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Abstract. We introduce the effect of enhanced ionospheric substorm activity. Currently, there are three accepted classes
conductivity into a low-order, physics-based nonlinear modelof substorms: isolated substorms, storm time substorms, and
of the nightside magnetosphere called WINDMI. The model sawtooth events also known as periodic substoRastamies
uses solar wind and interplanetary magnetic field (IMF) pa-et al, 2009.
rameters from the ACE satellite located at the L1 point to In this work, we modify the equations of a low-order,
predict substorm growth, onset, expansion and recovery meghysics-based nonlinear model of the magnetosphere called
sured by the AL index roughly 50—60 min in advance. The WINDMI (Horton and Doxasl996 Spencer et 812007, in
dynamics introduced by the conductivity enhancement intoorder to account for the contribution of ionospheric conduc-
the model behavior is described, and illustrated through ustivity enhancement to substorm behavior. The current version
ing synthetically constructed solar wind parameters as inputof the model is available at the NASA Community Coordi-
We use the new model to analyze two well-documented isonated Modeling Center for near real time forecasts of space
lated substorms: one that occurred on 31 July 1997 #&m  weather activity ays et al, 2009.
snes et al(2002), and another on 13 April 2000 frouang The standard explanation for ground-based observations
et al. (2004. These two substorms have a common featureof substorm development is through a nonlinear energy load-
in that the solar wind driver sharply decreases in the earlying and unloading procesBéker et al. 1999. The growth
part of the recovery phase, and that neither of them are trigphase occurs when the interplanetary magnetic field (IMF)
gered by northward turning of the IMF Bz. By controlling the turns southward for a period of time, and plasma sheet thin-
model parameters such that the onset time of the substorming develops. Then reconnection occurs, followed by dipo-
is closely adhered to, the westward auroral electrojet peaktarization. This growth phase is not always observable be-
during substorm expansion are qualitatively reproduced. Fureause of the fluctuations in the IMF. The precise mechanisms
thermore, the electrojet recovers more slowly with enhancedor substorm onset are still under investigatiddefgeev
conductivity playing a role, which explains the data more ac-et al, 2012, but reconnection in the tail is understood to be
curately. 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
1 Introduction in the auroral electrojet (AE) indeXP(ilkkinen et al.20086),

but this effect is not represented in the nonlinear dynamical
The substorm is a fundamental geomagnetic process in thgy|NDMI model.
earth’s magnetosphere that has been a topic of intense re- The modeling of nonlinear loading and unloading behav-
search over several decades. Of particular interest is how thgy of geomagnetic substorms under southward IMF condi-
ionosphere, inner magnetosphere, and geotail dynamics inigns has been explored by several authéttingas et al,
fluence the growth, onset, expansion and recovery phases offy92 1996 Blanchard and McPherrori993. Vassiliadis

typical substorm. These components may interact differentlyet 5. (1995 used a nonlinear filter approach for describing
under varying solar wind conditions, or different classes of

Published by Copernicus Publications on behalf of the European Geosciences Union & the American Geophysical Union.
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the solar wind magnetosphere coupling, and further to presmodel behavior with enhanced conductivity is compared to
dict the AL index Klimas et al, 1998. Weigel et al.(1999 the case where the ionosphere conductivity is constant.
used a neural network approach to predicting AL index In the next section we describe the WINDMI model. In
activity. The WINDMI model was used b¥orton et al.  Sect.3, we introduce a nonlinear conductance term into the
(2003 to classify substorms into 3 categories, one of which ismodel. In Sect4 we show how the increased conductivity
the northward turning triggered substor@g]lardo-Lacourt  affects the phases of a synthetic isolated substorm. In Sect.
et al, 2012. Here we continue to develop the WINDMI we compare the model to data for the two substorm events.
model as a tool for analyzing and forecasting the loading—We then summarize the paper and conclude with some sug-
unloading type of substorm. gestions for future work.

