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Abstract. We introduce the effect of enhanced ionospheric
conductivity into a low-order, physics-based nonlinear model
of the nightside magnetosphere called WINDMI. The model
uses solar wind and interplanetary magnetic field (IMF) pa-
rameters from the ACE satellite located at the L1 point to
predict substorm growth, onset, expansion and recovery mea-
sured by the AL index roughly 50–60 min in advance. The
dynamics introduced by the conductivity enhancement into
the model behavior is described, and illustrated through us-
ing synthetically constructed solar wind parameters as input.
We use the new model to analyze two well-documented iso-
lated substorms: one that occurred on 31 July 1997 fromAk-
snes et al.(2002), and another on 13 April 2000 fromHuang
et al. (2004). These two substorms have a common feature
in that the solar wind driver sharply decreases in the early
part of the recovery phase, and that neither of them are trig-
gered by northward turning of the IMF Bz. By controlling the
model parameters such that the onset time of the substorm
is closely adhered to, the westward auroral electrojet peaks
during substorm expansion are qualitatively reproduced. Fur-
thermore, the electrojet recovers more slowly with enhanced
conductivity playing a role, which explains the data more ac-
curately.

1 Introduction

The substorm is a fundamental geomagnetic process in the
earth’s magnetosphere that has been a topic of intense re-
search over several decades. Of particular interest is how the
ionosphere, inner magnetosphere, and geotail dynamics in-
fluence the growth, onset, expansion and recovery phases of a
typical substorm. These components may interact differently
under varying solar wind conditions, or different classes of

substorm activity. Currently, there are three accepted classes
of substorms: isolated substorms, storm time substorms, and
sawtooth events also known as periodic substorms (Partamies
et al., 2009).

In this work, we modify the equations of a low-order,
physics-based nonlinear model of the magnetosphere called
WINDMI ( Horton and Doxas, 1996; Spencer et al., 2007), in
order to account for the contribution of ionospheric conduc-
tivity enhancement to substorm behavior. The current version
of the model is available at the NASA Community Coordi-
nated Modeling Center for near real time forecasts of space
weather activity (Mays et al., 2009).

The standard explanation for ground-based observations
of substorm development is through a nonlinear energy load-
ing and unloading process (Baker et al., 1999). The growth
phase occurs when the interplanetary magnetic field (IMF)
turns southward for a period of time, and plasma sheet thin-
ning develops. Then reconnection occurs, followed by dipo-
larization. This growth phase is not always observable be-
cause of the fluctuations in the IMF. The precise mechanisms
for substorm onset are still under investigation (Sergeev
et al., 2012), but reconnection in the tail is understood to be
the point when the dipolarization occurs, which marks the
expansion phase of a substorm. Finally, as the plasma en-
ergy is lost, the substorm goes into its recovery phase. We
note that a strongly fluctuating solar wind may trigger bursts
in the auroral electrojet (AE) index (Pulkkinen et al., 2006),
but this effect is not represented in the nonlinear dynamical
WINDMI model.

The modeling of nonlinear loading and unloading behav-
ior of geomagnetic substorms under southward IMF condi-
tions has been explored by several authors (Klimas et al.,
1992, 1996; Blanchard and McPherron, 1993). Vassiliadis
et al. (1995) used a nonlinear filter approach for describing
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the solar wind magnetosphere coupling, and further to pre-
dict the AL index (Klimas et al., 1998). Weigel et al.(1999)
used a neural network approach to predicting AL index
activity. The WINDMI model was used byHorton et al.
(2003) to classify substorms into 3 categories, one of which is
the northward turning triggered substorm (Gallardo-Lacourt
et al., 2012). Here we continue to develop the WINDMI
model as a tool for analyzing and forecasting the loading–
unloading type of substorm.

