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Abstract The solar ultraviolet (UV) spectrum was mea-
sured by a spectroradiometer located inside two common
Australian vehicles: a family wagon and a four-wheel-
drive vehicle. The entrance optics of the spectroradiome-
ter was orientated, in turn, on a horizontal plane, towards
the driver and passenger windows and towards the wind-
shield. UV spectra were recorded when the vehicles win-
dows were in an open and closed position. For a typical
Australian family wagon, on a horizontal plane inside the
vehicle, closing the windows decreased, the total UV irra-
diance by a factor of 3.2, whilst in afour-wheel drive the
irradiance decreased by a factor of 2.1. In order to reduce
the likelihood of developing of UV-related eye and skin
disorders, drivers should use appropriate UV protection
whilst driving a vehicle with the windows in an open po-
sition. Results gained from this research provide new
findings on the exposure of humansto UV in avehicle.

Keywords UV - Skin damage - Vehicle - Spectral -
Erythema

Introduction

Exposure to ultraviolet (UV) radiation is associated with
the formation of skin cancers, some eye disorders and skin
ageing and damage (Longstreth et al. 1995). Public health
campaigns warn the population of the dangers of spending
too much time in the sun; however, the exposure of indi-
viduals to UV during what are considered, “low-UV-risk”
activities, such as driving a vehicle, is not fully document-
ed. This is of particular importance, in Australia and the
United States where large fair-skinned populations live at
relatively low latitudes and large distances between major
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population centres can mean that numerous hours each
day are spent in a vehicle. In addition, Australia has the
highest incidence rates of skin cancer in the world.

Solar UV consists of UVB (280-320 nm) and UVA
(320400 nm) radiation. The glass used in vehicle win-
dows and windshields acts as a barrier to the shorter
UVB wavelengths, but still allows the transmission of
the longer UVA wavelengths (Parisi and Wong 1997).
Although UVB comprises the most energetic wave-
lengths and is more damaging, recent studies have
shown that UVA is also hazardous. UVA wavelengths
have been found to produce skin damage (Lavker and
Kaidbey 1997; Lowe et al. 1995; Lavker et al. 1995;
Sayre et a. 1997; Bissett et al. 1992) and premature skin
photoageing and wrinkling as well as eye damage.

Previous studies (Kimlin and Parisi 1999) investigat-
ed, through a pilot study, the UV spectral irradiances
within a vehicle measured in the field. Prior to this study,
other researchers (e.g. Gies et al. 1992) investigated the
spectral transmission of automobile glass in the laborato-
ry. The erythemal UV exposure that humans receive to
the right shoulder in the right side of a vehicle with the
windows in a closed position accumulated over a 6-h pe-
riod was reported to reach a value of 3.1 mJ cm—2 (Parisi
and Wong 1998). The annual UVA exposure in a vehicle
on a horizontal plane without window tinting in Austra-
lia between 0900 and 1500 hours Australian Eastern
Standard Time (EST) each day was found to be between
5% and 17% of the ambient UVA on a horizontal plane
(Parisi and Kimlin 2000).

Materials and methods

This study extends research to investigate the solar spectral UV
irradiance inside a motor vehicle. The measurements were taken
to investigate the difference between the solar spectral irradiance
within the vehicle when having all the windows are closed and
that when all are open, for different receiver directions and orien-
tations, and to assess the effect that the type of vehicle has on UV
irradiances inside the vehicle. Measurements were undertaken in
an open sports field with the nearest trees and buildings over
30 m away.



Vehicles used

One of the vehicles used in this study was a Ford Falcon GLi sta-
tion wagon, without additional (after-market) window tinting. The
window glass in this vehicle is Pilkington DOT 298 M50 AS2,
EZ-KOOL and the overall size of the vehicleis 4.8 mlong, 1.7 m
wide and 1.5 m high. This particular vehicle is a popular Austra-
lian family station wagon, with the driver’s seat on the right-hand
side, since vehiclesin Australia travel on the left-hand side of the
road. It will be referred to as the “family wagon”.

