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Abstract In the present study we investigated the possible relationship between the ULF geomagnetic
activity and the variations of several atmospheric parameters. In particular, we compared the ULF activity
in the Pc1-2 frequency band (100 mHz–5 Hz), computed from geomagnetic field measurements at
Terra Nova Bay in Antarctica, with the tropospheric temperature T , specific humidity Q, and cloud cover
(high cloud cover, medium cloud cover, and low cloud cover) obtained from reanalysis data set. The
statistical analysis was conducted during the years 2003–2010, using correlation and Superposed Epoch
Analysis approaches. The results show that the atmospheric parameters significantly change following
the increase of geomagnetic activity within 2 days. These changes are evident in particular when the
interplanetary magnetic field Bz component is oriented southward (Bz<0) and the By component
duskward (By > 0). We suggest that both the precipitation of electrons induced by Pc1-2 activity and
the intensification of the polar cap potential difference, modulating the microphysical processes in
the clouds, can affect the atmosphere conditions.

1. Introduction

The terrestrial atmosphere essentially manifests its dynamics through its interaction with Sun’s radiation
energy. An additional source of energy comes from the solar wind (SW). In particular, SW energy can be
partially converted in magnetohydrodynamic ultralow frequency fluctuations (ULF, 1 mHz–5 Hz), which
propagate inside the magnetosphere, and can lead to diffusion and precipitation of relativistic electrons
(>100 keV) from the radiation belts [Regi et al., 2015; Mann et al., 2004; Blum et al., 2015; Rodger et al., 2008],
with potential effects on the atmospheric dynamics (see Mironova et al. [2015] and Lam and Tinsley [2016] for
a review).

In particular, the electron precipitation seems to play an important role, by ionization, on the atmospheric
chemical composition [Rozanov et al., 2005; Lu et al., 2008; Seppälä et al., 2009, 2013; Baumgaertner et al., 2011]
and conductivity variations [Tinsley and Zhou, 2006; Tinsley et al., 2007]. Energetic particle precipitation occurs
after pitch angle scattering, due to gyroresonant interaction with electromagnetic ion cyclotron (EMIC) waves,
in the ULF Pc1-2 (100 mHz–5 Hz) frequency range [Engebretson et al., 2008]. EMIC waves are generated at the
magnetic equator by unstable distributions of ring current ions during geomagnetic storms [Arnoldy et al.,
2005] and can be observed on the ground, also at high latitudes, after propagation as Alfvén (shear) waves
along the ambient magnetic field lines [Mursula et al., 1994; Dyrud et al., 1997]. They can be regarded as a proxy
of the particle precipitation. Moreover, the ULF activity in general is associated to storms and substorms, i.e.,
to the occurrence of a southward interplanetary magnetic field (IMF) and, at high latitudes, to a polar cap
electric field; therefore, it can be regarded also as a proxy of the polar cap potential difference [Yagova et al.,
2002; Francia et al., 2009; Regi et al., 2016].

The whole process can modify the atmospheric current system in the Global Electric Circuit (GEC) model
[Tinsley and Zhou, 2006], with a tropospheric response, due to production of space charge in clouds, affecting
cloud microphysics and in turn the occurrence of cloud layers that may also change the radiative balance [Regi
et al., 2016; Francia et al., 2015]. In particular, during highly perturbed geomagnetic conditions, the energy
transferred to the Earth system could be significant, playing a role in controlling the atmospheric parame-
ter variations [Francia et al., 2015; de Wit and Watermann, 2010] and cloud processes, during which there is a
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continuous conversion of energy between different forms (e.g., thermal energy to latent heat release). It is a
matter of fact that water vapor converts into cloud via several mechanisms (see Tinsley and Yu [2004] and Lam
and Tinsley [2016] for a review).

