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THE METEOROLOGICAL DATA SYSTEM
(AN/GMD-5)

A METEOROLOGIST’S POINT OF VIEW

BY: JOHN HOBBIE
SPACE DATA CORPORATION

1333 W. 21st Street
Tempe, Arizona 85282

ABSTRACT

Engineers developing specialized telemetry systems do not always have the vantage point
of the user of their systems. The requirements of an upper air sounding system may seem
straightforward at first; but, when the meteorologist’s viewpoint is considered, the
engineering problems become more difficult than originally perceived.

This paper discusses the Meteorological Data System (AN/GMD-5) manufactured by
Space Data Corporation for the U.S. Air Force. The GMD-5 is designed to be a
militarized, rugged, portable replacement of the World War II vintage GMD-1. It can be
set up in the field and provide automatic, real-time data reduction of a rawinsonde flight
within two hours of arrival at a site. The system has an extensive self-diagnostic capability
such that a trained meteorological operator could troubleshoot faults and correct them
down to the circuit board level.

This paper presents the problems involved in designing a telemetry system that will work
in field environments and will be easy to use by meteorological technicians. The whole
system, including the sonde (both sensors and telemetering system), the tracker, telemetry
decoder, and data processing systems, is presented, and the problems associated with the
system’s performance and accuracy are discussed from the meteorologist’s point of
view, followed by the engineer’s solution to these problems.

INTRODUCTION

Many telemetry engineers dismiss an upper air sounding system (weather balloon system)
as nothing more than a specialized telemetry system, somewhat trivial and simple-minded.
Building a system with a sensor/transmitter package and a tracker/receiver unit that is
accurate, repeatable, reliable in all weather conditions, easily maintained, portable, and 



inexpensive, is a substantial engineering challenge. This paper presents the development of
such a system through a meteorologist’s eyes.

THE PROBLEMS

A meteorologist releases a “weather balloon” called a rawinsonde or radio-sonde to
measure temperature, pressure, humidity, and wind velocity as a function of height. These
data are taken twice daily around the world at 0000 and 1200 GMT. Governments freely
exchange these data, meteorologists prepare weather maps, and computers generate
forecasts and analyses based on these data.

Usually a balloon flight lasts between 90 and 120 minutes and the balloon reaches an
altitude of 31 km (100,000 feet). Temperatures range from +50EC to -100EC. (Of interest:
the coldest high altitude readings in the world are over the tropics!) Pressures range from
1040 hPa to 4 hPa, and winds range from calm to 150 m/s. Batteries and the sonde
electronics must be able to operate properly in rain, hail, sleet, and snow.

Since all sondes are released, worldwide, at the same time, the narrow frequency bands
allotted for meteorological purposes are crowded. Sondes usually transmit at 1680 MHz
or at 403 MHz. Frequency drift for these two bands is normally restricted to 1 MHz at
1680 MHz and 0.25 MHz at 403 MHz throughout the entire balloon flight. The sondes
must operate within these frequency limits while subject to wide temperature ranges and
varying battery voltages. Overseas, the closeness of the countries allows sondes to easily
cross national borders and interfere with foreign trackers. Weather satellites also are in the
1680 MHz band and rawinsondes cannot be allowed to drift into the satellite downlink
frequency.

Local problems also occur, for example, at White Sands Missile Range a rawinsconde
frequency is near one of the command destruct frequencies.

The typical power output of the sonde is only 250 mW. A balloon frequently drifts more
than 150 km during a winter flight, and the elevation of the sonde often drops to below six
degrees above the radio horizon; therefore, the antenna must be well designed to provide
good telemetry data and accurate positioning of the sonde. If the system is to track
meteorological rockets as well as balloon-borne sondes, the tracker must be substantially
faster. Rockets burn for two seconds, taking the sonde from the surface to 2 km (6000
feet) in that time. They then coast up to 70 km (230,000 feet) where the sonde is
deployed. The rocket sonde falls rapidly in the rarified air, presenting a rapidly moving
target.