The other vehicle used in this study was a Nissan Patrol four-
wheel drive (4WD), aso aright-hand drive vehicle with no addition-
al after-market window tinting. The window glass is Temperlite TP
ASAHI M213 AS 2 DOT-20 43R-00033 and the overall size of the
vehicleis 4.9 mlong, 1.9 m wide and 1.8 m high. This vehicle will
be referred to as the "4WD”. The windscreens of both vehicles are
laminated. The type and style of the vehicles used in this study are
representative of typical modern vehicles driven in Austrdia. Ac-
cording to the Australian Chamber of Automotive Industries report
dated 15 August 2001 (persona communication), the two vehicles
used in this study, a family wagon and a four-wheel drive, make up
35.9% and 12.8% of the total Australian vehicle market respectively.

Spectral UV in the vehicle

The spectral UV irradiances in the family wagon (with the win-
dows open and closed) were measured in a field at the campus of
the University of Southern Queensland, Toowoomba, Australia
(27.5°S) between 0920 and 0950 hours EST on 20 September
2000, and on 29 September 2000 from 0840 to 1140 hours EST,
using a calibrated spectroradiometer (Parisi and Kimlin 1999).
The solar zenith angle range (SZA) was 35.5°-31.7° and
35.5°-54.4° respectively and the albedo of the ground cover was
less than 5%. The spectral UV irradiances in the 4WD (with the
windows open and closed) were measured on 22 September 2000
at 0828 hours EST with an SZA of 54.8° at the same location. A
mercury vapour lamp was previously used for the wavelength cali-
bration of the spectroradiometer and a 250-W quartz tungsten hal-
ogen lamp, powered by a current-stabilised D.C. power supply at
9.500 £ 0.005 A, with a calibration traceable to the Australian Na-
tional UV Standard, CSIRO, Lindfield, Australia, was used for ab-
solute irradiance calibration. The vehicles were stationary on level
ground, with clean windows and orientated with the front of the
vehicle facing north at all times during the measurement pro-
gramme. Although vehicles rarely are orientated in one direction
whilst travelling, this research alows the investigation of the
changes in spectral UV irradiances inside a vehicle for two types
of vehicle when the windows are in an open and closed position.
This study was designed to be a general representation of the spec-
tral UV irradiance levels inside the motor vehicle. Parisi and
Wong (1997) have previously used dosimetric techiniques to in-
vestigate personal UV exposure inside a motor vehicle, as the hu-
man form is a complex shape and it is impossible to have multiple
orientations of the spectroradiometer detector simultaneously
measuring spectral irradiance. This is the advantage of using do-
simeter materials for personal UV measurements; however, spec-
tral data are unavailable with dosimeters.

The spectral measurements were undertaken in the driver’'s
seat of the vehicles since this site is occupied by the driver of the
vehicle at al times whilst the vehicles are in use. The orientation
of the vehicle and site orientations are shown in Fig. 1. The spec-
tral UV measurements were taken at site DS, as shown in Fig. 1,
with the input optics of the spectroradiometer orientated to sites
PW, WS and DW. All UV irradiance measurements were at site
DS, at a height of approximately 20 cm above the seat. The dis-
tances of the input optics to the windshield, driver’s window and
passenger’s window were approximately 55 cm, 25 cm and
135 cm respectively for the family wagon and approximately
45 cm, 20 cm and 140 cm respectively for the 4WD.

A scan from 280 nm to 400 nm took approximately 45 s, in
which time the solar zenith angle did not change sufficiently to in-
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Fig. 1 Location of the UV measurementsin the vehicle

fluence the results. Asthe UV spectral irradiance may change with
height inside the vehicle, 20 cm was selected as a standardized
height that represents the approximate height of the upper thigh in
a seated position to allow comparisons between the vehicles.

The spectroradiometer measured the UV irradiance in 1-nm in-
tervals with the input optics orientated to measure the UV irradi-
ances on a horizontal plane (DS), a vertical plane orientated to the
driver’'s window (DW), a vertica plane orientated to the passen-
ger’s window (PW), and a vertical plane orientated to the wind-
shield (WS). Only diffuse measurements were taken inside the ve-
hicle, regardless of detector orientation, that is, no direct beam of
radiation passed into the detector. Immediately following the spec-
tral UV irradiance measurements in the vehicle, the spectroradi-
ometer was placed in an open unshaded location outside the vehi-
cle and the solar spectral UV irradiances on a horizontal plane de-
termined. All spectral UV measurements were conducted in clear-
sky conditions.

