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[1] The viscous interaction between the solar wind and Earth’s magnetosphere is
extremely difficult to study through direct observations. The viscous contribution to the
polar cap potential, the viscous potential, is typically swamped by the much larger
reconnection potential or obscured by rapidly changing solar wind conditions. We used
the Lyon-Fedder-Mobarry (LFM) magnetohydrodynamic simulation to study the response
of the viscous potential to a variety of ideal conditions both in the solar wind and the
ionosphere. We found that the viscous potential in LFM increases with either increasing
solar wind density or velocity, with a relation that is similar to some previous empirical
results in form but different in detail. The density dependence scales as n0.439 (in cm�3) and
velocity scales as Vx

1.33 (in km s�1). Combining these results with a reference value, the
viscous potential in LFM can be predicted using the formula FV = (0.00431)n0.439Vx

1.33 kV.
We also found that the viscous potential changes inversely in relation to constant Pedersen
conductivity in an idealized ionosphere, a result that was previously predicted for LFM
but not explored until now.
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1. Introduction

[2] The polar cap potential has long been used as an
important indicator of the level of interaction between the
solar wind and Earth’s magnetosphere [Shepherd, 2007, and
references therein]. Under most conditions, the major driver
of ionospheric convection, and thus the cross-polar cap
potential (FPC), is reconnection between the interplanetary
magnetic field (IMF) and the terrestrial magnetic field, as
first proposed by Dungey [1961]. That is not the only com-
ponent of FPC, however. Axford and Hines [1961] were the
first to outline a process in which a “viscous-like” interaction
between the solar wind and plasma inside the magnetopause
could produce ionospheric plasma circulation. This “viscous
interaction” occurs concurrently with and independently of
reconnection, and the measured FPC is produced by a com-
bination of both processes.
[3] The viscous interaction transfers momentum and energy

from the antisunward flowing solar wind in the magnetosheath
to trapped plasma just inside the magnetopause, in the low-
latitude boundary layer (LLBL) [e.g., Eastman et al., 1976].
This plasma circulates in a laterally paired set of “viscous
cells” that flow antisunward in the LLBL, circulate toward
the center of the distant tail, return earthward within the tail,
then around the Earth toward the sunward magnetopause, to

restart the cycle (Figure 1). The flow of plasma on closed
field lines produces corresponding flows of plasma within
the ionosphere, with cells of circulating plasma formed on
the dawnside and duskside of each of the polar caps. This flow
of ionospheric plasma through the Earth’s magnetic field
produces an additional electrical potential pattern, which
modifies the reconnection-driven potential pattern. It is worth
noting that viscous cells in the equatorial plane of the mag-
netosphere circulate in one sense (clockwise or anticlock-
wise), but the ionospheric cells circulate in the opposite sense
(anticlockwise or clockwise), since magnetospheric plasma
flow nearer to the Earth maps along field lines to ionospheric
plasma flow nearer to the equator, while magnetospheric
plasma farther from the Earth maps to ionospheric plasma
nearer to the pole.
[4] The net result is that the cross-polar cap potential (the

difference between the maximum and minimum potential
values found in the entire polar cap) is produced by a combi-
nation of the contributions from reconnection and the viscous
interaction. The cross-polar cap potential can be determined
empirically by a number of different methods, including low-
altitude satellite passes (such as those performed by the
DMSP satellites [e.g., Hairston et al., 1998]), backscattered
radar signals (such as SuperDARN [e.g., Shepherd and
Ruohoniemi, 2000]), and assimilative mapping of a variety
of data sources (such as the AMIE model [e.g., Ridley and
Kihn, 2004]). In each of these methods, however, the indi-
vidual contributions of the reconnection potential and the
viscous potential to FPC cannot be separated.
[5] Reiff et al. [1981] tested a number of models to

explain FPC in terms of solar wind parameters and found
that most of FPC was related to merging (reconnection) at
the magnetopause, but merging was unable to account for
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35 � 10 kV of the potential. They identified this component
as the product of a viscous or “closed model” process. Doyle
and Burke [1983] examined several data sets with a variety of
FPC models, fitting for a constant nonmerging value for each
model, which averaged around 40 kV. They point out that if
the analysis by Wygant et al. [1983] is correct, that the ion-
osphere needs time to “spin down” after high activity, then
the component due to viscous coupling could be less than
20 kV. Boyle et al. [1997] analyzed the relationship between
quasi-steady IMF conditions andFPC. Their analysis showed
that most of FPC was accounted for by merging with the
solar wind, but with a smaller term remaining, which was
equal to 10�4V2, where V is the magnitude of the solar
wind velocity in km s�1. For comparison, this yields a
value of 16 kV for a solar wind velocity of 400 km s�1 and
36 kV for 600 km s�1.
[6] Others have found a viscous or nonmerging contribu-

tion to FPC based on fits to data, but only sought fixed
values. Burke et al. [1999] found residual values of the polar
cap potential for data sets from two satellites, after removing
the component that was dependent on the interplanetary
electric field (IEF), with values of 32.6 kV and 34.4 kV, but
steady input conditions were not a requirement for the data,
so other potential sources (such as the neutral atmosphere
flywheel effect) could have influenced those values.
Shepherd et al. [2003] found that a best fit of SuperDARN
data to the Hill model [Siscoe et al., 2002] included a fixed
value of 17 kV that remained even for small values of the
IEF, the causes of which could include a viscous interaction.
Some studies have, for simplicity, used a fixed value for the
viscous potential, such as the study by Ober et al. [2003],
which used 30 kV. Newell et al. [2008] used fits of

