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ABSTRACT INTRODUCTION 

Solar ultraviolet radiation (UV) at the earth's surface has 
Trees influence the amount of solar UV radiation that many implications for human health. Erythema is caused pri- 
reaches pedestrians. A three-dimensional model was de- marily by the ultraviolet-B (UV-B) portion of the solar spec- 
"eloped to predict the ultraviolet-B (UV-B) irradiance trum (280-315 nm) and to a lesser extent by ultraviolet-A 
fields in open-tree canopies where Qhe spacing between (UV-A) (315-400 nm). There appear to be complex rela- 
trees is equal to or greater than the width of individual tionships between skin cancers and sun exposure (1). Non- 
tree crowns. The model predicted the relative irradiance melanoma skin cancers are thought to be correlated with 
(fraction of above-canopy irradiance) under both sunlit cumulative lifetime UV exposure (2). Though medical opin- 
and shaded conditions under clear skies with a mean bias ions and epidemiological studies vary as to the relationship 
error of less than 0.01 and a root mean square error of between sun exposure and cutaneous malignant melanoma 
0.07. Both model and measurements showed that the 10- (3), the statement that "it is now well established that sun 

cations people typically perceive as shady, low-irradiance exposure is one of the probable causes" is genemlly ac- 
loeations in the environment can actually have significant cepted by the research community (4). ~ h e s e  health effects 
UV-B exposure (4040% of that under direct sunlight). may be exacerbated by depletion of the stratospheric ozone 

The relationship of tree cover in residential neighbor- layer and the attendant increases in W radiation (5,6). Al- 

hoods to erythema1 UV-B exposure for children and though changes in habits of recreation and dress, and the 

adults was modeled for the 4 h around noon in June and increased value placed on a "tan" are evidently largely to 
blame for most of the increases in skin cancer rates (7), these 

July. Results showed that human exposures (on the hor- 
rates are expected to increase by approximately 2% for every 

izontal) in cities located at 15 and 30" latitudes are nearly 
persistent 1% loss in the average ozone concentration (5). 

identical. For latitudes between 15 and 60°, ultraviolet The human health impact of solar UV at the eanh,s sur- 
proteenon (UPF) were less than lor less than face depends on the environmental conditions as well as on 
50% tree cover. A UPF of 10 was possible at all latitudes human habits. M~~~ people do not play out their lives in 
for tree cover of 90%. open fields but reside and work in environments in which 

there is significant obstruction to the sky and the direct sun 
by buildings and vegetation. Significant improvemena in the 

posted on the web site on ~ a n u a i  28,2002. prediction of open-environment exposure of surfaces at var- 

- L T ~ ~ ~ , " m y ~ ~ ~ ~ ~ ~ ~ ~ . ~  ~ ~ i d f y ~ ~ ~ a ~ , " ~ $  ious slopes have been made in the past 10 years (8-10). 

47907-1 150, USA. F=: 765-496-2926; omail: rgran!Wue. . Previous studies have shown that the-relative irradiance (I,) 
adu at pedestrian heights is significantly influenced by the can- 

~bbr-iations: G, foliage pjcction a m  I- abave-opy direct opies of vegetation and buildings (1 1-13). The influence of 
bum odiation; 'dh h v e ~ O P y  diffuSs dat ion;  minhU'l'l smctures on irradiance in 0 p e n - e  cmopies means 
measured below-canopy irradiance; 1, modeled beldw-canopy rel- 
.tivs imdiance; I, &red bclow-sanopy =lative irradiance; la that the canopy structure influences the W exposure of peo- 
above-canopy imdiance; M, tree cover fnnion; MBE. mean bias ple. The mean tree cover of medium-size cities. in- Texas, 
crrdr, MED, minimum erythema1 dose, N. sky radiance distribu- Ohio, California, Kansas, Alabama, New Yo&, and Penn- 
tion; Pu pWility direct beam below sylvania ranges from less than 10% to 37% (14,lS). Because 
ca-y; Po', probability of unobstructed d i h  radiation below 

