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ABSTRACT

Context. Aalto University Metsdhovi Radio Observatory has collected solar intensity maps for over 45 years. Most data
coverage_is on the 37 GHz frequency band. tracking emissions primarily at the chromosphere and coronal transition
region. The data spans four sunspot cycles or two solar magnetic cycles.

Aims. We present solar maps. including recently restored data prior to 1989. spanning 1978 to 2020 after correcting for
observational and temporal bias.

Methods.

The solar maps consist of radio intensity sampled along scanlines of the antenna sweep. We fit a circular disk to the
set of intensity samples, neglecting any exceptional features in the fitting process to improve accuracy. Applying a
simple astronomical model of Sun and Earth, we assign each radio specimen its heliographic coordinates at the time
of observation. We bin the sample data by time and heliographic latitude to construct a diagram analoguous to the
classic butterfly diagram of sunspot activity.

Results. Radio butterfly diagram at 37 GHz, spanning solar cycles 21 to 24 and extending near to the poles.
Conclusions. We have developed a method for compensating for seasonal and atmospheric bias in the radio data, as well
as correcting for the effects of limb brightening and beamwidth convolution to isolate physical features. Our observations
are consistent with observations in nearby bandwidths and indicate the possibility of polar cyclic behaviour with a period
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exceeding the solar 11 year cycle.

. Introduction

The solar magnetic field is known to switch polarity in a
full cycle of approximately 22 years, which consists of two
sunspot cycles (Hale et al. 1919, Babcock 1961)). At the
beginning of each sunspot cycle, the solar magnetic field
is an axial dipole. Solar differential rotation transforms the
predominantly axisymmetric poloidal magnetic field into an
azimuthal field with opposite polarity between hemispheres.
In the presence of convection and the Coriolis force due
to solar rotation, this azimuthal field is further distorted
by the action of turbulent vortical flows stretching, twist-
ing and looping the field, known as the a-effect (Steenbeck
et al. 1966, [Krause & Raedler 1980). After approximately
11 years the large scale magnetic field evolves into a dipolar
field with polarity reversed from its original sign and the
next sunspot cycle begins. The full 22 year cycle comprises
two such sunspot cycles.

Starting from a quiet Sun containing a relatively weak
axial dipole, each sunspot cycle emerges as activity on
the visible surface of the Sun, typically near mid-latitudes

Key words. Solar physics, radioastronomy, butterfly diagram, solar cycle

(£20° to £30°). While the frequency and coverage of the
sunspots increases towards a maximum, the location of the
activity drifts equatorward. This migration continues af-
ter the maximum with decreasing activity closer to the
equator, bringing the sunspot cycle to an end. This was
first recorded in the Maunder butterfly diagram by Edward
Maunder in 1904. Since sunspots are a feature of Sun’s
magnetic field, and as the solar magnetic field is mostly
axisymmetric, the longitudinal location of the activity can
reasonably be neglected (Pelt et al. 2006). Considering this
two-dimensional time-latitude histogram of sunspot activ-
ity or magnetic field intensity, similar butterfly diagrams
are also recovered from solar magnetograms (Gaizauskas
et al. 1983, [Vecchio et al. 2012, Leussu et al. 2017)). It is
also reported for radio brightenings of the 17 and 34 GHz
band (Shibasaki 2013, Selhorst et al. 2014) and of 37 GHz
(Kallunki et al. 2018).

From sunspots and magnetograms of the photosphere
we have relatively rich well-resolved data about the two-
dimensional (2D) evolution of the solar surface magnetic
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field, but observation of the three-dimensional (3D) struc-
ture of the field is limited by the weakness of magnetic
measurements from the solar atmosphere relative to the
surface. Metséhovi Radio Observatory (MRO)E| is observ-
ing emissions, primarily in 37 GHz frequency band, dating
back over four decades to the late 1970s. This is in a fre-
quency range suitable for detecting non-thermal emissions
from high energy electrons associated with active-region
magnetic fields, so is a good proxy for the intensity of the
magnetic field. A detailed analysis by Kallunki et al. (2020)
relate brightening at 37 GHz emissions with coronal holes
and magnetic bright points in extreme UV emissions. These
are also well suited to observing the thermal emissions from
the quiet Sun. Comparing and contrasting the maps from
these emissions with other observations can help to reveal
more about the structure of the magnetic field in plasma
of varying temperature and by inference height. Further-
more, the data incorporate almost four magnetic cycles,
yielding a valuable resource to investigate long-term varia-
tion within and between cycles, alongside and in contrast
to other sources. Similar bands at 950 GHz and 84 GHz
have probed the chromesphere (Loukitcheva et al. 2019),
but without the long term historical record available here.

Previous works |(Kallunki et al. 2018)| have studied the
statistics of active regions, radio samples with excess of a
fixed threshold, sampling individual MRO solar maps of
the cycle 24. Analysis based on manually collected values
has been made, such as [Kallunki et al. (2012), Kallunki
& Riehokainen (2012) and Valtaoja et al. (1987). Cycle 21
maps have previously been analysed with manual methods
in Kallunki et al. (2012) and Kallunki & Riehokainen (2012)
using undigitised maps.

For the first time, the whole 45 years of data are avail-
able in a form that is fully accessible to automation, allow-
ing detailed analysis and in accurate heliographic coordi-
nates |(Metsahovi Radio Observatory|[2019)). The earliest of
these maps feature the solar cycle 21 and have not been
available until appropriate digital processing tools were im-
plemented in |Kivistd (2018). The new analysis includes,
along with further development of the calibration process,
calculating temporal averages of radio samples within a
given region on the rotating heliographic surface. Helio-
graphic features can be distinguished based on their actual
separateness.

