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Abstract. The paper describes the association between high
long-lasting solar/geomagnetic activity and geopotential
height (GPH) changes in the winter lower atmosphere, based
on their development in the Northern Hemisphere in the
winter periods (December–March) of 1950–1969 and 1970–
2002. Solar/geomagnetic activity is characterised by the 60-
day mean of the sunspot number R/by the 60-day mean of
the daily sum of the Kp index. The GPH distributions in the
lower atmosphere are described by 60-day anomalies from
their long-term daily average at 20 hPa/850 hPa. The data
have been adopted from the NCEP/NCAR reanalysis. The
60-day mean values of solar/geomagnetic activity and GPH
anomalies were calculated in five-day steps over the whole
winter period. The analysis was carried out using composite
maps which represent their distribution of the GPH anoma-
lies during high solar activity (R ≥ 100) and high geomag-
netic activity (6Kp ≥ 20). Analysis has shown that the dis-
tribution of GPH anomalies depends on solar activity, geo-
magnetic activity and the phase of winter period (early or late
winter). The nature of this relationship then depends on the
time interval involved, i.e. 1950–1969 or 1970–2002. Pos-
itive anomalies in the polar stratosphere (20 hPa) were de-
tected during the whole winter periods of the years 1950–
1969. Significant anomalies were detected in the lower tropo-
sphere (850 hPa) during the second half of the winter period.
The distribution of GPH anomalies on the maps compiled
with regard to solar activity was similar to the distribution
on maps compiled with regard to geomagnetic activity. In
the interval 1970–2002, significant negative GPH anomalies
were detected in the stratosphere at high latitudes, and pos-
itive anomalies were detected in the region of low latitudes.

The distribution of GPH anomalies in the lower troposphere
was substantially affected by situations in which, together
with high solar activity, also high geomagnetic activity oc-
curred.

Keywords. Magnetospheric physics (General or miscella-
neous) – Meteorology and atmospheric dynamics (General
circulation) – Solar physics, astrophysics, and astronomy
(General or miscellaneous)

1 Introduction

A number of papers have dealt with the connection be-
tween the distribution of pressure and temperature fields in
the winter atmosphere and solar activity (Labitzke and van
Loon, 1988; van Loon and Labitzke, 1988; Barnston and
Livezey, 1989, 1991; Kodera, 1991, 2003; Balachandran and
Rind, 1995; Rind and Balachandran, 1995; Balachandran
et al., 1999; Haigh, 1994, 1996, 2003; Gleisner and Thejll,
2003; Gimeno et al., 2003; Kodera and Kuroda, 2005; Gray
et al., 2010; and Marchand et al., 2012). The influence of
geomagnetic activity has been overlooked for a long time.
One of the reasons was the widely accepted idea that geo-
magnetic activity is a mere derivative of solar activity. Re-
cent studies, however, indicate that geomagnetic activity is
a correlator just as significant as solar activity (Bucha and
Bucha Jr., 1998; Bochnı́ček et al., 1999a, b; Bochnı́ček and
Hejda, 2002, 2005; Boberg and Lundstedt, 2002, 2003; The-
jll et al., 2003; Lu et al., 2007, 2008a, b; Li et al., 2011;
Woollings et al., 2010). The aim of this study is to compare
the effects of both activities on atmospheric circulation on a
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time scale shorter (60-days) than used in the previous studies.
In view of the number of papers, in which the authors pointed
out the change in the nature of the relationship between so-
lar activity, or the parameters related to solar activity, and
the distribution of the GPH anomalies in the northern win-
ter lower atmosphere around the year 1970 (Thompson et al.,
2000, 2010; Boberg and Lundstedt, 2002; Thejll et al., 2003;
Li et al., 2011), we divided the interval 1950–2002 and we
investigated, as in Thejll et al. (2003), the two parts: 1950–
1969 and 1970–2002. The relationship between the GPH dis-
tribution in the lower atmosphere (20 hPa, 850 hPa) and so-
lar/geomagnetic activity was analysed by means of compos-
ite maps. Attention was also devoted to the evolution of this
relationship in the course of the winter period (December–
March). The effect of the quasi-biennial oscillation (QBO)
was not studied.