Biologically effective UV

In order to assess the biologically damaging UV inside the mo-
tor vehicles, the collected spectra may be weighted with a particu-
lar biological action spectrum. The biologically effective UV irra-
diance, UVB,, was cal culated from the following:

UVBe = [ S()A(L)dA
/

where S()) is the measured spectral UV irradiance and A()) is the
biological action spectrum. The action spectra used included ery-
thema (CIE 1987), actinic hazard (IRPA 1989), photokeratitis
(CIE 1986) and fish melanoma (Setlow et al. 1993) action spectra.
The reason that the action spectrum for fish melanomawas used is
that no action spectrum for human melanoma exists and this ac-
tion spectrum may be indicative of the wavelengths effective in
producing human melanoma (Gasparro et al. 1998).

Results
Windows open/closed

The UV spectral irradiance at various orientations inside
the family wagon with al windows closed is shown in
Fig. 2. The window glass removed al of the UVB compo-
nent of the measured spectrum. This measurement was
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Table 1 The average of the UV and biologicaly damaging UV irradi-
ances at 0920 hours EST on 20 September 2000 and at 0929 hours EST
on 29 September 2000 inside the family wagon with the windows

closed, and in the same vehicle with the windows open at 0950 hours
EST on 20 September 2000 and at 1016 hours EST on 29 September
2000. The values in parentheses are the irradiance reduction factors

Spectrum UV irradiance (Wm2)
Windows closed Windows open
Solar  Horizontal  Facing Facing Facing Solar  Horizonta  Facing Facing Facing
inside driver's passenger’s  windshield inside driver's  passenger’'s windshield
vehicle window window vehicle window  window
UvB 165 0(50+) 0 (50+) 0 (50+) 0 (50+) 160 0.11(14) 043(4) 005(32) 0.01(50+)
UVA 28.1 1.95(14) 4.67 (6) 0.376 (50+)  0.588 (48) 343 6.10 (6) 786(4) 091(38) 092(37)
Total UV 29.7 1.95(15) 4.67 (6) 0.376 (50+)  0.589 (50+) 359 6.21 (6) 830(4) 096(37) 0.93(39)
Erythemal UV 0.125 0.001 (50+) 0.001(50+) 0.0 (50+) 0.0 (50+) 0.087 0.06(1.5 002(4) 0.003(29) 0.001(50+)
Actinic UV 0.037 0.0 (50+) 0.0 (50+) 0.0 (50+) 0.0 (50+) 0.020 0.01(2) 0.005(4) 0.01(2 0.0 (50+)
DNA- 0.003 0.0 (50+) 0.0 (50+) 0.0 (50+) 0.0 (50+) 0.001 0.00(50+) 0.00(50+) 0.00 (50+) 0.0 (50+)
damage UV
Photokeratitis ~ 0.075 0.0 (50+) 0.0 (50+) 0.0 (50+) 0.0 (50+) 0.049 0.03(2) 0.01(5) 0.01(5 0.0 (50+)
Fish 634 0321(200 0.875(7) 0.070 (50+)  0.053 (50+) 7.87 0867 (9 1.843(4) 0.205(38) 0.108 (50+)
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Fig. 2 UV spectral irradiances (1) outside the vehicle in full sun,
and inside the family wagon with the windows closed for the fol-
lowing orientations: (2) horizontal, (3) driver’s window, (4) pas-
senger’s window, (5) windshield

taken at 0920 hours EST on 20 September 2000. The ori-
entation of the detector of the spectroradiometer had an
effect on the measured UV spectra transmitted through the
glass. For example, the driver’s window (DW) orientation
had a higher measured spectral irradiance than the hori-
zontal measurement site within the vehicle up to 380 nm,
because the position of the sun in the sky directed the ra-
diation through the glass more perpendicularly than
obliquely, resulting in a higher transmission. However,
above 370 nm, the higher transmission of the windshield
allowed the spectral irradiance to increase for the DS and
WS orientations. The highest UV irradiances in the family
wagon with the windows closed were recorded when the
entrance optics of the spectroradiometer was directed to
the driver’'s window (DW) (Table 1). At this orientation,
inside the vehicle, reduced the total UV irradiance was re-
duced, on average, by afactor of 6 when compared to the
total UV irradiance in full sun and outside the vehicle.

