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Abstract

There are two different winter anomalies. A small one that appears in connection with ionization at relatively low
latitudes in the bottom of the D-region of the ionosphere. There, the electron densities in the winter happen to be
less than should be expected. On the other hand, the classic winter anomaly is present when in the winter the
upper D-region, again at relatively low latitudes, has more ionization than should be expected. Both these effects
are due to the slant compression of the geomagnetic field produced by the solar wind in the winter season (which
is, of course, the summer season when reference is made to events in the other hemisphere). It is shown that the
small winter anomaly is a consequence of a hemispheric imbalance in the flux of galactic cosmic rays determined
by the obliquely distorted geomagnetic field. It is shown that the standard winter anomaly can be ascribed to the
influx of a super solar wind, which penetrates into the Earth’s polar atmosphere down to E-region heights and,
duly concentrated through a funneling action at the winter pole of the distorted geomagnetic field, slows down
the winter polar vortex. An equatorward motion of the polar air with its content of nitric oxide brings about the
excess of ionization in the upper D-region at lower latitudes. The experimentally observed rhythmic recurrence
of the upper winter anomaly is correlated to a possible rhythmic recurrence of the super solar wind. The actual
detection of the upper winter anomaly could vield some information on the velocity of the basic solar wind. A by-
product of the present analysis, the determination of T, the coefficient of collisional detachment of the electrons
from the O, ions, is presented in the Appendix.

In order to clarify the issue, a recollection of
the characteristics and properties of the winter
anomalies is here outlined. For the minor anom-
aly it is enough to say that at times the electron
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1. Introduction

There are two winter anomalies, a minor one
relative to the bottom of the D-region of the
ionosphere and a major one relative to the upper
part of that region. How do they arise? Do the
winter anomalies depend on the tilt of the Earth’s
polar axis over the ecliptic as the winter itself
does?

Mailing address: Dr. Gian-Carlo Rumi, Via Cavour 17,
23900 Lecco, Italy.

density in the lower part of the D-region at
relatively low latitudes in the winter is less than
should be expected. For the major and better
known anomaly it should be said that the phe-
nomenon consists in a significant enhancement
of the electron density at altitudes between 30
and 90 km. It becomes manifest through an
enhancement of the radio wave absorption. It
appears to be confined to geomagnetic latitudes
—northern and southern — between, say, 40° and
50°. It is a diurnal event and proper to the winter
season, in the northern and in the southern hem-
isphere respectively. It is present even when
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geomagnetic disturbances are absent, It is vague-
ly related to a warming of the stratosphere. En-
hancements up to 5 times the normal value of
the radio wave absorption have been observed.
Winter anomaly is anticorrelated over large lon-
gitudinal differences.

The minor anomaly does not have much his-
tory. The major anomaly has been observed and
studied for more than 60 years,

This phenomenon was first observed by
Appleton (1937). Since then, many papers on
this subject have appeared in the scientific liter-
ature. All of them explain the observed enhance-
ment of the radio wave absorption as due to an
increase of the electron density in the D-region
of the ionosphere. But there is a distinct discrep-
ancy about the origin of this phenomenon. Many
authors suggest that a redistribution and trans-
portation of particles by aeronomic or meteoro-
logical effects are to be seen as the cause of this
anomaly. Some of these authors indicate a warm-
ing of the atmosphere, others the activity of
planetary waves, still others the presence of
wind currents, or a contribution of them as the
triggering event of this phenomenon.

A different group of theories suggests that
the classic winter anomaly is produced by the
precipitation of energetic electrons. A complete
list of references on this anomaly, updated to the
year 1980 can be found in a paper by Sato
(1980). The special issue of the fournal of At-
maspheric and Terrestrial Physics of October/
November 1979 deserves special consideration
among the papers listed by Sato. It gives the
findings of the experimentation carried out dur-
ing the Western European Winter Anomaly Cam-
paign 1975/1976. It offers the most complete
and coherent set of data of this complex phe-
nomenon. Hence, it was chosen to supply an
experimental support to the deductions of the
present paper, regarding the small and classic
winter anomaly. Of the two subclasses of the
classic winter anomaly (Garcia er al., 1987),
namely the «smooth» one (slight absorption en-
hancement) and the «sporadic» one (large ab-
sorption enhancement), only the second one will
be studied here.

Of course, the research on the classic anom-
aly effects has been active even after 1980.
Among the papers published since then and
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offering not only some insights into our phe-
nomenon, but also some possibilities of con-
frontation with our findings, three of them were
selected for ensuing comments: a first one that
presents a scale analysis of the D-region winter
anomaly, elaborated by the same group who
operated during the above quoted Winter Anom-
aly Campaign (Offermann et al., 1982); a sec-
ond one that explains how the transport of Nitric
Oxide in the D-region takes place during the
winter anomaly (Garcia et al., 1987); and a third
one that relates the anomaly to a polar perturba-
tion (Rapoport and Sinel’nikov, 1998).

