JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 102, NO. All, PAGES 24,057-24,067, NOVEMBER 1, 1997

Dayside ionospheric plasma convection, electric fields,
and field-aligned currents derived from the SuperDARN
radar observations and predicted by the IZMEM model
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Abstract. A recent deployment of the Super Dual Auroral Radar Network
(SuperDARN) HF radar network provides excellent opportunities to construct
two-dimensional maps of the ionospheric convection over large areas in both the
northern and southern polar regions. The Institute of Terrestrial Magnetism,
Ionosphere and Radiowave Propagation electrodynamic model (IZMEM) is a
potentially useful tool for predicting, also on a global scale, the ionospheric
plasma convection patterns, electric fields, magnetic disturbances, ionospheric and
field-aligned currents. Comparisons of the IZMEM predictions with satellite and
incoherent scatter radar data show that the model’s performance is reasonably good,
but the model needs more extensive and accurate verifications. In this paper, several
events under relatively stable IMF conditions (B, < 0 and B, > 0) are studied
and discussed. The SuperDARN/IZMEM ion drift velocities are found to be in
reasonable agreement in both magnitude and direction; the average difference (over
the individual SuperDARN convection map) between the predicted magnitude
of the ion drift velocity and the measured magnitude is about 50%, while the
difference in the direction is typically less than 25°. The IZMEM predictions of the
location, direction, and magnitude of field-aligned currents also agree well with the
SuperDARN observations. It is concluded that simultaneous use of SuperDARN

data and IZMEM model can improve the specification of the polar ionospheric

convection for space weather applications.

1. Introduction

Numerous measurements obtained from a variety of

ground-based platforms and satellite instruments show
a strong relationship between the solar wind state near

the Earth’s orbit and the plasma convection in the
magnetosphere and therefore in the ionosphere [e.g.,

Kamide and Baumjohann, 1993]. These observations
have led to a number of studies which elucidate the elec-
trodynamic coupling between the magnetosphere and
ionosphere as well as provide better opportunities for
specification and forecasting of space weather in the
near-Earth’s environment. As mentioned by Maynard
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[1995], the studies of ionospheric convection and distri-
bution of field-aligned currents are essential components
of the U. S. National Space Weather Initiative.
Despite the fact that a number of ionospheric con-
vection models, based on satellite, radar, and ground
magnetometer data, have already been developed [e.g.,
Levitin et al., 1982; Foster, 1983; Feldstein and Levitin,
1986; Heppner and Maynard, 1987; Hairston and Heelis,
1990; Papitashvili et al., 1994; Rich and Hairston, 1994;
Weimer, 1995, 1996; Ruohoniemi and Greenwald, 1996],
the complexity of relationships between the plasma con-
vection and changing interplanetary conditions requires
further studies and intercalibration between the multi-

‘instrument measurements and different modeling tech-

niques. In other words, the experimentally verified
model of the ionospheric convection parameterized by
the interplanetary magnetic field (IMF) strength and
direction and the solar wind conditions is required for
practical applications.

In recent years, with the almost completed deploy-
ment of the Super Dual Auroral Radar Network (Su-
perDARN), the opportunities for detailed studies of
high-latitude ionospheric convection are significantly in-
creased [Greenwald et al., 1995a]. In the northern hemi-
sphere, the SuperDARN network covers a substantial
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part of the high-latitude ionosphere (~15 hours of local
time) and provides measurements of the plasma drifts
with a time resolution of several minutes. SuperDARN
operates now on a continuous basis; information about
radars and data availability can be obtained via the

World Wide Web (http://sd-www.jhuapl.edu/RADAR).

Therefore the SuperDARN data can easily be com-
pared with measurements made by other ground-based
or satellite instruments or incorporated into any mod-
eling technique for space weather forecasting purposes.

A new statistical model of the ionospheric convec-
tion binned by the IMF strength and direction was
recently developed at Johns Hopkins University, Ap-
plied Physics Laboratory (JHU/APL) [Ruohoniem: and
Greenwald, 1996]. This model utilizes the SuperDARN
data obtained from the Goose Bay HF radar by fit-
ting the data with a combination of harmonic functions
whose coefficients satisfy requirements of a minimum
least error. (This approach was suggested and utilized
first by Weimer [1995, 1996] for the DE 2 satellite elec-
tric field measurements.) Thus for known IMF param-
eters, the electrostatic potential distributions can now
be predicted from the JHU/APL model with the rea-
sonable accuracy within the range of available experi-
mental data. The quality of predictions by this model
for arbitrary solar wind and IMF conditions needs to
be investigated further.

