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Abstract. During a magnetic storm on December 14–16, 2006, a polar cap tongue of ionization

(TOI) was detected using an all-sky imager (ASI) at Resolute Bay, Canada (74.73◦N, 265.07◦E).

We investigate the factors determining the spatial structure of the TOI by comparing the optical

data with the electron density distribution derived from a Coupled Magnetosphere Ionosphere

Thermosphere (CMIT) model. The CMIT model reproduces a large-scale tongue-like region of

enhanced density located within the field-of-view of the ASI, which was extending continuously

from a region of enhanced density in the dayside mid-latitude towards the central polar cap

along the streamline of the anti-sunward convection. Even though an overall agreement is

obtained between the TOI signatures in the observation and modeling, a detailed comparison

demonstrates that the width of the optical TOI was much narrower than that of the large-scale

density tongue in the model. This suggests that a certain process, which cannot be reproduced

from the model, probably narrowed the TOI before it entered the polar cap region. Simultaneous

DMSP data show that a channel of enhanced sunward convection appeared in the post-noon

sector during the TOI, which is considered to be a signature of subauroral polarization stream

(SAPS). Such a signature of enhanced subauroral convection is not reproduced by the model.

Moreover, there was a region in which the enhanced SAPS field overlapped with the higher

density plasma located equatorward of the mid-latitude trough. Hence, we propose that the

SAPS, particularly the flow in its equatorward part, transported the high-density plasma in the

SAPS overlap region to the noon time cusp as a narrow stream. The latitudinal width of the

SAPS overlap region was almost comparable to the width of the optical plume seen in the polar

cap, which confirms that the SAPS played an important role in determining the width of the

TOI. This study suggests that some of the morphological characteristics of TOIs in the polar

cap area can be strongly affected by flows in the duskside subauroral region. Thus, the plasma

environment in the polar cap ionosphere during large magnetic storms should be described on

a global perspective.
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1. Introduction

When the interplanetary magnetic field (IMF) is predominantly directed southward, the rapid

anti-sunward ionospheric plasma convection near the cusp inflow region, driven by the equatorial

magnetopause reconnection, transports dense thermal plasma from the dayside sunlit area to the

dark polar cap ionosphere. Knudsen [1974] first suggested that such a transport of high-density

plasma results in the formation of a tongue of ionization (TOI); a TOI is a discrete channel of

enhanced F region plasma that extends from the daytime sub-cusp latitudes towards the polar

cap. During the transit of the TOI through the polar cap, the TOI may be broken into smaller

scale density structures known as polar cap patches; a polar cap patch is a chunk of increased

plasma density with spatial extent of the order of a few hundred kilometers [e.g., Crowley, 1996].

Numerous processes have been proposed to elcidate the detachment of daytime dense plasma

from a continuous TOI in the form of discrete patches [e.g., Milan et al., 2002; Valladares et

al., 1994; Lockwood and Carlson, 1992; Anderson et al., 1988; Moen et al., 2006], although it

remains unclear which of these processes is dominant.

Several numerical models have been used to reproduce TOIs and patches in order to

investigate plasma structuring process in the polar cap. Sojka et al. [1993] demonstrated that

a TOI can be produced through enhanced dayside convection and is broken into patches if the

background convection pattern has temporal variations. Decker et al. [1994] also modeled a TOI

during a period of enhanced plasma convection and showed that the simulated density within

the TOI was in reasonable agreement with foF2 obtained from the digisonde at Sondrestrom.

More recently, Pryse et al. [2009] employed electric potential patterns obtained from Super-

DARN as input for the Coupled Thermosphere-Ionosphere-Plasmasphere (CTIP) model and

reproduced a signature of TOI extending into the nightside across the polar cap. They obtained

a good agreement between the modeled electron density within the TOI and that obtained from

radiotomography. In the abovementioned modeling studies, model outputs were compared with
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actual measurements and an overall agreement was obtained. However, no studies have com-

pared model results with 2D imaging observations of TOIs in the horizontal plane. The primary

obstacle to conducting such a research is a lack of 2D observations of TOI.

