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Abstract. An easy-to-use model to evaluate conductivities from a recent WWW-based conductivity model at the WDC
at high and middle latitudes in the height range 70-100 kmfor Geomagnetism in Kyoto (see Sect. 5), which so far did
is presented. It is based on electron density profiles obtainedot come to the attention of the SR community, our model
with the EISCAT VHF radar during 11 years and on the neu-is the first attempt to improve the situation. It was required
tral atmospheric model MSIS95. The model uses solar zenithhat the model should depend on only a few key quantities
angle, geomagnetic activity and season as input parameterathich determine the temporal variation and only on a mini-
It was mainly constructed to study the properties of Schu-mal number of parameters to characterize the profiles. In the
mann resonances that depend on such conductivity profiledirst place, the purpose of the model was to show the varia-
tions of the conductivity profiles during changes in geophys-

. . ., ical conditions, rather than to obtain a most realistic profile
Key words. Meteorology and atmospheric dynamics (mid for a particular day and time. Although SR is a global phe-

dle atmospheric dynamics) — lonosphere (modeling and fore- B . o ; i
casting: ionosphere-atmosphere interaction) nomenon, the “local” conductivities at high latitudes (of both

hemispheres) and their seasonal and geomagnetic variations
are important. These boundary conditions led to the con-
struction of the model from EISCAT data described in the
1 Introduction following. The application of the model to SR physics is be-
yond the scope of this paper; a separate contribution is in
The motivation for this work was the need for easy-to- preparation.
use, but reliable conductivity profiles in the D-region for  The following section describes the processing of the elec-
Schumann-resonance (SR) studies. Schumann resonanceen density profiles, Sect. 3 describes the conductivity cal-
are resonant electromagnetic waves in the Earth-ionosphereulation, Sect. 4 describes the construction of the model, and
cavity with a fundamental frequency of about 8 Hz and Sect. 5 contains examples of typical results and a discussion.
higher order modes. They have been predicted and theo-
retically discussed by Schumann (1952). In the following
decades they were extensively studied (e.g. Sentman, 1998, EISCAT CP-6 electron densities
for a recent review). It is commonly assumed that lightning ) )
discharges from global thunderstorm activity are the mainEISCAT is a state-of-the-art incoherent scatter system, com-
excitation sources. SR can be fully characterized by thredrising several different radars (Rishbeth and van Eyken,
parameters: amplitude, center frequency and spectral widtf993). For our purpose data from the VHF (224 MHz) radar
(Fullekrug, 1995), the latter is a measure of the damping ofare convenient, since this radar yields height profiles of the
the waves. Current theories (e.g. Sentman, 1995 and refeflectron density in the D- and lower E-regions with a spatial
ences therein) show that at least two of these parameters, tHgsolution of about one kilometer and a temporal resolution
center frequency and the spectral width strongly depend o®f a few minutes. A pulse-to-pulse correlation is used to re-
the conductivity of the lower D-region, i.e. the upper bound- solve the narrow spectra recorded in this altitude range (Tu-
ary of the Earth-ionosphere wave guide. Reliable conductiv'unen, 1986). From the measured electron density profiles,
ity profiles are, therefore, important to estimate these parathe conducti\_/i_ties are calculated using the MSIS95 model for
meters and in turn to describe the behavior of SR. neutral densities. N _ .
During the last 20 years only constant profiles have been We use for our model electron denS|t|es'obta|ned with the
used which were derived from rocket measurements obtaine§!'SCAT Common Programme 6. It provides the electron
in the seventies (compiled by Tran and Polk, 1979), with density between 70 and more than 100 km altitude with a

no allowance for seasonal or geomagnetic variations. Aparf'€ight resolution of 1.05km measured in the vertical direc-
tion. Since densities above 100 km are not important for our
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70.0 to 100.4km. The post integration of the measured pro- 150,
files is usually 5 minutes. Between 1990 and 2000, CP-6 wasp
operating on 102 days.

As a first step we calculated median profiles for a time |n-
terval of 3 hours in order to obtain temporal coincidence with o
geomagnetic indices. In total, we obtained reliable data for2 50
572 such median profiles for the above mentioned 102 daysz
omitting intervals with corrupted data due to low signal-to- ol ‘ ‘ N N
noise ratio or system malfunctions. Figure 1 shows two ex-
treme cases of such median profiles, one for a winter night
and one for a summer day. The summer data often containeg
so-called polar mesospheric summer echoes (PMSE). Thesg -
are coherent echoes and do not indicate enhanced eIectrc% 8
densities. Therefore, we logarithmically (spline) interpolated‘s
these echoes which is a reliable method, since the PMSEE 4
are confined to a relatively narrow height range and enoughg
“real” electron density data points are available above and® -
below the PMSE. The method is illustrated at the summer g 100 200 300
profile in Fig. 1. Day of Year