280 300 320 340 360 380 400

Wavelength (nm)

Fig. 3 UV spectral irradiances (1) outside the vehicle in full sun,
and inside the family wagon with the windows open for the fol-
lowing orientations: (2) horizontal, (3) driver’'s window, (4) pas-
senger’s window, (5) windshield

Other detector orientations inside the vehicle, such as
those on a horizontal plane, PW and facing the WS, the
total UV irradiance by afactor of 15, 50+ and 50+ respec-
tively. Regardless of detector orientation inside the vehi-
cle, no DNA damage, photokeratitis or actinic weighted
UV irradiances were recorded inside the vehicle.
Differences between the UV spectrum measured with
the windows open and that recorded when they were closed
are noted in Fig. 3, which shows the spectral UV irradiance
at 0950 hours EST on 20 September 2000 at various orien-
tations inside the family wagon with the windows open. In
particular, the UVB part of the spectrum was detected in-
side the vehicle. With the entrance optics of the spectroradi-
ometer facing DW with the windows in an open position,
the total UV irradiance was reduced by a factor of 4 when
compared to full-sun total UV irradiances (Table 1).



Table 2 The UV and biologically damaging UV irradiances inside
the four wheel drive vehicle at 0828 hours EST on 22 September 2000
with the windows closed and the average of the spectral UV irradianc-
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es inside the same vehicle on 22 September 2000 with the windows
open. The values in parentheses are the irradiance reduction factors

Spectrum UV irradiance (Wm-2)
Windows closed Windows open
Solar  Horizontal Facing Facing Facing Solar  Horizontal Facing Facing Facing
inside driver's passenger’s  windshield inside driver’'s  passenger’s windshield
vehicle window window vehicle window  window
uvB 1.26 0 (50+) 0 (50+) 0 (50+) 0 (50+) 247 0.29(9) 0.591 (4) 0.064 (38) 0.043 (50+)
UVA 285 202 (14) 212(13) 0.39(50+) 0.701 (41) 36.6 4.04 (9) 7.69(5) 0.820(45) 0.687 (50+)
Total UV 29.8 2.02(15) 3.12(10) 0.39(50+) 0.701 (43) 39.1 4.34(9) 829(5) 0.884(44) 0.730(50+)
Erythemal UV~ 0.067 0.01(7) 0.01(7) 0.0 (50+) 0.0 (50+) 0.202 0.025(8) 0.047 (4) 0.001 (50+) 0.002 (50+)
Actinic UV 0.016 0.0(50+) 0.0(50+) 0.0(50+) 0.0 (50+) 0.063 0.008(8) 0.015(4) 0.002(31) 0.001(50+)
DNA-damage 0.001 0.0(50+) 0.0(50+) 0.0(50+) 0.0 (50+) 0.005 0.001(5) 0.001(5) 0.0001(50) 0.0001 (50)
uv
Photokeratitis 0.038 0.0(50+) 0.0(50+) 0.0(50+) 0.0 (50+) 0.122 0.015(8) 0.029(4) 0.003(41) 0.001 (50+)
Fishmelanoma 6.49 0.239(27) 0.361(18) 0.07 (50+)  0.08 (50+) 845 0905(9) 1.82(5) 0.192(44) 0.075(50+)
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The orientation with the lowest measured total UV ir-
radiances in the family wagon was that facing the wind-
shield (WS). However, for this orientation, the measured
UV irradiances changed from a reduction factor of 50+
to 39 for closed and open windows respectively.

