HAROLD D. BLACK, GEORGE GEBEL, and ROBERT R. NEWTON

THE CENTENARY OF THE PRIME MERIDIAN AND
OF INTERNATIONAL STANDARD TIME

In 1884, an international conference was assembled in Washington, D.C., to establish a prime merid-
ian that would be accepted as an international standard. One purpose (Part I) of this article is to
commemorate that conference, to explain APL’s interest in the centenary and in the subject, and
to muse about the prospects for the prime-meridian in the next century. The other purpose (Part II)
is to describe why the present system of international standard time zones came to be adopted at that
conference, although it was many years before most countries recognized the system. In fact, possi-
bly half the people on earth still do not observe standard time.

I. THE PRIME MERIDIAN

EVENTS LEADING TO THE
1884 WASHINGTON CONFERENCE

In the 17th century, prior to the establishment of
the Greenwich Observatory, a navigator of the broad
ocean areas was faced with the longitude problem. He
could make a fair estimate of latitude by measuring
the height of the sun at noon or of the North Star.
Latitude has a natural reference, the equator; longi-
tude has no such reference. A common tactic was to
sail to the desired latitude, then sail along the parallel
in the right direction until the proper meridian was
reached. In 1598, Philip III of Spain offered 6000
ducats and other benefits for a method to ‘‘discover’’
the longitude.! About 1610, the States General of
Holland offered 30,000 florins for a solution. None
of the aspirants provided a practical solution. It was
in this situation in 1674 that LeSieur de St. Pierre ap-
proached Charles II of England via an intermediary
with a proposal that was met with interest. Late in that
year, the King appointed a Royal Commission to study
LeSieur’s proposal. Enter John Flamsteed (1646-1719),
who was recruited as an official assistant to the Com-
mission. He reported that the proposal was theoreti-
cally valid but unusable practically because of the lack
of the necessary accurate star positions.? The King’s
response was prompt. On March 4, 1675, he appointed
Flamsteed as ‘‘Astronomical Observer’’ at a salary of
£100 per annum. Sir Christopher Wren, something of
an astronomer, selected the site for the observatory
on Maze Hill near London overlooking the Thames
and completed the building in mid-1676. Flamsteed
made his first observations on September 16, 1676. He
was to persevere until his death, when two assistants
continued the editing and publication of his work. It
appeared in 1725 as the Historia Coelestis Britannica,
a catalog of 2935 stars observed at Greenwich, and it
was the standard star catalog for many years. In 1766,
the Astronomer Royal, Nevil Maskelyne, published the
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Nautical Almanac and Astronomical Ephemeris for
the Year 1767 based on the Historia Coelestis Brittan-
ica, thus providing a practical method of discovering
the longitude and satisfying the 1675 directive of
Charles 1II.3

During these plodding years of stellar observation,
the urgency of the longitude problem was highlighted
by several sea wrecks resulting from navigation prob-
lems. Probably the worst occurred on October 22,
1707.* A fleet of 21 British naval vessels had left
Gibraltar about a month earlier headed for Falmouth.
As they approached the entrance to the English Chan-
nel, three ships were set apart as convoys. All three
were wrecked on reefs off the Isles of Scilly. Almost
2000 men were lost; only 24 survived. It is possible that
they could have avoided the disaster if Maskelyne’s
Nautical Almanac had been available.

The country and Parliament were aroused, but it
took about 11 years for Parliament to offer prizes for
“‘such Person or Persons as shall Discover the Longi-
tude at Sea.”’ The rewards were £10,000 for determi-
nation within 60 nautical miles, £15,000 for reliability
within 40 nautical miles, and £20,000 for reliability
within 30 nautical miles. Although the French court
did not offer any prizes, a private citizen, Rouille de
Meslay, included such prizes in his will. He died in
1715, thus activating his prizes about the same time
that Parliament acted (1714).

These incentives resulted in two developments: the
sextant (1732) and the marine chronometer (1762),
which together provided a simple, practical solution
not superseded until the 20th century by the advent
of electronic navigation aids and satellite navigation.
The sextant provided a way to measure the angle be-
tween two celestial objects or their distance above the
horizon. The marine chronometer provided a reliable
way of carrying Greenwich time aboard ship for long
voyages without the need for correction.
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The sextant is generally attributed to John Hadley
(1682-1744).° At about the same time, it was also in-
vented by Thomas Godfrey (1704-49), a glazier and
self-taught astronomer living in Philadelphia.® The
chronometer was a much more complicated and
lengthy effort. John Harrison (1693-1776), son of a
carpenter, turned from the family trade to clockmak-
ing and undertook to win the longitude prize. The ma-
jor improvements in the clock mechanism were to
make the rate independent of temperature changes and
to make it free of any changes while it was being
wound. Four clocks were completed between 1735 and
1761. A series of trials showed the final version fully
acceptable. Parliament temporized on making an
award; in desperation, Harrison appealed to the young
King George III. The King arranged for the latest mod-
el to be tested at his private observatory and finally
prevailed on Parliament to make the fullest award by
a bill in June 1773. It should be noted, on the other
side of the controversy, that Parliament had subsidized
Harrison by substantial grants from 1735-61 while the
model was being improved. Counting these advances,
the total award was £22,500.7

In France, Pierre LeRoy (1717-85) produced his first
version of a marine chronometer in 1756. The final
improved version was completed in 1766, about 5 years
after Harrison’s final version.

