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GOAL OF THE STUDY

By the term “solar activity” all types of changes in the appearance or energy output from
the Sun are denoted. These changes may have different characteristics and different
distribution throughout the solar cycle. Therefore, when studying the solar activity
influences on terrestrial processes, we should distinguish between the different
manifestations of solar activity which could have different effects on the Earth. Our study
concentrates on the effects of different solar drivers on the dynamics of the atmosphere
and on the disturbances caused in the geomagnetic field.

SOLAR DRIVERS

In this project, we study the effects of three types of solar drivers: solar flares, magnetic
clouds as a subclass of coronal mass ejections, and high speed solar wind.

Solar flares

Historically, the first manifestations of solar activity identified as drivers of geomagnetic
activity were the solar flares. A solar flare is a sudden, rapid and intense variation in the
brightness of the corona caused by the explosive release of stored magnetic energy.
Flares always release energy in the form of electro-magnetic radiation across the
electromagnetic spectrum (from radio waves to x-rays and gamma-rays), which can be
accompanied or not by energetic particles (protons and electrons), and mass flow. Even
without energetic particles and mass ejection, solar flares play an important role for the
ionization, chemistry changes and dynamics of the atmosphere. As the solar flares, like
sunspots, are related to the solar toroidal magnetic field, they are most numerous and
most intense in sunspot maximum.

Coronal mass ejections

Coronal mass ejections (CME’s) are eruptions of solar plasma and embedded magnetic
field from the corona. They can be associated with solar flares but can also occur
independently. Coronal mass ejections are also related to the solar toroidal magnetic
field, so their number and intensity are highest in sunspot maximum. CME’s are
considered the sources of the most intense geomagnetic storms (Gonzalez et al., 2002).
However, in an earlier study (Georgieva et al., 2006) we have found that the most
geoeffective solar driver are not CME’s in general but magnetic clouds — a subclass of
CME’s distinguished by increased magnetic field intensity, low proton temperature or
low plasma beta, and a smooth rotation of the magnetic field over a large angle for a
period of the order of a day (Klein and Burlaga, 1980). The high magnetic field intensity
and the field rotation providing prolonged period of southward magnetic field (Tsurutani
et al., 1992) are the reason for the high geoeffectiveness of magnetic clouds.
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The direction of rotation in the magnetic clouds is not random, but is related to their solar
source region: clouds originating from the northern solar hemisphere have predominantly
left-handed rotation, while the ones originating from the southern solar hemisphere are
predominantly right-handed, conforming to the predominant orientation of the rotating
magnetic structures in the two hemispheres (Antonucci et al., 1990) On their way from
the Sun to the Earth, the magnetic clouds preserve the magnetic field rotation with which
they have departed from the Sun (Kumar and Rust, 1996).

The occurrence frequency of CME’s as a whole is proportional to the sunspot number
(Gopalswamy et al., 2003), while the occurrence frequency of magnetic clouds follows
neither the sunspot cycle nor the occurrence frequency of CME’s (Wu et al., 2003). The
relation between CME’s and magnetic clouds is still an open question. It is possible that
all CME’s are magnetic clouds, but they can be registered or not as magnetic clouds by
satellites at the Earth’s orbit depending on how favourable the satellite’s trajectory is
through the structure (Gopalswamy et al, 2007). Alternatively, magnetic clouds may be a
special population of CME’s, and if so, the question is what conditions on the Sun
determine whether a CME will be a magnetic cloud or not. The relation between CME’s
and magnetic clouds is very important from both theoretical and practical point of view:
some theories require magnetic helicity in the solar source region as a condition for the
CME initiations (Nindos and Andrews, 2004), and if it can be shown that not all CME’s
are helical structures (that is, magnetic clouds), it would mean that these theories are not
correct. If not all CME’s are magnetic clouds, the understanding of whether a CME will
be a magnetic cloud or not is related to the possibility to predict the probability of a CME
to trigger a large geomagnetic storm.

High speed solar wind

The geomagnetic activity during the declining phase of the solar cycle can be even higher
that at sunspot maximum. In this period the main drivers of terrestrial disturbances are
the high speed solar wind streams originating from solar coronal holes (Gonzalez et al.,
2002b). Coronal holes can live for many solar rotations, and once every solar rotation
they come into “geoeffective position” such that the solar wind originating from them can
hit the Earth, so they are sources of “recurrent” (regularly reoccurring every 27 days)
geomagnetic activity. Coronal holes are open magnetic field regions related to the solar
poloidal magnetic field and have a clear solar cycle dependence. The high speed solar
wind streams are most numerous and most intense near sunspot minimum when the open
flux originates mainly from the large polar coronal holes, whereas at sunspot maximum it
is rooted in small, lower-latitude holes (Wang et al., 2000). The outflow speeds for the
equatorial coronal holes are 3-4 times lower than those in polar coronal holes (Miralles et
al., 2004).

