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Executive Summary 
Technological advancements in Micro Electro Mechanical Systems (MEMS) and nanotechnology have 

inspired a concept for a revolutionary observing system called Global Environmental Micro Sensors (GEMS).  
The GEMS system has the potential to expand the amount of in situ observations especially over data sparse 
regions of the Earth and improve weather forecast accuracy and efficiency well beyond current capability.  
Resulting improvements in forecast accuracy will translate directly into cost benefits for weather-sensitive 
industries worldwide, and mitigate the risk factors associated with life-threatening weather phenomena. 

This final report summarizes the NASA Institute for Advanced Concepts (NIAC) phase II project that 
focused on studying the feasibility issues of the GEMS system during the period 1 September 2003 through 31 
August 2005.  The major feasibility issues were identified in the NIAC phase I study and included probe 
design, power, communication, networking, signal processing, sensing, deployment, dispersion, data impact, 
data collection and management, costs, and operational/environmental concerns.  There are a large number of 
possible design trade-offs based on these feasibility issues comprising a complex, multi-dimensional parameter 
space.  Modeling and simulation were used extensively in the phase I and II efforts as a cost-effective and 
controlled way to study the trade-offs and map out pathways for further system development that are embodied 
in a technology roadmap. 

The initial phase I GEMS concept envisioned ultra low-cost, disposable devices as small as 50-100 
microns in one or more dimensions.  Each probe would have on-board power, communications, processing, and 
sensing capabilities.  The probes would communicate with other probes, data collectors, and remote receiving 
platforms using radio frequency (RF) transmissions to form a wireless, mobile, in situ network.  The largest 
data collectors are likely to be a series of ground- and space-based receiving platforms that provide a means to 
acquire and process data within wired regional and/or global terrestrial networks. 

During the course of the phase II study, the original idea to pursue miniaturization of the entire probe 
toward the micron size was modified based on communication, power, and terminal velocity requirements.  
One of the design trade-offs favoring larger devices was the requirement for probes to remain airborne for 
weeks to months which is best achieved using a self-contained, constant altitude vessel filled with lighter-than-
air gas like helium to make it neutrally buoyant. 

If built today using commercial-off-the-shelf (COTS) components, the probe form-factor would likely be 
spherical or disk shaped at ~40 cm in diameter and weighing ~50 gm.  The majority of the electronics payload 
would reside inside the vessel except for the sensors that would be connected on the exterior of the shell.  
Current sensor technology can be integrated into a low-cost, power, and mass suite to measure temperature, 
pressure, humidity, and wind velocity using micro Global Positioning Systems (GPS) with the same accuracy 
as current observing platforms such as weather balloons.  Power would be generated by thin-film solar cells and 
stored in super-capacitors or small batteries. 

Simulations were conducted to prove the viability of routing data from a large number of mobile probes to 
a central location using ad hoc or mesh networking.  The energy required to transmit the data over the last hop 
to the base station drives the overall hardware requirements of the system.  Various alternative techniques were 
also considered for data exfiltration such as routing data from each probe directly to a commercial low earth 
orbiting satellite.  A trade-off analysis between ad hoc networks and satellite exfiltration showed that the 
satellite option is preferred based on energy metrics for communication.  The energy required to forward a large 
number of messages over the last hop in an ad hoc network is greater than the energy required to transmit a 
single message to a satellite at low altitude.  By using satellite-based communication for data exfiltration, a 
GEMS system could easily be scaled to match changing requirements through time from small targeted 
deployments to global coverage. 

A number of potential strategies were envisioned for possible deployment of GEMS probes including 
release from high-altitude balloons, unmanned aerial vehicles, and weather balloons during ascent.  However, 
the main focus centered on deployment of probes from surface weather stations around the Northern 
Hemisphere.  The deployment and dispersion of GEMS probes were simulated using a numerical weather 
prediction (NWP) model coupled with a Lagrangian particle model and configured to run over the Northern 
Hemisphere for two 30-day periods from June and December 2001.  The resulting probe distributions were then 
used to study data impact issues and examine which networking and communication strategies were practical 
based on simulated probe separation. 
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Observing system simulation experiments (OSSEs) were used to study the impact of simulated GEMS data 
on regional weather forecasts.  The experiments were designed to mimic an operational regional forecast cycle 
by running a series of 48-h forecasts initialized using an intermittent data assimilation scheme.  Results showed 
improvements of temperature, dew point, and vector wind greater than 50% over forecasts assimilating only 
conventional in situ surface, upper air, and aircraft observations in the mid- and upper-troposphere.  Sensitivity 
experiments indicated that the OSSEs produced nearly identical forecast impacts with only 10% of the data 
included in the simulations.  This finding is important relative to the requirements for system cost and probe 
communication using ad hoc strategies. 

