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ABSTRACT

Heisler, G.M., 1986. Effects of individual trees on the solar radiation climate of small
buildings. Urban Ecol., 9: 337—359,

Under clear skies, a mid-sized sugar maple tree (Acer saccharum Marsh.) reduced irra-
diance in its shade on a south-facing wall by about 80% when in leaf, and by nearly 40%
when leafless. Reductions by a similarsized London plane (Platanus acerifolia W.) were
generally slightly smaller, The percentage reductions varied with the fraction (DR) of
diffuse radiation, and could be approximated by regressions with DR? as the independent
variable.

The significance of the irradiance reductions for building radiation climate was tested
by using physical models of representative tree crowns (similar to sugar maple) and a
representative house to evaluate shadow patterns, along with a mathematical model of
average hourly solar radiation for an average day of each month, For a mid-sized tree with
a 2-m clear bole located south of the house in a cloudy climate, the ratio of desirable in-
solation reductions during the cooling season to undesirable insolation reductions during
the heating season was a low 0.74; whereas, with the same tree on the west, the ratio was
a much more beneficial 4.6. In a sunny climate, the ratios were 0.55 and 3.3 for the
tree on the south and west, respectively, A taller tree with a longer clear bole on the
south produced more favorable ratios of cooling season to heating season insolation
reductions than the tree with the short clear bole on the south.

INTRODUCTION

Trees can have a large impact on urban microclimate and on fuel or elec-
tricity used for heating and cooling buildings. In one study, a forested home-
site reduced electricity for air conditioning a mobile home in Pennsylvania
by a seasonally-averaged estimate of 75% (DeWalle et al., 1983). In a hot,
humid climate, landscape trees and shrubs reduced cooling energy for a
mobile home by more than 50% (Parker, 1983). However, in temperate and
cool climates, tree shade in winter may significantly increase fuel energy
needed for heating (DeWalle et al., 1983; Thayer et al., 1983, Thayer and
Maeda, 1985), because even buildings not designed for optimum use of solar
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energy derive significant portions of their heat energy from solar radiation.
Even though deciduous trees provide less shade in winter than in summer,
winter shade is significant. Fortunately, the differing paths of the sun during
the year provide an opportunity to maximize shade in summer and minimize
it in winter by careful landscape design and management of trees and other
vegetation.

In previous studies (e.g. Olgyay, 1963; Neubaurer and Cramer, 1966) the
advantage of shade for west-facing building walls was recognized, and Neu-
baurer and Cramer suggested pruning lower branches from trees close to a
south wall to prevent blocking winter sun from south-facing windows. How-
ever, radiation reductions by trees were not measured. Olgyay (1963) as-
sumed that leafless trees would reduce radiation on buildings by 10—30% of
the reductions by the trees with leaves, but the basis for this assumption was
not specified. Many articles tell do-it-yourself homeowners to plant decidu-
ous shade trees with no mention of possible deleterious effects (e.g. Foster,
1978; Morrison, 1981); they simply indicate that deciduous trees drop their
leaves in winter to ‘“let the sun through”.

In this study, radiation reductions by individual deciduous trees were mea-
sured and the significance of the reductions for the average solar radiation in-
put to small buildings was explored by modeling techniques. These consisted
of deriving tree shade patterns from physical models of a ‘typical’ represen-
tative tree and house in a heliodon, combined with a mathematical model of
solar radiation climate at the house surfaces. Three different tree crown
positions were tested to contrast the effect on building radiation climate of a
tree with a short clear bole on the south and on the west and a taller tree
with a long clear bole on the south, in both a cloudy and a sunny climate at
about 40°N latitude.

Although the effect of tree shade on fuel or electricity use was not calcu-
lated, the effect of tree shade on the solar radiation climate of exterior sur-
faces was derived, because it is useful generalized design information. The ef-
fect of tree shade on space conditioning energy requirements would depend
upon window area and placement, insulation in the house envelope, and tem-
perature regime of the locale, among other factors. Generally, solar radiation
through windows is much more important to space conditioning energy use
than solar radiation on opaque surfaces such as walls, but radiation on
opaque surfaces may also be significant.

METHODS

The complete study had four components: (a) sample trees were selected,
and crown size and visual density were measured; (b) patterns of the shadow
of representative tree crowns on a small house throughout a year were
evaluated with a heliodon model for the three selected tree crown positions;
(c) irradiance reductions by the sample trees were measured with pyranom-
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eters and average reduction factors for the representative tree crowns were
derived; and (d) the effects of shade of a tree crown in the three positions on
the yearly radiation climate of the house were calculated. The heliodon in-
dicated the location of tree shade; the pyranometer measurements in the
field quantified the irradiance reductions. Comparisons of the different tree
positions are made on the basis of the ratio of insolation reductions in the
cooling season to reductions in the heating season.