Across the lifetime of the MRO the equipment has expe-
rienced several upgrades and evolution of the data format.
This article shall describe the pipeline of data processing
to transform the raw data into a time series of solar radio
maps, normalised, corrected for instrumental bias, atmo-
spheric noise and effects, time of day and seasonal effects
and solar limb dimming effects. We present two methods
for correctly detecting the position of the solar disk in each
map and three methods for normalising the signal levels,
such that the background black sky has value zero and
the Quiet Sun Level (hereafter QSL), the solar intensity
in the absence of surface magnetic activity, has value unity.
The maps are then projected from Right Ascension (RA)
and Declination (Dec) onto their rotating heliographic sur-
face coordinates. This is described in Sect. Pl We we have
also prepared tools for automatic tracking of active regions,
which are suitable for any magnetograms or similar maps,
and which we shall apply in detail in future publication.

Y| https://www.aalto.fi/en /metsahovi-radio-observatory
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We present a time-latitude histogram of the radio inten-
sity, including previously inaccessible machine-drawn maps
from 1978 — 1987 and up to 2024. This yields the most
complete time series thus far available from MRO, span-
ning almost completely the last four sunspot cycles. We
present our butterfly diagrams in Sect. [3] and discuss in
Sect. [l how MRO observations compare with the results of
other observations, including Shibasaki (2013).

2. Methods

Here, we detail the techniques applied to collate Metsdhovi
observations up to present, spanning four solar cycles. The
data include multiple formats, cadence and observational
conditions, so require normalisation to compare results over
time. To accurately relate observed features to the solar
surface, the maps must be centered and the chromospheric
radius of the observations accurately determined. The tele-
scope has measurement biases and the measured intensities
are affected by the altitude of the observation or location
on the solar disk. We apply corrections to better identify
features near the limb.

2.1. The solar maps

During a typical measurement, the antenna beam makes a
sweep across the visible solar disk (Fig. [I). The historical
record comprises three major convention sets applying to
the data.

A Since June 2015 the sweeps have been horizontal, with
shifting altitude between sweeps, as shown in Fig. (b)
These modern maps respect the true path of the an-
tenna, typically recorded with 25 samples per second for
two minutes.

B Until May 2015 the maps were scanned in the equatorial
direction, so that declination is shifted between adjacent
sweeps, as displayed in Fig. (a). The maps assume linear
antenna tracks with constant speed and sample rate.

C Solar maps from 1978 to 1987 were originally recorded on
magnetic tapes, from which the data were rendered onto
paper contour maps using a mechanical plotter. Subse-
quently the magnetic tapes were lost, so that only the
printed maps were available. Using pattern recognition
techniques of [Kivisto| (2018]), scans of the maps were con-
verted into a digital format, which is compatible with
maps of the categories A and B. The solar disk posi-
tion as well as the rotational axis was already marked
on these paper maps using a compass and a ruler.

Each line in a digital solar map file contains the time and
coordinates of a sample as well as the recorded intensity
value. The coordinates are relative to the expected loca-
tion of the center of the Sun on the sky. The intensity is
measured on 37 GHz and contains linear and logarithmic
output from the amplifier as digital values. In this paper,
we focus on the linear scale. However, the logarithmic scale
is more sensitive for very low intensities and also avoids
saturation during flare events, thus offering prospects for
future research.

We use the word calibration for describing the combined
effort of normalising and centering a map. The applicable
methods are described in Sect. The raw intensities of
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Fig. 1. Typical Metsdhovi solar observations on 37 GHz (a)

25.07.2011 and (b) 05.07.2016. Prior to May 2015 the observa-
tion beam scans along the equator, with samples mapped onto
a rectangular grid. Since June 2015 a more accurate fit to the
beam path was used, scanning horizontally. For the intensity
color map each pixel is mapped to the nearest observed sam-
ple. This is an original uncalibrated map. (c) Closeup of the
05.07.2016 map which illustrates circle fitting.
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a scan have an arbitrary scale, as in Fig. [I(a-c). The sig-
nal levels must be normalised and also corrected for any
minor offsets in the sample coordinates in order to have a
properly centered map. From normalisation we obtain zero
intensity at the background and unit intensity for the QSL.
For the contour maps up to year 1987, we trust the original
compass and ruler markings and no additional calibration
is considered.

2.2. Solar map centering and normalisation

Solar maps are generated by sweeping the beam of the radio
telescope at the proximity of the solar disk while recording
signal intensity. In order to extract heliographic information
from these maps, we first need to superimpose the visible
solar disk over these samples. After correctly locating the
disk, each antenna sample is accurately projected onto the
rotating heliographic surface. The disk position is located
by analysing the intensity distribution on the scans. The
size of the visible disk is based on the distance between the
Sun and the observer (Earth) at the time of observation. We
assume that the radius of the Sun is 717.6 Mm. This value
is based on iterating the limb brightning model using the
37 GHz MRO solar maps between 16th June, 2014 and 14th
September, 2022, which are the three most recently com-
pleted quarters of the solar cycle. We define the boundary
of the heliographic sphere to be where its projection on the
solar map has intensity 0.5 QSL.
Each solar map S consists of Ng samples s;:

S = {s; :i=1,2,..,Ng} where

S; = (ti,xi,yi,ui,...). (1)

Each sample s; contains the time of observation, ¢;,
and location on the map, (z;,y;), as well as the recorded
intensity u;. During the calibration process described be-
low, additional derived quantities are attributed to each
tuple s;. These are denoted as ... on Eq. [I] The calibra-
tion is iterative, with symbol ¢ used for each step, starting
with ¢ = 0. Each iterative step ¢ produces a set of coordi-

nates (xl(»c), yl(c)) and a calibrated intensity value UEC) , which
equals zero at the background and unity at the average inte-
rior disk brightness, which will be defined below. We denote

the radial distance from the center of the solar disk as:

TEC) =1/ xgc)2 + yl(c)2. (2)

Location is specified in equatorial coordinates relative to
the expected position, (RAq), Decr,)), of the central point of
Sun at time ¢;. We do not rely on the targeting accuracy of
the antenna, and instead determine the center of the visual
disk from each map S, from which we define the relative
location of each s;.

