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The Ca II K index-Mg II index relation

A Hilbert-Huang Transform approach
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Abstract. The solar activity, which is driven by a variable magnetic field, exhibits changes
along several time scales, the 11-year being the most known. In addition to the SunSpot
Number, the Ca II K index and the Mg II index are indices widely employed among those
proposed to quantify the solar activity, also because of their ability to trace the solar UV
emission. In this work, we compare the Ca II K 0.1nm emission index to the Mg II index
over the time interval 1978-2017, which covers almost four solar cycles. We show that
they are strongly correlated across each solar cycle (r≥0.94), providing the corresponding
linear regression fit parameters. The Hilbert-Huang Transform is then used to decompose
such indices into their intrinsic mode of oscillation. By studying how their components are
correlated over the different time scales, it is found that the maximum correlation is observed
at the 11-year scale, while the correlation is less strong going to smaller time scales.
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1. Introduction

The Sun is characterized by a variable mag-
netic activity which displays different scales
of variation both in time, from a few min-
utes to centuries, and in wavelength. To quan-
tify the magnetic activity level a large va-
riety of indices (or proxies) have been pro-
posed since the first observations. Based on
their calculation or derivation methods, these
indices can be mainly divided into two sub-
groups: synthetic indices and physical indices
(see e.g., Usoskin 2017). Synthetic indices
(e.g., SunSpot Number) are computed from ob-
served data by using a prescribed procedure,

while physical indices (e.g., spectral line prox-
ies) directly quantify the measured value of
a physical observable, such as the flux in a
given spectral band. Among physical indices,
which constitute the best way to quantify the
solar activity, the Mg II index and the Ca II
index are the most used ones. Indeed, they
are known to be excellent solar activity prox-
ies, as their cores form in chromospheric lay-
ers and go into strong emission in the pres-
ence of magnetic field (e.g., Linsky 2017). In
particular, the Ca II K index brightness in-
tensity is strongly related to the intensity of
the solar magnetic field (Babcock & Babcock
1955; Ermolli et al. 2018), as well as to the
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line-of-sight unsigned magnetic flux density
(Chatzistergos et al. 2019), thus constituting a
reliable starting point for Total Solar Irradiance
(TSI) reconstructions (see e.g., Chatzistergos
et al. 2021, 2022; Penza et al. 2022). On the
other hand, the Mg II index has been proven to
be an excellent proxy for the solar UV irradi-
ance (Dudok de Wit et al. 2009) and it is also
used in TSI models as chromospheric compo-
nent (see Viereck et al. 2004, and references
therein). The Ca II K line has been monitored
from ground for a long period, so measure-
ments exist since the beginning of the 20th cen-
tury (e.g., Bertello et al. 2016). Instead, Mg
II lines observations date back to late-1970s
(e.g., Viereck et al. 2004), since they can only
be performed from space. While the relation-
ship of the Ca II K index with Mg II index
has been investigated by Donnelly et al. (1994)
and DeLand & Marchenko (2013) on shorter
time intervals, this has never been done over a
four solar cycle time period. Moreover, the re-
lationship has not been explored as a function
of the time scale variability, which represents
the main aim of this work.

2. Data

The dataset used in this work consists of two
physical solar activity proxies: the Ca II K-
0.1nm emission index (referred to simply as
Ca II K index, 0.1nm is the equivalent width)
and the Mg II core-to-wing ratio (or simply
Mg II index). The Ca II K index accounts for
the intensity of the emission peak at 393.4
nm in the solar spectrum (the Ca II K line).
This line originates in the intermediate so-
lar atmospheric layer, the chromosphere, at a
height between 300 and 1200 km (see e.g.,
Ermolli et al. 2010). One of the most extended
dataset of the Ca II K index has been pro-
vided by Bertello et al. (2016). Such com-
posite has been derived by cross-calibrating
data from the Kodaikanal Solar Observatory
(1907-2013), from the K-line monitor pro-
gram at Sacramento Peak (1976-2015) and
from the ISS-SOLIS facility (2006-2017), the
latter two managed by the National Solar
Observatory (NSO). At the end, it contains data
with monthly resolution from 1907 to October
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Fig. 1. Monthly averages of Ca II K index (top,
orange) and Mg II index (bottom, blue).

2017. The Mg II index is defined as the ratio
between the H & K emission doublet (279.6
nm and 280.3 nm respectively) and the inten-
sity in the line wings (Heath & Schlesinger
1986). The core of the Mg II lines origi-
nates in the chromosphere, while the wings
in the photosphere (Bruevich & Yakunina
2014). The Mg II index used here is the
one from the Bremen University (see Viereck
et al. 2004, for further details), mainly based
on inter-calibrated measurements from the
satellites SBUV(/2), U/SOLSTICE, GOME,
SCIAMACHY, GOME-2A and GOME-2B,
containing measures starting from November
1978 to date.

