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Consideration of the implications of solar UV exposure on public health during extreme temperature events is important due to
their increasing frequency as a result of climate change. In this paper public health impacts of solar UV exposure, both positive and
negative, during extreme hot and cold weather in England in 2018 were assessed by analysing environmental variations in UV and
temperature. Consideration was given to people’s likely behaviour, the current alert system and public health advice. During
a period of severe cold weather in February-March 2018 UV daily doses were around 25–50% lower than the long-term average
(1991–2017); however, this would not impact on sunburn risk or the beneﬁt of vitamin D production. In spring 2018 unseasonably
high temperatures coincided with high UV daily doses (40–75% above long-term average) on signiﬁcant days: the London
Marathon (22 April) and UK May Day Bank Holiday weekend, which includes a public holiday on the Monday (5–7 May). People
were likely to have intermittent excess solar UV exposure on unacclimatised skin, causing sunburn and potentially increasing the
risk of skin cancers. No alerts were raised for these events since they occurred outside the alerting period. During a heat-wave in
summer 2018 the environmental availability of UV was high—on average of 25% above the long-term average. The public health
implications are complex and highly dependent on behaviour and sociodemographic variables such as skin colour. For all three
periods Pearson’s correlation analysis showed a statistically signiﬁcant (p < 0.05) positive correlation between maximum daily
temperature and erythema-eﬀective UV daily dose. Public health advice may be improved by taking account of both temperature
and UV and their implications for behaviour. A health impact-based alert system would be of beneﬁt throughout the year,
particularly in spring and summer.

1. Introduction
It is known that climate change is resulting in increased
frequency of hot weather episodes [1–4]. Cold weather
episodes are also set to continue, although they are predicted
on average to reduce in frequency and severity [1, 5]. These
periods of extreme temperatures are likely to signiﬁcantly
impact public health [6–14]; however, little has been said
regarding how these events may be aﬀecting people’s exposure to solar UV radiation.
Terrestrial solar ultraviolet (UV) radiation, comprising
both UV-B (280–315 nm) and UV-A (315–400 nm), has
a signiﬁcant impact on health [15]. It is well established that

too much exposure is damaging to the skin and eyes and
increases the risk of skin cancers [16–20]. However, exposure to solar UV-B beneﬁts vitamin D production and bone
health [21, 22]; there is emerging evidence of the role of UVA in cardiovascular health [15, 18, 23–32], and there are
suggestions that solar UV exposure reduces the risk of some
cancers and other causes of death [18, 33–35]. In addition,
solar radiation exposure as a whole, through exposure to
visible radiation (400–700 nm), plays an important role in
melatonin regulation for better quality sleep and serotonin
regulation for improved mental health–both of which may
enhance length and quality of life [23]. Too little as well as
too much exposure to the sun and to solar UV in particular
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can be detrimental to health and result in a burden on the
UK health services [18, 36].
There is a perception among the public that solar UV and
temperature are directly related [37, 38]. However, there are
signiﬁcant diﬀerences in the variation of UV and temperature over the course of the day and year and they are affected by diﬀerent atmospheric variables (such as ozone,
clouds, aerosols and humidity). With climate change,
temperatures are unequivocally expected to increase [1–4].
In contrast, future terrestrial UV levels are largely unknown
and the trends are diﬃcult to predict [39–42].
People’s solar UV exposures are dependent on both the
environmental availability of solar UV radiation and behaviour; the latter is likely to be governed by ambient
temperature [43, 44].
In this paper solar UV doses are assessed in the context
of extreme cold and hot weather periods in 2018 in Chilton,
South East England. The implications of these periods for
public health in terms of sun exposure are assessed with
regard to the extreme temperatures experienced and people’s likely behaviour, the current UK alert system and public
health advice.

