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Abstract. A geomagnetic storm is a complex process: its various features act at different
heights. In the F'2 layer the midlatitude effect is basically an ionospheric response to
storm-induced changes in the neutral atmosphere, which are primarily a consequence of a
strong Joule heating in the auroral thermosphere. At lower heights the role of ionization
and photochemical processes increases due to shorter electron lifetimes. At the base of
the F'1 layer (160-170 km) the storm effect is almost absent. At E-region maximum a
complex action of several factors results in a slight decrease of f,F2, even though below
and above, the electron density increases. Farther down, in the lower ionosphere, a strong
increase of the electron density is observed as a consequence of a very strong enhancement
of particle precipitation. In the neutral upper middle atmosphere, the effects of enhanced
precipitation weaken with decreasing altitude and become insignificant and/or absent in
the stratosphere. The effect of geomagnetic storms reappear in the lower atmosphere but

as an effect of different morphology and origin.

1. Introduction

Geomagnetic storms are probably the most important
phenomenon among those related to solar wind and high-
energy particles. They produce large and global distur-
bances in the ionosphere, but they affect also the neutral at-
mosphere, including the middle atmosphere and troposphere
le.g., Lastovicka, 1996].

The geomagnetic storm is a complex process of solar
wind/magnetospheric origin. Various features of this com-
plex process act at various altitudes in the ionosphere and
neutral atmosphere. This paper presents an experiment con-
struct a “vertical profile” and related scenarios of the geo-
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magnetic storm effects on the Earth’s atmosphere and iono-
sphere starting from the F2-layer maximum down to the
troposphere. It is in no case a full review of scientific results
in this field. The paper concentrates predominantly (even
though not only) on the northern hemisphere middle lati-
tudes and on the results of East European authors, which
are often less familiar to the scientific community.

The effects of geomagnetic storms at different altitudes
and latitudes differ in development in time and in intensity.
They reflect different features of geomagnetic storms, there-
fore their mechanisms are different. This makes construction
of the vertical profile of effects and responsible mechanisms
difficult.

The geomagnetic storm should be called magnetospheric
storm, because the observed changes of geomagnetic field are
essentially a consequence of strong and rapid magnetospheric
processes and changes under solar wind action. The name
“geomagnetic storm” is traditional, because storms had been
observed first as changes of geomagnetic activity/field, and
they have been monitored until now by geomagnetic activity
measurements.
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Figure 1. The §f,F2 variations during the ionospheric
storm of September 13-14, 1973 in Leningrad. The arrow
indicates the storm sudden commencement (SSC) moment.

2. F2 Layer

2.1. Morphology

The response of the ionospheric F'2 layer to a magneto-
spheric disturbance is different from that of the lower iono-
sphere described below. The difference is due to the differ-
ences in physical mechanisms responsible for the changes of
the electron concentration. While in the F and D regions the
primary reason of the electron concentration changes is the
variation of the ionization rate because of corpuscular intru-
sions, in the F'2 layer the electron concentration variations
are predominantly due to such factors as neutral composi-
tion changes and dynamical processes.

There is one more difference in the electron concentration
behavior in various ionospheric regions. All “disturbances”
in the lower ionosphere (poststorm effects, auroral absorp-
tion, polar cap absorption (PCA)) are actually an increase
of electron concentration above some quiet-time background
level. Contrary to that, the F2-layer response to a geomag-
netic disturbance (so called ionospheric storm) consists of
effects of both signs. Both a depletion and an increase of
the electron concentration relative to a background level are

Table 1. Delay and amplitude of the negative phase maxi-
mum [after Mebagishvili and Khochalava, 1977]

Station D, deg AT, h 0foF2, %
Leningrad 56.3 6 20
Moscow 50.8 8 16
Rostov 42.5 13 11
Alma-Ata 33.5 20 8

EFFECTS OF GEOMAGNETIC STORMS

observed during those storms and are called “positive” and
“negative” phases of the storm, respectively.

The morphology of ionospheric storms is rather compli-
cated. The response of the ionosphere as seen at different
ionospheric stations may be quite different during the same
storm depending on the station coordinates, local time of
the geomagnetic storm onset, and some other parameters.
The global distribution of ionospheric storm effects is also
rather complicated and differs considerably from one storm
to another.

Here we cannot provide a detailed description of this
rather complicated situation, referring the readers to a de-
tailed review by Prélss [1995] and the references therein and
citing some recent publications. We are going to present a
rather “smoothed” picture aimed mainly at a comparison
of the F'2-layer and thermospheric response to geomagnetic
disturbances with that of the lower ionosphere.

An ionospheric storm in the F'2 layer is usually manifested
in variations of the electron concentration in a wide altitude
range from about 200 km to 800-1000 km. The principal
features of such storms are also manifested in the behavior
of the total electron content (TEC) as observed from the
satellite-to-ground radio wave propagation.

The F2-layer response to a geomagnetic disturbance is in
the most convenient way described in terms of 6 f, F'2, i.e., in
deviations of the critical vertical reflection frequency f,F2
of the F'2-layer maximum from a quiet-time median:

5foF2 = (fOFQObS - foFQmed)/foFQmed

The temporal behavior of §f,F2 during an ionospheric
storm usually consists of periods with positive values (pos-
itive phases of the storm) and negative values (negative
phases). An example of the df,F2 behavior during a typi-
cal storm is shown in Figure 1. The morphology of negative
and positive phases of an ionospheric storm is different be-
cause the principal physical mechanisms responsible for their
formation are believed to be different. Below, we consider
the two phases separately and their interaction to produce
a storm as a whole.

One of the significant features of the negative phase is its
equatorward shift during the storm from auroral latitudes to
middle latitudes. The amplitude of the effect (the maximum
absolute value of 0 f,F'2) decreases during this shift. This is
illustrated in Table 1 on the basic of averaging the iono-
spheric storms of 1957-1964. Table 1 shows that the lower
the station geomagnetic latitude ®, the larger the delay AT
of the negative phase beginning relative to the beginning
of the magnetic disturbance (storm sudden commencement
(SSC)) and the lower the maximum value of df,F2. The
velocity of the negative phase equatorward “drift” is, ac-
cording to various estimates, about 50-300 m s~* [Danilov
and Belik, 1991].

The equatorward penetration of negative phases demon-
strates a seasonal behavior. In the summer hemisphere, dur-
ing the same storm, the negative phase is better developed
and drifts to lower latitudes than in the winter hemisphere
[Prolss, 1995].

The negative phase in most cases demonstrates a well-
pronounced dependence of the intensity Imax (the maximum
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0foF2 in percent) on the AFE index. Figure 2 shows such
dependence for 10 selected storms according to Danilov and
Belik [1991]. It is worth noting that the dependence of
AF is equally well pronounced at least for three harmonics
(changes from negative to positive phase and back. Depen-
dencies of I, on the Kp, Dst, and Ap indices have been
also reported (see the references in the Danilov and Belik
[1991] work).

The morphology of the positive phase is even more compli-
cated [Zevakina, 1971]. This fact points to more complicated
physical processes of its formation. However, some features
may be indicated. Positive phases are sometimes observed
several hours before the beginning of the magnetic distur-
bance, which is considered to be a reason of this particular
ionospheric storm [Danilov and Belik, 1991; Szuszczewicz et
al., 1998]. Sometimes the entire storm consists of a single
durable positive phase, § f, F'2 never becoming negative. Ex-
amples of these two features are presented in Figure 3. Also,
the existence of so called “dead zones” should be mentioned
when in the middle of a storm for several hours the deviation
from the median does not exceed 10% [Danilov and Belik,
1991]. All of these features are important for understanding
the physical mechanisms operating in the thermosphere and
ionosphere during a magnetic disturbance.

