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Abstract This study investigates the contribution of energetic (E > 30 keV) particle precipitation during
a pulsating aurora event over Kilpisjärvi (L = 6.2) on 26 February 2014. It is based on the comparison
of auroral blue-line emission (427.8 nm) data from an all-sky camera and cosmic noise absorption (CNA)
data obtained from a multibeam experiment of the Kilpisjärvi Atmospheric Imaging Receiver Array (KAIRA)
riometer. The data sets are compared for three KAIRA beams close to magnetic zenith. Results show a
clear correlation between the measured CNA and the auroral blue-line emission during the event, for each
beam. In addition, individual pulsations are observed for the first time in the cosmic noise absorption data
measured by KAIRA and are found to be close-to-identical to the optical pulsations. This suggests that the
modulation of electron precipitation during pulsating aurora takes place in a consistent way over a broad
range of energies.

1. Introduction

Pulsating aurora is a frequently observed form of the aurora borealis during which the light intensity exhibits
on and off times across the sky. It may present various types of structures, such as arcs, arc segments, or
patches [Davis, 1978]. It is often observed in the equatorial part of the auroral oval during morning hours
in magnetic local time and may sometimes even take place throughout the whole latitudinal extent of the
oval [Kvifte and Pettersen, 1969]. Although it is most commonly observed during the recovery phase of sub-
storms, pulsating aurora may occur prior to a substorm and persist longer than its recovery phase [Jones et al.,
2011, 2013]. Pulsating structures may exhibit a wide range of time periods, from 2 s to 20 s [Jaynes et al.,
2015], the average being of the order of 8± 2 s [Johnstone, 1978]. An internal modulation of the auroral emis-
sion at 3 Hz is embedded in the main pulsations [Sandahl et al., 1980; Miyoshi et al., 2015a; Nishiyama et al.,
2016]. The pulsating patches are not necessarily in phase with each other and may have different periods [e.g.,
Johnstone, 1978; Smith et al., 1980]. Generally, the fluctuations are characterized by quasiperiodic on and off
times [Humberset et al., 2016]. In addition, the pulsating structures tend to have an east-west drift up to about
1 km/s [Davis, 1978].

It has been reported in many studies that pulsating aurora takes place over a diffuse background [e.g., Royrvik
and Davis, 1977; Jaynes et al., 2015]. The altitude of the pulsating aurora is generally comprised between 82
and 105 km [Brown et al., 1976]. The intensity of the pulsating emission ranges from a few hundred Rayleigh
(R) to a few kR [Royrvik and Davis, 1977].

The mechanism responsible for the modulation of auroral emission during pulsating aurora is still subject to
discussion. It is commonly agreed that the scattering of electrons into the loss cone by very low frequency
waves in the near-equatorial region of the magnetosphere is involved [Jaynes et al., 2013]. Likely candidates
for the scattering waves are lower-band chorus waves [Nishimura et al., 2011; Miyoshi et al., 2010, 2015a], but
the cause of the observed precipitating flux modulations is still debated. The possible mechanisms of periodic
modulations have been debated, while theories such as nonlinear relaxation oscillator [Davidson, 1986] and
flow cyclotron maser [Demekhov and Trakhtengerts, 1994] have been suggested, among others.
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The energies of precipitating electrons producing pulsating aurora typically range from a few keV to a few tens
of keV [Bryant et al., 1975; McEwen et al., 1981; Yau et al., 1981]. Nevertheless, Miyoshi et al. [2015b] revealed
a possible contribution of electrons with energies reaching up to 200 keV, which was confirmed by Turunen
et al. [2016]. Miyoshi et al. [2010, 2015a] have proposed that chorus waves propagating along the field line
can cause wide-energy electron precipitation because the resonant energy depends on the ratio of ambient
plasma frequency and electron gyrofrequency. Therefore, it is expected that electrons across a wide energy
range simultaneously precipitate into the atmosphere in association with pulsating aurora. It is known that
energetic (E > 30 keV) electron precipitation may ionize the ionosphere down to the D region. One of the sig-
natures of D region ionization is cosmic noise absorption (CNA), which is measured with riometers [e.g., Shain,
1951; Hargreaves, 1969]. The cosmic radio noise is continuously measured by an antenna, and the obtained
signal is then subtracted from a so-called quiet-day curve corresponding to the cosmic radio noise received
during an ideal day with no disturbance in the ionospheric D region. When expressed in decibels (dB), CNA
at a given radio wave frequency is approximately proportional to the total electron content in the D region
[Hargreaves, 1969].