A detailed photochemical equilibrium model of the quiet
time ionosphere that depended on the solar zenith angle and
F10.7 flux was developed bgasmussen et a{1989. An 2 WINDMI Model
ionospheric conductance model based on ground magnet
disturbance data was developed Alin et al.(1998. The
dependence of ionospheric conductivity on energy deposite

by precipitating electrons was modeled Rybinson et al, nary differential equations describing the transfer of power

(1987. It is known that the ionospheric conductivity is en- . . .

hanced during the growth and expansion periods of a subpetween the major energy components OT the _nlght5|de mag-
storm, when increased particle precipitation occurs in ‘he&etgiggsr; ;Ih (E%Q%ML?C%?eéisa?(zzg%J Zién;zr:]eerz?ta"
high latitude ionosphere parallel to the magnetic field lines, ) ' O :

reported byTang et al.(2017) and references thereifk- cently inPatra et al(201]). The equations of the model are

snes et al(2002 derive conductance maps showing the in- given by the following:

L‘Fhe plasma-physics-based WINDMI model uses the solar
gvind dynamo voltageVsy generated by a particular solar
wind—magnetosphere coupling function to drive eight ordi-

crease in Hall and Pedersen conductivities during an iso- dI dly
lated substorm using data from the Polar lonospheric X-ray LE = Vow(®) =V +ME @)
Imager (PIXIE) and the Ultraviolet Imager (UVI) on board dv
the Polar satelliteGjerloev and Hoffmar§20004 calculated CE =1—Dh—Ips— XV @)
the helght-mt(_agrated Hall an_d Pedersen conductances during 3dp xV? 12 PV Aet 3p
substorms using the Dynamics Explorer 2 data. In our model CX Tl Y uopK ;"0 uy) — 0Bl 2n (©)
we introduce the effect of conductivity enhancement by in- ! cps cpsBrly 2Tk
cluding a nonlinear conductivity term controlled by the par- aKy -7V Ky (4)
allel streaming kinetic energy of the plasma along magnetic ~ df » T
field lines that terminate on the ionosphere. This term adds  dIy dI
a new component to the dynamics of substorms, which weL’E =V-Vi+ ME ®)
explore. dv;

Our aim in this paper is to determine how the enhancedclﬁ =h—-lL—XV (6)
ionospheric conductivity plays a role in the buildup and re- 4y,
covery of a substorm. For instance, if the conductivity rises LZE = Vi — (Rpre + Ra2) I2 @)
slowly during the growth phase, and then is suddenly en- ;. , pVAer Wi
hanced in a sharp manner at substorm onset, the result-T = Rprclj + - (8)

. . . . Btl’Ly Trc )
INg Increase In the auroral eIectrOJet current appears more

sawtooth-like, as opposed to the case of the electrojet signa- The nonlinear equations of the model trace the flow of
ture due to a reconnection trigger only. The faster the rate oklectromagnetic and plasma mechanical energy through eight
enhanced conductivity, the more sawtooth-like the responsgairs of transfer terms. The remaining terms describe the
becomes. We also evaluate the model results for two isoloss of energy from the magnetosphere—ionosphere system
lated substorm events: one on 31 July 1997, and another otihrough plasma injection, ionospheric losses and ring current
13 April 2000. These two substorms are examples of well-energy losses.
documented events, whereAksnes et al(2002), the onset, In the differential equations, the coefficients are phys-
expansion and recovery phases are clear while ionospherical parameters of the magnetosphere—ionosphere system.
conductance enhancement is clearly present, anduang  The quantitiesL,C, X, L;,C; and X; are the magneto-
etal.(2004), the onset of the expansion phase of the substornspheric and ionospheric inductances, capacitances, and con-
is timed accurately. These two substorms also have two comductancesAes is an effective aperture for particle injection
mon features in that the solar wind driver sharply decreaseito the ring current, which on the dusk side merges with
in the early part of the recovery phase, and that neither ofwhat is known as the Alfén layer Doxas et al.2004. The
them are triggered by northward turning of the IMF Bz. The resistances in the partial ring current and region 2 current
I are Rprc and R 42 respectively, and.; is the inductance
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of the region 2 current. The coefficieny in Eq. 3) is a The Pedersen component is the conductivity parallel to the
heat flux limiting parameter. The energy confinement timeselectric field and perpendicular to the magnetic field. The
for the central plasma sheet, parallel kinetic energy and ringHall component is the conductivity perpendicular to both
current energy areg, 7y andz,. respectively. The effective the electric and magnetic fields. The conductivity is a strong
width of the magnetosphere Is,, and the transition region function of N,. lonization is expected to ramp up due to in-
magnetic field is given byBy. The pressure-gradient-driven creased precipitation, and saturates as the ionization rate is
currentis given byps = L«(p/no)Y?, whereL, isthe effec-  balanced by recombination and losses. In addition, the con-
tive length of the magnetotail. The outputs of the model areductivity increases or decreases according to the electron
the AL and Dst indices, in addition to the magnetospheric neutral collision frequency.