2. Methods
2.1. Data Collection. Erythema eﬀective UV (UVery) dose
[20, 45, 46] has been chosen to assess health impacts from
exposure to solar UV radiation. Erythema eﬀective UV [45]
is an indicator of the strength of UV for causing sunburn and
is weighted highly at the shortest terrestrial UV-B wavelengths. It can be used as an approximation for some health
eﬀects that are dependent on the shortest terrestrial UV-B
wavelengths including cutaneous vitamin D generation and
increased risk of skin cancers [47, 48]. These health impacts
are dependent on dose [20, 49]. The particular units chosen
for this analysis are standard erythemal dose (SED) which is
100 Jm− 2 erythema eﬀective UV irradiance. The dose required to produce sunburn is dependent on skin type; 2 SED
is likely to elicit erythema in a very sensitive skin type
(Fitzpatrick skin type I), whereas higher skin types (Fitzpatrick skin type V or VI) may require 20 SED to develop
erythema [19, 50].
UVery dose has been analysed using data from the
Chilton (1°19′ W, 51°35′ N) site in the Public Health England
(PHE) solar network which has data going back to 1991
[51, 52]. Data are from ground-based Robertson–Berger
Solar Light detectors (Solar Light Co., Philadelphia, USA)
which have a spectral response that approximates to the
erythema action spectrum [45, 51–53]. Daily doses were
calculated by cropping the data on each day from 30 min
before sunrise to 30 min after sunset, with these sunrise and
sunset times provided by the US Naval Observatory website
[54]. 2018 data were compared with the 1991–2017 average
for each day. Consideration has also been given to the UV
Index (UVI) [55], the UVery dose rate, from the same dataset.
The highest UVI in the UK is normally about 8 [56].
Daily maximum Central England Temperature (CET)
[57, 58], provided by the Met Oﬃce, the national weather
service for the UK, has been chosen as the measure of
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temperature for this analysis. CET is a dataset of daily
temperature data for an area of England enclosed by London
(0°8′ W, 51°30′ N), Lancashire (2°42′ W, 53°46′ N), and
Bristol (2°35′ W, 51°27′ N) [59] which covers Chilton.
Detailed diurnal variations in ambient temperature were
measured using a Davis Vantage Pro2 Weather Station
colocated with the solar UV monitoring instrument at
Chilton.
2.2. Statistics. Pearson’s correlation coeﬃcient analysis was
chosen as the most suitable method to assess the relationship
between UVery daily dose and daily maximum temperatures.
Correlations were considered statistically signiﬁcant at
p < 0.05.

3. Results and Discussion
3.1. 1991–2019 Baseline. The long-term (1991–2017) average
daily maximum temperature per month varied from 7.3–
7.9°C in winter (December–February) to 19.1–21.3°C in
summer (June–August). The long-term monthly average
UVery daily dose over the same period varied from 1.1 SED
in December to 29.1 SED in June. The peak UVery daily dose
at Chilton occurred in late June and the peak maximum daily
temperature occurred around 1 month later towards the end
of July (see Figure 1).
Intra-annual variability is signiﬁcant in England. The
weather is variable and frequently cloudy with usually only
a few completely clear days each year [56]. These weather
conditions impact both UV and temperature. UV is also
aﬀected by total column ozone, which absorbs UV radiation
[46, 60]. Ozone has an annual cycle over England with high
variability in spring leading to the possibility of low ozone,
and therefore high UV, events at this time of year [61]. Total
column ozone is generally relatively stable in summer and
autumn.
In order to protect the public from harm to health from
cold and hot weather, England has two frameworks in place—the Cold Weather Plan for England [62] and Heat Wave
Plan for England [63]. These are supported by an alert system,
delivered by the UK Met Oﬃce in partnership with PHE,
which raises cold weather alerts (CWA) and heat-wave alerts
(HWA) based on temperature thresholds (see Table 1). Alerts
are not triggered outside their respective alert periods apart
from in exceptional circumstances. Public health advice and
actions in the plans are triggered at each alert level. These
levels comprise: level 1, which applies throughout the alert
period; level 2, which means a trigger threshold is forecast;
level 3, which means a trigger threshold has been reached; and
level 4, which is raised by the government and means the hot
or cold weather is very severe and is aﬀecting sectors other
than health. Consideration is being given to updating this
alert system to make it impact-based [64].
The Heat Wave Plan for England focuses on temperature
but also gives consideration to UV exposure by providing
advice on sun protection during extreme hot weather.
However, the alert period during which actions from this
plan can be triggered is centred on peak annual temperature,
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Figure 1: Maximum Central England Temperature (CET) and erythema eﬀective UV, UVery, daily dose in 2018 in comparison with
1991–2017 average. Dotted lines show ±1 standard deviation (SD). Cold weather alert (CWA) period shaded in light grey and heat-wave
alert (HWA) period shaded in darker grey.