A detailed photochemical equilibrium model of the quiet
time ionosphere that depended on the solar zenith angle and
F10.7 flux was developed byRasmussen et al.(1988). An
ionospheric conductance model based on ground magnetic
disturbance data was developed byAhn et al. (1998). The
dependence of ionospheric conductivity on energy deposited
by precipitating electrons was modeled byRobinson et al.
(1987). It is known that the ionospheric conductivity is en-
hanced during the growth and expansion periods of a sub-
storm, when increased particle precipitation occurs in the
high latitude ionosphere parallel to the magnetic field lines,
reported byTang et al.(2011) and references therein.Ak-
snes et al.(2002) derive conductance maps showing the in-
crease in Hall and Pedersen conductivities during an iso-
lated substorm using data from the Polar Ionospheric X-ray
Imager (PIXIE) and the Ultraviolet Imager (UVI) on board
the Polar satellite.Gjerloev and Hoffman(2000a) calculated
the height-integrated Hall and Pedersen conductances during
substorms using the Dynamics Explorer 2 data. In our model
we introduce the effect of conductivity enhancement by in-
cluding a nonlinear conductivity term controlled by the par-
allel streaming kinetic energy of the plasma along magnetic
field lines that terminate on the ionosphere. This term adds
a new component to the dynamics of substorms, which we
explore.

Our aim in this paper is to determine how the enhanced
ionospheric conductivity plays a role in the buildup and re-
covery of a substorm. For instance, if the conductivity rises
slowly during the growth phase, and then is suddenly en-
hanced in a sharp manner at substorm onset, the result-
ing increase in the auroral electrojet current appears more
sawtooth-like, as opposed to the case of the electrojet signa-
ture due to a reconnection trigger only. The faster the rate of
enhanced conductivity, the more sawtooth-like the response
becomes. We also evaluate the model results for two iso-
lated substorm events: one on 31 July 1997, and another on
13 April 2000. These two substorms are examples of well-
documented events, where inAksnes et al.(2002), the onset,
expansion and recovery phases are clear while ionospheric
conductance enhancement is clearly present, and, inHuang
et al.(2004), the onset of the expansion phase of the substorm
is timed accurately. These two substorms also have two com-
mon features in that the solar wind driver sharply decreases
in the early part of the recovery phase, and that neither of
them are triggered by northward turning of the IMF Bz. The

model behavior with enhanced conductivity is compared to
the case where the ionosphere conductivity is constant.

In the next section we describe the WINDMI model. In
Sect.3, we introduce a nonlinear conductance term into the
model. In Sect.4 we show how the increased conductivity
affects the phases of a synthetic isolated substorm. In Sect.5
we compare the model to data for the two substorm events.
We then summarize the paper and conclude with some sug-
gestions for future work.

2 WINDMI Model

The plasma-physics-based WINDMI model uses the solar
wind dynamo voltageVsw generated by a particular solar
wind–magnetosphere coupling function to drive eight ordi-
nary differential equations describing the transfer of power
between the major energy components of the nightside mag-
netosphere. The WINDMI model is described in some detail
in Doxas et al.(2004), Spencer et al.(2007) and more re-
cently inPatra et al.(2011). The equations of the model are
given by the following:

L
dI

dt
= Vsw(t) − V + M

dI1

dt
(1)
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dV

dt
= I − I1 − Ips− 6V (2)
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=

6V 2
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1/2
‖
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2τE

(3)

dK‖
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= IpsV −

K‖
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(4)

LI

dI1

dt
= V − VI + M

dI

dt
(5)

CI

dVI

dt
= I1 − I2 − 6IVI (6)

L2
dI2

dt
= VI − (Rprc+ RA2)I2 (7)

dWrc

dt
= RprcI

2
2 +

pV Aeff

BtrLy

−
Wrc

τrc
. (8)

The nonlinear equations of the model trace the flow of
electromagnetic and plasma mechanical energy through eight
pairs of transfer terms. The remaining terms describe the
loss of energy from the magnetosphere–ionosphere system
through plasma injection, ionospheric losses and ring current
energy losses.

In the differential equations, the coefficients are phys-
ical parameters of the magnetosphere–ionosphere system.
The quantitiesL,C,6,LI ,CI and 6I are the magneto-
spheric and ionospheric inductances, capacitances, and con-
ductances.Aeff is an effective aperture for particle injection
into the ring current, which on the dusk side merges with
what is known as the Alfv́en layer (Doxas et al., 2004). The
resistances in the partial ring current and region 2 current
I2 areRprc andRA2 respectively, andL2 is the inductance
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of the region 2 current. The coefficientu0 in Eq. (3) is a
heat flux limiting parameter. The energy confinement times
for the central plasma sheet, parallel kinetic energy and ring
current energy areτE,τk andτrc respectively. The effective
width of the magnetosphere isLy , and the transition region
magnetic field is given byBtr. The pressure-gradient-driven
current is given byIps = Lx(p/µ0)

1/2, whereLx is the effec-
tive length of the magnetotail. The outputs of the model are
the AL andDst indices, in addition to the magnetospheric
field-aligned currents.