As with the family wagon, the 4WD with the windows
closed had the highest UV irradiance measured when the

Wavelength (nm)

(d) Windshield

detector was facing the driver's window (Table 2). The
total UV irradiance at this orientation was reduced on av-
erage, by a factor of 10 when compared to the total UV
irradiance outside the vehicle. For other detector orienta-
tions inside the vehicle, such as on a horizontal plane,
PW and facing the WS, the total UV irradiance was re-
duced by afactor of 15, 50+ and 43 respectively. Regard-
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less of detector orientation inside the 4WD, no DNA
damage, photokeratitis or actinic weighted UV irradianc-
es were recorded inside the vehicle. With the windows
open, the 4WD had the highest UV irradiance measured
when the detector was facing the driver’s window (Ta-
ble 2). This was due to the orientation of the 4WD and
the SZA of the sun at the time of the measurements.

Spectral ratios

The spectral ratio is defined as the ratio of the UV spec-
tral irradiance measured inside the vehicle to the UV
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| — Closed Windows

400

320

340
Wavelength (nm)

380 380

spectral irradiance outside the vehicle at each measured
wavelength. The average of the spectral ratios inside the
vehicle with the windows closed is shown in Fig. 4. Re-
gardless of the orientation of the detector, the UV spec-
tral ratio increased with an increase of wavelength.

Biologically effective UV

Figure 5 shows the biologically damaging spectral UV ir-
radiance measured on a horizontal plane in site DS with
the windows in the open and closed positions. When the
windows were closed, the biologically damaging spectra
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changed significantly. The photokeratitis plot is not shown
as no irradiance was detected. These results, for both skin
and eye damage, indicate that reductions in human expo-
sure to this damaging radiation may be achieved simply
by driving a vehicle with the windows closed.

Discussion

The windshield (WS) orientation consistently recorded
low UV irradiance levels, regardiess of whether the
windows were open or closed. Thisis due to the lamina-
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tion of the windshield, which retards the shattering of
the glass during an impact. This agrees with previous
research (Sliney et al. 1995) that measured the spectral
UV transmission of windshields in seven vehicles and
found minimal UV transmission below 380 nm. This re-
search shows that the lamination may have another use,
that is, the reduction in the transmission of UV irradi-
ances through the windshield. The other glass used in
the vehicle is not similarly laminated.

The spectral UV irradiances measured in avehicle de-
pend on the direction and orientation of the receiver and
whether the windows are open or closed. The UV irradi-
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ances inside a vehicle also vary with the vehicle orienta-
tion. In this case, that variable was fixed by having the
front of the vehicles facing north, in order to investigate
the effect of the receiver direction and orientation, and
having the windows open or closed. This research shows
that, for closed windows in the family wagon, the total
UV irradiance is reduced by a factor of 5.2 when the UV
irradiance on a horizontal plane is compared to that mea-
sured when the detector faces the passenger’s window. In
the family wagon, the ultraviolet protection factor (UPF)
for total UV irradiance to a vertical plane orientated to-
wards the driver’'s window when the windows were
closed was 1.8 compared to when they were open. Simi-
larly the UPF values were 3.2, 2.5 and 1.6 for the hori-
zontal plane, PW and WS respectively. For the 4WD, the
UPF values for total UV were 2.1, 2.6, 2.3 and 1.0 for
the horizontal plane, DW, PW and WS respectively. The
results were for a SZA range of 35° to 55° and may
change quantitatively for angles outside this range; how-
ever, qualitatively the findings from this research are il
applicable.

The biologicaly weighted UV irradiances collected
inside the vehicles have significant implications for hu-
man health, in particular for skin cancer and eye disease.
Although, in Queensland, Australia, the density of squa-
mous cell and basal cell carcinomas on a particular site
relative to their density on the body as a whole is highest
on the face and ears, which are generally exposed when
outdoors, it is dtill relatively high on the forearms and
backs of the hands (Armstrong and Kricker 2001). The
UV exposures in a vehicle contribute to the cumulative
UV exposure and consequently contribute to the risk of
developing these carcinomas. In both vehicles, when the
windows were closed, no photokeratitis UV irradiance
was measured; this was regardless of detector orienta-
tion. However, when the windows were open, photokera-
titis UV irradiances were detected. Although different
vehicle manufacturers use different types of glass and in-
dividual countries have various regulations governing
the use of vehicle glass, the differences between results
for open and closed windows should apply to similar
right-hand drive family wagons and 4WD vehicles in
other countries having cloud-free conditions and an SZA
of 35°-55°.

