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The eight stations o f the Omega navigation network are superimposed on a map (circa 
1578) commemorating the attempt o f Martin Frobisher to find a Northwest Passage to 
China. The map, by an unknown draftsman, was published in A True Discourse o f  the 
Late Voyages o f  Discoverie for the Finding o f  a Passage to Cathaya, by the Northwest, 
under the Conduct o f  Martin Frobisher, General!, by Master George Beste, who accom
panied the expeditions. Constant-phase lines generated by the Omega transmitters are 
overlaid on the map. It is doubtful that these lines could have guided the intrepid 
Frobisher to Cathay through the supposed straits (back cover), which he so modestly 
named in his own honor. (The map is taken from Emerson D. Fite and Archibald 
Freeman,/! Book o f Old Maps, Arno Press, New York, N.Y., 1969, p. 86.)
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Introduction

The Global Weather Experiment during 1979 will be the 
most ambitious attempt yet to measure the atmosphere that 
surrounds us. Satellites, ships, aircraft, and balloons will 
provide the platforms for these measurements, among which 
the wind field is the most critical for understanding the global 
weather. This field may be inferred from the temperature field 
in extratropical regions, but in the equatorial regions direct 
measurements must be made. The World Meteorological 
Organization (WMO) has labored zealously over the years to 
compare and improve the accuracy o f temperature and 
pressure sensors on radiosondes. But determination of the 
accuracy of wind-measuring systems has been left to equip
ment manufacturers and individual users.

We hope that this issue will be particularly useful to those 
scientists who will analyze the data obtained from the variety 
of windfinding systems to be used during the Global Weather 
Experiment. (Because of the complexity of the technology 
and the ready availability o f literature on the subject, the 
derivation o f the wind field from radiometric measurements is 
not included in this issue.)

The need for global measurements has forced the use o f a 
mix o f sounding systems in addition to the conventional land- 
based radars and radio direction finders. The only presently 
acceptable means o f obtaining vertical wind profiles from an 
aircraft (or from a ship without a precision tracking radar) is 
to use retransmitted navigational aid signals. Although this 
technology has been used successfully on balloons, aircraft, 
and ships, its advantages and limitations are not well under
stood. Four articles are devoted to navigational aid systems for 
windfinding: a broad overview of these “ navaid”  systems by 
John Beukers, a pioneer in this technology; a summary by 
Michael Olson o f Omega wind accuracies that may be achieved 
during the Global Weather Experiment; a description o f the 
aircraft dropsonde system that will use Omega signals to 
obtain winds over the tropical oceans, written by Justin 
Smalley; and a paper by Warren Keenan on the characteristics 
o f the shipboard sounding system standardized by WMO for 
use on ships o f several nations. Omega-derived winds are 
obtainable from only three stations, but often five or six 
stations are received; Ranjit Passi describes the statistical 
techniques which permit more accurate winds to be obtained 
when a sonde position is overdetermined.

Although Omega sondes will provide global coverage of the 
wind field during the two special observing periods of the 
Global Weather Experiment, the backbone measurements

throughout the entire experiment will be obtained from 
existing conventional radiosondes. Melvin Sanders and William 
Barr describe the WBRT-57 rawinsonde system used by the 
United States and several other nations. This much-maligned 
system has been in operation for more than 25 years. Its 
advantages and limitations should be understood by those who 
will use its output.

One glaring omission from this issue is a description of the 
radar systems that are used at many land stations and on some 
ships to track a balloon-borne sonde. The variety o f radar 
systems defies description. A well-designed, well-maintained 
radar system will provide more accurate wind data than any of 
the systems described in this issue. However, a word o f caution 
is necessary— many of the systems do not have the sensitivity 
to track beyond 100 km, but the operator continues to follow 
a noisy or phantom target beyond the machine’s capability, 
which results in serious wind errors for the last few minutes of 
track.

Since the aircraft dropsonde data will not be useful above 
10 km, a superpressure balloon system will be deployed in the 
equatorial regions during the special observing periods. Paul 
Julian and Ernest Lichfield describe how this tropical 
constant-level balloon system (TCLBS) will provide wind data 
at the top o f the tropical troposphere. Another exciting con
cept to obtain superior wind data at a single level is the 
aircraft-to-satellite data relay (ASDAR) system described by 
James Sparkman and J. Giraytys. ASDAR uses the inertial 
navigation and data-logging systems on wide-bodied jets to 
provide a horizontal wind profile along the flight path.

With the availability o f five synchronous meteorological 
satellites provided by the United States, the European Space 
Agency, and Japan during the Global Weather Experiment, the 
use of cloud d rift to determine winds provides a global wind- 
finding capability. Frederick Mosher describes techniques 
developed at the University of Wisconsin to determine the 
wind field from cloud motion.

Although one o f the stated objectives of the Global Weather 
Experiment is to provide measurements up to 30 km, the 
resurgence of interest in coupling between the high strato
sphere and the troposphere will lead many researchers to study 
the wind field above 30 km. John Masterson describes the 
background of rocketsonde measurements and the continuing 
rocket sounding programs that will provide winds above 
balloon altitudes.
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In this issue we have not included articles on sounding 
systems now under development. None o f these will provide 
significant data during the Global Weather Experiment in 
1979. The trends for the future are evident. Balloon-borne 
systems will be designed to minimize hazards to aircraft, with 
emphasis on simple expendable components, static receiving 
arrays, and complex (but not expensive) real-time computa
tion. Soundings may be restricted to the troposphere because 
of a potential hazard to supersonic aircraft, with satellite 
radiometric data used exclusively for stratospheric measure
ments. Coherent radars may eventually eliminate the need for 
balloon-borne expendables. We have included a brief outline 
by Michael Olson of the planned global positioning system,

since this new capability has often been suggested as the 
logical successor to the present navaid windfinding systems.

The picture should become clearer after the data that have 
been acquired from the several sounding systems during the 
Global Weather Experiment are analyzed. Will satellites with 
infrared and microwave radiometers coupled with other 
indirect measurement techniques eventually make in situ 
measurements from balloons and aircraft obsolete? Or will 
computer models demand the high resolution that is available 
only from in situ measurements? The answers will be provided 
by the user community, not by the protagonists o f the many 
technologies.

Vincent E. Lally 
May 1978
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The Use of Loran and VLF Navaids 

for Windfinding

John M. Beukers, Beukers Laboratories, Inc.

Conceptually the use of navaids for synoptic windfinding is 
so different from the traditional methods, which use tracking 
antennas, that it has taken more than a decade for the tech
nique to become established. Substantial and significant 
research and evaluation have been performed during this 
pioneering period by a number o f individuals to establish what 
reliability and accuracy the technique can offer. In this paper I 
will describe how the navaid method o f windfinding evolved, 
give its current status, and provide answers to the most fre
quently asked questions concerning the technique.

Why a New Technique---- A Brief History

In 1960, while I was with the Servo Corporation of Ameri
ca, the producer o f the synoptic theodolite wind finder 
WBRT-57, the U.S. Weather Bureau asked that we develop a 
portable 400 MHz direction finder for the Ships o f Opportuni
ty Program, to determine winds at sea from shipborne plat
forms. On the basis of our previous experience with wide- 
aperture doppler direction-finding techniques, we developed 
equipment which, when evaluated, was shown to fall short of 
the accuracy requirements. The problem of determining winds 
at sea still needed to be solved, so in 1964 the Weather Bureau 
advertised to industry for a solution. By that time I had 
formed my own company and responded to the solicitation by

Author
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nications engineering. He then worked for International Tele
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proposing the retransmission o f the Loran-C (long-range aid to 
navigation) navaid signals (Jansky and Bailey, 1962; Wild 
Goose Association, 1975, 1976; U.S. Coast Guard, 1974). 
Fortunately, a few Weather Bureau individuals recognized the 
technique’s potential and the agency provided a small study 
contract to put on a limited demonstration. A year later we 
had assembled a collection o f rudimentary hardware and had 
successfully but tediously manually tracked a radiosonde 
modified to include a Loran-C receiver (Beukers, 1967). Only 
two Loran-C stations were available at that time to provide 
one line o f position. The result, however, was so encouraging 
that the Weather Bureau project engineer, Christopher 
Harmantas, recommended a more substantial formal program 
for the evaluation of navaid windfinding (Harmantas, 1968).

Recognizing at that time the limited coverage and uncertain 
future o f the developmental Loran-C system, we proposed that 
the worldwide Omega system be employed as an alternative 
navaid for windfinding (Pierce et al., 1966; International 
Omega Association, 1977). In the early days o f the GHOST 
(Global Horizontal Sounding Technique) balloon program, 
Vincent Lally and Ernest Lichfield o f NCAR had discussed the 
use of Omega for locating constant-level balloons, and in 1966 
they decided to build an Omega sonde, a radiosonde that 
retransmits Omega signals. However, because of a conflicting 
experimental program they were unable to complete their 
work on the sonde, and the receiving equipment they had 
purchased was loaned to us. Once again a modest system, 
consisting of radiosonde ground equipment, was assembled, 
resulting in a successful demonstration o f Omega windfinding 
capability.

After we successfully demonstrated the potential of both 
Loran-C and Omega navaids for windfinding, the 1% inspira
tion gave way to the 99% hard work, which has lasted more 
than a decade. The catalyst for the development effort, the 
Ships o f Opportunity Program, was cancelled in favor of 
acquiring data with satellites. The Omega system was beset 
with technical and funding problems, producing severe slip
page o f the windfinding implementation program. The 
developmental Loran-C navaid was at the point o f being 
scrubbed. Nevertheless, we continued to develop both Omega 
and Loran-C windfinding equipment with the support o f a 
number o f interested users and in this manner were able to 
demonstrate viable production hardware by 1970.
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The slippage of the Omega implementation program, specifi
cally the construction of Omega transmitters at the selected 
sites, became more serious in the early 1970s. The Global 
Atmospheric Research Program (GARP) Atlantic Tropical 
Experiment (GATE) was well into the planning stage and was 
relying on Omega navaid systems for windfinding. As little  as a 
year before GATE was to take place it became evident that the 
required Omega navaid coverage was not going to be available. 
Fortunately we had already found a complementary alterna
tive to fill in some of the gaps in the U.S. Navy’s very low 
frequency (VLF) communications stations and the U.S.S.R.’s 
low-frequency (LF) transmissions, which enabled the GATE 
project to be completed satisfactorily.

Fig. 2 Navaid retransmission principle.

Today the Omega system is fu lly operational except for one 
o f the eight stations, in Australia, which is scheduled to be on 
the air in 1980-81. Loran-C has been chosen as the precision 
radio navaid for the U.S. Coastal Confluence Zone, and a 
comprehensive implementation program is currently well 
under way and is expected to be completed in 1980 (House of 
Representatives, 1974; Department o f Transportation, 1972). 
Overseas there is now extensive and growing Loran-C coverage 
as more countries look to the system for reliable precision 
navigation (Wild Goose Association, 1975, 1976). The U.S. 
Navy VLF communications system continues to be the prime 
communications link to the U.S. fleet, with no plans for cur
tailment. The Soviet VLF transmissions continue on a regular 
schedule (Beukers, 1974). We can conclude from this that the 
navaid transmission systems now offer a viable means for 
synoptic windfinding over most o f the world’s surface and that 
the outlook is for expanded coverage and further refinements 
in reliability.

The Navaid Concept

Before answering the most frequently asked questions about 
navaid windfinding, let us review the conceptual differences 
between the conventional radar and radiotheodolite and the 
newer navaid technique (Beukers, 1972, 1975). The radar and 
radiotheodolite depicted in Fig. 1 derive winds by measuring 
the vertical and horizontal angles of a tracking antenna. This 
class o f equipment is characterized by

•  The need for a fixed reference against which to measure 
azimuth and elevation angles (a stable reference platform)

•  Range-dependent accuracy— for a given angular resolu
tion, accuracy degrades with range

•  Significant errors at low vertical angles, caused by surface 
reflections.

On the other hand, in navaid-based systems such as that 
shown in Fig. 2, radiosondes report their incremental position, 
resulting in

•  No requirement for a reference platform; hence a signifi
cant advantage for air, sea, or land mobile use

•  No degradation in performance within telemetry range

•  No degradation in performance at low vertical angles.

To these conceptual advantages we must add the high reliabil
ity and lower hardware and maintenance costs which are the 
result o f eliminating large, steerable antenna systems. One may 
well ask why the technique has been slow in being widely 
adopted.

4
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There are some good reasons. Until recently navaid coverage 
has been minimal and uncertain. We must face the fact that 
navaid-based windfinding systems are dependent on the avail
ability and accuracy o f navaid transmissions at the sounding 
location. We must therefore be concerned with the coverage, 
accuracy, and reliability of navaid transmissions from the 
standpoints o f both transmitting equipment and propagation. 
This leads to some of the most frequently asked questions:

•  What wind vector accuracy can I obtain with a navaid 
system using Omega? Loran? VLF?

•  Do I have coverage at the location of my sounding 
station?

•  What guarantee do I have that the navaids will be avail
able at the synoptic sounding times?

•  Will these navaids continue to be available during times of 
international conflict or political unrest?

Unlike the radar or radiotheodolite methods, which are 
self-contained, the windfinding requirements for navaids are 
dependent upon factors external to the station equipment.
This means that the equipment design must be based on the 
predicted availability and stability of the navaid signals. How
ever, the question o f accuracy must still be answered and 
meaningful specifications must be developed so that potential 
users can determine whether or not the system will meet their 
requirements.

Navaid stability and availability at a given location are 
dependent upon distance from the transmitting station, stabil
ity o f the propagation medium, and atmospheric noise 
(Advisory Group for Aerospace Research and Development,
1970; Watt, 1967). For this reason it is helpful i f  the user has a 
basic understanding o f the navaids employed, since this will 
provide a measure o f confidence in the answers given. This is 
provided in later paragraphs.

Accuracy

Table 1 shows the typical windfinding accuracy obtained 
with the different navaids. (See the references for substanti
ating reports and evaluations.) The figures are representative of 
the performance which can be expected within the coverage 
area. For Omega and VLF the stated accuracies are based on 
using stations selected for stability, not necessarily for signal 
strength.

Coverage

Loran-C. Loran-C coverage charts are provided by the Distri
bution Division o f the National Ocean Survey, Riverdale, 
Maryland 20840 (Wild Goose Association, 1975, 1976). Their

coverage chart No. 51 30 gives the sky wave and ground wave 
coverage o f Loran-C, on the basis o f a signal-to-noise ratio of 
1:3, and includes a consideration of the transmitting station 
geometry. It is satisfactory to use this chart to predict system 
performance; however, it may also be possible to operate 
windfinding systems out o f the areas shown by utilizing several 
Loran-C chains and extended sky wave coverage. Before 
adopting the navaid system in these areas, the user can per
form a simple signal monitoring procedure to determine 
whether sufficient coverage exists.

Omega and Soviet VLF (Alpha). The international Omega 
system is designed for use on a global basis. Seven o f the eight 
stations required for this coverage are now in place and fu lly 
operational. According to the latest plans, the eighth station, 
in Australia, will be available in 1980-81.

Propagation of the VLF signals from the transmitter to the 
windfinding station affects the phase stability of the signals 
and hence the accuracy o f wind determination. Omega stations 
should be selected for maximum phase stability and should 
not be chosen on the basis of signal strength alone. Automatic 
signal selection based solely on signal strength will not 
necessarily yield the best accuracy. This is illustrated in Fig. 3.

S l l l l l i l
N AV AID WIND ACCURACY (m/s) 

(90% o f Observations)
AVERAG ING

TIME

Loran-C

Omega and VLF

<0.5 (ground wave)
1 - 2 (sky wave)
1 - 2 (daylight path) 
1 - 4 (night path)

1 min
1 min
2 min 
2 min

Fig. 3 Liberia Omega signal phase o f f  the East Coast o f  the 
United States shows the effects o f  modal cancellation.
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During the day impulsive atmospheric noise causes a degra
dation of signal-to-noise ratio. However, phase stability is 
excellent. Simple filtering techniques can be used to produce 
accurate wind data. A t night, although the signal-to-noise ratio 
has improved, modal interference introduces phase instabil
ities, thereby introducing errors into the wind data.

One or two predetermined station selections can be made 
based on a knowledge o f the propagation conditions that exist 
at the times of the synoptic soundings. This requires that a 
simple monitoring procedure o f two to three days’ duration at 
most be performed prior to station installation and use.

U.S. VLF. Having considerably higher power and providing 
signals in areas where Omega is marginal or unusable, the U.S. 
Navy VLF stations offer an additional source of reliable trans
missions for navaid windfinding. Exactly the same comments 
regarding station selection and monitoring apply to these 
transmissions as to those in Omega owing to the similarity in 
the mode of propagation. By proper station selection the 
accuracies required for synoptic soundings can be readily 
achieved.

* ln  March, Norway was o ff  the air fo r antenna repairs and modifications.
* * ln  November, Argentina was scheduled to be o f f  the air fo r installation 
o f tower lighting equipment.

Signal Availability

In order to use navaid windfinding systems in the synoptic 
network, the navaid signals must be available during the synop
tic sounding hours. Since the navaid transmitters are not under 
the control o f the user, knowing the probability of the navaid 
signal’s being available is critically important. Fortunately a 
log of scheduled and unscheduled downtime for navaid trans
mitters is kept, from which the probability of completing a 2 h 
sounding starting at the synoptic sounding hours can be calcu
lated. Using data available from the U.S. Coast Guard (1977), 
the U.S. Naval Observatory (Time Services Bulletin), and the 
U.S. Navy for the past few years, we can say that the LF/VLF 
navaid signal availability for a 2 h mission lies between 98 and 
99% and has been steadily increasing. The examples given in 
Table 2 are taken from 1974 and 1976.

We can confirm the East Coast Loran-C availability figures 
from our own experience. In the past two years we have made 
more than 1,700 soundings to generate upper air data for 
environmental impact statements. Not one sounding has been 
lost owing to navaid transmitter failure. Approximately one in

Table 2
(a) Omega System Signal Availability for 1976, 

Including Scheduled and Unscheduled Downtime

STATION ! ON-AIR TIME

NORWAY
LIBERIA
HAW AII
N. DAKOTA
REUNION
ARG ENTINA
TR IN ID A D
JAPAN

95.51*
99.63
99.67
99.11
98.24
92.22**
99.72
99.93

(b) Probability o f No Failures o f LF and VLF Transmitters 
during a 2 h Mission in 1974 (Frye, 1974)

Loran-C

VLF

East Coast SS7 
Norwegian Sea SL3 
Central Pacific S1

NAA Cutler 
NLK Jim Creek 
GBR Rugby

0.996
0.998
0.997

0.983
0.992
0.995
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every 100 soundings has used an alternative station due to 
prior notice of transmitter maintenance. The total flight data 
and wind, temperature, and humidity information lost from all 
causes during this period have been less than 6%.

We can fu lly expect transmitter station reliability to 
improve. Some stations in the Omega network have been trans
mitting for insufficient time to correct all the initial installa
tion and operational difficulties. The Loran-C chains are now 
being equipped to be automatically and remotely controlled. 
Furthermore, the new solid-state Loran-C transmitters have 
built-in redundancy and automatic standby equipment which 
prevents catastrophic failure. The majority of fault conditions 
which now can result in complete loss o f signals then should 
result in only a temporary reduction in power.

Navaid Availab ility  during Times o f International Stress

This question is more d ifficu lt to answer, but barring all-out 
conflict, history has shown that the continued transmission of 
navaids is more the rule than the exception. For example, 
during the Vietnam conflict Loran-C, which was the primary 
navigation system, operated continuously until the return of 
American forces from that country. The decision by several 
nations to equip both civil and military aircraft with Omega 
navigation equipment is an indication o f the dependence 
placed upon the Omega system. For the user whose primary 
concern is windfinding during times of international conflict 
or political unrest, the decision to use radar or radiotheodolite 
as a backup to navaids might be considered sensible. The 
specific circumstances will probably dictate the windfinding 
method to be employed.

FREQUENCY (kHz)

Fig. 4 Frequency allocations.

Navaid Signal Propagation
Fig. 5 Propagation of navaid signals.

This section of the paper provides a glance at the technical 
aspects o f navaids, from which the reader should be able to 
obtain an understanding of the parameters primarily responsi
ble for the accuracy of wind determination. Navaid trans
mission frequencies are noted in Fig. 4.

The wavelength difference of the VLF and LF navaids 
results in different modes o f propagation. This is illustrated in 
Fig. 5. At VLF, a duct or wave guide is set up between the 
earth’s surface and the ionosphere, which is located 70-90 km 
above the earth’s surface. In general, two modes of propaga
tion are excited by the transmitter— the primary or wanted 
mode, and a secondary mode which persists to several hundred 
kilometers from the transmitter. When present, the secondary 
mode interferes with the primary mode and produces instabil
ities in the received signal. Therefore, the use of VLF signals 
within several hundred kilometers o f the transmitter or, in 
some cases, at specific directions from a transmitter is not 
recommended.

ACTIV ITY  /  /  /  /  /
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The VLF signal can be considered as two independent 
vectors, as shown in Fig. 6. Ideally the secondary mode is 
small or nonexistent, in which case phase and amplitude stabil
ity of the received signal is excellent and adequate for synoptic 
windfinding. However, if  the secondary mode is present at 
appreciable signal levels for a significant percentage of the 
time, it cannot be ignored. Under these conditions and when 
the primary and secondary modes are additive, a strong signal 
results but its phase stability is poor owing to the sensitivity of 
the secondary mode vector to changes within the propagation 
path. Opposing primary and secondary modes can result in 
signal cancellation and phase errors before and after modal 
cancellation. Modal interference occurs close to and at long 
ranges from stations at times when the secondary mode has 
not been attenuated along the propagation path. For these 
reasons and for accurate synoptic windfinding, the following 
general rules should be applied to the selection and use of VLF 
stations:

Fig. 6 Phase instability of received VL F  signal resulting from primary 
and secondary modal interference.

•  Do not select stations on the basis of signal strength 
alone.

•  Do not employ stations whose transmission paths favor 
secondary mode propagation.

•  Monitor VLF signals at the proposed synoptic site for a 
minimum of 48 h to determine phase stability.

•  Select a combination o f stations for optimum perfor
mance at the synoptic hours.

•  Provide an analog strip chart presentation of signal phase 
for operator assessment. This will enable operators to confirm 
signal stability prior to launch and assist them in editing the 
data if  necessary.

A t LF (Loran-C) there are two discrete modes of propaga
tion, a stable ground wave virtually unaffected by the sun’s 
influence on the ionosphere and a sky wave propagated by 
reflection(s) from the ionosphere. A user located close to a 
Loran-C station will receive predominantly ground-wave 
signals; however, as range increases from the transmitting 
station a combination of sky and ground waves will be re
ceived. The pulsed signal of the Loran-C system is designed so 
that ground and sky waves can be separated in order to avoid 
sky-wave instabilities. The Loran-C navaid has been shown to 
provide accuracies more than adequate for synoptic wind- 
finding (Acheson, 1970; Ryder, 1975).

VLF Signal Smoothing and Editing

The time interval over which the navaid signals are 
smoothed must be consistent with the requirements of synop
tic sounding. This requires editing and smoothing o f the VLF 
signal phase. The very complex nature o f the propagation 
medium and the presence o f multiple modes make the form of 
the editing and smoothing algorithm similarly complex. While 
simple algorithms produce good results under stable condi
tions, complicated routines requiring substantial computer 
capacity are required to provide synoptic wind accuracy at all 
times.

A simple solution for this problem involves a combination 
of the human eye and brain, whose ability to review large 
quantities o f analog data instantaneously is d ifficu lt to surpass. 
Providing operators with a strip chart recorder on which a 
radiosonde track in the form o f signal phase difference is 
displayed allows them to make a quick and accurate assess
ment of data quality. This capability is rapidly learned from 
experience. To determine winds from the strip chart presenta
tion, all that is required is to read numbers from the recording
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at 1 min intervals and to compute, with the help of a hand-held 
calculator, 1 min position displacements of the radiosonde. If 
this function is performed automatically in a computer that 
provides an editing and smoothing capability, then the strip 
chart presentation can alert the operator to anomalies during 
the course o f a flight. The anomalies can be corrected by using 
standard manual editing routines.

The debate over which method is best— manual quality 
control o f data prior to computation or unreviewed automatic 
computation for synoptic stations— is still in progress. Since 
one or two people have to be present during a synoptic sound
ing, the current consensus is that the operator should review 
and make a quality assessment of both meteorological and 
VLF data prior to computation by calculator or computer.

LF Signal Smoothing and Editing

The use o f Loran-C for synoptic windfinding is greatly 
simplified by the inherent accuracy and stability of the 
Loran-C system. A straightforward least-squares f i t  to the data 
without operator intervention yields accuracies that meet the 
requirements for synoptic windfinding.

Navaid Coverage Extension

To enable navigation using VLF and LF transmissions, the 
stability o f the transmitting station oscillators must be very 
high. A typical navaid station is equipped with three cesium 
beam frequency standards to provide a stability of better than 
one part in 1012. In addition, a flying clock, a portable cesium 
standard adjusted at the U.S. Naval Observatory, is periodical
ly taken to the transmitting stations to provide an absolute 
time adjustment. Stations in the Loran-C network, those in the 
Omega system, and those composing the Navy VLF network 
of communications stations are all referenced to the Universal 
Time coordinate (UTC). Indications are that the Soviet trans
mitters are also referenced to UTC and have similar stability.

This common time and frequency reference makes it 
possible to design equipment that will accept a combination of 
navaids to generate wind information. This enhances both 
navaid coverage and reliability through redundancy. Examples 
o f mixtures that are being successfully employed are:

•  Stations from two Loran-C chains (cross rate; each uses a 
different repetition rate)

•  Omega and U.S. Navy VLF

•  Omega and Soviet VLF

•  Omega, U.S. Navy VLF, and Soviet VLF.

While it is preferable to utilize transmissions from a single 
navaid system, the intermixing has made navaid windfinding 
available at virtually any point on the earth’s surface.

Applications

Both LF and VLF navaid systems are currently being 
employed on land, at sea, and in the air to meet a variety of 
requirements. In addition to synoptic and scientific soundings, 
navaid systems are in use for obtaining meteorological data in 
range-support activities, low-level pollution soundings, and the 
generation o f environmental impact statements for proposed 
power plants. The mobility, compactness, and inherent reli
ability (no moving parts or high-power transmitting elements) 
of navaid systems make this type of equipment attractive to 
m ilitary users.

The measurement o f winds below aircraft and carrier bal
loons using dropsondes has been successfully demonstrated 
with both LF and VLF navaid systems. Airborne as well as 
shipboard systems using Omega will be employed during the 
Global Weather Experiment for measurement of winds in the 
tropical belt.

Perhaps the next significant use for navaid windfinding 
systems will be in developing countries, where simple, reliable, 
and easily maintained equipment is a prerequisite to obtaining 
regular, uninterrupted synoptic soundings. A navaid system 
with no mechanical assemblies and with all equipment located 
inside a building is an attractive alternative to high-level 
maintenance of exposed electromechanical equipment and the 
expensive spare parts inventories necessary to support such 
systems.

Conclusion

The navaid technique has evolved over a period in excess of 
a decade to become a viable means for synoptic windfinding. 
Equipment based on the navaid principle is now employed on 
land, at sea, and in the air fo r a variety o f applications.

Successful adoption o f this new technique was initia lly due 
to its clear advantages in shipboard or airborne use. These 
applications alone kept user interest and awareness at a high 
level, resulting in the essential ingredient of user support for 
the technique. Today the availability o f simple, low- 
maintenance station equipment together with user experience 
is leading to more general use o f the technique fo r synoptic 
land stations.
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Global Accuracy of 
Omega-Derived Winds

Michael L. Olson

Windfinding has been a significant part o f the Global Atmo
spheric Research Program (GARP) Global Weather Experiment 
(formerly known as the First GARP Global Experiment) since 
its inception. In the intervening years, several systems have 
been developed in an attempt to use the global nature of the 
Omega VLF (very low frequency) navigation system for 
providing an economical means o f windfinding to supplement 
the World Weather Watch network o f radiosonde soundings. 
Some o f these systems never became fu lly operational, because 
o f either: (1) disillusionment with the basic coverage and 
reliability o f Omega resulting from slow station construction 
and unanswered questions on propagation, (2) failure to 
achieve engineering reliability and satisfactory performance, or 
(3) finding that essential supporting system components were 
inadequate to meet overall mission requirements, as with the 
carrier balloon concept (Olson, 1975). Other systems, how
ever, have evolved from the ashes of experience to become 
important elements o f the Global Weather Experiment and the 
Monsoon Experiment (MONEX), including the aircraft- 
launched Omega dropsonde and the ship-launched Omega 
upsonde.