Table 1: Cold weather alert (CWA) and heat-wave alert (HWA) periods and trigger thresholds.
Alert period
CWA

1 November–31 March

HWA

1 June–15 September

while UV daily dose reaches its peak about 1 month earlier.
This means that a period of time where UV levels can be high
and people may beneﬁt from this public health advice may
be missed.
3.2. 2018 England Weather Events. In 2018 there were periods of extreme cold and extreme hot weather; record
breaking temperatures were reached multiple times over the
course of the year [65]. The dates of these signiﬁcant cold

Trigger threshold
2°C mean temperature forecast to last 48 h and/or
severe snow and ice
Maximum daytime temperature of 30°C and
a minimum night-time temperature of 15°C for at
least 2 consecutive days (on average-varies by region)

and hot weather episodes along with their relevant alerts are
provided in Table 2.
Figure 1 shows the variation in daily maximum temperature and UVery dose for February–August 2018 with the dates
of the extreme weather events indicated. It can be seen that
where maximum daily temperature is signiﬁcantly low or high,
often this coincides with, respectively, low or high UV.
Pearson’s correlation analysis showed that all three
periods had a statistically signiﬁcant (p < 0.05) positive
correlation between daily maximum temperature and UVery
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Table 2: Signiﬁcant weather events in South East England in 2018.

Event
Beast from the East
Severe cold and wintry weather
Mini-beast from the East
Cold and wintry weather
Start of April
Cold weather
Hottest April day on record
Hottest London Marathon
Hottest May Day Bank Holiday∗∗
2018 Heat Wave
Prolonged hot weather
∗

Dates
23 February–4 March 2018
16–20 March 2018
1–4 April 2018
19 April 2018
22 April 2018
7 May 2018
26 June–7 August 2018

Outside the cold weather alert (CWA) and heat-wave alert (HWA) periods.

dose for each of the extreme event periods, as shown in
Figure 2. In spring the correlation was strong (r � 0.87,
p < 0.0001). The Beast from the East period and the Heat
Wave period had moderate correlations (r � 0.43, p < 0.05
and r � 0.51, p < 0.001, respectively) and some outlying
points can be observed.
In the following sections the implications of these results
for public health for each of the three extreme event periods
are discussed.
3.3. February–March 2018. In late February and early
March, there was a period of severe cold and wintry weather
referred to by the media as the Beast from the East. There was
another period of less severe cold and wintry weather in
mid-March referred to as the mini-beast from the East.
During these periods, the maximum daily temperature
dropped to − 1.3°C, 116% (3.4 SD) below long-term average
and 0.7°C, 93% (3.4 SD) below the long-term average, respectively. For most of this period, environmental UVery was
25–50% below the long-term average, reaching a minimum
of 1.5 SED (1.9 SD below the long-term average) on 1 March,
the lowest on this day since 1991, the start of the dataset
(Figure 1). The maximum daily UVI was low (UVI 1–2)
throughout the period.
During this period people’s exposure to UVery was likely
to be very low due to a combination of environmental and
behavioural factors. The environmental availability of UVery
was generally low, and the extreme cold temperatures [66]
were likely to have caused people to stay indoors for longer
[36, 67, 68] and cover up outside with less than 10% of skin
exposed [43, 44, 69]. This behaviour, staying indoors to keep
warm and wrapping up warm when outside, is also part of
the public health advice given over this period [62].
This low exposure to UVery would be unlikely to have
any noticeable impact on the risk of sunburn or vitamin D
production in comparison with normal conditions for this
time of year in England for any skin type [21]. However, it is
important to note that UVery is only one part of the solar
spectrum, and sun exposure could have beneﬁts at this time
of year such as improved circadian entrainment and may
mitigate the excess winter deaths observed each year [62];
this warrants further investigation.