The pressure unloading function2(u1) =
1
2[1+ tanhu1]

whereu1 = (I − Ic)/1I in Eq. (3) is specified by a criti-
cal currentIc and the interval1I for the transition to loss of
plasma along newly opened magnetic field lines with a paral-
lel thermal fluxq||. It changes from zero to unity as a function
of I compared toIc. The unloading function follows from
current-gradient-driven tearing modes or cross-field current
instabilities, as described inYoon et al.(2002).

The AL index is obtained from the region 1 currentI1 by
assuming a constant of proportionalityλAL [A/nT ], giving
1BAL = −I1/λAL . The input function used for the model
is the standard rectifiedvBs formula (Reiff and Luhmann,
1986), given by

V Bs
sw = 40(kV ) + vswB IMF

s Leff
y (kV ), (9)

wherevsw is the x-directed component of the solar wind ve-
locity in GSM coordinates,B IMF

s the southward IMF com-
ponent andLeff

y an effective cross-tail width over which the
dynamo voltage is produced. For northward or zeroB IMF

s , a
nominal viscous voltage of 4 kV is used to drive the system.

3 Enhanced nonlinear conductivity during substorm
growth and onset

The ionosphere electron density in the auroral zone is
strongly affected by particle precipitation along magnetic
field lines. Impact ionization increases with the number and
energy of particles entering the ionosphere down to 100–
120 km, where the auroral electrojet currents flow. The mag-
netic field lines begin in the magnetotail plasma sheet and
close in the ionosphere above 65 degrees latitude. The con-
ductivity is composed of the Hall and Pedersen components,
given byCoumans et al.(2004):

σP =
Nee

B

(
νenωce

ν2
en+ ω2

ce
+

νinωci

ν2
in + ω2

ci

)
(10)

σH =
Nee

B

(
ω2

ce

ν2
en+ ω2

ce
−

ω2
ci

ν2
in + ω2

ci

)
(11)

whereNe is the electron density,e the electron charge,νen
andνin are the electron neutral and ion neutral collision fre-
quencies, andωce andωci are the electron and ion gyrofre-
quencies respectively in the geomagnetic fieldB.

The Pedersen component is the conductivity parallel to the
electric field and perpendicular to the magnetic field. The
Hall component is the conductivity perpendicular to both
the electric and magnetic fields. The conductivity is a strong
function ofNe. Ionization is expected to ramp up due to in-
creased precipitation, and saturates as the ionization rate is
balanced by recombination and losses. In addition, the con-
ductivity increases or decreases according to the electron
neutral collision frequency.

When the plasma sheet electric field is enhanced during
the substorm growth phase, the cross-tail electric field drives
field-aligned currents from the plasma sheet into the iono-
sphere. As the upward field-aligned currents in the mid-
night to pre-midnight sector intensify, parallel electric po-
tentials form above the auroral ionosphere that accelerate
charged particles into the ionosphere (Birn et al., 2012;
Knight, 1973). There is a sudden increase in the parallel
electric fields around substorm onset (Morioka et al., 2010),
which should increase the rate of particle precipitation.Gjer-
loev and Hoffman(2000b) andAksnes et al.(2002) report
an increase in the Hall and Pedersen conductivities in the
ionosphere at auroral latitudes during substorm activity. The
strength of the westward auroral electrojet will consequently
be increased since it is controlled by the Hall conductivity
(Akasofu, 2004).