measurements of 10 magnetospheric parameters to find an
empirical scaling function for the viscous interaction, with
n1/2V2 providing the best result; however, their fit was for
a set of magnetospheric state variables, not FPC. Though the
viscous potential could be expected to follow the Newell
et al. [2008] formulation for the viscous interaction, that
result was not explicitly explored.
[7] In the simulation domain, Sonnerup et al. [2001]

performed several runs of the Integrated Space Weather
Prediction Model (ISM) with IMF ≈ 0 nT. Their results
showed a scaling of FPC with solar wind velocity and
ionospheric Pedersen conductivity, but did not analyze any
other variables, such as solar wind density. The details of
those results are compared to the results presented in
section 3.3. In addition, using a global MHD simulation,
Watanabe et al. [2010] identified flow cells generated on
closed field lines that are consistent with the viscous
interaction.
[8] Empirical FPC values, which contain both viscous

and merging terms, show a wide spread in their correlations
with solar wind observations. An improved understanding of
how the viscous potential relates to solar wind conditions,
then, might reduce the observed variability in the nonviscous
(merging) component of FPC.
[9] One of the difficulties in producing a definite relation

between solar wind parameters and the viscous potential is
that it is extremely rare to find conditions that would produce
a FPC resulting purely from the viscous interaction. Ideal
conditions require as small a value of IMF Bz as possible,
with any value preferably being positive, since positive IMF
Bz produces only inefficient high-latitude reconnection, and
thus a small contribution to FPC [e.g., Boyle et al., 1997].
Additionally, solar wind velocity should be nearly constant,
as changes in velocity will increase uncertainty in propa-
gation of the solar wind from the satellite making the
measurement to the Earth, and could affect the mechanisms
by which viscous interaction occurs. The longer steady
conditions persist, the more likely that a good measure of
FPC can be obtained, by whatever means. DMSP satellites,
for example, complete one orbit in around 100 min and
require 15–25 min to complete a pass from which FPC can
be obtained [Hairston et al., 1998]. As can be expected,
conditions in which the viscous potential clearly dominates
FPC are rare, making a functional dependence on solar
wind conditions difficult to extract.
[10] On the other hand, driving conditions are easily con-

trolled within computer simulations. Two major benefits to
working with simulations are that any valid combination of
input conditions may be used, and data are available over
the entire simulation domain at whatever temporal resolution
the simulation is run. Magnetohydrodynamics (MHD)
simulations, in particular, have grown in complexity as the
availability of computing power has increased [e.g., Lyon
et al., 2004; Powell et al., 1999; Raeder et al., 2008;
Palmroth et al., 2005].
[11] For this study, we use the Lyon-Fedder-Mobarry

(LFM) global 3-D MHD simulation. The simulation bound-
aries can be configured for specific runs, but typically extend
from the Earth 30 RE in the +X direction (sunward), 300 RE

in the �X direction (antisunward), and 100 RE radially per-
pendicular to the X axis (the Y-Z plane), all in GSM coor-
dinates. A sphere centered on the Earth marks the inner

Figure 1. The circulation of plasma through the magneto-
sphere, as proposed by Axford and Hines [1961], driven
by a “viscous-like” interaction with the solar wind. The
corresponding ionospheric flows are also indicated (not to
scale). Note that the viscous cell on the dawnside circulates
in a clockwise sense (from above Earth’s geographic north
pole), but mapping of the current and motion along field lines
produces a corresponding anticlockwise circulation in the
dawnside polar cap, and vice versa for the duskside viscous
cell and ionosphere.
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boundary of the simulation (located at 2.8 RE in the runs
analyzed here). Solar wind data are used as the lateral and
upstream boundary conditions. These data can be created
from actual measurements of the solar wind (e.g., from ACE
or WIND), from other simulations, or as is done in this study
can be parameterized. Solar wind parameters are the 8 state
variables, with some restrictions on Bx, to maintain the
solenoidal nature of the magnetic field. The downstream
boundary conditions are supersonic and super-Alfvénic
outflow, so propagation can occur out the end of the mag-
netotail, but not back in. The inner boundary maps to either
an empirical 2-D ionospheric simulation [e.g., Wiltberger
et al., 2009] or a simple 2-D uniform conductivity iono-
spheric simulation [e.g.,Merkin and Lyon, 2010]. For a given

time step, data at the inner boundary are mapped along field
lines to the ionosphere, the ionospheric simulation is run,
and the results are mapped back out along field lines to the
MHD domain, for use in the next time step. A more detailed
description of the LFM code is available from Lyon et al.
[2004].
[12] Figure 2 shows two images from the LFM simulation,

run for n = 5 cm�3, Vx = �400 km s�1, and Bz = 0. The
images are of the XY cut plane, as viewed from directly
above the +Z axis and from a point sunward of Earth and in
the +Z direction. The cut plane shows magnitude of velocity,
with black contours marking the n = 5 cm�3 isocontour, and
white contours marking the Bz = 0.2 nT isocontour, to help
separate magnetospheric plasma (in general, Bz > 0 nT) from

