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ABSTRACT

A computerized method for calculating the sky view factor from fish-eye lens photographic negatives is
presented. The images are scanned and stored on CD ROM, each CD holding 100 images. The images can be
retrieved at very high resolutions of up to 2048 X 3072 pixels for one 24 mm X 36 mm negative. The calculations
include corrections for lens projection distortion and restrictions in field of view. They are compared to standard
methods of calculating the sky view factor. For applications of the sky view factor where the effective infrared
radiation is of interest, a method to account for zenith angular variation in atmospheric transmissivity to

infrared radiation is presented.

1. Introduction

Fish-eye lens photography is widely used for char-
acterization of radiation conditions when parts of the
sky are obscured by objects such as vegetation canopies
or buildings. In this way the incident direct and diffuse
solar radiation, as seen from a point, can be estimated
by plotting the solar path on photographs and by ex-
amining the relation between unobscured and obscured
parts of the sky (e.g., Anderson 1964). The exchange
of diffuse radiation between two surfaces can be ex-
pressed as a geometrical factor called the view factor,
angle factor, shape factor, or configuration factor and
was derived by, for example, Reifsnyder (1967) for
radiating surfaces separated by a transparent medium.
The sky view factor expresses the radiative exchange
between a small area and the unobscured part of the
sky above. Based on the concept of view factor for a
transparent medium, Steyn (1980) and Steyn et al.
(1986) developed methods for calculation of the sky
view factor from fish-eye lens images. Calculated using
the former method, the sky view factor has been used
to assess the effective infrared radiation conditions on
clear and calm nights in urban canyons (e.g., Barring
et al. 1985; Eliasson 1992; Oke 1981) and in more
complex environments such as beneath forest canopies
(e.g., Nunez and Sander 1982).

Previously published methods for determining var-
ious view factors and indices from fish-eye lens pho-
tographs make use of positive copies of the photographs
for manual analysis (e.g., Steyn 1980) or digitizing fol-
lowed by computerized analysis (e.g., Chen et al. 1991).
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Chan et al. (1986) used a light sensor for sampling the
light intensity of the image from the negative projected
through a lens system. Olsson et al. (1982), however,
used a scanner for digitizing negatives yielding a max-
imum of 1024 X 1024 pixels. In order to reduce the
computing time, the calculations were performed after
retrieving the image in reduced resolution in an array
of 512 X 512 pixels. Becker et al. (1989) used a video
camera and a digitizer to produce images from nega-
tives in an array of 485 X 572 pixels. The sky view
factor has been calculated from digitized positive paper
copies using a video camera followed by computerized
image analysis ( Béirring et al. 1985). Steyn et al. (1986)
used a frame-store device to digitize images produced
by a video camera equipped with a fish-eye lens. In
this way the circular image was reproduced within a
256 X 256 array of rectangular pixels.

Steyn’s method for computing the sky view factor,
a modified version by Johnson and Watson (1984),
and the method presented by Steyn et al. (1986) were
designed for equiangular projections. However, these
methods do not take into account lens specific devia-
tions from perfectly equiangular projections as pro-
duced by commercially available fish-eye lenses ( Her-
bert 1987). Also, the field of view for fish-eye lenses
varies and often deviates from 180° (Clark and Follin
1988; Evans et al. 1975). When tracking solar paths
and calculating view factors and canopy indices, such
as the leaf area index, from fish-eye lens images, the
lens projective properties including distortion ( Becker
et al. 1989) and restriction in field of view must be
considered.

Calculated using the Steyn (1980) method, the sky
view factor has been used for effective infrared radiation
applications disregarding the fact that air is not com-
pletely transparent to infrared radiation due to its con-

Unauthenticated | Downloaded 08/23/22 02:17 PM UTC



1358

tent of particulate material and greenhouse gases such
as carbon dioxide and the more varying content of
water vapor. For an unobscured clear sky the infrared
radiation transmissivity varies with zenith angle no-
tably due to differences in water vapor content (Uns-
worth and Monteith 1975). The transmissivity is
greatest, and hence the atmospheric counter radiation
is least, in directions near the zenith. This should be
taken into account for applications where the effective
infrared radiation is of interest.

