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Abstract. The regional characteristics of changing climate are serious challenge for the current understanding
regarding the driving factors of climate variability. Here we present a plausible explanation for the diversity
of regional response of Antarctic climate to uniform enhancement of greenhouse gases, i.e. the simultaneous
warming of the Western and cooling of the Eastern Antarctica. The explanation is related to the
heterogeneously distributed geomagnetic field, controlling the intensity and depth of particles penetration in
the Earth’s atmosphere. We discover that at seasonal basis the solar proton activity initiates enhancement of
the ozone density in the lower stratosphere over East Antarctica. This starts up the mechanism for drying of
the upper troposphere and lower stratosphere — through O; influence on temperature and static stability of air
masses. Thus warming of the tropopause region reduces static stability, blocking upward propagation of the
water vapour from the wetter middle troposphere. As a result the Earth’s longwave radiation freely escapes in
the space — a process accompanied with persistent cooling of the surface air in the eastern part of the
continent. During the passed half a century the ozone density in the Western Antarctica is substantially lower,
that diminished severely the ozone-water vapour cooling effect.

Key words: geomagnetic field intensity, energetic particles, lower stratospheric ozone and water vapour,
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3araaka 3MiHM KJIIMaTy AHTADKTHKH Ta ii 3B 130K 3 FeOMarHiTHAM I10JIEM.

H.A. Kinicdapceka, B.I'. baxmyros, I'.B. Menbauk

Pedepar. PerionanbHi XapaKTepUCTHKH 3MiHU KJIIMATy € CEpHO3HUM BUKIMKOM JUIsL HUHIIIHBOTO PO3YMiHHS
pywiidHuX (aKkTopiB MIHIMBOCTI KiiMaTy. MM NpONOHYeEMO BipOrifiHe IOSICHEHHS Pi3HOMAaHITHOCTI
perioHanbHOI peakiii KIiMaTy AHTapKTHMKM Ha pPIBHOMIpHE IIiJIBUILIECHHA IIapHUKOBMX Tra3iB, TOOTO
OIHOYACHOr0 MOTeIUTiHHA 3axizHoi Ta oxonomkeHHa CxinHoi Awnrapkrumu. IloscHeHHs noB'a3aHe 3
HEOJHOPIHUM PO3IOJIJIOM I'€OMAarHiTHOTrO IOJs, SIKe KOHTPOIIOE iHTEHCUBHICTh 1 TIMOMHY NPOHUKHEHHS
4acToK B atMmoc(epi 3emii. My 10BOIMMO, IO Ha CE30HHIH OCHOBI COHSYHOI NPOTOHHO! aKTHBHOCTI
IHIMIIOETHCS TiJBUIIEHHS IIUIBHOCTI 030HY B HWXKHIH crpatocdepi Hany CximHoro Awnrtapkrumoro. Lle
3aIlyCcKae MEXaHi3M «BHUCYIIYBaHHA» BEPXHbOI Tporocdepu i HwkHBOI crpartochepn — yepe3 O; BIUIUB Ha
TeMIIepaTypy i craTH4Hy cTaOUIBHICTH MOBITPAHMX Mac. TakUM YMHOM, HOTCIUIIHHA OOJACTi TpOoHONay3H
3HIDKYE CTaTH4HY CTaOUIbHICTh, OJIOKYIOUM MOIIMPEHHS BOASHOI Mapu Bropy 3 BOJIOroi CepenHbol
Tporochepu. B pesynbrari 10BroXBHIb0BE BUIPOMIHIOBaHHS 3eMIIl BUIBHO BUXOIUTH Y POCTIp, LieH nporec
CYIIPOBOKYETHCS CTIMKUM OXOJIO/DKEHHSAM IIPU3EMHOrO LIApy MOBITPS Yy CXiJHIM 4acTHHI KOHTHHEHTY. B
MHHYJIOMY IBCTOMITTI LIIIBHICT 030HY B 3axinHii AHTapKTHIl ICTOTHO 3HM3MJIACA, IO 3HAYHO 3MEHIIYE
MOPOJDKCHUH 030HO-BOASHOIO NMApor0 e(heKT OXOIOMKEHHS.

3aragka H3MeHeHHs KJIMMATa AHTAPKTHKH H €€ CBA3b C TeOMAarHUTHBIM MOJIEM.