PAR photosynthetically active radiation; RMSE, mot the climatic region, population density and socioeconomic 
mean squared error, S, distance through the canopy; SPF, . characteristics of the population influence the t m  canopy 
protection factor; SW, short-wave radiation; UPF, ultraviolet pro- structure in  urban areas, these factors also influence UV ex- - 
tection factor; UV, ultraviolet radiation; UV-A, ultraviolet-A ra- posure. ~~~t~~~ (14) suggested that cities with more humid 
diation; UV-B,'ul~violet-~' radiation; 3D, three-dimensional; 0, 
xnith angle; p, canopy vegetation density; 4, hmuth angle; a, subtropical climates t~l'ica'l~ have grater *e canopy cover 
direction of radiation. than those with northern continental climates, and cities with 

Q 2002 American Society for Photobiology 0031-8655102 S5.00+0.00 drier- climates typically have less tree cover than those with 
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more moist climates (14). In a survey study of the tree cover 
of many cities, Nowak et al. (16) indicated that tree cover 
in residential areas ranges from 48% in forested climates to 
27% in grassland climates and 1 1 %  in desert climates. 

One approach to evaluating UV exposure on populations 
in different neighborhoods is to model the relative irradiance 
as influenced by trees and buildings and use the measured 
UV-B irradiance above the canopy to approximate the irra- 
diance in pedestrian space under the canopy. The above- 
canopy UV-B irradiance measurements can be derived from 
monitoring networks such as that of the United States De- 
partment of Agriculture UV-B Radiation Monitoring Pro- 
gram (17). This paper describes the development and veri- 
fication of a three-dimensional (3D) model for use in pre- 
dicting the UV-B irradiance in open-tree canopies and ap- 
plies the model to estimate UV-B exposure in residential 
suburban areas under cloud-free skies based on tree cover, 
latitude, day and time-of-day. The relative effectiveness of 
adding tree cover for the mitigation of erythema1 UV-B ex- 
posure is also discussed. 

METHODS 
The model developed to predict UV-B irradiance within and below 
vegetation canopies is an adaptation of a 3D irradiance model by 
Gao et al. (1 8,19). The present model assesses the UV-B irradiance 
below canopies given the initial sky conditions and the canopy com- 
position and structure. The canopy consists of a finite number of 3D 
geometrical bodies with the individual plant subcanopies (crowns) 
regarded as discrete scattering volumes of ellipsoidal shape. The 
model calculates the irradiance at a point in the array of crowns, 
with foliage in the crowns characterized by a single-foliage density 
(p) but with the possibility of defining individual crown dimensions. 

The modeled below-canopy relative irradiance on a horizontal 
surface (I,) was determined by the modeling of the probability of 
penetration of both diffise radiation on a horizontal surface (Id) and 
direct beam radiation on a horizontal surface (Irn) according to 

where Po is the probability that a direct beam of solar radiation ray 
will pass through the canopy unintercepted and Po' the probability 
that sky difhse radiation will pass through the crown unintercepted. 
The incident (above canopy) clear sky radiation was partitioned into 
d i e  sky and direct beam radiation according to the radiation 
models of Bird (20) for non-UV wavelengths and Shippnick and 
Green (21) for UV wavelengths. 

The probability of a beam of radiation traveling unintercepted 
from the beam's source (inside or outside the canopy) to any given 
point in the array of subcanopies was defined as 

po = e[-G(n)xq (2) 

where R is the direction of radiation (with zenith angle 0 and azi- 
muth angle +), G(Q) the fraction of foliage area that is projected 
toward the source of radiation, p the foliage density (foliage area 
per unit canopy volume), and S the distance through the canopy that 
the my must pass. This Poisson probability of penetration of direct 
+m radiation assumes that the leaves in each subcanopy are small 
and randomly dispersed. In our model the computation of the dis- 
tance S that a ray passes through a discrete plant volume is calcu- 
lated assuming-all radiation sources to be on a reference plane above 
the canopy. 
The probability of penetration of sky diffUse radiation is computed 

as 

f2* fin N(Q, O ) e x p [ - ~ ( ~ ~ c o s  B sin B dB dq 
Jo Jo . . 

