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Abstract. It is well known that the ionosphere plays a role the ionosphere through the Birkeland currents, which are de-
in determining the global state of the magnetosphere. Thescribed by lijima and Potemra (1976). Region 1 currents,
ionosphere allows magnetospheric currents to close, therebyhich flow at high latitudes, are considered a direct result of
allowing magnetospheric convection to occur. The amountthe solar wind and the IMF driving the magnetosphere. Re-
of current which can be carried through the ionosphere isgion 2 currents are equatorward of the region 1 currents and
mainly determined by the ionospheric conductivity. This pa- are caused by pressure gradients in the inner magnetosphere.
per starts to quantify the nonlinear relationship between theThese currents close through the conductive ionosphere.

ionospheric conductivity and the global state of the magne- The ionospheric perpendicular conductivity is a quantifi-
tosphere. Itis found that the steady-state magnetosphere actgtion of the amount of resistance which the ions and elec-
neither as a current nor as a voltage generator; a uniform Hall.ons encounter when moving through the neutral atmo-
conductance can influence the potential pattern at low 'ati'sphere. Above~150 km, there are very few collisions be-
tudes, but not at high latitude; the EUV generated conducyyeen ions, electrons, and neutrals. Because there are few
tance forces the currents to close in the sunlight, while thecg|jisions, the perpendicular conductivity is very low in this
potential is large on the nightside; the solar generated Hallegion. Below 150 km, and abovel00 km, the ions collide
conductances cause a large asymmetry between the dawn agifth the neutrals often, while electrons still have very few
dusk potential, which effects the pressure distribution in theggjjisions with the neutrals. The ion-neutral collisions cause
magnetosphere; a uniform polar cap potential removes SOMge jons to turn from th& x B direction to theE direction,

of this asymmetry; the potential difference between solaryile the electrons continue B x B drift. This diverted ion
minimum and maximum is-11%; and the auroral precipita- mgtion creates the Pedersen current, while the electrons cre-
tion can be related to the local field-aligned current throughgte the Hall current. The relative amounts of current which

an exponential function. are driven by a given electric field are specified by the Hall
Key words. lonosphere (ionosphere-magnetosphere inter2nd Pedersen conductances (e.g. Song et al., 2001).
actions; modelling and forecasting; polar ionosphere) The importance of the ionospheric conductance caused

by solar radiation and particle precipitation is indicated by
the number of existing conductance models. Most height-
integrated solar driven conductance models are solar zenith
angle dependent, because extreme ultraviolet (EUV) solar ra-
This study is one in a series of three which examines thedlatlon is absorbed along a line between th’e given point and
. . tr|e Sun (e.g. Green et al., 1964). The Sun’s EUV spectrum
influence of the thermosphere and ionosphere on the globa . .
.15 absorbed in the upper atmosphere, creating photoelectrons
state of the magnetosphere. The present study examines, . S . . o
which give rise to ionospheric conductivities (e.g. Torr et al.,

the influence of the ionospheric conductance on the mag-1979) Brekke and Moen (1993) review a number of so-

netospheric configuration. - The two other studies exam-lar driven ionospheric conductance models. Lilensten et al
ine how the thermospheric neutral winds effect the iono- P ’ '

; "t : , . 1996) show theoretical calculations of the solar derived au-
spheric electric field and magnetospheric convection (Ridle X )
. ) . roral zone latitude conductances and compare those with the
et al., 2003), and the influence of ionospheric outflow on the : . X . .
: . : . . emprical relationship derived by Senior (1991).
time-dependent magnetospheric configuration (Ridley et al., . o o
2002a). Auroral electron and ion precipitation causes ionization

The closing of the magnetospheric currents through thehroughout the thermosphere (e.g. Frahm et al.,, 1997; Ga-
ionosphere is one of the most important aspects of the magand et al., 2001). This implies that the precipitation can

netospheric system. The magnetospheric currents flow int®€ related to the Hall and Pedersen conductances (Robin-
son et al., 1987). A number of emprical models of electron

Correspondence toA. J. Ridley (ridley@umich.edu) precipitation exist. These models relate the electron particle
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precipitation to various indices, such A& and K, (Spiro This study attempts to continue the work started by Fedder
et al., 1982; Hardy et al., 1985; Ridley et al., 1999), or de-and Lyon (1987), by examining simplified steady-state con-
grees of stretching in the magnetotail (Solirelis and Newell,ditions of the magnetosphere, and how these steady-states
2000). The model of Fuller-Rowell and Evans (1987) relatesdepend upon the ionospheric conductance. Understanding
the ionospheric Hall and Pedersen conductance to the hemthe steady-state magnetosphere is crucial when attempting to
spheric power index, and was created using electron precipitnderstand the dynamic magnetosphere. Therefore, further
tation data as well. Galand et al. (2001) derive conductancestudies will examine the magnetospheric dynamics depen-
from ion precipitation. The formulations given by Ahn et al. dence upon the conductance.

(1983) and Ahn et al. (1998) relate the Hall and Pedersen

conductances to ground-based magnetometer measurements.