To include the effect of a nonlinear ionospheric conduc-
tance that is enhanced through increased particle precipi-
tation during the substorm growth and expansion phases,
Eq. (6) is modified with a nonlinear function controlled by
the parallel kinetic energy along field linesK‖. The equation
then takes the form

CI

dVI

dt
= I1 − I2 − (6I + 6enh2(u2))VI . (12)

The function2(u2) is in the same form as the function in
Eq. (3) except that in this caseu2 = (K‖ − K0

‖
)/1K, where

K0
‖

is a lower limit for the parallel kinetic energy above
which the conductivity becomes enhanced at the altitude of
the auroral electrojet. We expect that below this value ofK‖

the precipitating particles do not penetrate to the lowest al-
titudes. The parameter1K controls the rate of conductivity
enhancement up to a saturation level of6I + 6enh. Physi-
cally this parameter is governed by the ionization efficiency
at a particular altitude.

4 Implications on substorm dynamics

If the ionospheric conductivity is assumed to be constant dur-
ing the growth, expansion and recovery phases of a substorm,
the westward auroral electrojet current signature is driven
only by solar wind magnetosphere coupling, and magneto-
spheric dynamics. This is illustrated with the black curve in
Fig. 1 where we run the model with a southward IMF of
20 nT, and solar wind velocity of 600 kms−1, for 20 min.

www.nonlin-processes-geophys.net/20/429/2013/ Nonlin. Processes Geophys., 20, 429–435, 2013
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We see the increase in the current during the growth phase
of the substorm when the geotail magnetic field stretches,
the substorm onset, followed by the expansion phase, and
finally the recovery phase. The sudden surge in auroral
electrojet current is caused by the unloading trigger2(u1)

being switched on corresponding to reconnection in the geo-
magnetic tail.

In the same figure, we also show how the input into the
model creates an increase in the auroral electrojet current
depending on the rate of ionosphere conductivity enhance-
ment, shown as a red curve. In this case, the reconnection
switch is turned off; the surge is entirely controlled by the
enhanced conductivity. We have slightly exaggerated the en-
hanced conductivity followingTang et al.(2011). The en-
hancement is sharply increased when the precipitation rate
crosses a threshold level, which likely occurs sometime dur-
ing the later part of the growth phase of a substorm. This
corresponds to the idea that, above a certain level of activity,
the precipitating particles penetrate deeply enough into the
ionosphere to reach the altitudes where the auroral electrojet
flows. This type of enhancement causes a surge and recovery
of the electrojet similar to the charge–discharge process of a
linear RL circuit.

Lastly, we now include both the reconnection trigger as
well as the conductivity enhancement. This is shown with
the blue curve in Fig.1. Now the overall substorm event is
characterized by both the effects simultaneously affecting the
expansion and recovery phases. Of particular note is that, in
the later part of the recovery, the electrojet settles smoothly
to rest without the negative overshoot. We also note that the
overall level of electrojet activity increases when the conduc-
tivity is enhanced.

To examine the behavior of the model for changes in the
value of K0

‖
and 6enh, we chose upper and lower values

of each parameter around the nominal values whose results
are shown in Fig.1. We do this for the case when both
the reconnection switch and conductivity enhancement are
present. In the nominal case, which corresponds to the blue
curve in Fig.1, we haveK0

‖
= 6× 1013 J, 6enh= 10 S, and

1K = 1.5× 1013 J. With changes in parameter values above
and below these nominal values, the character of the output
auroral electrojet current is altered as shown in Fig.2. The
input is kept the same as that in Fig.1.

The behavior is as expected. In the top panel of Fig.2, we
see that, as the threshold level for beginning the enhancement
is lowered, the field-aligned currents increase faster during
the growth period of a substorm, and decay more slowly dur-
ing the recovery phase. In the second panel of Fig.2, it is
clear that if the upper saturation level of the ionospheric con-
ductivity is increased, we obtain much stronger current val-
ues. Finally, in the bottom panel of Fig.2, the effect of1K

can be observed to change the rate of increase of the conduc-
tivity around the threshold levelK0

