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Abstract

Changes of troposphere pressure associated with short-time variations of galactic cosmic rays (GCRs) taking place in the Northern
hemisphere’s cold months (October–March) were analyzed for the period 1980–2006, NCEP/NCAR reanalysis data being used. Notice-
able pressure variations during Forbush decreases of GCRs were revealed at extratropical latitudes of both hemispheres. The maxima of
pressure increase were observed on the 3rd–4th days after the event onsets over Northern Europe and the European part of Russia in the
Northern hemisphere, as well as on the 4th–5th days over the eastern part of the South Atlantic opposite Queen Maud Land and over the
d’Urville Sea in the Southern Ocean. According to the weather chart analysis, the observed pressure growth, as a rule, results from the
weakening of cyclones and intensification of anticyclone development in these areas. The presented results suggest that cosmic ray vari-
ations may influence the evolution of extratropical baric systems and play an important role in solar-terrestrial relationships.
� 2013 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The connection of solar variability and the lower atmo-
sphere is a very interesting and controversial question.
Many various hypotheses have been suggested how the
Sun can influence the Earth’s weather and climate and a
number of forcing agents which can transfer solar distur-
bances into the Earth’s atmosphere have been considered,
such as cosmic rays (Ney, 1959; Dickinson, 1975; Tinsley
and Deen, 1991), solar irradiance (Kristjansson et al.,
2002), solar ultraviolet fluxes (Haigh, 1996, 1999), inter-
planetary electric fields (Tinsley, 2008). Among these forc-
ing agents solar and galactic cosmic rays seem to play a
rather important part, because they have sufficient energy
to penetrate the stratosphere/upper troposphere heights
and, at the same time, their fluxes are strongly modulated
by solar activity (e.g., Tinsley et al., 1989).
0273-1177/$36.00 � 2013 COSPAR. Published by Elsevier Ltd. All rights rese

http://dx.doi.org/10.1016/j.asr.2013.11.057

⇑ Corresponding author. Tel.: +7 (812)4284627; fax: +7 (812)4287300.
E-mail addresses: artirin@yandex.ru (I. Artamonova), s.veretenen-

ko@mail.ioffe.ru (S. Veretenenko).

Please cite this article in press as: Artamonova, I., Veretenenko, S. Atmosp
bush decreases of galactic cosmic rays. J. Adv. Space Res. (2013), http://d
The evidences of solar and galactic cosmic ray influence
on atmospheric pressure and baric system dynamics on dif-
ferent time scales can be found in a number of works. Tins-
ley and Deen (1991) revealed a decrease of vorticity area
index (VAI, the index which characterizes the cyclone
intensity) associated with short-time decreases of galactic
cosmic rays (GCRs), so called Forbush decreases, mainly
at the latitudes �40–65�N over oceans in winter time. Tins-
ley (1988) found the latitude shift of cyclone tracks in the
North Atlantic associated with cosmic ray flux variations
on the decadal time scale. Pudovkin et al. (1997) showed
that Forbush decreases were accompanied by a noticeable
increase of pressure at the high-latitudinal station Sod-
ankylä (Finland), with the maximum being observed on
the 3rd–4th days after the event onsets. Veretenenko and
Thejll (2004, 2005) showed that sharp increases of solar
proton flux (so called solar proton events or SPEs) result
in the intensification of cyclone regeneration in the North
Atlantic near the south-eastern Greenland coasts. Vere-
tenenko and Thejll (2013) found also a noticeable intensifi-
cation of cyclonic activity over oceans at middle latitudes
rved.

heric pressure variations at extratropical latitudes associated with For-
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in both hemispheres on the days following the energetic
SPE onsets. The effects are most pronounced in October–
March for the Northern hemisphere and in April–Septem-
ber for the Southern hemisphere, i.e., in the cold part of
year for the hemisphere under study. Artamonova and
Veretenenko (2011) revealed a pronounced intensification
of ‘blocking’ anticyclone formation on the 3rd–4th days
after Forbush decrease onsets over the North Atlantic,
Scandinavia and the north of the European part of Russia
in the cold half of year. Noticeable changes in the duration
of macrosynoptic processes (i.e., natural time intervals
when the position of main baric systems and the direction
of main air flows remain constant over a large part of the
globe) associated with short-time variations of solar and
galactic cosmic rays were found by Artamonova and Vere-
tenenko (2013). It should be stressed that studying charac-
teristics of macrosynoptic processes is very important,
because many long-time weather forecasts are based on
the analysis of the type and duration of these processes
(Vangengeim, 1952). The results mentioned above suggest
that solar and galactic cosmic ray variations may affect
the evolution of extratropical baric systems and play an
important role in solar-terrestrial relationships.