Even though many studies are concerned with the con-

ductance itself, very few studies have actually examined thgsoodman (1995) described in great detail the methodology
influence of the ionospheric conductivity on the magneto-for solving for the inner boundary condition in a global MHD
spheric configuration or dynamics. This is very difficult to cqde. Amm (1996) pointed out some differences in the spec-
do with data, since measurements are Very sparse in the Magted conductance formulation given by the Goodman (1995)
netosphere. In order to conduct studies of this type, ON&tudy. This methodology has been incorporated into the Uni-
would like to have very similar driving conditions in the solar versity of Michigan MHD code (Powell et al., 1999; Ridley

wind with vastly different ionospheric conductances (e.9. so-gt g|., 2001, 2002). The method can be summarize in the
lar maximum versus solar minimum, or summer versus win-fo|lowing steps:

ter, etc.) In addition, the satellites would have to be in ap-
proximately the same place, in order to insure that the mea- 1. The field-aligned currents at 3.5 Earth radiiz) are
surements are coming from the same region of the magneto-  computed using/; = (VxB)-b, whereJ; is the field-

Technique

sphere. Since the combination of events never actually oc-
curs, it is very difficult to observationally determine how the
ionospheric conductance truly influences the magnetospheric
configuration and dynamics.

We must, therefore, turn to models to attempt to quantify
what effects the ionosphere has on the magnetosphere. A
number of studies have been conducted using global mag-
netosphere codes. For example, Fedder and Lyon (1987)
showed that the magnetosphere is neither a current nor a volt-

age generator, using a global magnetohydrodynamic (MHD) 3.

code. They did this by varying a constant ionospheric con-
ductance to determine whether the magnetosphere would

self-consistently increase the field-aligned currents or not. 4.

Raeder et al. (1996) showed that the ionospheric conduc-
tance specification is crucial in determining the temporal his-

tory of the magnetospheric dynamics. They showed that by g5

changing the conductance in the ionosphere, they could make
the magnetosphere go into either a steady convection state or
a storage-unloading state. Raeder et al. (2001) further de-

scribes how the ionospheric conductance can determine the6.

timing and strength of the auroral substorms through the use
of a limited parametric study. While these two studies are

very insightful and show that the conductance has a strong
effect on the dynamics of the magnetosphere, the modeled
time period is too complex to quantify the cause and effect re-

lationship between the ionospheric and magnetospheric pro-
cesses.

The study by Siscoe et al. (2002) furthered the earlier work

aligned currentB is the local magnetic field, anl is
the direction of the local magnetic field.

2. These field-aligned currents are mapped down to the

ionosphere using the background (i.e. dipolar) magnetic
field, and scaled according to the ra#p/B3 5, where
B35 and B; are the strengths of the magnetic field at
3.5Rr and the ionosphere (i.e. 120km altitude), re-
spectfully.

A conductance pattern is generated. This step will be
discussed in detail in the rest of the text.

The electric potential is solved for using the relation-
ship jr(R;) = [VL-(Z-V¥)1]r=r,, WhereX is the
ionospheric conductance tensor, ahds the potential.

The ionospheric potential is mapped to the inner bound-
ary of the simulation (i.e. 2.Bg), using the background
magnetic field.

The electric fields and velocities at the inner boundary
are calculated using the relationships= —V+v and

V = ExB/B?, whereE is the electric field. At this
point, the corotation velocity field is added to the iono-
spheric generated velocity field. The total velocity field
is used as an inner boundary condition in the simulation.

The relationship in 4 above can be expanded to (Amm,
1996):

by Hill and Rassbach (1975) by using a global MHD model j,(r;, 0, v) =

Iytic relationships which Hill and Rassbach (1975) derived
were valid in a global simulation. They derived an analytic

of the magnetosphere to show that some of the simple ana- [82@ ToXp
2
R;

relationship between the saturation of the cross polar cap po- §2® 1
tential and the globally averaged ionospheric conductance. Syr2

802 C

Zf{sinzs
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SO 68 [(ZoXp SoZp sd 8§ 4 N
—1 = coto —1 — XoXyg—(C"cosesin 0
59{59( c )+ c T (w{ 0% 55 ( )+

1 i(zozH co&e)} N X2 § (sirfe N YoZ i (— cose) cotd 3)
sing §vr C sikedy \ C Csing R=R,
6D [ 6 [ XoXpy(—CoSe)
i v Y Many models (such as MHD models) assume that the
sy | 66 C siné . . .

2 ir? ionospheric conductances are globally uniform. We start

1 i( Xy S 8) with the simplest case, of uniform Pedersen conductance and
—5 P+——— |+ . .
Sinf 6 8y C zero Hall conductance and then consider a uniform non-zero
YoX gy (— cose) coth Hall conductance.

C sino ReR, @
= 3.1 Zero Hall conductance
where

The simplestionospheric conductance pattern which can pro-

C =%pcoSe + Tpsirfe, (2) duce a quasi-realistic magnetospheric configuration is a uni-

) o ) _form zero Hall conductance and a uniform non-zero Pedersen

¢ is the angle between the radial direction and the magneti¢,onqyctance. This is a standard ionosphere for many MHD

field, 6 is the colatitude, ando, Ty, and Zp are field-  qqe| runs (e.g. Fedder and Lyon, 1987). For steady-state

aligned, Hall, and Pedersen height integrated conductanceyng the uniform conductances produce very smooth electric

resp'ecthlllly.. Th'IS equation makes no assumptlor‘_S aPOUt thﬁotentim patterns. In addition, the magnetosphere and iono-

spatial distribution of conductances, the magnetic field, orgphere are symmetric across the noon-midnight meridian and
the electric potential. Within the MHD code discussed here,,o equator for simulations in which the IMF is only vertical

