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ABSTRACT

Observed timings of 244 sunrises and 125 sunsets were used to determine the
astronomical refraction of the Sun's upper limb at the moment of sunrise and sunset
on a zero horizon. Mean astronomical refraction was found to be 0.669° with a
standard deviation of 0.175° and a total range of between 0.402° and 2.081°.
Mean sunrise astronomical refraction was found to be 0.714° with a standard
deviaticn of 0.184° while the mean sunset astronomical refraction was 0.579° with
a standard deviation of 0.108° . There appears to be a strong seasonal effect on the
monthly mean and standard deviation of the astronomical refraction. Both the
monthly mean and standard deviations of the sunrise and sunset astronomical
refraction appear to reach a maximum during the colder months. Astronomical
refraction appears to be strongly correlated with surface temperature and the surface
vertical temperature gradient. The standard deviation of the astronomical refraction
also appears to be strongly correlated with the standard deviation in the surface
vertical temperature gradient. All, except cae anomalous event, took place during
surface inversion conditions and are typically, but not exclusively, a cold weather
phenomenon. The observed azimuthal location of a selection of sunrises around the
winter solstice, appear to show the possible existence of systematic horizontal
refraction of 0.19° +0.1°. Comparison of the astronomical refraction found in the
present study and that predicted by the Astronomical Almanac, shows a strong
correlation with the difference between the observed and predicted refraction and the
surface vertical temperature gradient. The monthly standard deviation of the
astronomical refraction appears to place severe restrictions on claims regarding the
astronomical knowledge of Neolithic people. Specifically, the claims of A. Thom
(1971). that Neolithic observers could determine the obliquity of the ecliptic to an
accuracy of 0.01° and determine the exact date of the solstice. The resuits also
suggest that the alignment of the Egyptian Pyramids with the cardinal points could
have been achieved using the azimuthal position of summer solstice sunrise and
sunset.
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CHAPIER 1.

INTRODUCTION

1.1 Introduction

This investigation originated as an amateur study into the frequency of
anomalous sunrise and sunset timings. Sunrise and sunset are defined as the moment
at which the upper limb of the sun appears or disappears on the horizon of the
observer (see Figure 1.1.1) (readers that are unfamiliar with the astronomical or
meteorological terminology used in this study, should refer to the glossary in
Appendix A). The equatorial coordinates of the Sun are known to an accuracy of
about 0.1" (3 x 10 * degrees) and the semidiameter to about 0.01" (3x10™° degrees
or 10 * % of the semidiameter of the Sun) (The Astronomical Almanac, 1992).
Therefore, the rising and setting time of the geometric Sun should be predictable to
less than a second. Yet, before the sunrise or sunset can be observed, the light of the
Sun must pass through the atmosphere of the Earth. As sunlight traverses the
atmosphere it passes through a gradient of atmospheric density and, following Snell's
Law, the rays of sunlight are refracted before they reach the observer (see Figure
1.1.2). The refractive behavior of light from astronomical objects at zenith angles
less than 75° (greater than 15° in altitude) is well understood and quite predictable
(Humphreys, 1964 pp. 454-462), yet at zenith angles greater than this, the amount of
refraction is highly variable and is only known through observation and approximate
empirical expressions (The Astronomical Almanac, 1992, p. B62).

Published times of sunrise and sunset are usually determined using a fixed value
for the amount of astronomical refraction R, experienced by the Sun at the moment
of sunrise or sunset. For simplicity, most computer programs use 0.57° (Green,
1985, p. 95) as the assumed astronomical refraction at the moment of sunrise or
sunset on a zero horizon. Previous investigations have found the amount of
refraction at sunset, taken from a number of geographical sites looking at a sea
horizon, varies with a total range of between 0.234° and 1.678° and a standard
deviation of 0.16° (Schaefer and Liller, 1990) Since computer programs require
decimal degrees and Schaefer and Liller's results were also given in such units, the
astronomical refraction found in this work shall be given in decimal degrees.

In this investigation, the astronomical refraction R, at the moment of sunrise
and sunset has been determined for a large number of both sunrises and sunsets as
ouserved from two geographical locations separated by about 2 km. All observations
were performed by the author using the same technique. The overall variation in
astronomical refraction at sunrise and sunset is determined and then compared with
the published results of Schaefer and Liller. The possibility of significant horizontal
refraction is also explored for a sample of observations. Seasonal variations in
astronomical refraction are determined by examining the amount and variability as a
function of the time of year. Diurnal variations in astronomical refraction are also
explored through differences between sunrise and sunset data. To further develop a



simple predictive model based on the physical principles of refraction, the amount of
astronomical refraction is compared to the surface temperature, surface pressure and
the surface vertical temperature gradient.

The results are then used to examine the claims that certain Neolithic
structures in the British Isles were deliberately aligned with the exact azimuthal
location of the summer solstice sunrise or sunset or other celestial rising and setting
points. (Thom, 1971 pp. 36-44, Mackie, 1974, Heggie, 1981). As illustrated in
Figure 1.1.3, a variation in the amount of astronomical refraction will lead to a
corresponding variation in the observed azimuth of the rising or setting sun. This
variation in observed azimuth will place restrictions on the accuracy of these
observations and the validity of the subsequent claims. These results can also be
applied to the problem of the accurate alignment of the pyramids of Egypt to the
geographical cardinal points (Haack. 1984).

Local Horizon

Zero Horizon

Refracted Sun

Geometric Sun

Figure 1.1.1: The moment of sunrise or sunset as observed from a
particular geographical site, is the time at which the upper limb of the
refracted Sun meets the local horizon. The zero horizon is a hypothetical
horizon at an altitude of 0° or a zenith angle of 90°. The geometric Sun
is the unrefracted image of the Sun. The angle, K,, is the amount of
astronomical refraction while, s, is the semidiameter of the Sun.  The
refracted Sun appears oblate due to the lower limb of the Sun
experiencing more refraction than the upper limb.
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Figure 1.1.2: A schematic diagram showing astronomical refraction R,

and the relationship between thc light path and the position of the
geometric and refracted Sun at the moment of sunrise or sunset on a

zero horizon.
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Figure 1.1.3: The time and azimuthal position of sunrise (or sunset) is a
function of the amount of atmospheric refraction. This schematic
diagram shows the path of the geometric Sun below the horizon as it
approaches sunrise. If the amount of atmospheric refraction is R, then
sunrise occurs at time 7, and at azimuth 4. If the refraction is R, then

sunrise occurs at time 7, and at azimuth 4,.



CHAPTER 2

EXPERIMENTAL PROCEDUKE

2.1 Calculating Astronomical Refraction from the Time of Sunrise and Sunset.

If the altitude of the geometric Sun can be found for the moment of sunrise or
sunset, then the amount of astronomical refraction R, can be found through the
formula:

R =a -a,-s+n (2.1.1)

where s is the semidiameter of the geometric Sun. a, is the altitude of the horizon at
the point of sunrise or sunset (adjusted for the effects of terrestrial refraction as
outlined in Section 2.5) and, a, is the altitude of the centre of the geometric Sun
above or below the zerc horizon (see Figures 2.1.2 and 2.1.3). The variable  is the
solar horizontal or diurnal parallax (Illingworth, 1980, p. 206). Sinc< the equatorial
coordinates of the Sun are geocentric (i e., as seen from the centre of the Earth) a
correction must be made to the altitude of the Sun as seen from the surface of the
Earth. At the time of sunrise and sunset, the distance from the centre of the Earth to
an observer at the surface, is at right angles to the line joining the centre of the Earth
and the Sun and therefore, the parallax is at a maximum (see Figure 2.1.1).

Observer
I % —O
Sun
rC
Earth

Figure 2.1.1: Horizontal or diurnal parallax at sunrise or sunset (not to scale).

The global maximum value for the solar horizontal parallax is found through
the formula: (Green, 1985, p. 102)

sin 7= lr" (2.1.2)
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Where r, is the mean radius of the Earth and, D), is the distance to the Sun. The
maximum solar horizontal parallax varies between 0.00248° at perihelion (the
moment when the Earth is at its closest to the Sun, occurring in early January) and
0.00240° at aphelion (early July). An average value of 0.00244° is used in this
study.

s | 0cal Honzon

a;
X Zero Horizon
R 0 Refracted Sun
a,
s I\
\l/ 4 —
|

Geometric Sun

Figure 2.1.3: The relationship between the astronomical refraction K,,
horizon altitude a, , altitude of the centre of the geometric solar disc
a, and the semidiameter of the geometric Sun, .

If the time, equatorial coordinates of the geometric Sun, and geographical
coordinates of the observer are known (see Section 2.2 for geographic coordinates),
then the altitude a, of the geometric Sun above or below a zero horizon ¢zu be
determined from the formula (Green, 1985, p. 28):

sina, = sin &sin ¢+ cos H cosdcos @ (2.13)

where ¢ is the geographic latitude of the observer, & is the declination of the centre
of the soiar disc and, H is the hour angle.

The declination & for the centre of the disc of the geometric Sun was found
using formulae developed by Meeus (1988, pp. 79-82). The accuracies of the



resulting sample values were checked against selected values in the tables of the
Astronomical Almanac (1992, pp. C4-C19) and were found to vary by no more than
+0.0003° or 0.056% of the solar semidiameter.

The hour angle / can be found from the formula:

H=1-a (2.1.4)

where ¢, is the sidereal time of the observation (expressed in degrees), and a is the
right ascension of the object. The right ascension of the centre of the solar disc was
again calculated from the formulation by Meeus (1988). Test values were found to
be within 1 arc second of selected values in the Astronomical Almanac. The sidereal
time was also found through a series of formulae described in Meeus (1988, pp. 39-
41). Selected test results were checked against selected values derived from tables in
the Royal Astronomical Society of Canada's Observer's Handbook and were found to
differ by no more than 0.5 seconds.

The semidiameter of the disc of the geometric Sun s was also found from a
series of formulae in Meeus (1988, pp. 79-82 and p. 185). These were checked
against selected values in the Astronomical Almanac and were found to differ by no
more than 0.01 arc seconds.

To examine the effect of the above discrepancies on the computer model,
values of solar declination, r ‘ht ascension and semidiameter from the tables in the
Astronomical Almanac, were placed into the computer medel. The almanac values
changed a selected sunrise and sunset time by about 0.6 seconds and the altitude of
the geometric Sun by no more than 0.002°. This is well within the timing
uncertainty of the observed sunrises and sunsets which was typically about + 2
seconds.

2.2 Observing Sites

Edmonton has a continental climate with no large bodies of water nearby. The
local topography is relatively flat with the foothills of the Rocky Mountains
approximately 80 km to the west and the Rocky Mountains starting about 200 km
further west. The climate is classified as Dfc in the K3ppen classification system,
where the average temperature of the warmest month is greater than 10° C but below
22°C and the coldest month is below 0° C (Henderson-Sellers and Robinson, 1986,
pp. 210-214). The lowest winter temperature in Edmonton was -49.4° C (January
19, 1886 and February 3, 1893) and the highest summer temperature was 37.2°C
(June 29, 1937).

Two observing sites were used, both in central Edmonton. The first site was an
apartment building with an unobstructed view of the eastern horizon and a partially
obstructed western horizon. Three locations in the building were used depending on
the time of year and whether a sunset or sunrise was to be observed. Two indoor
locations, both at an elevation of 687 +1m (22m above the ground level), were used
to observe sunrises from about November 3 to February 2 and sunsets between April
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3 and May 1 and between August 10 and September 11. A roof-top site in the same
building with an elevation of 704+1m was also used to observe sunrises trom
February 3 to November 2 and sunsets from about September 14 to October 3. The
latitude and longitude of the site used to observe sunrises between November 3 and
February 2 were determined by measuring the distance from a survey monument
located about 20 m northwest of the apartment building :

53°31'33".57 +£0.06", 53.52599°+0.00002° N
113°29'14".35 £0.10", 113.48732°+0.00003° W

The second site was located 2240 m to the west, on the roof of the Henry Marshall
Tory Building on the campus of the University of Alberta. The elevation of this site
is 728+ 'm. From this site, sunsets could be observed throughout the year on an
unobstiucted western horizon. Sunsets were observed from this site between
October 5, 1992 and March 26, 1993 and between May 10 and July 17, 1993, Using
a 1:40000 map (Alberta Bureau of Surveying and Mapping, 1982), the geographic
coordinates of this site were determined to be:

53°31'41" +1", 53.5281°+0.0003° N
113°31'10" +£1", 113.5194°+0.0003° W

The aigher accuracy of the apartment coordinates was required for the
azimuthal survey discussed in Section 2.6.

2.3 Observational Technique

Sunrises and sunsets were observed using a pair of 7x20 binoculars and, when
appropriate, a number 14 welding filter. Timings were performed with an electronic
timer synchr-nized with a digital quartz watch. The watch in turn was synchronized
with th:3 tine signal from radio station WWV. Errors in synchronizing the timer with
the digital watch and the radio time signals, plus uncertainties in the timing of the
sunrise or sunset event, were estimated to produce a total uncertainty of about 2
seconds for each observation. The observational uncertainties are consistent with
those estimated by Schaefer and Liller. Observations with a suspected uncertainty
greater than about 10 seconds were discarded. The larger uncertainties were usually
produced when cirrus clouds near the horizon scattered sunlight near the disc of the
Sun thus obscuring the limb.

At the moment of sunrise or sunset, when only a small point of sunlight was
visible, no optical filtering was necessary. A number 14 or 13 welding filter was used
to view the sun at higher altitudes.

The azimuthal location of sunrise could be predicted by observing the intensity
of scattered light in the twilight sky. A minute or two before the sunrise, a bright red
or orange hemispheric glow about 1° in diameter would mark the lozation of the Sun
below the horizon. A few seconds before sunrise, sunlight could sometimes be seen
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outlining trees and other distant horizon objects immediately above the position of the
Sun. This appeared to be caused by diffraction of sunlight around the sharp edges of
distant objects. Once the sunlight reaches the Earth it is essentially a plane wave
front. When a plane wave front encounters an obstacle, a circular wave front spreads
out from its edges. Therefore, a portion of the sunlight will be directed away from
the original line of motion and, as a result, a glow can be seen around the edges of the
obstacle.

A sketch of the relative location of sunrise or sunset on the horizon was made
when convenient landmarks were available. The horizon from both sites had few
featureless portions.

2.4 Measurement of Horizon Altitude

As outlined in Section 2.1, the amount of astronomical refraction derived from
the time of sunrise and sunset depends on a,, , the altitude of the local horizon at the
time of the sunrise or sunset. The topography of Edmonton and the surrounding
terrain is relatively flat but it shows enough variation from a zero horizon to produce
a measurable effect on the time of sunrise or sunset.

