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Abstract Subauroral Polarization Streams (SAPS) are fast westward plasma flows, located mainly at dusk and

premidnight subauroral region. They are one of the important magnetosphere-ionosphere-thermosphere coupling

processes. This work has simulated one storm time SAPS event with the Ring current-Atmosphere Interaction

Model (RAM) developed by University of Michigan. The model results are compared with the DMSP observations.

It shows: the model results can be comparable with the observations in general; the latitude of the modeled SAPS

peak velocity differed greatly from the observations; the observed SAPS velocities have two peaks around 18:00

UT and 20:00 UT, while the modeled have only one peak around 18:00 UT, which is due to the model’s inability

in the modeling of the substorm process.
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1 INTRODUCTION

Subauroral polarization streams (SAPS) are one of the interesting and important features of the magnetos-
phere-ionosphere-thermosphere coupling. They represent rapid westward (sunward) plasma flows located equa-
torward of the auroral oval and predominantly in the dusk and premidnight sectors (16:00∼24:00 magnetic local
time (MLT)). They can change the ionospheric composition[1], lead to storm-enhanced density[2] and plasmas-
pheric plumes[3], produce very large field-aligned vertical flows[1], and form the F region density troughs[4].

Previous studies have reported the characteristics and morphologies of SAPS by using measurements
from satellites and radars[5∼9] and from magnetospheric simulations[10∼12]. When Kp ≥ 4 the SAPS in the
premidnight sector form at 60◦ magnetic latitude (MLat), span 3◦∼5◦ in latitude, and have an average peak
amplitude of > 900 m/s[3]. The occurrences of SAPS are associated with substorms and storms[6,13]. The most
probable local time of SAPS is found during 21:00 and 23:00 MLT, being most prominent around 22:00 MLT[14].
The magnetic latitudes of SAPS are reported to be linearly related to the magnitudes of Dst[15]. The location
of SAPS is conjugate to the peak ring current energy density and the R2 field-aligned currents (FACs)[3,7] and
coincides with the equatorward edge of the ion plasma sheet[16].

The two factors that can affect the distribution of SAPS are ionospheric conductivity and R2 FACs[13].
According to the generally accepted mechanism of the SAPS formation, the enhanced convection electric field
can inject more ions into the ring current and inner magnetosphere, forming a larger azimuthal pressure gradient.
The stronger R2 FACs will be generated by the misalignment between the large azimuthal pressure gradient
and the orientation of the magnetic field flux tube. When the large R2 FACs flows into the ionosphere region
of low conductivity in the dusk sector, the electric field has to be increased to maintain the current continuity.
The enhanced poleward electric field causes the SAPS to be enhanced.

This work will investigate the characteristics of SAPS during a typical magnetic storm period based on ion
measurements from DMSP. The observation will be compared to RAM (Ring current-Atmosphere Interaction
Model)[17] simulation, which has been developed by University of Michigan.
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2 DMSP DATA AND RAM MODEL

DMSP are polar orbit satellites at 835 km altitude with the orbital period of 100 minutes. The orbit plane
is at fixed local time. The satellite F13 is at the dawn-dusk sector, and F15 is at 09:30∼21:30 MLT sector. The
ion drift meter on board the satellite can measure the ion drift velocity that are vertical and parallel to the
satellite track[18].

The RAM used in this work has been fully described by Liemohn et al.[19], which will not be detailed
here. The simulation region of hot ions (energy range from 10 eV to 400 keV) in the model is L = 1.75 ∼ 6.75,
covering the whole ring current region. The pitch angle in the equatorial plane is 0◦∼90◦. The model solves
time dependent, gyration and bounce averaged kinetic Boltzman equation,
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The five independent variables of f(t, R, ϕ,E, µ0) are time (t), geocentric distance (R), magnetic local time

(ϕ), kinetic energy (E) and cosine of pitch angle (µ0). The left hand terms are associated with the plasma drift,
including radial drift, energy and pitch angle drift et al.[19]. These terms are associated with the main phase of
magnetic storm. The right hand terms are related to plasma losses and the recovery phase of magnetic storm.
For example, the first two terms are related to the Coulomb collisions with the thermal plasma, the third term
is related to the charge exchange with the hydrogen geocorona, the fourth term is related to the precipitation
to the upper atmosphere[20].

The ion parameters at the outer simulation boundary are got from the geosynchronous satellite LANL, from
which the initial distribution of ions at the outer boundary can be derived as the outer boundary condition of the
kinetic function. Because the (Multiple-Particle Analyzer) MPA and (Senior Officer Present Afloat) SOPA do
not resolve ion mass, the compositions of ions are determined from the statistical relationship derived by Young
et al.[21] (details refer to Ref.[22]) from geosynchronous satellite measurements. The ions are convected through
the simulation region by the convection electric field, magnetic gradient-curvature drifts and corotation effects.
The Coulomb collisions, charge exchange and atmosphere precipitation are also included in the calculation.

