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Evaluation of weather and
environmental factors and their
association with cutaneous melanoma
incidence: A national ecological study
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Background: Cutaneous melanoma (CM) is a significant contributor to skin cancer-related mortality
globally and in Canada. Despite the well-established link between ultraviolet (UV) radiation exposure and
skin cancer risk, there remains a gap in population-level interventions and persistent misconceptions about
sun exposure and impact of environment on individual behavior.

Objective: The current study provides an ecological analysis using latest available data (2011-2017) to
define geographic/environmental contributors to the CM landscape in Canada.

Methods: Utilizing Canadian Cancer Registry and Canadian Urban Environmental Health Research
Consortium data, we analyzed 39,605 CM cases occurring in Canada from 2011 to 2017. Environmental
data, including UV radiation, greenspace (normalized difference vegetation index), temperature, heat
events, and precipitation was used to evaluate the effect of environment on CM incidence rates across
Forward Sortation Area postal codes.

Results: Forward Sortation Areas with increased CM incidence were associated with higher annual average
temperature, snowfall, heat events, normalized difference vegetation index, and vitamin D-weighted UV
exposure. Conversely, factors associated with decreased incidence included an increased annual highest
temperature, rain precipitation, and a longer duration of heat events.

Limitations: This study is subject to ecological bias and findings should be interpreted with caution.

Conclusion: This study further substantiates associations between specific environmental factors and CM
incidence. (JAAD Int 2024;16:264-71.)
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INTRODUCTION

Cutaneous melanoma (CM) is one of the deadliest
skin cancers." As of 2019, it represented approxi-
mately 3.8% of new cancer cases in Canada, as well
as 1.9% and 1.2% of cancer deaths in males and
females, respectively.' In the United States, estimates
predict that 100,640 new melanomas will be diag-
nosed in 2024, with roughly
8300 deaths. Assessments of
the global impact of mela-
noma estimate that 325,000
new CM cases and 57,000
new CM deaths occurred
globally in 2020, and if trends
remain  unchanged, the
burden of CM will increase
to an estimated 510,000 new
cases and 96,000 deaths by
2040.” Globally, CM cases are
concentrated in Central and
Eastern Europe (16.3%), fol-
lowed by North America
(14.7%) and Western Europe
(13.0%).>  Oceania, including  Australia/New
Zealand, which have the highest age-standardized
CM incidence in the world, accounts for 5.9% of
global CM cases.

A number of skin cancers are known to be driven
by external triggers (eg, ultraviolet (UV) radiation,
human papillomavirus, Merkel cell polyomavirus,
etc).”® In particular, the association between UV
radiation exposure and skin cancer risk is well-
established,”” and several causal mechanisms have
been detailed.” The interplay of UV or solar radiation
with host factors and other determinants establishes
an individual’s CM risk.”"” Despite extensive knowl-
edge regarding the detrimental impact of UV radia-
tion, with notable exceptions in Australia/New
Zealand,"” policymakers have not adopted adequate
population-level interventions to promote sun pro-
tection/sun avoidance as was achieved for smoking,
human papillomavirus vaccination and other cancer
preventative measures. There are also persistent
misconceptions related to the dangers of sun expo-
sure at the individual level ' and in colder climates."”
Studies indicate that the aesthetic of tanned skin
remains highly valued and a key motivation of
intentional tanning behaviours.'® "

Previous studies conducted by our group have
provided a detailed analysis of Canadian CM epide-
miologic trends and the associated disease burden
between 1992 and 2010.”'"*" Our group also eval-
uated the relationship between several geographic
and environmental factors and their association with
CM incidence for 1992-2010 across Canada,”

CAPSULE SUMMARY

» Previous data from 1992 to 2010 linked
specific environmental and geographic
factors to CM incidence rates. The
current study defines/validates
associations and indicates increasing CM
incidence in Canada.

Results of this work detail the interaction
of environment with CM incidence in
Canada and its potential impact on high-
risk sun exposure behaviors.
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concluding that increases in annual average temper-
ature, summer UV radiation, and greenspace/vege-
tation were associated with a higher expected
incidence of CM cases.”” This work was part of a
larger project studying incidence of various malig-
nancies in Canada during this period.