field-aligned currents. When the plasma sheet electric field is enhanced during

The pressure unloading functig(u1) = %[1+tanhu1] the substorm growth phase, the cross-tail electric field drives
whereuys = (I — I.)/Al in Eq. 3) is specified by a criti- field-aligned currents from the plasma sheet into the iono-
cal currentl, and the intervaA I for the transition to loss of sphere. As the upward field-aligned currents in the mid-
plasma along newly opened magnetic field lines with a paral-nhight to pre-midnight sector intensify, parallel electric po-
lel thermal fluxg),. It changes from zero to unity as a function tentials form above the auroral ionosphere that accelerate
of I compared tal.. The unloading function follows from charged particles into the ionosphemirf et al, 2012
current-gradient-driven tearing modes or cross-field currenKnight, 1973. There is a sudden increase in the parallel
instabilities, as described ifoon et al.(2002. electric fields around substorm onsktqrioka et al, 2010,

The AL index is obtained from the region 1 currdatby which should increase the rate of particle precipitat®jer-
assuming a constant of proportionality [A/nT], giving loev and Hoffman(2000) and Aksnes et al(2002 report
ABaL = —11/xaL - The input function used for the model an increase in the Hall and Pedersen conductivities in the
is the standard rectifiedB, formula Reiff and Luhmann  ionosphere at auroral latitudes during substorm activity. The

1986, given by strength of the westward auroral electrojet will consequently
B ME -+ e be increased since it is controlled by the Hall conductivity
Vow =40(kV) +vswB" LS (kV), (9)  (Akasofu 2004.

. . . To include the effect of a nonlinear ionospheric conduc-
whereuvsy is the x-directed CloMr'r:]ponent of the solar wind ve- (gnce that is enhanced through increased particle precipi-
locity in GSMﬁcoordlnat_esBS the southward IMF com-  (aii0n during the substorm growth and expansion phases,
ponent and.{" an effective cross-tail width over which the gq ) js modified with a nonlinear function controlled by
dynamo voltage is produced. For northward or zBfY™, a  the parallel kinetic energy along field lindg. The equation
nominal viscous voltage of 4kV is used to drive the system. then takes the form

A%
3 Enhanced nonlinear conductivity during substorm C’T =l1— 12— (X1 + Zent®2)) V. (12)

growth and onset . . .
The function® (u2) is in the same form as the function in

The ionosphere electron density in the auroral zone isEQ. @) except that in this case; = (K} — K{)/AK, where
strongly affected by particle precipitation along magnetic K? is a lower limit for the parallel kinetic energy above
field lines. Impact ionization increases with the number andwhich the conductivity becomes enhanced at the altitude of
energy of particles entering the ionosphere down to 100-the auroral electrojet. We expect that below this valu& pf
120 km, where the auroral electrojet currents flow. The mag-the precipitating particles do not penetrate to the lowest al-
netic field lines begin in the magnetotail plasma sheet anditudes. The parametexK controls the rate of conductivity
close in the ionosphere above 65 degrees latitude. The corenhancement up to a saturation levelXf + Zenn Physi-