The accumulation of charge on droplets and aerosol particles, most importantly the interstitial cloud conden-
sation nuclei (CCN) and ice-forming nuclei (IFN), directly affects scavenging rates of their collision with cloud
droplets. Scavenging is due to collisions between the nuclei and droplets, entailing size-dependent collection
of nuclei and changes in their size distribution and overall concentration. It affects a number of microphysi-
cal processes, which cause changes in macroscopic cloud properties and in turn partitioning of energy flow
in the system. In particular, the charge can increase or decrease the scavenging rates, dependent on size,
changing the concentrations and size distributions. Size distribution changes in CCN produce size distribution
changes in droplets, affecting coagulation, precipitation, latent heat transfer, and cloud cover. Scavenging of
ice-forming nuclei by supercooled droplets promotes contact ice nucleation, releasing latent heat. The latent
heat changes cause storm invigoration [Rosenfeld et al., 2008] and in winter storms can cause changes in the
amplitude of Rossby waves and blocking. Since the typical lifetime of CCN in an air mass can be up to 10 days,
the change in their properties can effect also later cycle of evaporation/condensation, flux of latent heat, and
the amount of water vapor released into the troposphere.

In this work we investigated the possible relationship between the Pc1-2 fluctuations, possibly driven by the
SW, and the variations of the atmospheric parameters, using both correlation and Superposed Epoch Analysis
approaches.

We found that Pc1-2 power is clearly related with both temperature T and specific humidity Q (Q = mv∕(mv+
md), where mv and md are, respectively, the mass of water vapor and the mass of dry air in a certain volume of
air [Wallace and Hobbs, 2011]), which can be considered a parameter related to water vapor, and with cloud
cover CC (the percentage of the sky hidden by all visible clouds) at high (HCC, >6 km), medium (MCC, 3 < h <

6 km), and low (LCC, 0–3 km) altitudes.

2. Materials and Methods

In this work we used search-coil magnetometer data, recorded at Terra Nova Bay (TNB, AACGM 80.01∘S,
306.94∘E) at a sampling rate of 1 s, during 2003–2010. We estimated the Pc1-2 geomagnetic total power P in
the horizontal component, applying the Fourier transform to 1 h nonoverlapped time series. The Pc1-2 power
was computed only between 100 and 500 mHz, due to the 1 s sampling rate. The power spectral densities are
frequency smoothed, with a final frequency resolution of approximately 1.4 mHz, and converted into nT2/Hz
unit using the transfer function of the instrument (see De Lauretis et al. [2010] for more details). Then, we com-
puted the daily median of P. Finally, following previous investigations [Regi et al., 2016; Francia et al., 2015], we
used log10 P (hereafter P̂) instead of P as an activity index of ULF waves, since P undergoes impulsive variations
of several orders of magnitude, and thus, P̂ is more suitable to be compared with atmospheric parameters;
P̂ follows an almost Gaussian distribution [Regi et al., 2015] being easily comparable to the results of the Monte
Carlo test, for which Gaussian white noise is used.

As parameters representative of atmospheric conditions, we used tropospheric temperature T , specific
humidity Q, and the cloud cover CC from the Monitoring Atmospheric Composition and Climate (MACC) data
set which is a global reanalysis data set of atmospheric composition data, produced by assimilating satel-
lite data into a global model and data assimilation system [see Inness et al., 2013, and references therein] as
a function of time t, geographical latitudes 𝜆, and longitudes 𝜙, with resolutions, respectively, of 1 day and
1.125∘ lat/lon, and pressure levels p over 23 pressure levels (from 1000 to 1 hPa). In our work the altitudes
are estimated from the pressure levels p by means of the relation h = A ln

(
p0∕p

)
, where A = 7.0 km and

p0 = 103 hPa [see, e.g., Regi et al., 2016], and we restricted the analysis to the tropospheric heights.

