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Abstract

This assessment, by the United Nations Environment Programme (UNEP) Environmental Effects 

Assessment Panel (EEAP), one of three Panels informing the Parties to the Montreal Protocol, 

provides an update, since our previous extensive assessment (Photochem. Photobiol. Sci., 2019, 

18, 595–828), of recent findings of current and projected interactive environmental effects of 

ultraviolet (UV) radiation, stratospheric ozone, and climate change. These effects include those on 

human health, air quality, terrestrial and aquatic ecosystems, biogeochemical cycles, and materials 

used in construction and other services. The present update evaluates further evidence of the 

consequences of human activity on climate change that are altering the exposure of organisms and 

ecosystems to UV radiation. This in turn reveals the interactive effects of many climate change 

factors with UV radiation that have implications for the atmosphere, feedbacks, contaminant fate 

and transport, organismal responses, and many outdoor materials including plastics, wood, and 

fabrics. The universal ratification of the Montreal Protocol, signed by 197 countries, has led to the 

regulation and phase-out of chemicals that deplete the stratospheric ozone layer. Although this 

treaty has had unprecedented success in protecting the ozone layer, and hence all life on Earth 

from damaging UV radiation, it is also making a substantial contribution to reducing climate 

warming because many of the chemicals under this treaty are greenhouse gases.

Graphical Abstract

1. Effects on solar ultraviolet radiation due to changes in the 

stratospheric ozone layer and its interaction with climate

The effectiveness of the Montreal Protocol in preventing large increases in UV-B radiation 

(280–315 nm) at the Earth’s surface has been confirmed by comparing UV measurements 
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with model simulations of the “World Expected” and “World Avoided” scenarios at many 

clean-air sites. The recently reported non-compliance with the Montreal Protocol implied by 

increased emissions of the ozone-depleting substance (ODS) CFC-11 has had, at present, no 

effect on surface UV radiation, but continuing large emissions into the future could lead to 

environmentally important increases in UV-B radiation. While the total ozone column over 

Antarctica is recovering, concomitant decreases in UV-B radiation have not yet been 

reported. Newly published projections of future UV-B radiation generally agree with those 

in the last EEAP assessment report (see Bais et al.).1 Unusually high monthly mean UV 

Index (UVI) values reported in the Nordic Countries in 2018 were partly attributed to 

exceptionally long periods of cloud-free conditions, which may be indicative of climate 

change. Additional topics discussed include effects of changes in ozone on climate, long-

term changes in UV radiation due to variations in ozone and other factors, and advances in 

satellite monitoring and in modelling of UV radiation.

1.1. The Montreal Protocol has prevented large increases in harmful UV radiation during 
the last 20 years that would have occurred if emissions of ozone-depleting substances had 
continued unabated

Without the Montreal Protocol, UV Index (UVI) values at northern and southern latitudes 

less than 50° would, as of 2018, be 10 to 20% greater in all seasons compared to UVIs 

observed during the early 1990s. For southern latitudes exceeding 50°, UVI values would 

have increased by between 25% (year-round at the southern tip of South America) and more 

than 100% (South Pole in spring and summer). In contrast, with the Montreal Protocol in 

place, measurements at multiple globally distributed clean-air sites show that the UVI has 

remained essentially constant over the last ca. 20 years in all seasons.

Seasonal means of the daily maximum UVI measured at the Earth’s surface were compared 

with UVI data calculated using measurements of total ozone column (TOC) and with 

projections by two Chemistry Climate Models (CCM).2 The ground-based measurements 

were made at 17 sites (latitude range 73° N–90° S) for up to 30 years by state-of-the-art 

spectroradiometers. The CCMs assumed either the “World Avoided” scenario, where 

emissions of ODS would have continued without regulation, or the “World Expected” 

scenario, where ODS are curbed in compliance with the Montreal Protocol and its 

amendments.

Measured UVI data from clean-air sites closely match UVI values derived from the 

measured TOC dataset and follow the World Expected scenario within the limits of the 

measurement uncertainty. As of 2018, the UVI calculated in the World Avoided simulations 

is significantly higher than the measured UVI in the Arctic and at mid- and high latitudes in 

the southern hemisphere, especially in Antarctica. The situation is more complex at mid-

latitudes in the northern hemisphere, where the effects of changes in aerosol and clouds 

mask the effects of ozone.

Without the Montreal Protocol, the UVI at high southern latitudes would have increased 

over the last 23 years (1995–2018) by ca. 50% per decade in spring, and by 30% per decade 

in summer (Fig. 1). Increases of up to 20% per decade would have been seen at northern 

high latitudes. At mid-latitudes, the increases would have been 5–10% per decade.
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Calculations of UVIs from the measured TOCs indicate that UVI values increased between 

1978 and 1990 by about 5% at northern mid-latitude sites, up to 10% at southern mid-

latitude sites and up to 20% at Antarctic sites. These increases are consistent with changes in 

UVI derived from the CCM. However, they cannot be confirmed with direct observations 

because measurements of UVI generally did not commence before 1990. There is some 

evidence that the measured UVI has decreased since 1996 in the southern hemisphere; 

however, these trends are generally not significant at the 95% confidence level.

1.2. Newly published projections of UV-B radiation generally agree with those in the last 
EEAP assessment report

The latest projections3 of the UVI for the 21st century agree well with projected changes 

assessed in the last EEAP Quadrennial Assessment.1 Assuming time-invariant amounts of 

aerosol, the clear-sky UVI is projected to decrease from 2015 to 2090 by 3% at northern and 

6% at southern mid-latitudes. However, in regions that are affected by air pollution, 

increases will occur if emissions of air pollutants are curtailed in the future.

These new projections3 are based on results from 17 CCMs that were included in the first 

phase of the Chemistry-Climate Model Initiative (CCMI-1).4,5 Zonal means of noontime 

UVI data for cloudless skies were calculated for the period 1960–2100 with a radiative 

transfer model, which was driven by ozone, temperature, and aerosol fields provided by the 

CCMs. These projections were performed for four future scenarios of greenhouse gases 

(GHG) described by the Representative Concentration Pathways (RCP)† 2.6, 4.5, 6.0 and 

8.5, as defined by the Intergovernmental Panel on Climate Change (IPCC).

When aerosol data provided by the CCM models were used, noontime UVIs in 2100 were 

projected to increase relative to values calculated for the 1960s for RCPs 2.6, 4.5 and 6.0. 

These increases depend on latitude and RCP scenario and range between 1% (northern high 

latitudes for RCP 6.0) and 8% (northern mid-latitudes for RCP 2.6), as shown in Table 1. 

For the “worst-case scenario”, RCP 8.5, UVIs increase only at tropical latitudes and 

decrease elsewhere, with the largest decrease of 8% projected at northern high latitudes.

The aerosol optical depths (AOD) used in these projections are based on the median of 

AODs derived from three CCM models participating in the CCMI-1 initiative. According to 

these calculations, AODs are projected to decrease by almost 80% between 2000 and 2100 

at high- and mid-northern latitudes, resulting in concomitant increases in the UVI of about 

2% and 6%, respectively. These changes in UVI due to changes in AOD are of a similar 

magnitude to those caused by changes in ozone. However, these AOD estimates, as well as 

the absorption properties of aerosols (quantified by their “single scattering albedo” or SSA), 

used in these CCM models are highly uncertain because future changes in atmospheric 

aerosols depend greatly on policy choices such as measures to reduce air pollution.6 

Moreover, changes in AOD and absorption properties of aerosols are highly dependent on 

†Representative Concentration Pathways are greenhouse gas concentration (not emission) trajectories adopted by the IPCC for its fifth 
Assessment Report (AR5) in 2014. The pathways are used for climate modelling and research. They describe four climate futures, 
which differ in the amount of greenhouse gases that are emitted in years to come. The four RCPs, RCP 2.6, RCP 4.5, RCP 6, and RCP 
8.5, are named after a possible range of radiative forcing values in the year 2100 relative to pre-industrial values (+2.6, +4.5, +6.0, and 
+8.5 W m−2, respectively).
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region, and zonal mean changes in UVI, like those discussed above, are therefore not 

representative for most regions. To address these concerns, Lamy and colleagues3 also 

provide UVI projections for temporally invariant or “fixed” AODs based on a current 

climatology.7 Using this climatology and the RCP 6.0 scenario, noontime UVIs in 2100 are 

projected to change relative to 1960 by −5% at northern hemisphere (NH) high latitudes, 

−2% at NH mid latitudes, 3% in the tropical belt, 0% at southern hemisphere (SH) mid-

latitudes, and −2% at SH high latitudes (Table 1, column 6).

Table 1 also shows a comparison of changes in zonal mean UVIs between 2015 and 2090 

inferred from the study by Lamy and colleagues3 and as published in the last EEAP 

Quadrennial Assessment.1 The two studies are based on results from the CCMI-1 initiative; 

however, different subsets of models were used and the method to calculate the UVI from 

parameters provided by the CCM models differed. Furthermore, Bais and colleagues1 

provided projections for different months, while Lamy and colleagues3 only considered 

annual averages. Despite these differences, changes in UVI calculated by the two studies for 

fixed AODs are consistent and project a decrease of 2–5% for northern mid-latitudes, a 

decrease of 4–6% for southern mid-latitudes, and almost no change for the tropics. Both 

studies also predict large decreases in the UVI over southern high latitudes due to the 

expected recovery of the stratospheric ozone ‘hole’.

Projections provided in the above two studies were corroborated by a third study that 

calculated changes in erythemal UV radiation over Eurasia (latitudes 40–80° N, longitudes 

10° W–180° E) using a CCM developed by the Russian State Hydrometeorological 

University (RSHU).8 These calculations consider only changes in ozone (i.e., aerosols are 

fixed) and predict that erythemal UV levels in the years 2055–2059 will be lower over 

Eurasia by 4 to 8% relative to the reference period 1979–1983.

Using new model calculations the effect on stratospheric ozone (and by implication UV 

radiation) of quadrupling concentrations of atmospheric carbon dioxide (CO2) was 

examined.9 Such an increase would lead to a dynamically driven decrease in concentrations 

of ozone in the tropical lower stratosphere, an increase in lower stratosphere ozone over the 

high latitudes, and a chemically driven increase (via stratospheric cooling) throughout the 

upper stratosphere. In the tropics, a cancellation between the upper- and lower-stratospheric 

ozone changes means that the total column ozone response is small, with resulting small 

future changes in tropical UV-B radiation, if all other factors remain the same. A 

quadrupling of atmospheric CO2 concentrations during the 21st century is currently not 

expected but could occur in the 22nd century if emissions of CO2 continue unabated, 

according to the RCP 8.5 scenario.10 The study by Chiodo and colleagues9 suggests that 

even “worst-case” increases in CO2 will not result in significant increases in tropical UV-B 

radiation.

1.3. Record-high UV index was measured over Nordic countries in May and July 2018 
when low total ozone columns coincided with an exceptionally long period of clear skies 
and record dry and warm conditions, which may be indicative of climate change

Relative to the long-term mean (2005–2017), monthly mean noon-time UVIs were elevated 

by 20 to 40% over the Nordic countries in May and July 2018.11 UVIs at Trondheim and 
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Oslo (both Norway) and Sodankylä (Finland) exceeded the historical means by 2.1, 2.3, and 

2.5 standard deviations, respectively. These large UVI anomalies cannot be explained by low 

TOCs alone and were partly caused by exceptionally long periods of clear skies and record 

dry and warm conditions. For example, at Sodankylä (67° N) the mean temperature in July 

2018 was 5.6 °C above the 1981–2010 average and the sunshine duration in 2018 was 405 

hours, exceeding the 1981–2010 average of 245 hours by 65%. This exceptional weather 

pattern was part of a record-setting heat wave that affected large parts of central and 

Northern Europe.12 It was caused by a stationary high-pressure system, which resulted in the 

blocking of westerly winds and lasted until September. The frequency of these blocking 

patterns has increased in recent decades and it has been suggested that this increase is a 

result of Arctic warming induced by climate change.13 If this is confirmed, long stretches of 

these weather patterns with elevated UV radiation will likely occur more frequently over the 

Arctic in the future.

1.4. Additional evidence that the stratospheric ozone layer is recovering over Antarctica 
has accumulated since our last assessment, but without a clear sign that UV radiation in 
Antarctica is declining

When the Antarctic ozone ‘hole’ is fully developed, ozone mixing ratios between about 13 

and 21 km above sea level are close to zero and no further ozone depletion can occur in this 

“saturation layer”. Using various datasets (e.g., ozone sonde and satellite measurements of 

ozone profiles and total columns), it has been shown14 that the frequency of near-complete 

ozone loss in this layer clearly decreased from 2001 to 2017, revealing the emergence of an 

important milestone in stratospheric ozone recovery. Additional evidence using multiple 

metrics shows that the Antarctic ozone ‘hole’ is recovering.15 For example, trends in total 

ozone for September calculated for the 2001–2017 period are statistically significant at the 

95% confidence level, with values ranging between 1.84 ± 1.03 and 2.83 ± 1.48 Dobson 

Units (DU) per year, depending on the methods used. However, at low- and mid-latitudes, 

increases in the total ozone column have not been observed with certainty. This is not 

unexpected because the removal rates of chlorine and bromine from the stratosphere are 

three to four times slower than the rate at which they were added. Detecting significant 

increases in total column ozone outside Antarctica will therefore require much more time 

than the detection of its previous decline.16 Furthermore, increased stratospheric aerosol 

loading from volcanic eruptions after 2004 impeded the rate of stratospheric ozone recovery.
17

Fig. 2 shows the UVI at the South Pole for 1 September through 31 December 2018 (red 

line) compared with the average and range calculated from measurements of the years 1991–

2017. Despite indications that the Antarctic ozone hole is healing,14,15 UVIs in October 

2018 were above the long-term mean and approaching historical maxima. UVIs in 

November and December fluctuated about the historical average. The recovery of the 

Antarctic ozone ‘hole’ is more difficult to detect with UV radiation data than ozone data 

because signs of recovery are most pronounced in September,18 when the UVI in Antarctica 

is very low. In addition, the UVI is also affected by factors other than total ozone (e.g. cloud 

cover), which interfere with the detection of recovery.
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1.5. Antarctic ozone depletion has wide-ranging effects on climate and weather in both 
hemispheres

A new study21 confirms that Antarctic ozone depletion has been the primary driver of 

climate change in the southern hemisphere during summer. However, short-term effects of 

the ozone ‘hole’ on weather at southern mid-latitudes are less well understood because of 

the difficulty in separating the influence of ozone variability from effects caused by other 

factors, such as variations in sea surface temperature. Stratospheric ozone depletion in the 

Arctic also affects the climate of the northern hemisphere, but the magnitude of the effect is 

smaller than in the southern hemisphere.