While negative phases are almost always observed at high
latitudes and more often than positive phases at middle lat-
itudes, positive phases tend to occur at middle and low
latitudes. The positive phase is observed in most cases
(90%) at equatorial latitudes during magnetic disturbances
[Adeniyi, 1986; Mikhailov et al., 1994]. However, during
prominent disturbances, the negative phase may also be ob-
served [Adeniyi, 1986; Turunen and Rao, 1980]. As for the
seasonal preference, negative phases occur in all seasons, less
in winter, when positive phases show the a maximum of oc-
currence.

2.2. Physical Mechanisms of Ionospheric Storm
Formation

2.2.1. Negative phase. Since the global picture of
0 foF'2 distribution during ionospheric storms is usually rath-
er complicated, the role of various physical mechanisms is
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Figure 2. Negative phase amplitude I ,, dependence on
the geomagnetic AF index according to Danilov and Belik
[1991] (1, 2, and 3 are the first, the second, and the third
day of the storm, respectively).
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Figure 3. Examples of occurrence of the positive phase
before the SC (the storm on March 1, 1981) and purely pos-
itive disturbance (the storm on January 1, 1978) according
to Danilov and Belik [1991].

usually considered on the basis of case studies in which the
dfoF2 (or dle]) behavior for a particular storm is studied for
one particular location (for example, an incoherent scatter
facility), or for several stations of one particular region [e.g.,
Buonsanto, 1995; Mikhailov and Férster, 1997; Mikhailov
and Schlegel, 1998; Mikhailov et al., 1994, 1995].

Since the first suggestion by Seaton [1956], it was be-
lieved that the negative phase is caused by the changes of
the thermospheric composition due to heating of the ther-
mosphere during geomagnetic disturbances. The electron
concentration is, roughly speaking, directly proportional to
the [O]/[N2] ratio at the F'2-layer maximum height [Rishbeth
and Barron, 1960]. This proportionality is true for station-
ary daytime conditions without vertical drifts. We refer the
readers for more exact relations to Mikhailov et al. [1989,
1995]. This means that under other unchanged conditions we
should have a depletion of electron concentration (a negative
phase) in all the regions where [O]/[N2] has been decreased
at F-region heights.

Prélss and von Zahn [1974] and Prdlss [1980] found a close
relation between the [O]/[N2] ratio measured by the ESRO 4
satellite and the electron concentration in the F'2 peak mea-
sured at several ionospheric stations. Figure 4 from Prélss
and von Zahn [1974] shows that the variations of electron
concentration and [O]/[N2] at each station are very similar,
though different for different stations.

The reason of the thermospheric composition changes
([0]/[N2] decrease) is fairly obvious. During a geomagnetic
disturbance there is a heating of the lower part of the ther-
mosphere (100-140 km) in the auroral region. The main
source of this heating is the Joule dissipation of electric cur-
rents, but some energy may be deposited also by precipitat-
ing particles [Prolss, 1995].

The heating should lead to a significant decrease of the
atoms-to-molecules ratio throughout the entire thermosphere
in the high-latitude region. If the thermospheric dynami-
cal regime stayed unchanged during magnetic disturbances,
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Figure 4. Variations of the parameter R (the disturbed-to-
quiet ratio) for [O]/[N2] (solid lines) and electron concentra-
tion (dashed lines) during the ionospheric storm of Febru-
ary 1973 for six ionospheric stations (Hermanus, Saulisbury,
Townsville, Brisbane, Port Stanley, and South Georgia) ac-
cording to Prdlss and von Zahn [1974].

the zone of depleted [O]/[N2] (and so electron concentra-
tion and f,F'2) would be limited by the high-latitude iono-
sphere (approximately by the auroral oval). However, the
heating induces its own circulation (which may conflict with
the “regular” circulation; see below), which at the F'2-layer
heights tends to bring the air equatorward to lower latitudes
[Duncan, 1969]. That, in the simplest approximation, leads
to the aforementioned drift of the negative phase to lower
latitudes.

It should be noted here that the heated gas with depleted
[O]/[N2] ratio has a higher temperature throughout the ther-
mosphere. The increase of temperature leads at the F-region
heights to an increase of the linear recombination coefficient
and thus to a further decrease of the electron concentration
[Mikhailov et al., 1995]. Thus, actually, the negative phase is
formed in the heated thermospheric gas due to two factors:
the depleted [O]/[N2] and the increased recombination due
to increased temperature [Mikhailov and Forster, 1997].

The latitudinal distribution of the negative phase accord-
ing to the simple scheme described should be different in the
sunlit and nighttime sectors of the winter ionosphere. The
storm-induced circulation is directed equatorward. In winter
it is opposite to the daytime background thermospheric cir-
culation, which is directed poleward. This leads to the effect
of stopping the negative phase equatorward drift, the region
of the negative phase development thus being confined to
high latitudes.

During the nighttime period the two circulations (the
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background and the storm-induced ones) coincide (both are
directed equatorward), and so the air with the disturbed (de-
pleted) [O]/[N2] ratio spreads out to much lower latitudes
than in the daytime. This leads to a rather frequent occur-
rence of the negative phase at middle latitudes at night in
winter.

In summer the poleward background (quiet) circulation
is reduced as compared with winter. It is equatorward the
most part of the day and thus coincides with the stormin-
duced circulation. This is favorable for penetration of the
air with depleted [O]/[N2] (and increased temperature) to
middle latitudes, and so the negative phase in summer is
observed at middle latitudes both in the daytime and in the
night time.

There was some discussion on the role of vibrationally
excited nitrogen in forming the negative phase. The mat-
ter is that due to several factors, including the temperature
increase, there may occur an increase of the Ny vibrational
temperature T(Nf) at F'2-layer heights. The increase should
lead to strong intensification of the O + Nz reaction and so
to significant reduction of the electron concentration. Some
authors [e.g., Pavlov, 1994; Pavlov and Buonsanto, 1997]
believe that this process plays a significant role in negative
phase formation. However, there is no direct proof that the
increase of T(Nf) actually occurs. On the other hand, in
many case studies [Mikhailov and Foster, 1997; Mikhailov
and Schlegel, 1998; Mikhailov et al., 1994, 1995] the prin-
cipal features of many storms (including prominent ones)
were successfully explained without any assumption on the
T(NF') increase. Loewe and Prélss [1998] claim that N7 is
not very important in general, but it may play some role
under high solar activity conditions.

2.2.2. Positive phase. Several mechanisms have been
considered as a probable source of the ionospheric storm
positive phase [e.g., Danilov and Belik, 1991; Prolss, 1995].
These are as follows: the F2-layer uplifting due to vertical
drift, plasma fluxes from the plasmasphere, and downwelling
of the gas as a result of the storm-induced thermospheric
circulation.

The F2-layer drift may be caused by two principal mech-
anisms: an increase of the electric fields of magnetospheric
origin and the equatorward horizontal thermospheric circu-
lation which lifts up the F'2-layer plasma along the inclined
field lines. The question of strong electric fields penetrating
the F region from the magnetosphere is still open, and there
is no direct proof that this mechanism contributes signifi-
cantly to the F2-layer behavior during ionospheric storms
at middle latitudes [Prdlss, 1995]. Neither are there any in-
dications to the significant role of plasma fluxes from the
plasmasphere. As for the circulation-induced drift and ther-
mospheric gas downwelling, they are believed to participate
essentially in a positive phase formation and will be consid-
ered below.