The large-scale patterns of the ionospheric plasma
convection at high latitudes have been obtained from
ground magnetometer data and extensively analyzed

analytically as well as numerically in numerous studies .

[e.g., Kamide et al., 1981; Levitin et al., 1982; Friis-
Christensen et al., 1985; Feldstein and Levitin, 1986;
Richmond and Kamide, 1988; Papitashvili et al., 1990].
As aresult, such practical techniques as the assimilative
mapping of ionospheric electrodynamics (AMIE) [Rich-
mond, 1992] and the Institute Terrestrial Magnetism,
Tonosphere and Radiowave Propagation electrodynamic
model (IZMEM) [Papitashvili et al., 1994] began to be
widely used for a variety of scientific applications [e.g.,
Knipp et al., 1993; Papitashvili et al., 1995; Feldstein
et al., 1996]. Both techniques are able to calculate
the same set of ionospheric electrodynamic parameters
(electric potential, magnetic and electric fields, iono-
spheric and field-aligned currents, and Joule heating
rate) over both the northern and southern polar regions.

A chief advantage of these numerical methods is their
ability to provide global coverage and reasonable time
resolution for the events under study. The AMIE tech-
nique utilizes localized radar and/or satellite electric
field measurements, but it also requires a collection of
global magnetometer data for the event under study.
The IZMEM technique is based on a regression analy-
sis between IMF and ground magnetic variations (the
“black box” approach, see details given by Papitashvili
et al. [1994]); therefore it requires only the IMF data
(strength and direction) for prediction of the ionospheric
electrodynamic parameters. The IZMEM model is also
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accessible via the World Wide Web (http://www.sprl.
umich.edu/MIST).

The IZMEM model has been constructed from the
hourly mean IMF and ground geomagnetic field values.
Such averaging of experimental data helps to avoid un-
certainties in the time delay between the IMF changes
measured by a spacecraft and the corresponding iono-
spheric convection responses. The model’s spatial reso-
lution is about 1° in invariant (corrected geomagnetic)
latitude (® > 57°) and 1 hour in magnetic local time
(MLT) (i.e., 15° by the longitude). IZMEM utilizes a
statistical model of ionospheric conductivity caused by
both the particle precipitation [Wallis and Budzinski,
1981] and the photoionization.

Despite the fact that hourly averages have been used
for the model’s construction, a “black box” nature
of the utilized regression approach (the IMF changes
are used as the input; the ground geomagnetic re-
sponses are used as the output) allows us to apply the
IZMEM model for studies of time-varying phenomena
on a timescale up to 5-10 min resolution [e.g., Papi-
tashvili et al., 1995; A. J. Ridley and V. O. Papitashvili,
Dynamics of the ionospheric convection patterns dur-
ing changes in the northward interplanetary magnetic
field: A comparison between AMIE and IZMEM tech-
niques, submitted to Journal of Geophysical Research,
1997, hereinafter referred to as submitted manuscript,
1997]. Thus the model itself is not the “hourly aver-
aged” model but rather the dynamical, noninertial sta-
tistical model which shows the ground geomagnetic re-
sponses on any changes in the IMF. Note that one must
be careful properly calculating the solar wind propaga-
tion time delay and selecting appropriate IMF values
for the modeling.

Several studies have been undertaken to assess the
accuracy of IZMEM modeling for space weather predic-
tions [Feldstein et al., 1994, 1996; Papitashvili et al.,
1995; Papitashvili and Papitashvili, 1996; Ridley and
Papitashvili, submitted manuscript, 1997]. However,
the results of comparisons with experimental measure-
ments (e.g., satellite and/or radar data) are still con-
troversial to some extent. On the one hand, during the
quasi-steady IMF conditions, the IZMEM model shows
realistic large-scale convection patterns determined by
the global electric field distributions related to each
IMF component [e.g., Feldstein and Levitin, 1986; Pap-
itashvili et al., 1994]. On the other hand, for mesoscale,
time-varying events, the agreement is reasonable but
the potential drops across the localized area may differ
from those measured by the radar or satellite [Clauer et
al., 1994; Emery et al., 1995; Papitashvili et al., 1995).
This can be caused by spatially localized ionospheric
conductivity irregularities, especially during winter and
equinox months when the UV-related conductivity is
low. Comparisons with the IZMEM-predicted field-
aligned currents (FAC) are still limited [Dremukhina
et al., 1985; R. M. Winglee et al., Comparisons of the
high-latitude ionospheric electrodynamics inferred from
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Figure 1. The IMF and solar wind data measured by
the IMP 8 spacecraft on March 6, 1994. The vertical
line at 1955 UT indicates a time instance for which the
IZMEM model predictions were compared with the Su-
perDARN radar observations.