Zo is given as a constant value of 1000 mhos. . (i.e. By = B, = 0 and corotation is neglected. Using these
The electric potential is solved by using a precondnmnedsimp”fying assumptions, Eq. (3) becomes:

gradiant reduction resolution (GMRES) solver, which is ro-

bust enough to handle a wide variety of field-aligned currentjz (R;, 0, ¥) =

and conductance patterns. The potential in each hemisphere 1 1524 ToXp 820 Ip

is determined independently, with a boundary condition of F[BTZ? + W@

zero potential at 5 latitude lower than the lowest latitude 1

field-aligned current. In the simulations described below, this §® { . sct ZoZp ” @)
is at~60° (magnetic) latitude. This boundary condition is  §6 F R=R,'
used primarily to act in place of a shielding region 2 current.
Since the MHD code does not produce very Strong region 2 Several models and studies assume that the field lines
currents (see Ridley et al., 2002, for more of a discussion)are vertical (i.e.e=0). For example, Fukushima (1969)
the region 1 currents would be unshielded and would extenghowed that ground magnetometers will measure only the
to very low latitudes. Since this is not observed, except inionospheric Hall current if the magnetic field lines are ver-
time periods when the region 1 currents are Changing andical, and the Hall and Pedersen conductances are uniform.

penetration electric fields can exist, this is a relatively good This is because the magnetic perturbation on the ground due
approximation. to the Pedersen and field-aligned currents will exactly cancel

if these assumptions are true. Because of these assumptions,

the horizontal component of the ground magnetic perturba-
3 Uniform conductances tion can be easily related to the ionospheric electric field (see,

for example, McHenry and Clauer, 1987).
In this SeCtion, we discuss the Configuration of the Steady— Another examp|e is the assimilative mapp|ng of the iono-
state magnetosphere under the assumption of a uniform ionospheric electrodynamics (AMIE) technique (Richmond and
spheric conductance. This is a physically unrealistic caseKamide, 1988). AMIE allows for the horizontal height inte-
but in some localized regions (the dayside), it may be ap-grated conductivities to be highly nonuniform, but assumes
proximately correct. When this assumption is made, Eq. (1)}that the magnetic field is vertical. This is done so that the
is simplified to: ground-based magnetic perturbations can be easily related to
the ionospheric electric potential.

+ cotf

JR(R1, Z ¥) = ) 5y If we make the same assumptian=£ 0 globally) we sim-
A[efomesy @ 1 (o ERSIPeN]  pify Eq. (4) to:
R21 802 C  sy?|sirPe C
5D sCc-1 0T iR(R)L, 6, ) EP[‘SZ@ L e +cot68®] (5)
o&p .]R » Uy 272 72 N 72 e .
— 130X coto 80 ) 86 |n_
59{ 0Zp—o—+ o R? Sir? 6 8y R=R,
0¥ & 1 This is approximately true throughout the high-latitude re-
sino W(C cose)  + gion. Interestingly, the same equation is derived if the Hall
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Plate 1. The (A, C) ionospheric field-aligned current arfB, D) potential patterns, plotted in magnetic latitude — magnetic local time
coordinates, with noon being at the top and dawn to the right. The outer circlé latiQde, while the other rings mark 1@atitude. The

MHD model was run with a Pedersen conductance of 1 mho (A, B) and 100 mhos (C, D). The color scale of each plot is independent of the
other plots, while the maximum and minimum values are shown below each plot to the right and left, respectively.

conductance is nonzero and uniform ang: 0. We investi-  The first difference between the simulation results is in the

gate the influence of the nonzesrand Hall conductance in  flow pattern in the inner magnetosphere. The 100 mho sim-

the next section. ulation has much lower flow speeds coming in from the tail,

. . so the corotation region is much further extended out into the
\tNh![I_eIth:Ea MH5D <_:ode u_sest Eq. gl) t(: SO(;V_G fft)r:_the_elel(_zft_m(:jmauu:;netosphere. The 1 mho simulation shows the corotation

potential, Eq. (5) is easier to understand in this simplifie to be much more confined to the near-Earth region, since the

regime. Plate 1A and B shows steady-state field-aligned CUfiow is much stronger coming in from the tail. This differ-

rent and e_Iectric potential pgtterns when the Pedersen €O%nce in flow speeds is the cause of the second difference: the
ductance is set to 1 mho, while Plate 1C and D shows the SO ressure earthward of the divergent flow region in the tail (i.e.

Iut?ons when P_edersen _conductance is 100 mhos. The Simlgroundx — _7Rg)is stronger in the 1 mho simulation than
lation was carried out witt; = —5.0nT, Vy = —500kms, 4, yn0 100 mho simulation. The strong flow breaking in the
andn = 5 cr.n°’, -wh|le all other components Of. the velouty 1 mho simulation creates a large pressure buildup in the inner
aP?hm?glr&etllc_: f'elg were zterp '5;h|e tl.(t)V\éeSt Ilzat'tﬂci? maF.)pmgmagnetosphere. Because the strength of the region 2 currents
ot the fie'd-aligned currents 15 atitude. ach igure in-— 5 strongly dependent upon the magnitude of the pressure in
Plate 1 show th_e patterns on dlfferent scales,_ S0 V_Vh"e the pa&’his region, the 1 mho simulation has a much higher region 2
t_erns are very similar, the magnitudes are quite different. T_hecurrent than the 100 mho simulation.
field-aligned currents show a strong region 1 current, but lit-

