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Abstract Stratospheric ozone (O3) losses and consequent increases in surface ultraviolet (UV) radiation
remain a health concern due to close association with skin cancers and cataracts. This study estimated how
emissions of ozone‐depleting substances (ODS) affect, via O3 reductions, surface UV radiation and associated
health impacts in Australia compared to the United States. We used climatological atmospheric data and the
U.S. Environmental Protection Agency's Atmospheric Health Effects Framework (AHEF) model to estimate
these effects for historic and projected ODS emissions. Compared to the United States, the Australian
population is potentially exposed to ca. 24% more biologically weighted UV radiation because of the closer
proximity of its population to the equator, less stratospheric O3 at comparable latitudes, and seasonal variations
in the Earth‐Sun distance. Surface UV increments owing to ODS‐caused stratospheric O3 depletion were largest
in the 1990s, while the estimated health impacts peak several decades later at ca. 0.5% for cataracts, 1% for
melanoma incidence, and 5% for keratinocyte cancer incidence (relative to 1980), and are similar in both
countries. The study found that differences in population‐weighted surface UV can only partly explain
Australia's substantially higher incidence and mortality rates for UV‐related maladies. Other factors like genetic
susceptibility of skin types, exposure behaviors, and diagnosis practices likely play a role.

Plain Language Summary Ozone in the upper atmosphere helps block harmful ultraviolet (UV)
radiation from reaching Earth's surface. Chemicals known as ozone‐depleting substances (ODS) can reduce
ozone levels, allowing more UV radiation through. Increased UV exposure increases the risk of health problems
like skin cancer and cataracts. The amount of UV that reaches the surface varies by location. In this study, we
used a model to compare UV exposure and resulting skin cancer and cataract rates between the United States
and Australia. Australians receive about 24% more harmful UV radiation under clear skies. Our study explains
that this is due mostly to Australia's closer proximity to the equator, and partly due to climatological differences
in stratospheric ozone and seasonal variations in the Earth‐Sun distance. We further estimate that ozone
depletion has increased incidence rates of UV‐induced illness similarly in both Australia and the USA, and by
less than 5 percent. Overall, the study found that differences in UV radiation only partly explain the significantly
higher rates of UV‐induced illness in Australia than in the USA, suggesting that other factors like genetic
susceptibility of skin types, exposure behaviors, and diagnosis practices likely play a role.

1. Introduction
Skin cancer and cataract are widespread health problems associated with exposure to environmental ultraviolet
(UV) radiation (Neale et al., 2023). Globally, annual premature deaths were estimated to be ca. 57,000 from
cutaneous malignant melanoma in the year 2020 (Arnold et al., 2022), and ca. 56,000 from keratinocyte cancers in
the year 2019 (Zhang et al., 2021). Approximately 6.7 million disability‐adjusted life years (DALYs) were lost
due to cataract in 2019 (Löfgren, 2017). Incidence rates vary greatly between and within countries due to dif-
ferences in genetic, cultural, and economic backgrounds and geographic variations in UV radiation levels.

The amount of UV radiation reaching the Earth's surface varies strongly with location and time. While some
variations are known with astronomical precision (e.g., the variation during the solar year in the Earth's distance
from the Sun, or the Sun's daily path across the sky) others, such as clouds, pollutants, and atmospheric ozone
(O3), are less predictable and potentially sensitive to human activities. Concerns about stratospheric O3 depletion
have led over the past several decades to a much better understanding of ground‐level UV radiation, via direct
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observations from ground‐based stations (reviewed by Bernhard et al. (2023)) and less directly though with
greater geographic coverage from satellite‐based observations (Arola et al., 2009; Herman et al., 2020; Lee‐
Taylor et al., 2010). An international environmental treaty, the Montreal Protocol on Substances that Deplete
the Ozone Layer (Montreal Protocol) with its amendments and adjustments, has phased out the production of
most ozone‐depleting substances (ODS) worldwide (UNEP, 2020), avoiding future scenarios in which ODS
would deplete stratospheric O3 to a fraction of current values (Newman et al., 2009). Such catastrophic O3

depletion would in turn have caused several‐fold increases in ground‐level UV radiation (McKenzie et al., 2019)
and adverse health effects (Madronich et al., 2021; van Dijk et al., 2013). As a result of the Montreal Protocol,
changes in stratospheric O3 over populated areas have been relatively small over the past few decades, and will
likely remain so, although their future sign and magnitude remain uncertain and scenario dependent
(WMO, 2022).

In addition to environmental UV radiation, many other factors are likely to be involved in the epidemiology of
skin cancers and cataracts, such as genetics and behavior. Both the United States (USA) and Australia have robust
registry data for these UV‐related diseases. This presents an opportunity to estimate how ozone depletion could
impact environmental UV radiation and these diseases' incidence in the two countries. Incidence rates for these
maladies are generally much higher in Australia, but it is unclear how much of this can be reasonably attributed to
differences in the UV environment.

This study uses climatological atmospheric data and numerical models to estimate the differences in UV ex-
posures experienced by the population of the two countries, the contribution of ODS to long‐term changes in these
exposures, and the implications for cancer and cataract incidence. We employ the Atmospheric Health Effects
Framework (AHEF) model (U.S. EPA, 2020), a numerical model developed and used by the U.S. Environmental
Protection Agency (EPA) to estimate the adverse health impacts of changing ODS emissions in the USA
(Madronich et al., 2021). The model computes geographic differences in UV radiation and applies those to the
respective population distributions and baseline incidences, allowing estimation of changes in disease due to past
or future UV radiation variations. The model specifically allows estimation of the adverse effects attributable to
the depletion of O3 by ODS emissions that have already occurred over the past four decades.