IDENTIFICATION OF THE SOLAR WIND DRIVERS
The period which we have chosen for our study is 1995-2006 because in this time several

satellines have been providing continuous data. It covers a complete solar cycle, from
sunspot minimum to sunspot minimum.



In order to study the effects of different solar drivers on the atmosphere and geomagnetic
disturbances, we first have to compile lists of these drivers. In general, this is not a
straightforward procedure because, apart from the solar flares, different authors apply
different criteria to identify solar drivers.

Solar flares

To study the effects of solar flares, we use the list of X-class solar flares obtained from
the server of the NOAA Space Environment Center http://www.sec.noaa.gov/ftpdir/
indices/old_indices/. The X-class solar flares are the most powerful flares according to
their X-ray brightness in the wavelength range 1 to 8 Angstroms, with peak intensity I >
10* W/m®. As solar flares can be accompanied by coronal mass ejections, all cases when
a solar flare was followed within 2-5 days by a coronal mass ejection or a magnetic
cloud, were removed from both lists. Table 1 gives the remaining major solar flares used
in this study.

Table 1. Major solar flares

Year month day 2000 6 7 2003 3 18
1996 79 2000 6 18 200369
1997 11 4 2000 7 14 2003 6 15
1997 11 6 2000 11 24 2004 2 26
1997 11 27 200143 2004 7 15
1998 4 23 200146 2004 7 16
1998 4 27 2001 4 12 2004 8 13
1998 52 2001 6 23 2004 8 18
199856 2001 8 25 2004 10 30
1998 8 19 2001 9 24 2004 11 10
1998 8 24 2001 1022 200511
1998 11 22 2001 10 25 2005115
1998 11 23 2001 1125 20051 20
1998 11 24 2001 11 11 2005 7 30
1998 11 28 2001 1113 200597
1999 8 2 2001 12 28 20059 8
1999 8 28 200273 200599
1999 10 14 2002 7 15 20059 10
1999 11 27 2002 7 18 20059 13
200025 2002 7 20 20059 15
2000 3 2 2002 7 23 2006 125
2000 3 22 200283 2006 12 6
2000 3 24 2002 8 21 2006 12 13

2000 6 6

2002 10 31

2006 12 14



Magnetic clouds

As magnetic clouds are a subclass of coronal mass ejections, in order to identify magnetic
clouds first the CME’s have to be identified. There is a disagreement in the literature
about the criteria to identify CME’s, and the lists of CME’s compiled by different authors
do not include the same events. The most popular criteria for CME’s are: bidirectional
strahl electrons (Gosling et al., 1987) indicating that both ends of the magnetic field tube
are attached to the Sun; enhanced alpha/proton ratio (Borrini et al., 1982); decreasing
velocity (Klein and Burlaga, 1982), low proton (Richardson and Cane, 1995) or electron
(Montgomery et al., 1974) temperature, low density (Richardson et al., 2000), all
indicating expanding structures; unusual elemental (Schwenn et al., 1980) or charge
(Ipavich et al., 1986) solar wind composition, etc.

Of these, not all features are present in all CME’s, and not all data are easily available for
the whole period studied. Therefore, as a first step for the detection of CME’s we applied
the criterion of Richardson and Cane (1995) for abnormally low proton temperature.

By “abnormally low temperature they denoted proton temperature T, < 0.5T¢ , where
Tex 1S the proton temperature “expected” from the empirically determined correlation
between the temperature and solar wind velocity Vi (Lopez and Freeman, 1986):

Tex = (0.0106Vg, — 0.287)* /R if Vg < 500 km/s
Tex = (0.77Vgy — 265)/R_if Vg = 500 km/s

The criterion for T, < 0.5T for at least 5 hours was tested against the lists of CME’s in
1997 (a year with a high number of CME’s and a low number of high speed solar wind
streams) identified by different authors. It was found that this criterion detects all CME’s,
but identifies as CME’s about 3 times more events which are not CME’s.

As we are actually interested not just in CME’s in general but in magnetic clouds, we
added the requirement for high magnetic field magnitude (B > 10 nT) and low plasma
beta (the ratio of plasma pressure to magnetic pressure), beta < 0.8 for at least 5 hours.
We then completed the resulting list with the additional events in the lists of magnetic
clouds given by Fenrich and Luhmann (1998), Leamon and Canfield (2002), Vilmer et al.
(2003), (Gopalswamy, 2006), SOHO LASCO CME catalog (http://cdaw.gsfc.nasa.gov/
CME list/), WIND MFI magnetic cloud list (http://sprg.ssl.berkeley.edu/~davin/clouds/
cloud list.html). Finally, all the events in this extended list were subjected to visual
inspection, and all events without a clear magnetic field rotation were removed. This
leaves us with 198 magnetic cloud events given in Table 2 together with their direction of
rotation (R=right-handed, L=left-handed).

