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A STUDY OF POLAR AURORAL ARCS AT EUREKA 

Sun-alïgned arcs threading across the polar cap to link dayside aurora with the night- 
side auroral oval represent a significant part of thé mystery and dynamics of the aurora 
borealis. Observations of these arcs were carried out at the Canadian Network for Space 
Research observatory at Eureka. located near the north magnetic pole. to study their 
characteristics and morphology. .A total of 656 arcs were recorded by an dl-sky imager 
during the 4-winter period with arcs being present 8% of total observing time. Most of 
the auroral forms were sub-visual and with the high sensitivity of meridian scanning pho- 
tometers operating at the observatory polar auroras were observed (above a 50 Rayleigh 
threshold) nearly one-half of the time. 

A detailed study of polar auroras has revealed much of their occurrence patterns, their 
relation to solar wind parameters and ionosphere-rnagnetosphere linkages. For example. 
an observed diurnd variation in occurrence frequency of polar arcs may be due to differing 
regions of the magnetotail connecting with the Eureka viewing area as the day progresses. 

The lifetimes of polar arcs suggest that the intrinsic time constant of the magneto- 
sphere related to polar arcs is below 20 minutes. A rapid development of special features 
( bifurcation and wave structure ) of polar arcs indicates the time constant is of a few 
minutes for the related plasma instabilities in the magnetosphere or the ionosphere. 

Polar a c s  and global magnetic activity as depicted by I(, level were found not cor- 
related. Most polar arcs occurred with the interplanetary magnetic field (IMF) oriented 
northward. However, there were substantial nurnbers observed with the IMF stably south- 
ward. It was also found that the mean frequencies of polar arcs over the winter periods 
positively correlated to solar activity (10.7 cm flux or sunspot number). 

Solar wind dynamic pressure enhancements played a very important role in inducing 
polar arcs. Polar arcs were found to be generated following al1 major solar wind enhance- 
ments with long (70 min) time delays when the IMF was northward and short (18 min) 
time delays with the IMF was southward. Two electron source regions were identified: 
the deep magnetotail and the solar wind. Mapping of polar arcs by using the Tsyganenko 
1989 magnetic field mode1 confirmed that the location of the electron sources of polar arcs 
is usually in the magnetotail lobe region. 
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Abstract 

A ground-based optical study of polar arc characteristics is presented. An All-sky 

Camera (ASC) and Meridian Scanning Photometer (MW) were operated at Eureka 

(8g0N, Corrected Geomagnetic Latitude), Northwest Temtories, over winter periods 

from 1990 to 1994 with 656 polar arcs detected by the ASC. Polar arcs were observed on 

average 8% of the time (above 300 R, 557.7 nm) by the ASC, with a diunial vaxiation 

peaking around local midnight. The amplitude of the diunial variation was about 37 % 

of the mean occurrence rate. This may be due to the fact that the viewing area of the 

ASC in the ionosphere was magnetically connected to a magnetotail region which was 

closer to the plasma sheet around the local midnight hours. Polar arcs were detected 

by the MSP with a threshold of 50 R 30 % of the time fiom 557.7 n m  emissions 

and 49 % of the time from 630.0 nm emissions. These suggest that the precipitated 

electrons exciting the polor arcs were often very soft. It waa dso  found that the mean 

fiequencies of polar a c s  over the winter periods correlated with solar activity (10.7 

cm flux or sunspot number). Most polar arcs (78%) occurred with northward IMF 

B.. However, there were significant numbers (16 %) observed with the IMF Bz stably 

southward. Polar arcs also tended to occur with the IMF B, near zero and the IMF 

B, slightly positive. One half of the polar arcs (above 300 R, 557.7 nmm) had Lifetimes 

less than 20 minutes. 

There were 25 solar wind dynamic pressure enhancements detected by the IMP-8 

satellite during the 1991-92 and 1992-93 winter periods. Al1 the enhancements were 

followed by polar arcs. A short time delay (18 min on average) between the enhance- 

ments and the polar arcs with southward IMF Bz suggests direct access of solar wind 

particles int O the polar ionosphere and an open magnetospheric configuration in the 

polar cap region. A positive correlation between the intensity of 630.0 nm emission 

of the polar arcs and the magnitude of the enhancements supports the direct access 

of the solar wind particles. The long time delay (70 min on average ) for polar arc 

appearance following the enhancements with northward IMF Bz suggests the particle 

source for the polar arcs in this case was located in the magnetotail. This finding 

shows the solar wind dynamic pressure enhancements do generate or induce energetic 



electron precipitation in the polar cap with either northward or southward IMF BI. 

Mapping of polar arcs by using the Tsyganenko magnetic field model (T89) suggests 

electron source regions for polar arcs are mostly located in the magnetotail lobe region. 

The mapping supports a bifurcated magnetotail model or an expanded plasma sheet 

(plasma sheet boundary ) model. 

Suggestions for future work include the relation between the energy of precipit ated 

electrons and the polarity of the IMF, generation of field-aligned electric fields, the 

relation between the Iifetimes of polar arcs and stability of the northward IMF Bz or 

solar wind dynkmic pressure, and development of fine structure in polar arcs in relation 

t O plasma inst abilit ies in the magnet osphere or the ionosphere. 
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Chapter 1 

INTRODUCTION 

1.1 Historical background 

The mysterious and beautiful luminosity which we c d  aurora has excited the curiosity 

and wonder of the Human since the dawn of history. Unlike other impressive phe- 

nomena of nature such as the sunsets, the rainbows or the thunderstoms, it is both 

physically and conceptudy remote since it occurs well above the lower layers of the 

atmosphere and its explanation involves some of the more recent disciplines of physics. 

The name aurora borealis ( northern dawn) was given by Gassendi in a book describ- 

ing observations in southern France before 1621. The corresponding aurora australis 

was used by Cook in 1773. Cavendish made a reasonable height measurement in 

1784. By 1873 the northern auroral zone had been mapped as a result of the work of 

Muncke, Loomis and Fritz. The connection between aurora and magnetic s toms was 

recognized by Celsius in 1741. The sunspot cycle was discovered by Schwabe about 

1844 and within 10 years the connection between sunspot maxima and magnetic storms 

was recognized. The auroral spectmm was first observed by Angstrom about 1868. 

The discovery of the electron around 1880 paved the way for the proposal of Birke- 

land in 1896 that aurora was caused by electrons ejected from the Sun and guided 

to the auroral zones by the Earth's field. Birkeland showsd by means of laboratory 

1 



experiments that an electron beam would behave qualitatively as proposed. By 1910, 

Stormer began to calculate mathematically such particle orbits, so that quantitative 

testing of the theory could begin. Subsequently Stormer [1955] carried out definitive 

studies of auroral heights and extent by photographic triangulation. 

The most prominent feature of the auroral spectrum, the green line at 557.7 nm , 
had been a mystery but was finally identified as a forbidden transition of atornic oxygen 

by McLennan and Shrum in 1925. The hydrogen lines and their Doppler shift were 

identified and measured by 1950 in the work of Vegard, Gartlein and Meinel. In the 

following decade the exploration of the spectnun was virtudy complete as detailed by 

Chamberlain [1961]. 

The aurora is the most readily observed consequence of the dynamic magnetosphere 

and the most obvious characteristic of the high-latitude ionosphere. People must have 

been looking at  the northern and southern lights in the night sky, the aurora borealis 

and the aurora australis, for thousands of years, which surely puts them among the 

oldest known geophysical phenornena; though it  is only in the last part of the 20th 

century that any proper explanation has become possible. Early 'theories' range kom 

the fanciful to some that were unwittingly near the truth: sunlight reflected trom polar 

snow and ice (wrong), elastic fluids (vague), electric discharge (plausible). Only in the 

early 1950s was it proved that the immediate cause of auroral emissions is excitation 

of atmospheric gas by energetic particles, and it waa not until 1958, when rockets were 

fired into an aurora, that energetic electrons were identified as the primary source. Be- 

cause of these in-situ measurements, auroral science has developed £rom a somewhat 

mysterious and imprecise specialty into a major topic central t o  the space physics dis- 

cipline. An understanding of the source of those electrons has had to wait for a fairly 

detailed knowledge of the structure and physics of the magnetosphere. 

Aurora consists of a luminosity, usually distnbuted in regular or irregular horizon- 

tal bands which sometimes have vertically oriented striations or rays. Most commonly 

seen auroras have their lower limits between 100 and 120 km above the Earth's surface 



and have a vertical extent of a few atmospheric scale heights. Most auroras are too low 

in intensity to reach the color threshold of the eye so that they are seen by scotopic 

vision and hence appear without definite color. More intense auroras appear green or 

more rarely red, purple, violet and blue are seen. 

The overall probability of seeing aurora reaches a maximum in an approximately 

circular zone of radius - 22O centered on the geomagnetic poles. This is calied the 

auroral zone. However, if local time is taken into consideration the locus of maximum 

occurrence is an oval aligned dong the sun-earth direction with radii from the geo- 

magnetic pole of about 1 2 O  and 22', respectively, in the solar and anti-solar directions. 

This is the auroral oval. The most intense aurora is seen in the midnight region of the 

oval. The area in the vicinity of the magnetic pole and surrounded by the auroral oval 

is called the polar cap. Auroras observed in the polar cap are c d e d  polar cap auroras 

or polar arcs. They are quite different from those in the auroral oval. 

The intensity of auroras in the auroral oval is Miiable £rom a just detectable level 

comparable to that of the Milky way, to 1000 times brighter. Active displays of aurora 

tend to follow a pattern called a substorm during which the most spectacular feature 

is an explosive increase in intensity in the rnidnight region of the oval followed by a 

spreading of the brightening poleward, westwards and eastwards. Rapid motions of 

the auroral forms take place at the height of each substorm and strong 1oca.l magnetic 

perturbations are observed below on the ground due presurnably to large electric cur- 

rents a t  auroral heights. 

The study of the spectra of aurora in the auroral oval and direct measurements by 

rockets and satellites have shown that most bright auroras are excited by energetic 

electrons guided downwards along the lines of the Earth's magnetic field. The average 

energy of the electrons is of the order of 2 to 10 keV. In addition to exciting the atoms 

and molecules of the atmosphere to emit optically, the bombarding electrons produce 

ionizations which gives rise to various radio wave absorption and reflection effects. Ra- 

dio aurora is a reflection of VHF and U H F  waves from ionization more or less closely 



associated with visual aurora. It appears however that plasma instabilities associated 

with the presence of electnc fields are necessary to generate the structure from which 

the radio waves are reflected. Electric fields also give rise to electric currents in the 

ionized regions and t hese currents generate strong magnetic field disturbances on the 

ground beneath many aurord forms. 

Higher energy components of auroral electrons fluxes can generate X-ray emission 

detectable at balloon altitudes below aurora as well as VLF radio emission. Such higher 

energy electrons also cause radio wave absorption due largely to the ionization they 

produce below 100 km. Both X-ray and particularly absorption observations have been 

widely used in synoptic studies since they give a measure of the entry of the higher 

energy component of auroral electrons independent of atmosphere conditions or time 

of day. 

In addition to electrons, there are fluxes of energetic protons capable of producing 

a iow level of luminosity in the same height range as electron aurora. This is cdled 

proton aurora. Sometimes it is spatially separated from electron aurora and sometimes 

intermingled wi th i t . Because of charge exchange processes, incoming protons spend 

part of the trajectories as hydrogen atoms, thus escaping from the control of the Earth's 

magnetic field. This permits the proton beam to spread laterdy and consequently a 

proton aurora never shows the detailed structure of electron aurora but rather takes the 

fonn of a broad diffuse emitting surface. Viewed in the magnetic zenith (i-e. parallel 

to the Earth7s magnetic field lines), the hydrogen Balmer lines of proton aurora show 

a Doppler shift which histoncally provided the first evidence that auroral phenornena 

are caused by particle bombardment . 

Auroras observed in the polar cap are usually caused by precipitated electrons with 

energy lower than that in the auroral oval. Their characteristics are quite different 

£rom those of auroras in the aurord oval. A fùil understanding of ail these auroras 

requises knowledge of coupling between the magnetosphere and ionosphere, and the 

interaction between the solar wind and the magnetosphere. 



1.2 Solar Terrestrial Environment 

1.2.1 The solar wind 

The story of the solar wind begins with the work of S. Chapman and V.C.A. Ferraro 

on magnetic storms. Some storms commence with a sharp increase in the geomagnetic 

field as recorded wit h ground-based magnetometers. By way of explanation, Chapman 

and Ferraro [1931] suggested that during a solar flare a cloud of plasma is ejected from 

the Sun, reaching the Earth about a day later. Theoretical studies by Chapman and 

E.N. Parker subsequently proved that, unlike the Earth's atmosphere, the solar corona 

is not in hydrostatic equilibrium but expands continuously, with matter leaving the Sun 

and streaming out into space. Parker called this 0ow the solar wind. The existence of 

the solar wind was verified by space probes in the early 1960s. 

Our planet is embedded in the solar wind. Fig. 1.1 is a sketch of the solar-terrestrial 

environment (after J.K. Hargreaves, 1992). It shows the solar wind emitted from the 

Sun and interacting with the Earth's magnetosphere. The solar wind is basically a 

proton-electron plasma that streams past the Earth with a mean veiocity of 400-500 

km/sec and a typical proton and electron density of about 5 cm-3. The temperature of 

the solar wind is about IO5 K [Axford, 19681. Therefore, the solar wind carries energy 

and momentum to the vicinity of the Earth. The vaxiability in the density and speed 

of the sol= wind is shown over one solar rotation in Fig. 1.2. There is a degree of 

anti-correlation between density and speed. The solar wind is the principal medium 

by which the activity of the Sun is communicated to the vicinity of the Earth, and it 

is extremely important in solar-terrestrial relations. 

The solar wind plasma interactions with the Earth's intrinsic magnetic field and 

the resulting interaction has important repercussions on space systems operating in 

the near Earth environment. The only visible manifestation of this interaction is the 

aurora, which frequently lights up the sky at polar latitudes (both north and south). 

Intermixed with the streaming solar wind plasma is a weak magnetic field, called the 
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Figure 1.1: Surnmary of aolar-terratriai environment. ( d e r  a sketch by J.K. Hargreavea, 1992). 

interplanetuy magnetic field (IMF). The IMF is about 1/10000 the strength of the 

Earth's surface magnetic field. However, it plays a very important role in the inter- 

action between the solar wind and the Earth's magnetosphere. The orientation of the 

IMF determines whether the IMF will couple with the Earth's magnetic field which, 

in turn, dlows solar wind particles easy access to the magnetosphere. 

1.2.2 The rnagnetosphere 

ui the absence of an interplanetary plasma, the Earth's dipole magnetic field would 

extend indefinitely in al1 directions. However, the geomagnetic field produces a semi- 

permeable obstacle to the solar wind and the resulting interaction produces a cavity 

around which most of the plasma 0ows. The extent of this obstacle called the mag- 

netosphere where the movement of plasma is controlled by the geomagnetic field. It 
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Figure 1.2: Density and spetd of the soIar wind over one solar rotation in 1962, measured by Mariner-2. 

(after H. Rosenbauer, 1982). 

is modified by changes in the solar wind density and velocity, and to vaxiations in 

the strengt h and orientation of the int erplanetary magnetic field (IMF) . The magne- 

tosphere consists of several regions which play distinctly different roles in formation of 

auroras (both auroral oval and polar cap). Fig. 1.3 shows the cross section of the mag- 

netosphere. The rnagnetosphere includes the plasmasphere, radiation belt region, the 

plasma sheet, magnetotail lobes, plasma mantle region, magnetopause, rnagnetosheath, 

dayside boundary layer, magnetotkil boundary layer and cusp region. The auroral oval 

also can be seen in the Fig. 1.3. 

1.2.3 Bow shock 

The solar wind plasma can behave like a fluid because of the existence of propagat- 

ing wave modes, the Alfven and magneto-acoustic waves. The solar wind plasma flow 

speed (Mach 8+) exceeds the speed of these waves. Upon encountering the magneto- 

sphere, a shock wave (called the bow shock) forms in the solar wind 2 or 3 Earth radii 

(RE) upstream of the magnetopause. Fig. 1.4 shows that the measured and calculated 
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Figure 1.3: A sketch of the magnetospheric structure (Cross section of the magnetosphere). 

position of the bow shock is around 13 - 14 RE from the Earth. 

1.2.4 Magnetosheath 

Between the bow shock and the magnetopause lies a region of compressed and heated 

solar wind plasma called the magnetosheath. Crossing the bow shock, solar wind 

plasma is siowed down to about 250 km/s and the corresponding loss of directed kinetic 

energy is dissipated as thermal energy, increasing the temperature of the solar wind 

plasma to 5 x 106 K. Therefore magnetosheath plasma is more turbulent and irregular 

than the solar wind plasma before it travels across the bow shock. The location of the 

magnetosheath, as shown in Fig. 1.3., is between the bow shock and the magnetopause. 



1.2.5 Magnetopause 

The magnetopause is a surface or thin layer where the outward force of the compressed 

geomagnetic field dong with the gas pressure of the magnetospheric plasma is balanced 

by the force of the magnetosheath plasma . The normal position of the magnetopause 

is about 9 to 12 RE (see Fig. 1.4). The position is rnainly controlled by solar wind 

dynamic pressure; the higher the solar wind dynamic pressure, the closer the mag- 

netopause is to the Earth. The magnetopause is recognized by a strong change in 

direction of during negative Bz. Otherwise, it is recognized mostly by a change in 

particle energy from one side to the other. 

Geocentric distance ( carth radii) 

Figure 1.4: Observed and calculateci poaitiona of the magnetopause and the shock in the solar- 

equatorial plane. (after N.F. Nesa et ai., 1964). 



1.2.6 Cusp 

Simple magnetosphere models predict two neutral points on the magnetopause where 

the total field is zero. These points connect dong field lines to places on the Earth's 

surface near f 78" magnetic latitude. These are the only points that connect the Earth's 

surface to the magnetopause and all the field from the magnetopause converges to those 

two points. They are, therefore, regions of great interest where solar wind particles 

(from the magnetosheath) can enter the magnetosphere without having to cross field- 

lines. There is good direct evidence that this happens. Particles with energy typicai of 

the magnetosheath are observed over sorne 5' of latitude around 77", and over 8 hours 

of local time around noon. Being more extended than points, these regions are now 

c d e d  the polar cusp or clefts. The significance of the cusps is that they serve as the 

main particle entry regions from the solar wind. 

