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FOREWORD

The maps and plans of the Ordnance Survey have long been renowned. Their
high quality has stemmed essentially from an accurate survey based upon a
sound controlling framework, the Principal Triangulation of a century ago.
The Retriangulation carried out between 1935 and 1962 provides, and will
provide in the years to come, an equally sure foundation for the new maps
and plans now being produced.

It is a privilege to have been associated with so great an enterprise, and I
am grateful for this opportunity of paying tribute to the ‘Ordnance Surveyor’
upon whose skill and staunchness its success has depended. I am glad also to
thank all those who in one way or another have contributed to the mammoth

task of compiling and producing this History.
.4
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the 1nevilaple resuit tnat tne revision oI tne large scale plans naa ralen Turtner and rurtner 1nto
arrears; until for large areas of the country where development had altered the face of the land
these plans had become almost useless. Eventually a Departmental Committee under the chairman-
ship of Lord Davidson was set up to investigate. Its report, recognising the need for drastic action,
resulted in governmental approval for an entirely new and greatly accelerated programme which
entailed a wholesale expansion of the Ordnance Survey.

The first Chapter of this History explains how these events in turn led to the epoch-making
decision to retriangulate the country—a decision which epitomised the revolutionary nature of the
developments which marked this period. For if the revision of the large scale plans had suffered
from lack of resources, still more was this the case for the Department’s less obviously essential
geodetic activities. Hotine thus found a situation in which the Ordnance Survey, having had its
geodetic resources pruned to the irreducible minimum, was suddenly called upon to recreate in a
few years a major triangulation which when last carried out had taken half a century. The existing
staff and equipment of the Department were quite inadequate for this task. Apart from Hotine
himself, few of the officers or surveyors had had experience of geodetic triangulation. Yet in less
than four years, before war intervened to call a halt, the primary Retriangulation of England and
Wales and half of Scotland had been completed. The Chapters of this History bear testimony to
the nature of the effort that this achievement entailed, and to the qualities—moral, physical and
p{ofessionai—of the team of surveyors that was responsible. This team was trained by Hotine
himself and he personally inspired them by his example.

It was he also who by his persistence and the exercise of his unrivalled talent for debate was

XV
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mainly responsible for eliminating the innumerable obstacles which beset anyone who in this
conservative land embarks on some operation unfamiliar to its inhabitants, more particularly an
operation which depends so much for its success upon freedom of entry upon property.

In addition to his qualities of leadership Hotine's great intellectual gifts were indispensable.
In the best traditions of his eminent predecessor he made full use of his mathematical powers to
rationalise and bring up to date the methods used. In particular he was mainly responsible for
evolving the National Grid which has proved of such inestimable benefit both for the purposes
of computation and as a framework and referencing system for all the modern maps and plans of
the Ordnance Survey.

So it is to Hotine more than to any other individual that we must be grateful that, when war
ended, the Ordnance Survey was able to embark almost immediately upon the task of detail survey
in those large areas of the country which had been covered by the Retriangulation. But he would
be the last to deny due credit to the loyal team of observers, bookers, lightkeepers, tower builders,
computers and others, both before and after the war, who brought the whole great undertaking to
a successful conclusion. It is impossible to name all these and to mention any may seem invidious,
but some there are who bore a special share of responsibility: A. R. Martin, G. F. Mullinger and
the late A. C. Wilde who made most of the pre-war primary observations; H. J. W. Smith, R. J.
Stone and B. Willis, who carried on after the war; W. Stuart and B. Watts, who were largely
responsible for the administration of field parties; E. T. Bateman and R. G. Curtis who in succes-
sion were responsible for supervising computations and J. K. Holt who had a special share in
evolving computational methods.

One important reason for which his successors have had cause to be grateful to Clarke is that he
compiled a clear and detailed account of his work which was published in a lasting form within a
few years of his completing it. Clearly we of the present generation should have been culpable if
we had failed to produce a comparable record of the Retriangulation. But we have had to face
difficulties which Clarke in his more peaceful and leisured times escaped. The intervention of
World War 11 interrupted the primary triangulation and removed Hotine from the scene before it
was complete. Fortunately he was able shortly before he left the Ordnance Survey to write an
excellent narrative account of the work as far as he had taken it. This appeared in the Empire
Survey Review in 1938 and this History has drawn largely upon it. But in the main the business of
making available in sufficient detail for posterity all the work that had been done went by default
until in 1955 a decision was made to compile and publish this History. But to make the decision
was one thing and to implement it another. Gone were the days when, like Clarke, officers could
be left in post for 27 years to concentrate almost exclusively on scientific matters. Officers
during their much shorter tours nowadays have many preoccupations and it would have been
well nigh impossible for such an officer, however well qualified, to have assembled all the
scattered data and compiled a history such as this in the course of his normal duties. It was fortunate
therefore that Her Majesty’s Treasury, being persuaded of the importance of the task, agreed to an
officer being placed on special duty for six months to carry it out. The officer selected was Major
(now Lieutenant Colonel) J. Kelsey, Royal Engineers, and it is to him that we owe, in large measure,
the compilation of this History.

Major Kelsey started work in February 1959 but unluckily was posted away in August 1959
before the first draft was complete, and it was not until 1963 that the body of the text could be
handed over to the printers. During the intervening period a great deal of drafting, redrafting and
editing took place in which a number of people had a share. The final work is therefore essentially
a joint effort. '
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The first drafts of Chapters 1 to 5 were prepared under the direction of Brigadier L. J. Harris.
Major Kelsey himself wrote the basic drafts for Chapter 1, Chapter 2 paras 2.00 to 2.09, Chapter 3
paras 3.00 and 3.04 to 3.08, Chapter 4 paras 4.00 to 4.21, 4.26 and 4.27. He was also responsible
for most of the initial detailed planning and organisation, and he co-ordinated and supervised the
preparation of the diagrams and illustrations. Mr. R. J. Stone wrote the initial drafts of Chapter 2
paras 2.10 to 2.18, Chapter 3 para 3.01 and Chapter 7 (fieldwork). He also collected and arranged
the photographic illustrations. Mr. J. K. Holt wrote the initial drafts for Chapter 2 paras 2.19 to
2.33, Chapter 4 paras 4.22 to 4.24, Chapter 5, and Chapter 7 (computations). He also supervised
the preparation of the final draft. Mr. R. G. Curtis was responsible for the compilation of all the
appendices. Figures and diagrams were drawn by Mr. V. H. Watts. Brigadier R. C. A. Edge wrote
Chapter 6 as well as certain parts of Chapters 3 and 4 (paras 3.09, 3.10, 4.25 and 4.28 to 4.31). He
also examined the final draft. Lieutenant Colonel P. J. Carmody, Royal Engineers, took over the
task of general co-ordination from Major Kelsey and himself wrote the final draft of Chapter 7.

With such a multiplicity of authors whose contributions varied widely in style and content a
general editor became a necessity. The services of Major General J. C. T. Willis (Retd) were
secured for this important task.

A number of individuals assisted in the detailed examination of the draft at various stages.
Colonel D. I. Burnett examined the first drafts of Chapters 1 to 5. Chapter 2 was also examined by
Brigadier H. A. L. Shewell (Retd), Mr. H. H. Brazier and Mr. H. F. Rainsford, the two last named
checking the mathematics in detail. Brigadier G. Bomford (Retd) drafted para 3.03 dealing with
the Shoran connection with Norway and examined the drafts of Chapters 5 and 6. Dr. A. R. Rob-
bins also examined Chapter 5. Others who examined and checked various parts of the text were
Colonel M. H. Cobb (para 3.01), Dr. R. d’E. Atkinson (paras 3.05 to 3.10), Dr. O. Trovaag of the
Geographical Survey of Norway (para 3.03), and M. Segons of the Institut Géographique National
of France (para 3.02).

Many others, too numerous to mention, participated in the compilation and detailed checking
of the large amount of numerical and mathematical data.

Acknowledgement and thanks are due to the following:

To the United States Air Force for permission to include the account of the Shoran connections
with Norway, the Faeroes and Iceland (paras 3.03, 3.04).

To the Director of the Institut Géographique National of France for assistance in compiling
the account of the cross-Channel connection, in particular the description of the ‘Cercle Azimuthal
Répétiteur’ (para 3.02).



NOTE

REFERENCES

Paragraphs, formulae, tables and textual figures, have been numbered chapter by chapter.
For example, paragraphs 2.00 to 2.33, formulae (2.1) to (2.19), Tables 2.1 and 2.2 and textual
figures Fig. 2.1 to Fig. 2.12, are in Chapter Two; paragraphs 5.00 to 5.09, formulae (5.1) to (5.23),
Tables 5.1 to 5.6, and textual figures Fig. 5.1 to Fig. 5.11 are in Chapter Five; and so on. Where
necessary for the sake of clarity paragraphs have been sub-divided, and the sub-divisions numbered
within the main paragraph, for example 3.100 to 3.103 in paragraph 3.10 of Chapter Three. Cross
references to paragraphs are shown by giving the paragraph number prefixed by the symbol §.
Note that the abbreviation Fig. has been used invariably for a textual figure, whereas Figure written
in full indicates a primary triangulation figure, thus Figure 1 to Figure 7.

Diagrams have been numbered 1 to 20 without reference to chapter numbers. To facilitate
reference to the diagrams the names of primary stations in the text are followed by their record
numbers in parentheses, thus Holyhead (117). Diagram 2 shows the whole of the primary Retriangu-
lation with the stations denoted by their record numbers; it also contains a key to their names
arranged in numerical order.

Superscripted numbers in brackets have been used for references to the Bibliography, thus,

NOTATION



CHAPTER ONE

Introduction

1.00 Purpose of this Publication

Great Britain is one of the few countries in the world where two primary triangulations have
been observed during the past two centuries. The first triangulation developed over a long period
(1783-1853), mainly from projects which were initiated from time to time to solve particular
scientific problems, and was described by Captain A. R. Clarke in his account of the Principal
Triangulation published in 1858,

By 1935 it had become apparent that the old triangulation framework was in many respects
inadequate for modern requirements, and it was decided to carry out a fresh triangulation covering
the whole country. This Retriangulation, started in 1935, was continued, apart from the period
of the Second World War (1939-45), until its virtual completion in 1962.

The object of this publication is to provide a history of this Retriangulation, and to place on
record details of all observations and computations connected with it in such a manner that they
will be available for posterity. The Retriangulation has now been substantially completed, and
although certain geodetic work closely connected with it remains to be done, it has been thought
best not to wait for this, but to complete the record while it is still possible to consult individuals
who took part in the early stages of the work. Already many have left the Ordnance Survey and
some have died or been incapacitated by sickness.

1.01 A Brief History of the Retriangulation

The Retriangulation was started in 1935, when the reconnaissance for the new primary triangu-
lation was first put in hand. The work came to a standstill on the outbreak of war in September
1939, by which time the primary network covered the whole of England and Wales, and extended
as far north as the Moray Firth in Scotland. Secondary triangulation, based on the new primary
framework, was put in hand in 1938 in order to provide the control required for new large scale
surveys on national sheet lines. The need for such surveys was discussed in two reports® ® issued
by the Davidson Committee in 1936 and 1938. At the end of the 1939-45 war the entire resources
of the Triangulation Branch were devoted to secondary and lower order work, as the need for the
new large scale surveys had by then become paramount. The primary observations were not
resumed until 1949 and were completed in 1952 (see § 2.18). Observation of the last block of
secondary and tertiary triangulation was completed in the spring of 1962.

1



y History of the Retriangulation of Great Britain

THE OLD TRIANGULATION

1.02 The History of the Principal Triangulation

In 1783 Monsieur Cassini de Thury, the Director of the French Royal Observatory, drew the
attention of the British Government to the need for an accurate definition of the distance between
Dover and London. Monsieur Cassini had already obtained the distance between Paris and
Calais and had observed across the Channel from Calais to Dover. He was anxious to extend
this measurement to London to connect the two observatories of Paris and Greenwich, there
being, in his view, a discrepancy between the accepted position of Greenwich Observatory, relative
to that of Paris, of approximately 11” of longitude and 15” of latitude. The British Government
referred his suggestion to the Royal Society, and, from the geodetic point of view, there is no doubt
but that it had been made at a very opportune moment. Everyone connected with survey at that
time received Cassini’s approach with enthusiasm, and no one more so than Major-General William
Roy, then Surveyor-General of Coasts and Engineer for Making and Directing Military Surveys in
Great Britain. The resonance of Roy’s title was belied by the extent of the resources at his disposal,
which were in fact non-existent. Roy himself, however, had for long been pressing for the establish-
ment of a National Survey. His enthusiasm was shortly to be rewarded, for the British Government
sanctioned the work and commanded him to carry it out with the assistance of the Royal Society
and a military staff.

Angular measurements were to be observed with the Great Circular Theodolite, commissioned
by the Royal Society in 1784 and built by Jesse Ramsden, the finest instrument maker of his time.
The horizontal circle of Ramsden’s instrument was three feet in diameter, giving measurements
of arc to tenths of a second. Jesse Ramsden was a man whose ‘artist’s genius disdained time
restrictions’. His somewhat dilatory nature was later to prove a considerable thorn in the side of
Roy, who in one of his letters commented ‘On one occasion he attended at Buckingham Palace
precisely as he supposed at the time named in the Royal mandate. The King remarked that he
was punctual as to the day and hour, while late by a whole year’!

The first step in Roy’s programme consisted of the measurement, in 1784, of a base on
Hounslow Heath; a work carried out with glass tubes approximately 18 feet in length. King
George III took an active interest in the proceedings, for on 21st August ‘His Majesty deigned to
honour the operation by his presence . . . entering minutely into the work of conducting it, which
met with his gracious approbation’. Emulating the Royal Example *. . . the very worthy President
of the Royal Society repeatedly visited the Heath and with that liberality of mind which dis-
tinguishes all his actions ordered his tents to be pitched near at hand, where his immediate guests
and numerous visitors met with the most hospitable supply of every necessary and even elegant
refreshment’. O si sic omnes! Between 1787 and 1788 London and Dover were connected by
triangulation; a further connection was then observed across the Channel, with the co-operation
of the French. General Roy died in 1790 soon after he had completed his account of these triangu-
lation operations for the Philosophical Transactions of the Royal Society.

Much of the general interest in the formation of a National Survey died with Roy. It was,
however, providential that the then Master-General of Ordnance, Charles Lennox, Duke of
Richmond, was a man who shared Roy’s ambitions and enthusiasm, and who had for long been
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a patron of local survey and cartography in Sussex. The Duke’s knowledge and administrative
powers were employed to unite the established practices of private, or civil, surveys on the one
hand, and of military survey on the other. The technical standards and procedures, originally
laid down by Roy in the quarter of a century prior to 1790, were adopted by the Duke when he
ensured the continuation of Roy’s triangulation in South East England, followed by the official
establishment of the Trigonometrical Survey in 1791. Roy has often been called ‘The Father of
the Ordnance Survey’. If this be an apt description, then surely the Duke of Richmond can well
claim the status of midwife. It is fitting that one of the pillars of the Retriangulation, within a
few yards of Roy’s birthplace, specially designed and maintained, is suitably inscribed to the
memory of this great surveyor.

The new-born Ordnance Survey consisted originally of but three military officers, assisted by
working parties of soldiers. With these slender resources the work was pushed steadily forward
over the whole of Southern England between 1790 and 1798 and a further base was measured on
Salisbury Plain. Between 1800 and 1809 the triangulation was extended to include Yorkshire,
primarily in order to measure an arc of the meridian. The average length of the sides of the triangles
was 35 miles, though some of them reached as much as 55 miles which is unduly long by modern
standards.

The main reason for this extension of the triangulation was to obtain a more precise know-
ledge of the shape and dimensions of the Earth, but, as a by-product, the framework thus obtained
was used to control the production of a One Inch to One Mile map. By 1824 this phase of the
work was completed.

In the same year a Royal Commission, appointed to investigate problems of survey and land
valuation in Ireland, recommended that the whole island should be surveyed at a scale of Six
Inches to One Mile. This work was started in 1825 and absorbed the entire resources of the
Ordnance Survey, including three companies of Sappers and Miners, destined to become, in later
years, the Corps of Royal Engineers.

Little triangulation was therefore undertaken in Great Britain until 1838 when the need for
closer control became imperative as a result of the decision to survey the North of England and
South of Scotland at the scale of Six Inches to One Mile which had been originated in Ireland.
The increased density of control points necessitated by the adoption of this larger scale naturally
involved a corresponding increase in the work of the observers. Between 1838 and 1850 a vast
number of secondary and tertiary points were observed. Almost every visible station was included
in this formidable undertaking, and it was common for fifty or more points to be observed from
one station. Indeed at the station erected above the cross of St. Paul’s Cathedral, more than 1,600
points were observed within a period of several months. Verily there were giants in those days!

By 1853 Great Britain was covered by a number of triangulation stations which had been
co-ordinated both for geodetic reasons, and for the control of local surveys. No comprehensive
pattern or design had been established at the outset of the work, and the result was not unnaturally
haphazard in the extreme. By a process of selection and rejection from this huge and somewhat
amorphous mass of data, Clarke, then in charge of the Trigonometrical and Levelling Depart-
ments, virtually created what is now known as the Principal Triangulation of Great Britain
(Diagram 1). He produced, from the observations taken between 1783 and 1853, an interlocking
network of well conditioned triangles. This network was geometrically of great strength since it
nvolved no fewer than 920 condition equations to find corrections to 1,554 observed directions.
.subsequently used to fix 218 points. The system was rigorously adjusted by the.method of least
‘Squares in 21 separate, but not all entirely independent, figures, the corrections obtained from the
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solution of one figure being substituted in the condition equations of adjoining figures as a means
of securing an overlap in the adjustment. The average triangular misclosure (regardless of sign)
was 2-8”. The directly measured length of the Salisbury Plain Base was found to be greater than
the length derived through the triangulation from the Lough Foyle Base by one part in 93,000.
The scale of the triangulation was fixed by accepting a weighted mean of the two bases, and the
position and azimuth were derived from the Royal Observatory at Greenwich (see § 3.060).

1.03 An Evaluation of the Principal Triangulation

It has been seen that the Principal Triangulation was essentially created by an office analysis
of, and subsequent selection from, the available data. In spite of the early date of many of the
observations and the primitive character of the instruments used, there is no doubt that the Prin-
cipal Triangulation as derived by Clarke was of sufficient accuracy to justify its use to determine
a figure of the Earth. In all probability it would also have been quite adequate as the basis of a
secondary triangulation during the nineteenth century. Unfortunately, the old secondary triangu-
lation, as will be seen later, was never analysed and adjusted in the same way as the Principal
Triangulation, nor was it rigorously connected to it.

In the early part of the twentieth century the question arose as to whether Clarke’s Principal
Triangulation could reasonably be used as an extension to the European geodetic network, much
of which had been completed in the latter part of the nineteenth century. Two investigations
were therefore carried out at this time. A base was measured at Lossiemouth in 1909 to
check the geodetic accuracy of the Principal Triangulation. This base, which was remote from the
two original bases in Southern England and Northern Ireland, showed an agreement in scale of
1 : 60,000 with the triangulation. This was a very satisfactory check on the Principal Triangulation,
establishing its accuracy over long distances. This did not, however, preclude the possibility of
much greater local errors which might have cancelled out, and which could have led to incon-
sistencies between blocks of secondary triangulation based on the primary work.

In 1929, therefore, Figure 21 (Yorkshire) was re-adjusted, with the addition of a few more lines
and five more stations, which had been omitted from the original adjustment, and with a re-
arrangement of the fixed boundary conditions. This re-adjustment introduced a relative shift of
no less than 7 seconds on certain lines. Admittedly this was a severe test since Figure 21 was the
last of the original figures to be adjusted and was thus surrounded by previously adjusted work;
but it did indicate quite conclusively that there were local errors which far exceeded the overall
error of the framework. As will be seen later, these conclusions were supported by a comparison
with the results of the new primary triangulation which indicated appreciable errors locally in
the old work, but a remarkable degree of accuracy over longer distances, due probably to the
geometrical strength of the network.

1.04 The Old Secondary and Tertiary Triangulations

The old triangulation in Great Britain was never designed as a comprehensive system on which
control for large scale surveys could be based. The secondary and tertiary triangulations were
observed purely to provide a basis for the large scale surveys covering areas of individual counties
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or groups of counties. Each of these limited areas had its own projection with its own origin. These
areas are referred to as ‘county units’ in the following paragraphs. Each triangulation station was
marked by a hole about 1 inch in diameter cut in a large stone and buried 12-18 inches beneath the
surface. These stones, called ‘freestones’, were generally of a type of rock not found in the locality.
The descriptions were generally very poor and varied in quality from a dimensioned plan to a
statement such as ‘Mr. Brown who lives in the cottage at the foot of the hill knows the position
of the station’. After a lapse of 100 years or more and the consequent demise of Mr. Brown this
naturally complicated the task of finding such stations. With increased development in England
the destruction rate in secondary and tertiary triangulation stations was high, although stations
on hill tops could normally be recovered if the site had not been built upon.

The observations were never rigorously adjusted and were in some cases computed on the local
county Cassini origins, which were used for the projection of the Six-inch and 1/2500 survey.
As a result, adjoining blocks of secondary triangulation were out of sympathy with each other
and there were irregular and indefinite discrepancies along boundaries of adjacent county units
amounting to as much as 50 feet. Many of the old records are lost, but it seems certain that no
serious attempt was made prior to 1920 to compute any secondary figure in sympathy with the
primary network. Furthermore, both the method of calculation of the secondary figures and
also the method used for transforming the secondary points from geographical co-ordinates to
Jocal county rectangular co-ordinates, though obscure, appear to be unsatisfactory by modern
standards. Use had to be made of a somewhat random collection of observations. Neither time
nor money permitted recourse to an elaborate adjustment of secondary observations by least
squares. The methods used were adequate for the immediate purpose, but perhaps too little thought
was given to the possibility of further extensions, and to the need for careful maintenance of
records.

Little can be said about the tertiary triangulation; it was computed without adjustment by
rectangular co-ordinates on-local county projections. There were in consequence considerable
discrepancies between adjacent blocks and particularly along boundaries of county units. Points
were co-ordinated by two or more triangles and the mean value accepted. With such methods
errors were bound to increase when a triangulation was carried forward over several miles.

1.05 Reasons for the Decision to Observe a New Triangulation

For all practical purposes there was no consistent national triangulation of Great Britain,
but only a large number of semi-independent triangulations which were not in sympathy with
the primary stations of the Principal Triangulation. It was impossible to re-adjust these lower
order triangulations to bring them into sympathy with the sound framework of the Principal
Triangulation. This was due partly to the fact that too few of the old stations could be recovered
with sufficient certainty to connect these detached triangulations to the primary work by a limited
amount of re-observation, and partly to the fact that the original observations, undertaken solely
for the purpose of providing rapid control for 1/2500 mapping of county units, were not sufficiently
accurate to cover larger areas.

At the inception of the 1/2500 survey in 1854 it was thought that these county units would be
permanent. Although the alteration of administrative boundaries, which became very common
in the twentieth century in Great Britain, has not justified this expectation, the decision to adopt
independent surveys of limited areas followed contemporary surveying practice, notably in the
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French surveys of ‘Communes’, which to a large extent provided the model for the British 1/2500
series. It is also likely that the angular distortions of the then fashionable Cassini projection gave
rise to a reluctance to consider the single projections of larger areas. If a single Cassini projection
belt had been used to cover the whole of Great Britain, the maximum angular distortion between
an angle computed from co-ordinates and the corresponding angle measured on the ground, would
have been more than 4 minutes. Such a distortion would have been quite intolerable even for
minor instrumental surveys.

So long as the county unit remained the survey unit of this country, no inconvenience resulted
from the existence of these independent surveys. Some inconvenience was, however, felt even
before the original survey had been completed in 1892, since development across the boundaries
of the county units could not be illustrated on a single plan. To overcome this difficulty various
attempts were made to extend large-scale plans across county unit boundaries by recomputing the
triangulation system of one county unit and adjusting it to that of the adjoining county unit, and
by replotting the detail survey to this adjusted control. Such filled plans were slightly inconsistent
with plans of the same locality plotted on the adjoining projection, but did at least overcome the
understandable reluctance of the general public to paying for a plan which might be nine-tenths
blank paper. In some cases an entire county survey was transferred in this manner, but even where
data for connecting the two triangulations existed, the fact remained that these minor triangula-
tions were not intended for such extensions and were not sufficiently accurate for that purpose.
Consequently, these expedients usually resulted in serious inaccuracies in the position of points
of detail on the plans, inaccuracies which were accentuated at the next revision. Furthermore
the discontinuity was in many cases merely moved elsewhere. Largely as a result of such defects
in the basic control, the fabric of the 1/2500 survey was by 1934 showing signs of collapse. In
certain areas of rapidly expanding post 1914-18 war development, especially in Northern London,
the need for re-survey as opposed to revision had become apparent. Attempts to patch up the
existing triangulation as a control for such new surveys served merely to underline the rapidly
increasing inadequacy of the existing framework; an inadequacy which was further emphasised
by the need for reliable control in mining areas especially liable to subsidence. In short, the
secondary and tertiary triangulations of Great Britain had outlived their usefulness.

For these reasons it was decided in 1935 to carry out an entirely fresh secondary triangulation.
The decision to observe a new primary network also, rested less on considerations of accuracy than
on the fact that too few of the old primary station centres could be recovered with certainty, and
that they were generally too far apart to provide a framework for the rapid and economical execu-
tion of a modern self-consistent secondary triangulation. The cost of a primary triangulation on
30-mile sides was in any case but a small fraction of the cost of secondary work on 4-mile sides,
and it was considered unsound to incur the considerable expense of fresh secondary work without
an assurance that the relatively inexpensive primary foundation was secure at all points. For these
reasons it was also decided to observe a new primary triangulation as an essential basis for the
completion of a new secondary triangulation.



rigure 2. s>ouin-east Cngiana ana cast Anglia
Figure 6. North Scotland
Figure 7. Isle of Man

For various reasons additional primary stations were added to these main figures, viz:

3 stations in the Spurn Head extension of Figure 2
3 stations in various parts of Figure 5

3 stations in Figure 6.

See § 2.18 and § 2.33 for details.

The overall intention was to provide a strong network of triangles extending over the whole
country rather than the more conventional series of chains controlled in scale and azimuth by
bases and Laplace stations.

The reasons for the departure from normal geodetic practice were given in articles written by
Major (now Brigadier) M. Hotine, R.E., which were published in the Empire Survey Review in
19384, 1t was considered preferable in a small country like Great Britain to treat the adjustment
of triangulation from a strictly geometrical point of view, since a strong network of triangles, un-
influenced by the interaction of linear and angular measures and unchanged by astronomical
measurements, would ensure geometrical consistency of shape over the whole area. It was claimed

7
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at the time (a claim which has since been justified by the results of the lower order triangulations)
that a strong network of triangles would spread the accumulation of error inherent in any triangula-
tion, thinly and uniformly over the whole area covered. An additional advantage was that in such
a network no one ray was essential. Under the climatic conditions prevailing in Great Britain, the
ability to dispense with an individual ray, which could not be observed when the station was
occupied, could well save the expense of re-occupation. Furthermore, the observing programme was
rendered more flexible by such an element of elasticity.

Ideally the whole of this network would have been adjusted in one comprehensive operation,
but in 1936 it was impracticable to do so with the computing machines then available. In addition,
co-ordinate values of the primary stations in England and Wales were urgently required to control
the lower order triangulations, which were being observed concurrently with the primary. It was
for these reasons that the country was divided into a small number of figures, overlaps being pro-
vided between such figures to avoid discontinuity across the figure boundaries. (See § 2.243).

A similar geometrical solution had been used by Clarke in the Principal Triangulation although
in this case the figures were much smaller and consequently more numerous. As a result the later
figures (notably Figure 21) were uncomfortably hemmed in by previously fixed conditions. This
situation does not arise in the Retriangulation where, in general, each figure is restrained on one
edge only.

2.01 Scale and Orientation

The method of fixing the scale and orientation of the network was determined by the need to
avoid disturbing the graticule of the existing large scale plans, which were based on the old tri-
angulation. Figures 1 and 2, forming part of the central chain, were computed and adjusted in the
first place. Figure 1 was computed and adjusted independently. Figure 2 was then adjusted to the
northern edge of Figure 1. The scale, azimuth and position of the combined Figures 1 and 2 were
then adjusted to give the best mean fit at 11 points of the old Principal Triangulation which were
coincident with stations of the Retriangulation (see § 2.27). In the adjustment no account was-
taken of the 1937 and 1938 base measurements for reasons given in § 4.00. This was partly because
it was necessary to fit the new triangulation to the old, and partly because, as stated above, it was
considered that a dense continuous net adjusted by purely geometric means would be more reliable
than a system of chains adjusted to a few observed bases and azimuths. In fact no astronomical
azimuth control existed at that time.

