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ABSTRACT

The lack of accurate personal ocular dosimetry remains an obstacle to the 

investigation of a possible association between exposure to solar ultraviolet 

radiation (UVR) and ocular disorders. UV-B is considered to have the most 

damaging effect on the eyes and skin and is thought to be an important risk factor 

in the development of cataract, climatic droplet keratopathy (CDK), pterygium and 

possibly age-related macular degeneration (ARMD). Currently there is insufficient 

data on the range of ocular exposure in human populations who are considered to 

be at risk.

A personal UV headband was designed to measure solar UV radiation in the range 

of 280nm-310nm (the UV-B region). This device consisted of two UV sensors 

connected to a Psion data logger. Twenty outdoor workers in Mongolia were 

requested to wear the personal UV headband for one day. In the Gambia the 

personal UV headband was used to measure the ocular UV exposure with the 

head in different positions in relation to the sun, and when headgear with different 

sized brims was worn.

Consistent with previous findings, the intensity of ambient UV-B was greatest 

between 11am - 3pm. However, analysis of the Ocular Ambient Exposure Ratios 

(GAER) data averaged across all subjects revealed that GAER's tended to be 

higher in the morning and decreased during the day.

Gf the different types of brimmed hat tested for sun-protection, only wearing a hat 

with a 12.7 cm brim was found to significantly reduce the incident UV from both the 

front and side of the eye.



it is possible to measure the ocular exposure to solar UV radiation in a dynamic 

way through the use of the personal UV headband. The exact time interval and the 

dosage of solar UV exposure close to the eye can be measured enabling the 

OAER to be calculated over a range of different environmental circumstances.

Environmental conditions and human behavioural factors played an important role 

in ocular UV exposure. Individuals may be exposed to dangerous levels of UV-B in 

the early part of the day and therefore need to take appropriate precautions to 

reduce UV exposure throughout the entire day.
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1. INTRODUCTION

1.1 The importance of measuring solar ultraviolet radiation

Solar radiation energy supports the existence of all life on earth and is the source 

of heat and light. Approximately two-thirds of this energy reaches the earth’s 

surface, of which, 40% is in the visible spectrum and 5% is ultraviolet light (Diffey, 

1982). The remaining energy is reflected, absorbed or scattered by the earth’s 

atmosphere. It is the ultraviolet radiation (UVR), especially UV-B which is of major 

concern with respect to the health of human, plant and marine life. In Agenda 21 

of the World Environment Conference held in Rio de Janeiro in 1992 it was 

recommended to “undertake as a matter of urgency, research on the effects 

on human health of the increasing ultraviolet radiation reaching the earth's 

surface as the consequence of the depletion of the stratospheric ozone 

layer”. The measuring of solar UV is therefore important for the continuation and 

development of life on earth.

1.2 Properties of solar ultraviolet

The sun emits radiations ranging in wavelength from 0.01 nanometres (nm) or (one 

billionth of a meter) (10‘®m) to 100km. Ultraviolet is one of the non-ionising 

radiations in the electromagnetic spectrum in the region of lOOnm to 400nm. Solar 

UV radiation is non-visible to the human eye and is usually divided into UV-C (100- 

280 nm), UV-B (280-315 nm) and UV-A (315-400 nm). This system has been 

standardised by the International Commission on Illumination (CIE 1987).
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Fig. 1 The electromagnetic spectral bands
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The spectrum of the non-ionising radiation ranges from short-wavelength UVR 

(wavelength lOOnm) to far-infrared radiation (wavelength 1mm). The visible 

spectrum lies between 400nm (indigo) to 780nm (red). The frequency of 

electromagnetic radiation is expressed in the mathematical formula: f = c l X ,  where 

c = 3 X 10® m/s, which is the velocity of light in metre per second, X is the 

wavelength in metres and f is the frequency in Hz. The energy carried by a photon 

is directly proportional to its frequency; thus the shorter the wavelength, the higher 

the energy and the more powerful the biological effect of the radiation. The high- 

energy photons such as X - rays cause an electron to be removed from its atomic 

structure causing ionisation. The low-energy photons such as microwaves, carry 

energy which affect the vibrational state of a molecule and produce heat. Oxygen 

in the atmosphere absorbs all wavelengths less than 200 nm, and the stratospheric 

ozone absorbs within the range of 200nm to 320 nm, which is part of the UV-C 

component (lOOnm - 280 nm). Therefore, solar UV-C does not reach the earth’s 

surface. Apart from laboratory workers, only those in specialised occupations, 

such as arc welders, encounter UV-C on earth. The amounts of non-ionising 

radiation that reach the earth’s surface are: 55% infrared, 40% visible light and 5%
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ultraviolet. The solar UV radiation that reaches the earth’s surface is dependent on 

the following factors:

1.2.1 Stratospheric Ozone

The depletion of stratospheric ozone has become a major cause for concern 

worldwide. Ozone is a trace gas in the earth’s atmosphere, averaging 0.5 parts per 

million by volume (ppmv) at 15 km, 8 ppmv at 35 km and 3 ppmv at 45 km above 

the earth’s surface. It is a form of oxygen consisting of three oxygen molecules 

and has the chemical formula “O3”. Ozone resides mainly in two regions of the 

earth’s atmosphere: the upper atmosphere (stratospheric ozone) and the lower 

atmosphere (tropospheric ozone). Stratospheric ozone, accounting for 90% of all 

atmospheric ozone, lies at an altitude between 10 and 40 kilometres above the 

earth’s surface. The remaining 10% of tropospheric ozone is to be found at an 

altitude of approximately 10 kilometres above the earth’s surface.

Fig. 2 The ozone layer (Cambridge University)
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The stratospheric ozone layer serves as a filter to screen out and reduce most of 

the biologically damaging ultraviolet light (UV-B) from the sun, which would 

othenvise reach the earth's surface. The ozone absorbs solar UV radiation and 

creates a source of heat, which forms the stratosphere itself and therefore plays a 

vital role in the temperature structure of the earth’s atmosphere. Although solar UV 

radiation is the strongest near the equator, UV levels have dramatically increased 

over the past 25 years in Antarctica, Chile, and New Zealand, especially in the 

springtime (Fig. 3). This is due to the ozone hole in the southern hemisphere.

The depletion of stratospheric ozone is due to the reactions of gases such as 

chlorofluorocarbons (CFOs), carbon tetrachloride, methyl chloroform and halons 

discharged into the atmosphere as a result of the activities of industrialised 

civilisations. (Rowland, 1988). Volcanic eruption is a natural cause of depletion of 

the ozone layer. The ozone is measured by the Dobson Units - the amount of 

ozone directly above a point on the Earth's surface. The unit is named after GMB 

Dobson (1889-1976) - An Oxford University scientist who was one the first 

scientists to investigate atmospheric ozone. He designed the 'Dobson 

Spectrometer' - the standard instrument used to measure ozone from the ground.
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Fig. 3 Ozone depletion in Antarctica - monthly averages from October 
1980 to October 1991 (Cambridge University)
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1.2.2 Solar altitude

The sun is at its highest position in the sky at noon. At this time the solar radiation 

has the least distance to travel through the earth’s atmosphere, the levels of UV 

radiation are at their highest, and the ground receives the most direct radiation. In 

the early morning and late afternoon, solar radiation passes through the 

atmosphere at an angle and the intensity is greatly reduced. Approximately 20-30% 

of total daily UVR is received one hour either side of midday in summer, and 75% 

between 9am and 3pm (Diffey, 1991).

1.2.3 Seasonality

The sun’s angle varies with the seasons and therefore the intensity of UV radiation 

varies. UV intensity is highest during summer months, less in spring and autumn, 

and least in winter months (Diffey, 1990).
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1.2.4 Altitude and Latitude

UV intensity increases with altitude because there is less atmosphere to absorb the 

UV radiation. Thus, the higher the altitude, the greater the risk of overexposure. 

The intensity of ultraviolet energy increases by 4% for every 300 metre increase in 

altitude above sea level (Diffey, 1987). At higher latitude, the sun is lower in the 

sky, UV radiation travels a greater distance through the earth's atmosphere and 

therefore exposes those latitudes to less UV radiation (Diffey, 1990).

1.2.5 Cloud cover

Cloud cover in the atmosphere may attenuate solar UV radiation from reaching the 

earth’s surface. Although UV radiation may penetrate a thin layer of cloud, thick 

cloud blocks out solar UV radiation. Under certain conditions, distant cloud cover, 

may act as a reflector which enhances solar UV radiation reaching the earth. Even 

with heavy cloud cover the scattered ultraviolet component of sunlight is seldom 

less than 10% of that under clear sky (Paltridge and Barton, 1978).

1.2.6 Scattering in the atmosphere

Air molecules in the atmosphere scatter solar radiation known as Rayleigh and Mie 

scatterings. The scattering of light by gases was first treated quantitatively by Lord 

Rayleigh (1842-1919), a Cambridge physicist, in 1871 in an effort to explain the 

blue colour of the sky. Rayleigh scattering is the scattering of light by particles 

smaller than the wavelength of the light, which can be extended to scattering from 

particles up to of the wavelength of the light. It is this wavelength dependence 

of Rayleigh scattering which results in a blue sky on a clear day. Gustav Mie 

(1868-1957) was a German physicist who developed a rigorous method to 

calculate the intensity of light scattered by uniform spheres in 1908. Mie scattering
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produces a pattern like an antenna lobe, with a sharper and more intense forward 

lobe for larger particles. Mie scattering is not strongly wavelength dependent and 

produces the almost white glare around the sun when a lot of particulate material is 

present in the air.

Fig. 4. Rayleigh and Mie scattering (Department of Physics and 
Astronomy, Georgia State University)

Rayleigh 
Scattering

Rayleigh

Mie Scattering
From overhead, the Rayleigh 
scattering is dominant, the 
Mie scattered intensity being 
projected forward. Since 
Rayleigh scattering strongly 
favors short wavelengths, we 
see a blue sky.

When there is large particulate matter in 
the air, the forward lobe of Mie scattering 
is dominant. Since it is not very wavelength 
dependent, we see a white glare around the sun.

Observer

Approximately half of the solar UV-B reaching the earth’s surface is in the direct 

sunlight and the other half is scattered skylight. Most of the solar UV radiation of 

SOOnm striking the human body, especially the ocular surface is, indirect, scattered 

and reflected UV radiation (Sliney, 1986).

1.2.7 Ground Reflection

Some surfaces reflect much more UV radiation than others. White sand may 

reflect up to 9.1 % of radiation and fresh snow reflects approximately 88% of UV 

radiation (Sliney, 1994). Reflected UV radiation is the most important source of
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radiation exposure to human eyes as we do not stare directly at the sun when 

outdoors. Reflected UV radiation from snow causes snow blindness in skiers who 

do not wear protective goggles.

1.3 Solar UV radiation energy

The radiant exposure of UV radiation is expressed in Jm' ,̂ where J is the radiant 

energy in joules and m̂  is the area in square metre. The radiant flux is expressed 

in W and the irradiance is expressed in Wm’̂  where W is the power in Watt (J s '\ 

The radiant exposure is often expressed in Minimal Erythemal Dose (MED). One
^ "I ^
MED is equivalent to an erythemally weighted radient exposure of SOOJm (Diffey, 

1989) which is the effective UV dose that causes a perceptible reddening of

previously unexposed white human skin. In order to determine the MED, the

reaction of the skin is recorded 24 hours after exposure. The minimal dose that 
' ; 

induces any visible reddening at that point is defined as one MED. Redness that

occurs immediately after exposure and disappears during the following three to five
N o

hours is mainly caused by heat and is not comparable with real UV erythema. This 

is the reason why the reading is not taken until 24 hours later. The exact energy 

equivalent differs by a factor of 2 depending upon individual’s sunburn sensitivity.

Skin types are divided into six classes, depending on skin colour and race. 

Caucasians make up the first four skin types with skin type I being the most pale. 

Skin types V and IV normally include very brown skinned or black persons.

/>■

1 ^
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Table 1 Reactive skin types (Fitzpatrick ef al., 1974)

Skin type Skin reactions to solar radiation Examples

1 Always burns easily and severely (painful burn) 

tans little or none and peels

People most often with,air skin, 

blue eyes freckles unexposed 

skin is white

II Usually burns easily and severely (painful burn) 

tans minimally or lightly so peels

People most often with fair skin, 

red or blond

hair. blue, hazel or even brown 

eyes, unexposed skin is white

III Burns moderately and tans about average Normal average Caucasian; 

unexposed skin is white

IV Burns minimally, tans easily and above average 

with each exposure exhibits IPD* (immediate 

pigment darkening) reaction

People with white or light brown 

skin, dark brown hair dark eyes 

(e.g. Mediterranean’s 

Mongoloids. Orientals. 

Hispanics. etc); unexposed skin 

is white or light brown

V Rarely bums, tans easily and substantially always 

exhibits IPD* reaction

Brown-skinned persons (e.g. 

American Indians,

East Indians. Hispanics. etc);

unexposed

skin is brown

IV Never burns and tans profusely; exhibits IPD* 

reaction

People with black skin (e.g. 

African and

American Negroes. Australian 

and South

Indian Aborigines); unexposed 

skin is black

The intensity of ultraviolet radiation reaching the earth’s surface can also be 

expressed as a UV index, by conversion factor 1 MED/hr=2.3 on the UV index 

scale. The UV index provides important information about the risk of overexposure 

to the sun.

* IPD = Immediate Pigment Darkening

27



Fig. 5 Clear sky ultraviolet Index estimate using the Total Ozone Mapping 
Spectrometer (TOMS) Instruments carried on board the Earth 
Probe (EP) satellite platform on 31®* December 2000

Missinq Data
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Table 2 UV Index

UV Index Exposure level

0 - 2 Minimal

3 - 4 Low

5 - 6 Moderate

7 - 9 High

> 10 Extreme
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1.4 The biological effects of UV radiation on humans

The biological effects of ultraviolet radiation on humans are limited to the skin, the 

eyes and the immune system. Solar UV radiation can be both harmful and 

beneficial to human health. Artificial UV radiation has been used in the diagnosis 

and treatment of oral and skin disorders in medicine. It has also been used in 

artificial skin tanning in the cosmetic industry and sterilisation in the sewage, 

drinking water and swimming pool industries (Diffey, 1987).

