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Abstract The study is based on the analysis of atmospheric and space weather parameters in the
midlatitude region (Iberian Peninsula) during, approximately, the epoch of the 24th solar cycle maximum.
The principal component analysis was applied to sets of air temperature and geopotential height
measurement at different pressure levels from a near-ground level (930 hPa) to the stratosphere (up to

10 hPa). The analysis of extracted modes shows couplings between atmospheric and medium-term variations
(from weeks to months) of space weather parameters. The first mode of the atmospheric variability is related
to the atmospheric dynamic processes that are common for the extratropical Northern Hemisphere.
Extracted temperature and pressure variations are located in the upper troposphere-lower stratosphere
region and positively correlate with ozone content variations. Among space weather parameters, this
atmospheric mode shows statistically significant negative correlation with the ground-measured cosmic ray
flux measured by the Castilla-La Mancha neutron monitor (Spain) and weaker or no correlation with
geomagnetic parameters.

Plain Language Summary The study is based on the analysis of the conditions in the troposphere
and stratosphere above the Iberian Peninsula. Mathematical methods were applied to the data to extract
different modes of atmospheric variability that are coupled with changes of geophysical parameters. In this
paper the variations of the temperature and pressure coupled to the cosmic ray flux are considered. The
possible mechanisms are discussed.

1. Introduction

Earth’s environment is strongly affected by external forcings. The atmosphere is continuously bombarded by
primary cosmic rays (CRs) of different energies. Solar wind, both fast and slow streams, and embedded mag-
netic structures such as shock waves, interplanetary coronal mass ejections, or magnetic clouds transported
by them interact in a very effective way with the Earth’s magnetosphere and affect thermosphere density and
temperature [see, e.g., Guo et al., 2010; Knipp et al., 2013; Mlynczak et al., 2015]. Long- and short-term varia-
tions of solar activity disturb the Earth’s magnetosphere resulting in geomagnetic storms, radio blackouts,
auroras, and other events. Deeper in the Earth’s atmosphere at different altitudes, injected particles interact
with the Earth’s magnetic and electric fields and with molecules and atoms of air causing many geophysical
phenomena (e.g., air ionization, production/destruction of molecules of small air constituents like ozone and
NO,, variations of the low atmosphere electric field, and ionospheric disturbances). Some of these events are
studied very well using both data analysis and theoretical modeling; others, related, in particular, to effects of
the energetic particles on atmospheric conditions, are subjects of ongoing discussions (see, e.g., reviews by
Danilov and Lastovicka [2001], Haigh [2003], Krivolutsky [2003], Baldwin et al. [2007], Carslaw [2009], Mironova
et al. [2015], and Yigit et al. [2016]).

The primary and secondary particles of the CR are the main ionizing source in the atmosphere between
~5 km and ~60 km above the ground [Bazilevskaya, 2000]. Solar activity modulates the low-energy and most
abundant component (from hundreds of MeV to tens of GeV) of the galactic CR flux at the top of the Earth’s
atmosphere, both on the long (e.g., 11 year solar cycle) and short time scales (e.g., Forbush decreases or recur-
rent disturbances with 27 day period). Forbush decreases (FDs) were first defined by S. E. Forbush in the 1930s
as a decrease in the CR flux [Forbush, 1938]. They can last from hours to several days and have amplitudes of
up to ~20% of the nondisturbed previous CR flux. The strength (depth) of an FD depends not only on the
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solar wind conditions but also on geomagnetic latitude since the probability for a charged particle to
penetrate the Earth’s atmosphere depends on both the particle’s energy and the geomagnetic shielding
effect. The parameter commonly used to describe this shielding effect by both the geometry and intensity
of the geomagnetic field (GMF) is the geomagnetic cutoff rigidity R. [Dorman, 2009]. The ground-based CR
detectors measure, as a rule, not primary CR particles but those generated in the so-called atmospheric
showers—processes of generation of the secondary particles in collisions of the energetic particles with
atmospheric atoms and molecules [Nakamura, 2010]. Most of the ground-based low-energy CR detectors
are designed to measure neutrons (neutron monitors) or muons (muon telescopes) [Clem and Dorman,
2000; Nakamura, 2010].

Interaction between the CR particles and the low atmosphere (troposphere and the lower stratosphere) is
complex. The intensity of the ground-measured secondary particles depends on the atmospheric depth—
an integral in altitude of the atmospheric density above a specific level [Bazilevskaya, 2000; Clem and
Dorman, 2000]. The most important parameters for the ground-measured CR flux are pressure (in case of
muons and neutrons) and temperature (in case of muons) at altitudes between 11 and 16 km (top
troposphere-tropopause region in midlatitudes) where the majority of secondary particles are produced
[Aplin et al., 2005]. The standard corrections procedure for the ground-based CR detectors is traditionally
based on the pressure and temperature in the detector surrounding area [e.g., Clem and Dorman, 2000]
and on the assumption of the standard atmosphere model [Atmosphere, U.S., 1976]. The analysis of the
ground-measured CR flux shows that this procedure performs very well in the case of neutron monitors
and relatively well in the case of muon telescopes [Clem and Dorman, 2000; Dorman, 2009]. This difference
between the neutron and muon flux variations is due to the physics of the process of secondary particles pro-
duction and their further interactions with atmospheric atoms and molecules. As a result, a dependence of
the ground pressure-corrected muon telescope data with the conditions in the top troposphere-stratosphere
is observed [see, e.g., Osprey et al., 2009; Braga et al., 2013]. On the other side, the “atmospheric effect” on the
ground-measured neutron flux was considered completely removed by the corrections to the ground-
measured atmospheric pressure. However, in recent years a number of studies [Aplin et al., 2005; Sloan
etal., 2011; Harrison et al., 2014] showed relations between neutron monitor measurements (primary particles
with energies of about 10°-10" GeV) and thermodynamic conditions of the atmosphere at ~100-30 hPa
(tropopause or lower stratosphere regions, depending on the latitude). The amplitude of the reported
atmospheric effect is ~1% averaged over the globe [Aplin et al., 2005] and falls in the same range as the
previously found effect of the CR particles on Earth’s weather and climate [see Carslaw, 2009; Lockwood,
2012, and references therein] that is believed to be related to changes produced by the charged particles
in the chemical composition and dynamics of the lower stratosphere and troposphere [Haigh, 2003;
Baldwin et al., 2007; Bazilevskaya et al., 2008]. Therefore, further studies are needed to disentangle the
problem of mutual impacts of atmospheric conditions and CR flux.

