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A b s t r a c t : P o s i t i v e as well as n e g a t i v e h e a l t h e f f e c t s o f e x p o s u r e o f h u m a n skin to UV r a d i a t i o n
depend on s p e c t r a and fluence rates, both o f which being d e p e n d e n t on latitude,
time o f the day and several other factors. The major p o s i t i v e effects are r e l a t e d to
v i t a m i n D p h o t o s y n t h e s i s and the m a j o r n e g a t i v e e f f e c t is skin c a n c e r d e v e l o p m e n t .
The action s p e c t r a for these effects are different. This lead us to c o n c l u d e that for
o p t i m a l v i t a m i n D s y n t h e s i s at m i n i m a l risk o f c u t a n e o u s m a l i g n a n t m e l a n o m a
(CMM), the best time for sun e x p o s u r e is b e t w e e n 10 a.m. and 1 p.m. Thus, the
c o m m o n h e a l t h r e c o m m e n d a t i o n (that sun e x p o s u r e s h o u l d be a v o i d e d b e t w e e n the
hours o f 10 a.m. and 4 p.m. and p o s t p o n e d to the a f t e r n o o n ) may be wrong.

I N T R O D U C T I O N

Both ultraviolet (UV) radiation A (UVA, 3 1 5 - 4 0 0 nm) and UV radiation B (UVB,
2 8 0 - 3 1 5 nm) are involved in m e l a n o m a g e n e s i s , while only UVB gives vitamin D.
Therefore, the UV A to UVB ratio o f the radiation to which humans are exposed is
important. This ratio changes with solar elevation, with cloud cover, with the ozone
amount in the atmosphere and with several other less important parameters. The fluence
rate o f solar radiation reaching the earth is dependent on absorption and scattering.
Scattering on clear days is caused by small elements, i.e., it is Rayleigh dominated and
increases with decreasing wavelengths. A larger fraction o f the incident UVB than o f
the UV A is absorbed by ozone and impurities in the atmosphere. Thus, a larger fraction
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o f U V A than o f U V B r e a c h e s the g r o u n d directly, u n s c a t t e r e d from the sun, while more
UVB is diffuse. Since, as d i s c u s s e d b e l o w , UVB and UVA have d i f f e r e n t i m p a c t s on
h e a l t h , and since r a d i a t i o n in these two w a v e l e n g t h r e g i o n s are d i f f e r e n t l y a b s o r b e d and
s c a t t e r e d in the a t m o s p h e r e , the c h o i c e o f g e o m e t r i c r e p r e s e n t a t i o n o f the h u m a n body is
o f f u n d a m e n t a l i m p o r t a n c e . E q u a l l y i m p o r t a n t is the d i r e c t i o n o f the d e t e c t o r w h e n UV
from the sun is to be m e a s u r e d in a r e l e v a n t way. At h i g h e r solar z e n i t h angles (SZA) one
c a n n o t get m a x i m a l b o d y e x p o s u r e s w i t h o u t lying h o r i z o n t a l l y , with the solar r a d i a t i o n
falling p e r p e n d i c u l a r l y on the skin. In t h e o r e t i c a l , as well as in e x p e r i m e n t a l a p p r o a c h e s to
e v a l u a t e p o s i t i v e and n e g a t i v e h e a l t h effects o f sun e x p o s u r e and to b a l a n c e these a g a i n s t
each other, the h u m a n body is u s u a l l y m o d e l e d as a h o r i z o n t a l , flat surface. This may lead
to w i d e l y d i f f e r e n t p r e d i c t i o n s o f h e a l t h c o n s e q u e n c e s o f e x p o s u r e s than u s i n g a v e r t i c a l
c y l i n d e r m o d e l , w h i c h is more r e a l i s t i c . The choice o f g e o m e t r i c a l m o d e l is i m p o r t a n t
for e v a l u a t i o n s o f l a t i t u d i n a l as well as o f t e m p o r a l effects, since the fluence per unit
skin area is d e p e n d e n t both on the angle o f i n c i d e n c e on the skin and on the z e n i t h angle
o f the sun, the SZA. L a r g e r SZAs r e s u l t in r e l a t i v e l y l a r g e r a b s o r p t i o n and s c a t t e r i n g o f
UVB ( m a i n l y v i t a m i n D- i n d u c i n g w a v e l e n g t h s ) than o f U V A ( c o n t r i b u t i n g t o g e t h e r with
UVB to i m m u n e - and c a r c i n o g e n i c e f f e c t s ) in the a t m o s p h e r e . At the E q u a t o r there is
about a 20% v a r i a t i o n o f the daily doses o f v i t a m i n D - i n d u c i n g UVB r a d i a t i o n during a
year, while at 50 0 N the c o r r e s p o n d i n g v a r i a t i o n is 250%.1