∗∗

Alerts in South East England
Level 3 CWA
(trigger threshold reached)
Level 3 CWA
(trigger threshold reached)
Level 2 CWA∗
(trigger threshold forecast)
None∗
None∗
None∗
Level 2/3 HWA
(trigger threshold forecast/trigger threshold reached)

UK public holiday on the ﬁrst Monday in May.

3.4. April–May 2018. During April and May 2018, there were
two periods with a concurrent sharp increase in both daily
maximum temperatures and UVery dose (Figure 1). From 1
to 19 April maximum daily CET went from 7.9°C to 24.3°C,
36% (1.3 SD) below to 92% (4.4 SD) above the long-term
average, whilst UVery daily dose went from 9.2 SED to 28.3
SED, 28% (− 0.8 SD) below to 74% (+2.1 SD) above the longterm average. The maximum UVI increased from 2 to 5 over
this period. On 22 April, the hottest London Marathon on
record, the UVery daily dose was 25.2 SED, +42% (+1.2 SD),
approaching the highest dose on this day since the start of
the dataset in 1991, and the UVI reached 5. From 30 April to
7 May, maximum daily temperatures went from 11.1°C to
25.6°C, − 26% (− 1.3 SD) to +59% (+2.7 SD), whilst UVery
daily dose went from 12.0 SED to 34.1 SED, − 40% (− 0.8 SD)
to +42% (+1.1 SD). The maximum UVI increased from 3 to 6
over this period. The May Day Bank Holiday weekend,
which included the hottest May Day Bank Holiday Monday
on record, saw UVery daily doses of 34.1–35.7 SED, +42% (1.1
SD) to +48% (1.7 SD), and the UVI reached 6 on all three
days. These events occurred even though there were no low
ozone events [61, 70] in spring 2018.
People in England were likely to have been exposed to
high doses of solar UVery in spring 2018 due to multiple
factors. The environmental availability of UVery was high on
unseasonably warm days, a number of which occurred on
nonworking days such as the weekend or a public holiday
when people are likely to have spent more time outside [69].
The extended period of cold and wintry weather preceding
spring 2018 may have encouraged more time outdoors with
larger areas of unacclimatised skin exposed to the sun
[43, 44, 69]. Although there was a signiﬁcant correlation
between UVery daily dose and maximum temperature
(Figure 2), the comfortable temperatures meant people may
not have taken sun protection precautions [71, 72].
During the London Marathon on Sunday, 22 April, tens
of thousands of participants and hundreds of thousands of
spectators were exposed to the sun for a number of hours
around the middle of the day when UVery is highest [46], and
2 SED would be exceeded in 30 min. On the May Day Bank
Holiday weekend of 5–7 May, the ﬁne weather would have
encouraged outdoor activities [36]. On 7 May 2018, 2 SED
would be exceeded in 25 min around 12 noon. For both of

Journal of Environmental and Public Health

10
8
6
4
2
0
–5

0

5
10
Maximum CET (°C)

15

40
35
30
25
20
15
10
5
0

r = 0.87, p < 0.0001
n = 37

0

10
20
Maximum CET (°C)

(a)

(b)

UVery daily dose (SED)

r = 0.43, p < 0.05
n = 26

UVery daily dose (SED)

UVery daily dose (SED)

12

5

30

50
45
40
35
30
25
20
15
10
5
0

r = 0.51, p < 0.001
n = 43
15

25
Maximum CET (°C)

35

(c)

