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FOREWORD

The Committee on Space Research (COSPAR) held its fifth
International Space Sciences Symposium in May 1965 in Buenos
Aires, Argentina. This volume presents a collection of papers
co-authored or presented at the meeting by personnel of NASA's
Goddard Space Flight Center, Greenbelt, Maryland.

There has been no attempt to arrange the papers in any par-
ticular sequence. Their publication within a single NASA Tech-
nical Note, rather than as separate ones, was prompted by
recognition of the growing need for more inter-disciplinary com-
munication. It is to be hoped, therefore, that the readers of any
of these papers will find material of interest in all of them.

Technical Information Division

Goddard Space Flight Center
Greenbelt, Maryland
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RELATIVE ADVANTAGES OF SMALL AND
OBSERVATORY TYPE SATELLITES

by
G. H. Ludwig
Goddayrd Space Flight Center

Both the relatively small Explorer and the large Orbiting Observatory
classes of scientific satellites have advantages which need to be considered
carefully when a new space experiment is to be performed. The small satellite
offers greater choice in tailoring the orbit to the experiments. The orbital, ori-
entation, telemetry, and operational needs of a particular experiment are not
usually compromised to as large an extent because fewer experiments are in-
volved. The smaller size simplifies the electrical, magnetic, and radiated
interference problem, since fewer operating components are involved. It pro-
vides greater ease in testing and scheduling, and permits a shorter pre-launch
lead time.

The larger observatory permits the conduct of more complex or larger
numbers of related experiments for the more detailed study of the co-relation-
ships between the numerous space phenomena. Since it is less highly integrated,
standard experiment/spacecraft interfaces can be defined to simplify the experi-
ment design and integration problems. The larger size permits the use of
higher capacity and more flexible data systems and more precise active orienta-
tion systems. Operational efficiency is higher, since the data from a large
number of experiments can be recorded and processed simultaneously. It is
concluded that both types should continue to be used to meet the varied require-
ments of the space sciences program.

INTRODUCTION

The earth satellites presently being used for space science investigations can be grouped into
two broad classes. The first is the relatively small satellite typified by the Explorer series. It
includes the Explorer, Vanguard, Solar Radiation (S.R.), Injun, Traac, Starad, Lofti, Rados, and
International Program (Ariel, Alouette, and San Marco) satellites. The second class consists of
the larger observatories, and includes the Orbiting Solar Observatories (OSO), Orbiting Geophysi~
cal Observatories (OGO) and Orbiting Astronomical Observatories (OAO). An Advanced Orbiting
Solar Observatory (AOSO) is also being developed. The relative merits of the two classes have
been the subject of many debates. This paper is an attempt to summarize some of the more
significant advantages of each type.



and third observatories (OGO-I and OSO-II) have been launched, and it is becoming possible to
discuss statistically significant actual experience and performance. To illustrate some of the
arguments, reference will be made to several specific satellites. The Interplanetary Monitoring
Platform (IMP-I, 1963-46A, or Explorer XVII) typifies the small Explorer class satellite built
within a NASA laboratory. A satellite built at another government laboratory is typified by the
Naval Research Laboratory Solar Radiation satellite (1964-01D). The University of Iowa Injun
series is the only presently existing satellite series built entirely at a university laboratory, and
will be represented by Injun IV (1964-76B). The observatory class will be illustrated by OGO-I
(1964-54A).

WEIGHT AND VOLUME CAPABILITY

The Explorer class satellite weights have ranged from 7 kilograms for the atmospheric drag
balloon (Explorer IX) to 14 kilograms for the early energetic particles Explorers, to 184 kilograms
for the Atmospheric Structures Explorer XVII. Only three have weighed more than 120 kilograms
as is shown in Figure 1. The observatory weights have ranged from 208 kilograms for OSO-I to
488 kilograms, for OGO-I. The first OAO will weigh about 1600 kilograms. Weight has historically
been the primary limiting factor when choosing
the experiments for each spacecraft mission
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normally included in the Explorer class. Communica- formed only on the larser observatori
tion, navigation,and weather satellites are not included. y ge Servatories.

quiring large optical systems or apertures.

On the other hand, large weight and volume may be a liability for some experiments. When
searching for relatively rare elementary particles, the large mass of an observatory can create
an unacceptable background flux of secondary particles. A large volume may complicate the out-
gassing problem, causing a local contamination for atmospheric and ionospheric experiments.



ATTITUDE CONTROL

Numerous experiments require some form of attitude control. Some of these requirements
can be met on both small and large spacecraft, while others are more feasible with one class or
the other.

There are many possible types of attitude control, each having interest for certain classes of
experiments.

Non-oriented and Random Orientation

Some experiments are intended to observe an isotropic field, and therefore require no orienta-
tion. It is possible to perform some measurements of a non-isotropic field if the instantaneous
orientation of the non-oriented spacecraft is known. Other experiments may actually prefer a
random tumble to obtain data statistically integrated over the entire sphere. These missions are
best performed by small satellites, since all sets of experiments flown on larger observatories
will almost always contain sub-sets which require orientation. In addition the problems of pro-
viding adequate solar power and acquiring data telemetered to the earth from tumbling spacecraft
would be more serious for the larger observatories where higher capacity data systems are
normally employed.

Spin Orientation

Spin orientation is acceptable or preferable for many experiments, and is easy to achieve for
small satellites, since most of the smaller unguided final rocket stages require spinning for sta-
bility. A separate spin subsystem would have to be added for the observatories. Observatories
can be made to spin satisfactorily as demonstrated by the actual operation of OGO-I.

Earth Orientation

Earth orientation is desired for many spacecraft to permit use of high-gain antennas for high-
capacity data transmission; and some experiments require earth orientation either toward or away
from the earth. Some technigues, such as gravity-gradient stabilization, can be used on either
large or small satellites. Others, such as the use of horizon scanners and active torquers of
various types, require use of the larger observatories because of their complexity. This results
from the fact that active attitude control system weights do not, in general, scale linearly with total
spacecraft weights. The smallest active earth orientation system has a weight which is too large
for the smaller satellites.

Magnetic Field Orientation

Alignment of sensors at an angle fixed relative to the local magnetic field is desirable for
certain classes of experiments designed to investigate the low energy particles whose motions



are controlled by the earth's magnetic field. Such experiments can be performed near the earth
most easily on small satellites, since the controlling torques are small and can be produced
directly by the magnetic field, as was done on the Injun satellites. H experiments of this type

are to be performed at higher altitudes, where the earth's field is weaker, active attitude control
systems using sensitive magnetic field sensors and active torquing devices would be necessary.
The active system would probably require a larger satellite. Actually, these experiments can be
performed at the cost of somewhat increased instrumentation and data processing complexity, by
appropriate sampling of scanning detectors, if the direction of the field is measured concurrently.

Direction of Motion Orientation

Orientation with respect to the direction of motion is desirable for experiments which investi-
gate particles whose velocities are lower than or comparable with that of the spacecraft. Of course,
some of these experiments can be performed on spinning satellites of all sizes by the use of ap-
propriate time sampling techniques, but continuous orientation of the sensors along the satellite
velocity vector or in the orbital plane requires the use of an active orientation system in a larger

satellite.

Sun Orientation

Sun orientation is desirable to simplify the collection of solar energy by solar cells or reflec-
tors, and many experiments require solar orientation. A few solar orientation systems, such as a
torqued spin-axis system, are suitable for use on small satellites. Some solar experiments
can be performed by careful timing of the observations from a spinning satellite. It is likely, how-
ever, that solar experiments requiring medium to high pointing accuracy or solar disc scanning
will continue to be located on the larger observatories to take advantage of their higher capability

orientation system.

Celestial Inertial Qrientation

Many astronomical experiments require orientation toward a fixed point on the celestial sphere,
and a capability for moving to a new point between observations. Small spin-stabilized satellites
are acceptable for some experiments requiring low pointing accuracy, for example, gamma ray
astronomy, where the sources are very weak and integration over a large solid angle is necessary.
Most of these experiments, however, require an active orientation system and, therefore, the

larger observatories.

Combinations of several different orientation schemes lead, in general, to greater complexity
and larger spacecraft. The OSO is spin and sun oriented. The OGO employs earth, sun, and orbit
plane orientation, while OAO will contain a highly accurate directable celestial inertial system and

a low accuracy sun orientation system.

In summary, passive orientation techniques are useful on small satellites, and some of them
are better suited to small satellites than large ones. A few simple active systems are being used




or considered for small satellites. For example, Iowa has used an active magnetic field orienta-
tion system on Injun. Any but the simplest active system requires the use of larger observatories.

DATA HANDLING, STORAGE, AND TELEMETRY

As in the case of the active attitude control systems, data handling, storage, and telemetry
systems do not scale linearly with spacecraft weight. Doubling the number of time multiplexer
inputs, for example, requires only one additional stage in the multiplexer counter. In addition,
the capability of electronics equipment increases roughly with volume, or the cube of linear dimen-
sions, while the container and other structural weight increases more nearly as the surface area,
or the square of linear dimensions. Therefore, doubling the data-handling system weight permits
more than doubling the number of functional circuits. For these reasons, the capability of the
data system per pound of experiments tends to be larger for larger spacecraft.

Experiments in space are designed to measure fields which may be functions of time and
position from a location which is, in turn, moving. The ability to make a meaningful mapping of
that field depends almost entirely on the information bandwidth, assuming that adequate freedom
in selection of sampling formats and times exists. With present data systems, this freedom usually
exists in both large and small satellites. To illustrate, Figure 2 shows the telemetry format for
IMP-I and Figure 3 shows the format for the main commutator in OGO-I. In addition to this main
commutator, OGO has a 128-word sub-commutator for slowly varying measurements and a flexible
format commutator for a relatively few rapidly varying measurements. Both IMP and OGO are
able, by proper assignment of the many telemetry words to the various experiments, to meet a
very large number of the sampling sequence needs.

Thus, the ability of an experiment to effectively map a field depends most directly on the infor-
mation bandwidth available for that experiment. Table 1 is a tabulation of the bandwidth per experi-
ment and bandwidth per unit experiment weight for several representative satellites. It can be seen
that, from the standpoint of the data system alone, it is presently possible to perform a more com-
prehensive and detailed mapping of a property of space on the larger spacecraft.

POWER

The total amount of solar power obtained on a satellite per experiment unit weight is not neces-
sarily a function of satellite size. Power available from an array is very nearly a linear function
of both array area and weight. Non-oriented satellites require more area to obtain a given power
because the sun does not always illuminate the array normally. On the other hand, the large ac-
tively oriented satellites require electrical power to keep the arrays directed toward the sun.
Table 2 shows the power available to experiments in the four representative spacecraft.

Since power for long periods of operation has always been expensive in terms of spacecraft
weight, considerable effort has been expended to design electronic circuits to operate on very low
power. The same techniques have been employed on satellites of all sizes.
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Figure 2—The IMP-Il (Explorer XVIII) PFM telemetry data format. This is a
modified tone burst-blank system in which the tone frequency contains the
information. One burst-blank period (0.32 sec) makes one channel. Sixteen
channels (5.12 sec) make one frame. Sixteen frames (81.92 sec) makes one
sequence. The tone burst is normally used to send digital information (8
quantizing levels or 3 binary bits per burst) or analog samples (1% accuracy).
In six of the frames the blanks are eliminated so that analog quantities canbe
transmitted continuously for 4.80 second periods.

INTERFERENCE TO EXPERIMENTS

Many experiments are susceptible to interference from other experiments and from the space-
craft. This includes interference in many forms, such as electrical interference from oscillations
and transients in operating systems, magnetic interference from ferromagnetic materials and
electrical current loops, mechanical interference from moving masses, radioactive interference
from calibrating sources, particle interference from secondary interactions of cosmic rays in the
mass of the spacecrait, and interference from the gases released from the spacecraft. Obviously,
the smaller the spacecraft and the fewer the experiments, the more manageable is the interference
problem. Interference is combated on the larger observatories where many diverse experiments
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The number in the upper left hand
The number in the center of the box designates the

OGO-I experiment number using that word. The letter following some experiment numbers indicates
whether the analog or digital option was chosen.
words make one frame, and 128 frames (128 sub-commutator words) make one sequence. Bit rates are

1000, 8000, or 64,000 bits per second (1, 8, or 64 sequences per 0.868 second).

Spacecraft
Identification

1965-76B, Injun
v

1964-01D, S.R.

1963-46A, IMP-1
(Explorer XVIII)

1964-54A, OGO-1

Total Space-
craft Weight

(kg)

34.6

45.4
62.5

488

Tabl

Nine binary bits make one word. A total of 128

el

Telemetry Capabilities of Representative Spacecraft.

Experiment
Weight (kg)

8.4

10.9
16.1

87.0

Experiment/
Spacecraft
Weight

Ratio

0.243

0.240
0.258

0.178

Number of
Major
Experi-
ments

25

Maximum Real-
Time Equivalent
Bit Rate (bits
per sec.)

144

280
23.6

64,000

Max. Bit
Rate per
Experiment
(BPS per
experiment)

26.0

Max. Bit
Rate per
Experiment
Weight (BPS

per kg)

17.2

25.7

1.47

735

Note 1. An acceptable error rate can still be obtained if the Injun IV bit rate is increased by a factor of 8 and the IMPP-! equivalent
bit rate is by a factor of 4.

Note 2.

The maximum telemetry ranges for Injun IV and solar radiation satellites are less than 4,000 km. The maximum ranges

for IMP-1 and OGO-I are 200,000 and 150,000 km respectively. The maximum bit rates quoted are usable at the maximum

ranges in all

cases.




Table 2

Experiment Power on Representative Spacecraft.

Spacecraft Total Spacecraft Experiment Power per PoYver per I*?x—
ips e . periment Weight
Identification Power (watts) Power (watts) Experiment (watts)
(watts per kg)

1965-76B, Injun IV 5.97 2.89 0.482 0.344
1964-01D, S.R. 3.39 1.89 0.315 0.174
1963-46A, IMP-1 38.0 9.68 1.38 0.601
1964-54A, OGO-I 260.0 60.0 2.40 0.690

are carried by the use of booms to isolate detectors from the rest of the observatory, and by care-
ful interference engineering and control. With great care, the interference levels on the larger
observatories can be made acceptable for a large number of experiments. Some of the most
sensitive ones, however, may have to be performed on special small satellites.

PROGRAM COORDINATION AND EASE OF INTEGRATION

Small satellites are presently easier to coordinate and integrate, primarily because of the
smaller number of individuals involved. The amount of this effort which experimenters are obliged
to perform varies considerably, and is influenced strongly by the quality of the design and specifi-
cation of the electrical, mechanical, and thermal interfaces between the experiments and space-
craft. It is also affected by the interfaces between the operations and data-processing groups and
the experimenters. Standardization and careful specification of these interfaces before experiment
design begins greatly simplifies the coordination, integration, and operations efforts. In principle,
the standard observatory concept could lead to a significant reduction in the liaison requirements,
since the same observatory and operational systems are used repeatedly, permitting careful
specification and development of familiarity with the system by the experimenters. The smaller
spacecraft are unable to achieve this goal because of the continuing pressure to specialize the
spacecraft to better meet the needs of the experiments. It is common on these spacecraft to
design the experiments, spacecraft, and data processing systems concurrently, so that the inter-
faces evolve in the process of the work. This leads to a significant amount of additional liaison

effort.

This advantage of the larger observatories is more or less offset by the fact that they involve
much larger numbers of personnel. This tends to lead toward a breakdown of the personal working
relationships and a greater formalization of the liaison. Realization of the advantage outlined above
for the observatories depends on the degree to which a personal, informal working relationship
can be established between the experimenters and integration and operations groups, while main-
taining the coordination necessary to ensure that the scientific objectives of any one experiment
are not jeopardized by other experiments or the spacecraft.
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The degree of involvement of the experimenter can lie anywhere between two extremes. In
the {irst, that of an experimenter who completely designs, builds, tests, integrates, and launches
his own experiments, these efforts are performed within his own organization by personnel under
his direct control. This condition is approached in the conduct of many balloon and sounding
rocket programs. In the other extreme, the experimenter designs his experiment according to a
carefully written set of interfa/ée specifications, delivers it to an integration crew at a central
laboratory, and appears there occasionally to check the calibration.