In parallel with these engineering developments resulting 
from attempts to reach a compromise among economics, reli
ability, and performance, efforts have been made to improve 
the methods by which the basic navigational aid data are used 
to derive winds. The basic concepts o f three-station

hyperbolic-geometry (Poppe, 1973) and two-station radial- 
geometry (Govind, 1974) solutions have been largely replaced 
with least-mean-square estimation (Passi, 1973) and smoothing 
(Passi, 1977) in order to use as much information as possible. 
Work has also been done to correct fo r VLF propagation 
disturbances which appear as correlated (bias) noise rather 
than uncorrelated noise (Beukers, 1972; Laurent, 1973).

Although the methods fo r processing acquired data are well 
documented, the related question of what to expect as a func
tion o f location and time has not been answered with nearly as 
much confidence, largely because VLF signal propagation and 
noise are not modeled with ease. Numerous time-varying 
factors influence signal amplitude, signal phase, and noise 
level, which complicates attempts to make direct statements 
about the accuracy o f Omega-derived winds. However, to 
provide at least an estimate of what to expect, a simplified 
model of VLF signal and noise levels has been derived that 
permits making some statements about accuracy given only 
uncorrelated, zero-mean VLF noise. The broader question of 
bias-inducing factors that one expects from diurnal phase 
shifts, X-ray flares, and proton and electron precipitation, will 
also be addressed with respect to observations by Reder 
(1977). The X-ray and proton precipitation problem is of 
special significance since the upcoming Global Weather Experi
ment and MONEX periods coincide with the predicted 
maximum in solar activity, which is the source o f radiation 
and particle-induced phase bias.

Author

Michael L. Olson has been a systems engineering manager in 
NCA R ’s Global Atmospheric Measurements Program since 
1972. His research has involved development and testing o f 
windfinding systems, including one fo r use in tropical latitudes 
and the Omega navaid, and he also supervised the development 
o f communications and data systems fo r the Geostationary 
Operational Environmental Satellite and the Nimbus 6 satel
lite. Olson received a doctorate in electrical engineering from  
Stanford University in 1971 and is a member o f several 
honorary and professional societies.

Modeling fo r Random Zero-Mean Phase Noise

When phase offsets due to propagation disturbances are 
ignored, only random VLF noise affects the accuracy of the 
measured Omega phase. Passi (1973, 1977) has shown how the 
phase noise can be translated into an expected wind error for
2 min quadratic-smoothed data and for cubic-spline-smoothed 
data averaged for 4 min. The method for estimating the phase 
noise is derived below, and the results o f using these estimates 
in Passi’s model are illustrated.

The way to derive the phase noise is first to compute the 
VLF noise level and the Omega signal level. The signal-to-noise 
ratio (SNR) is then calculated and the standard relation 
between SNR and phase noise (Gardner, 1966) is used to form 
the phase variances (noise) required in Passi’s model.
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To justify this approach some assumptions are necessary, 
mainly, that the log-normal nature o f VLF noise enables it, in 
fact, to be modeled as white gaussian noise. Over the detection 
bandwidths involved, normally less than 100 Hz, whiteness is 
assured. The gaussian statistics are approached as bandwidth 
narrowing smooths the impulsive nature of the log-normal 
distribution. In addition, limiting or blanking is typically used 
in VLF receivers to eliminate the atmospheric impulses 
common in VLF noise. The limiting helps make the statistics 
near-gaussian. For these reasons, the gaussian model is 
accepted.

Noise Power

The major source o f information about VLF noise level is 
the International Radio Consultive Committee (CCI R) Report 
No. 322 (1964). This has been used to define the noise-power 
level throughout the world. The noise level is largely the result 
o f atmospheric electrical discharges. Time o f day, as well as 
location, influences this level because the time o f day is cor
related with the nearness and intensity o f thunderstorms. 
Therefore, the noise tables are broken down into six 4 h 
blocks of time and the four seasons o f the year. The 0800 to 
1200 local time data at 13.6 kHz are used for the noise power 
since these approximate the best daytime observational 
conditions.

The noise power is derived from the CCIR parameters as:

Signal Level

The equation for VLF signal strength has been discussed by 
Davies (1966), Watt (1967), and Pierce et al. (1966). It is the 
basic model for first-order-mode, spherical waveguide propaga
tion and is given in Eq. (5):

E  =s
3(10"1 ) (A1A2)1s(Pi> A)1* 10( - ° - 05

(5)
( h^h2 ) 2 ( a  s i n ( d / a ) ^

where Es is received signal strength (V /m );h i,h 2 is iono
spheric height at transmitter and receiver, respectively (km); 
A j ,A2 is mode excitation factor at transmitter and re
ceiver, respectively;/3,- is radiated power (kW); X is wavelength 
(m);c7 is radius o f earth (m) ;d  is great-circle range (m); and a. 
is attenuation (m). The SNR is defined as the square o f the 
ratio o f signal level to noise level:

/  \  2 9.6A A p I f / 40 " ° * 1 1 Z 2? (6)

P = k T. b f n 0 J a 0 )

The windfinding systems planned for the Global Weather 
Experiment use the 13.6 kHz frequency and process data in an 
effective 1 Hz bandwidth. The parameters applicable to 
Eq. (6) are: f  is 13,600 Hz; A i ,A2 is 1.00 during the day and 
0.63 at night, respectively;hx,h2 is 70 km during the day and 
86 km at night, respectively; b is 1.0 Hz; Pr is 10 kW; X is 
22,060 m; a is 6,380 km; and fa is from CCIR tables, typically 
1014'8 to 1015-2.

where Pn is noise power (W) available from the antenna; k is 
Boltzman’s constant, 1.38 X 10~23 J /K ;T 0 is reference noise 
temperature, 288K; b is effective receiver noise bandwidth 
(Hz); and fa is an effective antenna noise factor. The power 
level is converted into an equivalent noise voltage from the 
capture area (A e) and the noise-power density (p). Thus,

Phase Variance

The phase variance (ag, in rad2) required for the wind error 
model is approximated as:

a 2 ~ (2 SNR) (7)

(2 )

where Ev is field intensity (V/m); Z0 is impedance o f free 
space (377 £2); A e is capture area (m2), 0.059 X2 for a short 
monopoie; andp is noise-power density (W/m2). From 
Eqs. (1) and (2) the noise field intensity is derived:

E* = (k TQ b f a ZQ) /(0.059 A2)

= Cfc Tq b f a ZQ f 2) / (0.059 c2)
(3)

where X is wavelength (m); f  is frequency (Hz); and c is speed 
of light, 3 X 108 m/s. Therefore, the noise intensity (V/m) is:

£L = 1. 68(1 o '17) Of /  bY
V J a J (4)

for SNR greater than ten. For useful measurements the SNR 
should exceed ten, so this relation is applicable as given in 
Eq. (7).

Model Parameters

Equation (6) is deceptively simple, mainly because o f 
hidden complexities in defining parameters for the received 
signal level, Es. The interested reader is referred to Watt 
(1967) and Morris and Milton (1974) for a more complete 
discussion. In short, the attenuation rate, a (Eq. 5), is a com
plex function which depends on ionospheric height, fre
quency, ground conductivity, electron density in the iono
sphere, direction relative to the magnetic field, sunspot 
number, and solar zenith angle. The following model for 
attenuation rate (dB/m) was derived for 13.6 kHz. The param
eters and the model were derived from models and data given
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by Morris and Milton, Watt, and Wait and Spies (1964). That 
is,

a  = a +  a +  a +  a  (8)
o g  s  z

where a0 is attenuation directly related to magnetic field and 
ionosphere; ag is attenuation due to ground conductivity; as is 
attenuation related to sunspot number; and a /  is attenuation 
related to solar zenith angle. A detailed description of each 
factor is given by Olson (1977). In addition, the parameters 
vary along the path between transmitter and receiver so 
attenuation must be computed as a line integral along the 
path.

Computational Results

Equations (6) and (7) were used to compute phase variance 
for each 5° increment in latitude and longitude throughout the 
world. Then the model developed by Passi (1973) was used to 
derive the 2 min quadratic estimate. The 4 min average is 
obtained by dividing the 2 min quadratic result by the empiri
cally derived smoothing improvement factor (Passi, 1977). The 
resultant estimate of root-mean-square (RMS) wind error over 
4 min averages is shown in Fig. 1.

For the Global Weather Experiment and MONEX, the 
Australian Omega station will not be operational. As a result,

Figs. 1-4 Expected RMS, 4 min average wind errors 
at local noon, with and without the A ustralian Omega 
station and with and without a receiver improvement 
factor. Figs. 1 and 3 show errors when the Omega net
work of eight stations is fully operational, with all sta
tions transmitting at normal radiated power (10 kW). 
Figs. 2 and 4 show errors under stable ionospheric 
conditions during the Global Weather Experiment and 
MONEX, when all Omega stations but the Australian 
station will be transmitting at normal power. (Figs. 2 
and 4 will be revised if  the data acquired from the 
recent Indian Ocean Omega survey, currently being 
analyzed, require adjustment to the isolines.) The 
large errors west of Australia in Figs. 2 and 4 are a 
direct result of the lack of the A ustralian station.

Figs. 1 and 2 are based on the assumption that no 
sferics suppression is provided by the receiving equip
ment. V LF  receiver improvement due to limiting or

Fig. 1

Fig. 2
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the Omega accuracy in the Indian Ocean and southwestern 
Pacific Ocean is reduced. The impact is shown in Fig. 2.

The measure for VLF noise, Eq. (3), assumes a linear 
receiver. The effective noise power can be reduced because of 
the impulsive nature o f VLF noise. Most receivers include 
either amplitude limiting or noise blanking to reduce the 
effects of impulsive noise. An improvement of 4 dB is a 
reasonable expectation (Swanson, 1973). When the improve
ment is included, the wind error estimates shown in Figs. 3 
and 4 result.

The results in Figs. 1-4 are computed for local noon. Com

putations for local midnight have been made but are con
sidered less accurate since allowance must be made for phase- 
shift modal interference (PSMI). A useful windfinding model 
for PSMI is not yet known to exist. This should not be inter
preted to mean that winds are not obtainable at night. In fact, 
signals are often stronger then. The model simply predicts 
smaller errors for local midnight than fo r local noon, when 
PSMI effects are not included. Thus, only the more conserva
tive local noon results are published to prevent undue 
optimism.

Observations near sunrise and sunset include diurnal phase 
shifts which must be corrected to avoid velocity errors of a

blanking is negligible. In Figs. 3 and 4, the receiver 
improvement factor represents better-than-average 
SNR, due to either VLFsferics noise suppression, low 
ambient V LF  noise, or better-than-average Omega 
signal reception. The resulting improvement is 1.58 
(4 dB).

The contours in all four maps are given in m/s. The 
V LF  noise power is the average value from CCIR  
Report No. 322 for 0800 to 1200 local time, Decem
ber to February, at 13.6 kHz, the Omega frequency 
used for windfinding. The A ustralian Omega station is 
assumed to be at 35°S 145°E. Bias errors due to 
diurnal or other ionospheric disturbances are not 
included. Cubic spline data smoothing decreases the 
2 min quadratic error estimate by a factor of three 
(Passi, 1973, 1977). The high errors over Madagascar 
are largely due to high noise levels, the result of 
thunderstorm activity in this region.

Fig. 3
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few meters per second. If  these are corrected, then the model 
for local noon is applicable near sunrise. Near sunset, the noise 
level normally increases, which increases the errors over those 
predicted for local noon.

Virtual Winds Induced by Ionospheric Disturbances

The wind error analysis described in the previous section 
was made with the assumptions that the Omega signal phases 
are constant at any given location and that measurements are 
disturbed only by white noise and local oscillator drift. The 
oscillator d rift is removed with hyperbolic navigation, which 
cancels out the oscillator errors at the expense o f requiring a 
minimum of three Omega stations rather than two.

The real world which governs VLF propagation, hence the 
Omega signal phases, is not so docile. The Omega signals 
propagate within the two spherical shells formed by the sur
face o f the earth and the lower portion of the ionosphere. The 
ionosphere’s height and electron density, among other things, 
affect the phases o f Omega signals received at any location. 
Since the height changes typically from 60 to 80 km between 
day and night and the electron density is affected by solar 
flares and sunlight, we have a time-varying system. Some of 
the phase changes are largely predictable and others are not, 
but all induce rates o f change in the received phase which bias 
the measured winds. The bias should be called a “ virtual”  wind 
since it is not induced by zero-mean phase noise but rather by 
phase rates that are nearly constant over periods of several 
minutes to several hours.

The sources o f virtual winds in Omega windfinding and their 
effect on accuracy are discussed below. Strategies to help 
reduce the errors are also suggested.

Diurnal Phase Shifts

The virtual rate is most pronounced at sunrise and sunset. 
Paths over long distances show a phase change proportional to 
the fraction of the path that is illuminated or darkened 
(Davies, 1966). Hence the simple model for phase velocity can 
be used to correct for the induced virtual wind. These phase 
rates are reasonably predictable from day to day and could 
therefore reduce the errors. The model for phase rate (rad/s) 
is:

- 2 2  (1 -  dv v n
Pd pd

(9)

where f  is the frequency (Hz), vp is the phase velocity with 
subscripts n for nighttime and d  for daylight ionosphere, and 
dn is the time rate o f change o f the nighttime portion of the 
Omega signal path. The phase velocity (m/s) is given as:

v ~
P

(1 - c 2/-\6h2f 2) ' h O a ( 10 )

where c is the speed o f light (m/s), h is the height of the 
ionosphere (m), a is the radius o f the earth (m), and f  is the 
frequency (Hz).

Phase-Shift Modal Interference

J ust as a taut string can vibrate at a fundamental and higher 
harmonics, Omega can propagate in different spatial harmonics 
called modes. The modes higher than the first attenuate rapid
ly with distance during the daytime, so they interfere with the 
first mode only near an Omega transmitter within 1,000 km.
A t night, their attenuation rate is reduced so that greater 
ranges are affected by this interference between the first and 
higher modes of propagation. Since attenuation is affectcd by 
path direction, the region o f interference is quite asymmetrical 
around the transmitters, and stations in the tropics are more 
affected than those in high latitudes (Morris and Milton,
1974).

Virtual phase rate1 is most commonly induced by the rota
tion o f the earth, which moves Omega signal paths beneath the 
day and night ionospheres. The path that is partially sunlit or 
totally sunlit between the transmitter and fixed receiver will 
show a virtual phase rate (Morris and Milton, 1974; Davies, 
1966).

1 V irtual phase rate is meant to describe the change in phase noted at a 
fixed receiver, which is due to changes in the parameters that govern 
VLF propagation in the earth-ionosphere waveguide.

The actual rate o f change o f phase with distance from an 
Omega transmitter due to PSMI is not constant as it is under 
ideal conditions. Instead, it varies depending upon the magni
tude and phase of the interfering propagation modes. One 
model of VLF propagation (Donnelly, 1976) predicts abnor
mal phase changes of 0.3 to 0.6 cycles per 100 km at adverse 
locations along the path from Hawaii to the southwest at 
night. These adverse locations include about 10% o f the path. 
The typical variation from nominal is less than 0.1 cycle per 
100 km. The abnormal phase rates translate into virtual winds 
as a fractional multiplier times the true wind such that a 
0.001 cycle/km change results in the multiplier, k, as follows:

k -  0 . 00 1  cycles/km ( 2 9 . 4  km/cycle) = 0 . 0 2 9  (1 1)

where the wavelength at 10.2 kHz is 29.4 km. That is, the 
virtual wind in the radial direction to the transmitter varies 
from less than 2.9% o f the true wind for most of the path and
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from 8 to 16% for isolated worst-case locations along the path. 
Since the least-mean-square solution for winds developed by 
Passi is now accepted and hyperbolic geometry is used, which 
reduces the effective wavelength by one-half, the effective 
multiplication factor is reduced by half in simple cases.

The same model mentioned above predicts less than 0.05 
cycles/100 km for ranges in excess o f 2 to 3 Mm to the east 
from Reunion (in the western Indian Ocean). This suggests 
little wind error induced by PSMI on Reunion’s signal at night 
when range exceeds 3 Mm. Similar conclusions are drawn for 
other bearing angles from Reunion.

The other tropical station o f interest in the Global Weather 
Experiment, Liberia, tends to follow the same pattern of phase 
deviation from nominal as Reunion (<0.2 cycles/100 km). The 
exception is for paths to the east at night, which show signifi
cant modal interference out to 15 Mm. The phase stability is 
likely to be worse than that of an eastern path for Reunion 
since the modal interference is higher. To the west and south
west at night, less than 0.05 cycles/1 00 km deviation from 
nominal is typical. To the northwest, the phase deviation may 
be two to three times greater.

The conclusion to be drawn here is that PSMI-induced 
virtual winds should be less than 1.5% o f the true wind in most 
cases. Isolated worst-case conditions on adverse paths could 
cause 4-8% error. Ideally, a reference in the immediate area 
(within 100 km) would identify when the aggravated PSMI 
conditions were in effect.

Solar X-Ray Flares and Particle Precipitation

Reder (1977) has discussed phase anomalies and their 
impact on Omega navigation. His results can be interpreted to 
apply to Omega windfinding if  the changes in the rates of 
phase with time are examined. The anomalies introduced by 
solar activity are of particular concern since sunspot number 
will be near a maximum during the observing periods o f the 
Global Weather Experiment and MONEX.

•  X-ray flares. Flares on the sun that emit significant X-ray 
energy cause large phase advances on sunlit paths. The fraction 
o f the path illuminated and the solar zenith angle relative to 
each sunlit increment affect the magnitude of the advance 
since the X-ray energy absorbed in the ionosphere is related to 
sun angle. Severe events (Class X, for example) are charac
terized by very rapid phase advances of up to 8 centicycles/ 
min at 10.2 kHz in 900 s (39 m/s virtual radial velocity). The 
onset typically takes 6 min, and the settling time back to the 
nominal phase is normally 20 to 120 min for a single flare.
Thus the recovery virtual radial velocity can be up to
1.6 centicycles/min (8 m/s). Average flare onset is
3.5 centicycles/min (17 m/s), and recovery is 0.55 centi
cycles/min (2.7 m/s); see Swanson and Kugel (1973).

Since the phase advance magnitude increases with lower 
frequency, the higher Omega frequency normally used for 
windfinding systems, 13.6 kHz, shows smaller errors than the 
10.2 kHz frequency. Data for 1971 from Reder (1977) suggest 
that only 10% o f the X-ray flares at 13.6 kHz generate peak 
advances greater than 15 /J.s (0.2 cycles, 4.48 km, 12 m/s radial 
velocity i f  onset is more than 360 s). Seventy-six percent of 
the flares in 1971 generated phase advances o f less than 10 /us. 
A t 10.2 kHz, 20% caused phase advances in excess o f 1 5 ;Us. 
Phase advances (in microseconds) at 13.6 kHz are roughly 60% 
the magnitude o f those at 10.2 kHz.

The percentage o f time that daytime observations are dis
turbed by X-ray flare phase advances is important in assessing 
the magnitude of the problem of editing or correcting Omega 
wind observations. Reder (1977) and Swanson and Kugel 
(1973) show that for the period 1968-69 disturbances greater 
than 5 /us occurred during less than 5% o f the daylight hours.
In 1970, however, the monthly average (Reder, 1977) was 
10.6% and March showed a high o f 31.5%. For the Global 
Weather Experiment and MONEX, it seems reasonable to 
expect 10%, with a worst case near 30%.

The onset time o f X-ray-related events should be the same 
for all sunlit regions. Spatial correlation of magnitudes of 
phase advance at different locations is modified by several 
independent parameters: solar zenith angle, sunlit fraction of 
path, magnitude o f flare, path length, and frequency. Moni
toring stations should be able to identify onset times which, if 
known, suggest rejection of the data recorded over the next 
5-10 min for average flares and over as many as 120 min for 
severe disturbances. Subsequent windfinding observations 
might be improved by a simple model, based upon the 
independent parameters mentioned above, which correlates 
peak phase advance, recorded at a reference station within a 
few megameters o f the sounding location, with modifications 
in amplitude.

•  Solar proton precipitation. The solar flares that produce 
energetic protons ( £ >  25 meV) also induce phase advances 
when these protons cascade into the high geomagnetic lati
tudes o f the ionosphere. The phase advance affects only those 
paths that contain portions in the latitudes of disturbance 
(greater than 60° geomagnetic latitude except during magnetic 
storms, when the region extends down to 50°). Larger 
advances occur when the signal paths cross the large, thick ice 
sheets o f Greenland and Antarctica.
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The onset phase rates can be estimated from the data given 
by Reder (1977). A t 10.2 kHz, 28% o f the events produced 
phase advances greater than 50 /is. Twenty-five percent pro
duced advances o f less than 25 /is. The onset time is much 
longer than for X-ray flares, typically taking several hours, 
perhaps even a day, to reach peak advance. The induced wind 
errors are thus much slower (assuming no fine structure) than 
those caused by X-ray effects. As an example, a 50 /is advance 
over 6 h results in a virtual radial wind o f only 0.7 m/s. Reder 
shows that 49% o f the energetic events (>30 meV) on the path 
between Aldra, Norway (66°N, 13°E), and Deal, New Jersey, 
in 1967-1972 at 10.2 kHz had delays o f less than 5 h between 
onset and peak. Twenty-two percent took more than 16 h to 
reach peak phase advance. The decay times for the above 
period typically are several days: 55% last more than three 
days and 31% last more than six days. Thus a 50 /is advance 
which decays in three days is negligible in windfinding since its 
virtual radial velocity is about 0.03 m/s.

Only 60 proton events with a peak flux of greater than
30 meV were recorded by Reder in the period 1967-1972. 
During onset, about half o f these would bias wind components 
derived from paths traversing high geomagnetic latitudes. With 
hyperbolic geometry, the typical induced wind error should be 
less than 0.4 m/s with ideal geometry (no geometric dilution). 
Thus the average number o f significant proton precipitations is 
about six per year and these measurably affect wind accuracy 
for less than 6 h. Fine structure (short-term phase rates) is not 
common for high-energy proton events.2

•  Electron precipitation. Disturbances from energetic 
electrons occur on high-latitude paths in periods of both high 
and low solar activity. The statistics from Reder suggest that 
most effects last from 1 to 5 h and occur on narrowly defined 
paths that are tangential to the region between approximately 
50 and 70° latitude.

The onset rates o f high-latitude paths severely affected by 
electron precipitation are up to 10 s per 10 min (5 m/s virtual 
radial wind). The recovery rate is three to five times slower, 
which results in an overall duration of 3-5 h.

Reder’s data from 1971 suggest that 70% o f the days of the 
year are affected by events of greater than 5 /is phase advance. 
Hence, polar paths from essential Omega stations should be 
monitored for the magnitude o f events so that wind data can 
be edited if necessary. The narrow confinement o f affected 
paths would likely not permit spatial correlation over very 
large distances, say a few hundred kilometers, except on very

2Observed by Reder fo r measurements from  a receiver w ith a delay o f
15 Omega samples (150 s).

long paths to the tropics since paths reaching more separated 
points in the tropics are closer together in the high latitudes.

Antipodal Signal Interference

On some west-to-east paths, especially at night, the attenua
tion rate is small enough that signals traveling in both direc
tions on the great-circle path meet to interfere at some point 
nearly halfway around the world. In general, lim iting ranges to 
16 Mm reduces the likelihood of encountering antipodal inter
ference. Reder (1977) suggests 10 Mm in some instances.

Strategies for Compensation of Virtual Winds

Two approaches are available to improve derivation of 
winds from Omega signals in disturbed ionospheric conditions. 
The first is to monitor Omega phase at selected sites, and the 
second is to measure the delay dispersion between 10.2 and
13.6 kHz to estimate the phase delay on the windfinding signal 
in use (Reder, 1977).

Phase data recorded at a fixed land site located in the 
general area of interest can be used to detect the onset of 
disturbances for that area. Since onsets are more rapid than 
recoveries, the errors induced are greater. A simple strategy is 
to not use observations made during the onsets o f distur
bances. Alternatively, spatial correlation for X-ray and proton 
precipitation disturbances, with modifications to scale for 
differences in the relative fraction of the paths affected, could 
be effective. Since the events are slower (greater than 1 5 min 
except for the onset o f X-ray flares) than the averaging times 
for Omega-derived winds, greater smoothing can be used, 
which improves differential accuracy. The effective variance is 
not doubled as in identically smoothed differential Omega.

If phase delay dispersion is measured, the correlation 
between it and the phase delay induced at a single Omega 
frequency can be used. In this approach, the delay difference, 
A 013.6~  A01O.2, is measured and used to estimate the 
operating frequency delay (at 13.6 kHz, typically). From 
Reder (1977), Swanson and Kugel (1973), and CAA (1976), it 
appears that the following relations could be used to reduce 
errors:

^ 1 0 .2  ~ 2-7 (A<))10.2 '  ^ 1 3 .6 )

and

A<f13.6 ~ ° -63 A*10.2 <13)

such that

A<»13.6 ~ K7 (A<No.2 - A*13.6> <14>

where A0 is measured in microseconds. Thus mobile or sta
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tionary platforms within the reasonable spatial correlation 
distance (200 km) can measure the delay dispersion to permit 
subsequent disturbance correction of the operation frequency, 
if desirable. For aircraft, a simple equation to remove doppler 
offset is a necessary addition. The improvement obtainable 
from delay dispersion correction is a reduction o f the induced 
error to better than one-fifth o f its uncorrected value, since 
velocity errors scale proportionately with position errors.

The simplest strategies require sacrificing observations, that 
is, not using any data contaminated by unacceptably large 
disturbances. Phase records recovered from monitoring sta
tions o f the Omega network would be useful for determining

when these large disturbances occurred. Also, solar activity 
bulletins on proton precipitation and X-ray flares are useful 
for identifying disturbed periods.

More complex, yet more useful, is to correct for the phase 
anomalies where possible. Diurnal shifts should be reasonably 
predictable. X-ray flares and proton precipitation are expected 
to be reasonably correlated over a few hundred kilometers. 
Electron precipitation is probably spatially correlated over 
smaller distances. All of these effects can be largely corrected 
if delay dispersion between 10.2 and 13.6 kHz is measured 
within 200 km, where spatial correlation should be good. The 
strategies are summarized in Table 1.

)isturM H i
DISTURBANCE

TYPE

Antipodal
interference
Diurnal shift 

PSMI

X-ray flares

Proton
precipitation

Electron
precipitation

TIME
AFFECTED

Night

Daily

Night

>2-3 h/day 
(daytime only) 

during solar max8

<3%5 

70%

RADIAL WIND MAGNITUDE, DURATION, c t a t i a m c  i m w h i  v / c n ' - a
ONSET//RECOVERY ONSET//RECOVERY ' A I IONS INVOL V tD

<1 % o f true wind3 

1 -6 m/s//1 -6 m/s 

2.9 to 16% o f true wind 

10-40 m/s//7-8 m/s

0.2-1.0 m/s//<0.2 m/s 

1 -3 m/s//<1 m/s

Night path to west

1-6 h//1-6 h

Night and (within 
1 Mm)

5-10 min//20-120 min 
for a single flare 

(multiple flares are 
common)

3-16 h//1 -5 days 

10-30 min//3-5 h

B, E

All sunrise, sunset 
transitions along path
B, C, E, F, H and (all)

All daytime portions of 
propagation paths)

A, D, F

A, D, F

STRATEGY

Use when range less 
than 10 Mm only
Eq. (9), Omega record7 
Edit
>3 Mm4

Edit, delay dispersion,6 
Omega records,7 
spatial correlation

Edit,5 delay 
dispersion,6 spatial 
correlation
Delay dispersion6

NOTES:
1. A = Norway, B = Liberia, C = Hawaii, D = N. Dakota, E = Reunion, F = Argentina, G = Trin idad, H = Japan
2. The stations shown refer mainly to tropical observations fo r the Global Weather Experiment and MONEX.
3. The assumption here is that the long-path signal is at least 40 dB below the short-path.
4. PSMI errors at n ight are generally worse as one approaches the transm itting station. If  more than enough stations are available w ith  good geometry, i t  is 

preferable not to  use the affected station. In the Indian Ocean, this w ill often mean not using Liberia or Reunion on short paths at night. In the Pacific,
Hawaii and Japan pose potential problems.

5. Only during onset times fo r proton events are significant virtual winds created.

6. Delay dispersion refers to  measuring delay difference between 1 0.2 and 1 3.6 kHz and then using Reder’s correlation to estimate the delay o f the Omega 
frequency being used, i.e., Eq. (14).

7. Records taken at Omega stations or special m onitoring stations could be used to  assess the magnitude and spatial extent o f disturbances to  support editing 
and spatial correlation algorithms.