Foster et al. [2005] first visualized the complete 2D structure of a transpolar TOI during

a severe magnetic storm on November 20, 2003, using the total electron content (TEC) data

obtained from a large number of GPS receivers. It was well demonstrated that high-density

plasma in the daytime mid-latitude was transported towards the nightside auroral region across

the central polar cap as a discrete plume. Foster et al. [2005] indicated that transpolar TOIs

during large magnetic storms originate from a storm enhanced density (SED; Foster [1993]), a

longitudinally narrow stream of dense plasma formed at the equatorward edge of the duskside

mid-latitude trough [Rodger et al., 1992]. Later, Foster et al. [2007] suggested that such a

plume of high-density plasma streaming poleward is carried by the low-latitude edge of enhanced

convection at the subauroral latitudes; this stream is termed the subauroral polarization stream

(SAPS; Foster and Vo [2002]). By compiling previous observational results, Foster [2008] claimed

that the SAPS electric field plays an important role in the generation of transpolar TOIs during

magnetic storms.

Recently, Hosokawa et al. [2009c, 2010b] introduced an optical signature of the TOI

formed during a magnetic storm on December 15, 2006. They employed the 630.0 nm airglow

emission obtained from an all-sky airglow imager (ASI) operating at Resolute Bay, in the north-

ern part of Canada, to visualize the dynamic temporal evolution and small-scale spatial structure

of the transpolar TOI. The optical TOI was observed as a bright airglow plume extending in

the noon-midnight direction for approximately 3 h during the main phase of the storm. 1–1.5

h before the appearance of TOI, the polar cap boundary substantially expanded equatorward

and an ionospheric positive storm occurred in the daytime mid-latitude region. This implied

that both the “expansion of the high-latitude plasma convection” and “build up of the source
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plasma in the mid-latitudes” are necessary conditions for the formation of transpolar TOIs dur-

ing magnetic storms. They also demonstrated that the optical TOI changed its structure very

dynamically; these changes were controlled by the temporal evolution of the enhanced SAPS

electric field in the duskside subauroral region.

In this study, we extend the work of Hosokawa et al. [2009c, 2010b] by comparing the

2D optical observations of the TOI during the magnetic storm on December 15, 2006, with sim-

ulation results from a Coupled Magnetosphere Ionosphere Thermosphere (CMIT) model. The

CMIT model [refer to Wang et al., 2004; Lei et al., 2008a] couples the Thermosphere-Ionosphere-

Electrodynamics General Circulation Model (TIEGCM) [Richmond et al., 1992] with the Lyon-

Fedder-Mobarry (LFM) global magnetohydrodynamic (MHD) magnetospheric model [Lyon et

al., 2004], which enables us to investigate the way in which the solar-produced dense plasma in

the dayside mid-latitude region can be transported towards the polar cap by the enhanced high-

latitude convection electric field. Further, we focus on the differences between the TOI observed

by the ASI at Resolute Bay and that reproduced by the CMIT model, and attempt to clarify

the factors that determine several morphological features of a TOI. In particular, we discuss the

importance of the SAPS electric field in the duskside subauroral region in characterizing the

structure of TOIs.

2. Instruments and model

The ASI employed in this study was developed as a part of the Optical Mesosphere Thermosphere

Imagers (OMTIs) [Shiokawa et al., 1999]. The imager at Resolute Bay (74.73◦N, 265.07◦E;

AACGM latitude 82.9◦) has been operational since January 2005 [Hosokawa et al., 2006]. This

imager has several optical filters such as 557.7 nm, 630.0 nm, 777.4 nm, Na-line, and OH-band;

this enables us to study various upper atmospheric phenomena occurring in the polar cap region,

such as polar cap patches [Hosokawa et al., 2006; 2009a; 2009b; 2010a], tongue of ionization
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[Hosokawa et al., 2009c; 2010b], polar cap aurora [Koustov et al., 2008; Jayachandran et al.,

2009; Hosokawa et al., 2010c]. In this study, all-sky airglow images at a wavelength of 630.0

nm, which are obtained every 2 min with an exposure time of 30 s, are employed. The airglow

intensity at the wavelength of 630.0 nm, obtained from ground-based imagers, is known to be

roughly proportional to the electron density at 200–300 km altitudes in the F region [Barbier,

1959; Barbier and Glaume, 1962]; this relationship facilitates an accurate visualization of the

2D structure of TOIs in the polar cap region.