2.02 Connections to other Countries
Connections were made to the primary triangulations of the following countries:

France: in 1951 in co-operation with the Institut Géographique National.
Ireland: in 1952 in co-operation with the Survey Departments of Eire and Northern Ireland.

The United States Air Force made connections between Iceland, The Faeroes, Scotland and
Norway in 1953 and 1954 by measuring trilateration nets by Shoran, as part of a geodetic tie
between North America and Europe.
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the same procedure was adopted at both ends of the ray in order to establish the absence of ob-
struction at least half way along the ray. In cases of doubt, the ray was verified by lighting the far
terminal with a beacon lamp or heliograph.

2.041 REPORTS

In addition to verifying the rays on the paper scheme, reconnaissance parties were also required
to provide full information, by means of a sketch on a reconnaissance report form, as to visibility
in all other directions, partly to assist the later secondary reconnaissance and partly to provide data
for choosing alternative or additional stations should these be necessary for the primary work.
Reconnaissance reports also contained:

(a) Information relating to ownership.

(b) A description of the site and sufficient information to enable a decision to be made as to the nature
of the mark and the extent of station preparation likely to be necessary.

(¢) A description of the means of access.

(d) Details of temporary marks left to guide the station preparation parties,

(e) Corrected bearings to other stations.

(f) A full description of the point actually selected.
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Whenever possible, the new point selected coincided with an old station of the Principal Tri-
angulation or was related to an old station by measurement; however, such other considerations
as the necessity for avoiding extensive clearance of trees, ancient monuments, possible future road
widening, or grazing rays, frequently entailed the choice of entirely fresh sites. Grazing rays were
defined as rays passing within 20 feet of intervening ground or building, etc. The reconnaissance
parties made special reports on any rays where a graze was unavoidable, in order that the question
of omitting such rays might be fully considered. In a country as densely populated as Great Britain
there is by no means a free choice in the selection of stations, particularly where these are to be
marked in a conspicuous and readily accessible manner. Apart from the actual land owner, who
very rarely raised'any objection, it was frequently necessary to consult a variety of other interests
before the station could finally be located and constructed.

Reconnaissance parties were required to show on their diagrams all cross-connecting rays which
were open, whether these were included in the paper scheme or not, although for various reasons
not all of these rays might later be selected for observation. This procedure produced a sufficiently
strong network, even allowing for the later omission of lines which could not be observed for any
reason. Although many of the lines on the paper scheme were found to be obstructed, it was never
necessary to site additional stations. It was frequently necessary, however, to alter the siting of a
station, either locally in detail or to an entirely different feature, to obtain better connections. This
was usually done on the initiative of the reconnaissance party, which provided detailed recon-
naissance reports for such fresh stations and which was in any case required to report on possible
stations on buildings or towers whose potentialities could only be appreciated in the field.

In the flatter and more highly developed areas, such as East Anglia, a paper scheme was of little
or no use, and reconnaissance had to be carried out entirely in the field by occupying and recording
visibility from several trial stations until a satisfactory scheme had been evolved. It was found
economical in such cases to divide the reconnaissance into two parts; a preliminary reconnaissance,
in which likely areas were selected and possible connections obtained; and a final reconnaissance
in which the selected stations were sited, reconnoitred and reported on in detail. Stations on build-
ings, etc. where the standard type of triangulation pillar could not be constructed, were usually
marked permanently during this final reconnaissance. It would not, of course, have been economical
to have taken two such ‘bites at the cherry’ in undeveloped country, where some such centrally
organised method as was adopted for the East African Arc® would be necessary, but the method
answered the purpose in an area where roads were abundant and cross-country journeys presented
little difficulty.

2.042 RECONNAISSANCE IN AREAS LIABLE TO SUBSIDENCE

Land subsidence in mining areas is frequently accompanied by lateral movement, which, apart
from destroying the permanent value of a station, may cause serious inaccuracy between successive
occupations of the station, either for extensions of the primary network or for connections to the
secondary net. The stability of every primary station was accordingly considered in consultation
with colliery surveyors and with the Geological Survey Department. If there was no alternative to
the occupation of a station likely to subside, two substitute stations were constructed on safe
ground adjacent to the suspect station, sited so as to form a well-conditioned triangle with the
main station. These substitute stations were observed at the same time as the main station, as a
means of establishing the amount of any future movement of the main station. The substitute
stations were intended as secondary stations and were sited accordingly. Examples of these sub-
stitute stations are given in Fig. 2.1. Castle Ring (60) near Birmingham, for instance, is an essential
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primary station in a coal mining area, the safety of which was assured throughout the 1936 ob-
serving season but which was likely to be subject to lateral movement later. Titterstone Clee (62) on
the Welsh Border, was likely to be disturbed sometime after its establishment in 1936 owing to the
combined effect of stone quarrying and the peculiar local geological structure. In many areas it
was found subsequently that this system of substitute stations was not completely reliable, since
the substitute stations were themselves liable to be undermined in later mining operations. Primary
stations on buildings, such as York Minster (22) and Lincoln Minster (80), have invariably been
provided with substitutes, since experience showed that such stations are especially liable to loss
by structural alteration or re-leading of the roof.

2.043 CLEARANCE OF RAYS

To avoid delaying observations, and also to avoid meticulous written descriptions for the
benefit of station marking parties, reconnaissance parties were required to clear any trees or under-
growth necessary to put through the scheme. This is not as simple a matter in Great Britain as it
is in the Tropics. Permission must first be obtained and occasionally compensation agreed, while
it is also necessary to avoid any outcry against spoiling the beauties of the English countryside, of
which trees form so important a part. Sites requiring extensive clearing were always reported to
headquarters before any action was taken and were fully examined for possible alternatives, e.g.
for consideration as to whether a particular ray might be omitted without seriously weakening the
network; and for balancing the cost and other disadvantages of clearing against the possible cost
of using a steel tower (see § 2.07). Similar detailed consideration was necessary for sites scheduled
under the 1931 Ancient Monuments Act or other Antiquities, even though these may be no more
imposing than the sites of prehistoric entrenched camps or burial-grounds, which unfortunately
were almost always placed on hill-tops, but which are safeguarded against excavation or defacement
without prior consultation. A due balance between the preservation of the past and the needs of
the present and future is naturally a subject into which, occasionally, violent personal prejudices
may enter. It constituted one of the most difficult administrative problems which had to be faced,
and surveyors in other countries may account themselves fortunate in being without it.

2.05 Records

As soon as the reconnaissance reports were received at headquarters for a particular station,
two files—a ‘Field’ file and an ‘Office’ file—were opened for the station and registered ; both remain
in commission as long as the station exists. The field file contains a copy of the reconnaissance
report, an abstract of the rough bearings and vertical angles to surrounding stations, any maps
necessary to locate the station, and any special instructions for station marking, observing or
beaconing parties, who may occupy the station subsequently. Arrangements were made for the
field file to be in the possession of all such field parties when they occupied the station. From time
to time any information which might be of use to their successors, was added, even though only of
such temporary value as comments on the available lodgings or caveats affecting the farmer and his
livestock. In addition to copies of the reconnaissance report and a rough abstract, which may be
required if the field file goes astray, the office file contains copies of all reports and correspondence
concerning the station. The system of filing on a station basis was found most convenient for rapid .
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reference and for disseminating information at the required time and place. It ensures that such
apparently trivial matters as the wishes of a land-owner regarding the use of a particular route to
the station are not forgotten; it has helped, in so far as any paper system is of value for the purpose,
in maintaining a high level of co-operation between various surveying parties among themselves
and with local interests. A complete historical record of all work at the station is also assured, and
there is little doubt that many of these files will make very interesting reading in years to come.
Matters of general policy were dealt with on the normal departmental files, but where these had a
special bearing on a particular station, copies of the relevant minutes, correspondence and de-
cisions, were also included in office files as a permanent part of the manuscript records of the
Retriangulation.

As a further means of ensuring co-operation between the various parties and of disseminating
information, a Bulletin was published weekly during the field season and given a wide circulation.
This contained a statement of the location of parties, a summary of reports and of progress made
during the week, general administrative and technical instructions, and any interesting, or even
amusing, anecdotes having a bearing upon the work. Even in so highly developed a country as
Great Britain it is difficult to know what is happening on the next hill but one, and some grain of
comfort may perhaps be imparted to an observer who has spent a week in the clouds by the know-
ledge that others have been in the same or a worse predicament; while healthy competition to get
into the ‘Stop Press’ with completion of a difficult station never has any harmful effect. The most
careful planning and organisation will never eliminate unforeseen situations, which may be eased
by the knowledge that a particular station has, or has not yet, been constructed, or that a recon-
naissance party is working in the neighbourhood and can lend a hand in emergency. Successful
triangulation, even more than other surveying operations, requires initiative from all personnel
employed on it, yet initiative might do more harm than good if it were not based on adequate in-
formation and an occasional glimpse of the whole picture. The Bulletin was, however, widely read
by other branches of the Department and by many outside interests, who kept in touch with the
work and who would otherwise have had to have been informed by interview or correspondence.
In addition, the Bulletin has provided a valuable continuous record, similar to the ‘War Diary’ of a
military unit, and a complete set of the Bulletins is retained as a permanent part of the Retriangula-
tion records. Any one who has had to use an old triangulation, however carefully its recorded
values and descriptions may have been preserved, knows that a study of its field history is very
often necessary.

To assist the general direction of the entire triangulation, by enabling immediate decisions to be
taken without the necessity for reference to a multiplicity of files and reports, large mounted wall-
maps were continuously maintained to show the state of progress of the various operations and
the distribution of field parties. The main diagram was a cellulose-sprayed quarter-inch to one
mile map of the whole country on two walls. On this, primary stations were marked by hollow
inked triangles which could be erased if the station was not finally selected. These station symbols
were expanded to show various stages in station preparation.

Primary rays in the preliminary paper scheme were shown by pecked lines, which were filled in
when the field reconnaissance definitely proved that they were open. These were drawn over half
way along the ray with a thicker line when observed from either end. Separate skeleton observing
diagrams in which certain of the reconnoitred lines were omitted for different reasons, were prepared
and copies issued to all field parties concerned. In the same way separate diagrams for figural

adjustment were prepared from the wall diagram for issue to computers, or to check the selection of
conditions.

3
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2.06 Station Marking

2.060 LOSS OF STATION MARKS OF THE PRINCIPAL TRIANGULATION

Station marks of the old Principal Triangulation were usually buried, and only a few of the old
primary and secondary stations were provided with some form of mark above ground level which
normally consisted of a cairn, and then only when the station was on the top of a high mountain.
Subsequent use of the station normally required the use of a special tool, known as a ‘searcher’,
to probe for the buried tile or other mark before attempting to expose it by digging. Owing to rapid
change in topographic detail since the Principal Triangulation, and to the impossibility in any case
of providing adequate descriptions on bare rounded hills, this operation of searching was frequently
protracted and often entirely unsuccessful. It is inevitable in a rapidly developing country that
some triangulation stations must be destroyed, but the damage can be repaired cheaply by siting
and fixing new stations, provided that information is obtained early enough to effect these repairs
before too many stations in the vicinity have been destroyed. Far too many of the old buried
stations had, however, been dug up or built over through ignorance. Legally, these marks were,
and still are, safeguarded from interference by the Survey Act of 1841, and ignorance of the Law,
we are told, is no defence. It would, nevertheless, require the pen of an A. P. Herbert to describe
an action against the constructor of a Super-Cinema for destroying a triangulation station during
the erection of a Wonder Organ; or against an archaeologist for throwing away a rococo specimen
of tiling which he had excavated with care and scientific precision; or against the Police of a certain
County Borough for gingerly removing a ‘Type A Socket’ in the belief that it was a hitherto
undiscovered Zeppelin bomb. Yet these three cases have a solid foundation in fact.

2.061 DESIGN OF THE TRIANGULATION PILLAR

For these reasons all primary stations of the new triangulation were marked in a solid, per-
manent, and obvious manner, which in the majority of cases took the form of a small concrete or
stone pillar, illustrated in Fig. 2.2. The design, which is discussed below, affords ready access to the
station for beaconing or observing. The pillar consists of a truncated pyramid, square in section,
rising 4 feet above ground level. It is normally made of concrete and is cast in situ. Into the top of
the pillar is set a brass fitting called a ‘spider’ incorporating three grooves 120° apart. The spider
ensures that instruments can be automatically centred over the intersection of the three grooves
when the feet of the tribrach of the instruments are placed in the grooves. Three lengths of bent
brass rod are inset in the top of the pillar forming loops to which the theodolite is lashed by cord.
The centre of the spider carries a screw plug, which may be removed by means of a special tool in
order to insert any suitable type of opaque beacon in the central pipe of the pillar. This plug carries
a centred smaller plug, which may be raised by unscrewing and which is threaded to take the
ordinary military heliograph, or electric beacon lamp designed for the purpose. For duplex helio
the smaller plug is completely removed and reversed. Its underside is drilled to take the stem of the
duplex mirror, and the adjustable helio mirror is set up alongside the pillar on a tripod. A hollow
tube runs down the centre of the pillar, to enable the spider to be accurately plumbed over a brass
bolt set in the base of the pillar with the aid of sighting tubes set at right angles. This brass bolt,
known as the ‘upper’ or ‘pillar’ bolt, is in turn centred over another brass bolt called the ‘lower
mark’, which is set beneath, and independently of, the foundations of the pillar. The purpose of
this lower mark is to provide a means of locating the station should the pillar be destroyed. Into
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the side of the pillar is inserted a type of bench mark called a “flush bracket’. The published height
of the station refers to the tip of the arrow on this flush bracket which also gives it an unique and
visible reference number, since all such flush brackets are numbered.

2.062 CONSTRUCTION OF THE PILLAR

The lower buried mark, consisting of a brass bolt set in concrete, is first inserted at a sufficient
depth below ground level to be independent of the pillar foundations. This depth naturally varies
with the soil; on boggy ground, which is sometimes encountered on hill-tops, it was sometimes
necessary to excavate as much as 15 feet before reaching rock or firm soil on which to emplace the
lower mark. In such a case a correspondingly deep pillar foundation is necessary, whereas on out-
cropping solid rock, a bolt is simply cemented in a hole drilled in the rock.

The lower mark and its concrete setting is covered with a small wooden box (which eventually
disintegrates) to prevent adherence to the pillar base, and so to prevent disturbance of the lower
mark in case the pillar should be moved. Concreting of the pillar base is commenced immediately
over and around the box covering the lower mark, without interposing any loose earth or stones,
which might weaken the pillar foundation, and is carried up to ground-level, where it is left rough to
set. Four angle-iron reinforcing bars are set in the base to project well up into the corners of the
pillar, as a means of preventing fracture between the base and the pillar, The pillar bolt is also set
in the base; it is arranged vertically over the lower mark by means of a plummet and marked
board resting between marked pegs, previously fixed in correct relation to the lower mark.

The pillar bolt is next covered with a small wooden box, which is provided with side holes (to
take the inner ends of the four sighting and drainage pipes) and a top hole (to take the lower end of
the galvanized pipe running down the centre of the pillar). See also § 2.065(b). Wooden shuttering,
which may later be taken apart and used again, is next erected on the pillar base. This shuttering
has four side holes to take the outer ends of the four sighting pipes, which may now be inserted,
and a wedge fillet to which the level flush bracket in one side of the pillar may be wired in a vertical
position. It also carries wooden corner fillets to provide an automatic chamfering to the edges of
the pillar. The centre pipe, which serves as further reinforcement, is set in position and plumbed,
the plumbing being continually checked during concreting. A good 4 :2 : 1 mix of concrete, con-
taining sharp well-washed sand and crushed stone as aggregate, is then poured into the shuttering
and rammed. Before the concrete sets, the brass spider, complete with holding-down bolts, is set
over the centre pipe and is carefully plumbed over the pillar bolt from a special temporary fitting
to the spider, by sighting in both directions through the lower sighting tubes. Concreting is then
carried up to the level of the top of the spider with an allowance of about § in. for later settlement
of the concrete. After a day to set, during and after which the green concrete may need protection
from frost by a liberal covering of sacks, the shuttering is removed and the pillar is faced with
cement plaster, to prevent possible disintegration by ice forming in cavities. Three of the sighting
tube openings are plugged with paper and lightly cemented over to conceal their presence from
visitors, who are often apparently unable to resist the temptation to stuff any ‘foreign body’ that
comes to hand into the tubes. The fourth tube must be exposed to allow condensation to drain out
of the pillar.

Pillars were erected, in the period prior to 1939, by specially trained constructors working in-
dividually to a set programme, although it was necessary in the first place to make special arrange-
ments to prepare enough of them ahead of observing. These men made their own arrangements for
purchase of materials, hire of local labour, and for transport, which varied in particular cases from
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lorries or pack-animals to man-power. Sometimes it was necessary to transport the only available
pack-ponies nearer to the station by lorry; sometimes the final stage was by rope and bucket. Once
the Survey was badly let down by a constructor who ceased putting in adequate foundations as soon
as he ceased to be under direct supervision, but usually it was possible, although not easy, to obtain
an excellent type of man with the necessary qualities of honesty, initiative, and determination. It
was cheaper to employ individual men in this manner than to maintain and move a party of
sufficient strength and equipment to dispense with local hiring, although the constructor was some-
times provided with a motor-van in the less populated areas; and cheaper also than either single or
block contracts, although the constructor would frequently arrange for a contractor to supply and
transport materials if this should be more advantageous than hiring his own transport. However,
owing to the shortage and cost of casual labour in the post-war period, and other difficulties, it was
necessary to modify the organisation and to form the constructors into groups. For further details
see Chapter 7, § 7.03.

2.063 PERMISSION TO ERECT PILLARS

The Survey Act of 1841 conveyed statutory authority for the establishment of permanent ‘marks,
stones or posts’ without consent, acknowledgment, or ground-rent, but with agreed or arbitrated
compensation for damage. Needless to say, however, these wide powers could not be used arbi-
trarily, and more reliance was placed on peaceful persuasion, leading to a free consent and willing
co-operation, than on force. Over 6,000 pillars and 10,000 marks of other types were established
during the Retriangulation and only in 14 cases was it necessary to issue compulsory orders under
the Survey Act. Land-owners generally were very ready to appreciate the advantages to themselves
in particular of facilitating the National Survey, and of the merits of permanent accessible reference
points as opposed to the continual disturbance occasioned by buried marks. Before assenting, some
took legal advice, which was invariably in favour of granting the Survey full facilities; but as a
result thorny questions were sometimes raised such as the abrogation of ‘squatter’s rights’, or
provision for removal of the pillar in case the site should later be required for building purposes.
Some even required an assurance that the pillar would provide an excellent scratching post for
cattle. An unlimited supply of patience and of both the written and spoken word might have been
required, but sooner or later a free permission was generally obtained, and with it a generous
measure of assistance later for the surveying parties. Odd, or even irksome, conditions were some-
times imposed, but were met if it was within the power of the Survey to do so. The owners of grouse
moors and deer forests usually and naturally required construction to be left until after the shooting
or stalking season. One very well-known land-owner of ancient and honourable lineage in Scotland
gave his consent to the construction of a pillar ‘on this barely accessible spot’, but only on condition
that he should be given an opportunity of seeing it done, ‘if it is done’. It was done. Others required
the pillar to be toned to match the colour of local stone, while some required the entire pillar to
be constructed of local stone, ‘which will be provided free’, in order to avoid attracting pilgrimages
of hikers. Another imposed the condition that the pillar should be constructed during the ensuing
week, since he was about to hand over the area to the National Trust and he could not ‘answer for
them’. In this, however, he showed needless apprehension. The National Trust own many beautiful
hill-sites throughout the country—which are to be preserved unspoiled for ever—and were accord-
ingly consulted in principle at an early stage. In spite of the fact that the Trust and its local Com-
mittees (in the words of one of their Secretaries) ‘exist to be shot at’, and that someone in this
crowded country may always be relied on to voice loudly an extreme view, the National Trust at
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once took the preservation of triangulation stations under their wing, and actively co-operated by
providing National Trust emblems for incorporation in the pillars. The Council for the Preserva-
tion of Rural England was also consulted and supplied a design for construction in rough-dressed
local stone, wherever it was possible and desirable to construct the pillar in this manner. The
Survey was sometimes able to repay such help in kind. For example, one local National Trust
Committee already had a pillar supporting a brass topograph and not unreasonably did not very
much like the idea of another ‘wart’ alongside it on perhaps the most famous beauty-spot in the
South of England. They relied largely on public subscription for maintaining the site, but had
frequently been robbed of the entire contents of the collecting-box and even of the box itself. The
topograph was removed, re-designed, and incorporated in the triangulation pillar with an Ordnance
Survey guarantee of accuracy, the original having been a mere 40 miles out in longitude. The pillar
was also provided with a plinth for children to stand on. A steel collecting-box and explanatory
inscription were fitted snugly in reinforced concrete beyond the reach of even the highest class
amateur cracksman; and, possibly because of the added security and for other reasons which any
salesman will readily understand, public subscriptions surpassed all records and hopes.

These highlights are perhaps emphasised by the inevitable shadows. In one case a well-known
novelist protested angrily against the dismantling of a cairn (originally built by the Ordnance
Survey itself nearly 100 years ago, but which had apparently in course of time acquired a local
sanctity) and after lengthy correspondence was only appeased by a promise that another cairn to
replace the old one would be erected near the pillar. Another and perhaps darker shadow was a
protest from another Government Department. The Office of Works, the official guardian of
ancient monuments, took alarm at the idea of archaeological sites being ‘desecrated’ by concrete
pillars and countered the Survey Act of 1841 by quoting another more recent enactment which for-
bade interference with all ‘scheduled’ sites without its permission. When two Acts of Parliament
come into conflict there is material for a first-class debate, and much correspondence ensued, some
of it being acrimonious. However, after several experts had expressed their views on the matter,
including Mr. (now Sir) Mortimer Wheeler, a scheme was devised which was acceptable to the
Ministry of Works, whereby the Archaeological Officer of the Ordnance Survey studied the re-
connaissance reports of each proposed station. He either agreed to the proposed site or asked for it
to be moved as required, and informed the Ministry of Works of his decision. The scheme remains
in force and has enabled archaeological considerations to be given due weight in the selection of
sites for triangulation stations.

Pillars have been erected at all primary stations where the site is structurally suitable or can
reasonably be made so. Although no great harm would have resulted from the occasional sub-
stitution of some other form of permanent mark in isolated cases, it was felt that any weakening in
this respect would inevitably cause a landslide, particularly in the secondary triangulation. If, for
instance, a general exemption had been granted to archaeological sites, then the entire triangulation
of Wiltshire for example would have remained on an impermanent and inaccurate basis, necessitating
frequent repair and re-observations. In the case of one primary ground station, Peglers Tump (88),
a low, but visible, mark stone was inserted, since the station had necessarily to be sited on top of a
tumulus containing an excavated chamber; but this station was safeguarded against loss by the
provision of substitute pillars.

2.064 ROOF STATIONS

Stations on buildings were marked by means of a large brass bolt let into the roof and provided
with four witness marks consisting of smaller brass bolts on other parts of the building, such as the
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parapets, which would not usually be affected by structural repairs to the roof itself. See also
Chapter 7, § 7.032(b).

Needless to say, a building was not selected unless the only alternative would be a high steel
tower, and only very solidly constructed permanent buildings were utilized. It was frequently
necessary in such cases as at Lincoln Minster (80), to make special arrangements for independent
support of the instrument, and for staging designed to distribute the weight of the observer away
from the instrument support. Such items of station preparation were usually carried out by local
contractors working to a specification drawn up after full consideration of details provided in the
reconnaissance report.

2.065 MODIFICATION TO THE ORIGINAL PILLAR DESIGN

When at a late stage the secondary triangulation had progressed to the Highlands of Scotland
it was necessary to design a new and lighter pillar, cylindrical in shape, in order to avoid excessive
transport costs. (See § 7.031.) Apart from this only two minor modifications were made to the
original very successful design.

(@) To prevent unauthorised persons removing the main centre plug, two hexagon-headed ‘Allen’
screws were fitted to secure the centre plug to the spider. Also a split pin was fitted to the small centre
plug which could only be extracted by removing the main centre plug. The modification was carried out
between 1947 and 1950.

(b) The metal centre pipe was originally intended as a support for the pole of a metal opaque beacon
which was to be left permanently on the pillar. However, in the event, these opaque beacons were not
used. Consequently, in pillars built after 1950, the metal centre pipes were replaced by cardboard tubes,
which are very much lighter to carry and are sufficiently robust to support the weight of the concrete until
it sets.

2.066 MAINTENANCE OF PRIMARY RETRIANGULATION PILLARS

Between 1947 and 1950 the majority of pillars built at primary stations from 1935-1939 were
inspected. It was found that 5%, needed extensive repairs, and 12%, needed minor repairs to prevent
further deterioration. The remainder were in good condition. Of those needing extensive or minor
repairs the main causes of damage were:

Vandalism 43%
Effect of weather 26%
Faulty construction of foundations 2155
Miscellaneous 10%

Pillars in densely inhabited areas or near holiday centres and beauty spots are more subject to
vandalism; pillars on high exposed sites are most affected by weather.

In 1951 a system of inspection was instituted, whereby all pillars are inspected and repaired
once every 10 years; certain pillars at sites frequented by the public and therefore more liable to
damage by vandalism are inspected more frequently. (See also § 7.04.)

2.07 Steel Observing Towers

In the flat and enclosed areas of East Anglia visibility between stations is very restricted. By
reducing the ruling side length from about 25 miles to 10 miles and by using all suitable high
buildings, it was hoped to produce a satisfactory primary triangulation. However, after extensive
reconnaissance it was found that an adequate triangulation could not be established without the
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frequent use of temporary steel towers. As a result, light portable steel ‘Bilby’ towers were purchased
from the United States of America in 1938. '

Reconnaissance had to be carried out before the towers were delivered, so reconnaissance parties
operating in areas where towers were likely to be used were supplied with full details of the towers,
both as regards the available sectional heights and the base area required for towers of different
heights. The reconnaissance party was required to establish exactly what height of tower would be
necessary to clear local obstructions and also give a sufficient command for the required length of
ray. This was done by direct measurement of the heights of trees, etc. both in the immediate vicinity
of the station and on any intermediate feature likely to obstruct the ray, combined with calculation
of intervisibility between the proposed stations after making due allowance for curvature and re-
fraction. In many cases, however, the tree tops were simply observed from surrounding stations,
sometimes after being flagged, in order to establish intervisibility. Owing to the expense of trans-
porting and erecting steel towers, they were, in the early stages of the Retriangulation, avoided
whenever possible even at the expense of undertaking a certain amount of clearing in order to use a
station at ground level. To some extent the strength of the network suffered in consequence, and
subsequently steel towers were used as required by the demands of the triangulation. In an attempt
to avoid re-erecting the tower for the later secondary triangulation, observations to the latter were
made while the tower was erected for primary observations; reconnaissance parties were therefore
instructed to complete the secondary reconnaissance over a sufficient area to establish a ring of
ground level secondary stations around the primary. Subsequently, difficulty was sometimes ex-
perienced in extending the secondary work from the scheme surrounding the primary steel-tower
stations, and the steel towers had to be re-erected over the primary stations to complete the
secondary observations.

Full information regarding the Bilby steel tower is published in Special Publication No. 158
of the United States Coast and Geodetic Survey®. The system of erection, etc. developed in
America was followed with a few minor modifications. Shallow concrete footings were cast at a
depth of about 5 feet below ground level to support the wooden bearers at the base of the steel
members. By this means it was found that the tower could be more accurately centred over a pre-
viously fixed station mark, and that thereafter it was less likely to be thrown off centre by uneven
subsidence of the footings. It was found that towers which had been in position for over a month,
and exposed occasionally to high winds, had not moved off centre by more than a tenth of an inch;
however the centring of the tower was invariably checked before observations were made. As a
precautionary measure, the outer tower was provided with steel wire guys attached at two-thirds
the height above ground, tensioned by turnbuckles and anchored to large screw, or angle iron,
pickets. The guy attached to the tower leg carrying the ladder rungs has a split cradle to allow an
uninterrupted climb. Some consideration was given to the problem of protecting the towers from
lightning, but it appeared that any feasible form of lightning conductor could not be effective
enough to divert the discharge from the steel framework. Personnel were accordingly warned to
stand clear of towers during storms but to leave beacon lamps alight.

Two tower erection parties were employed in East Anglia in 1938, each party consisting of
eight men, including a lorry driver and a pillar constructor. The latter was required because where
possible the tower was erected before the concrete pillar, it being more convenient to erect the pillar
beneath the centre of the tower than vice versa. Each party had a 6-ton six-wheel Bedford-Unipower
lorry, which would take either two towers, or one tower and the team. A trained team working
on previously prepared foundations could unload and erect a 103-foot tower in 10 hours, and
dismantle it in rather less time, although work was slowed down considerably by high winds or rain.
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2.08 Instruments

2.080 THEODOLITES

The theodolite used in the Retriangulation was the Geodetic Tavistock theodolite manufactured
by Messrs. Cooke, Troughton & Simms, of London and York. This theodolite had been used
successfully in East Africa on the arc of the 30th meridian, so it was natural that the same instrument
should be selected for the Retriangulation.