2. Methods
2.1. Model Overview

The AHEF model is used by the EPA to evaluate changes in human health effects associated with a depleted
stratospheric ozone layer. It estimates the number of skin cancer and cataract cases and deaths from skin cancer in
the USA that will be prevented by protecting the ozone layer, which results in a decrease of the UV radiation
reaching the Earth's surface that causes these diseases. The model was described in detail by U.S. EPA (2020) and
by Madronich et al. (2021) (henceforth M21) and was applied in the latter study to the USA to evaluate the
benefits of the phaseout of ODS by the Montreal Protocol, compared to their unabated growth (the so‐called
“world avoided” scenario).

In brief, the model consists of a series of five sub‐models that connect ODS emissions scenarios to their UV‐
related human health impacts. The sub‐models in turn: (a) describe historical and projected ODS emissions;
(b) calculate the associated stratospheric chlorine loading and O3 changes from a pre‐ozone‐depletion baseline
(usually defined as the year 1980); (c) calculate the consequent changes in ground‐level biologically weighted UV
irradiance; (d) calculate cumulative UV exposure by age at specific latitudes; and (e) combine the UV projections
with observed dose‐response relationships, health registry data, and population projections to quantify the
changes in the rates of health effects relative to the baseline year and resulting from the specified ODS emissions.

For the current study, we specify annual ODS emissions according to the World Meteorological Organization
(WMO) A1 emissions scenario (WMO, 2018), which remains in common use, for example, in the most recent
Scientific Assessment Panel (SAP) report on O3 depletion (WMO, 2022). The A1 scenario reasonably represents
historical to present emission values, and its future scenario follows expectations of continued compliance with
the Montreal Protocol. The model combines these with atmospheric transport times and the relative ozone
depletion potential of different ODS molecules to estimate stratospheric halogen loading (Equivalent Effective
Stratospheric Chlorine, EESC), and then uses satellite‐observed correlations between EESC and stratospheric O3

from 1979 to 1990 (McPeters et al., 1996) to estimate stratospheric O3 depletion as a function of the ODS
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concentrations. The O3‐filtered UV radiation reaching the Earth's surface is estimated from look‐up tables
generated with the Tropospheric Ultraviolet Visible (TUV) model (Lee‐Taylor & Madronich, 2007; Madro-
nich, 1987). The spectral irradiance is integrated with a biological weighting function (action spectrum) based on
laboratory studies of skin cancer induction in mice, corrected for the transmission spectrum of human skin (de
Gruijl et al., 1993), and for cortical cataract on studies of cataract induction in pig lenses (Oriowo et al., 2001).
Cumulative lifetime UV radiation exposures are calculated for each population cohort alive during the study
period, then finally used to estimate changes in malady incidences and mortality from those reported by public
health records. While the AHEF was originally developed to estimate health impacts due to stratospheric change
on the U.S. population, we adapted the model to the Australian context for the purposes of this study, as described
below.

2.2. Earth‐Sun Distance

In AHEF, the monthly mean Earth‐Sun distance (ESD) is computed with an algorithm based on the Astronomical
Almanac (Michalsky, 1988). This is necessary because the amount of solar radiation reaching Earth is inversely
proportional to the square of this distance and is ca. 6.9% stronger in early January (perihelion) compared to early
July (aphelion). Averaged over the year, the amount of radiation entering the top of the atmosphere is similar in
both hemispheres, but the amount transmitted through the atmosphere and reaching the surface can differ, for
example, depending on prevailing solar angles in different seasons. Outside of the tropics, a disproportionate
amount of the annual radiation at the surface is accumulated during the summer months, with contributions from
winter months becoming progressively less important at higher latitudes. The closeness of the dates of the orbital
perihelion (ca. 3 Jan.) and of the summer solstice in the southern hemisphere (ca. 21 Dec.) results in the surface of
the southern hemisphere accumulating more radiation over the year. In M21, the annual variation was ignored
since that calculation was limited to the USA but is included in the present study because it contributes to UV
radiation exposure differences between Australia and the USA.

2.3. Stratospheric Ozone

Stratospheric O3 data used here are based on measurements of the O3 column by the TOMS instrument aboard the
NIMBUS‐7 satellite over the period 1980–1991 (McPeters et al., 1996). In this period, ODS emissions were
higher than at any time before or after, increasing EESC sharply from ca. 1,200 to 1,700 ppt. During the same
time, reductions in O3 became evident at middle and high latitudes. Thus, the 1980s provided a unique oppor-
tunity for empirical estimation of the response of O3 to EESC, based on global satellite observations. We use here
two sets of O3 values, both functions of latitude and month: the initial 1980 (intercept) values, and the trend
(slope) over 1980–1990.

It is important to note that the AHEF uses the O3 data on a monthly basis, not as coarser annual averages. This
temporal resolution is particularly important to compute accurate annual UV exposures, with summer O3 trends
contributing more than winter trends. The evolution of O3 calculated for the A1 scenario is discussed in
Section 3.6.

2.4. Baseline Cases and Deaths

The AHEF defines “baseline” cases (incidence) and deaths (mortality) as what would be expected to occur if
stratospheric O3 concentrations remained fixed at 1980 levels. The derivation of baseline rates for the U.S.
population is discussed in M21. The derivation of baseline rates for each UV‐related health effect for the
Australian population is outlined in Table 1 and discussed in more detail below. In cases where the available data
do not allow calculation of a 1980 baseline, we use the closest available year.

