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I. Introduction

I The Navy has a requirement to measure the vertical profile of index of refraction from sea level
to above 15,000 feet. It is necessary to make these measurements from many sizes and classes of
ships. Further , these measurements must be made under typical operating conditions of calm or

I high winds and from stopped to full operational speed.

The purpose of this program is to demonstrate that it is feasible to build a small , lightweight

I meteorological sonde capable of measuring index of refraction (Mini-Refraction Sonde), which
can be launched with a 30-inch diameter , 30-gram pibal balloon. In many field applications , it is
difficult to fil l and launch a very large balloon , either because of space limitations or because of

I 
high winds or other environmental conditions. It is very useful to have a balloon no larger than
30 inches. in diameter so that it can be filled within a room and carried out through a standard
shi p’s door for launch ing. Tests show that a 30-gram latex balloon , when infl ated to 30 inches in
diameter , w i l l  h t t  a 100-gram minisonde , including battery, at an ascent rate of 800 feet per( minute.

During the previous section of this program , it was demonstrated that a 100-gram sonde capable
of measuring temperature , pressure and humidity, could be built. This minisonde used a rod
thermistor for temperature and a carbon hygriator for humidity measurement. For pressure
measurement , a Honeywell silicon diaphragm barometer was used. This pressure sensor consists

I of a small silicon chip with strain-sensitive resistors diffused into the surface. This sensor is
mounted on an evacuated tube so that changes in absolute pressure can be measured.

i To commutate between the temperature , pressure , and humidity sensors and encode the me-
teorologica l data measurements, a set of meteorological electron ics was developed using
commercially available integrated circuits. By use of integrated circuits, it is possible to achieve
all the commutation functions in a small and particularly lightweight package. The sensors areI commutated on a time basis, with a complete cycle every 400 milliseconds. At a rise rate of 1000
feet per minute , this gives a complete set of data every 7 feet of altitude. A special lightweight
telemetry transmitter , providing an output of 1/2 watt at 400 to 406 megahertz , was designed
and constructed by the Honeywell Defense Electronics Division (DEL-D), Annapolis , Mary-
land. Power for the transmitter and minisonde electronics was provided by a small lithium

I 
battery consisting of 5-1/2 A cells.

The purpose of this phase of the development is to conduct flight tests of the Mini-Refraction
Sonde. Three sondes were launched at the NASA facility at Wallops Island , Virginia , and
tracked with radar. The sondes operated well and telemetered the meteorological data to the
ground. Minisonde data agreed well with the radar height and with measurements of the Nat-
ional Weather Service (NWS) Rawinsonde flight.

I
I
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II. Flight Tests

The purpose of this contract was to perform flight tests on the Mini-Refraction Sonde. A photo
of the Mini-Refraction Sonde is shown in Figure 1. The sonde is small and weighs less than 100
grams with the batteries installed . Temperature , humidity and pressure sensors are mounted in
the upper section , while the metL. ological electronics, battery and transmitter are in the lower
section. An exploded view of the sonde ia shown in Figure 2. A rod thermistor is used for tem-
perature measurement and a carbon hygristor for humidity . For pressure measurement , a
Honeywell silicon diap hragm barometer is used . This pressure sensor consists of a small silicon
chip with strain-sensitive resistors diffused into the surface. This sensor is mounted on an evac-
uated tube so that changes in absolute pressure can be measured.

To commutate between the temperature , pressure , and humidity sensors and encode the me-
teorological data measurements, a set of meteorological electronics was developed by using
commercially available integrated circuits. With integrated circuits , it is possible to achieve all
the commutation functions in a small and particularly lightweight package. The sensors are
comm utated on a time basis, with a complete cycle every 400 milliseconds. At a rise rate of 1000
feet per minute , this gives a complete set of data every 7 feet of altitude. A special , li ghtweight
telemetry transmitter providing an output of 1/2 watt at 400 to 406 megahertz was designed and
constructed by the Honeywell Defense Electronics Division (DEL-D), Annapolis , Maryland.
Power for the transmitter and minisonde electronics was provided by a small lithium battery
consisting of five A cells.

A. TEST FACILITY

Flight tests were perform ed at the NASA launch and tracking facility at Wallops Island ,
Virginia. Mini-R .~fraction Sonde launches were performed at the Met-Ops Building. The NASA
facility is excellent for flight tests. It provides balloon filling, handling and launching, has radar
to track the balloon train and read out altitude , and there are GMD antennas for tracking the
1680-MHz sonde. In addition , skilled personnel are available to give advice on launching and
tracking. Some of the support equipment at Met-Ops is shown in Figure 3. Figure 4 shows the
facility for reducing NWS sonde data.

