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Abstract. The short- and long-term variability of the surface spectral solar ultraviolet (UV) irradiance is inves-
tigated across Italy using high-quality ground-based measurements from three locations: Aosta (45.7° N, 7.4°E,
570ma.s.l.), Rome (41.9°N, 12.5°E, 15 75ma.s.l.), and Lampedusa (35.5° N, 12.6°E, 50ma.s.l.). The three
sites are characterized by different environmental conditions and represent almost the full latitudinal extent of
the Italian territory. Data of two periods were analysed: 20062020 (all sites) and 19962020 (Rome only). The
main objective of this study is to quantify the effect of the geopotential height (GPH) at 250 hPa on total ozone,
and spectral irradiance at 307.5 and 324 nm. We first show that monthly anomalies in GPH, total ozone, and
spectral irradiances are correlated amongst the three sites, suggesting that Italy is often affected by the same
synoptical weather systems. We further find statistically significant anticorrelations between GPH and monthly
anomalies in total ozone for all stations and months. Conversely, we identify positive correlations between GPH
and monthly anomalies in spectral irradiance at 307.5 nm for most months. The influence of GPH on short-term
variability also hold for long-term trends. For example, long-term changes in total ozone over the period 2006—
2020 were associated with changes in GPH for all stations. This suggests that observed negative trends in total
ozone were mainly driven by changes in lower-stratospheric ozone as upper-stratospheric ozone was increasing
over this period. For several months of the year, positive trends in UV irradiance were observed, and we found
that these trends were predominantly caused by changes in clouds and/or aerosols instead of total ozone. For the
longer period of 19962020, a statistically significant annualized decrease in total ozone of ~ 0.1 % per year was
identified for Rome and could subsequently be attributed to decreasing lower-stratospheric ozone. While positive
trends in spectral irradiance at 307.5 nm were observed for several months of this extended period, the negative
trend in total ozone did not lead to a positive trend in the spectral irradiance at 307.5 nm in the deseasonalized
data. Our study provides evidence that dynamical processes taking place in the troposphere lead to significant
variability in total ozone and surface solar UV irradiance.

Published by Copernicus Publications on behalf of the European Geosciences Union.

a|ollJe yoJessay




18690

1 Introduction

The amount of solar ultraviolet radiation (UVR) reaching
the Earth’s surface is an important environmental, ecolog-
ical, and atmospheric parameter to be measured and stud-
ied. The relationship between UVR and biological effects
has been well established. Exposure to UVR is vital for
many living organisms, including humans; however, overex-
posure may result in detrimental effects in humans, animals,
and plants (Paul and Gwynn-Jones, 2003; Caldwell et al.,
1998; Bornman et al., 2019; Calkins and Thordardottir, 1980;
Williamson et al., 2019; Hader et al., 1998). Photons with
wavelengths below 290 nm are absorbed in the higher atmo-
sphere, mainly by molecular oxygen (O>) and ozone (O3)
and practically do not reach the Earth’s surface. Most of the
ultraviolet-B (UVB) irradiance (280-315 nm) is absorbed by
ozone in the stratosphere (Bais et al., 1993; Griggs, 1968;
Inn and Tanaka, 1953). Absorption by stratospheric ozone is
more important than scattering by molecules and aerosols in
the UVB spectral range, while scattering plays a relatively
larger role than ozone absorption in the ultraviolet-A (UVA)
(315-400 nm).

In the 1980s and 1990s, the increase in anthropogenic
emissions of ozone-depleting substances (ODSs) led to the
chemical destruction of ozone in the stratosphere mainly
over Arctic and Antarctica and to reductions in stratospheric
ozone at midlatitudes of the Southern and the Northern hemi-
spheres (McConnell et al., 1992; Solomon et al., 1986).
In turn, ozone reductions resulted in higher levels of UVB
radiation at the Earth’s surface (Kerr and McElroy, 1993;
Madronich et al., 1998; Zerefos et al., 1995). Emissions of
ODSs were regulated by the Montreal Protocol in 1987 and
subsequent amendments and adjustments to the protocol, and
since the mid-1990s the reduction in stratospheric ozone has
decelerated. The first signs of recovery are now evident over
higher latitudes (Solomon et al., 2016; Weber et al., 2018).
Recent studies show that recovering ozone over Antarctica
resulted in decreasing UVB radiation (Bernhard and Stierle,
2020). Over the Arctic, many studies report negative, but in
most cases not significant, trends of UVB radiation in spring
(Eleftheratos et al., 2015; Lakkala et al., 2017; Svendby et al.,
2018). Due to the successful implementation of the Montreal
Protocol the world avoided extremely high levels of solar
UVB radiation (more than double with respect to the UVB
levels in the 1970s over northern and southern midlatitudes
by 2100) which would have been detrimental for the viabil-
ity of ecosystems as well as for human health (McKenzie
et al., 2019; Morgenstern et al., 2008; Newman and McKen-
zie, 2011; Young et al., 2021).

