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ABSTRACT 

 

Wallops Flight Facility is NASA’s principal site for management and implementation of 

suborbital research programs.  Recently, WFF resumed its successful satellite-launching history 

without sacrificing its culture of being low-cost and responsive.  Part of what made this possible 

is the GPS radiosonde.  During recent successful Minotaur I launches, this tiny instrument 

provided upper-air observations that were used in six categories of analysis necessary for such 

launches: toxics, blast, winds aloft, debris, weather and forecasting, and post-flight.  In addition, 

the GPS radiosonde has reduced costs associated with Wind Weighting at Wallops, and is used 

in numerous range research projects. 
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INTRODUCTION 

 

Historically, to be capable of launching satellites into orbit, a range has needed an enormous 

amount of meteorological instrumentation and support.  For example, according to its 

“Meteorological Overview,” the Eastern Range (ER) “Meteorology super system represents one 

of the largest concentrations of meteorological instrumentation in the world.”
1
 

 

Meanwhile, NASA’s Wallops Flight Facility (WFF, or “Wallops”) in recent years has been in 

the business of providing low-cost, responsive access to space.  Its meteorological 

instrumentation and support have been appropriately sized for its role as NASA’s principal 

facility for management and implementation of suborbital and small orbital research programs. 

 

For the successful December 16, 2006, launch of a U.S. Air Force Minotaur I, which carried the 

Air Force Research Laboratory’s TacSat-2 satellite and NASA’s GeneSat-1 microsatellite into 

orbit from Wallops, additional day-of-launch upper-air capability was required.  Wallops Flight 

Facility was selected as the launch site a mere seven months before the launch.  Four months 

later, on April 24, 2007, a second Minotaur I was successfully launched from Wallops, placing 
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into orbit the Defense Department’s Missile Defense Agency’s (MDA) Near Field Infrared 

Experiment (NFIRE) satellite. 

 

In a paper about meteorological services provided to the ER, Harms et al. state that “The upper-

air system is possibly the most critical single weather system on the ER.  The high cost of space 

vehicles and payloads demands careful monitoring and evaluation of vehicle loading caused by 

in-flight winds.”
2
 

 

Satisfying the new upper-air requirements for the Wallops Minotaur I launches was 

accomplished through the acquisition, installation, and integration of new GPS meteorological 

processing systems.  Ranges such as Wallops and the Kodiak Launch Complex
3,4

 have found that 

such systems provide a remarkably cost-effective way to enhance upper-air observational 

capabilities.  Both of these ranges formerly used Lockheed Martin Sippican wide-band W-

9000/Mark II/IIA Meteorological Processing Systems.  Because of requirements for the 

capability to receive multiple simultaneous data streams, both ranges have now invested in new 

LMS6 GPS radiosondes and LMG6 narrow-band, multi-receiver Differential GPS (DGPS) 

ground stations from the same vendor (Figure 1).  Compared to the older Automated 

Meteorological Profiling System (AMPS) used at the ER, the new systems are very inexpensive 

and exceedingly portable.  LMS6 GPS radiosondes weigh 235 grams, or slightly over 8 ounces, 

including battery, dereeler, and cord. 

 

 

 
 

 
 

Figure 1.  GPS Radiosonde (LMS6), left, and 

GPS Upper Air Sounding System (LMG6) 

(GPS Dual Receiver Ground Station and Laptop), 

above 

 

 

Technically, a radiosonde is a small instrument which, as it is carried aloft by a meteorological 

balloon, measures atmospheric thermodynamic properties and transmits them on a 403-MHz 

carrier to a ground-station receiver for processing.  If the instrument also measures wind speeds 

and directions, it is called a rawinsonde.  However, radiosonde is commonly used in place of 

rawinsonde.  Such systems use the GPS L1 frequency band and the C/A code.  Precise wind 

velocity measurement is enabled by a signal processing strategy that uses measured Doppler 
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shifts caused by the relative movement between the radiosonde and GPS satellites.  In addition, 

precisely-surveyed local DGPS antennas near the ground-station antenna systems allow the 

LMG6 meteorological processing systems to use differential techniques to increase position 

accuracy. 

