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Abstract. A new all-sky Fabry-Perot Interferometer called
the Scanning Doppler Imager (SCANDI) was built and in-
stalled at Longyearbyen in December 2006. Observations
have been made of the Doppler shifts and Doppler broaden-
ing of the 630 nm airglow and aurora, from which upper ther-
mospheric winds and temperatures are calculated. SCANDI
allows measurements over a field-of-view (FOV) with a hori-
zontal radius of nearly 600 km for observations at an altitude
of 250 km using a time resolution of 8 min. The instrument
provides the ability to observe thermospheric spatial struc-
ture within a FOV which overlaps that of the EISCAT Sval-
bard radar and CUTLASS SuperDARN radars. Coordinating
with these instruments provides an important opportunity for
studying ion-neutral coupling. The all-sky image is divided
into several sectors to provide a horizontal spatial resolu-
tion of between 100–300 km. This is a powerful extension
in observational capability but requires careful calibration
and data analysis, as described here. Two observation modes
were used: a fixed and a scanning etalon gap. SCANDI re-
sults are corroborated using the Longyearbyen single look
direction FPI, and ESR measurements of the ion tempera-
tures. The data show thermospheric temperature gradients of
a few Kelvins per kilometre, and a great deal of meso-scale
variability on spatial scales of several tens of kilometres.
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1 Introduction

The upper thermosphere has a high viscosity because it is
a tenuous gas; for example, at an altitude of 300 km it has a
density of the order of 1014–1015 particles m−3. High viscos-
ity smoothes out small-scale structures so that the upper ther-
mosphere is expected to have large spatial scales of around
a thousand kilometres and temporal scales of a few hours
to respond to ionospheric forcing (e.g. Rishbeth and Garriot,
1969). However, for many years FPIs have provided direct
measurements of the upper thermosphere that have shown
meso-scale behaviour achieved using single FPIs, bistatic
and tristatic FPI arrangements with single point measure-
ments (e.g. Biondi et al., 1984; Greet et al., 1999; Aruliah et
al., 2005, respectively). Attempts have been made to image
the whole sky simultaneously using fixed gap etalons (e.g.
Rees et al., 1984), but the detector technology at that time
made it very difficult. The best detector of the 1980s was
an Imaging Photon Detector which had a quantum efficiency
in the range 10–15% (McWhirter et al., 1982). The IPD’s
resistive anode and its associated electronics had limited sta-
bility and tended to drift with time so that the mapping of
the sky onto the detector was not reliable enough for the high
precision required. Consequently there are few papers in ex-
istence compared with the FPI workhorse (e.g. Batten and
Rees., 1990; Biondi et al., 1995).

In the mid-1990s Conde and Smith built an innovative all-
sky FPI that they called the Scanning Doppler Imager (SDI)
(Conde and Smith, 1997). This was installed at Poker Flat
in Alaska and vividly demonstrated the dynamic response
of the thermosphere to auroral forcing (Conde et al., 2001).
Based on this concept, the Atmospheric Physics Laboratory
deployed a new all-sky Fabry-Perot Interferometer called
the Scanning Doppler Imager (SCANDI) at Longyearbyen
in December 2006. Observations have been made of the
Doppler shifts and Doppler broadening of the 630 nm air-
glow and aurora, from which winds and temperatures are
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Fig. 1. The SCANDI field-of-view overlaps that of the ESR and
SPEAR radars, and is also within the fov of the CUTLASS radars.
The radars measure ionospheric parameters while SCANDI mea-
sures co-located thermospheric parameters.

calculated. The peak emission height is around 240–250 km
at this latitude. SCANDI has a 140◦ field-of-view which
translates to a radius of∼565 km for this emission height.
The location of Longyearbyen means that the SCANDI field-
of-view passes under the cusp. It also covers the boundary
between the polar cap and auroral oval, and thus the region
between open and closed field lines, which makes it a very
interesting location in which to study upper atmosphere dy-
namics and energetics. The latitude allows 24 h of night-
time observation between December and January each win-
ter, which is necessary for optical measurements of aurora
and airglow. SCANDI is also within the viewing fields of
the CUTLASS radars and directly overlaps the SPEAR and
ESR radar fields-of-view, as shown in Fig. 1. Thus it is now
possible to provide studies of ion-neutral coupling over an
extended area, using independent measurements of the iono-
sphere and thermosphere.

2 SCANDI instrument

The original concept for a scanning all-sky FPI comes from
Conde and Smith (1997). Their instrument powerfully ex-
tends the capability of the single look direction FPI which
uses a 1◦ field-of-view. Early FPIs used for upper atmo-
sphere studies had photometers as detectors, with integra-
tion times of around 5 min, which was necessary for the very
low emission intensities typical at low- and mid-latitude sites
(e.g. Biondi et al., 1984; Meriwether et al., 1983; Burnside

et al., 1981). In the 1980s the APL developed a state-of-the-
art Imaging Photon Detector, which was produced with both
S20/25 and GaAs photocathodes. The ratios of the charge
pulses from the position-sensing resistive anode were pro-
cessed to give a 2-dimensional image array, initially recorded
as a 64×64 pixel image and ultimately as 256×256 pixels
(Rees et al., 1980). The excellent signal-to-noise (s/n) ra-
tio inherent in this photon-counting system allowed expo-
sure times of only 60 s from high-latitude sites, where auro-
ral activity produces emissions at least an order of magnitude
greater than those produced at mid- and low-latitudes. Over
the last 20 years, advances in Charge Coupled Device (CCD)
technology have produced detectors which have surpassed
the IPD in Detected Quantum Efficiency (DQE) but only rel-
atively recently, with the development of the Electron Mul-
tiplying CCD (EMCCD) has the combination of high DQE,
high s/n ratio and high-speed readout produced an imager
that can equal the low-noise performance and high-speed
readout of the IPD whilst providing the high DQE, image sta-
bility and positional linearity of the CCD. This combination,
coupled with a robustness not obtainable with photocathode
technology, has provided the enabling technology for a new
generation of all-sky FPIs (McWhirter, 2008).

The FPI uses a mirror tilted at a particular elevation angle
(e.g. 30◦ for the Svalbard FPI) that turns to point in different
directions. A typical sequence of FPI look directions is: to
the north, east, south, west, zenith and a calibration lamp.
The reason for rotating through cardinal look directions is
that a wind vector can be derived by using 2 orthogonal look
directions (e.g. north and east); or using the average of the
north and south, and applying a vector addition to the average
of the east and west look directions; or by fitting a sinusoidal
function to all the available look directions. The validity of
this process requires 4 major assumptions:

– The emission height is constant over the field-of-view.

– The wind is uniform over the field-of-view.

– The wind remains largely unchanged for the duration of
a full cycle of look directions.

– The vertical wind component is zero or small enough
compared with the horizontal component to be ignored.

