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Abstract—There are strong scientific cases and practical reasons for building ground-based solar synoptic
telescopes. Some issues, like the study of solar dynamics and the forecasting of solar flares, benefit from the
3D reconstruction of the Sun’s atmosphere and magnetic field. Others, like the monitoring and prediction
of space weather, require full disk observations, at the proper sampling rate, combining H-alpha images and
Doppler velocity and magnetic field. The synoptic telescopes based on Magneto Optical Filters (MOF)
using different lines are capable of measuring the line-of-sight Doppler velocity and magnetic field over
the full solar disk at different ranges of height in the Sun’s photosphere and low chromosphere. Instruments
like the MOTH (Magneto-Optical filters at Two Heights), using a dual-channel based on MOFs operating
at 589.0 nm (Na D, line) and 769.9 nm (K D; line), the VAMOS instrument (Velocity And Magnetic
Observations of the Sun), operating at 769.9 nm (K D, line), and the future TSST (Tor Vergata Synoptic
Solar Telescope), using a dual-channel telescope operating at 656.28 nm (H-alpha line) and at 769.9 nm
(K Dy line), allow to face both aspects, the scientific and the operative related to Space Weather
applications. The MOTH, VAMOS and TSST data enable a wide variety of studies of the Sun, from
seismic probing of the solar interior (sound speed, rotation, details of the tachocline, sub-surface structure
of active regions), to the dynamics and magnetic evolution of the lower part of the solar atmosphere
(heating of the solar atmosphere, identification of the signatures of solar eruptive events, atmospheric
gravity waves, etc.), to the 3D reconstruction of the solar atmosphere and flare locations. However, the
use of MOF filters requires special care in calibrating the data for scientific or operational use. This work
presents a systematic pipeline that derives from the decennial use of MOF’s technology. More in detail, the
pipeline is based on data reduction procedures tested and validated on MOTH data acquired at Mees Solar
Observatory of the University of Hawaii Haleakala Observatories and at South Pole Solar Observatory
(SPSO), at the Amundsen-Scott South Pole Station in Antarctica, during Antarctica Summer Campaign
2016/17.
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1 Introduction

Multi-height observations of the Line-of-Sight (LoS)
Doppler velocity and magnetic field signals over the full solar
disk facilitate a wide range of studies of the Sun. These include
the seismic probing of the solar interior through its sound speed
(Nagashima et al., 2014; Elsworth et al., 2015), rotation of the
deep solar interior, details of the tachocline, sub-surface struc-
ture of active regions (Rajaguru et al., 2013), dynamics and
magnetic evolution of the lower part of the solar atmosphere
(Del Moro et al., 2012; Wisniewska et al., 2016; Stangalini
et al., 2018a) including the heating of the solar atmosphere
(Srivastava et al., 2018), identification of the signatures of solar
eruptive events (Kumar et al., 2013; Wang et al., 2017), and the
measurement of atmospheric gravity waves (Straus et al., 2008;
Jefferies et al., 2019). All of these studies provide constraints to
the current models describing the evolution of the solar surface
and its structures. In addition, multi-height Doppler and
magnetic field observations allow the possibility of integrat-
ing atmospheric seismology with global and local interior
seismology, as well as facilitate the study of the omnipresent
Magneto-Acoustic-Gravity (MAG) waves in the solar atmo-
sphere (Vigeesh et al., 2017; Jefferies et al., 2019; Calchetti
et al., 2021). Last, these data have relevance to space weather
studies, since they may help us to gain a clearer understanding
of the whole Sun, and to model the Sun’s surface magnetic
field, providing a deeper comprehension of explosive events
and possibly the capability to forecast them.

Among the various techniques for probing different layers
of the solar atmosphere, by Doppler and magnetic imaging,
the development of instrumentation based on Magneto-Optical
Filters (MOF) has played a key role in enhancing our capabili-
ties (see e.g. Finsterle et al., 2004b; Jefferies et al., 2006, 2019).
This technology is a valid alternative, at least in the case of
small/medium synoptic telescopes, to more expensive and
complex spectroscopic technologies such as the Fabry—Pérot
interferometer (see e.g. Berrilli et al., 2011; Giovannelli et al.,
2012a, b, 2014a, b).

The MOF concept, which is based on the magneto-optical
effect (Cimino et al., 1968), was originally presented in Agnelli
et al. (1975), and the first Dopplergrams of the Sun using a
sodium (Na)-based MOF were obtained shortly after (Cacciani
& Fofi, 1978). The latter authors also showed that MOF filters
were very stable and provided an absolute and steady zero
reference level. A further study using MOF Na cells Cacciani
et al. (1990) demonstrated the possibility of simultaneous
acquisition of full-disk magnetic and Doppler maps with no
magnetic-velocity cross-talk.

An early example of a MOF-based instrument using
potassium was an Instrument to Observe Low-Degree Solar
Oscillations (LOWL) (Tomczyk et al., 1995). The authors
provided an useful overview of possible technical constraints
such as non-ideal MOF properties, thermal control, and noise
sources. A similar observation of solar global oscillations was
performed using a MOF-based instrument and sunlight reflected
from the Moon, to reduce Earth atmosphere noise (Fussell et al.,
1995). Another MOF-based instrument using potassium (K) is
the VAMOS (Velocity And Magnetic Observations of the
Sun), operating with the K D, line, developed at Osservatorio
Astronomico di Capodimonte, Napoli (Italy), whose results

and pipeline are presented in a series of papers by Cacciani
et al. (1997), Moretti et al. (1997), Oliviero et al. (1998a, b),
Vogt et al. (1999), Oliviero et al. (2011). In the framework of
mutual collaboration between the Universities of Rome Tor
Vergata and L’Aquila and the Osservatorio Astronomico di
Capodimonte, the project of the TSST (Tor Vergata Synoptic
Solar Telescope) has been started, a new synoptic telescope com-
posed by two full-disk channels — an H-Alpha SR-127 0.4 A
Daystar telescope and a MOF operating at 769.9 nm (K Dy)
(Calchetti et al., 2020; Viavattene et al., 2020; Giovannelli
et al., 2020). More recently, Stangalini et al. (2018b) presented
the SAMM (Solar Activity MOF Monitor) project.

An important application of MOFs is the multi-height
telescope MOTH (Magneto-Optical filters at Two Heights,
which consists of two telescopes of which one is equipped with
a MOF operating at 589.0 nm (Na D,) and the other one at
7699 nm (K D;). This instrument, described in the next
Section, is used to test and validate the implemented calibration
pipeline.

In addition to the ground-based experiments, MOF-based
telescopes have also been considered for use as a piggyback
instrument on larger solar missions. For example, DIMMI-2H
(Moretti et al., 2010; Stangalini et al., 2011) was proposed as
a double channel MOF imager candidate as an optional payload
for the ASI space mission ADAHELI (Berrilli et al., 2010) and
ESA proposal ADAHELI-PLUS (Greco et al., 2010; Berrilli
et al., 2015).