With right ascension cosine corrected, such that maps
have unit aspect ratio, we get the final coordinates (for large
c) as:

) el W) = Decls) Do 1) 9

The intensity is high at the solar disk, and it drops by
orders of magnitude as we transition to the background sky.
A number of factors affect the shape of this transition:
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1. Due to the shape and width of the beam used by the
MRO 14m disk, near the limb convolution with the
black sky reduces the observed solar disk intensity.

2. The optical depth of the chromosphere varies with al-
titude due to increasing temperature (Mihalas 1978,
Alissandrakis et al. 2017). Nearer the limb, where the
observed line of sight makes a low angle through the
corona, we would expect increased intensity due to the
higher temperatures compared to the center of the disk.
We refer to this effect as limb brightening.

3. Observed intensity at 37 GHz, as a time average over
durations comparable to solar cycle length and butter-
fly diagram features (wings), can vary by heliographic
latitude.

The latitude dependence, which varies by solar cycle
phase, is weak relative to beam convolution and limb bright-
ening effects. For map calibration purposes, we ignore these
latitude dependency effects. The importance of this approx-
imation is a subject for future study. We have, however, im-
plemented tools (see Appendix for taking into account
the latitude dependency in order to measure certain chro-
mosphere parameters. For this manuscript we assume a ra-
dially symmetric antenna beam and thus the profile to cor-
rect for limb brightening is also radially symmetric.

For each map, S, the raw signal intensity values, u;,
that come from the amplifier and analog-to-digital conver-
sion, have an arbitrary scale. These require a normalisation
to extract two representative intensity values, Upackground
and ug;sk- We have trialed three alternate methods for this
initial step:

1. S-curve method, described orally by Juha Aatrokoski at
MRO and used in MRO maps such as in Kallunki et al.
(2018)!

2. A variant of a convex hull method described in [Kivisto
(2018)!

3. Selecting peak values in intensity histogram, a method
adopted from Shibasaki (2013).

Here we have applied method 1, which we shall describe
in detail. The method for the initial step is not crucial since
the final result is derived by series of converging iterations
that improve the centering and normalisation. We do not
rely only on the initial step. When there are bright or dim
regions at the boundary, we discard them as outliers and
limit the circle fitting to the remaining points. While de-
riving the limb profile, as displayed in Fig(b), we can im-
prove the estimate of a sample’s radial distance based on
its intensity, as illustrated in Fig[jc).

A through analysis and comparison of different calibra-
tion methods is a possible subject of further research. Fol-
lowing method 1, the samples s; € S are sorted by absolute
intensity. An example of a resulting intensity vs. sample
index is plotted in Fig.a). We observe two vertical re-
gions in the plot, since the dark background as well as
the bright solar disk cover most of the samples. Between
these regions, bounded by the dashed lines, the curvature
of the plot changes sign. Here we place the pivot point of
the normalisation (Fig.|2))(b). The median intensity of sam-
ples with intensity higher than the pivot is taken as repre-
sentative of the inner disk. The lowest intensity tertile is
taken as representative of the background. This fixes the
signal range from background to QSL as the starting point
of further iterations, to identify the disk centre, radius and
intensity normalisation.
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Fig. 2. Radio samples of a typical solar scan sorted accord-
ing to intensity. Panel (a) displays all samples, within the limb
transition between background and disk located with the dashed
lines. A zoom in between the dashed line in (b) is fitted with a
polynomial, whose inflection (cross) is a pivot point for signal
level normalisation.

We then perform a linear transformation for the raw in-

tensity values u; and obtain the first normalised intensities

v a

B S

0 Uy Ubackground
. g
v, =

with s; € S.

(4)

Udisk — Ubackground

The normalised intensities are then used for calculation of
the initial center of the map, (z(%),3(®):

(2®,y©) .= 2 mi* (@i i)
>om;

The samples are weighted by m; as to prevent disk features
from affecting the center of mass.

(5)

0 when v; <0.15
m; = ’“%07'15 when 0.15 < v; < 0.85 . (6)
1 when v; > 0.85

This allows us to refine the equatorial coordinates of the
samples as:

(@ 5" = (@) = @), (7)

From this initial calibration round we iterate, by which we
denote the superscript (©) with ¢ replacing 0 in Eq.s4{and
Each calibration round produces a new normalised intensity
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value v(¢t1) for each sample. Using these new values v(¢T1)
the disk center is further optimised as (z(°t1), y(¢*1)). The
iterations for producing superscripts ¢ > 0 are based on
fitting a circle to the boundary points, outliers neglected.