ductivity is composed of the Hall and Pedersen componentsgally this parameter is governed by the ionization efficiency

given byCoumans et a(2004): at a particular altitude.
Nee % VinWei
op=— 2enwcez + zm CI2 (10) 4 Implications on substorm dynamics
B \ventoge vip+og P 4
Nee wge wgi If the ionospheric conductivity is assumed to be constant dur-
OH =g 21+ w2, - "i% + wgi (1) ing the growth, expansion and recovery phases of a substorm,

the westward auroral electrojet current signature is driven
where N, is the electron density, the electron chargeen only by solar wind magnetosphere coupling, and magneto-
andvi, are the electron neutral and ion neutral collision fre- spheric dynamics. This is illustrated with the black curve in
quencies, ande andwcj are the electron and ion gyrofre- Fig. 1 where we run the model with a southward IMF of
guencies respectively in the geomagnetic figld 20nT, and solar wind velocity of 600 kms$, for 20 min.
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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, anc
finally the recovery phase. The sudden surge in auroral
electrojet current is caused by the unloading triggér1) ‘ ‘ ‘
being switched on corresponding to reconnection in the geo- © 10 20 30 40 50 60
magnetic tail. ikt

Input Voltage [kV]

T :
— Substorm Surge

In the same figure, we also show how the input into the 4 | Enhanced concuctviy
—Botl

model creates an increase in the auroral electrojet curren 3sf
depending on the rate of ionosphere conductivity enhance- 3r
ment, shown as a red curve. In this case, the reconnectior 2s;
switch is turned off; the surge is entirely controlled by the
enhanced conductivity. We have slightly exaggerated the en- 4
hanced conductivity followingrang 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 therig. 1. The response of the magnetosphere—ionosphere field-aligned
ionosphere to reach the altitudes where the auroral electrojeturrent system simulated by the WINDMI model for the case with a
flows. This type of enhancement causes a surge and recovefyconnection switch (shown in black), or the enhanced conductivity
of the electrojet similar to the charge—discharge process of 4hown in red), or both (shown in blue).

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 Figl. 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 Kl(\) and Xenn, We chose upper and lower values
of each parameter around the nominal values whose result:
are shown in Fig.l. We do this for the case when both
the reconnection switch and conductivity enhancement are 2
present. In the nominal case, which corresponds to the blue ;|
curve in Fig.1, we haveKﬁ) =6x 10'3J, Tenn=10S, and o ‘ ‘ ‘ ‘

0 10 20 30 40 50 60

Ag =1.5x 10'3J. With changes in parameter values above
and below these nominal values, the character of the outpUtig. 2. The response of the WINDMI model when the values of
auroral electrojet current is altered as shown in RigThe Kﬁ)' Tenhand Ak are varied refers to the nominal plot shown by
input is kept the same as that in Fig. the blue curve in Figl. The threshold parallel kinetic energy above

The behavior is as expected. In the top panel of Eigve  which the conductivity becomes strongly enhanced is varieé 3
see that, as the threshold level for beginning the enhancement!3J, the saturation level of the conductivity is varied in the range
is lowered, the field-aligned currents increase faster during?f 1—20S, and the rate of increase in the conductivity is varied in
the growth period of a substorm, and decay more slowly durthe range of 5 — 3 10'3J.
ing the recovery phase. In the second panel of Ejgt is
clear that if the upper saturation level of the ionospheric con-
ductivity is increased, we obtain much stronger current val-5 Results for 31 July 1997 and 13 April 2000 substorms
ues. Finally, in the bottom panel of Fig, the effect ofAx
can be observed to change the rate of increase of the condu¥Ve first use the new model to analyze an isolated sub-
tivity around the threshold levet?, resulting in a change of ~storm that occurred between 03:00 and 04:00UTC on