Po = . (3) 
N(Q, 0)cos 8 sin 0 de dq 

Distance perpendicular to principal plane (m) 
Figure 1, Example of modeled relative irradiance array. A plan 
view of the trees is indicated by the hatched circles. Darker shading 
corresponds with lower I, values. The dark line in the shadow in- 
dicates the I, = 0.5 level. The sunlight is coming from the bottom 
of the figure with a 30" zenith angle. 

where N is the sky radiance for a given zenith angle 0 and azimuth 
angle +. The cloud-free sky radiance was modeled according to 
Harrison and Cmmbes (22) in the short-wave waveband (SW) (300- 
3000 nm), and Grant et al. in the photosynthetically active radiation 
(PAR) waveband (23) (400-700 nm) and in the UV-A and W - B  
wavebands (24). 

The model can also be used to estimate the irradiance within and 
below the vegetation canopies during partly cloudy and overcast 
days provided the diffise fiaction of the irradiance is known and 
the appropriate sky radiance distribution is used in Eq. 3. Sky ra- 
diance distributions are available for translucent overcast cloud cov- 
er in the SW (25), PAR (12), UV-A (26) and UV-B (26) wavebands 
and for opaque overcast sky conditions in the SW (27), and in the 
PAR (28), UV-A (28) and UV-B (28) wavebands. 

Validation measurements. For model validation the vegetation 
density of the crown was set to a high value to effectively prevent 
penetration of radiation through the tree crown, and only cloud-free 
sky radiance distributions were used. Scattering was not included in 
the model because (1) there was only a small number of reflecting 
surfaces not associated with the single tree used in the validation 
measurements; (2) crown p was set to be opaque; and (3.) reflections 
off the single tree were largely off shaded surfaces. The rellected 
energy off the shaded surfaces is small in the W-A and UV-B 
because of the typically low ( 5 4 % )  leaf reflectance in the UV (29), 
and it is small in the PAR and SW b u s e  of the low amount of 
radiation available for reflection off the shaded surfaces reiulting 
from the typically small diffuse fractions of cloud-free skies in the 
PAR and the SW. An example of the estimated I, array for four 
trees under a cloud-tiee sky with solar zenith angle of 30" is illus- 
trated in Fig. I. Note that the pattern of shading of I, by the indi- 
vidual crowns is relatively dispersed, with no distinct edges to the 
shadow. This is a result of the great influence of sky radiation on 
the UV-B irradiance. 

The model was validated for use in open canopies typical of sub- 
urban backyard situations by comparing the model predictions with 
the minimum values of broadband irradiance measurements made . 

under generally cloud-fke skies during 17 measurement periods in 
the summers of 1996, 1997 and 1999 at West Lafayette, IN (40.5% 

- latitude) (Table 1). The measured relative irradiance (I,) in or under 
the canopy was defined as 
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Table 1. Isolated tree measurement conditions Table 2. Tree grove measurement conditions 

Ozone 
Di s- col- 
tance Direc- Mean umn 
from tion Sky solar thick- Total cloud 

Date tree to bole view zenith ness fraction, 
(d m y) (m) (deg) factor (deg) (DU) type 

3 1 May 96 
3 1 May 96 
3 1 May 96 
3 July 96 
3 July 96 

27 May 99 
27 May 99 
3 July 96 

27 May 99 
27 May 99 
3 1 May 99 
3 1 July 97 
3 July 96 
5 Sept 97 

18 Sept 97 
29 Sept 97 
29 Sept 97 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0.3, Cirms 
0.3-0.4, Cirrus 
0 
0.2-0.3, Cirms 

where fo is the above-canopy irradiance and I,, the minimum mea- 
sured irradiance at a height of l .4 m below the canopy. Minimum 
values were chosen in the validation phase because the actual tree 
crown foliage density was not known, and the measurements were 
chosen in locations that did not appear to have sunflecks in the 
shadow pattern. Below-canopy irradiance sensors were in complete- 
ly sunlit or completely shaded locations near a relatively isolated 
swcetgum (Liquidambar styracipua) tree. A shaded location was 
defined as having canopy biomass between the sun and the sensor 
position so as to minimize the sunflecks on the sensors during the 
measurement period. The UV-B irradiance in a park-like grove was 
also measured to determine if the extrapolation of the single-tree 
model validation could also apply to a complex array of trees (Table 
2). The grove consisted of large red oak (Quercus rubra), white ash 
(Fraxinus americana), red cedar (Junipem virginianu) and red ma- 
ple (Acer rubrum) trees approximately 30-40 m in height. The grove 
had a mean distance between trees of 13 m. The mean values of the 
measurements were used in this analysis. For both the single-tree 
and the grove measurements the above-canopy reference sensors 
were on a nearby building roof (with unobstructed view of the sky) 
within 150-300 m of the measurement locations. 