Sample trees

To evaluate radiation reductions by deciduous trees, four different trees in
State College, PA (latitude 40°48'N, longitude 77°51'W, and elevation
350 m) were sampled: a Norway maple (Acer platanoides L.), a London
plane (Platanus acerifolia W.), and two sugar maples (Acer saccharum
Marsh.). These trees represented medium-sized trees of three different spe-
cies commonly found in urban areas in northeastern U.S., along with a large
tree of one species, sugar maple. Dimensions are indicated in Table I and
Fig. 1.

TABLE I

Dimensions and crown density of sample trees

Species Tree Height Crown Visual density of crowns?®
height of crown width
(m) (m) (m) Leaf-less In-leaf
center/edge/entire entire
(%) (%)
London plane 11 2.0 8.4 65/27/37 70
Norway maple 6.7 2.0 6.4 66/22/34 77
Sugar maple 10.4 1.8 8.2 57/23/40 87
Large sugar maple 15 2.5 14 64/41/44 86
2By photographic technique.
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Fig. 1. General branching pattern and crown shape of sample trees. Rectangles on crowns

indicate areas sampled in ‘center’ and ‘edge’ visual density estimates. The outline of the
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For descriptive purposes and to compare the sample trees to other trees, a
measure of crown density was obtained by a simple photographic technique.
Photographs of the crowns or portions of the crowns were projected onto a
grid of fine lines with 250 intersections. The number of intersections on
twigs, branches, or leaves provided an estimate of visual density — the per-
cent of sky obscured within the outlines of the tree crowns. Photos of por-
tions of the defoliated tree crowns were taken with a zoom telephoto lens
and included either the central 1/3 of the total crown or a section 1.4 m
wide along the edge of the crowns (Fig. 1). Photos of the entire crowns were
taken with a 35-mm focal-length lens.

Heliodon modeling of shadow patterns

Scale models of the representative house and trees in a simple heliodon
were used to evaluate shaded areas. The heliodon consisted of a light source
(‘sun’) and a base on which a house and tree model were located together
with a sundial. The base could be tilted relative to the fixed light source to
find shadow patterns throughout the year for representative times. In this
study, the times were each hour from sunrise to sunset on the 21st of each
month. The sundial in the heliodon was a ‘Sun Path Indicator’ (Smay,
1979). A lamp with a collimating reflector or actual sunlight makes the best
light source; however, our ‘sun’ was a 300-W photo flood lamp about 4 m
from the model. At this distance, the light rays on the model were sufficient-
ly parallel to produce reasonably accurate shadow patterns. We mounted our
base on a sturdy camera tripod with a two-way tilting head. Other simple
shadow modeling techniques have been described (e.g. Kern, 1975; Novell,
1981), but this heliodon seems to be the simplest to construct and should be
as easy as any to use.

A model of a representative one-story (8.69 m X 12.50 m, 102 m?) house
was constructed at a scale of 1:48 (Fig. 2). The roof had an overhang of
0.61 m on the front and back and 0.30 m on each end. A 0.93-model-m?
(10-model-ft?) grid was drawn on the roof and walls to facilitate estimation
of shaded area.

Although density and irradiance reductions were measured for four sam-
ple trees, shadow patterns and radiation climate were derived for only two
composite tree models. One tree model represented an 11-m tree with a
crown shape typical of many mid-sized open-grown deciduous trees but
most closely resembling a sugar maple with the crown base at 2.4 m.
Another model represented a 15-m tree with the bole pruned to 6 m (Fig. 2).
The tree models were constructed of yarn wrapped around a wire mesh
frame to create symmetrical crown shapes.

With the house oriented with the long axis east to west, the smaller model
tree was positioned at several distances from the house to locate the position
providing the most area shaded in winter, as one goal was to determine how
deleterious winter shade might be. When the tree was located with the edge
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Fig. 2. The representative house with tree crowns in three different positions and patterns
of shade by eaves (dark stiple) or tree (light stiple) at or near the time of maximum shade
on days near the middle of the heating and cooling seasons,
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of the crown tangent to the edge of the south wall, shaded area through the
heating season was maximum. Hence, this position was selected for further
analysis and comparison with the tall pruned tree in the same location and
with the smaller tree on the west.

Radiation measurements

To evaluate solar irradiance reductions on vertical surfaces by typical
urban trees, irradiance measurements were made with ten thermopile pyra-
nometers that were set up at the four sample trees in turn on 22 different
sampling days. Six of the pyranometers were distributed over a south-facing

NOMENCLATURE
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albedo

coefficient of direct normal radiation

atmospheric extinction coefficient

average monthly daily diffuse radiation on a horizontal surface
diffuse ratio = K4/KT for monthly average radiation or R4q/Rg for instantaneous
irradiance

