Ann. Geophys., 43, 701-707, 2025
https://doi.org/10.5194/angeo-43-701-2025

© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

Annales
Geophysicae

A statistical study of the O, atmospheric band aurora
observed by the Swedish satellite MATS

Judit Pérez-Coll Jiménez', Nickolay Ivchenko', Ceona Lindstein', Lukas Krasauskas?, Jonas Hedin?2,
Donal P. Murtagh?, Linda Megner?, Bjorn Linder?, and Jorg Gumbel?

IDivision of Space and Plasma Physics, KTH-Royal Institute of Technology, Stockholm, Sweden
ZDepartment of Meteorology (MISU), Stockholm University, Stockholm, Sweden
3Earth and Space Sciences, Chalmers University of Technology, Goteborg, Sweden

Correspondence: Judit Pérez-Coll Jiménez (juditpcj @kth.se)

Received: 19 May 2025 — Discussion started: 3 June 2025

Revised: 8 October 2025 — Accepted: 8 October 2025 — Published: 14 November 2025

Abstract. This study conducts a statistical analysis of the
aurora observed by the Swedish satellite MATS. MATS’
main instrument is a telescope that performs limb imaging at
six different wavelength intervals, among them the 762 nm
wavelength emission in the O, atmospheric band. This emis-
sion, even though it can not be observed from the ground,
is important at mesosphere/lower thermosphere altitudes for
both atmospheric airglow and aurora. Here, some auroral
properties of this emission, such as peak altitude, geomag-
netic location, and auroral intensity, are examined and com-
pared to the SME and Kp geomagnetic indices. A total of
378 events are analyzed. An average geomagnetic latitude
of 67.7° is found in both hemispheres, and an average peak
altitude of 103 km is obtained. The peak altitude shows de-
pendence on the magnetic local time. Auroral intensities of
the order of 10~103 kR are observed.

1 Introduction

The O, atmospheric band emission at 762nm or Oy A-
band (0-0) is produced by radiative transition of the
Og(bIE;‘, v =0) state down to the 02(X3Eg_, v =0) fun-
damental state. This emission is known to be one of the main
emissions in atmospheric airglow (Chamberlain, 1995) and
one of the least understood auroral emissions, as we discuss
below.

The main mechanism that produces the Oy BizHv=0)
state during aurora is based on the energy transfer from the
O(lD) state to the Oy (X3 Zg’ ,v=0) ground state (Deans

et al., 1976; Wallace and Chamberlain, 1959), while exci-
tation of the ground state by direct electron impact has been
found to contribute less than 5 % to the total O, A-band (0—
0) emission (Feldman, 1978). O(D) is produced in aurora
mainly by the impact of secondary electrons on atomic oxy-
gen and dissociative recombination of O;' (Solomon et al.,
1988). At mesopause altitudes, where the airglow originates,
the main sources of O('D) during daytime are the dissoci-
ation of ozone and molecular oxygen (Grygalashvyly et al.,
2021). During nighttime, several weak of sources of o('D)
had been identified, but the Kalogerakis-Sharma mechanism
(Sharma et al., 2015; Kalogerakis et al., 2016) has recently
been proposed to be the major source of Oy (b=, v =0)
(Kalogerakis, 2019). According to this mechanism, night-
time O('D) is populated from the five highest vibrationally
excited hydroxyl levels.

Direct observations of the O, A-band (0-0) are not pos-
sible from the ground due to the absorption by O, below
the emitting region. Some measurements have been inferred
from other O, A-bands of higher vibrational levels (Val-
lance Jones and Gattinger, 1973; Gattinger and Jones, 1974).
However, the vibrational development of the system is still
uncertain, and the inferred values are inconsistent with mea-
surements in situ (Deans et al., 1976; Gattinger et al., 2010).

Rocket observations of the auroral O, A-band (0-0) emis-
sion have been studied by Deans et al. (1976), Feldman
(1978) and McDade et al. (1985). Deans et al. (1976) mea-
sured a height integrated intensity of the 762 nm emission
above 90 km of 28 kR, with an observed ratio with the NEL at
427.8nm of 1(762)/1(427.8) =4.5, and the peak volumetric
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emission rate of the O, A-band (0-0) emission was found
to be around 105 km altitude. Feldman (1978) found similar
values for the integrated 762 nm emission and its peak alti-
tude, but the value of the ratio 1(762)/1(427.8) was higher
and increased monotonically with decreasing altitude below
120 km instead of decreasing, as found in Deans et al. (1976).
McDade et al. (1985) reported measurements of the O, A-
band (0-0) emission during pulsating aurora. They reported
an auroral component of 2 kR, and a ratio 1(762) /1(427.8) of
~0.3, revealing the high variability of the O, A-band (0-0)
emission intensity.