So, in this work we continue our previous investigation
of baric system evolution in the course of short-time varia-
tions of galactic cosmic rays taking place in the cold half of
year for the Northern hemisphere (October–March). We
expand the studied area to the whole globe and consider
pressure variations in both hemispheres in the course of
these Forbush decreases of GCRs. The areas of most
prominent pressure deviations are compared with the cli-
matic positions of the main atmospheric fronts and the dis-
tribution of geomagnetic cutoff rigidities.
2. Experimental data and their analysis

For this investigation the same list of Forbush decreases
in GCRs was used as in our previous work (Artamonova
and Veretenenko, 2011). We analyzed 48 Forbush
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decreases with the amplitude exceeding 2.5% relative to
the undisturbed level according to the Apatity neutron
monitor data (67�N, 33�E) for the period 1980–2006. We
selected only those events which were not accompanied
by intensive solar proton fluxes during three days around
the event onset, as solar proton bursts may produce the
opposite effect on the troposphere (Pudovkin and Vere-
tenenko, 1995). The distribution of amplitudes of the For-
bush decreases under consideration is presented in Fig. 1.
As it is seen from Fig. 1, the amplitudes of most part of
these events (�60%) vary in the range 2.5–3.5%, whereas
the number of strong events with the amplitude over 5%
is not very high because the beginnings of strong Forbush
decreases are often superimposed with solar proton bursts
and do not satisfy the selection criteria.

The events were considered for the cold period in the
Northern hemisphere (October–March), because in this
half of year temperature gradients in the troposphere are
high and, as a consequence, cyclonic activity is most inten-
sive. The daily averaged values of geopotential (gp) heights
(GPH) of the 1000 hPa level (corresponding practically to
the sea level) were taken from the NCEP/NCAR ‘reanaly-
sis’ archive (Kalnay et al., 1996). The superposed epoch
analysis (SPEA) was used to calculate mean pressure devi-
ations from the undisturbed level, which was obtained by
averaging the geopotential height data over 10 days before
the event onset. The day of the event onset was considered
as the zero day. The results of SPEA calculations for the
days around the onsets of the Forbush decreases under
study are presented in Fig. 2.

As it is seen from Fig. 2, there are no noticeable devi-
ations of pressure before the Forbush decrease onset and
on the zero day. On the +1 day relative to the Forbush
decrease onset a slow pressure growth takes place over
Scandinavia and the northern part of Russia along the
southern coast of the Arctic Ocean. During the next
two days the area of pressure growth gets bigger. It
spreads to the west over the North Atlantic up to the
south-eastern coasts of Greenland and to the east up
5 6 7
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Fig. 2. SPEA maps of geopotential height variations (in gp.m) for the 1000 hPa level during 48 Forbush decreases of GCRs for the period 1980–2006
(October–March).
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to the northern part of Siberia. The maximum pressure
deviations are observed on the 3rd–4th days after the
Forbush decrease onsets and amount to �50 gp.m. An
increase of pressure at middle latitudes is accompanied
by a decrease of pressure at polar latitudes. On the
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bush decreases of galactic cosmic rays. J. Adv. Space Res. (2013), http://d
5th–6th days, during the recovery phase of cosmic rays
disturbances, the pressure variations weaken and their
area decreases. At the same time a new area of positive
pressure variations appears over Newfoundland and the
north-western part of Canada.
heric pressure variations at extratropical latitudes associated with For-
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Fig. 3. SPEA maps of geopotential height variations of the level 1000 hPa
in the Northern (a) and Southern (b) hemispheres on the 4th day after the
Forbush decrease onsets. Climatic positions of the main atmospheric
fronts are shown for January according to Khromov and Petrociants
(1994). Grey lines indicate the areas of statistical significance according to
the Monte-Carlo tests (solid and dashed lines correspond to the
significance levels 0.95 and 0.99, respectively).
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In the Southern hemisphere two areas of positive pres-
sure deviations appear over the oceans at middle and high
latitudes on the days following Forbush decrease onsets.
The first area is located over the eastern part of the South
Atlantic opposite the coasts of Queen Maud Land at lati-
tudes �50–70�S and the second one is located over the
d’Urville Sea in the Southern Ocean at latitudes �60–
80�S. These areas develop similarly to that over the eastern
part of the North Atlantic and Europe in the Northern
hemisphere, i.e. no noticeable deviations of pressure are
observed during the first two days of Forbush decreases
and on the 3rd day two areas of positive pressure devia-
tions start strengthening in the South Atlantic and over
the d’Urville Sea. During the 4th–5th days these areas
develop and reach the maximum, with pressure variations
amounting to �40 gp.m for the area in the South Atlantic
and �30 gp.m for the area over the d’Urville Sea. On the
6th and following days both areas of pressure growth
weaken.