Operation after the launch can be divided into two similar extremes. In the former, the
experimenter operates his own receivers and other ground equipment and carries his flight
records to his own analysis group (or analyzes them completely himself). Tn the latter, a ground
system is established and operated by a central laboratory, and the raw data are delivered to the
experimenters in directly usable form.

Most actual satellite programs fall somewhere between these two extremes, and a considerable
amount of liaison between the experimenters and other groups is necessary. The arrangement
which is preferred by various experimenters depends to some extent on those individuals' per-
sonalities and the extent of their other responsibilities. Advantages are often cited for both
extremes. The advocates of the completely self-contained operation feel that they can directly
influence all aspects of the project, and are less subject to the whims and shortcomings of a large
number of strangers or near strangers. In addition, many of the experimenters located at univer-
sities feel it desirable to have their students become intimately familiar by direct experience with
many different aspects of their projects, including the pre-launch integration and testing and
in-flight operations.

The advocates of the central integration, testing, launching, and operations facility, feel that
this gives them more time for their primary interest, the development of new experiments and ana-
lysis of their data. They feel that they are able to conduct a larger number of experiments and de-
rive more results per unit time than experimenters who concern themselves with all of the techni-
cal details of the spacecraft subsystems and ground receiving stations. Since these two different
approaches stem from strongly felt genuine differences of opinion on the parts of the members of
the scientific community, it is doubtful whether a single method of operating satellite programs
can or should ever be found. Presently there seems to be a continued acceptance of both general
methods of operation as evidenced by the recent approval of the university small satellite program
on the one hand and the continued scheduling of the large observatories on the other.

ORBITAL REQUIREMENTS

The small satellite offers a definite advantage in meeting the requirements of the experiments
for specific individual orbits. A satellite containing a single experiment can be launched into an
optimum orbit for that experiment. A large observatory carrying many experiments must be
launched into an orbit which best meets the needs of as many experiments as possible. It will,
in general, be optimum for less than the entire set of experiments. In the limit, as the number of

9



spacecraft per year became very large, this distinction would disappear, since large numbers of
experiments would require the same orbit. It is doubtful whether this condition will ever be
reached. It is true, however, that there are now sufficiently large numbers of experiments requir-
ing roughly similar orbits to justify the use of multi-experiment observatories. But it is also true
that small satellites are necessary for some experiments requiring specialized orbits.

UTILIZATION OF GROUND FACILITIES

The ground facilities, including tracking and data acquisition stations, control centers, orbital
computation facilities, and communications and data relay links can be used more efficiently for
larger observatories. It requires considerably more equipment and personnel to acquire data
from a number of small satellites than from a single large one containing the same experiments.
The same holds for tracking and orbit computation. In fact, it may be easier to compute an
accurate orbit for a single large satellite than for a single small one, since the large one can
include higher powered and higher performance tracking beacons and transponders. The control
center and communications links can be operated for a large observatory with less expenditure of
resources than for an equivalent number of small satellites, assuming they have comparable com-
mand and other operational capabilities.

The data processing facility utilization is not quite as straightforward. It may be argued that
the data processing rate would depend only on the telemetered bit rate, in which case a ranking in
terms of satellite class would not be meaningful. But this neglects editing, tape evaluation, and
computer loading times, which are more nearly proportional to the number of data acquisition
station recordings than to the number of telemetered data bits. Therefore, the observatories with
their high data rates also offer an advantage in the utilization of the data processing facilities.

RELIABILITY

The electronic subsystems complexity is higher for large observatories than for small satel-
lites. Thus, it might seem that a small satellite would operate longer than an observatory. And it
might appear likely that more data would be obtained before failure from a number of small satel-
lites than from the same number of experiments in an observatory. This seeming advantage of
the small satellites is offset by several factors.

1. The more complex observatory subsystems can be divided into partially or completely
redundant subsystems, such that a large fraction of the goals can be achieved even if a
number of failures occurs.

2. A larger observatory can carry a large capability command system, allowing the correc-
tion of many problems as they occur.

3. Since an observatory is not tailored to each load of experiments to as large a degree as the
small satellites, its subsystems can be used repeatedly without essential modification.

10



The reliability of a system increases as it evolves through a long use history, as weaknesses
are corrected, and as production, testing, and operational personnel become more familiar
with it.

4. Since the observatory systems are designed for repeated use, more effort can be expended
per unit complexity in their development.

These factors act in such a manner that there is no clear-cut reliability difference at present
between individual small and large observatories. There is some indication, however, that the
observatories may emerge as the more reliable of the two.

CONCLUSIONS

The discussions above have indicated that each of the two main classes of scientific earth
satellites has distinct advantages. These are summarized in Table 3. A cross in one column
indicates that that satellite class generally has an advantage in the category listed. Where neither
class has a clear advantage, a dash is shown. Question marks indicate that insufficient information
exists to properly evaluate the category.

It is therefore obvious that the long range space science program will continue to require the
use of both the small satellites and large observatories in order to meet the needs of the large
variety of experiments and researchers.

Table 3

Comparison between Small Satellites and Large Observatory Stations.

Category SSmal.l Large
atellite Observatory

Ability to launch large or heavy experiments, or many 7

related experiments X
Applicability of simple orientation techniques - -
Applicability of high capability active orientation

techniques X
Information rate X
Availability of electrical power - -
Experiment interference X
Ease of integration ? ?
Program coordination, testing, scheduling X
Ability to meet orbital requirements of all experiments X
Utilization of ground facilities X
Reliability ? 2
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THE NIMBUS | METEOROLOGICAL SATELLITE-GEOPHYSICAL
OBSERVATIONS FROM A NEW PERSPECTIVE

by
W. Nordberg
Goddavd Space Flight Center

The Nimbus I meteorological satellite which was launched into a nearly polar
sunsynchronous orbit and was fully earth oriented carried a sct of very high res-
olution television cameras, a directly transmitting television camera of lesser
resolution and a High Resolution Infrared Radiometer. The observations of de-
tailed cloud features during daytime, the direct transmission of such observa-
tions to local weather station via an Automatic Picture Transmission system
and the measurement and pictorial presentation of carth, water and cloud tem-
peratures from orbital altitudes at nighttime with the infrared radiometer have
provided geophysical and meteorological measurements from a truly global
perspective. Temperatures of ice surfaces of Antarctica and Greenland were
presented in high resolution radiation pictures with accuracies of about +2°K.
Pictorial maps of cloud cover and of cloud top heights were obtained during
nighttime permitting a three-dimensional analysis of the global cloud structure
and inferences regarding the dynamics of weather fronts, severe storms and
atmospheric circulation cells. Measurements of sea surface temperatures were
made in many areas of the world. Radiation patterns observed over terrain in
cloudless conditions indicate the temperatures of the soil and permit inferences,
in certain cases, of these parameters which determine the thermal properties of
the soil, namely moisture, vegetation and rock formations. The data are availa-
ble for further analysis by the scicntific community and a catalog of all Nimbus
observations is contained in Refercnce 9.

INTRODUCTION

The first photographs of the earth's surface and of large scale weather systems taken from
orbital altitudes have revealed a great deal of new knowledge merely because large scale phenomena
which had never been observed in their entirety were now brought within the scope of one single
observation. These findings stem from a series of Tiros (Television and Infrared Observation
Satellite) satellites launched at the rate of about two per year since April 1960. Tiros satellites
were primarily intended to serve the operational needs of the meteorologist in the detection and
tracking of storms, frontal systems and similar phenomena by means of the cloud patterns asso-
ciated with these weather features. Spaceborne observations of weather have also contributed to
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fundamental meteorological research. Nimbus I, the first of NASA's second generation meteoro-
logical satellites, has further advanced the potential application of such observations to meteoro-
logical research and to other fields of geophysics. The Nimbus I system proved to be an excellent
tool for the remote observation of meteorological and geophysical parameters for several reasons:
A sun-synchronous, nearly polar orbit, a fully earth oriented, amply powered spacecraft, a set of
improved and directly transmitting television cameras and a newly developed high resolution

infrared radiometer (Reference 1).

THE NIMBUS | SYSTEM

Nimbus I was launched into a nearly polar orbit on 28 August 1964 from Vandenberg Air Force
Base, California. Because of a launch vehicle malfunction, an elliptic orbit (perigee 423 kilometers
and apogee 933 kilometers) instead of the planned circular orbit at 900 kilometers, was achieved.
As planned, the orbital plane was inclined to the equator by 98.7 degrees which caused the orbit to
precess around the center of the earth in synchronism with the revolution of the earth around the
sun. As a consequence the relative orientation between the orbital plane and the sun remained
essentially constant during the life of the spacecraft. Since at launch the orbit was chosen so that
the earth-sun line lay in the orbital plane, the satellite passed over most areas of the world twice
every 24 hours, near local noon and near local midnight. Two stations in the United States, one in
North Carolina, the other in Alaska, were used to command the spacecraft and to read out the
stored telemetry and sensory data. Of the 14 to 15 orbits in a 24-hour period, eleven were expected
to pass within acquisition range of one of the two stations. The eccentricity of the orbit, however,
reduced the acquisition capability to fewer than ten orbits per day. Nevertheless, day and night
photographs were obtained over 50 fo 75 percent of the world on a daily basis.

The entire Nimbus system, including a complex array of about ten spacecraft subsystems
(attitude control, power supplies, telemetry) as well as data transmission and handling facilities
on the ground, had been designedto demonstrate the capability of delivering the complete informa-~
tion sensed by the spacecraft into the hands of the meteorological analyst in a format suited for
immediate application. For a period of about four weeks this experiment functioned perfectly. The
three-axis, active control system kept the spacecraft axis {(sensor axis) oriented toward the center
of the earth at all times, generally within better than one degree in all three axes; the solar cell
power supply continually delivered an average power of about 300 watts to the spacecraft; and the
spacecraft data storage and transmission system processed in excess of 50 million items of infor-
mation (data words) per orbit. Pictorial presentations of the observations (Figure 1) made either
during daytime with television cameras or during the night with a High Resolution Infrared Radio-
meter (HRIR) were generally available at the NASA Nimbus Control Center in Greenbelt, Maryland,
within less than 30 minutes after the command for playback of the data was given to the spacecraft.
Within these 30 minutes the information recorded in the spacecraft during any previous orbit
{nominally 100 minutes of observation) were transmitted to the command station (in Alaska for
example), recorded there, then transmitted further via communication circuits to Greenbelt,
Maryland, where appropriate geographic referencing (latitudinal and longitudinal grids) as applied
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Figure 1—Extract of AVCS picture coverage during a noon fime orbit of Nimbus | over the Near East on
16 September 1964 and HRIR coverage from North to South Poles across North America and the Pacific
Ocean during midnight orbit, also on 16 September 1964.
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automatically after which the data were transcribed onto 70 mm photographic film resulting in the
strips shown in Figure 1. These strips permit a detailed analysis of weather and surface phenom-
ena along the entire globe circling path of the satellite within less than two hours after the observa-
tions were taken. For operational meteorological applications an Automatic Picture Transmission
(APT) system transmitted television observations instantly to about 50 simple and inexpensive
ground stations located all over the globe. These ground stations were operated by the United
States Weather Bureau, the meteorological services of the United States Armed Forces, foreign
weather services, and, in some cases, by educational institutions.

NIMBUS SENSORS

In the past, television cameras had proved to be the most effective instruments for observations
of meteorological features from satellites. Nimbus I carried two types of cameras: A set of three
very high resolution cameras each with a field of view of about 35 degrees and one camera with
lesser resolution but equipped with a photosensitive surface which retained a latent image suffi-
ciently long so that images could be transmitted directly via the APT system without intermediate
storage on magnetic tape. The resolution obtained with this camera permitted the recognition of
cloud and terrain features of less than four kilometers in diameter. The three high resolution
television cameras formed the Advanced Vidicon Camera System (AVCS) and yielded considerably
greater detail in their pictures. Objects of linear dimensions of less than one-half kilometer could
be resolved. This resolution was adequate to observe practically all objects of meteorological
significance. The Advanced Vidicon cameras were arranged side by side such that they covered
a strip approximately 2000 kilometers wide along the satellite track (Figure 1).

In contrast to the cameras which formed television images of reflected solar radiation during
daytime, the High Resolution Infrared Radiometer (HRIR) provided pictorial presentations of emitted,
telluric, infrared radiation at night with high quantitative accuracy (Reference 2). Radiation was
sensed in the narrow spectral window between 3.4 and 4.2 microns. A rotating mirror scanned the
earth from horizon to horizon perpendicularly to the orbital path. Due to the satellite motion each
successive scan line was advanced by approximately 9 kilometers which is comparable to the linear
resolution of the sensor near apogee. Because of the elliptical orbit the resolution near perigee
was about 4 kilometers. An entire nighttime half of the orbit was covered by about 2300 contiguous
scans (Figure 1). The HRIR has been outstandingly successful not only in providing continuous
nighttime cloud cover with a quality comparable to Tiros television pictures, but also in resolving
equivalent blackbody temperatures of radiating surfaces at night within about + 1K. The HRIR was
also capable of imaging cloud patterns during daylight, but the temperature resolution was lost as,
in that case, the instrument responded primarilyto reflected solar radiation which masked the

telluric emission.

MAPPING BLACKBODY TEMPERATURES WITH HIGH RESOLUTION RADIOMETRY

The principle of mapping cloud and terrain features by means of infrared radiation is quite
simple. All objects emit electromagnetic radiation, the spectral distribution and intensity of which
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are unique functions of the object's temperature (T) and its surface configuration. For blackbodies
the intensity is a function of temperature T,, only. This fact is expressed mathematically by Planck's

law,

Aac, < C, -1 Ay
IBB = \ }; exp ﬁ - 1> drn = \ B(}\, TBB)dA , (1)
1 1

where C, and C, are constants and 1., is the intensity of the radiation emitted per unit area by the
blackbody surface within the wavelength interval A, - A, . The Nimbus HRIR was built to make
accurate measurements of 1, from which surface blackbody temperatures could be inferred. To
this end A, and A, were selected to correspond to wavelengths of 3.4 and 4.2 microns respectively.
The atmosphere is quite transparent in this spectral range. Thus, in the absence of clouds, radia-
tion emitted by the earth's land or water surfaces reaches the satellite with only minor interference
by the clear atmosphere. This interference can be corrected for according to computations made
by Kunde {Reference 3). If hot (300°K) blackbody surfaces are seen through a tropical (warm and
moist) atmosphere, the T,, values derived from the radiation measurements must be corrected by
+2 to +4 degrees K. For a dry atmosphere the correction is somewhat less and for cold surfaces
(<280°K) no correction is necessary. In the presence of clouds the satellite receives radiation

from the uppermost surface of the cloud. When we derive blackbody surface temperatures 1., from
the measured values of I, (Equation 1) we assume that the radiation is emitted isotropically and
that the instantaneous field of view of the radiometer is filled by a surface of uniform temperature.
The assumption of isotropy is not rigidly valid but must be used for lack of better knowledge of the
directional variation of I,,. The assumption of uniformity restricts the interpretation of the
Nimbus I surface temperature measurements to objects which are homogeneous over a distance
greater than about 6 kilometers. This is quite adequate for cloud formations associated with large
scale meteorological phenomena {fronts, storms, fog layers) and for many terrestrial features
(deserts, ice caps, lakes).

Blackbody Temperatures and Surface Temperatures

Equation 1 applies only to blackbodies. Many surfaces such as water, clouds and heavily
vegetated areas are sufficiently black in this spectral region that temperatures T,, derived from
Equation 1 are generally within 2°K of the actual surface temperatures T. An error of 2°K is com-
mensurate with the error inherent in the measurement of I..

Some other surfaces, however, cannot be assumed as black. Laboratory measurements show
that at wavelengths of about 4 microns, certain minerals and soils may absorb only a fraction ¢ of
the radiation incident upon their surfaces. Kirchoff's law states that in this case the blackbody
emission given by Equation 1 must be multiplied by the same fraction ¢ to obtain the radiant emit-
tance 1, from a non-black (grey) body,

)\2
I, = J e(NYyB(A, Ty dh . (2)

Ay
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The fraction ¢ is the emissivity of the surface. Defining an average emissivity ¢ within the wave~
length 3.4 to 4.2 microns, we may rewrite Equation 2

Ay
I, = EJ B\, Ty dA = € I, . 3)

Ay

Using the appropriate values for C; andC, and for A, and A, in Equationl, we find that at a
blackbody temperature of 290°K, which is typical for the earth's surface seen by Nimbus at low
latitudes, the value of 1, is about 1.4 x 107 watts/m?. A reduction of this value by 10 percent
corresponds to a T,, value of 288.2°K. This means that a surface of 290°K with an average emis-
sivity of 0.9 emits radiation of the same intensity as a blackbody surface of about 288.2°K. Since
the minimum temperature change discernible with the HRIR is about 1° to 2°K, the knowledge of «
in the derivation of T from I, is important only if the emissivity is considerably smaller than 0.9.

