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STMMARY

A years survey of atmospheric refraction over & fixed sightline at
Woomera in South Australia has been conducted. The results show that
there is little seasonal variation in the diuwmal refraction cycle.

The refrgction angle on a sightline may be calculated providing the
vertical refractive index gradient is known. Two methods of determining
the gradient are tested. The gradient is megsured directly with an
optical refractometer and indirectly by measuring the air temperature
gradient. Measured refraction angles are compared with the refraction
predicted from the gradient measurements and the relative merits of

the two methods of measuring the gradients are discussed.



STATEMENT

I herewith state that this thesis does not contain any material
which has been accepted for the ewerd of =amy other degree or diploma
in any University and that, to the best of my knowledge and belief,
the thesis conbtains no material previously published or written by
another person, except when due reference is made in the text of the

thesgis.




1. INTRODUCLION

This thesis presents the results of an investigation into optical
refraction in the lower atmosphere.

Atmosvheric refraction occurs when light passes through air
which has a density gradient nommal to the direction of propagation.
In the earth's atmosvhere under normal conditions the air density
decreases with height end causes light to be deviated towards the
earth's surface. This direction of bending is defined as positive
refraction and causes distant objects to appear higher above ground
than they really zre. Under conditions of high insolation when the
lowest layers of the atmosphere become heated, negative refraction
angles are measured.

The first pert of this thesis describes the construction of a
refraction monitor and a year's survey of atmospheric refraction
angles on a fixed sightline 2% Toomera in South Australia. Fron
these measurenents the diurnal variation in the refraction angle
throuzhout the yeaxr was derived.

The second pert of the work deals with the construction and use
of thermoelectric equipment to measure the air temperature gradient.
From the results obtained, the refraction angle cn selected sight-~
lines was calculated and the corzelation between measured and
galculated refraction angles is discussed.

The final »art deals with the construction of a refractometer

which was used to measure direcily the refractive index gradient.



leasurements made with the instrument are used to calculate the

refraction angle by two methods.



2. THE CAUSES OF REFR4CTION IN THZ
ZARTH'S ATHOSPHERE
For the purpose of this discussion we will assume that a beam
of electromagnetic radiation propagates in a straight line in a
homogeneous medium, znd any effects due to the narticle nature of the
radiation may be ignored. In particular we are interested in the
vigible region of the spectrum and the manner in which light travels
through the earth's atmosphere.
2,1 Variagtion of iir Density ¥With Heizght
The atmosvhere is a mixture of gases with a vertical
gradient of densilty and pressuré* approximately as showm
in figure 1.
The density p is relzted to the pressure P and absolute

air temperagture T by:

P = o

where ¢ is constant,

Varistions in the air temperabure have the effect of
nodifying the steady decrease in density, especially
in the lower simosphers.

Tn the lowest 5,000 to 10,000 feet of the earth!s
atmosphere there is a basic adiabzatic temperature gradient
of -.0030%/foot, and superimposed on it a diurnal variation

caused by heat transfer to and from the earthts surfacs.

* See for exampie reference 1,



)

HEIGHT ( MILES
w \ o
/
/\35/
| 7
| /ﬁ)
O
/ 2
, &
/ :2
/

PRESSURE

‘!\“ Ty
N ~
T ~

““‘ i

0 200 400 6C§ 800 I000 1200
DENSITY X |

PR AN NN VNN VAN SN NN SN MMM WS SN U SN S |
5 100 500 300 400 500 600 700

PRESSURE (MM Hy)

"FIGURE . DENSITY AND PRESSURE OF THE EARTHS
ATMOSPHERE




- 4 -

The general pattern of the diurnal temperature cycle (2)
is outlined belows

Figure (2) shows a typical set of temperaiture measurements
which illustrate the cycle. During the day, the earth's
surface is heated by solar radiation and the lowest
layers of the atmosphere become warmer. Near the ground,
the temperature is higher and the temperature gradient
becomes very larsge (knoﬁn as super adisbatic), Gradients
as high as -O.BOQ/Eoot have been measured 1 foot above
the ground. Air near the ground becomes less dense than
the air above it and the air mass becomes wnstable.
Convective plumes of warm air rise from near the ground
and are replaced by a steady downward flow of cooler air
(3).

As the sun goes down in the evening, the ground loses
heat by radiation and its temperature falls below the air
temperature. The air is then cooled from the bottom, and
near the ground the temperature increases with height.

By sunrise this stable condition may have spread to 2
height of a thouswnd feet or more., In the morning as the
sun rises, the ground is heated once more. Shortly after
dawn, the air near the ground is wamed and convection
orocesses destroy the stable night time conditions., As the

day progresses, a decrease of temperaiure with height is
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established, which continues throughout the day.,

The diurnal temperature gradient cycle has the effect
of reducing the density gradient during the day, and increasing
it at night. The refractive index of the air n is related

to its density by (4):

Il e 1 = Ka[”
(n - 1) is often rmeferred to as the refractivity N and

is proportional to the densitye.

Curvature of the Iay Path
Referring to figure 3, Snellks law tells us thai when
the ray travelling to the observer at P crosses the

radius (R + h1)

n, coso(1 = 1, cos,B1 (1)

where o i is the incident elevation angle and
/3,! is the refracted angle of the ray
R is the radius of the earth
L is the height above theerthis surface

also, in the triangle foimed by the radii
(R +1h,), (R +1,), and 59,

(R + h2) caoso(2 = (B +h1) cosﬂ1

or cod, = .L_(; _+__}T;.z§_ cose{ ,,
+

1




FIGURE 3,
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substituting in equation (1)
(R + hz)

n, cos X
2.5%% 2 WTE,)

= (B + 112)n2 coso ,

n1 CO%D( 1 =

* R Y «
. s ( -:-h1)n1 cos

.1
or in general

(R + h) & coso( = CONSTANT (2)

As the ray of light passes through the atmosphere,
it follows a curved path as in figure 4.
The curvature may be expressed in terms of the change
in direction (¥ ) of the tangent to the ray,
p=0-u
© is the angle at the centre
« is the angle at which the ray crosses the surfaces of
equal refractive index,

Then the cuxrvature of the ray is defined by

4. . 4
G .S

S ig the distance along the ray path.

In figure 4:
ds = dal secol
so . = (O %)
G dQ sec

also from figure 4s



FIGURE 4,
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1 cos X d«
® e = - 4
e = "E+nh ag °°°
= cos® . 4%  gsiny (3)

R+h dh

Now from equation 2 by taking logs and differentiating

dl = dh cotd + dn cot«
R+h n

substituting d¢ in equation 3 we have
A =1 -—-—ddi cosol (4‘) ’

Here ¢ is the curvature radius. In terms of the angular
deviation of the ray as it travels through the atmosphere,

equation 4 becomes:

5
F = =206 x 107 cos® dn  seoonds/foot
n dh

dn/dh is the vertical change in refractive index per foot.
Thus the curvature of the ray is proportional to the
refractive index gradient of the atmosphere, and providing
this is known the refraction angle on the sightline may be
found.