‖
, resulting in a change of

the rate of increase and decrease of the electrojet strength.
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Fig. 1. The response of the magnetosphere-ionosphere field aligned
current system simulated by the WINDMI model for the case with a
reconnection switch (shown in black), or the enhanced conductivity
(shown in red), or both (shown in blue).
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The onset of the substorm was between 0305-0310 UT on
the day (Huang et al., 2004). With the solar wind parameters
obtained from the ACE spacecraft translated to the nose of
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Fig. 1.The response of the magnetosphere–ionosphere field-aligned
current system simulated by the WINDMI model for the case with a
reconnection switch (shown in black), or the enhanced conductivity
(shown in red), or both (shown in blue).
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Fig. 2. The response of the WINDMI model when the values of
K0

‖
, 6enh and1K are varied refers to the nominal plot shown by

the blue curve in Fig.1. The threshold parallel kinetic energy above
which the conductivity becomes strongly enhanced is varied 3−9×

1013J, the saturation level of the conductivity is varied in the range
of 1− 20 S, and the rate of increase in the conductivity is varied in
the range of 0.75− 3× 1013J.

5 Results for 31 July 1997 and 13 April 2000 substorms

We first use the new model to analyze an isolated sub-
storm that occurred between 03:00 and 04:00 UTC on
13 April 2000. The growth phase of this substorm is not
clear from the data. The onset of the substorm was between
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03:05 and 03:10 UTC on the day (Huang et al., 2004). With
the solar wind parameters obtained from the ACE spacecraft
translated into the nose of the magnetosphere (Spencer et al.,
2007), the resultant input rectified voltage is shown in the
bottom panel of Fig.3.

In order to obtain our results, we adjust our model in order
to fulfill two criteria. The first is that the onset time must be
almost at the onset time reported byHuang et al.(2004). The
second is that we try to capture the overall substorm growth,
expansion and recovery phases. A particularly important rea-
son why this substorm was chosen is because the input volt-
age decreases sharply at approximately 03:30 UTC, which
means that the observed recovery phase is not affected by so-
lar wind driving. In addition, the IMF Bz remains southward
during the onset, ensuring that this substorm is not a case that
is possibly driven by northward turning of the IMF.

In the first case, the model parameters are adjusted to per-
form as well as possible on the substorm, but without the con-
ductivity enhancement. The result is shown by the red curve
in Fig. 3. In the plot, the AL index refers to the lower auro-
ral electrojet index obtained from the World Data Center for
Geomagnetism, Kyoto, Japan. These data represent the de-
flection of the earth’s magnetic field at auroral latitudes from
12 stations (http://wdc.kugi.kyoto-u.ac.jp/). The time scale is
in minutes starting from 00:00 UTC. The model run shows
the growth phase, onset at roughly the same time as observed,
and a fast expansion followed by recovery after 03:20 UTC.
The recovery rate is fast in the model, faster than the activity
shown in the data.

In the second case, we show how the model result changes
when the enhancement in the ionospheric conductivity is in-
cluded. This is shown by the green curve in Fig.3. For this
run the model parameters are adjusted differently in order
to capture the substorm activity. In this case the expansion
phase begins at the same time as when the enhanced conduc-
tivity is not used, but the peak activity occurs a little later
(03:28 UTC) and the recovery phase is much slower. Here
the recovery appears to follow the recovery phase in the data
more closely, except during the time period 03:20 UTC to
03:40 UTC, where a decline in AL is followed by a small
surge in the data. We note that this second surge in AL that
occurs around 03:38–03:40 UTC does not appear to be driven
by the solar wind. This is because the solar wind activity has
subsided by this time.

Overall, the model captures the substorm activity, but in-
terpretation of the result depends on whether enhanced con-
ductivity is assumed to play a role or not. A quantitative mea-
sure that we use to determine the goodness of fit between the
model output and the data is the average relative variance
(ARV). For the 13 April 2000 substorm, the ARV when only
a reconnection trigger is used is 0.71. When the conductiv-
ity enhancement is also included, the ARV is 0.32. Using
this measure, the lower the ARV the better the performance,
which suggests that the enhanced conductivity improves the
result.

