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Abstract. We present results from ground-based auroral ob-Thorne 2000 Meredith et al. 200Q Peticolas et a].2002.
servations coordinated with the Japanese satellite, ReimeiThe extent, intensity and spectra of the auroral emissions are
that took place during the winters of 2006, 2007 and 2008an indicator of energy input into the ionosphere from the
at Poker Flat, Alaska. Comparable temporal and spatial resmagnetosphere.
olution for the optical and in situ particle data, allowed for  The first large-scale survey of horizontal auroral thickness,
investigation of small scale and/or rapidly time-varying au- Maggs and Davig1968, found that rayed auroral struc-
roral structures. Four satellite passes through diffuse auroralres tended to be thinner than diffuse ones and that all types
structures were identified. The structures within the aurorapf aurora tended to get brighter as they got thinner. Since
whether stationary or time-varying (pulsating aurora), werethen there have been numerous studies of these thinner, ac-
most closely correlated with the highest energy precipitat-tive, substorm auroral arcs such ldaerendel et al(1994);
ing electrons measured by these detectors (8 to 12 keV). ThiStenbaek-Nielsen et g11998; Hallinan et al.(2001). How-
relation is found to be consistent across all four examplesgver, a more recent examination of tMaggs and Davis
revealing that the electron precipitation responsible for thes€1968 data set byStenbaek-Nielsen et 11999, revealed
diffuse auroral structures is primarily that of th@ keV elec-  that a significant fraction of those observations were taken
trons. inside diffuse aurora, showcasing that the context in which
auroral research takes place is largely defined by it. In ad-
.dition, diffuse auroral structures make up the majority of the
"aurora, and contain significant energy input from the magne-
tosphere into the polar ionospheMdredith et al.2009.

The phenomenon of black aurora, typically observed
. within diffuse aurora, has been studied since the 1970s. Itis
1 Introduction defined as a lack of auroral emissions in a small, well-defined

, i region embedded within a uniform background of diffuse au-
Ground based auroral observations have typically focused OPyra or aurora that is intermediate between diffuse and dis-

the discrete structures often associated with activations angrete Royrvik, 1976. There were several large morphologi-

substorms, partly due to their brightness and dynamic nag sy dies of black aurora in the 1990s, describing its charac-

ture. Recently, however, there has been increased interegl itics and features (such &shoute-Vanneck et all99Q

in understanding the diffuse aurpral emissiorsine gt al, Trondsen and Cogget997 Kimball and Hallinan 1998.
2003 Dashkevich et al.2007 Ni et al, 2008 Sergienko — \1qre recent studies, using satellitéeticolas et a).2002,

et al, 2008. In particular, periodically varying (spatially and and radarsBlixt and Kosch 2004 Blixt et al., 2005 have

temporally) structure within the diffuse aurora can be usedjj, .o the generation of black aurora to a magnetospheric
to study wave activity Johnstone et 811993 Horne and  igin  Therefore its presence in ground-based auroral im-

ages can be used to gain information about in situ processes
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Studies combining in situ measurements and groundsity cut is taken along the path of the magnetic footpoint at
based auroral imaging, provide insight into the accelerationl00 km altitude, covering the closest approach to zenith at
processes associated with various auroral structures. Previroker Flat over a fixed time period efone minute. For ex-
ous studies have focused on active aurdtallinan et al, ample, in Fig.2a (left panel) the intensity cut is taken along
2001, Stenbaek-Nielsen et al1998, but less on diffuse the footpoint position from 12:01:10to 12:01:50 UTC. When
structures, such aBeticolas et al(2002. More recently, stacked into an image, the intensity at the exact spacecraft
Sergienko et al(2008 investigated the fine structure of dif- footpoint can be read off the diagonal line from lower left
fuse aurora. It is this diffuse aurora, with varying amounts ofto upper right. From this representation one can determine
sub-structure, that we seek to understand with the conjuncwhether the features seen in the particle data come from spa-
tive events presented in this paper. The changes in luminosityial or temporal variations in auroral intensity. Reimei always
of these small scale features are explored in relation to higlpasses over Poker Flat in a North-to-South direction, with the
resolution in situ particle measurements, identifying the pre-result of North reflected at the bottom and South at the top of
cipitating electron populations responsible. the keogram.