The above described proportionality of the electron con-
centration in the F2-layer maximum to the [O]/[N2] ratio
was considered for decades to be enough to explain the nega-
tive phase by the atoms-to-molecules ratio variations. In the
recent years, more sophisticated analyses have shown that
actually, the [e]max dependence on [O] and [N2] is more com-
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plicated [Mikhailov et al., 1989, 1995]. The electron concen-
tration is proportional to [O]". In a general case, n = 4/3.
At lower latitudes where [O]/[N2] does not change, we have
purely a compensated dependence with n = (0.7 — 0.85)
[Mikhailov et al., 1989], and hence the simultaneous varia-
tion of both [O] and [N2] with the [O]/[N2] ratio kept un-
changed still leads to an increase of the electron concen-
tration. This is what sometimes happens during ionospheric
storms at low latitudes. The storm-induced circulation leads
to a downwelling of the thermospheric gas at low latitudes
and so to an increase of [O] and [N2] without any signifi-
cant changes of the [O]/[Ng] ratio [Mikhailov et al., 1995].
Satellite (for example, ESRO 4) measurements show a con-
stancy of the [O]/[N2] ratio in the downwelling zone during
some storms. Attempts to reproduce this effect in a three-
dimensional approximation were successful [Férster et al.,
1999]. This is the nature of the majority of the ionospheric
storms observed at latitudes below 30°-40°.

2.2.3. Common features. The vertical plasma drift is
a very important factor influencing the state of the F'2 layer.
In quiet conditions the drift is caused by the horizontal cir-
culation. Equatorward and poleward horizontal winds lead
to upward and downward drift, respectively, due to the in-
clination of the magnetic field lines at middle latitudes. In
quiet steady state conditions the drift is balanced with other
processes. However, when a storm-induced circulation is
present, it enhances or weakens the quiettime circulation,
and so enhances or weakens the vertical drift.

In the midlatitude winter ionosphere in the daytime the
zone of the decreased [O]/[N2] ratio is “closed” at high lat-
itudes [Duncan, 1969] because the normal circulation pre-
vents the heated gas penetration to middle latitudes. At the
same time the quiet circulation is weakened by the oppo-
site storm-induced circulation, so the downward drift of the
plasma is weaker. It leads to new equilibrium conditions in
the F2-layer maximum with its height h., F'2 increasing, and
so increasing the electron concentration. This is the reason
of the positive phase predominating in these conditions. An
example of f, F'2, drift velocity, and h,, F'2 variations during
a quiet and a storm day (January 24-25, 1974) according to
Mikhailov et al. [1998] is shown in Figure 5.

In summer the quiet-time and storm-induced circulations
coincide (both are equatorward). In this case the upward
vertical drift increases, and again, we should have a posi-
tive phase. However, it is not always the case because the
storm-induced circulation brings the gas with the depleted
[O]/[N2] ratio, and this tends to reduce electron concentra-
tion in the F'2 peak. The rivaling of the two factors explains
why in summer both the positive and the negative phases are
observed. It explains also the existence of the dead zones,
when during several hours the d f, F'2 modulus does not ex-
ceed 10%.

The above presented physical picture explains the most
typical features of the ionospheric storm morphology. It
is generally consistent with the scenario presented by Rees
[1995]. However, to explain some peculiarities of the storms,
especially the ones during pronounced magnetic events, some
other mechanisms are considered.

In the case of positive phases, which appear sometimes
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Figure 5. Variations of the F'2-layer parameters: f,F2 (cir-
cles), the vertical drift velocity w; (dashed curve), and layer
peak altitude h,, F'2 (dashed-doted curve) on (a) January 24
(quiet day) and (b) January 25 (disturbed day), 1974 at the
Boulder station according to Mikhailov et al. [1989]. The
mean diurnal variation of f,F'2 observed on January 24 is
shown by the solid line in the panel (b).

before the beginning of the corresponding magnetic distur-
bance, the above scheme does not work because there is still
neither the depleted [O]/[N2] nor the storm-induced circu-
lation. It was suggested by Danilov and Belik [1991, 1992]
that the effect may be related to some other channel of pen-
etration of the disturbed solar wind energy to ionospheric
heights rather than auroral precipitation. The channel was
assumed to be soft particle precipitation in the region of the
dayside cusp. The cusp is the only formation which starts to
respond to the coming geomagnetic disturbances before any
geomagnetic index does: the cusp begins to move equator-
ward a few hours before the beginning of the Dst depletion
[Danilov and Belik, 1992].

The reason of the F2-peak vertical drift may be also
electric fields penetrating from the magnetosphere. There
is some evidence [Mikhailov and Foster, 1997] that strong
enough electric fields (up to 70-100 mV m™') may some-
times penetrate to middle latitudes to account for the posi-
tive phase as has been suggested by some authors. However,
the electric field plays an important role in maintaining the
F2 layer at equatorial latitudes and a dominant role in geo-
magnetic storm effects at equatorial latitudes.

In quiet daytime conditions the E, component of the elec-
tric field, which participates in the E x B drift, is eastward.
In most cases during magnetic disturbances, E, decreases
in the equatorial zone, and this leads to a reduction of the
upward drift and so to the positive phase [Mikhailov et al.,
1994; Prolss, 1995]. However, during severe disturbances
there may happen an increase of E, with a corresponding in-
crease of the upward drift and corresponding negative phase
[Adeniyi, 1986; Danilov and Belik, 1991; Turunen and Rao,
1980]. Evidently, it was the case with the September 23,
1973, storm at the equator considered in detail by Mikhailov
et al. [1994].

Strong magnetic fields are often observed in polar regions
in the zone of Joule heating and field-aligned current dissi-
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pation. Due to the magnetic field geometry, they do not pro-
duce such strong vertical drift as at low latitudes, but they
are able to influence the F2-layer behavior via the recombi-
nation coefficient. The rate of the O + Ny reaction, which
provides an important step in the recombination chain, de-
pends strongly on the electric field [Schunk et al., 1975], and
thus an increase of the field should lead to a depletion of
electron concentration, i.e., to the negative phase. This, ev-
idently, was the case over the EISCAT installation during
the strong magnetic disturbance on April 3, 1990, when a
strong electric field (85 mV m™') was observed [Mikhailov
and Schlegel, 1998].

Some positive effects in the electron concentration dur-
ing geomagnetic disturbances may be due to the so-called
travelling atmospheric disturbances (TAD) [Prolss, 1995,
Mikhailov et al., 1995]. The energy injected into the up-
per atmosphere during magnetic storms may generate TADs,
which are pulse-like atmospheric perturbations, which prop-
agate equatorward with the velocity of a few hundred meters
per second and may exceed by a factor of 3-5 the velocity
of moderate equatorward winds (about 150 m s™'). At mid-
dle latitudes the TADs would produce an increase of the
vertical drift and so the positive phase in the same way as
the “smooth” storm-induced circulation but of much shorter
duration.

Summarizing, we may draw the following picture of the
ionosphere and thermosphere response at F'2-layer heights
to geomagnetic disturbances:

1. During such disturbances a large amount of energy
is deposited into the thermosphere at high latitudes. This
leads, first of all, to an increase of the neutral gas temper-
ature T and variations of the neutral composition (decrease
of the atoms-to-molecules ratio). Both factors contribute to
a decrease of the electron concentration (the negative phase
of an ionospheric storm) in the high-latitude ionosphere.

2. The energy deposition produces also a strong enough
storm-induced circulation which is directed equatorward and
may coincide or conflict with the quiet-time circulation. De-
pending on this, the gas with depleted [O]/[N2] is either
brought toward low latitudes (and so the negative phase ex-
tends equatorward) or “locked” in the higherlatitude ther-
mosphere.