Son and colleagues,21 using the latest generation of CCMs from the Chemistry Climate 

Model Initiative (CCMI) experiments, confirm the nature and magnitude of the well-studied 

relationship between Antarctic ozone depletion and southern hemisphere summer climate 

change, including the poleward shift of the boundaries of sub-tropical and tropical climatic 

zones. This shift corresponds to a trend towards a positive index of the Southern Annular 

Mode (SAM)‡ and associated effects on temperature and precipitation in the mid-latitudes 

extending into the subtropics.1,22 While this long-term relationship is robust, other studies 

have explored whether the relationship between ozone and surface climate holds on 

interannual time scales, and could aid in applications such as seasonal forecasting. One new 

modelling study,23 also using a subset of CCMs from CCMI, investigated the nature of the 

relationship between the extent and depth of the ozone ‘hole’ and spring and surface 

temperatures during the following summer in Australia. The study concludes that the sea 

surface temperature (SST) could be important for driving variations in both the ozone ‘hole’ 

and ambient temperatures in Australia. This suggests that there may not be a causal link 

between the extent of the ozone ‘hole’ and temperatures in Australia on interannual time 

scales. Yet CCMs and climate models, in general, are complex and subject to biases, which 

can affect their fidelity at these spatial and temporal scales. Our understanding of the 

processes that determine short-term effects of the ozone ‘hole’ on weather is still 

incomplete.23

Using several climate models and observational constraints, a new study concludes that 

stratospheric ozone depletion is unlikely to have been the primary driver of the observed 

cooling trends in Southern Ocean SSTs.22 The same study also noted very different 

responses of SST to ozone change between models, with different directions of change. As 

above, this highlights the need for deeper investigation into model parameter sensitivities 

and biases.

After exhibiting an upward trend since 1979, Antarctic sea ice extent declined dramatically 

during austral spring 2016, reaching a record low in 2017. Several new studies examined the 

reasons for this reversal in the trend.24–26 None of these studies found that trends or 

variations in stratospheric ozone contributed to this phenomenon, in accordance with the last 

‡The SAM is the leading mode of southern hemisphere extratropical climate variability, describing a see-saw of atmospheric mass 
between the mid- and high-latitudes, with corresponding impacts on the strength of the circumpolar westerly winds. A positive SAM 
index corresponds to a poleward shift of the maximum wind speed, which results in weaker-than-normal westerly winds in the 
southern mid-latitudes.
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EEAP assessment.1 Instead, they attributed these decreases in sea ice extent to unusual 

atmosphere–ocean internal dynamics (with a possible contribution from forcing by 

anthropogenic greenhouse gases) driving warm anomalies in the upper Southern Ocean and 

a weakening of circumpolar winds, associated with positive convection anomalies over the 

tropical Indian and western Pacific Oceans.

New studies provide evidence that Arctic ozone interannual variability affects the mid-

latitude Northern Hemisphere climate. From combined observations, reanalysis of data, and 

a CCM, a relationship between February–March Arctic ozone and April–May precipitation 

in Central China has been identified.27 An increase in Arctic stratospheric ozone leads to 

enhanced westerly winds in the high and low latitudes of the North Pacific, but weakened 

westerly winds in the mid-latitudes of the North Pacific. This strengthens the warm and 

humid airstream from the western Pacific Ocean towards the Chinese mainland. These 

conditions enhance precipitation in central China during positive Arctic ozone anomaly 

events and reduce precipitation during negative events. Another study, using the same CCM, 

demonstrates a relationship between Arctic ozone anomalies in March and surface 

temperature anomalies in central Russia and, to a lesser extent, southern Asia.28 As with the 

interannual relationships between stratospheric ozone and surface climate in the southern 

hemisphere, these conclusions need to be further supported by additional modelling studies 

and observations.

1.6. Several studies confirmed that changes in UV radiation during the last 20 years have 
generally been small

Trends in UV radiation derived from measurements and reconstructions have recently been 

published for several sites.29–33 These studies confirm that changes in UV radiation during 

the last 20 years have been small (e.g. less than ca. 4% per decade) with few exceptions, 

consistent with the study by McKenzie et al.2 discussed earlier.

Trends in solar spectral irradiance at 307.5 nm were calculated at several stations in Europe, 

Canada, and Japan over a 25-year period.31 It was found that long-term changes in UV-B 

radiation at 307.5 nm depend greatly on location and their main drivers are changes in 

aerosols and total ozone. At high northern latitudes, a part of the observed changes may also 

be attributed to changes in the surface reflectivity. Over Japan, the spectral irradiance at 

307.5 nm has increased significantly by about 3% per decade during the past 25 years, 

possibly due to the corresponding significant decrease of its absorption by aerosols; the 

greatest part of this increase took place before the mid-2000s. The only European station 

where UV-B radiation increased significantly was Thessaloniki, Greece. Here, spectral 

irradiance at 307.5 nm grew by 3.5% per decade, with an increasing rate of change during 

the last decade, possibly due to decreasing absorption by aerosols.

Several other studies reported trend estimates of erythemal irradiance (or erythemal doses) at 

European sites. At Moscow, Russia, no statistically significant trend in erythemal UV 

radiation was observed over the period from 1999 to 2015.30 At Tõravere, Estonia, no 

significant trends in UV radiation doses have been found for the period 2004–2016 for either 

annual or seasonal means.29 The same is true for other factors influencing UV radiation, 
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namely total ozone, aerosol optical depth, and global radiation, which is a proxy for cloud 

effects.

At Athens, Greece, sunshine duration records were used to reconstruct monthly surface solar 

radiation between 1900–2012.32 There were very small (0.02%) changes between 1900 and 

1953, followed by a negative trend of 2% per decade during the “dimming” period of 1955–

1980 and a positive trend of 1.5% per decade during the “brightening” period of 1980–2012. 

While these trend estimates are unrelated to changes in total ozone and do not directly 

translate to changes in UV radiation, they qualitatively capture variations in the effect of 

clouds and aerosols over the period studied, which are also relevant for changes in UV 

radiation. However, effects of aerosols are larger in the UV region than at visible 

wavelengths.

Trends of surface UV radiation over the period of 2005–2017 have been calculated for the 

continental United States using satellite (OMI) measurements and ground-based 

measurements performed at 31 sites by the United States Department of Agriculture’s UV-B 

Monitoring and Research Program.33 This study concluded that trends in noontime 

erythemal irradiance estimated from these satellite and ground-based measurements cannot 

be reconciled. Specifically, trends derived from the satellite dataset were not significant for 

most of the continental United States, except for a small region in the north eastern part 

(states of Maine, Vermont, New Hampshire, and Massachusetts). Here, small (less than 10% 

per decade) positive trends were calculated from OMI data, which were significant at the 

95% confidence level. However, data from the two ground-based stations located in this 

region indicated a significant decrease in erythemal UV over the same period. While trends 

calculated for several other stations were also significant, the magnitude of these trends is 

generally within the measurement uncertainty range, so no firm conclusions can be drawn 

about changes in levels of erythemal UV radiation across the continental United States. It 

should be noted that satellite measurements of ozone are subject to drifts and should not be 

used for trend estimates without additional validation. For example, satellite data should first 

be cross-calibrated against ground-based instruments, as for instance described by Bodeker 

and colleagues.34

1.7. New capabilities in measuring aerosol absorption properties in the UV-B range will 
improve predictions of UV-B radiation levels

In polluted areas, aerosols can have a large effect on the amount of UV radiation reaching 

the Earth’s surface. Our ability to estimate future levels of UV radiation hinges on accurate 

projections of aerosol properties, such as aerosol optical depth (AOD) and single scattering 

albedo (SSA). In addition, our ability to assess how aerosols have affected measured UV-B 

irradiance in the past and to attribute observed changes in UV-B irradiance to different 

factors also depends on knowledge of these aerosol properties. While aerosol properties in 

the UV-A (315–400 nm) and visible ranges are available at many locations from 

measurements of NASA’s AERONET network, there is a dearth of information in the UV-B 

spectral range. By combining measurements from several instruments (AERONET, MFRSR, 

and Pandora), SSAs between 305 and 870 nm have recently been derived at Seoul, South 

Korea.35 Similar calculations at Thessaloniki used AERONET and Brewer 
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spectroradiometer data.36 Results from both studies are consistent with previous results37 

and show that SSA is lower in the UV-B (at wavelengths between 305 and 311 nm) than in 

the UV-A spectral range (Fig. 3), which is likely caused by the wavelength dependence of 

absorption by organic aerosols.1 The wavelength-dependence derived by these studies 

suggests that linear extrapolation of SSA from measurements at long wavelengths to the UV-

B range leads to overestimation of SSA, resulting in calculations of UV-B radiation that are 

too high. The methodology presented by Mok and colleagues35 has the potential to make 

accurate observations of SSA more readily available on a larger scale in the future, at least in 

areas where there is significant tropospheric pollution. Measuring SSA in the UV-B spectral 

range at clean-air sites will likely remain a challenge.

1.8. New satellites equipped with instruments for deriving surface UV radiation give 
confidence that UV monitoring established by legacy instruments will continue into the 
future

Most estimates of the surface UV radiation from space have historically been based on 

NASA’s Total Ozone Mapping Spectrometers (TOMS) and the Ozone Monitoring 

Instrument (OMI). TOMS measurements are available up to 2006, while OMI measurements 

on the AURA satellite started in 2004.38 The quality of OMI data has degraded over the 

years39 and the future of the AURA spacecraft is uncertain beyond 2023. Several satellite 

instruments (e.g., OMPS40 on the Suomi NPP and NOAA-20 satellites, and TROPOMI on 

the Sentinel-5 Precursor41) have recently been launched to continue monitoring of ozone 

and UV radiation from space. Furthermore, TROPOMI instruments are also expected to fly 

on Sentinel-4 and Sentinel-5 satellites, which are expected to launch in 2021 and 2023, 

respectively.42 Estimates of surface UV radiation from space measurements will therefore 

continue into the future.

1.9. A global climatology of atmospheric DNA-damaging fluence rates (or actinic fluxes) 
has been derived using radiative transfer modelling

This new climatology can help to better quantify the inactivation of microbes suspended in 

air. The survival rate of microorganisms, including viruses, bacteria, fungal spores, pollen, 

and seeds, depends on their exposure to solar UV radiation. The radiative quantity relevant 

to these particles when suspended in air is the fluence rate, which is independent of the 

direction of the incident radiation. The inactivation rate for many microbes correlates well 

with the fluence rate weighted by the action spectrum for DNA damage, which is dominated 

by wavelengths in the UV-B spectral range. Madronich and colleagues43 present an 

analytical formula to calculate the DNA-damaging UV fluence at altitudes between 0 and 10 

km from the irradiance at ground level. This parameterisation from databases of 

downwelling irradiance at ground-level (available from measurements at the surface or from 

satellite observations) allows determination of the radiation levels relevant for 

microorganisms suspended in air. The new climatology of DNA-damaging UV radiation in 

the atmosphere (Fig. 4) is useful for studying the survival of aerial pathogens that cause 

diseases in humans, animals and crops, or for understanding the geographic distribution of 

species over evolutionary time scales.
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1.10. Recently reported new emissions of the ozone-depleting substance CFC-11 
currently have no detectable impact on UV radiation levels at the surface but will become 
important if these emissions continue

New measurements and atmospheric chemical transport model simulations suggest that the 

recently reported slow-down in the rate of decrease in atmospheric concentrations of 

trichlorofluoromethane (CFC-11, a chlorofluorocarbon regulated by the Montreal 

Protocol)44 can be attributed to emissions from China.45,46 Specifically, Rigby et al.46 

provide evidence that emissions from eastern mainland China were 7.0 ± 3.0 (±1 standard 

deviation) gigagrams (Gg) higher per year in 2014–2017 than in 2008–2012, and that the 

increase in emissions arises primarily around the north eastern provinces of Shandong and 

Hebei. This increase accounts for a substantial fraction (at least 40 to 60%) of the global rise 

in CFC-11 emissions. The increase in CFC-11 emissions is likely the result of new 

production and use for insulating materials. If these new emissions of CFC-11 continue, the 

recovery of the stratospheric ozone layer will be delayed, with consequences for UV 

radiation levels. At present, a temporary increase of 10–13 Gg per year will not have a 

detectable impact on stratospheric ozone and UV radiation levels, particularly if the 

emissions are quickly reduced.47 However, sustained emissions over decades, e.g. at 60–80 

Gg per year, could have a large impact.

1.11. Solar radiation management schemes designed to counteract global warming 
would have important consequences for ecosystem services and food security

Effects on climate caused by increasing carbon dioxide (CO2) concentrations cannot be 

completely circumvented by reducing the solar radiation entering the atmosphere. 

Simulations with different climate models suggest that reducing the strength of solar 

radiation to offset the surface warming from a quadrupling of atmospheric CO2 would result 

in decreased low cloud cover, increased high cloud cover, cooling of the upper troposphere 

and stratosphere, and decreased water vapour concentration.48 The decrease in low clouds 

would require additional measures for reducing the amount of solar radiation entering the 

atmosphere to counteract increases in temperature at the Earth’s surface.

Another recent study assessed the effects on UV and visible radiation resulting from a 

hypothetical solar radiation management scheme using sulfur dioxide (SO2) injected into the 

stratosphere to counteract the effect of warming resulting from increased GHGs under the 

RCP 8.5 scenario.49 This intervention would reduce the UVI on average by about 20% at 

30° N and 70° N in 2080 relative to 2020. Reductions in photosynthetically active radiation 

(PAR) would range between 10% at 30° N and 20% at 70° N in summer, with larger changes 

for other seasons. These large changes in the UVI and PAR would likely have important 

consequences for ecosystem services and food security; however, such repercussions have 

not yet been quantified.

2. The effects of exposure to solar ultraviolet radiation on human health

Exposure to the sun has well-established harmful effects, including skin cancer and other 

skin conditions, eye disorders, and immune suppression. Benefits, beyond vitamin D 

production, are emerging but not yet well understood. Thus future changes in exposure to 
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UV radiation due to stratospheric ozone depletion and recovery and/or a changing climate 

will have multifactorial effects on human health. However, behaviour has been and will 

continue to be the biggest driver of changes in sun exposure and its consequences. Time 

outdoors and use of sun protective strategies, such as sunscreens, will be influenced by 

climate change (such as temperature and weather patterns), concerns about the toxicity of 

sunscreens to humans and aquatic ecosystems, and changes in social norms. These will vary 

according to both location and culture. It is critical that models to forecast future health 

impacts of UV radiation take these factors into consideration in order to generate reliable 

policy-relevant data.