Figure 2: Relationship between erythema eﬀective UV (UVery) daily dose in SED and maximum Central England Temperature (CET) per day for
(a) 23 Feb–20 Mar 2019 (Beast from the East period); (b) 1 Apr–7 May 2019 (Spring); (c) 26 Jun–7 Aug 2019 (Heat-Wave). Pearson’s correlation
coeﬃcient shows a signiﬁcant positive correlation between these values for all three periods with p < 0.05. Number of days (n) is shown.

these events, a combination of high environmental availability of UVery along with >30% of body area [43, 44] being
exposed to the sun due to warm weather could have resulted
in excess solar UVery exposure.
The implications of these likely UVery exposures for
public health are signiﬁcant. An increase in UVery exposure
may result in improved vitamin D status [21], particularly
when ambient temperature allows large areas of skin to be
exposed to the sun. This may be a particular beneﬁt for those
with darker skin colour (Fitzpatrick skin types IV-VI) for
which vitamin D generation requires higher UVery doses
[73, 74]. However, excess solar UVery exposure can cause
sunburn and increased risk of skin cancers [18].
The high variability of UV and temperature in spring
2018, even without any low ozone events, has demonstrated
that it is important that solar radiation is monitored as well
as temperature so that appropriate public health advice can
be given. A combined temperature and UV impact-based
framework and alert system that accounts for temperature
extremes at any time of year may be of beneﬁt to the public.
This is particularly the case in spring when speciﬁc and
timely guidance on sun protection, including for events such
as the London Marathon, is needed.
3.5. June–August 2018. UVery daily doses were high during
the 2018 summer Heat Wave (Figure 1)—on average 25.4%
above the long-term average (+0.8 SD). On 26 July, the
maximum temperature reached 30.7°C, 41% (2.9 SD) above
the long-term average. On 7 July 2018 the UVery daily dose at
Chilton reached 45.6 SED, +73% (+2.4 SD), and 2 SED
would be exceeded in 20 min around mid-day. The UVery
daily doses on 7 July and 1 August (35.3 SED) were the
highest on these respective days since the start of the dataset
in 1991. From 26 June to 15 July the UVI consistently
reached high levels of 7-8; from 16 July to 7 August the
maximum UVI was 5–7 except for 29 July (maximum UVI
3). Figure 1 shows that although on average (1991–2017) the
peak UVery daily dose at Chilton occurs in late June and the
peak temperature occurs around 1 month later towards the
end of July, in 2018 both variables had their peak in July
during the heat-wave.

The public health implications for solar UV exposure
during the heat-wave are complex. In general, it is likely
that when it is warmer, British people spend more time in
the sun [75], particularly with many large outdoor public
events occurring in summer months. In warm, ﬁne
weather people are likely to have a higher proportion of
skin exposed to the sun [43, 44]; British people are generally favourable towards a tan and are not always careful
when it comes to sun exposure [71, 72]. This may have
increased vitamin D generation [76] and particularly
beneﬁted those with darker skin types (Fitzpatrick skin
types IV–VI) [73, 74]. However, it is also likely that more
people took sun protection precautions since there is
a public perception that a risk of sunburn is greater when it
is hotter [38, 77]. The signiﬁcant, although moderate,
correlation between UVery daily dose and maximum
temperature (Figure 2) may have encouraged people to
protect themselves from overexposure to the sun on days
when the UVery was higher. In addition, the long duration
of the heat-wave and its publicity by the media was also
likely to encourage people to take steps to protect themselves [75].
While in general people are likely to have been outside
for longer and more regularly, the health implications of this
in terms of UV exposure are diﬃcult to determine with good
conﬁdence as these are highly dependent on behaviour and
vary between diﬀerent sociodemographic groups. This can
be illustrated using young people as an example. University
students in England normally have summer holidays from
June to September, covering the entire 2018 heat-wave
period. They like to spend time outdoors when it is hotter
and engage in sport and sunbathing [38, 70] but often feel
that their sun protection practice may not be suﬃciently
thorough [38, 70]. Without increased sun protection or
avoidance, elevated UVery may have resulted in a 25% increase of their UVery exposure during the heat-wave compared with the same period in 1991–2017. In contrast, UK
children of school age normally remain in school with time
outdoors limited by classroom lessons until the start of their
summer holidays at the end of July. By this time in 2018, the
heat-wave with elevated temperature and UV would have
been nearing its end. For nursery children, although the
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Figure 3: UV Index and temperature as measured by a colocated Davis Vantage Pro2 Weather Station at Chilton for 19–20 April 2018 and
26–27 June 2018.

