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Abstract. Global instantaneous conductance maps can be
derived from remote sensing of UV and X-ray emissions by
the UVI and PIXIE cameras on board the Polar satellite. An-
other technique called the 1-D method of characteristics pro-
vides mesoscale instantaneous conductance profiles from the
MIRACLE ground-based network in Northern Scandinavia,
using electric field measurements from the STARE coherent
scatter radar and ground magnetometer data from the IM-
AGE network. The method based on UVI and PIXIE data
gives conductance maps with a resolution of∼800 km in
space and∼4.5 min in time, while the 1-D method of charac-
teristics establishes conductances every 20 s and with a spa-
tial resolution of∼50 km. In this study, we examine three
periods with substorm activity in 1998 to investigate whether
the two techniques converge when the results from the 1-D
method of characteristics are averaged over the spatial and
temporal resolution of the UVI/PIXIE data.

In general, we find that the calculated conductance sets
do not correlate. However, a fairly good agreement may be
reached when the ionosphere is in a state that does not ex-
hibit strong local turbulence. By defining a certain tolerance
level of turbulence, we show that 14 of the 15 calculated con-
ductance pairs during relatively uniform ionospheric condi-
tions differ less than±30%. The same is true for only 4 of
the 9 data points derived when the ionosphere is in a highly
turbulent state. A correlation coefficient between the two
conductance sets of 0.27 is derived when all the measure-
ments are included. By removing the data points from time
periods when too much ionospheric turbulence occurs, the
correlation coefficient raises to 0.57. Considering the two
very different techniques used in this study to derive the con-
ductances, with different assumptions, limitations and scale
sizes, our results indicate that simple averaging of mesoscale
results allows a continuous transition to large-scale results.
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Therefore, it is possible to use a combined approach to study
ionospheric events with satellite optical and ground-based
electrodynamic data of different spatial and temporal reso-
lutions. We must be careful, though, when using these two
techniques during disturbed conditions. The two methods
will only give results that systematically converge when rel-
atively uniform conditions exist.

Key words. Ionosphere (Auroral ionosphere; Particle pre-
cipitation; Instruments and techniques)

1 Introduction

Knowledge of the ionospheric conductivity is needed to un-
derstand the ionospheric electrodynamics and the dynami-
cal magnetosphere-ionosphere (MI) coupling. The height-
integrated Hall and Pedersen conductivities can be strongly
enhanced during auroral substorms, when the particle pre-
cipitation increases the electron density in theE-layer. The
ionospheric conductivity pattern is complicated, though, as
the precipitation may vary strongly in time and space.

The Hall and Pedersen conductivities,σH and σP , can
be derived using the classical expressions (Krall and Triv-
elpiece, 1973):
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where e denotes the elementary charge,νen⊥ represents
the collision frequency between electrons and neutrals for
motions perpendicular to the magnetic fieldB, νin is the
(isotropic) collision frequency between ions and neutrals,
and�e (�i) is the gyrofrequency for electrons (ions).
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Note that Eqs. (1) and (2) are applied to a pseudo-ion aver-
age (Brekke, 1997), derived by proper weighting of all ions.
The most critical parameter, though, is the electron density
Ne. During an auroral substorm,Ne may vary strongly, re-
sulting in large spatial and temporal changes in the conduc-
tivities. Ne is related to the particle precipitation, and height
profiles of the ionization can be estimated using measure-
ments from particle detectors on rockets (Marklund et al.,
1982; Opgenoorth et al., 1983) and satellites (Vondrak and
Robinson, 1985). This procedure involves a theoretical mod-
elling of the interaction of the precipitating particles with at-
mospheric constituents. Another approach is to calculate the
conductivities from measurements ofNe by incoherent scat-
ter radars on the ground. Numerous studies in the literature
have performed such an investigation, including incoherent
scatter radar measurements from Chatanika (Brekke et al.,
1974; Banks and Doupnik, 1975; Wedde et al., 1977; de la
Beaujardìere et al., 1981; Kamide and Vickrey, 1983; Robin-
son and Vondrak, 1984), Sondrestrom (Robinson et al., 1987;
Watermann et al., 1993;), and EISCAT (Buchert et al., 1988;
Schlegel, 1988; Brekke et al., 1989; Senior, 1991; Olsson et
al., 1996; L̈uhr et al., 1998; Davies and Lester, 1999).

An advantage with both in-situ particle measurements on
rockets or satellites, andNe calculated from incoherent scat-
ter radars, is the high resolution in time and space. The dis-
advantage, though, is that only local measurements can be
obtained. To provide a global map of conductances, remote
sensing of visible, ultraviolet and X-ray emissions produced
by the precipitating particles has been shown to be a powerful
tool.

Kamide et al. (1986) used images of auroral emissions ob-
served with the Dynamic Explorer (DE)-1 satellite to calcu-
late ionospheric height-integrated conductivities, or conduc-
tances, over the polar region with a 12-min time resolution.
A direct empirical relationship between the conductances
and the auroral ultraviolet (UV) emission intensity was as-
sumed, in order to perform the calculations. Lummerzheim
et al. (1991) also used auroral images from the DE-1 satellite
to produce global conductance patterns. Their technique to
calculate the height-integrated conductivities was somewhat
different, as they first derived the characteristic energy and
flux of the incoming particles from UV (OI lines at 130.4 and
135.6 nm) and visible (557.7 nm) emissions. Then a method
developed by Rees et al. (1988) was used in order to convert
the energy spectra to conductance values.

The precipitating electron energy determines the height
region of energy deposition, being at lower altitudes with
higher energies (Rees, 1963). The intensity of the short-
est UV-emission wavelengths escaping the atmosphere de-
creases strongly due to absorption of O2, when produced by
energetic electrons depositing their energy too low in the at-
mosphere (Lummerzheim et al., 1991; Germany et al., 1990;
1998b). This means that measurements of UV-emissions are
unable to accurately characterize the most energetic elec-
trons of more than∼10 keV (Robinson and Vondrak, 1994).
Østgaard et al. (2001; 2002) combined UV-emissions from
the Ultraviolet Imager (UVI) and X-ray data from the Polar

Ionospheric X-ray Imaging Experiment (PIXIE) on board the
Polar satellite, to derive global maps of the precipitating elec-
tron energy spectra in an energy range of∼0.1–100 keV. By
using a computer code based on the TANGLE code (Vondrak
and Baron, 1976; Vondrak and Robinson, 1985), Aksnes et
al. (2002; 2004) used this data base to derive height profiles
of the ionization and the height-integrated conductivities by
applying the empirical formulas given in Eqs. (1) and (2). It
was found that UV measurements are sufficient to charac-
terize the lower electron energies contributing to the Peder-
sen conductance, while X-ray measurements are needed to
characterize the energetic electrons affecting the Hall con-
ductance.

Another approach to derive the ionospheric conductances
is to make use of simultaneous ground magnetic and iono-
spheric electric field data. The disturbances of the magnetic
field B measured on the ground depends on the horizontal
electric current densityJ flowing in the ionosphere, which
is related to the electric fieldE through Ohm’s law involving
the Hall and Pedersen conductances.

Applying a “trial and error scheme” (e.g. Baumjohann et
al., 1981; Opgenoorth et al., 1983) different values of the
conductances are combined with models of the ground mag-
netic and ionospheric electric field until the calculated and
measured magnetic disturbances converge to a sufficient de-
gree. The method is applicable even during periods with very
poor data coverage, but the method does not give unique so-
lutions and no error estimates can be calculated. Another
problem with the “trial and error” approach is that the elec-
trodynamical parameters must be modelled on a much larger
area than the region of interest to reproduce magnetic distur-
bances. This often requires that one has to assume a station-
ary structure moving with a certain velocity over the field of
view of the measurements.