2.1. The incidence of cutaneous malignant melanoma is continuing to increase in some 
northern European countries, but is falling in other countries that have introduced broad-
reaching skin cancer prevention programs

Australia and New Zealand continue to have the highest incidence of melanoma in the world 

(50.3 and 47.4 per 100 000 population, respectively, in 2015; age standardised using the 

United States 2000 standard population).50,51 High incidence is also seen in some northern 

European populations (per 100 000 population), viz. Denmark (33.9), Norway (32.7) and 

Sweden (29.3).50

From 2012–2015, incidence increased in United States whites, the United Kingdom, 

Sweden, and Norway, by 1.7% (95% confidence interval (CI) 1.2–2.2), 2.7% (95% CI 2.0–

3.5), 4.8% (95% CI 4.0–5.6), and 4.5% per year (95% CI 3.8–5.2), respectively.50 In 

Denmark, while incidence increased similarly to Sweden and Norway from 1982–2010, it 

has plateaued since 2011, possibly as a result of the skin cancer prevention campaign 

introduced in 2007.50 Incidence is declining in New Zealand, in United States whites 

younger than 45 years,51 and in Australians under 60 years of age.52

A new study, incorporating incidence data from 18 European cancer registries (7 with 

national coverage) for the time period 1995–2012, reported an annual average percentage 

change (AAPC) for invasive melanoma of 4.0% for men and 3.0% for women.53 The 

increase in invasive lesions was driven largely by thin melanomas (≤1 mm) (AAPC 10% 

men; 8.3% women), but the incidence of thick (>1 mm) melanomas also increased, although 

more slowly in the most recent time period.

In Australia,52 Germany,53 and other European countries,54,55 the incidence of melanoma in 
situ (also called stage 0 melanoma) is also increasing. The incidence is highest in Australia; 

it is difficult, however, to know how much of the variation between countries or over time is 

attributable to real differences in incidence vs. differences in skin cancer awareness and/or 

screening and treatment practices.

2.2. Mortality due to melanoma is continuing to rise, albeit more slowly than increases in 
incidence

Mortality is highest in Australia and New Zealand (age-standardised mortality rate per 100 

000: 6.3 and 7.5, respectively);56 the highest mortality in Europe is in Norway (ca. 6 per 100 

000) and Sweden (ca. 4 per 100 000).56
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Data from 18 European cancer registries for the period 1992–2012 suggest that mortality 

rates are continuing to increase in Northern Europe, particularly Iceland (average annual 

percentage change (AAPC) 5.4%), Ireland (AAPC 3.4%), and Norway (AAPC 1.6%).53 

Newly reported data from Germany for the period 1990–2012 show increases in melanoma 

mortality at an average annual rate of 4.8% for men and 3.9% for women.57 In Australia and 

New Zealand, the decade to 2012 saw average annual increases in melanoma mortality rates 

of ca. 1.5% per annum.56 Data for the Australian state of Queensland suggest that the 

increases are restricted to older age groups (over 60 years).52 In the United States, mortality 

rates climbed slowly (AAPC 0.2%).56

2.3. Despite the high incidence of melanoma in some countries, the global burden of 
disease is low

Worldwide in 2018, melanoma affected ca. 300 000 people (1.6% of all new cancer cases) 

and was responsible for ca. 60 000 deaths (0.6% of all cancer deaths).58 In terms of 

disability-adjusted life years (DALYs), in 2016 melanoma contributed only 0.06% of the 

global burden of disease, primarily affecting white-skinned populations in Australasia, North 

America and Europe, and elderly and male population groups.59 The relatively low global 

burden in DALYs is due to the lower weighting for diseases, such as skin cancer, that 

particularly cause death and/or disability in older age groups and the relatively low 

proportion of the global population that is affected by skin cancer.

2.4. Exposure to ultraviolet radiation is the primary cause of melanomas, but the 
population attributable fraction varies according to geographic location, and associations 
with sun exposure are complex

The population attributable fraction (PAF; the proportion of melanomas attributable to 

exposure to UV radiation) globally was previously reported to be 75%, but it was much 

higher in Oceania (96%).60 Recent studies estimated PAFs for Canada (62%)61 and France 

(PAF 83%).62 These lower PAFs are as expected and reflect the lower intensity of UV 

radiation in these areas.

Among measures of exposure to UV radiation, severe sunburns in early life appear to have 

the strongest association with melanoma risk;63 many studies show no association with self-

reported cumulative exposure. This lack of association may be due to measurement issues, 

with sunburn easier to recall and quantify than lifetime sun exposure. In support of this 

argument, there are strong associations with keratinocyte cancer (KC) and premalignant 

lesions that are caused by cumulative exposure.64 It is also likely that the patterns 

(intermittent vs. chronic) and timing of sun exposure that give rise to melanoma may differ 

according to the type/location of the melanoma.65–67

2.5. Keratinocyte cancers continue to be a major burden for healthcare services in light-
skinned populations

The lifetime risk of basal cell carcinoma (BCC) is estimated to be ca. 20–30% in United 

States whites,68 and keratinocyte cancer (KC) incidence rates are predicted to increase at 

least until 2040 due to an aging population with historically high exposure to UV radiation. 

The burden is particularly high in Australia and New Zealand. New data from South 
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Australia show a 59% increase in age-standardised incidence rates of KC between 2000 and 

2015,69 and in 2008 the Auckland region of New Zealand had the highest incidence of KC 

in the world (1907 per 100 000 inhabitants; standardised to the 2001 Australian standard 

population).70

Two recent cancer registry studies reported BCC and squamous cell carcinoma (SCC) 

incidence trends in other populations. In mid-Brazil (source population ca. 600 000 

inhabitants, with 32% skin type I–III, 56% skin type IV/V, 10% skin type VI, and 2% 

classified as Asian or Indigenous) the Aracaju Cancer Registry reported a stable incidence 

rates during the past 10 years, with age-standardised incidence rates of 130 per 100 000 

people per year for BCC and 14 per 100 000 people per year for SCC.71 The nationwide 

South Korea Central Cancer registry (estimated completeness: 98%) reported age-

standardised incidence rates (2011–2014) of 2 per 100 000 people per year for BCC and 1 

per 100 000 people per year for SCC.72

It is critical to recognise that an individual often has multiple KCs, but most estimates of 

burden consider only ‘incident people’, rather than ‘incident lesions’. National cancer 

registration data from the United Kingdom showed that an additional 51% of KCs were 

included by counting the first KC per person per year, rather than including only the first KC 

in a person’s lifetime.73

Premalignant lesions also contribute to the burden of KC and the incidence is increasing. 

Exposure to UV radiation causes the development of actinic keratosis (AK). Only a small 

proportion of AKs progress to SCC, but their diagnosis and treatment places a considerable 

burden on health systems.74 In South Korea, the incidence of AK increased from 18 to 54 

per 100 000 people per year between 2006 and 2015.75 It has been estimated previously that 

24% of Dutch people aged 50 years and older had at least one AK,76 and recent studies 

among primary care practices in Switzerland and dermatology outpatients in Spain showed 

comparable prevalence estimates of 25% and 29%, respectively.77,78

The large numbers of KC result in a considerable drain on healthcare resources. For 

example, in 2013 a total of USD 2.5 billion was spent on skin cancer-related diagnoses in 

United States Medicare patients (source population of 60 million beneficiaries of 65 years 

and older).79 Half (49%) of this spending was on BCC ($715 million) and SCC ($525 

million). Per 1000 beneficiaries, 1051 AKs were treated per year, at a cost of $554 million. 

In Canada the increase in cost of KC management between 2004 and 2008 (12% per year) 

outstripped the increase in incidence during the same period (3% per year), suggesting a 

change in treatment practices.80

2.6. People who have received a solid organ transplant are at higher risk of keratinocyte 
cancer than the general population, but with newer immunosuppressive regimens the risk 
has decreased

A population-based study from Ontario, Canada, including 10 198 people who received a 

transplant between 1994 and 2012, found a 6.6-fold increased risk of KC.81 The risk was 

lower in those who had a transplant between 2007 and 2012 than for those whose transplant 

occurred in 1994–2000. Despite this falling risk, there has been a marked increase in the 
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number of people undergoing transplantation,82 so the burden of KC in this susceptible 

population remains high.

2.7. As global ambient temperatures increase, the incidence of keratinocyte cancer is 
predicted to increase

A new study extending the work of van der Leun and colleagues83 has projected the 

percentage increases in skin cancer incidence that will occur as a result of warmer ambient 

temperatures in the future.84 The estimates were based on previously proposed mathematical 

relationships between: (a) the change in effective carcinogenicity of solar UV radiation dose 

and the change in incidence of SCC and BCC;85 and (b) the change in effective 

carcinogenicity of solar UV radiation in relation to the change in ambient temperature.83 

Changes in ambient temperature were modelled under a range of Representative 

Concentration Pathways (RCPs) as developed by the Intergovernmental Panel on Climate 

Change (see also section 1.2). The results show up to a 21% increase in incidence of SCC 

and 10% increase in BCC by 2100 under the most extreme scenario (RCP 8.5). The validity 

of the findings depends on the validity of the underlying mathematical relationships.

2.8. Photodermatoses occur in both light- and dark-skinned populations, and have 
considerable negative impacts on health and well-being

Photodermatoses are non-malignant conditions of the skin caused by exposure to solar UV-

B, UV-A and visible radiation. Population-based studies examining the prevalence of 

photodermatoses are scarce, so the true burden of disease overall and within population 

subgroups is difficult to capture. However, a comprehensive review of data generated mostly 

from single-centre clinics indicates that while certain conditions are commonly seen, the 

distribution of specific photodermatoses differs between light- and dark-skinned 

populations.86

Photodermatoses have effects on sufferers both directly through their symptoms, and 

indirectly via sun avoidance and treatment measures. A recent systematic review found that 

ca. one-third of adults and children with photodermatoses experience markedly reduced 

quality of life, and that anxiety and depression is twice that of the normal population.87

2.9. Exposure of the skin to UV radiation may reduce the effectiveness of some 
vaccinations and increase the risk of folate deficiency, with implications for public health 
programs

A recent study found that higher natural sun exposure measured around the time of 

vaccination reduced the cellular, but not the antibody, response to vaccination.88 Folate, a 

member of the B vitamin group, is an essential cofactor for enzymes involved in DNA 

synthesis. UV radiation degrades folate in vitro and in human skin. Findings from a study in 

Spain confirm the effect of UV radiation in field conditions; folate deficiency was ca. 40% 

more common in summer compared to winter, and serum folate levels varied inversely with 

total solar UV radiation.89 Changes in exposure to UV radiation due to either ozone 

recovery or climate change may thus influence vaccination effectiveness and folate 

deficiency.
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2.10. Exposure of the eyes to UV radiation causes pterygium, the prevalence of which is 
very high in older people

A meta-analysis that included data from over 400 000 people from 24 countries found that 

the prevalence of pterygium was 12%, ranging from 1.6% in young adults (20–29 years) to 

19.5% in people 80 years and older. Several factors influencing solar exposure of the eyes 

were associated with the risk of pterygium, including: spending more vs. less than 5 hours 

outdoors per day (odds ratio (OR) 1.24; 95% CI 1.11–1.36); outdoor vs. indoor occupations 

(OR 1.46; 95% CI 1.36–1.55); and wearing sunglasses (OR 0.47; 95% CI 0.19–0.57).90

In Ecuador, a study using Public Health Ministry data that captured the presence of 

pterygium in hospitalised patients found a clear correlation between modelled surface UV 

radiation and the prevalence of pterygium; the prevalence in the highest of the five UV 

radiation zones was five times higher than that in the lowest UV radiation zone.91

2.11. New evidence highlights the high prevalence of cataract in China, India, and Kenya

Current evidence suggests that exposure to UV-B radiation is associated with cortical 

cataract and that it may also have an effect on the development of nuclear and posterior 

subcapsular cataracts. A systematic review of cataract in China found that the prevalence of 

age-related cataract (the most common type, typically with a mixed cortical, nuclear and 

posterior subcapsular location) ranged from less than 5% in people aged 45–49 up to ca. 
75% of those aged 85–89 years. Between 1990 and 2015 the prevalence of age-related 

cataract remained stable, although the number of people with cataract has doubled.92

A population-based study conducted in India between 2009 and 2011 found that the 

prevalence of cataract in people aged 60 years and older was ca. 40%, with no difference 

between rural and urban areas. In Kenya, the prevalence of visually significant (visual acuity 

less than 6/12) cataract in people aged 50 years and older in 2007/2008 was 18%.93 Over a 

6-year follow-up period, 25% of people free of cataract at the baseline had developed a 

visually significant cataract, ranging from 13% in those aged 50–59 to 62% in those ≥80 

years.

2.12. There is little evidence that sunlight exposure causes age-related macular 
degeneration

Age-related macular degeneration (AMD) results from damage to the macular region of the 

retina. It is a leading cause of blindness worldwide, accounting for ca. half of all cases of 

central blindness in older people in Western countries. A link with sunlight exposure has 

been posited and investigated in multiple studies, but a recent meta-analysis including 14 

studies suggests that there is no significant association.94

2.13. Exposure of the skin to UV-B radiation upregulates innate immunity in the skin, 
providing protection from infections, but suppresses adaptive immunity both within the 
skin and systemically, with both beneficial and harmful effects

Within hours of exposure to UV-B radiation, pathogen-killing white blood cells (neutrophils 

and macrophages) infiltrate the skin; recent work shows that this effect is modulated by the 

skin microbiome.95 In in vitro studies, UV irradiation of neutrophils triggers the release of 
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neutrophil extracellular traps, or “NETs”, that capture and kill bacteria.96 This immediate, 

non-specific cell-based attack on pathogens forms the innate immune system. In addition, 

the macrophages and neutrophils release a chemical (cytokine) called interleukin-10; this 

downregulates the adaptive immune system that is locally important in controlling skin 

cancer genesis. Exposure to UV-B radiation also activates regulatory T cells97,98 and induces 

changes in circulating B cells,99 providing a potential mechanism for the protective effect of 

sun exposure on the onset of autoimmune diseases such as multiple sclerosis100 and 

inflammatory bowel disease.101 A new study found that 20 out of 22 people who spent a 

week holidaying in an environment with high ambient UV radiation experienced complete 

suppression of contact hypersensitivity, highlighting the strong effect of UV radiation on the 

immune system.102

The effect of UV radiation on immunity is modified by the frequency and dose of exposure, 

as well as the wavelength. Even low doses of UV-B radiation, especially when delivered 

concomitantly with immune modulators, such as alcohol, can suppress the immune system.
103 However, a recent study showed that repeated daily exposure of mice to very low doses 

of UV-B radiation (ca. 0.1 MED) actually enhanced systemic adaptive immune responses.104 

This non-linear dose response to UV-B irradiation is also seen with UV-A, where moderate, 

but not high or low doses, are potently immune suppressive.105–107 Thus, the effect of 

exposure to UV radiation on immunity is likely to be dictated by not just the type of UV 

irradiation (UV-A or UV-B) but the dose (very low, moderate or high) and frequency of 

exposure.