Diffuse aurora, refers to aurora caused by precipita- Panel (c), shows a series of typical Reimei energy spectro-
tion from populations of trapped magnetospheric electronsgrams for electrons and ions, at different pitch angle ranges.
These are scattered into the loss cone by interactions with Panel (b) combines information from panels (a) and (c).
waves, primarily chorus and ECH, in the equatorial regionThe black curve shows the optical intensity of the aurora
of the plasma sheet. The electron spectra associated witht the footpoint location. It is extracted from the all-sky
diffuse aurora are primarily Maxwellian and do not contain data, on an arbitrary scale of 30 (dark) to 255 (bright), and
signs of acceleration by parallel electric fields. matches the location of the line in (a). The coloured lines

are the energy flux in different energy ranges, where the blue

(8-12keV), green (100-1000 eV) and red (10-100eV) lines,
2 Method are extracted from the Reimei electron data for each energy

range noted. The flux of the downgoing electrorfst@30°)
Observational campaigns were conducted from Poker Flatis summed within each energy range. These three lines have
Alaska recording ground based imager data, which are comheen scaled for comparison with the optical line. The green
bined with in situ satellite observations. Poker Flat, at aand red lines are scaled by a factor of 10 relative to the blue
geodetic location of 65.1N, 212.6 E (65.3N, 263.2E Geo-line.
magnetic), corresponds to an L-value of 5.7, with local mag- The common x-axis shows the time in UTC. The y-axes
netic midnight occurring at approximately 11:20 UT. The op- show (a) the distance along the cuts, (b) the intensity of the
tical data presented are extracted from an intensified CCQuut along the satellite footpoint for the black (optical) line
all-sky imager, with a NTSC video output containing an ac- only and (c) the energy and pictch angle range of particles
curate GPS time stamp. They were recorded to DVD at 30with the top three representing the electrons and the bottom
frames per second. The resolution is approximately 3 pixelghree the ions. In all particle spectrograms the satellite passes
per degree, or about 500 to 600 m per pixel in the vicinity are from north to south (left to right). The equatorward edge
of the zenith. The imager is unfiltered, recording the white- of the auroral oval is visible in the all sky images for all four
light auroral emissions that are primarily from the green line cases. This has been verified through examination of the time
(5577A), which in turn dominates the extracted intensities. development of the aurora as well as that of the Reimei par-

The in situ data are from the Japanese Reimei satelliteticle data over a longer period of time.

which is in sun-sunchronous polar orbit-a50 km altitude.

It contains high resolution, 40 ms per spectra with 32 energy )

steps, ion and electron spectrometers covering the range ot Observations

12eV to 12keV Asamura et aJ.2003. The velocity of
Reimei is approximately 9 kps, resulting in a spatial res-
olution of 380 m, which is less than the spatial resolution of

A representative all-sky image for each overpass is shown in
Fig. 1. These show the range of diffuse auroral structures in-
vestigated, including the pulsating structures on 12 February

the imager, thus not affecting the comparisons. 0%007 and the very stationary east-west aligned dark struc
Four Reimei overpasses are examined, one each from 20 tures on 1 March 2008. The dark line on each image indi-

and 2007, and two from 2008, where diffuse auroral Struc_cates the path of the Reimei footpoint over the time interval
tures were present in the all-sky data. Each overpass is rep- the p P : :
Investigated. The red square denotes the footpoint location

resented by a three part panel of identical format for compar- - .
ison (Figs.2, 3, anda). at the time of the image, and the green square near the center

To best understand the nature of the auroral features tha(%f the image reprgsents th? magnetic zenith location. North
Is down and East is to the right.

Reimei encountered, a type of keogram (a) is constructed,
using intensity cuts taken along the trajectory of the foot-
point of the satellite. Specifically, at each frame, an inten-
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Fig. 1. Representative all-sky images for each overpass. Upper-left: 1 March 2006; upper-right: 12 February 2007; lower-left: 1 March
2008, and lower-right: 11 March 2008. The dark line on each image indicates the Reimei footpoint over the interval of interest, while the red
square indicates the footpoint position at the time of the image. The green squares denote the position of the magnetic zenith. North is down
and East is to the right.

