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INTRODUCTION

The problem of obtaining accurate elevations using barometric
methods has vexed many inx}estigators since Pascal and Perrier
experimented in France in 1648. 12 Methods have been suggested
from time to time with exaggerated claims as to their efficiency.

Each method generally gives acceptable results provided that the
technique is restricted to the particular limitations of the basic
assumptions. However there may be occasional pressure readings
which result in errors of fifty or more feet. The occurrence of
these errors can only be detected by repeating the field measurements
or by the determination of the elevation by some other means. Some
of these errors may be attributed to reading errors (i.e. mistakes)
but the remainder must be due to some weakness in the fundamental
hypothesis. The reading error may be readily detected by using a
battery of two or more barometers for each field reading and comparing
the resultant readings. The remaining sources of error are more

difficult to isolate and are the subject of the present investigation.

The investigation falls naturally into 2 number of discrete
sections which were each examined in turn. These sections are:

1. Historical and Theoretical Review.

2. Examination of the Surveying Aneroid.

3. Investigation of the Pressure/Height relationship in a

vertical column.



4. The Isobaric Surface.

5. Field Traverses.

6. Methcds of computation of the results.
7. Analysis of the experimental results.

The examination of the Surveying Aneroid led the writer to the
development of a laboratory standard barometer which was operated
impersonally and had a precision of 1 x 10—4 inches of mercury. This

instrument was used to test a number of types of Aneroid Barometer.

It was shown that the better class of modern barometer in fact
reads atmospheric pressure more accurately than the various
mathematical models fit the known data, The errors then must
significantly be due to irregularities in the atmosphere. These
irregularities form the limiting condition and so improvements in the

instruments will not have any significant effect on the results.

The next section was the testing of the accepted formulae for
the pressure/height relationship. Barometers were positioned at
various levels on a free standing television tower and simultaneous

readings of pressure taken on a number of occasions.

The standard atmospheres were shown to be unsatisfactory in

the vicinity of the ground. This led to the development of new standard

atmosphere which was designated as ASA (Assumed Standard Atmosphere

.



This atmosphere and the standard I.C.A.N. atmosphere were

tested against field readings and the results compared.

The precision of the elevation of a field station was shown to be
a complex function of the tilt of the apparent isobaric plane and the

distances between the base stations.

This led naturally into an investigation of the limits between
which it is feasible to assume that the isobaric surface approximates
a plane surface. Pressure readings were taken at five points of known
position and elevation. From these readings the degree of tilting of

the surface and the deviation from a plane were deduced.

A number of field traverses were then calculated on the basis
of the conclusions formed in the foregoing. This completed the

experiments and allowed a statistical study of the results to be made.

There are a number of standard conventions used in measuring
atmospheric pressure. This led to some confusion when reducing the
readings. Accordingly, the conventions specified by British Standard
No. 2520; 1954 have been used thr’oughout,é This standard states
(page 8):

"2. Apart from the basic unit of pressure viz. the dyne per square
centimeter (dyne/cmz), the following pressure units only shall be
recognized for barometric purposes. They are given in order of

preference, the millibar being strongly recommended: -

2
2. The millibar, equal to 1000 dyne/cm”.



b. The millimeter of mercury at 0° C and standard gravity

980. 665 cm/sz.

c. The inch of mercury at 0° C and standard gravity
980. 665 cm/sz.

By 'mercury at 0° C' is meant a hypothetical fluid having an

1"

3
invariable density of exactly 13.5951 g/cm"™.

Further it is stated on the same page that the three basic units

may be denoted by the abbreviations mb, mmHg and inHg.

Since the instruments used for this project were graduated in
either inches or millimetres, the appropriate units as defined above
have been adopted throughout. The Askania instruments which were

calibrated in Torr. have been converted to inches of Mercury.

Finally, I would like to acknowledge the assistance of my
supervisor, Professor P. Angus-Leppan for his helpful suggestions,
T.C.N. Channel 9 for the use of their Television Tower, Mr. R.
Degotardi of Technicomps for the use of his electronic computor and

also the many people who generously came to my assistance.



CHAPTER 1

HISTORY OF BAROMETRIC SURVEYING

The concept that air has weight was theorised by Anaxagoras and
Empedocles some 2400 years ago to explain the lifting power of pumps.
Aristotle dismissed this idea and it remained to Galileo to show that air

has mass.

This was vertified by his pupil Torricelli who in 1643 discovered
that when a tube filled with mercury was inverted with the open end in a
bowl of mercury, the difference in height between the two mercury surfaces

was independent of the length or inclination of the tube (see Figure 1.1).

When this was repeated with fluids of different density the same
effect was observed, the height of column being inversely proportional

to the specific gravity of each fluid. From this he deduced that the

M

weight of the column of fluid was supported by the weight of the atmospher

The first demonstration that the weight of the atmosphere could bs
used to determine elevations was carried out by Pascal and Perrier on
19th September, 1648 near Clermon-Ferrand, Auvergne, France.
Readings of the height of the mercury column were taken at the base and
summit of Puy de Dome. 12 From the readings it was seen that there was
a relationship between pressure and height. Pascall proposed that the

atmosphere was compressible and therefore that the relationship would not
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be linear.
In 1686, Halley put forward the relationship

Po
AH = k. 1og§-—
1

where
AH is the difference in height
Po, P1 are atmosphere pressures
k is a constant.

Numerous experiments were undertaken to find the value of the constant
k but as a number of variables such as temperature,humidity and gravity
were ignored, the results were disappointing. In 1771, Deluc published
in the Philosophical Transactions a method which introduced a temperature
correction. This was followed in 1777 by a similar approach proposed by

12
Shuckburg.

Laplace then put forward his theoretical approach to the problem
which integrated the hydrostatic equation. > He took a column of air of
unit cross-sectional area and showed that the pressure change dP for a

change in elevation dH is given by:

dP = -g.p.d0 ...... (1)
where g is the acceleration due to gravity
and @ is the density of air at pressure P

and absolute temperature T.



But if some standard atmosphere is taken which is denoted by a suffix s,

then from the Universal Gas Law:

P.vV Ps.vs
T N T
S
PS.T.Vs
or Vv = BT
s

V. Q= V.

<
ol

v ./O
S S
h -
wnence /O V
N Sy L
= =
S
Substituting in (1)
T
Yad:) s
dP = - gP 5 - dH
S
. . os T P
T T g o P
g/éjs TS



If the temperature T is constant throughout the vertical column,

then
e

;“PS.T.dP
AH = - | ——————
bog. LT .
JgSTSP

between the upper and lower pressures.

P_. T
Th AH = - S { - }
us g'fg'TS Ln Pl Ln P2

7

P
and substituting standard values for ~£

E4

4H = 60370 (log Pl - log PZ) (1+0.002695 cos 2 « ). .’-I‘I-
’ s

where (f’" is the latitude.

The factor —TI- when the temperature t is expressed in degrees

Fahrenheit and Ts if taken as the freezing point in degree absolute becomes

- 32+
T 1 TTS
T T
S s
t - 32
= 1 T



10.

. t1+t2 - 64
- 2T

S
] l+t1+t2—64
- 982

where tl and t2 are the two measured Field temperatures

in degrees Fahrenheit.
The value 982 is generally reduced to 900 to make an approximate
correction for average humidity (see section 6.5.2). 2 The final formula

thus becomes 2.5

t +t.-64
1 2
AH = 60370 (log Pl - log PZ) . (1+0.002695 Cos 2?0).(l+ 300 ).

. .5 . . .
Sir G. B. Airy derived his constants for an atmospheric

temperature of 50° F with average humidity which modified the formula to

- 100
t1+t2 1

AH = 62579 (log P, ~ log P,) (1+0. 002695 cos 2¢) (1 + Tooo )

e . . . 8
Average humidity is defined as 500/0 relative humidity at 507 F.
The effect of the gravity term varies from 0. 270/0 at the equator

. o 14 . u
to zero at latitude 45 . Since other errors have a much larger effect it

may safely be neglected.

4

In the foregoing, it was assumed that the atmosphere is at a constant

temperature. This has been shown to be incorrect for there is a general

fall in temperature with an increase in elevation. 3,9, 15, 27 This is



11,

called the Lapse Rate and has been found empirically to be 6. 5° ¢ per
kilometer (3. 56O F per 1000 ft.). Incorporation of this L.apse Rate into
the derivation gives rise to the Lapse Rate Formula proposed by the
International Commission for Aerial Navigation in 1924. ?

Denoting the Lapse Rate as ¥

the sea level temperature as To’

and the elevation as H
then T=T - Y. H

and the Hydrostatic equation

may be expressed as

_ _P.g
dP o dH

where R is the Gas constant.

Integrating this relationship gives: -
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P _ (=2 ) R.H
P - T
) o
T p —"—'—'R g
whence H = —5,9- (1- (—f,;) &)

This may be expressed as:

C2
) )

P
H=2C . (1-(P
o

To
where C. = —/7
-1

and C =R—'L

With the advent of the aneroid barometer, it became feasible to
graduate the instruments in both pressure readings and the corresponding
elevation according to some standard atmosphere. A number of these

standard atmospheres have been adopted in various countries. The most

common are listed below.



INTERNATIONAL STANDARD ATMOSPHERE - I.C.A.N.3’ %, 14, 15,

1. The air is dry and its chemical composition is the same at all
altitudes.

2., The value of gravity is uniform and equal to 980.62 cm per sec per
sec.

3. The Temperature and pressure at M.S.L. (Mean Sea Level) are
15° C and 1013.2 mb.

4. At any altitude z (metres) measured above M.S.L . and between
0 and 11,000 m. the temperature of the air is given by

T = 15-0.0065 z 0° C.

5. For altitudes above 11, 000 m, the temperature of the air is
constant and equal to - 56. 5° C.
(Hence C1 = 145367.59 and C‘2 = 0.19023)

1
U.S. STANDARD ATMOSPHERE (or N,A.C,A. Standard Atmosphere). 3,1

This atmosphere is similar to the I.,C,A . N. but uses slightly

different constants.

1. Gravity = 980.665 cm per sec per sec.

2. MJS.L. pressure = 760 mmHg = 1013.25 mb.

3. M.JS.L. Temperature = 15° C.

4. The lapse rate 0. 0065° C per metre applieg to elevations up to
10,769 m.

5. Altitudes above 10.769 m, the temperature of the air is constan
and equal to - 55° C.
(Hence C1 = 145367.59 and C2 = 0.190284)

[§=N
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1.C.A.O. STANDARD ATMOSPHERE'! !*

This atmosphere is identical to the I.C . A, N, Standard
Atmosphere except that the M.S.L. pressure is 1013.250 mb (=760 mm Hg.).
(Hence Cl = 14§367.59 and C2 = 0.19023)

LAPLACE STANDARD ATMOSPHERE5

1. The air is dry, isothermal and homogeneous.
The value of gravity at latitude 45° is 980.665 cm per sec per sec.
The Mean Sea Level (M.S.L.) pressure is 760, mm Hg.

The Mean Sea Level temperature is 32° F.

G W w0y

P
The constant —i is 60370.
g./s

AIRY'S STANDARD ATMOSPHERE >

1. The air is isothermal and homogeneous.

2. The humidity is ""average'.

3. The value of gravity at latitude 45° is 980.665 cm per sec. per
sec.

4. The M.S.L. Pressure is 31.00 inHg.

5. The M.S.L. Temperature is 50° P,

6. The constant including the humidity correction is 62759.

ATRY'S MODIFIED STANDARD ATMOSPHERE5

This atmosphere is similar to the usual Airy's Atmosphere but

is taken with dry air.

The constant then becomes 62580.



i5.

ASSUMED STANDARD ATMOSPHERE (See Chapter 3)

1. The air is dry and its chemical composition is the same at
all altitudes.

2. The M.S.L. pressure is 760 mmHg = 1013.25 mb.

3 The M.S.L. Temperature is 15° C.

4. The constant C1 is 143831.87.

5 The constant CZ is 0.18910.

The use of a Standard Atmosphere to graduate the barometer
scale greatly simplifies the reduction of the readings as the more tedious
part of the calculation has already been carried out. The difference in
height is obtained by subtracting the two readings and then applying the
appropriate temperature correction.

In practice, the choice of standard atmosphere is largely a
personal choice as the variation in the computed difference in elevation
using the values as indicated is insignificant.

However, in Chapter 3 it has been shown, at least for the coasizl
region in the vicinity of Sydney, Australia that the adoption of any of the
above Standard Atmospheres will lead to somewhat larger errors than
would be the case if the new standard atmosphere designated as the

Assumed Standard Atmosphere (A.S.A.) had been used.



CHAPTER 2

EXAMINATION OF THE SURVEYING ANEROID

The mercury barometer although simple in concept and use is not
sufficiently robust or sufficiently compact for general use in the field. This
led to the development of the "Mountain Barometer' which can be used in
the field but is somewhat inconvenient. In this instrument the glass tube
has been encased in a metal sleeve in an attempt to overcome the inherent
fragility of the instrument?5 In a parallel development, the principle that
a partially evacuated chamber, with the sides forced apart by a spring,
would tend to dilate or contract according to the atmospheric pressure,
was utilised to construct the aneroid barometer. Since the movement of
the chamber is small the linkage by which the movement is translated into
a pressure reading must incorporate a high degree of magnification. > As
the forces are smail, this magnification linkage must be of minimum gize
and low inertia. It must use jewelled bearings and rely on precigicn
workmanship comparable with that used in small watches (see figure 2. 1}).
Even so the earlier instruments require a light vibration before reading
to ensure that the linkage has completed its movement. 21 This
vibration may be generated by tapping the instrument lightly on the glas
face with a finger or pencil.

When the instrument is not vibrated the readings may be
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18.

unreliable and have errors up to 50 feet or more.

More recently the so called micro-barometers have entered the
field with radically new approaches to the problem of translating the
movement of the pressure chamber to the reading scale. Since these
instruments have been described in a number of places, 2, 5, 12, 44, 50,53
they will not be described in detail here. It will suffice to mention only
the principle by which in the better instruments the movement is translated.
2.1 ASKANIA MICROBAROMETER44’ >0

A Bourdon tube (A) in the form of an evacuated helical spring is

utilized as the pressure-sensing element. The upper end of the tube is
firmly clamped and the lower end is attached to a fine wire torsion bar
(B). A mirror (C) is fixed to the torsion bar (see figure 2.2). Pressure
changes cause a rotational movement of the Bourdon tube which is in

turn transferred to the torsion bar. This causes the mirror to rotate
slightly. The mirror is viewed through an autocollimating telescope (D).
The image of one of a series of index lines engraved on the mirror
appears on an eyepiece scale. The reading is made by recording the
scale reading of the index line on the eyepiece. The instrument is
extremely sensitive and a small pressure change (approximately 9.5 mm.
Hg.) will cauge an index line to move across the entire scale. For this
reason four index lines are provided extending the range to approximately
38 mm.Hg. Pressure variations beyond this range may be measur=3d by
rotating the top of the Bourdon tube to another one of a number of
predetermined positions. This causes the image of the index lines to be

brought back into the field of view.