8. Data from  1967 to 1971 (Reder, 1977; Swanson and Kugel, 1973) suggest fo r the annual average that less than 7% o f the daytim e hours w ill be disturbed 
during solar m aximum. Individual months may reach 30%, however. In quiet solar periods, disturbances rarely occur. Approxim ate ly 700 sudden phase 
anomalies (SPAs) m ight be expected fo r  the year 1979 on the basis o f projected sunspot number (Sargent, 1978) and correlation o f SPAs and sunspot number 
in 1967-1971 (Swanson and Kugel, 1973).
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E stim ation  o f  Errors Induced by Ionospheric Disturbances

Least-mean-square estimation is a proven technique for 
deriving winds from Omega navigation signals. Normally the 
estimation is computed under the assumption that there are no 
bias errors due to sources o f phase rate other than platform 
velocity. The effects o f phase rates induced by ionospheric 
disturbance can be estimated to show how the magnitude of a 
disturbance is reflected in wind velocity errors.

Consider the traditional estimate for wind determination 
from Omega signals:

and Eq. (16) follows. Note that Vq is the phase-rate variance 
matrix obtained from the phase data by smoothing with a 
cubic spline and then computing the phase variance. There
fore, bias errors due to virtual phase-rates are found from

% (zrzV / 1ff) ' 1 / V , ' \ (20)

where v_b is b'as error o f the velocity estimate. The vector 
y  o f virtual phase rate is obtained from a model (e.g., for 
diurnal shifts), from delay dispersion correlation, or from 
spatial correlation with a known reference.

and

V

(15)

where v_ is velocity estimate vector, H  is matrix o f hyperbolic 
geometry description, I i s  covariance matrix of phase obser
vations, £  is vector o f measured phase-rate differences, and vv is 
vector o f noise disturbance. The vector w is assumed to have 
zero mean. I f  it does not, that is, i f  ionospheric disturbances 
have induced pseudo-platform velocities, the estimate can be 
separated into two components, one the biased wind estimate 
and the other the error contribution from the disturbance. The 
difference is the unbiased wind estimate. Thus,

v - o f y -1* ) -1 -  O r ^ ' V 1 (16)

where the parameters are defined above and y  is the phase-rate 
vector due to ionospheric disturbance. The derivation is 
straightforward. Let

Bv (17)

where vv is the nonzero-mean noise. Define^such that

y - t , - \ x  = H v + w - ] i - E v - ^  (18)

where y  is the mean o f w and $ is now zero-mean noise with 
covariance matrix Vq . Thus the unbiased estimate for v_ is 
given by

v = -1

(19)
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Aircraft Dropwindsonde System
Justin H. Smalley

Functionally, a dropwindsonde is much like a radiosonde: it 
makes a vertical sounding in the atmosphere, sensing ambient 
pressure, temperature, and humidity, and reporting these data 
via a radio link. As in a radiosonde, temperature is sensed by a 
thermistor, humidity by a carbon hygristor, and pressure by an 
aneroid cell. This, however, is the extent of the similarity. A 
radiosonde is usually balloon-borne and transmits to a re
ceiving station located on land or on a ship at sea. The base for 
a dropwindsonde is a high-flying aircraft. As the sonde1 
descends by parachute, the sounding is made from the aircraft 
level to the surface of the earth. A dropwindsonde developed 
by NCAR is shown in Fig. 1.

determined and the time rate o f change of position is equated 
with the wind. The dropwindsonde senses its position by 
receiving signals from the worldwide Omega navigation net
work (see articles by Beukers and Olson in this issue). Briefly, 
there are several Omega stations transmitting at 13.6 kHz. The 
transmissions are precisely controlled so that, if all stations 
transmitted together, the phases would be synchronous. 
Actually, the Omega network is implemented in such a way 
that each transmitter has a specific time slot and a duration of

Fig. 1 A dropwindsonde as it appears during descent. The cylinder 
contains all the sensors, batteries, electronics, and antennas.

The ability to make atmospheric soundings from an aircraft 
immediately overcomes a basic limitation o f present systems. 
For example, the oceans are data-sparse areas, yet to begin to 
understand the world’s weather requires detailed knowledge of 
weather systems over the water. Indeed, that is the reason the 
dropwindsonde was developed. Soundings made from an air
craft permit flexib ility  of time and space. A particular distur
bance such as a hurricane, for example, can be repeatedly 
probed for considerable detail, or ocean tracks of several 
thousand kilometers can be followed in order to probe large- 
scale phenomena.

The more sophisticated radiosondes also measure the 
motion o f the air mass in which they are immersed (see the 
article by Sanders and Barr on the WBRT-57 in this issue). As 
in most wind-sensing systems an assumption is made that the 
sensor moves with the air mass. The position o f the sensor is

1 A sonde goes by several names depending upon the intent o f the 
speaker. It  is often referred to as a dropsonde to  distinguish it  from  
the balloon-borne radiosonde. The compound dropwindsonde ind i
cates a w indfinding capability. However, when there is no possibility 
o f confusion it  is fam ilia rly known as a sonde.

\
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about 1 s out o f ten. This makes it possible to use only one 
frequency and to identify the transmitting station. The phase 
o f the received signals is equivalent to the range from the 
transmitting stations. Signals from three or more stations 
provide information from which a position on the earth’s 
surface can be calculated.

The NCAR Dropwindsonde

information. Hard copy of data in scientific units is available 
to the mission scientist on board in real time. A t the same 
time, airspeed and track inputs from the aircraft, Omega 
signals received directly by the aircraft, and all raw and 
processed sonde data are recorded on magnetic tape for 
archiving and postprocessing. The details o f the system are 
well documented and the reader can go to the references for 
more specific information.

A cutaway view o f the dropwindsonde developed by the 
Research Systems Facility of NCAR and manufactured by 
LaBarge Electronics of Tulsa, Oklahoma, is shown in Fig. 2. 
The temperature and humidity sensors are designed for maxi
mum exposure to the airstream to ensure maximum efficiency 
in sensing. The pressure sensor is a unique aneroid with the 
two halves placed symmetrically on a ceramic plate for 
reduced d rift and increased reliability. Each sensor controls 
the frequency o f an independent data oscillator. In addition, 
Omega signals are picked up at the sonde by a receiver 
centered on the 13.6 kHz Omega frequency. The outputs of 
the three data oscillators and the Omega receiver are m ulti
plexed in the FM transmitter. These signals are then radioed to 
the launching aircraft and are recorded there. Three separate 
transmission frequencies, each at about 400 MHz, are used so 
that up to three sondes can be “ in the air”  at one time. 
Expected accuracies are listed in Table 1.

The major component of the aircraft dropwindsonde system 
is the data processor mounted in the airplane. This system was 
specified by NCAR and designed and built by Tracor, Inc., 
Austin, Texas. The processor is used prior to launch to check a 
sonde for proper operation and to calibrate it. All o f these 
functions are computer-controlled. Following launch, the 
processor amplifies, demodulates, and demultiplexes the 
signals. The phase o f the Omega signal is measured and zonal 
winds are computed. The frequencies representing pressure, 
temperature, and humidity are converted to scientific units by 
application o f calibration curves provided with each sonde.

Programs Using the A ircra ft Dropwindsonde

The Global Atmospheric Research Program (GARP) began 
nearly a decade ago. It was organized jo in tly by the World 
Meteorological Organization and the International Council of 
Scientific Unions in response to resolutions o f the United 
Nations General Assembly. The objectives o f GARP are to

■

Table 1

W B S MPrincipal Dropwindsonde

PARAMETER ACCURACY
: : : v ■

OPERATING
RANGE

Pressure
Temperature
Hum idity

Wind

Size 
Mass 
Fall rate

±2 mb
±0.5°C (0«T«40°C )

±5% (0<T«56°C )
±8% (—20<T«0°C ) 

±13% (—4 0 < T < —20°C)
1 m/s RMS vector wind error 

with 4 min averaging and 
favorable Omega

9 cm diameter X 46 cm length
8 kg

5 m/s at sea level

150-1,050 mb 
-5 5  to +40°C 
- 4 0  to +40°C

Fig. 2 A cutaway view of the NCAR dropwindsonde with the para
chutes stowed prior to launch.
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improve the reliability o f weather forecasts and to increase the 
understanding o f climate variations. It became quite obvious 
that such ambitious objectives could be achieved only by 
studying the real behavior o f the atmosphere through observa
tions. Three of the observational subprograms identified are 
the GARP Atlantic Tropical Experiment (GATE), 1974; the 
Monsoon Experiment (MONEX), 1978-79; and the Global 
Weather Experiment, 1979. The results of one and plans for 
the others are described below.

The GATE Experience

The NCAR dropwindsondes were used in a field program 
for the first time during the summer of 1974 in GATE. The 
experiment was conducted in the Atlantic Ocean o ff the west 
coast o f Africa to investigate developing atmospheric wave 
disturbances and their circulation environments. A total o f 28 
dropwindsonde missions flown during GATE demonstrated 
details of the three-dimensional circulation structure in the 
tropics. An illustration o f dropwindsonde soundings from a 
GATE mission is shown in Fig. 3. Preliminary results from the 
GATE dropwindsonde program have been summarized by 
Simpson, Govind, and Holle (1974). A complete log of all 
meteorological profiles is included in another report (Govind, 
Cole, and Smalley, 1975).

The performance o f the dropwindsonde in this first field use 
was satisfactory. About 70% o f the wind soundings were 
classified as highly reliable and about 20% were classified as 
selectively useful in most layers. O f the data losses, some were 
due to parachute failures (18%) and some to noisy telemetry 
and Omega propagation (5%). Local thunderstorm activity on 
occasion reduced the effective signal strength of Omega 
retransmissions and accounted for reduced reliability o f wind

data. It is noteworthy, however, that no significant data were 
lost from sondes that were falling through convective cloud 
systems.

The GATE experience has demonstrated the practical use of 
dropwindsondes for effective reconnaissance of synoptic and 
mesoscale convective systems.

Design Improvements

Critical evaluation o f the GATE results clearly suggested 
that design improvements were desirable to ensure high reli
ability of dropwindsondes in future field programs. A concen
trated effort was undertaken to:

•  Identify and correct the causes for parachute failure

•  Reduce calibration d rift in the pressure sensor

•  Redesign the nose cone to eliminate the temperature lag 
in the 100 mb layer below the launch point, caused by 
the thermal mass o f the nose cone

•  Redesign the telemetry and Omega antenna configuration 
to achieve greater antenna efficiency and a more reliable 
parachute deployment.

NCAR has completed the design improvements listed above. 
Engineering drawings and design details have now been trans
ferred to the National Oceanic and Atmospheric Administra
tion (NOAA). NOAA will use them to procure 7,500 sondes 
from VIZ Manufacturing Co., Philadelphia, Pennsylvania. 
NCAR will act as technical consultant to NOAA during this 
procurement and during the test phases to follow.

Fig. 3 Representative data from a dropwindsonde sounding.
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Under a separate subcontract, NOAA is procuring ten new 
airborne data processing systems from Tracor for use in the 
Global Weather Experiment. The airborne system has been 
redesigned with state-of-the-art components, but is functional
ly equivalent to the one used in GATE. Notable design modifi
cations include expanded operator feedback, simplified 
operating procedures, and reduced power requirements and 
weight.

MONEX

The Monsoon Experiment will study the monsoons of 
southeast Asia, with respect to both their effect on local 
climatology and their influence on the planetary circulation. 
Present plans are for dropsondes to be launched on tracks over 
the South China Sea from Kuala Lumpur to Brunei and to 
Manila. Other tracks may possibly go to Hong Kong, Guam, 
and Australia.

The Global Weather Experiment

The Global Weather Experiment is designed to produce a 
meteorological data set which will establish the initial atmo
spheric conditions for verifying numerical weather prediction 
models. Among the extensive observational needs are detailed 
wind data in a tropical belt of approximately 10°N to 10°S 
latitude. The United States is planning to provide dropwind
sonde soundings over the oceanic portion of this belt by 
employing a fleet o f long-range aircraft supplied by the U.S. 
A ir Force and NOAA. This will involve ten aircraft and 
approximately 7,000 sondes.

During two separate 60-day special observing periods 
(January through February and May through June 1979), an 
intensive effort will be made to collect data. The aircraft drop
windsonde portions o f the program will begin on 15 January 
and again on 10 May and will continue for 30 days in each 
case.

Preliminary flight plans call for one aircraft mission per day 
along the tracks shown in Fig. 4. Aircraft operating from 
Mexico and Hawaii will fly  at an average altitude of 13 km, 
covering a range of approximately 8,000 km. Aircraft 
operating from Diego Garcia Island in the Indian Ocean will 
fly  at an average altitude o f 9 km, covering a range of 
6,500 km. Dropwindsonde observations will be made (at 
approximately 350 km intervals) along these tracks. An addi
tional mission may be flown in the Atlantic Ocean. All 
missions will be conducted in daylight, with the midpoint of 
the track planned to occur near local noon. While tracks are all 
preplanned, appropriate flexib ility  will be built into each of 
the levels of mission control.

Fig. 4 Several proposed flight tracks for the dropwindsonde aircraft to 
be used during the Global Weather Experiment.

c
HAWAII l 

- I4 I/W C-I35
; r

JLCO -----
35 J

u ?

/j/ \ \ -

\ w c -

A
p-l

/ V.
V -  / /
\

p - ' ^

27



ATMOSPHERIC TECHNOLOGY

Data

The aircraft dropwindsonde system collects data in two 
ways. A hard copy of real-time computation o f pressure, 
temperature, relative humidity, and zonal winds is printed at 
1 min intervals. A t the same time, these results, plus all raw 
data, are formatted and stored on magnetic tape cassettes. The 
cassettes are then available for postprocessing and archiving.

As with GATE data in 1974, MONEX and Global Weather 
Experiment data will be postprocessed at NCAR. The process
ing scheme used at NCAR yields data fo r pressure, tempera
ture, moisture, and winds once every 10 s. These data are then 
related to altitude through the hydrostatic equation. Results 
can be reported for standard levels and for significant levels as 
well. Quality control is maintained through gross climato- 
logical checks, monitoring by observers, and editing for errors. 
Because Omega transmissions are sensitive to sudden iono
spheric disturbances (SIDs) and the Global Weather Experi
ment will occur at a time of high solar activity, SIDs will be 
monitored and their influence on the wind results investigated. 
Final data will be available at the Space-Based and Special 
Observing Systems Data Center (Norrkoping, Sweden) within 
three months o f the initial observation date.

Future Uses

A t the completion o f the above programs, several of the 
systems will continue to be used by NOAA and NCAR. NOAA 
is planning to use sondes for hurricane research. NCAR is 
investigating the possibility of adapting an external pod for 
sondes on the Sabreliner. This would allow launches from high 
altitudes. The NCAR Electra has a dropsonde capability, but is 
often occupied with boundary-layer research. Because of 
differing altitude requirements, boundary-layer studies and 
sonde drops, i f  compatible at all, have to take place during 
separate parts o f a mission.

It is well known that the rate o f fall o f properly designed 
parachutes can be related to air mass vertical velocity. Thus 
conceptually the aircraft dropwindsonde is a vertical wind 
indicator. Fiowever, the accuracy and usability o f such data 
have yet to be shown.

The humidity and temperature sensors o f the dropwind
sonde are resistive. The sonde could measure other parameters 
by using types o f resistive sensors which have similar magni
tude and similar resistance variations, w ithout the need to 
modify any part o f the aircraft receiving and recording 
equipment.

It is expected that, with the strong impetus of GATE, 
MONEX, and the Global Weather Experiment, the aircraft 
dropwindsonde will become an ever more useful component of 
large-scale meteorological observing systems.
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A Shipboard Sounding System 

for the Global Weather Experiment

Warren H. Keenan, National Oceanic and Atmospheric Administration

In the spring of 1975 in Washington, D.C., Verner Suomi, 
Vincent Lally, and Orville Scribner were attending a meeting 
sponsored by the international Joint Organizing Committee of 
the Global Atmospheric Research Program on the develop
ment o f the observational strategy in the equatorial tropics for 
the forthcoming Global Weather Experiment. The scientists at 
the conference had agreed that a profile of winds in the 
tropics, along with associated thermodynamic data, was of 
vital importance to the experiment. It was possible, they 
concurred, to gather data at land stations in the tropics by 
updating existing equipment and by temporarily increasing the 
number o f observations. The d ifficu lt problem was to acquire 
data over the large ocean areas. Ships contributed by various 
nations for participation in the experiment could well be 
viable platforms, but there would be numerous problems 
associated with the design, installation, and operation of a ship 
program.

During the meeting, Lally and Suomi suggested that the 
techniques developed for the carrier balloon system— based 
upon retransmission o f worldwide Omega signals— could be 
applied to a simplified rawinsonde system for shipboard use. 
The system, as they envisaged it, would not require the highly 
skilled operators o f more conventional systems; it would not 
require complex and expensive installation; it would be rela
tively inexpensive to operate; and it would be less subject to
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communications difficulties arising from lost or garbled 
observations than are conventional systems. There would be a 
price to pay, however. The operating agency would not obtain 
the data on line, but rather would be dependent upon a central 
processing fac ility— perhaps within another nation— to 
process the data. The worldwide system would also depend 
upon the continued operation of the Omega navigational 
network. Scribner was convinced, and agreed to become the 
advocate within the government who would attempt to turn 
the Lally-Suomi concept into a reality.

A fter three years o f design and testing, the navaid sounding 
system, a shipboard Omega rawinsonde system, is now in the 
production phase. The system hopefully will meet the require
ments of the scientific planners. The remainder o f this article 
discusses the evolution o f the system design and the plans for 
navaid system implementation during the Global Weather 
Experiment.

Development

The Secretariat o f the World Meteorological Organization 
(WMO), with contributions from the United Nations Environ
ment Program and the governments o f Saudi Arabia and the 
United States, undertook a coordinated procurement o f the 
navaid system. This procurement began in March 1976 when 
appropriate industries around the world were invited to 
respond to a WMO technical solicitation for the navaid system. 
Industry proposals for systems were analyzed and evaluated by 
an “ international expert group”  convened by the WMO in 
Geneva, Switzerland. This group selected Vaisala Oy of 
Helsinki, Finland, as the major system contractor, with Tracor, 
Inc., of Austin, Texas, as the primary subcontractor to Vaisala.

The procurement plan for the navaid system was designed 
to meet two objectives. The first objective is to equip approxi
mately 25 to 30 ships with navaid hardware, defined as 
modules A, C, D, and E. The modules are defined as follows:

•  Module A. This module is the data acquisition subsystem. 
It is composed o f the receiving antenna and preamplifiers, an 
operator control panel, a sonde telemetry receiver, a micro
processor, and dual recording electronics for placing semi
processed data on digital magnetic tape cassettes for sub
sequent processing at a central location.
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•  Module C. This contains shipboard support equipment, 
including a Module A power supply, a radiosonde balloon 
launcher, a helium gas flowmeter, and the module air 
conditioner.

•  Module D. This is the shipboard equipment shelter. It is a 
“ knocked-down”  prefabricated module for containing 
Modules A and C. This module is designed for ship deck 
mounting and is able to withstand the anticipated marine 
environment of the Global Weather Experiment.

Fig. 1 International Omega network. The station marked with an 
asterisk is not expected to be operating before 1980.

Fig. 2 Hyperbolic curves generated by a station pair.

•  Module E. Module E contains ancillary equipment 
necessary for the operator to maintain and operate the system 
at sea during the experiment.

The second objective is to acquire a number of Modules B, 
which are the navaid data processing subsystem. This module, 
when combined with the other navaid modules used in the 
experiment, forms a “ stand-alone”  system which may be used 
to obtain meteorological soundings and to process the received 
signals, producing standard coded data on site.

To meet these objectives, the procurement was divided into 
three phases:

Phase / (February-October 1977)

•  Design, build, and test prototype navaid units A, C, D, 
and E

Phase I I  (March-November 1977)

•  Design, build, and test a prototype Module B processing 
unit

•  Identify spare parts

•  Test Modules A, C, D, and E at sea

•  Retrofit tested Modules A, C, D, and E and mate them to 
Module B

Phase I I I  (February 1978—June 1979)

•  Manufacture a number of Modules A, C, D, and E for the 
experiment, and a number o f processing units (Module B) 
for postexperiment use

•  Train sounding operators

•  Install navaid equipment aboard ship

•  Maintain the equipment during the experiment 

Navaid Windfinding Method

During the Global Weather Experiment, the navaid sounding 
system will make use of transmissions from the international 
Omega navigation system (Fig. 1) to determine winds. The 
pattern o f radio waves transmitted by two Omega stations is 
illustrated by the concentric rings in Fig. 2. The hyperbolas in 
the figure represent curves on which the phase difference 
between these two transmissions is constant. A set of hyper
bolas remains stationary geographically and thus can be 
considered as a set of coordinates for geographic location.
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In order to define a location in this new coordinate system, 
another set of hyperbolas is required. This is achieved by 
reference to a third Omega station, as shown in Fig. 3. Trans
mitter pair AB generates one set o f hyperbolic coordinates, 
pair AC the other set. The resulting coordinate grid is seen in 
the center portion of the figure. The phase measurements from 
two pairs of Omega stations allow the determination o f the 
exact position o f each point on a horizontal plane.

The ascending navaid radiosonde receives and relays the 
Omega signals to the ship— or (for later use) to the land-based

observatory— where the phases of the Omega signals are 
recorded for determining the location o f the sonde during its 
ascent. The successive positions o f the sonde reveal the winds. 
The height o f the radiosonde is obtained from the temperature 
and pressure values measured by the sonde.

System Design

Figure 4 is a block diagram o f the navaid sounding system. 
The radiosonde, which is prepared and launched on a balloon

Fig. 3 Hyperbolic grid generated by three stations. TRANSMITTER C

Fig. 4 Navaid sounding system block diagram.
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(Totex 650 g), is a Vaisala type RS2-1 with specially treated 
and selected meteorological sensors. The sonde receives all
13.6 kHz signals from the worldwide Omega network and 
generates signals from its own temperature, humidity, and 
pressure sensors. Both the Omega and the thermodynamic data 
are transmitted to the ship via a specially designed, circular- 
polarized sonde antenna manufactured by Synergetics Inter
national, Inc., Boulder, Colorado (403 MHz signal). The 
composite signal is received aboard ship with a high- 
performance receiving antenna, also manufactured by Syner
getics. The antenna performance has been selected to match 
the anticipated wind conditions (sonde position) in the tropics 
during the experiment. The antenna system is lightweight and 
small (1.5 kg and 1 m tall) and may be quickly clamped to the 
ship’s superstructure.

After reception, the data signal is amplified by low-noise 
preamplifiers adjacent to the antenna. The signals are then 
routed to the Module A electronics via prefabricated vapor- 
block-type cables. The cables are built for external service and 
may be quickly attached to external ship structures. The signal 
cables enter Module D and are routed to the Module A elec
tronics. The first element in the electronics is the telemetry

receiver. The receiver has a signal-level monitor meter which 
displays the received telemetry signal strength. This enables 
the operator to tune the receiver to obtain the maximum 
sonde signal. The telemetry receiver has two demodulated 
outputs. One output contains the sonde thermodynamic data 
(pressure, temperature, humidity) in the form o f square-wave 
signals within the frequency range o f 46 to 52 kHz. The 
second output contains the 13.6 kHz Omega signals retrans
mitted from the radiosonde. In addition to Omega signals 
received from the radiosonde, local Omega signals are received 
aboard the ship via a standard ship antenna. These signals also 
are amplified and recorded by the Module A electronics. Local 
Omega signals are subsequently used in data processing.

Omega signals from the telemetry receiver are routed to the 
navaid receiver processor unit (RPU). This receiver contains a 
microprocessor which is the heart of the electronics aboard 
ship. The program for the processor is stored in ROM (read
only memory) and is organized in modular form. Omega 
signals from the telemetry receiver enter the RPU and are 
synchronized automatically to the Omega transmission format. 
In addition, the RPU performs amplification, filtration, noise 
suppression, signal compression, phasing, and digitization of

Fig. 5 Navaid tape format: (a) surface and status record, (b) Omega 
record, (c) meteorological record, and (d) end-of-file record.

(a) (b) (c)
WORD CONTENTS, CHARACTER: 

0 | 1 I 2 | 3
FORMAT

0 Iden tity  .No. | Equipment No. B(: d

1 Latitude
2 Longitude
3 [ Julian Date
4
5

imc |

6 Sonde No.
7 | Carton No.
8 Rosemount Pressure Sensor O utput
9 Ship's Pressure Sensor O utput BC: d

10 Status Binary
11 One's Complement Checksum Binary

0
1
2
3
4
5
6

7
8 
9

10
11
12
13
14
15
16
17
18
19
20 
21 
22
23
24
25
26 
27

CONTENTS, CHARACTER: 
0  I 1 I 2 | 3

Iden tity  (1000)

©
Sonde Phase, Station

©
Ship Phase, Station

Sonde
Amplitude,

Station

©

Flight Time

(  A /
B
C
D
E

Ship ®  
A m plitude,

F Station
G

L h \

One's Complement Checksum

©  Phase: 2 04 8(0 , rad), 12868
(2) I f  "N o  T M " light is lit ,  MSB = 1
(3 ) MSB always 0

©

Binary <D-

<D

Binary

0  <  Am pl <  100
0.2 s units to  start segment A , 0 <  f lig h t tim e <  36000

CONTENTS, CHARACTER: 
0 | 1 | 2 | 3

©
Iden tity  (2000) & Commutator Ratfcv 

Temperature —
H um id ity 

Sonde-level Pressure 
High Reference 
Low Reference 

Surface-level Pressure 
F light Time 

Status
One's Complement Checksum

©

FORMAT

— G H
Binary

Binary

©

©
©

(d)

1 in B it 2 = 2000 BCD plus b inary com m utator rate in 
s/cycle, 0.1 s units, characters 2 and 3. 
(F-40,000)/0.25
0.2 s units to  m idpoint o f surface-level P,
0 <  f lig h t tim e < 3 6 0 0 0

WORD CONTENTS, CHARACTER: 
0 | 1 | 2 | 3

FORMAT

0
1

0999
One's Complement Checksum

BCD
Binary

32



NUMBER 1 0 -W IN T E R  1978-79

the sonde’s Omega signal, which is comprised of the signals 
from all Omega stations within receiving range o f the sonde.

Meteorological (thermodynamic) signals from the telemetry 
receiver are also routed to the RPU for digitizing and format
ting. The RPU compares frequency samples to establish and 
maintain synchronization with the sonde. In addition, the 
RPU filters and averages the meteorological data. The Omega 
and meteorological data are separately buffered in the RPU 
data memory. Whenever either buffer is filled with data (every 
10 s for the Omega data and 6 s for the meteorological data), 
the buffers are read out to the Module A recorders. For data 
security, the navaid system records data in parallel on two 
Memodyne recorders using certified data-tape cassettes.
Figure 5 shows the format in which the navaid data are 
recorded on the cassette tape.

Operator Controls and Displays

Figure 6 depicts the navaid operator’s control and display 
panel, part of Module A. The panel cues the operator through

a launch sequence with the use o f colored indicator lights. In 
addition, the panel provides thumbwheel switches which 
enable the operator to enter meteorological surface data as 
well as an error-correcting sonde identification code. Specific 
sonde identification provides the postprocessing center (which 
for the experiment is the navaid data center o f the Finnish 
Meteorological Institute, Helsinki, Finland) with the capability 
o f reducing sonde bias errors.

The navaid sounding system has the ability to measure and 
record shipboard atmospheric pressure automatically. This is 
accomplished with a Rosemount pressure transducer fitted 
with a static pressure head mounted outside o f the Module D 
shelter. This measurement is made as a backup to the 
operator-entered pressure measurement, which is obtained 
from an aneroid barometer provided with the system and 
mounted within Module D. A t the time of the radiosonde 
launch, the Module A electronics are activated and the 
recorders begin to record when a “ launch signal”  is received 
from the radiosonde launcher located on deck. The launch 
signal is obtained from a “ nail plate”  switch attached to the 
sonde and routed to the RPU by a weatherproof signal cable.

Fig. 6 Operator control data entry and display panel.
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Modules C, D, and E

Module C contains the power supply for Module A, the 
launcher, the flowmeter, and the air conditioner. Module D is 
the shipboard equipment shelter, while Module E contains 
maintenance spare parts.

The navaid sounding system will be installed on a great 
variety o f ships for the Global Weather Experiment. Many of 
the ships will be specially outfitted for environmental research; 
however, some will not. Consequently, the system must be 
adaptable and easily installed. The shelter, Module D, will 
facilitate this. Figure 7 is a photograph of an assembled 
shelter, and Fig. 8 is a cutaway sketch showing the 
organization of the interior.

The module is manufactured with a foam-core sandwich 
construction for high strength and low weight. It is shipped in 
a “ knocked-down”  configuration to the ship and can be 
erected in approximately 2.5 h with a minimum of tools. The 
total weight o f the module, including the power and air 
conditioning systems, is approximately 300 kg. The unit has 
adjustable legs for leveling on a canted ship’s deck and is 
constructed from materials able to withstand the anticipated 
marine environment. Within the module all the electronics are 
supported by shock-isolating equipment which will reduce the 
shock and vibration transmitted to the module while the ship 
is under way.