The local horizon for :*e sunrise or sunset events observed from each site was
established using measuren: -ius made with a Wild Heerbrugg theodolite. The
theodolite was set up at the same location and at the same eye-level as used at the
moment of the sunrise and sunset observation. In order to standardize the data,
measurements were made during mid-day when abnormal refractive conditions were
assumed to be minimized and relatively constant. This assumption was based on the
understanding that abnormal refraction is most common during surface temperature
inversion conditions (Bomford, 1980 pp. 237-241 and Schaefer, 1989). These
conditions are most common during the night and early morning when radiative
cooling of the Earth's surface produces a surface inversion layer (Wallace and Hobbs,
1977, pp. 342-344). From extensive observations of horizon mirages taken during
the same period as the study, it appears that abnormal refractive phenomena typically
take place during the morning and during calmer conditions. As the day progressed
these mirages would typically diminish and eventually disappear. Therefore, attempts
were made to take horizon altitude measurement only during periods of warmer
temperatures and moderate wind speed, in order to ensure boundary layer mixing.
To check the validity of the above assumptions and the consistency of the altitude
measurement, a distant reference point on the horizon was measured at the beginning
and the end of each session of observations. The measured altitude of these standard
reference points appeared to have an uncertainty of no more than 0.0008° (see Table
24.1).

Standard surveying techniques were used to measure 170 horizon points. Each
point was measured 6 to 10 times depending on the unevenness and thus the
suspected uncertainty of ibe profile. The standard deviation of the measurements
ranged from 0.001° to 0012 with a mean of 0.0013° which is similar to, though
higher than, the standard deviatior: for the reference points listed in Table 2.4.1.



Reference Point a sSb

) )
Horizon directly behind CFRN 0.0715
TV Antenna (west horizon) 0.0717
0.0728

Mean:  0.0720 0.0007

Horizon directly behind 0.2072
old International Airport 0.2075
Radome 0.2069

Mean: 0.2069 0.0003

Horizon directly behind 0.1636
Bonnie Doon Radio Antenna 0.1628
(near equirox sunrise) 0.1628
0.1617

6.1617

0.1633

0.1619

0.1619

Mean:  0.1625 0.0008

Radio antenna near winter -0.0947
solstice sunset from Tory -0.0922
Mean: -0.0934 0.0012

Table 2.4.1: Altitude measurements of standard horizon reference points.
Each measurement is the average of 6 to 10 theodolite readings. The
radome used in this survey was dismantled in May of 1994. The first three
reference landmarks were measured from the apartment site. Both
reference measurements from the Henry Marshall Tory building were
performed on the same day.
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To check the validity of the theodolite method, the altitude of two reference
landmarks was measured using an independent trigonometric method. The horizon
directly behind the CFRN TV antenna in the east end of Edmonton and the old
international airport Radome southeast of Edmonton were approximately 20
kilometers distant and could be easily identified on 1:50000 topographic maps
(Surveys and Mapping Branc ., Department of Energy Mines and Resourses, 1980).
The altitude « of the landmark (ignoring the effects of terrestrial refraction) is found
using the law of cosines:

-

(r+m) ~(r.+h) -d°
2d(r, +h)

sina =-— 24.1)

where r. is the mean radius of the Earth (6.371004 x 10°m), d is the distance from
the observer to the landmark in m, A, is the elevation of the observer in m and, h, is
the elevation of the landmark in m. The results of this test were in good agreement
with the values found from the theodolite and are shown in Table 2.4.2.

Reference Point Trig. Method Theodolite
(from apt. bldg.) ©) )
CFRN tower 0.08+0.02 0.0720+0.001
Radome 0.18+0.02 0.2072 +£0.0003

Table 2.4.2: Comparison between the trigonometr and theodolite
method of horizon measurement. The uncertainty in the trigonometric
method was determined through an error propagation method outlined in
Appendix A (Taylor, 1982 p. 73) while uncertainties in the theodolite
measurements are standard deviations from a series of measurements.

2.5 Terrestrial Refraction and Horizon Altitude.

The measured altitude of a distant horizon is also affected by atmospheric
refraction. The tendency will be to increase the apparent altitude of the horizon. The
vertical refraction of the geometric Sun must therefore, include the increase in the
apparent altitude of the horizon (see Figure 2.1 2 and 2.5.1). To distinguish this from
the effects of ret «tion on the position of the Sun, refraction of the horizon shall be
referred to as terresirial refraction while refraction of the Sun shall be called
astronomical refraction.

11



Refracted Honzon

R

t

B Unrefracted Honzon
Refracted Sun R

Geometric Sun

Figure 2.5.1: Terrestrial refraction and the resulting position of the
refracted Sun at sunrise or sunset. Astronomical refraction is labeled K,
while terrestrial refraction is R,.

Changes in the vertical density distribution of the atmosphere lead to changes in
the vertical gradient of the index of refraction. The optical path length to the horizon
is substantially shorter than the total path length for sunlight at the moment of sunrise
or sunset. At the same time, the elevation difference between the observer and the
horizon, during this experiment, is assumed to be relatively small and therefore the
optical path length to the horizon traverses a nearly homogeneous layer of
atmospheric density. Hence, it is assumed that the amount of refraction of the
horizon will be correspondingly smaller.

A number of approximate, empirical expressions have been developed to
estimate terrestrial refraction. Brinker and Wolf (1984, pp. 102) provide the simple
expression:

R =0.011d* (2.5.1)

where R, is the refraction measured in m, at distance d from the observer, in km.
This appears to assume a parabolic ray trajectory, since the amount of refraction
depends on the square of the distance. This is also the method used by Lehn (1983)
where the ray trajectory is assumed to be a parabola through a layer of air with a
linear temperature distribution specified by the temperatures at the two boundaries.

For a distance of 20 km, Equation (2.5.1) produces a result of 4.4 m, which
corresponds to an angular displacement of 0.0126°. This method ignores the
effects of any changes in the vertical density distribution and thus ignores the effects
of abnormal atmospheric refraction.



An empirical method is outlined in Thom (1958) where extensive .urveys of
distant hilltops produced the following expression for a refractive coefficient K:

K=88+14y. , ~03Tw 022y ,w (2.5.2)

where 7, , is the measured surface lapse rate (in degrees Fahrenheit per foot and

negative for an inversion) and w is the wind speed on the Beaufort scale. Although
Thom does not give a physical explanation for the connection between the wind
speed and refraction, it appears reasonable that increased wind speed could assist in
mixing the surface temperature inversion layer and thus reducing the refraction. The
amount of terrestrial atmospheric refraction R, in seconds of arc, is found from the

formula

Kd p..
R, = Py 2.53)

7

where d, is the length of the ray path in feet, p,. is the surface pressure in inches of
Mercury and, 7,. is the surface temperature in absolute degrees Fahrenheit. For a
temperature of 518.7 F (15 °C), a pressure of 27.4 inches of Mercury (930 mb, a
typical value for Edmonton), a lapse rate of 0.0055 °F/ft (0.01 ° C/m), wind speed
of 3 on the Beaufort scale (about 6 m/s) and a distance of 65620 e (20 km) the

resulting refraction is 51.9",
Bomford (1980, pp. 233-243) also attempts to find the standard amount of

terrestrial refraction (in radians) through the formula:

R =

{4
v

4

(2.5.4)

where d is the distance between the observer and the horizon in m, r, the radius of
the Earth (6.371004 x10° m) and & is the radius of curvature of the light ray found
through the expression:

252p dT)
T ( dh ( )
where p is the pressure in millibars, 7' is the absolute temperature in degrees Kelvin,

and d7/dh is the vertical temperature gradient in degrees per m (positive for an
inversion). Using the same values as in the previous example, the resulting refraction
at 20 km is 44.3". The results of the three methods are summarized in Table 2.5.1.



Method Terrestrial Refraction

") (°)

Brinker and Wolf 454 0.0126
Thom 519 0.0144
Bomford 443 0.0123

Table 2.5.1: Comparison of threc methods for determining the terrestrial
refraction of a distant horizon. Horizon distance 20 km, surface
temperature 15°C, surface pressure 930 mb, wind speed 20 kph, and
surface vertical temperature gradient -0.01°C/m (lapse rate of
0.01° C/m). Brinker and Wolf's method does not use any meteorological
data. The second and third columns show the calculated terrestrial
refraction in seconds of arc and degrees.

Thom felt that his empirical method was incomplete. The use of the Beaufort
scale and British units 1n Thom's formulae also makes calculation somewhat
cumbersome. Brinker and Wolf's method makes no allowances for changes in
atmospheric conditions and is therefore, also unsuitable. Consequently, Bomford's
method was adopted for this investigation.

For this investigation Equation (2.4.1) was used to estimate the distance to the
horizon from each observing site. Distances and elevations along a particular sight-
line were derived from 1:50000 topographic maps (Surveys and Mapping Branch,
Department of Energy Mines and Resourses, 1980). A series of sight-lines were
drawn on the map separated by about 10°. The distance to each contour linc
(representing an elevation change of 25 ft or 7.62 m) and its corresponding elevation,
was substituted into Equation (2.4.1). The location of the maximum altitude aleng
the sight-line then determined the distance to the local horizon (see Appendix C for
an example).

The results were checked by comparing the corresponding location of two
horizon landmarks on the topograpnic map (the old International Airport radome at
azimuth 129.6° from the apartment site and a microwave transmission tower
between Edmonton and the town of Sherwood Park at azimuth 90.0°, also observed
from the apartment site). The numerical method outlined above, gave the same
horizon distance for the radome as the distance found on the topographic map (the
radome was located on a contour line). The two methods differed by 2.6% for the
microwave tower.

Relatively large differences in horizon distance were revealed by using a pair of
7x20 binoculars to examine the overall visual contrast between the horizon features
and the adjacent sky. As the distance to the horizon increases scattered light reduces
the observed contrast. From this analysis, a number of horizon distance regimes
became apparent. Average distances to each horizon regime were determined by
taking the average of a number of calculated horizon distances along different sight
lines within the regime. The boundary between two adjacent regimes was located by
noting the location of the change in visual contrast with respect to prominent horizon



landmarks (see Figure 2.5.2). The azimuthal position of the regime boundaries
established which sunrise or sunset events would occur in a particular horizon regime.

Horizon Regime Boundary

Horizon Regime "A" X Horizon Regime "B" \
/

4
N\

Closer Horizon Farther Horizon

Figure 2.5.2: Horizon regime boundary. Horizon regime "A" appears
darker and is therefore closer than horizon regime "B".

Three regimes were established for the sunrise horizon and five for the sunset
horizon. The sunset horizon between azimuth 230° and 270° shows a relatively
high degree of variability due to numerous small hills over relatively flat terrain. The
standard deviation of the five horizon distances for the 230° to 270° regime is 3.0
km A visual examination of this horizon regime with 7x20 binoculars showed the
apparent horizon distance varying noticeably and frequently over relatively small
azimuthal distances (i.e. less than a degree of azimuth).

A summary of the calculated horizon distances appear in Table 2.5.2 and the
corresponding regimes in Table 2.5.3.

The estimated altitude of the horizon at the time of the sunrise and sunset
events a, was determined through the following expression:

a,=a,—R,+ R, (25.6)

Where g, is the altitude of the Lorizon as measured by the theodolite. The variable
R, is the terrestrial refraction of the horizon during the time of the theodolite horizon
survey and is found by substituting the estimated horizon distances and
meteorological conditions at the time of the theodolite horizon survey into Equations
(2.5.4) and (2.5.5). The variable R, is the terrestrial refraction at the time of the
sunrise or sunset event, estimated by substituting the meteorological conditions at the
time of the observed sunrise and sunset event into Equations (2.5.4) and (2.5.5).

The average terrestrial refraction of the horizon for all of the sunrises in the
data set was found to be 0.033°, with a minimum value of 0.008° and a maximum
of 0.123%. For sunsets, the average was 0.013°, the minimum -0.003° and the
maximum 0.035° .
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Observing Site Azimuth Horizon

) Distance
(km)
Apartment roof top 45.6 23.0
(sunrise) 60.5 26.6
72.0 27.5
85.5 11.9
90.0 9.7
96.0 11.8
117.6 12.0
Apartment kitchen window 124.6 12.0
(sunrise) 1295 18.8
Tory roof top (sunset) 230.0 18.9
240.0 203
250.0 12.3
260.0 14.1
270.0 14.4
Apartment roof top 270.4 14.0
(sunset)
Apartment balcony 280.5 16.1
(sunset) 286.0 154
291.1 36 .4
2959 11.6
Tory roof top (sunset) 301.0 323
319.0 328

Table 2.5.2: Calculated local horizon distances.



Observing Site (event)

Apartment (sunrise)

Tory (sunset)

Apartment (sunset)

Tory (sunset)

Apartment (sunset)

Table 2.5.3: Local horizon distance regimes for particular observing sites and
dates of sunrise or sunset observations. Column 2 give the dates of sunrise or
sunset visible over the particular horizon regime. Dates with years indicate
those periods where observations were made from either the apartment or the

Tory sites.

Dates

Dec. 3to Jan. 9

Jan. 10to Apr. 4
Apr. 5 to Sept. 7
Sept. 8 to Dec. 2

QOct. 5 to Mar. 26

Mar. 21 to 23, 1992
Sept. 14 to 30

Sept. 18 to Oct. 3
Mar. 27 to Apr. 14
Apr. 15t0 20

Apr. 21 to May 3

May 4 to Aug. 11
Aug. 12to 14

Aug. 15t0 20
Aug. 30 to Sept. 10

Mean Distance
to Horizon (km)

18.8
11.4
25.7
114

16.0

14.0
14.0
14.0
15.8
36.4
11.6

349
11.6

349
15.8
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1deally, the altitude of the horizon should be measured at the moment of sunrise
or sunset. Refractive conditions producing anomalous sunrise and sunset times such
as those described by Lehn (1979) may also produce correspondingly anomalous
horizon altitudes that may not conform to Bomford's formulation. The results in
Lehn's work suggests that a mirage phenomenon like the Novaya Zemlya effect,
would tend to increase the horizon altitude even more than is predicted by Bomford's
formula. A possible example of this effect occurred during the sunset on January 14,
1993 (Universal Time) when the Sun set about 7 minutes later than predicted (see
Figure 2.5.3). This mirage phenomenon appears to be relatively rare, occurring only
on one other occasion during this study (sunrise on July 24, 1992). This event
showed a similar amount of vertical displacement of the horizon as the January 14,
1993 event. Due to the rarity of the phenomenon, the statistical results of this study
should not be greatly affected, but in further studies of sunrise and sunset refraction
one should consider measuring the altitude of the horizon at the time of sunrise or
sunset.

/TV antenna

Power poles Setting Sun Normal
Horizon

January 12, 1993

Mirage Horizon Setting Sun

Ay
| o1s

January 14, 1993

Figure 2.5.3: A possible example of anomalous terrestrial refraction.
On January 14, 1993 the sunset occurred on a different horizon appearing
behind and higher than the normally observed horizon . The TV antenna
and power poles, which are normally silhouetted against the sky, were
seen in front of the new horizon. This event appeared to be a sunset on a
more distant horizon which was refracted to an altitude above the normal
horizon. The altitude of the mirage was estimated by comparing the new
horizon's position with respect to the TV antenna. The horizon appeared
about one quarter the height of the tower, which was at a distance of 13.4
km and 137 m tall.
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2.6 Measurement of Horizon Azimuth.