We also employ the latest version of the CMIT model [Wang et al., 2004; Lei et al.,

2008a], which combines the LFM global MHD magnetospheric model with the TIEGCM. The

LFM magnetospheric model solves the ideal MHD equations for the magnetosphere in conser-

vative form [Lyon et al., 2004]. The TIEGCM model [Roble et al., 1988; Richmond et al., 1992]

is a time-dependent 3D model that solves the fully coupled, nonlinear, hydrodynamic, thermo-

dynamic, and continuity equations of the thermospheric neutral gas self-consistently with the

ion continuity equations using a finite differencing scheme. This model has 29 constant-pressure

levels in the vertical ranging from approximately 97 km to 500–700 km in altitude. The input

parameters for TIEGCM are solar EUV and UV spectral fluxes, parameterized by the F10.7 in-

dex, auroral particle precipitation, an imposed magnetospheric electric field, and the amplitudes

and phases of tides from the lower atmosphere.

These two models are coupled by exchanging parameters such as auroral precipitation

and magnetospheric electric field from the LFM code and neutral wind induced currents and

height-integrated conductances from the TIEGCM [Wiltberger et al., 2004; Wang et al., 2004].

By coupling the magnetospheric global MHD code of the LFM model with the TIEGCM, we

can reproduce thermosphere ionosphere global circulation without employing empirical models

of high-latitude convection electric fields and auroral precipitation. Hence, the CMIT model can

self-consistently simulate a temporal evolution of the global distribution of ionospheric param-
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eters under the influence of the high-latitude convection electric field imposed from the magne-

tosphere. This enables us to investigate the dynamical impact of the solar wind/magnetosphere

on the global plasma circulation in the ionosphere during magnetic storms. The model uses a

spherical geographic coordinate system in the ionosphere with a uniform latitude and longitude

grid having a resolution of 5◦. The spatial resolution of the model is much coarser than that of

the optical data. Thus, only large-scale structures must be discussed when comparing the model

results with the observations.

3. Observations and Simulations

First, we introduce the TOI detected by the ASI at Resolute Bay during the intense magnetic

storm on December 14–16, 2006. This storm was primarily caused by a prolonged stable large-

amplitude southward IMF within a high-speed coronal mass ejection (CME) [Kataoka et al.,

2009]. The provisional Dst index reached –146 nT at the storm peak. The optical signature of

the TOI was observed for approximately 3 h (0140–0450 UT on December 15, 2006) in the early

stage of the main phase of this magnetic storm. Figure 1b shows a snapshot of the 630.0 nm

airglow emission at 0320 UT on December 15, 2006. The original ASI images were converted

into altitude adjusted corrected geomagnetic (AACGM) coordinates [Baker and Wing, 1989]

assuming an emission height of 250 km; these images were then mapped into MLAT/MLT

coordinates. In the middle of the image, the optical signature of the TOI was observed as

a continuous plume elongating in the noon-midnight direction. This elongation of the plume

implies that the plume was composed of high-density plasma transported from the dayside sunlit

area, which was confirmed using the ion density observations from the DMSP spacecrafts on the

dayside [Hosokawa et al., 2010b].

To highlight the uniqueness of the optical TOI shown in Figure 1b, we plot the 630.0 nm

airglow image at 0320 UT on the previous day (December 14, 2006) in Figure 1a for comparison.
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At the time this image was obtained, the upstream IMF was weakly southward around –3 nT

(not shown). Hence, some signatures of polar cap patches can be identified as regions with

slightly enhanced airglow intensity. It is well known that plasma within the polar cap patches

is also transported from the dayside sunlit area; thus, patches potentially have some similarities

to TOIs in terms of their generation process. However, if the spatial structure of the TOI is

compared with that of the patches, the optical TOI is found to be almost continuous and more

elongated in the noon-midnight direction while the patches are identified as individual regions

of airglow enhancement. In addition, the optical intensity of the TOI is much brighter than that

of the patches (indicated in the figure by the difference in the color scale). This difference may

be associated with a difference in the density of the source plasma in the dayside mid-latitude.

That is, the electron density in the source region is expected to be much higher during the

interval of the TOI on December 15, 2006, than that on the previous day.

Figure 1d shows a map of the electron density at an altitude of around 300 km at 0320 UT

on December 15, 2006, as reproduced from the CMIT model. It is demonstrated that the electron

density on the daytime mid-latitude region was significantly enhanced; this enhancement is more

clearly recognized by comparing this map with that obtained at 0320 UT on the previous day

(Figure 1c). On December 15, 2006, the electron density at around 50◦ MLAT on the dayside

was greater than 1012.0 m−3 while that on the previous day was around 1011.2 m−3. This contrast

suggests that an ionospheric positive storm occurred during the interval of the TOI on December

15. This is consistent with the results obtained by Pedatella et al. [2009], who showed that large

enhancements of TEC were observed at latitudes equatorward of ≈ 70◦ over the Pacific Ocean

region during a 4-h period from 0000 to 0400 UT on December 15. The effect of the ionospheric

positive storm was found to be more prominent in the post-noon to the early evening sector

than in the pre-noon sector. This region of enhanced electron density probably supplied high-

density source plasma for the formation of the TOI penetrating deep into the polar cap region,
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as suggested by Hosokawa et al. [2010b].

