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Abstract. Data from a number of nose whistlers indicate that the electron density in the
outer ionosphere is directly proportional to magnetic field strength. The density has an annual
variation of 2:1 with a maximum near December. The average electron density is given
approximately by N = 12,000 fz, where N is the electron density per cubic meter and fz is
the gyrofrequency in cycles per second. Local variations as large as 40 per cent are shown to

exist on occasion.

Introduction. Electromagnetic energy at very
low frequencies can be propagated from one
hemisphere to the other along the earth’s mag-
netic field lines in the outer ionosphere. The
action of free electrons disperses the impulselike
energy from a lightning discharge to form
descending gliding tones called whistlers. If the
highest frequency of a whistler is comparable
with the minimum electron gyrofrequency along
the propagation path, the dispersion at the
higher frequencies may cause rising tones which
are contiguous with the descending tones at
lower frequencies. The whistler is then called a
‘nose’ whistler.

The advantages of whistlers in the determina-
tion of the ionization at great heights have been
discussed by Storey [1958]. The time delay of a
whistler from the originating discharge is pro-
portional to the square root of ionization den-
sity, whereas other methods of determining the
ionization density give quantities that aré usu-
ally directly proportional to density. The con-
tributions from regions of low ionization relative
to regions of greater ionization are therefore
greater in the whistler measurement. At low
frequencies the weighting factor for the time
delay of the whistler is inversely proportional to
the square root of magnetic field strength. This
factor increases the incremental time delay due

1 The major results of this paper were presented
in Commission IIT (The Exosphere and Upper
F Region Symposium) and Commission IV of the
United States National Committee of the Interna-
tional Scientific and Radio Union (URSI), May
2-5, 1960. An abstract appears in the URSI pro-
gram and in Smith and Helliwell [1960].

to ionization at 5 earth radii by a factor of
roughly 11 over the time delay from an equal
amount of ionization in the lower ionospheric
layers. The curved shape of the ray path gives
a high value of path-length per unit height near
the summit of the path relative to the lower
part of the path. The result of all these factors
is that the electrons at the farthest distance
from the earth have the greatest effect on the
dispersion characteristics of whistlers.

Nose whistlers offer the additional advantage
of defining the height of maximum excursion of
the ray path. The frequency of minimum time
delay, called the ‘nose’ frequency, depends pri-
marily on the minimum gyrofrequency along
the path. The nose frequency depends only to a
small extent on the ionization distribution. For
example, if the ionization density in the outer
ionosphere did not vary with height, the nose
frequency would be about 0.35 times the mini-
mum gyrofrequency.

The nose whistler integral. Spectrographic
analysis of whistlers and nose whistlers often
reveals a number of pure isolated components
that have a common source. Examination of
whistler data and a new theory of the propaga-
tion path have led to the hypothesis that each
component represents energy from the lightning
source that has been trapped in a field-aligned
duct of enhanced ionization in the outer iono-
sphere [Smith, 1961]. The data indicate that
the lifetime of these ducts is a few hours. The
theory suggests that enhancements of 5 per cent
or greater are sufficient to explain the observed
whistlers [Smith, Helliwell, and Yabroff, 1960].
The theory further indicates that the average
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group velocity of energy trapped in a duct can
be closely approximated by assuming that the
energy travels along the maximum of ionization
in the duet with wave normals aligned with the
magnetic field [Smith, 1961]. -

The theory of whistler propagation in ducts
ag outlined above simplifies nose whistler analy-
sis in two ways: (1) the propagation path for a
given whistler component is independent of
frequency and is known to be along a field line;
(2) the effective group velocity is almost en-
tirely independent of wave normal angle so that
the simplified form of group velocity for purely
longitudinal waves can be used. These simplifi-
cations would not result if the outer ionosphere
did not contain field-aligned irregularities [Ya-
broff, 1959; R. L. Smith, 1960b; Garriott, 1958].