Note that for a 250 km peak emission height the horizon-
tal diameter of the field-of-view (FOV) is several hundred
kilometres depending on the elevation angle used for the
FPI look direction. Consequently this is a perfectly ade-
quate procedure for generating the large-scale behaviour of
thermospheric winds. It is also in keeping with the concept
of a highly viscous medium, with minimal variability and
shear. The two major 3-dimensional coupled thermosphere-
ionosphere global circulation models that arose in the 1970s–
1980s used coarse grids for the thermosphere, partly limited
by computational power and partly because it was thought
unnecessary to provide a higher spatial resolution for the
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Fig. 2a. The Scanning Doppler Imager. Simplified optics (not-to-
scale).

thermosphere (e.g. Fuller-Rowell and Rees, 1980; Roble et
al., 1983). These models provided valuable insights into the
large scale circulation of the upper atmosphere. However,
since computing power is no longer a limiting factor, recent
observations of meso-scale structure now provide the incen-
tive to improve the spatial resolution of thermospheric mod-
els.

The SCANDI provides observations of meso-scale struc-
ture from all-sky images of the wind, temperature and
630 nm intensity field. Measurements are made in all direc-
tions at the same time. In theory the number of look direc-
tions can be as large as the number of detector pixels. How-
ever, balancing the necessity of maximising the photon count
and also maximising the spatial resolution requires the field-
of-view to be divided into sectors. Currently this is a period
of solar minimum and there are 25 sectors, but it is possible
to use a larger number to increase spatial resolution for peri-
ods when the intensities are higher (Sect. 2.3.2) such as dur-
ing particle precipitation and during solar maximum. Conde
et al. are running their latest SDI with 115 sectors (private
communication).

Fig. 2b. The equisolidangle fish-eye lens projection in SCANDI.

2.1 Design and construction of SCANDI hardware

In order to obtain the maximum mechanical stability, it was
decided to adopt an approach of “alignment by design”,
whereby the optics of the entire instrument were modelled
by computer, after which the positions of the optical com-
ponents were fixed, with only minimal adjustment of focal
distances available in the finished instrument. The instru-
ment is physically very long (3 m). To minimise flexure, a
cylindrical construction was adopted for most of the opti-
cal path. The entire optical system is temperature controlled
to maintain image stability. The instrument is mounted on
a custom-made height-adjustable floor-standing framework
which facilitates installation in different locations.

2.1.1 Optical configuration

Figure 2a shows a schematic plan of SCANDI. The instru-
ment consists of five sections, each of which is described be-
low.

The all-sky imaging lens

This is a commercial fisheye lens (Sigma,f =8 mm) with a
nominal equi-solid angle projection.

Filter collimator and calibration unit

The light from the primary image of the all-sky lens is col-
limated into a 50 mm diameter light path, where it passes
through one of the 2′′ narrow-band interference filters set in
a four position filter wheel. One position is left empty to al-
low broad-band imaging. The 630.0 nm and 557.7 nm filters
have 1nm bandwidth. The filter is overfilled with illumina-
tion according to good optical design practice. The central
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wavelength of the filter is made to be 0.2 nm higher than the
emission wavelength, and the wave path design ensures that
all light rays are contained within a sufficiently narrow cone
angle so that all are within the passband. Thus there is no
significant reduction of transmission towards the edge of the
filters. Prior to the filter wheel, a 45◦ mirror may be rotated
into the optical path to obscure the sky image and direct light
into the system from a 3′′ square fibre-optic panel, into which
light from the spectral calibration sources is injected.

Beam expander

The emerging beam is then expanded to 150 mm diameter
to match the aperture of the etalon. The resultant reduction
in the light-cone angle means that the entire field of view is
mapped onto five orders of interference of the etalon, corre-
sponding to a cone angle of approximately 3◦.

Capacitance Stabilised Etalon (CSE)

The CSE was designed and built at APL and consists of a
Fabry-Perot etalon with the three conventional fixed spacers
separating the two parallel mirrors replaced by piezo-electric
transducers. In order to control the cavity length accurately,
the plate separation at each spacer is monitored with a capac-
itance sensor. A three channel servo loop incorporates sensi-
tive capacitance bridge circuits and high voltage amplifiers,
the outputs of which control the length of the piezo-electric
spacers. The spacer length is varied under computer con-
trol by the application of a small offset to the bridge. The
etalon is contained in a sealed, temperature controlled hous-
ing which is mounted on a three-point support to allow tilting
of the etalon in order to centre the fringe pattern on the final
image.

Beam reducing telescope and imager

The final optics consist of a Galilean beam reducer and a fast
(f /1.8) commercial camera lens, which focuses the final im-
age onto a state-of-the art Electron Multiplying CCD camera
(Andor DV887).

2.1.2 Optical alignment

The optics may be considered as the superposition of two
separate systems: an all-sky imager and a Fabry-Perot in-
terferometer. Each has to be aligned and focussed indepen-
dently to achieve the final image. By rotating the 45◦ mirror
into the path, laser light is injected into the filter collima-
tor to provide stable Fabry-Perot fringes, which are focussed
and centred on the camera. Focussing is achieved by ad-
justment of the final camera lens, and centring of the fringe
pattern is achieved by adjustment of the three support points
of the etalon. The optics are then operated in broad-band
mode, with the narrow-band interference filter rotated out of
the light path. In this configuration the instrument functions

solely as an imager and the sky image can be centred and fo-
cussed. Centring is achieved by replacing the field lens at the
primary image plane of the fisheye lens with a central pinhole
aperture. The lateral position of the lens is then adjusted to
centre the pinhole in the camera image.

2.2 SCANDI control software

In its simplest form, a Doppler imager can be realised by
using Fabry-Perot etalon fringes (i.e. the Airy function) to
modulate an all-sky image. A conventional FPI measures the
shift in radius of the fringe (by a few pixels), which is super-
imposed on a small area of sky (typically 1◦ field-of-view).
For a Doppler imager with a fixed etalon gap, several fringes
are mapped onto the whole sky and Doppler shifts are deter-
mined by measuring the radial displacement of segments of
the ring pattern (Batten and Rees, 1990). Here the winds and
temperatures can be found only for those segments of the sky
that correspond to peaks in fringe intensity. Another limita-
tion of this method is that itis subject to large errors because
the radial shift in the outermost fringes is very small – only
a fraction of a pixel – and consequently depends on defining
and maintaining the precise centre of the ring pattern. The
Conde and Smith method elegantly avoids this drawback by
changing the etalon gap of a CSE to scan the fringe pattern
across the whole sky image so that every part of the sky will
be mapped to a peak fringe intensity at some point of the
scan. The etalon gap is increased to allow for exactly one
free spectral range (FSR) in, typically, 120 steps and an im-
age is recorded at each step. Thus each pixel of the image
acts as a separate point detector and creates its own interfer-
ogram when all 120 steps are considered.

The system is calibrated by scanning whilst illuminated
with a stabilised single-frequency laser. The step position
which corresponds to the peak fringe intensity response is de-
termined for each pixel and stored in the “phase map” look-
up table. The concentric areas represent successive orders
of interference. The laser look-up table is then generalised
by removing any offset from zero and extrapolating the Airy
function by adding 2π before and after the stored intensities
in these 120 steps. New phase map look-up tables for the
630.0 nm sky signal and 630.48 nm neon calibration lamp
are then created by multiplying by a factor equal to the ra-
tio of the emission wavelength to the laser wavelength. The
phase maps are finally re-segmented into concentric sections
by subtracting multiples of the appropriate FSR to return to a
single FSR per 120 steps for each wavelength. The procedure
is explained in detail in Conde and Smith (1997).