1.4.1 Beneficial effects of UV radiation

1.4.1.1 The skin

The skin is the largest organ in the human body and has an area of 1.5m  ̂in adults. 

It provides a barrier against physical, chemical, radiation injury and infection. It 

also regulates body temperature, stores fat, prevents dehydrating and loss of ions 

and proteins and synthesises vitamin D. The skin has two main layers; the 

epidermis (the outer layer) and the dermis (the inner layer).

Fig. 6 The structure of the skin
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The epidermis of the skin contains no blood or lymphatic vessels. It contains the 

Langerhans cells, squamous cells, basal cells and melanocytes (pigment cells) and 

almost 50% of the total concentration of 7-dihydrocholesterol (pro-vitamin D3) in 

adults. The dermis contains hair follicles, sebacous glands, sweat glands, 

capillaries and nerves.

Fig. 7 The structure of the epidermis
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1.4.1.2 Vitamin D3 manufacture in skin

Exposure to UV radiation causes the pro-vitamin D3 to be isomerised to pre

vitamin D3. Pre-vitamin D3 forms the biologically inert photo-products, lumisterol 

and tachysterol. Once formed, pre-vitamin D3 spontaneously isomerises into 

vitamin D3, which is a more stable form. (Adams et ai, 1982). Vitamin D3 is 

required by the intestine to absorb calcium (Davies, 1985). The amount of UV 

reaching the skin is critical for vitamin D3 production. Daily solar UV exposure of 

15 minutes to the face and hands is considered sufficient.
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1.4.1.3 Medicine

Artificial UV radiation has been used in the diagnosis and treatment of oral and skin 

disorders. The diagnostic uses are largely confined to fluorescing of skin and teeth 

to identify the presence of fungal and bacterial infectious agents. UV phototherapy 

is a well-established method for treatment of skin disorders such as psoriasis, 

severe itching, acne, eczema, polymorphic light eruption (PLE), pityriasis rosea and 

urticaria, and for renal failure (Green et al., 1992). Seasonal Affective Disorder 

(SAD), which does not occur in more equatorial latitudes, is frequently treated by 

exposure to sources of high illumination which contain small amounts of UV-A and 

UV-B radiation (Terman eta!., 1990). Phototherapy is sometimes used for the 

treatment of neonatal jaundice or hyperbilirubinaemia. The lamps used may also 

contain a UV component (Gies & Roy, 1990; Sliney & Wolbrsht, 1980). Teeth 

repairs such as pits and fissures are treated using an adhesive resin polymerised 

with UV-A (Eriksen, 1987).

1.4.1.4 Industry

Artificial UV radiation has also been used for sterilisation in industry. UV radiation 

with wavelengths in the range of 260-265nm are the most effective for sterilisation 

and disinfection since it corresponds to a maximum in the DNA absorption 

spectrum. UV-C radiation has been used to disinfect sewage effluent, drinking 

water, water for the cosmetic industry and swimming pools. Germicidal lamps are 

sometimes used inside microbiological cabinets to inactivate airborne and surface 

micro organisms (Diffey, 1990). Sun beds used for skin tanning in the cosmetic 

industry use artificial UV radiation with wavelengths in the UV-A spectrum.
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1.4.2 The adverse effects of UV radiation

Solar UV radiation has many damaging effects to human health. Chronic exposure 

to solar UV radiation may lead to skin cancer and of various types ocular disorders 

such as climatic droplet keratopathy (CDK) and pterygium and is thought to be an 

important risk factor in the development cataract and age-related macular 

degeneration (ARMD). Solar UV radiation could penetrate both the epidermis and 

the dermis of the skin varies from 20pm to 1000pm in depth as shown in Fig. 8 

(Bruls et al., 1984).

Fig. 8 Schematic representation of human skin depicting the layers, cell 
types, structural components and percent transmittance of UV-A, 
UV-B and UV-C radiation at different depths (Bruls eta/., 1984)
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1.4.2.1 Erythema

The most immediate harmful consequence of excessive exposure to solar UV 

radiation to the skin is solar erythema (sunburn). Severe sunburn may result in 

oedema, blistering and destruction of the epidermis, which is similar to first or 

second degree burns, and may lead to secondary infections (Diffey, 1990).

1.4.2.2 Skin ageing

The long-term effects of chronic skin changes due to UV radiation include 

premature ageing or actinic damage through loss of skin elasticity. Clinical signs of 

skin ageing include wrinkling and a dry, coarse, leathery appearance and these 

effects are irreversible (Leyden, 1990; Scotto, 1996).

1.4.2.3 Skin Cancer

UV radiation penetrates the skin and causes damage to cells such as Langerhans 

cells, squamous cells, basal cells and melanocytes (the pigment cells) beneath it. 

UV-induced skin cancers may take many years to develop. These types of skin 

cancer are rare in people with black skin. This is because melanocytes absorb UV
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light and block the transmission of the biological damaging UV radiation below 

SOOnm. Other known carcinogens are X-rays, heat, arsenic ingestion and industrial 

hydrocarbons. The mechanism by which UV-B induces carcinomas has been 

identified as an alteration in the pyrimidine bases of DNA molecules to form dimers 

following absorption of UV-B radiation. This causes transcription errors when the 

DNA replicates, giving rise to genetic mutations (Taylor, 1994a).

There are three main types of skin cancer:

1.4.2.3.1 Squamous Cell Carcinoma (SCC)

SCO is a firm, irregular, fleshy growth which usually occurs on exposed parts of the 

body such as the head, face, hands, forearms and shins. The cancer can grow 

rapidly in size and may lead to ulceration. It may also spread to the surrounding 

lymph glands.
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1.4.2.3.2 Basal Cell Carcinoma (BCC)

BCG is a slow growing and painless cancer of the skin. The cancer often presents 

as an indolent, pigmented ulcer with a shiny or translucent raised margin. These 

lesions commonly appear on the face: nose, cheek, forehead, temple, neck and 

eyelid; in older people.

1.4.2.3.3 Malignant Melanoma

Malignant melanoma or cutaneous melanoma is a cancer of the melanocytes. 

Melanoma is a more serious type of cancer than SCO and BCC which initially 

appears as ordinary moles with dark brown or black skin growth but which then
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grow rapidly in size. Melanoma can spread (metastasize) quickly to other parts of 

the body through the lymph system or through the blood. (Lymph nodes produce 

and store infection-fighting T-cells). The incidence of malignant melanoma has 

continued to increase worldwide. Individuals with light skin are affected more 

frequently than those with darker skin living in the same geographic location. The 

risk of skin cancer decreases with increasing skin pigmentation. Basal cell 

carcinoma and squamous cell carcinoma are the most common type of malignancy 

in Caucasians. The majority (90%) of malignant melanoma appears on the head 

and neck and approximately 10% involve the eyelids (Kanski, 1994). These are 

the areas of the body most exposed to the sun. Melanoma is strongly related to 

the frequency of recreational exposure to the sun and to a history of sunburn.

1.4.2.4 The immune system

Chronic exposure to UV radiation leads to a decrease in the number of Langerhans 

cells in the epidermis of the skin and changes their antigen presentation. This 

causes a local decrease in resistance that is intensified by the induction of T- 

lymphocytes with suppressor activity. This is also a systemic influence since the 

altered Langerhans cells migrate to the lymphoid glands and change the pattern of 

recirculation of the T-lymphocytes. UV radiation induces kératinocytes to produce 

various interleukins. These can influence the immune system both locally and 

systemically. UV radiation may therefore lead to immunosuppression (Moodycliffe 

et a/., 2000). UV radiation may induce or aggravate autoimmune disorders such as 

systemic lupus erythematosus; 40%-50% of these patients suffer from 

photosensitivity (Dubois & Tuffanelli, 1964).
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Fig. 9 Effects of solar UV-A and UV-B on the human immune system 
(McKenzie, 1994)
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1.4.2.5 The eye

The eye is a complex structure, located in the orbit, consisting of the following vital 

elements: cornea, iris, lens and retina. The fundamental function of the eye is to 

let light passing through the transparent media, focus an image on the retina and 

give vision.

Fig. 10 The structure of the eye
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The elements of the eye which are most sensitive to UV radiation are the cornea

the lens and the retina. UV radiation has contributed to the development of various 

ocular disorders including photokeratitis, climatic droplet keratopathy (CDK),

,Pinguecula and pterygium and may contribute to age-related cataract and age- 

related macular degeneration (ARMD). Solar retinitis is probably caused by visible 

or even infrared radiation. The cornea absorbs all UVR wavelengths; 92% of < 

280nm and 45% of wavelengths at SOOnm and 320nm respectively. The lens 

absorbs radiation between 300nm-400nm (Wittenberg, 1986), up to 36% of UVR at 

wavelength 320nm in the UV-B/UV-A region. UVR produces substantial photo
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damage to both the structural proteins and key enzymes of the lens in experimental 

situations (Andley, 1990).

Fig. 11 The absorption of UV radiation by the human eye for different
wavelengths. Numbers are percentage of incident radiation on the 
cornea absorbed by each tissue (Boettner & Wolter, 1962)
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1.4.2.5.1 Photokeratitis

The most immediate, obvious, harmful consequence of excessive exposure to 

solar UV radiation to the eye is photokeratitis or snow-blindness (Lerman, 1980; 

Wittenberg, 1986; Blumthaler etal., 1987). Photokeratitis is an acute injury of the 

corneal epithelium. This is the ocular analogue of acute sunburn. High exposure 

to UV-B can cause a corneal burn within one hour, although symptoms may not 

become apparent for six to twelve hours. Symptoms include excessive tear 

production, pain, redness, swollen eyelids, pain when looking at light, headache, a 

gritty sensation in the eyes, and decreased vision. However, the effects are 

reversible and usually disappear within a few days.

1.4.2.5 2 Climatic Droplet Keratopathy (CDK)

  ' —

CDK is also known as Labrador keratopathy, chronic actinic keratopathy, 

proteinaceous degeneration and keratinoid degeneration. It is a spheroidal 

degeneration of the superficial corneal stroma. The condition is described as 

yellow grey or gold droplets beneath the epithelium. It is usually bilateral and 

restricted to the exposed inter-palpebral band of the cornea - the areas most 

exposed to reflected sun. The condition causes visual impairment in older people
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(Baasanhu etal,, 1994). Although CDK has not been reported as being induced by 

UV radiation in experimental models, it occurs in areas with high altitudes and 

snowfall, such as Mongolia, Siberia and parts of Canada (Johnson, 1981). CDK is 

common in deserts such as Somalia and Australia and on sea coasts, with white 

sand and salt which form a highly reflective surface, such as the islands of the Red 

Sea (Gray at a!., 1992). This is therefore some ecological evidence of an 

association between CDK and solar UV radiation. A cross-sectional study of 

Australian aborigines (Taylor, 1981) found no association between CDK and 

exposure to solar UV-B. A further cross-sectional study of watermen (Taylor at a/., 

1989) in Chesapeake Bay found a weak association between CDK and exposure to 

solar UV-B but further analysis of this data suggested the risk of CDK may also be 

related to solar UV-A. (Taylor at a/., 1992). CDK has a geographic association with 

dose of reflected UV in Eastern Canada (Johnson, 1981). In Mongolia and 

Laborador it occurs in people who frequently have snow blindness. (Johnson,

1981; Baasanhu at a!., 1994).
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Table 3 Prevalence of Climatic Droplet Keratopathy (CDK)

Location Age group Males
%

Females
%

Overall
%

Authors/Date of publication

Dahlak Islands All ages 45.7 42.0 Rodger, 1973

N. Cameroon 10+

40-49

50+

21.7

44.1

65.2

12.6

36.4

52.0

17.2

40.3 

60.6

Anderson & Fuglsang, 1976

Australia All ages 

>45 41.0 8.0

0.7 The Royal Australian College 

of Ophthalmologists,

1980

Labrador All ages 18.9 Johnson GJ e ta l . ,  1981

South Africa, 

(semi-arid) All 14.0 10.4 11.7 Hill, 1985

Chad,

(subdesert)

(sahel)

(tropical)

40+

40+

40+

15

7.0

1.7

Resnikoff, 1988

South Africa;

(rural

Transkei)

All 14.0 10.4 11.7

Hill etal., 1989

Chesapeake

Bay 30+ 19.3 19.0 Taylor etal., 1989.

Djibouti,

(rural)

(urban)

All

All

2.8

0.5

Resnikoff ef a/., 1991

Mongolia 40+ 32.2 24.1 28.0 Baasanhu etal.,  1994
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1.4.2.5.3 Pinguecula

F
1

Pinguecula is a fibro-fatty degenerative change to the interpaipebrai conjunctiva. It 

is a localised yellowish-grey, fleshly lesion that appears close to the limbus. A 

study of pinguecula in Laborador suggested a strong association with the severity 

of climatic droplet keratophy (Johnson et al., 1981). A cross-sectional study of 838 

watermen who work on Chesapeake Bay showed that pinguecula was significantly 

associated with increased levels of UV-A and UV-B (Taylor at a!., 1989). A cross- 

sectional study of 783 motorcycle policemen in Japan also showed strong 

association (Nakaishi, 1977).

1.4.2.5.4 Pterygium

Pterygiums can start out as pinguecula, but can grow as an independent entity as 

well. Pterygion is Greek for "wing". Pterygiums are wing-like growths that extend
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from the conjunctiva. It is a degenerative and hyperplastic process in which the 

bulbar conjunctiva extends to the cornea where it can cause irregular astigmatism 

and obscure vision. It occurs most commonly in tropical regions or places with a lot 

of sunshine. An observation study of pterygium in New Zealand and the South 

Pacific suggested pterygium was associated with UV exposure (Elliot, 1961). The 

watermen study (Taylor et al., 1989) also suggested pterygium was associated with 

UV exposure, however it is probable that UV was not the sole cause.
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Table 4 Prevalences of pterygium, arranged by latitude.

