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Abstract This study investigates the influence of low ozone
episodes on UV-B radiation in Austria during the period 1999
to 2015. To this aim observations of total column ozone
(TCO) in the Greater Alpine Region (Arosa, Switzerland,
Hohenpeissenberg, Germany; Hradec Kralove, Czech
Republic; Sonnblick, Austria), and erythemal UV-B radiation,
available from 12 sites of the Austrian UV-B monitoring net-
work, are analyzed. As previous definitions for low ozone
episodes are not particularly suited to investigate effects on
UV radiation, a novel threshold approach—considering
anomalies—is developed to provide a joint framework for the
analysis of extremes. TCO and UV extremes are negatively
correlated, although modulating effects of sunshine duration
impact the robustness of the statistical relationship. Therefore,
information on relative sunshine duration (SD,), available at
(or nearby) UV-B monitoring sites, is included as explanatory
variable in the analysis. The joint analysis of anomalies of both
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UV index (UVI) and total ozone (AUVI, ATCO) and SD,
across sites shows that more than 65% of observations with
strongly negative ozone anomalies (ATCO < —1) led to positive
UVI anomalies. Considering only days with strongly positive
UVI anomaly (AUVI > 1), we find (across all sites) that about
90% correspond to negative ATCO. The remaining 10% of
days occurred during fair weather conditions (SD, > 80%)
explaining the appearance of AUVI > 1 despite positive TCO
anomalies. Further, we introduce an anomaly amplification
factor (AAF), which quantifies the expected change of the
AUVI for a given change in ATCO.

1 Introduction

The emission of man-made ozone-depleting substances
(ODSs), comprising chlorofluorocarbons, hydrochlorofluoro-
carbons, and bromine species (e.g., methyl bromide), led to
significant stratospheric ozone depletion during the last de-
cades of the twentieth century (WMO 2014). Since the detec-
tion of the Antarctic ozone hole in the 1980s (e.g., Farman
et al. 1985), the scientific community and general public has
been concerned by increased ultraviolet radiation (UV) doses
due to declining ozone concentrations and related negative
effects on human health (WMO 2014). These concerns have
broadened the road for the Montreal Protocol, the internation-
al treaty for the protection of the ozone layer. Successful im-
plementation of the Montreal Protocol led to a significant
decrease in the emission of ODSs (e.g., Engel et al. 2002;
Montzka et al. 1996, 1999), and first studies documenting
evidence for the effectiveness of the Montreal Protocol ap-
peared in the recent literature (e.g., Méder et al. 2010;
Solomon et al. 2016; WMO 2014). Although ODS concentra-
tions peaked between 1997 and 2001 and have been declining
since, they are to date well above 1980 levels and projected to
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remain so in the next few decades (WMO 2014). Simulations
of state-of-the-art chemistry climate models project a steady
but slow decline in ODS concentrations over the twenty-first
century (e.g., Eyring et al. 2010; SPARC-CCMVal 2010),
leading to a recovery of the ozone layer to pre-1980 conditions
in the second half of the twenty-first century (WMO 2014).

Although the UV wavelength range (200400 nm) of the
solar spectrum comprises only a small fraction of the total
energy of solar radiation, it is important for human health
and photochemistry due to the high energy of photons in this
wavelength range. The UV wavelength range is commonly
subdivided in three spectral regions: UV-A (315400 nm),
UV-B (280-315 nm), and UV-C (200-280 nm) (e.g.,
Commission Internationale de 1’Eclairage 1999; World
Health Organization 2002).

It is well understood that total column ozone (TCO), cloud-
iness, and solar zenith angle are the most important factors
influencing UV radiation at the surface (e.g., Calbo et al.
2005; Kerr 2003). The total column ozone amount is particu-
larly important as ozone is the dominant atmospheric absorber
of UV-B and UV-C radiation (UNEP 1998). Furthermore, UV
doses depend strongly on aerosol loading (e.g., Kazadzis et al.
2007; Reuder and Schwander 1999; Ruckstuhl et al. 2008),
surface albedo (e.g., Blumthaler and Ambach 1988), and alti-
tude (e.g., Blumthaler et al. 1997; Schmucki and Philipona
2002). Cloudiness often masks the influence of TCO changes
on UV radiation and may, depending on cloud type and
amount, cancel, reduce, or enhance UV signals (e.g., Bais
et al. 1993; Feister et al. 2015; Glandorf et al. 2005; Rieder
et al. 2010c; Seckmeyer et al. 1996).

