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Abstract
Reconstructions of solar spectral irradiance—especially in the ultraviolet (UV) range—are
crucial for understanding Earth’s climate system. Although total solar irradiance (TSI) has
been thoroughly investigated, the spectral composition of solar radiation offers a deeper
insight into its interactions with the atmosphere, biosphere, and climate. UV radiation, in
particular, plays a key role in stratospheric chemistry and the dynamics of stratospheric
ozone. Reconstructing solar irradiance over the past centuries requires accounting for both
the cyclic modulation of active-region coverage associated with the 11-year solar cycle and
the longer-term secular trends, including their centennial variability. This study utilizes an
empirical framework, based on a 1000-year record of open solar flux, to characterize the
various temporal components of solar irradiance variability. We then combine these com-
ponents to reconstruct solar UV irradiance variations in spectral bands crucial for Earth’s
atmospheric studies.
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1. Introduction

Solar irradiance constitutes the principal energy source for the Earth system, engaging in
complex interactions with the terrestrial atmosphere and exerting an influence on climate
over long timescales. Extensive efforts have been dedicated to studying total solar irradi-
ance (TSI)—the Sun’s irradiance integrated across the entire wavelength spectrum—using
both observations and models. However, specific spectral bands — particularly in the ul-
traviolet (UV) — are critically important across a range of disciplines, including solar and
stellar physics, atmospheric modeling, climatology, and the study of habitability conditions
on exoplanets (see, e.g., Pienitz and Vincent 2000; Linsky 2014; Lovric et al. 2017; Galuzzo
et al. 2021; Reda et al. 2023).

The TSI exhibits typical variations of about 0.1% from minimum to maximum of the 11-
year cycle (e.g. Kopp et al. 2016), whereas variations in more energetic spectral bands, such
as the UV, can be significantly larger, reaching up to 10% (Fröhlich and Lean 2004; Criscuoli
2019; Woods and DeLand 2021). These variations are particularly important because of the
strong interaction of solar radiation at these wavelengths with Earth’s upper and middle
atmosphere. According to conventional nomenclature, it is possible to divide the UV band
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into several regions: middle UV (MUV, 180 – 300 nm), far UV (FUV, 115 – 180 nm) and
extreme UV (EUV, 10 – 115 nm). Slightly different definitions of these bands, particularly
MUV and FUV, can be found in the literature. In this work, we use the definitions adopted
by the SOlar Stellar Irradiance Comparison Experiment (SOLSTICE) launched as part of
the Solar Radiation and Climate Experiment (SORCE), for which MUV and FUV data are
available (McClintock, Snow, and Woods 2005).1

In particular, EUV radiation can affect ionospheric and thermospheric structures, and
thereby influence, for example, the propagation of radio signals (e.g. Bigazzi, Cauli, and
Berrilli 2020). UV radiation also plays a key role in atmospheric density modeling and fore-
casting, directly influencing satellite orbits due to increased atmospheric drag. In the case
of the stratosphere, radiation in the FUV and MUV bands can change ozone levels. In par-
ticular, ozone formation is primarily driven by high-energy UV photons with wavelengths
shorter than 240 nm, falling within the Schumann-Runge bands and Herzberg continuum.
These photons dissociate molecular oxygen O2, enabling the subsequent creation of ozone
O3 through the reaction between O2 and atomic oxygen O. Conversely, ozone molecules can
be broken apart by lower-energy UV radiation, particularly at wavelengths up to 320 nm
(Hartley-Huggins bands). However, this is not the main pathway by which stratospheric
ozone is destroyed, because O2 can easily recombine with O. Additional chemical processes
acting at different altitudes – potentially involving catalytic reaction cycles – take part in the
radiative interplay that governs the vertical distribution of ozone and its role in stratospheric
heating and chemical feedbacks (Chapman 1930; Haigh 2007). Due to the aforementioned
mechanisms, the greater variability of the solar cycle in the UV part of the spectrum has
a stronger modulating effect on ozone production than on its destruction. This results in a
2 – 4% increase in ozone abundance in the upper stratosphere during periods of solar maxi-
mum (Lilensten and Tourpali 2015).