The relationship between pulsating aurora and cosmic noise absorption was the object of a few studies in the
1960s and 1970s. Campbell and Leinbach [1961] were among the first to report a simultaneous observation
of auroral pulsations and ionospheric absorption. Later on, several studies confirmed that pulsating aurora
is often associated with cosmic noise absorption [e.g., Berkey, 1978; Arnoldy et al., 1982]. On the other hand,
Brekke [1971] made a statistical survey on the occurrence of pulsating aurora and cosmic noise absorption
above Tromsø and concluded that these phenomena are “completely independent” and do not necessarily
occur simultaneously. Since then, both optical instruments and riometers have become significantly more
advanced, thus enabling to study pulsating aurora in more detail, and especially at higher time resolution.

The objective of this study is to investigate whether pulsating aurora signatures can be detected in CNA, and
if so, to compare their spatiotemporal characteristics to those which can be seen in optical data. The interest
is to assess whether a given pulsating structure seen in the optical data exhibits the same pulsating period in
riometer data, which would imply that the precipitation not only contains a broad range of energies but is also
modulated simultaneously over these energies. For this purpose, we make use of the Kilpisjärvi Atmospheric
Imaging Receiver Array (KAIRA), which may be utilized as a multibeam riometer with high signal-to-noise
ratio, alongside a colocated all-sky camera providing optical data. While the optical data give information
on electron precipitation in the 1–20 keV energy range, approximately, KAIRA is sensitive to >30 keV elec-
tron precipitation. This paper focuses on a pulsating aurora event which took place during the early hours of
26 February 2014 above northern Fennoscandia.

2. Data
2.1. Optical Data From the Kilpisjärvi All-Sky Camera
The optical data were obtained from an all-sky camera (ASC) with an electron multiplying charge coupled
device and optical filters, installed in Kilpisjärvi (KIL, geographic 69.1∘N, 20.8∘E; L = 6.2). This instrument is
part of the Magnetometers-Ionospheric Radars-All-sky Cameras Large Experiment (MIRACLE) network and is
maintained by the Finnish Meteorological Institute [Syrjäsuo et al., 1998; Sangalli et al., 2011]. The ASC data
used in this study consist of 512 × 512 pixel images in the 427.8 nm (blue) auroral emission line, which is
associated with N+

2 first negative (1N) emission, and which is prompt. The images are taken with an exposure
time of 1 s at a cadence of 2 s and are stored in 16 bit PNG files. No other wavelengths were recorded during
this event.

Preprocessing of the images consisted of subtracting the dark level, estimated from the median value of the
pixel counts over the four corners of the detector, unlit by the all-sky image. Image count values were then
multiplied by the calibration number (4.41 R/count) for this instrument at the time of the event. Therefore,
the results presented below express optical data in rayleigh. The all-sky cameras of the MIRACLE network
are calibrated for every winter season using an intercalibrated integrating sphere light source [Brändström
et al., 2012].

2.2. Cosmic Noise Absorption Data From KAIRA
The Kilpisjärvi Atmospheric Imaging Receiver Array (KAIRA) consists of two arrays of antennas operating in
the very high frequency range [McKay-Bukowski et al., 2015]. The Low-Band Antenna array is made of 48
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Figure 1. Position of the KAIRA beams number 1, 2, and 3 on an example KIL all-sky image. Magnetic zenith (MZ) is
indicated inside beam 2.

cross-dipole antennas measuring the cosmic radio noise at frequencies ranging between 17 and 59 MHz, thus
enabling spectral riometry measurements [Kero et al., 2014].

For this study, CNA was derived within three KAIRA beams, thereafter called beam 1, 2, and 3. These beams
have been chosen because they are pointing in directions close to magnetic zenith (see Figure 1) and therefore
provide nearly field-aligned observations, minimizing the offset due to the optical emission and CNA taking
place at different altitudes along the same magnetic field line.

To reduce the KAIRA data into a simple time series, while maintaining the statistics provided by the full spec-
trum measurement, the cosmic radio noise absorption in a given beam was estimated at f0 = 30 MHz by
fitting a monomial AdB(f ) = AdB(f0)

(
f∕f0

)
𝛼

to the absorption spectrum data at each instant of time in 1 s res-
olution. The obtained mean value for the fitted parameter 𝛼 was 1.93 ± 0.14. This procedure resulted in a
sufficiently high signal-to-noise ratio desired in searching for the faint undulations in the CNA related to the
pulsating aurora (see orange lines in Figures 2 and 3).