Figure 2. A cut plane showing magnitude of plasma velocity in an LFM simulation, with solar wind con-
ditions n = 5 cm�3, Vx = �400 km s�1, and Bz = 0. The black isocontour traces n = 5 cm�3; the white
isocontour traces Bz = 0.2 nT. The vector field shows plasma flow direction but not magnitude. The red
streamline traces velocity, starting at the black sphere, with the green magnetic field streamline showing
that the black sphere and the resultant vortex are on closed field lines.
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magnetosheath plasma (for this run, solar wind Bz = 0 nT).
The vector field shows the direction, but not magnitude, of
plasma velocity. Plasma within the LLBL, which has been
accelerated by interaction with the solar wind, is clearly
visible, flowing antisunward within the magnetosphere. In
the upper half of the first image, a vortex-like structure is
traced out by a velocity streamline, started in the X-Y plane
at the black dot. This structure is suggestive of the Kelvin-
Helmholtz instability [e.g., Claudepierre et al., 2008], which
is one of the leading proposals for the mechanism of how the
viscous interaction could occur [e.g., Farrugia et al., 2001],
and the size is in the range of Kelvin-Helmholtz vortices that
have been observed in situ [e.g., Otto and Fairfield, 2000].
A single magnetic field line is traced from a point just
outside the velocity streamline, to show that it is occurring
on closed field lines. It is worth noting, though, that the
streamline is tracing through a velocity vector field for a
single frame of time, and so does not predict the path that an
individual particle would follow through the magnetosphere.
[13] In the rest of this paper, we first describe a method for

obtaining the viscous potential in the LFM simulation. Next,
we provide the effects on the viscous potential of variation
of several solar wind and ionospheric parameters. We then
examine those results for mathematical trends. We also
compare the trends found to the Newell et al. [2008] relation
and the Sonnerup et al. [2001] results. Finally, we give a
formula for the viscous potential in LFM, using solar wind
input parameters, based on the results presented here.

2. Methodology

[14] To investigate the correlation between solar wind
parameters and the viscous potential, we ran the LFM simu-
lation for numerous combinations of velocity and density.
The runs included all combinations of solar wind speeds of
∣Vx∣ = 300, 400, 500, 600, 700, and 800 km s�1 and solar

wind densities of n = 1, 5, 8, 10, and 15 cm�3. For all simu-
lation runs in this paper, Vy = Vz = 0, Bx = By = 0, and the solar
wind sound speed (csw) was held at 40 km s�1. Bz was varied
for some runs, as described below. Unless otherwise speci-
fied, the ionosphere was held at a uniform Pedersen conduc-
tivity (SP) of 10 mhos, which has been found to produce
realistic potentials in the LFM simulation. Hall conductivity
was held at zero. Magnetic dipole tilt was also held at zero,
so the GSM coordinate system is identical to GSE.
[15] We then ran another set of runs to investigate the rela-

tion between ionospheric Pedersen conductivity and the vis-
cous potential in the LFM simulation. We ran LFM for typical
solar wind conditions (n = 5 cm�3, Vx = �400 km s�1), but
SP = 1, 2.5, 5, 7.5, 10, 12.5, 15, 20, 25, 30 mhos. These
values go beyond the range of observed or predicted con-
ductivity in the real ionosphere, but are still useful for
exploring parameter space.
[16] All LFM runs are initialized with solar wind input that

prepares a generic “ground state” magnetosphere, and then
the solar wind switches to the specified input conditions.
The initialization starts from 0000 simulation time (ST) with
50 min of minimal solar wind (n ≈ 0 cm�3, Vx =�400 km s�1,
no IMF), to initialize the simulation grid, then switches to
the constant solar wind and ionosphere conditions to be
used in the run (i.e., n, Vx, SP, etc.), with Bz set to �5 nT
for 2 h, followed by Bz = +5 nT for 6 h. At that point
(0850 ST), Bz switches to the input value used in that run.
The magnetosphere and ionosphere respond to each change
in input conditions, with the polar cap potential increasing
or decreasing rapidly at first and then settling down to a more
“steady state” condition, which is not always smooth, or even
constant; sometimes “quasi-steady state” would be a better
description. Figure 3 shows an example of one such run.
[17] We averaged the FPC values in the 6 h range of 1400–

2000 ST to find the steady state potential for that run’s
combination of velocity, density, Bz, and SP values. The
averaging starting time was chosen to generally exclude the
magnetosphere’s initial response to the switch to the run’s
specific value of the IMF, which typically includes a mag-
netospheric substorm. Several combinations of averaging
starting time (1400, 1600, and 1800 ST) and averaging
duration (2, 4, and 6 h, but without extending past 2000 ST)
were originally compared. The values of these averages all
clustered within a relatively small band: the range of averages
(largest minus smallest) was found to always be less than
10% of the smallest average value for the tested runs,
showing that the choice of averaging window was not a
critical factor. For example, for the LFM run in Figure 3, the
averages ran from a low of 69.90 kV to a high of 71.96 kV,
a range of 2.06 kV, which is only 2.9% of the smallest
value. The standard deviations for those averaging win-
dows, for comparison, ran from 0.9511 kV to 1.5816 kV.
The 6 h averaging window was chosen, to minimize the
effects of short-term fluctuations.
[18] Previous work has found the viscous potential in

LFM by creating a linear fit to several FPC values for low
values of Bz (in the range of �1 to �4 nT) with all other
parameters held constant (e.g., Lopez et al. [2010], who also
used a slightly different averaging range). SinceFPC responds
linearly to changes in Bz in that range, extrapolating back to
Bz = 0 nT should give the cross-polar cap potential when
there is no reconnection at the magnetopause. For steady