A/(Kr - Kq)

average daily global insolation on a horizontal surface

average daily extraterrestial insolation on a horizontal surface
average hourly radiation
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‘house wall’, i.e., an imaginary wall, with dimensions proportional to the
south wall of the model house as shown in Figs. 1 and 3. The ‘wall’ was on
an east-west line below the northern edge of the crowns. The pyranometers
on the wall were 4.3 m apart horizontally and at 0.76 and 2 m above ground.
Additional pyranometers (Fig. 3) measured: (a) irradiance R, on a south-
facing vertical in the open; (b) global irradiance Ry in the open; (c) diffuse
sky irradiance R4 on the horizontal in the open; and (d) radiation R, re-
flected from the ground. During measurements, an observer recorded cloud
conditions and noted which of the six pyranometers on the ‘wall’ were in the
tree shadow. — In this paper, ‘solar radiation’ is used in the general sense and
may be solar radiance from a source; ‘solar irradiance’, i.e., flux density of
radiation on a surface in W m™; or ‘solar insolation’, i.e. the daily integral of
irradiance in MJ m™. These definitions follow Monteith (1973).

Pyranometer signals were usually read with a data logger that scanned all
input signals at 2-s intervals and averaged over 10 min. Diffuse radiation was
measured with a pyranometer shielded from solar beam radiation by a
shadowband. Radiation reflected from the ground surface was measured
with an inverted pyranometer at a height of 1.2 m. The instrumentation and
radiation measurements are described in more detail in Heisler (1985).

The use of an imaginary wall to represent an actual one assumes that some
radiation fluxes are negligible or that they are canceling. These fluxes are (a)
the radiation from the northern half of the sky that impinges upon the
ground in front of an imaginary wall and is reflected back to the pyranom-
eters; and (b) radiation that would be reflected from an actual wall to the
ground or tree and then back to the pyranometers.

Model of house radiation climate

Average hourly irradiances on the house surfaces for an average day at the
midpoint of each month were calculated by adaptation of the method of Liu
and Jordan (1963) as modified by Kusuda and Ishii (1977). For each of
80 locations in the U.S.A. and Canada, Liu and Jordan (1963) compiled the
average daily total radiation H on a horizontal surface and the ratio K7 =
H/H,, where H, is daily total extraterrestial radiation on a horizontal surface
at the midpoint of the month. They also evaluated the relationship between
K1 and K4 where K4 = D/H,, and D is the ‘average’ daily diffuse radiation on
a horizontal surface for each month. From these basic data may be cal-
culated Iy, average hourly total irradiance on a horizontal surface for the
midpoint day. Average hourly diffuse irradiance Igy on a horizontal surface
may be calculated as:

Ign = rgD (1)

where the factor rq is a function of the given hour angle W and the sunrise
hour angle W (obtained from cos Ws = —tan L tan S) is given by:
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_ n _ cos W-cos Wy
d = 94 sin Wg— Wy cos W, (2)

Liu and Jordan derived direct irradiance on a horizontal surface as:

Iph = ITh — Ian

Kusuda and Ishii (1977) noted anomolous high values of predicted Ity
near sunrise and sunset with the Liu and Jordan method. Therefore, they
modified the Liu and Jordan method by first modeling direct normal radia-
tion as:

Ipn = A exp [~(B/cos 61)]

where A = (K7—K4)f, and f is a coefficient tabulated in Kusuda and Ishii by
month and latitude. The term 6y, is solar zenith angle, and B is an atmo-
spheric extinction coefficient, also tabulated in Kusuda and Ishii. Values of
direct irradiance Ipy on a horizontal surface were then evaluated as:

Iph = Ipp cos Oy
and

ITh = Iph *+ Idn
where Iq, was calculated by equations (1) and (2).

Unshaded house. 1 used the general method of Kusuda and Ishii (1977) to
model average hourly irradiance on the representative house for each month
of the year. Values of average solar declination S, B, f, KT, Kq and H, were
obtained from Kusuda and Ishii. For vertical surfaces, the values of hourly
irradiance Iy were derived following ASHRAE (1977) by assuming a uni-
form distribution of radiance from the sky and that radiation I, reflected
from the ground is perfectly diffused in all directions:

Iy =Ipp cos Oy + Ign/2 + a ITL/2

where 0y is the angle of incidence between incoming direct beam rays and a
normal to the particular vertical surface. (Kaufmann and Wheatherred, 1982,
provide a good discussion of solar geometry for calculating incidence angles.)
In January and February, I assumed an increase in average ground albedo «
to 0.4 because of snow cover, whereas Kusuda and Ishii assumed an « of 0.2
throughout the year. For areas of the south and east and west walls which
the scale model showed to be shaded by architectural elements (the roof
overhang), the term for direct irradiance on the vertical, Ipy = Ip, cos Oy,
was omitted. Throughout the day, diffuse irradiance on the walls would also
be diminished slightly by the overhangs, but this was not taken into account.

For the roof surfaces with tilt ¢t of 26°, I3 and I, must be modified by the
view factor of the roof for the sky and ground to evaluate average hourly sky
diffuse irradiance I3, and reflected irradiance Iy on the roof (ASHRAE,
1977) as:
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Iar = Ign(1 + cos t)
Iyr = a ITh(1 — cos t)

Another assumption in this model is that solar radiation inputs to hori-
zontal and south-facing surfaces are symmetrical around solar noon. Typical-
ly, an asymmetrical pattern forms due to the tendency for cumulus cloud
development during afternoons.