2 Data and methods

The geopotential height data (GPH) of winter peri-
ods (December–March) 1950–2002 were obtained from
NCEP/NCAR reanalysis data, Boulder, USA. Long-term
daily averages of GPH at levels of 20 hPa and 850 hPa were
computed on the basis of the 1950–2002 winter periods.
The values of daily GPH anomalies in the analysed inter-
val, 1950–2002, were computed by subtracting the respec-
tive daily values of GPH from their long-term daily average.
Obtained GPH anomalies were used to compile a series of
60-day daily averages spaced at 5-day intervals The com-
posite maps of the 60-day anomalies, created on the basis of
solar/geomagnetic activity data, were compiled so that each
studied 60-day interval contained all cases which are char-
acterised by an average 60-day value ofR higher or equal
to 100, and6Kp higher or equal to 20.R is sunspot num-
ber and6Kp is the daily sum of geomagnetic Kp indices.
The values of sunspot numberR and of geomagnetic Kp in-
dex were adopted from the NOAA Geophysical Data Center,
Boulder, USA.

The relevance of the GPH anomalies was estimated us-
ing the Monte Carlo trial-based nonparametric test (Lu et al.,
2007). The procedure consists of selecting a large number
(10 000 in our study) of random samples from the original
data set of GPH anomalies and constructing their distribu-
tion. The composite map is then compared to this distribu-
tion, and its rank among these randomized trials is computed.
As it can be hardly assumed that the samples are uncorre-
lated in space and time, this procedure does not give an ex-
act level of statistical significance. It just highlights regions
which should be paid more attention to.

3 Results

3.1 60-day analysis

The relationship between solar/geomagnetic activity and
the distribution of GPH anomalies in the lower strato-
sphere (20 hPa) and lower troposphere (850 hPa) in winter
(December–March) in the years 1950–1969 and 1970–2002
was analysed by means of a series of overlapping (steps of
5 days) 60-day composite maps. Solar activity was expressed
in terms of 60-day averages of the sunspot numberR and
geomagnetic activity in terms of 60-day averages of daily
sums of Kp indices. To keep the length of the paper down,
only five 60-day periods are in this paper presented. The
values of the corresponding 60-day averages of both activi-
ties are given in Table 1 (see supplement). The configuration
of the stratospheric/tropospheric GPH anomalies at the time
of high solar/geomagnetic activity was studied in the time
intervals 1 December–29 January, 16 December–13 Febru-
ary, 31 December–28 February, 15 January–15 March and
30 January–30 March. The results relating to the stratosphere
in the interval of years 1950–1969 are displayed in Fig. 1;
the results relating to the troposphere are displayed in Fig. 2.
The results relating to the stratosphere in the interval of years
1970–2002 are displayed in Fig. 3, the results relating to the
troposphere are displayed in Fig. 4.

3.1.1 Interval of years 1950–1969

In the stratosphere was high solar as well as high geomag-
netic activity associated with the occurrence of significant
positive GPH anomaly in the polar region (see Fig. 1a, b).
The analysis of the separate composite maps (spaced at 5-
day intervals) describing the distribution GPH anomalies in
the troposphere indicated that the occurrence of pronounced
GPH anomalies, associated with a particular region of the
Northern Hemisphere during the winter period, can only be
observed in the second half of the winter period.

On the maps constructed with regard to solar activity, such
an anomaly is the negative anomaly over the mid-latitude At-
lantic, together with the positive anomaly over the northern
Atlantic and the polar region in the intervals 31 December–
28 February and 15 January–15 March (see Fig. 2a).

