured
ozone in the high latitudes of the northern hemisphere during the solar flare. The difference
in the ozone content at 680 N between July 15, 2000 (the time of the outbreak) and July
12 (there is no outbreak yet) is shown. The experimental data and the model calculations
demonstrate strong (90%) destruction of ozone in the summer mesosphere, the divergence
in the scales of the graphs on the upper and lower panels should be taken into account.
(Unfortunately, comparison of experimental and model results for the night polar region
proved to be impossible due to a lack of experimental data). Therefore, strong solar proton
events can significantly influence the ozonosphere in the sunlit polar region.

All proton events occurring in the course of the 23" solar cycle were analyzed in
[44]. Figure 5 illustrates the total ion production for different SPE with three outstanding
events, the Bastille Day Event among them. Thus, the conclusion is made that the effect
of the solar particle influence should be taken into account if one is to understand correctly
the variability of the polar ozone.

3. Ozone depletion in the Antarctic and solar UV irradiance

3.1. The quasi-biennial oscillation (QBO) and the 11-year solar cycle

The quasi-biennial oscillation (QBO) is an alternation of zonal wind direction which
is observed along the whole equator in a latitude belt with a half-width of £12° in the
stratosphere at pressure levels from ~100 hPa (~16 km) to ~3 hPa (~40 km). As generally
accepted, the wind QBO is driven by a broad spectrum of waves, which interact with
a background flow, causing a gradual alternate descent of westerly (eastward) and easterly
(westward) wind regimes. The QBO is one of the main features of the general circulation
in the Earth’s atmosphere and the dominant source of interannual variability of large-scale
dynamical processes and distribution of ozone and other trace gases not only in the tropics
but also at the middle and high latitudes [47].

Apparently one of the most important effects of the QBO is the modulation of the
solar influence on the Earth’s atmosphere. An essential aspect of this issue is a proposed
11-year solar cycle modulation of the QBO itself [48], in particularly of the QBO period.
Earlier results reported an anti-correlation of the QBO period with the solar cycle. However,
later studies with a larger available data set showed instability of the correlation that can
change in time [49]. However, despite the lack of a clear relationship of the QBO period
with the 11-year solar cycle, a relationship of the QBO with solar activity variations at
other periods cannot be ruled out. Indeed, Gruzdev et al. [50] have found a statistical link
for the wind QBO and solar UV variations of the quasi-biennial time period.

3.2. The seasonal features and prediction of the OBO

As the QBO is a regularly repeated feature of the atmospheric circulation, it can
be useful in predicting the inter-annual variations of different phenomena on long-time
scales. However, for this, a forecast of the QBO itself is required first. At present, the
model predictability capacity of the QBO is limited to one-two years. Correlation scores
with observational data exceed ~0.7 at a time lag of up to ~12 months, and then the level
of predictability decreases [51]. This indicates that the present understanding of the QBO
changes is not complete. For example, no agreement was found between the models
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Fig. 6. Changes of the pressure level of the descending easterly wind shear derived from altitudinal
profiles for the whole easterly descent from ~10 to ~70 hPa in a) June 2006 to December 2007;
b) June 2008 to June 2010; ¢) December 2010 to December 2012

Puc. 6. I3MeHeHns BEICOTHOTO YPOBHS (YPOBHSI JaBJIGHHMSI) CITyCKAIOIETOCS CABHTA BOCTOYHOTO
BETpa B TEUECHHUE eTr0 MOJHOTO cirycka oT ~10 1o ~70 rlla, momydeHHbIe 10 €XXeTHEBHBIM JaHHBIM O
BBICOTHBIX TPOQIIISIX CKOPOCTH BeTpa: a) HioHb 2006 1. — nexadbps 2007 r.; b) mrons 2008 1. — HIOHB
2010 ; ¢) mexadbps 2010 T. — nexabpp 2012 1.
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[52] in their predictions of the long-term changes of the QBO cycle period (a possible
shortening or lengthening) in response to the future global warming. Apparently, this is
due to differences in the representation of the basic processes driving the QBO in each
model. Also, an incompleteness of the current knowledge of the QBO was demonstrated
by an unexpected anomaly of the QBO in 2015-2016, which was observed after ~60
years of very regular behavior [53]. This anomaly had not been predicted by weather
centers and is inexplicable in the framework of the classical commonly accepted theory
of the QBO generation [47].

Seasonal dependence is an important characteristic of the QBO, which can be used
for forecasting. It has been known for a very long time, but has not yet been explained. In
carlier works the seasonal features were studied using monthly data of Freie Universitét
Berlin (hereafter FUB data) [54], and results have showed only a seasonal modulation (but
not an exact synchronization) of the QBO. In our recent work [55], the descent rate of
the easterly (E) and westerly (W) wind regimes was examined using daily or twice-daily
observations from the Integrated Global Radiosonde Archive (IGRA) [56—57]. This study
shows features that cannot be found from the monthly FUB data. Using pressure level
changes of the E-wind shear, which marks the lower edge of the descending E-regime,
a stepwise descent of the E-wind with alternation of intervals with a faster and slower
descent rate in the full range 10—70 hPa was clearly demonstrated (Figure 6). Furthermore,
the switching between different descent rates is very sharp and is observed near solstices
and equinoxes. The easterly wind descends faster from equinox to solstice, while from
solstice to equinox the descent rate is lower and is often near zero or even negative (a stop
or ascent). Also, the beginning of the easterly at ~10 hPa and its ending near ~70 hPa are
related with the solstices.