Another technique to investigate the electrodynamics is
the method of characteristics (Inhester et al., 1992; Amm,
1995; 1998; Sillanp̈aä, 2002). This is a forward modelling
method which gives more precise results than the “trial and
error” approach (Untiedt and Baumjohann, 1993). Using
measurements of the ground magnetic and ionospheric elec-
tric field to solve a first-order differential equation, the Hall
conductance is derived. By then assuming a ratio between the
Hall and Pedersen conductances, the remaining electrody-
namical quantities are inferred. There are regions where the
solutions using the method of characteristics are not unique.
Such regions, though, are known and estimates of the errors
can be made. Another advantage compared with the “trial
and error” approach is that no data are needed outside the
region of interest.

In order to understand the coupling between the iono-
sphere and the magnetosphere, it would be of great value
to combine ground-based measurements with observations
from instruments on satellites in space. The many various
instruments and techniques differ in applicability, resolution
schemes and reliability. The latter indicates that compari-
son studies are sometimes needed to verify the calculation
of different electrodynamical quantities. A number of com-
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parison studies exist in the literature (e.g. Basu and Jasperse,
1987; Vondrak et al., 1988; Senior, 1991; Watermann et al.,
1993; Doe et al., 1997; Germany et al., 1997; Dymond et al.,
2001; Østgaard et al., 2001). Such studies are complicated
when the stochastical processes operate on different scales.
Given two methods that measure a parameter with different
spatial resolution, it is not a priori clear that an averaging
of the results of the method with finer resolution reproduces
the ones of the method with coarser resolution. This pos-
sible scale-dependency has not been given much attention,
though, in earlier papers. For a detailed mathematic formula-
tion in terms of properties of statistical processes, the reader
is referred to work by Christakos (1992).

In this paper, we derive and compare the ionospheric Hall
and Pedersen conductances above Northern Scandinavia us-
ing two different techniques. The first method is the proce-
dure by Aksnes et al. (2002; 2004), based on remote sensing
of UV and X-ray emissions from space, as well as the clas-
sical expressions of the conductivities given in Eq. (1) and
Eq. (2). This technique will be described more thoroughly
in Sect. 2.1. The other procedure is the method of charac-
teristics (Inhester et al., 1992; Amm, 1995; 1998, Sillanpää,
2002), based on measurements of ground magnetic and iono-
spheric electric fields. We will use a version of the procedure
named the one-dimensional (1-D) method of characteristics
(Inhester et al., 1992; Sillanpää, 2002), in which we assume
1-D conditions, i.e. vanishing gradients along a certain direc-
tion within the region of investigation. A detailed descrip-
tion is given in Sect. 2.2. While the former method provides
data on a large-scale resolution (∼800 km), integrated over
typically 5 min, the 1-D method of characteristics operates
with mesoscale resolution (∼50 km) and having values every
20 s. A comparison between the two methods requires that
individual conductances from the latter technique must be
averaged. The main objective of this paper is to investigate
whether simple averaging of the mesoscale results allows a
continuous transition to the large-scale results. Such a transi-
tion is not obvious regarding the two sets of conductances as
results of stochastical processes operating on different scales.
Using data from three periods with substorm activity in 1998,
we have examined the relationship between the conductances
resulting from the two methods to see if the results converge
when averaged over the same spatial and temporal scales.
Results are presented and discussed in Sect. 3. A summary
is given in Sect. 4, while Sect. 5 provides the conclusions of
this study.

2 Deriving ionospheric conductances

2.1 Technique 1: Remote sensing from space of UV and
X-ray emissions

Through remote sensing of UV and X-ray emissions from
space, the precipitating electron energy spectra can be de-
rived. By then estimating height profiles of the resulting
ionization, ionospheric Hall and Pedersen conductances are

obtained. A detailed description of this method is given by
Aksnes et al. (2002; 2004), as well as a discussion of its
limitation (Aksnes et al., 2004). Here we just give a brief
description of the method.

The UVI camera (Torr et al., 1995) on the Polar satellite
measures UV-emissions within the Lyman-Birge-Hopfield
(LBH) band (140–180 nm). These UV-emissions are sepa-
rated into LBHS (140–160 nm) and LBHL (160–180 nm). As
the shortest wavelengths (LBHS) are subject to considerably
greater absorption in the atmosphere than the longer wave-
lengths (LBHL), we can derive the average electron energy
from the ratio between the intensities of the two LBH-bands.
We can further calculate the electron energy flux from the in-
tensity of the LBHL emissions. To accumulate the two LBH
images needed to perform an electron energy determination
from UVI, it takes on the order of two minutes, depending
on the operating sequence. UVI has a nominal spatial reso-
lution of ∼40 km from apogee (Torr et al., 1995). The spa-
tial resolution is degraded in one direction to∼360 km due to
wobbling of the Polar satellite. More details about the energy
determination from UVI are given by Germany et al. (1997;
1998a,b).

The PIXIE camera (Imhof et al., 1995) measures
bremsstrahlung in the energy range of∼2–22 keV, produced
when precipitating electrons interact with the nuclei of at-
mospheric particles. The X-ray photons detected by PIXIE
go through a 4.4-mm pinhole, leaving us with a resolution in
the X-ray source region of∼600–900 km (depending on Po-
lar altitude). As described by Østgaard et al. (2000; 2001),
the X-ray measurements combined with a look-up table pro-
duced by a coupled electron-photon transport code (Lorence,
1992) can be used to derive a four-parameter representa-
tion of the precipitating electrons from∼3 keV to∼100 keV.
These electron spectra are typically 4.5-min averages every
10 min.

The energy characteristics derived from UVI and PIXIE
measurements can be combined to give the electron energy
distribution from∼0.1 to∼100 keV (Østgaard et al., 2001),
with the temporal and spatial resolution of the PIXIE instru-
ment (4.5 min and 600–900 km). An upper limit of modelling
errors when deriving mean energies from UVI measurements
is estimated to be 23% (Germany et al., 2001). Comparing
the energy spectra derived from UVI and PIXIE data with in-
situ measurements from the Defense Meteorological Satellite
Program (DMSP) satellites, Østgaard et al. (2001) found an
average ratio of 1.03±0.6 between calculated and measured
energy flux from 0.09 keV to 30 keV. One possible explana-
tion of the large standard deviation may be the different spa-
tial resolutions.

To calculate the Hall and Pedersen conductances a similar
scheme as described by Aksnes et al. (2002; 2004) is applied.
The main building block of this scheme is the computer code
developed by the University of Maryland from the origi-
nal TANGLE code (Vondrak and Baron, 1976; Vondrak and
Robinson, 1985). The input parameters to the code are the
same as were used by Aksnes et al. (2002; 2004), except for
the collision frequencies. In this study the electron-neutral
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Fig. 1. Map of the MIRACLE network.
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Fig. 1. Map of the MIRACLE network.

collision frequencies are estimated from Itikawa (1971) and
Gagnepain et al. (1977), while the ion-neutral collision fre-
quencies are derived using work by Mason (1970), Pesnell et
al. (1993), and Viehland and Mason (1995).