The last major problem is cost. Unlike funding for military systems, funds available for
meteorology are scarce and usually unrealistically small. Sondes are expected to cost
$70-$100 each with battery, calibrations, etc and yet deliver 0.1% or better accuracy for
all the meteorological parameters throughout the entire balloon flight, under varying
environmental conditions. The telemetry trackers are expected to cost less than $200,000
(in some cases less than $75,000) including computer, data reduction software, receiver,
antenna, etc, yet the tracking accuracy is expected to be on a par with the better range
radars.

THE APPROACH

Each of the many different types of upper air sounding systems has its tradeoff of
accuracy versus cost. The different approaches are shown below in a two by two matrix
where one of the cells is forbidden.

The first problem is to decide how the system is to produce wind velocities. Virtually all
systems determine winds by measuring the horizontal displacement of the balloon with
time. Either a tracker or a NAVAID system such as LORAN or OMEGA can give balloon
position. Trackers are more expensive but are substantially more accurate.

The second problem is to decide how pressure is to be determined. The hydrostatic
equation used by meteorologists requires pressure, height, and the virtual temperature,
which is the temperature adjusted for humidity. If two of the parameters can be
determined, the third can be calculated. Usually one of two methods is used in radiosonde
work: either the height and temperature are measured and the pressure is calculated, or the
pressure and temperature are measured and the height is calculated. Given normal tracking
accuracies, the first method of calculating pressure by measuring the height and
temperature is more accurate. (When the tracker is tricking at low elevation angles during
strong wind conditions aloft, this statement is not entirely correct, and the pressure errors
become only slightly worse than when they are directly measured.) The aneroid pressure
cell accuracy of existing sondes is the limiting factor in the accuracy of the entire upper air
sounding profile. Increased accuracy is possible at increased expense.

Space Data Corporation has chosen to offer improved accuracy at a higher cost. They
built the Meteorological Sounding System (MSS) in use at most of the National
Ranges,.and the AN/GMD-5 purchased by the Air Force Air Weather Service. Both
systems were designed to measure the height and compute the pressure. Once that major
design decision was made, the meteorologist’s concerns were considered by the engineer.

The individual parameters measured in an upper air sounding are not independent
measurements. Error analyses of upper air data based on classical error propagation



techniques give faulty results. For example, the measured temperature is used to calculate
the humidity. The temperature and the humidity, along with the measured height, are used
to compute the pressure. Thus, the temperature errors affect the pressure. However, the
temperature is reported as a function of the pressure (“the temperature at 500 hPa is
-10EC”). The temperature error is not the difference between the measured temperature
versus truth, but between the reported temperature at a given pressure versus truth; the
temperature probably was measured tens of meters from where the pressure was
reported. Another peculiarity of upper air data is that the errors accumulate (and
occasionally cancel). The error in pressure computed at the bottom of a layer affects the
error in pressure at the top of the layer in an additive way. Figures 1 through 4 show the
types of errors that occur in the two types of systems for a given atmospheric profile.

Figure 1 through 4 are based on simulations that are modeled on real data and comparison
flights between paired sondes and radars. Only in the last five years has any significant
effort been made to determine the actual errors in upper air data (1, 2). By using computer
models of how the system samples the meteorological parameters, by modeling the errors
made in the sampling, and by using the same data reduction techniques that the
meteorologist uses to produce the data, an engineer can evaluate the best tradeoffs in
designing a more accurate system. Uses of this technique would include, for example,
determining how much improvement in tracking accuracy is needed to get a certain
improvement in pressure. Similarly, an improvement in the response time of the
temperature sensor, which would be a small cost, may be just as effective in improving
pressure as an improvment of the tracking noise at a considerable cost.

As in every product, improvements cost money. Improved accuracy necessitates more
costly sensors, bearings, servos, etc. A market must exist for a more accurate, but more
costly system. A company must be aware of how much cost the market will bear, and
then design the system to have the most accuracy within the bounds of the price the
purchaser is willing to pay.