3. The storm-induced circulation increases the plasma
upward vertical drift in the F'2 layer and so leads to an up-
lifting of the layer and an increase of the electron concentra-
tion. This is the most frequent cause of the positive phase at
middle latitudes. Sometimes (especially at lower latitudes),
the downwelling of the circulation leads to an increase of the
atomic oxygen concentration and so to the positive phase.

4. Strong electric fields of magnetospheric origin may
penetrate to F-region heights during geomagnetic distur-
bances. These fields evidently contribute substantially to
strong positive and negative phases (depending on the sign
of the E, zonal component) of ionospheric storms observed
in the equatorial ionosphere. Moreover, such fields, during
prominent magnetic events, may be responsible for strong
negative phases observed immediately after the magnetic
disturbance SC.

5. Due to the energy injection into the thermosphere,
travelling atmospheric disturbances are generated in the
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high-latitude thermosphere and propagate equatorward with
the velocity much higher than the velocity of the regular
meridional circulation. They may be responsible for short-
period positive phases observed in the daytime at middle
latitudes.

2.3. Modeling and Predictions

The modeling and predictions of geomagnetic storm ef-
fects on the F-region ionosphere develop in two ways: (1) im-
provement of physical, semiempirical, and empirical mod-
els and (2) exploitation of real-time data from the present-
day and future solar-terrestrial monitoring systems, which
among others allows application of neural networks for pre-
dictions [e.g., Cander and Mihaglovic, 1998].

A comparison of several physical models with experimen-
tal data [Anderson et al., 1998] showed that all models gener-
ally described well basic features of the F'2 layer ionosphere
in quiet conditions, but each had some deficiency. More-
over, the main problem of modeling, and particularly pre-
dicting the geomagnetic storm effects, is insufficient knowl-
edge and/or accuracy of observational inputs into physical
models, namely of various forms of incoming external energy
le.g., Codrescu et al., 1997]. Thus physical models provide
insight into physical processes associated with geomagnetic
storm effects but do not provide sufficiently accurate predic-
tions. One more problem is that various ionospheric storms
may have significantly different mechanisms, as shown for
instance by EISCAT observations [Mikhailov and Schlegel,
1998]. Empirical or semiempirical models do not provide
sufficiently accurate predictions as well.

The very recent development of prediction models is based
on a new idea: first, to establish the background variation
from monthly medians or other median or average values,
either from physical models or from statistical or other mod-
els, and then to scale these values by an empirical model to
storm-time conditions [Fuller-Rowell et al., 1998; Muhtarov
et al., 1998]. Such an approach, among others, makes it pos-
sible to overcome the problem of somewhat different iono-
spheric effects of geomagnetic storms in different solar cycles
le.g., Field and Rishbeth, 1997].

3. F1 Layer

When we go down from the F'2-layer maximum, the effect
of geomagnetic storms in the neutral thermosphere becomes
less dramatic. The influence of ionization and photochem-
istry processes on the ionospheric storm becomes more im-
portant, primarily due to shorter lifetime of free electrons in
the more dense atmosphere. The F'1 layer ionosphere is a re-
gion where both the neutral atmosphere changes (dominant
in the F2 layer) and the ionization rate and photochemistry
changes (dominant in the lower ionosphere) play an impor-
tant role.

The thermosphere remains substantially disturbed. For
instance, measurements of the total mass densities near
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200 km by the SETA satellite reveal an increase of the total
neutral density under daytime conditions at latitudes 60°—
80° by about 50-70% with a penetration of a substantial
increase almost to the equator in the summer hemisphere,
when geomagnetic activity increases from quiet (Kp ~ 1—2)
to disturbed (Kp ~ 4 —7). This increase is about one half in
the winter hemisphere with much less equatorward penetra-
tion, mainly due to the prevailing summer-to-winter back-
ground meridional wind [Forbes et al., 1996].

The F'1-layer ionosphere response to geomagnetic storms
has been much less studied than that in the F2 layer. The
electron density in the F'/E region (~100-200 km) is known
generally to increase during magnetically disturbed nights
[e.g., Rowe, 1974], but this increase substantially depends
on altitude, somewhere the effect being almost none or even
slightly opposite. An interesting result is that a remark-
able spring/autumn asymmetry has been found, while in
autumn in the altitude range 160-190 km, the effect of ge-
omagnetic storms is not detectable, in spring it is observed
in a well-pronounced form down to about 180 km, and only
near and below 170 km it becomes nondetectable [Buresova
and Mosert de Gonzalez, 1999].

An interesting effect at middle latitudes is filling in the
valley between the E and the F' regions, as it is illus-
trated, for instance, by rocket measurements at Wallops Is-
land [Geller et al., 1975] or ground-based measurements at
Arecibo [Rowe, 1974].

Recently, Bauske et al. [1997] demonstrated effects of
another source contributing to enhanced nighttime ioniza-
tion in the E and F'1 layers during geomagnetic storms at
low and middle latitudes, precipitation of neutralized ring
current particles (mainly hydrogen) in the energy range 1-
100 keV.

4. FE Layer

The ionospheric E region is a region where both the neu-
tral atmosphere changes and the ionization rate and pho-
tochemistry changes play an important role in the response
to geomagnetic storms. Their relative importance depends
on altitude and latitude. The electron density in the E re-
gion at high latitudes generally increases as a response to
geomagnetic storms, but at middle and low latitudes, the
effect is opposite. The storm effects at high latitudes are
remarkably better developed at night, when the corpuscular
ionization source competes with much weaker noncorpuscu-
lar ionization sources than during daytime.

4.1. High Latitudes

The high-latitude ionosphere is a rather complicated and
changeable formation. The ionospheric behavior in each par-
ticular point depends on many factors, such as its position,
local and universal time, magnetic activity, the sign of var-
ious components of the interplanetary magnetic field etc.
Any attempt to describe even briefly this problem would be
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out of the scope of this paper. We just state that all said
above about the polar ionosphere variability on the whole is
true for the high-latitude F region in particular.

There are several formations or subregions within the
high-latitude ionosphere. However, for the purposes of this
paper it is sufficient to consider two principal regions in
which the FE-region response to geomagnetic disturbances
is different.

Fluxes of energetic electrons precipitating from the Earth’s
radiation belts are typical for the auroral oval. The inten-
sity of these fluxes during magnetic storms and substorms
may increase by several orders of magnitude [Avakyan et
al., 1994, Hardy et al., 1985]. This results in an increase
of the electron concentration in the entire E region. Even
during moderate substorms, the increase in the peak of the
E layer may be by a factor of 2-2.5, and during strong
enough magnetic storms, it may exceed an order of mag-
nitude [Troshichev, 1986]. For example, according to direct
rocket measurements of Zhlud’ko and Chasovitin [1983] at
Heiss Island under solar zenith angle of 96°, the value of [¢]
at 120 km increased from 1 x 10* cm ™2 under moderate dis-
turbance with Kp = 3+ to 1.5 x 10° cm ™2 during magnetic
storm with Kp = 64. In some cases the electron concen-
tration in the E-region peak may reach (4 — 6) x 10° cm™®
[Anderson et al., 1995; Troshichev, 1986].

An increase of geomagnetic activity leads to intensifica-
tion of the irregular structure of the auroral E region [e.g.,
Blagoveshchensky et al., 1983; Ogawa and Igarashi, 1982].
These irregularities also are clearly seen at the electron con-
centration vertical profiles obtained by rockets or incoherent
scatter installations [Troshichev, 1986].