tle region 2 current system. The 1 mho case does have small Similar runs were conducted using uniform Pedersen con-
region 2 currents, but they are quite small compared to theductances of 2.5, 5.0, 10.0, 25.0, and 50.0 mhos. Figures la
region 1 currents. For the 100 mho case, there are essemand b shows the maximum field-aligned current and cross
tially no region 2 currents. The reason for this becomes cleapolar cap potential versus the Pedersen conductance for each
when the magnetospheric solutions are investigated. Plate &f these runs, respectively. These plots show that as the
shows plots of the pressure and stream traces of the velocitgonductance is increased, the potential falls, while the field-
in the equatorial plane for the 1 mho and 100 mho simula-aligned current increases. This trend is easy to understand
tions. There are distinct differences between the simulationsif we consider the simplified equatioh = ¢, E. If we as-
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Plate 2. Color contours of the log of the pressure (in nP) in the equatorial plane of the magnetosphere, with stream traces of the in-plane
velocity overplotted(A) shows the 1 mho simulation results whi) shows the 100 mho simulation results.
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12 Jr (HA/T) 12 Phi (kV)

18-

-30.30 : 29.27
AJr (A/NTE) APhi (KV)
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-7.00e-04 : 4.76e-04 -0.32

Plate 3. The (A) ionospheric field-aligned current afi@) potential patterns, for a simulation with the Pedersen conductance at 5 mho, and

the Hall conductance of 0 mh¢C) The difference between (a) and the field-aligned current solution with a 10 mho uniform Hall conductance
and(D) the same for the electic potential. Each plot is in the same coordinate system as Plate 1. Once again, each plot has an independer
color scale, while the maximum and minimum values are indicated below the plots.

sume that the magnetosphere is a current generator, such thd®2 Nonzero constant Hall conductance

J is constant, and we increasg, E must decrease linearly.

On the other hand, if the magnetosphere acts as a voltageguation (5) shows that if the magnetic field lines are radial,
generator, such that is constant, whew, is increased, then a constant Hall conductance would have no influence
must decrease. While the general trends are similar, it hagver the ionospheric potential pattern. In reality, the mag-
been shown that the magnetosphere acts neither as a curretgtic field is much closer to a dipole:

nor as a voltage generator (Fedder and Lyon, 1987). We show

a similar trend, as was shown by Fedder and Lyon (1987) inBr = [2B0COSO]r=r, ®6)
Fig. 1c: aso, is increased, botli and E change together. .

These results are quiet similar to those of Fedder and LyorP? — [B0SINGlr=r; . (7)
(1987), although the strength of the cross polar cap potentialalhere B is the magnetic field at the equator in the iono-

are significantly lower in this study (the reason for the differ- sphere. The sin and cos of the dipole tilt can then be ex-
ence is unknown and beyond the scope of the current smdy)pressea as

The linear trend in the relationship between the potential
and the field-aligned current is observed in both cases. Fed-. sing

der and Lyon (1987) extrapolated their results with 5.0 mho,smg - (14 3cogp)L/2 ®)
while we show that the extrapolation is valid up to at least
100 mho. 2cos
CoSe = ————————— 9
* T T 1+ 3co20)12 ©)

and assuming that the conductances are uniform, Eqg. (3) be-

In the simulation run with 5 mhos Pedersen conductance )
tomes:

the cross polar cap potential is 59.6 kV, which is lower than
the Weimer (1996) model, which shows a cross polar cap po-j,(g;, 6, y) =

tential of ~75kV for a B, = —5nT IMF orientation. The 2

. ) ; . 1[X0Zp 6P
simulation with 2.5 mhos has a cross polar cap potential of —| ———
~100kV, so a constant Pedersen conductance 4mhos Ry c o

would reproduce the (Weimer, 1996) cross polar cap poten- [ Zp N Zfi 82 n
tial for B, = —5nT. sifd C(l+3co20) | sy?
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Pedersen Conductance Profile night asymmetry. The solar illumination determines the day-
o N side dynamics and structure of the thermosphere and iono-
sphere. Solar illumination in the wavelengtkdOnm —
100nm produce O©, Of, NJ, and NO" through various
chemical reactions (e.g. Torr et al., 1979), many of which
are directly driven by solar illumination. This means that
they are strongly dependent upon the solar zenith angle of the
given point and the composition of the atmosphere between
the point and the Sun. In addition to the chemistry of the
thermosphere-ionosphere system, it is important to take into
account advection, diffusion, and other processes which are
beyond the scope of any MHD model. Determining the true
3-D structure of the ionosphere globally is computationally
e time consuming, and, therefore, approximations are made.

50 60 70 80 90 100 110 For example, from the magnetospheric perspective, the

Solar Zenith Angle . . .
ionosphere can be approximated to be a 2-D plane. The iono-
Fig. 2. A plot of the Pedersen conductance as a function of solarSphere can further be approximated to have a solar compo-
zenith angle. This shows the solar driven conductance, a scat’[erinBent and an auroral component. The solar component can be
term which causes the conductance to be smoother across the tetPProximated as (Moen and Brekke, 1993):