H.A. Kunudapcka, B.I'. Baxmyros, I'.B. MenbHuk

Pedepar. PernonanbHble XapaKTepUCTHKM M3MEHEHHs KIMMaTa SBILIIOTCA CEPbE3HBIM BBI30BOM UL
CETOJHAIIHEr0 IMOHMMAHMS HPHUPOAbI ABMWKYIIMX (akTOpoB H3MEHYMBOCTH KiuMara. Mel mpemiaraem
IPaBONO00HOE 00BSICHEHHE Pa3HOOOPA3Us PErHOHANIBHOM PEaKIMU KIMMaTa AHTAPKTUKM HA PAaBHOMEPHOE
IOBBIIIIEHHUE NTAPHUKOBBIX T'a30B, TO €CTh OZIHOBPEMEHHOI'0 IIOTESIUICHUS 3alaiHON 1 oXnakaeHust Bocrounoit
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Antapkrunsl. OObsICHEHHE CBSI3aHO C HEOIHOPOIHO PACIIPE/CNICHHBIM I'€OMArHUTHBIM II0JIEM, KOTOpOe
KOHTPOJIMPYET MHTCHCUBHOCTb U TIyOMHY POHMKHOBEHHMS YacTull B arMocdepy 3emit. Mbl ripeanonaraem,
YTO Ha CE30HHOH OCHOBE COIHEYHOW IMPOTOHHON aKTUBHOCTH MHULIMUPYETCS! MOBBIIIEHHE IJIOTHOCTH 030HA B
HIDKHEH cTparocepe Haj BocrouHol AHTapkTHOol. DTO 3aIycKaeT MEXaHM3M «OCYIIECHHs» BEpXHEi
Tporochepbl M HWKHEH cTparochepsl — mocpeacrBoM Oz BIMSHHA Ha TEMIIEPAaTYpy M CTaTHYECKYIO
YCTOHYMBOCTb BO3IYLIHBIX Macc. TakuM 00pa3oM, NMOTEIICHHEe 00JIaCTH TPOIIONAYy3bl CHIKAET CTaTHYECKYIO
YCTOHYMBOCTb, OJIOKHPYS pacHpOCTpaHEHHE BBEPX BOASHOIO Iapa M3 BIAXHOH cpenHed Tpornocdepsl. B
pe3ynbTaTe JIMHHOBOJHOBOE M3JIydeHHE 3eMJIM CBOOOJHO BBHIXOAUT B IIPOCTPAHCTBO, IIPOLECC
COMPOBOXKIAETCS YCTOMYMBBIM MTOXOJIOAAHHEM B IIPH3EMHOM CIIO€ BO3/yXa B BOCTOUHOH 4aCTH KOHTHHEHTA.
B xone npomenniero nonyseka INIOTHOCTh 030Ha B 3anafHOM AHTapKTHIE CYLIIECTBEHHO CHM3UIIACH, YTO
3HAYUTENIBHO YMEHBIIHIO HOPOXKAEHHBIH 030HOBO-BOJISIHBIM APOM 3P (EKT OXJIaxICHHS.

1. Introduction

Evolution of the Antarctic temperature during the last 1.5 centuries (Schneider et al., 2006) is
one of the paradoxes of the contemporary climate. The simultancous warming of the Western and
cooling of the Central-Eastern Antarctica excite the minds of many scientists-climatologists,
atmospheric physicists, geophysicists etc. Some of the existing explanations relate this phenomenon
to the strengthening of the positive phase of the Southern Annular Mod (SAM) and an associated
increase in the circumpolar westerlies over recent decades (Thompson and Solomon, 2002; Gillett
and Thompson, 2003; Shindell and Schmidt, 2004; Keeley et al., 2007). Other authors suggest that
local circulation pattern, i.e. amplification of the wavenumber-3 pattern (inherent to circumpolar
circulation and associated with regional sea-ice changes) have a larger role in the West Antarctica
warming (Steig et al., 2009). There are also hypothesized links relating the Antarctic climate with
ENSO events (Turner, 2004), semiannual oscillation of circumpolar vortex (van den Broeke, 2005),
etc. All of them are based, however, on internal climate variability with unknown origin.