Table 2. Magnetic clouds

Year month day helicity 199534 L 1995723 R
19951 8R 1995323 L 1995822 R
199528 L 199543 L 199510 10R

199529 L 1995630 L 199510 18 R



19951216 L
19962 15L
1996 426 L
1996 527L
1996 71L
1996 10 23 R
1996 8 7R
1996 12 24 R
1997110 R
199725L
19972 10L
19974 11 R
19974 21 R
19975151
1997520 R
1997526 R
19976 7R
19976 9 R
19976 19 R
19977 15L
199783 L
199793 R
19979 18 R
1997922 L
1997101L
199710 10 R
19971027 L
1997 114L
199711 7R
1997 11 22 R
19971210 L
1998 17L
1998 1 8 L
1998122 L
1998 128 L
1998 130 R
199824 L
1998 2 18 R
199834 L
199842 L
199862 L
19986 6 L
1998 6 14 R
1998 6 24 L
1998 712 L
199886 L

1998 8 7L
1998 8 20 R
1998 925L
1998 10 19 L
1998 11 8L
1998 11 9 R
1998 11 14 R
1998 12 11 R
1998 1226 R
19992 18 L
19992 19L
19994 16 L
1999421 L
1999518 L
1999528 L
199976 R
1999 78 L
199989 L
1999 8 22 R
19999 15L
1999922 L
1999 10 21 R
19991114 L
20001 7L
20002 12 R
2000221 L
2000221 R
20003 30 R
200044 L
20004 7R
200057L
200066 L
2000624 L
20007 7L
20007 15L
2000728 L
20008 12L
200094 L
20009 6 R
20009 18 L
2000 103 R
2000105 R
2000106 L
200010 11 L
2000 10 13 R
20001028 L

200011 6L
2000 1129 L
2000 124 R
2000 1229 L
2001130L
200134 R
2001320L
2001331 L
200144L
20014 12R
20014 18L
2001422L
2001429L
2001 528 L
2001 710 R
2001 8 18 R
2001930L
2001 103 L
2001 1021 R
2001 11 1L
2001 11 6 R
2001 11 15R
2001 1124 L
2001 1228 L
20023 19R
2002324 R
20024 18R
2002420L
2002423 R
20025 10R
20025 19R
2002523L
2002729 R
20028 1R
200282 L
2002820L
2002826 R
200293 R
20029 7L
2002930L
2002102 R
2002 10 14 R
2002 1127L
20032 1L
20032 18L
20033 20R



200359L 2004 122L 20056 15L
2003 530R 2004211 R 2005623 R
20036 14 L 20044 4L 2005710L
20036 17L 200449 R 20057 17R
2003 76R 20044 12 R 20058 13 L
2003 710R 2004430 R 2005824 R
2003723 R 2004 722 R 2005831 R
2003 85L 2004 724 R 2005107L
2003 8 18 R 2004 727 R 20051031 R
2003 1022 L 2004 8 29 R 20051224 L
20031024 L 20049 17L 20051231 R
2003 1025 R 200411 7L 20062 5R
20031026 L 2004 1110L 20064 13 L
2003 1029 L 2005121 L 200654 L
20031031 R 2005515L 2006930 L
2003 117L 2005520L 2006 11 29 R
200311 20R 2005529L 20071 14L
2004 19L 20056 12L 2007324 R

High speed solar wind

For high speed solar wind there are also different definitions, and respectively, different
lists of events. The required characteristics are usually a peak velocity of over 450
(Intriligator, 1975), 500 (Broussard et al., 1978; ISTP catalog (http://pwg.gsfc.nasa.gov/
scripts/sw-cat/Catalog_categories.html)) or 650 km/s (Feldman et al., 1976), increasing
velocity without a specified increase (Jian et al., 2006) or with a required increase of at
least 80 (Lindblad and Lundstedt, 1981), 100 (Maris and Maris, 2002) or 150 km/s
(Gosling et al., 1976), high proton temperature and low plasma density (ISTP catalog),
maximum in the perpendicular pressure (Jian et al., 2006).

Our criteria include an increase of the solar wind velocity by at least 100 km/s in no more
than one day to at least 500 km/s for at least 5 hours, accompanied by high temperature
and low density. In this way fast coronal mass ejections are eliminated which may also
have high speed and a sharp speed increase, but have low temperature. The list of our
high speed solar wind events is given in Table 3.