Melanoma case and death rates were derived by applying the national 5‐year age‐group profiles (AIHW, 2025a)
to the sex‐specific total for each state (AIHW, 2025b), giving baseline case and death rates by state, sex, and 5‐
year age group. Keratinocyte cancer case rates were derived as the sex‐specific sum of basal and squamous cell
carcinoma (BCC and SCC, respectively) in each of 3 latitude bands for a 1985 (Staples et al., 1998) baseline and
distributed by age in proportion to the 2002 10‐year age group incidence data (Staples et al., 2006). Keratinocyte
cancer mortality data are used as reported on a national basis, segregated by sex and 5‐year age group
(AIHW, 2025b). Cataract rates were derived by distributing the national total hospitalization rates for people
aged 40 (AIHW, 2015, 2017) in proportion to the 10‐year age group case distribution from a regional study
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(Panchapakesan et al., 2003). Cataract hospitalization rates have increased significantly in recent years, likely in
response to healthcare improvements (Keeffe & Taylor, 1996). Therefore, using recent hospitalization data is
more meaningful than estimating 1980 baseline rates for this malady.

2.5. Population Data

Historical and projected population data for Australia are taken from the Australian Bureau of Statistics
(ABS, 2023a, 2023b). The data are reported by Statistical Area (SA) annually from 1980 to 2018. Annual
population projections are given by state or territory from 2018 to 2066 and are subdivided by sex and 5‐year age
group between 0 and 84 with one combined group for ages of 85 and above.We distributed these projections at the
SA4 level (the largest sub‐state regions) in proportion to the 2018 reported data.

2.6. Skin Types

Light skin generally shows greater response to UV radiation than does dark skin (Brenner & Hearing, 2008;
Trakatelli et al., 2017). To assess the sensitivity of the malady results to skin type variations in the study pop-
ulations, we defined upper‐ and lower‐response limit cases, using the approach of the Fitzpatrick skin phototype
classification, which is widely used to assess risk factors such as UV exposure for skin cancers (Brenner &
Hearing, 2008). Worldwide, majority‐light‐skinned populations are given a I or II categorization, while pop-
ulations with skin of color often have Fitzpatrick skin phototypes III to VI (Torres et al., 2017).

The Australian health and population data do not include a skin type category, so we categorized the state‐by‐state
population data into a Fitzpatrick‐like scale of I to VI according to self‐reported ancestry (ABS, 2011, 2016) using
guidance from Trakatelli et al. (2017) and Torres et al. (2017). Our upper‐response limit classifies the entire
population (phototypes I‐VI) as light‐skinned. Our lower‐response limit assigns skin phototypes I‐II as “light”
and III–VI as “dark,” giving a ratio of 4:1 between the sizes of the “light‐” and “dark‐skinned” categories. We did
not assign temporal trends since no ancestry projections are available for Australia. The U.S. baseline health and
population data are already categorized (per M21) into two and three different skin types respectively, effectively
“light”/“dark” or “light”/“dark”/“other.” This gives a low‐response limit in the USA initially like that in Australia,
with the “light”:‟dark” ratio evolving from 4:1 to 2:1 between 2000 and 2060, while the U.S. upper response limit
ratios evolve from 7:1 to 6:1 over the same period. The calculations presented in this paper use the mean of the
upper‐ and lower‐response limits for both countries.

2.6.1. Dose‐Response Relations and Biological Amplification Factors

The dose‐response relationship in the AHEF model is parameterized with a power dependence,

Table 1
Australian Baseline Cases and Mortality Data

Malady Baseline year(s)a
Data distribution

Source informationSource As used

Melanoma Incidence 1982–1985b State all‐age totals; national
5‐year age group totals

By state and 5‐year age group AIHW (2018, 2025a)

Melanoma Mortality 1976–1980 State all‐age totals, nationally by
5‐year age group

By state and 5‐year age group AIHW (2018, 2025b)

Keratinocyte Cancer Incidence 1985 Age‐standardized rates by
latitude band (1985);c

national 10‐year age group
rates (2002)

By latitude band and 10‐year
age group

Staples et al. (1998, 2006)

Keratinocyte Cancer Mortality 1976–1980 National by 5‐year age group National by 5‐year age group AIHW (2025b)

Cataract (hospitalization) Incidence 2013–2015 National totals; rates by 10‐year
age group (regional study,
mid‐1990s)

National by 10‐year age group AIHW (2015, 2017),
Panchapakesan et al. (2003)

Note. AIHW, Australian Institute of Health and Welfare. aSeveral years of data (if available) are averaged into the baseline value to smooth out noise. bAvailable data
begin in 1982. cLatitude bands are: <29°S, 29–37°S, >37°S.
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Response∝ (Dose)BAF (1)

here, the response is the baseline incidence of a given malady, the dose is the cumulative UV radiation received,
and the Biological Amplification Factor (BAF) is a dimensionless malady‐specific exponent (normalized
sensitivity coefficient), the percent increase in response for a 1% increase in UV dose. The BAFs used in the
AHEF were derived from U.S. health data (Pitcher & Longstreth, 1991; West et al., 2005) or from studies on
hairless mice (de Gruijl & Forbes, 1995) (see Table 3 of M21). Their values range from 0.17 to 0.24 (±0.09) for
cataracts (West et al., 2005), 0.50–0.58 (±0.4) for melanoma incidence and mortality (Pitcher & Long-
streth, 1991), and up to 2.8 (±0.8) for SCC incidence (de Gruijl & Forbes, 1995). The magnitude of the error
estimates should be noted. For melanoma in particular, the original reported error included only the standard error
of the fit and was revised from ±0.02 to ±0.4 by van Dijk et al. (2013). Such large BAF errors have a dominant
role in the overall uncertainty of the AHEF calculation chain. We use the same BAF values for both the USA and
Australia.

2.7. Trend Analysis

Analyses of modeled malady time trends were carried out using Poisson regression using SPSS V. 23 (Ely
et al., 1997) to estimate the annual percentage change (APC) in the rates over the entire study period. Model
results are deterministic and do not contain scatter, hence 95% confidence intervals are not reported.