Several studies investigated the evolution of low ozone
episodes at mid-latitudes (Anton et al. 2008; Bojkov and
Balis 2001; Bronnimann and Hood 2003; Fitzka et al. 2014;
Frossard et al. 2013; Hood et al. 2001; Iwao and Hirooka
2006; James 1998; Koch et al. 2005; Krzyscin 2002;
Newman et al. 1988; Petzoldt 1999; Rieder et al. 2010a, b,
2011, 2013). The definitions for low ozone episodes, often
referred to as ozone miniholes, vary among studies, and to
date, only few studies have analyzed changes in the UV field
during low ozone episodes and the general connection be-
tween low ozone episodes and UV levels (e.g., Anton et al.
2008; Bartlett and Webb 2000; Fragkos et al. 2016; Martinez-
Lozano etal. 2011; McKenzie etal. 1991; Rieder etal. 2010c).
Furthermore, no uniform definition for ozone or UV extremes
is available. Threshold approaches vary among studies be-
tween fixed levels and relative or absolute deviations (with
the latter identified as not-optimal choice due to the non-
Gaussian behavior of TCO data (e.g., Rieder et al. 2010a)).
Furthermore, the difference in the northern mid-latitude sea-
sonal cycles of TCO (maxima in late winter/early spring, min-
ima in fall) and UV-B radiation (summertime maxima) com-
plicate the joint analysis of extremes. This study aims on
bridging this gap by introducing a joint, anomaly based,
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framework for the analysis of TCO and UV extremes. This
framework is applied to investigate the influence of low ozone
episodes on UV radiation in Austria during the period 1999 to
2015.

2 Data

In this study, we use (1) TCO data from four sites in the
Greater Alpine Region (GAR; Auer et al. (2007)), (2)
ground-based UV measurements from 12 sites of the
Austrian UV-B monitoring network (Schmalwieser and
Schauberger 2001), and (3) sunshine duration data from
semi-automatic weather stations of the Zentralanstalt fiir
Meteorologie und Geodynamik, Austria (ZAMG) located at
(or nearby) the UV-B monitoring sites. All datasets are avail-
able from 1999 to 2015 (besides UV records for Gross-
Enzersdorf, Gerlitzen, and Hafelekar, starting in 2004) and
described in detail in Sects. 2.1-2.3. Substantial year-to-year
variability but no statistically significant (at a 95% level)
monthly, seasonal, or annual trends are present in the datasets.
The absence of trends is attributed to (1) the time period con-
sidered as negative ozone trends have been strongest in the
1980s and early 1990s (WMO 2014) and (2) the limited re-
cord length of 17 years.

2.1 Total column ozone data

Daily observations of TCO from four ground-based sites:
Arosa (ARO, Switzerland), Hohenpeissenberg (HOH,
Germany), Hradec Kralove (HRA, Czech Republic), and
Sonnblick (SON, Austria), are used in this study. TCO
data for HOH and HRA were derived from the World
Ozone and Ultraviolet Radiation Data Center
(WOUDC), while data for SON and ARO were provided
by the Institute of Meteorology of the University of
Natural Resources and Life Sciences Austria (BOKU)
and the Swiss Federal Office of Meteorology and
Climatology (MeteoSwiss), respectively. All ground-
based ozone datasets analyzed were obtained with
Brewer spectrophotometers using the differential optical
absorption spectroscopy principle—i.e., measurements of
relative intensities of selected UV wavelengths pairs are
used, along with known absorption coefficients of ozone
and other parameters such as the solar zenith angle and
scattering coefficients—to derive TCO at site basis (e.g.,
Kerr 2002; Kerr et al. 1985). A geographical overview
about the location of ground-based TCO monitoring sites
is provided in Fig. 1, and information on site altitudes and
data completeness for individual TCO monitoring sites is
provided in Table 1.
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Fig. 1 Geographical overview of UV-B (blue squares) and TCO (red
squares) monitoring sites used in this study

2.2 Ultraviolet radiation data

The Austrian UV-B monitoring network (Schmalwieser and
Schauberger 2001) is operating since 1999 within the scope of
the Austrian UV-B monitoring program under the auspices of
the Austrian Federal Ministry of Agriculture, Forestry,
Environment, and Water Management. UV-B measurements
are performed by the Division of Biomedical Physics of the
Medical University of Innsbruck (DBP-MUI) in close collab-
oration with partner institutes/universities. Currently data is
available from 12 national monitoring sites and four sites lo-
cated in proximity to the Austrian border (Munich and
Zugspitze (Germany); Davos and Weissfluhjoch
(Switzerland)).