The study of all the 16 descending E-shears (using all available data in the 1977-2015
time interval, i.e. before the QBO anomaly in 2015-2016) showed that only three variants
of changes in time are possible, depending on the time of the initial appearance of the
E-shear at ~10 hPa and the whole time of its descent to ~70 hPa. Fig. 6 shows examples
for each variant, and the scheme in Fig. 7 indicates the sequencing of the seasons, which
resulted from the above seasonal links of the E-shear accelerations/decelerations. Every
descent lasts either 6 or 8 seasons between appropriate solstices. The 6-season descents
are limited between June and December solstices, the 8-season descents may be limited
between either December solstices or June solstices. Also, the interval between the end
of the previous E-shear at ~70 hPa and the appearance of the next E-shear at ~10 hPa is
always equal to two seasons. The appearance of the W-shear at ~10 hPa is always observed
one-to-three seasons before the end of the E-shear descent at ~70 hPa (Figures 6 and 7).
But the W-shear, irrespective of the time of its appearance at ~10 hPa, always completes
its descent near ~70 hPa simultaneously with the appearance of the next E-shear at ~10
hPa, and this occurs near the solstice in June or December.

Consequently, seasonal alignment of the QBO seems to be primarily associated with
the seasonal regularities of the E-regime descent. The sharp changes of the descent rate of
the E-wind near equinoxes and solstices are especially evident in the layer 20-50 hPa, and
they can be clearly determined using even the monthly FUB data. The E-wind deceleration
in the layer 20—50 hPa was earlier named stagnation stage, and the determination of the
QBO period as an interval between the beginnings of the successive stagnations was
suggested [58]. In this case, the QBO cycle must always begin near the solstice (in
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Fig. 7. The scheme for the determination of the time intervals with the identical changes of the descent
of the E- and W-shear of the wind QBO, the QBO cycles and ATOZ changes. @) a sequence of the
seasons; b) the E- (red) and W-shear (blue) descents; c) the height profiles of the wind speed for some
months, with the big full circles at profiles indicating the levels of the wind shear; d) the times of
the maximum ATOZ (the arrows below the profiles) and scenarios of the QBO cycles; ¢) the mean
ATOZ variations at latitudes from 5°S to 5°N for three type of the QBO wind descent. The grey bars
indicate the standard error of the mean.

Note that the times of the ATOZ maxima correspond to the end of the W-shear at 70 hPa (W70) and the simultaneous
beginning of the subsequent E-shear at 10 hPa (E10)

Puc. 7. Cxema omnpe/iesieHnsi BpeMEHHbBIX HHTEPBAJIOB € WICHTUYHBIMH U3MEHEHHAMHU CIycKoB E- 1
W-casura Berpa KJ1O, mukinos KJ10 u usmenenniit ATOZ. @) mocneqoBaTenbHOCTb CE30HOB; D) CIIy-
cku E- (xkpacusblif) 1 W-caBura (CuHHIA); ¢) BBICOTHBIEC MPOQIIIN CKOPOCTU BETPa I HEKOTOPBIX
MecsleB, OOJIbIINE YePHBIC KPY/KKHM Ha NPO(QUIIAX YKa3bIBaIOT YPOBHHU CABUra BETPa; d) MOMEHTHI
MakcuMyMoB ATOZ (ctpenku nox npodumsamu) u cueHapun mukioB KJ1O; e) cpennue Bapuanuu
ATOZ na mmpoTtax ot 5° 1o. m. 10 5° c. m. s tpex Tumnos cmycka Berpa KJIO. Cepsle momocs
YKa3bIBAIOT CTAH/IAPTHYIO OIIHMOKY CPEIHEro.

Oo6parute BHEMaHHEe, MOMEHTH MakcuMyMoB ATOZ cooTBeTcTBYIOT OKOHYaHuIO ciycka W-casura Ha 70 rlla
(W70) 1 orHOBpeMEHHOMY Haually ciycka rnocieaytouero E-casura na 10 rlla (E10)
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January or July from monthly FUB data) and its period turns out to be equal to 24, 30 or
36 months. In Fig. 7b, the stagnation stages are marked by black lines along the red lines
for the E-shear, and Fig. 7d specifies possible scenarios of the QBO cycles.

Note that it is commonly believed that the QBO period varies irregularly in the
range from 17 to 38 months, with the mean value being about 28-30 months. However,
the discretely varying period of the QBO cycle, resulting from the seasonal regularities
of the E-regime descent, allows long-term QBO prediction [59—61]. The duration of the
forecasting depends on the scenario of the QBO. For example, at the beginning of the
24-month scenario of the QBO cycle the prediction is possible for the next 2 years, but
at the beginning in January of the 30-month scenario the prediction is possible for the
subsequent five years interval because the 30-month QBO cycle with the beginning in
January is always followed by a 30-month QBO cycle with the beginning in July.