Returning to our question set at the begin-
ning of this introduction, we will investigate
whether the inclination of the Earth’s polar axis
over the plane of the terrestrial orbit can have
any connection with the winter anomalies. We
know that such an axial tilt determines a differ-
ent insolation over the two terrestrial hemi-
spheres, hence producing a summer over the
hemisphere which receives the larger insolation
and a winter over the other one. Also, under the
impact of the solar wind it generates an asym-
metrical distortion of the geomagnetic field: its
outskirts are more compressed in the summer
hemisphere than in the winter one. The actual
configuration of the geomagnetic field in the
outer region at, say, the solstice times could be
derived at the price of lengthy computations.
For purpose of the present study it might be
sufficient to adopt a simplified approach. We
will hypothesize that the current sheet which
determines the sunward boundary of the mag-
netosphere and which is produced by the impact
of the solar wind with the field of the geomag-
netic dipole be plane. Such a hypothesis is sim-
ilar to that illustrated by Ratcliffe (1972, p. 69),
but in the present case the direction of the geo-
magnetic dipole will not be orthogonal to the
direction of arrival of the solar wind, rather it
will be oriented to make with the direction of
arrival of the solar wind an angle — at solstice —
of (90° +23.5°), In this respect, the adopted
approximation would be even more crude than
that of Ratcliffe.

It should be understood that in our case as in
the case studied by Rarcliffe, to speak of a def-
inite angle, with respect to the axis of the geo-
magnetic dipole, of the direction of arrival of
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Fig. 1. Geomagnetic field lines of Tlux distorted by
the action of the solar wind at solstice.

the solar wind is another simplification. The
axis of the geomagnetic dipole does not coin-
cide with the Earth’s polar axis. Then, as the
Earth rotates around its polar axis, the angle of
arrival of the solar wind as seen from the geo-
magnetic dipole assumes a rather fuzzy conno-
tation. Then the results of our analysis carried
out with a solstitial angle exactly equal to
(90° + 23.5%) are affected by another approxi-
mation.

Computations carried out according to the
hypothesis just described, led to the results de-
picted in fig. 1. The procedure was as follows.
Reference is made to the sketch of fig. 2, where
the arrow at the bottom represents the geomag-
netic dipole and the arrow at the top represents
its mirror image, produced by the current sheet:
d is the distance between the two dipoles, y is
the angle between their directions. r and @, r,
and 8, are the polar co-ordinates of a generic
point P, respectively referred to the geomagnet-
ic dipole and to its mirror image. The present
development is limited to the plane which con-
tains the two dipoles. Then, if M is a quantity
proportional to the dipole moment in question

D(P) = McosBls”
(1.1)

and  ®(P) = Mcost /r,

where @ and P, are respectively the scalar po-

o

CcS

Fig. 2. Geomagnetic dipole and its mirror image.
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tentials for the two magnetics fields. Hence, the
resultant of the two is

@, (P) = M(cosBli* +cosd /r}).  (1.2)
Clearly, r, = r, (rf) and 6, = 6, (rn0). Let's
consider £ the implicit function of 7 and 8 given
by the relation

F = M{cosbir + cosf [r)) —const =0 (1.3)

which corresponds to an equipotential line. Its
tangent is given by

—(aF98) : (rdF[or) = + drli06. (1.4)

Hence, the tangent to the lines of flux will be:

(rdFIOr) - (0F106) = — r0/or. (1.5)
If a succession of segments tangent to a line of
flux is drawn on the basis of this last expres-
sion, an approximate representation of that line
of flux can be obtained. Such was the proce-
dure that was followed in order to obtain the
plot of fig. 1. At this point a warning is in order.
The field under examination is a tridimensional
one, then the spacing between lines of flux is
not in itself an indication of the field strength.
In the present case one has to think in terms of
tubes of flux, whose width is not constant. On
the reflecting surface, i.e. at the current sheet,
the field strength could be at most twice the
strength of the field that would exist in the
absence of the mirror. The validity of the plot
of fig. 1 is that it allows a coup d’oeil of the
direction of the composite magnetic field. When-
ever the field intensity is needed, it will be
necessary to proceed according to the follow-
ing formulas:

P o= [F +d* = 2rdsin(@ - x/2)] (1.6)

cosf, = [cos(6) —x) + (dirysin(=x/2)1rfr,  (1.7)
G, =dcos(0+8 —y)—dsin® +6,-x) (1.8)
d, = —d, sin(6 + 0,—y)—d,cos(0+6,-x) (1.9

B = (MIr) (42cost) + d,sin6) (1.10)
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B, = (MI¥))(G,2cos8, + d,sinf)) (1.11)

By =B+B, (1.12)
where the symbols are those of fig. 2 and the B’s
indicate the magnetic fields.

