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Abstract. Two discrete auroral arc filaments, with widths of 1 Introduction
less than 1 km, have been analysed using multi-station, multi-
monochromatic optical observations from small and mediumHigh resolution imaging of aurora borealis from the ground
field-of-view imagers and the EISCAT radar. The energy andhas revealed the inherent occurrence of small scale structur-
flux of the precipitating electrons, volume emission rates anding, with auroral filaments of widths of just a few tens of
local electric fields in the ionosphere have been determinednetres appearing on time scales of a fraction of a second
at high temporal (up to 30 Hz) and spatial (down to tens of(Maggs and Davis1968 Borovsky et al. 1991 Trondsen
metres) resolution. A new time-dependent inversion model isand Cogger2001). A recent review of small scale struc-
used to derive energy spectra from EISCAT electron densitytures in aurora and their importance was presente8dy
profiles. The energy and flux are also derived independentlyiahl et al.(2008. Small-scale features occur in all types of
from optical emissions combined with ion-chemistry mod- aurora, however, the distribution of energy and flux in space
elling, and a good agreement is found. A robust method toand time of the electron precipitation causing these struc-
obtain detailed 2-D maps of the average energy and numtures has been hard to establish. Observations from the Freja
ber flux of small scale aurora is presented. The arcs argpacecraft and simultaneous ground-based imagers showed a
stretched in the north-south direction, and the lowest enerelose correspondence between the optical brightness of au-
gies are found on the western, leading edges of the arcs. Theral arcs and the particle flugfey et al, 1999. In a study
large ionospheric electric fields (250 mvyd) found from  of a very bright auroral structuré,anchester et al(1997
tristatic radar measurements are evidence of strong currenfgund that the largest energy flux was within a narrow fila-
associated with the region close to the optical arcs. The difment of about 100 m width, caused by monoenergetic par-
ferent data sets indicate that the arcs appear on the boundcles with a large flux. This filament was located within a
aries between regions with different average energy of dif-wider region of lower energy flux and with a broad energy
fuse precipitation, caused by pitch-angle scattering. The twdlistribution. Multi-spectral observations of thin auroral arcs
thin arcs on these boundaries are found to be related to an irrave shown that such filaments can also be the result of high
crease in number flux (and thus increased energy flux) withenergy precipitation within a region of lower energy precip-
out an increase in energy. itation. Dahlgren et al(2008 showed two arc filaments ap-
pearing within a few seconds of each other, where the first
Keywords. Atmospheric composition and structure (Air- Was @ result of precipitation_ with higher energy whereas the
glow and aurora) — lonosphere (Auroral ionosphere; Particle®©cond arc was caused by increased particle flux.
precipitation) Ground-based multi-spectral imaging of the aurora com-
bined with ionospheric modelling is a well developed method
to determine the variation of energy and flux of auroral arcs
(Strickland et al.1989 Meier et al, 1989 Hecht et al.1989
Gustavsson et aR001 Semeter et al2001). A 2-D map of
the energy can be derived from optical observations made at
two different wavelengths, close to magnetic zenith. From

Correspondence ta:l. Dahlgren multi-station observations, tomography-like reconstruction
BY (hannad@bu.edu) can also be made, to produce a 3-D image of the volume
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aligned with identical FOVs. The frame rate is 32 Hz and the
cameras are equipped with narrow passband- 10A) in-
terference filters, selecting emissions from the" QN band

at 5620 (I of» measured with ASK1), the forbidden oxygen

ion at 73204 (I o+, measured with ASK2) and atomic oxygen

at 77748 (o, measured with ASK3)Jahlgren et al.2008.

Only data from ASK1 and ASK3 are used in this study. At

the time of these observations ASK was positioned at the

EISCAT site in Ramfjordmoen (1E, 69.6 N), pointing

e towards magnetic zenith.

B0528 1929 1930 1931 1932 1933 1934 1935 Five ALIS stations with approximately 50 km separation
Time (UT) were operating during this study, from Kiruna (20

9:28:00.000 ASKS keogrom 67.8 N), Silkimuotka (21.7E, 68.0 N), Abisko (18.8 E,

' 68.4 N), Tjautjas (20.8E, 67.3 N) and Skibotn (20.4E,

_ALIS - Skibotn 4278 A

Distance West-East (km)
Counts

2006/12/12 1

E 2000 69.4 N). At each station a sensitive CCD camera with a FOV
g 1E of 70° or 90 was operatingBrandstom, 2003. The au-
woE 1500 = roral light passed through narrow passband. & 40A or

g 0 ) 50A) interference filters before reaching the detectors. A fil-
g 1000 2 ter wheel was alternating between the auroral emission lines
g - at 5577A (O(*Sp)), 6300A (O(*Dy)), 8446A (O(3Py1.2))

o

and 4278 (N;), making 2 s exposures every 5s, and giv-
! 0 ing time resglutions of 100—40 s, with the highest resolution

1928 1929 19:30 Ti]me EUT}%Z 1933 19:34 19:35 for the 5577A and 42780\_ filters. At the time of in_terest,

f four of the five ALIS stations had clear skies, which made
tomography-like inversionsQustavsson1998 of the 3-D

