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Abstract. Long-term changes of extratropical cyclone trajectories in the North Atlantic
in cold months (October—March) were analyzed, with the data of Mean Sea Level Pressure
archives from Climatic Research Unit, UK (1873—2000) and NCEP/DOE AMIP-II Reanalysis
(1979—2021) being used. It was revealed that variations of latitudes of storm tracks in the
longitudinal range from 60°W to 10°W are characterized by pronounced periodicities of ~80—90
and ~22 years. This indicates their possible relation to the corresponding periodicities in solar/
geomagnetic activity and galactic cosmic ray variations, the secular Gleissberg cycle and the
magnetic Hale cycle, respectively. At the maximum of the secular cycle, trajectories of North
Atlantic cyclones were found to shift a few degrees south, whereas at the minimum and the
descending phase they shift to the north. As North Atlantic cyclones influence significantly
weather and climate conditions over Europe, oscillations of their tracks associated with solar
activity and related phenomena seem to be of great prognostic importance._
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Annoranug. I[TpoaHaTM3MpOBaHBI JOJTOBpEeMEHHBIE M3MEHEHUSI TPACKTOPUN IIMKJIOHOB B
CeBepHOI1 ATJTaHTUKE B XOJIOHBIE MECSIIBI (OKTSIOpb—MapT) Ha OCHOBE KapT CPETHEMECSIIHOTO
npu3eMHOro nmasicHus. OOHApyXeHO, YTO BapHallMi INMPOTHI OCHOBHBIX TpPaeKTOPUI
LIMKJIOHOB B o0s1actu 1oarotr ot 60°W no 10°W xapakrepusyrorcs nepuoguyHocTaMu ~80—90
U ~22 JeT, 4TO yKa3bIBaeT Ha MX BO3MOXKHYIO CBSI3b C BapUallMSIMU COJIHEYHOI/TeOMarHUTHOM
AKTUBHOCTM M UHTEHCHUBHOCTH IMOTOKA rajJakKTUYECKUX KOCMMUUYECKHUX JIyUei.
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Introduction

It is well known that cyclonic activity (formation, evolution and movement of extratropical
cyclones and anticyclones) is an important factor influencing weather and climate at middle lati-
tudes. Extratropical cyclones from the North Atlantic are responsible for many hazardous weather
events over Europe. So, studying influence of solar activity and related disturbances of near-Earth
space on cyclone development and trajectories is of significant importance.

Effects of the Sun’s activity on extratropical cyclone movement in the North Atlantic were
studied in a number of works. Brown and John [1] showed that at sunspot maximum the average
latitude of storm tracks in winter months was 2.5° further south than at sunspot minimum. Tinsley
[2] revealed that variations of storm track latitudes in the solar cycle may reach ~6° under the
west phase of quasibiennial oscillations of the atmosphere. Thus, the aim of this work is to study
variations of extratropical cyclone trajectories in the North Atlantic on multidecadal and secular
time scales and to compare them with variations of solar activity and related phenomena.

Temporal variations of storm track latitudes

In this study we used gridded data on mean monthly sea level pressure in the Northern
Hemisphere from MSLP (Mean Sea Level Pressure) archives of Climatic Research Unit, UK
(1873—2000) [3] and NCEP/DOE AMIP-II Reanalysis (1979—2021) [4]. It is known that North
Atlantic cyclones usually arise near the eastern coasts of North America (e.g., [5]). Then they
move, as a rule, in the north-eastern direction towards Greenland and Iceland and then towards
the Barents Sea. The cyclone movement results in the formation of a region of decreased pres-
sure (baric trough) on monthly maps. This region is extended from the eastern coasts of North
America to the Arctic coasts of Eurasia. Fig. 1 demonstrates the distribution of mean monthly
SLP in the North Atlantic for cold months when extratropical cyclone activity is most intensive.
One can see the examples of positions of baric troughs formed by cyclone motion. The axis of
the baric trough (the line of minimal pressure values) shows the main direction of extratropical
cyclone movement (storm tracks). It is seen that latitudes of most frequent cyclone passages over
a given longitude may vary noticeably.