10

©

Pedersen Conductance (mhos)
(2]
L e B L s s e B

minator, and a nightside constant conductance. The squares of t .53 1./cosc)
conductances are added and the square root is taken to derive tHef — Fig7(0.81 cos¢) + 0.54ycog¢))) (11)
total Pedersen conductance.
Tp = Fj33(0.34 cog¢) + 0.93,/cog¢))), (12)
3O [ ZoXpcosesing(Tp —2%g)  XpZp cosH whereF1q7 is the solar flux intensity at 10.7 cm, ands the
50 C2(1+ 3co20) Csino solar zenith angle.
Plate 4 shows simulation results in which there are only 3
2XoXn 3 ‘E{ (Xp —2%g) cog'e - 1” ) sources of conductance: (1) solar EUV, (2) scattering of the
C(1+3co$0)%2 sy ¢ R=R; sunlight across the terminator and (3) nightside “starlight”

(10) conductance. The nightside Pedersen conductance is esti-

mated to be 0.25mhos, which dominates on the nightside

I_Equation (10) shows that, Wheq the magnetic field is CON-(neglecting the aurora, as is done here). The solar EUV

sidered to be a dipole, the electric potential does depend 0trongly dominates on the dayside. All conductances within
the uniform ionospheric Hall conductance. This dependencgne code are summed together using a vector summation. For

tric potential, which implies that the east-west electric fields

are dr|V|ng_ nprth—sc_)uth Hall currents which close the mag-y,, = \/EaEuv + 22 eat Zhsis (13)
netospheric field-aligned currents. Plate 3 shows this depen-
dence, plotting the field-aligned current and electric poten-whereXyeyy is the solar EUV Hall conductance (i.e. Moen
tial pattern for the zero Hall case, and the difference be-and Brekke, 1993)¥Hscatis the scattered sunlight Hall con-
tween a simulation with 10 mhos Hall conductance and Oductance, an&ysy is the starlight Hall conductance. Sim-
mho Hall conductance. The difference is in the regions inilar equations are used when considering the polar cap con-
which the potential has a gradient in the longitude (i.e. nearductance and the auroral conductance.
noon and midnight), while there is no difference in the re- Figure 2 shows a profile of the Pedersen conductance as
gions of strongest latitudinal gradient (i.e. dawn and dusk).a function of¢. This plot shows that the scattered sunlight
The difference is only a fraction of a percent of the total causes the terminator to be much more diffuse than the sharp
strength, but as the pattern expands (e.g. during high magransition that one would expect with the Moen and Brekke
netic activity), the difference is expected to grow, since the(1993) formulation. It was found that with such a sharp tran-
dipole tilt becomes more significant. In addition, when low- sition, the slope of the potential would change dramatically
latitude features are taken into account, such as the neutracross the terminator. With a more diffuse transition, the po-
wind dynamo, the Hall conductivity becomes important. tential is much smoother across the terminator, which is more

consistent with observations.

These runs were conducted without a Hall conductance to

4 Solar EUV conductance simplify the results. Two simulations were run: solar maxi-

mum (top) and solar minimum (bottom). The difference be-
In the previous section, the conductance was estimated toween these simulations are discussed below. In comparing
be constant globally. While that may be approximately truethe field-aligned currents and the potentials between simula-
locally, the conductance is known to have a strong day-tions in which the conductance is constant (i.e. Plate 1) and
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Plate 4. The top cluster of 4 plot§A—D) are the ionospheric results from a simulation during solar minimum, while the bottom 4pla3
are from solar maximum. The runs were conducted with the Hall conductance equal to 0. The plots are (A, E) the Hall conductance; (B, F)
Pedersen conductance; (C, G) field-aligned currents; and (D, H) potential pattern. Each plot is in the same coordinate system as Plate 1.



A. J. Ridley et al.: lonospheric conductance influence on magnetospheric configuration 575

Yy (Re)

0 -5
x (Re) X

Plate 5. Flowlines in the magnetosphere in tite— Y plane, neglectind/;, over color contours of log), where the pressure is in nP.

The top plot shows a simulation in which the Pedersen conductance was uniform at 1 mho (i.e. Plate 1A and B, Plate 1C and D), while the
bottom plot shows a solar maximum simulation in which only the solar EUV was considered, corresponding to Plate 4E—H. The density of
the streamlines does not correspond to the strength of the field.

those in which the solar EUV is dominant (i.e. Plate 4), thereof 75.0 (solar minimum conditions), while the bottom group
are clear differences. In the solar EUV case, the field-alignedf plots shows a simulation in which thaq 7 was 300 (solar
current flows primarily on the dayside, while the potential is maximum conditions). There is a factor of 2 difference in
confined to the nightside. The reason for this is illustrated inthe dayside conductance from solar min to solar max. The
Fig. 1: when the conductance is high (i.e. the dayside), thdield-aligned currents increase byl1%, while the cross po-
field-aligned current is large and the potential is small, andlar cap potential decreases by the same factor. This is not a
conversely, when the conductance is low (i.e. the nightside)significant change, considering that these simulations show
the field-aligned current is low and the potential is large.  the maximum effect in which the solar EUV over a solar-
Plate 5 illustrates the magnetospheric difference between &ycle would contribute to the field-aligned current and po-
constant conductance case and a solar EUV case. This platgntial differences. Any addition of auroral sources of con-
shows streamline traces over the log of the pressure in the inductance would serve to decrease this difference, such that
ner magnetosphere for a simulation with 1 mho constant conthere may be even less than a 10% difference between the
ductance and a simulation with solar EUV dominating and apotentials at solar minimum and maximum.
0.25mho constant nightside conductance. On the nightside,
the pressures are quite similar, as are the flow patterns. This . .
is expected, since on the nightside, the conductances are siné}’-'2 Nightside conductance
ilar to each other. On the dayside, there are significant differ-
ences in the pressure and the flow pattern. The flow patterng, the nightside of the Earth, there is very little to cause ion-
shows that the corotation is dominant to a much larger radiuszation, except for the particle precipitation at high latitudes.
in the solar EUV case than in the constant low conductancesig, light and galactic sources can cause some F-region ion-
case. This is because the ionospheric flow velocities on thgation, and is included in the ionospheric model here. This
dayside are much smaller in the EUV case. This dominationgnjzation is added as a uniform conductance over the entire
of corotation on the dayside in the solar EUV case causegohe. As this background conductance is raised to compara-
a stagnation of the plasma flow further away from the innerpe |evels as the solar illumination, the ionosphere becomes
boundary, which, in turn, causes a thermal pressure enhanc@ioser to a constant conductance model, as described in the