3.3. The dependence of the QBO on the solar UV irradiance

The coupling of the easterly descent with seasons indicates that the equinoxes and
solstices are key moments for a sharp change in the rate of the easterly descent. As is
well known, the solar UV radiation, due to the absorption by ozone, affects the ozone and
temperature fields in the equatorial stratosphere, but apparently the changes from solstice to
equinox must be opposite to that from equinox to solstice. Thus, the seasonal variations of
solar UV can cause an abrupt acceleration/deceleration of the easterly descent near equinoxes/
solstices. Furthermore, the changes of the solar activity, and, correspondingly, the solar UV,
at time scales of the QBO cycle period can be a source of a variety of scenarios of the QBO
cycles, depending on the duration of the E-shear descent (Figs. 7b and 7d). The difference
between the 6- and 8-season descents of the E-shear, which start both at ~10 hPa near the
June solstice (Figs. 6a and 6b), is caused by various descent rates. In all the cases observed
in 1977-2015, the height of the E-shear two seasons after the beginning of the E-descent
(near the December solstice) was higher in the 8-season descents as compared with the
6-season. Moreover, from the December solstice to the March equinox, the ascent of the
E-shear zone was observed in all the 8-season descents (as in Fig. 6b) [55].

A study of the solar UV in the course of the E-descents of a different duration was
carried out using the Bremen Mg Il composite index [62, 63], which is commonly used
as a proxy for the solar UV irradiance. The long-term and short-term variations were
removed from the original time series of the Mg II index by calculating a deviation of
the 55-day running mean from the 360-day running mean. The resulted normalized AMgII
index was used to determine the average UV changes coupling with the E-shear of the
different descent rate and, correspondingly, the different duration.

Figure 8 shows the AMglI in the first year of the E-shear descents from 10 hPa
to ~30 hPa. The main differences between 6- and 8-season descents, mentioned above,
are apparently observed under opposite changes of the AMglI. Since the solar irradiance
decreases (increases) from equinox to solstice (from solstice to equinox), a faster (slower)
descent of the E-shear is observed under the condition of the decrease (increase) in the
UV irradiance. Therefore, the additional increase in the UV irradiance due to the solar
activity variations (blue line for the 8-season descent) decelerates the fast descent in the
interval from equinox to solstice and changes the slow descent to ascent in the interval
from solstice to equinox. And vice versa, the additional decrease in the UV irradiance due
to variations of the solar activity (red line in Figure 8 for the 6-season descent) accelerates
E-shear descent and therefore lowers the pressure level of the E-shear compared to the
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Fig. 8. Variations of the solar UV (AMglI index) in the course of the first year of the E-shear descents
from 10 hPa to ~30 hPa. Red and blue lines are for 6- and 8-season E-descents, respectively

Puc. 8. Bapuanuu comaeqnoro Y®-nznyuenus (naaekca AMgll) B TedeHne nepBoro roja Cirycka
E-cnBura ot 10 rlla go ~30 rlla. KpacHble u cuHM€e TUHUM MOKa3bIBAIOT 6- U 8-CE30HHBIE CITyCKU
E-CI[BPIFa COOTBECTCTBCHHO

level in the 8-season descent. Hence the solar seasonal UV variations may be responsible
for the stepwise E-descent with a sharp acceleration/deceleration near equinox/solstice,
while the solar UV variations due to solar activity changes may cause the differences in
total duration of the E-wind descent, and, accordingly, in the type of scenario of the QBO
cycle (24- or 30-month scenario). A complete explanation of this relationship will require
modeling experiments and comparison with observations.

3.4. Forecast of spring ozone depletion (ozone hole) in the Antarctic

The quasi-biennial oscillation of the total ozone (TOZ) over the tropics is produced due
to the vertical transport of ozone by a secondary meridional circulation induced by the QBO
of the zonal wind. The descent of the W-shear (E-shear) is accompanied by the downward
(upward) motion of air masses, and, as a result, by a growth (decrease) in the TOZ [47].
A detailed analysis of the satellite daily deseasonalized TOZ (ATOZ) data over the course
of 15 complete wind QBO cycles, using the above mentioned seasonal features of the wind
QBO, convincingly showed some new important seasonal properties of the equatorial ozone
QBO [64]. Maxima of the ATOZ variations (Fig. 7¢) are definitely observed near the solstice
months (June or December), which are linked with time moments when the W-regime reaches
~70 hPa and the E-regime appears at ~10 hPa, which occur at the same time (Fig. 7). This
relation leads to the recurrence of the ATOZ maxima every 2 or 2.5 years. The red, blue and
green lines in Fig. 7e depict the ATOZ variations that are associated with the E-shear descents
of different duration: the 6-season descent, and 8-season descents beginning near June and near
December solstices, respectively. But the times of the minima of the ATOZ are less obvious
due to the W-wind appearance at ~10 hPa under the condition of the unfinished descent of the
E-wind. The coupling of the wind QBO with the TOZ indicates the possibility of forecasting
the equatorial TOZ variations based on the predicted wind QBO [64]. Similarly, forecasting
other various processes/parameters, for which the dependence on the QBO is identified, is
possible, based on the long-term forecast of the wind QBO.

