
1  Introduction

NICT has regularly been running the mag-
netohydrodynamic (MHD) simulator of the
magnetosphere-ionosphere coupling system in
real time using ACE observational data as
input for upstream boundary conditions［1］–［4］.
ACE is an artificial satellite located at the L1
point (a point where gravity of the sun and

earth are in equilibrium) at a distance of about
220 earth radii (Re) from the earth toward the
sun. The results obtained from running real-
time simulation are accumulated on hard disk.
Thus, running simulation for a prolonged peri-
od creates a database consisting of simulation
results under a variety of actual solar wind
conditions. Statistical analysis using the huge
amount of calculation results saved in this
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National Institute of Information and Communications Technology (NICT) has been running
the real-time magnetohydrodynamic (MHD) simulation of the magnetosphere-ionosphere (M-I)
coupling system［1］–［4］. The 2-D ionospheric electric potential distribution can be reproduced
from the real-time run of the magnetosphere simulation. We extracted parameters, such as, the
locations of potential MAX and MIN and the magnitude of potential MAX (Potmax) and the
absolute value of potential MIN ( |Potmin|), and the cross polar cap potential (CPCP; the differ-
ence between maximal and minimal values of the potential = Potmax – Potmin) from the 2-D
ionospheric potential distribution, then made statistical analyses about the dependence of these
parameters on the solar wind. Further, the simulation results were compared with the results of
Weimer 2001 model［5］on the same solar wind condition. The statistical analyses and compari-
son analyses revealed the following: (1) the CPCP value resulting from simulation is almost
always greater than that yielded by the Weimer 2001 model, (2) the magnitude relation between
Potmax and absolute Potmin ( |Potmin | ) is Potmax > |Potmin | resulting from simulation and
Potmax < |Potmin| from the Weimer 2001 model when the Y component (“By”) of the interplane-
tary magnetic field (IMF) is negative, and (3) magnetic local time(MLT) corresponding to the
locations of maximal and minimal potentials was on the nightside more with the Weimer 2001
model than with simulation. Based on these results, we have presumed that the day-to-night
gradient in the ionospheric conductance in our simulation would not be as steep as that in the
actual ionosphere.
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database is conducted to enable a systematic
study of the characteristics (e.g., dependence
on solar wind) of MHD simulations. There-
fore, arranging these statistical results and giv-
ing due consideration to physics make it possi-
ble to better understand the characteristics and
problems of these simulations.

From a validation point of view, it is vital
to study whether the above-mentioned charac-
teristics are consistent with those indicated by
observations. An evaluation is conducted by
comparing the results from an empirical
model based on observations with the simula-
tion calculation results to determine the extent
to which the simulation can reproduce reality.
As the next step in case that some discrepancy
is found in this comparison, the reasons for
such discrepancy are searched and the knowl-
edge thus acquired is fed back for improving
the simulation.

A validation study on the auroral electrojet
current flowing in the polar region is an exam-
ple of past studies involving statistical analyses
using this database［6］. The auroral electrojet
current (expressed by the AE index) has been
validated in this simulation for fairly good
reproducibility through a comparative analysis
of the AE index derived from this simulation
with that provided by observations［4］［6］［7］.

This paper deals with the electric field.
One output from this simulation is a two-
dimensional distribution of the electric poten-
tial of the polar ionosphere. Physical parame-
ters extractable from this distribution are the
maximal and minimal values of the potential,
the latitudes and magnetic local times (MLT)
to which the maximal and minimal values cor-
respond, and so on. Moreover, the cross-polar
cap potential (CPCP value) can also be deter-
mined. The CPCP value — a scalar quantity
of the maximal value minus the minimal value
of the potential — is a quantity frequently
used in studies on the solar wind magneto-
sphere coupling for providing an overall pic-
ture of the electric potential applied by the
magnetosphere to the ionosphere［8］. This
paper reports the results of a systematic study
conducted on the dependence on solar wind as

pertaining to the parameters above. We mind-
fully studied this dependence not only on sim-
ple physical quantities such as solar wind
velocity but also on such physical quantities
likely related to potential distribution as the
IMF clock angle and merging electric field
(Emerg). Thus, this paper only describes the
results considered essential. The period ana-
lyzed is from January 1 to May 10, 2006. This
period corresponds to the minimal period of
solar activity. The above-mentioned parame-
ters were based on hourly averages for use.

The following explains some coordinates
and variables used in this report.

GSM coordinates: Defined as the X-axis
as directed from the center of the earth toward
the center of the sun, the Y-axis perpendicular
to the plane comprised of the earth's dipole
axis and said X-axis, and the Z-axis configur-
ing a right-handed orthogonal system with
said X- and Y-axes.