The thermodynamic and wind profile data provided by these radiosondes were used for four 

important, basic purposes during the Minotaur I countdowns: Range Safety; vehicle loads and 

steering analyses, forecasting the weather; and evaluating the Minotaur I weather Launch 

Commit Criteria.  Furthermore, in addition to supporting Minotaur I launch operations, GPS 

radiosondes have reduced costs associated with the Wallops Wind Weighting of unguided 

sounding rockets,
5
 and are also used in range research efforts such as ozone and hurricane 

studies. 

This paper describes the process used to make the new GPS radiosondes, ground stations, and 

system computers an integral part of Wallops launch support capabilities.  Included are 

discussions on the analysis and design of the necessary upper-air data products, the analysis and 

design of data paths necessary to deliver those products, and the development of new Minotaur I 

day-of-launch software to make those products available via those paths.  Also discussed are 

other range applications of GPS radiosonde data. 

 

 

DAY-OF-LAUNCH UPPER-AIR OBSERVATIONS REQUIREMENTS  

FOR MINOTAUR I 
 

The Minotaur I launch vehicle was developed for the USAF Rocket Systems Launch Program by 

Orbital Sciences Corporation (OSC).  It is a four-stage vehicle with solid rocket motors. The 

lower two stages are refurbished Minuteman II ICBMs and the upper two stages are similar to 

those flown on OSC’s Pegasus air-launched vehicle.   Previous to TacSat-2, there had been five 

Minotaur I launches, all from Vandenberg Air Force Base and all successful.
6,7 

Orbital’s Program Requirements Documents specified day-of-launch releases of standard high-

altitude weather balloons at T-8, T-6, T-4, T-2.5, T-1.5, T-1.25, T-1, T-0.5, and T-0 hours, where 

T represents Time of launch.  (Also required were historical weather balloon data, to be used for 

tasks such as predicting the probability of launch, but historical data are another topic.)  Each 

balloon was to loft a radiosonde that would transmit, during its ascent, data to be used for winds 

aloft analyses.  The balloons were required to reach at least 50,000 or 60,000 feet, preferably 

higher.  For pre-flight analyses, Orbital entered wind speed and direction, as a function of 

altitude, into 6 Degrees Of Freedom (6DOF) simulation software.  (The “6DOF” refers to the 

modeling of six types of launch vehicle motion: movement in the three-dimensional positional 

directions x, y, and z, and movement in the rotational modes yaw, pitch, and roll.)  This modeling 

allowed Orbital to see how its vehicle would react to the measured conditions.  In addition, 

specific thermodynamic data were required, to provide higher-fidelity modeling for post-flight 

analyses.  For every 5,000 feet of ascent, a cumulative upper-air data file was to be created.  

Each such file was to be uploaded to a web site, and an e-mail message was to be sent notifying 

Orbital as soon as each file was available on that web site. The Orbital-required variables, as well 

as those of other customers, are indicated in Table 1. 
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CUSTOMER: � 

DATA: � 

Orbital 

Sciences 

Corp. 

WFF 

Weather 

Office 

Range Safety 

Flight Safety 

Group 

Range Safety 

Risk Analysis 

Center 

Range Safety 

Risk Analysis 

Center 

Orbital 

Sciences 

Corp. 

Altitude � � � � � � 

Wind Speed � � � � � � 

Wind Direction � � � � � � 

Temperature  �  � � � 

Pressure  �  � � � 

Air Density      � 

Speed of Sound      � 

Relative Humidity    � �  

Dew Point  �  � �  

ANALYSIS: � Winds Aloft 
Weather & 

Forecasting 

Drift 

 (Worst-case 

Debris) 

Toxic Risk 

Distance 

Focusing 

Overpressure 

Post-flight 

 

Table 1.  Minotaur I Upper-Air Customers, Requirements, and Analyses 

  

Meanwhile, to ensure environmental safety for mission workers, spectators, and the general 

public, toxic plume prediction models “must be applied to large heated sources of toxic 

emissions such as nominal launch clouds, catastrophic failures which result in either a 

conflagration or deflagration, and inadvertent ignition of rocket propellants.”
8
  Blast damage 

assessment is a second environmental safety consideration; Distance Focusing Overpressure 

(DFO) is a phenomenon in which, under certain atmospheric conditions, the sound from an 

explosion can be sufficiently concentrated in certain areas, possibly several miles from the 

launch pad, to blow out windows and create hazards such as those from flying shards of glass.  