Fig. 1. Top panel: east-west keogram from the ALIS imager in distribution of volume emission rate possible.
Skibotn, for the time interval 19:28-19:35UT. Bottom panel: east- The EISCAT UHF radar was operating the arcl experi-
west ASK keogram from the same time interval. The white lines ment. Arcl uses a 64-bit alternating code and gives decoded
mark the position of the EISCAT beam at 107 km altitude. measurements of the ionospheric electron density, electron
and ion temperatures and field-aligned ion drift with 4.4s
o time resolution and electron density estimates from returned
emissions of the aurora (e 4so et al, 1998. These meth- e profiles with 0.44 s time resolution and 0.9 km range
ods are used in this report, to determine the nature of two thinagoiution. The receivers in Kiruna and Sodasikylere also
auroral arcs. in use, providing tristatic measurements of the ion drift at

In this study, results from a new ion-chemistry inversion 220 km altitude over Ramfjordmoen, from which the 3-D
model, based on a time dependent iterative method invertingactric field is derived.

incoherent scatter radar (ISR) data to spectra of the primary

precipitating electrons, and high resolution optical data of

fine scale aurora have been used to determine the spectra 8f Event description

the precipitating electrons causing two thin auroral arcs. We

show that the results from the inversion model are in goodOn 12 December 2006 bright aurora appeared in the mag-

agreement with the observed ISR and optical data and canetic zenith over the EISCAT site. A substorm onset took

be used in the characterisation of auroral features. The twglace at about 19:20 UT with Kp=3. A video of the sub-

arcs are found to be the result of increased number flux orstorm from the ALIS imager at Skibotn can be downloaded

the boundary between regions of diffuse aurora with differentfrom the auxiliary material. An overview of the time evolu-

average energies. tion of activity taking place in the magnetic zenith between
19:28 UT and 19:35 UT is shown in Fig, in which the top
panel is the IS‘I emission at 4278 occurring in an east-west-

2 Instrumentation directed cut through the Skibotn ALIS images. The white
horizontal line marks the position of the EISCAT beam at

Optical measurements were carried out with the Aurorall07 km altitude. The ordinate is the horizontal distance from

Large Imaging System (ALIS) and Auroral Structure and Ki- the camera pointing direction, where east is at the top and

netics (ASK). The ASK instrument consists of three low- west at the bottom. The bottom panel is a similar keogram

light EMCCD detectors, with optical systems providing a from the ASK3 imager, ford. Structured and highly dy-

field of view (FOV) of 3.2 x 3.1°. The three imagers are co- namic aurora was present in the ASK FOV between 19:30:30
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Fig. 2. ASK keograms from the arc passing the FOV at 19:32 UT. The bottom three keograms are from @SK]AGSKZ (lo+) and

ASK3 (lp), and the top keogram is a colour-coded (red-green-blue) overlayed keogram of the three channels. All keograms are made from
east-west aligned cuts through the imagesintages for different times are shown below the overlayed keogram.

and 19:31:15, but will not be discussed further here. Two thinern (right) side. A 10s video of the 1932 arc at 32 frames/s
north-south aligned arcs drifted through the EISCAT beamcan be downloaded from the auxiliary material. When in the
after 19:32UT and 19:33 UT, respectively. A more diffuse magnetic zenith, the full width half maximum (FWHM) of
arc could also be seen in ASK between these two arcs, ahe arc varies between 0.2-1.3km at an assumed height of
19:32:40UT. The present study is the analysis of the thin, 100 km. The variation is due to the shear motions along its
well-defined arcs at 19:32 UT and 19:33 UT, marked with ar-length, with an average width of 750 m. The ripples have am-
rows in Fig.1. plitude of 1 km, wavelength of 5 km and velocity of 9 kmis
One minute later, another filamentary auroral arc, referred

For the auroral arc at 19:32 (hereafter referred to asy as the 1933 arc, moved through magnetic zenith to the west
the 1932 arc), detailed keograms and images are displayegith an average velocity of 1 knt$ as shown in Fig3 (same
in Fig. 2. The top panel shows a colour-coded overlaid format as Fig2). The arc has an average FWHM of 850 m
keogram, with 4 in red, b+ in green andg in blue, cre- iy the magnetic zenith. Shear motion is not as prominent and
ated from an east-west (horizontal) cut in the images. Thedynamic as one minute earlier, and the optical brightness is
second panel containg Images for the keogram interval, to also lower. Emissions in all three ASK imagers indicate that
show the full auroral evolution. The position of the keogram for both events there is a broad energy spectrum of precipi-
cut is indicated with a horizontal line in the firstimage. Pan- tating electrons.
els 3, 4 and 5 are the individual keograms @)zr,llo+ and b. Figure4a is an ALIS image of ly at 4278 taken from
Shear is noted on the arc at the time of the observations, witlskibotn at 19:32 UT. The ASK FOV mapped to 110km is
enhancements moving to the south (down in the images) omarked as a red box. The structured, extended north-south
the eastern (left) side of the arc, and north (up) on the westaligned arc seen just to the east of the box is the 1932 arc (to

www.ann-geophys.net/29/1699/2011/ Ann. Geophys., 29, 16A2-2011
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Fig. 3. ASK keograms from the arc passing the FOV at 19:33 UT. The bottom three keograms are from 6§K1A6K2 (lo+) and

ASK3 (lIp), and the top keogram is a colour-coded (red-green-blue) overlayed keogram of the three channels. All keograms are made from
east-west aligned cuts through the imagesinhages for different times are shown below the overlayed keogram.

the right in the figure). The wider unstructured arc to the westleaving behind an afterglowing Oemission in ASK2. The

of this arc corresponds to the diffuse emissions appearing irafterglow of this event has been analyseduahlgren et al.