MHD and semiempirical models during the January
1992 GEM campaign, submitted to Journal of Geophys-
ical Research, 1997].

Kustov et al. [1996] have undertaken an initial study
of the IZMEM modeling performance by comparing the
global model predictions of ionospheric electric fields
with the locally averaged SuperDARN radar measure-
ments on March 6, 1994 (1955 UT) during stable IMF
conditions (B, ~ By ~ —5 nT). In this study we ap-
ply a “point-to-point” cornpanson between the IZMEM
and SuperDARN data for the same event but extend
a scope of the study adding three additional events for
various IMF conditions.

The purpose of this study is now twofold. Flrst, we
compare two-dimensional ionospheric convection maps
obtained from the Saskatoon-Kapuskasing pair of Su-
perDARN radars over the dayside high-latitude iono-
sphere with the corresponding patterns modeled from
the IZMEM electric fields at altitudes where radar mea-
surements take place (~300 km) for the southward and
northward IMF conditions. Second, the analysis is
extended by including the comparison between field-
aligned currents inferred from the SuperDARN data
[e.g., Sofko et al., 1995] and corresponding FAC dis-

tributions modeled by IZMEM. These allow us to make’

some conclusions about the potential of SuperDARN to
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resolve the structure of global ionospheric convection
and about the predictability of global convection pat-
terns obtained solely from the IZMEM modeling ‘when
the IMF data are available.

2. Modeling and Observations During
Quasi-Stable Southward IMF

It is well established that for the southward IMF the
global ionospheric convection is generally represented
by the standard two-cell pattern with an antisunward
flow across the center of the polar cap. To test the
IZMEM performance for such a situation, the time in-
terval 1900-2000 UT on March 6, 1994, was selected.
During this event, the IMF was relatively stable and
the radars observed echoes across a significant portion
of the dayside ionosphere.

Figure 1 shows the IMP 8 solar wind plasma and
IMF measurements for the selected interval; the time
instance for comparison of the IZMEM predictions and
radar measurements is marked by a vertical dashed line
at 1955 UT. The IMP 8 spacecraft was located at this
time in the solar wind at Xgsm = 14, Yasm = 15, and
Zgsm = 31 Rg. During the previous hour the IMF B,
and B, components were very stable; the solar wind
velocity was about 410 km/s and density ~15 cm™3.
For the IZMEM modeling we utilized the average IMF
values over 20 min prior to the radar measurements:

=-3.50T and B, = —7.2nT.

Figure 2 shows the electrostatic potential distribu-
tion as predicted by the IZMEM for 1955 UT. The
highlighted area from 1100 to 1500 MLT shows the
region covered by the Saskatoon-Kapuskasing Super-

IMF (nT) Electric potential
Bx= 2.0 Northern
By= -7.2 -_._. Equinox
Bz= -3.5 /..

Contour
Interval Max 87.
4.75 kV Min -28.
00
1994/ 3/ 6 19:55 UT

Figure 2. The electrostatic potential distribution over
the northern high-latitude ionosphere obtained from the
IZMEM model for 1955 UT on March 6, 1994. The plus
and minus signs mark locations of foci of the large-scale
convection cells; the maximum and minimum values of
electrostatic potential at these points are given at the
bottom of the diagram.
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Figure 3. Plasma convection vectors obtained from
(top) the IZMEM model and from (bottom) the Super-
DARN observations for 1955 UT on March 6, 1994.

DARN pair. The ionospheric convection is represented
by the standard two-cell pattern with a slightly dom-
inant dawn cell and elongated dusk cell in agreement
with the negative By signature. The cross-polar cap po-
tential drop is predicted to be MAX — MIN = 68+28 =
96 kV.