An additional problem is that operating power available on 
ships may be noisy, adversely affecting the relatively sensitive 
navaid electronics. The power supply, part of Module C, was 
designed to circumvent this problem.

Fig. 7 Exterior view of navaid Module D.

The components o f Module C and their features follow:

•  Power system. The power source for the navaid consists 
o f two banks of sealed lead-acid storage batteries. Each of the 
banks contains two batteries. One of the battery banks 
supplies power for operation o f all the electronics. During this 
time, the other bank is being charged. The charger, then, is the 
only device that needs to interface directly with the ship’s 
power system. As such, it  has been designed to operate over a 
wide range o f power frequencies and voltages. Also, because 
no electronics are connected to the charger, power-line noise 
and voltage or frequency fluctuations do not affect the 
system’s operation. Battery capacity is such that the system 
will operate for roughly three launches before it needs 
recharging.

•  A ir conditioner. This operates directly from the ship’s 
service power; it too operates on a wide range of ships’ 
voltages and frequencies.

•  Balloon inflation and release device. This is a new design 
for navaid. The device is a portable aluminum-framed canopy 
which may be moved around the ship to optimize the release 
in accordance with prevailing wind conditions. Release of the 
balloon from the canopy is accomplished by a single-handed 
pull. The sonde, after being prepared for launch, is held in a 
special container attached to the release device. The sonde is 
held firm ly in place in the container with a “ nail plate”  attach
ment. As the sonde is pulled away from the launcher, the nail 
plate rises a short distance with the sonde, triggering a balloon 
release switch which activates the start of the Module A 
recording system.

Fig. 8 Navaid Module D cutaway.
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•  Helium inflation gas regulator and flowmeter. During 
inflation o f the balloon, the precise helium gas flow is moni
tored. When a prescribed amount of gas has been delivered to 
the balloon an audible alarm and a flashing light are activated.

Module E contains the ancillary equipment necessary for 
the operator to maintain and operate the system at sea during 
the Global Weather Experiment. Many of the ships will be at 
extended distances from their home bases and will be on sta
tion for as long as 35 days. The concept of maintenance at sea 
is to avoid having the operator repair anything within the 
electronic chassis. It was fe lt that the amounts of training, test 
equipment, and spare parts would necessitate an unacceptably 
high skill level (and training time) for the operator and place

the system costs substantially over budget. System reliability 
was created with the use o f highly reliable components, 
independent processing, and substantial burn-in time for the 
units prior to shipment. Therefore, Module E contains only 
those items which a reasonably skilled operator may replace at 
sea with a minimum o f support equipment.

Concluding Note

A detailed examination o f the navaid sounding system’s 
performance during the Global Weather Experiment will be 
made and documented. From this we will derive whatever 
changes may be desirable for future designs.
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National Weather Service 

Radiotheodolite Windfinding Systems

Melvin J. Sanders Jr. and William A. Barr, National Weather Service

The Army-Navy ground meteorological device (AN/GMD-1) 
and Weather Bureau radiotheodolite (WBRT) windfinding 
systems form the backbone o f the upper air network in the 
western hemisphere. The network— consisting o f 58 GMDs, 
64 WBRTs, four SCR-658 (Signal Corps radio) radiotheo
dolites, and one Loran-C windfinding system— provides 238 
rawinsonde observations daily. Among these systems, the 
National Weather Service (NWS) is responsible for the perfor
mance and operation o f 31 GMDs, 64 WBRTs, and the 
Loran-C system, all located in the United States and its 
possessions. The remainder o f the systems are distributed 
throughout cooperative stations located in the United States, 
the Caribbean, Mexico, and South and Central America. In 
addition, the NWS inventory includes nine GMDs and 25 
WBRTs outfitted with ranging adjuncts. These systems are 
called ranging radiotheodolites. The major components o f a 
radiotheodolite windfinding system are shown in Fig. 1.
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Windfinding is the process o f assigning to wind speed and 
direction, respectively, estimates of the speed and direction of 
a balloon-borne package o f sensors and telemetry called a 
radiosonde. These estimates are derived from a sequence of 
measurements o f radiosonde position. A radiotheodolite is a 
device which measures the direction of arrival o f a radio wave 
and thereby provides two o f the three coordinates required for 
a radiosonde position estimate. Consequently, a radiotheo
dolite windfinding system requires an independent measure
ment o f a third positional coordinate. Height estimates based 
upon pressure measurements in the sonde are used in most of 
the NWS systems. The third measurement in a ranging- 
radiotheodolite windfinding system is, o f course, a slant-range 
measurement. This is achieved by transponding through the 
radiosonde.

GMD and WBRT radiotheodolites measure the direction of 
arrival o f the incoming telemetry wave from the radiosonde 
using the conical scan principle illustrated in Fig. 2. The main 
lobe of a parabolic antenna is offset (squinted) and rotated 
around the electrical (boresight) axis of the reflector at the 
conscan frequency. Thus, the rotating lobe axis generates a 
cone whose vertex is twice the squint angle. An incoming radio 
wave, whose direction lies inside the cone and near boresight, 
receives a sinusoidal modulation o f the form

A ( t )  = A [1 + ke cos (2 ir/ot  -  <)>)]

where A (t) is the instantaneous value o f the modulation at 
time t; A a is the average value of the received signal over a 
conscan cycle; k is the lobe slope at the electrical axis; e is the 
error magnitude, i.e., the angular distance between the 
incoming wave direction and boresight; <p is the phase of the 
error with respect to a reference; and fc is the conscan 
frequency.

This form becomes contaminated with harmonic content as 
the error magnitude increases. The resulting modulation, 
however, remains meaningful as long as the error is contained 
in the cone.

The conscan system is said to be tracking the incoming 
signal e = 0, i.e., when the direction o f the incoming wave is 
along boresight. Prior to tracking, however, the signal must be 
acquired. Acquisition is the manual positioning o f the reflector 
until the error is contained in the cone.
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Some History

Observations o f wind were first taken by visual tracking of 
kites and, later, small free-floating “ p ilo t”  balloons. Since 
reliance upon visual tracking limits data acquisition to periods 
of favorable weather, an electronic tracking system, the rawin 
set SCR-658, was introduced during World War II to insure 
observations under all weather conditions. The SCR-658 is 
incapable o f accurate tracking within 15° of the horizon 
(whether natural or created by man-made objects). Thus, it 
could not obtain wind data during periods when high-speed 
winds aloft carried the balloon to great distances from the 
station.

About 1950, the AN/GMD-1 rawin set was introduced by 
the m ilitary to overcome some of the limitations o f the 
SCR-658. With the GMD-1, tracking is possible to within 
about 6° o f the horizon (the so-called “ limiting angle” ).
Several years later, the Weather Bureau introduced the WBRT, 
which is very similar to, and has much the same characteristics 
as, the GMD-1.

Even with the GMD-1 or WBRT, it was found that under 
many jet-stream wind conditions the balloon was carried so far 
from the station that it was impossible to obtain satisfactory 
wind measurements. To overcome this limitation, transponder 
adjuncts were developed which, when added to the GMD-1 or 
WBRT and the airborne radiosonde, permitted a direct 
measurement o f the distance from the station to the balloon. 
Since the transponder radiosonde is much more expensive than 
a conventional radiosonde, use of the transponder capability is 
limited to conditions when high-speed winds aloft are 
expected above the station.

System Description

Standard NWS radiosondes telemeter temperature, 
humidity, and reference data on a pressure-commutated 
1,680 MHz carrier. As the radiosonde rises, an aneroid cell 
(baroswitch) switches either a thermistor, a carbon hygristor, 
or a reference resistance into a blocking oscillator measure
ment circuit. The switching discontinuities provide incremen
tal pressure information. The blocking oscillator pulse is used 
to pulse-amplitude-modulate (PAM) the carrier in reverse; i.e., 
the pulse turns the carrier o ff for a brief interval. The pulses 
are approximately 100ys in duration and occur at a 
10-200 Hz pulse repetition frequency. This results in a duty 
cycle o f at least 97% and an almost continuous wave contain
ing meteorological data. The radiosonde transmitter power, 
nominally 0.5 W, is adequate to provide tracking beyond a 
range o f 125 km.

Fig. 7 Radiotheodoiite windfinding system.
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Fig. 2 Conical scanning geometry.
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n m h able 1
Typical Radiotheodol ite Wiiidfinding Accuracy*

ALTITU D E

10,000 f t  
20,000 f t
40.000 f t
60.000 f t  
80,000 f t

100,000 f t

MEAN WIND SPEED FROM SURFACE
Less Than 30 kt 33 60 kt 60 ■ 90 kt

1 kt 
2 kt 
3 kt 
2 kt
3 kt
4 kt

3 kt 
5 kt 

10 kt 
7 k t 

10 kt 
12 kt

6 k t 
11 k t 
21 k t 
15 kt 
21 kt 
26 kt

^Assumptions:
Rise Rate = 10 kt 
Pressure Error = 1 mb 
Azim uth Error = 0.05°
Elevation Error = 0.05°
Averaging Interval = 2 min below 14 km, 4 min above 14 km

Reflector 2.1 m circular 
parabola

Feed Rotating cup and 
stationary dipole

Squint angle 2.0°
Polarization Linear-vertical
Frequency, f0 1,680 MHz

Gain at fQ 22 dB
Beamwidth 6.0°
Conscan frequency 34 Hz

3.0 m circular 
parabola

Rotating cup and 
stationary dipole

1.5°
Linear-vertical

1,680 MHz
28 dB

4.5°
30 Hz

Tracking o f the radiosonde proceeds as discussed earlier, 
according to the conical scanning principle. A windfinding 
system, since it is concerned with displacements, requires only 
relative rather than absolute angular accuracy. The specifica
tion for both the GMD and WBRT radiotheodolites is 0.05° 
relative accuracy in azimuth and elevation. This performance is 
maintained throughout the NWS upper air sounding network 
by subjecting each radiotheodolite to a monthly optical 
theodolite flight comparison, in which the criterion of perfor
mance is that the root-mean-square value of the differences 
between 1 min increments in angle must not exceed 0.05°.
The result o f this performance specification is a typical error 
field shown in Table 1. For ranging-radiotheodolite systems, 
the maximum error is 9.3 km/h (5 kt).

All NWS windfinding systems have the same functional 
block diagram, shown in Fig. 3, which contains five identifi
able subsystems: radio frequency (RF), receiving, meteorologi
cal data transmission, antenna positioning, and position 
indicating and recording. .

•  Radio frequency. This system consists o f an antenna 
reflector and a feed structure (pylon) with the general charac
teristics shown in Table 2. Together, these components receive 
the telemetry carrier, amplitude-modulate (AM) it with a 
sinusoid of, at most, 50% depth o f modulation, and pass it to 
the receiving system. It should be noted that the carrier is 
modulated with two signals, one for meteorological data, 
which is a discontinuous PAM, and one for tracking data, 
which is a continuous AM sinusoid.

•  Receiving. The general characteristics o f this system are 
found in Table 3. The receiver design is that o f a straight-

Table 3 
Receiving System

: : V;v  ; \ ■ ~ GMD WBRT

Receiver type

Frequency range
Intermediate
frequency
Bandwidth
Sensitivity

Single-conversion
superheterodyne

1,660 - 1,700 MHz

30 MHz 
1.5 or 0.75 MHz 

—93 dBm

Single-conversion
superheterodyne

1,660 - 1,700 MHz

30 MHz 
1.0 MHz 

- 9 8  dBm

M E T D ATA PULSES 
(TO  M E T  RECORDER, N O T PART OF RAWIN S E T I

Fig. 3 Windfinding system functional block diagram.
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forward superheterodyne, a crystal mixer front end followed 
by a 30 MHz intermediate frequency section and an amplitude 
demodulator, with automatic gain control and automatic 
frequency control o f the local oscillator. The noise figure of 
the crystal mixer, typically 10-12 dB, establishes the noise 
level and the minimum discernible signal of the system. Pro
vision for monitoring power supplies, signals, and tuning is 
included. The amplitude demodulator output is supplied to 
both the meteorological data transmission system and the 
antenna positioning system.

•  Meteorological data transmission. The function o f this 
system is to reject the continuous tracking data and to supply 
sharpened meteorological data pulses to a strip-chart recorder. 
It does this by hard-limiting the AM demodulator output 
(severely lim iting the amplitude) and widening the nominally
100 /us pulses to 1,750 jus. These signals drive an aural monitor 
and a frequency-to-voltage converter which linearly maps the 
meteorological data rate to pen position on the chart recorder. 
Manual intervential is then required to reduce and process the 
meteorological data.

•  Antenna positioning. This system consists o f the elec
tronics of the azimuth and elevation servomechanisms. It 
receives as input the amplitude-modulated tracking error signal 
which was produced as the result of conical scanning. The 
azimuth and elevation components o f the error, resolved by 
quadrature detection, drive virtually identical Type 2 (velocity 
type) servomechanisms, which correct angles and rates through 
their associated motor drive assemblies. Voltage analogs of 
angle are continuously supplied to the position indicating and 
recording system.

•  Position indicating and recording. This system is com
posed of dials and counters which provide readout of azimuth 
and elevation angles and time. A paper-tape printer provides 
hard copy of azimuth and elevation angles versus time.

Finding the Wind

NWS radiotheodolites are operated to provide sonde posi
tion estimates at a sampling rate o f one per minute. The data 
rate requirement for wind estimates is one per minute. In 
computing the wind vectors for each minute, two assumptions 
are made: that the earth is a perfect sphere and that the radio
sonde follows a great-circle path over the interval of interest of 
the estimation. Spherical trigonometry is used to compute 
wind speed, whereas only plane trigonometry is required in 
computing wind direction. Below heights o f 14,000 m and at 
elevation angles above 12°, a wind vector estimate is derived 
from two raw position fixes separated in time by 2 min; i.e., 
the wind estimate assigned to time t is derived from position 
estimates at times t  ± 1 min.

The sensitivity o f wind vector estimation error to elevation 
angle error increases as the absolute value o f the elevation 
angle decreases, as the slant range to the radiosonde increases, 
and as the height increases. To minimize the error due to 
increased height, above 14,000 m a wind vector estimate is 
derived from two raw position fixes separated in time by 
4 min; i.e., the wind estimate assigned to time t is derived from 
position estimates at times t  ± 2 min. Similarly, for elevation 
angles o f less than 12°, an average elevation angle is computed 
for each minute to minimize the effect of elevation angle 
errors. This is done by averaging the elevation angle for the 
current minute with that of the preceding and following 
minutes. The NWS windfinding algorithms and equations, 
designed specifically for minicomputer computation, are 
detailed by Parry (1969). Wind estimates are derived opera
tionally at each network station by a minicomputer system 
consisting of a Nova 1220 minicomputer, Line magnetic tape 
transports, a Tally paper-tape punch, a Remex paper-tape 
reader, and a Texas Instruments Silent-700 keyboard printer.

The Future— Automatic Radiotheodolite

The NWS radiotheodolites were procured and installed 
throughout the period from the early 1950s to the early 
1960s. The automatic radiotheodolite (ART) program has 
been established to refurbish these systems and change their 
configuration so as to reduce logistic and maintenance 
problems associated with age, and to eliminate by automation 
as many manual operator functions as possible. The design 
goal for the ART configuration is to enhance the upper air 
system capability, commensurate with the state o f the art in 
electronics and computer science, while providing a stable, 
reliable service for at least the next 15 years. Moreover, it is 
desirable to achieve this goal with a minimum of new design 
and development.

The ART reconfiguration will include the following items:

•  Solid-state antenna scanner (feed)

•  Range/angle digitizer

•  Solid-state receiver/antenna controller

•  ART upper air minicomputer interface

•  Software for the upper air minicomputer.

Solid-state antenna scanner. The excessive maintenance 
costs associated with the mechanical conical scanning feed 
assembly (the mechanical pylon) will be eliminated in the 
ART reconfiguration by the use o f an electronic solid-state 
antenna scanner (the solid-state pylon). This array feed must
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be a pin-for-pin, plug-for-plug replacement of its mechanical 
counterpart.

Range/angle digitizer. The range/angle digitizer will be a 
replacement for the present ATR (angle, time, range) printer, 
data printer, and control recorder. It will have the additional 
capability of providing digitally encoded range and angle infor
mation to the upper air minicomputer. It is desirable that the 
unit be entirely solid-state with no moving parts, and it must 
be compatible, pin-for-pin and plug-for-plug, with the current 
printers, recorder, and ART upper air minicomputer interface.

Solid-state receiver/antenna controller. The solid-state 
receiver/antenna controller will consist o f a chassis housing the 
receiver and antenna servo modules. The receiver will have a 
modular, general-purpose, telemetry design that can accom
modate both the current radiosonde telemetry modulation 
scheme and a variety of possible future modulation tech
niques. It will have a significantly lower noise figure than the 
current operational receiver and will provide much higher 
quality telemetry with an increased range capacity. The unit 
must be compatible, pin-for-pin and plug-for-plug, with the 
current receiver and antenna control drawers, and it must be 
entirely solid-state with no moving parts.

AR T upper air minicomputer interface. The ART upper air 
minicomputer interface is a printed circuit card, housed in the 
Nova 1220 minicomputer, which contains a meteorological 
data digitizer and interface, a range/angle digitizer interface, a 
launch switch interface, a real-time clock, and Line magnetic- 
tape direct memory access (DMA) circuitry. This board pro
vides all o f the data acquisition and signaling that were previ
ously entered manually into the minicomputer. The meteoro
logical data digitizer measures the period between consecutive 
telemetry pulses and interrupts the result into the m ini
computer. The range/angle digitizer interface accepts a frame 
o f azimuth, elevation, and slant-range data and enters it into 
the minicomputer via a DMA channel. The launch switch inter
face passes the launch switch signal to the minicomputer as an 
interrupt. The real-time clock signals time by interrupting the 
minicomputer at a 10 Hz rate.

Software for the upper air minicomputer. The ART system 
software is designed with the intent o f automating the opera
tion of a radiosonde flight to the greatest extent possible. The 
operator performs the base-line check o f the radiosonde, 
enters pertinent station and surface meteorological data into 
the minicomputer, provides the launch signal to the m ini
computer, and monitors the evolution o f the flight data pool 
(temperature, pressure, humidity, and winds as a function of 
time). Because of the ambiguity inherent in the incremental 
pressure indication from a baroswitch, the software is designed 
to detect such ambiguities and solicit operator intervention to 
resolve the ambiguity, if possible, by manual editing of the 
data pool. Then, whenever the operator is satisfied with the 
quality o f the data pool, he or she signals the minicomputer to 
proceed with the automatic determination of mandatory and 
significant levels and the automatic generation o f message 
tapes. The entire raw data pool is archived to enable reprocess
ing of the entire flight at a later date.

Design of the ART upper air minicomputer interface and 
software is complete, and both are now undergoing exhaustive 
testing and evaluation. Candidate equipment for the solid-state 
antenna scanner, the range/angle digitizer, and the solid-state 
receiver/antenna controller has been evaluated. Other candi
dates will be examined as they become available.

Reference
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Aircraft-to-Satellite Data Relay'- ASDAR

James K. Sparkman Jr. and J. Giraytys, National Oceanic and Atmospheric Administration

Introduction

An automated system for in-flight collection o f meteoro
logical data is now undergoing flight test. The system is made 
possible by a series of technical advances, some of which are 
related to aircraft design, some to avionics and electronics 
generally, and some to changes in the communication of 
meteorological data.

The evolution o f aircraft into the present wide-bodied jets 
(for example, the Boeing 747 and the DC-10) has provided 
airframes in which an electronics package for data collection 
poses fewer weight or space problems than previously. The 
presence of sophisticated avionics aboard many commercial 
aircraft, notably inertial navigation systems (INSs) and flight
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data acquisition units (FDAUs), means that meteorological 
parameters are sensed or calculated (in the case o f winds) in 
flight and are presented for digital display in the cockpit.
These values are thus available to a data collection and relay 
package. Advances in solid-state microelectronics, while 
making possible the progress in avionics just noted, also permit 
the design and fabrication of a small electronic module to 
select meteorological parameters from the FDAU and INS data 
flow and hold them until time for a transmission.

Two U.S. geostationary meteorological satellites now in 
space contain facilities to permit data collection from remote 
platforms. Such facilities will also be included as part o f two 
additional spacecraft due to be launched by the European 
Space Agency and Japan for use during the Global Weather 
Experiment (1979) o f the Global Atmospheric Research Pro
gram. These four satellites will enable data relay from remote 
platforms from virtually the entire globe. Platforms are 
expected to include aircraft, ships, and buoys, as well as sta
tions in land areas inaccessible by other communication lines.

An important step toward the development of an auto
mated data collection and relay package was provided by the 
aircraft integrated data system (AIDS) package, now installed 
on about 80 wide-bodied jets. The AIDS package includes a 
cassette tape recorder, primarily for the storage o f a number of 
engineering parameters. However, on many aircraft, meteoro
logical data are also recorded, as frequently as one data sample 
per half second. During several recent research programs, 
successful efforts have been made to obtain AIDS meteorologi
cal data after postflight playback and analysis by the airline 
companies. These data have had several important impacts. 
AIDS reports have shown that a significant potential exists for 
obtaining high-quality data in real time from a data-relay 
system. A t the same time, the AIDS data, although received 
many hours or days after the time of sensing, have alerted 
meteorologists to the value of dense inflight reports over data- 
sparse areas.

Linked together, the wide-bodied jets, INS/FDAU, micro
electronics, and satellite communications form a system for 
the real-time collection o f aircraft reports. This system is 
called aircraft-to-satellite data relay (ASDAR).
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System Operation

In concept, the ASDAR package design closely resembles 
the circuits o f data collection platform radio sets, already in 
wide use. The airborne elements o f ASDAR are shown in 
Figs. 1 and 2. The unit on the left of Fig. 1 contains the trans
mitter, crystal clock, logic for data handling, and timer. In the 
open face plate are switches for assigning the identification 
number and for controlling the data sampling frequency. 
Normally samples o f temperature, pressure, wind speed and 
direction, aircraft latitude and longitude, and time are taken at
7.5 min intervals. ASDAR can store up to eight such sequences 
o f data. Hourly, the eight reports, preceded by a single iden
tifying heading, are sent to the geostationary satellite at

Fig. 1 The components of the AS DA R package.

Fig. 2 The ASDA R antenna in place on a Boeing 747 aircraft.

402 MHz. On the right o f Fig. 1 is the power supply. The two 
small units in the middle of Fig. 1 are no longer a part of 
ASDAR.

Figure 2 shows the antenna as installed on a Boeing 747 
aircraft. The antenna is placed on the top o f the fuselage just 
aft of the hump. Inside, the antenna is located just above the 
main lighting fixture in the first-class lounge. The electronics 
are located in an equipment bay below the floor in the first- 
class section.

Since October 1977, ASDAR platform transmissions have 
been regulated internally by a crystal-controlled clock which is 
accurate to about 3 s per month. About once a year, the clock 
will be reset by airline personnel during a routine maintenance 
stop. Each ASDAR is assigned a 2 min time period each hour 
for data transmission over International Channel 17. Thus, 30 
aircraft can report over this one channel each hour.

Transmissions from ASDAR through the satellite include 
platform identification, data, and control characters. The 
message is sent in eight-bit International Alphabet No. 5. 
However, so that the flight package will not be unnecessarily 
complicated, the data are not coded into the international 
aircraft report (AIREP) format. AIREPs are prepared on the 
ground and entered into the global telecommunications 
system.

The heart of the ASDAR logic is a Motorola 6800 micro
processor, supported by Motorola 6810 random-access 
memory (512 bytes), Motorola 6820 peripheral interface 
adapters, and Intel M 3604L-6 fusible-link programmable 
read-only memories (PROMs) (4,096 bytes of ROM storage). 
This logic must select binary values from the FDAU, in which 
values are identified by position in a data stream, and from the 
INS, in which binary-coded decimal words carry an identifying 
number. Compiling the ASDAR message, adding an identifying 
preface, and timing the ASDAR data and messages are addi
tional assignments.

By virtue of its frequency, power, and size, the ASDAR 
transmitter represents a state-of-the-art development. It uses 
solid-state components and occupies 2,060 cm3. Yet it puts 
out 80 W at 402 MHz, possible because forced-air cooling is 
assured within the electronics bays o f both Boeing 747s and 
DC-10s. Calculation shows that the doppler effect for an air
craft traveling 900 km/h amounts to a maximum frequency 
shift o f ±335 Hz. Since the data window o f the satellite 
ground station is only ±400 Hz, the result for ASDAR is a 
requirement for transmitter frequency control to 1.5 X 10-7 
parts/year, at 402 MHz. This represents a challenge, in a 
system in which power is not available for several hours a day 
and environmental temperatures vary widely. Installed aboard 
a Boeing 747, the ASDAR system, including about 15.2 m 
(50 ft) of coaxial cable, weighs 31.7 kg (70 lb).
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Preliminary Results

The first ASDAR was certified for commercial carriers on
4 February 1977, during a flight on a Pan American 
Boeing 747. Figure 3 shows the routes flown and subsequent 
data coverage during the first few weeks o f the initial evalua
tion program. The initial Pan American unit included a clock 
timer which was corrected daily or more often by time-code 
signals from the satellite. This unit was modified to include the 
fu lly  self-timed clock, and all systems to be used during the 
Global Weather Experiment will have such clocks. Data were 
received at the satellite from the aircraft out to the horizon, 
indicating that the ASDAR antenna performs well in the trans
mission of data. (In Fig. 3, the extremes o f several routes do 
not reach the eastern horizon. These represent the beginning 
points of data reception for flights inbound to the United 
States and result when the ASDAR does not obtain time-code 
signals to update its clock. The self-timed versions avoid this 
d ifficulty.)

ASDAR operates on both take-off and landing as well as 
during the flight. Thus, a “ sounding”  can be obtained from a 
series of reports during ascent or descent. Figure 4 is a com
parison of a rawinsonde report at Quillayute, Washington, and 
ASDAR data during ascent from Seattle Airport, some 322 km 
(200 mi) away. ASDAR, then, has the potential o f signifi
cantly expanding the number o f “ soundings”  available to 
forecasters and analysis centers.

Fig. 4 A comparison of rawinsonde data from Quillayute, Washington, 
and ASDA R data obtained during ascent from Seattle Airport.
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Fig. 3 The routes of early ASDAR flights in February 1977, with 
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The analysis o f AIDS data earlier had shown the u tility  of 
closely spaced aircraft data in locating and describing small- 
scale features important to flight planning. AIDS data, how
ever, are seldom available in time to be used operationally. 
Figure 5 is a plot o f ASDAR data on a flight to Rio de Janeiro. 
There is some indication of the trough over central Brazil from 
the satellite-derived wind reports and the few rawinsonde 
values. Flowever, neither the location nor the magnitude o f the 
vector shear is evident, except from the ASDAR data. These 
data would be useful to the meteorological analyses as well as 
to aviation operations, since they are available so promptly.

Further, this example illustrates the value o f the accurate and 
closely spaced ASDAR data even when other data may be 
available.

Studies of navigation errors resulting from the use of INSs 
suggest that root-mean-square errors in wind calculation are on 
the order o f 1.4 m/s. Temperature errors are approximately 
±1°C. However, comparisons between aircraft flying parallel or 
head-on routes may disclose fixed-bias offsets in either, related 
to errors in determination o f true airspeed, etc. Altitude errors 
are said by avionics manufacturers to be less than ±12 m 
(40 ft) at 9 km (30,000 ft).

Fig. 5 A comparison of AS DA R wind data and 250 mb radiosonde 
wind data used in the 0000 GMT analysis of 10 March 1977.

/ High le ve l Sa te l I ite  
derived  winds

/ Rawinsonde data -  250mb /
F i r s t  Guess Fo re ca st 

250mb

ASDAR 37500 fe e t 
(H ourly sam ples)

Further Development

During the Global Weather Experiment, an international 
prototype test will be conducted under the auspices o f certain 
members o f the World Meteorological Organization (WMO) 
and several international airlines. Carriers will include Pan 
American, KLM, SAS, QANTAS, Lufthansa, a U.S. A ir Force 
cargo plane, and perhaps additional airlines.

The United States is having 11 additional units produced 
commercially. These commercial units will be available for 
installation during the latter part o f 1978. A t least three of 
these units are to be made available as a U.S. contribution to 
the Voluntary Assistance Program (VAP) o f WMO. WMO has 
negotiated with the Meteorological Service of Singapore, and 
Singapore International Airlines (SIA) has agreed to carry 
units provided through VAP.