FIG. 2.2

SCHEMATIC SECTION OF
MICROBAROMETER.

THE ASKANIA

19
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The instrument is extremely sensitive to temperature. For this
reason a "built in" thermometer is provided and the instrument is
surrounded with a leather case filled insulating material for thermal
insulation.

While the instrument is extremely sensitive for small relative
changes of pressure, the lack of sensitivity in setting the upper clamp to
the predetermined position makes difficult an effective use of this
instrument for field barometer traverses due to the possibility that
vibrations during transport may cause a slight shift in the setting which
would be difficult to detect.

2.2 WALLACE AND TIERNAN SURVEYING ANEROIDS’ 20, 53

This barometer consists essentially of a precision aneroid
mechanism shock mounted in its case. The mechanism includes a low-
inertia movement (A), a balances pointer (B), flexure pivots (C), a
bécklash eliminator and jewelled bearings to ensure sensitivity (see
figure 2.3). Before reading it is advisable to lightly vibrate the movement.

The reading scale is graduated to 10 foot intervals according to the
Smithsonian Meteorological Table No. 51 Standard Atmosphere (identical

to the U.S. Standard Atmosphere). This scale may be interpolated to onse

foot.

2.3 THE AMERICAN PAULIN SYSTEM5’ >0

The basic principle of this instrument is the use of a null reading

as an indication of matching tensions in the evacuated chamber and the

balance spring.
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22.

A change of air pressure will cause contraction or expansion
of the diaphrams (H) (see figure 2.4). This causes a change in the
sensitive bands (J) in such a manner that the balance indicator
pointer (C) will move from its zero point. Rotation of the control knob
(A) will turn the precision-ground micrometer screw (E). This will
directly change the tension of the balance spring (F) across the diaphrams
(H). This will also cause the bands to return the balance indicator
pointer (C) to its zero point.

The pressure may then be read directly on the graduated scale

by means of the pointer which is integral with the control knob (A).

2.4 THE BAROMEC BAROMETER (see Figure 2. 5)5

In this instrument the pressure chamber is not required to actuate
a complex mechanical linkage. Instead movements of the pressure
chamber (A) are followed by a simple lever (B) which is held against the
pressure chamber by a hair spring (see figure 2.6). The position of this
lever is then measured by a micrometer (D) utilizing an electronic contact.
The circuit for the electronic contact indicator is given in figure 2.7.
The valve (DM70) displays two different configurations depending on the
potential across the valve grid. When the potential is negative the display
takes the form illustrated in figure 2.8 (a). When the potential is
positive, the display is changed to the form illustrated in figure 2. 8(b).
From the circuit diagram (Figure 2.7), it will be seen that when the contzcis
are open the potential on the grid will be negative. When the contacts

close the potential becomes positive. Tests have shown that this method



A ConTrOL KNOB. I
B ReseEr KxoB. J
C BaLANCE INDICATOR POINTER.

D MiIRROR. K
E MICROMETER SCREW.

F BALANCE SPRING. L
G DIAPHRAGM SPRING.

H DrapPHRAGMS. M

23.

DiapHRAGM LIMITING DEVICE.

BAxDs, to operate balance indicator
pointer.

DamPER, reducing vibration of
balance indicator pointer.

BALANCE INDICATOR SUSPENSION
SPrRINGS.

PrECISION FRAME CASTING.

FIGURE 2.4 CONSTRUCTION OF THE PAULIN BAROMETER.



FIGURE 2.5 THE BAROMEC BAROMETER.

24.
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26.

of indicating contact is capable of a precision of 1 x 10—5 inch.,

To read the instrument, the micrometer knob is rotated until
the position is reached where the contacts just close. The micrometer
which may have conventional scales or take the form of a digital read-out

is then ready for reading.

Tests have shown this instrument to be extremely robust and not

subject to a significant hysteresis or drift.

2.5 THE BAROMETRIC COMPARATOR18

For this report, the main concern was to establish the reliability

of the barometric instruments. Before this could be investigated, it
was necessary to construct a reliable standard instrument against which
the individual instruments could be tested in the laboratory for errors
from a variety of sources. These errors were loosely grouped together
as systematic and random errors, viz.
1. Random Errors in the linkage and in reading.
2. SystematicErrors (a) Graduation Errors.
(b) Drift with respect to time.
(c) Hysteresis.
(d) Error due to Temperature.
Thus the standard instrument had to be capable of giving reliable
readings which were more accurate than the instruments under
investigation (.01 mm of mercury pressure) and incorporate a pressure

chamber to allow the pressure to be varied at will. Obviously, although
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(a) Contact not made —Decrease Reading

C ]

(b) Contact made —— |ncrease Reading

FIG. 2.8 CONTACT INDICATOR FOR
BAROMEC BAROMETER.
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it would have been ideal if the standard barometer had given
absolute measurements, this was not necessary since a small index
error would not have any significant effects. The manipulation is
actually in relative readings or reading difference.

Accordingly, the barometric comparator was designed and
constructed. This instrument although fundamentally a normal mercury
barometer of the Fortin ’type1 has a number of novel features (see
figures 2.9, 2.10). 18 In the first place, it would have been extremely
difficult if not impossible to achieve the required precision of the reading
by relying on optical settings of the reading scales within a small pressurs=
chamber. This led to the use of electronic contact indicators. 8, 47
Since it is impossible to move a contact within the Torricellian Vacuum,
the fixed contacts were placed in the top of the tube. Readings were
obtained by raising the piston and hence both mercury levels until contzct
was made at the fixed contact and then reading the level of the lower
surface by means of a moveable contact (see figure 2.9).

Since electronic circuits had already been installed, it was then &
simple matter 1o use these circuits to control the two servo motors
required to operate both the piston for setting the upper contact and the
moveable contact. Inclusion of a latching relay made the readings
impersonal and extremely simple.

In practice, to obtain a reading it was only necessgary to praas

one button-switch.
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When this switch (G) was pressed the latching relay (C) was
closed (see figure 2.11). At the same time the main relay (A) for
the piston servo motor closed causing the motor to turn in the direction
required to lower the piston. This in turn caused the upper and
lower mercury surfaces to be lowered.

The motor continued turning in this direction until the upper
fixed contact left the mercury. Due to capillary action the mercury
tended to cling to the sharpened contact and hence when the circuit was
broken, the mercury surface was approximately 1 mm below the contact.
The main relay then opened causing the latching relay (C) to open and
the motor to turn in the opposite direction. The motor continued to
turn until contact was made. The main relay then closed but since the
latching relay (C) was open, the piston servo motor did not turn.

Simultaneously, the serve motor for the moveable contact
followed a similar procedure except that the latching relay (D) remained
closed until the piston servo motor had ceased to operate. The
moveable contact thus hunted about the mercury surface until the
fixed contact had been set. When the latching switch (D) opened, the
servo motor for the moveable piston stopped immediately on making cont-o.

A reset button switch was provided, so that the moveable contzct
could be reset without actuating the piston servo motor.

The drive motors were mounted externally to prevent any possipiliiy
of the heat generated disturbing the stability of the instrument. The

pressure chamber, which was constructed of a one piece Pyrex glass tube
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with 1/4 inch wall thickness, was placed over the barometer but left

the lower side of the reservoir piston exposed (seeFigure 2. 10).

As there was not sufficient room within the pressure chamber for
the instruments which were to be tested, these were placed in auxilliary
chambers connected to the main chamber by pressure hoses. The
inclusion of a pump to vary the pressure and a number of valve cocks to

shut off the various sections completed the equipment (see Figure 2. 13).

Some difficulty was experienced in cleaning the mercury before
installation but this was overcome by passing the mercury through a
purifying tube filled with 0. 05N Nitric Acid. ! The mercury was then
washed and dried. To prevent any possible effect on the readings due
to oxides floating on the lower mercury surface a sludge trap was
incorporated in the reservoir and the surface was periodically lowered
beneath the trap and then raised, leaving oxides beneath the trap (see

Figure 2. 14).

The level of water vapour in the system was controlled by placing

a reservoir of Silica Gel in the pressure hose adjacent to the pump.

To extend the range of the instrument twelve fixed contacts were
placed in the upper tube. These contacts were spaced at approximately
0.9 inch apart to allow for calibration within the range of the moveable

contact (1 inch). This gave a total range of approximately 11 inches,

The contacts were formed by L shaped pieces of platinum
wire firmly fixed into the wall of the soda glass tube. The pressure

difference on the wall of the tube caused leakage past the platinum wire.
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To overcome this a thin layer of Shell Epicote Resin was run down
the inside of the tube to seal the joints. This appeared to give a
satisfactory bond but on final setting some shrinkage occurred in the
Resin. This set up high stresses in the glass and finally caused a
longitudinal crack in the tube. This was overcome by casting a solid
block of the Resin around the outside of the tube. This block completely

covered the portion of the tubing containing the contacts.

The possibility of arcing between the contacts and the mercury
surfaces was most unlikely since the voltage across the contacts was

1.5 volts and the current 1 x 10—6 amp.

Initially, the mercury showed signs of surging while the levels
were being changed and so a choke was placed in the lower end of the
Torricellian Tube (see Figure2.14). The choice of diameter of the
choke was extremely critical. If too large, then surging took place.
If too small, then the excessive damping caused hysteresis when the

pressure in the chamber was varied.

While endeavouring to obtain the optimium choke diameter the
bottom of the glass tube was cracked. This was repaired by cutting off
the bottom two inches of the tube and inserting a two inch long perspex
rod drilled out to match the glass tube and incorporating the choke. This
rod was cemented in place with an acrylic cement. It was decided to
leave the choke diameter at the previous value (0. 075" diameter) and to

design the experimental procedures to overcome the resultant hysterisis.
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Since atmospheric pressure is measured in terms of the height
of a mercury column at standard density, a thermometer was incorporated
within the reservoir. The connection between the fixed and moveable contacts
was manufactured from a mild steel rod and the expansion of this rod taken into
account when applying the temperature correction (see figure 2.15). Further
the position of the contact within the glass tube in relation to the support
had to be considered.

The temperature correction was thus determined as a function of the
mercury column height which must be reduced to standard temperature

(32O F') and the length of the mild steel rod and glass reduced to the standard

operating temperature (68°) (see figure 2.16).

Denoting:

CO as the length of mild steel rod from the support to the
zero of the micrometer at 68O ¥,

Cl as the length of the column between a particular contact
and the micrometer zero at 680,

C.2 as the length of the glass tube from the support to the same
contact at 68° ¥,

Hy as the coefficient of volume expansion of mercury (1.010 x 107
cubic uni‘cs/O F),

s as the coefficient of linear expansion of mild steel (0.65 x 10—5

units/o F),

My as the coefficient of linear expansion of glass (0.47 x 107

units/O ),
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R the micrometer reading (inches),
T the temperature (degrees Fahrenheit),
then the corrected reading in terms of the height to which

a mercury column at 68° F would rise is given by:

Hog = (T-68). {(CO-R). wy + C,. u3} +(C, - R).

When this formula is reduced to give the height at 32° F:

H,, = (L-u . (T-32). {(T-68).[(C_-R).u,+C, u,]+(C-R)

The correction C,, to a reading is given by:

T

C =H32-C1+R

(1 -, (T-32)). {(T-68). [(C_-R). wy+C, u,] +(C-R)}

X {(l—ul) (T - 32) - 1}

which reduces to

where
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K, = C.p. (T-32)
K2 = (1 - M- (T - 32)). (T - 68). (Co. , + CZ' u3)
K3 = (1 - ul. (T - 32)). {(T - 68). uz - ul. (T - 32)}

In this form the three variates "K' were found to be functions of

one variable only, i.e., T. This made it feasible to construct a nomogram

for each contact. For convenience the nomogram was divided into two

parts (K2 - Kl) and K3. The micrometer reading could then be used as an

argument for the second nomogram giving the value RK3 directly. As an

example the nomograms for contact No. 3 are given herein (see figure

2.16).
Capillary effects within the glass tube were constant for a given

contact as

_ 2.7 .cos 9‘

a.p.g

H =

where h is the height of the capillary,
a 1s the radius of the tube,
o}
and 8 = 145 f{for mercury.

Since differential pressures only were required this correction

could be taken as included in the values of the constants "Cl". The
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correction amounted to + 0.2mm for a tube with a diameter of 1 cm. and
would have to be applied when absolute values were required. For
relative Readings this systematic error is cancelled due to the method
of calibration.

The effect of Vapour Pressure in the Torricellian Vacuum depressed
the height of the mercury column by an insignificant amount for the
experimental range. For example at 150 C the depression was 0.7 x 10w3
mm and at 25° C only 1.7 x 10™°> mm.

The effect of a variation of gravity from standard gravity at
latitude 45° upon the density of the mercury (and thus upon the height of
the column) was a systematic error which was disregarded as the pressures
were differential.

To calibrate the instrument, the distance between contact No. 3 and
the zero of the micrometer was measured as accurately as possible. This
distance was adopted as the standard column height at 68° F to which all
subsequent readings were referred. The adopted value was 30.2440
inches. Using a '""bootstrap'' technique, the other contacts were then

calibrated using overlapping readings. The results were as given in

Table 2. 1.

The instrument was then ready for the testing of the anerocid

barometers.

In practice, the instrument proved very satisfactory and
readings had a repeatabilityof 1 x 10_4 inches of mercury pressure
(.002 mmHg). A typical get of readings at a constant pressure is given

in Table 2. 2.
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TABLE 2.1

CONTACT CALIBRATION CONSTANTS

Contact No. Pressure Estimated Standard
Deviation

in Hg in Hg

1 32.3457 0.0003

2 31.1910 0.0002

3 30. 2440 -

4 29.3228 0.0002

5 28.4654 0.0003

6 27.5550 0.0003

7 26.6003 0.0004

8 25.6620 0.0004

9 24,7299 0.0005

10 23.7854 0.0005

1l NOT USED.

12 NOT USED.




TABLE 2.2
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COMPARATOR READINGS AT A CONSTANT PRESSURE

Contact No. 3 Date:

Temperature

16.
16.
16.
16.
16.
16.
16.
16.
16.
16.
16.

NN N N N N g g

o]
0

Standard Deviation 1 x J‘LO-4

11/12/63

Mean

inch.

Reading

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

2907 inch
2907
2908
2908
2908
2905
2908
2908
2906
2906
2907

. 2907
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2.6 TEST RESULTS

The comparator was then used to test the Baromec, Wallace
and Tiernan and Askania barometers. The tests were designed to
give the magnitude of random and systematic errors in the instruments.
The errors were given as reading differences and were confined to

those likely to be of significance to the surveyor.