Heavy demands on available computer memory for
storing digitized images can be met by using compact
disk read-only memory (CD ROM). In this paper,
scanning, storing, and retrieving very high resolution
digital images from fish-eye lens photographic negatives
are presented. Also, methods for correcting for lens
projection distortion and restrictions in field of view
as well as the varying transparency of air to infrared
radiation are presented for calculation of the sky view
factor. A comparison is made between the sky view
factor calculated using the Steyn method modified by
Johnson and Watson (1984), the lens projection cor-
rected sky view factor, and the latter factor compen-
sated for the effect of greenhouse gases on the zenith
angular infrared radiation transparency of the air.

2. Sky view factors from fish-eye lens images

The total diffuse radiation flux E from a small surface
area AA is given by

E=nxl, (1)

where I, is the intensity of the radiation in the normal
direction. As shown by Reifsnyder (1967), the view
factor I from AA for a small area AS on the hemisphere
can be expressed as

I = AE _ I,AS cosf _ AS cosf
E Lr? wr?

(2)

where 6 is the zenith angle and r is defined in Fig. 1.
The sky view factor ¥ for the small surface area AA is
the fraction of diffuse radiation leaving A4 and reach-
ing the sky represented by the hemisphere. Also, the
reciprocal case holds; the fraction of diffuse radiation
reaching AA4 from the sky to the total amount of diffuse
radiation from an unobscured sky equals V.

Steyn’s (1980) method for calculation of the sky view
factor is based on dividing the projected image into
annuli of equal width. In the modified version by
Johnson and Watson (1984) the factor can be calcu-
lated exactly over each annulus in an equiangular pro-
jection. The sky view factor ¥ can, however, be cal-
culated from most projections produced by standard
fish-eye lenses but measures to correct from projection
distortion must be taken. This can be done using the
expression of Johnson and Watson (1984 ) but dividing
the image into annuli of equal latitudinal angular
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F1G. 1. Graphical representation of the view factor. Here 6 is the
zenith angle of the middle (by angle) of the annulus, the angles cde
and cdf, denoted 8, and 8., respectively, in the text, correspond to
the zenith angles of the edges of the annulus, and 4 is the height of
the annulus. Modified from Johnson and Watson (1984).

widths where the corresponding width of each annulus
on the projected image can be calculated from a lens-
specific projection formula. In order to maximize the
available number of annuli for calculation of the sky
view factor, however, the following approach is taken.
The area S; of an annulus on the hemisphere is given
by

S; = 2=rh, - (3)

where r and A are defined in Fig. 1. Here A can be
expressed as

(4)

where 6, and 6, are the zenith angles corresponding to
the edges of the annulus (Fig. 1). The area of the sky
part of the ith annulus is thus

h = r(cosb, — éos01),

(5)

m .
S;sky = 27r*(cosf, — cosf;) t—' ,
i
where m; is the number of sky pixels and ¢; is the total
number of pixels in the ith annulus. The sky view factor
is given using (5) in (2) and summing for all annuli:

m

¥ =2 > cosf(cosb, — cost,) t-i , (6)

i=1

where 6, 8, and 6, can be calculated from a lens-specific
projection formula after distance measurements on the
projected image. Corresponding corrections can be ap-
plied to the Steyn et al. (1986) method for calculating
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the sky view factor where the calculations are made
for individual pixels rather than for annuli. Program
code for the initial method is given in Johnson (1990).
For images of homogeneous canopies produced with
lenses with fields of view less than 180°, the annulus
approach makes it possible to approximate the m; /¢;
ratio for the part of the hemisphere that is outside the
field of view of the lens by fitting a polynomial to the
m;/t; ratio for zenith angles within the field of view
and extrapolating the m;/¢; ratios up to 90°.