Within this study, erythemally weighted UV-B data from
12 monitoring sites in Austria, obtained from the Austrian
UV-B monitoring network database hosted by DBP-MUI,
were analyzed. The datasets were provided with 30-min tem-
poral resolution in terms of Ultraviolet Radiation Index (UVT)
(e.g., World Health Organization 2002). Astronomical calcu-
lations have been performed to determine solar zenith angles
on site basis, and all UVI measurements between local

Table 1  Overview of site abbreviation, site altitude, and data coverage
(1999-2015) for individual total ozone (TCO) monitoring sites located
within the Greater Alpine Region

TCO station Abbreviation  Altitude (m)  Data coverage (%)
Sonnblick SON 3106 78.0
Arosa ARO 1855 87.0
Hohenpeissenberg HOH 990 80.7
Hradec Kralove HRA 300 96.0

astronomical sunrise and sunset have been included for calcu-
lations of daily mean values of UVI. Information on site alti-
tude, record lengths, and data completeness for individual UV-
B monitoring sites is provided in Table 2. Figure 1 provides an
overview about the geographical location of the Austrian UV-
B monitoring sites.

2.3 Sunshine duration data

Continuous information on sunshine duration in Austria is
available from the network of semi-automatic weather stations
(TAWES), operated by ZAMG. Sunshine duration data from
TAWES sites co-located with (or located in close proximity
to) UV-B monitoring sites (see Table 2) have been included in
the analysis as proxy for cloudiness. As unrobust relationships
between daily mean UVI and TCO are found, we include
relative sunshine duration (SD,; fraction of observed to as-
tronomically possible sunshine duration, in %), as secondary
explanatory variable (besides TCO) in our analysis to account
for cloud effects.

3 Methods

3.1 A joint threshold approach for the analysis of 0zone
and UV extremes

To date, various definitions for low ozone episodes have been
presented in the scientific literature. Previous studies used (1)
fixed thresholds (e.g., Bojkov and Balis 2001; Bronnimann
and Hood 2003), (2) time-varying thresholds based on the
deviation from monthly means (e.g., Anton et al. 2008;
Koch et al. 2005; Krzyscin 2002), or (3) the application of
extreme value theory (e.g., Fitzka et al. 2014; Rieder et al.
2010a, b, 2011; Petropavlovskikh et al. 2015) to determine
low ozone episodes. Furthermore, only few studies focused
on changes in the UV field during low ozone episodes and the
general connection between low ozone episodes and UV
extremes (e.g., Anton et al. 2008; Fragkos et al. 2016;
Martinez-Lozano et al. 2011; Rieder et al. 2010c).

All abovementioned concepts to define UV and TCO ex-
tremes show limitations, and no threshold approach is partic-
ularly suited for the joint analysis of ozone and UV extremes.
Therefore, a new approach focusing on anomaly changes is
presented in this study. In this analytical framework, daily
mean values of both UVI and TCO are converted to deviations
from climatological daily means (derived based on linearly
interpolated monthly means) in terms of (linearly interpolated)
standard deviation. This approach avoids (1) the use of a
unique threshold throughout the year (thus allows addressing
seasonal variations), (2) unphysical “steps” between threshold
values at the transition between two consecutive months (in
analogy to the method described (for TCO) by Rieder et al.
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(2010a)), and (3) issues due to differences in the evolution of
seasonal cycles of TCO and UV as exceedances of individual
anomalies are considered. Thus, the presented approach yields
daily anomaly values for the ultraviolet radiation index
(AUVI) and the total column ozone amount (ATCO) (see
Eq. 1):

Xi—Xwm

——= (1)
O’(XMJ)

where the subscript i refers to a daily observation of the var-
iable X, X refers to TCO or UVI, X, ; refers to the linearly

AX; =

interpolated monthly mean of X, and o (X, ;) refers to the
linearly interpolated monthly standard deviation of X, respec-
tively. This approach provides a joint framework for the anal-
ysis of extremes without further consideration of seasonal
variations.

In the following, we refer to days with TCO anomaly
smaller than minus one (two) as low (extreme low) ozone days
and days with UVI anomaly greater than one (two) as high
(extreme high) UV days. Figure 2 shows the number of low
ozone and high UV days per year for each site in 1999-2015.
We note that the apparent increase in the number of high UV
days at some stations towards the end of the time series can be
associated with a distinct increase in data coverage at these
sites. We note that no such increase is found when the data is
analyzed in relative terms.