The irradiance measurements were made in the four wavebands: 
SW, PAR, W - A  and UV-B. SW irradiance was measured k ing  
Kipp-Zonen CM5 radiometers (spectral response bandwidth of 320- 
2500 tun). The cosine response error of the CMSs was less than 1% 
for solar zenith angles less than 75". and the temperature error was 
-0.1 SY'C (30). The time 'ooristant of the sensor was approximately 
4 s (3 1). PAR irradiance was measured using Li-COR 190SA sen- 
sors (LI-COR, IN., Lincoln, NB) with a response bandwidth of 400- 
702 nm (32). The cosine response error of these sensors was less 
than 5% for solar zenith angles between 20 and 60" (32). W - A  
irradiance was measured using SED038/UV-A/W sensors (Interna- 
tional Light, Inc., Newbury, MA)' with a spectral response of 3 14- 
388 nm (as reported by the manufacturer). The UV-A sensor system 
had a laboratory-measured temperature error of -0.5WC and a 
cosine response error of less than 1 W  for solar zenith angles be- 
tween 20 and 80" (33). W - B  irradiance was measured using 
SED240/UV-B/W sensors (International Light) with .a spectral re- 
sponse of 258-3 15 nm (as reported by the manufacturer). The UV- 
B sensor system had a laboratory-measured temperature error of 
-0.3Yd"C and a cosine response error of less than 30% for solar 
zenith angles between 20 and 60" (33). The laboratoymeasured 
time constant for the IL sensors was less than 5 s. In 1997 and 1999 
the minimum erythema1 dose (MED) (34) above the canopy was 
measured on the building mf.(Table I ) using a UVB-1 sensor (Yan- 

Solar Ozone 
zenith column 

Date Sky view median thickness Total cloud 
(d m y) factor (deg) (DU) fraction, type 

18 June 99 
18 June 99 
18 June 99 
18 June 99 
7 July 99 
7 July 99 
7 July 99 
7 July 99 
7 July 99 

0.2, Cirrus 
0.1, Cirrus 
0.2, Cirms 
0.1, Cirms 
0.1, Cims  
0.1, Cirrus 
0.1, Cirrus 
0.1, Cirrus 
0.1, Cirrus 

kee Environmental Systems, Inc., Turners Falls, MA). This sensor 
had a spectral response bandwidth of 280-3 17 nm and a cosine 
response error of less than 10%. All sensors were sampled at 5-30 
s intervals for between 30 min and several hours per location. The 
UVB-1 sensors were calibrated at the factory in September 1997 
and July 1999. The UV-A and W - B  sensors were calibrated for a 
single wavelength at the factory in 1992 and 1993. The PAR sensors 
were calibrated at the factory in 1987. Because all the UV-B, W- 
A, PAR and SW measurements were used ratiometrically (Eq. 4), 
the absolute calibration of the sensors was unimportant provided the 
sensor response was the same for a given imdiance. To assure equal 
response, ail sensors were intemompared before each series of val- 
idation measurements and the recorded sensor response adjusted by 
linear least squares regressions to provide equivalent response during 
the validation measurements. Temperature response corrections were 
applied to the measurements before analysis. No corrections for the 
cosine response error of each sensor were applied because of the 
complexity of the shade environment. The lack of cosine correction 
likely resulted in overestimates of the relative W - B  irradiance and 
may have contributed to the estimated model error. Irradiance mea- 
surements for each waveband were normalized by the measured flux 
density at the above-canopy reference location. 