Simplified cost models were used to estimate probe, communication, and deployment costs based on the 
number of probes released over the Northern Hemisphere using the surface-based deployment scenario from 
the OSSEs.  Probe costs were estimated at $22 per device based on COTS components, but would likely 
decrease to ~$1 per probe in the next 10-15 years following trends in electronics miniaturization and integrated 
design.  The cost trade-off for the ad hoc network versus direct satellite communication showed that the data 
transmission burden would be minimized using the satellite option for most configurations.  The overall system 
cost was estimated at $172 million per year using the full OSSE probe data set and at $20.9 million per year if 
using 10% of the probes.  The analysis indicated that the communication costs would account for ~95% of the 
expected total costs. 

The potential benefits of using data from a GEMS system were based on the projected forecast 
improvements from the regional OSSEs.  The potential savings for the U.S. energy industry were estimated to 
be as much as $400 million per year assuming GEMS data improved regional low-level temperature forecasts 
by 0.4 K.  In a similar exercise, it was estimated that the aviation industry could save ~$7.8 million per year per 
airline assuming GEMS data improved flight-level vector wind forecasts by 1 m s-1. 

An analysis showed the there is a small but finite probability that probes will collide with aircraft.  If 
probes do not routinely drift at levels above ~9 km, it was estimated that less than 10 probes per year would be 
ingested by commercial jet aircraft engines.  This strike frequency is far below the threat already posed by birds 
at low altitudes during take off and landing.  Further analysis showed that the probe mass is very small 
compared with birds and would generate only minimal damage to the engine unless ingested at high speed.  
Even in that scenario, the probe would likely cause component fatigue but not catastrophic damage.  The probes 
would also have a minimal effect on aircraft and weather radar due to their low radar cross sections. 

Deploying in situ probes raises issues regarding environmental impact and movement across territorial 
boundaries.  The environmental impact is expected to be relatively minor during future development and testing 
phases when only a limited number of probes would be deployed over small regions.  Technology should 
advance over the next 15-20 years to minimize this issue by using bioinert or biodegradable electronics and 
shell materials.  While trans-boundary movement is likely unavoidable, this issue can be addressed through 
coordination with other governments to obtain consensus on letting in situ weather instruments drift through 
their air space similar to weather balloons. 

The report concludes with a technology roadmap and summary of ongoing efforts to seek support and 
funding for GEMS development beyond the NIAC grants.  Although the technology roadmap covers a period 
spanning the next 30 years, the focus in the phase II study was on the first 15 years when the pathway for probe 
development is envisioned to be continued miniaturization of constant-altitude, neutrally buoyant vessels in a 
top-down approach.  The probe size, mass, and form factor are projected to scale somewhat linearly in that time 
frame based on further integration of the electronics into the shell and decreases in shell thickness using carbon 
nanotube-reinforced polymers.  Both of these developments will reduce the overall probe size and mass to 
roughly 15 cm in diameter and 5 gm, respectively. 

By the year 2025, the probe form factor is expected to change dramatically, adopting more of a bioinspired 
design.  The shift in form factor assumes that continued advances in nano and other enabling technologies 
provide suitable pathways for more of a bottom-up approach to design and fabrication.  The trends in such 
technology development beyond 15 years are very speculative and challenging to extrapolate based on any past 
or current efforts.  For specific applications, continued reduction in probe size to the micron scale may be 
desirable and achievable.  This pathway for the GEMS system was not explored during the phase II study but is 
embodied in the later stages of the technology roadmap as a possibility for concept development in the 15- to 
30-year time frame. 
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1 Introduction

Technological advancements in MicroElectroMechanical Systems (MEMS) and nanotechnology have 
inspired a concept for a revolutionary observing system called Global Environmental Micro Sensors (GEMS).  
The system features a wireless network of in situ, buoyant airborne probes that can monitor all regions of the 
Earth with unprecedented spatial and temporal resolution.  The probes will be designed to remain suspended in 
the atmosphere for weeks to months and take measurements of temperature, humidity, pressure, and wind 
velocity that are commonly used as dependent variables in numerical weather prediction (NWP) models.  As a 
result, it will not be necessary to develop complex algorithms for assimilating such data into research or 
operational models. 

The GEMS concept is revolutionary because it foresees the integration of evolving technologies to realize 
an observing system with scalability and applicability over a broad range of weather and climate phenomena 
that impact mankind.  The GEMS system has the potential to expand the understanding of the Earth system and 
improve weather forecast accuracy and efficiency well beyond current capability.  Resulting improvements in 
forecast accuracy will translate directly into cost benefits for weather-sensitive industries worldwide, and 
mitigate the risk factors associated with life-threatening weather phenomena. 