The notable feature in Figure 1d is the existence of a large-scale tongue-like region of

enhanced electron density located in the duskside polar cap region. This structure extended

continuously from the region of enhanced electron density in the dayside lower latitude towards

the nightside. The electron density in the large-scale density tongue was as large as 1011.8 m−3,

which was almost comparable to that in the region of enhanced electron density in the dayside

mid-latitude source region. This implies that the enhancement of the electron density in the

large-scale tongue was not caused by local particle precipitation but by the transportation of

high-density plasma from the daytime mid-latitudes to the central polar cap. In other words,

this large-scale density tongue corresponds to the signature of the polar cap TOI in the CMIT

model, which is compared with the optical TOI observed at Resolute Bay. It should be noted

that such a large-scale electron density structure cannot be seen in the model results on the

previous day shown in Figure 1c, suggesting that enhanced storm-time high-latitude convection

and the occurrence of an ionospheric positive storm on December 15, 2006, were responsible for

generating the TOI.

In order to determine the origin of the high-density plasma in the large-scale tongue, we

plot the electron density from the CMIT model together with the contours of the electrostatic

potential derived from the model in Figure 1f. A comparison of the density distribution with

the background convection stream line implies that plasma in the large-scale tongue originated

from the region of enhanced electron density in the post-noon to the early evening sector. In

addition, on comparing the potential contours on this day with those on the previous day (Figure

1e), it is found that the high-latitude convection pattern further expanded equatorward during

the interval of the TOI. Such expansion of the high-latitude electric field allowed the plasma

convection to capture the high-density plasma in the lower latitudes and transported them into

the polar cap region as a TOI. Hosokawa et al. [2010b] suggested that both the “expansion of the
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high-latitude plasma convection” and “build up of the source plasma in the mid-latitudes” are

necessary conditions for the formation of TOI. The CMIT model well reproduced an occurrence

of these two conditions during the interval of the TOI, which supports the suggestion of Hosokawa

et al. [2010b]

Next, we discuss the temporal evolution of the TOI signatures in the observation and

model in greater detail. Figures 2a–f show the time sequence of the 630.0 nm airglow images

selected at 30 min intervals from 0230 to 0500 UT on December 15, 2006. At 0230 UT (panel

a), the optical TOI plume was located near the duskside edge of the field-of-view (FOV) and

stayed slightly below 80◦ MLAT. By 0300 UT (panel b), the plume had moved slightly poleward

and, at 0330 UT (panel c), reached the central part of the FOV. The image at 0330 UT is the

highlight of this interval because the spatial structure of the plume was most clearly identified

as a continuous channel of enhanced luminosity extending along the noon-midnight line. After

0330 UT, the plume remained almost stable for approximately 1 h although its spatial structure

changed dynamically. At 0500 UT, the plume almost moved off the FOV, which is partially

because the FOV shifted towards midnight with Earth’s rotation. It is notable that the optical

plume was far from stable; it exhibited very dynamic motion mainly in the dawn-dusk direction.

For a more detail description of the temporal evolution of the optical TOI, refer Hosokawa et

al. [2010b].

Figures 2m–r show the global distribution of the electron density obtained from the CMIT

model for the corresponding optical images shown in Figures 2a–f. As mentioned above, the

large-scale tongue of enhanced electron density can be identified in these images. The electron

density within the large-scale tongue was larger in the earlier stage and decreased gradually

after 0400 UT. The enhancement of the electron density in the source region in the daytime

mid-latitudes also started decreasing after 0400 UT, probably resulting in the decay of the

large-scale tongue in the polar cap. In order to directly compare the model outputs with the
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optical data, we plot the modeled electron density in the vicinity of the FOV of the ASI (as

indicated by the dashed circles) in Figures 2g–l with a linear color scale. It is clearly seen that

the large-scale electron density tongue penetrated deep into the FOV of the ASI at Resolute Bay.