The curvature of the sightline may be expressed in
terms of measurgble meteorological quantities such as the

sir temperature T and pressure P and in this form it

*

becomes :
1 = Koosl 2 (3 4 4T
G tn T2 C dh

where g is the acceleration due to gravity.
¥ See for example ref. 5.
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On substitubting en aversge value for the refractive index
of zir of 1.000292 and numericel +alueg for the cconstants

(6} and X, the curvature expressicn reduces to:
s & ) g

F = 16.28 P cosX (.0104 + .@l) seconds/foot (5)
T2 dh

where P is measured in millibers and T is the absolute
2ir temperature.
In this fomm the curvature expression may be used to
calculate the refraction angle, providing either the
temperature gradient is approximately constant along the
ray (i.ee a ray at zero elevation angle over level g;round)
or a satisfactory average value for the gradient is known.,
If the temperature gradient varies over the length of the
sightline, & more accurate approach is to divide the
atmosphere up into layers of epproximately equal temperature
gradient and perform the caleculation for each layer in .
turn (6)e This method has the disadvantage that the
te*nperature/height graphs nust be plotted befoxre any
computation can be performed, and it does not lend itself
to being performed on a compuber.

A more flexible method of computing the total curvature
by integrating along the length of the sightline has been
used by Angus-Leppan (7). He showed that the refracticrangle

is given bys
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E = .)J(.. f(x_x) F(x) dx (6)

where X is the length of the sightline and X is the
distance along the sighilins where the cuxvature of the

rgy iss

aT
F = A4+ 3B i

The geometry of the sightline is given in figure 5.

The ground profile under the sightline is approximated as

s straight line relation where the height of the sightline
above ground Z is related to the distance from the ohserver

x by

Z

li

3
+
R

thus dz = mdx
On performing the integration in equation 6 the refraction

angle B becomes:
X

BT
g = M. B _p).2 2|

]
where Z1 and 22 sre the heights of the sightline above ground
st the observer and target ends of the sightline respectively,
and T1 and T2 are the corresponsing temperatures.

Now at the taxrget

Z2 = Z1+IﬂX
or L = zx.z (&)
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On subsbtitubing equations (5) and (8) in (7) we have

zz
g . 16.28PX (.01o4+ 1 /sz> (9)

T 2 By

z

=

]
The integration is performed with the zero of

temperstures at Z,. Thus during the day when the temperature

1
decreases with heizht, the area is negative, and gives a
negasive refracticn angle if it is numerically larger than
(,0052(z, - & 1)2). At night, vhen the temperature

generally increases with heizht, the area is nositive

and produces larger positive values of the refraction angle.

Calculation of Refraction by a Ray Trace

The deviation of a sightline due to atmospheric
refraction may also be calculabted by a ray trace technigue
(8). In this case the atmosphere is considered as a
series of horizontal layers of air, and the path of the
sightline through them is jraced by applying Snells law when
the layer boundaries are crossed. Figure 6 shows the
zeometry of a typical sightline. 4 ray of light is traced
from A, through the atuosshere and crosses the boundaries
of refractive index lzyers at B and C.

At B the ray crosses from refractive index n, to refractive

index n, and by Snell's law:
n,sini, = n,sini,
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FIGURE 6. RAY TRACE GEOMETRY
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If the change in refractive index is smell we may pub:

n, = (n1 +dn) and i, = (i1 + di)
Thens

n, sin i = (n1 + dn) sin (i1 + di)
Expanding:

sin(i + 4i)
We haves

neini = (n+dn) (sin i + cos 4 i)
which reduces to:
necosidi+dnsini+dncosidi =0
If the atmospheric layers are thin and di and dn are
small, any products of the two will be so small that they
may be ignorsd without errox.
Thus:
necosidi+dnsini =0

~dn,

tan i (10)
n.

or di =

In fact the refractive index of even a thin layer of
the atmosphere will vary conbinuously so that the
deviation of the sightline takes place throughout the
layer. Integrabion of equation (10) between the height
limits of the layer gives the total refrzction which has
taken place within the layer. Tan i is assumed to remain
constant for each layer and is regarded as 2 constant

in the intezration.
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Thus: y
ABE = tani (Qa%en1 - Qﬂ%e_ n2)
A B is now the anzle of refraction in radians and may
be calculated in seconds of arc by multiplying the right
hand side by a factorx,
Thus the refraction angle due to the atmospheric layer is:
A3 = teni (Seyen, -One n,) ¥ 205264.81
It is now a simple matter to trace the path of the ray
through the atmosphere from the observed elevation angle
ot the observer, conbinuously modifying the angle (i) as
each layer is crossed. The refraction angle is by
definition half the total curvature of the ray.

The method mey be extended to spherical layers by
setting up a cartesian co-ordinate system and computing the
position where each spherical layer boundary occurs.
However, for the short renges considered in this investiga~
tion, local topography masked the cuxvature of the earth
and a "flat earth" treatment was considered of sufficient
a,ccuracy,

2.3,1 DLimitations of the Ray Trace Treatment
A ray trace is based on Snell’s law which is
derived by coansidering the path of a monochromatic
plane polarised wave as it crosses the boundaxy
between two media of different dielectric constant.

(See for exanple reference 9 p. 430).
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In the atmosphere, or any media whose refractive
indet varies bontiniously, the treatment used is to
divide the ray path up so that the ray is considered
to cross a series of discontinuities in the media.
Then by an integration process as described in
section 2.3 the path of the ray between the
discontinuities is considered.

At very low or zero elevation angles this
assumption leads to error, as the ray path mgy lie
along a surface of equal refractive index and the
ray trace treatuwent therefore gives a zero answer (10).
However, if the wave front is considered, a deviation
takes »place when the ray travels along a surface of
equal refractive index. This is because there is a
change in refractive index along the wave front.
Thus different parts of the wave front propagate at
different velocities and the wave front undergoes an
angulax rotation, i.e. the direction of propagation
is altered.

To test the range of elevation angles over which
the ray trace was valid, a series of ray traces at
increasingly small elevation angles was performed
through a model atmosphere. Only the lowest 10° of
elevation angle were considered and a constant range

of 10,000 feet was used. A refractive index gradient
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of -6 x 10’6/ 1000 feet was chosen as being
approximstely an edisbatic gradient. Layer inecrements
were 5 X ‘]0-8 which amounted to a thickness of 8.3
feet,

The i"esults were compared with the angular
deviation of the wave front computed by considering
the opbical path lengths of two points a lnown distance
apert on a plane wave front which advanced 10,000
feet through the same atmosphere as considered for
the ray trace.

In figure 7 the portion of the wave front 4B
(sepa.:cationAx) advances 10,000 feet to 4! B! in a
medivn with a refractive index gradient %lg—.

Then the vath length of BB! is (10,000 x n ) and
the path length of AA! is 10,000 {(n - %). The
difference in path length is 10,000 h. %, where
n is the refractive index half way along the ray
path at PB, and h is the vertical distance of PA

above B (b = Ax cosol)e

The angle of rotation of the wave front is then:

L “"1 dﬂ
van (10,000h. _ﬁ)
A x

or substituting for hs
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B = ten” (10,000%% cosot )
when %% - -6 x 10" /1,000 feet
and % is expressed in seconds of arc

E = 124 cosX

Figure 8 shows the resulis obtained by the two
methods. The ray trace gave good agreement domn to
the point ot which the vertical increase in height
of the sightline was the same as the layer thickness
chosen for the computation. In the example showm,
this occurred abt an elevation angle of .050. Below
this angle the ray trace is indeterminate unless

smaller refractive index increments are usede.
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3. MBASURRMENT OF RZFRACTION

The diumal variation of refraction has been measured on several
occasions. Angus-Lepnan (7) has reported en measurements made in
South Africa, and Little (11) has made similar measurements in South
Australia, Their results indicated that foxr observatbions made on
sightlines near the ground refraction was at a minimum in the two
hours after midday.