Upward-facing hemispherical photographs from each measure- 
ment site were made using a Canon 7.5 mm lens. The photographs 
were analyzed to determine the total sky obscuration caused by can- 
opies for each 10" annulus, either by a grid of fine lines with 10" 
intervals in both azimuthal and zenithal directions or by analyzing 
digitized images of the photographs using Glic v2.0 developed by 
C. Canharn (Institute of Ecosystem Studies, Millbrook, NY). In the 
manual analysis of photographs an area of the sky hemisphere was 
defined as obscured if the sky was not visible at the intersection of 
the azimuthal and zenithal grid lines. In the digital analysis of the 
photographs each pixel was evaluated for sky obscuration or \;isi- 
bility. The sky view for the below-canopy measurement locations 
varied h m  0.05 to 0.84 for measurements made near a single tree 
(Table 1 ) and from 0.10 to 0.66 for measurements made .in the. tree 
grove (Table 2). 

Model appficution. The model was used to predict the relative 
UV-B exposure for various surfirces on a person randomly moving 
around in a tree-covered park near three major metropolitan areas 
of the United States of Arneri-ca. The relative expoiwe on a person 
in the park was estimated fiom the areal average I, across a regular 
distributed 1 1 X 1 1 array of spherical trees with the cover Man 
equivalent to the literature d u e s .  The fp value over a range of solar 
zenith angles was &ermined for cloud-fiee sky conditions, ~ C U -  

lated at the height of the crown base (assumed padestrian height) 
for a regular atray of spherical crowns. 
One objective of the project was to pmG& a means to estimate 

W - B  exposure bakd on weather information and sa@lli€e or air- 
.craft.irnages of the area, To link the tree cover interpreted from the 
i m a g q  to the sky view from the gmund,- the model was run for 
the 11 X I I array of opaque spherical t~oe crowns assuming an - 
isotropic sky radiance distribution so that the diffuse irractiance frac- 
tion is equivalent to the sky view factor. The mean sky view initially 
demastd rapidly with increasing tree cover until approximately 
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o . o ! . l v l . l w l . $  
0.0 0.2 0.4 0.6 0.8 1.0 

Tree cover fraction 
Figure 2. Modeled relationship between tree cover and sky view. 

50% cover and then decreased more gradually with continued in- 
crease in the tree cover (Fig. 2). The tree cover hction and solar 
zenith angle were then regressed against the areal average I, to pro- 
vide a means to relate below-canopy irradiance and exposure to 
above-canopy imdiance and exposure for locations at a given lati- 
tude on a given day and time. The relationship between the canopy 
cover fraction (the area of the ground divided by the area of canopy 
covering the ground by looking downwards into the canopy from 
directly overhead) and the sky view (a weighted area of sky visible 
from the ground when looking upwards through the canopy) was 
determined by setting the sky radiance h c t i o n  to a constant value 
and noting the diffuse-only relative irradiance. 

Estimates of exposure on people within the tree array were made 
for the 10.00 A.M. to 2.00 P.M. interval (Eastern Standard Time) 
over the summer period of June through July at latitudes of 15,30, 
45 and 60". The densities of the tree array were chosen to produce 
tree cover fractions of 0.1, 0.3, 0.5, 0.7 and 0.9. The areal average 
I, for a given solar zenith angle and tree cover fraction provided the 
relationship between the above- and the below-canopy irradiance for 
the tree array. The relationship between solar zenith and cloud-free 
sky erythemal UV-B (34) was based on an irradiance by solar zenith 
angle regression of the UVB- I irradiance measurements for 22 June 
2000 (ozone column of 274 DU; Earthprobe TOMS V.7 Archive 
Overpass data, http://jwocky.gsfc.nasa.gov/) from the USDA UV-B 
Radiation Monitoring Program network sites at Mauna Loa, HI (el- 
evation 3397 m, latitude 19.5"). The measured erythemal UV-B val- 
ues were adjusted to sea level using the mean ratio of sea level to 
3400 m modeled irradiance (0.857) based on the Schippnick and 
Green model (21). The cumulative daily exposure for the 4 h period 
centered on solar noon was described using the MED defined by 
Parrish et al. (35). An MED is the crythemally weighted amount of 
W radiation (201 J / d )  that will cause an erythemal response in 
light-skinned people. 

