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ABSTRACT

The Sun’s polar magnetic field is pivotal in understanding solar dynamo processes and forecasting
future solar cycles. However, direct measurements of the polar field is only available since the 1970s.

Th N, . f:~tional arca of the chromospheric network
regions above a certain latitude) has recently emerged as a [EHADICIPIOXYIOIPOIATINASHCHICHIeId:.

In this study, we derive PNI estimates from newly calibrated, rotation-corrected Ca1l K observations
from the Kodaikanal Solar Observatory (1904-2007) and modern data from the Rome Precision Solar
Photometric Telescope (2000-2022). We use both of those Call K archives to identify polar network
regions with an automatic adaptive threshold segmentation technique and calculate the PNI. The PNI
obtained from both the archives shows a significant correlation with the measured polar field from
WSO (Pearson correlation coefficient » > 0.93) and the derived polar field based on an Advective Flux
Transport Model (r > 0.91). The PNI series also shows a significant correlation with faculae counts
derived from Mount Wilson Observatory observations (r > 0.87) for both KoSO and Rome-PSPT
data. Finall

es (Cycle 14-24). We also obtain a relationship
between the amplitude of solar cycles (in 13-month smoothed sunspot number) and the strength of
the reconstructed polar field at the preceding solar cycle minimum to validate the prediction of the
ongoing solar cycle, Cycle 25.

Keywords: The Sun (1693) — Solar chromosphere (1479) — Solar cycle (1487) — Solar dynamo(2001)

— Solar faculae(1494)

1. INTRODUCTION

The polar magnetic field serves as a critical compo-
nent within the dynamo models, subsequently giving rise
to the toroidal field and the manifestation of sunspots
(see, e.g. Charbonneau 2020). This polar field exhibits
an antiphase relationship with the solar cycle in which it
attains maximal values near the sunspot cycle minima.
Notably, this field holds pivotal importance in forecast-
ing the amplitude of the forthcoming solar cycles (Schat-
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ten et al. 1978), with a remarkable correlation observed
between sunspot maximum and polar field strength at
the minimum preceding the solar cycle (Jiang et al.
2007; Wang & Sheeley 2009; Kitchatinov & Olemskoy
2011; Munoz-Jaramillo et al. 2013; Petrovay 2020; Ku-
mar et al. 2021, 2022; Upton & Hathaway 2023). Re-
cent efforts, as highlighted by Bhowmik & Nandy (2018);
Janssens (2021); Jha & Upton (2024), have utilized polar
field information for predicting the amplitude of the on-
going Solar Cycle 25 and the timing of the polar field re-
versal. During solar minimum, the polar magnetic field
of each hemisphere exhibits a predominantly unipolar
configuration. This is typically measured as the average


http://orcid.org/0009-0003-1377-0653
http://orcid.org/0000-0003-3191-4625
http://orcid.org/0000-0002-0335-9831
http://orcid.org/0000-0003-2596-9523
http://orcid.org/0000-0003-4653-6823
http://orcid.org/0000-0003-0621-4803
mailto: maitraibibhu@gmail.com
songyongliang


songyongliang


songyongliang


songyongliang


songyongliang

songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang



ii D. K. MISHRA ET AL.

field strength in a specified latitude range. The latitu-
dinal observation range, however, differs among differ-
ent studies. For example, the Wilcox Solar Observatory
(WSO) provides a time series of polar field that corre-
sponds to approximately (£(55°—90°); Svalgaard et al.
1978) band, Sun et al. (2015) used £(60°—90°), whereas
Upton & Hathaway (2014a) used three bands in their
study i.e. £(55°—90°), £(70° —90°) and £(85° — 90°).
This choice of latitude range is again different for the
reproduction of the polar field from polar faculae, which
is typically considered within £(70° —90°) (e.g. Munoz-
Jaramillo et al. 2012; Hovis-Afflerbach & Pesnell 2022).
The average strength of the polar field measured by
the Helioseismic and Magnetic Imager (HMI; Scherrer
et al. 2012) line of sight magnetograms (Janardhan et al.
2018) was ~5 G peaking near solar minimum following
Cycle 24 (year 2017); however, small-scale facular fea-
tures with strengths in the kilogauss (kG) range have
also been observed in the polar regions (Petrie 2015).

Measuring the polar magnetic field of the Sun from the
Sun-Earth line presents significant challenges due to the
foreshortening and relatively weaker polar field. Despite
that, the initial attempt to measure the polar magnetic
field was pioneered by Babcock & Babcock (1955) us-
ing solar magnetographs, but the systematic measure-
ments of the polar field only started in 1976 by WSO
(Svalgaard et al. 1978; Hoeksema 1984; Sanderson et al.
2003). Although magnetograms over earlier periods ex-
ist, e.g. from Kitt Peak (Livingston et al. 1976, covering
1974-2003) and Mount Wilson Observatory (MWO; Ul-
rich et al. 2002, covering 1967-2013), their instruments
underwent multiple changes, making their data not op-
timal for studying the long term evolution of the polar
magnetic field.