E. Spencer et. al.: Ionospheric Conductivity And Substorms 5

In order to obtain our results, we adjust our model in order
to fulfill two criteria. The first is that the onset time must be
almost at the onset time reported by Huang et al. (2004). The
second is that we try to capture the overall substorm growth,
expansion and recovery phases. A particularly important325

reason why this substorm was chosen is because the input
voltage decreases sharply at approximately 0330 UT, which
means that the observed recovery phase is not affected by so-
lar wind driving. In addition, the IMF Bz remains southward
during the onset, ensuring that this substorm is not a case that330

is possibly driven by northward turning of the IMF.
In the first case, the model parameters are adjusted to per-

form as well as possible on the substorm, but without the
conductivity enhancement. The result is shown by the red
curve in figure 3. In the plot, the AL index refers to the lower335

auroral electrojet index obtained from the world data center
for geomagnetism, Kyoto, Japan. This data represents the de-
flection of the earth’s magnetic field at auroral latitudes from
12 stations (http://wdc.kugi.kyoto-u.ac.jp/). The time scale is
in minutes starting from 0 hrs UT. The model run shows the340

growth phase, onset at roughly the same time as observed, a
fast expansion followed by recovery after 0320 UT. The re-
covery rate is fast in the model, faster than the activity shown
in the data.

In the second case, we show how the model result changes345

when the enhancement in the ionospheric conductivity is in-
cluded. This is shown by the green curve in figure 3. For
this run the model parameters are adjusted differently in or-
der to capture the substorm activity. In this case the expan-
sion phase begins at the same time as when the enhanced350

conductivity is not used, but the peak activity occurs a little
later (0328 UT) and the recovery phase is much slower. Here
the recovery appears to follow the recovery phase in the data
more closely, except during the time period 0320 UT to 0340
UT, where a decline in AL is followed by a small surge in355

the data. We note that this second surge in AL that occurs
around 338-340 UT does not appear to be driven by the solar
wind. This is because the solar wind activity has subsided by
this time.

Overall, the model captures the substorm activity, but in-360

terpretation of the result depends on whether enhanced con-
ductivity is assumed to play a role or not. A quantitative mea-
sure that we use to determine the goodness of fit between the
model output and the data is the Average Relative Variance
(ARV). For the April 13 2000 substorm, the ARV when only365

a reconnection trigger is used is 0.71. When the conductiv-
ity enhancement is also included, the ARV is 0.32. Using
this measure, the lower the ARV the better the performance,
which suggests that the enhanced conductivity improves the
result.370

Another substorm that has similar features to the April 13
2000 event is an earlier event that occurred on July 31 1997.
The onset for this substorm was timed at 0240 UT on the day
(Aksnes et al., 2002). In this case we used OMNI data for the
solar wind input parameters, obtained from the WIND satel-375
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Fig. 3. April 13 2000 substorm analysis with the WINDMI model.
The result when using only a reconnection trigger (ARV = 0.71)
is compared to the result when conductivity enhancement (ARV =
0.32) is also included.

lite. The input rectified voltage is shown in the bottom panel
of figure 4. For this substorm, conductance maps were gen-
erated in Aksnes et al. (2002) that clearly show the enhance-
ment of conductivity between 2100 MLT and 0003 MLT as
the substorm develops. In particular the Hall conductance380

showed a strong increase.

As before, we adjust our model in order to to fulfill two
criteria. The first is that the onset time must be almost at the
onset time reported. The second is that we try to capture the
overall substorm growth, expansion and recovery phases. As385

in the previous case, the input voltage decreases sharply at
approximately 0305 UT, which means that the observed re-
covery phase is not affected by solar wind driving. The IMF
Bz remains southward during the onset, ensuring again that
this substorm is not a case that is possibly driven by north-390

ward turning of the IMF.

Because the conductivity was in fact enhanced according
to the reported values in Aksnes et al. (2002), we increased
the saturation level of the conductivity toΣenh =50 and ob-
tained a result that gave an ARV of 0.55 compared to the case395

when only the reconnection trigger is present, which gave
an ARV of 1.06. The improvement is not significant from a
qualitative point of view, but we can see in figure 4 that the
green curve, representing the model output with enhanced
conductivity, somewhat follows the almost square like fea-400

tures of the AL peak. Increasing the conductivity level fur-
ther did not improve the calculated ARV.

Fig. 3. 13 April 2000 substorm analysis with the WINDMI model.
The result when using only a reconnection trigger (ARV = 0.71)
is compared to the result when conductivity enhancement (ARV =
0.32) is also included.