The IMF clock angle (theta) is derived
from the following equations:

(1)

(2)

By: Y component of the magnetic field
on the GSM coordinates

Bz: Z component of the magnetic field
on the GSM coordinates

Byz: Magnetic field intensity on the YZ
plane of the GSM coordinates

Emerg is derived from the following equa-
tion:

(3)

V: Solar wind velocity

By comparing the simulation to an empiri-
cal model based on observations, the simula-
tion is evaluated for its reproducibility of actu-
al situations. The Weimer 2001 model［5］ is
used as an empirical model and the results of
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lar condition also applies to the lower limit.

IMF By component:

(4)

IMF Bz component:

(5)

Solar wind density n:

(6)

Solar wind velocity V:

(7)

Solar wind temperature T:

(8)

Thus, the dataset used for statistical analy-
sis only picks up the periods of time that are
correctly assignable with the ACE observa-
tional values (i.e., periods of time when ACE
observational values fall within the set input
range). The periods of time when ACE obser-
vational values exceed the input range are dis-
carded. However, the periods when tempera-
ture exceeds the input range are not discarded,
provided that the dependence on temperature
is not analyzed, as very few periods of time
fall within the input range.

During periods of time when the IMF Bz
component is negative or in the southward
direction, the polar ionospheric plasma con-
vection in the potential distribution projected
in the ionosphere is known to have two vor-
tices — one each on the dawn and dusk sides
(two cell convection). The vortices flow coun-
terclockwise on the dawn side and clockwise
on the dusk side (see Fig. 1). In contrast, the
potential distribution is much more complex
during periods of time when the IMF Bz com-
ponent is positive. For example, in case of
three or four vortices, extracting and interpret-
ing the parameters become more difficult.
Thus, it was decided to discard the periods of
time for positive IMF Bz, so as to pick up only
those periods for negative IMF Bz with two
vortices expected to appear.

statistical and comparative analyses are report-
ed. Two different types were used for compar-
ative analysis. One covers both simulation and
empirical model results, in order to study the
dependence on solar wind as pertaining to a
particular physical quantity, and the differ-
ences and similarities of regarding dependence
on solar wind between both types. The other is
intended for a particular physical quantity at
the same clock time, in order to statistically
study the direct correspondence relation
between the simulation and empirical model
results.

The discrepancy between the simulation
and empirical model results as determined by
such comparisons are considered for cause,
the knowledge acquired in the consideration
process is thus fed back, and proposals for
improving this simulation are presented as a
summary of this study. 

2  Notes on statistical analysis of
the database of simulation
results

The dipole tilt angle (formed by the earth’s
rotational axis and the geomagnetic dipole
axis) is fixed to 0°. In other words, this refers
to the angle at which the rotational and dipole
axes coincide. Since the rotational axis is set
to be always perpendicular to the ecliptic
plane, the ionospheric conductance distribu-
tion due to solar extreme ultraviolet radiation
(solar EUV) is that under conditions of the
spring and autumn equinoxes. The values on
the GSM coordinates are thus used as inputs
for ACE observational data on the interplane-
tary magnetic field (IMF). Note that using a
value of 0 for the Bx component is inevitable
for simulation, even if observational data does
not provide a value of 0.

The input range is restricted in order to
stably and continuously run the simulator in
real time［4］. The upper limits in the following
equations are used for the input range of simu-
lation; the upper limit is continuously used in
case an ACE solar wind observational value
approaches or exceeds the upper limit. A simi-
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3  Weimer 2001 model

The Weimer 2001 model was empirically
derived based on solar wind observations by
the IMP 8 and ISEE 3 satellites, and electric
field observations by the DE2 satellite (in a
low-altitude polar orbit). The inputs are solar
wind velocity, solar wind density, IMF Byz
(magnetic field intensity on the YZ plane of
the GSM coordinates), IMF clock angle,
dipole tilt angle, and AL index for polar dis-
turbances. An available output is the two-
dimensional distribution of the electric poten-
tial of the polar ionosphere.

In the comparative analyses conducted for
this study, ACE observational data which were
adopted as the boundary condition of the sim-
ulation were also provided as input for the
Weimer 2001 model (at the clock time used
for simulation), in order to obtain a two-
dimensional potential distribution of the polar

ionosphere as output. To further match the
conditions, the tilt angle (as one setting para-
meter) was fixed to 0, similarly to the simula-
tion, in calculations using the Weimer 2001
model. The AL index used was the provisional
AL index calculated by the World Data Center
for Geomagnetism, Kyoto.