2.2 Technique 2: 1-D method of characteristics

The ionospheric Hall and Pedersen conductances,6H and
6P , can be derived using measurements of the ionospheric
electric fieldE and the ground magnetic fieldB. The method
is called the method of characteristics, as it solves a differen-
tial equation along its characteristics. In this study, we will
apply this technique using electric field measurements from
the Scandinavian Twin Auroral Radar Experiment (STARE)
and ground magnetometer data from the International Moni-
tor for Auroral Geomagnetic Effects (IMAGE) network.

A map showing the Magnetometers - Ionospheric Radars
- Allsky Cameras Large Experiment (MIRACLE) network
is presented in Fig. 1. The IMAGE magnetometer sites are
indicated as dots, while the STARE field of view (FOV) is
marked by the black rectangle. The method of character-
istics is described in detail by Inhester et al. (1992), Amm
(1995; 1998), and Sillanpää (2002). Here, we will only give

a general overview, including the most important equations.
Note that we will use the 1-D version of the procedure, as-
suming that gradients along a certain direction are vanishing
within the region of investigation. We will first introduce
the equations related to the two-dimensional (2-D) method
of characteristics, and then proceed to the 1-D version.

When using the method of characteristics, the ionosphere
is considered an infinitely thin conducting layer 100 km
above the Earth’s surface, in which the Hall and Pedersen
currents are flowing. The first step is to extract the external
part of the ground magnetic field disturbance. A field contin-
uation to the ionosphere is then performed (Mersmann et al.,
1979; Untiedt and Baumjohann, 1993), and we derive the
ionospheric equivalent currentJ eq,ion. According to Fig. 1
the ground magnetometer data cover only about half the area
of STARE. Pulkkinen et al. (2003) have shown, though, that
the equivalent currents can be reliably reconstructed in the
whole STARE FOV, including those areas which are not in
an immediate vicinity of the ground magnetometers.

The true ionospheric currentJ can be separated into a
curl-free componentJ cf and a divergence-free component
J df (Duschek and Hochrainer, 1961). WhileJ cf is as-
sociated with the field-aligned currentjz above the iono-
sphere,J df is related to the horizontal component of the
external magnetic field perturbation(Be)h immediately be-
low the ionosphere (Untiedt and Baumjohann, 1993). Note
that the subscripth indicates the horizontal component of
Be. By assuming that the Earth’s geomagnetic field lines are
directed vertically downward into thêz direction,J df will
completely determine(Be)h (Bostrøm, 1964; Vasuliunas,
1970; Fukushima, 1976). If the angleχ between the iono-
spheric plane and the geomagnetic field lines deviates from
90◦, then there is also some dependence of(Be)h on Jcf

(Fukushima, 1976). At auroral latitudes, though, it is appro-
priate to disregard the tilting between the Earth’s magnetic
field with respect to the vertical. The conductance calcula-
tions using a typical value ofχ=77◦ for the measuring sites in
Northern Scandinavia to be compared withχ=90◦ have been
examined by Amm (1995) during four different situations: a
two-dimensional eastward electrojet, a Harang discontinuity,
an omega band and a westward travelling surge. The investi-
gation by Amm (1995) revealed, with a few exceptions, only
minor differences of a few % for most of the examined areas.

Another basic electrodynamic equation needed when us-
ing the method of characteristics is Ohm’s law. Here we
disregard possible effects of the neutral wind (Untiedt and
Baumjohann, 1993). We further assume a ratioα between
the Hall and Pedersen conductances to be given:

α =
6H

6P

. (3)

Sillanp̈aä (2002) has studied the dependence of conductances
onα when using the 1-D method of characteristics, and con-
cludes that assuming a wrongα will not have a significant
affect on the calculated Hall conductance. The Pedersen con-
ductance is more dependent onα, as this parameter is calcu-
lated directly from Eq. (3). In this study, we use the con-
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ductance calculations from UVI and PIXIE (see Sect. 2.1) to
determineα.

By combining all the relations established, we can provide
a formula giving the Hall conductance6H along a character-
istic r(`), which is a line in the xy-plane:

6H (r(`)) = 6H (r0) exp[−I (0, `)]

+

∫ `
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α
(6)

C = ∇h · V (7)

D =
2

µ0
∇h · (Be)h. (8)

Equation (4) represents the two-dimensional method of char-
acteristics, asr(`) lies on the xy-plane. The problem can be
much simplified, though, if we assume a one-dimensional sit-
uation for which the gradient of all quantities vanishes in one
horizontal direction (Inhester et al., 1992; Sillanpää, 2002).
By taking δ

δy
=0 and δ`

δx
=

|V |

Vx
, we can replace Eqs. (5), (7)

and (8) with:

I (`
′

, `) = ln(
Vx(x)

Vx(x′)
) (9)

C =
δVx

δx
(10)

D =
2

µ0

δBe,x

δx
. (11)

Insertion of Eqs. (9), (10) and (11) into Eq. (4) yields the 1-D
method of characteristic solution for the Hall conductance :

6H (x) =

2
µ0

Be,x + K

Vx(x)
(12)

The constantK in Eq. (12) represents the effect of distant
currents. If for somex0, Vx(x0)=0 holds,K is uniquely de-
fined. In other cases we use the criterion that at the edges of
the electrojet region the conductances drop to a given back-
ground value (see Inhester et al., 1993; Sillanpää, 2002) to
infer K.

In this study, we have used the 1-D method of characteris-
tic to derive the ionospheric Hall and Pedersen conductances
in the Northern Scandinavian region, having a spatial reso-
lution of ∼50 km and a temporal resolution of∼20 s. As
the procedure requires that the electrodynamical parameters
only change in one direction within the STARE FOV, investi-
gations have been performed to check that the different time
steps and regions involved satisfy the 1-D condition. This

means that all quantities should have a vanishing derivative
along a certain direction. In our case we assume that this
direction is zonal (east-west), while we allow for variations
in the meridional direction. The criterion for using the 1-D
method is that the changing length of a parameter should
be larger than the length of the relevant analysis area in the
east-west direction. If the parameter isX, then the changing
length is defined asL=|X/( dX

dL
)|. The electric field strength

must be more than∼17 mV/m for STARE to provide reliable
results (Sillanp̈aä, 2002). For each time step along each lati-
tude for which sufficient STARE data are available, we check
whether the electric field is one-dimensional. Regions where
this is not the case are excluded from the conductance cal-
culation. Another possibility is that the conductances them-
selves do not satisfy a 1-D condition. This situation will in
most cases, but not all, cause a considerable non-1-D ground
magnetic field. Such cases are more difficult to reveal, due
to the limited east-west coverage of magnetometer stations
within the STARE region (see Fig. 1). A more thorough dis-
cussion about this problem is provided in Sect. 3 when in-
terpreting the conductance profiles established using the two
different techniques.

As shown in this section, the Hall conductance is the pri-
mary output from the 1-D method of characteristics, from
which other quantities like, for example, field-aligned cur-
rents (FACs) can be calculated. In a recent study by Amm et
al. (2003), the FACs calculated using the 1-D method of char-
acteristics are compared with FAC derived from in-situ mea-
surements by the Cluster satellites. By showing a convinc-
ing agreement between the two sets of FAC data, Amm et
al. (2003) indirectly demonstrate that the Hall conductances
derived using the 1-D method of characteristics give reliable
results.