Figure 3. Polar cap potential values for a full LFM run.
The transition from simulation initialization to parameter-
ized solar wind data of n = 5 cm�3, Vx = �400 km s�1,
and Bz = �3 nT occurs at around 0850 simulation time
(ST). The “steady state” polar cap potential of 70.6 kV is
found by averaging over the marked time period, from
1400 to 2000 ST and is marked by a horizontal line.
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solar wind conditions, any FPC for Bz = 0 nT (the extrapo-
lated value) should be due entirely to the viscous interaction.
[19] For this paper, we have also run LFM with Bz = 0 for

the entire run (after initialization) and obtained the resultant
FPC, which is taken to be the viscous potential for those
solar wind conditions. A comparison of the “extrapolation
method” to this “zero IMF method” shows that they produce
very similar results, as is expected, since the extrapolation is
done back to Bz = 0 nT. Figure 4 shows a fit to 5 runs,
for n = 5 cm�3, Vx = �400 km s�1, and Bz = 0, �1,
�2, �3, and �4 nT. The fit is very good, with R2 =
0.992. All fits to sets of runs for pairs of fixed velocity
and density values were similarly found to produce very
good fits. Also, the extrapolated viscous potential for these
conditions is 26.2 kV, whereas the viscous potential from the
Bz = 0 run is 27.2 kV, a difference of less than 5%. Com-
parison of the values in Tables 1 and 2 (described in section 3)
shows that the results of these two methods rarely differ by
more than 10%, with the extrapolation method generally
producing a slightly lower value.
[20] This agreement between the two methods, and the

fact that the total potential is linearly dependent on Bz for
small values of southward IMF, suggests that the viscous

potential is independent of Bz, or at least that any depen-
dence must be linear as well. Any nonlinear Bz dependence
in the viscous potential would show up as a nonlinear
dependence of the total potential on Bz, and a linear depen-
dence of the viscous potential would result in a slope that is
not a true measure of the merging rate, which can be deter-
mined by other means in the simulation. However, the slope
of the fit in Figure 4 corresponds to the geoeffective length
in the solar wind as determined in the MHD simulation
[Lopez et al., 2010], which indicates that there is no Bz

dependence in the viscous potential.
[21] As further evidence for the lack of a dependence of

the viscous potential on the magnitude of the southward
IMF, we have determined the geoeffective length in the
MHD domain by determining the width of solar wind flow
that intersects the merging line (following Lopez et al. [2010])
for a range of solar wind and ionospheric conditions. For
example, for Bz = �7.5 nT, with Vx = �400 km s�1,
n = 5 cm�3, and SP = 10 mhos, the geoeffective length is
6.7 RE, yielding a potential due to merging of 128 kV. The
potential in the ionosphere at that time was 153.1 kV, so the
viscous component, which is in the same sense at the merging
potential and thus adds to the total potential, must have been
25.1 kV. The potential for the zero IMF run for these iono-
spheric and solar wind conditions is 27.2 kV, and the
potential for Bz = 0 from the extrapolation method is 26.3 kV.
When considering other solar wind and ionospheric conditions
we get the same result: the reconnection potential determined
from the flow in theMHD domain plus a viscous potential that
is independent of Bz yields a potential that is within a few
kV of the potential measured directly in the ionosphere.
[22] Without an independent method of calculating the

viscous potential, however, it is impossible to say defini-
tively which method is more reliable: the zero IMF simula-
tions, the extrapolation to Bz = 0 nT, or subtracting the
merging component determined from the flow in the mag-
netosheath. Some subtle effects seen in the data tend to favor
the zero IMF method over the extrapolation method, while
the flow streamline method has a subjective component
[Lopez et al., 2010]. Therefore, after an initial comparison
of the results of the two purely quantitative methods in
section 3, the remainder of this paper will give only the
results of the zero IMF method.

3. Results and Discussion

[23] In this section, we first look at the effects of varying
the ideal solar wind conditions (specifically, density and

Figure 4. A sample plot of steady state polar cap potential
values for Bz = 0, �1, �2, �3, and �4 nT from solar wind
input of n = 5 cm�3 and Vx = �400 km s�1. The y intercept
of the linear regression fit provides the expected viscous
potential value for this set of solar wind velocity and density
values, using the “extrapolation method.”

Table 1. Viscous Potential Values Using the Zero IMF Methoda

Solar Wind
Density (cm�3)

Solar Wind Velocity (km s�1)

�300 �400 �500 �600 �700 �800

1 7.9 11.7 18.3 23.4 26.3 31.3
5 18.0 27.2 31.8 39.6 52.5 59.4
8 22.3 29.4 39.5 53.2 59.7 92.9
10 25.2 33.0 47.4 57.7 71.9 85.6
15 29.0 39.0 51.1 66.8 90.9 109.4

aIn kV, for all combinations of solar wind density and velocity that were
run; the “zero IMF method” is described in the text. The solar wind density
values are plotted in Figure 5. The solar wind velocity values are plotted in
Figure 7.

