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Biological effectiveness of solar UV radiation in humans

W. Ambach and M. Blumthaler

Institute of Medical Physics, University of Innsbruck, Miillerstrafle 44, A-6020 Innsbruck (Austria)

Abstract. Solar UVB radiation is prejudicial to the health of humans in a number of ways. Erythema and
photodermatoses are acute reactions of the skin; keratitis and conjunctivitis are acute reactions of the eye. Various
types of skin cancer, accelerated aging of the skin, and cataract formation in the crystalline lens are reactions that
appear with great latency. UV radiation can also cause damage to the immune system and DNA. For the period
19811991, an increase in erythemal effective UVB radiation of +(7 +4)% per decade was measured in a

non-polluted high mountain area (Jungfraujoch, 3576 m a.s.l.

, Switzerland). This increase is related to a decrease

in stratospheric ozone. The effects on human health are d1scussed A 10% ozone reduction increases non-melanoma

skin cancer by 26% and cataract by 6 to 8%.

Key words. Solar UV radiation; UV-induced biological effects; action spectra; stratospheric ozone.

Introduction

Measurements of solar UV radiation dosages are gain-
ing in importance as stratospheric ozone concentrations
are decreasing world-wide. This irradiation has no effect
on the weather, but measuring the dosage is important
as various biological reactions are induced by UV radia-
tion. The ultraviolet range of the spectrum is divided
into three parts: UVA (315-400 nm), UVB (280-
315 nm) and UVC (200-280 nm). This division is based
upon the widely differing biological effects occurring in
these spectral ranges.

While the share of UVB radiation in the spectrum
is as high as 1.5% outside the earth’s atmosphere, it
s less than 0.5% at the earth’s surface. Radiation energy
with wavelengths smaller than 290 nm reaching the
surface of the earth cannot be measured with spectrom-
eters in common use. The temporal and local variability
of solar UVB radiation is extremely high as it is influ-
enced by a number of different parameters, such as
ozone concentration, solar elevation, altitude, cloud-
cover, turbidity and albedo (the reflective power of a
surface).

Solar UVB radiation is very important for humans
because it has a positive effect on their psychological
well-being, and because it promotes the production of
vitamin D. These positive effects, however, are offset by
a number of deleterious effects. Erythema and photo-
dermatoses occur as acute reactions of the skin, and
keratitis and conjunctivitis as acute reactions of the eye.
Various types of skin cancer, accelerated aging of the
skin and cataract formation in the crystalline lens are
reactions that appear with great latency. It has been
shown that the immune system is also affected nega-
tively, although more detailed research into this aspect
is required.

Action spectra and threshold doses

Each of the UV-induced biological reactions has a
definite action spectrum and threshold dose. The action
spectrum indicates the biological effectiveness of
monochromatic radiation of different wavelengths for a
given reaction. Action spectra are normalized to 100%
at the maxima. The threshold dose for a specific reac-
tion refers to the smallest dosage of monochromatic
irradiance with the wavelength of the maximum in the
relevant action spectrum which produces the effect.

Erythema

As a result of historical developments, two different
action spectra for erythema are to be found in the
literature (fig. la, b). The action spectrum established
by McKinley and Diffey* is recommended by the Com-
mission Internationale de I’Eclairage (CIE) and is used
in more recent research. Two characteristics distinguish
it from the action spectrum according to DIN 503113,
which was generally accepted earlier on: a constant
100% effectiveness is given for wavelengths less than
297 nm, and a low but decreasing effectiveness from
1.0%-0.1% is given in the UVA range. This action
spectrum thus includes a UVA-induced erythemal reac-
tion, even though the threshold dose is reached only
with high UVA irradiance, on account of the low effec-
tiveness in the UVA range.

Immediate and delayed tanning

Tanning of the skin involves two different reactions,
immediate and delayed tanning. Immediate tanning is
induced by UVA radiation. It occurs as a result of the
oxidation and subsequent darkening of melanin precur-
sors that are already present in the skin. The action
spectrum of immediate tanning (fig. 1c) has its maxi-
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Figure 1. Action spectra of a) erythema according to DIN 5031'3, b) erythema according to McKinlay and Diffey
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tanning according to DIN 50313, d) carcinogenicity according to van der Leun et al.®.