Even though O, A-band (0-0) aurora must have also been
observed from most satellites able to measure airglow, sur-
prisingly little has been published on the topic. Gattinger
et al. (2010) published a study on auroral emissions mea-
sured by the OSIRIS spectrograph on board the Odin space-
craft. All wavelengths from 275 to 815 nm were exposed si-
multaneously, and the auroral spectrum averaged over limb
tangent altitudes from 100 to 105km was obtained. This
study revealed the O, A-band (0-0) emission at 762 nm to
be the brightest feature in the spectrum when viewed from
space, measuring a limb brightness of 4000kR and a ratio
1(762)/1(427.8) = 19.4.

Here, a statistical study of Oy A-band (0-0) aurora us-
ing measurements obtained from the limb instrument on the
MATS satellite is presented. In Sect. 2, the main instrumen-
tation used is described, followed by an explanation of the
analysis performed on the measured data in Sect. 3. In the
results, the Magnetic Local Time (MLT)/magnetic latitude
distribution of all auroral events is presented, together with
the associated SME index. A statistical analysis of the peak
altitude in relation to the MLT and the auroral intensity is
also performed. Finally, the discussion is presented in Sect.
5, and the conclusions are stated at the end.

2 Instrumentation

The primary goal of the Swedish MATS (Mesospheric Air-
glow/Aerosol Tomography and Spectroscopy) satellite mis-
sion is to determine the global distribution of gravity waves
and other structures in the mesosphere and lower thermo-
sphere region. MATS was launched on 4 November 2022,
into a sun-synchronous orbit at an altitude of 585 km. It has
nominal equator passages at around 05:30 and 17:30 local
time, and its main targets are airglow in the O, atmospheric
band and sunlight scattered from noctilucent clouds (Gumbel
et al., 2020). The main instrument on the MATS satellite is
the limb instrument, which provides a horizontal (limb) view
of the atmosphere between 75 and 115 km altitude.

The Limb instrument uses a single off-axis three-mirror
reflective telescope with a focal ratio of f/7.3 and an en-
trance pupil diameter of 35 mm to capture a 260 km x 40 km
atmospheric scene at the tangent point (Megner et al., 2025a;
Hammar et al., 2019). It has six spectral channels, two in the

Ann. Geophys., 43, 701-707, 2025

ultraviolet with central wavelengths at 270 and 304.5 nm for
the measurement of NLC and four in the near-infrared with
central wavelengths at 762, 763, 754, and 772nm for the
measurement of airglow and aurora (Gumbel et al., 2020).
The 763 nm channel or “IR2”, which we use in this study,
has a bandwidth of 8 nm and a sampling of approximately
5.7km x 290 m (horizontally/vertically) at the tangent point.
The IR2 filter transmission wavelengths include almost the
entire emission band (98.1 % at 200 K rotational temperature,
96.9 % at 250K, and 95.4 % at 300 K).

MATS takes an image every 6s. The calibration of the
images uses a parameterized model that takes into account
transmissivity of the optics, dark current, and quantum ef-
ficiency variations so that the image pixel values display the
actual measured radiance (Gumbel et al., 2020; Megner et al.,
2025a).

3 Analysis

The dataset used in this study spans from 8 February to 30
April 2023, corresponding to the period when the satellite
was in continuous operation with nominal pointing. Data
with tangent point latitude above 45° in both hemispheres
are used in the study.