Figure 2 shows the overview data for 1 March 2006 and to 10 keV) portion of the precipitating electrons. “zoom1”
12 February 2007, illustrating the effectiveness of this typedenotes the time period to be examined in Big.
of keogram. The 1 March 2008 overpass (left panel of F&).shows

The 1 March 2006 overpass (left panel of F&y.shows  diffuse auroral structures (arcs) with no time variation. The
a sharp transition between bright diffuse aurora and darkoright arc corresponds to the region-e10 keV precipitating
sky with no significantly visible emissions. There is a faint electrons, and there are two distinct dropouts that correspond
arc structure that is spatially and temporally stationary. Theto the two dark regions traversed by the satellite. “zoom2”
sub-structure matches the fluxes of higher energhlQkeV)  denotes the time period around one of those dark regions to
electrons well. For example, near 12:01:25 the intensitybe examined in Figd.
of the aurora begins to drop rapidly, while the highest en- Finally, the 11 March 2008 (right panel of Fig).overpass
ergy precipitating electrons drop out. Just seconds after, ais another example of the transition region at the equatorward
12:01:28, there is a thin bright structure that corresponds tadge of the aurora. The bright arc corresponds to the highest
a small increase in the high energy electron flux. Visible atenergy precipitating electron flux, the edge of which appears
the same time is a population of high energyBkeV) ions,  to be where the distinct boundary region is.
both precipitating and perpendicular, that drop out sharply
at 12:01:30, where the characteristic energy of the electron
population also begins to decrease sharply. 4 Discussion

The 12 February 2007 overpass (right panel of Rig.
contains good examples of sub-structure which vary bothEach case with a distinct dropout of the high energy precipi-
spatially and temporally. This pass contains classic pulsattating electrons, corresponds to a dark region in the aurora at
ing aurora, where each of the dark regions of the oscillationghe satellite’s magnetic footpoint. This is an indication that
corresponds to a distinct dropout of the higher energy (  the luminous auroral features are caused by precipitation of

www.ann-geophys.net/28/873/2010/ Ann. Geophys., 28, 8382010



876 M. Samara et al.: Diffuse aurora

(a) ,gzoo 01 March 2006

Optical

8-12keV

100 eV
10 - 10C

" Optical *
8-12keV
100 0 eV

—
o
-~

0 - 30°

eV/cm?s str eV

e- Energy (eV)
60 - 120°

150 - 180°

-30°

0

60 - 120°

lon Energy (eV)

150 - 180°

eV/cm?s str eV

o i it
10 15 20 25 :30 :35 :40 :45 50 :30 140 :50 :60 70 :80 :90
seconds from 12:01:00 UT seconds from 11:43:00 UT

01 March 2006 12 February 2007

Fig. 2. Overview of data for 2 overpasses: Left column: 1 March 2006, Right column: 12 February(2)8e&ogram of auroral intensity

along the Reimei footpoint (North at the bottom, South at the top). The distance along the satellite track, assuming 100 km altitude, is along
the y-axis and time is along the x-axis. The diagonal black line represents the location of the satellite footpoint at t(iat Braek line:

intensity at the footpoint location extracted from the optical signature. Three coloured lines: Summed flux of the downgoing electrons over
the noted energy ranges, scaled for compari¢orion and electron data from the Reimei satellite. Zoom1 denotes one of the specific time
periods shown in Figd.