The ULF geomagnetic fluctuation power has a clearly detectable ∼27 day periodicity (and its subharmonics)
related with the Sun’s synodic periodicity; signatures of such periodicities have been found also in the surface
air temperature [Francia et al., 2015] and in the temperature and zonal wind reanalysis data [Regi et al., 2016],
but the atmospheric parameters are strongly affected by several phenomena with different periodicities that
can obscure weaker effects particularly during local summer months. On this regard, atmospheric parame-
ters should be suitably filtered before any comparative analysis with solar wind and geomagnetic data and
preferentially local winter months should be analyzed.
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Figure 1. The comparison between the average GW power spectra
of Pc1-2 (black), with the average background of temperature Tbkg
and specific humidity Qbkg, during winter months in the interval
2008–2010. Each spectrum is normalized to its total power.

In the present work we compared the
ULF power and the tropospheric param-
eter variations using the Superposed
Epoch Analysis (SEA) method, which is
useful to evidence low-amplitude fluctu-
ations embedded in a background signal
[Chree, 1913; Forbush et al., 1983], and
the correlation/cross-correlation analy-
sis. Both methods are described below.

(a) For SEA, we used the moving-average
procedures as indicated by Laken and
Čalogović [2013] in order to identify and
remove from the original time series
periodicities greater than ∼54 days (i.e.,
2 times the Sun’s synodic periodicity).

Using P̂ as key parameter, we defined,
as key events, power peaks greater than
−5 and higher than the seasonal trend
(i.e., 54 days smoothed time series).

We defined the day corresponding to the power peak as epoch and considered a time window of 5 days,
i.e., 2 days before and after the event. Only nonoverlapped time periods are taken into account in our inves-
tigations, so that we used a statistically independent data set; with this choice the number of case events is
54. Once the 5 day time series are selected, we computed the composite mean C and the related standard
error of the mean (SEM) (see Laken and Čalogović [2013] for details). SEA analyses are also supported by Monte
Carlo test in order to highlight statistically significant correspondence between input and output variations;
we used 10,000 Gaussian white noise series with an amplitude of 0.5 times the actual standard deviation of
the examined time series.

(b) The correlation analysis was performed between input and output parameters. Before the correlation
analysis, the original daily geomagnetic and atmospheric time series were band-pass filtered in the range
20–30 days. After the analysis, we estimated the 90% confidence level obtained by means of a Monte Carlo
test over 10,000 Gaussian white noise series, filtered by the same procedure of the real data.

Solar wind, interplanetary magnetic field, and geomagnetic activity AE index hourly values, provided by
OMNIweb (http://cdaweb.gsfc.nasa.gov), are also examined.

3. Statistical Results

In the present work we compared time series during local winter months in the years 2003–2010 (except 2005,
when there are long data gaps), using reanalysis data in the 80–90∘S geographic latitude range and 0–10 km
altitude range, since we are interested in the phenomena occurring in the troposphere (i.e., below ∼10 km).
The SEA is performed on the zonal means of the examined atmospheric parameters (i.e., using longitudinally
averaged data), as a function of altitude and latitude. Regarding the correlation analysis, we examined all time
series at each point in the troposphere. The experimental results are discussed in the following sections.

3.1. Signatures of Sun’s Synodic Periodicity in the Assimilated Data Set
In order to investigate the spectral correspondence between P̂ (input) and tropospheric T and Q (outputs)
parameters, we performed a wavelet analysis of the high-pass filtered time series, obtained by removing
the 54 days moving average from the original data. T and Q were taken in the latitude range 80–90∘S
and at all tropospheric heights. We used Morlet wavelet with dimensionless frequency 𝜔0 ≈ 6, in order
to obtain a wavelet scale almost identical to the Fourier periodicity [Torrence and Compo, 1998], consistent
with Regi et al. [2016].

