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Despite political efforts, the recovery of the stratospheric ozone layer is progressing only slowly, and ground-level

concentrations regularly exceed regulatory limits. Further measures are needed to reduce the negative impacts on

health, vegetation and climate. Global monitoring remains necessary. Switzerland contributes with the World’s

longest record of ozone observations that began 100 years ago in Arosa on 23 July 1926 and continue now in Davos.

Natural sunscreen and respiratory irritant

Ozone consists of three oxygen atoms bound together. It
was discovered in 1839 by the German chemist Christian
Friedrich Schénbein, who was working in the newly estab-
lished Chemical Laboratory of the University of Basel. He
later wrote to Justus von Liebig - another pioneer at the
time - that he ‘tends to believe that atmospheric ozone
plays an important role in the Earth system.”’

The ‘good’ ozone

In the stratosphere (between about 15 and 50 km above
ground, cf. fig. 1), the formation of 0zone molecules removes
dangerous incoming solar short-wave ultraviolet (UV-()
radiation. The resulting ozone layer absorbs further UV-B
radiation and is a natural sunscreen that protects the Earth
surface. Without ozone, terrestrial life as we know it could
not have developed.

Over Antarctica, this protective shield is destroyed every year
after polar sunrise in September. An ‘ozone hole’ forms due
to a unique combination of cold temperatures, polar strato-
spheric clouds, and the remains of human-made chemicals,

such as chlorofluorocarbons (CFC) that were mostly pro-
duced and used between 1950 and 1990. Ozone can also
be depleted above Europe when Arctic air with low ozone
concentrations reaches to mid-latitudes.?* Then, higher UV
radiation can cause unexpected sunburns.

The dominant ozone-depleting substance today is nitrous
oxide (N,0). Of it, 64% is emitted from natural sources (e.g.
natural soils, oceans, wetlands), while 36% is of anthropo-
genic origin, mostly from food production.”

The ‘bad’ ozone

Some of the ozone in the troposphere (from the ground
up to about 15 km above us, cf. fig. 1) mixes in from the
stratosphere, but most of it is produced photochemically at
ground-level when air pollutants react with sunlight. Ozone
is a respiratory irritant, harmful to plants and a greenhouse
gas. However, due to its reactivity, it also cleanses the
atmosphere of other pollutants. Ground-level ozone can only
be reduced indirectly by targeting the emissions of precursor
substances.
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Figure 1: The mean ozone profile measured by balloon sondes and microwave radiometer in Payerne (VD) shows the stratospheric ozone layer between roughly
15 km and 35 km, with a maximum of ozone at about 22 km above ground. There, it is formed by highly energetic solar UV-C radiation.
The ozone layer then absorbs most of the UV-B radiation, leaving the UV-A radiation to reach the Earth surface. Near the surface, ozone is formed

Impact of ozone

Air quality

At ground level, ozone forms when nitrogen oxides (NO,),
methane and other volatile organic compounds (VOCs) react
in complex ways in sunny conditions. The anthropogenic
emissions of such ozone precursors have dropped signifi-
cantly in Switzerland and neighbouring countries, thanks to
stricter regulations on combustion processes, the incentive
tax on VOCs, solvent substitution, and improved exhaust
gas treatment (cf. fig. 2a).

Unfortunately, the impact of such policies on ozone con-
centrations has been relatively small. This is mainly due to
natural emissions of ozone precursors, long-range transport
of ozone and complex and nonlinear photochemical ozone
formation. For example, in relatively clean environments
(rural locations), ozone decreases slightly with decreasing
NO, emissions. However, under polluted conditions (traffic
and urban locations), NO, reductions actually cause increase
in ozone (cf. fig. 2b).

The number of exceedances of the Swiss air quality stand-
ard in rural and (sub)urban areas has decreased over the
last 25 years due to precursor emission reductions. At the
same time, these gains from air quality policies are threat-
ened by increasing temperatures, which promote higher
ground level ozone.® Above 25 °C, at traffic locations - in line
with figure 2b - the probability of exceeding the limits now-
adays is actually higher (cf fig. 3). The need for additional
ozone reducing measures thus persists and will become

photochemically from air pollutants. Sources: MeteoSwiss, adapted from: NASA

even more urgent in view of rising temperatures caused by
climate change.