2.6.1 Reading Tests

The first test was designed to find the magnitude of the random
errors in the mechanical linkages and in the readings of the barometers,
The instruments were placed in pressure chambers and the chambers
were partially evacuated (equivalent to a rise in elevation of 6000 ft),
The pressure in the chambers was then allowed to return to atmospheric
pressure. After five to ten minutes to allow any hysteresis to be taken
up, the instruments were lightly vibrated and read. At the same time,
‘a réading was taken on the barometric comparator. A comparison of

the readings gave an index value.

This sequence was repeated a number of times to allow a
statistical study to be made of the index, Typical results of this test

are given in Tables 2.3 t0 2.5.

For the Askania Barometer it was necessary to also test the
accuracy of resetting the scale index, The result of this test is given
in Table 2.6, This standard deviation was combined with that found

in Table 2.5 to give the composite standard deviation for a single

reading.
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The Wallace and Tiernan instrument gave large residuals on
two readings (see Nos. 1 and 4, Table 2.4). These would seem to
be due to friction in the mechanical linkage. In practice, this could
be minimised by using a battery of three barometers and repeating or
rejecting any doubtful readings. The accuracy of the instrument
quoted below assumes that this will be the case. These doubtful

readings occurred in all tests on the Wallace and Tiernan barometers,

From the results of this test, the standard deviations for
readings of the various instruments were converted to feet of
elevation in a standard atmosphere to allow a comparison to be made.

The converted values of the standard deviations are:

Baromec Barometer 1.6 feet.
Askania Bairometer 3.4 feet.
Wallace and Tiernan 5.5 feet..

2.6.2 Graduation Errors

To test the various types of barometer for errors in graduztion,
an extended series of readings was taken throughout the working pressure
range (600 to 800 mmHg). These readings were then compared with

those of the barometric comparator.

The difference between the barometer reading and the comparator

reading was taken as an index and the variation of this index throughout



Comparator Pressure

TABLE 2.3
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READING TEST BAROMEC BAROMETER 657/65

mmHg

757.
756.
756.
756.
756.
757,
757.
757.
757.
.44

757

Z
°

o 000 0Tl W N e

forad

02
53
67
06
89
57
08
56
54

READING TEST WALLACE AND TIERNAN

757.
756.
756.
756.
756.
757.
757.
757.
757.
757.

TABLE 2.4

13
50
63
06
92
63
13
62
60
48

Baromec Reading
mmHg

Standard Deviation 0. 045 mmHg.

Comparator Pressure
Feet

108
126
122
144
113
89
106
90
90
94

BAROMETER 55423

Standard Deviation 11.6 feet.
Deleting readings 1 and 4 Standard Deviation 5.5 feet.

Wallace and Tiernan
Feet

938
980
975
1020
960
929
958
940
948
942

Index
mmHg

-0.11
+0.03
+0.04
0.0
-0.03
-0.06
-0.05
-0.06
-0.06
-0.04

Index
Feet

-830
-854
-853
-876
-847
-840
-852
-850
-858
-848



READING TEST ASKANIA BAROMETER 530530

TABLE 2.5
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Comparator Pressure

29.
29.

29.
29.
29.
29.
29.
29.
29.
29.

inHg

8037
7846

7900
7660
7993
8257
8065
8254
8243
8205

15
15

15
15
15
15
15
15
15
15

Standard Deviation 0.003 inHg.

Askania
Scale Units

276.
269.
270.
265.
274,
280.
276.
280.
280.
279.

BNV N®OoUoQ

TABLE 2.6

" inHg

30

30.
30.
30.
30.
30.
30.
30.
30.
30.

. 061
034
039
021
057
080
062
077
077
074

Index
inHg

-0.257

. 249
. 249
. 255
.258
. 254
. 256
. 252
. 253
.254

TEST FOR INDEX RESET ASKANIA BAROMETER 530530

Index No.

15
15
15
15
15
15
15
15
15
15

Constant Pressure.

Reading
Units

280.
280.
280.
280.
281.
281.
280.
280.
281.
281.

OO WNOWO U = N

Temperature

16.
16.
16.
16.
16.
16.
16.
16.
l6.
16.

et b b e o el el fod ot et

0
@)

Standard Deviation 0.41 Units (=0.002 inHﬁg).



the pressure range was plotted for the various instruments.

The graph for the Baromec Barometer is given in Figure 2.17
and is significantly consistant with the curve obtained three years before.
The stability of the curve meant that correctiong for the graduation
error could be applied. When the reduction is by means of an
electronic computer, this correction could be incorporated within

the programme.

The testing of the Agkania barometer had to be divided into
two sections. The first of these consisted of a set of readings taken
throughout the range of one particular scale setting. This was then
repeated on a number of other scales. These readings when compared
with the comparator readings gave index values. The index values
for each scale were then individually plotted. The results showed
that the calibration constant had changed by approximately lo/o in
3 years (see Figure 2.18). The relevant values were for instrument

number 530530,

1964 0.003913 inHg/unit reading.

1967 0.003875.

The second test for the Askania barometer consisted of a
series of readings for each scale setting to determine the appropriats

scale constants. These also had varied in the 3 year period. The

results for instrument number 530530 are given in Table 2. 7.
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With the revised constants, the readings of the instrument

were linear and did not require a correction for graduation error.
TABLE 2.7

SCALE CONSTANTS ASKANIA NO. 530530

Scale Constant (inHg)
1964 1967 Difference
15 28.979 29.935 +0.956
14 28.168 29.115 +0.947
13 27.357 28,292 - +0.935
12 26.544 27.473 +0.929
11 25.731 26. 655 +0.924
10 24.919 25.846 +0.927
9 24,107 25.040 +0.933
8 23.294 24.228 +0.934

The Wallace and Tiernan Barometers gave a polynomial
curve (see Figure 2.19). The variation within the readings
themselves however indicates that application of a correction to the
readings would not significantly improve readings in the middle range.
Some improvement however could be expected with readings towards

the edges of the scale.

2.6.3 Drift of the Index Values

Drift of the index values may be subdivided into shorti and

long term variations. All the instruments tested exhibited some
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long term variation. The effect with the Wallace and Tiernan and the
Askania barometers was to vary the differential pressures. The
Baromec barometer however retained significantly the same

differential reading.

The surveyor when determining elevations by barometer uses
differential pressure over a short period of time. Accordingly, when
using Wallace and Tiernan or Askania barometers, the instruments
should be recalibrated at frequent intervals (say every 3 months).

The Baromec should, of course, also be tested but it is not likely that

any serious change will be found.

The short term drift is caused by handling the instruments.
To test the magnitude of this variation, the comparison readings of the
barometers were ingpected for a number of field traverses. In
addition the barometers were examined before and after student
exercises. The apparent differences in all cases were quite small and
certainly a large part of the difference could be atiributed to random
errors of reading. However, there still remained a portion due to drift,
and the whole difference wag applied as an index correction. The
magnitude of the apparent diurnal drift was similar for the three
types of instrument and had an average value of 0.010 inHg. The

maximum value found was 0.027 inHg.
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2.6.4 Hysteresis

To test the parameters for hysteresis, the barometers were
placed in the pressure chambers and the pressure lowered to
approximately 600 mmHg. The pressure was then suddenly allowed
to return to atmospheric. The barometers and the comparator were
then read at frequent intervals and the readings compared. The
minimum time to take a reading on the comparator was 20 seconds,
It was found that all barometers had settled to the point where no

significant hysteresis remained after the 20 seconds.

2.6.5 Error due to Temperature

The Askania barometer is extremely sensitive to temperature
and is covered by a thick layer of thermal insulating material, In
addition a thermometer is built into the instrument to allow the
temperature of the instrument to be measured. A temperature

correction may then be applied when reducing the readings.

The Wallace and Tiernan barometer whilst not as sensitive ag
the Askania, is supplied with a temperature correction nomogram.
As there is not a thermometer within the instrument, the ambient

temperature of the air must be used as the argument for the nomogram.

The Baromec barometer has a high degree of temperature
compensation and corrections are not applied for instrumental

temperature. Thig is only valid for temperature changes of up to
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SOC within the duration of the traverse.

The experimental facilities did not permit a complete test of
temperature effects on the barometers. However, readings under
extreme temperature conditions (35° F to 95° F) were inspected to
see whether any systematic effect could be detected. No error was
found which could be attributed to temperature. However it is
recommended that when using barometers in the field the instruments

should be shielded from direct sunlight and should be well ventilated.

2.7 CONCLUSIONS

Of the barometers tested, the Baromec barometer proved the
most reliable. The instrument was more robust and well suited to
the type of handling encountered in barometer traversing. The
consistancy of readings of this type of barometer (standard deviation
0.045 mmHg) is much better than the mathematical model for the

atmosphere.
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CHAPTER 3

INVESTIGATION OF THE PRESSURE/HEIGHT

RELATIONSHIP IN A VERTICAL COLUMN

The Pressure/Height relationship between atmospheric pressure

) . . 3,50,2
and elevation has been examined many times (see Chapter 1). !

The isothermal approach was used in the derivations of Laplace and Airy.

More recently, the Lapse-Rate derivation has been used. Both methods

yield significantly the same results and these have been empirically
verified using rockets and balloons over large elevation differences.
These relationships may be valid for a free standing column of air, but
as the surveyor is interested in the layers of atmosphere adjacent to
the ground, it was felt that a study should be carried out with a static

column close to the ground.

A television tower which gave a vertical column of 677 ft. was
chosen and pressure units were placed at various levels to determine
the pressure profile (seeFigure 3.1). Readings were then taken on a

number of occasions to see whether the profile varied.

3.1 EQUIPMENT

The Baromec Barometer having proved to be the most reliable
of the aneroids tested, was selected as the basic unit (see Figure 3.2},

This made it possible to undertake the design and fitting of a servo
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control for'remote reading on the ground.

Since the Baromec Barometer relies on an electronic contact
to indicate the atmospheric pressure, it was possible to use this
circuit as the control for the servo motors. To obtain a reading it
was thus necessary to complete the electronic circuit and then switch
off the motor. This was achieved by placing a latching relay in the
control circuit which, when closed, allowed the motor to drive the
equipment until the contact was broken, thus releasing the latching
relay and reversing the direction of motor drive. The motor then
continued to operate until contact was established, at which stage,
as the relay was open, the drive came to rest. The readings of the
instrument were thus quite impersonal and proved in laboratory

tests to be more consistant than hand readings.

A typical laboratory test with the instruments on a bench
and hence subject to atmospheric pressure changes is given in Table
3.1, The pressures recorded in the table are the actual readings

to which the following index corrections must be applied.

Unit +0.31 mm Hg.
+0. 45
-0.60
+3.11
-0.02
-0. 06

+0. 45

QHH4 "3 0 QW »
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These readings show a standard deviation of 0.06 mm Hg which
corresponds to approximately 2 feet of elevation. It should be noted
that if the mean of several readings was taken, then the results is
significantly improved. Accordingly, in the tower tests, multiple

readings were taken to increase the accuracy.

Relaying the readings to the ground proved to be a problem when
seven units were employed. A number of possible solutions were tried
but generally interference with the remote readings of adjacent units
was detected. The final solution isolated each unit and proved quite
satisfactory in the laboratory and in the field. The method employed
a segmented wheel in the primary drive of each unit with carbon
brushes picking up signed pulses and relaying these to the Control Unit

by a single-wire signalling technique.

Each remote unit included a thermister circuit to measure the
temperature. By balancing the lengths of the leads, the temperature
could be read directly from the scale of a micro-ampmetér. The basic

circuit is given in Figure 3.3,

The readings of the barometers were deduced from the differences
of the two counters for each unit - one measuring the increases in the

micrometer readings and the other the decreases.

The Control Unit contained the necessary circuits to control
the seven Remote Units and to record the change in readings (see

Figures 3.4 to 3.6).
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FIGURE 3.5 THE CONTROL UNIT.
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FIGURE 3.6 POWER SUPPLY FOR THE TOWER PROJECT
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Due to the meccano gearing and chain drive incorporated in the
gear box, there was a small amount of slackness within the system.
This was overcome by taking the final motion before reading always in
the same direftion. The gear ratio could not be directly calculated
and so each unit was calibrated to obtain the constant multiplier
required to convert the differences of counter readings into differences
of pressures. This was carried out by reading the barometer and the
counters at different pressures. The pressures were changed between
readings until the counters had varied by approximately 60, 000 units.

The constants were then deduced by a least squares method.

Denoting the difference in Barometer reading as APi
the difference in counter readings as ARi

and the constant as C.

Then the parametric equations are:

ARl.C—APl = 0
ARZ' C-AP2 = 0

AR . C-AP_ =0
n n
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which give the normal equation as:

[AR?].C - [AR.AP] =0

or
o . [AR.AF]

[arR’]

and the variance of the constant as

2 [vv]
6 —
(AR*](n - 2)

A typical set of readings for the evaluation of the constant is given in
Table 3.2 for which the constant was evaluated as 0.006 3994 with a
standard deviation of 0.000 0003. This was repeated using each of

the seven instruments and gave a final value of the constant as 0. 006 3995

with a standard deviation of 0. 000 0003,

This constant was used throughout the field tests and proved to be

extremely reliable.

Although quite satisfactory for the three months of field service,
it is felt that some minor modifications would give a longer and more
reliable experimental life. The main improvement would be to replace
the segmented wheel by a wheel incorporating a number of small bar

magnets which when revolved would actuate a proximity reed switch.
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3.2 RESULTS

Readings were obtained on seven different occasions thus providing
sufficient data for a statistical analysis. The actual pressures obtained
are given in Table 3.3. To facilitate the reductions a computor

programme (SVY 24) was written and the field readings were then

processed.

The basis of reduction was to adopt the highest point G as a fixed

base and deduce the resultant errors in the other positions by 3 different

formulae, viz

1. ICAN
2. Laplace
3. Airy

As the field temperatures were read on the ground (i.e. at
station A), these were reduced by 2. 41° F which according to the Lapse
Rate of 3.56° F /1000 ft. should give the temperatures at Station G.

This was verified using the thermister circuits which were incorporated

in each of the tower units.

The resultant height values indicated that the ICAN, Laplace and
Airy Formulae all gave consistent results, but these did not agree with
the known height differences. This seemed improbable and so a check

was made on the height differences.

A point was chosen from which all the tower stations were
visible and the distance from this point to the tower was measured using
a Tellurometer. The vertical angles to the tower stations were then

measured and the height differences calculated (see Table 3.4).
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TABLE 3.4
Station Vertical Angle Height Difference From
G

A -0° 16" 095 -675. 6 Ft.

B -0 03 03 -631.9

C +0 26 53.5 -532.1

D +1 11 50 -383.4

E +2 04 12 -208.8

F +2 52 47 -47.8

G +3 07 08.5 0.0
DISTANCE 3 4789.0 metres

These heights agreed with those scaled off the construction plans

for the tower and were adopted.