B. TEST EQUIPMENT

Ground station equipment was set up in the Met-Ops building. The ground station receives and
records the telemetered signals from the Mini.Refraction Sonde. A UHF corner reflector an-
tenna was mounted on the roof as shown in Figure 5. Since the antenna is broadly directional , it
is aimed in the direction of the sonde flight. A preamplifier was used at the antenna to corn-
pensate for losses on the long cable.

2
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The signal was carried down to the control room through RG/59 coaxial cable, and a Nems-
Clarke 400-406 MHz FM receiver was used to receive and demodulate the telemetry signal. The
sonde signal is monitored on an oscilloscope and recorded on a four-channel Tanberg tape re-
corder, as shown in Figure 6. The signal from the NWS sonde was also recorded on the tape to
provide a time comparison during the flight. Three launches were made at Wallops Island. The
flight train included a 600- to 2000-gram balloon , a parachute , a MHz NWS sonde, a radar
reflector , and the Mini-Refraction Sonde. A photo of the flight train after launch is shown in
Figure 7. A closeup of the radar reflector is shown at the right in Figure 8. The corner reflector is
composed of three aluminum foil-covered cardboard sheets mounted at right angles to each
other. This reflector makes a good target so that the radar can easily lock on and track. The
Mini-Refraction Sonde was tethered 25 feet below the reflector.

C. FLIGHT CONDITIONS

The three Mini-Refraction Sonde launches were on November 22-23, 1977. The sky was overcast
with ground fog or heavy haze. Low altitude wind was from the east (from the ocean). After
launch, the flight train went inland slowly until it reached 10,000 feet when the wind reversed to
the west. The sonde came back over the station and went out to sea. Winds aloft were 100 to 150
knots. Near the end of the flight , the sonde was only 6 to 8 degrees above the horizon because of
the strong winds aloft. There was severe fading of the telemetry signal, probably due to multi-
path interference over the ocean. Launch data is shown in Table 1.

I
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Table 1. Launch Data

Flight Number 1 2 3

Sonde Serial Number 11 10 I

Launch Date 11-22.77 11-23-77 11-23-77

Launch Time (EST) 2:30 p.m. 10:20 a.m. 2:00p.m.

Balloon Size (gms) 600 2000 600

Transmitter Frequency (MHz) 404.3 404.5 403.6

Record Tape Number 1 2 and 3 4 and 5

Launch Pressure (mB) 1031.3 1024.9 1020.4

Launch Temperature(°C) 6.7 9.4 11.1

12
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Ill. Test Results

The purpose of this test was to make a preliminary demonstration of operation of the Mini-
Refraction Sonde under actual flight conditions. The three flights were very successful and
much was learned. All three sondes operated and continued to transmit data for one to two
hours. This corresponds to an altitude greater than 100,000 feet and temperatures below —60°C.

Since there was no on-line processor available to reduce the sonde data , the received telemetry
signals were recorded on a four-channel , analog, FM magnetic tape recorder for later processing.

I These five tapes were returned to Honeywell’s Hopkins, Minnesota , facility for processing. The
Honeywell Data Laboratory facilities were used as described in the previous report , NADC
76129-30, “Miniature Meteorological Balboonsonde.” This laboratory system consists of a digi.

I tizer to measure the period of the telemetered data and a Honeywell 516 Minicomputer to cal-
culate temperature , pressure and humidity.

I The flights were also tracked with radar to provide a measurement of altitude versus time.

Each rninisonde was attached to the flight train of a NWS Rawinsonde launch , and a copy of the

I R.awinsonde data was provided to us by NASA. Since the Rawinsonde telemetry signal was re-
corded on one channel of the tape recorder , it was possible to compare altitude measurements of
the Mini-Refraction Sonde with the contact numbers of the Rawinsonde.

A listing of this total data set is shown in the table in each flight section. Time is the common
baseline of comparison. The tables list radar altitude , Rawinsonde readings and Mini-Refrac-

I tion Sonde (MRS ) readings.

During the early part of the first flight , telemetry difficulties were encountered because of the

I remote placement of the dipole antenna and high cable loss. When the receiver was switched to
the UHF antenna with an antenna-mounted preamplifier, the signal cleared. This problem
reduced the quality of the recorded Mini-Refraction Sonde signal for flight one.

The second launch was in conjunction with an ozone sonde launch. To measure ozone , a
Rawinsonde was modified to time commutate a frequency signal from the ozone sensor. This
made it impossible to identify the exact contact points of the Rawinsonde. It was not possible to

I make exact comparison between the Mini-Refraction Sonde and Rawinsonde pressure and alti-
tude data.

I Because of the difficulties with the first two flights , only fli ght number three represents the best
flight comparison. Results of flight three should be representative of the present sonde per .
formance.