Unfortunately the question of seasonal variations in refraction
was not considered as the methods they used io measure refraction,
by taking reciprocal readings with survey theodolites, did not lend
themselves to a long series of readingss

In order o measure seazsonal trends in refraction, measurements
taken over a minimum of 12 months would be necessary. A long series
of measurements such as this are best made with automatic equipment
as it is impracticable to plan a day and night experiment involving
visual observations lasting more than a few dayse

The experimental arrangement chosen was first used by Johnson
znd Roberts (12). They measured refraction angles over a fixed
horizontal sightline by using a telescope of 20 inches focal length
to view two tar:ets at distances of 1019 feet and 2380 feet. The
targets were marked with regular graduations and by estimating the
apparent position of the cross wires of the telescope on the target
graduations they were able to calculate the difference in the refraction

angle for the two sightline lengths.
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The adventaze of this method of measurement was that only one

instrument was needed and the elevation angles measured were not

effected by random movenents of the telescope.

In order to perform a continuous series of refraction readings

5 similar experimental arrangement to that used by Johnston and

Roberts was seb up. <“he targets were mounted 100 feet and 8,600

feet from an automatic camers fitted with a long focal length lens

and pictures were taken evexry 5 minutes day and night.

The Zxperimental Apparatus

3+1e1 The Targets

The two tarzets employed were low voltage
tungsten filament lamps.

The distant target was mounted 12 feet above
the ground on a hill which rose about 40 feet
above the surrounding country. The near target
consisbed of two lamps which were mounted on a 10
foot high 4" x 4% hard wood post. The bottom of
the post was buried 2 feet in the ground and gwy
wires were used tc hold it steady.

The general arrangement of the experiment and
the terrain beneath the sightline is shown in

figure 9.
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3.1.2

3e143

The.Lens

The lens used was an £/14 cassegrain reflector
of 80 inches focal length, The field of view
(figure 10) was divided horizontally. The top
half gave an image of the distant target. The
lower half was fitted with a compensating mirror
system so that the image of the near target was
brought to the same focus as the image of the
distant target. The elevstion angle of the sight-

line was approximately 16 nminutes of arc.

The Camera

The camera and timing equipment (13 and 14)
were constructed in 1962 and used to study the
effects of atmospheric seeing on the visibility of
distant objects. On the completion of this work
the equipment was used for measurements of
atmospheric refractions

The camera was a 35 mm "vinten instrumentation®
cine camers converted to single frame operabion.
It was triggered electrically from a timing circuit
and took one frame aprroximately every 5 uinutes.,
&n electric clock was built into the camera and its
face was imaged onto one corner of =2ach frame to

show when tho frame was taken,




FIGURE IO, FIELD OF VIEW OF THE CAMERA



The camera, lens and timing cireuit were
housed in an air conditioned hut in which the

tempersture was maintained at about 2100.

3.2 Film Reading and Calibration

Using a lens of 80 inches focal length an image
movenment of 0,001 inches at the focal plane represents
a change of 2.6 seconds in the apparent elevation angle
of the object. If the movement is measured on a
Boscar film reader onp Boscar unit represents 0.43 seconds
of arec,

Zaxrly films were read using a travelling microscope
but for the majority of the films a Boscar film reader
was used.

The distance between the images of the two targets

and the time shown by the clock were read on each firame
(figure 10).
The refraction angle in seconds of arc was given by
R = 0443 (h~a)
where 4 was the distantebetween the two targets for
zero refraotion error. h and d are in Boscar units.
The numerical constant varied slightly depending on

the Boscar machine which was used.
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The monitor system was calibrated by taking reciprocal
readings visually with a Kern theodolite and a Ziess
automatic level along the same sightline as the recording
camera. Because of its superior stability and ease of
reading, the automatic level was used on the open hillside,
while the theodolite was operated from inside the building,
The readings were taken in the moming and evening while the
automatic camera was working.

The refraction angle was found by subtracting the
elevation angle read from one end of the sightline from
the mean elevation angle computed from both instruments,
An allowance was made for the difference in the apparent
vertical at the two measuring sites caused by curvature
of the earth.

Thus in figure 8 the refraction angle in seconds of
arc is given by:

R + 0 +
2
where ﬂ' is the elevation angle of the automatic level measured
by thetleodolite, © is the elevation angle of the theodolite

measured with the automatic level and ¥ is the correction

for earth curvature given by

where L is the length of the sightline in feet.



3.3

3e4

Hrrors
An assessment of the reading error involved in
measurin. the films was made for one sample day. Each
frame was read by five operators, and the standard
deviation in their readings was calculated (figure 11).
The readings were least accurate about midday when atmospheric
turbulence caused considersble image blurring on the films.
Before installation, stability checks were carried out
on the compensating mirror system, which showed that no
significant errors would be introduced providing the
temperature remained approximately constant.
The most likely source of error in the system is vertical
movenent of the near target. The smallest angle which
could be measured on the film was 2.6 seconds (.001
inches on the film), and at a range of 100 feet, this

represented a movement of about 014 inches at the near

target.

Seasonal Trends in the Diurnal Refraction Cycle

For these measurements the equipment was run continuously
day and night., Due to the large amount of film reading
which was entailed in this work, the analysis was restricted
to the first seven days of each month. During this time
a group o.f 3 readings was taken every hzlf hour dzy

and nighte.
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Figures (12-16) show the average reading for each
month togethor with the maximum and minimum refraction
recorded in the first week. The arrows beneath the graphs
indicate times of sunrise and sunset. The results have
been expressed in terms of the diuwmal range of refraction
by measuring the mean maximum and minimum refraction angles
from the monthly graphs. Figure 17 shows the diurnal range
of refraction together with the diurmal range of air
temperature, number of hours of sunlight, and amounts
of rainfall for the first week of each month. The
wegther information shown in figure 17 was obtained
retrospectively from a weather station some thirdy miles

from the working area but in similar terrain.

3e4e1 Discussion of Results
During the day the refraction angle was usually

near zero with a minimum recorded in the two hours
after midday. There was always a slow increase

in refraction from szbout 3 hours before swnset
wtil several hours after. WNight ‘time-2efraction
angles wefe between 5 and 10 seconds/1 2000 feet in
cleaxr weather, and there was often a marked peak
in the curve for the readings taken at dawn. The
refraction angle dropred from its night time value

after the sun had been up for about an hour.
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No appreciable seasonal trends were evident in the 15

month recerding pericd. Day btime refraction was alwgys
near zero. At night there was some indication that larger

refraction angles were measured in cooler weather,

but the trend was smsll enough to be caused by
secondary effects such as movement of the near
target.

A rainfall recording coincided with a reduction
in refraction angle measured at night, and produced
a fall in the diurnal range of refraction. This
result was expected, as it is well known that the
presence of cloud cover reduces the diurnal range
of temperature, and the magnitude of the temperature
gradient,.