Table. Mean threshold doses for erythema, immediate and de-
layed tanning, and temporal course of reactions'”-?°

UVA UVB
Erythema
Threshold dose 200k Jm~2 0.25k Jm~2
Onset 4-6h 2-6h
Maximum 10-12h 20-24h
Duration 36-48 h 72-120h
Immediate tanning
Threshold dose 60k Jm—> -
Onset 5-10 min -
Delayed tanning
Threshold dose 180k Im™2 03kJm™?
Onset 2 days 2 days

mum at 340 nm and extends slightly into the UVB and
visible ranges of the spectrum; its half-maximum full
width is 70 nm'®. Delayed tanning is a concomitant
symptom of erythema, so the action spectrum for ery-
thema is used as the action spectrum of this process. In
delayed tanning, new melanin is produced.

In connection with tanning, it is therefore appropriate
to distinguish between UVB- and UVA-induced ery-
thema. UVB radiation only causes delayed tanning in
addition to erythema, while UVA radiation induces
both immediate and delayed tanning. Immediate tan-
ning cannot be achieved with UVB radiation. The table
shows the average threshold doses for erythema and for
immediate and delayed tanning. The maximum reaction
is reached faster in UVA-induced erythema than in
UVB-induced erythema. The UVA-induced erythema
subsides faster than the UVB-induced erythema. UVB-
induced erythema occurs 2 to 6 h after radiant expo-

sure. It reaches its maximum after 20 to 24 h and heals
within 5 days. Delayed tanning starts when the healing
process sets in. Immediate tanning, on the other hand,
starts immediately after exposure to radiation but fades
relatively quickly.

Photodermatoses

UVA and UVB radiation can cause allergic and toxic
photodermatoses. A toxic photodermatosis develops
when a subject takes certain drugs, e.g. sulphonamides,
antiibiotics or antidiabetics, and is then exposed to UV
radiation. This leads to skin rashes of various types
whose action spectra extend from the UVB range to the
visible range of the spectrum, with UVA radiation being
especially important. Allergic photodermatoses disap-
pear as soon as the radiation source is removed. Exam-
ples of photodermatoses are polymorphic light eruption
(290-365 nm), systemic lupus erythematosus (290-
330 nm), solar urticaria (290-480 nm) and porphyria
cutanea tarda (340-600 nm)?".

Photo-aging

Frequent solar exposure, in particular exposure to
UVA radiation, leads to photo-aging of the skin, or
heliodermatitis. Wrinkling, thickening of the cornea,
dry and rough skin, typical discoloration and increased
occurrence of liver spots are some external signs of
this condition. Photo-aging occurs with a long latent
period, so the reactions involved have not yet been
sufficiently investigated. Animal experiments with hair-
less mice now enable scientists to investigate photo-ag-
ing within weeks, so that new results can be expected
soon’®. '
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Figure 2. Action spectra of a) keratitis according to DIN 5031'%, b) conjunctivitis according to DIN 5031'3, ¢) cataract according to

Hoover!8, d) DNA damage according to Setlow?.

Skin cancer

UV-induced types of skin cancer include basal cell car-
cinoma, squamous cell carcinoma and melanoma.
While there is clearly a causal relationship between UV
dosage and the incidence of non-melanoma skin cancer
(basal cell carcinoma and squamous cell carcinoma)??,
the correlation with UV dosage is highly complex for
melanoma skin cancer. UV exposure is an important
additional factor, but there are other causes whose role
in the genesis of melanoma is little known as yet!2. It is
thought that intermittent severe exposures (severe
enough to cause sunburn) are decisive for UV-induced
melanoma. It is also pointed out that UV exposures in
infancy are more dangerous than exposures later in life.
It is also certain that the development of non-melanoma
skin cancer by UVB radiation is accompanied by dam-
age to the DNA and its repair system, and by an
alteration of the immune system®. Consequently, the
action spectrum of UV-induced DNA damage is also
relevant in this context (fig. 2d).