Beyond the initial purchase price, purchasers are interested in the cost of the expendable
sondes (the cheap razor, expensive blade syndrome) and in the maintenance cost. The
Space Data Corporation AN/GMD-5 is designed to be used by the military in field
conditions. The high turnover rate in the military dictates that maintenance, both electronic
and mechanical, be aimed at a technician with minimum experience. If the machine can
diagnose itself to the board level, the meteorologist can replace a board without the help
of a trained electronics technician. This would be a manpower-saving feature. The faulty
boards can be sent back to a central maintenance unit or depot for more efficient use of
skilled technicians. The AN/GMD-5 can perform a series of diagnositics on itself with the
push of a button on the front panel. The display can isolate faults at the board level.



Data reduction is also a part of the upper air sounding system. With the advent of
microprocessors, automatic or semi-automatic data processing becomes a reality.
Telemetry data rates, timing of the processes, speed of the microprocessor and other
things must be evaluated. A typical balloon flight lasts two hours. A 10 Hertz positional
data rate (elevation, azimuth and slant range) results in a substantial data storage problem.
The telemetry data frame of three parameters every two seconds seems a reasonable pace;
but those parameters of pressure, temperature, and relative humidity spawn a whole family
of other meteorological parameters also at the two-second rate. That is, density, refractive
index, absolute humidity, speed of sound, etc. Data storage and data management
become a design problem. Timing is a major problem because, ready or not, every two
seconds a telemetry data frame is in the buffer waiting to be processed.

SOLUTION

Once Space Data Corporation decided to develop a ranging tracker to measure height and
compute pressure, the major design problems were identified: tracking accuracy, data
conversion accuracy, etc.

The tracking accuracy necessary to produce accurate results was determined by
simulation studies, tempered with availability and cost of the drive train. The Space Data
Corporation Meteorological Sounding System (MSS) uses expensive direct-drive torquer
motors. These provided exceptionally smooth tracking, and accuracies of the dynamic
track are 0.020E RMS in both elevation and azimuth. However, the Meteorological Data
System (MDS), now designated by the Air Force as the AN/GMD-5, is designed for
portable use under field conditions, and a precision, stateof-the-art gear driven system is
more suitable. The MSS is designed to be operated in a radome, whereas the AN/GMD-5
is designed to be used in the field. To get the tracking accuracy required when subjected
to 18 m/s (40 mph) winds and still meet the weight requirement that it be capable of being
assembled and disassembled by two men, the precision gear driven system was the only
alternative.

The existing National Weather Service rawinsonde tracking system is a retrofitted, early
50s vintage antenna system that was measured with positional accuracy of 0.18E elevation
accuracy and 0.12E azimuth accuracy (3). The dynamic tracking accuracy of the
AN/GMD-5 has been determined at 0.032E RMS in elevation and .043E RMS in azimuth.
Figure 5 shows the elevation and azimuth error during the tracking of a weather satellite.
Table I compares several trackers for tracking accuracies. The GMD-1/GMD-2 data
approximately represents the Advanced Radio-Theodolite, ART, upgrade that was done
to the National Weather Service upper air systems.



Ranging on the AN/GMD-5 is done by determining the phase delay of a set of continuous
tones as opposed to determining time delay of pulsed tones in a radar. Two tones, close
together, are used to FM modulate a 403 MHz carrier, a standard meteorological band.
The 403 MHz signal is transmitted by the tracker to the sonde where it modulates a 1680
MHz signal transmitted from the sonde. The 1680 MHz carrier also contains the telemetry
data from the sondes’ sensors. The phase shift of the primary tone is used to determine
the fine range positions (the location within a 2000-meter “range cell”). The phase shift of
the beat frequency between the two tones provides the course range position. A small
microprocessor in the range measuring unit is dedicated to converting these tones into
slant range values. The resolution of the range is 0.98 meters and the accuracy of the
range is ±5 meters +0.015% of the slant range. The slight reduction in range accuracy with
increased range is due to reduced signal to noise ratio with range. Path geometry, resulting
in multipathing, scintillation, etc is a significant part of the slant range accuracy. The actual
slant range accuracy compares quite well with tracking radars used at the National
Ranges. See Table I.