This final report summarizes the NASA Institute for Advanced Concepts (NIAC) phase II GEMS project 
covering the period 1 September 2003 through 31 August 2005.  The NIAC phase I project concentrated on 
validating the viability of the GEMS concept, defining the major feasibility issues, and determining the primary 
enabling technologies (Manobianco 2002).  The key issues and enabling technologies affecting the design and 
development of a GEMS system are summarized in Table 1.1. 

 
Table 1.1 Key issues and enabling technologies for a GEMS system. 

Major Feasibility Issues Primary Enabling Technologies 
Probe design Materials science, micro/nanotechnology 
Power Thin film solar cells, super capacitors, batteries, micro fuel cells 
Communication Radio Frequency (RF), optical, and passive methods 
Networking Satellite point-to-point, ad hoc, satellite/ad hoc hybrid 
Signal processing Global Positioning System (GPS) localization, data exfiltration 
Sensing MEMS/nano-based pressure, temperature, humidity sensors 
Deployment/dispersion/scavenging Numerical weather prediction and Lagrangian particle models 
Data impact Observing system simulation experiments (OSSEs) 
Data collection/management Data mining, ground- and space-based infrastructure, artificial 

intelligence 
Environmental Biodegradable and/or bioinert materials, organic electronics 
Cost Nanotechnology, MEMS mass production, packaging, 

deployment strategies, networking, and data collection 
infrastructure 

The phase II effort focused on studying these feasibility issues with respect to cost, performance, and 
development time.  The results from the 2-year study highlighted pathways necessary to formulate a technology 
roadmap that could be used for further development of the GEMS concept in future NASA and/or other agency 
programs. 

The report is organized as follows.  Section 2 provides a background and concept description for the 
GEMS project.  Section 3 discusses the probe and system engineering issues necessary for design and 
development.  Section 4 provides details of simulations to study probe deployment/dispersion issues and the 
impact of simulated probe data on regional weather forecasts.  Issues relating to the costs and societal benefits 
for such a system are presented in Section 5.  A summary of the results including a technology roadmap and 
expectations for future GEMS system development are outlined in Section 6. 
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2 Background and Concept Description 

The initial phase I GEMS concept envisioned ultra low-cost devices as small as 50-100 microns in one or 
more dimensions.  Miniaturizing the electronics and other probe components to dust-sized dimensions was 
based on realistic projections following Moore’s law (Moore 1965) and recent efforts with so-called “smart 
dust” (Kahn et al. 2000).  At these sizes, the probes would have very small terminal velocities and be 
lightweight enough to pose virtually no threat to people or property including aircraft.  Depending on the size 
and shape of the probes, aerodynamic design could also reduce their ballistic coefficient and terminal velocity.  
Many examples of such design exist in the natural world including dandelion and maple seeds. 

Each probe would have on-board power, communications, processing, and sensing capabilities.  The 
probes would communicate with other probes, intermediate nodes, data collectors, and remote receiving 
platforms using radio frequency (RF) transmissions to form a wireless, mobile, in situ network.  As part of a 
wireless network, the probes would not require recovery to collect data and therefore would be disposable.  The 
data collectors are envisioned to be larger than individual probes and distributed throughout the atmosphere.  
There would likely be intermediate nodes in the hierarchy as well, capable of longer-range communication 
and/or more data processing than the individual probes, but still autonomous (Figure 2.1).  The largest data 
collectors are likely to be a series of ground- and space-based receiving platforms that relay data from the 
intermediate nodes and provide a means to acquire and process data within wired regional and/or global 
terrestrial networks. 

 

 
Figure 2.1 Conceptual representation of GEMS probes illustrating form factor, deployment, and 

communication. 

The original inspiration for the GEMS system came from a study by Gall and Shapiro (2000) suggesting 
that future 1-km resolution global observations were not likely although such resolution could be expected in 
some regions.  The grand vision was to design a GEMS deployment strategy that could sustain global coverage 
with an average probe spacing of ~1 km in the horizontal and vertical directions from the surface to about 20 
km above ground level.  To achieve the grand vision would require as many as 10 billion airborne probes at any 
given time.  The same number of probes over the volume of the atmosphere covering the state of Texas would 
provide measurements at an average spacing of 100 m although such scenarios involve many issues regarding 
feasibility, practicality, potential environmental impacts, and cost-benefit trade-offs. 
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A rough estimate of the data rate produced by a regional or global network with 10 billion probes would be 
~1 trillion observations per day, assuming temperature, pressure, humidity, and wind velocity were measured 
once per hour.  Projected data rates from a network of that size are comparable with future observing systems in 
the next decade (Uccellini et al. 2001; NASA 2002).  To support a vision for future observing systems such as 
GEMS and/or the planned operational satellite instruments will require significant advances in computing 
architectures, model/data assimilation (DA) systems, speed/bandwidth of communication systems, and data 
management algorithms including new paradigms for data mining, sampling and selection techniques (Clausen 
et al. 2002; NASA 2002).  Current estimates project that computer power and analysis/modeling systems will 
be inadequate to handle that amount of data for the next 5-10 years (Uccellini et al. 2001; NASA 2002). 