Nevertheless, the instruments were subjected to extensive laboratory tests before field observa-
tions started in order to:

(a) Ensure that the theodolites were not liable to errors due to axis strain, which had been noted at
that time in other types of geodetic instruments.

(b) Calculate graduation errors of the horizontal plate.

(¢) Give the observers extensive practice in their use, and show the capacity of the instruments under
ideal conditions.

These tests were fully described by Brigadier Hotine in the Empire Survey Review, and are re-
produced as Appendix 11. They showed that the Geodetic Tavistock theodolite was sensibly free of
error due to axis strain and had a probable graduation error of less than 0-1 seconds, but probably
their most important result was the confidence in the theodolites that they engendered in the ob-
servers, who in consequence were less likely to blame the instruments for those large errors which
occasionally arise under field conditions.

As far as can now be established, 12 of these instruments were used between 1936 and 1939.
It is of interest that 6 are still in use, and have been used for such operations as the transfer of
geodetic levels by trigonometrical methods, where the larger vertical circle of this early type of
instrument is of great advantage. Of the remainder, 3 were buried near Dunkirk before the 19th
Field Survey Company, R.E. was evacuated in 1940. Attempts were made to recover them in 1944,
but without success. One instrument was destroyed when the Ordnance Survey Office at Southamp-
ton was bombed in 1940, and one was damaged rather less gloriously by being dropped from a steel
tower in 1951. The other instrument is displayed in the Record Room of the Ordnance Survey at
Chessington.

In 1946 and 1947 a further 10 geodetic theodolites were purchased from Messrs. Cooke,
Troughton & Simms who had modified the design. The main differences were: smaller horizontal
and vertical circles, a quick-release clamp for the upper plate, and a generally lighter and more
compact design. The essential differences are tabulated below:

Original Model Later Models

(V.500)
Focal Length 10-1 in. 7-3in.
Diameter of horizontal circle 5-5 in. 5in.
Diameter of vertical circle 3-5in. 2:75in.
Weight 321b. 2110,
Casing Nickel-iron Gunmetal

However, the old type of instrument continued to be used for observations from the majority
of primary stations. This was partly to ensure that the angular measurements throughout the whole
of the work might be taken under the same conditions, and partly to meet the preference of the
Pbservers for the older instruments which, though heavier, were more robust and remained stable
In the high winds which often prevail in the Highlands of Scotland when visibility is good.
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2.081 BEACON LAMPS

The beacon or signal lamps used in the Retriangulation were also produced by Messrs. Cooke,
Troughton & Simms. During the period 1936 and 1939 lamps of various alternative designs were
used, and one type has been fully described by Brigadier Hotine®. For work in the Highlands of
Scotland a charging van was equipped with an L.32 ‘Pioneer’ petrol-electric charging unit, and was
located in a mobile central pool for the supply of recharged batteries. In the more thickly populated
parts of the country, however, the lightkeepers themselves arranged for a supply of fresh batteries
from motor garages or battery service stations by hiring a replacement until their own accumulator
had been recharged. In order to provide a still more intense light in very bad visibility, it was some-
times found desirable to ‘boost’ the light by applying more than 6 volts; sometimes as much as
12 volts was necessary. This considerably shortens the life of the bulb, but on occasion this may be
more economical than a protracted delay in observing a difficult ray. It was found that the life of
the bulb could be prolonged by first warming up for 5 to 10 minutes on the normal voltage and
then stepping up 2 volts at a time without allowing the lamp to go out as the voltage was increased.
This was done by using a split lead, one arm of which was connected to the higher voltage before
disconnecting the other arm. The latter must, however, be disconnected almost immediately in order
to avoid short circuiting the extra cell. Such procedure was harmful to the battery as well as to the
bulb, but was considered expedient if the observations were to be obtained.

2.082 BEACONING

Observing hours were usually from two hours before sunset to five hours after sunset, the vast
majority of observations having been obtained at night. High-power electric lamps could, however,
be seen in daylight at considerable distances in clear cloudy weather, and this form of illumination
was accordingly used at times for the daylight period. All lightkeepers were also provided with
heliographs for use on the rare occasions when sufficiently continuous sunlight made it worth while
to set them. For a few long rays across the hazy industrial districts, 10-inch heliographs were
used.

The method of emplacing lighting gear depended naturally on the type of station. Centred
beacon lamps were attached to the spider of concrete pillars as previously described. On roof
stations a tripod was used with a three-footscrew levelling tribrach to which the lamp or helio was
attached, centring being effected by plumb-line. An additional centred beacon lamp for the use of a
second observer was arranged in such cases by setting a fully extended telescopic tripod over a
short tripod, the tall tripod being of course set up and plumbed first. A few large and heavy tele-
scopic tripods were obtained which could be set to a height of as much as 10 feet and which were
designed to take either beaconing gear or the Geodetic Tavistock theodolite; the object of these
special tripods being to clear battlements, etc. or to provide a sound instrument stand on sloping
roofs or other awkward emplacements. They were also useful, however, for double-beacon em-
placements when the lower tripod must be fully extended to clear obstructions, and when there was
insufficient room to emplace an eccentric beacon.

The emplacement of beacons on Bilby steel triangulation towers was studied with especial care.
In the interests of economy, large areas of secondary work around these towers were observed con-
currently with the primary observations in order to avoid re-erection of the tower in a later season.
The tower had to be freed as quickly as possible if an extensive programme was to be carried through
with an economically small number of towers, and for both reasons it was frequently necessary for
beacon lamps for several observers to be emplaced on a single tower, possibly at the same time as it
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was being occupied by another observer. Two standard spiders were bolted to the centring plates of
the tower; one, at the top of the outer tower, being used exclusively for beaconing; and the other,
on the inner tower, being used for either theodolite or beacon emplacement. In addition, a reverse
plug was supplied which may be screwed to the under-side of the inner-tower spider for the attach-
ment of an extra beacon lamp upside down.

In addition to the foregoing arrangements for additional centred beacons, it was frequently
necessary to set eccentric lights where more than one observer was working in the area. To avoid
centring errors these were set instrumentally on the line to a ‘leading light’, shown by the observer
requiring such an eccentric light, and were never set from reconnaissance bearings. They were
usually tripod emplacements set on plumb-lines in the case of pillar stations, or roof stations where
there was sufficient room. In the case of Bilby towers, special brackets were made to clamp eccentric
lighting gear to the angle-iron hand-rail surrounding the observer’s platform. This was too close for
the near focus of theodolite telescopes, so that alignment had to be effected by first setting a ground
peg on the line to the leading light and then setting up over the peg in order to sight back to the
station centre.

Alignment of the beam, in the case of both helios and lamps, was effected by means of the sema-
phore board, first introduced by McCaw on the African Arc of Meridian and described in detail in
the Empire Survey Review(. Lightkeepers were usually equipped with one of the old ‘tracing’ in-
struments used on the original detail survey and, since these instruments had no vertical circles
(although the line of collimation could be set level), it had been necessary to simplify the method of
setting the semaphore board in height. This was done by first setting it at the same level as the in-
strument and then moving it up or down a measured distance to allow for the elevation or de-
pression to the distant station, and for the difference in height between the instrument and beacon.
The setting was subsequently still further simplified by marking a scale on the board in order to set
it in both altitude and azimuth concurrently. The board was clamped to a guyed ranging rod for
ground and roof stations, and was carried on a specially constructed adjustable arm attached to the
hand-rails of Bilby towers. The upper outer-tower beacon on Bilby towers could not readily be
provided with a semaphore board so that this beacon was usually reserved for the short secondary
lines, where accurate alignment of the beam was of less consequence.

2.09 Procedure for Observing and Booking

The procedure for observing and booking was also given in detail by Hotine™®. These detailed
instructions are reproduced in full at Appendix 12, but the main points are summarised below:

1. The circles are to be illuminated electrically for all observations, whether by day or night.

2. The instrument is always to be swung right on Face Left and left on Face Right. The same rule applies
also to the slow motion screws.

3. The steadiest and most reliable light should be chosen as R.O.

4. Observations will be by continuous rounds, commencing on the R.O. on Face Left, changing face
after intersecting the last beacon, intersecting the latter first on Face Right and closing on the R.O.

5. A light which is temporarily obscured, may be filled in at any time during a single face round, pro-
vided that certain precautions are taken.

6. Directions on both faces are to be measured once to all lights on each of sixteen zeros for primary
rays. At stations where exceptional delay or difficulty is experienced, observers will forward the
results of the first eight zeros to H.Q. and await instructions,

7. Vertical angles are not required on primary rays.

8. All observations are to be booked in ink on squared paper. Mistakes in booking are to be lightly
crossed through but not erased; under no circumstances is one figure to be superimposed on another.
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It is emphasised that the above is but a brief summary of the full instructions to observers.

The accurate measurement of angles in a triangulation depends to a large extent on a number of
apparently trivial precautions, many of which are self-evident to a trained surveyor but which are,
for that very reason, liable to be overlooked during the stress and strain of rapid work in the field.
The same meticulous care is necessary in recording the observations if these are to be fully under-
stood by a different staff of computers, not only at the time the observations were taken but also
possibly 100 years later. For these reasons the instructions issued to observers were in great detail
and were rigidly enforced.

They were designed to fit the particular instrument used—the Geodetic Tavistock. The robust
construction of this instrument rendered certain commonly accepted practices of the time not en-
tirely essential. If the instrument has been rigidly emplaced, it is, for instance, possible to swing in
either or both directions and even to change face between successive pointings on the same beacon
and yet to reproduce the readings within the errors of pointing and reading. The instrument will
remain for hours on a concrete pillar without appreciable change in level, by night and by day,
provided that it is shielded from direct rays of the sun. Nevertheless some of the usual precautions
were included in the instructions, partly in order to form meticulous habits on the part of the ob-
server and partly to eliminate the minor errors which might arise from neglecting them even with
an instrument of this type.

OBSERVATIONS

2.10 General Organisation of Observing Parties

Primary observations were usually carried out by two or more observing parties, each consisting
of one observer and a number of lightkeepers. The parties worked to a carefully prepared pro-
gramme, which detailed the order in which stations would be observed, and the moves of the
various sections into which the parties were divided. So far as was possible, allowance was made
for the time necessary to occupy difficult stations. In the event, each season’s programme required
modification at one time or another, and the observers were given a certain amount of freedom to
make minor alterations on the spot. Major programme changes were authorised by the officer in
charge of triangulation, in consultation with the senior observer.

In order to ensure smooth working, when two observing parties were likely to be working near
each other, the senior observer was always nominated in advance, and could, when necessary,
assume overall charge of operations. In the early years, when organisation and procedure had not
yet assumed their definitive forms, the officer in charge was very frequently present in the field,
supervising operations and taking observations.

As the supervisory staff and the field parties gained experience, the organisation was changed.
Variations in topography and in methods of communication also dictated modifications of the
original plan. A brief description has therefore been included, giving the organisation of the ob-
serving parties and an outline account of each year’s work. Appendix 13 gives a diary of the fieldwork
of the Primary Retriangulation. The progress of observations year by year is also given at Diagram
3. For reference purposes in the text, the station number is given in brackets after the station name.
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Lack of space has prevented the station names being included on the diagrams, but the location of
stations may be determined by reference to the list of stations given on Diagram 2.

2.11 Primary Observations, 1936

2.110 ORGANISATION

At the beginning of April 1936, the personnel who were to form the observing parties assembled
at the Southampton Office, having been employed for a month on building the pillars from which
they would later observe. They consisted of regular soldiers from the Survey Battalion R.E. All
had received some basic training in trigonometrical survey, either in the Survey Battalion R.E., or
in 19th Field Survey Company R.E., but relatively few had had much practical experience; most of
the non-commissioned officers had been employed on various survey operations abroad, but again
only a few had had experience of geodetic triangulation.

Observations during this first season therefore had to be carried out with comparatively un-
trained personnel, and for this reason three observing parties were arranged to work independently
in the south, centre, and north, of Figures 1 and 2 (see Diagram 4) with the object of avoiding
eccentric beacons. Each observer had a number of lightkeepers under his immediate orders, with a
call on a central pool for exceptionally difficult stations. A detailed programme of moves, which
could be set in motion by simple code signals, was laid down for each observer and lightkeeper; this
was so arranged that, with a reasonable margin for non-uniform progress, the initial stations of
the central and northern observers should be clear before the observer to the south required them.
The programme was also arranged to reduce moves to a minimum, and to allow extra time for the
occupation of difficult stations. It was necessary to vary the programme during the season, to allow
for the more rapid progress of the southern party in the better weather prevailing in their area; and
furthermore the chain was considerably broadened.

2,111 STRENGTH OF OBSERVING PARTIES

For the first primary season, the strength of an observing party was approximately twelve men;
an observer, two senior assistants, and nine lightkeepers. Of the two senior men who accompanied
the observer, one booked the observations and was at the same time trained to observe when
opportunity occurred, and the second acted as a general factotum, in particular supervising the
activities of the lightkeepers. Each lightkeeper worked on his own, the observer exercising control
by light signals, telegrams, and occasionally, visits by his chief assistants.

2.112 PROGRESS

It was a considerable achievement that this first programme went very nearly as planned. Apart
from the credit which must obviously be given to the three observers, and to their immediate assist-
ants, the efforts of these first lightkeepers must not be overlooked. Official Ordnance Survey vehicles
had only just begun to appear; there were in fact, only nine small motor-vans between the three
observing parties, which when divided into their working units, totalled no less than 28 well-
Separated independent sections. A number of lightkeepers used their own private transport, the
Department, of course, meeting the running costs. In the event nearly every known form of
Powered (and unpowered) wheeled transport was used, including a three-wheeled vehicle with a van

¥, and a motor-cycle and sidecar, in which it was sometimes necessary to carry a very large
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passenger. It was only with considerable difficulty that this passenger could be inserted in the side-
car; but he emerged at least once with considerable celerity—when a telegraph pole intervened
between machine and sidecar. Neither should the cyclists be forgotten: it was their painful lot to
cycle many miles wearing ‘Everest’ carriers to which were strapped one, and occasionally two, full-
sized 6-volt accumulators which required charging. Their longer moves—which of course en-
tailed shifting their camping kit—were executed by hired lorry and by train.

By the middle of October, the main chain in England had been completed, and extended from
Coringdon (11) in Dorset and Dunnose (10) in the Isle of Wight to Wisp Hill (317) and Tosson
Hill (95) in Roxburghshire and Northumberland respectively: covering the Welsh Marches on the
western side and extending well into Lincolnshire on the east. Fifty-six primary stations were oc-
cupied as observing stations, and 447 directions were observed.

2.12 Primary Observations, 1937
2.120 GENERAL

During 1937 it was intended to carry the main chain northwards from the Border, over the
Grampians to the Great Glen and the coast of Aberdeenshire, thereby completing Figure 3, and if
time permitted, to extend westwards and complete the primary Retriangulation of Wales and South-
west England (Figure 4). Whilst the field parties took their well-earned leave, planning and pre-

paration for the following season were carried out in considerable detail during the winter of
1936-37.

2.121 CHANGE IN ORGANISATION

It was realised that, in Scotland, the ruling factor would be difficulty of access to mountain
stations, combined with the fact that no reliance could be placed on hiring local labour in most
districts. This necessitated strong lightkeeping parties, moved as infrequently as possible, and given
time to occupy the more difficult stations well in advance. In these circumstances a number of in-
dependent observers each with their own lightkeepers would have required too many men and
much waste effort in re-occupying stations. A centralised organisation was accordingly adopted,
with three observers (known as eastern, central and western) moving more or less abreast on a care-
fully dovetailed programme. The observers were served by strong lightkeeping sections operating
up to three beacons from each station—one centred and two eccentric.

To save unnecessary movement, lightkeeping parties remained in position until the observers
had passed right through them, when the lightkeepers ‘leap-frogged’ well ahead again. The pro-
gramme contained full details as to which lights were to be eccentric, and as to the order in which
leading lights were to be shown, so that the whole organisation might be kept moving by the
simplest of code signals without the necessity for transmitting long messages by morse or for passing
messages by hand to parties at difficult stations.

For the 1937 season therefore the number of surveyors on the primary observations was in-
creased to 69, divided into 29 sections as follows:

3 observing sections of three men each.

20 lightkeeping sections, the strength of which ranged from one to three men.
4 battery charging and distribution sections—one man to each.
2 vans in reserve—one man to each.

Transport, both official and private, was increased in numbers to deal with the much larger
party and consisted of 12 official motor-vans, 12 private cars, and two motor-cycle combinations.



of 3,200 feet,* mostly in pouring rain and carrying a minimum of a hundredweight of equipment:
this was in addition to setting up camps and the usual ‘household’ tasks. As can be deduced, all
were imbued by a spirit of enthusiasm and determination: even the senior observer at Whitelyne
Common (93), who reported—* . . . Beyond a wet bed, wet clothes, wet everything, there is nothing
to report...".

Meanwhile the western and eastern observers were experiencing similar weather at Criffel (96)
and Tosson Hill (95) respectively and it was not until the evening of the 24th April that all three
observers completed their stations, and moved to start the second stage.

Conditions improved somewhat in the next fortnight and the parties moved rapidly north
across the Lowlands and by the 11th May it was considered that the half-way mark was in sight.
However, the latter half of the programme promised to be more arduous, as the Grampians lay
ahead, but on the other hand the industrial belt had been completed. Towards the end of May
the central observer moved from Earls Seat (327) to Meall Dearg (305); but the west and east
observers were held up by bad weather at Hill of Stake (319), and Lumsdaine (324), near Berwick-
on-Tweed. Final observations at these two stations were therefore left for the time being and the
observers were moved to their next scheduled stations, Ben Lomond (336) and Ben Cleugh (307)
to prevent dislocation of the programme.

* Sca Fell (92).
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Excellent visibility made life easier for all sections at the start of their attack on this mountain
range, and at first, all went well: but the whole elaborate organisation broke down at the beginning
of June, owing to the existence of a few stations—notably Ben Macdhui (302)—which persistently
formed clouds when other, lower, stations were clear. In these circumstances a rigid adherence to
the original programme would have entailed delaying the whole party because one observer hap-
pened to be held up; and this would have meant that Figure 3 could not be completed during a
short field season. The whole party was accordingly reorganised on the spot to deal with the cloud-
formers. One observer was left behind on Ben Lawers (315) with reduced lightkeeping sections
and all arrangements were made for him to move rapidly to Carn Gower (332), another difficult
station. The other two observers outflanked Ben Macdhui (302) to the east, occupying the lower
stations during a spell of particularly bad weather, while a fourth observing section was organised
to occupy Ben Macdhui (302) itself.

This fourth section at first set up camp in the glen at the foot of the mountain (to quote the
contemporary Bulletin) “. . . in delightful sylvan scenery surrounded by hand-fed deer and High-
land dancers of the gentler sex in training for the Braemar games. The section, which has a three-
hour climb, can only appreciate these delights through closed eyelids, and would prefer them to be
less audible . . .’. These influences, and the necessity to be at the pillar whenever the cloud lifted,
decided the section to live at the top of the mountain and they were given a lightkeeping section
who made a daily supply-run with food and fuel for men and lamps. The two men concerned
started their vigil on the night of the 4th June, and to their great credit observations to and from
the mountain were completed by the night of the 13th/14th June. During this period they also
found time to rescue a girl climber who had become lost in the snow and mist.

Shortly afterwards the other three observers completed the remaining difficult stations, and
all parties were now on the ‘downhill-run’ across Strathspey and Strathbogie and the main chain
observations for 1937 were nearly complete. About this time, possibly as an encouragement, the
Bulletin quoted the following:

A HUNDRED YEARS AGo

Extracts from the diary of one of Colby’s assistants, Lieutenant Dawson, describing the work of station
location and preparation during the early stages of the Scottish Triangulation in 1819. Observations are
now proceeding in the same area.

‘Friday, 23rd July: Captain Colby took me and a fresh party of the soldiers on a station hunt, to explore
the country to the westwards and northwards of west. Our first halting place was to be Grantoun, at a
distance of twenty-four miles, and Captain Colby having, according to his usual practice, ascertained the
general direction by means of a pocket compass and a map, the whole party set off, as if on a steeplechase,
running down the mountainside at full speed over Cromdale, a mountain about the same height as Corrie
Habbie (2,200 feet) crossing several beautiful glens, wading the streams which flowed through them, regard-
less of all difficulties which were not absolutely insurmountable on foot. . .. The distance travelled by us
that day was calculated at thirty-nine miles.

Saturday, 24th July: Started at nine o’clock, I was dreadfully stiff and tired from the previous day’s
scramble, and with difficulty reached Pitmain (thirteen miles) to dinner . . . Garviemoor Inn, distant eighteen
miles was to be our next stage, and I really thought it was more than I could accomplish that day, but
Captain Colby said it was not. It was his intention, however, to leave the beaten road immediately, and
crossing a rough boggy tract of country to the northward, to gain the summit of Cairn Derig a mountain
about 3,500 feet high and about ten miles distant, and having built a large pile of stones upon it, to proceed
again across the country to Garviemoor. I kept pace with him throughout the remainder of the day, and
arrived at the Inn at half-past eleven o’clock at night, much more fresh than at the end of our first stage
the day before. . . . The distance travelled that day was forty miles.’
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As the parties completed their revised programmes they congregated at Turriff in Aberdeen-
shire on 21st June to reorganise for further work, and moved off again on 23rd June.
The three observing parties now took up separate tasks as follows:

1. The observation of Figure 4, to extend the main chain into South-West England, and Wales.

2. Observations at a few stations to complete Figure 3.

3. Observations at Liddington Castle (35), which had previously only been intersected, to enable the
Ridgeway Base to be connected to the Retriangulation.

As the parties would now be operating for the most part separately the centralised form of
organisation was abandoned for the time being. The fourth observing party had been disbanded
on the completion of Ben Macdhui (302).

The senior observer therefore took one party to South-West England and commenced observing
there at the beginning of July, working west from the western edge of the main chain.

The other two observers concentrated on the completion of Figure 3, one working around
the base extension at Lossiemouth (350, 351, etc.), and the other occupying stations on the sides
of the chain that had so far not been visited by an observer. This latter party made excellent pro-
gress and at the start completed three stations in three nights. But for the desirability of obtaining
extra observations at the Lossiemouth Base terminals (350 and 351) and at Bin of Cullen (349)
this record would probably have been equalled by the party there. As in the 1910 base extension(®
observations, however, the possibility of abnormal refraction along the base and along certain
rays out of the Bin of Cullen (349) had called for more protracted observations. Two rays out of
Bin of Cullen (349) passed close to the side of a Jarge memorial cairn, and in addition to screening
and cooling the cairn, it was thought advisable to take balanced observations between day and
night, and on different days. A similar problem was encountered at Findlays Seat (340).

Progress continued to be good and by the middle of July the observations around the Lossie-
mouth Base had been completed and the party from there were moving into South-West Scotland
to occupy some ‘intersected’ stations. Meanwhile the party on the eastern edge of Figure 3 were
still maintaining good progress, after their flying start previously mentioned, and had taken Warden
Law (142), a station in the smoky industrial area south of Newcastle-on-Tyne, in their stride.
However, they now crossed over to the west side of Figure 3, and were brought to an abrupt halt
on the notorious Black Combe (2). No doubt the following, included in the Bulletin at the end of
a week in which no observations were possible, provided some consolation:

‘BLack CoMBE’

(The poem was written in 1813 by Wordsworth, and the ‘Geographic Labourer’ referred to was no
less than Major-General Mudge.)

* * * * *

‘Written with a slate pencil on a stone, on the side of the Mountain of Black Combe:

Stay, bold Adventurer; rest awhile thy limbs
On this commodious Seat! for much remains
Of hard ascent before thou reach the top

Of this huge Eminence—from blackness named,
And, to far-travelled storms of sea and land,

A favourite spot of tournament and war!
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Know . ..

That on the summit whither thou art bound
A Geographic Labourer pitched his tent,
With books supplied and instruments of art,
To measure height and distance; lonely task,
Week after week pursued!

. . . Once, while there he plied his studious work,
Within the canvas Dwelling, colours, lines,

And the whole surface of the outspread map,
Became invisible . . . total gloom

In which he sat alone, with unclosed eyes

Upon the blinded mountain’s silent top!’

* * " * .

‘With the more modern instruments, it is hoped that the period of time indicated in the last line of the
second verse will be somewhat reduced.’

But, once away from this station the party again made good progress and, having also completed
the observations at Liddington Castle (35), gathered at Southampton in preparation for a pro-
gramme in Wales (Figure 4). This was at the end of July, at which time the party in South-West
Scotland were struggling to complete Merrick (301). The third party in South-West England were
forging ahead in better weather.,

The party in Wales made a flying start, yet again, and rapidly completed Stiperstones (64),
moving quickly on to Radnor Forest (71). Thence their movements west across South Wales
brought their lightkeepers in contact with members of the South-West England party and eccentric
lights were once again necessary—this time for rays across the Bristol Channel.

By the middle of August the work in South-West Scotland was completed and this party also
moved into Figure 4—working south from North Wales. A modified form of central organisation
was therefore again necessary as there were now two parties in Wales and one in South-West
England.

Progress continued steadily, without unusual incidents, in both Wales and the West Country
until early October when the primary observing programme for the 1937 season was completed.

2.124 ABNORMAL LATERAL REFRACTION

It was necessary for the observer in South Wales to re-occupy Radnor Forest (71) (through
no fault of his own) as there were one or two very large misclosures around that station which
pointed to weakness in the Radnor Forest (71)-Gwynydd Bach (72) ray. As there was no abnormal
range in the observations it was thought that the trouble was due to abnormal lateral refraction.
The re-observations confirmed this theory and an analysis showed that this lateral refraction
varied on different nights. (Similar trouble had been experienced on the rays Wingreen (17) to
Bradley Knoll (14) in England, and Findlays Seat (340) to Corryhabbie (342) in Scotland.)
Finally, it was decided to omit the direction from the adjustment of Figure 4.

2.125 ABNORMAL VERTICAL REFRACTION

Another mention of abnormal refraction occurs in the Bulletin during the latter part of the
1937 season, when observations were being taken across the Bristol Channel. Both observers
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had been instructed to intersect Rat Island Lighthouse (Int. 3) on Lundy Island whenever possible,
and the observer in the West Country endeavoured to do so from Trevose Head (173) in Cornwall
—a ray about 50 miles long. In the event, it proved impossible. Information from the local coast-
guards pointed to the fact that the light was visible only on rare occasions, possibly three or four
times a year. It was computed that for the light of the lighthouse to be visible from Trevose Head
(173), it would have to be at an altitude of 350 feet, or more than 160 feet higher than it actually is.
Therefore on the rare occasions that it has been seen, the coefficient of refraction which is normally
accepted in Great Britain as 0-08 would have to be approximately 0-17. Such conditions may
be similar to those which obtain in a desert mirage.

During the season 91 primary stations were occupied as observing stations, and observations
were made on 642 directions, made up as follows:

Stations Directions
Figure 3 (Scotland) 47 a2
Figure 4 (Wales & South-West England) 44 307

(These figures do not include the occupation of substitute stations. See § 2.042)

The year’s output accordingly showed an increase of 509% on 1936. The weather generally
was better, although not outstandingly good, but stations in the 1937 programme were usually
more inaccessible.

2.13 Primary Observations, 1938

2.130 STEEL TOWERS

The main feature of the 1938 season’s work in Figure 5, which covered the Eastern Counties
of England, was the need to erect steel towers at no fewer than 34 of the primary stations (see
§ 2.07) in order to secure the requisite sights. An attempt was also made to complete the secondary
work around these tower stations while the primary towers were in position, and this usually
required the erection of further towers on secondary stations before getting down to ground level.
Nine Bilby steel towers were available in 1938. This was an insufficient number for comfortable
working of the East Anglian programme, including the considerable volume of secondary work,
but since it was unlikely that a greater number could be utilised on later secondary work, it was
not considered economical to purchase more. The situation was eased to some extent by the
generous assistance of the Geodetic Survey of Denmark who kindly loaned two more towers of
similar design.

2.131 ORGANISATION

The type of organisation required for the observation of Figure 5 was greatly influenced by
the number of steel towers available and by the likely variation in the progress due to delays at
tower stations.

Two independent observing parties were formed, each comprising:

One main observing section: the senior observer and nine lightkeepers
One subsidiary observing section: the assistant observer and six lightkeepers
One tower erection section: six erectors, one lorry driver and one pillar constructor.