Location Approx.
Latitudes

Ages Percentages Authors/Date of 
Publication

Men Women Overall
Australian
National
Trachoma and
Eye Health
Programme
(NTEHP)
Australia

Others

8-38®S

60+
all
ages
40-59
all
ages

9.9 4.4

14.0
3.2

1.1

The Royal Australian 
College of 
Ophthalmologists, 
1980

Labrador 57*N all
ages

2.8 Johnson et a/., 
1981

South Africa, 
semi-arid

32‘*S all 5.04 6.19 5.72 Hill 1985

South Africa, 
rural Transkei

32°S all nil 0.74 0.46 Hill etal., 1989

Blue Mountains, 
Australia

34°S 49+ 11.0 4.5 7.3 Panchapakesan et a/., 
1998

Singapore rN 40-79 11.2 2.6 6.9 Wong et a/., 2000

Victoria,
Australia

Urban 

Rural 
Urban and rural

36-39®S

40+
40+
40+

1.76
9.78

0.71
3.83

2.83

McCarty et a/., 2000
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1.4.2.5.5 Cataract

Cataract is an opacity in the lens which obscures the passage of light through it 

and in severe cases causes blindness. The lens lies between the iris and vitreous 

body and is suspended by ligaments attached to the ciliary body. The lens consists 

of a capsule, lens epithelium, cortex and embryonic lens nucleus and consists of 

33% protein of which 80% is soluble in young persons. The lens refracts incoming 

light and focuses it onto the retina contributing to 17 to 20 diopters of refractive 

power of the human eye.

Fig. 12 The structure of the lens
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Cataract is the major cause of visual impairment and blindness world-wide. It is 

estimated 15 million people are blind from cataract accounting for nearly half of the 

38 million blind cases in the world (Thylefors ef a/., 1996).

There are three main types of cataract: cortical cataract (located at the cortex of 

the lens), nuclear cataract (located in the centre part of the lens) and posterior 

subcapsular cataract (located at the posterior cortex of the lens). Experimental 

studies in animals have indicated that exposure to UV radiation can cause lens 

opacity leading to cataract (Soderberg, 1990; Breadsell etal., 1994; Michael etal., 

1996). Epidemiological studies have shown a positive association between 

exposure to sunlight and the prevalence of opacities in the cortex (Katoh et al., 

2001; Sasaki etal., 2001). Although cortical cataract is considered to be related to 

sunlight exposure only a weak positive association has been found between 

exposure to sunlight and the development of posterior subcapsular cataract and no 

association has been demonstrated for nuclear cataract (Talyor et al., 1989). 

Brilliant & colleagues (1983) showed that there was a low prevalence of cataract in 

the highlands of Nepal compared with high prevalence of cataract in places of 

lower elevation in India and claimed that there was no association between UV 

radiation and cataract. In Mongolia, cataract was not found to be particularly 

severe or more frequent among persons living at lower altitudes and UV exposure 

(Baasanhu etal., 1994).

It is important to establish whether UV radiation accounts for much of the world's 

burden of blindness due to cataract. If this is found to be the case, relatively simple 

preventive measures could be implemented, for example, supplying everyone with
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UV protective sunglasses, which would delay the need of millions of cataract 

extractions (Young, 1992).

1.6.2.5.6 Age-related macular degeneration (ARMD)

Age-related macular degeneration affects the central area of the retina -  the 

macula. Early signs of the disease are characterised by the development of 

"drusen" -  yellowish lesions containing lipids deposited under the retina. These 

are the most commonly observed signs and the earliest clinically detectable 

feature. The disease causes major central visual field loss or blindness in old 

people. Numerous epidemiological studies have suggested that chronic exposure 

to UV-B is a contributing factor to the ageing and degeneration of the retina (Ham, 

1984; Heriot, 1986; Belda etal., 1999).
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1.4.2.5.7 Solar Retinitis

Solar retinitis is damage to the retina as a result of staring at the sun and is most 

commonly a consequence of gazing at a solar eclipse without adequate eye 

protection. Accounts of solar retinitis have existed for centuries and cases of solar 

retinitis have been reported following sun gazing during religious rituals (Hope- 

Ross et a/., 1988). Although the exact mechanisms which operate to produce solar 

retinitis are not completely understood, it is believed to involve a thermally 

enhanced photochemical process. Most solar retinitis improves over time without 

treatment. Solar retinopathy must be differentiated from other macular diseases in 

the absence of a confirmed history of solar exposure.
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Table 5 Summary of the main effects of solar UV radiation on human health

Nature of effect Harmful/
Beneficial

Strength of 
evidence for 
effect

Effects on the skin
Sunburn Harmful Sufficient

Skin ageing Harmful Sufficient

Squamous Cell Carcinoma Harmful Sufficient

Basal Cell Carcinoma Harmful Sufficient

Malignant Melanoma Harmful Sufficient

Effects on immunity and infection
Suppression of cell-mediated immunity Harmful Sufficient

Increased susceptibility to infection Harmful Inadequate

Effects on the eyes
Photokeratitis Harmful Sufficient

Climatic droplet keratopathy (CDK) Harmful Limited

Pinguecula Harmful Limited

Pterygium Harmful Limited

Cataract Harmful Limited

Age-related macular degeneration (ARMD) Harmful Limited

Solar Retinitis Harmful Limited

Other effects
Vitamin D production Beneficial Sufficient
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1.5 Epidemiological studies of eye diseases and UV exposure

Several different types of epidemiological study designs have been used to 

investigate a possible link between particular on eye diseases and solar UV 

exposure. These include the prevalence study (cross-sectional study), the case- 

control study (retrospective study) and the longitudinal study.

A
prevalence study is a study that examines the relationship between diseases 

and other variables of interest as they exist in a defined population at one particular 

time. The temporal sequence of cause and effect cannot necessarily be 

determined in this type of study. The Chesapeake Bay watermen study (Taylor et 

ai, 1988, 1989, 1992) and the Beaver Dam study (Cruickshanks at ai, 1992, 1993) 

are examples of such prevalence studies.

A case-control study is a study that starts with identification of people with the 

disease or outcome of interest (cases) and a suitable control group without the 

disease or outcome. The relationship of an attribute (intervention, exposure or risk 

factor) to the outcome of interest is examined by comparing the frequency or level 

of the attribute in the cases and controls. The investigation of the role of exposure 

to UV-B and other potential risk factors in the development of posterior subcapsular 

cataracts (PSC) (Bochow at ai, 1989) and a study conducted in North Carolina to 

explore the relation between individual exposure to sunlight and the risk of 

cataracts (Collman at ai, 1988) are examples of case-control studies.

Longitudinal studies comparing data obtained from the same or similar individuals 

at different points in time. The Beaver Dam 5-year incidence study of early age- 

related maculopathy is an example of a longitudinal study (Cruickshanks at ai, 

2001).
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The major limitation of all of these research studies is that they have been based 

either largely, or entirely, on data collection using questionnaires. This has meant 

that the investigators have had to rely on the subject’s ability to recollect sunlight 

exposure during the time interval under investigation and for each individual 

assumptions were made about their exposure to sunlight. These assumptions 

include average annual sunlight exposure based on their residential history 

(Collman et at, 1988), cumulative ocular exposure to UV radiation based on their 

life history and an ocular exposure model (Bochow at a/., 1989), leisure time in the 

sun and the use of head cover and sunglasses (Leske et a/., 1991). In making 

such assumptions, researchers have often neglected to consider behavioural 

reactions to solar UV exposure such as squinting and turning away from the sun, 

which may reduce ocular solar UV exposure (Sliney, 1983). In most of the African 

Subcontinent and China it is common practice for people to take a siesta during the 

midday hours (12 - 2pm) when solar UV radiation is at its peak. Therefore studies 

which did not account for this may have overestimated the UV exposure dosage for 

these particular groups of people. In addition, it does not necessarily follow that a 

person will experience a greater amount of ocular UV exposure on a sunny day 

than on a day that is overcast. Although cloud cover attenuates UV radiation, 

scattering from the sides of a cumulus cloud can actually enhance it (Mims and 

Frederick, 1994). Studies have measured ocular UV-B exposure through the use 

of polysulphone films on mannequins which produce a static measurement of UV 

exposure (Diffey, et si, 1977, Rosenthal ef a/., 1988). These films provide 

cumulative doses of UV exposure with the added problems of within-batch 

variations, dark reaction, effects of temperature and surface contamination. Since 

polysulphone films yield a total measure of UV dosage, it is impossible to establish
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the precise period during which the subjects received either a higher or lower dose 

of ocular UV radiation during the course of a day. Other studies have used allyl 

diglycol carbonate (CR39) as an ocular UV-B dosimeter but CR39 only remains 

constant up to an angle of about 50° with respect to the direct sun rays. This error 

together with potential errors during the calibration procedure and in the reading of 

the absorbance could contribute to an overall error of 20% (Wong, 1992).

The lack of accurate personal ocular dosimetry remains an obstacle to the 

investigation of a possible association between exposure to solar UV radiation and 

ocular disorders such as cataract, climatic droplet keratopathy (CDK), pterygium 

and age-related macular degeneration (ARMD). At present there is insufficient 

data on the range of ocular exposure in human populations who are at risk. The 

use of a digitised ocular UV measuring device is therefore essential to enable any 

research study to estimate ocular UV exposure in a more precise way especially in 

relation to the specific UV dosage that reaches the eye at any given time.
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2. AIM AND OBJECTIVES

2.1 Aim

The aim of this research was to design a technique which would enable more 

precise measurements of personal UV-B exposure, which could be used to predict 

life time exposure of the eyes of individuals to UV-B with greater accuracy in 

epidemiological studies. These data will be important in determining the role of 

solar UV radiation as a predictive causative agent particularly of age-related 

cataract, pterygium and climate droplet keratopathy in human populations in 

different geographic locations.

2.2 Objectives

2.2.1 To develop and test the reliability of the Personal UV headband in the 

measurement of solar UV radiation to the eyes, both directly and from the 

side, and to compare this with methods used previously, such as 

polysulphone films.

2.2.2 To calculate Ocular Ambient Exposure Ratios (GAER) of solar UV radiation 

under a variety of environmental circumstances calculated from readings 

obtained with the personal UV headband. p, [
l> A

2.2.3 To use the personal UV headband to measure the solar UV exposure to the 

eye when different types of headgear are worn.

2.2.4 To measure the albedo of different ground surfaces.

M r -
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3. GEOGRAPHIC LOCATIONS CHOSEN

3.1 Mongolia

Mongolia is a landlocked country (Latitude 41° 35'-52°09% Longitude 87°50- 

119°54’) with an average altitude over 1,000 metres above sea level. The 

environment is mainly arid with low pollution. It has a population of 2.2 million, the 

majority of whom live in rural areas working as herdsmen who spend all four 

seasons outdoors looking after horses, yaks, sheep and goats. Mongolia was 

chosen as a study location because the herdsmen report frequent episodes of 

snow blindness in the spring (snow stays on ground late into the spring) and 

previous surveys have reported a high prevalence of CDK resulting in blindness 

(Baasanhu et al., 1994). These people are considered to be at high risk of extreme 

exposure to solar UV radiation as a result of their way of life combined with climatic 

conditions.

3.2 The Gambia

The second part of the study, a comparison of headgear, was carried out in the 

Gambia, which is a tropical country with high insolation. The Gambia lies between 

latitude 13-15° North and is narrow strip of land some 480 km long and 42 km at its 

widest point. It is the smallest country in Africa. The rainy season is short, from 

June to October (average daily temperature ranging from 18-30° C) and a long dry 

season follows from November to May (average daily temperature ranging from 23- 

33 °C).
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4. METHODS

4.1 Instruments used to measure solar UV radiation

Solar UV radiation was measured using two existing device^the Robertson-Berger 

biometer (R-B biometer) and the Cecil photo spectrometer. The R-B biometer was 

used for the measurement of ambient UV radiation and polysulphone film, a UV 

sensitive film, as a person UV dosimeter. The Cecil photo spectrometer was used 

to measure the absorption of UV dose before and after UV exposure of the 

polysulphone film. Two new devices were also developed; a handheld surface 

reflectance instrument, for the measurement of the incident and reflected solar UV 

radiation and an ocular dosimeter UV headband for the measurement of solar UV 

close to the eyes. These two instruments were specially developed in collaboration 

with Professor Diffey tested by him for use in this study.

4.1.1 The Robertson-Berger biometer Model 501

The Robertson-Berger biometer, (made by Solar Light Co. Philadelphia PA 19126), 

is a meteorological grade instrument which measures biologically effective ^

ultraviolet radiation (UV-B) outdoors. It is a computerised instrument that has been 

designed by D Berger and M Morys and employed worldwide to monitor UV-B 

(Berger, 1976). The main spectral range is 290-320 nm, which is close to the 

erythema action spectrum. The measurement range is 0 to 10 MED/hr (Minimal 

Erythemal Dose per Hour). Angular response is within 5% from the ideal cosine for 

incident angles. The response time is one second. The solar light goes through 

the input filters which eliminate the visible component. Then the partially filtered 

light, containing the whole UV spectrum, excites the phosphor. The diode and the 

phosphor are encapsulated in the metal enclosure which is thermostated by the

' ''T
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Pelter element. The current produced by the Gallium Arsenide (GaAs) diode, an 

electronic material, is amplified and converted into frequency inside the detector. 

The frequency signal from the detector is transmitted to the recorder. The UV-B 

values are decoded and taken for further processing. The UV recorder has the 

capacity to store data for up to three months when data is recorded at 30 minute 

intervals throughout the day.

Fig. 13 The spectral response of the R-B biometer
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Fig. 14 The Angular response of the R-B biometer

1 -

T  0 6

0  4

A' O 2

0 1
-90 -60 30 0 30

Inc itient An^^k* Idef»]

— —  I V  B i t i m e l f r  .\n ^ » L ih ir  s p o iis «  

- - - Cosliu' Kiiik tion

60 90

57



Fig. 15 The UV detector of the R-B biometer

Fig. 16 The computerised data storage of the R-B biometer
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4.1.2 Design and development of the handheld surface reflectance 
instrument

This instrument was designed to measure the ground reflectance of UV radiation 

from different surfaces. The detecting head of the device comprised two 

photodiodes (Hamamatsu type G1962-01) mounted at 180° with respect to each 

other and 10mm behind the polytetrafluorethylene (PTFE) diffuser. A rod of 

214mm in length connected the detecting head and the handheld radiometer. The 

device was a broadband UV radiation radiometer (280nm-420nm) covering both 

the UV-B and UV-A spectrums. The instrument has been used in Oxford, Canada 

and Saudi Arabia by Professor G Johnson and the published results were in the 

technical note (Appendix 1).