The statistical significance of the effects was estimated
on the base of Monte Carlo simulations, with 1000 SPEA
maps of geopotential height variations for randomly
selected key dates being generated. According to the Monte
Carlo tests, the maximum values of pressure deviations
observed on the 4th day relative to the Forbush decrease
onsets are significant at the 0.95–0.99 confidence level in
both hemispheres.

Let us consider in details the effects on the 4th day after
Forbush decrease onsets, when the maximum pressure
deviations are observed. The SPEA maps of pressure vari-
ations for the Northern and Southern hemispheres are pre-
sented, respectively, on the top and bottom panels in Fig. 3.
The grey lines indicate the areas, where the statistical sig-
nificance of the deviations is above 0.95 and 0.99 according
to the Monte Carlo tests. The climatic positions of the
main atmospheric fronts at middle and high latitudes in
January according to Khromov and Petrociants (1994)
are also shown. Arctic/Antarctic fronts separate cold Arc-
tic/Antarctic air from warmer air of middle latitudes and
Polar fronts separate air masses of middle latitudes from
tropical air masses.

One can see that most significant pressure deviations are
associated with Polar and Arctic/Antarctic atmospheric
fronts. The main atmospheric fronts are of particular inter-
est for the studies, because they are areas of high tempera-
ture gradients, with cyclonic activity at extratropical
latitudes being closely related to these fronts. Most extra-
tropical cyclones and anticyclones arise and undergo signif-
icant changes in their evolution in frontal regions. So, the
detected pressure variations closely associated with these
fronts suggest changes in the evolution of these baric sys-
tems. Indeed, in our previous work (Artamonova and
Veretenenko, 2011) positive pressure deviations caused by
intensification of anticyclone development in the course
of Forbush decreases were observed namely over the cli-
matic Polar and Arctic fronts in the North Atlantic area.
The most significant cyclone intensification after energetic
Please cite this article in press as: Artamonova, I., Veretenenko, S. Atmosp
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solar proton events which produce the effect on atmo-
spheric ionization opposite to that of Forbush decreases
was found in the region of the climatic Arctic front near
the south-eastern coasts of Greenland (Veretenenko and
Thejll, 2004, 2005, 2013). The results of this study show
that Forbush decreases are accompanied by significant
pressure variations associated with the main atmospheric
fronts at extratropical latitudes of both hemispheres and
they are in good agreement with the previous data.

According to the weather chart analysis, the detected
increase of pressure over the North Atlantic and the wes-
tern part of Eurasia results from intensification of blocking
heric pressure variations at extratropical latitudes associated with For-
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Fig. 4. Distribution of mean monthly magnitudes of the horizontal
temperature gradient in the layer 1000–500 hPa in the Northern (a) and
Southern (b) hemispheres for January 2005. White lines show vertical
geomagnetic cutoff rigidities (in GV) according to Shea and Smart (1983).
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anticyclones, i.e. more intensive transformation of mobile
cold anticyclones which are formed at cold fronts of cyclo-
nic series into slowly moving or stationary anticyclones
which ‘block’ the zonal air flow at middle latitudes. Forma-
tion of blocking anticyclones was found to take place for
67% of Forbush decreases under study. The study of block-
ing event formation for undisturbed periods, i.e., the ran-
dom (Monte Carlo simulated) 10 day periods with no
Forbush decrease effects, showed that the frequency of
these events amount to about 43%. Thus, Forbush
decreases of GCRs seem to contribute to the intensification
of blocking events at middle latitudes. In turn, the forma-
tion of blocking anticyclones over the eastern part of the
North Atlantic creates an obstacle for the movement of
cyclones from the ocean to the continent. This results in
the shift of cyclone tracks to the north, as they are forced
to bend around the high pressure area, and we can see a
statistically significant decrease of pressure at polar lati-
tudes of the Northern hemisphere.