3.2 Definition of low ozone episodes and extreme low
ozone episodes based on a merged multi-site dataset

As individual observational records of TCO are incomplete
(i.e., missing values due to meteorological conditions,

instrument failures, instrument maintenance, and site opera-
tion schedules), we pool information contained in the individ-
ual records for the analysis of extreme ozone episodes. Such
pooling is justified as statistical analysis shows good agree-
ment among individual records: (1) correlation coefficients for
joint observations among TCO sites range between 0.87
(0.94) and 0.98 (0.97) for daily (monthly) means, (2) monthly
mean differences range between 14.1 and —1.6 DU, and (3)
monthly mean absolute differences range between 4.0 and
14.9 DU. As we are particularly interested in low ozone
events, we retain only the daily minimum TCO anomaly
across observing sites in a merged TCO dataset. The number
of low ozone days per year for the merged time series is shown
in Fig. 2a. Hereinafter, low (extreme low) ozone episodes
(LOEs/eLOEs) are defined as periods of more than two
consecutive days with an ozone anomaly smaller than minus
one (two) in the merged TCO dataset.

3.3 An empirical method for the exclusion of dubious UV
data from observational records based on TCO and SD,

To identify days with dubious UV observations, a multiple
linear regression model for AUVI using ATCO and SD,, as
explanatory variables was developed:

AUVIyoa ~1 + Breo ATCO + Bsp- SDyer (2)

where AUVIyoq 1s the UVI anomaly as predicted for given
ATCO and SD, with the regression coefficients Srco, Bsps
and intercept /. Any data point with AUVI smaller than a
threshold 7 (which is the multiple regression model-
predicted AUVIy;,q minus an empirically determined constant
of 1.5) is excluded from further analysis. For convenient ref-
erence, a representative example for the three-dimensional

Table 2 Overview of site

abbreviation, site altitude, and UV station Site Altitude UV datacoverage ~ SD station SD data coverage

data coverage for individual abbreviation  (m) (%) (%)

Austrian UV-B monitoring sites

and measurements of sunshine Sonnblick Son 3106 60.1 Sonnblick 92.9

duration co-located (or at nearby Hafelekar® Hfk 2275 88.1 Patscherkofel 92.3

meteorological sites) Gerlitzen® Ger 1526 912 Kanzelhohe 99.4
Mariapfarr Mpf 1153 72.8 Mariapfarr 93.7
Innsbruck Ibk 577 73.7 Innsbruck 99.6
Klagenfurt Kla 448 66.9 Klagenfurt 97.0
Dornbim Dor 410 56.2 Dornbirn 95.4
Graz Gra 348 72.2 Graz 97.2
Linz Lin 335 85.1 Linz 96.5
Bad Voslau Voe 286 85.6 Baden 83.6
Gross-Enzersdorf®  Ged 156 72.1 Gross-Enzersdorf ~ 96.9
Vienna Vie 153 56.1 Vienna 94.1

Data coverage is calculated over the period 1999 to 2015

# Shorter records spanning from 2004 to 2015

@ Springer



Influence of low ozone episodes on UV-B radiation in Austria

323

Fig. 2 a Number of low ozone a Number of Low TCO Days
. . o
days, i.c., days with a strongly © %= SON =M= ARO == HOH HRA == MERGED
negative total column ozone
(TCO) anomaly (ATCO < —1),
per year and TCO monitoring site o
and for the merged TCO dataset. 27
b Number of high UV days, i.c., %
days with a strongly positive UVI =}
anomaly (AUVI > 1) per year and * o
UV-B monitoring site ©
o
T T T T T T T T T T T T T
b Number of High UV Days
@ 7 —¥— Son =¥—= Hfk =% Ger =% Mpf =% Ibk == Kla =%~ Dor =%= Gra =¥ Lin =% Voe Ged Vie
o
8
2
a X
* Xy %
o | X X S>> ¥ x\
© X $ 8L QR x%
x,—x§é ;é :: ’xéx xkx; ) ?;\X/
%€ T x 58 — "§\&<
TS e i
EQx g =—%-=%x" & ‘QZ_ =% X
o X X ®
T T T T T T T T T T T
1999 2001 2003 2005 2007 2009
Year

scatterplot between AUVI, ATCO, and SD,.; with the cutoff
plane for dubious data is shown in Fig. 3, along with the daily
course of UVI and SD, data for a selected day classified as
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Fig. 3 a The 3D scatterplot for UVI anomaly (AUVI) and SD,; from
monitoring site Graz and the regional minimum total ozone anomaly
(ATCO). The dark gray vertical plane indicates the fit of the multiple
linear regression model illustrated in Eq. (2), while the light gray plane
represents the cutoff plane for dubious days (AUVIyoq — 1.5). The red
points indicate dubious days, and the black points indicate valid
measurements. b Diurnal variation of UVI and SD, at station Graz on
February 26, 2002 as an exemplary day with dubious UV-B