On the other hand many authors have suggested a relation between cooling climate and
stronger geomagnetic filed (Elsasser et al., 1956; Harrison and Funnell, 1964; Bucha et al., 1970;
Wollin et al., 1971; King, 1974; Courtillot et al., 1982; 2007; Gallet et al., 2005; Bakhmutov et al.,
2011). As far as the area with negative temperature trends (Central-Eastern Antarctica) is very
close to the geomagnetic pole, such a possible relation inevitably comes in mind. The mechanism
of geomagnetic influence on climate is usually associated with galactic cosmic ray influence on
the processes of aerosol formation and clouds’ nucleation. However, it seems not supported neither
by the satellite and ground-based measurements of clouds’ microphysical parameters and aerosols
(Kristjansson et al., 2008; Sloan and Wolfendale, 2008; Calogovic et al., 2010; Kulmala et al.,
2010, etc.), nor by the some controversial results of the CERN pilot CLOUD experiment (Duplissy
et al., 2010; Kirkby et al., 2011). Consequently, at present time there is no mechanism capable of
explaining the geomagnetic influence on climate.

The aim of this paper is to offer a new mechanism capable of explaining the statistical
relation found between geomagnetic field and Earth’s climate, as well as to show evidence
supporting its validity in the Southern Hemisphere. In the following sections we will describe
consequently all links in the chain of causal relations between geomagnetic field and climate
variability.

2. Geomagnetic control of energetic particles precipitation

As proposed from many authors, the most probable way for geomagnetic influence on climate
is through its control on intensity and spatial distribution of energetic particles — continuously or
sporadically bombarding Earth’s atmosphere. Heterogencous geomagnetic filed reasonably
suggest non-even distribution of precipitating energetic particles over the globe. To determine the
areas with stronger and weaker particle precipitation, we have provided a lagged cross-correlation
analysis between geomagnetic filed intensity, GCR and the less energetic solar protons, in each
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node of our grid (with 10° steps in latitude and longitude). We have used annual values of
geomagnetic field and solar proton fluxes with energy higher than 10 Mev (SPF) and 22 running
average of GCR (as a measure of their long-term variability). The latter has been chosen, because
of the previously found increased climate and lower stratospheric O; sensitivity to the long-term
variations of GCR (Kilifarska, 2012). From the maximal (statistically significant at 95%)
coefficients we have created maps illustrating the geomagnetic field effect on the GCR and solar
protons intensity. Results for the Southern Hemisphere (SH) are presented in Fig.1. The particles
response to geomagnetic forcing is instantaneous, so the maps of time lags are not shown.

Analysis of Fig.1 reveals that intensity of energetic particles entering Earth’s atmosphere
depends not only on the strength but also on the variability of geomagnetic field. The Fig.1 implies
the following conclusions: (i) coherence in temporal variability of geomagnetic field and GCR is
found only in regions with unchanged or gradually increasing geomagnetic field (panel A), but not
in regions of its weakening; (ii) solar proton precipitation in the areas with growing geomagnetic
field are less tolerated than that of GCR (compare panels A-B); (iii) unlike the GCR, the intensity
of solar protons in regions with decreasing magnetic field is moderately related to its variability
(panel B); (iv) maximum negative correlation between geomagnetic field and GCR is placed near
the South Pole, suggesting that stronger geomagnetic field in this region is a barrier for GCR
penetration deeper in the atmosphere (Fig. 1-6 see the color paste between pages 48&49).

3. Particles effects on the lower stratospheric O;

The second step in the chain of causal relations, initiated by geomagnetic filed, is particles’
influence on the atmospheric chemistry. Our previous investigations show that lower stratospheric
O; variations are tightly related to energetic particles precipitating in the atmosphere (Kilifarska et
al., 2013 a, b). This was the motivation for the next step in our research — to identify the areas with
highest particles’ impact on the columnar ozone density. Applying again the lagged cross-
correlation analysis between winter total ozone (TOZ) and both types of energetic particles, we
have obtained maps of statistically significant correlations. Fig. 2 presents results separately for
galactic cosmic rays and solar protons. Note that besides over the Antarctica, the correlation
coefficients between GCR and winter ozone are negative (Fig. 2, panel A). Their maximal values
correspond well to areas with strong magnetic field and those with anomalously weak field over
Brasilia and South Atlantic Ocean. This implies that intensification of GCR flux has a negative
impact in the columnar O; balance — especially well pronounced at mid-latitudes.