Here we assume a fixed radius for the circle, based on
known physical radius of the Sun as well as known Earth-
Sun distance. The physical radius of the Sun, for 37 GHz,
is defined by convergence of iterating the limb profile for
the whole MRO dataset in a so called grand iteration. All
maps are first calibrated, after which we fit one limb pro-
file and temporal latitudinal dependence for each subset
of maps constituting three subsequent quarters of a solar
cycle. Then we solve the relative radius where the aver-
age intensity coincides 0.5 QSL, and use that radius to fine
tune the calibration for a subsequent grand iteration. In
that subsequent grand iteration, the limb profile at 0.5 QSL
will be closer to unit radii, and further converges in a few of
these grand iterations. In one grand iteration, any three ad-
jacent quarters of a solar cycle produce one limb profile and
radius correction. For next grand iteration, we apply them
to the middle quarter and for possible boundary quarters
that do not appear in the middle of any triplet of adjacent
quarters. These boundary quarters are the yet incomplete
quarter 15th September, 2022 to 15th July, 2025 as well as
the first quarter, 3rd March, 1989 to 30th August, 1991,
to contain maps in such a format that a limb model is ap-
plicable. Thus every quarter of a solar cycle has its own
radius and limbmodel. When producing a new limb pro-
file and temporal latitudinal dependence as well as a radius
correction, preferably two more quarters, one on both sides,
are used as to prevent ringing artifacts in the middle quar-
ter. The convergent radius for the most recent three com-
plete quarters (16th June, 2014 to 14th September, 2022)
is 717.6 Mm, representing the quarter 16th March, 2017 to
14th December to 16th March, 2019. For other quarters,
the value fluctuates a couple of megameters, and it fluctu-
ates more for the cycles 22 and 23 which have sparser data.
This is a subject of further study.

2.3. Physical radius of the Sun

In this paper, we have assumed that the scale of the relative
right ascension and declination are correct and thus the
radius of the disk is based on geometry. Let Ry be the
physical radius of the Sun and d(t) be the distance between
MRO on Earth and the physical center (core) of the Sun at
time ¢. Then:

ro(t) = arcsin (R /d(t)) . (8)

The apparent radius of the Sun depends on wavelength
and method of observation as well as the exact definition.
For radio wavelengths, a quadratic fit of the apparent ra-
dius (r) is constructed in Rozelot et al. (2015). Evaluating
this for 37 GHz (A = 8.1mm and the avarage distance of
(d) = 1AU, we obtain Rz = 710.06 Mm. Selhorst et al.
(2019) examined the variation of the solar radius for 37 GHz
from MRO across cycles 22 to 24. Instrumental changes
resulted in differences between upgrades in the measured
radius between 979" and 999”. The values were based on
monthly averages of the radii, which were further averaged
over the period of instrumentation being unchanged. This
will normalise for difference of the apparent radius between

et al.: Fifty years of Metsdhovi solar observations on 37 GHz
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Fig. 3. Average quiet Sun intensity as a function of radial dis-
tance from the visual center, for different altitudes (elevations)
of observation at MRO. Fitted from data between 16th March,
2017 and 31st January, 2024. The profile varies over time, and
models fitting each quarter of a Solar cycle have been derived,
which differ only slighly from the displayed example. (a) Limb
brightening is observed when line of sight is almost tangential to
the solar surface. (b) The beam size of 2.4’ mixes the solar limb
with the dark background, resulting in a convolution pattern.
On both plots, we observe more blurring when the altitude of
observation is low, due to atmospheric effects.

perihelion and aphelion, which is ca. 33”. The values in
Selhorst et al. (2019) thus translate to physical diameters
710 Mm and 725 Mm.

Here, we have analysed the solar radius using two dif-
ferent definitions that apply to MRO solar maps. We use in
this paper the experimental value Rz = 717.6 Mm, which
provides 0.5 QSL intensity at the disk boundary when the
altitude of the Sun is 25° above the horizon during obser-
vation. This definition is not actually very sensitive to the
exact altitude, as can be seen in Fig.[3(b). However, we fix
the reference altitude in order to establish convergence. The
limb profiles are used for centering the solar maps in the
next iteration, from which subsequent and, eventually fi-
nal, limb profiles are created. The processes of correcting
for limb brightening and convolution effects are detailed in
Appendix[A]and accounting for chromospheric effects along
different lines of sight in Appendix [B]

2.4. Heliographic coordinates from radio data

Our solar maps are not sensitive to small systematic point-
ing errors or intermap variations in signal levels, since we
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calibrate each scan individually. Applying the iterative al-
gorithm outlined in Sect. [2:2] we obtain a calibrated position
and intensity for each sample, with levels scaled such that
zero is for the background and unity for the QSL:

(c) Ui — ul()ca)ck d
N o groun ) (9)

N R
QSL background

We use an astronomical model, including the visible solar
radius r) and the observer’s geolocation (Metséhovi Radio
Observatory):

(¢5,\8) = (+60.22°, +24.39°) , (10)

to determine the equatorial location of the centre of the
solar disk as observed, denoted by (RA(t),dec(t)). Ne-
glecting the motion of the Sun across the sky and the ro-
tation of the Sun within the duration of each scan S, for
simplicity, we assume the middle time

tmin(S) + tmax(S)
D) .

A simple astronomical model is then used to project
the cosine-corrected Sun-relative equatorial coordinates
(2{?,y'?) into an idealised heliographic surface set of Car-
rington coordinates (¢ ;; A ;). This model assumes the
Earth in on a keplerian orbit around the Sun, and the rota-
tion axis of Earth is precessing at the period of ca. 26 000 a.
Any inaccuracy in this simple model will only arise a slight
pointing error of the solar rotation axis on the maps. Since
the antenna beam radius is large (2.4’) this simple astro-
nomical model as adequate.

tmid (S) =

3. Results

After disk fitting, each radio sample can be projected onto
the Carrington coordinates of the rotating heliographic sur-
face. Every sample now has time, intensity relative to QSL
and heliographic latitude. We combine these to construct
a time-latitude butterfly diagram. From the series of radio
maps using processing described in Sect. 2] but without
applying the limb correction model (Appendix , we con-
struct the radio butterfly diagram displayed in Fig. a).