The tracking accuracy is also affected by the scanning method used to generate error
signals. The old GMD-1, 2, and 4, as well as the National Weather Service ART system
use a motor driven conical scan method. The GMD-5 uses a psuedo-monopulse scan
method and gets nearly an order of magnitude improvement in the tracking accuracy.

Telemetry data conversion is done in both hardware and firmware. The telemetry tones
from the sonde are time commutated into a 2-second data frame. Each frame has four
channels (reference, temperature, humidity, and temperature again); each channel
transmitting for 400 msec with a 100 msec channel break between channels. The reference
signal has the highest frequency. The hardware measures the duration of a fixed number
of pulses, a value proportional to the inverse of frequency. The reference channel is
selected and the other three channels are divided using the reference channel to produce a
frequency ratio. The ratio is used to normalize the data to compensate for voltage and
temperature-driven frequency drifts in the sonde. The frequency ratios are then passed to
the data processing unit for conversion to meteorological data.

The data processing unit, DPU, accepts data from the tracker; the position data is sent at
10 Hz and the telemetry data is sent at 0.5 Hz. The DPU then converts the frequency
ratios to temperature and humidity using calibration data read in from a punched paper
tape. The polar position data (elevation, azimuth, and slant range) is smoothed and
converted to Cartesian coordinates and height is converted to height above a round earth.
The height is used with the temperature and humidity to compute pressure. The North and
East components of position are used to generate wind velocities. The DPU then
determines three things: inflection points (called significant levels by the meteorologist) in
the profile, the data at pressure levels required by international conventions, and



specialized data at constant altitude intervals for scientific and engineering work, eg.
tornado studies and aircraft performance evaluations. These computations are being done
in real-time and the processed data can be output to data users as the balloon rises. As the
system is to be used to support the National Severe Storms Laboratory (NSSL) in
Oklahoma, the data will pass from the trackers located throughout Oklahoma to the NSSL
via modems. At the NSSL, the meteorologists will use this real time data to enter in
computer models to determine the most likely location of tornado formation so they can
send their research teams to the tornado area to collect more localized data. The current
methods of hand reducing the data and having to wait until balloon burst to telephone in
the data is too slow for ideal operational use of NSSL people and resources.

The sonde is a critical part of the system. The sonde must be small, light, inexpensive,
and at the same time as accurate as a good quality lab instrument. The time constant of
the thermistor (temperature sensor) must be small. The current thermistor in use by the
National Weather Service has a time constant at the surface of the earth of 4.5 seconds
and at the end of the flight a time constant of 30 seconds (4). SDC uses a thermistor with
a time constant at the surface of 200 msec and 4.4 seconds at flight termination. The SDC
thermistor results in virtually no temperature error due to lag while the current NWS
thermistor can have an error of several degrees at the end of the flight due to lag.

Sensor exposure must be considered, too. The humidity sensor is a carbon impregnated
film that changes its resistance as the humidity changes. The absorption and desorption of
water vapor by the humidity sensor is temperature sensitive. Not only does the physical
process vary with temperature, but the temperature of the substrate that the carbon film is
coated on also affects the humidity; the substrate warms the air it is trying to sample and
so modifies the humidity. It is imperative that all processes that modify the temperature of
the humidity sensor be minimized or eliminated. Solar radiation striking the sensor has the
biggest effect on the temperature of the sensor. The sun’s effects are eliminated by
housing the sensor in a duct that prevents the sunlight from striking the sensor directly or
indirectly. Since the duct walls themselves have thermal lag and can radiate heat to the
sensor, methods must be devised that keep the duct walls near ambient temperature. In
any duct, stagnant air or slowed air causes errors in the humidity measurements, so the
duct must be able to enhance the airflow through the duct. The S-shaped duct developed
for use with the AN/GMD-5 has been tested by the U.S. Navy during extensive field trials
for use in measuring refractive index for radar propagation and causes no measurable
adverse temperature effects on the humidity sensor, and behaves like a humidity sensor
flown at night in the free air stream.