More interestingly, both the optical TOI and large-scale tongue were located in the duskside

part of the FOV; thus, at least the location of the TOI is well reproduced by the CMIT model.

This result confirms that the plume in the optical data originated from the region of enhanced

electron density in the dayside mid-latitudes.

The results from the CMIT model show an overall agreement with the TOI observed

by the ASI at Resolute Bay. In particular, the model results clearly demonstrate that the

high-latitude convection expanded equatorward and transported enhanced mid-latitude plasma

towards the FOV of the ASI as a TOI. This again confirms the importance of the “expansion of

the high-latitude plasma convection” and “build up of the source plasma in the mid-latitudes”

for the formation of the TOI, as suggested by Hosokawa et al. [2010b]. However, on comparing

the optical data in Figures 2a–f and the electron density in Figures 2g–l in further detail,

some notable differences are identified in the characteristics of the optical TOI and large-scale

tongue in the model. First, the width of the large-scale tongue in the CMIT model looks

much broader than that of the optical TOI. Second, the optical TOI moved in the dawn-dusk

direction very dynamically while the large-scale electron density tongue in the model did not

show any significant motion. Later in this paper, we will focus on these differences between the

observations and model results.

To obtain a better understanding of the differences, we plot the optical data and modeled

electron density along the dawn to dusk cross section (i.e., 18 MLT to 06 MLT) as a function of

UT in Figure 3. In the left panel, the optical data are shown in a format of keogram along the

dawn to dusk cross section, as indicated by the horizontal dashed line in Figure 1b. The vertical

axis is UT from 0130 to 0530 UT and the horizontal axis is MLAT from 70◦ on the duskside
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to 80◦ on the dawnside across the magnetic pole, which is indicated by the vertical dashed line.

In the right panels, the modeled electron density within the white rectangle shown in Figure

1d is plotted for every 10 min. Note that we again employed the linear color scale for plotting

the modeled electron density. Now, the optical data in the left panel and the modeled electron

density on the right can be compared directly; thus, the differences between the observations

and model results are more clearly recognized.

The TOI plume first appeared at around 0140 UT near the duskside edge of the FOV.

After this appearance, the TOI stayed below 80◦ MLAT for approximately 1 h until 0250 UT.

Then, the plume suddenly started moving dawnward (i.e., poleward) and reached the zenith

of Resolute Bay at 0305 UT. During this rapid excursion, the TOI moved dawnward by ap-

proximately 1000 km in about 15 min. The trajectory of the plume after this major dawnward

excursion at around 0250 UT is traced by the dashed curve in the keogram to demonstrate its

dynamic temporal evolution more clearly. The trace of the optical TOI is also superimposed on

the electron density panels on the right to compare the motion of the optical TOI with that of

the large-scale electron density tongue. After the TOI arrived at the zenith of Resolute Bay,

the plume gradually shifted its sitting location toward dusk whereas the MLAT of the plume

occasionally exhibited short dawnward excursions. Finally, the plume moved out of the FOV

at around 0500 UT. This disappearance of the plume was associated with both the shift of the

FOV with Earth’s rotation and gradual duskward motion of the plume itself.

The keogram shown in the left panel of Figure 3 indicates that the width of the TOI

plume along the dusk to dawn cross section varied slightly with time; however, the width was

generally 3◦–5◦ in MLAT, corresponding to a horizontal distance of 300–500 km. In contrast,

the electron density within the large-scale tongue in the CMIT model was as large as 20 × 1010

m−3 over 10◦ in MLAT. Of course, it should be noted that the optical intensity is not exactly

proportional to the electron density. However, the width of the optical TOI was considerably
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narrower than that of the large-scale electron density tongue. In addition, the optical TOI

showed a very rapid dawnward excursion at around 0250 UT while the electron density tongue

does not show such a motion in the dawn to dusk direction. In reality, the electron density

tongue gradually moved dawnward. However, this is probably due to the gradual change of the

polar cap convection pattern, which in turn is due to the change of the IMF clock angle during

this interval. In the next section, we will discuss the cause of these differences and investigate

possible factors characterizing the morphological feature of TOIs.