ASK only a few seconds before the 1932 arc. The 1932 ard2009, who found that the emission decay history was con-

shows evidence of rays, seen as intensifications along the arsistent with 1 keV precipitation.

The 1933 arc can be seen further to the east in the figure. The

projected location of Ramfjordmoen and Skibotn are marked

with a red dot and a blue cross, respectively. The arcs appear Results

much wider in the ALIS image from Skibotn than in ASK

due to perspective effects. This imager is located 50 km easi this section the methods and main results are presented.

of Ramfjordmoen, so is imaging aurora°3%om the mag- A description of how 2-D energy maps can be obtained from

netic zenith at ASK and EISCAT. the optical data and modelling is given in Sect. 4.1. Sec-

tion 4.2 introduces the inversion model used together with

A false colour overlay of d; (red), b+ (green) andd  radar measurements to estimate energy and flux profiles of

(blue) from ASK is shown in Figdb. The size and posi- the precipitation. From the multi-point observations made

tion of the radar beam is marked with a circle. The beamby the ALIS network, the volume emission rates can be re-

has a width of 0.8, corresponding to approximately 1km at constructed, which is described in Sect. 4.3, and in Sect. 4.4

100 km altitude. The narrow arc drifts into the ASK FOV this information is combined to present a coherent formation

from the east, passing magnetic zenith and continuing to thenodel of the observed aurora. Section 4.5 finally relates this

west, with a drift velocity of about 540 nT8. At the end of  model to the electric field estimates derived from the EISCAT

the passage the prompt emission moves rapidly to the westristatic measurements.

Ann. Geophys., 29, 1699712 2011 www.ann-geophys.net/29/1699/2011/
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2. Model ASK emission brightnesses
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19:32:06. 406 Fig. 5. Top: modelled emission brightness versus energy for the

ASK emissions. Bottom: modelled emission ratio versus energy
Fig. 4. (a)ALIS image taken from Skibotn at 19:32:00 UT. The (black). The minimum and maximum ratios are plotted as red dotted
EOV of ASK at 110km altitude is marked with a red box. The lines for the 1932 arc, and as green dashed lines for the 1933 arc.
location of Ramfjordmoen and Skibotn are marked as a red dot and
a blue cross, respectively. The 1932 and 1933 arcs discussed in this
paper can both be seen at this tinfig} False colour overlay ot The average energies of the precipitating electrons corre-
(red), lo+ (green) and¢ (blue) from ASK, for the 1932 arc. The  gponding to different ASK emission ratios have been mod-
lacation of the radar beam is marked with a circle. elled with the Southampton ion chemistry and electron trans-
port model (described in detail ihanchester et g1.1994
1997 with atmospheric parameters for the conditions of the
4.1 Optical emission ratios night of interest. Figurés (top) shows how the emission
brightness varies with energy of precipitation for the emis-
Simultaneous measurements gg land b provide a time-  sions observed with ASK1 and ASK3. The resultis produced
dependent two-dimensional image of the changes in averagy assuming a Gaussian distribution with a constant energy
electron energy of the precipitating electrong, i$ mainly ~ flux of 1L mW m~? and increasing energy. Note that the con-
caused by direct electron impact excitation of atomic oxygentribution to lo from dissociation of @increases with energy
in the F-region and upper E-regiong Is thus a good indi- Whereas direct excitation decreases rapidly with energy in-
cator of low energy electron precipitation_ However, it is not Crease. The total emission brightness C|05€'|y follows the di-
a pure measure of low energy precipitation, as the excitedect excitation curve. The total modelled emission brightness
state of the oxygen atom can also be reached by dissociativf the Gf band was multiplied by a factor 0.0633 to account
excitation of @ in the E-region' caused by h|gh energy pre- for the reduction of emissipn passing through the ASKl fil-
cipitation. | is produced by electron impact ionisation of ter. The bottom panel of Fig shows the resulting variation

0, and since @has a shorter scale height than O, t@m in I02+/Io vs. energy, which is used in this study to derive the
emission requires electron precipitation with energy deposi-€N€rdy of the precipitation based on ASK emissions.

tion at lower altitudes, that is, with higher energy, compared The left column of Fig6 shows the variation ofy; (dot-

to atomic oxygen. The raticblZF/Io can therefore be used to ted) and ¢ (dashed) together with the rati@,;l/lo (black)
map the characteristics of the precipitation. taken along a cut through the images at five times during the

www.ann-geophys.net/29/1699/2011/ Ann. Geophys., 29, 16A2-2011
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Fig. 6. Left: 'o; (blue dotted line),d (blue dashed line) anqjgllo (black) from cuts made through the ASK images at 19:32 UT. Middle:
|o;/|o images, giving a 2-D distribution of the energy of the precipitating electrons. The red horizontal lines mark the region of the cut.
Magnetic zenith is marked with a cross. Right column: 2-D energy distributions for the 1933 arc.