Surface emissivities can actually be derived from HRIR daytime observations of reflected
solar radiation. In this case the measured radiation intensities are not only due to surface tem-~
peratures but also due to the ability of the surfaces to reflect sunlight. The radiation intensity I
sensed by the radiometer during daytime is the sum of the emitted grey body radiation I, and the
reflected solar radiation rI_. The reflectivity r of practically all terrestrial surface is given as:
1 - ¢. Thus, if we define r as the average reflectivity in the 3.4 to 4.2 micron range, we may

write,
I, = Ig+t I, = elgg + (1 -¢)I, . ()

1, is computed from the solar constant on the basis of purely geometrical considerations. A
measurement of 1 - I, = 4.17 watts/m? would result if the surface were a perfect, 100 percent
effective, diffuse reflector for solar radiation at vertical incidence. For a reflectivity T = 0.3, an
emissivity ¢ = 0.7 and a surface temperature T = 290°K Iy =0.11 watts/m? and rI_ = 1.25 watts/m2.

Hence, if the surface emissivity is smaller than 0.7, I;; may be neglected and Equation 4 reduces to
I, = I - eI, . ()

If the surface temperature is less than 290°K, Equation 5 is valid even for emissivities greater than
0.7. In this case the emissivity can be derived from daytime HRIR measurements without any
knowledge of surface temperatures. For ¢ > 0.7 the emissivity can still be measured very ac-
curately provided that the surface temperatures are known. For example if ¢ = 0.99 and T = 290°K
1, = 0.18 watts/m?; if ¢ = 1.00 (blackbody) I, = 0.14 watts/m?. The difference of 0.04 watts/m?
is due to the term rI_ in Equation 3 and is equivalent to a blackbody temperature change of about
2°K which is just at the sensitivity threshold of the HRIR. In sunlight emissivities of 0.99 can
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therefore easily be discerned from blackbodies and the HRIR, which was in operation during day-
time for several orbits of NimbuslI, provides a very accurate method to measure large scale surface
emissivities at 4 microns.

Preliminary evaluations of these daytime observations indicate that emisivities for most large
scale surfaces (oceans, clouds, snow and vegetated regions) are greater than 0.9. Thus, HRIR
measurements permit the world wide mapping of actual temperatures of most surfaces during
nighttime and the mapping of emissivities of non-blackbody surfaces during daytime. Global
measurements of earth surface temperatures (as opposed to air temperatures measured near
the ground) are of considerable value in meteorological research since these temperatures can
be used as initial values in the numerical analysis and prediction of weather. At polar latitudes
HRIR surface temperature maps relate to the morphology of ice formations. Such maps are both
of practical application to navigation and of fundamental interest to glaciologists. Over oceans,
surface temperature differences may indicate the location of areas such as currents and fronts.
This suggests the potential use of Nimbus HRIR observations in oceanographic research. Soil
moisture content can be derived at least qualitatively from the Nimbus HRIR observations since
appreciably higher soil temperatures are measured in moist areas. Aircraft observations of
emitted infrared radiation over regions of volcanic activity in Hawaii (Reference 4) have shown
that underground lava beds can be detected with this technique; therefore, the Nimbus HRIR data
were also investigated for this purpose. No definite identification of active volcanic areas could
be made, however, because the spatial resolution of the HRIR is apparently too coarse. Global
mapping of emissivity with such coarse resolution is, nevertheless, of geological interest. Maps
of emissivity obtained by the satellite might establish a relationship between the small scale
emission properties of various minerals and soil constituents measured on samples in the labora-
tory and the large scale properties of the same constituents in their natural state where they are
blended with impurities, vary in grain sizes and morphology. The satellite observations can be
considered very useful in determing whether the distribution of mineral and similar deposits can
be mapped by measurement of emitted radiation with low spectral and spatial resolution. Any
findings in this area may have considerable impact on the expectations for similar measurements
of lunar and planetary surfaces.

Cloud Heights

When the HRIR views a cloud covered region and a uniform cloud fills the instantaneous field
of view of the radiometer, the average blackbody temperature of the cloud top surface can be
derived by means of Equation 1. It is well known that in the troposphere the temperature generally
decreases rapidly with altitude. It is also well known that clouds generally do not penetrate to
altitudes above the tropcsphere where temperature increases with height. Thus, blackbody cloud
top temperatures can be directly related to height (Figure 2). The deviation of cloud heights from
satellite-borne radiometric measurements has been demonstrated previously with Tiros observa-
tions (References 5 and 6) but the better spatial resolution of the Nimbus radiometer permits for
the first time a detailed pictorial presentation of the vertical structure of cloud tops on a large
scale. Figure 3a shows a typical example of such cloud structure over the North Pacific near
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Figure 2—Typical temperature profile at tropical latitudes 10°N
illustrating concept of determination of cloud top heights

from satellite measurements of cloud top temperatures.

midnight on 20 September 1964. In this photo-
graphic strip as in all HRIR presentations high
clouds (cold temperatures) are presented as
light shades of gray, while low clouds or clear
areas (warm temperatures) appear dark. It is
immediately apparent that the broken cloud band
near the equator consists of the highest clouds
in this picture; clouds in the broad band near
50 degrees N are somewhat lower although still
much higher than the large grey mass of clouds
covering the North Pacific from 25 to 45 de-
grees N. Only a few large, very dark regions

L EQUATOR|
150°W 140°W

(a)

Figure 3a—Pictorial presentation of cloud ond water
temperatures over the North Pacific measured by the
HRIR at midnight on 20 September 1964. (Dark shades

are warm, white shades are cold.)

indicating clear skies can be seen near 40 degrees N and 140 degrees W. The pictorial presenta-

tion of these temperature contrasts permits an instantaneous assessment of the gross features of

the meteorological situation. The narrow band of very high clouds near the equator marks the

Intertropical Convergence Zone; the broad band near 50 degrees N corresponds to an intense
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cold front and low lying fog and stratus clouds stretching south of the front, indicated by the
dark grey area. Of particular interest is the string of small, very bright (cold) spots near 137
degrees W and 38 to 40 degrees N. These indicate isolated, very high altitude cumulus clouds
relating to thunderstorm activity. Normally, the meteorologist would never expect thunderstorm
activity under the prevailing situation, especially not near midnight. However, the isolated, very
high clouds definitely suggest such activity and, in this case, the validity of this interpretation was
confirmed by a report from a single ship which happened to be in that area and reported towering
cumuli and lighining,

A much more quantitative picture results from plotting the numerical temperatures auto-
matically derived by digital computers from the radiation intensities. Extracts of such automatic,
numeric presentations are shown in Figure 3b. The very highest cloud in the Intertropical Con-
vergence Zone (11.5-12 degrees N and 145-146 degrees W) towers to about 16 kilometers, an
altitude derived on the basis of Figure 2 from the extremely low temperature of 190°K near the
center of the cloud top (Figure 3b). On this basis the fog

near 40 degrees N (Figure 3a) gives a surface temperature -
4203 4283 +206 +206 4286 +287 +286 +287 +286 +2B6 +285

of 285°K which means it reaches only to about 1 kilometer .

above sea level; the dark area in the same region corre-
sponds to a temperature of about 293°K. The sea surface

277

temperature measured by ships in this region was identical o

to that value which proves that the area was free of clouds.
The accuracy of the HRIR cloud height measurements is
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vividly demonstrated in Figure 4a where the original analog
record of one single scan across the center of Hurricane
Glad ea idni i

. ys near mi 1ghFon 17 September 196f1 over thfe Atlantic Figure 3b—Automatically produced digital
is reproduced. This scan covers a strip of 5 kilometers  mgp of cloud surface temperatures for a
width across the storm; the observed radiation intensities, small portion of Figure 3a.

290K — — 0
M .
270K — — 1
— 6

HEIGHT (km)
250K — — 8
— 10

230K —

. — 12
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Figure 4a—Single HRIR scan, from horizon to horizon, across Hurricane Gladys
at the location indicated in Figure 4b.
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expressed in degrees K, are measured along the ordinate. The blackbody temperatures were con-
verted to height on the basis of actual temberature soundings performed by balloons in the vicinity
of the storm. The corresponding heights are shown along the right hand ordinate. The scan
indicates temperatures near 300°K outside the storm and near 290°K in the center of the eye.

The temperature of 300°K corresponds to the sea surface temperature over the clear skies out-
side the storm and 290°K corresponds to a height of 2 kilometers over the eye of the hurricane.
Over the center of the spiral bands temperatures drop to 200°K corresponding to heights of 14
kilometers. Lower clouds and partially clear skies are scanned between the spiral bands. The
photographic presentation of the storm in Figure 4b is composed of a total of about 200 such scans.
Detailed analysis of these highly quantitative observations of vertical cloud structure in many cases
permit a much better exploration of dynamics of the atmosphere than ordinary cloud photography.

SCAN PATH

w

Figure 4b—HRIR observation of Hurricane Gladys over the Atlantic near midnight on 17 September
1964. (Dark shades are warm, white shades are cold.)

Sea Surface Temperatures

Since the blackbody assumption for water surfaces is quite valid in the 3.4 to 4.2 micron wave-
length range, T,, values derived from the radiation intensities relate directly to water surface
temperatures. In cloudless regions the HRIR, therefore, can be used to map globally the surface
temperatures of various bodies of water. Figure 5 shows an HRIR picture of the southwestern
United States at midnight on 30 August 1964. The darkest region in the right center corresponds
to a temperature of 301K for the water surface in the Northern Gulf of California. Applying Kunde's
corrections for atmospheric absorption (Reference 3), we obtain a temperature of 303°K for the
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waters of the Gulf of California which is consid-
erably warmer than the Pacific Ocean off the
shore of California. There temperatures range
from 293°K near the coast to about 280°K at a
distance of about 200 kilometers off shore. The
low off shore temperatures indicate the pres-
ence of fog or dense haze, while the temperature
of 293°K measured just west of Los Angeles is
in good agreement with the temperature of 292°K
measured from shipboard by the U. S. Coast
Guard. Even small water features such as lakes
can be clearly identified and their surface tem-
peratures can be determined. The four black
(warm) dots in the upper left corner of Figure 5
are mountain lakes in the Sierra Nevada. The

DEATH
VALLEY
LAKE GRAND
TAHOE CANYON
SIERRA
NEVADA
GULF OF
CALIFORNIA

Figure 5~HRIR Ocean and terrain temperatures over the
southwestern United States near midnight on 1 September
1964. (Dark shades are warm, white shades are cold.)

southwestern most lake is Lake Tahoe; its water surface temperature was measured by the HRIR as

283°K. But, for a small body of water such as this there is a question whether the field of view of

the radiometer was fully covered by the lake. The actual water temperature therefore may be

several degrees higher.

The ability of the HRIR to map sea surface temperatures suggests that the course of various

ocean currents such as the Gulf Stream, for example, could be detected by the satellite. Unfortu-

nately, during the life time of Nimbus I clouds obscured most areas of interest. There is, however,

50°N

40°N

150°W 140°W

Figure 6a—HRIR cloud and water temperatures over the
North Pacific near midnight on 30 August 1964. Clear
streak of open water can be seen in the center. (Dark
shades are warm, white shades are cold.)

the possibility that certain cloud formations them-
selves may be related to ocean temperatures. A
suggestion of this can be found in a number of
cases for which Figures 6a and 6b are typical.
Very long and narrow, clear streaks of open

30°S

100°E 110°E

Figure 6b—HRIR cloud and water temperatures over the
Indian Ocean near midnight on 9 September 1964. Clear
streak of open water can be seen in the center. (Dark
shades are warm, white shades are cold.)

23



water lie between extensive low altitude stratus
cloud decks over the North Pacific in Figure
6aandover the eastern Indian Ocean in Figure
6b. Here the streaks are at least 2000 kilo-
meters long and about 200 kilometers wide.
Although the phenomenon is apparently at- SO°N
mospheric it is conceivable that the cloud
formations and the peculiar clearings may ALPS
be influenced by ocean surface temperature
differences.

Another example of satellite observed 40N
variations in sea temperatures can be found
in Figure 7 where sea surface temperatures
over the Mediterranean are found to range
from 297K off the coast of Africa to 290°K
near Corsica. Temperatures of the Adriatic

‘ , 30°N
and Tyrrhenian Seas are 294 K. 10°E 20°F

Figure 7—Temperatures over Europe observed by HRIR
] neor midnight on 14 September 1964. (Dark shades are
Ice Formations warm, white shades are cold.)

Nimbus I was the first weather satellite
to provide continuous observations of the polar
regions. A great deal of detail in the struc-
ture of the inland ice over Antarctica, Green-
land, and other areas was observed with the
AVCS. Highresolution television observations
also provided information on the morphology
of floating shelf ice, icebergs and similar
phenomena (Reference 7). Figure 8 is a typi- 82°N
cal example of an AVCS picture showing the
extent of ice cover and the structure of snow
covered mountain ranges over northwestern
Greenland. Details in the mountain ranges

SUN
can be observed because of the pronounced

shadows produced by the low elevation of the

sun which generally prevails at these high
Figure 8—AVCS picture of northwestern Greenland

itudes.
latitudes near noon on 3 September 1964.
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Figure 9 is a HRIR presentation of temperatures of Antarctic ice and water surfaces on 29 August
1964. The entire Atlantic sector of the continent is shown to be cloud free and the surface tempera-
tures over the interior ice cap near the South Pole were determined numerically as 210-215°K.
These extremely low temperatures were observed consistently during the lifetime of Nimbus from
late August to late September. Near the edge of the continent surface temperatures increase
markedly to about 240°K. The edge of the continent stands out sharply in the infrared picture
because a band of apparently open water about 100 kilometers wide in spots stretches along the
coast of Queen Maud Land. Maximum temperatures of these spots are about 256°K, This indicates
that the full instantaneous field of the radiometer was not viewing an entirely open area of water
but that this band probably consists of strongly broken up ice. A wide shelf of floating ice stretches
northward into the Wedell Sea and the Atlantic Ocean. The Wedell Sea ice can be easily distinguished
from the inland ice because its surface temper-
ature of 244°K is about 12°K higher. Very nar-
row but distinct lines of warmer temperatures 0° 10°E 20°F
are found crisscrossing the shelf. These lines
obviously are due to cracks in the ice and in
some cases they are over 200 kilometers long.
The ice shelf ranges up to 57 degrees where it
is bounded by open water of temperatures of
about 275°K.