The varying degree to which UV radiation is transmit-
ted by the epidermis of different skin types is the reason
why fair-skinned people are at greater risk than dark-
skinned ones given the same amount of radiant expo-
sure. There are also reports about UV-induced lip
cancer and salivary gland cancer®., Animal experiments
have shown that the UVB range of the solar spectrum
has the highest carcinogenicity. Epidemiological studies
in humans, however, did not permit the same conclu-
sion. For wavelengths greater than 300 nm, the action
spectrum of carcinogenicity (fig. 1d) in hairless mice
was found to be very similar to the action spectrum of
erythema, according to McKinley and Diffey?.

Keratitis

The action spectrum of keratitis according to DIN
5031" is widely accepted (fig. 2a). Its maximum is in the
UVC range, i.e. outside the solar spectrum. The slope at
the long-wave end extends into the UVB range. UVA
radiation does not produce keratitis. As for the
threshold dose, it is necessary to distinguish between
short-term exposure (as it occurs in arc welding) and
long-term exposure (such as in skiing). The threshold
dose is 40 J m~? for short-term exposure’’. For long-
term exposure, a considerably higher threshold dose
was derived from observations of patients who con-
tracted keratitis when skiing®. Keratitis is generally ac-
companied by conjunctivitis. Figure 2b shows the action
spectrum of conjunctivitis.

Cataract

The action spectrum of cataract has not yet been deter-
mined for humans because cataract has a long latent
period and because the clouding of the lens progresses
very slowly. An action spectrum for cataract genesis
was determined in animal experiments with rabbits and
guinea pigs>*> which has its maximum at 297 nm in the
UVB range and extends to the UVA range at the
long-wave end (fig. 2c). Effectiveness in producing
cataract in the UVA range is about 0.1%'®. While
Taylor et al.*® found a correlation of UVB exposure
with cortical cataract in an epidemiological study on
watermen, and case-control studies!!*?° have revealed a
correlation for all forms of cataract, including nuclear
and mixed cataracts. The influence of UVA radiation
on cataract genesis has not yet been fully investigated.
Although the radiation absorbed by the lens is higher
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by a factor of 10* at 350 nm than at 300 nm!°, UVB
radiation seems to be the dominant factor for cataract
genesis.

Variability of solar UVB radiation

The variability of solar UVB radiation is due to the
following factors: total amount of atmospheric ozone,
atmospheric turbidity, cloudiness and albedo. These
influences cause daily and seasonal variations in the
solar UVB radiation, which show a marked dependence
on solar elevation, altitude and geographical situation.
Solar UVB radiation is measured either with broad-
band detectors or with high-resolution spectrometers.
Among the broad-band detectors, the Robertson-Berger
Sunburn Meter* is a proven instrument that is used
world-wide. Its spectral sensitivity is adapted to the
erythemal action spectrum, and it is therefore used to
measure the erythemal-effective irradiance. As the ac-
tion spectra seem to be similar, erythemal effective irra-
diance can be equated with carcinogenic effective
radiation. Solar UVA radiation is mostly measured
using a broad-band UVA radiometer'.

Seasonal changes in daily totals

Figure 3 shows daily totals of erythemal effective radia-
tion and of total global radiation (0.3-3 um) at the
high-mountain research station Jungfraujoch (Switzer-
land, 3576 ma.sl) and in Innsbruck (Austria,
577mas.l). The daily totals were measured during
periods of several weeks from 1981 to 1990 to obtain a
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Figure 3. Seasonal course of daily totals of erythema dose (Ggg)
and total global radiation (G) at the stations Jungfraujoch
(3576) ma.s.l.) and Innsbruck (577 ma.s.L)®.
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Figure 4. Seasonal courses of the ratio of daily totals of erythema
dose and total global radiation (Ggg /G) at the stations Jungfrau-
joch (3576 ma.s.l.) and Innsbruck (577ma.s.l) on days with
mean cloudiness < 5/10°.

detailed picture of the seasonal course. Erythemal effec-
tive irradiance is expressed in Sunburn Units (SU), with
1 SU corresponding to an absorbed dose of 250 Jm~2
at 297 nm ‘and 90° solar elevation®. A dose of 250 J m—2
is considered as the threshold dose of erythema and is
called ‘Minimal Erythema Dose’ (MED).