The FUV and MUV bands also enable the calculation of the spectral color index
FUV-MUV. This descriptor, introduced by Lovric et al. (2017) and further investigated by
Criscuoli et al. (2018), can be used to characterize stellar UV emission and shows a strong
correlation with the Mg II index.

This underscores the importance of direct observations for studying solar UV variations.
However, systematic measurements of solar UV radiation have only been performed since
the advent of space-based telescopes in the late 1960 s, with missions such as the Orbit-
ing Solar Observatory (OSO) 1 (Neupert 1965), Nimbus 7 (Cebula, Park, and Heath 1988),
SORCE (McClintock, Snow, and Woods 2005), and the Total and Spectral Solar Irradiance
Sensor (TSIS) (Richard et al. 2024). Therefore, reconstructions based on solar and terres-
trial proxies are particularly valuable for investigating solar variability in the past centuries
(Kakuwa and Satoru 2022).

It is commonly accepted that total solar irradiance and spectral solar irradiance in the
visible and near-infrared variations on short to medium timescales, from days to decades,
are primarily driven by the presence of dark (sunspots) and bright (network and plage) re-
gions on the solar surface, modulated by the 11-year solar cycle (e.g. Steinegger, Brandt,
and Haupt 1996; Berrilli et al. 1999; Ermolli, Berrilli, and Florio 2003; Criscuoli et al.
2023; Marchenko et al. 2024). On longer, secular timescales, variations are also evident,
as demonstrated by grand minima and maxima observed in sunspot records and magnetic
activity proxies such as radionuclides (e.g. Stuiver and Braziunas 1998; Vonmoos, Beer, and
Muscheler 2006; Usoskin et al. 2016; Usoskin 2017; Vecchio et al. 2017; Petrie, Criscuoli,
and Bertello 2021). Modeling these variations provides a key input for understanding the

1https://lasp.colorado.edu/sorce/files/2020/04/SORCE_SOLSTICE_Release_Notes_for_Version_17.pdf.

https://lasp.colorado.edu/sorce/files/2020/04/SORCE_SOLSTICE_Release_Notes_for_Version_17.pdf
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global dynamics of the Earth’s climate system (see, e.g., Lockwood 2012; Solanki, Krivova,
and Haigh 2013; Bordi, Berrilli, and Pietropaolo 2015; Matthes et al. 2017; Liu et al. 2023).

In this article, we reconstruct four UV spectral bands (100 – 243 nm, 243 – 308 nm, FUV
and MUV) over the past millennium using the same approach adopted in Penza et al. (2022)
and Penza et al. (2024), where the method was applied to reconstruct the TSI. The applica-
bility of this approach to spectral UV irradiance, beyond its original use for TSI reconstruc-
tion, is supported by several studies (e.g. Krivova et al. 2003; Wenzler et al. 2006; Ball et al.
2011; Fontenla et al. 2011; Lean et al. 2020). These suggest that solar irradiance variability
across all wavelengths is entirely driven by the evolution of the magnetic field at the solar
surface, which can be represented by the combined contributions of a limited set of mag-
netic structures, such as sunspots, faculae, and the network. Moreover, in the UV range, it is
well established that irradiance variability is predominantly driven by bright features such
as faculae and network regions, while the contribution from sunspots is almost negligible.
This approach has also enabled the reconstruction of specific UV proxies, such as the Mg II

index (e.g. Lean et al. 1997; Criscuoli et al. 2018; Berrilli et al. 2020; Sowmya et al. 2025).
Specifically, we employ the same composite of active region coverages (Chatzistergos

et al. 2020; Mandal et al. 2020) and the same composite of open solar flux F0, with the latter
serving as a proxy for tracking long-term changes on time scales larger than the 22-year
solar magnetic cycle. The composite of F0 for the period 971–1899 C.E. is derived from
the reconstruction by Usoskin et al. (2021), which is based specifically on the cosmogenic
isotope 14C. The extension to the present (1900 – 2020 C.E.) is obtained using an empirical
relation between F0 and the solar modulation potential ϕ, given by Muscheler et al. (2007)
for 1513 – 1949 C.E. and by Usoskin (2017) for 1950 – 2025 C.E. The reconstruction of F0

for the post-1900 period has been validated by comparison with observational data from
Owens et al. (2017).