60°S

Figure 10a is an HRIR picture of the Ross o
Ice Shelf in the Pacific Sector of Antarctica.
Although these observations were made four
days after those shown in Figure 9, the temper- 70%
atures are nearly the same over the interior
ice. Surface temperatures of the Ross Ice Shelf
range from 225°K near 85 degrees S to 245°K
near T0 degrees S. The latter value compares
well with the temperatures of 244°K measured 80°S
four days earlier over the Wedell Sea (Figure

9). In Figure 10a a number of very isolated

high temperature spots can be seen along the : ' S
coast of Victoria Land. The most pronounced ‘o - - -
one near 76 degrees S and 165 degrees W has a 5
temperature of 260°K. Since this spot is located :
near Mt. Erebus it was originally suspected ‘ - - T
that these isolated warm regions might be re- T -
lated to volcanic activity. However, as the ‘ o - T
same regions were observed in subsequent )

HRIR pictures, it became evident that some of

Figure 9—Temperatures over Antarctica observed by HRIR
near midnight on 29 August 1964. (Dark shades are warm,
white shades are cold.)

the spots became enlarged and formed small
bands along the edge of the continent. Finally

25



160°W 140°W 120°W S
o,

\ 3. \260°K coLp
250°K Y2} 250°K 245°K
260°K
140°W 110°W

180°

7005+

1 \
80°S SOUTH POLE (b)
(o)
Figure 10a—Temperatures over Antarctica observed by Figure 10b—Digital map of temperature contours over
HRIR near midnight on 1 September 1964. (Dark shades Antarctica for the dota presented pictorially in Figure
are warm, white shades are cold.) 10a.

on 21 September 1964 the spot near Mt. Erebus had enlarged to such an extent that it filled the
entire field of view of the HRIR (Figure 11a) and the measured temperature was approximately
270°K. The fact that this is conspicuously close to the temperature of freezing water and that the
same spot was photographed 12 hours later in sunlight with the AVCS (Figure 11b) leads to the
definite conclusion that the spots indeed are open water. Note the identical shape of the open area
in Figures 1la and 11b, despite the difference of one order of magnitude in the resolution capabili-
ties of the AVCS and HRIR. Figure 10b is a temperature contour map of the Pacific Sector of
Antarctica derived from the automatically plotted digital data for the picture shown in Figure 10a.
The very low temperatures (215°K) over the high plateau surrounding the South Pole are obvious.
The warm tongue reaching toward the pole near 180 degrees longitude coincides with the Ross Sea
where the shelf ice is at a much warmer temperature than the higher and thicker inland ice. The
high clouds seen in Figure 10a to the east of the Ross Ice Shelf show a temperature of about 215°K
which corresponds to a cloud top altitude equal to that of the interior plateau, namely about 3000
meters. The 260°K line indicates pockets of broken ice and open water which are found in the
Pacific Ocean Sector.

An HRIR picture of the Greenland ice cap is shown in Figure 12. Over clear areas the coldest
region of the ice mass shows surface temperatures of about 230°K. Cloud bands can be seen ex-
tending over the southwest and eastern portion of the subcontinent. Clouds in this case appear
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Figure 11—Comparison of warm spot observed by HRIR {a) and AVCS (b) over
Antarctica on 21 September 1964.

darker (warmer) than the underlying ice. The
measured cloud temperatures are about 20°K
warmer than the ice surface temperature. This
is plausible in view of the temperature inver-
sions which are known to exist over the ice
covered polar regions. The inversion means
that over a portion of the lower atmosphere,
temperatures increase rather than decrease
with height, thus deviating from the typical pro-
file shown in Figure 2. The darkest portions of
the region between Greenland and the large cloud
mass to the south indicate clear skies over the
waters of Baffin Bay and the Davis Straits.
Water surface temperatures of above 280°K
were derived from the digital analysis of the

data over this area.

Terrain Features and Soil Moisture

Land surfacesare considerably more com-

plex than sea or cloud surfaces. Therefore,

80°N *

70°N |

60°N

Figure 12—Temperatures over Greenland observed by
HRIR near midnight on 16 September 1964. (Dark shades
are warm, white shades are cold.)
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under certain conditions, the temperatures derived from radiation intensities measured over land
surfaces depend to a large extent not only on terrain heights but also on such parameters as heat
capacity, conductivity and moisture content. First, a distinction must be made whether the varia-
tions in radiation intensity are due to actual ground temperature, or due to variations in emissivity.
In the radiation observations with Nimbus I most variations may be ascribed to actual surface
temperatures. No cases have been found where variations in surface emissivities could be clearly
identified in the HRIR measurements. Indeed, we believe from this experience with Nimbus that
effective detection of surface features by means of emissivity measurements from spacecrafts will
only be possible if the spatial and spectral resolutions of radiometric sensors are improved by
several orders of magnitude over the capability of the Nimbus I instruments. On the other hand,

a number of the topographic and geological features mentioned above may be inferred from the
measurements of relatively broadband thermal emission performed with the Nimbus I HRIR. For
example, the dark streaks in the upper portion of Figure 5 showing the Southwestern United States
correspond to blackbody temperatures of about 290°K while the lighter grey in the surrounding
regions corresponds to about 275°K. The warm streaks were identified as Death Valley (left) and
the Grand Canyon (right). Thus the temperature differences seen by the satellite readily corre~
spond to differences in terrain height. Furthermore, a more quantitative interpretation of the
temperatures over Death Valley reveals that the temperature difference of about 15°K measured
by the satellite corresponds to an altitude difference of about 1800 meters between the valley floor
and the surrounding highlands. The measured temperature decrease with altitude is therefore about
8.3’K/kilometer which is in very good agreement with the expected temperature decrease in the
free atmosphere (atmospheric lapse rate). This equilibrium between the soil and atmospheric
temperatures leads to the conclusion that the heat capacity of the ground in this area must be
generally very large since only such a large heat capacity will prevent the surface at night from
cooling more rapidly by radiation than the overlying atmosphere.

An example where other considerations are involved, in addition to topographic height changes,
may be seen in Figure 13, Figure 13 shows a very large portion of western South America as seen
by the HRIR on 14 September 1964 when much of the region was essentially free of clouds except
for the Intertropical Convergence Zone north of 10 degrees S, an extensive low altitude layer of
stratus clouds along the entire west coast, a high altitude cloud deck off southern Chile, and some
smaller clouds along the eastern horizon. The broad, white (cold) band through the center of the
picture corresponds to the cold, high altitude mountain ranges of the Andes. Average blackbody
temperatures of 255°K are measured over the highest elevations between 28 and 32 degrees S. To
the northeast there is a remarkably rapid transition from the cold highland with average blackbody
temperatures of 270°K to the very warm Amagzonas Basin with blackbody temperatures of 290°K.
The warm waters of Lake Poopo (19 degrees S) and Lake Titicaca (16 degrees S) are clearly
evident in the generally cold highlands. In the plateaus to the east of the mountains (30-35 degrees
S) and in northern Chile (24 degrees S) remarkably fine structure in the temperature patterns may
be observed. The crescent shaped figure near 23 degrees S corresponds to the Salar de Atacama,
a salt flat in northern Chile. The discrete band of warm temperatures (273°K) surrounding the
crescent stands out clearly while the center is quite cold (263°K). The topographic map (Figure 14)
shows that the entire Salar covers a region of fairly uniform altitude of about 2300 meters. Thus
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on the basis of terrain height there is no reason
to assume the existence of a temperature differ-
ence between the center and the rim. Laboratory
measurements by Hovis (Reference 8) have shown
40% - that of many common minerals tested in this
spectral region pure rock salt has the lowest
average emissivity., Hovis' measurements give
a value of less than 0.5 for <. Therefore, a
blackbody temperature of less than 263°K would

be measured over pure salt if the actual surface

70°W 60°W

Figure 13—Temperature over South America observed by

HRIR near midnight on 13 September 1964. (Dark shades
are warm, white shades are cold.) temperature were 273°K, while the periphery of

the Salar rock formations at the same altitude
and temperature would be detected essentiallyas |

blackbodies and thus produce a Ty; measurement which is very close to the actual temperature. The

difference of 10°K between the cold center and the warm band in Figure 13 could thus be explained.

There is still a question, however, if the emissivities measured for pure salts in the laboratory are

applicable to naturally impure salt deposits such as this Salar. A more probable interpretation is

that the emissivity of the natural salt over the Salar is much greater than 0.5 but that the heat

capacity of the salt is considerably less than that of the surrounding rock formations at the same

altitude level. This fact combined with the very high reflectivity of sunlight and the very low heat

conductivity of the relatively fine grained salt deposits prevent the storage of large amounts of solar

heat over the Salar itself and, after sunset, cause it to cool very rapidly by radiation resulting in a
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very low temperature (263°K) at midnight. The
rocks along the periphery, however, remain
warmer throughout the night (273°K) because of
their larger heat capacity and greater conductivity.

31°8 A similar case may be observed in Figure
13 near 32 degrees S and 68 degrees W over
western Argentina. Here, again, a nearly circu-
lar dark band of about 5 kilometers in width and
about 40-50 kilometers ip diameter indicates

the existence of a high temperature zone along

this peculiarly shaped band. The cold tempera-

tures (white spot) in the center of the band can

s
L
Y

easily be explained by topography. The center of

5o
(73' ,}; ?‘Eg {\\5\3 the band corresponds to the Pie de Palo mountain
z\%ﬂfﬁ?f":\‘; shown topographically in Figure 15. The lowest
J "’l.;‘,.‘\ J«‘\'}\, temperature measured in the center of the band
L) \:\\ - \\ ,’\‘ '}‘ is 268°K and corresponds to the highest eleva-
\‘ </ ! v . tion of about 3000 meters (Figure 15). The
(\)__\,},o ) temperature along the band is about 280°K which
’§§’ \ 5‘) ‘3(1\ is about 7°K warmer than the temperature of
3 8 ./ { 274°K of the surrounding desert. Since the
= — 68°W band around the mountain is certainly not at
a lower altitude than the surrounding desert
10 5 0 10 20 30 40 50 60 70 gc  plateau (Figure 15), the explanation of the warmer
— - ' KICOMET:IERS } ; { i temperatures must again be found in the differ-
ence in heat storage between the desert sand
Figure 15—Topographic map of Pie de Palo and the rocks of the Pie de Palo mountains. A
mountains in western Argentina. visual survey by the author* revealed that the

contrast between the precambrian rock forma-

tions of the Pie de Palo mountains and the alluvial
sand deposits of the surrounding desert is indeed very striking and extends around the mountains
approximately along the 1000 meter contour line (Figure 15). The dark band seen by the satellite
parallels approximately this 1000 meter contour line. Furthermore, the temperature difference
of 12°K between the warm band at 1000 meters and the mountain top rising rapidly to 3000 meters
yields an approximate lapse rate of 6°K/kilometers which corresponds much better to the expected
adiabatic lapse rate than the temperature difference of 6°K between the desert plateau at about 800
meters and the mountain top. That latter difference would yield a rather unrealistic lapse rate of
3°K/kilometers. Thus, the temperature over the desert is considerably lower because of the small
heat capacity and conductivity of the ground causing a temperature inversion in the air over the

*This survey was made possible by the staff of the University of San Juan, Argentina, especially Professor C. V. Cesco who provided
valuable background material for this investigation.
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desert, while the solid rocks again remain considerably warmer resulting in the adiabatically de-
creasing temperature from the periphery to the center of the mountain.

HRIR pictures over the deserts of North Africa and the Near East exhibit similar fine structure
in the emitted radiation with inferred temperature variations of 10 to 15°K. Again, we conclude that
these gradients are due to variations in the thermal properties of the soil rather than due to emis-
sivity variations.

In this fashion the satellite HRIR observations on a small scale permit the mapping of geological
features which can be distinguished by their thermal properties. On a larger scale these patterns
of heat capacity assume meteorological significance since storage of heat in the ground is an im-
portant consideration in the numerical description of atmospheric processes.

Moisture content of the soll is also evident in the HRIR observations. It has been very surpris-
ing that many rivers of widths of less than 1 kilometer stand out prominently in the radiation pictures
although the linear resolution of the HRIR is generally not better than 5 kilometers. The prominence
of the rivers is apparently due to the fact that the heat capacity of the ground along these rivers is
altered probably by moisture in the ground and that this moisture retains solar heat absorbed during
daytime much longer than the adjacent drier regions. Several rivers are noticeable to the east of
the Andes in Figure 13. Two rivers are particularly prominent by their confluence which is located
just to the east of the conspicuous warm band around the Pie de Palo mountains discussed above.
These rivers can be identified as the Rio Zanjon and Rio Bermejo in Northwestern Argentina.
Interestingly, dispite their prominence in the radiation pictures these rivers are only less than a
few hundred meters wide and except for occasional spring flooding they carry practically no water.
Also, the rivers do not form any deep canyons or other depressions in this area so that their
warmer temperatures cannot be explained by height differences. In the course of time, however,
their courses have meandered over widths of several kilometers over the desert plateau. These
meanderings have apparently taken place during the flood stages and have altered the terrain to
such an extent to create a sufficient contrast in the thermal properties between the desert and the
river beds that the nighttime temperature differences could be detected by the satellite radiometer.
Of course, such contrasts can only be created where the surrounding terrain is very dry and of
very small heat capacity. For example, only vague indications can be found in Figure 13 of the
Amazonas River which is much wider than the Bermejo and Zanjon rivers that stand out so clearly.
In the Amazonas Basin the entire region possesses such a large heat capacity due to its moisture
and heavy vegetation that a uniform and high temperature is maintained throughout the night. Be-
cause of this fact the boundaries between water and land which include the outlines of continents
cannot be distinguished in the HRIR observations in tropical regions.

An example of very close equilibrium between soil and air temperatures can be found over the
Siberian Tundra as shown in Figure 16. In this Figure a band of clouds, manifesting a cold front,
crosses western Siberia near 60 degrees N. Cloudless skies prevail both to the north and south
which is indicated by the clearly visible lakes and rivers on both sides of the front. Blackbody
temperatures, however, are markedly different on the two sides. To the south the front, tempera-
tures range from 277°K to about 280°K while to the northwest they are about 287°K. Analysis of
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surface air data provided by the Hydrometeoro-
logical Service of the U.S. S. R. shows that sur-
face air temperatures in the southern region
were about 279°K while in the northwest they
ranged from 283° to 288°K. This equivalence
with the satellite measured soil temperatures
suggests a complete equilibrium between air
and soil temperatures over this region. Other
HRIR Nimbus observations have been obtained
over this same area during September 1964 but
the temperature contrast was apparent only for
this case. This leads to the rather surprising
conclusion that the soil temperatures in this
case were governed by the temperatures of the
overlying air masses.

CONCLUDING REMARKS

A variety of different geophysical and at-
mospheric facts can be inferred from the ob-
servation of temperature variations over the
earth's terrain. Over heavily vegetated regions
of the tropics the ground temperature can be
measured and because of the larger heat capa-
city of this type of terrain its effect on air
temperaturesis similar tothat over oceans. The
ground acts as a reservoir which heats or cools
the air moving over it depending onits tempera-

80°N

80°N

- 100°E

70°N

90°E

60°N

Figure 16—Temperature over Siberia observed by HRIR
near midnight on 5 September 1964. (Dark shades are
warm, white shades are cold.)

ture. At higher altitudes, especially over dry sandy terrain,the heat capacity of the ground tempera-
ture is so small that near midnight when solar radiation is absent, the satellite measured ground
temperature is much less than the air temperature demonstrating temperature inversions. Over
more solid rock surfaces the satellite measured ground temperatures are more equal to the air
temperatures. Contrasts in the thermal properties of the surfaces usually exhibit a very pro-
nounced fine structure in the satellite observations. In many cases these contrasts can be inter-
preted, qualitatively at least, as a measure of moisture content of the ground, changes in the
vegetation or in the geological formation along the ground.
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CONJUGATE INTERSECTS TO
SELECTED GEOPHYSICAL STATIONS

by
J. G. Roederer*
W. N. Hess
E. G. Stassinopoulos

Goddard Space Flight Center

Geomagnetic field lines are traced into space for more than 500 geophysical
stations, using the 48-term Jensen and Cain field expansion for 1960. Total field
intensity, magnetic dip, declination, and L-values are computed at each station,
and at points 300 and 400 km vertically above the station. Coordinates and B
values of the conjugate intersects and of the equatorial (minimum B) points are
determined for each field line, as well as the total arc length of the line between
origin and conjugate intersect.

A general discussion of the resulting tables is given.

Finally, a series of maps showing constant B and L contours at various
levels between surface and 3,000 km are reproduced.

INTRODUCTION

In the past few years, the study of propagation of charged particles, electromagnetic radiation
and magnetohydrodynamic waves along geomagnetic field lines has become a powerful tool in the
search for a better knowledge of the structure of the earth's magnetosphere.

The determination of the exact shape of a line of force, its change with local time during geo-
physical perturbations, and the answer to the question of return to earth of high latitude field lines,
are of crucial importance to the problem of the interaction of the solar wind with the earth's mag-
netic field. The process of propagation of magnetohydrodynamic and very low frequency electro-
magnetic waves along field lines gives information on the electron and ion densities encountered;
the study of precipitation of energetic particles down the field lines into the atmosphere hopefully
will lead to a better understanding of the injection and acceleration mechanisms in the magnetosphere.