2.14. Generation of vitamin D is the most well-recognised benefit of exposure to UV 
radiation, but the role of vitamin D in health, other than for bone, remains controversial

The most notable new data regarding vitamin D and health come from a randomised 

controlled trial of vitamin D and omega-3 fatty acid supplementation among 25 871 adults in 

the United States.108 Vitamin D supplementation did not alter the risk of either cancer or 

cardiovascular disease. These findings are supported by two meta-analyses,109 although one 

found some evidence that vitamin D supplementation reduces cancer mortality.110 In 

contrast, a Mendelian randomisation study found no association between genetically 

determined 25 hydroxy vitamin D (25(OH)D) concentration and cancer mortality.111 Several 

new Mendelian randomisation studies have also found no association between genetically 

determined 25(OH)D concentration and melanoma, low birthweight,112 low bone mineral 

density,113 depression,114,115 type 2 diabetes,116 fatigue,117 colorectal cancer,15 and 

inflammatory bowel disease,118 suggesting that links seen in observational studies may not 

be causal.

2.15. There is marked variability in the prevalence of vitamin D deficiency around the 
world

Based on bone health indicators, many authorities regard sufficient vitamin D status as 

25(OH)D > 50 nmol L−1, insufficient status as 30–49 nmol L−1, and deficient status as <30 

or <25 nmol L−1.119 Comparing the prevalence of vitamin D deficiency between countries 

and over time continues to be challenging due to the use of inaccurate and imprecise 

laboratory assays, and bias resulting from selecting participants that do not represent the 
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resident population. However, there are now reliable data for some countries. A recent 

review has summarised the vitamin D status in Europe and the Middle East.120 The 

prevalence of vitamin D deficiency in European populations varies. It is particularly low in 

most Nordic countries; with the exception of Iceland, the prevalence of 25(OH)D < 30 nmol 

L−1 is less than 1%, and up to 20% of people have 25(OH)D < 50 nmol L−1. This is largely 

ascribed to the use of cod-liver oil, vitamin D supplements, and food fortification (in 

Finland). Conversely, the prevalence in the United Kingdom is high; over half of those 

included in a population-based survey in 2008–2012 had 25(OH)D < 50 nmol L−1, and ca. 
15% of adults had <30 nmol L−1.

There are few population-based studies from the Middle East but, in general, the prevalence 

of vitamin D deficiency is higher in the Middle East than in Europe and is particularly high 

in women due to the clothing style.120

In the United States National Health and Nutrition Survey the prevalence of 25(OH)D < 30 

nmol L−1 between 2011 and 2014 in adults and children was 5%.121 In adults it ranged from 

7.6% in those aged 20–39 years to 2.9% in people 60 years or older. It was much higher in 

non-Hispanic blacks compared with whites (17.5% vs. 2.1%). The prevalence of 25(OH)D 

of 30–49 nmol L−1 was 18.3%, but with marked variability according to age, race, and use 

of vitamin D supplements. There was no evidence of a change in the prevalence of 25(OH)D 

< 30 nmol L−1 from 2003/2004, but a modest decline in the prevalence of 25(OH)D of 30–

49 nmol L−1 occurred (21% to 18%).

2.16. Brief, daily noon-time sun exposures in March–September in the United Kingdom 
maintain year-round vitamin D status in white Caucasians but not in South Asians with 
skin type V

A modelling study estimated that across the United Kingdom (latitude 50–60°N), white 

Caucasians require ca. 9 minutes of noon sunlight exposure daily from March–September to 

maintain 25(OH)D ≥ 25 nmol L−1 year round.122 The model assumed 35% body surface 

exposure from June to August (e.g., wearing shorts and a short-sleeved shirt) and exposure 

of face and hands in other months. While a similar modelling study suggested that ca. 25 

minutes at these times may be sufficient in people with skin type V,123 an earlier in vivo 
study found that sun exposure was unlikely to maintain adequate vitamin D and that 

supplementation may be required.124 UV radiation during the 21st century is projected to 

remain within a few percent of current levels. This implies that adequate vitamin D status 

will be achievable at least for white Caucasians throughout this century.

2.17. New studies suggest beneficial effects of exposure to UV radiation, but it is difficult 
to ascertain if these are mediated through vitamin D or other pathways

Beneficial effects of higher levels of sun exposure have been suggested for: non-Hodgkin 

lymphoma (20% decrease in risk for high vs. low exposure in a meta-analysis, with null 

association with 25(OH)D level or vitamin D supplementation);125 reduced risk of kidney 

cancer (15% reduction in odds in the high vs. unexposed/low exposed groups; involvement 

of vitamin D not tested);126 lower blood pressure and reduced risk of cardiovascular disease 

(systematic review without meta-analysis; protective effect persisted after adjustment for 
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25(OH)D level where those data were available);127 reduced risk of onset128 or active 

disease post-diagnosis129 for multiple sclerosis, the latter persisting following adjustment for 

25(OH)D level; and around 40% reduced odds of developing oesophageal or gastric cancer 

(for the highest tertile of annual ambient UV-B radiation dose compared to the lowest) in a 

data linkage study from the United Kingdom (vitamin D status parameters not considered).
130

2.18. Multi-component programs for skin cancer prevention improve sun protection 
behaviours, and there is reduced prevalence of sunburn in some countries

A comprehensive review confirmed that sustained multi-component interventions can 

increase the adoption of sun protection measures. These interventions included education, 

policy, formal recognition of prevention efforts, provision of equipment, and reminders in 

contexts where sun exposure is likely.131 Evidence for the use of the UV Index to promote 

sun protection was equivocal, but there is limited research on the UV index in isolation from 

other intervention components.

Rates of sunburn in the United States have not decreased, but there is evidence of a decline 

in some other countries. Analysis of data from the National Health and Nutrition Surveys in 

the United States shows no change between 2005 and 2015 in the proportion of respondents 

reporting at least one sunburn in the previous 12 months (34% in both years).132 In 

Australia, a different measure is used so the prevalence is not directly comparable, but 

between 2003/2004 and 2016/2017 the proportion of people who reported being sunburnt on 

the previous weekend (in summer) decreased from 14% to 11%.133 This decrease was 

accompanied by an increase in the proportion of people who reported using two or more sun 

protection behaviours (from 41% to 45%). A sun safety campaign was launched in Denmark 

in 2007; from then until 2015 there was a 1% decrease per annum in the proportion of 

people reporting a sunburn in the previous 12 months.134

2.19. Sunscreen use can reduce erythema while allowing vitamin D production

A study conducted among holiday makers spending one week in a sunny environment found 

that the provision of one of two SPF ca. 15 sunscreens, along with instructions about optimal 

use, resulted in less erythema than in people assigned to discretionary sunscreen use. The 

effect was the same for the two sunscreens, one of which had greater absorption in the UV-A 

range.135 In the discretionary sunscreen use group the 25(OH)D concentration increased by 

28 nmol L−1 between the beginning and end of the holiday; in the sunscreen group using the 

high UV-A protection sunscreen group the increase was 19 nmol L−1, whereas in the low 

UV-A protection group it was 13 nmol L−1. These results suggest that a clinically relevant 

increase in 25(OH)D can be obtained even when sunscreen is applied optimally.136

A systematic review found that experimental studies using artificially generated UV 

radiation show a marked reduction of vitamin D production when sunscreen is applied prior 

to exposure.137 However, these studies have limitations, particularly related to the UV 

radiation spectrum used. Most observational studies show either no association between 

sunscreen use and 25(OH)D concentration, or that 25(OH)D concentrations are higher in 

sunscreen users. In two randomised controlled trials of sunscreen use, with sunscreen of SPF 
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ca. 17, there was no difference in 25(OH)D concentration between daily sunscreen users and 

control groups. It is not known if the use of high SPF sunscreens in environments with 

moderate ambient UV radiation can lower 25(OH)D concentration and increase the risk of 

vitamin D deficiency.

2.20. Sunscreen applied under maximal use conditions can result in plasma 
concentrations of sunscreen ingredients that exceed the United States Food and Drug 
Administration threshold for potentially waiving some non-clinical toxicology studies

In a phase one study, 24 volunteers were randomised to the application of one of four 

sunscreens, applied four times per day to 75% of the body surface area for four days.138 

There was evidence of sunscreen absorption into the bloodstream at levels that suggest 

further safety testing is warranted. These observations are consistent with two other studies.
139,140 These results do not indicate that people should refrain from sunscreen use, but that 

studies are needed to determine if these findings are clinically significant. A randomised 

controlled trial of daily sunscreen use for 4.5 years, with 21 years of follow-up, found no 

evidence that frequent application of SPF 15+ sunscreen altered overall or cause-specific 

mortality.141

2.21. Sunscreen should be applied daily to exposed skin on days when the UV index is 
forecast to reach at least 3, but protection may also be required when the UV index is less 
than 3

At a Sunscreen Summit held in Australia in 2018, the evidence for and against daily 

sunscreen use was considered by scientists, clinicians, and regulatory and public health 

bodies.142 The consensus was that the benefits of routine sunscreen use to reduce exposure 

to UV radiation during incidental activities outweigh the potential harms, and that sunscreen 

should be applied routinely on all days when the UV Index is forecast to reach at least 3.

Some health agencies currently recommend that no sun protection is required when the UV 

Index is less than 3. A new study demonstrates that this advice should be modified, 

particularly for mid-latitude conditions. For days when the peak UV Index is below this 

threshold, the daily dose of sunburning UV radiation available can exceed 15 standard 

erythemal doses (SEDs) and frequently exceeds the 2 SED threshold that causes erythema to 

lightly pigmented skin. This may have important health consequences, as populations at 

mid-latitudes include a significant proportion with fair skin that is susceptible to damage.
143,144 These conclusions have recently been corroborated by a study based on data 

measured at nine stations in Germany.145,146

3. Plant and terrestrial ecosystem response to changes in UV radiation 

and climate

Future changes in surface solar UV radiation will depend on several factors, including the 

extent and rate of stratospheric ozone recovery, the degree to which air pollution is 

controlled, and the interacting effects of climate change on stratospheric ozone, clouds, and 

land cover. These combined changes in solar UV radiation and climate will have direct 

effects on terrestrial plants and ecosystems and also modify how organisms respond to these 
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changes. These alterations in UV radiation and climate are concurrent with changing 

patterns of land use and shifts in the distributions of native and non-native plants along 

elevational and latitudinal gradients, with potential threats to biodiversity and food security.

3.1. Extreme losses in crop productivity would have occurred without the Montreal 
Protocol

An assessment based on results from field studies conducted at high-latitude locations 

indicates that plant productivity declines by about 3% for every 10% increase in biologically 

weighted UV-B radiation.147 If this linear relationship were to hold at all levels of 

stratospheric ozone depletion, these findings suggest that losses in crop productivity in the 

absence of the Montreal Protocol (i.e. “World Avoided” scenarios1,2) would have been 

severe (>90%).148 However, considerable uncertainty exists in these extrapolations, as this 

relationship may not necessarily hold for all plants, including agricultural species, at all 

latitudes, and it is unknown how productivity would be affected by the interactive effects of 

very high levels of UV-B radiation under different climate change scenarios.

3.2. Changes in climate and land use are disrupting tropical ecosystems and increasing 
the vulnerability of these systems to interacting effects of UV radiation and climate

UV radiation and its effects need to be placed in the context of current and predicted rapid 

climate change events, as rising temperatures and other changes in climate shape the 

environment of plants and animals.149

To date, climate change research has largely concentrated on environmental effects in mid- 

and high-latitude regions and far less in tropical areas.150 Tropical mountain ecosystems 

provide valuable services in terms of food, carbon sinks, and community livelihoods.151 

These systems are also susceptible to decreases in the abundance and biodiversity of species 

as climate change and other environmental factors cause shifts in habit distribution.152–155 

For example, a tropical pasture grass in the Ecuadorian Andes is being outcompeted by an 

invasive fern that appears to be better adapted to higher UV radiation and temperature 

extremes along elevational gradients.156

3.3. Small increases in UV-B radiation due to projected decreases in stratospheric ozone 
in the tropics may reduce crop production and the quality of some foods

Global stratospheric ozone is projected to recover to pre-1980 levels in the near future, 

assuming full compliance with the Montreal Protocol, although some models project small 

but variable decreases in stratospheric ozone over the tropics.157 If future emissions and 

aerosol loading are reduced, this would increase the UV radiation received by terrestrial 

plants and ecosystems in many regions, although only the high RCP 8.5 scenario would 

result in an increased UV radiation in the tropics (see section 1.2).

The consequences of relatively modest increases in UV-B radiation on tropical crops or wild 

plants are currently uncertain. However, available evidence suggests that while current levels 

of UV-B radiation can alter the morphology (e.g., smaller leaves, reduced shoot height) and 

chemistry (increased flavonoid levels) of native tropical plants, biomass production is rarely 

decreased in these species (e.g.ref. 158). In comparison, several field experiments conducted 
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using filters to reduce solar UV-B radiation have shown that certain varieties of introduced 

temperate-zone crops (e.g. wheat, soybean)159–161 can exhibit decreases in photosynthesis 

and yield when exposed to ambient UV-B radiation in the tropics. These findings suggest 

that some crop species now grown in the tropics may be less adapted to small increases in 

UV-B radiation than the native species.

3.4. Climate change and UV radiation can potentially interact to affect biodiversity by 
altering competition among plants and their interactions with pests

Many plant and animal species are migrating or shifting their distribution ranges to higher 

elevations and latitudes in response to ongoing changes in climate.162 These changes in 

distribution expose organisms to higher or lower solar UV radiation. The shifts in 

distribution range are often most pronounced for non-native, invasive species.163–165 It is 

unclear at present to what extent native and non-native species respond to changes in UV-B 

radiation,166–170 although changes in exposure to UV-B radiation resulting from shifts in 

distribution patterns have the potential to reduce biodiversity in several ways.171 For 

example, because UV-protective compounds (e.g. flavonoids) and herbivore defences 

generally vary along elevational and latitudinal gradients,168,172–178 changes in exposure to 

UV radiation resulting from the climate change-driven migration of species may alter 

herbivory and plant defences against pests along these gradients, either positively or 

negatively. Exposure to UV-B radiation can also increase the allocation of plant resources to 

chemical defences that could otherwise be used for growth and competitive advantage.
179,180

Research conducted along elevational and latitudinal gradients can provide valuable, albeit 

indirect, information about the effects of interactions between UV radiation and climate on 

plant competition and survival, degree of acclimation and adaptation, and consequent 

impacts on species diversity and ecosystem functioning (e.g.ref. 181–183). Assessments of 

these plant and ecosystem responses are useful for guiding crop selections and managing 

agricultural practices in areas affected by increasing temperature and enhanced UV radiation 

at regional and latitudinal scales (e.g.ref. 184–186).