Fig. 17 The handheld surface reflectance Instrument
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4.1.3 Design and development of the ocular UV dosimeter

A portable Personal UV headband was designed to measure solar UV radiation 

close to the eyes. Two UV sensors each containing a photodiode (Hamamatsu 

type G5842-01) with integral UV-transmitting filter were mounted behind a 

polytetrafluorethylene (PTFE) diffuser and the sensors were mounted on a 

headband. Sensor No.1 was located under the left lower eye lid facing outward 

and sensor 2 was located at the temple of the right eye at 90° to sensor 1. The 

sensors were arranged in this way to enable detection of UVR reaching the eyes 

when the subject’s head was in different positions relative to the sun, facing directly 

away from the sun and to detect reflected UVR from other surfaces.

Fig. 18 Diagram of the personal UV headband

UV headband

Sensor 2 
(side sensor)

Sensor 1 
(front sensor)

The UV sensors were connected, by two separate channels, to a current to voltage 

converter module (amplifier) which was in turn connected to a Digitron 

Instrumentation SF12 and LZ64 Psion organiser. Each channel permitted the data 

logger to measure and record periodically the magnitude of a photodiode signal. 

The frequency of recording could be varied from one second to increased time
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intervals. In this study the device was programmed to record every second. The 

overall duration of recording was limited by the memory of the LZ 64 Psion 

Organiser.

Fig. 19 LZ 64 Psion organiser with two channel UV sensors

f

Digitron Instrumentation 
SF12

LZ 64 Psion organiser

UV headband with two 
sensors

Specifications of the sensors:

Gain: For each pre-amplifier channel 1.01X10® VA'V/-7% (i.e. output was 

approximately one volt per photodiode current of one nanoamp) 

Bandwidth: DC to 16Hz approximately 

Maximum input: +/-10 volts (2.5nA for linear operation)
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Spectral response of the sensors:

During the development of the instrument, the spectral response of each sensor 

was measured from 280-400nm in 10 nm steps by Diffey (personal 

communication). An irradiation monochromator with a full bandwidth at half 

maximum intensity of 5nm was used. A liquid-filled light guide conducted radiation 

from the exit slit of the monochromator to the entrance aperture of either the 

sensor or a thermopile which was used to provide a measure of the absolute output 

irradiation.

The spectral sensitivity of both sensors was the same and is shown below with 

normalisation to the wavelength (290nm) of maximum sensitivity.

Fig. 20 Spectral response of the UV sensors
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Angular response

The sensor was mounted on a turntable and irradiated at an angle of incidence 

varying from 0 to 90° in steps of 10° with a metal halide arc lamp placed at a 

distance of 1.3 metres. Maximum response was observed at normal incidence and 

the sensitivity declined with the angle of incidence in a manner closely 

approximating that of a cosine response. ^

Fig. 21 Angular response of UV sensor
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4.1.4 Polysulphone films (PSF)

o
polysuphone film strips 
used in the study

The 40pm photosensitive polymer polysulphone film is normally mounted in 

cardboard with a single aperture, however, in this study, the polysulphone films 

were prepared in strip form, measuring 1.5cm in width and 6cm in length.

Fig. 22 The chemical structure of the polysulphone film (Diffey, 1989)

r ;
CM ,

WiA /°i

64



Fig. 23 UV absorption by polysulphone film
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Fig. 24 The relative spectral sensitivity of polysulphone film
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4.1.5 The Cecil photo spectrometer

The Cecil photo spectrometer, model CE1020, was used to determine the 

absorption of UV radiation by polysulphone flim. The instrument has an inbuilt 

deuterium bulb which was set to create UV-B at wavelength 330nm. Each 

polysulphone film was read before and after UV exposure to determine the 

absorption. This value was fed into Diffey’s formula so that the erythemally 

effective dose could be calculated.

Diffey’s formula:

Erythemally effective dose=2 0 0 0 [AA33o + (AA33o)̂  +9 (AA33o)̂ ] J.m'^

Where AA330 is the difference before and after UV exposure of each polysulphone 

film.
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4.2 Measurement of solar UV-B radiation

4.2.1 Measurement of ambient solar UV-B radiation in Mongolia

The ambient solar UV-B radiation was measured by means of the R-B biometer. It 

was installed on the highest possible location, for example, on the rooftop of a 

building, to avoid shading. A location was chosen near to the subject’s outdoor 

activities area which was within 20 km radius to minimise the effects of localised 

cloud cover. The lens cover of the R-B biometer was cleaned and inspected daily 

to avoid dust contamination which may result in false readings. Both the R-B 

biometer and the Personal UV headband were set to register the same date and 

local time. The R-B biometer was set up to record ambient UV at 30 minute 

intervals. It was switched on day and night during the study period to provide a full 

measurement of ambient UV radiation. The ambient UV radiation data were 

uploaded onto an IBM compatible personal computer every evening for future 

analysis.

4.2.2 Measurement of ocular UV-B exposure in Mongolia

The ocular UV-B exposure was measured using the UV headband and the 

polysulphone films. The Psion data logger, connected to the Personal UV 

headband, was set to record the UV dose every second to maximise the accuracy 

of UV-B recordings. The polysulphone films were prepared in the form of strips 

measuring 6cm in length x 1.5 cm in width. They were read by the Cecil photo 

spectrometer to determine the initial transmission value. Two strips of 

polysulphone film were used for each subject. The strips were installed on the 

housing of the UV sensors of the UV headband. Two fine lines were carefully
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marked with waterproof pen on each strip of film to indicate the area of exposure 

which was adjacent to each UV sensor. The Personal UV headband was mounted 

on the subject’s head and the sensors were adjusted so that sensor 1 was close to 

the lower eyelid of the left eye and sensor 2 was close to the temple of the right 

eye, at eye level. The subjects were trained how to mount and dismount the device 

if necessary, however, they were not told how to switch the device on or off. There 

were instructed to wear the device for one day and to proceed with their routine 

activities such as hunting, fishing and cattle-herding. The device was set to 

recording solar UV-B at one second intervals. Data collected using the data logger 

were uploaded onto an IBM compatible personal computer for analysis.

4.2.3 Measurement of ocular UV-B exposure with and without a baseball 
cap in the Gambia

Experiments were carried out in the Gambia to evaluate the effectiveness of 

wearing a baseball cap to protect the eyes from solar UV radiation exposure. The 

Personal UV headband was mounted on the subject’s head and the sensors were 

adjusted so that sensor 1 was close to the lower eyelid of the left eye and sensor 2 

was close to the temple of the right eye, at eye level. The experiment started at 

10am and readings were taken every two hours thereafter, ie 12.00 noon, 14.00 

pm, 16.00 pm and 18.00 pm. The subjects were asked to perform the following 

tasks:

1. Stand and look horizontally towards the sun and record UV for 2 minutes

2. Stand and turn 90° away from the sun and record UV for 2 minutes

3. Stand and turn 180° away from the sun and record UV for 2 minutes

4. Stand and turn 270 ° away from the sun and record UV for 2 minutes
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5. Kneel and look down in the direction of the sun and record UV for 2 minutes

6. Kneel and look down 90 ° away from the sun and record UV for 2 minutes

7. Kneel and look down 180° away from the sun and record UV for 2 minutes

8. Kneel and look down 270 ° away from the sun and record UV for 2 minutes

The kneeling was intended to represent the situation when a farmer is tending his 

or her crops.

The subject was then asked to wear a baseball cap and the procedures were 

repeated. Each individual was asked to repeat the above, in the same 

environment, on three different days. The data collected by the data logger were 

uploaded onto an IBM compatible personal computer every evening for analysis.

4.2.4 Measurement of ocular UV-B protection of five different types 
of head wear and ocular UV-B exposure without a hat

The effectiveness of five common designs of hat to protect the eyes from solar UV 

was determined using the UV headband. The Personal UV headband was 

mounted on the subject’s head and the sensors were adjusted so that sensor 1 

was close to the lower eyelid of the left eye and sensor 2 was close to the temple 

of the right eye, as previously described. The experiment was carried out from

11.00 am to 16.00 pm. Each hour the wearer was requested to look horizontally 

into the sun and then to turn clockwise slowly until they had turned a full circle, 

which took approximately two minutes, then the subject repeated the procedure 

without wearing a hat. The data collected by the data logger were uploaded onto 

an IBM compatible personal computer for analysis.
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Fig. 25 Types of hat

Hat A: 12.7 cm brim Hat B: 7.6 cm brim

Hat C: 5.1 cm brim
Hat D: 3.8cm forehead peak

Hat E: 7.6 cm forehead peak

Table 6 Details of hat types

Type Description Location of brim / peak Width of brim / peak 

(cm)

A Soft hat All round 12.7

B Soft hat All round 7.6

C Soft hat All round 5.1

D Safety helmet Forehead peak 3.8

E Baseball cap Forehead peak 7.6
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4.2.5 Measurement of ground reflectance

The ground reflectance was measured using the handheld reflectance instrument. 

Both the direct and reflective sensors were zeroed before proceeding by adjusting 

knobs in a UV radiation free environment. The recorder stood over the surface to 

be measured and after making sure the instrument was level by observing the 

levelling bubble in the instrument housing and that the recorder’s body did not 

shadow the sensor, the two-way switch was first switched to the “direct” position.

A direct UV radiation measurement was taken by pressing and holding down the on 

switch. The reading displayed on the liquid crystal display (LCD) screen was 

recorded. The two-way switch was then switched to the “reflect” position and a 

second reading was recorded.

4.2.6 Measurement of polysulphone film

A pre-exposure absorbency value for the batch of polysulphone film used for field 

measurements was determined using a Cecil CE1020 spectrophotometer. The 

same instrument was later used to determine post-exposure absorbance for 

badges used in the field.

4.3 Statistical analysis

4.3.1 Data collected using the R-B biometer

The ambient UV-B data from the R-B biometer were uploaded onto an IBM 

compatible personal computer using the data communication software provided 

with Windows 98. The ambient UV-B data recorded were imported and analysed 

using Microsoft Excel v7.0.
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4.3.2 Data collected by data logger of the UV headband in Mongolia

Data from the data logger (a LZ64 Psion organiser running proprietary data-iogging 

software) were uploaded onto an IBM compatible personal computer using the 

software provided with the data-logging device and imported into Epi-lnfo v6.04d 

using the dBase 111+ file format. Data outside of permissible ranges (for example, 

due to noise arising from vibration and shocks to the sensors) were marked as 

missing. Correction factors were applied to individual measurements using 

constants and formulae provided by Diffey (personal communication). These were 

dependent on solar altitude:

Fig. 26 The correction factors of the two sensors
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0.001
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0.00298 0.00335 0.00372 0.00398 0.004130.00108 0.00179 0.0022Sensor 1

0.00161 0.00198 0.00269 0.00302 0.00336 0.00359 0.003720.00097Sensor 2

Solar altitude (degrees)

In the absence of direct measurements, the solar altitude for Ulan Baator (Latitude 

47.54.00, Longitude 106.52.12) in Mongolia, was 'predicted' by SkyMap Pro 

astronomical software (Marriott 0., 1998, "SkyMap Pro Version 5". SkyMap 

Software, Cheshire), at 30 minute intervals, for the dates and times of 

measurement. A correction factor based on solar altitude was applied to each 

sensor accordingly. The time 10:00 was applied to all measurements taken
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between 10:00:00 and 10:29:59. Individual measurements were averaged 

(arithmetic mean) over each 30 minute period using Epilnfo v6.04d. Subsequent 

analyses was performed on these 30 minute averages using Epilnfo v6.04d, R

version 1.30, and Microsoft Excel v7.0. v> / ^
S? -"'Z) - r . A ,

4.3.3 Data collected by polysulphone films  ̂ '
I t

Data from the polysulphone film 'badges' and summary (i.e. cumulative exposure 

data) from the headband sensors were entered and checked using EpiData v1.50 

and analysed using R version 1.22 programme and using the method of Bland & 

Altman (1986).

4.3.4 Data collected by data logger of the UV headband in The Gambia

The baseball cap (stand, turn, kneel) data were entered and analysed using 

Microsoft Excel v7.0. Charts were produced by compiling a summary table 

consisting of three day means for each combination of time of day, posture 

(standing or kneeling), and intervention (cap or no cap). In the absence of direct 

measurements, the solar altitude for Banjul, Gambia (latitude 13-15° North) for the 

dates and times of measurements, 'predicted' by SkyMap Pro Version 5, were used 

and correction factors calculated and applied accordingly.

4.3.5 Data collected by data logger of the UV headband for five types of hat

Data for hat types were entered and analysed using Microsoft Excel v7.0.

4.3.6 Data collected by the handheld reflective instrument

Data collected with the handheld reflective instrument were entered and analysed 

using Microsoft Excel v7.0.
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4.3.7 Comparison of data from polysulphone film (PSF) and Headband 
Sensors

The agreement between the cumulative dosages measured by the polysulphone 

film and the headband sensors was examined using the method of (Bland and 

Altman 1986).
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5. RESULTS

5.1 Ambient UV-B in Mongolia

The ambient UV-B measured during our study in Mongolia, in May and June, was 

extremely high. This was due to the high altitude and clear sky. Fig. 27 shows a 

typical day of ambient UV-B measured in May.

Fig. 27 The ambient solar UV radiation on a typical cloudless day in May in 
Mongolia
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5.2 Ambient UV-B in February in The Gambia

The ambient UV-B measured during our study in February in The Gambia was

high. The is due to The Gambia is closer to the equator.