In order to measure directly the amount of observed variation in azimuth, 4,
due to possible horizontal astronomical refraction, it was necessary to determine the
azimuth of the sunrise or sunset. The point on the horizon where sunrise and sunset
occurred was found by comparing its relative position to distant horizon landmarks
like power poles and radio antennae. This was achieved by sketching the observed
position of sunrise or sunset with respect to the nearest horizon landmarks on either
side of the sunrise or sunset. The uncertainty in this positioning was greatest when
the reference landmarks were farthest from the point of sunrise or sunset. When
landmarks were plentiful (for example, around the winter solstice sunrise), the
uncertainty was estimated to be no more than 0. 13°. Azimuthal positions of these
sunrise and sunset points were found by measuring the horizontal angular
displacement of the landmarks from a reference horizon landmark. This was
performed with the same theodolite used in the horizon altitude survey. The
precision of this measurement was estimated to be about +0.5' or about +0.01° . The
azimuth of the landmarks was then found by adding the angular displacement to the
azimuth of a reference horizon landmark

The azimuthal position of the reference horizon landmark was determined using
a technique based on the Sun's hour angle (personal communication, Peterson, 1993).
This value was also estimated using Cunningham's azimuth formula (Bomford, 1980,
p. 120). In Peterson's methcd, a theodolite is used to measure the position of the
Sun, with respect to the radome, as seen from the apartment site. A computer
program calculates the azimuth by requesting input of the geographic coordinates of
the observer, the time of the sun-shot (a projected transit of the trailing edge of the
Sun across the vertical cross hair of the theodolite), the azimuthal displacement of the
theodolite with respect to the horizon landmark, the declination of the Sun, the rate
of change of declination, the equation of time, the rate of change of the equation of
time, and the Sun's semidiameter. The accuracy of this method may have been
limited by the constrained sight lines of the observing site. Through a south facing
window (the window itself was removed for all theodolite readings), the Sun could be
measured only around local noon when the Sun's azimuthal raotion is the greatest.
Higher accuracy is achieved if the Sun can be measured after about 15:00 local time
or prior to 09:00 when the azimuthal motion is less.

Cunningham's method of calculating azimuth uses the longitude and latitude of
the observer and the target. The coordinates of the centre of the radome were
provided by Transport Canada (53° 25' 05".03 latitude and 113° 16" 09".96
longitude) and the azimuth, 4, found through the equation:

cotA=(A,, - cosAA)sin @,cosecAZ (2.6.1)

where Adis the difference in latitude between the observer and the target, ¢, is the
longitude of the observer, and A, is the correction due to the oblateness of the Earth
which is calculated from the equation:
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tang. :‘/(l-+£)+tan3 ¢,
‘,

. :(l+s)tan¢, (1+ &)+ tan’ @,

where ¢, is the longitude of the target, and € is found through the formula:

(,’:

E = 7/

(-2

where e is the eccentricity of the Earth and is found from:

e:-l-\/a:—b:
a

(2.6.2)

(2.6.3)

(2.64)

where a is the mean equatorial radius of the Earth (6.37814 x10° m), and b is the
mean polar radius (6.356755x10° m) (Royal Astronomical Society of Canada

Observer's Handbook, 1993, p. 16).

A summary of the different methods is given in Table 2.6.1. The approximate
azmuth of the radome was also found using a protractor graduated in 0.5°
increments and a 1:50000 topographic map (Surveys and Mapping Branch,

Department of Energy Mines and Res-urses, 1980).

Method Azimuth
°)
Solar observation 129.65 + 0.01
Cunningham 129.61 + 0.02
Topographic map 1295102

Table 2.6.1: Comparison of three methods for calculating the azimuth of
the old international airport radome as seen from the apartment site. The
uncertainty in the Solar observation method was provided by the
computer program and is based on the standard deviation of 6
measurements. The uncertainty in Cunningham's method was determined
by calculating the range in azimuthal angle produced by +2 m (about
0.06" of latitude or 0.10" longitude) at a distance of 18.9 km (the
distance to the radome). The uncertainty of +2 m is due to the recent
removal of the survey marker used to determine the geographic
coordinates of the observing site. A physical description of the location
of the monument, provided by the Government of Alberta, was used to

find its approximate position.

20



CHAPTER 3

RESULTS AND ANALYSIS

3.1. Sunrise and Sunset Data

Timings began at sunrise on December 29, 1990 and finished at sunrise
Februarv 4, 1994. A total of 244 sunrises and 125 sunsets were successfully timed.
Sunrise and sunset observations are listed in Appendix D.

The first and second columns contain the date and time of the observed sunrise
or sunset in Universal Time (for example: sunset at 19:00 Mountain Standard Time
on April 1 is 02:00 April 2 Universal Time).

The third and fourth columns give the temporally interpolated surface
temperature /' in degrees Celsius, and the temporally interpolated surface pressure p
in millibars at the approximate time of the observed sunrise or sunset. Temperature
and pressure records used to determine these values were recorded on the hour.
Surface temperatures and pressure occuring between these times were assumed to
vary linearly between the previous and next hourly value. Sunrise and sunset times
rounded to the nearest tenth of an hour were used for the interpolation of surface
temperature and pressure data. Meteorolygical data were obtained from the hourly
records from Canadian Forces Base Namao located in north suburban Edmonton,
about 16.5 km north of the two observing sites. The path of the sunlight through the
surface layers of the atmosphere during sunrise and sunset was estimated to be
greater than 20 km. From the two observing sites in central Edmonton it was
assumed that most of the light path would pass through the surface layers abo.e
suburban or rural Edmonton. In order to avoid the effects of urban heating it was
decided to use suburban meteorological data which should approximate the mean
surface temperature along the total light path.

The fifth column is the estimated surface vertical temperature gradient dT/dh.
This value was calculated from the data from the radiosonde balloon launched from
the Stoney Plain upper air station located 30 km west of Edmonton. Launches are
conducted twice daily at 00:00 and 12:00 U.T. (17:00 and 05:00 M.S.T. or 18:00
and 06:00 M.D.T.). Vertical temperature gradients were calculated from the balloon
launch closest to the time of sunrise or sunset. The average time difference between
the balloon launch and sunrise observations was 1.81 hours with the maximum time
difference of 3.85 hours occuring around winter solstice sunrise. The average time
difference for sur--ts was 1.82 hours with a maximum difference of 4.14 hours
occuring around summer solstice sunset. The difference between the surface
temperature and the second recorded temperature was divided by the estimated
height of the balloon at the second height level. Missing data were either not
archived or were not received due to lost tephigrams or equipment faiure.

The sixth column is the thickness / of the layer used to determine the surface
vertical temperature gradient



The seventh, eighth, ninth and tenth columns are the meteorological conditions
at the time of the theodolite survey. These values were used to determine the
terrestrial refraction at the time of the survey (see Equations (2.5.4) and (2.5.5)).
The surface vertical temperature gradient dT/dh was found from the 00:00 U.T.
radiosonde closest to the time of the survey.

The eleventh column is the measured altitude of the horizon at the azimuthal
location of sunrise or sunset (in degrees). These measurements have not been
corrected for the effects of terrestrial refraction which occured during the survey or
at the time of the observed sunrise or sunset. This was done in order to provide an
unaltered data set that could be more easily reanalysed by other investigators. As
mentioned previously, these measurements were taken on warm and clear summer or
fall days, during early to mid-afternoon when the surface vertical temperature
gradient is usually adiabatic and refraction is minimized.

The twelfth column is the calculated distance d to the horizon at the point of
sunrise or sunset.

The thirteenth column gives the astronomical refraction R, which has been
corrected to a zero horizon as outlined in Section 3.2.

3.2 Correction of Astronomical Refraction to 2 Zero Horizon.

The amount of astronomical refraction the Sun will experience is a function of
its zenith angle or altitude above the zero horizon (Green, 1985, pp.82-95). The
horizon from both observing sites showed measurable variation from the zero
horizon. In order to isolate the effects of meteorological conditions on atmospheric
refraction and make valid comparisons with the work of Schaefer and Liller, who
worked with an ocean horizon, the sunset and sunrise refraction data must be
corrected to a zero horizon.

Through a visual examination of a plot of the astronomical refraction against
horizon altitude (see Figure 3.2.1 and 3.2.2) it appears that a linear relationship could
be fit to the data. It also appeared that the relationship between the horizon aititude
and astronomical refraction differed between the sunrise and sunset data. No obvious
explanation can be provided for this apparent difference. Much of the scatter is
assumed to be a result of anomalous refractive conditions and in order to isolate the
effect of horizon altitude, the data were truncated by eliminating refraction values
greater than a specified truncation limit.

A series of truncation limits L was based on the mean and standard deviation of
the sunrise or sunset refraction data and takes the form:

L=R,-nSD (3.2.1)

where 170 is the mean sunrise or sunset astronomical refraction (0.710° for sunrise
and 0.581° for sunset), n is in increments of 0.1 between 0.0 and 0.7 (beyond
n = 0.7, the data set appeared to become too small for proper analysis), and S/) is the
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standard deviation of the sunrise or sunset astronomical refraction (0.184° for
sunrise and 0.113° for sunset).

Al data with astronomical refraction greater than L were deleted from the
data set. A linear regression routine was then applied to each of the eight truncated
data sets. An average of the eight slopes for sunrise and sunset was then Jetermined.
The average was then used as a correction value for the sunrise and sunset
astronomical refraction values. The results of the truncations appear in Table 321
and the resulting absolute mean, minimum and maximum corrections appear in Table
322

n Slope Slope
(sunrise) (sunset)

0.0 -0.014 -0.145
0.1 -0.030 -0.118
02 -0.631 -0.109
03 -0.031 -0.091
04 -0.013 -0.089
0.5 -0.016 -0.124
0.6 -0.024 -0.127
0.7 -0.008 -0.091

Average:  -0.021 +0.003  -0.112 +0.007

Table 3.2.1: The slopes from the linear regression of the astronomical
refraction versus horizon altitude. The first column is the multiplier of
the standard deviation used in determining the tracation value. The
se..ond and third columns are the slopes found from the linear regression,
i1 degrees of refraction per degree of horizon altitude gained. The
uncertainties in the averages are standard deviations of the mean.

The value for the astronomical refraction corrected to a zero horizon was
determined through the formula:

R =R,+ma, (3.2.2)

Where m is the average slope from Tabel 3.2.1. The absolute mean, maximum and
minimum resulting corrections are outlined in Table 3.2.2.

9
¥4}



Zero Horizon Correction Sunrise  Sunset

Abs. Mean Correction (°) 0.007 0.017
Min. Correction (°) -0.012 0.001
Max. Correction (°) 0.016 0.055

Table 3.2.2: The results of the zero horizon corrections. The first row is
the absolute mean correction in degrees. The second and third rows
show the range of the correction.

The astronomical refraction values were then corrected and plotted. The mean
correction is 1.0% for the mean sunrise refraction and 2.9% for the mean sunset
refraction.

3.3 Overall Astronomical Refraction.

The first results of the investigation appear in Tables 3.3.1 and 3.3.2 The
original data of Schaefer and Liller (1990) was filtered to produce a more consistent
comparison with the present investigation. All lunar and planetary events (the setting
of the Moon or the planet Venus) were removed from Schaefer and Lilier's data set
As well, all observations with a noted uncertainty greater than 10 seconds were also
removed. In the Schaefer and Liller study it appears that no correction was made for
terrestrial refraction of the horizon. Therefore, two tables are shown comparing the
results of this study corrected and uncorrected for horizon refraction.

There appears to be an obvious difference between the mean sunrise refraction
and sunset refraction. The mean refraction and the variability appear to be less during
sunset than at sunrise. The mean corrected sunset refraction was found to be 0.135°
less than the mean sunrise refraction (18.9%). The mean sunset refraction in the
Schaefer and Liller study is very similar to that of this study, 0.016° or 2.8% less
than the mean corrected sunset refraction found in this study and 0.001° or 0.2%
less than the uncorrected value. The population standard deviation of the corrected
refraction shows a far greater difference, and was found to be 0.075° or 69.4%
greater in the Schaefer and Liller study. The possible reasons for this difference are
somewhat uncertain. Schaefer and Liller's study used 9 observers and 11 observing
sites with elevations from 3 to 4205 m above the sea level horizon where the sunsets
were observed. It is, therefore, not unreasonable to assume that other variables, such
as human error and the effects of terrestrial refraction, especially in the higher altitude
observing sites, may have contributed to the differences in uncertainty between the
two data sets.

Since the results show variability in the astronomical refraction rather than
measurement uncertainty. the results have three significant digits even though the
population standard deviation is two orders of magnitude larger.
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Author Event # Obs. Mean SDh Min. Max.
°) °) (°) °)

Schaefer and Liller sunset 97 0563 0.183 0234 1678

Sampson sunset 115 0.579 0.108 0.442 1.085
Sampson sunrise 234 0.714 0.184 0402 2081
Sampson both 349 0669 0.175 0402 2.081]

Table 3.3.1: Comparison of Schaefer and Liller's results (1990) with
corrected sunrise and sunset astronomical refraction results from the
present investigation. The third column is the number of observations.
The fifth column is the population standard deviation. The sixth and
seventh columns show the range of the observed refraction.

Author Event # Obs. Mean SD Min. Max.
°) ) ) ®)

Schaefer and Liller sunset 97 0563 0.183 0234 1678

Sampson sunset 125 0.564 0.106 0421 1.081]
Sampson sunrise 244 0680 0.177 0403 2.034
Sampson both 369 0641 0.166 0403 2034

Table 3.3.2: Comparison of Schaefer and Liller's (1990) results with
current results uncorrected for horizon refraction.

3.4 Seasonal Differences in Astronomical Refraction.

The variation in astronomical refraction with the time of year was also
examined. A plot of the data appears in Figures 3.4.1 and 3.4.2. Previous
experiments have found seasonal variations in astronomical refraction (Sugawa,
1955). Sugawa performed numerical ray tracing for altitudes of 5° to 85° through
monthly mean atmospheric density profiles. The mean profiles were constructed of
layers 1 km thick with the maximum height ranging from 16 to 20 km. Temperature
and pressure data were obtained from 323 radiosonde launches which took place at
00:00 and 12:00 Japanese Standard Time. Sugawa found the maximum amount of
astronomical refraction occured during the colder months and the minimum in the
warmer months. The maximum monthly refraction occured in December and the
minimum in August. The maximum value was 13% greater than the minimum. A
visual examination of the time series from the present study appears to show a similar
overall relationship.

To help examine these seasonal variations, refraction values were placed into
12 equal bins of 30.44 days. Each bin represents approximately a single calendar
month (see Table 3.4.1 for results). For each bin the mean refraction and the
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population standard deviation were calculated and plotted (see Figures 3.4.3 and
34.4)

It is apparent from the graphs that there is a systematic difference between the
mean refraction at sunrise and at sunset. The mean sunset refraction appears to
follow the results of Sugawa's work with a maximum during the colder months and a
minimum in the warmer months. The maximum sunset astronomical refraction
occurs in January (0.774° ) and minimum in August (0.494°). The maximum is 57%
greater than the minimum value. The relative difference between the minimum and
maximum mean values is four times the value found by Sugawa.