2. Reconstruction of UV Bands over the Solar Cycle

2.1. UV Data and Selected Bands

The UV data used in this work to parameterize the reconstruction are from the SSI3 (SSI,
solar spectral irradiance) composite by Woods and DeLand (2021). We refer to the website
of the Laboratory for Atmospheric and Space Physics (LASP) 2 for a detailed description of
the instrumentation and the composite construction.

In particular, we consider UV data for the period 1980 – 2020 C.E. and in the wavelength
range 100 – 310 nm, within which we identify four specific bands of interest:

• FUV (far ultraviolet): 115 – 180 nm;
• MUV (middle ultraviolet): 180 – 310 nm;
• UV1: 100 – 243 nm;
• UV2: 243 – 308 nm.

An example of an SSI3 composite spectrum is shown in Figure 1, where the four bands
mentioned above are highlighted using different colors.

The FUV and MUV bands allow the calculation of the spectral color index, defined as:

FUV − MUV = −2.5 log
Ff uv

Fmuv

+ Zf uv + Zmuv (1)

2https://lasp.colorado.edu/lisird/data/lasp_gsfc_composite_ssi.

https://lasp.colorado.edu/lisird/data/lasp_gsfc_composite_ssi
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Figure 1 An example of a SSI3 composite spectrum, in logarithmic scale, from 100 nm to 310 nm with
different bands highlighted by different colors.

Figure 2 The correlation
between FUV-MUV color and
the Bremen Mg II index is shown
for monthly values (red crosses)
and for yearly averaged data
(blue points) for the period
1980 – 2016. The Pearson’s
coefficient is r =-0.985 for
monthly values and r =-0.989 for
yearly values.

where Ff uv and Fmuv are the fluxes integrated in the corresponding bands. In this work, the
zero-point magnitudes, Zf uv and Zmuv , are arbitrarily set to zero. This applies a constant
vertical shift to all magnitude values but does not affect the subsequent results.

This quantity can be used to characterize the UV emission and is strongly correlated with
the Mg II index (Lovric et al. 2017; Criscuoli et al. 2018). The UV1 and UV2 bands are se-
lected due to their role in the atmospheric ozone cycle: the radiation in the UV1 range is
primarily responsible for the photodissociation of molecular oxygen (O2), initiating ozone
(O3) production, while UV2 radiation contributes, together with UV1, to both ozone forma-
tion and destruction through photodissociation of ozone itself.

The correlation of the FUV-MUV color index with the Mg II Bremen composite index3

is shown in Figure 2, where a strong anti-correlation is clearly visible, with a Pearson’s
correlation coefficient of r = −0.989. The best-fit linear regression of the correlation is in
the form

FUV − MUV = α Mg II + β (2)

3https://lasp.colorado.edu/lisird/data/bremen_composite_mgii.

https://lasp.colorado.edu/lisird/data/bremen_composite_mgii
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where in the case of monthly values α = −10.63 ± 0.09 and β = 8.89 ± 0.01, while for
yearly values α = −10.6 ± 0.3 and β = 8.88 ± 0.04.

2.2. Reconstruction of UV Bands along the Last Four Cycles

Solar irradiance is reconstructed as the sum of contributions from various solar surface com-
ponents, each weighted by its respective coverage area:

F(λ, t) =
∑︂

j

αj (t)Fj (λ), (3)

where Fj (λ) is the flux at wavelength λ from the j th feature (assumed time-independent),
and αj (t) is the corresponding coverage. The number and type of these components depend
on the spectral band under consideration. Given that UV irradiance variability is primarily
dominated by bright features, we can expand Equation 3 as follows:

F(λUV , t) = αf (t)Ff (λUV ) + αn(t)Fn(λUV ) + (1 − αf (t) − αn(t))Fq(λUV ) (4)

where the subscripts f , n, and q indicate facular, network, and quiet solar contributions,
respectively. Then, the relative variation of the flux at a given wavelength has a very simple
form:

δF (λUV , t) ≡ F(λUV , t) − Fq(λUV )