The differences of height calculated from the barometer readings
were then inspected. They showed a general tendency in spite of the
scatter but the tendency was reversed in the 100 feet closest to the ground.
This reversal is due to the presence of non-uniform conditions in this
region viz. rapidly changing temperature and humidity profiles.
Accordingly the readings at A and B were not used for the subsequent

redetermination of the constants for the Standard Atmosphere. In
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practice, since the field readings must be within this band of atmosphere
within 100 ft. of the ground, the assumption must be made that similar
temperature and humidity profiles are applicable to all field readings at
a given instant. This will give an equal systematic error in the
elevations of all points at that instant and hence a reasonable height

difference.

Returning to the readings of stations C to G, the tendency to
deviate from the known values when the height differences were determined
from the ICAN Standard Atmosphere appeared to follow a curved line.

Since the ICAN Formula is basically:

Pl CZ
h = C1 (-15—-—) (1 + Temperature Correction)
o
where
C1 = 145 367.59
C2 = 0.19023

it was realized that the results could be improved by varying the values
of the two constants. This was carried out by modifying the computer
programme SVY 24 to allow for the variation of the constants. The
mean pressures for day D were then used to establish the line of best

fit which was then tested against the mean pressure for day E. This
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line of best fit gave the new constants as:

C 143831, 87

1

2

0.18910

Once the values of the constants had been determined these were used ic
recalculate the errors in the heights for all pressure readings. These
are calculated for the ICAN Standard Atmosphere in Table 3.5. The
new constants which determine the New Standard Atmosphere (to avoid
confusion this has been called the Assumed Standard Atmosphere (ASA)

were used to give the results in Table 3.6.

The ICAN results have a standard deviation of 8.0 Ft. while the
ASA results have a standard deviation of 4.7 F't. This reduction was
significant enough to warrant the recalculation of all the field readings

in the latter Chapters using the Assumed Standard Atmosphere.
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CHAPTER 4

FIELD TECHNIQUES AND ISOBARIC SURFACE

So far, the application of the pressure/height relationship has been
restricted to a vertical column. When the two points have a lateral
separation, a most important assumption must be made and this is that
the surface of equal pressure or Isobaric Surface is a plané parallel to
the datum plane. In practice this surface is neither plane nor parallel

3
to datum. 5,31

The surface is in fact similar to any other equipotential surface
in that when the surface lies close to horizontal it will approximate 2
plane. When tilted the surface tends to buckle and fihally becomes very
irregular. This is analogous to the surface of a lake and a swiftly flowing
mountain stream. The extent of the buckling depends on the tilt of the
surface and the determination of the apparent tilt is most important when

. . 50,41,17, 34
more precise results are required.

The tilt may be determined if pressure readings are obtained
simultaneously at three points of known elevation.

The elevation for the pressure reading at each point may then be
calculated using a standard atmosphere. The known differences in

elevation together with the known lateral displacements allows the
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apparent tilt of the surface to be calculated. For convenience, this is
generally expressed in feet of tilt/mile. The actual calculations are
described in Chapter 6. The two dimensional case is shown in Figure
4.1 in which the elevations of two points A and B are known. From the
pressure readings the elevation of the Isobaric Surface which passes
through A is determined for the vicinity of point B. InFigure 4.1 (a) the
surface has equal elevations near A and B and so the surface closely
approximates a plane, parallel to the datum plane. InFigure 4.1 (b) the
surface is much higher at the vicinity of B and thus the Isobaric Surface

departs from the plane.

A number of field techniques have been devigsed which attempt to
obtain elevations for laterally displaced points and it is advisable that
the limitations of each technique to be examined in order that misleading
results can be avoided. The techniques may be summarized into groups.

4.1. DIURNAL CURVE METHOD.”’°°>%®

This method is frequently used in the tropics or well inland for
large continents. Repeat readings at one station show that the variation
of pressure throughout the day follows a predictable pattern called the
Diurnal Curve. Once the Diurnal Curve has been established, a single
barometer may be read at a point of known elevation or base staticn and
then taken to a number of field stations. The pressure reading for the

particular instant of time is then inferred for the base station and the
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difference in elevation calculated. This method suffers from two major

defects.
a) The Isobaric Surface uncertainties,

b) There is no way of detecting the passage across the area of an

13
atmospheric disturbance.

4.2 SINGLE BASE METHODS’ 28,42,43, 44,50, 56.

This method is probably the most frequently used in practice.
Two barometers are used, one of which remains at the base while the
other is moved around the field stations. Inspection of the base readings
will disclose any major atmosphere disturbance (and hence the rejection
of field readings near that time) but small disturbances may be masked by
the Diurnal Curve and hence be difficult to detect. The method assumes
that the Isobaric Surface will be plane and parallel to Mean Sea Level. It
has been shown that tilts of the surface of up to 3 ft. /mile are fairly common
and this should be remembered in assessing the reliability of the computed
elevations for distant field stations. To make the method more economic

a number of field barometers may use the same base barometer.

4.3 THE LEAP-FROG METHOD>: 23:29,43,44,50,56

In this method two barometers are used with one remaining
stationary whilst the other "leap-frogs' over it. Thus the stationary
barometer may be used as a local single base during the calculation of the

elevation of the forward station. The traverse should start at a pcint of
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known elevation, and pass through other known points as often as
possible. The misclose in elevation at each of these points is adjusted

by a straight forward linear interpolation.

By keeping the distance between barometers to a minimum, the
possibility of a differential effect from a pressure disturbance is
reduced but the effect of the tilt of the Isobaric Surface remains. It has
been shown that this tilt although varying in magnitude may lie in a
particular direction for several days. 17 This will cause a systematic
drift in the calculated elevations. Further, should there be a differential
effect from a pressure disturbance or a simple reading error at one field

station, this error will be carried into all subsequent elevations.

Since the method is slow inthe field in that one barometer is always
stationary and in view of the above remarks, this method is not recommended

(see Chapter 5).

4.4 THE TWO BASE METHOD 27’39 42,44,50,52,53,56

In an attempt to compensate for the tilt of the isobaric surface, two
base stations are chosen such that one is above and the other below the
heights of the required field stations. Only the pressure and time is
recorded at the base and field stations and the (;alculation is carried out by
simple proportions. This is illustrated in figure 4.2. The proporiions

may be expressed mathematically by the formula:

AP
AE, - —2

2 = ap, AP
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The method has the advantages of simplicity of field readings and
calculation and does not rely on a Standard Atmosphere. The disadvantages
are that there is no attempt to remove the effects of tilt of the Isobaric
Surface since the formula does not take into account the horizontal
position of the points. Even when the: field station lies directly between
the base stations tﬁe systematic error will not be removed since points
of equal elevation along the line joining the base stations will have

different pressure readings dependant on position.

4.5 THE MULTIPLE BASE METHOD37’41’44’45’50’ 55

For this method, a barometer is placed at each of three points
of known elevation and co-ordinates. Simultaneous readings of the
barometers will then allow the tilt of the apparant Isobaric Surface to be
determined. Corrections for this tilt may then be applied to the
calculated elevations of field stations which rely on pressures recorded

at that time.

The tilt of the lsobaric Surface may be determined by increasing
the base readings by an amount dependent on their differences in
elevation from sea level or a selected pivot station. Comparison of
these "reduced level' readings will indicate the magnitude and direction

of the tilt. 45 The corrections for field readings may then be interpolated.

A simplier approach is to use one of the three bases as the main
base and reduce all readings including the field reading by the Single

Base Method using this base. The differences between the known and
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calculated elevations of the bases give the necessary data to deduce the

tilt magnitude and its direction.

Since this technique was used as the basis of the study of the

isobaric surface, further description will be deferred (see Section 4.6).

4.6 ISOBARIC SURFACE INVESTIGATION

Since any assessment of possible accuracy must be dependent
on the fluctuations of the Isobaric Surface, it was decided to posiiion five
barometers on points of known elevation and to take a series of readings
to determine the nature of these fluctuations. This was carried out on
four different days in two different locations namely Sydney and

Cootamundra.

In the Sydney Test, which was called the City Traverse Area, the
stations St. Paul's, Centennial,v Liverpool, Ryde and Beverly Hills were
placed to encompass an area slightly in excess of 100 square miles (see
Figure 4.3). For the Cootmunundra tests two different patterns were used.
On the 28th February, 1966, the stations Harefield, ®Qandialla, Pettits and
Yeo Yeo encompassed 1,000 square miles whilst on lst March, 1966, the
stations Batlow, Wagga, Monteagle, Yeo Yeo and Quandialla were chosen o

enclose some 3,000 square miles (see Figure 4.4).

A number of methods for the analysis of the readings were
congidered before deciding on the method finally adopted in this thesis.
The method has the advantage that it may be used for this investigation

and also for the reduction of normal field traverses. Basically, the method
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takes one station as Base A and then calculates the single base elevation
for thé remaining stations. Comparison of these values with the known
elevations gives the Single Base Errors. When two of these stations
are selected as base B and base C, the tilt of the apparent Isobaric
Surface and the direction of this tilt may be calculated. From these
values, corrections to the calculated elevations of the remaining points
may be deduced. The final elevation is then compared with the known
elevation to give the Multiple Base Error. A statistical study of these
Multiple Base Errors gives the resultant error due to both instrumental
errors and the divergence of the Isobaric Surface from the apparent
Isobaric Plane. Since this error must be directly related to the errors

obtained during a field traverse, its magnitude is of prime importance.

The number of results involved necessitated the use of some
mechanical method of processing. To this end a computer programme

SVY 16 was prepared which automatically plotted the Single Base Errors
and the Multiple Base Errors.

Each graph was obtained by joining the appropriate number by
lines. It should be noted that the smaller numbers may be overwritten
by a higher number. The plot also gives the time of the reading

together with the tilt direction in degrees and the tilt in feet per mile.

The computation of the field readings using the Assumed Standard
Atmosphere has been tabulated in Appendix IT and the graphical summaries
are shown in Tables 4.2 t0 4.4. For comparison the results using the

ICAN Standard Atmosphere are given in Tables 4.5 to 4. 8.
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Tables 4.1, 4.2, 4.5 and 4.6 give the results for the City Area
for the 26th and 28th May, 1959. Graphs 1, 2, 3 and 4 are the Single
Base Errors at Liverpool, Centennial, Beverly Hills and Ryde respectively
with the base at St. Paul's. Graphs 5 and 6 are the Multiple Base Errors

at Beverly Hills and Ryde.

Tables 4.3 and 4.7 show the results obtained for the 1, 000 square
mile area at Cootmunundra. Graphs 1, 2 and 3 give the Single Base
Errors at Quandialla, Pettits and Yeo Yeo based on Harefield. Graph

4 gives the Multiple Base Error at Yeo Yeo.

Tables 4.4 and 4.8 show the results for the 3000 square mile area
at Cootamundra. Graphs 1, 2, 3 and 4 give the Single Base Errors at
Wagga, Monteagle, Yeo Yeo and Quandialla respectively based at Batlow.
Graphs 5 and 6 give the Multiple Base Errors at Yeo Yeo and Quandialla.

The graphs clearly illustrate the fact that for small tilts the
Multiple Base Errors will tend to be small. For large tilts, the errors
will tend to be large and when the tilt is changing, the errors will tend
to be large and when the tilt is changing, the errors willtend to fluctuate.
It will also be seen that the atmosphere is somewhat unstable at two
periods of the day. These periods (at approximately 10 a.m. and 4 p.m.)
correspond to the periods at which temperature inversions will be
applicable and indicate a general instability of the atmospheric structure.
Accordingly, it is recommended that field readings should not be taken

at these times.
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Further, the correlation between the two Multiple Base Errors,
indicates that in fact at least four bases should be employed in order to
obtain an accurate determination of the Isobaric Surface for the

reduction of field traverses.

It is also quite instructive to contrast the results of Table 4.1 to
4.4 with Tables 4.5 to 4. 8 which is the same data computed with the
ICAN Standard Atmosphere. It will be seen that such comparison
completely justifies the adoption of the new Standard Atmosphere. Th'is

has been the case whenever the comparison has been made.

4.7 CONCLUSIONS

Pressure readings taken with a stationary barometer will tend to
be more reliable than those taken with a barometer subjected to the
vibrations and shocks of normal field transport. Conclusions based
on the foregoing results will thus give an estimate of the results of field
traverses. The computer programme SVY 26 was used to obtain the
first, second and third moments of the results. The results for these
calculations are given in Appendix VII. Obviously the results on any
given day are subject to systematic errors. and this was borne out by
the large values of the third moments. The significant reduction in
the third moments for graphs 5 and 6 however, indicates that the
systematic errors have been greatly reduced by the Multiple Base

method.

The presence of these systematic errors made doubtful the
use of a normal statistical approach. Instead, the average and the

maximum error were estimated for each class interval of tilt using
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the computer programme SVY 46. These values are also given in

Appendix VII.

The mean errors for the Multiple Base Method for the days of
26th and 28th May, 1959 give an indication of a trend related to the tilt
of the Isobaric Surface. This trend shows that the minimum value of
the mean error occurs with tilts of the Isobaric Surface less than
1 foot/mile. Once the tilt exceeds this value, the mean error increases.
The results of the 28th February and lst March, 1966 show the same
tendency. Further the distance of the field stations from the base

stations has a definite correlation with the magnitude of the mean error.

When these errors were analysed the mean error for the

Multiple Base Method was found to conform to the formula:

Mean Error = Cl+ .3 xDl+ .ZxszDl

where C1 is the standard deviation of reading for the
particular make of barometer (ft.),
Dl is the distance of the field station from the

nearest base station (miles),

and T is the tilt of the Isobaric Surface (ft/mile}.
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The values of C . for several types of barometer are given in

Chapter 2.

1

The maximum error for the Multiple Base method due to fluctuations
of the Isobaric surface cannot be determined. However, an estimate of
the value can be made for days on which pressure abnormalities are not

apparent. This estimate is twice the calculated mean error.
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CHAPTER 5

FIELD TRAVERSES

Four traverses were made in the Sydney Area in order to assess
the accuracy to be expected in a barometer traverse. Three base
stations and a number of field stations of known elevation were utilized
for the traverses. The field stations were permanent marks placed
by the Survey Co-ordination Branch of the New South Wales Department
of Lands as part of the First Order Levelling around the city of Sydnay.
The marks are at one to two mile intervals and generally follow meain
arterial roads. This made them ideal stations for the traverses as it
greatly simplified the problems of transport. For barometric heighting,
however, they were not always ideal as the local topography and
buildings in the immediate vicinity could have caused significant local
turbulences. This effect was not apparent in the results as the errors

from other causes were far more significant.

The area of the traverses was approximately 100 square mileg
3 q

and the positions of the field stations were asg indicated in Figure 5. 1.
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For some twenty years, many authors have advocated the use
5,23,29,39,42,43,44,50,52,

of either the Two Base or the Leap-frog method. 53, 56.
Accordingly the field work was designed to allow a comparison
to be made between these methods and the Multiple Base Method. Thus
on the 6th and 7th of December, 1955, two field barometers were used
in the Leap-frog manner. At the same time, three base stations were
also occupied. This allowed the barometer reading to be reduced by

each of the three methods.