In conclusion, the present study suggests the follow-
ing recommendations regarding solar UV in vehicles:

« UV irradiances inside a vehicle are high enough to re-
quire the total exposure of humans in a vehicle to be
considered when the lifetime exposure is estimated.
This information should also feature in future public
health campaigns.

« The differences between having windows open and
closed can be extended qualitatively to similar vehi-
cles and conditions, to assess UV exposures.

« In order to reduce the likelihood of the development
of UV-related eye disorders, drivers should wear ap-
propriate eye protection with side protection whilst
driving a vehicle with the windows open.

Further work is required to investigate the spectral UV ir-
radiances in the back seats of vehicles. This includes the
effect of sitting in the middle of the back seat and the in-
fluence of window shade devices that may be attached to
the rear windows of cars to protect children in the back.

Acknowledgements The authors wish to acknowledge the techni-
cal staff in Physics at USQ for their assistance in this project.

References

Armstrong B, Kricker A (2001) The epidemology of UV induced
skin cancer. J Photochem Photobiol B:Biol 63:8-18

Bissett D, Hannon D, McBride J, Patrick L (1992) Photoaging of
skin by UVA. In: Urbach F (ed) Biological responses to ultra-
violet A radiation. Valdenmar, Kansas, pp 181-188

CIE (International Commission on Illumination) (1986) Photoker-
aitis. CIE J5:19-23

CIE (International Commission on Illumination) (1987) A reference
action spectrum for ultraviolet induced erythema in human skin.
CIEJ6:17-22

Gasparro F, Mitchnick M, Nash J (1998) A review of sunscreen
safety and efficacy. Photochem Photobiol 68:243-256

Gies P, Roy C, Elliot G (1992) Ultraviolet radiation protection fac-
tors for personal protection in both occupational and recreational
situations. Radiat Prot Aust 10:59-66

IRPA (International Radiation Protection Association) (1989) Pro-
posed change to the IRPA 1985 guidelines on limits of exposure
to ultraviolet radiation. Health Phys 56:971-972

Kimlin M, Parisi AV (1999) Ultraviolet radiation penetrating vehi-
cle glass: afield based comparative study. Phys Med Biol 44:
917-926

Lavker R, Kaidbey K (1997) The spectral dependence for UVA-
induced cumulative damage in human skin. J Invest Dermatol
108:17-21

Lavker R, Gerberick G, Veres D, Irwin CJ, Kaidbey K (1995) Cumu-
lative effects from repeated exposures to suberythemal doses of
UVB and UVA in human skin. JAm Acad Dermatol 32:53-62

Longstreth J, Gruijl F de, Kripke M, Takizawa Y, Leun J van der
(1995) Effects of increased solar ultraviolet radiation on hu-
man health. Ambio 24:153-165

Lowe N, Meyers D, Scott | (1995) Low doses of repetitive ultravi-
olet A induce morphologic changes in human skin. J Invest
Dermatol 105:739-743

Parisi AV, Kimlin M (1999) Horizontal and sun normal spectral
biologically effective ultraviolet irradiances. J Photochem Pho-
tobiol B:Biol 53: 70-74

Parisi AV, Kimlin M (2000) Estimate of annual ultraviolet-A expo-
suresin acar. Radiat Prot Dos 90:409-416

Parisi AV, Wong J (1997) Erythemal irradiances of filtered ultravi-
olet radiation. Phys Med Biol 42:1263-1275

Parisi AV, Wong J (1998) Quantitative evaluation of the personal
erythemal ultraviolet exposure in a car. Photodermatol Photo-
immunol Photomed 14:12-16

Sayre |, Canno J, Picot M, Meynadier J, Meunier L (1997) Immu-
nosuppression induced by acute solar ssmulated ultraviolet ex-
posure in humans. prevention by a sunscreen with a sun pro-
tection factor of 15 and high UVA protection. JAm Acad Der-
matol 37:187-194

Setlow R, Grist E, Thompson K, Woodhead A (1993) Wavelengths
effective in induction of malignant melanoma. Proc Natl Acad
Sci USA 90:6666—6670

Sliney D, Fast P, Ricksand A (1995) Optical radiation hazards
analysis of ultraviolet headlamps. Appl Optics 34:4912-4922