Fig. 28 The ambient solar UV radiation on a typical day in February in 
The Gambia
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5.3 Ambient UV-B and UV-B measured by experimental sensors

Table 7 shows the Spearman rank correlation coefficients, p-value for the

Spearman rank correlation coefficients, coefficients of determination (the ^ -  

proportion of then variance in the exposure measured by a sensor that is explained 

by the variance in the ambient UV-B level) and the sample size (number of 30 

minute intervals for which data were collected) for a linear regression of sensor 1 

and sensor 2 against the ambient UV-B level for each subject and for all subjects 

combined. ^ '

The overall results were consistent with a reasonably strong association between 

exposure and ambient UV-B levels (Chart 1).

Table 7 Ambient UV-B levels and exposures measured by two sensors

Front Sensor Side Sensor 
r(p) r(p)

Subject r-squared r-squared N Comments

220599 .3572 (NS)
.1276

230599 .2892 (NS)
.0836

.5689 (<0.050) 19 Herdsman  
3536 Data collected 1000 - 1930

Peak ambient at 1430 
Highest exposure 81 4.5 hours before peak 
ambient
Highest exposure 82 1.0 hours before peak 
ambient
Lowest exposure for both sensors at peak 
ambient
Lowest OAER for both sensors at peak ambient 
Highest OAER for both sensors 4.5 hours before 
peak ambient
Exposure appears to decrease throughout day

.6275 (<0.010) 17 Sm allholder 

.3938 Data collected 0 93 0 - 1800
Peak ambient at 1400
Highest OAER for 81 4.0 hours before peak 
ambient
Highest OAER for 82 3.5 hours before peak 
ambient
Exposure appears constant throughout day
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Subject

240599

Front Sensor Side Sensor
r (P) r (p)
r-squared r-squared N Comments

250599

260599

.3333 (NS) .0000 (NS)

.1111 .0000

.5167 (NS) .0833 (NS)

.2669 .0069

280599

310599

.0989 (NS) .2696 (NS) 13 Fisherm an

.0098 .0727 Data recorded 1100 - 1730
Peak ambient at 1400
Highest exposure S I 2.0 hours before peak
ambient
Highest exposure S2 1.5 hours after peak 
ambient
High exposures seen 2.5 hours before and 2.0  
hours after peak ambient 
Lowest exposure for both sensors 0.5 hours 
before peak ambient
Highest OAER for both sensors 2.5 hours before 
peak ambient
Lowest OAER for both sensors 0.5 hours before 
peak ambient
Exposure appears constant throughout day

8 Herdsman
Data recorded 0930 -1 3 3 0  
Peak ambient at 1300 
Exposure appears constant throughout day

9 W ater carrier
Data recorded 0900 -1 3 3 0  
Peak ambient at 1300 
Highest exposure S I 2.5 hours before peak 
ambient
Highest exposure 82  1.5 hours before peak 
ambient
Highest OAER 81 4.0 hours before peak ambient 
Highest OAER 82 2.5 hours before peak ambient 
Exposure appears constant throughout day

.5714 (N8) .3214 (N 8) 7 Herdsm an

.3265 .1033 Data collected 1 0 0 0 -1 3 3 0
Peak ambient at 1330
Highest exposure for both sensors 0.5 hours 
before peak ambient

.3102 (N 8) .2750 (N 8) 14 Herdsm an

.0962 .0756 Data collected 1000 -1 7 0 0
Peak ambient at 1400
Lowest exposure for both sensors at peak
ambient
Highest exposure 81 2.0 hours before peak 
ambient
Highest exposure 82  2.5 hours before peak 
ambient
Lowest OAER for both sensors at peak ambient 
Exposure appears to decrease throughout the 
day
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Front Sensor
r(P)

Subject r-squared

Side Sensor 
r(P)
r-squared N Comments

010699  .5109 (NS)
.2610

020699 .5893 (<0.050) 
.3473

040699 .3643 (NS) 
.1327

.5495 (NS) 13 Herdsman  
.3019 Data collected 0930 -1 6 0 0

Peak ambient at 1330
Max exposure S I 3.0 hours before peak ambient 
Max exposure S2 at peak ambient 
Lowest exposure for S I at peak ambient 
Highest OAER at start and end of day 
Exposure appears constant throughout day

.5679 (<0.050) 15 Sm allholder
.3225 Data collected 0830 -1 6 0 0

Peak ambient at 1230 
Highest exposure S I 1.5 hour before peak 
ambient
Highest exposure S2 1 hour before peak ambient 
Highest OAER for both sensors at start of the 
day

.1215 (NS) 15 Herdsm an
.0148 Data collected 0900 -1 6 3 0

Peak ambient at 1330 
Highest exposure S I at peak ambient 
Highest exposure S2 1.0 hours after peak 
ambient
Highest OAER S I at peak ambient 
Lowest OAER S2 at peak ambient 
High OAER S I at start of day 
Highest OAER S2 at start of day 
Plot exhibits marked peak for S I at peak 
ambience

050699 .2219 (NS) .4654 (NS) 18 Carpenter
.0492 .2166 Data collected 0830 -1 7 3 0

Peak ambient at 1230
Highest exposure S I 2.0 hour before peak
ambient
Highest exposure 0.5 hours after peak ambient 
Highest OAER for both sensors 3.0 hours before 
peak ambient
Exposure appears to decrease throughout day

060699  .4378 (NS) .7799 (<0.001 ) 17 H unter
.1917 .6082 Data Collected 0900 -1 7 3 0

Peak ambient at 1400
Highest exposure S I and S2 1 hour before peak 
ambient
Highest OAER S I at start of the day 
Highest OAER S2 at peak ambient
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Subject

070699

Front Sensor
r(P)
r-squared

Side Sensor
r(p)
r-squared N Comments

.6966 (<0.010) 

.4853
.6801 (<0.010) 18 Carpenter
.4625

080699 .6905 (NS) 
.4768

.0000 (NS) 
.0000

110699 .7647 (<0.001 ) 
.5848

.8142 (<0.001 ) 
.6629

140699 .5412 (<0.050) 
.2929

.6647 (<0.010) 
.4418

160699 .0221 (NS) 
.0005

.4142 (NS) 
.1716

170699 .5956 (<0.050) 
.3547

5417(<0.050)
.2934

Data collected 0830 -1 7 3 0
Peak ambient at 1400
Highest exposure S I 2.0 hours after peak
ambient
Highest exposure S2 1.5 hour before peak 
ambient
High OAER for both sensors at start and end of 

the day

8 Herdsm an
Data collected 0930 - 1330
Peak ambient at 1330
Highest exposure S I 1.0 hour before peak
ambient
Highest exposure S2 2.5 hour before peak 
ambient
Highest OAER S I 1.0 hour before peak ambient 
Highest OAER S2 2.5 hour before peak ambient

18 Hunter
Data collected 0830-1730  
Peak ambient 1330
Highest exposure S I 0.5 hours before peak 
ambient
Highest exposure S2 at peak ambient 
OAER appears constant throughout day

16 Sm allholder
Data collected 0900 -1 7 0 0  
Peak ambient 1300
Highest exposure for both sensors 1.5 hour after 
peak ambient
Highest OAER S I at start of the day
Highest OAER S2 2.0 hours before peak ambient

17 Hunter
Data collected 0900 - 1730
Peak ambient at 1330
Highest exposure S I 3.0 hours before peak
ambient
Highest exposure S2 0.5 hour after peak ambient 
Highest OAER for both sensors at start of the 
day

Exposure appears constant throughout day

17 Herdsm an
Data collected 0900 -1 7 3 0  
Peak ambient at 1400
Highest exposure S I 1.0 hour after peak ambient 
Highest exposure S2 at peak ambient 
Highest OAER S I 0.5 hour after peak ambient 
Highest OAER S2 at peak ambient
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Subject

Front Sensor
r(P)
r-squared

Side Sensor
r(P)
r-squared N Comments

180699 .6446 (<0.010) 
.4155

.6936 (<0.010) 
.4811

190699  .5858 (<0.050) .1201 (NS)
.3432 .01

17 Sm allholder
Data collected 0830 -1 7 0 0
Peak ambient at 1200
Highest exposure 81 at peak ambient
Highest exposure 8 2  2 hours after peak ambient
Highest OAER 81 start of the day
Highest OAER 82  2 hours after peak ambient

17 Herdsm an
Data ambient 0830 -1 7 0 0
Peak ambient at 1300
Highest exposure 81 1.0 hours after peak
ambient
Highest exposure 82  3.0 hours before peak 
ambient
Highest OAER 81 1.0 hours before peak ambient 
Highest OAER 82  3.0 hours before peak ambient 
82 exposure appears constant throughout the 
day

ALL .4746 (<0.001 ) 
.2252

.5243 (<0.001 ) 
.2749

293 All above subjects combined
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Chart 1 All Subjects, ambient and mean MED/hr for both sensors by
hour of the day

Exposure Chart 1, All Subjects, Ambient and mean MED/hr for both
sensors by hour of day

•A
. A-

'A-

ooo
oo o oo00

o oo o00 ooLO
o oo o o oo o

CM CM lO

Time

Ambient Med/Hr Sensor 1 MED/Hr - -Sensor2 MED/Hr

82



Chart 2 Ambient and ocular exposure data averaged for subject 220599.

Exposure Chart 2, Subject 220599, Ambient and mean MED/hr for 
both sensors by hour of day

Time

Ambient Med/hr Sensor 1 MED/hr lAr -Sensor 2 MED/hr

Examination of the plots of ambient and sensor data for individual subjects were 

consistent with some individuals exhibiting exposure limiting behaviours (for
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example, seeking of shade during periods of high ambient exposure or turning of 

the face away from direct exposure). The ambient and exposure data for subject 

220599 and 240599 is consistent with shade seeking during periods of high 

ambient exposure (Chart 2 and Chart 3). Chart 4 shows the ambient and exposure 

data for subject 050699 and is consistent with the subject turning his face away 

from direct exposure during periods of high ambient exposure.

Chart 3 Ambient and ocular exposure data averaged for subject 240599

Exposure Chart 3, Subject 240599, Ambient and mean MED/hr for 
both sensors by hour of day
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Chart 4 Ambient and ocular exposure data averaged for subject 050699

Exposure Chart 4, Subject 050699, Ambient and mean MED/hr for 
both sensors by hour of day
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5.4 Peak exposure between 1100 -1500

Table 8 shows the proportion of subjects with peak exposure during the hours 1100 

- 1500 for both sensors (data spanning at least one hour either side of this period). 

Table 8: Peak exposures between 1100-1500

Peak exposure during 1100 -1500

Subject Front sensor Side sensor

220599 No Yes

230599 Yes Yes

310599 Yes Yes

010699 No + Yes

020699 No + Yes

040699 Yes Yes

050699 No + Yes

060699 Yes Yes

070699 No + Yes

110699 Yes Yes

140699 Yes Yes

160699 No + Yes

170699 Yes Yes

180699 Yes Yes

190699 Yes No

9/15 14/15

* S im ila r  exp o su re  to p eak  o u ts id e  o f 1 10 0  - 1 50 0  

S im ila r e xp o su re  to p eak  in s id e  o f 1 1 0 0  -  1500

Care should be taken in interpreting the data presented in this table as peak 

exposures during the period 1100 -1500 may be accompanied by similar levels of 

exposure outside of that period (and vice-versa). Such 'ambiguous' peaks are 

noted in table 8.
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The maximum exposure measured by S1 occurred in nine out of fifteen subjects 

(60%) during the period 1100 - 1500. The maximum exposure measured by S2 

occurred in fourteen out of fifteen subjects (93%) during the period 1100 -1500. In 

six out of fifteen subjects (40%) the peak exposure measured by SI was outside of 

the period 1100 -  1500.

Examination of the exposure plots for individual subjects revealed a marked 

reduction in exposure measured by both sensors for at least 30 minutes during the 

period 1100-1500 in six out of the 16 subjects (38%) (with data spanning this 

period).

Examination of exposure plots for individual subjects revealed that some subjects 

had high (relative to ambient) levels of exposure particularly in the mornings 

(Chart 5).
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Chart 5 Ambient and ocular exposure data averaged for subject 310599

Exposure Chart 5, Subject 310599, Ambient and mean MED/hr for 
both sensors by hour of day
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9
Analysis of the OAER data averaged across all subjects revealed that GAER's 

tended to be higher in the morning and decrease during the day (chart 6).

CHART 6 -  The ocular ambient exposure ratio (OAER) for all subjects

Exposure Chart 6, All Subjects, Ambient : exposure ratio for both
sensors
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6.5 Agreement PSF Vs UV sensors

Chart 7 The difference between each method plotted against the mean 
recording for each method

Agreement PSF vs. Sensors
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The PSF tended to yield higher estimates of exposure than the headband sensors 

(Mean difference = 2.77, SD = 5.82, t = 2.933, df = 37, p < 0.01). This difference 

tended to increase with increasing levels of exposure (t = 6.564, df = 1,36, p < 

0.0001). This is demonstrated by the ordinary least-squares regression line 

(Chart 7).

The distribution of cumulative absorbance estimates found in this study were all 

either equal to or exceeded the level at which PSF measurements tend to become 

imprecise.
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Chart 8 Polysulphone film cumulative absorbance
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Table 9 shows a table of the quintiles of exposure as measured by the two 

methods (experimental sensors and PSF)

Table 9 Quintiles of cumulative exposure for headband sensors I PSF pairs

Sensors

PSF

01 02 03 04 05

Q1 3 2 2 0 1

02 3 2 0 2 0

03 1 0 4 2 1

04 1 1 1 3 1

05 0 2 1 0 5

Seventeen (44.7%) sensor / PSF pairs were classified into the same quintile 

(shown in bold) Twenty-six (68.4%) sensor / PSF pairs were classified into the 

same or an adjacent quintile (shown in the non-shaded cells). The cumulative 

exposures seen in this study exceed those for which PSF is known to produce 

precise estimates of cumulative exposure.
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5.6 Ocular exposure measured by the two headband sensors for subjects 
wearing five different hats and without a hat.