Despite numerous studies reporting for destruction of mesospheric O; during solar proton
events, their effect on seasonal basis appears to be an enhancement of the total ozone density (Fig. 2,
panel B). Only over the Antarctica there is a small area, where winter TOZ weakly decreases with
enhancement of solar proton flux intensity. Note also the almost instantaneous total Oz response to
variations of solar proton flux intensity, and its delayed response (by 2-4 years) to GCR forcing.

Examination of the 55-year average of ozone mixing ratio during the period of ozone hole
formation (September-October), and its anomalous deviations from dynamically evolving decadal
means, shows that at 30 hPa and below the O; anomalies at tropics and extratropics become
positive (see Fig. 3). Comparison with Fig. 2 indicates that the area of positive correlation between
solar protons and TOZ fairly well corresponds to the positive anomalies of O; mixing ratio at 30
and 70 hPa. Consequently, the climatological impact of solar protons in the middle-lower
stratospheric ozone balance is positive indeed.

4. Mechanism for solar protons’ influence on ozone

In the Northern Hemisphere, GCR release the maximum of their energy near the tropopause,
where they activate an autocatalytic cycle for O; production (Kilifarska, 2013). The negative
correlation between GCR and ozone in the Southern Hemisphere suggests, however, that
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conditions favouring appearance of the autocatalytic cycle are most probably not fulfilled. The
reason for this most likely lies in geomagnetic field intensity, which controls the depth of particles
penetration into the atmosphere. Being stronger in the Southern Hemisphere polar region, it stops
GCR at upper atmospheric levels, where the higher value of H,O mixing ratio impedes activation
of the ozone producing cycle. This could be the reason for the negative GCR—TOZ correlation
found in the Southern Hemisphere.

The positive impact of solar protons in the SH total O; budget, however, suggests another
mechanism for ozone formation initiated by the solar protons. It is well established that solar particles
reduce ozone density at mesospheric and upper stratospheric levels — through the activation of HO, and
NO ozone destructive cycles. Consequently, the most probable explanation for the positive correlation
between solar protons and TOZ is the ozone’s self-restoration at lower levels, when its optical depth is
reduced — a consequence of the O; depletion aloft (Sonnemann and Hartogh, 2009). The process of O;
self-restoration is not easily understandable, because solar UV radiation capable of reaching the middle
stratosphere could not dissociate molecular oxygen O, at these levels (Banks and Kockarts, 1972).
Therefore, it is reasonable to conclude, that it could not produce ozone. However, the large UV
continuum, known as Hartley band (200-350 nm), is able to dissociate ozone — creating vibrationally
excited molecular oxygen O, . The latter is easily dissociated by the longer UV radiation (freely
penetrating at these levels), which creates atomic oxygen and consequently ozone, i.¢.:

05+ hv(248 nm) — 0, + O
0, + hv(>300 nm) — 2 O

Net: 1 03 —3 03

This mechanism is known also as Slanger’s mechanism for ozone formation (Slanger et al.,
1988). The modelling estimation of the O; self-restoration effect shows that its amplitude increases
with downward propagation of the upper levels ozone depletion (Kilifarska et al., 2013b). The
deeper the O; anomaly penetrates, the stronger the self-restoration effect is. The O; self-restoration
mechanism is less productive, compared to the autocatalytic ozone production cycle, because it
depends on the sporadic precipitation of solar particles, on the depth of their precipitation and on
the smaller number of O3 molecules produced. Therefore we hypothesize that this may be
considered a reason for substantially lower ozone density in the Southern Hemisphere.

5. Ozone mechanism for influence on climate

It has long been known that variations of the lower stratospheric ozone density influence
Earth's climate (Ramanatan et al., 1976; Wang et al., 1993; Forster and Shine, 1997; Stuber et al.
2001, etc.). However, due to the fact that the mechanism of such an influence is unclear and the
factor(s) controlling ozone variability at these levels is unknown — the importance of the lower
stratospheric O; as a potential driver of climate variations was simply ignored. In the sections 3
and 4 above, we have through some more light on the particles’ impact in the lower stratosphere
ozone variability. Here we will describe the most probable way for the ozone influence on climate.