Sporadic Fs layers in the high-latitude ionosphere are a
special problem. The wind shear mechanism responsible for
formation of Es layers at middle latitudes is less effective
at high geomagnetic latitudes. However, the occurrence fre-
quency of s in the auroral oval, is much higher than at mid-
dle latitudes and increases with geomagnetic activity. There
are several particular types of Es characteristic for auroral
oval, but often they are just called “auroral Es” [Troshichev,
1986]. The occurrence of auroral Es correlates with the in-
tensity of aurora, because it is associated with penetration of
particles of similar energies. The region of maximum prob-
ability of auroral Es occurrence has a crescent-type shape
and is located approximately in the 2000-0600 MLT sec-
tor of the auroral oval. The real picture of the auroral F;
occurrence distribution is rather complicated and depends
on many factors, including the solar activity. Following the
auroral oval, the region of the highest probability of Es oc-
currence expands during geomagnetic disturbances to lower
geomagnetic latitudes. The intensity of auroral Es may be
very high, and the corresponding screening frequencies may
reach 5 to 7 MHz.

In contrast to the situation with the auroral oval, the re-
sponse of the polar cap F layer to geomagnetic disturbances
is relatively weak. The shape of electron concentration verti-
cal profiles is very similar to that in the midlatitude E layer.
Neither is there any significant increase in the probability of
Es layer occurrence. The screening frequency of this layer
(so-called “plain” type contrary to the “slant” types typical
for the auroral oval) is within 1.0-1.4 MHz both in quiet
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Figure 6. Depletion of the F-region critical frequency A f
(Moscow station) versus the increase AAp of the Ap index
during the 3 days studied as compared with the previous 3
days [from Antonova et al., 1996].

and in disturbed conditions. Moreover, there are some indi-
cations [Troshichev, 1986] to the presence in the polar cap
of a negative relation between E occurrence frequency and
geomagnetic activity.

The main cause of the above described differences in the
E region response to geomagnetic activity in the auroral oval
and the polar cap is the difference in precipitating particle
fluxes. The electrons intruding the auroral region have en-
ergies above 1 keV, and the most efficient in the E region
are those with the energy of 1.2-1.4 keV. They produce the
extra ionization in the entire F region and may create also
narrow (sporadic) layers of ionization if the fluxes are rather
monoenergetic. Since the intensity of the fluxes increases
strongly with magnetic activity [Avakyan et al., 1994; Hardy
et al., 1985], there is a strong response of the E layer to mag-
netic disturbances.

In the polar cap the energy of the precipitating electrons
is much lower (below 600 eV), and they cannot penetrate
the atmosphere as deep as to the E layer. This explains
the relative week response of the polar cap F region to ge-
omagnetic disturbances. Formation of sporadic F, layers in
the polar cap is evidently controlled by the magnetospheric
convection [Besprozvannaya et al., 1983; Troshichev, 1986],
the low velocities of the convection being more favorable for
FE, occurrence.

The increased ionization in the auroral E region leads
to an intensification of nitric oxide formation. As a result,
[NO] in the auroral E region may be by 1 or 2 orders of
magnitude higher than at the same altitudes in the midlat-
itude E region. The latter fact has been confirmed experi-
mentally [e.g., Solomon and Barth, 1999; Torr et al., 1995]
and is also manifested in variations of ion composition. The
[NO*]/[OF] ratio in the auroral E region is sometimes an or-
der of magnitude higher than at middle latitudes [Danilov,
1994]. During and after geomagnetic storms the excess of
NO molecules is brought by the horizontal winds to middle
latitudes and may lead there to the increase of the effec-
tive recombination coefficient and small decrease of [e] in
the F region, as described below.

EFFECTS OF GEOMAGNETIC STORMS

4.2. Middle and Low Latitudes

The most pronounced effect in the midlatitude E layer
is the depletion of the electron concentration in its maxi-
mum (or, which is the same, of f,E). The effect was for the
first time described in detail by Beynon and Brown [1959]
and then discussed by many authors (for references, see the
monograph by Antonova et al. [1996]). The magnitude of
the effect is usually small (about 8-10%), so special proce-
dures (smoothing, running means, regression equations) are
usually applied to reveal the effect reliably. Antonova et al.
[1994] analyzed 37 years of f,E observations at the Moscow
station. They have found that the mean value of the cor-
relation coefficient R4 between the specially calculated and
filtered index of the E-layer Ir and the Ap geomagnetic
index was —0.38 & 0.02 at the entire temporal interval con-
sidered with o(R) < 0.09. The mean value of the coefficient
K in the regression equation

Ie=KAp+ L

was found to be —0.57 £ 0.03. Here L is a constant which is
independent of the Ap index but may change with season.

An analysis of the time delay of the ionospheric response
relative to geomagnetic disturbances was based on the po-
sition of the maximum of the cross-correlation function be-
tween g and Ap. The delay was found to be 0.74 4+ 0.07
days. This means that the maximum effect in f,F is ob-
served by about 18 hours after the corresponding maximum
in Ap.

Analyzing the reaction of f,F to individual geomagnetic
disturbances, Ivanov-Kholodny et al. [1991] showed that at
least 80-90% of geomagnetic disturbances with the magni-
tude of AAp > 15 (AAp is the total excess in daily Ap
during the 3 days analyzed relatively to the previous 3 days)
are clearly manifested in the f,E behavior (see Figure 6).
Using the superposed epoch method, Ivanov-Kholodny et al.
[1991] found that there is a depletion of f,E after geomag-
netic disturbances. The average amplitude of the depletion
is 0.07 £ 0.02 MHz, and its maximum lags the maximum of
the disturbance (maximum in Ap) by 0.5 days. This result
qualitatively agrees with the first estimates by Beynon and
Brown [1959].

There is a latitudinal effect in the E-region response to
geomagnetic disturbances [Antonova et al., 1996]. The mag-
nitude of the negative effect in f, E (or [e]) increases with ge-
ographic latitude . The mean depletion of [e] in the ¢ < 40°
zone is 2.040.3%, and outside the zone it is 3.340.4%. The
difference in the magnitudes exceeds 20 and is significant.
The magnitude of the ionospheric response at ¢ > 60° is
about twice that at ¢ > 20° [Antonova et al., 1996].

There is no common agreement on the physical mecha-
nisms responsible for the aforementioned depletion of f,FE
and [e] after magnetic disturbances. Initially, two mecha-
nisms were proposed: variations of the neutral density and
changes of the nitric oxide concentration. The density vari-
ation required is by a factor of 2-3, which seems unreal.
The increase of [NO] should enhance the [NOT]/[0OF] ratio
and the effective recombination coefficient o, which would
result in a depletion of [e]. To provide the observed de-
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crease of foE and [e] after geomagnetic disturbances, one
needs an increase of [NO] by a factor of 1.5-2. Such an in-
crease does not seem unreal, because there are indications
of an increase of [NOJ] in the E region in geomagnetically
disturbed conditions [Cravens and Stewart, 1978]. The ad-
vection of the nitric oxide molecules from the high-latitude
ionosphere (where extra amount of NO is formed as a re-
sult of corpuscular ionization) may be the source of these
increases [Ivanov-Kholodny and Nusinov, 1979]. Some role
in the effective recombination coefficient increase may also
be played by vibrationally excited NOV ions, the concentra-
tion of which may increase during disturbances because of
the temperature increase [Antonova and Ivanov-Kholodny,
1989].

Morton and Matthews [1993] observed at Arecibo a strong
effect of geomagnetic storms on sporadic E layers of the tidal
ion layer type. During a very strong storm they found even
complete disruption of tidal ion layers in the whole E region.

5. Lower Ionosphere

The lower ionosphere (h < 100 km) responds very dra-
matically to geomagnetic storms [e.g., Lastovicka, 1988,
1996]. Its electron concentration is considerably enhanced,
particularly in the auroral zone, which results in a large in-
crease of radio wave absorption and, eventually, in the dis-
appearance of radio signal in MF/HF ranges. This enhance-
ment of electron density is caused by a strong increase of
precipitation of energetic particles, mainly electrons of ener-
gies of tens to hundreds kiloelectron volts.