“dubious.” This method can further be implemented as plau-
sibility check within the operational routine of the Austrian
UV-B monitoring network to aid data quality management.
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measurements. The gray areas indicate the time periods before (after)
sunrise (sunset), the yellow vertical bars give the relative hourly sunshine
duration, the black solid line gives the half hourly mean UVI, and the
orange dashed line gives the daily mean relative sunshine duration.
Information on daily mean UVI and SD,.; is provided in the top lefi
corner of the panel, while information on TCO (in DU and anomalies)
for the four TCO monitoring sites is provided in the top right
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Table 3  Start date, end date, and duration of selected low ozone Table 4  Start date, end date, and duration of extreme low ozone

episodes (LOEs) episodes (eLOEs)

Start date End date Duration (days) Start date End date Duration (days)

26.11.1999 03.12.1999 8 05.01.1999 06.01.1999 2

31.01.2000 06.02.2000 7 01.12.1999 02.12.1999 2

05.03.2000 12.03.2000 8 25.09.2000 27.09.2000 3

13.04.2000 23.04.2000 12 29.11.2000 30.11.2000 2

01.06.2000 16.06.2000 16 11.02.2002 12.02.2002 2

11.10.2001 21.10.2001 11 01.05.2002 02.05.2002 2

10.07.2002 16.07.2002 7 19.03.2005 22.03.2005 4

18.03.2003 24.03.2003 7 02.05.2005 03.05.2005 2

04.01.2005 11.01.2005 8 27.06.2005 28.06.2005 2

15.03.2005 25.03.2005 11 19.01.2006 20.01.2006 2

27.10.2005 04.11.2005 9 27.10.2006 28.10.2006 2

25.10.2006 31.10.2006 7 30.10.2006 31.10.2006 2

25.12.2006 01.01.2007 8 16.07.2007 19.07.2007 4

14.07.2007 21.07.2007 8 19.02.2008 22.02.2008 4

18.02.2008 28.02.2008 11 26.05.2008 28.05.2008 3

24.05.2008 30.05.2008 7 12.09.2008 13.09.2008 2

07.09.2008 13.09.2008 7 09.04.2011 10.04.2011 2

28.03.2011 03.04.2011 7 16.04.2011 17.04.2011 2

06.04.2011 12.04.2011 7 21.08.2011 22.08.2011 2

16.04.2011 23.04 2011 8 24.08.2011 25.08.2011 2

27.04.2011 30.04.2011 4 26.12.2011 28.12.2011 3

17.08.2011 30.08.2011 14 11.05.2012 12.05.2012 2

08.09.2011 17.09.2011 10 30.06.2012 01.07.2012 2

28.10.2011 06.11.2011 10 25.12.2012 26.12.2012 2

23.12.2011 29.12.2011 7 23.09.2013 24.09.2013 2

26.04.2012 02.05.2012 7 16.03.2014 18.03.2014 3

15.06.2012 21.06.2012 7 03.05.2015 05.05.2015 3

27.06.2012 03.07.2012 7

05.07.2012 11.07.2012 7 Note that each listed episode lasts at least 2 days

17.08.2012 25.08.2012 9 . . . .

17.10.2012 24 102012 g relationship between TCO and UVI anomalies on days with
SD,1 > 80%.

19.12.2015 29.12.2015 11

Note that each listed episode lasts longer than 6 days

4 Results

In the following, the climatology of low ozone episodes and
extreme low ozone episodes in Austria between 1999 and
2015 (Sect. 4.1), the relationship between ozone and UV ex-
tremes (Sect. 4.2), and a so-called anomaly amplification fac-
tor (AAF) relating changes in TOC anomalies to changes in
UV anomalies under clear-sky and partly cloudy conditions
(Sect. 4.3) are presented. As it is well understood that UV
levels are highest under low TCO and clear-sky or partly
cloudy conditions (e.g., Calbo et al. 2005; Rieder et al.
2010c), particular emphasis is given on the analysis of the

@ Springer

4.1 Identification of low and extreme low ozone episodes

First, we turn the focus to the climatology of low and extreme
low ozone episodes over the GAR. Over the period 1999 to
2015, a total of 300 LOEs and 28 eLOEs have been identified
(see Tables 3 and 4). The longest LOE occurred between
June 1 and 16, 2000. During this LOE, the highest daily
maximum UVI (11.5) within the observational period was
observed at monitoring site Sonnblick (June 10, 2000).
Overall, 97 of the highest 100 UVI maxima have been observed
at this monitoring site, which is not surprising given the
high-altitude location of the station (3106 m asl) and the known
altitude dependence of UV radiation (e.g., Blumthaler et al.
1997; Schmucki and Philipona 2002). The three longest
continuous eLOEs persisted 4 days (see Table 4) and were
embedded in LOEs lasting 8 days or more. Additionally, in



Influence of low ozone episodes on UV-B radiation in Austria

325
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August 2011, four extreme low ozone days forming two eLOEs
(i.e., one low ozone day separates the eLOEs) were identified,
which were embedded in a 10-day LOE (see Fig. 4a). Given the
overall large number of LOEs (300) and eLOEs (28), we focus
in the following on selected episodes in greater detail.

