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ABSTRACT

The solar UVB radiation incident on a horizontal surface was
measured and related to more routinely recorded meteorological vari-
ables in a study of the UVB climatology of the English East Midlands.
Exposure of individuals in this climate was monitored and related to
vitamin D status.

On clear days relations were found between the logarithm of
UVB intensity IX and airmass u , and at 304 nm where ozone amount
[03] is the dominant atmospheric attenuating factor 82 1n IAIBuB[OB]

was close to the ozone ébsorption coefficient for this wavelength.
At longer wavelengths other éttenuétion processes haVe to be accounted
for,

Measurements of the waerana 300-316 nm were compéred with
irradiation over broader wévebénds. On clear days the ratio of UVB
to visible irradiance IB/IV was 4,16 cos z + x where z 1is the
solar zenith angle and x 1is a coefficient which varies from day to
day. Similar analysis fqr the full solar aneband IF showed a
similar linearity of IB/IF with cos z for each déy, but both
slope and intercept changed betwéen days;

A relation between daily integrated totals of UVB and full
solar radiation (300-3000 nm) was fohnd, enabling UVB radiation to
be estimated from measdrements made with é standard meteorological
pyranometer. The best estimates require déily figures for ozone
concentrétion bﬁt én approximétion méy still be made using monthly

mean concentrations or climatological averages.



Diffuse UVB radiation was measured and found to be always
greater than 0.5 global UVB, The shade-ring correction applicable
in this region of the spectrum is . 0;01 greater thén the geohetric
correction, Estimates of the énisotropy of UVB sky radiation gave
the relative strength of the circumsolar region as 0.34 with an
angular width of 0.78 radians.

Polysulphone film was tested and found suitable for use as a
personal dosimeter for solar UVB tédiation. The UVB exposure of
elderly long-stay hospital pétients was monitored for a three month
period and compared with that of a young heélthy population. Plasma
25-hydroxy91tamin D concentrations were measured to assess vitamin D
status and the change in plasmé 25(0H)D resulting from skin irradiated
with solar UVB was found to be 6.9 * 0.4 ng 371 for the elderly and
7.3 I 3.4 ng J'l for the young volunteers suggesting little difference
between the responses of the elderly énd the yéung. The implication
of these figures is that sunlight exposure: of a few hours per week

is adequate to maintain a healthy vitamin D stétus.
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1. INTRODUCTION

The short wavelength limit (defined as the wavelength below
which no irradiance can be detected) of solar radiation reéching the
earth's surface falls in the ultraviolet region of the electromagnetic
spectrum at about 290 nm. The Commission International d'Eclairage
has defined three regions within the ultraviolet spectrum: UVA
(315-400 nm) which contains most of the UV radiation at the earth's
surface; UVB (280-315 nm), a small but biologically important spectral
region at the short wavelength limit of radiation reaching the earth;
and UVC (100-280 nm) which is totally absorbed in the upper atmosphere
by oxygen and ozone and is not present in the spectrum at the ground.

Outside the earth's atmosphere the solar spectrum above a wave-
length of 400 nm can be approximated by the spectrum of a black body
ét 6000 K; In the UV region of the spectrum from 200-400 nm the
solér emissibn comes from é region of the sun éone'the photosphere
and corresponds to é lower temperéture. For the UVA énd UVB bénds
the radiation can be identified with black body radiation at 5700-
5800 K, énd ét 200 nm the equiQélent temperéture is 5000 K; The
extraterrestrial rédiétion intensity therefore decreases répidly with
decreésing wavelength below 400 nm: for a solar constant, SO = 1353 W m'2

uva
(Thekaekara, 1974) the UVA band contains 7.1% S ,,1.5% So and UVC

o
0.5%, Fig. 1.1 shows the spectrél distribution of solar radiation

outside the atmosphere.

2 As the UV radiation from the sun penetrates the earth's atmos-
phere it is depleted in a number of ways: by ozone absorption,
Rayleigh scattering, aﬁd scattering and absorption by atmospheric

aerosol, In consequence, the spectrum of solar radiation at the
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ground has a short wavelength limit around 290 nm and about 90% of
UV energy is received in the UVA band.

Wavelengths shorter than 200 nm are removed from the extra-
terrestrial spectrum by the strong absorption of molecular oxygen.
Oxygen is a perménent énd méjor constituent of the atmosphere and
is é fegular absorber, This process is responsible for the thermal
balance of the upper atmosphere.

Above 200 nm ozone becomes the dominant absorber of incident
radiation. There are two significant spectral regions for UV
absorption: the Hartley band (220-320 nm) and the Huggins band (320-
360 nm); The maximum absorption of these two bands occurs at 255 nm,
decreasing with increasing wavelength towards 360 nm where the bands
are weék. As a result some of the extraterrestrial radiation at
the longer wavelength end of these bands (280-360 nm) is able to
penetréte to the eérth's surface giQing the spectrum ét the ground
shown in Fig; l.1. The solar spectrum at the earth's sﬁrféce there-
fore contéins only UVA and UVB rédiétion.

Although most of the UltréQiolet energy is contéined in the
UVA bénd, it 1s the small number of high energy photons in the UVB
part of the solar spectrum which are of biological importance. These
high energy photons are required to initiate a number of important
photochemicél and photobiological reactions; an example experienced
by many white people is the production of erythema (sunburn) in skin.
In man errexposure to UVB is known to encourage skin cancers, but
with:moderate exposure there are beneficial effects such as the

production of vitamin D in skin, Other animals can also develop
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céncer on unprotected skin if exposed to strong solar UV radiation,
and under weak UV radiation conditions can show signs of Vitamin D
deficiency.

A review of the effect of environmental levels of UV radiation
on plants is given by Klein (1978). Sﬁme plants are more sensitive
than others to increased UVB, but it.has been shown (Teramura, 1980;
Tevini, EE.EL;’ 1982a; Biggs, et al., 1985) that increased UVB
radiation inhibits photosynthesis, reduces yield, reduces resisténce
to disease and increases chlorophyll in agricultural crops. It is
possible that the ability of different species to adapt to changing
uvB leQels (which would result from any change in stratospheric
ozone} could alter the natural balance of competition between plants
and so change the ecosystem of an area (Bogenreider and Klein, 1982).
Some of the consequences of increasing UVB appear to depend simply
on the accumulated dose e;g. reduction in seed germinétion and
seedling growth (Te&ini, et al., 1982b) but other reactions are more
complex: Tevini et al. (1982b) found‘that photosynthesis was sﬁppressed
far more under contindal exposure to UVB rédiétion thén when the
additional UVB was present in a day/night lighting cycle. A dark
repair process appears to operate in the absence of UVB radiation.
Other types of. damage depend on a peak dose e.g. the inhibition of
leéf expansion, and aone a certain threshold dose the damage is
irreversible (Teramura, 1980} Te§ini, EE.ELQ’ 198255.

Marine ecosystems, as well as those on‘dry land may be affected
by changes in solar UVB radiation, Transmittance in cleér oceanic

waters is as much as 80% m'l at 300 nm (Halldal, 1979; Smith and
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Baker, 1981). Phytoplankton, which are crucial to the foodchain,
are one exémple of a plant sensitivé to UVB radiation énd found close
to the surface of water bodies. Disruption of the phytoplankton
populétion could alter the whole aquatic ecosystem. A review of
literéture concerning the impéct of UVB radiation upon marine organisms
is given by Worrest (1982).

Adaptation to a changed UVB radiation climate is shown by some
animals and plants. This{often takes the form of altered pigmenta-
tion in skin or leaves, and the latter can also alter surface wax
layers if radiation changes are gradual. Other reactions which
protect against overexposure to UVB e.g. the seeking of shade, leaf
orientétion, ére responses to heat or Qisible light stress due to
total solar radiation load; The present correlation between UVB
and totél solar radiation proQides an indirect protectiQe mechénism.
HoweQer, a decrease in ozone would increése the proportion of UVB in
the totél solér spectrum énd there woﬁld be no adéptétion of this
wévelength-correléted protection to the increésed uvB le&els.

While the leQel of solér uvB rédiétion'is only one aspect of
the complex collection of enQironmentél factors which together
designate our climates, life in any climate must be able to tolerate
all the environmental variables encountered; Man has become adapted
to incident UVB rédiation levels err an extensive range from tropical
to érctic climétic conditions (Fig. 1l.2) but indi@iduals are tolerant
to different points on this wide scale: in mid-latitudes the north-
south doubling distance fbr the erythema dose of UV radiation is

épproximately 600 miles (Ellsaeser, 1982). Transported away from



KEY ¢ 1. Equatorial latitude, elevation 3000-4400 m
2.  Tropical latitude, elevation 3000 m
3. Temperate latitude, elevation 3350 m
4. Temperate latitude. elevation 1500 m

5. Arctic latitude, eleVation sea level

For days when solar angles from the

zenith are at a minimum for each

latitude.
The integral effective irradiance was convoluted following
the DNA-damége spectrum énd is denoted és DNA-effective

irradiance.
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their natural environment different races may suffer from the chénge

in UVB climate (Farnsworth-Loomis, 1967); skin cancer is more preQalent
émong caucasian Australians than the indigenous Aborigines; Asians in
Britain are more prone to vitamin D deficiency than their white
neighbours.

Deficiency of vitamin D, leading to rickets and osteomalacia,
still occurs émong certain sections of the British population, parti-
cularlyzgﬁﬁgbrants and the elderly, and recent research (DHSS, l980)
suggests that the safe limits for vitamin D supplementation in the
diet ére much lower than originally thought. The probiem of
cutaneous production of vitamin D initiated by ambient UVB radiation
has been chosen as a particular application of the measurements of
solar UVB rédiétion presented in this thesis.

One source of vitamin D is the diet, and the amount of the
Qitémin present in foodstuffs is well documented (Péﬁl énd Southgéte,
1978); The ﬁéjor unknown factor in the vitamin D stétus of mén is
the cutaneous production of the vitamin following UVB irradiation,
This factor has three components:

i) the distribution of effectiQe UVB in the natural environment;

ii) the exposure of individuals to UVB in a specific environment;

iii) the production of vitamin D by irradiated skin per unit of
incident uvB.

The aim of the experimental programme was to investigate these
three factors. Natural UVB incident at Sutton Bonington (52° 50'N,
1° 15'W) has been measured err a period of 22 months together with
the broad band solar radiation in order to relate the UVB radiation to

more routinely measured meteorological Qariables.



The resulting patterns of daily and annual UVB radiation
indicate the amount éf UVB available (on a horizontal surface)
in the natural environment. These measurements are completely
general and could be applied tova wide range of topics other fhan
the one studied here.

Personal exposure in an environment depends not only on the
climatology of that eﬁvironment; Few individuals spend all day-
light hours unclothed and out of doors, so exposure is considerably
less than UV irradiation of a hbrizontal surface with the same area
as the human body.  The range of UVB doses received by a population
in Sutton Bonington's climate was inVestigated using personal dosi-
meter badges of polysulphone film,

The Vitamin D status of an indiQidual can be assessed by
measuring the level of 25-hydroxyvitamin D (25(0H)D), one of the
Qitémin D metébolites, in blood plasmé; This procedﬁre wés ﬁsed
in conjﬁnction with polysulphone film badges meésuring personél

exposure to investigate the in vi@o prodﬁction of Qitémin D by UVB

irrédiated skin,
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2. SOLAR ULTRAVIOLET RADIATION

Introduction

Solar radiation reaching the earth's surface at any wavelength
depends on the extraterrestrial radiation at that waQelength and the
spectral attenuation that occurs along the atmospheric pathlength.
Extraterrestrial irradiance over the full solar waveband is generally
accepted to be the solar constant S0 = 1353 W m_2 which, despite its
name, is the annual average Valué of radiation outside the atmosphere.
Changing sun-earth distance throughout the year results in seasonal

2 about January & and

variations in S, with a maximum of 1400 W m™
a minimum of 1309 W m'2 about July 5 (Thekaekara, 1976); Differing
spectral Qalues due to the sun-earth distance are in the same ratio

as totél irradiance changes;

A fﬁrther cause of variétion in the extraterrestrial rédiétion
woﬁld be changes in solér outpht. The most strongly supported
periodic‘chénge in solér outpﬁt follows the 22-yeér cycle of
changing sﬁnspot nﬁmber, with a méximum solér o&tpﬁt being associated
with é minimum sﬁnspot number; This theory is bésed on measﬁrements
méde from balloon ascents, sightings of solér eclipses, and more
recently from satellites. Experimental error, particularly in the
eérlier measurements, is generally too 1érge to enéble firm conclusions
to be drawn of a correlation over the full 22-yeér cycle, Data for
half a cycle'(l965-l973) suggests that for A < 300 nm the solar out-

put varies considerably with changing sunspot number (Callis, 1979).

More recent satellite data also indicate a change in solar output
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associated with sunspot number, Decreases in So of ébout 0.1%

were observed by Gough (1980) over periods of 10 days when large sun-
spot groups éppeared on the solar disc; Wilson, et al. (1980) report
decreases of up to 0.2% lasting for about a week and highly correlated
with the development of sunspot groups.

Extraterrestrial radiation changes of I 3% (seasonal) and 0.2%
(sunspot) haQe a much modified influence on rédiatidn reaching the
earth's surface as atmospheric attenuation varies considerably both
daily and annually across the solar spectrum. Absorption by ozone,
found méinly in the strdtosphere with a maximum concentration at a
height of ~ 25 km, is the major attenuating process for UVB radiation,
As wavelength increases in the UV part of the spectrﬁm the absorption
bands of ozone become weaker and some of the‘UVB and UVA extraterrest-
riél rédiétion is able to reéch the earth's surféce; The degree of
penetrétion in this spectral region depends on the émoﬁnt of ozone
present in the péth of the rédiétion from sﬁn to eérth; Since ozone
concentration véries in space énd time, and the péthlength for
incident rédiétion chénges with latitude énd season, the absorption

spectrum is a complicated function of both position and time (Fig. 2.1).

Ozone in the Atmosphere

Stratospheric ozone

The chemistry of ozone in the ‘atmosphere is driven by the
photochemical dissociation of molecular oxygen which requires energy
from:photons in the UV band (A < 242 nm). Ozone is destroyed by

photodissociétion (A € 320 nm) or by collision with atmospheric oxygen



Fig. 2.1

a)

b)

Average total ozone (matm cm)
with latitude and month from
observations made from 1957-1967
(WM0, 1979).

Sun-path diagram for latitude 52° N
(Sellers, 1969).

Atmospheric pathlength = sec z where

z 1is solar zenith angle for =z <170°
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énd other chemical constituents until equilibrium is reached. The
basic theory of ozone photochemistry was put forwérd by Chapman in
the 1930's, but in recent years it has become clear that other
chemical reactions are also important and that the ozone balance is
more complicéted than originally thought. Hydrogen, nitrogen,
chlorine and other halogens all play a part in the destruction of

ozone, and a brief summary of ozone reactions is given below,

The Chapman theory

Below 80 km molecular oxygen can be photodissociated by solar
radiation of A < 242 nm. The resulting oxygen étoms can then bond
with other oxygen molecules, in the presence of a third body, M ,

(méinly NZ), to form ozone:
0, + v — 0 + 0

0 + 02 + M — 03 + M

Photodissociation of oZone requires solar radiation of
A < 320 nm and results in an oxygen molecule and an electronicélly
excited oxygen atom, 0*. The latter is able to undergo a destrﬁctive
reaction with a further ozone molecule:
0*

03 + hvy — 02 +

0 + 00 — 20

2
These reactions remove approximately 20% of the ozone formed.

The dominént reaction in the dissociation of ozone (aboVe 40 km)
is tﬁe hydrogen system, although it removes only about 10% of the

total ozone formed.
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The hydrogen system

Ozone is eliminated by the following reactions:

HO + 03 —> HOZ‘ + 02

HO2 + 0 —» OH + O2

Net: 0 + 03 — 202

The catalyst for this system (OH) remains at the end of the
reactions and is avallable to repeat the processbwith other ozone
molecules. One OH radical can therefore remove many ozone molecules.
OH in the atmosphere can result from the photochemistry of water or
from methéne (diffusing upwards from the earth's surface) reacting
with én excited oxygen atom:

H,0 + 07 —> 20H

or

- *
CH4 + 0 — CH3 + OH

The radical is removed méinly by the reaction:

OH + HO2 — HZO + 0

2
This reaction is one of the most important in the photochemistry of

the stratosphere and hence of ozone,

The nitrogen system

The stratospheric balance of ozone is maintained principally by
the nitrogen system, which is responsible for remoQing approximately
60% of the ozone formed. Nitrous oxide diffuses into the stratosphere

from the earth's surface and the following reactions then take place:
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N0+ 0F —» 2N0

and

NO, + hv — NO + O

2

The nitric oxide MO then acts as a catalyst in ozone depletion:

NO + O3 E— NO2 + 02

NO, + 0 —> NO + O

2 2

Net: 03 + 0 — 202
The nitrogen dioxide (NOZ) reacts with OH to form nitric acid (HN03)
which is washed out of the troposphere.

Other less important sources of NO in the stratosphere are
lightning in the troposphere followed by upward diffusion, mgteorites,
cosmic rays, solar proton events and, of man made origin, nuclear
explosion and jet engines. The latter source may become a problem
if the number of high flying aircraft increases significantly in
future yeérs édding further ozoneeliminéting cétalysts to the strétos-

phere.

Chlorine reéctions

The action of chlorine has recently attracted much attention
because of the man-made contribution to this stratospheric constituent.

Chlorine, like nitric oxide, acts as a catalyst in ozone removal:

Cl + 03-—-> Cl0 + O2

C10 + 0 — Cl + 0,

Net: 0 + 03 — 202

Catalysis by chlorine is approximately six times as efficient as

that by nitric oxide, but conversion of chlorine to hydrogen chloride by:
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CH, + Cl — HCl =+ CH3

L

and HO, + Cl — HCL + O

2
is also more efficient, so the two catalysts have similér overall
efficiencies.

The contribution of natural chlorine to ozone depletion is small
(a few percent), but a potentially démaging source has been recognised
in man-made chlorofluorocarbons. These chlorofluorocarbons, used in
aerosol cans and for refrigeration are inert in the troposphere.
However, when they reach a height of about 30 km, near the height of
maximum ozone formation, they are dissociated by ultraviolet radiation
of A = 180-225 nm, releasing chlorine atoms for ozone catalysis.

The chlorine and nitrogen systems interact through a number of
reactions:
1) ClO 4+ N0 —s NO, + CL then NO, + hv —s NO + O
11) €10 + NO —» CINO

2

1ii) C10 + NO, —» CINO

2 3

The latter two reéctions reduce the rate of ozone depletion
that would otherwise be due to the two non-interécting systems. The
N.A.S. 1976 report célculéted that the chlorine-nitrate interaction
would reduce their projected ozone depletion of 14% to 7.5%. Other
measurements and calculations (Dave and Halpern,1976; N.A.S. Committee,
1979} Stordal, et al., 1982) have modified these predictions as the
complicated chemistry of the stratosphefe is better understood and
simulated in models.

Some of the more recent models of the stratospheric ozone

balance predict changes in ozone concentrations far smaller than the 16%



lé.

depletion forecast by early models. Prather, et al. (1984) using

a one dimensional model calculated that if chlorine and bromine
emissions remain constant, the resulting ozone depletion would be

less than 3%. Schmailzl (1985) predicted changes of the order of

I 2% ozone concentration, a figure of the same magnitude as the
naturally occurring ozone fluctuations (Fig. 2.2). The effect of
large decreases in ozone (increases in ultravioclet radiation) on
various biological systems has been studied by a number of workers
(Chapter 3) and generally found to be detrimentél. However,
biological systems at present cope with much larger short-term
fluctuations about the mean amounts of atmospheric ozone: 10% per

hour with the passage of a frontal system, 25% seasonally, 5%
annually, up to 30% along a latitudinal gradient within the U.S at

ény time (N.A.S., 1979). Modelsruwvfdrecésting changes in mean ozone
concentrétions compéréble with natural variations suggest that human
actiQity is héving less effect on the natural system than originally
thoUght;' In support of this Angell and Korshdver (1983) stﬁdying
meésurements of totél ozone émoﬁnt (the‘ozone present in é vertical
column through the atmosphere) from 1958-1981 found no evidence of a
long-term decrease in hemispheric or global total ozone, although they
suggest that there may be changes within different atmospheric layers:
an increése in tropospheric ozone (see following section) compensating
for a stratospheric decrease. However, the latest report on this
subjgct (Farman, gE_éL., 1985) warns of the danger of predicting global
ozone chénges from calculations based on one location; the stratos-
pheric circulétion should be accounted for. Measurements made in

Antarctica (Farman, et al., 1985) show a steady decline of ozone in
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the Antarctic spring since the early 1970's, while the chloro-
fluorocarbons in the troposphere ha§e increaéed fer to eight fold.
The efficiency of chlorine in conVerting ozone to oxygen is increased
by cold so that during the long, cold polar nights Antarctica becomes
a sink for the world's ozone which must be recognised when assessing

the potential global effects of chlorofluorocarbons.

Tropospheric ozone

Discussion so far has concentrated on ozone in the stratosphere,
but there is also a small, though relevant, amount of ozone in the
troposphere. Changes in tropospheric ozone change the total ozone
distribution and cannot be ignored. Tropospheric ozone comes from
two sources; It can be transported down from the strétosphere,
pérticularly in middle and high latitudes, or can be photochemically
pronced. As with the photochemistry of the strétosphere, thét of
the troposphere is not fully understood, but the same atmospheric
constituents, OH , HO2 s NO and NO2 are important to the ozone
chemistry;

In cleén air excited oxygen atoms decompose water Qépoﬁr to
form OH

H20+O*-——>OH+OH

HO2 is then formed by reaction with naturally occurring methane.

The HO2 is important in converting NO to NO2 by the reaction
NO + HO2 S NO2 + OH

Photodissociation of NO2 then increases the number of single oxygen

atoms which are available for ozone production.
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In areas of heavy pollution the burning of fossil fuels

releases mény hydrocarbons which ére oxidised, producing HO This

2.
and other radicals which also provide the NO —-—>N02 conversion can
result in greatly increased ozone concentrations in the lowest layers

of a polluted atmosphere. The ozone which occurs in this wéy can be

mixed with surrounding air and transported long distances.

Total ozone amount and UVB radiation

The overall atmospheric distribution of ozone is given by a
combination of these photochemicaliprocesses and atmospheric circulation,
with the maximum ozone concentration at a height of about 25 km
(Fig. 2;3). The total ozone in an atmospheric column shows bhoth
seasonal énd geographical variation, with a spring maximum
{~ 390 métm; e’ at 50° N) énd autumn minimum (~ 290 matm cm ét 50° N).
Total and seasonal amounts both increase with increasing latitude
(Fig; 2;15 so that the amount of UV radiation reéching the groﬁnd
decfeéses with latitude due to both increased ozone amounts and the
longer pathlength through the atmosphere.

Bener (1960) found a linear felationship on clear days between
the logarithm of intensity of UV radiation at the earth's surface and
the total amount of ozone. Using this relation (shown in Fig. 2.4),
an increése in ozone amount from 0.2 to 0.3 cm corresponds, at 300 nm,

to a decrease in the intensity of UV radiation at the surface by a

* milli-atmosphere-centimetre. The total ozone amount is expressed

as the depth of the ozone in a vertical atmospheric column if con-

densed to standard temperature and pressure.
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factor of 8 to 16, depending on the solar altitude. The influence

of ozone decreases ét longer wavelengths, with little effect for

A > 330 nm. | A similar trend was observed for diffuse UV radiation:
an increase in ozone amount from 0.2 to 0.3 cm decreased diffuse UV

by a factor between 3.5 and 16 for XA = 300 nm and solar altitudes
between 20 and 50°.  The UV incident at the eérth's surface is
therefore Qery sensitive to the amount of ozone in the atmosphere,
particularly at the short wavelength end of the spectrum, | However,
other meteorological factors also influence the UVB reaching the earth

and ozone values can be used to predict UVB irradiance only on clear

déys (Klein and Goldberg, 1978).

Tropospheric Attenuation of UV Radiation

Another factor responsible for UV attenuation in the étmosphere
is Réyleigh scéttering. This is scattering by gaseous molec&lesAin
the étmosphere: Brownian motion of the molecules causes minute fluctu-
ations of density in the atmospheré which result in corresponding
Qériations in refractiVe index. As attenuation is inversely pro-
portional to the fourth power of the wavelength, its importance
increases rapidly as wavelength decreases.

The energy of the incoming beam is not absorbed but is scattered
in all directions. The intensity of the scattered light is a maximum
in the forward and backward directions and a minimum at right angles to
the incident beam. Direct radiation from the sun is therefore
étteh&éted, some of it being scattered back into space, while a further

component reaches the earth as diffuse radiation; This sky radiation
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penetrating diffusely in all directions is of environmental
importance as even in the shade there is exposure to UV radiation.
Fig. 2.5 shows the annual variation of the ratio of the vertical
component of the direct beam (B) to diffuse (D) radiation for

300 < A <320 nm, as measured by Bener (1963) at an altitude of 1590m
- a.s.ls; ° Klein and Goldberg (1978), measuring UVB in 5> nm bands
from 285-320 nm at three different latitudes, reported that 40% of
UVB at the earth's surface is contained in the direct beam and 60%
is diffuse radiation even on relatively clear days.

In a Rayleigh atmosphere, ozone absorption and Rayleigh
scattering are equally important at A = 310 nm. 0Ozone absorption
is the dominant attenuator below 310 nm and Rayleigh scattering
dominétes at longer waQelengths. However, in practice the atmos-
phere generally contains mady fine suspended particles: aerosols,
cloud and pollution which Qéry considerably with atmospheric con-
ditions and also attenuate UV radiation. The overall effect of
these transient étmospheric constituents is Qery difficult to
quantify.

When the radius of scattering particles in the atmosphere
is between 0,1 A and 25 A for the wavelength of light considered,
the Rayleigh scattering theory 1s no longer applicable, and the more
COmplicéted theory of Mie scattering must be used (Van de Hulst,
1957); The scattering by spherical particles depends on the
interaction of reflected, refracted and diffracted light waves and
is a function of size and refractive index of the particles, and the

wavelength of the incident light. At larger particle sizes the
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scéttering is increasingly in a forward direction (the Mie effect).
At particle radii > 25 A geometrical optics can be used to assess
the scattering effect. Any computation of scattering in a non-
Rayleigh atmosphere must therefore be based on an assumed distri-
bution of particle size and composition, the total scattering effect
inQolving integrals over both wavelength and particle radius.

The effect of cloud depends to a large extent on the type and
spatial distribution of the cloud. Bener (1964) in measurements
at Davos for A = 330 nm found evidence for both increases and
decréases in UV radiation depending on cloud pattern. Broken cloud
with high scéttering properties can increase the diffuse radiation
while not blocking the direct radiation and hence increése the total
rédiatién flux. On the other hand closed layers of thick dark
cloud strongly reduce the intensity of sky radiation and the err-
éll flﬁx. Eéch combinétion of cloud height, density énd type may
therefore have a different effect on the attenuafionu of the incident
radiation. Klein and Goldberg (1978) found that the déily éverage
of UVB ét Pénéma (9° N) was correlated with the chénge between wet
and dry seéson réther than déylength or ozone amount. Spinhirne
and Creen (1978) calculated that cloud effects on received UV
radiation depend on cloud reflectivity and transmissivity, the
albedo of the underlying surface, and the height and thickness of
the cloud; The relative importance of these variables changes with
wéfelength and the associated ozone ébsorption;

Measurements taken in Los Angeles (Nader, 1969) for the UV

waveband 300-380 nm (mainly UVA) under a range of smog conditions
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showed that UV attenuation varied with smog‘intensity. Transmission
through the smog layer (containing the pollutants CO , HC , 03 , NO2 )
NO , NO_and soz) was 87% on a clear day, falling to 65% for a
moderétely heavy smog day. The outgoing radiation measured above
the smog léyer was found to increase by a factor of 2 in heavy smog,
and also tended to increase exponentially with elevation through the
smog layer; This high scattering of a polluted atmosphere increases
the ratio of diffuse to direct UV radiation, but the overall net
effect is to decrease the total UV flux at the ground.

On reaching the ground, some UV radiation is reflected back
into the atmosphere where further reflection can enhance the amount
of diffuse radiation incident at thé surface. The degree of this
augmentétion depends on the surface albedo (~ 3% for soils and
vegetétion, 85% for snow (Bener, 19605) and the pérticdlar scéttering
prope:ties of the errlying air. These féctors govern hOW'mﬁch of
the incoming radiation is made aQéiléble at each 'boundary' to
‘undergo further reflection and scéttering, and possibly return to
the surface as diffuse rédiétion;

The other factors governing the amount of UV radiation received
‘on é horizontal surface are the solar zenith angle and the solar
declination. These also affect the ratios of diffuse and direct
radiation which make up the global UV radiation. When the sun is
overhead the diffuse and direct components are approximately equal,
but the diffuse radiation becomes the major component as the sun
félls towards the horizon. At high solar altitudes the short wave-

length limit of the spectrum of natural UV radiation is near 290 nm,



27.

but this shifts towards longer wavelengths for lower solar alti-

tudes (Table 2.1). The diurnal variation of UV radiation intensity
is most rapid at times of low sun i.e. in the early morning énd late
afternoon. Towards longer wavelengths the intensity increases less

rapidly with solar altitude.

Table 2.1 The short wavelength limit (in nm) of the
solar spectrum as a function of zenith angle

in various seasons in Switzerland (Robinson,

1966).

Season Zenith angle

30° 40° 50° 60° 70° 80°
Spring 298 298 302 304 308 316
Summer 298 299 301 306 310 319
Autumn - - 300 302 305 312
Winter - - - 307 308 314
Year (mean) 298 299 302 304 308 316

Solar UV Rédiétion Measufements énd Models

The most comprehensive measuréments of solar UV radiation in the
literature are those made by Bener (1960, 1943, 1964) at DaQos
Platz in Switzerland. He used a recording spectrometer with spectral
resolution £ 0;2 nm to measure global and diffuse UV radiation in the
spectral region 295-380 nm over a three year’period from 1958-1961.
His ﬁeasurements reveal the interaction between some of the factors

affecting UV radiation at the ground. The annual variation of both



28.

diffuse and globél UV is partly determined by the declination of the
sun and further influenced by the annuél trend of atmospheric ozone
and ground reflection.

The extraterrestrial UV intensity increases from January to
April with increasing solar altitude, but the ozone amount also in-
creases during this time (Fig. 2.1), counteracting the effect of
changing zenith angle. During April to May the ground reflection
at Davos changes to its summer value (decreasing) and ozone amount
reaches its maximum in April, both factors acting to decrease the
incident UV radiation. From May to July the ozone amount diminishes
and this has the effect of extending the UV radiétion intensity
maximum to July although the solar altitude is a maximum in June.
Ozone then decreases to its minimﬁm vélue in October, thus counter-
écting the decreasing solar éltit&de during this period. Groﬁnd
reflection increases in Nermber with a chénge to the winter albedo
Qalue increasing the potential diffuse rédiation, while ozone émount
chénges little, From Nermber to Dénuéry the ozone increases,
shifting the annual UV radiation minimum from December to January for
short wavelengths. At longer wévelengths the solar altitude preQails
with a minimum in December,

This annual variation of UV radiation receipt cénnot necessarily
be extended to regions at different latitudes or altitudes and with
different annual élbedo changes; The interplay of factors gerrning
surface 1rradiétion is such thét calculations of UV exposure are based

on a set of ideélisations (e;g. cloud free, aerosol free étmospheres,
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simplified scattering models, meén ozone amounts, constant extra-
terrestrial rédiation) and the models may be 1, 2 or 3 dimensional,

A brief discussion of some of these faétors, and the way they are
dealt with as modelling progresses, is given by Creen and Schippnick
(1982). The models are often fitted to Bener's measurements és the
most comprehensive data bése available (Green, gg_él., 1574; Mo and
Green, 1974; Green, et al., 1980) but this procedure must be treated
with caution. Measurements of global, diffuse and UV rédiétion
(310-340 nm) were made at 3 heights in the Northern Alps (Reiter,
gﬁ_gl;, 1982) and the dependence of the radiation on altitude inQesti-
gated.  This work showed an increase of 27% (December) to 52% (June)
in incident UV with increasing height from 0.7 to 3 km a;s.l. This
_ emphésises the need for care when applying Bener's relationships
(ﬁade at 1590 m a;s;l) to less eleQéted sites; A discﬁssion of the
models élreédy mentioned énd the deQelopment of more eléboréte
calculations is given by Nachtewy and Rundel (1982).

Other workers have measured UV radiation at various locations
with different types of instrument. Collins (1973) reports UV
measurements made in Australia with standard‘meteorologicél pyrano-
meters and broadband glass filters. Coldberg and Klein (1974)
report the development of a scanning radiometer for monitoring the
spectral distribution of daylight which was adapted to monitor waQe-
lengths below 330 nm. A discussion of the inherent problems of
interference filters ﬁsed for this purpose is giQen in the report.

The Robertson-Berger meter which records the integrated erythemally
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effective radiation measured in 'sunburn units' has been used in
Austrélia (Barton and Robertson, 1975) and similar instruments have
been used elsewhere e.g. at 9 locations in the U.S. (Scotto and
Fears, 1977) and in Dundee (Frain-Bell, 1979). The Building Research
Establishment used a detector that they deVeloped (Harris, 1973) to
measure solar UV radiation at three wavelengths: 315 nm, 350 nm and
400 nm at three sites in Southern England (Smith, 1975); This, and
the Robertson-Berger type instruments,all work on the principle of é
phosphorescent material re-emitting energy absorbed from UVB radiation,
with suitable filters used to define the waveband measured.

Models of erythermal dose have been compéred with the 'sunburn’
measurements for Australia (Barfon and Paltridge, 1979) but do not
give the incident UVB radiation in absolute energy units. More
recent models intended to give a general guide to UVB radiétion at a
giQen time and place are being tested on meésurements méde at vérious
locations (Gerstl, et al., 1983; Rundel, 1985). As more data become
available and the influence of the different UVB éttenuating féctors is
better understood the models shoﬂld become more reliéble; HoweQer,
at present a pictﬁre of the é&éiléble néturél UVB at a given location

under a variety of meteorologicél conditions is accurétely attainable

only bv measurement,
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3. VITAMIN D

Introduction

The body has two sources éf vitamin D: cutaneous synthesis
under exposure to UVB radiation, and diet. Deficiency of the vitamin
can lead to the malformed and weak bones of the diseases rickets and
osteomalacia. In Britain, rickets was common in infants and toddlers
until the beginning of World War II (Plate 3.1) but since the 1940's
and the fortification of some foodstuffs with vitamin D, rickets has
not been common among British children. Ostecomalacia remains a
problem in the elderly: many elderly people may be confined indoors
due to general ill health, and with a diet low in vitamin D they can
be at risk. In Britain dietary vitamin D is insufficient to prevent
plasma 25(0H)D falling below 3 ng ml'l, the level of clinical deficiency,
in mény of the elderly (Lawson, 1981);

Anothersection of the population sﬁsceptible to rickets is the
Asién commﬁnity, whose lifestyle énd diet does not féQour vitamin D
production or oral intake. In many cities with a significant popu-
lation of immigrants from the Indian sub-continent,édolescent rickets

is a major public health problem (Taylor, 1984), especially in Scotland

and Northern England.

Formation and Metabolism

The active form of vitamin D is the metabolitel,ZS-dihydroxy-
vitamin D (1,25-(OH)203) and this has three main functions in animals:
to control calcium homeostasis; to regulate growth and development of

bone; to regulate phosphorous metabolism,
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Plate 3. it
1 Rachitic children in the 1920!
(Taylor, 1984), )
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Cutaneous synthesis of the vitamin is dependent on the
wavelengths of the incident light and on temperature. In the skin
the action of UV light on 7-dehydrocholesterol forms pre-vitamin D.
from pre-vitamin D the formation of vitamin D is a heat dependent
reaction. At skin temperature any pre-vitamin D formed is likely
to be converted to vitamin D. . The vitamin is converted to its
25-hydroxy-derivative 25(0H)D in the liQer, and this circulating
metabolite can be measured by radio-stereo-éssay, thus providing a
precise index of vitamin D status. Synthesis of the (1,25-(OH)ZD3)

metabolite then takes place in the kidney (Fig. 3.1).

Fig. 3.1 Formation and metabolism of vitamin D (Hay, 1982)

Sunlight

s

7-dehydro- ' Skin
cholesterol — Pre-vit. D ——)ViI. D
25,26 dihydroxyvitamin D ¢« 25(0OH)D Liver
24,25 dihydroxyvitamin 03 1,25 dihydroxyvitamin D3 Kidney

NS

1,24,25 trihydroxyvitamin D3

The metabolic pathway of the vitamin absorbed from the intestinal
tract is different from that formed in the skin. Oral doses of the
vitahin are absorbed from the blood stream with dietary fat which
is quickly cleared by the liver. There deactiQation takes place or

the vitamin is secreted into bile or back into the blcod stream as
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25(0H)D .  There is no storage. By contrast cholecalciferol in
skin diffuses slowly into the bloodstream where it is associated with
a specific binding protein. Slow penetration to, and thake by, the
liver results in a slower rate of conversioq{%%(OH)DB, and protects
against hepatic deactivation of the vitamin,

A limiting concentration of 50-80 ng ml-1 for plasma 25(OH)D3
has been found by Stanbury, et al. (1980) who postulated a feedback
mechanism between 25(OH)D3 circulating in the blood and a cutaneous
binding protein for the vitamin. The circulating 25(0H)D3 is re-
distributed to tissues including the skin. There it will bind pre-
ferentially with the cutaneous binding protein, reducing its capacity
to accept cholecalciferol. At the limiting plasma concentration
ﬁptéke of cholecalciferol from skin to blood is blocked and any
further photosynthesised cholecalciferol reméins in the skin Qntil
use of the circulating 25(0H)D3 releases the éutaneo&s binding
protein for further trénsfer. The cholecalciferol stored in the skin
is then éQéiléble for withdréwal long éfter exposﬁre to UVB rédiétion

has ceased.