A sky image sequence is then recorded in the following
manner: the sky is divided into zones; the intensities from
the pixels in each zone are added together in order to ob-
tain a satisfactory signal to noise ratio. At each step, the
signal from each pixel is added into the composite interfer-
ogram for its zone according to the step number in the scan
and the phase adjustment indicated by the phase map. This

Ann. Geophys., 28, 549–567, 2010 www.ann-geophys.net/28/549/2010/



A. L. Aruliah et al.: SCANDI – an all-sky Doppler imager for studies of thermospheric spatial structure 553

is explained fully in Conde and Smith (1997). The system
is self-calibrating and does not require a precise centre to be
defined. However, it does require that the etalons are strictly
parallel and remain parallel throughout the scanning proce-
dure. Consequently the gain on the three piezo-electric trans-
ducers must be identical. Slight deviations from this ideal
situation result in further calibrations being required as de-
scribed in Sect. 2.4.4.

The etalon gap is stepped up in size as fast as possible
in order to minimise the distortion to the Airy function of
temporal changes in intensities, winds and temperatures dur-
ing the period of a complete scan. The entire scan is re-
peated a few times until sufficient photons have been gath-
ered. The system therefore requires the co-addition of sev-
eral hundred images from each zone, since each pixel pro-
duces its own Airy function. This is made possible by the
use of an electron-multiplying charge coupled device (EM-
CCD) which, unlike a conventional CCD, can be read out
very quickly, typically less than 30 ms, without compromis-
ing the signal-to-noise ratio. Stringent demands are placed
upon the software to minimise the processing time for each
image, during which each pixel has to be dark-field corrected
and allocated to the correct point in the interferogram whilst
the etalon is stepped to the next position. Currently, a single
scan takes around 1–2 min in order to give a good compro-
mise between maintaining a fast scan and maximising the
ratio of exposure time to processing time. Three to five scans
must be added together to allow a representative sampling of
the whole of the Airy function during the typical 7–8 min ex-
posure. This is especially important for observations made
at auroral latitudes when there can be considerable intensity
fluctuations during a scan. Noise spikes due to cosmic rays
are automatically excluded by discriminating against events
bigger than a predefined threshold.

The instrument is controlled by a fully integrated program
written in Delphi which incorporates the EMCCD camera
control and control modules for the CSE, calibration lamp,
laser, calibration source mirror and filter wheel. The de-
sired sequence of events is written in the form of a text file
in which the various functions are expressed as single letter
commands which set exposure time, create the phase maps,
perform the sky scan and control the filter wheel, calibration
lamps and laser. Full control of all functions is also available
manually from the keyboard. An on-screen plot of radial dis-
tance squared versus intensity facilitates precise alignment
of the etalon. An almanac module ensures that data is taken
only during the desired hours of darkness (currently, when
the solar zenith angle is greater than 96◦).

2.3 Sky mapping

2.3.1 Fish-eye lens projection onto detector

SCANDI uses a fish-eye lens in its all-sky imaging opti-
cal system to project a 150◦ field-of-view onto the EMCCD

detector. There are various types of manufactured fish-eye
lenses available in the market and their relative performance
can be found in Kulmar and Bauer (2000). An equi-solid-
angle projection fish-eye lens was chosen for SCANDI, and
each incoming ray can be mapped onto an output image us-
ing Eq. (1).

r = 2f sin(θ
/

2) (1)

Wherer is the radial distant between the image point and the
optical axis,f the fish-eye lens focal length, andθ the an-
gle between the incoming ray and the optical axis (Fig. 2b).
Since SCANDI has a vertical optical axis,θ is effectively the
zenith angle. To allow proper projection of SCANDI data to
the thermosphere it is necessary to quantify how an all-sky
image is translated through SCANDI’s optics onto the detec-
tor, and to allocate the corresponding azimuth and elevation
observational angles to each CCD pixel and SCANDI zone.

There are two possible sources for the projection cali-
bration curve: the detected moon and star-field positions.
Both can be compared against the corresponding locations
obtained from an almanac or star charting software such as
Skymap (www.skymap.com). Both sources are tested and
described in this section. The equi-solid-angle model (Eq. 1)
alone is not sufficient to represent the whole projection sys-
tem, which is an ideal derivation assuming reflection from
a reflective sphere. All real lenses deviate from it by a few
percent. Furthermore, there are other optics between the fish-
eye lens and the detector that need to be considered. Hence
Eq. (1) is used as a guideline only, and instead a calibration
projection curve is independently fitted to determine the pre-
cise parameters.

Centring

The zenith of the sky image does not lie exactly in the cen-
tre of the EMCCD detector. The star charting software can
be used to determine star positions as the star field rotates
through the night and by comparing these with (x,y) co-
ordinates measured on the EMCCD image, the exact loca-
tion of the celestial zenith on the image, (xo,yo) can be de-
termined.

This centre check is performed on both the moon and star
data (described in the following section) before the curve fit-
ting described in the following sections, and the best centre
resulting from the star data is determined.

The moon and star-field

An empty location in the filter wheel enables the instrument
to be operated in broad-band mode. This means that the
moon and star-field, which are quasi-white light sources, can
be imaged without the added modulation of the Fabry-Perot
rings. The moon was found to be unsuitable as a source for
mapping the pixels onto the sky. The shape of the moon was
distorted into a crescent by the mapping of the lens. The
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Fig. 3. The least square fit (solid line) on the plot of radius (from
the optical axis on the CCD) versus zenith angle (obtained from sky
map).

bright spot spanned across tens of pixels, covering a small
range of azimuths (120◦) and elevations (11◦). It was there-
fore difficult to pinpoint the exact moon centre. A far better
mapping was provided by the star field.

Star-field images were constructed for 21 January 2007,
when the sky was mostly free of cloud. The star field was
clearly visible from most images, allowing a high number
of calibration points, with a good range of elevation and az-
imuth angles, and 125 star locations were collected for the
projection fit. Two equations were fitted for comparative
purposes: a least squares fit and a generalised fish-eye lens
model.

A least squares fit was performed directly on a radius ver-
sus elevation plot, shown in Fig. 3. The fit is good with a
χ2 value of∼0.1, and the complete fit equation is given by
Eq. (2).

r(θ) = 1.37×10−5
+0.0034θ +0.0012θ2

−0.0022θ3
+0.0014θ4

+0.00036θ5 (2)

A direct comparison with Eq. (1) can be made by re-
expressing it as Eq. (3), using a scale factor parameterα,
and a radial mapping parameterβ.

r = n ·f ·αsin(βθ) (3)

wheren=8/18, a reduction factor due to the other optics in
the all-sky system. The radial distance from the optical axis
on the CCD is matched against the radius calculated by the
model; and best fit values ofα andβ are shown in Table 1.
These values are compared with values obtained by Thoby
(2006) for a similar Sigma 8 mm fish-eye lens, and the ideal
parameters in the simple fish-eye equation. The differences
between the best fit and the Thoby parameters are likely
to be the result of the other optics in the SCANDI all-sky
imaging system. The differences are very small, with a root

Table 1. A table comparing the best fit and expected results. The
expected values come from Thoby (2006), where an experiment was
performed on the same Sigma 8 mm fisheye lens as SCANDI. This
can be further compared with the coefficients in Eq. (1), shown in
the last column of the table.