An important conclusion from this survey was
that refraction effects on horizontal sightlines
near the ground were always small about middsy
both summer and winter. At night large refraction

angles could be expected throughout the year.
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4, THIFERATURE MBASURING EQUIPMENT

Section (2) has shown that in order to calculate the
refraction angle on a sightline, it is necessary to know the refractive
index gradient, or the temperature and pressure gradients across the
sightline. As the refraciion measurements were made over a fixed
sightline, a 150 foot mast at the camera end of the sightline was
used as a mownt for temperature recording equipment. (See figure 9)
Temperature gradient measurements have been made on masts and
towers in various parts of the world. Some of the earliest measurements
were made by Johnson & Heywood (15), who used platinum resistance
thermometers to measure the gir btemperature at discrete heights on
a 310 foot tower at Leafield in Southemmn England. Similar measurements
were made in Egypt by Flower (16). More recently copper resistance
thermometers were used by the Brookhaven National Laboratory to perfomrm
measurements on a 420 foot tower on Long Island in the U.S,A. (17).
Thexmistors have also been used for making temperature measurements,
A short series of measurements made in South Africa was reported by
Angus-leppan (7). They are regularly used in balloon boxme Radio
Sonde temperature measuring equipment. The most recenily reported
temperature measurements were made by the U.S. Army in New lMe@xico.
In this ecase thermocouple equipment was used on a 200 foot tower (18).
A themmocouple system was chosen for our measucements as suitable

thermocouple wire was readily availsble and theelectrical ocuiput could
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be recorded easily, Other advantages of a thermoelectric system

were ease of cslibration, superior stability, and low cost.

4,1 The Thermoelectric Equipment

28 swg copper and constantan wires were used for the
thermecouples. In oxder to preduce an E.M.F. sufficiently
large to be recorded by a pen recordexr; a multiple
Jjunction arrangement was used.

Twelve themocouples were opexrasted together to fomrm
a thermopile as shown in figure 18. A series of these
thermopiles was arranged up the mast to measure the
temperature differences between heights of 5, 10, 30,
49, 68, 92, 115, 146 feet above ground. The junctions
were positioned closer together near the ground where
higher temperature gradients were encountered., In
addition to the temperature difference measurement, the
air temperatures at the top and bottom of the tower
were measured by single copper constantan thermocouples

referenced to a 4500 automgtic hot junection.

4.1,4 Heat Shields and Heat Sinks
The top and bottom junctions of adjacent
thermopiles were enclosed in the same aluminium
heat shield which consisted of twin inverted

aluminiuvm cups mounted one inside the other, with
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a quarter inch air gap between them as shown in
figure (19). The thermocouple junctions were
mounted on vertical matrix boards attached to a
renoveable base plate. DBeneath the base plate was
nmounted an electrical blower unit which created an
air flow of zbout 6 £i/sec over the thermocouples.
The air was exhansted through holes drilled in the
sides of the radiation shields. Calculations on the
heat dissipetion of the motors showed that negligible
errors were introduced by proximity of the blower
wits to the thermocouples. The shield units wexe
mounted 2 feet away from the tower on angle iron
brackets,

Initial tests of the system indicated that the
records would be confused by short time temperature
variations during the day. To pfevent this, damping
was introduced into the system by adding a 2.5 gm
brass heat sink to each thermocouple junction.

The response time of the system was thus increased
to about six minutes to record a temperature change

of 100.



FIGURE |9. = THERMOCOUPLE MOUNTING ARRANGEMENT
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4e1e2 Recorder System

The recorder used was a 12 channel potentiometrie
strip chart recorder with a sensitivity of 2mv for
full scale deflection on a 10 inch wide chart.
hccuracy was £%b of full scale deflection.

The electrical zero was adjusted to A0h
of the chart width and the outputs of the
thermopiles were such that a temperature difference
of 1°C between ends produted a deflection of 22.8%
of the chart width.

In order to record the outputs from the air
temperature thermocouples on the same recorder,
the zero for the relevant channels was shifted
electrically by the arrangement shown in figure 20.
The shift voltage, was recorded negatively as

E{41. Hence the air temperature was given by

0c . 45 . (B8 = 11
SE = 43 38

where E8 was the displaced oubput voltage from
the thermocouple,
45 the temperature of the automatic oven in °C,

38 the characteristic of the themocouple in /LW/O Ce
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4e1¢3 Data Reduction

The records were read for a 10 minute period
(12 recordings of temperature on each channel) -
every two hours, and all the readings foxr one
channel were put on an IB data card,

In order to simplify the computations, a linear
relationship between temperature difference and
thermal emf was aséwned. This introduced an errox
ih the vesults as in the range 0 - 45°C there is
a nonlinearity in the temperature IF relationship
which represents a departure from a straight
line of 0.3°C. The main effect of this was to cause
a maximm error of 0,3°C in the value of the air
temperature; A negligible error was introduced
into the temperature gradient readings as the
thermoBouples were operated about half way belween
0 and 45°C where the assumed line was tangential
to the actual temperature BEF curve,.

The computer programe (Appendix 1) calculzated
the temperatures at the base of the tower and hence
the temperature at all other junction positions
by a summation process on the thermopile outputs.

The temperature and temperature gradient information
was printed out and a puach card was produced showing

the temperature height relation for each time of day.
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These cards were used later to calculate the

monthly mean and standard deviation.

Correlation of Measured and Calculated Refraction

In this section refraction is caleulated by compubting
the curvature of the ray be equation 9 The work is dealt
with in. two parts. In the first part a series of readings
with the refraction monitor over 9 days in August 1967
are compared with the refraction calculated from temperature
gradient measurements made on the mast at the same time.
The second section deals with refraction measurements made
over a veriety of sightlines several miles from the

tenperature mast,

442.1 leasurements on Fixed Sightline
Temperature information useful in the

calculation of refraction on the chosen sightline
was available from the tower at discrete heights
of 5, 10, 30, 49 and 68 feet above ground. In
order to deduce a more detailed temperature/height
curve for the graphical integration, a lLagrange
interpolation formula was used. This produced
the temperature at 2 feet intervals between 10

and 42 feet zbove ground as shown in figure 21.
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Simpsorts rule was used to perform the integration,
The fortran program used for the computation is
shown in Appendix II, Figures 22 , 23 and 24
show the diurnal variation of calculated and
measured refraction for nine days in August 1967.
Weather conditions for the measuring periods were
sunny and warm. Figure 25 shows the relationship
between measured and calculated refraction angles,

and Figure 26 the standard deviation of the pdintsé

4¢242 Night Time Refrasction Megsurements

In order to extend the correlation measurements
to other sightlines away from the vicinity of the
temperature measurement mast, a night time experiment
was set up. The elevation angles of lights at
ranges of up to 10 miles were measured with a
theodolite located four miles from the site where
the -tem perature measurements were made. TFigure
27 shows the geometry of the experiment., The
results are expressed in terms of the change in the
elevation angle which was measured during the night.
The measured refraction angles which appear in the
results are calculated from

R = (%t -o1) +Re,
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ol t is the elevation angle measured at time 1
o 1 is the first elevation angle measured during
the night
Re, is the refraction angle calculated for the
atmospheric conditions prevailing when the first
reading of the night wad mades
This treatment of the results was necessary
as the exact positions of the lights which were
viewed during the experiment were not known. Thus
the elevation angle (at zero refraction) of each light
when viewed by the theodolite could not be caleulateds
The temperature measurementis for the night time
experiment were obtained by reading the temperature
record over the period of time it took to take the
refraction readings., This was between 5 and 10

minutes for each set,

Calculation of the Refraction Angle

Linear interpolation of the temperature gradients
between junction positions was used to calculate
the air temperature at 4 foot intexrvals from the height
of the observer (38 feet) to the height of the optical
target on top of the temperature tower (162 feet).
Simpsoﬁ% rule was again used to perform the integration,

The sightlines to the other lights were approximately
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horizontal at a constant height above ground. For
these results the temperature gradient at 38 feet
was used to calaulate the refraction angle from
equation 5. (Refraction angle = half total
curvature of the ray).