2 The MOTH as a prototype of MOF-based
telescope

The second generation of the MOTH instrumentation con-
sists of two independent instrument boxes, one for observations
in the D1 line of K at 769.9 nm and one for observations in the
D2 line of Na at 589.0 nm. The optical and mechanical compo-
nents in both boxes (channels) are identical, apart from the
vapor cells, the quarter- and half-wave retarders, the custom
dielectric coatings and the interference filters centered on the
K or Na lines and of 1 nm and 0.5 nm FWHM, respectively.
For this reason, in the following we will describe just one
channel (Fig. 1), showing a simplified optical scheme.

The spectropolarimetric response of the instrument
(Tomcezyk et al., 1995; Finsterle et al., 2004a) can be divided
in three main sections: a polarization analyzer, a filter section,
and a wing selector, highlighted with different colors in
Figure 1.

2.1 The polarization analyzer section

The polarization analyzer section (outlined in red in Fig. 1)
allows the selection of the two polarization states of the incom-
ing solar light, necessary for the solar magnetic field observa-
tions. As a matter of fact, regions with magnetic field
manifests an excess in the right- or left-handed circular polariza-
tion due to the LoS component of the magnetic field. The polar-
ization analyzer section consists of a quarter-wave plate (1/4)
and a polarization rotator (A/2). The quarter-wave plate
introduces a retardance of 1/4 wave (or 90°) between the two
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Fig. 1. MOTH simplified optical scheme of one single channel. The polarization rotator //2 is shown at 45° with respect to the 1/4 retarder. The
hot mirror, the UV filter and the narrowband interference filter, necessary to reduce the heat load on optical systems and to select the narrow
bandwidth around the MOF spectral passbands, are present in the optical path but they are not shown in the figure. In this scheme we show
CCD cameras, however, the latest version of the MOTH is equipped with CMOS cameras as discussed in Section 6.

components of the incoming light. As they emerge from the
quarter-wave plate, the right and left circularly polarized
components are transformed to linearly polarized components.
These two perpendicular components have their polarization
axis at +45° and —45° with respect to the /4 plate axis.

They then pass through the polarization rotator: a half-wave
retarder whose optical axis oscillates between 0° and 45° with
respect to the quarter-wave plate axis. Switching this angle
allows us to select which component of the polarized light
passes through the magneto-optical filter. In fact, the linearly
polarized light entering the polarization rotator along its axis,
which forms the 45° angle with the /4 axis, i.e. the initially
right circularly polarized light, is rotated by 0° and then passes
through to the entrance linear polarizer of the filter section
(P1 in Fig. 1, whose axis is also at 45° with the A/4 axis).
The other component, i.e. the initially left circularly polarized
light, is stopped because it hits P1 as linearly polarized at
90° with respect to its axis.

Light going through the polarization rotator at 45°, that is
when its axis is at 0° with respect to the /4 axis, is rotated
by 90° so that left and right components are changed with
respect to each to other. Now, the left circularly polarized light
passes through P1, while the right polarized light is stopped.

2.2 The filter section

The filter section (outlined in blue in Fig. 1) is composed by
a (MOF) cell (Agnelli et al., 1975, Cacciani & Fofi, 1978)
placed in between two crossed linear polarizers, P1 and P2,
and embedded in a longitudinal magnetic field. The incoming
light enters through the first linear polarizer P1, which is ori-
ented to have its polarization axis forming a 45° angle with
the first A/4 retarder axis. The light then passes through the first
vapor cell and exits through the second linear polarizer P2,
which has its transmission axis perpendicular to the first one
and cuts off all the spectrum except for those wavelength where
the polarization has been modified. This polarization change,
due to the inverse Zeeman effect and the Faraday rotation inside
the vapor cell, only takes place in a narrow pass-band on either

side of the resonance line. The resulting transmission profile
consists of two narrow peaks located on both sides of the cor-
responding absorption line, as shown in Figure 2. The separa-
tion between those peaks depends on the strength of the
magnetic field and on the vapor density (set by the temperature
of the cell).

2.3 The Wing Selector

The Wing Selector (WS) section (outlined in green in
Fig. 1) consists of a second vapor cell, a quarter-wave retarder,
and a PBS (polarizing beamsplitter). Its function is to split the
beam into blue and red wings, diverting the light onto two
separate paths. The same process as in the MOF cell, for inverse
Zeeman effect, converts the linearly polarized light into
circularly polarized light in opposite wings of the line and
encodes the wavelength information into the circular polariza-
tion state: radiation in the blue wing is left-handed circularly
polarized, radiation in the the red wing is right-handed circularly
polarized. The quarter wave plate located after the WS converts
circular polarizations into two orthogonal linear polarizations.

The final PBS performs the optical separation of the blue
and red beams into the two cameras. The only difference
between the two images is the reflection introduced by the PBS.

The optical path includes a hot mirror, a UV filter, and a
narrowband interference filter to reduce the amount of heat
inside the telescope, unwanted light and to select the narrow
bandwidth around the MOF spectral passbands.

The set-up described allows the simultaneous acquisition of
full disk solar images in the red and blue wings of Na or K
absorption lines (Fig. 2). By operating the polarization analyzer,
each image can be acquired in the right (¢*) or left (¢~ ) handed
circular polarization of the incoming solar light. This results in
the four image set shown in Figure 3 (as explained also in
Cacciani et al., 1990) that can be used to compute full disk
Dopplergrams and magnetograms of the solar atmosphere. All
MOTH raw images (Level 0) are formatted into a data-cube
I (?), where t is the acquisition time, and k represents one of
the four components of the image: Ro*, Ro~, Bo*, Bo ™.
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Fig. 2. Spectral response of the MOF filter for the K channel. Red and Blue wing spectral passbands, compared to a typical K 770 nm solar
absorption line (in green).
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Fig. 3. Sample of a raw (Level 0) four image set (Ro", Ro~, Bo", Bo~) acquired in the K channel. The pixel scale is ~2
arcsec/pixel.
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Fig. 4. Overview of the Data Reduction Pipeline. The data reduction pipeline for the MOF-based synoptic telescopes consists of three modules,
which, respectively: subtract the dark; compute and correct for the flat field frame FF:.. evaluate and correct for the atmospheric extinction and
the orbital trend; compute and subtract the leak calibration frame L; The registration module consists of other three modules,which,
respectively: compute and apply the polarization registration (¢*,67), compute and apply the wings registration (B,R), compute and apply the
channels registration (K, Na). The final module computes the K and Na line-of-sight magnetogram (B; o) and Dopplergram (V7] ) synoptic

maps.

3 The data reduction pipeline

The MOTH data reduction pipeline is a MATLAB® soft-
ware suite that automatically processes the Level O spectral
images acquired by the four cameras. The pipeline makes use
of ancillary data: dark frames, flat field frames (FF,) and leak-
age frames (L,). The pipeline has been designed and tailored to
the MOTH instrument, to calibrate the data to match the
scientific requirements of high sensitivity, stability and spatial
resolution. It is worth noting that, apart from some modules
specific to the MOTH implementation, the following procedure
describes the common calibration needs and solutions of any
MOF-based instrument.