During the Global Weather Experiment, approximately 
1 5 ASDAR units will be transmitting data through the world
wide collection capability o f the system o f geosynchronous 
meteorological satellites. These data will be sent on the global 
telecommunications system, processed, and analyzed as part of 
both the Global Weather Experiment and the WMO-sponsored 
ASDAR International Test and Evaluation Program, to be 
conducted during the same time. There is high expectation 
that after the Global Weather Experiment ASDAR will 
become an important new part o f the World Weather Watch 
global observing system.
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The Tropical Constant-Level Balloon System

Paul Julian and Ernest Lichfield

A drifting superpressure balloon moves essentially with the 
wind on a surface o f constant atmospheric density. Drifting 
balloon platforms carrying very stable transmitters can be 
combined with an orbiting satellite containing a receiver to 
produce a windfinding system predicated on doppler 
frequency-shift principles. One such system, the Tropical 
Constant-Level Balloon System (TCLBS), is being designed to 
supplement the dropwindsonde program o f the Global 
Weather Experiment. Three hundred twenty balloons, trans
mitting through the ARGOS system aboard theTIROS-N satel
lite, will provide wind data in the upper tropical troposphere, 
particularly in the deep tropics (10°N to 10°S).

A t the time o f launch, the balloon is only partially inflated 
to allow for expansion o f the helium as the balloon rises and 
the atmospheric pressure decreases. Once the balloon envelope 
is fu ll, it displaces a constant volume of air. As the balloon 
continues to rise, the air density decreases and the gas begins 
to exert pressure on the balloon wall. When the mass o f air 
displaced equals the mass of the balloon plus its payload, the 
balloon stops rising and floats at this density level, moving 
with the air circulation.

An average lifetime of four months is expected for TCLBS 
balloons.

The Balloon

The purpose of the TCLBS superpressure balloon is to carry 
electronic instruments into the upper atmosphere. The 
balloon, which is made o f bilaminated Mylar, is 4 m in 
diameter and spherical when fu lly inflated. It weighs 4.5 kg 
and carries a payload weight o f 2.9 kg.
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Measurements

Since the balloon moves with the air, wind speed and direc
tion can be determined by monitoring balloon position. Satel
lites receive radio transmissions from the payload and con
stantly measure the frequency of the carrier. The change in the 
received frequency (doppler shift) is used to locate the 
balloon’s position.

Air temperature is measured by a bead thermistor that is 
0.254 mm (0.01 in.) in diameter. The surface of this sensing 
element is coated with a vacuum-deposited aluminum film 
which reflects solar and infrared radiation. This reduces errors 
caused by external radiation. The thermistor is as small as 
possible because conductive coupling with the atmosphere 
increases as the size decreases.

The entire sensor assembly is suspended 4 m below the next 
lowest component in the flight train to prevent the thermal 
wake o f that component from affecting temperature 
measurement.

It is impossible to obtain thermistors as small as 0.254 mm 
in diameter that have consistent resistance-temperature charac
teristics, so it is necessary to adjust the temperature-sensor 
circuit components, to compensate for differences between 
thermistors. Thermistor characteristics are read into a 
computer, which reads out the component values o f resistance 
to be installed for that thermistor. The computer also gives the 
values of resistance of two reference temperatures. These 
reference resistors are installed as inputs to data channels.

With two temperature references and a computer-designed 
compensation circuit, the telemetry output from the air tem-
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perature measurement system is so un ifo rm  th a t one calibra
tion  equation can be used fo r  all balloon systems.

4 8 m

1.5 m

25.5m
OVERALL

0.6 m

0.9 m

0.7 m

4m

4 m
_i_

Fig. 1 The flight train o f an Equatorial Wind Experiment balloon.

The tem perature o f  a black-ball sensor is also measured. 
This sensor is an a lum inum  sphere tha t is painted black. I t  is 
th in -w a lled  so i t  has low  therm al mass. A  the rm is to r ne tw ork  
inside measures tem perature. The sun and reflected rad ia tion 
heat the sphere during the day and give an estimate o f the 
ea rth ’s albedo in the v ic in ity  o f  the ba lloon. A ir  m otion  
(gravity waves and turbu lence) causes variations in the 
tem perature.

Flight Train

Figure 1 shows the f lig h t tra in , w ith  the vertical scale 
shortened. The f lig h t tra in  is suspended from  the ba lloon by 
9 m o f  ny lon line, which is su ffic ie n t to  prevent the balloon 
from  shadowing the solar panel at all sun angles below 80°.

The top com ponent in the f lig h t tra in  is the solar panel, 
which is f la t  and faces upward. This con figu ra tion  produces 
the greatest e lectrical energy when integrated over one day fo r 
systems f ly in g  in the trop ics. The 28 silicon solar cells (each
0.64 mm in diam eter) produce 800 m A o f cu rren t at 1 2 V 
at m axim um  solar angle.

Underneath and attached to  the solar panel is a small S ty ro 
foam  package th a t supports the panel and contains a cu tdow n 
mechanism. This mechanism consists o f nichrom e wire 
wrapped around a ny lon  suspension line. When the mechanism 
is activated, an electrical cu rren t passes through the nichrom e 
w ire and melts the ny lon , separating the f lig h t tra in  fro m  the 
ba lloon. A  parachute opens and slows the descent o f  the f lig h t 
tra in .

Fig. 2

B A T T E R IE S  (4 X)

Thermal packaging o f flight train components.
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Three meters be low  the solar panel is a right-hand, c ircu la rly  
polarized antenna. I t  radiates in the upper hemisphere, w ith  its 
gain m axim ized at 20° above the horizon. The to ta l w eight o f 
th is  antenna is on ly  125 g.

Data Information Package

The data in fo rm a tio n  package contains a therm al con tro l 
system, a transm itte r w ith  a frequency-stable osc illa to r, data 
and fo rm a t encoding c ircu its , pressure and magnetic cu tdow n 
sensors, and ba tte ry and charging circu its .

•  Thermal Control System. A m b ien t temperatures at f lig h t 
a ltitu de  range between —55 and —80°C. The coldest tem pera
tures are encountered near the equator and the warmest 
temperatures poleward fro m  40°S la titude . O w ing to  solar 
rad ia tion , the expected daytim e tem perature o f the package is 
—20°C. A t  n igh t, in frared rad ia tion  fro m  the earth warms the 
package surface to temperatures 10-20°C above am bient air 
tem perature. Since batteries and m ost e lectron ic c ircu its  w ill 
no t operate at tem peratures as low  as — 7 0 °C, it  is necessary to 
insulate the tem perature-sensitive com ponents very well and to 
provide energy fo r  n igh ttim e  heating. Insu lation is achieved by 
packaging the electron ics inside tw o  dewars (see Fig. 2).

Heat energy is stored in water, which requires 1.16 (W h )/kg  
to  change its tem perature by 1°C and 92.5 (W h )/kg  to  freeze 
it. The available heat energy contained in 1 kg o f water in 
coo ling  it  from  +10 to  —10°C is 115.7 (W h)/kg, which is more 
energy than can be stored in all bu t a silver-zinc ba tte ry 
[w h ich  can store 121 (W h ) /k g ] . We take advantage o f this 
heat energy by placing a container w ith  200 g o f liqu id  in the 
TCLBS f lig h t package, prov id ing  20.83 W h o f  heat energy 
over a 20° span. I f  the liq u id  were water, the heat energy avail
able w ou ld  be 23 .14 W h. However, when water freezes it  
fo rm s solid ice, which w ou ld  break the sealed container. In 
order to prevent th is breakage, a water so lu tion  con ta in ing  8% 
sugar is used, which decreases the freezing tem perature to 
abou t —2°C. A lthough the so lu tion  holds less therm al energy, 
as i t  freezes it  fo rm s a slush which adjusts itse lf to  the con
ta iner rather than breaking it. A ir  bags are also enclosed in the 
liq u id  conta iner to  provide d is tribu ted  expansion volumes. The 
shape o f the con ta iner is designed to  enclose the frequency- 
stable osc illa to r, wh ich provides a stable tem perature env iron
m ent at the liq u id  freezing tem perature (see Fig. 3). The 
water/sugar so lu tion  is heated in the daytim e by electrical 
power fro m  the solar panel. Charging o f  the system batteries 
has f irs t p r io r ity ,  bu t all power no t being used in charging is 
converted to  heat, which melts the slush. The heating c irc u it is 
opened when the liq u id  tem perature reaches +8°C.

•  Transmitter and Frequency-Stable Oscillator. When the 
sate llite  is o rb it in g  tow ard the balloon p la tfo rm , the radio 
frequency received by the satellite is increased (dopp ler

sh ifted) in p ro p o rtio n  to  the ve loc ity  at which the sate llite  is 
m oving tow ard the ba lloon transm itte r. When the satellite is 
m oving away, the frequency is decreased. A  p lo t o f doppler 
sh ift versus tim e, com bined w ith  the ephemeris data o f the 
sate llite , gives s u ffic ie n t in fo rm a tio n  fo r  com puting  the loca
tion  o f the ba lloon, bu t th is com pu ta tion  assumes tha t all 
frequency s h ift is due to  the dopp ler e ffec t and tha t the trans
m itte r frequency is constant fo r  the dura tion  o f  the satellite 
pass. A c tu a lly , the frequency may change at the transm itte r 
b u t the d r i f t  m ust be less than 4 Hz in 20 m in.

In order to  achieve th is required s ta b ility , the crystal oscilla
to r is oven-contro lled . The insula tion fo r  the oven is provided 
by a small glass dewar which has an insu la tion fac to r o f  
200°C /W . To fu rth e r insure tem perature s ta b ility , the oven 
assembly is located inside a tube extending in to  the water 
conta iner. The o u tp u t fro m  the osc illa to r is 44 .628 kHz. T w o 
frequency tr ip le r  stages inside the transm itte r m u ltip ly  the 
frequency to  401 ,650  kHz. Phase m odu la tion  is achieved 
through the use o f three sw itchable delay lines. The lines p ro 
vide phase shifts o f +63°, 0°, and —63°. A  power-leveling 
c irc u it senses the o u tp u t power fro m  the transm itte r and 
con tro ls  i t  at a constant 1 W level.

Fig. 3 Thermal energy is stored as heat and heat o f fusion by a sugar/ 
water mixture inside the sealed container.
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•  Data and Format Encoding Circuits. Data are transm itted  
to  the sate llite  once every 40  s. The du ra tion  o f each trans
mission is 0.360 s. The fo rm a t o f the transm itted  message is as 
fo llow s :

1. Unm odula ted carrier, 1 60 ms (phase o f carrier at 0°)

2. Phase-modulated carrier, 200 ms (biphase m odu la tion
between +63° and —63° at 400 bits per second)
a. 1 5 bits, b it synch ron iza tion  pattern
b. E ight bits, fram e synch ron iza tion  pattern
c. One b it, in it ia liz a tio n
d. 24 bits, id e n tifica tio n
e. 32 bits, data (fo u r e igh t-b it words)

The f irs t  48 bits o f in fo rm a tio n  are always the same fo r  any 
given p la tfo rm , and the f irs t  24 bits are the same fo r  all p la t
form s. These bits are stored in a program m able read-only 
m em ory, which is program m ed by a com pute r tha t inserts a 
un ique 24 -b it id en tifica tio n  code in to  each m em ory. During 
transm ission, these fixe d  fo rm a t and id en tifica tio n  bits are 
read ou t o f  m em ory, fo llow e d  by the 32 bits o f data. Data are 
d ig itized between transmissions to  avoid errors caused by radio 
frequency in terference fro m  the transm itte r. A ll o f the sensors 
fo r  the TCLBS experim ent are resistive, and the d ig itiza tion  
technique used converts resistance to  frequency and then 
converts frequency to  a b inary  num ber w ith  a gated counter. 
The fo u r d ig itized words are then stored in a s h ift register un til 
they are transm itted .

•  Cutdown Circuits. T w o  cu td ow n  systems are in co rp o 
rated in to  the system. The f irs t  one is a pressure sensor system 
which is sw itch-activated by a be llows-type pressure sensor. 
A fte r  the balloon rises above the 1 37 mb level, the pressure 
sw itch activates a con tac t tha t blows a fuse and arms the cut- 
down systems. I f  the ba lloon la ter descends be low  the 141 mb 
level, the pressure sw itch activates a con tact w h ich term inates 
the balloon flig h t.

The second cu tdow n  sensor is a m agnetom eter which senses 
the vertical com ponent o f  the e a rth ’s m agnetic fie ld . I f  the 
balloon system flies no rth  o f  the p o in t where the vertical fie ld  
equals the magnetic cu tdow n  setting, the f lig h t  is term inated. 
The isolines o f  vertical m agnetic in te ns ity  are no t parallel to 
la titude  lines in all places so add itiona l c irc u itry  is included 
tha t measures tim e and tim e  o f  sunrise. The re la tionship 
between these tw o  measurements defines ba lloon long itude. 
The magnetic cu tdow n  in tens ity  is set according to  measured 
long itude .

•  Battery and Charging Circuits. Energy to  power the data 
in fo rm a tio n  package is stored in sealed lead-acid batteries tha t 
are charged by the solar panel. A  shunt voltage regulator lim its  
the voltage across the ba tte ry s tring  to  10 V, which prevents 
overcharging. A t  sunrise, when the ba tte ry pack is at m in im um  
charge, all o f  the e lectrical energy from  the solar panel goes to  
charge the batteries. When the batteries near th e ir charged 
con d ition  the shunt regulator lim its  the charging voltage by 
consum ing power. This power is absorbed as heat by the 
sugar/water so lu tion .

When both the ba tte ry  and the sugar/water so lu tion  have 
absorbed enough energy, a therm al sw itch opens to  disconnect 
the solar panel. A  resistor in series w ith  a diode bypasses the 
therm al sw itch to  provide a constant tr ic k le  charge to  the 
ba tte ry .

Windfinding by Doppler Techniques

A lthough  TCLBS operates on dopp ler princip les, certain 
aspects o f the system go beyond the simple scalar dopp ler 
equation found  in physics texts (apart fro m  the fa c t th a t radio 
ra ther than audio frequencies are involved).

F irst, since we are interested in f in d in g  the displacem ent 
vector o f the d r ift in g  p la tfo rm , the appropria te  dopp ler equa
tion  m ust relate the position  and ve loc ity  vectors o f  bo th the 
p la tfo rm  and the sate llite . Secondly, since very stable trans
m itte rs and very stable clocks are really the same th ing , we are 
no t able to  measure w hat frequency is ac tua lly  transm itted  by 
the p la tfo rm  e lectron ic equ ipm ent. T h ird ly , since we w ill need 
to  measure a sequence o f  dopp ler shifts over some tim e in te r
val, we should examine how  the dopp ler equation is to  be 
solved.
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For purposes o f illu s tra tio n , consider the fo llo w in g  sim 
p lifie d  s itua tion  (Fig. 4). On the surface o f  the globe a p la t
fo rm  is located at P and the track o f  the o rb it in g  sate llite  is 
represented by the solid line. For the m om ent, we regard the 
p la tfo rm  as being at rest w ith  respect to  the earth. When the 
sate llite  is at p o in t a i t  receives a signal transm itted  fro m  the 
p la tfo rm  at frequency f, and s im ila rly  at po in ts  b, c, d, etc. 
The classical dopp ler equation gives an expression fo r  the 
scalar relative ve loc ity  o f  the spacecraft and p la tfo rm  at each 
po in t.

(D

where c is the ve loc ity  o f  lig h t and 5 the s h ift in received fre 
quency ow ing  to  the re lative ve loc ity . Since c is 3 X  108 m/s, a 
transm itted  frequency in the range o f 300 MHz gives the con
venient resu lt tha t a re lative ve loc ity  o f  1 m/s corresponds to 
1 Hz. A  typ ica l m eteorological sate llite o rb its  approx im ate ly  
1,100 km above the ea rth ’s surface a t periods o f  100 m in and 
a speed o f  7.3 km /s. There fore , the dopp ler signals received by 
the spacecraft fro m  the m om ent the p la tfo rm  becomes visible 
u n til i t  passes o u t o f  sight w ill be on the order o f  +7,300 to  
—7,300 Hz o r 15 kHz. However, i t  should also be noted th a t a 
change in relative ve loc ity  o f  1 m/s is reflected in a change in 
the received frequency o f  1 Hz.

I f  the p la tfo rm  emits one radio frequency burst fo r  a.second 
o r so each m inute , a p lo t o f  the received frequency versus tim e 
w ill lo ok  as shown in Fig. 5. This s igm oidally shaped curve w ill 
have an in fle c tio n  p o in t when the vector jo in ing  the p la tfo rm  
and spacecraft is at r ig h t angles to  the spacecraft subtrack 
(p o in t c Fig. 4 )— at th is p o in t there is no dopp ler sh ift. ( I f  we 
cou ld measure th a t p o in t accurately i t  w ou ld  te ll us w hat fre 
quency had actua lly  been transm itted  by the p la tfo rm .) In 
Eq. (1) we have established tha t the m axim um  value th a t the 
dopp ler s h ift  5 can take is abou t 1 5 kHz fo r  a 300-400 MHz 
signal. There fore, neglecting the 5 against f  is qu ite  accurate 
and a nom inal value fo r  f  can be assumed.

In vector fo rm  we note th a t the relative ve loc ity  is the tim e 
rate o f  change o f  the pos ition  vector jo in in g  the p la tfo rm  and 
the spacecraft (RP/S). Thus,

<5c _  „  _  d l n  I _  | P - S |  • Ip - 5 1  

7  "  R '  35 ' - p . e 1 -  |P-S|

S 'V  - -e
Tp^sT (2)

Here, the fu ll vector dopp le r equation is w ritte n  in terms o f 
the position  vector o f the p la tfo rm  (P) and the sate llite  (S) 
w ith  respect to  the center o f  the earth; and the ir respective 
vectors, £  and 5 . In ad d ition , the ro ta tion  o f  the earth co n trib 
utes to  the relative ve loc ity  and the fina l term  measures this 
q u a n tity ; Ve denotes the linear speed o f  the earth at position 
P . From  the o rb ita l in fo rm a tio n  we know  S and 5 .

so lu tion  in simple cases. A  single dopp ler measurement fro m  a 
s ta tionary p la tfo rm  (P = 0), w ith  the e a rth ’s ro ta tio n  neglected 
fo r  the m om ent, results in a so lu tion  tha t specifies th a t the 
locus o f  po in ts  on which the p la tfo rm  is located is a branch o f 
a hyperbola w ith  the spacecraft pos ition  at the orig in . Three 
such so lutions are shown in Fig. 6. Here the position  o f  the 
p la tfo rm  is given by the in tersection o f the three hyperbolae 
(which branch o f each hyperbo la  is appropria te  can be deter-

T im e , t

Figure 5.

Figure 6.

Before discussing how to  solve th is equation fo r  P and P i t  
is instructive  to  consider some general characteristics o f  its
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mined by the sign o f the dopp ler sh ift) . Note th a t an am bigu
ous position  P 1 occurs on the opposite side o f  the spacecraft 
subtrack. In th is sim ple case, the pos ition  o f  the p la tfo rm  
(apart fro m  the am b igu ity ) may be obtained easily by simple 
a rith m e tic  o r graphical so lu tio n . Before proceeding to  more 
rea listic cases, we note th a t i f  the p la tfo rm  (at P) is moving, a 
d iffe re n t dopp ler s h ift w ill be received by the spacecraft and 
tha t th is measurement w ill correspond to  a s ligh tly  d iffe re n t 
hyperbo la  fro m  tha t when the so lu tion  assumes a sta tionary 
p la tfo rm .

Since the ro ta tio n  o f the earth con tribu tes to  the relative 
m o tio n , we m ust m o d ify  the p ic tu re  above somewhat. The 
sim plest way to  visualize the e ffec t o f  the fina l term  in Eq. (2) 
is to  consider an earth-centered coord inate  system w ith  the 
spacecraft subtrack pro jected on the sphere. In th is view, the 
subtrack is always (except r ig h t by the equator) s ligh tly  
curved. Assuming tha t we may p lo t each leg o f  the hyperbolae 
as before, they w ill in tersect at the p o in t (P) on the “ co rre c t”  
side o f  the subtrack and diverge s ligh tly  on the o ther (P’’) 
because o f  the curvature o f  the orig in . Thus, fo r  a sta tionary 
p la tfo rm  w ith  a perfect noise-free observing system, the sub
track am b igu ity  problem  disappears.

N ow  we b rie fly  consider how  m otio n  o f the p la tfo rm  w ill 
a ffec t the dopp ler curve (F ig. 5). I f  the p la tfo rm  has a ve loc ity  
com ponent at r ig h t angles to  the subtrack ( “ cross-track” ), the 
dopp ler signals received at po in ts  a and d w ill be affected bu t 
by opposite am ounts, and s im ila rly  fo r  all pairs at po in ts 
sym m etric  to  the in fle c tio n  p o in t. This results in a com pres
sion (o r stretching) o f the dopp le r curve. Again, i f  the p la t
fo rm  has a m o tion  parallel to  the spacecraft ( " in - tra c k ” ), the 
dopp ler sh ifts  w ill be sh ifted  upward (or dow nw ard) bu t by 
varying am ounts. These d is to rtion s  o f the (s ta tionary) dopp ler 
curve are qu ite  centra l to  the problem  o f  de term in ing  the 
m o tion  o f  a ba lloon p la tfo rm , and we w ill now  exam ine how 
the fu ll so lu tion  is to  be obtained.

In the case o f d r ift in g  balloons, we know  very accurately 
the a ltitude  above sea level fo r  each p la tfo rm . There fore, fo r 
each con tac t o f  the p la tfo rm  and spacecraft, we have tw o  posi
tion  and tw o  ve loc ity  coordinates (we may neglect the vertical 
ve loc ity  com ponent), plus an unknow n deviation o f  the trans
m itted  frequency fro m  a nom inal one. No so lu tion  is possible 
unless some s im p lify in g  assumptions are made. The least

restrictive course is to  assume th a t: (1) the transm itted  fre 
quency remains the same during one overpass, and (2) the 
ve loc ity  com ponents remain the same during  one overpass. 
Thus, coup ling  the successive positions w ith  the constant 
ve loc ity , a to ta l o f  five unknow ns exists fo r  each pass— tw o  
position  coordinates, tw o  ve loc ity  com ponents, and a fre 
quency. The o rb ita l geom etry o f m eteorological satellites is 
such tha t a p o in t on the earth is in view fo r  a m axim um  o f 
about 18 m in . Thus, w ith  the p la tfo rm  transm itte r sending 
signals once each 40-60 s, abou t 1 5-25 dopp ler po in ts  are avail
able fo r  o p tim u m  geom etry, and abou t ten to  12 po in ts  on the 
average.

Considerations o f  system noise— no dopp ler measurement 
is erro r-free— and the m athem atical com p le x ity  o f solving a 
system o f  sim ultaneous nonlinear equations o f  the fo rm  o f 
Eq. (2) suggest th a t five  unknow ns cannot be obtained to  the 
desired accuracy w ith  ten to  20 observations o r dopp ler mea
surements. S im u la tion  o f the system and the dopp ler solutions 
verified th is premise. There fore, a more restric tive  set o f 
assumptions is necessary: (1) th a t the transm itted  frequency 
remains the same during one overpass, bu t may be d iffe re n t 
fro m  one overpass to  the next, and (2) tha t the ve loc ity  com 
ponents remain the same during and between successive 
overpasses.

We now  have a to ta l o f  six unknow ns (tw o  pos ition , tw o  
ve loc ity , and tw o  frequency), bu t by con tacting  the p la tfo rm  
on successive passes we accum ulate 20-30 dopp ler measure
ments. This set o f assumptions w orked very well in the T ro p i
cal W ind, Energy Conversion, and Reference Level Experim ent 
and allow ed the design goals o f  5 km root-mean-square (rms) 
vector position  erro r and 1.5 m/s rms ve loc ity  e rro r to be met. 
In ad d ition , the ava ilab ility  o f an estim ated frequency on each 
o rb it  o r overpass allow ed a check on the fina l dopp ler solu
tio n , since we are con fide n t th a t the osc illa to r s ta b ility  over
2 h is on the order o f 1-2 Hz.

In sum m ary, the dopp ler w in d fin d in g  technique is an 
accurate, re la tive ly  sim ple, and econom ical way o f  measuring 
p la tfo rm  displacement. The unique characteristics o f  the w ind 
velocities measured by this system are tha t they have an 
averaging tim e o f  app rox im a te ly  100 m in and th a t they are 
based on the assum ption o f ra ther sim ple tra je c to ry  m o tion  
over tha t in terval.
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The Global Positioning System
Michael L. Olson

The Navstar global pos ition ing  system (GPS) under develop
m ent is a sate llite  system w hich can provide real-tim e global 
location  and ve loc ity  measurements tha t are m ore accurate by 
several orders o f  m agnitude than those previously available. 
The estim ated expense o f  GPS receivers makes i t  like ly  tha t 
o n ly  rocke t soundings and o ther specialized research e ffo rts  
requiring precise w inds cou ld  ju s tify  this approach. However, 
i f  a m odera te ly priced S-band trans la tor could be developed to  
translate from  GPS frequencies to  sonde transm ittin g  fre 
quencies, the Navstar GPS m igh t be a so lu tion  fo r  synoptic  or 
con tinuous in s itu w ind observations. Accuracy w ou ld  be one 
to  tw o  orders o f  m agnitude bette r than present rawinsonde 
system capabilities. Note also th a t GPS is a three-dim ensional 
system which yie lds all three com ponents o f  ve loc ity  o r 
position .

C onceptua lly , the system is an extension o f  hyperbo lic  
(range-difference) and radial-range and range-rate navigation 
techniques. The im provem ent over previous systems is the 
expansion to  provide rea l-tim e global coverage w ith  very high 
accuracy. One way o f  in te rp re ting  the opera tion o f  the system 
is to  th in k  o f  i t  as analogous to  an o rb itin g  Omega ne tw ork  in 
w hich at least six stations are in view at all times. I f  the user 
has a local osc illa to r synchronized w ith  th a t o f  the ne tw ork , 
then absolute range (radial range) fro m  each transm ittin g  
station (satellite) is determ ined from  the phase d ifference 
between the local osc illa to r and the transm itting  sta tion. I f  the 
oscilla to r is n o t synchronized, then range differences (phase 
differences between the transm ittin g  stations) e lim inate the 
unknow n osc illa to r phase and hype rbo lic  navigation is used.

Because o f  the env ironm en t in which the system m ust 
operate and the m ilita ry  and c iv ilian  navigation requirem ents 
tha t must be met, a sophisticated satellite-based system has 
evolved. Since the satellites move at high ve loc ity  over long 
distances, they m ust be synchronized, and very accurate clocks 
(oscilla tors) m ust be used. S ta b ility  to  the order o f  a few  parts

in 10 1 3 is planned. These clocks m ust be m on ito red  fo r  d r if t ,  
and delays in propagation m ust be accounted fo r  by io no 
spheric and tropospheric as well as re la tiv is tic  effects. 
Commensurate w ith  the c lock accuracy, the sate llite  o rb its  
m ust be precisely known to  correc t fo r  the influences o f  solar 
pressure (caused by the solar w ind) and grav ity  fie ld  variations.

Spread spectrum  m odu la tion  and orthogona l pseudorandom  
noise (PRN) codes are used to  reduce jam m ing suscep tib ility  
and to  p e rm it sim ultaneous transm ission at the same fre 
quency from  each sate llite . These codes also m ainta in  unique 
sate llite  id e n tifica tio n  and enable large unam biguous range 
measurement. T w o  L-band frequencies are used, since w ith  
tw o  frequencies the ionospheric delays can be corrected. In fo r
m ation on c lock status and sate llite  position  is included in the 
transmission.

The system consists o f three m ajor com ponents: space, 
con tro l, and user. M ost o f  the c o m p le x ity  resides in the space 
and con tro l po rtions o f  the system to  help m in im ize the costs 
o f  the user segment. The user segment is expected to  include 
up to  25 ,000 receiving un its  fo r  the D epartm ent o f  Defense 
alone.

In the space segment, 24 satellites are d is tribu ted  equally 
among three o rb its , w ith  each o rb ita l plane inclined at 63° to  
the equator and rotated 120° fro m  bo th  o ther planes around 
the po la r axis. The o rb its  are c ircu la r w ith  20,180 km rad ii.
The o rb ita l arrangem ent assures th a t at least six satellites w ill 
always be in view, and, on the average, nine satellites w ill be 
visible fro m  any p o in t on earth.

Each sate llite  contains a stable osc illa to r, o f  e ithe r rub id ium  
or cesium, w h ich provides long-term  frequency s ta b ility  
between one pa rt in 10 1 2 and one part in 10 13 per 10 s s. The 
frequency accuracy is be tte r than one pa rt in 10s . Since the 
essence o f  the system is to  provide a “ phase-locked”  naviga
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t ion  ne tw ork  as in Omega o r Loran-C, the ind iv idua l oscilla tors 
are both m on ito red  and con tro lled  w ith in  the frequency 
bounds given above (which results in o n ly  a nearly phase- 
locked c o n d itio n ). This perm its the user to  co rrec t fo r  the 
"phase”  e rro r by reading the osc illa to r status (phase and phase 
rate relative to  the master osc illa to r), which includes ve loc ity  
and re la tiv is tic  effects induced by gravity . The need to  be able 
to  p red ic t the e rro r is the reason tha t high s ta b ility  over several 
hours is required.