Figure 3 shows a dayside portion of Figure 2 where
the IZMEM convection is mapped in geographic coor-
dinates and converted into the ion drift velocities (top)
calculated at the collocated points where radars receive
clear echoes (bottom). For IZMEM the velocity vectors
were inferred from the modeled electric fields at alti-
tude 300 km as V = E x B, where |B| is the absolute
value of the vertical component of the main geomag-
netic field at these points obtained from the Interna-
tional Geomagnetic Reference Field (IGRF) model for
Epoch 1994. One can see that both sets of velocity vec-
tors exhibit the same pattern, namely, westward flow
at the lower latitudes and eastward flow at the higher
latitudes. Certainly, the model shows smoother flows
but, in general, the prediction and measurements agree
fairly well.

Comparing the “point-to-point” values, we see a few
exceptions. At the lower latitudes, several points show
that the predicted and measured velocity vectors are
oriented in quite different directions. These points de-
crease significantly the correlation coefficients between

KUSTOV ET AL.: SUPERDARN AND IZMEM COMPARISONS

the two data sets to 0.45 and 0.42 for the ma;gnitudes
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these points, then the correlation coeflicients increase

_ to 0.62 for the magnitudes and 0.74 for the azimuths.

The latter numbers are closer to the results reported by
Kustov et al. [1996], who compared the IZZMEM pre-

dictions at the grid nodes with the closest SuperDARN

vectors averaged around each node.

Note that the suggested omission of some “bad” points
does not mean that we want “to cook” our statistics.
The correlation between two patterns (even if they are
almost identical in their configuration or shape) can be
fairly small if these patterns are slightly shifted spa-
tially against each other. However, for the event under
investigation, the IZMEM and SuperDARN data show
very similar convection patterns: for example, the con-
vection reversal boundary is determined by the radars
as well as by IZMEM along 1400 MLT at 74.5°, though
the lower-latitude portion of the “radar” convection is
inconsistent with the general pattern. A spot of re-
duced vectors (a quasi-vortex?) is observed by radars
near 1300 MLT and 77.5°; such a small-scale structure
can be caused by a localized ionospheric irregularity.
The latter may not be manifested as the gradient in the
statistical ionospheric conductivity model; therefore it
cannot be locally modeled by the IZMEM.

There is also no guarantee that radars measure “true”
convection if some points show opposite or chaotically
distributed vectors, comparing with the bulk of vectors
on a map. We believe that if ~90% of observed con-
vection velocities are organized in a consistent global
convection pattern, we can omit some “bad” measure-
ments for a better comparison with the model. We show
in Table 1 the difference between these two approaches.

In this study we shall characterize differences between
predictions and measurements in the following way. For
the magnitude, a fractional difference between two vec-
tors dV is estimated at each individual point:

§V; = [Vipl —_lVfZMEM|
Vil

Here |Vip| and |Vigyen| are the absolute values of the
measured and predicted velocities at each point 7. Then
the absolute values of §V; are averaged over the entire
‘covered area (i.e., for all points available for the com-
parison within the individual SuperDARN convection
map):

1 n
AVqy == 16Vil,
i=1

where n is the number of points within the map (typi--
cally more than 50).

For the vector azimuths the difference in azimuths §6;
at each point is defined as

86; = 65 — OizmeM
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Table 1. Differences Between the Ion Drift Velocities Observed by SuperDARN Radars and Modeled by IZMEM

IMF, nT All Points No Opposite Points
Date uT B, B, AVyy A62, AV, A8y,
March 6, 1994 1955 ~35 ~7.2 0.50 46 0.25 18
December 23, 1994 2030 +1.6 +4.1 0.62 31 0.55 19
December 23, 1994 2131 +1.7 -0.6 0.71 91
January 10, 1994 1940 +4.0 +0.8 2.10 79

where 6%p, and 0i;yEy are the azimuths of the velocity
vectors (measured and predicted, respectively). Then
the absolute values of §0; are averaged over the Super-
DARN convection map area:

80T
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PACE Latitude

PACE Latitude
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13 14 15
Magnetic Local Time

Figure 4. The IZMEM/SuperDARN field-aligned cur-
rent comparison for 1955 UT on March 6, 1994: (a) the
current distribution from IZMEM model (solid contours
correspond to the upward currents; dashed contours
correspond to the downward currents), (b) field-aligned
currents inférred from StperDARN observations by us-
ing the “curl-processing” technique (upward currents
are denoted by the open circles; the downward cur-
rents are denoted by the circles with crosses; the size
of each circle is proportional to the current’s intensity;
the scale is shown at the bottom of this panel), and (c)
both the IZMEM and SuperDARN FACs are plotted to-
gether. Note that the Polar Anglo-American Conjugate
Experiment (PACE) coordinate system was introduced
by Baker and Wing [1989] for the conjugate radar stud-
ies; this system is identical to the commonly used cor-
rected geomagnetic coordinates. The PACE latitudes
A =70° and A = 80° are also shown in Figure 3.