In addition the Multiple Base traverse of the 22nd and 23rd
of May, 1956 was reduced by both the Multiple Base and Two Base

methods.

The field procedure adopted was to compare all barometers
simultaneously to obtain index corrections. One barometer was then
sent to each of the base stations (St. Paul's, Liverpool and Centennial)
and read at quarter-hourly intervals. The remaining barometers were
then traversed around the field stations with index checks against a
base instrument when in the vicinity of that base. At the end of the
day's traverse, the barometers were again compared to give new
indices. Any drift in the index was apportioned linearly throughout

the readings.

The reading of the base instrument at the instant of a field

reading was then deduced by linear interpolation between the relevant

base readings.
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The reduced readings thus had been corrected for index and

drift prior to entry into the computation.

The reduced readings of pressure, together with the time,station
name, co-ordinates, known elevation and temperatures were then
punched into computer cards for input into the appropriate programme.
The basis of computation and a description of the computer programmes

are given in Chapter 6.

5.1 MULTIPLE BASE TRAVERSE

The traverses of the 22nd and 23rd May, 1956 and 6th and 7th of
December, 1955 were calculated using the Multiple Base Method
(Computer Programme SVY 19). Both the ICAN and ASA Standard
Atmospheres were used to allow a further comparison to be drawn
between them. The results for the ASA Standard Atmosphere are
given in Appendix III and summaries for both atmospheres are given

in graphical form in the following Tables.

Tables 5.1 and 5. 2 give the results for the traverses of the
22nd and 23rd May respectively using the ASA Atmosphere. Tables
5.5 and 5.6 give the results from the same data using the ICAN
atmosphere. The base stations were St. Paul's, Liverpool and
Centennial. Graphs 1, 2 and 3 give the errors resulting from Single
Base Computations based on St. Paul's for Liverpool, Centennial and
the field station respectively. Graph 4 shows the error for the field

station when the Multiple Base method is applied.
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Tables 5.3, 5.4, 5.7 and 5.8 show the results for the traverses of
the 6th and 7th December using both Standard Atmospheres. The base
stations were again St. Paul's, Liverpool and Centennial. Graphs 1, 2,
3 and 4 give the Single Base errors based on St. Paul's for Liverpool,
Centennial and the two field stations. Graphs 5 and 6 give the resulting

errors for the field stations when the Multiple Base method is applied.

5.2 LEAP-FROG METHOD

The readings for the 6th and 7th of December, 1955, were then
reduced using the Leap-frog method (computer programme SVY 43) and
the ASA atmosphere. The results for this calculation are given in
Appendix IV and are summarised in graphical form in Tables 5.9 and

5.10.

In practice, the only check on the reliability of the calculated
field elevations is given by the difference between the known elevation
and the calculated elevation of any fixed station included in the traverse.
This difference is called the misclose and if it is sufficiently small the
traverse is assumed to be reliable and the misclogse is then applied in
a linear manner to the intermediate field elevations. The output from
SVY 43, consists of the known station,the number of stations and the

misclose. This is then followed by the field results in the form:
time, station, error in adjusted field elevation,

On the 7th of December, the two miscloses (0.9 and -7.5 feet)
were quite small and indicated that the field elevations should be quite

precise. This conclusion was borne out by an analysis of the errors
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which gave the following results:
Average error 3.3 feet.
Maximum error 7.8 feet.

These figures are of the same magnitude as those found by other

investigators.

On the 6th December, the misclose was -0.4 and it thus appeared
that the results would be of the same precigion as the 7th December resulis.

This however, was not the case as indicated by the results:
Average error 9.6 feet.
Maximum error 26.0 feet.

Within the field readings themselves there is no indication that the
results are not reliable. The only conclusion that may be drawn therefore
is that the Leap-frog method may only be used when an average error of up

to 10 feet with a maximum error of up to 30 feet may be tolerated.

It is most instructive to contrast these results with those obtained
by the Multiple Base method. In the latter the high degree of tilt and its

variability immediately indicate that the results will be unreliable.

Since small atmospheric disturbances which are not readily
detected in the field readings are quite common, it was felt that the
method should not be recommended. Further, the field procedure is

quite slow as one field barometer must always remain stationary.
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5.3 TWO BASE METHOD

The readings for the 22nd and 23rd May, 1956 and the 6th and
7th of December, 1955 were also reduced by the Two Base method
{(computer programme SVY 42). The results of this calculation are
given in Appendix V and are summarised in graphical form in the
Tables 5.11 to 5. 14 respectively. In each Table graph 1 gives the
result of the calculation using St. Paul's and Liverpool as the two
basges. Graphs 2 and 3 give the results using Liverpool/Centennial

and Centennial/St. Paul's regpectively as the two bases.

As with the Leap-frog method the average errors and the
maximum errors are generally within acceptable limits. However
on one day, 6th December, a number of errors are in excess of 100
feet. As before, from the readings there is no indication in the
method of calculation of the unreliability of the results. Admittedly,
the stations at which these larger errors cccurred were some
fifteen miles from the direct line joining the two base stations and also
at elevations some 400 feet in excess of the higher base giving a
field to base difference in elevation of 3 to 1. However, since these
conditions are frequently encountered in practice, it was felt that
the method suffered from serious limitations and could not be

recommended for general use.
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5.4 CONCLUSIONS

The Multiple Base errors were examined to see whether they
conformed to the hypothesis suggested in Section 4.7. As the field
barometers were moved from station to station between readings,
it follows that the distances from the field station to the nearest base
station varied. This made the analysis difficult and so a random
sampling of the results was made. The errors examined in this way

conformed to the hypothesis.

The expected error (or mean error) for a typical field station
may thus be determined by the application of the formula in Section

4,7.

To determine the reliability of a series of elevations for
field stations surrounding the base stations, the errors were again
examined by the programme SVY 46. The mean error for the
Multiple Base method was found to conform to the formula:

Mean Error = Cl-!-.3xD2+.2xT2xD2

where C1 is the standard deviation of reading for

the particular make of barometer,

T 1is the tilt of the Isobaric surface,

and D2 is the mean distance in miles of the field

stationg from the nearest base stations.
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The maximum error for the Multiple Base method is

estimated as double the calculated mean error.

The Leap~-frog method is not recommended and the Two Bage
method should be restricted to special cases in which the topography
has a uniform slope from one base station to the other. When a
more reliable result is required, temperatures may be recorded and
the Multiple Base method of reduction modified by assuming that

base B and C are the same station.



-0

109,

O
9]
+
o
1t ]
O 22 i
N3t e [As P2 O
+ 89 89
(AR T B P P T te s
™ 23]
—t
aMea
~—t
~4 — Ny
o i Nt o~ N O
3¢ et N e 4
+ —~ N NN N
0O~ 4 AN )
— NNy o i
[l fas) -~ N N N
[ae} (a8} e
— [a2]aVIN 4 NN NN
(23] —t
(33

b
30

e

L™
T N

méo

OMMmmmoomww¢oo®m%@@@mo©©®®mwmmw¢mm¢mm@
NP~ FF OO D TI0 80O O F I N 0T A O\ D Tem O e O 00 € et o e 58 O] N
006'000000090'000'0060600@0.0@095eGSGO

OOOOOOOOOOOOOOOOODOOOOOOOOHr«iOMr——lHMM-ﬂIHMPﬂ

ONOL('\\‘J‘MNO\T\Ox—!\'r-—-l(\’\f\lP‘?NOwmmd‘[‘”*\‘T‘\OF‘\O\OMLﬁ\ONNN‘QrR‘N
O NP=-D O OO el e oo e e N omd b g Nol ot s Tas FaVE S RNTy s FoN P PR S N PN
—t o e = 1 =i

moxonom\oF-c\om\f(\!o\oomomod—oc\ooo.—aomooo@q-!\m@m»x\omrw
NNm¢mmoOANmmmooﬂﬁNNNm¢mmAN¢¢Oﬁ¢mmOﬂﬁNN
@@@@@@OOOOOOOHH%AHMH&MNNMMMM¢¢¢¢¢mmmmm

:-—ir-!x—i»-%v—-!r—-h—!r-t-—I-—dx—-h-lMrﬂw{r—!r—!r—!ﬁ-{rﬁﬂﬂr—@rﬂﬁr—hﬂr—lﬁﬂvid

e e
ot SF
EX

=20

St
o5

~30



STANDARD

G THE ASSUMED
23 MAY 1956

BASE ERRORS USIN
CITY TRAVERSE

NGLE AND MULTIPLE

S1
ATMOSPHERE

5.2

TABLE

110.

e
P4

+30

-1

o

O3
o0
+
(o]
N3t E
+ o
Ay tond o o
- R —rp— o
o
~ M 00 4 M
(23] N 4
) e V] —t o
N — 0 n o™ rd
Q (82 B aN] — i o
—3t Ny N o~ ~ -~ M E
+ - et o ~4 N M
4 ~N N NN " 2t
-0 N
= [a3]
N MMy 28} ~N V] a2 RN i o
(\l\f + (23] d =t
-3 = E e m 0N NN 3,
/ Yq <+ 0\ N /; \ Qﬁﬂtm NN N
NP LR W b . \\, N et & -
N \ T -
— i ~5 Ny
— o
\ ”
<
(@]
et 36
§
¢
(@]
N3¢
i
<O
AT 3
f

NN\O-—QM\OU\COU\\OP"(\I““O\m\TP“Nm\O""MI\“NOOO"--IL{\OOO‘OOOK\AOL{\O“\OP“O\OCO(‘*’J\
ON¢MONNNNmmm¢¢MwaONm®©N¢¢¢¢mO¢m¢¢NO®®©®@OOOOQ
8 0 G0 0 060 5 56O 60O 0 6 PG 650G 6 90 S 00006000 000CO OSSO O
iiaisisisisEiv{elvlelolololelolalolololnlololololale o ool lo o fo fo fo T T ln o 1o T [ RN

CDOwan~m0hwnw©~hr¢OCh«mnNOMOM¢wa~Huw3mm«%¢¢@nwwnwaﬂvm#wvo
=0 O~ GFOOO D F el o Nmmm\i-\'i'm\OxOUNq«Ot\-f‘-\ovd*u’\tﬂmm\f
s o e e o o] . ] ] ] el g g rd rmd o] d e pef i el

mco¢oo¢0\¢-|~or-4r-mf~mo~m¢~40\ooh~cmmmoxmo¢o~m0\¢om¢¢\omwo*momcr«m
m“\¢¢uﬂﬂOF%4NﬁmNﬁ¢QMMDH~%VmFﬂmﬂoCLANOﬁWﬂMQMMnMA“W¢mUMDOwth
OOWhOOWPOCNDOCNDOCXDOthﬂ—nqNnﬁumﬁwqmmwﬁmNWQm«h$¢d\i¢dﬂnmuunm

t‘-“n—-ll"‘h—h-'lr‘l!'"lr—ir'"h'-lMMHHHﬂﬂMHHMMHﬂMMHﬂHHﬂﬁHM o e 1o o] d e}

25

+10

3

=30

0

2



D STANDARD
955

E
1

ASSUM
MB ER

E MULTIPLE B

SINGLE AN
ATMOSPHER

TABLE 5.3

e
po

+30
+30

[} o]
N SN
+ +
O )}
3t d 35t
+ +
o
Q# 3e O
[} O
~ 3% 3~
! i
~q
-1
< o
QVEX3 3N
{ i
)
—
=t
el red
i
SM ..‘i.g
3 3
! l

OO O M= O O F 0 N AN = NP NN O N NWOO N
AFNITNNOOOROM OO OFTFOMANNMNMOD0D0
® 6 @ 8 0 6 0 0 & 0 0 &6 P 6 O S 0 6 6 6 8 & v O 0 o @
et NN O O O d = O et O = NN et ONE O rt el e rd O O O O O

DOV GFNOOMONONNHON OO =N OO0 D FON
SO0 R DV P —NGFONNO N F G0 OO —
- = roed pcf rd e rond ed ot s ok rd el e o ]

FOOVIOOOONNININONNOVOOONNTV NN
NG O~ NN OINANMNGEOOFONINNO N~ N N
NP OOOD DO md =t NN A O LA LN D O O P

L P Lo K R s F T o E B R o T Fo Do B Mo e e Foe K o

111,



D STANDARD
955

E
1

TABLE 5.4

112,

Q3 ol o vl e = 3O
) 4 — o
+ 4 +
4 —
a8} ) —
= (33130
Yt =4
- O\ —~4
23] —
o} "N —~ QO
N3 N g N
+ NGE N — +
N NN
< Ny
[AaTa)!
< NG NG I <
o (431 AN
[a3¥eN| 3
()} Nty 3 D
~— 33 [a¥ 12! Eil
+ Rudas! +
o
(23]
29
e A s oo\ oo

"
s 4

] ~ - [Te f\ (@]
43 -t / ) 36 et
! - o] q 3 |
t
L <
o o}
0N 3E N
| i
@ o
03 %00
§ i

POOMNDNNP—ANMN DN T O et e O O N O O NP0 O VA VL O P
e O NGO ON N O 1AL 0N T LN O O PO TN 0000 O3 00 O\ 00 00 it
060600.0'&".QOQQIOQODOOOQOQ6069&90@3‘3
QOAAOO OO OO O b s rod rord e e 1] gl s 1 o o ocd. (\J e reeod e 1rf mrf 1ot rmef 1d remd N

DNOP OO N OONLNNOO NN F NN D NO D ORI O DN N~ DO
NONANDONMO - [t aad N AN NN O O 0 .
orf pd ed pof e el et poed e

DO NNIND ONNN N D O~ 00 DN AN NP O O LA NG O N D0
QNOFNONNOFINOOND ~NMGF O NN O N FNON FONNON M
QOO TO OO0 == NNNN MM 0 O G T FFLALN OO O O P~

Lo L e L s L L L B Do T o E B E L B e B F e o B o Tt o P P et e e |



BASE ERRORS USING THE ICAN ATMOSPHERE
AY 1956 SPHERE

LE
M

[8 eV}

TABLE 5.5

113.

e
-«

% o
0 )
+ +
o o)
Nt N
+ +
]
i —f et
o - oo
— 3% ~eO (Ot 3 e
+ ) O~ +
[aaTaa Lo I Fond
Ao
0O i
& ™M NN
N‘; ~{* N ¢ NI
ed o (a3t
P NP '\ < o~ ﬁm/& \
3o + . ey & VAN & e
TS Wi RRYAAV R
N — o~ o~ A o~ Sasy
N o- e\ £ NN~ 0y o
i i [28Tes!
¢
—d ~ ~e= N
— M\“f‘/ —O
NO ) i
(] ol @]
-3t o 3% 4
I o {
N
o o
N3t STXN
| §
) o
ﬁl'\e:- -;:-r;\

M~ OVRVO DN OO AONN P AN F A T O DA F 0 DI ODIND
QO M OO N - e (Nt NV O O N NN =N 00 AN LA S 0 O I~ INA N < L0 O [~
00000000000.000000090000'.000.090000090

ielelolelslelolalelolololelolelolololololslalalolololololelololo o Tolo Jonle T Te)

DO N OF NNV O —~O NN F DN ONN DN NGF O D P A D O\ 4100 O O
VN O FF NN NN F O NNA PO =1 A DO N =LA A NN ) 7D
ol ey L Fan e e P | L e R B R e R P | — - .