Insolation reductions by trees. Reductions in insolation on the house
throughout the year by the trees in the different positions were modeled by
assuming a constant reduction across the area shaded by the trees as eval-
uated by the shadow pattern model. Functions to express average fractional
irradiance reductions r by the trees were derived from the results of the
radiation measurements. The reduction, r, was assumed constant with solar
altitude but variable with diffuse ratio, DR, and separate functions of r were
used for trees in leaf and leafless and for walls and roof surfaces. The house
radiation climate model was run for the shaded and unshaded house for a
relatively cloudy location, State College, PA, and a relatively clear location,
Grand Lake, CO (latitude 40°15'N, longitude 106°W, and elevation 2646 m),
as well as several other locations near 40° latitude.

RESULTS
Sample tree density

The photographic method indicated that the sugar maples were visually
more dense than the other two trees in both the leafless and in-leaf condition
(Table I). However, because visual density does vary with tree size (Wagar et
al.,, 1986). Norway maple equal in size to the smaller sugar maple most
likely would have had about the same density. Average density of the crowns
(‘entire’ in Table I) without leaves ranged from 44% to 53% of the in-leaf
density.

The sample trees seem to be representative of their species. For leafless
trees, Westergard (1982) found average visual density percentages of 44% of
sky blocked for sugar maple and 39% for Norway maple, and Wagar et al.
(1986) found average density of London planes equal in size to the sample
tree in this study to be about 37%. These values are all similar to those of the
sample trees in this study (Table I). Hence, the radiation reductions as mea-
sured for these sample trees should be characteristic of mid-size trees of
these species.

The densities of the sample trees are in the mid- to high-denisty range
when compared with other species. Westergard found leafless European birch
(Betula pendula), with an average density of 48%, to be the most dense tree
he found along the east coast; and the most dense of three species studied by
Wagar et al. was Modesto ash (Fraxinus velutina ‘Modesto’) with an average
density of about 50% for trees equal in size to the sample trees. At the other



346

extreme, density of leafless Kentucky coffeetrees (Gymnocladus dioicus)
was about 27% (Wagar et al., 1986) and density of black walnut (Juglans
nigra) was about 28% (Westergard, 1982).

Shadow patterns

A general impression of shade patterns in the cooling and heating seasons
is obtained from shadow patterns on the model house on two design dates,
21 January and 21 July, for the three model trees (Fig. 2). The tree on the
west shades considerably on 21 July and little on 21 January. The opposite
pattern is seen for the shorter tree on the south. The taller tree provides a bit
more shade in July; shade in January is only on the roof, which is minimally
detrimental.

The patterns of shade throughout the year are better quantified by plots
of area shaded throughout the day on the 21st of each month (Fig. 4). These
plots show that the tree on the west maintains its advantage throughout
June, July, August and September, which usually are cooling season months
at 40° latitude.

M2 OF UNPRUNED SHORTER TREE
}*INTHS HOUSE TALL PRUNED
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Fig. 4. Area of house shaded during the 21st day of each month.
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Dates and times of radiation measurements, ground surface and sky condi-
tions, and whether the trees were in leaf are indicated in Table II. Data for a
measurement period as short as 1% h are included because they show con-

TABLE II

Percentage reductions of average irradiance on the south facing ‘wall’ by the four sample
trees along with tree, sky, and ground conditions; the same information for 1 day with

the ‘wall’ facing west is also included (#)

Date Time of Ground Diffuse Surface, Percentage reduction
measurements albedo ratio phenology,
(Solar time) mean mean sky Average for ‘wall’ Center of
All points Shade only  Wwallnoon

Norway maple

1/29 10.20—12.40 0.80 0.24 *, © 15 34 40
4/02 08.40—16.00 0.18 0.13 G, 0 15 30 37
7/21 09.67—15.40 — 0.14 G, e 31 75 82
1/29 12.50—14.20 0.68 0.86 *, 0, PC 12 18 19
7/07 10.19-15.19 0.20 0.54 G,e PC 30 67 74
7/15 08.28—15.18 0.21 0.61 Qe PC 32 63 2
London plane

3/03 09.61—15.34 0.73 0.19 * O 20 31 47
4/01 09.30—15.48 0.20 0.14 G, o 19 31 52
6/23 07.54—15.42 0.24 0.25 G, o 38 65 72
6/25 08.01—14.21 0.15 0.21 G, e 32 67 80
7/14 08.00—12.00 0.23 0.18 G, e 47 68 82
7/13# 11.00—18.15 0.23 0.21 G, e 55 72

1/20 09.50—14.40 0.42 046 *, O, PC 16 25 40
6/15 08.34—12.04 0.24 0.52 G,e PC 40 64 74
9/24 10.11-15.01 0.19 0.56 G,e PC 50 67 79
Smaller sugar maple