3.5. Reduced snowfall is altering the seasonal timing of exposure to UV-B radiation in 
plants and this may increase their susceptibility to damage from extreme weather 
conditions

Climate change is causing less snowfall at high latitudes and high elevations.187–190 The 

resultant smaller snowpack leaves certain plants more vulnerable to unfavourable conditions 

during winter (i.e., increased exposure to UV and total solar radiation, greater temperature 

fluctuations and desiccating winds)191 (Fig. 5). This has led to plant mortality in some areas 

of the high Arctic tundra192,193 and in Antarctic moss-beds.194 However, plants tend to 

screen UV more effectively when they are exposed to low temperatures, potentially 

increasing their capacity to avoid damage from high solar irradiances. This effect has been 

shown in experimental studies195,196 and by monitoring shrubs above and below the 

snowpack.197,198 Once snow has melted and during the onset of growth, UV-B radiation 

received in spring can help limit plant damage and the reductions in photosynthesis that 

would otherwise result from fluctuating weather conditions at this time of year. The 
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extended growing season due to climate change, bringing earlier spring and later autumn, is 

accompanied by reduced exposure to UV-B radiation during these seasonal transitions. As a 

consequence, some plants will be more susceptible to damage from extreme weather events 

at the onset and cessation of growth.

3.6. Increases in atmospheric carbon dioxide can stimulate photosynthesis and plant 
growth in some species, but this beneficial effect depends on levels of UV-B radiation and 
other factors

Depending on the photosynthetic pathway (i.e., C3vs. C4 photosynthesis), elevated 

concentrations of CO2 can increase the yields of some crops, although generally only under 

optimal conditions for plant growth (e.g. adequate water and nutrient supply).199 Thus, the 

stimulating effects of rising CO2 are often reduced when plants are exposed to UV-B 

radiation and grown under conditions of low water availability and/or nutrient supply.200–202 

However, exposure to UV-B radiation can increase plant tolerance to drought and low 

nutrient availability.203,204 These complex interactions between UV radiation, CO2 and 

other climate change factors make it challenging to model and assess how crop productivity 

would be affected by the changes in UV radiation that would occur under different scenarios 

of climate change and stratospheric ozone, including the projected “World Avoided” 

scenario without the Montreal Protocol.

3.7. UV-B radiation stimulates plant defences and can improve crop health and nutritional 
value for consumers

Solar UV-B radiation can increase plant resistance to a variety of pests and pathogens due to 

altered plant chemistry, especially by inducing secondary metabolites such as polyphenolics 

(e.g. flavonoids), which also serve as antioxidants and UV-screening compounds.205–207 

Applications of this knowledge can be used to enhance desirable crop response to UV-B 

radiation.208 This includes defence responses against pests and disease, and accumulation of 

the antioxidant compounds in food crops.209–211 Similarly, this knowledge can be applied to 

manipulate light conditions in greenhouses and controlled environments to improve the 

yield, health and nutritional value of horticultural crops.212,213 These findings represent an 

important side effect of the Montreal Protocol with regard to societal benefits and the 

fundamental research that is being conducted to better understand how plants respond when 

exposed to UV radiation.

4. Effects of stratospheric ozone depletion, UV radiation and interactions 

with climate change on aquatic ecosystems

Recent research on the effects of UV-B radiation, as well as UV radiation in general, on the 

aquatic environment evaluates how climate change and other anthropogenic effects interact 

with exposure to UV radiation in both freshwater and marine ecosystems. Whereas 

stratospheric ozone depletion increases exposure to UV radiation, other processes change 

transparency to UV radiation, often decreasing exposure in the aquatic environment. This 

has consequences for species distributions and services provided by aquatic ecosystems, 

such as freshwater, fisheries, and recreation. Aquatic ecosystems also play a major role in 
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mediating the effects of other human actions related to ozone depletion and UV radiation, 

including fluorinated refrigerants (see section 6.8), sunscreen use and micro/nanoplastics.

4.1. Climate change and other effects of human activity are becoming more important 
than variations in stratospheric ozone in controlling the exposure of aquatic ecosystems 
to UV radiation

Implementation of the Montreal Protocol has limited the increase in UV-B radiation incident 

on the aquatic environment which would have otherwise occurred. However, climate change 

and other human activities since implementation have altered the water transparency, and 

therefore exposure to UV radiation, across a range of marine and freshwater habitats. Most 

recent reports indicate that the UV transparency of aquatic ecosystems has decreased. These 

include long-term declines in the depths of penetration of UV-B radiation in a region of the 

Chesapeake Bay, United States, probably related to human disturbance around the shoreline;
214 and the “browning” of Norwegian alpine lakes as forest cover expands to higher 

elevations in their warming watersheds and organic matter from the trees enters runoff into 

the lakes.215 Declines in transparency are also occurring in the open ocean, where deepening 

of the vertical circulation of plankton, attributed to changes in weather patterns and ocean 

currents, decreases the average exposure to UV radiation of plankton in near-surface waters.
216 These trends are evident in observations from long-term monitoring stations in the 

middle of the Atlantic and Pacific oceans. Conversely, the loss of Arctic sea ice217 is 

dramatically increasing exposure to UV radiation in areas of the Arctic Ocean previously 

shielded from direct solar radiation. The constituents involved in these changes (chiefly ice 

cover, dissolved organic matter and suspended particulates) affect transparency across the 

spectrum, including both PAR and UV radiation, but have the strongest effect on UV-B 

radiation.218 These contrasting trends in transparency, and hence exposure to UV-B 

radiation, will likely continue as the effects of climate change intensify.

4.2. UV-B radiation excludes some invasive organisms from clear lakes, while a decrease 
in radiation, due to increases in dissolved organic matter, promotes their invasion into 
browning lakes

Coloured dissolved organic matter (DOM) is increasing in areas affected by increased 

runoff, which is often associated with climate change.219,220 This “browning” of inland 

waters reduces UV-transparency, facilitating invasion by UV-sensitive species. This has 

already been demonstrated for fish in cold, clearwater lakes, where high DOM can create a 

spawning refuge that facilitates the invasion of UV-sensitive warm-water species.221,222 

Regulations that maintain high levels of UV transparency in lakes may help manage fish 

invasions.223 Two new studies show how UV-B radiation excludes important invertebrate 

predators and invasive species from clear lakes, while increases in DOM facilitate their 

establishment in browning lakes. Experiments with the predatory larvae of the aquatic insect 

Chaoborus, which is only found in brown lakes (i.e. those with >3 mg L−1 total organic 

carbon), showed a much higher rate of egg deposition in water with high vs. low 

concentrations of UV-absorbing DOM.215 This suggests that the range expansion of this 

important predator of freshwater zooplankton is regulated by variations in the transparency 

of the waters to UV radiation.215 Another important species that responds to local variations 

in UV transparency is the jellyfish Craspedacusta sowerbii, which is invading many 
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freshwater systems world-wide. Its behaviour and survival rate is sensitive to UV radiation 

in field incubations.224 This species does not contain photoprotective compounds known to 

occur in other zooplankton and survives better in habitats with low UV transparency.224 

These studies show that UV transparency changes the species composition of zooplankton in 

lakes, which can affect the value of the zooplankton community as a food resource 

supporting fisheries.

4.3. Micro- and nanoplastics arising from the breakdown of plastics by solar UV radiation 
may have negative consequences for aquatic ecosystem services, as well as for food and 
water security

The degradation by solar UV radiation of plastics into micro- and nanoplastics can increase 

substrates for pathogens and other microorganisms, sequester contaminants, and increase 

ingestion by aquatic organisms. However, these potentially negative effects are as yet poorly 

quantified. Plastics are ubiquitous pollutants in all ecosystems worldwide and include not 

only large fragments, but also microplastics (defined as those <5 mm in diameter) and 

nanoplastics (those <100 nm in diameter).225,226 There has been tremendous growth in both 

the published scientific research and public interest in the potential effects of microplastics 

on aquatic ecosystems, which has led to the recent passage of regulations in some 

jurisdictions.227 Plastic fragmentation following exposure to UV radiation stimulates 

microbial colonisation and further plastic degradation228,229 (see also section 7.7). 

Microplastics can, in turn, be ingested by many types of aquatic organisms, ranging from 

zooplankton and other invertebrates to fish.230

While there is a dearth of evidence, suggestions have been put forward for how the ingestion 

of microplastics can negatively affect organisms, including direct chemical toxicity and 

physical obstruction, which can be external or in the digestive tract, as well as serving as a 

substrate for concentrating and increasing exposure to contaminants and pathogens.230,231 

For example, exposure to UV radiation and consequent fragmentation increases the particle 

surface area, which may be responsible for the increasing microplastic adsorption of 

contaminants such as metals.232 A major unresolved question is whether these microplastics 

cleanse the water column of such contaminants, leaving them bound to long-lasting plastics 

in the sediments, or whether they act as a conduit for these contaminants to the aquatic 

organisms that ingest them.

Two recent reviews discuss the evidence for the negative effects of microplastics on the 

feeding, survival, growth, and reproduction of aquatic organisms, as well as their 

accumulation in seafood sold in public markets for human consumption.227,230 A meta-

analysis of 43 experimental laboratory and field studies was carried out on the effects of 

microplastics on fish and aquatic invertebrates in freshwater and marine systems.230 This 

study found negative effects of microplastics in many cases, with the greatest impact being 

on zooplankton survival, growth, and reproduction. This has important implications for both 

water quality in inland waters, and aquatic food webs in marine and inland waters, since 

zooplankton comprise a critical link in food webs, as well as serving as a vital food for 

young and in some cases even adult fish. Overall, neutral or no effects were more common 

Bernhard et al. Page 25

Photochem Photobiol Sci. Author manuscript; available in PMC 2021 May 20.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



than negative effects, but only four response characteristics were studied, and other 

unexamined effects of microplastics could pose substantial threats to aquatic life.

A second review examined 320 peer-reviewed studies of the effects of microplastics in 

freshwater and marine systems, including sediments.227 While negative effects of 

microplastics were common, there were many conceptual and methodological limitations of 

previous microplastic studies, which limit the ability to draw overarching conclusions on the 

real nature or magnitude of the threat. For example, although polyethylene fibres and 

fragments are the most common microplastics in the environment, many studies have used 

spherical polystyrene beads, often much smaller than those found in nature, to examine the 

effects of microplastics.227 More recently, however, heat-degraded particles, similar to UV 

degradation products, have been shown to alter the behaviour and morphology of the 

microcrustacean Daphnia magna.233

Despite the prevalence of microplastics and widespread evidence of negative effects on some 

aquatic organisms, a recent ecological risk assessment indicates that currently available data 

are not adequate to conclude that their presence in ecosystems represents a substantial risk.
231 In some cases, studies have shown no effects of microplastics. For example, in one 

species of larval fish, polyethylene microplastics seem to have minimal effects on feeding 

rates or short-term (30 d) growth rates.234 Better data and consistent endpoints and methods 

for testing the effects of exposure are needed before conclusions on the potential risks and 

impacts of microplastic particles can be fully summarised.231 Conclusions on the effects of 

microplastics and the potential role of UV radiation must account for the diversity of 

microplastics,226 the potential for artefacts in experimental studies,235 and the need to 

recognise complex interactions with other contaminants.236,237

4.4. Sunscreens that protect humans from excess exposure to UV radiation can be 
harmful to aquatic organisms

Based on in vitro studies showing harmful effects of organic sunscreens on aquatic 

organisms, particularly corals, and the detection of such sunscreens in coral reef habitats, the 

United States state of Hawaii has banned the sale and distribution of organic sunscreens, 

effective January 2021.238 Alternative methods for photoprotection include clothing, which 

can provide protection without the use of sunscreen. However, some types of outdoor 

clothing now have dyes or sunscreens incorporated into the fabric, which is rated using the 

Ultraviolet Protection Factor (UPF). The release of chemicals into seawater from these 

fabrics needs to be evaluated to ensure that they are not an additional source of 

contamination to aquatic ecosystems.

Organic sunscreens, such as oxybenzone and avobenzone, and mineral-based inorganic 

sunscreens, such as titanium dioxide (TiO2) and zinc oxide (ZnO), have been detected in 

surface waters, sediments, and organisms.239 ZnO is toxic to the symbiotic algae within 

corals,240 and uncoated ZnO can induce coral bleaching, whereas modified forms of TiO2 

are less damaging to corals.241

All experiments testing the toxicity of sunscreens have thus far been conducted in laboratory 

settings in which the maximum concentrations used often exceed environmentally relevant 
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levels, so caution must be used in the interpretation of these results. It is important that 

further studies be undertaken to determine the utility of mineral-based UV filters in 

photoprotection as alternatives to organic filters.

5. Interactions of biogeochemical cycles with changing UV radiation and 

climate

The most relevant advances with respect to the impacts of changes in solar UV radiation and 

its interaction with climate change and biogeochemical cycling are: (1) modeling and 

quantification of how exposure to UV radiation transforms contaminants; (2) changes in the 

amount of organic carbon susceptible to photochemical reactions due to the melting of 

permafrost in the Arctic; and (3) impacts of land use and climate change affecting the UV-

mediated degradation of carbon in terrestrial ecosystems. Additionally, we discuss fire in 

high-latitude systems, particularly the production of trace gases from wildfires and 

interactions of pyrogenic carbon with UV radiation in the global carbon cycle.

5.1. Advances in modelling increase our ability to assess the effect of changes in UV 
radiation on the photodegradation of contaminants

Contaminants are chemicals or biological substances that are intentionally or accidentally 

released into the environment. Pesticides, pharmaceuticals, household and industrial 

products, petrochemicals, nanomaterials, and microplastics are examples of chemical 

contaminants. Biological contaminants include pathogens that are released by human 

activities, such as treating wastewater, and harmful algal blooms; the latter of which are a 

natural component of ecosystems, but are becoming more abundant because of human 

activities.