During the course of the phase II study, the original idea to pursue miniaturization of the entire probe 
toward the micron-size was modified based on communication, power, and terminal velocity requirements that 
are discussed in Section 3.  First, RF communications with probes of this size is not practical over the distances 
envisioned for the airborne application because their linear dimensions are too small in comparison with radio 
wavelengths.  Second, power generation using thin film solar cells requires areas on the order of hundreds of 
square cm which is impractical with dust-size devices.  The final design trade-off favoring larger devices was 
the requirement to maximize the time probes remain airborne which is best achieved using a self-contained, 
constant altitude vessel filled with lighter-than-air gas like helium to make it neutrally buoyant (i.e. with zero 
terminal velocity).  Although micro-scale devices could be designed to have terminal velocities less than 10 cm 
s-1, they would still fall out of the air in hours to days depending on the altitude where they were released.  With 
the expected advances in materials science over the next 10 years, a constant altitude vessel would leak helium 
slow enough to remain airborne for weeks to months. 

The idea of using constant altitude platforms for atmospheric sampling has been around for almost half a 
century (Angell and Pack 1960).  However, substantial reductions in probe mass, size, and ultimately cost along 
with added functionality can now be realized by leveraging current and expected advances in micro and 
nanotechnology.  Initial GEMS prototypes would likely be spherical or disk shaped with size and mass 
requirements discussed in Section 3.1.2.3.  For specific applications, continued reduction in probe size to the 
micro-scale may be desirable and could be pursued if probes need to fall out of the air more quickly and not use 
active RF communication or solar energy for power generation.  This pathway for the GEMS system was not 
considered in the remainder of the phase II study but is embodied in the later stages of the technology roadmap 
(Section 6). 

The feasibility issues including cost, deployment/dispersion, and data impact were not scaled in the phase 
II study to a global vision with 10 billion nodes because macro-scale devices even at masses less than 5 gm 
each potentially pose more environmental hazards than micro-scale ones.  While it may be possible to design a 
deployment strategy to achieve global coverage with GEMS probes, trends in the evolution of U.S. global 
NWP systems suggest that horizontal model resolution will still be too coarse even by 2025 to take full 
advantage of data with 1-km global spacing (NOAA 2001).  On the other hand, regional NWP models used for 
research and operational applications such as hurricane track and intensity prediction will likely be running 
with grid spacings at less than 1 km well before 2025.  Data from targeted deployments of a GEMS system 
could provide observations on scales commensurate with the resolution of these models. 
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3 Probe and System Engineering 

This section covers three main topic areas that include probe design, data extraction and networking, and 
operational concerns. 

3.1 Probe Design 

3.1.1 Overview

A GEMS probe consists of a suite of meteorological sensors which will be carried aloft by a buoyant, 
constant-altitude vessel.  The probe is designed as a Lagrangian drifter within the atmosphere to take in situ 
measurements of weather related phenomena and then return the data to a central location for processing.  The 
acquired data can be returned either by forming an ad hoc network to route the data packets to base stations on 
the ground or each probe can directly transmit data to a satellite for exfiltration.  The optimum choice is a major 
trade-off that will be discussed in the following sections.  In general, it was found that the characteristics of the 
GEMS system favor the use of data extraction via a commercial satellite service such as Iridium. 

In addition to the sensor suite, each probe will contain the necessary RF hardware to relay the acquired 
data.  Each data packet will contain ~102 bits of information, consisting of temperature, pressure, and humidity 
measurements from the sensor suite.  In addition, a Global Positioning System (GPS) receiver will provide 
position, time, and probe velocity information during each measurement period.  Since each probe may acquire 
a single measurement once every 15 minutes or longer, the resulting data throughput is low which enables brief 
burst communication periods followed by sleep to conserve onboard power. 

Power and energy limitations are the fundamental constraints on probe design.  Integrated solar cells can 
provide a renewable source of energy for extended duration flights.  High performance lithium ion batteries 
could provide power during nighttime periods or as the primary power source for shorter missions.  Though 
their energy density is lower, ultracapacitors also offer a viable alternative especially when considering 
environmental effects. 