In the recent literature, particular emphasis has been given
on the identification of low ozone episodes at northern mid-
latitudes following the advection of 0zone poor air masses out
of the Arctic polar region. Such advection of ozone poor air
occurred more often in recent years as a result of several par-
ticularly cold winters, e.g., 2000, 2005, and 2011, with large
polar stratospheric cloud (PSC) formation (e.g., Manney et al.
2011). PSC surfaces act as catalysts for the conversion of
chlorine reservoir species to active chlorine radicals,
which—once sunlight returns in Arctic spring—facilitate

Relative Sunshine Duration [-]

18/04/11
19/04/11
20/04/11
21/04/11
22/04/11
23/04/11
24/0411
25/04/11
26/04/11

significant ozone depletion (e.g., Peter 1997; Solomon
1999). Following the breakup of the Arctic polar vortex in
spring, the advection of ozone poor air masses to mid-
latitudes can occur, which then in turn can lead there to a
significant increase in UV radiation as observed most recently
in 2011 (e.g., Bernhard et al. 2013).

The outward propagation of ozone poor air masses
from the Arctic in spring 2000 triggered one of the lon-
gest LOEs on record, lasting from April 13 to 24, 2000.
Unfortunately, the influence of this LOE on UV radiation
in Austria has been hard to assess, as only a limited num-
ber of UV observations is available during this period. In
contrast during the LOE in March 2005, complete records
of UV observations are available at almost all monitoring
sites. The initial phase of this LOE was characterized by
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strongly negative TCO anomalies resulting in a 4-day
eLOE from March 19 to 22, 2005 (see Fig. 4b). Despite
pronounced TCO anomalies, UVI anomalies have been
low to moderate throughout most of the LOE as predom-
inantly cloudy conditions prevailed. In the Arctic spring
of 2011, ozone loss rates have been, for the first time,
comparable to average Antarctic conditions (e.g.,
Manney et al. 2011). Propagation of ozone poor Arctic
air masses affected large parts of Europe in March and
April 2011. In the GAR, ozone poor Arctic air encoun-
tered ozone-rich ambient air; thus, local TCO anomalies
have been moderated. Nevertheless, three extended LOEs
totaling 26 low ozone (and 4 extreme low ozone) days
have been identified: March 28 to April 3, April 6 to
12, April 16 to 23, and April 27 to 30. Particularly, during
the LOE from April 17 to 23, UVI anomalies have been
positive nationwide due to fair weather conditions (see
Fig. 4c).

4.2 Impact of low ozone episodes on ultraviolet radiation

To analyze the influence of low ozone episodes on UV
radiation in Austria, a joint analysis of TCO and UVI
anomalies under consideration of SD,. has been per-
formed. The following results are based on the TCO re-
cord from Sonnblick only, since the station has the
smallest spatial distance to most Austrian UV-B monitor-
ing sites.

o Observations SD,¢ < 0.8
@ Observations SDy = 0.8

AUVI

ATCO

Fig. 5 a Scatterplot of daily anomalies of TCO (observed at site
Sonnblick) and UVI (observed at site Graz). The red dots indicate the
days with SD,¢ > 80%, and the gray dots indicate the days with SD,;
between 0 and 80%. The solid lines are the regression lines between TCO
and UVI anomalies for all data (black) and days with SD,. > 80% (red). b
Scatterplot of daily UVI anomalies against daily relative sunshine
duration at station Graz. The red dots indicate the days with
ATCO < —1, the blue dots indicate the days with ATCO > 1, and the
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AUVI

The results show a significant negative correlation of
ATCO and AUVI. A particularly strong relationship is
found for days with clear-sky and partly cloudy condi-
tions (SD,¢; > 80%). This is illustrated exemplarily in
Fig. 5 for station pair Graz (AUVI, SD,.;) and Sonnblick
(ATCO). Figure 5a shows a scatterplot for ATCO and
AUVI, and Fig. 5b shows a scatterplot for SD, and
AUVI, respectively. Expanding the joint analysis of
AUVI, ATCO, and SD,, across all UV-B monitoring sites
(see Table 5) shows that during 1999-2015, more than
65% of observations with low TCO anomaly
(ATCO < —1) led to positive UVI anomalies (AUVI > 0)
independent of sunshine duration and site. Furthermore,
for days with SD,, > 40% and strongly negative TCO
anomaly (ATCO < —1), more frequently positive than negative
AUVI is found. On the other hand, on days with strongly
positive TCO anomaly (ATCO > 1), more positive than
negative UVI anomalies have been observed only on days
with at least 80% relative sunshine duration at the majority
of sites.