In the maps constructed with regard to geomagnetic activ-
ity, in the second half of the winter period one can observe
namely positive GPH anomalies over Siberia and the Pacific,
together with negative GPH anomalies over the eastern At-
lantic and central Asia in the intervals 15 January–15 March
and 30 January–30 March (see Fig. 2b).

3.1.2 Interval of years 1970–2002

60-day intervals with high solar activity (R ≥ 100), as well as
60-day intervals with high geomagnetic activity (6Kp ≥ 20),
occur in the interval 1970–2002 frequently enough to be able
to select a sufficient number of situations with (R ≥ 100;
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Fig. 1. Stratosphere in the years 1950–1969. Composite maps of
60-day winter (December–March) mean values of GPH anoma-
lies at the geopotential level of 20 hPa under:(a) high solar activ-
ity (R ≥ 100) and(b) high geomagnetic activity (6Kp ≥ 20). GPH
anomalies were computed from the long-term (1950–2002) aver-
age. The caption above each map indicates the beginning and end
of the selected period. The pairs of numbers below each map indi-
cate the year in which the particular 60-day period started. Positive
anomalies are plotted as yellow-brown lines and negative anomalies
as green-blue lines. The contour interval is 30 m. Shadings indicate
areas where the Monte Carlo test introduced in Sect. 2 gave highest
score.

Fig. 2. Troposphere in the years 1950–1969. As in Fig. 1, but for
geopotential level 850 hPa. The contour interval is 5 m.

6Kp < 20), (R < 100;6Kp ≥ 20) and (R ≥ 100;6Kp ≥ 20)
from these 60-day intervals. The magnitude of the effect
of the individual activities on the distribution of the GPH
anomalies can then be estimated with the use of the com-
posite maps, which were constructed with regard to these ac-
tivity situations.

Each of these activity situations mentioned above is then
associated in the stratosphere with a different distribution
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Fig. 3. Stratosphere in the years 1970–2002. As in Fig. 1, but for
(a) situations, in which the effect of the geomagnetic activity was
decreased (R ≥ 100;6Kp < 20), (b) situations, in which the effect
of solar activity was decreased (R < 100;6Kp ≥ 20),(c) situations,
in which, together with high solar activity, also high geomagnetic
activity (R ≥ 100;6Kp ≥ 20) was observed.

of pronounced anomalies. The composite maps, constructed
with a view to the situations, in which the effect of the
geomagnetic activity was decreased (R ≥ 100; 6Kp < 20)
displayed the occurrence of significant negative anomalies
at high latitudes and the occurrence of significant posi-

Fig. 4. Troposphere in the years 1970–2002. As in Fig. 3, but for
geopotential level 850 hPa. The contour interval is 5 m.

tive anomalies at low latitudes. The occurrence of negative
anomalies was recorded in the intervals of 1 December–
29 January, 15 January–15 March and 30 January–30 March,
and the occurrence of positive anomalies, with exception of
the interval of 31 December–28 February, was observed in
all the remaining intervals (see Fig. 3a).

The composite maps, constructed with regard to the situa-
tions in which, on the contrary, the effect of solar activity was
decreased (R < 100;6Kp ≥ 20) displayed the occurrence in
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particular pronounced negative anomalies at high latitudes.
The occurrence of such anomalies was observed in all the
intervals analysed (see Fig. 3b).

The composite maps, constructed with regard to the situ-
ations in which, together with high solar activity, also high
geomagnetic activity (R ≥ 100; 6Kp ≥ 20) was observed,
displayed the occurrence of pronounced anomalies; nega-
tive anomalies observed at high latitudes in the intervals
1 December–29 January, 16 December–13 February and
31 December–28 February, and positive anomalies observed
at low latitudes in all intervals analysed (see Fig. 3c).