Another space weather parameter that is believed to influence the lower atmosphere conditions is the GMF
and its main short-term variations—geomagnetic storms [see, e.g., Le Mouél et al., 2009, and references
therein]. Although the geomagnetic storms and FD are caused by different physical mechanisms, they are
often observed together. However, the relation between the variations of the GMF and CR flux is not straight-
forward. For example, significant FDs are seen during both the magnetically disturbed and quiet days [Kudela
and Brenkus, 2004]. Contrary to the CR case, the mechanisms that can explain covariations of the atmospheric
and geomagnetic parameters are controversial. Among the more reliable hypotheses we can mention
variations of the electric atmospheric field (see review in Tinsley [2008] and Tonev and Velinov [2015])
and/or solar irradiance in UV and X-ray part of the spectrum [e.g., Haigh, 2003].

Most of the studies searching for the coupling between space weather and the lower atmosphere are based
on the analysis of conditions in the high latitudinal or equatorial regions and consider midlatitudinal
atmosphere to be affected by the space weather in a weaker or even negligible way. Nevertheless, interest
in the mid-latitudes has increased over the last few years resulting in several papers analyzing relations
between the atmospheric conditions in this region and different space weather parameters [e.g.,
Goncharenko and Zhang, 2008; Pancheva and Mukhtarov, 2011]. The relative lack of interest in the middle lati-
tudes is related to the fact that the midlatitude regions (due to the GMF configuration) are not strongly
affected by the intense fluxes of the energetic particles from the CR, solar wind, and different magnetospheric
regions. The auroral substorms are not usually observed in midlatitudes, and the amplitude of geomagnetic
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storms is much lower than at higher latitudes. Strong ionospheric disturbances frequently seen in the equa-
torial region rarely extend to the middle latitudes. However, FD, geomagnetic storms, and ionospheric distur-
bances [e.g., Lastovicka, 1996; Danilov and Lastovicka, 2001; Tsagouri et al., 2000; Maruyama and Nakamura,
2007] do exist in midlatitudinal regions and can affect middle and low atmosphere directly. Moreover, the
circulation patterns in the Northern Hemisphere are controlled by the quasi-biennial oscillations (QBO) of
the direction of the stratospheric zonal winds near the equator and the polar vortex (PV) conditions. An
increase of the meridional circulation can result in an intense exchange of air masses between the space
weather-affected polar/equatorial regions and middle latitudes. Thus, the temperature and composition of
the midlatitudinal troposphere and stratosphere can be indirectly affected by space weather events.

As one can see, the relationship between the solar activity, CR flux, magnetosphere, and atmosphere is very
complex. Nevertheless, local/regional studies can be a suitable approach to shed some light on processes
responsible for covariability between space weather and atmospheric parameters [Lockwood, 2012]. In this
paper, we present an analysis of the coupled variations of the locally measured atmospheric parameters like
temperature and pressure in the troposphere, tropopause, and lower stratosphere over a midlatitudinal
region (Iberian Peninsula) and variations of the space weather and space weather-driven parameters like
the stratospheric ozone content (O3), locally measured CR flux, GMF horizontal component, and the solar
UV flux. The analyzed data cover a 2 year period from 1 July 2012 to 30 June 2014 allowing us to compare
relations between the atmospheric and space weather parameters under both the east and west phases
of QBO.

The paper is organized as follows: section 2 contains the descriptions of the analyzed data sets and section 3
describes the applied mathematical methods. In section 4, a short review of the atmospheric and space
weather conditions during the studied period is given. Results of the analyses are presented and discussed in
section 5. Finally, section 6 shows a summary and the main conclusions.

2. Data

2.1. Atmospheric Data

2.1.1. Madrid Sounding Series

Altitudinal profiles of meteorological parameters used in this study are part of the Integrated Global
Radiosonde Archive database that collects data from over 1500 globally distributed stations of radiosonde
and balloon observations. Bidaily (00:00 and 12:00 UTC) observations are available for different altitude levels
(between 930 and 30 hPa) and include, among other parameters, pressure, temperature, and geopotential
height. In this study, we used data from the sounding station at Madrid airport (08221, LEMD, 40.50°N,
3.58°W, 633 m above sea level (asl)) from 1 July 2012 00:00 to 30 June 2014 12:00. This data set has few gaps:
73 missed/failed observations (5% of all data) and 17 incomplete observations (~1%) with valid data only
from the ground up to heights ranging between 300 and 100 hPa. The selected parameters for this study
are the altitude (h, in m), atmospheric pressure (p, in hPa), and air temperature (in °C). Since each of the
observations has its own specific height-pressure scale, all the observations were rescaled (using the linear
interpolation) into pressure intervals of 10 hPa (91 levels). The pressure scale was chosen considering both
the predominant weather conditions in the studied region and the availability of the measurements at
high-altitude levels as well as the intervals between the pressure levels: 10-30 hPa near the ground and in
the middle troposphere and a couple of hPa in the upper part of the balloon’s flight. Consequently, the
analysis was done for two meteorological parameters: the geopotential height of a specific pressure level
(gph) and the air temperature at this level (7). The time variations of the original T and gph altitudinal profiles
are shown in Figures 1a and 1d, respectively, and the monthly averaged height profiles are in Figures 1b
and 1le.

2.1.2. Stratospheric Parameters

Variations of the stratospheric temperature at different pressure levels were analyzed using the data for the
zonally averaged temperature at 50°N (T5on) and 80°N (Tgon) at different stratospheric pressure levels (from
150 to 10 hPa) available from 1979 to the present from the Modern-Era Retrospective Analysis for Research
and Applications (MERRA) database. Another data set containing the information on the stratospheric
temperature variations used in this study is the Aqua Atmospheric Infrared Sounder (AIRS) Level 3 Daily
Standard Physical Retrieval (AIRS + AMSU (advanced microwave sounding unit)), AIRX3STD. We used area
averaged data of the temperature at 50 hPa and 10 hPa levels over the whole Iberian Peninsula (from
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Figure 1. Altitudinal profiles of the (a and b) atmospheric temperature and (d and e) geopotential height from 1 July 2012 00:00 to 30 June 2014 12:00: original
rescaled and interpolated bidaily data (Figures 1a and 1c) and monthly averaged altitudinal profiles (Figures 1b and 1e). (c) Velocity and direction of the
equatorial stratospheric QBO winds (westerlies are positive). (f) Variations of the stratospheric zonal wind U at 60°N from the annual cycle (westerlies are positive)
at different pressure levels (color map) and their average (line); vertical red line marks the SSW event.