Fig. a) shows the map radio samples averaged over
a grid of time and heliographic latitude. In the grid, there
are 90 latitude bins, ranging +90° of heliographic latitude,
and 220 time bins ranging from March, 1974 to January,
2024. The sample intensities are normalised as described
in 2:2] so that for each sample, the intensity is relative to
the statistical Quiet Sun Level of the corresponding map to
which the sample belongs.

We present two versions of the butterfly diagram.
Fig. a) has no limb correction, omitting samples that have
r > 0.9rc and thus losing information from the polar re-
gions. Fig. [d|(b) applies the limb correction model identified
in Fig. [3] and Appendix [A] Comparing the two, it is clear
that without the limb correction model, even for samples
at 0.8rg < 7r; < 0.9rc the intensities are lower than phys-
ical values due to beam mixing with the background. Data
are binned according to heliographic latitude and time. The
value for each bin is an average of the samples belonging to
the bin.

Our time series now extends the previously published
data to include the observations digitally recovered from
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the historical maps covering cycle 21. The imbalance in the
statistics available across the time span is evident in more
sparse observations during earlier epochs and the seasonal
variation in quantity and quality of the specimens as pre-
sented in Fig.[[c).

4. Summary and discussion

Without the limb correction our butterfly diagram Fig.a)
during 1993 to 2013 recovers the same activity pattern for
latitudes < |50°| as [Shibasaki (2013, see their figure 2) at
17 GHz, see also (Kim et al. 2017, Gopalswamy et al. 2016)
and also for 5.7 GHz (Pevtsov 2016). However, only with the
limb correction does our Fig.[db) also reproduce the high
intensities approaching polar latitudes. For both observato-
ries the activity at the Southern pole is more intense and
prolonged, and while it appears to cease in 2012 in the ear-
lier work, from our results we see that this is only a tempo-
rary lull and that this activity has a much longer duration.
The results of Shibasaki (2013) only date from 1993, during
which the poles show the onset of only enhanced activity.
Our results including 1989 indicate this was preceeded by
a a period on consistent reduced polar magnetic activity,
which may indicate that the period of the polar magnetic
cycle exceeds the 11 year solar cycle. Extending the obser-
vations at 17 GHz to 2018 Gopalswamy et al. (2018) the
activity at the Northern pole reduces after 2013, consistent
with our presentation |(see also Fujiki et al. 2019). There
is a risk that the signal near the limb may be corrupted
by noise from limb brightening and convolution within the
beam width of limb and background intensity, but the long-
term persistence of weak followed by strong intensities at
the poles and consistency with similar microwave observa-
tions supports the conclusion that these effects are physical
rather than instrumental.

Srivastava et al. (2018) explore the properties of the
extended solar cycle (ESC) to around 17 years preceding
the 11 year cycle by about 8 years, which appears to be
a residue of earlier cycles evident at higher heliographic
latitude and higher solar atmospheric phenomena. The ex-
tended cycle is identified in the Fe XIV green line emissions
in the solar corona by |Altrock (1997)| and further analysis
using SDO/HMI data (McIntosh et al. 2014) supports the
hypothesis that the magnetic processes leading to the emer-
gence of each new sunspot cycle have observational signa-
tures apparent a few years in advance. The extended period
of high intensity near the poles apparent in Fig.(b) may
be relevant to understanding the ESC phenomenon.

North-South asymmetry with a lag as much as two years
is identified by Newton & Milsom (1955) and is evident in
asymmetry of our butterfly wings, particularly for cycles 23
and 24, and in the polar activity after 2010. Mursula (2023)
uses 2.8 GHz data to identify a North-South asymmetry in
the overall flux across multiple odd cycles, as evidence of
the presence of a relic field, coexisting with the dynamo
driven magnetic field. As discussed above, there are signif-
icant inbuilt biases in the measurements with respect to
North and South poles, so further work would need to be
applied to our data, before we could determine whether or
not our observations support such conclusions.

In summary, we have presented one of the longest con-
tinual measurements at 37 GHz of solar chromespheric ac-
tivity available, having applied corrections for limb bright-
ening and convolution effects and atmospheric and orbital
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Fig. 4. Solar intensity at all heliographic latitudes on 37GHz over cycles 21 to 24. Averaged over samples for which (a) r < 0.9r5
to avoid beam mixing with the background, and (b) r < 1.0rq), such that each sample intensity is corrected for beam mixing and
limb brightening. The latter increases the available latitude range, revealing the polar magnetic cycle. (¢) Count of Metsihovi solar
maps used for analysis after being accepted by automated quality control.

biases, providing an accurate historical catalog of these ob-
servations. Our processing of the raw data has permitted
us to include measurements near the solar poles, which in-
dicate a prolonged period of magnetic activity which may
exceed the 11 year solar cycle. The individual maps con-
tain regions of increased intensity that persist over days
and weeks and indicated enhanced magntic activity. Future
work shall present automatic feature recognition and ac-
tivity tracking tools and results in order to relate these to
magnetic activity in the chromosphere and elsewhere.
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Appendix A: Correction for limb brightning and
antenna convolution

Beam width of the telescope defines the sharpness of the
transition from ca. 1 QSL to background level (zero) seen in
Fig.[3] Diameter of the dish would suggest a beam diameter
2.4/, but this is further distorted by atmospheric scattering
on Earth. Thus the beam width and shape is also a function
of the altitude angle above horizon as well as local weather.