In RAM, the R2 FACs can be derived from the divergence of the cross tail current[19]. Together with the
ionospheric conductivity[23], the ionospheric potential can be derived through Poison function. The Weimer-
96[24] convection electric field model is used at the high latitude boundary. The ionospheric conductivity
includes several components, such as solar illumination, starlight and auroral particle precipitation[23]. The
starlight component is set to be 1 S, the sunlight is derived using the model of Moen and Brekke[25], the auroral
precipitation component is derived using an empirical statistical relationship between the R1 FACs and the
conductance, which is based on AMIE (Assimilative Mapping of Ionospheric Electrodynamics)[26]. Because
RAM can only calculate R2 FACs, the strength of the R1 FACs are assumed to be 5 times of R2 FACs. This
assumption is based on previous statistical studies[27,28] based on satellite observations that normally R1 FACs
are 5 times of R2 FACs in strength. In addition, the calculated R2 FACs peak has been shifted poleward by
5◦ to be the auroral oval peak. Previous studies[29] have shown that these assumptions make the simulation
overall match to IMAGE EUV (Extreme Ultraviolet, plasmasphere location)and HENA (High-Energy Neutral
Atom) flux observations.

The model inputs[29] include (1) the high latitude convection electric field from Weimer-96[24]. Liemohn
et al.[29] have shown that this electric field model can basically describe the morphologies of the strormtime
plasmasphere. In this study the Weimer-96 electric field model is still used; (2) the density, temperature, flux
parameters of ions at the geosynchronous orbits, which are derived from the MPA and SOPA measurements on
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board LANL combined with the empirical relationship[22]; (3) the ionospheric conductivity model[23].
The model outputs include: the phase-space distribution of hot ions (mainly hydrogen and oxygen ions),

the MLT-L distribution of ion density in the equatorial plane, the MLT-L distribution of perpendicular and
horizontal pressure in the equatorial plane, the MLT-L distribution of the anisotropy temperature (Tper/Tpar-
1) in the equatorial plane, the MLT-L distribution of energy density in the equatorial plane, the MLT-L
distribution of azimuthal current in the equatorial plane, the MLT-L distribution of total ion numbers, the
MLT-L distribution of ion total energy, the MLT-L distribution of electrical potential, the MLT-L distribution
of total azimuthal current, total radial current, and FACs that are flowing into the ionosphere et al.. In addition,
Dst index can be calculated from the total energy of ions according to the Dessler-Parker relationship[30].

3 SOLAR WIND AND IMF CONDITION

The SAPS event under study occurs on April 17 2002, which is a moderate geomagnetic storm. Fig. 1
shows the solar wind, IMF, and geomagnetic activity parameters during this magnetic storm measured by ACE
satellite, which is located at Lagrange Point (L1), about 220RE (1.48×106 km) in front of the Earth. From
left to right it contains the components of the IMF Bx, By and Bz component in GSM coordinates, Dst index,
solar wind velocity, Vsw, solar wind dynamic pressure, Pd, merging electric field, Em

[31], and Akasofu solar
wind-magnetosphere coupling parameter, ε[32]. Dst arrives at a minimum value of –98 nT at 18:00 UT, the
IMF Bz fluctuates a lot during the main phase of the storm, arriving at a minimum of –31 nT at 15:35 UT. At
12:00 UT the solar wind velocity arrives at a maximum of 625 km/s, the pressure arrives at a maximum of 26.2
nPa, the energy coupling parameter ε arrives at a maximum of 11×1012 J/s, and the merging electric field Em

arrives at a maximum of 16.1 mV/m. The SAPS event under study occurs during 18:00∼22:00 UT, which is
during the recovery phase of the magnetic storm.

Fig. 1 The variations of IMF and solar wind, solar wind-magnetosphere coupling parameters,

as well as geomagnetic indices during the moderate geomagnetic storm on 17 April 2002
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4 THE COMPARISON BETWEEN OBSERVATION AND MODEL

Figure 2 shows the plasma flow velocity measured by DMSP F13 in the dusk sector in both hemispheres
during 18:00∼22:00 UT. It can be seen that in the Northern Hemisphere there is a westward plasma flow with
a peak velocity of 1200 m/s at 63◦MLat at 18:24 UT. Similarly, there is also a westward plasma flow with a
peak value of 1520 m/s at 54◦MLat at 20:01 UT. In the Southern Hemisphere a strong subauroral westward
plasma flow can also be observed at –55◦MLat. These are all SAPS features.