ment on the dayside. previous section. When it is reduced towards zero, the cur-
rents close more and more on the dayside, and a strong elec-
4.1 Fig7 dependence tric field results on the nightside, as is illustrated in Plate 4.

In the magnetosphere, one would expect that as the nightside
Plate 4 illustrates the difference between solar minimum andconductance is increased, the flow velocity would decrease
solar maximum. The top plots show simulation results with and the pressure would decrease, as was discussed in the con-
only solar EUV derived Pedersen conductances foF'ayy stant conductance section above, and illustrated in Plate 2.
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Plate 6. An ionospheric projection of th@\) Hall conductancgB) Pedersen conductand€) FAC, and(D) potential, as shown in Plate 1,
as well agE) a plot of the percentage difference in pressure in the inner magnetosphere between a simulation with and without solar derived
Hall conductance in the ionosphere.

4.3 Hall conductance effects in the Northern Hemisphere during solstice conditions at cer-

tain times of the day. This tilt can cause the conductance to
The previous sections showed that a constant Hall conduche quite high (or low) compared to the opposite magnetic
tance pattern does not effect the potential at high latitudesyemisphere.

very stongly. This is not true when there is a strong gradient  pjate 7 shows a cut of a magnetospheric simulation in the
in the Hall conductance. Plate 6 shows the effect of the Ha"noon-midnight meridian. The Northern Hemisphere is tilt-

conductance on the potential pattern: the symmetry acrosgy 34 toward the Sun, while the Southern Hemisphere is

the noon-midnight meridian is broken, with the morning cell 1ing away from the Sun an equal angle. The northern and
decreasing in size significantly. The solar EUV generatedsq thern ionospheric field-aligned current, Hall and Pedersen
Hall conductance causes the potential pattern to rotate SUcfyqyctance, and potential patterns are shown in Plate 8. Al
that the throat is closer to 11:00 MLT instead of 12:00 MLT, ¢or of the patterns show a clear asymmetry between the two
while the negative cell in the midnight sector encroaches iNtohemispheres. Because the conductance pattern is so differ-
the early morning sector. ) ent between the hemispheres (and is held constant in time),
In the magnetosphere, the convection pattern becomeg,q crents adjust to flow more through the Northern Hemi-
more asymmetric, which, in turn, changes the pressure disg,pare  This readjustment is not enough to allow for the po-

tribution.  Plate 6 shows the percentage difference of thegniigis to equalize, so there exists a significant difference in
magnetospheric pressure distribution between runs with ang,o ~ross polar cap potentials in the two hemispheres

. . 0 .
without the Hall conductance. The differences are5%. Plate 7 illustrates why this may be the case in this simula-

The locations of the largest differences on the dusk side are n— the distance which has to be travelled from the merging

approximately where stagnation regions exist, indicating that _ . : : ) :

) : . region on the dayside to the reconnection region on the night-

the stagnation regions have moved. On the dawn side, the. ¥ " . . i

) . : .. Side in the Northern Hemisphere is shorter than the distance
differences are due the changes in the convection velocit

. L hich has to be travelled in the Southern Hemisphere. This
SWeeping away the _plasma faster (slower), resulting in "€ difference in the distance implies that the Northern Hemi-
gions of decreased (increased) plasma pressure. sphere field lines would need to move slower, in order to
travel to the reconnection site in the same time as the field
lines in the Southern Hemisphere.

Because the main conductance on the dayside is driven by A hemispheric difference this large is not commonly ob-

the solar zenith angle, seasonal effects are of primary imporserved. Papitashvili and Rich (2002) indicate that a poten-
tance when considering the conductance and the resultingal difference does exist between the summer and winter
electric potential pattern. This is because the Earth’s maghemispheres, but is much smaller than that observed here.
netic dipole axis tilts~34° towards and away from the Sun Plate 9 shows ionospheric potential patterns derived from the

4.4 Seasonal effects
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0.008

Weimer (1996) electric potential model for the same time
period as shown in Plate 8. This model was derived from
Dynamics Explorer data of ion flows, and would therefore
show a large asymmetry, if one existed. The Southern Hemi-
sphere does show a 17% larger cross polar cap potential than
the Northern Hemisphere, while the MHD code shows a dif-
ference of 435%. Also, the Weimer (1996) cross polar cap
potential is approximately halfway between the northern and
southern MHD results, leading to the conclusion that the true
value should be between the two.