Many of these investigations are based on ground measurements. Hundreds of IQSY and ex-
IGY stations gather information which is being used or which could be used for these studies. These

*National Academy of Sciences - National Research Council, Senior Post Doctoral Research Associate, on leave from Facultad de

Ciencias Exactas y Naturales and Centro Nacional de Radiacion Cosmica, Buenos Aires, Argentina.
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measurements are particularly valuable, if carried out simultaneously at both "ends' of the same
field line. It is, therefore, very useful to know with maximum possible precision, the geometry of
the field line which ""goes through' each station, and which intersects the ionosphere at several
given vertical altitudes for a given field expansion during normal, quiet geomagnetic conditions.

There are many useful parameters related to this "field line geometry.” For this preliminary

edition, we have selected the following:

1. Geographic coordinates of the station (or the vertical point at high altitude), henceforth
called the origin of the field line;

2. Total field intensity at origin;

3. The magnetic dip at origin;

4. The magnetic declination at origin;

5. L-value corresponding to the origin (and within about 1%. to the whole line);

6. Geographic coordinates of the conjugate intersect, i.e. the intersection of the field line with
the earth's surface (or a fixed level at the same altitude as the origin), at the other side;

7. Total field intensity at the conjugate intersect;

8. Geographic coordinates of the equatorial point of the field line (defined as the point where
the field intensity attains its minimum value on that line);

9. Total field intensity at the equatorial point of the field line;
10. Length of the field line between origin and conjugate intersect.

These quantities, which are printed out in the above order in Appendix B, Tables 1, 2, and 3,
by no means represent all useful field magnitudes. However, for reasons of space and time, other

important quantities are not reproduced here.

Stations included in our tables were selected from IQSY lists, as well as extracted more or
less at random from old IGY tables. This selection does not pretend to be complete; we apologize
for omissions and possible errors in name-spelling, coordinates, etc.

A careful analysis of the geographic location of conjugate areas was made. It was found that
about 380 stations have their conjugates over sea, 140 stations have conjugate intersects over land,
in which 16 of them are over Antarctica, and only 22 pairs of stations are nearly self-conjugate,
either deliberately established as such or by chance. We present a list of these self-conjugate
pairs, and give a survey of the geographic location of all other conjugate intersects which fall over
land, indicating country, and whenever possible, the nearest town to the intersect.

Finally, for the sake of completeness, we present a series of maps with constant B and L con-
tours, for altitudes between sea level and 3,000 km.
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FIELD LINE PARAMETERS

Selection of Stations

All Stations were selected from lists published in IQSY Notes No. 4 1963 and No. 11 1965, as
well as extracted more or less at random from the IGY Annals. Some stations of this latter group
may be at present out of operation.

Whenever a group of stations appeared lumped together in the same geographical area, only
one or two of them were picked out (generally the station bearing the name of the nearest greater
city, for example: Of the pair of stations Godley Head and Christchurch, only the latter was kept).
For practical reasons, stations are given in our lists in alphabetical order, according to the first
two letters.

Coordinates

All positions are given in geographic coordinates. Latitudes and longitudes are in degrees
and decimal {ractions; negative latitudes are south, negative longitudes are west, and altitudes and
arc lengths are given in kilometers.

Information on altitude over sea level was not available for many stations. In case of doubt,
sea level was adopted. A test has shown that a change of a few thousand meters in station altitude
does not alter appreciably the values listed in our tables, except for stations at very low geomag-
netic latitudes.

All calculations were performed for field lines passing through the stations, and through points
300 and 400 km vertically above each. These two levels, which represent typical heights of the F2
layer in its diurnal variation, were believed to be of interest to ionospheric researchers. They
may serve to obtain interpolated values for field line parameters of lines of force passing through
other heights than the ones selected here.

Field Parameters

The geomagnetic field used in these calculations is the 48 term expansion by Jensen and Cain
(Reference 1). A more recent field expansion by Cain et al., (Reference 2), which takes into ac-
count the oblateness of the earth and updates the field to 1965, was applied to several stations for
comparison. Differences were very small; conjugate points fell within 20-30 km of the positions
given in our tables. For the actual computation of the field, McIlwain's subroutine MAGNET was
used.* Values of the field are given in gauss in which the error is expected to be of the order of
2 X 1073 gauss.

*MAGNET is part of INVAR (see footnote page 38).
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The conjugate intersect is defined as the
intersection of the field line emerging from the

STAT,SN origin (surface, 300 km or 400 km above s.1.),

with a constant level of the same height as the
origin (Figure 1).

MINIMUM - B
EQUATOR The minimum-B equator is defined as the

point of minimum total field intensity on a given
line of force. The locus of all these points is,

of course, not coincident with the magnetic dip
equator. The altitude of the minimum-B equa-
tor is very nearly equal to the maximum altitude
of the field line except for low L lines (L < 1.2).

Figure 1—The conjugate intersect with a constant level Their latitudes, however, may differ appreciably.

f th ight igin.
of the same heights as origin This was tested in separate runs for all stations.

The longitude of the minimum-B equator is the parameter '"'par excellence' to label a given field

line on a L shell, in a nearly invariant way (Reference 4).

For very low geomagnetic latitudes, it sometimes happens that there is no minimum-B value
between origin and conjugate intersect. This means that the minimum-B equator of that particular
field line lies below the origin, or below the conjugate intersect (Figure 2). This may even occur
in the case of surface to surface tracing; it is an indication that in the region considered, there is
a difference between the magnetic and the minimum-B or invariant, equator. When the field line
is very short, the absence of a minimum-B may be just an error fluctuation in B.

Finally, the L-parameter, (Reference 3) given in earth radii, is computed through McIlwain's

INVAR subroutine.*

MINIMUM - B
EQUATOR)

XBo (

DIP EQUATOR

Figure Z—Relation between dip equator and minimum-B equator.

*INVAR is a computerwcode written by C. E. Mcllwain, which has been widely distributed.
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If L is high, for example, above 8 earth radii, the field line expansion used in MAGNET is no
longer valid, because external sources, as determined by the interaction of the solar wind with the
earth's magnetosphere, can then no longer be neglected. This is the reason why field lines were
traced only when L. <12. In general, above L. = 8, this parameter merely has to be taken as a
quantity related to the "invariant’ latitude defined by cos?A = 1/L.

It is well known (References 3 and 5) that L is constant for a given magnetic shell only within
about 1%. Azimuthal asymmetry of the real geomagnetic field actually splits particle shells ac-
cording to their equatorial pitch angles (or mirror point field intensities) at a given field line. The
INVAR-computed L-values fluctuate on a given "L-shell," and even along a given field line. A
good measure of this fluctuation is the quantity (L~Lo)/Lo, where Lo = (Mo/Bo) /3 (M = 0.311%,
Bo = minimum field intensity on the given field line). A test made with our results has shown that
the longitude dependence of (L-L.)/Lo is in excellent agreement with Mcllwain's results (Figure 3
in Reference 3). A significant difference, however, arises in the region of longitudes between 5
and 35 degrees east, for L values in the interval 1.6 to 2.6. There we find computed L values 2 to
4% higher than the "azimuthally symmetric" value L.. For many purposes, it may be a sufficient
approximation to use Lo for the L value of a station, or of a point in space. The elimination of the
subroutine INVAR from the program would then save considerable computer time.

In order to make our tables useful to cos-
mic ray physicists, we may point out the results
of Smart and Shea (Reference 6) who found an <l B un
excellent correlation between L. and the effec- N
tive geomagnetic cosmic ray cutoff rigidity P_.
We have reanalyzed this correlation using the
computed surface L values given in Table 2, and
concluded that the effective cutoff rigidity can

be found for each station by the expression

P. - 15.60L"2(GV) (1)

c

which is valid for L > 1.2. For equatorial re-
gions this correlation breaks down. Figure 3—Coordinate system and unit vectors.

METHOD
Coordinate System

Figure 3 illusirates the system used. The field components along the unit vectors u,, u, and

up are:

By (vertical downward) ,

By (horizontal north) ,
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and
By (horizontal east) .
The equations defining an infinitesimal portion of a line of force are then,

38 dr _ r8X _ r cosAbp
B ~ -~ = = B, ' (2)

5S is the element of arc, with components -ér, r8x and r cos Aé¢ along the unit vectors. The coor-
dinates of a generic point of a field line originating at r_, A, and ¢_ are then given by

Vi
r. F or, +to § B, °S, . (32)
i=1 '
. 1 BNi
DA o) s, (3b)
i»] 1 1
and
n B, .
1 Ei
b, T b, - O Z Fosx. B, %S . (3¢)

i=1

where the sign factor o is +1 according to whether one proceeds tracing in the opposite/same di-
rection of the field vector. Notice that if the origin is in the magnetic Northern hemisphere (B, > 0),
we have to set v > 0 in order to follow the line to the conjugate intersect* (direction opposite to ﬁ).

The total arc length between origin and a generic point is

. 2{: °8; - 4)

COMPUTER PROGRAM

Procedure

The flow diagram is shown in Figure 4. The altitude level of the origin is determined by an
input parameter which permits one of three internally programmed choices (station altitude, 300

*In our field compﬁtations using subroutine MAGNET, we obtain the west component of the field By = -Bg. For this reason we had
to reverse the sign in Equation 3c. (See listing, Appendix A).
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and 400 km). Control parameters are initial- @Hmfﬁg ::‘L\‘?:U:J

ized and the station is entered. The L value is D —
computed with Mcllwain's INVAR subroutine.
The L value is then tested; if L > 12, no tracing

) ik sTATey |

is attempted. Before the program returns to

OV ALIE RBE

ACTIVAZL
8L CONTROL 16 8YPASS (0DL

field, the magnetic dip and the declination at the [ [ 1

TRACING - STEP 5171

read in the next station, it computies the total T N k]

origin. Then, if L <12, the code proceeds to
trace the field line. The "Adams Four Point In-
tegration Formula' (Reference 7) for numerical
solutions of differential equations is used in this
procedure repeatedly at equidistant intervals.
The accuracy of this fit depends on the integra-
tion step size (element of arc length). To in-

crease efficiency and to save computer time, I e
the constant step size D for a given field line

was fixed as a linear function of L. in which

D = 50L - 30 (km) . (5)

Exhaustive testing with several step sizes for
fixed L wvalues has shown that Equation 5 is

satisfactory with respect to both accuracy and
machine time.

Initial conditions for the integration of the
dependent variables H (altitude), DLAT and
DLON are given, and the total field and its com-
ponents are computed. The dip and the declina-

1D
A CONILBATE INTERSELT

SHI, CONTROLS J

tion are calculated only once, on the first pas- Y
sage through the integration loop. A suitable C
control causes this part of the program to be I
bypassed thereafter. R e

Figure 4—Flow diagram of computer program for

Usage and Comments determining conjugate intersects.
The computer code is a FORTRAN II monitor controlled program written for the IBM 7090-
7094, Standard or Moonlight system (Appendix A, Tables 1 and 2).

Execution time varies from fractions of a second for low latitude stations (small L-values)
to several seconds for stations at high latitudes {large L-values). For the 511 stations considered
in this work, the average time was approximately 2 seconds per station.
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The choice of altitude levels presently contained in the code has previously been explained.
Should other considerations prevail or different use be made of the routine, new values can easily
be substituted in statements number 58 and 59.

An effort has been made to keep the code flexible for diverse usage. Additional quantities con-
nected with a field line, such as
maximum altitude attained above the earth's surface,
geographic coordinates of the intersect with the geographic equator,

conjugate mirror-points,

L B N

curvature at the equator, and

5. field components at origin and conjugate intersect
may become readily available through minor modifications.

The field computing part of the program has been kept separate in the form of a subroutine.
This is practical and advisable, as experience has shown. Since there exist several models de-
scribing the geomagnetic field in terms of a varying number of expansion coefficients and since
periodic recomputations of these coefficients are necessary due to a gradually better knowledge
of the field and its secular changes, this arrangement is most convenient for interchanging or up-

dating the various models.
Two cases may arise which receive special treatment in the routine,

1. The origin may have an L-value greater than 12, and

2. No minimum-B equator may lie between the origin and the conjugate intersect.

In both, the code will indicate their occurrence by printing relevant comments in place of the reg-
ular output. In the tracing process, the location of the minimum-B equator is approximated on the
field line with an error proportional to plus or minus one integration step, while there are no
limitations with respect to the number of stations or the height of the origin. The restriction L <12
imposed on the shell parameter is due to physical (see Field Parameters in the section titled
FIELD LINE PARAMETERS) and practical considerations only (to save computer time) and is en-
tirely independent of the code itself. Lines with L-values greater than 100 have been traced re-

peatedly without any difficulty.

In the loop, the following sequence of operations is performed: (a) the total field intensity is
tested at every step, and the coordinates and field intensity of the minimum-B point are stored; (b)
the altitude, latitude and longitude increment parameters are evaluated; (c) the (n-1)th dependent and
independent variables are stored; (d) and the nth numerical integration is performed.

The integration is terminated whenever the altitude H_ isless than or equalto the altitude of the
origin H,. The total arc length is then tested; if S < 1000 km, the step size is decreased by a fac-

tor of 4, and the tracing is repeated for that given field line. This is done in order to obtain a
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better fit and to reduce the error in the location of the conjugate intersect, for low latitude stations.

If S »1000, or after a second tracing, the coordinates of the conjugate intersect are obtained by
interpolation, and the field intensity is computed at that point.

Finally, a test is made to determine whether the minimum-B equator lies between the origin

and the conjugate intersect. The results are printed, and the next station is read into the computer.

RESULTS

Table Bl (Appendix B) gives the results of our computations for surface-to-surface tracing
for 511 geophysical stations. In column 1, the names of the stations are listed. Columns 2 and 3
give the geographical coordinates of the origin; column 4, the total field in gauss; columns 5 and 6,
magnetic dip and declination in degrees respectively; and column 7, the L value. Columns 8 and 9
give the coordinates of the conjugate intersect, column 10, the total field at the intersect. Columns
11 and 12 show the coordinates of the equatorial (minimum B) point of the corresponding field line,
column 14, the field intensity there, and column 13, the altitude of this point over sea level (almost
coincident with the maximum altitude over sea level of that line, except for low L values). Column
15, finally, gives the total arc length of the field line, between origin and conjugate intersect. All
distances are in kilometers.

Appendix B, Tables 2 and 3 reproduce the values corresponding to field lines originating 300
and 400 km above each station and intersecting the same altitude as the origin, at the conjugate
point. A detailed inspection of the conjugate areas has revealed several features. First of all, as
expected, the great majority of the stations have conjugate areas over the sea. There are, never-
theless, 22 pairs of stations which are very nearly conjugate to each other and they are listed in
Appendix C, Table 1. For additional information, the mean L value is given, as well as the per-
centage difference in L. With a few exceptions, this difference is not much greater than the
intrinsic fluctuation of I.. Another important parameter necessary to judge the 'degree of con-
jugacy' of two stations, is given by the difference of longitudes of the equatorial points of the field
lines passing through both stations. This is indicated in the last column of Table 1. Inspecting
this table, one recognizes well-known conjugate pairs, in addition to others. Notice in particular,
the European-African group of conjugate pairs.

Appendix C, Table 2 lists stations with conjugate areas in the Antarctica. Those already listed
in Table 1 are not shown here.

Finally, in Table 3 we give some information about the conjugate area for those stations whose
conjugate intersects fall over land, but where there is no other station near by, belonging to our
list. In this table, we list the name of the station in alphabetical order, the L value, the name of
the city or of the region in the conjugate area, and the country in question.

B AND L CONTOURS

The last collection of figures represent constant B and L contours for different altitudes.
They were obtained in the following way: For a given altitude level, a latitude-longitude grid is
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generated with constant intervals of five degrees for the first and of ten degrees for the latter. At
those grid points, the magnetic parameters B and L are computed and stored.