Related to sensor exposure is the problem of the geometry of the sensor. At high
altitudes, the air is thin. Fewer molecules strike the sensor to transfer their heat to the
sensor. At the same time, the sensor is radiating its heat to deep space because there is



not enough air around it to act as a blanket. The sensor actually gets colder than the
outside air. The temperature sensor should be coated with a material that neither absorbs
radiant heat from the sun, nor emits heat out to deep space readily. The geometry of the
sensor should be such that the sensor exchanges heat with the air readily but does not get
heated from the wire leads connected to it. All of these are technical problems and result
in extensive studies and proprietary products.

The management of heat and electrical power are problems too. An hour into a flight in
the tropics, a sonde can encounter temperatures that reach -100EC at altitudes around 18
km, and the flight has still another hour to go. The battery must not only function at that
altitude but also provide enough heat that the electronics function and do not drift in
frequency or calibration. Most sondes use a water activated battery that out-gases
moisture and corrosive materials which must be vented. However, these gases are at an
elevated temperature from the surrounding air. A place must be found for the battery so
that its heat does not contaminate the temperature measurements and its moisture does not
contaminate the humidity measurements. Since the sonde spins and pendulums below the
balloon during the flight, the usual solution is to keep the battery as far away from the
sensors as possible. To protect the electronics from the corrosive battery effluent, the
battery is put in a small plastic bag that is heat resistant and vents to the outside. The
battery is kept in the electronics compartment in SDC sondes to provide heat to the
components. When the external temperature reaches -100EC, the internal temperature is
kept above freezing with this method. Proper battery size and power usage are evaluated
to ensure that the battery compartment doesn’t get too hot or drain the battery
prematurely. Water activated batteries have a nearly flat voltage versus time curve until the
end of the batteries’ lifetime, when the voltage falls off rapidly.

Finally, the data must be telemetered down to the ground in an error-free manner, all the
while using the least expensive and lightest components possible. The transmitter typically
outputs 200-250 mW. It is possible to have sondes with slant ranges of 250 kilometers at
the end of the flight during strong wintertime jet stream winds. These distances, combined
with the low transmitter power and a cold-soaked battery, make the transmission of error-
free and noise-free telemetry data a real problem. Fortunately, the atmosphere does not
change quickly while being sampled by a balloon-borne sonde. This allows the ground
equipment to do some editing and smoothing of, the noisy data without significant loss of
information. SDC calibrates each sonde individually using three different checks on the
calibration curve. The calibration quality control checks, run on each sonde, assure us
that the sondes will maintain a 3-sigma calibration accuracy of 0.1EC and a nominal
accuracy of better than 0.05EC over the entire flight. Flights with fixed, low temperature
coefficient resistors have drifted no more than 0.1EC over the entire flight.



The specifications on the AN/GMD-5 are given in Tables 2 and 3. The tracker has been
configured such that with minor modifications it can be used to track both rawinsondes
and meteorological satellites, allowing a unit in the field to receive satellite data in a data-
sparse region without the need to rely on a centralized satellite ground station.

CONCLUSION

Building an upper air sounding system is not a simple project. Many items must be
evaluated that are not normally considered in designing a telemetry system. The accuracy
of the meteorological data that the system produces must be foremost in the engineer’s
mind. Above all, the sonde must have as much design effort as the tracker.
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Figure 1. Comparison of the GMD-1 and the GMD-5 Errors in Reported
Height Compared to Actural Height



Figure 2. Comparison of the GMD-1 and the GMD-5 Errors in Reported
Temperature Compared to Actual Temperature as a Function
Of Altitude.