Our understanding for the obtained relation between lower stratospheric O; and climate
variability consists of three main links: (i) ozone influence on the near tropopause temperature; (ii)
alteration of UTLS humidity by the temperature variations; (iii) greenhouse warming or cooling of
the surface temperature, due to the exerted water vapour forcing (Kilifarska, 2012b). Below we
will describe briefly each of these links.

5.1.Lower stratospheric O; and near tropopause T
Being one of the strongest radiatively active atmospheric gases, the lower stratospheric Oj; is
known to influence substantially the temperature near the tropopause (Wirth, 1993; de Forster and
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Tourpali, 2001; Seidel and Randel, 2006; IPCC/TEAP, 2005). This influence is easily
understandable with the ozone's affinity to adsorb not only incoming solar, but also emitted by the
Earth long-wave radiation. The close relation between lower stratospheric ozone and temperature
near the tropopause has been noticed by several authors (de Forster and Tourpali, 2001; Seidel and
Randel, 2006; Randel et al., 2009; etc.) reporting for cooling of the tropopause and lower
stratosphere during the period of the strongest O3 depletion in 1990s.

5.2. Tropopause T and atmospheric static stability

It is now well understood that temperature of the tropopause controls static stability of the
upper tropospheric air masses (e.g., North and Eruhimova, 2009) in such a way that warmer
tropopause increases stability of air parcels, while the colder one — reduces it. Static stability or the
“gravitational resistance of the atmosphere to vertical displacements” (Young, 2003) is usually
determined by the adiabatic lapse rate of air masses. The lower boundary of conditional instability
(allowing uplifting of the water vapour) is defined by the moist adiabatic lapse rate, while its upper
limit — by the dry adiabatic lapse rate (e.g., Young, 2003; North and Eruhimova, 2009). While the
dry adiabatic lapse rate I'y is constant (~9.8°C per km), the moist (known also as a wet or
saturated) lapse rate I'y, depends on the temperature and humidity at a given altitude (see the
American Meteorological Society definition of I'y, described by eq. 1).

H -7
1+
Ry-T (1)
HV2~$~rV

R, T’

c ,+

pd

where: T, is the wet adiabatic lapse rate, [K.m™"]; g — Earth's gravitational acceleration
(9.8076, [m.s™]); H, — heat of vaporization of water (2.501*10° [J.kg™']); r, is the ratio of the mass
of water vapor to the mass of dry air, known also as a mixing ratio, [kg.kg"]; Ry — specific gas
constant of dry air (287 [J.kg ".K ']); £ =0.622; T — temperature of the saturated air, [K]; cpa — the
specific heat capacity of dry air at constant pressure, [L.kg K '].

Equation (1) shows that warming of the air near the tropopause leads to an enhancement of
the I'y,, which reduces the range of conditional instability of air or with other words — increase its
stability. Thermodynamically stable conditions prevent uplifting of H,O vapour across the
tropopause. Oppositely, cooling of the tropopause region increases air masses’ instability leading
to upward propagation of the water vapour. Consequently, ozone variability near the tropopause
affects simultaneously temperature and humidity variations at the most sensitive for the outgoing
long-wave radiation altitudes near the tropopause.

5.3.Water vapour greenhouse effect

It is broadly accepted that the water vapour in the free atmosphere has the strongest impact
into the greenhouse warming of the Earth planet (IPCC, 2007; Schmidt et al. 2010). According to
the IPCC, however, the greenhouse warming of H,O vapour is not a driver, but simply a response
of the climate system to the warmer Earth climate, initiated by the increased concentration of
anthropogenic greenhouse gases like carbon dioxide CO,, methane CH,, nitrous oxide N,O,
halocarbons, etc. On the other hand, it is well established that the lower tropospheric H,O vapour
has a little influence on the Earth’s radiations balance (IPCC, 2007). The actual impact in the
greenhouse effect belongs to the humidity near the tropopause (Spencer and Braswell, 1997; Smith
et al., 2001; Inamdar, 2004), due to its extremely low temperature. Recall that the colder water
vapour has less ability to emit back into the space absorbed long-wave radiation (emanated by the
Earth), trapping it into the troposphere.
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6. Evidence confirming geomagnetic influence on climate

In order to check the validity of the proposed mechanism for geomagnetic field influence on
climate we have analysed time series of merged ERA 40 and ERA Interim reanalyses. Thus the
available data records exceed 50 years, offering gridded data of all parameters we are interested in.