MO P ONO~OMFNOVOINONOFT AT P OOADINDO D FI O N e~ O NI P~
NNOFNN OO AN MM O O e NN M 0N G U = (INF G O et F LA LN DD b N Y
POOPRPOOOVOOD i rirded el ed et vl =t NN D VPO F P F F FLALLALN A

sl ot i el o e el o pod ot e e ol e e o e ed e v £l o e i ot e o] e ekt



23 MAY 1956

LE AND MULTIPLE BASE ERRORS USING TH A >
ELAND U THE ICAN ATMOSPHERE

SING
CITY

TABLE 5.6

114.

e
P

o% o
M A
+ +
) o
Nt #N
+ +
~N
o o~ o
g 34—
+ N -
(23} od e =t
-~ =
N Xy
N~ N a2 i
) ¥F % M- N Men e
N N 3 o —t .{
Hme & N © /{ g
L e oo AN ALV - oAl ¥e)
N ¥ A - ¥ VAR / q/$¢qu$ &ﬂ
¥ —~ M N N A e 4 o £
- M NN ONNF M N o0 o
IR o A -
— NN NN R TN
N N —tt \ N
- ) NN NI
i Y et NN N { Nod
O -t ()
—i 3k o~ 3 =1
i Ny o {
—
o g d .
d—
o ©
N %N
i i
) o
(?* )
i

DBNORN O OO T OVPN O~ NONOON QO FONT ONDO-MNOONCNM=M00 DN
OO MO O OO = Pt O F NG rd O Qe NN Y O F LA NN O 0 CO 0 O 00 00
2 0% 9 0 00 9 80 ¢ 6 06 F 69408 00603 6B OGS G SO S G SO 60 E SO OO OO

afelvlolololelalololvlolslololololololalelololololelolololololelolalswlolelelelolalelaln e

OOFN N FAD =N NNF NN F RN OO Pt O 0 ~40 0 M0 J 20O — MO O =
DA N OO M 0MNM F FON OO F D O FINGF NN G F O N~ OO PP O
i o ] ] med el g} =4 el omed e o o] e, ok ] o] o] e el el ] ] e

VO F O F O F O =D F PO O N DN O F VN FONG J O N T 00
AN FF NN~ ~NAIN AT F OO et N O~ 0N O DA NN N N FUN— N FON D O i N
PRANIIOOODDODO DD D rdrd i e et NI N AN O Y N OO VMM EOE FF N NN NN

JRNC PO RN JSSir RN PRNIFJUUK JUNE JIUS QU Ui puuir pur g T P PR PR RS PR PR s e D R B T o Ko Ea |



ICAN ATMOSPHERE

ERRORS USING THE

£
DECEMBER 1955

GLE AND MULTIPLE BAS

SIN
CITY TRAVERSE 6

567

TABLE

JOR
B

+30

+?O

+j.LO

+30

+20

+10

=10

L D R T Eo I
OO OF PO~ 0 OFT AN O M= O OND
9 60 ¢ 66006 0 0e6 960060600 @ 6O ¢ O 0 O

=LV O F 00 O O r-i o DO F F O A DN F LN D+
OM=P= == O PNN—NMAF OO G OFIN 0N OF
e L e e T b o B e L R R o | wef

JFO0VOODOPVNNNNONLNOD VOO ONN DN~
N O = NN NN G O oNF O NN O NN~ N =i
PP DODVO Ordrt et NN X OV INOUND GO P

o e o e e s e g e, o el pond e e o ] o ] ek e ] ] e eed

pO%
pd

=10

=20

-30

115.



%%S USING THE ICAN ATMOSPHERE

XLOn

5.8

TABLE

=30

+30

3

e
pxd

116.

Sle
3R

+30

PR
s

+20

+10

NN =0 0T ANNNO N O DN 0D NN DO =D e N O I — (VA = OO0 —t (NN
OPNON= N OONA N erd ON PR NP PO AN F NN 4 OV rd e 00 TN
€ & ¢ 6 0 5 O 8 0 8 0 & 9 0 8O P S IS PO G B I O E O e @B O O B G OO O
OO rdrdrd DO OO QOO A QOO rd O OO O 1t ek ot e o ot 1o oef od () = e d o ek

AN NO NN FNO NN O O D OV e OO rd D 0O 0N 0 N =3 O [ LA TN P =i 0 10
NP~ OO ONAN P~ OO N GFNGEFNFINO IO
- red Pe B T Ko |

O NNINO ONNON O P O OO ONMMN O QOO NN F O N O T
QNMFNONMOTINOOND MG O ~NTINONNGFNONFONNDNM
POONPPODOO O =t N NN NN NN G G LALOLA O O O P

o e K o B B B B F B R P P T R o P T [Pt K [ [N IS RS PRCV I JUEA ST DY ORI QU JUE Je |

o
3%

-10

=20

=30



STANDARD ATHMOSPHERE

USING THE ASSUMED

RS
G55

o% D
R o
+ +
o
—}
-
D -
NN 36 N
+ -+
-~
- >
— — = — i e rmd
+ —~ +
-1 —
i v
— —i
—t
4
o]
i

D #O
() ]
— 3¢ et

i t
O o}
N3 I N
! {
o
3 3N
1 !

BelslalalalninireHetiatista HaHet o Tn I fe el el
AN O—NNNNNGT OMGTONDO MmN —-F
DOOOOODD——~ NN FINN OO

et o= od o] e e eed e e et e e ] o] ] e e o]

117,



ERE

ATHOSPH

STANDARD

ASSUMED

USING THE

O 0
jay] a8
+ A
-] e
N EARAN]
+ +
-] D
b B il
-+ S
—
—4 et
~—
2 —t v 3O
L B ] 72 g
- b
— —h ek i eerd
[ - eef i
~— - g et —
o
red -t
—t
@] -]
o= Fe e
£ i
< ]
N3 350N
i H
] -
A “ 0
i §

DN O D NN A=A DO M0 OO N =LA O et D20 0 00G O nD
ST N O NN FNA D e~ NM GO~ N D NGO NGFONND
PN ODDDDODANNINNG NN NN G - F N D NL OO~

L R o e e e e Lt Lo o T B B e e F e B B e e Lo o o P |

118.



22 MAY 1956

2 BASE ERRORS

50,11

TABLE

Q¥ #0
M )
+ +
2 o
N3 RN
+ +
ot o
i 3% ~ 3% =1
+ +
e’
)
== (0 23] 22}
) Ny )
p— Aoy T ) o«
™ O et — N -t 00y ™M a3
0 0 ™ ~a M
O SOy A o6y PA— AP it o Loy
Ny N ~ Ny oy
N N oy o~ —_
N I\
N o~ N o~ j— o]
e poerd md N o M ]
N — - - =~
— o~
o~ o~ ot o~
O N o
e P
! I
N
N
o o
N 0
! !
o

OO ONOD—HONIFTNOVONONO TN FENO~ONDOO G M= N~
AN O F NN D O AN N AN O ed AN N NI N F OV e N P F7 D = F OO O i (G 0N
RO OROODOO OO rd rmd tomf red o vl s emd el md (NFON 0O OO 0OV M G 3 P d o LOLAHOO N

oo ol e et . oo sonf e ] e el ] o £ ] o e ) o] o ] o g 1 1] £ o] 1o ed e ] ek



120,

23 MAY 1956

2 BASE ERRORS

o *
23] 23]
+ +
o] ]
N3¢ N
+ N +
N
a9 o
My
] o~ 89} ) (@]
3% aN] =
+ o RS T N
o~ a2
— R — NN
=t o o
N ™~ o~ NN M od
10\ NN — NN —
NN — et ef OO 23
Nt et M N [aN[as] M N
N et N N M ™M
\veag & oy . 4 :
= ¢ o oM r—i oN}
N M N [ag] M - e e
33183 337311 = i ja—
a3} o ~4
23] 32 ey (N
23] N ™N
— [AVI=-
23] [a¥1ss} o
(] ~N )
43 4 38 et
| N §
23]
o o
[aN]
] V] —4 (o]
O 3¢ 5 0
! }
] o]
(SBT3 e N
i !

TABLE 5.12

MEIJ\TOO\‘PO\Q‘H\OH!"NI\MO\LC\\‘I‘F—!O\(I)C"“OU\L(\MO\U'\Od'O\LﬁO‘\’?‘OL(\\T\'V\D‘J\NO\ SO N
NN FFVNO = d NN O NF F D et N e = LN D O e NN O 00 0O VU N ) e LW D O romd i N
O\O‘O\O\O\O‘OOOOODOOOO.—A:——!-—-&H:—-{NNNmmmmmrﬂmmmmmd'd‘\']'\f\f\‘)‘tﬂmh’\mm

L e Lo Ko L L R B B o o et R I T [ P PR O NS YN LSV RS U UL S P A S P Y b piher S RS B IS B



USING THE ASSUMED STaNDARD ATMOSPHERE

+ 30

+%U

,f.}jo

e
b

+30

+20

1
i

-20

e

=30

O NN D N AN YO D=0 O DN P L0 o N0 N NG O D
MNE N O NN FUUN O NN F O AN OGN D N GFOO N FONND
DN MNDD O DT~ NNNN NN AN G 3 NN 00 O

rerd o= md el el ot of et o] £ el e o e o et e et ymed e e £rd ]

118.



MAY 1956

22

2 BASE ERRORS

5.11

TABLE

119,

O # # QO
a8} ™
+ +
jo] o
NS 3% N
+ +
(o (&
— 3 ) 3%t
+ +
)
23]
= (0) 89 23]
[42] N )
) et Mo [aV]as} o a8}
M m O el ~ N ~—4 ) (29 BN a3}
o M (23] o ~ O
O - e et €A o7 SO eR Tt} <+ 36 O
Ny N o~ Ny oy
™M N =100y ™~ —d
o At
N =N T o o -
rmed i ] o 28] o
N ~ —~ — N
~ o~
N N — o
o N O
i3 3 rent
{ !
o~
N
Q o]
N 3% 520
| |
<
o0

OO ONO—~OMNFINTOONONDFTOFPN DA IN DD G0 L O N P
NN O FINVUN O O NN N Ot NN AN O F 0N et N GO IV A D et G N
PO ODOOD OO rd rd el v o= reemd ed =L NN CO 00 00 0OV F F S F G LOALAIOLA N

B b o T B T T e e B e B B B T B e F e T o Lo PSS ot N Pt N Y JA P



23 MAY 1956

2 BASE ERRORS

TABLE 5,12

120,

Q* *O
o M
+ +
) -
N3 3
+ QN +
o
™ 23]
23]
QD N 89} A3 ] (@]
3% o 3=l
+ N A0 T
4 oM
red o~ - NN
- o 23]
a\] N ) N 391 N
10\ NN I ONFON i
NN i e e M
N ™M N ™M N
N NN N Mmoar ™
O3 6y TR ERY, vt -yt T Tt %
g et c o~ oo ~i o
N M N o M ] e |
32138 32149} —4 el
[a)] o J—
(33 23] e emf (N
o 83 IV N
i O et
52} oD ™~
ew] N o
— 3k f3a} i I g
| i i
3]
o o
V]
(@] &V} ] ]
[§NE 3 e O
t !
Qo ]
a3 M
I !
mao\-roo\t-ow--—c\o—-«l\-mx\-mmmd-ﬁoxoohommmowmo\fowmox\fom\-!-\-romwomc\m@\m
mm\-r\'hnK\OHHNNMM\'I'\-]‘U\OﬂﬂNmﬂmLﬂOQr—«NNNmm\fmm”-iNM\-j-L(“;L!\OCDi-'i.——aN
@@0@@@OOOOOOOOOOHAHHHNNNMMMMMmmmmmm¢¢¢¢¢¢mmmmm
Hc—'(r"lr—lr—"\—lr'—iﬂl-—h—ll‘"h—lHHHMHMHP{MHHP{HﬂMMF“MMMHMP'@r—ﬂr"-ir'-lr""‘i|-=l



6 DECEMBER 1955

2 BASE ERRORS

513

TABLE

+39

44 0

+}‘O

e
XK

=10

]
M
t

%O
el
+
D
3+ N
+
s
0
8 N
— [ P
i [QN] 00 D
— TSNEN 3%
— g +
i N
3 Rt 0
N & 0 50
SRS o ~N Ne)
- 5 W
K I3 BN AN |
<t —f et w0 OO0 O
g 1 Wy =
00 < N0 D
[39) i )
d—
Ny N
N okesl
28] 88}
O 23] 39
e} O
38} 3=
) &+ 0 !
NeJ 0
O 0 ™~
0 Vo ONg as]
Ns] ™ O
NeJ o]
BN
i
N
€N
n
NN
0
[a3 TN} @]
[a}iatiatiaRiatiatiatiatiatrattel OO0

1o
EAS
i
o

FOVOVODOPIVNNNNDNND OO DD NN LN i\
NOGFO —=NNONNMF O F O NN D (O 1 N G N
OO DOODO O = (NN IM M O F IO NGO O O

L e e e e R e o o e L L D e B s L s (s oo s guus i g |

121.



7 DECEMBER 1955

2 BASE ERRORS

5.14

TABLE

122.

o% *2
fas) %
+ +
o O
KD SN
+ +
do
~- NN
i
N
+ 0
o 0 < o}
s [Ta N 3=
+ " +
—0y TORST I
G
0"
n
O
Ta) o~ —
N
0" ALY ~N NoTsa)
O g B PRrY o et Gt O
0 22 ¥aN] ~N o~ 0 831
O 0V O i Sy Mo M
M 0 W0 e AR [a3] A3 ]
! 0 No} 0 nn N}
oM 0 O OONF AN 0 N Ne} EolNs’
AN} 3 AaOM oY Ne} O
MmO - 8!
O M 0\ I 0 ) Noasles)
o o No] nod !
-3 OO n 0 LN 3 it
| O3 o~ i
No} 0 AN
0 Nol S
NoTtol N
N 4 S
o} -
e BN
o Tl o
N Sa 3oy
! -t SlaNFR1tg! i
$n -
— o~
o
<+
cmd et
NN
Q 3 O
ik nin O %@
! i

NONNINNOSNN NN ~ DO S 0ONNANMO~ON~0NAOT OO0
ONAOFNONNFNSIOND AN T O~NOFOOINOTHONT ONNONM
AODPRPOODDD D e — (NN NN N OO M F 33 NN O O Ol P

B e e e e o e p P e B L R B Fo B T e B P e e B K o R Ko



123,

CHAPTER 6

THE METHODS OF COMPUTATION OF RESULTS

To facilitate the computation of results from the field readings a
number of methods were used. These range from specially prepared
tables to nomograms and electronic computer programmes. Each
method has its limitations and these must be appreciated before the

choice of reduction method for a particular case is made.