1.2.7 Plasmasphere 

The plasmasphere represents the relatively cold ionospheric plasma which is CO-rotating 

with the Earth due to Mctional coupling. The CO-rotation extends out to several Earth 

Radii (4-5 RB at the equator) with particle densities ranging from about IO4 

at low altitudes (1000 km) to 10 - 100 cm-3 neax its outer edge. The plasmasphere 

neverthelegs persists as a permanent feature of the inner magnetosphere. The boundary 

between plasmasphere and inner magnetosphere is ca.lled the plasmapause. Plasma 

densities drop at least a factor of 10 across this boundary. The plasmapause was 

discovered by D.L. Carpenter in 1963 in observing VLF propagation of 'whistlers' 

generated by lightning [Carpenter, 1988 1. 

1.2.8 Magnetotail 

In the antisunward direction the magnetosphere is extended into a long tail, usually 

known as the magnetotail, which is perhaps the most rernarkable feature of the mag- 

netosphere. Spacecraft magnetometers found that on the nightside of the Earth the 

geomagnetic fieId beyond 10 RE tends to run in the sun-earth direction, and there is a 



central plane where the field reverses direction. This is called neutral sheet. The field 

points toward the Earth in the northern lobe, and away hom the Earth in the southern 

lobe. The tail is roughly cyiindrical, some 30 RE (2 x 105 km) across, and of uncertain 

length thought it has been detected downward beyond 107km (1500RE). Therefore, 

the magnetotail extends well beyond the orbit of the Moon (60 RE).  Other satellites 

have made measurements in the tail which showed that the tail is very dynarnic, and 

it is the source region for magnetic storms, substorms and amoral activities. 

1.2.9 Currents in the magnetosphere 

There are five major current systems in the magnetosphere. They are the ring cur- 

rent , magnetopause current, plasma sheet current (neutral sheet current ), tail current , 
and Birkeland (field-aligned) currents. The location of these currents are shown by 

a sketch in Fig. 1.5. A l  these currents are related to the convection pattern of the 

magnetosphere. The changing of these currents causes magnetic disturbances, such as 

magnetic storms and substorms. 

1.2.10 Magnetic substorm 

At times, the geornagnetic field is disturbed by magnetic storms or substorms. The 

substom has been identified with large-scale changes in the magnetotail in which the 

total flux is suddenly reduced, thus producing large induced electric fields which drive 

the tail plasma toward or away from the Earth. The circulation of the magnetosphere 

is driven (mainly) by magnetic merging on the sunward side of the magnetopause, but 

its continuity depends on reco~ect ion in the tail plasma sheet. M e n  the IMF turns 

southwaxd, the comection rate increases and more open field is then being produced 

than removed. The coupling between the solar wind and the magnetosphere becomes 

very strong and this induces large currents in the magnetotail. These may cause a 

substom. The substorm was originally identified fiom ground-based studies of the 

aurora, and three phases have been identified: the growth phase, the expansion phase, 

and the recovery phase. The most visible products of substorms are bright, active and 

extensive auroras. Et is fair to Say that the basic elements of magnetic substorms or 



Figure 1.5: Currente in the magnetosphere. ( f i e r  T.A. Potemra, 1983) 

storms are moderately well understood. But our theoretical understanding of how the 

solar wind triggers a magnetic substorm is still far from complete [Tascione e t  ai., 19881. 

1.3 Modern view of auroral oval and polar cap auroras 

The auroral oval is one of important boundaries of geospace. The auroral intensity has 

a maximum near 67' (magnetic latitude) at rnidnight. It is around 77O at noon. The 

polar cap is then defined as the area surrounded by poleward edge of the ovd. Both 

discrete and diffuse auroras can be observed in the oval. But generally only discrete 

auroras, also cal1 polar arcs, are observed in the polar cap. 



Auroras on the Earth have been observed for many centuries. However, the sci- 

entific study of polar cap auroras just started at the beginning of this century with 

the pioneering work of D. Mawson. Mawson [1916, 19251 was the first scientist to 

report the occurrence of aurora at very high latitudes based on visual observations 

during the Australian Antarctic expedition of 1907-09. Those auroras were found to 

be nearly aligned with the sun-earth direction with velocities of motion of the order 

of 100 ms-'. During the international Geophysical Year (IGY), it was realized that 

this type of aurora ody developed at latitudes poleward of the auroral oval [Weill, 

1958; Denholm and Bond, 1961; Davis 19601. A few years later it was discovered that 

the sun-aligned arcs preferentidy developed when the interplanetary magnetic field 

pointed northward [Berkey et al., 19761, and during periods of quiet magnetic condi- 

tions [Davis, 1963; Lassen, 1972; Ismail e t  al., 19771. More precise rneasurements of 

the morphology of the polar cap aurora indicated these arcs were sun-aligned only in 

a first approximation. These observations suggested that the the appearance of polar 

arcs was associated with a special magnetospheric topology. 

A new era of polar auroral research was initiated by satellite measurements of elec- 

tron precipitation. The particle sensors on-board satellites in the Defense Meteorogical 

Satellite Program (DMSP) revealed that the  polar cap aurora was CO-located with low- 

energy ( < 500 eV) electron precipitation. The spectnun of this soft precipitation was 

found to contain characteristics similar to the  electrons injected at the poleward bound- 

ary of the auroral oval [Meng, 1981a, b]. Three kinds of polar cap auroral arcs were 

classified according to the study of global auroral imagery obtained by DMSP [Ismail 

and Meng, 19821: Type 1, the distinctly sun-aligned polar arcs; Type 2, the morn- 

ing/evening polar arcs expanded fiom the auroral oval and Type 3, the hook shaped 

arcs connecting the polar cap arc with the oval arcs. Over both hemispheres, the polar 

arcs were observed mostly during northward IMF. Type 1 arcs were observed mostly 

dunng low geomagnetic activity conditions, bright Type 2 arcs during the recovery 

phase of the substorms and Type 3 did not occur dunng the recovery phase of the 

substorms. The later observations suggest that arcs of Type 1 may be non-conjugate. 



Based on a theoretical model, two types of polar arcs were predicted according to their 

plasma sources: the magnetosheath arc and the plasma sheet arc [Chiu et al., 19851. 

It was pointed out that during extended penods of B, northward conditions, the polar 

cap was observed to be contracted into a teardrop shape [Murphree et al., 1982) and 

that the poleward hnks  of the oval expand and occupy much of the otherwise polar 

cap region [Meng, 1981aI. The expanded auroral oval model implicitly suggests that 

the polar arcs are located in the region of closed field lines mapping to the boundary 

layers of the magnetosphere. Satellite excursions in the magnetosphere (for example 

bt the ISEE 1 satellite) have determined that the low-latitude boundary layer (LLBL) 

widens during positive Bz values [Mitchell et al., 19871. This gives further credit to the 

oval expansion model. 

A different view in the study of polar cap auroras arose £rom the analysis of data 

obtained by the DE 1 satellite. The imager on-board the high-altitude DE 1 provided 

a global view of the auroral oval and revealed the existence of the transpolar auro- 

ras extending between the midnight oval and the midday auroral zone. This auroral 

configuration is called the theta aurora [Frank et al., 1982, 19861. The precipitating 

particles in the center of the theta aurora were observed to clearly resemble a popula- 

tion of plasma sheet particles in density, temperature and differential fluxes. Conjugate 

measurements on both hemispheres have indicated that the theta aurora in fact oc- 

curs simultaneously at both poles [Mizera et al., 1987; Obara et al. 1988, Craven et 

al., 19911. ISEE2 excursions downtail discovered the presence of filaments of plasma 

sheet plasma intruding into the tail lobes [Huang et al., 1987, 19891. This suggests a 

bifurcated magnetotail [Frank et al., 19861. 

In addition to the model of a bifurcated tail, other models such as the expanded 

plasma sheet, expknded LLBL, rotated x-line and open magnetotail model were sug- 

gested based on different observations [Weiss et al., 19941. 

Ground based high-sensitivity photometen have observed a type of subvisual, Sun- 

aligned arcs which are present in the polar cap more often than is implied by satellite 



imager data [Weber and Buchau, 19811. These weak polar arcs are associated with 

gradients in velocity pattern and with low-energy ( < 500eV) precipitating electrons. 

These arcs have been named F region arcs, because most of the electron energy is 

deposited at altitudes above 240 km. An instrumented rocket launched into a polar 

cap F region arc [Weber e t  d., 19891 measured sunward flow within the polar arc and 

a particle spectral shape with characteristics of boundary plasma sheet and magne- 

tosheath populations. This fact suggested that some of the polar =CS could map to 

regions of open field Iines [Kan and Burke, 19851. Another rocket measurement of 

polar arcs [Weiss et al., 19941 was consistent with a model in which the arc is formed 

on open field lines on the duskside of a bifurcated polar cap or alternatively on closed 

field lines threading an expanded low-latitude boundary layer. Hardy [1984] observed 

intense fluxes above polar rain levels which were embedded in the polar rain suggesting 

that the polar cap arcs were not attached to the auroral oval and consequently were 

on a region of open field lines. More recently, Gussenhoven and Mullen [1989] have 

reported observations of relativistic electrons concurrent with precipitating electrons 

and ions associated with a polar cap aurora. Their measurement argues in favor of the 

formation of polar arcs on open field lines. It is also shown that polar arcs of typical 

electron energy (5 1 keV) can be produced by downward acceleration of polar rain 

electrons by pualle1 potentid drops on open field lines [Chiu, 19891. Whether polar 

cap arcs are on open or closed field lines has important implications not only for topo- 

logical considerations but also for energy implications and the determination of whether 

particle energy can be stored or directly precipitated into polar arcs [Hardy et al., 19821. 

The strong observational evidence in favor of both closed field line models and open 

field line models of polar cap arcs can be understood if each model corresponds to a 

specific class of polar arcs [Meng and Mauk, 19911. It is also possible that the devel- 

opment of several models was stimulated by the large number of different sensors al1 

with distinct sensitivity thresholds which have been used to measure characteristics of 

polar arcs [Valladares et al., 19941. 



1.4 Thesis objective 

The thesis project is to study the statistical characteristics of polar arcs based on a 

large data set recorded at Eurelca near the north magnetic pole over the four winter 

periods (1990-94) and to determine how polar arcs are related to the IMF vector and 

the solar wind activity via coupling between the solar wind and the magnetosphere. 

Polar auroras are also related to auroras in the auroral ovd, but their characteristics 

are significantly different. They respond to activities in the interplanetary medium in 

different ways. Compared to the auroral oval auroras, polar auroras and their relation 

to the solar wind and magnetospheric conditions are less well understood. Much at- 

tention has been paid to polar auroral studies in recent years. Chapter 2 is a short 

description of instruments and data used in the study. Chapter 3 is a detailed study 

of polar arc occurrence patterns, and the relationship between polar arcs, solar wind 

parameters and global magnetic activity. Solar wind dynamic pressure enhancements 

play a very important role in inducing polar arcs. The relationship between the en- 

hancements and polar arcs is shown in Chapter 4. Mapping of polar arcs using a 

magnetic field mode1 is presented in Chapter 5. Discussion and conclusions are found 

in Chapter 6 and Chapter 7 respectively. 



Chapter 2 

Eureka site, instruments and data 

2.1 Site of observations 

An observatory very close to the north magnetic pole has been in operation at Eu- 

reka ( 80.0°N, 274.1°E) by the University of Saskatchewan since the winter of 1990-91 

[Zhang et  al., 19931 and continuous winter observations have been made there with 

an dl-sky camera (ASC) and a meridian scanning photometer (MSP). Fig. 2.1 shows 

that Eureka is located in the central polar cap very near the north magnetic pole (in 

Corrected Geomagnetic Coordinates [CGM], 1990 epoch). Because of this, the ASC at 

Eureka can view al1 24hour local magnetic sectors at any time. The shaded area is the 

mean position of the auroral ovd for a Kp level of 3. The magnetic latitude of Eureka 

is 88.9" N. The instruments were operated through the whole dark winter period at 

Eureka (November through February in general). At 80°N, full 2Phour operation was 

possible for most of this period. Some other instruments were operated in the polar 

cap at Resolute Bay, Cambridge Bay by the Universities of Nagoya and Tokyo, Japan, 

and at Thule by the US Phillips Laboratory. Eurelca (88.g0N, 318.0°E CGM), Resolute 

Bay (84S0N, 316" E CGM) and Cambridge Bay (77.6O N, 306" E CGM) form a chah in 

the polar cap (see Fig. 2.1). This chah  provided opportunity to observe transpolar 

arcs and motion of polar arcs from the midnight sector to the central polar cap. 



12 MLT 

Figure 2.1: Locations of Eureka, Resolute Bay and Cambridge Bay etc. undu CGM coordinate at 

Eureka local magnetic midnight. (after D.J. McEwen, 1994). 



2.2 Instruments 

Fig. 2.2 (left) shows a picture of the ASC. The mirror at the bottom enables the inten- 

sified TV camera on the top to view the whole sky. The ASC was operated with 557.7 

nm, 630.0 nm filters and open frame altemately under the control of an IBM persona1 

computer. Fig. 2.2 (right) also shows details of the shutter - filter assembly. The ASC 

was operated to take images of the sky every 4 seconds 6 t h  a sensitivity threshold of 

about 300 rayleigh (557.7 nm) [Oznovich and McEwen, 19941. ASC images were first 

digitized by a frame grabber and then stored in the computer memors. Those digitized 

images were then integrated and finally written on VHS magnetic tapes by a time lapse 

video recorder. 

The MSP was run with 6 channels including the 557.7 n m  and 630.0 nm channels 

with a threshold of detection of about 5 rayleigh (R) at 557.7nm. Fig. 2.3 shows a 

pictuce of the MSP. The MSP scanned the sky fiom O to 180 degrees of elevation angle 

in 40 seconds (5 Hz mode) or 20 seconds (10 Hz mode) with spatial resolution of 1 

degree/step under the control of an IBM personal computer [Steele and McEwen, 1990; 

McEwen and Huang, 19931. The MSP could be operated either at a fixed orientation 

or in a rotating dawn-dusk direction. 

The flux gate magnetometer was operated by the University of Tokyo, Japan. The 

magnetometer collected 3 components of the geomagnetic field each second. 

2.3 Data 

Observations of polar arcs by the ASC and the MSP at Eureka were continued for 

five winters from 1990-91 to 1994-95 winter. Detailed periods of operation are listed 

in table 2.1. The instruments were operated manually during the first winter penod 

(1990-91 winter). The instruments had been run automatically since the second win- 

ter period. There were about 21  thousand images and 10 MB data collected by the 



depression) - photoes pro- 
* Recordlng: Panasonic Time Lape VCR on VHS tape 

shuttermodes: - opm - 558 nm inta - 630 nm filter 

Figure 2.2: A picture of the Ail-Sky Camera (Mt image) and a picture of shutter-fdter assembly in 

the camera (right image). Technical paramctcra are shown at the bottom. 



Mddian SesnnSig Photometer - EureLP 

MSP Tum-table 

1EO. mririmtnn scan 1- (-) i r s ~ p  rith a 0 3  field of view 

Figure 2.3: A picturc of Meridian Scanning Photometer. Technical parametera are shown at the 

bottom. 



ASC and the MSP respectively each full 24-hour day of operation. The instruments at 

Eureka were operated by participants of Project 3 of the Canadian Network for Space 

Research. The author went to Eureka to operate the instruments for two 1-month 

intervals during the 1993-94 and 1994-95 winter periods. 

The ASC operating at Eureka recorded, on rare occasions, auroras a t  the poleward 

edges of the dayside or the nightside auroral oval. These observed auroras at the poIe- 

ward edge of the dayside auroral oval were due to contraction of the auroral oval with 

a strong northward IMF. Those auroras at the poleward edge of the nightside auroral 

oval were due to poleward expansion dunng southward IMF and usually with a mag- 

netic storm or substorm. These few auroras at the poleward edge of the auroral oval 

were excluded fiom the s tatistical study. 

The MSP raw data (count rate) were processed to convert to intensities of emissions. 

AU the MSP raw and processed data were stored in 8 mm tapes. IMP-8 solar wind 

speed, density and IMF data were provided by the National Aeronautical and Space 

Administration (NASA) National Space Science Data Center (NSSDC) at Greenbelt, 

Maryland. Ground magnetic field data hom Eureka were provided by the University 

of Tokyo. Kp data were provided by the WorId Data Center at Boulder, Colorado. 

AU the software for the ASC image and satellite data processing were written by the 

author. 

1 1990 - 91 1 Dec. 11 - 19, 1990 1 9 

Table 2.1: Periods of obaemation at Eureka 

1 1 Jan. 6 - 25, 1991 1 20 

Winter Start - end date 

1991 - 92 

1992 - 93 

1993 - 94 

1994 - 95 

Numbers of days 

Oct. 15/91 - Mat. 9/92 

Oct. 30192 - Feb. 23/93 

Oct. 18/93 - Mar. 27/94 

Oct. 17/94 - Mar. 14/95 

146 

117 

161 

149 



Chapter 3 

Stat ist ical charact erist ics of polar 

arcs 

3.1 Introduction 

Ground-based observations at Eureka ( 89' N magnetic latitude), a location very close 

to the north magnetic pole, provide an unique opportunity for study of polar arcs. The 

entire field of view (174') of the ASC is inside the polar cap at all local times under 

normal circumstances. The rnost recent statistical study of the polar arcs [Valladares 

et al., 19941 is based on ASC (155' field of view) observations of the 630.0 nm emission 

from Qaanaaq during the local night time for one winter (1986-87). The statistical 

study of polar arcs here is based on ASC and MSP observations for 4 winters at Eu- 

reka. The location of Eureka allows the ASC to view all 24 hr local magnetic time 

sectors in the central polar cap. There were 656 polar arcs observed during the 4 win- 

ters fiom 1990 to  1994 and these polu  arcs form the largest data set used for statistical 

studies of polar arcs so fa. The data set provide a significant opportunity to examine 

the characteristics of the polar arcs. The physical characteristics of the polar arcs ( 

occurrence, lifetimes, motions, etc ) were studied. Their relations to IMF, solar wind 

and geomagnetic Kp index were also investigated. As the data set covered a period of 

4 winters, from the 22nd solar cycle maximum (1990) to near minimum (1994), it was 

possible to study the effect of solar cycle on the occurrence of polar arcs. 



3.1.1 Examples of observed polar arcs 

One good example of a polar arc is shown here to illustrate the appearance of polar 

arcs. This is a polar arc (probably a transpolar arc [Zhang, et al., 19941) observed on 

November 15, 1993. Fig. 3.1 shows the images of the polar arc recorded by the ASC. 