As a buoyant vessel, each probe could be constructed with a thin layer of ~10 �m MylarTM that can be 
coated with a few nanometers of metal or glass to reduce Helium leakage and extend its operational lifetime.  
Additional coatings on the outside of the vessel could provide a passive temperature control mechanism that 
regulates the thermal environment seen by the payload.  Initial designs will have the payload contained within 
the vessel’s shell or hanging directly below it to allow for aspiration.  These payloads could be constructed 
today using commercial-off-the-shelf (COTS) hardware packaged together to form a complete system.  Future 
refinements such as multi-chip module integration and flexible electronics will provide more efficient 
packaging which will reduce the overall mass and power requirements.  Eventually all of the subsystems will be 
fabricated monolithically with semi-conductor technology to reduce per unit costs.  Thin film technology may 
allow all of the subsystems to be fabricated as part of the shell material. 

3.1.2 Hardware

3.1.2.1 Sensor Selection 

The GEMS system requires that pressure, temperature, and humidity be measured at altitudes ranging from 
sea level to 10 km or more.  The following section outlines the basic technology available for integration with 
the GEMS system.  Various sensor technologies are capable of measuring these parameters with sufficient 
accuracy.  The primary challenge involves the proper placement of sensors so they measure true atmospheric 
conditions rather than some localized phenomena associated with the interaction of the probe and the 
environment.  In general, this will involve placing the sensors on the exterior of the vessel and aspirating the 
sensor suite.  Post measurement processing of sensor outputs may be required to compensate for intrinsic errors 
and determine the absolute value of each sensed quantity. 
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Pressure Sensors 

Most pressure sensors consist of a diaphragm whose deflection under pressure is detected by measuring 
strain or displacement.  Many of today’s industrial grade diaphragms are made of low-hysteresis stainless steel.  
Beginning in the 1970s, silicon micromachined pressure sensors enabled small size, low-cost applications.  
These pressure sensors are currently used in automobiles to monitor oil/tire pressure and fluid levels.  In 
addition to automotive applications, these sensors have also enabled altimeters to be constructed in wrist 
watches.  Current industrial pressure sensors often use silicon sensors imbedded in a rather massive housing for 
ruggedness. 

Pressure sensors are classified by the pressure loads placed on the opposing diaphragm sides.  In an 
absolute pressure sensor, one side of the diaphragm is evacuated.  In a gage pressure sensor, one side is vented 
to the atmosphere.  When both sides are exposed to various pressures, a differential pressure is realized.  
MEMS pressure sensors are preferred due to the low cost, small size, and absolute pressure requirements of the 
GEMS system.  The dynamic range of the sensors will need to operate in conditions from ground level to an 
altitude of ~9 km where the standard atmosphere is 296.5 hPa and temperature is -44.4 �C (-48 oF). 

Most MEMS pressure sensors incorporate piezoresistive strain sensing.  By adding dopants during 
fabrication, the strain sensors can be embedded into the diaphragm.  Because of the various stresses with 
orientation, a full bridge can be embedded in a single diaphragm.  Although piezoresistors are known to be 
temperature sensitive, controlling the doping and thermal compensation (using additional resistors) have 
resulted in widespread use.  MEMS pressure sensors are also constructed with a back electrode, which forms a 
variable capacitor with the diaphragm.  The capacitance readout is less temperature sensitive but results in a 
more costly sensing element.  Additional details on piezoresistive and capacitive MEMS pressure sensors can 
be found in Sze (1994), Kovacs (1998), and Senturia (2001).  Suitable sensors from a variety of manufacturers 
are currently available.  The basic technology is relatively simple and conducive to eventual monolithic 
integration with other elements of the system. 

Temperature Sensors 

The GEMS system will require temperature measurements over a range of -50 to +40 oC with a resolution 
of ±1 oC.  Numerous solid-state temperature sensors meeting these requirements are available commercially.  
The devices use a fundamental property of silicon transistors to sense the environment that is referred to as 
band gap sensing.  If two identical transistors are operated at a constant ratio of collector current densities, the 
difference in their base-emitter voltage will result in a voltage that is directly proportional to absolute 
temperature (PTAT).  The PTAT voltage is converted to a current by low temperature coefficient thin-film 
resistors, which allows for simple interface circuitry. 

MEMS temperature sensors have also been fabricated directly on chip, often with other functions by 
depositing wire, semiconducting oxide (negative temperature coefficient thermistors) or doped silicon runs, 
whose resistance changes with temperature (Kovacs 1998).  Generally, the semiconductor resistors 
(thermistors) have higher sensitivities than the metallic sensors.  This option is the most promising for 
monolithic integration in the long term since it offers adequate performance and very simple integration with 
other components in the system. 