2.8. ARPANSA UV Radiation Measurement Network

The Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) maintains a network of UV sensors
to monitor solar radiation in numerous cities and population centers across Australia at latitudes from 12°S to
43°S. Originally employing Robertson‐Berger type broadband radiometers (UV Biometer model 501, Solar Light
Company, Philadelphia, USA), since 2017 the network has used SiC photodiode UV sensors (Cosine UV Index
Sensor, sglux GmbH, Berlin, Germany) to record the erythemally weighted UV irradiance values every minute
(Henderson et al., 2018). All UV sensors are calibrated against a spectroradiometer (model DTMc300, Bentham
Instruments Limited, Reading, UK) at the ARPANSA laboratory in Melbourne prior to deployment at remote
monitoring sites. UV sensor performance was evaluated monthly by comparison against model calculations on
clear sky days. The Robertson‐Berger detectors were typically changed every 2 years, while the SiC photodiode
UV sensors were far more stable and were not changed during this study. The mean annual UV dose was
determined for 12 sites: Adelaide, Brisbane, Darwin, Perth and Sydney over the years 1996–2019; Newcastle and
Townsville 1997–2019; Kingston 2007–2019; Canberra 2010–2019; Cairns 1996–2003; Melbourne 1993–2019;
Alice Springs 1996–2000 and 2011–2019.

3. Results and Discussion
3.1. Decadal Trends of UV‐Induced Health Effects

The AHEF model predicts malady incidence rates that increase with time due to aging in the Australian and U.S.
populations: these same incidence rates show little or no trend when age‐standardized (Figure 1 and Table 2). A
small incidence rate decrease, of − 0.1% annually, is noted for the USA (Table 2) and is attributed to the future
demographic shifts discussed in Section 2.6. For Australia the overall long‐term trends are negligible, although a
slight increase is noted during the current several decades, due at least in part to the depletion of stratospheric O3

(see Section 3.6). A prominent feature of Figure 1 is that the standardized melanoma incidence rates in Australia
are significantly larger than those in the USA, as is also true for other UV‐dependent maladies (Table 2).

3.2. Interhemispheric Differences for Clear Skies

Solar UV irradiance differs at equivalent SH and NH latitudes due to factors such as seasonal ESD variation and
interhemispheric differences in stratospheric O3 (as discussed earlier and modeled in the AHEF), as well as more
local factors such as clouds, aerosols, and surface reflections that are currently not included in the model.

The calculated clear sky differences are shown in Figure 2. Irradiances in both hemispheres are highest near the
equator and decrease toward the poles. There is an interhemispheric difference, increasing slightly with latitude,
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with Australian locations subject to 5%–9% more annual UV than U.S. locations at the same absolute latitude. To
isolate the orbital contributions, we repeated the UV calculation assuming a constant ESD. The remaining
interhemispheric difference is then entirely attributable to O3 column differences (open circles in Figure 2). At 35°

Figure 1. Melanoma incidence rates (per 100,000) for Australia (orange) and USA (blue), projected with the AHEF model
from a 1980 baseline. Solid lines represent model‐projected raw incidence rates that reflect the underlying population aging
projections (ABS, 2023b; U.S. Census Bureau, 2019); dotted lines represent model‐projected age‐standardized incidence
rates, incorporating the Australia‐2001 (ABS, 2023a) and USA‐2000 (Anderson & Rosenberg, 1998a, 1998b)
standardizations.

Table 2
Annual New Cases/Deaths (Upper Lines) and Age‐Standardized Incidence Rates (per 100,000) (Lower Lines) for Australia and USA, Projected With the AHEF Model
for Selected Years; and Incidence Rate Trends Projected for 1980–2020 and 1980–2060

Australia USA

1980 2020
1980–2020
trends (APC) 2060

1980–2060
trends (APC) 1980 2020

1980–2020
trends (APC) 2060

1980–2060
trends (APC)

Melanoma
cases

3,790
30.0

8,590
30.7

–
0.1

14,400
30.5

–
0.0

46,900
20.9

80,500
21.3

–
0.0

104,000
19.8

–
− 0.1

Melanoma
deaths

557
4.58

1,370
4.7

–
0.1

2,410
4.7

–
0.0

5,120
2.4

9,790
2.5

–
0.1

13,900
2.4

–
− 0.1

KC cases 153,000
1,302

412,000
1,370

–
0.1

740,000
1,360

–
0.0

482,000
222

912,000
226

–
0.1

1,290,000
210

–
− 0.1

BCC cases 121,000
1,022

320,000
1,070

N/C 572,000
1,070

N/C 387,000
178

720,000
179

N/C 1,000,000
126

N/C

SCC cases 32,600
280

90,300
298

N/C 165,000
297

N/C 94,700
43.6

192,000
46.5

N/C 291,000
43.7

N/C

KC deaths 184
1.7

600
1.9

–
0.2

1,284
1.9

–
0.1

1,880
0.90

3,790
0.92

–
0.1

6,860
0.91

–
0.0

Cataract cases 94,000
876

285,000
879

–
0.0

579,000
879

–
0.0

572,000
252

1,080,000
252

–
0.0

1,670,000
252

–
0.0

Note. Each cell contains total counts (upper row) and age‐standardized rates per 100,000 (Australia‐2001 or USA‐2000, lower row). N/C, Not calculated; KC, Ker-
atinocyte Carcinoma; BCC, Basal Cell Carcinoma; SCC, Squamous Cell Carcinoma; APC, Annual Percentage Change.
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(roughly the midpoint of the U.S. and Australian population distributions), differences in ESD account for UV
irradiance increases in Australia relative to the USA of 76 kJ m− 2 year− 1 (2.6% of the annual mean), while O3

differences account for 127 kJ m− 2 year− 1 (ca. 4.1%). The small latitudinal increase of the ESD effect is due to the
more pronounced winter‐summer difference with increasing distance from the equator.