The sunward direction is indicated by a s m d  anow at the edge of the images. The 

dawn sector is clockwise from the sunward direction. The geographic north is at the 

top of the images. The polar arc was detected fiom 0740 UT to 1257 U T  by the ASC. 

The polar arc fust appeared in the morning sector with a relatively low intensity at the 

lower-right corner near the horizon. It was sun-aligned as indicated in Fig. 3.1. The 

polar arc brightened around 0921 UT and began to move duskward. The polar arc 

expanded and moved dawnward after 0947 UT. A structure developed at one end of 

the arc (see images at 1026 UT and 1052 UT). A new polar arc appeaed around 1117 

UT near the zenith. Both the new arc and the polar arc (original) moved duskward 

&ter 1117 UT. Then the new arc faded and disappeared by 1148 UT. The polar arc 

moved to the zenith of the ASC and reached its maximum intensity around 1148 UT 

and continued its duskward motion thereafter. The polar arc h a l l y  disappeared in 

the dusk sector. The polar arc remained in a sun-aligned direction during its lifetime. 

The MSP was mounted on a rotating table and arranged to scan in the dawn-dusk 

direction during the 1993-94 winter [McEwen, 19941. Therefore, it scanned perpendic- 

ular to the polar arc observed on November 15, 1993 al1 the time. This provided a 

good opportunity to study the motion of the polar arc in the dawn-dusk direction with 

detail. Fig. 3.2 is a plot of the 4-minute averaged intensity (557.7 nrn and 630.0 nm 

channels) of the polar arc along the dawn-dusk scans of the MSP from 0730 UT to 1400 

UT. The plot shows the polar arc fkst appeared in the dawn sector with low intensity 

from 200 R to 500 R (557.7 nm). The polar arc moved duskward and then dawnward 

between 0730 and 0830 UT. This pattern of motion was repeated between 0830 UT 

and 1000 UT. The intensity of the polar arc increased gradually and reached 4 kR 

(557.7 nm) around 0950 UT. The intensity decreased after 1000 U T  and and a new orc 



Eureka ASC Images November 15,1993 

Figure 3.1: A selected sequence of ASC imagea of a transpolar arc fiom 0742 UT to 1218 UT on 

November 15, 1993. The geographic north direction ia t~t  the top of these images. The sunward 

direction is indicated by a s m d  arrow at the edge of the images. The dawn sector is clockwise from 

the sunward direction. 



appeared around 1100 UT. Both the polar arc and the new arc moved duskward after 

1100 UT and their intensity increased quickly. The new arc disappeared or merged 

with the polar arc axound 1150 UT. The polar arc continued its duskward motion af- 

ter it reached its maximum intensity around 1200 UT. The intensity of the polar arc 

decreased quickly to about 1 kR (557.7 nm). Overd,  the intensity oi the polar arc 

changed each Cminute averaged scan. The polar arc h d y  disappeared in the dusk 

sector. 

Both the ASC images and the MSP scans show some characteristics of polar arcs, 

such as motion in dawn-dusk direction, changing of intensity and multiple arcs. 

3.1.2 Observability of polar arcs 

Observability of polar arcs depends on the sensitivity of the instrument used. Polar 

arcs with intensity below about 300 R of 557.7 nm c m  not be detected by the ASC. 

The MSP operated at a higher sensitivity threshold (50 R at 557.7 nm) [McEwen, 

19941. Due to the dawn-dusk MSP scans, the MSP was able to  detect sun-aligned arcs 

at any local time, just as the ASC. Fig. 3.2 (plot at 557.7 nm ) shows that in addition 

to the transpolar arc described in the last subsection, there are many short lived polar 

arcs which have Lifetimes around or less than 4 minutes and low intensity down to 100 

R. The plot at 630.0 nm of Fig. 3.2 shows more weak polar auroras with intensity 

down to 50 R. Such weak polar auroras could not be detected by the ASC (see Fig. 

3.1). Intensities of polar arcs cover a wide range from R to kR (557.7 nm). Therefore, 

the MSP detects more polar arcs and for longer periods than the ASC due to their 

difference of sensitivity t hreshold. 

3.2 Occurrence of polar arcs - ASC observations 

Observations of polar arcs at Eureka by the ASC and the MSP were continued for five 

winters (see table 2.1 for detailed periods of operation for each of the winters). There 

were 656 polar arcs recorded by the ASC during the first four winter periods and these 

were the bases for the statistical study. There was only a preliminary analysis of the 



MSP at Eureka, Nov 15, 1993 

Dusk 40 

art A zm R 

4 Dawn Dusk 40 

Zenith Angle (degrees) 4 Minute Averages 

Figure 3.2: Intensity of 557.7 nm and 630.0 nm embsions alang the dawn-dusk scam of the MSP on 

November 15, 1993 with a 4 min average. The lowest intensity of the detccted auroral cmissions at 

557.7 nm irr about 50 R. The hightst intensity is 20 kR (557.7 nm). The vertical lines at the top of 

the diagrams indicate the intensity scales: 500 R for 630.0 n m  and 2000 R for 557.7 nm. 



data for the 5th winter. 

Occurrence of polar arcs was f i s t  studied based on investigation of images of these 

polar arcs. In order to determine occurrence patterns of polar arcs, all observed ASC 

image data were binned into 15 minute time intervals each day (24 hours). Occurrence 

of polar arcs during each 15-min time bin (interval) was obtained by taking the total 

auroral events in each 15-min time bin divided by total operation time with clear sky 

in that 15-min time bin. As the ASC has a threshold of sensitivity of 300 R (557.7nm), 

the occurrence based on the ASC images applies to only those polar arcs with intensity 

above 300 R (557.7nm). The following subsections show the polar arc occurrence 

patterns for each of the winters. 

3.2.1 1990-91 winter 

The first winter of polar arc observation at Eureka was 1990-91. A campaign covering 

two dark-moon periods was conducted with operators in attendance. The field site was 

operated £rom Dec. 11, 1990 to Dec. 19, 1990 and £rom Jan. 06, 1991 to Jan. 25, 

1991. It covered a period of 29 days. During that period, 72 polar arcs were recorded 

by the ASC. The occurrence of polar arcs (the percentage of time with recorded polar 

arcs) was calculated based on investigation of the 72 polar arcs. Fig. 3.3a shows a 

distribution of the occurrence of polar arcs by universal time (UT) for that winter 

period. The occurrence between 0500 UT and 1300 U T  appears higher than that of 

other U T  regions. Polar arcs were observed 8.6 % of time by the ASC during the 1990- 

91 winter. That is, auroral arcs were detectable in the ASC tapes 8.6 % of the dark 

hours when skies were clear. The field of view of the ASC covered most of the region 

above 80' of magnetic latitude. This included a l l  of the central polar cap. Therefore, 

auroral arcs with intensity larger than 300 R (557.7 nrn) were detected about 8.6 % of 

the time on average in the central polar cap for the first winter period. 





3.2.2 1991-92 winter 

Observations of polar arcs at Eureka were continued during the 1991-92 winter (the 

second winter) . The instruments were operated automaticdy durhg  t his winter and 

the following winters . The observations covered 5 months (146 days) from October 15, 

1991 to Much 9, 1992. The ASC detected 218 polar arcs during this winter. Fig. 3.3b 

is a plot of the occurrence distribution of polar arcs for the 1991-92 winter. It indicates 

that the occurrence distribution is relatively uniform over 24 hour UT, except the 

siightly higher level of the occurrence between 1200 UT and 1800 UT. As the duration 

of observations in this winter was five times that of the 1990-91 winter, more polar 

arcs were observed and there is a smoother distribution. Polar arcs were observed on 

average 9.3 % of the time during the 1991-92 winter. 

3.2.3 1992-93 winter 

Observations of polar arcs in the third winter (1992-93 winter) started on October 30, 

1992 and ended on February 23, 1993. The observations were continued for 117 days. 

The ASC detected 143 polar a c s .  Fig. 3.4a shows a plot of polar arc occurrence 

distribution by Universal Time for this winter. The occurrence distribution appears to 

have a strong UT dependence. The occurrence between 0200 UT and 1200 UT is much 

higher than that between 1600 U T  and 2000 UT. The average occurrence of polar azcs 

for the 1992-93 winter was 7.6 % of the time. This is somewhat lower than that of 

previous winter. 

3.2.4 1993-94 winter 

Observations of polar arcs in the fourth winter started on October 18, 1993 and ended 

on March 27, 1994. They covered a period of 161 days, which was the longest period 

among the first 4 winters, and 223 polar arcs were observed. Fig. 3.4b shows the oc- 

currence distribution of polar arcs for the 1993-94 winter. The occurrence distribution 

appears to have a U T  variation. The maximum of the occurrence distribution locates 

around 1000 UT. Polar arcs in the 1993-94 winter o c c m d ,  on average, 6.5 % of the 

time, which is significantly less than the first 3 winters. 





Polar arcs observation at Eureka was continued in the 199495 winter, from October 

17, 1994 to March 14, 1995. A preliminary review of polar arcs observed in this winter 

indicates the average occurrence of polar arcs was around 6 % of the tirne. This is the 

lowest occurrence among that of the five winters. 

POLAR ARCS AT EUREKA, 90 - 94 WINTERS 

UNIVERSAL TlME (hour) 

Figure 3.5: Occurrence of polar arcs observecl over 4 wintus from 1990 to 1994. 

3.2.5 Average over 1990 - 1994 winters 

AU 4 winters of observations were combined to show the average occurrence pattern 

of polu arcs. Fig. 3.5 shows this distribution for the four winters fiom 1990 to 1994. 

Polar arcs were present, on average, 8 % of the time over the four winter period. Fig. 

3.5 also indicates that the occurrence of polar arcs was higher between 0300UT and 

1400UT than between 1400UT and 0300 UT. The maximum and minimum occurrences 



were observed around 1000 U T  and 2200 U T  respectively. This occurrence distribution 

is best seen from the fitted dashed line curve in Fig. 3.5. This diurnal variation of 

the occurrence has an amplitude of 37 % of the mean occurrence rate. Oves d l ,  the 

occurrence is fairly evenly distributed during the 24 hour period. Because Eureka is 

very close to  the the north magnetic pole and the ASC can view all 24 hours of local 

(or magnetic) time, then it is natural that the polar arc occurrence distribution is 

continuous. Note that the occurrence pattern shown here is based on the ASC images 

and is valid only for polar arcs with intensity over 300 R (557.7 nm). 

3.3 Cornparision between the ASC and the MSP observa- 

tions 

The sensitivity of the MSP for detection of aurora (threshold of 50 R at 557.7 nm) 

is higher than that of the ASC ( threshold of 300 R at 557.7 nm). In order to h d  

the difference between the ASC and the MSP observations of polar arcs, 38 days with 

clear skies (no clouds, no ice crystds, no moon, and no twilights) were selected for 

investigation fiom the 1993-94 winter period. Because the MSP scanning was arranged 

from the dawn to the dusk during the 1993-94 winter period, then the MSP was able 

to detect all sun-aligned arcs in the central polar cap region with intensity above the 

MSP threshold. The percentage of the time with polar arcs were observed for each of 

the 38 days was obtained from the onalysis of the data from the ASC and the MSP 

557.7 nm and 630.0 nm channels. Only discrete emission structures on the MSP scans 

were identified as polar arcs. Fig. 3.6 is a plot of the percentages of the time arcs 

were observed through two channels (green and red) of the MSP and and one channel 

(green) of the ASC for each of the 38 days. The diagram shows all three plots (solid 

line: MSP 630.0 nm channel, dotted line: MSP 557.7 n m  channel and dashed line: the 

ASC). They followed a similar pattern of vaziation during the selected 38 days. The 

similarity among them suggests that they are proportional to each other generally. 

There were some cases of arcs detected in the MSP green channel which were below 

the level of detection on the MSP red channel. More frequently, arcs were detected in 

the MSP red chânnel and they Iasted longer than those detected in the green channel. 



The average percentages of the time (or occurrences of polar arcs on average) with 

observed polar arcs for the 38 days by the ASC, the MSP scans at channels of 557.7 

nm and 630.0 n m  are 8 %, 30 % and 49 % respectively. This indicates that there are 

about 4 times as many polar arcs with intensity above 50 R (557.7 nm) than there 

are polar arcs with intensity over 300 R (557.7 nm). This implies that more polar 

arcs or polar arcs with longer Lifetimes will be observed by instruments with higher 

sensitivities. Therefore, polar arcs occur at least 30 % (557.7 nm) of the time or 49 % 

of the time (630.0 nm) above threshold of 50 R. A significant point here is that many 

polar arcs aie seen better from the red line emission than from green line emission. 

This will be discussed in relation to the energy of precipitated electrons in Chapter 6. 

3.4 Lifetimes and development of polar arcs 

The distribution of lifetimes of the 656 polar arcs from the ASC was determined. The 

lifetimes are defined as the time interval between appearance and disappearance of the 

polar arcs as seen within the field of view of the ASC. The vast majority of the arcs 

observed in the ASC images did originate and disappear well within the field of view. 

This field, for an assumed auroral emission height of 150 km, extended 9' of latitude 

from Eureka. Fig. 3.7a is a distribution of the observed polai arcs according to their 

lifetimes. Lifetimes of the polar arcs are usually from a few minutes to a few hours. The 

shortest lifetime of the polar arcs observed at Eureka was two minutes. The longest 

lifetime (observed on November 15, 1993) was about 10 hours, and it is not included in 

Fig. 3.7a. The distribution quickly decreased for polar arcs with lifetimes longer than 

40 minutes. As shown by Fig. 3.7a, over 50 % of the observed polar arcs have lifetimes 

less than 20 minutes. Due to this fact, a more detailed lifetime distribution between 1 

and 30 minutes is shown in Fig. 3.7b. It indicates that the observed polar arcs were 

distributed mainly between 3 min and 20 min of lifetime. 



Comparison between MSP and ASC observations of polar arcs 
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Figure 3.6: Plots of percentage of time with polar arcs observeci each day by the ASC (dashed line), 

the MSP 630.0 n m  channel (solid line) and the MSP 557.7 nm chanael (dotted line) for the sdected 

38 days in the 1993-94 winter period. 

3.5 Motion, shape and bifurcation of polar arcs 

Generally speaking, polar arcs moved mainly either duskward or dawnward. In order 

to study these differing motions of polar arcs, the polar arcs observed in the 1990- 

93 winter penods were divided into two groups - dusk sector and dawn sector. Fig. 

3.8a shows the direction of motion of polar arcs observed in the dusk sector with 

respect to the sun-aligned direction. Positive angle implies velocity of the motion 

has a dawnward component and the negative angle shows the motion has a duskward 

cornponent. The distribution indicates that most of polar arcs in the dusk sector 
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moved either in the duskward direction or dawnward direction. The polar arcs moving 

duskward (or equatorward direction) are twice as numerous as those moving dawnward. 

Only a few of the polar arcs moved in other than dawn-dusk directions. Fig. 3.8b shows 

that the polar arcs observed in the dawn sector also moved mainly in either dawnward 

or duskward directions. This is the same as that of those polar arcs observed in the 

dusk sector. However, the polar arcs observed in the dawn sector had almost the same 

probability of moving either dawnward or duskward. The distribution dso indicates 

that the polar arcs in the dawn sector can move in virtually any direction, though 

the occurrence rate of polar arcs which moved in directions other than the dawn-dusk 

direction is not significant. This suggests that the po1a.r arcs are predorninantly sun- 

aligned with a few cases of non sun-aligned polar arcs as only motion perpendicular to 

the polar arcs could be detected from the ASC images. The motion in the dawn-dusk 

direction is considered to be controlled by the IMF B, component [Valladares et  al., 

19941. Speed of the motions varied from tens of meters per second to up to 1 krnls. 

Polar arcs also changed their shape in addition to their motion in the dawn-dusk 

direction. While polar arcs are usudy  in a straight line, they are also often observed 

with wave stmctures as illustrated in Fig. 3.9. The diagram shows that a polar arc 

first appear as a straight and thin arc around 1930 UT. The arc began to take a bow 

shape (half wave) about 75 minutes later. The arc then developed into a S-shaped (one 

full wave) arc within 5 minutes. Finally the arc took a shape of wave (multi-S) form 

around 2103 UT. 

Multiple arcs, bifurcation of a single arc, merging of double arcs and other special 

features, such as approximated the shape of the letters C, E, V, S and H were also 

observed. Fig. 3.10 and 3.11 show a polar arc appeared as a C and then changed to E 

and finally took a straight line shape. Those shapes of polar arcs other than a straight 

line indicate a special configuration structure in the magnetosphere. 

An example of bifurcation of a single polar arc is shown in Figure 3.12, which is a 

selected sequence of the ASC images of a strong polar arc observed on November 1, 

1991 from 0439 UT to 0451 UT (just the first 12 minutes of the lifetime of the arc). 

The polar arc appeared around 0439 U T  as a thin sun-aligned arc. Both the width and 

intensity of the arc increased quickly with time and the single ~ o l a r  arc split into two 



Motion of polar arcs in evening sector 
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Figure 3.8: The distribution of directions of motion of polar arcs observed in (a) the dusk sector (127 

arcs) and (b) the dawn sector (131 arcs) fiom 1990-93 winter periods. 



Eureka ASC Images January 10, 1993 

Figure 3.9: A aequence of the ASC images of a polar arc observed on January 10, 1993. The !%st 

image waa taken at 19:03:00 UT and the last image at 21:03:43 UT. AU the images were taken with 

green (557.7 nm) Hter urccpt the image at 20:51:36 UT which w m  taken without any flter. The 

sequence of imagea showa how a thin and straight polar arc developed to take a half wave form, a 

single wave form (S shape) and wave form (mdti-S ehape). 



Eureka ASC Images Nov. 22, 1993 

Figure 3.10: A selected eequence of the ASC imagcu observed on Nov. 22, 1993 irom 10:28:00 UT to 

10:39:43 UT. The f i s t  5 images f i om 10:28:00 UT to 10:33:14 UT show the formation of a polar arc 

which approximates the shape of the letter C. The remaiaing images indicate how the arc changed to 

E shape. 



Eureka ASC Images Nov. 22, 1993 

Figure 3.11: A sequence of the imagea following the imagea ehown in laat Figure. The sequence is 

from 10:42:38 UT to 11:10:18 UT. It shows how the E shaped arc gradually changecl to a sun-aligned 

arc. 