350°W to 0°W in longitude and from 36°N to 44°N in latitude). The lberian Peninsula temperature series
correlate with the corresponding Madrid sounding temperature data at the 50 hPa level very well.
Therefore, the Iberian Peninsula area averaged and the Madrid balloon data sets were combined to increase
the range of the altitude used in this work (from 930 hPa to 10 hPa) and to include atmospheric levels that
play a central role in the first interaction between primary cosmic rays and atmospheric molecules.

Since the dynamics of the stratosphere is strongly affected by the QBO, its phases were defined using the
data of the monthly mean equatorial zonal wind components at different stratospheric pressure levels (from
70 to 10 hPa) available from 1953 to the present in the Freie Universitdt Berlin database. They are shown (for
the studied period) in Figure 1c (white shades for easterlies, eQBO, and black shades for westerlies, wQBO).
The dynamics of the stratosphere in middle and high latitudes of the Northern Hemisphere is described by
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the zonal mean stratospheric zonal wind (U) at 60°N for 150-30 hPa pressure level MERRA reanalysis
database (Figure 1f).

To analyze the stratospheric ozone variations, we used the area-averaged (over the Iberian Peninsula)
measurements of both the ozone total column values (O3 ¢, in DU) and the ozone mole fraction in air
measured at the 50 hPa and 10 hPa levels (O3 5o and Os 14 correspondingly). These data sets are from
AIRX3STD v006 data set.

2.2. Solar and Space Weather Data

2.2.1. Cosmic Rays

Neutron monitors are very good instruments to monitor CR and solar energetic particles (SEPs) with energy of
about a few GeV because of their stability in long- and short-term observations. The energy detection thresh-
old in a neutron monitor depends on its rigidity cutoff. Although the global picture observed by neutron
monitors is similar, slight differences exist depending on their geographical location and rigidity giving a
“local” picture of the CR coming to a specific station. This is clearly observed during short-term variations
caused by solar activity as, for instance, ground level enhancements and FD. Examples of such “nonsimulta-
neous” FD are presented in Oh et al. [2008]. The CR flux variations analyzed in this study are from the ground
Castilla-La Mancha Neutron Monitor, CaLMa (Guadalajara, Spain, 40.63°N, 3.15°W, 708 m asl) [Medina et al.,
2013]. This station, with a vertical cutoff rigidity R, = 6.95 GV, gives a direct measurement of the CR arriving
to the Iberian Peninsula. Please note that most of the incoming CR arrive from directions quite apart from the
vertical. Real-time measurements are uploaded to the Neutron Monitor Database (NMDB) with a 1 min
cadence. In our analysis we used pressure- and efficiency-corrected data. The comparison to data obtained
by other neutron monitors shows that the series obtained by CaLMa are in good agreement both with data
from monitors with similar R, (Rome, R, = 6.27) and with data from monitors with lower geomagnetic cutoff
rigidity (Apatity, R = 0.65 or Oulu, R, = 0.81). This agreement exists on both the long and short time scales.
CalLMa data (hereinafter CR) are available from 11 July 2012, 12:00 and contain only 1 day long gap from 7
January 2014, 09:36:00 to 8 January 2014, 10:29:00 caused by a temporal malfunction in CaLMa power supply.
2.2.2. Geomagnetic Field

To analyze the geomagnetic field variations, two parameters were used. The first one is the global Dst
(“disturbance storm time”) index. Its hourly values are derived from a network of near-equatorial ground
observatories to monitor the geomagnetic horizontal component disturbances associated to the axially
symmetric magnetic variations produced by magnetosphere currents. Major events in Dst variations,
corresponding to a negative variation, are produced mainly by the equatorial current system in the magneto-
sphere (ring current), while minor positive deviations are mostly caused by the compression of the magneto-
sphere from solar wind pressure increases [Sugiura and Kamei, 1991].

Another parameter (hereinafter, COI H) characterizing local geomagnetic field variations is based on the mea-
surements of the horizontal component of the GMF at the Coimbra Magnetic Observatory (IAGA code COI,
Coimbra, Portugal, 40.22°N, 8.42°W, 99 m asl). The COI station, operated by the Geophysical and
Astronomical Observatory of the University of Coimbra (GAOUQ), is equipped with a triaxial fluxgate magnet-
ometer (FGE model with a tilt-compensating suspension) for the continuous recording of magnetic variations
of horizontal, declination, and vertical (H, D, and Z) components. During the studied period there were 37
minor gaps in the COI H bidaily data series (2.3% of the data length); the two bigger gaps occurred between
19 January 2013 and 28 January 2013 and between 26 March 2014 and 1 April 2014. The COI H hourly data
can be considered (after the removal of the secular trend) as a local version of the Dst index. In this study we
did not analyze other geomagnetic field components affected by the solar activity variations (e.g., D and /
components) because they are strongly correlated with the COI H.

Since the distance between the stations measuring the COI/ H, CR, and atmospheric parameters (Madrid
sounding series) does not exceed ~400 km, in the frame of this study, all these parameters can be considered
as “locally measured.”

2.2.3. Remote Solar and In Situ Solar Wind Observations

Solar activity and solar wind conditions have been analyzed to provide the needed Sun-Earth interaction
context. Solar activity level was evaluated using the coronal mass ejection (CME) observations from the
Large Angle and Spectrometric Coronagraph on board SOHO spacecraft and the number of X-class flares
observed by the GOES satellites. Solar wind conditions around the Earth were evaluated using the
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interplanetary magnetic field, solar wind velocity, density, and temperature measured by different spacecraft
which were provided by the OMNI database and the SOHO Electron Proton Helium Instrument (EPHIN). These
data were used to identify structures and specific conditions in the solar wind at the Earth'’s orbit (see Table S1
in the supporting information).

Variations of the solar UV radiation were parameterized using the Mg Il composite series [Snow et al., 2014]
based on the measurements of the emission core of the Mg Il doublet (280 nm). It is frequently used as a
proxy for solar irradiance variability in the spectral range from UV to EUV [Hood, 2004; Snow et al., 2014]
and shows strong variability due to the 11 year solar cycle and solar rotation (~27 days).

3. Methods

3.1. Data Preprocessing

All data series (except CR series) used in this analysis start on 1 July 2012 and end on 30 June 2014 and are of
daily or, when possible, bidaily (00:00 and 12:00 UTC) time resolution. The data preprocessing consisted in
gaps interpolation and rescaling to the uniform pressure scale of the altitudinal profiles of the atmospheric
parameters. Since the data set covers two consecutive years, the annual cycles (AC series) have to be removed
from most of the analyzed parameters (namely, all temperature series, gph, U, and all ozone series). The series
of COI H and Mg Il contain significant variations related to solar activity variations and, in case of COI H, to the
trends of the internal component of the GMF. These variations were also named “AC series” for simplification.
Procedures used to extract the AC series are described in section 3.3.