3. Sky view factor for effective infrared radiation
applications

View factors for a transparent medium are often used
for conditions where the medium separating the ra-
diating surfaces is not perfectly transparent to the
wavelength band under consideration, such as when
infrared radiation is transmitted through air. However,
for such applications of the sky view factor the zenith
angular variation in atmospheric transparency to in-
frared radiation (Fig. 2) should be accounted for. In
an unobscured clear sky the atmospheric emissivity
varies with zenith angle according to

e = a+ blin(usech),

(7)

where ¢, is the emissivity in the zenith angle 6, u (cm)
is the zenith optical path, and a and b are coefficients
dependent on atmospheric stability and content of
particulate material (Table 1) (Unsworth and Monteith

Transmissivity, (1-¢)
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FIG. 2. The transmissivity (1 — ¢) of the sky for various zenith
angles 6 at two surface vapor pressures. Calculated using Eq. (8) for
situations with strong inversion, the zenith optical water path is 0.72
and 3.3 cm, corresponding to a surface vapor pressure of 5 and 20
hPa, respectively. Based on Unsworth and Monteith (1975).
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TABLE 1. Values of the coefficients a and b in the equation ()
= a + b In(u sec 6) as measured in the English Midlands with the
number of observations in parentheses. Data from Unsworth and
Monteith (1975).

Situation a b
Inversions (5) 0.7t = 0.05 0.082 + 0.004
Lapse (11) 0.67 £ 0.03 0.094 = 0.003
All occasions (46) 0.70 £ 0.05 0.090 + 0.002

1975). The zenith optical path may be calculated from
radiosonde data or approximated using an empirical
relationship such as

logu = 0.295(e'/?) — 0.803 (8)

for characteristic air masses over the British Isles, where
u is 1n centimeters and e is the vapor pressure in hec-
topascals at the surface (Monteith 1961). Radiation
reaching any “gray” object is either absorbed, trans-
mitted, or reflected:

™WFHnto =1, (9

where #, is the absorptivity, 7, is the transmissivity,
and p, is the reflectivity for a specific wavelength A.
Using Kirchhoff’s law,

(10)

Y T €,

where ), is the emissivity for a specific wavelength; ap-
proximating the infrared radiation reflectivity of air to
zero, the radiation fluxes, AE and E, in (2), are cor-
rected for varying atmospheric transmissivity to in-
frared radiation by multiplying with (1 — ¢) and (1
— Ehemisphere)»> T€Spectively, Where epemisphere 1S the emis-
sivity integrated over the entire hemisphere. As shown
by Unsworth and Monteith (1975), the emissivity of
a cloudless sky at a zenith angle of 52.5° equals €pem;.
sphere- APplying these corrections on the sky view factors
for the consecutive annuli and summing for all annuli,
the sky view factor ¥, for effective infrared radiation
applications is produced:
2 n

——————— > cosf(cosfd, — cosb,)
(1 - 6hemisphel’e) i=1

¥, =

x (1 —e). (11)
-

1

4. Image generation and analysis
a. Image generation

Fish-eye lens photographs were taken in a mature
forest of Picea abies Karst. L. in Ténnersjé Experi-
mental Forest, south Sweden. The camera was attached
to a tripod, and photographs with the lens facing up-
ward were taken after careful horizontal positioning
by use of a libel mounted on the lens. The exposure
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FI1G. 3. The frequency of different gray levels within one circular
image and the sky view factor ¥ for different threshold levels. The
arrow represents a threshold level midway between black and white.
Few pixels have gray values in the midrange between white and black
and the corresponding blocks do not show well in the figure. The
data-compression procedure included in the Kodak Photo CD system
reduces the frequency of some gray-level values appearing as missing
blocks in the figure.

settings and film were chosen so as to produce high-
contrast images. Fine-grain Kodak Technical Pan film
was exposed at ISO 100 after determining the exposure
settings by measuring toward the sky with a separate
Ashai Pentax spot exposure meter. The base of this
film is made of polyester to make it insensitive to ex-
pansion due to humidity and temperature variations
and thereby suited for distance measurements. The ex-
posed film was developed using Kodak D 76 1:1 de-
veloper, and the negatives were scanned onto and
stored in 256 gray levels on Kodak Photo CDs (Blen-
now 1994), each CD holding 100 images. According
to the manufacturer, the data-compression procedure
included in the system, however, reduces the frequency
of some gray-level values appearing as missing blocks
in Fig. 3. This has no practical importance for the cal-
culation of view factors. The photographs were taken
during overcast weather conditions using a Nikon 8-
mm f/2.8 lens that projects an approximately equian-
gular circular image on the film plane. Based on Her-
bert (1986, 1987), a sixth-order polynomial was fit to
calibration data presented by the manufacturer:
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y = 0.1400 — 4.419 X 107592
+7.654 X 10776° — 6.672 X 107%0* + 9.094
X 1071995 — 4.284 X 107'%9°, (12)