3.3. Differences in Population Distributions

In addition to the ca. 5%–9% interhemispheric difference in sea‐level UV irradiance at equivalent latitudes, the
two countries experience different population‐weighted UV exposure rates because of differences in their pop-
ulations' latitudinal distributions (Figure 3). The population centroids for the USA and Australia are located at
37.4°N and 32.9°S, respectively, and this shift of 4.5° toward the equator translates to a ca. 13% increase in annual
UV radiation (Figure 2). The equatorward displacement of the Australia population relative to the U.S. population
is, thus, the dominant contributor to the Australia‐USA UV difference. When the interhemispheric UV differ-
ences and the population distribution factor are combined, we find a population‐weighted UV exposure value for
Australia 1.24 times larger than that of the USA: 3,300 versus 2,670 kJ m− 2 year− 1 for the year 2000 in Australia
and the USA respectively.

If all other factors remain the same, Equation 1 predicts that increasing UV doses by a factor of 1.24 will increase
cataract by factors of 1.04 (BAF = 0.17) and SCC by 1.79 (BAF = 2.7), factors which are far less than the actual
incidence ratios between the countries (see Table 3). Use of Equation 1 with national population‐weighted ex-
posures should be done with some caution given its nonlinear nature. In the next section, we describe more
detailed computations (at the statistical area level for Australia and county level for the USA), which indicate
similar results and do not change this conclusion.

Figure 2. Annual clear‐sky UV exposure for the USA and Australia (kJ m− 2 year− 1) in the year 2000, estimated by the AHEF
model using the WMO A1 ODS emissions scenario (WMO, 2018) and a 1980 O3 baseline. Symbols are plotted at the
latitudes of each county (for the USA) or Statistical Area Level 4 (SA4) (for Australia): orange, Australia; blue, USA;
crosses, full calculation; open circles, calculation excluding the influence of ESD differences (i.e., including ozone
difference only). Dashed lines show the annual UV radiation exposure at the population‐centroid latitudes of each country.
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3.4. Evaluation of Nonlinear Dose‐Responses at the National Level

In the previous section, the Australia/USA ratio of population‐weighted annual UV doses was estimated to be
about 1.24 under clear skies. This simple metric is directly useful for linear dose‐response relations, such as
Equation 1 with BAF = 1. The question arises whether this simple ratio can also be used with the nonlinear dose‐
response functions used here, which have BAFs ranging from a low of 0.2 for cataract to a high of 2.8 for SCC
incidence (see Section 2). Locations with higher UV levels (e.g., closer to the equator) may contribute dis-
proportionally more to the national totals if BAF > 1, and disproportionally less if BAF < 1.

In the full AHEF calculation, the national‐level response is evaluated by summing local responses, so that for each
country

Figure 3. Year 2000 population distribution by latitude for Australia (orange) and USA (blue), expressed as percentages of total national population. Inset: Year 2000
population‐weighted UV exposure (kJ m− 2 year− 1), assessed as the sum over all Statistical Area Level 4 (SA4) regions (Australia) or counties (USA) of the local
products of population and UV exposure, divided by national population.

Table 3
Estimated Contributions of UV Radiation to Difference in Skin Cancer and Cataract Incidence Between Australia and
the USA

Malady BAFa Expected ratiob from dose‐response, Australia/USA Actual ratioc Australia/USA

Melanoma incidence 0.54 ± 0.4 1.03–1.22 1.36

Melanoma mortality 0.54 ± 0.4 1.03–1.22 1.78

Keratinocyte mortality 0.59 ± 0.4 1.04–1.23 2.03

BCC incidence 1.40 ± 0.5 1.21–1.50 5.66

SCC incidence 2.6 ± 0.7 1.50–2.03 6.00

Cataract incidence 0.21 ± 0.1 1.02–1.07 3.05

Note. CC, Basal Cell Carcinoma; SCC, Squamous Cell Carcinoma; BAF, Biological Amplification Factor; AHEF, Atmo-
spheric Health Effects Frameworka Biological Amplification Factors (BAFs) from M21. aBiological Amplification Factors
(BAFs) from M21. bRatios estimated as (1.24)BAF, where the factor 1.24 is the ratio of population‐weighted annual UV
radiation. Ranges are estimated from BAF error bounds. cRatio of actual baseline incidences, age standardized, evaluated in
the year 2020 within the AHEF.
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National Response =
∑iPi(UVi)

BAF

∑iPi
(2)

where Pi andUVi are the local population and annual UV dose, respectively, and the sum over locations is denoted
by the index i (ca. 3,000 counties for the USA and ca. 100 statistical areas for Australia). We compared the ratio of
national responses for the two countries based on these detailed summations for different BAFs, to the ratio
obtained by simply raising the (linear) UV ratio, 1.24, to the relevant BAF power.

Australia/USA ratio of response ≈ (1.24)BAF (3)

Remarkably, this approximation gave nearly identical results to those of the full calculation, with deviations less
than a few percent. For example, a detailed calculation with BAF = 3.0 gave an Australia/USA ratio of 1.86,
which is only slightly overestimated by (1.24)3 ≈ 1.91, while for BAF = 0.2 the detailed value of 1.046 compares
well with the approximate (1.24)0.2 ≈ 1.044. Therefore, we suggest that this simple formulation can be used for
rapid and intuitive estimates of the Australia/USA ratios expected with nonlinear dose‐response functions having
different BAF values.

Table 3 shows the Australia/USA ratios expected on the basis of Equation 3, using the clear sky annual UV ratio
(1.24) with different BAF values. As noted earlier, the uncertainties in BAFs are quite large, and their inclusion
leads to a wide range of expected Australia/USA ratios. The last column of the table shows the actual Australia/
USA incidence ratios (as estimated with the AHEF for the year 2020; see also Table 3). Without exception, the
actual ratios are larger than those expected from the nonlinear response to UV differences alone. Thus, it appears
that ambient UV differences fall well short of explaining the higher incidence of UV‐related maladies in Australia
compared to the USA.