I
I
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A. FLIGHT NUMBER ONE

A listing of all the flight data is shown in Table 2. Greenwich Mean Time (GMT) is shown in
column one to compare with the radar track. Column two gives time after launch in minutes and
seconds. Column three lists the NWS Rawinsonde baroswitch contact points and column seven
shows the pressure corresponding to each contact number. In columns four , five and six are
shown the sonde altitude versus time as tracked by radar , read by the NWS sonde and read by
the Mini-Refraction Sonde. Columns 7 through 12 give the readings of pressure , temperature
and humidity read by the NWS Rawinsonde and the Mini-Refraction Sonde. The last four
columns on the right , 13 through 16, show the calculated values of N and M for the modified
refractive index . All of this data is plotted in the following figures.

Plots of sonde altitude versus time are shown in Figures 9 through 11 for the Mini-Refraction
Sonde (MRS), National Weather Service Rawinsonde (NWS) and radar. These three plots fol-
low so closely to each other that they cannot be plotted on a single graph and still be separated.
To illustrate the variation between altitude readings, the NWS altitude and the MRS altitude
were subtracted from the NASA radar-measured altitude and plotted in Figure 12. Over the first
7 kilometers (20,000 feet) the readings agree within 60 meters.

There is no apparent reason for the deviation in altitude reading by the Mini-Refraction Sonde
above 7 kilometers. This does not appear in the other two flights.

A plot of free-air temperature versus altitude for the NWS Rawinsonde and the Mini-Refraction
Sonde (MRS ) is shown in Figure 13. The two readings agree closely. There is no systematic error
apparent. Note that there are two inversion layers indicated in the data at 1 and 3 kilometers .
For some reason , the z~iinisonde responded to the 3 kilometer inversion more quickly than the
NWS sonde.

The measured humidity profile is plotted in Figure 14. The humidity readings by the NWS
sonde and minisonde agree within the hygristor accuracy. The readings differ by 10 percent
relative humidity above 9 kilometers, but the free-air temperature at this level is below —40°C ,
causing the hygristor response to fall off.

The modified refractive index , N , and M-units are plotted versus altitude in Figure 15. Al-
though the data is plotted to 12 kilometers, most of the index variations are at 3 kilometers and
below.

14
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B. FLIGHT NUMBER TWO

A listing of all the flight number 2 data is shown in Table 3. The flight was an ozone-Rawinsonde
sounding which inserted ozone readings into the Rawinsonde data stream. These periodic inter ,
ruptions to the regular barometric commutation made it impossible to exactly correlate the
Rawinsonde pressure readings with the Mini-Refraction Sonde readings. The rest of the
columns are as described in Table 2. A separate listing of Rawinsonde altitude versus radar -
tracked altitude is shown in Table 4.

Plots of altitude versus time are shown in Figures 16 through 18 for the MRS, NWS and radar.
These plots are very close, as can be seen from the data in Tables 3 and 4.

A plot of measured free-air temperature versus altitude for the Rawinsonde and MRS is shown
in Figure 19. The Mini-Refraction Sonde is reading about 3°C higher in temperature than the
Rawinsonde. Both indicate the same temperature trend and show a small inversion at 2800
meters. This offset could be caused by self-heating or a thermal lag in the MRS thermistor
mounting chamber. It could also be due to a calibration error in one of the thermistors.

The measured humidity profile is plotted in Figure 20. Although the trend of the curves agrees
well, the Rawinsonde indicates significantly lower humidities when reading less than 33 percent.
At these humidities, the carbon hygristor has minimum resistance. Possibly the MRS hygristor
mount was not making good contact with the hygristor. The mounts could be gold- or silver-
plated in future models. It is also possible that the hygristor was damaged while being inserted
due to operator inexperience.

The modified refractive index, N , and M-units are plotted versus altitude in Figure 21. The
curves are almost straight , indicating no significant ducting.
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C. FLIGHT NUMBER THREE

The data for flight three is tabulated in Table 5. This was a smooth flight with good data recep-
tion over the flight. With the solid telemetry data , it was possible to compare flight data closely.
All of the data in Table 5 are plotted in the following figures.

Plots of sonde altitude versus time are shown in Figures 22 through 24 for the MRS , NWS and
radar. Since these three plots are almost identical, a difference plot is shown in Figure 25. To
illustrate the variation between altitude readings , the NWS altitude and MRS altitude were
subtracted from the NASA radar-measured altitude and plotted in Figure 25. All of the readings
agree within ±50 meters and the rms variation is ±30 meters . This is very good agreement on
altitude measurement.