Humidity Sensors 

The GEMS system requires that relative humidity measurements be taken in the range between 5% and 
100% with a resolution of ±2%.  Once again, numerous commercial devices exist which easily meet this 
requirement.  MEMS humidity sensors are generally capacitors whose dielectric material varies with absorbed 
humidity so that the varying capacitance is sensed.  Given the time required for absorption, response times are 
on the order of 3-30 s.  Since dew point is often a desired output, many humidity sensors incorporate thermal 
sensors, whose outputs are available to external circuitry.  Most small, inexpensive, commercially available 
humidity sensors are MEMS capacitors.  Because of their simplicity, the sensors are mechanically robust and 
small. 

Other techniques measure the resistance across a hygroscopic material or the thermal conductivity of a gas 
sample.  Resistive sensors usually consist of noble metal electrodes connected by a salt or conductive polymer, 
whose resistance changes with humidity as ionic functional groups are dissociated.  Thermal conductivity 
humidity sensors (absolute humidity sensors) consist of two matched thermistors in a bridge circuit.  One 
element is hermetically sealed in dry nitrogen while the other is exposed to the environment.  When operated at 
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constant current, the voltage drops differ because heat is dissipated differently in the two environments (Roveti 
2001). 

Micro GPS Sensors 

The components of wind velocity can be determined from differential micro GPS receivers that report 
probe position, velocity, and time similar to current weather balloon and dropsonde instrumentation (Hock and 
Franklin 1999).  The GEMS system requires that wind velocity measurements be acquired over a range of 1 to 
100 m s-1 with an accuracy of 1 m s-1.  Several commercial vendors produce low-power, low-mass devices that 
meet these requirements.  For instance, Navman NZ Ltd. produces the Jupiter Callisto GPS module that 
provides 12-channel reception, 500 m s-1 velocity range, and a mass of 1.6 gm.  Leadtek Research, Inc. 
provides a similar module that is only slightly more massive.  By using the differential GPS, the three-
dimensional position of the probe and wind velocity can be accurately determined. 

Sensor Summary 

Sensors with sufficient performance are available from numerous large, well-established suppliers as well 
as various small specialized firms.  Figure 3.1 shows an example humidity sensor from Sensiron, which 
integrates both humidity and temperature measurements.  The basic technology for all of the sensor types is 
well known and can easily be integrated into the overall system with minimal effort.  Table 3.1 shows baseline 
options and performance data based on commercial parts.  The estimated energy consumed per sample acquired 
assumes the sensor is operated without internal amplification.  An additional reduction in power and size may 
be realized by monolithically integrating the sensors into the overall system.  Even without this integration, the 
energy required to take a meteorological measurement is far below the energy required to transmit the 
information to the next probe.  The primary motivation for increased sensor integration is a reduction in the 
overall size and mass of the devices while reducing per-unit system fabrication costs. 

 

 
Figure 3.1 Two configurations of Sensiron humidity sensors. 
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Table 3.1 Sensor performance parameters. 

Sensed 
Parameter

Baseline
Model 

Sensor 
Mass 

Parameter
Range

Temp
Range

Null
Stability

Sample 
Energy Comments

P Honeywell 
24PCCFA6A 2 gm 138-1034 

hPa  
-40 to 
85 C 6.895 hPa 200 �J 

Bridge only, no 
internal electronics. 
0.2 mA excitation 
for 1 s per 
measurement. 
Likely that time or 
current could be 
reduced. 

RH, T Sensiron 
SHT15 

~0.3 gm 
0.091 cm3 
(volume) 

0 to 100% 
RH 

-40 to 
+120 C 

+/- 2% RH, 
+/- 0.5 oC 60 �J 

30 s time constant. 
Measurements on 
0.1 s (5V, 28 uA) 
out of 30 s, sleeping 
0.3 uA).  Package 
contains band gap T 
sensor, A/D, 
calibration memory, 
and conversion to 
two wire. 

3.1.2.2 RF Hardware 

GEMS probes are expected to operate in severe environments while trying to minimize the required mass 
of the power system.  The two most energy intensive operations for the probes are measuring the probe location 
and relaying the meteorological data to the final destination.  In the baseline concept, both of these operations 
involve RF communications.  Passive laser-based optical modulator technologies were also considered as a 
communications method though these techniques are ineffective for probes operating in clouds or similar 
opaque environments. 

Overall, the RF-related tasks are limited by the mass of the energy source and the requirement to operate in 
relatively cold ambient environments.  It has been estimated that a single GPS location fix, including RF signal 
acquisition, currently requires about one Joule.  The energy required to transmit the data may also be of this 
order depending upon the network and probe configuration chosen.  The requirement for communications 
includes both the raw energy expended when actively transmitting as well as the power to the receiver 
electronics needed to support the processing of incoming signals.  Network discovery, configuration, and 
maintenance may all consume energy depending upon the type of routing protocols chosen.  Though hardware 
improvements may lower GPS and receiver power requirements, the transmission energy is fundamentally 
limited by Shannon’s theorem (Shannon 1948). 