Best fit Thoby Simple fish-eye lens
(Eq. 3) parameters parameters (Eq. 1)

α 2.17 1.88 2
β 0.48 0.54 0.5

mean square value of only 0.25%. Eventually the direct least
squares fit was chosen as a more precise fit to model the fish-
eye lens projection in SCANDI, and an azimuth and elevation
associated with each pixel and SCANDI zone were found for
future references.

2.3.2 Look-direction projection onto detector

It is important for intercomparison with co-located instru-
ments to project SCANDI’s 25 zones onto a sky map as
shown by Fig. 4a, which includes the geographic map un-
derneath, and the numbering of each sector. An altitude of
250 km was chosen for the projection because it is the ap-
proximate altitude of the 630 nm emission peak. The appro-
priateness of the choice of this altitude can be cross-checked
by comparing the structure of localised features such as en-
hancements of electron density and 630 nm intensity from
other instruments with overlapping fields-of-view, such as
the EISCAT radars, the Svalbard FPI and a Meridian Scan-
ning Photometer. This study will be discussed in a later pa-
per.

The equivalent look directions at 250 km are calculated
by simple geometry (Eq. 4), ignoring the Earth’s curvature,
whereR250 is the radial distance from the SCANDI to the
height of the emitting volume,h. The 250 km zone grid is
then mapped using an azimuthal equidistant projection (IDL
Online Help, 2006).

R250= htanθ (4)

Different zone divisions were also tested. In the first win-
ter of operation (December 2006–March 2007), the 25 zones
were divided into approximately equal areas on the detector
CCD chip, as shown by Fig. 4b, which also demonstrates
a simulation of the Airy function image produced by the
Fabry-Perot etalon. After they were projected onto 250 km
altitude, zones from the outer SCANDI rings were seen to be
elongated, with larger projected area than those of the inner
rings as shown in Fig. 4a. Table 2 shows the inner and outer
zenith angles for each ring for winter 2006–2007.

For data analysis purposes (i.e. equal weighting of all
zones when taking averages or making comparisons) it
was decided that it would be more convenient to split the
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Table 2. A table showing the inner and outer zenith angles for each ring, and the associated solid angles. For the first winter (2006–2007)
the SCANDI zones were divided according to equal area on the CCD chip.

Season 2006/07
Inner zenith Outer zenith Solid angle Projected area

angleθ1 (degrees) angleθ2 (degrees) (steradians) (km2)

Centre 0 16 0.24 16 100
Inner ring 1 17 32 0.18 15 100

Middle ring 2 33 49 0.15 22 900
Outer ring 3 50 67 0.14 69 200

Fig. 4. Illustration of the SCANDI zones. For the first winter 2006–2007(a) projection of the zones onto an altitude of 250 km when the
zones were divided evenly on the CCD chip, as shown by(b). Here also is shown the Airy function image. From winter 2007–2008 onwards
the zones were set to produce an equi-area projection on the sky(c), and(d) shows the projection on the CCD chip.
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Table 3. A table showing the inner and outer zenith angles for each ring, and the associated solid angles. From the second winter (2007–2008)
onwards the SCANDI zones were divided according to roughly equal area projected on the sky, except for the central zone.

Season 2007/2008 onwards
Inner zenith Outer zenith Solid angle Projected area,

angleθ1 (degrees) angleθ2 (degrees) (steradians) (km2)

Centre 0 16 0.24 16 100
Inner ring 1 17 44 0.38 41 700

Middle ring 2 45 59 0.16 45 100
Outer ring 3 60 67 0.065 45 500

SCANDI field-of-view according to equal emission vol-
ume/solid angle. As a consequence, the zone areas decrease
as the distance from the image centre increases. The equal
solid-angle projection scheme is shown in Fig. 4c, which
shows the projection on the sky, and Fig. 4d, the projec-
tion on the EMCCD chip. Table 3 shows the inner and outer
zenith angles for each ring from winter 2007–2008 onwards.
The derivation of the solid angle and the consequent area pro-
jected on the sky is shown in the Appendix.

The horizontal spatial resolution from a 25-zone grid is
variable in terms of the radial and azimuthal spatial resolu-
tion, but on average is about 200 km, as indicated by Fig. 4a.
Twenty five zones are suitable for low intensity emission as
exists in this extended period of solar minimum. However, it
is possible to increase the resolution for small-scale struc-
ture investigations: two new grids with 51 and 91 zones
have also been constructed, with respective resolutions of
∼100 km and∼50 km. These grids and the associated phase
map reductions can be implemented when the emission in-
tensity becomes higher, as we progress into solar maximum.
Indeed the latest University of Alaska SDI has 115 zones.
However, it can be seen from Fig. 4d, which shows the pro-
jection on the chip, that for an equal solid-angle projection,
the outer zones divisions on the CCD chip become very nar-
row and cover rather few pixels. This creates a problem that
needs to be examined. It will be necessary to determine if
the reduction in the number of pixels in the outer zone will
mean fewer photons are detected, resulting in a poor signal
to noise ratio which might make the data unusable. However,
in theory at lower elevations the line-of-sight look direction
passes through a greater depth of the emission layer, so more
photons should be seen, but this is counteracted by increased
atmospheric extinction.

2.4 SCANDI data reduction

2.4.1 Wind and temperature determination

As described in Sect. 2.2, each period of sky observation re-
sults in a profile of intensity versus scan step number (equiv-
alent to wavelength) for each zone within the SCANDI sky
map. For each of these profiles spectral width, peak wave-

length, and source intensity along with an estimate of the
background intensity are calculated by a nonlinear least-
squares curve-fitting procedure. For each observing zone, ex-
perimentally determined instrument functions are convolved
with trial Gaussian emission functions. The goodness of fit
of the transform of each trial to the transform of the data is
estimated by calculating thechisqr residuals. The choice of
parameters that gives the smallestchisqr is taken as the best
fit and is used to compute the temperature, line-of-sight bulk
velocity and intensity associated with the relevant region cor-
responding to the SCANDI zone. By combining the relevant
results from each of the zones it is possible to produce maps
of each parameter across the entire SCANDI field of view.

The instrument function for each zone is determined by
using a stabilized He-Ne laser as the source for a scan sim-
ilar to that implemented during sky observations. The pro-
files are adjusted to take into account the difference in wave-
length between the laser (632.8 nm) and sky observations
(630.0 nm). The laser scans are performed once each night
and the calibration lamp observations (630.48 nm) are taken
several times through each night of observations. The laser
and calibration lamp together provide continuous monitoring
of all of the factors that influence the stability and perfor-
mance of the instrument.

2.4.2 Software implementation

Algorithms using the IDL development language based on
Conde (private communication) have been developed to
implement accurately and rapidly the profile fitting and
atmospheric parameter determination described briefly in
Sect. 2.4.1 and in more detail in Conde and Smith (1997).
The basic fitting routines have been augmented to include
the instrument functions and sky data output obtained by
the control software. The routines were tested on FPI data
and found to reproduce the results obtained using FPI pro-
grammes.