The lack of polar field measurements before 1976 ne-
cessitates the search for other proxies for the polar fields,
such as photospheric polar faculae (hereafter, polar fac-
ulae; Makarov et al. 2001; Petrie et al. 2015; Hovis-
Afflerbach & Pesnell 2022; Elek et al. 2024), which ex-
tend the record of the polar field estimates back to the
year 1906. In addition to polar faculae, polar filaments
have been investigated as a polar field proxy in some
recent studies (Diercke & Denker 2019; Xu et al. 2021;
Chatzistergos et al. 2023). Among all the proxies, polar
faculae are the most widely used for estimating polar
field strength due to their continuous observations and
the consistent availability of polar faculae count. For in-
stance, polar faculae counts have been used to estimate
the polar fields employing historical white-light obser-
vation from the MWO (1906 —2007; Sheeley 1991, 2008;
Munoz-Jaramillo et al. 2012, 2013). However, all exist-
ing records of polar faculae suffer from potential bias

due to the manual identification of polar faculae, which
is most prominent when counted across observatories.
For example, Li et al. (2002) has found that the polar
faculae count varies between MWO and the National As-
tronomical Observatory of Japan (NAQOJ) for Cycle 20
and Cycle 21.

Potentially, a better proxy than polar faculae for the
polar fields can be derived from solar chromospheric ob-
servations in the Caill K line. That is because of the
strong relationship between Call K brightness and so-
lar surface magnetic field strength (see Chatzistergos
et al. 2019, 2022, and references therein). Furthermore,
chromospheric network regions can easily be detected
in Ca1l K observations, also making the network ap-
pear in polar regions (hereafter, polar network). Recent
work with Ca1r H data from the Solar Optical Telescope
(SOT) onboard the Hinode spacecraft, having a high
spatial resolution of 0.32”to 0.65”, has also highlighted
the potential of polar network bright points as a valuable
indicator for estimating polar magnetic fields (Narang
et al. 2019). These polar bright points have been ob-
served with magnetic fields exceeding 1kG (Tritschler
& Schmidt 2002), and they have been noted to corre-
late well with photospheric bright faculae (Kaithakkal
et al. 2013; Narang et al. 2019). In an earlier study,
Makarov et al. (1989) reported a linear relationship be-
tween polar faculae and Ca1r K bright points (for the
period of 1940—1957), along with sunspot areas in each
hemisphere, from analysis of polar faculae data from the
Pulkovo Observatory and Call K bright points in Ko-
daikanal Solar Observatory (KoSO) observations.

More recently, Priyal et al. (2014a) suggested the
use of polar network index (PNI), which is calculated
as the number of Ca1l K polar bright network pixels
counted in the latitude range of 70° — 90°. Priyal et al.
(2014a) analyzed Calr K data from the KoSO (1909 -
1990; Priyal et al. 2014b), and used a fixed threshold
to identify the polar bright network regions in the men-
tioned latitude range. By constructing the PNI series for
KoSO data, they established a strong correlation coeffi-
cient (0.95) between the PNI and the polar field as mea-
sured by WSO in the overlapping period of 1976 to 1990.
However, later on, it was discovered that certain por-
tions of the KoSO Ca1r K data analyzed in that study
suffer from various inconsistencies, which may signifi-
cantly impact the estimation of the polar field. For ex-
ample, Jha (2022); Jha et al. (2024) have discovered that
a significant fraction of KoSO Calr K observation has
incorrect timestamp because of various reasons, which
has led to the incorrect orientation of the image in pre-
vious studies. Considering that the accuracy of the pole
definition relies entirely on the correct orientation of the



THE POLAR FIELD OF THE SUN 1ii

solar disk in the image, such errors in orienting the im-
ages could have a significant impact on the PNI calcula-
tion. Moreover, the recent implementation of calibration
techniques by Chatzistergos et al. (2018, 2019a,b, 2020)
has significantly improved the quality of calibrated data
and has opened the possibilities to detect polar network
bright points more accurately.

In this article, we use the newly calibrated and
accurately rotation-corrected KoSO Cai K observa-
tions from 1904 to 2007 together with modern Rome-
PSPT (Rome Precision Solar Photometric Telescope)
Ca11 K observations from 2000—2022 to derive an accu-
rate composite Call K PNI series covering 1904-2022.
Based on this, we also recovered the polar magnetic field
over the same period, covering 11 solar cycles (Cycle 14—
24). The data generated by this study will be valuable
assets for the long-term study of the Sun, as it will help
constrain the reconstruction of polar fields generated by
solar dynamo or surface flux transport (SFT) models.
In Section 2, we discuss the data utilized in this work;
in Section 3, we outline our methodology for the detec-
tion of Call K network and the estimation of the polar
magnetic field; subsequently, in Section 4, we present
our findings and comparison of our estimated polar field
with the existing polar field measurement. Finally, we
summarize our conclusions in Section 5.