Health

UV radiation is @ major risk factor for sunburn, skin cancer,
and cataracts. Switzerland has among the highest incidence
(cases per 100,000) of melanoma skin cancer: 11.1 vs. 2.9
globally for women, and 15.7 vs. 3.7 globally for men.®
Higher incidence, particularly among outdoor workers and
in younger populations, correlates with higher UV expo-
sure - typical at higher altitudes and in unshaded areas.”
Although the ozone layer has stabilised above Switzerland
(cf. fig. 5) and may be gradually recovering,® a rapid decline
in skin cancer incidence is unlikely because of long latency
periods. In fact, incidence rates in Switzerland are still rising
due to increased recreational UV exposure, clothing styles
with more skin exposure, but also earlier detection. Fortu-
nately, better and earlier detection have helped improve
treatment, so mortality has decreased.

Ground-level ozone enters the body primarily through
the lungs and affects the airway epithelium - the protec-
tive lining of the respiratory tract.® The oxidative stress
triggers inflammation, damages the cells, and increases
the permeability of the airway barrier. This makes the lungs
more vulnerable to pathogens, allergens, and other airborne
pollutants.

Short-term exposure to elevated ozone levels has been
linked to decreased lung function, respiratory symptoms like
coughing and shortness of breath, and a rise in emergency
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Figure 2: Summer daytime concentrations of a) nitrogen oxides (NO,), and b)
ground-level ozone (0s) under different conditions as measured by the Swiss
National Air Pollution Monitoring Network (NABEL). Figure adapted from®

room visits and hospitalizations.’® Most at risk are children,
older adults, outdoor workers, and individuals with pre-
existing conditions such as asthma or chronic obstructive
pulmonary disease (COPD). Epidemiological evidence sug-
gests increased all-cause and respiratory-related mortality.”

Long-term exposure to ozone is associated with accelerated
lung aging and decline in lung function, exacerbated allergic
responses and increased severity of asthma or COPD. How-
ever, attribution of any health impact to ozone exposure is
challenging because of its co-existence with other air pollu-
tants and heat stress.

Vegetation and food production

Plants suffer from increased UV radiation due to strato-
spheric ozone depletion. Reducing the emissions of anthro-
pogenic ozone depleting substances (e.g. through more
targeted use of fertilisers) would benefit the stratospheric
ozone layer and thus reduce harmful incoming UV radiation.

Ground-level ozone harms plants by entering through the
surface of leaves. Ozone damage of plants has a signifi-
cant impact on crop yields, reducing global annual yields
by several percent (cf. fig. 4).>"> ™ For Europe, these losses
amounted to 6.7 megatons worth 1300 M€ for wheat, and
3.2 megatons worth 680 M€ for potatoes in 2022."

Finally, natural ecosystems also suffer from elevated ground-
level ozone concentrations. Foliage discoloration on trees
and bushes in the summer denotes stress and impaired
photosynthesis. Such injury in the foliage of forest species
is systematically assessed at forest sites in Switzerland and
across Europe.”® ™ As with health effects, the attribution to
ozone is not straightforward, as temperature, precipitation
and soil humidity are important confounding factors.
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Figure 3: Changes of the probability to exceed the Swiss air quality
standard for hourly surface ozone concentrations of 120 ug/m? for 1990-1994
and for 2020-2024 as a function of temperature. Figure adapted from °
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Figure 4: Estimated impact of ground-level ozone exposure on global yields
of selected crops. Figure combined from 21

Ozone and climate change

Stratospheric ozone

The stratospheric ozone recovery is determined by the
balance of photochemical production, loss-reactions and
transport. The year-to-year variability is mostly driven by
transport. Since the international adoption of the Montreal
Protocol (cf. box 2), halogens from ozone-depleting subs-
tances have declined in the stratosphere (cf. fig. 5). At the
same time, increasing greenhouse gas concentrations lead
to changes in ozone chemistry and atmospheric dynamics
with contrasting effects at different levels of the atmos-
phere and in different geographical regions.™
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Figure 5: The world’s longest ground-based total column ozone (cf. box 1) observation time series from Arosa/Davos started in 1926.

Higher ozone concentrations at the beginning are followed by rapid decline because of chlorine-containing ozone depleting substances.

These were mainly emitted between the mid-1970s and the mid-1990s leading to @ maximum of the Equivalent Effective Stratospheric Chlorine (EESC)
around 2000.%:3%3" 0zone levels stabilized afterwards thanks to the effects of the Montreal Protocol and its amendments after 1989.