The data reduction pipeline (see the overview in Fig. 4) is
designed to accomplish four major calibration functions:
(1) standard dark subtraction (SDS) and flat field correction
(FFC); (2) corrections for atmospheric extinction and orbital
trend (STOC); (3) leakage correction (LC), based on a distinct
series of frames, acquired with the MOF filter turned off,
necessary to correct for the parasitic light leaking through the
non-ideal crossed polarizers; (4) rotation, resizing, alignment

and cropping of the images acquired by the four CMOS
cameras into a coherent final dataset. These procedures generate
Level 1 data, i.e., data corrected for detector dark signal,
atmospheric extinction, orbital trend and signal leakage, and
Level 2 data, i.e., rotated, resized, and co-aligned K and Na blue
and red images in the ¢* and o~ states. Following along the
procedure hierarchy, Level 2 images are properly combined to
produce Level 3 scientific data (i.e., LoS magnetograms and
Dopplergrams).

3.1 The calibration processing description

The Na and K data-cubes are calibrated separately applying
the same data calibration pipeline. The first calibration task is
the data quality control and system health check.

For the data quality control, the check consists of temporal
data consistency, i.e., the presence of simultaneous images
acquired on the K and Na blue and red images in the o* and
g~ states, and a quick image statistical analysis to detect possi-
ble saturated pixels and verify image contrast. The system
health check consists of the thermal control of subsystems
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performance, i.e. MOF operative temperatures and thermal
drifts in the MOTH assembly aimed at maintaining working
temperature requirements.

A graphical interface provides a simple visualization for
inspecting systems performances and main data-cubes parame-
ters. The same interface allows the visualization of the R and B
scientific image profiles, whose shapes carry information about
the status of the MOF cells, as mentioned in Magri et al. (2005,
2006, 2008).

3.1.1 Standard dark subtraction and flat field correction

Dark images are usually acquired before and after a science
run for the four components of the dataset: R, Ro~, Bo™,
Bo ™. The first correction is the removal of the dark signal in
Level 0 (SDS) data. This is because the dark signal is additive.
The flat field images are acquired using a slab in front of the
telescope and by moving the solar image randomly, if possible
by means of a fast steering mirror with the telescope pointing at
the Sun.

The first step of FFC is to compute the average flat field FF,
by averaging all the acquired flat field images FF,.. Then FF, is
divided by a smoothed version of itself (convolution with a
4-pixel ¢ Gaussian) to obtain FF;. This sets the average value
of FF. to unity, and cancels out any large-scale inhomogeneity,
such as a residual signature of the solar disk. Instead, the high
frequency inhomogeneities and Pixel Response Non Uniformity
are represented in FF;, and removed in the standard way:

fon 100

() = 2
This procedure introduces some artifacts very close to the solar
limb, thus slightly reducing the useful part of the solar disk in
calibrated images. To cope with this effect, the outermost
10% region of the solar disk on FF¢, is set to unity and it is
not considered in the calibrated images.

3.1.2 Atmospheric extinction and orbital trend correction

A variable neutral extinction, due to changing airmass or
thin clouds during the observation run, modifies the average
intensity of the solar images. To correct for this effect we
compute the time-dependent value Itor(f) averaging the simul-
taneous four solar images (Re*, Ro~, Ba*, Ba ) over the whole
observing time.

A typical example of Itor(f) during a ~5 h long observation
run is shown in Figure 5. We remove the sky transparency vari-
ability by re-scaling the average intensity of each image set to
the daily maximum value of Itor(7). This procedure is necessary
in order to correctly remove leakage effects (see Sect. 3.1.3).
It’s worth noting that this correction may affect the amplitudes
of the lowest degree solar oscillation modes, therefore it should
be skipped or taken into account for specific scientific applica-
tions (e.g., internal gravity waves detection; Finsterle et al.,
2004a).

Earth’s orbit and rotation change the line-of-sight velocity
during the observing runs. This effect changes the sampled
spectral points of observed lines and consequently introduces
a spurious trend in the intensity values of the single spectral
images. This effect is corrected by subtracting from the four

intensity signals the corresponding first degree polynomial fit.
This effect can be used for absolute velocity calibration, while
the trend correction procedure can be eliminated when only
relative changes in velocity are to be studied. It is worth noting
that in the measured components of the image (Re*, Re~, B,
Bo™), from the experimental MOTH setup when operating
under nominal conditions, i.e., without temperature drift, this
orbital velocity contribution is reversed in the B and R images.
Therefore, the two pairs of curves for ¢* and ¢~ show a sym-
metrical behavior and the correction does not affect the total
frame intensity value. If this is the case, the STOC procedure
does not affect the total frame intensity value which remain
set by the sky transparency calibration.

3.1.3 Leakage correction

Among the working hypotheses of MOF-based instruments
is that two crossed polarizers will block all the incoming inten-
sity in the pass-band of the narrowband interference filter. Since
the polarizers are not ideal, some unwanted signal leaks through
the crossed polarizers and is added to the in-band signal. This
spurious out-of-band signal is pixelwise proportional to the
incoming solar intensity and, consequently, it depends on atmo-
spheric extinction, if not properly corrected, and time, due to
solar rotation and solar feature evolution. As a consequence,
the LC module is more complex than the previous ones,
since the leakage component on any spectral image can be
considered the result of two components:

1. A large scale component, whose shape does not evolve in
time, since it is related to the properties of the polarizers.
The average value of this component is proportional to the
incoming signal intensity and therefore evolves during the
observation run;

2. A small scale component associated to the solar surface
features (e.g., sunspots, plages, etc.) which evolve with
the characteristic times of the solar activity and change
position on the solar disk due to the differential rotation.

An experimental strategy to measure the leakage signal is
acquiring a series of solar images with the MOF cell turned
off, while the WS cell is on. With this experimental setup the
signal is limited by the spectral passband due to the filters at
the entrance of the instrument. Clearly, the above strategy is
not able to take into account the possible presence and evolution
of solar surface features. Therefore, the LC procedure is divided
in two steps: i) evaluate the large scale component of the leakage
contribution; ii) identify in each raw image the small scale com-
ponents due to the solar features. Both these aspects have to be
combined to subtract the correct leakage from spectral images.

In order to accomplish the first step we use the L, frames to
compute L, and smooth it with a 3-pixel FWHM Gaussian on a
20 x 20 pixels kernel. A two-dimensional fifth-degree polyno-
mial surface fit is then applied on the smoothed L, to produce a
L:. image. This procedure is very effective in filtering out the
possible small scale contribution and retaining only the large
scale component. The result of the fitting, L] is the large scale
correction frame which has to be subtracted from the spectral
intensity images (we remark that all images have the same
average intensity after correction for the sky transparency
variations).
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corresponding to 90% of the solar disc.

The second step requires the computation of a time
dependent weighting mask W,(r) which has to be applied
pixelwise to L.

To compute the W,(7) a center-to-limb variation (CLV) is
calculated by using a bi-dimensional cubic polynomial fit
performed on the inner 90% of the solar disk. Figure 6 shows
the different steps of the fitting and removal of the CLV. More
in detail, the ratio between the observed intensity values and the
CLV is reported in the right panel of Figure 6. The ratio values
outside the fitted region are set to unity. In this ratio, the
sunspots are clearly marked by values in the range [0, ~0.9].
The corresponding ratio image is therefore suitable for the
identification of the different solar intensity structures (e.g.,
sunspots).