With the sextant and chronometer on hand, the de-
termination of longitude was simplified to determin-
ing local noon by noting when the sun was at its high-
est, using the sextant; at the same moment, the chro-
nometer was read to determine the corresponding time
at Greenwich. The difference between 12 noon and lo-
cal Greenwich time was then converted into longitude
at the rate of 15 degrees per hour and labeled east or
west according to whether local Greenwich time was
earlier or later than 12 noon.

It should be noted that as the 19th century
progressed, there developed a marked inclination for
shipping to rely on British navigation aids (such as the
Nautical Almanac), on British charts, and on Green-
wich time. There were at least 11 prime meridians used
by the ships of various countries. Following is a list
of these meridians and the percentages of ships and
tonnage that used each.®

Prime Ships Tonnage

Meridian (%) (%)
Greenwich 65 72
Paris 10 8
Cadiz 5 3
Naples 4 4
Christiana 4 3
Ferro 2 3
Pulkowa 1%, 12
Stockholm 12 1
Lisbon 1 1
Copenhagen 1 1)
Rio de Janeiro %) %3
Miscellaneous 4 2Ys
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The preference for the Greenwich meridian is ex-
plained by the reputation for reliability and correct-
ness developed by Greenwich time and various
Greenwich Observatory publications. Undoubtedly,
this preference was affected by the earlier availability
of Greenwich navigational data. Whatever the reasons,
there was no doubt that a standard prime meridian
would be a benefit to the entire shipping establishment.

At the Third International Geographical Congress
at Venice in September 1881, the topic ‘‘Establishment
of a universal prime meridian and uniform standard
of time’” was on the agenda, but no action was taken.
However, at the Seventh International Geodesic Con-
ference at Rome in October 1883, discussions result-
ed in several resolutions that were to be revived
later.’® As a result of the Venice conference, the U.S.
Congress passed a bill on August 3, 1882, authorizing
President Chester A. Arthur to call an international
conference. Washington was proposed as a meeting
place because the United States possessed ‘‘the greatest
longitudinal extension of any country traversed by rail-
way and telegraph lines.”” Responses being favorable,
invitations were issued on December 1, 1883, to as-
semble in Washington on October 1, 1884.°

Twenty-five countries sent 41 delegates to the meet-
ings, which lasted from October 1 to November 1,
1884. The first meeting chose Adm. C. R. P. Rodgers,
USN, as president of the conference and agreed on the
rule “‘one country, one vote.””!! (See boxed insert.)
Although a number of unexpected proposals came up,
the considerable advantage of maintaining the status
quo overcame the proposed innovations. A review of
the voting record shows a substantial majority for each
vote on the seven resolutions. Only two resolutions
produced significant abstentions. One was the resolu-
tion to count longitude east positive from 0° to 180°
east and longitude west negative from 0° to 180° west.
The other was the resolution to start the mean solar
day at mean midnight of the initial meridian and to
count it from zero up to 24 hours.

APL’S CONTRIBUTIONS

We have now arrived at APL’s interest in this cen-
tennial and in the Greenwich Observatory. APL de-
veloped the TRANSIT satellite navigational system in
the 1960s for the Navy, and it is currently installed in
over 60,000 naval, commercial, and private vessels.
During the development of TRANSIT, a question
arose about the correctness of the system’s longitude
reference, and it was decided to determine the longi-
tude of the Greenwich meridian by satellite. The lon-
gitude was not zero,'? as might be expected, but was
nearly so. The explanation involves a small excursion
into geodesy.

We start with an imaginary terrestrial surface called
the geoid. It is defined as an ‘‘equipotential surface’’
of the gravity field, one that closely conforms to the
undisturbed surface of the oceans; over land areas, it
conforms to a surface defined by imaginary narrow
channels in direct communication with the ocean. The
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RESOLUTION AT WASHINGTON CONFERENCE OF OCTOBER 1, 1884

I That it is the opinion of this
Congress it is desirable to adopt
a single prime meridian for all
nations, in place of the multi-
plicity of initial meridians which
now exist.