Only one sunset data point was obtained in the month of July. The scarcity of
data during this period is a result of summer convective cloud formation near the
foothills of the Rocky Mountains which obscured the sunset observations.

The mean sunrise refraction data follow the sunset data only for the monthly
bins of December, January and February. For the rest of the year the sunrise
refraction is consistently greater than the sunset refraction, reaching a maximum
difference of 0.253° in the month of June.

Mean sunrise refraction also shows a maximum in the colder months reaching a
peak of 0.857° in the iiovember bin. There appears to be a secondary peak in July
where the mean refraction reaches 0.798° . This apparent bimodal behaviour was not
exhibited in the Sugawa results.

The standard deviation also appears to follow a seasonal trend with the
greatest variations for both sunrise and sunset occurring in November and January.
The standard deviation is generally greater for sunrise than sunset with only April
showing higher values for sunsets. The sunrise standard deviation for the month of
February is the second lowest value; this appears to contradict the seasonal trend. As
well, the third largest sunrise standard deviation takes place in June. One of the most
striking features of the sunset standard deviation plot is the interval from May
through October where the values are not only at a minimum but exhibit a high
degree of stability, ranging from 0.019¢ t0 0.033°.

More data may be necessary to confirm the seasonal behavior of atmospheric
refraction. Many of the monthly bins, especially for sunsets, contain fewer than 10
data points. The trends in the monthly mean and standard deviation of the
astronomical refraction appear to be strengthened by the relationship between
refraction and observed meteorological conditions, outlined in the following section.

3.5 Surface Atmospheric Conditions and Astronomical Refraction.

To explore the possibility of a simple method to predict astronomical refractive
behavior, the relationships between surface conditions and astronomical refraction
will be examined. At most sites observers may not have access to surface
temperature grandients but should have easy access to surface vertical temperature
and pressure data.

So far the results have been examined only in a descriptive or statistical sense.
It is well understood that the index of refraction is directly proportional to the density
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of the refractive medium (Humphreys, 1964, p. 455). From Snell's Law, the amount
of refraction is a function of the difference in refractive index between two media.
Therefore, the amount of astronomical refraction should be a function of the density
gradient of the atmosphere. From the ideal gas law, the density of the atmosphere p
is directly proportional to the atmospheric pressure p and inversely proportional to
the temperature 7,. in degrees Kelvin.

(3.5.1)

where R is the gas constant.

Therefore, the amount of refraction is expected to vary with the vertical
temperature and pressure gradient of the intervening air. The temperature of the
lowest layers in the troposphere is controlled by the radiative properties of the
surface, it is expected that the vertical temperature gradient near the surface should
vary with the seasonal changes in the surface temperatures. The higher layers of the
atmosphere, beyond the planetary boundary layer (about 1 km), show less seasonal
variation in temperature (Wallace, J. and Hobbs, P., 1977, p. 27) . Therefore, the
seasonal variation in surface temperature should be related to the seasonal variation in
the vertical density gradient. A plot of surface air density versus the surface
temperature gradient appears in Figure 3.5.1. A linear regression analysis fits a line
with a correlation coefficiant of 0.27 which, according to Taylor (1982, pp. 248-
249), has a probability of less than 1% that 369 measurements of two uncorrelated
variables will give a correlation coefficient greater than or equal to the value found.
According to the criteria outlined in Taylor, this correlation is considered highly
significant. A visual inspection of the Figure 3.5.1 appears to show such a linear
relationship. Yet, there is a great deal of scatter and any linear relationship must be
somewhat imprecise.

In order to test this hypothesis, the refraction was plotted against the surface
temperature, pressure and the vertical temperature grandient (see Figures 3.5.2 to
3.5.10).

The water vapor content of the air was ignored since it has a negligible effect
on the refractive index of visible light in air. The correction to the index of refraction
An is given as (C.R.C. Handbook of Chemistry and Physics, 1975, p. E-224):

An = 0.000041(m / 760) (3.52)

where m is the vapor pressure in mm of Hg. The typical range of vapor pressures
recorded in this study was between about 0.2 mm Hg (50% R H. at -35° C)and 15
mm Hg (75% R H. at 25° C). For a refractive index of #-1 = 0.0002929, (for light
from the Sodium D line at 0.59um), the resulting change in the index of refraction is
between 1.1x 107 and 8.1x 107, a difference of 0.004% to 0.3%. Zuev (1982, p. 4)
also provides a formula for the refractive index:
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n-1=0,2 !—0.132ﬂJ (3.5.3)

where p is the pressure in mm of Hg, 7'is the temperature in degrees Kelvin, m is the
vapor pressure in mm of Hg and, C; is a function of the wavelength of light and is

10485x10 * for the Sodium D line. For the vapor pressures mentioned in the
previous example, the corresponding correction to ... index of refraction, due to the
effects of vapor pressure, ranges fror: 0.0(G3% to 0.3%. Consequently, the vapor
pre_sure was assumed to have a negligible effect on astronomical refraction.

From a visual examination of the grapis it is apparent that the vertical
refraction is most significantly correlated with the surface temperature, density and
the vertical temperature gradient, and therefore, may help to predict the amount of
astronomical refraction at sunrise and sunset. The relatively large amount of scatter
and outliers suggests that a linear fit could only be somewhat approximate and other,
possibly non-linear, processes may be involved.

As expected, the amount of refraction appears to be inversely proportional to
the temperature in degrees Kelvin. There appears to be little or no correlation with
the surface pressure. Since the relative range in temperature AT'T is far greater than
the relative range in pressure Ap/p, the density, and hence the refractive index, is
more sensitive to variations in temperature than variations in pressure. In this
particular study the range in temperature was from about 253°K to 293°K, a total
variation of 23.7% compared to a range in surface pressure of 915 mb to 955 mb, a
total variation of only 4.4%. A summary of a linear regression analysis of these
meteorological relationships is given in Table 3.5.1.

It appears the temperature versus refraction graphs exhibit some power law
relationship. However, a linear regression of the logarithmic values of temperature
and refraction produced little or no improvement in the correlation coefficients. The
only relationship that showed any improvement in correlation was the sunset
temperature and refraction graph where the slope was found to be -3.1047, the
intercept 7.3480 and the correlation coefficient -0.7461 (an improvement of only
0.0159 from the temperature and refraction graph). A visual examination of the
logarithmic sunset graph appears to show only a slightly impoved linear regression
than the sunset temperature and refraction graph.

It is apparent from this analysis that the use of surface meteorological
conditions may be only moderately effective for predicting the exact amount of
astronomical refraction. A high degree of scatter in the data limits any method of
prediction from surface condition data alore. A summary of possible limitations of
the method used in this investigation is as foliows:

1) The uncertainty in the measurement of the vertical temperature gradient
leads to uncertainties in its relationship with terrestrial and astronomical refraction.
The response time and accuracy of the radiosonde thermometers, plus the uncertainty
in the derived height of the balloon leads to an uncertainty in the vertical temperature
gradient, especially at such small distances as those occuring during morning
inversion conditions.
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SUNRISES
Slope
y-intercept
Correl. Coef.
% Prob.

SUNSCETS
Slope
y-intercept
Correl. Coef.
% Prob.

BOTH
Slope
y-intercept
Correl. Coef.
% Prob.

Table 3.5.1:

observed refraction.

Temp. vs. Ref.

-0.0045
0.7010

-0.2650
<0.05

-0.0072
0.6194

-0.7259
<0.05

-0.0066
0.6691

-0.4397
<0.05

Press. vs. Ref.

0.0023

-1.3970

0.0912
~20

0.0000

0.6031

-0.0014
~100

0.0011

-0.3462

0.0434
~50

Dens. vs. Ref.

0.9256

-0.4203

0.2709
<0.05

1.4848
-1.1603
0.6918

<0.0§

1.3475
-0.9471
0.4264

<0.05

dT/dh vs, Ref.

2.668¢0
0.6121
0.4838
<0.08

5.1142

0.6140
0.5493
<0.05

2.8761
0.6023
0.5787
<0.05

Linear regression analysis of refraction data with respect to
surface meteorological parameters. The ordinate (y-axis) is the amount of

The third row in each section is the correlation

coefficient while the forth row is the percent probability that N measurements
(N = 234 for sunrises and N = 115 for sunsets) of two uncorrelated variables
will give a correlation coefficient greater than or equal to the value found
(Taylor, 1982, pp. 248-249). Probabilities less than 1% are considered highly

significant.
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The uncertainty in the measured temperature is no more than about +0.8°C
(personal communications, R. Beaubien, Edmonton Office of Atmospheric
Environment Services, 1994). The uncertainty in the height of the radiosonde 1is
estimated to be about +10%.

Using the radiosonde data used for each sunrise and sunset event, an error
propagation was performed on the equation used to determine the surface vertical
temperature gradient:

dr _ AT )
dh Ah
Where A7 is the difference in temperature (in degrees Celsius) be’ veen the sur-:e
temperature and the temperature at the first significant layer measured by the
radiosonde, and A is the difference in height (in m) from the surface and the first
significant layer.
The results are listed in Table 3.5.2.

Event Mean Error S.D. Min. Error Max. Error
(° C/m) (° C/m) (° C/m) (° C/m)
Both 0.0076 0.0064 0.0013 0.0504
Sunrise 0.0094 0.0066 0.0013 0.0504
Sunset 0.0038 0.0038 0.0013 0.0219

Table 3.5.2: A summary of the error propagation for the surface
vertical temperature gradient from radiosonde data.

The results suggest that sunset vertical temperature gradients have about half as
much uncertainty as sunrise vertical temperature gradients.

A graph of the error versus the vertical temperature gradient reveals an
apparent bimodal structure with a positive slope for values of the vertical temperature
gradient greater than -0.01° C/m and a negative slope for values less than -0.01 °C/m
(see Figure 3.5.11 and 3.5.12). The results suggest that the error in the vertical
temperature gradient is a function of the vertical temperature gradient. Strong
surface inversion conditions (large positive temperature gradients) have
correspondingly larger uncertainties. The smallest apparent error occurs around the
dry adiabatic temperature gradient (-0.01° C/m). Super-adiabatic conditions also
show larger uncertainty. A linear regression through the data with vertical
temperature gradient greater than -0.01° C/m produces a slope of 0.137 and the
intercept is 0.0042. For values less than -0.01° C/m the slope is -0.464 and intercept
of -0.0018. The results suggests that the uncertainty increases with the presence of
strong inversion and super-adiabatic conditions.
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The vertical temperature gradients used in this study were checked against
temperature gradient derived from minisonde data conducted from a temporary
meteorological station located 15 km northeast of Ft. Saskatchewan, about 40 km
northeast of observing sites used in this study and about 75 km east northeast of the
Stony Plain 1’ per Air Station (Concord Environmental Corporation, 1993).
Minisonde bal. - were lauched from 1989 to 1992 during various times of the day
and year. Four launches were found that coincide with the radiosonde launches used
in this study. Instead of recording anly significant changes like the radiosondes from
the Stoney Plain Uppe Air Station, the minisondes measured temperatures every 10
seconds during the flight, with an ascent rate of 3.6 m/s for the first minute of the
flight. The results appear in Table 3.5.3.

Date Time ¥ dT/dh mini.-radio.  Expected
“UT) oY) (radio.) (° C/m) Error

(mini.) (°C/m) (° C/m) (radio.)

(+° C/m)
01/09/91  14:10 0.0486 0.0440 0.0046 0.0102
01/10/91  14:05 0.0722 0.0880 -0.0158 0.0162
01/11/91  14:20 0.1185 0.1140 0.0045 0.0198
01/14/91  14:20 0.0417 0.0410 0.0007 0.0098

Table 3.5.3: Comparison of surface vertical temperature gradients
from selected Ft. Saskatchewan minisonde data and corresponding
Stoney Plain Upper Air Station radiosondes (ail radiosondes were
launched at 12:00 UT). The fifth column is the difference between the
minisonde and radiosonde results. The sixth column is the expected
uncertainty using the linear regression results from Figure 3.5.11.

From an examination of the results in Table 3.5.2, the difference between the
minisonde and radiosonde data ranges from 2% to 20%. The differences are in
reasonable agreement with the results of t.e linear regression of the uncertainties in
Figure 3.5.11 and 3.5.12 and the maximum uncertainties listed in Tahle 3.5.1.

More accurate measurements using an instrumented tower would be necessary
to improve this situation. The times of the radiosonde data were not always the same
as the time of sunrise or sunset. The difference of zs much as 4 hours could make a
larger difference in the vertical temperature profile (Oke, 1992, p. 62). This would be
especially important around the solstices when the time difference is at a maximum.

2) Another possible sourse of error could be the calculated value of the
terrestrial refraction. The method ov:iined in Section 2.5 may not be a reliable and
accurate way to determine the altitude of the local horizon. Tie uncertainties in the
vertical temperature gradient as outlined above, and the uncertainties in the exact
horizon distance to each sunrise or sunset point would lead to uncertainties in the
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calculated terrestrial refraction. It wouid be more satisfactory to measure the altitude
of the horizon using a theodolite at the time of the sunrise or sunset.

The best overall indicator for astronomical refraction R, (both sunrise and
sunset data combined) appears to be the vertical temperature gradient d77dh in the
expression:

R, £ AR = (0.602 i0.011)+(2,88i0.27)%£ (3.5.5)

The uncertainties were determined through a procedure outlined in Appendix B
(Taylor, 1982, p. 159).

Sunrise and sunse. events appear to show distinct differences in their
dependency on surface temperature. The approximate relationship between surface
temperature 7 (in © C) and sunrise refraction can be written:

R, * Ak =(0.701%0.015) - (0.0045+0.0013)7 (3.5.6)
For surface temperature and sunset refraction R, the relationship is:
R, +AR=(0.619%0.010)~ (0.0072+0.0008)T (3.5.7)

To further examine the uncertainty of the astronomical refraction calculated
from Equations (3.5.5) to (3.5.7), trial temperatures and surface vertical temperature
gradients were placed in the equations with their corresponding estimated
uncertainties. Using the error propagation method outlined in Appendix B (Taylor,
1982, pp 45-73) a sample surface temperature of 15.0° +0.1°C and a surface
vertical temperature gradient of -0.010 +0.001 ° C/m, representing the low end of the
calculated uncertainty, and 0.20 +0.05° C/m at the higher end produces uncertainties
in the resulting astronomical refraction outlined in Table 3.5.4.

Equation d7/dh T R AR AR
(° C/m) °O) (°) °) (%)

355 -0.010 +0.001 0.57: +0.011 2.0
355 0.200 +0.05 1.1/8 +0.154 131
356 15 +0.1 0.634 +0.025 43
3.5.7 15 +0.1 0.v11 +0.016 34

Table 3.5.4: Comparison of propagated uncertainties for Equations
(3.5.5) through (3.5.7) using test temperatures of 15.0° +0.1°C and a
vertical temperature gradient of -0.010 4+0.001°C/m and 0.20
+0.05° C/m. Column 4 is the calculated astronomical refraction, column
S is the uncertainty in degrees and column 4 is the uncertainty in
percentage of the calculated refraction.