Figure la—d show an example of four limb images taken
by the limb instrument. The spectral intensity has been con-
verted to auroral intensity (in Rayleighs) by multiplying it by
47 x 10710 and the bandwidth of the filter in nm (8 nm for
IR2). In these images, the Earth is located below the field of
view. In panels (a) and (d), the airglow layer can be observed
around pixel row 120, while aurora can be seen in panels (b)
and (d) as irregular increases in brightness. To visualize the
time sequence of the observations, the central column of each
consecutive image is put next to the following one to form
a keogram (see panel e). Auroral structures can be distin-
guished in the keogram as parabolic-shaped increases in radi-
ance imposed over the constantly present airglow layer. This
is explained by the perspective of the aurora in relation to the
orbit of MATS: aurora appears from the bottom of the image
as the satellite approaches it (see Fig. 1g.1), it reaches a peak
when viewed from the tangent point (panel g.ii), and it disap-
pears again to the bottom of the image as the auroral structure
gets out of the instrument’s field of view (panel g.iii).

While the airglow layer is always present in the images,
its brightness and position change in the course of the or-
bit. To remove the airglow contribution from the keograms
in order to detect the emissions related to the aurora, a third-
order polynomial regression is applied to all the keogram
rows above 130. The regression fits the background, exclud-
ing the auroral data points. This fit is then subtracted from the
entire row of data. In Fig. 1f the pixel values of three of the
keogram rows in panel (e) have been plotted, and a solid line
of the same color indicates the background subtracted from
the data. In this particular case, the background variation is
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Figure 1. (a—d) Processed images taken by the limb instrument at the times indicated on top of each panel. The colormap limits are the same
as in (e). (e) Keogram created by adding the central column of each image in chronological order. x-axes indicate time and latitude of the
tangent point (TPLat). y-axes represent the row number and the average (among all times) altitude of the tangent point corresponding to each
pixel row (TPALIt). Vertical red lines indicate the columns corresponding to the images in (a)—(d). Horizontal lines correspond to the rows
plotted in the next panel. (f) Pixel values of three rows of the keogram (dots) together with the fitted background (solid line). (g) 2D sketch
of MATS perspective of aurora (not to scale), corresponding to the peak of the parabola in the keogram (ii), and when observed below the
airglow before the peak (i), and after (iii). The grey area represents the instrument’s field of view, while the white line is the tangent line.

small. However, when the satellite moves into the dayside or
nightside, the gradient is significant, and a third-order poly-
nomial is needed for the fit.

An automated algorithm was developed to detect the au-
rora. The algorithm searches for peaks in the intensity alti-
tude profile above the airglow layer. The top of the airglow
and, thus, the lower limit for auroral detection is taken at row
150, corresponding to an altitude of about 95 km. Keograms
for each orbit and hemisphere were generated. For each col-
umn of each keogram, the algorithm verifies that its aver-
age brightness (over all the pixels above row 150) is above
15%x 1013 phnm~!m=2sr~!s~!. To ensure that the bright-
ness above the threshold is not due to the upper edge of
the airglow layer, the algorithm also verifies that even 10
rows above the top of the airglow, the brightness is above
18 x 1013 phnm™! m=2 sr~! s~!. If these two conditions are
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met, the brightest pixel of the column is selected, and it is
considered a candidate sighting of aurora. The threshold val-
ues were decided after carefully inspecting several keograms
with and without aurora to achieve a balance between the
detection sensitivity and the frequency of spurious detection
due to noise. Note that the detection algorithm is run on im-
ages taken with the filter IR1 (with a central wavelength of
762 nm and a bandwidth of 3.5 nm).

Potential auroral sightings have several sequential images
with an additional brightness peak above the airglow. The
time when the altitude of the peak is at its highest corre-
sponds to viewing the peak of the auroral intensity at the
tangent point. In the algorithm, the pixels selected as auro-
ral candidates are grouped as long as they are less than 4 min
apart, and groups with fewer than four pixels are discarded
from the database. Then the time of the pixel with the high-
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est row number within a group is taken as a representative of
that auroral event. These times are verified visually, discard-
ing the events where the keogram appearance is unclear. The
altitude, latitude, and time of the auroral event are taken from
the peak brightness pixel. For each auroral event, the bright-
ness is taken as an average of a 3 x 5 pixel area surrounding
the peak brightness pixel. This is done in the images taken
with IR2, with the background subtracted as outlined above.
It should be noted that the parameters are derived from a sin-
gle image when the aurora is seen at the tangent point, i.e.,
there are no assumptions about the aurora not varying in time.