II That the Conference proposes
to the Governments here repre-
sented the adoption of the me-
ridian passing through the
center of the transit instrument
at the Observatory of Green-
wich as the initial meridian for
longitude.

III That from this meridian longi-
tude shall be counted in two
directions up to 180 degrees,
east longitude being plus and
west longitude minus.

IV That the conference proposes
the adoption of a universal day
for all purposes for which it

VI

VII

may be found convenient, and
which shall not interfere with
the use of local or other stan-
dard time where desirable.
That this universal day is to be
a mean solar day; is to begin for
all the world at the moment of
mean midnight of the initial
meridian coinciding with the be-
ginning of the civil day and date
of that meridian; and is to be
counted from zero to twenty-
four hours.

That the Conference expresses
the hope that as soon as may be
practicable the astronomical
and nautical days will be ar-
ranged everywhere to begin at
mean midnight.

That the Conference expresses
the hope that the technical
studies designed to regulate and

extend the application of the decimal
system to the division of angular space
and of time shall be resumed, so as to
permit the extension of this applica-
tion to all cases in which it presents
real advantages.

Voting Record Summary

Resolution I II III IV V VI VII
Ayes 21 22 14 23 15 21
Noes 01 5 0 2 0
Abstentions 0 2 6 2 7 3

Resolution VI carried without division.

Denmark accepted the invitation but sent
no representative.

Representatives not present account for to-
tals less than 25 in each vote.

gravity vector (e.g., the plumb-bob vertical) is perpen-
dicular to the geoid. The mathematical description of
the geoid is a central problem in geodesy, and satel-
lites have greatly aided in improving this description.
Prior to the advent of satellites, the approach to the
problem required assembling surface gravity measure-
ments over the earth and fitting a spherical harmonic
expansion to the data. Because much of the data was
derived from local measurements, it was customary to
generate a portion of the geoid and fit an ellipsoid (see
Fig. 1) to the section. The resulting ‘‘reference’’ ellip-
soid was then an important part of a ‘‘local datum’’;
““local’’ in this context means within a single country
or continent. For example, a local datum is a local
coordinate system, intensively used as a basis of local
surveying; there is a ‘‘North American datum,’’ a “‘Eu-
ropean datum,’’ etc. These local datums were (are)
compromises; more convenient would be a ‘‘world da-
tum,’’ a single earth-centered coordinate system that
could be used to define the coordinates of all points
on earth. Otherwise—and this is the current
situation—we have to be concerned with the tedious
relationships (coordinate transformations) among the
various local datums.

Satellites, observed by a network of ground stations,
furnished a key to a solution of the problem, and,
starting in the 1960s, world datums began to appear.
The one derived for the TRANSIT system!* was one
of the first. It should be noted that a level (either a
bubble level or plumb bob) finds the direction of the
vertical to the geoid, not the vertical to the ellipsoid.
The deflection of the vertical (of the ellipsoid) rela-
tive to the geoid vertical is generally less than 10 arc-
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Geoid normal \7,1/ Ellipsoid normal

Geoid Ellipsoid

Figure 1 — The geoid is an equipotential surface of the
earth’s gravity field that coincides with mean sea level. The
oblate ellipsoid is a smooth approximation to the geoid. Devi-
ations of the geoid from the best fitting (global) ellipsoid are
everywhere 110 meters or less.

seconds but may be as large as 30 arc-seconds. The
local or plumb-bob vertical is the basis for leveling as-
tronomic observing devices, which brings us back to
the notion of a meridian. Meridian planes containing
the local vertical, the normal to the geoid, and con-
taining a parallel to the polar axis are then ‘‘astronom-
ic’’ meridian planes; one containing the Airy transit
at Greenwich is the prime meridian, and it has (by defi-
nition) a longitude of 0°0’0”. However, the local ver-
tical in this plane is not perpendicular to the mathe-
matically derived ellipsoid surface. The east-west de-
flection of the vertical from the ellipsoid normal was
found, by our ‘‘navigating the meridian,’’ to be 5”.69
+ 0”.17 W. The result of the computation may be
designated as the deviation of the longitude of the geo-
detic meridian relative to the astronomic. Incidental-
ly, a confirmation of the above geodetic longitude of
the prime meridian appeared in Ref. 14. The geodetic
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longitude of the Greenwich meridian in the European
datum was transformed to a value in the world datum
(based on the World Geodetic System WGS72 poten-
tial model, which also was used in the figure quoted
above) and which yielded a value of 5”.72 W, a
remarkable agreement.