The Relati?e Importance of UVB Irradiation and Diet

The body's use of vitamin D é?ailable from its two sdurces
suggests that skin synthesis of the vitamin is more effective than
oral doses, In support of this Poskitt, et al. (1979) working with
healthy children and adﬁlts, and Lawson, EE.él: (1979) working with
the elderly, both found thét the most important source of vitamin D
for long term healthy status was that due to the action of UV light

on the skin. When vitamin D was given orally at twice the
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recommended daily intake (Poskitt, et al. (1979), plésmé concen-
tration of 25(0H)D3 was only slightly increased, suggesting that the
average British intake of 2.6 ug day'l (MAFF, 1980) may be an in-
effective source of vitamin D.

Studies in Denmark and Britain showed no correlation between
dietary vitamin D intake and 25(OHsD levels in healthy adults
(Lester, et al. 1980) although the mean 25(0H)D levels were higher in
Danish subjects, many of whom took regular Qitamin D supplements.
Another study in Denmark (Lund and Sg¢rensen, 1979) illustrated the
positive correlation between plasma 25(CH)D levels and sunshine
exposure in subjects of all ages who did not take regular vitamin
supplements. Subjects taking regular vitamin D supplements
(~ 5 Ug day-l) maintained a higher 25(0H)D plasma level throughout
the yeér, and did not show any marked seasonal vériation.

It has been found, however, thét prolonged orél doses of
Qitémin D can be harmful (DHSS, 1980). The minimum déily require-
ment for health is estiméted at 2.5-10 yg (Fréser, 1983) for adults
énd children; Intakes of err 2000 ug da.y'1 are known to be
exceedingly foxic, and there is some eVidence that daily doses of
25-100 g can also be harmful (Fraser, 1980} Reinhold, et al. 1981)
causing nausea, thirst, abdominal pain and dehydration, often some
weeks éfterAthe treatment, though symptoms méy appeér sooner,
Prolonged effects can include démége to the Eidneys and bone structure.
However it is only in an attempt to preVent or cure the diseases of

vitamin D deficiency that such én oral overdose is likely to be taken,



36.

Classical rickets is seldom found in British children today.
The fortificétion of National Dried Milk and margarine in the 1940's
did much tovreduce the incidence of this diséase, which was a common
sight in spring although rare in autumn. This seasonal appearance
of D-deficient symptoms suggests that summer sunshine was the major
source of Vitamin D, but that exposure was insufficient to maintain
a healthy status throughout the year. As early as 1890 Palm re-
commended that children in heavily polluted industrial areas where
rickets was most prevalent should be taken to areas with cleaner air
and more sun, and that the public as a whole should be more appreciative
of the effect of sunshine on health. Today, with a general increase
in the standard of living, cleaner city air énd more leisure during
which to enjoy exposure to sﬁnshine, nétural uva rédiétion is still
the méin soﬁrce of vitamin D.

Stamp and Round (1974) measuring plasma 25(0H)Dy in healthy white
subjects err a two yeér period found a mérked seésonél variétion.
High values in autumn declined during winter and then rose agéin from
Mérch to July, épproéching preQioﬁs éutumn Qélues by Adgust. No
significant correlation was féund between plasma 25(0H)D3 and dietary
vitamin D intake and it would seem that vitamin D status declines
when the dose of UV radiation falls. Seasonal variation of plasma
25(0H)D levels has also been observed by, amongst others, Poskitt,
et al, (1979), Beadle, et al. (1980), Devgun, et al. (198la) and
Lémberg-Allardt (1984); To remain above deficiency status when there
is iittle UVB radiation (during the winter months) sufficient reservoirs

must have been stored in the body tissues during the summer months to
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maintain healthy values until the following spring. Devgun, et al.
(1983) showed that the plasmé 25(0H)D levels chégged with variations
in the natural UVB radiation during a given year, and also that
differences in plasma 25(0H)D levels from year to year are associated

with annual differences in the levels of UVB radiétion;

Vitamin D Deficiency in the Community

Sections of the population who do not feceive the necessary
exposure to UVB radiation during the summer may be susceptible to
rickets and osteomalacia. The two communities most at risk in Britain
today are the elderly and adolescent Asians., A review of the influence
of vitamin D levels on bone health in the elderly is given by Parfitt,
et al. (1982). The development of rickets in children is described
by Fraser (1980).

The elderly

Vitamin D levels in the elderly are low compéred with those of
younger people eQen for heélthy subjects (Stamp and Roﬁnd, 1974}
Corless, et al., 1979; Lawson, 1981; Omdahl, et al., 1982). A range
of plasma 25(0H)D concentrations from 8-36 ng ml'1 was found in
Bristol office workers (Beadle, et al., 1980), and similarly in
children in the West Midlands (Poskitt, et al., 1979), while the
~seasonal variation in healthy elderly people throughout Britain was

reported as 8.6 - 1l4.1 ng ml'1 by Lester, gE_gl; (1977) and

10-19 ng mi™!

by Dattani, et al. (1984).
Reasons for the decrease of plasma 25(0H5D levels with age

are not fully understood.’ Davie and' Lawson (1980) found that .the
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response to ultraviolet irradiation by lamps was similar in both the
young and elderly. Devgun, et al. (198lb) finding similar results
suggested that low levels of plasma 25(0OH)D in the elderly may be
partly due fo reduced levels of 7-dehydrocholestrol or reduced amounts
of enzymatic syntﬁesis of the metabolites in the skin, liver and
kidneys. Lund and Sgrenson (1979) suggested less effective skin
synthesis or hepétic hydroxylétion in the elderly although‘Davie
and Lawson (1980) do not consider impaired 25-hydroxylation to be
responsible. They suggest that the skin as it ages may require
more ultraviolet power to synthesise Qitamin D - the lamps used in
their .study were more powerful and contained spectral components at
shorter wavelengths than natural UVB radiation. The effect of low
plasma 25(0H)D levels in the elderly is exacerbated by the decrease
with age of the ability of the kidney to convert 25(0H)D to its
active metabolitel,25-hydroxyvitamin D (Tsal, et al., 1984). This
implies that the elderly require é higher concentration of 25(0H)D
to achieve the same level of the active form of the vitamin as
younger individuéls (Olson, 19855.

Despite the general low levels of plésma 25(0H)D in the elderly,
a seasonal vériation is still observed when there is exposure to sun-
light. Lester, et al. (1977) and Poskitt, et al. (1979) working
with elderly subjects in Britéin both found that Qitamin D status
improved with exposure to summer sunshine. However, Nayal, et al.
(1978) found a correlation between dietary vitamin D intake and
plasma 25(0OH)D leVels, but no correlation with sunlight for patients

in a geriatric unit. They suggest that these subjects had very little
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sunlight exposure, and as yearly exposure was estimated from the
patients memory its accuracy is questionable; Toss, et al. (1980)
observed higher concentrations of 25(0H)D in healthy elderly subjects
than those in institutions, as a result of greater outdoor exposure
and/or better diet. Lamberg-Allardt (1984) working in Finland with
long-stay geriatrics, residents of old people's homes, healthy elderly
and young édults observed seasonal variations of plasma 25(0H)D levels
in all fouf groups, with the smallest variation for the long-stay
geriatrics who were only outside for brief periods in summer. This
group of patients also had the lowest Vitémin D 1evels at all times,
and did show.a correlation between dietary vitamin D intake and 25(0H)D
levels. Lamberg-Allardt concluded that this correlation indicated
that in Finland there 1s not enough sunlight to ensure a satisfactory
vitamin D status when exposure is Qery brief; énd long-stéy geriatrics
require more dietary vitamin D to maintain a healthy status. Where
more environmental UVB radiation is available and longer exposure
possible this may not be hecessary.

Asian immigrants

The deficiency of Aslan children is due to the combination of a
number of factors (Stamp, 1975§ Fraser, 1983). Their diet, low in
fortified margarine (the most regulér source of vitamin D in the
British diet), liver and oily fish, also relies heavily on chappatis.
A number of studies have shoﬁn thét diets high in fibre and phytic
acid' (as chappéti flour is) restrict the efficiency of the Qitamin D -
calcium metabolism, although the precise means by which this occurs

is not fully understood (Reinhold, et al., 1981; Robertson, et al., 1981).
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Batchelor and Compston (1983) found some evidence that the rate of
turnover of 25(0H)D is higher on a high fibre diet than on a low
fibre diet. Asian children may therefore require a greater intake
of vitamin D to compensate for that lost in faeces. However,
Offerman and Manhold (1979) found signs of Vitamin D deficiency among
Turkish immigrants in Germény who do not consume chappati flour
suggesting that the Asian diet is a contributory but not a decisive
factor in immigrant rickets. They consider the low sunshine exposure
of northern indﬁstrial cities to be the important aetiologic factor.
A further contributory factor is the pigmentation of the skin.
It has been shown (Clemens, et gl;, 1982) thét melanin pigment acts
as a barrier to the cutaneous synthesis of vitamin D under low UVB
light levels such as those experienced in the UK, This, together
with the lack of exposure to that UV radiation which 1is available
(due to change of climéte (Stémp, 1975))may be pértially‘responsible
for the rickets of adolescent Asiéns; At higher levels of irradia-
tion (representative of the tropics and 42° N), Holick, et al. (1981)
found that pigmentétion was limiting over shért exposure periods but
with sufficient exposure time the same vitamin D levels were reached
with skin of European, Asian and African types. Linhares, et al.
(1984) reported high leQels of 25(0H)D in both heélthy and poorly
nourished Brazilian children, indicating that where there is sufficient
uvB exposhre in relation to pigmentation, diet is not an importént

source of vitamin D,
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Methods of combatting deficiency

To reduce the incidence of rickets the vitamin D status of
the section of populétion most at risk must be increased. Additional
fortification of basic foodstuffs is not a viable solution as this
increéses the dietry vitamin D intake of the whole population, which
may bring already heélthy people within the rénge of harmful vitamin
doses. It is also likely that the people at risk, elderly énd Asians,
would benefit least as they consume less of the basic foodstuffs likely
to be fortified.

Alternative methods are to give Qitémin D supplements to those at
risk or to increase exposure to UVB so that sufficient vitamin D is
naturally synthesised in the skin. The létter could be achieved by
UV lamp treatment, by the deVelopment of UV trénsmitting 'glass' for
use in hospitals and homes for the elderly, or by educating people to
the need for more exposure to natural sunlight.

uv lémp treatment given és a weekly dose in controlled UV chambers
was found to be a safe and efficient way of preQenting vitamin D de-
ficiency in the elderly (Toss, gg.él., 1982). However it was very time
consuming for ward staff and orél Qitémin D supplementation was more
convenient., Commercialiy-a?éiléble sun lamps tested for their ability
to promote Qitémin D synthesis (Dngun, gg'él., 1981b) proved effective
but also caused other adverse skin reactions (erythema) over the exposure
time required. Such lamps are therefore unsuitable as a routine
domestic method for maintaining vitamin D levels. Certain types of
lighting in homes for the elderly and hospitéls have also been suggested,
but studies with Vita-Lite fluorescent tubes (Devgun, gg'él;, 1980)
showed no positive effects on the levels of piasma ZS(OHiD for patients

exposed to these lights at normal lighting levels for one year.
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The transmissivity of glass in the ultraviolet part of the
spectrum is minimal. At a wévelength of 300 nm the extinction
coefficient, a , for any type of glass is o =.ln (IO/I) > 240 m'l,
so for glass 5 mm thick transmissiqn I/I0 < exp (- 240 x 0.005) = 0.3.
Even for the most UV transparent glassithe amount of transmitted light
would be small under the low'leQels of irradiation by solar UVB.
Ordinary window glass does not transmit light of wévelengths les§ than
334 nm and hente removes all active wévelengths for vitamin D synthesis
(Hess, et al., 1922).  Truly UVB transmitting windows would have to be
made of quartz although other méteriéls haQe potential in this respect:
clear teflon (1 mm) is being tested for use in a UVB tfahsmitting green-
house (Biggs, 1982).

Vitamin D supplements may be a convenient solution for patients at
risk in institutions, but they are difficult énd expensive to administer
regularly to other potentlal sufferers in the community. As Goel,
et al, (1981) said "The long term answer to rickets in Asian children
is health education to Western diet énd wéy of life". If way of life
implies more sunshine exposUre this statement applies to all sufferers.

The summer months provide the opportunity for adequate natural
UV exposure, and as the half-1life of ZS(OH)D3 is over two weeks
(Davie, EE.EL;’ 1982) additional exposﬁre eVery weekend for example,
will héve é cumuléti@e effect on plésmé 25(0H)D3 concentrétions,
helping to maintain a healthy level throughout the winter months,

The length of time which constitutes an }édequate natural ex-
posure' depends upon the spectral properties of the incident solar

radiation énd is therefore é function of both time énd place (Chépter 2).
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This is becéuse all photobiologicél responses to irradiation with
ultré&iolet and visible light show a dependence on the energy of the
incident photons; The response has é méximum at a féirly well defined
photon energy and a limited range over which the-biologically important
molecules are able to absorb the appropriate.photons. To measure the
biologically effective radiation for a giQen reaction it is necessary
to know the effective range of wavelengths and the shape of the action

spectrum.

The Vitamin D Action Spectrum

The action spectrum of UV radiation for cutaneous synthesis of
vitamin D in man has not been éccurétely quéntified. The formation
of pre-Qitamin D has been investigated by a number of workers. Early
investigations by Knudsen and Benford (1938) assessed the effective-
ness of six different wéveiengths in curing rachitic rats. The rats

were irradiatedwith a monochromator, then killed 11 déys after the end
of the treétment period, énd the degree of healing judged by X-ray of
the bones; The most effectlve wéQelength for the conversion of
7-dehydrocholesterol to pre-Qitémin D, was 280.4 nm, with a secondary
peak in the action spectrum at 296.7 nm (Fig. 3.2). 313 nm was the
longest waQelength showing any heéling effect. When ergosterol .
solution (ergosterol and 7-dehydrocholesterol are collectiQely known as
pro-Qitamin D) was irradiated with UV light it showed a similar absorp-
tion curve although a much lower dose of UV radiation was needed to
prodﬁce Dre-Qitamin D; This was thought to be due to the ébsorption

of the incident radiation by skin;
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Knudsen and Benford: The efficiency to produce
healing in rachitic rats (w.r.t. 297 nm).
Kobayashi and Yasumara: Relative yield of
potential vitamin 02 in ergosterol solution
(wer.t., 295 nm)

Abillon and Mermet-Bouvier: Relative maximum
previtamin 02 production in ergosterol solution

(wer.t, 295 nm).
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lengths in producing vitamin D.
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It was further observed thét large émounts of energy of ény
waQelength éppeared to destroy Qitamin D} the heéling effect increased
with increasing dosage, but not as much as would be expected., The
shorter wavelengths, below 296.7 nm, seemed to héQe a greater des-
tructive action than light of longer wéVelength. Later studies
(Kobayéshi and Yasumara, 1973) confirhed this obserQation;

More recently Abillon and Mermet-BduQier (1973) and Kobayashi
and Yasuméra (1973) investigéted the action spectrum of vitamin D
synthesis by illuminéting ergosterol’. solutiﬁn with various wa;e-
lengths of UV light. Abillon and Mermet—Bouvierused waQelengths in
the range 240-326 nm to irradiate ergosterol at low temperétures
(so that the pre-Qitamin D formed by irradiation was not then con-
verted to vitamin D), and found that the most effective waQelength
for pre-vitémin D production wés 295 nm (Fig; 3;2);

_ Kobayéshi and Yésuméré irrédiéted ergosterol solution with a
range of wavelengths at a fixed quantum energy of 40 3 cw'z and
measured the formétion of potentiél vitamin D (the sum of pre-vitamin
D énd Qitamin D); Their éction spectrdm peéked ét 295 nm (Fig. 3.2);
The quantity of UV radiation required was also 1n§estigéted. At a
wéQelength of 295 nm irradiances of 21-64 J cm'2 were mdst effectiQe.
Higher irradiation decreased the yield, supporting the earlier
results of Knudsen and Benford;

The three action spectra shown in Fig. 3.2 for vitamin D
syn@hesis by ultraviolet light indicate the uncertainty that still
exists in quantifying the importance of irradiation by different

waQelengths 15_9190. The healing of rachitic rats was assessed only

at & discrete wéQelengths by Knudsen énd Benford, but méy be more



L6,

reprcsentéti&e of the effectiveness of UV light iﬂ.iiiﬂ than the
later work of Kobayashi énd Yésumara and Abillon and Mermet-BduQier
working with ergosterol solution.

Pre.vitamin D3 formed by the action of UVB light on the skin is

converted to vitamin 03 in ? temperatdre dependent reaction. This
process seems to be more ra%ga%%%%xiggg at é_temperatﬁre of 37 £1%¢
(Holick, et al., 1980), probably due to the vitamin Dy being removed
into the circulétion by the Qitémin D binding protein;. Because the
vitamin 03 is removed as it is formed, a true equilibrium between D3
and:pre-D3 neQer occﬁrs (as 1t does iﬂ.iifﬁﬂ)’ and éll pre-D3 is
essentially conQerted to 03. The translocation ofvthe Qitamin 03
into the circulation ensures that small quantities of pre-D3 are
efficiently conQerted to vitamin D3 by shifting the reaction pre-03-+ D3
to the right at é time when equilibrium is being approached. The
skin therefore acts as a reservoir for the storage of pre-D3 and can
continually synthesise and release vitamin 03 for up to three déys
after a single exposure to sunlight (Holick, et al., 1980).  Work
done‘oh ergosterol solution measures the effectiveness of UVB radiation
to convert 7-dehydrocholesterol to pre;itamin D, but takes no account
of any feedback mechanism which méy affect fﬁrther reactions iﬂ.iiﬁﬂ'
Another discrepancy between conditions in léboratory experiments
and in the naturél environment is the quélity of the radiation used.,
All three action spectré were determined using monochromdtic radiétion
to i;luminate skin or solution; Solar radiation is not monochrométic

and there may be synergistic interactions between the responses to

different wavelength combinations.
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Pre-vitamin D3 can be converted to Qitémin 03 (a heat dependent
reaction) or to two other isomers (téchysterol and lumisterol) by

photoreaction (Fig. 3.3) (MacLaughlin, et ali, 1982; Olson, 1984).

Fig. 3.3 Possible reactions between prewitamin 03
and its isomers (MaclLaughlin, et al., 1982).

7~-dehydrocholesterol

A < 315 nm“‘

lumisterol f:::::; pre-Qitémin D3 ;::::::::f tachysterol

A< 315 nm A < 335 nm
Heét

vitamin D3

The rate at which any of the photoreactions takes place is
equiQélent to the product of the quantum yield for the reaction and
the number of relevant photons é?éiléble to, and absorbed by, the
isomer. The number of absorbed photons is determined by the spectral
properties of the irradiating source and the absorption cross-section
of the isomer.

7-dehydrocholesterol and lﬁmisterol have negligible absorption
at waQelengths longer thén_BlS nm, whereas prewitémin 03 will react to
wdQeIengths up to 325 nm and téchysterol to 335 nm. As the solar
spectrél irrédiénce increéses by é orders of mégnitude from 290-320 nm

the isomer photoreaction is driven from téchysterol toprewvitamin D3
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to lumisterol under solar irradiation. MacLaughlin, gﬁ_gi; (1982)

observed a build un of lumisterol in orgénic solution under simulated
solar radiation and concluded that the spectrél power distribution of
sunlight hés é drématic effect on the cuténeous photosynthesis of pre-

vitamin D, and its isomers.

3

Work iﬂ_giig_qn human skin presents more pr&cticél and ethical
problems thén work with réts or solutions, but'some éttempts haQe been
made to meésure the Qitamin D action spectrum ig.iixg.

DaQie, et al. (19825 used the data of kobayashi and Yasumara to
calculate the cholecalciferol synthesis in skin in ilgg_per dose of UV
light.  They Qsed é Hanévia 7A lémp to irradiate é known area of skin
with UV light for a set time each day; The power at each incident
wavelength was expressed as a proportion of the most efficient waQe-
length (295 nm) to give the totél power at this wévelength, and the
effective incident energy wés thus found; ‘ Plasmé concentrations of
25(0H)D3 and cholecalciferol were meésured, énd two methods were used
to calculate cholecal:ifero].synthesis;

The first method emplpyed the steédy state equation: the relation-
ship between dose and plasmé concentratlon ét the plateau level (after
an initial exposure to UV light a plateau region in plasma 25(0H)D3
concentrétion is reached; Lawson and DaQie (1979)). This gave
cholecalciferol . synthesis in the skin as 0.0015 I 0.0008 nmol mJ-l.

A second method calculated the oral dosage required to yield the same
plasmé 25(0H503 concentration as the UV radiation. This gaQe skin
synthesis of cholecaleiferol eriQélent to 0.0024 ¥ 0.0018 .mmol ma~L,

At first sight this study appears to have quantified the vitamin D

production in skin per dose of UV light. HoweQer the Qitamin D action
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spectrum used to calculate the results méy not be truly representatiQe
of the action spectrum iﬂ.!i!ﬂ’ as alreédy discussed, Also a Hanovia
7A lémp does not have the same spectral outpuf és the s&n, thereby
introducing the type of inconsistencies highlighted by MaclLaughlin,
et al. (1982). |
Clearly more work is needed to quéntify the éctionvof enQironmentally

available ultraviolet light on human skin.
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4, MATERIALS AND METHODS - CLIMATOLOGY

UVB solar radiation incident on a horizontal surface wés measured
at the meteorologicél site, Sutton Bonington (52o 50'N, 1° 15'W) from
January 1983 to March 1985.  The site (Plate 4.1) is 50 m a.s.l.
surrounded by flat farmland with some buildings about 100 m to the
north which obscure approximately 1/165 (0.6%) of the sky's hemisphere.
The underlying surface is short grass with a reflection coefficient of
about 3% in the UVB band (Bener, 1960).

Two commercial instruments were used to measure the UVB radiation.
A scanning spectroradiometer (LICCR) measured the spectral distribution
on selected days with little or no cloud. For regular long-term
recording a Qacuum photodiode tube (Internatibnél Light5 was mounted

on the meteorological site to measure the broad-band UVB irradiance.

The LICOR LI1800 Portable Spectroradiometer

The LICOR LIlBOO portéble spectrorédiometer (Pléte 4.2) scéns the
wévelength range 300-1100 nm and therefore responds to virtually all the
uvB rédiétion receiQed'ét the eérth's surface. At a létitude of 53° N,
the amount of radiation of wavelength less than 300 nm is insignificant
as eQen in midsummer the intensity of radiation drops by & orders of
magnitude between 300 nm and 290 nm (Cerstl, et al.,, 1983). At other
- times of year the proportional reduction in irradiance is eQen more
pronounced and there is no measﬁrable radiation at wavelengths less

than 300 nm at the winter solstice.



Plate 4.1

Plate 4.2

The meteorological site, Sutton Bonington.

The LICOR LI1800 portable spectroradiometer.

51.
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The spectroradiometer has three major optical components
(Fig. 4;15: a filter wheel, a monochromator and a silicon photodetector.
Light enters the instrument through a diffusing cosine-corrected
receptor and then passes through one of the filters on the automatically-
controlled filter wheel. There are seQen filters on the wheel, re-
ducing the possibility of stray light reaching the detector by inter-
cepting waQelengths outside the spectral region being measured. One
of the slots in the filter wheel is blocked by a black surface which
écts as a dark reference and is checked before and after each scan.

The filtered radiation enters the monochromator through a
recténgular_slit 0.5 mm wide and falls onto a holographic grating.

The gréting reflects and diffracts the incident light so that component
wévelengths are projected towards the exit slit at slightly different
éngles; As the grating rotates and the angle between the entrance
slit and the face of the gréting changes, the wéQelength of light
passing throﬁgh the exit slit also changes; Other waQelengths of
light are absorbed by the black interior of the monochromator;

The width of the exit slit determines the spectrél width of the
waveband and the amount of radiation reaching the detector and hence
determines the balance between resolution and signal to noise ratio.
This model has a 0;5 mm exit slit which gives a waveband with a half-
power bandwidth of & nm and a noise equiQalént irradiance (NEI) of

-2 - '
4W“m = nm 1 at 300 nm (Manufacturer's data, Appendix Al).

7 x 107
Light from the monochromator falls onto a silicon photoQoltaic
detector and the resulting signal is electronically processed and

passed to a microprocessor. The silicon detector giQes the instrument
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Cross-section of optical components
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Diagram of LI1800 scanning spectroradiometer

Ciffusing cosine corrected head
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a low response to temperature and good long-term stability. It is
mechanically rugged and does not fatigue.

The LI1800 was initially calibréted by the manufacturer to
National Bureau of Standards (NBS) standards. The calibraticn
accuracy at 300 nm was given as : lC% (Appendix Al).

The spectrorédiometer is operated through a hand-held terminal.
Data is stored in the instrﬁment in RAM of 32K bytes capacity, equi-
valent to about 20 full scans (300-1100 nm) at 2 nm waQelength-inter-
vals, Power for operation can be supplied either from the mains or
by the instrument's rechargeable internal Ni-Cad bétteries; Further
details of the instrument's. spedifications are given in Appendix All

The data stored in the memory of the LIlBOO could be relayed
to é Culton Microplot 44T plotter either before or after simple data
ménipﬁlation (e;g. integration of waerénds - see Appendix Al for
list of LI1800 functions); For more detéiled anélysis of the spectré
the scéns were transferred to, and proéessed by, a more powerful
machine. An RS232 interface enabled scans from the LI1800 to be
transferred to é PET computer where they were compressed and stored
on disc.

While the LI1800 is easily portable, its limited memory space
meant that even at a rate of one full scan per half-hour the memory
would hold only about one day's data. This was sufficient for
gathering detailed specfrél information on selected déys, but for
regular long-term measurement of the UVB wé;eband another instrument
was needed.

The properties required of an instrument for long-term field

measurement of the solar UVB radiation are:



a)

b)

)

d)

e)

)
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Spectral selectiQity. The steep fall in intensity of the solar
spectrum below 300 nm proQides its own selectivity at the short
wéQelength end of the UVB waveband, but at the long waQelength
edge it is important that the instrument should be "solar-blind"
with a sharp cut-off ét the end of the bénd of Interest. As the
incident radiation at longer waQelengths is Qery much greater than
in the UVB, ény 'tail' to the spectral response spectrum of the
instrument will result in large errors (Fig. 4.25.

Sensiti?ity; The amount of UVB radiation (300-316 nm) to be

2 | 10Wm'2 (winter and

detected is Qery small, of the order of 10~
summer noonday vélues respectively). The instrument must be able
to measure changes in irradiance err the full range of déily and
annﬁél cycles and has therefore to be capable of detecting fluxes
of radiation over several orders of mégnitude;

Angulér response; The irrédiénce of a horizontél sﬁrféce is the
integrél of the components of radiation from each zone of sky
welghted éccording to the cosine of the :zenith éngle (Fig. 4;3}.
An instrﬁment with a cosine-weighted response simplifies the
énalysis of measurements.

Stébility. The calibration of the instrument should not depend on
time, temperature; humidity or other variable factors so that oper-
ation under all weéther conditibns is possible, There should be

no zero drift;

.The instrument should be robust and weather resistant.

Ideélly the relation between the incident irradiance and the detector

signél should be linear to allow for simple integration with time.



KEY :

a) Solar spectrum‘measured on 18 June 1983 at
1155 (LH scale)

b) Relati;e response of a hypothetical instru-
ment with 'tafl' for X > 316 nm (RH scale)

c) (a) x (b) (LH scale)

The spectral response of the instrument is proportional
to the éreé under curve (c). Area under curve for
A>316 nmis ~ 30% of totél signal, élthough the
instrument sensiti&ity is < 0.1 of 1its peak ;alue
above 316 nm.
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Fig. 4.2  The influence of a long wavelength 'tail' on
the response of an instrument measuring solar
UVB radiation,
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Fig; 4,3 Irradiance of a horizontal surface.

z Zenith angle

z Azimuth angle

N Radiation from small zone of sky

Irradiance at a point 0 is giQen by
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I=j d¢J- N cos z dz
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Non-linearity is not a serious problem for point measurements,
but Qery clever electronics are needed to undo the curQéture of
response if the signél from a non-linear instrument is to be inte-
grated;
g) Meésﬁring and recording devices of minimum sophisticétion énd
requiring little maintenance are desirable for long term ﬁse;
A commercial instrument (Internétional Light, SEE 249) satisfied
the ¢riteria a, b, ¢ énd f; It was tested for stébility énd robustness
and performed well; A calibration was made using the LI1800 as a

reference and the output from the instrument recorded in two ways.

The SEE 240 Vacuum Photodiode

The SEE 240/UVB/W/Probe 1s the sensor designed for a phototherapy
radiometer system supplied by'Internétionél Light Ltd (Appendix AZ);

As the scnsor was the only part of the system reélly suited to the
project, this alone was purchésed and a more suitable device was b&ilt
to record its output (Appendix B);

The SEE 240 is a solar-blind vacuum photodliode.  This means that
the excitétion of the detector is quéntﬁm limited énd it will only
respond to photons with energy above a certain threshold () < 340 nm).
The lack of response to longer waQelengths is not therefore dependent on
blocking by filters, which are never perfectly black;

The UVB filter has a response spectrum matched to the erythemal
éction spectrﬁm of humén skin (Fig. 4;4i and similér to thét of
vitaﬁin D synthesis (as far as it is known). The combination response
of vacuum photodiode énd UvB filter cerrs the wéveband 270-315 nm,

A quartz W "wide-eye" diffuser giQes the instrument a cosine
angular response, weighting the incident radiation by the cosine of the

zenlth angle before it reaches the detector,



KEY :

a) Relati;e response of SEE 240/UVB/W (published)
b) Erythemél action spectrum (Paltridge and Barton, 1978)

c) Vitamin D action spectrum (Knudsen and Benford, 19385
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The unit was supplied with a calibrétion at 290 nm peak irradi-
énce and a 'typical' response curve. This calibratiop was unsuitable
because it was referenced to a peék wavelength outside the range of
solar radiation to be measured, and the calibration light source used
was completely different to the solar specfrum. In order to make use
of this calibration the output spectrum of the calibration lamp, the
solér spectrum, and the response spectrum of the instrument would ha@e
to be known to a Qery high degree of accuracy. The SEE 240 was there-
fore recalibrated under natural solar radiation, the conditions for

which it was to be'used;

Testing of the SEE 240

To check that the response of the units to be used was repres-
entative of this type of detector, their relétiQe response wés meésured
with particﬁlér emphasis on the long waQelength cut-off;

In the léboratory of Glen Creston (Appendix Al) the oﬁtput from
the SEE 240 wés compéred with the oﬁtpﬁt from é silicon detector of
known sensiti@ity. A SPEX microprocessor-controlled spectrometer
was used to scan the output of a Xenon arc lamp err the waQelength
rénge 270-336 nm; With a spectrometer bandwidth of 1 nm there was
insufficient energy to gi@e a reproducible oUtput from the SEE 240;
_Iﬁcreasing the bandwidth to 5 nm gaQe the relative response spectrum,
normalised to 290 nm, in Fig. &.5.

The output from the sensor is proportional to the product of this
response spectrum and the spectrum of the incident light source inte-

gréted over all waQelengths. As such it is a biologically active
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Fig. 4.5 The measured relatiQe response spectrum of the
SEE 240/UVB/W sensor, and the response when
multiplied by the solar spectrum.

KEY (a$ Relative response of SEE 240/UVB/W

(b) (a) x solar spectrum measured on 29 June
at 1100.
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energy flux that is measured - for this instrument the eqdi@alent flux
at 290 nm of erythemally effectiQe radiation - rather than a physicél
unit of radiation (Wm 2).

In order to measure UVB radiation in absolute units the SEE 240
was calibrated against the LI1800 spectroradiometer. Firstly, solar
spectra measured with the spectroradiometer at hourly intervals on a
clear day (15 April 1983) were multiplied at each waQelength by the
corresponding relatiVe response of the SEE 240, as measured at Glen
Creston; The resulting spectra, proportional to the sensor output,
indicated:

i) the magnitude of the fraction of the SEE 240 signél due to
A > 316 nm}
11) the best waveband with which to match the odtput of the SEE 240,

At noon the contribution to the sensor signal at A = 318 nm
Was only 12% of the peék contribution from XA = 312 nm; The inte-
grated spectrum showed that only 6% of the signél was éccoﬁnted for
by wa&elengths greéter thén 316 nm; At 0906 the corresponding fraction
was 6%,

The error introduced by the 'téil' of the SEE 240 response
spectrum was small enough to make calibration against the 300-316 nm
waveband feasible. This band corresponds to the waerénd for vitémin
D synthesis and a number of other importént photobiological responses.

To ensure that this was the best waveband over which to cali-
brétg the instrument, the output from the sensbr was measured at the
same time és scans of the UVB radiation Were made with the LI1800,with

both instruments mounted on the meteorological site. The milliQolt
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output from the SEE 240 was then plotted against three candidate
wavebands from the LI1800 and correlation coefficients were calculated:

300-314 nm , r = 0,992

300-316 nm , r = 0.99%

300-318 nm , r = 0.988
Readings were taken throﬁghout a clear day, 26 April 1983 so that
a range of incident radiation values was_cerred;

All three sets of data gaQe good straight lines, as shown by
the correlation coefficients, r , and therefore the waerand 300-316 nm
was selected for calibration as it was of most biologicél interest.

Having ascertained the optimal waveband for calibration of the
SEE 240 the sensor wés mounted on the meteorological site and cali-
brated 15_§1£Q. As the instrﬁment was to be exposed to the English
climéte it was first tested for temperéture sensiti@ity and resistance
to moisture.

The temperature stability of the SEE 240 was tested by moﬁnting
both the SEE 240 and the LI1800 beneath a 500W Thorn 'Sun 500' Tungsten
Hélogen lémp in a controlled environment room; The cutput from the
sunlémp should be stable after an initial warming period, but to check
this a scén was made with the LI1800 eVery time é measurement was taken,
the LI1800 temperature correction was applied, and the integrated
300-316 nm wéerand was taken as the light incident at that time on
the SEE 240. The values were normalised to the value at T = 17°C
éndrthe Qoltage output from the SEE 240 corrécted to éccount for
changing lémp output; |

The controlled environment room was set at a range of tempera-

tures between 0°C and 30°C. At each temperature the instruments were
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giQen one hour to equilibréte to room temperéture before measurements
were téken; The millivolt output of the SEE 240 was then recorded

as a simultaneous scan with the LIlBOO was made. Following this the
SEE 240 wés covered with a black velvet cloth and a dark reading taken
at each temperature (Fig. 4.6).

There is no eQidence of ény temperature dependence in the dark
reading, although there is some scatter of the points. The mean dark
reading was - 15.2 WV and the standard error of the mean was I
In a signal in the millivolt range (for solar radiation) this would
give an error in the signél of 0.1%.

The graph of SEE 240 output V against temperatﬁre T (Fig. 4.6)
showed a great deal of scatter., A linear regression fitted to the data
gave the relationship V = -(3.136 x 10-3) T + 0.8629 with T 1in °C
and V in mV. The standard error of the slope was 1.6 x 1072 v °c71,

Because of the scatter a t-test was performed on the data to test
for the ébsence'of ény temperature dépendence; The 92% confidence
limit for zero slope obtained from the t-test is too small to state
with any certainty that the output of the SEE 240 has no temperature
dependence, but given the scatter of observations there is still a
stétistical possibility thét the instrument's performance is independent
of tempefature;

Taking the temperature dependence given by the regression analysis,
the error over the temperature range 0 to 30°C would be 0;1 mV. The
signal due to solar radiation is typicélly of the order 1-20 mV.

Taking a signal of 20 mV at 30°C and 1 mV at 0°C and applying the

temperature correction with 15°C as the standard temperature shows that
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Temperature calibration and dark reading
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what is measured as a 20 mV signal difference would be 19.2 nV,

an error of = 0.5%. Considering the size éf possible errors
incurred by assuming that the SEE 240 is temperatufe stéble, it was
not considered necessary to build any temperature correction device
into the circuitry of the recording devices.

Any instrument mounted outdoors must be able to withstand the
range of weather conditions encountered in tﬁe regime where it is
sited. In England, moisture can be a problem as rain is'frequent
throughout the year. The SEE 240 was to be mounted in a protective
cover, but the light-recelving surface could not be protected in any
way and it was tested to ensure that watev lying on the flat surface
| did not penetrate the instrument. At the same time the effect of
wéter droplets on the transmission of UV at the outer surféce of the
instrument was inVestigéted;

The SEE 240 was mounted beneath a 500 W sunlamp as in the
temperature experiment and water droplets of various size and distri-
bution were placed on top of thé instrbment with é pipette; Neither
a sheet of water nor any combination of discrete drops had ény signi-
ficant effect on the sensor signal, The transmission of water in
the UVB is ~ 80% m™) at 300 nm for clear water (Halldal, 1979).