Figure 3 show the plasma flow velocity modeled by RAM as a function of MLat and MLT during
18:00∼21:30 UT. It can be seen that the modeled SAPS are located in the dusk and premidnight sector around
60◦ MLat (indicated by dark blue). Around 18:30 UT the SAPS peak velocity arrives at a maximum value of
∼2233 m/s, then decreases gradually. The SAPS region also reduces and mainly confines around 20:00 MLT.

Fig. 2 The eastward and westward plasma flow velocity measured by DMSP F13 as a function of MLat

Positive (negative) denotes westward (eastward) plasma flow. Left row is the

Northern Hemisphere and right the Southern Hemisphere.

Fig. 3 The plasma flow velocity modeled by RAM as a function of MLat and MLT during 18:00 ∼ 21:30 UT

The UT interval is 30 minutes. The latitude circles from outward to inward shown are 50◦, 60◦, 70◦, 80◦ MLat respectively.
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Fig. 4 The same as Fig. 3 except for the potential

Fig. 5 The measured and modeled plasma flow velocity as a function of MLat

The above row is F13 and the bottom F15. The left column is the Northern Hemisphere and the right the Southern Hemisphere.

Dashed line is the modeled value and real line the measured. The normalized root mean square (nrms) are also given.



536 Chinese J. Geophys. Vol.52, No.3

Figure 4 shows the modeled subauroral potential distribution (the high latitude electric field is not shown).
The time variations of the duskside negative potential (poleward electric field) are similar to those of the SAPS
velocity. The poleward potential peaks at 18:30 UT, after that the strength gradually decreases.

Figure 5 shows the comparison between the modeled plasma velocity and the observed in the Northern
Hemisphere. The dashed line is the modeled and the real line the observed. We use the normalized root mean

square (nrms)[33] to evaluate the model, that is, nrms =

√
Σn

i=1(yi − y∗i )2

Σn
i=1y

2
i

, where yi is the observed, y∗i is the

modeled value. nrms=0 means that the modeled value is equal to the observed. If the model is higher than the
observation, or they just have the opposite trends, nrms> 1. It can be seen that the modeled match more to
F13 observations than to F15, which is consistent with our previous result that the model performs better in
the duskside than in the midnight[33].

The model and the observation both show that the SAPS velocity is stronger around 18:00 UT. The
observation also shows that the SAPS velocity is stronger around 20:00 UT, which is not shown in the model.
From the observations it can be seen that SAPS shift towards low latitude during 19:30∼20:30 MLT while the
modeled SAPS latitude does not show such large variations.

Figure 6 show the measured and modeled plasma peak flow velocity and their MLat as a function of UT.
The dashed line is the modeled and the real line is the observed. It can be seen that before 20:00 UT the
modeled is larger than the observed, after that the modeled is smaller than the observed. The modeled SAPS
latitude does not show large variations, at 59◦MLat in the duskside, at 57◦MLat in the premidnight. The
observed SAPS show large variations in latitude, during 18:30∼20:30 UT the observed shift equatorward by
about 5◦.

Fig. 6 The measured and modeled plasma peak flow velocity as well as their MLat as a function of UT

Dashed line denotes the modeled value and real line the measured.

5 DISCUSSION AND CONCLUSION

This study has simulated one SAPS event during a typical storm period by using RAM model developed
by University of Michigan. The results have been compared with DMSP observations. Previous work has
validated RAM in certain aspects. For example, some work has compared RAM with IMAGE EUV images
(plasmasphere location), HENA (High-Energy Neutral Atom) flux images (39∼60 keV energy) as well as Dst
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index (ring current strength)[11,29,34], but the validation of the subauroral polarization streams of RAM has not
been done before.

Subauroral polarization streams are one of the important features in the inner magnetosphere-ionosphere-
thermosphere coupling. They are associated with R2 FACs, ring currents and ionspheric polarization electric
field. During high geomagnetic activity, stronger polarization electric field can be observed equatorward of the
electron boundary of the plasma sheet and poleward of the ion boundary of the plasmasheet in the nightside. At
duskside ions in the plasma sheet move more near the Earth than electrons. It is known that ions are the main
carrier of R2 FACs. Therefore, R2 FACs will flow into the subauroral region with low ionospheric conductivity.
The electric field has to increase to maintain the current continuity. The enhanced poleward electric field will
enhance the westward plasma flow (SAPS). In RAM, the ionospheric electric field is determined from both ion
distribution in the plasma sheet and ionospheric conductivity[11], thus, it is important to know the goodness of
the model in simulating SAPS, which is important for the whole evaluation of the model performance.