There are a number of physical effects that result
in an apparent modification of the observed longitude,
but they are either predictable or can be measured and
corrections made after the fact. Thus, nutation of the
earth produces a wobble of the polar axis but a negligi-
ble effect on the satellite’s orbit. Polar motion, caused
by shifting masses within the earth, results in the po-
lar axis wobbling in a rough circle about 30 meters in
diameter. In this case, the appearance of a polar axis
wobble is misleading. Because the effect is due entire-
ly to internal mass shifts and forces, there is almost
no change in angular momentum. The polar axis re-
mains fixed in the stellar coordinate system and the
earth wobbles about it. In this case, the longitude is
corrected back to a Conventional International Ori-
gin rather than relying on a peripatetic pole. The cor-
rection from the current pole to the Conventional In-
ternational Origin is computed regularly and dissemi-
nated to interested parties by the Bureau Internation-
ale de I’Heure (BIH) in Paris.

This completes the excursion into geodesy. Those
interested in further information on the subject are re-
ferred to the following texts:

C. E. Ewing and M. M. Mitchell, Introduction
to Geodesy, American Elsevier Publishing Co.,
New York (1969);

W. Heiskanen and H. Moritz, Physical Geod-
esy, Freeman Publishing Co., Van Nuys, Calif.
(1967);

G. Bomford, Geodesy, 4th ed., Clarendon Press,
Oxford (1980).

RECENT DEVELOPMENTS

The preoccupation of the Greenwich Observatory
with the longitude problem faded in the 19th century,
to be replaced by an interest in timekeeping. The Ob-
servatory became the source of official time for the
British Isles. However, no effort was made to provide
wireless time signals. Such signals were provided by
other countries, and it became increasingly apparent
that discrepancies were present. By 1911, the situation
needed correction. France took the initiative and in-
vited governments to send delegates to unify time sig-
nals. The representatives of 16 countries assembled on
October 15, 1912, and established the BIH to secure
the universal use of Greenwich Mean Time. The ad-
vent of World War I suspended full ratification of the
agreements, but a provisional Bureau continued to
operate during the war. In 1957, the Greenwich time
functions were transferred to the new Royal Green-
wich Observatory at Herstmonceux Castle, northwest
of Hastings. The original Greenwich Observatory no
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longer performs any astronomical functions, and it has
become a part of the National Maritime Museum.

The brass strip in the Observatory courtyard is still
there. In a traditional sense, an extension of the brass
strip passes through the earth’s pole. If the earth were
a rigid unyielding body, then the strip would be a satis-
factory longitude reference for all purposes; it is satis-
factory for most purposes. The earth is not rigid, and
one manifestation of this nonrigidity is ‘‘polar mo-
tion’’; the earth’s rotational pole moves slowly rela-
tive to the earth’s surface. The motion is small, typ-
ically a few meters in the course of a year. As a conse-
quence, the brass strip as a simple longitude reference
has been supplemented (perhaps supplanted) by the
BIH system, a system of tracking stations that moni-
tors the position of the rotational pole.'* (Some 500
people and 60 observatories are involved in this effort.)
The positions of a ‘‘fixed pole and meridian’’ are im-
plicit in the station coordinates used to monitor the
position of the rotational pole. The question of con-
sistency between the BIH meridian and the Greenwich
meridian immediately arises. Because of the way the
former is defined and the nonrigid character of the
earth, this is a very difficult issue to decide. The best
current information is that the two references differ
by about 0.3” to 0.8”. A discrepancy this small is in-
consequential for navigation purposes.

Conceptually, even for a nonrigid earth, we can take
and keep the longitude of one point on the surface as
zero. Disseminating and using this definition in a con-
sistent manner at other points on a nonrigid earth is
a technical problem on the frontier of modern geo-
physics. Thus the brass strip at Greenwich has not been
forgotten but still controls the longitudes of the ob-
serving stations reporting to the BIH and thus con-
trols the longitudes of associated sites.

And so, 100 years after the Washington Conference,
we consider whether the decisions made there are still
fitting and proper or whether intervening develop-
ments have made changes desirable. The first question
one might pose is ‘‘Has there been an organized plea
for a change and, if so, what and why?’’ The second
question might be “‘If so, to what extent has support
been generated by those who have an interest or would
be affected?’’ As far as the authors are aware, the an-
swers to both questions are negatives. It is not diffi-
cult to understand why. The reasons are the same as
those that motivated the conferees in 1884 and have
become more compelling in the last 100 years. They
may be summarized in a phrase: the status quo. It
would have been exceedingly arduous and expensive
to choose another prime meridian, and the incentives
to do so were vague and of questionable value. The
constituencies of the status quo are the holders of a
vast library of maps and charts covering the entire
globe. The users of the library are the transportation
operators of land, sea, and air and, in addition, the
construction industry, which plans the buildings,
roads, waterways, railroads, and airfields of the world.
Added to these are the many landowners whose titles
refer back to the prime meridian. This is the constitu-
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ency that must be convinced that another prime merid-
ian is in its interest. It is no wonder that the conference
vote for the Greenwich meridian was so decisive.
There was one proposal in the discussion that had
some merit: locate the marker in neutral territory. The
one proposed was an island in the Azores. The advan-
tage would be to avoid war damage. Someone point-
ed out that the Azores belonged to Portugal, nullifying
any pretension to neutrality. However, this consider-
ation was addressed in recent years by the revised defi-
nition of the Conventional Zero Meridian, determined