A large fraction o f the solar UV r a d i a t i o n falling on skin is diffuse. This fact i n t r o d u c e s
p r o b l e m s in a s s e s s i n g risks and b e n e f i t s . A h o r i z o n t a l p l a n e m o d e l o v e r e s t i m a t e s a n n u a l
e r y t h e m a l l y and v i t a m i n D g e n e r a t i n g UVB doses by about a f a c t o r o f two c o m p a r e d
with a c y l i n d e r m o d e l . ' The m o d e l d e p e n d e n c y is even l a r g e r for UVA r a d i a t i o n . With
the c y l i n d e r m o d e l , high UV A fluence rates last about t w i c e as long after noon as high
UVB fluence rates do. Thus, the h u m a n b o d y can be more r e a l i s t i c a l l y r e p r e s e n t e d by a
v e r t i c a l c y l i n d e r , as we do in this work, than by a h o r i z o n t a l , p l a n a r surface, as done in
a l m o s t all c a l c u l a t i o n s in the l i t e r a t u r e .

An i m p o r t a n t factor to keep in m i n d is that UV e x p o s u r e o f skin leads to n o n l i n e a r
b i o l o g i c a l e f f e c t s . ' This s h o u l d be p a i d more a t t e n t i o n b e c a u s e d i f f e r e n t a n a t o m i c a l sites
are e x p o s e d to w i d e l y d i f f e r e n t fluence rates and fluences. N o n l i n e a r i t y and g e o m e t r i c a l
m o d e l are even m o r e i m p o r t a n t to take into a c c o u n t when c i r c a d i a n r h y t h m s o f c e l l u l a r
d a m a g e and r e p a i r are b r o u g h t into c o n s i d e r a t i o n , as we will show. UV i n d u c t i o n o f
DNA damage, as well as DNA repair, follow a c i r c a d i a n r h y t h m , at least in mice. F o r
h u m a n s , this p o i n t s t o w a r d o p t i m a l r e p a i r and m i n i m a l d a m a g e o f U V e x p o s u r e b e f o r e
noon. With the above m e n t i o n e d facts in mind, we hope to be able to give i m p r o v e d
r e c o m m e n d a t i o n s with r e s p e c t to an o p t i m a l e x p o s u r e p a t t e r n to s o l a r r a d i a t i o n .