Another substorm that has similar features to the
13 April 2000 event is an earlier event that occurred on
31 July 1997. The onset for this substorm was timed at
02:40 UTC on the day (Aksnes et al., 2002). In this case we
used OMNI data for the solar wind input parameters, ob-
tained from the WIND satellite. The input rectified voltage
is shown in the bottom panel of Fig.4. For this substorm,
conductance maps were generated inAksnes et al.(2002)
that clearly show the enhancement of conductivity between
21:00 MLT and 00:03 MLT as the substorm develops. In par-
ticular the Hall conductance showed a strong increase.

As before, we adjust our model in order to to fulfill two
criteria. The first is that the onset time must be almost at the
onset time reported. The second is that we try to capture the
overall substorm growth, expansion and recovery phases. As
in the previous case, the input voltage decreases sharply at
approximately 03:05 UTC, which means that the observed
recovery phase is not affected by solar wind driving. The IMF
Bz remains southward during the onset, ensuring again that
this substorm is not a case that is possibly driven by north-
ward turning of the IMF.

Because the conductivity was in fact enhanced according
to the reported values inAksnes et al.(2002), we increased
the saturation level of the conductivity to6enh= 50 and ob-
tained a result that gave an ARV of 0.55 compared to the case
when only the reconnection trigger is present, which gave an
ARV of 1.06. The improvement is not significant from a qual-
itative point of view, but we can see in Fig.4 that the green
curve, representing the model output with enhanced conduc-
tivity, somewhat follows the almost square-like features of
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Fig. 4. July 31 1997 substorm analysis with the WINDMI model.
The result when using only a reconnection trigger (ARV = 1.06)
is compared to the result when conductivity enhancement (ARV =
0.55) is also included.

6 Conclusions

In this paper, we modified our nonlinear model of the magne-
tosphere to account for the enhanced ionospheric conductiv-405

ity during substorm growth, onset and expansion. This is in-
corporated into the model by introducing a term in the equa-
tion driving the auroral electrojet that depends on the rateof
particle flow along the magnetic field lines that begin in the
plasma sheet and close in the higher latitude ionosphere.410

We explored the most significant implications of the new
term on the dynamics of the model. In addition, we used two
substorm datasets, chosen because they were not triggered
by northward turning of the IMF Bz, and that the solar wind
driver turns off during the recovery phase.415

We found that the dynamics of the auroral electrojet is
modified, depending on the level of enhancement, the energy
content of the parallel flow of particles, and the ionizationef-
ficiency, which are controllable parameters in the model. The
effect is most pronounced if the conductivity enhancement is420

sudden. For a gradual build up and decay of conductivity, the
electrojet current decays more slowly during the substorm re-
covery period, and does not overshoot negatively at the end
of the substorm.

In future work, we will use the new model to425

analyze a larger dataset of geomagnetic substorms,
such as that provided by the SUPERMAG database
(http:supermag.jhuapl.edu/).
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the AL peak. Increasing the conductivity level further did not
improve the calculated ARV.

6 Conclusions

In this paper, we modified our nonlinear model of the magne-
tosphere to account for the enhanced ionospheric conductiv-
ity during substorm growth, onset and expansion. This is in-
corporated into the model by introducing a term in the equa-
tion driving the auroral electrojet that depends on the rate of
particle flow along the magnetic field lines that begin in the
plasma sheet and close in the higher latitude ionosphere.

We explored the most significant implications of the new
term on the dynamics of the model. In addition, we used two
substorm datasets, chosen because they were not triggered
by northward turning of the IMF Bz, and that the solar wind
driver turns off during the recovery phase.

We found that the dynamics of the auroral electrojet is
modified, depending on the level of enhancement, the energy
content of the parallel flow of particles, and the ionization ef-
ficiency, which are controllable parameters in the model. The
effect is most pronounced if the conductivity enhancement is
sudden. For a gradual buildup and decay of conductivity, the
electrojet current decays more slowly during the substorm re-
covery period, and does not overshoot negatively at the end
of the substorm.

In future work, we will use the new model to analyze a
larger dataset of geomagnetic substorms, such as that pro-
vided by the SuperMAG database (http:supermag.jhuapl.
edu/).
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