Figure 3.12: A sequence of ASC imagea of a polar arc obaerved on November 1, 1991 from 0439 UT 

to 0451 UT, taken at about one minute intemals. The arc ikat appeared ae a thin wcak arc around 

0439 UT and then it brightuied and bifurcated around 0441 UT. 



arcs at 0441 UT just two minutes after its first appearance. One segment of the double 

arc ( the short one) faded within one and half minutes. The intensity of the remaining 

arc kept increasing and reached 10 kR (557.7 nm) at  0445 UT. This example indicates 

that bifurcation occurred when the single polar arc brightened and it was a transient 

phenornenon. During the period of the arc, the IMF Bz quiddy dropped from 20 nT 

at  0400 U T  to O nT at 0530 UT and the IMF Bv stayed above 20 nT with a quick 

change between 0400 U T  and 0500 UT. 

Another example of polar arc bifurcation is shown in Figure 3.13, which is a selected 

sequence of the ASC images fiom 2040 UT to  2053 UT on November 9, 1992. The 

polar arc appeared at 2039 U T  and disappeared at 2100 UT. The polar arc began to 

to brighten around 2042 UT. About 3 minutes later, amund 2045 UT, the arc split 

when it reached maximum intensity. Multiple polar arcs were formed around 2046 

UT. These multiple polar arcs decayed into a pair of pardel  polar arcs around 2048 

UT. This example further suggests that bifurcation occurs only when a single polar arc 

bnghtens. The IMF B, changed quickly from 18 nT at 2040 UT to O nT at 2100 UT. 

IMF B, changed quiddy from 8 nT at 2035 UT to 18 nT at 2045 UT. These abrupt 

changes in the IMF occurred very shortly before the arc brightening and bifurcation. 

Whether the two events were related is uncertain. 

3.6 Polar arcs and Kp index 

The relation between polar arcs and Kp levels was studied based on the 4 winter data 

sets (656 polar arcs). Kp ia a measure of the level of global magnetic activity, and those 

data are available continuously while solar wind data are intermittent. In order to see 

possible so1a.r cycle effects, the relation between polar arcs and Kp level was examined 

for each winter from 1990 to 1994. 

Fig. 3.14 shows the number distributions of polar arcs against K, level for each of 

the four winters from 1990-9 1 to 1993-94. These figures show very similar distributions. 

The peaks of the distributions are at Kp level of 1, 3, 2 and 2 from the winter 90-91 

t O winter 93-94 respect ively. These indicate t hat polar arcs occurred predominately 

with middle or middle-low Kp level. Polar arcs were also observed at extremely low 



Figure 3.13: A aequence of the ASC images of a polar arc o h e d  on November 9, 1992 fiom 2040 

UT to 2053 UT. The arc exteadcd fiom dayside to the nighbide and moved duakward before 2042 UT. 

It moved dawnward after 2042 UT and brightened when it rtached the eenith of the ASC. Bifurcation 

began around 2044 UT and multiple polar arcs formed around 2047 UT due to the developrnent of 

the bifwcation. These multiple polar arcs hally decayed into two arcs with a wavt structure. 
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Figure 3.14: Polar arc nurnber distribution by K p  level: (a) 1990-91 winter, (b) 91-92 wintcr, (c) 92-93 

winter and (d) 93-94 winter. 



magnetic activity ( K p  = 0) and very disturbed magnetic conditions ( K p  = 7). It 

was not possible to draw a conclusion fiom these distributions of polar arcs by K, 

level because the distribution of K, level itself is not uniform. Fig. 3.15a shows the 

distribution of K, level itself for the 1990 to 1992 winters. The peak of the distribution 

is at I(, = 2. In order to make a cornparison between the polar atc dist~bution and 

the K p  distribution, the polar arc distributions for the 4 winters shown in Fig. 3.14 

were combined and plotted in Fig. 3.15b. It shows the peak of the distribution is at 

Kp = 2, which is the same as that of the Kp distribution. Overall, both distributions 

are very similar to each other. The normalized polar a,rc distribution (Fig. 3.15b by 

Fig. 3.15a) is relatively uniform. This suggests that (a) polar arcs occur independently 

of the level of I(,, or (b) both polar arcs and Kp levels are similarly infiuenced by solar 

activity. 

3.7 Polar arcs and IMF orientation 

The orientation of the interplanetary magnetic field kffects the configuration of the mag- 

netosphere and the coupling between the solar wind and the magnetosphere. Therefore, 

the orientation of the IMF must influence the occurrence of polar arcs. The following 

subsections investigate how polar arcs are related to IMF B,, B, and B,. IMF data 

which were collected by the Interplaaetary Magnetic Field Probe (IMP-8) satellite were 

available dunng the lifetimes of only 208 of the 656 polar arcs observed. The following 

andysis is based on those 208 polar arcs. 

3.7.1 Effect of IlMF B, 

The IMF B, is the component dong the sunward direction. Fig. 3.16a is a plot of 

polar arc occurrences as a function of IMF Bz from -20 nT to  20 nT. The dashed Line 

is a fitted curve of the distribution by using a least-square polynomial fit although 

the distribution does have three peaks at B, = -5,O and 5 nT. The largest peak is 

locates at B, = O. The distribution is sy-etnc around B, = O nT. Forty percent of 

the polar arcs occurred with negative IMF B,, 12.5 % with IMF B. = O and 47.5 % 

with positive IMF B,. In order to find the relation between polar arcs and IMF Bz 
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component, it is necessary to investigate the distribution of IMF Bz itself. Fig. 3.16b 

shows a distribution of numbers of minutes when an All-sky Image Photometer (ASIP) 

was on dunng a period of 1986-87 winter as a function of B. (after Valladares et al, 

1994). It is assumed here that this distribution does not change with solar cycle. The 

figure shows a symmetric distribution with two peaks at B, = -4 and +3 nT and a 

locd minimum around &=O nT. Comparing Fig. 3.16a and Fig. 3.16b, it is suggested 

polar arcs occur preferentially when IMF Bz is near O nT. 

3.7.2 Effect of IMF By 

It is believed that the IMF By component controls the dawn-dusk position of polar 

arcs. Fig. 3.17a, similar to Fig. 3.16a, is a plot of polar arc distribution with IMF By 

fkom -20 nT to 20 nT. The dashed line is again a fitted curve. Those polar arcs which 

occurred with IMF By > 20 nT or IMF Bv < -20 nT were counted as cases of IMF B, = 

20 nT or -20 nT. The distribution is not symmetric around Bv=O. It has two peaks at 

Bv = -1 nT and 4 nT. Some 38 % of the polar arcs occurred with negative IMF Bv, 

14 % with By =O, and 48 % with positive By. Therefore more polar arcs occur with 

positive or duskwud B,. Fig. 3.17b is similar to  Fig. 3.16b, but as a function of IMF 

B,. This shows the Bv component has a roughly symmetric distribution and slightly 

more negative (dawnward) By cornponent than positive (duskward) By- This shows 

that more polar arcs occurred with positive Bv component than those with negative 

IMF B,. 

3.7.3 Effect of IMF Bz 

Polar arcs have been considered to be strongly influenced or controlled by the the sign 

of the IMF Bz. The orientation of the IMF Bz directly affects wupling between the 

solar wind and the magnetosphere. Fig. 3.18a illustrates the distribution of polar 

arcs by IMF B,. All cases with B, > 20 nT were counted B,=20 nT. The dashed 

line is a fitting curve. The major part (78 %) of polar arcs occurred with posiiive 

(northward) B,, 6 % with &=O, and 16 % of the polar arcs occurred with negative 
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Figure 3.16: The distribution (a) of polar arcs in relation to the IMF B, component and (b) of the 

number of minutes when the AU-aky Image Photometer (ASIP) was on during a period of 1986-87 

winter aa a function of the IMF B, level. (after Valladares et al., 1994). 
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Figure 3.17: The distribution (a) of polar arcs in relation to the IMF Bv component and (b) of n u b e r  

of minutes when the ASIP was on during a pcriod of 1986-87 winter as a function of the IMF By. 

(after Vaiiadares et al., 1994) 



IMF The peak of the distribution is located at Bz=3 nT. Fig. 3.18b is a plot of IMF 

B, distribution, similar to the plot of IMF B, in Fig. 3.16 fiom Valladares et al.. 

[1994]. This distribution shows that the IMF Bz is positive about 60 % of the time. 

This shows that polar arcs occurred predominantly with positive IMF Bz- 

3.8 Polar arcs and the solar wind 

Solar wind plasma is generally the energy and particle source for activity in the mag- 

netosphere, including the polar auroral activity. The orientation of the IMF especially 

the Bz component, affects occurrence of polar arcs. It is worthwhile here to see how 

solar wind parameters such as solar wind speed, density and dynamic pressure are re- 

lated to polar arcs by examining the solar wind data in conjunction with the polar arc 

data. Solar wind data fiom the IMP-8 satellite were provided by the NSSDCINASA. 

3.8.1 Solar wind speed and polar arcs 

Solar wind speed is considered to be one independent parameter relating to polar arcs 

[Gussenhoven, 19821. Fig. 3.19a is a polar arc occurrence distribution according to 

solar wind speed. The peak of the distribution is located at solar wind speed of 350 

km/s. There is a sharp drop of the distribution around solar wind speed 360 krn/s. 

The distribution doesn't change very much with solar wind speed larger than 360 krn/s. 

Fig. 3.19b is a histogram of solar wind speed (after Gosling, 1972). It shows that the 

median solar wind speed was 380 km/s around solar minimum. When this histogram 

of solar wind speeds is normalized to compare with the polar arc distribution of Fig. 

3.19a the two curves are seen to be roughly similar. This suggests that solar wind 

speed may not have a major effect on occurrence of polar arcs. 

3.8.2 Solar wind density and polar arcs 

Solar wind density varies from a few to over one hundred particles per cubic centimeter. 

The large variations in the solar wind density do change momentum flux and dynamic 

pressure so they may affect the polar auroras. Fig. 3.20a is a plot of the polar arc 
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Figure 3.18: The distribtution (a) of polar arcs in relation to the IMF B, component and (b) of 

nuniber of minutes when the ASIP was on during a period of 198687 winter as s function of IMF B,. 

(after Valladares et al., 1994). 



Distribution of polar auroras at Eureka 
3 0 1 - ' . . 1 v 7 . . 1 . . - . 1  n - . . . l . . . . ~  

Solar wind speed (km&) 

Speed ( k m  sol 1 

Figure 3.19: (a) The distribution of polar arcs in relation to solar wind speed. (b) The distribution 

of solar wind speed itself in relation to obaemng time (after Gosiing, 1972). 



distribution observed as a function of solar wind density. The distribution appears 

similar to the sol- wind density distribution itseif [Rosenbauer, 19821. 

3.8.3 Solar wind dynamic pressure and polar arcs 

Solar wind dynamic pressure controls the size and shape of the magnetosphere. Fig. 

3.20b is a plot of the polar arc occurrence distribution with solar wind dynamic pres- 

sure. Because of the linear relationship between the solar wind density and so1a.r wind 

dynamic pressure, Fig. 3.20b is very similar to  Fig. 3.20a. How solor wind dynamic 

pressure changes induce polar arcs is investigated in the next chapter. 

3.9 Energy of precipitated electrons: A preliminary result 

3.9.1 Relation between auroral intensity ratio and eIectron energy 

The energy of precipitated electrons determines which auroral emissions will be most 

efficiently excited. Therefore, the energy of precipitated electrons could be estimated 

from the intensity ratio of different emissions. Two empirical formulas were obtained 

between 630 .O, 557.7, 427.8 n m  emission ratios and precipitated electron energy [S teele 

and McEwen, 19901, namely 

1630.0 = 3.3 x E,-~-' 
1427.8 

(3.1) 

1557.7 = 5.6 x E F O - ~  
1427.8 

(3.2) 

where IWa0, 155i.1 and 1427.8 are the intensities (in rayleighs) of auroral emissions at 

630.0 nm, 557.7 n m  and 427.8 nm respectively and E. is the characteristic energy of 

the precipitated electrons in keV. Combining these two equations, we have, 



Distribution of polar auroras at Eureka 

30 
Solar wind density (cm") 

60 

O 1 2 
Solar wind dynan~ic pressure (1 ug Pa) 

Figure 3.20: The distribution of polar arcs in relation to (a) sol= wind density and (b) solar wind 

dynamic pressure. 



This equation can be used to estimate precipitated electron energy based on the inten- 

sity ratio of 557.7 nm and 630.0 nm emissions. 

Figure 3.21: The estimated energy of precipitated electrons which causeci the transpolar arc on Novem- 

ber 15, 1993. 
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The formula shown above requires the auroral volume emission intensity ratio in cal- 

culating the electron characteristic energy [Steele and McEwen, 1990]. Therefore, the 

energy of precipitated electrons was estimated when the polar arcs were at or very 

close to the zenith using intensities measured by the MSP. Fig. 3.21 is a plot of elec- 

tron energy between 1146 UT and 1148 UT on November 15, 1993 associated with a 

transpolar arc. It shows the choracteristic energy of the precipitated electrons is £rom 

1.5 keV to 2.1 keV. This is well above the typical energy ( a few hundred eV, see Fig. 

3.22) of precipitated electrons for polar arcs [Meng and Makita, 19861. 

- - - - 

Fig. 3.22 shows a second example of electron energy associated with a sun-aligned 

polar arc observed on December 16, 1993. The electron energy is from 0.5 keV to 0.9 

keV in this case. 
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The third example is an a.rc expanded poleward trom the nightside auroral oval. 

The arc was observed with a magnetic storm on February 21, 1994. Fig. 3.23 is a 

plot of electron energy between 0922 UT and 0928 UT. The figure shows the electron 

energy is from 2.1 keV to 3.3 keV. During the period of the magnetic storm (and polar 

arc), the Geotail satellite was located on the dayside of the magnetosheath. It recorded 

the energy of peak electron flux between 2.0 and 3.0 keV, see Fig. 3.24 (from Mukai, 

Tokyo University), in qualitative agreement with the ground observations. 

3.10 Summary 

Polar arcs were observed with high resolution and sensitivity with an ASC and MSP 

through the four winters from 1990 to 1994 in the central polar region. Their main 

statistical characteristics are: 

(a) There were 656 polar arcs observed by the ASC during the four winter periods. 

The polar arcs occurred 8 % of time on average. There was a diumal variation on the 

occurrence pattern of the polar arcs. The amplitude of the diunial variation was 37 % 

of the mean occurrence rate. 

(b) The lifetimes of the polar arcs varied fiom 2 minutes up to 10 hours. Their 

mean lifetime is was minutes. However, half of the polar arcs had lifetimes less than 

20 minutes. 

(c) Bifurcation of a single arc was likely to happen when the intensity of the arc 

increased quickly. 

(d) Of the polar arcs observed, 78 % were with the IMF Bz northward and 16 % 

were with the IMF B, southword. (for the remaining 6 %, Bz was zero.) 

(e) Polar arcs above a 50 R threshold were observed 30 % of the time from the 557.7 



nm emission and 49 % of the time from the 630.0 nm emission on average. 



Figure 3.22: The estimated energy of precipitated electrone which caused the polar arcs on December 
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Figure 3.23: The estimated energy of precipitated electrone which caused the mid-night auroral oval 

1 - 
* O 

4) *m.* -. - a -  
* .. 

O - .  . . . l  S I . ,  1 . .  . . , . .  , . , , . . . :  
1 .O 1.5 2 0  2 5  3.0 3.5 

Universal Time (hour) 

ucpansion arcs on February 21, 1994 ( with a magnetic storm). 



Figure 3.24: The plots of particle flux-energy by UT detected by the Gcatail satellite in the solar wind 

on F'ebruary 21, 1994, (a) eiectroaa, (b) iona. The vertical axia is in keV and the horizontal axis is in 

UT hours. The flux of electrons and ions is in count-rate. (fiom Mukai, Tokyo University , 1994). 



Chapter 4 

Solar wind dynamic pressure and 

polar arcs 

4.1 Introduction 

Changing solar wind dynamic pressure causes variations of magnetosphenc activities, 

including auroral processes. Sandholt e t  al. (1 9941 found t hat cusp/cleft auroral activ- 

ity is partially governed by solar wind dynamic pressure pulses and IMF orientation. 

Craven et  al., [1986] found that when IMF Bz was southward, auroral activity in the 

auroral oval responded to magnetospheric compressions by shocks in the solar wind 

within 1-18 minutes depending on local magnetic time. When a magnetospheric com- 

pression resulted £rom a shock in the solar wind with northward IMF B,, a trampolar 

arc was formed initidly in the midnight oval and then extended to the dayside oval. 

Thus activities in solar wind affect auroras in both the auroral oval and polar cap. 

The purpose of this chapter is to show relationships between solar wind dynamic 

pressure enhancements and polar arcs. The following sections will show, for the first 

time, arcs in the central polar cap were directly related to solar wind dynamic pressure 

enhancements . 



4.2 Solar wind dynamic pressure enhancements 

A solar wind dynamic pressure enhancement here refers to a sudden increase of solar 

wind dynamic pressure (P). In order to make the study of the relationship between 

the enhancements and po1a.r arcs quantitative, only those enhancements above some 

arbit rary t hresholds were considered: firstly, only cases where the solar wind dynamic 

pressure was at least 2.5 times the normal average solar wind dynamic pressure Po 

(- 0.2 x 10-9Pa); secondly, only cases where the dynarnic pressure rate of change, af- 

ter smoothing of the raw data, was greater than 0.024 x IOeg Palmin. The smoothing 

used was a &point averaging (0.5, 0.75, 1.0, 0.75, 0.5) of each data point. The events 

due to single point excursions were rejected. These thresholds were established to limit 

the nurnber of enhancements investigated to only the few most major ones. 

A total of 25 solar wind dynarnic enhancements which satisfied the above criteria were 

identified from IMP-8 data in the 1991-92 and 1992-93 winter periods. Polar auroras 

followed al1 of the enhancernents wit h variable time delays [Zhang e t  al., 19941- 

Details of how polar auroras follow the dynamic pressure enhancements are discussed 

in the next section. The MSP data were used in this study of the relation between 

the enhancements and polar arcs since the MSP was more sensitive than the ASC. 

Some of the polar arcs which appeared were above the 300 R threshold of the Carnera. 

Following are case studies of major events of solar wind pressure enhancements foilowed 

by polar arcs. 