2.3. Mapping of the KAIRA Beams on the ASC Images
The KAIRA beams were mapped to their corresponding area in the ASC images at the altitude of 100 km, which
is a common value for the peak emission during pulsating aurora [Kataoka et al., 2016; Oyama et al., 2016]. The
beam width corresponds to the beam full width at half maximum (−3 dB) at 30 MHz given by McKay-Bukowski
et al. [2015]. Figure 1 shows the projection of beams 1, 2, and 3 on an all-sky image from KIL. The position of
magnetic zenith (MZ) is indicated in the image; it is located within beam 2.

In order to compare the CNA measured by KAIRA and the optical data in the corresponding beam areas
(containing about 2000 pixels each), a weighted average of the light intensity measured by the pixels within
each beam has been calculated. A parabolic function reaching its maximum at the center of the beam and
dropping to 0 at the edge of the beam was chosen for the corresponding weights to give more importance
to the center of the beam and thus better represent the sensitivity of KAIRA across the beam. The sum of the
weights over the beam is equal to 1.

3. Results
3.1. Time Series Comparison
Figure 2 shows a comparison of both data sets for each beam, from 02:00 UT to 02:35 UT, which corresponds
to the time interval during which pulsating structures were visible in the vicinity of the considered beams.
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Figure 2. (top row) Time series of the 427.8 nm auroral emission (blue) and cosmic noise absorption (orange) between 02:00 and 02:35 UT within KAIRA beams
number 1, 2, and 3. (bottom row) Correlation between cosmic noise absorption and 427.8 nm auroral emission within these same beams.

A cross correlation of the two data sets revealed a systematic time delay of about 4 s, with the KAIRA data
leading the ASC data. This technical issue was reported in Virtanen [2012] and was corrected for by shifting the
KAIRA data by 4 s in what follows, bearing in mind that this may eclipse potential delays of geophysical origin.

Figure 2 (top row) displays the data as time series, with the optical data in blue and the KAIRA data in orange.
Optical and CNA data show very similar overall variations. This is confirmed by the very strong correlation
appearing in Figure 2 (bottom row), indicating that intense blue-line emission is generally coincident with
high CNA values. The Pearson correlation coefficients have been calculated to be 0.907 for beam 1, 0.905
for beam 2, and 0.875 for beam 3. These high, similar values suggest that the same precipitation (although
potentially in a different energy range) caused both the optical emission and the CNA.

The optical pulsations visible in Figure 2 occur on top of a background that varies between 400 R (beams 1
and 3, shortly after 02:00) and almost 700 R (beam 2, around 02:10). Correspondingly, the CNA values during
pulsating aurora range between 0.2 and 0.6 dB.

Typical values for auroral blue-line emission during pulsating aurora are of the order of a few hundred R to
kR [Royrvik and Davis, 1977]. This is much less than during the active phases of substorms, when the intensity
may exceed 10 kR at 427.8 nm [Borovkov et al., 2005]. CNA values typically exceed 0.5 dB during energetic
particle precipitation and may occasionally reach values as high as 10 dB. However, the pulsating aurora events
studied by Milan et al. [2008] and recently Turunen et al. [2016] exhibit CNA of the order of 0.5–1 dB.

3.2. Superposed Epoch Analysis of Pulsations
In order to study more specifically the pulsating structures and search for potential signatures in CNA,
for each beam, the time interval with clearest pulsation signatures in the optical data was identified:
02:04:30–02:07:40 UT for beam 1, 02:09:00–02:11:30 UT for beam 2, and 02:22:40–02:25:50 UT for beam 3.
Figure 3 (top row) shows the time series of ASC (blue) and KAIRA (orange) data during those intervals.