There are two different types of the lower ionosphere re-
sponse to geomagnetic storms, as shown in Figure 7 in terms
of the response of radio wave absorption or fmin (fmin i &
minimum reflected frequency at vertical ionospheric sound-
ing used as an indirect measure of absorption). The first
type, observed at high latitudes (Kiruna) and marked PSE I
(poststorm effect, phase I), consists in a large increase of
electron concentration and thus of radio wave absorption,
which is coincident with the geomagnetic storm and caused
by direct energetic electron injections from the magneto-
sphere into the auroral ionosphere. At middle latitudes
(A3-MF, A3-LF data) we observe both phases of the PSE,
the direct phase PSE I and the delayed phase PSE II (after-
effect). The PSE I phase, coincident with the geomagnetic
storm, is considerably weaker than at auroral latitudes. The
delayed phase PSE II, which is usually well separated from
PSE I, may last up to 10 days and is usually the dominant
phase of the PSE (although the difference between PSE I and
PSE II magnitude is usually much less pronounced than in
Figure 7). Subauroral latitudes (Uppsala) represent a tran-
sition zone from the auroral-type effect to the midlatitude
type of the effect.

The PSE II is caused by a considerable increase of the
pitch-angle diffusion, which forces the trapped energetic elec-
trons, injected during the PSE I, to move into the loss cone
and to precipitate. This mechanism works in the slot re-
gion between outer and inner radiation belts. The increase
of the pitch-angle diffusion after the storm is caused by a
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Figure 7. Effect of a geomagnetic storm (Ap, Dst) in
March 1970 on the lower ionosphere (A fmin, AL — A3 radio
wave absorption) at auroral and middle latitudes in Europe
[after Lauter and Bremer, 1983].

considerable increase of the ELF-VLF wave activity (mainly
emissions such as plasmaspheric hiss) after the storm and
motion of electrons into the loss cone via wave-particle in-
teractions.

The low-latitude boundary of the geomagnetic storm ef-
fects on the lower ionosphere seems to be about 35°-37°N,
but the effects mostly do not reach latitudes much below
50°N (geomagnetic coordinates). The latitudinal boundary
between the high-latitude direct effect and the midlatitude
PSE II occurrence, which roughly coincides with the equa-
torward boundary of the auroral oval, varies substantially
during geomagnetic storm periods. It had been used for
tracking the motion of the equatorward boundary of the au-
roral oval by Wagner and Ranta [1983].

Geomagnetic storms affect considerably the lowermost
part of the ionosphere and thus the ELF/VLF radio prop-
agation in the Earth—ionosphere waveguide. Geomagnetic
storms improve ELF/VLF radio propagation [e.g., Satori,
1991].

It should be mentioned that there is a region of anoma-
lously intense particle precipitation, the South Atlantic mag-
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flux (1, solid line) and the middle mesosphere temperature
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netic anomaly. The effects of geomagnetic storms and parti-
cle precipitation in the South Atlantic anomaly are stronger
than those at respective middle and moderate latitudes of
the northern hemisphere.

There are also some changes in atmospheric electricity
at lower ionosphere heights during geomagnetic storms. Ac-
cording to rocket measurements by Zadorozhny et al. [1994],
the mesospheric maximum of electric field intensifies and its
altitude increases with increasing geomagnetic activity at
high latitudes, while there is little change at middle lati-
tudes.

6. Middle Atmosphere

The energy of geomagnetic storm-related precipitating
particles is lost not solely through ionization. It causes also
excitation, heating and dissociation processes. As a con-
sequence of this energy deposition, various effects have to
exist in the neutral middle atmosphere. Such effects occur
in temperature, composition, wind field, atmospheric emis-
sions (particularly auroras), the tropopause height and tem-
perature, and in the turbopause. Lastovicka [1988, 1989,
1996] briefly reviewed these effects. The most important
ones, those in the temperature, composition and winds, are
shortly described in the following sections.

6.1. Temperature

Any energy deposition should result in increasing tem-
perature. Lastovicka [1988, 1989] summarized various re-
sults of rocket soundings at Heiss Island, Volgograd, and
Wallops Island and results of some other experiments. The
strongest effect of geomagnetic storms was observed at high
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latitudes. However, the storm effect pattern does not differ
qualitatively at high and middle latitudes, the difference is
only quantitative. The results make it possible to suggest
the following scheme of the geomagnetic storm effects on
temperature in the middle atmosphere: (1) lower thermo-
sphere and upper mesosphere — heating; (2) middle meso-
sphere (~70 km), cooling; (3) lower mesosphere (~60 km),
moderate heating; and (4) upper stratosphere, positive but
marginal correlation.

Figure 8 shows an evident, well-developed anticorrelation
of the energetic electron flux and temperature in the middle
mesosphere as measured by rockets at Volgograd. The an-
ticorrelation means cooling of the middle mesosphere dur-
ing geomagnetic storms. This anticorrelation is caused by
changes in atmospheric composition. The overproduction of
NO, and HO, during geomagnetic storms as a consequence
of enhanced particle precipitation results in the production
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Figure 9. Superposed-epoch analysis of the zonal wind field
during geomagnetic disturbances (day zero corresponds to
the maximum of Ap). Stations near latitude 50°N are ar-
ranged according to their geomagnetic latitude [after Singer
et al., 1994].
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of odd nitrogen and odd hydrogen, which destroy ozone. The
ozone loss results in a decrease of solar radiation absorption
with a consequent cooling of the middle mesosphere, which
is stronger than the direct heating by precipitating particles.
This temperature decrease in the middle mesosphere means
that the downward propagation of heat from the lower ther-
mosphere/upper mesosphere to the stratosphere is inhibited
and cannot contribute to geomagnetic storm effects in the
troposphere/lower stratosphere.

6.2. Wind

Lastovicka [1988, 1996] summarized older results on the
geomagnetic storm/activity effects on winds in the upper
mesosphere and lower thermosphere of high and higher mid-
dle latitudes. The existence of such effects at lower altitudes
is questionable, if they occur at all. The effects occur in
the prevailing wind (including zonal wind reversal in some
events) as well as in tidal components. There is an appar-
ent difference between North America (weaker effects) and
Europe (stronger effects).

Singer et al. [1994] analyzed long-term wind measure-
ments at several stations near 50°N. Figure 9 shows a west-
ward wind acceleration of zonal wind near 95 km for all sta-
tions in Europe (geomagnetic latitude ® ~ 50°N), whereas
the wind acceleration is eastward at Saskatoon (Canada,
® ~ 60°N) as a response to strong geomagnetic storms. This
confirms the difference between Europe and North America,
which has tentatively been interpreted in terms of differ-
ent geomagnetic latitudes for the same geographic latitudes.
The sign of the effect in Saskatoon did not change in the
whole height range studied (~80-100 km). Singer et al.
[1994] found an even stronger wind response in summer than
in winter, partly due to a larger masking by internal atmo-
spheric disturbances (e.g., by stratospheric warmings). The
observed effects in tidal components and in the prevailing
meridional wind were markedly smaller than those in the
prevailing zonal wind. Fahrutdinova et al. [1998] observed
at Kazan an evident dependence of the geomagnetic storm
effect on altitude with a general tendency to westward and
northward acceleration. Salah et al. [1996] found no effect
of a geomagnetic storm of June 1991 on winds measured at
80-100 km over Millstone Hill and Durham (both 43°N),
maybe as a consequence of lower latitude.