4/26 07.54-15.06 0.23 0.22 G, o 14 33 44
6/09 07.44—13.24 0.23 0.21 G, e 34 69 80
10/19 08.43—15.33 0.22 0.15 G, e 50 85 90
3/30 09.09—15.49 0.24 0.53 G,0, PC 17 37

4/13 11.33-15.33 0.23 0.93 G, 0, PC 12 17 29
7/16 08.48—13.29 0.19 0.60 G,e, PC 37 64 70
Larger sugar maple -

2/02 10.20-15.20 0.77 0.34 * O, PC 35 44 66
3/31 12.09—15.09 0,17 0.24 G,o, PC 30 45

*, snow cover; G, grass surface; O, no leaves on tree; ®, tree in leaf; PC, partly cldoudy.
—, not sufficient data
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trasts between different sky conditions, but for other days, analyzed data
were measured over periods from 4 to 8 h long. The shorter periods occurred
because portions of some days were excluded to derive measurement sets for
relatively uniform cloud conditions.

Irradiance reductions. Plots of irradiance measured on 26 April 1983 before
leaves had appeared and on 19 October 1982 while leaves were still on the
smaller sugar maple tree illustrate patterns of irradiance during measure-
ments (Fig. 5). Values of irradiance Ryw on the six pyranometers on the
‘wall’, averaged over several hours as the shadow moved across them, approx-
imate irradiance on an actual wall. Reductions of irradiance within shade
(1 — Rw/R, in Fig. 6) must be averaged over at least half a day to obtain
valid averages.

At most times, the upper and lower pyranometers at the three horizontal
distances on the ‘wall’ were similarly irradiated. Upper and lower pyranom-
eter measurements were averaged to evaluate relative irradiance on different
parts of the ‘wall’ during the day (Fig. 7). On 26 April and 19 October and
on most other measurement days, irradiance on pyranometers that were out-
side the shadow and on the sun side of the tree (the pyranometers on the
east end of the ‘wall’ in the morning and on the west in the afternoon) was
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Fig. 5. Irradiances during measurements on a day without leaves on the tree (26 April)
and with leaves (19 October). Ten-minute averages of global radiation (R,), irradiance on
the south-facing vertical in the open (R,), average irradiance on the six pyranometers on
the ‘wall’ (R,,, ), average irradiance on points in shade (R,,), radiaton reflected from the
ground (R,,), and diffuse sky radiation on the horizontal (Rq).
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slightly higher than irradiance R, in the open (up to about 5% higher with
trees in leaf). While these pyranometers received less diffuse sky radiation
because of the tree, beam radiation was reflected from the tree crown to
more than make up for the blocked sky radiation.

On clear days (DR <0.25), the average reduction on the wall in the shade
of leafless trees ranged from 30% to 34% while the average reduction in the
shade of the trees in leaf ranged from 65% to 85% (Table II, Fig. 8).

Irradiance reductions in the center of the shade at noon represent maxi-
mum reductions by the trees. The average reductions of irradiance on the
center pyranometers for the time period one-half hour before to one-half
hour after solar noon are shown in Table II. Reductions in the center of the
shade of the leafless trees ranged from 37% to 52% on clear days — 6—21
percentage points higher than reductions averaged over the entire shade
patterns. (The leafless larger sugar maple had an even larger reduction, 56%,
in the center of its shade on a very hazy day.) Reductions in the center of
the shade of the trees in leaf ranged from 72% to 90% on clear days — 5—14
percentage points higher than reductions averaged over the shade patterns.

In general, percentage reductions of irradiance during quite cloudy days
were less than on clear days (Fig. 8), because beam radiation was a smaller
proportion of total irradiance, and the trees blocked less sky radiation than
beam radiation. However, with thin cirrus clouds or haze (DR up to about
0.55 in this study), the distribution of sky radiance is changed little from the
clear sky distribution (Norman, 1975), and reductions were similar to reduc-

1.0 T T T T T ™ T T T

6 1 2 3 4 5 68 .7 .8 .9 1.0

DIFFUSE RATIO

Fig. 8. Average reduction of irradiance in tree shade on the south-facing ‘wall’ on 11 days
of measurements with bare-branch trees and 12 days with trees in leaf. Curves indicate
regressions for mid-sized sugar maple (S). Other trees are a large sugar maple (B), a Lon-
don plane (L), and a Norway maple (N). Circles indicate days with snow on the ground.

AVERAGE FRACTIONAL REDUCTION OF IRRADIANCE
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tions on the clear days. The leafless smaller sugar maple actually showed a
larger reduction with a partly cloudy sky than with a clear sky.