4.2.1 Events on November 22, 1992 

Figure 4.la is a plot of solar wind dynamic pressure versus universal time on November 

22, 1992. The data were obtained from IMP-8 satellite. The data displayed here were 

sarnpled once every minute. The dynamic pressure was above 5 x 10-''Pa between 
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Figure 4.1: Solar wind dynamic pressure enhancements and polar arcs on November 22, 1992. (a) The 

solar wind dynamic pressure, (b) Gradient of the dynamic pressure, (c) The MSP mean scan intensity 

of polar arcs (557.7nm and 630.0 n m  crnissions), (d) IMF B,. 



0400 UT and 1200 UT,  as show by the solid line in Fig. 4.la,  and declined to a stable 

level about 2 x 10-''Pa after 1300 UT. There are 2 data gaps in the IMP-8 data. The 

solar wind speed was stable (around 420 km/s) during the day. This implies that the 

solar wind dynamic pressure followed the solar wind density changes. Fig. 4.1b shows 

a plot of the rate of change of the dynamic pressure ( d P / d t ) .  A weighted five point 

averaging was employed to remove high frequency oscillations. The solid line in Fig. 

4.1 b indicates the threshold rate of increase of 0.024 x 10-gPa/rnin. Fig. 4 . lb shows 

that the time derivative of the dynamic pressure had eight peaks between 0700 UT 

and 1100 UT which were at or above the threshold. The peak at 0920 UT was due to 

a single point excursion so was rejected. The dynamic pressure (Fig. 4.la) was above 

5 x 10-''Pa during this whole period. Therefore these peaks represent sol= wind 

dynamic pressure enhancements according to our definition in the previous section. 

The seven peaks at 0730, 0803, 0815, 0838, 0859, 0922 and 1045 UT are identified as 

solar wind dynamic pressure enhascements. These peaks are discussed in turn, and 

are tabulated in Table 4.1, 

Table 4.1: A liat of solar wind dynamic pressure enhancemente and polar auroraa on November 22, 

Fig. 4. lc shows the average MSP scan intensity from 0' to 180' degrees of elevation 

Enhancement 

[hr:min] 

angle for the 557.7 nm and 630.0 nm channels. The high level of 630.0 nm intensity 

corrected delay 

[min] 

96 

89 

Apparent delay 

[min] 

dP  - 
pod t 

[% min-'] 

94 

87 

IMF Bz 

[ nT ] 
0730 1 28 

Auroral peak 

[hr:min] 

9 

9.5 0803 

0904 

0930 30 



between 1600 UT and 2000 U T  is due to twilight. The wave structure of 557.7 nm 

intensity is due to atmospheric wave modification of the airgiow, or sources other than 

auroral emissions. There are six discrete peaks between 0900 and 1200 UT on the 

plot of 557.7 nm intensity. The f is t  peak is focated around 0904UT. The second peak 

through the sixth were observed at 0930, 0939, 1027, 1057 and 1104 UT. These peaks 

are identified as due to auroral emissions. The dynamic pressure enhancements fiom 

the &st one at 0730 U T  to the sixth one at 0922 UT cover a tirne interval of 112 

minutes. The six auroral intensity peaks from 0904 to 1104 UT cover a period of 120 

minutes, which is almost the same as the 112 minute time interval for the solar wind 

enhancements. This suggests that the auroral emissions between 0904 UT and 1104 

UT may be related to the solar wind dynamic pressure enhancements between 0730 

and 0922UT. It is reasonable to assume that each of the six auroral intensity peaks fol- 

lowed one of the six enhancements. The time delay between the six enhancements and 

the auroral intensity peaks are 94, 97, 84, 109, 118, 102 minutes respectively. These 

time delays are the elapsed times between each enhancement recorded at the IMP-8 

satellite and the times the auroras reached peak intensity. 

Because of the distance between the IMP-8 and the earth, the 'apparent' time delay 

had to be corrected according to the position of IMP-8 and the solar wind speed. The 

rotation of the Sun makes the solar wind flow deviate from the sun-earth direction. A 

two dimensional convection effect needs to be considered due to the rotation of the Sun 

(see Appendix A). Table 4.2 shows the position of IMP-8 satellite a t  the time of the 

enhancements. The solar wind speed was measured at 420 km/s during the periods of 

those enhancements. The corrected time delays for these events are included in Table 

4.1. Ln general the time delay corrections were between 1 and 8 minutes. 

Since the IMF orientation plays a very important role in the solar wind - magne- 

tosphere coupling it is important to check the orientation of IMF, especially the B. 

component, and its effect on the auroral response to the enhancements. Fig. 4. l d  is a 

plot of the IMF Bz component in units of nT. The Bz component was mainly positive 

(northward) with short periods southward between 0730 and 0930 UT. It became neg- 



Table 4.2: Position (GSM) of IMP-8 satellite on Novaber 22. 1992. 

1 UT [hr:min] 1 X [RE] I I I  Y [RE] Z [RE] 

ative around 1020 UT and kept southward until 1220 UT. A close examination of the 

IMF Bz shows that Bz was 9.0, 9.5, 12.0, 8.0, 8.5, -4.0 and -5.0 nT at the times of the 

seven successive enhancements. It appears that the ikst three peaks of aurord inten- 

sity correspond to the f i s t  three enhancements with time delays of about 90 minutes. 

The IMF Bz was positive (nort hward) and was well above zero during this period. The 

last enhancement at 1045 UT was followed by the last auroral peak at Il04 UT. This 

gives an apparent time delay of 19 minutes. The IMF Bz was southward in this case. 

These four cases suggest that orientation of the IMF B, affects the time delay, positive 

B, relating to long time delays and negative Bz relating to short time delays. 

The fourth and fifth enhancements are associated with positive B, and the corre- 

sponding auroral peaks are at 1027 and 1057 UT. These give apparent time delays of 

109 and 118 minutes respectively which agree with the analysis of the previous four 

cases. 

The third aurora (peaking at 0939 UT) appears to be initiated by two separate 

solar wind enhancements, the one at 0815 UT and the one at 0922 UT. The apparent 

tirne delays were 84 minutes and 17 minutes respectively, but the IMF B, had turned 

southward by 0922 UT. Fig. 4.k shows that the third peak (0939 UT) of auroral 

intensity is well above the other peaks, which supports this conclusion. Table 4.1 



gives a summary list of these enhancements recorded on November 22, 1992 with the 

corresponding auroras as interpreted above. 

4.2.2 Events on December 17, 1992 

Fig. 4.2 is a plot of solar wind dynamic pressure, gradient of the pressure, mean 

MSP scan intensity a d  IMF Bz. Its format is identical to Fig. 4.1. Following the 

same procedure as in the last sub-section to identify the solar wind dynamic pressure 

enhancements, in Fig. 4.2b one can h d  six peaks above the solid line (indicating a 

level of 0.024 x l ~ - ~ P a / m i n )  . The f i s t  peak has an accompanying small peak and 

the two that are considered as a single peak. For the  same reason, the fourth peak 

which consists of three closely spaced peaks is treated as a single peak also. The solar 

wind dynamic pressure corresponding to these peaks is above a level of 5 x 10-''Pa. 

The third peak of dynamic pressure gradient at 1320 UT is due to a single point jump 

of data and therefore this peak is excluded from the list. AU other peaks are identified 

as dynamic pressure enhancements. These five enhancements occurred at 0613, 0705, 

1509, 1836 and 1918 UT respectively. 

By checking Fig. 4.2c, the MSP scan intensities, auroral peaks following the en- 

hancements are identified as at 0645, 0740, 1508, 1841 asd 1945 UT. The auroral peak 

at 0645 UT actually consists of two closely spaced peaks. The auroral enhancement 

at 1508 UT consists of three major peaks. These multiple ~ e a k s  corresponding to the 

multiple pressure enhancements are further evidence t hat the polar auroras followed 

the solar wind dynamic pressure enhancements. The values of the IMF Bz at time of 

the enhancements are shown in Table 4.3. Time delay corrections were obtained fol- 

lowing the procedure of Appendix A. Corrected time delays for these events are shown 

in Table 4.3. 

4.2.3 Events on December 16, 1993 

Quite a few solar wind dynamic pressure enhancements were also observed on December 

16, 1993. They are illustrated in Fig. 4.3. 
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Figure 4.2: The same as Fig. 4.1, but for December 17, 1992. 
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Figure 4.3: The same as Fig. 4.1, but for December 16, 1993. 



Figure 4.3a shows the dynamic pressure is mainly above 0.5 x 10-~Pa between O100 

and 1200 UT. Fig. 4.3b indicates that there are seven peaks in the pressure gradient. 

They are located at 0140, 0248, 0646, 0810, 0845, 0923 and 1032 UT respectively. The 

dynamic pressures corresponding to these peaks are all above 0.5 x 10-'Pa. 

Table 4.3: Solar wind dynamic pressure enhancements and polar arcs, December 17, 1992. 

Polar arcs were identified corresponding to all the enhancements. These polar aurora 

peaks were observed at 0251, 0338, 0739, 0842, 0908, 0934, and 1204 UT (see Fig. 

4.3~).  The auroral peak at 0215 U T  followed a gap in the solar wind data. The aurord 

information plus the IMF Bz level and the corrected time delays are listed in Table 4.4. 

There were multiple auroral peaks from 1210 to 1330 UT which didn't follow major 

pressure enhancements. 

Dunng these events, the solar wind speed increased almost linearly from 400 km/s 

at 0200 U T  to 650 km/s at 1400 UT and then remained stable at 650 km/s level. In 

the previous two cases, the solar wind speed remained constant. 

Enhancement 

[hr:min] 

4.2.4 Events on Jan. 12, 1992 

One more example of 5 successive solar wind enhancements on Jan. 12, 1992 is shown 

in Figure 4.4. These five peaks are dynamic pressure enhancements with with gradient 

of the dynamic pressure above the level of 0.024 x Pa/min and dynamic pressure 

above the pressure threshold of 0.5 x IO-' Pa. They were observed at 0641, 0911, 0935, 

1025 and 1552 UT. The intensity peak of polar auroras following the enhancements 

dP - 
podt 

[% min-'] 

IMF Bz 

[ nT ] 

corrected delay 

[min] 

auroral peak 

[hr:min] 

apparent delay 

[min] 



Table 4.4: Solar wind dynamic pressure enhancementa ai 

I l 
Enhancernent 1 6 1 IMF B, 1 amoral peak 

- "-- 

[hr:min] 1 [% min-'] [ nT ] [h.: min] 

1 polar arcs, December 16, 1993. 

apparent delay corrected delay 7 r f T r  

are identified at 0702, 0947, 1013, 1038 and 1621 UT. The first four aurord peaks are 

best seen at 630.0 nm emission. The values of t h e  IMF Bz and the corrected time 

delays are listed in Table 4.5. There were aurord peaks between 1200 and 1400 UT 

not associated with major pressure enhancements. 

Table 4.5: Solar wind dynamic pressure enhancementa and polar a r a ,  January 12, 1992. 

I 
Enhancement 1 ( IMF B, 1 amoral peak 1 apparent delay corrected delay 1 

The 25 major solar dynamic pressure enhancements were found to be followed by polar 

arcs observed at  Eureka with different time delays. The time delays appeared to be 

[hr:min] 1 [% min-'] 1 [ nT ] 1 [hr : min] 1 [min] [min] 
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controlled by the orientation of the IMF B,. These stnking cases of solar wind dynamic 

pressure enhancements followed by polar arcs wiU be discussed in Chapter 6. 





Chapter 5 

Mapping of polar arcs 

5.1 Introduction 

The source of the electrons which cause polar arcs is one of the most important prob- 

lems in auroral study. Motions of electrons are guided by the geomagnetic field lines 

in the magnetosphere. Therefore, precipitated electrons causing auroras con be traced 

(mapped) back to their source regions along magnetic field lines. Mapping of polar 

arcs is ac tua l l~  to find the magnetic field lines which connect the area where polôr orcs 

occurred and the region in the magnetotail ( s e  a 3-D structure of the magnetosphere 

shown in Fig. 1.3). A magnetic field line configuration must be assumed before the 

mapping can be done. The magnetic field in the near earth environment has contri- 

butions fiom a number of different current sources. The simplest model describing 

the magnetic field around the earth is the dipole model which was developed many 

centuries ago. The dipole model just includes currents inside the Earth. The discovery 

of the ionosphere more than half a century ago opened a new world of space plasma 

studies. Currents in the ionosphere contribute to most of the daily variations in the 

magnetic field observed on the surface of the Earth. A magnetic field mode1 cdled 

the International Geomagnetic Reference Field (IGRF) was developed to represent the 

magnetic field in near earth space. The IGRF is much better than the simple dipole 

model in describing the magnetic field around the Earth. However, the IGRF is still 

not sufficient to represent the rnagnetic field in the magnetosphere. An ideal model 



should meet two main requirements [Stern and Tsyganenko, 1992; Stern 19941: (1) It 

should faithfully represent the effects of five main sources of the magnetospheric field: 

The Earth's internal field, magnetopause currents, ring currents, tail currents, and the 

system of Birkeland currents. (2) It should be flexible, taking into account various 

factors that d e c t  the magnetosphere. One is the tilt angle. Other factors are indices, 

such as auroral electrojet index (AE), Dst, the solar wind pressure (P), IMF and area of 

the polar cap. Recently, global magnetic field models which include the contri butions 

of currents in the magnetosphere as well as the effects of IMF were developed. The 

Tsyganenko series models, Rice University model and modified Tsyganenko model are 

among those global magnetic field models. 

Tsyganenko models are empiricd models based on a large satellite data set. The 

most recent model T89 [Tsyganenko, 1989a] is selected here for mapping polar arcs to 

their source region. The T89 model tokes into account the effect of warping the tail 

current sheet in two dimensions due to the geodipole tilt, as well as spatial vaxiations of 

the current sheet thickness dong the sun-earth and dawn-dusk directions. Therefore, 

it improves the quantitative representation of the magnetic field in the magnetosphere 

comparing to the earlier T87 model [Tsyganenko, 1989a, 19901. 

5.2 T89 global magnetic field model 

The T89 mode1 includes the contribution of currents in the magnetosphere, such as 

the ring current, the magnetotail current, tilt angle and Kp level effects are inputs 

to the model. But the field-aligned, or Birkeland, currents and the effect of the IMF 

were not included [Tsyganenko, 1989aI. Al1 effects of the currents are represented by 

an d-purpose "polynomial" in the model. It is used in conjunction with the IGRF. 

As the model is an averaged model, it does not properly describe fast variations. It 

is claimed to be valid only out to X= -70 RE [Tsyganenko, 1989al. Fig. 5.1 shows 

an example of a cross-section of geomagnetic field lines in X-Z plane using Geocentric 

Solar Magnetospheric (GSM) coordinates (with Kp = 2, at 1200 UT, December 14, 

1990). The magnetic field near the earth is mainly a dipole field but the magnetic field 



in the magnetosphere takes form of a 'Cornet tail' as it represents the average field in 

the tail region. Fig. 5.1 also shows the magnetic field lines are not symmetric about 

the X-axis due to the effect of the tilt angle of geomagnetic dipole axis. 

Figure 5.1: Magnetic field lines in X-Z (GSM) plane from Teyganenko magnetic field mode1 (T89). 

Mapping of individual polar arcs 

Field view of the ASC in the magnetotail 

For mapping the particles exciting polar arcs back to their source regions, useful 

to fmd where the entire ASC field of view maps to  in the distant magnetosphere. If an 

auroral height of 150 km is assumed, then the radius of the ASC viewing area in the 

ionosphere is about 9 degree of latitude. A simple way is to map the edge of the -4SC 



viewing area in the ionosphere into the magnetotail dong the magnetic field lines. Such 

mapping was performed for December 14, 1990 at different UT values with Kp = 0. 

Fig. 5.2a is the edge of the ASC field view mapped in the Y-Z plane (GSM) of the 

magnetotail at X=-20 RE at 0000, 0600, 1200 and 1800 UT. As the tilt angle changes 

with UT, Fig. 5.2a indicates the effect of the tilt angle on the viewing area of the ASC 

in the magnetotail. It shows the ASC was mainly viewing the northern magnetotail 

lobe. The ASC viewing area located around the middle of the northern magnetotail 

lobe at 0000 and 1200 UT. The viewing area shified to the right-Iower side of the lobe 

at 0600 U T  and left side of the lobe at 1800 UT. Fig. 5.2b is similar to Fig. 5.2a, 

but at X=-40 RE. The ASC viewing area at 0000 and 1200 UT is very similar to that 

at X=-20 RE. However, the 'tear &op' shape indicates that the ASC viewing area at 

0600 and 1800 UT extends to a region below 2=0 RE. Overd,  the ASC viewing area 

mainly maps to the northern magnetotail lobe most of the time. 

In addition to the effect of tilt ongle, the Kp level also affects the viewing area of the 

ASC in the magnetotail. Fig. 5.3 and Fig. 5.4 are the same plots to Fig. 5.2, but the 

Kp levels selected were at 2 and 4 res~ectively. Compared to Fig. 5.2a, Fig. 5.3a shows 

that the ASC viewing area is reduced and shifted down toward Z=0 RE. Fig. 5.3b also 

shows the ASC viewing area is compressed and the 'tear drop' shape disappears. Fig. 

5.4, with Kp=4, indicates that the ASC viewing area is further compressed and shifted 

toward Z=0 RE. A higher Kp indicates larger magnetosphenc currents and there- 

fore a p a t e r  compression of the magnetotail. So, the mapped area of the ASC will 

be smoller than that for lower Kp level although the particle flux density may be larger. 

5.3.2 December 14, 1990 

A bright sun-aligned arc was observed on December 14, 1990 fiom 1058 UT to 1230 

UT [Huang et al., 19951. It occurred h s t  in the midnight sector and then extended 

toward the dayside. Fig. 5.5 is a sequence of the ASC images (551.7 nm) of the polar 

arc from 1124 to 1225 UT. The sunward direction is to the right of the images. The 

sequence of the images is selected to show the growth and time history of the event. 
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Figure 5.2: ASC field view in the magnetotail at ditferent timea (0000, 0600, 1200, and 1800 UT) on 

December 14, 1990. (a) X=-20 RE,  (b) X=-40 R E .  KP = 0- 
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The arc segment appeared about 1058 UT in the left (midnight) sector of the field of 

view. By 1126 U T  the arc had extended through half the field of view of the ASC in 

the sunward direction and by 1130 UT it stretched across the whole field of the ASC. 