The desired constant B or L contours are then obtained by a linear interpolation, which is
performed separately for both. The resulting positions are then plotted by computer and the
curves are drawn manually.
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Appendix A
Fortran 1l Monitor Controlled Program

Table A1 Arguments and Parameters.
Table A2 FORTRAN Listing.
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Input:

BLAT
BLON
BH

NAME

Internal:
RAD
N
LpP
ITEST
D

S

H
DLAT
DLON
SGN
DECL
HM

BN

BW

BV
FAC
DH
DDLAT
DDLON
CBN
CBW
CBV
Sp
DLATP
DI.ONP
HP

Cc2

Output:
BB
DIP
IDECL
BEL
CLAT
CLON
CB
DLATM
DLONM
IHM
BX
DS

Table Al

Arguments and Parameters.

fixed point parameter controlling starting altitude; ford = 1, 2, 3
altitude is fixed in the code to station height, 300, 400 km,
respectively.

geographic latitude of station.

geographic longitude of station.

height of station above sea level.

designation of station.

conversion factor, radians to degrees.

fixed point parameter counting lines per output page.

fixed point parameter numbering tracings per line.

fixed point parameter controlling dip angle and declination bypass.

constant incremental change of independent variable (stepsize of
integration along field line).

independent variable: total arc-length.

dependent variable: height above sea level.

dependent variable: geographic latitude.

dependent variable: geographic longitude.

sign of vertical field component.

magnetic declination at origin.

altitude above sea level of point of minimum B on field line.

field strength at generic point.

North component of field vector at generic point.

West component of field vector at generic point.*

vertical component of field vector at generic point.

factor for increment parameters DDLAT and DDLON.

altitude increment parameter.

latitude increment parameter.

longitude increment parameter.

same as BN at conjugate intersect.

same as BW at conjugate intersect.

same as BV at conjugate intersect.

(n-1)th reference arclength for conjugate intersect approximation.

(n-1)th reference latitude for conjugate intersect approximation.

(n-1)th reference longitude for conjugate intersect approximation.

(n-1)th reference altitude for conjugate intersect approximation.

ratio of B(min) minus B(orig) to B(orig).

field strength at origin.

dip~angle at origin.

see DECL

magnetic shell parameter L of field line through origin.
geographic latitude of conjugate intersect.

geographic longitude of conjugate intersect.

field strength at conjugate intersect.

geographic latitude of minimum B point on field line.
geographic longitude of minimum B point on field line.
see HM

minimum field strength on field line.

total arclength between origin and conjugate intersect.

*All arguments are in floating point form, except where otherwise indicated.
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Table A2
FORTRAN Listing.

CARDS COLUMN
LIST 8
LABEL
LOF1A
MODIFITD LUF TRACERs VERSIUON NU. 3 FOR ALL STARTING LLTITUDES
FIELD COMPUTATION RYTICILwAINS MAGNEI
PLARAMETER J HAS FOLLOWING VALUES AND MEANING =
J=1 LOF TRACING FROM SURFACE TO SURFACE
J=2 LOF TRACING 300 K¥M ABOVE STATION T3 300 KM CUNJGINTFRSECT
J=3 LOF TRACING 400 KM ABOVE STATION TO 400 KM CONJGINTERSECT
DIMENSTON NAMNE(3)
READ INPUT TAPE 2s1uus4ed
1uu4s FORMAT(I3)
RAD=57,2957795
K = 1
N = U
1 READ INPUT TAPE 2s10u5stLAT sBLONsRitslvAME
1UuS FORFAT(2F11e29F8e2923A06)

ITEST = 1

LP =1

IF{Y = 2)57s58+59
58 bil = 30u.

GO TOo 57
59 BH = 40u,

57 CALL INVAR(BLATSBLCNsRBH 20,01 BB EL)
IF{BEL ~ 124)2922151
151 2ENSE LIGHT 4
GU TO 6
2 D = 5UGHPEL ~ 20
6 DLAT = BLAT
DLON = BLON
H = BH
91 S=C.C
SENSE LIGHT 1
BX = 5.
92 CALL FIELD(DLATsDLONsH sBNsbWsBVsid,
GO TO (38939)sI1TEST
38 DIP = ATANFIBV/SQRTF{BN*%2 + BRwWx%2))*RAD
OGN = OIGNF(1.sBV)
DECL =(ATANF (~Bw/BN) ) *RAD
ILECL = DECL + o5
37 ITEST = 2
IF(SENSE LIGHT 4) 79369
7 IF(N)S99s1U
9 WRITE OUTPUT TAPE 3,73
wWRITE GUTPUT TAPE 3974
1 WRITE GUTPUT TARPE 3sT77sNAMESBLATsRLUNLPDIPSIDECLsBAL
77 FORMATUIXBAGF 8297 9a29F T30l H41916sF7a294X550i%% N O ComMmpuT
1 ATTI ORNDS P ERF CRMED *%)
v = N + 1
GO T0o 1
IFIB — BX)}3s4s4
DLATM=DLAT
DLCNM=DILON
HM = H
BX=3
4 DH = (BV/B)%SGN
FAC=SIGNF{RAD/ (% (1146371.2) ) 29GN)
DDLAT=~BN*FAC
DDLON= BW*FAC/COSFDLAT/RAD)
SP = b

w
w0
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HP = H
DLATP = DLAT
DLOMNP = DLON
O=INDVE (Le)
H=DPNVFE (Hs01H)
DLAT=DPNVF{DLAT s ULLAT)
DLON=DPNVE(DLGKNsDDLCGN)
IF(il - [5H) 22522992
22 IFLS = 1ulLe)2692695
26 GG TC (15uUs5)sLP

15 U = D/4.

.o

LP = 2
GO TO 6

5 DLAT = LLalP + (DLAT — DLATP)®(BH = HPI/Z(H - 14P)
DLOUIE = DLURF + (DLUN = DLOM- I R(EH = HP)/{H - HP)
UL = 5P+ (5 = LP)R(BIH — 1) /(4 ~ HP)
o= o

CLAT = DLAT

CLOt = DLGI

CALL FTELLUOCLAT sCLUMabis ClsNs CviaCiiV o Ci3)
THM = 'Y+ o5

IT (Ch - BA)51951s16V

6w C2 = BX/RBRB - 1.
52 TFLALGFA(C2) — lef=5)L1e5H]1920
51 OLNLE LIGnT 2

Sivol LIGHT 3
Sv T AT OF (CLUN) - 18ues)8898E987
37 1i (CL_CN)B2985 985
82 CLUIN = CLuiv + 360,

GU Tu d8

83 CLOMN = CLUL - 360,

&8 ITF(ofFior LInHT 3)46s45

45 IFLARSE (DLUN) = 180.)46946964
34 TF{L_ONM)ES 2409866

85 ULUMY = DDLU + 36U

Gu TU 46
86 LLGHE = UDLUNG — 36Je
46 TF(MY3us3Ls2]
3¢ wWRITF LUTPCT TAPE 3973

5 F REAT(131411 STATTONL Y w3 0] R I G I
1 M ®¥E O CIORNJUGATL INTLROe %% [ INIMUIM =t EGUATOR %% AR
2C /7))

VRITFE LLTPOT TARL 3974

T4 FUORTAT22A60H0LAT a s SASHLOMG 0 94 A LR s 4X3HDIP s 3XOHIDECL ¢ 93X 1HL s SX4HLAT o s
I3ASHLURG s o6 ATHL s 5XAHLAT o s XOTLUNG o s4AGHALT ¢ 94X 15 s X2HKIA// /)

21 TFAOLMOE LIGUHT 2)23+51

23 VWiITE wulPol TARD 39 78eRNAILshLAT s LONseEsDIPsIDECLsBELICLAT sCLONSC -
losby

TE FURIATULAZHO S 62 0F Vel oF Ta59F6als69FTa29F TalsF&8elsF7e304X28HNO W]
Loeliul b stladiiv INTEROesF8aU)
Ou Tu SO

31 wkitE GuTPOT TARE 3970 sl Al esBLATsBLONSHEBsDIP s IDECLsBLLICLAT sCLONSC
TheLLATr e LG s THI s R s [0S

T FORIATULIASAC FB 291 Ye23F 7e39F001l3163F7e25F7el5FB8el2F7e395F8429F9.25
117sf 7e0F7ev)

Qu i = M + 1
IF(N = 45)32533+33

33 N = U
oRITE OUTPOl TAPE 33769k

76 FURIWAILG///7760ATLHIFAGL 14)

K=K + 1

32 GO 70 1
EivD



Appendix B

Field Line Parameters for Selected Geophysical Stations
Table Bl Tracing from Surface to Surface.

Table B2 Tracing 300 km Above Stations.
Table B3 Tracing 400 km Above Stations.
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Table Bl

Tracing from Surface to Surface.
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STATICNS

ABASHIRI
ABISKO
ABERYSTWYTH
ACCRA

ADEN

ADDIS ABABA
ADELAIDE

ACAK
AGINCOURT
AHMEDABAD
AIRE-SUR-ALCUR
AKRCTIRI
AKLAVIK

AKITA

ALMERIA

ALCAN

ALERT
ALMA-ATA
ALBUQUEROQUE
ALMIRANTE BROWN
ANCON
ANCHGRAGE
ANTOFAGASTA
APIA

APATITY
ARKHANGEL SK
ARCETRI
AREQUIPA
ARGENTINE ISLAND
ARMIDALE
ASSWAN

ASO

ASHKABAD
ATHENS

BAJA

BAGHCAC
BANGKOK

BAR I

BALBOA

BAIE ST. PAUL
BARTER ISLAND
BAKER LAKE
BATTLE CREEK
BANARAS
BANGUI

C R

LAT, LCNG.
43,97 140,32
€8.35 18.82
52.40 -4,07
.63 -0.2¢C
12.77 44,67
S5.C3 38.77
-34.95 138.53
51.60 =-176.65
43,80 -73.3C
23.C2 72.60
43,70 -0.30
34.58 32.65
68.23 -135.00
36.73 140.13
3€.85 =2.41
5€.€0 125.5C
82.55 —-63.58
43.20 76.92
35.C8 -106.62
-€4.€8 -€£2.87
-11.77 -17.15
61.17 —149,.98
~23.65 ~70.42
-12.,80 -171.77
€1.55 33.33
64458 40.50
42,75 11.25
-1€.25 =-71.57
-€5.25 —-64.217
-3C. 30 151.40
23.67 32.78
22.88 131.02
37.93 55.10
37.57 23,72
4€.18 19.00

32,35 44,38
13.75 1C0.55

69,58 -140.18
8455 =79.57
47.43 =70.50
7C.13 -143,67
64,30 -96.08
42.27 -85.,17
25423 83,02
4.€0 18.58

Table Bl
Tracings from Surface to Surface.

I G I Y
8 CIp DECL. L
0.506 58.4 -8 1.50
0.515 77.3 2 5.69
0.477 68.0 -9 2.57
C.311 -7.4 -1l 1.00
0.369 9.7 1 C.36
0.353 -1l.4 1 0.96
0.606 -67.3 7 2.03
C.486 €3.4 9 2.11
0.585 T74.3 -1 3.33
0.447 32.1 -1 1.00
0.452 £0.1 -6 1.75
C.447 45.0 3 1.25
0.587 81.3 40 9.05
0.483 53.7 -1 1.35
0.426 52.4 -7 1.41
0.5G61 74.6 -12 2.61
C.560 85.9 -86 246,02
0.558 62.8 3 1.53
0,536 62.8 13 1.89
C.43€ -57.8 17 2.31
0.286 Ce5 6 1.03
0.558 T74.1 27 4412
0.263 —18.4 5 1.08
0.368 -28.8 12 1.05
0.525 17.6 12 5.02
0.531 176.7 15 4.07
0.457 59.6 -2 L.66
C.27C -6.2 4 1.05
0.441 -58.2 18 2435
0.565 —¢€0.9 11 1.65
0.398 30.7 2 1.04
C.470 46.7 -5 1.17
0.502 56.3 5 l.37
0.448 52.8 1 1.36
0,471 62.2 1 1.79
G.462 49.0 4 1.23
0.4117 9.9 1 C.92
0.583 81.3 38 .21
0.387 37.3 4 1.17
0.579 175.8 -19 4.03
c.581 81.1 37 5.05
0.608 86.3 4 15.00
0.586 73.1 -0 3.01
0467 35.3 -0 1.02
0.332 -1¢6.1 -5 0.99

«% CCNJUGATE INTERS.
LAT, LCNG. B
-26.5 137.8 0.557
-59.5 64.0 0.482
-47.4 24.8 0.321
11.8 -1.5 0.323

4.7 44,9 0,351
10.2 38.8 0.355
53.2 143.3 0.542

-38.9 164.8 0.587
-69.8 =-59.,9 0.547
-5.3 74.6 0.404
-32.1 17.3 0.314
-16.1 35.6 04345
-62.8 167.8 0.661
=227 138.1 0.531
~-22.9 11.0 0.320
-39.4 124.8 04629
* N O COoOMPU
-25.17 82.7 0.486
-49.1 ~128.5 0,517
35.9 -65.5 0.534
-12.3 -77.2 0.285
-53.6 172.2 0.634
-3.1 -€9.7 0.313
15.2 -166.1 04342
-55.7 69.4 0.488
-51.7 69.1 0.473
-29.0 246.3 0.324
-9.8 -71.2 0.28¢
36.3 -€6,0 0.536
4649 159.5 0.474
-3.7 23,1 0.342
-16.5 130.3 0.493
-22.0 59.7 0.385
-19.7 29.3 04340
-31.5 31.5 0.327
-16.4 46.4 04353
5.4 1C0.4 0.411
-62.0 163.8 0.663
-32.7 -85.2 0.313
-75.5 -79.2 0.539
-61l.4 161.9 0.664
«* N O COMPU
~-65.9 ~109.6 0.551
~-642 84.7 0.429
17.7 17.5 0.355

x+ MINIMUM-B

LAT, LONG. ALT,
S.17 140.61 3571
3.46 33.52 29669
0.40 7.34 9456
6.95 ~0.49 15
6.78 44,89 3¢
NO MINIMUM B8 BETWEEN
3.52 142.68 6945
6.03 174,60 7253

-12.38 -79.11 14726
7.81 73434 499
2466 T7.23 4447
6.91 33,34 172¢C
1.29 -162.72 51758
9.03 140445 2586
3.63 3.74 2494

10.24 125.99 10707

TATIONS P ERF
8.35 17.75 3809

=7.94 =114.50 5762

-12.97 -59.60 8083
NO MINIMUM B BETWEEN
2.95 -168.74 20139

-1€.64 -6%.91 176
2.47 =~168.55 456
5.22 43,60 25502
5.95 47.44 19450
4,33 1€.30 4042
NO MINIMUM B BETWEEN

~13.17 -60.30 8312
8.24 156.83 4392
8.14 32.71 466
8.72 131.52 1505
€.68 55.42 2573
6436 25.48 2316
4.53 23.15 4761
6454 44,30 1649
3.06 100.49 40
2.52 ~168.72 52826

-13.60 ~8l.42 912

=12.46 —-64.90 19044
3.18 -172.15 51803

TATIONS PERTF

-11.79 -87.,59 12776
8.64 83.62 629
G.56 18.11 98

EQUATOR

B

0,092
0.002
0.019
0.311
0.348
INTERS,
0.037
0,034
0.C08
0.303
0.C59
0.156
0.C00
0.128
0.108
0.017
ORME
0,085
0.045
0.025
INTERS.
0.004
0.248
0.273
0.002
0.005
C.068
INTERS.
0.024
0.071
0.272
0.195
0.121
0.122
C.056
0.165
0.401
0.000
C.194
0.005
0.000
ORME
0.011
0.293
0.319

=% ARC

KM

13461
86886
30770
710
906
129
22995
24137
45473
3521
16188
1764
147107
10596
10326
33282
D x=
13834
20036
27181

57
59846
2373
3606
75121
58219
14897
729
21818
15974
3413
1224
10349
9636
17070
7538
932
150008
5542
57701
147162
D »x
39911
4015
1500



Y

STATICNS s
LAT,.
BASE RCI BAUDCUIN -7C.43
BANGUIC 1€.42
BELEM -1.C0
BELSK 51.84
BETTLES 6€.90
BEDFORD 42.48
BERMUDA 32.37
BECGRAC 44,80
BIRD 5€.50
BISMARK 4¢€ .82
BJORNOYA T4.52
BORCK 58.C3
BOLCGNA 44.50
BOULDER 4C.C3
BOMBAY 15.C0
BOGCTA 4,63
BRISBANE —-27.53
BUDAPEST 4€.68
BUENGS AIRES -34,52
BUNIA 1.53
BYRD STATION -76.98
CAPRI 4C.57
CASTEL TESINO 46,05
CATANIA 37.50
CAPE CHELYUSKIN 17.72
CAPE ZHELANIA 7¢€.50
CAPE SCHMICT 68,37
CAMBRICCGe UK 52.22
CARIBOU 4€.87
CALCUTTA 22.93
CAPE HALLETT -72.32
CAMPRELL ISLANC —-52.55
CANBERRA -3£,32
CAPETQOWN -34,15
CAMDEN -34,08
CAPE CANAVERAL 2¢.40
CAPE JONES 54450
CEBU 1C.23
CHAMICAL -3C,.23
CHURCHILL 58,77
CHAMBON-LA-FURET 48.C2
CHICAGC 41,83
CHARLOTTESVILLE 38,.C3
CHITA 52.C5
CHITTAGQNS 22.735

LCNG.