As already mentioned, the 3-hour intervals were chosen tq,,
coincide with geomagnetic indices, since the electron denco i
sity profiles depend heavily on geomagnetic activity. We did Q100 N
not use Kp but rather the local K derived from the Tromsg o
magnetometer (http:/geo.phys.uit.no/geomag.html), wh|chQ 50
is very closely related with the EISCAT measurements. The5
other parameter strongly affecting the electron density is the® i
solar zenith angle, which was consequently also used to char- 0 06 -04 -02 00 02 04 06
acterize the density profiles. cos(y)

Figure 2 shows histograms of the distributions of the quan-
tities characterizing the density profiles. In the upper panelrig. 2. Distribution of the conditions of the 572 median profile
the 572 median profiles are separated with respect to the losrepared for the model. Upper panel: local geomagnetic ikex
cal K, thus representing the average geomagnetic conditionsiiddle panel: seasonal distribution; lower panel: solar zenith angle
in northern Scandinavia. Most of the profiles were recordeddistribution (bin size 0.2).
during moderately disturbed conditions & 3), less at very
quiet times and only very few during strongly disturbed con-
ditions. The middle panel shows the seasonal distribution othe EISCAT location i ~ 46°.
the available median profiles which is rather uniform, apart We did not separate our set of profiles according to solar
from somewhat less data during spring. The lowest panetycle variations. The change in particle precipitation during
characterizes the solar zenith angtg @istribution of the 3-  the cycle is sufficiently characterized l&y; the variability
h median profiles. They are binned according toxegth a due to solar EUV flux changes is completely negligible at
bin width of 0.2. The lowest solar zenith angle occurring at 70 km, and only weak at altitudes between 90 and 100 km.
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It should be mentioned, however, that the D-region con- 1007+
ductivity at high latitudes is heavily enhanced during the i
L . 27 Nov 1999
precipitation of high energy solar protons and electrons oc- i 0-3 UT
curring, for instance, after solar flares. During such condi- I K(T) = 0
tions, the behavior of SR is substantially changed (Schlegel i H = 8.3 km
and Rillekrug, 1999). These events are quite rare and there i A= - 42
are only 2—3 cases coinciding with EISCAT measurements, 90 S8Q = 3.e-10 3 Mav 1995
which is not enough to be representative for our model. IS 18_%/1 uT
= K(T) = 6
2 I H = 6.16 km
3 Conductivities 3 [(———=-—/f -~ A=-32
E I SSQ = 3.e-5
lonospheric conductivities depend strongly on, in addition to i
electron densityr(,), collision frequencies between neutrals
and electronsi,) and ions ¢;,). Since the conductivity
is, in principle, a tensor quantity due to the influence of the
geomagnetic field, we have the three components:
.. en WeV, w; Vi r
Pedersen conductivity, = —- > ‘ 62 + 2’ ’"2 , 70 bl pel ol
B \w2+v2, 0?40 -6 -5 -4 -3 2 -1 0
2 2 I0910 (Gpar [S/m])
- en, w; w;
Hall conductivity oy = 3 >~ 3 = |-
B\ wg +vg, w; + v, Fig. 3. Conductivity profiles calculated from the CP-6 median elec-

1

MeVen m;Vin

tion of these profiles by Eqg. (4) for two different conditions. The
respective model parametetsand A are indicated, together with
the geomagnetic conditions and the goodness of the fit (SSQ).

tron density profiles (dashed lines) and the log-linear approxima-
parallel conductivity o = ezne< ) 1)

Sinceo, < og < o) holds at D-region heights, only the

parallel conductivity is important for SR studies (Tran and
Polk, 1976) and will be regarded in the following. The col- agreement (difference less than 10%) in the 70-85 km height
lision frequencies depend mainly on neutral densities. Werange. Only above 90km did the differences sometimes
used the following numerical relations (Schunk and Nagy,reach 20%, particularly in spring and fall. For these alti-
1978; Schunk and Walker, 1973): tudes, the dependence @), and x becomes increasingly

- _ important; this is not accounted for in thailbken (1999)
vin = 4.34:- 10700 (N2) + 4.2 1070 (02) model, but in MSIS95. Therefore, we retained the MSIS95

+2.44-101%(0), (2)  model, since it has the additional advantage of being avail-
able on-line via the internet and it is widely used. Thus,
Ven = 2.33- 10—11n(N2) ~(1-1.21 10_4Te) T, our results can easily be verified. For the ions, we assumed

m; = 31 AMU (50% NO', 50% Q) in Eq. (1).