4. Discussion and Summary

The CMIT model demonstrated that the electron density on the daytime mid-latitude region

was significantly enhanced, indicating that an ionospheric positive storm occurred during the

interval of the TOI. Ionospheric variations associated with this positive storm were previously

investigated in detail by Pedatella et al. [2009], who showed that large enhancements of TEC

were observed at latitudes equatorward of ≈ 70◦ over the Pacific Ocean region during a 4-h

period from 0000 to 0400 UT on December 15, 2006. Lei et al. [2008b] also used the CMIT

model to demonstrate that both equatorward neutral winds and vertical drifts were increased at

low to mid-latitudes during the initial stage of the ionospheric storm; both the neutral winds and

vertical drifts were responsible for producing the large positive storm effect on the dayside low to

mid-latitude ionosphere. Such an occurrence of ionospheric positive storm probably provided the

high-density source plasma for the formation of the TOI, which is consistent with the suggestion

of Hosokawa et al. [2010b].

Hosokawa et al. [2010b] indicated that the polar cap boundary (PCB) started expanding

equatorward across the F region terminator after the IMF was directed southward at around

2230 UT on December 14. The PCB stayed at around 65◦ MLAT during the TOI, which is

approximately 10◦ equatorward of its normal position. This extreme expansion of the PCB
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was completed 1–1.5 h before the onset of the TOI, and the boundary returned to higher lati-

tudes when the TOI disappeared. The CMIT model also showed that the high-latitude plasma

convection expanded equatorward significantly during the interval of TOI, suggesting that the

“expansion of the high-latitude convection system” was one of the necessary conditions for the

formation of the transpolar TOI. As shown in Figure 1f, the greatly expanded convection gath-

ered the high-density mid-latitude plasma in a wide local time sector from the post-noon to

the early evening along the streamline of the plasma convection. This is probably the reason

for the broad signature of the TOI in the model. In contrast, the width of the TOI in the

optical observation was much narrower than that reproduced from the model; thus, there ex-

ists a discrepancy between the observation and modeling. In the following, we will discuss this

discrepancy in greater detail.

Now, we discuss why the width of the large-scale electron density tongue seen in the

model output was much broader than that of the observed optical TOI. Figure 1f shows that

the large-scale density tongue was located in the duskward part of the polar cap anti-sunward

convection, which indicates that plasma within the tongue was transported from the region

of enhanced density extending over a wide local time sector from the post-noon to the early

evening. In contrast, the optical TOI was located in a considerably limited area within the

anti-sunward polar cap convection. Hosokawa et al. [2009c, 2010b] demonstrated by using the

plasma drift measurement from the DMSP satellite that the spatial extent of the anti-sunward

convection was much wider than the width of the optical plume, indicating that the TOI was

already confined in the longitude before it entered the polar cap across the PCB. Foster et

al. [2005] claimed that the SAPS field, particularly the flow in its equatorward part, plays an

important role in transporting the post-noon high-density plasma to the noon time cusp as a

narrow stream known as SED. We suggest that the SAPS also occurred during this interval and

played an important role in narrowing the width of the optical plume.
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In order to clarify the role played by the SAPS, we plot the ion drift data obtained from

the DMSP F17 satellite, passing through the dayside part of the high-latitude ionosphere, in

Figure 4a. The grey bars show the cross-track ion drift along the orbit of DMSP. In the dusk

sector around 15–16 MLT, there existed two enhancements of the sunward convection. The one

at the higher latitude corresponds to the sunward convection in the auroral zone and the other

at the lower latitude is a signature of the SAPS. To compare the zonal drift obtained from the

CMIT model with the DMSP data, we select the simulation grid points close to the DMSP orbit

(indicated by the black line with dots in Figure 4a) and plot the modeled zonal drift indicated by

the black line with dots in Figure 4b. In this panel, a positive value corresponds to the eastward

drift and the DMSP cross track ion drift is also shown (grey line) for comparison. The notable

feature is that the modeled zonal drift did not show any outstanding enhancements associated

with the SAPS. This indicates that the CMIT model reproduced the large-scale electron density

tongue without a contribution from the SAPS electric field, which is probably a reason for the

difference in width between the large-scale tongue and the optical plume.