Significant advances have been achieved in mathematical model simulations of 

photoreactions and transport of contaminants in aquatic environments.242–244

Several modeling studies of carbon-based nanomaterials (e.g., multiwalled carbon nanotubes 

(MWCNT) and graphene oxide (GO)) using the Water Quality Assessment Simulation 

Program (WASP) have been published since our last assessment.242,245,246 WASP is a 

dynamic, spatially resolved surface water model. It has been updated (Fig. 6) to account for 

nano-specific processes and can simulate the direct phototransformation of nanomaterials 

and other contaminants as a function of wavelength over the solar spectrum.242,246 

Potentially, WASP can use projected changes in UV-B radiation to predict changes in 

contaminant phototransformation. New improved biological weighting functions and 

information on natural photosensitisers have been used to refine models of the 

photoinactivation of coliphages (a type of virus) that are potential indicators of pathogenic 

viral activity in recreational water.243,247–249 Improvements were made to the spectral 

irradiance model (Simple Model of the Atmospheric Radiative Transfer of Sunshine, 

SMARTS),250 which has been widely used to calculate photoinactivation rate constants of 

biological contaminants.243
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5.2. Projected recovery of the stratospheric ozone layer and consequent decrease in UV-
B radiation could accelerate or retard the photodegradation of contaminants

Reduced levels of UV radiation can increase the biodegradability of plastics251 by micro-

organisms, and decrease the release of toxic additives/byproducts associated with 

microplastics252–254 and nanomaterials.255–257 Reduced UV radiation might also mitigate 

the effects of TiO2 and ZnO nanoparticles; once released into the aquatic environment, these 

common UV-blocking agents in sunscreen products generate damaging reactive oxygen 

species (ROS) under UV radiation.258 Conversely, decreased UV radiation could attenuate 

the self-cleansing ability of the environment by slowing the direct and/or indirect 

photoreactions of certain pesticides and biological contaminants.243,247,252,259 Another 

negative effect could be the decreased photochemical conversion of highly toxic silver ions 

to much less toxic silver nanoparticles.260 These complex, competing effects of decreased 

UV radiation on contaminant photoreactions must be taken into consideration by models 

that predict future concentrations of contaminants in the environment.242,245,246

5.3. UV radiation induces carbon dioxide production from organic carbon released by 
thawing permafrost, thus contributing to a significant positive feedback on global warming

The permafrost carbon pool in the Arctic is now thought to comprise organic carbon in the 

top 3 m of surface soil, carbon in deposits deeper than 3 m (including those within the 

yedoma region, an area of deep sediment deposits that cover unglaciated parts of Siberia and 

Alaska), and carbon within permafrost that formed on land during glacial periods but which 

is now found on shallow submarine shelves.261,262 Multiple lines of evidence suggest that 

permafrost warming is accelerating more rapidly than originally projected,263,264 so carbon 

stored in this pool is now being exposed to sunlight, including UV radiation. This previously 

sequestered organic carbon becomes available for photochemical and microbial degradation, 

releasing CO2 and methane to the atmosphere.261 The total release of greenhouse gases in 

this region due to global warming has been referred to as the permafrost carbon feedback 

(PCF)261,262,264 (Fig. 7). Generally, deeper layers of organic matter are exposed over 

decades, or even centuries, and some models are beginning to track these slow changes. As 

the deeper permafrost warms and thaws, the average age of the released carbon is increasing,
261,265 exposing older carbon that is photoreactive but biologically persistent. Permafrost 

thawing can also operate in an abrupt way, collapsing suddenly and destabilising several 

metres of soil within days or weeks,264 dramatically accelerating the exposure of previously 

shielded carbon to solar UV radiation. A part of this newly exposed carbon may be 

susceptible to photodegradation on land, accelerating carbon release to the atmosphere.266 

As carbon moves from the terrestrial land surface to Arctic lakes and river ecosystems, 

photodegradation may account for a substantial fraction of the degradation of this semi-

labile organic carbon,267 although its importance will be determined in part by water mixing 

and the amount of suspended sediment.268 There is an urgent need to incorporate the role of 

UV radiation in the degradation of exposed carbon from thawing permafrost, and to consider 

how changes in the exposure to solar radiation of sequestered carbon affect the acceleration 

of carbon release from both terrestrial and aquatic ecosystems in the Arctic.
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5.4. Land-use and climate change alter vegetative cover and affect the extent of 
photodegradation as a control of plant litter decomposition in terrestrial ecosystems

Substantial differences in vegetative cover occur naturally in terrestrial ecosystems due to 

differences in abiotic factors such as soil and climate. Additionally, human activities, such as 

land use change, intentional planting of exotic species, drought or fire, function as major 

determinants of vegetative cover and the amount of UV and total solar radiation reaching the 

soil surface. These changes in plant cover affect plant biomass but also carbon and nutrient 

cycling and may be key in determining the role of sunlight, and UV radiation, as a control of 

carbon release.

Photodegradation, the breakdown of plant litter driven by exposure to UV and short 

wavelength visible radiation, continues to be shown as a key component of decomposition in 

low rainfall ecosystems, such as deserts and grasslands. Various abiotic and biotic factors 

interact to influence the balance of photodegradation vs. microbial (bacteria and fungi) litter 

decomposition, including the degree of sunlight exposure, moisture, relative humidity and 

temperature, as well as the initial litter chemistry determined by plant species identity.
269–272 Very recent evidence has demonstrated that the exposure of plant litter to sunlight is 

of much greater import than the direct effect of temperature on decomposition (i.e. thermal 

degradation).273

Photodegradation can also alter litter chemistry and microbial access to carbohydrates in the 

litter, which can facilitate microbial decomposition (i.e. photo-facilitation),274–276 although 

this is not always observed.277 This facilitative effect of sunlight on microbial respiration 

may be one of the main avenues by which photodegradation increases litter decay,274 and 

implies that photodegradation may be important in terrestrial habitats beyond deserts and 

grasslands. The broader role of solar radiation exposure in litter decay is supported by recent 

experimental studies, indicating that accelerated decomposition from sunlight can also occur 

in wetter, forested ecosystems.278,279 Taken together, further understanding of the 

mechanistic controls of sunlight on carbon release suggests that land use changes that 

increase the exposure of plant litter to solar radiation will accelerate carbon losses from 

these ecosystems due to the effects of photodegradation and photo-facilitation. These 

alterations in the carbon cycle should be considered when modeling the effects of land use 

and climate change in terrestrial ecosystems.

5.5. Fires contribute to greenhouse gas release and the production of UV-sensitive burnt 
biomass

Forest fires are becoming more severe and frequent, and this trend is predicted to increase 

due to climate change, particularly in boreal forests where extreme warming is expected.
280–286 Forest fires produce a variety of trace gases and aerosols, including the greenhouse 

gases CO2, methane, and nitrous oxide. Emission factors for these species have recently 

been compiled by Andreae.281 Fires provide an important pathway for opening up the soil 

surfaces to UV radiation. Moreover, due to the incomplete combustion of wood and other 

biomass, fire converts a substantial fraction of the vegetation carbon into burnt biomass, also 

named charcoal, black carbon, or pyrogenic carbon (PyC).283,287 Approximately 256 Tg 

(uncertainty range: 196–340 Tg) of biomass carbon was converted annually into PyC 
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between 1997 and 2016.287 Burnt biomass is more resistant to environmental degradation 

than unburnt biomass and can act as a long-term sink for CO2. Photodegradation provides 

the main pathway for the decomposition of burnt biomass into CO2.287,288 Rainfall washes a 

fraction of PyC into streams, rivers, lakes, coastal inland waters and the ocean. Upon 

exposure to solar UV radiation, PyC undergoes photochemical conversion to CO2 at a global 

rate estimated to be between 20 and 490 Tg C per year in the ocean.288

6. Interaction of changes in stratospheric ozone with air quality in a 

changing climate

The composition of the lower atmosphere (the quality of the air we breathe) has a significant 

impact on human and environmental health. This composition is altered by variations in the 

concentration of stratospheric ozone and by climate change. The effects on human health 

that are most studied are those associated with increases in ground-level ozone and aerosols. 

Since our last assessment,289 there has been ongoing research on the impact of poor air 

quality on health, in particular focusing on aerosols (particulate matter with an aerodynamic 

diameter smaller than 2.5 μm, PM2.5) and ozone, and the findings corroborate our previous 

conclusions.289 For urban environments, improving air quality has been viewed as a matter 

of controlling local emissions, but it is becoming more evident that the problem will need to 

be managed, for many locations, on a regional scale.290,291

Air quality is also dependent upon changes in several atmospheric parameters on a global 

scale, including changes in climate and stratospheric ozone. Importantly, these changes are 

not independent, as climate change can alter the emission of several chemicals (such as 

methane, halogens and nitrogen-containing compounds from natural sources) that will alter 

concentrations of stratospheric ozone. Recent developments in our understanding of the 

coupling between changes in stratospheric ozone, climate change, and composition of the 

ground-level atmosphere are highlighted below.

6.1. Ozone at ground level is predicted to substantially increase by 2100, as a result of 
increased transport of ozone from the stratosphere to the troposphere

Models are now capturing the effects of the coupling of atmospheric circulation and 

chemistry, particularly the link between the stratosphere (> ca. 12 km altitude) and the 

troposphere (≤ 12 km altitude). Changes in stratospheric ozone, stratospheric circulation, 

and alterations in temperature affect the transport of ozone between the stratosphere and the 

troposphere. An increase in ozone in the upper troposphere is then distributed throughout the 

troposphere. Of particular relevance here is that this can lead to changes in the concentration 

of ground-level (the atmosphere to which terrestrial organisms are exposed) ozone in both 

hemispheres.292,293

Modelled predictions of the concentration of ozone in the lower troposphere and at ground 

level in 2100 continue to show substantial increases (≥ 20%) compared to the present. These 

increases will be caused by a warmer climate increasing the rate of mixing between the 

lower stratosphere and the upper troposphere, and by the recovery of stratospheric ozone due 

to reductions in ozone-depleting substances (ODS).294 The relative importance of the two 
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effects depends on the hemisphere and season, with the decrease in ODS being more 

important in the summer in the southern hemisphere. Overall, the predicted impact of 

warming caused by greenhouse gases is substantially larger than the changes due to ODS, 

although the two processes are not independent.

6.2. Aerosols with complex physical and chemical properties can affect the formation and 
loss of ground-level ozone in polluted regions

In polluted regions, aerosols can affect UV photolysis rates, atmospheric dynamics, cloud 

optical thickness, and heterogeneous reactions, which are all important factors in the 

formation and loss of ground-level ozone.

For eastern China, a global atmospheric chemical model previously found that aerosols often 

reduce the photolysis rates of ozone [J(O3)] and nitrogen dioxide [J(NO2)] by 10–30%, but 

the calculated effect on surface O3 was relatively small (2–4% reduction). More recent 

studies find increases in ground-level O3 that are associated with PM2.5 reductions295–300via 
changes in UV radiation, as well as via heterogeneous (gas-particle) chemical reactions.
301,302 Thus, the health benefits from reducing aerosols are partly offset by the increase in 

ground-level O3.

The reduction in UV photolysis during severe haze-pollution events can also lower the urban 

concentrations of OH radicals,303 slowing the photochemical removal and thus allowing 

more local accumulation of many pollutants other than ozone and PM2.5. Ozone, PM2.5 and 

OH interact in complex ways304 that can be modified by solar UV radiation, and 

characterisation and quantification of these links are ongoing.

6.3. Concentrations of ozone at the Earth’s surface will be altered by the changing 
climate

A study of recent periods of high concentrations of ambient ozone in China (2016–2017) 

highlights that, in addition to the impact of anthropogenic emissions, significant changes in 

ozone at ground level can be expected from a multitude of effects associated with climate 

change. These include changes in emissions of volatile organic compounds (VOCs) from 

growing plants, changes in lightning and, as already mentioned above, in the exchange of air 

from the stratosphere.88,305

6.4. The stable concentration of hydroxyl radicals over the last 35 years is not likely to 
continue in the future

Hydroxyl radicals remove many harmful chemicals from the atmosphere.289 Hydroxyl 

radical concentrations have remained stable over the last 35 years due to the near-offsetting 

of changes in their production (by UV radiation and nitrogen oxides) and destruction (by 

carbon monoxide, methane, and other volatile organic compounds). Such stability is largely 

fortuitous and is not likely to continue in the future, as these now-offsetting factors are 

expected to vary by different rates in the coming decades. Changes in the global 

concentration of OH would have a significant impact on air quality. The concentration of 

OH is highly dependent on the amount of UV-B radiation, and hence on the amount of 

stratospheric ozone,289 as well as on other factors, as discussed below.
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Methane is a key factor in determining OH concentration, because its reaction with OH is a 

major sink for OH, as well as the main mechanism of removal of CH4 from the atmosphere.
289 Rising concentrations of CH4 due to increases in natural and anthropogenic emissions 

should therefore decrease the concentration of OH in the atmosphere; however, this appears 

not to have been the case in the recent past. Calculations for the period 1980–2015 indicate 

that this decrease was almost totally offset by other changes in the chemistry of the 

atmosphere, including the concentration of water vapour, nitrogen oxides (NOx), and the 

total amount of ozone in the atmosphere.306 This result is consistent with earlier conclusions 

based on measurements of the concentration of methylchloroform, a synthetic ODS that is 

primarily removed by OH.307 Whether a continuing increase in emissions of CH4 will result 

in a significant decrease in the global mean concentration of OH (by up to ca. 10%, 

according to ref. 308) is an open question.

Measuring the average global concentration of OH is difficult, and new methods are needed. 

Methane is one of the key candidates considered for estimating OH, as its reaction with OH 

is the primary route for the removal of CH4 from the atmosphere, and there is an expanding 

range of measurements of atmospheric CH4 both at ground level and from satellites. As a 

result, models of atmospheric CH4 are more able to assign observed changes to variations in 

regional emissions and the concentration of OH.309,310 However, there are still significant 

uncertainties in this estimation of OH that could possibly be addressed via measuring the 

isotopic composition (12CH4; 13CH4) of methane.311 Overall, there are ongoing significant 

advances in our ability to measure changes in the state of the reactive chemistry of the global 

atmosphere.

6.5. Regional trends in concentrations of OH are highly variable

Regional trends in the concentration of OH are not readily measured because OH has an 

atmospheric lifetime shorter than a second. However, some calculations have been carried 

out, such as over eastern China, where OH increased substantially between 1990 and 

2000.312 As this trend is not observed in the global estimates of the concentration of OH, 

such changes have not occurred everywhere, but may well be important for regional air 

quality.