At high latitudes, Price and Jacka [1991] and Price et al.
[1991] found in Antarctica a statistically significant corre-
lation of the horizontal wind with a local K index down to
86 km. The horizontal wind and its oscillations in the ranges
of 1-3 and 2—6 hours were stronger and accompanied by a
rather strong upward vertical wind under high geomagnetic
activity conditions. Meteor radar wind measurements at the
South Pole by Portnyagin et al. [1997] confirm the upwelling
as a response to strong geomagnetic storms.

6.3. Composition

An important part of the upper middle atmosphere re-
sponse to geomagnetic storms are changes of minor compo-
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nent composition, particularly of NO, as a consequence of
energetic particle impact on production of atomic nitrogen.
Due to the quasi-continuous particle penetration in the au-
roral zone as a result of magnetospheric activity (substorms,
etc.), the NO concentration in the upper middle atmosphere
is, similarly to the lower thermosphere (see Section 4.2), re-
markably higher at high latitudes than at middle latitudes,
and it further decreases toward low latitudes. This was con-
firmed by rocket and satellite observations, for example ref-
erences summarized by Rusch and Clancy [1987] and Las-
tovicka [1988]. The vertical and horizontal transport affect
the NO distribution and partly diminishes the difference be-
tween high and mid-latitude NO concentration. A reduction
of ozone concentration in the upper mesosphere is expected.
This is much better pronounced and well documented for
the solar proton events.

7. Lower Atmosphere

When we go down from the upper and middle stratosphere
into the troposphere and partly into the lower stratosphere,
the effect of geomagnetic storms reappears but as an effect
of different morphology and origin (see Section 7.4.), which
is not caused by particle precipitation. The most promis-
ing mechanism at these altitudes seems to be at present the
Tinsley’s hypothesis of “electrofreezing,” based on the geo-
magnetic storm modulation of the cosmic ray flux with sub-
sequent modification of global electric circuit and intracloud
electric and nucleation microprocesses (see Section 7.3).

7.1. Troposphere

The field of Sun-weather relationships, and particularly,
possible relationships between geomagnetic storms activity
and tropospheric processes, has been controversial for many
decades. Researchers have been divided into “believers” and
“nonbelievers.” Typical arguments of non-believers may be
found, for instance, in the works of Pittock [1978] or Salby
and Shea [1991]. A comprehensive analysis of the reliability
of methods of investigation and results was carried out by
Taylor [1986] for the interplanetary magnetic field (IMF) sec-
tor boundary effects in the vorticity area index (VAI). Fur-
ther on, we present some of the observational results (mainly
correlations) of believers in support of reality of the effects
of geomagnetic storms in the troposphere.

A review of earlier observational correlations was made by
King [1975]. Roberts and Olson [1973] observed an effect of
geomagnetic storms on the wintertime 300 hPa trough devel-
opment in the North Pacific-North America area. A decrease
of surface pressure after strong sporadic geomagnetic storms,
developed particularly in the northern Atlantic/European
and eastern Siberian/Aleutian sectors, was reported in sev-
eral papers of the group of Mustel [e.g., Mustel et al., 1977].
These two regions were confirmed by Smirnov [1984] to be
the most sensitive areas of the northern hemisphere tropo-
sphere to solar-geomagnetic forcing. Bucha [1991] observed
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Figure 10. Total ozone (Europe, midlatitudes) deviations
from average level over days —6 to zero for winter major
geomagnetic storms under high solar activity conditions. All
events (bottom curve), events under the E phase of QBO
(middle curve), very strong storms (Ap > 60) under the
E phase of QBO (top curve). Vertical lines show error bars;
n is the number of events. Period studied is 1963-1988 (25
years) |after Lastovicka et al., 1992].

a decrease of surface air pressure in the northern Atlantic,
deepening of the Icelandic low, a considerable zonalization of
the 500 hPa circulation, and related changes of temperature
over the northern Atlantic and Europe as a consequence of
geomagnetic storms; the effect was developed evidently bet-
ter in winter than in summer. Bucha and Bucha [1998] sum-
marized results of many Bucha’s papers and specified geo-
magnetic storm effects on the surface temperature in various
areas of the northern hemisphere middle and high latitudes,
which differ even in their sign as a consequence of pressure
field and circulation changes. Padgaonkar and Arora [1981]
found an evident geomagnetic storm effect in the 500 hPa
tropospheric vorticity area index, which is to some extent a
measure of the degree of disturbed state of the troposphere.
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Bochnicek et al. [1996] looked for regions of significant
positive or negative deviations of winter temperatures in
the northern hemisphere from long-term averages as caused
by geomagnetic storms. They found such deviations to be
principally dependent on the phase of the quasi-biennial os-
cillation (QBO). Their distribution was very macroregional:
there were regions of continental size or ever larger which dis-
played either positive or negative deviations. These macrore-
gions were not organized according to latitude or longitude.
Bochnicek et al. [1998] obtained similar results also for wind
fields in the troposphere.

We can establish three typical features of the effects of ge-
omagnetic storms on the northern hemisphere troposphere.

1. Tropospheric effects are very (macroregional) regional,
the nature of this being probably the principal role of circula-
tion changes and orography. The two most sensitive regions
appear to be the north Atlantic/European region and the
east Siberian/Aleutian region.

2. Tropospheric effects are much better developed in win-
ter than in summer half of the year, i.e., in the period of
lower direct solar energy input and less stable atmosphere.

3. Tropospheric effects in winter appear to be significantly
dependent on the phase of QBO.

7.2. Total Ozone

Lastovicka et al. [1992] and Lastovicka and Mlch [1999]
summarized various results of other authors on the effects of
geomagnetic storms upon the total ozone content and found
that these results did not provide a consistent pattern of
the effect. In order to clarify this apparent inconsistency
and to obtain a more global pattern of the total ozone re-
sponse, Lastovicka et al. [1992], Mich [1994], and Mlch and
Lastovicka [1995] investigated the total ozone response to
geomagnetic storms at higher midlatitudes of the northern
hemisphere. These investigations resulted in a consistent
pattern of the response.

Figure 10 shows how the effect in Europe near 50°N be-
comes more pronounced with more favorable conditions. If
we take all major geomagnetic storms under high solar ac-
tivity together, no significant effect is found in total ozone.
If we select only events under the E-max conditions (solar
activity maximum and the east QBO phase), the peak value
on day +2 reaches 45 DU (Dobson units), and it begins
to be statistically significant. After turning to solely very
strong storms (Ap > 60), the effect of storms in total ozone
in midlatitudinal Europe becomes statistically quite signifi-
cant, it peaks at 60 DU on day +2 (values after days +6/+7
are “artificially” increased by the occurrence of other major
storms). Very strong geomagnetic storms in winter under
E-max conditions occur very rarely. On the other hand,
all such events show a very persistent general pattern, quite
close to the average one shown in Figure 10.

First, results of European ground-based measurements
over 25 years were studied [Lastovicka et al., 1992]. Then
TOMS measurements along 40°, 50°, and 60°N and re-
lated behavior of circulation parameters/indices were ana-
lyzed [Mich, 1994; Mich and Lastovicka, 1995]. The results
of Lastovicka et al. [1992], Mich [1994], Mich and Lastovicka
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[1995], and Lastovicka and Mlch [1999] may be summarized
as follows:

1. There is an effect of geomagnetic storms in total ozone
at northern higher middle latitudes. However, it occurs very
rarely, only under specific conditions. A significant and per-
sistent response of total ozone near 50°N to geomagnetic
storms has been observed only for strong storms, in winter,
and under solar activity maximum/E-QBO conditions. The
last condition is equivalent to high solar activity/no major
stratospheric warming condition, which is probably physi-
cally more relevant. No significant and persistent effect has
been found under other conditions and/or near 60°N and
40°N.