23,32
120.5¢

152.92
21,27
-58.50
3C.18
-120.02
14.33
11.65
15.07
104.28
68.60
-179.48
.10
-68.02
88.52
178.22
169.15
149,00
18.32
150.68
-80.60
-79.50
123.90
-66.33
-94.17
2.27
-87.67
-73.22
113.48
91l.42

0.546

0.255
G.340
0.605
0.448
0.464
C.437
0.578
0.562
0.560
C.476
0.573
0.455
0.660
C.635
0.556
0.312
0.587
C.517
0.602
0.392
0.240
C.€13
0.4ct6
0.585
0.564
0.565
0.453

Table Bl

Tracings from Surface to Surface.

ctp

-65.0
19.0
15.9
£7.3
17.8
72.8
64,4
€C.8
75.7
T4.6
80,1
12.9
60.4
67.9
23.7
31.8

=57.6
62.7

-32.1

-22.1

-74.8
55.9
62.0
51.9
86.2
83.9
17.1
€7.7
75.1
30.0

-83.6

-76.0

~66.2

-65.8

-64.8
€l.4
0.9

—27.3
€3.5
6441
12.5
70.1
70.9
28.7

I

DECL.

N *% CONJUGATE INTERS.
L LAT. LONG. B
5.21 59.5 -31.7 4Q.516
0.95 -0.8 120.1 0.411
1.09 =-17.2 -44.,6 0.247
2.24 =39,7 38.8 0.334
5.98 -57.1 164.2 0.654
3.11 -70.8 -79.3 0.511
2.04 -61.3 -60.9 0.404
1l.69 -29.4 3l.4 0.329
2.48 -38.0 10i.1 0.585
3.38 -62.6 -1325.3 0,592
9,55 -63.7 77.3 0.546
2.86 -45,2 53.3 0,410
1.71 =-30.1 25.0 0.323
2432 -54,4 -131.9 0.552
0.96 -1l.2 74.3 0.396
1l.13 -30.5 -77.2 0.285
.51 4347 160.5 0.454
1.81 -32.1 33.6 0.328
1.20 7.2 -62.1 0.364
1.00 19.7 30.0 0.375
7.25 55.7 -78.9 0.601
1.48 -23.9 24.0 0.332
1.81 =32.4 26.5 0,321
1.35 -19.5 22.7 0.336
3.36 -56.4 113.3 0.64¢
9.33 -58.0 98.4 0.607
5.16 =52.7 150.9 0.657
2.49 =45.4 26.7 0.320
3.85 -75.3 -70.8 0.525
0.98 -3.3 89.4 0.427
16.06 *» N QO cCoMPuU
4,02 61.7 -154.9 0.553
1.99 52.5 158.5 0.507
1.83 45.0 -0.6 0.456
1.89 51.0 160.2 0.496
1.77 -53.9 -93.5 0.442
6.58 -78.8 ~-117.7 0.602
0.93 447 123.8 0.394
lel4 2.7 —t&.6 0.342
8.63 -T4.4 -152.6 0.638
2.07 -38.0 22.9 Q.312
2.90 =-64.3 -113.1 0.552
2.54 ~64.7 -93.7 0.506
2.00 -33.5 115.4 0.597
0.97 -2.7 92.4 0.428

=2 MINIMUM-B

LAT.

-5.35
7.93
-12.69
4,00
3.62
~12.90
-13.43
4.96
9.80
-8.95
4.23
5.62
4.19
~7.99
1.84
~-15.23
8.32
4479
-16.28
8.70
-12.02
5.20
3.88
6.05
10.83
9.65
7.15
1.C9
-12.21
3.05
TATI
3.48
8.50
2.25
8,26
-r3.05
-12.04
7.82
-1lé.79
~9.64
1.98
-11.56
-12.98
10.03
5.C9

LONG.

-11.
120.
-45.60
26423
-174.69
~66499
-5G.
24.
95,
-110.
40.
42.
16.
=114,
3.
-T4a
157.
25,
=59.
29.98
-77.34
18.
17.23
18.09
104,
17.
164.
10.

56
45

01
05
52
21
59
30
57
16
45
97
96
11
45

07

41
70
48
43

EQUATEOR

-61.19

88.

ONS

-173.
155,
7.
156,90

87

05
25
43

P

ALT.

26283
165
9C
7527
32092
13244
6303
4253
9907
15304
54426
11716
4307
8516
247
605
3487
4964
819
192
39758
3004
4899
225C
53708
53367
26858
8908
17919
425
ERF
19492
6593
4970
5907
4812
35450
17
495
48685
6201
12122
9694
6916
384

8

C.002
0.364
0.244
0.029
0.001
0.010
0.036
0.065
0. 020
0.008
0.000
0.013
0.063
0.024
0.345
0.213
0.093
0.053
g.183
0.311
0.001
0.094
0.054
0.123
0.000
0.000
0.C02
0.021
0.005
0.327
ORME
0.005
0.040
0.052
0.047
0.055
0.001
0.388
0.213
0.C00
0.038
0.012
0.CL9
C.038
0.336

*% ARC

KM

18127
1986
1913

25000

92780

41532

22148

15473

30963

46711

155251

36681

15683

277717
2383
4414

13394

17559
5412
2114

114912

11772

17430
9462

152202

151583

78214

29160

54631
3204

D =%

58042

22151

17738

20246

17556

102970
625
4049

139215

21324

38040

31436

22646
3029



4"

STATICAS

CHRISTCHURCH
CHACALTAYA
CLIMAX
CLCNCURRY
CCNCCRC

COOK

COLLEGE
CCRINALCC
COIMBRA
CONCEPCION
CORDOBA
coLEmMsC

CCCOS ISLANC
COPENHAGEN
CORAL HARBCUR
CRACCwW
CURACAU

cuzco

DAVIS

DAPANGC
DALLAS

CAKAR
OARWIN-CCONAWARRA
DEBRECEN

OE BILT

DEEP RIVER
DENVER

CEHRA CUN
DELHI
CECEPCION
DIXON ISLANC
0JIBCUTI
DJAKARTA
DOBAIRA
DOLGOPRUDNAYA
DCURBES

DUNS INK
DUSHETTI
DURHAM

DUMCNT C'URVILLE
DURBAN
EDINBURGH
EIGHTS
ELLSWORTH
ELISABETHVILLE

*%*

LAT.

-43.57
-1€6.32
39.37
-2C.67
43,20
-3C.63
64.85
42.63
4C.22
-3€.58
-31.32
€.50
-12.20
5%.75
64420
5C.C5
12.08
-13.52
~68.60
1C. 80
32.78
14.€6
-12.43
47.48
52.10
4€.1C
39.75
3C.23
28.€3
—€2.58
72.53
11.55
~-€.17
36.00
55.94
5C.10
53.38
42.08
43,08
~EELET
-29.83
55.92
-15.23
~11.72
—-11.¢63

LCNG.

172.80
-68.15
-1u6.18
140.5C
-71.53
130,40
-147.83
13.00
-8.42
-72.98
~64.22
79.87
96.90
12.50
~83.,40
19.95
—-68.34
-71.58
78.00C
0.07
-96.80
~-17.43
130.90
21.65
5.18
-77.50
-105.00
78.05
17.22
-60,72
80.70
43.15
107.00
139.20
37.52
4.6C
-6.33
44,70
-70.92
140.02
31.C3
-3.18
—-77.17
-41.13
27.42

0.5%94
0.265
0.561
0.515
0.571
0.587
0.570
0.458
0.440
0.291
0.258
0.4C0
0.470
C.488
0.6C0
0.482
0.404
0.276
0.563
C.321
0.536
0.328
0.465
C.a7
0.477
0.588
0.565
0,493
C.483
0.416
0.575
G.363
0.443
0.465
0.517
0.472
0.480
0.498
0.570
C.671
0.328
0.485
Ce534
0.513
0.342

cirp

-68.9
-5.4
67,1

-5C.8
73.3

-63.8
77.0
5G.4
57.1

-35.8

-28.3
-6.5

-45.5
70.1
85.6
65.8
43.5
~1.0

~73.2

4,2
6247
20.8

-39.2
€3.5
6T.4
75.8
67.7
44,8
42.0

-56.1
84.0

6.2

-32.9
49,4
71.4
65.8
68.8
60.0
73.2

-85.6

-65.2
70.4

-67.1

-66.3

~47.9

I

DECL.

Table Bl
Tracings from Surface to Surface.

N

L

2.41
1.06
2.24
1.28
3.23
1.74
5.43
1.65
1.62
1.21
1.15
C.92
1.11
2.75
17.14
2.10
1.27
1.05
14,02
1.00
1.86
1.05
1.09
1.87
2.41
3.78
2.30
1.11
1.08
2.16
6.90
0.96
1.00
1.24
2.59
2.23
2.74
1.54
3.20
36.22
l.71
3.04
3.91
4.49
l.17

#x CONJUGATE INTERS.

LAT. LCNG.

53.0 -162.4
-10.5 -68.1
-53.4 -132.1

37.5 142.7
-71.5 -80.3

4847 131.8
-56.,9 l168.6
-28.5 25.3

-30.2 9.9
9.1 -70.7
3.6 -65.2

12.2 79.5
31.1 $6.0

-47,0 38.6
*%x N O cCo

-37.2 36,1

-40,3 -70.2

-12.5 -71.9
*»* N O cao

7.3 0.8
-51.1 -116.8
—4.8 -11.9
28.4 131.5
—-33.2 34.6
-43.5 29.3
-72.5 -G98.0
=54,3 -131.3
-12.0 80.9
~-10.4 79.8
34.1 -64.6
~54,2 100.6
6.4 43.1

24,1 107.5
-19.3 137.6

-43.0 56.2
-40.6 26.5
-49.9 25.0
2642 50.6
-71.5 -78.5
** N O cc
45.1 19.7
-52.3 30,4
47.0 -69.9
50.7 ~-59,9

31.7 24.5

8

0.506
0.280
0.546
0.463
0.516
0.552
0.648
0.326
0.309
0.386
0.346
0.407
0.506
0.345
M Py
0.328
0.297
0.279
MPU
0.315
0.497
0.288
0443
0.328
0.321
0.555
0.550
0.440
0.431
0.524
0.611
0.352
0.459
0.508
0.392
0.315
0.329
0.360
0.513
MPU
0.468
0.347
0.577
0.560
0.422

=x  MINIMUM-B EQUA

LAT.

4.19

LONG. ALT.

-174.57 9166

NG MINIMUM B BETWEEN

-7.73
8.96
-12.65
9.53
2.94
4446
1.58
-15.53
=16.70
8.62
3.08
2.70
TATI
4.18
-15.57

-115.00 8010
142.83 2147
-67.25 13969
132.55 5165

~-169.77 28588

17.68 3960
-0.05 3677
-70.51 1042
~64.04 557
79.76 15
96.29 1239
21.21 10703
ONS PERF
24.97 6546
-67.87 1402

NO MINIMUM B BETWEEN

TATI

0 NS P ERF

NO MINIMUM B BETWEEN

-10.10
2,42
8.63
4463
1.91

-12.60

-8.14
8.20
8.20

-13.18

16.10
7.03
8.77
8.99
5.57
2.01

~-C0.23
6.21
-12.70
TATI
4.82
0.24
~12.48

-11.C9
7.50

-102.87 5551
-14.08 211
131.84 975

25.64 5294
14,22 8417
~-76.09 17572
-113.76 8378
78.84 1194
78.01 994
-58.67 7069
85.33 37860
43.08 7
107.35 552
139,53 1918
41.40 10008
13.07 7194
6.06 "10512
45.24 3505
-66.34 13808
0N S PERF
23.42 4358
9.53 12446
-64.10 18368
-48.12 21885
25.46 1213

TOR

B

0.023
INTERS.
0.027
0.149
0.009
0.059
0.002
0.070
0.073
0.176
0.206
0.398
0.226
0.016
ORME
0.036
0.152
INTERS.
0ORME
INTERS.
0,047
0.265
0.243
0.049
0.024
0.006
0.025
0.223
0.244
0.031
0.001
0.352
0.308
0.163
0.018
0.030
0.016
0.086
0.009
ORME
0.063
0.011
0.005
0.603
0.189

x ARC

KM

29497
647
26349
9310
43546
17896
83146
14644
13973
6134
4330
591
6143
34137
D ®»
22176
7419
116

D *#
402
19485
2363
5482
18525
27699
53437
27391
5984
5319
24327
108589
574
37717
8581
31884
24184
33804
13163
43112

D *=x
15787
39244
55835
65813
6131




(W=

444

STATICNS

ENNADAI

ENUGUY
ESKDALEMUIR
ESPERANZA
EUREKA
FAREWELL
FANNING ISLAND
FLIN FLON
FORT YUKON
FORT NCRMAN
FORT CHIMO
FORT MCNMCUTH
FORT BELVGIR
FORT RANDOLPH
FORT DE FRANCE
FREETCKN
FROBISHER
FREIBURG
FRONT ROYAL
FT. CAVIS
GARCHY'
GAINESVILLE

GENOVA MONTE CAPEL

GENERAL BELGRANG

GENERAL SAN MARTIN

GHANA

GIFU

GILGIT

GOUGH ISLANC
GODHAVN
GOOSE BAY
GOTTINGEN
GRYTVIKEN
GRAZ

GROCKA

GRAND BAHANA
GRAHAMSTOWN
GREAT WHALE RIVER
GULMARG
GUANTANAMC BAY
GUAM
GUAYAQUIL
HAMMAGHIR
HACHIJCJIvA
HALLETT
HARTLAND

* %

LAT.

61.30
€47
55.32
~-62.38
gc.Cco
€2.53
3.52
54.70
66.57
€4.5C
58,10
4C.25
38.73
G.38
14410
.47
63475
48.C5
38.93
3C.63
47.30
26.63
44455
-77.97
-€é8.13
1C.CC
35.58
5.54
~40.35
£6.23
3.32
51.53
-54.27
47.C7
44,63
26.67
-33.28
£5.27
34,05
18.50
12.45
-2.17
3C.10
32.13
~72.32
51.C0

LCNG.

-101.20
7.55
-3.20
—-56.58
-85.93
~153.90
-159.38
-102.0C
-145.30
-125.50

-77.13

0.€613

0.413

Tracings from Surface to Surface.

CIp

84,2
-9.0
70.0
-56.1
87.5
T4.5
10.7
€C.1
78.6
g8l.3
80.7
71.6
7C.6
37.8
44,9

82.7
63.9
70.8
58.7
63.4
6244
€0.5
—€b.4
-60.8
0.6
49,3
53.7
~57.5
81.6
76.9
£6.9
~-50.9
63.0
60.6
59.9
-66.3
8l.1
51.0
52.9
11.9
17.9
42.4
45.6
-84.9
66.9

I

DECL.