For example, it is very important to predict the intensity of spring ozone depletion
(ozone hole) in the Antarctic. The ozone hole is observed annually, however it is
characterized by strong year-to-year fluctuations of some characteristic, such as the TOZ
decrease, ozone hole area, polar vortex power, ozone mass deficit and others. The ozone
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Fig. 9. Comparison of the model and actually observed fluctuations of the ATOZ in November in the
south polar region (70-80)° S in 1979-2018

Puc. 9. CpaBHenne MozenbHBIX U pakTraecky HaOmonasmmxcs Bapuauii ATOZ B HostOpe B roxHON
noJsipHOit obmactu 70-80° ro. mr. B 1979-2018 .

hole is formed due to the complex influence of photochemical and dynamical processes.
The increased concentration of ozone-depleting substances in the atmosphere causes
a long-term negative trend in the TOZ. But year-to-year fluctuations are coupled with
dynamic processes and, hence, are modulated by the QBO [47]. Therefore, the year-to-
year fluctuations prevent the determination of the trend direction in recent years, and their
forecast allows the identification of the natural causes of variations and the assessment
of the trend due to anthropogenic factors. The forecast of ozone hole fluctuations, for
example the TOZ, is based on an empirical model of the interannual fluctuations for the
QBO cycles of different scenarios. The model is the average ATOZ variation for each
type of the QBO scenario, and it is determined from experimental data over a long time
interval. On the basis of the model obtained, having a long-term forecast of the QBO one
can predict the ATOZ changes for the same period. Figure 9 shows a comparison of the
model and actually observed fluctuations of the ATOZ in 1979-2018.

4. Influence of the geoeffective solar wind on atmospheric processes

4.1. Distinctive features of the atmospheric circulation in the Antarctic

Katabatic winds are an exceptional feature of the atmospheric circulation in the
Antarctic. The katabatic wind regime (Figure 10a) is a powerful drainage stream of
near-surface air masses flowing from the ice dome (where the stations Vostok and Dome
C are located) to the coastline [65]. This drainage is caused by negative air buoyancy
supported by severe radiation cooling of the atmosphere on the ice sheet surface (due to
long-wavelength radiation). The spatial structure of katabatic winds is one of the most
stable atmospheric phenomena on the Earth [66]. The Coriolis force (determined by the
Earth’s rotation) deflects the descending air masses in the west direction, as a result the
circumpolar vortex is formed at the coast line.

The powerful drainage stream permanently generates the deficiency of air masses
at the Antarctic ice dome. This deficiency is compensated at the expense of air masses
coming to the near-surface layer from the troposphere. As a result, a large-scale system
of the vertical (meridional) circulation is formed above Antarctica [67]. The system of the
vertical circulation (Figure 105) includes a drainage of the air masses along the slope of
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Fig. 10. The katabatic wind regime in Antarctica: @) conceptual scheme of the vertical mass circulation
forced by katabatic winds [67]; b) drainage pattern of near-surface katabatic winds, red points mark
the location of the inner-continental staions Vostok, Dome C and South Pole

Puc. 10. Cucrema xarabaTudeckux BETPOB B AHTAPKTUKE: @) KOHLENTYyaJbHAs CXeMa LUPKYIALHH
BO3IYLIHBIX MAacC HaJ AHTapKTUKOH [67]; b) cxema pacnpeneneHns KarabaTHieCKUX BETPOB (U30IIH-
HMU JJABJICHHS1) B IPU3EMHOM CJ10€ AHTAPKTHUKH, KDACHBIMU TOUKAMH OTMEYEHO MOJIOXKEHNE CTAHIIHI
Boctok, Kynon C u FOxnsrii [omtoc

the ice sheet, an ascending flow near the coast line, a return movement in the lower and
middle troposphere, and a descending flow above the tops of the ice dome [67, 68]. The
air mass coming from the troposphere to the near-surface layer gets warm adiabatically,
whereas the air mass situated on the ice sheet is subjected to a constant radiation cooling (as
a result of the long wavelength radiation). These processes maintain the thermal equilibrium
in the winter atmosphere. Propagation of the katabatic winds from the Antarctic ice dome
is a phenomenon that involves the entire southern hemisphere [69].

4.2. Solar Wind influence on the atmospheric processes in the winter Antarctic

Initially the cloudiness above the Antarctic ice dome was associated with the Forbush
decrease of galactic cosmic rays during disturbed periods [10, 12]. However, a study of
the cloudiness above the station Vostok (Antarctica) in the absence of Forbush decreases
in the years of the solar minimum (1974-1977 and 1985-1987) showed that the cloudiness
alterations were associated with the interplanetary magnetic field (IMF) Bz component [70].
The behaviour of cloudiness was examined by the data of radiation balance measurements
and visual man-made observations in relation to all negative (AB, <—1nT) and all positive
(AB, > 1nT) daily IMF B, deviations. The rise of negative B, was followed by the
cloudiness growth and by the appropriate warming at the ground layer (altitude 3.45 km
above sea level at Vostok), whereas the rise of positive B, was followed by the cloudiness
decays and the appropriate cooling. The maximum effect is observed in the day of negative
Bz deviation or on the next day: the temperature at the ground level (lower panel) increased
according to the cloudiness growth. It means that the cloudiness above Vostok is related
to the IMF sign and, therefore, to the solar wind electric field affecting the magnetosphere