2. DATA

The KoSO possesses an extensive archive of Ca1l K
spectroheliograms, having been acquired with a nomi-
nal bandpass of 0.05nm centered at 393.367 nm, with
records dating back to 1904 and spanning until 2007
(Priyal et al. 2014b; Chatterjee et al. 2016; Chatzis-
tergos et al. 2020; Jha 2022). Originally captured on
photographic plates/films, these data have undergone
digitization using a 4096 x 4096 pixels CCD sensor with
a 16-bit depth and resulting images with a pixel scale
of ~0.9”. This digitized dataset is now accessible to
the scientific community via the KoSO data repository.’
Various calibration techniques have been implemented
on these Ca1l K observations (e.g.; Priyal et al. 2014a;
Chatterjee et al. 2016); however, significant advance-
ments have been made through the work of Chatzis-
tergos et al. (2019b), resulting in an enhanced series of
Ca1r K data. Additionally, Jha (2022); Jha et al. (2024)
developed a precise method for orienting KoSO images,
addressing inaccuracies in timestamps for specific peri-
ods. For our present study, we utilize recently calibrated
(Chatzistergos et al. 2020) and correctly oriented KoSO

! The digitized data can be accessed through https://kso.iiap.res.

in/data.

observations (Jha 2022; Jha et al. 2024) spanning the pe-
riod 1904 —-2007. A representative example of calibrated
and correctly oriented KoSO observation is shown in
Figure 1(a).

Complementing the KoSO dataset, we incorporate
Ca1r K observations from the Rome-PSPT (PSPT-R
hereafter)? which uses a CCD camera and an inter-
ference filter with a bandwidth of 0.25nm centered at
393.37nm and span from 1996 to the present (Ermolli
et al. 2022). We used PSPT-R data for the period of
2000—2022 having a pixel scale of 2.0” /pixel (Chatzis-
tergos et al. 2020) to extend our analysis during periods
when KoSO Cair K data are unavailable. The PSPT-
R images we use here were processed the same way as
KoSO data (Chatzistergos et al. 2018, 2019a, 2020).

In addition to Cair K data, we also utilized white-
light polar faculae counts from MWO (1907-2007;
Murtioz-Jaramillo et al. 2013) for the purpose of com-
parison.

On the other hand, for the direct polar field measure-
ment, we use WSO polar field data?, which started tak-
ing polar field measurements from 1976 to the present
(Svalgaard et al. 1978). The WSO measurements have
been the most long-lived and consistent estimates of the
polar field strength; however, they are based on a single-
pixel reading, which samples different latitudes over the
course of a year. Therefore, the visibility of the poles
varies throughout the year due to changes in the tilt of
the solar rotation axis toward the Earth/observer (By)
The By angle, which varies between +7.25° throughout
the year, makes homogeneous observation of the solar
poles from the Sun-Earth line unfeasible. We have also
used the polar field derived from the Advective Flux
Transport Model (AFT; Upton & Hathaway 2014a,b;
Jha & Upton 2024) along with WSO measurement.
AFT assimilates line-of-sight magnetograms from the
Michelson Doppler Imager (MDI; Scherrer et al. 1995)
and HMI instruments to produce the full 360° map (syn-
chronic map) of the Sun. These maps are used to de-
rive the polar field above 55° similar to WSO, for the
period of 1996 on-wards. For details about the AFT,
data assimilation and calculation of the polar field, see
the original papers mentioned above. It is important to
note that the derivation of the polar field using the AFT
is calibrated to the HMI observations. This results in
measurements that are approximately 1.8 times greater
in amplitude than those obtained using the WSO. The

2 Available at
pspt-daily-images-archive/.
3 Available at http://wso.stanford.edu/Polar.html.

https://www.oa-roma.inaf.it/
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Figure 1. (a) An illustrative example of the rotation-corrected CaIl K image (contrast € [—0.5,0.5]) of KoSO observed on
1966-02-03 11:36 IST (06:06 UT). The blue circle shows the boundary at 0.98 Re which signifies the extent of the selected
solar disk for the analysis. (b) The intensity distribution histogram (C) across_the entire solar disk (olive green) for the image

showcased in (a). The skewness towards the right-hand side indicates the presence of bright features such as plages and network
regions on the solar disk. (c) Presents an exemplar histogram distribution of selected pixels (red curve) falling within the range

(C+kx*o) for k= 1.55. (d) Exhibits the variation of mean contrast (C) corresponding to different values of k, enabling the

selection of the minimum value of C' (Chin) for a specific k value, alongside the corresponding minimum standard deviation

(Omin)-

increased resolution also results in less latitudinal vari-
ability over the year. These combined effects result in a
significant difference in the polar field strengths derived
from WSO and AFT.

Since the optimal viewing of the northern and south-
ern poles occurs only during August—September (By ~
+7.25°) and February-March (By &~ —7.25°), respec-
tively (see, e.g., Petrie 2015; Janssens 2021), in this
work, we have considered only these months when cal-
culating the yearly average facular counts, as well as the
polar field from WSO and AFT. To be consistent with
the Ca1r Kdata, we only use the KoSO and PSPT-R
observations from these four months, with total images
of 16,009 and 1980, respectively.