Besides the long-term monitoring for trend analyses, such a long time series also captures rare weather anomalies like the extremely strong

El Nifo event in 1940/1941 or the effect of the volcanic eruption of Mt. Pinatubo in 1993. Figure adapted from MeteoSwiss

Over Antarctica, an ozone hole still forms each austral
spring, but its severity varies from year to year, depend-
ing on the temperatures and wind conditions in the polar
regions.” & 20 This affects the ozone distribution across
much of the Southern Hemisphere.?!

The stratosphere over the Arctic is generally warmer and
has less stable winds due to surrounding landmasses. Con-
sequently, ozone depletion is usually less pronounced than
in Antarctica. However, exceptionally cold, persistent con-
ditions can still produce ozone-hole-like events (e.g., 2011
and 2020).

Since about 2000, between roughly 60°S-60°N, a slow recov-
ery of the upper-stratospheric ozone at a rate of 1%-3% per
decade has been observed.? In the lower stratosphere out-
side the polar regions, ozone abundances tend to decrease
since about 1998.24 2> At mid-latitudes to date, there is no
significant trend of total column ozone after 1995 (cf. fig. 5).

Ground-level ozone

Ground-level ozone trends vary depending on the loca-
tion on Earth.?® The recently updated climate scenarios for
Switzerland predict more warm or hot days.?” Sunny, often
drier weather in @ warmer climate®® promotes the forma-
tion of ozone, and stagnant conditions prevent fresh air
from mixing in. This is a health risk for humans and stress-
es flora and fauna. Thus, the positive effects of precursor
emission reductions will be partly jeopardized by the rise
in frequency, intensity and duration of heatwaves (cf. fig.
3). Then, ozone levels remain elevated during the warmer
seasons.

Box 1: How is stratospheric ozone
measured?

Ozone absorbs light at specific wavelengths. Various
ground-based and satellite instruments have been con-
structed that can isolate narrow bands of the solar spec-
trum. The total column ozone (the integrated amount
of ozone from the ground to the stratosphere) and the
vertical distribution of ozone in the atmosphere are
measured either by looking into the sun and measur-
ing the intensity of certain spectral bands where ozone
absorbs, or by measuring radiation scattered by ozone
molecules. This is called spectrophotometry or radio-
metry. An alternative are Lidars using laser-light; and
balloon-borne instruments that measure ozone in the
atmosphere using an electrochemical reaction.

The Dobson instrument (cf. fig. 7) has been the back-
bone of a global network of stations for many dec-
ades.* Satellites provide coverage of the global ozone
distribution. These instruments are regularly verified to
ensure the quality of the measurements. The resulting
datasets are stored in international data centres. This is
the basis for scientific assessments of long-term trends,
the effects of mitigating ozone depleting substances,
and of climate change.
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Box 2: Montreal Protocol and protection of the ozone layer

The Montreal Protocol on Substances that Deplete the
Ozone Layeris a global treaty adopted in 1987. It responded
to evidence from the 1970s that human-made chemicals
were destroying stratospheric ozone® and to the first
observation in 1985 of an Antarctic ‘ozone hole’** These
chemicals, such as chlorofluorocarbons (CFCs) and related
halogenated compounds, were commonly used in refrig-
erators and air conditioners, aerosol sprays, foam prod-
ucts, and fire-suppression systems. The protocol entered
into force in 1989 and has since achieved universal ratifi-

.

cation. It regulates the production, consumption and
trade of major ozone-depleting substances. Its impact
has been substantial: controlled production/consumption
of ozone-depleting substances has fallen by over 98%,
concentrations of these chemicals in the atmosphere
are declining, and the ozone layer is expected to recover
mid-century if we continue to comply. As an important
side-effect, by reducing CFCs, all of which are potent
greenhouse gases, the Montreal protocol has contributed
significantly to the mitigation of climate change.