E, = Vg, (B,*B,%)"*sin*(0/2) [71],

where V is the velocity of the solar wind, B, and B,, are the IMF components, and © is
the angle between the IMF transverse component and the geomagnetic dipole.
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Sudden warmings are another extraordinary phenomenon sometimes observed in the
winter season in Central Antarctica, when the temperature on the ground level increases up to
10-15°C over some hours. As analysis [72] showed, these sudden warmings are also related
to a strong increase in the solar wind electric field E, . Figure 11 shows a summary plot of
the temperature changes AT (°C) at the stations Vostok (upper panel) and Dome C (lower
panel) as a function of the E,  value (left scale) over 72 hours after the E,; maximum moment
(T,), which is marked by the dash vertical line. Red color density indicates the warming rate.
The warming at the Vostok and Dome C stations starts when the interplanetary magnetic
field (IMF) is southward for a long time (> 12 hours) and the solar wind electric field E,
effect steadily grows. The longer the electric field exposure (and the higher electric field
intensity), the greater is the temperature deviation and the shorter is time delay between the
key moment and the temperature change. Thus, the long influence of the intense electric
field (E,, > 10mV/m) on the Earth’s magnetosphere results in the cloud formation and the
sudden warming at the stations Vostok and Dome C, located at the top of the Antarctic ice
dome. As this takes place, the station South Pole, located outside of the ice dome top (see
Figure 10a), does not display these changes.

Figure 12 demonstrates the response of the temperature (left) and atmospheric
pressure (right) above the Vostok station (2 = 3.5-20 km) to variations of the solar
wind electric field (taken in the form E., = V-(-B,)) [73, 74]. The analysis was based
on the data of daily aerological measurements at Vostok in 1978—1992, the day with
a maximum E,, deviation (a) or a minimum E_, deviation (b) was taken as a zero day,
the temperature (or pressure) profile for the 1% day preceding the zero day being taken
as the level of reference for all the succeeding days. In the case of the negative electric
field leap (AE,, < 0), the atmosphere in the ground layer (& = 3.45-3.5 km) gets warm
within 1-2 days, but the atmosphere at altitudes of more than 10 km becomes cool. In
the case of the positive electric field leap (AE,, > 0), the atmosphere in the ground layer
(h = 3.45-3.5 km) becomes cool, but the atmosphere at # > 10 km gets warm. It implies
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that the temperature at altitudes 2 = 5-10 km remains invariant under the influence of
the varying electric field. The atmospheric pressure above Vostok (2 = 3.5-15 km) also
responds in the manner opposite to the negative and positive Esw deviations: the negative
leap in Eg, is followed by an increase in the atmospheric pressure, the positive leap in
E, is followed by a decrease in the atmosphere pressure in the 1*and 2™ days.

The conclusion made in [75, 76, 77] is that these phenomena are related to the vertical
atmospheric circulation acting in the Antarctic in the winter season (see Figure 10). The air
masses coming to the near-surface atmosphere from the troposphere, get warm adiabatically,
whereas the air masses situated on the ice sheet are subjected to the constant radiation
cooling due to the long wavelength radiation. These two processes maintain a thermal
quasi-equilibrium in the winter atmosphere. A cloud layer is an efficient backscatter for
the long-wavelength radiation going upward from the ice sheet, but it does not affect
the air masses coming from above and their adiabatic warming. The reduction of the
radiative cooling (because of the cloud layer) should result in a warming of the atmosphere
below the cloud layer and a cooling of the atmosphere above the layer. The experimental
data indicate an acceleration of the descending air masses at # = 5 — 12 km in response
to the negative AE leap [74]. As aerological measurements above the Vostok station
demonstrate, this acceleration is followed by an atmospheric pressure increase at 2 < 10
km. The increase in the pressure above the ice dome top will strengthen the katabatic
winds flowing along the ice sheet slope to the coastline.

If the descending air masses velocity exceeds the crucial level, the Coriolis force is
unable to provide the westward deflection of katabatic winds. As a result, the circumpolar
vortex decays and the “regular” easterlies, typical of the coast stations during the winter
season, are replaced by “anomalous” southerlies. Figure 13 shows directions of the regular
and “anomalous” winds above Antarctica. The regular winds at the Vostok station are
winds with a low speed (V' < 6 m/s); the anomalous winds are winds with a higher speed
(V' > 6 m/s). The regular katabatic winds at the coast stations are winds with azimuths
in the range of 60-120°, whereas the winds with azimuths near 180° are regarded as

B Murville

Fig. 13. Regular (black) and anomalous (red) winds in the winter Antarctica [70]

Puc. 13. Pacripesienienne perysipHbIX (4€pHBIE CTPEJIKN) U aHOMAJILHBIX (KPAaCHBIE CTPEJIKH) BETPOB
B Anrapkruke [70]
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anomalous winds. The regular winds (marked by black arrows) at the Antarctic coast
form the circumpolar vortex, which is strongly related to the katabatic wind velocity
[78]. The anomalous winds (red arrows) blow away from the Antarctic coast toward the
equator. The relationship of the anomalous winds in the winter Antarctic to the IMF B,
component was examined in [70]. It was found that the anomalous winds are preceded for
1-2 days by a rise in the southward IMF B, amplitude. Not all anomalous winds seen at
Vostok are simultaneously observed at the coast stations: only when the strong southward
IMF (B, < -3 nT) lasts for more 3 days do the anomalous winds spread over the entire
Antarctica, and the cold Antarctic air masses rush into the Southern Ocean.