12

Table 1 shows AV, and A8, for several events un-
der investigation. First, all available points after the
SuperDARN observations are included. One can see
that in this case the differences between the model and
observations are larger than 50% for the magnitudes
and 50° for the azimuths. However, if ~10% of points
with almost opposite (predicted against measured) flow
direction are omitted, the agreement between the Su-
perDARN data and the IZMEM model becornes much
better. This clearly indicates that the IZMEM model
can predict well the global convection pattern but not
the local flow inhomogeneities obtained from radar mea-
surements (which are still under question to be “true”
or “false”). The differences in magnitude reduce to less
than 50% for three events studied in this paper; the
azimuth agreement becomes better than 25°. We con-
clude here that the SuperDARN convection maps and
corresponding IZMEM modeling are in good agreement
in a sénse of representing the global convection pattern.

Another electrodynamic parameter which can be de-
rived from the SuperDARN observations and then com-
pared with the IZMEM predictions is the field-aligned
currént distribution. Recently, Sofko et al. [1995] de-
veloped the “curl-processing” technique for estimation
of the FAC from direct SuperDARN observations as-
summing a uniformity of the ionospheric conductivity in
the localized area.

Figure 4a shows the FAC distribution in the same
MLT sector on March 6, 1994, obtained from the IZMEM
modeling. The upward currents are shown by the solid
contours, and the downward currents are shown by
the dashed contours. Figure 4b shows the FAC dis-
tribution inferred from radar measurements where the
FAC strength is presented per siemens of the height-
integrated Pedersen conductivity (see details given by
Sofko et al. [1995]). The upward currents are denoted
by the open circles, the downward currents are denoted
by the circles with pluses. The size (diameter) of each
circle is proportional to the derived FAC intenv'sityat
each individual point of the radar map (a scale circle
for 0.1 uA/m?/S is shown at the bottom of this panel).

One cani see that locations of the predicted and miea-
sured field-aligned currents are generally in good agree-
ment (Figure 4c, measured and predicted FACs are
overlaid). For the upward currents in the region where
the IZMEM and SuperDARN FACs are mainly overlaid,
a typical FAC magnitude obtained from the IZMEM
model is about 0.3 pA/m2. If we take the height-
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10f T T 3 We compare radar observations with the IZMEM mod-
- SF ' : " = eling for two situations: By is larger than B, and B,
S Oof x ! 3 is larger than B,. Figure 5 shows the Wind spacecraft
o 3

3 measurements of the IMF and solar wind parameters on
December 23, 1994, from 2000 to 2200 UT. The space-
craft was located at Xgsm = 23, Yagsm = —10, and
Zgsm = —3.4 Rg. The IMF was northward and sta-
ble, but the IMF B, component decreased from 4 nT to
small negative values. The solar wind plasma parame-
ters were quite stable.

Figure 6 shows the electrostatic potential distribution
as predicted by the IZMEM model for 2030 and 2131
UT. The radar observations cover the dayside sector
from 1200 to 1700 MLT. In both cases a distorted two-
cell convection pattern is developed which is typical for
the winter season [e.g., Heppner and Maynard, 1987;
Papitashvili et al., 1994]. A clear difference is seen in

1
sE() E : the dayside “throat” location, which depends on the
1 2 E IMF By direction.
4595 . , ] For the first event the radar data are in a reason-
w 400[-(€) ' ! J able agreement with the IZMEM predictions as shown
L F P , ' ] in Figure 7a for the collocated points. The second event
> SSOM shows a convection reversal boundary near 76° in the
3000 1 1 - J IZMEM pattern, but this reversal boundary is subtle
20:00 30 21:00 30 22:00