3. METHODOLOGY

To identify the bright network regions, we employ
the adaptive threshold technique described by Nesme-
Ribes et al. (1996, hereafter NR method), which was ini-
tially utilized for the detection of the quiet Sun regions
and faculae in Meudon spectroheliograms. We chose
the NR method based on the results by Ermolli et al.
(2007, 2009a); Chatzistergos (2017); Chatzistergos et al.
(2019a), who showed that this method performs bet-
ter than others from the literature without introducing
activity-dependent inconsistencies. In particular, this
method is preferred over constant threshold methods

where a fixed threshold is applied uniformly over the
solar disk (Singh et al. 2012; Priyal et al. 2014a); adap-
tive threshold methods where the threshold is dynami-
cally adjusted based on the mean contrast (C') and stan-
dard deviation (o) (Chatterjee et al. 2016); and multi-
ple level tracking, where multiple thresholds are sequen-
tially applied until bright magnetic features are iden-
tified (Bovelet & Wiehr 2001). It was found, in fact,
that the adaptive threshold technique, such as Chatter-
jee et al. (2016), is susceptible to variations induced by
solar activity, adversely impacting the detection of net-
work regions, whereas the constant threshold method,
such as Priyal et al. (2014a) is not ideal for ground-
based archival datasets due to inherent non-uniformity
in data quality over the long observation period.

3.1. Detection of Polar Network

The first step in identifying the polar network involves
determining the quiet Sun intensity utilizing the NR
method. Here, we restrict our background estimation
and later network identification within 0.98 R of the so-
lar disk (as represented by the blue line in Figure 1(a)
to limit the uncertainties associated with detecting the
polar network near the limb. In Figure 1(b), the distri-
bution of contrast values (C) on the solar disk (within
0.98 R; olive green) is illustrated. To get the background

quiet Sun, we extract the mean (C) and standard devi-
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ation (o) from the distribution to select all the pixels
within the range of C + ko, assuming that contrast val-
ues of the quiet Sun have a Gaussian distribution. This
allows us to refine the identification of the background
quiet Sun by removing pixels belonging to bright regions
from further analysis. The mean (C) and standard devi-
ation (o) are then again calculated from the distribution
of these selected pixels (red; Figure 1(c)). One such dis-
tribution of selected pixels within C' + ko for k = 1.55
is shown in Figure 1(c). In Figure 1(d), the mean C
is plotted as a function of k, V k € [0.65, 3.0], where k
is incremented in the step of 0.05. The minimum value
C (Chin), called minimum mean contrast, and corre-
sponding (o min), the minimum standard deviation is the
representative of background quiet sun intensity distri-
bution.

Once we get the Cpin and omin we calculate the
threshold as,

T = 6min + my * Omin; (1)

to identify the network regions in Ca1l K observations.
Here, my is a constant having a value of 3.2 for both
KoSO and PSPT-R Ca11 K observations. The value of
my is first estimated based on the visual inspection of
the identified network regions but then set based on the
study of the correlation between our PNI estimates and
the WSO polar field (see Section 4.3). In particular, we
considered the value of m, that returns the maximum
value of correlation coefficient (CC). A representative
example of the identified network regions with this NR
approach is shown in Figure 2(a) for the KoSO Ca1 K
observation taken on 1966-02-03 11:36 IST (06:06 UT)
and, in Figure 2(b) for PSPT-R Ca1 K observation
taken on 2007-03-15 09:22:52 UT.

3.2. Polar Network Index

To calculate the PNI, we only focus on the network
identified close to the northern and southern pole of the
Sun within the latitude range of +(55° — 90°) during
August-September (for the northern hemisphere) and
February-March (for the southern hemisphere) ensuring
the optimal viewing of the northern and southern pole
respectively. Such representative examples of the opti-
mal view of the South Pole are shown in the inset box of
Figure 2(a and b) for KoSO and PSPT-R, respectively.
The PNI is computed by summing the total number of
pixels within these polar network masks within the lati-
tude range of +(55°—90°) and expressing them in terms
of a millionth of the area of the solar disk, i.e.,

N f N k Pixel
PNI — umber o ;‘;vvor ixels 106, @)
T

where R is the radius of the solar disk in pixels. We nor-
malised the sum of pixels within polar network masks by
the area of the solar disk to consider the varying solar
disk sizes during the months of consideration, which, to
the best of our knowledge, was not considered by Priyal
et al. (2014a) for their PNT estimation. We calculate the
PNT for all the Ca11 K observations from KoSO (1904 -
2007) and PSPT-R (2000-2022) during the aforemen-
tioned months of the year.