6.6. Concentrations of methane in the atmosphere have increased substantially in the 
last decade, with implications for climate change, stratospheric ozone chemistry, and 
regional air quality including ground-level ozone

Causes of the increase in methane include increased rates of anthropogenic and natural 

climate-sensitive emissions, while its removal is determined by the OH radical and is thus 

sensitive to UV radiation. In the last decade, the global average concentration of methane in 

the atmosphere has increased at a rate of 5–10 ppb per year (see Fig. 8).308,313–315 CH4 is 

also a greenhouse gas (GHG) with a radiative forcing of climate of ca. 25% of that due to 

CO2.316 Like other GHGs, CH4 alters concentrations of stratospheric ozone.1 Outside the 

polar regions, the radiative cooling of the middle and upper stratosphere due to increasing 

concentrations of GHGs is expected to result in an increase in stratospheric ozone.1 At polar 

latitudes, however, radiative cooling increases the prevalence of polar stratospheric ice 

clouds (ice PSC), a prerequisite for ozone depletion to occur in polar spring.1 Record low 
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vortex temperatures were observed in the Arctic winters of 2010–2011 and 2015–2016, 

followed by significant loss of stratospheric ozone in the Arctic spring317–320 (by up to 38% 

and 27%, respectively).319 Furthermore, the oxidation of CH4 by OH is an important in situ 
source of stratospheric water vapour.321 It is likely that water vapour in the polar 

stratosphere raises the temperature at which PSC particles form. These particles enable the 

rapid conversion of reservoirs of chlorine into chlorine radicals, which deplete ozone in the 

polar spring.317

Emissions of CH4 from natural sources (ca. 40% of total CH4 emissions) are affected by 

climate change. For example, CH4 emissions from wetlands (the most important natural 

source at present) are predicted to increase by 33–60% by 2100, based on estimated 

increases in CO2.322 Thawing of permafrost soils may become an increasingly important 

source of CH4, particularly in the Arctic because of “Arctic amplification” (i.e., the 

prediction that the Arctic troposphere will continue to warm faster than elsewhere in 

response to increasing GHG concentrations) and since permafrost soils in this region store 

vast amounts of carbon.323,324 Emissions of CH4 from beneath warming lakes and retreating 

ice sheets are also now recognised as an additional source.323,325

When permafrost soils thaw, they release natural organic matter (NOM) into the surrounding 

environment. This release increases the susceptibility of NOM to microbial decomposition 

and production of CH4. Note that the release of NOM via permafrost thaw primarily results 

in CO2 production, a process that is induced by UV radiation (see section 5.3).326 The 

microbial production of CH4 increases with rising temperature and spring rainfall, 

particularly where the loss of ice-rich permafrost converts forest and tundra into wetlands.
327 The release of CH4 from permafrost soils is moderated by methanotrophs, 

microorganisms that oxidise 20–60% of CH4 before its emission to the atmosphere.328 

According to model calculations,323 which also included abrupt thaws beneath thermocast 

lakes, CH4, not CO2, has been the dominant driver (ca. 70%) of the radiative effect due to 

the release of GHG via thawing of circumpolar permafrost this century.

The main competitor of CH4 for OH is CO,329,330 because CO is the strongest sink of OH in 

the troposphere, making up 39% of the global annual mean of total OH sinks.329 Since the 

rate of photoproduction of CO depends, in part, on the concentration of natural organic 

matter (NOM) that is photoreactive,331 effects of climate change, such as forest fires, 

thawing of permafrost soils, “browning of lakes”,218 and enhanced runoff of NOM into 

rivers and coastal areas are expected to enhance the photochemical production and emission 

of CO from terrestrial and aquatic ecosystems.326

6.7. The role of naturally produced halogen-containing compounds in 

altering air quality in polar regions is larger than previously recognised

The emission of these natural ozone-depleting compounds (e.g., those containing bromine) 

will depend on climate change, and will therefore link climate change, stratospheric ozone 

depletion, and air quality. Reactive bromine species (i.e. the bromine atom (Br) and bromine 

monoxide (BrO)) oxidise tropospheric pollutants including ozone and gaseous elemental 

mercury, a contaminant of global concern.332 The presence of reactive bromine is considered 
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to be the main cause of near-complete ozone depletion events in the polar boundary layer 

near ice and of mercury deposition during polar spring.333–335 Reactive bromine species are 

formed by UV-induced processes, through: (i) photolysis of brominated very-short-lived 

substances (BrVSLS); and (ii) photolysis of Br2 on ice- and snow-covered surfaces, where 

Br2 is formed via oxidation of Br− by OH on frozen saline surfaces such as sea-ice.
333,335,336 BrVSLS, particularly bromoform (CHBr3, lifetime of 17 days) and 

dibromomethane (CH2Br2, lifetime of 150 days), can reach the lower stratosphere, where 

their photoproducts participate in the destruction of stratospheric ozone. One of the main 

routes for the transport of BrVSLS into the stratosphere is the circulation of the Indian 

summer monsoon,337 which is affected by climate change.338

BrVSLS are produced by abiotic and biotic processes. The abiotic process consists of the 

oxidation of Br− deposited on ice and snow surfaces by ozone, followed by the reaction of 

hypobromous acid (HOBr) with DOM.339 This process occurs in sea ice in the Antarctic 

winter339 and may be an important source of BrVSLS. The biogeochemical formation of 

BrVSLS in marine environments involves a suite of reactions,340 which are, in part, 

dependent on UV radiation (see Fig. 9). The yield of BrVSLS via bromoperoxidase-

mediated halogenation of DOM depends on the chemical composition of the DOM 

compounds, where terrestrially-derived (allochthonous) DOM contains precursors of CHBr3, 

such as humic and fulvic acids.341 Coastal zones were found to be important sources of 

BrVSLS337,342 and may become even more important due to enhanced fluxes of 

allochthonous DOM to rivers and coastal areas as a consequence of more frequent storm 

events in a changing climate. Hence, climate change influences not only the transport of 

BrVSLS from the troposphere into the lower stratosphere, but also their biogeochemical 

production in marine environments.

6.8. Limited new measurements of trifluoroacetic acid in the environment reconfirm that 
it is not a threat to human health or an environmental concern at current or projected 
future concentrations

As noted previously,344 there are many sources of trifluoroacetic acid (TFA) in the 

environment, including the degradation of HCFCs, HFCs and HFOs. A review of short- and 

ultrashort-chain poly- and perfluorinated substances345 noted a paucity of information on the 

sources of TFA other than fluorinated refrigerants.

TFA can be formed from the breakdown of fluorinated polymers used in industry and in the 

home. A study on thermal breakdown (thermolysis) of the fluoropolymers poly(vinylidene 

fluoride-co-hexafluoropropylene) (PVDF-HFP), poly(vinylidene fluoride-co-

chlorotrifluoroethylene) (PVDF-CTFE) and poly(tetrafluoroethylene) (PTFE) showed that 

thermolysis occurred at temperatures ranging from 400 °C to 650 °C.346 Yields of TFA 

ranged from 0.3 to 1.2%, depending on the polymer. Using a model, the authors estimated 

that 1.6 to 14% of the TFA detected in rainwater in Beijing in 2014 came from this 

thermolysis source. The applicability of these data to other locations is unknown. TFA 

continues to be detected in environmental media. Samples of precipitation collected in 2016 

in 28 cities in mainland China were found to contain TFA in higher concentrations than 

other longer chain perfluorinated compounds. Maximum concentrations ranged from 8.8–
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1.8 μg L−1 with an average of 0.15 μg L−1, with higher concentrations in coastal cities.347 

The sources of TFA were not reported but the values are consistent with previous reports.344

Future projections assuming 100% conversion of all automobile air conditioners to TFA-

precursors (HFO-1234yf) predict TFA concentrations in precipitation in the range of 0.48–

0.64 μg L−1 across the United States, Europe, and China.348 Wastewater treatment plants 

may be a source of TFA to downstream aquatic ecosystems, and concentrations in the 

Neckar River in Germany were over 100 μg L−1 downstream of industrial TFA production 

sources.349 Common techniques used in wastewater treatment such as ozonation and 

activated carbon filtration are ineffective at removing TFA, while ion exchange and reverse 

osmosis are partially effective349 but are difficult and costly to implement on a large scale.

Two new studies of TFA in plants and animals have been reported in the recent literature, 

neither of which reports negative outcomes. In a study on wheat (Triticum aestivum), TFA 

was shown to be absorbed via the roots.350 Using a hydroponic testing system, young wheat 

seedlings were exposed to environmentally unrealistic high concentrations of TFA dissolved 

in Hoagland’s nutrient solution (1 mg L−1). It is not clear if the solution buffered the acidity 

of the TFA, but after 80 h of exposure, the mean concentration of TFA in the roots was 175 

mg per kg dry weight, and in the shoots the concentration was 100 mg kg−1. Uptake was 

dependent on the concentration of TFA in the nutrient solution and was an active process 

requiring energy. Effects on the plants were not reported and uptake from soil was not 

investigated. Whether this is a relevant route for the environmental exposure of plants to 

TFA is uncertain. The other study tested the hypothesis that pretreatment with TFA sodium 

salt in cattle would provide protection from exposure to the toxic natural product 

monofluoroacetic acid (MFA).351 In this study, calves were fed 0.1 mg TFA per kg body 

weight for 28 days and then challenged with 2.0 g per kg body weight of leaves of 

Palicourea marcgravii, which contained 0.15% MFA. Calves receiving TFA for 28 days 

showed no signs of toxicity or abnormal blood parameters. There were only seven test 

animals and one replicate at one dose of TFA, but it appeared to be non-toxic under these 

conditions. TFA is of low to moderate toxicity when tested in laboratory animals (as 

summarised in ref. 352).

Considering the conclusions of previous EEAP Assessments and published reviews, there 

are no new data to suggest that TFA formed from the breakdown of HFCs, HCFCs and 

HFOs presents a risk to human health or the environment. The environmental concentrations 

found in recent studies are well below the concentrations known to be toxic in plants, algae, 

zooplankton and fish.344 However, TFA is known to be extremely persistent and it has been 

suggested that chemicals should be restricted if they are very persistent.353 While this 

suggestion is appropriate for chemicals that have adverse effects on the environment and/or 

the health of organisms at realistic exposures, it is not justified for TFA because of its lack of 

biological or chemical activity. TFA, like many other biologically inactive elements and/or 

minerals, has no effects at exposures much greater than those found or expected in the 

environment.
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6.9. Atmospheric aerosol particles are estimated to cause several million premature 
deaths and over 100 million disability-adjusted life years globally each year

Changes in UV radiation and ground level ozone can alter atmospheric aerosols, as can 

changes in both anthropogenic and natural emissions. High concentrations of aerosols 

(including black carbon (BC) and PM2.5) are found during haze pollution events in urban 

areas and as a result of wildfires. It is recognised that aerosols pose a hazard to human 

health.354 Increased exposure to PM2.5 has been shown to cause cancer, including kidney 

and bladder cancer, and to exacerbate respiratory distress (asthma and chronic obstructive 

pulmonary disease).289 Changes in aerosol compositions may affect their impact on human 

health,355 although our understanding of the chemical composition of aerosols is quite 

limited due to the very large number of chemical species that may be present.

A significant fraction of the aerosols in the atmosphere are the product of UV 

photochemistry (via OH radical-initiated chemistry) and their generation also depends on the 

amount of ozone and VOCs present. In many regions of the world, VOCs in the atmosphere 

are predominantly from biogenic sources (i.e. from plants), leading to the release of 

compounds like isoprene and terpenes to the atmosphere. However, the composition and 

mass of the resulting aerosol depends on the mixture of compounds present. In unpolluted 

air, isoprene may reduce concentrations of OH, leading to less oxidation of terpenes in the 

same air mass. This, in turn, leads to less production of aerosol.356 However, when such 

biogenic mixtures are exposed to common air pollutants, e.g. Amazon forest air mixing with 

nitrogen oxides from the Manaus urban plume, the concentrations of OH and production of 

aerosol are increased substantially.357

Aside from the direct emission of particles to the atmosphere, complex chemical reactions of 

pollutants such as SO2, NOx, NH3, and VOCs in the atmosphere play important roles in 

forming the secondary components of aerosols. The secondary compositions of aerosols, 

SIA (secondary inorganic aerosol) and SOA (secondary organic aerosol), and ozone, are 

chemically coupled, with NOx and VOCs as their common precursors. The conversion of 

gas phase molecules to compounds that form part of an aerosol (gas-to-particle conversion) 

plays important roles for the formation of SIA and SOA, and generates ozone. NOx and 

VOCs gas-phase chemistry is driven by the OH radical, the levels of which mainly depend 

on the mixture of organics, the VOCs/NOx relative concentrations,358 and solar UV 

radiation. Ozone promotes the nucleation and growth of secondary aerosol particles by 

enhancing atmospheric oxidation.359 Hydroxyl radicals, H2O2, RCHO and other oxidants 

are generated and lead to the formation of secondary aerosols; thus SIA (SO4
2−, NO3

−) and 

SOA are formed through the reaction of SO2, NOx and VOCs by gas and liquid phase 

chemistry and heterogeneous chemistry driven by atmospheric oxidants. The latest research 

in China showed that the mass concentration and proportion of NO3
− exceeded SO4

2−, so 

that NO3
− became the main secondary inorganic component of PM2.5 in the Beijing–

Tianjin–Hebei region. The rapid increase in the atmospheric NO3
− concentration from NOx 

emissions and oxidation has become one of the key factors for the explosive growth of 

PM2.5 in this region,360 with major implications for human health.
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7. Interactive effects of solar UV radiation and climate change on material 

damage

Solar UV radiation promotes the degradation of plastic,361,362 wood,363–366 and other 

materials routinely exposed outdoors including paints and coatings. Wood in outdoor 

applications undergoes surface discolouration and cracking from exposure to solar UV 

radiation.363–366 Cracking due to the partial degradation of wood polymers promotes 

subsequent biodegradation of the wood.367

Several technologies, including the use of additives and coatings, are available to protect 

materials from the effects of solar UV radiation. Emerging technologies suggest that 

nanoscale particles and bio-derived substances are potentially effective against weathering 

degradation. Their use in textile fibres, for instance, results in increased sun protection factor 

(SPF) values. However, nanofiller particles used in fabrics and materials are released to the 

environment during use, especially when they are weathered by solar UV radiation, and may 

detrimentally impact aquatic ecosystems.

This section deals with the assessment of recent developments in wood, plastic and fibre 

technologies pertaining to UV degradation and stabilisation. Environmental implications of 

the use of emerging nanomaterial-based technologies for UV stabilisation are also discussed.