. in the SuperDARN data and can be located somewhere
Fieus 5 The s, UmvelzsalF-l_’ime 1 biit for 2030 and between 79° at 1300 MLT and 82° invariant latitude at
ljgure o. lhe same as in rigure 1 but ior and 1600 MLT. According to the potential plot, the radar
2131 UT on December 23, 1994, Wind data. view area (highlighted on Figure 6b) covers the region
, with a ionospheric shear flow, that is, even the IZMEM’s
integrated Pedersen conductivity in this region equal convection flow is sharply bent. Here we can only reveal
~3-S [e.g., Wallis and Budzinski, 1981], then the radar a qualitative agreement between two patterns: both
observations and the IZMEM modeling agree fairly well. show the convection reversal boundaries but displaced
: ‘ by about 5°. Such a displacement can be related to
3. Modeling and Observations During improper selection of the IMF parameters for the mod-
Quasi-Stable Northward IMF eling. Just a little reduction of the IMF azimuthal
component (By = —0.1 aT) shifts the IZMEM rever-
The plasma convection pattern and the distribution sal boundary at higher latitudes (78°; one can model
of field-aligned currents are much more complicated for this via the Space Physics Research Laboratory Web
northward IMF [e.g., Kamide and Baumjohann, 1993]. site (http://sprl.umich.edu/MIST)).

IMF (nT) 12 IMF (nT) 12 Electric potential

Bx= 0.7 Bx= 5.0 Northern

By= By= -0.6 Winter

Bz= Bz= 1.7

p 60° o 60°

(a) (b) .

18—+ 06 18 06

Contour Contour

Interval Max 25. Interval Max 23.

1.83 kV . Min -12. 1.63 kV I Min -10.
1994/12/23 00 20:30 UT 00 21:31 UT

Figure 6. The same as in Figure 2 but for (a) 2030 and (b) 2131 UT on December 23, 1994.
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Figure 7. Plasma convection vectors obtained from (a,b) IZMEM model and (c,d) SuperDARN
observations for 2030 UT and 2131 UT on December 23, 1994.

For this event we cannot omit “bad” points in our
statistical analysis showing differences in the velocity
magnitudes and vector azimuths and presented in Ta-
ble 1. The IZMEM predictions of the FAC distribu-
tions in the radar “field-of-view” region are compared
with experimental data in Figure 8. Here we also see
reasonable agreement for the first event but the upward
currents are not colocated for the second event because
the reversal boundaries are significantly different.

The studied events (Figures 1-8) were relatively sim-
ple cases for which either the southward B, or the By
component dominated. As a more complicated situa-
tion, we selected the event of January 10, 1994, exten-
sively studied by Greenwald et al. [1995b]. The authors
concluded that on this day the SuperDARN radars ob-
served the postnoon convection vortex related to the
strong northward IMF and caused by the northward B,
(NBZ) field-aligned current system [Iijima et al., 1984].

Figure 9 shows the IZMEM electrostatic potential
distribution which clearly depicts the reverse convection
near noon and both NBZ-generated reverse convection
cells; the global picture can be interpreted either as a
distorted two-cell convection pattern or a multicell con-
vection. In this example, both the prenoon and post-
noon reverse convection cells are well developed on the
background of a standard two-cell convection pattern
related to the quasi-viscous interaction between the so-
lar wind plasma and Earth’s magnetosphere.

Figure 10 shows the IZMEM modeling of ionospheric
convection in the collocated points with the Super-
DARN observations. One can see that qualitatively the
IZMEM model exhibits a vortex which is very similar
to the observed one. There are eastward and westward
flows at latitudes A = 77° — 80° and A = 82° — 85°, re-
spectively. Corresponding reversals from the eastward
flow to the westward flow and vice versa occur near 1200
and 1500 MLT meridians. Obviously, the magnitudes
of modeled and observed velocity vectors are different,
especially in the regions of flow reversals. One can also
notice that the vortex focus is slightly shifted (~5° by
the longitude) in the modeled pattern toward 1500 MLT
against the SuperDARN observations. Spatially, the
observed vortex is larger than the modeled one: its ex-
tension to the higher latitudes shows some opposite vec-
tors against the model. Average differences between the
model and observations are more than 200% in magni-
tudes and 79° in azimuths (Table 1); this is significantly
larger than for the quasi-stable IMF events.

Though some differences between the IZMEM and
experimental data have been reported earlier [e.g., Feld-
stein et al., 1996], we can argue that for the event under
investigation the IMF changes rapidly; therefore more
detailed comparisons with better time resolution are re-
quired. One can see that the IZMEM model represents
the convection pattern observed by radars reasonably
well but it is a challenging task to select a proper time
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delay and IMF values for the modeling. The radar data
have been averaged over 30 min from 1925 UT in the
original paper by Greenwald et al. [1995b] because for
the shorter time-averaging intervals the radar echoes are
patchy and can be inconclusive. Therefore the IMF data
were also averaged over 30 min from 1915 UT when the
By component dropped from 5 to about 1 nT, but B,
was still maintained at about 4 nT level. We remind
the reader that this averaging is absolutely unrelated
to the model construction timescale; the obtained IMF
values are used for the ionospheric convection modeling
within the “black box” approach (see details given by
Papitashuvili et al. [1994, 1995]).