4. RESULTS
4.1. PNI Time Series

A two-month averaged PNI time series is constructed
for the northern and southern hemispheres by consid-
ering the data from August—September and February—
March for the respective hemispheres. In Figure 3(a)
and 3(b), we plot the average PNI as a function of the
year along with the standard statistical error (SSE) in
the mean, for KoSO (1904 -2007) and PSPT-R (2000 —
2022) respectively. In Figure 3(a), we note a system-
atic decrease and larger fluctuations in PNI for KoSO
data after 1980, which is due to the degradation of data
quality in KoSO in the later half of the 20th century, as
identified by Ermolli et al. (2009b); Chatzistergos et al.
(2023); Mishra et al. (2024). This effect is even more se-
vere for the northern hemisphere by the end of the 20th
century, when we observe a very low value of PNI in
this hemisphere. We note that on top of the systematic
degradation in image quality after the 1980s, the num-
ber of observations is significantly lower in the months of
August to September, likely due to the rainy season and
monsoon in Kodaikanal. On the other hand, the PNI
calculated from PSPT-R shows more consistent varia-
tion in the later part of this period. Overall, the PNI
calculated from PSPT-R observations is at comparable
levels, albeit potentially slightly lower, than the PNI
calculated from KoSO data. This is expected based on
the nominal bandpass of the images in PSPT-R being
broader than that of KoSO (Chatzistergos et al. 2019b);
this difference agrees with other results achieved by com-
paring bright features identified in KoSO and PSPT-R
images. Additionally, we note that the temporal varia-
tion of PNI (as with other measures of the polar field
strength) exhibits an antiphase relationship with the
international smoothed sunspot number v2.0* (Clette
et al. 2015, 2023; SILSO World Data Center 1907-2022)
that can be seen in Figure 3(a and b). While the PNI

4 Sunspot data from the World Data Center SILSO, Royal Ob-
servatory of Belgium, Brussels (https://www.sidc.be/SILSO/
datafiles).
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Figure 2. (a_and b) The red contours depict the detected features, including plages and network regions, within Cai K

image (contrast € [—0.5,0.5]) of KoSO and PSPT-R observed on 1966-02-03 11:36 IST (06:06 UT) and 2007-03-15 09:22:52 UT
respectively. This marking follows the application of the threshold derived with Eq. 1 (see Sect. 3.1). The rectangular green
box marks approximately the selected region for —55° to —90° in the south pole (yellow overlaid grid) for the calculation of
PNI. The inset (contrast € [—0.1,0.1]) shows the exact region of interest for the PNI estimation covering the south pole of the
solar disk, spanning from a latitude of —55° to —90°. Red contours highlight the presence of bright polar network regions within

this specified region.

for cycles 14-18 are fairly symmetric in amplitudes, the
cycles since then have notable hemispheric asymmetries.

PNI values are inherently positive; hence, to use them
as the proxies of the polar field, we assign them with
the sign in both hemispheres as follows. For KoSO PNI
before 1976 and PSPT-R PNI, we assign and reverse
its sign based on the timing of the minimum of the two-
month-averaged PNI series in both hemispheres (refer to
the green and yellow vertical line in Figure 3(a and c)).
However, due to the data quality issue for KoSO after
1976, we used the timing of polarity reversal from the
WSO polar field measurement to assign the polarity to
KoSO PNI after 1976. See Table 1 for the comparison of
the times of polarity reversal for both £(55° —90°) and
+(70° — 90°) based on the WSO polar field and based
on the minimum of the PNI series. In Figure 3(c) and
Figure 3(d), we show the signed PNI series of KoSO
(PNIkoso hereafter) and PSPT-R (PNIpgpr_g here-
after), as a function of time.

4.2. Comparison with Polar Faculae Counts

In Figure 4 (a and ¢), we compare the signed PNIk,s0
(1907-2007) with white-light faculae counts from MWO
for latitude range of +(55° — 90°) and +(70° — 90°),

where the average faculae counts are taken from Munoz-
Jaramillo et al. (2013) and scaled by the factor of 187.62
and 50.99 (calibrated for the period 1907-1980) respec-
tively, to bring them to the scale of PNIk,so for better
comparison. We emphasize here that the faculae count
considered in Munoz-Jaramillo et al. (2013) were for the
interval of February 15-March 15 for the south pole and
August 15-September 15 for the north pole, whereas
in this work, PNIk,g0 is considered from August 1 to
September 30 for north and February 1 to March 31
for the south. Figure 4 error bars indicate the SSE in
the mean calculated over the period of consideration for
faculae counts and PNIk,so. Results for the southern
hemisphere are, in general, better agreement than those
derived from the northern hemisphere except for early
observations in 1907-1915 and 1930-1935 covering solar
cycles 14 and 16, respectively. As mentioned above, af-
ter 1980, there was a considerable degradation in KoSO
Ca1r K images, which is very apparent in PNIg,s0 as
well. Furthermore, in Figure 4(b) we show a scatter
plot between PNIk,so and MWO faculae counts for the
latitude range from 55° — 90° in the period of 1907 -
1980 and also calculate Pearson, r = 0.87 (significance
p = 0.05) and Spearman, p = 0.89 (p = 0.05) correlation
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Figure 3. Top: The variation of PNI from KoSO (a) and PSPT-R (b) Cair K data for both northern and southern hemispheres
with error bars corresponding to SSE errors in the latitude range of 55° to 90°. The shaded area shows the variation in the
total sunspot number (ISSN) scaled to bring into the range of PNI values. Bottom: The PNI series with signed polarity (see
the subsection 4.1 for details on how we assigned the polarity) from KoSO (c) and PSPT-R (d) Ca1 K data is shown for both
the northern and southern hemispheres. An example of a polarity reversal for the northern and southern hemispheres is shown
by dashed green and dash-dot orange lines, respectively, in (a and c).

