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Abstract. The response of the mid-latitude atmos-
phere to Forbush decreases in galactic cosmic rays is
analyzed. We use the results of long-term observations
of cosmic ray variations and changes in atmospheric
parameters at seven mid-latitude cosmic ray stations for
the period from 1966 to 2024. During Forbush decreas-
es (at the decline and minimum of intensity), an increase
in atmospheric pressure is observed at all mid-latitude
cosmic ray stations. When the cosmic ray intensity is
restored after a Forbush decrease, the pressure decreas-
es. The duration of this atmospheric response coincides
with the duration of the Forbush decrease. The effect is
more pronounced in the cold season, as well as for cos-

mic ray stations with small geomagnetic cutoff rigidity
values. Variations in mean mass and surface tempera-
tures during a Forbush decrease are observed at all cos-
mic ray stations and differ significantly for the cold and
warm seasons. The obtained results suggest that changes
in cloudiness and atmospheric transparency caused by
changes in the ionization rate during Forbush decreases
are a possible cause of the observed effects.

Keywords: cosmic rays, atmosphere, Forbush de-
creases, pressure, temperature.

INTRODUCTION

In recent years, a significant number of works have
been published on the effect of solar activity and related
disturbances of the interplanetary medium on the lower
atmosphere. There are also works, such as [Erlykin et
al., 2009, 2011], where this effect is questioned. One of
the reasons for this ambiguity in conclusions may be the
involvement of not one, but many factors simultaneous-
ly affecting the atmosphere and reflecting changes in
solar activity. Increasingly greater attention is currently
being paid to cosmic rays (CRs), which are considered
as the main source of atmospheric ionization at altitudes
from 3 to 50 km. Recent studies suggest that there is a
noticeable response to CR variations in atmospheric
parameters, such as cloudiness [Pudovkin, Veretenenko,
1995], precipitation [Kniveton, 2004], tropospheric
temperature [Pudovkin et al., 1996, 1997], transparency
[Roldugin, Tinsley, 2004; Kudryavtsev, Jungner, 2011],
etc. It was shown [Dickinson, 1975; Kondratyev, Ni-
kolsky, 1983; Pudovkin, Raspopov, 1992, 1993] that the
observed changes in atmospheric cloudiness and trans-
parency occur due to changes in CR intensity, which
determine the ionization rate in the lower atmosphere.
The above works allow us to assume that ionization of
the atmosphere by CRs is one of the links in solar-
atmospheric connections, and therefore the research into
the CR effects in the behavior of the lower atmosphere
parameters is particularly relevant. Continuous time
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changes in CR flux caused by its modulation in the heli-
osphere will regulate the contribution of cosmic rays to
ionization of the lower atmosphere under changes in
solar activity. For high latitudes, the relationship be-
tween the evolution and dynamics of pressure systems
and CR variations was analyzed in [Veretenenko,
Thejll, 2008; Veretenenko, Ogurtsov, 2012], using data
from stations in the North Atlantic region: Tasiilag
(65.5° N, 38° W) on the southeastern coast of Green-
land, Thorshavn (62° N, 6.5° W) on the Faroe Islands,
and Jagersborg (56° N, 12° E) in Denmark. These works
focused on the spatial distribution of the atmospheric
response to Forbush decreases (FDs) in CRs and to solar
proton events. At high latitudes, due to low geomagnetic
cutoff thresholds, high amplitudes of CR variations are
observed. This leads to the fact that CR effects in the
evolution of pressure systems at high latitudes are mani-
fested on a larger scale [Veretenenko, Thejll, 2008;
Veretenenko, Ogurtsov, 2012]. Accordingly, it should
be expected that the atmospheric response (changes in
pressure, temperature, cloudiness, etc.) to changes in
solar activity may vary from region to region. Yanchu-
kovsky [2024] analyzed long-term observations of CR
variations and changes in atmospheric parameters at
midlatitudes in Western Siberia (Novosibirsk). The
question arises whether the result obtained [Yanchu-
kovsky, 2024] is typical of midlatitudes in general. To
answer this question, we have analyzed long-term ob-
servations from seven mid-latitude CR stations.
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DATA IN USE AND ANALYSIS

Middle latitudes range from the tropic (23°26'22") to
the Polar circle (66°33'39") of the corresponding hemi-
sphere. We analyze data from the currently operating
CR stations located in this latitude range. The CR sta-
tions and their main characteristics are listed in Table 1.