Considering only days with strongly positive UVI
anomaly (AUVI > 1), we find across all sites: (1) about
50% correspond to strongly negative or extremely neg-
ative ozone anomalies, (2) about 90% correspond to
negative ATCO, and (3) the remaining 10% occur dur-
ing fair weather conditions (SD,.; > 80%) explaining a
strongly positive AUVI despite positive TCO anomalies
(see Fig. 0).

Observations alb
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gray dots indicate all other days (note that TCO data is from site
Sonnblick). The dashed black line gives the regression line between
AUVI and SD,, for all available data. Explained variance (R?) of the
regression model is given in the upper left corner of the graph. The
figure is subdivided in four regions of interest, divided through a
crosshair centered at AUVI = 0 and SD,.; = 0.5, indicated with a
(positive AUVI and SD, < 0.5), b (positive AUVI and SD, > 0.5), ¢
(negative AUVI and SD,, < 0.5), and d (negative AUVI and SD,; > 0.5)
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Table5 Percentage of days with strongly negative (ATCO®?, i.e., ATCO < —1) and strongly positive (ATCO™, i.e., ATCO > 1) TCO anomaly for days
with (a) positive AUVI and SD,; < 50%, (b) positive AUVI and SD,y > 50%, (c) negative AUVI and SD,.; < 50%, and (d) negative AUVI and
SD, > 50%

Site a b [ d

ATCO®? ATCO™ ATCO® ATCO™ ATCO® ATCO™ ATCO®? ATCO™
Son 2.5(18.5) 1.7 (11.4) 7.0 (52.1) 1.5 (10.1) 3.9 (28.8) 9.8 (66.2) 0.1 (0.5) 1.8 (12.3)
Hik 1.7 (12.3) 0.7 (4.4) 8.9 (65.7) 22(14.3) 2.6(19.2) 11.0 (70.1) 04 (2.8) 1.7 (11.2)
Ger 1.5 (10.7) 0.3(1.9) 10.6 (77.0) 2.1(13.7) 1.7 (12.0) 11.4 (72.6) 0.0 (0.3) 1.8 (11.8)
Mpf 3.0 (20.7) 0.7 (4.6) 8.0 (56.0) 1.7 (11.5) 32(22.3) 11.1 (74.4) 0.1 (1.0) 1.4 (9.5)
Ibk 24(17.1) 0.6 3.7) 8.5 (59.9) 2.7 (18.5) 3.1(22.2) 10.1 (68.4) 0.1 (0.8) 1.4 (9.4)
Kla 2.7 (18.0) 1.0 (7.0) 8.6 (58.2) 2.6 (17.9) 34(22.9) 9.6 (67.1) 0.1 (0.9) 12(8.1)
Dor 3.5 (23.4) 1.7 (13.1) 6.2 (41.7) 29(21.9) 5.1 (34.6) 8.4 (63.1) 0.0 (0.3) 0.3 (2.0)
Gra 1.8 (12.3) 0.4 (3.0) 10.0 (67.0) 2.5(17.8) 2.9 (19.5) 8.9 (64.6) 02(12) 2.0 (14.6)
Lin 25(17.4) 1.3 (8.7) 73 (51.3) 2.1 (14.5) 45(31.3) 10.7 (72.9) 0.0 (0.0) 0.6 3.8)
Voe 24(17.1) 12 (8.1) 7.1 (50.8) 2.8 (18.7) 44 (31.4) 10.6 (69.4) 0.1 (0.6) 0.6 3.8)
Ged 22(17.3) 0.9 (5.8) 6.9 (54.4) 29(17.8) 3.6 (28.3) 11.3 (69.6) 0.0 (0.0) 1.1(6.8)
Wie 2.1(13.9) 14 (9.3) 8.3 (55.4) 23 (14.7) 45(29.7) 11.1 (72.0) 0.2 (1.0) 0.6 (4.1)

The first values in each column represent the percentage of days with respect to all available observations at this site, while values in brackets give the
percentage with respect to all strongly negative/strongly positive TCO observations

4.3 An AAF relating changes in TCO and UVI over the whole observational period was found to be
0.32 with a mean absolute deviation of 0.05.