Fq(λUV )
= αf (t)δUV

f + αn(t)δ
UV
n (5)

where δUV
f and δUV

n are the contrasts relative to the quiet Sun in the UV band of interest.
As shown in Penza et al. (2022) and Penza et al. (2024), we adopt a linear relation be-

tween αf (t) and αn(t) (e.g. Criscuoli 2016; Criscuoli et al. 2018; Devi et al. 2021; Ermolli,
Giorgi, and Chatzistergos 2022):

αn(t) = An + Bnαf (t). (6)

This relationship should be regarded as a simplification of the actual and complex corre-
lation between magnetic structures. Anyway, the existence of a clear correlation between
network and plage is well illustrated in Figure 13 of Ermolli, Giorgi, and Chatzistergos
(2022). Moreover, Figure 4 of Criscuoli (2016) shows that pixels with different magnetic
field strengths scale linearly with the sunspot number, implying that pixels with different
magnetic field strengths should also scale linearly with each other. That allows us to rewrite
Equation 5 as:

δF (λUV , t) = αf (t)δUV
f n + CUV

n (7)

where δf n ≡ δUV
f + Bnδ

UV
n is the mixed facular and network contribution, while CUV

n ≡
Anδ

UV
n represents the value of the network contrast weighted by the corresponding frac-

tional area at the solar minimum. As in Penza et al. (2024), we use the plage coverage
composite provided by Chatzistergos et al. (2020)4 for this reconstruction. In order to ob-
tain an estimation of the parameters δf n and CUV

n , SSI3 observations of Cycle 22 and 23
were separately fit using Equation 7. The mean of two best-fits gives the values reported in
Table 1.

4available at https://www2.mps.mpg.de/projects/sun-climate/data.html.

https://www2.mps.mpg.de/projects/sun-climate/data.html
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Table 1 Values of the parameters
of Equation 7, obtained by best
fitting to SSI3 data separately for
Solar Cycles 22 and 23.

Band δf n Cn

FUV 4.82 ± 0.05 0.005 ± 0.001

MUV 0.17 ± 0.1 0.004 ± 0.001

UV1 0.64 ± 0.01 0.004 ± 0.001

UV2 0.17 ± 0.01 0.004 ± 0.001

Figure 3 Comparison of the monthly averages of the reconstruction (blue line) and the SSI3 composite data
(red line) for the four UV bands: FUV (top-left), MUV (top-right), UV1 (bottom-left), and UV2 (bottom-
right).

Although we have imposed no constraints on the model, these values are compatible
with those reported in literature (Lean 1997; Fontenla et al. 1999). We show the different
reconstructions, obtained with the approach described above, in Figure 3, where we compare
them with the corresponding SSI3 composite data. The figure highlights that the longer
wavelength data exhibit an anomalous increase in irradiance around 2002 (the second peak
of Solar Cycle 23), a feature absent at shorter wavelengths (FUV). We suppose that this
behavior is not physical, but rather the result of an instrumentation artifact. However, we
chose to retain these outlier data, considering that their short duration does not affect the
integrity of our reconstruction.

3. Reconstruction of UV Bands along the Last Millenium

3.1. Plage Coverage Reconstruction

To reconstruct the UV spectral bands over the past millennium, we use the plage coverage
time series previously reconstructed by Penza et al. (2024). In the following, we summarize
the key aspects of that reconstruction.



Modeling Decadal and Centennial Solar UV Irradiance Changes Page 7 of 14 173

1. Definition of a Parametric Functional Form of the Cycle
We reproduce sunspot coverage of the k cycle by using the functional form suggested

by Volobuev (2009):

xk(t) =
(︃

t − T 0k

T sk

)︃2

exp

[︄
−

(︃
t − T 0k

T dk

)︃2
]︄

T 0k < t < T 0k + τk (8)

In reality, there is a relationship between the two free parameters T sk and T dk . This re-
lation reflects the well-known Waldmeier rule, which states that solar cycles with shorter
rise times (i.e., smaller T dk) tend to have larger amplitudes (corresponding to smaller
T sk). Lastly, T 0k is the start time and τk is the duration of cycle k. Using the data
composite (1874 – 2023 E.C.) from Mandal et al. (2020), we obtain the values of the
parameters T dk and T sk for the thirteen solar cycles spanning Cycles 12 to 24.