The senior observer controlled the whole party, but the sections operated separately.
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The detailed planning of the programme was for the first time delegated to the senior observer
in the field and only very general instructions were issued from headquarters, in just sufficient detail
to settle the moves of the towers and to ensure co-ordination between the two parties. Each senior
observer settled his own programme on a day to day basis depending on the weather, although
a proportion of his lightkeepers were usually ready in position for the primary lines. The second
observer in each party was employed on ‘mopping-up’ primary rays, or on secondary work, whilst
his senior did either primary or secondary work, depending on the visibility. If the weather was
comparatively calm, the senior occupied a steel tower; in windy and particularly in gusty weather,
he concentrated on observations into steel towers. Such a very flexible organisation required good
road communications, which of course existed in the East Anglian area, and highly trained per-
sonnel. Its adoption enabled normal progress to be achieved on the primary observations despite
the extensive use of steel towers, and in addition large areas of secondary work were completed.

The equinoctial gales normally experienced in September were likely to interfere seriously
with observations taken late in the season, and therefore every effort was to be made to complete
tower stations by the end of August. For that reason all parties were to be moved on as soon as
observations were completed at steel towers, including those to and from adjacent ground stations.
It was hoped that this would enable that part of the network containing steel towers to be pushed
ahead, even though it entailed filling in certain lines between ground stations at a later date.

2.132 PROGRESS

By the middle of April 1938, sufficient steel towers had been erected for a start to be made on
observations, and the two parties started work in the south of the East Anglian figure: one party
to the east of the Chipping Barnet Church Tower (185)-Leith Hill Tower (50) ray, and the other
to the west. Although visibility was good on the whole, the observers were considerably delayed
at the start by strong winds: however they now had a useful reserve of work in the secondary
observations, and it was frequently possible to observe from other stations into the primary steel
tower, even during windy weather.

Progress suffered a temporary setback in May, with a reversion to wintry weather, with rain,
sleet, snow and high winds, but this in turn gave way to a good spell and before long the observers
were pressing hard on the heels of their steel-tower teams, who were now achieving record erec-
tion (and dismantling) times which have never since been equalled in Great Britain. To quote an
example, one of many, the steel tower at Walpole St. Peters (427) in Norfolk was unloaded,
erected, and occupied by a lightkeeper, in 7} hours, the ‘footings’ having been prepared in
advance, of course.

By the middle of July, such good progress had been made that a number of men were released
for base-measurement duties at Lossiemouth in Scotland, and at the end of the month there was
little primary work left to do. By the 31st August the last primary observations had been taken
and the secondary triangulation around the steel towers was also largely completed.

All observations were completed by the 17th September 1938, and consisted of:

Primary stations occupied (including 35 steel-tower stations) 87
Primary directions observed on 16 zeros 634
Secondary stations occupied (including 47 steel-tower stations, and

the re-occupation of certain primary stations for secondary work) 302
Secondary directions observed on eight zeros 2,199

The main Primary Retriangulation of England and Wales was completed.
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2.14 Primary Observations, 1939

In 1939, the main triangulation effort was switched to secondary work, and there was no full-
scale primary observation programme in the months immediately preceding the outbreak of war.
A small extension was observed on the east of the main chain in England to provide control for
minor triangulation which was required for an experiment in and around the city of Kingston-
upon-Hull.

The figure observed consisted of a centre-point quadrilateral based on the main chain stations
Cave Wold (131) and Acre (132) and extending east to the Spurn Point-Withernsea area to two
steel-tower stations, Tunstall (451) and Dimlington (452). Stone Creek (450), at the centre of the
figure, was another steel-tower station.

The whole figure was considered as a block of secondary triangulation, and the secondary and
tertiary observations were taken concurrently with the primary. Owing to very bad weather in
April and May the task was a protracted one. The following work was done in 1939:

Stations occupied (E. Yorks) including four steel-tower stations S
Directions observed on 16 zeros 23

2.15 Primary Observations, 1949

No primary observations were taken from 1940 to 1945 because of the Second World War.
In the immediate post-war period until 1949 all resources of the Triangulation Branch were con-
centrated on the secondary and tertiary triangulation which was urgently required to control
large-scale surveys of the main industrial areas of Great Britain. By 1949, the immediate require-
ment for lower order triangulation had been satisfied and work on the primary recommenced
with the extension of the main chain to the Shetland Islands. Starting in the south at Hill of Stake
(319), Sliabh Gaoil (303) and Beinn Bheula (330), the chain varied slightly in width until it left
the mainland. Over the Orkney and Shetland Islands the chain narrowed to a single triangle
following almost exactly the same pattern as the Principal Triangulation.

2.150 PREPARATION AND PROGRAMME

As it was now over 10 years since any primary observations had been taken in Great Britain,
an intensive programme of training was carried through in the winter of 1948/49. A detailed plan
was produced for the forthcoming field season. As the stations to be occupied were generally on
mountains or islands that were difficult of access, it was essential to allow sufficient time for long
moves between stations, especially for the sea-journeys in the extreme north.

Two independent observing parties were planned, each with two observers. As the chain was
narrow the observing parties were to keep well apart, each taking roughly half the chain and work-
ing northwards. The dividing line was Ben Hutig (378)-Bad Mor (376)-Hill of Yarrows (391) (i.e.
just south of the Caithness Base).

2.151 ORGANISATION

_Strong sections would be required, as the South party had to occupy a large number of difficult
Stations in the remote parts of Inverness, Ross and Cromarty, and Sutherland, and the North
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party would frequently have sections inoperative whilst in transit between island stations. A total
strength of 44 men, 22 to each party was therefore allocated, and this proved to be the bare mini-
mum in the case of the South party—their observing section in particular being very hard pressed
on more than one occasion. To alleviate the physical burden on the observers, the two observers
either occupied alternate stations or else ‘double-banked’ each other on the more difficult moun-
tains, each observing on alternate nights. A similar procedure was followed for lightkeeping
sections by allocating two sections to the more difficult stations. It is interesting to note that all
four of the 1949 observers had been primary lightkeepers in the pre-war seasons.

The 22 men in each party were divided up as follows:
one observer
one booker
Nine lightkeeping sections: each two surveyors

Two observing sections: each l

The observing sections also operated the mobile charging plant. Each section had its own
vehicle, which was now official and generally consisted of an ex-War Department 15 cwt. van.
The North party also had a proportion of 10 cwt. vans, since nothing larger could be transported
to some of the smaller islands; indeed at times such transport was hazardous even for the 10 cwts.!

Another major difference was that all personnel were now civilians, with the exception of the
Officer in charge of Triangulation.

2.152 PROGRESS

Observations started eventually on the 11th May—the senior observer in the South party
falling waist-deep into a bog, which by now was apparently becoming traditional for senior obser-
vers on their first night ‘up’. The same evening in the North the observing party had barely reached
the top of the hill when a fog-bank rolled in off the North Sea—another experience which was to
prove typical.

However, weather on the whole was good at the start, and both parties began by completing
two stations in the first week.

By the 21st May the two observers in the South party had reached Ben Nevis (323) and, with-
out realising it, were embarking on a long vigil. Conditions were extremely uncomfortable: for
the first week the cloud did not lift at all and the temperature averaged 26°F. Snow was 5 to 6 feet
deep on the summit and the snow line, after fresh falls, was down to the 3,500 feet level. For the
first few days both observers enthusiastically went up each night and took turns to observe, as the
high winds at such low temperatures made it difficult to observe more than a few zeros without a
break to get the circulation going again. Eventually, the physical strain of operating for 13 hours
out of every 24—climbing and descending for 5 hours and standing-by to observe for 8—proved
too much and the observers spent alternate nights on the summit. During the second week, ob-
serving was occasionally possible as the cloud broke at rare intervals: the temperature also rose
to 34°F at times, but quickly fell below freezing again with very strong winds and snow-showers.
The section on duty spent most of their time huddled in a minute tent around a small primus stove.
It was not until near the end of their stay that the party discovered that the tent was, in reality,
pitched on an overhanging cornice of snow with nothing solid beneath! Eventually, observations
were completed on the evening of the 11th June after 22 nights.

In the meanwhile, the North party, being blessed not only with much lower hills but also with
better weather, were now at the seventh stage of their programme; one observer being in the
Orkneys at Ward Hill (466)—a mere 1,400 feet—while the other observer was already off on the
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long move to Fair Isle (458), via Lerwick in Shetland. Their luck with the weather continued to
hold and progress was rapid, despite delays in the moves between the islands when it was necessary
on each occasion to wait for the mail steamer. Small boats were available but their owners were
reluctant to make inter-island trips owing to the strong cross-currents and the tide-races, which
were often a dramatic sight.

By the 18th June one observer was on Westray Island and observing from Fitty Hill (460).
The ray to Foula (461) which at a distance of 67 miles was the longest ray to date in the Retriangu-
lation, was completed without much loss of time and by the 24th the section was back in Kirkwall
waiting for the next boat to Shetland. Two days later on the evening of the 26th June the second
observer was waiting to observe at Fair Isle (458), with his instrument set up on the pillar.

The usual cloud lay on the summit, and after a while the observer walked down the hill to
see what the visibility was like beneath the cloud. As he came out of the mist he found that he
was in the middle of a colony of nesting skuas, the pirates of northern waters. According to their
usual habit when disturbed, the birds flew away a short distance and then approached at high
speed, over covering hummocks of peat, and tried to graze the top of his head with their feet.
As can be imagined this is an alarming experience as the arctic skua is a powerful bird (with a
3-foot wing span), and the observer beat the air wildly with his arms—so much so that he dis-
located his right shoulder joint. Emergency arrangements were made to replace him but the injured
observer managed to continue with one hand and his booker’s assistance, and after a while they
put the shoulder back by their united efforts, aided by the centre-pole of their tent!

The pace for the North party now quickened considerably and thanks to good weather, amen-
able boat-owners, and some hectic moves by land and sea, Fair Isle (458), Foula (461) and Brassa
(456) were all completed about 10 days after the skua incident.

Ben Alder (335) was meanwhile engaging all the efforts of the South party. Although consider-
ably lower than Ben Nevis (323), their previous station, difficulty of access was the major factor.
The only alternative to a 3}-mile walk over hummocky peat from the de-bussing point to the camp
site at the foot of the mountain was a slightly shorter passage by rowing up the loch. However,
despite these difficulties, the section made good progress and seven days later the observer tele-
graphed to Headquarters: ‘Ben Alder completed—rowing heavy kit to dam side.” This early finish
was largely due to a commendable effort by two lightkeepers at Carn an Fhreiceadain (331) whose
batteries suddenly failed them on the morning of the 17th June at 0115 hours: they raced down the
mountain and back up again relighting with fresh batteries at 0235 hours: this enabled the observer
to complete observations at the station, Ben Alder (335), including the ray to the notorious Ben
Macdhui (302) (which was temporarily out of cloud).

But the South party’s troubles were by no means at an end and Ben Wyvis (379), Anteallach
(389), Carn Eige (386) and Conival (384) had yet to be tackled. Thanks to the most strenuous and
unremitting efforts by the whole party, however, excellent progress was made, a spell of fine
weather making life easier. By the 11th July the South party reported that they had cracked their
last ‘hard nut’. Simultaneously the weather broke.

The final stages were on the lower hills in Caithness and these were completed by 17th July.

The same fine weather spell had also accelerated progress in the Shetlands and the two observers
there moved rapidly north, taking alternate stations, and the last two—Saxavord (463) and Balta
(455)—Dbeing observed on the same night. By the 24th July all primary observations for the 1949
season were completed.

Thirty-five primary stations had been occupied, and 194 directions observed on 16 zeros.
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2.153 RESULTS

When the observations were processed and analysed it was found that the average misclosure
(regardless of sign) of the triangles north of a line Foula—-Brassa (461-456), in Shetland, was 2°84.
As mentioned above this area had been observed at speed, generally with the 16 zeros on each
direction being observed in one night; all observations concerned were completed in the one fine
spell of weather. All rays crossed stretches of sea for much of their length. It was therefore con-
sidered that lateral refraction was possibly the cause of these misclosures and a decision was made
to re-observe the triangles concerned in the Shetlands during 1950, spreading the observations on
each direction over at least two nights. '

2.16 Primary Observations, 1950

2.160 ORGANISATION

It was decided that July would be the best month to attempt the re-observations. Owing to the
commitments of the secondary and tertiary programme, only a skeleton primary party could be
‘spared to undertake this work and the total strength was ten men comprising:

1 Observer
1 Assistant Observer
8 Lightkeepers

All the above operated separately as one-man parties, the lightkeepers booking in turn when
the observers reached their stations. The senior observer had been in charge of the North party in
1949.

Official transport was kept to a minimum as the majority of moves could be made almost
entirely by water.

2.161 PROGRESS

The party arrived at Lerwick on the 4th July and weather was good at the start, the senior
observer occupying Brassa (456), and the second observer, Foula (461). Brassa (456), the lower
station, was completed very quickly and by the 8th the senior observer was climbing Ronas Hill
(462) (for the first of many times) in heavy rain and low cloud. In the following week the wind
gradually increased to gale force at sea level and the hill remained in cloud. At Foula (461) the
position was the same and the two observers resigned themselves to waiting, hoping, and getting
wet.

Another week passed by and the weather became even worse, the whole of the Fair Isle and
Shetland area now being in the grip of a deep depression. Eventually, the requisite two nights’
observations were completed from both Foula (461) and Ronas Hill (462) during the evening of
the 28th July, after continuous occupation of 22 and 21 nights, respectively.

Progress now speeded up again and both Yell (467) and Fetlar (459) were completed in the
following week. It seemed that the programme was virtually completed, but the weather was
gradually breaking up again and although Saxavord (463) was completed fairly quickly, Balta
(455), the last station and an uninhabited island, proved more difficult and could not be occupied
for several days due to gales and high seas.

Eventually, however, Balta (455) was completed, and all that remained was a last visit to
Saxavord (463) for one outstanding direction—to Ronas Hill (462).
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The party arrived back in Aberdeen on the 20th August, having taken about 50 days overall
to observe the 30 directions at seven primary stations. As a result of the re-observations in 1950
the triangle closures in Shetland were now entirely satisfactory, having been reduced from an
average of 28 in 1949 to 0?7 in 1950. The mean observed directions differed by less than 170
except at Yell (467), where the average difference (ignoring sign) was 2“1. From an examination
of the 1949 triangle misclosures it was apparent that the trouble lay in the ray Yell-Ronas Hill
(467-462). This direction had been altered by 3*7 in the 1950 re-observations. The reason for this
change was not immediately apparent; the station was observed on both occasions by the same
observer whose work was of a high standard. One suggested cause was that in 1949 the observa-
tions to all but one station had been completed in one evening and that abnormal lateral refraction
may have occurred. The ray passed over the sea for one third of its length of 12 miles, although
the clearance was about 1,000 feet. There was also the possibility that trouble may have been
caused under these conditions by the slight graze near the pillar at Yell (467).

2.17 Primary Observations, 1951
2.170 GENERAL

The winter of 1950/51 was again one of intensive training, planning, and preparation for the
following season, when the largest primary observing operation of all was to be mounted. It was
intended that the whole of the remaining primary network in the west and north of Great Britain
should be completed. Primary observations were to be commenced on the North Wales, Westmor-
land and Cumberland coasts, and were to be extended across the Irish Sea to the Isle of Man and
thence to South-West Scotland. The net to be observed then extended north and west, starting
in the east from the western edge of the main chain stations occupied in 1949, and covering the
western Highlands and the Inner and Outer Hebrides, the total area of land and sea to be covered
being approximately 3,500 square miles.

2.171 ORGANISATION AND PROGRAMMES

Planning was greatly facilitated by the fact that the senior observer had carried out a recon-
naissance of every station during the preceding season, and three of the four observers had taken
part in the 1949 programme.

The general plan adopted was similar to that employed in previous years. Broadly speaking,
there were to be two main observing parties each containing two observers. Lightkeeping sections
consisted of two men and one vehicle, but they and the observing sections were frequently com-
bined into stronger units where this seemed advisable. Owing to the complexity of the net, one
main programme was compiled in the utmost detail and every move was studied and accurately
timed, in advance.

As the majority of the rays passed over water it was decided that observations on each direction
would be spread over three nights.

2.172 STRENGTH
The total strength of the party was 46 men, divided up as follows:

4 observing sections each consisting of 1 Observer, 1 Assistant Observer and 1 Booker with two vehicles,
one of which could be used as a mobile charging plant
17 Lightkeeping sections—each of two men with one vehicle
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2.173 PROGRESS

Observing began on the evening of the 26th April with the observers at Holyhead (117),
Llaneilian (116), South Barrule (469) and Snaefell (468), weather conditions being poor. Cloud
was frequently down on the Isle of Man stations and visibility was generally bad owing to drifting
cloud and fog-banks in the Irish Sea. Temperatures were low for the time of the year and observing
was frequently interrupted by rain and sleet storms. However, good progress was made, the
observer at Holyhead (117) finishing in the minimum of three nights. The Isle of Man stations were
next to be finished, but it was the 12th May before Llaneilian (116) was completed, the direction
to the notorious Black Combe (2) causing most of the delay.

As the parties moved northwards into Scotland, the weather suddenly broke, and gales and
rain, which were to become so much a part of life for all parties, set in. On the night following his
arrival at Merrick (301), the observer saw his tent blown to shreds and the party was forced to seek
refuge in a nearby barn.

By the beginning of June the bad weather was seriously delaying progress and it was decided
that only two nights’ observations would be taken on each direction for the remainder of the pro-
gramme. Parties were now beginning to occupy stations in the Inner Hebrides and the Western
Highlands. Of the first island stations, Ailsa Craig (479) and Goat Fell (309) were cleared fairly
quickly, but the observer on Jura (392) spent the first six nights in cloud with only very rare breaks.
On the seventh night the cloud lifted from the top and all lights were visible, but the heavy dew
not only continuously coated all external instrument lenses (a fairly common occurrence on Scot-
tish mountains) but eventually found its way inside the horizontal micrometer system, obscuring
the prisms. Determined not to be beaten the observer set to, with the aid of a pocket torch held
by his booker, and stripped this part of the instrument, cleaned out the condensation, and com-
pleted observations in the early hours of the morning. To round off a good night’s work he then
descended the mountain, struck camp, engaged a ferry for the short trip across the water to Port
Askaig, and just managed to catch the mail-boat for the mainland at 8.50 a.m.

‘Munros’ (Scottish peaks of over 3,000 feet) were now becoming the order of the day and the
first lightkeepers on Sgurr na Ciche (371) (one of the stiffest of them all) reported that the pillar
had been severely damaged by lightning. Fortunately it could still be used for the emplacement of
a beacon lamp whilst emergency repairs were being made.

A general improvement in the weather now enabled some island stations and also Ben Cruachan
(314) to be cleared reasonably quickly, although one observer was being delayed on Heaval (475)
in Barra—a cloud-former, in spite of its low altitude. The senior observer therefore decided to
leave Tiree where he had just completed Ben Hynish (368), and push on alone to Askival (374) on
the Isle of Rhum. On arrival at the island he set up camp and left for the top at about 9 p.m. with
only one assistant and a considerable load of equipment. To quote from his weekly report:

‘... It was decided to take the advice of the Factor, and try the approach from the south. Something
must have gone wrong with our navigation, or else this “easy way'’ that the locals talk about is non-existent.
After scaling precipitous cliffs and rock faces we arrived at the pillar at three-quarters of an hour after
midnight, slightly scared and very tired. A grand sight greeted us on arrival: in the cool quiet night there
were eight bright lights shining at us, and sundry lighthouses. . . .

It was some 10 days, however, before he was able to complete the station.
At this time two observers were ‘double-banking’ at Meall nan Con (393), a comparatively
easy station. Nevertheless, progress was slow as the weather was persistently wet. The senior of the
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two therefore decided to move on alone to the next station, Ben Nevis (323), to be in readiness for
the next break in the weather. This proved to be a wise move, for three days later the weather
cleared and not only was Meall nan Con (393) completed but a substantial number of observations
were taken at Ben Nevis (323). On the same evening (Friday, 13th July), Askival (374) was com-
pleted and good progress was made on Sgurr na Ciche (371). Both Ben Nevis (323) and Sgurr
na Ciche (371) were finished shortly after this, and two observers made long moves—one to
Marrival (477) in North Uist, and the other to Clisham (472), in the Isle of Lewis, one of the highest
hills in the Outer Hebrides. Meanwhile, the other two observers occupied stations in Skye.
Advantage was taken of this lull in the programme to interchange some lightkeeping sections
from difficult to easy stations, and vice versa. In the course of these moves the section at Askival
(374) interchanged with the party at Meall nan Con (393). On their arrival at the easier mainland
station, they checked their stores and found that one essential item—a shovel—was missing. They
therefore sent a telegram to their reliefs at Askival (374), ‘HAVE YOU GOT OUR SHOVEL’. It speaks
volumes for the ebullient spirits of the lightkeepers that despite the appalling weather and the
difficult stations they were on, the following telegram (privately paid for, of course) came back at

once:

‘NO STOP HAVE NOT GOT YOUR SHOVEL BUT HAVE PICTURE OF GENERAL GORDON
READING TIMES OUTSIDE HIS TENT AT KHARTOUM’

Almost incessant rain and cloud on the hills now made life increasingly difficult. In particular
Clisham (472) was continuously in cloud for days on end. The station was completed after two
weeks occupation, having been clear for only two hours during that time.

Because the programme was now running so far behind schedule it was found impossible to
occupy Plat Reidh as this station was in the middle of a carefully preserved deer forest and the
stalking season had begun. In the event it was possible to by-pass the station without weakening
the net.

By the beginning of September the parties were on the final stations of their original programme,
but it had been found that some triangle misclosures were excessively large, and a programme of
re-observations had to be started at once, calling for the re-occupation of five primary stations.
Three were difficult mountains—Carn Eige (386), Sgurr na Ciche (371) and Ben More (Mull)
(377)—and two were easy—Ben Hynish (Tiree) (368) and Beinn Tart a’ Mhill (Islay) (383). It was
also necessary to take additional observations in the Caithness Base Area to co-ordinate a new
station Hillhead Farm (478) which had been sited halfway along the base.

Half the personnel were sent to the Mull area and the remainder were occupied with the re-
observations in the Central Highlands. Owing to the steadily deteriorating weather and heavy falls
of snow on the higher hills it was impossible to complete these re-observations in 1951.

Observations in Caithness were finished by the middle of November and the last sections
returned to headquarters on the 24th November, after seven months of the worst primary observing
Weather experienced in the Retriangulation.

Fifty-two primary stations had been occupied and 306 directions observed on 16 zeros.

Also in 1951, the primary Retriangulation in South-East England (Figure 5) was strengthened
in preparation for the cross-channel connection to France. This involved the establishment of a
new station, Frittenfield (480). At the same time extra observations were taken to obtain a better
co-ordination of Paddlesworth (190).
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2.18 Other Primary Observations

In only three weeks (April-May) of 1952 the primary re-observations left over from the 1951
season were completed, in very good weather conditions. Thus the observation of the main Primary
Retriangulation was completed in seven field seasons. Subsequently individual additional stations
were connected as follows:

1953 Herstmonceux (481)

1954 Greenwich In connection with the astronomical programme (see Chapter 5).
Observatory (482)

1955 North Tolsta (484)  Used as a terminal in the Shoran connection to Iceland (see Chapter 3).

1957 St Kilda (486) This was required by the Director of Military Survey on behalf of the Air Ministry
in connection with the establishment of a guided weapons firing range.

COMPUTATIONS
2.19 Notation

The symbols used are listed below. Specific values of some quantities are indicated in the text
by suffixes, e.g. g2 = latitude of point 2, C; = convergence at point 1, etc. Where double suffixes
with an intervening stop are used, they indicate either a quantity measured in the direction first
suffix to second suffix, e.g. 41.2 = azimuth from point 1 to point 2; or a quantity measured be-
tween the suffixes, e.g. S1.2 = spheroidal distance between point 1 and point 2. Other indicators
are defined when first introduced.

= Major semi-axis = 20 923 713 feet of Bar O,
= Minor semi-axis = 20 853 810 feet of Bar O;
eccentricity.

e2 = (a2—b%/a% = 0-006 670 540 000 . . .

n = (a—b)/(a+b) = 0-001 673 220 310... (See §2.229).
@ = Latitude, north (+), south (—).

A = Longitude from Greenwich, east (+) or west (—).
E = National Grid Eastings
N = National Grid Northings
y = E—400,000.

v = Radius of curvature in the prime vertical = a/(1 — e? sin2p)1/2,

p = Radius of curvature in the meridian = a(1 —e2)/(1 — €2 sin2p)3/2,
% = (: - I) = e2 cosp/(1 — e?).
= Transverse Mercator scale factor on the central meridian of the projection.

Transverse Mercator scale factor at a point, also called local scale factor.

Spheroidal distance between two points.

Plane National Grid distance between two points.

= Azimuth, measured 0°-360° clockwise from true north.

= Plane National Grid bearing measured 0°-360° clockwise from National Grid north.

} Airy’s spheroid.

LT~ i =1

Il

} metres.

I

I
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t = The direction of a straight line joining two points on the transverse Mercator projection.
The direction on the transverse Mercator projection of the geodesic between two points.
= Meridian convergence; it is used here more specifically to denote the angle at a point
between true north and National Grid north.
Spherical excess of a triangle.

B
I

Il

2.20 The Spheroid and Unit of Length

Full details of the spheroid of reference and unit of length used in the calculation of the Re-
triangulation have been given by E. H. Thompson®. The following description is based largely
on Thompson’s account.

The Figure of the Earth used by the Ordnance Survey for its work in Great Britain is that
given by Sir George Airy in an article on the Figure of the Earth in the “Encyclopaedia of Astro-
nomy’. The latter forms part of the Encyclopaedia Metropolitana which was published in 1848.
It is universally known as Airy’s Figure of the Earth. The defining elements are the major and
minor semi-axes:

20 923 713 feet
20 853 810 feet

a

b

I

The old Principal Triangulation was calculated on this figure using ‘feet’ defined by the Ord-
nance Survey standard 10 feet bar O;. Doubts exist as to the permanence of the ‘foot’, which is
defined as one-third of the Imperial Standard Yard. For example, in a Board of Trade report of
193009 jt is stated on page 9 that:

‘The new Copy No. VI (of the Imperial Standard Yard), made for the Board of Trade in pursuance of
Section 5 of the Weights and Measures Act, 1878, has shown a progressive and regular shortening, relative
to the older bars, amounting in all to two ten-thousandths of an inch. Since this bar was made as nearly
as possible identical in material and construction with the original series, it appears not improbable that
the earlier bars also, in the first years of their existence, all shortened by a similar amount, in which case
the Imperial Standard Yard would now (1922) be about two ten-thousandths of an inch (1/180,000) shorter
than when originally legalised.’

and on page 11:

‘Although the results of the 1922-23 comparisons have established the values of both the Yard and the
Pound on a firmer basis than for some decades past, it has become very apparent that neither series of
standards is of a quality corresponding to that of more modern primary standards, or to the possibilities
and requirements of present day scientific and industrial development.’

For this reason among others the planimetric results of all surveys in Great Britain based on
the Retriangulation are expressed as rectangular co-ordinates in metres, International Metres being
understood; and the geodetic calculations require that the elements of Airy’s Figure should first

::e converted from feet to metres. For this purpose the following logarithm is added to log @ and
ogh:

Log (conversion ratio) = 1-484 016 03
from which the following natural value may be derived:
Natural value of the ratio = 0-304 800749 1. . .
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Note that the defining figure is the logarithm to just eight significant figures, no more and no
less. (See below.) Since the selection of the above, possibly unfamiliar, ratio may cause comment,
an explanation of the choice is perhaps of some interest.

It is clear from Airy’s article (‘Encyclopaedia of Astronomy’, p. 217) that the feet of his @ and b
are those of Sir George Shuckburgh’s Five-Foot brass standard made by Edward Troughton in
1796. To arrive at the elements of the meridian ellipse, Airy examined and combined 14 arcs of
meridian and four arcs of parallel of which the foreign arcs based on a metric standard were
reduced to feet by assuming that one metre was the equivalent of 3-280 899 (Shuckburgh) feet.
This ratio was obtained by Captain Henry Kater() by a comparison between the Shuckburgh
standard and two platinum copies of the metre whose lengths had been accurately determined by
Arago. The logarithm of the reciprocal of Kater’s ratio is 1-484 007 14. It would at first sight
seem logical, since Airy’s synthesis included arcs based on a metric standard, to express his final
result in metres by the employment of the ratio used in his own work. Kater’s ratio referred to the
original prototype metre, the Métre des Archives, but there was no significant difference between
this standard and the International Prototype Metre when the latter was adopted in 1889.

Unfortunately this straightforward procedure would not have been entirely satisfactory since
the scale of the Retriangulation was obtained by fitting it as closely as possible to the old Principal
Triangulation at 11 stations. (See § 2.27 below.) The elements of the new work are, therefore,
effectively the same as those of the old which was computed on Airy’s figure on the assumption
that the @ and b were feet of the Ordnance Survey 10-foot bar known as Oy, and in terms of which
the lengths of sides of the old Principal Triangulation are also expressed. The bar O; was con-
structed for the Ordnance Survey in 1826/27 by Messrs. Troughton and Simms. It is still in exist-
ence, together with the intermediate bar OI;, in the museum at Chessington. It follows that the
conversion ratio to International Metres, for both old and Retriangulations, should be the
Oy/International Metre ratio; and that this same ratio must, therefore, be applied to Airy’s a and b.