where y (mm) is the distance between the center of the
picture and any point on the circular image on the 24
mm X 36 mm negative and 6 is the zenith angle in
degrees. Laboratory tests using a comparator (Jena,
Germany) confirm the field of view of 180° stated by
the manufacturer at an aperture setting of 2.8. At other
aperture settings the diameter of the image and the
field of view are slightly decreased ( Table 2).

b. Image analysis

The image can be retrieved from the Kodak Photo
CD in five resolutions ranging from 128 X 192 to 2048
X 3072 quadratic pixels for one 24 mm X 36 mm
negative. In the highest resolution the diameter of one
circular image taken with the Nikon lens at f/5.6 cor-
responds to 2004 pixels. The image analysis was per-
formed on scanned negatives using NIH Image 1.56b9
software that was run on a Power Macintosh 8100/80
computer with 41 Mbyte of internal memory. The im-
ages were converted to binary, that is, reproduced as
true black and white, by selecting a threshold value
between black and white. All pixels with gray levels
above this level were considered black, that is repre-
senting a sky-obscuring element, and all pixels with
gray levels below this level were considered white, that
is, representing an unobscured sky. The images should
have high contrast and be retrieved in high resolution
in order to minimize errors imposed from thresholding
on the calculated sky view factor. Following Steyn et
al. (1986), the threshold value was selected midway
between black and white (Fig. 3). The number of ““sky
pixels” and the total number of pixels in each annulus
were calculated and the distance measured between
the center of the image and the center and edges of
each annulus. The zenith angle corresponding to each
annulus was calculated using (12). The field of view
for the Nikon lens used in this study excludes only 0.3°

TABLE 2. The diameter of the image produced by Nikon 8-mm
f/2.8 lens for all available aperture settings. The measurements were
made using a comparator (Jena, Germany), and the corresponding
fields of view were calculated from a sixth-order polynomial fit to
calibration data presented by the manufacturer.

Aperture Diameter (mm) Field of view (°)
2.8 23.01 179.9
4 22.98 179.7
5.6 22.95 179.4
8 2292 179.1
11 22.90 179.0
16 22.89 178.9
22 22.89 178.8
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TABLE 3. Sky view factors calculated: (i) according to Johnson
and Watson (1984), W qyianguar, (i) after correcting for lens-specific
projection properties using (6), ¥, and (iii) adjusting the latter for
two different surface vapor pressure values for situations with strong
inversion, ¥,, using (11). The factors were calculated retrieving the
image in 2048 X 3072 pixels and dividing the image into 125 annuli.

Image \Illiquinnsular ¥ \IIS \I’ZO
1 0.13 0.12 0.13 0.14
2 022 0.21 0.22 0.23
3 0.32 0.31 0.32 0.33
4 0.38 0.36 0.38 0.40
5 0.39 0.36 0.39 0.41
6 0.41 0.40 041 0.42
7 0.43 0.40 043 0.46
8 0.45 0.42 045 047
9 0.50 0.45 0.49 0.53

10 0.50 0.49 0.50 0.52
11 0.51 0.49 0.51 0.52
12 0.61 0.59 0.61 0.63
13 0.62 0.60 0.63 0.65
14 0.62 0.61 0.62 0.63
15 0.65 0.64 0.65 0.66
16 0.69 0.65 0.69 0.72
17 0.78 0.76 0.78 0.80
18 0.79 0.76 0.79 0.82
19 0.92 0.90 0.92 0.93
20 0.94 0.93 0.94 0.95

of the hemisphere near the horizon when used at an
aperture setting of 5.6. This corresponds to a maximum
sky view factor of less than 0.00003. For the environ-
ment where the photographs were taken, the sky close
to the horizon was obscured, thus yielding a sky view
factor of 0, which was used here for zenith angles be-
tween 89.7° and 90.0°.