—10 —2
+1.82-10"n(02) - (1 +36- 10 \/i) VT The dashed lines in Fig. 3 represent two examples of such

+8.9-10(0) - (1+5.7-1071,) - VT, (3)  conductivity profiles. The conductivities are given in S/m
N ] . throughout the paper. A careful inspection of all the CP-6
where the densities of the major neutral specie§Y2),  electron density profiles reveals that the measured densities

n(02) andn(0) areinnr®, and?, =7; =T, in K. ltshould e rarely lower than about®x 103 m~3. This value, there-

be noted that atomic oxygen makes only a very small contrifgre probably defines the threshold of the VHF system. At

bution in this height range. the very low end of our measuring range, the densities may
The neutral densities and the neutral temperature havgy,s pe biased towards values above this threshold. In order

been taken from the MSIS95 model. Since geophysical pay, mitigate this effect, we omitted the first two height gates of

rameters such ad,, F10.7,x, and day of year enter this the profiles; the conductivity profiles used in the model thus
model as parameters, we have calculated the densities angdart at 72 km.

temperature exactly for the conditions of each 3-hour median
profile. Subsequently, the conductivity profiles were calcu-
lated using the above relations. 4 The conductivity model

We are aware that the MSIS95 model is not perfect at high
latitudes and that more reliable local mesospheric modeldn the Introduction we stated that the conductivity model
have been constructed from falling-sphere data (eigkken,  has to be simple and only a minimal number of parameters
1999). We compared these season-dependent mass deshould be used to characterize the profiles. Therefore, we
sities with those from MSIS95 and found generally good approximated the calculated conductivity profiles by a linear
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Fig. 4. Histograms of the two input parameters of our modél,
and A, together with the goodness of the fit (Eqg. 4). SSQ has been
limited to values<10~4, that means that finally 552 profiles have
been used for the model.
function in logo). Such a function depends on two parame-
ters for which we chosé/, the scale height of the conductiv-
ity profile at 84 km, and 10, the conductivity value at 84 km,
o) (h) — 10(h—84km)/H+A ) (4)
This representation is convenient for SR studies, sinceg
the conductivity scale height enters the relevant equations
(Fillekrug, 2000). T
In Fig. 3, we have plotted the approximated exponential

profile as a solid line, together with the values i&f and

A. The approximation by Eq. (4) is certainly not perfect,
but it represents a good compromise between accuracy and
the required simplicity of the model. Larger deviations usu-
ally occur below 75 km where the radar data may be biased,
as mentioned before. In the fit process, therefore, a higher
weight was given to the points in the upper part of the pro-

file. The S-shape of many of the electron density profilesgig 5 pependence of the scale heighiton solar zenith angle

Al
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T R———
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(e.g. Fig. 1) is straightened by the strong height dependencg.osy) and geomagnetic condition. Upper pangl= 0, 1, middle
of the collision frequency and, therefore, not so pronouncechanel: X = 3, lower panelX = 6, 7, 8.

in the conductivity profiles. SSQ gives the reduced sum of
squares, generally used as a relative measure of the goodness
of the fit.
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Figure 4 shows histograms of these three model parameization. With increasing cog, the profiles become flatter
ters. From the upper panel it can be seen that the scale heigldecreasingd) in this case, since the solar radiation ionizes
H is mostly in the range of 6-8 km, and the middle panelstronger above 84 km than below. With increasikig the
indicates that the conductivity at 84 km altitude is mainly be- additional ionization through particle precipitation becomes
tween 3.10° and 3.10“4 S/m. The lowest panel shows the more and more important, and finally dominates over the so-
goodness of the fit (4) to the experimental profiles. We setlar radiation. Simultaneouslyy becomes smaller (the pro-
the limit for SSQ to 104, thereby omitting some profiles for  files get flatter, since particle precipitation acts to increase the
which this fit was unacceptable. Thus, 552 conductivity pro-electron densities/conductivities mainly above 84 km.
files were finally included into our model. For the constan, it turns out that it also depends signif-

The next step in building our conductivity model was to jcantly on the season. This is most probably due to the fact
find reasonable approximations for the dependendé ahd  that the MSIS95 neutral densities vary with the day of the
A on the main characterizing quantities of the input profiles,year. In order to keep the values in our bins at a reasonable
namelyk and cos. number (statistical significance), we separated the input val-