2.3 Assumptions and limitations of the two techniques

As explained in Sect. 1, the main objective of this paper is
to investigate whether simple averaging of mesoscale results
(1-D method of characteristics) allows for a continuous tran-
sition to large-scale results (the UVI/PIXIE analysis). While
the latter technique operates with a resolution of∼800 km
in space and∼4.5 min in time, the ground-based method es-
tablishes conductances every 20 s and with a spatial resolu-
tion of ∼50 km. This comparison is further complicated by
several different assumptions and limitations of the two tech-
niques.

When using the 1-D method of characteristics, we assume
1-D conditions (see Sect. 2.2). This is probably the most cru-
cial assumption regarding the ground-based technique. It is
not straightforward to identify whether the conductances sat-
isfy 1-D conditions. This will be subject for investigations in
the following Sect. 3. Regions whereE is non 1-D can be
fairly easily identified and excluded from the calculations.
Such cases will therefore not affect the average Hall and
Pedersen conductances derived by the ground-based method.
On the other hand, the same regions will still contribute to
the conductances using the UVI/PIXIE technique. A similar
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Fig. 2. The AE, AL and Dst-indices between 0000 and 1200 UT on May 5, 1998. The two vertical

solid lines indicate our time interval with data between 0320 and 0525 UT.
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Fig. 2. The AE, AL andDst -indices between 00:00 and 12:00 UT
on 5 May 1998. The two vertical solid lines indicate our time inter-
val with data between 03:20 and 05:25 UT.

problem occurs when STARE data are unable to provide a
reliable electric field value.

As pointed out in Sect. 2.1, the UVI data are responsible
for the lower part of the precipitating electron energy spectra
up to ∼15–20 keV. The estimation of the electron energies
using UVI measurements within time periods of∼4.5 min
may be affected in two ways. First of all, the LBHL and
LBHS images are not coincident as they are measured dur-
ing different time intervals of 37 s. In cases where the au-
roral morphology is significantly changing between the two
observations, this leads to an analysis problem, though the
uncertainty is difficult to estimate. A second problem is that
the UVI measurements are not continuous within the investi-
gated time intervals of∼4.5 min. For example, it takes 1 min
and 51 s to perform a full energy analysis from UV-emissions
for the operating modes used in this study. Then there is a
gap of 1 min and 13 s before the procedure is repeated. If
sudden changes in the particle precipitation takes place dur-
ing such gaps, this will complicate the comparison with the
1-D method of characteristics.

The resolution of the PIXIE instrument is on the order
of ∼600–900 km (see Sect. 2.1), depending on the altitude
of the Polar satellite. In comparison, the STARE FOV is
nominally approximately 470 km×540 km, as it covers a ge-
ographic region of 67.1–72.0 in latitude and 14.0–26.0 in
longitude. For two of the three events studied in this paper,
the most equatorward region has been left out of the analy-
sis, due to a very limited number of ion velocity vectors pro-
duced by the two radar beams. This reduces the latitudinal
width from 540 km to 380 km. The inconsistency between
the PIXIE’s resolution and the STARE’s FOV leads to an-
other source of uncertainty which is discussed in more detail
in Sect. 3.

2.4 Selection of data

Three periods with substorm activity in 1998 have been se-
lected for this study. The two events of 5 May and 26 June
1998, include data from parts of the substorm expansion
phase and most of the recovery phase. For the 12 August
1998 event, we have measurements from the start of sub-
storm onset until the beginning of the recovery phase.

A number of only three events for a comparison study may
seem low, but is due to a variety of reasons. First of all, to use
the 1-D method of characteristics, the STARE radars must re-
ceive enough backscatter to estimate the electric field. Most
of the time STARE sees no echoes at all. Either there are
too few electrons in the critical altitude range, or the electric
field is too weak to form irregularities. While the former im-
ply that substorm periods should be most suited for studies
using STARE, the latter suggest that problems may some-
times occur during the substorm expansion phase, when the
electron density and therefore also the conductances can be
extremely high in some small volume. If the magnetosphere
acts as a current generator, this can lead to a suppression of
the electric field to very small values below the threshold of
the radars. In general, though, STARE is well suited to in-
vestigate the electrodynamics during substorms, and so are
also instruments performing remote sensing from space. A
comparison between the two techniques, however, requires
that the Polar satellite for the time period of interest is lo-
cated above the Northern Hemisphere, with the UVI and
PIXIE instruments viewing the Scandinavian region. Sub-
storm conditions are best suited, as we need to detect suf-
ficient X-ray photons by PIXIE to derive a proper electron
spectrum. The UVI camera, which can operate in different
modes to investigate certain aspects of the auroral activity,
must further operate in a special mode if a full energy anal-
ysis is to be performed. The most critical requirement lim-
iting the number of possible events, though, is the fact that
we have only considered the date period between May and
September, 1998. While the Finnish STARE radar station
Hankasalmi suffered from hardware problems in 1997 and
the beginning of 1998, the PIXIE chamber detecting X-ray
photons between∼8–22 keV was no longer functioning after
30 September 1998. PIXIE continued to detect X-ray pho-
tons between∼2–8 keV until November 2002, but the lack
of information about the most energetic X-rays strongly in-
creased the uncertainty in estimating the high energy tail of
the precipitating electrons up to 100 keV affecting the Hall
conductance (Aksnes et al., 2002; 2004).

3 Results and discussion

3.1 5 May 1998

In Fig. 2 we present the geomagnetic indices AE, AL and
Dst , revealing a substorm expansion phase commencing
around 03:00 UT. At 03:21 UT, when the AE- and AL-
indices reach their largest values of 1638 nT and−1493 nT
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respectively, theDst -diagram show that we are in the main
phase of a geomagnetic storm. A minimum inDst of
−119 nT between 04:00 and 05:00 UT means this event
is classified as an intense storm (Gonzalez et al., 1994).
We have estimated the conductances between 03:20 and
05:25 UT, as indicated by the two vertical solid lines. This
time interval includes parts of the expansion phase and then
the recovery phase.

The results of the conductance calculations using the two
techniques including remote sensing of UV and X-ray emis-
sions (see Sect. 2.1) and the 1-D method of characteristics
(see Sect. 2.2) are presented in Fig. 3. The solid lines in
Figs. 3a and b indicate the Hall and Pedersen conductances
derived from the UVI/PIXIE analysis, while the dashed lines
represent the conductances using the 1-D method of charac-
teristics. The conductance values are 10 min apart, with an
integration time of about 4.5 min. For this event, the STARE
radar measurements are taken from a geographic region of
67.1–72.0 in latitude and 14.0–26.0 in longitude, meaning
that the STARE FOV is approximately 470 km×540 km.

In the beginning of the investigated time interval, we ob-
serve differences between the two conductance profiles in
both magnitude and trend. The values derived using the 1-D
method of characteristics show most variability, with a maxi-
mum Hall conductance of 33 S at 04:00–04:05 UT and a min-
imum 20 min later of only 11 S. For this time step, the con-
ductances using ground-based measurements are more than
60% less than the values derived from remote sensing of UV
and X-ray emissions. This is clearly indicated by the plot
in Fig. 3c, showing the differences in % when calculating
the conductances using the 1-D method of characteristics in-
stead of using UVI/PIXIE data. As explained in Sect. 2.2,
the Pedersen conductance calculated using the 1-D method
of characteristics depends on the ratioα between the Hall
and the Pedersen conductances derived from the UVI/PIXIE
analysis. Consequently, the percentages given in Fig. 3c cor-
respond to both the differences between the two Hall conduc-
tance sets in Fig. 3a, as well as the differences between the
two Pedersen conductance sets in Fig. 3b.