Note the following points:
The MHD simulation used the ACE observa-
tional data received in real time, while the
Weimer 2001 model used calibrated Level 2
data as input (even though the clock time was
the same). For a more rigorous comparison,
the ACE observational data received in real
time must be extracted and input into the
Weimer 2001 model; however, the estimated
significant amounts of time and labor required
mandated the use of Level 2 data as input for
the Weimer 2001 model.

4  Analysis results

4.1  Merging electric field (Emerg)
dependence of the CPCP value

Figure 2 is plotted with simulated CPCP
values on the Y-axis and Emerg on the X-axis.
A linear least-square fitted curve is also super-
imposed based on the following equation:

(9)

The correlation coefficient is high at 0.832.
Intercept “a” is 45.470 and gradient “b” 26.226.

Figure 3 illustrates the results from a cor-
relation analysis similar to the above by using
the Weimer 2001 model. The correlation coef-
ficient is high at 0.939. Intercept “a” is 32.574
and gradient “b” 20.267.

What is understood from these two dia-
grams are: (1) both show high correlation with
Emerg and can be approximated with a linear
function, and (2) the simulation results tend to
show somewhat larger CPCP values than the
Weimer 2001 model.

Figure 4 illustrates a direct comparison of
CPCP values yielded by the simulation and
Weimer 2001 model at the same clock time.
The vertical axis represents the CPCP value

Fig.1 Example of potential distribution cal-
culated from simulation
The contour lines represent electric field
potentials. Blue “+” symbol denotes the posi-
tion of maximal potential; red “X” symbol
denotes that of minimal potential. Arrows indi-
cate the convection directions of plasma in the
ionosphere. Note that the lengths of arrows do
not correspond to the magnitude of velocity.
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from the simulation; the horizontal axis repre-
sents that from the Weimer 2001 model. In
addition, a linear least-square fitted line by the
following equation is superimposed using a
solid line.

(10)

The correlation coefficient is high at 0.841.
Intercept “a” is 6.748 and gradient “b” 1.228.
Note that the angled dotted line in the figure
indicates the identical CPCP values assumed
to result from both the simulation and Weimer
2001 model. Being easily recognizable, the
CPCP values resulting from simulation are in
most cases greater than those from the Weimer
2001 model. The CPCP values from simula-
tion are found to be highly correlated with
those from the Weimer 2001 model, and could

be derived from the linear equation.

4.2  IMF clock angle dependence of
magnitude relation between 
maximal value and absolute
value of minimal value of potential

In case that ionospheric convection is a
two-cell convection, the potential appears to
reach its maximal value (Potmax) and mini-
mal value (Potmin) at the center of vortices on
the dawn and dusk sides, respectively, where
Potmin is a negative value. We studied the
magnitude relation between Potmax and
absolute Potmin by calculating the difference
between both and normalizing it with the
CPCP value.

(11)

The following can be determined: Potmax
and | Potmin | are about the same when
Ratediffpot is near 0, Potmax is predominantly
greater than |Potmin| when Ratediffpot is near
1, and Potmax is predominantly less than
| Potmin | when Ratediffpot is near －1.
Figure 5 (a) illustrates the simulation results
with Ratediffpot on the vertical axis and the
IMF clock angle on the horizontal axis. With
a clock angle of about 90° or positive By,
Potmax is somewhat less than | Potmin | .
Conversely, with a clock angle of about
270° or negative By, Potmax is somewhat
greater than | Potmin | . The same plotting

Fig.3 Comparison of CPCP values resulting
from the Weimer 2001 model with
merging electric field and the regres-
sion line

Fig.4 Comparative diagram of CPCP
value results from simulation and the
Weimer 2001 model

Fig.2 Comparison of CPCP values resulting
from simulation with merging electric
field and the regression line
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method was applied to the Weimer 2001
model (Fig. 5 (b)). In case of a clock angle
from 90° to 270°, Potmax is usually less than
| Potmin | . That is, with negative Bz, the
potential appears to be Potmax < |Potmin| in
most examples regardless of negative or pos-
itive By.