To test the impermeability of the SEE 240 it was left overnight
with a pool of water on the upper surface. The following day it was
inspected for leékage but there was no éQidence of any water in the
sensor.

However, during the temperature experiment condensation had been

noticed on the cosine diffuser, beneath the upper surface, when the
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temperature fell to 4°C after being 20°C. Moist air in the instru-
ment cooling below its dewpoint was responsible for this. Air was
most likely to enter the instrument where the cosine diffuser screwed
onto the main body of the vacuum photodiode (Fig. 4.7) and this was
sealed with silicone :ubber compound;

To prepare the SEE 240 for mounting in the field the cosine
diffuser and the filter were unscrewed from the Qacuum photodiode tube
and all three components placed in a cold room at - 20°C for a number
of hours. The complete unit was then reassembled, smearing the screw
threads between components and sealing the joints with silicone rubber
-compound; This process sealed very dry air into the instrument and
{n the absence of leaks minimised the risk of condensation in the range
of temperatures likely to be encountered in the English East Midlands.
These precautions proved adequate and no condensétion wés observed at
ény time during field operation;

To redﬁce temperétﬁre Qériétion énd increase the thermél response
time the whole photodiode tube wés encased invé block of polystyrene
with the surface of the sensor 0;5 cm above the sﬁrféce of the poly-
styrene. A thermocouple was mounted in a small hole in the base of
the instrument to measure the instrument temperature.

All interfaces were liberally coated with silicone rubber compound,
Thus protected against sudden temperature changes and inclement weather,
the SEE 240 was mounted on the meteorological site alongside a Kipp
solarimeter meésuring broédband solar irrédiance. The polystyrene block
wés mounted on a wooden base, and once the SEE 240 had been levelled

this was screwed into place on a table.
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Fig, 4.7 Diagram of the SEE 240 mounted for field use,
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The power supply and current/voltage converter (Appendix Bl)
for the instrument were housed in a wooden box under the table. The
output from the C/V converter went to a junction box on the table leg,
ana from there by subtenaneancabie to a Solartron data logger in the
meteorological site hut; From the juncticn box, the signal was also
sent to a printing dose timer (Appendix BZ) housed in the box beneath
the table (Fig. 4.8).

Calibration

The SEE 240 was ready for calibraticn. The Solartron data
logger recorded the millivolt signal from the sensor as a spet sample
at specified time intervals, The LI1800 was mounted on another table
on the meteorological site and its clock synchronised with the data
logger; Spectrorédiometer scans of the UVB (300-316 nm) radiation
were téken eQery 10 minﬁtes ét the séme time és the logger sémpled the
signal from the SEE 240; The firﬁt meésﬁrements were collected on
19 June 1983, a cleér déy, from.OSZO to 1900 GMT;

When the signal from the sensor was plotted against the inte-
grated 300-316 nm waveband measured by the LIlBOO, the points fell on
two lines, one set téken during the . morning and one set in the after-
noon., The difference was most noticeable near noon. The levelling
of both instruments was checked and found to be correct. The following
day measurements were taken only in the afternoon, and when added to the
previous day's data followed the afternoon line (Fig. 4.9).

The cause of this discrepancy was first thought to be due to an

imperfection of one or other of the cosine receptors, although in this
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Diagram of meteorological site connection
for the SEE 240,

Signal collection and processing in the field:
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case the error should decrease with increasing solar elevation
instead of increasing.

To ascertain which system was ét fault further measurements
were taken on another two days; On 21 June, a day with a complete
cerr of grey stratus cloud, readings were taken throughout the
morning.  The LI1800 was tdrned through 180o and more measurements
taken during the afternoon, Both sets of data fell on the morning
1ine.

The afternoon of 25 June was clear and with the LI1800 orientated
as for the afternoon of the 2lst the plotted points again fell on the
morning line;

This sﬁggested that the LI1800 was at fault. Because the dis-
crepancy wés still in eQidence under diffuse radiation conditions, and
did not decreése with increasing solar eleQétion, it was deduced that
the fault was not the cosine response of the diffﬁser, but an azimuth
error (see error section); The maximum difference between morning
and afternoon values was < 8% (1;1an2 for a signal of 16.5WMV2),
giQing a maximum error from the calibration line of < 4%, This was
taken to be the azimuth error of the spectroradiometer. Despite the
fact that the two sets of points can be separated according to LI1800
orientation with respect to the sun, the two_sets were considered close
enough to be treated as homogenous for calibration.

The resultant calibration curQe (Fig; 4,9) could be approximated

to two straight lines, meeting when the signal from the SEE 240 was

10 mV, The two lines were
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i+

V<10mV , V= (9.43 0.29)18 r = 0.995 (4.1)

I+

V>10mv , V

il

(1.6 ¥ 0.22)I; - (2.2 ¥ 0.32) (4.2)

r = 0.984

where V (mV) is signal at logger, IB is integrated radiation from
300-316 nm .’anm"2 from the LI1800. Taking 2 standard errors either
side of the mean gave an error of <= % for line 1, and I 8% for
line 2.  The calibration error was therefore taken.as = 8%, This
includes the error resulting from the azimuthal response Qariation
in the LI1800.

With the SEE 240 calibrated and mounted on the meteorological
site regular recording of the solar UVB radiation began in June 1983,
The signal from the SEE 24C was recorded as a spdt sample on the data
1oggef eQery 5 minutes dﬁring the déy; At night, hourly spbt sémples
were taken. Also recorded on the logger were the total (300-3000 nm)
globél and diffuse rédiétion from the two Kipp solérimeters on the
meteorologicél site, and the sensor temperéture énd ambient air tem-
perature from two copper-consténtaﬁ thermocouples with reference
jhnctions in the soil at a depth of 1 m.

The pﬁnched tape output from the data logger was read into
files on the mainframe computer and the raw data conQerted from milli-
Qolts to the appropriéte units by a Fortran 77 program,

The UVB radiation was also recorded by a printing dose timer,
The integrétor was speciélly designed to accept the signal from the
SEE 240 and used a Casio CP1l0 printing célculator to record the time

after which a set dose of radiation had been received. Details of
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the circditry are given in Appendix B2. On range scéle 3 the time
was printed whenever a dose of 0.028 J cm'2 was accumulated. Chang-
ing range chénged the dose rate for printing by a factor of 2 for
each range so that the integrator could be set to be more sensitive
in winter when there is little UVB radiation and less sensitive in
summer when dose rates are high;

This method of recording the incident UVB radiation made it
easy to calculate the total UVB dose available during any period of
the day; When considering photobiological responses to radiation
this measurement is more important than the instantaneous value of
irradiance at a given time, as recorded on the logger. A standard
integrator (recording total radiation receiQed err a specified time
interQal) misses some of the structure of the irrédiation pattern,
giving no indication of the range of radiation values incident during
the time period of 1ntegration; The dose timer‘reéeéls more detéils
of the irrédiétion and the amount of information is weighted towards
the more importént times of déy: when the incident rédiation is high
(éroﬁnd midday) prints are frequent§ during times of low irradiance
and at night when there is little radiation of biologicél signifi-
cance or interest there are few if any prints, For a climatological
rather than a biological record, the printout from the dose timer can be
inverted to calculate the aQerage UVB radiation in\MnFZ incident during
the time between two prints. It can thus be used to giée a smoothed
Qersion of the daily variation in uvB radiétion. Agéin the information
is more detailed than for a standard integrator, at least during the

middle of the day, although more work is involved in extracting the

déta.
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The SEE 240 with the printing dose timer was also used to
célibrate the polysulphone badges used as personal exposure meters
(Chapter 7i.
All three means of recording the UVB radiation, the LI1800,
the SEE 240 on the logger and the SEE 240 on the dose timer were
periodically compared to test for drift in calibration. The results

of two such checks are shown in Fig. 4,10 for 21 Nermber and 21 July

1983,

Diffuse UVB Radiation Measurement

Broadband measurements

In 1984, a second SEE 240 unit was purchased. The peak
irrédiance response calibraticn of the second sensor showed it to be
less sensitive than the first by a factor of ~ 8. A second power
supply énd printing dose timer were built and the rénges on the latter
alteréd to gi@e the séme print times when the two SEE 240 sensors
were mounted side by side on the meteorologicél site (see later
section); Célibrated thds égéinst the first sensor, the second was
taken to Nottinghém General Hospital to record the UVB radiation on
a hospital terrace (Chapter 8). At the end of this trial the sensor
was retufned' to Sutton Bonington and mounted under a shade ring
on the meteorological site. The diffuse UVB radiation was recorded
on the data logger with the other radiation measurements from July

1984 to March 1983,

Shade-ring correction

A shade-ring i1s designed to shade a sensor from the direct solar

beam throughout the day. It is positioned according to season énd



KEY. :

! ste 240 at logger (to * 0.005

due to analysis program)
. SEE 240 at printing integrator
x LI1800
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latitude so that as the sun moves through the sky one part of the
ring always cbscures the sensor from the diréct beam, While the
requisite 10° diametef cone of circumsolar radiation is prevented
from reaching the detector, the rest of the ring cuts out some of the
diffuse radiation from the surrounding sky. To compensate for this
a small shade-ring correction should be applied. This correction
depends on sky conditions as well és season and location. Shade
ring corrections for the total solar waveband have been wéll documented
for Sutton Bonington (SteVen and Unsworth, 1980} SteQen, 1984) but
corrections méy not be the same for the UVB waveband because of the
different gffects of atmospheric scattering with waQelength. At UV
wavelengths Rayleigh scattering accounts for Virtually all the sky
radiétion, whereas Mie scattering becomes more 1mportént at longer
waQelengths (Chépter 2);

Te 1n§estig$te the shade-ring correction needed for the UVB bénd,
a serles of measurements were taken in clear sky conditions., The
.sensor signél was recorded on a millivoltmeter in the following
seqﬁence:

l. With the ring in place.

2. With a blackened disc (diameter 15.5 ch) held at a distance
of 90 cm from the sensor so és to obscure the lbo circum-
solar radiétion only.

3; With no shade.

4. With the disc as in 2.

5. With the ring as in 1;

The fiQe reédings were téken in rapid succession and the incident
radiation assumed constant over the time (~ 2 min.) needed to take

a set of measurements. The shade ring correction was then calculated as
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-1
Dyisc - Dring] - Dy1se

Paisc D

Correction = |1

(4.3)
ring

The shéde-ring corrections measured on 11l clear déys are shown
in Fig. 4;11, together with the geometric ring correction (Drummond,
1956) - the correction under isotropic radiation conditions calculated
for Sutton Bonington (Steven and Unsworth, 1580); The higher correction
factors calculated from measurements giQe an indication of the anisétropy
of UVB sky radiation (Chapter 6). The 11 clear day corrections plotted
are mean values for each day.

The shéde—ring correction applied to the daiffuse UVB measurements
made with the SEE 240 was taken to be the geometric correction plus 0.01.

This gaQe a seasonal variation in shade-ring correction of l;OZ to 1;14.

Spectral measurements

Spectral meésﬁrements of diffuse rédiétion were méde with the
LIlBOO spectrorédiometer on clear déys throdghout 1983 and 1984, A
blackened disc was held so as to obscure a 10° diameter cone of circum-
solér rédiétion and two scéns were made in répid sdccession, one with
and one without the disc. Assuming that the incident radiation was
constant during the time taken for the scans (~'2‘minutes), this gaVe
spectral measurements of diffuse and global radiétion under the same

conditions,

Errors of Measurement-- LI1800 Portable Spectroradiometer

All measurements of UVB radiation in this work are tréceable.by
intercélibration, back to the LI1800 spectroradiometer ahd it is there-

fore of vital importance to assess the accuracy of this instrument.
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1421

= 114

10

-_— Geometric ring correction
-——— Ceometric ring correction + 0.01
'§ Measured correction for UVB

Fig, 4.11 Seasonal variation of shade-ring corrections
at Sutton Bonington,
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The LI1800 was delivered with a factory calibration obtained
with a lamp calibrated to Isy by the Nationél Bureéu of Standérds.

The instrument's calibration agéinst this 1000 W Tungsten/Hélogen lamp
was giQen as ¥ 10% at 300 nm. |

Maximum accuracy in spectroradiometry can be obtained by using
a standard source to calibrate an instrument that is as similar as
possible to the test source in size, shape, spectral power distribution,
intensity, polar distribution of radiation and polarisation of radiation.
When the sun is the test source it is not possible to closely match all
these criteria énd the best approximation possible in terms of spectral
power and intensity is used,

Disregarding for a moment the above potential sources of system-
atic error, the calibration is still limited in its accuracy by the
reliability of the sténdérd soﬁrce used; A secondéry stéhdérd source
has been célibréted by compérison with a national priméry standard, in
this cése NBs; There isvvariation even between priméry sténdérds kept
by different national standards laboratories. An international inter-
compérison of spectral irrédiénce meésdrements from 300-800 nm on
Tungsten/Halogen lémps was organised by the Commission International
d'Eclairage in 1974. The results showed thét the difference in standards
between NBS and NPL was never more than 2% (1% at 300 nm) but other
nétionél léboratories showed greater deviation (Moore, 19805.

Added to this international variability is the uncertainty of the
relation of the lamp used as a secondary standard to the primary standard,
Ideélly ény calibration laboratory should haQe at leést three standards
of any one type so that performance drift with time or sudden changes

due to damége can be pinpointed by cross-checking between sténdards.
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The ébsolute calibration specification for LICOR standards is
tréceable to NBS and checked by National Research Council of Canada
(NRC).  The error is quoted as more typically : 3%;

Taking the standard sourcé used for calibration as correct while
recognising the inherent uncertainty in this assumption, it is the
spectrorédiometer itself which must then be inspected for sources of
errcr; The input optics of the instrument take the incident radiétion
into the monochromator and should ensure that the radiation from each
source follows the same optical path., As monochromators are often non-
uniform with respect to éngle and position of light on the entrance
slit, direct irradiance of the monochromator slit should be avoided
unless size, shape énd location of the sources can be guarénteed
identical,

The input optics of the LI1800 consist of a diffusing cosine heéd,
mirror, and filter wheel. The spatiél error (cosine response) can be
tested by rotéting the instrument about an axis placed écross the
centre of the meésuring surface. The output signél from the sensor
is measured as the angle of incidence of a collimated light source is
chénged. The cosine error at angle 6 is the percentage difference
of I/Io compared to cos 6 , where I 1is the sensor 6utput at én angle
6 and Io is the output at normal incidence. This process is re-
peated for several azimuth angles. For global (sun and sky) radiation
at a zenith angle of 60°, the cosine error is < 2%..

‘ The azimuth error is the change in the sensor output as the
sensor is rotated about the axis at a constant angle of incident
radiation. The azimuth error of the LI1800 became apparent when
calibrating the SLE 240. The maximum azimuth error was observed at

zenith éngles of ~ 30° when the error was * 4%,
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The monochromator is responsible for the waQelength accuracy
and stray light performance of the instrument. The waQelength accuracy
of the holographic grating monochromator in the LI1800 is quoted as
Y 2 nmwith a repeatability of 0.5 In July 1984 the absolute
wavelength accuracy was checked with the spectral lines of a low
pressure mercury arc lamp at Glen Creston and found to be correct to
I 0.5 nm.

Stray radiation at wavelengths other than that being measured
is of considerable importance when measuring the solar UVB radiation
as the incident radiation intensity falls so rapidly over this region
of the spectrum. The filter wheel limits the waveband of light

entering the monochromator, and with the 0.5 mm entrance and exit slits

the bandwidth of the monochromator is given as 6 nm.

The effective UVB response spectrum

Spectral data from the LI1800 is recorded at discrete wave-
lengths, but becéuse the béndpass function of the monochrométor hés a
finite width, rédiétion from wéQelengths other thén that designated
will contribute to the meésured signél produciné errors. The magni-
tude of these errors is estimated below.,

The shape of the bandpass function for the monochromator was not
known., It was therefore taken to have a normal distribution about

‘the peék wavelength, lo y With half-power'point at ko I3 mm according
to the manufacturer's data. The response R of the instrument to

radiétion at a given wavelength A for irradiance measured at a band

centred on Ao is then

ROD/ROY) = exp {- (0.77) ( - AO)Z} (4.4)
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This relative response was multiplied by the incident radiation
SA at the earth's surface for each 1 nm wavelength in the range
(AO -9 nm) < X< (ko + 9 nm) and for Ao_ in the range 300-320 nm.
The solar spectrum at the earth's surface was taken from the
LVB Handbook (Gerstl, et al., 1983) initially for a latitude of 50°N,
zenith angle = 50% and ozone amount [03] = 327 matm cm with clear skies
and no aerosonlj; a set of conditions representative of Sutton Bonington,
The effective response of the LI1800 (at a nominated xo) for

each wéQelength was given by

Effective Response = Relative Response x I (4.5)

A
and is shown in Fig. &.12.

The consequence of meésdring over a finite bandwidth when the
measﬁred irradiance increases sharply with increasing wévelength is to
shift the wéQelength of peék response from Ao towérds longer wé?e-
lengths, A nominal Ao of 300 nm is therefore in préctice measuring
a narrow waerénd with a peék at 303 nm.  This shift of the peék wéQe-
length is greétest at the shortest wévelengths; For Ao = 310 nm the
shifted peak Ap is 311 nm, while- at Xo = 320 nm there is no change
in the peak waQelength.

As the calculations for effective response were made only at
discrete wavelengths (every 1 nm) and the resulting effective response
spectra were not symmetrical, the integrated érea under each curve was
calcqléted and the median wavelength k% was found. The UVB Handbook
was then used to estimate what the "true' irradiance at Ao would be
if the value measured ét Ao by the spectroradiometer was equivélent

to the radiation incident at X%. The results of this procedure are

given in Table 4.1,
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A, 7% 7\P
Fig. 4.12 The effective response of the LI1800 at
>\o = 300 nn,

320 -

A, (nm)
2

310

3004

Error bars at Ao = 300 nm
and A = 310 nm  show the
maximum and minimum value of
A, for changes in [03] or
zénith angle.

300 310 320
A, (nm)

Fig. 4.13 Ay vs A, for latitude 50°, (05] = 327 matm cm,

Z = 5000
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Table 4.1 Ratio of measured to 'tr&e'

irradiance at 5 wavelengths,

Ao (nm) A (nm) | A%i(nm) I, 1

P o
300 303 1302.5 4.3
305 307 306.5 1.7
310 311 311.2 1.3
315 - 3186 315.3 1.04
320 320 320 1

The shépe of the solar UVB spectrum changes with changing zenith

angle énd fluctuéting-ozone émount {Chapter 2). A decrease in ozone

and a sméller zenith angle both shift the limit of the spectrum and
the steepest decline in irrédiénce towards shorter wévelengths;

To estiméte the effect of these chénges on the above énélysis the
calcﬁlétions were repeated ét 300 nm énd 310 nm for é) zenith éngles
of 30° and 70° with ozone amount (327 matm cm) énd.létitude (50°) as
before; B) ozone émounts of 294 métm cm (10% depletion) énd 261 matm cm
(20% depletion) at zenith angle ="50° and latitude 50°  The results
are given in Table 4;2.

As zenith éngle'or ozone amount increases, the proportion of light

from ionger wavelengths measdred at Xo also increases (i;e. IA t I

Ao
increases), Effects of both types of change are more pronounced a

P

shorter anelengths and give erfoneously high values for the irradiation

at a giQen wévelength.
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Table 4.2 Effect of a) zenith engle and

b) ozone amount on I

s I
AL® A
For Xo = 300 nm For Ao = 310 nm
a) Zenith engle Ap A% IX%: I>\o Ap A% IA%' Ilo
30° 302/303  302.2 2.6 311 310.9 1.15
50° 303 302.5 4.1 311 311.2 1.3
70° 305 304.1 21 311312 311.¢ 1.6
b) [03] matm cm
327 303 302.5 4.3 311 311.2 1.3
294 303 302.5 3.8 311 3111 1.23
261 302 302.3 2.9 311 311 1.17

* Any measurements made would be below the noise equivalent irradiance
of the LI1800 and therefore unreliable.

For spectrel déta,if the irradiance»measured at 300 nm is taken as
the 'true' irradiance at X% = 302.5 nm then the uncertainty in the
median waQelength A% is T 0.2 nm for the range of zenith éngles
30° <z < 70° at latitude = 560. A change in ozone amount of ¥ 20%
would give the same variation in A% However taking Al = 302.5 nm
as the measured wavelength for all zenith angles and ozone amounts would

give:a maximum error in I,, of = I 12% at 300 nm. As wavelength

W=

increases the factor (Xl - X ) decreases with a corresponding reduction

in the error of },.
F
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The spectral 'shift' required from median to measured wave-
lengths is giQen in Table 4.3; The figures were taken from a graph of
Ay vs A (Fig; 4.13) as the calculations based on the UVB Handbook

F

could only be made at 5 nm inter@als.

Table 4;3 Median and measured wave-
lengths for LI1800,

Ao (nm) A% (nm) Ao(nm) A% (nm)
300 302.5 310 311.1
301 303.2 311 311.9
302 304.0 312 312.8
303 304.8 313 313.6
304 305.7 314 314.5
305 306.5 315 315.4
306 307.4 316 316.2
307 308.3 317 317.1
308 309.2 318 318.1
309 310.2 319 319.0

While this spectral shift is vitally important when considering
measurements at individual waQelengths, it has Qery little influence
on broéder band measutements; The principal wéerand sfudied in this
thesis is 300-31¢ nm; This, measured with the spectroradiometer, is
effeétiQely 302;5-316.2 nm; HoweQer the émount of rédiétion in the
waveband 300-302.5 nm is-approximately 1.5% of the total 300-316 nm

band while the radiation in the band 316-316.2 nm is approximately 3%
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of the UVB band (calculated from the area under the spectral curQe).
As the two errors act in opposite directicns (- (3004302.5),

+ (316 » 316.25) they give an overall error of only + 1.5%.

The totél error

The typicél calibration error of the LIlBOO quoted by LICOR as
¥ 10% at 300 nm is a combination of all sources of error other than
long term stébility and temperature coefficient (personal commdnication).
HoweQer, a more detailed error anélysis was required for measurements
taken in the UVB waveband and is presented here both for spectral
measurements and for the broadband (300-316 nm) measurements, In both

cases the sources of error can be divided into two categories: system-

atic énd réndom;

a) Spectral measurements

Errors for spectrél meésﬁrements éré giQen éssuming that the
spectral drift calcﬁlated in the previous sectionvhés been épplied

i.e; the radiétion measured at A, is éssigned to the wa@elength kl;
2

Systemétic errors

3% (Ménufacturer's data)

I+

Absolﬁte error from standards

t+

Long term stability 10% (Appendix AS

As the long term stability of the absolute error (consistency of
LICOR célibrations) appears to be within the 10% stability of the

instrument (Appendix A), the total systematic error is taken to be ¥ 10%.

Random Errors

2% (Manufacturer's data)}

1+

Cosine error
+ 6%

Azimuth error : 4% (meésured)

Temperature error < 1% (Manhfécturer's daté) over 20°C temperature

range.
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Residual spectral shift error due to chénging ozone and zenith

angle (calculated: Table &.4)

Table 4;4 Random errors associéted with

LI1800 measurements,

Ay (nm) 300 305 310 315
Ay (nm) 302.5  306.5 311.2 315.3
H
Error . TN T + +
(Sreveral) Y12.5% ¥y 0% Yoy
Total réndom +. + o + | +
ervor Tuw T13.sx fiisy  f ooy

Combining the cosine and azimuth error, all other random errors
are independent, énd were therefore combined as the square root of the

sum of the squares to giQe the total random error ét different wéQe-

lengths shown in Table 4;4;

b) Broadband (300-316 nm) meésﬁrements

Systematic errors

Absolute error from sténdérds r 3%

Long term stability 1oy

Spectrél error 1.5y

Total T10% + 1.5%

Random errors
Cosine error I :
Iy

Azimuth error : 4%
Temperature error Iy

Total : 6%
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For both spectral and broadband measurements it is the random
errors which are importént when discussing the relationships between
déta obtained from the spectroradiometer and other meteorological
variables; The random errors indicate the degree of confidence that
can be placed on trends, whether daily or énnual, in the UVB climatology.
The systemétic error acts in the same way in‘all measurements and
affects only the magnitude of constants in ény giQen relationship, not
the form of the relation. It 1s therefore important when comparing
these measurements with other work, whether measured or modelled, but

1s not of great concern in seeking a pattern of UVB irradiance.

Spectrél sharpening

Mention hés alreédy been made of errors in spectral measdrements
from the LIlSOO resdlting.from the instrument's bandpéss function com-
bined with the steep chénge of irradiance with waQelength in the UvVB,
Célculations were made to reéssign the meésured irrédiétion at a
designated wé@elength Ao to the waQelength of greitest significance
A% ét eéch sampling interQél; The élternétiQe wéy of tackling this
problem is to estimate the 'true' irradiance at Xo. giQen the spectrum
at a range of Ao's and the bandpass function.

Let e be the spectrum as measured at the designated wave-
lengths, énd e' be the 'true' spectrum at those anelengths, with ¢
the bandpéss function of the instrument (Fig; 4.14);

. €y the measured irradiance at wavelength ko is gi@en by

b
& = Je'c' d\ = geici (4.6)

where ci is the value of the bandpass function ¢y at Ai normalised
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Fig. &4.14 The quantities involved in the
calculation of 'true' irradiance

at a wavelength Ao.

e Measured spectrum
e True spectrum

c Bandpass function of instrument with limits a and b,
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by diQiding by the total area under the bandpass q . Therefore

c' =c/q. Hoover (1937) showed that e, can be calculated by

iteration Using
e! = eZ/Ze ¢! = ez/Ze C ’ (& 7)
0 Sol4F1%1 = aeg/eely '

where e 1s used for e, to starttheiterétion, and eé is used
for each sUccessive iteration,

Eqﬁation ‘4;7 enables calculation of eé for a range of Qalues
of Ao ’ giQing a new curve closer to the 'true® curve. If the process
is repeéted using the new Qalues of eé in place of e, until there
i1s little chénge in the final cuf?e upon further repetition of the
calculation then a good approximation to e' has been reached,

Following this analysis for the spectrorédiometer, the bandpass
function ¢ was éssigned the normal distribution given in the previous
section (eqn 4;45. with the limits a and b of Ay Iv9 nm, the
wéQelengths at which sensitivity has dropped to 10'3 of peak Qalue.

Successive lterations of the procedure for the waerand 300-320 nm
shifted the measured curve in the expected direction, redﬁcing the
measured irradiances most at the shortest wavelengths (Fig. 4,15),
However, the calculations also introduced perturbétions from a smooth
spectral cur?e, the deviations increasing at each iterétién and pre-
Qenting convergence of the successiQely calculated spectra towards a
finél solution;

The perturbations in Fig. 4.15 are often found in inverse prob-
lems and indicate that the true spectrum is not uniquely determined by
the data; In crder to solve the problem it is necessary to assume

some model for the spectrum which has fewer free parameters than eqn 4;7.
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Fig. 4.15 The measured spectrum (e) on 28 July 1983 at 1150
and the corrected spectra after 2(e') and 4(e")
iterations of Hoover's analysis,
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The final solution was therefore assumed to be a smooth curQe

approximated by a fourth order polynomial

' 2 3 4. '
e' = exp (ao + alk + azk + a3k + a4l ) (4.8)
The function c' takes the form (see previous section)

o' = Aexp (- B(A -2 )%) | (4.9)

and from eqn 4.6 values of e are approximated by 30 where

30 = Zexp (a  + a)A + azlz + a3k3 + a4l4) A exp (- B(X - XO)Z) AX

(4.10)

An eqﬁation of this form exists for each méasurement wavelength,
and as there are more equations than polynomial coefficients, éi ’
the problem of finding the Qaldes éi is overdetermined. -

Irrédiances in this part of the spectrum Qary over seQeral orders
of mégnitude, and it therefore seems reasonable to assume that measure-
ment errors ére sméller at sméller réédings; If the error is a con-
stant fraction of the data value at each wévelength then a uniform
variance over all data Qalues can be obtained by log-transforming the
daté. The coefficlents in eqn_4;10 are therefore to be determined in
the least sqﬁéres sense by minimising I (1n ey - 1n 8052 (Menke, 1984).

An exémple of the corrected spectrum for 1515 on 11 JUly is
shown in Fig; 4;16 together with the original measured spectrum and
the spectrum obtained by the spectral shift;

The 1n§er510n technique giQes equal weighting to errors of the
log-transformed measurements at all waQelengths, a more valid assump-

tion thén applying a single absolute error to the full spectrum,
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Fig. 4.16 LI1800 spectra: 1 measured, 2 with spectral correction,
3 with spectral shift.
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Howe@er, relative errors of measurement at the shortest wévelengths

are probably lérger than those at larger wavelengths so more weight méy
be given to the short wa@elength measurements than is Justified when
calculating the polynomial coefficiénts. At low 1e§els of irrédiance
this could :esult in corrected spectré unrepresentétiQe of the shape

of the solér spectrum;

The spectral shift is based upon the model of a Réyleigh atmos-
phere, which heccmes increasingly uncertain as waQelength decreases,
The errcr bars (Fig. 4;16) show the uncertainty resulting from
assﬁming single ozonc amount and zenith angle conditions.,

Eéch method of impro@ing the measured spectrum is employed in
different circumstances in Chapter 5, the justification for each choice

being gi@en;in the éppropriate pléce;

SEE 240 UVB/W Vacuum Photodiode

The SEE 240 vacuum photodiode was calibrated against the LI1800
spectrorédiometer and the errors éttéched to meésurements from this
instrument are therefore related to those of the broadband L11800

measurements,

Random errors

Célibration error P (calibration granh)
Temperéture error I 0.5% (meésured)
Total I ey

Systematic errors

The SEE 240 has been assumed (Appendix A) to have good long
term stébility, but it is nonetheless susceptible to the uncer-

tainty In the spectroradiometer calibration to which it is directly
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reléted. Once again this error does not affect trends in

the rédiétion regime, only the absolute magnitude of the Qalues

which must all be transformed in the same wéy; The systematic

error for the SEE 240 is therefore * 10% + 1.5%.

No mention has been made of the recording devices for the SEE 240,
as distinct from the sensor; The célibration was performed with the
SEE 240 output reéd from the logggr‘and the dose timer (Appendix B)
also connected so that the sensor was calibratedbexactly éé used,

Any error due to the logger is therefore incorporated in the calibration
error; The zero reéding of the logger is automatically recorded eQery
time a scan is made and subtracted from each chénnel reéding during

the analysis of the data files. Zero drift of the logger should
therefore not introduce any additionél error. The dose timer wés more
sdsceotible to change but ény deQiation in performance was immediately
appérent and the fé&lt-remedied, the faﬁlty daté being discarded.,

During the winter months of 1983/4 the dark current offset
(~ 0;3 mV) ét the dose timer diséppeéred when it wés Qery cold ét night;
This énomély wés eventuélly tréced to'é thermost&tlc heater in the
meteorological site hut; If the heater was on continuously to maintain
the temperature in the hut to above 109C the ‘power used drew a Very
small Qoltége from fhe external equipment by wéy of the common mains
supply.  This did not appear to offset the logger or the SEE 240 itself,
but only the dose timer. When the weather wés w#rmer and the heater
was switching on and off the offset was affected less, often by a
negligible amount;

Periods during which the offset diséppeared were marked by the

ébsence of errnight prints caused by integration of the dark current,
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Daté recorded on the dose timer during such periods wés discarded.
Frequent intercélibration of recording methods showed that except for
sudden, rapidly apparent faults the dose timer was Qery stable,

When calculating the incident UVB from the printszghe dese timer
the slope of the SEE 240 calibration curve applicable to each time
interval was used i.e; if time period > 284 s the.calibration for
V<10 mV wés applied. A fluctuating input signal to éhe dose timer,
for exémple on a déy with broken cloud cerr,'may result in signals
both greater and less than 10 mV contributing to the integrated total
that proddces a print. HoweQer, if most of the incident radiation
was in one or other of the calibration regions, then it was deemed
reésonable to épply the releQént calibration err the corresporiding
time period; Radiation under changing conditions that gaQe é time
period close to 266 s indicates approximétely equél contributions from
both sides of the 10 mV demarcation point, but és the difference
between calibrations is‘small close to 10 mV, the time period criterion
for choosing é célibrétion constant wasg maintéined. The error in-
curred by using the wrong section of the calibration cur@e is 4% at
8 mV and 12 mV, Outside the 8-12 mV signal range, the assigning of
one or other célibrétion constant to the dose timer output is con-
sidered to prodﬁce little error, and the error in dose timer UVB
“estimates due to the calibration of the SEE 240 is taken to be < 5%.

Changes in the print period for a 10 mV input did not drift by
more thén 6 s between recalibrations, giQing an additional error due

to the dose timer of 6/266 x 100 = I 2%,
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The totél réndom error of the dose timer measurements is

2

1 : _
therefore (62 + 5" + 22)z = I8%. The systematic error is the same

as that for the SEE 240 and LI1800 broadband measurements.

Intercalibrétion of the two SEE 240 SEnsors

To check the reléti?e sensitiQities of the two SEE 246 instru-
ments an IL7OO radiometer, designed for use with these Sensors, was
borrowed and the output of the two photodiodes measured in rapid
succession throughout a clear déy; A linear regression of the out-
put of sensor II on sensor I showed that sensor I was 8.18 times more
sensitive than sensor II. The correlétion coefficient of the data
points was 0.999.

A power supply, C/V converter and printing dose timer were built
for the second Qécuum photodiode, to the same design as before. By
using a different input to one of the frequency di;iders of the inte-
gréting circuit each rénge on dose timer II was stepped up by a factor
of 8 (Appendix BR2).

’ The complete outfit II (sensor énd recorder) wés moﬁnted next

to outfit I on the meteorological site and the two were run together
for a number of days. Usingthesedété, the program to conQert print
period to aQerége UVB radiation dgring the period wés modified for
sensor II so that the difference in sensitiQity not accounted for by
the integrator was compenséted for in the énélysis and plots of aQerége
radiation vs mid-time interval for the two sensors were the same, to
within ¥ 1%;

In July 1984 the second vécuum photodiode was used for diffuse

radiation measurements at Sutton Bonington. . The instrUment wés
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mounted on the meteorologicél site under a Kipp shade ring. The
output was to be recorded on the logger as spot samples along with
the globél UVB and total solar radiation; Because of the decreased
sensiti@ity of the second sensor it wés not possible to simulténeously
record the diffuse UVB on a dose timer and the logger; The offset
reéding caused by the duél wiring to run both recorders (Appendix.BZ)
became very lérge compéred with the output from the shaded, less
sensitiQe instrﬁment;

An intercélibrétion of the two sensors was made from their
milliQolt outputs recorded on the data legger, with the shade ring
remerd so that both were measuring the global UVB rédiation. The -

calibration gé@e

Wpp = 0.15% (W) + (2.7 x 1073)

with a correlation coefficient r = 0.997;

This conQersion féctor wés épplied to the célibrétion for
SEE 240 I from mV toWim'z, and written in to the énalysis progrém to
be used on the logger oﬁtpht from SEE 246 II. The two sensors were
run together (i;e; without a shade ring) for a further few days and
the logger outputs analysed and checked. The meésured radiation
from the two sensors, after processing, agreed to z 0.01w,de.
This error was most likely due to rounding errors within the énélysis.
Except near sunrise and sunset and in mid-winter this error is small
(~ 1% for mid-morning in spring or autumn);

The random errors in diffuse rédiation measurements from

SEE 240 II are thus I 8% (as SEE 240 I) ¥ 1% (intercalibration),
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giving én error of L 9% for the analysed logger records; The
.sﬁbsequent épplication of the shéde ring correction introduces a
further uncertainty; Téking the shéde ring correction to be (geometric
correction + O;Ol) could, from the few measurements éQailable, add én
error of % 2% to the corrected diffﬁse rédiation Qélues, which then
have a total random error of X 9%;

The systematic error, as with all calibrations reverting back to
the LI1800, is & 10% + 1.5%,

The climatology of solar UVB rédiation at Sutton Bonington
measured in the reported manner is discussed in Chépters 5 and 6;

A further device for monitoring indiQiduél exposure to UVB is des-
cribed in Chapter 7;
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5. RESULTS AND DISCUSSION - THE UVB SPECTRUM

Introduction

The solar rédiation Incident on the earth's surface at a’given
location is a function both of time, gerrning the pathlength of radi-
aticen through the étmosphere,-and of the concentration of attenuating
atmospheric constituents encountered by the radiation along that path.

Pathlength follows daily and annual cycles, and can be calculated
for any position on the globe at ény time. By contrast, atmospheric
éttenuétion changes cohstantly but irregularly as concentrations of
aerosol, ozone and water QapOur fluctuéte. Furthefmore these chénges
ére not uniform across the full solar spectrum: ozone is the dominant
absorber of ultraviolet radiation bﬁt is irrelevant to the infra-red
spectrﬁm where wéter Qépour plays a major role; Additional complexity
is introdﬁced by the éppeérénce of cloud in its ménv shépes and forms,
For analysis, the system is usually simplified as far as possible,

The modeller begins with a Rayleigh atmosphere; the measurer, lacking
this ideal situaticn, starts with the radiation regime on a cloudless
day.