Box 3: History of ozone observations in Switzerland

The world’s longest continuous time series of total col-
umn ozone (cf. fig. 5) began in 1926 as an assignment
from the tourism association (Kur- und Verkehrsverein)
at the Lichtklimatisches Observatorium (LKO) in Arosa,
Switzerland by physicist F.W. Paul Gotz. He was moti-
vated by the scientific need to understand solar ultravi-
olet radiation and its effects on health and climate. Gétz
soon established a close collaboration with Gordon Dob-
son from the University of Oxford. Arosa was thus one of
the first stations to operate predecessors of the so-called
Dobson spectrophotometer (cf. fig. 6). The Dobson instru-
ments have become the backbone of systematic global
ozone monitoring serving international atmospheric
research and policy decisions until the present day.* *
With time, additional Dobson instruments were installed
at LKO to ensure continuity and consistency of the data
through parallel measurements. The program was later
maintained jointly by ETH Zurich and MeteoSwiss and
taken over entirely by MeteoSwiss in 1988. In 1988,
automated Brewer spectrophotometers - another type of

instrument - were added to further enhance data quality
and availability. Since 2010, the Dobson instruments have
been gradually automated. Their measurement principle
and spectral range have remained unchanged, to ensure
a homogeneous time series from the first observations in
1926 to this day.

Between 2011 and 2019, the desire to guarantee continu-
ity of the observations for the future led to the transfer of
the instruments from Arosa to the Physikalisch-Meteoro-
logisches Observatorium Davos/World Radiation Center
(PMOD/WRC). This relocation was accompanied by rigor-
ous quality assurance efforts. These efforts continue and
help understand and compensate for potential subtle dif-
ferences in local conditions, which might manifest only
over decades. Today, the time series is based on three
automated Dobson and three Brewer instruments (cf. title
photo) in a joint effort of MeteoSwiss and PMOD/WRC,
providing a unique high-quality dataset that underpins
international assessments of ozone recovery.

Figure 6: Daniel Chalonge, colleague of F.W. Paul Gétz,

on the terrace of the ‘Firnelicht’ house in Arosa in the early 1930s,
between the Fabry-Buisson (predecessor of the Dobson
spectrophotometer), the Chalonge, and the Féry spectrographs.
Photo: unknown. Source: Photo archive MeteoSwiss

Figure 7: Automated Dobson instrument in Davos today.
Photo: Franz Zeilinger
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0zone monitoring in support
of science-for-policy

Long term, high-quality observations proved crucial when
dramatic ozone depletion above Antarctica was discovered
in 1985 (cf. fig. 5). Following the implementation of the Mon-
treal Protocol and its amendments (cf. box 2), this deple-
tion was halted and the stratospheric ozone concentration
has stabilized. However, the long term recovery is fragile
in the light of climate change, and the topic is subject to
active research. For the Arosa/Davos measurements, the

Conclusions and recommendations

The stratospheric ozone layer protects life from harmful UV
radiation. It has generally been on a path to recovery since
the implementation of the Montreal protocol. However,
nitrous oxide (N0, not to be confused with the ground-
level ozone precursor NO,) - presently the most important
ozone-depleting substance and a strong greenhouse gas
with natural and anthropogenic sources - is still on the
rise. More targeted use of fertilizers would help reduce
anthropogenic emissions. Moreover, the ongoing climate
change also impacts the dynamics of the atmosphere,
and the recovery is expected to be weaker over the tropics
and stronger over the extratropical regions. The long-term
monitoring of stratospheric ozone through high quality

trend after 1995 has been unclear and non-significant so far
(cf. fig. 5). Given the immense importance of stratospheric
ozone for life on Earth, continued global monitoring remains
essential to guide policy, particularly in the context of ongo-
ing climate change.

As the host of the longest timeseries of stratospheric 0zone
measurements at Arosa/Davos, Switzerland has assumed a
key role in the global ground-based monitoring of the ozone
layer and carries a special responsibility to continue these
high-quality observations into the future.

measurements of the vertical ozone profile and of the total
column ozone - as pioneered in Arosa in 1926 - is the basis
for regular future assessments. Anthropogenic activity has
threatened the ozone layer once before, and it is critical to
identify undesired developments at an early stage.

Tropospheric ozone near the surface is harmful to humans,
animals and plants. Continuous efforts to reduce emissions
of primary pollutants (ozone precursors and greenhouse
gases) help mitigate both, temperature increases and
ground-level ozone production. This must be a global effort
implemented locally, as ozone is transported over long dis-
tances, and local mitigation alone has only a limited effect.

SDGs: The UN International Sustainable Development Goals

With this publication, the Swiss Academy of Sciences contributes to SDGs 3, 13 and 15:

‘Good health and well-being’, ‘Climate Action’ and ‘Life on Land’.
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