Structures were evident in the arc by 1138 UT and these showed as periodic folds in 

the arc by 1140 UT. The arc rnoved slowly south ( fiom dusk to dawn) dunng this 15 

minute period. The arc returned to a stable form by 1144UT, moved back toward the 

dusk sector during the following 20 minutes, and disappeared by 1230 UT. A second 

short-lived arc appeued in the midnight sector around 1216 UT and extended to the 

dayside crossing the zenith at 1217 UT. It disappeared before 1225 UT. The images of 

the polar arc at 1124:20 (il), 1125:13 ( t2 )  and 1129:33 (ta) UT were selected to map 

the precipitated electrons causing the polar arc into the magnetotail. 

The polar arc mapped to the Y-Z plane in the rnagnetotail at X=-20 and -40 RE 

at tl  as shown in Fig. 5.6. Fig. 5.6a shows that the source of the arc is pardel to the 

2-axis at X=-20 RE and covered from Z=10 RE to 2=12.5 RE and from Y=l RE to 1.5 

RE. The closed line was the mapped edge of the ASC viewing field at the ionospheric 

height of 150 km. Fig. 5.6b shows the electron source of the polar arcs located between 

2=11.5 and 15 RE ; Y=l and l.5RE at X=-40 RE of the magnetotail. 

Fig. 5.7 is a mapped image of the polar a,rc at t2.  Fig. 5.7a shows the source of 

the polar arc was still parallel to the Z axis and extended from Z=10 RE to 2=12.5 

RE. In Y direction, it covered from Y=0.7 RE to Y=1.3 RE. It was very close to the 

centrd line Y=O. Fig. 5.7b is similar to Fig. 5.7a, but at X=-40 RE. The difference is 

that the mapped image of the polar arc was located between 2=11.5 RE and Z=16.5 

RE. The Y range is fiom 1 RE to 1.6 RE. 

The mapped image of the polar arc at ta is indicated in Fig. 5.8. Fig. 5.8a shows the 

mapped image at X=-20 RE in the magnetotail. The source of the polar arc covered 

from Z=9 RE to Z=16 RE and from Y=0.3 & to 1.2 RE. In addition to the electron 

source for the original arc, a new electron source for a new arc appeared on the right 

side of the original one. Fig. 5.8b shows the source of the arc at X=-40 RE located 

from 2=10.2 to 19.8 RE and from Y=0.3 to 1.5 RE. 



Figure 5.5: A aequence of the ASC images of a polsr arc obeerved on Deeember 14, 1990 at Eureka 

fiom 1124 to 1225 UT. 
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Figure 5.6: The polar arc observcd at 1124 UT on Deccmber 14, 1990 mapped into two Y-Z cross 

sections: (a) X=-20 RE,  (b) X=-40 RE) 
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Figure 5.7: The polar arc observed at 1125 UT on December 14, 1990 mapped into two Y-Z cross 

sections: (a) X=-20 RE, (b) X= -40 RE) 
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Figure 5.8: The polar arc obsennd at 1129 UT on Decembcr 14, 1990 mapped into two Y-Z cross 

sections: (a) X=-20 RE, (b) X= -40 RE) 



5.3.3 November 1, 1991 

A bifurcated polar arc was observed on November 1, 1991 (see Fig. 3.12). One of 

the ASC images (at 0442 UT) was used for the mapping. Fig. 5.9a shows how the 

bifurcated sun-aligned arc was mapped into the Y-Z plane in the magnetotail at X=-20 

RE. Similar to the figures in subsection 5.3.2, the mapped image of the polar arc was 

nearly parallel to the Z axis and was located between 13 and 16 RE fiom the equatorial 

plane. The mapped image of the polar arc covered about 1 RE in the Y direction (Y=2 

to 3 RE). Fig. 5.9b shows a mapped image of the polar arc at X=-50 RE. The mapped 

image covered a region from Z=i8 to 23 RE and Y=3 to 4.5 RE. The mapped polar a.rc 

wu near para.llel to the Z ax is  but with a 1.5 RE extension in the Y direction. The T89 

mode1 indicates that the field lines from the polar arc traversed the magnetotail lobe, 

well above the central plasma sheet as shown by Fig. 5.9a. The bifurcation occurred 

in the Y direction. 

5.3.4 November 15, 1993 

An especially bright and long-lived polar arc occurred on November 15, 1993. It first 

appeared ûround 0730 U T  in the dawn sector of the central polar cap, and lasted for 

about 10 hours. Fig. 3.1 shows a sequence of the ASC images of the polar arc frorn 

0742 to 1218 UT. In these images geographic north is at the top and the sun direction 

is to the right-upper corner around 0900 UT (the arc shown is sun-aligned). The arc 

waa weak, diffuse and stable ( about 500 R at 557.7 nm emission) £rom 0730 U T  to 

about 0900 UT, remaining in the dawn sector. Its intensity then increased to 2-3 kR 

by 0921 UT and it moved duskward to the zenith at Eureka by 1100 UT. It reversed its 

motion up to 1143 UT. It began to move duskward again &ter 1143 UT and reached 

the maximum intensity of 20 kR (557.7 nm) at 1148 UT. The arc co-rotated with the 

Sun during its lifetime, retaining sun-alignment. The IMF Bz remained northward 

during the whole lifetime of the arc. Fig. 5.10 is a plot of the 3 components of the 

IMF on November 15, 1993 from 0000 UT to 2000 UT. 

The arc was also recorded by all-sky imagers at Resolute Bay ( 74.7"N, 265.1°E) 
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Figure 5.9: The bifurcated polar arc observed on November 1, 1991 at 0442 UT was mapped into the 

Y-Z cross sections in the magnetotail at (a) X=-20RE, (b) X=-50 RE. 
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Figure 5.10: A plot of IMF B,, 4, and Bz components (GSM) fiom 0000 UT to 2000 U T  on November 

15, 1993. 



and Cambridge Bay (69.1°N, 255.0°E). These imagers had overlapping fields of view 

with a latitude coverage extending from the central polar cap to the auroral oval. Fig. 

5.11 shows the polar arc as recorded by d three imagers at 0921 UT, projected into 

geographic coordinates. Here the sunward direction is toward the upper right corner. 

The arc extended over both Resolute Bay and Cambridge Bay to the proximity of the 

poleward edge of the nightside auroral oval. This polar arc was also seen by an ASC 

at Thule, Greenland. It was identified as a transpolar arc. The transpolar arc and 

the poleward edge of the auroral oval were mapped into the magnetotail. Fig. 5.12a 

and b show the location in the Y-Z plane when the transpolar arc and the part of 

poleward edge of nightside auroral oval were mapped into the magnetotail. Fig. 5.12a 

indicated auroras at the poleward edge of the nightside auroral oval were mapped into 

region of Z 5 4 RE at X=-50 RE, where the plasma sheet is located. On the other 

hand, the transpolar arc was mapped into the region above 2=4 RE, where the plasma 

sheet boundary and the magnetotail lobe are located. Fig. 5.12b indicated the cross 

section of the mapped transpolar arc at  X=-60 RE expanded compared to that in Fig. 

5.12a. The auroras at the poleward edge of the midnight auroral ovd and part of the 

transpolar arc could be mapped into the negative Z region at a tail distance larger 

than 60 RE. This implies the aurora was on closed field lines. 

5.3.5 February 21, 1994 

A major magnetic storm ( K p  = 7+) was observed on February 21, 1994. It followed a 

sudden commencement (SSC) at 0900 UT and was related to  a magnetic compression 

caused by a coronal mass ejection (CME) which resulted in a fast (1300 km/s) shock 

which reached the magnetopause. A very bright (up to 80 kR, 557.7 nm) polar aurora 

was recorded almost at the same time with the storm. The auroral onset at the 

magnetic pole was at 0920 UT [McEwen, l994]. Fig. 5.13 is a sequence of the ASC 

images of the polar aurora from 0924 UT to 0938 UT. The aurora moves in both fiom 

the midnight sector and from the noon sector and by 0937 U T  the whole central polar 

cap was filled with aurora. The forms are not sun-aligned as  the Sun was in the upper 

right direction around 9:30 UT. The aurora at 0930:44 UT was selected for mapping 



Figure 5.11: A transpolar arc obaerved on Novernber 15, 1993. It waa seen by ASCe at Eureka, 

Resolute Bay and Cambridge Bay. The diagram shown here is the trampolar arc after it is projected 

into geographic coordinates. The lurninoaity in the lower left corner ia the poleward edge of the auroral 

oval. 
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Figure 5.12: The trampolar arc observed on November 15, 1993 mapped into the Y-Z cross sections 

in the magnetotail. (a) X=-50RE, (b) X=-60 RE. 



into the magnetotail. The ASC sequence also shows the polar arc came Lom the 

midnight side auroral oval and moved into central polar cap. Fig. 5.14a is the cross 

section of mapping Lines in Y-Z plane at X=-30 RE. The figure shows that the polar 

arcs was almost parde l  to the Y axis (equatorial plane). This is also the evidence that 

the original polar arc was midnight auroral oval aligned. As the polar arc was near the 

poleward edge of the auroral oval, the mapping indicated that the upper boundary of 

the plasma sheet expanded to up to Z= 16 RE fiom its normal position of Z= 3 - 5RE. 
Fig. 5.14b is a similar plot to Fig. 5.14b, but at X=-60 RE. This figure shows the 

polar arc tilted anti-clockwise. The field of view of the ASC was compressed near Y=O 

due to the strong cross-tail current during the magnetic storm. 

Mapping of the arc was also viewed in the X-Z plane (see Fig. 5.15). The shaded 

area in the figure indicates the extension of the plasma sheet into the deep magnetotail 

in the equatorial plane. The dotted vertical lines axe the X positions where the arc 

was mapped in the Y-Z cross sections as shown in Fig. 5.14 for X=-30 and -60 RE. 

The mapped positions of the arc for X =-40, -50, -70, -100 and -120 RE are also shown 

with dotted vertical lines. The dashed lines show the upper and lower limits (in the 

Z direction) of the magnetic field tracing lines from the arc. The traversed region is 

well above the equatorial plane (2 > 10RE) with (-70RE < X < -30RE). The lower 

two dashed lines correspond to the mapping of the s m d  arc (see Fig. 5.14). As the 

boundary of the normal plasma sheet is about 3-5 RE from the equatorial plane, the 

plasma sheet or plasma sheet boundary appears to have expanded into the magnetotail 

lobe region during the magnetic storm of February 21, 1994. 

5.4 Possible source regions of polar arcs 

The mapping of different polar arcs in the last section showed that different polar arcs 

were mapped into different regions in the magnetotail. Typical polar arcs were mapped 

into the northern magnetotail lobe. Trampolar arcs were mapped into plasma sheet 

boundary layer and the magnetotail lobe regions. Those auroras neor the poleward 

edge of the auroral oval were mapped into the plasma sheet or expanded plasma sheet. 
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Figure 5.13: A selected sequence of ASC Mages of polar arcs observed on Februay 21, 1994. 
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Figure 5.14: The polar arcs observed at 0930 UT, February 21, 1994 mapped into the Y-Z piane in 

the magnetotail: (a) X=-30 RE, (b) X=-60 RE.  
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Figure 5.15: A sketch of mapping regions in the X-Z plane (GSM) for the arcs observd at 0930 U T  

on February 21, 1994. The shaded region shows the utenaion of the plasma sheet into the deep tail 

in the equatorial plane. The dotted vertical l ies  show the X positions whuc the arcs were mapped 

in the Y-Z plane. The daehed lines show the upper and lower limita of the tracing lin- fiom the arc. 

The iower daahed lines show the mapping of the faint arc cquatorward of the main arcs. 



Chapter 6 

Discussion of results 

6.1 Introduction 

This thesis involves a detailed study of the occurrence and characteristics of polar 

auroras, the iduence of the solar wind on initiation of polar arcs and the mapping 

of these arcs to their source regions in the magnetosphere and beyond. The detkiled 

results were shown in Chapters 3, 4 and 5 respectively. The special location of Eureka 

enables one to view d l  24-hr local magnetic sectors at any time. The data set formed 

a firm base for a statistical study of polar arcs and their relation to activity in the 

interplanetary medium. Details of statistical results and their relations to solar wind, 

IMF and geophysical indices are interpreted. Their applications are discussed. 

It was found that there is a diurnd variation in the occurrence pattern of polar 

arcs. Polar arcs occurred under either northward or southward IMF Bz conditions but 

the major number were associated with northward IMF Bz. Most polar arcs have a 

short lifetime. It is also found that polar arcs generdy occurred uncorrelated with 

Kp levels. High sol= wind dynarnic pressure, especidy solar wind dynamic pressure 

enhancements appear to play a crucial role in inducing polar arcs. The time delay 

between the enhancements and the polar arcs was much longer for northward IMF B, 

than for southward IMF B,. Mapping of the polar arcs by using the T89 magnetic 

mode1 predicts that the electron source region for polar arcs is moinly in the magnetotail 

lobe. 



6.2 Occurrence patterns of polar arcs 

The occurrence patterns of polar auroras were studied using opticd data from an ASC 

located at Eureka during the 4 winter periods since 1990-91. The ASC had a sensitivity 

threshold of 300 R (557.7 nm), so the data from the ASC to be discussed here pertain to 

al1 auroras recorded at Eureka having intensities above about 300 R (557.7 nm). From 

the location near the magnetic pole, the region observed extended down to about 80' 

CGM and covered ail magnetic local time sectors. The dawn-dusk scans of the MSP 

with sensitivity threshold of 50 R (557.7 nrn) enable one to detect weaker polar arcs. 

6.2.1 Frequency of occurrence 

Polar arcs with intensity above 300 R (557.7 n m )  were observed in the central polar cap 

(above 80' CGM) fiom images recorded by the ASC about 8 % of the time on average. 

The frequency of occurrence declined from 8.7 % and 9.3 9% of the time during the 90-91 

and 91-92 winter penods to about 6.5 % of the time during the 93-94 winter period. 

Early satellite observations of polar arcs showed that sun-aligned arcs with intensity 

above 500 R (557.7 nm) were observed on 6 % of northern polar cap passes above 

80" CGM latitude during winter seasons [Ismail et ai., 19773. This is consistent with 

the ASC measurements. Pola. arcs with intensity above thresholds of approximately 

50 R (557.7 nm) and 50 R (630.0 nm) were observed 30 % and 49 % of the time 

respectively from meridian scans recorded by the MSP operating at Eureka during 

a 38 day test period in the 1993-94 winter. This shows that polar arcs are present 

h o s t  all the time when the IMF Bz is northward, as most polar arcs were detected 

with northward IMF (which appears almost half of the time). The higher frequency 

of detection of auroral 630.0 n m  emissions compared to 557.7 nm emissions suggests 

that the precipitated electrons which caused the polar arcs were often soft ( much less 

than 1 keV of energy). This disagrees with the preliminary study of electron energies 

inferred for several arcs (Fig. 3.2 1 to 3.23) which gave average energies well above 700 

eV. In general, polar arcs are very faint. Fully three quarters of them have intensity 

below 300 R. This places them below the threshold of most satellite imagers. Of the 

more intense arcs, the brightening was only transient (lasting a few minutes) and when 



that occurred the arc usually became unstable, with accompanying motion or splitting 

into 2 or more arcs. Observation of polar arcs with an ASC (50 R sensitivity at 630.0 

nm) at Qaanaaq (77ON, 6g0W geographic) showed that polar arcs occurred a t  least 40 

% of the time [Valladares et al., 19941. This is similar to  Eureka MSP results. The 

frequency of occurrence of 49 % of the time (630.0 nm emission) a t  Eureka supports the 

prediction of Carlson [1990] that polar arcs occurred one-half of the time or whenever 

the IMF Bz is northward. AU these results show that polar arcs occur very often, not 

only occasionally as earlier studies suggested. If instruments with higher sensitivity 

are used to detect polar auroral emission over the whole polar cap , then polar auroral 

emissions may be found to occur quasi-continuously. 

6.2.2 Temporal effects 

Polar arcs were observed more frequently during and following the midnight hours 

(0400 - 1500 hrs UT) than during the daytime hours (see Fig. 3.5). This diunial 

variation was fitted by a sinusoidal curve with an amplitude of nearly 40 % of the 

mean occurrence (8 % of the time). The maximum of the  distribution in Fig. 3.5 

Iocates around 1000 UT and the minimum around 2200 UT. This diurnd variation 

could be explained by the region in the magnetotail which was magnetically connected 

with the ASC field of view in the ionosphere. This magnetotail region changes with 

time of day as illustrated in Fig. 6.1 for the Y-Z plane (GSM). Fig. 6.1 shows that 

the region in the magnetotail between 0600 UT and 1200 UT located at the lower part 

(which is nearer to the line of Z=0 RE) in the Y-Z plane, in cornparison with the other 

three areas at 0000 and 1800 UT. It also covers the larger area in the Y-Z cross section. 

Thus, between 0600 and 1200 UT the central polar cap maps to the region closer to the 

central plasma sheet which at the equator (Z=0 RE) has a thickness of only about 6 

RE. Also, it maps to  the larger cross-sectional area during the hours between 0600 and 

1200 UT (0000 and 0600 local time at EUreka). Satellite observations indicate that 

the plasma in the central plasma sheet and the adjacent plasma sheet boundary layers 

are usually energetic and aze the source of precipitated electrons in the auroral oval. 

Those energetic plasmas sometimes intrude into the magnetotail lobe region [Huang 
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Figure 6.1: The Eureka ASC viewing area in the magnetotail (Y-Z plane at X=-20 RE)  variations with 

UT or local magnetic t h e  during winter season in northern hemiaphere. The doaed h e a  numbered 

1,2 3 and 4 correspond ta 00, 06, 12 and 18 UT, Dec. 14, 1990. 

et  al., 1987, 19891 where the Eureka ASC viewing area links, to in the magnetotail. 

Therefore, the closer to the central plasma sheet the ASC viewing area is, the higher 

the probability of observing energetic electron precipitation and polar arcs. As well, 

the larger viewing area at local midnight provides a higher probability of observing 

electron precipitation and polar arcs. This may explain why the occurrence pattern of 

polar arcs has a diurnal vaxiation. 



6.2.3 Lifetirne and characteristic time scde 

The distribution of lifetimes of polar arcs (Fig. 3.7a) indicates that more than half of 

the observed 656 polar arcs with intensity above the threshold of 300 R have lifetimes 

less than 20 minutes. This suggests polar arcs are mostly transient phenornena and the 

magnetosphere is quite dynamic. However, there are several cases of polar arcs lasting 

1-2 hours or more. The transpolar arc observed on November 15, 1993 lasted for 10 

hours and it is one good example of a very stable polar arc [Zhang et al., 19941. The IMF 

B, was positive and stable during the period of this transpolar asc ( s e  Fig. 5.10). This 

suggests that the magnetosphere is stable during the periods of long lifetime polar arcs. 