by the BIH and dependent on numerous observing sta-
tions. Thus, the hazard of war damage to the Green-
wich mark was countered by distributing the location
among many observatories. The duties of the BIH
could be reassigned if needed and a new marker lo-
cated in the same or a different site as the prime merid-
ian based on the ““‘distributed prime meridian.”’ In any
event, a physical reference on the prime meridian con-
stitutes a guarantee that the continuing developments
in geodesy will have a longitude anchor and not drift
away from the Greenwich meridian.

II. INTERNATIONAL STANDARD TIME

INTRODUCTION

In the system of international time zones, we change
our watches and clocks by exactly 1 hour when we pass
from one zone into the next. Since there are 24 hours
in a day, this implies that there are 24 zones. It also
implies that there is a prime meridian to whose time
all other zone times are referred, with the other times
differing by an integral number of hours from the time
at the prime meridian.

Standard time zones are a relative newcomer to the
world scene. It is said that the system dates from an
international conference held in 1884. As we shall see,
the choice for a date of adoption is somewhat ar-
bitrary. Nonetheless, if we accept it, 1984 has seen the
centenary of the zone system. The system was adopted
as late as 1884 because three conditions had to be met
before it could come about. Two conditions were tech-
nical and the third was political.

The first condition was the technical ability to know
at any place the time at any other place in the world,
at least within a few seconds. This ability arose in 1762,
when a marine chronometer developed and built by
John Harrison returned from a round trip across the
Atlantic that lasted 5 months. On its return, the error
in the chronometer was less than 2 minutes, ' and the
error in crossing the Atlantic was soon reduced to a
few seconds. All other time connections could be made
by land with, at most, short journeys over water.

The second condition was the demand to have a
standard time system. This demand was technical in
origin, as will be explained later, and did not arise until
the second half of the 19th century.

The third, or political, condition was the willingness
of nations to accept as the prime meridian a meridian
that did not pass through their own territory. This is
a serious condition, and many major nations did not
accept the present zone system until well into this
century.

TIMEKEEPING

Originally, timekeeping was far from standard; in
fact, the word ‘‘hour’’ did not originally mean the 24th
part of a day; further, ‘‘day’’ originally meant the in-
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terval from sunrise to sunset. ‘‘Day’’ and ‘‘night’’ were
originally disconnected intervals and were individual-
ly divided into smaller units of time, at least in ancient
Egypt and in the western world. Only later did day and
night come to be united to make up a single entity that
is also called a day. Even now, we can tell only by the
context whether ‘‘day’’ refers to the period of light
or whether it refers to a full circle of light and dark.

The western world owes its earlier system of time-
keeping to the ancient Egyptians.!” For each time of
of the year, the ancient Egyptians used separate sets
of stars, which they changed about every 10 days,
whose risings divided the night into 12 parts (hours
of the night) that were roughly equal. They were do-
ing this before 2000 BC. Only somewhat later, around
1500 BC, do we have firm evidence that they were also
dividing the day (the interval from sunrise to sunset)
into 12 equal parts (hours of the day) by means of a
‘‘shadow clock’’ that is a crude form of sundial. Still
later, by the period between 1200 and 1100 BC, they
had developed the concept of a time interval that con-
sisted of a day plus a night, and they divided this larger
interval, which we also call a day, into 24 equal parts.
We call these equal parts ‘‘equinoctial hours’’ when
it is necessary to use two or three kinds of hour in one
context. Before the year 1100 BC, we have Egyptian
tables that give the length, in equinoctial hours, of day-
light and darkness for each month of the year.

Ancient astronomers, as well as modern ones, used
a flow of time that is uniform, so they tended to use
the day of 24 equal hours. Most people, however, had
their lives regulated by the rising and setting of the sun,
so they retained the older usage of ‘‘hours of the day”’
and ‘‘hours of the night’’ until nearly the end of the
Middle Ages, at least in European society. As evidence
of this, we have the fact that the canonical times of
prayer, such as matins, primes, and so on, were tied
to the times of sunrise and sunset. Also, of course,
farming people — and the majority of the people were
farmers until recent times — were tied in their activi-
ties to the rising and setting of the sun.