Table 10 The mean/mV/of the two sensors for different hats and without a 
hat

Time Sensors Hat A HatB Hate Hat D HatE No hat
Mean mV Mean mV Mean mV Mean mV Mean mV Mean mV

12.7cm 7.6 cm 5.1cm 3.8cm
forehead

peak

7.6 cm 
forehead 

peak
1100 Sensor 1 62 69 153 60 60 238

Sensor 2 48 119 113 114 125 135

1200 Sensors 1 54 131 153 82 62 213

Sensors 2 45 128 117 122 145 171

1300 Sensors 1 30 43 52 49 40 113

Sensors 2 32 68 66 65 74 91

1400 Sensors 1 29 101 68 44 40 116
Sensors 2 39 91 93 131 96 109

1500 Sensors 1 36 182 148 62 62 240
Sensors 2 42 125 90 132 129 115

1600 Sensors 1 42 145 123 56 24 142
Sensors 2 40 114 113 95 82 83

The results showed that wearing a hat with a 12.7 cm brim (Hat A) greatly reduced 

the amount of solar UV that reached the eye. A hat with a small brim <5.1 cm brim 

(Hat C) was less effective and wearing a baseball cap reduced the amount of UV 

from the front of the eye but did not reduce the amount of UV coming from the side.
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5.6.1 Result of ocular exposure with five different types of hat versus
no hat measured by sensor 1 (front sensor)

Chart 9 Ocular UV measurements by sensor 1 for five different types of hat 
and no hat
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5.6.2 Result of ocular exposure with five different types of hat versus
no hat measured by sensor 2 (side sensor)

Chart 10 Ocular UV measurements by sensor 2 for five different types of hat 
and no hat
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The hat with a 12.7 cm brim provided the greatest reduction in UVR (measured in 

sensor mV) reaching the front sensor (Charts 9). Hats with forehead peaks 

performed almost as well as the 12.7 cm brimmed hat. Hats with 7.6 cm and 5.1 

cm brims performed badly. These are the shape of hats usually worn by 

Mongolians.

The 12.7 cm brimmed hat also provided the greatest reduction in UVR (measured 

in sensor mV) reaching the side sensor. All other hat designs had little or no effect 

on the quantity of UVR reaching the side sensor (Charts 10).
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5.7 The baseball cap data
5.7.1 Results of ocular UV-B exposure for Individuals without a hat (Dayl)

Without
a

hat

Stand & look 
horizontal into 
the sun

Stand & look 
horizontal 90 
degree away 
from the sun

Stand & look 
horizontal 180 
degree away 
from the sun

Stand & look 
horizontal 270 
degree away 
from the sun

Kneel & look 
down in the 
direction of the 
sun

Kneel & look 
down 90 degree 
away from the 
sun

Kneel & look 
down 180 
degree away 
from the sun

Kneel & look down 
270 degree away 
from the sun

Time 81 mV 82 mV 81 mV 82
mV

81 mV 82 mV 81 mV 82
mV

81 mV 82 mV 81 mV 82 mV 81 mV 82
mV

81 mV 82 mV

10.00 416 94 101 130 127 105 10 545 243 94 53 128 94 109 83 563

12.00 475 161 258 161 150 142 136 435 125 177 125 164 95 141 92 185

14.00 399 202 437 167 151 134 112 360 132 186 134 138 109 122 86 430

16.00 587 182 122 116 104 101 99 642 128 178 130 120 94 107 84 601

18.00 100 49 49 38 43 41 33 253 141 69 47 38 34 34 23 216

5.7.2 Resuits of ocuiar UV-B exposure for individuals wearing a basebaii cap (Day 1)

With a 
basebaii 
hat on

Stand & look 
horizontal Into 
the sun with

Stand & look 
horizontal 90 
degree away 
from the sun

Stand & look 
horizontal 180 
degree away 
from the sun

Stand & look 
horizontal 270 
degree away 
from the sun

Kneel & look 
down in the 
direction of the 
sun

Kneel & look 
down 90 degree 
away from the 
sun

Kneel & look 
down 180 
degree away 
from the sun

Kneel & look down 
270 degree away 
from the sun

Time 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV

10.00 28 120 68 114 67 132 69 540 33 118 34 135 46 108 46 508

12.00 134 158 132 112 115 147 112 345 88 182 94 165 86 143 84 442

14.00 112 172 112 138 85 130 84 496 78 188 90 134 68 112 85 485

16.00 119 191 359 128 95 108 68 621 67 173 49 91 57 94 49 507
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5.7.3 Results of ocular UV-B exposure for individuals without a hat (Day 2)

Without
a

hat

Stand & look 
horizontal into 
the sun

Stand & look 
horizontal 90 
degree away 
from the sun

Stand & look 
horizontal 180 
degree away 
from the sun

Stand & look 
horizontal 270 
degree away 
from the sun

Kneel & look 
down In the 
direction of the 
sun

Kneel & look 
down 90 degree 
away from the 
sun

Kneel & look 
down 180 
degree away 
from the sun

Kneel & look down 
270 degree away 
from the sun

Time 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV

10.00 437 83 81 119 111 101 104 460 201 94 58 119 24 95 76 106

12.00 373 159 167 157 98 136 99 418 88 161 102 164 128 137 111 343

14.00 403 162 223 157 152 129 119 356 120 184 131 141 111 120 98 421

16.00 545 157 272 103 100 99 84 528 99 144 103 96 63 105 55 534

18.00 254 82 42 36 44 40 29 207 91 58 34 38 21 34 14 169

5.7.4 Resuits of ocuiar UV-B exposure for individuals wearing a baseball cap (Day 2)

With a 
basebaii 
cap on

Stand & look 
horizontal Into 
the sun with

Stand & look 
horizontal 90 
degree away 
from the sun

Stand & look 
horizontal 180 
degree away 
from the sun

Stand & look 
horizontal 270 
degree away 
from the sun

Kneel & look 
down In the 
direction of the 
sun

Kneel & look 
down 90 degree 
away from the 
sun

Kneel & look 
down 180 degree 
away from the 
sun

Kneel & look 
down 270 
degree away 
from the sun

Time 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV

10.00 47 128 65 106 62 115 64 457 37 111 42 127 48 111 60 444

12.00 58 126 97 113 86 150 109 325 66 167 79 168 90 139 81 392

14.00 101 188 116 147 98 127 80 395 75 184 87 137 72 110 72 328

16.00 103 157 103 115 70 99 46 501 56 151 51 97 39 105 35 521

18.00 107 63 42 32 22 36 13 109 12 44 15 25 10 23 6 77
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5.7.5 Results of ocular UV-B exposure for individuals without a hat (Day 3)

Without
a

hat

Stand & look 
horizontal into 
the sun

Stand & look 
horizontal 90 
degree away 
from the sun

Stand & look 
horizontal 180 
degree away 
from the sun

Stand & look 
horizontal 270 
degree away 
from the sun

Kneel & look 
down In the 
direction of the 
sun

Kneel & look 
down 90 degree 
away from the 
sun

Kneel & look 
down 180 degree 
away from the 
sun

Kneel & look 
down 270 
degree away 
from the sun

Time 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV

10.00 509 80 51 60 59 54 50 449 92 76 32 67 41 61 34 532

12.00 312 98 93 84 49 82 41 379 65 107 43 88 57 81 46 396

14.00 203 119 105 78 72 95 60 431 82 126 68 67 51 97 62 384

16.00 383 85 75 77 59 90 74 518 98 86 40 80 40 92 42 521

18.00 107 31 47 32 27 40 27 99 23 24 5 29 23 24 5 29

5.7.6 Results of ocular UV-B exposure for individuals wearing a baseball cap (Day 3)

With a 
basebaii 
hat on

Stand & look 
horizontal into 
the sun with

Stand & look 
horizontal 90 
degree away 
from the sun

Stand & look 
horizontal 180 
degree away 
from the sun

Stand & look 
horizontal 270 
degree away 
from the sun

Kneel & look 
down In the 
direction of the 
sun

Kneel & look 
down 90 degree 
away from the 
sun

Kneel & look 
down 180 degree 
away from the 
sun

Kneel & look 
down 270 
degree away 
from the sun

Time 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV 81 mV 82 mV

10.00 10 77 18 69 27 59 20 510 14 76 13 66 13 72 14 578

12.00 34 101 34 80 41 106 43 413 40 98 61 110 82 121 53 382

14.00 61 94 48 67 38 100 53 321 39 100 27 79 36 106 41 428

16.00 44 85 22 83 29 84 26 456 13 86 14 79 13 86 16 488

18.00 6 31 6 53 26 24 6 25 0 11 0 17 0 20 0 32
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5.7.7 Effect of wearing a baseball cap for ocular UV protection

Table 11 details the effect of wearing a baseball cap (7.6 cm forehead peak), 

posture, and position relative to the sun on the quantity of UV-B reaching the two 

sensors.

Table 11 UV-B reaching two sensors with and a baseball cap

Posture Position Front sensor Side
sensor

Standing

Standing

Standing

Standing

Facing Sun Reduced No effect

90° clockwise Reduced No effect

180° clockwise Minor reduction No effect

270° clockwise Minor reduction No effect

Kneeling

Kneeling

Kneeling

Kneeling

Facing Sun Minor reduction No effect

90° clockwise Minor reduction No effect

180° clockwise Minor reduction No effect

270° clockwise No effect No effect

The baseball cap had no effect on the quantity of UVR reaching the side sensor 

regardless of the position relative to the sun or the posture of the subject.

Marked reductions in the quantity of UVR reaching the front sensor were found 

when the subject was facing the sun. The effect was less marked when the subject 

was facing 90° and 270° clockwise from the sun. Only minor reductions in the 

quantity of UVR reaching the front sensor were found when the subject was 

kneeling and facing down.
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5.7.8 The data on which this summary (table 11) is based is plotted 
on charts 11-26

Chart 11
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Effect of a baseball cap on the quantity of solar UV radiation 
reaching the eye when standing and facing the sun (FRONT SENSOR)
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Chart 12 Effect of a baseball cap on the quantity of solar UV radiation when
standing and facing the sun (SIDE SENSOR)
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Chart 13 of a baseball cap on the quantity of solar UV radiation
reaching the eye when standing and facing 90 degrees clockwise away

from the sun (FRONT SENSOR)
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Chart 14 Effect of a baseball cap on the quantity of solar UV radiation when 
standing and facing 90 degrees clockwise away from the sun (SIDE

SENSOR)

0.

8

6

4

2

0

8

6

4

2

1000 1200 1400 1600 1800
Time

-Hat •No Hat

102



C h S r t 15 Effect of a baseball cap on the quantity of solar UV radiation
reaching the eye when standing and facing 180 degrees clockwise away

from the sun (FRONT SENSOR)
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Chart 16 Effect of a baseball cap on the quantity of solar UV radiation when 
standing and facing 180 degrees clockwise away from the sun (SIDE

SENSOR)
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Chart 17 Effect of a baseball cap on the quantity of solar UV radiation
reaching the eye when standing and facing 270 degress clockwise away

from the sun (FRONT SENSOR)
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Chart 18 Effect of a baseball cap on the quantity of solar UV radiation when 
standing and facing 270 degrees clockwise away from the sun (SIDE

SENSOR)
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Chart 19 Effect of a baseball cap on the quantity of solar UV radiation
reaching the eye when kneeling and facing the sun (FRONT SENSOR)
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Chart 20 Effect of a baseball cap on the quantity of solar UV radiation when 
standing and kneeling and facing the sun (SIDE SENSOR)
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Chart 21

1.

Effect of a baseball cap on the quantity of solar UV radiation
reaching the eye when kneeling and facing 90 degress clockwise away

from the sun (FRONT SENSOR)
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Chart 22 Effect of a baseball cap on the quantity of solar UV radiation when 
kneeling and facing 90 degrees clockwise away the sun (SIDE SENSOR)
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Chart 23 Effect of a baseball cap on the quantity of solar UV radiation
reaching the eye when kneeling and facing 180 degrees clockwise away

the sun (FRONT SENSOR)
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Chart 24 Effect of a baseball cap on the quantity of solar UV radiation when 
kneeling and facing 180 degrees clockwise away from the sun (SIDE

SENSOR)
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Chart 25 Effect of a baseball cap on the quantity of solar UV radiation
reaching the eye when kneeling and facing 270 degrees clockwise

away from the sun (FRONT SENSOR)
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Chart 26gffgct of a basebaii cap on the quantity of solar UV radiation when 
kneeling and facing 270 degrees clockwise away from the sun (SIDE

SENSOR)
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5.8 Results of handheld reflective instrument

5.8.1 Published results of the reflectance of different 
terrains using the handheld reflective instrument

The handheld reflective instrument had been used in Oxford, UK, Jeddah, Saudi

Arabia and Montreal, Canada. These data indicated that the environment

conditions played an important contributing factor to the exposure of solar UV to

human. /

Table 12 Ground reflection (Diffey eta/., 1995)

Terrain UV irradiance 
mW/cm^

Oxford, England (51°N), solar altitude 
62°

Direct Reflected %of
reflectance

Tarmac road 4.88 0.27 5.5
Grass lawn 5.02 0.07 1.4
Long grass 4.06 0.05 1.2
Concrete driveway 4.98 0.41 8.2
Over water from river bank 3.67 0.11 3.0

Jeddah, Saudi Arabia (25°N) Solar 
altitude 68°

Grey tarmac 5.44 0.31 5.7
Lighter tarmac 5.82 0.32 5.5
Sandy soil 5.55 0.31 5.9
Large area of white sand 5.96 0.54 9.1
Concrete tiles with pebbles in them 5.82 0.72 12.4
Over flower bed (yellow flowers) 5.09 0.13 2.6
Over Bougainvillaea, but with 

surrounded light tiles
5.83 0.17 2.9

Montreal Island, Canada (45°N), solar 
altitude 68°

Gravel path 5.84 0.48 8.2
Tarmac Road 5.53 0.36 6.5
Mown grass 6.14 0.11 1.8
Mixed ground vegetation 6.08 0.10 1.6
Beach sand of freshwater 
lake

5.73 0.51 8.9

Lake water beside dock 6.16 0.20 3.2
Wooden boards of dock 6.16 0.27 4.4
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5.8.2 Results of the reflectance of different terrains using the handheld 
reflective instrument obtain in Enfield, UK.