To understand how the SAPS determined the width of the optical TOI, we investigated

the interaction of the mid-latitude high-density plasma with the SAPS by combining the DMSP

ion drift measurement with a map of TEC. Figure 5a shows the TEC map at 0310 UT on

December 15, 2006. A clear signature of the mid-latitude trough can be identified as a region

of decreased TEC on the duskside. Here, the equatorward boundary of the trough is defined as

an 8 TEC unit (TECU) level contour and plotted together. At this time, the trough penetrated

deep into the dayside local time sector. Since a SAPS generally overlaps with the mid-latitude

trough [Basu et al., 2008], the SAPS also extended into the dayside and contributed to the

erosion of the high-density mid-latitude plasma into the cusp as an SED. In Figure 5b, the ion

drift data from DMSP F17 are superimposed on the TEC map. It can be clearly seen that the

sunward ion drift was significantly enhanced within the trough, which confirms that the SAPS
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actually overlapped with the trough and extended toward the earlier local time sector. Figure

5c shows the electron density distribution from the CMIT model together with the equatorward

boundary of the trough identified from the TEC observations (Figure 5a). There is no apparent

signature of the trough in the modeled electron density, which again suggests that the SAPS

and resulting electron density depletion in the trough were not reproduced from the model.

Figure 5d shows the same data as those shown in Figure 4b; however, the equatorward

boundary of the trough identified from the TEC map along the orbit of DMSP F17 is super-

imposed. The peak of the SAPS field was located poleward of the equatorward boundary of

the trough. However, the SAPS electric field extended well equatorward of the trough. This

is indicated by the existence of a region in which the strong sunward drift associated with the

SAPS overlapped with the higher density region located equatorward of the trough. This is the

region where the sunward SAPS convection captured the high-density plasma and transported

it towards the cusp inflow region as a narrow SED stream. This is probably the reason why the

observed optical TOI at the polar cap latitudes was very narrow in width. Thus, the width of

the TOI observed over Resolute Bay was determined by the width of the region in which the

SAPS field interacted with the plasma equatorward of the trough. It is noteworthy that the

CMIT model cannot reproduce the SAPS and the mid-latitude trough. Hence, the source of the

large-scale electron density tongue at the cusp inflow region was not confined in longitude; thus,

the width of the electron density tongue was much broader than that of the optical TOI.

An erosion of the mid-latitude high-density plasma in the equatorward part of SAPS was

already suggested by Foster et al. [2007]. They combined the ionospheric TEC measurements,

the DMSP ion drift data, and the IMAGE EUV images and demonstrated that the equatorward

edge of the SAPS electric field overlapped with the erosion plume and that the plume material

was carried towards the cusp inflow region from the SAPS overlap region. Hence, the process

shown in Figure 5 is not novel. However, we first propose that the width of the transpolar TOI
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observed at the polar cap site can be determined by the width of the SAPS overlap region. If

we look at Figure 5d in more detail, the latitudinal width of the SAPS overlap region was about

5◦ (≈ 500 km), which is almost comparable to the width of the optical plume observed over

Resolute Bay. This value is obviously much smaller than the width of the large-scale electron

density tongue reproduced from the CMIT model. This again confirms that some of the spatial

characteristics of the transpolar TOI could be determined by the electric field structure in the

subauroral region.

The SAPS during a magnetic storm is usually considered as a manifestation of the cou-

pling between the low-conductance subauroral ionosphere and the ring current in the inner

magnetosphere [Foster and Burke, 2002]. When the ring current develops in the inner magneto-

sphere, large pressure maxima are formed in the nightside magnetosphere, which causes Region

2 field-aligned currents (R2-FACs) flowing into the subauroral ionosphere. Intense poleward-

directed electric fields are then set up to drive closure currents flowing poleward across the

low-conductivity mid-latitude trough in the subauroral region. Within the region of strong

plasma drifts, frictional heating enhances ionospheric recombination rates [Schunk et al., 1976],

resulting in reduction of the conductance. Such an ionospheric feedback process can further in-

tensify the polarization electric fields. As long as the pressure gradients associated with the ring

current exist, they drive R2-FACs, coupling the magnetosphere and ionosphere, and maintain

an intense poleward electric field in the subauroral region.

In the CMIT model, the electric field structure in the high-latitude ionosphere including

the subauroral region is determined by the LFM MHD simulation. MHD models can repro-

duce most of the observed features of Earth’s magnetosphere beyond a geocentric distance of

approximately 10 RE . In the inner magnetosphere, however, their representation becomes un-

realistic due to the neglect of particle transport by the energy-dependent gradient/curvature

drift [Toffoletto et al., 2004]. Thus, the formation/development of both the ring current and
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resulting SAPS structure cannot be reproduced by a MHD model that treats plasma as a single

fluid. Recently, Ebihara et al. [2009] employed the comprehensive ring current model (CRCM)

to reproduce the storm-time SAPS observed by a mid-latitude SuperDARN radar in Hokkaido,

Japan. They demonstrated that the dynamical character of the SAPS was a direct manifestation

of the plasma pressure distribution in the inner magnetosphere, suggesting the importance of

the spatial distribution of the ring current in the formation of the SAPS. This again implies

that a non-MHD approach must be included to reproduce the evolution of the SAPS field in the

subauroral ionosphere.