Experts from the 45
th

 Space Wing of the Air Force, from the Safety and Mission Assurance 

Directorate of Kennedy Space Center, and from ACTA, Inc., (a company that provides risk 

analysis and risk management services), provided support and training as WFF worked toward 

building its own Risk Assessment Center (RAC) in which to perform the required toxics and 

blast analyses. 

 

The RAC analyses required the data indicated in Table 1 for altitudes from the surface up to 

10,000 feet and also from the surface up to 20,000 feet for a number of balloon releases prior to 

the launch.  Figure 2 shows a slide from a RAC briefing depicting a situation 1.5 hours before 

the TacSat-2 launch.  The colors represent population densities, with green indicating the lowest 

density.  This slide shows the predicted toxic plume blowing out to sea and not affecting 

populated areas, should a catastrophic launch abort occur.   
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Figure 2.  Slide From TacSat-2 T-1.5 Hour RAC Briefing 

 

Orbital had already conducted debris analyses on the Minotaur I, but to augment that work, 

Wallops Range Safety personnel selected pieces of debris judged to be typical of pieces that 

would travel farthest in the event of a catastrophic abort (explosion) after launch, given the wind 

speeds and directions encountered at various points along the trajectory.  The drift analysis part 

of the Wallops Wind Weighting software, using GPS-radiosonde-measured wind velocities, was 

then used to determine impact points of the selected pieces of debris, thus giving the Flight 

Safety Group a better idea of the extent of debris dispersion, should the vehicle explode or need 

to be destroyed, at different altitudes along its trajectory.   

 

The final upper-air observations requirements for the Minotaur I launches came from the 

meteorologists in the Wallops Weather Office.  They required altitude, wind speed and direction, 

temperature, pressure, and dew point data, in the standard message format used by the World 

Meteorological Organization and the National Weather Service, for ingestion into their LEADS 

(Leading Environmental Analysis & Display System) network.  The Weather Office routinely 

uses GPS radiosonde data in this way, but the dense balloon schedule during the Minotaur I 

countdowns allowed greater precision in the meteorologists’ weather analyses and forecasting. 
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One might wonder about the merits of other observing systems compared to GPS radiosondes.  

But as the National Weather Service states, “At the present time, there is no single observing 

system (e.g., satellites and ground-based remote sensors) that can match the vertical data 

resolution (about 30 meters or less) and height coverage (more than 30 km) obtained with 

radiosondes.”
9
 

 

 

DEVELOPMENT OF DAY-OF-LAUNCH SOFTWARE 

 

All groups needing upper-air meteorological data agreed to use Orbital’s schedule for day-of-

launch releases of GPS weather balloons.  (The RAC analyses needed data from only a subset of 

these releases.)  Since Orbital’s schedule specified that there would already be five GPS 

radiosondes being tracked simultaneously at T-0, as is depicted in Figure 3, it was helpful to 

have no additional balloons required by other groups. 

 

 
 

Figure 3.  Balloon/GPS Radiosonde release timeline; 5 balloons aloft at T-0:00 

 

The software that allowed the Wind Weighting system to ingest GPS radiosonde data had 

previously been written, tested, and certified; therefore, no additional software needed to be 

written for the drift (worst-case pieces of debris) analyses.  Likewise, Lockheed Martin Sippican 

has always supported the standard message format needed by LEADS in the Weather Office, so 

the Wallops Meteorological Operations (“MetOps”) group could simply configure the LMG6 

software to format the data in that way.  Consequently, no additional code needed to be written 

for the countdown weather analyses and forecasting. 

 

Thus, the new software required for the Minotaur I launches was that code needed to produce 

data for Orbital and the Risk Assessment Center, to provide input for the four remaining 
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analyses: winds aloft, toxics, blast, and post-flight.  An agreement was worked out by which 

exactly the same files could be used for all four of these analyses.  The files were to contain the 

union of all needed upper-air data parameters: the set consisting of altitude, wind direction, wind 

speed, temperature, pressure, air density, speed of sound, relative humidity, and dew point.  A 

file-naming convention acceptable to both groups was also worked out. 