There is no direct comparison between O; and the International Metre, but it is possible to
establish a connection through the Ordnance Survey 10-foot intermediate bar OlI;. The length of the
latter was determined at the Bureau International des Poids et Mesures at Breteuil in 1906 by
M. J.-R. Benoit and Major W. J. Johnston, R.E. The result obtained? was

3:047 895 34 International Metres at 13°C (=55°-4F).
The effect of temperature on this bar may be expressed,
Length at °F = Length at 50°F +20-8229 (¢ —50°) +0-02135 (¢ — 50°)2

in units of 10-¢ yards(2 (the kind of yard is not significant). Note that the reference gives the unit
incorrectly as 106 feet.
The bar O; defined 10 feet at 62°F and the correction to OlI; to give its length in metres at 62°F is

+0-000 127 90 International Metres.

(Again, the particular foot/metre ratio used to convert yards in the expansion formula to metres
is not important for a difference in temperature of 6-6°F.)
At 62°F the difference in length between OI; and O is(®

OI; —0O; = +0-000 015 68 International Metres.

Hence the length of O; at 62°F is
3-048 007 56 International Metres.
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From which one foot of O; at 62°F is
0-304 800 756 International Metres,

the logarithm being 1-484 016 037. It will be noted that the logarithm of this ratio to eight figures
should have had 4 as the last digit, and not 3 as quoted above. It is supposed that this error took
place in rounding off. The definitive 8-figure logarithm ending in a 3 and its appropriate anti-
logarithm were used in all calculations of the Retriangulation, and should be used in any future
calculations.

2.21 The Projection and the National Grid

Rectangular metric co-ordinates for the new work were calculated on a transverse Mercator
projection with a modified scale. On the central meridian of the projection the scale factor, Fo,
is defined exactly by the common logarithm:

Log Fo = 1999 826 80
or approximately:
Fo = 0:999 601 271 . ..

The two lines, or ‘sub-meridians’, on which the scale factor is unity are approximately 180 km
either side of, and almost parallel with, the central meridian.

This scale modification ensures that over most of Great Britain the scale error of the projection
does not exceed + 1/2500. Exceptions are the Scilly Isles, where the scale error is about + 1/1280,
and parts of the Western Isles of Scotland, notably the Outer Hebrides, where the scale error in
the extreme west is about + 1/980.

The origin of the transverse Mercator rectangular co-ordinates is:

@o = 49° North (+)
Ao = 2° West (-)

To convert transverse Mercator rectangular co-ordinates to National Grid co-ordinates, the former
are referred to a false origin by applying:

+ 400,000 metres to the transverse Mercator eastings,
— 100,000 metres to the transverse Mercator northings.

The false origin of the National Grid thus lies 400,000 metres west and 100,000 metres north of the
origin of the projection.

All points are defined by their National Grid co-ordinates, and not by their geographical
co-ordinates. The latter are derived from the former.

2.22 Transverse Mercator Formulae

The formulae which are used for calculations on the projection are given in §§ 2.220 to 2.229
below. Full details of the derivation of the formulae are given by Jordan@4 and Hristow 15,

For convenience all the separate terms in the formulae were tabulated with latitude as argu-
ment, and were published in 1950 by Her Majesty’s Stationery Office(16),
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Then

¢ = ¢’ —Q*VII)+ Q4(VIII) — O%IX)
sec @108

vsinl”

g b by P )1013
63 sin1” ¥

sec
XII = ——— (5428 tan%p+24 tanie)10%
12005 sin 1"

sec
XIIA = —————(61 +662 tan’p+ 1320 tanip+ 720 tanSe)1042
5040»7 sin 1"

The term Q7(XIIA) is given in Graph B in the Projection Tables(16),
Then
A = Ao+ Q(X) — Q3(XI) + Q5%(XII) — O(XIIA) (See Graph B).

2.222 CONVERGENCE (C) FROM ¢ AND A

XIII = singl04

sin ¢ cos2p sin21”

XIV = : (14 372+ 2941012
sin g cosdep sindl”
XV = S (2—tantg) 10
P as previously defined. All tabular quantities are for ¢.

Then
C" = P(XIII) + P}XIV) + P5(XV)

2.223 CONVERGENCE (C) FROM E AND N

tang
vsinl”

XVI = 108

tan
XVII = ————(1 +tan%p —y2 —258) 1018
33sinl”

tan
XVIII = (245 tanp +3 tan'g)10%
1505 sin 1"
O as previously defined. All tabular quantities are for ¢’.

Then
C" = Q(XVI) - Q3(XVII) + Q%X VIII)






N.B. M in §2.220 is obtained by putting ¢; in this formula equal to o = 49°.
The derivation of this formula has been given by Clarke®?,

2.23 Processing the Observations

‘Processing’ is a term which is used by the Ordnance Survey for the method of treating the
observations at a station so as to get the most probable values for the mean directions according
to the theory of least squares. The method was described originally by Clarke®, but as this refer-
ence is out of print the derivation of the method is given here.

In the primary Retriangulation the observations at each station were processed, and each
processed mean direction was given unit weight in the subsequent calculations.

Let:

Or.s = Mean of Face Left and Face Right pointings to station s on zero r. Pointings to the
Referring Object (R.0.) are denoted by station suffix 0.
P1, P2 . .. pn = Number of mean pointings in the 1, 2, . . . n zeros respectively.
(Including R.O.)
go, 91,92 . . . 4, = Number of mean pointings to the 0, 1, 2, . . . m stations respectively.
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Orm—Bm—x1 = U1.m

Oé.m —Bp—x2 = va.m

Ovi.m —Bm—Xn = Un.m
where v = residual differences between observed and corrected directions.

The condition required by the theory of least squares is that Xv? should be a minimum. Taking
partial derivatives of Zv? with respect to x1, X2, . . . X», equating to zero and rearranging gives:

pr.x1+Bi+Bs+ ... +Bp= 011+012+ ... +0Lm
p2.x2+Bi+B:+ ... + By = AT s R L

(2.01)
Pn-Xn+Bi+Be+ ... +Bpn = 0p1+0n2+ ... +0n.m
Doing the same with respect to By, Bs, ... Bn gives:
q1.Bi+xi+xe+ ... +xn = 01,1+022+ ... +0n
g2. Bo+x14+x2+ ... +x5 = 012+022+ ... 40,2
(2.02)

gm . Bm+x1+x2+ ... +x0 = Oi.m‘}‘oé.m'i" S8R T

A direct solution of (2.01) and (2.02) to find the values of xi...xy, and Bi... By, is usually
impracticable, so a method of successive approximations is used.
First assume that x; = x2 = ... = x, = 0, then from (2.02):

R.O. =00
Bl = (001+021+ ... +04.1)/q1
By = (01.2+022+ ... +05.2)/g2

(2.03)
Bn = (OL.m+02.m+ ... +0n.m)/qm
where B’ indicates a first approximation.
Substituting in (2.01):
x1 = [(01.1—B)+(012—B)+ ... +(O1.m— B,
xz = [(02.1—B1)+(02.2— B2)+ ... +(02.m — Bm)]/p2 (2.04)

xn = [(On1—B)+(On2—B3)+ . .. +(On.m—Bon)1/pn
where the x’ are better approximations for the values of x than the first assumption that they were
all zero.
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From (2.02):

Bl = (011+031+ ... +0p1=X{ —Xa— ... —Xn)/q1
B2 = (01.2+0z2+ ... +0p2—X1 —X2— ... —Xn)/q2

(2.05)
Bn = (Ol.m+02m+ ... +O0n.m—X1—X2— ... —Xn)/qm
or, substituting from (2.03):
Bl = Bi—(xi+x3+ ... +xn)q1
B = Ba—(xi+x2+ ... +xn)/ge (2.06)

Bm = Bp—(xi+x2+ ... +Xn)/qm
and R.O. = 00—(Zx")/go = —(Zx")/n.

If a mean pointing to a station is missing in any zero, say the mean pointing to station s in
zero r, then x, is omitted in the equations (2.02), (2.05), (2.06), for the Bs; in other words, when
evaluating B for a particular station, corrections to the direction of the R.O. are only included
for those zeros on which observations were made to that particular station.

New values of x are now calculated by substituting Bj . . . Bm in equation (2.04), remembering
that the direction of the R.O. is now —(Zx')/n, so an extra term (Zx’)/n, must be included in
each numerator in the equations for x. That is:

xi = [(Ex)/n+0i1—Bi)+ ... +(01.m—Bm)]/p
x2 = [(Ex")n+(021—BD)+ . .. +(02.m—Bm)1p2

xn = [Ex)/n+On1—B)+ ... +(On.m—Bm)]/pn

By substituting x; . . . x5 in (2.06) new values for B, B7 ... Bm, are found; these in turn give new
values x7 ... x). And so on. 7

In practice the values xj ... x, and Bi...Bn are usually adequate, and this is checked by
calculating xi . . . x», which should not differ appreciably from xi ... xa.

Accepted values are then:

R.O. = —(Zx)/go = —(Ex')/n
Station 1 = Bl

Station 2 = B2

L4

Station m = Bm

and final abstract means are obtained by subtracting the direction of the R.O. from each B".
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The worked example which follows has been taken as far as x1...x, and B

"

1...Bm, with

x1...xn as a check, to show the effect of the successive approximations on the values of x and B.

Station Number
(RO) O 1 2 o -+ 2 ¢ g X
Zero 00° 00" e el 157° 497 196° 40° L

1 00" 17783 I ;] 63768 | +0%47 | +0%49 | +0750
2 00 18-95 +0-35 | +0-44 | +0-46
3 00 5938 | —1-24 | —1:27 | —1-27
4 00 62-55 | +0-35 | +0-32 | +0-32
5 00 50-65 37-40 60-10| —0-34 | —0-38 | —0-39
6 00 49-30 37-99 62-30 | +0-02 | —0:02 [ —0-03
i 00 21-00 +1-38 | +1-46 | +1-48
8 00 15-02 —-162 | —1-53 | —1-51
9 00 18-76 +0-26 | +0-34 | +0-36
10 00 21-09 +1-42 | +1-50 | +1-52
11 00 49-35 34-57 62-:04| —0-89 | —0-93 | —0-94
12 00 48-58 38:03 60:69 | —0-55 | —0-60 | —0-60
13 00 50-28 3772 +0-11 | +0-10 | +0-08
14 00 17-93 —0-16 | —0:08 | —0:06
15 00 16-28 62:42 | —0:47 | —045 | —0-44
16 00 15:92 47-02 36-42 60-00| —1-68 | —1-69 | —1-69
17 00 19-33 52-30 6287 | +1-06 | +1-07 | +1-08
18 00 18-22 47-73 61-45| —0-72 | —0-70 | —0-70
19 00 49-85 36-63 —0-39 | —041 | —0-42
20 00 49-85 40-00 +0:73 | +0-71 +0-70
21 00 51-42 38-83 +0-86 | +0-85 | +0-83
22 00 20-45 . 52-36 6435 +1-72 | +1-74 | +1-74
23 00 17-05 48-20 60-37| —1-16 | —1-15 | —1-14
24 00 18-53 51-72 61-72 | +0-42 | +0-44 | +0-44
25 00 16-60 50-17 62-17| —0-34 | —0-32 | —0-31
26 00 17-67 51-65 64-42| +0-86 | +0-88 | +0-89
Yo g 00 3630 —0-59 | —062 | —0-64
28 00 38.10 +0-31 | +0-28 | +0-26
29 00 19-23 50-62 35-48 59-83| —0-52 | —0-53 | —0-53
30 00 39-07 +0-80 | 40:76 | +0-75
31 00 A7°51 +0-02 | —0-02 | —0-03
32 00 37-65 +0-08 | +0-06 | +0-04
ok 00 18-67 5227 6297 | +091 | +0-92 | +093
34 00 37-95 +0:24 | +0-20 | +0-19

B’ 00 18-25 50-18 37-48 61-85

(Zx’)/q + 0:05 + 012 + 0:01 - 011 - 012

i —00-05 18-13 50-17 37-59 61-97

(Zx")/q + 0:05 + 016 0-00 — 014 - 012

B —00-05 18-09 50-18 37-62 61-97

00° 00" 00" | 53° 16" 18714 | 157° 49’ 50723 | 196° 40’ 37767 | 276° 02’ 02%02 | Final abstract
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2.24 The Adjustment of the New Primary Network

2.240 INTRODUCTION

All primary work in the Retriangulation was adjusted by the method of least squares. To
facilitate the computations, the network was divided into seven main portions, or figures.

Figures 1, 2, 3, 4 and initially Figure 5, were adjusted by the method of correlates with con-
dition equations, and positions were computed spheroidally. Two small additions to the network
—the Spurn Head Extension, and the reco-ordination of Liddington Castle (35)—were adjusted
in the same way. In the re-adjustment of Figure 5, the adjustments of Figures 6 and 7, and in the
adjustments of several subsequent small additions to the network, the method of variation of
co-ordinates was used with plane rectangular co-ordinates.

A description of the method of variation of co-ordinates which is now used is given below.
This method was adopted in 1949 for the primary work because it saved an appreciable amount
of time.

2.241 THE METHOD OF ADJUSTMENT BY VARIATION OF CO-ORDINATES

Before the mean observations are used for this method of adjustment they are reduced to the
projection; this enables the whole adjustment to be carried out in terms of plane trigonometry.
On the transverse Mercator projection the correction, known as the (¢—T) correction, is easily
computed from approximate rectangular co-ordinates for the stations.

It may be noted here that the (1 — 7)) correction reduces the direction of the geodesic to that
on the plane, and therefore the mean observed directions should first be corrected from the normal
section to the geodesic. This was not done, however, in the primary Retriangulation because this
latter correction is very small—less than 0°03 anywhere. Two further corrections were also ignored.
One was for the height of the observed station, and has a maximum in Great Britain of about
0705. The other was for the deviation of the vertical; no data were available for the deviation
corrections.

§ 2.224 above gives a formula for (¢t —T), but on primary lines at some distance from the central
meridian of the projection higher order terms become effective. The full formula is:

(2y1+y2)(N1—N2)  n2 tangm . yi(N1— Nao)? i nm tan em(y1 —y2)(3yE + 2912+ 3
6pmvm sin 1" 3R3 sin1” 6R3 sin 1"

Ry = ‘\/(Pml’m)

(t—The =

The hypothetical example which follows shows the magnitude of the three terms in the (1—T)
correction on a line 180 km in length and remote from the central meridian.
Let:
E; = 50,000 Es = 200,000
N1 = 400,000 Npn = 450,000 Nz = 500,000
y1 = —350,000 ¢, = 53°57 (approx.) yz = —200,000
(t—T)rs = +75'974+0003 —0%035 = +75"942
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The second term is always very small and is usually negligible. It was included where it signi-
ficantly affected the third decimal place of the (#—T) correction.

Approximate rectangular co-ordinates to the requisite accuracy of about a metre can usually
be obtained from a preliminary calculation using the mean observations.

Derivation of the observation equation

The following analysis assumes that observations have been reduced to the projection as
described above.

Consider two points whose rectangular co-ordinates are Eo, No; E1, N1 (Fig. 2.3).

Then
E1—E N1 —No
1= tan—l( ) = cot—l( ) 2.07
0.1 T h (2.07)
and
do” = —Pp1.dEo—Qp.1.dNo+Py1.dEi+ Qo1 .dN; (2.08)
where

Po1 = (N1—No)/D§1sinl”; Qo1 = —(E1—Eo)/Dgsin1”

Consider now the case where a set of observations has been taken from point 0 to points 1,
2,3,...n (Fig. 2.4). Assume that approximate rectangular co-ordinates E, N, are available for

FiG. 2.4. Plane observations
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the (n+ 1) points, and that the plane National Grid bearings 0 - 1,0 - 2,...0 —n have been
computed from the co-ordinates using equation (2.07). Denote the computed bearings by ..
The set of observations at 0, having been reduced to the projection by the (r—T') correction, is
now converted to a set of plane grid bearings by adding a constant, Zo, to each observation at the
station. The bearings derived in this way from the observations are denoted by «,. The constant
Z is usually found by assuming that «, equals «, on one particular line from the station—preferably
the longest line; this gives the Z for that station.

In general, on any line «, will not be equal to «,, and the discrepancy will be due to:

(@) Random observational errors reflected in «,.
(b) Error (—dZ) in the assumed orientation constant Zj.
(¢) Errors (—dE, —dN) in the assumed rectangular co-ordinates of the points.

From (2.08):

da” = (ag—oc)” = —Pp1.dEg—Qo.1.dNo+Poy.dE1+ Qo1 .d N
But the correct value of «, is (o, + dZ,), therefore

da” = (2p+dZo—a)” = —Po1.dEp—Qo1.dNo+ Po1.dEr + Qo1 .dM
Or

—Po1.dEy—Qo.1.dNo+Po1.dE1+ Qo1 .dN1 —dZo+(xe—)" = 0

This is the fundamental observation equation. In Fig. 2.4 there will be n such equations at point 0.
Extending the principle to a network of triangulation containing m points, we have a set of such
observation equations at each point. There are, then, 3m unknowns to find, namely dE, dN, and
dZ, at each of the m stations.

In practice a number of the co-ordinate values are definitive, being the results from previous
adjustments, consequently the number of unknowns is invariably less than 3m. If there are m
stations of which p already have definitive co-ordinates, the number of unknowns will be 3m —2p.
This fact, coupled with the number of observations usually taken, means that the number of
observation equations is always greater than 3m — 2p; the observation equations are therefore not
equated to zero, but to the residual differences, v”, between the «, bearings corrected for dZ, and
the bearings, «’, computed from the final adjusted co-ordinates, that is:

v = a' —=(xp+dZ)
At each point such as 0 in Fig. 2.4 we have then n observation equations, thus:

—Po.1.dEy—Qo.1.dNo+
+Po1.dE1+ Qo1 .dN; —d25+(0(c—'aq)3.1 = v1
—Posz.dEo—Qos.dNo  +Posz.dEa+Qoz.dNz —dZ0+ (e —20)0.2 = v2 > (2.09)
—Po.n . dEy—Qo.n . dNo +Po.n . dEn+ Qo.n . ANn
—dZ0 + (e —%0)0.n = Vn

The co-efficient of dZ; is —1, and:

Por = (Ny—No)/ D}, sinl"; Qos = —(Er—Eo)/Dissinl”
BN, e T e ST
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Note that for practical purposes here:
Dj.r = (Er—Eo)*+(Ny — No}?

Where a point (say g) has a fixed co-ordinate value, this value is kept unchanged by simply
making Po.q . dEg and Qo.q . AN, zero in the observation equations. This does not affect dZ; an
orientation correction is necessary at all stations. A corollary to this is that the observation equation
at each end of a line between two points that are held fixed contains only one unknown, namely
the dZ for the particular station. In these cases the observation equation at each end is of the form:

—dZ" +(ote —ot9)" = 0"

A network thus gives rise to a system of Zn observation equations (Zn = ni+nz+ ... +hm)
containing 3m —2p unknowns. The method of least squares gives the most likely values for the
unknowns, the condition being that the sum of the squares of the residuals shall be a minimum.
The least squares adjustment can be effected in the usual way by forming 3m — 2p normal equations
from the Zn observation equations, and then solving the former for the values of the various
differentials, dE, dN, and dZ".

Schreiber’s method of elimination

To reduce the number of normal equations it is possible to reduce the number of unknowns
by eliminating the dZ” terms from the solution, thus leaving 2(m —p) unknowns. The method is
due to O. Schreiber, and the general theory has been given by Jordan(8),

Consider again the set of observation equations at (2.09) but in a more general form:

a1+ Us+aUs+ ... —dZo+ky = vy
azUr+boUs+c2Us+ ... —dZo+ke = vg 2.10)
an U1 +bpUs+cnUs+ ... —dZo+kn = v

where Ui, ... Uy, dZ’, are the unknowns.

The normal equations from (2.10) are:

[aa)Us+[ab] Uz + [ac]Us+ . .. —[a]l dZo+[ak] = O
[ba]lUr+ [bb1Us+ [be]Us+ ... —[b]1dZo+[bk] = O
—[alU1— [b]U2— [c]Us— ... +n.dZo—[k] =0
where
l[aa] = aj+ai+ ... +a2, [ab] = aibr+asho+ . .. +anbn,
and so on.

From the last normal equation:
dZo = ([a]Ui+[b] Uz +[c]Us+ ... +[k])n (2.11)
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Substituting from (2.11) for dZ; in the other normal equations:

([aa] - [a][a]) U1+([ab] —w) Us+ ... +([ak} - [a][k]) =l
: ; 1 (2.12)
b bllk
([ba] —[—E‘ﬂ) Ui+ ([bb] i @[—b-]) Bl S ([bk] _L][—]) -0
n n n
and so on.
Now re-write the equations at (2.10) thus:
aUi+biUs+c1Us+ ... +k1 = v1+dZo
asUp+baUs+caUs+ ... +ke = va+dZo 2.13)

anUr+ba Uz +cnUs+ . .. +kn = va+dZs
Adding these equations, each of which has unit weight, a fictitious equation can be obtained with
weight —1/n, and of the form:

fEl U +iﬂ] U, +£ﬂ ilg=h +£'E = iy/n.dZ} (2.14)
\/n' i \/n. 9 \/n. g AL \/n i 0 i
where i2 = —1, and [v] = 0. The equality [v] = 0 can be proved as follows.

Write the observation equations at (2.09) thus:

M —dZy = U1
Mg -"dZE = Up
Mn—dza = U

Where M includes all the left hand side of the observation equation except for dZs.
Then
[M]-ndZ; = [v]o

But from (2.11)

ndzZy = [alUi+ 10z + . .. +[k]
= [M]

So

[M]-ndZ = [v] = 0
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Adding (2.14) to (2.13) gives:
alUi+bUs+c1Us+ ... +k1 = ﬂ1+d23
as Uy +boUs+caUs+ ... +ks = va+dZp
(2.15)
anUr+baUs+cnUs+ ... +kn = va+dZ;

A8, gl e v

\n \/n A/n

The normal equations obtained from (2.15) are identical with those at (2.12).

Practical procedure

(k]

OSSO, A58
\Vn v 0

This modification to reduce the number of normal equations is used as standard practice by
the Ordnance Survey. The observation equations as at (2.09) are stated for each point but the
dZ" are omitted, and a fictitious observation equation as at (2.14) is formed additionally at each
point. Formation of the normal equations is carried out in the usual way, except that when com-
puting the squares or products of terms in the fictitious equations, the operator, i, effects a sign
change since i2 = —1. Solution of the normal equations gives the various values for dE, dN,
and these are substituted in the observation equations (2.15) at each station to get (v+dZ"). Sub-
stituting the values for dE, d N, in the fictitious equation (2.14) at each station (ignoring the operator
i) and multiplying by the appropriate 1/4/n gives the values of dZ”. (See equation (2.11)). Knowing

the dZ”, the values of v can now be found, then:



58 History of the Retriangulation of Great Britain

2.242 CONDITION EQUATIONS

Appendices 1 to 4 list in symbolic form the condition equations for Figures 1 to 4 respectively.
In these lists the following notation is used.

Condition of angular closure

The condition is that the sum of the three angles of a triangle should equal 180° + ¢, and this is
written by giving the three diagram letters of the stations forming the triangle. Occasionally the
figure of closure is a polygon, and the letters are used to delineate the polygon in a similar way
to the triangle. In this case the condition is that the sum of the » interior angles should equal
180°.n —360°+e.

Condition of side closure
In a closed polygon ABCD (see Fig. 2.5) the condition is:

sin(ACB—¢/3) sin(ADC—¢/3) sin(ABD—¢/3)
sin(ABC —¢/3) sin(ACD —¢/3) sin(ADB—¢/3)

where e is the spherical excess in the particular triangle indicated by the three letters of the angle.
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Quite often it is preferable to put the pole at the intersection of two lines. See Fig. 2.6. In this
case the pole is not a station, but the cyclic procedure described above gives the equation without

A D
F1G. 2.6. Polygon with pole at intersection of diagonals
ambiguity. When the intersection of two lines is used as the pole, the latter is indicated by a letter
x (lower case), thus:

x(ABCD)
denoting:

sin(xBA —¢/3) sin(xCB —¢/3) sin(xDC —¢/3) sin(xAD —¢/3)
sin(xAB —¢/3) sin(xBC —¢/3) sin(xCD —¢/3) sin(xDA —¢/3) i

When two side lengths having a common terminal are to be held fixed from a previous adjust-
ment, a condition of fixed side closure is required; this condition is stated as described above but
is qualified, and has a slightly different interpretation. In these cases the pole is always the terminal
common to the two adjacent fixed side lengths. See Fig. 2.7. The condition of fixed side closure
is written thus:

A(BCD)------ Fixed Sides
where AB and AD are the two fixed lengths.

A
FiG. 2.7. Fixed sides

This equation then denotes:

sin(ACB —¢/3) sin(ADC —¢/3) AD
sin(ABC—¢/3) sin(ACD—¢/3) AB

Sometimes it is necessary to compute and use an artificial direction; that is, a direction which
has not been observed but which is necessary for the purpose of stating a condition of side closure.
In this case the requisite equation including the artificial direction is stated in the usual way, and
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a redundant equation including the artificial direction is also stated. When the two equations are
evaluated, they are combined in such a way that the coefficients for the artificial direction are
eliminated, and a single combined condition of side closure is obtained. Such pairs which are to
be combined are qualified in the equation list, the redundant equation being called the ‘eliminator
for the artificial direction’.

2.243 OVERLAP

A feature of the adjustment of the primary figures was the overlap whereby the adjustment of
a figure included part of a subsequent figure. Before the subsequent figure was adjusted the direc-
tions included in the overlap with the previous figure were altered slightly from the results of the
previous adjustment. The subsequent adjustment was then done and definitive values obtained for
the overlapping directions.

The method of dealing with an overlap is illustrated below in § 2.26. As all overlap corrections
were computed in the same way, only one detailed example is given. In the overlap between Figures
1 and 2, the overlap corrections were applied only to directions actually included in the overlap;
in subsequent work the overlap corrections were applied to all directions from the edge stations,
except for those that were held fixed.

2.244 DIAGRAMS OF THE ADJUSTMENTS
Diagrams 5 to 13 show the figures as adjusted. These diagrams make clear at a glance the
following distinctions.

(a) Heavy lines. These indicate definitive data from previous adjustments; that is, data which
remained unchanged by the adjustment,

(b) Medium lines. These indicate directions which received definitive values in the adjustment.

(c) Light lines. These indicate overlapping directions which were included in the adjustment
but which received definitive values in a subsequent adjustment.

2.25 New Primary Figure 1

This figure contained 28 stations, of which 4 were intersected, that is they were not occupied
for observation. There was a total of 78 lines, of which 16 were observed in one direction only,
thus giving 140 directions for which adjustment corrections were required. The figure was adjusted
using condition equations, of which there were 39 for angular closure and 25 for side closure.
Being the first figure, the adjustment gave shape only,—there were no fixed conditions. Approxi-
mate scale for spherical excess was obtained by accepting the old Principal Triangulation side
length Dunnose (10) to Beacon Hill (15).

The data for Figure 1 are given at Appendix 1. These consist of the condition equations, the
processed mean observed directions, the adjustment corrections and adjusted directions, the triangle
misclosures and spherical excesses. See Diagram 5 for the diagram of the adjustment. For statistical -
details see Table 2.2. Standard errors were computed from the adjustment corrections.
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= V(E o)) = oo
= 00v/{(0—ne)/no}

The formulae used were:
Standard error of an observed direction of unit weight
Standard error of an adjusted direction of unit weight

where v is the adjustment correction, #, is the number of observed directions and 7, is the number
of conditions. Note that ‘average’ is used to denote a mean taken without regard to sign, whereas

‘mean’ has the usual algebraic connotation.

After the adjustment was completed, the adjusted angles were used to calculate the lengths of
all the sides in Figure 1, starting with the old side length Dunnose (10) to Beacon Hill (15) taken
from the Principal Triangulation. These two new stations were coincident with the old ones. The

common logarithm of this initial length in feet was:
Log length Dunnose (10)—Beacon Hill (15) 5-378 64326

(See Account of the Principal TriangulationV), p. 469).
These lengths will be referred to hereafter as provisional new side lengths.

2.26 New Primary Figure 2
There were 46 stations in this figure, of which 12 were intersected. There were 129 lines alto-

gether, of which 2 were fixed from Figure 1, and 40 were observed only in one direction. This gave
214 directions for which adjustment corrections were required. The figure contained 97 condition
equations, comprising 56 for angular closure, 40 for side closure, and 1 for fixed side closure.