A snow cover and resulting high albedo (a« = Ry/Rg) might be expected to
cause percentage reductions of irradiance by the trees to be small, because
the radiation reflected from the ground might be less affected by the tree
than other radiation fluxes to the wall. On days without snow, a averaged
between 0.15 and 0.24, while on days with snow cover, average « was as high
as 0.80 (Table II). However, when clear days with snow on the ground are
compared to days without snow (Table II), reductions in average irradiance
in shade are about the same. Comparisons of reductions with and without
snow cover are somewhat confounded by different solar geometry and
resulting different transmission paths for beam radiation on days with snow
and days without snow. The days with snow occurred early in the year when
solar azimuths varied over a small range and solar elevation angles were small.
Nevertheless, the results suggest that the tree crowns reduced the reflected
component of radiation flux to the ‘wall’ by nearly the same percentage with
or without snow. Had the wall been farther from the tree, there might have
been significantly smaller reductions with snow on the ground.

Reduction factors. Average reduction in irradiance across the shade pattern
was required for modeling radiation reductions by the representative tree
crowns through the year. The measured values of average reduction in irra-
diance (Fig. 8) are somewhat bunched around a few values of DR. A number
of factors, previously discussed, account for the variation within trees at
similar values of DR. Although there are only three days of measurements
and a fair amount of scatter in the data for the smaller sugar maple in each
of the conditions in-leaf and leafless, by using just these three points (justifi-
cation follows) in regression equations, I derived reasonable relationships
between irradiance reduction r and DR for the mid-size sugar maple. For the
in-leaf condition, the curve plotted in Fig. 8 is given by:

r=0.79 - 0.42DR?
and for the leafless trees:
r=0.39-0.24 DR?

These relationships for r were assumed for modeling radiation reductions by
the representative tree crowns on both south- and west-facing vertical sur-
faces. A more precise model would account for somewhat higher average r
for the west-facing wall because it is shorter than the south-facing ‘wall’ on
which the irradiance measurements were made. Reductions become smaller
with distance from the tree (Fig. 7).

The roof surfaces are more nearly horizontal than vertical, and for both
north- and south-facing surfaces, the same reduction factors were used. Pre-
vious measurements (Heisler, 1982) on both horizontal and vertical surfaces
in the shade of the Norway maple tree showed reductions on horizontal sur-
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faces to be somewhat higher than those on vertical surfaces because vertical
surfaces receive radiation reflected from the ground. Hence, r values were
derived by assuming a constant 0.05 greater reduction by the in-leaf trees on
the roof than on walls and 0.02 greater reduction by the leafless trees on the
roof than on walls. Again, a more precise model would vary r with distance
from the tree, and r for the north roof should quite likely be less than r for
the south roof.

The above functions for r for a ‘representative’ tree seem reasonable in
light of other measurements. Although in Fig. 8 the measured irradiance re-
duction in tree shade is not clearly a function of DR?, previous measure-
ments of radiation reductions on horizontal surfaces in the center of tree
shadows (Heisler, 1982) generally showed a significant relationship to DR2.
The reductions in the leafless condition are about half of the reductions by
the trees in leaf, and this also conforms to results of other measurements
(Heisler et al., 1981; Heisler, 1982; Youngberg, 1983).

Although there were no measurements at high values of DR for the in-leaf
condition, consideration of the shape factor F (Monteith, 1973) of the tree
from points on the wall suggests that the equations for r are reasonable at
high DR. When the sky is overcast, DR is essentially equal to 1.0, and radia-
tion from the sky approaches a uniform distribution. The average reduction
in radiation at points on the wall would then be about equal to 2F times
density of the crown. The average F of the crown at the six pyranometer
locations on the wall was about 0.235 as derived from photos with a fisheye
lens with orthographic projection. For the sugar maple crown in leaf, density
X 2F = 0.87 X 0.47 = 0.41, for a predicted r at DR = 1 that is just slightly
higher than the value of 0.37 predicted by the regression equation. Likewise
for the leafless sugar maple, 0.40 X 0.47 = 0.19, just slightly higher than r
predicted by the regression for the leafless condition.

For the wall areas near the tree that are shaded by the roof overhang, irra-
diance from the sky would be reduced by the tree to some extent. This re-
duction would be approximately proportional to the average view factor of
the tree from points on the wall, and could be so modeled. However, par-
ticularly with trees in leaf, radiation reflected from the tree crown into the
area shaded by the overhang would augment irradiance there. Since these
two effects would tend to cancel each other, the sky irradiance in shade of
the overhang was assumed to be unaffected by the trees.

Solar radiation climate of representative house

The quantities of insolation on different house surfaces through the year
(Fig. 9) suggest where it is important to provide shade in summer and solar
access in winter. More insolation is predicted for the unshaded house in the
more sunny Grand Lake than in State College throughout the year, but
during winter months the difference in insolation is greater. Insolation on
the south-facing wall does not change much throughout the year in State
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Fig. 9. Total monthly insolation on surfaces of representative house in State Collage, PA
and Grand Lake, CO.