Figure 3 illustrates the following characteristics: The
fictitious envelope of the measuring data indicates the
maximal daily totals that are possible, as a function of
the season. The maxima are 28.7 SU at Jungfraujoch
and 18.7 SU in Innsbruck. The effect of altitude on the
maximal daily totals, expressed as the ratio of daily
totals of mountain station to valley station, is 1.53 for
the erythemal effective radiation and 1.24 for the total
global radiation for a difference in altitude of 2999 m.
The seasonal change in the daily totals shows a steeper
increase towards the seasonal maximum for erythemal
effective radiation than for total global radiation. This
is due to the stronger decrease in erythemal effective
radiation caused by ozone, which is especially effective
at low solar elevations. Total global radiation, by con-
trast, is not influenced by ozone to any measurable
extent. Daily totals below the fictitious envelope in
figure 3 are due to heavier cloudcover, higher ozone
concentrations or stronger atmospheric turbidity. Ow-
ing to the influence of ozone on UVB radiation and the
varying optical paths in the course of the year, the ratio
of UVB radiation to total global radiation shows a
marked seasonal course with maxima in summer and
minima in winter (fig. 4).

Influence of cloudiness and altitude

To illustrate the influence of cloudiness on UVB radia-
tion, daily totals in the seasonal records were normal-
ized by the ratio Gpg/Gir. Gir denotes the respective
maximal daily totals of erythemal effective radiation
that are possible on a given day, which are indicated by
the fictitious envelope in figure 3. Ggg denotes the
measured daily totals of erythemal effective radiation.
The mean cloudiness was calculated on the basis of
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under cloudless sky. Bars indicate S.D.”.

half-hourly observations. Figure 5 shows the decrease
of the daily totals to 0.6 with increasing cloudiness
(10/10). The deviation is naturally very high. The fact
that values less than 1 can even occur at a cloudiness of
0/10 can be ascribed to the variability of the ozone
content. ‘

The increase in biologically effective UVB radiation
with altitude depends strongly on the albedo (reflective
power) of the terrain. According to Green’s radiation
transfer model, the calculated altitude effect for erythe-
mal effective radiation at horizontal surfaces is 1.25 to
1.57 (irradiance at 3000 m/irradiance at sea level) at 60°
solar elevation!. The lowest value is measured when
both stations are snow-free, and the highest value oc-
curs when the terrain around the valley station is snow-
free and the terrain around the mountain station is
covered with snow. Cloudless sky and representative
atmospheric turbidity were assumed for the calculation.

Trend of solar UVB radiation with atmospheric ozone
reduction

The increase in solar UVB radiation resulting from the
world-wide decrease in stratospheric ozone was calcu-
lated by means of radiation transfer models. Measure-
ments revealed no udiform trend. For an experimental
trend analysis of erythemal effective radiation, it is best
to use a series of measurements made with the Robert-
son-Berger Sunburn Meter, although the long-term
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stability of the calibration factor may pose problems.
Evaluations at 25 stations in the USA showed a de-
crease in UVB radiation between —5% and —11% per
decade from 1974 to 1985, This unexpected result is
ascribed to local air pollution as most stations are
located in urban areas. A decrease in UVB radiation of
—8% per decade was also measured in Russia
(Moscow) from 1968 to 1983, while turbidity increased
by +10% per decade and cloudiness rose by +9% per
decade’. When performing a trend analysis in connec-
tion with atmospheric ozone reduction, it is necessary to
separate the influences of cloudiness and turbidity from
the influence of ozone on solar UVB radiation. Such an
analysis was made in a non-polluted high mountain
area (Jungfraujoch, Switzerland), where measurements
carried out with a Robertson-Berger Sunburn Meter®
showed an increase in erythemal effective solar UVB
radiation of + (7 +4)% per decade from 1981 to 1991
(fig. 6). The 1992 data were probably affected by the
abnormal turbidity caused by the eruption of Pinatubo,
so that extrapolation seems to be impossible for the
time being.