the rate of increase and decrease of the electrojet strength. 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 dakigang et al.2004). With
the solar wind parameters obtained from the ACE spacecraft - | InputVxBz and AL Index 02000400 Apr 13 2000
translated into the nose of the magnetosphBpe(cer et a. 4501 | \odet AL with NL Conductiviy
2007, the resultant input rectified voltage is shown in the 400 | ——Model AL without NL Conductivity
bottom panel of Fig3. = 350F
In order to obtain our results, we adjust our model in order 2 *°
to fulfill two criteria. The first is that the onset time mustbe >
almost at the onset time reporteddyang 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 sc
lar wind driving. In addition, the IMF Bz remains southward
during the onset, ensuring that this substorm is not a case tha
is possibly driven by northward turning of the IMF. ‘ ‘ ‘ ‘ )
In the first case, the model parameters are adjusted to per . e O tmetming 0 “o
form as well as possible on the substorm, but without the con-
ductivity enhancement. The result is shown by the red curve™ig. 3. 13 April 2000 substorm analysis with the WINDMI model.
in Fig. 3. In the plot, the AL index refers to the lower auro- The result when using only a reconnection trigger (ARV = 0.71)
ral electrojet index obtained from the World Data Center for 'S compared fo the result when conductivity enhancement (ARV =
Geomagnetism, Kyoto, Japan. These data represent the d8‘-32) Is also included.
flection of the earth’s magnetic field at auroral latitudes from
12 stationslttp://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, Another substorm that has similar features to the
and a fast expansion followed by recovery after 03:20 UTC.13 April 2000 event is an earlier event that occurred on
The recovery rate is fast in the model, faster than the activity31 July 1997. The onset for this substorm was timed at
shown in the data. 02:40 UTC on the dayAksnes et a].2002. In this case we
In the second case, we show how the model result changessed OMNI data for the solar wind input parameters, ob-
when the enhancement in the ionospheric conductivity is in-tained from the WIND satellite. The input rectified voltage
cluded. This is shown by the green curve in RBgFor this  is shown in the bottom panel of Fig. For this substorm,
run the model parameters are adjusted differently in ordecconductance maps were generateddksnes et al(2002
to capture the substorm activity. In this case the expansiorthat clearly show the enhancement of conductivity between
phase begins at the same time as when the enhanced cond®&$:00 MLT and 00:03 MLT as the substorm develops. In par-
tivity is not used, but the peak activity occurs a little later ticular the Hall conductance showed a strong increase.
(03:28UTC) and the recovery phase is much slower. Here As before, we adjust our model in order to to fulfill two
the recovery appears to follow the recovery phase in the datariteria. The first is that the onset time must be almost at the
more closely, except during the time period 03:20 UTC to onset time reported. The second is that we try to capture the
03:40UTC, where a decline in AL is followed by a small overall substorm growth, expansion and recovery phases. As
surge in the data. We note that this second surge in AL thatn the previous case, the input voltage decreases sharply at
occurs around 03:38—-03:40 UTC does not appear to be driveapproximately 03:05UTC, which means that the observed
by the solar wind. This is because the solar wind activity hasrecovery phase is not affected by solar wind driving. The IMF
subsided by this time. Bz remains southward during the onset, ensuring again that
Overall, the model captures the substorm activity, but in-this substorm is not a case that is possibly driven by north-
terpretation of the result depends on whether enhanced corward turning of the IMF.
ductivity is assumed to play a role or not. A quantitative mea- Because the conductivity was in fact enhanced according
sure that we use to determine the goodness of fit between th® the reported values iAksnes et al(2002, we increased
model output and the data is the average relative variancéhe saturation level of the conductivity ¥xnn= 50 and ob-
(ARV). For the 13 April 2000 substorm, the ARV when only tained a result that gave an ARV of 0.55 compared to the case
a reconnection trigger is used is 0.71. When the conductivwhen only the reconnection trigger is present, which gave an
ity enhancement is also included, the ARV is 0.32. Using ARV of 1.06. The improvement is not significant from a qual-
this measure, the lower the ARV the better the performanceitative point of view, but we can see in Fig.that the green
which suggests that the enhanced conductivity improves theurve, representing the model output with enhanced conduc-
result. tivity, somewhat follows the almost square-like features of

T
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