For statistical details see Table 2.2.
Fig. 2.8 shows the northern edge of the adjustment of primary Figure 1, with the primary Figure
2 overlap in dotted lines. The heavy lines show the sides which were held fixed in the adjustment
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F1G. 2.8. Overlap between Figures 1 and 2
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of Figure 2. Although the adjustment of Figure 1 gave corrections to all the directions shown in
Fig. 2.8, the corrections to the directions shown in dotted lines were ignored, and the following
procedure was adopted to give data for the adjustment of Figure 2. In the particular case of
Figure 2, overlap corrections were only applied to directions which were included in the adjustment
of Figure 1. Other directions from the edge stations into Figure 2 were unaffected.

At Wrekin (63) and Castle Ring (60)
Processed mean observed directions were used in the adjustment of Figure 2.

At Titterstone Clee (62)
The adjusted direction to Walton Hill (61) from Figure 1 was held fixed in the adjustment of

Figure 2.
The mean of the adjustment corrections from Figure 1 to the directions to:
Walton Hill (61) Gwynydd Bach (72)
Broadway Tower (91) Radnor Forest (71)

Malvern (79)

was applied to the processed mean observed directions to Wrekin (63) and Castle Ring (60).
These were then used as unadjusted directions in the adjustment of Figure 2.

At Walton Hill (61)
The adjusted directions to Titterstone Clee (62) and Bardon Hill (58) from Figure 1 were held
fixed in the adjustment of Figure 2. The mean of the adjustment corrections from Figure 1 to the
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When Figure 2 had been adjusted, the adjusted angles were used to calculate provisional new
side lengths, starting at the fixed edge from Figure 1. At this stage Figures 1 and 2 formed a self-
consistent network with scale derived from the Dunnose (10)-Beacon Hill (15) side of the old

Principal Triangulation.

2.27 Deriving Position, Orientation, and Scale, for the New Work

For the reasons stated in § 2.01 it was decided to position, orient, and scale the new work as
closely as possible to the old, while keeping the shape of the new work undisturbed.

Eleven stations in the new Figures 1 and 2 had been sited precisely over stations of the old
Principal Triangulation, and these were used to find the most probable fit of the new work on to

the old. The 11 coincident stations were:

Bardon Hill (58)
Beacon Hill (15)
Butser (9)
Coringdon (11)
Dunnose (10)

Great Whernside (7)
Holme Moss (26)
Inkpen (33)

Malvern (79)
Rombalds Moor (70)

White Horse Hill (34)

Fig. 2.9 shows the distribution of these stations in the new Figures 1 and 2.
Provisional new geographical co-ordinates for these 11 stations were calculated by accepting:
(@) The geographical co-ordinates of Butser (9) in the old Principal Triangulation, namely:
@ 50° 58’ 387233, A —00° 58’ 437780
(b) The azimuth from Butser (9) to Beacon Hill (15) in the old Principal Triangulation, namely:
294° 03’ 097619

(¢) The provisional new side lengths obtained from the adjustments of Figures 1 and 2, the
scale having been taken from the old Principal Triangulation side length Dunnose (10) to Beacon
Hill (15).

The following formulae were used:

S1.2 cos A1.3
i R e e e
2p1 sin 1

S%,z sin 419 cos A1.2

€ =

2bmpsin 16
S1.2 COS(A]_‘Z —26,"]3)
pm sin1’
ST 9 sin2(A41.2 —€/3) tan gp

or = @1+
(2.17)

n =
2ppvp sin 1"
P2 = @ —N
S1.2 sin(A1.2 —¢/3)
Ag—Ap = :
cos(pr —2n/3)vp sin 1"
Az.1 = 180°+ A1.2+ (A2 — A1) sin(gr —n/3) —¢
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where g1, A1, 41.2, S1.2, are the known data, and ga, A2, 42, are to be found. Eight-figure logarithms
were used. The above formulae use the azimuth and length of the geodesic, not the normal section.
Provisional new values and the comparable old Principal Triangulation values, were:

Provisional New Values r Old Principal Triangulation Values
Station .
P ‘ A P A
Bardon Hill (58) 527 427 5076764 | =—01° 19’ 0877280 52° 42’ 507754 | —01° 19" 08*751
Beacon Hill (15) 51 10 59-2320 —01 43 155042 51 10 59233 | —01 43 15-506
Butser (9) As old value 50 58 38233 |  —00 58 43-780
Coringdon (11) 50 37 47-2563 —01 59 17-5756 i. 50 37 47-246 -01 59 17-568
Dunnose (10) 50 37 03-7491 =01 11 50-1290 ' 50 37 03-748 | —01 11 SU=136
Great Whernside (7) 54 09 38-6255 —01 59 48-8144 | 54 09 38-809 | —01 59 48-899
Holme Moss (26) 53 32 18-4700 —01 .52 :55-3051 53 32 18-628 II —01 52 55-341
Inkpen (33) 51 21 07-0743 =01 27 49:1595 51 21 07-081 L 27 a0 18y
Malvern (79) 52 06 15-7832 —02 20 15-1689 52 06 15-817 —-02 20 15-210
Rombalds Moor (70) 53 54 10-0879 —01 49 31-5240 53 54 10-257 —01 49 31-591
White Horse Hill (34) 51 34 29-8417 —01 33 57-0240 51 34 29:-8555 —00= 33 57-0383
I .

Although Rombalds Moor (70) was observed as a primary station in the old Principal Triangu-
lation (and called Rumbles Moor), it was not included in the adjustment of the old work by A. R.
Clarke. In 1929, Figure 21 of the old Principal Triangulation was re-adjusted®, and the re-adjust-
ment included five extra stations which had been omitted by Clarke in the original adjustment.
Full details of the re-adjustment are not now available, but it appears certain that Rombalds Moor
(70) was one of the five additional stations, and that the old Principal Triangulation geographical
co-ordinates of this station given above came from the re-adjustment of the old Figure 21 done in
1929.

The accepted value shown above for White Horse Hill (34) from the old Principal Triangulation
is given to four decimal places and differs very slightly from the original published value which
was @ 51° 34”297 856 A—01° 33’ 57038. This trivial revision has resulted apparently from meaning
several values subsequently computed from the original adjusted data.

The differences between the old and new values shown in the table above were used in a simple
least squares adjustment to obtain the most likely values for small differential changes to the old
Principal Triangulation position of Butser (9), the old Principal Triangulation azimuth from
Butser (9) to Beacon Hill (15), and a small proportional scale change to all provisional new side
lengths.
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Fig. 2.10 shows a spherical triangle formed by the pole and two points with geographical
co-ordinates ¢1A1, @222,
) = }\2-—4\1

A; = Azimuth at point 1 of the spherical direction 1 to 2

As = Azimuth at point 2 of the spherical direction 1 to 2
By spherical trigonometry:

singg = cos Ay . sin S . cosp1+cos S . singp

Pole

F1G. 2.10. Spherical triangle

Taking partial derivatives with respect to @1, 41, and S, it can be shown that:

dpa épa
-f—-—-comu; 145 4 —sin Az . sin S';
g1 Ay

7
= o gt cos Az
a8
dpe = cosw . dp1 —sin Az . sin S'. dA41+cos 42 . dS
Let dS’ be the proportional change in S, then:

ds =5.ds

dpz = cosw . dp1 —sin 42 . sin S'. d 41+ S . cos Az . dS’

(2.18)
Also:

cot w = (cot S . cosgr —sing; . cos Ay)/sin Ay

Taking partial derivatives with respect to ¢1, 41, and S, it can be shown that:
b bw _
3T>1 = sinw . tangs; B_AI = sin w . cosec A1 . cos Az;
| B
55 = sin Az . sec gz

do = sinw . tangs . dp; +sin w . cosec 41 . cos A2 . dA1+ S .sin Az . secgpe . dS”
But
do = dAz—dA

dle = d\+sinw . tangs . dp; +sin w . cosec A1 . cos Az . d 41+ S . sin A2 . secpz . dS"  (2.19)
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Equations (2.18) and (2.19) show the effects on ¢1, A1, 41, and S, of small changes in @2 and
Az, and are the observation equations used in the adjustment of the new triangulation to the old.

With Butser (9) and the pole constant, the remaining ten common stations tabulated above
each gave a spherical triangle like Fig. 2.10 in which Butser (9) was point 1. Using the provisional
new geographical co-ordinates each spherical triangle was solved to find A4), 42, and S, from ¢,
®2, and w. This gave the necessary coefficients in the observation equations (2.18) and (2.19).
Since the intention was to fit the new work to the old, the differences in latitude and longitude
were taken as old minus new, that is:

dpz = @2(0ld) —ga(New); dAz = A(Old) — A(New)

The 10 common stations gave 20 observation equations of the form of (2.18) and (2.19).
Four normal equations were formed and solved for dei, dA;, d4:, and dS’. The corrections d¢y,
dA;1, were applied to the old value of Butser (9) given in (@) above, d4; to the old azimuth given in
(b) above, and all provisional new side lengths were multiplied by (1 +dS"). All the provisional
new side lengths were actually in logarithmic form, so the scale correction was applied by adding
log(1 +dS”’) to all the log lengths. This gave final new log side lengths.

Numerical details of the adjustment are given below.

Observation Equations (2.18) and (2.19)

diy d ddx ds’ —(Old — New)"
Station - COS w —sin As.sin § & .cos Az —dPa Re.s.ﬁ':_fua.'
v
+1 sin w . tan Pa sin w . cosec A1 . cos A & . sin Asg . sec Pa —dAg
0 +0-999 982 +0-003 739 +0-625 039 -~0-0776 +0-0176
Bardon Hill (58)
+1 —0-007 800 +0-050 019 —0-127 331 +0-0230 +0-0123
0 +0-999 916 +0-008 156 +0-073 250 —0-0010 +0-0072
Beacon Hill (15)
+1 —0-016 102 +0-005 666 —0-268 353 +0-0018 —0-0080
0 +0-999 845 +0-011 091 —0-126 663 +0-0103 —0-0137
Coringdon (11)
+1 —0-021 470 ~0-009 681 —0:360 677 —0-0076 —0-0238
0 +0-999 992 -+ 0002 401 —0-129 520 +0-0011 —0-0190
Dunnose (10)
+1 —0-004 642 -0-009 892 ~0-078 032 +0-0070 +0-0343
: 0 +0-999 842 +0-011 187 +1:144 394 ~0-1835 —0-0123
Great Whernside (7)
+1 —0-024 600 +0-094 70T ~0-394 307 +0-0846 +0-0101
0 +0-999 876 +0-009 925 +0-920 741 —0-1580 —0-0205
Holme Moss (26)
+1 —0-021 336 +0-075 099 —0-344 596 +0-0359 —0-0209
0 +0-999 964 +0-005 327 +0-134 532 - 00067 +0-0123
Inkpen (33)
+1 —0-010 579 +0:010 441 —-0-175959 —0-0025 —0-0006
0 +0-999 719 +0-014 929 +0-402 889 —0-0338 +0-0216
Malvern (79)
+1 —0-030 462 +0-031 795 —0-501 412 +0-0411 —0-0178
0 +0-999 891 +0-009 303 +1-052 058 ~0-1691 —0-0111
Rombalds Moor (70)
+1 —0-020 264 +0-086 533 ~0-325 846 +0-0670 +0-0072
0 +0-999 948 +0-006 450 +0-214 642 —0-0138 +0-0170
White Horse Hill (34)
+1 —0-012913 +0-016 741 -0-214 100 +0-0143 +0-0072

The observation equations tabulated here have been equated to the residual, v.
S is in seconds of arc multiplied by 10-4.
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The normal equations formed from these observation equations were:
+10-000 000 . d)u'— 0-170 168 . de1 +0-351 428 . d 4; —2-790 613 . d.S" +0-264 600 = 0
— 0170 168 . dA; +10-001 430 . de; +0-075 288 . d 4; +4-367 802 . dS' —0:637 715 = 0
+ 0-351 428 .dM+ 0-075 288 . de1 +0:027 035 . d4; —0-075346 . dS"+0-013 186 = 0
— 2790613 . dAi+ 4367 802 . dep1 —0-075 346 . d A1 +4-852 593 . dS'—0:692 888 = 0

which gave:

I
[

d\
de1

+0-034 306 dA; = —0-508 401
+0001 066; dS’.10% = +0-153 662
s dS = +0-000 015 3662
Log(1+dS’) = +0-000 006 67

Il

Applying these corrections:

Butser (9) ¢ 50° 583872330 A — 00° 58 4377800
de +0-0011 d) +0-0343
Accepted new value 50° 58’ 3872341 — 00° 58’ 4377457

Azimuth Butser (9) to Beacon Hill (15) 294° 03’ 096190
dA; —0-5084
Accepted new value 294° 03° 09°1106

and +0-000 006 67 was added to all the provisional new log side lengths.

Starting with the accepted new position of Butser (9), the accepted new azimuth Butser (9) to
Beacon Hill (15), and the final new log side lengths, final new geographical co-ordinates were
calculated for all stations in Figures 1 and 2 using formulae (2.17) above. These geographical
co-ordinates were then converted to National Grid co-ordinates, this final stage being completed
in April 1937.

2.28 New Primary Figure 3

There was a total of 80 stations in this figure of which 21 were intersected. The 80 stations
were connected by 242 lines, of which 92 were observed in one direction only. Thirteen fully
observed lines and 3 one-way lines were held fixed from Figure 2, leaving 363 directions for which
adjustment corrections were required. The adjustment was done using condition equations, of
which there were 89 for angular closure, 82 for side closure, and 8 for fixed side closure, making
179 altogether.

Before adjustment the overlap with Figure 2 was dealt with on the lines described in § 2.26,
but all unfixed directions in Figure 3 at each of the edge stations received the appropriate overlap
correction for the station.

For statistical details see Table 2.2.

Final side lengths were calculated using the adjusted angles and taking scale from the edge that
was held fixed from the adjustment of Figure 2. Geographical co-ordinates were then computed,
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taking position and azimuth from the fixed edge, and using the formulae (2.17) in § 2.27. The con-
version of geographical co-ordinates to National Grid co-ordinates completed the calculation of
this figure in March 1938.

Full data for this figure are given in Appendix 3, together with triangle misclosures and spheri-
cal excesses. The diagram of the adjustment is shown in Diagram 7.

2.29 New Primary Figure 4 ‘

This figure contained 77 stations, of which 20 were intersected. There were 226 lines, which
included 81 lines observed in one direction only, and 16 fully observed lines that were held fixed
from previous adjustments. This gave 339 directions for which adjustment corrections were re-
quired. The adjustment was done using condition equations, there being 85 for angular closure,
72 for side closure, and 10 for fixed side closure, a total of 167.

The overlaps with Figures 1 and 2 were dealt with as described in § 2.26 except that a// unfixed
directions in Figure 4 at each of the edge stations received the appropriate overlap correction for
the station.

For statistical details see Table 2.2.

Final side lengths in feet were calculated from the adjusted angles, taking initial scale from the
edges held fixed from the adjustments of Figures 1 and 2.

This figure was the first one in which National Grid co-ordinates were calculated directly
from adjusted data without the intermediate stage of geographical co-ordinates.

Using adjusted angles and final spheroidal side lengths in metres multiplied by Fo, National
Grid co-ordinates were computed from the following formulae. Eight-figure logarithms were used.

S%.5 cos?(A1.2—C1) . 11

Es = E1+ S1.28in(41.2—C1) —

2pmvm
S%.2 cos¥(A1.2— C1) . S1.2 sin(Ar.2—C1) % 03—}
6Pme 6vam
S1.2 cos(A1.2—C1) . y3 Sy.9 cos(A1.2—C1) . Si.2 sin?(A1.2—C1)
Np = Ni+ Si.2 cos(Ara—Cy) + —— (412-C) . )2 Sie
2pmvm 6pmvm

St.2 cos(A1.2— C1)(fl+)’z)) f

N oA W e i
(A21—C2) = (A1.2—C1) £ 180 ( 2pmrmsinl’

where E1 NV, (Al_z-" Cl), S1.2, are known, and EaNa, (A2.1— Cy), are to be found.

(A1.2—C1) = The bearing at station 1 of the geodesic from station 1 to_station 2, measured
0°-360° clockwise from National Grid north. (42.1— Cz) is the comparable bearing
from station 2 to station 1 at station 2. (See also §2.223 and § 2.225.)

S1.2 = Spheroidal distance between stations 1 and 2 in international metres and multi-
plied by Fo.
y = E—400,000 (metres).

Geodetic functions py and vy, are for the mid-point () of the line.
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Starting values of (4 — C) on the edge held fixed from previous adjustments were calculated
from the National Grid co-ordinates of the fixed edge points using the following formulae:

(z2=y1)—q

tan(A1.2—C1) = m

(N2 —N1)(y2 +)‘1)) g

(A21—C2) = (A1.2—C1) +180° — ( S
mevm Slnl

where

_(Na=NPyr (Ne—MNaR. (3 —y:)+ (3 —yb)
2Pml’m GPme 6Pme

and

_ (N2—My). »3 (N2 = N1)(y2=n)?
mevm 6Pml’m

p

The actual adjustment of Figure 4 was completed before the outbreak of the 1939/45 war, but
the calculation of National Grid co-ordinates to complete the figure was done about 1941. There
is no record of the actual date.

See Appendix 4 and Diagram 8 for all data relevant to Figure 4.

2.30 New Primary Figure 5

This figure contained 102 stations, of which 4 were intersected. There were 309 fully observed
lines, of which 15, forming the whole western edge, were held fixed from previous adjustments;
and there were 24 lines observed in one direction only. This gave 612 directions for which adjust-
ment corrections were required. The adjustment was carried out using condition equations, of
which there were 210 for angular closure, 130 for side closure, and 12 for fixed side closure, making
a total of 352.

One station held fixed in this adjustment was Liddington Castle (35), which had been co-
ordinated originally in Figure 1 as an intersected point. As it was to form one terminal of the
Ridgeway Base, it was subsequently occupied and observations were taken to form a fully observed
polygon, which was adjusted to give a new value for the station; all perimeter points of the polygon
were held fixed. See § 2.33 below.

Work on the adjustment of Figure 5 started in 1939, and proceeded intermittently during the
war years until the latter part of 1943. At that time plans were being considered for the re-survey
of London, for which the secondary and tertiary trigonometrical control was an early require-
ment. The normal equations for the adjustment had been formed from the correlative equations
starting from the southern edge of the figure, and by the end of 1943 some 180 of the 352 normal
equations had been dealt with as far as the forward elimination of the unknowns. As the portion
of the whole figure covered by these 180 equations included the London area, it was decided to
terminate the southern half of the figure at a suitable boundary and complete it as a separate
adjustment. The remaining equations were treated as a separate adjustment for the northern half
of the figure,
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Differences in bearing are in the same sense and are in seconds of arc

The discrepancies at the boundary stations between the northern and southern halves of Figure 5



co-ordinates from the northern and southern adjustments respectively. Then at each boundary
station there were two sets of discrepancies:

Ey—Ey=e; Nu—Nyv=n
to be distributed in the northern half, and

Ey—Es=¢e'; Ny—Ns=n'
to be distributed in the southern half.

Fig. 2.12 shows in diagrammatic form the junction of the fixed edge FPF’, and the boundary

P, A, B, etc., between the two halves of Figure 5. With centre at P, arcs were drawn through all
the boundary stations cutting the northern and southern parts of the fixed edge in 4’4", B'B", etc.
Let Q be a point on an arc in the northern half, say on arc BB’, and R a point in the southern
half, say on arc 44". Then the correction at Q was:

eq = ep.a’/(a®+b?)

ng = ng . a/(a®+b2%)
and the correction at R was:

er = ea.a’?/(a?+b?)

np = na.a’%/(a'2+b?)

a, b, a’, b’, being lengths of arcs as shown in Fig. 2.12.






74 History of the Retriangulation of Great Britain

TABLE 2.1

NATIONAL GRID CO-ORDINATES FROM THE RE-ADJUSTMENT OF FIGURE 5 IN ONE BLOCK

N.B. These co-ordinates are not the accepted values for Figure 5; the latter values are listed in Appendix 10

‘ Difference:

Readjusted value

Station Eastings I Northings minus published

(Metres) (Metres) | value in metres
Diff. E Diff. N
Abberton Wtr Twr (230) 600 402-074 219 009-489 —0-699 —0-568
Beachy Head (194) 359. 037-312 95 790-033 —1-065 +0-038
Belvoir Castle (81) 481 981-372 333 712-928 —0-070 —0-018
Benfleet Wtr Twr (219) fsd STOS 0510632 186 711-385 —0-680 —0-589
Bethersden Air Beacon (Int. 4) I 5934 123:269 140 583-440 —1-289 —0-347
Bignor Beacon (39) 496 596-931 113 116-218 —0-037 —0-058
Bolnhurst (433) 505 879-825 259 778-357 +0-209 —0-008
Boston Twr (264) 532 655643 344 178-884 —0-141 —0-208
Brenchley Air Beacon (Int. 5) 567 964-664 142 235-861 —0-909 —0-342
Buckminster Wtr Twr (153) 488 170-119 322 950-860 —0-048 —0-048
Bunwell Ch Twr (255) 612 544-298 292 768-811 —0-620 —0-446
Burrough Green Wtr Twr (241) 563 214-520 256 399-880 +0-192 —0-235
Caister Wtr Twr (293) 651 408-445 313  177-032 | —1-458 —0-239

Charnwood (57) 450 936-055 314 808-474 +0-002 0
Chedburgh (236) 578 690-701 255 856774 +0-088 —0-359
Chipping Barnet Ch Twr (185) 524 538-568 196 462-799 +0-080 —0-389
Church Farm Wtr Twr (279) 654 026-690 294 349-481 —1-:398 —-0-178
Cold Harbour (266) 526 592-576 381 213-832 +0-038 —0-252
Collyweston (431) 500 078-956 303 198-991 —0-018 —0-054
Coombe Hill (204) 489 068-703 209 997-146 +0-506 +0-072
Crimplesham (424) . 564 839-751 304 270-027 —0-214 —0-303
Crowborough (196) 551 168-491 130 760-932 —0-720 —0-252
Crown Corner (260) 625 513-507 270 169-751 —0-588 —0-468
Dexthorpe (265) 540 661-150 373 017-445 -=0-105 —0-306
Ditchling (32) 533 162-237 113 062-943 —0:579 —0:094
Docking Ch Twr (284) 976 . 07573 336 971-212 —0-437 —0-446
Dunmow (437) 564 886-594 222 349-814 —0-103 —0-592
Dunstable Down (94) 500 880-156 219 418-247 +0-433 +0-151
East Grinstead Ch Twr (170) 539 630-665 138 001-654 | —0-514 —0-310
Ely Cathedral (430) 554 048-160 280 275-502 | +0-021 —0-268
Epping Wtr Twr (188) 546 705360 202 764357 | —0-081 —0-540
Fairlight Down (193) 584 338-936 1115 923-175 f —1-346 —0-164
Faxton (443) 480 589-647 275 413422 | 40109 —0-020
Fayway (432) 506 679-181 278 492-651 . +0-073 —0-052
Felixstowe Wtr Twr (233) 628 696-992 236 383-728 —-0:977 —0:559
Firle Beacon (199) 548 556-329 105 922-217 —0-843 —0-038
Framingham (261) 626 237-276 302 646067 -0-973 | —0:343
Fransham (426) 592 507-193 310 417-631 =513 |
Frog Hill (262) 587 199-680 291 089-757 ~0:333 | =ai80e
Harrowby (429) 494 620-718 335 766-487 -0-070 —0-061
Helion Bumpstead (248) | 562 492920 241 622-534 +0-076 —0-408
Hindhead (31) | 489 984501 135 909-512 —0-079 —0-214
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TABLE 2.1 continued

|
| Difference:
| Readjusted value
Station Eastings Northings minus published
(Metres) (Metres) value in metres
Diff. E Diff. N
|
Hingham Ch Twr (287) | 602 154-016 302 125-930 —0-570 —0-428
Hockley Wtr Twr (220) ‘, 582 440-788 192 207-901 —0-681 —0-597
Icomb Twr (67) | 420 179-745 222 880-907 +0-055 —0:031
Ilketshall St. Andrews Ch Twr (290) | 637 903-072 287 239-170 —1-042 —0-284
Kessingland Ch Twr (278) 652 764-488 286 264:713 —1-319 —0-173
Leith Hill Twr (50) 513 949-115 143 161-382 —0-166 —-0-331
Lenham Wtr Twr (205) 592 573-490 152 842-290 —-1-176 —0-461
Linch Ball (38) 484 804-576 117 371-720 | -—0-040 —0-014
Mablethorpe Wtr Twr (269) 550 554-251 384 163-677 —0-133 —0-439
Manningtree (245) 608 326-580 229 540-788 —0-722 —0-542
Maplestead (235) 583 017-110 234 470-370 —0-231 —0-527
Massingham (272) 579 482-504 320 138-656 —0-429 —0-399
Metfield (258) 631 245-127 280 008-869 —0-842 —0-375
Muswell Hill (100) 464 129-362 20572057522 +0-279 ir —0-018
Nedging Tye (240) 601 971-558 249 713-375 —0416 | —0-424
North Walsham Wtr Twr (283) 627 844-956 329 200-114 —1-178 —0-391
Orford Castle (254) 641 943-393 249 878-018 —1-052 —0-438
Paddlesworth (190) 619 998-342 139 527-408 —1-669 —0-423
Peterborough Cathedral (447) 519 426-536 298 646-017 —0:010 —0-119
Piggs Grave (263) 602 652-585 332 998-083 —0-796 —0-476
Puttocks Hill (246) | 589 820-093 269 582-853 —0-160 —0-311
Rollright (66) 427 878-047 229 860-003 +0-088 —0-050
Rumfields Wtr Twr (201) 637 752-413 167 766-571 —1-743 —0-620
Salle (259) | 635 B8358-724 266 256-434 —-0-810 —0-376
Selsey (47) | 486 827-552 95 745-650 —0-081 —0-081
Severndroog Castle (189) 543 185-896 176 199-199 —0247 | -—0-574
Shirburn Hill (207) 472  344-651 195 240-574 +0-288 i —0-168
Shurland (191) 600 156-843 171 679:412 —1-127 —0-554
Sibleys Wtr Twr (434) 556 480-231 229 993-989 +0-038 —0-455
Skegness Wtr Twr (267) 555 782:563 364 407-737 | —0-229 —0-388
South Lopham Ch Twr (237) 603 958-734 281 755-023 —0-442 —0-383
Southwold Ch Twr (280) 650 733-112 276 388-617 —1:196 —=0-170
Stoke by Nayland Ch Twr (249) 598 596-154 236 273-391 —0-501 —0-508
Swaffham (425) 583 912-226 309 252-632 —-0418 | -—0-373
Swilland (244) | 618 238980 253 "813-272 —0-635 —0-475
Therfield (441) | 533 184-501 237 241-974 +0-326 —0-074
Tilton Pile (75) | 476 739-953 305 904-118 —-0-010 —0-006
Topcroft Ch Twr (296) | 626 574:249 292 894-445 —0-878 —0-368
Uppingham (442) 485 119-987 298 887-173 | +0-016 —0-020
Walpole St. Peters (427) 550 202-344 316 621736 —0-175 —-0-267
Walton on the Naze Twr (227) 626 485-452 223 538283 | —1-060 —0-583
Warley Wtr Twr (224) 559 1 102:593 191 526-523 —0-295 —0-636
Woolpit (247) 599 634-412 262 291-544 —0-240 —0-340
Wrotham (192) 559 322-166 160 004-495 —0-621 —0-493
Wyck Beacon (144) : 420 190-129 220 792-701 +0-052 —0-051
Wyton Wtr Twr (444) 528 152-362 273 816-459 -| +0-095 —0-116
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Proceeding in this way the corrections to eastings and northings were found at several points
on each arc, thus distributing the discrepancies at the common boundary stations back along the
appropriate arcs. Points on the arcs which had the same corrections Were joined by smoothed
curves, easting corrections and northing corrections being dealt with separately. This system of
correction ‘contours’ was plotted on a diagram of Figure 5 drawn to scale, and corrections to the
adjusted co-ordinates of each station in the two halves were read off the curves. The adjusted co-
ordinates corrected from the ‘contours’ gave the accepted published National Grid co-ordinates
for Figure 5, as given in Appendix 10. These co-ordinates, which were published in 1945, were the
basis for the calculation of all lower order triangulation, and for all dependent re-surveys.

In September 1949 it was decided to adjust Figure 5 as a whole to see what the results would
have been had the figure not been adjusted in two parts.

By 1949 all the secondary triangulation was being adjusted by observation equations using the
method of variation of rectangular co-ordinates. (See § 2.241 for details.) The re-adjustment of
Figure 5 was done this way, there being 647 observation equations to determine 278 unknowns,
namely 88 values of dE, 88 of dN, and 102 of dZ. Actually there were 176 normal equations to
solve as the 102 values of dZ were eliminated by Schreiber’s method described in § 2.241.