Spectral measurements made on clear days are exémined first
(Chépter 5), before considering the full UVB band (300-316 nm) under
scrutiny and its relatiﬁn to other solar wa&ebénds (Chapter ). The
range of meteorological conditions at Sutton Bonington is then intro-
duced in é study of the UVB climatology in all weathers and its associ-

étion with more routine and accessible radiation measurements.
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The pértitioning of global radiation into its direct and diffuse
components is important when cohsidering the illumination of variously
oriented surfaces, and diffuse UVB measurements ére presented together
with all-weather values for solar UVB incidentkon vertical surfaces.

Exposdre of individuals withiﬁ the UVB environment at Sutton

Bonington is described in Chapter 7.

The UVB Spectrum Throughout the Year

Spectral correction technique

The data presented in this section was measured with the LI1800
spectroradiometer under clear sky conditions andhas been corrected by
means of the spectral shift (Chapter 4). This correction was chosen
in order to utilise as much of the limited clear sky data as possible.
At lérge zenith angles radiation measurements at the shortest wave-
lengths are unreliable and can result in misinterpretétion of the
whole spectrum as the mathematical procedure of spectral sharpening
éttempts to fit a solution to all data points; By épplying the
spectrél shift, measurements ét longer wé&elengths méy still be used
while excluding doubtful Qalues below the NEI of the LIlSOO. Spectra
measured at large zenith angles are needed if a complete picture of
daily and annual trends in the UVB spectrum is to be given. As the
changing form of irradiance rather than its absolute value is important

in this respect the spectrél shift was considered most appropriéte

of the two correction techniques.

Clear-day climatology

The shape of the UVB spectrum changes considerably throughout the
year as the Interplay between zenith angle and ozone cycles has a wave-
length-dependent influence in this steeply declining region of solar

spectral irradiance.
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Figure 5.1 shows two spectra measured at noon on clear days in
June and December, Extrapolation of the December curve below the
noise equiQalent irradiance of the LI1800 shows that the incident
radiation at 302;5 nm incrééses by two orders of magnitude from Decem-
ber to June, while at 316;2 nm the corresponding increase is only one
order of mégnitude; This in turn means that in June the incident
radiation at 316.2 nm is ten times that at 302;5 nm, but in December
irrédiénce at the two wévelengths differs by a factor of 100. The
annual change in radiation leQels at 3 wéQelengths is shown in Fig; 5,2
for clear days at noon, with values taken from spectroradiometer
measurements made during 1983 and 1984,

The asymmetry about the summer solsticé is épparent at all three
waQelengths (302;5 nm, 309.2 nm énd.316;2 nm) and demonstrates the
effect of the phase difference between the annual cycles of ozone
énd solar declination; The points in Fig; 5.2 héQe been plotted
with no regard te the ozone amount on individﬁal days, which méy hé@e
been anomalous for the time of yeér. This possible énomély and
day-to-day chénges of. other étmosbheric Qéfiébles accounts for some
of the scétter of the dété, but the general énhual trend remains
consistent at each wéQelength.

The noonday sun becomes progressi@ely higher in the sky from
Jénuary to June and radiation at the earth's surface is expected to
increase as the geometrical pathlength through the étmosphere de-
creases. HoweQer, from Januéry to April/May ozone amount increéses
(Chabter 6, Fig; 6.9., ozone data supplied by the Meteorologicél Office,
Bracknell) offsetting the change in geometry to a certain extent. From

late spring the amount of ozone decreases and for a couple of months
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acts in the same direction as the shortening of the geometrical
pathlength, whose réte of change decreases as the méxim&m declin-
ation is approéched; The change from opposition to reinforcement
of the two cycles during this first half of the year serQes to
transform the irradiance curve from a cosine curQe to something
approaching a straight line.

Once the summer solstice has been passed, increasing mean
zenith angle decreases the incident radiation, but this trend is
offset in the UVB by the decreasing émount of ozone; Close to the
extremes of the solar cycle when rate of change of zenith angle is
small the reduction in absorbing ozone becomes the most prominent of
the two effects and this dominating influence is cleérly seen as a
shift of the time of maximum UVB irradiance from June to 3uly;

This shift is apparent at all three wéQelengths, with the Sﬁggestion
that at 302;5 nm, where the ozone ébsorption'coefficient is greétest,
the peak radiation level is deléyed further into Jﬁly than at longer
wé&elengths; This July rédiation peék wés also obserQed by Bener
(1943) at Davos in Switzerland.

For the next threé months decreasing ozone amount and increasing
péthlength égain work in opposition, the magnitude of the ozone changes,
which can vary from year to year, determining the precise nature of the
UVB trend dﬁring these months. In November, ozone amount reaches a
minimum and thereafter the ozone and zenith angle cycles work in
téndgm to decrease UVB until the winter solstice. No data are
available for the period from early December to late January and it is

not possible to say whether the UVB minimum is displaced from the date
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of the winter solstice in the same wéy that the maximum is extended
to July. A shift in the annual minimum intensity of globél uvB
radiation was observed by Bener (1943) for wavelengthé shorter than
316 nm while at longer wavelengths the minimum was found in December.
fhe irregular annual radiation intensity curves illustrate the
influence of ozone on irradiances at UVB wavelengths. To investigate
the effect of changing zenith angle alone, the diurnal changes of
irradiance were considered, éssuming the amount of ozone to be
constént throughout the day.

Figure 5.3a-c illustrate the measured changes in radiation
intensity at three wavelengths for three clear days during the year.
The curves show that as wavelength becomes shorter the effect of
zenith éngle on irradiance increases. This is clearly seen in
Fig. 5.3b énd ¢ for déys in April and July as irradiance Qalﬁes
decline more steeply either side of noon at 302.5 nm than at the
longer waQelengths; For the Febrﬁéry day 111Ustr$ted (Fig; 5.35)
the changing wéQelength dependence on zenith éngle is less onious.
However, the,irrédiénce leQels ét 302;5 nm were below the noise
equiQalent irradiance of tﬁe spectroradiometer for much of the day
and are therefore unreliable.

The spectral ozone absorption coefficient is largely res-
ponsible for the differences in zenith angle dependence across the
uve waveband; Zenith éngle determines the pathlength of radiation
through the atmosphere, and hence the pathlength through the ozone layer.
At the shorter wavelengths where the ozone absorption coefficient is

greatest (kyp, s = € ky ) Smithsonian Institute (1951) the response
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of radiation levels to changing pathlength is therefore most pro-
ncunced. Added to this, as Rayleigh scattering in the atmosphere
below the ozone layer is proportional to A‘Q, ény lengthening of
the radiation path will attenuate the shortest wévelengths most,
although for the UVB waveband absorption by ozone 1is the dominating
factor. |

Having described the major influences on the daily and annual
clear-day spectrél irradiances observed at Sutton Boningtdn, the
dependence of UVB irradiance on ozone amount and atmospheric path-

length are now examined in more detail.

Spectral Attenuation in the Atmosphere

When considering the atmospheric attenuétion of UVB radiation the
atmosphere méy be treated as three layers: an upper stratospheric layer
where éttenuétion is by ozone ébsorption only; é middle layer in the
troposphere where Réyleigh scéttering tékes pléce; and a léyer closer
to the groﬁnd within which éttenuétion by éerosol occurs. For é
horizontél pléne ét the eérth's sﬁrface the direct beém irrédiénce B

_ A
is given by

B, = I>\o exp (- kA[OB]u - bm - cm (5.1)

where Iko is the extraterrestrial radiation at wavelength A on
~a plane parallel to the earth's surface,, kl is the ozone
absorption coefficient at waQelength A, [03] is the equivalent
depth of the ozone layer, b 1is the Réyleigh scattering coefficient,
¢ 1is an attenuation coefficient for aerosol and other absorbers,

m is air mass number (= sec z where =z 1s solar zenith angle) and

u 1s ozone péthlength (b =m for small z).~
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Neglecting multiple scattering, the diffuse irradiance DA
6n a horizontal surface at the earth may be expressed as a proportion
of the radiation scattered out of the solar beam in each layer, and

calcﬁléted from

Dy = Iko exp (- k[03]u) {fr (1 - exp (- bm)) + fa exp (- bm)
(1 - exp (- cm))} (5.2)

where fr is the fraction of radiation attenuated by Rayleigh
scattering thét is returned to the surface and fa is the analogous
fraction for attenuation by aerosol (Brinkman and MacGregor, 1983).

The global irradiance I, 1is then given by

I, = B, + D ,
oA T (5.3)
= I>\o exp (- k[03]u - bm - cm) g(m)
where g(m) = 1 + fr exp (bm + em) . + (fr - fé) exp (cm) - fé (5.4)

The function g¢(m) is the ratio of global to direct beam

irrédiance ét wavelength ~A , and may be expressed in terms of diffﬁse

rédiation as

- -1
g{m) = (1 -D,/I,) (5.5)
For measurements made on clear days, the Rayleigh and aerosol
attenuétion coefficients were assumed to be constant, and for solar
UVB radiation I, = I, ([03] s M),
. Plotting 1n I, against wu (x m) for different clear days and

at different waQelengths gave a series of straight lines (Fig. 5.4).
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316+2nm
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Fig. 5.4 1n Ik vs u at 3 wavelengths for 3 clear_days.
o 21 July 1983 [03] = 307 matm cm, ® 8 March 1983
[03] = 271 matm cm, © 18 February 1983 [03] =
315 matm cm.
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By differentiating eqn 5.3, the slopes of these lines should be

31n I,/0u = - k[03] - b-c + 91lng/3y (5.6)

In preliminary analysis (Webb and Steven, 1984) g appeared (from
limited data) to be a weak function of m and 3 ln g/3u was assumed
constant;

Diffuse radiation terms should not be associated with ozone
absorption which occurs above the main scattering layers of the
atmosphere; Under such conditions a plot of 3 ln leau against
ozone concentration [03] should give a line of gradient - kA'
Daily ozone measurements supplied by the Meteorological Office at
Bracknell were used to plot - 3 1n leau against ozone amount [03]
for 3 wavelengths (Fig. 5.5).

The gradients of the lines in Fig. 5.5 are compared in Table 5.1
with the ozone ébsorption coefficient kk téken from Smithsonlan

Meteorologicél Tébles.

Table 5.1 ky and the corresponding values of
2
3¢ 1n I,/0u 3 05]

WaQelength (nm) ky (atm cm'l) Cradient (atm cm'l)

304.0 4.93 10.0 o
309.2 2.70 12.2 T34
316.2 0.995 9.1 21

The grédients (¢ I standard error) are for waQelengths desig-

nated by the spectral shift applied to the measurements made with the

spectroradiometer.
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Measurement and theory clearly do not agree; At 304 nm the
accepted ozone absorption coefficient and G differ by a factor of
two. Considering the éssﬁmptions méde of clear-day tropospheric
uhiformity, and the uncertéinty in the final gradient, this margin
of error is écceptablg; At longer waQelengths the discrepancy
between kx and G increases to a factor of é at 309 nm and a factor
of 10 at 316 nm. Fﬁrthermore the expected decrease in G ~ towards
longer wavelengths is not apparent.

To determine whether theory or practice was at fault, recourse
to Bener's measurements (1960) was made.

Bener followed é similér énalysis for his clear-day data, but in
reverse order, differentiating In IX with respect to’ozone at various
zenith éngles, énd then plotting 8 In lea [03] against kA at each
zenith angle; A pléﬁsible dependence between gradient and k was
found for wéQelehgths less than A* (where 315 nm < A* < 330 nm) for
zenith angles of between 40 and 75°.

Bener's work made use of far more measurements than were made
for Sutton Bonington and his form of_anélysis could not be attempted
for comparison. However some of Bener's figures were taken and treated
in the same way as those presented here; The data from Bener (1960)
are in the form of mean values of spectrél intensity, IA , at a stated
zenith angle and ozone amount (aQerage for déys of meésurement) and
albedo. At Dévos, albedo chénges considerébly from winter (snow) to
summer (vegetétion); Three ozone émohnts occﬁrred at more than one
zenith éngle, enabling 3 1n Iklau to be calculated for A = 305, 310,

315 nm. At two of these ozone amounts all measurements had the same
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albedo; Fof the third amount only two measurements were aQailable,
one in summer and one in winter, resulting in a grédient smaller than
might otherwise be expected. 9 In leau from Bener's data are also
plotted in Fig. 5.5 égéinst their respectiQe amounts of ozone and
matched to the closest Sutton Bonington anelength: 305 to 304 nm,
310 t0309.2 nm, 315 to 316.2 nm.

Despite the approximations of the compérison, the Davos data
analysed according to eqns 5.3 to 5.6 appear consistent with the
measurements made at Sutton Bonington, suggesting the need for a re-
appraisal of the theoretical béckgroﬁnd.

The grossest assumption made in deriving the experimental values
of kk was that d In glau reméined constént from day to day.
Diffuse spectral scans taken immediately after the global measurements
were avallable for nine cleér déys in 1983 énd 1984 and in sufficient
number to dllow the chénge of g with u to be inQestigéted. The
best relationship between the two qdantitiesprerd to be one of direct
proportionality at 309.2 and 316.2 nm. At 304 nm there was no signi-
ficant correlation between ¢ and W . The plots of g against yu
are shown in Fig. 5.6 for three waQelengths on 11 July 1983, The

slopes (I standard errors) are given in Table 5.2.

Table 5,2 Slopgs of g vs u for
3 wavélengths
Wévelength (nm) Slope
306 1.2 £ 1.8
309.2 1.9 2.3
316.2 10.7 2.9
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Fig. 5.6 g vs u at 3 wavelengths for 11 July 1983

A = 316.2 nm

g = 10.76 u - 8.2

A = 309.2 nm

g = 11904 U - 8-75

12 15 » 18

12 -

g

o]
fo) (¢]
.6 -/ x = 304 nm
(o] O o0
o 'g = 1.22 p - 0,95

0 122 1.5 18



118.

9g/94 varies considerably over the nine déys for which it
could be calculated (Téble 5.3) and assuming it to be constant must
have created error in the early énaiysis.

Attempts to fit the measured data to theory by including g
in the analysis failed to significéntly improve the experimentally
derived values of kk . More werk is needed in this area to
thoroughly investigate the discrepéncy between theory, laporatory

and field measﬁrements of the ozone ébsorption coefficient.

Comparison with UVB Model

The model

Spectral data obtained with the LI1800 spectroradiometer were
compared with the calculations of UVB irradiances giVen by Gerstl,
Zardecki and Wiser in their UV-B Handbook Vol I (1983). This Hand-
book gives the expected flukes of UV-B radiation for conditions of a
clear sténdérd atmosphere, inclﬁding the effects of all orders of
Rayleigh and Mie scattering plﬁs molgcular absorption. Values of
incident radiation on a horizontal surface are giQen for seven wave-
lengths 290 (5) 320 nm at 8 northernlétitﬂdes 0 (10) 70° for 39 solar
zenith angles 0 (2) 76° and 5 assumed ozone depletions 0 (5) 20%
from meésured summer and winter ozone profiles.

Spectrél measurements made at Sutton Bonington were matched to
values in the handbook using the following criteria:

1)  All measurements were made on 'clear' days.
{i) Sutton Bonington is at latitude 52° 50' N énd was therefore compared

with calculétions for 50° N,
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i1ii) Zenith angles ét the time of meésurement were to within % 0.5°
of the tabuléted zenith.angles.

iv) Ozone éhoﬁnt (és meé;dred at Brécknell) was matched to one of the
ozone scenarios to % 2 matm cm (< < _0.75%);

v) Comparisons were made at waQelengths of 300, 310 and 320 nm.

Correction of measurements

The meésured spectré were corrected for the bandpass function
of the LI1800 using the spectrél shérpening techniques described in
Chapter 4. For cbmparison purposes- this method of correction was
preferred to that of a wévelength shift (Chapter &) because it is
independent of any model used to estimate the waQelength shift. It
also retains the measﬁrement at )\ = 300 nm which is lost in applying

the change of wévelength correction but is most in need of validation.

Results

Meésured spectré were métched to the UVB model at three wave-
lengths: at 300 nm and 310 nm comparison was méde with the corrected
LIlSOO scéns, ét 320 nm comparison wds with the originél uncorrected
irradiance measurement., 37 clear day spectré met the criteria for
zenith angle énd ozone amount stéted earlier for model comparison.
The irradiance values taken from tables in the UVB Handbook were matched
to their respective meésﬁred spectré énd the model irradiances plotted
against the measured 1rrédiénces for each of thé three waQelengths, as
shown in Fig;.5.7a-c. The slopes and intercepts of eéch line, with
their standard errors, ére given in Table 5;4.

All intercepts lie within 2 sténdard errors of zero, and are not

significantly different from zero at the p = 0.05 leQel;
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Table 5.4 Slopes and intercepts of modelled

vs measured irradiance plots.

WaQelength (nm) Slope - Intercept (W 2 nm'l)
300 1.21 % 0.09 (4.0 *3.8) x 207
310 .13 ¥ 0.05 (1.3 % 4,0) x 107
320 1.09 % o0.05 0.016 % 0,01

The slope of eéch line giQes the ratio of modelled to measured

irradiance for each of the three wéQelengths.‘ The modelled irradiances

are always greater than those meésured, with the discrepancy decreasing

at longer waQelengths. The difference may be partly explained by

recourse to the criteria under which models and measurements were paired,

1)

i1)

111)

iv)

A clear déy at Sutton Bonington is never trQly clear in the
modeller's terms. There will élwéys be some atmospheric aerosol
which will increase attenuation and hence decrease irradiance
measured at the ground.

Sutton Bonington ls almost 3° létitdde fUrther north thén the model
location and so receives less extraterrestrial solar radiation
ddring the central part of the déy.

Radiation receiQed on a horizontal surface is a function of zenith
éngle. lenith éngles were matched to < 0;50, giQing a maximum

errors in cos z of & 0;5% ét Z = 30° and ¥ 1.5% at z = 600.

The matching procedure for ozone amount can also lead to errors

as ozone 1s the major absorber in the UVB. The effect of any ozone
mismatch 1s negligible at 320 nm, but at a wavelength of 300 nm

where ozone is a major absorber any difference méy lead to model-
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measurement divergence, pérticulérly when coﬁpled with differences
in zenith angle which gerrn the péthleﬁgth of the radiation through
the ozone layer.

The differences in the first two criteria between the ideal and
the real world will both result in an overestimation of model irradiances
when compéred with Sutton Bonington; The létter two differences may
create either over or underestimation if acting élone, and this accounts
for some of the scatter seen in Fig. 5.75-0, complicated by the possible
interactions of all four féctors; The spread.of the data in Fig. 5.7c
is greater than in a and b, the sténdard error of the slope being 7%
at 300 nm while it is 4% at 310 nm and 320 nm. At 300 nm the measured
radiation is more susceptible to error. As élready mentioned, this
wavelength is the most sensitive of the three to the amount of ozone
in the atmosphere, and in addition is most éffected by the spectro-
radiometer's bandpéss function and hence by the spectral correction
techniqﬁe employed. Some of the low irrédiénces ére also at or below
the noise eqﬁi&alent irradiance of the LI1800 and may therefore
contain a significént element of noise in the signal,

Considering the sources of error inherent in the method of
comparison, agreement between modelled and'éctdal UVB radiation levels
is good.

It must be remembered that the-systemétic érror in spectral
measurements i;e. the error in the ébsolute mégnitude of all measured
irradiances is % 10%, increésing the error on each slope in Table 5.4
by % 10%. For reasons giQen in Appendix A the original calibration
of the spectroradiometer is assumed correct, and all measurements used

in this comparison were made using the original célibration. As theory
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dictates that for this model calculated irradiances should be higher
than those measured, one of two sﬁppositions may be inferred. Firstly,
if the model is approximately correcf then the choice of original
calibration 1is also reasonéble. Using the létter‘(Glen Creston)
calibration the measured values would be about 30% less than those
produced by the model. The systematic reductions of the measured
irradiances are due to latitude, which by extrapolatien from the Hand-
book would be a é% for 3o latitude at 300 nm and ~ 3% at 310 nm,
and atmospheric aerosol. It is unlikelv that on a nominally clear day
aerosol would reduce UVB radiation by ~ 25%. Secondly, if the
original calibration is in error by : 10% of the given value, then the
model is either underestiméting or errestimating UVB irradiances at
the earth's surface. |

The natural inclination is to follow the first line of reasoning,

but there is insufficient evidence to discard the possibility of the

second argument.
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6. THE UVB WAVEBAND (300 - 316 nm)

IntrodUction

The spectral properties of the UVB waveband have been discussed
for clear sky conditions, and a study of the total radiation incident

over the whole UVB waveband (300 - 316 nm) begins in the same way.

Ciear-Day Climatology

When considering the biological effects of UVB radiation it is
important to know the level of enVironmentally available UV light.
The annual and diurnal trends of UVB radiation on clear days at Sutton
Bonington are shown in Figs 6.1 and 6.2, indicating the maximum lcvel
of natural UVB avéilable at any time,

The annual change in UVB radiation at noon (Fig. 6.1) is given
independently of any day-to-day variations in ozone or étmosphéric
éerosol, énd with ozone émounts rénging from 278 to 423 métm cm for
déys from Méy to July this explains some of the spread of irradiances
measured in these months.  In generél the annual ozone cycle and the
changing sun éngle combine to giQe the slightly asymmetrical curQe
shown with respect to the solar cycle. The Shift of the time of
maximum UVB radiation from June to July is not evident for the full
UVB band as it is for the individual wavelengths (Fig. 5.2). This
may be due in part to the additional data available for the full UVB
band (4 days in June compared with one for the spectral plots) pro-
viding two high June irradiances and necessitating greater smoothing
of the final chQe. No détaarevavailable for the period from early

December to late January but by extrapolation the minimum UVB should
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Fig. 6.2 The diurnal chénge in UVB irradiance

for &4 clear days.
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be at the time of the winter solstice, The extremes of noon

2

irradiance are 0;09 Wm“ minimum and 1.78 W m"2 maximum, a 20-fold

increase from winter to summer.

The influence of ozone is more'apparent in Fig. 6.2, depicting
the diurnal cycle of UVB radiation on clear days throughout the year.
In March (curve b), ozone amount is greater thén in October (curve c).
Although both dates were 14 days from the equinox so that the solar
path across theihemisphere was the same, the UVB irradiance in March
is lower than that in October. The difference in ozone amount for
the two days shown was l1% whereas the monthly mean difference of
ozone for March ard September (at the equinoxes) is &%.

Just'és solar daylength changes with time of year so does UVB
daylength*, The UVB day for clear conditiéns is shortest at the
winter solstice, from ~ 0900 to 1500, then increésing to ~ 11 hours
(0630 to 1730) at the equinoxes and reaching a maximum of ~ 16 hours
(0400 - 2000) at midsummer. UVB daylength is shorter than that of
total daylight hours as increasing pathlength through a clear atmosphere
has the greatest éttenuating affect at short wavelengths, a phenomenon
easily observed by the red sky of sunset.,

The lengthening UVB day compounded by increasing irradiance
from December to June means that the total daily UVB radiation avail-
able in the nétural environment changes by a factor of ~ 40 throughout
the year. For the two clear days, December 3 and June 29, of Fig. 6.2

2 2

the daily incident UVB increases from 1.3 kI m™ to 46.4 kI m™ , a

factor of 36. In Mérch/October the total irradiance for a clear day

is ~ 10.8 k3 m~2

defined as the hours for which there is a measureable > 5 x 10"3 W m'z)

UVB component in the solér irradiance, .
\
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The influence of cloud

These figures for clear skies represent the maximum UVB
received as a function of time of year. Under less ideal atmospheric
conditions the amount of UVB reaching the ground may be severely
reduced. The influence of cloud as the major transient attenﬁator
is difficult to quantify as it depends on cloud type, height, thick-
ness and amount. In Fig. 6.3 the diurnal irradiance curves for June
and December are reprodﬁced from Fig. 6.2 and two cloudy days for the
same time of year are shown for comparison. The cloudy days were
as near as possible in time to the clear day,compérison and were days,
or part days, when the cloud,cerr was 8 octas of uniform grey stratus
as classified by a groﬁnd-based observer. Even on generally over-
cast days the cloud conditions fluctuated as demonstrated by the
irregular curQes a and ¢ . Thickehing or darkening of cloud is
seen as a reduction in incident UVB‘when the extréterrestriél
rédiétion wés increésing; Increésing UVB with increasing zenith
éngle suggests a lessening of cloud cerr.

In winter, cloud can reduce UVB irradiance to almost imperceptible
levels (e.g. 0.1 W m~% at 1130 on December 9), and with the associated
cold weather éttire, exposure of individuals is likely to be negligible.
The total daily UVB represented by curve a is 35% of the clear day
total of curve b ;

In June the percentage decrease in total UVB due to cloud is even
greater. Comparing the totally errcast hours of June 25 (curve ¢
to noon) with the same hours for June 29 (curQe d) giQés a reduction to

22% of the clear sky irradiance. Although it is not possible to
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Fig. 6.3 The effect of cloud on UVB irradiance
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compére the characteristics of the cloud on the two overcast days,

é greater reduction in UVB intensity may be expected in June for
identical cloud cover. With the low sun angle and long atmospheric
pathlength of December most of the UVB (~ 90%) reaching the earth's
surface 1Is in the form of diffuse radiation, eQen on a clear day.

By contrast a clear day in June has diffuse radiétion accounting for
only ~ 50% of the Qlobal radiation; As direct beam radiation is
more seQerely attenuated by cloud than diffuse; the reduction in
irradiance should be greatest in June.

During the afternoon of June 25 there were two periods with
breaks in the cloud, one at ~ 1330 and the other from 1500 to 1530.
At these times, with the sun clear of cloud, levels of UVB radiation
exceeded those of cleér sky conditions for June 29. For the pro-
longed break in the clouds the irradiance levels for the two déys are
very similar and the difference méy be a feature of déy.to day chénges
in ozone or aerosol, for which no détaére avéiléble. The single
eleQéted spot reading‘ét 1330 suggests that the direct solar beém
traversed a smaller cloud free area. It 1is likely that cloud in the
Qicinity of the sun, but not obscuring it, increassd diffuse rédiation
by forward scattering from the cloud while not attenuating the direct
beam. This phenomenon was also obserQed by Bener (1964) and may be
the cause of the rather high irradiance at 1330 compared with the
clear-day Qalue for the séme time. The increased flux of full band
global solar irradiance when isolated zlouds are present in an other-
wise clear sky is a commonly obscr@ed phenomenon; OQer the complete
solar waveband the‘clear'sky irradiance méy be exceeded by 5-10% in

conditions of broken cloud cover (Monteith, 1973).
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UVB and Its Relation to Broadband . Measurements

The UVB radiation was compared with the broadband Qisible
(300-700 nm) and full (300-3000 nm) solar radiation in a search for
relations which might enable the UVB irradiance to be predicted from
routine meteorological records. Full solar radlation is measured at
all climétological and same meteorologicél sites, and visible radiation

records are kept at some of the larger meteorological stations.

Visible radiation on clear days

On clear days the LI1800 spectrorédiometer was used to scan the
waveband 300-700 nm at 2 nm 1nterVals, and the resﬁlting spectra were
integrated over the two wavebands I = 300-316 nm and I, = 300-700 nm.
The ratio of the globél radiation incident in the two waerands, IB/IV,
was plotted as é function of cos z for each déy (Fig. 6.4) giQing a

set of straight lines of the form

IB/IV = X + Yy COSz (6.1)

The gradients and intercepts>of the lines for sixteen cleér or

pértly clear days in 1983 and 1984 are shown in Table é6.1, as calculated

by linear regression analysis.

All gradients lie between & and 4.5 x 10'3, with the majority
between 4 and 4.3 x 107,  The mean and standard deviation of all

gradients 1s (4.19 ¥ 0.15) x 107,  On one day (August 3, 1983) the

plotted points showed tar greéter scatter than at other dates. Excluding

0.14) x 1073,

[ 3

this day the mean gradient becomes (4.16

The intercept of the lines at cos z =0 (z = 900) shows more

variability, suggesting dependence on factors additional to those

controlling the gradient;
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The changing ratio of UVB to yisi{bleradiation
with zenith angle for 2 clear days: a) 8 March
1983, b) 28 July 1983,
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Table 6.1 Gradients and intercepts for IB/IV vs cos z
on clear days

Date Gradient (x 10'3)' Intercept (x 10-3)
1983

18. 2 4,30 0.56
8. 3 4,20 0.26
5. 7 4. 00 0.05
11. 7 .00 0.40
15. 7 4,00 0.33
21, 7 b2k 0.44
28, 7 4.20 0.30
3. 8 449 ¥ 0.10
26. 8 bo42 - 0.02
24,10 4,12 0.39
14,11 b1t 0.43
1984 .

9. 2 4.11 0.35
25, 4 k.11 0.11
1. 8 4,00 0.53
29. 8 4.28 0.84
2, 9 4.35 - 0.06
1985

6. 3 4.05 - 0.5

Scattered data

To investigate the factors to which constant slope and changing
intercept can be attributed, the anélysis of Brinkman and McGregor

(1983) was applied to the UVB and visible wavebands.
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General theory

Unsworth and Monteith (1972) established the relationship

= - ’ 02
Sp = Spo exp (- mT) (6.2)

where Sp is irradiance over the whole solar spectrdm measured normal
to the spectral beam, Spo is the corresponding value for a dust free
étmosphere with the same quantities of ozone and water vapour, m is
éirmass, T 1is an integral aerosol turbidity;

Brinkman and McGregor (1983) expressed the amount of radiation

Al  removed from the direct solar beam by aerosol scattering and

absorption as
AT = (1 - exp (- mT)i S (6.3)
Po
A proportion o of AI will be scattered, with B(z) (an émount
dependent on zenith éngle) being scattered dowhwérds;

When the total irradiance I on a horizontal surface is
measured the angular distribution of downward scattered radiation
gives rise to a weighting factor equal to the averége cosine of the
incidence angles, cos 1 . Both B(z) and cos i are a result of
the éngular relationship between the scattering phase function of the
aerosol and the solar zenith angle.

Q& B(Z) énd cos 1 cénnot be separétely determined from
diffuse irradiation measurements alone, and they are combined in a

single parameter, P(z). The diffuse irradiance at the ground D

is then given by

D(z , 1) = R(z) + P(z) (1 - exp (= mT)) 55 (6.4)
[o)
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where R(z) is a component due to Rayleigh scattering. For
simplification, P(z) 1s assumed independent of aerosol density.

This is Valid for single scattering, but for multiple scattering

P(z) 1is a function of T . However for low turbidities when multiple
scattering is negligible it is reasonable to assume that P 1is
independent of T.

The effects of surface élbedo ére neglected because the pro-
portion of ground-réflected irradiance which is subsequently back-
scattered is negligible in the UVB region.

Both Mz) and cos 1 , and thus P , decrease with increasing
zenith angle. Following Unsworth and Monteith (1972) and McCartney

(1975), the ratio of diffuse to globél radiation i1s taken as

D/I = e + dr- (6.5)

where e énd d are constants. e is éssociéted with Réyleigh
scéttering (t= Oi and is only valid for small tﬁrbidities;

The globél irradiance is the sﬁm of direct (B) énd diffuse
(D) components on a horizontal surface, where the direct cémponent

is B = Sp cos z . The ratio of diffuse to global radiation can
therefore also be expressed as
O/T = (D/S, cos 2)(1'+ D/S cos 2)7t (6.6)

From eqgns 6;# and 6.2

D/Sp Cos 2 = exp (mti sec z (r + P5 - P sec z (6.7)

where r = R/S | (6.8)
Po

Expanding eqn 6.6 in a McLaurin series to 2nd order, expanding the
exponential in eqn 6.7 and then dropping all terms higher than

second order (after Brinkman and McGregor, 19835 giQes
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D/I =~ rsecz + {(r -2rP sec z + P)tmnsec z (6.9)

Compéring‘coefficients with egn 6.5 gives

P = (d cos Zlm - r)/(1 - 2r sec z} (6.10)

Data collected by Brinkman and McCGregor and analysed in this way

agreed with the findings of Unsworth and Monteith (1972) and of
McCartney (1975).

Spectral measurements

The spectral dependence of aerosol scattering is complicated by
the fact that aerosol particles vary in both size and chemicél com-
position; In géneral the degree of spectral dependence is é
function‘of the width of the particle distributigﬁfzéﬁ;xﬁ¥§¥ribution
the more neutrél is the scattering (Diermendjian, 1969); For
néturél continentél aeroscls the scéttering hés an épproximétely
linear variation with waQelength (Brinkman and McGregor, 1963).

For any spectral band, a spectrél turbidity T cén be

defined by

pr = Spoxexp (- mrl) _ (6.11)

the terms of eqn 6;11 are defined in the same way as those for

eqn 6;3 for the spectral band or wéQelength designated by ;

Application to ultraQiolet and Qisible radiétion

In general, I' = B+D (6.12)

B = Bo exp {- k[03]m - TRM - Tam} cos z (6.13)



138,
D = Bo exp {- k[OB]nl}(l - exp (- mTa)$ P+R (6;14)

where I 1is global irradiance on a horizontal surface, B 1is
direct beam irradiance on a horizontal surface, D 1s diffuse
irradiance on a horizontal surface, Bo is extratgrrestrial irradi.
ance., Absorption by ozone is considered to take place above the
scattering layer, and turbidity hés been split into two components
due to Rayleigh (TR) and aerosol (Ta) scattering.

On cleér days, Rayleigh scattering is much more effective than
aerosol scattering, espccially in the ultraViolet waerand, so Tp
and T, were combined énd éssumed to be approximately a constant, T .
The component of diffuse rédiation due to Rayleigh scattering R
cén be expressed in the same way as aerosol scattering with a parameter
PR . Assuming (= Tp + Ta) is constént, P 1is also assumed
constént and under clear skies refers mainly ‘to the Réyleigh
scattered radiation in a downward direction.

From egns €.12 to 6.14 comes

—
1]

8 IBo exp (- k[03]m) [exp (- Tm) cos z + {l - exp (- ng}P ] (6.15)

=
I

= IVo [exp (- T'm) cos z + {l - exp (- T'm)} P'] (6.16)

where IB is global UVB irradiance,- IBo is extraterrestrial UVB
irradiance, I, is globél irradiance in the visible band (300-700 nm),
IVo is extraterrestriél irradiance in the visible bénd, T is a
turbidity coefficient for the UVB waveband, T' is a turbidity
coefficlient for the Qisible waveband and P s P' are fractions of

downward scattered radiation in the UVB and visible waerands.
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There is no ozone dependence in eqn 6.16 as absorption by
ozone is negligible err the full visible waerand.

The ratio of irradiance in the two wavebands 1is given by

IB/Iv = (IBO/IVO$ exp (- k[bB]m5 [P + exp (- Tmsv{cos z - P} ] /
[P' + exp (- 1'm5 {cos z - P'}] (6.17)

The parameter P(z) incorporates seQeral factors: o , the pro-
portion of A scéttered, B(zi y the fraction scattered downwards,
cos 1 , éQerage angle of incident radiation. For Rayleigh
scattering, the dominant mechanism on clear days, B(z) = 0.5
for all wévelengths.

In the ultraviolet and visible bands the ratio of o's , the
Proportion of scattered radlation in each waerénd, is é constant,
with o expected to be close to unity in the ultraviolet.

Assume that cos.i 1s the same for all wavelengths
P(z) = f(a, B(z) , cos 1) = f (cos i) = f (cos z) (6.18)

implying that the ratio P/P' 1is a constant.

Let C=cosz and ¥ = (I P)/(Iv P') = constant. Then
o 0

eqn 6.17 can be written

/T, =Y exp (- k[03]m) [l s (& 5 P) exp (- Tm)] [1 + (E—EJE')

exp (- t'm)] B (6.19)

Consider the magnitude of the term (C B P) exp (- tm) = x. Brinkman

and McGregor in the Szhara found values of P for the full solar
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waveband, ranging from 0.13 to 6.26 depending on background aercsol

for z = 60°. Calculating values of P for Unsworth and Monteith's
(1972) data they found P = 0.33 at a zenith angle of 45°,  McCartney,
applying the same analysis to his data for English aerosol, found that
despite the different chemical composition of English and Saharan
aerosols, values of P were approximately the same. At Sutton
Bonington, with T typically of the order 0.25 (Unsworth and Monteith,
1972), x <1 and expanding eqn 6.19 as (1 + x)'l =1 - x‘+ x2 - x3

vees (=1 <x < 1) and dropping terms of order 2 or more gives

IB/IV= Y exp (- k[03]m) [1 - exp (- Tm) + exp (- T'm) +

-g-exp (- m) - g-. exp (- ‘t‘m)] (6.20)

Expanding the exponential terms in eqn 6.20 and discarding terms of
order 2 and above (k[03]m ~0,5m<l for m<2, 2z < 600) and
expénding giQes

IB/IV= Y [1 - k[03]m + (1~ 1T)m +»%(1 - Tm) - g] (1 - T'm) -

k[03] (x = v’ - §k[og]m + § k[oy]m? + Sk[o,]m -

gv k[03]1.' mZ] (6.21)

Since T << T' and k[0;] (g-r - g] ) <<

IB/IV= Y[ 1 - k[QB]m + (T+ 1")m + %WT'm.- g-rm - g-k[03]m +

C C '
p‘. k[03]m + -P- - g'} (6'22)

Putting m = (cos z)';andfc = cos z gives
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‘ . k[0,] k[04]
IB/IV= Y [].-k[OB]m+(T+‘C')m+-g—,--%- -F,—-3-+—iﬁ2 +

(%-- %35 cos z] | (6.23)~

Comparing coefficients of eqns 6.1 and 6.23

x = Y [1 - kog]m + (T - Tm+ gr-g + k[0g] (5, - %,—)] (6.24)
y = ¥ (é. - %.') ‘ (€.25)

In clear (Rayleigh) conditions the cos 1 and B(z) dependence
of P and P' are the same. The difference between P and P' 1is
attributable to different values of o for the two wavebands, but
in each case o is a constént therefore P and P' are constants,
as is y ; When scattering is not purely Rayleigh deviations from
the constéht value occur. The consistency of slope in eqn 6.1 for
cleér déys is therefore expléined by this énalysis: small departures
from a uniform slope are expected becéuse eQen on a cleér déy a perfect
Réyleigh étmosphere is not expected.