If @ _ is the unit vector tangent to the current
sheet, the following equation can be used for
the determination of the two singular points in
the plot of fig. 1, which are characterized by
B, = 0, because the intensity of the geomag-
netic field and the intensity due to the mirror
image dipole are equal and opposite. The solu-
tions in term of 8 of the equation

(@ 2cosb + dsind) - d, =0 (1.13)
are the co-ordinates of the those two points
where the lines of flux land perpendicularly on
the current sheet. Specifically, at solstices, the
above equation becomes

(@ 2cos + d,sin0) - [— acos(@ —23.5%) +
(1.14)
+dgcos(90° -0 +2359] =0

which yields the two solutions

65°< B <66° and 137° <6 < 138°%

It the separation between the two dipoles is
2% 10 x cos(23.5%) =2 x 9.17. the Earth radius
being the unit of distance, then r for the first of
the two values found is

9.17/cos(90° — 63.5° + 23.5°) = 13.70
Earth’s radii

and r for the second of the two values found is

9.17/cos(137.5° - 90+ 23.5°) = 10.04
Earth’s radii.

Then B,,,, = 0 at the two points whose co-ordi-
nates are

13.70, 65° < 0 < 66°

and

10.04, 137° <8 < 138°

it
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The plot of fig. 1 was obtained, as indicated above, by an iterative utilization of the following

formulas:
rof
—rdf) _ af' — Bw: ro_
(1." aF Bml |f}
e (1.15)
2 3f'dsil\{x) 3d’ sin[ux]sin(ﬂ—x] Srdcns((?—}!)sil\[ﬁ)—lj
—2cosf  cos(f—y) 3rcos(6- ) 3 2 7 )
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This last result can be reached either starting
from

7,
Fel CO?B+ COS, ;
r o

Jconst =0 (L.16)
or starting from

B

= tot

= (A{)(c?,?.cos(f+ d,sinf)+
P

(1.17)

+ (A{}(dﬂ?_cosﬁi +d,, sind, ).
I

If the two dipole’s arrows taken into considera-
tion were diverging rather then converging, the
sign in front of ¥ should be + instead of —,

2. Interplay of geomagnetism, solar wind
and galactic cosmic rays

Following the development of the preceding
section, we may formulate a more specific ques-

3rdcos(f - X)Cos[f) /} 31‘2dsi1\[ 4 }cos(()— I]
2 " 2) \ 2

]

N
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tion: can the magnetic field, outwardly distorted
by the solar wind, as shown in fig. 1, be respon-
sible for the existence of the winter anomalies?
In the deformed dipole field of fig. 1 we distin-
guish three portions: a compressed portion near
the equator and two depressed portions, not at
the poles as in the case of an undisturbed dipole,
but at about 75° of latitude north and south. The
compressed portion will determine the small
winter anomaly and this problem will be stud-
ied in Subsection 2.1. The depressed portion
located in the winter hemisphere will determine
the classic winter anomaly and this problem
will be discussed and analyzed in Subsection
2.2. In the Appendix attached to the end of the
paper the determination of T, the coeflicient of
collisional detachment of the electrons from the
ions O,, will be outlined, being a direct conse-
quence of the data discussed in this Section 2
and yielding some information utilized in this
Section 2.

The experimental support to our deductions
was taken from the papers published in the issue
of the Jowrnal of Atmospheric and Terrestrial
Physics, vol. 41, number 10/11 of October/No-
vember 1979, since they present the still more
panoramic and rich collection of data on our
specific subject. Such data are those obtained
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during the Western European D-region Winter
Anomaly Campaign 1975/1976 and can be com-
pared with the simultaneous data relative to the
solar wind, reported in the publication Solar-
Geophysical Data published by the Center A for
Solar-Terrestrial Physics in Boulder, Colorado.

2.1. 60-40 km heights

We will study the formation of the lower part
of the D-region even in presence of the winter
anomaly. It is well known that the bottom of
the D-region of the ionosphere is generated by
the galactic cosmic rays which ionize the low
atmosphere under the control of the geomagn-
etic field. Velinov (1968) carried out a detailed
analysis of such a process. Starting from the
Bethe-Block formula of the ionization by
charged particles and utilizing the results of
Stérmer’s theory on the propagation of energet-
ic ions into the geomagnetic field (1953, Part II,
Ch. I), he arrived at the following expression
based on the isotropic distribution of galactic
cosmic rays

g(hy = 1.8-10°p(n (> R)(1aR + 4.15) (2.1)

where: ¢ = rate of ionization; i = altitude; p =
atmospheric density, n,(> R) = integral spec-
trum of protons with a rigidity larger than £ . In
turn, R is the critical rigidity of protons given
by Stormer as R_= 14.9 cos’l, BeV, where 4, is
the geomagnetic latitude.

Expression (2.1) was derived for the case of
an undisturbed geomagnetic field, represented
as a dipole field. In our case we are dealing with
the ensemble of two dipole fields: the undis-
turbed geomagnetic field and its mirror image
that together bring about the field of fig.1.