2.4.3 Establishing a zero baseline

In common with the treatment of FPI line-of-sight (LOS)
winds, the SCANDI LOS winds need to be calculated by
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Fig. 5. Frequency distribution of data points during the winter of 2007–2008.

determining the deviation of the fringes from a zero-Doppler
shift baseline, i.e. the position for the fringe peak in the ab-
sence of a wind. The standard FPI technique used to calcu-
late the zero-shift position presumes that the average zenith
wind during a night of observation is zero. The procedure
is that the average offset between the calibration lamp peak
and the zenith peak is calculated for an individual night.
Then this offset is added to the 15 min interpolated calibra-
tion lamp peak data to produce a baseline. Establishing a re-
liable zero-Doppler shift baseline is a very important proce-
dure in order to have confidence in the wind calculations. For
SCANDI we have tested a number of zero baseline strategies
over extended periods which are described below. The suc-
cess of each baseline strategy is tested by comparing the in-
dependently calibrated FPI winds from each night with those
calculated from SCANDI for the comparable zones.

In November 2007 the SCANDI and FPI instruments were
relocated from the Adventdalen hut in the valley to the
newly built Kjell Henriksen Observatory (KHO, 78.148◦ N,
16.043◦ E) on the mountain near the EISCAT Svalbard Radar
(ESR). Figure 5a shows the frequency distribution of the
number of SCANDI data points collected for each hour of
UT time for the season December 2007–March 2008. Ob-
servations are made only when the zenith angle of the Sun

is more than 6◦ below the horizon. At this latitude a full
24 h of observation are possible during the months of De-
cember and January. Before and after this time the length
of the period of observation rapidly builds up from Septem-
ber equinox and falls off towards March equinox. Figure 5b
shows the frequency distribution of the number of SCANDI
data points for the four 6-h periods of Universal Time: mid-
day (09:00–15:00 UT), midnight (21:00–03:00 UT), evening
(15:00–21:00 UT) and morning (03:00–09:00 UT). The mid-
dle of the period of observation, local midnight, is near
23:00 UT, which means that the midday period is not as well
sampled as midnight.

When considering a single all-sky measurement, it is pos-
sible to create a zero Doppler shift baseline by averaging the
LOS winds from every sector within a single ring. This is
because a ring-average of a uniform horizontal wind should
give a value of zero (e.g. averaging LOS winds from the 2nd
ring: zones 5–13). This is illustrated by considering the unit

vector
∧
r(i,j) describing the look direction for thei-th zone

in the j -th ring. If the wind is given byU, then each zone
sees a LOS wind componentUlos given by Eq. (5), and the
average around a single ring gives< Ulos>= 0.

Ulos(i) = U ·
∧
r(i,j) (5)
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Fig. 6. Variation of the(a) calibration lamp peaks (CAL), and(b) 630 nm emission peaks (SKY) throughout the winter of 2007–2008 for
zone 2.

However, the average position depends on the stability of the
instrument, and to achieve this the etalon is kept in a sealed
temperature controlled housing, and the SCANDI is kept in
its own room at the KHO where there is minimal disturbance.
Figure 6a shows the stability of SCANDI during the period
December 2007–February 2008 by plotting the calibration
lamp (CAL) data for each of the 25 SCANDI zones. Four
calibration measurements are made each day. The nighttime
average value of the line-of-sight peak position shifts have
been converted to equivalent LOS wind speeds using an ar-
bitrary baseline. There is a small variation about a mean
value for each zone, with a few outliers when the calibra-
tion lamp fails to light immediately, which indicates good
stability over the 122 day period of observation (1 December
2007–31 March 2008).

In contrast, Fig. 6b shows that the nighttime mean LOS
wind speeds from the 630 nm emission (SKY) are steady for
the first 60 days and then the values start to drift away ei-
ther upwards or downwards depending on the location of the
zone. The reason for this drift is that the SKY data shows
real wind speeds from Doppler shifts observed in the 630 nm
emission. The first 60 days cover December–January, which
is a period of 24 h darkness. After this time, the length of the
observing period each night rapidly decreases as equinox ap-
proaches. Over a 24 h period the winds observed should tend
to an average LOS wind value of zero owing to conserva-
tion of mass considerations applied to the global circulation
of the atmosphere. The drift in the nighttime average wind
value that is seen after the end of January occurs because
the observing period shortens and the nighttime sample of
winds is dominated by the net anti-sunward wind typical of
the midnight sector.

The first 60 days’ nighttime mean LOS wind speeds from
the SKY measurements and the equivalent winds from the
CAL measurements are found to be different for each zone,
as shown in Fig. 7. The triangle points are SKY average data
and the + signs are CAL average data. The x-axis shows the

zone number, from 1–25 (see also Fig. 4a). The vertical lines
between zones 1–2, 5–6 and 13–14 delineate the inner ring,
1st, 2nd and 3rd zone rings. These are absolute values. There
is no baseline subtraction so the values range between−270
to −500 m/s, rather than being centred on zero.

The dashed horizontal lines are the average values around
each individual ring for the SKY data and the dot-dash lines
are for the CAL data. These average values are consid-
erably different when comparing SKY and CAL averages.
The CAL average for ring 1 is around 15 m/s less negative
than the SKY, but about 30 m/s more negative for ring 2 and
40 m/s less negative for ring 3. Thus there is no consistent
trend between the CAL and SKY data. The 3 rings give dif-
ferent CAL averages, though within 10 m/s. The maximum
difference between the SKY averages is 60 m/s between the
ring 2 and 3 average values.

The CAL average values show a small variation about the
mean value for each ring. There appears to be a sinusoidal
variation with underlying positive gradient. One and a half
periods of the sinusoid are displayed for each ring. The
amplitude of the sinusoidal variation increases from ring 1
through to ring 3. The maximum amplitude is 20 m/s. Mean-
while the SKY average values show one complete sinusoidal
period, with amplitude increasing from ring 1 (∼10 m/s) to
ring 3 (115 m/s). This sinusoidal variation is caused by the
etalons not being perfectly parallel. The different wave-
lengths of the CAL and SKY emissions account for the dif-
ferent trends. Consequently there is a systematic shift in the
baseline for each sector that must be removed. The standard
deviation of the average SKY LOS wind (around±50 m/s)
for each zone is caused by the variability of the winds.

Figure 8 shows comparisons of the SCANDI ring 3 LOS
winds when compared with the FPI winds for the night of
7–8 December 2007. The look directions of the ring 3 North,
East, South and West sectors correspond to the FPI look di-
rections, which are at an elevation angle of 30◦. The large
outliers in the SCANDI data occur when the intensities are
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Fig. 7. Average position (December 2007–January 2008) of the CAL (stars) and SKY (triangles) peaks for each zone shows a sinusoidal
variation around each ring. The peak positions are offset from an arbitrary baseline. The horizontal lines indicate the average position for
each ring: CAL=dot-dash; SKY= dashed. The vertical lines indicate the standard deviation of the data. The small standard deviation of the
CAL data indicates good thermal stability for SCANDI, while that of the SKY data indicates the natural variability of thermospheric winds.