In the next time frame of 04:30–04:35 UT, a shear region
intrudes into the STARE FOV. This causes a considerable
dropout of STARE data, and therefore this time step is left
out in the analysis. For the rest of the time period from 04:40
until 05:25 UT, the two conductance profiles match fairly
well, except for the time step of 04:50–04:55 UT.

As described in Sect. 2.3, the different assumptions and
limitations of the two techniques imply that a meaningful
comparison relies strongly on the level of turbulence of the
ionosphere. We have therefore developed a method to sep-
arate the data points into relatively uniform conditions and
non-uniform conditions. Relatively uniform conditions are
considered to be present if the following three selection crite-
ria are fulfilled: 1) More than 70% of the individual magnetic
scale lengths must be larger than 429 km. 2) The largest UVI-
inhomogeneity within the STARE FOV must be less than
100%. 3) The difference between the average UVI inten-
sity within the STARE FOV vs. a larger region of∼800 km

03:00 03:30 04:00 04:30 05:00 05:30
Time [UT]

03:00 03:30 04:00 04:30 05:00 05:30
Time [UT]

D
iff

er
en

ce
 [%

] i
n 

U
V

I-
em

is
si

on
 v

al
ue

s 
S

T
A

R
E

 F
O

V
 v

s 
P

IX
IE

 r
es

.

-40
-20

0

20
40

0
50

100

150
200

D
iff

er
en

ce
 [%

] 
 M

IN
 v

s 
M

A
X

 
 U

V
I-

em
is

si
on

 v
al

ue
s

M
ag

 S
ca

le
 

Le
ng

th
 [k

m
]

100

1000

10000
-100
-50

0

50
100

D
iff

er
en

ce
 

[%
]

P
ed

er
se

n 
C

on
du

ct
an

ce
 [S

]

0
5

10

15
20

05/05/199805/05/1998

0
10

20

30
40

H
al

l 
C

on
du

ct
an

ce
 [S

]

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3. (a) The Hall and (b) Pedersen conductances [S] derived in theScandinavian region using

UVI and PIXIE measurements (solid line) and the 1D method of characteristics (dashed line) on

May 5, 1998. (c) The difference in� between the two conductance sets. The horizontal dashed

line is drawn to give the 0-percent level, while the length ofthe lines indicates the integration time

period. (d) Magnetic field scale lengths [km] between the twoMIRACLE magnetometer stations

of AND and KEV. (e) The average percentage calculated using the lowest and largest UVI-LBHL

emission values at five strips of constant latitude within the STARE FOV. (f) The difference in

� for the average UVI-LBHL intensity within the STARE FOV compared with the average UVI-

LBHL intensity when including a larger area surrounding theSTARE FOV matching the PIXIE

resolution. 37

Fig. 3. (a) The Hall and(b) Pedersen conductances [S] derived in
the Scandinavian region using UVI and PIXIE measurements (solid
line) and the 1-D method of characteristics (dashed line) on 5 May
1998. (c) The difference in % between the two conductance sets.
The horizontal dashed line is drawn to give the 0-percent level,
while the length of the lines indicates the integration time period.
(d) Magnetic field scale lengths (km) between the two MIRACLE
magnetometer stations of AND and KEV.(e) The average percent-
age calculated using the lowest and largest UVI-LBHL emission
values at five strips of constant latitude within the STARE FOV.(f)
The difference in % for the average UVI-LBHL intensity within
the STARE FOV compared with the average UVI-LBHL intensity
when including a larger area surrounding the STARE FOV match-
ing the PIXIE resolution.

(the PIXIE resolution) must be less than 20%. A detailed de-
scription of these three selection criteria will be given in the
following when discussing Fig. 3.

The first selection criterion involves the term magnetic
scale lengths. As explained in Sect. 2.2, 1-D conditions are
required for the different parameters when using the 1-D
method of characteristics. The electric field data can be
tested most efficiently, meaning that regions whereE is not
1-D are excluded from the conductance calculation. To de-
cide whether the conductances themselves satisfy a 1-D con-
dition is more difficult. Since such a situation most often re-
sults in a non-1-D ground magnetic field, the latter can be in-
vestigated. The problem is the limited east-west coverage of
magnetometer stations in the STARE region. When calculat-
ing the conductances using the 1-D method of characteristics,
an investigation is performed for the conditions between the
two MIRACLE magnetometer stations of Andenes (AND)
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Fig. 4. The UVI-LBHL images for the two time steps of(a)

04:23:30–04:24:07 UT and(b) 04:26:34–04:27:11 UT on 5 May
1998. The inner black box drawn on top of the images corresponds
to the STARE FOV, while the outer box matches the PIXIE resolu-
tion of ∼800 km.

and Kevo (KEV), which are located at almost the same geo-
graphic latitude (∼69.3 and∼69.8◦, respectively). When the
calculated magnetic scale lengths are smaller than a heuristi-
cal limit of ∼429 km (the extent of the east-west chain AND-
KEV), this means we may not have a 1-D condition. For
such a situation, we should be careful when interpreting the
conductances using the 1-D method of characteristics. All
data within the STARE FOV are still included in the con-
ductance calculation, as the investigation performed only in-
volves the conditions between AND and KEV. Other regions
within the STARE FOV are not investigated, as the limited

east-west coverage of magnetometer stations prevents an ef-
ficient check similar to the procedure regarding the electric
field.

In Fig. 3d, we present magnetic scale lengths estimated
between AND and KEV for the different time periods. The
scale lengths are calculated every 20 s, and we plot the in-
dividual values in km as solid lines for the different time
steps. We observe that the values are usually larger than the
heuristical limit of∼429 km shown by a dashed horizontal
line, indicating that our assumption of a 1-D condition holds.
During some time intervals, though, many of the individual
scale lengths drop below 429 km, suggesting more disturbed
conditions. Our first selection criterion requests that more
than 70% of the individual magnetic scale lengths (in the
∼5 min time frames) must be larger than the heuristical limit
of 429 km. This is fulfilled for the first four time steps, as
well as the last four. During the period∼04:00–04:45 UT,
however, the investigation of magnetic scale lengths indi-
cates too much ionospheric turbulence.

The second selection criterion also deals with the neces-
sary 1-D condition for the 1-D method of characteristics. We
have used UVI-LBHL measurements to monitor changes in
precipitated energy flux. First, we have divided the STARE
FOV into a 5×4 grid, with each subregion being 1◦ in latitude
and 3◦ in longitude. Then we have calculated the differences
in % between the lowest and the largest UVI intensities along
each of the five strips of constant latitude. Based on these five
individual values derived for the latitude sectors of 67–68◦,
68–69◦, 69–70◦, 70–71◦, and 71–72◦ respectively, an aver-
age percentage value has been established for each UVI data
set, having a temporal resolution of 37 s. For simplicity, we
will refer to such values as ”UVI-inhomogeneities” through-
out the text.

The results are presented in Fig. 3e. In the beginning of the
time interval, the UVI-inhomogeneities are usually less than
50%. The first minor intensification is found at 03:34 UT,
when the value reaches 62%. Throughout the next hour, we
observe an increasing trend of the UVI-inhomogeneities, co-
inciding with a reduction of the magnetic scale lengths pre-
sented in Fig. 3d. Between∼04:00 and 04:30 UT, the UVI-
inhomogeneities sometimes exceed 100% while the scale
lengths drop below∼429 km.