electrons with energy8keV. It should also be noted that  The pulsating aurora case of 12 February 2007 also
the width of the dark structures is aspect angle sensitive, wittdemonstrates boundaries. Near the poleward side of this
an apparent width (contrast) that will decrease with increasinterval, where the aurora is brighter and its variations are
ing distance from magnetic zenith. small, the low-energy electrons tend to be bursty and lo-
The 1 March 2006 overpass reveals a clear auroral boundealized. Similarly, near the equatorward side, they become
ary, likely the separation between large scale magnetosphericontinuous and spread out. However, in the intervening re-
regions, possibly the equatorward edge of the plasmasheegion, there is a distinct lack of low energy electrons. Fig-
The broad in energy<(1 keV), counter-streaming electron ure 2a shows that it corresponds to the largest and most dis-
populations that occur on both sides of this distinct bound-tinct (largest difference in intensity between bright and dark
ary are likely Alfven wave-accelerate@haston et a]2008. regions) temporal variations. The high energy ions (down-
There are qualitative differences between the two regionsgoing @ to 30°and perpendicular 60to 12C°) are present
On the plasmasheet side (12:01:10 to 12:01:30UTC) thewntil 11:44:20 UTC, which corresponds closely to the equa-
are bursty and localized in time and energy, while on thetorward edge of the region with time-varying auroral struc-
equatorward side (past 12:01:30 UTC) they are continuougures. Moreover, there are still high energy precipitating elec-
and spread out in time and energy, filling in the backgroundtrons, as well as low energy electron populations in the region
region below 1 keV. equatorward of the high energy ions (after 11:44:20 UTC),
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Fig. 3. Same format as Fi@, with 1 March 2008 in the left panel and 11 March 2008 in the right panel. Zoom2 denotes one of the specific
time periods shown in Figt.

indicating that the electron plasmasheet extends earthwaridotropization of the low energy electron population. The
of the ions. The high energy electron distribution appears tomeridian scanning photometer (MSP), also at Poker Flat, re-
have been cut off by the instrumental limit of 12 keV and veals that in the same region of the arc (assuming east-west
therefore it is possible that this event contains significantalignment) there were enhanced 630.0 nm emissions, likely
electron precipitation at energies greater than that, which ar¢he result of these low energy precipitating electrons. Fig-
unobservable by Reimei. ure 5 shows the 630.0nm MSP data for this time as well

There are two distinct lower energy electron populationsas the relative locations of the MSP scan and the satellite
on 1 March 2008 as well. The first is the mono-energeticfootpoint. The peak in the 630.0 nm emission occurs in the
~2keV population that exists in both the downgoing and region just equatorward of the dark stripe, co-located with
perpendicular pitch angles, likely accelerated through athe mono-energetic-2 keV downgoing electron population.
parallel potential drop. The other one from 11:31:54 to Figure 3 (left column) shows what appears to be the low
11:32:00 UTC, extends all the way into the upgoing pitch an-energy tail of downgoing and perpendicularly heated high
gles. This population also displays characteristics of paralleBN€rgy ions in this region, with a peak energy greater than
potential acceleration, evidenced by the inverted-V shape int2 keV. Figured (right column) shows a high time resolution
the precipitating pitch angles. The keogram in Fg.again ~ Z00min on this region. Also note that the dark region is asso-
shows that this corresponds to the location of a distinct darkciated with wave accelerated electrons, and significant fluxes
stripe in the aurora that remained stationary in space an@f upgoing thermal electrons, both characteristics of auroral
time. This dark region corresponds to a drop out of the g-downward current regionarklund et al, 2003, Streltsoy
12keV electrons. It is possible that there was enhanced wavé007. However, a definitive identification cannot be made
activity in this dark region that led to the acceleration and On the basis of these data.

www.ann-geophys.net/28/873/2010/ Ann. Geophys., 28, 8382010
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Fig. 4. Same format as Fi@, but showing two shorter time periods on 12 February 2007, starting at 11:43:42 UTC (left panel) and 1 March
2008, starting at 11:31:52 UTC (right panel). Four specific times are natedsl 2«, and 28, which are the times examined in more detail
in Fig. 6.
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Fig. 5. All-sky image from 1 March 2008, showing the location of the MSP scan and the path of the Reimei footpoint. The line plot on the
right shows the intensity of the 630.0 nm emissions, as a function of position along the image.
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Fig. 6. Electron differential energy flux as a function of energy and pitch angle for a pulsating aurora case (1) and a stable black aurora
case (2), both in the brigh&§ and dark g) regions of the aurora.