In the column “Geomagnetic cutoff rigidity”, the
epoch corresponding to a given value is put in brackets.
The CR station Oulu is included in the group of mid-
latitude stations according to its geographic coordinates,
although, in view of the threshold geomagnetic cutoff
rigidity (GCR), it should be classified as a high-latitude
station. It is grouped with mid-latitude stations in order
to trace the latitude effect.

We examine the time interval from 1966 to 2024. On
this interval, events with Forbush decreases in galactic
cosmic rays with an amplitude >2.5 % were selected. In
this case, the condition was met that no other FD or solar
proton event was observed in the interval +10 days with
respect to the onset of FD. We have thus selected 141

stations were initiated at different times. There is no pres-
sure data before 1989 in the database for the Irkutsk sta-
tion, and there is no data on pressure and neutron monitor
count rate before 1999 for the Yakutsk station. Initial data
shows the count rate of neutron monitors and the simulta-
neously measured atmospheric pressure. Hourly and daily
average values were used. For each monitoring station,
Table 2 presents observation intervals, the number of rec-
orded events, the type of instrument, and references to the
databases from which the information was taken.

When examining atmospheric temperature variations,
we utilize the database [http://crsa.izmiran.ru/
phpmyadmin] as a source of hourly upper-air atmospher-
ic sounding data. It contains data from the U.S. National
Center  for  Environmental  Prediction = NCEP
[https://mww.nco.ncep.noaa.gov/pmb/products/gfs]. Data
on the atmospheric response to FD in CRs was analyzed
using the superimposed epoch method, as in [Yanchu-
kovsky, 2024]. The beginning of a decrease in CR inten-
sity in FD was taken as the zero time relative to which

events. Each CR station recorded a different number of
events, since observations with neutron monitors at the
Table 1
Main characteristics of CR stations and references to databases
Ne Geomagnetic cut-
CR station Coordinates | Altitude, m | off rigidity, GV Internet resource
Athens, 37.58° N https://www.nmdb.eu/station/athn/
Greece 2347°E 260 8.348 (2022) https://tools.izmiran.ru/cutoff/
Irkutsk, 52.1°N https://www.nmdb.eu/station/irkt/
Russia 104.00° E 475 3.126 (2022) https://tools.izmiran.ru/cutoff/
Kiel, 54.34° N https://www.nmdb.eu/station/kiel/
Germany 10.12° E o4 2.252 (2022) https://tools.izmiran.ru/cutoff/
R http://cr0.izmiran.ru/mosc/
'\RAOS(?OW‘ 25;2720 'E 200 2.1 (2022) https://www.nmdb.eu/station/mosc/
ussia ) https://tools.izmiran.ru/cutoff/
Novosobirsk, 54.84° N https://www.nmdb.eu/station/nvbk/
Russia 83.00° E 163 2.31 (2022) https://tools.izmiran.ru/cutoff/
Oulu, 65.05° N https://www.nmdb.eu/station/oulu/
Finland 2547° E 15 0.718 (2022) https://tools.izmiran.ru/cutoff/
Yakutsk, 62.02° N https://www.nmdb.eu/station/yktk/
Russia 129.72° E 105 1.356 (2022) https://tools.izmiran.ru/cutoff/
Table 2
Observation intervals, number of recorded events, type of instrument, and references to databases
Ne . Observation Number
CR station period of events Instrument Internet resource
1 2:222: 2003-2024 40 6-NM-64 | https:/Awww.nmdb.eu/nest/
Upkyrck, http://cgm.iszf.irk.ru
2 | poccus 1989-2024 87 18-NM-64 https://www.nmdb.eu/nest/
Kiel, 18-NM-64 .