6.1 STANDARD.ATMOSPHERE TABLES

Various people and organisations have at different times
proposed relationships for the decrease of pressure with elevation.
However it has been shown (see Chapter 3) that these do not give
satisfactory results in the region of importance to surveyors. Instead
the new atmosphere (Assumed Standard Atmosphere) has been used
throughout. A computer programme was developed to give a table of
standard elevations for the range of 600 mm to 800 mm of mercury by

0.1 mm steps (see Appendix 1).

6.2 SINGLE BASE REDUCTIONS

The field readings are reduced for any index drift and
instrumental correction and the elevation in the Standard Atmosphere
interpolated from the above tables. The difference in elevations from

this Standard Atmosphere between the traverse station and the base
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station gives the approximate difference in elevation between the two
stations. A temperature correction (calculated using a slide rule) is

then applied to this difference to give the calculated difference in

elevation.

TF+TB-2TSA)

AHcalc ) AHapprox. (1+ 1000

where
TF is the Temperature in Fahrenheit at the Traverse Station

TB is the Temperature in Fahrenheit at the Base Station

TSA is the Temperature at the mean elevation in the

Standard Atmosphere.

This formula, although not rigorous, gives a sufficiently close

approximation for small differences in height (say up to 1000 ft.).

A better approximation was used as the formula for the computer
programme but it was felt that for the differences in elevation usually

involved, the simplicity of the above formula should be utilised for hand
calculations.

The resultant difference in elevation is then applied to the known
elevation of the base station giving the calculated elevation of the

traverse station and is the result for the Single Base Computation.

Comparison of this value with the known elevation gives the Single

Base Error.
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A typical example of this type of calculation is given in Tables
6.1 and 6.2. It is recommended that the field readings should be
entered directly onto a proforma such as those in the tables. This
eliminates the chance of a transciption error and saves a lot of time
at the calculation stage. The example given shows the field barometer
stationary as these readings were part of an isobaric gradient
determination and hence the elevations of both stations were known. The
same proformas may be used for a normal field traverse. When the
traverse reaches a point of known elevation the calculation proceeds
as before giving an error at that station. The error is then apportioned

linearly as a correction back to the last known elevation.

6.3 MULTIPLE BASE REDUCTIONS

One of the three bases is designated as the main base and the
other bases together with the field readings are reduced by the Single
Base Method as outlined above. The resulting errors of the bases thus
calculated allows the tilt of the isobaric plane and its direction at a
given time to be determined. 16 This can be established visually, with
an interpolating frame50 or by means of the nomogram (vide next
Section). The correction to the field station is then deduced and applied
to give the final Reduced Levels inTable 6.3. The determination of the
tilt in feet/mile is of prime importance as this gives an indication of

the reliability of the final Reduced Levels (vide Chapter 7).



TABLE 6.1

BASE READINGS

126.

Instrument Mechanisms 307/62 Observer B. Humphries.
Date 12.10.64 Weather Mild

Time 0900 0910 0920 0930
Station Base A Base A Base A Base A
Temp.Dry 67.9 67.4 67.5 69.0
Reading 753.52 753.41 753.43 753.34
Index +0.28 +0.28 +0.28 +0.28
Corr.Read. 753.80 753.69 753,71 753.62
Elev. St. Atmos. 222.7 226.7 225.9 229.2




FIELD TRAVERSE READINGS

TABLE 6.2

127,

Instrument Mechanisms 308/62 Observer A. Spence
Date 12.10.64 Weather Mild
Time 0900 0910 0920 0930
Station STN 1 STN 1 STN 1 STN 1
Temp. Dry 64.5 63.0 63.0 67.0
Reading 735.31 735.33 735.22 735.24
Index +0.66 +0. 65 +0. 65 +0. 64
Corr. Read. 735.97 735.98 735.87 735.88
Elev.St. Atmos, 871.3 870.9 874.9 874.5
Base Elev.S .A. 222.6 226.6 225.8 229.1
A Elev. +648.7 +644.3 | +649.1 +645. 4
Base Temp. 67.9 67.4 67.5 69.0
Temp.St. Atmos, 57.2 57.2 57.2 57.2
Temp. Corr. +11.7 +10.4 +10.5 +14.0
A Elev. 660.4 654.7 659. 6 659.4
Base R.L. 76.0 76.0 76.0 76.0
Field R.L. 736.4 730.7 735.6 735.4
Corrn, - - - -
Final R. L. - - - -
Known R. L. 741 741 741 741
Error -4.6 -10.3 -5.4 -5.6




TABLE 6.3

MULTIPLE BASE REDUCTION
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Time

Field Stn.

Field Stn. Elev.

Base B. Error

Base C. Error

Tilt Ft/ Mile

Direction

Correction

Final Elevation |{.

1445

Beverly Hills
106

-6

-9

0.8
340

+10
116

1500

Bev. Hills
111

-1

-4

0.3
250

+3
114

1505
Bev. Hills
112
-1
0

0.0
N.A.

112

1510
Bev.Hills
109

-2

-2

0.2
180

+2
111




129.

6.4 NOMOGRAM FOR THE DETERMINATION OF TILT

Since the same field stations were used on a number of occasions,
a nomogram was designed to facilitate the calculation of the Tilt of the
Isobaric Surface in feet/mile and the bearing of the tilt. The nomogram
is quite simple to construct and is recommended for larger areas where
visual interpolation is rendered extremely difficult by the numerically

larger errors involved.

The principle of the nomogram is the graphical determination of
the intersection of the horizontal plane with the isobaric plane. This may
be found by graphically (Figure 6. 1) determining the point on the line from
Base B to Base C at which there will be no correction. This point when
joined to Base A gives the intersection of the two planes. The bearing
of the line + 90° gives the bearing of the tilt. It is then a simple matter
to measure the perpendicular distance from the line of intersection to
either Base B or C and knowing the error at that point, to deduce the rate
of tilting. This may also be carried out on the nomogram by constructing
two circles each with a diameter of Base A to the other Bases. Since
the angle in a semicricle must be a right angle, the intersection of the
strike or line of intersection of the two planes with either circle gives the
foot of the perpendicular from the relevant base. The circles are then
graduated with distances from the bases and the tilt distance directly

read off.
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FIG.6.1 TILT OF THE ISOBARIC SURFACE
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To construct the nomogram, the base stations are plotted
according to their co-ordinates and the lines joining the three stations
drawn (seeFigure 6.2). At right angles to the line joining Base B
and Base C suitably graduated lines are drawn through each point to
represent the errors. Circles are then drawn with AB and AC as
diameters and the distances marked in miles from each station to
points on their circumferences. Lines are then drawn from A through
each of these marks to line BC where the appropriate distance

graduation is noted.

A 360O Protractor is then placed over station A with its zero
east. The 10° Divisions are then projected onto the line BC giving the
tilt bearing. An auxiliary-scale is then drawn to divide the error by the

tilt distance to give the tilt in feet per mile.

To use the nomogram, it.is simply a matter of placing a straight
edge on the error graduations at B and C and: reading off the tilt bearing
and distance. The straight edge is then moved to the auxiliary scale to

give the tilt/mile.

When the field barometers are stationary, it is a simple matter
to construct an additional scale on the main nomogram to give the

correction to be applied at that particular station.

6.5 COMPUTER PROGRAMMES

The vast amount of repetitive calculation required for the
reduction of the field readings necessitated the use of some computing

device. The availability of electronic digital computers solved the



FOVAENS DIVEO0SE 3HL 20 1111 3H1 40 NOILVNIWYZLZ2A 3HL 04 WVYHOOWON 29 9l

" S 1o m | S m
0 23 N
o-{> S o-{® S
Q \\DD
- 7 G-
Buloeg WL 3 S o< S
40G 09 O/ 108 06,00l Ol el LEL 2OPL
g 3S¥ -7 SV
G-
€
Gl
Gl +-
9
QC+-
Sl Ul
g 9SDg WOoJ) S| \t g€c -l
acupysig dig X6 <Gll Buiupag yiy
5 HEe- D10 JCudu3

HLr 91310 uCdd2
‘A 1dNVX:

S3IW Ul O aspg
wiod} 9ounysiq dig

Clx



133,

problem and so extensive use has been made of these machines.

Programmes were written for the following calculations.

a)
b)
c)
d)
e)

f)

A Standard Atmosphere. SVY 12

Isobaric Surface Investigation. SVY 14
Barometer Traverse Reduction. SVY19 SVY 42 SVY 43
Tower Readings Reduction. SVY 24
Automatic Graphing. SVY 16

Analysis of Summaries. SVY 26, SVY 44

In each of these programmes, corrections were applied for

temperature and humidity as indicated in Sections 6.5.1 and 6.5. 2.

Each programme was written in FORTRAN for one or more of

the following computers.

1.

The Institute of Highway and Traffic Computer.

This is an I B M 1620 Computer with 20 K digits

memory, card input and disc storage.

The D.U.C.H.E.S.S. Computer. ThisisanIB M 1620
computer with 40 K digits memory, card input, a fast line
printer and disc storage.

Technicomps Computer. AnIB M 1130 computer with
paper tape input and disc storage.

The Computations Laboratory, UN.S.W., AnIB M 360-50

computer with all the appropriate ancillaries.

The coded programmes are listed in Appendix VI.
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6.5.1 TEMPERATURE CORRECTION>

When using the Lapse-Rate Formulae, the temperature correction
takes the form of a series expansion. Until recently only the first term
. . 2 ’
of the expansion was applied. 4,51 Colonel D. R. Crone has shown
that the second term cannot be neglected for precise work as its effect
is significant. The formula for temperature correction, as given by
24
Crone, = is::
Hs Tu - T 11 2

_ ( su) -6 - }
H HS— 518 4 1+3,.44x10 ".H + 1.6x10 .H +...

where

H is the Standard Elevation corrected for Temperature

HS is the uncorrected Standard Elevation

Tu is the virtual temperature at the station (see Humidity
Correction 6.5. 2).

Tsu is the standard temperature at elevation Hs'

This formula has been incorporated into the computer programmes
by applying a temperature correction to each standard elevation as deduced

from the Lapse Rate Formula.

6.5.2 HUMIDITY CORRECTION3’ 2,32

It was shown in Chapter 1 that the constants for the pressure/
height relationship were evaluated for dry air. The density of moist air
is less than dry air and so the constants must be re-evaluated or a

suitable correction applied. The simplest approach is to apply a
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correction by replacing the measured temperatures with virtual
temperatures. 3,56 These virtual temperatures are deduced by
relating the difference in density to the apparent reduction in the height
of the air column. This may then be corrected by increasing the

temperature correction using an increase in the measured temperature.
The derivation of the virtual temperature follows.

For a mixture of dry air and water vapour the Equation of State
is:
PV = RT

where the gas constant R for the mixture is given by:

MR + M_R
a WV_WV

a
M + M
a wv

R + R .
a . WV
- 1 + O

in which Ma and va are the masses of dry air and water

vapour respectively, Ra and va are the gas constants and

A

M
a

@ is the mixing ratio



136.

The Equation of State may also be written as:

PV = R T
a v

where TV is the virtual temperature.

Thus
(Ra +w‘RWV)
Rla Tv =T 3 1 +@
WV
+ W
(1.+ Ra )
or Tv =T 1 + @
but va _ va _ 28.97 . 1.61
R T M ~18.02 : ‘
a a
whence.
_ (1+1.61.W)
Tv = T 1 +w
2 T(t+ 0.61 ) since w <0.03
but @ =

P
P
m

where P is the mean pressure of aqueous vapour at temperature
Tm and Pm is the mean pressure of the air between the two

stations.
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whence

T :T(1+0.61.—2).
v P
m

If the increase in temperature is denoted as AT such that

AT = T -T

then AT

1]
o
o
[

in which P =P - 0.000367 P (T,-T)
w m d w

where Td is the dry temperature

Tvv is the wet bulb temperature

and PW is the saturation vapour pressure.

3
J. A. Goff and S. Gratch have shown 2 that the saturation vapour

pressure in millibars may be calculated using the formula.

T T
S S
1 = -7.90298 (— - . —=
og PW = 7.90298 {( T 1) +5.02808 log T
_1.3816x 107 (10 1134401 -T/T ) 1)
T /T-1)
- -3,
+ 8.1328x 107> (1072491490 s 1y

+ log 1013, 246.
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6.5.3 TILT OF THE ISOBARIC SURFACE

To simplify the calculation of the tilt and Bearing of the Apparent
Isobaric Surface, the geometric properties used in Section 6.4 are

expressed in terms of co-ordinates.

The origin is translated to Station 1 and hence the following

equations give the necessary relationships (see Figure 6. 3):

8 3 8 3 _ Error 3 (by similar

X3 -XZ Y, - Y2 Error 2 - Error 3 triangles)

denoting

E32 = Error 2 - Error 3

then X3 Error 2 - X2 Error 3
X8 = =32 — (1)
Y3 Error 2 - Y2 Error 3
and Y, =

8 E32

The co-ordinates of Point 6 are given by the interaction of the

lines 2, 3 and 1, 4.
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] Error 2

FIG. 6.3 GEOMETRIC RELATIONSHIP OF APPARENT
ISOBARIC PLANE TO HORIZONTAL PLANE.
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1.e.Y-Y2_ X—X2 andY__X_
Y; - Y, X3 =X, Yy, %4
whence
< ) BXZ - Y2
6 B-A
........... (2)
and Y6 = AX6
in which
Y4
A =g
4
B - Y3 - Y,
X3 - X‘2
The Error at Point 6 is found by similar triangles
2 2
Error 6 - Error 2 (XZ B Xé) * (YZ B Yé)
Error 3 - Error 2 2 2
(X, - X;)° + (Y, - Y,

denoting the RHS as E, then
Error 2 - E32.E,

Error 6

In a similar manner the value of Error 4 may be found:
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2 2
Error 4 N X4 + Y4
Error 6 - 2 2
X6 + Y6

denoting the RHS as D
then Error 4 = D. Error 6

which leads directly to jche correction to be applied to a calculated

elevation at 4 for the apparent tilt of the isobaric surface 1, 2, 3.
Corr 4 = D(E.E32 - Error 2)  .......... (3)

The bearing of the Dip of the Isobaric Surface is given by:

o -1 Y8
Bearing = 90 + tan X e (4).
8

The co-ordinates of Point 9 are given by the intersection of the

line 1, 8 and the line through 3 with the above bearing.