Figure 28 shows the measured and calculated
refraction angles plotted against time. Figure
29 shows the relationship between measﬁred
and dalculated refraction and Figure 30 the
standard deviation. All temperature measurements

taken during the night are shown in Table I,

4.2.4 Discussion of Hesults
The results from the refraction monitor tests and

those for the night time experiment have been dealt
with separately in the analysise. This has been
done because, due to either some peculiarity associated
with the measuring system or the terrain under the
sightline, the relationship be’cwéen calculated and
monitor measured refraction was not wnity; as was
the case for all other measurenents. However the
measurenents are included as they provide usefil
information on the irregulsrities of the diumal
refraction eycle. They alsc show the correlation

and the anomalies which are found between calculated
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and measured values of refraction very neaxr

the ground. The large scatter on the results

gives some indication of the disagreement which

is likely between measured refraction angles and
the angle calculated from temperature measurenents
taken at the same time and in the same locality.
The standard deviation was larger at low refraction
angles than was found from visual observations.
Generally the smaller refraction angles were
measured during the heat of the day when bad seeing
conditions gave rise to high frequency image
movements. Some of this movement was recorded

by the camers because each measured refraction
angle was obtained from only three frames taken

at 5 minute intervals and an exposure of 1/300
second. A longer observation period as was used
on the night time experiment tended to average

out the higher frequency movements and produced

a more representative figure for the refraction
angle,

The results from the night experiment were
remarkably good, as the sighftline lengths were
very long and at low elevation angles. The
temperature measurements were made on a treeless,

sparcely vegetated plain but two of the sightlines
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were over sparce woodland for much of their
length,

For these measurements the standard deviation
was greater at the higher refraction angles. At
night large changes in refraction occur at much
lower frequencies than during the day. The
general trends are indicagted by the temperature
gradient equimment,; but there appears to be a
time lag befors thesé¢ changes are felt at other
places near by. However the disagreemenf between
measured and calculated refraction angles was not
more than 2073 at any tinme.

The vexry large refraction angles measured during
the night time experiment are worthy of note,

On the longest sightline of 55,000 feet the
refraction angle reached a maximum value of over
160 seconds of arec during a half hour period.

In terms of the computed position of an object this
would give an error of more than 40 feet in the
calculated height.

The fact that temperature gradient measurements
made in one location could be used to provide
accurate refraction corrections on long sightlines
several miles away makes the system much more

flexible., Once a temperature measuring system has
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been set up the results obtained from it could be
used to provide refraction corrections over quite

a wide areas

Temperature Gradient Averages

In the course of the work done on correlating
calculated and measured refractioﬁ, a iarge number of
temperatire gradient meastrements werd made during the
month of August, 1967. A4verags values for the temperature
and temperature gradient were calculated for six times of
day during the month. Figures 31-36 show all the temperature
neasurements made at these times. In each case the mean
temperature is shown by a broken line, The graphs are of
interest as they exhibit a large spread of air temperatures,
but a much smaller spread of temperature gradients, at each
time. Figure 37 shows the six mean temperature profiles
for the month and figure 38 shows the mean temperature
gradients and standard deviation for the month. The mean
temperature, mean temperature gradignt and standard deviation
were compubted by the fortran programme shown in Appendix III.

The mean temperature gradients were used to calculate
the expected refraction angle over the 8,600 foot fixed
sightline for August, 1967. This predicted éefraction is
shown on the daily refraction graphs (figures 22-24)

and it is shown also in fizure 39 together with the
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mean diurnzal refraction angle calculated from the nine
days measurements,

Figure 40 shows the mean square error between the
refraction measured during the nine days in August and
the refraction calculated from temperature measurements
made b the seme time: Also shown is the H.S.E. between
the measured refraction and that calculated from the
mean tempersture gradient.

The effect of this temperature profile on sight-
lines of varying range and elevation angle is shown in
figure 41. The curves were calculated by equation 9
assuning the observer was 10 feet above the ground.
%here the vertical height of the sightline was above the
top of the temperature measuring mast an adiabatic

temperature gradient was assumed.

4,3.1 Discussion
The refraction angles calculated from the
mean temperature gradient showed good agreement
with the measured values during the middle of the
day, but poor sgreement at night., Figure 40 shows
that the H.S.B. between calculated and measured
refraction was no worse in this period when a mean

temperature gradient was used. A4t night the
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temperature measurements made whea the refraction
readings were taken gave a better agreement than
the refraction angles ealculated from the mean
temperature profile.

Use of a monthly average could only be made in
good weather conditions as no allowance could be
made for the effect of &loud cover without a
considersble amount of dnalysis of temperature
gradients under varying conditions. 4 more flexible
approach is to derive a mathematical model for the
atmospheric temperature gradient as a function of height
and time of day as described by Angus-Leppan (19).
In this model the effect of cloud cover may be
allowed for by altering the constants in the model.

It is proposed to continue the temperature
measurements for a full year so that average values
are available for each month. The large amount of
record analysis involved in this work and the
derivation of a temperature function is however
out$zde the scope of fthis thesis,

A point of interest in figure 41 is the effect
of the refractive index inversion in the lowest
layers of the atmosphere. At an elevation angle of

0.2° a sightline 5,000 feet long has a refraction
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angle of -5 seconds. The 10,000 foot sightline at

the same elevation has a refraction angle of -4

seconds, and the 20,000 foot sightline has a refraction

angle of 43 seconds at the same elevation. The
resson for this apparent anomaly is that the shorter
sightline lies predaminantly in a region where the
refractive index increases with height while the
longest sightline has a considerable portion of its
length in a region of negative refractive index
gradient which masks the effect of the lower layers
of aix.

Over the three ranges which were considered in
the calculations, refraction was proportional to
range above about 0,6° elevation angle, and at zero
elevation angle. In the region between zexro and
0.6°, refraction did not always increase with
range., This result illustrates the need to compute
the refraction angle over the whole length of a
sightline at a low elevation angle. If an average
value for the refractive index or air temperature
gradient is taken in conditions where a density
inversion is present, the height at which the

average is taken beccmes vexry critical,
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5, REFRACTOMETER

In oxder to check the validity of the calculated refractive
index figures, and provide some portable measuring equipment,
an optical refractometer was made, which measured directly
changes in refractive index at a wavelength of 5461 2. The
ingtrument recoxded refractive index changes continuously, and
was sufficiently sturdy to be used while suspended under a

tethered meteorological balloone

5«1 Refractive Index Gradients in the Lower Atmosphere
Some idea . of the sensitivity required from the
instrument can be gained if reference is made to the
relationship between refractive index (n) pressure (P)
and temperature (T), at optiosl wavelengths in air.