Fig. 8. Comparison of SCANDI LOS winds with FPI LOS winds using two methods of determining the zero-Doppler shift baseline. In the
top row the baseline for each zone is determined from the average offset for each zone, i.e. each data point (triangle) in Fig. 7. There is good
agreement between the SCANDI and FPI LOS winds. In the bottom row the baseline for all zones in a given ring is determined from the
average offset for that ring, i.e. the dashed lines in Fig. 7. There is a large systematic offset between the SCANDI and FPI LOS winds.

very low. Although the FPI has only a 1◦ FOV, the whole of
the etalon area gathers the photons, thus giving higher sig-
nals than the SCANDI during periods of low intensities. The
SCANDI winds in the top row are derived by using the same

ring-averaged baseline value for every zone within a ring.
The winds in the bottom row are derived by using an individ-
ual zone-average baseline calculated for that zone. Clearly
there is a better match between SCANDI and FPI winds
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Fig. 9. Same as Fig. 7, but showing only SKY data. Here the data
are averaged in 3 different ways (see text).

shown by the bottom row of Fig. 8, compared with the top
row. In the top row can be seen a large systematic difference
between the SCANDI and FPI winds, for example subtract-
ing SCANDI winds from FPI winds gives a large positive
value (∼100 m/s) for the East look direction, and a slightly
smaller negative value for the West look direction.

Figure 9 shows the average LOS winds for each zone for
3 averaging methods. The triangles show the simple aver-
age for each zone over all the data points collected for this
season, where the horizontal solid line represents the aver-
age around the sectors within each ring, i.e. the ring-average.
The + symbols show the average values where first the av-
erage for each hour is determined, and then the average of
24 h is calculated. The dashed lines show the ring-averages
for each ring. The squares show the averages using only the
December–January data, with the ring-averages shown by the
dot-dash lines.

There is a small difference of less than 10 m/s in the 3
sets of averages which is caused by the different weighting
of the data according to the size of the samples used. Us-
ing all the data points, as in the 1st case, biases the averages
to those times and dates with the largest number of obser-
vations. The 2nd and 3rd cases give a uniform weight to
each hour, but there will be a seasonal influence since the
2nd case includes both solstice and equinox months, while
the 3rd case includes only solstice months when there are a
full 24 h of darkness every night. The 3rd case gives the best
values for the zero Doppler shift baseline. However, the 3
ring-averages for each ring are very close in value, within
±1 m/s, and the seasonal difference between the individual
zone averages for the 2nd and 3rd sets is less than 5 m/s, well
within the±50 m/s standard deviation of the average winds
and within the error for fitting the peak.

Figure 10 shows the SCANDI-FPI LOS winds Pearson
correlation coefficients for the 4 primary look directions. The

Fig. 10. Pearson cross-correlation of SCANDI and FPI LOS winds
where 4 different baselines are used to determine the SCANDI LOS
winds (see text).

SCANDI winds are calculated using 4 different baselines: an
average baseline calculated using the night of observation;
an average from the week; an average from the month and fi-
nally an average using the whole winter of observations. For
all look directions the best agreement between the FPI and
SCANDI data comes from using the whole winter. It is in-
teresting that for the meridional look directions there is little
difference in using an average baseline from a single night or
a month, while for the zonal directions there is a clear trend
of improvement in agreement when a longer period of data
is used for the average. This would imply that the average
baseline calculated from a whole winter of observations is
optimum.

The process of determining the baseline, illustrated by
Figs. 5–10, serves as a warning for the need for considered
sampling. Our conclusion is that it is necessary to average
all of the samples from within each zone during December to
January (when there is continuous darkness) to establish the
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Fig. 11. The effect of fine-tuning the parallelism of the etalon is to make the baselines of all the rings similar.(a) SCANDI LOS winds
(without baseline correction) seen in the quadrant to the North on the night of the 19 November 2008beforethe etalon parallelism was
fine-tuned. There is a large systematic difference between rings.(b) SCANDI LOS winds (without baseline correction) seen to the North
on the night of the 30 November 2008after the etalon parallelism was fine-tuned. The systematic difference between rings is small. Zone 1
(inner circle) = green; zones 2–5 (ring 1) = black; zones 6–13 (ring 2) = blue; zones 14–25 (ring 3) = red.

best zero baseline for that zone. This accounts for systematic
instrumental error better than by taking a baseline from a ring
average from a single night. The latter method is suitable for
quick analysis of the data as they are being collected, but is
not the best method because it relies on the assumption that
the net LOS wind around a ring is zero over the period of
observation. When the period of observation is significantly
less than 24 h, i.e., any night except for December-January,
then this assumption is invalid.

2.4.4 Fine-tuning the etalon parallelism

With the simple FPI the Airy function around the whole 1◦

field-of-view is reduced to a single radius-squared profile.
The instrument function includes the effects of broadening of
the fringes due to poor centring of the image, vignetting due
to finite aperture size and any slight deviation from parallel
etalon surfaces. Critically, the FPI instrument function is the
same for all look directions since the direction of view is
determined by the pointing direction of the mirror.

The look directions of the SCANDI instrument are deter-
mined by the location of each zone, as described in the Sky
Mapping Sect. 2.3. There are a fixed number of steps made
by the piezo-electric spacers. The scaling factor for the con-
version from geometric step length to wavelength is achieved
by calculating how many steps make a free spectral range; in
other words what number of steps are required so that the
n-th peak moves to the position originally occupied by the
(n+1)th peak. The effect of the etalons being off-parallel
should not have an important effect on the calibration of the
SCANDI data, as long as the degree of parallelism at the be-
ginning is maintained throughout the scan so that the instru-
ment function is the same for all pixels. In order to achieve
this, the three offset signals applied to the capacitance bridge

circuits must track perfectly with each other. The electronic
gain of each offset channel is has to be very carefully ad-
justed to ensure parallelism at each end of the scan. This
can be verified by the superposition of the intensity versus
radius-squared plots obtained at each end of the scan.

During the processing of data from the period October–
November 2008, it was realized that the etalon was very
slightly off parallel. On the 26 November 2008 the APL
team returned to Svalbard and fine-tuned the etalon paral-
lelism, which improved the consistency of the calculated
LOS winds. Figure 11a shows pure LOS winds seen in the
north quadrant, with no baseline correction, calculated for
the night of 19–20 November 2008, before the etalon was
fine-tuned and Fig. 11b shows LOS winds after tuning, on
the night of 30 November–1 December 2008. Each contains
data from all the zones within the north quadrant. The green
line in Fig. 11a is the central zone; the black lines are zones
in the inner ring; the blue lines are ring 2 zones and the red
lines represent zones in the outermost ring 3.

Before the etalon was tuned (Fig. 11a) there is a large
spread of values in the pure LOS winds measured in the dif-
ferent rings. The outermost ring 3 LOS winds in the north
are systematically displaced by about−150 m/s from the in-
ner rings’ LOS winds. The ring 1 and 2 LOS winds in the
east and south quadrants (which are not shown) are system-
atically displaced from each other by about 100 m/s. The
differences are systematic and more than what is expected
from taking into account the different azimuths and eleva-
tions represented by each zone and consequent mixing of
meridional, zonal and vertical wind components. After tun-
ing, the LOS winds from all rings are more reasonably con-
sistent with each other (Fig. 11b).

Fine-tuning the etalon also results in a clear reduction
in the systematic differences in the neutral temperatures
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Fig. 12. Average offset of temperatures in ring 3 compared with temperatures in the inner rings for the West quarter zones.

calculated from each of the 3 rings. Figure 12 shows the aver-
age difference between the temperatures in ring 3 compared
with those in the inner rings of the west quadrant. During
the period October–November 2008 when the etalons were
slightly off-parallel, there was a large systematic offset of
around 200 K. In the previous winter’s observations, and af-
ter tuning the etalon at the end of November 2008, the offset
was only a few 10s Kelvin. All these systematic offsets must
be removed when determining the true temperature.