Y8 X8
i.e. Y Zg—-.XandY'-Y3 = -5 (X -X3)
8 8
whence
(X8 X3 + Y3 Y8)
Xg = 2 2 Xg
Y8 + X8
and (X X + Y. Y.)
v . 873 3 '8 .
9 = 2 2 8’

Y8 +X8
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From the co-ordinates of 9 and 3, the dip distance to point 3

may be found.

s

8
X3 Xg Y3
Dip Distance =
Y
8
1+ (
X8
go X3 - Y3
= —-——2 .......... (5)
1+
where
Y8
W = X = tangent of strike bearing.
8
The tilt per mile is then given by:
. _ Error 3
Tilt = Distance eeeeeeeea (6)

The numbered formulae above are used in the Computer

Programmes SVY 14 and SVY 19.

6.5.4 STANDARD ATMOSPHERE PROGRAMME SVY 12

This programme calculates the elevation in a Standard atmosphere

for pressures from 600 to 800 mm Hg by selected increments.
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The basic formula is:
C2
_ __ff__)
H = Cl ( 760

in which the constants Cl and C2 are read into the computer.
The flow chart for the programme is given inFigure 6.4.
The output is a tabulated pressure/height relationship.

6.5.5 ISOBARIC SURFACE INVESTIGATION PROGRAMME SVY 14

This programme was written to reduce the simultaneous pressure

readings taken throughout the day at five fixed points.

The basic formula is:

C
P 2
Hs B Cl 760>

corrected for temperature and humidity.

The resulis are reduced as a Single Base calculation using
Station 1 as the base. The tilt of the apparent Isobaric Surface is then
determined using stations 2 and 3. The Multiple Base corrections are

deduced for Stations 4 and 5.

The input for the programme is divided into two sections.
1. Basic information,

{(2) The constants Cl and CZ,
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(‘Read Interval C1,C2 )

Set Pressure=2600mm Hd

(' Print Page

headings )

) Calculate Elevation (1)
A ! E(I):CL(P’“'” InterVgl)“

760

1=1,9Q

( Print Results )

Upgrade Pressure by
10 Interval

M=16

1

Pressure |
greater than YES EC,?,'-',-

set new page

FIG. 6.4 FLOW CHART FOR SVY 12 STANDARD
ATMOSPHERE PROGRAMME.
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(b) The units for pressures, temperatures, co-ordinates,
(c) The co-ordinates and known elevations of the fixed
stations.
2, Readings,
(a) Identifying time,
(b) ®ressure, dry temperature, wet-bulb temperature at

each of the five stations.

The output tabulates the identifying time, pressures and
temperatures, together with the resultant Single Base and Multiple Base
Errors. The direction and tilt/mile of the apparent Isobaric Surface is

also given. A card is punched giving a summary of the results.
The flow chart for the programme is given in Figure 6.5.

6.5.6 BAROMETER TRAVERSE REDUCTION PROGRAMME SVY 19

This programme is similar to SVY 14 but the barometers No. 4 and

5 are moved to new field stations between each observation.
The input for the programme is divided into two sections:

1. Basic information,
a) The constants Cl and Cz,
b) The units for pressures, temperatures and co-ordinates,

¢) The co-ordinates and elevations of Stations 1, 2 and 3.
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N
(‘ Read Urits)

\ rRead Names, Coordinates,
clevations, Fixed Stations

Caiculate Constants

@*ite heading PogeD

I
i (Read Time Pressure, Temperatures )

I
l

S TIME D

@rite Time, Pressures, Temperatures )

Caiculate Hg

Apply Temperature and
Humidity Corrections

Find AH from Station 1

Add Elevation Station 1

Find Single Base Errors

Calculate Muitipie Base Corre:tions

Find Muitiple Base Errors

Write Single Base and
Multiple Base Errors

Calculate Tilt and Tilt Direction

(write Tilt and Titt Direction )

@mch Summary qud)

NO End

of
age

YES
@rite new page Heodin@

FIG. 6.5 FLOW CHART FOR SVY 14 —ISOBARIC SURFACE

INVESTIGATION PROGRAMME.
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2. Readings,

a) Identifying time,
b) The co-ordinates and elevations of Stations 4 and 5,
c) Pressure, dry and wet bulb temperature at each of

the five stations.

The output tabulates the identifying time, Stations 4 and 5, the
pressures and temperatures together with the resultant Single and Multiple
Base Errors. The direction and Tilt/Mile of the apparent isobaric

surface is also given. A card is punched giving a summary of the results.
The flow chart for the programme is given in Figure 6.6

This programme reduces the field readings for a barometer
traverse in which the elevations of all stations are known. This, of
course, was required in this project where the precision of various methods
was under investigation. A simple modification however will make this
programme suitable for the reduction of normal field traverses in which

the elevations of Stations 4 and 5 are unknown.

6.5.7 TOWER READING REDUCTION PROGRAMME SVY 24

This programme takes the pressures measured at the different
levels in the tower and calculates the error for each level in the assumed
pressure/height relationship. This assumed relationship takes the form

of the Lapse Rate formula
C2
H=C <760

where the parameters C1 and C2 are part of the input.
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ch Name, Coordinates ™\

and Elevations Statiors 123/

|

Carculate Coristants
Stations  1,2,3

I
A @te Heading cheD

Read Names, Coordinates
and Elevations Stations 4!

Calculate Constants
Staticns 4,5

Reac Tim~» Pressures,
JTemperctures
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Vrite Time  Station .43
oordinates Elevations,

Write Pressures TemperotureD
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Apply Temperature and
humidity Corrections

|

Find AH from Stution 2

Add Elevation Station 1

|

Find Single Base Errors

Calculate Multiple Base
Correztiors

2

Find Multiple Base Errors

rite Single and Muitiple
ase Errors

Calculate Tip znd Direction

@rite Tin anc Directioa

Guunch Summary Car@

@r‘ite New Page Hecdin@

Fio. s 6 FLow CraxT FOR SVY 19 BAROMETER TRAVERSE
RIDUZTIDON PROGRAMAZ.
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The third parameter indicates the tower position to which a new -
value of Cl is to be calculated. The heights are then recalculated and
then resulting errors are printed out.

By running the programme with different values of C2 the

optimium set of values for C. and C2 may be selected.

1

The flow chart for the programme is given in Figure 6.7.

6.5.8 AUTOMATIC GRAPHING PROGRAMME SVY 16

This programme prepares a series ofdgraphs from the summary of
the output from SVY 14 and SVY 19. Six symbols are 'readvi‘n and are
placed in the appropriate position for each of the six different errors to
be plotted. It should be noted that the lower order errors are overwritten
by a higher order error of the same magnitude. The range of error that
may be plotted is from - 30 ft. to + 30 ft. by 1 foot steps, with errors
outside this range being set to the appropriate limit. The sequence of

input is as follows:

a) A card containing the six symbols (e.g. 1, 2, 3, 4, 5 and 6).
b) A description of the particular summary set.
c) A series of summary cards.
d) A blank card.
when the blank card is reached the programme re-writes the heading

and loops back to read a new description and a series of summary cards.
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START |
_

Set Fixed Height Differences

Read Constants C1, €2 K
v Selects Seconaary Control Point

(write C1, Cc2,K)

@ead Name, Temperatures, Fressures )

O/F

%M E

+

Caiculate AH in Standard Atmcsphere

Correct for Temperature and Humidity A

Calcuiate Errors in AH

Caicuinte New C1 K=0

FI5.6.7 FLOW CHART FOR SVY 24 TOWER REDUCTION
PROGRAMME
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The output is six graphs superimposed on the one plot.
The flow chart for the programme is given in Figure 6.8.

6.5.9 ANALYSIS OF SUMMARIES PROGRAMME SVY 26

This programme takes the Summary cards from SVY 14 and
SVY 19 and separates the errors into class intervals of tilt of the
Isobaric Surface. The first, second and third moment is then calculated

for each class interval.

The input is as follows:
a) A description of the particular summary set.

b) A series of summary cards.

When the programme reaches a blank summary card the moments

are printed and the programme returns to read a new description card.

The output is the print out of the tilt intervals with the mean,
second moment, third moment and the number of readings for the

errors at each station in turn.
The flow chart for the programme is given in Figure 6.9.

6.5.10 TWO BASE BAROMETER REDUCTION PROGRAMME SVY 42

 Data punched for the Barometer Traverse programme SVY 19 is
recalculated as a Two Base calculation (see Section 4. 4) using each pair
of the three base stations as the fixed bases. The output is a tabulation
of the time of observation together with the three calculated errors in

elevation. Where two field barometers were employed, each is
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calculated in turn.
The flow chart for the programme is given in Figure 6.10.

6.5.11 LEAP-FROG REDUCTION PROGRAMME SVY 43

Data punched for the Barometer Traverse programme which
had been observed using the Leap-frog method, is recalculated using
the latter method. The programme automatically closes the results
onto the three fixed bases and proportions the misclose linearly back

to the previous fixed point.

The output is a tabulation of the identifying time, the name of

the station and the error in elevation.
The flow chart for the programme is given in Figure 6.11.

This, and the previous programme, were written to confirm
previous hand calculations. These calculations had indicated that
‘the methods were inferior to the multiple base approach. Accordingly,
when writing these programmes, use has been made of existing |
programmes and a number of refinements which could have been made,

have been omitted.

6.5.12 ANALYSIS OF SUMMARIES PROGRAMME 2, SVY 46

This programme takes the summary cards punched using the
previous programmes and separates the errors into class intervals

of the tilt of the Isobaric Surface. The errors are made absolute and
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then the average and maximum errors are calculated for each class

interval.

The input is as follows:
a) A description of the particular summary set,

b) A series of summary cards.

When the programme reaches a blank summary card the

results are printed out and the programme returns to the start.

The output is the print out of the tilt intervals, the average
error, the maximum error and the number of results for the errors

at each station in turn.

The flow chart for the programme is given inFigure 6.12.
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CHAPTER 7

CONCLUSIONS

From the results achieved it would appear that barometric
methods of determining elevations may certainly be used for lower
order height control. For large scale engineering and similar
projects the speed of obtaining the results make the methods
invaluable at the reconnaissance stage. The instability of the
mathematical model for the atmosphere however, precludes any
attempt to obtain a higher order of accuracy. Some improvement
in the model is obtained by using the Assumed Standard Atmosphere
(ASA) in preference to the accepted atmospheres. This atmosphere
is defined on page 15. The limitations of the barometric elevations

then depend on the method used.

When the best results are not required a Single Base Method
may be adopted provided that the possibility of a systematic error
of up to approximately 3 feet per mile may be tolerated. The
maximum error in a Single Base Elevation that occurred in this
investigation was 32. 2 feet which occurred at 1530 on the traverse for
the 6th December, 1955. A larger error (34.'0 feet) occurred at
0915 on the 26th May, 1959 but since the base pressures at that time
were fluctuating excessively, the readings should be rejected. The

Isobaric Surface around 1530 on the 6th December was fluctuating.
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quite rapidly and indicated that a pressure front was travelling through
the area. This front was masked by the diurnal variation and other
local fluctuations and was impossible to detect by using the readings

on just one base.

On the other hand, the elevation determined using the
Multiple Base technique shows a distinct improvement. Even more
significant, the fluctuation of the Isobaric Surface enables the
surveyor to reject any readings taken about this period. This
criterion of rejection is perhaps the most significant contribution
that this thesis makes to this subject. Previously, readings could
only be rejected if the fluctuation of the surface caused a significant
jump. in the readings at one of the base stations. It has been shown
however that small jumps will tend to be masked and hence unreliable

readings are carried into the results.

When the criterion is applied, all readings taken at times when
the tilt exceeds 1 ft. per mile should be regarded as doubtful and only
adopted if the Isobaric Surface tends to retain a constant tilt. The
mean error and the maximum error for the elevations of the traverse

stations may then be estimated by the formulae:

Mean Error = Cl+.3xD2+.2xT3xD2

and

Maximum Error = 2 x Mean Error,
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where Cl is the standard deviation of reading the

particular type of barometer (ft.),

D2 is the mean distance of the field stations

from the nearest base station (miles),
and T is the tilt of the Isobaric Surface (ft/mile).

The Leap-frog method should not be used as it will not give
results as reliable as the Multiple Base method. Further the method

is slower in the field.

The Two Base method should be restricted to special cases in
which the topography has a more or less uniform slope from one base
to the other. When this is not the case, the simplicity of the
reduction and the slight saving in field work (temperatures are not

recorded) do not warrant the risk of unreliable resguilts.
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APPENDIX I

Pressure/Height relationship in the Assumed Standard Atmosphere

from 600 to 800 mm of mercury pressure by 0.1 mm intervals.
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APPENDIX II

Isobaric Surface Reductions.

26th May, 1959

28th May, 1959

28th February, 1966

1st March,

1966

178,

190.

203.

216.

177.
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APPENDIX III

Barometer Traverse Reductions.

22nd May, 1956 229.
23rd May, 1956 239.
6th December, 1955 251.

7th December, 1955 258,
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APPENDIX IV

Leap-frog Reductions.

6th December, 1955 269.

7th December, 1955 270.
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APPENDIX V

Two Base Reductions

22nd May, 1956.
23rd May, 1956.
6th December, 1955.

7th December, 1955,
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TWO BASE METHOGD
CITY TRAVERSE REDUCTION 7 DEC 1955
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APPENDIX VI

Computer Programmes.

Standard Atmosphere

Isobaric Surface Investigation
Barometer Traverse Reduction
Tower Readings Reduction
Automatic Graphing

Analysis of Summaries I

Two Base Barometer Reduction
Leap-frog Reduction

Analysis of Summaries II

SVY 12
SVY 14
SVY 19
SVY 24
SVY 16
SVY 26
SVY 42
SVY 43
SVY 46

287,
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319.

APPENDIX VII

Analysis of Summaries.

Average and Maximum Errors 320.

First, Second and Third Moments 328.

26th May, 1959.
28th May, 1959.
28th February, 1966.
1st March, 1966.
22nd May, 1956.
23rd May, 1956.
6th December, 1955.
7th December, 1955.
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DEPARTMENT OF SURVEYING - UNIVERSITY OF NEW SOUTH WALES

Kensington, N,S, W, 2033,

Reports from the Department of Surveying, School of Civil Engineering.

1. The discri mination of radio time signals in Australia.
G.G,. BENNETT (UNICIV Report No. D-1)
2. A comparator for the accurate measurement of differential
barometric pressure.
J.S. ALLMAN ' (UNICIV Report No. D-3)
3, The establishment of geodetic gravity networks in South Australia.
R.S. MATHER (UNICIV Report No. R~17)

4. Thé extension of the gravity field in South Australia.
R.S. MATHER (UNICIV Report No. R-19)

UNISURV _REPORTS.

5. An analysis of the reliability of Barometric elevations.

J.S. ALLMAN , (UNISURV Report No. 5)
6. The free air geoid in South Australia and its relation to the

equipotential surfaces of the earth's gravitational field.

R.S. MATHER (UNISURV Report No. 6)
7. Control for Mapping. (Proceedings of Conference, May 1967).

P.V. ANGUS-LEPPAN, Editor. (UNISURV Report No. 7)
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