2. Determination of a Correlation between Cycle Parameters and the Open Solar Flux
We use the same open flux composite Fo used in Penza et al. 2024, constructed

through inter-calibration of the following datasets: open solar flux Fo by Usoskin et al.
(2021) for the period 971 – 1899 E.C., solar modulation potential by Muscheler et al.
(2007) for the period 1513 – 2001 E.C., and solar modulation potential from a neutron
monitor by Usoskin (2017) for the period 1950 – 2020 E.C.

The relation identified in Penza et al. (2024) establishes the following connection
between the 11-year cycle-averaged Fo values (Fo) and the parameter Pk ≡ (T dk/T sk)

2,
which is proportional to the analytical integral of Equation 8:

Pk = (0.002 ± 0.001)Fo + (−0.004 ± 0.003) (9)

Equation 9 allows us to obtain the values of Pk , then of T dk and T sk , and to recon-
struct the sunspot area from 971 E.C. This preliminary reconstruction of sunspot areas is
necessary in order to reconstruct the plage coverage. It is needed because the most recent
composite indicates a non-zero plage coverage during solar minima, making functional
forms like ours unsuitable, as they are by definition zero at the beginning of each cycle.

3. Reconstruction of Plage Coverage
The reconstruction of the plage coverage is derived from the well-established power-

law relationship between plage and sunspot coverages (Chatzistergos et al. 2022; Penza
et al. 2024). In particular, in Penza et al. (2024) the authors find the following relation
between the monthly averages of sunspot (Mandal et al. 2020) and plage (Chatzistergos
et al. 2020) area coverages within the common time range 1903 – 2023 C.E.:

αf = (1.3 ± 0.1)α(0.61±0.02)
s + (0.0042 ± 0.0005) (10)

The final reconstruction of plage coverage from 971 E.C. to the present is presented
in Figure 4.

3.2. UV Band Reconstruction

In order to reconstruct the UV bands over the last millenium, we use Equation 7, with the
contrast parameters obtained by the fits along the single cycles. Nevertheless, it is necessary
to account for the long-term variations affecting the open magnetic field, that we associate
with the quiet network component. Accordingly, the equation can be rewritten as follows:

δF (t) = Cn [1 + FLT (t)]Nnorm + αf (t)δf n (11)
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Figure 4 Top panel: Reconstruction of plage area coverage from 971 CE to the present. Bottom Panel: The
reconstructed time series (solid curve) and its uncertainty range (grey region) are shown from 1900 to the
present. The actual measured monthly plage area coverage by Chatzistergos et al. (2020) is shown as a dotted
line.

Table 2 Values of the parameters
of Equation 11, obtained by best
fitting to the full SSI3 dataset
over the period 1980 – 2015.

Band Nnorm Fq (Wm−2)

FUV 6.34 ± 0.01 0.020 ± 0.001

MUV 0.97 ± 0.01 31.10 ± 0.01

UV1 2.16 ± 0.01 1.63 ± 0.01

UV2 0.91 ± 0.01 17.50 ± 0.01

where FLT (t) is a normalized long-term modulation function and Nnorm is a normalization
parameter. FLT (t) is the same function computed in Penza et al. (2024). It is derived by
decomposing the Fo composite into Intrinsic Mode Functions (IMFs) using Empirical Mode
Decomposition (EMD) (Huang et al. 1998), and then selecting only those components with
characteristic timescales longer than 22 years, along with the monotonic trend. In other
words, this process removes the variability on timescales shorter than 22 years from Fo,
which is already captured in the temporal evolution of the plage component.

For the final reconstruction, the two free parameters Nnorm and Fq are obtained by the
four best fit over the SSI3 composite (one for each wavelength band), by considering the
whole period 1980 – 2020. The values of the free parameters are reported in Table 2, while
the resulting final reconstructions of the four UV bands are shown in Figure 5, which also
includes the reconstruction of the FUV–MUV color index.