7.1. Continuing studies on the weathering of polymer nanocomposites confirm the 
potential for the incidental release of nanoparticles as a result of exposure to solar UV 
radiation

Using nanoparticles (NPs) in polymer composites improves their mechanical properties and 

solar UV resistance,368 but there is growing concern about the potential of these composites 

to release micro- and nanoparticles, especially during use and disposal. However, a risk 

assessment addressing the large-volume use of nanocomposites outdoors is yet to be carried 

out. Recent work suggests that thinner products such as films, laminates and coatings are 

more likely to release nanoparticles upon weathering, compared to thicker laminates.369 

During accelerated weathering, polypropylene (PP) and its composite with multiwall carbon 

nanotubes (MWCNT) release fragments of the composite <1 mm in size, as well as free 

carbon nanotubes (CNTs).369 The same was confirmed with Epoxy/MWCNT composites 

subjected to accelerated weathering in a six-lab round-robin test, where the release of CNTs 

was observed when weathered samples were agitated or treated with ultrasound in water.370

Nanoscale particles of metal oxides are particularly effective UV stabilisers in wood371 and 

can either be generated chemically on the wood surface372 or used as nanofillers in clear 

wood coatings.373–375 However, the potential release of NPs when working with treated 

wood or due to surface abrasion poses a potential risk.376 The weathering of wood outdoors 

may increase the likelihood of this as it degrades the surface. For instance, NPs of copper 

oxide (30–50 nm) are now used as a wood preservative in place of soluble copper 

compounds. These NPs are released at a rate of 0.882 ng cm−2 from swiping even 

unweathered wood surfaces protected with a coating carrying 9.5 μg cm−2 of copper NPs.377 

Water-based coatings of nano-cerium dioxide (CeO2) on walnut wood similarly released 
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NPs by dermal contact during weathering, with a maximum of 66 ± 12 mg m−2 of the NPs 

during a 6 month period.378 The rate of release in this case, however, decreased as 

weathering progressed.

Ultra-thin nano-scale oxide films for screening UV radiation are deposited on plastic films 

used in specialty packaging and glazing applications. For instance, titanium dioxide (TiO2) 

films are vacuum deposited on poly(methyl methacrylate) (PMMA), blocking up to 99% of 

solar UV radiation, while allowing the transmission of more than 90% of visible light.379,380 

More economical and nearly as effective are composite plastic films that incorporate 

nanofillers,381 including those that employ in situ generation of NPs in the films. The in situ 
generation of ZnO in poly(vinyl alcohol) films yielded a composite with excellent UV-

shielding capability; UV wavelengths less than 350 nm were completely absorbed with no 

effect on the visible transparency of the film.382 Also, CeO2 NPs (25–90 nm in size) 

generated in cellophane films using Ce(NO3)3 as a precursor383 showed transmission spectra 

that excluded UV radiation and allowed ca. 80% transmission of visible wavelengths. The 

technology is economically scalable.

7.2. Inorganic nanoparticles used in cotton and other textile fibres dramatically enhance 
their UV-screening effectiveness

Inorganic NPs, such as those of titanium dioxide (TiO2) and zinc oxide (ZnO), can enhance 

the UV-screening efficiency of textile fibres. However, they may be released into the 

environment during use and laundering. Nanoparticles of TiO2
384,385 and ZnO386–388 are 

particularly effective and have been successfully incorporated into cotton fibres. In some 

instances, such NP treatment increased the ultraviolet protection factor (UPF) of cotton by 

an order of magnitude. Specific UPF values depend on the thickness of the yarn and 

structure of the fabric, loading of NPs, and NP characteristics.389 Results from different 

studies cannot, therefore, be easily compared. The UPF values of wool390 and polyester 

(PET) fabric383 treated with TiO2 and with ZnO391 show large increases.

NPs that absorb UV radiation are also used in sunscreens. Several sun protection 

formulations have been banned this year based on their potential to release NPs during use 

with consequent projected damage to aquatic ecosystems. While the use of nanoparticles 

imparts improved properties to sunscreen products, their ultimate environmental fate is less 

well understood. More work on the environmental risk assessment associated with the 

presence of nanoparticles released into ecosystems is needed prior to the large-scale use of 

nanocomposites.

7.3. Heat treatment of wood improves the water repellency and durability, but often at the 
expense of the UV-resistance

Environmental considerations have made chemical-free, heat-treated wood material 

increasingly important. Thermal treatment makes wood material less hygroscopic, less 

susceptible to swelling or shrinking, and more resistant to fungi.392 Treatment also makes 

the wood appealingly darker393,394 and reduces biodegradation, although often at the 

expense of UV screening. Heat-treated wood is generally discoloured readily upon exposure 

to solar UV radiation375,395,396 and hence requires effective surface coatings for routine 
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outdoor use. However, it is difficult to select coatings that adhere well to the hydrophobic 

surface of the material. Several coatings that can be effectively used on heat-treated wood to 

reduce UV-induced discolouration have been identified. Good resistance to discolouration 

with up to 2000 h of laboratory exposure under UV-340 lamps has been shown for Scots 

pine treated at 212 °C and surface-impregnated with TiO2,375 and for Ashwood heat-treated 

at 192–212 °C and clear-coated with a water-based polyurethane.397

7.4. Some biodegradable polymers are potentially environmentally friendly alternatives to 
conventional plastics

Poly(lactic acid) (PLA), the fastest growing biodegradable plastic, used primarily in 

consumer packaging, was evaluated for use in building products. Coatings of PLA or 

poly(hydroxybutyrate) (PHB) evaluated as a sealant/coating on limestone structures were as 

stable as the conventional acrylic sealants typically used in this application, based on 

accelerated exposure to UV radiation and humidity for 104 days.398 In other studies, these 

plastics were also evaluated as the matrix in wood–plastic composites (WPC); it is the 

resistance of the polymer matrix to solar UV radiation that determines the durability of 

WPCs in outdoor use.399,400

The loss in strength of PLA–wood fibre composites upon exposure to accelerated 

weathering over 1200 h was acceptable, and in fact was marginally superior to that of 

unfilled PLA plastic. Empirical models showed that the rate of loss of strength of these 

composites decreased with the duration of exposure.401 Outdoor weathering data on PLA 

and poly(3-hydroxy butyrate-co-3-hydroxy valerate) (PHBV) plastics and their WPCs (with 

up to 50% wood) show the plastic matrices to be minimally affected by solar UV radiation 

and moisture over 12 months of exposure at a sub-tropical exposure site.402 However, the 

WPCs of these biodegradable plastics, and those based on polyethylene used as a control, 

fared poorly because the filler absorbed water, leading to mould attack. Using hydrophobic 

glass fibre (GF) as filler (30 wt%) was able to avoid this problem in both PLA/GF.403

7.5. Sustainability considerations and green building initiatives favour the replacement of 
conventional UV-stabilisers in materials with ‘greener’ alternatives

There is increased interest in replacing conventional additives and stabilisers with bio-

derived compounds to increase the environmental sustainability of industrial wood products. 

Nanoparticles of lignin derived from wood404 are used as a surface treatment or in clear 

coats used on wood surfaces to control UV-induced discolouration. Exposing coatings with 

lignin NPs derived from waste wood on beech wood panels shows good control of UV-

induced discolouration in treated samples. Unusually, however, discolouration decreased 

with exposure time.405 Flavonoids derived from wood extracts are also effective UV 

stabilisers.406 For instance, the two most abundant flavones in Acacia confusa sp. (the 

extract of which is already known as a UV stabiliser for wood) were demonstrated to have 

marked capacity to scavenge radicals and quench singlet oxygen.407
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7.6. Biodegradable nanoparticles and bio-derived chemicals used in the textile industry 
can be feasible, sustainable alternatives to synthetic processing chemicals

It is possible to use biodegradable nanoparticles derived from cellulose nanocrystals and 

chitosans in preparing nanocomposite textile fibres for enhanced UV protection.408 

Synthetic dyes, mordants/capping agents typically used in dying/coating fabric can be 

replaced with those derived from biomaterials to enhance the sustainability of the product. 

These include date seeds,386 eucalyptus leaves,409 marigold flowers,410 krill oil,411 and 

peanut skins.412 While initial data are promising, the economic feasibility and availability of 

the raw materials have not yet been assessed.

7.7. The fragmentation rate of microplastics under weathering from exposure to UV 
radiation is determined not only by their chemical class but also by their levels of pre-
oxidation

Plastic litter is converted into microplastics (MPs) by fragmentation as a result of UV-

initiated natural weathering in the marine environment.413,414 Their fate, especially further 

fragmentation into micro- and nanoplastics, is believed to be primarily determined by the 

chemical class of the polymer.415 However, polyethylene samples pre-oxidised to different 

extents by exposure to UV radiation for up to 30 days in the laboratory responded differently 

upon subsequent field exposure in the ocean. The extent of pre-degradation influenced the 

rates of further oxidation, fragmentation and biofouling.416 Fragmentation was minimal in 

samples that were not pre-oxidised. In a separate study, agitating common packaging 

plastics with marine sand or aggregate generated MPs.417,418 This implies that some of the 

secondary MPs in oceans may be produced without the assistance of solar UV radiation.

The presence of MPs in every ecosystem is well documented,225 but their impact on 

ecosystems or biota is still not well understood (see also section 4.3). Possible impacts of 

MPs in waterways include concentrating toxic organic contaminants and making them 

potentially bioavailable to aquatic animals via ingestion. MPs irreversibly absorbing organic 

contaminants can also sink and settle on the ocean floor. The full ecological impact of the 

presence of microplastic contamination in the bottom sediment requires further study.
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Fig. 1. 
Decadal spring-time trends in UVI for the 17 sites analysed by McKenzie and colleagues.2 

Trends in measured UVI (blue) are compared with trends calculated for clear skies from 

measurements of total ozone (black), and with trends calculated from total ozone derived by 

a chemistry-climate model according to the “World Expected” (green) and “World Avoided” 

(magenta) scenarios. Sites where the time series spans 20 years or more are denoted by bold 

text and solid symbols. The number of years of data included in the trend analysis at each 

site is indicated beside the site name. Error bars indicate the 95% confidence interval of the 

regression model.
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Fig. 2. 
Daily maximum UV index (UVI) measured at the South Pole in 2018 (red line) compared 

with the average (white line) and the range (grey shading) of daily maximum observations of 

the years 1991 to 2017. The UVI was calculated from spectra measured by a SUV-100 

spectroradiometer located at the South Pole. Up to 2009, the instrument was part of the NSF 

UV monitoring network19 and is now a node in the NOAA Antarctic UV Monitoring 

Network (https://www.esrl.noaa.gov/gmd/grad/antuv/). Consistent data processing methods 

were applied for all years.20
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Fig. 3. 
Spectral single scattering albedo (SSA) derived from AERONET, MFRSR, and Pandora 

measurements (blue symbols), as well as from SKYNET retrievals (orange symbols). 

Horizontal lines indicate the median, boxes indicate the interquartile range (IQR), whiskers 

extend to the minimum and maximum values within 1.5 × IQR, and outliers are shown as 

circles. Figure from Mok et al.,35 licensed under the Creative Commons Attribution 4.0 

License.
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Fig. 4. 
June and December climatology of DNA-damaging fluence rate. Adapted from Madronich 

et al.43 by permission of the Royal Society of Chemistry (RSC) on behalf of the European 

Society for Photobiology, and the European Photochemistry Association.
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Fig. 5. 
Moss turf and lichen encrusted rocks near Casey Station in East Antarctica. Antarctic 

mosses emerge from under the snow in early summer and can be exposed to high solar 

radiation, including UV-B radiation. When plants first emerge they are bright green and 

those in protected areas, such as under melt water or in small depressions, will remain green; 

however, plants on exposed ridges quickly accumulate sunscreen pigments to protect 

themselves, evident here in the red-brown colour of the exposed moss. Photo by Sharon 

Robinson on 18 December 2012.

Bernhard et al. Page 70

Photochem Photobiol Sci. Author manuscript; available in PMC 2021 May 20.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Fig. 6. 
The updated Water Quality Analysis Simulation Program 8 (WASP8) predicts the 

photoreactions of contaminants (here using graphene oxide as an example) as a function of 

the penetration of UV radiation with depth of the water column. The model can also 

simulate interactions of UV radiation with contaminants such as pesticides, metals, 

pathogens, and industrial and household organic compounds. Figure designed by Wen-Che 

Hou.
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Fig. 7. 
Feedbacks from UV irradiation and melting of permafrost. Illustration by Richard Zepp.
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Fig. 8. 
Global monthly mean methane (CH4) concentration (reported as a mole fraction) measured 

by NOAA (https://www.esrl.noaa.gov/gmd/ccgg/trends_ch4/). Data from 2019 are 

preliminary. Figure prepared by Ed Dlugokencky (NOAA).
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Fig. 9. 
The formation of BrVSLS in marine environments results from the reduction of hydrogen 

peroxide (H2O2) by bromide ion (Br−), yielding hydrobromous acid (HOBr), which 

subsequently reacts with dissolved organic matter (DOM) to form CHBr3.340 The former 

reaction is catalysed by the enzyme bromoperoxidase, which is produced by micro- and 

macroalgae340,343 (figure modified from ref. 326).
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Table 1

Comparison of zonal mean changes in clear-sky UVI calculated by Lamy et al.3 and Bais et al.1

Latitudes Lamy et al.3 Bais et al.1

Change [%] 1960 to 2100a Change [%] 2015 to 2090b Change [%] 2015 to 2090c

Transient AODs, RCP = Fixed AODs Transient AODs Fixed AODs Fixed AODs

2.6 4.5 6.0 8.5 RCP 6.0 RCP 6.0 RCP 6.0 RCP 6.0

Annual meane Jan Apr Jul Oct

High Nd 6 2 1 −8 −5 0 −6 −3 −7 −5 −4

30–60° N 8 5 5 −1 −2 5 −3 −4 −5 −3 −2

0–30° N 3 3 3 1 3 — 1 −1 0 −1 −1

0–30° S 3 3 3 2 3 0 0 −1 0 −1 −1

30–60° S 3 3 2 −2 0 −5 −6 −5 −4 −5 −6

High Sd 7 6 4 0 −2 −18 −18 −8 −6 −6 −23

All values are rounded. a According to Table 5 of Lamy et al.3 b Inferred from Fig. 4 and Fig. 6 of Lamy et al.3 c Table 1 of Bais et al.1 d Latitude 

range of “High northern (N)” and “High southern (S)” refer to 60–90° in Lamy et al.3 and 60–80° in Bais et al.1 e Trends reported by Lamy et al.3 

refer to trends averaged over all months; Bais et al.1 provide trends for the months of January, April, July and October.
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