3 Initial observations

3.1 SCANDI in fixed etalon gap mode and very high
spatial resolution

The most important strength of SCANDI is to allow investi-
gation of meso-scale behaviour. In the first month after in-
stallation we tested the instrument with a fixed gap mode as
used by the first generation of Doppler imagers. The data
quantity for the fixed gap mode was small enough to allow
us to store the full 2-D image using a series of integration
times, which varied from 60–300 s. Three rings were im-
aged and this provided the opportunity to investigate the cen-
tring of the image and test out different spatial resolutions.
The limitation of the fixed etalon gap mode is that only the
regions of sky that are projected onto these three rings can

be measured. With the scanning mode, every single pixel is
scanned through a full free spectral range thus imaging the
whole sky. However, the huge data quantities involved with
the scanning mode means that the raw data cannot be stored,
only the fitted data as described in Conde and Smith (1997),
which means that we cannot experiment with spatial scale af-
ter the data are collected. Comparison of the SCANDI mea-
surements at different spatial scales with the FPI produced
very interesting results.

The outermost ring has an average zenith angle of 57◦,
making it the closest to the FPI look direction, which is
60◦. Figure 13 shows a comparison of SCANDI and FPI
temperatures for the night of 23–24 December 2006 when
SCANDI ring 3 data were integrated over a 90◦ azimuthal
range (−45◦ <azimuth<+45◦; Fig. 13a) and 10◦ azimuthal
range (−5◦ <azimuth<+5◦; Fig. 13b). The red line shows
the temperatures from the middle ring 2 and the blue line
shows the outermost ring 3. Both lines represent measure-
ments towards the north that are separated by a radial dis-
tance of nearly 190 km. The ring 3 data represent tempera-
tures at a radial distance of 382 km to the north of Longyear-
byen. Although the zenith angles in Table 2 indicate that
the radial distance sampled by the zones in ring 3 while in
scanning mode is 291 km (between 298–589 km), the radial
distance sampled by the peak of the Airy function in the
fixed gap mode is only 100 km (between 332–433 km for the
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Fig. 13. Spatial structure around a scale-size of 100 km is demonstrated by comparingTn averaged over∼900 km (90◦ azimuthal range)
(Fig. 13a) with∼100 km (10◦ range) (Fig. 13b). The black line shows the corresponding FPI measurement ofTn. Averaging the SCANDI
Tn over a smaller spatial range appropriate to the FPI look direction brings the two temperatures into agreement between 14.5–15.5 UT. A
significant temperature gradient is seen after 15.5 UT between rings 2 and 3, which represents a radial distance of∼300 km from the centre
of the SCANDI fov.

region between the full width half maximum intensity of the
ring 3 peak). The maximum horizontal arc length covered by
ring 3 over the 90◦ azimuth range is around 900 km, while
the 10◦ range is around 100 km. For comparison the black
line shows the corresponding FPI temperatures to the north
using a 1◦ FOV.

Figure 13 focuses on the period 14:00–16:00 UT which
was a period of increased 630 nm intensity due to particle
precipitation. The FPI temperature was high (∼1000 K) be-
tween 14:00–14:30 UT and then dropped to less than 800 K
by 14:50 UT. This may seem counter-intuitive in the sense
that this more active period may be expected to produce an
increase in temperature. However, in this particular case,
the likely scenario is that the average altitude for the 630 nm
emission has dropped as a result of the precipitation because
the auroral contribution to excitation dominates the airglow

contribution. As a consequence the temperatures were char-
acteristic of a lower altitude and hence lower temperatures
were measured during the precipitation. This has been pro-
posed as the reason for anomalous low temperatures mea-
sured using the 557.7 nm emission by Holmes et al. (2005)
and for 630 nm by Griffin et al. (2008). On comparing the
SCANDI temperatures with the FPI, Fig. 13a shows that
when SCANDI is divided into a 90◦ azimuthal range sec-
tor, the SCANDI temperatures both severely underestimate
the neutral temperature measured by the FPI by 100–200 K
due to integrating data over such a large area, and also give
the impression of a very uniform temperature over the hor-
izontal distance sampled by rings 2 and 3. However, when
the data are integrated over a 10◦ azimuthal range (Fig. 13b)
the SCANDI temperatures become larger and agree with the
FPI temperatures. Furthermore, large temperature gradients
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Fig. 14. FMI keogram for the night of 23 December 2006 showing how the aurora moves from south of Svalbard to the north during the
period 14:00–15:00 UT corresponding to the change in the success of the match between SCANDI and FPI measurements ofTn due to the
signal to noise ratio.

appear between 15:30–16:00 UT: up to 200 K difference be-
tween rings 2 and 3 over this radial distance of 320 km.

The FMI keogram using 557.7 nm filter for this night
(Fig. 14) shows auroral activity moving from the south at
14:00 UT to the north of Longyearbyen by 15:00 UT before
drifting back south by 16:30 UT. This is consistent with the
spatial distribution of the 630 nm intensities seen over the
SCANDI FOV. In the period 14:00–14.5 UT it can be seen
that there is a good match with the FPI neutral temperature
for the 90◦ sector and bad for the 10◦ sector. During this pe-
riod the 630 nm intensities were very low in the north which
means that the signal to noise ratio was poor for the 10◦

sector and the temperature fitting routine seriously overesti-
matesTn. In contrast, the 90◦ sector, which had accumulated
more photons during the integration period, provides a bet-
ter measure of the temperature when compared with the FPI
Tn. Interestingly this may also indicate that there is a more
uniform temperature field over large areas during geomag-
netically quiet periods, with a scale size of several hundred
kilometres, while in more active periods the thermospheric
scale size drops to a hundred kilometres.

3.2 SCANDI in scanning mode, and comparison with
FPI

The first observations of SCANDI using the scanning mode
were compared with the Longyearbyen FPI in order to con-
firm the analysis process. Now the SCANDI FOV is divided
into 25 zones. The FPI uses an elevation angle of 30◦, which
places the observed volume in the region of the outermost
ring of zones, i.e., ring 3. Figure 15 compares the SCANDI

Fig. 15. SCANDI and FPI observations showing meso-scale struc-
ture in 630 nm intensity on 18 March 2007 over a field-of-view with
radius∼500 km.

ring 3 intensities (lines) with the FPI intensities (lines with
crosses) seen on the night of 18–19 March 2007 for the look
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Fig. 16. SCANDI line-of-sight winds on the night of 18 March
2007 show a good match with FPI los winds from corresponding
look directions. However, clear spatial structure may be seen in the
wind field with a scale-size of the order of around 100 km.

directions to the north, east, south and west. There is an ex-
cellent correspondence which confirms that the sky mapping
is correct. The figure shows clearly that there was a great deal
of structure across the field-of-view, which has a radius of
nearly 500 km. In particular there was a large intensity gradi-
ent in the meridional direction throughout the night. The in-
tensities to the south were half those to the north except dur-
ing periods of particle precipitation/auroral arcs when there
were sharp short-lived increases by several times the back-
ground level. The intensity gradient in the zonal direction
was also considerable and changed from higher intensities
to the west before 22:00 UT to higher in the east afterwards.
These differences are all indicative of the SCANDI field-of-
view crossing boundaries between the polar cap and auroral
oval, which represent the mapping of the magnetosphere onto
the ionosphere.