However, the future evolution of total-ozone concentra-
tion and subsequently of UVB radiation is still uncertain. Al-
though decreasing ODSs since the mid-1990s have led to in-
creasing ozone in the upper stratosphere (Sofieva et al., 2017;
Steinbrecht et al., 1998), lower-stratospheric ozone at north-
ern midlatitudes has been continuously decreasing, offsetting
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the increase occurring in the upper stratosphere (Ball et al.,
2018; Wargan et al., 2018). Changes in lower-stratospheric
ozone appear to have a strong spatial and seasonal variabil-
ity, and the processes that drive them are not clear yet (Szelag
et al., 2020). Furthermore, dynamical phenomena occasion-
ally (once every few years) favour extensive destruction of
Arctic stratospheric ozone in early spring (Dameris et al.,
2021; Manney et al., 2011; Pommereau et al., 2018; Varot-
sos et al., 2012; Wohltmann et al., 2020), leading to reduced
ozone over Northern Hemisphere high latitudes and midlati-
tudes (due to the transport of poor-ozone air masses from the
poles towards midlatitudes) and subsequently to very high
levels of solar UVB radiation at the Earth’s surface (Bernhard
and Stierle, 2020; Petkov et al., 2014). According to Bednarz
et al. (2016) the relative role of dynamical processes for de-
termining Arctic springtime ozone will increase in the future.
Low-ozone episodes (Siani et al., 2002) not related to ozone
over the poles can be also experienced. These episodes are
characterized by significant ozone decreases over limited ge-
ographical regions and are associated with synoptic weather
systems (at timescales of 1 to 3d). As discussed in several
studies (e.g. Dobson et al., 1946; Hoinka et al., 1996; Ohring
and Muench, 1960; Reed, 1950; Steinbrecht et al., 1998;
Varotsos et al., 2004; Vaughan and Price, 1991), changes
in tropopause altitude are linked to inverse changes in the
amount of total ozone. According to the studies by Varotsos
et al. (2004) and Steinbrecht et al. (1998), positive trends in
the height of the tropopause explain 25 %—30 % of the reduc-
tion in total ozone over Athens in 1984-2002 and Hohen-
peissenberg in 1967-1997, respectively, due to the pushing
up of air with the change in tropopause altitude (Vaughan and
Price, 1991). Thus, an increasing altitude of the tropopause
due to climate change related to the warming of the tropo-
sphere (e.g. Lin et al., 2017; Meng et al., 2021) would in-
duce negative trends in lower-stratospheric ozone and subse-
quently positive trends in UVB. Over many midlatitude sta-
tions of the Northern Hemisphere, changes in aerosols and
clouds — and not ozone — have been found to be the main
drivers of the long-term changes in the UVB and the UVA
irradiance (Chubarova et al., 2020; De Bock et al., 2014;
Fitzka et al., 2012; Fountoulakis et al., 2016, 2018; Hooke
et al., 2017; Lin et al., 2017; Zhang et al., 2019). Aerosols
and clouds also play a significant role in the short-term vari-
ability of UVA and UVB irradiance (di Sarra et al., 2008;
Kazadzis et al., 2009; Mateos et al., 2011, 2015). Two dif-
ferent studies (Raptis et al., 2021; Fragkos et al., 2016) re-
port moderate or even low erythemal irradiance (Mckinlay
and Diffey, 1987) during extremely low-ozone events be-
cause of a remarkably high aerosol load. The trends reported
in different studies for the period between the mid-1990s to
the present vary significantly even within a few hundreds of
kilometres. Fountoulakis et al. (2020b) reported an average
increase of 5 % per decade in irradiance at 307.5 nm for Uc-
cle, Belgium, in 1996-2017 and for the same period an av-
erage decrease of 7 % per decade for Reading, UK, which is
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less than 400 km from Uccle. Other, independent studies re-
port similar results for the two stations. Hooke et al. (2017)
reported an 8 % decrease in erythemal doses for Chilton,
UK (located a few kilometres from Reading) in 1991-2015,
while De Bock et al. (2014) and Pandey et al. (2016) reported
positive trends in Uccle (for 1991-2013 and 1995-2014, re-
spectively).

The spatial variability in UV irradiance in Italy is very
large, mainly due to the country’s long latitudinal extent
and complex topography (Meloni et al., 2000). Thus, at-
mospheric parameters may affect UVB and UVA irradiance
in a different way at different locations (e.g. Fountoulakis
et al., 2020b). Recent studies have shown that atmospheric
parameters that significantly affect solar UV radiation, such
as clouds (e.g. Manara et al., 2015, 2016; Mateos et al.,
2015; Pfeifroth et al., 2018) and aerosol (Di Ianni et al.,
2018; di Sarra et al., 2008; Masiol et al., 2017; Orza and
Perrone, 2015; Putaud et al., 2014; Rizza et al., 2019), have
changed in Italy in the last decades, either on a regional or on
a country-wide scale. Although in Italy long-term continuous
solar spectral UV (Diémoz et al., 2011) and total-ozone mea-
surements (Siani et al., 2018) are available from three differ-
ent stations across the country, they have never been used
to study the long-term changes in UV irradiance at the sur-
face and how they are affected by changes in total ozone. In
this study, the long-term datasets of high-quality spectral UV
and total-ozone measurements of three Italian sites (Aosta,
Rome, and Lampedusa), located at quite different latitudes
and affected by differing environmental conditions, are used
to study the changes in solar UV irradiance and the extent by
which they were driven by changes in total ozone. Further-
more, we examined whether and to what extent changes in
synoptical atmospheric circulation affected the surface solar
UV irradiance short- (e.g. yearly) and long-term variability.

The paper is structured as follows. In Sect. 2 the data and
methods used for the study are described. In Sect. 3.1 the
possible links between the short-term variability of UV irra-
diance and atmospheric dynamics are studied. In Sect. 3.2 the
trends of spectral UV irradiance and total ozone for the three
stations are analysed and their main drivers are discussed. Fi-
nally, in Sect. 4 the main findings and the conclusions of the
study are summarized.

2 Data and methodology

Long time series of high-quality spectral UV measurements
are available from three Italian stations, providing a complete
latitudinal coverage of Italy (Fig. 1). The Aosta monitoring
station at the facilities of the Regional Environmental Pro-
tection Agency of the Aosta Valley (ARPA Valle d’Aosta)
(45.7°N, 7.4°E, 570 ma.s.l.) is a semi-rural site (at Aosta—
Saint-Christophe), in the north-western Alps. The site of
the Physics Department of Sapienza University of Rome
(41.9°N, 12.5°E, 75ma.s.1.) is an urban site at a distance
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Figure 1. Topographic map of Italy and the three sites for which
measurements are analysed in the study.

of about 25km from the Tyrrhenian Sea. The Lampedusa
Station for Climate Observations of the Italian Agency for
the New Technologies, Energy and Sustainable Economic
Development (ENEA), located on the island of Lampedusa
(35.5°N, 12.6° E, 50 m a.s.1.) is a background remote (island)
site.