Table 2. Viscous Potential Values Using the Extrapolation
Methoda

Solar Wind
Density (cm�3)

Solar Wind Velocity (km s�1)

�300 �400 �500 �600 �700 �800

1 10.8 12.7 18.5 20.4 22.0 28.4
5 17.8 26.2 30.5 37.7 47.1 58.6
8 22.0 27.0 37.2 49.8 56.5 90.2
10 24.2 30.2 44.0 54.6 76.0 82.2
15 26.1 36.8 52.6 69.4 87.3 110.0

aIn kV, for all combinations of solar wind density and velocity that were
run; the “extrapolation method” is described in the text. These data are
presented for comparison with Table 1 and so are not plotted in this paper.
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velocity) while holding ionospheric conditions constant. We
then hold the solar wind conditions constant and vary the
ionospheric conductivity. After that, we compare the LFM
results briefly to the Sonnerup et al. [2001] results, then to
the Newell et al. [2008] relation in more detail. We end the
section with a formulation for calculating the viscous potential
in LFM using solar wind parameters as input.

3.1. Solar Wind Effects

[24] Tables 1 and 2 list the viscous potential values for all
combinations of solar wind density and velocity that were
run, using the zero IMF method and the extrapolation
method, respectively.
[25] Figure 5 shows five series of viscous potentials,

corresponding to the solar wind density values in Table 1.
Each series plots the results for a fixed value of the solar
wind density (n = 1, 5, 8, 10, and 15 cm�3), each combined
with a range of solar wind velocities (∣Vx∣ = 300, 400, 500,
600, 700, and 800 km s�1). The viscous potential values in
LFM show a clear dependence on solar wind velocity, with
viscous potential increasing monotonically, though not line-
arly, with increasing velocity, for a fixed density. It is not clear
why the value for the n = 8 cm�3, Vx = �800 km s�1 run
exceeds the value for the n = 10 cm�3, Vx =�800 km s�1 run.
Inspection of the polar cap potential during both runs finds
that the averages of the potentials are well behaved (s = 0.71
and 1.49 for average values of 92.88 and 85.56, respectively,
over the averaging period shown in Figure 3). A repeat of
the n = 8 run produced identical results, so the high value is
not due to a faulty run. Lacking any clear and valid reason
to remove those data points, they have been kept and used
without any special consideration. It is possible that this
specific set of conditions produces a nonlinear or resonant
response in the simulation. We intend to investigate this
case further in future studies that are beyond the scope of
this paper.
[26] As previously mentioned, several works have found

the viscous potential to have a V2 dependence on solar wind
velocity, and several of the data series in Figure 5 appear to
have a power dependence, so Figure 6 shows a log-log plot

of the data series in Figure 5. The slope of a linear fit to the
log-log plot gives the exponent of the velocity dependence.
The resultant exponents range from 1.202 to 1.434, with no
apparent pattern in the spread of values as density changes.
The average value of the exponents from the 5 data series is
1.33, with a standard deviation of 0.084.
[27] Figure 7 shows six series of viscous potentials,

corresponding to the solar wind velocity values in Table 1.
Each series plots the results for a fixed value of the solar
wind velocity (∣Vx∣ = 300, 400, 500, 600, 700, and 800 km
s�1), each combined with a range of solar wind densities
(n = 1, 5, 8, 10, and 15 cm�3). The data again follow a clear
trend of increasing viscous potential with increasing density,
albeit with the n = 8, Vx = �800 km s�1 data point breaking
monotonicity for that series. Log-log plots of these data

Figure 5. Viscous potential as a function of solar wind
velocity. Solid lines trace constant values of solar wind den-
sity for a range of solar wind velocity values.

Figure 6. A log-log plot of viscous potential versus solar
wind velocity. The viscous potential in each series depends
on a power of velocity, with the exponent given by the slope
of a linear fit to the data.

Figure 7. Viscous potential as a function of solar wind
density. Solid lines trace constant values of solar wind velocity
for a range of solar wind density values.
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series are shown in Figure 8, again with linear fits to find
the exponential dependence on density. For these data, the
exponents all fall between 0.389 and 0.490, again with no
discernable pattern to the values as velocity changes. The
average value of the exponents from the 6 data series is
0.439, with a standard deviation of 0.0347.

3.2. Ionospheric Effects

[28] Moving from variations in solar wind parameters to
variations in ionospheric parameters, Table 3 and Figure 9
show the response of the measured viscous potential (FV)
to changes in an ionosphere with uniform Pedersen con-
ductivity (SP), with constant solar wind input conditions
of n = 5 cm�3, Vx = �400 km s�1. The FV values in
Figure 9 appear to follow an inverse relationship to the
Pedersen conductivity. This is confirmed in Figure 10, a
plot of (FV)

�1 versus Pedersen conductivity. The linear
trend is clear, with a linear fit to these data yielding an R2

value of 0.991. This result can be anticipated by considering
that the magnetic stress from the velocity shear in a viscous
cell is transmitted to the ionosphere by field-aligned currents
[see Lopez et al., 2010]. For a given current, the ionospheric
potential will be higher for lower conductivity (the ionosphere
is “stiffer” for lower conductivity) and so requires a higher
potential to drive a given current. The fit in Figure 10 gives
the equation 1/FV = 0.002� SP + 0.019 (in kV�1). Inverting
this equation yields

FV ¼ 0:002� SP þ 0:019ð Þ�1 in kVð Þ ð1Þ

Equation (1), at its extremes, predicts a maximum FV (for
these solar wind conditions) of 50 kV, for SP = 0, and a
minimum of FV = 0 kV for SP = ∞.