Table 13 Reflectance of different terrains using the handheld reflective 
instrument

Terrain UV irradiance 
mW/cm^

Enfield, UK (51.65^N), solar altitude 60° Direct Reflected %of
reflectance

Black tarmac road 3.58 0.14 3.91
Green tarmac road 3.50 0.14 4.00
Red tarmac road 3.67 0.16 4.36
White painted wall 4.97 0.42 8.45
Red brick wall 5 30 0.17 3.21
Yellow/red brick wall 4.40 0.14 3.18
Concrete slab path 4.82 0.26 5.39
Green grass lawn (short) 3.85 0.05 0.26

Enfield, UK (51.65°N), solar altitude 60° 
(under tree shade)

Black tarmac road 0.98 0.04 4.08
Green tarmac road 0.99 0.04 4.04
Red tarmac road 0.97 0.03 3.09
White painted wall 1.03 0.09 8.74
Red brick wall 1.23 0.03 2.44
Yellow/red brick wall 0.57 0.02 3.51
Concrete slap path 1.26 0.05 5.56
Green grass lawn (short) 0.56 0.01 1.79

The white wall reflected up 8.45% of the incident UV radiation while green grass 

reflected only 0.26%. Similar conditions were examined under the shade of trees 

and it was found that while incident UV radiation decreased significantly, the 

percentage of reflected UV remained similar.
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6. DISCUSSION

Although the association between solar UV-B and skin cancer is well established, 

the possibility of an association between exposure of the eyes to solar UV-B and 

the subsequent development of ocular disorders such as cataract, climatic droplet 

keratopathy (CDK), pterygium and age-related macular degeneration (ARMD) 

remains inconclusive. A review of past epidemiological studies of these ocular 

conditions documented the diversity in opinion between different investigators 

(Dolin and Johnson, 1994).

A prevalence study of CDK in Australian Aborigines found no correlation between 

ambient UV-B and CDK (Taylor, 1980) whereas a prevalence study of CDK in 

Labrador and Newfoundland found that CDK did correlate with UV-B flux reflected 

from snow and ice (Johnson, 1981). The Chesapeake Bay watermen study found 

a dose-response relationship between risk of pterygium and exposure to UV-A and 

UV-B (Taylor et a/., 1989) whereas a hospital-based case-control study of 

pterygium in Sydney found no different between cases and controls (Booth, 1985). 

The Chesapeake Bay study also failed to find any evidence of increased risk of 

age-related macular degeneration associated with UV-B or UV-A exposure (Taylor 

et a/., 1989) whereas a 5-year longitudinal study of the incidence of early age- 

related maculopathy in the Beaver Dam eye study found that exposure to sunlight 

may be associated with early development of ARMD (Cruickshanks et a/; 2001).

The association between cataract and exposure to solar UV radiation is even more 

intensely debated. A population-based prevalence study of 4,344 subjects in 

Mongolia found an inverse relationship between cataract and CDK (Minassian et
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al., 1994). These findings cast doubt upon the hypothesis of solar UV radiation as 

a major causative agent for cataract. The Chesapeake Bay study found a clear 

dose-response relation between UV-B exposure and risk for cortical lens opacities 

(Taylor et a/., 1989). The Beaver Dam study found that exposure to UV-B was 

related to risk of cortical opacities in males but failed to find an association for 

females (Cruickshanks eta!., 1992).

Cataract is the major cause of blindness worldwide regardless of where we reside. 

In Mongolia the main causes of blindness are cataract (36%) and glaucoma (35%). 

Climatic droplet keratopathy (CDK) accounts for 7.2% of blindness. Mongolia has 

around 300 sunlight days per year, high altitude (1,000 m above sea level), low 

aerosol, high reflectance of snow and ice throughout the long winter months and 

most people work outdoors. Therefore it can be presumed that the population has 

a high ocular UV exposure. However, the prevalence of cataract blind in this 

population is no greater than for the global average (Baasanhu at a!., 1994).

The epidemiological evidence is consistent in suggesting that nuclear cataracts are 

not causally associated with exposure to solar UV-B. There is only limited 

evidence that exposure to solar UV-B causes posterior subcapsular cataract and 

cortical opacities in humans (Dolin, 1994). However, there is evidence that 

exposure to artificial UV-B light caused cataract in experimental animals (Michael 

eta!., 1996; Michael, 2000).

6.1 Assumptions about ocular UV exposure

Previous epidemiological studies have used detailed questionnaires to gather 

information from individuals as to the number of hours they have spent outdoors 

during their lifetime, detailing time of day, month of the year and geographic
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location (McCarty et al., 1996; Panchapakesan at al., 1998). Subjects have been

required to recall previous places of residence, history of sun-tanning & sunburn,

and the use of protective headwear and sunglasses on these occasions. Such

studies have made huge assumptions about UV dosage, estimating an individual’s

lifetime UV exposure by combining information about sunlight exposure from

questionnaires with global UVR readings (Brilliant at al., 1983). The accuracy of

the data has relied entirely on the ability of the subject to remember previous

history of UV exposure. Estimations of ocular UV dose using such data may prove

inconsistent and either greatly over- or under-estimate the true ocular UV exposure

dose. This is because the estimations of the ocular UV exposure were based on

the following assumptions:

Ocular UV exposure was directly proportional to the number of hour spent 
outdoors.

Ocular UV exposure increased with the number of sunny days.

Highest ocular UV exposure was between 11 am -  3 pm 

Ocular UV exposure increased with altitude.

Ocular UV exposure increased in summer months and decreased in the 
winter months.

Wearing spectacles or contact lenses reduced ocular UV exposure 

Wearing a hat or sunglasses reduced ocular UV exposure.

Cloud cover and overcast skies reduced ocular UV exposure 

Ocular UV exposure was directly correlated to skin exposure.

By making these assumptions the authors have neglected to consider 

environmental conditions and human behavioural factors which may have 

determined ocular UV exposure (Sliney, 1994).
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6.2 Personal ocular dosimeters

Polysulphone film and allyl diglycol carbonate (CR39) have been used as personal 

ocular dosimeters in numerous epidemiological studies (Rosenthal, 1998; Taylor, 

1995; Wong, 1992). Polymer polysulphone film is a photosensitive film 

approximately 40pm in thickness. When exposed to UV radiation the optical 

properties of the film change as a result of deterioration. The degree of 

deterioration can be used to determine the amount of UV radiation absorbed by the 

film. The spectral sensitivity of the film is confined to wavelengths less than 330nm 

which is similar to that of photobiological processes such as skin cancer and have 

been used as a personal dosimeter for solar and artificial UV radiation (Davies et 

a/., 1976). There are however several disadvantages to using these films; there 

V may be problems of within-batch variation, false readings, dark reaction, effects of 

temperature and surface contamination (Diffey, 1977).( In this study, it was found
L

that the polysulphone film tended to yield higher estimates of exposure than the 

headband sensors. In addition it was observed that polysulphone film had limited 

applicability as a means of measuring long-term (i.e. dawn to dusk) cumulative 

exposure, a confounding factor for false readings. The CR39 only remains 

constant up to an angle of about 50° with respect to the direct sun rays. This error 

together with error in calibration procedure and error in the reading of the
I

absorbance could contribute to an overall error of 20% (Wong, 1992).

These films provide cumulative doses of UV exposure throughout the day with no 

time bearing. It is therefore impossible to establish the exact time of day at which 

the subject was exposed to a higher or low dose of ocular UV radiation. As 

highlighted by our results, the time of day is very important. In the study in
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Mongolia, morning sunlight contributed to a high percentage of ocular UV 

exposure.

6.3 The dynamic ocular dosimeter

To enable a more accurate estimation of an individual’s ocular UV-B exposure it is 

necessary to measure the dosage on the persons themselves. Previous 

researchers have attached polysulphone film to mannequins. However this cannot 

take into account the effects of human behaviour as the measurements are for a 

static state only (Diffey, 1977). In our study a device was designed based upon 

two UV sensors mounted in an adjustable headband. Senor 1 was located at the 

lower eye lid of the left eye and Sensor 2 was located at the side of temple, next to 

the right eye. This arrangement meant that solar UV radiation could be recorded 

from all directions -  incident and reflected. An additional advantage of the 

headband design was that it did not interfere with the normal daily activities of the 

wearer. The UV headband provided a detailed sample of ocular UV exposure of 

each individual during his/her normal day of work. The data logger of the UV 

headband was set to record solar UV at the same time as the R-B biometer. This 

enabled the Ocular Ambient Exposure Ratio (OAER) to be calculated accurately at 

the individual level.

6.4 New findings

The results of this study revealed that the maximum dose of UV-B was received at 

the eyes during the early morning (8:30 -  11:30). This contrasts with previous 

studies which have assumed that the maximum exposure of UV-B occurs between 

11:00 -  1500 (Rosenthal et al, 1988). The results demonstrated that the average 

ocular UV exposure of the two sensors on the 20 volunteers did follow the trend of
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the ambient solar UV exposure. However, the results also showed that the eyes of 

the 20 volunteers were exposed to higher doses of UV in the early morning in 

terms of percentage.

6.5 Environmental conditions and human behavioural factors

Environmental conditions and human behavioural factors play an important role in 

ocular UV exposure. Although Solar UV-B only contributes to 10-20% of the 

irradiance in summer time photokeratitis occurs mainly during the winter months. 

People are less inclined to avoid the sun in colder weather and snow is a reflective 

surface; these are the key factors thought to contribute to photokeratitis.

In the highlands of Mongolia, the terrain absorbs and releases heat rapidly. The 

temperature in the early morning can be as low as 2°C - 5°C even in the middle of 

the summer. The subjects did not turn away from the sun because the morning 

sunlight provided a source of warm and comfort and this would explain why they 

were exposed to the highest percentage of their daily ocular UV dose during the 

morning hours. During the midday hours the sun rose and heated up the terrain 

rapidly and the subjects went indoors, for lunch and to rest, to avoid the sun. As 

the temperature continued to rise in the afternoon, the subjects sought shelter or i

turned away from the sun if they had to work outdoors, which explains why all j

subjects received a lower ocular UV dose in the late afternoon.

Unlike human skin, the eyes are not exposed to direct incident solar rays as 

individuals do not tend to look directly overhead when the sun is hazardous to view 

The eyes are exposed to scattered UV radiation (Sliney, 1986). When the solar 

elevation angle exceeds 10° and more above the horizon, strong squinting is 

observed. This behavioural factor together with turning away from the sun are 

thought to play an important role in reducing ocular UV exposure (Sliney, 1983).
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6.6 Albedo

The albedo refers to all indirect UV radiation which includes scattered and reflected 

UV radiation. Most of the UV-radiation of 300nm (UV-B) that strikes the human 

body, especially the ocular surface is albedo (Sliney, 1986). The albedo therefore 

plays an important role in ocular UV exposure. Reflective terrains such as snow
L ' t I

and white sand reflect up to 88% and 9.1% of ambient UV radiation respectively 

and sea foam reflects up to 25-30 % of ambient UV-B (Diffey et al., 1995; Sliney, 

1994). These are contributing factors to ocular UV exposure. Green mountains 

and grassland have the least reflective properties (0.8-1.6%). Reflected UV 

radiation co-existing with incident UV radiation cannot be ignored.

6.7 Protective measures

Methods for personal protection from solar UV exposure include adequate clothing, 

hats with a large brim (12.7 cm or more), and UV protective sunglasses (wrap

around type). Broad-spectrum (UV-B and UV-A) sunscreens should be used for 

the skin when other means of protection are not feasible. Wearing a hat, such as a 

baseball cap can greatly reduce the ocular exposure to the eyes, as showed in 

Rosental’s watermen study (Rosenthal 1988). However, the results of our study 

showed that while a baseball cap reduced the amount of UV radiation coming from 

the front of the eye, the baseball cap had no effect on reducing the amount of UV 

radiation coming in from the side. These results are consistent with the cap 

providing no shade to the side sensor and considerable shading from direct UVR to 

the front sensor. The results obtained when the subject was kneeling and facing 

the ground are consistent with the cap providing shading from direct UVR but not 

from UVR reflected from the ground. Only wearing a hat with an entire brim of at 

least 12.7cm effectively reduced the ocular UV exposure. This data is consistent
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with the effect of the size of the hat brim or forehead peak combined with the 

distance above eye level of the brim or peak.

UV rays from the temple side of the eye enter the cornea and can be refracted 

through the pupil and focus into the nasal equatorial region of the lens. This is 

known as the Coroneo effect (Coroneo et al., 1991). A recent study of 

quantification of UV radiation in the human eye, in vivo, showed an increased in UV 

flux on the nasal side of the eye. This was due to reflection off the nasal skin. The 

UV radiation that struck the cornea was either absorbed by the conjunctiva or 

passed though it onto the sclera where it was absorbed (Walsh at al., 2001). The 

UV rays coming from the temple side also played an important role on the ocular 

UV exposure. This was the rationale for putting a sensor (sensor 2) on the temple 

side of the eye in our study.

The choice of sunglasses for ocular protection is important. Some sunglasses 

actually let more UV radiation onto the eye if they are not 100% UV-protective. This 

is because the natural squinting reflex is disabled when dark lenses are placed 

over the eyes. In addition, most sunglasses offer little protection against sunlight 

coming from the temple side of the eyes.

Changes in behaviour could minimize ocular UV exposure, including staying out of 

the sun, either indoors or in shaded areas.
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6.8 Limitations

The ideal ocular dosimeter for the measurement of ocular UV radiation would be a 

device that could be implanted into the human eye. The design of such a device 

has not yet been possible using available technology. Walsh et al., used a 

photodiode sensor array attached to the eye to measure UV radiation across the 

eye, but this was only assessed in a controlled environment. (Walsh ef a!., 2001) 

By mounting the UV sensors below and next to the eyes in the present study, it 

was assumed that the eyes were fully open at all times during the experiment. It 

was not possible to account for squinting as it was impractical to simulate eyelid 

movement in the sensors. It is likely, therefore, that the dose of UV was slightly 

over-estimated. Apart from this, the design of the headband allowed UV exposure 

to be measured in a dynamic way.

Recording errors can occur if the UV headband is jolted. This was overcome by 

setting the recording duration at one second intervals. Further improvements 

which could be made to the headband would be to make it smaller and therefore 

more discrete and also waterproof.