Table 1. Year of polarity reversal for PNI and BY 5°

Solar Cycle PNI North BYSO North PNI South BYS© South
55° —90°  70° — 90° 55° —90°  70° — 90°

14* - - - 1907 1907 | -
15* 1917 1917 | - 1917 1918 -
16* 1928 1928 - 1927 1928 -
17 1938 1938 - 1937 1937 | -
18* 1947 1947 | - 1950 1949 -
19* 1958 1958 - 1960 1958 -
20* 1971 1971 - 1970 1970 -
21* 1981 1980 1980 1980 1981 1981
22* 1991 1991 1990 1991 1991 1992
23** 2000 2000 2000 2002 2001 2002
24** 2014 2015 2013 2014 2014 2014

NOTE—* KoSO, ** PSPT-R

coefficient (CC) between them. Similarly, we observe 1923; Munioz-Jaramillo et al. 2012; Hovis-Afflerbach &
r = 0.90 (p = 0.05) and p = 0.93 (p = 0.05) for the Pesnell 2022) for the purpose of measuring the polar
latitude range of £(70° — 90°) in Figure 4(d). The high magnetic field. However, for this work, we primarily use
CC value suggests a strong correlation between them, the +(55° — 90°) latitude range for PNI calculation to
signifying the importance of PNI as a proxy for the re- align with the WSO polar field measurement latitude
construction of the historical polar field. The inclusion range. Consequently, for comparison with polar faculae,
of the £(70°—90°) latitude range in this specific analysis we utilize both the +(55° — 90°) and £(70° — 90°) lati-
is due to the fact that polar faculae are predominantly tude ranges to examine the variation in the correlation

measured within this heliographic latitude range (Dyson between PNI and polar faculae. In addition to PNIk.so,
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similar high values of CCs (r > 0.87 and p > 0.87) are
also found for PNIpspr_gr, and MWO faculae count cal-
culated over the overlapping period of 2000 —-2007.

In this section and subsection 4.1, we addressed the
underestimated counts of PNIk,so for the northern
hemisphere, which were caused by the degradation in
data quality of KoSO Ca1r K images. To mitigate this
issue, we reconstructed PNIk,so for the period from
1981 to 2007 using a scaling factor of 187.62, as derived
above for MWO polar faculae counts. This approach
allowed us to produce an enhanced version of the PNI,
combining both PNIkg,s0 and MWO polar faculae, as
illustrated in Figure 5. We will use these reconstructed
PNTI for the analysis in the following sections.

4.3. Reconstruction of Polar Field

Now, we discuss the main goal of the work, which is
to reconstruct the polar field (Bp) over the last century
from PNIk,s0 and PNIpspr_r. We start with calculat-
ing the Pearson (r) and Spearman (p) correlation coeffi-
cients for PNIk,so and PNIpgpr_g with both WSO po-
lar magnetic field (BYS©) and polar field derived from
AFT model (BAFT), which is summarized in Table 2.
Based on these correlation coefficients, we undertake
the reconstruction using a linear model Bp o PNI, i.e.
Bp = b(PNI). We also calculate the coefficient of deter-
mination (R2-score) for the optimal fitting parameters
calculated using the least square fitting, and we find that
the R2-score for PNIk.,so and PNIpgpr_gr with WSO
polar field (By59) are 0.92 and 0.86, respectively, in-
dicating a strong linear relationship between these two
physical quantities. Furthermore, we also test our model
for PNIKOSO and PNIPSPTfI{ with BI‘DAFT which yield
the R2-score of 0.83 and (.82, respectively.

Table 2. Correlation coefficients between PNI and polar
field series considered in this study

B;)NSO BSFT

T p r p
PNIkoso 0.96 0.96 | 0.92 0.94
PNIpspr-r | 0.93 0.89 | 0.91 0.85

NOTE—PNIk,s0 and PNIpgpr_gR are PNI of KoSO and PSPT-
R, respectively, r and p are the Pearson and Spearman correlation
coefficients, respectively.

Firstly, we use the BY SO to get b, the calibra-
tion constant for PNIk,so and PNIpgpr_gr. We re-
stricted ourselves to the period from 1977 to 2000 in
the case of PNIkoso due to the concern about less re-
liable data beyond this time frame. In Figure 6(a), we
show a scatterplot between B;ﬁv SO with PNIkoso and fit

our linear model, which yields the calibration constant
(4.240.2) x 107* (95% confidence interval), represented
by the solid black line in Figure 6(a). Similarly, in Fig-
ure 6(b), we plot BYYS© with PNIpgpr_g for the pe-
riod of 2001 -2022, which gives the (2.9 £ 0.2) x 10~*.
We limit the analysis to the period 2001 -2022 because
the PSPT-R data are more homogeneous over this pe-
riod (Ermolli et al. 2022). Following that, we have
used BQFT to calculate the b for both PNIk,s0 (1996 —
2007) and PNIpgpr_r (2001-2022), which results in
(2.1 £0.2) x 1072 and (1.1 & 0.1) x 1073 respectively.
We also observe a significant correlation (r > 0.91 and
p > 0.85) between PNI and BAFT for both PSPT-R and
KoSO data.