The status message is m odulated on the PRN sequence at a 
rate o f 50 bits per second and consists o f  ionospheric correc
tions, position , and an almanac tha t includes the o rb ita l 
parameters o f  the o ther satellites in the ne tw ork . The tw o 
L-band frequencies at 1,227 MHz and 1,575 M Hz are m odu
lated by PRN sequences o f  10.23 megabits per second. A  
c lear/acqu is ition  (C /A ) signal, quadraphase-modulated at 
1.023 megabits per second w ith  the 10.23 megabits per second 
on the 1,575 M Hz frequency, provides rapid acquis ition o f  the 
navigation sequence. The C /A  signal used alone perm its less 
accurate loca tion  at reduced receiver costs fo r  users who do 
no t need the 10.23 megabits per second navigation signal w ith  
its inherent higher accuracy.

The con tro l segment is ground-based and consists o f  a 
master con tro l s ta tion , several m o n ito r stations, and an upload 
s ta tion . The m o n ito r stations passively track the satellites and 
are equipped w ith  cesium-beam frequency standards. The 
ranging data, sate llite in fo rm a tio n  status, and m eteorological 
in fo rm a tio n  are forw arded to  the master con tro l s tation where 
the ranging data are corrected fo r the various delays tha t m ust 
be accounted fo r  to  m ainta in  system accuracy. The corrections

include m o n ito rin g  c lock d r ifts  relative to  system tim e, as well 
as po la r wander. The upload sta tion updates the status 
messages in the satellites which are transm itted  to  the users on 
the L-band signals.

The user p o rtio n  o f the system consists o f an L-band 
receiver w ith  an antenna and a data processor. The user u n it 
can be ta ilo red to  meet d iffe rin g  requirem ents fo r  re lia b ility , 
environm enta l opera ting range, and accuracy. Cost is the m ost 
s ign ifican t fa c to r fo r  m ost c iv ilian  applications. Low- 
perform ance units should give locations to  w ith in  0.1-0.2 km 
ro o t mean square (rms). H igh-perform ance units may achieve 
location  accuracy o f  10 m rms and ve loc ity  accuracy o f
0.05 m/s rms over an averaging tim e on the order o f  1 s.

A  s ign ificant reduction in cost fo r  w ind-sounding applica
tions is achieved in the same way as fo r  the Omega sondes 
developed fo r  a irc ra ft and ships. A  simple receiver in the sonde 
is used to  recover the transm itted  signals and these unpro 
cessed signals m odulate a transm itte r which forw ards them to  
a base sta tion. The fina l signal recovery and data processing are 
done at the base sta tion.

The simplest GPS sonde concept consists o f  translating from  
one o f the GPS frequencies (say, 1,227 MHz) to  the sonde 
transm ittin g  frequency (403 o r 1 ,680 MHz) w ith  su ffic ie n t 
gain and s ta b ility  to  pe rm it the base station to  recover the 
navigation signals. A t  least one proposal w ith  a s im ilar 
approach has been made fo r  rocketsondes, w ith  projected 
costs o f  $600 per u n it fo r  1,000 un its. However, no scheme as 
ye t suggested is econom ica lly  feasible fo r  rou tine  balloon- 
borne soundings.
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Cloud Drift Winds

from Geostationary Satellites
Frederick R. Mosher, University o f Wisconsin

A lthough track ing  clouds in sate llite  p ictures is one o f  the 
newest ways to  measure w ind , fro m  another p o in t o f  view it  is 
also one o f  the oldest methods. C.F. Marvin in 1896 stated, 
“ Observations and studies o f  clouds, the ir form s, heights, 
velocities, and d irec tion  o f m o tio n , cons titu te  at present 
perhaps the m ost im p o rta n t source o f  in fo rm a tio n  as to  w hat 
is going on in the upper atm osphere.”  Winds determ ined from  
observations o f  cloud d r i f t  found  uses in a num ber o f  studies. 
The In ternationa l C loud Year o f 1896-97 was devoted to 
synoptic  observations o f c loud d r i f t  fro m  which m on th ly  
mean averages were com puted (B ig low , 1904). In fo rm a tion  
derived fro m  cloud w inds had a strong im pact on studies o f 
the structure  o f  cyclones. For exam ple, Douglas (1922) used 
cloud w inds to  determ ine the upper air structure associated 
w ith  the Norwegian cyclone model o f  Bjerknes. He showed the 
existence o f troughs w ith  cyclones and divergence a lo ft above 
the cyc lon ic  centers. However, lack o f  knowledge o f the 
mechanisms o f  upper air dynam ics lim ited  the use o f  c loud 
d r i f t  w inds fo r  forecasting purposes. Pick and Bowering (1929) 
concluded th a t cirrus d irec tion  may be on ly  a fa ir  in d ica to r o f 
the d irec tion  o f depressions and tha t the c irrus ve loc ity  has 
li t t le  re la tionship to  the depression ve loc ity .

Radiosondes supplanted c loud d r i f t  observations fo r 
measuring w ind, so by the 1 950s very few  c loud d r i f t  measure
ments were made. S till, the three-quarters o f the globe covered 
by ocean remained essentially devoid o f upper air measure-
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ments in spite o f weather ships and transoceanic a irc ra ft. The 
developm ent o f  the geostationary m eteorological sate llite  in 
the late 1960s revived the concep t o f using clouds as tracers o f 
air m otions. In a sequence o f  images fro m  a geostationary 
sate llite , the clouds move. Th is m o tio n  is due to  the w ind at 
the level o f  the clouds. By track ing  those clouds which move 
w ith  the w ind, i t  is possible to  describe the m otions o f the 
atmosphere over oceans and o the r data-sparse regions.

The technology fo r  ob ta in ing  cloud-tracked w inds fro m  
geostationary images has progressed rap id ly  since 1966, when 
the f irs t  geostationary m eteorological sate llite , the A pp lica 
tions Technology Sate llite  (A T S -1), was launched. C loud- 
tracked winds presently fo rm  a pa rt o f  the A tla n tic  and 
eastern Pacific operational data base used by the National 
M eteorological Center fo r  da ily  forecasts. The cloud-tracked 
winds w ill p lay a m ajor role in the G lobal A tm ospheric  
Research Program (GARP) G lobal Weather Experim ent. 
Measurements around the globe w ill be provided by geosta
tion a ry  satellites operated by the U n ited States, Japan, and the 
European Space Agency.

Cloud Tracking from Satellites. To ob ta in  winds fro m  cloud 
d r i f t  observations, one needs the fo llo w in g :

•  A  series o f sate llite  images w ith  good geom etric f id e lity

•  A  system to  receive and store the sate llite  data

•  In fo rm a tio n  on the earth loca tion  o f the data being 
processed

•  A  system to  process the sate llite  data

•  A  m ethod o f id e n tify in g  a tracer c loud

•  A  technique fo r  track ing  the cloud

•  A  m ethod fo r  de term in ing the c loud height

•  Techniques fo r  qu a lity  con tro l.
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Geostationary Satellites

A  satellite in geostationary o rb it  stays in the plane o f the 
equator and completes one o rb it  per day in the same d irec tion  
as the ro ta tio n  o f  the earth. The e ffec t o f  th is o rb it is to  f ix  
the sate llite  over the same loca tion  so tha t a series o f  images o f 
the earth can be obtained.

C loud tracking requires greater geom etric image f id e lity  
than can be obtained fro m  a television camera, so all m eteoro
logical geostationary satellites use w hat is known as a spin-scan 
camera. As the sate llite  spins at a rate o f  abou t 100 ro ta tions 
per second, a small telescope attached to  a p h o to m u ltip lie r 
tube sweeps across the earth. One line o f  an image is made fo r  
each ro ta tio n  o f  the sate llite . The telescope “ steps”  down a 
line afte r each sweep. Line by line, the whole earth is scanned. 
I t  takes abou t 20 m in to  scan the entire  earth, a fte r which the 
telescope goes back up to  the top  and starts all over again.

The f irs t m eteorological geostationary sate llite  was A TS -1, 
launched in 1966 and positioned over the Pacific. I t  had a 
single channel in the visible region o f the spectrum  and 
produced images u n til 1972. The nex t geostationary satellite 
used by m eteorologists was the ATS-3, launched in 1967 and 
positioned over South Am erica. I t  in it ia lly  had a three-color 
sensor, bu t the red sensor fa iled during the f irs t  year. The green 
sensor was used un til 1974, when the sate llite  was retired in 
favo r o f the Synchronous M eteorological Sate llite  (SMS-1), 
launched tha t year. This generation o f geostationary satellites

Fig. 1 Geostationary satellite receiving antennas on top o f the meteo
rology building at the University o f Wisconsin's Madison campus. The 
antennas receive the SM S/GOES digital image data for use in scientific 
research programs.

has an 11.5 /um w indo w  channel in the in fra red in ad d ition  to  
a vis ib le -rad iation sensor w ith  0.8 km reso lu tion at the po in t 
d ire c tly  beneath the sate llite . The high visible reso lu tion is 
achieved by using e ight sensors in a linear array. Thus each 
sweep produces eight lines o f  visible data.

SMS-2 was launched in 1975 and positioned over the 
Pacific. The operational version o f  the p ro to typ e  SMS is called 
the G eostationary O perational Environm enta l Sate llite  
(GOES). GOES-1 was launched in late 1975, and it  replaced 
SMS-1. GOES-2 was launched in 1977 and replaced GOES-1, 
a t 75°W  long itude over South Am erica. GOES-3 was launched 
in the spring o f 1978 and replaced SMS-2 over the Pacific. 
GOES-1 has been reactivated, and du ring  the G lobal Weather 
E xperim ent it  w ill be positioned over the Indian Ocean and 
w ill be operated by the European Space Agency.

Receiving Sate llite  Data

As the SMS/GOES satellite scans the earth, i t  transm its the 
data to  the receiving site at Wallops Island, V irg in ia . Since the 
earth appears as a small disk 18° across to  the geostationary 
sate llite  37 ,000 km away, o n ly  5% o f  each ro ta tio n  is taken up 
by tak ing  data and transm ittin g  them  to  Wallops. During the 
rest o f  each ro ta tio n , the data are retransm itted  to  the satel
lite , which then relays the images a t low er bandw id th  to  
receiving stations in N o rth  and South Am erica. The U.S. 
operational receiving site is at S u itland, M aryland, and serves 
the needs o f the N ational Oceanic and A tm ospheric  A dm in is 
tra tio n  (N O A A ). The o n ly  nongovernm ent site is at the 
U n iversity o f W isconsin, and i t  serves the needs o f  the research 
co m m u n ity . Figure 1 shows the receiving antennas on top  o f 
the m eteorology bu ild ing  at the U n iversity o f W isconsin.

Image M otions

The advantage o f  the geostationary image data is tha t one 
can fo llo w  the m eteorological data over tim e. The sequence o f 
images can be made in to  a movie loop  which produces a sensa
tion  o f image m o tio n . I f  the images are aligned, the m otions o f  
the clouds are qu ite  apparent. I f  the satellite were in a perfect 
geostationary o rb it, all the images w ou ld  na tu ra lly  be aligned. 
However, the m eteorological geostationary satellites are n o t in 
perfect orb its , so the images taken by the satellites have a 
tendency to  move. The in c lin a tio n  o f  the o rb it  relative to  the 
equator, the in c lin a tio n  o f  the spin axis o f  the sate llite  relative 
to  the spin axis o f  the earth, and the eccen tric ity  o f the o rb it  
all cause apparent m otions in the sate llite  image sequences.
The spin axis o f  the sate llite  is fixed  in space, and the image 
plane is perpendicu lar to  th is  spin axis. I f  the o rb it  is s ligh tly  
inc lined relative to  the equator, the center o f the image moves 
no rth  and south during the day, as is shown by Fig. 2. A nd  i f  
the spin axis o f the satellite is inc lined relative to  the spin axis 
o f  the earth, the images again appear to  move up and down 
and back and fo r th  during the day (F ig. 3).
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A no the r apparent m o tio n  o f  the image is caused by the 
e llip tica l shape o f  the o rb it .  I f  the o rb it were pe rfectly  c ircu 
lar, the speed o f  the sate llite  w ou ld  be constant. However, 
w ith  an e llip tica l o rb it  the sate llite  moves faster when i t  is 
closer to  the earth than when it  is fu r th e r away fro m  the earth. 
T h a t is, when the sate llite  is at the perigee (the o rb it p o in t 
closest to  the earth), i t  is m oving faster and gets ahead o f 
e a rth ’s ro ta tio n . B ut when the sate llite  is a t the apogee (the 
p o in t o f  the o rb it  fa rthest away fro m  the earth) i t  is m oving 
more s low ly  and the ea rth ’s ro ta tio n  gets ahead o f  the sate llite . 
Hence the e ffec t o f  the e llip tica l shape o f  the o rb it  is to  cause 
an apparent east-west m o tio n  o f  the center o f the image w ith  a
24 h period. The net e ffec t o f  the east-west m otions due to  
e llip tica l o rb its  and the north -sou th  m otions caused by o rb it  
in c lin a tio n  and spin axis a ttitu d e  is tha t the sate llite  images 
make a figure-e igh t pa tte rn .

A  fu rth e r com p lica tion  o f  the apparent m otions is th a t the 
sa te llite ’s o rb it  and spin axis a ttitu d e  are s low ly  changing, 
ow ing to  the gravita tional pu ll o f  the m oon, sun, and larger 
planets; the fo rce  o f  the solar w ind on the sate llite ; and o ther 
m in o r causes o f  o rb ita l pe rtu rba tions. The o rb it  changes 
slow ly over a m atter o f  weeks to  m onths, bu t the ne t e ffec t is 
th a t da ily operations require updated in fo rm a tio n  on where 
the satellite is look ing , fo r  purposes o f  image alignm ent and 
image gridding.

Image Navigation

T o use a sate llite  image, one needs to know  the earth loca
tion  o f the feature o f in terest. Since the earth moves around 
w ith in  the image plane o f  the sate llite  because o f o rb it  effects, 
one needs to  know  where the sate llite  is at any tim e and how 
i t  is o rien ted in space. The process o f  de term in ing where the 
sate llite  is and using th is in fo rm a tio n  to  make a m athem atical 
transfo rm a tion  fro m  the sate llite  image coord inate system to 
an earth coord ina te  system is known as “ naviga tion .”

Groups at N ASA, N O A A , and the U n iversity o f  W isconsin 
have developed techniques to  determ ine the o rb it  and a ttitud e  
o f  the geostationary sate llite  fo r  use in navigation processes. 
W hile the technique developed by Wisconsin is one o f the 
sim pler approaches, i t  has been the m ost successful. N A S A  is 
using i t  fo r  geostationary data processing and N O A A  w ill use it  
to  produce image grids and aligned sequences used opera tiona l
ly  by the N O A A  National E nvironm enta l Sate llite  Service 
(NESS).

The Wisconsin system assumes th a t the sa te llite ’s o rb it  is 
know n, tha t the sa te llite ’s a tt itu d e  (the sa te llite ’s o rien ta tion  
in space) is s low ly  changing w ith  tim e, and tha t the sate llite  is 
very seldom disturbed w ith  repos ition ing  maneuvers. The 
system uses an in itia l o rb it measured by NASA tracking, 
refines the o rb it  to the accuracy required fo r  image processing,

and then propagates the o rb it  in tim e  w ith  a simple e llip tica l 
o rb it  m odel. The a ttitu d e  is determ ined by measuring a single 
landm ark (a geographic feature on the earth) over a series o f 
five to  seven images. W ith a know n o rb it  and a ttitu d e  i t  is 
possible to  com pute the nom inal loca tion  o f any p o in t in an 
image. Since the o rb it  and a ttitu d e  vary s low ly  w ith  tim e, a 
simple p lo t o f  the h is to ry  o f  the o rb it  and a ttitud e  parameters 
measured each day over a few  weeks can be used to  ex trapo
late these parameters fo rw a rd  in tim e  w ith  the use o f  simple 
cu rve -fittin g  techniques (Young, 1976). These o rb it  and a t t i
tude parameters can then be used pred ic tive ly  to  grid the 
images and to  align images o r preselected sectors o f images as 
they are received.

The absolute accuracy o f the 24 h parameters predicted by 
the Wisconsin technique is w ith in  approx im ate ly  tw o  fu ll-  
reso lu tion p ic tu re  elements (2 km at the p o in t be low  the satel
lite ) o f true earth location . The relative a lignm ent erro r 
between successive images is much less than a fu ll-reso lu tio n  
visible p ic tu re  elem ent. Thus fu ll-reso lu tio n  visible images can 
be ingested and aligned in real tim e  fo r  c loud -track ing  p u r
poses, w ith  negligible erro r resu lting fro m  m isalignm ent.

Fig. 2 The effect of an imperfect geostationary orbit in causing 
apparent north-south image motions. The spin axis o f  the satellite is 
fixed in space and the image plane is perpendicular to this spin axis, i f  
the orbit is inclined relative to the equator, the satellite will move north 
and south over the equator daily, causing the image to move north and 
then south during the day.

Fig. 3 The effect of an imperfect satellite spin axis orientation in 
causing apparent north-south image motions, i f  the spin axis o f  the 
satellite is not perfectly parallel to the spin axis o f the earth, a daily 
north-south motion will result. A t 6 h from this diagram, the image will 
be moving back and forth.
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Storing and Processing the Satellite Data

The volum e o f  data produced by geostationary satellites is 
much greater than tha t produced by m ost o ther types o f 
m eteorological sensors. A ll the surface and upper air measure
ments fro m  conventional sources fo r  the en tire  globe cons ti
tu te  abou t 107 bits o f  in fo rm a tio n  each day. The A TS -type 
geostationary sate llite  (w h ich  operated fro m  1966 to  1974) 
generated about 6 X 109 b its  o f  data each day. The current 
GOES (SMS) series o f  sate llites generates m ore than 8 X 10 1 0 
bits per day fo r  each sate llite . T h a t is the equiva lent o f  385 
com pute r tapes per day. Storage o f  this much in fo rm a tio n  is a 
problem , bu t access to  the data is an even bigger problem . A  
c loud which cou ld  serve as a tracer is o n ly  a very small per
centage o f  the to ta l data vo lum e (0.0004%  o f  an image), so a 
lo t  o f data need to  be ignored in order to  ex trac t the in fo rm a
tio n  required to  track a c loud .

The orig ina l approach to  tack ling  the data volum e and 
access problem s was to  use photograph ic images. The large 
volum e o f  data cou ld easily be stored, and all one needed to 
do to  access the in fo rm a tio n  was to  lo ok  at it .  Figure 4 shows 
an ATS-3 photograph image fro m  18 A p ril 1972. Putting 
several images together in a m ovie loop produced the sensation 
o f  m o tio n  which cou ld be fo llo w e d  by the eye. Movie loops o f 
sate llite  images are fre q u e n tly  shown to  the pub lic  on te le
vision weather shows. Projecting the images on a d ig itiz ing  
table makes i t  possible to  measure the displacements o f the

clouds between images. This technique o f  m anually measuring 
c loud m otions by using movie loops is cu rre n tly  being used by 
NESS to  measure c loud d r i f t  to  ob ta in  upper level winds 
opera tiona lly  (Young, 1975).

W hile photographic images have advantages in th a t they are 
cheap and easily used w ith  m in im al equipm ent, they have 
many disadvantages. The camera lens produces some geom etric 
d is to rtions, the orig inal brightness reso lu tion  is degraded to  
approx im ate ly  16 gray levels, the brightness o f  the images 
depends on the strength o f the developing so lu tion , the 
manual a lignm ent o f  the photograph ic images is d if f ic u lt  i f  
p ro m ine n t landmarks are n o t c learly  visible, and the track ing  
o f clouds is en tire ly  subjective. M any o f  these d iff ic u lt ie s  can 
be overcome through com puter processing o f d ig ita l sate llite 
data. The spin-scan camera on the geostationary satellites has 
exce llent geom etric f id e lity  and the dig ita l data preserve this 
f id e lity .  The original brightness reso lu tion is also preserved. 
Navigation programs can be used to  align the data. O bjective 
c loud track ing  can be done by using corre la tion  techniques.

An autom ated c loud -track ing  program  is used opera tiona lly  
by N O A A/N ES S  (Green et al., 1975) to  perfo rm  corre lations 
at preset grid points. Q ua lity  co n tro l o f  these data is done by 
using ob jective w ind fie ld  analysis and human ed iting  w ith  the 
aid o f  movie loops. This procedure has been successful fo r 
low-level cloud m otions over the oceans where fa ir weather 
cum ulus clouds are abundant. The procedure s till has d if f i-

Fig. 4 A TS-3 image o f the earth on 18 April 1972 at 1638 GMT. The 
large volume of satellite image data was originally stored on photo
graphic film. Access to the data was easy (just look at the picture), yet 
quantitative measurements were difficult.
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culties w ith  upper level o r m u ltip le -laye r clouds, and da ily 
operations cu rre n tly  depend upon the manned m ovie-loop 
procedure fo r de te rm ina tion  o f these high-level winds.

Id e n tify in g  tracer clouds is much easier fo r  people than it  is 
fo r  com puters. T racking well-defined clouds and handling 
data, on the o ther hand, are w hat a com puter does best. I t  is 
th is com b ination  o f  man and machine which is used in the 
M an-Com puter In teractive Data Access System (M clD A S ) 
b u ilt  by the U n ivers ity  o f  W isconsin (Chatters and Suom i, 
1975; S m ith , 1975).

W ith  M clD A S  the orig ina l d igita l data are stored on disks 
under the con tro l o f  a dedicated com puter. The images o f the 
data are displayed on a television screen, fro m  which the 
opera tor can select c loud tracers by using a cursor. The 
com puter then fetches the appropria te  data from  the disk, 
tracks the c loud by using corre la tion  a lgorithm s, perform s 
some qu a lity  con tro l checks on the data, and then displays the 
com puted w ind vector overla id on the television screen image. 
The system is f le x ib le  and allows com ple te ly  manual tracking, 
au tom atic  g rid -po in t track ing, overlays o f measurements and 
contours o f surface o r radiosonde data, and c loud he ight 
measurements, in add ition  to  the basic m an-com puter in te r
active track ing. Hence the opera to r and the com puter can 
w o rk  in te ractive ly , w ith  the opera tor m aking decisions and the 
com puter accessing and processing the data w ith  m axim um  
e ffic iency . Figure 5 shows an opera to r term inal o f  M clD A S .

Space- and Time-Resolution Requirements

The basic concept behind c loud d r i f t  w inds is tha t some 
clouds are passive tracers o f  the a ir ’s m o tion  in the v ic in ity  o f 
the c loud . However, clouds grow  and decay w ith  life tim es 
which are related to  th e ir size. T o  qu a lify  fo r  track ing, the 
tracer c lo u d ’s life tim e  m ust be long com pared w ith  the interval 
covered by the track ing  sequence (F u jita  and Pearl, 1975). The 
c loud m ust also be large com pared w ith  the resolution o f the 
images. This im plies a match between the spatial and tem poral 
reso lu tion  o f  the image sequence. In order fo r  a c loud to  be an 
id en tifiab le  feature on an image, i t  generally m ust occupy an 
area at least ten to  20 pixels across (a pixel is an instantaneous 
fie ld  o f  v iew). Hence fo r  fu ll-re so lu tio n , 0.8 km SMS/GOES 
data, the smallest clouds which can be used fo r  track ing  are 
8-16 km across. Experience has shown th a t a tim e interval o f 
approx im ate ly  3-10 m in between images is necessary to  track 
clouds o f  this size, w ith  the shorter tim e interval being 
required fo r  d isturbed situations. By averaging pixels together 
to  ob ta in  a coarser reso lu tion, larger clouds can be tracked 
w ith  longer tim e intervals between images. Experience has 
shown tha t 1.6 km resolution data need 6-15 m in intervals,
3.2 km reso lu tion data need 1 5-30 m in intervals, and 4.8 and
6.4 km reso lu tion data can operate w ith  30 m in intervals. The 
norm al interval between images fo r  the SMS/GOES is 30 m in , 
though faster scans can be obta ined by special request. The 
opera tiona l use o f the SMS/GOES data is generally w ith  
3 .2-6.4 km reso lu tion images w ith  30 m in intervals between

Fig. 5 Operator terminal o f the Man-Computer Interactive Data Access System (M clDAS). The digital data are stored on disks under computer 
control. The operator identifies cloud features on a sequence o f images on the television, and the computer aids in tracking those features. The 
system is flexible and allows graphic overlays of the cloud drift measurements and measurements or contours o f conventional surface and 
radiosonde data in addition to possessing enhancement capabilities.
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them . The c loud tracers are there fore at least 32-64 km across 
and as such represent an average synoptic-scale f lo w  over the 
volum e o f  air being traced.

Cloud Heights

Whenever the w ind changes w ith  height, the accurate deter
m ina tion  o f the he ight o f  the c loud being tracked is im portan t. 
There are several ways in w h ich c loud heights can be deter
m ined. The opera to r lo o k in g  at the visible c loud pictures can 
guess at c loud heights by id e n tify in g  the c loud type (fo r 
exam ple, c irrus). In the absence o f  o ther he ight data, such as 
w ith  the ATS images, the o p e ra to r’s assigned height has been 
shown to  be good fo r  tw o  levels— high (cirrus) and low  (trade 
cum ulus) clouds.

A no the r m ethod o f  de te rm in ing  c loud heights is through 
the use o f  stereo pro jections, fro m  tw o  satellites o r fro m  a 
single p o la r-o rb it sate llite  look ing  ahead and behind. The 
he ight reso lu tion is lim ite d  by the pixe l size on the image and 
the angular base-line displacem ent between the tw o  satellites. 
W ith  th is m ethod the heights o f  clouds could be measured to  
five to  ten levels, b u t the technique has no t been attem pted 
ye t in con junc tion  w ith  a c loud -track ing  system.

C loud shadows may also be used to  measure c loud heights 
in the same way tha t the heights o f m ountains on the moon 
have been measured. Th is m ethod is lim ited  by the reso lu tion 
o f  the image, the knowledge o f  the height o f  the surface 
beneath the c loud , and the ava ilab ility  o f  shadows. The 
m ethod is o f lim ited  practical value.

In frared sounder data o ffe r  in fo rm a tio n  on c loud heights. 
Th is in fo rm a tio n  is generated ro u tin e ly  as part o f  the inversion 
o f  po lar o rb ite r sate llite sounder data (Sm ith and W oolf,
1976), b u t i t  has n o t been applied to  any c loud -track ing  
system. The reso lu tion o f  th is  m ethod is abou t ten levels.
When geostationary sounders are available in the 1980s i t  may 
become an opera tiona lly  feasible m ethod.

F ina lly , the c loud heights can be determ ined by use o f the 
in fra red image data. This is the m ethod used at the U n iversity 
o f  W isconsin and by m ost o th e r c loud -track ing  systems. The 
in fra red c loud tem perature is equated w ith  the actual c loud 
top tem perature, and the he ight is determ ined through a p ro x i
mate sounding. The main prob lem  w ith  this m ethod is tha t 
clouds are n o t necessarily b lackbody radiators. Some o f  the 
energy reaching the sensor may come from  low er down in the 
atmosphere, m aking the clouds appear warm er than they 
actua lly  are. The system developed at Wisconsin to  determ ine 
c loud height (Mosher, 1976) uses the visible data to  determ ine 
the op tica l thickness o f  a c loud . The op tica l thickness is then 
used to  determ ine the in fra red em issivity. The em issivity 
measurement and the frac tion a l c loud cover measurement

using the visible are then used to  correct the b lackbody 
tem perature. I f  there are no visible data, there is no em issivity 
in fo rm a tio n , so it  m ust be sub jective ly determ ined.

P la tt (1975) showed tha t, w h ile  cirrus clouds as a whole 
have very low  em issiv ity, there are regions o f cirrus-generating 
cells where the em issivity is a lm ost u n ity . H ubert (1975) o f 
N O AA /N E S S used this in fo rm a tio n  to  develop a cirrus tracer 
height technique, which operates as fo llow s . The in frared 
tem perature o f these th icke r, m ore emissive regions is colder 
than the tem perature o f the surround ing cirrus. The operator 
measures the tem perature o f  these colder spots, converts i t  to 
height by using a sounding, and then assigns th is he ight to  all 
vectors in the v ic in ity  o f the co ld  cell w h ich move in the 
general d irec tion  o f  and w ith  approx im ate ly  the same speed as 
the colder cell.