3.3. Comparison With Another Simulation’s Results

[29] Sonnerup et al. [2001] also ran an MHD simulation
with IMF ≈ 0 nT. Their FPC values tended to be lower
than observations (such as the comparison made to
Winglee [1998] by Sonnerup et al.). For n = 5 cm�3, Vx =
�400 km s�1, and SP = 6 mhos (the only FPC value
explicitly stated in the paper, all others being given only in
plots), their results were FPC = 29.9 kV. Using equation (1),
with SP = 6 mhos, LFM predicts a slightly higher value,
FPC = 32.2 kV.
[30] Comparing the scaling with solar wind velocity,

Sonnerup et al. [2001] found FPC = 3.5 � (V � 185)0.4,
noticeably sublinear. LFM, by comparison, produced a

Table 3. Viscous Potential Values for a Range of Uniform
Ionospheric Pedersen Conductivities for Constant Solar Wind Inputa

Pedersen Conductivity (mhos)

1 2.5 5 7.5 10 12.5 15 20 25 30

VP (kV) 42.7 38.2 36.1 32.0 27.2 22.6 20.3 16.8 14.1 12.9

aIn kV, Data are plotted in Figure 9.

Figure 8. A log-log plot of viscous potential versus solar
wind density. The viscous potential in each series depends
on a power of density, with the exponent given by the slope
of a linear fit to the data.

Figure 9. Viscous potential as a function of ionospheric
Pedersen conductivity, with constant solar wind input. Data
values are given in Table 3.

Figure 10. Inverse of the viscous potential versus Pedersen
conductivity. The viscous potential values are inverse of
those given in Table 3 and Figure 9.
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scaling factor of V1.33, which is itself more linear than the
Boyle et al. [1997] and Newell et al. [2008] velocity factor
of V2.
[31] As for Pedersen conductivity dependence, Sonnerup

et al. [2001] found FPC = 109.6 � (SP + 8.1)�1/2 (in kV).
Changing the form of equation (1) slightly to be comparable,
LFM’s equivalent formula is FPC = 505 � (SP + 9.70)�1

(in kV). While both are inversely proportional to functions
of SP, the LFM dependence is a stronger function of SP,
which we consider to be a reasonable result, since the
ionospheric potential in LFM is calculated using the Poisson
equation, with the field-aligned currents produced by the
viscous cell as the source term, divided by the conductivity
[Lyon et al., 2004].

3.4. Comparison With an Empirical Model

[32] We now compare the LFM results to the viscous
interaction results of Newell et al. [2008], which are the most
detailed empirical mathematical description of the viscous
interaction to date. The Newell et al. [2008] empirically
derived model has a viscous interaction dependence of
n1/2V2, with n being the solar wind density and V being
the magnitude of the solar wind velocity. Similarly, the LFM
results show a sublinear density dependence and a supra-
linear velocity dependence. However, the exponents in the
LFM results are somewhat lower than the Newell et al.
[2008] results. Using the formulation naVb to simplify com-
parison, b in LFM averages 1.33 � 0.08 or about 4/3,
versus b = 2 of Newell et al. [2008] (also found by Boyle
et al. [1997]). For density, LFM found an average of a =
0.439 � 0.034 or about 4/9, versus a = 1/2 of Newell et al.
[2008]. Note that the exponent for both the density and
velocity factors in LFM will tend to produce a smaller
range of viscous potentials, for the same range of solar wind
inputs, as compared to the Newell et al. [2008] formulation.
For example, going from n = 1 cm�3, V = 300 km s�1, to
n = 15 cm�3, V = 800 km s�1 (the range of density and
velocity examined in this paper), the LFM formulation
predicts an increase in the viscous potential by a factor of

12.1. The Newell et al. [2008] formulation predicts an
increase by a factor of 27.5, more than double the increase
predicted by LFM.
[33] It may be worth noting that the two best fits found

by Newell et al. [2008] were first for n1/2V2 (a = 1/2) and
second for n1/3V2 (a = 1/3) (see Table 2 in that work); the
LFM-derived values is 1/3 < a < 1/2. Also, b = 2 was the
lowest exponent of V in a term fitting the form naVb (i.e., a
term with both density and velocity factors) from their
extensive list, whereas LFM yielded b < 2. Thus, the
LFM-derived values of 1/3 < a < 1/2 and b < 2 are consistent
with the Newell et al. [2008] results and could possibly pro-
vide a better fit to those data than the values published.

3.5. Formulation for the Viscous Potential in LFM

[34] Combining the preceding results for scaling of the
viscous potential in the LFM simulation, we can produce a
predictive formulation as follows:

FV ¼ FV0 n=n0ð Þ0:439 V=V0ð Þ1:33 ð2Þ

where n0 and V0 are the solar wind density and magnitude of
solar wind velocity corresponding to a reference viscous
potential value, FV0. Any of the values in Table 1 could be
used for the reference value, but the value chosen can skew
the predictions slightly up or down, compared to the values
found in LFM. The point n0 = 8 cm�3 and V0 = Vx = 600 km
s�1 has been found to give predictions that are about average
for all of the available reference points.
[35] Using n0 = 8 cm�3 and V0 = Vx = 600 km s�1, FV0 =

53.2 kV (from Table 1) and multiplying these values
through, equation (2) may be simplified to

FV ¼ 0:00431ð Þn0:439V 1:33 kV ð3Þ

A plot of the viscous potential values from LFM, found in
Table 1, versus the values predicted by equation (3) for the
solar wind conditions corresponding to every point in
Table 1, is given in Figure 11. Predictions from equation (3)
are shown to have excellent accuracy, when plotted against
the 30 LFM values from which the formula is derived, with
an R2 value of 0.9795. While it is not surprising that a for-
mula agrees with the data from which it is derived, this
level of accuracy could not be assumed a priori. The close
fit between the data and the formula shows the consistency
of LFM’s viscous potential predictions over a large range
of realistic density and velocity values (n ranging from
1 cm�3 to 15 cm�3 and Vx ranging from �300 km s�1 to
�800 km s�1).