In Figs. 4a and b, we have plotted the UVI images for
the two time steps of 04:23:30–04:24:07 UT and 04:26:34–
04:27:11 UT. The inner black box drawn on top of each im-
age indicates the STARE FOV, while the outer box corre-
sponds to a region of∼800 km, matching the PIXIE reso-
lution. Note that the colors in the two plots correspond to
different intensities, as the dark red color is set equal to the
maximum value in each plot.

The latter image presented in Fig. 4b reveals highly non-
uniform conditions in the east-west direction. At the east-
ern border, the UVI-intensities are small, as indicated by the
blue and green color. On the contrary, the UVI-intensities
are much larger at the western border, shown by the red
and orange color. According to Fig. 3e, the average UVI-
inhomogeneity for this time step reaches almost 200%.
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Such variability in the east-west direction complicates the
calculation of conductances when using the 1-D method
of characteristics. Our second selection criterion to iden-
tify relatively uniform conditions requires that the UVI-
inhomogeneities must be below 100%. This means that the
time steps of∼03:50–03:55 and∼04:50–04:55 UT should
also be assigned non-uniform conditions, in addition to the
time period of∼04:00–04:45 already determined from the
previous investigation of magnetic scale lengths (Fig. 3d).

The third selection criterion deals with the difference be-
tween the STARE FOV and the much coarser PIXIE resolu-
tion. From the image given in Fig. 4a, we note a significant
UVI intensity surrounding the STARE region. For this event
on 5 May 1998, the PIXIE resolution of∼800 km corre-
sponds to an area about 2.5 times larger than the STARE FOV
of 470 km×540 km. The inconsistency between the PIXIE
resolution and the STARE’s FOV implies that the conditions
in the particle precipitation outside the STARE region may
influence the PIXIE measurements and therefore affect the
conductance calculation. This possible source of error has
been studied by investigating the UVI-LBHL emissions in a
region larger than the actual analyzing area. The much better
spatial and temporal resolution given by the UVI camera pro-
vides us with a tool to investigate the reliability of the PIXIE
data. First, we have calculated the average UVI-LBHL in-
tensity within the STARE FOV, a region corresponding to
the inner black box in Fig. 4. Then we have repeated the
calculation and taken into account a larger area surrounding
the STARE FOV matching the PIXIE resolution. This larger
region corresponds to the outer black box in Fig. 4.

In Fig. 3f, we present the differences in % between the
UVI intensities derived using the two approaches. Nega-
tive values mean that the average UVI intensity is largest
within the STARE FOV. Since regions with less precipitation
surrounding the STARE FOV matching the PIXIE resolu-
tion also influence the X-ray data, we may underestimate the
conductances using UVI/PIXIE data during such situations.
Likewise, positive values in Fig. 3f indicate stronger particle
precipitation outside the region of investigation and a possi-
ble overestimation of the conductances when using the satel-
lite data. By comparing the results in Figs. 3c and f, we note
some resemblance between the values. Around∼04:00 UT,
we observe the lowest value in Fig. 3f of less than−20%.
At this time the conductances using the 1-D method of char-
acteristics are almost 30% larger than the conductances us-
ing UVI/PIXIE data. Then the situation is reversed around
04:23 UT. The 1-D values are more than 60% less than the
satellite calculations and Fig. 3f reveals a positive value of
about 30%. Our third selection criterion states that the dif-
ference between the average UVI intensity for a region corre-
sponding to the STARE FOV vs. a larger region of∼800 km
(the PIXIE resolution) must be below 20%. This means that
the two time steps of 04:00–04:05 and 04:20–04:25 UT must
be classified as periods when the ionosphere is in a highly
turbulent state. Both time steps have already been assigned
non-uniform conditions, though, based on the previous anal-
ysis of magnetic scale lengths and UVI-inhomogeneities.

Fig. 5. The AE, AL and Dst-indices between 0000 and 1200 UT on June 26,1998. The two

vertical solid lines indicate our time interval with data between 0300 and 0415 UT.
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Fig. 5. The AE, AL andDst -indices between 00:00 and 12:00 UT
on 26 June 1998. The two vertical solid lines indicate our time
interval with data between 03:00 and 04:15 UT.

By performing several investigations and requiring that
certain selection criteria associated with each of them are
fulfilled, we are able to identify time periods when a bet-
ter match between the two conductance sets should be ex-
pected. Using different methods is helpful, as each proce-
dure has its advantages as well as disadvantages. For exam-
ple, the magnetic scale lengths are estimated continuously,
while the UVI-inhomogeneities are calculated every 2 min
with an integration time of 37 s. While this suggests that it
should be sufficient to only deal with the former, the mag-
netic scale lengths have a limited spatial coverage compared
with UVI. Consequently, the latter procedure may reveal dis-
turbed conditions not captured by the analysis of magnetic
scale lengths.

To distinguish between the data points during relatively
uniform conditions and non-uniform conditions, the latter
has been marked with a dark grey shading in Fig. 3. For 5 of
the 6 time steps when all three selection criteria are fulfilled,
the differences between the two conductance sets are less
than±30%. On the contrary, only 3 of the 6 time steps dur-
ing non-uniform conditions between∼03:45 and 05:00 UT
reveal conductances within±30%.

3.2 26 June 1998

The geomagnetic indices AE, AL andDst , between 00:00
and 12:00 UT on 26 June 1998, are presented in Fig. 5.
We observe a substorm expansion phase taking place around
01:40 UT, followed by a period with strong AE- and AL-
indices. The largest values are found close to 03:00 UT,
with AE reaching 1450 nT and AL droping below−1000 nT.
We have measurements between 03:00 and 04:15 UT, corre-
sponding to the end of the expansion phase and most of the
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Fig. 6. (a) The Hall and (b) Pedersen conductances [S] derived in theScandinavian region using

UVI and PIXIE measurements (solid line) and the 1D method of characteristics (dashed line) on

June 26, 1998. (c) The difference in� between the two conductance sets. The horizontal dashed
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Fig. 6. (a) The Hall and(b) Pedersen conductances [S] derived in
the Scandinavian region using UVI and PIXIE measurements (solid
line) and the 1-D method of characteristics (dashed line) on 26 June
1998. (c) The difference in % between the two conductance sets.
The horizontal dashed line is drawn to give the 0-percent level,
while the length of the lines indicates the integration time period.
(d) Magnetic field scale lengths (km) between the two MIRACLE
magnetometer stations of AND and KEV.(e) The average percent-
age calculated using the lowest and largest UVI-LBHL emission
values at four strips of constant latitude within the STARE FOV.
(f) The difference in % for the average UVI-LBHL intensity within
the STARE FOV compared with the average UVI-LBHL intensity
when including a larger area surrounding the STARE FOV match-
ing the PIXIE resolution.

following recovery phase. As theDst -index value reaches
a minimum of−101 nT between 04:00 and 05:00 UT, we
further note that we are in the main phase of an intense geo-
magnetic storm.

In Figs. 6a and b we present the calculated Hall and Peder-
sen conductances similar to Figs. 3a and b. The STARE radar
measurements for this event have a lower latitude limit of
68.6◦, resulting in a STARE FOV of about 470 km×380 km.
Highly disturbed ionospheric conditions occur for the three
time periods between∼03:10 and 03:40 UT, as indicated by
the dark grey area in Fig. 6. During the remaining 5 time
periods, the ionosphere is in an appropriate state considering
our three selection criteria presented in Sect. 3.1.