3 Germany 2011-2024 24 https://www.nmdb.eu/nest/

4 g&i‘fgw 1966-2024 111 24-NM-64 | http://cr0.izmiran.ru/mosc/

Novosobirsk, http://cr0.izmiran.ru/nvbk/main.htm

5 | Russia 1968-2024 134 24-NM-64 http://193.232.24.200/nvbk/main.htm
https://cosm-rays.ipgg.sbras.ru/data-page/

Oulu, https://www.nmdb.eu/nest/

6 | Finland 1967-2024 128 9-NM-64 http://cosray.phys.uoa.gr/index.php/esa-neutron-
monitor-service/multi-station-neutron-monitor-
data

7 gﬁgifk’ 1999-2024 76 24-NM-64 https://ikfia.ysn.ru/data’/hecr/nm/yak
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-1,

intensity variations of CRs Al = -100%, recorded
0
by a neutron monitor, and changes in atmospheric pres-

sure Ah =h-h,. were identified. Here I and h, are the

neutron monitor count rate and the atmospheric pressure
at zero time respectively.

The results thus obtained for each CR station are
shown in Figures 1 and 2 for events in cold (see Figures
1, aand 2, a) and warm (see Figures 1, b and 2, b) sea-
sons. The interval from October to March was taken for
the cold season; and from April to September, for the
warm season.

Intensity variations were measured with a standard
instrument of the world network of CR stations — a
neutron monitor that consists of several identical sec-
tions, each with an area of 6 m”. Monitors at CR stations
have a different number of sections (see Table 2) and
therefore measure CR intensity variations with unequal
accuracy. For example, for the Athens station, where
one monitor section operates, the count rate is ~3500
pulse/min, and the error in measuring variations from
hourly data runs to 0.22 %. For the Moscow station,
where four monitor sections work, the count rate is 8600
pulse/min, and the error in hourly data does not exceed
0.14 %. We use daily averages, so the error in measur-
ing intensity variations for Athens and Moscow de-
creases to 0.045 and 0.0285 % respectively. The FD
effect is about several percent (see Figures 1 and 2).
This allows us to use data from all CR stations, includ-
ing stations with one monitor section. Pressure meas-

urements at the CR stations throughout the time interval
were carried out with various instruments: metrological
barographs M-22 calibrated twice a day [https:/
www.aHepous.pd/catalog/meteorologiya/registratory/
m-22a.htm], digital barographs DB-1.2 developed by
ISTP SB RAS [Yanchkovsky et al., 1972], the network
working barometer NWB-1M-1 [https://p-barometr.
ru/brs-1m]. The error in measurements with the M-22
barograph was ~1 mb. Prototypes of the barograph DB-1
[https://patents.google.com/patent/SU504406Al/ru]  were
successfully applied for a long time at the stations Irkutsk,
Novosibirsk, and Moscow and provided a pressure meas-
urement accuracy of 0.1 mb (10 Pa). Currently, all the sta-
tions employ a factory-verified certified barometer NWB-
1M (pressure measurement accuracy is 33 Pa). As a result,
for the entire observation period the systematic error in
pressure measurement did not exceed 1 mb.

The standard error in the average value of Al and

Ah is defined as ic/\/ﬁ and depends not only on the

number of terms n. When a larger number of FDs are
recorded, the time interval of observations increases,
thereby causing an increase in the range of changes in
atmospheric pressure against which the FD effect is
observed. This leads to an increase in the standard de-
viation o, and therefore there is no sharp decrease in
error with a significant increase in the number of de-
tected FDs.

The results obtained at the CR stations are presented
in Figures 1 and 2 in descending order of GCR (from
low latitudes to high latitudes). When the CR intensity
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Figure 1. Variations in CR intensity Al (curve 1) and atmospheric pressure Ah (curve 2) for cold (a) and warm (b) seasons
observed at CR stations with threshold rigidities from 8.348 to 2.31 GV. Curves 3, 4, and 5, 6 show standard errors of the mean

for Al and Ah respectively
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Figure 2. Variations in CR intensity Al (curve 1) and atmospheric pressure Ah (curve 2) for cold (a) and warm (b) seasons
observed at CR stations with threshold rigidities from 2.252 to 0.718 GV. Curves 3, 4, and 5, 6 show standard errors of the mean

for Al and Ah respectively

decreases and is minimum during FD, the atmospheric
pressure rises (relative to zero day) at all mid-latitude
stations at any time of the year. When the CR intensity
recovers after FD, the pressure falls. The duration of this
atmospheric response coincides with the duration of FD
in CRs. Note that the effect is more pronounced during
the cold period, as well as for CR stations with small
GCR values. Atmospheric pressure increases to maxi-
mum values on the 3d-5th days. For CR stations with
small GCR values, the pressure often has a maximum on
the third day already. The CR intensity and atmospheric
pressure variations during FD, averaged over all mid-
latitude CR stations and all events, are plotted in Figure 3.