In order to unambiguously separate the sunspots and the
other solar features contributions (image segmentation) we
apply the Otsu transform (Otsu, 1979) on the various ratio
images. The Otsu multilevel image threshold method selects a
number N of intensity optimum thresholds based on the
intensity histogram of the studied image.

In detail, before calculating the Otsu transform we apply an
adaptive local noise reduction filter to the ratio image. The noise
reduction filter uses a 0.5 pixel-c Gaussian on a 5 x 5 pixels
kernel.

Figure 7 shows an example of ratio image and thresholded
pixels along a disk profile, as derived from the Otsu transform,
resulting in N = 6 thresholds. We use them to identify solar
intensity structures as follows: umbra (below the 3rd threshold),
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i.e., the solar disc.

penumbra (between the 3rd and the 4th thresholds), quiet
(between the 4th and 6th thresholds), and plage (over the 6th
threshold).

We may now proceed to define the weighting mask W, (¢):

1. All the pixels in W,(f) whose intensity values are smaller
than the 1st threshold are set to the ratio between the 1st
and the 6th thresholds.

2. All the pixels in W,(f) whose intensity values are between
the 1st and the 3rd thresholds, are set to the ratio between
the 3st and the 6th thresholds.

3. All the remaining pixels are set to unity.

Last, W,(?) is smoothed by a 2 pixel-o Gaussian filter on a
5 x 5 pixels kernel.

Figure 8 shows the whole W,(r) creation procedure applied
to a typical solar active region. In general, W, (f) values are
equal to one everywhere, except in sunspots. The leak signal
can be removed from each scientific image I,(f) according to:

L(t) = Ie(t) = W (1)L (2)

A sample image of L,, L:. and W,(¢) obtained for a single com-
ponent & for the K-channel is shown in Figure 9.

3.1.4 Registration

The registration procedure of the pipeline regards the auto-
matic shift, rotation, flip and scaling of acquired images. As
reported in Figure 4 the registration can be divided in three
modules: 1) registration of ¢~ to the ¢ polarized images; ii) reg-
istration of the blue (B) to the red (R) wing images; iii) registra-
tion of the K channel to the Na channel images.

The following sections describe the different registration
algorithms.

3.1.5 Registration of 6~ and ¢* images

A shift between the ¢* and ¢~ images is introduced by the
polarization rotator; for the MOTH instrument, this shift has

been measured to be smaller than one pixel. The sub-pixel
registration between simultaneous ¢ and ¢~ images is
achieved via a least-mean-square method. In more detail, we
select a 20 pixels wide annular region around the solar limb
and compute the merit function:

72(0x,0y) = 2 {7 (x,p) — I (x + ox,y + )} (3)

where x and y are the pixel position (within the annular
region), dx and Jy are the sub-pixel shifts (varying in the
range [—1, 1] with a 0.1 pixel step), I’Z+ and IfZ, are the o™
and ¢~ calibrated images, and the I7_(x + dx,y + dy) values
are obtained via linear interpolation.

The Ox, Jy shifts, that minimize xi(éx, 0y), are applied to
register the ¢~ image with respect to the ¢*. This procedure
is applied separately on the two couples of simultaneous
images, (Ro~, Ro™) and (Bo~, Bo™), because the shifts may
be different in the two wavelengths. Usually, this procedure is
applied to a few images and then extended to the whole sample.

3.1.6 Registration of B wing to R wing images

The R and B wing images are acquired on different CCD
cameras, so the corresponding images are in principle shifted,
rotated and scaled. This registration is necessary to stack the
images in order to calculate Level 3 scientific images (see
Fig. 4).

As a first step to register the B and R images, we flip the
B images, to compensate for the presence of the polarizing
beam splitter (PBS). Then we apply the FFT-based registration
procedure by Reddy & Chatterji (1996) that uses the Fourier-
Mellin transform to compute the geometric transformation
matrix 7

Scos(0) —Ssin(f) —Ax
T=| Ssin(0) Scos(d) —Ay
0 0 1

that scales (by the factor §), rotates (by the angle 0) and shifts
(by Ax and Ay) the B image onto the R image.
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Fig. 8. Left panel: the image shows the mask W, () of the observed active region. The blue line shows the location of pixels where the mask
intensity profile is calculated; central panel: intensity profile of the mask corresponding to the blue line; right panel: same profile after the
Gaussian smoothing. The abscissas of the plots reported in the central and right panels are in pixels. The profile range (displayed by blue line in

the left panel) is 20 pixels.
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Fig. 9. Sample of a single image L, (left panel), and corresponding L. (central panel) and W,(t) (right panel) computed for the MOTH

K-channel.

However, the Fourier-Mellin transform usually does not
achieve sub-pixel accuracy in the shift registration of the
images. Therefore, we are forced to consider a further sub-pixel
registration of ox, Jdy shifts similar to the registration described
in Section 3.1.5. This procedure is applied to a sub-sample of
images, distant in time in the dataset, to check for possible
misalignment of the two telescopes during the acquisition of
the dataset, and correct it accordingly.

3.1.7 Registration of the K channel to the Na channel
images

The last registration algorithm applies to K and Na images.
The K and Na optical channels of MOTH II present the same
optical scheme and very similar telescopes mounted on the
same equatorial plank. However, the acquired solar images pre-
sent a different scale, orientation and relative shifts. Moreover,

since the K and Na solar images refer to different layers of solar
atmosphere and consequently present different magnetic
structures, we cannot simply apply the Fourier-Mellin trans-
form. The following part of this section provides a general over-
view describing the different steps of our registration strategy.

At the beginning, the position of the solar disk center and
the solar disk diameter are calculated in K and Na images,
respectively. The center of the disk is computed using an itera-
tive procedure that evaluates the gradient of horizontal and
vertical profiles of one of the four components of the intensity
images. The same algorithm returns the diameter of the solar
disk. The procedure computes the shifts and scaling between
the two channels; the correction is then applied to the whole
dataset after checking the consistency of the retrieved values
at different times.

The next step is to correct for the relative rotation angle o
between the two channels; this is accomplished in two phases.
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The first approximation o is estimated via the Fourier-Mellin
transform applied to the central part of Na and K images. The
o estimate is then refined by minimizing the merit function:

2(0) = T2 [Ina = Ho(Ik )| (4)

where H, is an operator that rotates Ix by means of a nearest
neighbor interpolation of the angle « in the range [0 — 3°,
oo + 3°] with 0.1° steps, where the adopted value is derived
from an extended analysis of different MOTH observing cam-
paigns. The whole K data-set is then rotated around the central
pixel of the image (i.e., around the solar disk center) by the
value o that minimizes y(o).

