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[1] This article presents case studies of common volume observations of the E region
radar aurora obtained with a 30 MHz imaging radar and the optical aurora (green line
emissions) recorded by an all sky camera. In addition, in situ rocket electric field
measurements in the vicinity of an auroral arc are presented in a separate case study. As
inferred from the measurements, the radar aurora in the vicinity of a stable evening auroral
arc arises because of the arc’s polarization electric fields, which excite the two stream
instability and generate electron density irregularities at meter scales. The radar aurora is
the backscattering of radar waves from these irregularities.

Citation: Bahcivan, H., D. L. Hysell, D. Lummerzheim, M. F. Larsen, and R. F. Pfaff (2006), Observations of colocated optical and

radar aurora, J. Geophys. Res., 111, A12308, doi:10.1029/2006JA011923.

1. Background

[2] In March of 2003, a 30 MHz imaging radar in
Anchorage was operated jointly with an all sky camera in
Poker Flat, Alaska as part of the NASA JOULE sounding
rocket campaign, which was carried out to determine the
contribution to Joule heating from the fluctuating features of
auroral convection. The experiments also provided an
opportunity to compare radar and optical measurements in
order to investigate the role of auroral arcs in the generation
of meter-scale plasma density irregularities giving rise to
radar backscatter.
[3] Plasma instabilities driven by electric fields and/or

plasma density gradients are responsible for meter-scale
irregularities. The two instabilities that are predicted to best
function in the auroral E region are the two stream insta-
bility and the gradient drift instability. Fejer et al. [1975]
presents the dispersion relation governing the irregularities,
and the expressions for the wave frequency and the growth
rate. In the absence of ion drifts and for magnetized
electrons, the two stream wave growth requires an electric
field above a threshold, while the gradient drift wave
growth requires a sufficient density gradient and an electric
field with the right sign. Both electric fields and density
gradients are present in the vicinity of auroral arcs. There-
fore both instabilities may occur. In the conclusion of this
paper, we will argue that the electric field is the key
parameter for radar aurora.
[4] There have been coherent and incoherent scatter radar

soundings of the E region in conjunction with all sky camera

observations. Balsley et al. [1973] and Greenwald et al.
[1973] carried out studies with a narrow beam VHF radar
located in Anchorage, Alaska and reported a close corre-
spondence between visual auroral and VHF radar auroral
forms. In particular, Greenwald et al. [1973] made a dis-
tinction between ‘‘diffuse radar aurora’’ and ‘‘discrete radar
aurora’’ based on their appearance on a range-time-intensity
plot. Comparison of all sky camera images with the radar
data indicated that the diffuse (discrete) radar aurora
occurs in a latitudinal zone on the equatorward (poleward)
side of the visual auroral activity. Tsunoda et al. [1976]
constructed radar echo maps with a 398-MHz phased array
radar located at Homer, Alaska. They similarly found that
discrete visual arcs occur poleward of the diffuse radar
aurora. The discrete radar echoes were mostly associated
with only bright visual arcs. Providakes et al. [1985]
carried out VHF radar interferometer observations of
E region plasma irregularities associated with discrete
auroral arcs and reported strong arc-associated polarization
electric field, narrow radar backscattering structures aligned
parallel to the poleward edges of the arcs, and diffuse
backscatter from the equatorward edges. Prikryl and
Cogger [1992] found that stronger VHF radar returns
predominantly occur on the remote (poleward) side of
the optical aurora, where the aspect angle conditions were
optimal. In the premidnight sector, some of the brightest
aurora were found to be coincident with the strongest radar
returns, and a significant fraction of weaker radar echoes
occurred equatorward of fainter auroral forms. Recently,
Milan et al. [2001] presented E region HF radar backscat-
ter measurements along with simultaneous observations of
auroral luminosity from all-sky cameras. The L-shell
aligned backscatter occurred in a region of low luminosity
bounded to the north and south by two auroral arcs.
Moreover, Milan et al. [2003] detected particularly sharp
backscattering boundaries at the edges of auroral arcs and
described variations in the echo characteristics in associ-
ation with the arc’s electrodynamical structure.
[5] It is possible that some of the previous findings from