To a good approximation:

(-1) =2 xTor2x 1070 (11)

where P is in millibars and T in degrees Kelvin,.

In the atmosphere the stable condition is an adiabatie
temperature gradient which amounts to a2 decrease of
temperature at a rate of 3°G/1,000 fi. increase of height.
Pressure decreases by 1 mb/30 ft.y and combined with the
temperature drop produces a refractive index drop of

about 6 x 1'0"6/1,000 f4o
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Superimposed on this basie refractive index gradient
is a daily cycle, caused by tempersture changes due to
the heatingand cooling of the ground, as discussed in
section 2.1

During the night the refractive index gradient is laxrger
than the adiabatic gradient and easily measured. During
the heat of the day the refractive index gradient is
reduced near the ground and g refractive index inversion
often occurs, Inspection of refragctive index gradients
calculated from measured temperature gradienis showed that
the inversion near the ground was quite small and in order
to see sufficient detail the instrument would need to be

capable of resolving a change in refractive index 5 x 10"8.

Jesceription of the Instrument

5¢2¢1 Measuring Principle
The interferometer arrangement used in the instrument
was first described by Kosters (20 & 21) and has
been used more recently by Terrein (22) and
Svensson (23).

The measuring system consisted of a two beam

interferometer in which fringes at a suitable
monochromatic wavelength were produced and photo-

graphed by 2 16 mm camera. One beam passed throuzh
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a vacuum chamber effectively Lem long while
the othexr passed through e similar chamber,
filled with air, the refractive index of which
was to be measured.
The path length through the vacuum chamber was
Lem and the equivalent vacuum path of the air
£illed chamber was nl, where n was the refractive
index of the air, Thus the difference in path length

between the two beans was:

L(n - 1)

and the fringe shift caused by the introduction of

the vacum path % (n - 1) fringes. If the refractive

index of the air changed by An then

the interference fringes moved a distance An.% fxinges.
The sensitivity of the refractometer is defined as tre
change in refractive inde required to produce a move=

ment of one fringe in the interference system. It is giver

by ’\/L. The instrument used light of wavelength

5461% and the sensitivity was 1.078 x 1070 change

in n per fringe,

Interferometer Components
The bean splitter (24 & 25) consisted of two

30°, 60°, 90° glass prisms cemenbed together as shown
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in figure 42. The surfaces in contact were coated
with a semi-reflecting aluminiuvm film,

Collimated light from a mercury arc lamp
entered one of the hypotenuse faces at normal
incidence znd was split into two beams by the
aluminium film, The beams underwent total internal
reflections at the hypotenuse faces and passed through
the cell, A& mirror reflected the beams back through
the cell to the beam splitter, where they re-
combined and passed to the camera via a lens,
aperture stop, and Tratten No. 58 filter. Both the
collimator and camera optical system were folded by
front aluminised mirrors to reduce the sShysical
dimensions of the instrument.

The cell is shown diagrammatically in figure 42,
It had two chambers, the larger of which was evacuated

3mm mercury end the other was

to a pressure of 10°
open to the atmosphere. The optical images of A

and D (figure 42) coincide and the interference fringes
produced are displaced by changes in the refractive
index of the air., The images of 3 and C also

coincide and the fringes formed are used as reference

fringes,
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Tilt fringes were introduced into the system by
means of a wedge incorporated in one side of the
beam splitter, The construction of the instrument
is shown in fizures 43 and 44,

The interferometér components were all mounted
on the stainless steel cell assembly which consisted
of two coaxial tubes joined by end plates. The beam
splitter wzs cemented into a stainless steel holder
which was screwed to the top end plate of the cell,
The mirror was cemented to a mounting plate which was
spring loaded sgainst three adjusting screws at the
bottom end of the cell.

The lamp, collimator, and camera lens systems
were all mounted in a light tight aluminium alloy box
screwed to the beam splitter holder at the upper end of
the cell assembly. The camera was mounted on top of
the box, and & radiation shield to »rotect the cell
from solar radiation was mounted from the bottom.

The shield consisted of a white painted resin bonded
paper tube. In the bottom of the tube was a fan
driven by a 9 volt d.c. motor to draw air through
the refractometer from a zow of holes located near
the top of the shield. The air was drawn through

the tube at approximately 2 £t/s.
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When in use, the instrument was bung from a
single suspension peoint and was pendulus with a
natural frequency of 3/4 hertz. In this position
(figure 43) the cell asgembly was supported from
its top end and was not in contact with any other
part of the réfractometer. This method of mounting
reduced distortions of the intexrferometer components
when the temperature of the structure changed. The
cell was sufficiently stiff that only small
deviations of the fringe system occurred when the
instrument was allowed to oscillate about its
suspension point,

This method of aszembly and suspension proved very
satisfactory and the interference fringes were
stable even when the equipment was being used in
25 miles/hour winds. The refractometer was
subjected to several hard knocks, intentional and
otherwise, but no damage resulted and only slight
adjustment of the interference fringes was necessary.
The total equipment weight was 8,2 1lb,

Camera System

The camera was a 16 mm cine magazine modified so

that the film was driven at a constant speed by a

9 volt d.c. motor working through reduction gearing,
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The film speed was controlled to about 8 inches
per minute by adjustment of the motor curremt, Plus
X negative film was used.

The complete field of view at the film plane
is shown in figure 45(a). To record fringe
movements continuously two 0,043 inch slits were
placed in front of the slowly moving film as shown
in figure 45(b): Half the film width was occupied
by the reference fringes and the other half by the
measuring fringes. Figure 45(c), shows the effect
on the film when the refractive index increased at
a rate of 5 x 10-6 per second., In practice, much
smaller changes occurred.

then required, an event mark was recorded, by
illuminating the exit slits with white light from

a tungsten filament lamp,

Augzillary Equipment

The lamps and motors were run from a 24 volt
battery supply on the ground. Three wires were
necessary to run the equipment., These were wound
on a geared winch and power was supplied to them
through slip rings. The electrical circuits are.

shown in figure 46.
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5¢3 Measuring Procedure

5e301

50362

Method of Use

The instrument was lifted in steps above the
ground while supported from a tall mast, crane, or
tethered balloon. The step lengths were varied from
10 to 20 £t near the ground; where the refractive
index changed rapidly, to about 30 or 40 ft at heights
of 100 f% or more, where the refractive index change
was more rezular. The camera was run both ascending
and descending, and after each change in height the
instrument was held stationary for 10 seconds so
that a sample of air could be drawn through the
cell, The instrument measured the change in
refractive index and the absolute value wes
calculated from temperaturs and pressure measurcments.
Several runs were needed to give s representative
profile as local variations in the refractive

index occurz:ed.

Measurenent of films

“hen the instrument was suspended in the air,
motor vibrations caused some blurring of the
interference fringe records. Under these conditions

the fringe movements on the film could be determined
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to 1/20 of a fringe, which is equivalent to a
refractive index change of 5.4 x 10-8.

Movements of the interference fringes which
monitor refractive index were measured in relation
to the reference fringes rather than the edge of the
film. This eliminated errors due to instabilities in
the mirror systems or distortions of the refractometer
body, which could cause the image forming rays of
both fringe systems o be deviabed.

The films were read with a "Peak" 7 X magnifier
which consisted of a Ramsden type eyepiece with a
calibrated graticule, The measuring procedure was
as follows:-

(a) The fringe spacing was detemmined by measuring
from one fringe to the same position on the
next fringe.