For each year we computed the global wavelet (GW) power spectrum in the periodicity range 2–40 days of
P, T , and Q, where the GW of Q and T was height averaged, resulting functions of latitude and longitude. As
outlined in the section 1, the tropospheric dynamics is affected by several physical mechanisms, which makes
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Figure 2. The composite of key parameter CP (red) of selected 54
stochastically independent events, each one of 5 days duration (gray
lines), together with SEM (red error bars and dashed black lines) and the
90% confidence intervals (blue dashed lines) evaluated by means of a
Monte Carlo test.

it difficult to identify a geomagnetic
activity signature in the GW of atmo-
spheric parameters. Therefore, we com-
pared the spectrum of Pc1-2 activity
with the background spectra of Q and T
[Vellante et al., 1989]

Each background spectra is evaluated
by means of an iterative and conver-
gent procedure in which, at any step,
the median GW power spectrum was
recomputed removing all single spec-
tra with enhancements of power, at any
period, whose ratio with the current
median GW was greater than a given
ratio RGW. We are confident that this
procedure yields background spectra
which are representative of the persis-
tent features in the examined param-
eter. For a value of RGW = 1.5 the
spectra concurring to the background

spectrum are between 10% and 50% of the original spectra depending on the year and parameter. This pro-
cedure yields background spectra, for each year, that are representative of the local persistent activity of the
parameters under analysis. It was applied to the years 2008–2010 when solar activity was at its minimum and
ULF power fluctuations was characterized by stable ∼27 days periodicity.

Figure 3. (top and middle rows) Composites of the zonal mean of temperature CT (∘C) and specific humidity CQ of the
54 selected epochs, together with the 90% confidence levels (solid and dashed lines); also shown is the longitudinally
averaged Antarctic profile (gray region). (bottom row) Composite mean of cloud cover CLCC (<3 km), CMCC (3 < h < 6 km),
and CHCC (>6 km): the bold lines mark composites statistically relevant.

REGI ET AL. ULF EFFECTS ON ATMOSPHERIC PARAMETERS 4
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Figure 4. Composite mean at the epoch (𝜏 = 0) of temperature CT and specific humidity CQ with the Monte Carlo test (90% contour levels), for different
interplanetary magnetic field conditions. For each couple of panels, N indicates the number of selected cases. In each panel, the longitudinally averaged
Antarctic profile is also shown (gray region).

Figure 1 shows the 3 year average of the GW of P and the averaged background spectra Qbkg and Tbkg. In order
to compare the spectral trends on the same scale, the spectra are normalized to their total power.

It can be seen that a remarkable correspondence exists between Pc1-2 and tropospheric parameters around
the ∼27 day periodicity (more clear with Qbkg) and around its first and second subharmonics (i.e., 13.5 and
9 days), confirming the correspondence between Pc1-2 and atmospheric parameters found in previous
investigations [Francia et al., 2015; Regi et al., 2016].

3.2. Superposed Epoch Analysis With Monte Carlo Test
Figure 2 shows the composite mean of ULF power CP (key parameter), resulting from SEA analysis, over winter
months during 2003–2010 years (54 nonoverlapping subintervals). It can be seen that CP (red line) clearly
shows a power peak at the epoch, well outside the 90% confidence intervals (magenta lines), within 1 day.

The SEA was applied to tropospheric data series, obtaining composites of temperature CT and specific humid-
ity CQ at different heights and latitudes at the epoch and 1–2 days after, as shown in Figure 3. We can see that
both CT and CQ show significant positive values up to 1 day after the epoch, at deep polar latitudes (80–90∘S)
below the tropopause (h < 8 km).

These results suggests that, probably, Pc1-2 power affects the specific humidity and the tropospheric tem-
perature within 1–2 days. The results are also consistent with Francia et al. [2015] who found significant
correlation between surface air temperature at TNB ∼1 day after ULF power fluctuations and with Troshichev
and Janzhura [2004] who observed a temperature response within 1 day in the Antarctic plateau, during dis-
turbed geomagnetic periods at tropospheric heights. Conversely, 2 days after the epoch, CT and CQ reach
negative values.

As outlined in section 1, the atmospheric charge can increase or decrease the scavenging rates, changing the
concentrations and size distributions of CCN and IFN, in turn modulating the resulting droplet concentrations

REGI ET AL. ULF EFFECTS ON ATMOSPHERIC PARAMETERS 5
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Figure 5. (first to fifth panels) Correlation coefficient maps between P̂ with T , Q (height averaged), HCC, MCC, and LCC during 2003–2010. In each panel,
the white contour lines mark the 90% confidence levels, estimated by means of a Monte Carlo test. The geographic latitude range is 60–90∘S.

and size distributions and can affect ice production, the amount of water vapor released in the atmosphere,
and the cloud cover. These changes would then lead to a change in the partitioning of atmospheric energy
and modulate the amount of latent heat released in the process.