Conclusion

The key issue is to what extent the increase in solar UV
radiation resulting from the decrease in atmospheric
ozone can impair human health. In addition to the
ozone hole over Antarctica, which has appeared in the
months of October and November since the early
1970s'>%* and which causes a temporary reduction of
stratospheric ozone of about 50%, a moderate decrease
in ozone is also observed in the northern hemisphere®”.
However, this moderate decrease can not be described
as an ozone hole. The longest series of ozone measure-
ments started in Arosa, Switzerland, in 1926 and shows
a trend of —5.9% per decade in winter and of —2.8%
per decade in summer for the period from November
1978 to March 1991. The annual mean for Europe for
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the period 1970-1991 shows a decrease of —1.8% per
decade®. However, this trend must be seen in relation
with the marked seasonal changes in ozone. The vari-
ability in mean northern latitudes is about 50% over the
seasons’®,

The eruption of El Chichén in Mexico (March/April
1982) brought about an ozone reduction accompanied
by a marked increase in solar UVB radiation in northern
latitudes®. Hypotheses that the eruption of Pinatubo in
the Philippines (June 1991) would further reduce the
ozone in the Antarctic ozone hole are being discussed®.
Speculations that the eruption of Pinatubo would cause
an increased chlorine monoxide concentration in the
Northern Hemisphere, and would thus produce an ozone
hole in the Arctic comparable to that over Antarctica in
the spring of 19922, did not come true**. However, the
long-term effects of the Pinatubo eruptions on ozone in
the Northern Hemisphere must be considered.

A correlation between the ozone hole and the green-
house effect was established by model calculations.
These showed that a cooling of the lower stratosphere is
accompanied by global warming. This cooling can pro-
mote the formation of polar stratospheric clouds that
are involved in ozone depletion. Recent model calcula-
tions have given rise to speculations® that a doubling of
CO, will lead to an Arctic ozone hole in the Northern
Hemisphere winter stratosphere that is comparable to
the Antarctic ozone hole.

While there is scientific proof of the trend of atmo-
spheric ozone depletion, the corresponding increase in
solar UVB radiation remains to be fully investigated.
Up to now, the multifactorial influence of ozone,
cloudiness and turbidity on solar UVB radiation has
limited the interpretation of measurements, therefore
the effects of ozone reduction on solar UVB radiation
are generally studied by means of radiation transfer
models?’. However, these models are often based on
idealized assumptions like a cloudless sky and an aero-
sol-free atmosphere, limiting their relevance to actual
atmospheric conditions.

Given the general ozone fluctuations in the course of the
seasons, it is possible to establish a correlation between
ozone concentration and spectral UVB radiation by
means of experiment. The percent change of spectral
UVB radiation, given by a 1% change in atmospheric
ozone, is called the Radiation Amplification Factor
(RAF)?. It depends strongly on the wavelength and
changes during the season because of changing solar
elevations, Wavelengths that cause skin damage have an
RAF between 1.1 and 1.7, depending on the type of
disease. For wavelengths that damage the eyes, the RAF
value lies between 0.8 and 1.2. An RAF of 1.7, for
example, means that a 10% decrease in ozone results in
a 17% dose increase. The correspondingly enhanced
health risks depend in addition on the dose-response
relationship. A 10% ozone reduction, for example, re-
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sults in a 26% increase in non-melanoma skin cancer and
increases cataracts by 6 to 8%, depending slightly on
the solar spectrum. However, these figures apply only if
in future the increase in solar UVB radiation is not offset
by other factors like greater turbidity, increased cloudi-
ness or higher tropospheric ozone concentrations.
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