From this analysis it appears that, Equation (3.5.5) appears to predict the
astronomical refraction better than Equations (3.5.6) and (3.5.7) during conditions of
lower uncertainty in the surface vertical temperature gradient (i.e. during sunset in
dry adiabatic conditions) but performs more poorly under strong surface inversions
(i.e. sunrises and cold winter sunsets).

The seasonal variability in the surface vertical temperature gradient and
temperature should also be correlated with the seasonal variability of the refraction.
As seen in Figures 3.5.13 and 3.5.14, the maximum range in surface temperature at
sunrise and sunset appears to occur in the colder months. A more obvious contrast
occurs between the seasonal sunrise and sunset vertical temperature gradient (see
Figures 3.5.15 and 3.5.16). The range in the sunset vertical temperature gradient
appears to be less than the range in sunrise surface vertical temperature gradients.
The sunset vertical temperature gradient also exhibits less variation during the
warmer portion of the year than during the colder months. The sunrise vertical
temperature gradient, on the other hand, shows a high degree of variability
throughout the year.

In order to discover a possible relationship between the seasonal variability in
meteorological conditions and the seasonal variability in refraction, a linear regression
was performed on the monthly values of the standard deviations of the
meteorological values versus the monthly standard deviations of the observed
refraction. The plots of the data appear in Figures 3.5.17 and 3.5.18 while the results
of the linear regression analysis appear in Table 3.5.5.

Standard Deviations slope  y-int. Correl. Prob.
Coef. (o/o)

Refraction vs. T 0.0039 0.0744 0.12 ~50

Refraction vs. d7'/dh 3.75 0.0210 0.63 ~0.2

Table 3.5.5: Linear regression analysis of the monthly standard
deviations of the observed refraction of sunrises and sunsets versus the
corresponding monthly standard deviations of surface temperature and
surface vertical temperature gradient. The third column is the slope of
the best-fit line. The fourth column is the intercept (the ordinate is the
monthly standard deviation of refraction). The fifth column is the
correlation coefficient while the sixth column is the percent probability
that, N = 23, measurements of two uncorrelated variables will give a
correlation coefficient greater than or equal to the value found (Taylor,
1982, pp. 248-249). Probabilities less than 1% are considered highly
significant.

»

The results suggest that the seasonal variability in the vertical temperature
gradient is the best indicator of the seasonal variability of sunrise and sunset
refraction. This appears to explain why the sunrise refraction has a larger variability
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than sunset refraction and why summer sunset refraction has less variability than
winter sunset refraction. From this result an equation can be written for the standard
deviation of astronomical refraction SD(K):

SD(R) = (0‘022i0.024)+(3.7i1‘0)SD(%—£) (3.5.8)
where SD(dT/dh) is the standard deviation of the monthly surface vertical
temperature gradient. The uncertainties were determined using the method outlined
by Taylor (1982, pp. 157-159). For a detailed explanation of this method see
Appendix A.

The apparent correlation between the standard deviation of the surface vertical
temperature gradient with the standard deviation of the astronomical refraction (see
Figure 3.5.18) may be due, in part, to the increased uncertainty in the surface verti-al
temperature gradient as outlined in Table 3.5.2 and Figure 3.5.11. These results
suggest that the larger the vertical temperature gradient the larger the cerresponding
uncertainty. Since the events with the largest range in astronomical refraction occur
during sunrise, which typically has correspondingly large surface vertical temperature
gradients (see Figure 3.5.8), then the uncertainty due to measurement error of the
surface vertical temperature gradient will also be correspondingly large. On the other
hand, sunset events typically take place in relatively small vertical temperature
gradients and therefore, have correspondingly smaller measurement error. Therefore,
the apparently strong correlation exhibited in Figure 3.5.18 may be due, in part, io the
relationship between the surface vertical temperature g° ..#¢ 5t and the corresponding
uncertainty in its measurement. “onfirmation of these firdiv 75 will, therefore, require
more accurate measurement of the surface vertical temperature gradient.

Taking the linear regression of two standard deviations may appear somewhat
needless, yet the poor fit between the standard deviation of the monthly mean surface
temperature and the standard deviation of the monthly mean astronomical refraction
appears to strengthen the apparent relationship between astronomical refraction and
the surface vertical temperature gradient.

3.6 Anomalous Astronomical Refractive Events: The Novaya Zemlya Effect.

On o= occasions the Sun appears to rise much earlier than predicted or set
much later. In this study, the sunrise of January 10, 1991 was almost 12 minutes
earlier than the predictions made from the Tables of Sunrise, Sunset and Twilight
(1962).

The first recorded observation of such an extraordinarily early sunrise was
made by the third polar expedition of Captain Willem Barents in 1597. The crew was
spending the winter on the Island of Novaya Zemlya in the Russian western arctic at a
latitude of 76° 12' N. On January 24, during the long arctic night, Gerrit de Veer,
one of the expedition members, sighted the Sun two weeks earlier than predicted.
The geometric altitude of the centre of the Sun at the time of the observation was -
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49°. This phenomenon has now been called the Novaya Zemlya effect (Lehn,
1979).

In this study, anomalously large astronomical refraction shall be defined as any
event having an astronomical refraction more than two standard deviations greater
than the line defined by the linear regression of the vertical temperature gradient and
the astronomical refraction. This relationship was chosen because of its large
correlation coefficient.

The meteorological and refractive data regarding these anomalous sunrise and
sunset events appear in Table 3.6.1.

Date Time Temp. Press. d7/dh  Hor. Alt. R R(cor)
(uT) (°C) (mb) (°C/m) ) °) (°)

Sunrises:
01/06/91 15:44:56 203 9450 0.0481 0203 1.218 1.275
01/09/91 15:45:01 -30.1 9347 0.0440 0.203 1.022 1.076
01/10/91 15:35:54 249 9340 0.0880 0.203 2.032 2.1i4
04/01/91 13:04:30 22 9263 0.0563 0.089 1.167 1.210
05/29/91 11:08:32 108 9263 0.0437 -0.232  1.033 1.062
12/17/91 15:42:10 -11.3 9356 0.0536 0205 1.142 1.194
06/22/92 10:57:50 11.1 9375 0.0482 -0.246  1.060 1.079
11/25/93 15:10:50 -143 9444 0.1586 0209 1.716 1.837
11/26/93 15:12:00 -8.1 9356 0.L456 0.209 1.698 1.745

Sunsets:
01/14/93 23:49:23 -184 9272 0.0175 -0.096 1.104 1.120
04/14/93 02:31:09 7.2 931.5 -0.0107 0.025 0.887 0.889

Table 3.6.1: Meteorological condition for anomalous refractive events.

The majority of the events take place in the colder parts of the year. Nine of
the eleven events (82%) took place between November 1 and April 30, with January
having four events. The average surface temperature for all the events was -7.9°C.
All events, except one, occured during surface temperature inversion conditions.
This would suggest that the anomalous refraction tends to be confined to surface
inversion conditions. As mentioned earlier, surface inversions tend to occur during
times of surface radiative cooling, typically during the night and into the early
morning. From Figures 3.5.14 and 3.5.15 it is apparent that inversion conditions in
Edmonton frequently occur at sunrises during the entire year, and during the colder
months at sunsets.

Even though most of the events take place in the colder part of the year, the
data suggest that the Novaya Zemlya effect may not be an exclusively cold weather
or arctic phenomenon. Four of the events occured with surface temperatures greater
than 0°C. One event took place two days after the summer solstice. Therefore, it is
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possible that the Novaya Zemlya effect could be observed in warmer climates or in
the warmer parts of the year.

3.7 Horizontal Astronomical Refraction

It has been assumed that the horizontal component of astronomical refraction 1s
relatively small or even negligible (Bomford, 1980, p. 242). This follows from the
fact that the atmospheric density gradient is essentially vertical and therefore that the
atmospheric density is very close to being horizontally .iomogeneous.

If horizontal astronomical refraction exists, it should manifest itself as a shift in
the measured azimuth of the rising or setting Sun 4 as compared to the calculated
azimuth of the geometric Sun 4, at the time of sunrise or sunset. To test this
assumption, a sample of sunrise azimuth measurements was taken around the winter
solstice, when astronomical refraction is at a maximum. These were then compared
with the calculated azimuth of the geometric Sun, at the time of sunrise, found from
the equation (Green, 1985, p. 28)

sin §—sina, sin ¢
cosa, cos¢

cosA, = (3.7.1)

where ¢ is the geographic latitude of the observer,& is the declination of the centre
of the solar disc at the time of sunrise (calculated previously), and q, is the altitude of
the centre of the geometric Sun at the moment of sunrise found through Equation
(2.1.3). The results of this investigation appear in Table 3.7. 1.

It is apparent from an examination of the results, that the horizontal deviation is
typically more than the estimated uncertainty of the observed azimuth and therefore
can be considered within the sensitivity of the experiment. Nine (33%) of the
observations are less than or equal to the estimated uncertainty of the observed
azimuth (+0.13%). Out of the 27 observations, 7 were considered to be of the
highest possible accuracy using the method described. These sunrises took place
directly behind prominent horizon landmarks or between two closely spaced
landmarks, and ¢’ =refore, could be more accurately located with respect to these
horizon reference 1andmarks. Of these, six showed a deviation of 0.13° or more.
There is also a systematic behavior in the direction of the deviation. None of the
observed azimuths was to the north of the calculated azimuths.

The average horizontal deviation in azimuth is +0.19° with a standard
deviation of 0.07° . The systematic variation in observed azirauth may be caused by a
systematic error in the observed or calculated azimuths. It appears unlikely that the
error would originate from the reference azimuth (see Section 2.6) since the values
found through Cunningham's and Peterson's method agree to within 0.04° . A bias in
the observed azimuth may originate from the relatively imprecise method of recording
the relative position of sunrise with respect to horizon reference markers. The results
suggest tiat this uncertainty may not explain all of the observed deviations since six
of the seven most accurate values show deviations larger than 0.13°.

61



Date A A, A-A,
(m/dly)  (°£0.13) (° +0.01) °)
12/10/91* 129.96 129.74 0.22
12/11/91 130.27 130.02 0.25
12/13/91 130.37 130.15 0.22
12/14/91 130.46 130.34 0.12
12/16/91 130.84 130.67 0.17
12/17/91* 129.96 129.67 0.29
12/20/91 130.59 130.46 0.13
51/05/92 129.18 129.13 0.05
01 /07/92* 128.70 128.61 0.09
0+1/09/92 128.23 128.08 0.15
01/14/92 126.77 126.54 0.23
01/16/92* 126.26 126.00 0.26
12/03/92 128 41 128.23 0.18
12/04/92 128.47 128.35 0.12
12/05/92 128.94 128.78 0.16
12/06/92 129.18 129.06 0.12
12/18/92 130.84 130.48 0.36
12/19/92 130.84 130.59 0.25
12/30/92 130.21 129.99 0.22
12/31/92* 129.80 129.66 0.22
01/02/93* 129.80 129.59 0.21
01/05/93 128.99 128.83 0.16
01/09/93 127.76 127.48 0.28
01/10/93 127.41 127.30 0.11
01/14/93* 126.10 125.80 0.30
12/08/93 129.46 126.33 0.13
12/17/93 130.59 130.46 0.13

Table 3.7.1: Azimuth measurements for a sample of sunrises around the
winter solstice. The second column is the observed azimuth of the sunrise.
The uncertainty was derived by visually esitmating the largest error in placing
a point between the two landmarks with the largest angular seperation
(1.27°). This was done through a pair of 7x20 binoculars, the same
instrument used to obtain the original observations. Column three is the
calculated azimuth of the geometric Sun. The last column is the difference
between the observed and the calculated azimuth. Dates marked with an
asterisk are those estimates of the observed relative azimuth of the sunrise
with the highest degree of confidence (i.e. about +0.05°). These appeared
directly behind or between two closely spaced horizon landmarks.
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Nevertheless, this systematic difference between the observed and the
calculated solar azimuths could also be the result of horizontal astronomical
refraction, caused by the a horizontal temperature gradient which, in turn, produces a
horizontal density gradient. Around winter solstice, the Sun rises in the southeast
and therefore the path of the sunlight has both a meridional and zonal component
through the atmosphere. According to Snell's Law, the angle of refraction 6, should
be less than the angle of incidence 8, as a ray passes from a medium of lesser density
into a medium of greater density (see Figure 3.7.1).  Typically, the atmospheric
temperature decreases with increased latitude and consequently, the density increases.
This should produce a southerly shift in the observed azimuthal position of the winter
solstice rising Sun.

observer

Geometric Sun

Image of
Refracted Sun

Figure 3.7.1: Plan view showing the sense of horizontal refraction due
to a meridional temperature gradient. The density and therefore the index
of refraction increases from south to north, (n, islessthann, ). The
dashed line is the apparent position of the solar image while the lower
solid line indicates the geometric position.



Bomford (1980, p. 242) gives an expression to estimate the amount of
horizontal refr#«ii. n R, in arc seconds per m over horizontal distances typically used
by surveyors.

—163L2.97 2
R, =1635— (3.72)
where p is in millibars, 7 is in K, and d7/dx is in ® C/m and is measured horizontally
at right angles to the line of sight.

Under certain rare conditions the sunlight during sunrise or sunset can have
nearly constant elevation trajectories of 100 to 400 km (Lehn, 1979). If one assumes
that :he trajectory of the sunlight has a constant altitude just above the surface for
100 kit and that the pressure, temperature and horizontal temperature gradient are
940 mb, 241°K and 0.00005° C/m (typical extreme values for the period around
winter solstice), then the horizontal refraction is 1.32x10 * "/m or 1.32" (0.0004°)
over 100 km. This is almost three orders of magnitude lower than the largest
observed discrepancy cited in Table 3.7.1.

It seems reasonable io assume that if horizontal refraction exists it should occur
more often during times <f maximum astronomical refraction. The path length
through the atmosphere is longer with increased astronomical refraction so, therefore,
the sunlight would have more opportuaity to experience horizontal refraction. A plot
of these two values appears in Figure 3.7.2. From a linear regression analysis the
resulting correlation coefficient is 0.33 with a probability of 11% that 27 random data
points would achieve the same correlation coefficient or greater. An inspection of the
plot appears to suggest a relationship, but the scatter in the data prevents any strong
conclusions from being drawn.

As well, a histogram of the azimuthal deviation (Figure 3.7.3) shows that the
largest single concentration of data occurs in the 0.10° to 0.15° bin (bin sizes are
0.05° starting at 0.05°).

If the experiment is too insensitive to measure horizontal refraction and the
overall positive tendency of the deviation originates from a systematic and consistent
error, then the distribution of the data around the mean deviation should resemble a
Gaussian distribution with a standard deviation of about 0.13°. Using the following
Gaussian function to determine the expected distribution of the deviation (Taylor,
1982, pp. 99-113);

f=e e (3.7.3)

where, £, is the expected fraction of observations occuring at a particular value of the
azimuthal deviation A4 while A4 is the mean deviation (0.19°), and o is the
uncertainty of the observations (+0.13?). The resulting graph (Figure 3.7.3) shows
the expected distribution and the observed distribution.