At Rome the total column of ozone has been measured
by a single monochromator Brewer (MKIV type) with the
serial number 67 (Brewer#067) since 1992 (Siani et al.,
2018). Measurements of the spectral irradiance have been
performed by the same instrument since 1996, at wave-
lengths of 290-325 nm with a step of 0.5nm and a resolu-
tion of ~ 0.6 nm (Casale et al., 2000). The world travelling
reference standard Brewer (Brewer#017) (maintained by the
International Ozone Services Inc.; https://www.io3.ca/index.
php, last access: 12 November 2021) transfers the ozone cal-
ibration from the reference triad maintained by Environment
and Climate Change Canada (Fioletov et al., 2005; Zhao
et al., 2021) to field instruments. Hereafter the travelling ref-
erence standard Brewer is referred to as the IOS standard.
Intercomparisons between Brewer#067 and the IOS stan-
dard have been performed on an annual or biennial basis
since the installation of Brewer#067, ensuring high-quality
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total-ozone measurements. At Rome UV calibrations were
performed using IOS 1000 W lamps (traceable to the Na-
tional Institute of Standards and Technology — NIST, Mary-
land, USA). Furthermore, the instrument was also compared
with the travelling spectroradiometer QASUME (unit for
the Quality Assurance of Spectral Ultraviolet Measurements
in Europe: https://projects.pmodwrc.ch/qasume/, last access:
12 November 2021) (Grobner and Sperfeld, 2005; Hiilsen
et al., 2016) during the UV intercomparison campaign in
Arosa (Switzerland) in 2012 as well as at Rome in 2003 and
2008. Stability checks using 50 W lamps traceable to the IOS
1000 W lamps were regularly performed ensuring the consis-
tency and homogeneity of the Rome UV time series during
the whole period of study. For the present study measure-
ments of total ozone and spectral UV irradiance for 1996—
2020 have been used for Rome. Measurements for the first
6 months of 2018 were not used because operational prob-
lems induced increased uncertainty in the measurements.

At Lampedusa, measurements of total ozone and spectral
UV irradiance have been performed since 1997 by a double
monochromator Brewer (MKIII type) with the serial number
123 (Brewer#123) (di Sarra et al., 2002). Solar spectra are
measured in the range of 286-363 nm with a step of 0.5 nm
and a resolution of ~ 0.55 nm. Calibrations of spectral UV
measurements are performed four to five times per year with
a field calibrator which uses 1000 W FEL lamps traceable to
NIST (di Sarra et al., 2008). Regular intercomparisons (ev-
ery 2—4 years since 1998) with the IOS standard ensure the
good quality of total-ozone measurements. The Lampedusa
spectral UV dataset has been recently subjected to quality
assurance and quality control (QA/QC) for the period 2003—
2020. For the present study measurements of the total ozone
and spectral UV irradiance have been used for the period for
which high-quality measurements were available for all three
sites (i.e. 2006-2020).

At Aosta, spectral UV-visible measurements are per-
formed by a double monochromator Bentham DTMc300
with the serial number 5541 (Bentham5541) in the range
of 290-500 nm with a step of 0.25nm and a resolution of
~ 0.5 nm. Spectral UV measurements began in 2004. Since
2006 intercomparisons with QASUME were performed on
an annual or biennial basis ensuring the high quality of the
measurements. Recently the spectral UV dataset of Aosta
was re-evaluated and homogenized for the period 2006-2020
(Fountoulakis et al., 2020a). Measurements of the total ozone
are available since 2007 by a single monochromator Brewer
(MKIV type) with the serial number 66 (Brewer#066). The
quality of total-ozone measurements was ensured by inter-
comparisons with the IOS standard, which have been per-
formed since 2007 on a biennial basis. Total ozone and spec-
tral UV measurements for Aosta have been analysed for
2007-2020 and 2006-2020, respectively.

Intercomparisons between the IOS standard and the spec-
trophotometers at all three stations on an annual or bien-
nial basis ensured the consistency between the total-ozone
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datasets recorded at the three stations. The good quality of
the total ozone and spectral UV measurements was further
ensured by performing stability checks and applying a num-
ber of QA/QC procedures on a regular (daily, weekly, or
monthly basis) at each of the three sites described above
(Fountoulakis et al., 2020b; Ialongo et al., 2010). The ac-
curacy of total-ozone columns retrieved by measuring irra-
diances of direct sunlight radiation (DS mode) (Kerr, 2010)
by well-maintained and calibrated Brewer spectrophotome-
ters, such as those used in the present study, is of the order
of 1% (Vanicek, 2006). The consistency between measure-
ments from different instruments (if they are well-maintained
and calibrated) is also ~ 1 % (Redondas et al., 2018). The
standard uncertainty for spectral UV measurements at wave-
lengths longer than 305 nm from well-maintained and cal-
ibrated Brewer spectrophotometers is of the order of 5%
(Garane et al., 2006). The agreement between synchronous
spectra from well-maintained and similarly calibrated spec-
trophotometers is also of the order of 5 % (standard devia-
tion of the differences) (Bais et al., 2001). For wavelengths
longer than 305 nm and solar zenith angles (SZAs) below 75°
the standard uncertainty in the spectral UV measurements of
Bentham5541 is smaller than 2.5 %. A detailed description
of the uncertainties of the spectral UV measurements per-
formed in Aosta can be found in Fountoulakis et al. (2020a).
Intercomparisons between the instruments measuring total
ozone and spectral UV irradiance at the three sites and the
world reference standards resulted in all cases in an agree-
ment within the desired accuracy limits.