The intercept of each line. x 1is dependent on éirmass, ozone
amount and the two spectrél turbidities, all of which change from day

to day giQing a range of values for x .

Full solar radiation on clear days

In a cggtinuation of the énalysis discussed for Qisible radi-
ation, the ratio IB/IF was plotted agéinst cos z for clear déys,
where IF is the full solar radiation (300-3000 nm) meésured with a

standard meteorological pyranometer.
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A lineér relationship was again evident on each day, although
with a greater degree of scatter (see Fig. 6.5). However, the slopes

of the lines covered a wide range, from 1.08 to 4.02 x 1072

, and the
intercepts were again Qariable.

Attenuation of infra-red radiation by water vapour becomes a
complicating fact&r wheﬁ working with the total solar waerand; EQen
on a clear day differing amounts of water Qépour will result in dif-
ferent values for o and hence P for a waveband with an infra-red

component and y = (I, P/I ﬁ)(l - l-)"ié no longer a constant,
Bo "TF, 'R P

Daily Totals of UVB and Fullband Solar Radiation

The correlation between UVB and broader-band radiation discussed
thus fér enable the UVB 1rradiaticn}to be estimated on clear déys,
giQen information about ozone amount, aerosol and a broad band
radiation measurement. The visible band proQides the simplest
relétion.with which to work; However such a set of data is rarely
évéiléble, and the above pérémetérs are regulérly recorded at few
nétionél meteorological stétions éround the world.

MUch morg common are meéshrements of the full solar wévebénd,
usually reported as daily totals of radiation. Therefore in order
to provide a guide to the UVB climate from routinely-made meteorological
ohservations a link between the daily integrated UVB and full solar
radiaticn was sought.

Such integrated values of UVB are also the most relevant when
considering the impact of UVB irradiation on biological systems.

Most organisms must be able to cope with an extensive range of
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Fig. 6.5

The changing ratio of UVB to full-
band radiation with zenith angle on
a clear day: 15 July 1983.
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instantaneous radiation fluxes because of the large diurnal and

annual trends, and it is the total accumulated dose over a given
period of time which may be of more significance for the photo-

biological reaction under consideration.

Maintaining the policy of beginning analysis in clear sky
conditions the daily totals of UVB radiation ZIB were plotted
against the daily totals of the broad band (300-3000 nm) solar
radiation ZIF for clear days in 1983 and 1984 (Fig. 6.6). No
account of ozone amount or any other atmospheric constituent has been
made.

On clear days, zenith anglé appears to be the major deter-
minant of theratio of the daily integrals of UVB and full solar
fadiation. Other factors affecting the two wave bands by day-to-
déy fluctuétion (ozone, éerosol and water vépour) haQe é smaller
influence than the annual zenith angle cycle, as shown by Fig; 6.6
where no éccount of étmospheric vériébles is taken;

An énélogoQS'dependence of waveband ratios on solar zenith
angle has also been shown to hold on individual clear days for both
the visible and full solar radiation with UVB.

This aﬁalogy was exten&ed‘to all weather conditions as féllows.

The daily integrated UVB. (ZIB); values were plotted against
the integrated full solar Waveband (ZIF) for eéch month from June
1983 to November 1984, A linear regression analysis applied to
each monthly curve (Fig. 6.7) gave the slopes, intercepts and their

standard errors shown in Table 6.2 for the fitted lines

ZIB =p ZIF + N (6.26)
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UVB and full solar waveband daily radiation
totals for clear days in 1983 and 1984,

Fig. 6.6
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Fig., 6.7 Daily totals of UVB and fullband .
radiation for a) April 1984 and
b) November 1984,
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As ZIB must be zero when ZIF is zero, the intercept n
might be expected to be zero (or negative). This is not the case,

but for all months except January, March and July 1984 and October
1983, the value of n 1is less than twice its standard error, and

may therefore be considered to be not significantly different from
zero. As Sutton Bonington 1is too far south of the Arctic circle

for conditions approaching zero daylight there are no measurements
close to complete darkness, and the relative behavicur of the two wave-

bands under these conditions is uncertain. The values of n are

therefore assumed to be zero, and eqn 6.26 becomes

ZIB = ZIF | (6.27)

p represents the ratio of daily UVB to daily fullband solar radiation
under all meteorological conditions for each month;

To represent the zenith éngle associafed with each value of P
the zenith éngle at noon (SiQkoQ, 1971) on the 15th day of each month
(zm) was célculéted.

The mopthly values of p are different for the two years 1983
and 1984, élthough the pattern of decreasing ¢ with increasing Zm
is similar. Of the other variableslikely to affect p , data was
ayailable only for ozone concentration., In 1983 the amount of
atmospheric ozone was consistently . 10% lower than for the corres-
ponding month in 1984 (Table 6.3). The 1983 values of p were
therefore corrected to the 1984 ozone levels by multiplying by the

correction factor C, Where

€y = exp (-k[0¥ - 031.m) (6.28)
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Table 6.3 Monthly mean ozone values used to
correct 1983 p values,and monthly
mean cos z .

Month cos z_ [03] (matm cm)
1983 1984
January 0.278 297 366
February 0.411 327 342
March 0.588 333 373
April 0.740 411 366
May 0.833 393 421
June C.869 341 370
July 0.847 321 355
August 0.769 324 354
September . 0.633 300 333
October 0.465 291 335
November 0.311 273 319
December 0.240 299 334

where O3 and 03

3 4
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are monthly mean ozone amounts for 1983 énd 1984,

m is sec zh and k 1is mean ozone absorption coefficient for the

waveband 300-316 nm = 3.546 (atm cm)'l.

The corrected figures for p are giQen in Table 6.2 and are

plotted against cos z in Fig. 6.8 together with values of p for

1984,

A line fitted tothese data gave the relation

p = IJ/II. = (1.5 x 10-3) cos z +8x 10

r = 0.94%

=5

’

(6.29)
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Fig., 6.8 P VS cos z for months in
1983 and 1984,
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Some of the scatter about this line can be attributed to the
annual ozone cycle, which is not synchronised with the zenith angle
cycle. Fig. 6.9 shows that the maximum and minimum ozone amounts oceur
one month before the highest and lowest values of cos z . As maximum
amount of ozone implies minimum UVB while maximum cos z, gives maximum
irradiation the two cycles work in opposition as well as being out of
phase. In order to remer the ozone dependency from the relationship
between p and cos 2, the values for [ were normalised to an arbit-

rary ozone amount of 350 matm cm using a correction factor Cm similar

to Co (eqn 6.28) with
C, = exp (- k [0.350 - 0,] i ) o (6.30)

where O3 is the mean amount of ozone for any given month.

Normalised values Pn are plotted égéinst cos z in Fig. 6.10

for 1984, The fitted line for these points is giQen by

o, = (fg/ip). = (lL.62x 1073) cos z - 2x 1072 (6.31)

Equation 6.31 enables the daily integrated UVB radiation to be
estimated from standard meteorological meaSurements of the daily inte-
grated full solar radiation; Given the date and latitude at which
observations were made cos z, can be calculated for any location.

With no édditional 1nformétion the error of the estimate of II is

B
potentially large, and is due mainly to the magnitude of the departure
in ozone amount from the standard value of 350 matm cm. In Britain

the annual range of ozone amounts is 300 to 400 matm cm, giving a
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Fig. 6.9 Annual cycles of monthly mean ozone

amount and cos z.
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maximum error (for 50 matm cm departure in December) of 23%. A
similar change in ozone in June results in a 12% error. HoweQer,
if a figure for the amount of atmospheric ozone is available, either
és a climatologicél value for the monthly mean or é daily value, then
the resulting ZIB from eqn 6.31 can be corrected by means of
" eqn 6.30, and the error of the estimate is reduced to that of the error
in eqn 6.31.

The standard errors of the slope and intercept in eqn 6.31

are 0.12 and 0.077 respecti?ely, giving

o, = (162 £0.12) x 107 cos z_ - (0.02 ¥ 0.077) x 1070 (6.32)

The intercept is not significantly different from zero (P < 0,.01) and

therefore
Iy = (.62 ¥0.12) x 107 5I; cos z_/C_ (6.33)

éllowing the déily integrated total of UVB radiation to be estiméted
from routine meteorologicél measﬁrements of déily full solar waveband

rédiétioh totéls and ozone amount,

Diffuse UVB Radiation

The diffuse UVB radiation was recorded regularly.from July 1984
to March 1985 using a. SEE 240 vacuun photodiode mounted under a
standard UK Meteorological Office shéde-ring of width 5 em and radius
25.4 cm. Diffuse spectral scéns were also méde with the LI1800 spectro-
radiometer on selected clear days in 1983 and 1984 using a blackened
disc (diameter 15.5 cm, held 90 cm from the sensor) to occlude a 10°

circumsolar region of the sky. The discrepancy between the two systems,



155,

with the geometric plus empirical shade-ring correction applied to
the SEE 240 values (Chapter &), was I4%.  Results presented use
data from both measuring devices. Diffuse irradiance readings for
the full solar waveband (300-3000 nm) were taken from a Kipp solarimeter

fitted with .a shade-ring and similarly corrected.

The ratio of diffuse to global radiation

The concept of a 3-layer atmospheric model [ a) stratospheric
ozone absorption; b) tropospheric Raylgigh scattering; ¢) boundary layer
aerosol (Mie) scétteringﬂ introduced in Chapter 5.3 is used agéin in
the consideration of diffuse radiation.

The ratlo of diffuse to global radiation is an indication of the
amount of scattering from the direct beam that has taken place along
the péth of the radiation through the atmosphere. As ozone ébsorption
takes pléce well above the tropospheric scattering léyers the diffuse
to globél UVB ratio (D/I)B ’ should be independent of ozone amount.
The féctors éffecting this r#tlo ére then scéttering in the étmosphere
and the péthlength of the rédiétion;

| Dispersél of light from the direct beam takes place mainly in
the troposphere, by Raylelgh scattering., As Rayleigh scattering is
proportional to iq the fraction of diffuse radiation in the UVB
wa@eband is consequently much greater than in the full solar waveband.
Secondary scattering by aerosol occurs in the lower troposphere and is
much less dependent on wavelength (Mie scattering). Table 6.4 shows
the fatio (D/I) for clear conditions at 1200 CMT throughout the year

for the UVB and full solar waerands.
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Table .4  Annual variation of (D/I)B and
(D/I)F at 1200 GMT on clear days.

Date (D/1)g (0/1);
9, 2.84 0.89 0.21
12. 2.85 0.94" 0.51
25, 4,84 0.63 0.27
12. 7.83 0.74 0,29
15. 7.83 0.81 0.36
21, 7.83 0.61 0.29
24, 7.84 0.60 (* 2%)*  0.26
28, 7.83 0.63 0.32
1. 8.84 0.60" 0.26
5. 8.83 0.58 0.20
25. 8.83 0.76 0.55
24.10.83 0.71 0.23
14,11,83 0.90 0.23
23.11.83 0.93 0.27
18.12.84 C 1,00 (F 20%)°  0.40

(D/I)g measured .with LI1800 spectroradiometer

* Values from SEE 240 also available and consistent
with LI1800.

The rénge of c¢clear-day noon (D/I) Qélues for the UVB is 0.58 to
1.00, compared with 0.2 to 0.55 for the full solar waveband. The
lowest value of (D/I)B recorded was 0.56 at 1440 on 20 June 1983, so
at the latitude of Sutton Bonington the UVB radiation is always at
least 50% diffuse.
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The general trend of (D/I)B throughout the year follows the
expected pattern, with the ratio decreasing in the summer when péth-
length is short and increasing in winter when the scéttering path-
length tréversed is longer; However there is no clear relationship
between (D/I)B énd zenith éngle, and anomolies occdr at both wave-
bands (e.g. 25 April 1984 and 15 July 1983).

Further illustration of the lack of close correlation between
pathlength and (D/I); is given in Fig. &.11. This shows the daily
variation of (D/I)B for two clear days at the same time of year when
the sun follows the same path across the celestial hemisphere. Both
plots show an asymmetry about noon but to different extents, and
(D/I)B at a given time (zenith anglei differs by % 0.05 (T~ 8%)
from day to day;

The deQiations of (D/I) from any systematic relétionship with
-zenith éngle imply é further flﬁctuéting inflﬁence on the degree of
scattering that takes pléce in the atmosphere;' This méy be attributed
to the lower léyers of the troposphere and the éerosol contéined therein;

- All measurements of (D/Ii were made under ‘clear' sky conditions
but a visuélly cloudless sky giVes no indication of the aerosol con-
tent of the air mass. When considering the absolute levels of UVB
irradiation, aerosol content was largely disregarded as being of
negligible influence in compérison with the absorption by ozone. How-
ever, when considering (D/Ij which 1s independent of ozone absorption,
aerosol can no longer be neglected.

No additional measurements of atmospheric turbidity were made and

it is not possible to give any quantitatiQe discussion of the effect of
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Fig. 6.11 Daily variation of (D/I)B with
zenith angle for 2 clear days.
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aerosol on the scattering of UVB radiation; The changing turbidity
affects different wavebands to varying degrees, depending on the
anelength of radiation and the size distribution and naturé of the
aerosol particles. This can be seen from Table 6.4 where changes
from month to month in (D/I)F‘ differ qUite mérkedly in degree if not
in generél direction from the corresponding chénges in (DII)B.

The relati@e strength of the two scattering processes, Rayleigh
and Mie also vary with waQelength and the type of aerosol.r On days
with low and constant turbidity the relationship between (D/I) and
pathlength is stronger than on days with high or Qarying turbidity
as the d0minént Rayleigh scattering has a constant attenuating coe-
fficient; Fig; €.12 illustrates this with a plot of (D/I)B against
se¢ z for two days: a} August 1983, a day with low (D/I) values for
the time of year, implying low turbidity; b) JUIy 1983, a déy with
énomolously high (D/I) Qélues, indicéting high tﬁrbidity; The
linearity of plot é) contrasts well with the scétter of plot bj.

The behaviour of the qﬁéntity (D/I)F is égain similar only in the
general trend of its‘dependence on sec z becéﬁse of the different
balance between Rayleigh and aerosol scéttering for the full 300-3000 nm
waerand; In particular the idfré;redcomponent of the full solar
waveband is affected by water Qapour ébsorption, a further atmospheric
Qariable which introduces additional deQiation from a simple proportion-
ality between (D/I)F and sec z .

The aerosol scattering will also have a dependence on zenith angle
and as turbidity can be assessed, in the absence of other meésurements,
by (D/I)F (Unsworth and Monteith, 1972), a relation was sought between

(D/I)B and (D/I)F on indiQiduél déys, and then for limited ranges of
zenith angle.
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Data for individual days showed no consistent relation between
(D/I)B and (D/I)F ; There was a clear linearity between the two
quantities on certain détes, while at other times no such relation
could be inferred (Fig. 6.13). - This analysis supports the preliminary
findings of Webb and Steven (1984) Who report a similar inconsistency
for daily plots of (D/I)B and (D/I)v s the visible waveband ratio.

The interpléy of changing zenith angle and fluctuéting aerosol com-
ponents, and the effect of this on the two wéVebands considered, might
explain the deviation of results both within and between days;

To remove some of the zenith angle dependence of the étmospheric
scéttering (D/I)B was plotted égainst (D/I.)F over 3 limited rénges
of sun éngle with values of cos z in the ranges 0.55 to 0.65, 0;65 to
0.75 and 0.75 to 0.85. Fig; 6.14 shows only a weak relation between
the diffuse to global radiation ratios in the two wavebands. To
remove further zenith éngle dependence more measurements are needed
than are available.

The trénsient nétdre of étmospheric aerosol énd its wévelength-
dependent scéttering fﬁnction, combined with the zenith éngle dependence
of scéttering,bmeans that further stddy is required before estimates of
diffﬁse UVB radiation cén be attempted from routine measurements of
full band diffuse radiation, A first consideration might be the
removal of the zenith éngle dependence from the atmospheric scattering
process by géthering sufficient daté to enéble plots similér to Fig; 6.14
to be méde ét single vélues of cos z , Somé measure of éerosol type

and content would then give scope for further analysis.
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Anisotropy of UVB rédiation

Diffuse radiation is often assumed to have an isotropicangular
distribution across the sky; but in general there is a brighter region
of sky towards the sun, The distribution of.diffuse radiation under
clear sky conditions is determined by solar zenith angle and atmos-
pheric turbidity (SteQen, 1977). SteQen (1984) showed that Shade-ring
measurements may be used to estimate the anisotropy of diffuse radiation
and hence avold the errors that can be introduced by an isotropic assump-
tion when calculating the 1lluminétion of oriented surfaces.

Steven and Unsworth (1980) showed that the shéde-ring correction

SRC can be expressed as

_ | - -1
SRC = Ddisc/Dring = (1-0D /Ddisc)

(1- a0, /04 )" -1 (6.34)

disc

where Ddisc is the true diffuse irradiance from the sky, measured

ﬁsing é shéding disc, D is diffuse irrédiénce meésdred with the

ring
shade~ring in place, Ds is component of diffuse irradiance occluded
by the ring, D_ 1is D_ under isotropic conditions and q 1is an

0

énisotropic féctor Ds/Ds » the ratio of the true Qalue of occluded
. ) o - .
radiation to its theoretical value under an isotropic sky.

The isotroplc component of eqn 6.34 is a function only of time,

position and shade-ring dimensions, and may be written

_ -1 -1 3
DsolDdisc = 2wr - T~ cos” § f!

where f' = to sin A sin § + sin to cos A cos §, X is latitude,
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§ 1is solar declination, to' is hour angle (radiansi of sunrise/sunset
from solar noon, w is ring width and r is ring radius.

Steven (1984) modelled the radiance distribution of solar radia-
tion from clear skies as a background radiance plus a circumsolar

component to show thét

DDy = 1-Cyull + C, f" (6.35)

The anisotropy féctor q 1s then a function of three parameters.
f' is a geometri; term describing the relative positions of shade-
ring and sensor§ C, expresses the relative strength of the circumsolar
component of radiation} &+ 1s a measure of the angular width of the
circumsolar region and appears because a finite slice of the circumsolar
region is occluded by the shade-ring; The smaller k. the lérger the
fraction of the total solid épgle of this brighter region that 1s
occldded;

By plotting D /D against 1/f' it is possible to obtain
values for C, and &, .

Ds/Dso cén be célculéted from shéde-ring correction measﬁrements

if the geometric ring correction g? (for isotropic conditions) is

known,
g, = (1 - b /o, )t (6.36)
r so disc
and combining this with eqn 6.34 gives
D /D . 1 _
s, = 1 - (R Yy - oH (6.37)

r
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Using values of 9, calculated by Steven for Sutton Bonington,
and values of SRC measured for solar UVB radiation, Ds/Ds and 1/f!

)
were calculated for 10 clear days.

Aplot of D/D.  against 1/f' is shown In Fig. 6.15. The
error bars indicate the uncertainty in Ds/Dso resulting from the
uncertainty in the SRC values, which were mean values for the day,

SRC = 0;01. For z < 75° the SRC may be taken as constant during the
day (LeBaron, et al, 1980; Steven and Unsworth, 1980).

The equation of the line is

D/D, = 0.36/F' + 0.72 (6.38)
(o] .

giQing the relati@e strength of the circumsolar region C, as 0;36,
and the angulér width of this region t* as 0;78 radians. This
compares with Qalues of 1;10 and 6.60 rédians for the full solar wéve-
band at 50° latitude as calculated by Steven (1984);

Anisotropy in the UVB waveband is almost entirely due to the
Snisotropy of Rayleigh scéttering, whereas a large mean component of
Mie scéttering by aerosol is included in the broadbénd resﬁlts;

Mie scattering is generally stronger (hence a lérger Cy) and
more concentrated in the forward direction (hence a smaller S*),
giQing a stronger but narrower circumsolar region for broadband radi-

ation compared with that for the Rayleigh scattered UVB.

Illumination of Vertical Surfaces

" General theory

The irradiance of inclined surfaces is important in assessing the

radiation received by an object in many practicél exposure studies.
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The component of direct beam irradiance incident on a sloping surface

(Fig. 6.16) is given by
B, = B! [cos z cosi + sinz sin { cos (¢ - ¢n)] (6.39)

where Bi is the direct beam radiation flux on the sloping surface,

B' 1is the direct beam solar radiation on a surface normal to the sun's
rays, 1 1s the angle of slope from the horizontal,.¢ is azimuth angle
of sun, ¢n‘ is azimuth angle of the normal to the slope and z 1s

zenith angle. For a vertical surface eqn 6.39 simplifies to
B = B'sinz cos (6- ) (6.40)

where B is direct'beam radiation flux on a vertical surface.

The déily énd annual changes in direct beém 11lumination of a
vertical sﬁrfacé are a function of ¢n. A south facing wall (¢n = 0)
always receives maximum intensity at solar noon, and (at 53° N) is
shaded from the direct beam only during early morning and late eQening
in the summer months, when sunrise and sunset are in the NE and NV
quadrants of the hemisphere (Fig. 2.1). By contrast a north facing
wall (¢n = 1800) receives direct beam illumination only at the times
when the south facing wall is in shade. East and west facing slopes
(¢n = I 900) have no direct beam irrédiénce in the éfternoon and morning
respectively. The time of maximum intensity Qaries on these faces
throughout the year: the beam is nearest normal to the surface early
or late in the day respectively,»but the‘rays are most Intense at noon.

The total radiation intercepted by a vertical surface is the sum
of direct and diffuse radiation components., Diffuse radiation is far

less susceptible to the directioﬁ of the receiving slope but due to the



167.
Fig. 6.16 Diagram of direct beam irradiance on

a sloping surface,

S South

N Normal to slope

Vv Vertical

z Solar zenith angle
A Azimuth of normal
3 ¢ -

i Angle of slope from horizontal
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anisotropy of the scattered radiation the greatest irradiance is still
expected on south facing slopes with least on north fécing walls, east
and Qest slopes belng 1ntermediéte énd dependent on time of day.

Applying these generél principles to UVB radiétion the directional
dependence of diffuse radiation assumes a greater importance than for
total solar radiation as at least 50% of UVB radiation is always diffuse,
At low angles (in winter, near sunrise and sunset) over 90% of UVB is
diffuse. This means that illumination of a north facing slope will be
almost entirely by diffuse radiation at all times of year as the only
direct beam irradiation would be early and late in the day during the

winter months, at which times there is virtually no direct beam UVB,

Ddily UVB irradiance of vertical surfaces

Measurements of the UVB radiation incident on verticél surfaces
were made using polysulphone film badges (Chépter 7). Four bédges were
mounted on a vertical pole 0.5 m ébove the groﬁnd and orientated to face
north, sohth, eést énd west; Badges were exposed in this ménner over
the same periods of time for which badges were exposed horizontally on
the meteorological site 1) on 13 days from August to October 1983
during initial calibratiqn of the polysulphone‘film; ii) on weekdays
during the January and June exposure trials at Sutton Bonington in 1984
(Chapter 7), giving 9 sets of badges which had been exposed over a period
of 5 days each.

:The total incident UVB on verticél surfaces facing N, S, E and W

i1s shown in Fig. 6.17, normalised to the irradiétion on a horizontal
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a) 18 Aug. 1983, 1000 * 1150

18 Aug. 1983, 1203 + 1515

c) 20 Oct. 1983, 1300 + 1545

Fig. 6.17 The irradiation of vertical surfaces
normalised to the corresponding hori-
zontal irradilance.
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surface. The diagrams show the incident radiation for the morning

and afternoon of 18 August 1983, a largely clear day (there were a few
transient clouds during the period), and the afternoon of 20 October
1983, when cloud cover was 8 octas of grey stratus. Figs 6.17a and b
illustrate the influence of the direct beam on the irradiation of
Qertical surfaces. In the morning the east facing slope received more
radiétion than the west facing surface, while the reverse was true in
the afternoon. During both periods illumination of the south facing
slope was greatest, alwéys receiving a component of the direct UVB
radiation, while the north facing surface receiQed only diffuse radiation
and recorded the lowest irradiance levels.

Fig; 6.17¢ reveals the énisotroby of UVB radiation under cloudy
conditions; The north and east surfaces received the same amount of
radiétion during the exposure period, as did the south and west surfaces.
HoweQer, the N/E exposﬁre wés 67% of the S/W exposure, indicéting a
brighter region of the hemisphere in the vicinity of the sun, despite
the apparently uniform sky obscrved by a ground-based observor.

All other measurements of vertical irradiation made from August
to October 1983 were under changing sky conditions and as such are
used only to show the mean’and range of normalised exposures received
by the variously oriented surfaces (Fig. 6.18). Exposure times varied
from 2 hours in the morning or afternoon to 6 hours throughout the day.
Some of the irradiances for east and west slopes therefore cover periods

with only diffuse incident radiation whereas others include periods with

a component of direct irradiation
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Fig, 6.18 Mean and range of normalised
vertical irradiances for part-

day exposures.
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Instantaneous and short term values of vertical irradiances
depend very much on the conditions at the time of measurement: the
state of the sky and the position of the sun with respect to each
surface. A more generalised view of the degree of radiation received
by oriented surfaces is obtained from measurements made over longer

periods of time.

Wéekly UVB irradiance of vertical surfaces

During the Sutton Bonington exposure trials Qertically-mounted
bédges were exposed for periods of 5 days, from Monday to Friday,
being cerred only when it rained; The normalised exposure values
thus obtéined represent the average irradiation of each surface for
all times of day and under all sky conditions experienced during each
week.

Téblg 6;5 shows the horizontal exposure, the normalised vertical
exposﬁres and the éQerége Qerticél exposure for two weeks in Jénuéry
and seven weeks in Méy/June.

Disregérding for a moment the last weeks of January and June,
the proportion of horizontal UVB radiation received on vertical sur-
faces is more consistent from week to week than from day to day as
a result of the time/condition averaging. As might be expected the
southern face receives most radiation and the northern face leést,
with east and west taking intermediate values dependent on the
relative amounts of sun and cloud conditions before and after midday.
The average value of V/H , or the value which may be applied to a
Vertical surface randomly oriented over a period of time, is about

0.5 for each week with a range of 0.45 to 0.56.
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During the week 23-27 January the ground was snow-covered
and there were long periods with clear skies on three out of the
four days for which badges were exposed. At this time of year very
little of the UVB radiation is in the direct beam, but high values
of V/H at all points of the compass reQeal the effect of increased
reflection of light from the snow surface; The incident radiation
recorded on the north facing slope is higher than on the eastern and
western faces for this week. The elevated V/H value may be the
result of a faulty badge or could represent some form of directional
reflection from the snow covered ground.

The horizontal badges for 25-29 June were exposed beyond the
range of the linear response of polysulphone film to irradiation,
and the unreliable value for radiation on a horizontal surface renders
all the V/H rétios equally unreliable in magnitude if not in relation
to each other.

The most significént relétionship found from these measurements
(in Qiew of the épplicétion discﬁssed in Chépter 8) is that Randomly
orientated vertical irradiance 1s approximately 0.5 x Horizontal irradi-
ance.

This chapter has explored the broadband features of solar UVB
radiation and its relation to other routinely recorded environmental
variables. These general measurements have been applied to a specific
cause: personal exposure within the natural environment and its

influence on vitamin D status (Chapters 7 and 8).
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7. POLYSULPHONE FILM

Introduction

The measurements of UVB radiation described in the previous chapter
give a climatological account of the radiation incident on a horizontal
surface; the available UVB in the natural environment. The efficacy of
this radiation for the initiation of cutaneous vitamin D synthesis is
largely dependent on individual behaviour patterns governing personal
exposure. A population will contain a wide range of individual expos-
ures, the study of which requires an unobtrusive, low maintenance method
of monitoring UVB exposure that is cheap and simple enough to be used in

large numbers. Personal dosimeter badges of .polysulphone film appeared

to fulfil these criteria.

Polysulphone Film

The polymer polysulphone was recognised as a possible UV rédiétion
monitor by DéQis, gg.éi_(l976) who describe the preparation of the film
and their tests of its applicébility for personél désimetry. Since
then polysulphone film badges have been used by a number of workers to
monitor the exposure to natural UV radiation of different populations -
for example: Corless, at al (1979) studied elderly patients in hospital
and residential homes; Diffey, et al (1982a) 'mOnitored‘hdlidéymakers
during sun-seeking activities, and Holman, et al (1983) investigated the
UV radiation received at various anatomical sites by volunteers in different
occupations and engaged upon a variety of outdoor recreational activities.
Polysulphone film badges have also been used under artificial sources of

UVB: Corless, et al (1978) measured the irradiaticn of geriatric patients
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undergoing UV lamp treatment; Young, et al (1982) tested the film
badges on the cages of animals undergoing UV radiation treatment and
found them applicable to long-term monitoring of irradiation.
Polysulphone film of thickness 40 um has a response spectrum
similar to that of the vitamin D action spectrum (Fig. 7.1). On
exposure to ultraviolet radiation the film degrades and loses tensile
properties, while the initial absorption band in the near ultraviolet
extends towards the visible. The degree of degradaticn can be assessed
by measuring the change in absorbance of the film at a wavelength of
330 nm (AA330). The change in absorbance is proportional to the dose
of UV radiation that the badge has received. For monochromatic
irradiation at é wavelength of 297 nm the UV dose Tp in3 cm'z is

related to the change in absorbance by the equation

_ 1.38
T = 43 (Mg (7.1)

(Diffey, et al 1982b).

To use this equétion to convert bédge degrédation to biologically
éctiQe UV dose received, the wévelength response of the polysﬁlphone
film would-have to match exéctly the action spectrum of the biological
response being studied. As polysulphone film responds to wavelengths
up to 330 nm, the UV dose calculated from eqn 7.1, Tp, would have to

be corrected to give an effective biological dose at 297 nm TB « This

correction is made by the equation

where K 1is a dimensionless factor that compensétes for the difference
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between the wavelength response of polysulphone and the biological
éction spectrum, The value of K depends on the spectral distribution

of the irradiating source, and can be calculated from

£ I0) R (V). d
T SI0) AGY

(7.3)

where I(MA) 1s the relative spectral distribution of incident radiation,
Rb(k) is the biological action spectrum relative to the response at

297 nm and .A(X) is the response spectrum of polsulphone in terms of
AA330, relative to the absorbance change at 297 nm.

Using eqn 7.2 to estimate the dose of vitamin D effective radiation
received by a badge-wearer poses two problems. Firstly the action spectrum
for vitamin D synthesis Rb(k) in eqn 7.3, is not known éccdrately
enough; Secondly, with solér rédiétion és the UV soﬁrce the spectrél
distribution I(A) 1is continﬁélly chénging; Furthermore, exposUre
dété reléted in such é wéy to a specific applicétion cannot easily be
épplied to other response spectré in the same wéQelength rénge unless
both action spectré are éccﬁrétely known so that a correction féctor
analogous to K can be calculated.

In view of these difficulties it was decided that an independent
calibration of polysulphone film should be made using solar radiation
as the UV sohrce, giving the dose in absolute units (3J cm°2) err the
waveband 300-316 nm recorded by the SEE 240 sensor. 316 nm corresponds
to the half-power point of the polysulphone film response and 300 nm to

the short wévelength cut-off of solar irrédiénce;
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Calibration

The polysulphone film was mounted between two pieces of card-
board to give a badge 1.6 cm x 3.2 cm with a window of film 0.6 cm x 2 cm
(Plate 7.1). The badge dimensions were designed to fit into the cu- -

vette holder of the Perkin-Elmer double beam spectrophotometer

Plate 7.1 Polysulphone film badge, 10 pence piece,

and badge mounted in holder.

(Model No. 124) used for absorbance measurements. The cardboard badges
were then mounted in more robust holders. These were made of perspex
which was covered with black velvet to provide a matt black background
for the film, and hence avoid errors due to UV radiation reflected from
the holder. The front of the badge holder was made of darkened cell-

uloid film with a window cut in it to expose the polysulphone badge

(Plate 7.1).
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For célibration,badge holders were fixed horizontélly to the
table on the meteoroiogical site where the SEE 240 UVB sensor was
mounted,  The badges could then be slipped in and out of the holders,
and once in place were exposed to the same radiation field as the SEE 240.

The badges record the integrated UV dose received during the
exposure time and were therefore calibrated against the integrated out-
put from the SEE 240 sensor, as recorded by the printing dose-timer
(Chapter &4). |

Throughout the period May to August 1983, badges were exposed,
in batches of four, fof varying lengtﬁs of time from 30 mins to 12 hours
under differing sky conditions. To avoid timing errors the badges were
placed in their holders as the dose-timer print mechanism was éctiQéted,
and removed at a subsequgnt time printing. The total dose TB received
by the bédges in the waveband 306-316 nm was then calculated from the
number of prints activated over the interQenihg time period; The |
absorbance at 330 nm was meésdrcd for each badge before and éfter exposure

to UV rédiétion, énd the change in absorbance 2A calculéted. A

330
log-log plot of TB against AA330 gave a linear relation represented

by the eqﬁétion.

_ 1.65
TB = 7.65 (AA330) (7.4)
Egns 7.1 énd 7;4 are cf the same form
T = o (M.f (7.5)
330 *

but take different values for o and B as the correction factor K

(eqn 7;3) has been incorporated directly into the calibration in eqn 7.4

to give TB rather than Tp .
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The Qalue of K , and hence & and B , dependsupon the
relative spectral distribution of the irradiating source, I(k) ~and
the response of the polysulphﬁne film A(}) . I(A) changes through-
out the year for solar radiation resulting in different values of o
and B for summer and winter. A(}) can also change between batches
of polysulphone film. Tate (1979) reported that batches of 40 um
polysulphone film ranged in thickness from 0.36 um to 0.44 um ., the
thickness affecting the degree of absorbance change on exposure to UV
radiation;

For the calibration shown in Fig. 7.2 a single batch of film was
used (constant A(A)) and errors due to changing I(A) from May to
August are included in the calibration.

Eqn 7.2 shows that polysulphone film can be directly calibrated
agéinst the solar 300-316 nm WAVebénd. HoweQer, because of the de-
pendence of «a énd B on I(l) and A(A) eéch bétch of film Used
in future work was calibrated for the incident solar UVB at the time
of use (Téble 7.1).

Téble 7.1 Values of o and R for different
batches of polysulphone film used in
summer and winter,

Film batch Date o B
1 May - Aug 1983 7.65  1.65
1 Oct 1983 - Jan 1984  10.50 1.5
2 March 1984 10.50  1.65
3 May 1984 10.50  1.62
4 June 1984 12,462 1.86
5 June - Aug 1984  31.80  2.49

Bétches 1 énd 2 were ordered together, as were Bétches
3 and &,
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At absorbance changes greater than AA330 = 0.4 departure of
points from the calibration line increased. Tate (1977) also found
that when doses of UV radiation gaVe Qalues of AA330 aone 0.4, the
degree of degradation of the polysulphone film was less than predicted
by the calibration.

The set of badges which deviated most from the calibration
(AA330 = 0. 51) were exposed from 0800 to 1930 on & July 1983, a clear
day. It was considered unlikely that any badge used as a personal
dosimeter would receive such a high dose, and for lower doses the
badges are suitable for monitoring individual exposure to solar UVB
radiation.

For individual badges the uncertainty in the value of AA330
due to the accuracy of reading the spectrophotometer scale was 0.005,
Badges were exposed in'groups of four, with a fifth badge kept in the
dark as a control and as a check against changes in spectrophotometer
oatput; Valﬁes of AA330 were found to be repeatable for the exposed
badges, varlation within a eet being attributable to the uncertainty
of AA330. Occasionally a single badge differed from the rest of the
set by 50% or more; Such unexplained deviations were discarded from
the analysis;

The error in the values of UVB dose calculated from the printing
dose-timer 1s ¥ 8% randem (Chapter 4).

The aone sources of error are Incorporated in the calibration
graph'(Fig; 7;2, error bars are shown at three points) for which the

standard errors of the slope and intercept are 0;1 and 0.14 respectively

@ = 7.65 Y0.14 and g = 1.65 fo0.1.
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Téking two standard errors on elther side of the calculated Qaldes
gives a maximum error in UVB dose due to the calibration of X 10%,
for high Qalues of AABBO this error is less.

 The polysulphone film calibration was tested for additiQity by
exposing different sets of badges for consecutive periods of time, and
one set of badges for the total time period; The calculated dose of the
fully eXposed badges was always within 3% of the sum of the doses of the
consecutively expcsed badges; The badges therefore provide an accuréte
time integral of UVB radiation;

As with all the meésuring techniqdes which have calibrations
traceéble to the LIl8OO there is a systematic uncertainty in the absolute

Qélues of irradiénce levels of ¥ 10% + 1.5%.,

Stability of the film

The polysulphone film was tested for stability dﬁring storage by
é series of AA330 measurements both before and after exposure to UVB
radiétion; The effect of surféce contéminétion on the performénce of
the film was also investigated.