3.2. Principal Component Analysis

The principal component analysis (PCA) is a well-known method to extract independent spatial-temporal
modes of variability (principal components, PCs, for time series and empirical orthogonal functions, EOFs,
for spatial patterns) when a number of series of the same parameter from different stations (grid points,
altitude levels, etc.) is used. This method is based on the calculation of the eigenvalues and eigenvectors
of the covariance matrix constructed from the input data set. It also estimates the “weights” (or explained
variances, f) of the extracted modes. The PCs are orthogonal and conventionally nondimensional. The full
descriptions of the method can be found in, e.g., Bjornsson and Venegas [1997], Hannachi et al. [2007], and
Shlens [2009]. In some cases the rotation of the eigenvector matrix is proved useful. Here we used the varimax
and dual varimax rotation methods [Bjornsson and Venegas, 19971.

Since we analyzed two coupled meteorological variables (T and gph), an extension of the PCA, a singular
value decomposition of the coupled fields (hereafter “cSVD”), was used to study time-space variability
patterns common to both the T and gph series. This method differs from the standard PCA in the way of
construction of covariance (or correlation in our case) matrix. The description can be found in Bjornsson
and Venegas [1997] and Hannachi et al. [2007]. The cSVD analysis extracts the modes of variability that are
common for both of the series. In our case, the temporal and spatial patterns extracted by the PCA and
cSVD analyses for each of the atmospheric parameters are very similar but the values of explained variance
are different.

Some of the variability modes of the T and gph series show statistically significant correlations with space
weather parameters (described in section 2.2) and ozone content. In this paper we focus only on the first
mode: PC1/EOF1 both from the PCA and cSVD. The second and the third modes that show covariability with
geomagnetic and ionospheric parameters will be discussed in a future paper.

The PCA was also used to calculate the mean variations of atmospheric parameters measured at different
altitudes (PC1 for the U, Tson, and Tgop series).
3.3. Decomposition

To extract the AC series from the analyzed data, the PCA was applied to the original series with small
modifications depending on the length of the available data sets (please also see the supporting information
for the AC series plots and discussion).

For the parameters that are available for at least a 10 year time interval (U, stratospheric temperatures, and
ozone), the AC series were obtained from the original ones using only the PCA (PC1s).
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Figure 2. Variations of the (a and b) temperature and (c and d) gph altitudinal profiles (colors): noAC (Figures 2a and 2c) and Smoothed (Figures 2b and 2d) series.

Stratospheric temperatures Tsqy (solid lines) and Tggy (dashed lines, reversed sign): PC1 (Figure 2a) and Smoothed PC1 (Figure 2b). Please note different color scales
for the noAC and Smoothed series.

The series of the atmospheric sounding parameters (T and gph) have a limited time length (2 years) and
therefore have to be smoothed before the PCA to ensure that variations due to the year-to-year weather
changes are not filtered to the AC series. The original series were first submitted to a decomposition
procedure named a seasonal-trend decomposition based on LOESS or STL (see Cleveland [1979], Cleveland
and Devlin [1988], and Cleveland et al. [1990] for details; this procedure is also shortly described in
Morozova and Barlyaeva [2016]). Then the smooth STL trend components of the T and gph series were

submitted to the PCA. The resulting PC1s were considered as the T and gph annual cycles (shown in the
supporting information).

Since the series of COl H and Mg Il show no significant annual variations, the extraction of their AC series was
based only on the STL decomposition procedure.

All above mentioned parameters were submitted for further analysis in the form of variations relatively to

their AC series (hereafter, noAC series). Series of the CR and Dst show no visible annual or other trends during
the studied period.

The preliminary analysis of the noAC series shows existence of both long-term (with a characteristic period
of weeks to months) and short-term (with a period of a couple of days) variations. In this paper we analyze
only the variability on the long-term time scale (as just defined). To extract this kind of variations (Smoothed
series), we applied the STL decomposition to all the noAC series and to the CR and Dst original series.
Figures 2b and 2d show altitudinal profiles of the Smoothed components of the T and gph series, respec-
tively, Figure 1f shows the Smoothed noAC series of U (at different pressure levels and the average),
Figures 2a and 2b show also the noAC and Smoothed series of the PC1 of Ts5oy and Tgon, and Figure 3
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Figure 3. (a) Original/noAC (thin line) and Smoothed (thick line) series of Dst (blue)/COI H (green). (b) Original (thin line) and
Smoothed (thick line) series of CR. (c) noAC (thin lines) and Smoothed (thick lines) series of Mg Il. (d—f) noAC (thin lines) and
Smoothed (thick lines) series of the ozone series: O3 ¢ (Figure 3d), O3 ¢ (Figure 3e), and O3 5q (Figure 3f).

shows the noAC (original for CR and Dst) and Smoothed components of the space weather parameters and
the ozone series. Overall, the data smoothed using this procedure are similar to those obtained with a
moving averaging procedure (in our case, with windows of approximately 1.5-2 weeks long). Please note

that the amplitude of the Smoothed CR series is about 2 c¢/s or ~3% of the mean CR flux measured during
the studied period by the CaLMa.

3.4. Correlation Analysis

The similarities between the variations of the atmospheric and geophysical parameters were studied using
the correlation analysis. The correlation coefficients (r) were calculated between the series of the space
weather and atmospheric parameters used in this study, as well as between PCs (both from PCA and
cSVD) of the T and gph series and the series of the space weather parameters. To avoid uncertainty that could
arise from the smoothing procedure (STL), the correlation coefficients for the Smoothed series were
calculated for the period from 1 August 2012 to 31 May 2014.
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Table 1. Correlation Coefficients Between the Space Weather Parameters (Including Ozone)?

CR Dst COI H Mg li 03 10 03 50 03 1c

(A) AC Series \ Original Series

CR -0.32 (<0.01)

Dst X 0.53 (<0.01)
COIH X X 0.24 0.28 0.48
Mg Il X X 0.63 0.2 0.2
03 10 X X 021 0.37 (<0.01)
03 so X X 038 042 —042 0.8 (<0.01)
03t X X 0.58 (0.01) 0.26 0.34 0.67 (0.09)
(B) Smoothed Series \ noAC Series

CR

Dst 0.37 (0.07) 0.75 (<0.01)
COlH 0.45 (0.01)

Mg Il
0310  —0.44(0.04) 046 (<0.01)  0.87 (<0.01)
03 s0 —0.29 —0.25 -0.23 0.31(0.11) 0.55 (<0.01)
O3  —0.51(0.02) —037 076 (<0.01) 061 (<0.01)

3Values above diagonals are for the original (A) and noAC (B) series. Values below diagonals are for the AC (A) and
Smoothed series (B). There are no AC series for CR and Dst (“x” marks). Only correlation coefficients |r| > 0.2 are shown;
p values < 0.1 are in brackets.