In expressing the path of propagation of
whistlers we will use the dipole approximation
to the earth’s magnetic field. Recent satellite
results indicate that the magnetic field is very
close to the predicted field out to at least 5
earth radii from the earth’s center [E. J. Smith,
1960]. Nearly all whistler paths fall within this
distance. The higher order terms of the mag-
netic field are always smaller than the dipole
term and decrease more rapidly with height.
The frequency-time characteristics of mnose
whistlers are determined principally in the re-
gion of the minimum magnetic field strength.
The nose whistler can be described in terms of
an effective dipole field determined from the
minimum field strength at the top of the field
line. This effective dipole will have an effective
latitude of termination at the earth’s surface.
The main effect of the higher order terms is to
change the termination point of the effective
latitude.

The nose whistler equation can be simplified
by assuming that the square of the refractive
index is much larger than unity. This assump-
tion is justified by the results. The time delay
is then given by

1 fofa
T =— iE - paE ds 1
2¢ Jpatn fuz(fﬂ - f)s/z &
where
fo = plasma frequency.
fz = gyrofrequency.
f = wave frequency.
¢ = velocity of light.
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The ‘dispersion’ of a nose whistler is obtained
by multiplying both sides of equation 1 by f/*,
and is given by

— 1/2 __ l fO:fH _

D=1 2¢ Joawn (fr — f)m @
When f tends toward zero the dispersion tends
toward a constant previously defined by Storey
[1953] for low frequency whistlers.

The dispersion of a nose whistler can be
determined experimentally as a function of fre-
quency. Then equation 2 can be viewed as an
integral equation with the plasma frequency
and the gyrofrequency (or path) as unknowns.
Various theoretical methods of inverting this
integral have been investigated [Storey, 1958;
R. L. Smith, 1960a], but these methods have all
failed when applied to experimental data. The
reason is simply that for the observed fre-
quency range of whistlers the accuracy required
for the simultaneous solution of the plasma
frequency and the path is greater than the ex-
perimental errors.

Figure 1 shows the dispersion as a function of
frequency for a well-defined nose whistler. Two
theoretical dispersion curves are also shown for
comparison. One model in which the ionization
varies as exp (2.5/R) is taken from Dungey
[1954]. For the other model the ionization is
directly proportional to the local gyrofrequency
or magnetic field strength. The field line paths
for the two models are chosen so that the result-
ing nose frequency is the same as that observed
(14.75 ke). The paths are slightly different for
the two models. The scale factors of the ioniza-
tion distributions are chosen so that the disper-
sion at the nose frequency is the same as that
observed. The experimental and theoretical dis-
persion curves are, within experimental error,
coincident. It appears then that only two sig-
nificant parameters of the dispersion can be
determined from a single nose whistler trace.
The two parameters which will be used here are
the nose frequency and the time delay from the
originating discharge to the nose.

Additional information on the ionization dis-
tribution can be determined from a study of
nose whistler groups. A nose whistler group is a
set of isolated nose whistler components excited
by the same lightning flash. As discussed previ-
ously, each component presumably represents
energy that has been trapped in a field-aligned
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Fig. 1. Theoretical dispersion curves fitted to a nose whistler.

column of enhanced ionization. Spectrographie
analysis of nose whistler groups shows that com-
ponents with lower nose frequencies usually
arrive later than components with higher nose
frequencies. The nose frequency is approxi-
mately a constant fraction of the minimum
gyrofrequency along the path. Whistlers travel-
ing to regions of lower minimum gyrofrequency
must travel over longer paths, and hence tend
to suffer greater delays.

Nose whistler date. A number of nose
whistlers covering the years 1955 to 1959 have
been spectrographically analyzed. The data
were obtained at stations in the northern and
southern hemispheres and include a number of
nose whistler groups.

The most difficult part of the scaling proce-
dure is the determination of the time of occur-
rence of the whistler-causing atmospheric. The
task is somewhat simplified when records are
available from magnetically conjugate stations.
Carpenter [1960] gives several methods of
identifying the sources of whistlers. After the
source has been identified, the measurement of
the nose frequency and time delay to the nose
are routine.