3.5. Effects of Clouds and Aerosols

Neither clouds nor aerosols are currently included in the AHEF, since the model focuses on attribution of surface
UV changes to stratospheric O3. Given the multiplicative nature of stratospheric and tropospheric transmission,
this approach is suitable for estimating the relative changes (e.g., percent) in surface UV due to changing
stratospheric O3. The effects of long‐term changes in clouds or aerosols can be regarded as mostly superimposable
onto these, and do not change the relative sensitivity of UV radiation to stratospheric ozone (Anton et al., 2011). It
is nevertheless interesting to consider how clouds and aerosols may affect surface UV irradiances differently in
the USA and Australia.

Clouds usually reduce the amount of UV radiation reaching the surface, although somewhat less at UV than
visible wavelengths, because Rayleigh scattering by air molecules already provides a diffuse background at the
shorter wavelengths (Blumthaler et al., 1994). If large amounts of UV‐absorbing gases (e.g., tropospheric O3) are
present together with optically thick clouds, enhanced absorption can occur due to long path lengths of scattered
photons (Mayer et al., 1998). Occasionally, partial cloud cover can increase ground‐level UV radiation above
clear sky values, but these enhancements are usually limited in space and time (Crawford et al., 2003; Nack &
Green, 1974).

Satellite‐based observations confirm the strong variability of cloud cover at different temporal and spatial scales
but can nevertheless be used to estimate climatological reductions in UV radiation reaching the surface. A
climatology for the years 1979–2000 (Lee‐Taylor et al., 2010; Lee‐Taylor & Madronich, 2007) showed cloud‐
influenced transmission factors for annual erythemal UV radiation of ca. 0.7–0.8 for the contiguous USA, and
0.8–0.9 for the population‐dense coastal Australia (see Figure 4). Similar UV transmission factors for clouds over
Australia were found by Udelhofen et al. (1999) for the years 1979–1991, and by Lemus‐Deschamps et al. (2004)
for 1997–2001.

Aerosols, or suspended particulate matter (PM), have long been recognized to affect surface UV irradiances. Liu
et al. (1991) calculated regional reductions of 5%–18% due to sulfate aerosols, relative to preindustrial (aerosol‐
free) values. Wenny et al. (1998) measured reductions of 17%–22% in rural North Carolina (USA), while Reuder
and Schwander (1999) estimated aerosol‐driven reductions in Europe ranging from 20% to as much as 40% in
particularly polluted regions. Seckmeyer et al. (2008) found that surface UV irradiances in Europe were generally
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lower than those measured at comparable latitudes in New Zealand, due mostly to differences in total O3 and
aerosol loading. In polluted megacities the UV reductions often reach or exceed 30%–40%, for example, in
Santiago, Chile (Cabrera et al., 2012) and Mexico City (Ipiña et al., 2021) and have been shown to be caused
mostly by aerosols, with smaller contributions from ground‐level O3 and the dioxides of nitrogen and sulfur.

Unfortunately, satellite‐based instruments are currently limited in their ability to quantify urban aerosols. Gao
et al. (2010) compared satellite‐based estimates of erythemal UV radiation to values measured over 2000–2005 at
eight non‐urban sites of the US Department of Agriculture (USDA) UV‐B monitoring network and found sys-
tematic overestimation ranging from 2% to 16%. Satellite‐based calculations by Lee‐Taylor et al. (2010) showed
good agreement with ground‐based observations at pristine Canadian locations, but overestimation by 10%–30%
for larger cities in Canada, the USA, Japan, and Taiwan for which ground‐based observations were available.
Zhang et al. (2019) compared erythemal UV irradiances estimated from the satellite‐borne Ozone Mapping In-
strument to 31 stations of the USDA UV‐B monitoring network over 2005–2017, and found a systematic
overestimation of about 7%, likely due to incomplete correction for absorbing aerosols.

Aerosol optical depths have decreased substantially in the past few decades in many parts of the world (including
the USA) due to air quality regulations (Carino et al., 2024; Ipiña et al., 2021; Parrish et al., 2011). For Australia,
long‐term (1959–2021) visibility data suggests that these reductions occurred mostly before the year 2000, with
small or insignificant trends since (Hao et al., 2024). In recent decades, measurements of aerosol optical depth
from ground and satellite platforms show a mix of positive and negative trends over Australia, with increases
more common (Ma et al., 2025; Mitchell et al., 2017; Nuñez et al., 2022; Shaylor et al., 2022; Yang et al., 2021).
Air quality data from several major Australian cities also show minor or insignificant improvements in recent
aerosol burdens (Barnett, 2012; de Jesus et al., 2020). However, the increasing frequency of wildfires could be
offsetting some of these trends in both the USA (Carino et al., 2024) and Australia (Kalashnikova et al., 2007;
Nuñez et al., 2022; Ulpiani et al., 2020). All these changes occur during the lifespan of the populations considered
in our study, further complicating the estimation of cumulative exposure.

Figure 5 illustrates the long‐term effects of clouds and aerosols on the comparison between observed UV radiation
at ground level in several Australian cities, and those from satellite‐based instruments estimated by Lee‐Taylor
et al. (2010). Reductions due to clouds are seen as the difference between open and filled points, consistent with
the 10%–20% reductions derived from satellite observations seen in Figure 4. The remaining differences (between
the filled points and the 1:1 line) may be due to the influence of urban pollutants that are not resolved by the much
larger satellite footprint (ca. 1° × 1° latitude‐longitude), but may also be related to uncertainties in instrument
calibrations and radiative transfer modeling.