To isolate the contribution of the pulsating aurora to emission intensity and CNA, the slowly varying compo-
nent of the signals has been removed using a high-pass filter. This was done using a Butterworth digital filter
of order 3 and of cutting frequency 16.7 mHz (i.e., keeping frequencies corresponding to periods under 1 min).
The filtered signals, whose variations are dominated by the pulsations, are shown in Figure 3, bottom row
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Figure 3. Time series of the data during pulsation time intervals in beams number 1, 2, and 3. (top row) Raw optical (blue) and CNA (orange) data. (bottom row)
High-pass-filtered optical (blue) and CNA (orange) data. The black stars indicate zero epochs for the superposed epoch analysis. The horizontal grey lines in the
bottom row corresponding to beam 1 indicate the amplitude of the CNA pulsations simulated using the SIC model in the case of only E region ionization
modulation (dotted lines) and in the case of all ionization profile modulation, including in the D region (dashed lines) (see section 4).

(optical data in blue and CNA data in orange). At this stage, it can be noted that very clear pulsations in CNA
are already visible in the case of beam 1 (bottom row, left), which furthermore match well with the pulsations
in the corresponding optical data. Even beams 2 and 3 seem to exhibit CNA pulsations which might follow
the optical fluctuations. Yet to extract and compare the statistical characteristics of these fluctuations in both
data sets, a superposed epoch analysis was carried out. The zero epochs for the superposed epoch analysis
were chosen to correspond to the times when, for a given beam, the ASC data are about to increase sharply
and significantly. In other words, zero epochs were set to the local brightness minima during the pulsating
aurora. They are shown in Figure 3 with black stars in the bottom row.

Results of the superposed epoch analysis are shown in Figure 4. In each panel, the red line corresponds to
median values, and the blue lines give the upper and lower quartiles describing the variability in the data.
Figure 4 (top row) shows the statistical properties of the ASC data during pulsations, for beams 1, 2, and 3,
from 14 s prior to zero epoch until 20 s after zero epoch. Based on the median curves, the average period of
pulsations is about 12 s for beam 1, about 10 s for beam 2, and 8–10 s for beam 3. The clearest pulsations
can be seen around the zero epoch, while features are generally less clear more than 10 s away from the zero
epoch. This is probably due to the pulsations being fairly irregular in time period.

Figure 4 (bottom row) shows the same analysis made for the corresponding KAIRA data, using the same zero
epochs as for the optical data. The curves, albeit noisier than the ones above, also show signatures of pulsa-
tions. These signatures are present both in the median and in the quartile curves, suggesting that the CNA
fluctuations which were noted in Figure 3 are indeed associated with pulsating aurora. The overall variations
of the KAIRA data curves are fairly similar to those of the corresponding ASC data curves. In particular, the
periods of pulsations are of the same order, for each beam.
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Figure 4. Superposed epoch analysis of pulsations in the (top row) optical and (bottom row) absorption data for beams number 1, 2, and 3. The red lines
correspond to median values, while the blue lines correspond to the upper and lower quartiles.

4. Discussion

A first point which must be discussed is the choices made for the beam mapping. As the pulsating structures
drift in and out of the beams, inaccuracies in the beam mapping may create a mismatch when comparing the
two data sets. However, it has been tested that (1) dividing the beam size by two and (2) using the median
pixel count within the beam for parametrization only marginally affects the results. Correlations, pulsating
signatures, and their periods remain unaffected by those changes. This gives confidence in the robustness of
the approach, including to the effect of the drifting motion of the pulsating structures.

The analysis of Figure 2 underlines that the range of observed pulse intensities in emission and absorption
varies from beam to beam (500–700 R to 700–900 R) and CNA value (0.45–0.55 dB to 0.60–0.70 dB) during
this single event. However, blue-line emission and CNA do correlate with each other during events contain-
ing pulsating aurora. Two possible explanations might account for such a good correlation. First, the particle
precipitation spectrum may contain energies ranging from a few keV to several tens of keV, with E ≃ 10 keV
electrons causing the optical emission and E > 30 keV electrons being responsible for CNA. CNA would there-
fore mostly originate from the D region, about 10 km or more below the altitude where the optical emission
takes place. However, given that the pulsation signatures in CNA are very small (peak-to-peak amplitude of
the order of 0.1 dB for beam 1, 0.05 dB for beam 2, and 0.03 dB for beam 3, based on Figure 3, bottom row), the
CNA modulation might also be related to electron density variations at the altitude of the 427.8 nm emission,
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in the lower E region. This would mean that the E > 30 keV part of the precipitating spectrum detected by
CNA does not necessarily undergo the same modulation as the auroral energies.