It is important to know whether a given
whistler is short (one hop) or long (two hop).
The classification can be determined readily by
comparison of the time delays from the source
to the whistler and its echoes, when well-defined

echoes are present. In the absence of echoes for
a given whistler, one can often find similar
whistlers and associated echoes received within
a few hours of the desired whistler, and thus
can deduce the classification. Simultaneous rec-
ords from magnetically conjugate stations can
also be used. The strength or type of causative
atmospherics has been found to be unreliable
as an indicator of short or long whistlers. Thus
many short whistlers have been found with
strong preceding atmospherics. The causative
atmospheric may or may not show a character-
istic ‘tweek’ waveform, depending on the dis-
tance and the earth-ionosphere wave-guide con-
ditions.

Almost all whistlers that show noses have
been found to be short. The only long nose
whistler found in the present study was obtained
on May 20, 1955, at Washington, D. C. (The
measured time delay was therefore divided in
half for comparison with the rest of the data.)

The data are shown in Figure 2 on a log-log
plot. The abbreviations on the figure indicate
the station where the whistlers were received:
BO, Boulder, Colorado; BY, Byrd Station, Ant-
arctica; CO, College, Alaska; DU, Dunedin,
New Zealand; SE, Seattle, Washington; ST,
Stanford, California, UN, Unalaska, Alaska;
WA, Washington, D. C.; WE, Wellington, New
Zealand. It can be deduced from the data that
the location of the receiving station bears no
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Fig. 2. Data showing the time delay and nose frequency of nose whistlers. BO, Boulder,
Colorado; BY, Byrd Station, Antarctica; CO, College, Alaska; DU, Dunedin, New Zealand;
SE, Seattle, Washington; 8T, Stanford, California; UN, Unalaska, Alaska; WA, Washington,

D. C.; WE, Wellington, New Zealand.

simple relation to the effective latitude of a re-
ceived nose whistler component. One possible
explanation is that whistler energy may, on oc-
casion, travel for a considerable distance under
the ionosphere. Another possibility is that the
effective duct may terminate well above the
lower ionosphere, thus allowing a small part of
the total ray path to depart from a field line
path. The lines that join some of the points
usually indicate nose whistler groups, although
they sometimes indicate a collection of different
nose frequency-time delay points taken from
whistlers occurring in the same day at the same
station. One noticeable feature of the nose
whistler groups is that the slopes of the lines are
quite similar, even though the data were taken

at different times at different stations. The nose
whistler group data thus indicate that the back-
ground ionization in the outer ionosphere usually
has a reasonably smooth distribution with only
small enhancements of ionization to account for
the discrete whistler components. Furthermore,
the shape of the ionization distribution is less
variable than the scale factor of the distribu-
tion.

The nose whistler data also strongly suggest
a seasonal variation of time delay and hence
ionization density. The data for the months of
May through August have consistently less de-
lay than the data for November through March.
The time delay for the mid-year months is ap-
proximately the same during both sunspot min-



PROPERTIES OF THE OUTER IONOSPHERE

imum and maximum. The seasonal variation can
be described in more detail after the model of
ionization density is obtained.

Comparison of outer ionosphere models with
the data. The ionization distribution cannot be
obtained directly from a single nose whistler
trace. However, the nose whistler data can be
compared with that predicted from various
theoretical models.

Dungey [1954] proposes from thermodynami-
cal arguments that collisions cause the density
of particles in the outer ionosphere to be dis-
tributed in thermal equilibrium whether or not
the magnetic field is present and even though
collisions are very infrequent. Dungey’s model,
assuming only protons and electrons at a tem-
perature of 1500°K are present, is

N = N, exp (2.5/R) (3)

where N, is the density at infinity and R is the
distance measured in earth radii from the center
of the earth. Johnson [1960] has recently de-
rived a similar formula, in which he has included
a small correction factor to account for cen-
trifugal force. In the region of interest here the
two equations are nearly the same.

The presence of ducts of enhanced ionization
suggests that the outer ionosphere does not
reach thermodynamic equilibrium. In the ab-
sence of collisions, charged particles tend to
spiral around a set of field lines, enclosing a
constant amount of flux. There is, therefore, a
tendency for the density of particles to be pro-
portional to the magnetic field strength. We will
call this model the ‘gyrofrequency model’ for
convenience. Such a model has been proposed
by Gallet [1959]. Storey had previously sug-
gested this model, apparently because the re-
sulting low frequency dispersion integral can
then be directly integrated. Assuming a constant
base level ionization, this model is given by

fe @

N=Ea T o~

where

fa = gyrofrequency.