Table 3. High speed solar wind streams

Year month day 199547 1995 8 13
199512 1995 4 26 199595
19951 18 199552 19959 10
1995122 1995523 19959 12
19951 28 19955 30 199510 4
19952 11 19956 19 1995107
1995 2 28 1995 6 25 1995 10 20
1995310 19957 16 1995111

1995 3 26 199587 1995115



199511 27
1995 12 24
199612
19961 14
1996 1 29
19962 11
1996 2 26
1996 3 11
1996 3 21
1996 4 14
1996 4 17
199673
1996 7 31
1996 8 14
1996 8 16
1996 8 29
1996 9 10
1996 9 19
1996 9 26
1996 10 1
1996 10 8
1996 10 17
1996 10 28
1996 11 17
1996 11 24
1996 12 10
1996 12 15
1997126
19971 28
199728
1997217
1997220
1997 2 28
19973 11
1997 3 26
1997 3 30
19974 16
199751
1997 6 27
19978 13
1997 8 28
199793
19979 27
1997 10 25
1997 11 30
1998 2 11

19983 10
1998 3 21
1998 4 17
1998 5 8
1998 516
199863
1998 7 16
1998 7 23
1998 8 23
1998 10 7
1998 10 20
1998 10 27
1998 11 23
1998 12 16
199916
1999211
19992 14
19993 1
19993 4
1999 3 14
1999 3 29
1999 4 4
19994 10
1999 4 27
1999 4 29
1999 5 18
1999 5 23
1999 5 25
1999 6 8
1999 6 27
1999 7 22
1999 7 30
1999 8 6
1999 8 15
199997
19999 12
1999 9 26
1999105
1999 10 10
1999 10 15
1999 10 22
1999 117
1999 11 16
1999123
1999 12 24
1999 12 30

20001 10
2000 1 27
200025
2000 2 23
20003 12
2000 3 22
2000 3 24
20004 16
2000 4 19
2000 5 22
2000 5 29
20006 15
20007 3
2000 8 5
2000 8 14
2000 8 28
2000 9 24
20009 25
200010 15
2000 10 22
200011 4
2000 11 24
200012 8
200126
2001213
2001 2 26
2001 2 28
200158
2001 523
200161
200169
2001619
2001 7 16
2001 7 24
2001 7 31
2001 810
2001 8 21
200193
20019 15
2001 10 11
2001 123
2001 12 15
2001 12 24
2002119
200225
2002211



200233
2002 3 26
2002 3 30
2002 4 27
2002512
2002 5 27
2002 6 18
200275
20027 12
2002 8 14
2002911
20029 16
2002 107
2002 10 18
2002 10 24
2002 11 10
2002 11 20
2002 126
2002 12 13
2002 12 19
2002 12 22
2002 12 26
200312
2003110
2003119
2003 122
2003 2 4
20032 14
2003 2 26
200333
2003 3 14
2003 3 30
200349
2003 4 14
2003 5 27
2003619
2003 6 27
200373
2003 7 19
2003 726
2003 87
2003 8 11
2003 8 21
2003 8 29
2003 9 4
20039 8

20039 16
2003 9 26
2003101
2003 106
2003 10 14
2003 11 10
2003 11 29
2003 127
2003 12 20
2003 1227
2004 14
2004 1 15
2004 1 30
2004 1 31
2004 12
2004 25
2004 2 12
2004 2 28
200439
2004 3 27
2004 4 6
2004 4 21
2004 4 25
2004 4 28
200455
2004 5 20
2004 6 28
2004 7 11
2004 7 17
2004 7 19
2004 87
2004 8 9
2004 8 25
2004 8 31
200495
2004 9 22
2004 10 13
2004 10 29
2004 11 19
2004 11 25
2004 1129
2004 12 16
2004 12 25
200511
2005112
200527

2005 2 24
200536
2005 3 24
20054 4
20054 11
2005419
2005 4 30
200558
20056 4
20056 16
200571
2005713
2005 720
20057 28
200581
20058 6
20058 15
200592
2005 10 25
2005112
2005 11 30
200512 11
200512 19
2005 1227
20061 23
2005126
2006 2 15
2006 2 20
2006 3 10
2006 3 18
20064 10
2006 4 21
2006 5 6
20065 11
2006 5 18
2006 61
2006 6 6
2006 6 14
2006 6 27
20067 4
2006 7 11
2006 7 28
2006 7 31
2006 8 7
2006 8 27
2006 9 4