RESULTS AND DISCUSSION 
. Model accuracy 

The accuracy of the model to predict near-surface irradiance 
in the vicinity of  a single tree was evaluated by comparing 
I, with*measyed I,. for all four wavebands. In general, the 
modeled values were 'greater than the measured values. 
However, the variable density of the tree crown and the de- 
viation of the tree crown shape 'from the modeled ellipsoid 
resulted -in a larger fiaction of  sky' penetrating through the 
oddly shaped crown and making the-measured values some- 
times greater than the modeled values. The mean bias emor 

. (MBE) of ttle model was 0.026, whereas the root mean 

-0.3 

15 30 45 60 75 
Solar zenith angle (Deg) 

Figure 3. Model accuracy-Panel A illustrates the relationship of 
model error to solar zenith angle for measurements made near the 
single tree. Panel B illustrates the relationship of the model error to 
the magnitude of the measured relative irradiance, with errors for 
periods when the solar zenith angle was less than 55" (open circles) 
and greater than 55" (filled triangles). Dashed lines represent the 
linear regression of the error on solar zenith angle. 

squared error (RMSE) was 0.093 (n = 92). The model error 
was relatively insensitive to the magnitude of the measured 
I,. (Fig. 3). This is similar to the model accuracy reported by 
Gao et a!. (18), although the measured values used in their 
analysis were the mean values and not the minimum values 
used here. Gao et a!. found that the model had MBE of 0.038 
and 0.033 for apple orchard and maize canopies, respectively 
(18). The model RMSE was 0.082 and 0.061 for the apple 
orchard and maize canopies, respectively (1 8). 

The modeled I, tended to overestimate the measured I, at 
high solar zenith angles. This was partly because of the de- 
creasing ratio of direct beam to diffuse sky radiation with 
increasing solar zenith angle and partly because of the in- 
ability to correctly adjust the measured W - B  values for the 
sensor cosine response error in the shade. The impact of  not 
being able to correct the measurements for noncosine re- 
sponse was minimized by excluding the measured UV-B 
values when the solar zenith angle was greater than 55" (33) 
(values indicated by the filled triangles in Fig. 3B). Exclud- 
ing these measurements from the estimation of model ac- 
curacy reduced the model MBE for the single-tree measure- 
ments to 0.004 and increased the RMSE slightly to 0.068 (n 
= 82). 

Areal mean I, estimation 

The areal mean I, under the 1 1 X 11 regular array.of spher- 
ical trees was determined for a range of- solar zenith angles 
and'tree cover fiactioils (Fig. 4). In general, the higher the 
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0.0 0.2 0.4 0.6 0.8 1.0 
tree cover fraction 

Figure 4. Modeled relative irradiance for the 1 1  X 1 1  tree array. 
The areal mean relative irradiance across the entire array for solar 
zenith angles of 15" (filled circle), 30" (filled triangle), 45" (open 
diamond) and 60" (open triangle) and the areal mean relative irra- 
diance in the shade across the array for solar zenith angles of 15" 
( & s e t  line), 30" (dashed line), 45" (long dashed line) and 60" 
(solid line) are indicated. 

solar zenith angle, the closer the mean areal relative irradi- 
ance for a given tree cover fiaction approached l/(tree cover 
fraction). The rate of change in mean areal relative irradi- 
ance with change in tree cover was greatest at low tree cover 
fractions and least at high fractions. 

The exposure received by pedestrians in the treed area was 
estimated by using a time history of UV-B monitoring mea- 
surements from the USDA UVB Monitoring Network (17). 
By associating the view factor with the canopy cover, the 
areal mean exposure of people in vegetated locations can be 
estimated based on remotely sensed tree cover. The validity 
of this approach of estimating exposure based on tree cover 
for a canopy of trees was evaluated by comparison of the 
modeled minimum and maximum values with the mean val- 
ues measured in the grove of trees, which were distributed 
irregularly across the landscape. The modeled mean -areal I, 
was then compared with the measured relative irradiance in 
the tree grove for specific sunlit and shaded sensor locations. 
Figure 5 illustrates the individual I, values relativq to the 
mean areal I' for shaded and sunlit areas for 'the grid of 
regularly distributed spherical trees using the relationship be- 
tween sky view (measured) and tree cover fraction (mod- 
eled). In general, shaded environments with small sky view 
had the lowest relative irradiance. Areas near the single tree 
had .I; values of 0.5-0.3 (Fig, 5) corresponding to an equiv- 
alent ultraviolet protection factor (UPF) (analogous to the 
sun protection factor [SPF] used to describe sunscreen pro- 
tection).of 2-3. Clearly, significant exposure of pedestrians 
is likely unless the tree cover has a nearly closed canopy. 
The advantage of being in the shade appears to decrease with 