We examined the cloud cover (zonal mean) composite averages computed on low, medium, and high cloud
cover composite mean that we indicated as CLCC, CMCC, and CHCC, respectively (see Figure 3, bottom row). It
can be seen that the main effect consists in an increase in the high and medium cloud covers at the epoch
and 1 day after (blue and green lines) and a decrease 2 days after the epoch.

More clear results are attained by taking into account the interplanetary magnetic field direction, in particu-
lar the By and Bz components that are related with polar cap electrodynamic activity: Bz is important in the
reconnection process in the dayside magnetopause, while By affects the latitudinal dawn-dusk electrostatic
potential asymmetry [Tinsley and Heelis, 1993].

Figure 4 shows the composite mean of T and Q corresponding to different interplanetary magnetic field direc-
tions. It can be clearly observed that a strong increase of both composites occurs during Bz < 0 conditions.
Regarding CT , high values are observed for Bz <0 and By >0 (top left), at the highest latitudes in the polar
cap. Similar results are observed during Bz <0 and By <0 conditions, perhaps confined to lower tropospheric
heights.

REGI ET AL. ULF EFFECTS ON ATMOSPHERIC PARAMETERS 6



Journal of Geophysical Research: Atmospheres 10.1002/2017JD027107

Figure 6. (left column) Examples of P̂ and HCC fluctuations, observed during winter months of 2003–2010 years.
The time series are band-pass filtered around the ∼27 day periodicity. The geographic coordinates of the region
corresponding to the HCC filtered time series are indicated. (right column) Cross-correlation analysis as a function of the
delay of the HCC with respect to P̂, together with the 95% confidence level (magenta lines). A delay 𝜏 < 0 (𝜏 > 0)
indicates that P̂ precedes (follows) HCC.

Regarding CQ, significantly high variations are found during Bz <0 and By >0 conditions, with positive vari-
ations in the same polar regions of the observed CT , while during Bz <0 and By <0 conditions, significantly
high enhancements are found at lower tropospheric heights and lower latitudes.

Less clear results are observed during Bz > 0, for both By < 0 and By > 0 conditions.

The above, almost similar, variations of T and Q for different IMF conditions suggest of a possible physical
link with the magnetospheric dynamics that manifests during periods characterized by relevant reconnection
processes between the IMF and the magnetospheric field.

3.3. Correlation Analysis
We analyzed the correlation between Pc1-2 power and fluctuations of the atmospheric parameters. It is a mat-
ter of facts that high coherence values between temperature and ULF power fluctuations have been found,
at tropospheric and stratospheric heights, during 2007 by Regi et al. [2016], with the clearest correspondence
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Figure 7. The disturbed geomagnetic periods during 26–28 July 2004. (first to fourth panels) Interplanetary magnetic
field in GSE coordinate system; solar wind speed V and plasma density n; 3 h activity index Kp and hourly Dst; and
hourly auroral activity index AE and P̂ at Terra Nova Bay. In Figure 7 (third and fourth panels), the quiet time values of
the activity indexes (25–27 August) are showed (dotted lines).

at the 27 day periodicity. Following their results, and also on the basis of Figure 1, the time series were fil-
tered in the 20–30 day periodicity range before correlation analysis. Figure 5 shows, for different years, the
latitudinal and longitudinal distribution of the correlation between P̂ and tropospheric parameters.

For each year, there are several regions characterized by significantly correlated (or anticorrelated) 27 day
fluctuations, with a remarkable correspondence in all atmospheric parameters (less clear in LCC). Note that
the correlation coefficients of P̂ with T and Q are averaged over the different tropospheric heights, while the
correlation coefficients with HCC, MCC, and LCC refer to a single tropospheric layer.