Thus, the results of the synoptic analysis for the North-
ern hemisphere showed that the pressure growth observed
in the North Atlantic region in association with Forbush
decreases is caused by more intensive formation of block-
ing anticyclones. Indeed, blocking anticyclones are high
and warm anticyclones which form from cold mobile anti-
cyclones over the surface which is relatively warm for the
season under study. For this reason they form most fre-
quently over the eastern parts of the North Atlantic and
Pacific, to the east of warm ocean currents (e.g., Matveev,
1991). A favorable condition for anticyclone formation is
also the convergence of isohypses which usually takes place
over the continents in winter. So, we can see that positive
pressure variations cover a large area over the North
Atlantic and the western part of Eurasia, with the ampli-
tude of pressure variations increasing to the east and reach-
ing the maximum over the European part of Russia. The
obtained results suggest that Forbush decreases of GCRs
contribute to the intensification of the processes which lead
to blocking event formation.

The data in Fig. 3 show that in the Northern hemisphere
most significant pressure variations associated with For-
bush decreases are observed only in the North Atlantic
region. No significant pressure changes were detected over
the North Pacific area. This suggests an important part of
the North Atlantic region for cosmic ray influence on the
troposphere circulation. Veretenenko and Thejll (2013)
showed that the region of the North Atlantic near the
Greenland coasts is characterized by low geomagnetic cut-
off rigidities allowing precipitation of cosmic particles
strongly modulated by solar activity, as well as by the
structure of the troposphere thermo-baric field which is
favorable for cyclonic activity (the divergence of isohypses)
and high temperature gradients over the Greenland coast.
As a result, energetic solar proton events were found to
intensify the processes of cyclone regeneration namely in
this area. In Fig. 4 the distribution of the magnitude of hor-
izontal temperature gradients in the troposphere layer
Please cite this article in press as: Artamonova, I., Veretenenko, S. Atmosp
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1000–500 hPa superimposed by isolines of vertical geomag-
netic cutoff rigidities (Shea and Smart, 1983) is presented
for the Northern (a) and Southern (b) hemispheres. From
Fig. 4a we can see that the North Atlantic zone of extra-
tropical cyclogenesis (the zone of high temperature con-
trasts near the eastern coasts of North America) as well
as the eastern part of the North Atlantic (the region with
warm ocean surface) turns out to be in the area of rather
low geomagnetic cutoff rigidities �1–3 GV which corre-
spond to minimal energies of precipitating particles �0.4–
2 GeV. In the North Pacific region including the North
Pacific zone of extratropical cyclogenesis near the eastern
coasts of Eurasia geomagnetic cutoff rigidities amount to
�11–15 GV, with minimal energies of precipitating parti-
cles being �10–14 GeV. Thus, we can see that the condi-
tions in the North Atlantic seem to be more favorable for
cosmic ray influence on the development of baric systems,
heric pressure variations at extratropical latitudes associated with For-
x.doi.org/10.1016/j.asr.2013.11.057
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as, unlike the North Pacific, it is a region of precipitation of
low energy component of galactic cosmic rays which varies
significantly depending on solar activity.

Concerning the Southern hemisphere, we found that pres-
sure grow is observed in the regions of climatic lows which
are located opposite the coasts of Queen Maud Land and
over the d’Urville Sea (Tauber, 1964). These climatic lows
are formed as mid-latitudinal frontal cyclones traveling to
the south-east stop near the Antarctic coasts and regenerate
at Antarctic fronts. Thus, pressure growth observed in the
areas of climatic lows during the Forbush-decreases under
study suggests the weakening of cyclones in these areas.
Indeed, the synoptic analysis for the Southern hemisphere
showed that the pressure growth observed over the eastern
part of the South Atlantic, as a rule, is due to the weakening
of cyclones, as well as the displacement of crests/anticy-
clones from subtropical latitudes of the South Atlantic.
The second area of pressure growth observed over the
d’Urville Sea in the Southern Ocean, usually results from
the displacement of anticyclones from the Great Australian
Bight toward Antarctica in the region of Adélie Land. This
process contributes to the shift of cyclone tracks from the
Ross Sea to the middle latitudes; this, in turn, results in the
intensification of a low pressure area over the southern part
of the Pacific. Thus, the obtained results suggest that For-
bush decreases under study contribute to the weakening of
cyclones and intensification of anticyclones at middle lati-
tudes in both hemispheres.