This work has compared the observed and modeled SAPS to enable users of the model to know the
limitation of the model. Through the validation of the model, users can get advices and suggestions for the
model improvement.

The model can reflect the basic SAPS features, but show large differences in details. The satellites observe
two peaks, around 18:00∼18:30 UT and 19:30∼20:00 UT, but RAM only see one peak during 18:00∼18:30 UT.
Previous studies have shown that the strength of ring current is mainly controlled by the high latitude convection
electric field[35∼37], therefore, it can be expected that the SAPS velocity is also affected by the high latitude
convection electric field. On the other hand, the substorm particle injection can also affect the strength of the
ring current[38]. The substorm polarization can drive the plasmasphere ion sunward (westward) move, thus
causing the SAPS velocity enhancement. To study these two processes (convection electric field and substorm)
influence on the SAPS, Fig. 7 shows the AMIE produced CPCP and AL index variations with time. The global
magnetometer data, the available interplanetary magnetic field, solar wind, hemispheric power index, F10.7, and
Dst data are used as inputs into the AMIE model (See Ref.[39]). It can be seen from Fig. 7 that CPCP has two
peaks of 150 kV and 110 kV, which is the same as the observed SAPS peaks (18:00∼18:30 UT and 19:30∼20:00
UT). The second peak is smaller than the first, which contradicts with the fact that the second observed SAPS
velocity is larger than the first one. AL index has one peak during 19:30∼20:00 UT, which is in correspondence
to the second observed SAPS peak. The analysis shows that RAM model has some limitation in the modeling
of the substorm process, thus, it can not model the second peak of SAPS.

The convection electric field at the outer boundary is given by Weimer-96[24]. Liemohn et al.[29] have
compared three ionospheric electric field models that may affect the RAM performance and thought that
Weimer-96[24] model can make RAM predict well stormtime plasmasphere morphology, thus we use this electric
field model in this study.

Fig. 7 AMIE output high latitude CPCP and AL index as a function of UT
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The outer boundary of RAM is at geosynchronous (∼6RE), which is innerward of the substorm ion injection
boundary (∼6RE ∼8RE), thus, in RAM the plasma is driven into the simulation region only by the convection
electric field. It has been a long time that the literature has large disputes about whether the substorm can
contribute to the stormtime ring current development or to the component changes[40,41]. For example Fok
et al.[42] have shown that substorm dipolarization process can not inject ions into inner magnetosphere, the
strong convection electric field must also exist to help transfer, then the ring current strength can be enhanced.
However, some experts have different ideas[43]. On the other hand, other experts thought that only ions with
energy low than 50 keV can convect through the ring current region[44]. Substorm normally increase ions energy
above 50 keV[45]. These high energy ions convect from the nightside to the dayside, finally slip away from the
magnetosphere and lose off, can not arrive the ring current region, thus will not affect the formation of the ring
current. Even it has some effects, it will not be too much.

The present study has shown that with small convection electric field the substorm can enhance the SAPS
strength. Since SAPS strength is proportional to R2 FACs, and the latter is proportional to the ring current
pressure, the present results show that substorm has important effects on the development of the ring current,
which is consistent with the results of Anderson et al.[43].

Like many other empirical electric field models, Weimer-96 convection electric field model lacks of the
nightside processes, that is, the influence of the substorm on the nightside electric field. Since substorm has
important effect on the ionospheric electric field, we must include the substorm component in the SAPS sim-
ulation, Weimer[46] also show that only using solar wind IMF as inputs as done in the Weimer-96[24], it can
not describe the substorm time ionospheric convection electric field. The present work shows that substorm
is important in the development of SAPS by comparing the RAM model with DMSP observation. Thus, it is
important to improve the high latitude convection electric field model. Weimer-2001 convection electric field
model has made such improvements based on Weimer-96, which has added AL index as inputs. Weimer has
used this new electric field model to simulate one substorm event and found that the model results can reflect
the observations quite well[46]. Thus our next work will consider Weimer-2001[46] in stead of Weimer-96[24], to
expect the results to get improved.

The latitudes of SAPS peak velocities has large variations around 20:00 UT (after substorm), SAPS peaks
shift towards equatorward by at least 5◦, while the simulated SAPS peak velocities has no big changes, which
is due to the RAM model’s inability in modeling the substorm process. On the other hand, the difference
between the modeled and observed latitude of the SAPS peak velocities is related to the aurora location in the
ionospheric conductivity models. In the model we suppose that the peak aurora is 5◦ poleward of the peak
R2 FACs, but in reality this difference can change with the storm time. The latitude of SAPS peak velocities
coincide with the peak of R2 FACs and ring current, the difference between the modeled and observed SAPS
indicates that the modeled R2 FACs and ring currents have also errors.
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