The significance of the correlation coefficients was estimated based on a nonparametric Monte Carlo
approach using artificial series. These series were constructed by two different methods. For the original
and noAC series we utilized the “phase randomization procedure,” consisting in the direct fast Fourier trans-
form (FFT) followed by the inverse FFT with the same power spectrum but random phase [Ebisuzaki, 1997].
For the AC and Smoothed series the “bootstrapping with moving blocks” randomization procedure [Kiinsch,
1989; Lahiri, 1999] was used. The randomization procedures create an artificial series with the same
autocorrelation as the original one. The artificial series are then subjected to the same type of correlation
analysis as the original ones. The obtained statistical significance (p value) takes into account the proba-
bility of a random series to have the same (or higher) absolute value of r as in case of a specific pair of
the original series.

The correlation coefficients between the series of the space weather parameters used in this study are
shown in Table 1 for the original, AC, noAC, and Smoothed series. Table 2 contains correlation coefficients
for the Smoothed PC1s of the T and gph series and the Smoothed series of the space weather parameters.

Table 2. Parameters of PC1s of the Smoothed T and gph Series (PCA—Explained Variance Fraction fand cSVYD—Analogue
of fand the Squared Covariance Fraction f5) and Correlation Coefficients Between PC1s and the Smoothed Series of Space
Weather Parameters®

r (p Value)

forf(f2) (%) CR Dst COlH Mg I 03 19 03 50 03 ¢
T
PCA 66.7 —0.45 (0.05) -0.29 0.31 0.51 (<0.01) 0.31
cSVD 79.0 (98.0) —0.47 (0.04) —0.32(0.1) 0.33 0.51 (0.06) 033
gph
PCA 77.0 —0.5(0.02) —0.44 (0.02) -0.21 0.39 (0.06) 0.37 (0.05) 0.35(0.1)
cSVD 79.0 (98.0) —0.51 (0.02) —0.43 (0.03) -0.2 0.4 (0.06) 0.39 (0.04) 0.36 (0.1)

20nly correlation coefficients || > 0.2 are shown; p values < 0.1 are in brackets.
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4. Review of Atmospheric and Space Weather Conditions During the Studied Period
4.1. Atmosphere

The Madrid area (as well as most part of the Iberian Peninsula) is a region with a Mediterranean climate with
continental influence [Andrade and Corte-Real, 2016] which is characterized by mild cold winters and hot
summers [De Castro et al., 2005]. During the studied period, temperature and pressure fields show variations
related both to the regional climatic features and to the hemispheric atmospheric circulation. The monthly
mean altitudinal profiles of the original T and gph series shown in Figures 1b and 1e, correspondingly, show
a tropopause located between ~200-150 hPa and ~50 hPa (between 12 and 20 km). The annual temperature
and pressure cycles in the troposphere below ~900 hPa agree with previous observations [see, e.g., De Castro
et al.,, 2005], and in the free atmosphere the onsets of the annual temperature minima and maxima slightly
change with altitude.

The variations of the Smoothed components of the temperature and gph altitudinal profiles (Figures 2b and
2d, correspondingly) have maximal amplitudes in the atmosphere above ~300 hPa—free troposphere, tropo-
pause, and lower stratosphere. The amplitudes of the T and gph variations below ~300 hPa are more than 2
times lower. The comparison of the Smoothed components of the T and gph series shows that their variations
are in phase from the ground to ~300 hPa (~10 km) level.

The variations of the temperature in the upper troposphere-lower stratosphere region display features similar
to ones observed in stratosphere by other instruments (see section 2.1.2) The periods of stratospheric cooling
and warming are clearly seen in the Madrid sounding and satellite data (Figures 2a and 2b). These periods are
in close agreement with variations of the zonally averaged stratospheric temperature Tson. We applied PCA to
the series of Tsqy at different altitudes and compared the obtained PC1 (shown in Figure 2a as a solid line) to
the sounding T profiles. For some periods the variations of the stratospheric temperature above the IP were
found lagged behind Tsqy in a range between 1 and 2 weeks.

The analysis of the stratospheric data allowed us to mark autumn 2012, winter 2012-2013, and autumn
2013 as periods of colder than normal stratosphere, whereas winter-spring 2013, summer 2013, and
winter-spring 2014 can be identified as periods of warmer than normal stratosphere and upper
troposphere (Figures 2a and 2b). A strong Sudden Stratospheric Warming (SSW) event took place in the
beginning of January 2013 significantly affecting the NH atmosphere in the later winter-spring and even
summer of 2013 [Coy and Pawson, 2015]. SSW events are characterized by the sudden and fast
warmings of the polar stratosphere as is seen in the Tgoy variations (Figure 2a, black dashed line plotted
with reversed sign) and by the change of the strength and direction of the zonal wind U (Figure 1f). The
winter 2013-2014 was characterized by the strong PV leading to a colder polar and warmer midlatitudinal
stratosphere [Ern et al.,, 2016]. The variations of the stratospheric temperature in the polar region (Tgon)
anticorrelate with the ones in middle latitudes (Tson and 7). As one can see, the onset of the SSW in the
polar regions results in a cooling of the midlatitudinal stratosphere (as was discussed earlier in
Limpasuvan et al. [2004, 2005]).

The first half of the analyzed time period (before approximately June 2013) was characterized by the easterly
winds in the equatorial atmosphere at 60-70 hPa level (eQBO), whereas during the second half (from approxi-
mately July 2013) they were replaced by the westerlies (WQBO)—Figure 1c. Since the QBOs affect meridional
circulation over the whole Northern Hemisphere and polar stratospheric conditions [Lu et al., 2008], we could
find differences (if any exist) in relations between the atmospheric (e.g., ozone) and space weather para-
meters that are QBO dependent.