An ad hoc network requires frequency coordination.  The efficiency of this task is improved if precise time 
is known throughout the network.  Coordinated timeslots will be used to restrict the time period over which the 
receivers must operate for the GEMS probes.  As such, a given probe will wakeup, listen if there is an incoming 
transmission, and then go back to sleep until the next slot.  Otherwise, continuous monitoring of all 
communication time slots can require 1,000 times the power needed for receiving versus transmitting if all 
members need to monitor for all transmissions.  Thus, for edge members of the network, the receive function 
might require 45 times as much power as the local transmit function.  This constraint partially compensates for 
the central data delivery node transmitting so much more than the remote nodes.  It is clear that there are power 
savings to be realized by scheduling both data communication and network discovery periods. 

A sample link budget is presented in Table 3.2 for a GEMS ad hoc network.  Frequency shift keying (FSK) 
is used as the modulation for this link because signal acquisition can be very fast without requiring waveform 
storage or large processing power, thereby decreasing the impact of imprecise tuning and timing.  Some 
improvement in transmit power conservation might be possible with narrowband modulation, made feasible 
with frequency accuracy improvements facilitated by GPS calibration and training of on-board oscillators.  The 
frequency of any reference time-base on the probe is likely to shift somewhat as the probe heats due to power 
dissipation, solar gain, and local environment variations.  The short-term heating rate is proportional to power 
dissipated, aggregate thermal mass, thermal topology, and heat capacity of the probe.  Thermal coupling to the 
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environment will determine the time constants required to regain equilibrium.  The power consumption 
numbers represent continuous operation and any duty-cycle factors will result in nearly proportional power 
savings.  The power for a clock to schedule communications, instruments, and control functions is not included 
here. 

 
Table 3.2 Sample link budget for a GEMS ad hoc network.

Frequency Reference Corrected with GPS to 25 PPM 

Range 60 km 

Frequency 1.62 GHz 

Path Loss 132.2 dB 

Receiver Power Consumption Rate 90 mW 

Overall Transmitter Efficiency 50 % 

Transmit Power Consumption Rate 2 W 

Effective Radiated Power 631 mW (+28 dBm) 

Antenna Gain -2 dBi 

Received Signal Power -104.2 dBm 

Receiver Bandwidth 500 kHz 

Receiver input Temperature 200 K 

Antenna Temperature 290 K 

Effective Receiver Input Noise Power -114.7 dBm 

Detector S/N Ratio 10.5 dB 

Modulation FSK, +/- 125 kHz, 10 k bit per second 

Bit Error Rate 1.8E-3  

 

The probability of missed messages and non-optimum routing goes up as power minimization is 
undertaken.  Link power modulation has further impacts on the transmitter size, weight, and efficiency trade-
offs.  Efficient transmitters rely on correct device load impedances and these vary with power level, supply 
voltages, and frequency.  Excessive variation in supply voltages can result in reduced power or efficiency.  
Temperature, discharge state, and internal impedance can all impact the terminal voltage of power sources and 
result in transmitter power variations.  Power conditioning/regulation can greatly impact the efficiency of small 
systems. Filtering and interference rejection are likely to be limited in a GEMS probe due to the size/mass of 
such components.  Some opportunity exists to use the constant-altitude vessel material to implement selective 
structures.  Full metallization of the vessel might necessitate separation of the probe and/or the antenna(s) from 
the shell itself. 

The antenna used for communications should be an omni-directional dipole or something similar to 
uniformly radiate in all directions.  Though a substantial reduction in transmitter power could be realized by 
utilizing high gain antennas, this would require precise pointing and platform stability which would overly 
complicate the probe design and add more mass.  If a satellite-based exfiltration concept is used, a low gain 
(half hemisphere) antenna would be desirable.  A patch antenna facing in the sky direction would provide 3 dB 
or more of gain for any satellite link. 

3.1.2.3 Integration and Buoyancy 

A potential concern in the GEMS system design is the lifetime of a given probe.  If helium leakage occurs 
too quickly, the vessels will fall out of the atmosphere.  Since helium does not permeate through metals, a thin 
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metal layer can be used to extend the probe lifetime so leakage only occurs through the seams of the vessel.  
Though the metal coating may extend the lifetime, it may interfere with RF electronics if any of the components 
are contained with the vessel. For example, MylarTM without a metal coating would have a leakage time 
constant of ~12 to 24 days based on reported permeation constants.  Another possible candidate material is 
glass coated MylarTM.  The glass coating would provide similar helium retention as the metal layer but would 
not interfere with the RF electronics.  However, the glass coated MylarTM is a significantly more expensive 
material than its metal coated counterpart. 