When CM rates in Canada between 1992 and 2010
and 2011 and 2017 were
compared, our group re-
ported an increase in age-
adjusted CM  incidence
nationally and across each
individual province.” In the
current ecological study, we
sought to wupdate and
validate our analysis exam-
ining environmental and
geographic factors associated
with CM using the latest avail-
able data from 2011 to 2017.
This is important as the med-
ical and information technol-
ogies evolved dramatically
since 1990s improving our ability to detect and
report/track incidence of melanoma. Since CM inci-
dence rates continue to increase it is important to
reevaluate our current model. We hypothesize the
previously identified associations will continue to be
significant, and that other potential contributing
factors may be identified. Our objective is to deter-
mine robust region-specific associations between CM
incidence and weather events (rain, snow, heat),
temperature, greenspace (quantified by the normal-
ized difference vegetation index), and UV radiation
index. This data provide an up-to-date understanding
of the CM landscape in North America and will help in
the development of targeted interventions to reduce
the burden of CM.

METHODS

This study is reported in accordance with the
Strengthening the Reporting of Observational
Studies in Epidemiology checklist.””*® This study
received an exemption from the McGill University
Research Ethics Board review.

Study variables - melanoma incidence

Data sources and methodology for this study have
been previously described in detail in.** Briefly, this
study utilises age-standardized CM incidence per
100,000 individuals as the primary outcome variable,
with data on CM incidence spanning 2011-2017 from
the Canadian Cancer Registry.”” CM diagnoses were
classified according to the International Classification
of Diseases (ICD) for Oncology -3, ICD-9, and ICD-10
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Abbreviations used:

CI: confidence intervals

CM: cutaneous melanoma

FSA: forward sortation area

ICD: International Classification of Diseases
IRR: incidence rate ratio

UV: ultraviolet

codes for all CM subtypes, consistent with previous
reporting.”” Only Canadian Cancer Registry data were
used for this study, as Québec’s Le Registre Québécois
du Cancer employed distinct criteria when assessing
CM cases that were not directly comparable to data
from other Canadian provinces.”*"** Incidence ana-
lyses were conducted at the Forward Sortation Area
(FSA) level, with Canadian postal codes providing the
geographical basis for these analyses available pub-
licly through Statistics Canada. Population counts for
FSAs were derived from Statistics Canada Census of
Population data for 2011-2017.”” In Canada, postal
codes consist of letters and numbers (eg, H4A 3J1),
where the first 3 entries represent an FSA, designating
specific areas within larger geographic regions.

Study variables — environmental data

The Canadian Urban Environmental Health
Research Consortium is funded by the Canadian
Institutes of Health Research and provides compre-
hensive geospatial exposure data on various envi-
ronmental factors.” Environmental data were
averaged across the time period studied. The vari-
ables included UV radiation, measured by taking the
average daily dose of vitamin D-weighted UV (J/m?)
for summer months (June, July, and August), average
greenspace measured by the normalized difference
vegetation index, annual highest temperature, abso-
lute number and average length of annual heat
events, annual total precipitation (rain and snow),
and absolute number and average length of precip-
itation events (rain and snow).

Procedure and statistical analysis

All analyses were conducted using R statistical
software, version 4.3.2.”" Incidence rates of CM per
100,000 individuals by FSA were extracted for the
2011-2017 period. To determine factors associated
with increased CM incidence, variables were chosen
on a conceptual basis and in line with previous
studies.”” Each FSA was categorised as being high- or
low-risk based on statistical comparisons with the
national average CM incidence rate and compared
by several independent environmental factors as
described above. A two-sided t-test with Welch-
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Table I. Cutaneous melanoma cases and incidence
rate per 100,000 individuals for studied Canadian
provinces

Incidence per

hundred

Average thousand

Province Cases population per year
Canada 39,615 27,271,765 20.75

Newfoundland 690
and Labrador
Prince Edward Island 345

527,502 18.69

145,553 33.86

Nova Scotia 2030 942,372 30.77
New Brunswick 1200 760,080 22.55
Ontario 21,445 13,633,639 22.47
Manitoba 1460 1,281,235 16.28
Saskatchewan 1125 1,110,054 14.48
Alberta 4385 4,044,619 15.49
British Columbia 6885 4,709,418 20.89
Northern Territories 50 117,294 6.09

The table adapted from Conte et al."’

Satterthwaite variance approximation was employed
for these comparisons.””

Variables were chosen on a conceptual and statistic
basis for further multivariate analysis. Stepwise vari-
able selection using Akaike Information Criterion,
and/or variables that were deemed to be conceptually
relevant based on previously acknowledged associa-
tions were employed for modelling.”* Variance infla-
tion factors were assessed to identify collinearity.”
Due to small sample size, northern territories were
excluded in regression analyses.

As in our previous 1992-2010 study, given the
noncontinuous and right-skewed nature of CM
incidence data, a negative binomial regression
model in R was employed.”” This modeling
approach is particularly suited for count data exhib-
iting skewness and potential overdispersion. P
values less than .05 were considered statistically
significant. Complete case analysis was used for the
primary analyses in this study.””