 

In addition, both Orbital and the RAC analysts agreed to accept data reported at the same vertical 

(altitude) interval: that of the GPS radiosondes themselves.  These instruments measure and 

report up to 28 thermodynamic and physical properties each second.  (Spare channels allow 

integration of custom sensors.)  The meteorological balloons are inflated to achieve a rise rate of 

about 1000 feet per minute, or 16 2/3 feet per second.  This means that the radiosondes transmit 

data every 16 to 17 feet as they rise through the atmosphere.  ACTA provided a FORTRAN 

program that read the 1Hz (one-second) GPS radiosonde files and generated two output formats: 

one that could be used as input for the program BLASTDFO, and the other that could be used as 

input for the programs REEDM (Rocket Exhaust Effluent Diffusion Model) and LATRA 

(Launch Area Toxic Risk Analysis). 

 

All of this cooperation was extremely helpful from a Wallops Software Engineering point of 

view, for it meant that if a cumulative file containing the once-every-second values of the 

required variables were written out for every GPS radiosonde (balloon) as it rose above every 

5,000-foot increment, all remaining upper-air analysis needs would be satisfied.  It was a simple 

matter to write a C++ application that ingested the GPS radiosonde data and wrote out the 5,000-

foot files as described above.  Let us refer to these files as the “5K” files.   

 

 

NETWORK CONSIDERATIONS 

 

Determining data paths was more difficult. There were two types of data path to consider: (1) the 

path from GPS radiosondes to the computers in the Range Control Center (RCC) that would 

write out the 5K files, and (2) the path from those computers to the users of the processed data.  

Prior work to build the data path from the GPS radiosondes to the Wind Weighting PCs in the 

RCC made deciding on the first path easy: just use that same (Wind Weighting) path to bring 

data to the RCC PCs designated to create the 5K upper-air files mentioned above.  (Let us call 

these RCC computers the “5K computers”.)  

 

That path started with the LMS6 GPS radiosonde transmitting data to the receivers located in the 

balloon-inflation facility near the launch pads on Wallops Island, adjacent to the Atlantic Ocean, 

as depicted in Figure 4.  The raw data were then passed over fiber to the LMG6 GPS ground 

station system computers located in the MetOps office on the main base, about five miles away.  

The LEADS files were transferred by key (disk-on-key) from the LMG6 computers (which are 

on the Range Mission Network, a closed, secure, high-speed LAN) to the LEADS system at 

MetOps, and thus made available to the Weather Office (about a mile away) via the separate 

LEADS network. 

 

The LMG6 system computers located in MetOps also format the GPS radiosonde data into an 

output message format consisting of one-second, real-time records.  These were already being 
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inserted into TCP (Transmission Control Protocol) network buffers and sent over the Range 

Mission Network to the RCC for Wind Weighting.  It was an easy decision to use those same 

GPS network buffers for the remaining four types of upper-air analyses.  This concluded the 

determination of the Category 1 data path from the GPS radiosondes to the RCC 5K computers. 
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Figure 4.  GPS Radiosonde Data Paths for Minotaur I Launches 
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The path from the 5K computers in the RCC to the people needing the 5K files was much more 

difficult to construct.  The reason is that those users required that the data be e-mailed to them or 

uploaded to web sites that they could access.  However, the closed, secure Range Mission 

Network cannot be connected to the “outside world” of e-mail and web sites in any way that 

might allow a security breach.  A straightforward way to solve this problem would be to transfer 

the data by key or CD from computers in the RCC to an external computer that had access to the 

outside world.  However, when there are several radiosondes in the air at the same time, each 

producing a file for every 5,000 feet it ascends, new files are created every minute or two, 

making hand transfer difficult. 

 

This problem of transferring data from high-security to lower-security environments, without 

risking the systems on the high-security side, is a common one, but solutions are often expensive, 

inflexible, and cumbersome.  What was needed for the Minotaur I launches was a low-cost, 

configurable solution that could be rapidly developed using off-the-shelf hardware.  WFF’s 

“Secure Data Gateway”
10

 was designed by a NENS Network Engineer using two ordinary 

servers: an “inside” one on the closed, secure Range Mission Network side, and the other 

“outside” one on the “open network,” or Internet, side.  Installed in each server was a readily-

available 16-port asynchronous serial interface that supports 921.6 kilobits per second.  By 

disabling handshaking and removing all but the necessary transmit, receive, and signal ground 

functions, one-way serial connections were created from the closed-side computer to the open-

side system. 