Because of the above mentioned circumstances, the
omission of oppositely directed vectors for the model/ob-
servation comparisons does not make sense, so we do not
show the “omission” results in Table 1. Nevertheless,
we think that this event provides a solid confirmation
that the SuperDARN radars are able to determine the
mesoscale dayside vortices related to the NBZ FAC cur-

12 13 14 15 16 1
Magnetic Local Time

Figure 8. The same as in Figure 4 but for (left) 2030 UT and (right) 2131 UT on December 23,
1994.

17 10 11 7

rent system; these vortices are also clearly depicted by
the IZMEM potentials (Figure 9). The recent study by
Greenwald et al. [1996] provides more examples of the
radar mesoscale vortex observations.

4. Discussion and Conclusions

Comparisons with satellite and incoherent scatter
radar measurements have shown that the IZMEM model
can successfully predict a general configuration of the
ionospheric convection pattern, location of the convec-
tion cell foci, and the MLT location of the flow reversals
[Dremukhina et al., 1985; Feldstein and Levitin, 1986;
Feldstein et al., 1994; 1996; Papitashvili et al., 1989,
1995; Ridley and Papitashvili, submitted manuscript,
1997]. In this paper the first attempt is made to eval-
uate differences between the modeled patterns and the
SuperDARN radar observations in a more quantitative
fashion. For the events studied, the differences between
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Figure 9. The same as in Figure 2 but for 1940 UT on
January 10, 1994.

the predictions and measurements are found to be about
50% for the ion velocity' magnitudes and ~25° for the
vector azimuths. This indicates that the IZMEM pre-
dictions are reasonable for representing the smoothed
large-scale ionospheric convection patterns under the
conditions of quasi-stable IMF. It also confirms that
the calibration factors suggested for the IZMEM model
by Papitashvili et al. [1994] are correctly defined.

One can make several remarks with respect to some
differences between the model predictions and actual
radar observations found in this study. We distinguish
two types of differences. The first one comes from the
small-scale, local irregularities when radars observe an
appearance of the “convection isles” with totally differ-
ent direction and/or magnitude of the ion velocity vec-
tors with respect to the averaged, smoothed over the
radar “field-of-view” pattern. We believe that in this
case the radars lose steady echoes which appears as er-
rors in the radar measurements. The possibility of such
localized errors in the radar measurements have been
reported earlier [e.g., Villain et al., 1986].

Several effects might cause this. One is an occurrence
of the double-peaked spectra due to the small-scale vor-
tical flow within the radar scattering volume. This ef-
fect is especially significant when a large-scale shear
flow is developed within the radars “field-of-view” [A.
Schiffler et al., Mapping the outer low-latitude bound-
ary layer with SuperDARN double-peaked spectra, sub-
mitted to Geophysical Research Letters, 1997]. Another
effect is the ionospheric refraction which causes a lateral
radio wave deviation from an assumed direction of the
wave propagation. To take both of these effects into ac-
count, a detailed analysis of the SuperDARN data and
supportive observations of ionospheric conditions must
be performed for each individual radar observation.

For the events under investigation, no auxiliary mea-
surements were available to scrutinize the SuperDARN
data. We note that such a work is a current subject for
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Figure 10. The same as in Figure 3 but for 1940 UT
on January 10, 1994.

specific studies carried out by the SuperDARN com-
munity. We should say that in any case the routine
SuperDARN maps represent a sort of “model” of the
“true” convection pattern under observations since cer-
tain integration time and spatial averaging are applied.
Therefore elimination of some points with an “abnor-
mal” behavior within each “radar” convection map (i.e.,
points with the opposite vectors due to the radar ob-
servation errors) allows for a better comparison between
the radar data and model predictions.