(b) The distance from a reference fringe to a
suitable refractive index monitoring fringe
was measured on the film taken at ground
level,

(e} At cach subsequent height, the same
measurement was made until ground level was
reached again.

(4) HMultiplication of the mumber of fringes
of movement by 1.078 x 10’6 gave the change

in refractive index,
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58343 Refractive Index lMeasurements

Figures 47 and 48 show some refractive index
neasurements made at Woomera, compared with
calculated values of refractive index derived from
temperature measurements.

For the tests the instrument was operated from
the 150 ft mast described in section (1). The
refractive index was calculated by equation 11, and
the pressure gradient was assumed to be 1mb/30 ft.

The refractometer was winched up and down the
mast and an event mark was put on the film at each
thermocouple junction position. DHach round trip took
approximately five minutes. The films were read to
give the refractive index change over the height interval
sepaxrating the junction positions. Figures 47 and 48
show two sets of three runs, taken at different times
of day in cool sunny weather. ZHach set was measuxed

in a fifteen minute period,

Oring to the slow time response of the thermocouples
(about 1 deg/min) the calculated refractive index graphs
remain substantially the same during the 15 minutes when
the refractometer was in use. The refractometer results
Gisplay small variatiomsy =s the instrument had a respons
time of about one second, and was effected by the small
temperature changes which the thermocouple equipment was
Zesigned $0 ignore. - . - ' .

5.4 Calculation of Refraction from Refractometer Measurements
In order to assess the usefullness of the refractomete

in the field, it was used in conjunction with the refrac-
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tion monitor described in section 3 to measure the refractive

index gradient while measurements of refraction were being made.
Two methods of ecaleulating refraction were used.

The first was the ray trace method described in section 2.3,

and secondly the refraction was calculated in terms of the

ray path by equation 4.

5e4e1 Measurements
During one day in August 1967 the refractometer
was used to measure the refractive index gradient
at the temperature measuring mast every iwo hours
throughout the day. The measuring procedure was as
described in section 5.3.1. TFigure 49 shows the

refractive index gradients measured during the day.

Sedel Rgy Trace Calculation

The smallest change in refractive index which
could be resolved by the refractometer, 5 x 10-8 ’
was chosen as the layer thickness for the ray trace
calculation. The height at which the layer boundaries
were crossed was estimated from figure 49, Caxrds
were punched with xefractive index and height
information and the comnuter programme shown in
Appendix IV used to pexrform the ray trace calculaticne

Output from the computer was the total deviation of

the ray. The refraction angle was by definition
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half this angle. The measured and calculated

refraction angles are shown in figure 50.

Curvature of Hay Path

In calculating the curvature of the ray path a
similar treatment to that used for the temperature
measurenents was used. A4 simple straight line
representation for the ground under the sightline
was used as in the case of equation 5.

The refraction angle was given by equation 6.

X
E = % (X - x) Flx) ax
B.gn ° .
where F = o from equation 4.

Then
Z,

Bx
B = —(—22-_21)2 / ndz seconds
Z‘

=2,0618 x 105
n

in this case B =

The refraction angle was evaluated with a
computer programae similar to that showm in
Appendix II, Refractive index figures were read
in for heights up to 100 feet above ground and an
interpolation formula was used to calculate the
refractive index at 2 foot intervals between 10 and

42 feet above ground, Simpsords rule was used to
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evaluate the integral.
Figure 50 shows the refraction angles computed by
this method together with the value measured by the

refraction monitor,.

5«5 EHErrors
Sources of error in the instrument were changes in the
cell length caused by thermal expansion and changes in the
atmospheric pressure, which caused small movements in the
measuring fringes but did not effect the reference fringes.
Also, the cell distorted due to uneven heating, and the fan

produced a small pressure reduction in the measuring space.

5e5s1 Changes in the Temperature of the Refractometer Cell
The difference in optical path length between

the vacuum and air paths through the cell was given by:

L

3 (n - 1) fringes
When the temperature of the cell rose, the effective
length increased by a factor of 1072 per degree

centigrade. Thus the path length difference aliered by:

L =
~ (a~1)=x10 > fringes
Then I = 50.72 cmA= 5461 x 10™° cm and n = 1,00292 the
path length differdnce changes by 2.7 x 1073 fringes

per degree centigrade,
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Since the resolution of the instrument corresponded

to 1/20th of a fringe, this error was negligible,

The Effect of Air Pressure Changes on the Length of
the Cell

A height rise of say 500 £t produced a pressure
reduction of about 16 mb, which caused a reduction in
stress along the cell of 16 x 10-3 dynes/bmz.

Assuning that the Younds modulus of the steel cell
walls is 20 x 1011 dynes/bmz the change in strain along
the cell is 8.3 x 1077, TFor a cell length of 25.4 an
this amounts to a change in length (AL) of 21 x 108,

Thus the fringe shift produced by the pressure
reduction is (n - 1)A§' = 1,22 x 1077 fringes, which

may safely be ignored.

Distortion of the Cell

then the cell bent, the fringe system rotated, and
the fringe spacing altered. This was recorded on the
film as a movement of both the reference and the
measuring fringes. Thus it was possible to reject
those records where it occurred, In fact providing
the refractometer was allowed half an hour to warm
up to the ambient air temperature, no serious cell

bending occurred.,
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If the refractometer was allowed to swing
violently about its suspension point, the cell
distorted and a slight wavering 6f the film record
was produced. Normally the drag of the power supply

cables was sufficient to damp out any such oscillations.

5.5.4  Pressure Reduction Due to Fan
The action of the fan which drew air through
the cell caused a slight depression of the air
pressure in the refractometer. The air flow was
kept as slow as possible but there remained an error
of 1/6 fringe between "fan on" and "fan off". All

readings were therefore taken with fan on.

5«6 Discussion
The refractometer proved to be a worksble method of

measuring the refractive index gradient in the atmosphere.
Expected problems due to solar radiation were overcome by
shielding the interferometer components and making the cell
assembly a stiff single unit supported only at its top end.
Then this had been done the interference fringes remained
quite stable after an initial period in which the components
warmed up to the air temperature. The Kosters beam splitier
arrangement also helped the temperature stability as the light

paths of both beams were symmetrical, and they travelled
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almost the same distance through glass.

The camera system was a cheap and easy method of
recording all movements of the interference fringes but careful
film reading was necessary to obtain the refractive index
gradient to the desired accuracy.

0f the ervors which were considered, none were large
enough to affect the results significantly.

Providing the averzge of several measuring runs with the
refractometer were used, the calculation of the refraction
angle gave very similar results to those obtained from the
temperature measuring equipment. The ray trace results
were comparable with the results from the curvature equation
and showed similar trends. The main problem with the
refractoneter was the labour involved in using it and
the considerable care needed in measuring the films and
plotting the resulis.

In calm conditions the instumment was used successfully
supported by a tethered meteorological balloon, but for all
the measurements discussed in section 5.4 it was operated
from the temperature measuring mast as the height could be

controlled more easily,
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6.  CONCLUSIONS

A survey of atmospheric refraction angles on a fixed sightline in
typical Ausbralian inland conditions has been conducted, The diurnal
variation of refraction was remarkably constant throughout the year.