2. Just after a strong storm, we observe a significant
increase of total ozone in the European sector due to a sub-
stantial smoothing of longitudinal variation of total ozone.
Such a variation is very weak in summer, and thus there is
no effect in summer. For a similar reason there is no effect
in zonal mean total ozone.

3. There are two sectors sensitive to geomagnetic
storms both in total ozone and in tropospheric parame-
ters: (1) Northeastern Atlantic plus European sector, and
(2) Eastern Siberian plus Aleutian sector.

4. The total ozone response to major geomagnetic storms
is probably caused by storminduced changes in circulation.
Changes of the circulation pattern agree (at least qualita-
tively) with changes in total ozone.

7.3. Mechanisms

There is no generally accepted mechanism for tropospheric
effects of geomagnetic storms. The observed cooling in the
middle mesosphere [e.g., Lastovicka, 1996] and absence of the
geomagnetic storm effect in the middle stratospheric temper-
ature exclude the possibility of direct downward transport of
heat from the greatly heated auroral thermosphere down to
the troposphere. The agent responsible for the tropospheric
effects must basically skip across the stratosphere. Only
two agents fulfill this request, the galactic cosmic ray flux
modulated by the geomagnetic storm and the global elec-
tric circuit and/or atmospheric electricity affected by in situ
changes of conductivity and by ionospheric/magnetospheric
electric fields and currents. The mechanism must include
triggering and/or amplification phenomena, because the en-
ergy of storm-related atmospheric processes is by several
orders of magnitude higher than the input energy of solar
wind/geomagnetic storm origin.

No hypothesis based on direct changes of atmospheric
electric field (e.g., that by Markson [1979]) has passed suc-
cessfully through quantitative tests and calculations to show
that such a mechanism can explain observations.

Recently, Tinsley [Tinsley, 1996, 1997; Tinsley and Dean,
1991] developed the electrofreezing-based hypothesis: solar
wind changes, which cause also geomagnetic storms, mod-
ulate the cosmic ray flux; the modulated galactic cosmic
ray flux changes the (upper) tropospheric ion production
and thus the conductivity; simultaneously, the electric po-
tential difference between the ionosphere and the Earth is
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changed due to the IMF forcing at high latitudes; the ver-
tical air-Earth current is changed; in the presence of large-
scale clouds this current determines the rate of polarization
charging of clouds via accumulation of a positive electro-
static charge in droplets near cloud tops; this electrostatic
charge influences substantially the rate of ice nucleation
(electrofreezing); the rate of precipitation is changed; the net
latent heat release and vertical motions are changed; atmo-
spheric vorticity is changed; general circulation is changed.
A large energy amplification is quite possible in this mech-
anism; for example, in the supercooled cloud tops it seems
to be sufficient to transform a very small fraction of water
molecules into ice configuration to freeze the whole droplet.
This amplification might be up to more than 11 orders of
magnitude [Tinsley, 1997]. The electrofreezing mechanism
can be significantly affected by the presence of volcanic (or
other) aerosols in the atmosphere. However, this promising
hypothesis needs further laboratory and model support and
observational evidence.

In this context it may be of some interest that Verete-
nenko and Pudovkin [1997] found observationally an evident
influence of the galactic cosmic ray flux on the solar radi-
ation input into the lower stratosphere at higher latitudes
(about 60°-80°) via changes of high level clouds (cirrus).

7.4. Difference Between the Effects in the
Troposphere and in the Upper Middle
Atmosphere

When we go down from the upper middle atmosphere (up-
per mesosphere and lower thermosphere), the effect of geo-
magnetic storms weakens, becomes statistically insignificant,
and can be hardly traced in the middle stratosphere (at least
at middle latitudes). Farther down, it reappears in the tro-
posphere and partly in the lower stratosphere. However, this
is a different effect. These differences in geomagnetic storm
effects were studied by Lastovicka [1997] with the following
results: (1) essentially, no regionality, only dependence on
(geomagnetic) latitude in the upper middle atmosphere ver-
sus strong regionality in the troposphere; (2) little seasonal
dependence in the upper middle atmosphere versus strong
seasonal dependence in the troposphere; (3) no significant
dependence in the upper middle atmosphere on the QBO
versus a strong dependence on the QBO in the troposphere
(at least in winter); (4) the effect in the upper middle atmo-
sphere is caused primarily by the energetic particle precipi-
tation; in the troposphere the origin is not reliably known,
energetic particles are not responsible for the observed ef-
fects, possible modulation of galactic cosmic rays and atmo-
spheric electricity plays a role; (5) triggering/amplification
phenomena has to play a principal role in the troposphere,
while they are unnecessary to account for the effects in the
upper middle atmosphere.

Thus we can summarize that the effects of geomagnetic
storms in the upper middle atmosphere and the troposphere
are of different morphology, origin, and nature.
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8. Conclusion: “Height Profile” of the
Effects of Geomagnetic Storms

In the F'2 layer of the ionosphere the midlatitude response
(both its positive and negative phase) to a geomagnetic
storm is basically an ionospheric response to storm-induced
changes in the neutral atmosphere. These changes, namely
changes in composition and winds, are primarily a conse-
quence of a strong Joule heating of the (auroral) thermo-
sphere by storm-related electric currents. At lower heights,
such a neutral atmosphere effect becomes less important,
mainly due to shorter electron lifetime, which increases the
role of ionization and photochemistry processes. At the base
of the F'1 layer (h ~ 160 — 170 km) the storm effect becomes
very weak, sometimes being absent. Farther down, the most
pronounced feature is the filling in of the valley between the
FE and the F regions, which is caused predominantly by par-
ticle precipitation. At E-region maximum and below, the
nitric oxide concentration increases due to enhanced pro-
duction by precipitating particles, and the temperature in-
creases as well. There is a slight decrease of critical frequency
foF at middle latitudes, even though below and above the
FE-layer maximum, the electron density increases. In the
high-latitude ionosphere a significant enhancement of the
electron concentration is observed.

Farther down, in the lower ionosphere, a large increase of
electron density, particularly at night, is observed at auro-
ral and higher middle latitudes as a consequence of a very
large increase of energetic particle precipitation. In the neu-
tral lower thermosphere and mesosphere we observe some
effects of enhanced particle precipitation, but these effects
weaken with decreasing altitude. They become insignificant
in the upper stratosphere and absent in the middle strato-
sphere. Farther down, in the troposphere and partly in the
lower stratosphere, the effect of geomagnetic storms reap-
pears but as an effect of different morphology and origin,
which is not caused by energetic particle precipitation. The
most promising mechanism at these altitudes seems to be at
present the Tinsley’s hypothesis of “electrofreezing,” based
on the geomagnetic storm modulation of the cosmic ray flux
with subsequent modification of global electric circuit and
intracloud electric and nucleation microprocesses.

Thus we find at least three altitudinal regions of distinctly
different geomagnetic storm-related processes responsible for
observed effects:

1. F2 layer, where the ionospheric effect is basically a
response to storm-time changes of the neutral thermosphere
caused primarily by Joule heating.

2. The lower ionosphere and upper middle atmosphere,
where the effects are caused by storm-related injections and
precipitation of energetic particles of magnetospheric origin.

3. The lower atmosphere, where the effect has different
morphology as well as mechanisms, which is possibly related
to changes in galactic cosmic ray flux and atmospheric elec-
tricity.

The effects of a geomagnetic storm are generally strongest
in the auroral zone, their amplitude weakens toward middle
latitudes, some of them disappear at low latitudes, but some
of them reappear or strengthen near the geomagnetic equa-
tor, namely effects in the F' region.
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