The generally lower correlation with LCC could indicate that the major effect in cloud microphysics manifests
at higher altitudes, just below the tropopause. It is also evident that correlated/anticorrelated fluctuations
appear in well-defined regions but different for different years. A possible relationship with large-scale atmo-
spheric transport was investigated by means of a correlation analysis between P̂ and CH4 (20–30 day filtered)
concentrations from MACC data set. CH4 is a long life chemical tracer, commonly used to characterize the mid-
dle atmosphere transport, also analyzing it in the framework of quasi-Lagrangian or conservative coordinate
systems [see, e.g., Redaelli et al., 1994] and as a proxy to validate satellite measurements [e.g., Payan et al., 2009].
The results of the correlation analysis between P̂ and CH4, during 2003–2010 (not shown here), indicate that
the correlation coefficients are generally lower and not superimposable to the other tropospheric parame-
ters. These results suggest that the transport is not modulated by the 27 day periodicity of the ULF activity.
However, the different pattern for various years could be due to variations in large-scale transport pattern.

To estimate the time delay between the ULF power and the atmospheric parameters, from the correlation
maps shown in Figure 5, we selected, for each year, the region with the highest correlation values between
ULF power and HCC fluctuations (Figure 6, left column). For each year we estimated the delay, computing
the cross-correlation coefficient r as a function of the time delay 𝜏 (Figure 6, right column). Here a negative
(positive) 𝜏 , associated with the maximum correlation, indicates that the ULF power fluctuations precede

REGI ET AL. ULF EFFECTS ON ATMOSPHERIC PARAMETERS 8
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Figure 8. (top) Time evolution of tropospheric zonal mean temperature and specific humidity with respect to quiet geomagnetic period, at selected time
intervals on 26–28 July 2004. (bottom) The comparison between averaged of detrended atmospheric parameters ΔTr , ΔQr , and ΔMCCr , with the auroral activity
AE and P̂ at TNB. The average was computed for 3 < h < 8 km and in the latitudinal range 80–89∘S.

(follow) the HCC ones. It clearly emerges that the highest correlations (outside the 95% confidence level,
Figure 6, magenta lines) were found when the ULF activity precedes the HCC, by 0–2 days, consistent with
both the SEA analysis and the ground temperature behavior found by Francia et al. [2015].

4. Atmospheric Response During Polar Geomagnetic Storms

In order to further investigate the short time tropospheric response to geomagnetic activity, we used 6 h
reanalysis data set. We selected periods characterized by high pulsation activity (high P̂).

In order to study the response of each atmospheric parameter to the geomagnetic activity, we compared
their variations during the geomagnetically disturbed time interval and the nearest (within 1 month) quiet

REGI ET AL. ULF EFFECTS ON ATMOSPHERIC PARAMETERS 9
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Figure 9. The disturbed geomagnetic periods during 28–30 October 2003. (first to fourth panels): Interplanetary
magnetic field in GSE coordinate system; solar wind speed V and plasma density n; 3 h activity index Kp and hourly Dst;
and hourly auroral activity index AE and P̂ at Terra Nova Bay. In Figure 9 (third and fourth panels), the quiet time values
of the activity indexes (10–12 October) are showed (dotted lines).

geomagnetic period. We computed the relative variations of the zonal mean temperature Tz , specific humidity
Qz , and cloud cover CCz , as

ΔXr =
(

Xz,d − Xz,q

)
∕Xz,q (1)

where d and q indicate “disturbed” and “quiet” geomagnetic activity conditions, respectively. We removed
from each zonal mean the linear trend in the examined time range (accordingly with SEA procedure). Finally,
1 h Pc1-2 and AE data were resampled at 6 h time resolution, using decimation procedure, in order to compare
their variations with those of the atmospheric parameters.