Figure 16 shows a comparison of SCANDI line-of-sight
winds (lines) with the corresponding FPI line-of-sight winds
(lines with crosses) for the night of 18–19 March 2007 in the
first winter of observations (2006–2007). There is a good
match, though not exact. This is largely because the FPI has
a 1◦ field-of-view, while each SCANDI sector has a solid an-
gle between 0.14sr (ring 3) to 0.24 sr (centre zone) as shown
in Table 2. As a result the SCANDI sector data is an inte-
gral of the line-of-sight winds from several azimuth and el-

evation angles. The sectors in ring 3 cover a 30◦ range in
azimuth and 17◦ in elevation. This is equivalent to a hori-
zontal range of 296 km azimuthally and 285 km radially (see
Fig. 4a). It is however, possible to construct a wind field by
fitting functions to all the line-of-sight wind measurements
within a single ring and then deconstruct back to a wind vec-
tor that is representative of that sector. This has been de-
scribed in Sect. 2.4. Note that from the second winter on-
wards, the SCANDI sectors were divided to provide equal
projected zone areas as shown in Fig. 4c and Table 3.

If the assumption of a uniform wind is correct then the
line-of-sight winds to the north should be the reverse of those
to the south (i.e., a blue shift in the 630 nm emission ob-
served to the north should be seen as a red shift of the same
magnitude to the south), similarly for the east compared with
the west measurements. This is clearly not true and spatial
structure in the wind field over the whole field-of-view can
be seen in Fig. 16. The main feature for this night is a large
meridional wind component varying between 200–300 m/s
between 21:00–03:00 UT in the north look direction but only
rising gradually from 60 m/s to 200 m/s over the same time
period in the south look direction. This results in a large
meridional wind gradient. A smaller wind gradient of maxi-
mum 50 m/s exists in the zonal component, with larger east-
ward winds seen to the east though the intensities are lower
as shown in Fig. 15. After around 22:30 UT the intensity in
the east grows larger than all directions except the north. Af-
ter 01:00 UT the zonal winds accelerate in both the east and
west look directions to reach a peak of 100 m/s westwards
by 03:00 UT. For this night the FPI wind error was around
±10 m/s, while the SCANDI wind error was about±15 m/s,
which means that the two instruments generally agree within
the limits of their error bars except when the intensities are
low (e.g. in the west direction between∼22:00–23:00 UT)
or when there may be some underlying meso-scale structure
that the SCANDI zone may have smoothed out compared
with the 1◦ FPI FOV (e.g. in the south after∼02:00 UT).
Throughout this first winter of observations the correspon-
dence between the SCANDI and FPI LOS winds has been
similarly good.

3.3 SCANDI-ESR radar comparison

Figure 1 shows the location of the ESR radar beams shown
as red crosses superposed on the SCANDI sectors at an alti-
tude of 250 km for the first radar campaign during 2–4 March
2007. The 42 m dish at E1 was field-aligned. In order to max-
imise the time resolution of a spatial scan by the radar, only
3 beam directions were used for the 32 m dish as described
in Sect. 3.3.1.

3.3.1 Comparison of SCANDITn with ESR Ti

Figure 17 shows a comparison of the SCANDI neu-
tral temperatures with the ESR ion temperatures. The
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Fig. 17. Comparison of ion temperatures observed by the 2 ESR
radars with the neutral temperatures observed by SCANDI on the
night of 6–7 February 2007.

ESR measurement of the ion temperatures using the
42 m dish (green) and 32 m dish (black) are over-
laid. The 42 m dish was field-aligned, and the 32 m
dish was set on a CP2 scan, with 3 pointing direc-
tions: azimuth=144.0◦, elevation=66.7◦; azimuth=171.6◦,
elevation=90.0◦; azimuth=171.6◦, elevation=63.2◦. The
ESR beams at 246 km altitude map to the 1st ring of
SCANDI, but here the outermost 3rd ring sectors, north (red)
and south (blue), are used for comparison in order to allow
confirmation of the absoluteTn by comparison with the cor-
responding FPI measurements. The SCANDI neutral tem-
peratures provide a lower boundary to the ion temperatures
throughout the night, which provides independent confirma-
tion that the SCANDI temperature analysis is consistent with
energy conservation becauseTi should equalTn when there
is no input of magnetospheric energy.

3.3.2 Case studies of highly localised structure using
SCANDI

The all-sky view given by SCANDI allows studies to show
the response of the thermosphere to highly localised regions
of particle precipitation, Joule heating and ion drag. Case
studies for the nights 15 March 2007 and 4 December 2007
are described in detail in Griffin et al. (2008, 2009). In these
papers the ionosphere over Svalbard is probed using the IM-
AGE magnetometer chain and CUTLASS radars to reveal
the horizontal spatial distribution of a highly localised distur-
bance, and the ESR radars to show the vertical and temporal
structure at high resolution. The SCANDI shows thermo-
spheric responses with temperature rises of 100–200 K over

tens of minutes and short-lived bursts of high winds over a
range of only a few hundred kilometres. The unexpectedly
rapid and localised response of the thermosphere moderates
the re-distribution of magnetospheric energy at high latitudes
between heating and acceleration of the neutral gas. These
examples are strong advocates for the importance of study-
ing the meso-scale response of the thermosphere.

4 Summary

The SCANDI is a powerful instrument for investigating the
mesoscale structure of the thermosphere on scale sizes of a
few hundred kilometres. This paper presents the careful cal-
ibration and data analysis required and summarises exam-
ples of large wind and temperature gradients that have been
observed frequently during a 3 winters of observation. A
co-located FPI has provided corroboration of SCANDI mea-
surements of winds and neutral temperatures and a satisfying
comparison has been made with radar measurements of ion
temperatures. It is well-known that the auroral ionosphere
shows much spatial and temporal structure. SCANDI-ESR
experiments have shown correspondence between thermo-
spheric and ionospheric parameters on similar scales which
are detailed in associated papers. This promotes a need to
increase the spatial scale-size of upper atmosphere models to
allow for the extent of ion-neutral coupling seen empirically.

Appendix A

Derivation of the solid angle and area projected
on the sky

The solid angle of a cone or a spherical cap� is given by
Eq. (A1).

� = 2π(1−cosθ) (A1)

This is applicable to the SCANDI central zone whereθ is the
zone’s zenith angle.

A more general equation for the solid angles of all the
SCANDI zones can be written as Eq. (A2).

� = 2π(cosθ1−cosθ2)
/
N (A2)

Whereθ1 and θ2 are the inner and outer zenith angles, re-
spectively, for a SCANDI ring, andN is the number of zones
in the ring.

The projected elemental area of a zone on the flat skydS
is given by Eq. (A3).

dS = xdθdx (A3)

Therefore the total projected areaS becomes Eq. (A4).

S =

θ2∫
θ1

x2∫
x1

dS
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S =
πh2(tan2θ2− tan2θ1)

N
(A4)
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