20069 17 2006119 2007 2 27

2006 9 24 2006 11 16 2007 3 6
2006 10 1 2006 12 18 20073 12
2006 10 7 2007 11 2007 3 27
2006 10 13 20071 11 200741
2006 10 20 2007 129

2006 10 28 2007212

GEOMAGNETIC DISTURBANCES

Geomagnetic disturbances are quantified by two main indices: Kp and Dst. Kp index
(Bartels et al., 1939) is obtained from a number of magnetometer stations at mid-
latitudes. It is mainly sensitive to the position and intensity of the auroral zone. Dst index
(Sugiura, 1964) is obtained from magnetometer stations near the equator and is sensitive
to the intensity of the magnetospheric ring current. In the present study we compare the
changes in both indices in response to solar flares, high speed plasma wind and magnetic
clouds.

Kp index

Fig.1. presents the reaction of the Kp index to the three types of solar drivers. It can be
seen that solar flares not accompanied by coronal mass ejections have little effect on Kp
index. Magnetic clouds and high speed solar wind cause comparable disturbances, a little
stronger for magnetic clouds, and with the characteristic “calm before the storm” — the
decrease a couple of days before the maximum disturbance — in the case of high speed
streams (Borovsky and Steinberg, 2006).

Kp index

4 03 2 a0 1 2 3 4 5 6 T & 9 1011 12 13 14 15

days

Fig.1. Superposed epochs analysis of Kp index relative to the days with solar flares
(dotted line, green), high speed solar wind streams (dashed line, blue) and magnetic
clouds (solid line, red).



Another difference which can be noticed in Fig.1 is that the high levels of geomagnetic
disturbances caused by high speed solar wind persist longer than in the case of magnetic
clouds as noticed by Borovsky and Denton (2006). What we additionally note is that the

time for recovery to the pre-storm levels depends on the solar cycle phase: 2 days in
sunspot minimum versus 4 days in sunspot maximum for magnetic clouds, and 2 days in
sunspot maximum versus 4 days on sunspot declining and minimum phase for high speed

wind.

In the case of high speed solar wind, the disturbance depends on the background state of
the atmosphere — the phase of the quasibiennial oscillation of equatorial stratospheric
winds (QBO). In QBO Westerly, the disturbance is bigger and lasts longer than in QHO

Easterly (Fig.2).
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Fig.2. Kp index for high-speed solar wind in Westerly (solid line, blue) and Easterly
(dashed line, red) phases of QBO.

The geoeffectiveness of magnetic clouds as measured by Kp index is more sensitive to
the handedness of the cloud than to the phase of QBO: right-handed clouds lead to higher

Kp-index (Fig.3).

Kp index

203 4 5 B 7 B 9 10 11 1213 14 15

days

Fig.3. Kp-index for magnetic clouds with right-handed rotation (solid line, blue) and left-

handed rotation (dashed line, red).



Dst index

As in the case of Kp index, solar flares not followed by mass ejections practically don’t
cause geomagnetic disturbances as measured by the Dst index. Comparing high speed
solar wind and magnetic clouds, the magnetic clouds lead to much stronger (Dst more
negative) and longer lasting geomagnetic activity (Fig.4). That is, hogh speed solar wind
leads to longer lasting storms (Borovsky and Denton, 2006) only as measured by Kp
index but not by Dst index. The ring current activity to which Dst index is more sensitive,
lasts longer in the case of magnetic clouds.

Dstindex

<40

4 3 .21 0 1 2 3 -'.da‘Jysb Foso8 10 1112 13 149 15
Fig.4. Superposed epochs analysis of Dst index relative to the days with high speed solar

wind streams (solid line, blue) and magnetic clouds (dashed line, red).

Again, high speed solar wind leads to stronger and longer lasting disturbances in the
Westerly phase of QBO (Fig.5). In Figs. 4 and 5 it is clearly seen that the maximum
disturbance caused by high speed solar wind is on the day following the stream, as
compared to the disturbance on the day of the high speed solar wind measured by Kp
index (Figs. 1 and 2). This is due to the longer time needed for the ring current to build
up than for the auroral zone to react to the driver.

Dstindex

54 3 .20 0 1 2 03 4 5 6 7 8 8 10111213 14 15

days

Fig.5. Dst index for high-speed solar wind in Westerly (solid line, blue) and Easterly
(dashed line, red) phases of QBO.