For example, the medieval chronicler Gervase of
Canterbury'® copied a source from Canterbury that
says of the solar eclipse of March 20, 1140, that it oc-
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curred about ‘‘nones on the 13th day before the cal-
ends of April”’ (and thus on March 20).!° Nones
means the ninth hour, and we must ask whether this
meant 9 hours after midnight in the modern sense or
9 hours after sunrise in the earlier sense; the two times
differ by about 6 hours. Calculation shows that the
eclipse came in the middle of the afternoon and there-
fore at the ninth hour of the day, and nones retained
this meaning for another century or so after 1140.

It is clear that the length of an hour of the day or
night varied with the seasons. At London, for exam-
ple, the longest hour of the day (at the summer sol-
stice) was about 14 equinoctial hours, and the shortest
hour of the day was about two-thirds of an equinoc-
tial hour. This variation is not consistent with the use
of stable clocks, and the clocks in use before about
the 14th century were changed with the seasons to read
hours of the day.?° This could be done because the
clocks were not very accurate.

People before modern times, even astronomers,
were usually reluctant to tell us how they determined
the time. We know that sundials were used from very
early times in the daytime. We have, even from Ro-
man times, collections of gears that seem to have some
connection with time. However, it is believed that they
were not used to tell the time. Instead, they were
planetaria whose function was to give the (geocentric)
configuration of the solar system, perhaps referred to
the stars, at some specific time. If planetaria were al-
lowed to run freely, instead of being set manually to
a specified time, it seems to me that they must have
been regulated by the balance between friction and
some driving force. In the water clock, which was per-
haps the most accurate clock in earlier times, the driv-
ing force was supplied by a hydrodynamic head and
the friction was supplied by the viscosity of water. In
order to make a water clock run at what we call con-
stant speed, one had to try to keep the hydrodynamic
head constant, and one also had to try to keep the tem-
perature constant in order to keep the viscosity
constant.

The key to a more accurate clock was to use some
periodic phenomenon that could be coupled through
an escapement to a gear train. Each cycle or half-cycle
of the period, the escapement allowed the first gear
in the train to advance one tooth. The first periodic
device used to drive a clock was a torsion pendulum,
which was first installed in a clock in the 14th centu-
ry. Even the early forms of this clock could keep time
with an accuracy of a few minutes per day, and fur-
thermore they could not easily be adjusted to agree
with the varying length of an hour of the day. It is
probably not a coincidence that the hour of the day
(or night) disappeared from ordinary usage about the
time that the torsion clock was invented.?!

Astronomers at least since the ancient Greeks have
known that there are two kinds of solar time, name-
ly, true solar time and mean solar time, and the an-
cient Greeks could calculate the difference between
them theoretically. True solar time means time regu-
lated by observation of the true or actual sun. How-

386

ever, the sun does not appear to move in the plane of
the earth’s equator, and it does not appear to move
in a circular orbit with uniform angular velocity. From
a combination of these two effects, time kept by the
true sun is not uniform. In order to get a uniform mea-
sure of time from the sun, we have invented an entity
called the mean sun. The mean sun is a point that
moves in the plane of the earth’s equator at a uniform
rate equal to the average rate of the true sun in its or-
bit, and mean solar time is the time we keep if we base
time upon observations of the position of the mean
sun.? What is called “‘true time”’ here is often called
‘“‘apparent time’’ in the modern literature.

Thus the length of the true day is not uniform. At
the extremes, the length of one true day differs from
the length of the preceding true day by about 1 part
in 10°, or about 0.8 second. The difference between
mean and true time, at the extremes, can change by
about 30 minutes in 3 months, or about 20 seconds
per day. The clocks that were developed in the 14th
century could easily tell the difference between hours
of the day and equinoctial hours, but they were far
from being able to tell the difference between mean
and true solar time.

Thus, after a clock was regulated as accurately as
possible, it was still necessary to set it daily, and the
common practice was to set it daily at noon by the sun,
perhaps by means of a sundial. Thus the clocks kept
true solar time rather than mean time.

The next major improvement in accuracy came with
the development of the clock regulated by a gravity
pendulum. Galileo discovered the fundamental prin-
ciple of the gravity pendulum sometime around 1585,
but it was not applied to the regulation of a clock un-
til the Dutch astronomer and mathematician
Christiaan Huygens did so in 1656. From that time on,
the accuracy of clocks and watches improved rapidly,
and it was not long until they could keep time more
uniformly than the true sun. When it became well es-
tablished that this was the case, people went to mean
rather than true solar time.?

To be sure, until rather recently, the true sun was
still used as the ultimate reference. But, with the gravi-
ty pendulum, it was worth the trouble of consulting
a table of the differences between mean and true times
and setting the timepiece to mean time rather than true
time.