Storage at room temperature for 12 weeks before irradiation héd
no effect on the initial absorbance or subsequent performance of the
film. After exposure to UVB radiation storage of the film for periods
of up to one week showed no significant change in the finél absorbance
measurement, élthough Téte (1979) reported é 5% increése in absorbance
after storage of irradiated film for one week in the dark.

Téte (1979) also found that extreme storage temperatures of - 20°C

and 50°C had no effect on the ébsorbénce of film either before or after



185.

irradiation; He further showed that irradiation at temperétures

between - 4°C and 53°C had no significént effect on the performance of

the film., The film used for the project described here was exposed

at enQironmentél temperatures well within the temperature range inQestigated
by Tate; As the calibration was performed uﬁder a Qariety of environ-
mentél conditions additional temperature tests were not considered necessary.

Badges used as personal dosimeters are liable to contamination from
fingering or exposure to dusty or smoky atmospheres. To investigate
the effect of such surface contamination on the performance of the
badges, sets of badges were deliberately fingered to different extents
either during or qfter exposure, Further bédges were shaken in a bag
with dust pérticles at different stages of their exposure. After the
final absorbance reéding of the treated bédges, the polysulphone film
was cleaned with ethanol and cotton wool and a further absorbance
measurement téken;

Light fingering and small amounts of dust had no significant effect
on the performénce or final ébsorbance of the polysulphone film; Where
greasy fingerprints or large dust particles covered the film the
final ébsorbance was high; If contamination took place after exposure
the final absorbance was unaffected proQided the film was cleaned before
téking the measurement; Heavy contamination of the film during
exposure reduced the performance of the film slightly by preventing UVB
rédi#tion félling on the dirty areas of film; The departure of marked
badges from the film calibration depended on the degree of contamination

and the proportion of the exposure time during which the badge was

contaminated.
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Bédges worn by a heaQy smoker were measured for final absorbance
both before and after cleaning and did not appear to be adQersely
affected by a smoky atmosphere.

From these results and those of Tate (1979), who also tested
the effect of dust and greése on polysulphone film, only badges showing
visible signs of contamination or denting were discarded from experi-
mental énalysis;

The resdlts of wetting badges depended on the subsequent treat-
ment of the badge. Water droplets wiped off the polysulphone film
had no éd&erse effect on badge performance, If the droplets were allowed
to dry and left smears or a deposit on the film the result was similar to
that of dust or grease contamination., Wetting the whole badge with
clean wéter did‘not affect the performance of the film, but if the
bédge bent or wrinkled as it dried the ébsorbénce reédings were affected
and the badge had to be discarded. Bédges which remained flat in their
holders while being washed in an NHS léﬁndry (Chépter 8) éppeared to
hold their célibration; Such bédges were not however used in the
énélysis;

In summary, polysulphone film badges prerd to be stable and
robust enough to be used as personal dosimeters, and gave a good cali-
bration égainst the solar UVB radiation under standard meteorological
site conditions., To test the précticalities of using them in uncon-

trolled environments a sméll personal exposure trial was conducted in

January 1984.



187.

Polysulphone Personal Exposure Trial

Materiéls énd method

Polysulphone film badges were worn by a group of 31 volunteers
for a three week period from 9 - 29 January 1984, The volunteers were
staff and students at Nottingham UniQersity, 21 based ét Sutton Bonington
and 10 at the main campus in Nottingham. They were asked to wear film
badges on their lapel during working hours (0900 to 1700 GMT) and to
record on hourly exposure grids the proportion of time spent out of
doors. Occupations ranged from computer staff spending virtually all
the time indoors to gardeners working outside much of the time, weather
permitting.

Bédges were also exposed on the meteorological site for the same
time periods and with similar exposure grids (these badges were not
exposed dﬁring réin), The meteorological site bédges were placed
é) horizontally and bi mounted Qertically on a pole with bédges fécing
north, south, east and west. These badges provided é meésure of the
total UVB radiation available in the environment ddring exposﬁre periods,
both on é horizontal sﬁrféce énd on - Qerticél féces more representatiQe
of the position of the lapel bédges and of the exposure of skin areas
on the hands and faces of Qolunteers.

Each Qoldnteer was proQided with two badges per week, one to be
worn from Mondéy to Fridéy and the second for use at the weekend.
Casualties émong the weekend bédges were high as mény were forgotten or
lostzénd these have therefore been excludéd from the statistical analysis,
but where aQailable haQe been used for comparison of occupational and

leisure exposure patterns;
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One set of badges was stored unexposed ddring each period as a
check against changes due to other causes. During the second week
(16 - 22 January) of the trial the control badges showed a negative
change in absorbance. This was later found to be due to a fault in
the spectrophotometer during the pre-exposure absorbance measurements,
so the results for this wgek were excluded from the analysis.

The exposure grids, used to assess time spent out of doors, were
marked for each hour of the déy on é scale of 0 to 3 as shown in

Table 7.2.

Table 7;2. Exposure grid scores

Score Time outdoors (min)
0 0
l 1l - 29
2 30 - 59
3 60

Throughout the three week trial period the UVB incident on a
horizontal surface (the SEE 240 sensor) was recorded as a spot sample
on the data logger every five minﬁtes, giving a continuous record of
the 'available' UVB rédiétion even when the meteorological site badges
were covered because of rain.

During the two weeks for which badges were analysed, Week 1
(9 - i3 Januéry) and Week 3 (23 - 27 January) the weather conditions
were very different. Week 1 was mild but fully overcast on three days,

the 10th, 11th and 13th, with rain the afternoon of the 11th and all
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day on the 13th, when the meteorological site badges were covered.
The 9th and 12th were days with intermittent sunny periods.

Week 3 was cold and there was snow covering the ground through-
out the week, giving an increase in the surfécebalbedo. Snow was
falling on the 23rd and the meteorological site bédges were not exposed.
The following three days were generally clear and sunny after a misty
early morning with low temperatures. On the 27th there was fog as the
thaw began and snow coVer became increasingly patchy. The changing
weather affecteézgigggﬁie pétterns and also had a bearing on the amount
of indoor lighting, a further factor for consideration when analysing
the badges. Polysulphone film responds to light of wavelengths up
to 330 nm and artificiél lights (generally fluorescent tubes) have a
small spectral compcnent in the 316-330 nm waveband, élthough there is
no natural light indoors in the UVB bénd of interest because the trans-
mission of window glass is negligible in this band.

To assess the effect of this anénted radiation on the badge
readings the LI1800 spectrorédiometer was used to scan the waveband
300-330 nm in a typlcal laboratory with the lights on and then off.

A further scan was taken outdoors in hézy sunshine for comparison.

Three volunteers spent time in growth cabinets with different types of
artificiél lighting, and spectrél scans were also taken in these cabinets.
Table 7.3 shows the amount of radiation in different wavebands under
various lighting regimes.

-The spectral details of laboratory lighting are shown in Fig. 7.3.

With the lights off there is no significént radiation at wavelengths

less thén 330 nm, the spectral plot shown is attributable to instrumental
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Table 7.3 UVB radiation under different lighting

conditions,
316 - 330 .
Lighting conditions X IA Wm®) pX IA Wm"©)
o 300 300 -

Laboratory, lights off 2.23 x 107 9.59 x 107"
Laboratory, lights on 1.00 x 107> 1.26 x 1072
Growth room, sodium lamp 3.58 x 107> 1.06 x 1071
Glasshouse, mixed light 6.25 x 10-3 6.76 x 10-3

Solar radiation (Feb) 1.2 x 1071

-

noise, With the lights on there is some indication of a very small
spectral component from 300-316 nm, although being two orders of
megnitﬁde lower than a winter value for solar radiation its relevance

to vitamin D synthesis is negligible. Of more concern is the contri-
bﬁtion from light at wavelengths aone 316 nm, affecting the bedge
measurements but not the vitamin D metebolism. As shown in Fig.'7.3
end Teble 7;3 sﬁch error is minimal compéred with ohtdoor exposﬁre for
eny iength of time; However the bedges ef workers who remained indoors
all the time were used to establish a baseline against which to assess

other badges, so as to eliminate as far as possible the effects of

artificial lighting.

Results

The outdoor exposure E (J cm'z) received by each voluntecer was
calculated from the information on the exposure grid and the record of

incident UVB radiation from the data logger.
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E = Ewh ih ) (7.6)

where WL is the weightingfactor for each hour from the grid scale
and ih is the average incident UVB for that hour. The sum was taken
over the week during which the badge was worn. The average irradiation
per hour was used in the calculation as there was no indication of which
period during the hour exposure took place.

Weighting values for the grid scores (0 - 3) were calculated using
a Genstat program to find the weighting values that gave the best fit
of badge exposure against grid exposure for Week 1 data. The weighting
for scores '0' and '3' were constrained to be 0 and 1 respectively,
Results of this analysis indicated that a grid score of '1' represented
little more exposure than a score of '0', Similarly a score of '2'
was not much different from a score of '3', Observation and discussion
with 901unteers supported this theory. A score of '1' often represented
é quick dash from one bcilding to énother. A score of '2! wés a few
minﬁtes spent indoors during én hour in the field. On this bésis
weighting factors w, of 0, 0.1 , 0.9 and 1 were chosen for the
grid scales from 0 - 3; The weighting values were tested on the data
of Week 3 and prerd to be a suitable interpretétion of time spent out
of doors;

The data from both weeks were used in a linear regression analysis
of badge exposure TB (from AABBO measurements and calibration curve)

against grid exposure E (calculated from eqn 7.65 giving

Ty = 0.54 (£ 0.09) E + 0.025 (¥ 0.005) (7.7)

Standérd errors of the slope and intercept are shown and 54% of the

variance was accounted for by eqn 7.7 (Fig. 7.4).
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The calculated exposdres E estimate the UVB radiation incident
on a horizontal surface, while the badge was worn more or less Qertically.
To assess the proportion of vertical to horizontal irradiation the
meteorologicél site badges were used. The exposures of the four
Qertical bédges were normalised by the exposure of the horizontal badge
and the average taken (a volunteer was assumed to be randomly orientated
oVer a period of one week). Results are shoﬁn in Table 7.4.

Table 7.4 Normalised vertical irradiance
for Weeks 1 and 3.

Normalised irradiance Week 1 Week 3

Horizontal 1 1

Vertical S 0.766  0.785
E 0.471 0.549
W 0.364  0.549
N 0.364 G.653

AQer&ge vertical 0.491 0.634

The erréll éverage ratio of vertical to horizontal irrédiation
for both weeks is 0.562, consistent with the slope of the regression
analysis. The intercept Is a measure of exposure to indoor lighting.
The scatter of measurements with badges worn indoors is large for a
number of reasons. Different types of indoor lighting areone source
of variation as only fluorescent lights affect thé badge measﬁrement.,
Errors due to the spectrophotometer and contamination, while negligible

compared with the responséAtd outdoor exposure, become significant for

indoor exposures.
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Bearing in mind the low levels of UVB radiation being measured
in January, and the errors inherent in calculating grid exposures from
subjective judgement on a coarse score scale, the measurements confirmed
that polysulphone film badges provide a cheap énd easy means of measuring
personal UVB exposure in a range of different actiQities. With Qalues
of exposure expected to be far greater in summer, polysﬁlphone film
badges were considered to be suitable for use in a more elaborate trial

in late spring and early summer.

Occupational Exposure to Solar UYB Radiation

The occupational exposure data from the January and May/June trials
is presented below. Information from the summer months was gathered as
pért of a more extended study to inQestigate the link between UVB exposure
and vitamin D status (Chapter 8)., It provides an indication of the UVB

exposﬁre leQels of healthy yoﬁng édults under the rédiétion regime of

the East Midlénds;

The volunteers

Most of the sUbJects in the JAnQSry trial wore bédges égéin dUring
a 7 week study from 14 May to 29 June 1984, 24 males and § females,
one female less than in January, took part in the summer study, proViding
é total populétion of 30 with an age range (for both trials) of 21 - 63.

VWlunteers were asked to record their age, occupation, and whether
they considered themselves indoor or outdoor workers. A classification
of participants by age and occupation is giVen in Teble 7.5 for the
summer study; In January most students and academic staff classed
themselves as indoor workers, and the mixed and outdoor technical staff

generally spent a smaller proportion of their time outdoors.
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Table 7.5 Classification of June volunteers
by age and occupation.

Age«(year)

Occupation < 30 30-40 40-50 > 50
*8
Student 9 2 - -
*1 *2
Academic staff 3 5 3 -
Tech. staff *]1 *
(indoor) 2 1 1 , 1
Tech, staff _ > _ 1
(outdoor)
*X

these Volunteers classed themselQes as mixed indoor/
outdoor workers, the remaining students and academics
considered themselves to be indoor workers.

Procedure for wearing the bédges was as described earlier with a
few modifications for the summer months. Volunteers were asked to
wear badges from 0800-1800 GMT (0900-1900 BST), and the exposure grid
scéle was éltered to facilitate more accurate assessment of time spent

outdcors (Fig; 7.5); - Weekend badges were again worn intermittently.

UVB sunshine hours for the working day

Fig; 7.6 shows the duration of the solér UVB radiation aéy through-
out the yeér, énd the proportion of this déy for which polysUlphone film
badges were worn; The daylength is for clear days and therefore shows
the maximum time for which there is a UVB component in the solar spectrum,
the UVB sunshine hours. This follows closely full solar sunrise and

sunset, before and after which éll solar radiation is diffuse., On oVer-

cast déys uvB dﬁsk occurs earlier,
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Fig. 7.5 Sample exposure grid with summer scale.
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MONTH

Solar sunrise and sunset (Smithsonian Met., Tables)
also time by which UVB is zero.

Time by which UVB has fallen to 10% of noon value.

Time badges worn.
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It wés assumed that any exposure before 0900 GMT (0800 in June)
wés negligible. In January volunteers were asked to wear badges during
the working déy, 0900-1700 GMT, encompassing the full UVB radiation day.
For the summer trial in May and June badges were worn from 0800-1800
CMT during the week. Any exposure after this time would have been
to 10% or less of the midday value and have a minimal effect compared
with exposuré earlier In the day. Weckend badges were worn at the
discretion of the Qolunteers, bUt provision was made on the exposure

grids for long active eQenings.

Occupation and seasonal exposure

The volunteers were divided into four categories according to
their occupation.  Two of the volunteers had occupations for which they
were indoors for the totéf:€§2t the badges were worn both in Jénuéry
and June. They were classed as total indoor workers, Other pértici-
pants (14) considering themselves indoor workers nonetheless recorded
some outdoor écti@ity, often ét middéy; EleQen Qolunteers cléssified
themselQes és mixed workers, énd thrge héd outdoor occupétions;

The range of weekly exposdres recorded within each occupétionél
category for the two trial periods is shown in Fig. 7.7.

For the total indoor workers the range is the same in both winter
and summer. These vélues, plus the occasional zero-exposure bédge
from other subjects, lie within the base level range (< 0.07 3 cm"z)
established for an indoor environment by a control group in the extended
summér study (Chapter 8);

During January there was no significant difference between

exposures for the two indoor groups, or between the two groups with
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Fig. 7.7 Working week exposure ranges by
season and occupational category.
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more outdoor éctivity. The maximum exposure increésed by é factor
of 2 from indoor to outdoor categories, énd the Qery lowest values

of exposure were not recorded by volunteers claiming to spend time
outdoors. COnly those with tasks to perform outdoors spent more than
brief periods outside, and external activities were timetabled where
possible to coincide with the most clement conditions. The similéri-
ties within the two pairs of exposure ranges Is therefore not sur-
prising.

In May/June the range of exposures increased both between and
within occupational categories. Changing weéther and workloads from
week to week plus personal desires for fresh air all contributed to
the extended exposure ranges shown,

The maximum exposures of each occupétionél rénge are giQen in
Table 7.6 in relation to the total indoer max Lmum exposﬁre; The
ratio of June to Jénuéry maxima is also given for each cétegory.

Table 7.6 Maxdmum exposUres by occupation in Jénuéry
and June with respect to total indoor exposure.

Category

Total indoor Indoor Mixed Outdoor

Occupation/Total indoor 1.0 1.2 2;3 2.3
(January)

Occupation/Total indoor 1.0 6.9 21.8  23.4
(June)

June/January 1.0 5,7 9.6 10.3
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At the top end of the exposure range the differences between
the two indoor cétegories and the indoor and mixed occupations increased
significéntly from Janﬁary to June. The mixed and outdoor workers
remained similar in their maximum exposures, but the cutdoor workers
did not record exposures in the lowest 10% of the mixed category range.
The discrepancy in UVB exposure between different occupations
in this (non réndcm) population may be modified by time spent outdoors

in lelsure éctivities.

Work énd leisure

Volunteers were asked to weér a second polysﬁlphone film badge at
weekends, recording time spent outdoors énd the type of éctivity they
were engaged upon. Many weekend badges were not worn or suffered damage,
therefore results in this section ére drawn from é fluctuating population,
smaller than the full set of volunteers. As exposure depends so much
on individual pursuits it is not possible to give more than a generalised
Qiew of the amount of irradiation that may be expected from different
pastimes.

In Jénuary, weekend badges (2 déys$ recorded exposures err the
same range (0-0;16 J cm'z) as the full set of weekday badges (5 days).
Weekends spent entirely indoors accounted for the lowest badge records,
while the greatest exposure was the result of a full day (0900-1600 GMT)
woodcutting in the open air, and a further hodr outside the following day.
Almost all weekend bédge wearers undertook some kind of outdoor actiQity,
often: shopping or walking; Short times spent in this way gaQe indoor
workers weekend doses of rédiétion greéter thén or equal to thelr weekday

accumulation of UVB. Those with gardens or dogs scored highest err
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the weekend; Weekly outdoor workers showed lower exposures for the
weekend during January; Where similar occupétion wés undertaken
(gardening) it was for a shorter period of time. In other instances
é restful two days resulted in little exposure.

Calculating the full weekly total exposure from the sum of week-
day and weekend badges for all volunteers returning their bédges and
for both Januéry weeks showed a rénge of full week exposures of 0.006-
0.290 J cm'z; The maximum was a mixed environment worker with a high
weekend exposure, the minimum an indoor worker with an indoor weekend.
0f the volunteers falling between the two extremes no demarcation could
be made on the grounds of weekdéy employment, . an indoor worker with
an active weekend could accumulate the same UVB dose as an outdoor
worker spending weekeﬁds indoors.

A sunny summer SUndéy encourages most people to spend some of
their leisure time in the open éir, and the Méy/Jﬁne weekend bédges
sﬁpport this;

Weekend exposures for the indoor workers exceed the weekdéy values
in 33 out of 60 cases., The majority of the exceptions occﬁrred during
two weeks with dull weekends. Over the four weeks with fine weather
at the weekend 30 out of 39 indoor workers recorded over half their
total weekly UVB dose at the weekend; In some cases Qirtually all
exposure was at weekends;

Outdoor workers, by contrast, always showed lower exposﬁres at
the weekend than during the week; Those employed in the open air
tended to continue to spend time outdoors during their leisure hours.
Taking account of the different périods involved (2 days and 5 daysi

weekends and weekdays provided similar exposures for these volunteers.
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Mixed workers, as their name suggests, had mixed dependence on
weekend activities for their exposure levels. Weather, workload and
preferred pastimes gave each indiQiduél a different exposure péttern
over the seQen week stddy. The relative importancé of weekends for
this group covered the full range between indoor and outdoor workers;
from proQiding over half the total exposure to contributing the same
daily accumulation rate as the weekdays.

The cumulative UVB radiation received by four Qolunteers in January
and then in May/June is shown in Fig; 7;8 and illustrates the personal
énd occupational influences on exposure with season.

All exposures were low in January, and no Volunteer had any
éppreciable exposure in the second week., The cumhlative exposﬁre shows
the expected increase with occupational cétegory, élthough it should be
noted that almost half the outdoor volunteer's total exposdre was gained
dﬁring the first weekend; weekdéy employment for this subject still
produced the highest exposdre Qélﬁes, but only mérginélly so.

In Méy/June the occﬁpéticnél differences were more pronounced as
the total daily available UVB radiation increased 40-fold from the
January level and outdoor employment patterns also became more diverse.

The relative importance of weekend exposures is particularly
noticeable at this time of year. Weekends 4, é and 8 accounted for
over 75% of the total indoor workers cumuléti?e exposure, while weekend
2 alone was responsible for 30% of the indoor worker's exposure.

In comparison, all six weekends contributed only 10% to the outdoor
worker's éccﬁmﬁlated UVB; For the particdlér mixed enQironment worker
111ustréted, weekend exposure accounted for just 50% of the total cum-

ulative exposure over the seQen weeks of the trial,
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Cumulative UVB exposures for & volunteers
during the two trial periods.
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The UVB exposure in various employments and the relatiQe
importance of different weekend activities have been described for
workers in the radiation environment of Sutton Bonington. Populations
in other climates would require either more or less time outdoors to
receive the same dose of UVB radiation. It is therefore instructive
to consider personal exposure with respect to the évéiléble uvB i.e.
that incident on a horizontal surface, a figure compérable under any
climate.

A detailed account of the Sutton Bonington UVB climatology is
given in Chapters 5 and 6. Personal exposures are compared here with
the UVB incident on the horizontal meteorologicél site badges. These
badges were exposed for the hours that volunteers were asked to wear
badges, bﬁt were covered if it rained., As few people choose to work
in the réin these badges represent the 'availéble workdéy' uvs
radiation. Table 7;7 shows the percentage of available workday UVB
radiation received by each category of worker during the weeks of the
January and Méy/June trials,

As expected there was an increése in percentage UVB received
with increased outdoor employment, with variation from week to week in
any category reflecting that week's particblar tasks.

Other workers have measured the UVB exposure received during
different activities and results from Challoner, et al (1976)a, Leach,
et al (1978)b, Diffey, et al (1982a)¢ , Larko and Diffey (1983)dand
Holmén, et al (1983)e are summarised below (Table 7.8).

The ambient UVB used in these studies was either measured or

calculated from Bener's data for the period during which exposure took

place.
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Table 7.7 Occhpational percentages of available
workday UVB radiation.

Date Occupation
Total indoor Indoor Mixed Outdoor

Jan., 9 - 16 10 3 14 22

23 - 29 0.5 ‘ 0.6 2 4
May 14 - 18 2 4 11 21

21 - 25 0.3 é 6 20

28 - 31 0.1 3 14 38.
June 4 - 8 1 2 3 24

11 - 15 0.1 0.4 11 17
Mean (Summer) 0.62 2.63 9;17 22.5
ts.0. 0.69 1.99 3.6 7.5

Table 7;8 Occupationel percenteges of embient uvB

recelved,
Occupetion % Ambient UVB received
Gardeners 10 a
(cf. outdoor) 46 - 69 dependent on body site e
10 - 70 d
P.E. Teacher 33 - 63 dependent on body site e

(cf. mixed)
Classroom teacher 7. <211 dependent on body site €
Lab./0Office worker 2 - 4
(cf. indoor) é d
Werd-fast patients 0.1 a
(cf. total indoor)
Leisure : Sunbathing 75 - 80
Skiing 20 - 23
Sailing 13 - 15
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Results agree well with the present study for the two classes
of indoor workers. For the outdoor workers (ﬁardeners)~ the Sutton
Bonington value lies between the percentéges from other studies.
Values are lower for the mixed worker'category; HoweQer these
occupatlons are 50 dependent on indiQidual work load that this spread
of results is not surprising.

For indoor workers who rely on leisure activities and holidays
for most of their UVB exposure, Holman, et al (1983) rated ten recre-
ations in order of descending fractional UVB exposure:

1. Boéting s Ocean swimming

2. Sunbathing

3. Hiking
4, Golf
5. Fishing

6. Tennls , Pool swimming
" 7. Cricket
8; Gardening
The 1little information obtained from the Sutton Boningon trial
about weekend péstimes seems to support this order. Very high weekend
exposure was recorded by two volunteers after periods spent sunbathing,
and the more actiVe sports of hiking énd tennis prerd better UVB

accumulators than gardening.

To distant climes

Personal exposures reported thus far have all been receiVed in the
English East Midlands. However during the trial periods two Qolunteers
had holidays abroad, and agreed to wear polysﬁlphone film badges during

their vacation. A further set of badges was taken to India by a

Qisiting research worker.
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27 January 1984, Val d'Isere, French Alps,

Altitude 1400 m, Latitude 45.5°N

FiQe polysulphone film badges were exposed on 27 January from
0900 to 1530 GMT, One badge was placed horizontélly on én unshédea
hotel balcony, with a second badge mounted Qertically below it with
a south-facing aspect. The remaining three badges were worn on the
hats of skiers who were active from 0900 - 1200 GMT and 1300 - 1530
GMT.  The sky was fully overcast with grey sfratus cloud thrcoughout

the day. The UVB radiation received is shown in Table 7.9.

Table 7.9 UVB radiation incident in French Alps
and intercepted by skiers.

2

Badge uvB (0900 - 1530) J cm~ % Ambient
Horizontal 0.204 (¥ 8%) 100
Vertical (S) 0.264 (£ 8%) 100
Skier 1 0.110 (% 16%) 45

2 0,41 (% 16%) 58
3 0.161 (¥ 16%) 66

On the same day, 27 January, the ambient UVB at Sutton Bonington
(altitude 50 m, 7° further North)'was 0.09 3.em%,  The meteorological
conditions were veryksimilar, and there was patchy snow cover on the
ground at Sutton Bonington; The horizontal/?ertical (S) ratio for the
week at Sutton Bonington (snow cover and 3 déys with clear skies) was
0.78 or 78%.

With all radiation diffuse and the high reflective properties of

snow the equivalence of the horizontal and Qerticél (S) exposures in
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France is not surprising. More direct beam radiation and less snow
reduces the ratio of UVB incident on a vertical surface at Sutten
Bonington.

The incident UVB in thc Alps wés 2.7 times that for Sutton
Bonington under similar weather conditions, emphésising the effect of
latitude and altitude on radiation climate.

The skiers received from 45 -.66% (¥ 8%) of the availabie uvs,
a higher percentage than that reported by Diffey, et al (1982a) who
found the percentage of available UVB intercepted by skiers in
Austria was 20 - 23%, 22% under light cloud.

The high percentage of the available UVB received by skiers
(twice that of an outdoor worker) is probably due to the combination
of a number of factors: the high albedo of snow, the length of time

spent outdoors and the unshaded nature of ski slopes.

18 - 22 June 1984, Austrian Alps.

Altitude 3000 - 7000 ft, Latitude ~ 47°N

An alpine walking holiday in Austria at mid-summer provided the
radiation regime under which a further polysulphone film badge was
exposed; The badge was pinned to a rucksack worn while walking for
an aVerage of 8 hours per déy. No climatologicél data are available,
but the recorded UVB radiation dose of 2.81 J cm 2 is by far the highest
weekly value measured dupring the trial; The highest exposure for an
cutdoor worker ét Sutton Bonington that week.was 0.84 3 cm'z, the
result of long periods (~ 5 hours) spent outdoors each day of the

week.  The maximum weekly exposure recorded at Sutton Bonington during

the May/June trial was 1.64 J cm'z, 58% of the Austrian value,



211.

Once more latitude and altitude appear to héQe increésed the
available UVB for this volunteer. A combination of climéte, long
hours outdoors and hiking scoring high on the 'Interception Scale'

of activities (Holman, et al, 1983) explains the high holiday dose.

23 - 29 February, 18 - 24 March 1984, Hyderabad, India

Latitude 17.4°N.

An agricultural research worker spending a study period in
Hyderabad, India took two sets of badges for exposure meésurements in
é subtropical climate.

The badges were exposed a) on a horizontél, unshaded surface
surrounded by flat farmland and b5 wdrn,on the shorts of the worker
throughout the day. The horizontal badges were chénged eQery day,
the worker's bédge every two déys .

Two weekly periods were chosen, ddring which UVB doses were
meésured with the polysﬁlphone film bédges: 23 - 29 Feeréry and
18 - 24 March, 1984.

The weeks of exposure occurred during the dry season, when skies
Qere clear eQery day. Sunrise was at 0630 and sunset 1820 (local
time). Daily values of available UVB radiation incident on a hori-
zontal surface are giQen in Table 7.10 together with the exposures
of the worker, their percentages of the aQéil&ble UVB, and an indication
of time outdoors;

" The work inQolQed was measuring the growth of various tropical
crops, and may be compared with the outdoor workers at Sutton Bonington

(gardeners); The percentage of aQailable uve recei@ed is of the same



212,

order as that found in England, although the absolute Qalue of the
UVB dose is increased; The dose received in India o@er two days

is at the maximum end:.ofthe range received in England, at mid-summer,
over a fiQe déy period. During February and Mérch in Englénd the
available UVB/day is of the order of 0.18 3 cm™2 and 0.44 J em~2 for
each month respectively. This is only ~ 5 and 10% of the UVB
radiation incident on a horizontal surface in India.

Iggle 7.10 Available and received UVB of outdoor
worker in India,-

Date Available UVB ReceiQed uvs % A;éilable Time outdoors

(3 en~?) (3 en”?)

Feb. 23 3.85 1.04 14 < 1 hr at noon
24 3.70 } - 0.5d"}more at noon
25 3.36 } 1.57 20 1000-1700 in field
26 4.40 1100-1430
27 4.28 } 2.15 26 All day in field
28 3.95 All day in field
29 b4l 1.17 26 Most of day

March 18 %.10 }, 1.07 13 1.5 h early a.m.
19 4,05 All a.m., 0.5 p.m.
20 3.80 0.808 10 very little
21 4.05 } > 0.5 each hour
22 4,12 0.435 5 < 0.5 each hour
23 3.95 } > 0.5 each hour

24 3.83 0.730 19 < 0.5 each hour
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Summary

Polysulphone film has proved to be a relatively cheap and easy
means of assessing personal exposure to solar UVB rédiation. The range
of exposures of a sample populétion under the radiation regime of the
East Midlands has been studied with respect to occupation and the ambient
UVB of the location. Percentages of the available UVB received at

Sutton Bonington while engaged in various tasks agree with results at

other sites and by other workers.,
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8. UVB AND VITAMIN D

Introduction

The role of UVB in méintaining a healthy vitamin D status in
man was reQiewed in Chapter 3. The rate of production of vitamin D
in vivo and the amount of exposure to sunlight required for health
have not been resolved in the literature and these unknown quantities
were invéstigated as one application of the general UVB measurements

described in previous chapters.

Materials and Methods

A group of long-stay geriatric patients at Nottinghém General
Hospital were chosen for study and for comparison with a younger,

healthy population.,

Elderly volunteers

TwentyseQenpétients gé?e their 1nforméd consent to participate
in the study, which was approved by the Hospital Ethical Committee,
All volunteers were long-stay patients, their time in hospital ranging
from several months to years. 24 of the patients were female, 3 were
male. They were aged 70 - 94 years.

The patients were divided into two groups. 14 (to be referred to
as Sun-patients) were resident on two ground floor wards with easy
access to a terrace facing south-west; The remaining 13 (Control
patients) were on wards 1mmediétely aboVe, with no outdoor access.

" The study took place over a 13-week period, from 26 April to
26 July, 1984. Each patient wore a polysulphone film badge (one per
week) to record UVB exposure, and the ward stéff were asked to record

the times during which patients were outside on the terrace.
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A Kipp solarimeter and a SEE 240 UVB sensor were mounted on the
hospital terréce to record the total solar rédiation and natural UVB
available at this location. The UVB radiation was recorded on a
printing dose-timer (Appendix B2) and the output from the Kipp was
integrated to give the total incident radiation per hour. Both
instruments were therefore directly compérable with concurrent measure-
ments made at Sutton Bonington.

Non-fasting venous . blood samples (10 ml) were taken.by hospitai
doctors in weeks 2, 4, 6, 8, 10 and 13 of the study. The blood plasma
was stored at - 20°C and later analysed for 25-hydroxyvitamin D by
competitive protein binding asséy (Appendix C).

There was no control of the patient's dietary intake of vitamin D
other than the exclusion of fatty fish and Qitémin D supplements.
Analysis of a typical day's food consumption gaVe a méximum vitémin D
intéke of 1;41 g, little more thén half the recommended daily dose of
2.6 ug; The aQerége intake of these pétients ls likely to héQe been
considerébly less than the méximﬁm, about 0.4 ug if the déily egg
(assumed aboVe) is not included,

None of the patients had liver disease or any condition known to

interfere with calcium or vitamin D metabolism.

Young volunteers

The UVB exposure of 30 healthy young volunteers was monitored
for 7 weeks from 14 Méy to 29 JQne, 1984 and is described in Chapter 7.
Of these 30 volunteers, 10 agreed to give blood for plasma ZS(OH)D
analysis. The 3 females and 7 males were aged 21 - 37 years. There

was no dietary control of this group and volﬁnteers were assumed to have
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a generally balanced food intake. One subject was a vegan with no
dietary source of vitamin D,

Non-fasting venous blood samples (10 ml) were taken on 22 May,
13 June and 3 July. The plasma was stored and analysed in the same

way as that from the elderly patients.

Results and discussion

Of the 27 geriatric pafients, five died (from natural'causes).
during the study. A further two developed conditions éffecting their
plasma 25(0H)D levels and were therefore excluded from any anélysis.

A complete set of six plasma ZS(OHjD levels wés not available for all
the remaining patients, due to low recoveries from the assay or missing
samples, but only one patient had insufficient data to be included in
the results.

One of the originél control patients wés oBserved to sit in front
of an open window in warm weéther, and was also taken on outings by
relatives. He was therefore considered as a Sun-pétient in the
analysis. |

The 19 patients for which results are given were divided between
Sun and Control patients as shown in Table 8.,1. The corresponding

informétion for the young compatrison volunteers is also given.

Table 8.1 The volunteer groups.

Group Total subjects Female Male Ages (years)

Sun 10 9 1 72 - 90
Control 9 ‘8 1 80 - 94
Young 10 3 7 21 - 37
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The Available UVB Radiation Climate

The UVB radiation environments to which the different volunteer
groups were exposed were measured with SEE 240 UVB sensors. The
available UVB radiation is therefore taken to be the radiation incident
on a horizontal surface in the waveband 300-316 nm.

The control group, restricted to the wards, had no environmental
UVB available to them. Any change in the polysulphone film badges was
a result of wavelengths Qp to 330 nm affecting the film, As fluorescent
lighting and aﬁpect of all wards was similar the AA330 changes in badges
of the control group were taken as é baseline for zero UVB irradiation.
The range of control badge values was consistent with badges for Sun-
patiehts who had not been out on the terrace during the week, and with
bédges scoring zero from the young volunteer grodp both in January and
during the summer (Fig. 8.1).

The Sun-group had access to a terrace fécing south-west with
trees élong the border ét inter?als providing intermittent shéde
(Pléte 8.1). The SEE 240 was mounted on a téble ~'2;5 m above the
level of the terrace in an unshaded position, and was therefore monitoring
the maximum UVB available. Patients sat outside only on warm days
between 1000 and 1500 GMT. Exposure grids were completed by ward staff
on one of the wards only,but similar préctices of patient care were
assumed for the second ward. With very few exceptions all exposure
took place between the hours of 1300 and 1500 GMT, and in time blocks
of 1 to 2 hours. |

The available UVB is shown in Fig. 8.2 for two days when many of

the Sun-patients were outdoors. The two plots show the incident UVB
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Fig. 8.2 The available UVB radiation at Nottingham ( =---- )
and Sutton Bonington (

) on a) a clear day,
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Plate 8.1 The terrace to which the Sun-group had

aCCess.

radiation measured by the SEE 240 sensors on the terrace at Nottingham
and on the meteorological site at Sutton Bonington. The difference
between the two sites reflects their geography and the local weather
conditions. Fig. 8.2b for 15 June 1984 shows the effect of varying
cloud cover on the relative amounts of available UVB.  On days, or
part days, when cloud cover was similar at both sites (clear or com-
pletely overcast), the incident UVB radiation was always lower at
Nottingham. This is illustrated in Fig. 8.2a for 26 May 1984, a clear

day.
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During that part of a clear déy when the exposure of individuals
was most frequent at both sites (0900 - 1500 GMT) the UVB at Nottingham
was ~15 - 20% lower than at Sutton Bonington, a consequence of the
restricted exposure of the site; At Sutton Bonington the SEE 240 was
about 100 m from the nearest building, and tviewed' over 99% of the
celestial hemisphere. By contrast the sensor at Nottingham was about
6 m from a 3-storey building, which obscured ~30% of the celestial
hemisphere. As the UVB radiation is more than 50% diffuse at this
latitude eQen on a clear day in summer (Chapter 6) the hospital building
obscures approximately 15% of the global (direct + diffuse) UVB radiation
for most of the day. In the early morning (before 0900 GMT) the whole
terrace was in the shade ot the building, but pétients were not outside
at this time; Reflection of light from the bdildings onto the senscr
méy contribute to the measured radiétion, bﬁt by a small amiount compared
with the blocked radiation: the reflection coefficient for sand (an
approximétion to red brick) is 9% at 300 nm.  Trees around the terrace
might also be expected to reduce the incident UVB, although they did
not cast direct shade on the radiation sensors.

Measurements of full solar radiation made with the Kipp solarimeter
support the architecture-dependent radiation differences between sites,
During the central hours of the days studied, global fullband radiation
at Nottingham was 5 - 10% lower than ét Sutton Bonington, a figure con-
sistent with the UVB waveband when it is considered thét the percentage
of diffuse rddiation oVer the full solar spectrum is ~ 20%.