4.1. Polar Storm On 27 July 2004
Figure 7 shows the event on 26–28 July 2004. The geomagnetic storm occurred on 27 July when the interplan-
etary magnetic field component Bz was negative during the intervals ∼0–3 UT and ∼6–18 UT, while the solar
wind speed V and plasma density n were high during the whole day. Both AE and P̂ activity indexes clearly
indicate a disturbed magnetosphere. This event follows the geomagnetic storm on 24 July 2004, classified as
positive geomagnetic storm [Ngwira et al., 2012; Suvorova et al., 2012], i.e., characterized by an increase in the
ionospheric electron density at middle and low-latitude ionosphere. As representative of the nearest quiet
geomagnetic conditions we selected the time interval 25–27 August 2004 (the corresponding AE, Kp, and Dst
are shown by dotted lines).

In Figure 8 (top) the relative variations of T , Q, MCC, P̂, and log10 AE (we used log10 AE instead of AE, as for the
Pc1-2 power) are compared at different times. It can be seen that ΔQr is negative with minimum values on
27 July at medium/high tropospheric heights, while it is positive from ground up to 3–4 km, i.e., at the typical
altitudes of low-altitude clouds and up to about 80∘S suggesting that geomagnetic activity might principally
act by modulating scavenging processes in clouds. A less clear trend is found in ΔTr .

We computed the average of the relative variations in each parameter in the examined spatial range of
3–8 km and 80–89∘S, as a function of time, and reported the results in Figure 8 (bottom). A clear relationship
was found during this period, when both geomagnetic and atmospheric variations are almost simultaneous,

REGI ET AL. ULF EFFECTS ON ATMOSPHERIC PARAMETERS 10
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Figure 10. (top) Time evolution of tropospheric zonal mean temperature and specific humidity with respect to quiet geomagnetic period, at selected time
intervals on 28–30 October 2003. (bottom) The comparison between averaged of detrended atmospheric parameters ΔTr , ΔQr , and ΔLCCr , with the auroral
activity AE and P̂ at TNB. The average was computed for 3 < h < 8 km and in the latitudinal range 80–89∘S.

within 6 h. In particular, the best correspondence was found between AE or P̂ with medium cloud cover relative
variations ΔMCC.

4.2. Polar Storm on 29 October 2003
We selected the equinoctial geomagnetic storm occurring on 29 October 2003, also known as Halloween
Super Storm [Villante and Regi, 2008; Tsurutani, 2005], recently classified as a Carrington-like geomagnetic
storm [Cid et al., 2014; Saiz et al., 2016]. It was generated by the magnetospheric response to the impacting
plasma cloud ejected in the interplanetary space, after a X17 solar flare on 28 October 2003 [Villante and Regi,
2008]. In particular, in the extreme ultraviolet band, this event was by far the largest one in the active period
October–November 2003 [Tsurutani, 2005].

REGI ET AL. ULF EFFECTS ON ATMOSPHERIC PARAMETERS 11
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Figure 9 shows the interplanetary conditions during 28–30 October 2003, as well as the geomagnetic activ-
ity indexes. As representative of the nearest quiet geomagnetic conditions we selected the time interval
10–12 October 2003 (the corresponding AE, Kp, and Dst are shown by dotted lines). In this case, we found an
increase of auroral and ULF activity starting from ∼6 UT (Kp ∼ 10, AE ∼ 1900 nT) on 29 October and ending
at ∼6 UT on 30 October. During this long-lasting geomagnetic activity the atmospheric parameter response
reveals increasingly strong positive variations inΔTr andΔQr , at h ∼ 3.5 km (close to the ground) and𝜆 ∼ 88∘S
(Figure 10).

We also examined the relative variation of cloud cover during the same time interval, and we found that the
major effect of Pc1-2 power fluctuations is observed in the low-altitude cloud cover, with respect to the other
cloud covers. In particular, Δ LCCr reflects the same time dependence of ΔQr , with the largest value at ∼06 UT
on 29 October, i.e., when P̂ reaches its first maximum value.