M E T H O D S

B o t h direct and diffuse UV radiati on on a v e r t i c a l cy l i n d e r and on a h o r i z o n t a l surface"
were c a l c u l a t e d with a r a d i a t i v e t r a n s f e r model. 5.6 F l u e n c e rates o f s o l a r r a d i a t i o n were
c a l c u l a t e d for the l o w e s t SZA s u m m e r day in Oslo ( 5 9 . 9 5 ° N ) , in S y d n e y ( 3 3 . 8 7 ° S ) and
in the C h r i s t m a s Islands ( l . 8 6 ° N ) w h e r e a v e r a g e total ozone c o l u m n s are 350 D o b s o n
units (DU), 300 DU and 250 DU, r e s p e c t i v e l y . W h e n d i f f e r e n t w a v e l e n g t h r e g i o n s are
to be c o m p a r e d , the c y l i n d e r m o d e l will give more r e l e v a n t r e s u l t s than the h o r i z o n t a l
p l a n e model. E v e n for p e r s o n s lying on the g r o u n d a large f r a c t i o n o f the skin s u r f a c e
will be v e r t i c a l l y r a t h e r than h o r i z o n t a l l y o r i e n t e d .
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We have u s e d the fish m e l a n o m a a c t i o n s p e c t r u m found by S e t l o w et al,? as an
a p p r o x i m a t i o n to the h u m a n C M M s p e c t r u m , d e s p i t e the fact that there is a d i s c r e p a n c y
b e t w e e n S e t l o w s w o r k and a r e c e n t p u b l i c a t i o n from M i t c h e l l s group," in w h i c h it is
c l a i m e d that the Setlow s p e c t r u m is w r o n g and that UV A does not give m e l a n o m a in
the X i p h o p h o r u s fish." A r e a s o n for the d i s c r e p a n c y may be that the fish u s e d in the two
i n v e s t i g a t i o n s were g e n e t i c a l l y d i f f e r e n t . F u r t h e r m o r e , the e x p e r i m e n t s o f N o o n a n et
al.,? in w h i c h h e p a t o c y t e g r o w t h f a c t o r / s e a t e r t r a n s g e n i c mice C 5 7 B L / 6 - H G F ( b l a c k )
were u s e d to study m e l a n o m a i n d u c t i o n , d e m o n s t r a t e d that UV A may be a m e l a n o m a
i n d u c e r in the p r e s e n c e o f melanin." F i n a l l y , our own e p i d e m i o l o g i c a l w o r k i n d i c a t e s
that UV A is likely to p l a y a s i g n i f i c a n t role also in h u m a n C M M e t i o l o g y , " and a r e c e n t
r e v i e w on the topic by M i t c h e l l et a l . " c o n c l u d e s s i m i l a r l y . Thus, even i f UV A does
not have an i n i t i a t i n g e f f e c t u n d e r all c o n d i t i o n s , it is likely to have a p r o m o t i v e e f f e c t
and act m e l a n o m a g e n i c t o g e t h e r with UVB. For v i t a m i n D g e n e r a t i o n we have u s e d
the action s p e c t r u m o f G a l k i n and T e r e n t s k a y a , " w h i c h is s u p p o s e d l y more a c c u r a t e in
the w a v e l e n g t h r e g i o n above 300 nm, ( w h i c h counts m o s t h e a v i l y ) , than the s p e c t r u m
m e a s u r e d in h u m a n s k i n . " H o w e v e r , for the p r e s e n t e v a l u a t i o n s the two s p e c t r a lead to
q u a l i t a t i v e l y s i m i l a r r e s u l t s and c o n c l u s i o n s .

R E S U L T S AND D I S C U S S I O N

As r e p r e s e n t a t i v e e x a m p l e s we p e r f o r m e d c a l c u l a t i o n s for m i d s u m m e r days at t h r e e
l a t i t u d e s with d i f f e r e n t m a x i m a l s o l a r e l e v a t i o n s at noon, u s i n g c y l i n d e r g e o m e t r y , the
C M M and the v i t a m i n D a c t i o n s p e c t r a as a r g u e d for in M a t e r i a l s and M e t h o d s . Since
d i f f e r e n c e s b e t w e e n v e r t i c a l c y l i n d e r and h o r i z o n t a l p l a n e m o d e l s show no s i g n i f i c a n t
d e p e n d e n c e on ozone levels b e t w e e n 230 and 400 DU,14 t y p i c a l m i d s u m m e r o z o n e
values for all three g e o g r a p h i c l o c a t i o n s were used. A h i g h c l o u d c o v e r w o u l d r e d u c e
the d i f f e r e n c e b e t w e e n these two m o d e l s . ' The SZA, and c o n s e q u e n t l y the time o f the
day, is the m o s t i n t e r e s t i n g v a r i a b l e , i.e., the d o m i n a n t d e t e r m i n a n t for UVA and UVB
fluence rates.

F i g u r e 1 shows that v i t a m i n D s y n t h e s i s and C M M risk v a r i e s w i d e l y during a day at
all three l a t i t u d e s , C M M risk l a s t i n g m u c h l o n g e r in the a f t e r n o o n than v i t a m i n D s y n t h e s i s
does. This is due to the fact that UV A plays a role for C M M g e n e r a t i o n . At least five
o b s e r v a t i o n s i n d i c a t e that UV A plays a m a j o r role in C M M i n d u c t i o n by the sun and t h a t
m e l a n i n , w h i c h absorbs UV A and even v i s i b l e light, may be a c h r o m o p h o r e for this: (1)
A f r i c a n a l b i n o s who lack dark m e l a n i n , have very low i n c i d e n c e rates o f C M M in spite
o f the fact that they have high i n c i d e n c e rates o f non m e l a n o m a skin c a n c e r s ; " (2) The
latitude g r a d i e n t o f C M M is m u c h s m a l l e r t h a n those o f non m e l a n o m a skin c a n c e r s , j u s t
as the l a t i t u d e g r a d i e n t o f a n n u a l doses o f UV A is s m a l l e r than that o f a n n u a l doses o f
UVB; 10 (3) Some o f the m u t a t i o n s found in C M M s are not due to UVB i n d u c e d p y r i m i d i n e
dimers, but r a t h e r to UVA i n d u c e d o x i d a t i v e DNA d a m a g e s ; " (4) The a c t i o n s p e c t r u m
for light a c t i v a t i o n o f m e l a n i n in X i p h o p h o r u s r e s e m b l e s that o f C M M i n d u c t i o n in the
same fish; 17 (5) M e l a n i n p i g m e n t a t i o n plays a s i g n i f i c a n t role for the i n d u c t i o n o f C M M
in a h e p a t o c y t e g r o w t h factor t r a n s g e n i c m o u s e model."