Pudovkin [1977] found that all modes of convections in the polar cap due to a change 

of IMF (southward, northward or in azimuthal components) are formed mthin 15-25 

minutes. A study of the correlation between solar wind , IMF parameters ( observed by 

ISEE 3) and magnetospheric activity (AE,  LIst) shows a typical, intrinsic 25 to 40 min 

time delay between the variations of interplanetary parameters and magnetospheric 

response during quiet penods and 5 15 min during disturbed times [Baker, et al., 

19831. These studies indicate that the time scale of the magnetospheric activities 

covers from 15 minutes to 40 minutes. The lifetime distribution (Fig. 3.7a) indicates 

that 50 % of the 656 polar arcs have lifetime less than 20 minutes and 75 % of the 656 

polar arcs have lifetime less than 40 minutes. These facts suggest that the Iifetime of 

polar arcs probably is iduenced by the intrinsic time scale of the magnetosphere. This 

observed distribution of lifetimes is instrument-dependent. With greater instrument 

sensitivity arcs are seen much more frequently and last longer. In faet they may be 

quasi-continuous during all periods when the IMF B, is northward. They then can be 

a useful means of diagnostic studies of polar cap processes. 

6.2.4 Special features of polar arcs 

Wave structure, bifurcation and other special features of polar arcs were observed, 

though not very often. Fig. 3.9 shows the development of a straight arc into an arc with 

wave structure. It took a long time (75 minutes) to form a half-wave structure (within 

the field view of the ASC) and a short time (5 minutes) to form a full-wave structure. 



Final'y the arc took multi-wave structure. This process represents a typical nonlinear 

development of waves due to an instability. The development of wave structure of 

the arc suggests that the magnetosphere, or the coupling with the rnagnetosphere, is 

unstable in this case. The bifurcation of polar arcs when they bnghten (Fig. 3.12, 

Fig. 3.13) further confirms that there is a kind of plasma instability which is related 

to the development of the features. The fast changing of IMF Bz and IMF B, during 

the penod of bifurcation of polar arcs suggests the process of bifurcation appeared 

to be controlled by the variation of the IMF. Other observed special features such as 

polar arcs changing shape (Fig. 3.10, Fig. 3.11) indicates the process May be very 

complicated. There is a common point in observations, that is the changing of shapes 

of the polar arcs takes place within a few minutes. This is a further evidence that those 

specid feat ures of polar arcs were developed fiom inst abilities in the magnetosp here 

or ionosphere. 

6.2.5 Kp level and polar arcs 

The study of the relation between polar arcs and magnetic activity ( K ,  levels) indicates 

that they axe at most, only weakly correlated. The similarity of the distributions of 

polar arcs and K, level suggests they are independent of each other. Polar arcs occur 

not only with low level of Kp, but also high level of K,. This is consistent with the 

fact that polar arcs occur under both northward and southwasd IMF conditions, as a 

high Kp level usually associated with southward IMF and a low K, with northward 

IMF. Early studies in literature (e.g. Ismail et al., 1977) showed that polar arcs were 

usually associated with low Kp levels. There are also some reports that polar arcs were 

observed with middle and high Kp levels [ Elphinstone and H e m ,  19931. These studies 

were based on short penods of observations or non-continuous observations (such as 

sateili te observations). Polar arcs occurred most fiequently at Kp = 2, but the most 

frequent K p  level is also at Kp = 2. This is why earlier reports (e.g. Lassen and 

Danielsen, 1978) found polar arcs usually occurred with low Kp levels. This also agrees 

with a conclusion that polar arcs are associated mainly with northward IMF Bz, which 

implies a low level of Kp. The polar arc distribution also shows that 10 % of the polar 



arcs were observed under extremely hi& Kp level, fiom 5 to 7. Very large K, levels 

are usually associated with southward IMF Bz which implies that polar arcs cm occur 

with southward IMF B, [Gussenhoven, 19901. 

6.2.6 Solar ac t iv i ty  and frequency of occurrence of arcs 

With the four-winter polar auroral data, it is possible t o  investigate how solar activity 

affects occurrence of polar arcs. The soiar activity level is usually presented by the solar 

10.7 cm flux and su - spo t  number. The continuous observations at Eureka through 

four winters indicate that the occurrence of polar arcs is positively correlated with the 

solar 10.7 cm flux and the sun-spot number. Fig. 6.2 shows details of the relation 

between the mean frequency of polar arc occurrence, the mean solar 10.7 flux and 

the mean sun-spot number of each winter period fiom 1990 to 1995. The diagram 

illustrates that polar arc occurrence shows the same general trend of decrease as the 

sol= 10.7 cm flux and the sun-spot number. The mean frequency of polar arcs during 

the 199495 winter period is estimated from a preliminary analysis [Zhang, l995]. The 

solar 10.7 cm flux a d  sun-spot number are just indicators of solar activity level. High 

solar activity suggests high sol= wind activity (pressure, density, velocity etc.). This 

is a further evidence that the solar wind controls polar auroral activity on a large time 

scde. 

6.2.7 Solar wind parameters and polar arcs 

The distribution of the 208 polar arcs in relation to so1a.r e n d  dynamic pressure (Fig. 

3.20b) shows that most of the polar arcs occurred with low solar wind dynamic pressure. 

Those polar arcs appearing with low level of sol= wind dynamic pressure evidently 

occurred due to release of stored energy in the magnetosphere. A fraction of the polar 

arcs associated with high solar wind dynamic pressure was most likely due to the 

extra energy the high pressure solar wind brought to the magnetosphere. Ionospheric 

projections of the magnetospheric regions under low and high solar wind dynarnic 

pressure conditions suggest that solar wind dynamic pressure plays a crucial role in the 

interactions between the solar wind and the magnetosphere [Newell and Meng, 19941. 
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Figure 6.2: A cornparison betwcen mean percentage of the time with polar arcs, mean solar 10.7 c m  

flux and mean sun-spots number over each of the five winter periods from 1990 to 1995. 

However, solar wind dynamic pressure does not appear to have a significant effect (see 

Fig. 3.20b) on occurrence of the polar arcs which resulted from the coupling of the 

magnetosphere and the ionosphere. A study of the relation between solar wind speed 

and polar arcs (Fig. 3.19a) suggests that solax wind speed does not have a significant 

effect on occurrence of polar mcs either. These results imply that most of the polar 

arcs occurred due to precipitated electrons which were accelerated on closed magnetic 

field lines by release of stored energy in the magnetosphere. 

Our data set of 208 polar arcs show that they occurred mostly with northward Bz 

(78 %). However, 16 % of the polar arcs occurred with southward IMF. Many of these 



polar arcs occurred during relatively long ( > 1 h o u )  periods of southward IMF Bz. 

This result differs with earlier studies that polar arcs occur under northward IMF con- 

dition [Berkey et al., 1976; Lassen and Danielsen, 1978; Hardy et al., 19861. Polar arc 

formation following solar wind dynamic pressure enhancements under stabk southward 

IMF Bz confirms the occurrence of the southward IMF polar arcs. These results do 

not agree with Valladares e t  al. [1994] who suggested that the southward IMF polar 

arcs are formed under earlier northward IMF condition. Our results show that polar 

arcs can occur either with northward IMF (closed mapetos~here) or southward IMF 

(open magnetosphere). 

Polax arcs also tended to occur with IMF Bz near zero and IMF Bv slightly positive. 

The IMF B, atfects the symmetry of the magnetic configurations in the south and north 

polar cap regions. This implies that the most favoured orientation of the IMF vector 

for polar ôrc generation is that the IMF vector locates in the Y-Z (GSM) plane with û 

(measured clockwise £rom the vertical) in the range of O to 90'. 

6.3 Enhancements and polar arc source regions 

Polar arcs were observed following a.lI the identified solar wind dynamic pressure en- 

hancements during the 1991-92 and 1992-93 winters (see Chapter 4). Polar auroral 

response to solar wind dynamic pressure enhancements depends on the configuration 

of the magnetosphere, which is predominantly controlled by the state of the interplan- 

etary medium, especially solar wind dynamic pressure and IMF Bz [Roelof and Sibeck, 

19931. Changing of solar wind dynamic pressure causes displacement of the magne- 

topause and compression of the magnetosphere. The orientation of the IMF appears 

to determine the fraction of the solar wind dynamic pressure applied to the magneto- 

sphere [Fairfield et al., 1990) as well as the fraction of solar wind energy transferred to 

the magnetosphere and the depth of solar wind penetration into the magnetosphere. 

Therefore, it is instructive to study the ciifference of responses of polar auroras to the 

so1a.r wind dynamic pressure changes under southward and northward IMF orientations. 



A summary plot of the corrected time delay between the solar wind dynamic pressure 

enhancements and the polar arcs as a function of the IMF Bz levels is shown in Fig. 

6.3. The diagram indicates that there are two categories of tirne delay, the first is a 

short time delay (< 30 minutes) and the second is a long time delay (> 30 minutes). 

The cases with short time delays were associated with southward IMF B, (B, < 0). 
The cases with long time delays were associated with northward IMF B. (B, > 0). 

6.3.1 Aurord response with southward IMF 

The ionospheric response to the enhancements of solar wind dynamic pressure when 

the IMF was southward was characterized by the appearance of polar aurora ascs 

with a short time delay following the enhancements. Among the 25 cases of solar 

wind dynamic pressure enhancements observed during 1991-93 winter periods, 10 of 

them occurred with IMF B, southward. IMF. Table 6.1 is a summary list of the 

enhancements with southward IMF. It shows that the time delay is less than 28 minutes 

in all except one case. For that case there was a weak southward IMF (B.=-1 nT) and 

the time delay was 39 minutes. The average time delay was 17.5 minutes. 

These short time delays (17.5 minutes on average) suggest solar wind particles had 

direct access to the polar ionosphere with auroral arcs resulting. There was a positive 

correlation between the magnitude of the enhancements and polar arc intensities as 

illustrated in Fig. 6.4. This shows that maximum intensity of 630.0 nm emission 

in proportiond to the magnitude of dynamic pressure enhancements (increasing rate 

dP/(Podt)) with southward IMF B,. The solid line is obtained by a least-squares fit. As 

a higher dynamic pressure suggests a larger particle flux, then this is further evidence 

to support the idea of direct access of solar wind particles to the polar ionosphere. 

When the IMF B, turns southward, the auroral oval moves to lower magnetic latitude. 

Then po1a.r cap may be magneticdy connected to the solar wind directly on open field 

lines. 

In general when B, turns southward, polar arcs disappear and F-layer patches ap- 

pear in the polar cap [ McEwen and Harris, 1995). This is further evidence that the 
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Figure 6.3: T h e  delay between solar wind dynamic pressure enhancemcnts and the polar auroral 

peaka aa a function of IMF Bz. 



magnetic configuration of the magnetosphere is open in the polar cap region with 

southward IMF. Satellite observations of polar rain during southward IMF support 

Figure 6.4: The relation betwecn the peek 630.0 e&ion and amplitude of mlar wind dynamic 

pressure increasing rate. IMF Bz is aouthward. 

Polar auroral intensity and the enhancements with IMF B, <O 

the theory that the polar rain originates in the solar wind and gains access to the polar 

cap along open field lines connecting through the lobes to the solar wind [Hardy et al.,, 

19861. Relativistic solar wind electrons observed in the polar cap and non-conjugate po- 

lar arcs suggested that they occurred on open field lines [Gussenhoven, 19901. Stauning 

et al. [1994] reported frequent observations of poleward progression of polar convection 

during IMF B, < O which supported the concept of an open magnetosphere. These 
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Table 6.1: Summary list of solar wind dynamic pressure eohancements and polar arcs with southward 

IMF Bz. 

carrected delay 1 1 Date 1 Enhancement 1 

1 Dec. 17, 92 1 1509 

d P  - 
~ o d t  

[%min-'] 

13 

20 

1 Nov. 22, 92 1 

IMF Bz 

[ nT ] 
-1 

-12 

1 Jan. 12, 92 1 0641 1 

23 -7.5 

results are consistent with the short time delay between the enhancements and polar 

arcs under southward IMF Bz. 

Sandholt et al. [1994] found cusp/cleft auroral activity to be partidly governed by 

IMF orientation and solar wind dynamic pressure pulses. The time delays between 

solar wind density peaks and peaks in cleft auroral intensities were from 5 min to 10 

min with southw.kd IMF B,. This short time deiay is evidence of direct access of 

solar wind particles to the cusp/cleft region through open field lines. All this evidence 

supports the view that the magnetosphere is open from the cusp to the central polar 

cap region under IMF B, c 0. 

6.3.2 Auroral response with northward IMF 

A long time delay is a common feature for those polar arcs following the enhancements 

under northward IMF. Among the 25 solar wind enhancement events, 15 of them 



occurred with northward IMF 8,- Table 6.2 is a summary list of these events with 

magnitude of IMF B, and corrected time delays. It shows that the time delay is from 

29 minutes to 120 minutes with B, > O. The average time delay is 70 minutes. This 

long time delay evidently indicates that sources, or acceleration, of electrons for the 

polar arcs are located in the distant magnetotail. In this case, there should be little 

correlation between the magnitude of the solar wind dynamic pressure enhancements 

and the intensities of either 630.0 nm or 557.7 nm emissions. This was found to be true. 

The maximum intensities of 630.0 nm and 557.7 n m  emissions show no correlation with 

the magnitude of the dynomic pressure enhancements (see Fig. 6.5 and Fig. 6.6). 

1 Dec. 16, 93 1 0140 1 1 7 1 9 1  79 1 

Table 6.2: A summary liat of solar wind enhancemente and polar arcs with the IMF B, northward. 

Date 

Dec. 17, 92 

Nov. 22, 92 

Jan. 12, 92 

Mean 

Enhancement corrected delay 
i 

dP - 

1032 

0613 

0630 

0730 

0803 

0815 

0838 

0859 

0911 

0935 

1552 

IMF Bz 

98 

36 

73 

96 

89 

86 

111 

120 

40 

42 

31 

70 

- 

18 

50 

21 

28 

30 

29 

15 

14 

26 

14 

31 

22 

6 

8.5 

6 

9 

9.5 

12 

8 

8.5 

10.5 

10.5 

18 

9.5 
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Figure 6.5: Similar to Fig. 6.4, but for northward IMF B,. 

It is believed t hat the magnetic field lines in the magnetosphere are mainly closed un- 

der northward IMF. When IMF Bz changes £rom southward to  northward, the aurord 

oval moves to higher latitude. The polar cap shrinks. This implies that the open field 

lines in the polar cap under southward IMF are reconnected and become closed field 

lines when the IMF turns northward. A closed magnetic field configuration is a good 

mode1 to describe the magnetosphere in this case (see Fig. 6.7). Recent observations of 

keV electrons in the polar cap under northward IMF and low energy electrons (5 200 

eV) d u h g  southward IMF condition (open field lines) suggest a closed magnetic field 
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Figure 6.6: The same as Fig. 6.6, but for 557.7 n m  ernission. 

1 

configuration with IMF B, > O [Xu and Kivelson, 19941. The closed magnetic field 

configuration under northwaxd IMF condition prevents the solar wind particles from 

I i I r I , 1 I I - 
- 

accessing the polar ionosp here directly. The long time delay between the enhancements 

- 

and the polar arcs under northward IMF conditions suggests that the electron source 

for the polar arcs was located in the deep magnetotail. 

6.3.3 Mechanism 

Those two degrees (long and short) of time delay were also observed based on a study 

of the relation between solar wind parameters of solar wind velocity and magnetic field 
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Figure 6.7: A sketch of geomagnetic field confi yation in X-Z (GSM) plane. (a) IMF Bz is aouthward, 

(b) IMF B, is northward. (after J.W. Dungey, 1963). 
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(K,,, x Bs, observed by IMP-8) and AL index [Bargatze et al., 19861. The short time 

delay (about 20 min) shows a direct effect of interaction between the solar wind and 

the magnetopause. The long time delay (about 60 min) demonstrates an effect due 

to release of stored energy from the magnetotail. A study of the correlation between 

solar wind , IMF parameters ( observed by ISEE 3) and magnetospheric activity ( AE,  

Dst) shows a typical intrinsic time delay, 25 to 40 min between the variations of in- 

terplanetary parameters and rnagnetospheric response during quiet periods and less 

than 15 min during disturbed times [Baker, et a., 19831. Quiet periods usudy accom- 

pany northward IMF, and disturbed times are usually associated with southward IMF. 

Troshichev et al., [1988] from studies of polar arcs at Vostok station, Antarctica found 

that the mean time delay of appearance of the sun-aligned arcs after the northward 

turning of IMF was 55 minutes, while the typical time delay of the disappearance of the 

polar arcs after the southward turning of IMF was only about 20 min. These are con- 

sistent with our results of polor arc appearance following the enhancements after a long 

time delay with IMF Bz northward and a short time delay with southward IMF B.. 

Therefore, the solar wind dynamic pressure enhancements induced polar arcs directly 

with a southward IMF Bz or indirectly (through the magnetotail) with a northward 

IMF Bz. 

Different time delays of the polar arcs following the enhancements suggest the differ- 

ent electron sources which cause the polar arcs. The average time delay with northward 

and southward IMF, the mean value of IMF Bz and the average magnitude of dynarnic 

pressure enhancements are listed in Table 6.3. There is no significant difference between 

the mean magnitiides of the enhancements and the Bz for northward and southward 

IMF, but the time delay shows a big difference (17.5 and 70 minutes). It is clear that 

the sign (polarity) of Bz controlled the time delay. That is the positive IMF B, leads 

to a long time delay (70 minutes on average) and negative IMF Bz leads to a short 

time delay (17.5 minutes on average). 

A mechanism was proposed to explain the different time delays polar auroras to 

solar wind dynamic pressure enhancements. Enhanced solar wind dynamic pressure 

has two effects: (1) to cornpress the magnetosphere and enhance the convection in the 

magnetosphere, (2) to provide higher particle flux. Zhu [1995] suggested that convec- 



Table 6.3: Average time delay and sign of IMF Bz. 