passage of the 1932 arc. The east-west aligned cut is througtially for IO+ (at most 130 R, compared to 200 R for the 1932

the magnetic zenith, and 8 pixels in the north-south direc-arc), makmg the emission ratio for this arc more sensitive to

tion are averaged to give a larger SNR. This region is showmoise. Note that a scaling factor of 6 has been usecbf.om

by two horizontal lines in the images to the right, with the the left-hand panels, where magnetic zenith is marked with a

magnetic zenith shown as a cross. The images in the middigertical line.

and right columns in Fig6 are derived 2-D maps of the av-

erage energy at the selected times for the 1932 and 1933 arc, The largest values of the ratig,/lo are found on the

respectively. The intensity of the 1933 arc is weaker, espeeastern edge of the arc, with ratios of more than 0.2, cor-
responding to average energies of more than 10 keV, and the

Ann. Geophys., 29, 1699712 2011 www.ann-geophys.net/29/1699/2011/
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smallest ratios appear on the western edge, where the en Observed electron density
ergy of the precipitation is about 2-3keV. The maximum
and minimum ratios and energies for the 1932 and 1933 arcst |
estimated across the east-west aligned cut marked in red irg ||~
Fig. 6, are given in Fig5 by the red dotted lines and green =
dashed lines, respectively. The ratio distributions in the two 100 N AR IR NI o o i :
arcs are in general asymmetric during the seconds they ar¢ 1o ' e ok
passing through the zenith, so that the energy of the precip-
itation across the arcs has its highest value on the easterr **]
or trailing, edges. The emission ratio is calculated only for - ™
values larger than a threshold value gf to eliminate back- < '™
ground noise. 21 0"
Since by is more efficiently excited in the ionospheric E- ~ | b
region, while b is more efficiently excited in the F-region, e T Rigion® " 1953 R
one can expect perspective effects when viewing the aurore. Time (UT)
off zenith (Semeter et al2008. In the region around mag-
netic zenith, the atomic oxygen emission seen by ASK3 isFig. 7. Top: E-region enhancements in electron density corre-
expected to appear closer to zenith, as it originates fropsPonding to a_uroral arcs drifting over EISCAT. Bottom: modelled
higher altitudes, than the ASK1 emissions from the molecu-&/€ctron density.
lar oxygen ions at lower altitudes. In the first panel of Fg.
the lp (blue dashed curve) is shifted towards magnetic zenith

compared with thed: (blue dotted curve) at a time when few ke_V. In the middle panel the average energy from th?
2 model is plotted as blue bars. The red line is the energy esti-

the arc is to the east of zenith. But as the arc passes througﬁlwated from ASK emissions, which have been integrated over

;enlth, b doies not remain closer to magnetic zenith, but €OM"he area covered by the radar beam at 110 km altitude. The
tinues peaking to the west of thg: peak. This effect cannot . : . ;
> times when the arc is entering and leaving the radar beam

be a product of perspective, and has to be explained by variz o marked with blue shading, and the period when the arc

ation in average energy across the arc. is completely within the radar beam is marked by yellow
shading. At the entrance of the 1932 arc into the radar beam
the modelled average energy is 2.5keV. During the passage

The EISCAT measurements provide an independent methoff the arc, the energy increases to a steady value, with an
to estimate the average energy of the precipitation. TheAverage energy close to SkeV. A very good agreement is
measured electron density profiles obtained in the magnetiéound between the modelled energies and the energies ob-
zenith are compared with the electron density derived from d@ined from ASK data. The bottom panel of Figshows the
novel model, in which the continuity equation for the elec- modelled total electron energy flux (blue bars) with a maxi-
tron density is integrated with ionization rates calculatedMUm at the time when the arc is centered on the radar beam.
from parameterized electron energy and flux spectra. Thd he energy flux has also been derived frog measured
best-fitting electron spectra is then found by minimizing the With ASK1 (red line). Figure5 shows that for precipita-
difference between the measured and modeled electron de#ion with energies of more than 1keV the emission bright-
sity profiles, through a weighted least square method. Byness of G (black line) is nearly constant for this emission,
this method, an assumed a priori shape of the spectrum is n@ about 10 R. The observed brightness can then be used as a
needed. Details of the model are given in the Appendix. ~ Proxy for energy flux. The fluxes agree well with the mod-
The EISCAT power profile data are shown in Fig(top). elled fluxes from the EISCAT data, with values of more than
The times of the 1932 and 1933 arcs are marked in the fig20 MW nT2.
ure. There is a clear electron density enhancement coupled The estimates of the energy and energy flux of the pre-
to the observed auroral brightening at 19:32:05UT. At this Cipitation from the inversion model have been used, together
time the lower border of the E-region enhancement decreasedith MSIS-90 neutral atmosphere parameters, as input into
from 105 km to about 100 km. At 19:33:05 UT there is a fur- the Southampton ion chemistry and electron transport model.
ther lowering of the border from 100 km to about 95 km. The The time dependent model produces density profiles of the
bottom panel in the figure shows the resulting electron den-species of interest (and estimated emission brightnesses) for
sity constructed through the inversion model. each time step. Volume emission rates have been modelled as
The modelled spectrogram for the 1932 arc is given ina function of altitude for thed; and b emissions measured
the top panel of Fig8. At 19:32:03 UT the entrance of the in ASK1 and ASK3 respectively, and a significant increase
1932 arc into the EISCAT beam is identified as strong en-was found during the time when the arc was in the beam,
hancements of flux for all energies between 500eV and awith the peak of the emissions occurring at approximately