The MHD code shows that the conductance in the South-
ern Hemisphere is approximately uniform (but low) in the
polar cap, while in the northern polar cap there is a day to
night gradient. This causes the potential in the Northern 10 0 -10
Hemisphere to be pushed towards the nightside, while the po-
tential maximum and minimum in the South(?rn HemISpherePlate 7. Traces of the magnetic field in the — Z plane, ignoring
are near the dawn'd_USk meridian. In the We'mer_(1996) pat'By, over Jy in units oqu/mZ. This figure illustrates a summer
terns, the trend is different — the Northern Hemisphere po-gjstice condition in at 16:45 UT, in which the Northern Hemisphere
tentials are on the dayside, while the Southern Hemisphergnagnetic pole is pointed further towards the Sun. The density of the
potentials on the nightside. The location of the potentials onfields lines does not correspond to the strength of the field.
the nightside in the Southern Hemisphere indicate a day to
night gradient in the conductance, while the location of the
potentials on the dayside in the Northern Hemisphere imply5 High latitude conductance
that there may in fact be more conductance on the nightside
than on the dayside, which implies an auroral oval. This will While solar EUV is quite important in determining the struc-
be discussed in the next section. ture on the conductance, field-aligned current, and potential

The lack of a strong north-south asymmetry in the onthe dayside, a number of processes are still excluded when
Weimer (1996) patterns implies that these specific MHD sim-the solar source is the only one considered. Namely, the high-
ulations are missing some important physics: latitude particle precipitation is quite important. In this sec-

tion, auroral precipitation is investigated, as well as the polar

— The ionospheric conductance dependence on solar EUVain, which adds a small amount of conductance within the

may be wrong for large solar zenith angles. We may bepolar cap.

underestimating the conductance behind the terminator

by a large amount. If this is true, the conductance may®.1 Auroral conductance

be more equalized, thereby reducing the potential in the

winter hemisphere. More studies of the conductance atrhe aurora is made up of precipitating electrons, and ions to

very high latitudes would have to be examined to deter-2 lesser extent, which cause ionization in the thermosphere,
mine if this is true. mesosphere, and sometimes the stratosphere (e.g. Frahm

etal., 1997; Galand et al., 2001). The electrons and ions then
— Adding an auroral oval will help the winter-summer collide with the neutrals forming Hall and Pedersen conduc-
asymmetry. In addition, Liou et al. (1997) showed tivities. Many models of precipitating particles exist (e.g.
that the auroral brightness is dependent upon seasorkuller-Rowell and Evans, 1987; Ridley et al., 1999). In ad-
with the winter months being brighter than the summer dition, a number of studies have analytically determined the
months. This seasonal effect would serve to equalizerelationship between precipitating particles and local height
the potentials. Ridley et al. (2002) discuss this seasonaintegrated conductances (e.g. Robinson et al., 1987; Lum-
effect on the conductance in more detail. They find thatmerzheim et al., 1991).
by increasing the total energy flux in the auroral oval In MHD codes, there are no energetic particles, so no true
and polar cap in the winter hemisphere, the potentialauroral precipitation can be specified. Different modelers use
becomes much more symmetric. different approaches to determine the auroral precipitation.
For example, Raeder et al. (1998) describes a model which
— If the potentials in the two hemispheres are approxi-has both a diffuse aurora, which is specified by the plasma
mately equal, as indicated in Plate 9, then the magnetigemperature in the plasma sheet, and a discrete aurora, which
field structure in the tail shown in Plate 7 may be wrong. is specified by a relationship between upward field-aligned
This plate implies that during the Northern Hemisphere current and the energy of the downward precipitating elec-
summer, the current sheet may be lifted out of the equatrons (Knight, 1972).
torial plane by as much asR. The Knight (1972) relationship works specifically for up-
ward field-aligned current regions. This means that it is
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Plate 8. lonospheric results for summ@i—D) and winter condition¢E—H), corresponding to Plate 7. This figure is in the same format as
Plate 4.
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A. Northern 3 B. Southern

Plate 9. lonospheric potential patterns from the Weimer (1996) mode{Aprsummer andB) winter hemispheres during the same period
as in Plate 8.
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Plate 10.lonospheric results for equinox conditions with a field-aligned current dependent auroral oval. This figure is in a similar format as
Plate 4.
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used in the MHD code to relate the field-aligned curreipj (
to the Hall and Pedersen conductances.

This relationship is illustrated in Plate 10. These con-
ductances have some features which are expected and some
which are not expected. For example, the local maximum in
the auroral oval at 09:00 MLT is reproduced in statistical pat-
terns such as that shown in Hardy et al. (1987). A significant
difference is the lack of conductance near midnight. This is
because there are limited currents flowing in the midnight
sector in the MHD simulation (and zero currents flowing
right at midnight). Because the relationship given in Eq. (14)
relates the conductance directly to the current, when there is
no current, there is little precipitation-induced conductance.
During time-dependent runs, when substorms are occurring,
the current is expected to increase, which will then cause the
conductance to increase.

As a comparison, the Weimer (1996) Northern Hemi-
sphere pattern is shown in Plate 11. The Weimer (1996) pat-
tern was derived for the same day and time of day as the
MHD results shown in Plate 10. A remarkable agreement is
observed between the two models.

Plate 11. lonospheric potential patterns from the Weimer (1996)
model for equinox conditions during the same period as in Plate 10

. . : Because the peak of the auroral oval is not near midnight,
applicable only to region 1 currents on the dusk side and re- : g
. . . as predicted by empirical models, the auroral oval does not
gion 2 currents on the dawn side. In order to obtain a com-
. effect the magnetosphere as much as one may expect. The
plete oval, the region 2 currents must be modeled correctly,

Because this is not done accurately within most MHD mod-ﬂOW patterns and the pressure d|str|but|(_)n in the= 0 :

. . . plane look remarkably like those shown in Plate 5B, with
els, the Knight (1972) relationship cannot be accurately ap- | Il differences. Studies of the effects of the auroral
plied in the dawn sector. In some models, the diffuse auroraOn y sma e . .