5. Discussions and Conclusions

We investigated the atmospheric response to geomagnetic activity in Antarctica using the Pc1-2 power
fluctuations at TNB, during the 2003–2010 years. The wavelet analysis conducted during the minimum
phase of the solar cycle 23 clearly shows the signatures of the 27 day ULF activity main periodicity (and its
subharmonics) in the tropospheric temperature and specific humidity provided by MACC assimilated atmo-
spheric model: this result confirms the conclusions by Francia et al. [2015] and Regi et al. [2016]; it is probably
due to stable low-latitude coronal holes responsible for recurrent solar wind structures observed around the
minimum phase of solar cycle.

The results obtained by means of SEA analysis and correlation/cross-correlation analyses revealed a clear
correspondence between Pc1-2 variations and variations in temperature, specific humidity, and cloud cover
reanalysis data set. The most significant correspondence was found at latitudes higher than 85∘S in all param-
eters within 2 days of the maximum geomagnetic activity at TNB, in particular in correspondence to the
IMF conditions Bz < 0 and By > 0; it suggests that during periods characterized by reconnected magneto-
sphere and strong south-north interplanetary electric field, the atmospheric response is high. Assuming a
radial solar wind speed V ∼ −Vx̂ (where x̂ is the Sun-Earth line, and V(> 0) is the solar wind speed), the
interplanetary electric field (IEF), E = −V × B ∼

(
−VBz

)
ŷ +

(
VBy

)
ẑ, lies in the y-z plane in the GSM refer-

ence system. During Bz < 0 conditions, the IEF is efficiently transmitted over the high-latitude ionosphere,
and the dawn-dusk polar cap potential difference Φcap, due to Ey = −VBz , as well as the vertical Ez = VBy ,
increase. These results are in agreement with Voiculescu et al. [2013], who found a significant positive cor-
relation between LCC and a positive Ey component of the IEF (corresponding to a negative Bz), especially
at high latitudes. We found, in a separated analysis not shown here, that the correlation between Ey and
HCC band-pass filtered data (∼27 days) was high, showing the same patterns of the correlation maps shown
in Figure 5.

We found that the correspondence between band-pass filtered (∼27 days) tropospheric and geomagnetic
parameters is an average of correlated and anticorrelated regions. In particular, during each year, the corre-
lation (and anticorrelation) maps the same regions, for all atmospheric parameters, with maximum values
obtained for the high-altitude cloud cover.

Moreover, examining the correlation at different time delays, we found that the maximum values were found
within 0–2 days with respect to the geomagnetic activity variations, consistently with Francia et al. [2015],
who investigated the surface air temperature response to ULF geomagnetic activity and found a 𝜏 ∼ 1 and
2 days with Pc1-2 and Pc5 power fluctuations, respectively.

Because the atmospheric parameters seem to respond quickly to geomagnetic activity variations, we fur-
ther investigated the tropospheric-geomagnetic relationship in the polar cap, using the 6 h reanalysis data
set. We focused on two strong geomagnetic storms that occurred on 27–29 July 2004 and on 29–30
October 2003. Both storms evidenced high relative variations of temperature, specific humidity, and cloud
cover within 6 h but at different latitudes, with clear variation in the specific humidity, at tropospheric heights
and in correspondence of maximum polar cap activity, accordingly with SEA results.

The present experimental results, obtained over a more extended time interval and for different parameters,
confirm the suggestion by Francia et al. [2015] and Regi et al. [2016], i.e., a possible effect of both ionization and
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polar cap potential variations on high-latitude atmospheric conditions, within 1–2 days, particularly evident
at the 27 day periodicity related to solar wind/geomagnetic variations.

The results indicate that the solar wind energy is efficiently transferred to polar tropospheric regions, during
periods characterized by Bz < 0, affecting the polar cap potential Φcap; moreover, the increasing precipitation
rate of the relativistic electrons, related with increasing ULF activity in the Pc1-2 frequency range, modifies the
atmosphere conductivity. Both mechanisms could affect atmospheric parameters by modulating microphys-
ical processes in the clouds, through changes in scavenging rates, leading to changes in cloud properties and
in the amount of water vapor and latent heat released during evaporation/condensation cycles.
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