 

On the RCC 5K computers, the 5K files were written to “hot” directories, from which they were 

automatically sent out through the Secure Data Gateway.  The 5K files were then uploaded, by 

scripts (software), to a WFF web site for publishing data, and e-mail messages containing the 

web link to that particular 5K file were sent, also automatically, to the customers needing that 

file. 

 

This concluded the determination of the Category 2 data path from the 5K computers in the RCC 

to the users of the 5K files, who had required that the data be e-mailed or uploaded to a web site.  

However, the networks and servers used for Internet e-mail and web hosting do not fall under the 

same high-availability requirements as do the NASA networks, assets, and systems designated 

mission-critical, nor do those publicly-used networks and servers come with around-the-clock 

technical support or stringent return-to-service agreements.  In fact, during the TacSat-2 

countdown, one of the Goddard Space Flight Center e-mail servers went down, making it 

impossible for the Range Safety Officer to access his e-mail account, by which he was to receive 

the “Toxic and DFO Dispersion Modeling Products” from the RAC.  This was one step beyond 

the extent of the data paths discussed in this paper, but it does illustrate the risks involved in 

relying on non-mission-critical systems and networks during missions, and the need for 

contingency plans, should links to the outside world of e-mail and web sites fail. 

 

Two backup strategies were devised for the 5K files, because the users of those files were 

physically in two very different places.  Those doing toxics and blast analyses were in the Risk 

Assessment Center, which is in the same building as, and very close to, the RCC, so the 

contingency plan, should their access to the Internet be lost (or should the Secure Data Gateway 

fail), was simply to take them the needed data on keys. 
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However, the Orbital engineers were five miles away from the RCC; they were in Blockhouse 3 

on Wallops Island.  The contingency approach for them was to install a dedicated system in 

Blockhouse 3, connected to the Range Mission Network, and configured as a data destination 

similar to the “inside” server of Secure Data Gateway.  That is, all 5K files were directly written 

to that dedicated system by the 5K computer in the RCC.  If Orbital’s access to the open network 

were lost, all the files would be right there for them in Blockhouse 3. 

 

 

TESTING AND RESULTS 

 

There were many categories of engineering tasks and associated testing that ultimately made the 

GPS radiosonde data usable in so many ways during the Minotaur I launches.  These tasks and 

tests actually began several years ago, and include the selection and implementation of LEADS; 

the building of the high-speed Range Mission Network; the upgrading of the Wallops Wind 

Weighting system to ingest real-time Ethernet (radar and) GPS data; and the selection and 

arduous acceptance testing of the new LMG6/LMS6 Meteorological Processing Systems.  

(Wallops has flown close to 250 of these radiosondes.)  In the months just prior to the Minotaur I 

launches, the 5K C++ software was designed, written, and tested, the Secure Data Gateway was 

created and its scripts were written and tested; and all data paths and contingency plans were 

determined, implemented, and tested extensively. 

 

Ultimately, for TacSat-2 and NFIRE, a total of 35 GPS radiosondes were flown during 

simulated, scrubbed, and successful launch attempts.  For all of those flights, the 5K C++ 

software performed flawlessly. 

 

An appropriate summary of the results of the 35 radiosonde flights has two parts, because the 

definition of flight success depends upon the ultimate use made of the data.  From the point of 

view of Orbital Sciences Corporation, which used the information for 6DOF simulations (winds 

aloft and post-flight analyses), data were required to be reported at least every 1,000 feet for up 

to a minimum of 50,000 feet for some balloons and 60,000 feet for others.  By this definition of 

success, there was a 94% success rate.  Out of 35 total balloons released during simulated, 

scrubbed, and successful Minotaur I launch attempts, two did not completely meet Orbital’s 

requirements.  One failed to reach the required minimum altitude because of radiosonde failure 

at 46,000 feet, but was so close to doing so that a backup balloon was not requested.  In the other 

case, the radiosonde experienced a rare GPS reset, and did not start reporting data until it was 

above 2,000 feet – it then continued to over 123,000 feet – but because the next balloon was 

already scheduled to be released 15 minutes later, a backup balloon was not requested.  Taking 

these caveats into consideration, Wallops was able to meet, and in most cases far exceed, 100% 

of Orbital’s mandatory upper-air observation requirements. 