4 Results

A total of 378 events were analyzed, 146 of which occurred
in the northern hemisphere (NH) and 232 in the southern
hemisphere (SH). Figure 2 shows the MLT/magnetic lati-
tude disposition and the SuperMAG Electrojet (SME) index
associated with each of the events (see description of the
SME index by Newell and Gjerloev, 2011a, b and the Su-
perMAG data processing technique by Gjerloev, 2012). The
black paths indicate the geomagnetic location of the limb in-
strument’s tangent point. With a local time of ascending node
of 17:30, the orbit passes on the dayside of the pole in the
northern hemisphere. As seen in Fig. 2, the satellite has very
limited measurements in the night portion of the auroral oval
(19:00 to 05:00 MLT) in the northern hemisphere, compared
to the southern hemisphere. The wider spread in the southern
hemisphere is because the magnetic south pole is located at
a lower latitude than the magnetic north pole.

The events are mostly observed between 60 and 75° mag-
netic latitude, with an average at £67.5°. Regarding the dis-
tribution in relation to their SME index, Fig. 2 shows that,
in both hemispheres, MATS observed auroral events with
a higher SME index at lower latitudes, while events with a
lower SME index were more common at higher latitudes.
The slope value of the fitted line in panels (c) and (d) in-
dicates a steeper relation in the northern hemisphere.

Figure 3a shows the altitude distribution of the events as
a function of MLT. The data are binned according to hemi-
sphere (SH/NH), Kp-index (low/moderate/high), and MLT
(one-hour bins). The average values have been plotted to-
gether with the standard error of the mean for each bin with
more than two events. Horizontal lines indicate the average
altitude for all events in each Kp-index bin. The total aver-
age of all events analyzed is around 103 km altitude. The av-
erage altitude for events with a Kp-index between 6 and 9
is slightly higher than for lower Kp. As mentioned before,
because of the satellite’s orbit, only events in the southern
hemisphere can be seen during the night hours, while more
northern hemisphere data points are visible in the morning
and evening hours. A notable feature of this plot is the lower
altitude of events between 05:00 and 07:00 MLT in the south-
ern hemisphere.
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Figure 3b shows a scatterplot of the peak intensity vs
the peak altitude for all events analyzed, with different col-
ors and markers for different bins of Kp-index and hemi-
spheres, respectively. Most events have altitudes between
95 and 110km, and the intensities range between 200 and
5500kR. In addition, the data points have been divided into
three bins according to their intensity, and the median alti-
tude of each bin has been plotted together with the £ 25 %
range of the data from the median point. The dots have also
been plotted at the median intensity within each bin.

5 Discussion

This work showed a clear dependence between latitude and
SME index (see Fig. 2) of 762 nm aurora. Events associated
with a weaker activity of the auroral electrojet (lower SME
index) were found to be closer to the poles, while events asso-
ciated with a stronger activity of the auroral electrojet (higher
SME index) were located at lower latitudes. This agrees with
the results of the study on O, aurora at the 1.27 um emission
by Gao et al. (2020), who found that the O, auroral zone ex-
pands equatorward with the enhancement of the geomagnetic
activity. The result also follows the well-known expansion of
auroral ovals to lower latitudes during high geomagnetic ac-
tivity (Kivelson and Russel, 1995). The dependence found
in this study was —5.5 x 107°nT~! in the Northern Hemi-
sphere and 4.5 x 1073°nT~! in the Southern hemisphere.

Auroral intensities or limb brightness measured in this
study are within the range of 200 to 5500 kR, with the major-
ity of the events centered around 500 kR. The obtained values
are generally lower than, but comparable to, the limb bright-
ness measured by OSIRIS as reported in Gattinger et al.
(2010).

The altitude of the events was analyzed for different mag-
netic local times, hemispheres, and Kp-indices in Fig. 3a.
The average altitude was found at about 103 km altitude,
which is close to the values reported in the rocket experi-
ments by Deans et al. (1976) and Feldman (1978). All three
Kp bins show very close values of the average altitude of the
peak. The small differences — if significant — may be related
to the combination of the auroral distribution and orbital cov-
erage, rather than to global changes in the auroral character-
istics as such. For magnetic local times of 05:00 to 07:00, the
average altitude of the peak in the southern hemisphere tends
to be below average. This may be related to the precipitation
of energetic electrons causing pulsating aurora, which have
been found to be more prominent in the morning sector, and
would produce lower peak altitudes (Partamies et al., 2022).