=77
-9

Table B1
N #* CONJUG
L LAT,
3.86 -T72.4 -
0.99 13.9
2.95 -51.4
2.20 34.7
314.75 ** N 0
4.27 -53.4
0.98 6.2 -
5.54 -68.2 -
6.45 -58.8
8.23 -64.2
8.40 ~-85.4
2,81 -68.1
2.62 =-65.7
1.17 -33,1
1.32 -41.5
1.02 3.2
14.83 =+ N O
2.01 -36.5
2.64 -65.6
1.65 =45.7 -
1.98 -36.6
1.82 -54.5
1.73 -30.7
4.59 51.2
2.65 39.2
0.99 9.5
1.23 -18.9
1.26 -18.4
1.70 34,7
20.97 #* N D
5.33 -80.2
2.30 -41.3
1.82 30.4
1.86 -33.3
1.68 =29.1
1.69 -53.,0
1.84 4645
6.99 -80.,1 -
1.21 -16.4
le44 <-47.0
0.96 1.8
1.05 -20.5
1.19 -13.3
1.18 -16.7
21.59 ** N O
2.43 -45.3

ATE INTERS.
LONG. 8
164,6 0,648
6.3 0.334
29.4 0.341
~63.2 0.523
CoMPU
168.8 0.638
161.2 0.351
149.4 0.628
167.1 0.654
177.1 0.656
-83.9 0.587
~85.5 0.507
-31.8 0.507
-85.7 0.315
-55.2 0.271
-11.8 0.297
coMPU
26.0 0.316
-94.1 0.512
122.2 0.483
22.6 0.313
-96.6 0.455
23.5 0.321
~59.3 0.560
-67.2 0.550
4.1 0.322
135.8 0.507
78.5 0.450
-34.5 0.445
comMmPuU
-39.9 0.532
31.4 0.322
-54.0 0.479
29.9 0.323
31.5 0.330
-89.3 (.423
10.9 0.465
115.6 0.601
78.2 0.444
-82.1 0.365
144.3 0.379
-82.3 0.284
8.8 0.322
138.4 0.489
COoOMPU
22.7 0.315

*x  MINIMUM-B EQUA
LAT, LONG. ALT.
-8.02 -116.17 56632

8.54 7.20 27
0,41 9,22 11457
-13.08 ~56451 7285
TATIONS P ERF
3.44 -172.77 21141
0.74 -159.94 46
-8.37 -114.22 29092
2.68 -169.36 35108
~1.47 -150.08 46413
-11.82 -58.89 46897
-12.85 -71.50 11384
-12.83 ~-76.36 10214
-13.67 -81.81 949
-15.20 =57.03 1573
3.61 ~-11.90 5
TATIONS PERF
2.93 14.65 5942
-13.01 =17.91 10335
-8.42 -110.58 4258
2.46 10.93 5803
-12.85 ~84.46 5192
3.67 14.72 4392
-11.03 ~-47.,21 22518
-12.81 ~-6l.47 10288
NO MINIMUM B BETWEEN
9.07 137.52 1864
7.98 75.11 2103
=-5.31 -23.04 400C

TATIONS P ERF

-11.05 -48.01 2723¢
2,77 17.61 1754
~11.64 ~44.,90 4717
4.08 20.54 5227
4.94 24,23 4190
-13,32 -79.32 4309
3.79 16.77 5113
-11.99 -75.48 38020
7.86 75.22 1767
-14.19 -75.55 2640
8.83 144.60 66
-13.90 -81.20 155
5.63 4426 1210
8.86 140,03 1492
TATIONS PERF
0.51 6.48 8488

T OR =» ARC
8 KM
0.000 161017
0.319 845
0.013 317578
0.029 24966
ORMED #»
0.004 62592
0.328 1154-
0,002 84892
0.001 101129
0.C01 132451
0.001 134933
0.014 36267
0.017 32919
0,191 5680
0.138 8075
0.297 611
ORMED »»
0.041 20519
0.017 33247
0.C67 15760
0.042 20149
0.050 18620
0.061 15957
0.003 67578
0.016 33351
INTERS, 57
0.167 8397
0,152 8830
0.064 15275
ORMED =»
0.C02 80636
0.027 25749
0.053 17651
0,049 18369
0,066 15286
0.062 16140
0.051 18062
0.001 110131
0,174 7809
0.102 11249
0.353 1313
0.267 2131
0.179 6218
0.192 7257

ORMED #=
0.023 28003



9¢

STATICNS

HARVSTVA
HAMBURS

HALLE

HALIFAN
HANNCVER  USA
HABANA

HALLEY Ay
HATFA
HAMILTGM “ass,

HERSTNMENCLCUX
HEILSS

HEALY

HEL

HELWAN
HERMANUS
HIRAISL
HIGHCL {FF
HCNCLULU
HCBART
HOLLANC A
HURBAN(C v
HUMAIN
HUANCAYC
HYCERAEAD
IBADAN

I. CRUZET

IL GCRTIN
INUVIK
INVERCARGILL
INVERNESS
IGUITCS
IRKUTSK

ISLA Dt PaSCUA
ISFJUUORLE
ITHACA

IVALC
JICAMARCA
JODRELL BANK
JOHANNESPURCG
JUPITER
JULTANEHAAG
JULTUSRUH=-RUGEN
JUNGFRAUJCCH
KANQYA
KARACHI

#* 8

AT,

cC.22
S3.63
51.48
44,00
431,70
23.15
-715.52
32443
42.C2
53.90
£C.20
53,45
S4.€0
25.87
~34,42
36.37
-45.¢8
21.30
-42.92
-2.50
47.5¢C
5C.20
=12405
17.42
7.37
—4£,%0
3¢.22
63.20
-4¢,42
57.45
-2.67
52.27
-21.17
18.917
42,45
[S2- YY)
-11.65
53,23
-26.20
27.02
6C.72
54.63
4€.55
31.42
24.€5

o]

R

LUNG .

16.25
10.00
11.93
-63.60
-72.730
-32.35
—26.60
35.10
-12.17
V.33
57.48
-119.00
18.80
31.33
19.22
140.67
170.58
-158.10
147.17
140.52
18.20
5435
-75.33
18.45
3.97
52.00
14.30
-133,70
168.32
~4,25
-73.33
104.30
-1C9.43
13,63
~76.52
27.48
-16.87
-2.30
28.03
-80.12
-46.03
13,38
7.98
130,89
67.62

B

0.456
De432
e479
D4557
C.574
0.484
0486
0.443
D.568
UebT73
0.554
C.602
0.461
G.423
0.312
Q.463
C.608
Use363
C.€32
0.4CC
C.475
Ue&72
0.283
0.424
0.318
0,384
0.431
C.588
G.614
0,488
0.313
0.602
0.353
0.53%4
C.577
0.521
C.286
0.479
C.331
0.5C9
C.541
0.487
Q.463
0.462
0.452

Table Bl
Tracings from Surface to Surface.

G I N #x CCNJUGATE INTERS. *x MINIMUM-B EQUATIOR == ARC
oIp DECL. L LAT, LENG. 8 LAT. LONG. ALT, B KM
72.9 -2 3.52 -53.6 44.5 0.386 2.00 2l.71 15632 0.007 48035
68.5 -2 2.52 ~44.5 34.1 0.330 2.39 18.47 9176 0,020 29826
€6.9 -1 2+28 -4C,.8 32.5 04323 2.56 19.15 7624 0.028 25357
724 =22 3.33 -172.9 ~-56.5 0.489 -12.04 -55.07 14506 0,008 45219
73.8 -14 3.31 -71.8 -82.6 0.523 -12.84% ~-68.35 14534 0.008 45105
5545 3 Le5)l <—47.4 -93.9 0.406 -12.82 ~84,74 3186 0.088 12780
—€4.6 -1 4417 50.5 -55.0 0.548 -10.62 -41.38 198lC 0.004 60117
46h.7 4 1.21 -—14.3 37.0 0.346 6.91 35.23 1462 0.174 6941
72.6 -13 3.05 -70.2 -81.5 0.511 =-12.67 -68.42 12857 0.011 40427
E6.6 -7 2.35 -43.,3 25.1 0,315 1.51 10,06 7990 0.026 26518
B4.1 25 13.32 «% N O CCMPUTATICNS PERFORMETD ==
g2.1 37 8.64 —-66.1 -178.4 0.655 -3.16 -142.01 49022 0.000 139719
694 2 2.54 -44.0 40.9 0.344 3.38 25.64 9439 0.020 30487
41.3 2 .14 -10.2 32.7 0.344 T.55 31.53 1024 0,209 5486
—~€6.0 =26 1.84 4544 0.4 0.458 2.44 8,27 5082 0.050 18058
4946 -6 1.25 ~-19.6 138.8 0.509 8.92 140.86 1969 0.1l60 8750
-71.1 22 2.74 55.9 -162.,4 0.520 4,28 -175.79 11262 0,015 35306
39.1 11 114 =20.9 -166.7 0.430 1.51 -161.94 1018 0.213 5787
-13.0 13 2,85 60.7 161.0 0.541 8.35 155.18 12117 0,014 37472
=-20.7 3 0.98 17.9 141.2 0.377 8.75 141.05 215 0.333 2373
63,8 1 1.92 -34.2 32.6 0.325 4417 22.96 5534 0.046 19250
€5.9 -4 2423 -40,5 27.1 D0D,.,316 2.14 13.67 7207 0.030 24214
C.7 5 1.046 -12.8 -75.4 0.282 NG MINIMUM B BETWEEN INTERS. 79
19.1 -1 C.94 1.4 79.5 0.402 8.46 78.93 153 0.369 1846
-5.5 -1C 1.00 11.9 3.1 0.326 7.89 3.87 5 0.318 515
-64.8 -40 2.88 57.8 28.6 0.507 4.31 34.69 11752 0.013 36916
50.2 -1 1«31 -17.8 21.5 0.33¢ €.24 17.24 1992 0,135 8663
8l.5 40 9.29 -63.2 168.2 0.661 l.04 -161.55 53249 0,000 151229
-71.9 22 2.87 57.3 =-164.5 0.524 4.78 -177.99 12139 0,013 37724
Tie4 -10 3.32 -54.9 32.4 0.362 -0.16 9.50 14275 0.009 44418
17.4 2 1.07 -22.0 -74.7 0,271 -15.83 -74.,05 142 0.258 2107
71.8 -3 2.04 -33.7 108.0 0.587 9.77 105.51 7167 0.036 23303
-36.7 14 1.14 13.1 -102.1 0.393 -8.20 -105.40 875 0,211 5349

81.5 -4 14,50 ** N C CCMPUTATIONS PERFORMED #»
73.3 -9 3.12 -69.5 -92.6 0.53C =-12.66 —-75.00 13367 0.010 41749
77.8 8 5.54 -57.8 68.3 0.491 4449 40.02 28755 0,002 84222
C.3 [ 1.03 -12.2 -16.9 0.285 NO MINIMUM B BETWEEN INTERS, 29
68.5 -8 2,64 -47.9 26.8 0.326 0.52 3.03 9912 0.018 32052
-€3.5 -17 1.57 42.5 18.3 0.458 5435 21.68 3510 0.081 13270
60.1 0 1.70 -52.6 -92.2 0.430 -13.19 -8l.67 4365 0.062 16272
77.3 -37 7.31 =79.0 18.0 0.523 -8.02 -25.60 39729 (0.001 115387
69.3 -0 2.60 -45.2 37.5 0.338 2.78 21.45 973C 0.018 31369
£2.5 -3 1.87 -34,0 24.7 0.317 3.23 14.51 524C 0,049 18455
4447 -4 leld -15,2 130.2 0.484 8.78 131.33 1317 0,211 6620
3G.4 -0 1.04 -8.1 69.3 0.396 7.09 67,73 68C (0.272 4238



LS

STATICNS % ¥
LAT.
KAZACHIE €. 70
KAP TOBIN 1G.42
KAZAN 55.483
KAKICKA 3€.23
KAMPAL A C.23
KEKAHA 21.84
KHARTQUM 15.58
KHABARCVSK 48.52
KHARKOV 5C.C0O
KIEL 54,30
KIRUNA 67.83
KING SALMCA 58.70C
KIEV 5C.45
KINGSTCN 18.C0
KNOB LAKE 54.380
KCROR ISLANED T.16
KOTZEBUE te. €8
KCLN 50.93
KCMURC 35,98
KOKUBUNJSI 35.70
KODAIKANAL 1C.23
KUHLUNGSBCRN 54.12
KUMAS] €.67
KYOTO 35.02
LPAQUILA 42.40
LA MACCALENA 41.22
LAHCRE 31.55
LA PLATA ~34.90
LA QUIACA -22.10
LA PAZ ~1£.48
LAE ~€.12
LA CRAU 43,10
LA HAYE 52.1C
LEEDS 53.80
LEICESTER 52.¢62
LERWICK 60.13
LENINGRAC 56.65
LEICSCHENDAM 52.08
LECPCLL/ILLE -4.37
LINDAU,HARZ 51.65
LISBOA 38,717
LITTLE AMERICA -78.18
LOGRCNC 42445
LEVOZERQ 67.59
LONGYEARBYEN 1€.22
LONBCH 51.53

o3

R

LCNG.

136.4C
-21.97
48,82
140.18
32.58
-159.72
32.5¢8
135.12
36.23
10.10
20.43
-156.70C
30.5C
-76.80
-66.82
123.48
-162.60
6.92
139.62
139.48
77.48
11.93
-1.58
135.78
13.32
9440
74433
-57.90
~-65.6C
-68.05
147.0C
6.00
4430
—1.55
-1.10
-l.1%
3C. 70
4438
15.25
10.13
-9.13
~162.17
-2.50
35.00
15.67
Oelu

g

81l.2
78.8
12.4
49,5
—-24,2
33.5
12.3
64.0
€6.8
69.0
77.1
71.2
c6.7
5C.4
78.9
-0.8
16.6
€b6.5
4G.3
49.0
2.2
6349
—4.4
43.8
58.0
5648
47,2
-32.6
~-15.2
-5.7
-28.3
5G,0
6744
63.9
68.0
73.0
73.5
67.4
-34.8
67.0
55.6
-430,.2
58.9
17.9
8l.6
67.1

-78

-2
-7

Table B1
Tracings from Surface to Surface.

)

L

5.20
1C.94
2.55
l.25
1.00
lol4
C.97
1.73
2.02
2459
5.43
3.31
2.07
1.38
€.35
0.93
5.19
2.28
l.24
l.23
Ue92
2.55
1.00
1.22
1.58
1.54
l1.14
1.20
1.08
1.06
L.02
l.66
2.42
2.70
2.55
3.78
3.20
2.41
1.07
2.31
1.56
13.10
1.69
5.15
14.42
2441

#+ CCNJUGATE INTERS.
LAT. LCNG. B
-50.3 129.0 0.660
-72.6 60.3 0.535
-41.5 €5.1 C.429
-19.5 138.5 0,509
20.3 32.5 Q.381
-20.8 -168.4 0.433

543 32.6 0.343
-30.5 133.1 0.585
-35.8 48.8 0.356
-45.5 35.1 04334
-58.7 €3.6 0.4717
-49.7 171.3 0.622
-36.7 44,5 04345
44,2 -84.2 0.357
-82.6 -68.9 0.566

7.9 123.5 04392
-54.5 160.0 0.652
~41.2 28.8 0.318
-19.3 138.C 0.5C8
-19.0 137.9 0.506

8.5 17.6 0.399
-44.8 36.0 0.334

10.3 -2.4 0,318
-18.4 134.7 0.504
=267 2h.6 0.328
-25.6 21.2 0.327
~-13.8 17.6 0.435
7.6 -61.8 0.3066
-5.1 -65.9 0.300
-10.4 -638.0 0.281
2243 148.6 0,375
~29.2 20.5 0.321
-43.8 28.8 0.320
~48,.5 28.0 0.329
—46€.5 26.6 0,322
-=57.1 38.6 0.388
-48.6 56.4 0.408
~43.8 28.8 0.320
2541 11.5 0.379
~41.5 3l.6 0.322
~28.4 8.4 0,309

*+ N O COMPU
-31.0 15.0 0.313
-55.8 71.0 0.495

% N O ccwMmpPU
-44.3 25.8 0,317

#x  MINIMUM-8 EQUA
LAT. LGNG. ALT.
16.52 131.91 27181
=2.25 6.88 63028

.44 51.40 9862
9.09 140.46 1948
8.39 32.41 234
1.80 -163.64 1044
8.62 32.53 55
9.54 135.170 5053
5.42 38.68 6385
2430 18,83 9677
3.48 34,27 27988
3.76 -172.61 14956
4.98 33.82 6618
-14.07 -77.86 2236
-11.60 -57,35 33778
7.75 123.50 0
5.19 177.60 27084
2.43 15.09 7551
8.66 139.62 1912
9.02 139,179 1868
NO MINIMUM B BETWEEN
2.79 20.11 9425
NO MINIMUM B BETWEEN
3.01 136.25 1785
4.78 17.64 3553
4.71 14.21 3280
7.88 75.15 1386
-16.34 -58,98 854
-17.51 -65.55 106
NG MINIMUM B BETWEEN
8.66 148.20 439
3.65 12.01 397¢C
1.82 13.54 8481
0.77 9.80 10296
C.76 3.70 9315
0.24 13.24 17238