0.0 0.2 0.4 0.6 0.8 1.0 
Sky view 

Figure 5. Comparative measurements and modeled relative UV-B 
imdiance. Measured relative imdiance of  shaded (open circles) and 
sunlit (open triangles) locations near the single tree and shaded 
(filled circles) and sunlit locations (filled triangles) in the tree grove 
are indicated. The solid lines represent the domain between the mod- 
eled areal mean relative irradiance for both shaded and sunlit regions 
(upper curve) and the areal mean relative irradiance of only the 
shaded regions (lower curve) in the 1 1 X 1 1 array of trees for a 
solar zenith angle of 15". 

increasing solar zenith angle; however, it should be noted 
that the MED at the higher solar zenith decreases to approx- 
imately 2 MED/h when the solar zenith angle increases to 
45" (Table 1). Results showed that the envelope representing 
the areal mean minimum (shade) I, for solar zenith angles 
ranging fiom 15 to 60° approximated the mean of the ob- 
served values in the grove of trees as well as near the single 
tree (Fig. 3). Values well above the shade areal mean I, were 
in direct sunlight. Variations around the areal mean shade I, 
are expected because point and area averages are being com- 
pared. 

The multivariate regression of the mean areal I, of the 11 
x 11 array of trees for solar zenith angles of 15, 30,45 and 
60" against the calculated tree cover fraction and solar zenith 
angle resulted in the relationship: 

where M is the tree cover fraction and 8 is the solar zenith 
(adjusted Z = 0.97). In general, I, decreased with solar ze- 
nith angle and increased with tree density. 

Exposure- estimation for residential -areas 

UV exposure during childhood is a risk factor in the devel- 
opment-of skin cancers in adults (3). Reducing the exposure 
of children and young adults should therefore reduce the risk 
of later-life cancers. Studies have shown that children in pri- 
mary giades may receive greater UV exposure than those in 
secondary grades (36). Diffey et al. (36) attributed this dif- 
ference in exposure to young children spending more time 
playing outdoors iti open a . m .  The exposure of children to 
W - B  between 10.00 A.M.'and'2.00 P.M. during the sum- 
mer period of June and July was estimated at four latitudes 
and six tree cover fractions. Because the aboveanopy ir- 
radiance for all simulations was only a function of the solar 
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150 170 1YO 210 150 170 190 210 
Day of year Day of year 

Figure 6. Estimated erythema1 UV-B exposure for midday expo- 
sures during June and July. Panel A illustrates the daily exposure 
above canopy for locations at four different latitudes. Panel B illus- 
trates the daily exposure for varying tree cover fractions at latitude 
30". 

zenith angle, the variation in the daily exposure at each lat- 
itude location was a result of the combined effect of latitude 
and canopy cover. 

The estimated daily exposure for a child playing under 
clear skies during the 4 h centered around solar noon varied 
fiom approximately 12 2 0.8 MED for cities at 60" latitude 
to 22 2 1.5 MED for cities at 15 and 30" latitudes (Fig. 6A). 
The similarity in exposure between cities at 15 and 30" lat- 
itudes was because of the time of year chosen for the com- 
parison (solar declinations of approximately 20"). The max- 
imum MED for a given day was at the summer solstice for 
latitudes above 23.5", whereas the exposure at 15" latitude 
was nearly constant throughout the period (Fig. 6A). 