In addition, a %’ test of the results in Figure 3.7.3 (with seven degrees of
freedom) produces a result of 1.1% (Taylor, 1982, pp.218-233) . This indicates that
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- ermor=005 o error=0.13

Figure 3.7.2: Azimuthal deviation versus astronomical refraction. Open
circles are observations with the greatest accuracy (about +0.05°). These
sunrises were observed directly behind or between two closely spaced
horizon landmarks.
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there is a 1.1% chance that the expected distribution matches the observed
distribution. Therefore, it appears reasonable, that the observed distribution may not
be solely the result of random measurement error. On the other hand, if the
uncertainty ¢ is improved to +0.10° (not unreasonable, since +0.13° is an upper
limit to the uncertainty) the same test produces a probability of 13%, which,
according to Taylor, indicates that the expected and observed distributions are a
reasonable match. This further suggests that the test may be too sensitive to the intial
values to provide conclusive evidence of horizontal refraction. The relatively small
sample also prevents any conclusive results being drawn from such an analysis.

Yet, since all the observations show a shift to the south of the geometric
azimuth, consistent with a meridional density gradient, it appears possible that these
observations provide evidence for significant horizontal refraction. The relatively
large deviations shown by six of the seven measurements with the highest accuracy,
are perhaps the strongest evidence for the possible existence of significant horizontal
refraction. Although the evidence is tantalizing, it is certainly not conclusive. It
appears possible that an unknown source of systematic error may be responsible for
the observed deviations. Further observations and analysis with a higher degree of
accuracy and sophistication will be necessary to clarify this apparent dilemma.

3.8 Comparison of the Present Results with Other Predictive Formulae.

Based on the results outlined in Section 3.5 this study suggests that a linear
function of surface temperature or surface vertical temperature gradient can be used
to predict the astronomical refraction during sunrise and sunset on a zero horizon.
For solar altitudes less than 15° the Astronomical Almanac (1992, p. B62) uses the
following approximation for astronomical refraction:

_ p(0.1594+0.0196a +0.000024”)
47 (273 + T)(1+0.505a +0.0845a°)

(3.8.1)

where p is the surface pressure in millibers, T is the surface temperatuie in degrees
Celsius, and a is the altitude of the astronomical object above or below a zero horizon
(in this case, the altitude of the upper limb of the geometric Sun).

In order to examine ihe predictive ability of Equation (3.8.1) the surface
temperature, surface pressure and the altitude of the upper limb of the Sun during the
sunrise and sunset events used in this study, were placed into the equation and then
subtracted from the astronomical refraction found in the present study. The average
difference between the observed values and calculated values is -0.030° with a
standard deviation of 0.116° . There appears to be a substantial difference between
sunrises and sunsets. The average difference between the observed and calculated
sunrise values is 0.009° +0.117°, while it is -0.110° +0.056° for sunsets.

The difference between sunrise and sunset deviations may be the result of the
intended use and possible source of the data for Equation (3.8.1). As outlined in
Section 3.5, the most apparent difference between sunrise and sunset meteorological

67



conditions is the vertical temperature gradient. Equation (3.8.1) appears to produce
the most accurate results during sunrise (the average sunrise deviation is very close to
zero). Therefore, Equation (3.8.1) appears to be formulated assuming a positive
vertical temperature gradient, which generally occur at night when most astronomical
work is performed. To produce a more universal empirical formula Equation (3.8.1)
should include a term involving the surface vertical temperature gradient.

In Section 3.5 the results suggested that astronomical refraction was closcly
correlated with the surface temperature and surface vertica! temperature gradient. It
appears reasonable that the deviation, outlined above, should also have a similar
correlation. A plot of the deviation for the sunrise astrunomical refraction versus
surface ternperature and pressure appears in Figure 3.8.1 and 3.8.2. For sunsets, the
corresponding graphs are Figures 3.8.3 and 3.84. A plot of sunrise and sunset
deviation versus the surface vertical temperature gradient appears in Figure 3.8.5 and
3.8.6.

An examination of Figures 3.8.1 to 3.8.4 suggests there is little or no
dependence on pressure and only a modest dependence on temperature. A linear
regression was performed on the above data. The results appear in Tables 3.8.1 to
3.83.

Therefore the r 'ts suggest that Equation (3.8.1) may require additional
corrections with respect to surface temperature and the surface vertical temperature
gradient. Specifically, from Table 3.8.1 and 3 8.3 the following correction can be
applied to both sunrises and sunsets on a zero horizon:

R, =R, a(o.oo4ozr_o.0005)(7'+273)—(1.0710.13)+(2.2|¢0.13)%%

—-(0.0811+0.0055)
(3.8.2)

where 7'is in degrees Celsius, and dT/dh is in ©C/m. The uncertainties in the slopes
and intercepts were determined nsing a method outlined in Appendix B and taken
from Taylor (1982, pp. 157-159).

Applying Equation {3.8.2) to the data in Table 3.1.1 and 3.1.2. produces an
average deviation from the observed values of 0.030° +0.085°, a decrease of 27%
in the standard deviation. With only the correction for surface vertical temperature
gradient applied (the last two terms in Equation (3.8.2)), the resulting average
deviation was 0.000° +0.086°. Therefore, the inclusion of the temperature
correction term improves the standard deviation but only changes the sign of the
average deviation. However, the use of *he surface vertical temperature gradient
correction alone, reduces the average dzviation to negligible amounts and produces
nearly the same decrease in the standard deviation. This may be due t~ the
differences in uncertainty in the two linear regressions. The percentage uncertauity in
the slope and intercept for the surface temperature correction (about 12.4%) is
almost twice the uncertainty in the siope and intercept for the surface vertical
temperature gradient (about 6.4%). Since the slope for both sunrises and sunsets in
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Table 3.8.3 is actually larger than the slope for either sunrise or sunsets, it appears
that the two data sets may have to be considered seperately.

These results suggest that astronomical measurements taken near the horizon
requiring the highest possible positional accuracy should include the surface vertical
temperature gradient in their corrections for astronomical refraction.
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(calculated from Equation 3.8.1) versus surface temperature
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Intercept Correl.

Parameter/Event Slope
°) CoefT.
Temperature/Both -0.0040 -0.0300  -0.40
Temperature/Sunrise  -0.0033  -0.00013  -0.31
Temperature/Sunset  -0.0015  -0.1012  -0.30
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Prob.
(%)

<0.05
<0.05
<0.05

Table 3.8.1: Linear regression results for surface temperature and deviation
between Equation (3.8.1) and the astroncmical refraction found in this study

(see Figures 3.8.1 and 3.8.2).

Parameter/Event Slope  Intercept Correl. Prob.
) CoefT. (%)

Pressure/Both -0.00085 0.7663 -0.05 ~50
Pressure/Sunrise 0.00024 -0.2139 0.02 ~90
Pressure/Sunset -0.0021 1.821 -0.22 ~5

Table 3.8.2: Linear regression results for surface pressure and deviation

between Equation (3.8.1) and the astronomical refraction
(see Figures 3.8.3 and 3.8.4).

found in this study

Parameter/Event Slope intercept Correl. Prob.
°) CoefT. (%)

d7/dh/Both 22130 -0.0811 0.67 <0.05

d7/dh/Sunrise 1.9677 -0.0656 0.56 <0.05

d77/dh/Sunset 2.0226 -0.0956 0.42 <0.05

Table 3.8.3: Linear regression results for vertical temperature gradient and
deviation between Equation (3.8.1) and the astronomical refraction found in

this study (see Figure 3.8.5).



CHAPTER 4

APPLICATIONS TO ARCHEOASTRONOMY

4.1 Neolithic Sione Monuments

It has been suggested that certain British Neolithic stone monuments built
during the period 4000 to 1000 B.C. were deliberately aligned with the rising and
setting points of the Sun or Moon at key moments in their cyclical movement
(Heggie, 1981, Thom, 1971). Since this investigation has focused on the refractive
behavior at sunrise and sunset, this portion of the analysis shall concentrate only on
the claimed solar alignments. Observable rising and setting events of the moon
generally take place at night when meteorological conditions may be different.

It has also been claimed that certain stone markers deliberately point to the
solar solstice rising and setting points on a distant horizon. At the solstices, the Sun
appears to rise and set at its most southerly and northerly position on a given horizon.
The stone monuments or menhirs, are not claimed to be in accurate and precise
alignment with these past solstice rising and setting points, rather, they supposedly
point to distant horizon features that could be used as precise markers. An observer
would stand at the furthest stone and use other stones to point to the crest of a
distant hill, a col between two hills or some other convenient horizon marker that
would provide a consistent reference for the most southerly or northerly setting or
rising point of the Sun. The slow changes in the obliquity of the ecliptic coupled with
relatively imprecise dating of the monuments and the rather arbitrary choice of
horizon markers makes these claims debatable. These apparent alignments have been
used by Thom (1971) as evidence for Neolithic society's advanced understanding of
celestial motions of the Sun and the Moon.

Thom suggests that these observations could have been made to determine the
day of the winter and summer solstice. For example, as the Earth approaches the
summer solstice, the azimuthal position of the rising or setting Sun approaches a
maximum northerly position. Depending on the exact time of the solstice, the Sun
usually sets at its most northerly point on the day of the summer solstice. If the
moment of solstice occurs in the early morning hours then the most northerly sunset
can ssccur on the previous day.

Thon: also claimed that these sites could have been used to determine the Sun's
solstitial declination and hence the obliquity of the ecliptic (the angular tilt of the
Earth's rotational axis with respect to its orbital axis around the Sun). At the moment
of the summer o; winter solstice the Sun is at its extreme northern or southern
decunation {abovt +23.4° and -23 4° respectively) and, as mentioned previously, at
its most noiiherly or southerly rising and setting point. Once the azimuth of the most
northerly or s utherly sunrise or sunset is found, along with the latitude, the altitude
of the centre of the geometric Sun, the declination of the Sun at the solstice, and thus
the »5hquity of the ecliptic, can be found through Equation (3.7.1). This method is
limited by the Aiference between the declination of the Sun at the moment of solstice
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and the declination of the Siin at the time of the most southerly or northerly. sunrise
or sunset. How Neolithic necople may have recorded, reduced, and analyzed thesc
azimuthal observations tc produce an accurate value for the obliquity is still
unexplained and beyond the scope of this paper.

According to Thom, (1971, p. 30) the most noteworthy solstitial observatories
occu- at sites in Ballochroy and Kintraw, both situated on the west coast of Scotland.
From extensit'z &7 .¢ys at these and other sites, Thom claims the Neolithic observers
could have determined the solar declination at the moment of solstice and hence the
obliquity of the ecliptic to an accuracy of about +0.012°.

Thom deduced this by first assuming that some Neolithic sites were used for
sunrise and sunset observations. Sites were then selected which had stone
monuments that roughly pointed towards locations on the horizon where the solstitial
sunrise or sunset occurred. Thom then measured the altitude and azimuth of the
horizon features at these solstitial sunrise or sunset horizon locations. Particular
horizon features were then selected that, in Thom's opinion, could produce the most
accurate azimuthal measurements of the position of the sunset or sunrise. Thom
further assumed that the Neolithic observers used the n-yment of contact between the
upper limb of the Sun and these selected horizon featur s to determine the azimutha!
position of solstitial sunset or sunrise. For example, fom the Kintraw site, winter
solstice sunset occurred near a V-shaped depression where the slopes of two hills, 45
km away, appeared to intersect. Thom speculated that the Neolithic observers waited

until the top limb of the winter solstice setting Sun briefly appeared at the bottom of

the depression. At this point the sunset had reached its most southerly azimuthal
position and therefore, the Sun was at its 1nost southerly declination. Fiom the
altitude and azimuth measurements of the bottom of the depression, Thom could then
calculate the past position of the Sun at the moment of winter solstice and hence the
obliquity of the ecliptic.

Since the parameters of the Earth's orbit and rotation change over time (the
obliquity of the ecliptic has changed by about 0.013° in the last century) the position
and apparent size of the Sun and therefore, the position of sunrise and sunset also
changes over time. Thom, used these periodic motions to determine an approximate
date for the construction of these stone monuments (Thom, 1971, p. 15).

This study will examine the validity of these claims by applying the uncertainty
in the astronomical refraction to the azimuthal position of sunrise and sunset and
hence the accuracy in determining the date and declination or the solstice (and thus
the obliquity of the ecliptic) using a method of sighting sunrises and sunsets.

4.1.1 Application of Observed Astronomical Refraction to the Determination of
the Sunrise and Sunset Azimuth and the Value of Solar Declination.

The uncertainty in the azimuth of the setting Sun was found by applying an
error propagation method outlined in Taylor (1982, p. 62) to Equation (3.7 ). This
method could not be used for the uncertainty in the declination since Equations
(3.7.1) has two terms, a, and, 4, with uncertainties that are not independent.
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Alternatively, a method outlined by Schaefer and Liller (1990) was used where the
uncertainty in the declination AS was estimated from the equation

Ad=ARcosw “4.1.1)

where AR is the uncertainty in the astronomical refraction, and @ is the interior angle
between a great circle of constant right ascension and a great circle of constant
azimuth, which intersect at the zero horizon. This is found from the formula
(Schaefer and Liller, 1990):

cosm = sing —sind sina 4.12)
cosd cosa

Using the uncertainties in astronomical refraction outlined 1n Table 3.4.1 the
resulting uncertainties and half ranges in azimuth and declination for a zero horizon
are contained in Table 4.1.1.

Event AA Half Ad Half
°) Range °) Range
) )
sunrise December 0.231 0.578 0.100 0.250
sunrise June 0318 0.489 0.131 0.201
sunset December 0.156 0.206 0.067 0.059
sunset June 0.053 6.077 0.022 0.032

Table 4.1.1: Standard deviations and half ranges for azimuth and
declination due to the standard deviation and the half range in refraction
(half of the difference between the minimum and maximum values).
Columns 2 and 4 are the estimated uncertainties in the azimuth (column
2) and declination (column 3) of the Sun due to the standard deviations of
the monthly mean astronomical refraction. Columns 3 and 5 are the half
range in azimuth and declination (half the difference between the
minimum and maximum value in the monthly astronomical refraction).

The uncertainty and half range in the declination found in this investigation is
consistently larger than the accuracy of the obliquity of the ecliptic claimed by Thom.
The smallest uncertainty occurs during june sunsets. These have an uncertzinty
almost twice Thom's value and a half range that is nearly three times as large. Care
mus: be taken when drawing any conclusions from this comparison since Thom's
Neolithic sites do not have a horizon at 0° altitude, and climatic conditions, that have
been shown in this present work to affect refraction, could be significantly different
between twentieth century Edmonton and the sites in Neolithic Scotland.

79



For the Ballochroy site (55° 42' 44" latitude) the present horizon elevations for
the winter solstice sunset were found to lie between about -0.13° and -0.18° and for
the summer solstice sunset, between 0.57° and 0.90° (Thom, 1971, pp. 37). No
solstice sunrise alignments were mentioned. For the Kintraw (56° i1' 18" latitude)
site only the winter solstice sunset horizon was found to be in apparent alignment and
it was measured at an altitude 0.43° .