In daylight hours refraction was usually small both in clear and cloudy
weather. In the afternoon and evening in cleax weather it slowly increased
and at night large refraction angles were measured., At dawn the refraction
angle dropped gquickly to its day time value., In the presence of cloud covex
much smgller night time refraction angles were measured,

Two methods of determining the vertical gradient of refractive index
in the atmosphere were used. The easiest and most reliable method was to
measure the air temperature gradient, assume a presame gradient and hence
calculate the refractive index gradient. The refractive index gradient
was also measured directly ritha refractometer which was constructed so
that it could be used in the open aimosphere in the heat of the day. The
refractometer was more complicated than the thermoelectric equipment.

It needed more careful handling and more detailed analysis of the records
was necessary to calculate the refractive index gradient. However the
refractometer had the advantage that it could be used to measure the
refractive index gradient in any location, providing the wind speed

was low enough to allow it to be lifted by a gas filled balloon.

It has been shown that measurements of the air temperature gradient
could be used to compute the vefraction angle on a sightline, The
measurenents of temperature gradient were still useful even when the

sightline was several miles from the temperature messuring site., If
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simultaneous optical and temperature measurements were nobt available,
the average temperature gradient taken over a period of g month in
similar weather conditions could be used to calculate the refraction angle
during the day with good accuracy. At night poor agreement was obtained
when the mean temperature gradient was used as large variations of
temperature gradient occur from place to place after dark: The effect
of the day time mean temperature gradient on sightlines other than
those used in the correlation experiments was calculated. The results
from this analysis indicated that in hot daytime conditions the
refraction angle on a sightline at an elevation angle of less than
about 1o did not necessarily inecrease with range. Above 1° elevation
the refraction angle increased in proporition to an increase in range,

The ray trace method of caleuwlating refraction gave similar results
to the curvature method but was more laborious to use. It could be used
on all sightlines down to elevation angles near zero, but increasing
care in the definition of the layer thickness was necessary. The
curvature method became easier to use at zero elevation angles as a
constant value for the refractive index oxr air temperabure gradient could

be used.
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APPENDIX I

FORTRAN PROGRAMME FOR COMPUTING TEMPERATURE INFORMATION

FLOW DIAGRAM

( START )
|

READ INPUT DATE,
TIME, J, CHART
READING (12 READINGS)

COMPUTE AVERAGE CHART
READING AND CONVERT
T0 TEMPERATURE
DIFFERENCE

i

———(T @7 )

|
y +

COMPUTE X(J),
y(J) FOR PLOT-

COMPUTE AVERAGE
CHART READING

} _
(17 (3-11)  J——

J{ [5)
COMPUTE TEMPERATURE
AT ALL MEASURING
POSITIONS OF THE MAST

|
¥
COMPUTE TEMPERATURE
GRADIENT BETWEEN
MEASURING POSITIONS

i

WRITE OUTPUT TAPE

DATE, TIME, TEMPERATURES
UP THE MAST, TEMPERATURE
GRADIENTS

|
1

COMPUTE CHANGE OF
TEMPERATURE FROM BASE
OF MAST UPWARDS

|

]

+

TING LOWER ROW
OF GRAPHS

I

o

(IF (TIME - 12) =2

COMPUTE X(J),
Y(J) FOR PLOT-
TING UPPER ROW
OF GRAPHS

. !

¥

(zr (ToiE - 2) f——y

-+

[PUNCH DATE |

PUNCH X(J), Y(J) 1

= l -
(v (TME- 21,) )

w0, +

(" =0 )
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APPENDIX II

COMPUTATION OF REFRACTION ANGLE (CURVATURE METHOD)

FLOW DIAGRAM

READ INPUT, RANGE
ATMOSPHERIC PRESS.

A

i
READ IIfPUT, THIPERATURES ]
AT 5, 10, 30, 439, €8, 92 FT.
ABOVE GROUND, DATE, THiE.

|

I M = 10, 42, 2 e
|
COMPUTE CONSTANTS IN
LAGRANGE INTERPOLATION A

FORMULA FOR HEIGET H

i
COi{PUTE TEEPERATURE
AT HEIGHT M

1
COMPUT THEIPERATURE
DIFFERENCES
(T(u) - T(42))

L
COMPTR'E AREA UNDER
TEMP 4 EEIGHT CURVE
BY SIHPSON'S RULE

l

T = 273 + T(10)

|

16,28 x 0104 x P
2'1'2

FA

FB = 16.28P »
({42 - 10))

| FN = FA + ¥B x AREA

|  REFRACTION-RANGE x FN i
|

WRITE QULPUT
DATE, TIIE, REFRACTION
1
IF i
C . ),
1+

Y

END
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APPENDIX III

CALCULATION OF MONTHLY MEAN TEMPERATURE GRADIENT AND STANDARD

DEVIATION

FLOW DIAGRAM

(m)

READ INPUT, NUMBER OF DAYS

1

TEIP. UP4AST (J) J=1,8

READ INPUT, DATE, TIME (L) - | ¢

|
(r @-20)

o+

M = M+1

(r ®-N) )

i+

COMPUTE THIP. DIFFERENCES
BEIWEEN ALL LEASURING
POSITIONS AT TTME (L)

i

WRITE OUTPUT, TP«
DIFFERENCE=S AT ALL
WEIGHTS AND TIME L

(F (L - 24)

lo

L = 4, 24, 4

[® = I, ¥

J = 1,8’1

COMPUTE SW{ OF TE{P.
TEMP. DIFFERENCES AT
HEIGHT J AND TIME L

AND

I

(F (7 - 8)

):——' A A

jo

COMPUTE MEAN THIP
AND TEIP DIFFERENCIS

(r (u - W)

y=>—

io

WRITE OUTPUT, MEAN
TEMPERATURE AT ALL
HEIGHTS FOR TIME L

i
\IF (L - 24)

F——

yo

~ continued overleaf
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APPENDIX III (continued)

Yo

L = 4, 24’14 <
[ 7 = 1,71 i
]
{ M= 1,8 1 <

COMPUTE ST OF SQUARES
OF DEVIATION OF TEiP.

DIFFERENCES FROM MEAN A
FOR TLHE L, II:E‘JLGHT J

lr @-x D
lo
WRITE OUTPUT,

SUK OF SQUARES
i

COMPUTE STANDARD
DEVIATION OF TIME L AND
HEIGHT J

i
WRIEE OUTPUT, MEAN TEMP.
DIFFERENCES AND
STANDARD ‘DEVIATION

wr (T-17) )*_,_

s (IF(L-24)I; \}" —

=D
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APPENDIX IV
RAY TRACE CALCULATION

-

FLOW DIAGRAM

READ INPUT
ELEVATION ANGLE,
DATE, TIME, N

READ INPUT

REFRACTIVE INDEX (B(z))
mErce? (2(1)), ¥ !

(x @-m r=

=

COMPUTE ZEVITH
ANGLE (A) RADIANS

A

RANGE a Z TAN 4

1
REFRACTION (R) =
paN A (LOG B(I) - 10G B(I + 1))
I A
L 4 = A+R :
[
R = R x 206264.8
|
(Ir (-1 F—
lo
TOTAL REFRACTION =
4o B (T)

WRITE OUTPUT
REFRACTION, HEILGHET,
RANGE, I = %, E

;
WRITE OUTPUT
REFRACTION, DATE, TIME

EiD
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