Spectral measurements at 307.5 nm (306.5-308.5 nm av-
erage) and 324 nm (323-325nm average) have been anal-
ysed for the three sites. Irradiance at 307.5 nm was chosen
since it is strongly affected by total ozone, while the irradi-
ance at 324 nm is weakly affected by ozone. Although ozone
has a stronger effect on wavelengths shorter than 307.5 nm,
the particular wavelength was chosen because it is less af-
fected by noise and spectral stray light (relative to shorter
wavelengths). For each spectrum, the ratio between the ir-
radiance at the two wavelengths (307.5 and 324 nm) was
also calculated (herein referred to as the 307.5/324 nm ratio)
because changes in the ratio should be strongly correlated
with changes in total ozone. The ratio is also affected by
other atmospheric factors such as high-altitude clouds (see
Figs. S1 and S2 in the Supplement) and particular types of
organic aerosols (e.g. Mok et al., 2016). However, the ef-
fect of these atmospheric parameters on the variability of
the 307.5/324 nm ratio is expected to be minor relative to
the role of ozone. For each day, all spectra measured within
+2° around the selected SZAs were interpolated to the cen-
tral SZAs of 65 and 45° using the empirical relationship pro-
posed by Fountoulakis et al. (2016) and then averaged to cal-
culate the irradiance. For Aosta, the SZA of 67° was used
instead of 65° because the minimum (noon) SZA in most
days of December and January is larger than 65°, while at
Rome and Lampedusa the SZA of 65° is reached through-
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out the year. Choosing the SZA of 67° also for Rome and
Lampedusa would produce more gaps in their UV series due
to the lower availability of measurements at 67° relative to
65°. For months for which measurements at 65° were ad-
equate for the calculation of monthly anomalies in Aosta,
we performed the analysis for both SZAs (65 and 67°) and
the results were nearly identical (which was expected since
monthly UV anomalies were used in the study instead of ab-
solute UV irradiances). At all sites, the SZA of 45° is reached
in the period April-September.

Monthly averages of the irradiances and the ratio were
calculated for months for which measurements were avail-
able for at least 15d (with the sub-criterion that measure-
ments were available for at least 5d for each of the fol-
lowing sub-periods: day 1-day 10, day 11-day 20, day 21—
end). total-ozone daily averages were used for the calcu-
lation of monthly averages, again when measurements for
at least 15d were available. For all three stations, analy-
ses were performed for the period September 2006—August
2020 (14 years), i.e. the longest period of overlapping mea-
surements. For Rome, analyses were additionally performed
for the period September 1996—August 2020 (24 years). In
all cases, monthly climatological averages of each quan-
tity were calculated for the whole available period (2006—
2020 or 1996-2020). Monthly anomalies were calculated
by subtracting the monthly climatological averages from the
monthly average values. Calculation of trends was performed
by applying a least square linear fit to the monthly anoma-
lies and statistical significance was in all cases estimated
by applying the Mann—Kendall test. Trends were not calcu-
lated when anomalies were available for less than 50 % of the
months in the first half and 50 % of the months in the second
half of each period.

In addition to the ground-based measurements, re-analysis
products from Modern-Era Retrospective analysis for Re-
search and Applications version 2 (MERRA-2) have been
used, mainly for the investigation of changes in atmospheric
conditions and ozone at different atmospheric levels. All
MERRA-2 products used in the present study were provided
at a grid resolution of 0.5° x 0.625° (latitude x longitude)
and were downloaded from the Giovanni platform main-
tained by National Aeronautics and Space Administration
(NASA) (https://giovanni.gsfc.nasa.gov/giovanni/, last ac-
cess: 12 November 2021). Monthly average total ozone
(GMAO, 2015b) for 1996-2020 and geopotential heights
(GPHs) at 250 and 850hPa (GMAO, 2015a) were down-
loaded and analysed for southern Europe. Several studies re-
port a link between tropopause altitude and total ozone (e.g.
Steinbrecht et al., 1998; Varotsos et al., 2004). In this study
we tried to find the link between the GPH at 250 hPa and
total ozone in order to investigate and highlight the relation-
ship between synoptical tropospheric conditions (for which
the 250 hPa GPH is a better proxy relative to the tropopause
altitude) and total ozone. The 850 hPa GPH was chosen as a
proxy for the dynamical conditions near the surface. It was
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chosen instead of the GPH at a higher pressure level (e.g.
1000 hPa) because it is less affected by the features of the
surface. The GPH was linearly interpolated to the coordi-
nates of Aosta, Rome, and Lampedusa in order to study its
variability over these sites. Monthly average ozone mixing
ratios (GMAO, 2015a) from MERRA-2, at different pressure
levels between 150 and 3 hPa for 1996-2020 have been in-
terpolated to the coordinates of the station of Rome. The ver-
sion 7 Aqua/AIRS L3 Monthly Standard Physical Retrieval
(AIRS-only) tropopause height product with 1° x 1° resolu-
tion (AIRS3STM) (AIRS, 2019) was also interpolated to the
coordinates of the three stations for the period 2006-2020.
The AIRS3STM was also downloaded from the same plat-
form. As shown later, positive/negative anomalies in GPH
at 250 and 850 hPa generally coincide with positive/negative
anomalies of the tropopause altitude.

3 Short- and long-term variability of UV irradiance

3.1 Short-term variability of UV irradiance and the role
of changes in GPH

In this section, we investigate whether there is a correlation
between the monthly anomalies of GPH at 250 hPa (hereafter
named GPH unless otherwise specified) and the correspond-
ing anomalies of UV irradiance (at 307.5 and 324 nm) and
the 307.5/324 nm ratio. Here, and in the following sections,
the Pearson (i.e. linear) correlation coefficients are reported.
For all cases in which a strong correlation was found, lines
were fitted to scatter plots of the various parameters. The in-
vestigation was performed for all three stations for the period
2006-2020. For Rome, the analyses were also performed for
the period 1996-2020.