According io palaeoclimatic studies, the Neolithic Briush Isles were only
slightly warmer and clearer than today (Lamb, H. H., 1974). The effect of a coastai
climate is to moderate seasunal temperature variations, so instead of using the
Edmonton December mean refraction and uncertainty the values for October in
Edmonton were chosen for the winter solstice sunset cvaluation. The mean
refraction was adjusted for horizon elevation by using the approximate empirical
rclationships found earlier. The standard deviation of the mean monthly astronomical
refraction was also adjusted, for horizon altitude, in proportion to the adjustments
made to the mean astronomical refraction. The results of this analysis appear in Table
412

Site Event Half Ad Half
) Range , ®) Range
) )
Ballochroy  winter solstice sunset 0.066 0.104 0026 0042
Ballochroy  summer solst’ze cun:~t  0.052 0.076 0.020 0.029
Kintraw winter se' 0.062 0.098 0.023 0.037
Table 4.1.2: 7 taintics in the solstitial solar azimuth
and declinat’ ¥iniraw. These are considered the
two most * wiggcsted by Thom (1971). Column
3 and 5 a: 1ion of the standard deviation from
Table 3.7, < estimated uncertainties using the
half range :

The propagation of the standard deviation of the refraction suggest that none of
the sites could have been used to determine the obliquity of the ecliptic to a precision
of +0.012° . The best site appears 1o be Ballochroy, which shows an uncertainty in
declination of +0.020° during the summer solstice sunset. This is 67% larger than
the accuracy of the obliquity of the ecliptic claimed by Thom. More realistically, the
half range uncertainty at Ballochroy summer sunset, suggests that the method was 2 4
times too inaccurate to produce the claimed value. It is also assuined that to
determine the obiiquity of the ecliptic, at least two azimuthal positions must be
measured, either at the winter solstice sunset position or the summer solstice sunrise
position. The only other horizon point mentioned by Thom was the Ballochroy
winter solstice sunsct position. The standard deviations in the two measurements
would then propagate, according to the method described in Taylor (1982, p. 56), to
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a combined error of +0.033° in declination, almost three times larger than the value
claimed by Thom. Such an accuracy could have been achieved only if the Neolithic
observers could measure the azimuth over a number of solstitial events and then
somehow average the resuits and ignore the inevitable outliers. The two half range
uncertainties prcduce a combined value of +0.129° | an order of magnitude larger
than the figure claimed by Thom.

Even though the summer solstice sunset refraction shows significantly less
variation than sunrise refraction and winter sunset refraction, the results of the
Ballochroy and Kintraw analysis suggest that the refraction is still not stable enough
to determine the obliquity to an accuracy better than about +0.1° from these sites.

4.1.2 Application of Observed Astronomical Refraction to the Determination of
the Date of Solstice Using the Time of Extremes in Sunrise or Suns.t Azimuth.

As mentioned previously, varations in astronomical refraction produce a
resulting variation in the azimuthal position of the rising or setting Sun. To
determine the exact day of the solstice by observing the rising or setting point of the
Sun, an observer must obtain an unambiguous sighting of the most northerly or
southerly azimuth of the Sun. The uncertainty of the azimuth of the rising or setting
Sun due to refraction determines the accuracy of this measurement. If the uncertainty
in azimuth is less than the difference in azimuth from one day to the next, then it is
possible to determine the exact date of the solstice. A plot of the azimuth of the
setting Sun around summer solstice as seen from Edmonton is given in Figure 4.1.1.

The accuracy of the date of the solstice found through the sunrise and sunset
method outlined above is estimated by comparing the uncertainty in azimuth due to
refraction with the daily change in azimuth for the period centered on the solstice.
The difference in azimuth between a setting or rising Sun on a particular day and the
azimuth of the setting or rising Sun at the solstice is then subtracted from the
uncertainty in azimuth due to refraction. The period of time when the values are
below zero is considered to be a period of ambiguity when the uncertainty in azimuth
could potentially produce the most northerly or southerly azimuth. Any onc of the
days within this period could, therefore, be considered to be the day of the solsticc.
For the valucs listed in Table 4.1.1 (conditions specific to the Edmonton sites) the
uncertainty in the possible dates for the different solstices are given in Table 4.1.3.
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Figure 4 1 1 Azimuth of setting Sun around summer solstice as seen from
Edmonton To determine the azimuth, daily declinations for the Sun and
Edmonton's geographic latitude were placed in Equation (3.7.1). For the
altitude of the upper limb of the Sun, the mean value for sunset astronomical
refraction in June (-0.526° ) was used.



Event Accuracy Accuracy
(from SD) (from half range)
(£0.1 days) (£0.1 days)
sunrise winter solstice 112 16.9
sunset winter solstice 8.7 10.0
sunrise summer solstice 13.4 16.5
sunset summer solstice 54 6.5

Table 4.1.3: The estimated uncertainty in determining the date of the
solstice at Edmonton's gecgraphical location and climate, using the most
northerly or southerly sunrise or sunset to indicate the date of solstice.
The second column is the accuracy derived from the standard dewviation of
the refraction observed in December or June. The third column is the
accuracy derived from the half range of observed refraction during the
two months.

A case study appears to support the overall conclusion that the time of summer

solstice cannot be determined to an accuracy of a single day using the most northerly
sunset (see Figure 4.1.2)

The methods outlined previously were then used to determine whether the

solstice sunsets at Ballochroy and Kintraw could have been used to find the date of
solstice. The results appear in Table 4.1.4.

Site and Event Accuracy Accuracy
(from SD) (from half range)
(days) (days)
Ballochroy, sunset winter solstice 53 6.8
Ballochroy, sunset summer solstice 5. 6.2
Kintraw, sunset winter solstice 5.1 64

Table 4.1.4: The estimated uncertainty in determining the date of the
solstice from Thom's Neolithic solstitial sites. As before, June and
October values for refraction were used.

The results in Table 4.1.4 suggest that at the Ballochroy and Kintraw sites, the

day of solstice for an individual year could be consistently determined to an accuracy
of no better than about 5 days using the method of sighting the azimuth of the most
northerly or southerly sunset. This assumes that the meteorological conditions in
Neolithic Scotland are not radically different than those used in this study.
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Figure 4.1.2: A series of sunsets around summer solstice illustrating the
difficulty in determining the date of summer solstice from the date of the most
northerly sunset. All observations were made from the roof of the H. M. Tory
building. The location and elevation of the observer for all three observations
was maintained 1o an accuracy of about +0.1 meter. The distance to the
horizon is over 30 kilometers and the power poles are about 10 kilometers
away. The angular distance between the two power poles was estimated to be
about 1.2°. Observations were made with a pair of 7x20 binoculars. Dates
are in UT. and all three sunsets occurred around 04:08 UT. Summer solstice
took place on June 21 at 09:00 UT (The Astronomical Almanac, 1992, p. Al),
2.2 days from the most northerly sunset, which occurred on June 19.
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4.2 The Pyramids of Egypt.

Many of the great pyramids of Egypt are apparently aligned to the cardinal
points to within a precision of less than a degree of azimuth. Numerous attempts
have been made to explain how the ancient Egyptians could have found the cardinal
points with such accuracy and precision (Zaba, Z., 1953 and Haack, S. C., 1984).
Most attempts have concentrated on the sighting of the star a Draconis which was
close to the celestial pole at the time of the Pharaohs. Haack also claims that the
sighting of the rising or setting Sun at the equinoxes would lead to a large error, since
the daily northward or southward motion of the setting or rising Sun around the
equinoxes is at its annual maximum.

One possible alternative method would be to locate north by bisecting the angle
subtended by the azimuthal position of the sunrise and sunset on a given day. Since
the change in azimuth of the Sun is at a maximum around the equinoxes, this method
would have greater accuracy during the solstices. It would also be more convenient
during the period around solstice since, as mentioned in Section 4.1.2, there would be
a number of sunrises and sunsets at approximately the same azimuth and, as a result,
the occassicnal cloudy day would not be as problematic. During the few days around
the solstice when the sunrise or sunset azimuth appears be nearly stationary, an
observer would have numerous attempts to observe and even refine their sight lines.
As shown in Section 4.1.1, the mean azimuthal position of the solstice sunrise or
sunset is 2 function of the mean sunrise and sunset refraction during the time of the
solstice.  The uncertainty it azimuthal position of the most northerly sunrise and
sunset is also a function of the standard deviation of the refraction at that particular
time of year.

Zaba (1953, pp. 1. -12) provides alignments of eight pyramids, three of which
are only approximate due to their poor state of preservation. These three alignments
were ignored. The alignment errors of the five most accurately measured pyramids
are contained in Tatie 4.2.1.

“yramid name Error

)
The Gres: ¥vramid of Cheops at Giza 0.0147
The Pyramid at Meidum (Huni) -0.4069
Seneferu's Bent Pyramid at Dahshur -0.1533
The Pyramid Mycerinus at Giza 0.2347
The Pyramid of Chephren at Giza -0.0906

Table 4.2.1: The error in alignment of five of the pyramids of Egypt. A
positive error indicates an alignment to the east of true north. The error
for the Great Pyramid of Cheops was determined frem the average of the
alignment errors of its four sides.
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The mean alignment error is 0.08° to the west of true north with a standard
deviation of 0.2°. This implies that, on average, these five pyramids are aligned to
an azimuthal point of 359.92° +0.2°.

The mean and standard deviation of refraction for June sunrise and sunset were
taken from Table 3.7. A latitude of 30.0° N, and a horizon altitude of 0° were used
for the calculations. The mean azimuthal position of the rising and setting summer
solstice Sun was found through Equation (3.7.1), where the solar declination at
summer solstice (for 2500 B.C.) was +24.067° (Seidelmann, 1992, p. 171) and the
altitude of the centre of the solar disc was found by the summation of the mean
refraction for June sunrise and sunset and the mean semidiameter of the Sun
(0.267°). The standard deviations are then determined for this site through the same
error propagation methods described in Section 4.1.1.  The resulting azimuth is
359.84° with an uncertainty of +0.1°.

Therefore, the results suggest that if the refractive conditions were similar to
those in Edmonton, and if the builders had access to a relatively flat horizon (or a
solstitial sunrise and sunset horizon of equal altitudes), then the method outlined
above would be consistent with the mean alignment and the standard deviation of the
five most accurately measured pyramids. The relatively flat Nile delta is located just
to the north of the Pyramids of Giza and may have been used to find the cardinal
points. Once a line had been found, it could have been extended to the location of
the pyramid by a form of backsighting, where a series of markers would be aligned
sequentially with the previous two. This method would obviously introduce its own
uncertainty into the final alignment.

Therefore, it appears possible that the builders of the Pyramids used the
bisection of the angle described by the azimuthal location of the summer solstice
sunrise and sunset to align these structures.
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CHAPTER 5.

DISCUSSION AND CONCLUSIONS

Observed timings of 244 sunrises and 125 sunsets were used to determine the
astronomical refraction of the Sun's upper limb. Once cerrected for horizon altitude
and terrestrial refraction, the differences between sunrise and sunset refraction, as
well as seasonal differences in refraction were examined. Using the physical
principles of refraction as a guide, the results were then correlated with available
meteorological data. Anomalously large refractive events were examined, with
respect to their frequency, seasonal distributicn and meteorological correlations. An
attem:t was made to determine the existence and behavior of horizontal astronomical
refraction by comparing the observed sumise azimuth with the calculated value.
Finally, the results were used to examine specific issues in the field of
archeoastronomy. The results of the study are as follows.

1) The analysis showed that the mean sunnse and sunset astronomical
refraction for this study was 0.669° with a standard deviation of 0.175° and a total
range of between 0.402° and 2.081°. The data suggest that the amount and
variability of refraction differs between sunrise and sunset. In this study, the mean
sunrise astronomical refraction was found to be 0.714° with a standard deviation of
0.184°, while the mean sunset astronomical refraction was 0.579° (19% less than
the sunrise value) with a standard deviation of 0.108° (41% less than the standard
deviation for sunrise refraction). The mean sunset astronomical refraction is in close
agreement with the value found by Schaefer and Liller, differing by only 3%. The
difference in standard deviation between the two studies is considerably more. The
Schaefer and Liller data shows 41% greater standard deviation in their sunset
astronomical refraction. Direct comparison between these two data sets may be
slightly hampered by the absence of any correction for terrestrial refraction in the
Schaefer and Liller study.

2) The results also suggest a relatively strong seasonal effect on the monthly
mean aind monthly siandard deviation of the astronomical refraction. Both the mean
sunrise and sunset astronomica! refraction peak during the colder months. The peak
monthly mean sunrise astronomical refraction occurs in November with a value of
0.857° while the sunset value peaks in January at 0.777°. Sunrise astronomical
refraction shows a secondary peak in summer, with 0.779° in June and 0.798° in
July. Sunset astronomical refraction experiences a broad minimum in the warmer
months with the lowest value of 0.496° occurring in August. The monthly mean
sunset refraction is consistently less than the sunrise refraction. The difference
between the two generally increases during the warmer portion of the year and
reaches a maximum difference in June and August.

The seasonal variations in the monthly standard deviation of sunrise and sunset
astronomical refraction follow a similar trend. The maximum standard deviation for
both sunrise and sunset appears to occur during the colder parts of the year with a
secondary maximum for sunrises occurring in June. The largest values occur for
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January and November sunrises, where the standard deviation is +0.270° and
+0.335° respectively. The standard deviation of the sunset astronomical refraction
experiences a broad minimum during the warmer months. The average standard
deviation for the observations taken during May through October (excluding July duc
to the lack of sufficient data) is around 0.028° with a range of 0.019° in May to
0.033° in August.

Duriny most of the year, the ranges of the standard deviation for sunrise and
sunset overlap. Only in May, June, August and September do the two ranges remain
separate. It is, therefore, not unreasonable to conclude that the mean astronomical
refraction for both sunrise and sunset during the colder months could be the same.
Yet, the consistent difference between the mean monthly sunrise and sunset refraction
(sunset ~efraction is aiways less) strongly suggests that the difference is real and not
an artifact of the data.

3) Astronomical refraction appears to be most strongly correlated with the
surface temperature and the surface vertical temperature gradient, with the vertical
temperature gradient giving a slightly higher correlation coefficient. Little or no
improvement was seen when correlating astronomical refraction with surface air
density. The astronomical refraction exhibits very little correlation with the surface
pressure.

Empirical formulae for sunrise and sunset refraction based on surface
temperature and surface vertical temperature gradient were derived through linear
regression. The formulae assume a zero horizon. The correlation coefficients
suggest the linear correlation is highly significant. Since the correlation is based on
the physical relationship between the vertical temperature gradient and refraction, it
appears re: sonable to conclude that the results of this investigation indicate a causal
relationship and hence, the relationship between the measured surface vertical
temperature gradient and the astronomical refraction should be universal in its
application. Even though the linear fit between astronomical refraction and the
surface vertical temperature gradient may be highly significant, there remains a large
amount of variance that can not be explained by the linear fit. Inaccuracies in the
calculated surface vertical temperature gradient and differences between the time of
radiosonde measurements and the time of sunrise and sunset, limit the accuracy of the
relationship and may account for some of the scatter. Since the same surface vertical
temperature gradient may occur with a different surface temperatures, further
observations from different climatic regions may be necessary to confirm the
universality of these relationships. Ray tracing analysis using observed vertical
temperature distributions would also help to verify these empirical results.