As discussed in the beginning of Sect.2.2] signal inten-
sity near the limb region is affected by beam convolution of
the disk and background as well as increased chromospheric
thermal emission along the line of sight. The small angle of
separation between the tangent surface and the chromo-
sphere at the limb causes the observer to probe higher al-
titudes of the chromosphere, where the temperature of the
emitting plasma is higher. This produces the limb bright-
ning, which is seen on Fig.(a) as intensities above 1 QSL.

We have developed a model to compensate for the effects
of limb brightening and antenna convolution. The model
also allows for solar cycle variation and terrestrial atmo-
spheric scattering. Signals observed from the Sun at very
low altitude travel a longer path through the air than from
higher altitudes, resulting in greater scattering.

The model is iterative, so that we have a set of param-

eters M(©) for each step ¢ of the iteration. The parameter
set M(¢) contains coefficients of two separate polynomials,
P and Q(9:
M@ — (P(C)7 Q(c)) , (A1)
Both polynomials have two-dimensional domain set. The
product of polynomials P(©) and Q(©) is an estimate for the
observed intensity based on four variables:

— t, time, phase of solar cycle.

— [, heliographic latitude of the intersection of observation
line of sight and the heliographic surface.

— r, distance from the center of disk, relative to the ap-
parent radius of the solar disk.

— a, altitude of observation, angle between observation
line of sight and the horizon at MRO.

The model must capture the detail at the solar limb,
which is, in practice, when r € [0.8rx), 1.2rg)]. This detail
originates from the convolution by the antenna beam. We
map r into adjusted variable p using a tuning factor :

p(r) = arctan (li (T - 1)) with kK = 8.8.
O]

The tuning factor & is set by manually searching for a value
which provides the best results.
The estimated intensity, v, is then calculated as:

(A.2)

v=MO(t,1ra) =PI Q(p(r),a). (A.3)
The model is optimised using the least squares method in
order to minimize the error between actual observed inten-
sities and the estimates of the model. As a target set we
use the antenna samples of solar cycle 24.

In Fig.(a) radial profiles for limb brightening are plot-
ted for a range of heliographic latitudes. Fig.[3|(b) for the
same range shows the convolution profiles.

et al.: Fifty years of Metsdhovi solar observations on 37 GHz

The accuracy of the calibration and centering of the disk
is improved by applying the limb correction to the samples
before each iteration round in Sect.2.2 It is also of value in
determining the radius of the Sun, as described in Sect.2:3]

We start with a crude model for the solar disk in order
to give each antenna sample the variables [ and r needed in
Eq.[AZ3] We then optimize for the first step of the iteration
to get M), Thus, the estimated intensity and the distance
from the center of disk are interdependent. When we have
the intensity, we can estimate radial distance as:

© - A4
Q (p(?"),a) P(C)(t,l) ( ° )
Given Eq.[A7] we can extract r by first substituting a

into the polynomial Q(©) to get one-dimensional polynomial

© (p). We then use its inverse function to evaluate p and
T

r= (o Q) (Pwv(tz)) '

The solar map centering is an optimisation problem,
which seeks the circle to best fit the set of limb samples.
Using Eq. [A75] we can improve the fitting using the infor-
mation of how far from the center each limb sample actually
might be. We initially have a circle, centered at C', which
fits to the limb samples. We will now translate each sample
radially, with respect to C, to a distance set by Eq.[A.5]

This is illustrated in Fig.[[|c), where the blue dots are
true observed limb samples. The corresponding green dots
are translated to a distance given by Eq.[A.5 The set of
green points provide a less dispersed target set for fitting a
circle. This causes a slight adjustment in the center C, so
we will iterate the fitting for a suitable number of rounds.

The accuracy of the calibration and centering of the disk
is improved by applying the limb correction to the samples
before each iteration round in Sect.2.2] It is also of value in
determining the radius of the Sun, as described in Sect.[2:3]

The limb correction for map centering is illustrated in
Fig.(c). While most observed positions (antenna samples)
are denoted with white dots, the subset at the limb region is
shown blue. Each of these blue dots has an arrow pointing
towards a corresponding green dot. Arrows indicate transla-
tions associated with the limb correction. The translation is
radial; if the observed limb sample is more than 0.5 QSL, we
translate it towards the center, and if it is less than 0.5 QSL,
we translate it outwards. The translations produce the set
of green points. The green points are the target set for fit-
ting a circle, which becomes the disk circumference and is
marked with magenta color. We observe that the green dots
appear closer to the final boundary circle, compared to the
blue dots. Since there is less deviation, we expect a more
accurate result for circle fitting when we use the green dots
as a target set.

We note that the interpolation (green) is slightly off-
set from the circumference (magenta). The limb correc-
tion model compensates variations associated to altitude of
observation. The altitude a relates to line-of-sight optical
thickness z(a) of Earth’s atmosphere as:

x(a) = M

sina

(A.5)

(A.6)

The optical thickness of the air mass along line of sight
is lightest when the Sun is seen high. It is reasonable to
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assume that the amount of air mass is significant to the
shape of the antenna beam. However, there are other effects
as well, which are not taken into account in this simple
model. For example rain, snow, and turbulence will scatter
the beam. The statistical fact of having winter observations
only at low altitudes is taken into account by normalising
the data for altitude.

In coming research, we will test the limb correction
on individual maps along with a more sophisticated ob-
servation model. In Fig.[T](c), we see the antenna path
wiggling along the scanlines. Once the weather effects are
compensated, we will verify the antenna position by an-
alyzing whether the reported wiggling is consistent with
the expected intensity variations due to the beam point-
ing slightly towards or away to the disc center at a given
sample.