Geomagnetic disturbances caused by magnetic clouds as measured by Dst index have no
difference in QBO Westerly and Easterly phase, but there is a difference between right-
handed and leftOhanded clouds. The recovery time is the same but the maximum
disturbance is bigger for left-handed clouds (Fig.6). In both cases the disturbance begins
on the day of the event and deepens still more on the following day. This is related to the
different parts of the magnetic cloud which can cause geomagnetic storms (the
compressed shock preceding the cloud, the cloud itself, and the trailing end).
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Fig.6. Dst-index for magnetic clouds with right-handed rotation (solid line, blue) and left-
handed rotation (dashed line, red).
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ATMOSPHERIC CIRCULATION

Atmospheric circulation is the system of atmospheric motions over the Earth on the scale
of the whole globe (general atmospheric circulation), or over a certain region with its
specific features (local circulation). There are two basic types of atmospheric circulation:
zonal and meridional. Zonal circulation is characterized by westerly (from the west)
winds at midlatitudes, and low amplitude waves in the troposphere moving quickly from
west to east. When a meridional circulation prevails, the meridional transfer is intensified
and stationary high amplitude waves are observed.

Low ATMOSPHERE

As a measure for the zonality of the atmospheric circulation, we use the index of the
North Atlantic Oscillation (NAO). The North Atlantic Oscillation is a north-south see-
saw oscillation between the atmospheric centers of action in the Atlantic: the Icelandic
Low at high-latitude, and Azores High in the subtropics (the centers of action are isolated
regions of persistent high or low pressure). NAO index is defined as the difference
between the normalized sea-level pressure in these two centers of action. When the high
pressure in the Azores High is even higher than average, usually the low pressure in the
Icelandic Low is even lower than average, and NAO is in positive phase characterized by
enhanced midlatitude westerly winds across the Atlantic onto Europe — that is, enhanced
zonality of the circulation. In the reverse case, when the two centers of action are
weakened (lower than average high pressure in the Azores High and higher than average



low pressure in the Icelandic Low), NAO is negative and zonal circulation is weakened
while meridional circulation is enhanced.

To study the relation between century-scale vatiations in solar activity and atmospheric
circulation, we use a reconstruction of NAO with monthly values since 1659 and seasonal
values since 1500 (Luterbacher et al., 1999, 2001). Of them, we study the period since
1611 for which the group sunspot number is available as a measure of the yearly level of
solar activity (Hoyt and Schatten, 1998). NAO index is calculated as the average of the
three winter months, December, January and February. In Fig.7, NAO index is presented
(solid line) together with the group sunspot number Rg (dotted line) and the International
sunspot number available since 1700 (dashed line).
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Fig.7. Solid blue line: NAO index (Luterbacher et al., 2001); red dashed line: Inter-
national sunspot number; red dotted line: Group sunspot number (Hoyt and Schatten,
1998). 30-year averages.

The vertical lines divide the period into epochs with positive and negative correlations
between the long-term variations of NAO and solar activity. In the 20th century the
correlation is negative, but in the 19th century it is positive, negative again in the 18th
century, and positive again in the 17th century. The correlation in the last period is not
statistically significant, but it should be noted that this is the period of the Maunder
minimum when sunspot activity was atypical. The change in the correlation between the
long-term variations of NAO and solar activity coincides with the change in the
correlation between surface air temperature and solar activity in the 11-year sunspot
cycle, which is supposed to coincide with the changes in the long-term solar activity
asymmetry (Georgieva and Kirov, 2000). We can therefore speculate that when the
southern solar hemisphere is more active, increasing solar activity in the secular solar
cycle leads to strengthening of the zonal atmospheric circulation, and when the northern
solar hemisphere is more active, increasing solar activity in the secular solar cycle leads
to weakening of the zonal circulation.

To study the short-term reaction of the circulation to different solar drivers, we calculate
the daily differences in the atmospheric pressure between the Azores High and Icelandic
Low. The data are from the project EMULATE (European and North Atlantic daily to



MULtidecadal climATE variability) which provides the daily gridded sea level pressure
data over the extratropical Atlantic and Europe (70°-25° N by 70° W-50° E, 5°x5° boxes,
available online at http://www.cru.uea.ac.uk/cru/ projects/emulate/). From this data set
we use the boxes containing the Azores High (31.6°N, 32.7°W) and the Icelandic Low
(59.6° N, 33.1° W), and calculate their difference as a measure of the NAO index.

Solar flares

Fig.8, a and b, present the pressure in these two centers of action, and their difference as a
measure of the NAO index, respectively, relative to the days with X-class solar flares.
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Fig.8. (a): surface pressure anomalies in the Azores High (solid line) and Icelandic Low
(dashed line) relative to days with X-class solar flares; (b): NAO index relative to

days with X-class solar flares.
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High speed solar wind

The effect of high speed solar wind is an increased pressure impulse with a duration of
about 5 days, propagating from high to low latitudes (Fig.9a). This high pressure wave
reaches the Azores with a reduced magnitude with a delay of three days, when the
pressure in Iceland has already decreased. The net result is an increase in the pressure
difference between low and high latitudes and hence in the zonal circulation with a
maximum 4 days after the high speed solar wind hits the Earth (Fig.9b).
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Fig,9. (a) Pressure anomalies in the Azores High (solid line) and Icelandic Low (dashed
line) relative to days with high speed solar wind streams; (b) pressure difference between
the Azores and Iceland.