The re-adjustment included two lines which had been excluded in the original adjustment. These
lines were between fixed points, and were included to strengthen the determination of the orienta-
tion corrections, dZ. Work proceeded intermittently as a low priority task, and the re-adjustment
was completed in July 1951. Table 2.1 shows the final co-ordinates obtained from the re-adjustment,
and it must be emphasised that although these co-ordinates are the most probable values, they
have not been used for controlling lower order work. All lower order triangulation which had been
calculated from the accepted (‘contoured’) values had proved satisfactory, and there was therefore
no need to change the accepted co-ordinates as a result of the re-calculation. In 1951 it was decided
that the accepted values from the ‘contoured’ two-part adjustment would be used for all practical
cartographic purposes. These values have also been used throughout this History for comparisons
of azimuth, scale, and position, except where it is specifically stated otherwise.

For statistical details see Table 2.2.

Appendix 5 gives the processed mean observed directions, (z—T') corrections, plane observed
directions, adjustment corrections (from the re-adjustment), plane adjusted directions (from the
re-adjustment), triangle misclosures, and spherical excesses. See Diagram 9 for the diagram of the
adjustment. ;

Because the accepted co-ordinates were not derived directly from the least squares adjustment,
no adjustment data for the two halves are shown in Appendix 5.

When computing standard errors for figures adjusted by the method of variation of rectangular
co-ordinates the formulae in § 2.25 were used, but 1, was replaced by n, — ., where n, = the num-
ber of independent unknowns.

2.31 New Primary Figure 6

This figure was adjusted by the method of variation of rectangular co-ordinates. It contained
2 intersected stations and 73 observing stations; of the latter, 13 were held fixed from Figure 3.
This gave 197 unknowns—62 values of dE, 62 of dN, and 73 of dZ—and there were 477 observation
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equations from which to find them. The 73 values of dZ were eliminated (see § 2.241) thus reducing
the normal equations to 124. At most of the stations held fixed from previously adjusted figures
observation equations for lines to other previously fixed stations outside the figure were included
to strengthen orientation; this was standard practice when adjusting primary work by the variation
of co-ordinates method. The adjustment of Figure 6 was completed in 1952.

For statistical details see Table 2.2.
Appendix 6 gives details of observations, (¢ —T) corrections, adjustment corrections, triangle
misclosures, etc. Diagram 10 shows the diagram of the adjustment.

2.32 New Primary Figure 7

Five of the seven stations to be co-ordinated in this figure were re-fixations of stations co-
ordinated in earlier figures. Inshanks (361), Carleton Fell (362) and Rottington (1), were originally
co-ordinated as intersected stations in Figure 3, and Rhiw (110) and Holyhead (117) as intersected
stations in Figure 4. The angles at these five stations were now observed and the stations reco-
ordinated, to strengthen the fixed edge subsequently used for the connection to Northern Ireland
and Eire.

Adjustment was by the method of variation of rectangular co-ordinates. The figure contained
21 stations that were occupied, of which 14 were held fixed from previous adjustments. There
were 135 observation equations to find 35 unknowns, namely, 7 values of dE, 7 of dN, and 21
of dZ; this gave 14 normal equations, the 21 values of dZ being eliminated as usual. The adjust-
ment of Figure 7 was completed in 1952,

For statistical details see Table 2.2.

See Appendix 7 and Diagram 11 for all data relevant to Figure 7.

2.33 Additional Primary Work

Reco-ordination of Liddington Castle (35)

This station was first co-ordinated in Figure 1 as an intersected point, but as it was to be one
of the terminals of the Ridgeway Base it was subsequently occupied and observations were taken
at it. The resulting fully observed polygon was adjusted to give a new value for the station.

There were 6 stations altogether in the polygon, 5 being held fixed. Condition equations were
used for the adjustment, there being 4 for angular closure and 3 for fixed side closure. The calcula-

tion was done in 1937.
For details see Appendix 8.1, and Diagram 12. Statistics are given in Table 2.2.

Spurn Head Extension

This extension to Figure 2 was undertaken in 1939. It contained 5 stations of which 2 were
held fixed. There were 10 fully observed lines of which one was held fixed; this gave 18 directions
for which adjustment corrections were required. The figure was adjusted by condition equations,
there being 6 for angular closure, and 3 for side closure.

7
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For details see Appendix 8.2, and Diagram 12. Statistics are given in Table 2.2.

Co-ordination of Frittenfield (480) and Paddlesworth (190)

As a preliminary to the connection with France, the south-eastern corner of Figure 5 was
strengthened in 1951 by inserting a new station, Frittenfield (480). The fixation of Paddlesworth
(190) in Figure 5 was not very strong, so when the adjustment of the Frittenfield (480) figure was
put in hand Paddlesworth (190) was included as an unfixed station.

The figure contained 7 stations, of which 5 were fixed. It was adjusted by the method of varia-
tion of rectangular co-ordinates, and there were 31 observation equations to find 11 unknowns,
namely 2 values of dE, 2 of dN, and 7 of dZ.

For details see Appendix 8.3, and Diagram 12. Statistics are given in Table 2.2.

Co-ordination of Hillhead Farm (478)

The side Spital Hill (398) to Warth Hill (399) in Figure 6 had been selected as a measured
base—the Caithness Base. Part of the base is over good country, and part over bog. Hillhead Farm
(478) is sited almost exactly on the line of the base, and marks the transition from good country
to bog. It was an alternative terminal in case measurement over the boggy section became im-
practicable.

The adjustment figure to fix Hillhead Farm (478) contained 7 stations, of which 6 were held
fixed. The adjustment was done using observation equations, and there were 38 equations to find
9 unknowns, namely, 1 value of dE, 1 of dN, and 7 of dZ. The calculation was done in 1952.

For details see Appendix 8.4, and Diagram 13. Statistics are given in Table 2.2.

Co-ordination of Herstmonceux (481)

This station was co-ordinated in 1953. It was sited to give a primary station which could be
related to a fundamental position at the Royal Greenwich Observatory, Herstmonceux Castle,
where the astronomical latitude, longitude and azimuth would be known. (See § 3.07.)

The figure contained 5 stations, 4 being held fixed. Observation equations were used, and there
were 18 equations from which to find the 7 unknowns.

For details see Appendix 8.6, and Diagram 12. Statistics are given in Table 2.2.

Co-ordination of Greenwich Observatory (482)

This primary station was co-ordinated in 1954. It was sited so that the International Longitude
Datum could be related to the primary triangulation, the station being placed on the zero meridian.
See § 3.05 and § 3.06.

The figure contained 5 stations of which 4 were held fixed, and there were 20 observation
equations to find the 7 unknowns. It was intended that Epping Wtr Twr (188) should be one of
the fixed stations in this adjustment, but it was not intervisible with Greenwich Observatory
(482). To overcome the difficulty an auxiliary station, called Epping (483), was co-ordinated by
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measurements from Epping Wtr Twr (188), and this auxiliary station was used as a fixed station
in place of Epping Wtr Twr (188). Even then it was necessary to erect a steel tower over Epping
(483).

For details see Appendix 8.7, and Diagram 12. Statistics are given in Table 2.2.

Co-ordination of North Tolsta (484)

This station was co-ordinated in 1955, and was sited for the Shoran connection to Iceland.

See § 3.04.
The figure contained 6 stations of which 5 were held fixed, and there were 20 observation

equations to find the 8 unknowns.
For details see Appendix 8.8, and Diagram 13. Statistics are given in Table 2.2.

Co-ordination of St. Kilda (486)

This station was co-ordinated in 1957. It was sited in connection with the establishment of a
guided weapons range. The figure contained 6 stations, 5 being held fixed. There were 24 observa-
tion equations to find the 8 unknowns.

For details see Appendix 8.9, and Diagram 13. Statistics are given in Table 2.2.

TABLE 2.2

STATISTICAL DETAILS OF ANGULAR OBSERVATIONS IN THE

PRIMARY RETRIANGULATION

Standard Error of
Triangle Average Observation of Unit
Figure Misclosure Direction Weight
Correction
Average Maximum Observed Adjusted

1 1709 3748 0%31 0%56 0742

- 1-12 4-46 0-33 0-65 0-49

] 1-07 2-65 0-31 0-58 0-41

B 1-10 3-58 0-37 0-68 0-47

5 1-37 4-96 0-52 0-90 0-59

6 1-09 3-86 0-35 0-60 0-39
f) 1-07 2-65 0-39 0-61 0-31

Liddington Castle 1-74 4-00 0-59 0-88 0-48
Spurn Head 1-64 3-44 0-43 0-83 0-62
Frittenfield and Paddlesworth 1-01 2:48 0-86 1-28 0-76
Hillhead Farm 1-11 2-40 0-38 0-54 0-26
Herstmonceux 1-14 2:12 0-40 0-64 0-40
Greenwich 1-16 3-47 0-98 1-36 0-80
North Tolsta 1-28 1-88 0-34 0-58 0-37
St. Kilda 1-22 2-46 0-28 0-53 0-30




CHAPTER THREE

Supplementary Work
connected with
the Primary Retriangulation

CONNECTIONS WITH OTHER COUNTRIES

3.00 Introduction

The main primary Retriangulation was connected to France and Ireland by primary triangula-
tion, and to Norway and Iceland by Shoran trilateration. The connections are described below in
the order in which they were undertaken. The description of the French connection is based on
the report produced jointly by the Directeur de I'Institut Géographique National and the Director
General of the Ordnance Survey.

Connections between primary triangulation stations in the north of Great Britain to triangula-
tion stations in Norway and Iceland were made by the United States Air Force as Phases I and II
of Project 53 AFS-1—the North Atlantic Tie. This project was designed to establish a geodetic
connection between North America and Europe by measuring a trilateration net by Shoran, in
order to allow the positioning of European stations with reference to the North American 1927
datum. Shoran is a system for measuring lines up to a length of about 500 km. by means of micro-
wave transmitters mounted in an aircraft operating in conjunction with transponder stations sited
on the ground. By this means the distances between the aircraft and the ground stations are
continuously measured as the aircraft crosses the line between them. The sum of the two measured
distances becomes a minimum at the actual moment of crossing. Some confusion may exist between
the terms Shoran and Hiran. Hiran, which was the system actually used for the work described in
§ 3:04, is, in fact, merely an improved version of Shoran; the latter term therefore is used through-
out this book to denote all measurements by this technique. The description of the project given is
taken from the following reports published by the United States Air Force.

Final Report of Results of Project 53 AFS-1 Scotland-Norway Tie 21st December 195330,

Progress Report of Project 53 AFS-1 North Atlantic Tie 1st February 1955@V,

(NoTE. The report dated 21st December 1953 is the ‘Final’ report of the Scotland-Norway Tie
only and not of the whole project.)

80
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3.01 Connection with Ireland

In 1951 in conjunction with the Survey Departments of Eire and Northern Ireland it was decided
to extend the primary Retriangulation of Great Britain westwards to connect to Northern Ireland
and Eire. The Ordnance Survey of Great Britain had also been asked by the Ordnance Survey of
Northern Ireland to observe and compute the whole primary Retriangulation of Northern Ireland
and it was decided that the two operations could conveniently be carried out in the same observing
season.

At preliminary discussions between senior representatives of the Ordnance Survey of Great
Britain, the Chief Survey Officer, Northern Ireland, and the Assistant Director, Ordnance Survey,
Eire, held in Chessington, Belfast, and Dublin in 1951, it was agreed that the work would be carried
out in 1952. All operations at stations in Eire would be undertaken by personnel from the Eire
Survey Department and the remainder by the Ordnance Survey of Great Britain.

3.010 PLANNING

The triangulation scheme (Diagram 14) was based largely on the connection originally made
in the Principal Triangulation (Diagram 1). All stations in Ireland were either coincident with, or
very close to, the original stations of that connection. Existing stations of the Retriangulation were
used in Great Britain, the majority of them being also coincident with the old stations of the
Principal Triangulation. The main departure from the previous connection was in the omission of
Snowdon which was replaced by Holyhead (117) and Rhiw (110), thereby avoiding some unduly
long rays which were particularly subject to interference by cloud.

The Ordnance Survey of Great Britain supplied two observing parties, one in Northern Ireland
and one on the mainland. Personnel from Eire were attached for training purposes to both parties
during the Great Britain to Northern Ireland connection.

Observing procedure followed closely that laid down for the Retriangulation of Great Britain.
It was however decided that all rays passing over the sea should be observed in the course of at least
three nights’ work, with a minimum of four, and a maximum of 16 zeros on any one night. The
minimum number of zeros for any one ray was laid down as 24, with a desirable maximum
of 48. In the event of a triangular misclosure exceeding three seconds, an immediate decision on
the necessity for re-observation would be taken after reference to the Ordnance Surveys of Great
Britain and of Eire.

All stations, both in Northern Ireland and in Eire, were marked with the standard concrete
pillar used in the Retriangulation of Great Britain.

3.011 PROGRESS OF OBSERVATIONS

Observations were commenced on 19th April 1952, and, as so often elsewhere, were hampered
at the outset by heavy rain and cloud. Indeed the ray between Trostan and Slieve Donard, scheduled
to be observed at an early stage, was abandoned after repeated efforts, but was subsequently com-
pleted when Slieve Donard was later re-occupied to observe the Holyhead (117) ray. The Kippure
to South Barrule (469) ray, 95 miles long and obscured by smoke from Dublin, had to be finally
abandoned. By mid June the northern section of the connection had been completed.

Observations for the internal retriangulation of Northern Ireland were next put in hand, while
the mainland party completed additional work designed to strengthen the western edge of the
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primary Retriangulation on the coast of Wales. On the 28th July, work was started on the southern
half of the connection and reasonable progress was maintained. Slieve Donard however again
proved a stumbling block and the observer at Holyhead (117) had perforce to wait for 25 nights,
until the third night’s observations could be completed. As the work progressed southwards the
rays across the sea became progressively longer, but at the same time there was a welcome, and in
the opinion of all concerned, a long overdue, improvement in the weather.

Prescelly (107), the last station allotted to the mainland observer, was occupied on 3rd September
and the Eireann observer started work on Ballycreen. The statutory three nights sufficed for the
completion of this, the longest ray (98 miles) in the connection, and indeed in the whole of the
Retriangulation. The ray between Prescelly (107) and Kippure was not considered essential and,
after partial observation, was abandoned.

The Eireann party then moved to Tara, and thence to Forth Mountain, but by that time the
weather had again deteriorated and it was not until 8th October that the officer in charge of
observations in Eire was able to inform the mainland observer that Forth Mountain, and with it
the connection of the Retriangulation to Eire, had been completed.

After consultations between the Ordnance Survey Offices of Great Britain and Eire, the
observers were informed that all triangular closures were acceptable. The average misclosure was
1-16 seconds, the same in fact as that of the Retriangulation. Apart from persistently bad weather,
the operation had been uneventful, and its success was due to the hard work and excellent co-
operation of all concerned.

3.012 COMPUTATIONS

The system was adjusted by the method of variation of rectangular co-ordinates (See § 2.241).
The figure contained 18 stations of which eight were held fixed, and there were 123 observation
equations from which to find 38 unknowns, namely, 10 dE, 10 dV, and 18 dZ (see Appendix 8.5).

Computations which were completed in November 1952, yielded the following statistical data:

Maximum triangle misclosure = 3%7
Average triangle misclosure = 1916
Average adjustment correction = gk R
Standard error of an observed direction of unit weight = +1703
Standard error of an adjusted direction = +0'57

This adjustment gave British National Grid co-ordinates for the Irish stations. These are given
in Table 3.1 opposite together with derived geographical co-ordinates.

3.02 Connection with France

This work was carried out in accordance with a formal agreement drawn up between the
Ordnance Survey of Great Britain and the Institut Géographique National of France.

3.020 PROCEDURE

The observations began on the evening of Wednesday, 2nd May 1951. At 1700 hours the French
set up heliotropes, as leading lights, on the calculated directions and the British used these signals
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to align their lights. On those rays where the heliotropes were not seen lights were shone that evening
on the calculated lines. As soon as each ray had been seen from each side, the light signal G.B.
was shown at each end and the lights were extinguished for the night. By 2030 hours all the lamps
were set up and properly aligned. No measurement of angles was carried out. As the erection of the
Gravelines station on the water tower had not been completed by 2nd May, a lamp was installed
that day on the reservoir there, firmly placed on one of the supporting pillars so that the British
were able to check their alignment on 2nd May, and begin their observations next day. All align-
ments were completed on 2nd May and observations began on the night of 4th May.

Each country observed at the stations in its own territory. The British and French each had
two teams of observers working simultaneously. All observations were made by night on lamps.
The British used the geodetic Tavistock theodolite and the French the ‘cercle azimuthal répétiteur
I.G.N. Mle 40°.

The British measured their angles by zeros with three micrometer readings on each pointing in a
round. A minimum of 16 zeros was to be acceptable if observations were stopped by bad
visibility, but it was hoped that 24 zeros would be observed on each ray. In practice this was
exceeded on all rays, the minimum number of zeros being 35 and the maximum 88.

The French measured their angles in “series’ of six repetitions. Each observation of a distant
mark was the result of ten pointings with the moving-hair eyepiece with which their instrument is
fitted; the result of a ‘series’ was thus equivalent to the mean of 60 single measures. Each angle
was to be observed with a minimum of four ‘series’. In practice, most angles were measured by more
than 10 ‘series’.

Observations on each ray were to be spaced as widely as possible over six different nights. With
the exception of one or two rays, all were observed on at least six nights and in some cases on as
many as 10 nights. The quality of the results obtained is probably due to this spreading of the
observations.

TABLE 3.1
British National Grid Co-ordinates Geographical Co-ordinates Derived from
British National Grid Co-ordinates
Station

E (metres) N (metres) [ A
Ballycreen 106 573-033 344 597-162 22388’ 05-'3228 —06° 217 5672620
Divis 140 627-153 531 435-167 54 36 40-2974 —06 01 02-7341
Slieve Donard (New) 144 244571 483 148-483 54 10 48-2103 —05 55 11-9395
Forth Mountain 89 171112 278 473-908 52 18 56-7860 —06 33 41-4251
Howth 129 422-309 393 992-473 53 22 231324 —06 04 06-0717
Kippure 110 638-506 373 331-736 53 10 40-5966 —-06 19 52-0521
Knocklayd 129 338:656 593 560-930 55 09 43-5840 —06 15 00-2671
Slieve Snaght 60 699-205 602 117976 55 11 471717 —07 20 00-4553
Tara 115 137933 319 613-023 52 41 55-4830 —06 13 00-5317
Trostan 134 656-691 580 251-991 55 02 44-4934 —06 09 15-8460

NOTE: British National Grid co-ordinates were converted to geographical co-ordinates by means of the Projection
Tables(16) mentioned in § 2.22.
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On any given night observing began at nightfall and continued till between one and three o’clock
in the morning, by which time the humidity of the air had reached a value which affected the
quality of the lights and made it impossible to obtain good pointings.

Three of the British stations were established on Bilby towers, and the fourth was sited on a
water tower. No measurement of torsion was made, satisfactory closure of each zero being taken
as proof of the absence of torsion.

Three of the French stations were set up on double towers with the inner part of the scaffolding
protected. The fourth was on a water tower.

Measurement of torsion was made, using a second telescope coaxial with and mounted vertically
below the main instrument. This second telescope, which also has a moving-hair eyepiece, was
aligned throughout on the referring object. Since torsion, if any, is small, it can be measured with
the moving-hair eyepiece without movement of the telescope during observations with the main
instrument. In fact, no observable torsion occurred at any of the stations.

In spite of poor atmospheric conditions the observations, begun on both sides of the Channel
on 2nd May, were completed on 13th July by the French, and on 31st July by the British. The latter
had trouble in sighting Mt. Lambert from Beachy Head (194).

3.021 RESULTS

By the 17th July the British had sent the French the mean values of all their observed angles
with the exception of those on the Mt. Lambert—Beachy Head (194) ray which were sent in pro-
visional form.

The French calculated the closures of the triangles which were found to be very satisfactory in
12 triangles out of 16.

Three of the closures which remained seemed to justify verification on the common side Paddles-
worth (190) to Fairlight Down (193). It was finally agreed however to accept these observations
since they were but little worse than others in the British primary network. The direction Paddles-
worth (190)—Fairlight Down (193) was therefore retained.

At a final meeting on 29th January 1953 the results were agreed and signed by both parties.

The Ordnance Survey adjusted the connection by the method of variation of rectangular co-
ordinates, and holding fixed the National Grid co-ordinates of the four English stations. For
details see Appendix 8.10, and Diagram 12.

The following statistical data were obtained:

Maximum triangle misclosure = 2'85
Average triangle misclosure = 1%0
Average adjustment correction = 0%42
Standard error of an observed direction of unit weight = +0%64
Standard error of an adjusted direction = +0°43

3.03 The Shoran Connection to Norway

3.030 OUTLINE OF THE PROJECT

In July to September 1953 the United States Air Force carried out a connection from three
geodetic stations in Norway to three in Scotland and the Shetland Islands by Shoran radar methods,
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as the first part of a great project (since completed) connecting Norway, Iceland, and Greenland,
to Canada. Diagram 15(a) shows the lines measured.

The airborne equipment used was the AN/APN-3 (XA-5) Shoran set. The equipment and its
method of use is fully described in standard U.S.A.F. manuals®?, Numerical results from which
the following data havebeen abstracted are givenin The Final Report of the Results, Project 53AFS-1,
Scotland-Norway Tie, prepared by the 55th Strategic Reconnaissance Wing, 21st December 1953(20),

The net connecting Scotland to Norway, shown in Diagram 15(a) consists of 15 measured lines:
three between the three Norwegian stations, whose lengths are given by the Norwegian triangula-
tion: three between the British stations, whose lengths are given by the Ordnance Survey Retrian-
gulation, and nine lines across the North Sea. The Shoran geodetic stations did not in general
actually coincide with the geodetic triangulation stations, but were so close that no significant
error can result in the transfer from one to the other., Numerical data, below, refer to the actual
Shoran stations.

The Norwegian stations were

Number Name

1 Skibmannshei Shoran

2 Eigeberg Shoran

3 Helliso Fyr Shoran
and the British were

4 Saxavord Shoran

5 ‘Warth Hill Shoran

6 Mormond (338)

3.031 INTERNAL ACCURACY

Each of the 15 lines was measured by six line crossings at each of two altitude levels, 12
crossings in all, constituting a ‘Mission’. Such a programme was accepted provided, (a) that at least
four of the six crossings in each group did not deviate from the group mean by more than 0-003
miles (16 feet), (b) that the two group means agreed within 0-003 miles, and (c) that the condition
of the flight appeared generally satisfactory.

Table 3.2 shows results of missions which were rejected for these reasons, accepted missions
being marked A and rejected missions R. The Table shows that the worst of the rejected missions
differed from the accepted measure by 0-0055 miles (29 feet), and that the average difference
between a rejected measure and the mean of the accepted measures is 0-0013 miles (6 feet). The least
satisfactory line is perhaps 1-5 in which four separate missions, all accepted, range through 0-0048
miles (25 feet), but this is only one of the nine independent lines crossing the sea.

3.032 COMPARISON WITH TRIANGULATION MEASURES

Table 3.3 compares the distance 1-2, 1-3 and 2-3 as given by the Norwegian triangulation with
(a) the adopted observed Shoran distance and (b) that given by the ‘free’ adjustment of the Shoran
net (see § 3.033).



History of the Retriangulation of Great Britain

86
TABLE 3.2
_ Date ‘ Shoran
Line Flown Distance
I ‘ (miles)
P% ' f24m July 1953 | 78-3933 (R)
| 129th July 1953 78-3917 (A)
1-3 24th July 1953 | 206-3818 (A)
19th Aug. 1953 | 206-3840 (A)
14 | (12th Aug. 1953 | 339:2592 (R)
15th Aug. 1953 | 339-2588 (A)
15th Aug. 1953 | 371-1808 (A)
1-5 29th Aug. 1953 371-1803 (A)
4th Sept. 1953 371-1760 (A)
[ \ 7th Sept. 1953 | 371-1786 (A)
29th Aug. 1953 336-6987 (A)
1-6 4th Sept. 1953 336:6972 (A)
Tth Sept. 1953 336-6975 (R)
2.3 [24th July 1953 135:1176 (R)
17th Aug. 1953 135:1178 (A)
24 12th Aug. 1953 262-2596 (R)
15th Aug. 1953 262-2585 (A)
2.6 | 23rd Aug. 1953 | 291-0998 (A)
i | 7th Sept. 1953 291-0992 (A)
29th July 1953 187-8928 (R)
34 {SISt July 1953 187-8874 (R)
12th Aug. 1953 187-8873 (A)
35 l.’!lst July 1953 310-2000 (R)
17th Aug. 1953 310-1996 (A)
TABLE 3.3
(IN MILES)
Triangulated Triangulated
Line Triangulated Adopted From Shoran minus minus
Distance Shoran Distance free Adjustment Adjusted Shoran Adjusted in PPM
1-2 78:3924 78-3921 78:3925 —=0-0001 -1
1-3 206-3742 206-3829 206-3823 —0-0081 -39
-3 135-1113 135-1178 135-1187 —-0-0074 —55

It is noticeable that the lines 1-3 and 2-3 both differ from their triangulated values by about
0-008 miles (40 feet). This is discussed in § 3.034 and § 3.036.
Table 3.4 gives similar details for the British stations. The first column of triangulated distances
is in terms of the Retriangulation (adjusted to the Principal Triangulation scale as explained in
Chapter 2), while the second is in terms of scale given by the Caithness Base and the Saxavord
(463)—Fetlar (459) side measured by Geodimeter.
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TABLE 3.4
(IN MILES)
Triangulated Triangulated Triangulated
Line Distance from Distance with Adopted Shoran From Shoran (corrected (corrected
the Corrected Distance free scale) minus scale) minus
Retriangulation Scale Adjustment Adjusted Adjusted
Shoran Shoran PPM
4-5 172-2493 172-2476 172-2493 172-2480 —0-0004 -2
4-6 227-2128 227-2101 227-2078 227-2095 +0-0006 + 3
5-6 79-7685 79-7672 79-7700 79-7682 —0-0010 —-12

Here the agreement is good.
In Tables 3.3 and 3.4 and elsewhere, the Shoran distances have been computed using 186,282-42
miles/sec for the velocity in vacuo, with meteorological correction given by

77-54(p-e) e 37-84x10%
(y—1)= — R Rrcensl Sl Lo
108(—1) T +67-88 T T2
where
pr = refractive index
p = total atmospheric pressure in millibars
T = temperature in degrees Kelvin
e = water vapour pressure in millibars.

These figures are in accord with the general experience of the U.S. Air Force, and substantially
agree with those which were accepted in 1962.

3.033 ADJUSTMENT OF THE SHORAN NET

The net was adjusted by least squares on three different systems as follows:

(a) A ‘free’ adjustment was made ignoring the Norwegian and British triangulated azimuths
and distances. Such an adjustment shows the consistency of the observations, but cannot reveal
the existence of any systematic error proportional to distance.

This adjustment gives the probable error of a single (unadjusted) adopted observed distance as
+0-00126 miles (7 feet). The average discrepancy between an adopted observed value and that
given by the adjustment was 0-0010 miles (5 feet), and the maximum was 0-0022 (12 feet). This
consistency (confirming what might be expected from §3-031) renders more remarkable the
relatively great discrepancies between Shoran and triangulation in lines 1-3 and 2-3 (Table 3.3).
Differences between observed and adjusted values are given in Tables 3.3 and 3.4 for the six trian-
gulated lines and in Table 3.5 for the remaining nine lines.
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TABLE 3.5

(IN MILES)

Adopted Free
Line Shoran Adjustment
1-4 339-2590 339-2594
1-5 371-1799 371-1803
1-6 336-6979 336-6973
2-4 262-2585 262-2569
2-5 312-2620 312-2642
2-6 2910996 291-0987
3-4 187-8872 187-8880
3-5 310-1996 310-1983
3-6 323-6542 323-6547

(b) The ‘Final’ adjustment accepted the positions of the three Norwegian stations, the distances
between the three British stations as given by the Retriangulation (Table 3.4), and the Retriangula-
tion azimuth 4-6 which was treated as an observed astronomical azimuth.

In this adjustment the probable error of an observed distance increased to +0-00185 miles
(9 feet) with a maximum of 0-0059 miles (31 feet) in 3-4, these figures excluding changes in 1-2,
1-3 and 2-3 whose observed values were not introduced into the adjustment. They would, of
course, have increased the probable and maximum errors.

As a result of this adjustment the change of position from British Datum (Airy spheroid based
on the Retriangulation) to European Datum is given as:

TABLE 3.6
ADD TO BRITISH DATUM: EAST LONGITUDE POSITIVE
Station | Co-ordinate Change in
Seconds
4 Latitude —0-184
Longitude —1-022
5 Latitude +0-890
Longitude +0-179
6 Latitude +1-:377
Longitude —0-337

(¢) A third adjustment was made differing from the ‘Final’ adjustment only in ignoring the
position of station 3. The probable error of an observed distance was then given as +0-00137
miles (7 feet) which is very little greater than that given by the free adjustment.