Figure 2 shows the sequence of the correlation analysis
among the sites for the different atmospheric parameters. As
shown in Fig. 2, the GPH at Aosta and Rome varies in a sim-
ilar way despite the distance between the two locations and
the fact that the two sites are in quite different environments.
The correlation coefficient for GPH at the two sites (panel a)
is ~ 0.9 and indicates that to a great extent the two sites are
affected by the same synoptical systems. This strong correla-
tion is also found for the anomalies of total ozone (panel m)
and subsequently for the anomalies of the 307.5 nm irradi-
ance (panel d) and the 307.5/324 nm ratio (panel j). The cor-
relation for the 324 nm irradiance (panel g) is statistically
significant but weak (~ 0.28). The corresponding correla-
tions between the same variables (with the exception of the
324 nm irradiance) at Rome and Lampedusa were also sig-
nificant but weaker than for Rome and Aosta, which was
expected since the latitudinal distance between Rome and
Lampedusa (6.4°) is larger than the distance between Rome
and Aosta (3.8°). Part of the differences could be also due
to the fact that dust outbreaks play a more significant role
in the variability of surface UVR over Lampedusa than in
Rome and Aosta (e.g. Meloni et al., 2008). Weak but statisti-
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Figure 2. Scatter plots and correlation coefficients (cc) between the monthly anomalies of GPH (first row), irradiance at 307.5 nm (second
row), irradiance at 324 nm (third row), the 307.5/324 nm ratio (fourth row), and total ozone (fifth row) in terms of anomalies for the pairs
Rome-Aosta (first column), Lampedusa—Rome (second column), and Lampedusa—Aosta (third column). Numbers in bold with asterisks

denote statistical significance.

cally significant correlation for GPH (~ 0.5) and total ozone
(~ 0.4) was found between Aosta and Lampedusa. However,
in this latter case the correlation found for total ozone and
GPH is not reflected in the levels of UV irradiance. Further
analyses showed that for GPH and total ozone the correla-
tion between different sites was generally stronger in win-
ter and weaker in summer. Even for summer, however, the
correlations between the aforementioned parameters for the
pairs Aosta—Rome and Rome-Lampedusa were statistically
significant (in the case of total ozone the correlation was also
significant for the pair Lampedusa—Aosta). What is interest-
ing is that the strongest correlations for the 307.5 nm irra-
diance and the 307.5/324 nm ratio between the three sites
were found for summer, which shows that the levels of the
307.5 nm irradiance over all three sites varied in a similar
way, mainly because total ozone also varied in a very similar
way.
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In Table 1 the correlation coefficients between GPH and
the UV irradiance at 307.5 and 324 nm (for SZAs 67 and
45°), GPH and the 307.5/324 nm ratio (for SZA = 67° and
SZA =45°), and GPH and total ozone are presented. The
change (in DU) in total ozone and (in %) in the irradi-
ances and the ratio for a 1m change in GPH are also
shown for the cases for which statistically significant correla-
tions or anticorrelations were found. The latter changes were
again calculated assuming linear correlation (or anticorrela-
tion) between GPH and the aforementioned parameters. The
monthly anomalies for each of the four seasons of the year
(December, January, February for winter, March, April, May
for spring, June, July, August for summer, and September,
October, November for autumn) were used for the calcula-
tion of the correlation coefficients. Numbers in bold denote
statistical significance (the Mann—Kendall method was used
to determine statistical significance) at the 95 % confidence
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level (hereafter the statistical significance at the 95 % confi-
dence level is referred as statistical significance).

Variations in the GPH at 250 hPa are strongly correlated
with variations in the tropopause altitude as well as with
variations in the GPH at 850 hPa (i.e. near the surface) (see
Fig. S3). Thus, the results presented in Table 1 partially con-
firm the findings of previous studies reporting correlation
between tropospheric dynamics variability and total ozone,
since a strong and statistically significant anticorrelation be-
tween total ozone and GPH was also found for all Italian
stations and all seasons. The correlation was slightly lower
in summer relative to other seasons (especially in Aosta).
A possible explanation is that the relatively stable synopti-
cal conditions in summer led to much smaller variability in
GPH relative to other seasons of the year, which in turn had
a weaker effect on total ozone relative to other phenomena.
As discussed in the following sections, changes in GPH also
played a significant role in the total-ozone long-term changes
over Italy.

The anticorrelation between total ozone and GPH was as-
sociated with, in most cases, a statistically significant corre-
lation between GPH and the 307.5/324 nm ratio. The corre-
lation between the GPH and the ratio was generally stronger
for Aosta than for Lampedusa and Rome. This is possibly
because variations in the GPH are linked to larger variations
in the total ozone at higher latitudes, given that the amount
and the variability of total ozone increase with increasing lat-
itude. The correlation between GPH and the 307.5 nm irradi-
ance was also statistically significant in most cases. In some
cases (e.g. Aosta in autumn) the correlation between GPH
and the 307.5/324 nm ratio was much stronger than the cor-
relation between GPH and the 307.5 nm irradiance. As al-
ready discussed, the variability of the ratio was mainly deter-
mined by the variability of total ozone, while the 307.5 nm
irradiance was also affected by the variations in factors such
as clouds and most types of aerosols which have a relatively
flat spectral effect in the range of 307.5-324 nm.

It is interesting to note that in addition to the significant
correlation between GPH and the 307.5 nm irradiance, strong
and statistically significant correlation was found between
GPH and the 324 nm irradiance for Rome. For the SZA of
45° the correlation was significant for spring and summer.
For 67° the correlation was significant for all seasons for
2006-2020 and for all seasons except summer for 1996—
2020. The correlation coefficients were generally larger for
2006-2020 relative to 1996-2020. Statistically significant
correlation between the 324 nm irradiance and the GPH has
been found for Lampedusa in winter and for Aosta in au-
tumn. The strong link between GPH and the 324 nm irradi-
ance may be related to changes in aerosols and clouds, as-
sociated with changes in synoptical meteorological condi-
tions. Aerosol and clouds, in their turn, affect the levels of
both UVB and UVA irradiances. Changes in GPH at 250 hPa
were strongly correlated with changes in pressure near the
surface and subsequently changes in GPH at 850 hPa (see
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Fig. S3), which were strongly linked to changes in cloudiness
and wind patterns (both of which also affect aerosol load).

According to the results shown in Table 1, an increase
of 1m in the GPH induced a decrease of 0.2-0.5DU in
total ozone over Italy and a corresponding increase of
0.02 %-0.07 % in the 307.5/324 nm ratio. The increase in
the 307.5 nm irradiance due to a 1 m increase in GPH ranged
between 0.01 % and 0.1 % depending on season and station.
The results were similar for 324 nm (increase in the irradi-
ance by 0.01 %—-0.07 % for a 1 m increase in GPH) when a
significant correlation with GPH was found.