As seen in Fig. 6c, two of the time intervals, 03:20–03:25
and 03:30–03:35 UT, show differences between the derived
conductances of−55 and 80%, respectively. This may be
explained by a lack of 1-D conditions. According to Fig. 6d,

more than 50% of the individual magnetic scale length val-
ues are below the heuristical limit of∼429 km between 03:20
and 03:25 UT. We further observe in Fig. 6e that the inves-
tigation of UVI intensities along strips of constant latitude
within the STARE FOV reveals the largest differences dur-
ing the time interval of 03:25 and 03:35 UT, varying between
∼100 and∼160%. Consequently, these two time periods of
03:20–03:25 and 03:30–03:35 UT are assigned non-uniform
conditions.

The UVI images for the two time steps of 03:10:18–
03:10:55 UT and 03:31:46–03:32:23 UT are plotted in
Figs. 7a and b. Fairly stable conditions in the east-west di-
rection are found in the first image, suggesting that the 1-
D condition holds for the start of the time step of∼03:10–
03:15 UT. This is supported by individual magnetic scale
lengths of∼1400 km. After a maximum scale length of more
than 2000 km around 03:11 UT, the values decrease strongly
and reach a minimum of 218 km (Fig. 3d). Only∼50% of
the individual scale lengths are larger than 429 km within the
time frame of∼03:10–03:15 UT, meaning that selection cri-
terion No. 1 is not fulfilled.

Figure 7b reveals large variations along the strips
of constant latitude, corresponding well with the UVI-
inhomogeneities in Fig. 6e, exceeding 100% at these times.
Consequently, the time step of∼03:30–03:35 UT is at-
tributed to non-uniform ionospheric conditions. This is also
reflected in the investigation of the differences between the
average UVI intensity for a region of 470 km×380 km (the
STARE FOV) and∼800 km (the PIXIE resolution), respec-
tively. As shown in Fig. 6f, the largest differences of more
than 20% occur between∼03:20 and 03:40 UT.

Our analysis of the local ionospheric turbulence for this
event on 26 June 1998, shows that non-uniform conditions
appear during the three time steps between∼03:10 and
∼03:40 UT. Only 1 of the 3 calculated conductance sets dur-
ing this time period differs less than±30%. On the con-
trary, all 5 time steps when we have relatively uniform iono-
spheric conditions provide conductances with differences
within ±30%.

3.3 12 August 1998

Figure 8 presents the geomagnetic indices AE, AL andDst ,
between 20:00 and 08:00 UT on 12–13 August 1998. In the
beginning of the time period, when we have measurements
between 23:30 and 23:55 UT on 12 August, we observe a sig-
nificant increase in the AE- and AL-indices. The largest val-
ues are found around 23:40 UT, when AE reaches∼650 and
AL exceeds−400 nT. Then the magnetic activity decreases
at the end of the time period, suggesting that our time in-
terval of 23:30–23:55 UT includes the substorm expansion
phase and the start of the recovery phase. We further note
that no geomagnetic storm is present, as theDst -values are
small.

The estimated conductances for the time period
with measurements on 12 August 1998, are presented
in Figs. 9a and b. The STARE FOV is∼470 km×380 km,
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Fig. 7. The UVI-LBHL images for the two time steps of(a)

03:10:18–03:10:55 UT and(b) 03:31:46–03:32:23 UT on 26 June
1998. The inner black box drawn on top of the images corresponds
to the STARE FOV, while the outer box matches the PIXIE resolu-
tion of ∼800 km.

similar to the event on 26 June 1998. The two conductance
profiles are much alike. Both the magnetic scale lengths
(Fig. 9d) and the UVI-inhomogeneities (Fig. 9e) indicate
that the 1-D condition holds.

In Figs. 10a and b, we have plotted the UVI images for
the two time steps of 23:41:58–23:42:35 UT and 23:45:02–
23:45:39 UT. Both images reveal more or less uniform con-
ditions, with the latter changing only 10% in UVI intensity in
the east-west direction within the STARE FOV. The two im-
ages also suggest uniform conditions throughout the entire
region of∼800 km, as the situation is much the same within

Fig. 8. The AE, AL and Dst-indices between 2000 and 0800 UT on August 12-13, 1998. The two

vertical solid lines indicate our time interval with data between 2330 and 2355 UT.
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Fig. 8. The AE, AL andDst -indices between 20:00 and 08:00 UT
on 12–13 August 1998. The two vertical solid lines indicate our
time interval with data between 23:30 and 23:55 UT.

the outer black box corresponding to the PIXIE resolution.
We therefore see in Fig. 9f that the differences in % between
the average UVI intensity for a region of 470 km×380 km
(the STARE FOV) and∼800 km (the PIXIE resolution) are
practically 0. The results show that all four time steps occur
during relatively uniform ionospheric conditions, and that all
the conductance sets provide differences of less than±30%.

4 Summary

In this study we have derived the ionospheric Hall and Ped-
ersen conductances during three periods with substorm ac-
tivity in 1998 using two different techniques. One method
involves remote sensing of UV and X-ray emissions from
space, using data from the UVI and PIXIE cameras on board
the Polar satellite. We first derive instantaneous global maps
of the precipitating electron energy spectra from less than
1 keV to 100 keV. We then derive height profiles of the re-
sulting ionization and calculate the conductances. In another
approach, we use data from the MIRACLE ground-based
network in Northern Scandinavia. Mesoscale instantaneous
conductance profiles can be inferred using a technique named
the 1-D method of characteristics, which includes electric
field measurements of the STARE coherent scatter radar and
ground magnetometer data of the IMAGE network. While
UVI/PIXIE measurements provide a single value of Hall and
Pedersen conductances for the whole STARE FOV integrated
over∼4.5 min, the 1-D method of characteristics establishes
conductances every 20 s with a spatial resolution of∼50 km.
To perform a comparison, conductances derived by the 1-D
method of characteristics have been averaged in time over the
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Fig. 9. (a) The Hall and(b) Pedersen conductances [S] derived in
the Scandinavian region using UVI and PIXIE measurements (solid
line) and the 1-D method of characteristics (dashed line) on 12 Au-
gust 1998.(c) The difference in % between the two conductance
sets. The horizontal dashed line is drawn to give the 0-percent level,
while the length of the lines indicates the integration time period.
(d) Magnetic field scale lengths (km) between the two MIRACLE
magnetometer stations of AND and KEV.(e) The average percent-
age calculated using the lowest and largest UVI-LBHL emission
values at four strips of constant latitude within the STARE FOV.
(f) The difference in % for the average UVI-LBHL intensity within
the STARE FOV compared with the average UVI-LBHL intensity
when including a larger area surrounding the STARE FOV match-
ing the PIXIE resolution.

UVI/PIXIE ∼4.5-min intervals and in space over the STARE
FOV.

The results presented in Sect. 3 reveal that the two tech-
niques used to derive the conductances sometimes provide
similar values. Other times, however, the conductances can
differ strongly. For the events on 5 May and 26 June 1998,
the best correspondence between the two conductance sets is
found at the end of the investigated time periods, when we
are in the late recovery phase of a substorm. Then the geo-
magnetic conditions are less disturbed.

An even better agreement is found for the conductances
derived on 12 August 1998. As shown in Fig. 8, we start out
in the substorm expansion phase, followed by the beginning
of the recovery phase. The AE and AL indices, though, are
moderate compared to the other two events. We further note
that this substorm takes place during non-storm conditions,
while the events on 5 May and 26 June 1998, occurred during
the main phase of an intense geomagnetic storm.
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Fig. 10. The UVI-LBHL images for the two time steps of(a)

2341:58-2342:35 UT and(b) 23:45:02–23:45:39 UT on 12 August
1998. The inner black box drawn on top of the images corresponds
to the STARE FOV, while the outer box matches the PIXIE resolu-
tion of ∼800 km.