In summary, clouds and aerosols both tend to reduce surface UV radiation. Based on satellite climatology
(Figure 4) cloud‐induced UV reductions of 20%–30% are common for the contiguous USA while 10%–20%
reductions are more typical for coastal Australia. The effects of aerosols are more difficult to generalize as they

Figure 4. Climatological cloud transmission factors (1.00 = no cloud) for annual mean irradiances at erythemally weighted UV wavelengths, observed from satellite‐
based instruments during 1979–2000 (adapted from Lee‐Taylor and Madronich (2007) and Lee‐Taylor et al. (2010)).
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depend on local conditions and long‐term trends in air quality. Based on comparisons of ground‐based obser-
vations with satellite‐derived estimates for Australia (Figure 5) and other locations (Lee‐Taylor et al., 2010), we
estimate that aerosols could reduce surface UV radiation by 10%–30% in each country, and could add an addi-
tional ∼10% uncertainty to the estimated UV ratio between the two countries.

3.6. Response to Ozone Trends (A1 Scenario)

Atmospheric O3 controls the amount of UV radiation reaching the surface and the consequent health impacts. The
evolution of O3 under the A1 emissions scenario is shown in Figure 6 for different latitude bands. For simplicity,
annual averages are shown in the figure, but (as already noted) the AHEF calculations are performed with
monthly resolution. Starting in 1980, O3 decreases at all latitudes considered, reaching a minimum in ca. 1996,
and recovering back to 1980 values by the middle of the 21st century. Compared to the NH, the SH has lower
climatological values of O3 and experienced stronger depletion from the increase in ODS concentrations during
the 1980s. It should be recalled that these are not actual projections of O3 levels, but only the changes in O3 that
can be attributed to ODS changes. Other factors, natural and anthropogenic, can exert multiple influences
on O3. Nevertheless, the O3 evolutions shown in Figure 6 are broadly consistent with those recently assessed
(e.g., WMO, 2022) from satellite‐based and ground‐based observations over the historical time period 1979–
2020, for example, see Figure 3.6 of WMO (2022).

The increase in annual UV radiation due to ODS‐induced stratospheric O3 depletion as estimated by the AHEF is
shown in Figure 7, for 35° latitudes. O3 depletion and UV increases peaked at 3%–4% (for annual mean O3, see
Figure 6) and 4%–5% (for UV) in the early 1990s, after which they began to decrease in response to decreases in
ODS‐derived EESC concentrations. Return to pre‐1980 O3 and UV levels is expected by the mid‐2040s,
following the A1 ODS emissions scenario, as discussed by M21 and the latest SAP assessments

Figure 5. Comparison of annual erythemal irradiance computed from satellite‐based observations of ozone and clouds
(TOMS) from Lee‐Taylor et al. (2010) with ground‐based observations from the ARPANSA network (updated from
Henderson et al. (2018)). Open circles indicate cloud‐free estimates; filled circles include the effects of clouds (but not
aerosols); fine dotted lines connect estimate pairs at the same location. Error bars indicate one standard deviation of the
ground‐based measurements. Measurement dates vary by location and are listed in Section 2.8.
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(WMO, 2018, 2022). Figure 7 also shows the relative increase in skin cancer and cataract cases associated with O3

depletion. Predicted peak increments range from 0.4% for cataract, to 4.7% for SCC, in proportion to their
respective BAFs. The relative values are generally smaller than those for UV radiation, because the BAF values
for all maladies shown here except BCC and SCC incidence are smaller than unity, and the impacts are spread out
over time. The apparent lag time (relative to the excess UV radiation) is a consequence of the assumption that age‐
specific incidence is proportional to cumulative lifetime exposure, so that excess UV exposure in early life
continues to enhance risk for the remainder of that person's life. This should not be confused with a biological
induction period, often several decades long, between exposure to UV radiation (or more generally carcinogens)
and manifestation of the disease (for discussion of this induction period, see M21, suppl. materials). The precise
timing of the peak depends also on other factors, such as differences in migration, and ethnicity trends, captured in
our study by skin type according to self‐reported ancestry.

It is notable that the health impacts of O3 depletion are quite similar in the USA and Australia. Although SH O3

depletion is greater at comparable mid‐latitudes, a larger fraction of the Australian population resides at lower
latitudes where depletion is less pronounced.

The increases in skin cancer and cataract incidence rates calculated here, while of some significance, are far
smaller than those expected under scenarios of unabated ODS emissions. Modeling simulations of such extreme
scenarios have found several‐fold increases in surface UV radiation and associated health effects (Madronich
et al., 2021; McKenzie et al., 2019; Newman et al., 2009; van Dijk et al., 2013). These outcomes have been
avoided by international agreements to phase out ODS production, under the Montreal Protocol and its

Figure 6. EESC and O3 column corresponding to the WMO‐A1 ODS emissions scenario, for the period 1980–2060. Black solid line, EESC (pptv Cl, right axis); colored
lines, estimated O3 column (DU, left axis), annotations show latitudes of O3 projections.
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amendments and adjustments, but concerns remain about future changes in stratospheric ozone from various
human activities or natural events (WMO, 2022).

3.7. Other Uncertainties

Uncertainties in our health effect calculations (aside from those in the original health registry data) stem mostly
from the difficulties in estimating BAFs, and to some extent the O3‐EESC correlations derived from the 1980–
1991 TOMS observations. If the entire chain of calculations is carried out—from ODS emissions to total cases—
estimated errors approach a factor of two (see M21). However, more accurate results can be expected if only part
of the calculation chain is needed, for example, to compare the impacts of well‐defined future O3 depletion
scenarios or to make comparisons on a relative basis, for example, between the USA and Australia. Uncertainties
in BAFs, for example, exceeding 50% for melanoma, are the single most important factor limiting the accuracy of
the overall calculation. The calculations are more sensitive to skin type classification in the USA than in Australia,
where we can estimate skin type response to UV trends but not spatial gradients or evolving demographics (see
Section 2.6 Skin types). The USA upper‐ and lower‐skin type response limits contribute an uncertainty range of
up to±5% (seeM21), only a small fraction of the Australia‐USA differences. Projected USA skin type trends give
future decreases of 1%–2% per decade in the age‐standardized incidence rates, for melanoma and keratinocyte
cases only (Table 3). In other words, the differences between the USA and Australia are not a result of whether
and how we estimated the non‐sensitive (dark skin) fraction, but rather stem from different sensitivities within the
groups routinely classified as light‐skinned.