College, while in Grand Lake, winter skies are relatively clear and insolation
on the south wall is double that in summer. It is of interest to note that in
May, June and July the model predicts that the north wall receives about the
same quantity of insolation as the south wall. The insolation values for
houses of other architectural designs would vary from these values. For ex-
ample, particularly in summer, the width of the roof overhang would in-
fluence insolation on the south wall.

Although insolation on roof surfaces is greater than on walls, the wall sur-
faces are generally more important for heat input to a house because of the
presence of windows and because walls generally do not provide as much in-
sulation as the combination of roof, attic space, and insulation between attic
and living space. In addition, insulation can usually be added as a retrofit
between attic and living space easier than in walls. In summer, it is more im-
portant to shade the west wall than the south wall because of the greater
insolation on the west wall. The difference between west and south walls
would be even greater, of course, if the house had been oriented north/south
rather than east/west. The east/west orientation was modeled because it is
closer to optimum in utilizing solar radiation (Olgyay, 1963).

When shade on all house surfaces is considered, the tree on the west re-
duces insolation much more in June and July and much less from November
through March than either of the trees on the south (Fig. 10). The trees on
the south do reduce insolation considerably in August, September and Oc-
tober. (Leaves were retained on the sugar maple through most of October,
and the in-leaf reduction factor was used without modification. Some leaves
were also retained into early November, but the reduction factor for leafless
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Fig. 10. Sum of reductions of insolation on surfaces of the representative house by tree
crowns in three different positions in State College, PA and Grand Lake, CO.

trees was used for November.) Throughout the year the taller pruned tree re-
duces insolation on the roof much more than on the south wall.

To better quantify the relative value of the representative tree crowns in
the different positions in providing shade on the house, the year was divided
into an assumed heating season from November through April, and an as-
sumed cooling season from June through September. At most locations in
the U.S.A. near 40°N latitude, the months of June, July and August are
distinctly within a cooling season, on the basis of relative numbers of heating
and cooling degree days (base 18.3°C), while November through April are
distinctly heating season months. In most locations, September has about
the same number of heating and cooling degree days, but normal high tem-
peratures are 24—27°C and daytime shade is often desirable. Hence, Septem-
ber was included in the cooling season. May and October were considered
transition months and not included in either season. Although May averages
more heating than cooling degree days, normal high temperatures at most
locations at this latitude are a mild 21—23°C. October might well have been
included in the assumed heating season on the basis of relative heating and
cooling degree days but even in this month, normal high temperatures are
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TABLE III

Predicted insolation on a rerepresentative house in assumed heating (November through
April) and cooling (June through September) seasons at two locations near 40°N latitude
with different radiation climates (units: GJ)

Season  State College, PA Grand Lake, CO
Living Roof West Total Living Roof West Total
space attic house space attic house
walls wall walls wall
West South West South

Heating 27 51 191 10 333 38 78 268 13 448
Cooling 33 33 266 12 413 37 36 298 13 459
Entire

year 73 103 566 27 922 90 135 690 32 1125

TABLE IV

Predicted insolation reductions by trees on a representative house in assumed heating
(November through April) and cooling (June through September) seasons at two loca-
tions near 40°N latitude with different solar radiation climates

Season State College, PA Grand Lake, CO
Unpruned tree Pruned Unpruned tree Pruned
tree on tree on
On'south On west south On south On west south

Total house

Heating (GJ) 22,2 6.3 20.6 36.2 9.8 324
Cooling (GJ) 16.5 28.7 25.1 20.0 382.7 30.1
Cooling/Heating 0.74 4.56 1.22 0.55 3.34 0.93
Living space walls

Heating (GJ) 7.1 2.6 2.3 i1.9 4.2 3.8
Cooling (GJ) 5.9 10.6 4.9 T:2 124 5.8
Cooling/Heating 0.83 4.08 2.13 0.60 2.96 1.63

generally in the range of 16—20°C in most locations at 40°N, and daytime
shade would not be especially detrimental. Grand Lake with its high eleva-
tion has an atypical temperature regime with no cooling degree days, though
its radiation regime may be typical of some lower elevations. Methods are
available for more precise definition of heating and cooling seasons (Olgyay,
1963; McPherson, 1981; Loftness, 1982); and for managing trees for opti-
mum shade at a particular location, such methods should be used.

Table III summarizes the sums of insolation on walls, attic space, and
entire house in the assumed heating and cooling seasons. An efficient tree
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TABLE V

Reduction in insolation by trees on a representative house in assumed heating (November
to April) and cooling (June through September) seasons as a percentage of total insola-
tion on the entire house and on walls