4 Magnetogram and Dopplergram synoptic
maps

Once the data-cubes have been thoroughly calibrated and
registered, it is possible to use the images to compute Level 3
scientific images (see Fig. 4), i.e., the solar K and Na Line-
of-Sight (LOS) magnetogram (B} ) and Dopplergram (V] )
synoptic maps. The maps are calculated using the formulas
(Cacciani et al., 1990):

R"—-B" R —B

* — _ 5
LOS R+ —|—B+ R +B_ ( )

§ R*—B" R —B
VLOS:R++B++R7+37'

(6)

The B, and V7, obtained with Equations (5) and (6) are
proportional to the real solar By o5 and Vi og maps. The relative
calibration factors can be computed with the procedure
explained in Oliviero et al. (2010).

Samples of B}, magnetogram and V|4 Dopplergram syn-
optic maps acquired with the MOTH instrument and computed
with the data reduction pipeline are shown in Figure 10. We
expect to reach the sensitivity of about 7 m/s for the line-of-sight
velocity and of about 5 G for the magnetic fields, from 5-s
integration time MOTH II images.

LOs

pixels
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LOS

100 200 300 400 500 600 700 800

pixels

900 1000

Dopplergram (right panel) synoptic maps acquired at 19:25 UT 2014
July 9th, expressed in arbitrary units. The spatial resolution of the images is 2 arc-second.
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Fig. 11. LoS magnetogram acquired by the MOTH 769.9 nm (K D)
channel on January 21, 2017 during the Antarctica summer campaign
2016/17. The red box indicates the area including the flaring
AR12628 (on the left) and the non-flaring AR12627 (on the right)
regions considered for the analysis.

5 Antarctica summer campaign 2016/17

In this section we present the data set acquired during the
MOTH Antarctica summer campaign 2016/17 at the South Pole
Solar Observatory (SPSO). The SPSO was 4 kilometers away
from the United States Amundsen-Scott South Pole Station in
Antarctica.

We focus our analysis on the flaring AR12628 and the non-
flaring AR12627 regions observed continuously for 6 h (07:00—
13:00 UT) on January 21, 2017. During this run we reported
for AR12628 multiple flare events. The first one was a
C9 class flare at 07:14, after that a couple of CI1 class flares
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Fig. 12. Power maps of the region of interest and diagnostic diagram. Each row corresponds to HMI (top), potassium MOTH channel (center)
and sodium MOTH channel (bottom), the column on the right shows the power spectra of the region, whereas the other columns correspond to

power maps at 4 mHz (left), 5 mHz (center) and 7 mHz (right).

at 09:40 and at 10:19, respectively, and finally a C6 class flare at
10:59. In particular, the analysis was carried out in a region of
interest, delimited by the red box in in Figure 11, which con-
tains the two active regions.

For the multi-heights analysis we considered three heights
above the photosphere of the Sun: the SDO/HMI instrument
(Scherrer et al., 2012) uses the Fe I 617.3 nm line to sample
the lower photosphere, while the MOTH instruments use the
Na D, 589.0 nm and K D; 769.9 nm lines to sample the upper
photosphere/lower chromosphere layer of the solar atmosphere.
The ranges of formation heights for the three lines are: 140—
180 km, 300400 km, and 600-700 km, respectively (Jefferies
et al., 2019). Being the original cadence of the MOTH equal to
5 s, we reduced the cadence of the MOTH to match the HMI
cadence and have simultaneous time frames.

The power maps of the region of interest are obtained
computing the power for each pixel on a 1-hour time window
and then summing the maps for all the considered windows.
The results are shown in Figure 12. Even if the HMI and
MOTH data have the same pixels scale, it is clear that the
MOTH maps have lower resolution with respect to HMI.

As expected, the maps at 7 mHz show a strong enhance-
ment around the active regions in HMI and a region of sup-
pressed power around it which corresponds to an increase in
power in the sodium channel (Jefferies et al., 2019). This typical
behaviour around active regions has been explained by Rijs
et al. (2015) as downward travelling fast waves. Power maps
in the potassium channel do not show any significant features
at frequencies higher than 5 mHz and this reflects the low
resolution of the instrument due to poor atmospheric conditions
during the observation (clearly visible in the MOTH power

spectra in Fig. 12). The same results can be obtained reducing
the HMI maps to the MOTH resolution and computing the
power map of this data cube.

6 Conclusions and future plans

The first complete version of the data reduction pipeline for
a multi-channel MOF-based synoptic telescope, e.g., the MOTH
instrument, has been released. The release includes the calibra-
tion and reduction software, as well as a graphic interface to
reduce and display the data and interactively explore the MOTH
status, the data log and scientific images.

The MOTH has been upgraded in 2016 to a new version,
characterized by a new optics design and CMOS camera sensors
of 3072 x 3080 pixels, for a final 1.46 arc-seconds spatial
resolution. This instrument has been deployed to the South Pole
Solar Observatory (SPSO) for two observation campaigns
(November 2016-January 2017 and December 2017-January
2018). The goals of the Antarctic project, sponsored by the
National Science Foundation’s Division of Polar Programs,
were to detect and characterize internal gravity waves present
in the solar atmosphere, recognize the role of these waves in
transporting energy and momentum, and employ the properties
of these waves to provide a mapping of the structure and
dynamics of the Sun’s atmosphere (Rijs et al., 2015).

Two more channels, based on MOF in Ca and He, are being
built at Georgia State University in collaboration with the Jet
Propulsion Laboratory and the Department of Physics of the
University of Rome Tor Vergata. The final suite of this
improved version of the MOTH instruments will allow us to
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probe the solar atmosphere at four heights in total. When
combined with HMI data, which probe the lower photosphere,
the MOTH data set will allow us to obtain a 3D reconstruction
of the LoS magnetic and velocity fields. A model built by
merging all this information will reveal the dynamics of
magneto-convection of the Sun with unprecedented temporal
and vertical spatial resolutions.

A project for a MOF-based telescope on a stratospheric
balloon experiment (SONETTO) has been proposed to Italian
Space Agency. The SONETTO experiment is a synoptic imager
of the Sun that is capable of delivering high cadence measure-
ments of the magnetic and velocity fields at multiple heights of
the solar atmosphere. Moreover, SONETTO is a pathfinder
balloon mission that will demonstrate the scientific capability
of magneto-optical filter-based Doppler/magnetographs. It will
address key issues in preparation for future flight opportunities,
such as the JPL developed Solar Atmospheric Imager (SAI)/
Solar Atmospheric Seismology (SAS) 6U-CubeSat missions.
This mission puts severe constraints on the mass and volume
available for instrumentation, and the ability to employ
on-board data reduction and compression to significantly reduce
the required data return bandwidth. Key capabilities to be
demonstrated with SONETTO include: the capability for
magneto-optical filter based instruments to generate high
quality, high spatial-resolution data relevant to space weather
research; the capability to carry out on-board processing to
produce clean Doppler and magnetic images; the capability to
apply significant (>10:1) data compression, while maintaining
the scientific integrity of the data.

The team involved in the present work is engaged in the
project of a network of robotic MOF-based synoptic telescopes
deployed across multiple sites. The first nucleus of the network
is based on three telescopes located in Europe and the United
States. The goal of this network is to supply 24-7 LoS magne-
togram and velocity synoptic maps to support the solar physics
scientific community and space weather services.