To study variations of North Atlantic storm tracks, we determined latitudes of pressure minima
for the longitudinal range from 60°W to 10°W on monthly maps of SLP. The found values were
averaged over cold months (October-March), which is a period of intensive extratropical cyclo-
genesis. Temporal variations of the mean latitudes of storm tracks in the cold period are presented
in Fig. 2 for different longitudes in the North Atlantic.
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Fig. 1. Maps of mean monthly sea level pressure (in hPa) for February 1995 (a) and October 2006 (b).
White lines show the main direction of cyclone movement (storm track)
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Fig. 2. Temporal variations of the mean latitudes of storm tracks in cold months (October-March)
at different longitudes in the North Atlantic. Red lines show 11-yr running averages
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Fig. 3. Long-term changes of storm track latitudes in the western part
of the North Atlantic (40—60°W) in the cold half of year (11-yr running averages) (a);
annual mean sunspot numbers SSN. The dashed line shows the 6™ order polynomial
approximation of SSN values at maxima of the 11-yr cycle (b)
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As we can see from Fig. 2, storm track latitudes reveal a pronounced variability both on inter-
annual and longer time scales, including multidecadal and secular ones. Long-term variations
of storm track latitudes are shown in Fig. 3, a for the western part of the North Atlantic, where
extratropical cyclones usually form and reach their maximum development. These data are com-
pared with long-term variations of sunspot numbers SSN [6] presented in Fig. 3,5. One can see
a clear secular variation in the studied cyclone tracks. Maximal values of storm track latitudes
were observed in ~1900—1930, which was a period of the secular decrease of solar activity (a
minimum of the secular Gleissberg cycle). On the contrary, minimal values took place in ~1950—
1960, i.e. at a maximum of the secular cycle. Since ~1960 the secular solar cycle has been at its
descending branch and the studied storm track latitudes have been increasing again. Thus, we
can suggest that storm tracks in the North Atlantic are influenced by long-term changes of solar
activity. Trajectories of North Atlantic cyclones shift a few degrees south at the maximum of the
Gleissberg cycle, whereas at the minimum and the descending phase of the cycle, they shift to the
north. The peak-to-peak amplitude of secular variations in storm track latitudes is ~5°.
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Fig. 4. Sampling estimates of the normalized spectral density of storm track latitudes
(initial series) for the western (@) and eastern (b) parts of the North Atlantic
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Fig. 5. Sampling estimates of the normalized spectral density of storm track latitudes
(high-frequency components with different cut-off parameters 7, =7, 11, 17, 23, 29, 37 and 43 years)

for the western (left) and eastern (right) parts of the North Atlantic
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Spectral characteristics of storm track latitudes

Let us consider spectral characteristics of the studied storm track latitudes. Spectral analysis
was performed using the method of a sampling estimate of the normalized spectral density [7].
To confirm a reliability of the detected periodicities, an additional analysis of high-frequency
components (HFC) of the studied time series was carried out, with HFC being calculated using
the Blackman-Tukey high-frequency filter with different cut-off frequency parameters (7, _.) [8].

The results of spectral analysis are presented in Fig. 4 and 5 for the initial time series and high-fre-
quency components, respectively. The data in Fig. 4 demonstrate pronounced secular variations of
storm track latitudes both in the western part of the North Atlantic (40—60°W) and its eastern part
(10—30°W). One can see that, along with secular variations, cyclone trajectories undergo bidecadal
(~22 years) and multidecadal (~40—47 years) oscillations which may also be related to solar vari-
ability. The results obtained for HFC of storm track latitudes (Fig. 5) show that there are stable
maxima of spectral density at periods ~22—23 years at all the longitudes under study. In the eastern
part of the North Atlantic, mulidecadal variations with periods ~40—45 years seem to strengthen.

Discussion

As it was shown above, long-term changes of storm track latitudes in the North Atlantic reveal
oscillations on bidecaldal, multidecadal and secular time scales, which may be linked to solar
activity and related phenomena. On a secular time scale, cyclone paths were found to shift fur-
ther south at the maximum of the Gleissberg cycle compared to the minimum/descending phase
of this cycle, with the peak-to-peak amplitude of secular variations in storm tracks reaching ~5°.
This effect seems to be similar to those detected in the 11-yr solar cycle [1—2]: the average lati-
tude of winter storm tracks was further south at sunspot maxima than at sunspot minima. Thus,
secular variations of solar activity may be responsible for the detected ~80-90-yr periodicities in
storm tracks. Let us note that secular variations in storm tracks are the most pronounced in the
western part of the North Atlantic (40—60°W), where processes of cyclogenesis (formation and
deepening of cyclones) predominate. In the eastern part of the North Atlantic (10-30°W), where
filling (destruction) of cyclones gets more frequent, secular variations in storm tracks seem to
weaken, whereas multidecadal ones strengthen.