0 = geomagnetic latitude.

Johnson [1959] and the author have inde-
pendently suggested a combination model in
which the ionization is proportional to the
product of the magnetic field strength and an
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exponential factor. Again, to keep the base level
constant, we will use the formula

fu
N=kK (1 + 3sin® 6)'* (5)
Johnson has since rejected this model in favor
of the one discussed previously.

The above three models were used to compute
theoretical nose frequency-time delay curves. A
small correction (AD = 5) was applied to ac-
count for the additional dispersion in the F
layer. The theoretical curves are compared to
the nose whistler group data in Figure 3. (The
factor (1 + 3 sin® #)™* should be included in
the labels for the curves in which the factor fz
appears.) A change in the scale factor for the
theoretical models would shift the curves to the
right or left, but the slopes would remain sub-
stantially unchanged.

The slope of the nose frequency-time delay
characteristic for the Dungey model clearly does
not fit the majority of the data. Each nose whis-
tler trace can give only a weighted integral of
plasma frequency along one set of field lines.
The ionization is distributed much more rapidly
along the field lines than across the field lines.
One might ask if the Dungey model could fit the

exp (2.5/R)
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Fig. 3. Comparison of nose whistler data with
the time delay as a function of frequency pre-
dicted from three models of the outer ionosphere.
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whistler data if the base level of ionization were
allowed to vary with latitude. The nose whistler
data cover effective base latitudes from about
50° to 65°. Over this 15° range the base level
would have to change by a factor of 4 or more
to bring the model into reasonable agreement
with the nose whistler data. There is no reason
to expect such a large change in the base level.

The exponent in the Dungey model is pro-
portional to atomic weight and inversely pro-
portional to temperature. Some calculations were
made using larger exponents for the Dungey
model. The model

N = N, exp (8/R) (6)

fits the data quite well. However, the larger
exponent would imply a temperature of 500°K
if hydrogen is the main constituent in the outer
ionosphere, or a temperature of 7000°K if nitro-
gen or oxygen were the main constituent. These
temperatures differ considerably from tempera-
tures found in satellite drag data (1250°K)
[Harris and Jastrow, 1959] or helium escape
calculations (1500°K) [Spitzer, 1948].

Of the two remaining models, the gyrofre-
quency model appears to fit the data somewhat
better, both on the basis of the slope measure-
ments and the over-all data, including the
single nose whistler data points. An average
model of the outer ionosphere density is then
found to be

N = 12,000 fz )
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where N is the electron density per cubic meter
and fx is the gyrofrequency in cycles per second.

Having obtained an average model we can
now estimate the annual variation in electron
density. The monthly average logarithmic devia-
tion of time delays to the nose are shown in
Figure 4. These data cover the years 1957-1959
only. The nose whistler data for 1955-1956 are
probably not statistically significant, but the
nose whistler recorded on February 26, 1955,
indicates that the seasonal variation during
sunspot minimum is much smaller than during
sunspot maximum. Supporting data, which also
indicate an annual variation in the ionization
density, are the monthly dispersion averages
shown in Figure 5 for the year 1958. The dis-
persion data alone would not be sufficient evi-
dence since it could be argued that the varia-
tions in dispersion could result from seasonal
movements in the ducts of enhanced ionization.
Since the time delays at a given frequency and
the dispersion values are proportional to the
square root of electron density, the data from
Figure 4 indicate an annual variation of electron
density of 2:1. Possible factors which may be
related to the annual variation are discussed by
Helliwell [1961].