As mentioned above, the SAPS can be further intensified through an ionospheric feedback

process working in the low-conductance mid-latitude trough. Zheng et al. [2008] evaluated

the effects of trough conductance on the evolution of the SAPS and suggested that the low

conductance at the subauroral latitude is critical to the large amplitude SAPS. Hence, in order

to model the development of the SAPS accurately, we also have to simulate the further reduction

of the conductance within the trough when an intense SAPS field is imposed. In summary, our

comparison of the CMIT modeling of the polar cap TOI with the optical plume observed at

Resolute Bay shows that the SAPS field played a critical role in characterizing the spatial

structure and temporal behavior of the transpolar TOI. In order to model the structure of

the polar cap TOI in greater detail, we have to include the effect of SAPS by simulating the

spatial distribution of the ring current in the inner magnetosphere and ionospheric feedback

process working in the low-conductance subauroral ionosphere. This suggests that the plasma

environment in the polar cap ionosphere during large magnetic storms should be described on

a global perspective.
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Figure Captions

Figure 1 (a, b) 630.0 nm airglow image at 0320 UT on December 14 and December 15, 2006,

respectively. The images are shown in MLAT/MLT coordinates, and the absolute airglow

intensity is scaled in units of Rayleigh. Magnetic noon is at the top, and the dashed circle

represents magnetic latitude of 80◦. (c, d) Map of the electron density at an altitude of

around 300 km reproduced from the CMIT model at 0320 UT on December 14 and 15, 2006,

respectively. (e, f) Same as Figures 1c and 1d, but, in these panels, the contours of the

electrostatic potential derived from the CMIT model are superimposed on the maps.

Figure 2 (a–f) Sequence of the 630.0 nm airglow images obtained at 30 min intervals from 0230

to 0500 UT on December 15, 2006. (g–l) Maps of the modeled electron density at an altitude

of around 300 km in the vicinity of the FOV of the ASI, corresponding to the optical images

shown in Figures 2a–f. (m–r) Global maps of the modeled electron density at an altitude of

around 300 km, corresponding to the optical images shown in Figures 2a–f.

Figure 3 (left) A keogram reproduced from the 630.0 nm all-sky images along the dawn to

dusk (i.e., 18 MLT to 06 MLT) cross section, as indicated by the dashed line in Figure 1b.

The vertical axis is UT from 0130 to 0530 UT, and the horizontal axis is the MLAT from

70◦ on the duskside to 80◦ on the dawnside across the magnetic pole, which is indicated by

the vertical dashed line. The trajectory of the plume after the major dawnward excursion at

around 0250 UT is indicated by the dashed line. (right) Modeled electron density data at an

altitude of around 300 km within the white rectangle shown in Figure 1d at 10 min intervals

from 0140 UT to 0520 UT. The trajectory of the optical plume is indicated by the dashed line

for comparison.

Figure 4 (a) Electron density and electrostatic potential contours at an altitude of around
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300 km at 0310 UT on December 15, 2006, as reproduced from the CMIT model. The ion

drift data obtained from the DMSP F17 satellite passing through the dayside part of the

high-latitude ionosphere are superimposed on the map. Grey bars prepresent the cross-track

ion drift along the orbit of DMSP. The black line with dots indicates the location of the

selected simulation grid points for comparison with the DMSP ion drift data. (b) DMSP F17

cross track ion drift along the satellite track (grey) and the modeled zonal plasma drift at the

simulation grid points indicated by the black line with dots in Figure 4a (black).

Figure 5 (a) TEC map at 0310 UT on December 15, 2006. The equatorward boundary of the

mid-latitude trough is defined as an 8 TECU level contour and indicated by the dashed line.

(b) Same as Figure 5a, but the ion drift data from DMSP F17 are superimposed. (c) Electron

density distribution and electrostatic potential contours at an altitude of around 300 km,

obtained from the CMIT model, together with the equatorward boundary of the mid-latitude

trough identified in Figure 5a. (d) Same as Figure 4b, but the equatorward boundary of the

mid-latitude trough along the orbit of DMSP F17 is indicated by the vertical dashed line.
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