RESULTS

Table I presents data on CM incidence in Canada
across the study period, adapted from Conte et al.'’
There was a total of 39,605 incident cases of CM in
Canada between 2011 and 2017, representing an
age-adjusted rate of 20.8 cases per 100,000 individ-
uals. The provinces that documented the highest
rates included Prince Edward Island (33.9), Nova
Scotia (30.8), and New Brunswick (22.5), while those
with the lowest rates were Saskatchewan (14.5),
Alberta (15.5), and Manitoba (16.3). The Northern
Territories (Nunavut, Yukon, and Northwest
Territories) had an overall reported rate of 6.1 cases
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Fig 1. Map of CM incidence per 100,000 individuals (A), average normalized difference
vegetation index (NVDI) (B), Annual average temperature (C), and mean daily dose of vitamin
D-weighted UV J/m2 for summer months (D), by Forward Sortation Area (FSA); data averaged

between 2011 and 2017.

per 100,000 individuals, however the sample size
was small across the period of interest (12 = 50). Our
data included a total of 1063 Forward Sortation Areas
(FSAs), 470 (44.2%) of which were assigned into the
“high-risk” category and had a CM incidence above
the national average, while 593 (55.8%) were as-
signed to the ‘low-risk’ category with a CM incidence
below the national average.

Using age-standardized rates at the FSA level,
various geographic and environmental variables
were correlated with 2011-2017 CM incidence rates.
It is important to state that most environmental
variables have remained stable/have not changed
over decades based on the the Canadian Urban
Environmental Health Research Consortium data. Fig
1 presents maps of CM cases per 100,000 individuals
(A), average NVDI (B), annual average temperature
(©), and mean daily dose of vitamin D-weighted UV
J/m* for summer months (D), by FSA, with data
averaged over 2011-2017. A general increasing trend

is observed for the studied variables from north to
south. Table 1T presents comparisons between the
high- and low-risk regions by environmental vari-
ables deemed statistically or conceptually relevant to
the analysis. A two-tailed #test with Welch-
Satterthwaite variance approximation was used
with alpha = 0.05. High-risk FSAs were significantly
different from low-risk FSAs for all but 2 variables -
annual number of days with heat events based on
maximum temperature, and annual average length
of heat events based on maximum temperature.
These variables were conserved in modelling based
on stepwise variable selection and based on con-
ceptual relevance.

Table III documents the unadjusted incidence rate
ratios (IRRs) and 95% confidence intervals (CIs) for
correlates of CM, and Table IV presents the results of
the adjusted regression model. Several other vari-
ables were included in initial data exploration phases
but later excluded due to collinearity. Stepwise
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Table II. National differences in environmental conditions/variables that significantly contribute to increased

melanoma incidence between high-risk and low-risk FSAs

National (excluding Quebec and Northern Territories)

FSAs with higher

FSAs with lower
than national

than national average average (n = 593), t-test*
(n = 470), mean (range) mean (range) (P-value)
Average annual temperature, Celsius 7.93 (0.36-11.02) 6.57 (—12.23 to 11.81) <.01
Average NVDI at 1000 m 0.44 (—0.09 to 0.63) 0.37 (—0.38 to 0.64) <.01
Mean daily dose of vitD-weighted 6032.17 (5003.78-6704.31) 5867.84 (3243.56-6704.31) <.01
UV (J/m?) for summer months’
Annual highest temperature, Celsius 31.79 (25.69-37.49) 32.40 (21.54-36.77) <.01
Annual total precipitation as rain (mm) 699.22 (210.76-1437.39) 572.62 (81.50-1636.45) <.01
Annual number of days with heat events 10.32 (2.71-19.80) 10.28 (3.99-19.80) .78
based on maximum temperature
Annual average length of heat events 4.08 (1.63-6.01) 4.11 (2.57-6.06) .54

based on max temperature

High-risk FSAs were compared to low-risk FSAs via a two-tailed t test and significance was determined (alpha = 0.05).
J/m, Joules per meter squared; NDVI, normalized difference vegetation index; vitD, vitamin D.
*Wilcoxon Rank Test performed if one or both displayed a non-normal distribution. FSA- Forward Sortation Area.