Magnetic clouds

Fig.10 presents the reaction of the sea level pressure in the Azores and Iceland, and of
their difference as a proxy for zonal atmospheric circulation, for cases of encounter of
interplanetary magnetic clouds.
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Fig.10. (a): Pressure anomalies in the Azores (solid line) and Iceland (dashed line)
relative to days of encounter of magnetic clouds; (b): NAO index as the difference in the
pressure between Azores and Iceland relative to the days of encounter of magnetic
clouds.

The main reaction is observed at high latitudes, as should be expected taking into account
that the effect of magnetic clouds is strongest at high latitudes. The pressure at low
latitudes practically doesn’t react to magnetic clouds. Consequently, the changes in NAO
index are determined by the high latitude processes. NAO has a prolonged deep
minimum starting two days after the magnetic cloud encounter, and reaching its lowest
values five days later. A more careful inspection reveals that on the day of the encounter
of a magnetic cloud and shortly prior to it NAO index has a maximum, and the pressure
in Iceland has a minimum. This maximum in NAO and the minimum in Iceland pressure
vanish if we exclude the fast magnetic clouds with preceding shocks. Obviously, the
shock itself, irrespective of its causes, always leads to a decrease in the pressure at high
latitudes. It should be noted here that according to the criteria which we have adopted, the
beginning of the magnetic cloud is considered the beginning of the magnetic field
rotation, while normally the shock precedes it by a few hours to a day or two.

TROPOSPHERE

To study the effects of the different solar drivers throughout the troposphere, we use the
indices of the Northern Annular Mode (NAM) and Southern Annular Mode (SAM). The
Northern Annular Mode is the hemispheric-scale analog of NAO. This is the dominant
pattern of non-seasonal sea-level pressure variations north of 20°N, and it is characterized
by sea-level pressure anomalies of one sign in the Arctic and anomalies of the opposite
sign centered about 37-45°N. In the high phase of the index, the pressure is below normal
in the Arctic and the surface westerlies in the north Atlantic are enhanced (Baldwin,
2001). SAM index is the southern analog of NAM index, and is expressed as the
difference between the pressure anomalies over the Antarctic and at southern



midlatitudes. The daily values of NAM and SAM at 17 pressure levels from 1000 hPa
(surface) to 10 hPa (~32 km) are available online at http://www.nwra.com/resumes/
baldwin/nam.php. For our investigation of the solar drivers effects in the troposphere, we
use data for the pressure levels from 1000 to 200 hPa (the upper boundary of the
troposphere).

Solar flares

Fig.11 a and b present the changes in NAM and SAM index at tropospheric heights,
respectively, after powerful (X-class) solar flares.
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Fig.11. Reaction of the NAM index (left) and SAM index (right) to X-class solar flares:
solid blue line — 1000 hPa; red dashed line — 850 hPa, green dotted line — 500 hPa; violet
dash-dotted line — 250 hPa; black long-dashed line — 200 hPa.

In Fig. 12 and 13 are presented the cases separately for QBO Westerly and Easterly,
respectively.
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Fig.12. Reaction of the NAM index (left) and SAM index (right) to X-class solar flares
for cases of QBO Westerly; the legend is like in Fig.11.
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Fig.13. Reaction of the NAM index (left) and SAM index (right) to X-class solar flares
for cases of QBO Easterly; the legend is like in Fig.11.

In all three figures, some similarity can be seen between the hemispheres. Fig.11 with all
events included is in fact a superposition of two different cases: for QBO Westerly when
solar flares lead to a decrease in NAM and SAM indices about 4-5 days after the flare,
and for QBO Easterly when the reaction is an increase in both indices 7-8 days after the
flare. The difference between the two hemispheres is that while in the south the values at
all levels change synchronously, in the north the reaction in QBO Easterly is mainly seen
close to the surface (1000 and 850 hPa), and in QBO Westerly, on the contrary, the
reactcnn is confined in the lower atmosphere.

High speed solar wind
The reaction of NAM and SAM indices to high speed solar wind streams are
demonstrated in Fig.14 (all cases), Fig. 15 (QBO Westerly) and Fig.16 (QBO Easterly).
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Fig.14. Reaction of the NAM index (left) and SAM index (right) to high speed solar wind
streams; the legend is like in Fig.11.