The he ight assignment o f  the tracked cloud is p robab ly the 
largest source o f  erro r in c loud-tracked winds at present. In 
ad d ition  to  problem s o f measuring c loud top  height, there is 
the problem  o f  determ ing where in the atmosphere the source 
o f  the m om entum  which is m oving the c loud is. In situ 
measurements by Hasler, Shenk, and Skillm an (1976, 1977) 
show th a t a low-level ocean cum ulus c loud moves w ith  the 
ve loc ity  o f  the air at its base and th a t a cirrus moves w ith  the 
mean w ind o f  the c loud layer. A dd itio n a l in fo rm a tio n  as to 
w hat level is appropria te  fo r the he ight assignment o f  c loud 
displacements is s till required fo r  the larger c loud systems 
which are rou tin e ly  tracked fo r  synoptic-scale flo w .

Lim itation of Cloud D rift Winds

Most o f  the technical problem s associated w ith  ob ta in ing  
c loud d r i f t  w inds have been solved. Studies by Bauer (1976), 
Suchman and M artin  (1976), and others have shown tha t 
c loud d r i f t  w inds can be as accurate as radiosonde winds. 
However, the c loud d r i f t  w ind techniques are no t abou t to  p u t 
the radiosondes o u t o f  business. The cloud w inds are a lim ited  
and m eteoro log ica lly  biased data set. W hile radiosondes ob ta in  
w ind measurements at m any levels, the c loud winds generally 
y ie ld  w ind measurements fro m  o n ly  one level— the upper
m ost layer o f  c loud. In fo rm a tio n  on cloud m otions at d iffe r
ent levels is generally ob ta ined fro m  d iffe re n t geographic areas.

C loud winds also fo rm  a data set wh ich is m eteoro log ica lly  
biased tow ard regions where the a ir is going up (and hence 
produces the clouds). W hile th is should n o t cause any p rob
lems fo r  synop tic  uses o f the c loud  m o tio n  data, i t  cou ld cause 
serious in te rp re ta tion  problem s fo r  c lim a to logy  studies. In a 
general c ircu la tio n  study using o n ly  c loud d r i f t  w inds, H in ton  
(1977) shows tha t the Hadley c ircu la tio n  appears to  extend 
in to  m id la titudes and tha t the transports are much more 
vigorous than has been found  in o th e r studies which used on ly  
radiosonde w inds. This is because the c loud winds are biased
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tow ard  the eddy processes wh ich account fo r  much o f the 
transport. The cloud winds miss many o f  the weaker re turn 
m otions which are associated w ith  clear subsiding air.

Present State and Future o f Cloud D rift Winds

The technology o f de term in ing c loud d r i f t  w inds has so far 
been m a in ly  oriented tow ard synoptic-scale w inds. Figures 6,
7, and 8 show examples o f  low , m iddle , and high w ind 
measurements on 11 February 1976 at 2245 G M T. These w ind 
measurements were made as part o f  an opera tiona l dem onstra
tion  o f  M clD A S  during the G ARP Data Systems Test (DST). 
The w ind measurements were made fro m  the SMS-2 data, and 
fo u r com parable data sets per day were produced du ring  the 
tw o-m on th -long  DST. N O A A /N E SS  is m aking s im ilar data sets 
fro m  the GOES-2 and GOES-3 fo r  opera tiona l use. These data 
cu rre n tly  fo rm  a part o f the data base fo r  the Pacific and 
A tla n tic  regions. The Japanese and the European Space 
Agency have both launched m eteorological geostationary satel
lites. Both o f  these satellites w ill be used du ring  the G lobal 
Weather E xperim ent to  measure synoptic-scale c loud d r i f t  
w inds. The U.S.S.R. plans to  launch a geostationary satellite , 
bu t the latest ind ica tions are th a t i t  may n o t be ready fo r  the 
G lobal Weather Experim ent.

The cloud w ind can also be useful fo r  scales smaller than 
synop tic . Suchman and M artin  (1976) used subsynoptic-scale

Fig. 7 Midlevel cloud drift winds (600-400 mb) for 11 February 1976 
at 2245 GMT.

Fig. 6 Low-level cloud drift winds (900-700 mb) for 11 February 
1976 at 2245 GMT. The measurements were made from SMS-2 data as 
part of an operational demonstration o f  the Me I D A S during the Data 
Systems Test (DST). Four comparable data sets per day were produced 
during the two-month-long DST.

Fig. 8 High-level cloud drift winds (300-100 mb) for 11 February 
1976 at 2245 GMT. This shows the typical synoptic-scale coverage 
which could be expected with cloud drift winds.

*■60.
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w ind measurements to  study c loud  clusters in the G ARP 
A tla n tic  T rop ica l E xperim ent region. H oughton and Wilson 
(1976) measured mesoscale w ind  fie lds around a severe storm  
which produced a to rnado and obta ined reasonable vertical 
m otions by using convergence o f the measured c loud winds. 
Both N A S A  and N O A A  are cu rre n tly  conducting  research 
programs on ob ta in ing  w ind fie lds  around hurricanes and 
tornadoes by using rapid-scan SMS/GOES images w ith  
3-1 5 m in between images. The cloud winds can f i l l  in some o f 
the data gaps between radiosonde stations and between rad io 
sonde launch times. Hence i t  appears tha t in the fu tu re , c loud 
d r i f t  w inds w ill be useful over data-sparse regions o f  the globe 
fo r  long-range synop tic  forecasts and over data-sparse 
subsynoptic- and mesoscale regions fo r  short-range severe 
storm  forecasts.
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Wind Measurements by 

Meteorological Rockets

John Masterson

On a moonless n igh t in early February 1956 in the Long 
Beach, C a lifo rn ia , Navy opera ting area west o f  Los Angeles, 
tw o  U.S. destroyers, the U.S.S. Shelton DD-790 and the U.S.S. 
Kyes DD-787, conducted the f irs t  tests to determ ine w hether a 
m eteorological rocke t system cou ld be used to  rap id ly  measure 
winds in the stratosphere. The idea was to  deploy a radar 
target above balloon a ltitudes (16-30 km) th a t w ou ld  d r i f t  
w ith  stratospheric winds. The dep loym en t system comprised 
surplus Lo k i rockets (developed by the U.S. A rm y  as a n ti
a irc ra ft rockets during W orld  War II) , one o f  the sh ip ’s guns, 
and a com puterized system to  coord inate the aim ing o f  the 
destroyer’s 12.7 cm (5 in.) 38-caliber guns (Newell, 1959;
Thaler and Masterson, 1956a). The rocke t launcher was bo lted 
on one o f the fo rw a rd  guns. The gun po in ted the rocke t 
launcher tow ard a predeterm ined p o in t in space and the rocke t 
was fired , launching an aerodynam ically stable dart, which 
carried the payload o f  cha ff. A t  the apogee o f  the d a rt’s tra jec
to ry , the cha ff, or “ w in d o w ,”  as it  was then called, was ejected 
(see Fig. 1). A  radar d irected at th a t p o in t in space located and 
tracked the c h a ff as i t  fe ll; the reso lu tion o f  the radar-tracked 
c h a ff provided w ind ve loc ity  measurements (Warner and 
Bowen, 1953).

During the tests, one o f  the Lok i darts fe ll to  the deck from  
the end o f the launcher a fte r becom ing disengaged from  the 
booster. The c h a ff e jection charge in the da rt ignited and
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propelled the loose dart around the deck o f  the destroyer—  
where it  lite ra lly  chased the p ro je c t o ff ic e r. A nd the last tw o 
Lok i boosters fe ll to  each side o f the Shelton, much to  the 
concern o f  the sh ip ’s captain and the m eteorological o ff ic e r in 
charge o f the tests.

The fea s ib ility  o f  using pro jectiles fired  fro m  ships’ guns 
w ith  cha ff substitu ted fo r  the warhead was dem onstrated 
during these tests. The c h a ff radar targets ejected fro m  the 
12.7 cm pro jectiles produced w ind measurements at a ltitudes 
between 8,992 m (29,500 f t )  and 5,944 m (19,500 f t ) ;  the 
tracks lasted fro m  3 to  12 m in.

Fig. 1 The destroyer’s gunfire control system, which included a gun- 
mounted launcher, a target acquisition radar, and a computer, provided 
a rapid means to sample stratospheric wind velocities.

RADAR TARGET 
EJECTED FROM DART 
CHAFF FOLLOWS WIND
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The fea s ib ility  o f  using a discrete parachute target tha t 
w ou ld  no t disperse (un like  the cha ff) was dem onstrated by 
ejecting a m etallized parachute fro m  the dart. One dart-ejected 
parachute was tracked between 1 5,484 m (50 ,800 f t)  and 
10,973 m (36 ,000 f t)  fo r  a period o f 7 m in . The data were 
consistent.

The need fo r  rapid and accurate measurement o f winds 
above balloon a ltitudes had been accentuated in early 1954, 
when a tom ic fa llo u t fro m  D epartm ent o f  Defense 
(D O D )/A to m ic  Energy Com m ission operations in the centra l 
Pacific had to  be traced (Jo in t Task Force Seven, 1956). The 
Geophysics Branch o f the O ffice  o f Naval Research sought to 
solve th is problem  by p u ttin g  together a h igh -a ltitude w ind- 
fin d in g  system and dem onstra ting its fea s ib ility  w ith  the tests 
described above (Thaler and Masterson, 1956b). Subsequent 
tests at W hite Sands, New M exico, in June and December o f 
1956 fu rth e r proved the po ss ib ility  o f  c h a ff ’s rem aining as a 
discrete target fo r  as long as 12 m in.

Meteorological Rockets

By 1959, m eteorologists at the DOD test ranges at Point 
Mugu (C a lifo rn ia ), W hite Sands, Cape Canaveral (F lo rida ), and 
the N A SA  test site at Wallops Island (V irg in ia ) had established 
a Lo k i rocke t ne tw ork  w ith  coo rd inated firings. A  develop
m ent program on a m eteorological rocke t was undertaken; the 
resu lting A ll-purpose R ocket fo r  the C o llection  o f  A tm o 
spheric Soundings (ARC AS) was expected to  provide more 
volum e fo r  e lectron ics and sensors and to  avoid subjecting the 
payload to  the high in it ia l acceleration o f  the Lok i.

Fig. 2 Meteorological wind measurements, with temperatures and 
density data derived from the track o f a falling sphere. Sounding from 
Barking Sands, Hawaii, 19 November 1975.

WIND SPEED (m s'1)

W ith the developm ent o f solid-state e lectron ic  sensors, the 
L o k i, in spite o f  its lim ited  payload volum e, successfully 
com peted w ith  the ARCAS and a num ber o f  o ther rockets as 
the operational m eteorological rocke t. Today the ARC AS is 
used as a m eteorological research rocke t fo r  in situ investiga
tions in the stratosphere and mesosphere. There are three 
opera ting models o f  the Lo k i rocke t tha t measure winds from  
30 to  100 km. The simple Lok i PWN-8B measures tem pera
tures and winds between 60 and 30 km ; it  does, however, 
require radar and raw in track ing  equ ipm en t— radar to  track 
the m etallized parachute and raw in to  receive the transm itted  
tem perature measurements fro m  the bead the rm is to r. A  model 
w ith  increased th rust, the L o k i PW N-10A, senses w ind and 
tem perature fro m  about 65 km. Its transponder provides space 
pos ition  data through the raw insonde ground station (G M D-4), 
so radar track ing  is unnecessary.

The Lo k i PWN-1 2A  ejects an in fla ted  passive sphere tha t, 
when tracked by the FPQ-10 radar, provides n o t o n ly  winds 
bu t a measurement o f density fro m  as high as 90 km. The 
w ind tem perature and density data shown in Fig. 2 were 
obta ined from  a passive sphere ejected from  a Lok i launched 
fro m  Barking Sands, Hawaii (Faucher, Procunier, and Sher
man, 1963).

One o f the early problem s w ith  the Lok i was the erra tic fa ll 
o f  the spent rocket booster, an a lum inum  tube 7.6 cm (3 in.) 
in diam eter and 152 cm (60 in.) long, which disengaged from  
the dart at an a ltitu de  o f  1-2 km and fe ll o r sailed w ith  the 
prevailing surface winds. Sometimes it  sailed back tow ard the 
launch pad. This resulted, as in the tests aboard the Shelton 
and Kyes, in near misses and sometimes a h it  on the rocke t 
launcher shed, an adjacent bu ild ing , o r a nearby parking lo t, 
wh ich caused some m isunderstanding between the m eteoro
logical rocke t o ff ic e r and the base com m ander. The Lok i 
booster (PW N-11 A ) has now  been m od ifie d ; the booster 
remains stable and generally glides to  a predeterm ined area.

The com para tive ly large— about 0.3 m in diam eter and 5 m 
long— two-stage m eteorological rocke t used by the U.S.S.R. 
H ydrom eteoro log ica l Service deploys a 20 kg parachute-borne 
payload between 80 and 85 km. The descending payload 
measures tem perature and pressure; i t  is tracked by radar to  
measure winds.

Meteorological Rocket Networks

The orig ina l m eteorological rocke t ne tw ork  o f  the DOD 
missile ranges and Wallops Island has expanded to  three ne t
works. The Cooperative M eteorological R ocket N e tw ork  
(C M R N ), now  under the ju risd ic tio n  o f the A ir  Force E nv iron
m ental Rocket-Sounding System (AFERSS), consists o f  abou t
25 stations. The stations in th is ne tw o rk , inc lud ing  those in 
Canada, range fro m  Kwaja le in in the central Pacific to  Barking
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Sands, Hawaii; Shemya, A laska; F o rt Sherman in the Canal 
Zone; A ntigua in the Caribbean; and as fa r east as Ascension 
Island in the eastern trop ica l A tla n tic .

N AS A  represents the U n ited States in a cooperative p ro
gram among the national space organizations in A rgentina, 
Brazil, Austra lia , Japan, Ind ia, Spain, and the U n ited States. 
Th is program has established launching fac ilities  fro m  the 
A n ta rc tic  to  the A rc tic  to  exam ine s im ilarities and differences 
in the atmosphere between the no rthern  and southern 
hemispheres.

In 1971, the United States (N A SA ) and the Soviet Union 
(Soviet Academ y o f  Sciences) agreed to  exchange m eteoro log i
cal rocke t data along tw o  m erid iona l zones in the eastern and 
western hemispheres. N A S A  has assumed the respons ib ility  fo r  
observations in the m erid iona l zone o f  70°W, prov id ing  obser
vations fro m  the in ter-Am erican ne tw ork . The U.S.S.R. 
H ydrom eteoro log ica l Service has the responsib ility  fo r p ro 
v id ing rocke t data fro m  Heiss Island, Volgograd, M olodoznaya 
in the A n ta rc tic , and tw o  ships in the Ind ian Ocean. I t  also 
coordinates firings w ith  French and Indian firings from  
Kerguelen Island and Thum ba, respectively.

Figure 3 shows the global coverage o f  m eteorological rocke t 
stations tha t has evolved over 20 years o f operations. The 
CM RN stations encode the rocketsonde observations in a 
W orld M eteorological O rganization (WMO) code and transm it

them  on available weather com m un ica tion  c ircu its . R ocket
sonde data are generally available w ith in  4 h fo r  d irect 
mission support at test ranges. The arch iving fo r  the United 
States is the respons ib ility  o f  the N ational C lim atic  Center 
(NCC), Asheville, N o rth  Carolina. In 1969, the National 
Oceanic and A tm ospheric  A d m in is tra tio n  (N O A A ) assumed 
respons ib ility  fo r  publish ing rocketsonde data from  the W orld 
Data Center-A  (at NCC), and the rocketsonde and associated 
raw insonde data are available in W M O publications. M eteoro
logical rocketsonde data are ob ta ined on da ily  to  weekly 
schedules fro m  25 to  30 stations.

Data Use

The early m eteorological rocke t ne tw orks and associated 
firings were used p rim a rily  as mission support fo r  DOD test 
ranges. They defined the norm al con d itions  o f  the atmosphere 
at specified locations and a llow able variations fro m  this 
standard fo r  p lanning design, test scheduling, and rou tine  
operations.

The significance o f m eteorological rocke t observations 
became apparent in the construc tion  o f  stratospheric c ircu la 
tion  charts used in the fo rm a tio n  and m od ifica tio n  o f s tra to 
spheric c ircu la tio n  models (F inger, 1978). The data fro m  
rocke t soundings, especially in high la titudes, are c ritica l fo r  
p red ic ting  and observing the onset, in te ns ity , and du ra tion  o f

Fig. 3 Meteorological rocket stations provide wind and temperature observations at 60 to 70 km at least once a week. During stratospheric 
warming periods or other events, additional stations may be activated.
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stratospheric warmings. Data provided by m eteorological 
rocke t soundings have been used extensive ly in ca lib ra tion  o f 
sate llite  sensors. M eteorological rocke t sounding data were 
used in early 1978 fo r  analyzing the en try  o f the Russian 
COSMOS 954 satellite in to  the atmosphere over northern 
Canada.

Other Variables Measured

In add ition  to  the rou tine  measurement o f w ind between 30 
and 60 km tem perature measurements have become standard 
aboard the Lok i rockets. Measurement o f  density by the 
fa llin g  sphere technique, as w ell as sensing fo r  ozone, electron 
density, and eddy and m olecular d iffu s ion  coe ffic ien ts, has 
also been accomplished by m eteorological rockets fo r  research 
investigations.

Summary

The m eteorological rocke t is now  in global use by abou t 11 
nations. The hardware p rocurem ent by U.S. agencies fir in g  
m eteorological rockets am ounts to  nearly fo u r  m illio n  dollars 
per year.

A lthough  the m eteorological rocke t is today a standard 
sounding to o l, im provem ents are antic ipa ted in the next 
decade. For exam ple, because the hardware now  in use has 
been developed fro m  surplus, thus keeping expense to  a 
m in im um , the capab ility  fo r  m ore precise measurements is 
lacking. An e ffo r t to  im prove the sensors w ith  existing rocke t 
m otors and to  im prove density sensors through im pact p ito t  
pressure probes should con tinue . The fa llin g  sphere w ill be 
used more fre q u e n tly  as sensors im prove, and th is technique 
w ill become more reliable w ith  increased use. In the next few  
years, i t  is expected th a t a rou tine  ozonesonde, com patib le  
w ith  cooperative m eteorological rocke t hardware and fac ilities , 
w ill be developed. However, measurement o f w ind and 
tem perature s till remains the p rim a ry  ob jective o f  the 
m eteorological rocke t.

Acknowledgment. In co llec ting  cu rre n t in fo rm a tio n  on the 
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Overdelermmed W indfinding Systems

Rapjit M. Passi

An overdeterm ined system is one in which there is more 
in fo rm a tio n  than the m in im um  required fo r  so lu tio n ; the 
num ber o f  equations is m ore than the num ber o f variables 
involved. I f  the equations are exact, i.e., i f  the variables are 
m athem atica lly  related and con ta in  no errors, then the 
redundant equations do n o t y ie ld  any extra  in fo rm a tio n .

However, in actual practice one does no t ob ta in  exact equa
tions because to  solve fo r  the desired variables, one m ust in tro 
duce some measured quan tities in to  the exact m athem atical 
re la tionsh ip . These quan tities invariab ly have measurement 
errors or o ther unspecified errors which render the equations 
inexact. I f  these errors can be considered random  in nature, 
the redundant equations w ill add to  the in fo rm a tio n  and the ir 
inclusion w ill y ie ld  more accurate results. B ut i f  some errors 
are system atic o r con ta in  a bias, they may contam inate the 
fina l result. I shall illus tra te  these po in ts  by examples in a later 
section.

M ost o f  the systems under developm ent fo r  m ajor experi
ments, e.g., the G lobal Weather E xperim ent and the Severe 
E nvironm ental Storm s and Mesoscale E xperim ent (SESAM E), 
are overdeterm ined. The Safesonde system, which has been 
developed and tested fo r  SESAME (L a lly  and Passi, 1975;
Passi and La lly , 1977), is an example.

The Safesonde system is being developed at N C A R  by the 
G lobal A tm ospheric  Measurements Program (G AM P). The 
technique involves coun ting  the cycles o f a transm itted  signal 
over a period o f  tim e at a m in im um  o f fo u r receiving sites. The 
system developm ent is being refined; i t  w ill s till be an over
determ ined system, by design.

Author

Ranjit M. Passi earned a master’s degree in statistics at the 
Indian Statistical Institute in 1963, an M.A. in mathematics at 
the University o f Colorado in 1967, and a Ph.D. in statistics at 
Colorado State University in 1971. A fter teaching mathe
matics at Grand Valley State College in Allendale, Michigan, 
for a year, he joined NCA R as a sta ff scientist. His work has 
concentrated on statistical applications to the evaluation o f 
meteorological measurement systems and data analysis, 
especially for Omega windfinding systems and the Safesonde.

O ther available systems, such as the various Omega w ind- 
f in d in g  systems, are also o f  the overdeterm ined type. Such 
systems, viz., shipboard Omega sonde and a irc ra ft dropsonde 
systems, w ill be used during the G lobal Weather E xperim ent 
fo r  co llec ting  data fo r  vertical p ro files  o f  ho rizon ta l w ind 
fie lds  in the trop ics. These systems depend on the Omega 
navigation system, which is a ne tw ork  o f  e ight Omega stations 
located around the w o rld  and program m ed to  have synchro
nized transm ission o f very low  frequency (V L F ) signals. Signal 
phase in fo rm a tio n  fro m  at least three Omega stations is neces
sary to  solve fo r  the tw o  ho rizon ta l w ind com ponents. 
However, th is in fo rm a tio n  may be available fro m  more or 
few er than three stations. In the la tte r case, o f course, there is 
no so lu tion . In the fo rm e r case one m ust u tilize  the in fo rm a 
tion  in an “ o p t im a l”  way.

A n im p o rta n t consideration in the op tim a l com b ina tion  o f 
s ta tis tica lly  redundant in fo rm a tio n  is to  assign proper weight 
to  each ind iv idua l item . The w e igh t is related to  the accuracy 
o f  the item  in such a way th a t the resu ltan t is the m ost accu
rate num ber. In statistica l terms, accuracy o f data is m ost 
com m on ly  specified by the ir variance. I t  is well known tha t i f  
the data are s ta tis tica lly  independent, the op tim a l so lu tion  is 
obtained by w e ighting an observation by the inverse o f  its 
variance. However, i f  the data are corre lated, the covariance 
m a trix  o f the observation m ust be taken in to  account (see 
Passi, 1975). Thus, in any overdeterm ined system, one m ust 
derive a covariance s tructure e ithe r by com pu ta tion  o r from  
the assumptions one makes.

A  m ajor aspect o f designing any measurement system is to  
make a more detailed erro r analysis based on conservative 
assumptions. S tatistica l techniques and the need fo r  such 
analysis are described by Passi (1977) and La lly  and Passi 
(1975).

M ost measurement systems have basic m athem atical rela
tionships th a t are n o t linear in the sought-for parameters. 
C onsequently, we need to  use techniques o f  nonlinear least 
squares. In the fo llo w in g  sections I w ill describe linear least- 
squares fo rm u la tio n  as a prelude to  nonlinear least-squares 
technique. Then I w ill give an e rro r analysis procedure; fo r 
applications, I w ill use an Omega w in d fin d in g  system and the 
Safesonde system.
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Linear Least-Squares Solution

Under the linear least-squares model the parameters to  be 
estim ated occur linearly  in the m athem atical re la tionship, e.g

where y  is an observable q u a n tity ; A y,y-1 , ...,p are variables 
tha t can be specified; and /3y,/= 1, ..., p are the parameters to  be 
estim ated. S tatistica l e rro r e is superimposed on the model by 
adding e to  the above m athem atica l re la tionship. I f  one makes 
n observations Y/, i - 1, ..., n by setting the specifiable variable 
Xj -  X jj,j- \ , ...,p  on the /'th observations, then the statistical 
model can be w ritte n  as

Y = X 6 + e

where Y  is an n X 1 vector o f  n observations corresponding to 
the design m a trix  X o f  dim ensions n X p,Q  is a p X 1 vector o f 
parameters to  be determ ined, and £  is a vector o f  statistical 
errors. I f  the errors ,£ are independently  and iden tica lly  d is tr ib 
uted, then J3 is estim ated according to  the p rinc ip le  o f least 
squares by m in im iz ing  the sum o f  the squares

= (V -  XB)^(Y - XB)

where the prim e indicates m a trix  transposition. In this case the 
least-squares estimate j? o f  £  is given by

-1 X'Yb = ( r x )

However, i f  the elements o f £  are no t independently  and iden
tic a lly  d is tribu ted , bu t instead have a covariance structure 
given by the covariance m a tr ix  then the p rinc ip le  o f least 
squares involves m in im iza tion  o f qu an tity

e2 = (y - x b k  f  V  - XB)

in which case the least-squares estimate j? o f Q is given by 

B = (X "T -1 X) X > -1Y

W ith this prelude we now  proceed to the nonlinear least- 
squares case.

tion  errors, ins trum en ta tion  errors) occur, the set o f  observa
tions Y  may be expressed as

where

Y = G(X;B) + e (2)

y .  - B) +

and £  is the set o f random  errors. L e t J  be the covariance 
m a trix . T o  estimate Q we m in im ize the qu an tity

Q= (Y -  & )' f 1 (Y -  G) 

where fo r  no ta tiona l convenience we have set

(3)

Further, set

G = G(X;B) and g .  = ^ -(X ;B )

Q. = 96/3 B̂-

= 323/3B£ 3B{ , i j = l ,
(4)

where (3y,y'= 1, . . . ,p  are the elements o f  the v e c to r^ . S im ila rly , 
le t Gy and G,y be defined by

Gj = *gn/ W j ) '

h j  = .......... s V 36* 36i r ’ j=1, ■■■’ p
and = ( G j , ..., G p ). W ith  this no ta tion  at hand we can w rite  
the m in im iza tion  con d ition  o f Q as

Q = -2(Y  -  G ) ' f ' 1 G .=0, j = l ,J ~ ~ ~ ~t/ (5)

These are p nonlinear equations in p unknowns which m ust be 
solved ite ra tive ly  to  evaluate the parameters j3y,y'=1, ...,p . Here 
we use the Newton-Raphson m ethod. This involves updating 
an in itia l estim ate o f  £  by adding d iffe re n tia l increments to  it. 
We start w ith  an in itia l guess, say Q0, o f  and expand Qj 
around J30 as fo llow s :

Nonlinear Least-Squares Solution

In this case, as the heading indicates, the parameters to  be 
estim ated have a nonlinear fun c tiona l re la tionship w ith  the 
observable variable. As before, le t Y  be a vector o f  n observa
tions o f  an observable variable y, le t £  be the vector o f p 
parameters to  be determ ined, and le t the fun c tiona l re la tion 
ship be specified by

y = 9,(X ;B) (1)

where, fo r  a given value o f  X , a value o f y  can be specified (by 
observation). I f  we assume th a t statistica l errors (e.g., observa

n t (0) dfij + C19(0) dB, +12K

Qp l (0) d bx + ep2(0) db2 +

+ v o) d %

+ Q (0) dB
PP P

«x(0)

(6)

- «P(0)

The quan tities Q,j[0) are the partia l derivatives as defined in 
Eq. (4) and evaluated at Q = J30. From  these equations we solve 
fo r  c/Q = (dQ i, ..., d ^p ), replace Q0 by £ 0 + and repeat the 
above step unless the norm  o f the increm ent vector dQ is less 
than some preassigned num ber e, i.e., unless

p o
Z (d 6.)
3-1 °

<£

6 6
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Usually w ith  a good in itia l guess the num ber o f  ite ra tions 
should no t be large.

In-m any situa tions one may come across a problem  more 
general than the one discussed above. We state and solve this 
problem  as fo llow s . Suppose, in Eq. (1), the fun c tiona l fo rm  is

f{y )  = (7)
where f ( ')  is a con tinuous m ono ton ic  fu n c tio n . In o ther 
words, a fu n c tio n  o f  the observable variable, instead o f the 
variable itse lf, is involved in the fun c tiona l re la tionship. Even 
though i t  may be possible to  transfo rm  Eq. (7) to  the fo rm  o f 
Eq. (1) as

y =f 1 \? (?:»)]

and treat i t  as above, in o the r cases i t  may be desirable to  have 
i t  as is. In those cases we can rew rite

z = g(X;S)

and w rite  the statistical model as

Z = G(X;B) + e (8)
where

Now, the covariance s tructure  o f  Z can be determ ined from  
tha t o f  Y  as fo llow s. A  small random  erro r dZ,- in troduced in 
Z / because o f  a small random  e rro r o ' / /  in Y/ may be expressed 
as an approxim ate re lation

where

dZ . = f  . d.1 ■ , i - 1. n% vy r (9)

The no ta tion  on the r ig h t indicates th a t the partia l derivative 
df/dy is evaluated a t y  = E(Y/), the statistical mean o f Y,. 
However, since E(Y,-) is unknow n, dY) is assumed to  be a small 
random  e rro r and f( ')  is a con tinuous fu n c tio n ; in actual prac
tice, the above evaluation may be perform ed at the observed 
value Yj. I f  we set dZ and dY  as the vectors o f  errors dZ/ and 
dYj, respectively, and le t £  be the diagonal m a trix  having fjy 
as the /th  diagonal element, then Eq. (6) can be expressed as a 
linear transfo rm a tion

dZ = F dY

Thus, the covariance m a trix  J *  o f  Z can be w ritte n  as

f*  = F T F '  (10)

In o the r words, i f  the ( y ) th  e lem ent o f is \jj,j then, from  
Eq. (9), the (i,j)th  elem ent o f  J *  is given by

\Ji ..*  = f .  f . i|i. .iy  cy v
( 11)

W ith the covariance m a trix  specified, the generalized problem  
as posed in Eq. (8) may be solved as described in the previous 
section.