4.3. Mechanisms of the solar wind impact on the atmospheric processes

The solar wind containing the southward B, IMF component has a pronounced
effect on the magnetosphere by means of the electric field E, | and the corresponding
magnetospheric field-aligned currents (R1 FAC system). These currents, flowing into
the polar ionosphere at the dawn side and flowing out of the ionosphere at the dusk
side, produce the dawn-dusk voltage across the polar cap. This linkage is principally
ascertained and the quantitative relationship between the electric field E,; and the polar
cap voltage is well defined (see [71]). On the other hand, tropical thunderstorms provide
a constant potential difference ~ 250 kV between the ionosphere and the Earth’s surface.
This potential difference ensures the downward vertical return currents, which are the
most intense and variable in the polar areas (1-4 pA/m?) owing to the effects of the
cosmic and magnetospheric energetic particles [79, 80]. This is the way the global electric
circuit is realized. Actual changes of the atmospheric electric field observed at the Vostok
station represent the combination of the daily course of the tropic thunderstorms (so-
called Carnegie curve) and deviations affected by the solar wind electric field [81]. The
influence of the solar wind on the global electric circuit is well documented [24], but
the mechanisms of the influence of the global electric circuit on the cloud formation and
acceleration processes are not understood yet .

Strong increase in the southward (B ) IMF component (and the corresponding
increase in the geoeffective interplanetary electric field E, | ) brings into action two processes
in the winter atmosphere of the Antarctic. The first is the formation of the cloud layer
above the tops of the ice dome, where the air masses descend from the troposphere to the
near-surface layer in the central Antarctic. As a result of the radiative cooling reduction,
the atmosphere gets warm below the cloud layer and gets cool above the layer. The latter
is an acceleration of the air masses coming into the central Antarctic from the troposphere.
This process causes a sharp increase in the atmospheric pressure in the surface layer and
gives rise to a reconstruction of the wind system above the Antarctic and a collapse of the
circumpolar vortex at the periphery of the Antarctic continent. Propagation of the katabatic
winds from Antarctica is a phenomenon that involves the entire southern hemisphere
[69]. Thus, a significant rise of the solar wind electric field E | has a crucial influence on
the atmospheric processes in the winter Antarctic and Southern Ocean, and affects the
formation of El-Nifio and other related phenomena.

4.4. Influence of the Antarctic anomalous winds on Southern oscillation
(El Nifio and La Nina)

ENSO is a cycle of climatic changes taking place in the tropical Pacific Ocean
with a periodicity of three to seven years, with the mechanism of the changes remaining
unsolved. Stable links between the Southern Oscillation and atmospheric processes in
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Antarctica were found in many studies [69, 73. 74, 82, 83]. It was shown [75] that the
anomalous winds (with azimuth ~190°) appear at the Antarctic coast in the 1-2 months
preceding the El-Nifio onset under the conditions of high magnetic activity (associated
with the southward IMF). Moreover, a seasonal regularity in the occurrence of the
ENSO events was revealed: the El-Nifio events, associated with long-lived negative SOI
deviations (> 3 months) were formed during the winter Antarctic seasons. Basing on these
experimental results, a hypothesis was put forward [75, 77] that the cold anomalous winds
forming in the winter Antarctic and blowing away from the Antarctic coast toward the
equator will strongly impact on the Antarctic Circumpolar Current pattern acting in the
Southern Ocean under usual conditions. As a result, the warm stream originating in the
Western Subtropical South Pacific (WSSP ) area will be deflected from the usual south-
east direction toward the equator resulting in the El Nifio formation.

CONCLUSIONS

The analysis of relationships between space weather agents and atmosphere
constituents brings us to the following conclusions:

— Changes in the lower stratosphere circulation affect the surface climate.

— Galactic cosmic rays are not the main factor controlling the planetary cloudiness.

— Intense solar proton events have a strong impact on the photo-chemical processes
in the polar areas and, correspondingly, on the atmospheric processes in the high-latitude
regions.

— Variations of the solar UV irradiance modulate the descent rate of the zonal wind
regimes in the equatorial stratosphere in the course of the quasi-biennial oscillation (QBO),
and, therefore, control the total duration (period) of the QBO cycle and, correspondingly,
the seasonal ozone depletion in the Antarctic.

— As a result of a drastic warming of the winter atmosphere above the Antarctic ice
dome, the geoeffective solar wind impacts on the atmospheric wind system in the entire
Southern Polar region, and thereby influences the dynamics of the Southern Oscillation
(ENSO) and other planetary atmospheric systems.

Thus, our experimental data show a strong influence of the space weather agents
and, correspondingly, solar activity on the Earth’s atmosphere and, consequently, on the
Earth’s weather. This raises a question: does solar activity determine the Earth’s climate?
The solar activity in the past can be estimated by the sun spots number (SSN), which is
closely related to such solar activity phenomena as solar flares and coronal mass ejections,
responsible for solar influence on the Earth’s atmosphere. Figure 14 (upper panel) shows
SSN variations according to the data of sunspot observations, which started in the late 16th
century. One can see an obvious 11-year cycle and the less pronounced ~100-year periodicity
in the variations of the solar activity. The deep minimum of solar activity, known as the
Maunder minimum, took place in 1640—1710. Then solar activity steadily increased up to
the end of the 20™ century, afterwards it started to decrease quickly. This regularity is very
likely to be a manifestation of a 400-years periodicity in the solar activity. If this is the case,
then in the near future we are in for a period similar to that of the Maunder minimum. What
will be the atmospheric response to these solar activity variations?