A further factor for consideration is the difference in atmospheric
pellution between the two sites. The hospitél, close to the city,might

be expected to have a higher concentration of low level pollutants,
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including ozone. No measurements of ground level ozone are é?ailable,
but the work of Derwent, et al (1976) suggests that the difference in
ground level ozone between the sites would not be significant. Derwent,
et al monitored low leQel ozone ét a ﬁumber of sites in southern England
from central London to a rural site at Sibton. They found that ozone
levels were generally above 8 pphm (the USA Quality Standard) over the
whole area on days of high concentration, with little dependence on
proximity to a source of precursors. Conditions of warm aﬁti-cyclonic
weéther féQoured high ozone concentrétions, but the ozone was transported
from the source area to other regions, or may héve been transported into
the area as a whele from the continent; Any additional absorption of

UVE at ground level in Nottingham is considered negligible in compérison

with the different architectural aspects of the sites.

Individual Exposure

The UVB radiation available to the Sun-patients may have been less
than that aQéil&ble at Sutton Bonington, but it is the behaviour of an
individual within a given UVB environment which ﬁltimately determines
exposﬁre; The rédiétion dose incident on a body depends on the time
of day and the eratIOn of exposure, whether in sun or semi-shéde,
orientation with respect to the sun, énd pdsture. The biological
effectiveness of the intercepted dose to the individual will be governed
further by the area of skin exposed; All these indiQidual behaviour
traits varied widely within and between the two groUps of Sdn-pétients
and Ybung subjects,

The Sun-patients were most consistent within the group. Patients

who chose to go outdoors on a giVen day were often out at the same time
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and for a similar duration. The area of skin exposed was generally
only the hands and face, with the occasional bared forearm on very warm

days (Plates.2). The patients sat in wheel-chairs or on benches and

Plate 8,2 Patients sitting on the terrace.

remained in one position. The chosen attitude of each patient was
the greatest variable: some liked to sit facing directly into the sun
while others prefered to be in the shade. Polysulphone film badges
were worn on the lapel, where it is estimated that they receive a
similar dose to the hands and face (Diffey, 1981).

Among the Young subjects behaviour was more diverse, Time of
day and duration of exposure differed widely from day to day and
perscn to person, and were not confined to any particular hour of the
day. Fig. 8.2a shows the duration and times of exposure for the Young
subject most frequently outdoors on 26 May 1984, The subject with

least exposure was outside for less than 20 minutes.
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Being mobile and usually engaged in some sort of physical activity,
the Young subjects were assumed tb be randomly oriented err their
weekly expcsure periods. In the open surroundings of Sutton Bonihgton
they were also considered more likely to be in direct sunshine than in
the shade.

Skin area exposed and the resultant biological response of the
body was another uncontrolled variable, and depended on the individual
and the heat of the day; Arms were frequently bared and under the most
clement conditions legs and torsos were also exposed.

The range of exposures measured for indIQiduals in each group is
shown in Fig. 8.3 and Table 8.2 . Exposures, from the polysulphone
film badges, are plotted at the end of the week for which the badges were
exposed.  The dates for the two groups do not coincide exéctly as the
hospital bédges were changed eVery Thursdéy, while the Sutton Bonington
week ran from Mondéy to Monday (the sum of 1 week + 1 weekend bédge).
The max mum level of the control bédges is also shown for comparison.
Ddring weeks when no pétient went outside (3 - 10 May, 17 - 24 May,

12 - 19 July) all badges were within the control range, as were badges
marked 'Indoors' from the Young subjects;

All data for the Sun-patients groups is shown, including patients
who did not complete the trial,

The range of exposures for both groups changed tremendously from
week to week, an indication of the variable weather during the early
summer. The Sun-patients were the most weéther-dependent group; if it
was cold they remained indoors regérdless of the rédiation conditions.

Each Sun-patient's weekly exposure range is considered in the

context of the two Yoﬁng-subject weekly ranges that it spans;
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Table 8.2C Cumulative UVB exposure (3J cm'z) for
young subjects by week of trial.

Date Subject
Sl S3 S4 S5 S8 S9 S11 S18 Nl NZ

May 14-20 0.47 0.30 0.45 0.45 0.16 0.17 1.49 0.85 0.39 0.98
21-27 0.87 0.35 1.31 0.80 0.71 1.33 1.60 1.22 0.61 1.28
/Ju 28-3 1.91 0.38 1.9 1.13 1.57 1.40 1.73 1.67 1.08" 1.82
June 4-10 2.78 1.00 3.1& 1,32 2.97 1.78" 2.19% 4.20 1.26 2.64
11-17  4.23 1.92 3.26 1.56 54.64 2.62 2.46 5.01 1.70 4.99
18-24 4,93 2.54 4.27 1.95 5.71 2.99 2.47 5.16 1.74% 7.26
25-29  S.44 2,69 4.29 2.12 5.72 3.14 2.56 5.86 2.08 7.29

+ Badge missing, estimated from grid exposure.

The Sun-patients as a group had less exposdre in ény week thén the
Young subjects. The weekly meén and medién exposures for both groups
are shown in Table 8.3; Althoﬁgh indiQidﬁél Sﬁn-pétients recorded
Téble 8;3 Weekly meén and median exposures (J cm'Z)
for exposed subjects.

Sun-patients Young group compérison

Week Veekly  Weekly Weekly means Weekly medians
ee mean median (Mon-Fri) (Sat-Sun) (Mon-Fri) (Sat-Sun)

1 0.52  0.622

2 0.03  0.006

3 0.26  0.046

4 0,01  0.003 0.41 0.16 0.43 0.08
5 0.08 0,009 0.37 0. 04 0.29 0.03
6  0.03  0.006 0.37 0.10 0.30 0.07
7  0.52  0.208 0.52 0.36 0.49 0.36
8  0.25  0.113 0.33 0.57 0.23 0.40
9 0.0  0.011 0.38 0.29 0.40 0.12
10  0.05 0,033 0.23 0.16

11 0.03 0,048

12 0.01  (.002
13

0.02 0.003




229.

exposures higher than many of thé Young subjects, there were always
some patients who remained indoors, lowering mean énd median values for
the Sun-patient group.

Maximum exposure levels for both groups were reached during the
two weeks 7 - 21 June. The Young subject méximum for an 1nd191dual
was 2.64 3 cm2 week™! and for the Sun-patients was 1.84 J cm™2 week™l,
The latter exposure was the result of four afternoons spent outdoors
between 1330 and 1500 GMT, giving a total time of 7 hours outside.

This particulér patient (El#) liked to sit facing the sun, and would
therefore receive maximum UVB radiation on hands, face and badge.
During the same week another patient (E13), outside for & hoﬁrs during
the same period of the day, but preferringto sit in the shade, recorded
an exposure of only 0.3 J em™2 week™l. A further 2 paztients (E1l1 and

El) with exactly the same exposure times (5.5 hours) but different

2

heliophilic tendencies had weekly exposures of 1.58 3 cm™> and 0.94

2

3 cm °, illustrating the effect of personal habit on the intercepted

radiation.
In comparison the Young subject (S18) with méximum exposure

2 week'l) had spent three full days (6800-1600) and one

(2.64 3 cm™
afternoon (1300-1700) outdoors, and the remainder of the week indoors.
The days of exposure were the séme és those of Sdn-pétient El4., The

time outdocrs was spent gardening (2.5 days) and in other recreational
pastimes involving physical éctivity. Holméﬁ, et al (1983) ranked a

number of recreations In order of descending average exposure for

different body sites. Gardening rated the lowest (8), with sunbathing

2 (after boating), and active sports (tennis and cricket) scoring 6 and 7.
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A Young subject (58) recording 6 hours of sunbathing (1300-1200
on one day) and a further full day working in the field had a bédge
exposure of 1;4 J cm'2 week'l for the séme period as ébove, with little
additional time spent outdoors. Although the aQéilable UVB decreases
with time from noon, comparing these figures with the elderly subject
(1.58 3 cm"2 week'l) emphasises the reduction in intercepted radiation
with activity. The greater area of skin open to interception would
however be expected to compensate for the effect of éctivity when con-
sidering the biological 1mplications of exposure. The Young subject
was sunbathing in shorts, the elderly lady was more decorously clad in
dress, cardigan and stockings.

OQer the seven weeks when the two groups were recording outdoor
exposure, the total accumulated dose for the Sﬁn-pétients covered the

2; The comparable figﬁres for the YoUng sub-

Jects were 1.36 - 7.29 3 cm'z; The overlép between the two group

range 0.038 - 3.28 3 cm”

exposdres is shown in Fig. 8;4

This diagram illustrates how elderly patients with easy access
to a sunshine environment ean accumulate a similar dose of incident
UVB radiation to heélthy younger people engaged in é variety of
occupations. A couple of hours spent outside on pleasant afternoons
provides the potential exposure (albeit to a lesser area of skin)
received by the populaticon in general, at little édditional effort to
hospital staff, and no expense. The benefits of such excursions from
the ward may be apparent not only for 91témin D statﬁs (discussed below)

but also in the general heélth and well-being of the patients;



TOTAL ACCUMULATED UVB (Jem?)

Fig. 8.4  Total accumulated UVB (3 cm™2)

for the Sun group and Young group
from 14 - 29 May 1984,
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Vitamin D Status

Plasma samples from all three groups of volunteers were anélysed
for 25-hydroxyvitamin D (ZS(OH)D) in November 1984, High pressure
1liquid chromatography (HPLC) énd the protein binding assay set out
in Appendix C were used. All the samples for any one hospital patient
were measured at the same time to avoid inter-assay variation. Samples
from the Young subjects were assayed in 3 sets, one for each sampling
date. The assay for 13 June failed, leaving only two plasma 25(0H)D
levels for this group, one at the beginning (22 May) and one at the
end (3 July) of the recorded exposure period.

The mean and range of the first and last plasma 25(OH50 values
for each group are in Table 8.4, ' Initial and final plasma concentrations.
for individdals within each group are shown in Fig; 8.5;

Table 8,4  First and final plasma 25(0H)D values
for the three volunteer groups.

Croup First plasma ZS(OH)D Final plasma 25(0H)D
(ng m1™1) , (ng m171)
control () 6.8 | 5.78
(1 - 12) (2 - 12)
Sun-patients‘?®) . 11.51 13.05
(6 - 17) (8 - 20)
Young (b) 26.11 38.68
(13 - 38) (25 - 51)

Standard error of difference of means (of combined groups)
between first and last sample = 1.4 with 26 degrees of freedom,
(a) 10 May - 26 July. (b) 22 May - 3 July.
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The Control patients have significantly lower plasma 25(0H)D
concentrations than the Sun-patients (P < 0.001) both at the beginning
and end of the study, with all elderly patients having lower concen-
trations than the Young volunteers. There was no significant (P > 0.05)
change in the 25(0H)D status of the control group during the trial period,
Analysis of Variance showed a highly significant (P < 0.001) difference
in the response of the groups between sampling dates although most of
this difference was due to the Young groﬁp. When the Young subjects
were removed from the analysls the response Qith time of the Control
and Sun-patients differed only at the P = 0;05 significance level; How-
ever no account was taken in this énalysis of the amount of UVB radiation
received by members of the Sun-group. The greét variation in individual
exposure introduces large standard errcrs, énd when considering the
group as a whole the non-uniformity of "treétment" mésks some of the
effect of exposure.

In countries with lérge seasonal variations in solar UVB rédiétion,
énd for é populdtion not taking regUlér dietary Qitamin D sdpplements,

é seasonél change of plasma 25(0H)D is observed (Stamp and Round, 1974
Beadle, et al, 1980; Devgun, gg_él, 1981a in U.K.; Hémbérg and Larsson,
1980 in Sweden; Audran, et al, 1984 in Frances. The minimum vitamin D
1e§els occur in late winter/eérly spring (Febrdary to April) as stored
metabolites are depleted during the winter and exposure to increasing
UVB radiation has not yet begun. At the commencement of the study

the Sun- and Control-patients would normally be expected to have similar
wintef low plasma 25(0H)D levels. However, April 1984 was unusually

warm and sunny and the Sun-patients spent considerable time outdoors
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in the fortnight before the trial began. This early exposure prob-

ably caused the high plasma 25(0H)D levels for this group at the start

of the study (Table 8.5).

Table 8.5  Plasma 25(0H)D levels (ng ml™l) for
Control and Sun-patients.

Patient Date (1984)

10 May 24 May 7 June 22 June 5 July 26 July 9 Aug.

Control C1 <1 .42 3.04 2.58  2.47 1.56

2 3.40 3.4 - 3.59 3.8  s.51"
Ch 440 3.20 - 3.56  5.53 2.2
C6 11.88  8.56  5.86 - - -

C7 9.60 10.67 9.0 - 9.83 472

8 7.53 7.20 6.50  9.70 12.80  8.50
€9 5.60 4.01 476 5.51  5.86  6.00
€10 9.50 16.77 12,00 - 11,70 12,40

C11 7.43  7.30 11.37 12.30  9.17 - 7.00"

Sun El 19.50° 64.60° 12.50°  9.93 11,35 14,09

E2 11.30 8.80  8.92  10.46  8.44  7.80
E3  6.16 4.7 11,15 10,62 13.28  19.70
E4 12.02 -  13.36 - - 12.80
ES 16.92 15.58 17.60 16.14 - 17.32
E9 12,10 12,04 10,14  lh.44% - -

E1l 5.95  8.60. 8.60 10.28 13.90  14.10

El2 16.51 67.20° 12.20 13.89 17.09 -  31.76"
E13 9.89 10,90 11.62 7.54  8.40 8.8
El4 8.77 9.42  8.87 13.62 - 9.00

M

+

Low recerry from protein-binding assay. .These samples were not
used for analysis.

Male patients, both of whom were out of hospital for two weeks at
the end of the trial period. Cll remained indoors, E12 spent many

hours outside in the garden. Nelther wore film badges during this
period of absence.

Outside one afternoon 2 weeks before this sample.
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The second samplé from the Sun-patients, taken two weeks later,
showed a drop 1np1asmaconcentrétion for four of the patients (E2, E3,
ES, E9) who recorded little UVB exposﬁre in the first weeks of the
study. As there éppears to be é time lag between exposure to UVB
radiation and changes in plasma 25(OH)D status (Dévie and Lawson, 19805,
this suggests that the April exposure raised plésmé leQels - eQident in
the first set of samples - but with no further exposure and in the
absence of stored vitamin D, leQels had dropped 2 weeks later.

Because plasma 25(0H)D Qalues, especially on the first sampling
date, depended on the unknown UVB exposure before the study begén, the
base level Qitamin U status for the Sun-patients was téken to be an
aQetage of the first 2 samples; The mean énd sténdérd deviétion of
the base level for Sun-pétients are 16;9 Iss ng ml'l; with a range
of 5.5 to 16 ng m1™l.

The highest initial plésmé . concentration in the Control group
(11.9 ng ml'I) wés from pStient Cé, taken oﬁt by relatives during
April; With no further UVB exposure the 25(0HiD level of this patient

fell to 6 ng ml™>

after 4 weeks; Exclﬁding this anoméloﬁs record,
the first sSmple stétistics for the Control groﬁp héve é meén of
6.03 I 2.87 ng m™ and a range of 1 to 10 ng m~L,

The plasma valﬂes on the first sample for the Young group were
higher than both elderly groups; By mid May these subjects, all
reasonably fit and acti@e,héd been exposed to enoﬁgh UVB to raise their

plasma levels above the winter minimum. All Qélﬁes were within the

normal range for healthy yoﬁng adults (Chépter 3).
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The normal range of 25(0H)D concentrations for the elderly is
lower than for young People, and the pléteau concentration for the
elderly seems to be 16 - 24 ng m1~1 (Toss, . et al, 1980; Da£téni, gE_él.
1984) compared with 50 - 80 ng m1~L for young adults (Stanbury, et al,
1980). It has also been suggested that in elderly pétients the plésma
25(0HiD level of feméles is lower than thét of males (Omdahl, et al,
1984) although Corless, et al (1979) and Lawson, et al (1979) found no
difference between the sexes. Of the two males participating in this
study the Control group male had one of the highest plasmé vélues, but
this was not significantly greater than the Qélues for feméles. The
male in the Sun-patient group wés also at the higher end of the range.
In the last 2 weeks of the study, and for a further week, this pétient
was at home, and exposed to much more (unrecorded) UVB radiation than
in the hospital ward., By 9 August when he returned to hospital his
plasma ZS(OHjD level had risen to 31;8 ng ml-l; HoweQer, only blood
samples and exposure values measured before leéving hospital are used

in group analysis.

The Relation Between UVB Exposure and Vitamin D Status

The Control group

The 9 patients in the Control group weré resident in two adjacent
wards with no ready access to sunlight, Two of the pétients are known
to have been outside, one before the study began (Cé), and the second
(C2) for 0.5 hour in week 11 of the trial. The plasma 25(0H)D values
of the Control patients are shown in Fig. 8;6 for the duration of the
study. The cunulative UVB exposﬁre is also shown, calculated as the

sum of the weekly mean badge readings for the groUp.
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Plasma ZS(OH)D levels remained constant.throﬁghout the trial
period fcr most of the Control group. Two subjects showed an increase .
in plasma concentration during the study, but both leQels fell to the
patient's steady state value by the next sampling date. Such anomalies
may be due to a change in diet, heélth'or medication of the patient or
errors in the assay, but are not correlated with UVB exposure.

The plasma leQels for these patients are qonsistent with those of
similar hospital patients studied by Hosking, et al (1983). They
expected values of such long-stay geriatrics to be less than 10 ng ml'l.
At plasma 25(0H)D leQels below 8 ng ml'1 the frequency of osteomalacia
increases (Toss, et al, 1980), and at leQels below 3 ng ml'l a patient
1s classed as vitamin D deficient (Lawson, 1981).

Three patients in the Control groﬁp recorded plésmé leQels at or
below 3 ng ml'l. One patient (Cl) had been bonfined to an institution
for over a decade} the other two (C2, C4) were ;ery small and frail and
probably had Qery limited storage cépacity for ény vitamin D they might
receive from their diet. Nothing is known about the metébolism of these
individual pétients. Different ébsorption, liver and kidney functions
can affect the way that each patient utilises sdpplies of the vitamin,
although no patient with onious renal or liver complaints wés included
in the surQey. It was noticeable that the & patients with the highest
plasma 25(0H50 concentrations (C7, C8, Cl0, Clli, énd the most fluctuation
between samples, were the 3 heéviest female p;tients and the méle. Only
one patient (C10) maintained plasma concentrations above 8 ng m™L for the
entire study period. As the Control group do not usually receiQe any
UVB exposure thelr vitamin D levels must be maintained by dietary intake,

which this study shows to be insufficient to achieve a healthy vitamin D

status.
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The Sun-patient group

Plasma ZS(OH)D concentrations of the Sun-pétients increésed over
the 13-week trial. The increase between first and final samples for
the Sun-group as a whole is not significant at the P < 0.01 level, but
it is when each péticnt is considered with respect to her own UVB
exposure (Fig. 8.76 - k) that the change with sunlight exposure becomes
most apparent.

The base plasma level for each patient (mean of the first 2 sample
Qaluess ranged from 5.5 to 16 ng ml'l. These base levels were the
result of many unknown factors in the patient's history: previous and
present medical condition, metébolism; diet, énd the amount of UVB
radiation received in the weeks before the study.

Two patients had a heélthy vitamin D stétus when the trial began,
énd maintained this level with small doses of UVB rédiétion (Tahle 8.6)
All other patients had levels low enough for a rise in plésmé ZS(OH)D
to be expected with UVB irradiation.

The exposure pattern during the 13 weeks varied greatly from
patient to patient. When the weather was suitable for patients to be
outside, individual choice of whether to leaQe the ward énd where to
sit on the terrace resulted in the range of exposures shown in Fig. 8.3.

During the last 5 weekis (24 June - 29 July) of the trial Qery few
of the patlents héd appreciéble expos&re; If the Qitémin D status
reached by the pétients due to preQion exposﬁre wés insufficient, or
thelr metabolism was such that they had no stores of the Qitémin, the
plasma 25(0H50 concentration would be expected to decrease by the time
the final blood sample was taken; Such a decrease wés obserQed for 5

of the patlents; no effective store of vitamin D is likely at this time

of year when leQels are still increasing éfter the winter depletion,
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Fig. 8.7 Plasma 25(0H)D concentration (

)

and cumulative UVB doses (----) by week

for the Sun group.
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Fig, 8.7
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Table 8.6 Plasma 25(OH5D concentrations and
comulative UVB for Sun-patients.,

Patient : - 25(0H)D
Base  Peak  Final  (Peak-Base), (Cumulative UVB), ,
(ng ml'l) (ng ml'l)(ng ml'l) (ng ml'l) (3 cm'z)

E3 5.45  19.7  19.7 14,25 4,01"
Ell 7.3 1.0 1k 6.8 4,11
E14 8.45  13.62 9.0 5.17 | 3,27
E1 9.93  14.09  14.09 4.16 2.34
E2 10,05 11.3 7.8 1.25 0.866
E13  10.4 11.62  8.84 1.22 | 0.816
Et 12.02  13.36  12.8 1.34 0.813
E9 12.07 1444 444 2.37 1.13
ES 16.25 17,60  17.32 1.35 0.834
El2  16.51  17.09  17.09 0.58 0.836

w - \Week of peék sémple.

*

- This pétient was known to be outdoors in the final 3 weeks
without her badge, therefore this exposure value is low.

IndiQiduél chérts of personél exposure to UVB and plésmé ZS(OH)D
levels for the 10 Sun-patients supplying sufficient data for analysis

are shown in Fig. 8.7a - ks A brief study of each chart will illustrate

the efficacy of UVB radiation in determiﬁing the plasma ZS(OH)D levels

in subjects with varying metabolisms and vitamin requirements.

a) Very low recoveries from the protein binding assay gaVe unreliable
figures for the first two blood sémples from this pétient, therefore
vitamin D status from weeks 6 - 13 only is considered; Weeks 3 - 6
proQided no exposure to UVB rédiation, énd between weeks 6 and 8 the
plasma 25(0H)D level declined. From week 8 to week 16 this trend
was reQersed éfter a perlod spent in the sun during week 7. 25(0H5D

status continued to imprer Qntil the end of the study with only very
small additional doses of UVB.
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After an initial period of exposure dﬁring week 1, patient E2
recorded very little subsequent UVB accumﬁlétion, the total cumula-
tive dose from weeks 2 - 13 being only a factor of 1.3 greater than
the meén Control group exposure. An overall decrease in 25(OH)D
stétus implies that the priméry dose of UVB was sufficlent to raise
plasma levels above an (assumed) post-winter depletion state, but

not enough to proVide any stored form of the vitamin to_maintain the
higher leQel without further exposure,

As an illustration of the relationship between UVB exposure and
vitamin D status, this patient pro@ides the best pictorial exémple.
The plasma 25(0H)D Qalues track the exposure behéQiour of the patient
with a time lag of épproximately two weeks., The recorded UVB in
weeks 9, 10 and 11 are known to be underestimates of the true exposure;
this is why the 25(0H$D continues to rise to week 13 despite the
apparent lack of receiQed uvB rédiétion.

The only three plésma Qélues available for this pétient showed the
vitamin leQel to reméin reléti?ely constént; This is consistent
with the low degree of UVB exposure, which éppears just sufficient to
maintain the initlal (fairly healthy) value.

Sun-patient E5 had a healthy vitamin D status at the beginning of the
study period, with é plésma leQel appioaching the plateau region for
an elderly female. Her plasma 25(0H§D response to UVB radiation
might therefore be less obvious than for D-deficient subjects. Méwer,
et al (19845 found thét in young édults who were D-replete, 25(0H)D
leQeis did increase after UVB irradiation, but the increase wés

negatiQely correlated with the initial plésmé 25(OH)D level, The
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only weeks when the patient had a significant dose of UVB are

weeks 1, 8 and 10. With no plésmé value for week 10 it is not
possible to say whether or not.the 25(OH$D level continued to
decline from week 8 to 10 and then 1ncreaséd more than shown from
week 10 to 13, after the exposure; A decrease from the starting
plasma value (early April exposurei is evident, following three
weeks with little time spent outdoors. The following rise and fall
is unexplained by the exposure péttern, although thils patient is
known to have been outside at least once without a badge during

week 5, Lack of information precludes ény further conclusions being

~ drawn about this pétient's response.

Patlent E9 was moved to a residential home towards the end of the
study and figures for 8 weeks only are éQéiléble. For an elderly
lédy initial plésmé values are'adequéte; A decrease in levels
follows three weeks with minimél uvB exposﬁre; Between weeks 6 énd 8
the plasmé leQel rises agéin after UVB irrédiétion in week 6; The
rise is greater than might be expected from the recorded UVB,

possibly due to a shaded bédge or to scme unknown physiologicél
féctor. _

Another patient showing a good correlation between UVB irradiation

and plasma 25(0H)D level is Ell. As for E3 (Fig. 8.7¢) there

appears to be a two week response time. The overall increase in
plasma concentration is less pronounced for this pétient, reasons

fgr s&ch differences ére discﬁssed later.

A second patient with a satisfactory plasma level from the first sample,
was a gentlemén who stayed with relatives Just before the trial began

énd spent as much time és possible in thesun; After six weeks with
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very small doses of UVB radiation (obtained by sitting immediately
in front of an open window on sunny déys) his 25(0H)D Qélue had
dropped; A further excursion in week 8 was followed by an increase
in plésmé concentration to week 10, After week 11 the patient was
transferred to a residential home for 4~weeks, with easy éccéss to
the oﬁtdoors. UVB exposure was unrecorded during this time, but
conQersation with the patient indicated that it was as frequent as
possible, and far greater than that normally achieved from the
hospital ward. This was supported by the finél plasmé 25(OH)D
level from a blood sample taken on return to hospitél; The value
was 31.76 ng ml'l, within the range of a normal healthy population,
and over 12 ng ml'1 higher than ény patient remaining in hospital.
Some workers report a sex differsnce in Qitémin D metabolism in the
elderly, with healthy males héving higher plésmé leQels than females,
This patient wés the only méle Qolﬁnteer in the Sﬁn-patient group.
With the majority of the received UVB for patient E13 occurring in
the first week of the triél, one might expect (following the ~ 2 week
lég period evident for most other patientsi thét there would be a
gradual decline in plasma 25(0H$D from week &4, réther thén the rise
and steeper fall obserQed. However individual physiology, diet or
medication may explain the behaQiour. A fortnight after the next
UVB dose (weeks 7 and 8) a small rise in plasmé concentration is
evident.

The final Sun-patlent conforms more to the theory established by
study of the previous volunteers, a correlation between plasma

25(OH)D and exposure to UVB to~2 weeks beforehand. The exposure
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during week 3 is not reflected in the plasmé levels, but the peak
may have been missed between the sambles at weeks 4 and 6. This
patient did not appear to store Qitamin D: after rising to more
than 12 ng ml"l after exposure in week 7, there was a marked de-
cline in plasma concentration with no further UVB irradiation.

To assess the production of vitamin D initiated by solar UVB
irradiation the following analysis was employed; The peak plasma
25(0H)D concentration was found for each patient regardless of its
time of occurrenceduring the trial, and the bése level concentration
subtracted to give the maximum change in 25(0H)D level (Fig. 8.8).
This change was assumed to be the result of the cumulative UVB irradi-
ation for the period up to two weeks before the peak sample was taken.
These data and the plot of change ih 25(0HSD aaéinst cumulative UVB
are shown in Table 8.6 and Fig. 8.9 respectively,

The patient E3 with the greatest change in plasma concentration
showed a far greater increase following UVB radiation than fhe rest of
the group. Four possible factors could contribute to this anomaly.
Firstly, the patient is known to have been outside without her badge,
therefore the recorded exposure level is low. Secondly, on warm days
she removed her cérdigan (Plate 2), thereby exposing more skin area to
UVB irradiation than patients reméining fully dressed. A third factor
may be the stétting level of plésma concentration, the lowest in the
group, and lastly, as with all volunteers, nothing is known about personal
vitamin D metébolism;

Excluding the ébove patient from analysis, a linear regression

performed on this data gave the change in plasma concentration &P as
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§P = (1.9 % 0.11) zuvB - (0.13 ¥ 0.22) ng mt (8.1)

where IUVB 1is the UVB exposure accdmulated to a déte two weeks before
the peak plasma concentration. The standard errors of thé constants
are as shown and the correlation coefficient éf the fit is r = 0.986
with 8 subjects.

The intercept on the cumulati@e UVB axis (0078 J cm'z) below which
there is no change in plasma 25(0H)D is of a similar magnitﬁde to the
cumulative exposures of the Control groﬁp whose meén'dose for the full
13 weeks was 015 J cm'z. If the intercept 1s attributed to the response
of the polysulphone film bédges to ward lighting at waQelengths éone

316 nm the change in plasma concentration éfter exposure to solér uvd

radiation (300-316 nm) is

l.-1 2

SP/ZUVB = 1.9 ngml ™ 377 ¢m (8.2)

Eqn. 8.2 qﬁantifies the effect of environmentai UVB radiation on

Qitémin D stétﬁs for a groﬁp of elderly shbjects exposing only hands

énd féce to sﬁnlight. HoweQer, as plésmé 25(0H5D concentrétion is é
measure of the vitamin status of the whole body blood volume, and in the
population at large the area of skin exposed is Qery Qariable, eqn 8.2
is not applicable in a general sense unless the Qolﬁme and area depend-

encles are removed from the relation;

To allow for differences in total plasma Qolume, the change in
plasma 25(0H50 was expresséd in relétion to body weight té giQe the
change in total circulating 25(0H)D, §TD as

§TD = & x 40 x body welght (kg) (8.3)

. assuming a plasma volume of 40 ml kg'1 (Brobeck, 1973).
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In order to eliminate the dependence of d&TD on exposed
skin area a further approximétion was méde. Adﬁlts haQe a totél skin
area of between 1.5 and 2.3 mz, fhe precise éreé being a function of
height and weight of the individual: the correlation reported by Diem
and Lenter (1962) 1is

log S = 0.425 log W + 0.725 log H + 1.896  (8.4)

where S 1s surface area (cmz), W 1is weight (kg) and H height (cm),

and taking the rough approximation that H a W’ gives the relation

2 ,
SaW (8.5)

The proportion of total skin area on various sites of the body
is giQen by the 'Law of Nines' (Téble 8;7), the hands and face accounting
for ~ 6% of the totél’sﬁrféce éreé. For a 70 kg sﬁbject’this would
correspond to an area of 600 cm’ (Davie, et al, 1982). Correcting for
the mean welight of the patient (47;2 kg) by eqn 8;5 shows the mean surface
éreé exposed to sunlight for this gro&p to be 460 cmz; Applying these
correction factors showed that &TD changed by 1.69 x 40 x 47.2 / 460 =
6.9 (% 0.4) ng per Joule of incident UVB irrédiation;

Table 8;7 Proportion of body surface arei accounted
for by different parts of the body.

Part of body % total body surface area
Head | 9

Arm

Leg , 18

Torso , front 18

Torso , back 18

Genitals 1
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Patient E3 was excluded from the general anélysis for the reasons
gi@en earlier. To inQestigate how much of the unusually large change
in plasma concentration might be attributable to the additional skin
area exposed by this patient, an indiQidual correction was made for
weight (to make this considerably heaQier patient compérable with the
rest of the group) and for surface areé, taking the front of the lower
arms to add approximately 2 x 0.5 x 6.5 X 7.5% = 3;75% to the exposed
surface area. This correction brings the anomolous Qalue of GOP closer
to that expected from the group relation (Fig. 8;9), although UVB

exposure still appears to be underestim&ted for pétient E3.

The Young group

With only first and final blood samples aQéilable'for this group,
the final plésma ZS(OH)D concentration had to be assumed to be the peak
reéched. As UVB exposure accumulated fairly steédily for éll but one
of the group this is probably a Qalid éssumption;

The cdmuléti@e UVB exposure wés célcﬁlated dp to two weeks before
the finél blood sémple (to be consistent with énélysis for the Sun-
pétients), and the chénge in plésmé ZS(OHSD plofted égéinst this exposure
for each of the 10 volunteers. Fig; 8.10 shows the graph of these data,
given in Table 8.8.

The chénge in plésmé ZS(OHjD wés corrected for weight, normalising
to the mean weight (67;3 t 10.8 kgi as for the Sun-patient; Excluding
the subject marked b , the equation of the line in Fig. 8.10, forced

through the origin, Is given by

8 = (3.7 ¥1.7) VB ng mt (8.6)
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Volunteer (b) was taking the anti-convolusant drug phenytoin.
Some anti-convolusant drugs haQe been found to adversely affect vitamin
D metabolism. Phenytoin is reported to be associated with low plasma
25(0H)D levels (Stamp and Round, 1972; Toss, et al, 1980; Davie, et al,
1982), although Davie, et al (1983) reported that impaired vitamin D
metabolism was more significant in females than males as a result of
this drug. The volunteer in this study was male so the low plasma
25(0H)D change could be explained by inhibitory medication, but eVidcnce
for this is inconclusive.

The habits of the Young group differed widely, and it is not
surprising that Fig. 8.10 shows a large amount of scatter. The dress

(and hence skin area exposed) varied widely within the group (Plate 8.3),

both between individuals and from day to day.

Plate 8.3 Variation in dress for the Young group.



256.

A further departure from uniform group beha@iour was the range
of occupations within'the group. The Sun-patients éll remained
seated and inactive during their time on the terrace. The Yohng
subjects undertook many éctivities when oﬁtside, from sﬁnbathing in a
prone position, through gardening, to the more energetic tennis and
jogging.  The positioning of the polysulphone badge and the times
spent in various pastimes render the recorded UVB exposure more sub-
Jecti?e and prone to error than in the case of the Sun-pétients.

Two of the Young subjects (markéd a and ¢ in Table 8.8 and
Fig. 8.105 haQe further possLble explanétions for their deQiations
from the beha&iour of the rest of the group;

Subject (a) received much of the cumulétiQe UVB in one lérge dose
during the 5th weekend of the study, the final exposﬁre record included
in this anélysis; Clemens, Eﬁ.él (1962) found that after a single
dose of UVB rédiétion vitamin D leQels rapidly rose to a peak énd then
declined by 7 days after irradiation. Davie and Lawson (1980) also
sbggest that it is the initial exposure to UVB that is most effective
énd prolonged exposure is less productive than é number of sméller uve
doses err a longer period, The large weekend exposure may therefore
distort the effective integrated UVB radiation for this subject.

Volunteer (c) began the stddy with a high plésma 25(0H)D concen-
tration, and by the end had reached the plateéu region of concentration,

where no further increase in plasmé 25(0H)D would be expected despite

additional UVB exposure,
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To make a similar analysis to that for the Sun group, the
approximate skin area exposed to sunlight was estimated by assuming
that the subjects were wearing a short-sleeved, V-neck shirt,
thereby exposing face (3%§, front of hands and arms (9%) and some
torso (2%), corresponding to 1370 cm2 for a shbject with mean weight
of 67.3 kg This is likely to be a conservative estimate of the
a;erage area of skin exposed to sunlight. For the Young group the
surface area and weight corrected change in 25(0H)D was calculated on
this basis to be 7.3 (& 3.4) ng per joule of UVB radiation.

Considering the generalisations made in reaching this figure,
the result is surprisingly consistent with that calculated for the
Sun-patients (6;9 ng 3'1) and provides no evidence for an age related
chénge in the ability to synthesise Qitémin D, thus égreeing with the
work of Davie and Lawson (1980).

\Vélidity of results

The major problem with these calculations is the uncertainty

ébout the relétionship between changes in plésmé 25(0H)D and the absolute
amount of vitamin D synthesised in the skin. There are two unqﬁantifi-
able variables; Some cutaneously-produced Qitémin D will be stored
without further metébolism and therefore will not éffect plésma 25(OH50
concentrations. Secondly the rate of hepatic hydroxylation is also
unknown and this will also affect plasma 25(0H50 levels. NeQertheless,
in a pelative sense the comparison befween young and old in the present
study is probably Qalid. Both groups were studied at the same time of
year when plésma 25(0H)D levels ére usually at é minimum because of poor

sunlight exposdre during winter; Therefore a lérge proportion of
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synthesised Qitémin D will be 25 hydroxyléted and this process is
likely to be near its max Lmum efficiency since there will be little
product inhibition by the low plasma 25(0H)D levels (Stanbury, et al,
1980). Moreover, since plasma ZS(OHiD is generélly recognised to be a
good indicator of overall vitamin D status the measurements in the
present study giQe a reasonable indication of what can be achieved in

clinical practice.

Comparison with other work

The change in total plasma ZS(OH)D initiéted by exposure to sun-
light was taken as 7 ng 3'1 (representéti@e of both young énd elderly)and
compared with the results of Davie, et al (1982). They found that
after irradiation for 32 - 35 days

8P = 1.21 + 0.08 x (Daily UV radiation)  (8.11)

1 1l

with UV radiation measured in mJ day = kg ~. In the units of DéQie,

EE.él. the chénge in plasma 25(0H)D on irradiance was therefore 0.08

-1

nmol 171 ma day kg;

Assuming irradiation for 33 days and téking plasma volume to be
0.04 1 kg™2, with 1 nmol 25(OH)D = 400 ng 25(0H)D, the UVB induced
change in total 25(0H)D becomes 40 ng 3'1;

Results of the two studies differ by a factor of . 6, but this
discrepancy must be considered in the context of the two light sources
usedi In the present work a Joule refers to energy of light in
the wa veband 300-316 nm} the Joule of DaQie, et al 1is the energy of a

Hanovia 7A lamp expressed in terms of the most effective waQelength for
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Qitamin D synthesis and would therefore be expected to giQe a higher

value forphoto-induced synthesis of the vitamin than the solar UVB, a

waerand on the declining edge of the Qitamin D action spectrum (Fig. 3‘2).
Results achieved with artificial light sources may prer mis-

leading if épplied under natural lighting conditions and it is more

accurate, if less con@enient, to use the sun as a light source in

studies related to the effects induced by natural exposures within

the environment.