3. Ca II K index - Mg II index relation

3.1. Monthly averages relation

The relation of the Ca II K index with Mg II
index is here analyzed along the overlapping
time interval of the two series, which goes from
November 1978 to October 2017. The two time
series are shown in Figure 1. Figure 2 shows
the scatter plot of the Mg II index with the Ca
II K index. The two solar activity proxies are
clearly linearly correlated, with a Pearson cor-
relation coefficient r=0.95. This result allow to
link the two proxies by means of a linear re-
gression fit, as follows:

Ca II K = (α ± ∆α) Mg II + (β ± ∆β) (1)

where α is the slope of the fit and β is the inter-
cept. The values of the fit parameters for each
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Solar cycle Corr. coeff. α ± ∆α β ± ∆β
21 0.940 0.5012 ± 0.0190 0.0079 ± 0.0031
22 0.955 0.5877 ± 0.0169 −0.0050 ± 0.0027
23 0.954 0.5899 ± 0.0158 −0.0059 ± 0.0025
24 0.938 0.6013 ± 0.0216 −0.0076 ± 0.0034
All 0.946 0.5632 ± 0.0090 −0.0016 ± 0.0014

Table 1. Cycle-to-cycle correlation between Ca II K index and Mg II index. Column 1: Solar
cycle number; Column 2: Pearson’s correlation coefficient; Columns 3 and 4: Linear regression
fit parameters of the relation Ca II K = (α ± ∆α) Mg II + (β ± ∆β).

solar cycle, as well as for the whole time in-
terval, are reported in Table 1, together with
the corresponding correlation coefficients. Ca
II K index and Mg II index result to be strongly
correlated over each solar cycle (r ≥ 0.94). In
addition, we notice that for solar cycle 21 the
parameters of the linear regression are slightly
different compared to those of the subsequent
cycles, probably due to the fact that we miss
the cycle’s ascending phase data. Considering
the whole extent of the time series, the val-
ues obtained for the fit’s parameters are α =
0.5632±0.0090 and β = −0.0016±0.0014. The
latter values can be used in Eq. 1 to see how
well the Mg II index is able to reproduce the Ca
II K index behaviour. Fig. 3 shows a compari-
son between the Ca II K index (Bertello et al.
2016, composite) and the Ca II K index recon-
structed via the Mg II index. As it can be seen,
the two signals are in good agreement along
all the phases of the solar cycle (the residu-
als are very small). However, it is possible to
notice that the residuals become systematically
smaller after 2007 (marked by the dashed ver-
tical line), corresponding to the starting date
of the ISS-SOLIS data in Ca II K composite.
Once a relation between Ca II K index and

Mg II index is found, it opens the possibility to
extend the former index up to present and, vice
versa, to reconstruct the latter in the past.

3.2. Time scales relation by means of
Hilbert-Huang Transform

The Hilbert-Huang Transform (HHT) is an ex-
tremely powerful data-driven method used in
the time-frequency analysis of non-linear and
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Fig. 2. Scatter plot showing the correlation be-
tween the Ca II K index and the Mg II index.
The black line shows the best linear fit.
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Fig. 3. Comparision of the Ca II K index (or-
ange) with the one reconstructed from the Mg
II index (blue) by using the fit’s parameters of
the last row of Table 1 in relation 1. The resid-
uals plot on the bottom shows the difference
between the two time series.

non-stationary time series. It consists of two
main steps:

1. Empirical Mode Decomposition (EMD)
Given a time series x(t), the EMD enables
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Fig. 4. Empirical Mode Decomposition of Ca II K index (left panels) and Mg II index (right
panels). The top row shows the starting signal, the subsequent rows show the IMFs 4-6.

to write it as the sum of n components,
called Intrinsic Mode Functions (IMFs) or
simply modes, plus a further term res(t)
which represents the residual of the decom-
position.

x(t) =
n∑

i=1

IMFi(t) + res(t) (2)

2. Hilbert Spectral Analysis
It consists in applying the Hilbert
Transform to the set of IMFs obtained
in the previous step. This results in the
computation of the analytic signal of each
IMF, from which it is possible to derive the
instantaneous amplitude Ai(t), phase ϕi(t)
and frequency fi(t). In particular, from
the latter quantity it is possible to obtain
insights about the mean time scale of each
mode, as < ti >= 1/ < fi(t) >.

A more detailed description of the two steps of
the HHT can be found in Huang et al. (1998);
Reda et al. (2024). We apply here the HHT
to the time series of Ca II K index and Mg
II index, in order to show how it makes pos-
sible to decompose the signals into their time
scale components, allowing to study the rela-
tion between each of them. Fig. 4 shows some
of the results of the EMD (only IMFs 4-6 are
reported) for Ca II K index (left panels) and
for Mg II index (right panels). In Table 2 we
also report the characteristic time scales of the

IMFs of Ca II K index and Mg II Index. For
both signals, the IMF 5 is the one correspond-
ing to the 11-year solar cycle and also the one
with the highest weighted variance (77% for
Ca II K and 87% for Mg II), being the compo-
nent accounting for the most prominent vari-
ations. The advantage of having decomposed
the two signals into the intrinsic modes of os-
cillation is that it becomes now possible to
study their relation on the different time scales.
To this scope, the last column of Table 2 con-
tains the correlation coefficients of the Ca II
K index and Mg II index IMFs. It is possible
to notice that while the correlation is at least
moderate (≥ 0.45) across all the time scales, it
becomes higher moving to larger time scales.
The maximum correlation is observed between
the IMFs 5, hence at the solar cycle scale.