I 
-[%min-'] ~ , d t  

Average 

tion in the magnetosphere can generate field aligned electric fields which accelerate 

IMF Bz [nT] 

Average 

electrons and the produce auroras. 

corrected delay [min] 

18 

Under southward IMF conditions, the central polar cap is connected to the inter- 

planetary medium directly by the open magnetic field lines. Solar wind particies can 

precipitate into the polax ionosphere directly and cause polar auroras ( mainiy red 

auroras due to  low energy of precipitated electrons). With this open magnetosphere, 

(see Fig. 6.7a, a sketch of magnetic field configuration under IMF B, < O), the solar 

wind provides energy to the magnetosphere by continuous merging between the in- 

terplmetary magnetic field and the front magnetospheric field [Jacquey and Sauvaud, 

1994; Stauning, 19941. The solar wind dynamic pressure enhancements cause the 

compression of the magnetosphere, and enhance the convection in the magnetosphere. 

The enhanced convection intensifies shears of the magnetic field in the magnetosphere. 

Field-aligned electric fields can suddenly switch on when the shear reaches a critical 

value [Zhu, 19951. When the field-aligned electric field is strong enough, it can accel- 

erate the electrons (polar rain?) to a few hundred eV or keV and then cause polar 

auroras. The short time delay between the dynamic pressure enhancements and polar 

auroras supports the idea of direct access of solar wind particles and an 'open' magne- 

22 

tosp here configuration. 

-6.7 

Under northward IMF conditions, the magnetic field of the magnetosphere is more 

closed. The efficiency for the solar wind to penetrate the magnetosphere and deposit 

energy in the magnetosphere is greatly reduced (30 - 100 times less, [Bruce et al., 19951 

based on a 'viscous' mechknism ) compared to the case of southward IMF B, condition. 

Fig. 6.7b shows a magnetic field configuration of the magnetotail under northward 

17.5 

+9.5 70 



IMF. It also shows that solar wind compresses the deep magnetotail much more than 

the fiont magnetosphere. If one assumes the stronges t compression of the magnetotail 

is at X = Xo due to a solar wind dynamic pressure enhancement, then particles in 

region of X > Xo will move tailward. Those particles in region of X < Xo will move 

earthward. These particles moving earthward, if accelerated, have the possibility to 

precipitate in very high latitude ionosphere and cause polar auroras. This is supported 

by the long time delay between the solar wind dynamic pressure enhancements and 

the polar auroras. If one assumes 250 km/s is the speed of the solar wind traveling 

just outside of the magnetotail and electrons in the magnetotail moves with the same 

speed on most of their way toward polar region, for a time delay hom 30 minutes to 

120 minutes, the corresponding position of the Xo is from -35 RE to -140 RE in the 

magnetotad. 

6.3.4 Acceleration of electrons in the rnagnetosphere and ionosphere 

Field-aligned acceleration of electrons due to pardel electric fields was observed many 

years ago. So-cded double layers are often observed. Similar phenornena are reported 

by recent observations of electrostatic solitary waves in the plasma sheet boundary 

layer of the magnetotail by Geotail satellite. Cornputer simulations shows t hose solitary 

waves axe due to high speed electron beams [Matsumoto et al., 1994; Omura et al., 

19943. Therefore high speed electron beams and parallel electric fields are related to 

each other. However, it is still not clear which is the cause and which is the effect. 

Solar wind is the major energy source to the magnetosphere. Solar wind dynamic 

pressure enhancements provide extra energy and particles above normal levels. They 

are responsible for some of the polar auroras observed at Eureka. This extra energy 

drives the convection in the rnagnetosphere to a higher level. When the flow of plasma 

of the magnetosphere cuts across geomagnetic field lines, it can creôte field oligned 

electric field [Zhu, 19951. From the Ohm's law, we have: 



Where Ë is electric field, Ë is magnetic field and B is velocity of the plasma in the 

magnetos~here. Two sources contribute to the magnetic field: (1) background geo- 

magnetic field go, and (2) Ël which is due to the enhanced plasma convection in the 

rnagnetosphere. Therefore, Ë = go + &. The parallel component of the electric field 

along the background magnetic field Bo can be written as: 

E;[ = -[V x Ë1lII + ?j;, (6.2) 

[v x &lII can be not zero as the magnetic field B1 may be not parallel to Bo. If 

following condition is satisfied: 

then, an upward parallel electric field will result. Such a parallel electric field can 

accelerate electrons downward and cause polar arcs. A complete study on the gen- 

eration of fieid aligned electric field requires both theoretical analysis and computer 

simulations. 

6.4 Mapping and source regions of polar arcs 

Mapping of auroras is to link the ionosphere where auroras occur to particle sources of 

the auroras in the magnetosphere. There are two ways to do this: (1) using magnetic 

field models (2) using particle data above the auroras and in the deep magnetosphere. 

Both of the methods can be used in trying to find source regions of auroras. The second 

method requires two satellites to be located in different p a t s  of the magnetosphere 

which are connected by magnetic field lines. This satellite configuration does not occur 

very often. The first method simply depends on magnetic field models and is commonly 

used for the mapping. Among the magnetic field models, the Tsyganenko magnetic field 

model (T87, T89) [Tsyganenko, 1989a,b,c, 19901 is widely used in auroral mapping. 

The T87 model is an empiricd model based on large magnetic field data set measured by 



satellites. T89 is an improved version of T87 model, as the T89 used a warped current 

to represent the cross tail current in the magnetotail. Puikkinen et al. [1992] modified 

the T89 model by enhancing the near -Earth currents and thinning the current sheet 

from the values given by the T89 model during a substorm growth phase. Elphinstone 

et al. [1991] mapped aurord oval and polar cap regions into the magnetotail using the 

T87 model. Mapping of the nightside aworal oval into the magnetotail was investigated 

using D E 1  and D E 2  plasma data in combination with the T89 and Hilmer-Voigt 91 

(H-V91) magnetic field models [Weiss et al. 19921. The H-V91 model is a theoretical 

model depending on four extemd physical parameten, (1) the dipole tilt angle, (2) the 

magnetopause stand-off distance, (3) the rnidnight equatorward boundôry of the diffuse 

aurora, and (4) the geomagnetic index Dst [Hilmer and Voigt, 19931. Our mapping of 

polar auroras observed at Eureka is based on the T89 modei. 

Mapping of polar arcs observed at Eureka shows that the source of the precipitated 

energetic electrons which caused polar arcs was mainly located in the magnetotail lobe 

region (Chapter 5). This supports the model of a bifurcated magnetosphere presented 

by Frank et al. [1986] and Weiss et al. [1994]. They discussed five different magne- 

totail models as shown in Fig. 6.8. They are the (a) open magnetosphere that the 

magnetosphere is magneticdy connected to the solar wind directly, (b) bifurcated tail 

that the magnetotail is divided into two parts (Mt and right) by a region with en- 

ergetic particles, (c) expanded plasma sheet that the thidcness of the plasma sheet is 

larger than normal one, (d) expanded low latitude boundary layer that the low latitude 

boundary extends to the lobe region, and (e) rotated x-line (plasma sheet) models that 

the plasma sheet is rotated either clockwise or anti-clockwise. The mapping of the 

transpolar arc observed on November 15, 1993 indicates that the electron source of 

the transpo1a.r arc extended from 2=4 RE to 2=26 RE in the Y-Z cross section in the 

magnetotail at X=-50 RE while the poleward auroral oval waa mapped into the centrd 

plasma sheet. The extension of the source region from 2=4 RE to Z=26 RE shows that 

the plasma sheet boundary layer contributed to the occurrence of the transpolar arc. 

It also supports a model of bifurcated magnetotail. Overall, the mapping suggests that 

the electron source region for arcs in the central polar cap is in the magnetotail lobe. 

This is consistent with the work of Elphinstone et al. [1991] which showed that the 



(tear-drop shaped) polar cap maps into the magnetotail lobe region and the auroral 

oval rnaps into the central plasma sheet, by using T87 magnetic field model. 

For auroral oval aligned arcs expanding into the po1a.r cap, their source regions are 

parallel to Y axis (Y-Z plane) in the magnetotail. The aurora observed on February 

21, 1994 at Eureka following a Coronal Mass Ejection event and a major magnetic 

storm is an example of auroral oval-aligned arcs. The od-aligned arc was identified 

as a poleward expansion of the aurord oval [McEwen, 19941. Mapping of this aurora 

suggests the plasma sheet expanded to 2=15 RE at X=-30 RE. This event appears to 

support the expanded plasma sheet model (see Fig. 6.8~). 

The mapping of polrtr auroras using the T89 magnetic field model suggests the 

particle source region is in the magnetotail lobe on the average. Those typical sun- 

aligned arcs in the central polar cap have their electron sources in the magnetotail 

lobe (northern) and well above the central plasma sheet. The transpolar arc had its 

particle source located trom the plasma sheet boundôry layer to the northern lobe 

region. Particles in the plasma sheet boundary layer were linked to the aurord oval 

aligned arcs. 
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Figure 6.8: Schematic diagram of the mapping of the high-latitude ionoaphere t o  the distant mag- 

netotail for the (a) 'open', (b) 'b i icated tail', (c) 'expanded plasma shect', (d) 'expandeci LLBL', 

(e) 'rotated x-line' midels of polar cap rnorphology. A croaa-section of the northem magnetotail lobe 

( y-z plane, looking from the tail sunward) ia show on the left, aad the correspondhg ionospheric 

convection pattern (dotted lines) and location of the sun-digneci aad thetu arc (eolid lines), ia shown 

on the right. Cloeed field line regiona are shown in light gray (LLBL), medium gray (plasma sheet), 

and dark gray (PSBL), while open field line regiow are ahown in whiie. The solid dot in each figure 

on the left representa a field line threading the we&, sun-aligneci arc at 22 MLT. (after L.A. Weiss, 

et al., 1994). 



Chapter 7 

Summary and conclusions 

Characteristics of auroras in the central polar cap and some ideas on their source regions 

were obtained from the studies of the large data set of polar arcs which were recorded 

by the ASC and the MSP near the north magnetic pole during the four winter periods 

(1990-1994). Polar mcs were also investigated in related to the IMF polarity and solar 

wind dynamic pressure, especidy solar wind dynamic pressure enhancements. Major 

results and conclusions are given in following sections. 

7.1 Occurrence patterns of polar arcs 

Polar arcs were recorded 8 % of the time by an ASC with a 300 R threshold at 557.7 

nm at Eureka over the four winter periods from 1990 to 1994. There was a diurnal 

variation in the occurrence pattern of polar arcs. The amplitude of the diurnal varia- 

tion was about 37 % of the mean occurrence. The maximum was observed around the 

Eureka local midnight and the minimum was observed at noon. This diurnal variation 

is possibly due to two facts: (1) the ASC viewing area in the polar ionosphere was mag- 

netically connected to a region in the magnetotail closer to the central plasma sheet 

in the magnetotail around local (Eureka) midnight, (2) the region in the magnetotail 

also is the larger. Therefore, the region (around midnight) has the higher probability 

to observe energetic electrons and the ASC has the higher possibility to detect polar 

auroras around local midnight hours. The observability of polar arcs depends on sensi- 

tivity of the instrument. The MSP operated at higher sensitivity with a 50 R threshold 



at 557.7 n m  and 630.0 nm. Polar auroral emissions were detected by the MSP 30 % 

of the time (557.7 nm) and 49 % of the time (630.0 nm) on average over a 38 day test 

period during the 1993-94 winter. The difference in occurrence frquency of polar arcs 

at 557.7 n m  and 630.0 nm suggests that the precipitated electrons exciting the polar 

arcs are often very soft . It was also found that the mean frequencies of polar ucs over 

the winter periods positively correlated with solar activity (10.7 cm flux or sunspot 

number) . 
Our results show that the lifetimes of polar arcs with intensity above 300 R Vary 

from two minutes to up to 10 hours. Their mean lifetime is 36 minutes, but 50 % 

of the polar arcs observed had lifetimes less than 20 minutes. This shows that the 

appearance of the brighter polar arcs is transient. This suggests the intrinsic time 

constant of the magnetosphere for activity of these polar arcs is around or below 20 

minutes. The bifurcation of some polar arcs suggests that their development may be 

due to instabilities in the magnetosphere or ionosphere with time constant of about a 

few minutes. 

The observed Lifetimes of polar arcs depend on sensi tivi ty of instrument S. Wi t h 

higher instrument sensitivity, polar arcs can be seen much more fiequently and with 

longer lifetimes. In fact, polar arcs may be present quasi-continuously whenever the 

IMF Bz is northward. They can be a useful diagnostic tool for study of polar cap 

processes and for remote sensing of activities in the rnagnetosphere and the solar wind. 

7.2 Magnetic activity, IMF polarity, solar wind and polar 

arcs 

No specific relation was found between the occurrence patterns of polar arcs and global 

magnetic activity as depicted by Kp level. Pola  arcs were seen to occur at al1 levels 

of Kp.  This h d i n g  is somewhat at variance with the commonly held view that polar 

arcs tend to occur only under quiet magnetic conditions [Lassen and Danielsen, 19781. 

While the orientation of the IMF has a significant effect on the occurrence of polar arcs, 

most polar arcs (78 %) occurred with the IMF B, northward. There were significant 

numbers (16%) of polar arcs appeared with the IMF B, stably southward. For those 



latter arcs, the Bz had been southward for a t  least 30 minutes and in some cases for 

hours. In relation to the IMF B, and By, the po1a.r arcs tended to occur preferentially 

with IMF Bz near O nT and IMF B, positive. In addition to  the important effect of 

IMF orientation, solar wind dynamic pressure was found to be another key parameter 

affecting occurrence of polar arcs. 

7.3 Solar wind dynamic pressure enhancements and polar 

arcs 

Solar wind dynamic pressure enhancements play a significant role in the occurrence 

of polar arcs. Of 25 enhancements detected by the IMP-8 satellite during good ob- 

serving periods in the 1991-92 and 1992-93 winters, al1 were followed by polar arcs. 

The short time delay (18 min on average) between the enhancements and the polar 

arcs under southward IMF suggests a direct access of solar wind particles into the 

polar ionosphere and an open magnetospheric configuration in the polar cap region. .4 

positive correlation between the intensity of 630.0 nm emission and the magnitude of 

the enhancements with southward IMF confirmed the direct access of the solar wind 

particles. When the IMF is southward, the precipitating electrons connected directly 

with the solar wind For northward IMF, the time delay for polar arc appearance was 

much longer (70 minutes on average). This suggests the particle source for the polar 

axcs in this cases was located in the magnetotail. This finding shows the solar wind 

dynamic pressure .enhancernents do generate or induce energetic electron precipitation 

with either northward or southward IMF. It also indicates that the magnetosphere 

response to changes in the solar wind is much more direct with southward IMF than 

northward IMF. 

7.4 Mapping and source regions of precipitat'ed electrons 

Mapping of polar arcs by using the T89 magnetic field mode1 shows locations of elec- 

tron sources of polar arcs. Typical sun-aligned arcs in the central polar cap may have 

their electron sources located in the magnetotail lobe region. Precipitated electrons for 



trampolar arcs are magnetically comected to a region from the plasma sheet bound- 

ary to the magnetotail lobe. This supports the bifurcated magnetotail model. The 

auroras in the poleward edge of the auroral oval were mapped into the plasma sheet. 

Expansion of the nightside auroral oval during a major magnetic storm (February 21. 

1994) indicates that the plasma sheet or the plasma sheet boundary layer expanded 

into the magnetotail lobe region well beyond the normal location . An expansion of 

either the plasma sheet or the  plasma sheet boundary layer must represent a dynarnic 

state of the magnetotail during a magnetic storm. 

7.5 Future work 

The long penod observations at Eureka provide a unique opportunity for the study 

of the central polar cap auroras. The new satellite measurements becoming available 

(WIND and CLUSTER particularly) both in the solar wind (particle and IMF) and in 

the magnetosphere, especidy in the deep magnetotail and over the  polar cap regions, 

will enable researchers to better define the relationship between dynamical changes in 

the solat wind, the magnetosphere and polar arcs. Once such a relationship or mech- 

anism is established, ground observations of polar arcs provide a way for the remote 

sensing of the magnetosphere and contributing to space weather forecasts. Before the 

polar arcs can be completely understood, it is important to carry out following studies: 

The generation of upward field-aligned electric fields by the magnetospheric con- 

vection under different solar wind and IMF conditions via theoretical analysis and 

cornputer simulations. 

Relation between the energy of precipitated electrons and the polarity of the IMF, 

solar wind dynamic pressure and magnetospheric conditions. 

The relationship between lifetimes of polax arcs and : (a) intrinsic time scaies or 

time constants for energetic particle precipitation and magnetotail reconfiguration 

; (b) the stability of the northward IMF B, and solar wind dynamic pressure. 

0 Conditions under which polar arcs can extend from the midnight oval or mid-noon 

oval to the central polar cap and their relationship to the source of the precipitated 



electrons. 

0 Studies of the development of fine structure of the polar arcs and their relation to 

plasma instabilities in the rnagnetosphere or the ionosphere. 

a Analysis of 630.0nm/557.7 nrn intensity ratios to deduce the softness/ha.rdness of 

precipit ated electrons. 





Appendix A 

Plasma propagation time from 

satellite to earth 

A simple, f i s t  order correction (AT,) for the time delay between solar wind dynkmic 

pressure enhancements and polar arcs involved a time interval between the time that 

sol= wind is detected at IMP 8 and the time this plasma reaches the earth's orbit. 

The ATz is given by 

where AX is the distance in X direction (GSM) between the satellite and the earth, 

and V,, is the solar wind speed. This assumes the solar wind flow is along the sun-earth 

line. A more refined calculation of the expected propagation time between IMP 8 and 

the earth takes into account convection in the Y direction also [ Baker et al., 1983; 

Zwickl et  al., 19801. Letting 0 be the angular fiequency of rotation of the Sun, Ra, 

be the radial distance to the Sun for the plasma in question and AYE, the motion of 

the earth during the propagation interval, ATz, as measured in (A.l) .  We have a time 

correction (AT,) due to plasma convection in the Y direction: 

1 AY - AYE 
AT, = -tan-'( 

R &, - AX 1 

where AY is the distance in the Y direction between the satellite and the earth at 

the time the meosurement is taken, and VE is the speed of the earth traveling around 



the Sun. Thus taking into account convection in both X and Y directions, a two- 

dimensional convection propagation time i n t e r d  (AT) is given by 

The following parameters were used in calculations : 

Ra,, = 1.5 x 108km, 0 = 2n/27days, RE = 6400km, VE = 30km/s. A corrected time 

delay between solar wind dynamic pressure enhoncernents and polar arcs (Chapter 4) 

is obtained by subtracting the AT from an apparent time delay. 
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