3.2 Long-term variability of spectral UV irradiance and
total ozone

3.2.1 Long-term variability in the period 2006—2020

In this section, the results of the analysis of the long-
term changes for the same quantities as those discussed in
Sect. 3.1 are presented and discussed for the period Septem-
ber 2006—August 2020, during which measurements were
available for all three stations: Aosta, Rome, and Lampe-
dusa. The estimated trends of the irradiances at 307.5 and
324 nm and the 307.5/324 nm ratio at SZA =65° (67° for
Aosta) are presented in Fig. 3, while the corresponding trends
for SZA =45° are presented in Fig. 4. The trends were cal-
culated separately and are presented for each month of the
year. The estimated trends for total ozone (from ground-
based measurements) and GPH are presented in Fig. 5.

For Aosta, no significant change in the 307.5 and 324 nm
irradiances or of their ratio was found for the SZA of 67°.
At the SZA of 45° the 324 nm irradiance increased in Au-
gust by 0.6 %/yr. In the same month total ozone did not
change, which is consistent with the absence of a signifi-
cant trend in the ratio. However, GPH increased significantly
by 88 m/yr, which may be related to changes in cloudiness
and/or aerosols (e.g. Manara et al., 2016). A possible ex-
planation for the fact that, in August, the UV irradiance at
45° increases while it remains relatively stable at 67° is that
the two SZAs correspond to different times of the day, in
which cloudiness and/or aerosols may change differently. In
November an increase in total ozone over Aosta of 0.7 %/yr
was found, which again coincides with a (not significant)
GPH decrease.

At Lampedusa, the UV irradiance increased significantly
for SZA =65° in summer. The irradiance at 324nm in-
creased by ~ 0.2 %/yr in June, July, and August. The cor-
responding increase in the irradiance at 307.5nm for the
same months was ~ 0.05 %/yr and was statistically signifi-
cant only in July and August. It is possible that the detected
changes in UV irradiance are due to changes in aerosols (e.g.
dust) since clouds are rare at Lampedusa in summer. How-
ever, the overall change for the whole period of study (for
summer at 65°) is ~ 3 % for 324 nm and ~ 1 % for 307.5 nm,
which is below the standard uncertainty in the measurements
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Table 1. Correlation coefficients between the anomalies of GPH and other parameters (total ozone, irradiance at 307.5 and 324 nm, and the
307.5/324 nm ratio) for four different seasons of the year. Values in bold denote statistically significant correlation or anticorrelation. Values
in parentheses represent the change (in DU for total ozone and in % for irradiance, for each parameter for which a statistically significant

correlation or anticorrelation was found) for a 1 m change in GPH.

Lampedusa Rome (2006-2020)

Rome (1996-2020) Aosta

Total ozone

Winter —0.69 (—0.03DU)
Spring —0.64 (—0.05DU)
Summer —0.54 (—0.04 DU)
Autumn  —0.51 (—-0.04 DU)

—0.69 (—0.03 DU)
—0.46 (—0.03DU)
—0.56 (—0.05 DU)
—0.62 (—0.03DU)

—0.74 (—-0.04DU)
—0.56 (—0.04DU)
—0.49 (-0.04DU)
—0.70 (—-0.04DU)

—0.63 (—0.04DU)
—0.68 (—0.05DU)
—0.30 (—0.02DU)
—0.70 (—0.04DU)

307.5 nm irradiance (45°)

Winter - - - -
Spring 0.51 (0.0 %) 0.59 (0.10 %) 0.57 (0.10 %) 0.60 (0.07 %)
Summer 0.41 (0.03 %) 0.55 (0.0 %) 0.46 (0.05 %) 0.44 (0.04 %)
Autumn 0.49 (0.08 %) 0.33 0.58 (0.06 %) 0.26
307.5 nm irradiance (65° for Rome and Lampedusa, 67° for Aosta)

Winter 0.56 (0.03 %) 0.55 (0.07 %) 0.59 (0.08 %) 0.55 (0.07 %)
Spring 0.55 (0.01 %) 0.42 (0.01 %) 0.61 (0.02 %) 0.58 (0.02 %)
Summer 0.62 (0.01 %) 0.51 (0.01 %) 0.29 0.38 (0.01 %)
Autumn 0.57 (0.03 %) 0.64 (0.05 %) 0.52 (0.04 %) 0.64 (0.06 %)
324 nm irradiance (45°)

Winter - - - -
Spring 0.09 0.49 (0.07 %) 0.42 (0.06 %) 0.36
Summer —0.03 0.48 (0.06 %) 0.42 (0.04 %) 0.24
Autumn 0.12 0.14 0.34 —0.42
324 nm irradiance (65° for Rome and Lampedusa, 67° for Aosta)

Winter 0.50 (0.03 %) 0.44 (0.04 %) 0.38 (0.04 %) 0.10
Spring 0.08 0.44 (0.03 %) 0.40 (0.03 %) 0.31
Summer 0.10 0.42 (0.01 %) 0.20 —0.02
Autumn 0.07 0.42 (0.03 %) 0.33 (0.02 %) 0.41 (0.03 %)
307.5/324 nm ratio (45°)

Winter - - - -
Spring 0.65 (0.07 %) - 0.52 (0.05 %) 0.69 (0.06 %)
Summer 0.61 (0.05 %) 0.52 (0.04 %) 0.39 (0.03 %) 0.54 (0.04 %)
Autumn 0.62 (0.08 %) 0.24 0.53 (0.03 %) 0.76 (0.06 %)
307.5/324 nm ratio (65° for Rome and Lampedusa, 67° for Aosta)

Winter 0.54 (0.03 %) 0.44 (0.06 %) 0.62 (0.06 %) 0.67 (0.07 %)
Spring 0.44 (0.04 %) 0.19 0.39 (0.04 %) 0.66 (0.04 %)
Summer 0.59 (0.03 %) 0.50 (0.03 %) 0.17 0.55 (0.02 %)
Autumn 0.54 (0.06 %) 0.69 (0.04 %) 0.51 (0.04 %) 0.83 (0.06 %)

(~5%). Thus, the reported trends should be treated with
caution. Total ozone did not change at Lampedusa for any
of the 12 months despite the statistically significant increase
in GPH in September.