5. Results

The sky view factor was calculated for 20 images:
(i) according to Johnson and Watson (1984),
WEquiangular> Which for the number of annuli used here
approximately equals the results from using the Steyn
(1980) method, (ii) after correcting for lens specific
projection properties using (6), ¥, and (iii) adjusting
the latter for two different surface vapor pressure values
for situations with strong inversion using (11), ¥,
(Table 3). The factors were calculated retrieving the
image in the highest resolution (2048 X 3072 pixels)
from the Kodak Photo CD and dividing the image into
125 annuli.

The sky view factor ¥ was calculated for various
widths of annulus with the number of annuli # ranging
from 1 to 1002 for an image retrieved in the highest
resolution (Fig. 4). For three images retrieved in the
five available resolutions, including the image used in
Fig. 4, the sky view factor was calculated using the
maximum number of annuli for each resolution
(Table 4).
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FIG. 4. The sky view factor ¥ calculated from the image reproduced
in Fig. 3 retrieved within the highest resolution (array of 2048 X 3072
pixels) using various numbers of annuli for the calculation.

6. Discussior and conciusions

The method for analyzing photographic images that
is presented here not only uses the more direct way of
analyzing the image retrieved from the scanned neg-
ative, but also the Kodak Photo CD presents an easily
accessible and compact way of storing large data quan-
tities as produced by high-resolution scanning of neg-
atives.

It is shown that deviations from perfectly equiangular
projections and restrictions in field of view as produced
by commercially available fish-eye lenses affect the re-
sults of view factor calculations. Simple methods to
account for such deviations are presented. The Steyn
(1980) and the Johnson and Watson ( 1984) methods
overestimate the sky view factor when used on images
produced with the Nikon 8-mm /2.8 lens, which gives
an approximate equiangular projection and only has
a minor restriction in field of view (Table 3). De-
pending on the lens-specific angular calibration func-
tion, the bias is, however, likely to be even greater when
using many other commercially available fish-eye
lenses due to larger lens distortion (Herbert 1987).
Also, the restriction in field of view for some com-
mercially available fish-eye lenses is much larger than
for the Nikon lens used in this study. Clark and Follin

TABLE4. The sky view factor ¥ for three images, A-C, retrieved
in five resolutions using the maximum number of annuli for each
resolution, respectively. Image B corresponds to the image used in
Figs. 3 and 4.

Pixel array n A B C
128 X 192 63 0.221 0.322 0.389
256 X 384 125 0.219 0.320 0.386
512 X 768 250 0.212 0.315 0.379
1024 X 1536 501 0.208 0.314 0.377
2048 X 3072 1002 0.205 0.313 0.377
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(1988) report a field of view for the Sigma 8-mm, /4
lens of only 160° although a 180° field of view is stated
by the manufacturer. A reduced field of view not only
produces images that are omitting parts of the hemi-
sphere, but the diameter of the projected image on the
negative corresponds to a solid angle of less than 180°,
an angle that must be known when calculating the sky
view factor.

Retrieving an image in high resolutlon makes the
choice of threshold level less critical since aggregation
of pixels to produce a smaller pixel array yields higher
frequencies of “mixed pixels.” This is especially im-
portant for calculating the sky view factor in complex
environments such as beneath forest canopies. How-
ever, the number of annuli may be less than the max-
imum of 1002 at f/5.6 since the value for the sky view
factor stabilizes when using more than about 20 annuli
(Fig. 4). Using fewer annuli, each annulus spans a lat-
itudinal angular width that is too wide to be represented
by 6 in (6). At 20 annuli, this gives a maximum error
of less than 0.0008. A reasonable compromise between
accuracy and time consumption for the calculation of
sky view factors for complex environments would be
to retrieve the image in 2048 X 3072 pixels and divide
the image into about 20 annuli for the calculation.
However, the results of the calculations are acceptable
down to a resolution of 512 X 768 pixels, which also
reduces the requirements on computer 1nterna1 mem-
ory (Table 4).

The zenith angular variation of the atmospheric
transmissivity to infrared radiation is shewn to thor-
oughly affect the sky view factor. Hence, this variation
should be considered when calculating the sky view
factor for applications where the effective infrared ra-
diation is of interest. In urban environments, special
consideration may be needed for air pollutants that
further reduce the transparency of the air to infrared
radiation.
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