The agreement between the cumulative dosages measured by the polysulphone 

film and the headband sensors was examined using the method of Bland and 

Altman. The method was the best for this analysis because we had two different 

measuring devices, the polysulphone films and the headband sensors. Both 

devices have certain amount of measurement errors and it was important to find 

out whether they were comparable. Bland and Altman’s approach is to split the 

collected samples from the two measuring methods in half and analyse each half 

by another. This method focused on the differences exclusively and the quantities
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that answer the basic question of whether the two different measuring devices are 

comparable are the differences in each split-sample.

6.9 Conclusions

The accurate measurement of ocular UV will play an important role in future 

epidemiological studies on eye diseases and their relation to solar UV radiation. 

The personal UV headband could be used to validate the estimation of ocular UV 

exposure. Now that the device has proved to be a practical way of measuring UV 

exposure, multiple devices could be made for use in a study with a larger sample 

size and in different environmental conditions. The personal UV headband could 

be tested in different seasons and different geographical locations, to include times 

when snow is on the ground and areas where there is depleted ozone.

Contrary to opinion to date, the average of all subjects received highest percentage 

of ocular UV dose in the morning hours (8:30 am to 11:30 am). The highest ocular 

ambient exposure ratio (OAER) was at 9:30 am, when it was 48%. The OAER 

decreased throughout the day indicating that subjects were avoiding the sun, either 

by going indoors or seeking shades when working out doors. However, when 

measuring in terms of total radiant exposure, the average of all subjects did follow 

the ambient UV exposure. The study highlighted that future epidemiological 

studies should take the morning hours into consideration. Education is needed to 

emphasize the importance of eye protection irrespective of time of day.
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Abstract —A ligh tw e ight, ba tte ry-pow ered instrum ent specifica lly designed fo r measuring ground reflec
tance in the U V  is described. The in s tru m en t has been used to measure the U V  reflectance over different 
terra ins in Saudi A rab ia , Canada and England, and data are presented fo r a num ber o f  surfaces inc lud ing 
tarmac, grass, wood, concrete and sand. These values agree closely w ith  those obtained by diffuse spectral 
reflectance measurements.

IN TR O D U C TIO N

The prediction o f  increased u ltra v io le t rad ia tion  (U V R )t  
reaching the ea rth ’ s surface because o f  dep le tion  o f  strato- 
sphenc ozone has raised concern about health effects, in 
c lud ing increasing incidence o f  certa in eye cond itions.^ The 
association between U V B  (290-320  nm ) exposure and acute 
photokeratitis  (snow blindness) has been established fo r seme 
tim e. U nder extrem e c lim a tic  cond itions, where there is a 
long-term  exposure to solar U V R  reflected fro m  snowfields, 
desert sand or cora l beaches, a chron ic  degenerative con d i
tion  o f  the cornea, c lim a tic  d rop le t kera topathy, occurs.^ C a t
aract is by far the most com m on cause o f  b lindness in  the 
world,^ A n epidem io log ica l study o f  waterm en in  Chesapeake 
Bay, M aryland, has associated the deve lopm ent o f  the an
te rio r cortical type o f  cataract to cum u la tive  life tim e  expo
sure to UVB,"* There have been some cla im s tha t excess 
prevalence and early onset o f  cataract in developinjg countries 
can be explained by exposure to solar U V R  ‘ flo w e v e r, there 
are, at present, very litt le  data as to the p ro p o rtio n  o f  cataracts 
causing blindness throughout the w o rld  tha t is a ttribu tab le  
to U V R ,

For studies a im ing  to relate the occurrence o f  these con
d itions in affected popu lations to cum u la tive  U V R  received 
by the eyes, as w ell as other possible causative factors, it is 
necessary to have a sim ple m ethod o f  m easuring the reflected 
rad ia tion from  ground surfaces to w h ich  people are regularly 
exposed at d iffe rent tim es o f  the year.

A  number o f  studies have reported m easurem ents o f  U V  
reflectance from  d iffe rent terrains at bo th ground leveF^ and 
from  an airborne p la t fo r m u s in g  broad-band'’ and spectral”'^ 
radiometers. We describe here a ligh tw e ight, ba ttery-pow ered 
instrum ent specifically designed for measuring irradiance over 
the solar L V spectrum  and ground reflectance sim u ltaneous
ly. Examples o f  reflectance measurements ove r a varie ty  o f 
terrains are given.

* lu  whom  correspondence should be addressed.
\A h h re v ia tio m  U V A . 320-400 nm ; U V B . 2 9 0 -3 2 0  nm ; U V R  ul- 

ira v io le i radia non

M E T H O D  AND RESULTS

Instrument design

The de tecting head com prises tw o G aP photod iodes inco rpo ra ting  
U V  tra n sm ittin g , v is ib le  ligh t-abso rb ing  op tica l filte rs (type G 1962- 
01; H am am atsu  P hoton ics, Japan) m ounted  at 180° w ith  respect to 
each o the r 10 m m  beh ind  po ly te tra fluo roe thy lene  w indow s. The 
detecting head is connected by a h o llo w , rig id  rod (215 m m  long) 
to  a handhe ld  rad iom eter.

E lectnca l connections fro m  the de tecting head pass through the 
h o llo w  rod  in to  the ra d iom e te r. A ll  e lec tron ic  c irc u itry  fo r transla ting  
pho tocu rren t in to  d isp layed irrad iance is con ta ined on a single p r in t
ed c irc u it board. B rie fly , fo r each signa l'channel a firs t stage transre
sistance a m p lifie r feeds the second stage fixed gain in ve rtin g  a m p lifie r 
via a gain ca lib ra tion  po ten tio m e te r. B o th  stages have a zero offset 
con tro l, w ith  the second stage offset be ing user adjustable , A single 
sw itch on the fro n t panel enables the d ig ita l m eter to d isp lay the U V  
irrad iance (to  a reso lu tion  o f  0.01 m W /c m ’ ) recorded by e ither the 
d irec t or reflected photod iodes. T o  preserve ba ttery life  a bu tton  on 
the side o f  the rad iom e te r m ust be he ld depressed to  sw itch the 
ins trum en t on. A  bubble s p ir it level m ounted  on the fron t panel 
a llows the ins trum en t to  be held h o riz o n ta lly  when m aking ir ra d i
ance measurements. A  photog raph o f  the ins trum en t is shown in 
Fig. 1.

Spectral response

The spectral response o f  the ins trum en t was measured from  280 
to 420 nm in  5 nm  steps using an irra d ia tio n  m o noch rom a to r w ith  
a fu ll ba ndw id th  at h a lf  m a x im u m  in te ns ity  o f  5 nm . A  liq u id -fille d  
ligh t guide conducted ra d ia tio n  from  the ex it s lit o f  the m onochro 
m a to r to the entrance apertu re  o f  e ither the sensor o r a the rm op ile , 
w hich was used to p ro v id e  a measure o f  the absolute ou tpu t ir ra 
diance. The spectral s e n s it iv ity  is shown in  Fig. 2 no rm alized  to the 
wavelength (380 nm ) o f  m a x im u m  se n s itiv ity . The ins trum en t has 
a broad sen s it iv ity  extend ing  across the en tire  solar U V  spectrum .

A ngu la r response

The sensor was m ounted  on a tu rn tab le  and irrad ia ted  at angles 
o f  incidence vary ing  fro m  0 to 90° in steps o f  10° w ith  a metal ha lide 
arc lam p placed at a d istance o f  1.3 m. M a x im u m  response was 
observ ed at no rm al incidence and the sensitn  ity  declined w ith  angle 
o f  incidence m a m anner closely ap p ro x im a tin g  that o f a cosine 
response (F ig. 3)

Calibration

The ins trum en t was ca lib ra ted  re la tive  to a spocirorad iom eter 
measuring solar L 'V  ra d ia tio n  The spectral irrad iance o f  clear sky
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Figure 1. A  photograph o f  the surface reflectance ins trum en t.

ra d ia tion  on an unshaded, ho rizo n ta l surface was measured in 1 nm  
steps from  290 to 400 nm  using a spectro rad iom ete r (O p tron ics  
m odel 742. O rlando. PL) at so lar a ltitudes ranging fro m  46 to 58°. 
O n each occasion the pho tocu rren t generated by the d ire c t p h o to 
d iode was noted. The ins trum en t was inve rted  and the procedure 
repeated to r the reflected ph o tod io de . L ine a r regression o f  to ta l u n 
weighted U V  irradiance against pho tocu rren t fo r bo th  photod iodes 
separately enabled the gains o f  the in p u t a m p lifie rs  to  be de term ined 
from  the respective slopes and ad justed approp na te ly .

Spectral réflectance measurements o f  natural surfaces

F rom  Fig. 2 it  is apparent tha t the in s tru m e n t has a spectral re
sponse extending fro m  about 280 to  420 nm  and peaking at 380 
nm . The spectrum  o f  te rres tria l sun lig h t increases ra p id ly  fro m  290 
to 320 nm  and then less ra p id ly  to  400 nm . T h is  means the in s tru 
m ent w ill be m easuring p r in c ip a lly  the reflectance o f  ra d ia tio n  in 
the region 340 to 390 nm . Since m ost p h o tob io log ica l effects are 
m ediated p r im a rily  by U V B  ra d ia tio n , the in s tru m e n t w il l  o n ly  be 
o f  use in measuring back-scattered ra d ia tio n  fro m  the ground i f  the 
spectral reflectances o f  na tura l surfaces are independen t o f  wave- 
Icngd. m the U V  region. The spectral teflectances o f  i i d iffe ren t 
surfaces inc lud ing  grass, w ood , so il, concrete and stone were mea
sured from  300 to 450 nm in  5 nm  steps using a d iffuse reflectance
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Figure 3. The angular response o f  the reflectance ins trum en t (so lid  
curve) and a cosine fu n c tio n  (b roken curve).

spectrom eter. R ad ia tion  fro m  the e x it s lit o f  a m onoch rom a to r was 
conducted to  the sam ple via a b ifu rca ted  quartz lig h t guide. The 
back-scattered ra d ia tio n  was conducted to  the entrance s lit o f  a sec
ond m o noch rom a to r via the o th e r arm  o f  the ligh t guide. The spectral

Tab le  1. Exam ples o f  ground reflectance measurements

280 320 360  4 0 0
Wave!ength , n m

Figure 2. The spectral response o f  the reflectance ins trum en t.

U ltra v io le t
irrad iance,
m W /cm ^

Percent

Te rra in D irec t
Reflec

ted
reflec
tance

Jeddah, Saudi .Arabia (25°N ), solar a ltitu d e  68° 

G ray tarm ac 5.44 0.31 5.7
L igh te r tarm ac 5.82 0.32 5.5
Sandy soil 5.55 0.31 5.9
Large area o f  w h ite  sandy soil 5.96 0.54 9.1
C oncrete tiles w ith  pebbles in  them 5.S2 0.72 12.4
O ve r flow er bed (ye llo w  flowers) 5.09 0.13 2.6
O ver B ougainv illaea , bu t 

surrounded by lig h t tiles 5.83 0.17 2.9

M o n tre a l Is land, Canada (45°N ), solar a ltitu d e  68° 
G rave l path 5.84 0.48 8.2
Tarm ac road 5.53 (E36 6.5
M o w n  grass 6.14 0.11 1.8
M ixe d  ground vegetation 6.08 0.10 1.6
Beach sand o f  freshwater lake 5.73 0.51 8.9
Lake w ate r beside dock 6.16 0.20 3.2
W ooden boards o f  dock 6.16 0.27 4.4

O x fo rd , England (51°h'), so lar a ltitu d e  62° 
Tarm ac road 4.88 0.27 5.5
Grass lawn 5.02 0.07 1.4
Long grass 4.06 0.05 1.2
Concrete dnvew ay 4.98 0.41 8.2
O ver w ater from  o v e r bank T67 0.1 1 3.0
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Figure 4. The spectral reflectances o f  d iffe ren t na tu ra l surfaces.
T o p ;  . co n c re te ; . red b n c k ;  , te r ra c o tta ; , gray
stone. M idd le :  ----- , coarse yellow s a n d ;-------- , brown pebble; ........ ,
dark b row n soil; ------- , wooden fence. B o t to m :------- , green laurel
le a f ;    g rass ; , d rie d  moss.

reflectances shown m  Fig. 4 are re la tive  to a standard w h ite  reflec
tance plaque o f  BaSO^. In  every case the spectral reflectance o f  the 
surface is a p p ro x im a te ly  independent o f  wavelength at wavelengths 
less than 400 nm.

F ie ld  measurements

The ins trum en t has been used to measure the U V  reflectance over 
d iffe ren t terra ins in Saudi A rab ia . Canada and England. T h is  was 
achieved s im p ly  by d iv id in g  the reflected irrad iance by the d irect 
irradiance. In Saudi A ra b ia  the skv was clear, w h ile  in  Canada and

England the sky was c loud y  but the sun was uncovered at the tim e 
o f  m easurem ent The d ire c t and reflected irradiance, together w ith  
g round reflectance, are g iven in Table 1 fo r a vanety o f  terrains.

DISCUSSION

A  lightweight, portable instrum ent for mcasunng the ground 
reflectance o f  U V  rad ia tion  is described. The spectral re
sponse o f  the sensors is broad (280-420 nm) and covers the 
whole te rrestria l U V  spectrum . Since ocular damage induced 
by sun ligh t is be lieved to be largely due to the U V B  com 
ponent, the w ide spectral response may be thought a potentia l 
shortcom ing. H ow eve r the spectral reflectances in the U V  o f 
a lm ost all ground surfaces are approxim ate ly  independent o f 
wavelength as shown by laboratory measurements here and 
field m easurements by others.'® ’  It is no i surpnsing, therefore, 
tha t ou r m easurements o f  ground reflectance given in Table 
1 agree well w ith  reflectances o f  samples o f s im ila r surfaces 
measured by reflectance spectroscopy (Fig. 4) and fa ll w ith in  
the range recorded by S liney a  al.  ̂ who used a narrow-band 
U V B  rad iom eter fo r s im ila r terrains. In the v is ib le  region, 
however, the spectral reflectances o f most natural surfaces 
are c learly wavelength dependent (as a consequence o f  the 
co lor o f  the surface) and in general w ill be higher than the 
reflectance in the U V  region.^®
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