We tested these two scenarios using the Sodankylä Ion-Neutral Chemistry (SIC) model to estimate the
expected amplitude of CNA modulations produced during the pulsating aurora event. The SIC model is a
one-dimensional coupled chemistry model of the middle atmosphere which includes the resolution of the
continuity equation for ion and neutral species in the D region, taking into account production processes
including solar extreme ultraviolet and X-ray radiation, particle precipitation, and galactic cosmic rays, and
loss processes through several hundred reactions. A detailed description of the model may be found in
Verronen et al. [2005]. The SIC model has a wide range of applications, including the study of the effects of
energetic particle precipitation on the mesosphere and on the ionospheric D region, and was previously used
in a recent pulsating aurora study [Turunen et al., 2016]. A realistic ionization rate profile was first obtained by
making use of measurements by the European Incoherent Scatter (EISCAT) Radar at the time of the pulsating
aurora event. The EISCAT radar beam was located inside the field of view of the Kilpisjärvi ASC and therefore
observed pulsating structures during the event. The ionization rate profile used as an input for the SIC model
was derived using the same method as in Turunen et al. [2016]. In the simulations, these ionization rates were
modulated by 25% over a 10 s period (of the order of what is observed in beam 1, see Figure 3) across part or
all of the altitude range (80–150 km), depending on the scenario.

We first tested the hypothesis in which the pulsating ionization would take place only in the E region down to
100 km, i.e., in the altitudes of pulsating optical emissions, while the D region would be under constant ion-
ization. Results suggest that under those conditions the expected CNA modulation is an order of magnitude
smaller than observed (≈0.01 dB). On the other hand, modulating the ionization profile uniformly at all the
altitudes between 80 and 150 km, i.e., including in the D region, results in a circa 0.1 dB modulation observed,
comparable to observations in beam 1. Horizontal lines have been plotted in grey in Figure 3 (bottom row)
corresponding to beam 1 to show the results of these simulations. The dotted lines give the amplitude of the
simulated CNA pulsations in the case of E region ionization modulation only (at ±0.006 dB), while the dashed
lines give the results of a uniform modulation of the ionization profile, including in the D region (at±0.056 dB).
These considerations suggest that the precipitation related to the pulsating aurora is pulsating also in the
energies >30 keV, therefore favoring the scenario of one single population of precipitating electrons over a
broad range of energies. This result is consistent with a model proposed by Miyoshi et al. [2010, 2015b], which
shows wide-energy electron precipitation associated with the pulsating aurora due to chorus waves.

Within each considered KAIRA beam, the time interval exhibiting the clearest pulsations in the ASC data was
selected to perform the superposed epoch analysis. While it has been highlighted that the characteristic
period of pulsations differs from one beam to another (i.e., from one patch to another), it must also be pointed
out that the period of pulsations of a single patch varies within time scales as short as a few minutes. This
irregularity in optical pulsation period can be very clearly seen in the ASC data shown in Figure 3; it agrees
with results obtained by Humberset et al. [2016] based on a study of pulsating patches observed with an all-sky
imager on 1 March 2012 over Poker Flat (Alaska).

5. Summary

By comparing the 427.8 nm emission observed with the Kilpisjärvi ASC and the CNA in three KAIRA beams dur-
ing a pulsating aurora event on 26 February 2014, it has been shown that there is a clear correlation between
these two parameters. This is evidence that the electron precipitation flux in energies above 30 keV related to
the pulsating aurora event is subject to close-to-identical variations as that observed in the optical emissions.

In addition, signatures of pulsations in the CNA data have been observed and confirmed by applying the
superposed epoch method to subsets of the data exhibiting clear pulsation signatures in the optical data. This
indicates that the D region electron density variations are subject to forcing by the energetic electron precip-
itation which exhibits on and off times. The mechanism responsible for the ∼10 s precipitation modulation
seems to affect the auroral (1–20 keV) and energetic (>30 keV) parts of the spectrum in a close-to-similar way.

This study shows that it is possible to detect pulsating aurora even when optical data are not available,
e.g., with cloudy conditions or during the polar summer. In particular, conjunctions between the Japanese
Arase (ERG) satellite [Miyoshi et al., 2012] and ground-based instruments in northern Fennoscandia in the
postmidnight and morning magnetic local time sectors could be exploited to study pulsating aurora even
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outside of the dark season, using KAIRA instead of the optical instruments. This may prove important to
study the atmospheric effects of high-energy precipitation during pulsating aurora events, as was initiated by
Turunen et al. [2016].
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