The UV irradiance in April at Rome increased sig-
nificantly at SZA =65° for both 307.5 and 324nm by
~ 0.2 %/yr and ~ 0.5 %/yr, respectively, at 65°. The corre-
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sponding increase at SZA =45° was by ~ 1 %/yr at both
wavelengths. The 307.5/324 nm ratio also increased, but the
increase was not statistically significant. These results show
that changes in total ozone were not the dominant driver of
changes in UV irradiance in April in 2006-2020 and that
other factors such as aerosols and clouds played a more im-
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Figure 3. Average change (%) per year of (a) irradiance at
307.5 nm, (b) irradiance at 324 nm, and (c) the 307.5/324 nm ratio.
Results are for SZA =67° for the period 2006-2020. Statistically
significant changes have been marked with x. Shaded areas corre-
spond to the 1o standard deviation.

portant role. No statistically significant changes were de-
tected for any other months.

3.2.2 Long-term variability at Rome for the period
1996-2020

In Fig. 6, the monthly anomalies of the 307.5 nm irradiance,
the 324 nm irradiance, the 307.5/324 nm ratio, and the to-
tal ozone are presented for Rome for the period Septem-
ber 1996—-August 2020 at the SZA of 65°. Moving averages
and linear trends for the four quantities are also presented
in the same figure. The calculated trends and the correspond-
ing p values are presented in Table 2. A negative, statistically
significant trend of —0.1 %/yr was found for total ozone, cor-
responding to a decrease of 2.4 % during the 24-year period.
Although total ozone decreased, neither the 307.5 nm irradi-
ance nor the 307.5/324 nm ratio increased.

The trends for each month were calculated for the 24-year
period and are presented in Fig. 7. Analyses were performed
for both SZAs, 65 and 45°. In addition to the trends of spec-
tral irradiance, the results for the 307.5/324 nm ratio are pre-
sented. Trends for July at 65° are not shown because of the
large number of missing values. The long-term changes in
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Figure 4. Average (%) change per year of (a) irradiance at
307.5nm, (b) irradiance at 324 nm, (c) and the ratio between the
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Figure 5. Average (%) change per year of (a) total ozone and
(b) GPH for the period 2006-2020. Statistically significant changes
have been marked with x.
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Table 2. Trends and statistics for the 307.5 nm irradiance, the 324 nm irradiance, the 307.5/324 nm ratio, and the total ozone for Rome in

1996-2020. Statistically significant trends are in bold.

Change %/yr  Standard deviation T statistic  p value
307.5nm 0.01 0.07 0.16 0.87
324 nm 0.01 0.05 0.26 0.79
307.5/324 nm 0.03 0.05 0.57 0.57
Total ozone —0.10 0.03 —3.21 < 0.01
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Figure 6. Anomalies (% differences relative to the monthly clima-
tological values, represented by dots), 12-month moving averages
(thick coloured lines), and trends (black lines) for Rome, for the
monthly averages of (a) the irradiance at 307.5 nm, (b) the irradi-
ance at 324 nm, (c) the ratio between the 307.5 and 324 nm irradi-
ances, and (d) the total ozone.

GPH and total ozone (measured by Brewer#067) were also
investigated and are presented in Fig. 8.

For the SZA of 65°, the irradiance at both wavelengths
increased significantly in April by 0.2 %/yr at 307.5 nm and
0.3 %/year at 324 nm. In the same month the 307.5 nm irradi-
ance at 45° also increased significantly by 0.5 %/yr. The ratio
changed in the same way for both SZAs and increased sig-
nificantly in April (by ~0.35 %/yr), August, and September
(for both months by 0.2 %/yr), inversely following the nega-
tive total-ozone trends. Total ozone decreased significantly in
April (with an average rate of —0.4 %/yr), September (with
an average rate of —0.2 %/yr), and October (with an average
rate of —0.15 %/yr). A decrease in total ozone of —0.15 %/yr
was also found for August, which however was not statisti-
cally significant.
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Figure 7. Average (%) change per year of (a) irradiance at
307.5 nm, (b) irradiance at 324 nm, (c¢) and the ratio between the ir-
radiances at 307.5 and 324 nm for Rome, for the period 1996-2020.
Trends of the irradiances and the ratio are presented for the 45 and
67.5° SZAs. Statistically significant trends have been marked with
x. Shaded areas correspond to the 1o standard deviation.

It can be also perceived from Fig. 8 that trends in total
ozone have the opposite sign as trends of GPH, which is
a strong indication that trends in total ozone are related to
dynamical changes in the troposphere and the lower strato-
sphere, which in turn shows that at least part of the trends was
due to a reduction in ozone in the lower stratosphere. Based
on the results shown in Table 1, we estimated that about
50 %-70 % of the long-term variability of total ozone and
307.5/324 nm ratio for different months (shown in Figs. 7
and 8) is explained from the long-term variability of the GPH
(shown in Fig. 8). Many recent studies show that in the mid-
latitudes of the Northern Hemisphere ozone increased in the
upper stratosphere and decreased in the lower stratosphere
(Ball et al., 2019; Eleftheratos et al., 2020; Sofieva et al.,
2017, Staehelin et al., 2001). Thus, an explanation of the re-
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Figure 8. Average (%) change per year of (a) total ozone and
(b) GPH for Rome, for the period 1996-2020. Statistically signifi-
cant trends have been marked with x. Shaded areas correspond to
the 1o standard deviation.

sults presented in Figs. 6, 7, and 8 could be that the negative
trends in lower-stratospheric ozone dominated over positive
trends in upper-stratospheric ozone over Rome, resulting in
an overall decrease in total ozone.