Ozone abundance is an atmospheric parameter closely linked to solar activity. At the same time, as atmo-
spheric parameter, it is directly related to the QBO [Balachandran and Rind, 1995]. The ozone series variations
show significant annual cycle (see supporting information) with slightly shifted dates of the minima/maxima
for different parameters. The variations of the temperatures above the 150 hPa pressure level (a region where
amplitude of temperature variations is maximal) show statistically significant correlation with the ozone
variables. The O3 . and Oz 19 NOAC series correlate with atmospheric temperature series at 50 hPa pressure
level: r = 0.53-0.76 (p values < 0.07). On the other hand, the Oz 59 NnoAC series shows dependence on U
(r = —0.33 to —0.37, p value = 0.05-0.09), T at 150 hPa (r = 0.53, p value < 0.01), and gph at 200 hPa level
(r=—0.63, p value < 0.01).
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4.2, Space Weather

During the studied period mild space weather conditions were observed. Overall, 4843 CME were recorded
among which 147 (3%) were of halo type. However, there were 23 geomagnetic storms (Dst < —50 nT) and
only eight of them can be classified as strong with Dst < —100 nT (see a list of events in the supporting
information). The relatively low number of great storms during the studied period, which coincides with
the 24th solar cycle maximum, can be directly attributed to the reduced field strength and the speed of
magnetic clouds arriving at Earth as a consequence of the anomalous expansion of CMEs due to the low
ambient pressure in the heliosphere [Gopalswamy et al., 2015a, 2015b].

The strongest geomagnetic storm of the studied period occurred on 17 March 2013 near the equinox. Its main
phase initiated after a clear sudden commencement, lasted for almost 12 h, and was followed by a long recov-
ery phase (~6 days). This geomagnetic storm was accompanied by the strongest FD (5.1%) recorded during
the entire studied period. These two events are associated with a quite fast (1063 km/s) halo CME ejected
in the sequence of a moderately strong solar flare (M1.1 class) on 15 March 2013. However, this chain of events
is not always so straightforward. There are situations where a geomagnetic storm (e.g., 19 February 2014,
Dst = —116 nT) is not accompanied by a FD, and vice versa (e.g., 18 April 2014, FD = 4.5% without a geomag-
netic storm). Additionally, there are geomagnetic storms that are not associated with any halo CME (on a time
window of 3-4 days after the CME emergence), and, in turn, there are halo events that did not cause signifi-
cant magnetic disturbances or FD. As a result, the CR series show low correlation with geomagnetic para-
meters (only for the Smoothed series, and with Dst, r is statistically significant; see Table 1). Still, most of the
strong decreases in the CR flux took places during the epochs of geomagnetic disturbances of different length
and strength (as is seen in Figures 3a and 3b and in Table S1). Also, as is shown in Table 1, there is (as expected)
strong statistically significant correlation between the Dst and COI H original series which increases when the
decadal trend is excluded from the COl H data (compare Table 1 (A and B) above diagonals).

The amount of the ozone (both in the total column and at specific level) in midlatitudinal atmosphere
strongly depends on the rate of the atmospheric chemical reactions (which in turn depend on the atmo-
spheric composition and temperature) and atmospheric dynamics (including QBO effect) [see Randel and
Cobb, 1994]. However, it is still, to some degree, under a direct control by the solar UV flux. The atmospheric
dynamics influence can explain the fact that the correlation between the Smoothed Mg Il and O3 ¢ series is
positive during the eQBO phase (from 1 July 2012 to 30 June 2013, r = 0.35 p level = 0.19) and negative during
the wQBO phase (from 1 July 2013 to 30 June 2014, r = —0.35, p level = 0.19)—also compare Figure 3c with
Figures 3d-3f. However, for the entire 2 year period the correlation coefficients between these series are
relatively high only for the AC series (Table 1). All the ozone series follow the quasi-27 day period of the UV
variations caused by the solar rotation. However, the amplitude of ozone variations is not proportional to
the amplitude of the UV variations. Besides, their month-to-month variations are not always in phase. The
CR series (original and Smoothed) show anticorrelation with the ozone series (Table 1) which is statistically
significant for the Smoothed O3 19 and Os ¢ series. This is also seen in Figures 3b and 3d-3f: the epochs of
strong FDs, i.e., less CR arriving to the Earth, like July and November 2012, June 2013, and March 2014, were
also periods of highest levels of the ozone content. On the other side, these epochs were also characterized
by higher levels of UV flux and frequent/strong geomagnetic storms.

5. Temperature and Pressure Modes and Their Covariation With Space
Weather Parameters

As mentioned above, the raw data from the ground level CR detectors are very well anticorrelated with the
atmospheric pressure. This is seen in Figures 4a and 4b where correlation coefficients between the original T
and gph series at different pressure levels, and the raw (Figure 4a) and pressure-corrected (Figure 4b) CR data,
are plotted as altitudinal profiles. The pressure correction removes correlation between the ground-
measured pressure and CR; however, the correlation in the free atmosphere is still observed leaving possibi-
lities to speculate on its origin. There could be three scenarios. The first one is that the CR particles affect
different processes in the stratosphere and upper troposphere changing, as a result, temperature and
pressure. The second scenario is that the thermodynamic conditions at those atmospheric levels affect
productions of the secondary particles and, as a consequence, the ground-measured CR flux. The third option
is that this correlation is artificially created by the corrections for the ground level pressure, since in the
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Figure 4. Altitudinal profiles of the correlation coefficients between the T (lines with filed circles) and gph (lines with open
circles) series and CR series: (a) raw CR versus original T and gph series, (b) pressure and efficiency corrected CR versus
original T and gph series, (c) Smoothed CR versus noAC T and gph series, and (d) Smoothed CR versus Smoothed T and gph
series together with EOF1 from the PCA for the Smoothed T (solid line) and gph (dashed line) series. Please note that the top
X axis (EOFs) is reversed.

troposphere pressure at different levels tends to correlate up to the ~100 hPa, and tropospheric temperature
variations below ~300 hPa tends to anticorrelate with the ones above ~200 hPa.

The anticorrelation between the corrected CR and T and gph values in the free troposphere remains even
after subtraction of the AC (Figure 4c). The correlation coefficients obtained for the Smoothed series show
more complex variations with altitude (Figure 4d): significant anticorrelations between the Smoothed T and
CR series exist only between ~250 hPa and ~30 hPa (tropopause and lower stratosphere region), i.e., about
the atmospheric region where the main part of secondary cosmic rays is produced. This, in our mind, does
not agree with the third hypothesis described above. The Smoothed gph and CR series show weak correlation
at 400-200 hPa levels and anticorrelate above ~150 hPa level.