Increasing tree cover decreases exposure. The equivalent 
mean UPF of tree cover was less than 2 for tree cover of 
less than 0.5 at all latitudes (Table 3). The nonlinearity of 
the error in mean UPF indicated in Table 3 is a result of 
UPF being equal to I/(& 2 0.07). The undefined errors in 
the table are a result of mean I, < 0.07. Mean UPF values 
greater than 5 typically required tree cover of greater than 
0.7, a relatively dense canopy. The corresponding relation- 
ship between UPF and sky view (related to tree cover by 
Fig. 4) for shaded locations in the simulated 11 X 11 tree 
array illustrates the range of approximately 2 SPF units for 
solar zenith angles'ranging from 15 to 60" (Fig. 7). Although 

~able .3 .  . Mean modeled UPF for varying w cover 

0 0  
0.0 0.2 0.4 0 .  0.8 1.0 

Skyview 
Figure 7. UPF for shaded environments-Measured UPF values 
from the single tree (open circles) and tree grove (filled circles) are 
indicated. The mean shade UPF for the 1 1  X I I tree array under 
solar zenith angles of 15 and 60" are indicated by the dashed lines. 

high tree cover minimizes the areal mean W - B  exposure 
and maximizes the areal mean UPF, a careful choice of lo- 
cations within an array of trees can result in high UPF while 
the tree cover is low. Maximum benefits of any given tree 
cover can be had by minimizing the view of the sky by being 
in the shade and near individual trees of the array. Grant 
(1 1) showed that greater protection (UPF of 10) could be 
had by people if they stay under the tree crowns. This cor- 
responds with the UPF associated with most of the mea- 
surements made in the tree grove (Fig. 7). The range of UPF 
values evident for a given sky view is the result of mea- 
surements being made under a range of solar zenith angles 
at similar locations in the vicinity of the single tree and in 
the tree grove. It should be remembered that the model re- 
ported here estimates the exposure on horizontal surfaces, 
whereas receptor surfaces on the human body have a wide 
range of orientations. The estimates described here would 
apply only to an exposed vertex of the head. Exposure to 
the face can be estimated using corrections for various ori- 
entations of the head and various parts of the head developed 
by Kimlin and Parisi (37) and others. 

One limitation of this approach is the limited availability 
of UV-B irradiance measurements within urban areas. This 
is important because the W - B  irradiance within urban areas 
can be expected to differ fiom that of the surrounding rural 
area because of differences in the ground albedo and air 
pollution (38,39). As such, estimates of UV-B exposure on 
people in cities should & based on urban W - B  measure- 

Tree cover hction . . 
. . 

Latitute 0.1 . 0.3 0.5 0.7 . 0.9 . 

. . *2 Values based on RMSE model e&r of 0.07. 
. . . .  . tUND = undefined 



Photochemistry and Photobiology, 2002, 75(4) 375 

Table 4. Relative benefit of tree cover to mean erythemal UV-B 
exposure (change in exposure/change in tree cover fraction) 

Tree cover fraction 

Latitude 0.1 0.3 0.5 0.7 0.9 

ments (39). This is an important area for development be- 
cause only a few cities in the United States have UV-B mon- 
itoring under way. 

We have considered here only the UV-B exposure under 
clear skies resulting from the existing vegetation cover. 
From an urban landscape planning point of view, how much 
tree cover is best to reduce UV-B exposure on pedestrians? 
Although obviously the increase in tree cover always de- 
creases the exposure to UV-B (Fig. 6B), the change from no 
tree cover to 0.1 tree cover has a greater impact than the 
change from 0.9 to I .O cover. Therefore, planting some trees 
in an open area creates real sun protection benefits. Because 
of the interplay of tree cover on sky view, there is an optimal 
value where the effect of additional tree cover in reducing 
exposure is the greatest. The relative effectiveness of plant- 
ing trees to increase tree cover and reduce erythema1 UV-B 
exposure on pedestrians was evaluated by comparing the 
hc t ional  change in exposure over the 2 month exposure 
period with the fraction of tree cover. Model results indicate 
that cities with low latitudes of 15-30' receive the maximum 
benefit of tree cover relative to UV-B exposure when the 
tree cover fraction is approximately 0.3 (Table 4). For any 
given tree cover fraction, the greatest benefits of increasing 
tree cover to mitigate UV-B exposure occur at high latitudes 
(Table 4). 
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