Figure 3. Comparison of the GMD-1 and the GMD-5 errors in Reported
Pressure Compared to Actual Pressure Expressed as a Percent,
Plotted as Function of Height.



Figure 4. Comparison of Density Errors in the GMD-l in Reported Density
Compared to Actual Density Expressed as a Percent, Plotted as
a Function of Height. Plot, a, Shows the Density Errors
Using the Standard Temperature Sensor, While Plot, b, Shows
the Reduced Errors Resulting from Using a Fast Response
Temperature Sensor. The Data Indicates That Only a Small
Improvement is Made for a Substantial Increase in Sonde Price.



Figure 5. (Upper) Elevation Error in Tracking a Weather Satellite
with the GMD-5, The Dotted Line Indicates the Measured Elevation Angle; the
Solid Line is the Error Between the Measured Elevation and the Smoothed
Track. The RMS Elevation Error is 0.032EE.

(Lower) Azimuth Error in Tracking a Weather Satellite With the
GMD-5. The Smooth S-shaped Curve is the Measured Azimuth, the Other
Trace is the Error Between the Measured Azimuth and the Smooth Track.
The PITS Azimuth Error is 0.043EE for this Near Overhead Track.



Figure 6. AN/GMD-5 Meteorological Data System Tracker. Note the
AN/GMD-1 in Left Background

TABLE 1

TRACKER ACCURACY COMPARISONS (RMS)

System GMD-1/2 GMD-5 MSS MPS-36 FPQ-19

Elevation 0.182E 0.032E .019E .018E .011E

Azimuth 0.12E 0.043E .021E .017E .012E

Range N/A 5m + 0.015% 5m + 0.015% 5m 6m
of range of range



 TABLE 2

AN/GMD-5 SYSTEM TRANSDUCER/RECEIVER SPECIFICATIONS

Antenna: Downlink 2.74 meter diameter
Parabolic
28.5 dB gain
right circular polarization

Uplink 403 MHz dipole array
15 dB gain
vertical polarization

Pedestal C operates in 22.4 m/s winds
C elevation accuracy 0.032E

-3E to +183E rotation
C azimuth accuracy 0.043E

-400E to +400E rotation
C Microprocessor - controlled

servo loop with selectable
gain contants

C 20E/second tracking velocity
C 20E/sec/sec tracking acceleration
C Optical encoder
C Rate Tachometer

Receiver Automatic frequency control
microprocessor controlled
1.2 MHz bandwidth
AM/FM detection
Telemetry accuracy 0.1% RMS

Pre-amp/Down converter Gain 40 dB or 0 dB (selectable)
Noise figure 1.75 dB at 40 dB gain
Input 1650-1710

Transmitter 401-405 MHz
Modulation: AM at 75 KHz
Power  25 Watts    High Power

.025 Watts   Low Power



TABLE 3

SONDE SPECIFICATIONS

Transmitter

Frequency Adjustment Range 1660-1700 MHz

Power Output 200 mW (min)

Ranging Receiver

Frequency Tuning Range 401 to 405 MHz

Sensitivity, Minimum Signal 12 microvolts
for Good Ranging

Selectivity at ± 12 MHz from Center 50 dB down
Range Tone Frequencies (AM) Fine 74, 948.13 Hz

Course 74, 655.36 Hz

Range Tone Phase Instability 2 degrees (max)
100-320 Microvolts Input

Variation in Range due to Battery Voltage 0.5 degrees (max)

Telemetry Coding Circuit
Frequency 0 - 5500 Hz

Accuracy 0.1% FS  60% Center Band
0.25 FS    20% Edge Band

Data Frame 4 channel
2 seconds/frame (nominal)
400 msec/channel with
100 msec channel break



Sensors

Temperature 10 mil Diameter
Aluminized Bead Thermistor
with 1 mil diameter
support wire
200 msec time constant
at surface

Humidity Carbon impregnated
Hygroscopic film
with a plastic
substrate