HF radars suffered from limited precision in locating the
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source of the backscatter. HF radars are more subject to
refraction than VHF radars, which implies altitude and
range ambiguity. Moreover, because auroral echoes are less
aspect sensitive at HF frequencies [Watermann, 1990] and
exhibit considerable dynamic range, there is added uncer-
tainty as to the location of the scattering volume.
[6] A 30 MHz imaging coherent scatter radar can con-

tribute by providing relatively unambiguous power and
Doppler velocity measurements in the E region with high
temporal and spatial resolution. Refraction of the 30 MHz
signal introduces less uncertainty in the backscatter altitude.
Ambiguity in azimuth and elevation of the backscatter is
resolved using interferometry and aperture synthesis imag-
ing [Hysell and Chau, 2006]. Moreover, spectra can be
computed using standard pulse-to-pulse radar techniques
and do not suffer from clutter and spectral resolution
problems associated with double pulses and multipulses.
An application of radar imaging with this radar was suc-
cessfully demonstrated by Bahcivan et al. [2005] where
common volume radar and rocket observations of E region
irregularities were used to describe radar spectral character-
istics as a function of the vector electric field.
[7] We next describe the radar aurora associated with a

system of intense evening arcs. Then, we describe a
sequence of events inferred from rocket measurements
made during a separate auroral arc event.

2. Data Presentation

[8] The data used in this study are from three sets of
instruments operated in support of the NASA JOULE
sounding rocket campaign from Poker Flat Research Range
in Alaska in March 2003. Poker Flat is located at the
magnetic latitude of 65.60 N.
[9] The white-light (unfiltered) optical measurements

were made by the Poker Flat all sky camera operated by
the University of Alaska at Fairbanks, Alaska. To charac-
terize the emissions and to infer the main altitude of the
white light, we refer to the Poker Flat meridian scanning
photometer data.
[10] The radar used for this investigation is the Clemson/

Cornell 30 MHz coherent scatter radar imager located at the
High Latitude Monitoring Station (HLMS) run by the
University of Alaska Fairbanks on Elmendorf Air Force
Base in Anchorage, Alaska. This is a single-beam pulsed
Doppler radar that uses interferometry with five receiving
antennas and multiple interferometry baselines to recon-

struct images of the backscatter in three-dimensional range
and bearing space. Details about radar imaging in general
and the inversion algorithm applied here in particular can be
found in the work of Hysell [1996] and most recently in the
work of Hysell and Chau [2006]. Table 1 lists the param-
eters of the radar. The interpulse period (IPP) for the
experiments was 2.83 ms, corresponding to 425 km, and
the echoes observed are presumed to have ranges between
425 and 850 km.
[11] The light gray sector in Figure 1 represents the

angular coverage of the radar from a large perspective.
The actual imaged region spans the area across the bore
sight, as marked by the yellow boundaries in Figure 4.
However, the radar waves intercept the E region altitudes
over some of this region with near perpendicularity. In order
to address the aspect angle of the echoes, we have carried
out ray tracing calculations, assuming a horizontally strat-
ified E region ionosphere with an electron density profile
based on the profiles measured by the instrumented rocket
payloads (to be described next) during the JOULE cam-
paign. The results are shown in Figure 2. The left panel
represents the altitude where the condition for field-aligned
backscatter is exactly met for a 30 MHz radar in Anchorage,
and the right panel shows the aspect angle at an altitude of
115 km for the same conditions. Elevation angle informa-
tion arising as a byproduct of radar imaging reveals that
most of our echoes arrive from altitudes between 110 and
120 km. Both figures illustrate that the nominal scattering
geometry differs greatly across the imaged area.
[12] The third set of instruments includes the electric field

and density measurement apparatus on board two of the

Table 1. The 30 MHz Radar Parameters

Parameter Value Units

Frequency 29.8 MHz
Peak power 8 kW
Duty cycle 7.6 percent
HPFB 10 deg
IPP 425 km
Pulse length 32.5 km
Pulse code (Barker) 13 bit
Bandwidth 10 ms
Range resolution 2.5 km
Time resolution 5 s
Azimuth resolution 0.4 deg.