The averaging over all CR stations was performed
with regard to their statistical weight, i.e. taking into
account the proportion of events recorded at each
station in the total number of events. In practice, the
results are considered reliable if the level of statisti-
cal significance of the results is <0.05, which corre-
sponds to a confidence interval +3c. The standard

deviations ¢ = /EZ(Ahi —E)Z were found, as in
Nz

['Yanchukovsky, 2024], independently for each point of
the obtained distributions. There is a spread of ¢ values:
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for the events in the cold season, in the range 0.144-0.5
with an average value of 0.378; for the events in the
warm season, in the range 0.135-0.3 with an average
value of 0.233; for all events, in the range 0.139-0.35
with an average value of 0.279. Before FD, the atmos-
pheric pressure decreases. This pressure behavior, i.e.
its decrease before the FD front, was also observed ear-
lier [Tinsley et al., 1989]. It was suggested that this
should be considered as a separate effect of a solar flare
that triggers FD in CRs (the so-called early and late
flare effects) [Tinsley et al., 1989].

The atmospheric pressure during FD generally rises
on the first three days when the CR intensity decreases
sharply. Pressure variations Ah reach a maximum on the
fourth or fifth day, then Ah goes down during the CR
intensity recovery phase after FD. The pressure drop
averages 8 mb. Thus, the effect is more pronounced in
the cold season. Earlier in [Mustel, 1974; Tinsley, Deen,
1991; Veretenenko, Thejll, 2013], it was indicated that
the atmospheric response to changes in solar activity at
moderate latitudes of the Northern Hemisphere is more
pronounced during the cold season when cyclonic pro-
cesses intensify due to increased temperature contrasts
in the troposphere.

The superimposed epoch method was employed to
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study the atmospheric temperature behavior at mid-
latitudes during FD in CRs. The vertical profile of
atmospheric temperature was obtained from aerologi-
cal data with hourly resolution from databases
[http://crsa.izmiran.ru/phpmyadmin,  https://www.nco.
ncep.noaa.gov/pmb/products/gfs], where, unfortunate-
ly, data is available only for the period from 2000 to
2018 for four CR stations: Kiel, Moscow, Novosi-
birsk, and Yakutsk. The mean mass atmospheric tem-

n n
perature T, =>T, Ahi/Z Ak was utilized as a
i=1 i=1

characteristic of the temperature regime of the atmosphere,
where T; is the temperature of the atmospheric layer (iso-
bars) i, and Ah; is the mass of this layer, as well as the sur-
face temperature T+ (temperature of the surface layer of
variable mass (h—950) mb). The total number of FDs rec-
orded by the four CR stations during the given period was
112, 20 of which were detected by the Kiel station; 29, by
the Moscow station; 35, by the Novosibirsk station; and
30, by the Yakutsk station. Variations in the mean mass
AT and surface ATy, temperatures during FDs for these
observation stations are illustrated in Figure 4.

The mean mass and surface temperature variations
observed at all CR stations have significant differences
in the cold and warm seasons. Atmospheric tempera-

ture variations are more pronounced during the cold
season. When the CR intensity decreases during FD,
mean mass and surface temperatures go up, whereas
during the CR intensity recovery phase in FD, on the
contrary, the atmospheric temperature goes down. The
CR intensity and mean mass and surface atmospheric
temperature variations during FDs in CRs, averaged
over four mid-latitude CR stations and all events, are
plotted in Figure 5.

As before, the averaging over all CR stations was
performed taking into account their statistical weight.
Deviations ¢ for AT, (for the cold period) are in the
range 0.078-0.31 with an average value of 0.214; and
for ATgy, in the range 0.108-0.42 with an average value
of 0.306.