The reconstruction of Stormer’s theory on
the basis of two dipoles rather than a single one
would lead to very cumbersome equations. We
suggest a simplified approach. In place of the
application of Stérmer’s theory to the two di-
poles operating simultaneously, we suggest the
application of Stormer’s theory to two dipoles
that operate in succession, one after the other.
We plan to examine situations at the solstice
times. The operational scheme is that illustrated
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Fig. 3. Operational scheme with two dipoles. Dipole
at B operates first; dipole at O operates afterwards.

in fig. 3. The geomagnetic dipole is located at
O, near the center of the Earth; an associated
imaginary dipole is located at B, it has a strength
four times that of the geomagnetic dipole, it is at
2.7 Earth’s radii from O along the straight line
which makes, at the solstice time, an angle of
113.5° with the axis of geomagnetic dipole, in
the antisolar direction, and is oriented normally
to such a straight line OB. [n moving along the
direction SO (Sun-Earth), an energetic particle
encounters at the point marked 9.17 (distance
from O in terms of Earth’s radii) a field due only
to the dipole located at B, which is equal to the
field produced by the geomagnetic dipole and
by its image distant 2 x 9.17 Earth’s radii. Pro-
ceeding from that point marked 9.17 to the point
marked 4.5 (Earth’s radii), the particle finds
only the field of the dipole located at B, which
is almost the same as the transversal component
of the field due to the geomagnetic dipole at its
image. From the point marked 4.5 (Earth’s ra-
dii) to 1 (Earth’s radius) the particle experiences
only the field of the geomagnetic dipole, the
contribution of the image dipole, at a first ap-
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proximation, being negligible. Then — with re-
spect to the galactic cosmic rays arriving along
the direction (§-9.17-4.5-1) — we propose ap-
plying Stérmer’s formulas made valid for the
dipole located at B, over the stretch (9.17-4.5)
and the same St6rmer’s formulas made valid for
the geomagnetic dipole located at O over the
stretch (4.5-1) Earth’s radii. Clearly, it is a crude
approach, but it can yield some information on
the influence of the field compression shown in
fig. 1 over the trajectories of the incoming cos-
mic rays.

The plotin fig. 1 was obtained by putting the
current sheet that bounds the magnetosphere at
a distance of 9.17 Earth’s radii from the Earth’s
center, where

— i, M, ;
Bl = %(@_20051 13.5°+4,sin1135°) =

Ty

_ —47-107 -806-10%
47(917-6371)° -10"

(—G, 0.797 +d,0917).

Hence, B |,,, = —7.413-107" 4, At the magne-

topause, where the current sheet is located,

2

5
amy- = L

(2.2
2py )
(Ratcliffe, 1972, p. 66) which says that the ki-
netic pressure of the solar wind (with mass of
the particles i, velocity v and concentration »)
is equal to the magnetic pressure. It emerges
that, in our case, nmv’ = 2.186 - 107°, corre-
sponds to an energy density of 1.093 - 107" J/m’.
The energy density of solar wind is not a con-
stant quantity, but changes significantly, espe-
cially at times of winter anomaly, as indicated
by its measurements obtained by the spacecraft
IMP 7 and IMP 8 and published monthly in the
publication Solar-Geophysical Data of NOAA,
being occasionally smaller and occasionally larg-
er than 1.093 - 10 J/m’. Figure 4 supplies in-
formation on the characteristics of solar wind
for January 1976. When the energy density is
much smaller than 1.093 - 107" I/m’ the bound-
ary between the domain of the dipole at B and
the domain of the dipole at O in fig. 3 will have
to be shifted to larger values than 4.5 Earth’s

481

radii. Vice versa, when the energy density is
much larger than 1.093 - 10" J/m’ the boundary
between the domain of the dipole at B and the
domain of the dipole at O in fig. 3 will have to
be shifted to smaller values than 4.5 Earth’s
radii.

In the present attempt to gain some under-
standing of the impact of the galactic cosmic
rays on the lower atmosphere, the proposed
duplexed use of Stérmer’s formulas will be ex-
tended to all directions included in a cone with
a vertex in O, an axis making an angle of 113.5°
(at solstice) with the axis of the geomagnetic
dipole, and a cross section at about 9.17 Earth’s
radii from O which will cover the flattened por-
tion of the magnetic field seen in fig. 1.

Equation (2.1) was based on the isotropic
distribution of the galactic cosmic rays entering
a dipole field. We will show evidence that —
under specific conditions — the galactic cosmic
rays that traverse the field of the dipole at B and
are delivered to the field of the dipole at O, in
fig. 3, are and remain concentrated in the sum-
mer hemisphere of the Earth. The starting point
will be the following equation from Strmer
(1955, p. 229)

sin(ﬂ:(z—eri)
R i

I

(2.3)

where: 8 = angle between the direction of mo-
tion of an energetic ionized particle and the
meridian plane; y = integration constant, which
can assume the values from — o to + oo, but is
limited to the range — 1 < y < ( for particles
which can move up to the position of geomag-
netic dipole from infinity; R = cylindrical co-
ordinate of pesition of the incoming particle in
a system R, p, z; where z is in the direction of
the dipole located at the origin of the system
with the South Pole pointing in the + z direc-
tion; r=(R" + )" Ineq. (2.3) R and z are given
in terms of the following unit of length:

172
uyeM,
dmy

C_ = the Stérmer’s constant = {

where: u, = permittivity of the free space
=4 - 1077 henry per meter; ¢ = particle’s charge
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IMP 7 AND 8 SOLAR WIND PLASMA
JANUARY 1976
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Fig. 4. Solar wind plasma recorded by TMP 7 and IMP 8 in January 1976. After Solar-Geophysical Data, 383
part 11, July 1976, U.S. Department of Commerce (Boulder, Colorado, U.S.A, 80302),

482



On the relation between ionospheric winter anomalies and solar wind

in coulomb; M, = Earth’s dipole moment =
= 8.06-10" Am’; m = particle’s mass in kg;
v = particle’s speed in m/s, and the SI system of
units is used. C, is seen to be a function of the
rigidity of a particle, which is given as mvc
when expressed in eV,

The meaning of the constant v can be de-

I b : dp
duced if sind is written as (Rd—} where ds =

Y

= vdlt, i.e. a quantity proportional to the differen-
¥

i J
can
it

tial time, since v is a constant. Then {R et
ds
be interpreted as the component of the velocity
along the tangent to the circle drawn round the
z-axis through the instantaneous position of the
particle.
It follows that

R’ E=2y+R—_.

ds I (=4

At a great distance with respect to C,, the ratio
(R*/r') is negligible and (2y) can be interpreted
as the moment of the momentum of the particle
in the direction of the dipole axis, since (2.4)
becomes

R’ i
ds

Equation (2.3) takes a more useful form when
the geomagnetic latitude, 4, is evidenced, ie.

=2y. (2.3)

2y

reosd,

cosd,,

=

sinf = (2.6)

Of course, 4, assumes its true meaning when
r equals the radius of the Earth. The relation
R = 14.9cos’A BeV given by Stirmer is ob-
tained from eq. (2.6) when r is expressed as the
ratio (radial distance from the Earth’s center/
C ), the radial distance from the Earth’s center
is 6371 km, sinf = (), and y = — 1. In a more
general case, it follows from eq. (2.6) that R =
= (14.9/y")cos's, BeV, valid when the radial
distance from the Earth’s center is 6371 km,
sinf = 0 and y #— 1. At a first approximation,
we take 6371 km as the distance of the lower
D-region from the center of the Earth. It is clear
that the particles of a given rigidity, being
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-1 <y £ 0 as reported above, will reach the
lowest possible value of 4 when y =~ 1. To fix
the ideas we will look for particles reaching
A, =42°, the geomagnetic latitude of some win-
ter anomaly observations. In order to pick up a
value of mvc, necessary to utilize the eq. (2.6)
and to study the motion of the energetic ions,
we should ask ourselves a preliminary question:
can we expect to have particles of y = — 1 reach-
ing the bottom of the D-region? In the case of a
simple dipole the answer is «yes». But in the
case of the two dipoles of fig. 3 operating in
succession the answer is not always positive.
One can be convinced of that by making a se-
quential utilization of eq. (2.6) as done in the
following. Then, if |y| < 1 at the bottom of the
D-region one should chose a value of the rigid-
ity larger than 14.9 cos’ (42°) BeV if the geo-
magnetic latitude of 42° is to be reached by the
ionized particles. How much larger? The diffi-
culty arises from the fact that the choice of the
value of the rigidity of the particles, which is
necessary at the beginning in order to start the
computations, can be checked only at the end of
the computations themselves. Only a cut and try
approach leads to a satisfactory solution of the
problem. This way was followed to study the
motion of energetic protons that could reach a
geomagnetic latitude of 42° at the bottom of the
D-region when the scheme of fig. 3 is operative.
Then R = 5.3 BeV.

Being R = 5.3 BeV. with the help of eq. (2.6)
we can analyze the motion of energetic ionized
particles in the scheme of fig. 3. We will have to
deal not only with the quantities 8,4 _, v,y and C,
pertinent to the dipole located at O, but alse with
the corresponding quantities pertinent to the
dipole located at B, A subscript ¢ will be used for
these latter. We shall deal with8,4 . r,y,and C .
The procedure to be adopted will be as follows:
a point will be picked up arbitrarily, on account
of the spatial isotropy of the galactic cosmic
rays, at the boundary that separates the spacc
where the dipole at B is considered to be opera-
tive from the space where the dipole at O is
considered to be operant, i.e. the circumference
with center at O and radius of 4.5 Earth’s radii,
which henceforth will be called «the boundary».
First, eq. (2.6) will be utilized to compute 6,
as a function of the arbitrary value of 4 and of
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y,=— l:r is determined once A, on the boundary
is chosen. Secondly, eq. (2.6) will be utilized to
derive the value of y, after having equated ¢ with
#; the radial distance r and the latitude 4, are
co-ordinates of the same point on the boundary,
but now seen from the dipole at O rather than the
dipole at B. Note, a discontinuity marks the
transition from r, to r and from A, to A . This
unrealistic discontinuity is the toll that must be
paid for the simplification introduced with the
scheme of fig. 3. Ultimately, the 4_ cutoff in the
lower D-region can be obtained by a third utili-
zation of eq. (2.6), where r is the radial distance
of the lower D-region from the Earth’s center,
y assumes the value determined with the second
utilization of eq. (2.6) and 6 = 0.