[-W]

£
< 120 A

Modelled electron density 1o

itude
el

Alti

4.2 EISCAT and modelling
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10” region of 130x 130 km between 80-260 km in height. This
is done with a tomography-like inversion. Iteration of an ini-
tial guess with the multiplicative SIRT (Simultaneous Itera-
tive Reconstruction Techniqu&ordon and Hermarl974
Gustavsson2000 algorithm is performed until no improve-
ments are gained in the fit between the observed and the mod-
elled images. For the initial guess an averaged altitude pro-
file obtained from the model is used, which is then shifted
and scaled based on the measured ALIS brightnesses.
10 The altitude variations of the volume emission rate for the
193200 Time (UT) 193210 1932 and 1933 arcs are shown with solid lines in the top
panel of Fig9. The maximum rates are found at 112 km and
: 102 km altitude, respectively. These peak altitudes agree well
= ,&J_/%_Ql | with those obtained from electron transport calculations with
B4 i MJ/J — T I input spectra from the EISCAT inversion (dashed lines in the
: figure). Modeling of the 1933 arc is particularly difficult due
L S E—— I to the low signal to noise ratio, which could introduce ar-
1oz roao tifacts such as multiple peaks to the profile. The estimated
. 2 volume emission rates derived from the ALIS images are ap-
— mr’””_“x_m;r#—@ fn — proximately a factor 5-10 lower than what is obtained from
T = ¥ \‘w’ﬂl,,w:"m " the electron transport model. This is due to the horizontal
ooyt T e widening of the auroral arcs to about 5 km in the estimates of
1a0m00 Lot the 3-D volume emission rates from ALIS data, so that the
Time (UT) total number of emitted photons in the reconstructed arc is
distributed over a wider volume. With more optical stations
Fig. 8. Top: electron energy and flux spectrogram from the inver- the accuracy and resolution of the volume emission distri-
sion _model,_for the_arc at 19:32 UT. Middle: Average energy as apytion would be much improved. However, the good agree-
funptlgn of time derived from the modgl (blue bars) .and .from ASK ment of the peak altitudes and the altitude variations is an
emission ratios (red). Blue shaded regions are the time intervals the

arc is moving into and out of the radar beam. The yellow shade ismdependent confirmation of the electron precipitation char-

the time interval when the arc was located in the centre of the beam"."cu':'ristiCS derived from EISCAT and ASK data. Due to the

Bottom: total electron energy flux as a function of time, from the Slower frame-rate of ALIS (one image per 5s) and the ALIS
inversion model (blue bars) and the ASK data (red). filter sequence used, the volume emission rate estimates from

ALIS were made at 19:32:00 UT and 19:33:05 UT when the
_ _ arcs were just outside the ASK field of view, shown with a
110km altitude. The measured column brightnB8ssan be  plack square in the lower panels in F. However, it was
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obtained by especially difficult to identify the 1933 arc in the ALIS im-
1 ages. The brightest arc closest to the ASK FOV at this time
B= W/G(Z) -dz (1)  was chosen for the estimate, meaning that the volume emis-

sion rate from ALIS could be overestimated. The arcs that
wheree(z) (m=3s71) is the volume emission rate at alti- were selected for the tomography estimates are shown with
tudez, and 189 is the conversion factor to Rayleigh, since black crosses in the figures. Magnetic zenith above EISCAT
1R = 10%photons m2s~ (Hunten et al.1956 Baker and  and the ALIS Skibotn station are shown with red and blue
Romick 1976. The volume emission rates integrated in al- circles.
titude from 100 km to 200 km give emission brightnesses of
360R for by (ASK1) and 4kR for b (ASK3). These val- 4.4 Characteristics of the precipitation
ues can be compared with Fig.where the 1932 arc has a . o _ _ . _
maximum brightness of approximately 350 R for ASK1 and Multi-monochromatic intensity ratio analysis of two thin au-
2kR for ASK3. The difference between the modelled and'oral arcs stretched in the north-south direction gives the en-
observed ¢ could be caused by an overestimate of the O€r9Yy of precipitating electrons to be varying across the arcs,

density in the MSIS atmosphere at auroral latitudes. with the lower energies appearing on the western, leading
edge. The precipitating electrons are found to have energies
4.3 Volume emission rates ranging from a few keV to approximately 10 keV. The energy

estimates made by a new ISR data inversion algorithm show
Three-dimensional volume emission rates of tl‘@ (4,0)  the same result, and indicate that coincident with the energy
emission at 4278 have been estimated over a horizontal gradient across the arc is an increase in number flux. This
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Fig. 10. Top: energy vs electron number flux derived from the in-