6.1.Synchronous temporal variations of UTLS ozone and humidity

The ozone mechanism for influence on climate predicts that depletion of the lower
stratospheric O;, and correspondingly cooling of the tropopause, should be accompanied by an
increased humidity, while O; abundance — by a reduced humidity (see sub-sections 5.1 and 5.2).
Analysis of the winter time series of ozone at 70 hPa and SpH at 150 hPa, shows a well
pronounced tendency for dephasing of their maxima and minima (see Figs. 4). Due to the
irregularly distributed ozone over the globe, and its leading role in modulation of the upper
troposphere — lower stratosphere (UTLS) temperature and humidity, it is worth to examine the
spatial distribution of the connectivity between ozone and humidity. Results from such an analysis
will be shown in the next sub-section.

6.2.UTLS ozone-water vapour forcing of surface T

To examine the spatial distribution of the coherence between UTLS ozone and water vapour
variability we have calculated in each node of our grid (step in altitude and longitude is 10°) the
lagged correlation coefficients between SpH at 150 hPa and O; at 70 hPa. Then we have selected
the maximal, statistically significant at 95%, correlation coefficients and mapped them. The
contours of the correlation map, overdrawn on the SH surface air temperature ‘dynamical’
anomalies is shown in Fig. 5. The correlation coefficients are much lower that that in the Northern
Hemisphere, i.e 0.4-0.6. Their highest values are obtained at tropical latitudes, where the humidity
response to O; forcing is delayed by more than 10 years (Fig. 5, panel B). For this reason, and for
the sake of clarity, contours higher than 0.5 (corresponding to the heavily delayed tropical
humidity response to O; forcing) are omitted in the Fig. 5 (panel A).

Note that the area of highest coherence between O; and water vapour corresponds to the
positive surface temperature anomalies over the West Antarctica and their negative values at the
eastern coast of the continent (background map in Fig. 5, panel A). Reference to Fig. 3 reveals that
during the passed half a century the average lower stratospheric ozone anomalies over the Eastern
Antarctica are positive. According to our mechanism for ozone influence on climate (see section 5)
this suggests cooling of the surface T, what actually has been observed for the period 1957-2012
(Fig. 5, panel A).

Significance of correlation coefficients is usually estimated by the Student t-test. However,
due to the indication for violation of some of the basic assumptions required for application of
Student t-test, we have carried out an additional test for spuriousness of the calculated correlations,
as suggested by Kenny (1979). Details of the test are described in Data and Methods section, while
the results are shown in Fig.6. Comparison of Fig. 6 with Fig. 5 shows that after correction for
non-stationarity of the ozone-water vapour causal structure, the ozone cooling of the Eastern
Antarctica is much better captured.

7. Data and Methods

7.1.Data used

We have used ERA 40 and ERA Interim reanalyses data for the ozone mixing ratio, the total
ozone, the specific humidity and the air temperature at 2 meters above the surface, covering the
period 1957-2012. To avoid data inconsistency between the two reanalyses, we have equalized
their means (calculated over the entire periods with data available for each) in every grid point. For
the total ozone, the specific humidity (SpH) and the temperature at 2 meters above the surface
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(T2m) we have used the monthly means. Monthly values of the ozone mixing ratio have been
calculated from the 6-hours reanalyses data, taken at 12:00, because of an encountered problem in
the spatial distribution of ERA Interim monthly ozone records.

Climax neutron monitor data record has been used as a measure of GCR intensity, because of
its longer length. It has been additionally expanded backward and forward (Kilifarska, 2012a), to
extend the length of the calculated 22 running averages used as a measure of the long-term GCR
variability. The record of annually averaged solar proton fluxes with energies E>10 MeV (starting
in 1970) is adopted by data taken from (Kurt et al., 2004) and NOAA Space Environment Service
Centre (http://www.swpc.noaa.gov/ftpdir/indices/SPE.txt).

Taking into account possible non-stationarity of the data means, we have calculated monthly
average deviations from their dynamically evolving decadal means for all examined atmospheric
parameters. We call them ‘dynamical anomalies’ and they do not possess any trend or long-term
variations. The advantage of this procedure consists in the easier deconvolution of variability
shorter than a decade from the climatic scale variations.