The outlined procedure has been followed
for the protons of X = 5.3 BeV. It led to the
conclusion that at winter solstice the ionization
at the bottom of the D-region, in the neighbor-

hood of 4, = 42°, is significantly less than that
predicted by eq. (2.1), when the energy density
in the solar wind is almost equal to 1.093 - 10’
J/m". This conclusion was reached on the basis
of the following considerations. It was stated
above that the procedure for the analysis of the
ionization of galactic cosmic rays had to start by
picking up an arbitrary point on the boundary
between the space dominated by the dipole at B
and the space dominated by the dipole at O. But
ity =— 1, r = | on that boundary (please keep
in mind that the value of r depends on the
rigidity of the particles) and eq. (2.6) is used, it
will emerge that the arbitrary choice is reduced
to pick up a point of 4, = (0°. Any other choice
of A, (being ¥, = -1, r = 1) will yield values
of 6 that are imaginary, according to eq. (2.6).
What does this mean? Points fory = -1, r = 1
and A, significantly different from 0° are in the
so called forbidden region envisaged by Storm-

2 y=-0.999
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o e
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Fig. 5. Boundary between the allowed region and the forbidden region for the trajectories of ionized energetic
particles moving in a dipole field when y = — 0.999. After Stérmer (1935): The Polar Aurora (Clarendon Press),

part II, p. 237.
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Fig. 6. Bundle of orbits through the origin in the Rz-plane. After Stérmer (1955): The Polar Aurora (Clarendon

Press), part II, p. 270.

er (1955, p. 231). He has shown that the ensem-
ble of the trajectories of the incoming particles
undergoes a kind of strangulation as they ap-
proach a point of r = 1, and that this strangling
is more severe the closer v, is to its value — 1. As
a matter of fact, at y, = — 1 the width of the
throttle is infinitesimal. Above and below r = |
the ensemble of the trajectories is limited in a
space which has the shape shown in fig. 5.
Outside of this profile the trajectories cannot be
found: it is the forbidden region.

Specifically, our computations carried out
according to the procedure outlined above
and based on the scheme of fig. 3 before the
reduction imposed by the publication process,
have yielded the fellowing values: C,=2-C_ =
=427 10V m; r, = 0.149; r on the boundary
equals 7.2-0.149 = 1.07; sinf, = -1 (for
yv,=—-1r =1 and A = 0% y = —0.928
(for sin@® = —1, r = 1.341, and 4 = 23.5°);
A, =42° at the bottom of the D-region.
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These figures tell us that the field of the
dipole located at B delivers to the field of the
dipole located at O a flux of cosmic rays which
is concentrated in the summer hemisphere of
this last dipole. A question is in order. Will these
cosmic rays be confined in the same summer
hemisphere as they reach down the bottom of
the D-region or will they spread over the two
hemispheres? The answer can be deduced by
looking at the fig. 6. Figure 6 plots the trajecto-
ries computed by numerical integrations of en-
ergetic particles having different 3’s, which come
from an infinite distance and reach the geomag-
netic dipole located at the origin of the co-
ordinates. Figure 6 shows that particles having
values of y between — 0.920 and — 0.9285 are to
be found in the same hemisphere at R between
1.4 and 1, and at R between 0.5 and 0.2. Stérmer
(1955, p. 269) supports this result with a me-
chanical analogy and evidences that particles of
y between — 0.92 and — 0.93 have a similar be-
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havior. In other words, our cosmic rays that
were seen to arrive in the summer hemisphere
at r = 1.341 will show up at the bottom of the
D-region in the same summer hemisphere, hence
producing a deficiency of ionization in the win-
ter hemisphere, as pointed out above. This re-
sult is pertinent to a situation that can be sche-
matized as in fig. 3, hence valid when the solar
wind has an energy density almost equal to
1.093 - 10 I/m'.

The theoretical findings just illustrated re-
ceive experimental support from the data plotted
in fig. 7. They were obtained during the Western
Europe Winter Anomaly Campaign 1975/1976
by Widdel et al. (1979) and give the ambient ion
density versus height in the range 60-40 km. The
ion densities of January 4 and 6, 1976 are almost
one order of magnitude less than the 1on densi-
ties of January 21 and February 5, 1976. Such a
difference cannot be explained as a consequence
of a change in the influx of the galactic cosmic
rays, which is known to be almost constant and
subject only to a minor decrease in going from a
minimum to a maximum of solar activity. Fur-
thermore — very important — as shown in the
Appendix the data of fig. 7 pertain to steady state
conditions. The data of fig. 7 were not obtained

at solstice time, but at dates a few weeks later,
We think that a comparison between the findings
of our theoretical analysis and these experimen-
tal results is still possible.

The data were obtained at a geomagnetic
latitude quite close to 42°.