As we can see, the atmosphere response to Forbush
decreases detected at middle latitudes is similar both in
the Northern and Southern hemispheres. The data in
Fig. 5 show the variations of geopotential heights of the
1000 hPa level averaged over longitude for the 4th day after
the Forbush decrease onsets. One can see an increase of
zonal pressure at the latitudes �40–65� in both hemi-
spheres resulting from the weakening of cyclones and
intensification of anticyclones. As it is seen from Fig. 5,
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the pressure variations are most pronounced in the North-
ern hemisphere, where October–March is a cold period and
extratropical baric systems develop more intensively due to
higher values of temperature gradients in the troposphere.
In the Southern hemisphere it is a warm period, however,
we can see noticeable temperature contrasts at Polar fronts
of middle latitudes over the South Atlantic and the Indian
Ocean (Fig. 4b) contributing to cyclonic activity. Indeed,
seasonal variations of temperature gradients are high in
the Northern hemisphere; this results in a strong seasonal
variation of cyclonic activity. The occurrence of deep
cyclones decreases by several times from winter to summer
and climatic lows in the Northern hemisphere practically
disappear in a warm period (e.g., Tauber, 1964). On the
contrary, seasonal variations of cyclonic activity in the
Southern hemisphere are not as high as in the Northern
one; and the intensity of climatic lows does not change sig-
nificantly in summer (Tauber, 1964). Hence, the effects of
Forbush decreases on the development of extratropical
baric systems are observed in the Southern hemisphere
too, though they are less pronounced than in the Northern
one. Let us also note that enhanced temperature contrasts
at middle latitudes in the eastern part of the Southern
Atlantic and in the Indian Ocean are observed in the area
of rather low geomagnetic cutoff rigidities �1–3 GV
(Fig. 4b) which provides favorable conditions for galactic
cosmic ray effects similar to those in the North Atlantic.

The zonal pressure variations observed at middle lati-
tudes of the Northern and Southern hemispheres agree well
with those obtained by Pudovkin and Babushkina (1992) for
intensive geomagnetic disturbances accompanied by strong
Forbush decreases. At the same time pressure variations at
polar (more than 70�) latitudes of the Northern and South-
ern hemispheres are opposite, with a decrease and increase
of pressure being observed in the Arctic and the Antarctic,
respectively. This difference may be due to the difference of
meteorological processes in these areas, as well as the
0 50 60 70 80
de, deg.
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asymmetry of the electric current variations associated with
solar activity phenomena over the polar regions in the
Northern and Southern hemispheres (Tinsley, 2012).

Thus, the presented results suggest the weakening of
cyclones and intensification of anticyclone development
at middle latitudes of both hemispheres associated with
short-time decreases in the intensity of galactic cosmic rays.
It is known that the formation and development of extra-
tropical baric systems (cyclones and anticyclones) are
determined by specific features of the thermo-baric field
structure and temperature contrasts in the troposphere
(e.g., Vorobjev, 1991). The detected effects allow us to sup-
pose that Forbush decreases contribute to the changes in
the structure of the thermo-baric field which provides more
favorable conditions for anticyclone development. The
obtained results suggest an important part of ionization
changes for solar activity influence on the lower atmo-
sphere dynamics. A possible mechanism of the effects
observed in baric system evolution in the course of For-
bush decreases may involve cloudiness/aerosol changes
associated with variations of ionization and electric current
density (Tinsley, 2008). These changes may result in latent
heat release and changes in radiative forcing which, in turn,
may influence the thermo-baric field of the troposphere.

3. Conclusions

In this work we carried out the investigation of the
response of atmospheric pressure at the level 1000 hPa to
Forbush decreases of galactic cosmic rays in both hemi-
spheres for the events taking place in the Northern hemi-
sphere’s cold period. A significant pressure growth with
the maximum on the 3rd–4th days was revealed over
Northern Europe and the European part of Russia in the
Northern hemisphere. In the Southern hemisphere two
regions of a pronounced pressure growth with the maxi-
mum on the 4th–5th days were found, the first region is
located over the eastern part of the South Atlantic and
the second one is over the d’Urville Sea in the Southern
Ocean. In both hemispheres the pressure growth was
observed at middle latitudes, �40–70�N and �40–70�S,
correspondingly. Most pronounced pressure deviations
are associated with climatic Arctic/Antarctic and Polar
fronts, which are the regions of intensive cyclonic activity.
According to the weather chart analysis, the detected pres-
sure increases are due to the weakening of cyclones and
intensification of anticyclones at extratropical latitudes in
both hemispheres associated with Forbush decreases under
study. The obtained results suggest that variations of galac-
tic cosmic rays may influence dynamic processes at middle
latitudes, so they may be considered as an important link
between solar activity and the lower atmosphere.
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