Another characteristic feature of storm track variations seems to be ~22-yr oscillations close
to the magnetic (Hale) cycle on the Sun. These oscillations were detected at all the longitudes
under study. However, they are the most pronounced at the longitudes 30—40°W, which is a
region of the highest temperature contrasts in the Arctic frontal zone forming near the Greenland
coasts [9]. In the cold half of year temperature gradients in the layer 1000-500 hPa (~0—5.5 km)
in this region were found to undergo strong ~22-yr oscillations [9].

The 22-yr Hale cycle is manifested in magnetic polarity of both sunspots and polar fields on
the Sun. It consists of two successive 11-yr cycles with opposite magnetic field polarity. Reversals
of solar magnetic fields results in a roughly 22-yr variation in intensity of galactic cosmic rays
(GCRs) arriving at Earth. Depending on the overall magnetic field of the Sun, at minima of
solar cycles GCR maxima may be flat-topped or peaked [10]. The 22-yr cycle was also revealed
in geomagnetic activity [11]. In Fig. 6 one can see the results of spectral analysis of geomagnetic
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Fig. 6. Sampling estimate of the normalized spectral density of geomagnetic aa-index (a)
and cosmogenic isotope '“Be concentration in Greenland ice cores (b) for the initial series
(red lines) and high-frequency components with different cut-off parameters (blue lines)
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aa-index (detrended values) and concentration of cosmogenic isotope '’Be produced in the atmo-
sphere by cosmic rays. The data on aa-index and '’Be were taken from [12] and [13], respectively.
The data in Fig. 6 demonstrate stable maxima of spectral density at periods ~22—23 years which
are related to the solar Hale cycle. Thus, we can suggest that GCR fluxes, as well as geomagnetic
activity and related electron precipitations may be involved in the formation of a roughly 22-yr
variation in storm tracks.

Spectral characteristics of storm track latitudes (Fig. 4) also demonstrate a noticeable varia-
tion of ~40—45 years, which seems to strengthen in the eastern part of the North Atlantic where
cyclogenesis processes weaken. Similar variations are observed in solar characteristics, including
the North-South asymmetry of sunspot activity (e.g., [14]) and variations of solar cycle length
[15]. This allows suggesting that the indicated variation in cyclone trajectories may also be related
to solar activity.

The obtained results suggest that possible agents of solar activity influence on cyclone motion
may be geomagnetic activity and galactic cosmic ray variations. Extratropical cyclone trajectories
are closely related to the mean position of the polar jet stream (a narrow band of strong winds in
the upper troposphere) which is influenced by the stratospheric polar vortex (cyclonic circulation
forming in the stratosphere in cold months). Under a strong vortex, the polar jet stream tends to
strengthen and shift to the north, while under a weak vortex, it slows down and meanders. So,
the detected shift of cyclone trajectories to the north with a secular decrease of solar activity may
be due to the polar vortex intensification which, in turn, may be associated with an increase of
stratospheric ionization produced by cosmic rays. Another factor influencing the state of the polar
vortex, and then cyclone trajectories, seems to be geomagnetic activity and related electron pre-
cipitations which result in changes of chemical composition and temperature of the polar middle
atmosphere. However, the mechanism of solar activity effects on extratropical cyclone movement
needs further studies.

Conclusions

The study revealed noticeable variability of extratropical cyclone trajectories in the North
Atlantic on the bidecadal, multidecadal and secular time scales, which may be related to solar
activity. Cyclone paths were found to shift south at the maximum of the secular Gleissberg cycle
and north at the minimum and the declining phase, with the peak-to-peak amplitude of secular
variations of storm tracks reaching ~5°. A distinguished feature of North Atlantic cyclone tra-
jectories is a pronounced ~22-yr variation close to the magnetic Hale cycle on the Sun, which
is also observed in geomagnetic activity and galactic cosmic ray intensity. A possible mechanism
of solar activity influence on extratropical cyclone movement may involve changes in intensity
of the stratospheric polar vortex via ionization changes caused by auroral electrons and galactic
cosmic rays.
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