4.3  IMF clock angle dependence of MLT at
locations corresponding to maximal
and minimal values of potential

The locations of the maximal and minimal
potential values correspond to the centers of vor-
tices in ionospheric convection. Figures 6 (a) and
(b) show diagrams with the clock angle on the

Fig.5 IMF clock angle dependence of difference between the dawn and dusk sides of potential
(a): Simulation,  (b): Weimer 2001 model

Fig.6 Clock angle dependence of MLTs corresponding to locations of maximal and minimal
potential values
(a) MLT corresponding to the location of maximal potential value for simulation, 
(b) MLT corresponding to the location of minimal potential value for simulation, 
(c) MLT corresponding to the location of maximal potential value for the Weimer 2001 model, and 
(d) MLT corresponding to the location of minimal potential value for the Weimer 2001 model
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X-axis, and MLTs corresponding to locations
at the center of cells on the dawn side (maxi-
mal potential) and dusk side (minimal poten-
tial) on the Y-axis. Both MLTs corresponding
to locations of the maximal and minimal
potential values indicate no systematic change
with respect to the clock angle. With some
dispersion present, MLT corresponding to the
maximal potential is about 5hMLT and that to
the minimal potential about 17hMLT.

Figures 6 (c) and (d) show the clock angle
dependence when the same plotting method
was applied to the Weimer 2001 model. The
results obtained from the Weimer 2001 model
differ significantly from those from the simu-
lation. The dispersion in MLT corresponding
to the locations of maximal potential increases
as the clock angle increases (or as By moves
from positive toward negative). For example,
at a clock angle of 90° with small dispersion,
MLT is about 3hMLT to 4hMLT. The disper-
sion in MLT corresponding to the locations of
minimal potential increases as the clock angle
decreases (or as By moves from negative
toward positive). At a clock angle of 270° with
small dispersion, MLT is about 19hMLT.

A direct comparison was also made
between the simulation results and Weimer
2001 model results at the same clock time.
Figures 7 (a) and (b) show comparative dia-
grams of MLTs corresponding to the locations
of maximal and minimal potentials, respec-
tively. Note that the angled dotted line in each
figure indicates MLT assumed to be identical
as resulting from both the simulation and
Weimer 2001 model. In Fig. 7 (a) where MLTs
corresponding to the maximal potential are
plotted, most plots are located in the top-left
area of the dotted line. This means that MLTs
corresponding to the maximal potential are in
most cases distributed on the nightside in the
Weimer 2001 model as compared to the simu-
lation. In Fig. 7 (b) where MLTs correspond-
ing to the minimal potential are plotted, a sig-
nificant number of plots are located in the bot-
tom-right area of the dotted line. This means
that MLTs corresponding to the minimal
potential are distributed on the nightside in a

significant number of cases in the Weimer
2001 model as compared to the simulation.

5  Discussion on analysis results

5.1  Discussion on merging electric
field (Emerg) dependence of the
CPCP value

The CPCP value resulting from simulation
has a nearly linear relation with Emerg. The
CPCP value resulting from the Weimer 2001
model also has a nearly linear relation with
Emerg. The CPCP value obtained from simu-
lation was found to be somewhat greater than
that from the Weimer 2001 model in a com-
parison made of both values.

The following discusses the reasons why
the CPCP value obtained from simulation is

Fig.7 Comparative diagram between sim-
ulation and Weimer 2001 model
regarding MLTs corresponding to the
locations of maximal and minimal
potential values
(a) MLT corresponding to the location of max-

imal potential value
(b) MLT corresponding to the location of min-

imal potential value
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somewhat larger, on the basis of understand-
ing that such an empirical model as the
Weimer 2001 model is not necessarily a per-
fect reference.

Ridley et al.［9］demonstrated that the
CPCP value tended to become smaller under
increased Pedersen conductance based on their
study on the relation between both elements
under the following conditions: ionospheric
Hall conductance of 0 and uniform Pedersen
conductance.

As the ionospheric Pedersen conductance
is not uniformly distributed and Hall conduc-
tance is neither 0 nor uniformly distributed in
our simulation, we should be careful about
directly adopting such results. In our simula-
tion, it is presumed that the ionospheric Peder-
sen conductance is generally set to a some-
what smaller value than the actual value. Veri-
fying this presumption requires further study
by setting a larger Pedersen conductance in
our simulation and conducting a test.

The Weimer 2001 model may be used for
data assimilation of our simulation in the
future. Fujita［10］tried to conduct data assimi-
lation where the variance between an AE index
observed and that calculated from simulation
was minimized by adjusting the conductance.
By using a similar technique, data assimilation

could be considered where an effort is made to
minimize the variance between the CPCP
value of the Weimer 2001 model and that cal-
culated from simulation by adjusting the con-
ductance. During the process, studying how
conductance changed from the value before
data assimilation may provide clues to whether
the presumption described above can be veri-
fied. Ideally, various types and aspects of veri-
fication should be conducted on data assimila-
tion, then the results should be utilized for
improving the simulation. Attention must also
be paid to a specific point: when the simulation
is tailored with one physical quantity for better
consistency with the observation based on cer-
tain verification results, another physical quan-
tity may conversely lose its consistency with
the observation to a large extent. A compre-
hensive point of view is therefore required to
realize a better simulation.