In both hemispheres, the main effect is the increase in the zonality index 6-10 days after
the event. The differences are that in the north there is an increase also on the day of the
event, especially at higher levels, and in the south it takes longer for the index to get back
to its undisturbed level.



The reaction of the two hemispheres is identical in the case of QBO Westerly: a decrease
on the day following the event, more expressed in the south and a strong increase 5-8
days later (Fig. 15).
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Fig.15. Reaction of the NAM index (left) and SAM index (right) to high speed solar wind
streams in cases of QBO Westerly; the legend is like in Fig.11.

However, in QBO Easterly the effects are quite opposite in the north and in the south: a
persistent decrease in the zonality in the north versus a persistent increase in the south
(Fig.15).
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Fig.15. Reaction of the NAM index (left) and SAM index (right) to high speed solar wind
streams in cases of QBO Easterly; the legend is like in Fig.11.

Magnetic clouds

Fig.16 presents NAM and SAM index relative to zhe days with magnetic clouds. The
reaction in the two hemispheres is quite different. While in the north the effect is a
decrease in the zonality index about 5 days after the event, more pronounced at lower
levels while at higher levels there is a high long-term increase, in the south magnetic
clouds cause a persistent decrease at all levels. In Fig.17 and 18 it is seen that in the
northern hemisphere this is a superposition of the decrease at all levels in QBO Westerly
and the increase at higher levels in QBO Easterly, while in the southern hemisphere there



is a general decrease in QBO Westerly and a well pronounced peak in the zonal flow
after magnetic clouds in QBO Easterly.
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Fig.16. Reaction of the NAM index (left) and SAM index (right) to magnetic clouds; the
legend is like in Fig.11.
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Fig.17. Reaction of the NAM index (left) and SAM index (right) to magnetic clouds in
QBO Westerly; the legend is like in Fig.11.
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Fig.18. Reaction of the NAM index (left) and SAM index (right) to magnetic clouds in
QBO Easterly; the legend is like in Fig.11.



The reaction in the south is not much different for left-handed and right-handed clouds,
while in the north the zonality index increases after left-handed clouds and decreases
after right-handed clouds (Fig.19).
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Fig.19. Reaction of the NAM index (upper panel) and SAM index rower panel) to left-
handed (left) and right-handed (right) magnetic clouds; the legend is like in Fig.11.

STRATOSPHERE

To characterize the dynamics of the stratosphere, we use the heat and momentum flux
from NCEP reanalysis. The heat and momentum fluxes are indicators of a disturbed
stratosphere. The heat flux VT is calculated by correlating the meridional wind and
temperature. The heat flux is almost always poleward—positive in the Northern
hemisphere and negative in the Southern hemisphere. That is, in the Northern
Hemisphere the warm temperatures are transported northward by the merdional wind,
while the cold temperatures are transported southward. The momentum flux UV is
calculated by correlating the meridional wind and the longitudinal asymmetries of the
zonal wind. While the heat flux is almost always poleward, the momentum flux is more
variable in direction, but generally also poleward.



Solar flares

Solar flares induce wavy structures in the stratosphere, more pronounced in QBO
Easterly phase (Fig. 20 and 21). Enhanced momentum flux and a general increase of the
heat flux toward the pole is observed, mainly due to the cases in QBO Easterly, while in
QBO Westerly there is an initial decrease followed by a recovery.
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High speed solar wind

High speed solar wind also causes waves of heat flux, with a phase difference between
QBO Westerly and Easterly phases (Fig.22).

QBO Easterly

Fig.22. Heat flux from 10 to 150 hPa
after high speed solar wind streams.
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In the momentum flux, waves in different directions in the lower and upper stratosphere

are excited (Brewer-Dobson circulation) — Fig.23. This effect is better expressed in QBO
Westerly phase (Fig.24).
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Fig.22. Momentum flux from 10 to 150 hPa after high speed solar wind streams.
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Fig.23. Momentum flux in the upper stratosphere (from 10 to 70 hPa), upper panels, and
in the lower stratosphere (100 and 150 hPa), lower panels, after high speed solar wind
streams in QBO Westerly phase (left panels) and in QBO Easterly phases (right panels).

Magnetic clouds

The effects of magnetic clouds depend not only on the QBO phase but also on the
handedness of the cloud. Left-handed magnetic clouds reduce the momentum flux to the
pole, while the right-handed clouds are ambiguous results, and confined to the lower
stratosphere (Fig. 24).

The momentum flux decreases and may even turn equatorward in QBO Westerly, while
waves in opposite directions in the lower and upper stratosphere are induced in QBO
Easterly (Fig. 25).
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