The largest deviations between the two conductance sets
are found on 5 May and 26 June 1998, just after the max-
imum in AE, meaning that highly disturbed conditions re-
garding particle precipitation, electric fields and currents are
expected. Such ionospheric conditions are not favorable for
the two procedures including the UVI/PIXIE technique and
the 1-D method of characteristics. As explained in Sect. 2,
the two techniques should provide reliable results during
times with fairly uniform ionospheric conditions. A number
of difficulties arise when too much ionospheric turbulence
occurs.



A. Aksnes et al.: A comparison of ionospheric conductance 355

This has led to the separation of the different conductance
values presented in Figs. 3, 6 and 9, according to their cor-
responding ionospheric conditions. Relatively uniform con-
ditions have been attributed to situations when the follow-
ing selection criteria are fulfilled: 1) More than 70% of the
individual magnetic scale lengths (Figs. 3d, 6d, 9d) must
be larger than 429 km. 2) The largest UVI-inhomogeneity
within the STARE FOV (Figs. 3e, 6e, 9e) must be less than
100%. 3) The difference between the average UVI intensity
(Figs. 3f, 6f, 9f) within the STARE FOV vs. a larger region
of ∼800 km (the PIXIE resolution) must be less than 20%.

For the event on 5 May we find that 6 time periods may
be attributed to relatively uniform conditions. Five of these
cases provide conductances with differences of less than
±30%. The same holds true for the 5 time steps with lo-
cal turbulence below our tolerance limit during the event on
26 June, as well as all 4 values taken from 12 August. On the
contrary, only 4 of the conductance pairs from the remaining
9 periods with non-uniform conditions reveal differences of
less than±30%.

In Fig. 11, we show the relation between the three selec-
tion criteria and the differences between the two conduc-
tance sets. The vertical axis gives the percentage of in-
dividual magnetic scale lengths larger than 429 km, while
the UVI-inhomogeneities are provided along the horizontal
axis. We note that 15 of the values plotted have percent-
ages larger than 70% (above the dotted horizontal line) and
UVI-inhomogeneities less than 100% (left side of the dot-
ted vertical line). These values are assigned relatively uni-
form conditions, and the red and dark red colors filling 14
of the 15 boxes reveal differences between the two conduc-
tance sets of less than±30%. The 9 remaining data points
marked by crosses take place during non-uniform conditions.
In general, these values give significantly larger differences,
as demonstrated by the orange, yellow and green colors. We
also note that a thick horizontal line goes through three of
these data points during non-uniform conditions. This means
that they have failed to satisfy the third selection criterion re-
garding the difference between the average UVI intensity for
the STARE FOV vs. a larger region of∼800 km (the PIXIE
resolution).

In Fig. 12, we present three scatter plots showing the cor-
respondence between the two Hall conductance sets during
the different ionospheric conditions. When including all 24
data points available we obtain a correlation coefficient of
0.27 (Fig. 12a). Then we plot the 15 cases of relatively uni-
form ionospheric conditions, resulting in a much higher cor-
relation coefficient of 0.57 (Fig. 12b). The remaining 9 data
points represents non-uniform conditions. These are plotted
in Fig. 12c, and the correlation coefficient drops to 0.02.

5 Conclusion

The ionospheric conductances have been derived and com-
pared for three periods with substorm activity in 1998, using
remote sensing of UV- and X-ray emissions (Sect. 2.1) and
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Fig. 11. The correspondence between percentage of individual
magnetic scale lengths larger than 429 km (vertical axis), UVI-
inhomogeneities (horizontal axis), and the differences between the
two conductance sets (color bar). The data points assigned non-
uniform conditions are marked by crosses. To fulfill the first two
selection criteria, the data points must be above the dotted horizon-
tal line at 70% (selection criterion No. 1) and the left side of the
dotted vertical line at 100% (selection criterion No. 2). The thick
horizontal lines through three of the boxes indicate the data points
which do not fulfill selection criterion No. 3.

the 1-D method of characteristics (Sect. 2.2), respectively.
In general, the conductances derived using the two methods
do not correlate. However, when carefully identifying the
data points during relatively uniform conditions, the results
indicate that the two very different techniques provide fairly
similar conductance values. By imposing constraints on how
much local turbulence we will tolerate, we define relatively
uniform and non-uniform ionospheric conditions. We find
that 15 of the 24 cases fulfill our selection criteria. Fourteen
of these 15 data points provide conductances with differences
of less than±30%. On the contrary, only 4 of the remaining
9 periods with non-uniform conditions reveal differences of
less than±30%. A correlation coefficient of 0.27 is found
for the two Hall conductance sets when including all 24 indi-
vidual data points analyzed. By constraining our data set to
include only data when the local turbulence is below a certain
level, the correlation coefficient rises to 0.57.
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Fig. 12. Hall conductances6H derived using the UVI/PIXIE tech-
nique (horizontal axis) and the 1-D method of characteristics (ver-
tical axis) during(a) all conditions (24 data points),(b) relatively
uniform conditions (15 data points), and(c) non-uniform conditions
(9 data points). The dotted line having a proportionality factor of 1.0
is drawn to indicate the locations of the Hall conductance values in
cases where the two data sets provide the same output.

As discussed in Sect. 1, the ionospheric conductances can
be estimated using many different techniques. The reliability
of the methods used in this study, involving remote sensing
of UV- and X-ray emissions (Sect. 2.1) and 1-D method of
characteristics (Sect. 2.2), depends on several assumptions
and limitations. Our database is further restricted to 24 data
points, meaning that we must be cautious when interpreting
the results. Despite the limited statistics we nevertheless find

that the relation between the conductance sets is significantly
improved when only including cases with relatively uniform
conditions. As discussed in Sect. 2.1, studies by Germany et
al. (2001) and Østgaard et al. (2001) indicate that the energy
characteristics derived from UVI and PIXIE measurements,
most important for the conductance calculations, are fairly
reliable. This suggests that the estimated conductances us-
ing Polar satellite data provide a meaningful representation
of the actual conductivities. The same conclusion can be
made for the method of characteristics, according to inves-
tigations by Amm (1995) and Amm et al. (2003). The fairly
good agreement seen in Fig. 12b supports the two very dif-
ferent techniques used and puts greater confidence in the two
methods.

As explained in Sect. 1, it is not self-evident that simple
averaging of the mesoscale results (1-D method of charac-
teristics) allows for a continuous transition to the large-scale
results (the UVI/PIXIE technique). By regarding the two sets
of conductances as results of stochastical processes that oper-
ate on different scales, a number of different situations can be
imagined where averaging would not work. The correlation
coefficient between the two conductance sets of 0.57 found in
this study during relatively uniform conditions is not impres-
sive, but still indicates that a reasonable agreement between
the two methods giving large-scale and mesoscale conduc-
tances can be reached. Therefore, it makes sense to study
the ionospheric electrodynamics combining data with large
spatial and temporal differences in the scales of the measure-
ments. The lack of correspondence during non-uniform con-
ditions also demonstrates the limitations of the two proce-
dures, suggesting that the methods are less reliable when the
local ionospheric region is in a highly turbulent state.
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