Currently, MOTH data are stored in the SWERTO database
(http://swerto.roma2.infn.it/). This database, financed by the
Regione Lazio, supports data located at the Physics Department
of the University of Rome Tor Vergata, is a Space Weather
service, mainly based on data obtained from satellite-borne
(e.g., PAMELA, ALTEA) and ground-based (e.g., MOTH)
instruments. The service allows a registered user to access
scientific data from instrumentation available to the Physics
Department researchers, through national and international
collaborations, and provides a graphical interface for the
selection and visualization of such data.

Acknowledgements. HMI data are courtesy of NASA/SDO
and the AIA, EVE, and HMI science teams. The Antarctic
project “South Pole Solar Observatory” is sponsored by the
National Science Foundation’s Division of Polar Programs
under award 1829258. Support for this project in the Antarctic
was provided by the U.S. National Science Foundation
through the U.S. Antarctic Program. This research has been
partly supported by the Italian MIUR-PRIN grants: 2012 on
“The active Sun and its effects on Space and Earth” and
2017APKP7T on “Circumterrestrial Environment: Impact of
Sun-Earth Interaction”. SWERTO has been financed by the
Regione Lazio FILAS-RU-2014-1028 grant (November
2015-October 2017). DC and GV were supported by the joint

PhD program in Astronomy, Astrophysics and Space Science
between the University of Rome Tor Vergata, the Sapienza
University of Rome and the National Institute of Astrophysics
(INAF). The editor thanks two anonymous reviewers for their
assistance in evaluating this paper.

References

Agnelli G, Cacciani A, Fofi M. 1975. The magneto-optical filter.
I — Preliminary observations in Na D lines. Sol Phys 44: 509-518.
https://doi.org/10.1007/BF00153229.

Berrilli F, Bigazzi A, Roselli L, Sabatini P, Velli M, et al. 2010. The
ADAHELI solar mission: Investigating the structure of Sun’s
lower atmosphere. Adv Space Res 45: 1191-1202. https://doi.org/
10.1016/j.asr.2010.01.026.

Berrilli F, Cocciolo M, Giovannelli L, Del Moro D, Giannattasio F,
et al. 2011. The Fabry-Perot interferometer prototype for the
ADAHELI solar small mission. In: vol. 8148 of Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series,
814807. https://doi.org/10.1117/12.893552.

Berrilli F, Soffitta P, Velli M, Sabatini P, Bigazzi A, et al. 2015.
ADAHELLI: exploring the fast, dynamic Sun in the X-ray, optical,
and near-infrared. J Astron Telesc Instrum Syst 1(4): 044006.
https://doi.org/10.1117/1.JATIS.1.4.044006.

Cacciani A, Fofi M. 1978. The magneto-optical filter. Il — Velocity
field measurements. Sol Phys 59: 179-189. https://doi.org/
10.1007/BF00154941.

Cacciani A, Marmolino C, Moretti PF, Oliviero M, Severino G,
Smaldone LA. 1997. Simultaneous Doppler and magnetic solar
maps from a MOF installed at the Osservatorio di Capodimonte.
Mem Salt 68: 467.

Cacciani A, Ricci D, Rosati P, Rhodes EJ, Smith E. 1990. Solar
magnetic fields measurements with a magneto-optical filter. Nuovo
Cimento C Geophys Space Phys C 13: 125-130. https://doi.org/
10.1007/BF02515781.

Calchetti D, Jefferies SM, Fleck B, Berrilli F, Shcherbik DV. 2021.
A new method for detecting solar atmospheric gravity waves. Phil
Trans R Soc A 379: 20200178. https://doi.org/10.1098/rsta.2020.
0178.

Calchetti D, Viavattene G, Berrilli F, Del Moro D, Giovannelli L,
Oliviero M. 2020. Tor vergata Synoptic Solar Telescope: prelim-
inary optical design and spectral characterization. J Phys Conf Ser
1548: 012005. https://doi.org/10.1088/1742-6596/1548/1/012005.

Cimino M, Cacciani A, Sopranzi N. 1968. An Instrument to measure
Solar Magnetic Fields by an Atomic-Beam Method. 3: 618-622.
https://doi.org/10.1007/BF00151943.

Del Moro D, Berrilli F, Stangalini M, Giannattasio F, Piazzesi R, et al.
2012. IBIS: High-resolution multi-height observations and magnetic
field retrieval. In: Second ATST-EAST Meeting: Magnetic Fields
from the Photosphere to the Corona, Vol. 463 of Astronomical
Society of the Pacific Conference Series, Rimmele TR, Tritschler A,
Woger F, Collados Vera M, Socas-Navarro H, Schlichenmaier R,
Carlsson M, Berger T, Cadavid A, Gilbert PR, Goode PR, Knolker
M (Eds.). Astronomical Society of the Pacific, 33 p.

Elsworth Y, Broomhall A-M, Gosain S, Roth M, Jefferies SM,
Hill F. 2015. The importance of long-term synoptic observations
and data sets for solar physics and helioseismology. Space Sci Rev
196(1-4): 137-166. https://doi.org/10.1007/s11214-015-0212-5.

Finsterle W, Jefferies SM, Cacciani A, Rapex P, Giebink C, Knox A,
Dimartino V. 2004a. Seismology of the solar atmosphere. Sol Phys
220: 317-331. https://doi.org/10.1023/B:SOLA.0000031397.
73790.7b.

Page 12 of 14


http://swerto.roma2.infn.it/
https://doi.org/10.1007/BF00153229
https://doi.org/10.1016/j.asr.2010.01.026
https://doi.org/10.1016/j.asr.2010.01.026
https://doi.org/10.1117/12.893552
https://doi.org/10.1117/1.JATIS.1.4.044006
https://doi.org/10.1007/BF00154941
https://doi.org/10.1007/BF00154941
https://doi.org/10.1007/BF02515781
https://doi.org/10.1007/BF02515781
https://doi.org/10.1098/rsta.2020.0178
https://doi.org/10.1098/rsta.2020.0178
https://doi.org/10.1088/1742-6596/1548/1/012005
https://doi.org/10.1007/BF00151943
https://doi.org/10.1007/s11214-015-0212-5
https://doi.org/10.1023/B:SOLA.0000031397.73790.7b
https://doi.org/10.1023/B:SOLA.0000031397.73790.7b

R. Forte et al.: J. Space Weather Space Clim. 2020, 10, 63

Finsterle W, Jefferies SM, Cacciani A, Rapex P, McIntosh SW.
2004b. Helioseismic mapping of the magnetic canopy in the solar
chromosphere. Astrophys J 613(2): L185-L188. https://doi.org/
10.1086/424996.

Fussell JA, Brazier RI, Davies AR, Isaak GR, McCleod CP, Morgan-
Vandome SC, Speake CC. 1995. Observations of Global Solar
Oscillations in Moonlight. In: GONG 1994. Helio- and Astro-
Seismology from the Earth and Space, vol. 76 of Astronomical
Society of the Pacific Conference Series, Ulrich RK, Rhodes EJ,
Dappen W. (Eds.). 452 p.