Figure 5 demonstrates the dependence of the scale heigbies of the constamt only for three different seasons, winter
H on the magnetic indeX and the solar zenith angle. The (November—February), summer (May—August) and equinox
crosses indicate the average values of the model infut ( (March, April, September, October). Figure 6 shows as an
from the 552 profiles described above) and their standardéxample the constant as a function of cog, and these
deviation in the respective bin, the dashed line represents three seasons for a magnetic ind€x= 3. Similar linear
quadratic fit, as used in our model. For quiet magnetic condi-approximations have been established for other valuds. of
tions (upper panel} depends strongly on cqs for slightly
disturbed conditions, this dependency becomes weaker (mid-
dle panel) and for strong magnetic disturbandéss prac-
tically independent of cog (lower panel). The physics be- 5 Examples of model results and discussion
hind this behavior is the following: during smakl, parti-
cle precipitation is absent or low and the corresponding elecit was stated in the Introduction that our model should pri-
tron density/conductivity profiles are mainly determined by marily be used to show the variation of the conductivity dur-
the solar EUV radiation and little affected by enhanced ion-ing changes in the geophysical conditions.
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Model Results for Equinox

Conditions strongly as the solar zenith angle. If in addition to a high

K x also is small, then the profiles are shifted towards even
greater conductivities.

Finally, a word about the extrapolation of our model to
lower latitudes and the use d&f, instead ofK. Regard-
ing the y-variation one must be aware of the limitations of
our model. It should be remembered that the minimal solar
zenith angle in summer at Tromsg is about.48n extrap-
olation to values of 30(when used for lower latitudes) may
still be realistic, but it becomes doubtful to even smaller val-
ues. The model values at low latitudes may thus be regarded
as a “qualified guess”; at equatorial latitudes, the usefulness
of the model is probably quite uncertain. We see presently
no way to test our model in this regime.

The use ofK, instead ofK is probably justified at lat-
itudes below Scandinavia during quiet and moderately dis-
roop— T A turbed conditions. During strongly disturbed conditions,
F g heavy particle precipitation (leading to enhanced conductiv-
ities) occurs only at auroral latitudes. Our model, if applied
to midlatitudes during such conditions, would probably give
overestimated conductivities. It should also be kept in mind
that our model cannot discriminate between very high activ-
ities. Due to the low number of profiles féf > 6 (Fig. 2),
we have lumped together all cases exceeding 6 into one
K bin.

It should be mentioned that the WDC for Geomag-

e netism in Kyoto provides a global conductivity model
S on the WEB (http://swdcdb.kugi.kyoto-u.ac.jp/sigcal/index.
-0 *“*O (0 [S/m]f html), based on the International Reference lonosphere (http:

9101 Tpur /Inssdc.gsfc.nasa.gov/space/model/models/iri.html) and the
neutral atmospheric model CIRA72. Compared to our model
it starts at 80 km altitude (rather than 70km as in our case)
and uses sunspot number (as proxy for the varying solar ac-
tivity, rather thankK as proxy for the geomagnetic activity
in our model) for input. On the other hand, it is laid out
as a global model. A comparison for selected cases shows

In order to demonstrate this capability, Fig. 7 shows in they, ¢ o conductivities are generally higher than those of the
upper panel the variation of the conductivity profile for quiet WDC model. This difference can be traced back to consid-

magnetic conditions at equinox, as a function of solar zenithg ap1e deviations of our measured electron density profiles

angle. As expected, the variation is very small at altitudesgo ) those of the IRI model. Since our model is based on
around 70km, but increases towards greater heights. Th'il-year measurements at auroral latitudes, it is probably su-

is caused by the aforementioned fact that the direct ioniza’perior for this area. In reality, both models may be used in

. . . . 0,5 .
tion by solar radiation (roughly proportional@0sy)~*)in- 5 complementary fashion. One may also consider using our
creases with altitude; at low altitudes, the ionization is MOre|qal model as a calibrator for the global model.

controlled by chemistry and transport processes. During

equinox they -dependence reflects mainly the daily variation acknowledgementwe thank the EISCAT Director and staff for
of the conductivity profile. In summer/winter (not shown), running the radar and providing the data. The EISCAT Scientific
the curves are shifted slightly towards lower conductivities Association is supported by national scientific organizations of Fin-
for higher/lower values of cgs compared to the equinox land (SA), France (CNRS), Germany (MPG), Japan (NIPR), Nor-
profiles (cf. Fig. 6). way (NAF), Sweden (NF) and UK (PPARC).

The lower panel of Fig. 7 shows a similar variation of the .TOp'CaI. Editor M..Leste'rthanks M. Friedrich and To&inger for
their help in evaluating this paper.

conductivity as a function of the geomagnetic disturbance at
equinox for a solar zenith angle bin which corresponds to
solar heights below the horizon. It represents the conditiongyeferences

in the morning sector of the auroral oval when precipitation

is frequent. It is obvious from the comparison of both panelsFiillekrug, M.: Schumann resonnances in magnetic field compo-
of Fig. 7 that magnetic activity affects the conductivity as nents, J. Atmos. Terr. Phys., 57, 479-484, 1995.
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Fig. 7. Examples of conductivity variations with solar zenith angle
(upper panel) and with geomagnetic activity (lower panel), both for
equinox conditions.
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