In the troposphere, the distributions of the GPH anomalies,
constructed with regard to the situations, differ substantially.
According to the composite maps, constructed with regard to
the situations with (R ≥ 100;6Kp < 20) significant anoma-
lies occurred only in the last two intervals: 15 January–
15 March and 30 January–30 March. These anomalies were
negative anomalies over the Pacific (see Fig. 4a).

The composite maps, constructed with regard to the situ-
ations with (R < 100;6Kp ≥ 20) on the contrary, displayed
the occurrence of significant anomalies in all the intervals
analysed. The anomalies were negative over the northern
Atlantic and the positive over the eastern Atlantic at mid-
latitudes (see Fig. 4b).

As regards the composite maps, constructed with regard
to the situations with (R ≥ 100; 6Kp ≥ 20), it was found
that the occurrence of pronounced, extensive in area, anoma-
lies, varying in location and extent during the winter pe-
riod was typical. In the first two intervals, 1 December–
29 January and 16 December–13 February, these anomalies
were the negative anomaly over the polar region and the
positive anomalies over south-western Europe, the western
Mediterranean, and the eastern and western Pacific. During
the third interval (31 December–28 February) the extent of
the negative anomaly diminished. It now occurred in regions
whose centres were over Greenland and the northern part
of the Eurasian continent. The positive anomaly over south-
western Europe and the Mediterranean did not change its po-
sition; the positive anomaly over the eastern Pacific moved
to the west and became connected with the positive anomaly
over the western Pacific. In the fourth interval (15 January–
15 March) the position of the negative anomaly, with regard
to the foregoing case, did not change, the centre of the posi-
tive anomaly moved from its position over south-western Eu-
rope and the western Mediterranean to the east, and the posi-
tion of the positive anomaly over the central and western Pa-
cific remained unchanged. In the fifth interval (30 January–
30 March) the negative anomaly remained stable, bar the di-
minishing of its extent over the northern Eurasian continent.
The positive anomaly over southern Europe and the eastern
Mediterranean was joined by the region over the eastern At-
lantic, the south of the North American continent and the re-
gion over the Aleutians. The positive anomaly over the cen-
tral and western Pacific diminished its area considerably (see
Fig. 4c).

4 Discussions

The composite maps of the GPH anomalies in the lower
stratosphere, shown in Fig. 1a and b, indicate that the high
solar and high geomagnetic activity in 1950–1969 were as-
sociated with the occurrence of a pronounced positive GPH
anomaly in the polar region. In the last 60-day interval
(30 January–30 March) of the winter period (December–
March) this anomaly was joined by a negative GPH anomaly.
The connection described between the high geomagnetic ac-
tivity and the occurrence of the positive GPH anomaly in the
lower polar stratosphere agrees with the results of the paper
by Thejll et al. (2003), which pointed out this relationship,
existing in the years 1948–1973, in a correlation map.

In 1950–1969, a signal can be found in the lower tropo-
sphere (850 hPa) associated with high solar and/or geomag-
netic activity only in the second half of the winter period.
The composite maps, constructed with regard to solar activ-
ity, indicate that the distribution of the GPH anomalies in this
part of the winter resemble the negative phase of the North
Atlantic Oscillation (NAO) (see Fig. 2a).

The composite maps, constructed with regard to geomag-
netic activity, indicate the occurrence of pronounced posi-
tive anomalies, distributed over the eastern part of the North-
ern Hemisphere. The GPH anomalies, whose distribution re-
sembles the negative phase of the NAO, were observed only
in the interval of 15 January–15 March (see Fig. 2b). The
occurrence of these GPH anomalies is contrary to one of
the results of the paper by Thejll et al. (2003) according to
which no signal was observed in the lower troposphere in
the years 1948–1973; the source of which could have been
geomagnetic activity. This discord can be explained by the
correlation map in the referenced paper, which described the
relationship between the tropospheric GPH and geomagnetic
activity, being constructed for the whole four-month period
(December–March), whereas the signal described above was
detected in this paper only in a few 60-day intervals.