The limb model is based on fitting a polynomial function
on the set of all samples from all accepted solar maps. Since
there are various biases in amount of data, we apply several
equalization steps for the weighting of the samples. This is
to avoid ringing artifacts in the limb correction model.

(i) The number of samples per map varies. Prior to June
2015 samples were more densely recorded, also taking
much longer to scan, as illustrated by Fig. [I](a). Sub-
sequently the samples are recorded more rapidly with
fewer samples required per map as shown in Fig. ( b).
The number of samples also varies annually, since the
Sun looks larger when Earth is at perihelion.

The heliographic latitude appearing at the centre of
each solar map oscillates annually due to the Earth’s
orbital inclination. Thus the number of samples taken
at each heliographic latitude varies between maps,
such that observational altitude is not independent
of the heliographic latitude. Within a map there will
be more samples along the visible equator, and on av-
erage along the heliographic equator, where the disc
is widest than towards the poles. During winter, the
observation altitude is very low, ~ 6°, which adds a
bias if favour of one or other hemisphere of the Sun.
There is a risk that observed asymmetry may in fact
arise due to this bias.

There are around 100 times more maps recorded dur-
ing summer than during winter, due to differences in
solar altitude and daylight hours.

The number of maps, the number of observation days
per year, and the number of observations per day vary
greatly over the history of observations (from 1978 to
2024, see also Fig.[4).

(i)

(iii)

(iv)

To correct for these biases in the data, we apply series
of normalisations to weight the samples equally. This is to
prevent ringing artifacts when fitting the polynomials for
the limb model.

1. Samples s; for each map are weighted by ca. r; L as to
have all radial bins an equal contribution.

2. The total weight of a map is independent of the amount
of samples on the map.

3. Each observation day within a year has equal weight.

4. Each year from 1978 to 2021 has equal weight. For the
incomplete years their weight is relative to the length of
data during that year.

5. Each two-dimensional bin of observational sky altitude
vs. heliographic latitude is given equal weight.
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In the first two stages, the weights are calculated so as
to give each radial distance an equal representation. As-
suming the samples to be uniformly distributed on the
visible solar disk, the number of samples within a ra-
dial bin r + ér would be 1(5r, yielding a sample weight
n§1 (max {ri,n§1/2} +ri> . Here ng is the amount of
samples on the map. The max operator is used to clip the
weight to avoid very large weights for the center samples.

The weighing scheme is not applied to the butterfly di-
agrams in Fig. [ We have, however, tested relevant com-
binations of different equalisations and the corresponding
butterfly diagrams are available for review. Different nor-
malisation options do not significantly change the appear-
ance of the butterfly diagrams.

Appendix B: Chromosphere effects

In addition to extracting and characterizing features from
solar maps, we are making parallel development with an
inversion problem approach. Having obtained a solar map
from MRO, we describe a model for the chromosphere as
well as the MRO telescope which records the map. Each
configuration of the model produces a particular solar map,
and we compute this map by ray-tracing and convolution.
We fine-tune the parameters of this model until the map
obtained best fits the actual observation.

As a first approximation, the chromosphere is a spher-
ically symmetric shell where the physical properties of the
plasma depend only on radial distance r from the center of
the Sun. When we observe this object using the MRO 14 m
dish, we obtain a radially symmetric disk. In the middle of
this disk, we observe an intensity of one Quiet Sun Level.
This is where the line of sight from the observer makes a
straight angle with the chromosphere. When travelling to-
wards the limb, we obtain a profile similar to what is seen
in Fig.[3] Consider angle o between the shell and the line of
sight from the observer. The observed intensity on the map
is a function of this angle, namely, I(«). In the middle of
the map, a = 90°, whereas at the limb, o — 0.

Consider now a point w on a line of sight which origi-
nates from observer o at Earth and proceeds approximately

towards the Sun in unit direction b:

w(a‘) =0+ (a+aoﬂset) b. (Bl)
We denote the travelled length with a, starting from offset
Qoffset, Which is at the effective solar surface of radius Ry.
This marks a reasonable outer boundary for the chromo-
sphere. We place the origin at the center of the Sun and
assume that the space is transparent outside radius Ry and
opaque inside radius Ry — ¢max, thus setting the physical
depth of the chromosphere as gmax. Function ¢(a) maps the
length travelled along line of sight, measured as a, to the
physical depth ¢ as:

q(a) = Ry — [lo+ (a + aofrset) b]|- (B.2)
Thus within the chromosphere:

0<a<amax and 0 < g < gmax , With (B.3)
q(O) =0 and Q(amax) € {Oa Qmax}~ (B.4)
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We emphasize that aogset in Eq. @ is a function of o and
B, chosen individually for each line to match the chromo-
sphere outer boundary. At the central region of the disk,
q(@max) = gmax and the line of sight reaches the bottom
shell, while at the limb it is also possible that we see through
the chromosphere and have g(amax) = 0. For now, we do
not consider this effect.

We define two functions for describing the chromo-
sphere, n(q) and T(g). These are for opacity and signal
temperature, respectively, as measured for 37 GHz radia-
tion as a function of depth, ¢. Between the two reference
spheres, where 0 < ¢ < gmax, the opacity takes finite non-
zero values. Otherwise

=0
=00 when ¢ > gmax-

(B.5)
(B.6)

n(q) when ¢ < 0 and

n(q)

The signal temperature T'(g) is also measured in ¢ €
[0, ¢gmax), and we denote the bottom temperature as
Thottom = T(Qmax)-

Consider a beam of radiation with intensity I(a) trav-
elling along the line of sight (Eq. towards the observer
at 0. At position measured with coordinate a, the radiation
has recently interacted with the plasma along an infinites-
imal path length da. The radiation at a is thus a sum of
that emitted between positions a+da and a and what came
at a + da and has not been absorbed until a:

I(a) = I(a+da) * (1 = n(g(a))da) + T(g)n(q(a))da. (B.7)

There is an infinitesimal change in intensity, dI = I(a +
da) — I(a), which becomes:

dI = (I(a+da) —T(q))n(q(a))da
~ (I(a) = T(q)) n(q(a))da.