Fig. 9. Top panel: altitude profiles of the volume emission rates of Version model, for the regions to the west of the arc (region 1), in

the ,\Ek (1,0) band derived from ALIS tomography data (solid lines), the arc and to the east of the arc (reglo_n 2). Bottom: illustration of

for the 1932 (blue) and 1933 (red) arcs, respectively. The modelled® 1932 arc and the two regions of different average energy sur-

volume emission rates are shown as dashed lines. Bottom panel£ounding it

Horizontal cuts for the narrow arcsat 19:32 UT and 19:33 UT.

of the 1933 arc. The time intervals of the three regions are
) ) ) marked under the bottom panel. The overlaid keogram in
flu_x increase is the signature that best can be coupled to thgig_ 2 for the 1932 arc also shows low energy emission to
brightness of the arc. the west of the arc (seen as green in the keogram), whereas
The ALIS images show regions of diffuse background high energy emissions are present to the east of the arc (red
emission around these narrow arcs. The spatial scales dh the keogram). Emission ratio measurements from both the
these regions are about 80 km. The 2-D energy maps givéSK and ALIS data sets confirm that the average energy is
regions of different energy in the image plane, with the north-different in the three regions.
south arcs at the boundaries between them. We interpret the
data as three different populations, with slightly different av- 4.5 Electric fields
erage energy of precipitation, within a region of diffuse au- o _ )
rora most likely caused by pitch-angle scattering. The region! & EISCAT tristatic ion velocity measurements provide an
west of the 1932 arc is referred to as region 1, region 2 is théStimate ofthe honzpntal electric field in the beam, at 220 km
region between the arcs and region 3 is the region to the eadtitude, over Ramfjordmoen. The north and west compo-
of the 1933 arc. The regions drift through the EISCAT radarnents of the electric field, analysed with a temporal resolu-
beam and at the boundaries between them, an increased fl(#on 0f 4, for the time interval 19:28:00 UT-19:36:00 UT are

appears, causing the north-south arcs. The effect is demor20tted in blue and red respectively in the top panel of Eig.
strated in FiglOwhere energy vs electron number flux from The times when the 1932 and 1933 arcs are in the radar beam

the inversion model is plotted in the top panel for the regions@'® Shaded yellow. The electric field vectors are shown with
to the west (region 1) and east (region 2) of the 1932 arc@rrows in the bottgm panel. The electric field is found to ro-
as well as for the time of the arc passage. The peak of thdate from predominantly south-_southeast to north-northwest
average energy is found to be about 4keV for region 1 andt 19:29:30 UT for ab_out one minute, and then turr_ls bac_k to
about 8 keV for region 2 (see Fif), so there is a clear shift south-southeast again. The Iargest and most variable fields
in the energy distribution to higher energies for region 2. The(x250 mV ”Tl.) are during the time of the 1932 and 1933
bottom panel shows a simple illustration of the 1932 arc and®rcS, after which the field returns to the south-southeast di-
the two different regions surrounding it. The result is sup- rection again. Tr_ne qlewatpn of th_e estimated electric fle_ld
ported in all the data sets analysed. The EISCAT electrorfomponents are indicated in the figure for each data point,
density (Fig.7) shows a two-step decrease of the altitude of@nd are relatively small.

the lower border of the enhanced electron density, with the

first decrease in altitude (hence increase in energy) occur-

ring at the time of the 1932 arc and the second at the time
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Fig. 11. Top: north and west components of the derived electric field from EISCAT, as a function of time. Bottom: direction and amplitude
of the electric field vector at each instant of time.

5 Discussion arc due to thek x B drift. The electric fields estimated from
the EISCAT data adjacent to the arcs of about 250 m¥m
The combined optical and radar observations and modellingire more likely to be underestimated than overestimated, due
all indicate that the observed event consists of three region# the spatial and temporal averaging effect of the radar data.
of precipitation, producing diffuse aurora, with slightly dif- Such strong, transient electric fields adjacent to discrete au-
ferent average energies, and that the two arcs appear on thiera has previously been measured and were believed to be
boundary between these regions where an increase in nunassociated with bursts of electron precipitatidarichester
ber flux is found. The inversion of the radar data showset al, 1996.
very low fluxes of low energy electrons (Fitj0, top panel). The distance between the shear intensifications along the
This result suggests pitch-angle scattering of energetic elect932 arc seen in the ASK images agrees with the mean dis-
trons causing the diffuse aurora, rather than an electrostatitance between rays detected in the ALIS images (&)g.
inverted-V structure, since an acceleration potential wouldimplying that the rays are the result of the shear motion
reflect upflowing secondary electrons and provide a largemlong the arc. Such rays, or intensifications, are different
flux of downgoing low energy electrons. In a study of ALIS from rays such as those discussedvichenko et al(2005,
and FAST particle dateéGergienko et al(2008 give exam-  which are isolated, distinct features moving independently
ples of particle distributions resulting from both inverted- of each other. The spacing of the intensifications can be
V acceleration and wave interactions. Their Fig. 5 showscompared with the properties of auroral “ruffs” described in
there is a low energy population associated with the parti-Dahlgren et al(2010, which were of similar scale sizes, al-
cles accelerated by a potential structure, which is absent ithough the wavelengths observed here are somewhat larger
the region of pitch-angle diffusion by electron cyclotron har- than the wavelengths of less than 3 km noted in that work.
monic waves. The electron distribution in the present studyThe ruffs were distinct from curls and folds, and it was pro-
matches well the FAST particle data at the time of pitch- posed that their mechanism of formation is different in nature
angle diffusion. from these more reported auroral structures.