Velocity Estimation

In th is artic le  we are concerned w ith  ve loc ity  estim ation . In 
th is con tex t, the parameter vector ^  in the above estim ation 
problem  corresponds to  the loca tion  vector. The d ifference 
between location  vectors at tw o  d iffe re n t tim e po in ts divided 
by the tim e d iffe rence yie lds the average-velocity vector over 
tha t tim e period.

However, i t  is possible to  estim ate the tim e derivative 
dYJdt = £  o f  the observable vector Y  more accurately than Y 
itse lf. Thus, i t  may be possible to  estim ate the ve loc ity  vector 
more accurately than is possible by d iffe renc ing  the location 
vector. T o  achieve th is we can take derivatives o f bo th sides o f  
Eq. (1) w ith  respect to  tim e:

ty /d t gx 3 iy a*  + 9p 36p/3*

where

g. = Zg/d&j, j= l,

In vector no ta tion  we can w rite  the statistical model as

(12)

where £  is the random  e rro r vector o f  the derived vector Y  and 
j3 = 9P/dt. The above model is a linear model and the ^  is 
estimated as

-1 ■l (13)

where A  is the covariance m a trix  o f  the error vector e.

We note fro m  Eq. (13) th a t the estim ation  o f j3 involved the 
parameters o f  The on ly  available m ethod is to  substitu te  the 
estim ated values o f in this equa tion , which brings fo rth  the 
fo llo w in g  po in t. Since is an estim ate o f  ^  i t  has some errors 
w h ich, when substituted in Eq. (12 ), in troduce  fu rth e r errors 
in j3. The details o f  these errors can be w orked o u t, b u t fo r  the 
present i t  suffices to  say th a t in m ost situa tions reasonably^ 
close estimates w ill n o t cause errors o f  any significance in Q. 
This depends on the “ s ta b ility ”  o f  the c o e ffic ie n t m a trix .
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Having described the procedure o f  estim ating parameters in 
the nonlinear and linearized s tructure , as in Eq. (12), I need to  
state how  well the estim a tion  has been perform ed. This is the 
subject o f  the next section.

Error Analysis

As should be clear by the foregoing presentation, the errors 
in the estim ation o f parameters, in a nonlinear as well as a 
linearized m odel, w ill depend on the values o f the parameters. 
For instance, the estim ate o f  the loca tion  as well as the 
ve loc ity  com ponents in any w ind measuring system w ill 
usually depend upon the loca tion . So, in an e rro r analysis o f a 
system, we substitu te  the true values o f  the parameters in the 
e rro r fo rm u la ; i.e., we com pute errors due on ly  to  the random  
e rro r o f  observation.

The covariance m a trix  o f  ^  in a linearized model can be 
easily specified fro m  the linear least-squares theory  as

l o = (I T 1 P ’ 1

where the s u ffix  v stands fo r  ve loc ity  (corresponding to  j3). 
Usually, the covariance m a tr ix  A  o f  the derived vector V  can 
be expressed as

A = C V s ~

where Cs is a constant due to  estim ation  o f slope. Thus

t v = < y r  ! _1 p _1

I w ill show in the fo llo w in g  tha t the covariance m a trix  V p , the 
su ffix  p ind ica ting  position  (corresponding to  the vector £), 
d iffe rs  fro m  by the fa c to r Cs.

A pa rt fro m  the linearized model we w ill consider tw o  o ther 
types o f  erro r analyses. One is when we are given in fo rm a tio n  
such as tha t in the model o f  Eq. (1). In fact, we can augment 
this model by in tro du c ing  bias errors in X,-. The mean-square 
erro r m a trix  w ill be shown to  be the sum o f  the covariance 
m a trix  and the bias m a tr ix . The second is when estimates o f 
one or more parameters and the covariance s tructure  o f  these 
estimates are available fro m  a source independent o f  the model
(Eq. 2).

T o arrive at the errors o f  estim ation involves tw o  aspects. 
The f irs t is the statistica l e rro r s tructure o f  observations and 
the second is the estim ation  procedure. We w ill use these tw o 
items to  derive the covariance m a trix  o f  the vecto r o f  esti
mated parameters.

For the statistica l errors o f observations, le t J  be the covari
ance m a trix  o f  the observation vector V , which has du ly  been 
incorporated in the estim ation procedure.

E rro r M a trix  fo r  Model (2)

In th is case we solve fo r  J3 fro m  th e p nonlinear equation 
in (5). For convenience we rew rite  th is set o f equations:

Q. = - 2(y -  G)" T '1 G. = 0 , o= 1, P

Now, assume tha t a small random  erro r tfY  in Y  and a bias 
e rro r dX j in X / in troduce an e rro r d ji in j3. Then we can w rite  
an approxim ate re la tionship,

where the star indicates sum m ation over all elements X  in X\, 
/=  1, ..., p which have bias errors dX, and G x and GJX indicate 
partia l derivatives o f  G and G / w ith  respect to  A". As in Eq. (9), 
all the evaluations are to  be done at correct param eter values 
so tha t the exact m athem atical re la tion  Y  = G holds. Thus,
Eq. (14) can be rew ritten  as

G'. f ' 1 G, + . . .  + G'. Y '1 G

'  P (IS)
= G'. T_1 (czy + b ) ,  j - l ,  P

~  ~  ~

where

b = E 5 X *
★

T o  fu rth e r s im p lify  th is, we use

§ = (Gp • • ■» Gp)

Then

V  ^  ? d3 = K' + b)

o r

1 - 1 1
= ( r !  v  r  i  + ^

This gives the mean-square e rro r m a trix  o f the estimated 
parameters as

1 - 1 -1 -1 1 - 1Yg = [C  y (V + b b " )¥  5 (5 ' f  | )

_ i  ' I
= ( r  ? & + e

6 8
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where

-1 - 1 -1 -1 -1 - 1r = {£' f  5 ) r  f  b b ¥ 5 (c ' v 5)

is the bias erro r m a trix . O bviously , i f  there are no bias errors in 
X  then J) = 0, which gives F  = 0. Hence, the covariance m a trix  

o f the estim ated parameters is given by

-1■1 ?)

This also proves the earlier assertion th a t and d iffe r  by 
a fa c to r o f  the slope estim ation constant Cs.

Error Matrix When Independent Estimates 
of Some Parameters Are Provided

This model has app lica tion  to  an a irc ra ft track ing  system 
tha t is under investigation. I t  is required to  locate the a irc ra ft 
in a three-dim ensional space w ith  a given coord inate  system by 
using in te rfe rom e try  techniques. From  this, a model like  (2) 
can be fo rm u la ted . However, the a irc ra ft has a cap ab ility  o f 
independently measuring its a ltitu de  above a reference po in t. 
Thus, our param eter vector j3 corresponds to  the location 
vector (X, Y,Z) , w ith  an independent estimate o f Z  provided. 
The variance o f the estimate o f  Z  is known.

This s itua tion  can be generalized to  assume th a t indepen
dent estimates o f  k o f  p parameters are available w ith  a given 
covariance s tructure  provided by a k X k m a trix  • These 
parameters, w ith o u t any loss o f  genera lity, may be assumed to  
be the last ^  elements o f  £ .  Thus, the problem  is to  estimate j3y, 
j=  1, ...,p—k, given estimates o f  fy,j=p—6+1, ...,p . This p rob
lem can be tackled in various ways which w ill be reported else
where. For cu rre n t purposes we w ill use the values o f  the k 
estimates d ire c tly  in the statistica l model (2):

Since the errors dj^j and dY are independent o f  each o ther, the 
covariance m a trix  o f e may be w ritte n  as

r  = ~ + S2 ~2 §2

where

I  “  ( S r .  '  (~ 1 ’ • • • ’ ~p-k’.~p-k+ 1 ........... V

There fore, to  estim ate the rem a in ingp—k parameters o f  ^ 1  we 
m in im ize the quadratic

<3 = <3(e/Bz ) = (Y - G*) r _1(v - G*)

where G * = G (X  ; ^  /J.32 ). The (p—k) norm al equations are 
obtained by equating the derivatives o f (J to  zero.

(Y -  G * r  r " 1 G^ = 0 , 3 - 1 ........... p-k (17)~ ~ ~

Furtherm ore, assume th a t small errors dY  and dfy, 
j  = p—6+1, . . . ,p  in troduce  errors dfi; in |8/, / = 1, ..., p—k. Then 
we have an approxim ate re la tionship as fo llow s

<» - r  r ' | >  “V e s  
 ̂ 1 k =1

t  s; f V
ji=p_fe+i

Y = G f X ; ^ / ^ )  + e (16)

The f irs t  term  on the le ft-hand side o f  the above equation is 
zero due to  the m athem atical re la tionsh ip  ^  = G. W ith th is the 
(p—k) equations can be w ritte n  as

f i  r ' 1 dBj = s j r " 1 dY - r ' 1 ?2 d32 

= l {  r _ 1 (dY -  ?2<2S2 )

where

( s { ,  &;) = (B-,» h  = (§1 E’ 1 §1 I ’ V y  - s2 ^b2)

The slash no ta tion  in Eq. (16) indicates tha t estimates o f ^  
have been provided, and £  is an e rro r vector due to  both erro r 
observation and estim ation o f  J32- The covariance m a trix  o f  £  is 
the same as tha t o f

From  th is the covariance m a trix  o f  the estimates o f is

?b = E "1 (18)

Z = Y -  G (X ;B 1/ B 2 )

Small random  erro r c/Y in Y  and dQ2 in fci w ill in troduce a 
small random  erro r dZ in Z; these three errors are ap p ro x i
m ately related as fo llow s :

e = d l  = d Y

3= p-k+ 1
G. cZB- <7 J

Applications

In this section I w ill illus tra te  the use o f the ideas and fo r 
mulas derived in the previous sections. Even though there are 
o ther concepts to  which th is the o ry  is applicable, I w ill res tric t 
m yse lf to  the systems w ith  which the G AM P group at NC AR
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has been associated, viz., the Omega w in d fin d in g  system and 
the Safesonde system.

Omega W ind find ing  System

This type o f system has been an integral part o f  the G lobal 
A tm ospheric  Research Program (GARP) A tla n tic  T rop ica l 
E xperim ent (G A TE ) as well as o f the G lobal Weather E xperi
m ent. T w o  systems, the a irc ra ft dropsonde system and the 
shipboard Omega system, are planned to  be used to  derive 
vertical pro files o f  the ho rizon ta l w ind fie ld  in the trop ics 
du ring  the G lobal Weather Experim ent.

Omega w in d fin d in g  depends on the Omega navigation 
system, w h ich is based on phase measurements o f  10.2, 11.33, 
and 13.6 kHz signals transm itted  in the fo rm a t o f  Fig. 1 from  
eight Omega stations located around the w o rld . M ost o f  the 
w in d fin d in g  w o rk  has been done at the 13.6 kHz frequency. 
However, in c lud ing  o ther Omega and/or V L F  frequencies to  
supplem ent the system has been contem pla ted , though n o t pu t 
in to  practice. There fore, in the fo llo w in g  we shall assume there 
are k(>3) Omega stations f iy ,y  = 1, ..., k fro m  which signals 
are being received at loca tion  (xy). Le t Dy be the distance 
along the great-circle path between the location  in question 
and the £2y,y = 1, ..., k. Then, i f  Ay is the wavelength o f the 
signals, the true phase o f  the signal fro m  £2/ is

<t>j = (2 -n V y D . (19)

B ut the q u a n tity  actua lly  being measured is p; =  4>j— < t> i, where 
4>l_ is the phase o f  the local osc illa to r against which the

measurement is being made. For various reasons 0/_ cannot be 
determ ined. Hence, to  e lim inate  th is  q u a n tity  we m ust take 
hype rbo lic  phase differences

= *. - A., ifo=l, . . . ,  kIs J
There are on ly  (6—1) independent phase differences which 
may be specified by s e t t in g /=  6. Thus, we ob ta in  an indepen
dent set o f  (6—1) equations

pik  = h  "  V  i= 1 ’ (&" 1) (20)

which is independent o f </>/_, the unknow n qu a n tity . Now  we 
establish the m athem atical re la tionsh ip  between the unknow n 
parameters x  a n d y  and the “ observed”  quan titiesp /& .

Le t 0] be the central earth angle between the location  (x-y) 
and £2y: (£y,r?y). Then

D . = RB . (21)
3 3

where R is the radius o f the earth . Further, we use the well- 
known re lationship

cos 0 . = cos (a; -  g .) cos n • cos y + s in  n . s in  y = f .
3 3 3 a 3 3

in Eq. (21), and use Eqs. (19) and (20) to  ob ta in

Pik = 2vR[hi  - V
= 2iri? h .^ , i=  1 , . . .  , k- 1

Fig. 1 The present Omega signal format for worldwide primary very low frequency and high-frequency transmissions. Plans are under way 
for all Omega stations to transmit the fourth navigational frequency o f 11.05 kHz and a unique frequency in the future. (From Time Service 
Publication, Series 1, U.S. Naval Observatory, Washington, D.C.)

DURATION (s)
A

0.9
B

1.0
C

1.1
D

1.2
E

1.1
F

0.9
G

1.2
H

1.0
A

0.9

N o r w a y 10.2 13.6 1 1 -1 /3 12.1 12.1 11.05 12.1 12.1

L ibe r ia 12.0 10.2 13.6 11-1 /3 12.0 12.0 11.05 12.0

H awa ii 11.8 11.8 10.2 13.6 1 1 -1 /3 11.8 11.8

N. D a k o ta 11.05 13.1 13.1 10.2 13.6 1 1 -1 /3 13.1 13.1

Reu n ion 10.2 13.6 1 1 -1 /3

A rg e n t in a 10.2 13.6 11-1 /3

T r in id a d  ( u n t i l  3 /3 1 /7 8 ) 11 -1 /3 10.2 13.6

jap a n 13.6 11-1 /3 10.2

1
0.2

10.2
12.0
11.8
11.05

11 -1 /3

13.6
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where

h . = ( 1 /X .) cos 'V  , j= l,  kd v J

T o solve these nonlinear equations we start w ith  an in itia l 
estimate (x0,yo) o f  the pos ition  and expand the expressions in 
Eq. (22) around {x0,y0 ) to  ob ta in

This corresponds to  the model in (2). Com paring the tw o  we 
have

Y = (plk , . . . , P k_U k) '

X. = (5 , n , 5 , n ) '
0 o k k

B = ( s .  y ) '  and  G = 2 i r f l ( / i 1&, fe)

Let J  be the covariance m a trix  o f Y. The estim ation o f ^  
w ill be discussed in a la ter section. T o  estimate the position  
(x,y) so tha t the quadratic

Q[x, y)  = (Y -  G ) "  f l  (Y -  G)

is m in im um  is accomplished by setting its partia l derivatives 
w ith  respect to  x a n dy  equal to  zero:

(Y -  G ) '  V " 1 3G/3a: = 0 

(Y -  G ) '  V ' 1 3G/3z/ = 0

I f  we denote the (/',/)th  e lem ent o f ^ _1 by ip/j, then the 
above equations can be w ritte n  as

Z ^ ( P.k - 2 ,Rhi k ) ^ i ] , h  $ y - 0 
0 L1' J

(22)

For clear understanding we re in te rp re t the sym bols used in 
the above equations. The term  p /*  is the phase d ifference 
between the measured phases fro m  stations £2/ and £2*,

3/1 ./3s = (1 /X .) 3/3s(cos~l f . )
C  J  tJ

- (1/X .) (1 - / / )  3 / . /3s1/ tj

f - s in ( x  -  5 .)  cos r i . cos yC tJ
3f./3s =<

cos(a: - 5 .) cos n . sin y + cos y s in  r i . i f  s = y
C J  J

and the elements i//,y o f  ^  1 can be derived in a closed fo rm  in 
terms o f  the phase variances fo r  signals from  d iffe re n t stations.

where

alx  **  + aly  dy = a 10 

a2 *  *  + a2y dy = a20

dx = x - xQ, dy = y - yQ,

n s  = E E  (pife -  2W h.k) Tp A - ^ s t x

(23)

'3K

-  2 t t / ? £  3 « i f e / 3 s  dhok/dx

a2s = ? ?  ^
J ^

- 2Ttf?£ 3 î-t, / 3s 3^.,/3i/
,7 i

fo r s  = (x,y), and a10 and a2o are the evaluations o f  the 
expressions (22) at (x,y) = (x0,yo )• Now  solve Eqs. (23) fo r  dx 
and dy, replace (x0,yo) by (x0 + dx, y 0 + dy), and repeat the 
process u n til some accuracy c r ite r io n  is satisfied. 
d2hjk/dsdr, s ,r -  x ,y  are second-order partia l derivatives. Note 
th a t a2x = a^y in the above equations.

This estim ated pos ition  now can be used to  estimate the U 
(east-west) and V (no rth -sou th ) com ponents o f  the ve loc ity . 
For th is  we take tim e derivatives o f  bo th sides o f the equations

Pik = ™ hik‘ i=1..........k~l

to  ob ta in

= 2tt/?( dh^/dx  3x/3fe + dy/dt) i= 1 , k-1

Since

U - R cos y 3a:/ 31

V = R ty /Z t

the above equations reduce to

va, = 27r(;
1 ik  u + ZjlK v)

' ik  ‘'"'■cos x 3a: 3y

These equations, w ritte n  in m a trix  no ta tion , are
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where H is the coe ffic ien t m a tr ix  and £  = ( f iik , ..., 
The linear least-squares so lu tion  fo r  (U, V)' is

oscilla to r. However, the q u a n tity  being measured is the 
accum ulated num ber o f  cycles

rtf ']  - - l - l  ,  . - i  .
( I = (y !  y) H y p (24)

dt

where 4^is the covariance m a trix  o f  j5. H euris tica lly , i t  can be 
argued (see Passi, 1974) th a t = Cs^ ,  where Cs is a constant 
which depends on the phase slope-estim ation procedure. So, 
w ith o u t any loss, one can use J  instead o f 4 .̂ However, fo r  
the com pu ta tion  o f  the covariance m a trix  o f  (U, V)' an 
appropria te  value o f  Cs m ust be used:

w" H)"1

I t  can easily be shown (Passi, 1973) th a t when phase is 
assumed to  be quadratic over a 2 m in period and phase data 
are available every 10 s, Cs = 1 / 1 8,200.

The Safesonde System

This system was proposed fo r  use fo r  the SESAME pro ject, 
w hich requires fo u r o r more receivers to  be placed several 
k ilom eters apart to  receive the signal from  a radiosonde trans
m itt in g  at a frequency o f  several megahertz. A  ground-based 
transm itte r provides a reference signal to  each o f the receivers, 
w hich is used to  measure the num ber o f  transm itted  cycles 
received. Cycle counts are con tinuous ly  accum ulated and read 
ou t to  a centra l s tation at set intervals. For fu rth e r details see 
Passi and La lly  (1977).

f t  + ^  + d t
' 0

Since the transm itte r frequency f j  is n o t stable, i t  is necessary 
to  e lim inate i t  by tak ing differences between receiver counts; 
since the local osc illa to r frequency fo  is the same fo r  each Sj, 
fo  also cancels in the process. Thus we obta in

a. . = a. - a .
1*3 is 3

A
= /  ( A f .  -  Af . ) d t ,  i ,  3= 1........... kJ, 'b 1*

Since the dopp ler frequency o f  A  f j is related to  the change dR; 
in the radial distance o f  the sonde fro m  5/

d R . -  - X  - A / .

where X is the wavelength, we can w rite

\a . . = ^  {dR. - dR.)dt
1*3 / 3 i'

X

= ^R3 " V  " R̂i  " Rio'>’ J = 1, k

(25)

Now  we set up the m athem atical fo rm u la tio n  in general and 
give the nonlinear least-squares so lu tion  to  the sonde position 
(x,y,z) in three-dim ensional Euclid ian space w ith  a given 
coord inate system. Let there be k receivers Sj located at 
(Xj, Y j,Z j),j = 1, ..., k, where the num ber o f  cycles o f trans
mission received from  the sonde transm itte r is being accum u
lated. A t  any instant o f  tim e  the num ber o f  cycles per second 
being received as Sj is

f 3 f T  + A/- + /,0

where f-j- is the frequency o f  the sonde transm itte r, A  fj is the 
change in the frequency due to  change in the radial distance 
between the sonde and Sj, and fo  is the frequency o f  the local

where Rl0 is the in it ia l radial distance o f  5 / from  the sonde. In 
Eq. (1) there are o n ly  (k—1) independent equations which 
conta in  all the in fo rm a tio n . These, w ith o u t any loss, can be 
specified by f ix in g ;  = k, i.e.,

where

di  =  Ri  "  R i 0 ’  z ~1, • • • ’  k

W ith th is m athem atical model we fo rm u la te  and solve fo r  
(x,y,z) using the nonlinear least-squares technique. This 
requires m in im iza tion  o f

where

= (d - \aK  V"1 (d - Xa)

~d = <d l  * dk ........... dk- 1 -  dk>'

2  = ( a i  ‘  ak ................. ak - 1  ■ ak y
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and J  is the covariance m a trix  o f the observed vector _a. In 
com parison to  Eq. (1),

I  - ^  = (V  V  zd '  xr  V  h Y

8 -  [ i c , y , z ) ' , G = d

One can now solve fo r  the position  and the ve loc ity  by the 
methods described in the previous sections.

W ith the phase variances com puted we can now com pute 
the covariance m a trix  o f the vector £ =  (p \k, ..., Pk- 1  kY■ For 
this we assume tha t the phase errors from  d iffe re n t stations are 
s ta tis tica lly  independent, i.e., the covariance

cov(P i , Pj)
0
a2.3

i f  i ic
i f  i-3

Thus

Derivation of Covariance Matrix = cov(P;fc’ pjk ] = cov(pi  - V  pd - pk]

In the above sections I have shown the role o f a covariance 
m a trix  in the estim ation o f the parameters. A  covariance 
m a trix  indicates n o t on ly  how  accurate the observations are 
bu t also how  closely these observations are corre lated in the ir 
errors.

Unless the covariance m a trix  is given to  us, i t  needs to  be 
estim ated, and this estim ated m a trix  must be used in the 
com puta tions. Even though th is is n o t an ideal th ing  to  do, it  
is be tte r than com puting  w ith  equal weighting.

For Omega-based systems, measurements are made on the 
phase 4>j o f  the signal from  D.j. Le t o 2 be the variance o f 4>j. 
Now  Oj2 can be estimated fro m  signal-to-noise ra tio  measure
ments. In such a case, one may use d iffe re n t values o f oj2 at 
d iffe re n t tim e points. This, as a m atter o f  fact, is the best 
m ethod i f  there is evidence th a t the signal qu a lity  from  one or 
more Omega stations changes over tim e. In previous studies,
e.g., Passi (1974) and Passi and Olson (1974), the data qua lity  
has been assumed to  be constant over the en tire  f lig h t and thus 
a single value o f  a 2 was used fo r  all the com puta tions. The 
data were sm oothed by using cub ic spline (see Passi, 1974), 
and the oy2 was estimated fro m  the residuals as fo llow s . Le t 4>j 
be estim ated by the cubic-spline fu n c tio n  g(t) at tim e t. Then

= c o v ( p { , p j )  -  c o v ( p ; , pk ) -  c o v ( p fe, p j )  + c o v ( p fe, pk )

Since (/',;') =£6, we have

, . . . (i3 |

2 2 a . + a, i f  i= j3 *

i f  He

From  this the covariance m a trix  ^  can be w ritte n  as

<F = D + a ,  J~ k ~

(26)

(27)

when D is a (k—1) X (k—\ ) diagonal m a trix  having a 2 J  =
1, ..., (/?—1) on its diagonal and JJs a (6—1) X (6 —1) m a trix  
w ith  one fo r  all its elements. The inverse J -1 o f which is 
involved in all com p u ta tio n , can be w ritte n  in a closed fo rm  as

when

f ' 1 = D ' 1 -  p  s s '

9 9  ^ o  “ 1

v - * f c (1 + 0f c £ V

CT|  = S ( <*,t7- " " 21)

where n is the to ta l num ber o f  observations and r  is the num 
ber o f coe ffic ien ts estimated m inus the num ber o f  constra in ts. 
In fact, i f  we use n0 cubics to  describe the data and then 
estimate 4n0 coe ffic ien ts ( fo u r coe ffic ien ts  fo r  each cubic) and 
there are three c o n tin u ity  constra in ts at each o f the (/70 —1) 
jo in  po in ts, then

\  - 3(n0 - 1) = Wq + 3

For the Safesonde system it  is reasonable to  assume tha t 
signal strength is equa lly good at all the receivers. Thus 
Oj2 = o2 , j  = 1, ..., k. Then the covariance m a trix  o f the vector 
â, by Eq. (27), can be w ritte n  as

¥ = a2 ( I  + J )

where is the id e n tity  m a trix . Note th a t know ing o2 is no t 
necessary fo r  com puta tiona l purposes. However, fo r  error

One can, o f  course, m o d ify  th is  procedure to  accom m odate 
the varia tion in data qu a lity  over tim e.
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Fig. 2 Majuro local Omega wind error. True velocity is zero. This 
graph is based on 4 min averaged winds subjected to cubic-spline 
smoothing.
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analysis purposes, the on ly  e rro r th a t can be considered 
random is the trunca tion  error, i.e., e rro r due to  n o t account
ing fo r  the incom plete cycles. The range o f th is e rro r is be
tween zero and one. I f  i t  is assumed to  be un ifo rm  over (0,1) it 
w ill y ie ld  a2 = 1/12.

Bias Errors

In earlier sections i t  was po in ted o u t tha t certain nonran
dom or system atic errors w ill in troduce bias errors in the fina l 
results. In the e rro r analysis section the bias erro r m a trix  was 
id en tified . In this section I give examples; I w ill id e n tify  the 
system atic errors in observations and the bias thereby in tro 
duced in the fina l results. One case which usually w ill no t sig-

Fig. 3 Radar vs doppler comparison o f the sonde position, Flight 
No. 7 o f the Wallops Island systems test.
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n ific a n tly  a ffec t the results is tha t o f  small erro r in the loca
tion  o f the sonde. The e rro r fac to r due to  this erro r is a 
fu n c tio n  o f  geom etry o r the design vectors X, as in (2). 
However, caution is advised since bad geom etry coupled w ith  
even a small erro r in the sonde location may y ie ld  a hopeless 
s itua tion .

A pa rt from  the above-m entioned error, a s ign ificant 
system atic e rro r in an Omega w in d fin d in g  system is the diurnal 
varia tion o f the phase. The day-n ight te rm in a to r on the signal 
path in troduces a false slope to the phase and consequently a 
bias in the ve loc ity  estimates. Such an e ffec t is b rought o u t in 
Fig. 2, which depicts a test conducted at M ajuro A to ll in the 
Marshall Islands (Olson, 1977). Phase data fro m  Omega sta
tions at Japan, Hawaii, and Reunion were recorded fo r a 
sta tionary sonde. The com puted Omega w inds were compared 
w ith  the actual ve loc ity  o f  the sonde, which was zero. One 
notices a large bias in the U (east-west) com ponent o f the 
com puted winds. This was due to  the fac t th a t the day-night 
te rm in a to r affected the signal fro m  Reunion to  M ajuro. Also, 
this signal path is alm ost due east o f M ajuro. These tw o  facts 
exp la in the bias in the U com ponent o f the Omega winds.

A no the r type o f system atic error th a t comes in to  play is 
additive erro r instead o f the slope error. By additive error I 
mean the same error, in sign as well as m agnitude, added to  all 
the observations a fte r some tim e po in t. This k ind  o f  erro r w ill 
in troduce erro r in location , bu t the ve loc ity  com puta tions are 
no t affected by it. An exam ple o f this is cycle slippage in the 
Safesonde radiosonde system. Figure 3 depicts th is e ffec t. In 
the systems test at Wallops Island, V irg in ia , the postanalysis 
indicated tha t, as the ba lloon fle w  past the main receiving 
station im m edia te ly  a fte r launch, a d ro p o u t o f  cycles occurred 
which was equivalent to a 10 m erro r at s tation one. A lthough  
the errors in the X, Y,Z com ponent are large, the largest w ind 
erro r is 0.3 m/s averaged over periods o f 1 m in.
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