Giovannelli L, Berrilli F, Calchetti D, Del Moro D, Viavattene G,
et al. 2020. The Tor Vergata Synoptic Solar Telescope (TSST): a
robotic, compact facility for solar full disk imaging. J Space
Weather Space Clim . https://doi.org/10.1051/swsc/2020061.

Giovannelli L, Berrilli F, Cocciolo M, Del Moro D, Egidi A,
Piazzesi R. 2012a. The birth of Tor Vergata Fabry-Pérot interfer-
ometer. J Phys Conf Ser 383: 012014. https://doi.org/10.1088/
1742-6596/383/1/012014.

Giovannelli L, Berrilli F, Cocciolo M, Del Moro D, Egidi A,
Piazzesi R, Stangalini M. 2012b. Testing of the “Tor Vergata”
Fabry-Pérot interferometer prototype. In: Ground-based and
Airborne Instrumentation for Astronomy IV, vol. 8446 of Society
of Photo-Optical Instrumentation Engineers (SPIE) Conference
Series, 84463Q. https://doi.org/10.1117/12.926349.

Giovannelli L, Berrilli F, Del Moro D, Greco V, Piazzesi R, Sordini A.
2014a. Optical tests of the LUTIN Fabry-Pérot prototype. J Phys
Conf Ser 566: 012011. https://doi.org/10.1088/1742-6596/566/1/
012011.

Giovannelli L, Berrilli F, Del Moro D, Greco V, Piazzesi R, Sordini A,
Stangalini M. 2014b. Optical cavity characterization of the Tor
Vergata Fabry-Pérot interferometer. In Ground-based and Airborne
Instrumentation for Astronomy V, vol. 9147 of Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series,
914782: https://doi.org/10.1117/12.2056477.

Greco V, Cavallini F, Berrilli F. 2010. The telescope and the double
Fabry-Pérot interferometer for the ADAHELI solar space mission.
Space Telescopes and Instrumentation 2010: Optical, Infrared,
and Millimeter Wave 7731: 773142. https://doi.org/10.1117/
12.856617.

Jefferies SM, Fleck B, Murphy N, Berrilli F. 2019. Observed local
dispersion relations for magnetoacoustic-gravity waves in the
Sun’s atmosphere: Mapping the acoustic cutoff frequency 884(1):
L8. https://doi.org/10.3847/2041-8213/ab4719.

Jefferies SM, MclIntosh SW, Armstrong JD, Bogdan TJ, Cacciani
AR, Fleck B. 2006. Magnetoacoustic portals and the basal heating
of the solar chromosphere. Astrophys J 648(2): L151-L155.
https://doi.org/10.1086/508165.

Kumar P, Park S-H, Cho KS, Bong SC. 2013. Multiwavelength
Study of a Solar Eruption from AR NOAA 11112 I Flux
Emergence, Sunspot Rotation and Triggering of a Solar Flare
282(2): 503-521. https://doi.org/10.1007/s11207-012-0174-7.

Magri M, Oliviero M, Severino G. 2005. An observational method to
prevent cross-talk and calibrate Mof-based instruments. Sol Phys
232: 159-170. https://doi.org/10.1007/s11207-005-8764-2.

Magri M, Oliviero M, Severino G. 2006. A new method to calibrate
MOF-based instruments. Memorie della Societa Astronomica
Italiana Supplementi 9: 112.

Magri M, Oliviero M, Severino G. 2008. Accurate intensity —
Velocity phase difference in the potassium resonance line obtained
with VAMOS. Sol Phys 247: 15-23. https://doi.org/10.1007/
s11207-007-9035-1.

Moretti PF, Berrilli F, Bigazzi A, Jefferies SM, Murphy N, Roselli L,
di Mauro MP. 2010. Future instrumentation for solar physics: a

double channel MOF imager on board ASI Space Mission
ADAHELI. Astrophys Space Sci 328: 313-318. https://doi.org/
10.1007/s10509-009-0251-z.

Moretti PF, Severino G, Cauzzi G, Reardon K, Straus T, Cacciani A,
Marmolino C, Oliviero M, Smaldone LA. 1997. The magneto-optical
filter in Napoli: Perspectives and test observations. In: SCORe’96:
Solar Convection and Oscillations and their Relationship, vol. 225 of
Astrophysics and Space Science Library, Pijpers FP, Christensen-
Dalsgaard J, Rosenthal CS (Eds.) Kluwer Academic Publishers. pp.
293-296. https://doi.org/10.1007/978-94-011-5167-2_32.

Nagashima K, Loptien B, Gizon L, Birch AC, Cameron R, Couvidat S,
Danilovic S, Fleck B, Stein R. 2014. Interpreting the Helioseismic
and Magnetic Imager (HMI) Multi-Height Velocity Measurements.
Sol Phys 289(9): 3457-3481. https://doi.org/10.1007/s11207-014-
0543-5.

Oliviero M, Severino G, Berrilli F, Moretti PF, Jefferies SM. 2011.
The intensity effect in magneto-optical filters. Solar Physics and
Space Weather Instrumentation 1V 8148: 81480V. https://doi.org/
10.1117/12.893613

Oliviero M, Severino G, Esposito G. 2010. Planning magneto-optical
filters for the study of magnetic oscillations of the Sun. Astrophys
Space Sci 328: 325-329. https://doi.org/10.1007/s10509-010-0360-8.

Oliviero M, Severino G, Straus T. 1998a. The VAMOS Data
Analysis Pipeline. In: Structure and Dynamics of the Interior of
the Sun and Sun-like Stars, vol. 418 of ESA Special Publication,
Korzennik S, (Ed.). European Space Agency, 275 p.

Oliviero M, Severino G, Straus T. 1998b. VAMOS: velocity and
intensity data analysis and first results on I-V phase difference at
low 1. Mem Salt 69: 623.

Otsu N. 1979. A threshold selection method from gray-level
histograms. Systems, Man and Cybernetics, IEEE Transactions
on 9(1): 62-66. https://doi.org/10.1109/TSMC.1979.4310076.

Rajaguru SP, Couvidat S, Sun X, Hayashi K, Schunker H. 2013.
Properties of high-frequency wave power halos around active
regions: An analysis of multi-height data from HMI and AIA
Onboard SDO. Solar Dynamics and Magnetism from the Interior
to the Ammosphere 287(1-2): 107-127. https://doi.org/10.1007/
s11207-012-0180-9.

Reddy B, Chatterji B. 1996. An FFT-based technique for translation,
rotation, and scale-invariant image registration. Image Processing,
IEEE Transactions on 5(8): 1266-1271. https://doi.org/10.1109/
83.506761.

Rijs C, Moradi H, Przybylski D, Cally PS. 2015. MHD wave
refraction and the acoustic halo effect around solar active regions:
a 3D study. Astrophys J 801(1): 27. https://doi.org/10.1088/0004-
637x/801/1/217.

Scherrer PH, Schou J, Bush RI, Kosovichev AG, Bogart RS, et al.
2012. The Helioseismic and Magnetic Imager (HMI) Investigation
for the Solar Dynamics Observatory (SDO). Sol Phys 275, 207-
227. https://doi.org/10.1007/s11207-011-9834-2.