Sunshine Hours and Vitémin D Health

The exposure time to sunlight required for heélthy vitamin D
status is estimated below. Calculations are méde for an 'éQerége' man,
welighing 70 kg and exposing only hands and face (area = 600 cmZ) to
sunlight. The change in total 25(0H50 initiated by solar UVB radiation

(300-316 nm) is taken to be 7 ng 3™

which is consistent with results
for both young and elderly.

An estimation of mid-morning or mid-afternoon (1000 - 1200 or
1400 - 1600 BST, 0900 - 1100 or 1300 - 1500 GMT) UVB incident on a
horizontal surface was made from SEE 240 measﬁrements for sunny days in
the months April to July, gi&ing an éverége hourly vélue of 0.35 J cm'z.
As hands and face are not horizontal surfaces and méy be randomly
orientated with respect to the solér beam, they were assumed to receive
about half the incident solar UVB (Chapter 7) i.e. 0.17 J cm™2 during

one hour outside.

One hour of exposure would produce a change in plésmé 25(0H)D of

(0.17 x 7 x 600) / (40 x 70) = 0.3 ng m1~} (8.12)
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The recommended daily dietary intake needed to maintéin é Healthy
vitamin D status is 2.6 ug.  Thompson, et al (1966) report the normal
absorption rate of an oral dose of 3H vitamin D to be 62 - 91%, al-
though dietary Qitamin D, which may be protein bound, is not necessarily
absorbed to the same extent. Téking an absorption rate of 75% and
assuming th;t all plasma vitamin D (cholecalciferoli from diet or skin
synthesis is converted to plasma 25(0H)D (Dévie, et al, 1982i, the
recommended daily intake of 2;6 ug Qitamin D is quiQélent to plasma
25(OHiD of 0;1;? ng ml'l for é 70 kg man; Two hours per week spent
in the sun could therefore pro@ide the equivalent to the dietary re-
quirement for one week.

In addition to maintaining a healthy statﬁs, summer exposures to
UVB should improve Qitamin D levels, increésing plésmé 25(0H)D concen-
trétions from the April minimum (~ 15 ng ml'l) to é 1e9el épproéching
the plateaﬁ value (~ 45 ng'ml'li; This increase of 30 ng m1™! would
be produced By lbb hourly exposﬁre periods, which over the months April
to July would reqﬁire 6 hours exposﬁre'per week plﬁs 2 hours per week
for maintenance;

Increased érea of skin exposed, or exposure during the middle
of the day (1100 - 1300 GMT; 1200 - 1400 BST), would reduce the time
needed in the sun;

Lower plésma concentrations in the elderly mean that a winter
minimum to plateau increase might typicélly be 6 - 20 ng ml'l. The
number of hodrs exposure per week needed to échieve this is then 3
(increase) + 2 (maintenances i.e; 5 hours per week; Cnce the maximum

level of circuléting 25(0H)D has been reached further vitamin D



261.

synthesised in the skin is stored for use the following winter.

This ﬁtudy has shown that under the radiation climate of the English
Midlands sufficient UVB exposure may be géined during the summer months
to maintain a heélthy vitamin D status throughodt the year. The im-
portance of a cutaneously synthesised source of the Qitamin over the
dietary source is emphésised by the low plésmé 25(OHjD status of

individuals with no exposure to UVB radiation.
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9, SUMMARY and CONCLUSICNS

Introduction

The main aim of this work was to study the solar UVB climate
and its relation to othei meteorological variables. The chosen
application of the climatological measurements, the cutaneous syn-
thesis of vitamin D initiated by UVB irradiation, required the in-
Vestigation of two other unknown factors: individual exposure within
a specific radiation environment and the production rate of vitamin
D by irradiated skin per unit of absorbed UVB.

The solar UVB radiation (300-318 nm) incident on a horizontal
surface was recorded over a period of 22 months at Sutton Bonington
in the English East Midlands. Global and diffuse radiation were
also measured in the waveband 300-3000 nm throﬁghout this period,
and diffuse UVB 1rrédiénce was monitored for the latter 9 months;

Spectrél information was collected on clear days;

Spectral Measurements

The diurnal and annual changes in clear day spectral irradi-
ances were described with reference to atmospheric pathlength and
ozone amount, 1llustrating the relative magnitudes of these two effects
with changing wavelength. As wavelength becomes shorter ozone con-
centration has an increasing influence on the radiation reéching the
eérth's surféce, resﬁlting in én incident UVB spectrﬁm that has é
chénging slope and short anelength limit dependent on the interaction

between atmospheric pathlength, ozone amount and wavelength.
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Broadband Measurements

At noon on clear days irradiance over the complete UVB waveband
was found to change seasonally by a factor of 20, from 0.09 W m™% in
January to 1.78 W rn'2 in June,compared with a factor of 4 for solar
radiation overéll. The influence of ozone is seen in the asymmetry of
the annual irradiance about the solstices, since the ozone and zenith
angle cycles are out of phase. Under clear skies the diurnal changes
in UVB are a function of zenith angle. The influence of cloud is
briefly described but is too complex to quantify with the limited data
available.

Solar UVB radiation is not commonly measured despite the biolog-
ical importance of this spectral region. To enéble estimates of UVB
irradiance to be made from more routine radiation measurements, the
UVB was studied in conjunction with broéder bénd irrédiénces.

Compérison with the visible waveband (300-700 nm) on clear déys
ylelded the relation:

IB/IV = X+YyCOsz (9.1)

The slope y was almost constant over all days, complying with the
theoretical analysis of Brinkman and McGregor (1983) who showed that

y depends on the ratio of scattered light in the two wavebands, a
constant under Rayleigh conditions. The intercept x = by the same
énalysis is a function of airmass, ozone and spectral turbidities, all
of which vary from day to day, as evident from the wide rénge of x

values observed,
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On clear days a proportional relation between 1n IA and y
was observed. The constant of proportionality varied from day to
day but decreased in magnitude towards longer wavelengths for a
given day. The value of (3 1n leau) should be related to ozone
amount by the ozone absorption coefficient kk . at wavelengths where
ozone is the dominant atmospheric attenuator. This relation appeared
to hold (within the experimental uncertaintyi at 304 nm, but at lohger
wavelengths where attenuation is governed less by ozone, the experi-
mental data did not agree with these theoretical expectations,
Spectral UVB measurements made by Bener (1960) at Davos were consistent
with the measurements at Sutton Bonington when analysed in the same
manner, suggesting that the simplified theofy of dominant ozone
ébsorption loses vélidity at longer wavelengths and other atmospheric
attenuation processes must also be considered. The ratio of globél
to direct beam radiation g - was taken as an indicator of the Rayleigh
énd aerosol scéttering along the étmospheric péthlength. .Originally
3g/du wés assﬁmed to be constént; However, 1t wés fodnd thét at
309.2 nm and 316.2 nm aglau changed'from déy to déy,but insufficient
measurements were available to establish the controlling factors.

An extended series of measurements 1s needed over the UVB wave-
band to gain further insight into the spectrally dependent atmospheric
attenuation in this limiting region of the solar spectrum.

When the spectral measurements were compared with a recent model
of the UVB clear day irradiances developed by Gerstl, et al (1983),
they agreed well, within the constraints to which conditions could be

matched,
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Following a similar p:ocedure for the full solar wéerand, the
ratio IB/IF showed a much greater variation in slope y from day
to day. The complete solar spectrum,in contrast with the UVB and
visible bands,is subject to attenuation by absorption as well as
scattering: water vapour absorptiqn in the infra-red spectral region
fluctuates from day to day even in nominally clear conditions and is
thought to be responsible for the large range of vy values for the
ratlo Ig/Ip .

It hés only been possible to quantify relations between the
instantaneous flux of UVB and broader solar wavebands on clear days.
However, for practical applications the quantity required is often
the total radiation dose recéived over a period of time, under a
variety of meteorological conditions. To inQestigéte the possibility
of estiméting UVB doses from broadband measurements the daily inte-
gréted totals of UVB and full solar radlation were calculated for all
days for 19 months in 1983 and 1984, Plotting I, against gl
for each month géQe a series of straight lines with gradients which
were then normalised from the monthly mean amounts of atmospheric ozone
to an arbitrary ozone amount of 350 matm cm. Plotted against the
cosine of the zenith angle at noon on the 15th day of each month, these

normalised ratios gave the relation
_ + A yo ‘ + :
(EIBIZIF)n = (l.62 = 0.12) cos Zm - (0.02 = 0.077) (9.2)

allowing daily incident UVB radiation to be estimated from routine
meteorological measurements of the daily integrated globél solar

radiation to an adequate accuracy. Knowledge of the daily ozone amount
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allows a correction factor to be applied to eqn 9.2 to compensate
for the difference between actual and arbitrary (350 matm cm) ozone
amounts.

This relation was established at Sutton Bonington and cannot be
unconditionally applied at other locations where the shape of the solar
UVB spectrum is different because of different ozone concentrations
ana solar angles. Nonetheless, relations for other locations should
follow a similar form although the constants in eqn 9.2 might be
expected to change. Measurements from other areas of the world are
needed to formulate a more universally applicable version of this
relation and allow estimates of UVB doses to be made from more commonly

measured radiation totals.

Diffuse Radiation

Measurements of diffuse UVB radiation showed no consistent
relation with any of the other measured radiation qdéntities; The
diffuse component of irradiance is a result of scéttering élong the
étmospheric péthlength Below the 6zone léyer} hence (D/I)B 1is
independent of the émount of ozone in the atmosphere and is é function
of other varying étmospheric constituents.' As scattering effects
are wavelength dependent, fluctuating émounts of aerosol affect diffuse
radiation to different extents across the solar spectrum and there is
no clear correlation between Qalues of D or (D/I) in different
wavebands.

.Clear day values of _(D/I)B ranged from 0.56 in June to 1.0

in December, and were always higher than the corresponding Qalﬁes of

(D/I)F s @ consequence of the A'u dependence of Rayleigh scéttering;
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The shéde-ring correction for diffuse UVB measurements made
under a standard shéde-ring was found to be g, + 0.01 where 9, is
the geometric correction which may be calculated for any time and
place énd is the correction required under isotropic conditions.

The additional factor (smaller than for the full solar waveband)
results from the anisotropy of the diffuse radiétion. Anisotropy
may be quantified by two parémeters: the relative strengfh of the
circumsolar region, C, , and the angular width of this region, E* .
Values of C, and t* for the UVB were calcdlated from shade-ring
correction measurements and found to be 0.36 and 0.78 radians
respectiVely; Compared with the corresponding values for the full
solar waveband this shows the UVB circumsolar region to be wider
but not as strong as for the full solar wéveband: diffuse UVB radi-
ation is more isotropic, a conseqdence of the stronger_Réyleigh
scéttering fdnction at short wéQelengths;

Diffﬁse rédiétion is pérticulérly 1mportént when considering
the 1llumination of oriented sﬁrfdces; The total weekly UVB
irradiance of vertical surfaces was investigated with respect to the
corresponding trradiance on a horizontal surface in January and May/
June. South facing slopes on average receive twice the radiation
of north facing slopes, east and west faces being intermediate and
dependent on the weekly weather pattern. The vertical to horizontal
rétio éveraged over the four faces ranged from 0;45 to 0;56 independent
of time of year, with a maximum of 0.63 when the ground was snow

covered. A vertical surface randomly oriented over a period of time
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would therefore be expected to receiQe approximétely hélf the corres-~
ponding radiation incident on a horizontal surface - an expression of
relevance when considering the exposure 6f human skin to UVB radiation
as the exposed areas on the face and limbs are usually upright.

Further measurements of the incident UVB at other locations are
needed to confirm the type of relations mentioned in the preQious
sections under different radiation regimes, where the short wavelength
limit of the solar spectrum may_extend beyond, or occur before, that at
Sutton Bonington. More detailed atmospheric daté, including tdrbidity
measurements for example, are required if the complex processes of
spectral attenuation involved écross the UVB wévebénd, from domination
by ozone absorption to an increésingly important response to aerosol
content, ére to be Better understood;

HéQing studied the enQironmentally available UVB, the other two
ﬁnknowns required toqﬁantifycﬁténeous synthesis of Qitémin D were

inQestigated.

Personal Exposure

Polysdlphone f1lm was tested and found suitable as a means of
monitoring personal exposure to solar UVB radiation. The film was
calibrated égainst the solar UVB waveband in energy units, rather than
as equivalent dose at a specified'aﬁavelength, or in biological dose
réte units és used previously., Both these methods necessitéte
detailed knowledge of the illuminéting spectrum and the response

spectrum of the reaction belng sthied if measurements are to be used
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for more than one application, or compared between workers. As the
solar spectrum varies considerably and is not extensively documented
below 320 nm, and the response spectrdm of vitamin D iﬂ.ﬁl!ﬂ in the
natural environment is also subject to some uncertainty, a direct
measurement of irradiation in standard units proVides a more flexible
and less émbiguous record of exposure.

Polysulphone film badges were used to measure the exposures of
two sample populations: young adults employed in a vériety of occupations
and a group of elderly long-stay hospital patients.

Exposure measurements from the yoﬁng populétion in January and
May/June showed UVB received by an individual in the natural environment
to depend both on time of year and occupation. The percentage of
ambient UVB received while employed in different wéys égreed with the
findings ot other workers, ranging from 3% for office workers to 22%
for gérdenerﬁ, with sunbéthing heading a list of recreétionél activities
leading to high UVB radiation doses; The chénge_in exposure with
season is most pronounced for outdoor workers; és é result of increases
in both ambient UVB and the time spent outdoors, A 10-fold increase
was obserQed from January to June for gardeners; indoor workers showed
a corresponding 6-fold increase mainly as a result of additional exposure
during leisure hours. These measurements were taken as a representative
norm for a healthy popﬁlation agéinst which to compare the exposures of
long-stay hospital pétients.

.The elderly patients formed two groups, with and without access
to an outdoor terrace. There was a marked difference between the UVB
exposure of the two groups, the unexposed control group providing a

reference zero exposure badge reading.
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Vitamin D Status and UVB Exposure

The solar UVB ;adiation received by the elderly was monitored
from April to July, together with plasma 25(0H)D concentrations measured
at fortnightly intervals, A subsémple of the young population also
gave blood at the beginning and end of their Méy/June exposure trial,

Levels of plasma 25(0H)D were lowest in the control patients,
amongst whom there was no sustained increase in vitamin D status during
the study. Some of the patients were at or below the plésma leVel
clinically defined as D-deficient; By contrast the pétients with éccess
to the terrace showed.improved plasma 25(0H)D levels after exposure to
sunlight, The change in plasma concentration was proportional to
exposure to UVB radiation, the effect of irradiation‘taking approximately
two weeks to become apparent as an increase in the circuléting 25(0H)D
metabolite; The change in plasma 25(0H50_following solar UVB irradi-
ation (300-316 nm) was calculated to be 6.9 I 0;4 ng 3'1 for the elderly,
A similar calculation for the yoﬁng population yielded a production rate
of 7.3 % 3.4 ng 3’15‘this group being subject to much greéter variation
in the area of skin exposed. These results suggest that the ébility of
skin to synthesise vitamin D is not impaired with ége.

Taking 7 ng 3'1 as an endogenous synthesis réte representatiQe of
both populations, it was estimated that 5 hours per week spent in the
sun from April to July would be sufficient to build up plasma 25(OH)D
concentrétions in the elderly from é'state of post-winter depletion to
a level providing sufficient bodily stores of the vitamin to maintain a

heélthy plasma 25(0H)D status throughout the following winter months,
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Many questions still remain to be answefed about solar induced
cutaneous synthesis of Qitamin D: the efficacy of different irradiation
patterns, large single 95 small multiple doses; the productivity of
skin on different areas of the body} the possibility of synergistic
effects from radiation of different. wéQélengths; the reduction in
efficiency due to UVB screening by increased pigmentation; the annual
cycle of vitamin D status and its relation to the status achieved in
previous seasons. HoweQer, the change in plasha 25-hydroxyvitamin D
with exposﬁre to solar UVB has been quantified for the radiation
environment of the English East Midlands and it has been clearly demon-
strated that sﬁnlight pléys the major role in méintaining heélthy
Qitamin D leQels in the population; For the elderly confined to
institutions sunlight exposure éppeérs to be pérticulérly beneficial,
Dietary intake of the Qitémin is generally well below the national
recommendétion ‘for these individuals and inadeqﬁate to méintéin a
desirable plasma 25(0H)D level, but access to sunlight enables a healthy
D-statﬁs to be achieved.

For the population as a whole UVB remains the err-riding
determinant of the vitamin D condition of indiViduals. Assuming dietéry
intake to be constant, the increases in plasmé ZS(OH)D observed in this
study were due to irradiation of skin by sunlight. Cessation of UVB
exposure results in a declining concentration of the 25(0H)D metabolite
in blood indicéting that a normal diet is insufficient to maintain the
vitamin D status that can be reached by routine activities in the English

climate. The vegan participating in the study héd a plasma 25(OH)D
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concentration mid-wéy between the extremes of the population range both
at the beginning and end of the trial. With no dietéry source of the
vitamin his D-status is a result entirely of UVB induced cutaneous
synthesis, which éppeérs fuily adequéte;

These conclusions may tentatively be applied to the other main
group at risk of D-deficiency, the Asian community. Education to
more sunlight exposure weuld seem to be a better solution to their
problem than attempts to alter or fortify the diet. Asians,because
of their increased pigmentation,may require more sunlight exposure,
and be less inclined to take it,.than Caucasians. Improvement of both
vitamin sources, dietary and endogenous can be achieved by education
tc a way of life that is Better adépted to the English environment.

Increased pigmentation is a brotective mechanism of the skin
against damage by short waQelength UV light. More is heard of the
hazards of increasing UVB exposure to féirAskin, whether by moQing to
lower latitudes or by artificial means, thén.of the deficiency effect
evident in immigrant rickets. An English summer pro&ides sufficent
naturally available UVB to maintain the vitamin D health of the
indigenous population without inducing a high incidence of skin cancer;
pigmented races remain healthyv on both accounts under thelr own climates
of origin; Evolution has found the balance between hazard and benefit
from UVB exposure under the latitudinal range of incident radiation
leQels, but the fécility to travel can upset thét balance. Howe@er,
for the enQironmentélly available UVB levels in Englénd the only health
hazard connected with solér UVB radiation woﬁld éppear to be due to

léck of exposure;
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For nothing worthy proQing can be prern
Nor yet disprern: wherefore thou be wise
CleaQe eQer to the sunnier side of doubt,

(The Ancient Sage) 1855 Alfred, Lord Tennyson
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APPENDIX A

1) LICOR LI 1800 Portable Spectroradiometer

Manufacturer : LI-COR, Inc. U.K. Agents :
4421 Superior Street Glen Creston
P.0. Box 4425 16 Dalstone Gardens
Lincoln Stanmore
Nebraska 68504 Middlesex
U.S.A. 41A7 1DA

Specifications @

Wavelength range 300-1100 nm
Bandwidth (3 mm slits) 6 nm
Wavelength accuracy T2 mm
Wavelength repeatability 0.5 mm
Linear dispersion | 12 nm/mm
Holographic grating 800 grooves/mm

Automatic filter wheel 7 fllters: wavebands 300-350 nm

350-420 nm
420-560 nm
560-780 nm
780-940 nm
940-1100 nm
Blank

Noise equivalent irradiance:

Wavelength (nm) 300 350 400 500-800 800-1040 1100

2 8

NEI (W cm nm'l) 7 x 107

5 x 1072 1.5 x 1088 x 1077 6 x 107 1.5 x 1078

Maximum irradiance levels (W cm'z nm'l)

300 - 400 nm 5 x 10'3

400 -1100 nm > 1 x 10'3 (dependent on A )
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WVavelength drive intervals:
1,2, 50r 10 nm

Scanning speed:

1

Speed (nm s~ 200 30 35 40

Wavelength interval (nm§ 1 2 5 10

Total mean time for 300 - 1100 nm in 2 nm steps is . 27 sec.
Monochromator slew rate:

55 nm s'1 (15 sec total reset time for 300 - 1100 nm)
Scanning:

Single scan, multiple scans with automatic scan averaging,

or single wavelength monitoring (sémpled once per second).

Calibration:

Initially calibrated at factory to NBS standards

Wavelength (nm) 300 450 550 650-800 1100

Accuracy Ty : 5%. Iy Iy I 5% (under
controlled.
conditions)

Detector temperature coefficient:

Wavelength (nm) 300 350  400-950 1000 1100

Temp. coeff. (%/°C) - 0,13 - 0.1 0.05 0.5 1.2
Long term stability:
Typically < I 5y change per yeér
Program memory:
ZOK bytes ROM, pre-programmed system software for control, data

reduction, output and calibration,



294,

System software:

Setup commands: SYNCH Initialises monochromator and filter wheel
PARMS List or set parameters
TIME List or set internal clock
LABEL Set up 5 labels for data output
. CAL Calibration against a standard lamp
LIISOO For ménually entered lamp data for other lamps
Scanning commands: SCAN Executes a scan .
PTSCAN Continuous'monitoring of one waQelength
PROG  Executes a scén and then up to &4 program
functions on thét scan
EX Performs the functions in PROG on any
named file
RUN Executes the scan and program in PROG
| immediately
Data manipulation DIV  Divides 2 files and stores result
commands: _
MULT Multiples 2 files and stores result
XFRM  Performs transform f = aA + bB + ¢
where A , B are existing files
CREATE Creétes file from terminal input
. "EDIT Allows data files to be changed
Graphical output PLOT Plots data to plotter/printer

commands:
ANA Outputs file to strip chart recorder
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Data output ITG Integrétes over selected waerand
commands: : :
SHOW  Sends data to output device
PPFD  Photosynthetic flux density
Qx Where x 1s any of last 5 functions.
Performs a conversion to quéntum data and

then executes the function

ILLM  Illuminance

DC Set up communicétions with host computer
File handling RENAME Allows file to be renamed and remarks
functions: _
changed

DEL Deletes a specific file from memory
LIST Lists all files in memory

CLEAR Deletes all but protected files from

memory

Internal memory:

Data storage in RAM, up to 32K bytes capécity. A file requires

3N + 50 bytes of memory where N 1s the number of observations

in the file.
Data output:
RS-232C DeQice : 1806-03 Plotter/Printer or a computer Qia the
oﬁtput port
Terminél/Computer: 1800-61 Portable LCD terminal or an RS-232C

compétible terminél or computer Qia the terminal
port;

Analog device:

Strip chart recorder 0-100 mV.
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Power requirements:
Internal rechargeable 6V Ni-cad battery, &4 amp hour rating;
external 12V DC power; or 100-128/200-256 VAC, 48 to €6 Hz.
Battery capacity is typically 4-8 hours of operation at 25°¢.
Recharging time 1is 12;14 hours, instrument non-operating.
Charging circuit built in and battery can be charged during
AC operation,
Battery Qoltage SEnsors:
Automatic instrument shut-off preserves data stored in memory.
Operating temperature:
0-45%C , 0-95% RH.
Storage temperature:
- 20-45°C , 0-95% RH.
Size:
16.3 x 20.1 x 36.0 cm .
Weight:
6.4 kg .

Long term stability

The long term stability of the LI1800 calibration is quoted by
the Manufacturers as typically <£5% per yeér, with recalibration
recommended eQery 6 months; The instrument érrived in January 1983
with a calibration made in the Stétes énd accepted as correct. Cali-
bration of the SEE 240 sensor égainst the LI1800 then provided a means
of checking any change between instruments. There was no deviation

from the intercalibrétion to December 1983,
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In January 1984 the LIlBOO was sent to Glen Creston, the UK
agents for LI-COR, for a calibration check; This was later found to
be 1n§alid due to a faulty lamp, and the original calibration continued
to be used;

Intercalibration checks with the SEE 240 in February and March 1983
showed a difference between the two instruments in the UVB of ~10%.
with the LIl&OOgiving_the'lower values. A sheet of polysulphone film
calibrated against the SEE 240 continued to hold its relative calibration.

The recalibration of the LIlBOO Was repeated in May 1984, Sub-
sequent simultaneous irradiance measurements made with the SEE 240 and
the LIlSOOshowed the LJlSOOto be recording UVB values ~ 25% lower than
theQSEE 246. This discrepancy persisted throughout 1984 when using
the new calibration; With the original calibration the difference
remained at ~ 10%.

Early in 1985 a correction factor was received for the May 1984
calibration. Applying this figure to the relevant data brought the
LI1800 measurements to ~10% lower than SEE 240 measurements.

A second LIlSOO, newly calibrated in the States, was used to make
simultaneous measurements with the 6riginal instrument on a clear morning
in June 1984; The new calibration of the original instrument, corrected
by the compensation factor supplied in 1985, was ~ 5% lower than the
new calibration from the States.

The evidence presented above is insufficient to enable a categorical
statement of long term stability to be made, and a range of possible

instrumental changes are giQen below:
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1) During 1983 both the LI1800 and SEE 240 remained stable.

115 Early in 1984 sensitivity of the LI1800 decreased by 10%. This
is supported by the continuing agreement between SEE 240 and
polysulphone f1lm. It is also considered more likely that de-
gradation with time would decrease the sensiti&ity of the LI1800
rather than increase the sensitivity of the SEE 240. Also the
SEE 240 was permanently mounted on the meteorblogica} site while
the LI1800 was used in mény locétions by different workers,
rendering 1t more susceptible to weér énd tear.

i111) Despite the previous statement, sensiti#ity of the SEE 240 may
have increased by 10%, és the original énd corrected May 1984
calibrations of the LIl806 égree.

iv) Both instruments may haQe chénged in opposite directions.
Statement (iiij‘is only valid if the calibration lamps in Britain
and the States are assumed tq haQe identical outputs. The
difference between the two LIleO instrument calibrations tends to
suggest diQergent changes, But agaiﬁ the assumption of identical
calibration lamps and procedure in the States o;er an 18 month
period is made.

In conclusion, no clear cut decision of stability could be taken.
Howe;er, as a change of 10% occurred somewhere between the related
instrﬁments from 1983 to 1584 a sténdérdising procedure had to be adopted
to normalise the data collected before and after the change;

. The originél (January 1983} calibration of the LIlBOO on which
calibration of the other sensors was based was taken to be correct.

The divergence of measurements was assumed to be due to a decrease in
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sensitiQity of the LI1800 and all spectroradiometer readings for 1984
were corrected to 1983,1evels; The possible error in all readings
from this procedure is therefore : 10%; The long term stability of
the LICOR (States) calibration is ¥ 5%, from the measurements made
in June 1984, |
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2) SEE 240 / UVB / W / Probe

Manufacturers: International Light Inc; .U.K. Agents:
' Dexter Industrial Green  Auriema Ltd.

Newburyport . 442 Bath Road
Massachusetts 01950 Slough
U.S.A. SL1 éBB

Specifications:
Power requirement:
- 12V sfable DC supply for SEE 240 vacuum photodiode
Calibration:
PIR calibration, traceable to NBS sténdards, for the actual unit
supplied plus typical response spectrum for the SEE 240 with 'W!

cosine receptor and UVB phototherapy filter (other filters are
available). |
The PIR calibration for SEE 240 I was 4.69 x 10™* A cm? W™l
SEE 240 II  9.60 x 10> A cm® W™t
Signal output:
Signal current converted to W cm'2 and displayed as a digital
readout if the unit is used with the IL 700A research radiometer.
When connected to the SEE 240 the féqiometer also supplies the
power for the vacuum photodiode;
Size:

Diameter 42 mm , height 6;8 cm ;
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APPENDIX B

1) Power supply and current/voltage converter

The &4-core cablé from the SEE 240 sensor carried the signals
shown in Figure B.l.

An instrument was built to proQide a regulated - 12V supply for
the vacuum photodiode,. and to accept the signal (~nA) from the sensor,
con;erting it into voltage form GgﬁV) fér recofding on a Sqlartron data
logger and a printing dose-timer (Appendix B.Zs. The power supply
circuit also proVided the power (t 7%V) for the printing dose-timer.

During the buiiding and testing of the power supply and current/
voltage (C/V) converter a number of components were changed until the
long term stability, temperature stability and sensiti§ity required
were achieved.

The circuit diagram of the final configurétion is shown in Figure B.2.
The components were built onto'é printed circuit boérd énd this was then
mounted in a metal box 12 x 22 x 9%'§m.,\‘

As the mains supply on the meteorological site was subject to
some fluctuation the current was'péssed throﬁgh é méins filter before
connecting the power supply énd Cc/V conQerter.

The instrument was housed in a box in the field beneath the

SEE 240,

Components for power supply and current/voltége conQerter

Components were from Radio Spares and the RS catalogue numbers are

giQen for identification where necessary.
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Cable signals for the SEE 240
sensor,

D-Connector Pin

i%f%iié%ﬁ%zsmnal 8
' Ground

| L Common
o | at PIS
! Signal - 0
| Ground
1 =12V 5
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Transformer 207.201
Rectifier 261.328
Op. amp; 7650 used in photoQoltaic mode
Regulators 79L12A
306.011
Trimmer SOK
Resistors 72k [120K - High tolerance
L in." (1%)
180K
330K
100 @
Capacitors 2 x 1000 uf 25V
2x 1 uf
1 x 0.47 uf
1 x 0,22 uf
2 x 0,1 uf polycarbonate
3x 1 nf
1 x 100 pf
Connector 9 pin D connector
Box ‘ 12 x 22 x 9% cm

2) Dose-Timer

A time printing dose integrator was designed and built to record
the total UVB radiation incident on a horizontal surface over a period of
time. The integrator used a Césio CPl10 calcﬁlétor as a printer. The
calculator can be set in 'TIME' mode to act as a clock and will then
print the time on a péper tépe oQtpﬁt when prompted.

The integrator was designed to receive the mV signal from the C/V
converter (Appendix B.l) and send a 'Print’ signél to the calculator
when a set dose of UVB radiation (counts) had éccumulated.

The circult diagram for the integrator is shown in Figure B.3.

The power supply (Appendix B;l) providéd' I 7ivooC to drive the
integrator, and this was immediately stepped down to Isy by the

two regulators (78L05, 79L05).
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Components for Dose-Timer Additional components for Printing
Integrator
Casio CP10 printing calculator
Op. amp. 7650
V/F conQerter 307.070 _
Frequency divider/counter 2 x 4020 1 x 4020 + 4052 multiplexer
Switch 4016
Regulators 78L05A
79LO05A
Opto-isolator 307.979
Trimmers 100K
50K
50 Q
Resistors 1K
M High tolerance
51 @
510.
2 x 100K
3 x 10K
100 @
270 Q
Capacitors 2 x 0.47 uf
2 x 0.1 uf
1x 4,7 nf’
1 x 150 pf
1 x 600 pf (470 pf + 150 pf in ")
Switch 10 way switch
Connector 9 pin D-connector
Box 9 x 18 x 6 cm
ON/OFF Switch
Timer ZN 1034
Trimmers 5K
2 x 20K
Resistors 2 x 100K
20K
56K
120K
Capacitors 10 yf
0.1 yuf

10 nf
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The incoming Qoltage signal from the C/V conQerter is amplified
by the 725 op; amp. and the 307,070 Qoltégelfreqﬁency converter then
changes the amplifiéd Qoltage to é frequency. This resulting frequency
is too high for the calculétor_to cope with so it is stepped down by
using two 4020 binary frequencydividers/counters in series. A 10-way
switch controls the range on which the diQiders work, and hence the
range of the printing period.

When the required number of coﬁnts has been accumulafed at the
4020 counter a signal is sent Qia the 4016 switch to the 'print' button
on the calculator causing it to print the time shown on its display.
Activation of the print motor sehds a signal to the opto-isolator
(RS 307.979) which resets the counters.

Fire wires are soldered to the calculator's printed circuit board
on either side of the 'print' button and the print motor terminals are
attached to a D-connector on the‘side of the célculétor, which is then
connected to the integrator;

The printing dose-timer is célibrated'by means of the 3 potenti-
ometers: 50K sets the rénge of the incoming signél, 50 @ sets the
gain and 100K sets the null.

The original calibration was set arbitrarily so that with the
10-way switch set to Range 3 a iO mV input from a millivolt calibrator
gaQe a print period of 266 seconds (this is éqUiQalent to an accumulated
UVB dose of 280 In™2 with SEE 240 I).

~ For subsequent recalibrétions the Range and Gain potentiometers
were used to bring the calibrat;on béck to its original setting. A

dark current of 0.3 mV was éppérént in the field, but not in the lab.
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The interaction of the other apparétus (i;e; the logger) was thought
to be responsible for this and the offset was accounted for at the
analysis stage;

In August 1984 the dose-timer developed a fault after getting
Qery wet; The instrument was recalibrated compensating for the 0.3 mV
offset by using the null potentiometer to offset the dark reading.

A further drift in calibration three weeks later resulted in the
725 op; émp; being changed for the more stable OP07 and a further
recalibration was made, again compenséting for the 0.3 mV offset.

During long term recording with.the printing dose timer the
counter range was changed (at the lO-wéy switch) épproximately every
3 months to maintaln a reasonable print period‘of between 2-10 prints
per hour‘éround midday. During summer the range was changed to R4
so that a 10 mV input gave a print period of'532 seconds. In winter
range 2 gave a print period of 213 seéonds for a 10 mV input.

The PCB for the integrating circuit was mounted in a plastic box
9 x 18 x 6 cm with external connections for the power supply and signal
(from C/V converter), the 'print' signal (via D-connector to calculator),
the range switch and an ON/OFF switch. The calculator was mounted on
top of the box, and the whole instrument was kept with the power supply

and C/V converter on the meteorological site (Plate B.l).

3. Printing Integrator

The dose-timer already described wés modified to print the total
number of counts accumulated in a given time interval. The input for
this integrator was from a Kipp solarimeter mounted at Nottingham

General Hospital. The integrated counts were printed out every hour
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Plate B.1. Power supply, current/voltage converter and

Dose Timer connected for field use.

for comparison with the integrated hourly values from the Kipp on
the meteorological site at Sutton Bonington.
The circuit diagram for this integrator is shown in Figure B.4.
The second 4020 frequency divider/counter which acted as the
counter for the dose-timer has been replaced by the 4052 multiplexer.
This was connected to the '+' and 'l' buttons on the calculator (by
means of the D-connector and fine wires soldered to either side of the

relevant buttons on the calculator PCB), effectively pressing the '+'
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and '1' buttons at a rate proportional to the incoming voltage signal.
The calculator, set in 'CAL' mode was therefore counting, and showing
the total number of counts on the displéy.

The ZN 1034 is the timer, which can be set to various time inter-
vals by choosing suitable resistors and capacitors (by a switching
device) for the oscillation fegulator (Figure B.4). After the given
time period the 'print' signal is sent, via the 4016 switch, to the
calculator which then prints the total shown on the display. The
‘print' signal can only be sent following a '+' signal from the multi-
plexer so there may be slight time inaccuracies for very slow integra-
tion. Activation of the print motor causes the opto-isolater to
reset the timer, (and a number of delayed resets can result in the
prints being more than a minute after the expected time (say on the
hour) although the error in the time between prints is of the order
of -seconds),

To calibrate the integrator the time period has to be set
first. This 1s done by remoVing the multiplexer and placing the
calculator in 'TIME' mode. The restart timer button and the 'PRINT'
button on the calculator are pressed simulténeously and the time is
then printed every x minutes where x is the time setting. The
appropriate resistance is adjusted until x = desired time period.

Once the time periods have been correctly set the multiplexer
is repléced and the célculator set in 'CAL' mode. The counter is
then}set using the Range and Géin potentiometers.

For a 10 mV input the Gain only is adjusted to give 600 counts/time period.

For a 1 mV input the Range only is adjusted to give 60 counts/time period.
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The settings for Range and Gain were checked fdr all time periods
(10 min y, $ .y 1 h ).
The Integrator was set to print every hour when connected to

the Kipp solarimeter. A small power supply provided power for the

integrator circuit.
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APPENDIX C

Analysis of blood samples for 25-hydroxy§itamin D

Blood samples taken during the summer of 1984 were spun down
immediately after collection and the blood plasma stored at - 20°C
until November 1984 when the plasma was assayed for the total 25-
hydroxyvitamin D metabolite, 25(CH)D.

The technique used follows that of Haddad and Chyu, 1971 and
is now a fairly routine procedure for the anélysis of 25(0H)D in
blood plasma.

Sample extraction

3 ml of each plasma in extréction'tubes plus 1 tube containing
3 ml saline solution were spiked with rédioactiQe 3(H)25(0H)03 -

3000 dpm (30 pg) in 20 ul ethanol.  The samples were left in the dark
for one hour, allowing the radioéctive metébolites and serum binding
protein to equilibrate. 3 ml. of acetonitrile was then added to each
sample and the tubes votex mixed for 30 seconds. The precipitated
protein was then centrifuged'out of the supernatant at 2000 rpm for

10 min.; The supernaténts were decanted and further extracted by
purification on S