The monthly standard deviation in sunrise and sunset astronomical refraction is
also strongly correlated with the variability in the surface vertical temperature
gradient. A linear regression of these two values produces a highly significant
correlation. A similar correlation between the standard deviation of the surface
temperature and the standard deviation of the refraction produces a relatively poor
correlation. This suggests that surface temperature alone is not 2 satisfactory
indicator of astronomical refractive behavior. The surface vertical temperature
gradient appears to be the best overall indicator of sunrise or sunset astronomical
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refraction. However, this apparently strong correlation may be due. in part, to the
strong correlation between the surface vertical temperature gradient and (ke
corresponding measurement uncertainty. Therefore, the correlation between the
monthly standard deviation of the refraction and the menthly standard deviation of
the surface vertical temperature gradient may be coincidental. Further work, with
data of higher resolution, will be necessary to uncover a more conclusive relationship.

The present results may provide a useful archeoastronomical tool for
determining the range in astronomical refraction for a particular site, as deduced from
the expected range in the surface vertical temperature gradient. It may be possible to
determine the range of the surface vertical temperature gradient for a prehistoric site
from palaeoclimatic studies and also from comparisons with surface vertical
temperature gradient records from similar present day climatic sites.

4) On rare occasions, anomalously large refractive events caused t ¢ Sun to
rise much earlier than predicted or set much later. These so-called, Novaya Zemlya
effects, were extracted from the data by selecting astronomical refraction events more
than two standard deviations greater than the line defined by the linear regression of
the vertical temperature gradient and the astronomical refraction. It appears the
effect is about twice as common at sunrise than at sunset. From a total of 11 events,
nine were sunrises (4% of total sunrises) and two were sunsets (2% of total sunsets).
All Novaya Zemlya events, except one, took place during surface inversion
conditions. The data suggests the Novaya Zemlya is typically, but not exclusively, a
cold weather phenomenon. Therefore, the Novaya Zemlya phenomenon may also be
visible in warmer climates during surface inversion conditions (i.e. during sunris?).

5) The possibility of horizontal refraction was explored by comparing. the
observed azimuth of a sample of sunrises taken around the winter solstice o the
calculated azimuth of these events. The results suggest the possible existence of
horizontal astronomical refraction of 0.19° +0.08° with a minimum azimuthal
deviation of +0.05° and a maximum of +0.36°. Seven measurenicnts were
considered to be of the highest possible accuracy (an uncertainty of less than 0.1 °).
Six of the most accurate measurements showed an azimuthal deviation of +0.14° or
more. The overall southward direction of the observed displacement is consistent
with the sensc of the refraction which would arise from a meridional temperature
gradient. Yet the magnitude of the apparent displacement appears to be far greater
than the amount predicted by Bomford's equation (1980). Therefore, it appears that
the measured deviation could also be the result of random measurement error, and/or
systematic error in the caiculation or measurement of the azimuth of the reference
horizon landmarks or the sunrises themselves.

It was expected that any significant horizontal refraction should be correlated
with significant astronomical (i.e. vertical) refraction. A plot of the horizontal
deviation versus astronomical refrzction appears to reveal a linear relationship with a
modest correlation coefficient of 0.30 (i.e.: there is a probability of 11% that 27
random data points would achieve the same correlation coefficient).

Therefore, confirmation of the existence of significant horizontal astronomical
refraction must await a more sensitive and sophisticated study.
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6) A comparison of the results of this study and the formula for astronomical
refraction in ‘he Astronomical Almanac reveals a systematic difference with respect
to sunrise and tunset refraction. The altitude of the upper limb of the geometric Sun,
the surface temperature and surface pressure at the time of the observed sunrise ©r
sunset were placed into the Astronomical Almanac formula and the resulting
astronomical refraction was then subtracted from the values found in this study The
average deviation for all the observations w.as -0.030° with a standard deviation oy’
0.116° . For sunrises the average deviation was 0.009° and standard deviation of
0.117°, while for sunset the average deviation was -0.1 10° and standard d: viatic.:
of 0.056° .

A linear regression was performed - e sunrise and sunset deviation versus
surface temperature and surface vertica’ -ature gradient. The results show that
the Astronomical Almanac formulae r it from further adjustments for surface
temp.i ature and especially the surface v .al temperature gradient. The application
of the linear correction term for surface vertic.al temperature gradient to the Almanac
formulae decreased the average deviation from the observed astronomical refraction
by 0.030° and decreased the corresponding standard deviation by 26%.

Therefore, the results suggest that the surface vertical temperature gradient
should be factored into any methods for calculating the expected amount of
astronomical refraction near the horizon.

7) The results of the investigation were finally applied to specific issues in
archeoastronomy. The effects of astronomical refraction found in this study were
used to examine the claims of A. A. Thom, who suggested that specific Neolithic
stone monuments in the British Isles were deliberately aligned with the solstitial rising
and setting points of the Sun. Thom claimed that sites at Ballochroy and Kintraw in
Scotland, demonstrated that Neolithic observers could determine the exact day of
solstice and find the obliquity of the ecliptic to an accuracy of +0.012° using the
azimuthal position of the rising and setting Sun.

8) The results of this study suggest that Meolithic observers could not have
used the solstice sunrise or sunset to determine the exact date of the solstice from
these two sites. The variability in astronomical refraction produces a variability in the
azimuth of the rising or setting solstitial Sun. The results of this study, suggest that
at the Ballochroy and Kintraw sites, the day of solstice could be consistently
determined to an accuracy of o better than about S days using the method of
sighting the azimuth of the most northerly or southerly sunset. Actual observations
from Edmonton of the most northerly setting point of the Sun around the 1993
«olstice, appear to support this conclusion.

T+ same variability in the astronomical refraction limits the possible
measurement accuracy of the obliquity of the ecliptic to about +0.1° at the
Ballochroy or Kintraw sites.

A possible concern with these results is the assumption of similarity between
refractive conditions revealed through this study (from late 20th century Edmonton)
and the refractive conditions in Neolithic Scotland. The present climate in Edmonton
is northern continental while the sites in Scotland have a northern maritime climate.
The results of this study point to a possible solution to this problem. If the
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relationship between the standard deviation of the monthly refraction and the
standard deviation of the monthly surface vertical temperature gradient is universal,
and a relationship between regional climate and seasonal/daily surface vertical
temperature gradient variability can be established, then the climatic refractive
conditions in Neolithic Scotland could be estimated.

9) The present results have also been applied to the alignment of the pyramids
of Egypt. Many of these structures are apparently aligned to the cardinal points with
an error of less than half a degree of azimuth. The five pyramids with the best
measurements (due to their state of preservation) show a mean northern alignment
azimuth of 359.92° with a standard deviation of +0.21°. If the position of true
north were determined by bisecting the angle described by the rising and setting point
of the Sun around the summer solstice, then the results of this study suggest that the
mean monthly astronomical refraction for the June sunrise and sunset would place
true north at 359.83° and the standard deviation due to refraction would be +0.10° .
Therefore, the position and uncertainty of true north, estimated by the results of this
study, appear to be consistent with the alignment of the five most accurately
measured pyramids.

The validity of this conclusion is limited by the unknown refractive conditions
during the construction of the pyramids, and the availability of a sufficiently flat
horizon near the construction sites. The relatively flat Nile delta is located just to the
north of the Pyramids of Giza and may have been used to find the cardinal points.
Once a line had been found it could have been extended to the location of the
pyramid by a form of backsighting, where a series of markers would be aligned
sequentially with the previous two. This method would obviously introduce its own
uncertainty into the final alignment. As mentioned previously, a study into the
climatic conditions of ancient Egypt and a full examination of the connection between
climate, surface vertical temperature gradient variability and astronomical refraction
would help to solve the first concern. A full examination of the present local
topography around the pyramids and any possible changes that may have occurred
would clarify the second.

With these concerns in mind, it is not unreasonable to suggest that these five
pyramids could have been aligned to the measured accuracy using the bisection of the
angle described by the rising and setting Sun around the summer solstice.
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APPENDIX A:

GLOSSARY OF SELECTED TERMS

Adiabatic Lapse Rate (or Dry-adiabatic Lapse Rate): A special lapse rate of
temperature, defined as the rate of decrease of temperature with height of a parcel of
dry air lifted adiabatically (i.e. there is no exchange of energy with the surrounding
environment) through an atmosphere in hydrostatic equilibrium (i.e. the state of a
fluid whose surfaces of constant pressure and constant mass coincide and are
horizontal throughout. Complete balance exists between the force of gravity and the
pressure force.) (R. Huschke, 1959, pp. 9, 10, 290)

Altitude (). The angular distance of a point or celestial object above or below the
horizon (lllingworth, 1980, p. 13). In this study the horizon, the horizontal plane
through an observer, shall be called the zero horizon. The zenith has an altitude of
90° above the zero horizon. Altitudes below the zero horizon are negative.

Astronomical Refraction (R,). The observed angular displacement, in altitude, of
an astronomical object due to the refraction of its light by the atmosphere between
the observer and the celestial object (R, in Figures 1.1.1,1.1.2, 1.1.3 and 2.1.2).

Azimuth (4). The angular dixance measured castwards along the horizon
(Ilingworth, 1980, p. 44) from a local meridian to the intersection of the object's
vertical circle (a great circle passing through the object and the zenith). The cardinal
points: north has an azimuth of 0°, east 90°, south 180° and west 270° .

Declination (3). A coordinate used with right ascension in the equatoriai coordinate
system (see I..ure A.1). The declination of a celestial body, is its angular distance
(from 0° to 90°) north (counted positive) or south (counted negative) of th
celestial equator (Illingworth, 1980, p. 110).

Equatorial Coordinate System. The most widely used astronomical coordinate
system in which the fundamental reference circle is the celestial equator with the zero
point at the vernal equinox (see Figure A.1). The coordinates are right ascension o
and declination 8, which are measured along directions equivalent to those of
terrestrial longitude and latitude, respectively (Illingworth, V. 1980, p. 149).

0S8



North Celestial Pole

Vernal Equinox

Figure A.1: Equatorial coordinate system (Illingworth, 1980, p. 147).

Geometric Sun. The apparent position of the solar disc without the effects of
refraction (see Figure 1.1.1, 1.1.2,2.1.2 and 2.1.3).

Horizontal Refraction. The displacement of an image in azimuth due to the effects
of terrestrial and/or astronomical refraction.

Hour Angle (H). The angle measured westward along the celestial equator from the
observer's meridian to the hour circle (a circle of constant right ascension) of a
celestial body (Illingworth, 1980, pp. 206-207).

Lapse Rate (y). The decrease of an atmospheric variable with height, the variable
being temperature, unless otherwise specified (R. Huschke, 1959, p. 334)

Local Horizon. The altitude profile of the most distant visible local topography
against the open sky.
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Right Ascension (o). A coordinate used with declination in the cquatonal
coordinate system (see Figure A.1). The right ascension of a celestial body, etc , is
its angular distance measured eastwards along the celestial equator from the vernal
equinox to the intersection of the hour circle passing through the body (lllingworth,
1980, p. 384).

Refracted Sun. The position of the solar disc as seen by an observer after its light
passes through the atmosphere (see Figure 1.1.1,1.1.2,2.1.2 and 2.1.3).

Sidereal Time. The time measured by reference to the rotation of the Earth with
respect to the stars, which are regarded as fixed in position (lllingworth, 1980, p.
406).

Super-adiabatic. A lapse rate greater than the dry-adiabatic lapse rate or less than
the dry-adiabatic vertical temperature gradient.

Sunrise and Sunset. The moment the upper limb of the Sun appears (sunrise) or
disappears (sunset) at the local horizon (see Figures 1.1.1 and 1.1.2).

Surface Inversion. A temperature inversion based at the earth's surface; that is, an
increase of temperature with height beginning at the ground level. This condition is
due primarily to greater radiative loss of heat at and near the surface than at levels
above. Thus, surface inversions are common over land prior to sunrise and in winter
over high-latitude continental interiors. (R. Huschke, 1959, p. 559)

Surface Pressure (p). The atmospheric pressure at a given location on the earth's
surface. (R. Huschke, 1959, p. 559)

Surface Temperature (T}. The temperature of the air near the surface of the earth,
almost invariably determinea by a thermometer in an instrument shelter (i.e. a
Stevenson screen) (R. Huschke, 1959, p. 560)

Surface Vertical Temperature Gradient (dT/dh). The rate of change of
temperature with height above the surface (a temperature inversion has a positive
vertical temperature gradient).

Terrestrial Refraction. The displacement of the image of the local horizon due to
refraction of the light from the horizon through the atmosphere between the observer
and the horizon (R, in Figure 2.1.2 and 2.5.1).

Zero Horizon. A hypothetical horizon with an altitude of 0° (see Figure 1.1.1,
1.1.2,2.1.2and 2.1.3).
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APPENDIX B:

STATISTICAL METHODS

Error propagation was based on the general formula (Taylor, 1982, p. 73):

& = \[aldx 4ot dl&) (B.1)
o’l'
Where, ¢, is a function of several varables x, ..., z, with their corresponding

uncertainties d,. .,¢& that are independent and random.
Uncertamty in the slope, o, , and intercept, o, , of a line produced by linear
regression was found using the formulae (Taylor, 1982, pp. 157-159):

g 2N ®2)

0.4
and
s o,
o, =N ——A—— (B.3)

where, x, . are the individual values along the abscissa, N, is the number of
measurements, and, A, and, o, , are found through the formulae

=N x3)-(Zx) (B.4)
and

-

U..T‘W-_—‘Z(}’, A-Bx,) (B.5)

where, v, , are the values along the ordinate, 4, is the intercept and, B, is the slope of
the line.

All linear regression analysis and correlation coefficients were performed using
routines included in Quattro Pro for Windows, version 5.0.
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APPENDIX C:

FINDING THE DISTANCE TO THE LOCAL HORIZON

The altitude « of the various contour lines on the topographic map, as seen
from the observing site, were found by using equation (2.4.1):

sing =-

k) b ch) .

d(r.+h)

where 7, is the mean radius of the Earth (6 371004 x 10°m), d is the distance to the
contour line on the 1:50000 topographic map in m, A, is the elevation of the observer
in m and, A, is the elevation of the contour lines in m. The distance to the point of
maximum altitude indicates the approximate distance to the local horizon.

For example, the distance to the radome (azimuth 129. 5°) was found through
the series of altitudes listed in Table C.1.

d h, a
(m) (m) )

11310 716 0.097
16500 724 0.054
17290 732 0.070
17560 739 0.091
17900 747 0.1}
18320 754 0.1238
18760 762 U.145
21740 754 0.080
24520 762 0.065

Table C.1: Altitude of contour lines. The maximum altitude occurs at
18760 m and, therefore defines the approximate distance to the local
horizon. The height of the observer A, is 687 m.

99



100

APPENDIX D:

SUNRISE AND SUNSET DATA
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