Srivastava AK, Murawski K, KuZzma B, Wéjcik DP, Zaqarashvili
TV, Stangalini M, Musielak ZE, Doyle JG, Kayshap P, Dwivedi
BN. 2018. Confined pseudo-shocks as an energy source for the
active solar corona. Nature Astron 2: 951-956. https://doi.org/
10.1038/s41550-018-0590-1.

Stangalini M, Jafarzadeh S, Ermolli I, Erdélyi R, Jess DB, Keys PH,
Giorgi F, Murabito M, Berrilli F, Del Moro D. 2018a. Propagating
spectropolarimetric disturbances in a large sunspot. Astrophys J
869(2): 110. https://doi.org/10.3847/1538-4357/aaec7b.

Stangalini M, Moretti PF, Berrilli F, Del Moro D, Jefferies SM,
Severino G, Oliviero M. 2011. MOF-based instrument for Solar
Satellite ADAHELI. Solar Physics and Space Weather Instru-
mentation IV 8148: 81480U. https://doi.org/10.1117/12.893579.

Page 13 of 14


https://doi.org/10.1086/424996
https://doi.org/10.1086/424996
https://doi.org/10.1051/swsc/2020061
https://doi.org/10.1088/1742-6596/383/1/012014
https://doi.org/10.1088/1742-6596/383/1/012014
https://doi.org/10.1117/12.926349
https://doi.org/10.1088/1742-6596/566/1/012011
https://doi.org/10.1088/1742-6596/566/1/012011
https://doi.org/10.1117/12.2056477
https://doi.org/10.1117/12.856617
https://doi.org/10.1117/12.856617
https://doi.org/10.3847/2041-8213/ab4719
https://doi.org/10.1086/508165
https://doi.org/10.1007/s11207-012-0174-7
https://doi.org/10.1007/s11207-005-8764-2
https://doi.org/10.1007/s11207-007-9035-1
https://doi.org/10.1007/s11207-007-9035-1
https://doi.org/10.1007/s10509-009-0251-z
https://doi.org/10.1007/s10509-009-0251-z
https://doi.org/10.1007/978-94-011-5167-2_32
https://doi.org/10.1007/s11207-014-0543-5
https://doi.org/10.1007/s11207-014-0543-5
https://doi.org/10.1117/12.893613
https://doi.org/10.1117/12.893613
https://doi.org/10.1007/s10509-010-0360-8
https://doi.org/10.1109/TSMC.1979.4310076
https://doi.org/10.1007/s11207-012-0180-9
https://doi.org/10.1007/s11207-012-0180-9
https://doi.org/10.1109/83.506761
https://doi.org/10.1109/83.506761
https://doi.org/10.1088/0004-637x/801/1/27
https://doi.org/10.1088/0004-637x/801/1/27
https://doi.org/10.1007/s11207-011-9834-2
https://doi.org/10.1038/s41550-018-0590-1
https://doi.org/10.1038/s41550-018-0590-1
https://doi.org/10.3847/1538-4357/aaec7b
https://doi.org/10.1117/12.893579

R. Forte et al.: J. Space Weather Space Clim. 2020, 10, 63

Stangalini M, Piazzesi R, Speziali R, Dal Sasso L. 2018b. SAMM:
the solar activity MOF monitor. In: Ground-based and Airborne
Telescopes VII, vol. 10700 of Society of Photo-Optical Instru-
mentation Engineers (SPIE) Conference Series, 107001K.
https://doi.org/10.1117/12.2313373.

Straus T, Fleck B, Jefferies SM, Cauzzi G, McIntosh SW, Reardon
K, Severino G, Steffen M. 2008. The energy flux of internal
gravity waves in the lower solar atmosphere. Astrophys J Lett 681
(2): L125. https://doi.org/10.1086/590495.

Tomcezyk S, Streander K, Card G, Elmore D, Hull H, Cacciani A.
1995. An instrument to observe low-degree solar oscillations. Sol
Phys 159: 1-21. https://doi.org/10.1007/BF00733027.

Viavattene G, Calchetti D, Berrilli F, Del Moro D, Giovannelli L,
Pietropaolo E, Oliviero M, Terranegra L. 2020. Optical design of
the Tor vergata Synoptic Solar Telescope (TSST). Nuovo Cimento
della Societa Italiana di Fisica C 43(4-5): 120. https://doi.org/
10.1393/ncc/i2020-20120-6.

Vigeesh G, Jackiewicz J, Steiner O. 2017. Internal gravity waves in
the magnetized solar atmosphere. 1. Magnetic Field Effects.
Astrophys J 835(2): 148. https://doi.org/10.3847/1538-4357/835/
2/148.

Vogt E, Oliviero M, Severino G, Straus T. 1999. Calibration of
VAMOS Magnetic Data. In: Magnetic Fields and Solar Processes,
vol. 448 of ESA Special Publication, Wilson A, et al. (Eds.) ESA,
405 p.

Wang H, Liu C, Ahn K, Xu Y, Jing J, et al. 2017. High-resolution
observations of flare precursors in the low solar atmosphere.
Nature Astron 1: 0085. https://doi.org/10.1038/s41550-017-0085.

Wisniewska A, Musielak ZE, Staiger J, Roth M. 2016. Observational
evidence for variations of the acoustic cutoff frequency with height
in the solar atmosphere. Astrophys J 819(2): L23-LO01. https://doi.
org/10.3847/2041-8205/819/2/1.23.

Cite this article as: Forte R, Berrilli F, Calchetti D, Del Moro D, Fleck B, et al. 2020. Data reduction pipeline for MOF-based synoptic
telescopes. J. Space Weather Space Clim. 10, 63. https://doi.org/10.1051/swsc/2020065.

Page 14 of 14


https://doi.org/10.1117/12.2313373
https://doi.org/10.1086/590495
https://doi.org/10.1007/BF00733027
https://doi.org/10.1007/BF00733027
https://doi.org/10.1007/BF00733027
https://doi.org/10.3847/1538-4357/835/2/148
https://doi.org/10.3847/1538-4357/835/2/148
https://doi.org/10.1038/s41550-017-0085
https://doi.org/10.3847/2041-8205/819/2/L23
https://doi.org/10.3847/2041-8205/819/2/L23
https://doi.org/10.1051/swsc/2020065

	Introduction
	The MOTH as a prototype of MOF-based telescope
	The polarization analyzer section
	The filter section
	The Wing Selector

	The data reduction pipeline
	The calibration processing description
	3.1.1 Standard dark subtraction and flat field correction
	3.1.2 Atmospheric extinction and orbital trend correction
	3.1.3 Leakage correction
	3.1.4 Registration
	3.1.5 Registration of sigma- and sigma+ images
	3.1.6 Registration of B wing to R wing images
	3.1.7 Registration of the K channel to the Na channel images


	Magnetogram and Dopplergram synoptic maps
	Antarctica summer campaign 2016/17
	Conclusions and future plans
	Acknowledgements
	References