Other work. The first attempt to obtain the
electron distribution in the outer ionosphere
from whistler data was made by Allcock [1959]
without using nose whistlers. Average whistler
time delays were aurally determined at a num-
ber of stations. The whistlers were assumed to
travel along field lines terminating at the receiv-
ing station. By using these data and further
assuming a radially symmetric distribution, All-
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Fig. 5. Annual variation of whistler dispersion.
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cock was able to derive an electron-density pro-
file. The resulting densities are somewhat higher
than those obtained in the present report. There
are two principal reasons for the higher values.
As we have seen, the geomagnetic latitude of a
station does not necessarily represent the effec-
tive geomagnetic latitude of a received whistler.
At a given station, whistlers can be expected to
have a range of effective latitudes around the
station latitude. Since the whistler rate increases
rapidly with latitude for the stations used by
Alleock, the average whistler time delay at a
station would correspond to the time delay at
a higher geomagnetic latitude. Allcock discusses
another source of error, the nose whistler effect,
but does not correct for it.

On the basis of records obtained at College
on one day, March 19, 1959, Pope [1961] de-
duces that the ionization distribution is similar
to that given in equation 5. The data from this
day are included in Figures 2 and 3. It can be
seen from the figures that the slope of nose
frequency versus time delay for this day is not
typical of the majority of data. It might be
noted that the gyrofrequency model would be
consistent with the data from March 19, 1959,
if the base level ionization were made to de-
crease slightly with latitude.

Variations of density across field lines. The
nose whistler group recorded at Seattle on June
7, 1959, shows large deviations from a simple
ionosphere model. No simple model could ac-
count for the irregular variation of nose fre-
quency as a function of time delay. The time
delays at nose frequencies of 5.65, 6.82, 11.9,
and 13.0 ke are consistent with the simple gyro-
frequency model. The time delays of the two
components with nose frequencies of 7.35 and
8.1 ke are, however, less than the expected de-
lays by approximately 18 per cent. This indi-
cates a 40 per cent reduction in ionization den-
sity along the paths followed by these two nose
whistler components. Thus large variations of
ionization density may exist across the field
lines. The variations noted here suggest that
ducts of enhanced ionization of the size suffi-
cient to trap whistler energy are easily obtain-
able. ’

Results. The electron-density distribution
deduced from the present study is shown in
Figure 6. (This figure is the same as that shown
in Smith and Helliwell [1960].) The annual
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Fig. 6. Gyrofrequency model of the outer iono-
sphere.

variation is indicated by the separate curves for
June and December. The distributions are faired
to a simple parabolic approximation of the
lower ionosphere with a maximum plasma fre-
quency of 3 Me, corresponding roughly to the
nighttime F, layer eritical frequency. The aver-
age density at 5 earth radii, about 100 per ce,
corresponds very closely to the density deduced
by Obayashi [1958] from geomagnetic fluctua-
tion data. However the interpretation of these
data has since been refuted by Jacobs [1960].

The densities deduced from whistlers are
most accurate near the top of the field line path.
The present data thus apply best to the region
from 2% to 5 earth radii. By comparing the
data with other models we can deduce that the
gyrofrequency model gives the correct density
at any place in this region within a factor of 2.
The uncertainty in the integrated ionization in
this region should be much less.

From recent rocket flights, Berning [1960]
has measured ionization densities to 1500 km.
He deduces an ionization density of 10%/ce at
this height, but indicates that the true value
may be as low as 5 X 10°/cc. The nose whistler
data, using the gyrofrequency model, gives val-
ues between 7.8 X 10° and 1.5 X 10%cc. It is
worth mentioning that reasonably accurate
values of ionization densities to heights of 2000
km, deduced perhaps by rocket or satellite
measurements, will greatly increase the accuracy
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of whistler measurements at far greater dis-
tances.

The present data indicate a large annual vari-
ation in electron density in the outer ionosphere
during sunspot maximum. There is insufficient
data to determine the variations near sunspot
minimum, An adequate amount of data will
probably be collected during the coming sunspot
minimum to answer this question. Present indi-
cations from nose whistler and dispersion data
indicate that the annual variations will decrease
in amplitude in the next few years.

The data also show that the ionization density
does not vary in an entirely smooth and simple
manner with position in the outer ionosphere.
The ducts of enhanced ionization have lifetimes
of only a few hours. Attempts to explain the
distribution of ionization in the outer ionosphere
must be based on dynamie considerations.
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