In Fig. 3b, the spectral intensity was plotted as a func-
tion of altitude. While events with low auroral intensities
seem to have peak altitudes evenly spread between 95 and
110 km, events with high auroral intensities seem to decrease
with increasing altitude, as evidenced by the median values.
The Knight relation (Knight, 1973) demonstrates that field-
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Figure 2. (a-b) Distribution of the analyzed events in MLT plots for the northern hemisphere (a) and southern hemisphere (b). Color indicates
the SME index associated with each event. (c—d) Scatter plot of the Magnetic Latitude vs the SME index for the northern hemisphere (c) and
southern hemisphere (d). The solid line represents a linear fit of the data. The value of its slope is indicated in the legend.
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1000 kR.

aligned electron beams with higher energy flux are associated
with higher characteristic electron energies. This can explain
our results, since higher electron flux results in brighter au-
rora, and higher electron energy will lead to electrons reach-
ing lower altitudes. Note that in this study, the latitudinal ex-
tent of the aurora is not resolved from the images, which can
affect the results. Gao et al. (2020) performed a long-term
study on O, aurora based on observations of the emission at
1.27 um. It was found that, for Kp Levels from 1 to 5, the
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auroral peak height varies between 104 and 112km. In our
study, peak heights have been found down to about 95 km.
This discrepancy might be related to the different ways of
handling the removal of the airglow layer.

It is important to mention some limitations concerning
this work. Our detection algorithm worked well when find-
ing clear and isolated events, but may have missed some
events with a more complex spatial distribution of the au-
rora, e.g., with multiple adjacent large-scale structures. Dur-

Ann. Geophys., 43, 701-707, 2025




706 J. Pérez-Coll Jiménez et al.: A statistical study of the O, A-band (0-0) aurora

ing the manual visualization of the detected events, some un-
clear cases were removed from the database. In some clear
cases of aurora, the highest pixel had been automatically se-
lected close to the edges instead of the actual auroral peak
and had to be corrected manually. An estimation indicates
that in about 90 % of the auroral oval crossings, the aurora is
not visible or too weak to be detected by the algorithm. Then,
about 2 % of the crossings detect complex auroral distribu-
tions (indicating closely spaced multiple auroral structures)
that are omitted, while about 8 % show clearly detectable au-
rora. It is also relevant to mention that due to operational rea-
sons, there are gaps in the dataset of up to 15 %. Some bias
might also have been introduced when removing the back-
ground airglow from the auroral events happening during
specific times when the satellite moved into or out of the sun-
lit portion of the orbit. For limb observations alone, it is dif-
ficult to estimate the auroral “thickness”, i.e., the horizontal
extent along the orbit. This makes it difficult to quantitatively
interpret the observed intensity values or compare them to
vertical profiles reported from the rocket experiments. A to-
mographic reconstruction of the aurora could retrieve a 3D
distribution of the auroral intensity. This goes beyond the
scope of the current study. Besides, this would require the
aurora not to vary during the time it is observed by the in-
strument, about three minutes, which is often not the case.
This study relies on the “snapshots” of the aurora when it is
at the tangent point in the field of view.

While the initial detection of aurora was done using the
IR1 filter, the intensity analysis was performed using IR2 to
capture the entire auroral emission surrounding the 762 nm
wavelength. This filter’s bandwith is 8 nm and captures the
whole (0,0) band, which can also lead to some pollution from
other wavelengths. In future analysis, combining all four IR
limb imaging channels can be used to increase the accuracy
of the measurements.

6 Conclusions

A statistical study of some properties of O» A-band (0-0) au-
rora as measured by the limb instrument on board the MATS
satellite has been presented. The auroral events were dis-
tributed between 60 and 75° latitude, with events with higher
Kp-index located at lower latitudes and events with lower
Kp-index closer to the poles, as expected. The average alti-
tude of all the events was 103 km, and lower altitudes were
observed for aurora in the post-midnight sector. Limb auroral
brightness values between 200 and 5500 kR were observed.

Data availability. The MATS level 1b dataset (as used in this
study) is stored in the Bolin centre database (Megner et al., 2025b,
https://doi.org/10.17043/mats-level-1b-limb-cropd-1.0). The Kp in-
dex has been retrieved from the GFZ German Research Centre for
Geosciences (https://kp.gfz.de/en/data, last access: 13 November
2025). The SME index has been retrieved from the SuperMAG web-
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