7.2. Methods

The spatial distribution of coherent variations between examined parameters has been
analyzed by the use of lagged cross-correlation analysis, which is easily programmable. Moreover,
due to the relatively lower power of this method to derive a meaningful conclusion about causality,
it is recommended by Kenny (1979) to replicate calculated correlations at different time lags and
different groups of subjects. This strategy was strictly followed in our analysis. For example, each
lagged correlation coefficient has been selected as a maximal value among all coefficients
calculated with time lags of 1 to 20 years. For every two parameters we have applied this
technique in each grid point, i.e. 684 pairs of time series have been analyzed in order to determine
each correlation map. The cross-covariance coefficients at lag m have been calculated by moving
the axis of the independent variable (i.e. the cause, or the forcing parameter) backward, i.e.

cxy(k):ﬁZ(Yt “Y)Xyom-X)  fort=l1o N; m=—lto—k
m
where N is the number of observations in time series. For this reason the time delay is given in our
maps as a negative value. The cross-correlation coefficients are calculated through normalization
of the cross-covariance on the standard deviations of both time series.

All correlation coefficients presented in this paper are calculated from the mean winter
values. Cross-correlations of external factors (i.e. long-term variations of galactic cosmic rays and
solar proton fluxes) were calculated without any smoothing, while relations between atmospheric
parameters themselves — with 3 point running average smoothing. Maps of connectivity between
examined parameters have been created from only statistically significant coefficients. The
Student’s t-test of significance, however, is based on the assumptions that: (i) relation between the
examined variables is linear; (ii) each pair (X;,Y;) of analyzed variables is independent from the
others; (iii) both variables X and Y are normally distributed. Because there are indications for
violations of some of them (e.g. first and second), we have carried out an additional test for
spuriousness of the calculated correlations, following (Kenny, 1979).

The key assumptions used in the cross-lagged correlation analysis are: (i) stationarity,
meaning that variables’ causal structure does not change over time and (ii) synchronicity ensuring
that both variables are measured at the same moment in time (Kenny, 1979), and in our case — at
the same geographical place. If we apply the path analysis, as described in (Kenny, 1979), and
assume that our variables X and Y are influenced by a third variable F, the structural equations of
X and Y — in two moments in time — could be written in the form:
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X1=a1 .F1+Cl .U]
X2=a2.F2+cz.U2 (2)
Y1:b1 .F]‘f‘d] .V]
Yzzbz.F2+d2.V2

Where ay, ay, by, b, are paths or causal parameters from external forcing F to variables X and
Y, in the moments 1 and 2. Variables U, V include all factors influencing X and Y besides F. We
will treat them as a noise. Moreover, variables U, V and F are uncorrelated to each other but
autocorrelated.

For the two-wave, two-variable case stationarity implies a;=a, and b;=b,. In case of
stationarity there are two over-identifying restrictions: equality of the synchronous correlations
Px1, yi=Px2, y2, and equality of the cross-lagged correlations py, yy=px2, y1. The strategy of cross-
lagged analysis consists of examining the synchronous correlations in order to test for stationarity,
and if stationarity is satisfied, the cross-lagged correlations can be used to test for spuriousness.
Thus null hypothesis in our analysis is that equality of cross-lagged correlations indicates
spuriousness of the possible relations between X and Y.

For the special case in which there are two waves in the distribution of lagged coefficients at
times 1 and 2, the synchronous correlations take the form (Kenny, 1979):

pxl,ylzal~b1~AF1,F1 (3)
Px2, y2=22.b2. A2 12

while the cross-lags are as follows:

Px1,y2=a1 -bz-AFl,Fz 4)
Px2, y1=a2.b1. Apa pi

where Ariri, Arr, Arip and App are autocorrelation functions of the forcing factor F in
moments 1 and 2. Moments 1 and 2 (of maximization of the lagged cross-correlation coefficients)
is defined by the backward shifting of Y or by the forward shifting of X. For this reason, due to the
asymmetry of cross-correlation coefficients, both autocorrelation functions Ag;p, and Ap | are
nonequivalent.