Figure 1. Diagram of the JOULE experiment showing
locations of the 30 MHz radar at Anchorage (A) and the
Poker Flat Rocket Range (P). The light gray sector
represents the angular coverage of the radar. The dark
sectors are the rocket launch corridors. Instrumented and
chemical release rockets were launched along each of these
corridors.
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sounding rockets, which were launched toward geographic
north and north-northeast on 27 March 2003 at 0309 LT
(1209 UT) and 0312 LT (1212 UT) from the Poker Flat
Research Range near Fairbanks, Alaska. The trajectories for
the two rockets were along the two corridors shown in
Figure 1. The rocket measurements will be presented in a
separate case study toward the end of this paper.

2.1. Radar and Optics Data From 1 March 2003

[13] For radar and optics comparison, we first focus on
the data taken between 0900 and 1015 UT (UT = LT + 9) on
1 March (Day 60), 2003, coinciding with a set of electrojet
intensifications over Poker Flat. The auroral convection
deduced by the SuperDARN radar network [Greenwald,
1995] based on F region backscatter measurements from a
set of radar locations showed that the observations were
made at a time preceding the high-latitude convection
reversal. Significant F region radar backscatter was
recorded at 0900 UT, the Doppler velocities, indicating that
the convection pattern over Poker Flat was mainly south-
westward. The convection at this time was consistent with
the Doppler shifts observed by the 30 MHz radar [Bahcivan,
2005]. After approximately 910 UT until the end of the
observation period, however, it is difficult to describe a
particular pattern for the 30 MHz radar Doppler shifts and
SuperDARN network did not record significant echoes over
the imaged region.
[14] The Poker Flat magnetometer (http://www.gedds.

alaska.edu/) showed its first major deflections (100–
150 nT) at 0900 UT as seen in the top panel of Figure 3.
The first negative deflections of the H and D components at
0900 UT imply northward and westward intensification of
the auroral electrojet. Similar deflections occurred around
0940 and 1005 UT.
[15] The first major magnetic deflections also mark the

beginning of auroral activity as observed by the ultraviolet
imager on board NASA’s Polar spacecraft. The activity was
first confined to a small region around 60 MLat near

magnetic midnight (0858 UT) and rapidly spread over
Alaska longitudes in the west within minutes, which can
be identified from the Poker Flat all sky camera observa-
tions as the brightening of a system of east-west aligned arcs
that occurred between 0900 and 0905 UT around 62 MLat.
This was followed by an equatorward expansion of aurora
to 58 MLat and rapid poleward expansion to 69 MLat. By
0915 UT, the expansion was followed by a stable, geomag-
netic east-west oriented arc between 65 and 68 MLat, below
which there was no noticeable emissions left. The new arc
gradually moved equatorward and began to expand into a
system of arcs at 0930 UT. At 0940 UT, a rapid and narrow
auroral intensification occurred between 67 and 68 MLat
with the same geomagnetic east-west alignment. Between
1000 and 1010 UT, several bands of northwest-southeast
aligned arc formations propagated westward.
[16] The summary time series data of radar and optical

aurora in the form of range-time-intensity plots are shown in
the middle and bottom panels of Figure 3, respectively. The
original optical data time series were given as a function of
geomagnetic north-south elevation and time, and the radar
bore sight is approximately in the geomagnetic north
direction. We mapped the elevation on the radar bore sight
range line.
[17] Both radar and optical activity began with relatively

faint equatorward drifting forms prior to 0900 UT. Then, the
radar data showed bursts of activity between 0900 and
0905 UT, between 0940 and 0945 UT, and between 1000
and 1010 UT, coinciding with the times of arc intensifica-
tions. After approximately 1015 the radar activity ceased,
although the optical activity persisted in the form of diffuse
auroral emissions. Comparing the radar and all sky camera
observations from Figure 3, the radar aurora appears to be
more closely associated with discrete rather than diffuse
auroral forms.
[18] Figure 4 shows samples of radar aurora images (in

color) superimposed on white optical images (in gray scale).

Figure 2. Raytracing calculations of the Bragg scattering condition for field-aligned backscatter for a
30 MHz radar in Anchorage. Density profiles measured (on 27 March 2003) during the JOULE campaign
were incorporated into the calculations. (left) Altitude where perpendicularity occurs. (right) Aspect angle
at a fixed altitude of 115 km.
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