We reconstruct polar fields using PNIk,so (recon-
structed for 1981—2007) and PNIpspr_gr based on the
calculated value of b for each case of Bp (WSO and
AFT) individually for the northern and southern hemi-
spheres. In Figure 7(a) and 7(b), we plot the con-
structed Bp as a function of time-based on BYS© and
BSFT respectively for their complete period of observa-
tions. Furthermore, the polar fields derived from PSPT-
R for both hemispheres are in excellent agreement with
BYS9 underscoring the robustness of this methodology
in deriving polar fields from the two Ca1r K PNI series.
During the overlapping period, the polar field estimated
from KoSO and BYS© also shows a good agreement for
both hemispheres. The error bars for the polar fields,
shown in Figure 7(a), are derived by applying standard
formulae for the propagation of relative uncertainties

2 2 2
g .
7= 7 + Z% where x and y are the equivalent to Bp

and PNI respectively, and o represents the correspond-
ing uncertainty in them, at the same time b and o} are
the calibration constant and fitting error corresponding
to it.

4.4. Composite PNI Series

We construct a composite PNI series by integrating
PNIkoso and PNIpgpr_gr data. Specifically, we include
all PNIpspr_gr data from 2000 onwards and all PNIk.so
data prior to 1980. Our composite PNI series, displayed
in Figure 8, is further refined to achieve uniformity
across the entire 119-year period by calibrating PNIk.so
and PNIpgpr_g data over the overlapping period from
2000 to 2007. Due to the unreliability of KoSO data for
the interval of 1980 to 2000, we use rescaled polar faculae
counts from MWO data to reconstruct PNIk,so (1980 —
2000, see the grey shaded region in Figure 8), adjusting
by the 187.62 factor derived from the 1904—1980 data
comparison in subsection 4.2. From this reconstructed
PNIkoso, we perform a linear fit (y = bx) to PNIpspr_gr
data for the same period, determining a calibration fac-
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Figure 4. Comparison between PNIko,go with polarity signs in both the northern (filled circle markers solid red line) and

southern hemispheres (filled circles markers dashed blue line) to MWO white-light faculae counts in corresponding hemispheres
(diamond markers dash-dotted brown line; north and diamond markers dotted navy blue line; south) during the overlapping
period from 1907 to 2007 for the latitude range of £(55° —90°) (a) and £(70° — 90°) (c). Scatter plot between PNIko,so and
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SSE error bars. Also shown is a linear fit to the data (black line), noting the fit parameter at the top part of the panel as well
as the Pearson (r) and Spearman (p) correlation coefficients.
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Figure 5. Similar to Figure 3, except that PNIkoso has been reconstructed using MWO polar faculae for the period 1981 —2007

(shaded orange region).

tor of 0.67. This factor is then used to scale PNIpgpT_g
data to align with PNIk.so, resulting in the rescaled
PNIpspr_gr values shown in the pink shaded region of

Figure 8. Consequently, we establish a long-term PNI
composite series spanning 1904 to 2022, which will be
made public to the community.
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Figure 6. Scatter plots between PNI and Bp. In particular,
we show the pairs: (a) Bl\)zvso and PNIkoso for the period
of 1977 to 2000, (b) BYS° and PNIpgpr_rfor 2001 —2022,
(¢)BAYT and PNIkoso for the period of 1996 to 2007 and
(d) BSFT and PNIpspr_r for the period of 2001 to 2022,
along with their corresponding error in measured PNI and
polar field. Results for the northern hemisphere are shown
with red diamond (PSPT-R) and red circle (KoSO) symbols,
while those for the southern hemisphere are displayed with
blue diamond (PSPT-R) and blue circle (KoSO) symbols.
The best-fit lines are shown with the solid black line, whereas
shaded regions represent the 95% confidence interval. In case
PNIpspr_r (< 2) and BA™" (< 0.02), error bars are very
small, and hence, they barely appear in the plot. Also listed
are the Pearson (r) and Spearman (p) correlation coefficients.

4.5. Polar Field and Amplitude of Solar Cycle

The sunspot number series introduced by R. Wolf
in 1849 (Wolf 1856) and currently compiled by WDC-
SILSO, as the international sunspot number (ISNv2;
Clette et al. 2023), is the most widely recognized proxy
of the solar cycle. The strength and timing of the solar
cycle are typically defined based on these numbers. It
has been noted that the polar field at the time of solar
minima is one of the best proxies for predicting the fol-
lowing solar cycle (Upton & Hathaway 2023). Therefore,
we used the newly constructed polar field data over the
last 11 solar cycles (Cycle 14 to Cycle 24) to estimate the
strength of Solar Cycle 25, which seems to have entered
into the maximum phase in 2024 (Jha & Upton 2024).
As we are very close to the maximum of Cycle 25, such
a prediction serves mostly as a performance test of our
newly reconstructed series of polar magnetic fields.