4. Discussion and Conclusions

In this work, we present a reconstruction of solar UV variability over the last millennium,
covering the period from 971 to 2020 CE. The methodology used is the same as in Penza
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Figure 5 Smoothed 22-year reconstructions from 971 CE to the present, obtained in this work (blue line),
along with their uncertainty ranges (shaded blue regions). This uncertainty arises from the propagation of
errors in the plage coverage and in the coefficients in Table 2. The red lines represent the corresponding
reconstructions from Jungclaus et al. (2016). The five panels show: FUV (top-left), MUV (top-right), UV1
(middle-left), UV2 (middle-right), and the color index FUV-MUV (bottom).

et al. (2024), the reconstruction is based on plage coverage data from Chatzistergos et al.
(2020), and the open magnetic field proxy from Usoskin et al. (2021). Using this ap-
proach, we reconstruct four UV bands: FUV (115 – 180 nm), MUV (180 – 310 nm), UV1

(100 – 243 nm), and UV2 (243 – 308 nm). In addition to these four bands, we also recon-
struct the FUV–MUV color index.

We have confirmed that including the long-term modulation factor FLT in the reconstruc-
tion improves its agreement with the SSI3 composite data over the 1980 – 2015 period, as
clearly shown in Figure 6. The figure presents results for the FUV and MUV bands, while
similar improvements are also observed for the UV1 and UV2 bands (not shown). In particu-
lar, the long-term modulation factor plays a more significant role for the longer-wavelength
bands (i.e., MUV) than for the shorter ones. The reconstruction includes two bands, here
indicated with UV1 and UV2, which are directly associated with the photochemical produc-
tion and destruction of ozone in the Earth’s atmosphere.

The final reconstructed time series for each band are presented in Figure 5. For the FUV
and UV1 bands, our reconstruction closely resembles that of Jungclaus et al. (2016), which is
based on the 14C record and Spectral And Total Irradiance REconstructions (SATIRE) mod-
els. Conversely, significant deviations are observed in the longer-wavelength bands (MUV
and UV2).
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Figure 6 Comparison between the reconstruction with (blue) and without (green) the long-term modulation
FLT and the SSI3 composite (red), for the FUV (left panel) and MUV (right panel) bands. All data are
smoothed over 11 years.

Figure 7 Comparison of irradiance variations relative to the present in the FUV (left) and MUV (right) bands
between our reconstruction and the SATIRE model (Jungclaus et al. 2016). The present-day value is defined
as the average of the SSI3 data from 1980 to 2015.

Both our reconstruction and that of Jungclaus et al. (2016) estimate a variation of ap-
proximately 15% in the FUV band during the Spörer and Maunder minima relative to the
present-day level, defined as the average value of the SSI3 data from 1980 to 2015. However,
the variation in the MUV band is considerably smaller, with the SATIRE model estimating
only about 0.7%, whereas our reconstruction exceeds 1.6% (Figure 7). This discrepancy
likely arises from the modulation factor we introduced to the quiet-network component,
which, as shown in Figure 6, has a stronger influence on the longer wavelength bands than
on the shorter ones.

The reconstructed FUV and MUV bands also allow for the calculation of the FUV–MUV
color index, which can be used to characterize stellar UV emission (Schindhelm et al. 2015;
Calabrò et al. 2021) and is strongly correlated with the Mg II index (Lovric et al. 2017;
Criscuoli et al. 2018). Because the FUV-MUV modulation is mainly driven by variations in
the FUV, our reconstruction does not deviate significantly from the SATIRE model one. The
computation of the FUV-MUV color index places this study within a broader stellar context.
Studying UV irradiance variations in stars other than the Sun is a topic of great interest in
stellar astrophysics (Lubin, Melis, and Tytler 2018; Namekata et al. 2023). In fact, ultravi-
olet radiation plays a key role in shaping exoplanetary atmospheres through photochemical
processes and atmospheric erosion, thereby influencing climate and surface conditions crit-
ical to habitability (e.g. Segura et al. 2005; Reda et al. 2022; Spinelli et al. 2023; Li et al.
2024). By characterizing solar UV variability over long timescales in relation to broad lev-
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els of solar activity, we gain valuable insights that can be extended to the study of stellar
environments and their impact on planetary systems conditions.
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