 

The RAC analysts needed data up to only 20,000 feet, which all balloons far exceeded, but they 

also needed near-surface information.  During simulated, scrubbed, and successful Minotaur I 

launch attempts, there was a 91% success rate from the viewpoint of those doing toxics and blast 

analyses; of the 35 radiosondes, three failed to start reporting data within the first 100 feet.  A 

backup balloon replaced the near-surface data for one of the three, a scheduled balloon 15 
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minutes later replaced those data for the second, and the third was not in the subset of balloons 

(T-6, T-4, T-2.5, and T-1.5 hours) on which the RAC analyses ultimately were reported.  These 

mitigations or circumstances allowed Wallops to meet 100% of the upper-air observation 

requirements for toxics and blast analyses. 

 

 

OTHER RANGE APPLICATIONS OF GPS RADIOSONDE DATA 

 

Wallops Flight Facility has mobile assets that enable researchers to launch rockets around the 

world in order to conduct their science where it occurs.  Small GPS systems and antennas are 

vastly less expensive to ship to remote sites than are the big radar vans and dishes historically 

used to track balloons for the Wind Weighting of unguided vehicles.  The GPS systems also 

require fewer operators and are easier to use.  GPS soundings can be used when radar use is 

restricted by visibility (fog or snow), RF silence, or RF avoidance, or when the radars are 

occupied with payload checks, or when low-level radar tracking appears to be noisy or 

questionable.  Tracking of multiple simultaneous weather balloons lofting GPS radiosondes, all 

contributing to the same wind table as they rise, reduces the time needed for Wind Weighting 

and increases the freshness of the data.  (Tracking of multiple balloons by multiple radars is 

possible, but would not be cost-effective.)  GPS radiosondes, as used in Wind Weighting, have 

performed an important mission assurance role by improving the chances of launching and 

reducing the burden on range radar operations.
5
   

 

In addition to being used for launch support, GPS radiosondes are playing an important role in 

research.  Wallops meteorologist Frank Schmidlin, of the Upper Air Instrumentation Research 

Projects, Observational Science Branch, is widely acknowledged as the country’s leading expert 

on radiosondes and upper air meteorology.  He is a member of the US delegation to the World 

Meteorological Organization, which is the United Nations organization that oversees the world’s 

weather balloon launch network.  In papers too numerous to list, Mr. Schmidlin describes use of 

GPS radiosondes to study the dynamics and structure of the atmosphere, to learn about ozone 

loss processes, to verify that satellite observations of the ozone layer are accurate from space, 

and to collect upper-air measurements used to study hurricane development, tracking, 

intensification, and landfall impacts.   

 

GPS radiosondes are increasingly being used around the world. A few examples are: Mr. 

Schmidlin’s most recent hurricane research conducted at Cape Verde, off the western coast of 

Africa; WFF use of GPS radiosondes to Wind Weight during a campaign of rocket launches in 

Alaska this past winter; their use in support of high altitude Arctic research programs throughout 

the year at Andoya Rocket Range in Andenes, Norway; and use of GPS radiosonde equipment at 

Shuttle Transatlantic Abort Landing Sites in Spain and Morocco. 

 

 

CONCLUSION 

 

NASA Wallops Flight Facility recently demonstrated its rapid response capabilities with two 

successful launches of U.S. Air Force Minotaur I rockets.  Satisfying the new day-of-launch 

upper-air requirements for these launches was accomplished through the acquisition of multi-
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receiver GPS meteorological processing systems.  A model has been presented in which the new 

GPS radiosondes, ground stations, and system computers were made an integral part of Wallops 

launch support capabilities.  Used around the world for weather analysis, research, and launch 

support, these tiny, versatile instruments are truly mighty midgets of the modern range.     
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