The composite maps of the GPH anomalies in the lower
stratosphere, shown in Fig. 3a–c, indicate that the significant
anomalies in the years 1970–2002 were the negative anomaly
in the polar region and the positive anomaly in the middle and
lower latitudes. The occurrence of the negative anomaly was
connected mainly with the occurrence of high geomagnetic
activity and the occurrence of positive anomaly with high so-
lar activity. The connection of the occurrence of the negative
anomaly with geomagnetic activity in the composite maps in
Fig. 3b and c is in accord with the relationship between ge-
omagnetic index Ap and the GPH in the lower stratosphere,
which was expressed by the correlation map in the paper by
Thejll et al. (2003).

The explanation of the occurrence of positive GPH anoma-
lies at lower and middle latitudes can be found in the pa-
per of Kodera (2006) and Matthes et al. (2006). According
to these authors, high solar activity attenuates the Brewer-
Dobson (BD) circulation. Weaker BD circulation means
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weaker upwelling in the equatorial lower stratosphere. This
would result in positive ozone anomalies, and hence pro-
duce a positive temperature anomaly through adiabatic heat-
ing. The positive temperature anomaly is reflected in increase
anomalous GPH values in this region.

The composite maps in Fig. 4a–c indicate that significant
anomalies essentially occurred in the lower troposphere in
the years 1970–2002 in the cases of (R < 100; 6Kp ≥ 20)
and (R ≥ 100;6Kp ≥ 20), i.e. in connection mostly with ge-
omagnetic activity (see Fig. 4b and c). The distribution of the
GPH anomalies above the Atlantic in the composite maps,
constructed with regard to the two above cases, resemble
the positive phase of the NAO. The composite maps, con-
structed from the (R ≥ 100;6Kp < 20) data set, i.e. the data
set in which the effect of geomagnetic activity was partly
suppressed, displayed no stable and distinct signal in the
course of the winter period, which could be associated with
solar activity over the Atlantic. This result, which agrees with
the conclusions of the paper by Li et al. (2011) apparently
contradicts the conclusions of Kodera and Kuroda (2002),
Kuroda and Kodera (2002) and Kodera (2003) associating
solar activity and the NAO. This apparent discord can be ex-
plained by means of composite maps, constructed from the
(R ≥ 100;6Kp ≥ 20) data set and shown in Fig. 4c. Indeed
Fig. 4a and c clearly indicate that the close connection be-
tween solar activity and the NAO occurs when this activity
is very high. Since the periods of very high solar activity and
very high geomagnetic activity coincide (see Table 1), the
conclusions in the papers, associating solar activity and the
NAO, may be considered as conclusions of papers associat-
ing the effect of both high activities, solar and geomagnetic.
If we compare the measure of association between the occur-
rence of significant anomalies in the lower troposphere and
the separate activities in the years 1970–2002, i.e. if we com-
pare the composite maps in Fig. 4a, b and c, it appears that
the closer association is with geomagnetic activity.

The Sun influences the atmosphere by variations in its ul-
traviolet (UV) radiation. These UV radiation fluctuations can
induce significant changes in stratospheric temperature and
ozone. Variations in both ozone and temperature in the strato-
sphere could induce wind anomalies and therefore influence
the propagation of planetary waves in the winter hemisphere
as well as significant dynamical changes on the global scale
(for more details see Balachandran and Rind, 1995; Bal-
achandran et al., 1999; Haigh, 1996, 2003; Gray et al., 2010,
and Marchand et al., 2012).