4. Conclusions

The relation between the Ca II K index and Mg
II index has been here studied. Although both
emission lines originate in the solar chromo-
sphere, the different height where they form
can give rise to intensity differences. By ana-
lyzing the cycle-to-cycle correlation, we find
that Ca II K index and Mg II index exhibit
a strong correlation over each solar cycle, as
well as over the whole time interval investi-
gated. The linear relation 1, together with the
regression fit parameters provided in Table 1,
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IMF # Ca II K Mg II Corr. Coeff
< t > (yrs) < t > (yrs) (Ca II K - Mg II)

1 0.41 0.38 0.47
2 0.64 0.67 0.70
3 1.48 1.63 0.70
4 3.01 3.04 0.73
5 11.36 11.35 0.99
6 36.91 40.31 0.95

Table 2. Relation between the Ca II K index and Mg II index modes. Column 1: IMF number;
Columns 2 and 3: Characteristic (or mean) time scale of the Ca II K index and Mg II index
modes, respectively; Column 4: Pearson’s correlation coefficient.

can be very useful to fill gaps in the Ca II K in-
dex time series, as well as to easily reconstruct
Ca II K data further than October 2017, as done
by Reda et al. (2023). Since the Mg II index
is freely accessible to date, such a relation can
in principle be used to obtain Ca II K index
to present. Conversely, it is possible to use the
Ca II K in order to estimate the Mg II index
trend back in the past. Furthermore, the use of
Hilbert-Huang Transform to decompose Ca II
K index and Mg II index enables a more in-
depth exploration of the relationship between
these indices in terms of their variations across
different time scales. In this respect, it is here
found that the maximum correlation occurs on
the 11-year time scale, while on smaller ones
the correlation is less strong. A more detailed
analysis will be provided in a forthcoming ar-
ticle.

Acknowledgements. R.R. acknowledges the support
from the European Union’s Horizon 2020 research
and innovation program under grant agreement No.
824135 (SOLARNET). The authors thank Luca
Giovannelli for the useful discussion.

References

Babcock, H. W. & Babcock, H. D. 1955, ApJ,
121, 349

Bertello, L., Pevtsov, A., Tlatov, A., & Singh,
J. 2016, Sol. Phys., 291, 2967

Bruevich, E. A. & Yakunina, G. V. 2014, Sun
and Geosphere, 8, 83

Chatzistergos, T., Ermolli, I., Solanki, S. K.,
et al. 2019, A&A, 626, A114

Chatzistergos, T., Krivova, N. A., & Ermolli,
I. 2022, Frontiers in Astronomy and Space
Sciences, 9, 336

Chatzistergos, T., Krivova, N. A., Ermolli, I.,
et al. 2021, A&A, 656, A104

DeLand, M. & Marchenko, S. 2013, J.
Geophys. Res. (Atmospheres), 118, 3415

Donnelly, R. F., White, O. R., & Livingston,
W. C. 1994, Sol. Phys., 152, 69

Dudok de Wit, T., Kretzschmar, M., Lilensten,
J., & Woods, T. 2009, Geophys. Res. Lett.,
36, L10107

Ermolli, I., Chatzistergos, T., Krivova, N. A., &
Solanki, S. K. 2018, in Long-term Datasets
for the Understanding of Solar and Stellar
Magnetic Cycles, ed. D. Banerjee, J. Jiang,
K. Kusano, & S. Solanki, Vol. 340, 115–120

Ermolli, I., Criscuoli, S., Uitenbroek, H., et al.
2010, A&A, 523, A55

Heath, D. F. & Schlesinger, B. M. 1986,
J. Geophys. Res., 91, 8672

Huang, N. E., Shen, Z., Long, S. R., et al. 1998,
Proceedings of the Royal Society of London
Series A, 454, 903

Linsky, J. L. 2017, ARA&A, 55, 159
Penza, V., Berrilli, F., Bertello, L., et al. 2022,

ApJ, 937, 84
Reda, R., Giovannelli, L., Alberti, T., et al.

2023, MNRAS, 519, 6088
Reda, R., Stumpo, M., Giovannelli, L., Alberti,

T., & Consolini, G. 2024, Rendiconti Lincei.
Scienze Fisiche e Naturali, 35, 49

Usoskin, I. G. 2017, Living Reviews in Solar
Physics, 14, 3

Viereck, R. A., Floyd, L. E., Crane, P. C., et al.
2004, Space Weather, 2, S10005


	Introduction
	Data
	Ca II K index - Mg II index relation
	Monthly averages relation
	Time scales relation by means of Hilbert-Huang Transform

	Conclusions