In this study, we utilize the 13-month smoothed
sunspot number v2.0 (ISSIv2.0) to determine the timing
of cycle minima and the amplitude (Apax) of each solar
cycle. Additionally, we use Bp data obtained from both
PNIkoso and PNIpgspr_r to estimate the polar field
at solar minimum (BI") for ten solar cycles (15-24).
Here, BA™ refers to the combined average of polar field
values for the northern and southern hemispheres at the
minimum preceding the Apax of a specific solar cycle.

We conduct a correlation analysis between B and
AMax, yielding a correlation coefficient of r = 0.90 (p =
0.05) and p = 0.92 (p = 0.05). This analysis excludes
Cycle 16 based on the best possible correlation, marked
(pink) in Figure 9. This observation was also seen in
past works utilizing polar networks (Priyal et al. 2014a)
and polar faculae (Rodriguez et al. 2024), but the rea-
son for Solar Cycle 16 being an outlier still remains un-
known. Some of the potential reasons for this can be is-
sues with the sunspot number series or the Ca1r K data
employed here. We note that a recent recalibration of
the sunspot number series over cycle 16 by Bhattacharya
et al. (2024) did not reveal any potential issues with the
sunspot number series over that period. Further work
is required to understand this issue.

A linear fit (y = bx + ¢) is performed in Figure 9,
yielding a slope and intercept of b = 98.1 £ 18.2 and
¢ = 41.2 £ 30.0, respectively. Using this calibration
value and the polar field estimated from PNIpgpr_gr
at the previous solar cycle minimum, we estimate the
strength of solar cycle 25 to be 121.6 + 33.1, which is
also shown in Figure 9 with dark green marking. Our
estimate for the amplitude of solar cycle 25 is slightly
lower than the current trends (about 130 - 140) and pre-
vious predictions (Bisoi et al. 2020; Upton & Hathaway
2023; Javaraiah 2024). However, within the uncertainty
of our estimate, it is consistent with the others.

5. SUMMARY AND CONCLUSION

We utilized century-long Cait K data from KoSO
(1904-2007) and Ca1nl K data from PSPT-R (2000
2022) to investigate the polar network regions. From
the detected polar network, we calculated PNI within
the latitude range of £(55° — 90°) for both the north-
ern and southern hemispheres, thereby constructing PNI
series for the period 19042022 from both these data
set. We get polarity-signed PNI values based on the
minimum PNI time series averaged in two months. We
found that the Ca1rt K PNI show a strong correlation
with MWO polar faculae (Figure 4), validating the po-
tential of the polar network as a proxy of the polar field.
In addition, we utilized these polar faculae counts to fill
the data gap for PNIk,sodue to their degrading quality
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Figure 8. The composite PNI series (1904 —2022) merges results from Call K data from KoSO and PSPT-R. The grey and
light pink shaded regions represent the reconstructed PNIkoso, derived from faculae counts from MWO and scaled PNIpspr—_r
using PNIkoso for the periods 1980—2000 and 2001 —2022, respectively.

after 1980. Also, we combined KoSO Call K data with
PSPT-R Can K observations to extend the PNI series
to cover the period from 1904 to 2022.

The composite PNI series, derived from combin-
ing KoSO and PSPT-R observations, enabled us to
reconstruct the historical polar magnetic field from
1904 to 2022. The reconstructed polar field based
on PNIpgpr_gr showed excellent agreement with both
the WSO and AFT polar fields (see Figure 7), un-
derscoring the efficacy of using the polar network as
a proxy for polar field reconstruction. The recon-

structed PNI series data for the entire period are avail-
able to the community through an open and public
repository (GitHub+Zenodo), which can be accessed at
https://doi.org/10.5281/zenodo.14676548 (Mishra et al.
2025). Furthermore, we used the polar field derived from
PNI to estimate the relation between the amplitude of
the solar cycle and the strength of the polar field at
the preceding cycle minima. Furthermore, we used this
relation to compare the amplitude of the current cycle
with other predictions. This reconstructed Bp over the
last ~11 solar cycle from historical data is a valuable as-
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Figure 9. The correlation analysis illustrates the relation-
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the minima of Cycle-n, represented in navy blue colour ex-
cluding the solar cycle 16 (pink point). A linear regression
model (y = bx+c), denoted by the red line, has been applied.
The estimated strength of solar cycle 25 is presented in dark
green point.

set for constraining the solar dynamo and SFT models,
which were limited due to the unavailability of histori-
cal polar field data. To further complete the PNI series,
particularly for the period from 1980 to 2000, where
data quality is a concern, future efforts should focus on
integrating additional Ca1r K data sources to construct
a more comprehensive composite PNI series.
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