Kinetic magnetospheric modelling has shown that if the Auroral modelling and EISCAT electron densities were
boundary between two plasma populations of differing den-used byLanchester et al1997 who found that the energy
sities and temperatures is parallel with the background magflux in a bright auroral arc was confined to a very narrow re-
netic field, the difference in ion gyroradii will set up an elec- gion of 100 m (much smaller than the radar beam width) of
tric field across the boundary. These fields can be locallymostly monoenergetic electron precipitation, embedded in a
enhanced, leading to large parallel electric fields that can bevider region of lower flux and broader energy distribution.
associated with auroral arcs of widths as small as a fraction oThe narrow arcs in the present work are less bright than in
a km Roth et al, 1993. In the statistical study byohansson that study, but are also found to be the result of an increase in
et al.(2006, a correlation between plasma boundaries in theflux. They too are narrower than the radar beam, so that there
plasma sheet and bipolar electric fields was found. Such eleczould be an underestimate of the total flux, here found to be
tric fields would then produce a velocity shear in the resulting20 mW nt 2. However, the improved optical measurements
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of the ASK detectors allow flux estimates at the pixel level, Observed electron density :
at which peak values of nearly double this estimate have bee = e S =
found in the arc. o : e
Nonlinear Alfven waves are believed to produce auro- =
ral forms with widths in the 0.1-10 km rang&tésiewicz
et al, 2000. It was recently demonstrated that the elec- e i
tromagnetic fields supporting multi-scale discrete aurora are ..., 103200 o0 P
of an Alfvénic nature Chaston et al.2010. Chaston et al.
(2003 concluded from their study of FAST data that auroral 1e0
arcs caused by particle acceleration due to dispersiveeAlfv _ 1,
waves have a typical width of 900 m. Velocity shears in arcs<
are predicted to launch shear Adfiv waves, that will carry
a downward Poynting flux. An increased energy flux is thus< *°
expected from this process. FLCCE S — . ——
Figure12 (top) shows height profiles of the EISCAT elec- % 1920 men 193220
tron density for the time interval around the 1932 arc, and
the bottom panel is the corresponding modelled electron denFig. 12. Top: electron density profiles from EISCAT measure-
sity. At 19:32:10 UT, just after the passage of the arc throughments, for the 1932 arc. Bottom: corresponding modelled electron
the radar beam, a hole appears in the electron density mealensity. The bite-out in the data at 19:32:10 UT is not reproduced
surements, at about 125km altitude. Such a depletion inby the model, and is believed to be caused by horizontal convection
dicates horizontal drifts of plasma out of the region of the °f Plasma near the arc.
radar beam due to Pedersen mobility, and thus strong electric
T e e e No hat o ot s, ven g th acsar n e
sity depletions due to ionospheric plasma convection Werema_lgnenc zenith, thgy do not fill the region of the radar beam
also observed on the leading and trailing edges of an aurogmformly. There will thus.be' an averaging effect when es-
ral arc, in the presence of large and variable electric fields,tm.]atIng the electron densﬂy N the two arcs and when mod-
by Lanchester et a1998. In the inversion model, radar eII_|ng th_e energy of the precipitation based_on the rad_ar data.
measurements are used to estimate the ionisation rate in thlzteIS for fine-scale aurora, as wgll as.for rapidly changing au-
ionosphere. When solving the continuity equation, the con-roral structures _such_as tho;e n th|§ study, that the strength
vective term is typically neglected. Because of this, there are[c.)f muIt|spe.ctraI 'maging at h|gh spatial anq temporal resolu-
no bite-outs in the modelled data (Fit2, bottom). Thus, tion, combined with ion-chemistry m_odelllng, becomes ev-
caution has to be taken with such a simplification, as it might'dent' N"?‘”OW arcs are ngt unusual n g_round-based (_)ptlcal
lead to errors in the estimation of the ionization rate. For ex_observatlons, but theoretlca! modelling is mostly applied to
ample, the peak in modelled average energy at 19:32:01 U_Furoral arcs of several km widths.
in the middle panel in Fig8 may be a result of strong con-
vection. The implementation of corrections for such localg Summary
convection effects is planned for future developments of the
model. The strength of combined optical and radar observations has
The ASK cameras have been intensity calibrated by usingoeen demonstrated for an auroral event on 12 December
the Pulkovo stellar catalogue, containing measured bright2006. An interval of seven minutes was analysed, which in-
nesses of specific stars. The brightnesses in ASK are esttluded two north-south aligned auroral arcs.
mated to have deviations of up to 50%. The main uncer- A new time dependent inversion model is used to obtain
tainties are the background reduction and atmospheric conestimates of the primary electron energy and flux from elec-
ditions. When studying emission ratios rather than emissiongron density measurements made with EISCAT. A very good
from the individual channels some of the errors will be re- agreement is found with the energies estimated from ASK
duced. The systematic uncertainty in the modelled emissioroptical data. The modelled energy-flux spectrogram in the
brightness is estimated to be 35 %Wliter et al, 2010, and  arcs shows lower energies on the leading edges, and an en-
the electron energies could be overestimated by up to a facdhancement in electron number flux during the passage of the
tor of 3. However, the good agreement between the ASKarcs through the radar beam. The data can be interpreted
emissions and the modelled brightnesses retrieved from ElSas three different regions, containing populations with differ-
CAT data indicates that the uncertainty is smaller than thisent average energies (between 1-10keV); these energies are
estimate. The energy variation across the thin auroral arcdypical of diffuse particle precipitation caused by pitch-angle
which is of main interest here, is also unaffected by any off-scattering. On the boundaries between these regions large
set in the calibration of the data. and variable electric fields are formed, causing sheared arcs