TSummer months include June, July, and August.

variable selection was used to include the 7 final
variables presented in Table IV. Each variable was
centered and scaled by the standard deviation (SD)
and converted to z-scores. For instance, with regards
to annual average temperature, 1 SD increase in
average annual temperature, or 1.5 °C, correlated
with a 26.3% increase in the expected number of CM
cases in a given area. The direction of each univariate
model was conserved in the final multivariate model
except for average total precipitation as rain, which
was positively associated with increased CM in the
univariate analysis (IRR 1.08, 95% CI 1.07-1.09) and
negatively associated with CM after adjustment (IRR
0.82, 95% CI 0.78-0.84).

Our final multivariate model found 4 variables
that correlated with increased expected CM cases
after adjustment for all predictor variables.

Specifically, annual average temperature (IRR
1.26, 95% CI 1.23-1.30), average annual number of
days with heat events (IRR 1.07, 95% CI 1.05-1.08),
mean daily dose of vitamin-D weighted UV in the
summer months (IRR 1.04, 95% CI 1.02-1.06), and
higher average NVDI (IRR 1.27, 95% CI 1.26-1.29)
(ie, greenspace) were associated with increases in
CM rates. In other words, taking, for example,
annual average temperature, 1 SD increase in
average annual temperature, or 1.5 °C, correlated
with a 26.3% increase in the expected number of
CM cases for the region. In contrast, 3 variables
were negatively associated with CM rates, namely
the average highest annual temperature (IRR 0.90,
95% CI 0.88-0.92), average total precipitation in the
form of rain (DORR 0.82, 95% CI 0.80-0.84), and

average length of heat events in days (IRR 0.86,
95% CI 0.85-0.87).

DISCUSSION

The current ecological study validates a previous
analysis conducted by our group®” evaluating the
correlation between several climate and environ-
mental variables and CM rates by FSA in Canada. Our
previous analysis using data for 1992-2010 for CM
and environmental factors indicated that higher
average annual temperature, availability of green
spaces, and the UV radiation index were the 3 main
factors associated with higher CM risk in Canada,
while the number of annual heat events together
with highest annual temperature and higher average
number of annual rain events were associated with a
decrease in CM incidence rates. This study, using
updated CM incidence values which have increased
across all jurisdictions, validates these associations,
and additionally suggests a new correlation between
the average number of days of heat events and
decreased risk of CM incidence.

As we hypothesized previously, these associa-
tions may be explained by the impact of climate and
environmental factors on individual habits and
community norms/behaviours.”! More greenspace,
higher average annual temperatures, and a higher
summer UV radiation index may indicate locations
that are more temperate for longer periods of the
year, leading individuals to enjoy the outdoors more
often and for longer, thus exposing themselves more
frequently to UV.”*! Conversely, long periods of heat
events, more rain, and extreme heat may prompt
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Table III. Unadjusted IRR, 95% confidence intervals, and standard errors for correlates of cutaneous melanoma

rates

IRR (95% CD Std Error P value
Average highest annual temperature, °C 0.9047 (0.8951-0.9144) 0.0051 <.001
Annual average temperature, °C 1.0991 (1.0870-1.1113) 0.0056 <.001
Average total precipitation as rain, mm 1.0753 (1.0648-1.0858) 0.0049 <.001
Average annual number of days with heat events 1.0050 (0.9944-1.0157) 0.0054 .355
Average length of heat events 0.9559 (0.9459-0.9659) 0.0053 <.001
Mean daily dose of vitD-weighted UV J/m? for summer months 1.0643 (1.0524-1.0764) 0.0058 <.001
Average NDVI at 1000 m 1.2727 (1.256-1.2887) 0.0064 <.001

AIC: 9403.2. Stepwise variable selection was performed, and variables selected according to best model fit as assessed by the Akaike
Information Criterion (AIC). J/m2, joules per meter squared; NDVI, normalized difference vegetation index; vitD, vitamin D. All variables are
presented in “Z-score” units. Coefficients represent the change in the number of melanoma cases that could be expected in an FSA for a one
standard deviation increase above the variable’s mean. For instance, (based on IRR value) one might expect a 26.3% increase in the number
of cases in an FSA where the annual average temperature exceeded the national mean by one standard deviation.

Cl, Confidence interval; IRR, incidence rate ratio; J/m?, joules per meter squared; NDVI, normalized difference vegetation index; Std Error,
standard error; vitD, vitamin D.