THE NEED FOR STANDARD TIME

However, people in any location, until about a cen-
tury ago, set their clocks to read the mean time ap-
propriate to their local longitude. At a period in history
when rapid long-distance travel did not exist, it was
simpler for each locality to use its own mean time in-
stead of trying to set to the mean time of some other
locality.

Of course, people within a short distance of a large
town might all decide to keep the mean time of the
town. Thus there might be a region whose time stan-
dard was the mean time of, say, Boston, while there
might be another region whose time standard was that
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of Hartford, less than 150 kilometers away. It is known
that there were more than 50 time standards in the
United States in 1881,% with three or four in the
small area of New England alone.

The most important single event in creating a de-
mand for a single time standard may have been one
that occurred on May 10, 1869. This was the comple-
tion of the first trans-American railroad, at Promon-
tory, Utah, just north of the Great Salt Lake. In the
early 1850s, the federal government planned a trans-
continental railroad to run approximately along the
32nd parallel of latitude, from Charleston, S.C.,
through El Paso to San Diego, and the Gadsden Pur-
chase (of the southern parts of New Mexico and Ari-
zona in 1853) was made at least partly for the purpose
of providing a straight route for this railroad entirely
within U.S. territory. However, the Civil War inter-
fered with the construction of that route, and in 1863
it was decided that the first transcontinental railroad
should run near the 42nd parallel. The new construc-
tion needed to accomplish this ran only from Omaha,
Neb., to Sacramento, Calif., with the Union Pacific
building westward from Omaha and the Central Pa-
cific eastward from Sacramento. They met at Promon-
tory, where the final ceremony took place on May 10,
1869. There, between the noses of two locomotives,
the last spike, a golden one, was driven.?” Other
transcontinental lines soon followed.

Thus it became possible to travel coast-to-coast in
a few days, with the necessity of using the multitude
of time standards that then existed. This was a nui-
sance to passengers who needed to make connections,
but it was also dangerous. If a train crew failed to
make the frequent time changes correctly, there was
serious risk of an accident. Accordingly, there arose
a demand for a unified time system for the railroads
of the entire country.

Of course, similar problems existed elsewhere, par-
ticularly in the western part of Europe. There, Great
Britain, at a fairly early date, put all of the island of
Great Britain onto Greenwich time, France put all of
that country onto the time of the Paris Observatory,
and so on. Still, a train traveling from Paris to Istan-
bul, say, had to make an uncomfortable number of
time changes.

There had been some demand for an international
time standard before the advent of rapid, long-distance
railroading. In particular, individual astronomers, and
navigators of oceanic shipping, needed to use an in-
ternational time standard, but they did not all use the
same one. Further, astronomers and navigators by
themselves did not have enough political power to
bring about agreement on international standards. It
is likely that long-distance railroading supplied the nec-
essary increment of demand.

Apparently the first person to propose a uniform
time system for the United States, in which all local
time would differ by integer hours from some single
standard, was Charles F. Dowd, who is described as
the principal of a young ladies seminary in Saratoga,
N.Y.? Dowd, in 1846, first proposed using the me-
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ridian of Washington, but he later changed this to the
meridian of New York and then to Greenwich. His sys-
tem is described as being too complicated to be usable,
and it was dropped.

The matter was revived in 1881. At a meeting of rail-
way managers of the United States held in October of
that year, F. A. P. Barnard and others presented a sys-
tem that had been developed by W. F. Allen. The man-
agers adopted this system at their meeting in October
1883, to go into effect on November 8, 1883. It is in-
teresting that Allen’s system used the meridian of
Greenwich, even though there was still no international
agreement concerning this meridian.

This action of the railroads did not directly affect
other users of time and, in particular, it did not directly
affect the hours kept by law courts, by banks, and by
other activities that involved a legally defined time.
However, all the states soon passed legislation adopt-
ing the railroad time as the time to be used for all le-
gally defined times. Thus the railroad system came to
be the legal system for the United States.

THE 1884 INTERNATIONAL CONFERENCE
ON TIME STANDARDS

An international conference on time standards was
convened in Washington in October 1884. It is left to
the reader to decide how much effect the action of the
American railroads had upon the decision to call this
conference, and upon the place where it was held. The
conference opened on October 1,27 and most of that
day and the next were spent in electing officers and
on other formalities. After these preliminaries, a reso-
lution was presented on October 2, proposing that
Greenwich should be adopted as the prime meridian.
The French delegation immediately proposed that dis-
cussion of this resolution be postponed until October
6, and this was done.

On October 6, France offered a parallel resolution
to the effect that the prime meridian should be a neu-
tral one, meaning one that should cross neither Eu-
rope nor North America. The basis for this proposal
was that the Paris meridian was just as entitled as the
Greenwich meridian to be the prime meridian, so the
conference should give equal recognition to both by
adopting neither.