Chapter Three: Supplementary Work connected with the Primary Retriangulation 89

3.034 STATION 3, HELLISO FYR

The residuals in these adjustments suggest trouble at Helliso Fyr. The following are the more
possible causes.

(a) The Shoran beacon was placed about 10 m. south of a large iron lighthouse, and this
may have reflected the signal transmitted from the aircraft or the signal transponded from the
ground station. This latter is more likely, but any reflection from the lighthouse will have the
apparent effect of increasing the length of the measured line and this would go far towards explain-
ing the discrepancy.

(b) A delay error in the Shoran beacon at Helliso Fyr could have made the measurements of
lines 1-3 and 2-3 too long; this would also help to explain the discrepancy. There is a built-in
delay measuring circuit in the Shoran set and in normal operation the delay is set to a known
figure. It is conceivable that an error in the setting, or subsequent drift in the instrument delay,
might have occurred.

(¢) Error in the geodetic position of Helliso Fyr. But an error of 30 feet in a single geodetic
station, all others being correct, is inconceivable. In any case since this project was completed the
Norwegians have made Tellurometer measurements of the six triangulation lines between Eigeberg
and Helliso Fyr, and the Tellurometer length agrees with the triangulation value to about 1/130,000.
This alternative cause of the trouble can therefore be discounted.

3.035 CIRCUIT CLOSING ERROR

As indicated in § 3.033(b) Table 3.6 shows the differences at the three British stations between
British Retriangulation co-ordinates and European Datum co-ordinates. To find the closing error
on European Datum of the circuit Norway-Germany-France-Great Britain-Shoran-Norway it is
necessary to eliminate from the differences in Table 3.6,

(a) the amount due to converting the British Retriangulation from its own origin and spheroid
to the European Datum,

(b) the amount due to correcting the British Retriangulation for its known scale and azimuth
errors. (As explained in § 2.01 and § 2.27 of Chapter 2 the British Retriangulation was adjusted
without using measured bases and Laplace stations).

In 1955 Brigadier G. Bomford of Oxford University made an assessment of («) and (b) from
data available at that time, European Datum being carried across the Straits of Dover from
France. (See § 6.03 of Chapter 6). This assessment has been used to compile Table 3.7 below. In
this Table the second column gives corrections to the British Retriangulation to convert to
European Datum, the third column gives the correction to the British Retriangulation for scale
and azimuth errors, the fifth column repeats Table 3.6, and the sixth gives the closing errors of the
circuit at the British stations.

Relative to the British triangulation (adjusted for scale and azimuth errors and corrected to
European Datum) the Shoran positions are thus 47 feet south and 53 feet west, all three stations
agreeing with this figure within 3 feet. The length of the circuit is about 2,000 miles, so the closing
error is 1/140,000 of the length of the circuit.

A reasonable distribution of the error would be to put one quarter into the Shoran, one quarter
into Great Britain and one half into the European section, which is about twice as long as the
British.
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TABLE 3.7
(1) (2) (3) (4) (5) (6)
Conversion to Correction for From European
Point European Scale and Total Table 3.6 Datum minus
Datum Azimuth Errors Shoran
Lat. Long. Lat. Long. Lat. Long. Lat. Long. Lat. Long.
L +0%60 —0%57 —0%34 +07%63 +07%26 +0%06 —0*18 —1%02 +0%44 + 1708
44 ft. 52 ft.
5 | +1765  +0750 | —0727 | +0772 | +1738 | +1722 | 40789 | +0%18 | +0%49 [ +1704
49 ft. 54 ft.
6 +2%10 0 —-0%25 +0%61 +1%85 +0%61 +1%38 —0%34 +0747 +0795
47 ft. 50 ft.

3.036 GRAPHIC REPRESENTATION

The reliability of the Shoran and the significance of the suggested changes is most easily seen
graphically as in Diagram 15(c). In this diagram the three left-hand squares 4, 5 and 6, show (in
firm lines) the positiong of the loci given by the nine observed Shoran distances from the Norwegian
stations relative to the accepted British positions (on European Datum, and corrected for scale and
azimuth errors) as myrked by small triangles.

The broken lines §5, 44, etc. represent Shoran distances between the three British stations, but
these are not fixed logj since 44 (at 5) may be moved by any amount provided 55 (at 4) is moved
by an equal amount. §mall circles show the positions given by the ‘Final’ Shoran adjustment, their
separation from the small triangles being as in Table 3.7.

The loci make it qyjte clear that the British stations need to be moved about 50 feet to the west.
This is about 1/40,00) of the sea crossing and could not possibly be due to error in the accepted
basic velocity of light, It could result from a systematic error of 5 mbs. of water-vapour pressure,
but it is thought that the methods used to record it make such an error impossible.

The suggested chapges in latitude are less conclusively established. A change of 20 feet would
add nothing significant to the residuals.

The right-hand diggrams of Diagram 15(c) similarly show the changes in the positions of the
Norwegian stations which are suggested if the adjusted European Datum positions of the British
stations are accepted. gmall triangles 3, 2, 1 show the positions given by the Norwegian triangula-
tion, and small circle; 3', 2/, 1’ are positions deduced from the plotted loci.

The shifts from 1ty 1’ and from 2 to 2’ are substantially the same and amount to about 60 feet
to the east and 40 feet (o the north. The shift from 3 to 3’ amounts to about 40 feet to the east and
70 feet to the north. This again suggests that there is trouble of some sort at Helliso Fyr.



Chapter Three: Supplementary Work connected with the Primary Retriangulation 91

3.04 The Shoran Connection to Iceland

The Iceland-Scotland connection forms Phase II of the main project and fieldwork was com-
pleted in 1954 using Shoran equipment (see Diagram 15(b)). The positions so far computed are,
however, only of a preliminary nature. Final results and evaluation await a redetermination of
ground survey positions in Iceland and The Faeroes.

3.040 THE TRILATERATION NET

The lack of intermediate ground station sites between Iceland and Great Britain, other than
The Faeroes, complicated the construction of the net and necessitated the inclusion of very long
lines. Four of the lines measured were over 500 miles in length and were longer than any lines
hitherto measured by Shoran.

3.041 CONTROL
The ground stations used as control were:

Station No. Station Name Remarks
Norway 3 Helliso Fyr Shoran Used in Phase I (Scotland-Norway Tie).
Great Britain 4 Saxavord This station coincided with the Ordnance

Survey primary station No. 463. The
Shoran station used in Phase I could not
be used again, due to construction work

at the site.
-] Warth Hill Shoran Used in Phase 1. Adjacent to Ordnance
Survey primary station No. 399.
7 Fair Isle Coincides with Ordnance Survey primary
station No. 458.
8 North Tolsta Coincides with Ordnance Survey primary
station No. 484.
The Faeroes 9 Milk —
10 Nigvan —
Iceland 11 Rey e
12 Fago —-
13 Hofn —
14 Paul ——

3.042 CONNECTIONS OF GROUND STATIONS TO LOCAL TRIANGULATIONS

Great Britain

Station 8 was not originally a station of the primary Retriangulation and was provisionally
connected to the primary Retriangulation by personnel from the School of Military Survey in 1954,
The provisional values were used in the Shoran computations. Subsequently the station was coi-
nected by first order methods to the primary Retriangulation by the Ordnance Survey in 1955. The
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difference between the provisional and the final values was 0-3 m. in Eastings and 0-5m. in
Northings. European Datum values were obtained for stations 4, 5 and 6 through the Shoran
connection from Norway in Phase I. European Datum values for stations 7 and 8 were determined
using the positions of these stations relative to stations 4, 5, and 6, as defined by the Retriangulation.

The Faeroes
Station 9 was connected to the local triangulation by Danish Survey personnel.

Iceland
Stations 11, 12, 13 and 14 were connected at the time of observations to the existing triangula-

tion but the connections were not considered adequate for geodetic work. Precise connections are
expected to be accomplished in due course.

3.043 ADJUSTMENT

The triangulation information available for Iceland and The Faeroes in 1955, when the progress
report on Phase 1I of the project was issued, was not considered to be of geodetic standard.
Consequently only provisional results were published. Several adjustments were made to attempt
to determine the precision of the Shoran net, but again these can only be provisional due to the
inadequacy of the fixed data. The availability of possible ground station locations necessitated a
design of net which was greatly dependent on the inclusion of triangulation data for accurate results.

Some indications of the consistency of the Shoran net were obtained from an adjustment hold-
ing only the positions of Stations 3, 4, 5, 7, and 8 fixed. The probable error of a single observation
from this adjustment was + 0-0020 miles which indicated that the consistency of the field measure-
ments was comparable to that of previous projects.

The results of Phase II have not been included in this publication due to their provisional
nature and to the fact that they can, by themselves, contribute little to the study of the Retriangula-
tion of Great Britain.

THE CONNECTION TO THE GREENWICH MERIDIAN

3.05 Introduction

Prior to 1851 the zero meridian of astronomic longitude was defined as that passing through
the centre of the instrument known as the Pond Transit Instrument then located at the Royal
Observatory at Greenwich. Clarke accepted the astronomical co-ordinates of this point as the
origin of geodetic co-ordinates for the Principal Triangulation.

From 1851 onwards the zero meridian has been defined by the centre of the instrument known
as the Airy Transit Circle which was used in place of the earlier Pond Transit Instrument. It was
therefore the centre of this Airy Transit Circle that was co-ordinated when a connection was made
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with the Retriangulation in 1949. Since the Retriangulation had been fitted as closely as possible
to the Principal Triangulation it was expected that there would be close agreement between the
two triangulations at the zero meridian, because at that time there was no reason for supposing
that the two transits were not on the same meridian. But in fact it transpired that the Retriangula-
tion gave a longitude value for the Airy Transit Circle of 00° 00’ 00°418 east of Greenwich,
revealing a discrepancy of 0-418 seconds of arc, or 8-06 m. The discovery of this discrepancy

and the investigation into it are described below.

3.06 Investigation into the apparent Longitude Discrepancy at Greenwich

3.060 THE CONNECTION OF THE PRINCIPAL TRIANGULATION
TO THE ROYAL OBSERVATORY, GREENWICH

The Principal Triangulation was connected to the Pond Transit Instrument by observations
from the primary stations Epping Cupola, Chingford, and Severndroog Castle. From the latter
station the Observatory Dome was taken, but the plan of the building afforded means of calculating
the angle subtended at Severndroog Castle by the Dome and Transit; this observation was thus
reduced to the Transit. The scheme, which is shown in Fig. 3.1(a), was rigorously adjusted prior
to calculating the three side lengths to the Transit.

The previously adjusted triangle Chingford-Wrotham-Leith Hill gave the side length Chingford
to Leith Hill. See Fig. 3.1(b). With the side lengths Chingford to Leith Hill and Chingford to
Transit, and the included angle at Chingford, the triangle Chingford-Leith Hill-Transit was solved
to find the angle at the Transit between Chingford and Leith Hill, and the side length Transit to
Leith Hill.

The primary station at Chingford was found by measurement to be 0-454 feet west of the
meridian plane passing through the centre of the Greenwich North Meridian Mark at Chingford.
This distance subtended 1762 at the Transit. The ‘Greenwich Observations’ for 1842 gave the
azimuth at the Transit of the centre of the Meridian Mark as 002 west of north, so the azimuth of
Chingford primary station was 00° 00’ 0164 west of north. Applying the calculated angle between
Chingford and Leith Hill gave the azimuth from the Transit to Leith Hill. With this azimuth, the
calculated side length Leith Hill to Transit, and the astronomic latitude and longitude (zero) of the
Transit, Leith Hill was co-ordinated, and from this the remainder of the co-ordinates of the
Principal Triangulation stations were successively obtained.

On page 672 of the account of the Principal Triangulation® it is explicitly stated that ‘for the
latitude at Greenwich the quantity 51° 28" 38730 has been used in all calculations’. Furthermore
paragraph III on pages 674 to 676 together with the first entry in the table on page 677 make it
certain that the origin of all longitudes was that transit instrument which was in position in 1848
or earlier, that is, the Pond Transit Instrument. In other words, the longitude of the Pond Transit
Instrument was accepted as 00° 00’ 00700, and all other geodetic longitudes in the Principal Trian-
gulation were derived from that longitude. The above statements regarding latitude and longitude
are borne out by the values given in the table of latitudes and longitudes of the primary stations,
etc., calculated on Airy’s figure, given on page 23 at the end of Major Wolff’s pamphlet The
Mathematical Basis of the Ordnance Maps of the United Kingdom (dated 1919)@2),

8
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3.061 THE CONNECTION OF THE RETRIANGULATION
TO THE ROYAL OBSERVATORY, GREENWICH

In 1949 when the first connection with the Retriangulation was made it was not possible to
triangulate directly into the Airy Transit Circle. A mark was therefore established on the roof of
the Astronomer Royal’s house near the Time Ball lobby, and was fixed by four rays in from and
four rays out to the following stations of the Retriangulation:

Severndroog Castle (189) (Primary Station)

St. Aubyn’s Church Tower (Secondary Station)
McDougall’s Silo (Tertiary Station)

C.W.S. Silo (Tertiary Station)

The two tertiary stations were accurately co-ordinated from adjacent secondary stations.

From the roof station a traverse was run to the centre of the Airy Transit Circle.

The roof station was co-ordinated semi-graphically, and from the plotted graph it would seem
unlikely that the value for this station on the Astronomer Royal’s house could be in error by as
much as 0-1 m. relative to the triangulation control. A re-observation of the traverse gave co-
ordinates differing by less than 0-04 m. from the first value.

The resulting geographical co-ordinates of the Airy Transit Circle were as follows:

@ 51°28' 387261 N
A+00 00 00-417 E

These differ from Clarke’s value for the Pond Transit Instrument by:

In latitude: 0-039 seconds of arc (= 3-95 feet = 1-21 m.)
In longitude: 0-417 seconds of arc (= 26-39 feet = 8:04 m.)

There seemed to be reasonable agreement in latitude but the longitude difference appeared to be
too large to be attributable to errors in either triangulation.

3.062 INVESTIGATION OF THE DISCREPANCY

In the course of investigations into this discrepancy it was noticed that the difference between
the old triangulation value of St. Paul’s Cathedral Cross and its new value on the Retriangulation
was 2:3 m. in eastings. Similarly, the Retriangulation easting co-ordinate of the Observatory
Time Ball differed from the old value by 2-4 m. in the same sense.

It is clear that there is a systematic difference of about 2:4 m. in eastings between the old
triangulation and the new in this area. But even allowing for this there was still a discrepancy of
8:04—-2-4 = 5-6 m. to be explained.

3.063 THE ESTABLISHMENT IN 1850 OF THE NEW AIRY TRANSIT CIRCLE IN A NEW
TRANSIT ROOM ADJOINING AND EAST OF THE OLD TRANSIT ROOM

At this stage Dr. R. d’E. Atkinson, Chief Assistant at the Royal Observatory, was consulted,
and was able to clarify the matter. It transpired that in 1850 the Astronomer Royal of that time,
Sir George Airy, erected a new transit instrument, called the Airy Transit Circle, in a new room
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(Signed) George Airy’

From the letter it is clear that:

(i) Airy was intending in 1849 to move the transit instrument to a new position.
(ii) That the brass standard referred to by Mr. Lloyd was in the old transit room.

(b) The diagram at Fig. 3.2 is reproduced from Determinations of Longitude 1888-1902 pub-
lished by the Board of Admiralty 1906@3), It shows the old transit room alongside the present
transit room with the ‘Meridian of Bradley’s Transit’ running through the centre of it. There is a
stone in the floor of this room with a small brass rivet in it known as Lloyd’s mark, which must
clearly be identical with the ‘small brass standard’ referred to in (a) above. There can be no doubt
that this room was the site of the transit instrument until 1849 or 1850, and that it was to the Pond
Transit Instrument located there that Clarke made his trigonometrical observations. There is also
no doubt that the Pond Transit Instrument stood on the ‘Meridian of Bradley’s Transit’ shown in
the diagram.

(¢) The Introduction to the annual volume of the Greenwich Observations contained in Airy’s
day and later a great deal of matter repeated verbatim from one year to the next. The volume for
1851 states “The centre of the instrument (The Airy T.C.) is about 7} feet south and 19 feet east of
the old transit instrument.” This statement is repeated year by year until 1861 when ‘7§ feet’ is
changed to ‘5% feet’. The statement establishes the change of the zero meridian when the Airy
Transit Circle was installed. It also proves that the new latitude differed from the old. The later
change from ‘7% feet’ to ‘51 feet’ was concluded by Dr. Atkinson to be the result of an error
detected in 1860 or thereabouts which is further discussed in § 3.065.



% Porter’s Lodge 74

=y

A

Entrance Gate

Covered Pavement

|| _|| Meridian of Bradiey's Transit

sl [ |l _ GreenwichMeridian

T =

i

Block of stone !
containing —
Lloyd’s Mark

G0N 3
1
1
1
1-53m.»%1-21m

IEERE - T G C L e TR

7, W=

Probable ——4
position of
transit axis
of Bradley’s

Instrument
TSI TITTS s

Y
N

e ) S

I
=
I

MmN .

Passage

Y,

NN

e i
2
g

i

D= 77

Details in red do not appear on the original plan, but have been added to illustrate measurements described in paragraph 3-064

IV §

DN

F1G. 3.2. Copied from an old plan of the Royal Observatory, Greenwich

97



98 History of the Retriangulation of Great Britain

(d) Further evidence is contained in the following letters exchanged between Sir George Airy
and Lieutenant A. R. Clarke in 1855.

Extract from Lieutenant A. R. Clarke’s letter to Sir George Airy:

‘In order to reconcile a slight discrepancy in azimuth I beg leave to enquire whether the object observed
and recorded in the Greenwich Observations as “the Meridian Mark™ (at Chingford) is the centre of the
stone pillar or a vertical line drawn on it either East or West of the centre, and if the latter be the case,
is there any record of its place on the stone.’

Extract from Sir George Airy’s letter to Lieutenant A. R. Clarke:

“The object observed as the Chingford Meridian Mark was the centre of the pillar as estimated.

There is no mark on the stone; nor, if there had been any, could it have been seen. The pillar was never
well defined.

The observations were made with the Transit Instrument in the old Transit Room.

I believe that any observations recorded in your office will refer to the same point: but I state this in
caution if any late observations on the survey shall have been referred to the new Transit Room.’

It is thus quite clear that Clarke knew of the move to the new transit room, although no mention
of it was made in his account of the Principal Triangulation.

Measurement on the plan at Fig. 3.2 indicates that the distance between the two meridians
is about 19 feet. This was checked on site and a result of 18-9 feet was obtained despite the fact
that there was some doubt as to the two exact positions to be measured to.
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3.066 THE RESIDUAL DISCREPANCY IN LONGITUDE BETWEEN
THE TWO TRIANGULATIONS

The existence of the discrepancy between the geodetic longitudes for the Greenwich zero
meridian in the two triangulations having been established beyond doubt, it was decided in 1954
to co-ordinate the centre of the Airy Transit Circle directly from the primary Retriangulation, in
order to confirm the position obtained from the lower order triangulation in 1949. A 40-foot steel
tower was erected in the grounds of the observatory on the meridian immediately outside the room
containing the Airy Transit Circle (see Fig. 5.11 in Chapter 5). From the steel tower the centre of
the Airy Transit Circle was fixed by bearing and distance. Reciprocal observations were made
between the steel tower and the following primary stations:

Epping (483)

Warley Water Tower (224)
Severndroog Castle (189)

Chipping Barnet Church Tower (185).

In addition, observations were made to the Pole Hill Obelisk, which was the azimuth mark
used in azimuth determinations by the Royal Observatory. For details of observations see Appendix
8.7.

The Retriangulation value of the Airy Transit Circle obtained from this primary connection
was:

E 538 882-88 m. N 177 32161 m.
or ¢ 51° 28’ 38”265 N A+00° 00’ 00°418 E

The following Tables, 3.8 and 3.9, give the geodetic positions of the Airy Transit Circle in both
triangulations, and the discrepancies between them. It will be noted that two Retriangulation values,
differing by 0-016 seconds in latitude and longitude, are given. This is due to the different methods
of adjustment of Figure 5; the published National Grid values are based on the adjustment of
Figure 5 in two parts, whereas the second value is based on the more correct adjustment of the
complete Figure 5 as a single unit. See Chapter 2, § 2.30.

Thus, the residual discrepancy between the deduced value for the Airy Transit Circle in the
Principal Triangulation and its value from published Retriangulation co-ordinates is 0-014
seconds in latitude (043 m.) and 0-118 seconds in longitude (2:29 m.) The resulting vector is 2-33 m.
Vectors of similar direction and magnitude occur between the two triangulations in this area, for
example the comparable vector at St. Paul’s Cathedral is 2:28 m. See Chapter 6. There is
little doubt therefore that the residual discrepancy is to be attributed to the errors in both triangula-
tions. Using the values obtained from the adjustment of Figure 5 as one figure, the discrepancy is
reduced to 0-002 seconds in latitude and 0-102 seconds in longitude, or a vector of 1-95 m.

3.067 AZIMUTH CONNECTION

When Greenwich Observatory (482) primary station was co-ordinated in 1954 the observations
at this station included pointings to the old Greenwich North Meridian Mark at Chingford, now
called Pole Hill Obelisk. (See Appendix 8.7 for details of the observations.)
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Reducing to the Obelisk centre by applying — 1743 gave

359° 58" 5382
as the geodetic azimuth to the Obelisk centre. The Airy Transit Circle is 7:390 m. from the
primary station, and the correction to reduce the azimuth from the primary station to the Transit
Circle is —0710. The geodetic azimuth of the Pole Hill Obelisk centre at the Airy Transit Circle

was therefore
359° 58" 5372

The geodetic latitude and longitude of the Airy Transit Circle were
pe = 51° 28" 38265 N Ag = +00° 00" 00418 E (See § 3.066)

so the Laplace correction to astronomic azimuth to get geodetic azimuth was
(Ag—Ag) sing = +0°418 xsinp = +0°33

A4 being zero. See § 3.09.
The results of the 1953 azimuth observations by the Royal Observatory gave an astronomic
azimuth from the Airy Transit Circle to Pole Hill Obelisk centre of

359° 58" 52762

with a probable error of +0705.
Applying the Laplace correction, the Laplace azimuth was

359° 58’ 52795

which differed by 0°77 from the geodetic azimuth,

The Airy Transit Circle is not reversible, consequently any uncertainty in the determination of
the collimation error will have entered systematically into the astronomic azimuth of the Pole
Hill Obelisk.

THE CONNECTION TO THE ROYAL GREENWICH
OBSERVATORY, HERSTMONCEUX

3.07 Introduction

In 1949 the Royal Observatory started to move from Greenwich to Herstmonceux in Sussex
because atmospheric conditions at Greenwich were no longer suitable for precise astronomic
observation. It was decided to establish a connection between the Retriangulation and the new
observatory. The ideal arrangement would have been to co-ordinate the point over which the
main meridian transit of the observatory, called the Cooke Transit Circle, was to be centred. Had
this been possible, and had observations to the azimuth marks which were to be used in conjunction
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with the Cooke Transit Circle been included, it would have been possible to make a complete
comparison between the astronomic latitude, longitude, and azimuth, and the geodetic values.

Unfortunately this could not be done, because the exact location of the Transit Circle could
not be determined before the instrument was installed. Furthermore, intervening trees prevented
a connection from the site of the Transit Circle to the surrounding primary stations being made
from ground level. To clear these local obstructions a 103-foot steel tower would have been neces-
sary and the foundations for such a tower would have interfered with the foundations for the
Transit Circle which were already being prepared.

Consequently it was decided to do the work in two parts, first to co-ordinate the position of
the Transit Circle, and later, after the installation of the instrument, to make the azimuth connec-
tion. As a preliminary to co-ordinating the Transit Circle a standard triangulation pillar was
erected and co-ordinated. The site chosen for this pillar was about 3,000 feet to the south-east of
the Transit Circle and observations were made to and from the primary stations:

Fairlight Down (193); Beachy Head (194); Firle Beacon (199); Ditchling (32).
(See Diagram 12)

This work was carried out in August 1953, and the pillar was known as Herstmonceux (481).

3.08 Co-ordination of the Cooke Transit Circle

As soon as the base plate of the Transit Circle was in position in June 1953, a temporary mark
on it was connected to Herstmonceux pillar by the scheme shown in Fig. 3.3. At the time it was
understood that the Transit Circle would be accurately centred over this temporary mark, but
subsequently in 1956 from discussions with the members of the staff of the Observatory responsible
for the erection of the Transit Circle it transpired that the centring of the Transit Circle over that
mark could not be guaranteed, but they believed it to be within half an inch. Re-observations taken
at Herstmonceux pillar and Solar have established that the temporary mark is indeed located under
the Transit Circle, but it is not possible to determine its exact location in plan relative to the
actual centre of the Transit Circle, that is, to the point of intersection of the axis of collimation with
the trunnion axis.

The results of the 1953 observations to connect the temporary mark were:

From To Mean Observed Direction
Herstmonceux (481) Fairlight Down (193) 00° 00’ 00"
Firle Beacon (199) 171 49 48-7
Solar 198 29 29-1
Transit Circle (Temporary
Mark) 238 03 28-2
Solar Transit Circle (Temporary
Mark) 00° 00’ 00"
Herstmonceux (481) 94 05 44
Transit Circle(Temporary| Solar 00° 00" 00"
Mark) Herstmonceux (481) 3394057
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Horizontal Distance: Solar to Transit Circle (Temporary Mark) 567-641 m.
From these results it was calculated that the Retriangulation value for the Cooke Transit

Circle (Temporary Mark) was:

E 564 531-38 m. N 110 704-21 m.
or @ 50° 52’ 187597 N A +00° 20" 197273 E

These results can be accepted as applicable to the centre of the Transit Circle as the small
uncertainty in position discussed above is not significant in relation to the accuracy of the triangu-
lation.

Transit
(centre of base plate of
Transit Circle)

Solar
Fairlight Down

Herstmonceux Pillar

500 1000 metres
|

1 | | 1 | 1 | 1 1
T

| T
1000 2000 3000 feet

0
1
I
0

Fi1G. 3.3. Triangulation scheme to co-ordinate the Cooke Transit Circle at the Royal Greenwich
Observatory, Herstmonceux

3.09 Longitude Difference Greenwich-Herstmonceux

From the above it may be seen that the geodetic longitude difference between the Airy Transit
Circle at Greenwich and the Cooke Transit Circle at Herstmonceux is:

Geodetic longitude of Cooke Transit Circle +00° 20’ 197273 E
Geodetic longitude of Airy Transit Circle  +00° 00’ 007418 E

Geodetic longitude difference 00° 20’ 18855
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From this the following geodetic longitude difference between the Photo Zenith Tube at Herst-
monceux and the Airy Transit Circle at Greenwich is deduced from ground measurements:

00° 20" 19%755.

When the Observatory at Herstmonceux opened it was necessary for the Meridian Department
to adopt a value for the astronomic longitude difference between Greenwich and Herstmonceux,
For this purpose they used calculations of the deviations of the vertical at Greenwich and Herst-
monceux made by A. H. Cook from available gravity observations®). This gave the following
astronomic longitude difference between the Airy Transit Circle at Greenwich and the Photo
Zenith Tube at Herstmonceux.

Geodetic longitude difference 00° 20" 19755
Deviation at Greenwich —27135
Minus deviation at Herstmonceux —17394

Astronomic longitude difference 00° 20" 16226

Or, expressed in time, 00" 01™ 21%082.

In fact owing to a misunderstanding of the correct value of the geodetic longitude of the Airy
Transit Circle site at Greenwich, which arose from the slight discrepancy between the Principal
Triangulation and the Retriangulation at this place (see § 3.066), the Meridian Department
adopted a provisional value 009009 different from the above, i.e.,

00" 01™ 217091

This provisional value agreed well with the provisional values of astronomic longitude observations
of the Ordnance Survey at Greenwich and Herstmonceux which then gave the difference (later
revised) as: '

00™ 01™ 215092

A thorough study of the observations made with an instrument known as the Small Transit
before and after it was moved from Greenwich to Herstmonceux in April 1957, and comparisons
against the Photo Zenith Tube at Herstmonceux, showed that the provisional value was satisfactory
within one or two milliseconds, and the provisional value was therefore adopted.

Later, in 1962, however, a definitive value was allotted to the Photo Zenith Tube at Herstmon-
ceux by the Bureau International de I’'Heure of

00" 01™ 217102

It is this value that has been used in calculating all azimuth results. (See § 3.103, and § 5.08 in
Chapter 5.) It should be noted however that if this value is adopted for Herstmonceux, and if Cook’s
deviations derived from gravity observations are accepted, an adjustment of about 00°020 should
be made to the adopted longitude of the Airy Transit Circle at Greenwich. However, since the
deviations based on the gravity survey are of somewhat uncertain accuracy, and since in a sense
the Airy Transit Circle site continues to define the zero meridian of astronomic longitudes, a zero
value for astronomic longitude at Greenwich has been used for calculating the azimuth there in
§ 3.067.
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