Altitude (km)

120

Modeled electron density

itude (km
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in the ionosphere. Shear ABn waves are launched in the  The modelled electron densif, is obtained by integrat-
boundary region, which increases the flux of the precipitat-ing the electron continuity equation:
ing electrons. .
In this study we were able to model the energy and qux% _ _
. . . = Qes(2,1)
across a very thin750 m) auroral arc, and give a detailed 9¢
energy map of the arc and its surroundings, simultaneously. (A2)
Such techplques will be important when trylrjg to understandWith an ionisation profileQes(z. 1) calculated with the pa-
the formation of auroral arcs and the associated current sys- ; : :
. L . ? rameterized electron spectrum. Hergis the density of
tems. Further studies of large electric fields associated with . _ . .
: ._speciess and v is the convective velocity of the plasma,
narrow auroral arcs are required to understand the relation-

. . o which we assume is negligibly small.
ship between currents and particle distributions. The ionisation profileQestis calculated as a sum of ion-

isation profiles for monoenergetic precipitation scaled with
. the electron fluxes at those energies, or in matrix form
Appendix A (Sergienko and lvang993 Rees 1989 Semeter and Ka-
malabadj2005:

(a1nnO+ +°‘2”O§ —}-OtgnN;r)fLe— v-Vile

Estimating the precipitating electron spectrum from
EISCAT observations QOes(z,t) = A(z, E) - Ie(E t, p) (A3)

In this section we describe an inversion model that estimate¥/here the columns oA(z, E) are altitude profiles of ioni-
the spectra of precipitating auroral electrons in a parametefation rate for mono-energetic precipitation with the corre-
estimation problem, where a parameterized electron spectrdPonding peak energy;.

is adapted to reproduce the observed electron density pro- |he parameterisation d&(E, 7, p) is an exponential of a
files. This is followed by a brief description of the ionisa- cubic spline withk /2 node points (each node of the spline has
tion profiles and calculations of the electron recombination.two free parameters, both the enedgyand the electron flux
Finally, a short comparison of the strengths of this method/e(E) are allowed to vary). To search for the optinialE)

compared to methods used previously, is given. we search over a range bffrom 6 to 18, corresponding to
3 to 9 node points. The minimum AIC is typically found
Al Model description to have between 3 and 6 node points. To calculate prop-

erly the minimum AIC, all possible parameterizations such
To estimate the electron spectia(E, 7, p), as a function of ~ a@s box-car functions, polynomials, harmonic expansions etc.
energy,E, at timet, we search for the electron spectrum that should be tested for each but the chosen parameterization
minimises the weighted least square difference between obis general enough to have the ability to reproduce most elec-
served and modelled electron density, with an additional ternfron spectra accurately enough with a low number of free

penalising complexity of the parameterisatioif the spec- ~ Parameters. _ o
trum, The ionospheric electron loss processes are recombination

and convection. When calculating the recombination term in
- 2 Eqg. (A2), ion densities modelled with the Southampton ion-
3> (ne(ti,2)) —Zne(t,‘,z.,‘)) ) L Ntk chemistry model are used, rather than densities from the em-
j One N—k-2 pirical standard model International Reference lonosphere
(A1) (IR1). This gives more accurate estimates of the recombina-
tion, and in turnle(E), during periods of rapidly changing
whereng(t,z;) andfie(t,z;) are the observed and modelled precipitation, when the ion composition is not in steady state
electron density, respectively, at altitu@l}e oy, IS the corre- but varies with time. The rates at which electrons are re-
sponding standard deviation of the electron density observacombining with different ionospheric species are
tions, N is the number of altitudes witte observations ank _ _
the total number of free parametefs,of the modelled elec- 01 =4.2x 1073300/ Te) > s, (A4)
tron spectra. The quantity calculated in E§1fis knownas  for NOT,
the Akaike information criterion (e.durnham and Ander-
son 2002, where the first term in EqAQL) decreases with a2 =1.9x 10713300/ 7e)**m3s~* (AS)
increasingk, since a larger number of free parameters makes,f of and
it possible to produce more complex electron spectra, IeadingOr 2 an
to more small-scale variation in the ionisation profile; while . _ 1 g 10713300/ 7o) *3mB s (A6)
the second term increases withFor somek a global mini-
mum is obtained; additional free parameters are then not (st&for recombination with Igr (Rees 1989. The convection
tistically) justified by the improved fit to data. term is typically small, except for time periods around the

1
AlC =Iog<ﬁ
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than can be explained by recombination. In Rigthis can Topical Editor R. Nakamura thanks R. Michell and another
be seen as a more rapid decreasedmfter 19:32:10 UT at ~ anonymous referee for their help in evaluating this paper.
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