11 March 2008, shows a bright arc corresponding to pre4ned, such as the 5 to 8 keV electrons which correlated to the
cipitating electrons with a characteristic energy o6 to optical data for some events, as opposed to the 8 to 12 keV
8keV. There are two distinct low energy electron popula- electrons that showed correlations in all four events.
tions displaying characteristics of wave-acceleration (scatter- The pulsating aurora example, contained dropouts of elec-
ing). A distinct gap (11:24:02-11:24:05) in the high energy tron precipitation that extended down & keV, consistent
precipitating electrons, corresponds to a dark region in thewith the the black aurora observations Béticolas et al.
aurora consisting of high energylOkeV precipitating and  (2002. It has been suggested that black aurora is caused
perpendicular ions. by a localized suppression of chorus wave scattering, since

Figure 4 examines “zooml1” from Fig2 (12 February lower and upper band chorus waves are effective at scatter-
2007) and “zoom?2” from Fig3 (1 March 2008). They illus- ing higher energy *2-4 keV) electrons, while electron cy-
trate a time varying structure, pulsating aurora, and the smallelotron harmonic (ECH) waves can only scatter lower en-
scale features of a distinct stationary black auroral structureergy (<2—-4 keV) electronsReticolas et al.2002 Sergienko
respectively. There is a close match between the high enet al, 2008 Su et al, 2009. However, there is increasing
ergy electrons and the auroral structures, demonstrated bgvidence that pulsating aurora does not originate in the equa-
the three coloured lines in panel (b). The energy range of 8orial plane.Watanabe et a[2007) examined conjugate data
to 12 keV demonstrates the best correlation with the opticafrom Iceland and Antarctica and concluded that the conju-
data. Energy ranges other than the ones shown were exangacy of pulsating aurora is generally poSato et al(2004),

www.ann-geophys.net/28/873/2010/ Ann. Geophys., 28, 8382010
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using FAST data and conjugate ground-based imaging, con- These four overpasses illustrate the abundance of small-
cluded that the generation of the modulations occurred faiscale structure within the diffuse aurora and the distinct dif-

Earthward of the magnetospheric equatorial plane. This sugferences in the plasma associated with each region. In all
gests that magnetosphere-ionosphere coupling processes arases, the dark auroral features are coincident with dropouts
important in generating the pulsating aurora. of high energy electrons verifying that these aurorae are in-

RecentlyNi et al. (2008 examined the electron scattering deed associated with8keV electrons that do not exhibit
rates for lower and upper band chorus, using the formulainverted-V characteristics. Therefore, they are not acceler-
tion of Glauert and Horn€2009. They found that upper ated through a parallel potential drop but instead scattered
band chorus is most effective at scattering electrons with eninto the loss cone from trapped magnetospheric particles,
ergies less thar5 keV, while lower band chorus is effective identifying the associated aurora as diffuse. In addition, ex-
at scattering higher energy 6 keV) electrons. This is con- amination of the electron distributions as a function of energy
sistent with the diffuse auroral observations presented witrand pitch angle reveal partial double loss-cones, indicating
this work. The dark regions of the aurora correspond to dropthat the processes generating the observed black aurorae only
outs of the higher energy-@ keV) electrons, suggesting that act in the downgoingz5keV, electrons.
lower band chorus pitch angle scattering is responsible for These observations show, in unprecedented high-
the majority of the visible diffuse aurora, while the darker resolution detail, specific diffuse auroral structures and their
regions are consistent with localized suppressions of lowercorresponding electron and ion distributions. Continued
band chorus, but not upper band chorus or ECH waves. observations with both in situ plasma measurements and

To examine the possible existence of partial double lossconjugate ground-based auroral imaging will provide further
cones in both the spatial and temporal dark structures, afteinsight into the electron distributions that are responsible for
Peticolas et al(2002, two specific times where noted for & wider range of observable auroral features.
each event shown in Fig. (1) refers to the pulsating aurora
and (2) to the black aurora, while the bright areas are denotedcknowledgementsThe authors would like to thank the entire
by (o) and the dark regions by8]. These times are exam- Reimei satellite team in Japan for their prompt assistance in coordi-
ined in Fig.6, where the electron differential energy flux as a hating observations. This work was supported in part by an internal
function of energy and pitch angle is presented for each Caségesearch grant at Southwest Research Institute and National Science
For the 12 February 2007 event; flenotes a time when the Foundation grant # ATM-0836410.
satellite is in the bright region of a pulsation, whilg vhen Topical Editor K. Kauristie thanks B. Gustavsson and another
the satellite is in the dark region between the pulsating. The fnonymous referee for their help in evaluating this paper.

March 2008 event, shows a stationary black auroral structure,
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