Season State College, PA Grand Lake, CO
Unpruned tree Pruned Unpruned tree Pruned
tree on tree on
On south On west  south On south On west  south
Total house
Heating (%) 6.7 1.9 6.2 Tt 2.1 6.9
Cooling (%) 4.0 6.9 6.1 4.4 7.1 6.6
Cooling/Heating 0.60 3.6 1.0 0.67 34 0.96
Reductions on walls as percentage of total insolation on all walls
Heating (%) 5.8 2.1 1.9 6.9 2.6 2.2
Cooling (%) 4.8 8.6 3.9 5.3 9.2 4.3
Cooling/Heating 0.83 4.1 2.1 0.77 3.7 2.0

arrangement would yield a high ratio of cooling season to heating season in-
solation reductions. These ratios for the unpruned tree on the west in State
College are greater than 4 when both the total house and only the living
space walls are included (Table IV). The ratios are less than 1 for the un-
pruned tree on the south. The pruned tree is somewhat better than the un-
pruned tree on the south and produces ratios greater than 1 except when the
whole house is considered in Grand Lake (Table IV). Cooling-to-heating-
season ratios are greater in State College than in Grand Lake because of the
lesser winter insolation in State College. Cooling-to-heating-season ratios
calculated in the same way for some other locations at 40° latitude were
generally intermediate between State College and Grand Lake. For example,
Ely, NV and Lincoln, NE had ratios just slightly higher than Grand Lake,
while ratios for Columbus, OH, and New York City were similar to ratios for
State College.

Table V indicates the relative magnitude of the effect of the single trees in
different positions on total insolation on the house. The tree on the west re-
duced total insolation on the house by about 7% and insolation on walls by
about 9% during the cooling season.

CONCLUSIONS AND APPLICATION

Several conclusions can be drawn from the irradiance measurements on
vertical surfaces. The measurements confirm that reductions by leafless deci-
duous trees are substantial on vertical as well as horizontal surfaces. In the
shade of trees without leaves, the average reduction of irradiance on the
south-facing wall beside three sample trees of three different species was
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about one-half of the reduction when the trees had leaves. Previous measure-
ments indicate that reductions of irradiance on horizontal surfaces are gen-
erally a few percentage points higher than on vertical surfaces. For vertical

surfaces close to the tree, changes in ground albedo due to snow do not seem

to greatly affect the percentage of irradiance reduction by trees with 2-m

clear boles.

The method of determining tree crown density by projecting slide photo-
graphs onto a grid of fine lines seems to provide a useful index of average
irradiance reductions under clear skies. Irradiance reductions on vertical sur-
faces in tree shade were generally less than the density estimates, but usually
only about 5 percentage points less. In both determination of tree crown
density and in measuring average irradiance reductions, the whole crown
must be considered and care must be exercised in defining the edge of the
crown because of the difference in density from center to edge.

The measurements and radiation climate model quantify the relative shade
value of mid-sized trees close to the south and west walls of a typical small
house at 40°N latitude, and indicate that a deciduous tree can provide
greater insolation reductions in the heating season (winter) than in the
cooling season (summer) of temperate climates. While sugar maple tree
crowns were modeled as ‘representative’, ratios of total heating to cooling
season reductions would have been similar for the other species for which
irradiance reductions were measured: London plane and Norway maple. The
position of the unpruned tree on the south was selected to provide a large
amount of winter shade, but an even worse position would be about 6 m
farther towards the south, where the tree would provide no shade during
June, July or August, while still providing much shade in winter.

The potential negative effects of trees on the south may be somewhat
smaller than this analysis indicates because costs per energy unit for cooling
are greater than for heating and because solar input to walls is somewhat less
effective in winter than in summer owing to higher wind speeds in winter.
Further, the caution against trees on the south pertains primarily to air-
conditioned buildings. For buildings that are not air conditioned, maximiza-
tion of summer shade without regard for winter insolation reductions may
be the best design. Cooler interior temperatures in summer may be well
worth extra heating costs in winter, and the maximization of summer shade
may obviate the need to install air conditioning.

Trees on the south are particular problems for owners of buildings with
solar collectors. Research coordinated by Thayer (Thayer, 1983; Thayer et
al., 1983; Thayer and Maeda, 1985) has documented potential costs of
blocking solar access and has suggested plans for street tree planting to mini-
mize blockage. The potential negative effects of trees on the south are
greater in less cloudy climates.

Magnitude of radiation reductions would vary with tree density. Average
density increases with tree size until trees become mature. Sugar maple is
one of the most dense species both in leaf and leafless. Norway maple pro-
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vides about the same amount of shade as sugar maple, while London plane
provides somewhat less shade. It has been suggested that some species may
provide large amounts of summer shade, but little shade after leaves have
fallen. However, most species with sparse branching patterns probably also
will have sparse amounts of foliage. Species may be selected for optimum
leaf-out and leaf-fall dates (McPherson, 1981; Halverson et al., 1986, this
issue) to correspond to the cooling season.

In future research, methods could be devised to more easily model shade
patterns. Models of multiple crowns and long-wave energy exchange (Nor-
man and Welles, 1983) could be incorporated with building heat load models
(Schiler and Greenberg, 1979), and the effects of landscape vegetation over
the life cycle of the buildings and vegetation in different climates could be
considered. The vast number of residential building units that might benefit
from “‘precision landscaping’’ (Parker, 1983) justify such efforts.
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