The climate history of the Earth is often reconstructed from a variety of proxies,
including ice cores, tree rings, and sediments. It should be noted that reconstructions based
on tree rings [84] and those based on other sources (see for example [85-87]) provide
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Fig. 14. Comparison of experimental data on the sun spots number (SSN) for 1600-2012 () and data
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Puc. 14. ConocraBienne SKCIIepUMEHTAIBHBIX JAHHBIX O YHCIe conHeuHBIX msTeH (SSN) B 1600—
2012 rr. (@) 1 maHHBIX 0 NIOOAIBLHON TemIiepaType 3emin 3a mocienHee Teicsraenerre (0-2000 rr) (b),
TOIIyOBIM [IBETOM OTMEYEHA 3110Xa HHCTPYMEHTAIBHBIX H3MEPESHUH COTHEUHOI aKTUBHOCTH

different results. Figure 14 (lower panel) shows alterations of the global temperature
(the mean temperature over the Earth) for the period from 0 to 1995 [86]. One can see
that the global temperature over the last 400 years strongly follows the solar activity
variations: the global temperature was minimal in the 17th century, then two flat tops of
temperature were observed after 1750 and around 1850, after that, during the 20th century,
the Earth’s temperature steadily rose. It should be noted that the highest temperatures
were observed in the 9th and 10th centuries, when all technogenic emissions were non-
existent and, therefore, that global warming was not associated with technogenic emissions.
It means that variations of the global temperature could be due to non-anthropogenic
warming, i.e. they are natural phenomena related to solar activity changes. Summing up,
we have to admit that global climate changes in response to solar activity, and the latter
has demonstrated the tendency to decrease in the last 15 years. If this trend proves to be
steady (which will be clear in the next 5-10 years), then we will witness a global cooling
(like a second Maunder minimum) instead of a global warming!
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Biausinne kocMu4yecKkoil Moroabl Ha 3eMHYI0 aTMochepy
(pacmupeHHblii pedepar)

TepMHHOM «KOCMHYECKasl IOT0J[a» Ha3bIBAIOT KOMIUIEKC SIBJICHUH M IPOLECCOB
B resnocepe, 00yCIOBIEHHBIX «COIHEYHOW aKTHBHOCTHIO» — HEMPEPHIBHBIM, HO MEHSI-
IOIINMCS BO BPEMEHH U3JIyYCHHUEM COTHEUHOH MIIa3Mbl M AJIEKTPOMarHUTHBIX BOJIH B KOC-
MHUYECKOE MPOCTPaHCTBO. OCHOBHBIMH KOMIOHEHTaMH KOCMHYECKOW MOTO/BI SIBIISIOTCS:
BOJTHOBOE JJICKTPOMAarHUTHOE N3JTy4EHHE, COJTHEUHBIH BETep — MMOTOK HU3KOIHEPTHIHON
COJIHEYHOH TIa3Mbl, N3Tyd9aeMoi Bcell moBepxHOCThI0 CONHIIA, KOPOHAIBHBIE BHIOPOCHI
TUIa3MbI U BEICOKOCKOPOCTHBIE TIOTOKH, CBSI3aHHBIC C CONMHEYHBIMHU AKTHBHBIMU 00JIaCTIMA
(«BO3MYIIICHHBII COIHEYHBIA BETEP»), COMTHEUHBIC U TaJIAKTHYECKNEe KOCMHYECKHE Jyqn
(TIOTOKU BBICOKOSHEPTHYHBIX IPOTOHOB ¥ 3JICKTPOHOB ¢ 3Heprueii E > 500 M»B).

BosHoBoe (cBeTOBOE 1 TEIIIOBOE) COTHEUHOE M3TyUCHHUE ONPEACIISET YCIOBUS KU3HN
Ha 3emJe, HO €ro M3MEHEHUs B CBSI3M C COJIHEYHOH aKTHMBHOCTHIO OYEHb HE3HAYHUTEIIh-
HBI ¥ IPUXOMATCS B OCHOBHOM Ha Y®-001acTh CHEKTpa, 4TO 00yCIIaBIMBacT BapHaLUN
JIOJITOTHO-IIIMPOTHOTO PacIipeIe]IeHHs 030Ha B 3eMHOM arMocepe. DHepreTHIeCKHi BKIIa
KOPITyCKYJISIPHOM pajaniy NpeHeOPeKMMO MaJl TI0 CPAaBHEHHIO C BOJIHOBOW pajananuei,
HO OHAa KPUTHYECKH MEHSET YCJIOBHS MPOXOXKJICHUSI BOJHOBOM pajualiyl 4epe3 aTMoc-
(hepy M CHIIBHO BapbHpPYET, ¢ NEPHOJUIHOCTHIO OT CYyTOK IO COTEH JIET B 3aBUCUMOCTH
OT COJIHEYHOH aKTHBHOCTH. AKTyaJIbHOCTb NCCIICAOBAHUS TaKMX BapUalWil U X BINSHHS
Ha aTMoc(]epHbIe TPOIECCHl CTAHOBUTCS OCOOCHHO OYEBUIHOW B CBETE MPOUCXOJISIINX
B HACTOsIIEE BPeMsI INIOOATBHBIX KIMMATHUECKUX U3MEHEHUH.