The spatial (EOF1) and temporal (PC1) components of the Modes 1 for the T and gph series are shown in
Figures 4d and 5, correspondingly. The EOF1s have altitudinal distributions that resemble altitudinal
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Figure 5. Reconstructed variations of the (a and b) Smoothed temperature and (c and d) gph series related to the Mode 1 (colors) together with ozone Smoothed
series (Figure 5a, O3 («—pink, O3 1onpa—light grey, and O3 5onpa—Ilight pink), PC1s of the Smoothed T series (Figure 5b, lines with filed (PCA) and open (cSVD)
circles), PC1 of Tsqp (Figure 5b, solid line) and Tgqy (Figure 5b, dashed line, sign reversed), PC1s for the Smoothed gph series (Figure 5¢, lines with filed (PCA) and open

(cSVD) squares), Smoothed series of CR (Figure 5¢, thick line) and the mean zonally averaged zonal wind U at 60°N (Figure 5d, navy-blue line).In Figures 5b and 5d the
vertical red lines mark SSW event and grey lines separate eQBO and wQBO epochs.

profiles of the correlation coefficients between the atmospheric parameters and the CR. The T and gph
variations reconstructed using only first mode are shown in Figures 5a and 5b (T) and Figures 5c and 5d
(gph) as color maps and as line with circles/squares (PC1s). Table 2 shows the explained variance fraction
(in percent) for the first mode obtained by the PCA and cSVD analyses for the T and gph series. In case of
cSVD two values are shown: an analogue of the PCA’s explained variance fraction (f) and the explained
squared covariance fractions (f,). Mode 1 explains a significant part of the variability of the parental series:
67-79%. It is located in the upper troposphere-lower stratosphere region: from ~250 hPa up to ~10 hPa in
case of T and from ~150 hPa up to at least 30 hPa in case of gph. For each of the analyzed PCls the
correlation coefficients with the Smoothed series of the space weather-related parameters are shown as
well. As is seen in Figure 5b, temperature variations related to this mode follow changes of the zonal mean
stratospheric temperature in the Northern Hemisphere (Tson and Tgon) during the studied period. For
example, during the strong SSW event in January 2013 (marked by the red vertical line) both Tsoy and the
stratospheric temperature above the Iberian Peninsula decrease. These distinctly antiphase variations with
polar stratospheric temperature (Tggn) are seen only during the SSW2013 event.

The dependence of the Northern Hemisphere stratospheric conditions on the QBO phase was studied
previously [e.g., Chandran and Collins, 2014; Lu et al., 2014]. As it was shown, the eQBO often results in a
weaker PV, warmer Arctic stratosphere, and more frequent SSW due to the way that planetary waves
dissipate in the middle- and high-latitude Northern Hemisphere stratosphere (the so-called Holton and
Tan mechanism [see, e.g., Lu et al.,, 2008]). While the SSW events seriously affect conditions in the polar
troposphere and stratosphere, their footprints are clearly seen at middle latitudes. The response of the
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midlatitudinal atmosphere to the SSW depends on the type of the vortex disruption (splitting or displace-
ment) and varies with longitude and from one event to another. In the case of the SSW2013, which started
on 9 January 2013, the tropopause-lower stratosphere temperature and pressure above the IP (Figures 2
and 5) were significantly lower than the climatological means before the event (end of December 2012),
increased to about the values of the climatological means during the main phase (first week of January
2013) and, finally, decreases again following the splitting of the PV (end of January-February 2013). These
variations seen both in the sounding and satellite data (colors), in the zonal mean temperature data (solid
lines), were discussed in other works [e.g., Coy and Pawson, 2015] and can be visualized using the National
Centers for Environmental Prediction (NCEP)-NOAA and Environmental Research Laboratory (ERL)-NOAA
online services. In fact, this kind of SSW-related variations seems to be more or less typical for the Northern
Hemisphere lower stratosphere at ~40°N as was shown by, e.g., Randel and Cobb [1994] and Hocke et al.
[2015]. Relations between the gph Mode 1 and the zonal wind speed/direction at 60°N are also QBO
dependent (Figures 2 and 5): during the SSW2013 event (eQBO period) the strong easterlies (negative values
of U) at 60°N were accompanied by the decreases of the pressure (gph) above the 150 hPa level. However,
during the period of weak easterlies in January-February 2014 (wQBO) an increase of gph was observed.

The Mode 1 is well correlated with the ozone fraction at 50 hPa level, and the correlation with other ozone
series is slightly lower (Table 2 and Figure 5a). The stratospheric temperature and ozone content are interde-
pendent [Mohanakumar, 2008]. From one side, an increase/decrease of the ozone content results in an
increase/decrease of the temperature due to the absorption of the UV solar radiations. On the other side,
some chemical reactions of the ozone destruction are temperature dependent and an increase of the tem-
perature in the presence, e.g., of a significant amount of NO, species leads to a decrease of the ozone
amount. Besides, both temperature and ozone content are affected by the air masses circulation.
Nevertheless, while the correlation coefficients between the Smoothed T and Os s series are similar for both
the eQBO and wQBO periods (0.47, p value = 0.1 versus 0.50, p value = 0.05), the correlations between the T
and other ozone series are high only during the wQBO phase (0 versus 0.65, p value = 0.01 for O3 ;9 and 0
versus 0.60, p value = 0.04 for O3 ). These differences are, probably, related to different atmospheric
dynamics in the Northern Hemisphere at different altitudes under the eQBO/wQBO conditions (as was shown
in, e.g., Randel and Cobb [1994] and Lee and Smith [2003]).

Mode 1 shows strong and significant anticorrelations with the Smoothed CR series (Table 2 and Figure 5c).
Modes that covary with CR flux are obtained not only from the standard PCA but also when rotation is
applied: in all cases the first modes (both for T and gph) are very similar to each other and correlate with
the CR flux to the same degree. The periods of colder tropopause-lower stratosphere region with lower
gph (lower pressure) coincide with the epochs of minima of the ozone content and maxima of the CR flux.
The epochs of the minima in the Smoothed CR series (strong/frequent FDs) and the maxima of the ozone
amount, in turn, coincides with the time periods of the warmer tropopause-lower stratosphere and higher
gph (higher pressure) values. Also, the Mode 1 (anti)correlates with Dst (mostly, for gph PC1s, Table 2) but
shows a not so clear correlation with COI H (showing differences between the variations of the GMF at
global and regional scales) allowing us to assume that the anticorrelation with Dst arises from the simila-
rities of the Dst (global-scale GMF variations) and CR Smoothed series (see Table 1 (B) below diagonal
and Figures 3a and 3b), implying that at least at the considered time scales (weeks to months), CRs are
ruled by global magnetospheric conditions more than by local variations in the magnetic field.

The covariability between the Mode 1 and the CR flux needs a more detailed analysis. On one hand, this
dependence can result from the mentioned (section 1) local atmospheric effect (i.e., dependence of the
ground measure CR flux on the atmospheric depth and/or pressure anomalies at the heights where second-
ary particles are generated) that is still present in the pressure-corrected ground-measured neutron monitor
data. This possibility was discussed previously in, e.g., Aplin et al. [2005], Sloan et al. [2011], and Harrison et al.
[2014]. On the other hand, the variations of the CR measured by neutron monitors over the whole globe used
to be very well correlated (contrary to the stratospheric conditions), and the observed small differences,
mainly in FD amplitude and the observation of ground level enhancements, can be attributed to their R,
or to the more or less favorable longitudinal position of a neutron monitor.