An illustration (Figure 26) of the resolution obtained from 0.4-second time commutation of data
is shown by plotting all the altitude points for the first minute of the flight. This illustrates the
data scatter before and after launch. The point-to-point variation is ±35 feet. A linear regression
curve fit will improve this accuracy. ’ -

A plot of free-air temperature versus altitude for the Rawinsonde and MRS is shown in Figure
27. Note the inversion at 1.5 kilometers. During the first portion of the flight , the MRS sonde
indicated a temperature 2.5°C warmer than that of the NWS sonde, but during the rest of the
flight the temperature was the same or lower. Possibly this relative warmup of the NWS mea-
surement later in the flight was caused by increased solar radiation as the sondes rose above the
clouds. Note from Figure 28 that the humidity was high up to 6.5 kilometers, indicating cloud
layers. This shows the advantage of a shaded sensor as used in the MRS sonde. The MRS
thermistor is mounted in the air duct to shield it from solar radiation. The NWS R,awinsonde
thermistor is mounted on an arm extended from the sonde body to minimize heating from the
sonde. This exposes the thermistor to sunlight , which raises the thermistor temperature.

The measured humidity profile versus altitude is shown in Figure 28. As before , the shape of the
humidity profiles agrees well between the NWS sonde and the Mini-Refraction Sonde. The
NWS sonde indicates a wider range of humidities with values above 90 percent and less than 20
percent. This could indicate a defective hygristor mount. The hygristor mount should be inves-
tigated for conductivity and leakage during the next phase of the development.

A plot of modified refractive index , N , and the M-units versus altitude are shown in Figure 29.
The values are plotted for each contact switch point of the NWS sonde. Note the small inversion
layer at two kilometers.

To show the fine structure of this inversion layer, the high resolution data from the Mini-Refrac-
tion Sonde was plotted on an expanded scale in Figure 30. This fully defines the layer.
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I
I
I D. DATA REDUCTION

The Mini-Refraction Sonde has two significant advantages for the measurement of refractive
index. The first is the small size and light weight of the sonde which simplifies field operation. A
second advantage is the high vertical resolution of data due to the use of fast time commutation
of the sensors.

I A 0.1-second switching rate is used to commutate each of the temperature, pressure and hu-
midity sensors. A complete cycle is completed every 400 milliseconds. At a balloon ascent rate

I of 800 feet per minute, this gives a vertical resolution of 5.33 feet. In other words, the tempera-
ture, humidity , altitude and refractive index are sampled every 5.33 feet of ascent. This gives a
very fine resolution to the analysis of refractive layers.

I As an illustration of this resolution, refer to Figure 15. A weak inversion layer was located at 600
meters during the first flight. This layer can be detected by the slight inflection or bump in the
N and M curves. It is difficult to see much of the character of the refractive index at this scale;

I therefore , the N and M values were replotted for the first 1000 meters of the flight as shown in
I Figure 31. This plot shows the refractive index at each of the contact points of the NWS RCawin-

sonde. Although this shows the refractive layer more clearly, it is still hard to see the fine struc-
ture.

A plot of the N and M values, measured with the Mini-Refraction Sonde for the first 1000 meters
of flight , is shown in Figure 32. This plot shows the 2-meter altitude resolution of the MRS. The
refractive layer can clearly be seen. It starts at 460 meters and ends at 770 meters. This demon-
strates the value of the high data rate available from the time-commutated Mini-Refraction
Sonde.
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IV. Conclusions

This series of three sonde launches was both successful and useful, successful because the total
system functioned and useful for what was learned about the method for meteorological
soundings.

All sondes operated—sensing, commutating, encoding and telemetering the signals—the bat-
teries performed well, and the transmitters were accurate and stable over the temperature and
voltage range encountered. The sonde packages did not break despite lightweight construction.

These tests were very useful in experiencing the meteorological measurement environment, and
potential telemetry problems were observed. We noticed short term fading due to multipath
fading at low reception angles, which can affect both the telemetry receiver and processor.

An indication of measurement accuracy can be determined by comparing the output of the
Mini-Refraction Sonde with the NWS Rawinsonde. On temperature measurement it appears
that the MRS sonde reads a few degrees warm , perhaps due to self-heating or because of the
thermal lag of the mounting. This needs to be investigated during the next phase.

The pressure readings were very close on flights number 2 and number 3 but were offset by 5 mB
on flight number 1. There is no apparent reason for the offset. This does not appear to be caused
by the telemetry difficulties in flight number 1, as reported on page 13. It has been pointed out
by Honeywell’s MICRO SWITCH Division that the pressure transducer chip is sensitive to
light. Although the transducer used in the minisonde was shielded , it may not have been light-
tight. The future devices will be shielded from light. It is also possible that the thick film elec-
tronics were damaged after calibration during final assembly. This could have caused the cali-
bration offset. -

Humidity measurements with the Mini-Refraction Sonde did not show the same range as with
the NWS Sonde. Since the signal encoding was operating properly, this must be a sensing prob-
lem. The hygristor mount should be investigated during the next phase to determine if it is
causing high contact resistance and/or shunt leakage.

The data reduction hardware should be optimized for operating with the Mini-Refraction Sonde
equipment to reduce data scatter . An on-line real time reduction system would greatly improve
field measurements.
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