good weather may have encouraged more time outdoors,
there are clear sun protection policies recommended for all
UK childcare establishments which, if followed, should
mean nursery children would be unlikely to have higher
UVery exposure during the heat-wave of 2018.
Although there was a moderate correlation between
temperature and UV when whole days were compared
(Figure 2), this relationship should be treated with caution.
Figure 3 shows the variation in ambient temperature and
UVI (dose rate) at Chilton within a day for two clear days in
spring 2018 and the summer heat-wave. The temperature
used here is local to Chilton and is not the CET. It is evident
that although there is a relationship between UVI and
temperature over the course of the day, temperature is not
a good predictor of UVI. At 5pm on 19 April 2018, the
temperature was 27°C, and the UVI was 1; on 27 June 2018,
around mid-day, the temperature was 20°C, and the UVI was
7. In addition, the peak daily temperature occurs around 4
hours after the maximum UVI.
Consideration of the health beneﬁts of other solar
spectral regions, such as body clock regulation and cardiovascular health [27, 28, 30–32], would also be
worthwhile.
It is important that solar radiation and temperature are
monitored during the summer. This analysis has shown that
although on average solar UV doses are greatest at the end of
June, extreme weather conditions can shift the highest solar
UV doses to later in the year. An impact-based UV alert
system with targeted and timely advice for diﬀerent groups
of people, taking account of both environmental variables,
may be of beneﬁt to the public [27, 78].
3.6. Limitations. The limitations of this study include the
fact that health impacts were not directly measured and had
to be inferred from previously published literature. The
behaviour and exposure of individuals were assessed using
temperature as a proxy for behaviour. This study also only
looks at extreme events in a single year and focuses on South
East England. The use of Pearson’s correlation analysis was
considered the best choice in this context but has limitations

due to the small sample sizes and the potential lack of
normality in the data.

4. Conclusions
UVery daily doses during extreme cold and hot weather
episodes of 2018 in Chilton, South East England, sometimes
reached extreme values outside the full range observed on
particular days since the start of the dataset in 1991.
During April-May 2018, unseasonably high temperatures coincided with high UVery on some days, although the
Hot Weather Plan was not triggered as this was outside the
alerting period. The potential health impacts of UVery exposure were signiﬁcant. For most of the period of the heatwave in summer 2018 UVery daily doses were elevated. The
implications for health outcomes related to solar UV exposure were complex and dependent on speciﬁc sociodemographic variables such as skin colour.
Analysis of UVery in the context of extreme cold and hot
temperatures in 2018 has shown that an impact-based alert
system and balanced public health advice regarding sun
exposure as well as temperature would be of beneﬁt
throughout the year and particularly in spring and summer.
In addition, a comparison of health outcomes with solar
radiation data may increase the evidence base for the impacts of solar UV radiation on health and reﬁne public
health advice going forward.

Data Availability
Erythema eﬀective UV irradiance data are available under the
Open Government Licence (OGL): http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/. UV Index data (back to 2010) are available online in graphical format:
https://uk-air.defra.gov.uk/data/uv-index-graphs. Maximum
CET data are available from the UK Met Oﬃce: https://
www.metoﬃce.gov.uk/hadobs/hadcet/data/download.html.
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