5.2  Discussion on IMF clock angle
dependence of the magnitude
relation between maximal value
and minimal (absolute) values of
potential

Table 1 summarizes the magnitude relation
between the maximal and minimal (absolute)
potential values. Statistical results from our

Table 1 Clock angle (By polarity) dependence of magnitude relation between Potmax and 
|Potmin|
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simulation indicate Potmax less than |Potmin|
with positive By, and Potmax greater than
|Potmin| with negative By. Conversely, Potmax
is almost always less than |Potmin| regardless
of positive/negative By in statistical results
from the Weimer 2001 model when calculated
using solar wind and IMF inputs under the
same conditions as for simulation. According
to the statistical results of SuperDARN radar
observations reported by Ruohoniemi and
Greenwald［11］, Potmax is less than |Potmin|
regardless of positive/negative By. Ridley et
al.［9］demonstrated that Potmax was less than
|Potmin | in case of a steep gradient of Hall
conductance from dayside to nightside. Our
simulation demonstrated that Potmax is
greater than |Potmin| with negative By.

Based on these results, we infer that the
gradient of Hall conductance from dayside to
nightside in our simulation is not so steep as
the actual condition, but gradual. Our simula-
tion used the following as forms of Hall con-
ductance: (A) one due to solar EUV (solar
extreme ultraviolet radiation), (B) one associ-
ated with pressure distribution of the magneto-
sphere, and (C) one associated with upward
field aligned current［2］. The Hall conductance
due to solar EUV is an element to produce the
gradient from dayside to nightside. In contrast,
intense (B) and (C) are elements to reduce the
gradient of Hall conductance from dayside to
nightside. Thus, we infer that (B) and (C) of
Hall conductance in our simulation are set to
values somewhat larger than the actual values.

5.3  Discussion on IMF clock angle
dependence of MLTs correspond-
ing to the locations of maximal and
minimal potential

Our simulation results suggest that MLTs
corresponding to the locations of both Potmax
and Potmin are not systematically changed by
the clock angle; the MLT for Potmax is located
at about 5hMLT and that for Potmin at about
17hMLT. The reason why Potmax MLT and
Potmin MLT are an hour earlier than 6hMLT
and 18hMLT, respectively, is presumed to be
the effect of the gradient of Hall conductance

from dayside to nightside being reflected to a
certain extent in the simulation［12］.

According to a comparison of our simula-
tion with the Weimer 2001 model, however,
MLTs for both Potmax and Potmin obtained
by the Weimer 2001 model are found located
deeper into the nightside than those obtained
by simulation. Ridley et al.［9］demonstrated
that the potential distribution shifts toward the
nightside when Pedersen conductance shows a
steep gradient from dayside to nightside.
Given this referenced finding, the gradient of
Pedersen conductance from dayside to night-
side is presumed in our simulation to be more
gradual than in reality. In other words, by
using the same logic as used in Section 5.2,
we infer that items (B) and (C) of Pedersen
conductance are set to values somewhat larger
than in reality.

6  Summary

The MHD simulator running in real time
for a long period of time using inputs from
ACE observational data at the National Insti-
tute of Information and Communications Tech-
nology (NICT) was characterized through sys-
tematic studies on the simulator’s dependence
on solar wind, where enormous calculation
results accumulated in a pseudo observational
database were used for statistical analysis as if
the calculation results were observational data.
The parameters of focus were: CPCP value,
maximal and minimal potential values, and
MLTs corresponding to the locations of maxi-
mal and minimal potential (all extractable from
the output two-dimensional distribution of the
electric potential of the polar ionosphere). At
the same time, we also conducted similar
analyses on results provided by the Weimer
2001 model — an empirical model based on
observations — with inputs selected from ACE
observational data. This simulator was thus
more clearly characterized based on a compari-
son of simulation results with results obtained
from the Weimer 2001 model.

Based on a discussion of the analysis
results, we infer that this simulation has the
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following characteristics: (1) Pedersen con-
ductance might be set somewhat smaller than
in reality, and (2) the gradients from dayside
to nightside for both Pedersen conductance
and Hall conductance were slightly more
gradual than in reality. The potential distribu-
tion resulting from this simulator is expected
to be closer to reality in the future by improv-
ing the ways of providing conductance.
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