A second type of difference is a large-scale discrep-
ancy in the observed and modeled patterns. This dis-
crepancy is mainly originated from the spatial shift be-
tween the observed and modeled patterns. IZMEM
has been developed as a technique to model large-scale,
quasi-steady convection patterns with the aim to under-
stand global structural elements of the magnetosphere-
ionosphere coupling. After the model construction it
was recognized that IZMEM is able to model surpris-
ingly well the time-varying phenomena in the absence of
substorms; however, the properly determined propaga-
tion time for the IMF changes measured by a spacecraft
is required to identify the corresponding ionospheric
manifestations [ Papitashvili et al., 1995; Ridley and Pa-
pitashvili, submitted manuscript, 1997]. For example,
Feldstein et al. [1996] applied the IZMEM technique
for studies of the ionospheric convection under the con-
dition of time-varying IMF. The authors found that if
one can make an appropriate choice of the time delay
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between the IMF measurements by the IMP 8 space-
craft and the convection observations in the ionosphere,
the IZMEM model provides reasonable estimates of the
electric fields along the VIKING satellite trajectory.
However, for some parts of the trajectory, especially
in the morning sector, the modeled and observed val-
ues differ by a factor of 2 in magnitudes. This is in
agreement with the conclusions of present study for the
January 10, 1994, event. These studies show that there
are some possibilities for a further improvement of the
IZMEM model.

~ Asfor the field-aligned current distributions, the tech-
nique used by Sofko et al. [1995] is able to calculate only
the “magnetospheric component” of the field-aligned
currents, but their “ionospheric component” (due to
the ionospheric conductivity gradients) is still unpre-
dictable from the radar measurements. The authors
assumed a scale size of conductivity gradients larger
than 1000 km so that the “ionospheric component” was
small within the SuperDARN convection variation scale
(typically several hundred kilometers). This assump-
tion is true for the summer, but considered events in
the cited paper are from winter and equinox seasons;
in this case conductivity gradients can be comparable
with the radar “field-of-view” area and “ionospheric”
contribution can be large enough to produce local ir-
regularities.

The IZMEM model utilizes the nonuniform iono-
spheric conductivity model by Wallis and Budzinski
[1981]. Therefore the IZMEM-modeled FACs contain
both the “magnetospheric” and “ionospheric” compo-
nents. The latter depends on the scale size provided
by the conductivity model but does not fully consider
small-scale ionospheric structures. Thus we think that
at this stage and for the considered events the field-
aligned currents obtained from SuperDARN data and
modeled by IZMEM can only be compared qualitatively.

We conclude that the SuperDARN radars provide
solid experimental confirmation for the convection struc-
tural elements obtained from IZMEM and other mod-
eling techniques. Despite the fact that almost all above
mentioned convection models have been obtained from
experimental data (ground magnetometers or satellite
observations), the complicated modeling algorithm and
properly defined boundary conditions are required for
the data inversion. The magnetometer-based mod-
_els provide good global coverage bu{t require the iono-
spheric conductivity models. The satellite-based obser-
vations (electric fields or ion driftmeter data) require ac-
curate integration of experimental data along the satel-
lite orbit and follow-on correction for the corotation po-
tential; then some sort of expansion technique (Fourier
or spherical harmonic analyses) is required for extension
to a global coverage.

These are not the problems for the SuperDARN ob-
servations: the radar network covers almost the entire
polar region, provides overlapping measurements from
which the two-dimentional (2-D) convection patterns
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can be easily inferred, and it does not involve any mod-
eling algorithm to produce individual maps (except of
a specific data processing technique for conversion of
the “line-of-sight” ion velocities to the 2-D plasma drift
maps). These are the chief advantages of the Super-
DARN observations, though the global modeling of the
convection patterns requires statistical averaging and a
mathematical expansion of experimental data to fill the
gaps in the HF radar observations [e.g., Ruohoniemi
and Greenwald, 1996].

As shown by all events analyzed here, the comparison
of SuperDARN observations and IZMEM modeling pro-
vides the good global context within which the radar ob-
servations can be better interpreted. On the other hand,
localized real-time SuperDARN observations made by
one or more pairs of radars can be utilized to adjust
the global convection modeled by IZMEM solely from
the IMF data through the spherical harmonic expan-
sion procedure (in a manner as the AMIE technique
incorporates the radar and satellite data to adjust in
situ the global potential pattern obtained initially only
from' collected ground magnetometer data). This may
provide a near-realistic specification of the global iono-
spheric convection for the space weather purposes. It is
obvious that all available ionospheric convection mod-
els require extensive intercalibration and verification for
further utilization in the practical applications.
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