The covariability between the local conditions in the middle-latitude low atmosphere and CR flux can be also
explained using the mechanism discussed in, e.g., Mironova et al. [2015]. This mechanism explains the
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observed correlations between the stratospheric and tropospheric conditions in (mostly) arctic region and
precipitations of energetic particles of different origin (energetic electron precipitations (EEPs), auroral elec-
trons, SEP, CR, etc.) during the geomagnetic storms and other events. While the area of particle precipitations
is limited to the auroral oval and polar upper atmosphere, the resulting changes of the atmospheric compo-
sition and temperature regime can be transferred to lower latitudes, even down to ~40°N, as was shown in
simulations by Rozanov et al. [2012], through the atmospheric circulation. This transfer process can be
affected by such hemispheric-scale events like SSW and QBO phase. It is worth to mention that the correla-
tion of the polar stratospheric temperature with the level of the solar activity (which anticorrelated with the
CR flux on the decadal time scale) in dependence on the QBO phase is known for a long time [see Labitzke
and Van Loon, 1988; Van Loon and Labitzke, 1999; Labitzke and Kunze, 2012]. On the other side, the Iberian
Peninsula, due to its midlatitudinal position, is under the influence of the dynamical processes in the tropical
and subtropical stratosphere which were shown [Garfinkel et al., 2015, Hood, 2016] to respond to the solar
activity variations in dependence with the QBO phase.

As to ozone, there is a number of studies showing that ozone content variations are related to the effect of
SEP precipitating into the atmosphere of the polar (auroral) latitudes during geomagnetic storms [e.g.,
Lastovicka et al., 1992; Andersson et al., 2014; Verkhoglyadova et al., 2014]. The CR and EEP particles affect
the concentration of the nitrogen (NO,) and hydrogen (HO,) species leading to a decrease of the ozone con-
tent in the polar atmosphere. Since (especially during the SSW as shown in Butler et al. [2015]) the Northern
Hemisphere midlatitude stratosphere and troposphere are under the strong influence of the PV, the NO, and
HO, ions can be transported to the middle latitudes where they affect local ozone content (as is seen in our
data). Other possibility is the direct influence of the CR flux variations on the local ozone content in midlati-
tudes and the (upper) stratospheric temperature through, e.g., the production of NO, and HO, [see, e.g.,
Krivolutsky, 2003; Gray et al., 2004].

The relatively high correlation coefficients among the CR, temperature, and ozone Smoothed series, especially
for the higher pressure level (10 hPa), obtained in our analysis agree with both the “local influence” and “atmo-
spheric dynamics” mechanisms. From one side, the time lag (1-2 weeks) observed between the temperature
variations at 40°N and 50°N supports the “dynamical” hypothesis (transfer of the air masses from the polar to
middle latitudes). Alternatively, the fact that the strongest correlation between the CR and temperature is
observed at the altitudes of the secondary particles production gives a support to the hypothesis that the
CR data are not fully corrected for the atmospheric effect. Same can be said about the ozone variations. In
our opinion, an analysis of the relations between the atmospheric parameters and CR flux on a shorter time
scale than the one used in this paper will help to discriminate between the local and dynamical effects.

6. Conclusions

The analysis of the regional (Iberian Peninsula) atmospheric parameters during a 2 year time interval (from
July 2012 to June 2014) allowed us to extract modes of the temperature and gph (pressure) variations located
mostly in the upper troposphere-lower stratosphere region, from ~250 hPa up to at least 30 hPa, that covary
with some space weather parameters (e.g., cosmic ray).

The first mode of the regional atmospheric variability is related to the hemispheric-scale circulation driven,
mostly, by the polar vortex conditions. The strength of the correlation between atmospheric conditions in
the polar and middle latitudes during the studied time period seems to depend on the QBO phase which
provides conditions for blocking or strengthening of the meridional circulation in the Northern
Hemisphere stratosphere, though further studies are needed to confirm this QBO phase dependence.

The temperature variations associated to this mode correlate with the lower stratospheric ozone content and
anticorrelate with cosmic rays flux variations. The CR series weakly correlates with geomagnetic parameters;
nevertheless, all strong decreases in the CR flux took places during the epochs of geomagnetic disturbances
of different length and strength.

The covariation of the atmospheric parameters and cosmic rays can be explained by one of the following
mechanisms.

1. The first possible mechanism is related to the effect of the precipitating particles on the composition of
the upper and middle atmosphere (in particular, on the NO, and HO, species) and, consequently, on
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the ozone content in the polar regions and on the polar vortex conditions. Due to the coupling between
the troposphere and stratosphere in the middle and high latitudes, variations in ozone content at high
latitudes may affect atmosphere even at latitudes of ~40°N.

2. ltis also possible that the observed covariability, at least partly, is due to the so-called atmospheric effect
(dependence of the ground-measured neutron monitor data on the atmospheric temperature and pres-
sure) which is not fully accounted for by the standard procedure of pressure corrections. This possibility is
supported by the fact that the highest correlation coefficients between the CR and the Iberian T and gph
series are obtained for the altitudes of ~100-200 hPa or ~12-16 km, the region where most of the
secondary neutrons are produced.

The time scale of the variations analyzed in this paper (weeks to months) does not allow discriminating
between these two mechanisms. The fact that the Mode 1 is of a hemispheric spatial scale cannot be used
as a confirmation of the first mechanism: It is possible that changes in the polar atmosphere due to the
precipitating particles are transferred to the middle latitudes and, in turn, affect local production of the
secondary CR particles resulting in the variations of the locally measured ground level CR flux.

Glossary

AC/noAC series  annual cycle series/series without annual cycle
CME  coronal mass ejection
CR  cosmic ray
cSVD  coupled singular value decomposition
Dst geomagnetic “disturbance storm time” index
EEP  energetic electron precipitations
EOF  empirical orthogonal function
FD Forbush decrease
GMF  geomagnetic field
gph  geopotential height

MERRA  Modern-Era Retrospective Analysis for Research and Applications
Mg Il composite series of the solar UV radiation
NMDB  Neutron Monitor Database
O3 ozone

PC  principal component
PCA  principal component analysis
PV polar vortex
QBO quasi-biennial oscillation
SEP  solar energetic particles
SSW  sudden stratospheric warming
STL  seasonal-trend decomposition with LOESS
T temperature
UV  ultraviolet
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