The information on the solar wind plasma of
January 1976 reported in fig. 4 and the consecu-
tive information for February 1976 (Solar-Geo-
physical Dara, August 1976) indicate that the
energy density was different from the value hy-
pothesized in our theoretical analysis, namely
1.093 - 107" J/m’. Then the current sheet pro-
duced by the impact of the solar wind with the
geomagnetic field has to be visualized at a dis-
tance from the Earth’s center different from 9.17
Earth’s radii. Let 8 be such a distance of the
current sheet. Straightforward computations,
carried out with the procedure followed above,
lead to the following values: & = 8.699 on Janu-
ary 4, 1976; ¢ = 8.842 on January 6;0 =7.87 on
January 21; and 0 = 9.925 on February 5. These
values must be compared with the value of 6
used for the construction of fig. |, namely 9.17.
Hence, the differences in percentages are: — 5%
for January 4; — 3% for January 6; — 14% for
JTanuary 21; and + 8% for February 5. The rela-
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Fig. 7. lon density versus height for January and February 1976. After Widdel et al. (1979): J. Atmos. Terr

Phys., 41, 1117.
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tively small negative differences obtained for
January 4 and 6 suggest that we can apply to the
recordings on those dates the conclusion reached
at the end of our theoretical analysis that was
based on the situation depicted in fig. [, precisely
that the flux of galactic cosmic rays was prefer-
entially shifted to the summer hemisphere, then
producing a deficiency in the winter hemisphere.
On the other hand. a different conclusion ap-
plies for the data of January 21 and February 5.
Then the ionization almost predicted by eq. (2.1)
was produced by the flux of the galactic cosmic
rays, the conditions destructive of their original
isotropic distribution being not verified.

This is what we see in fig. 7. Specifically, the
rate of ionization at 60 km height, 4 = 42°,
according to eq. (2.1), with n(42) = 7.8 - 10°°
protons.f'cm2 s ster (Velinov, 1968) and p =
=2.57 - 107" g/em’ (from Houghton, 1979, p. 175),
is 2.09 - 10° electrons/m’ s. The Appendix re-
ports that, at 60 km height, the negative-ion-to-
electron ratio is found to be A = 5.63 and the
effective recombination coefficient is found to
be, =8 - 107" m's. Then, over there N + N’
=6.25 - 10" ions/m’. Similarly, at 40 km height,
A, = 42°, according to eq. (2.1), with n(42)
as above and p = 3.56 - 10" g/cm’ (from Hough-
ton, 1979, p. 175), ¢ = 2.9 - 10° electrons/m’ s.
Being — see the Appendix — 4 = 230 and
«, = 9.6- 10" mYs, then over there N + N' =
=253 10" ions/m’. In fig. 7 N + N =4- 10’
ions/m’ at 60 km height and N + N' = 2.5 - 10’
ions/m” at 20 km height.

The limited, but definite discrepancy between
the computed and the experimentally observed
ion densities near 60 km height may be due to
the fact that the steady state conditions valid for
most of the interval 60-40 km heights, as indi-
cated in the Appendix, were not verified near
60 km height. In any case, it seems that the
experimental results give a solid support to our
theoretical findings.

A brief comment is needed to explain how a
difference in the §’s of only + 8% for the case of
February 3 can be sufficient to bring the ioniza-
tion process in line with eq. (2.1). For that date
we should construct a scheme analogous to that
of fig. 3 in order to carry out an examination
similar to that carried out above. In such a case
we must separate the domain of dipole at B
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from the domain of the dipole at O with the
same criteria of approximation used to establish
the scheme of fig. 3. Then, the boundary will
not come out at a distance from O of 4.5 Earth’s
radiiz it will be at a larger distance. The throttle
that affects the propagation of cosmic rays in
the domain of dipole at B will still be located at
r. = 1, again almost on the circumference of
radius 4.5 Earth’s radii. On the new boundary, 7,
will be larger than 1. A glance at fig. 5 will tell
us that then the cosmic rays will be delivered to
the domain of the dipole at O being spread over
a large stretch of latitudes. Furthermore, the new
1’s will be outside the privileged range — 0.920
to —0.930 stated above. Hence hemispheric
anisotropy will not be present. A similar conclu-
sion can be reached for the case of January 21.
Then the boundary between the domain of the
dipole at B and the domain of the dipole at O
will be nearer to the Earth’s center than in fig. 3.
Again the hemisphere anisotropy will be absent.

[t remains to be said that Widdel et al. (1979)
stated that no change in the intensity of cosmic
ray radiation was measured at the ground during
the Winter Anomaly Campaign. In our theoret-
ical analysis, it was shown that the hemispheric
anisotropy in the ionization of the lower D-
region was related to the condition of having
r.= | on the boundary at 4.5 Earth’s radii from
the Earth’s center. Particles that reach the ground
level at A, # 42° would have to be either more or
less energetic that those of R =5.3 BeV. Thenr,
will be different from 0.14% and hence r, differ-
ent from | at 4.5 radii from Earth’s center. Hence,
no anisotropy should be expected and no chang-
es in the intensity of the cosmic radiation should
be detected.