The mechanism, which could explain the effect of geo-
magnetic activity on the processes in the lower atmosphere,
can be found in the literature of recent years. To name but
a few: (a) Lundstedt (1984) and Tinsley (2000) according to
whom the solar wind modulates the current flow in the global
electric circuit, evidently causing changes in the temperature
and wind dynamics of the troposphere; (b) Boberg and Lund-
stedt (2002) providing, in accord with Richmond and Thayer
(2000), an answer in the solar-wind generated electromag-

netic disturbance in the ionosphere which dynamically prop-
agates downward through the atmosphere; (c) Lu et al. (2007,
2008a, b) and Seppälä et al. (2009) describing the effects of
energetic particle precipitations (EPP) associated with geo-
magnetic activity on the processes in the lower atmosphere;
Arnold and Robinson (2001) claiming that the warming in
the lower thermosphere, caused by geomagnetic activity, re-
duces the blending of mid- and high-latitude air masses. In
consequence of this reduction, the temperature of the solar
insulated region (polar lower stratosphere) decreases. In spite
of the number of mechanisms mentioned above, more de-
tailed studies will be required, which would provide a better
understanding of the relationship between geomagnetic ac-
tivity and the changes in circulation in the lower atmosphere.

5 Conclusions

The analysis of the composite maps, constructed with regard
to high solar and high geomagnetic activity, has shown that:

1. High values of solar activity, as well as high values
of geomagnetic activity in 1950–1969 were associ-
ated with the occurrence of significant positive GPH
anomaly in the lower polar stratosphere. In the lower
troposphere, in the second half of the winter period,
high values of both activities were associated with the
occurrence of pronounced GPH anomalies, the distribu-
tion of which resembled the negative phase of the NAO.

2. In 1970–2002, high values of solar activity, with the ex-
ception of cases in which high solar activity occurred to-
gether with high geomagnetic activity, i.e. the values of
solar activity from the set (R ≥ 100;6Kp < 20) associ-
ated with the occurrence of a negative GPH anomaly in
the lower polar stratosphere at the beginning and end of
the winter period. In the lower troposphere in the second
half of the winter period, these values of solar activity
were associated with the occurrence of negative GPH
anomalies over the Pacific.

3. In 1970–2002, high values of geomagnetic activity, with
the exception of cases in which high geomagnetic ac-
tivity occurred together with high solar activity, i.e. the
values of geomagnetic activity from the set (R < 100;
6Kp ≥ 20) were associated with the occurrence of a
negative GPH anomaly in the lower stratosphere in the
course of the whole winter period. In the lower tropo-
sphere, these values of geomagnetic activity were asso-
ciated with the occurrence of pronounced GPH anoma-
lies, the distribution of which resembled the positive
phase of the NAO.

4. In 1970–2002, high values of solar and geomagnetic ac-
tivity occurred simultaneously, i.e. the values of the ac-
tivities from the set (R ≥ 100;6Kp ≥ 20) were associ-
ated, with the exception of the end of the winter period,
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with the occurrence of a negative GPH anomaly in the
lower polar stratosphere. In the lower troposphere, in
the course of the whole winter period, the values of
both activities were associated with the occurrence of
pronounced GPH anomalies, the distribution of which
resembled the positive phase of the NAO and the see-
saw pattern between the Mediterranean and the Russian
regions.

5. The composite maps, constructed from the sets (R ≥

100; 6Kp < 20), (R < 100; 6Kp ≥ 20) and (R ≥ 100;
6Kp ≥ 20) clearly indicate that, in 1970–2002, changes
occurred in the distribution of the anomalous GPH val-
ues over the Atlantic and Eurasia, mainly in connec-
tion with the change of geomagnetic and not solar activ-
ity. A close relationship between solar activity and the
changes of atmospheric fields in the lower troposphere
can be explained by the temporal concurrence of high
values of solar and geomagnetic activity.

Supplementary material related to this article is
available online at:http://www.ann-geophys.net/30/1719/
2012/angeo-30-1719-2012-supplement.pdf.
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Bochńıček, J. and Hejda, P.: The winter NAO pattern changes in
association with solar and geomagnetic activity, J. Atmos. Solar-
Terr. Phys., 67, 17–32, 2005.
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