Qualitative analysis of the monthly average ozone mix-
ing ratio at different pressure levels between 100 and 3 hPa
for the period of study over Rome (see Fig. S4) confirmed
that ozone increased at lower pressure levels and decreased
at higher pressure levels, which agrees with the findings of
previous studies. A detailed quantitative analysis is however
beyond the scope of the present study.

Figure 9 shows the trends of total ozone (from MERRA-
2) and GPH on a wider spatial scale for the months of April
and September, for which statistically significant changes in
total ozone were found. These plots suggest that changes
over Rome were associated with changes that took place
over wider spatial scales. Although deriving trends of the
total ozone from MERRA-2 is more uncertain than deriv-
ing trends from good-quality ground-based measurements
(Zhao et al., 2021), the graphs in Fig. 9 still show clearly
that for the 2 months considered (April and September), neg-
ative trends in total ozone coincided with positive trends in
the GPH (which denotes a shift of the tropopause towards
higher altitudes) over wide areas. This was not the case for
October, for which changes in GPH did not coincide spatially
with changes in total ozone. Although it is not safe to draw
quantitative conclusions from this analysis, it indicates that
dynamical changes in the atmosphere could possibly play a
significant role in affecting ozone changes.
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4 Summary and conclusions

In the present study, the variability of solar UV irradiance at
307.5 and 324 nm and the 307.5/324 nm ratio was analysed
with respect to the variability of total ozone and GPH. Analy-
ses were performed for Rome, Aosta, and Lampedusa, where
long-term and high-quality measurements of spectral irra-
diance and total ozone were available for the period 2006—
2020. For Rome, analyses were also performed for 1996—
2020.

Statistically significant anticorrelations were found be-
tween the year-to-year variability of GPH and total ozone
for all three sites and all seasons of the year, which con-
firms the findings of studies reporting that variability in tro-
posphere dynamics is strongly correlated with the variability
in total ozone (e.g. Ball et al., 2019; Stachelin et al., 2001).
The anticorrelation between total ozone and GPH induced
corresponding positive correlations between GPH and the
307.5 nm irradiance and between GPH and the 307.5/324 nm
ratio, which in most cases was significant. Correlation be-
tween GPH and the 307.5 nm irradiance (and GPH and the
307.5/324 nm ratio) was significant for all three sites but
slightly stronger for Aosta relative to Rome and Lampedusa,
which can be attributed (at least partially) to the fact that to-
tal ozone at higher latitudes generally reaches higher values.
Thus, variations in GPH induced larger absolute changes in
total ozone and subsequently the UVB irradiance. At Rome,
the GPH was also correlated significantly with the 324 nm
irradiance (for anomalies in 2006—-2020 the correlation coef-
ficients for all seasons were ~ 0.4) because changes in GPH
are potentially also linked to changes in clouds and aerosols.

The correlation between the GPH at Rome and Aosta was
strong (~ 0.9) and showed that the two sites were frequently
affected by the same synoptical systems. The correlation be-
tween GPH at different sites resulted in a corresponding cor-
relation between total-ozone anomalies and in many cases
the anomalies of the 307.5 nm irradiance. In addition to the
fact that there was a strong correlation between the monthly
anomalies in the GPH (and subsequently between the total-
ozone anomalies) in Aosta, Rome, and Lampedusa, the long-
term trends in 2006-2020 at all three sites had the same sign
(i.e, the GPH was either increasing or decreasing at all sites)
for most months of the year.

In addition to the fact that there was a strong correla-
tion between the monthly anomalies in the GPH (and subse-
quently between the total-ozone anomalies) in Aosta, Rome,
and Lampedusa, the long-term trends in 2006-2020 at all
three sites were in the same direction (i.e, the GPH was in-
creasing/decreasing at all sites) for most months of the year.

During 20062020 the irradiance at 307.5 and 324 nm in-
creased significantly in April at Rome by 0.2 %/yr—1 %/yr
depending on wavelength and SZA and possibly due to
changes in aerosols and/or cloudiness. Positive, statistically
significant trends were also found for Lampedusa and Aosta
for the summer months, possibly driven by changes in
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Figure 9. Changes (%) of GPH at 250 hPa (a, b) and total ozone (¢, d) and for April (a, ¢) and September (b, d). Areas over which changes
are not statistically significant are covered by x. Results are for 1996-2020.

aerosols and/or clouds. Changes in troposphere dynamics in
April and September, which took place on a wide spatial
scale during 1996-2020, led to decreased total ozone over
Rome, which in turn resulted in statistically significant in-
creases in the 307.5/324 nm ratio. The ratio also increased
in August and October following the decrease in total ozone.
In all the above cases the changes in total ozone and the
307.5/324 nm ratio were in good agreement with the RAF
(radiation amplification factor) of ~ 1 for SZAs 45-65° re-
ported by di Sarra et al. (2002).

Concluding, the present study shows that total ozone over
the northern part of Italy decreased in the last decades mainly
because of changes in the dynamics of the troposphere,
the effect of which is dominant over the ozone recovery
in the upper stratosphere. In particular months, total-ozone
decrease resulted in increased UVB irradiance over Rome
during 1996-2020. In 2006-2020 the levels of UV irradi-
ance at Aosta, Rome, and Lampedusa generally increased
due to changes in clouds and/or aerosols. Continuous rise of
the tropopause in the Northern Hemisphere over 1980-2020
has been reported by Meng et al. (2021) due to tropospheric
warming, which is consistent with our findings for the long-
term changes in GPH. This study shows very clearly that
changes in the troposphere can play a key role in modifying
total ozone and surface UV radiation. Synoptical circulation
patterns and changes were found to affect not only changes
in total ozone but also UVB, and in some cases UVA, irra-
diance. Since significant changes in the dynamics of the tro-
posphere are projected for the future (e.g. IPCC, 2013), thor-
ough investigation is necessary in order to determine their
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possible impact on the future levels of surface solar UV radi-
ation.
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