To assess the general relationship between TCO and
UVI anomalies, we introduce an AAF in analogy to
the radiation amplification factor frequently used in pre-
vious work (e.g., McKenzie et al. 1991). This AAF
quantifies the expected change of the AUVI for a given
change in ATCO (i.e., the slope of the regression lines
in Fig. 5a), independent of seasonal and inter-annual
variations. To avoid masking effects of cloudiness (rep-
resented here by SD,.;), only observations with clear-sky
and partly cloudy conditions (SD,,; > 80%) have been
taken into account for calculation of the AAF. The
mean AAF across all considered UV-B monitoring sites

5 Conclusions and discussion

Within this study, we address the influence of low TCO on
UV-B radiation in Austria. To this aim, we analyze data from
four TCO monitoring sites in the Greater Alpine Region
(Arosa, Switzerland; Hohenpeissenberg, Germany; Hradec
Kralove, Czech Republic; Sonnblick, Austria) and 12 UV-B
monitoring sites operated within the scope of the Austrian
UV-B monitoring network from 1999 to 2015. Given the im-
portance of ambient weather conditions (i.e., cloudiness) for
erythemal UV-B doses, we include information on relative

u ATCO<-2 8 ATCO<-1 8 ATCO<0 @ SD=0.8 sunshine duration (SD,) observed at or nearby the UV mon-

R itoring sites.
2 g As none of the definitions for low ozone episodes present-
2 ed in the scientific literature is particularly suited for the joint
© & .
% Gl analysis of ozone and UV extremes, we present a novel ap-
S o | proach focusing on anomaly changes (see Sect. 3). Our ap-
5 < . .
G% proach avoids (1) the use of a unique threshold throughout the
T RH year (thus allows addressing seasonal variations), (2)
o unphysical steps between threshold values at the transition

Voe Dor Gra Ged Ibk Ger Kla Lin

Mpf Hfk Son Vie between two consecutive months, and (3) issues due to differ-
ences in the seasonal cycles of TCO and UV as exceedances of
individual anomalies are considered. Therefore, it can be

regarded as improved time-varying threshold approach,

Fig. 6 Fraction of observation days (in %) with strongly positive UVI
anomaly (AUVI > 1) categorized into days with extremely negative
(ATCO < =2, dark red), strongly negative (—2 < ATCO < —1, red),
negative (—1 < ATCO < 0, orange), and positive TCO anomaly

combined with high relative sunshine duration (ATCO > 0 and
SD, > 80%, gray)

allowing not only the identification of ozone extremes but also
their specific impact on erythemal UV-B radiation.
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As individual TCO records are incomplete, we pool infor-
mation and consider the daily minimum TCO anomaly across
sites (Sect. 3.2). Furthermore, we use this daily minimum
TCO anomaly to define low (extreme low) ozone episodes
(LOE/eLOE) as periods of more than two consecutive days
with an ozone anomaly smaller than one (two) standard devi-
ation(s) (Sect. 3.2). Over the period 1999 to 2015, a total of 28
eLOEs and 300 LOEs have been identified in the merged
TCO record (Sect. 4.1). Several low ozone episodes occurred
following the advection of ozone poor air masses out of the
Arctic polar region. Such events occurred more frequent in
recent years as the Arctic experienced several particularly cold
winters, e.g., 2000, 2005, and 2011, with large polar strato-
spheric cloud formation (e.g., Manney et al. 2011).

The joint analysis of the TOC and UVI anomalies (ATCO
and AUVI, respectively), under consideration of the relative
sunshine duration, showed a significant negative correlation
especially during fair weather conditions (Sect. 4.2). More
than 65% of observations with a strongly negative TCO
anomaly (ATCO < —1) led to a positive UVI anomaly
(AUVI > 0). For days with more than 40% SD,; and a strongly
negative TCO anomaly, more frequently positive than nega-
tive AUVI has been observed at all sites. On the other hand, on
days with strongly positive TCO anomaly, more frequently
positive than negative UVI anomalies have commonly been
observed on days with at least 80% SD,;.

Finally, we introduce an AAF, which quantifies the expect-
ed change of the AUVI for a given change in ATCO (Sect.
4.3). To avoid masking effects of cloudiness, only observa-
tions with clear-sky and partly cloudy conditions have been
taken into account. The mean AAF across all considered UV
sites over the whole observational period was found to be 0.32
with a mean absolute deviation of 0.05. Since the AAF quan-
tifies the amplification of the daily mean UVI anomaly, it
cannot be directly related to the radiation amplification factor
(RAF), which quantifies the expected change in instantaneous
UV irradiance for a given change in TCO. However, the AAF
can provide useful information for forecasting UVI anomalies
under fair weather conditions from total column ozone predic-
tions and/or to evaluate potential changes in UVI extremes
from ozone fields derived from transient chemistry-climate
model integrations.
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