S u n b e d s emit r e l a t i v e l y more UV A than w h a t is found in s o l a r r a d i a t i o n 18 e x c e p t for
large SZAs. In view o f this, it is s u r p r i s i n g that some i n v e s t i g a t i o n s r e p o r t that s u n b e d use
increases the risk o f b a s a l cell c a r c i n o m a (BCC) but not that o f CMM. 19 O t h e r i n v e s t i g a t i o n s
indicate that UV A plays a s i m i l a r role for C M M and for BCC.9,20 M e a s u r e m e n t s o f the
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F i g u r e 1. The time dependence o f vitamin D - i n d u c i n g and m e l a n o m a - g e n e r a t i n g fluence rates o f solar
radiation on a midsummer day in Oslo (59.95°N), in Sydney (33.87°S) and on the Christmas Islands
(1.86°N). All curves are normalized to unity at the maximal value. Open circles represent CMM inducing
fluence rates, squares represent vitamin D generating fluence rates. The lower part of the figure shows
the UVA to UVB ratios.

UVB and UV A f l u e n c e r a t e s o f a c o m m e r c i a l s u n b e d in our l a b o r a t o r y , ( S o l a r i u m S u p e r
Plus 100 W t u b e s ( W o l f f s y s t e m , B a s e l , S w i t z e r l a n d ) s h o w e d t h a t its f l u e n c e rate o f U V B
was s i m i l a r to t h a t in s o l a r r a d i a t i o n at n o o n in the s u m m e r in O s l o and t h a t the UV A to
UVB ratio was s i m i l a r to t h a t o f s o l a r r a d i a t i o n at 4:30 p.m. ( F i g . 1 ).
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It is important to take into account that the day length is different at different latitudes.
Even when the same time- and intensity scales are used for all locations, the curves
showing the UVA to UVB ratio ( F i g . 1 , lower part) are similar around noon. However,
the absolute UVA and UVB doses depend on latitude. After noon fluence rates of vitamin
D generating radiation falls o f f much faster than those o f CMM generating radiation do
( F i g . 1 ). For example, the rate o f synthesis o f vitamin D is halved at about 3:20 p.m.,
while the CMM induction rate is not halved before 6:30 p.m. in Oslo.

In the future circadian rhythms should be brought into this discussion. It seems that
a given fluence acts differently before and after noon. Mouse experiments suggest that in
humans DNA repair may be maximally efficient in the m o r n i n g . " It should be noted that
mice, in contrast to humans, are nocturnal animals. Experiments with human epidermal
cells seem to indicate that DNA synthesis (the S-phase) has a peak around noon and
that the number o f mitotic cells is-lowest before n o o n . " Experiments with hair follicle
cells show that nucleotide excision repair rate is maximal around 7 a . m . " These factors
suggest that the best and safest time for sun exposure might be a couple o f hours before
and around noon and that recommendation to avoid sun exposure between the hours o f
10 a.m. and 4 p.m. 2 4 , 2 5 may be non-optimal with respect to health.

C O N C L U S I O N

We conclude that postponing moderate nonerythemogenic sun exposures from noon
to afternoon yields less vitamin D at a similar melanoma risk. The relative effects o f
sunbed exposure are similar to those o f sun exposure 4 - 5 hours after noon with respect to
the UV A/UVB ratio ( F i g . I B ). However, at that time longer sun exposures than sunbed
exposures are needed to give the same vitamin D yield. In view of the present work,
recommendations concerning "healthy and unhealthy" sun exposures should be adjusted
to agree with recent research. Early noon seems to be optimal.
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