2.2, 90-70 km heights

We will try to show how the distorted geo-
magnetic field, as sketched in fig. 1, gives way
to a series of events that lead to an enhancement
of the electron density in the upper D-region of
the ionosphere at low latitudes, hence to an
enhancement of the absorption of the radio waves
which primarily goes under the name of winter
anomaly. Our attention will be focussed not on
the flat, compressed portion of the distorted
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Fig. 8. Flux of low energy protons, between 0.16 and 0.22 MeV observed by IMP 7 and IMP § in January 1976,
After Solar-Geophysical Data, 383 part 11, July 1976, U.S. Department of Commerce (Boulder, Colorado,
U.S.A. 80302).

10" ¢
‘: LU T
e i 4 A 0-12.
IMP 7 AND 8§ INTERMEDIATE ENERGY PROTONS « SPACECRAFT NONINTERPLANETARY
i JANUARY 1976 :

107"

Y Nhgedp
| oy 4
e

SEC MEVY"

e : "‘l_rﬂjld-\..ri 5
3 L
s} E
- w e
. = !
e
10" x E
=
F 3
[ b beeetrem s
10’5 1 I ! 1L 1 ] 1 1 L L L 1 1 ! 1 1 L { ] 1 1 1 1 ] ] i} 1 (]
1 4 7 10 13 16 19 22 25 28 31
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geomagnetic field, as in Section 2.1, but rather
on the high latitude portion of that field, in
proximity of the singular points where B, = 0.
There we envisage the formation of what we
may call magnetic funnels, through which par-
ticle fluxes of solar origin can go through and
can be conveyed. Indeed, near the points where
B, = 0O the lines of the distorted geomagnetic
flux are almost parallel to the direction of arriv-
al of particles from the sun.

The series of events that will be studied is:
1) influx of «super» solar wind; 2) transit of this
«super» solar wind though the quoted geomag-
netic funnels and its intensification; 3) perturba-
tion produced by this «super» solar wind on
the circulation of the atmospheric polar vortex at
= 100 km height; 4) consequent equatorward
outflow of arctic (alternatively antarctic) air with
its content of auroral NO; 5) enhancement of
electron density in the low latitude of the upper
D-region due to the low ionization potential of NO.

2.2.1. Figures § and 9 present sets of data
that are simultaneous with a winter anomaly
event listed in table I. Figures § and 9, taken
from the publication Solar-Geophysical Data,
display recordings of energetic particle flux for
the month of January [976, obtained by the
NASA spacecrafts IMP 7 and IMP 8. This flux
is a kind of a «super» solar wind superimposed
on the bulk of a basic solar wind, primarily
constituted by protons of average energy of
5300 eV (fig. 4). Unfortunately, only two stretches
of the data collected during that month can be
used for our analysis since the satellites were
operating outside the magnetotail of the Earth’s
magnetosphere, hence in the interplanetary
space, only for a limited number of days. Fortu-
nately, usable records for the days from January
17 to January 24 are available. From table I we
can gather that on those days a strong enhance-
ment of radio waves absorption was detected,
denouncing the presence of a winter anomaly
event. It seems rather significant that, in coinci-
dence with the inception of a strong winter anom-
aly event on January 21, the records show a
definite upsurge of energetic particle flux on the
same date. For an understanding of the data of
figs. 8 and 9 the following explanatory note is
reported (Solar-Geophysical Data, February
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Table I. Winter anomaly absorption. After Widdel
et al. (1979). Electron densities during winter
anomalous absorption of different intensity observed
at 37.1°N, 6.73°W, during winter 1975/1976 - L. J.
Atmos. Terr. Phys., 41, p. 1111,

Date Zenith angle Absorption
(degrees) during launch (dB)
17.12.75 64.2 18.6
21.01.76 64.4 54.5
04.01.76 67.7 48.5
08.02.76 65.1 28.3
05.02.76 71.3 17.9
02.01.76 71.4 395
21.01.76 733 344
04.01.76 75.0 37.7
28.01.76 76.1 33.8
06.01.76 76.9 52.7
23.01.76 713 319
04.01.76 77.4 37.0
20.01.76 77.9 26.9
26.01.76 78.0 24.0
14.01.76 78.3 35.9
22.01.76 78.4 52.1
09.01.76 80.1 19.3
12.01.76 81.0 10.3

The geographic latitude of El Arenosillo (37.1°N) cor-
responds to the geomagnetic latitude, 4, of about 42°N.

1976): «Fluxes in units of (cm’ ster 8)' have
been obtained by folding together count rates,
geometric factors, and, when appropriate, pulse
height analysis data. These fluxes arve then di-
vided by the width of the energy window to
yield the differential fluxes plotted».

It is important to notice that the fluxes of
figs. 8 and 9, as they begin to show up, present
a very chopped trend, which proves that they are
highly anisotropic. The loss and recovery of the
collimation by the recording instruments aboard
the satellites are responsible for this effect.

2.2.2. The flux of the particles reported in
figs. 8 and 9 can penetrate into the Earth’s mag-
netosphere and ionosphere because it is almaost
parallel to the lines of flux of the distorted geo-