When the CR intensity decreases during FD, the at-
mospheric pressure, mean mass and surface tempera-
tures rise, reaching the highest values at minimum CR
intensity (near minimum FD), and then these parameters
decrease with increasing CR intensity (during the FD
recovery phase). In the cold season, the mean mass
temperature of the atmosphere rises by an average of
one degree: AT,n,=*+1.11 °C. The rise in the surface
temperature is almost twice as high: ATg,=+1.86 °C.
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Figure 3. Variations in CR intensity Al (curve 1) and atmospheric pressure Ah (curve 2) during FD at midlatitudes for events
during cold (a) and warm (b) seasons and for all events (c). Curves 3 and 4 denote boundaries of the +£3c confidence interval
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Figure 4. Variations in CR intensity Al (curve 1) and mean mass (curve 2) and surface (curve 3) temperatures of the
atmosphere AT during FD in CRs observed at four mid-latitude CR stations during cold (a) and warm (b) seasons. Curves 4, 5,
and 6, 7 show standard errors of the mean for AT, and ATg,s respectively

Forbush decreases in cosmic rays feature significant
CR intensity variations (drastic decline and gradual re-
covery) that cause abrupt changes in the atmospheric
ionization rate and hence changes in the chemical and
aerosol composition of the atmosphere, which leads to
changes in atmospheric transparency and cloudiness
[Pudovkin, Raspopov, 1993]. It is noted [Shumilov et
al., 1996] that this happens without a significant time
delay.

The results suggest that changes in the cloudiness
and transparency of the atmosphere triggered by chang-
es in the ionization rate during FDs in CRs produce the
observed effects. A decrease in cloudiness during FDs
in CRs at moderate and high latitudes has been found in
[Veretenenko, Pudovkin, 1994, 1996; Todd, Kniveton,
2001, 2004]. Changes in atmospheric cloudiness and
transparency regulate the amount of both incoming
short-wave solar radiation to the Earth surface and long-
wave radiation emitted by the Earth surface. The total
effect in this case is determined by latitude, time of
year, and type of the Earth surface (mainland, ocean)
[Matveev, 1991].
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The effect of solar activity on the tropospheric tem-
perature was examined in [Karakhanyan, Molodykh,
2018], using geomagnetic activity indices as an indica-
tor of solar activity. FDs in CRs often occur during ge-
omagnetic disturbances, but not always. Some FDs are
not accompanied by geomagnetic storms, and some
geomagnetic disturbances occur without FDs. Going
forward, this can allow us to classify all events accord-
ing to this feature, by dividing them into three catego-
ries and studying them independently.

CONCLUSION

During Forbush decreases in cosmic rays (at de-
creased and minimum CR intensity), a rise in atmos-
pheric pressure is observed at all mid-latitude CR sta-
tions. When the CR intensity recovers after FD, the
pressure falls. The duration of this atmospheric response
coincides with the duration of FD in CRs. Note that the
effect is more pronounced during the cold period, as
well as for CR stations with small GCR values. A rise in
atmospheric pressure is generally recorded on the first
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Figure 5. Variations in CR intensity Al (curve 1) and mean mass (curve 2) and surface (curve 3) temperatures of the
atmosphere AT during FDs in CRs for events in cold (a) and warm (b) seasons and for all events (c). Curves 4, 5, and 6, 7
indicate boundaries of the +3¢ confidence interval for AT, and AT, respectively

three days when the CR intensity drops sharply. Pres-
sure variations Ah peak on the fourth or fifth day. For
CR stations with small GCR values, the pressure often
has a maximum on the third day already. The pressure
drop Ah for moderate latitudes averages 8 mb.

Variations in the mean mass and surface tempera-
tures during FDs in CRs are observed at all CR sta-
tions and differ significantly for cold and warm sea-
sons. When the CR intensity decreases during FD,
atmospheric pressure, mean mass and surface tem-
peratures rise, reaching the highest values at mini-
mum CR intensity (near minimum FD), and then
these parameters decrease with increasing CR intensi-
ty (during the FD recovery phase).
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