There was considerable justice in the French pro-
posal. The Paris Observatory was founded in 1667,
while the Greenwich Observatory was not founded un-
til 1675, and astronomers of the Paris Observatory had
played a leading part in the development of astrono-
my. The French delegation presented data on the vol-
ume of technical publications that used the respective
meridians of Greenwich and Paris and found that the
number of pages published annually in each case was
about equal. The rebuttal based its argument on the
volume of commercial shipping.?® The argument
based on commerce won. Of the countries present, 22
voted in favor of Greenwich, San Domingo (the pres-
ent Dominican Republic) voted against, and France
and Brazil abstained.
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FATE OF THE
CONFERENCE RECOMMENDATIONS

As someone pointed out during the debate, the con-
ference was a conference of technical specialists, and
its actions were not binding on any government. In
fact, many governments did not follow the votes of
their respective delegations for a long time, and it is
somewhat arbitrary to choose 1884 as the year when
the Greenwich meridian and the accompanying zone
system were adopted. One might as well choose 1883,
when the zone system based on Greenwich was adopt-
ed for the first time by any country other than Great
Britain.?’ Or one might choose any one of several
years later than 1884. In 1905, 21 years after the con-
ference, for example, France, Portugal, Holland,
Greece, Turkey, Russia, Ireland, and most of Central
and South America still did not accept the Greenwich
meridian as their prime meridian.*® Or we could pick
the year when all of western Europe, say, had adopt-
ed Greenwich as the prime meridian.

I believe that by now most major countries have
adopted Greenwich for their prime meridian, at least
tacitly. ““Tacitly’’ is certainly the word to apply to
France. France first reacted to the conference of 1884
by giving the meridian of the Paris Observatory the
status of law. Then, on February 24, 1898, the French
Chamber of Deputies adopted and sent to the Senate
a bill saying that French standard time should be the
time of the meridian of Paris, diminished by 9 minutes
and 21 seconds; this is just the difference between the
times of the meridians of Paris and Greenwich. The
Senate held the bill for 12 years before adopting it,
to be effective on March 9, 1911. Not until August 9,
1978, did France adopt ‘‘universal time, coordinated”’
without qualification. It should be noted that ‘“univer-

sal time, coordinated”’ is defined without explicit refer-
ence to Greenwich; it is a type of atomic time.

While every area now recognizes the Greenwich
meridian, at least tacitly, it does not follow that every
country keeps standard time. To review the situation,
let us say that an area keeps time 4. By this, we mean
that local time equals Greenwich time + 4. If every
area kept standard time, 4 would everywhere be an
integral number of hours. # would be 0 from longi-
tudes 7Y% ° west to 74 ° east, A would be + 1 hour from
longitudes 7% ° to 22%°, and so on.

The map of time zones (Fig. 2) shows that the time
is far from standard, even today. The map was pub-
lished in 1983, and probably reflects the situation in
1980, allowing for necessary delays in publication.
Such a map has shown many changes since 1945, some
of increasing and others of decreasing standardization.

In the direction of increased standardization, A4 is
everywhere either an integer or half an integer. Saudi
Arabia has changed from keeping true solar time, for
which there is no value of 4, to keeping # = 3 hours,
and it is certainly understandable to have the few small
areas outside this range keep the same time as the rest
of the country. Liberia has changed from # = —44
minutes to 0; it should have # = —1 hour. Af-
ghanistan has changed from 4 hours 26 minutes to 42
hours; it is split between the zones with # = 4 and
h = 5 hours.

In the opposite direction, China was divided into
zones of 4 = 6 to 4 = 8 hours. The westernmost part
properly has # = 5 hours, but again we can under-
stand shifting the boundary slightly for ease of admin-
istration. Now, though, the whole country officially
keeps A = 8 hours, but one cannot help wondering
whether people in the western part actually get up and
go to bed at the same time as those in the east.

Figure 2 — Map of time zones (taken from the map of the world prepared by the National Geographic Society, as published
in 1983, and reproduced here through the courtesy of the Society).
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Argentina, Chile, central Australia, and a few small
areas elsewhere do not keep the value of 4 that is ap-
propriate to their longitudes. Chile is entirely in the
zone with 2~ = —5 hours, but it keeps — 4 hours. Ar-
gentina geographically has # = —4 hours almost
everywhere, but it keeps —3 hours. The map shows
Siberia divided into zones that are reasonable approx-
imations of the standard ones, given the presence of
natural boundaries such as major rivers. However, as
a note on the map says, every place in the Soviet Union
keeps A to be 1 hour greater than the map shows. All
in all, it may be that half the population of the earth
keeps a value of 4 that is not standard for its longi-
tude, and there is no sign that this situation is
changing.
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