4. Conclusions

[36] To summarize, our investigations of the viscous
interaction using the LFM model yielded a variety of factors
that affect the viscous potential. The viscous potential
increases with increasing solar wind density, with the scaling
factor of approximately n0.439. Increasing solar wind velocity
also increases the viscous potential in LFM, with that factor
approximately V1.33. These results are consistent with pre-
vious studies that have found a relationship with velocity or
velocity and density (especially Newell et al. [2008]), but the
actual values of the scaling factors are not identical. These

Figure 11. Predicted viscous potential values based on
equation (3) versus viscous potential values determined in
LFM, as listed in Table 1.
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results can be combined with a reference value for the cross
polar cap potential to produce an equation for predicting the
viscous potential in LFM, based on input solar wind density
and velocity: FV = (0.00431)n0.439V1.33 kV, where n is in
cm�3 and V is in km s�1. This equation fits the values pro-
duced by LFM remarkably well (R2 = 0.9795) over the
entire range of data examined here (1 < = n < = 15 cm�3;
300 < = ∣Vx∣ < = 800 km s�1).
[37] Changing the Pedersen conductivity of an idealized

ionosphere also affects the viscous potential. The relation-
ship is one of 1/SP, as predicted by Lopez et al. [2010], since
reduced Pedersen conductivity stiffens the ionosphere
against the flow of the current driven by viscous cells, thus
requiring a higher viscous potential to drive that current.

[38] Acknowledgments. This material is based on work supported by
CISM, the Center for Integrated Space Weather Modeling, which is funded
by the STC Program of the National Science Foundation under agreement
ATM-0120950. The National Center for Atmospheric Research is spon-
sored by the National Science Foundation. The authors thank the referees
for comments on the manuscript and for highlighting areas for future
research.
[39] Masaki Fujimoto thanks the reviewers for their assistance in

evaluating this paper.

References
Axford, W. I., and C. O. Hines (1961), A unifying theory of high-latitude
geophysical phenomena and geomagnetic storms, Can. J. Phys., 39,
1433–1464, doi:10.1139/p61-172.

Boyle, C., P. Reiff, and M. Hairston (1997), Empirical polar cap potentials,
J. Geophys. Res., 102(A1), 111–125, doi:10.1029/96JA01742.

Burke, W., D. Weimer, and N. Maynard (1999), Geoeffective interplanetary
scale sizes derived from regression analysis of polar cap potentials,
J. Geophys. Res., 104(A5), 9989–9994, doi:10.1029/1999JA900031.

Claudepierre, S. G., S. R. Elkington, and M. Wiltberger (2008), Solar wind
driving of magnetospheric ULF waves: Pulsations driven by velocity
shear at the magnetopause, J. Geophys. Res., 113, A05218, doi:10.1029/
2007JA012890.

Doyle, M. A., and W. J. Burke (1983), S3-2 measurements of the polar
cap potential, J. Geophys. Res., 88(A11), 9125–9133, doi:10.1029/
JA088iA11p09125.

Dungey, J. W. (1961), Interplanetary magnetic field and the auroral zones,
Phys. Rev. Lett., 6, 47–48, doi:10.1103/PhysRevLett.6.47.

Eastman, T. E., E. W. Hones Jr., S. J. Bame, and J. R. Asbridge (1976), The
magnetospheric boundary layer: Site of plasma, momentum and energy
transfer from the magnetosheath into the magnetosphere, Geophys. Res.
Lett., 3(11), 685–688, doi:10.1029/GL003i011p00685.

Farrugia, C. J., F. T. Gratton, and R. B. Torbert (2001), The role of viscous-
type processes in solar wind-magnetosphere interactions, Space Sci.
Rev., 95, 443–456, doi:10.1023/A:1005288703357.

Hairston, M. R., R. A. Heelis, and F. J. Rich (1998), Analysis of the
ionospheric cross polar cap potential drop using DMSP data during
the National Space Weather Program study period, J. Geophys. Res.,
103(A11), 26,337–26,347, doi:10.1029/97JA03241.

Lopez, R. E., R. Bruntz, E. J. Mitchell, M. Wiltberger, J. G. Lyon, and
V. G. Merkin (2010), Role of magnetosheath force balance in regulating
the dayside reconnection potential, J. Geophys. Res., 115, A12216,
doi:10.1029/2009JA014597.

Lyon, J. G., J. A. Fedder, and C. M. Mobarry (2004), The Lyon-Fedder-
Mobarry (LFM) global MHD magnetospheric simulation code, J. Atmos.
Sol. Terr. Phys., 66, 1333–1350, doi:10.1016/j.jastp.2004.03.020.

Merkin, V. G., and J. G. Lyon (2010), Effects of the low-latitude iono-
spheric boundary condition on the global magnetosphere, J. Geophys.
Res., 115, A10202, doi:10.1029/2010JA015461.

Newell, P. T., T. Sotirelis, K. Liou, and F. J. Rich (2008), Pairs of solar
wind-magnetosphere coupling functions: Combining a merging term with
a viscous term works best, J. Geophys. Res., 113, A04218, doi:10.1029/
2007JA012825.