Table IV. Adjusted IRR, 95% confidence intervals, and standard errors for correlates of cutaneous melanoma
rates

Std Error

0.0053 <.001
0.0099 <.001

IRR (95% CD P value

Intercept -

Average highest annual temperature, °C 0.9038 (0.8864-0.9216)

Annual average temperature, °C 1.2634 (1.2275-1.3004) 0.0147 <.001
Average total precipitation as rain, mm 0.8159 (0.7965-0.8358) 0.0123 <.001
Average annual number of days with heat events 1.0659 (1.0499-1.0822) 0.0077 <.01
Average length of heat events 0.8596 (0.8472-0.8722) 0.0074 <.01
Mean daily dose of vitD-weighted UV J/m? for summer months 1.0393 (1.0170-1.0622) 0.0111 <.01
Average NDVI at 1000 m 1.2735 (1.2560-1.2913) 0.0071 <.01

AIC: 9403.2. Stepwise variable selection was performed, and variables selected according to best model fit as assessed by the Akaike
Information Criterion (AIC). J/m2, joules per meter squared; NDVI, normalized difference vegetation index; vitD, vitamin D. All variables are
presented in “Z-score” units. Coefficients represent the change in the number of melanoma cases that could be expected in an FSA for a 1
standard deviation increase above the variable’s mean. For instance, (based on IRR value) one might expect a 26.3% increase in the number
of cases in an FSA where the annual average temperature exceeded the national mean by one standard deviation.

Cl, Confidence interval; IRR, incidence rate ratio; J/m?, joules per meter squared; NDVI, normalized difference vegetation index; Std Error,

standard error; vitD, vitamin D.

individuals to stay indoors and thus reduce their
cumulative sun exposure.

Corroborating these results, research from
Australia has demonstrated a correlation between
increasing temperatures and increased outdoor ac-
tivity among adults, coupled with a decreased
tendency to use protective clothing and an increased
likelihood of sunburns. With temperatures surpass-
ing 27 °C, the risk of sunburn is diminished. This
reduction was attributed to individuals actively
seeking shade for comfort, presenting a contrasting
scenario where higher temperatures correlated with
a protective behavioral response.””

Sun exposure remains the primary modifiable risk
factor for melanoma and addressing certain prevalent
beliefs in Canada and the Unites States could present
actionable avenues to increase sun protection

practices. The notion that Canadians and Americans
residing in northern states do not get enough vitamin
D because of the weather or northern climate is often
discussed and prompts individuals to actively seek
sun exposure.'”* Furthermore, the presence of
diverging recommendations on the use sunscreen
and sun protective clothing is still publicised through
official and reputable channels."””® Both may
contribute to diminished sun protection practices
explaining in part the North American “sunscreen
paradox” observation.” Clear and consistent guide-
lines related to vitamin D requirements and sources
should be published. Additionally, beliefs that
residing in cold-climate countries like Canada or the
northern United States lowers CM risk have been
documented,'” and should be addressed through
public health messaging and campaigns.
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This study has several strengths and limitations. As
with any ecological study, it is crucial to interpret
these findings with caution and to acknowledge that
aggregated group-level data cannot be directly
extrapolated to individual-level associations. The
ecological design also poses challenges in controlling
for individual-level confounding variables, as the
observed associations between environmental factors
and CM rates may be confounded by unmeasured
individual characteristics. The specific associations
outlined do not consider Fitzpatrick skin types,
which, as highlighted in our prior publication, exhibit
variations across provinces(’ and interplay with the
environment in determining individual CM risk. While
the accuracy and reliability of the Canadian Cancer
Registry has been extensively documented,” ™ a
number of other individual factors, including sex,
gender, race, occupation, and socioeconomic status,
are crucial determinants of health and cancer inci-
dence and are not captured in the current study or
databases used for analysis. There is an important,
potentially decades-long latency period between sun
exposure and the development of CM, as with other
skin cancers. Hence, while the analysis of data for
2011-2017 does not take into account this latency
period, it is important to highlight that climate vari-
ables tracked by the Canadian Urban Environmental
Health Research Consortium since 1983 have not
changed significantly over time. Moreover, it is
reassuring that our prior study documented the
same trends for a much longer study period (1992-
2010), indicating the robustness of our results.

This study provides important insight into the
increasing trends in CM incidence and their associ-
ation with environmental and climate factors. With
climate change being an increasing concern world-
wide, its impact on CM incidence cannot be over-
looked. As global temperatures continue to
gradually rise and the ozone layer is depleted, there
is an increasing risk of prolonged sun exposure,
altering UV radiation patterns and intensities.”’
Changes in climate may lead to shifts in behavioral
patterns, with individuals spending more time out-
doors and experiencing extended periods of UV
exposure, as detailed in our model. Additionally,
alterations in environmental factors such as temper-
ature, precipitation, and greenspace will influence
the geographical distribution of CM risk. The intri-
cate interplay between climate change and CM
incidence necessitates continued monitoring and
careful consideration in public health strategies.
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