Kocmuueckne yqn COTHEYHOTO U ralaKTHYECKOTO TIPOMCXOKICHUS U BBICOKOIHED-
THYHBIE 3JIEKTPOHBI MarHUTOC(EPHOTO MPONCXOXKICHNS 3eMIIH, TPOHUKAOIINE B 3EMHYIO
arMocdepy, HOHU3YIOT HEHTpaJIbHbIE MOJIEKYJIBI a30Ta U BOIOPO/IA, CO3/aBasi XUMUIECKU
AKTHUBHBIE OKHCITBI a30Ta W BOJOPOAA, KOTOPHIE pa3pyllaroT arMochepHblid 030H. B 3aBucn-
MOCTH OT SHEPTHH YaCTHII, KOTOPasi ONpEAENsIeT NTyOrHYy X MPOHNKHOBEHUS, HOHU3AIHS
MIPOMCXOANT Ha BBICOTaX Me30c(epsl WM cTpatocdepsl. IMCHHO 3TOT MEXaHU3M COJI-
HEYHO-aTMOC(EPHBIX CBSI3eH OOBSICHACT MEKIOAOBYIO H3MEHYMBOCTD COJICP)KaHHS 030HA
B MOJIPHBIX 00NacTsX. MceaenoBanusi, BEINMOIHEHHbBIE B PAMKaX MEKTyHApOIHOTO ITPOEKTA
HEPPA (High Energetic Particle Precipitation in the Atmosphere), B KOTopoM pUHIMATH
yuactue npeacrasutenu 10 crpan, Bkirodas Poccuio, mo3Bonmim nepeidTr K MOJICITbHBIM
pacdeTam BO3/ICHCTBHS YAaCTHUII COTHEUHOTO MTPOUCXOXKICHNS Ha aTMOC(epy, OCHOBAHHBIM
Ha 9KCTIEPUMEHTAIBHBIX CITyTHUKOBBIX TAHHBIX O COZIEPXKAHUH O30HA U JIPYTHUX MAJBIX
ra30BBbIX COCTABISIOMNX atMocdepbl. B mocieanne rogsl poCCHHCKUMH yUEHBIMHU OBIITH
CO3J1aHbl MI00ATBHBIC (POTOXUMHUYECKHE MOJIEIH, BKIIIOUAIOIINE XUMHUCCKUE PEaKkInn
MOHHOM XMMMH, 4TO TO3BOJISICT U3YUUTh BO3AeHCTBUE Bemblmek Ha ConHie Ha obnactn
D u E monsipHO#t moHOChEpHI.

Honsl, reHepupyeMble B aTMOCc(epe 110/] BO3ICHCTBHEM 3apsKEHHBIX YacCTHII, YBe-
JIMYMBAIOT CKOPOCTH 00PA30BaHMS SACP KOHACHCALMH a3PO30JIei, UTO ONpPEEIIseT TaKue
KJIMMaTHYeCKUE TIOCJIE/ICTBHS, Kak (popMHUpOBaHNE OOIAYHOCTH, IIUKJIOHIYECKAsT aKTHB-
HOCTb, aTMOc(epHast TUpKYIIust. [TomydeHHble SKceprMeHTaIbHbIC TaHHBIE CBUICTEIIb-
CTBOBAJIM O BIMSHUM MEHSIONIETOCS KOPITYCKYJISIPHOTO M3Ty4eHHs Ha MOTOAY M KIIMMAT,
Ha 00JIaYHOCThH B BEPXHEM sipyce arMocdepsl, Ha TeMIIepaTypy MOJsIpHOI Tporocdepsl,
Ha TI00AJbHYIO 00JIa4HOCTh M HAa OOJIAYHOCTD B HHIKHEM SIpyce aTMOC(HEpBI.

YHHUKaIbHOCTh aTMOC(EPHBIX MPOIECCOB B AHTAPKTHKE, I1I€ HAINYNEC KOHTHHEH-
TAJBHOTO JIEASHOTO KyIojla 00eCIIeuBaeT CTA0MIbHYIO CHCTEMY BEPTHKAJIBHOW aTMoC-
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(bepHOit nupKyssIKK, o0ecreunBaeT BO3MOKHOCTh aHaIN3a BO3ACHCTBHS Ha arMochepy
BO3MYIIIEHHOT'O COJTHEYHOTO BeTpa (AJTUTEIbHOE BO3/IEHCTBHE HHTCHCHBHOTO MEXKIIJIAaHET-
HOTO 3J1eKTpryeckoro nousi). [lokazano, uTo Bo3aeHCTBIE peaiu3yeTcs uepes o0albHY0
ANIEKTPUUECKYIO LIEIb U ONPEACNISET PEXKUM aHOMAIIBHBIX aTMOC(EPHBIX BETPOB B 3UMHEN
Anrtapkruke. C pe)xHMOM aHOMAJIbHBIX aTMOC(EPHBIX BETPOB CBSI3aHO ()OPMHUPOBAHHE
orpurarenbHoi dassl (Jnb-HuHb0) B cucTeme 10kHOM armocdeproit nupkysitun ENSO.
Cucrema ENSO sBnsiercss caMoil MOIIIHOM TJIaHETapHOW CUCTEMOM Ha 3emiie, KOoTopast
onpenenseT He TOIbKO KIMMaTudeckuil pexumM B FOKHOM monymapuu, HO BIMAET U Ha
norozHele ycnoBus B CesepHoM nonymmapuu (cuctemsl AO u NAO).
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