Ober, D. M., N. C. Maynard, and W. J. Burke (2003), Testing the Hill
model of transpolar potential saturation, J. Geophys. Res., 108(A12),
1467, doi:10.1029/2003JA010154.

Otto, A., and D. Fairfield (2000), Kelvin-Helmholtz instability at the
magnetotail boundary: MHD simulation and comparison with Geotail
observations, J. Geophys. Res., 105(A9), 21,175–21,190, doi:10.1029/
1999JA000312.

Palmroth, M., P. Janhunen, T. I. Pulkkinen, A. Aksnes, G. Lu, N. Østgaard,
J. Watermann, G. D. Reeves, and G. A. Germany (2005), Assessment of
ionospheric Joule heating by GUMICS-4 MHD simulation, AMIE, and
satellite-based statistics: Towards a synthesis, Ann. Geophys., 23,
2051–2068, doi:10.5194/angeo-23-2051-2005.

Powell, K., P. Roe, T. Linde, T. Gombosi, and D. L. De Zeeuw (1999),
A solution-adaptive upwind scheme for ideal magnetohydrodynamics,
J. Comput. Phys., 154, 284–309, doi:10.1006/jcph.1999.6299.

Raeder, J., D. Larson, W. Li, L. Kepko, and T. Fuller-Rowell (2008),
OpenGGCM simulations for the THEMIS mission, Space Sci. Rev.,
141, 535–555, doi:10.1007/s11214-008-9421-5.

Reiff, P., R. Spiro, and T. Hill (1981), Dependence of polar cap potential
drop on interplanetary parameters, J. Geophys. Res., 86(A9), 7639–7648,
doi:10.1029/JA086iA09p07639.

Ridley, A. J., and E. A. Kihn (2004), Polar cap index comparisons
with AMIE cross polar cap potential, electric field, and polar cap area,
Geophys. Res. Lett., 31, L07801, doi:10.1029/2003GL019113.

Shepherd, S. G. (2007), Polar cap potential saturation: Observations, theory,
and modeling, J. Atmos. Sol. Terr. Phys., 69, 234–248, doi:10.1016/
j.jastp.2006.07.022.

Shepherd, S. G., and J. M. Ruohoniemi (2000), Electrostatic potential
patterns in the high-latitude ionosphere constrained by SuperDARN mea-
surements, J. Geophys. Res., 105(A10), 23,005–23,014, doi:10.1029/
2000JA000171.

Shepherd, S. G., J. M. Ruohoniemi, and R. A. Greenwald (2003), Testing
the Hill model of transpolar potential with Super Dual Auroral Radar
Network observations, Geophys. Res. Lett., 30(1), 1002, doi:10.1029/
2002GL015426.

Siscoe, G. L., G. M. Erickson, B. U. Ö. Sonnerup, N. C. Maynard,
J. A. Schoendorf, K. D. Siebert, D. R. Weimer, W. W. White, and G. R.
Wilson (2002), Hill model of transpolar potential saturation: Comparisons
with MHD simulations, J. Geophys. Res., 107(A6), 1075, doi:10.1029/
2001JA000109.

Sonnerup, B., K. Siebert, W. White, D. Weimer, N. Maynard, J. Schoendorf,
G. Wilson, G. Siscoe, and G. Erickson (2001), Simulations of the magne-
tosphere for zero interplanetary magnetic field: The ground state,
J. Geophys. Res., 106(A12), 29,419–29,434, doi:10.1029/2001JA000124.

Watanabe, M., K. Kabin, G. J. Sofko, R. Rankin, T. I. Gombosi, and
A. J. Ridley (2010), Dipole tilt effects on the magnetosphere-ionosphere
convection system during interplanetary magnetic field BY-dominated per-
iods: MHD modeling, J. Geophys. Res., 115, A07218, doi:10.1029/
2009JA014910.

Wiltberger, M., R. S. Weigel, W. Lotko, and J. A. Fedder (2009), Modeling
seasonal variations of auroral particle precipitation in a global-scale
magnetosphere-ionosphere simulation, J. Geophys. Res., 114, A01204,
doi:10.1029/2008JA013108.

Winglee, R. M. (1998), Imaging the ionospheric and solar wind sources in
the magnetosphere through multi-fluid global simulations, in Physics of
Space Plasmas, vol. 15, Proceedings of the 1998 Cambridge Symposium/
Workshop in Geoplasma Physics on “Multiscale Phenomena in Space
Plasmas II,”, edited by T. Chang and J. R. Jasperse, p. 345, MIT Cent.
for Theor. Geo/Cosmo Plasma Phys., Cambridge, Mass.

Wygant, J., R. Torbert, and F. Mozer (1983), Comparison of S3-3 polar
cap potential drops with the interplanetary magnetic field and models
of magnetopause reconnection, J. Geophys. Res., 88(A7), 5727–5735,
doi:10.1029/JA088iA07p05727.

R. Bruntz and R. E. Lopez, Department of Physics, University of Texas at
Arlington, Arlington, TX 76019, USA. (rbruntz@uta.edu)
J. G. Lyon, Department of Physics and Astronomy, Dartmouth College,

Hanover, NH 03755, USA.
M. Wiltberger, National Center for Atmospheric Research, High Altitude

Observatory, 3450 Mitchell Ln., Boulder, CO 80301, USA.

BRUNTZ ET AL.: VISCOUS POTENTIAL IN AN MHD SIMULATION A03214A03214

9 of 9



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