The opacity n thus defines the strength of the coupling be-
tween local plasma and the beam. Since Eq.[B:§| is linear
for I, we can obtain the solution I(a) as sum of solutions
for arbitrary temperature profiles, as long as these profiles
add up as T (g(a)). We use Dirac delta functions for this
and define a particular element T, (a) as:

T, () = T (¢(a)) 8(a - o).

(B.8)
(B.9)

(B.10)

The opaque background at a = amax with temperature
T(amax) can be treated as an individual contribution to
the observed intensity I(0) as:

I(O) == Iﬁnitc(o) + Iopaquc(0)~

Another option is to let the opacity asymptotically reach
infinity as:

(B.11)

N(Gmax — €) x € " withn > 1, (B.12)
dmax

so that the spatial integral [ 7(q) dg becomes infinite.
q=0

The temperature profile T'(g(a)) can be reconstructed
as an integral of contributions from different depth:

Gmax

T (q(a)) = /Ta/(a)da’.

a’=0

(B.13)

We denote the corresponding solution as I, which satisfies:

dlor = (1o (a) = Tar (a)) n(q(a))da. (B.14)
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On the region where a # @’ and thus Ty (a) = 0, we can
integrate Eq.[B:14] as:

[ G4 =t = [ntata) da. (B.15)
Thus for small e:

In (L (@ — ©)) — In (1 (0)) = a/_;<q<a>> da.  (B.16)
This results in: -

1(0) = L’ =€) xexp | - /n (4(@)) da (B.17)

We set the boundary condition as I/ (amax) = 0, so that
also:

Iy (a +¢€)=0. (B.18)

To handle the discontinuity of I,/ (a) at a = a’, we integrate
over infinitesimal length [a’ — €,a’ + €] to get:

a'+e
Io(d — )~ / Tw (a)n(g(a)) da = n(q(a’))T(a’).(B.19)

a=a’'—e

We substitute this into Eq.[B-17]and ignore the infinitesimal
gap €

/
a

Ls(0) = n(q(a)T(a’) xexp | — / n(a(a)) da

a=0

(B.20)

We integrate over all temperature profiles to get the con-
tribution from finite opacity region ¢ € [0, gmax):

Gmax

Iﬁnite(()) = Ia’ (0) da(BZl)
a’[()

- / n(a(a)T(g(a’)) * exp | - / n(a(a)) da | da’(B.22)
a’=0 a=0

For the opaque background contribution in Eq. we
have:

Gmax

n(q(a)) da (B.23)

Iopaque(o) = T(Qmax) *exXp | —
a=0
Instead of using physical distances a and a’, we’ll switch to

using optical distance z and 2’ as follows:
dz = n(q(a))da and dz" = n(q(a’))da’. (B.24)

The scales of @’ and z will share the same origin, so that:

a

[ ntatayyaa

a’=0

z(a) = (B.25)

We may further approximate that the chromosphere is spa-
tially a thin spherical shell, so that the observed tempera-
ture I1(0) is determined only by «, the angle between line
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of sight and the shell. Thus the dependency between ¢ and
a’ is linear:
q(a’) = a’ *sina. (B.26)

We use symbol z, as coordinate for the perpendicular case
where a = 90°. The optical thickness of the chromoshere,
seen perpendically, is zpax:

dmax

Zmax = /n(q)dq. (B.27)
q=0

We have for general a:

zy(a') = z(d)*sina=sina /n(a) da . (B.28)
a=0
We substitute Eq.s [B:24 —[B.28 to Eq.s [B:21] —{B.23}
1 Ve Z1
Tfinite (0) = — / T(z1) *exp (——) dz, and(B.29)
sin «v sin «v
Zi:()
Iopaque(o) = T(zmax) * eXp ( 751110[) . (B30)

When the angle of attack, «, is very small, we ultimately
observe the temperature at the very top of chromosphere:

a—0 = I(0) = T(0). (B.31)

Thus when probing the solar limb, we are measuring the
temperature of higher altitudes of the chromosphere.

Different temperature distributions as T'(z)) produce
different limb brightening patterns when convoluted with
the antenna beam We have tried various polynomial func-
tions, truncated to a variable temperature value at the
opaque background at a variable optical depth 2z ;.. The
parameters of these functions are optimised using least
squares methods, where we minimize the difference between
modellen and observed solar maps. This requires the an-
tenna beam to be parametrised as well as the physical size
of the Sun. The size of the Sun is optimal when the cor-
responding temperature profile is as simple as possible e.g.
has no extrema in z; € (0, 2z pay)- If we use too large value
for the solar radius, the optimised temperature profile will
dip at z; = 0 as it tries to compensate for the background
sky, where as too small radius will result in having a mid-
depth temperature minimum when the model compensates
for the oversised rim.

Point sources, such as observed active regions, can be
modelled as delta peaks of intensity, which are smeared
out by the antenna convolution. However, since the emis-
sion might be of gyromagnetic origin, it does not radiate
isotropically. This phenomenon has to be treated somehow
in future work.
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