Figure 7. Increases in annual UV radiation and UV‐related maladies due to ODS‐derived ozone‐depletion, estimated by the AHEF. Australia (solid lines), USA (dashed
lines). UV exposure at 35° latitude (black). Squamous cell carcinoma (SCC) cases (light green), basal cell carcinoma (BCC) cases (dark green), melanoma cases (MC,
magenta), melanoma deaths (dark red), keratinocyte carcinoma (KC) deaths (teal), cataract cases (light red). Combined KC case rate increases (not plotted) peak at 2.9%
(AUS) and 3.2% (USA). Malady rates are age standardized.
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3.8. Comparison to Observations

In this section we compare the model results to the observed Australian health data (comparisons for the USA are
shown in Table 4 of M21). Figure 8 compares observed and modeled keratinocyte cancer (BCC + SCC) cases in
Australia between 1980 and 2015. Figure 9 compares the model results with data derived from the AIHW Cancer
Data in Australia database (AIHW, 2025a, 2025b). In Figure 9, the model and data should be expected to coincide
within the baseline year ranges where the calculations were initialized (indicated by gray vertical shading), while
agreement or divergence in later years indicates whether the model captures all factors contributing to the various
malady counts.

Simulated keratinocyte incidence (Figure 8), deaths from keratinocyte cancer (Figure 9a), and melanoma deaths
(Figure 9c) track the trend of the recorded cases reasonably well. In the model, the increases result mostly from
population aging, with age‐standardized rates being nearly constant (see Table 3 and Figure 1). The good
agreement with observations supports the interpretation that aging is the main cause of the increase.

For melanoma cases (Figure 9b) the model significantly diverges from the data, underpredicting in 2020 by∼30%
(for female cases) to∼50% (for male cases). Possible contributing factors to the melanoma excess (i.e., melanoma
rates above AHEF‐predicted values) might include changes in human behavior that increase personal UV
exposure, although major behavioral changes would be inconsistent with the agreement in KC. This then suggests
that different factors may be responsible, such as increased medical screening and detection for melanoma (as has
been previously hypothesized for cataract incidence) (Foreman et al., 2018), or to other factors currently not
identified.

Figure 8. Model‐data comparison for annual keratinocyte cancer incidence in Australia. Symbols, data; dashed lines, model
calculations. Dark blue, male; pink, female. Open diamonds, “estimated AUS‐wide cases” from Table 2 of Staples
et al. (2006); filled triangles with solid vertical lines, product of age‐standardized rates (with 95% confidence intervals) from
Table 4 of Staples et al. (2006) and Australia population. Open circles, sum of basal cell carcinoma (BCC) + squamous cell
carcinoma (SCC) (Pandeya et al., 2017); stars, net keratinocyte carcinoma (KC) cases (Pandeya et al. (2017). Note that the
model calculations are initialized independently of the data plotted here.
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4. Conclusion
This study found that differences in population‐weighted surface UV radiation between Australia and the USA
can only partly explain Australia's higher incidence and mortality rates for UV‐related maladies. The Australian
population is potentially exposed to 24% more biologically weighted UV radiation on average than is the U.S.
population because of (in approximate order of importance) closer proximity to the equator, less stratospheric O3

at comparable latitudes, and seasonal variations in the Earth‐Sun distance. Yet, the actual incidence ratios

Figure 9. Comparison of modeled and reported data for Australia for (a) keratinocyte deaths, (b) melanoma cases and
(c) melanoma deaths. Solid lines, data (AIHW, 2025a, 2025b); dashed lines, model. Gray bar, date range of baseline data.
Dark blue, male; pink, female.
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between the two countries far exceed the predicted relationships between increased UV doses and increased
maladies. Stratospheric O3 depletion caused by ODS has increased slightly the incidence of UV‐related maladies,
with peak increments ranging from 0.5% for cataract to ca. 5% for SCC, and of similar size in both the USA and
Australia. Thus, the contribution of stratospheric O3 depletion to the large differences in health effects between
the two countries is near‐negligible.

We estimate that the effects of clouds and aerosols could each add on the order of an additional ∼10% uncertainty
to the estimated UV ratio between the two countries. The effects of air pollutants (e.g., aerosols from urban
emissions or wildfires) on the UV climatology are poorly known and are likely to change in the future, bringing
additional uncertainty to our projected estimates.

UV‐induced maladies can be viewed broadly as related to three somewhat separate factors: (a) the availability of
environmental UV radiation, (b) the genetic susceptibility of individual skin types, and (c) exposure behaviors
and diagnosis practices. We have addressed only the first of these, recognizing that it is currently amenable to
quantification because the relevant atmospheric processes are mostly known. This study suggests that additional
factors must play a substantial role in determining UV‐associated incidence and mortality.

With no further projected changes in ozone‐depletion‐related UV radiation out to 2060, the age‐standardized
incidence rates for melanoma, keratinocyte cancer and cataract are also projected to remain unchanged, and
the high burden of disease from these UV‐related conditions is expected to persist (Garbe et al., 2024; Gordon
et al., 2022; Neale et al., 2023). This supports recent assessments of the ongoing need for sun safety campaigns to
educate the public on methods to reduce their risk of skin cancer by using good sun protection.
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