S . oval on time-dependent simulation will follow.
may cover this missing physics. In other models, compar-
isons between imagery and the currents were used to deter- It was suggested earlier in the study that an auroral oval
mine where the conductance should be placed. would help to equalize the ionospheric potential in the sum-

In the MHD model described here, a different approach ismer and winter hemispheres during periods of strong dipole
used. While this approach is not based on a first-principletilt (i.e. 35°), such as that shown in Plates 7 and 8. There
description of the acceleration region or the diffuse aurora, itis a problem with this, given the formulation for the current-
provides methodology for accurately calculating the auroraldependent aurora described above: the current flowing into
precipitation from the field-aligned currents. An emprical re- the summer hemisphere is larger than that current flowing
lationship was derived between the field-aligned currents andnto the winter hemisphere. This will cause the auroral con-
the local Hall and Pedersen conductance. This relationshipluctance to be larger in the summer hemisphere than in the
was derived using the assimilative mapping of ionosphericwinter hemisphere, which will not help to equalize the elec-
electrodynamics (AMIE) technique (Richmond and Kamide, tric potentials. The validation study by Ridley et al. (2002)
1988). The AMIE technique was run at a one-minute ca-showed that there needs to be a seasonal dependence upon
dence for the entire month of January 1997, usii®4 mag-  the strength of the auroral oval, to better equalize the poten-
netometers. This resulted in almost 45000 2-dimensionatial between the hemispheres.
maps of Hall and Pedersen conductance, as well as field- , i )
aligned currents. The conductance derived from AMIE was " 1at€ 13 shows the ionospheric results with a seasonal de-
mainly driven by the Ahn et al. (1998) formulation, which pendence upon the strength of the aurora, a smearing of the

relates ground-based magnetic perturbations to the Hall angVal: t0 put more conductance in the midnight region, and a
Pedersen conductances. For each grid point, a relationship ifniform conductance of 1 (2) mho(s) Pedersen (Hall) added
the form of- to the EUV generated conductance, as shown in Plate 8 (the

background conductance was added to make the solution
¥ = Yoe A, (14) more stable, but does not contribute to the differences be-

tween the hemispheres). These figures show that the cross
was determined, wher® represents either the Hall or Peder- polar cap potential in the summer hemisphere is reduced
sen conductance, arkh andA are independent of the mag- from 32kV to 22 kV, while the winter potential is reduced
nitude of J;;, but depend on whether the current is up or downfrom 174 kV to 64 kV. This makes the hemispheric potentials
and the location. The gridded values®§ and A are then  much closer together, as is expected.
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Plate 12.lonospheric results for equinox conditions with a field-aligned current dependent auroral oval, and a constant polar cap conductance

of 2.5 mhos added. This figure is in a similar format as Plate 4.

5.2 Polar cap conductance

581
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6 Summary

The magnetosphere is influenced by the ionosphere in a num-

ber of fundemental ways. This study focused on quantifying
Within the polar cap, there exists polar rain, which is an ap-the influence of the ionospheric conductance on the magne-
proximate uniform drizzling of electrons (Newell and Meng, tospheric configuration during steady IMF southward condi-
1992). This low energy electron precipitation can cause &ions. The results are summarized as follows:

small F-region conductance to form. Typically, the Peder-
sen conductance in the polar cap is on the order of 1mho, —
but the authors are unaware of any published studies which
show this value.

Plate 12 shows a simulation with the same parameters as
the run shown in Plate 10, except that a constant polar cap
conductance of 2.5 (5.0) mhos of Pedersen (Hall) conduc-
tance is added. The polar cap is defined as anything poleward
of the peak particle precipitation flux in the auroral oval. In
comparing Plates 12D and 10D, the potentials are quite sim-
ilar. Including the polar cap conductance tends to move the
throat back towards noon, and tends to remove some of the
dawn-dusk asymmetry caused by the day-to-night gradient
in the Hall conductance. This is expected, since by adding
a constant conductance, the influence of the gradient is re- —
duced.

The steady-state magnetosphere acts neither as a cur-
rent nor as a voltage generator, as described by Fed-
der and Lyon (1987). This study shows that it is true
for both larger and smaller values of conductance than
those specified in the study by Fedder and Lyon (1987).

When it is assumed that the ionospheric conductance is
uniform, the Hall conductance does not influence the
potential pattern at high latitudes. Because the potential
is dependent on the dip angle when applying a constant
Hall conductance, the influence becomes larger at lower
latitudes, but is still only a few percent. Considering the
other uncertainties and limitations of the model, this is
a negligible effect.

The day-to-night gradient in the solar EUV gener-
ated conductance tends to push the potential onto the
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Plate 13. lonospheric results for summéh—D) and winter conditiongE—H), for a similar time as Plate 8, but with an auroral oval, a
background conductance of 1 mho Pedersen, and a seasonal dependent polar cap conductance added. This figure is in the same format
Plate 4.
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nightside, while the field-aligned current flows on the that the results found here are resprentative of the true mag-
dayside. netosphere.

— If there is a strong asymmetry between the northern .
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