Now, if we introduce the ratios:

2 2
() ()
1 |

as a measure of stationarity of the causal structure of variables X and Y (if the stationarity
assumption is fulfilled, K,=K,=1), then (3) could be written in the form:

Px1,y1=a1 by
Px2, y2=a1.b1.KX.Ky

The product (KX.Ky)” 2 we call correction factor for stationarity. Consequently, if the causal
structure of X and Y is quasi-stationary, the multiplication of the first synchronous correlation
pxiy1 and the division of the second synchronous correlation py,,» by the correction factor
(KX.Ky)” * will equalize the values of synchronous correlations.

Similarly, the cross-lagged correlations (4) could be written in the form:

Pxi, y2=a1.b1. Ky . Apy b
Px2, yi=a1.br. Kx. Apa pi
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The correction factor for cross-lagged correlations could be defined as (Kyﬂ(x)” 2. Consequently,
division of py; 5, and multiplication of py, 1 by the correction factor (Kyﬂ(x)” % should equalize the cross-
lagged correlation coefficients. If there is a difference between corrected py 4, and py i this would be
an indication that any possible relation between variables X and Y is non-spurious.

8. Theory application

We assumed that the external third variable influencing both ozone and humidity in the lower
stratosphere is galactic cosmic rays (GCR). From the synchronous correlation of GCR with each of
them we have calculated correction factors for non-stationarity. With these factors we have corrected
synchronous as well as cross-lagged correlation coefficients between ozone and humidity. After
correction, synchronous correlations of O; and humidity with GCR have been equalized in each grid
point, which is an indication that causal relation between them does not change much with time. Then
we have calculated the differences between cross-lagged correlations of O; and water vapor and the
results are plotted in Fig. 6. The Fisher z-transformation is used to estimate the significance of the
differences between corrected cross-lagged correlation coefficients. We found that for differences
higher than 0.38, the power of the test (giving the probability of rejecting the false null hypothesis) is
greater than 0.8. Consequently, the existence of statistically significant causal relation between ozone
and humidity could be suggest for differences higher than 0.38. The positive differences indicate that
the Os influence on humidity is greater then the opposite — the humidity influence on Os.

9. Conclusions

Applying lagged cross-correlation analysis, we found that intensity of energetic particles reaching
the Earth’s surface is influenced by both: (i) relatively stable and (ii) dynamically varying components
of geomagnetic field. We found that galactic cosmic rays are attracted in regions with growing
magnetic field intensity, but show no connectivity to geomagnetic filed in areas of its weakening. Solar
protons with energies more that 10 MeV are less sensitive to geomagnetic filed variations. They show
smaller affinity to the growing magnetic filed (although it is still well pronounced) and precipitate even
in regions with declining magnetic filed. On the other side, GCR intensity is severely depleted in the
region with strong and stable geomagnetic field over Australia (Fig. 1 A). Similarly, solar protons are
more attracted in the Atlantic region having weak and stable magnetic filed (Fig. 1 B).

These results give some pre-requisites where the stronger particles’ influence on climate
could be expected. Our analyses show that lower stratospheric Oz could be a mediator of particles
influence on climate variability. Examination of connectivity between total ozone density (TOZ)
and energetic particles shows that solar protons have a positive impact in the TOZ balance near the
eastern coast of Antarctica. The positive O; anomalies are detected near the tropopause, which
according to the ozone mechanism for influence on climate leads to some cooling of the East
Antarctica (for more details see section 5).

We have examined the spatial distribution of connectivity between lower stratospheric O; and
H,O vapour in order to estimate validity of the newly proposed mechanism for ozone influence on
climate. It was found that the highest coherence in ozone-humidity variations fairly well resembles
the negative T anomalies in the East Antarctica (Fig. 6). Consequently, the weaker or negative trends
found in the Eastern Antarctica could be easily explained by the higher ozone density, providing
drying of the near tropopause layer in the region. The reduced water vapour at these levels allows
escaping of the long-wave Earth’s radiation into the space, followed by cooling of the surface air.

This simple explanation of the ‘mysterious’ variety of Antarctic climate during passed half a
century is going beyond the common interpretations of climate variability related to the internal
atmospheric modes — like Southern Annular Mode, ENSO etc., — intensification or weakening of
which is also unexplainable. Involvement of the geomagnetic field intensity, as one of the main
players determining variability of climate system, makes clear that Earth’s climate could have
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significant temporal and regional variability, even if the external impact remains constant — only
as a consequence of geomagnetic field variations.
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