A spreadsheet was developed to size the vessel design for a given payload mass and ambient conditions.  
The internal pressure, tensile stresses, and gas diffusion were included in the model.  As a baseline, it was 
shown that a 25-�m thick MylarTM vessel with a diameter of 60 cm can lift 75 gm of payload at sea level while 
limiting skin stresses to acceptable levels.  If inflated at 30,000 ft, this same vessel could lift only 5 gm.  The 
ultimate vessel size will be dictated by the required payload mass.  Initial COTS-based solutions will be in the 
5- to 50-gm range though subsequent refinements in integration can reduce the mass substantially.  Table 3.3 
below illustrates the initial probe component mass breakdown.  The initial probe design would have a diameter 
of ~40 cm which provides sufficient lift for a 30-gm payload. 

 
Table 3.3 GEMS component mass breakdown.

Component Mass (gm) 

Shell 20 

Thin-film Solar Cells 10 

RF Communications 10 

Antenna 3 

Sensor 2 

Micro-GPS 2 

Misc. Electronics 3 

Total 50 

 

Integration 

Due to the rapid growth and pace of the wireless industry, especially for cellular telephone technology, 
numerous commercial RF components suitable for use in the GEMS system are now available.  The exact 
components chosen will depend upon the frequency bands allocated for use in the GEMS system.  Preferably 
the system would coexist with current wireless infrastructures to avoid the costly purchase of any bandwidth for 
a global system.  In the case of satellite exfiltration, using commercial services such as the Iridium constellation 
would be desirable as the hardware components and requirements are well known. 

Initial prototype modules will simply be small low-cost commercial devices packaged together with the 
appropriate interconnections to provide the overall system functionality.  These will likely be contained within 
the shell or hung below it.  The overall system mass will be reduced as the components become more integrated 
with each other and ultimately with the shell itself.  For instance, multi-chip modules can provide dense 
integration capabilities of multiple components within a system.  The die of the relevant components is thinned 
and linked by an interconnect structure above the die (LeBlanc et al. 2001).  The chips-first approach was first 
invented by General Electric and has subsequently been modified for use at Draper Laboratory.  A variety of 
chip components, including those with RF functionality, have been integrated with the process (Peters 2004). 
Figure 3.2 shows multiple dies placed together before the interconnect structure has been formed and the units 
placed in a common module.  Overall, this technology allows for very dense integration of the different 
components in the GEMS system. 

All of the GEMS components, aside from portions of the power system and sensors, could be placed in a 
single chip carrier and integrated with the shell.  Airflow access would be required for sensor operation which 
may force certain components to reside on or have access to the outside of the shell.  The devices could 
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eventually be fabricated monolithically to reduce power, mass, and cost to their minimum values on a per unit 
basis.  The University of California at Berkley “smart dust” program has already demonstrated integrated 
systems with the goal of producing a 1 mm3 node (Warneke et al. 2001). 

 

 

Figure 3.2 Thinned dies placed together before lamination in the multi-chip modules (LeBlanc et al. 
2001). 

The ultimate goal would be to have the electronics fabricated as part of a monolithic shell structure.  In 
order to accomplish this goal, advances in material science and nanotechnology must occur.  The most 
promising approach at this time involves carbon nanotube enhanced polymers.  Carbon nanotube-based 
materials offer immense strength, light weight, and novel electronic properties.  Substantial research is being 
conducted at this time to harness the properties of carbon nanotubes (CNTs).  Some of theses properties, such 
as a CNT’s extremely high conductance or its ability to operate as a semiconductor, present great promise for 
nanoelectronics in the future.  CNTs remarkable strength will also allow for the probe’s shell to be considerably 
thinner.  Currently, the MylarTM shell has to be on the order of tens of microns thick to support the pressure 
differential found at high altitudes; however, by introducing CNTs into the material, the thickness can be 
reduced to less than a micron.  This reduction in thickness translates into a reduction in mass which ultimately 
leads to a reduction in overall size of the GEMS probe.  By integrating much of the payload functionality into 
the shell, the diameter of the GEMS probe could decrease to ~14 cm, which is roughly the size of a grapefruit. 

3.1.3 Temperature Control 

At an altitude of nearly 10 km, the ambient air temperature is around -48 oC (225 K).  These temperatures 
could potentially damage unprotected GEMS components and/or reduce their efficiency, especially if batteries 
are used as an energy storage medium.  A one-degree-of-freedom thermal model was developed to estimate the 
temperature variations that could be experienced by GEMS probes.  In addition, optical coatings for passive 
thermal control common in spacecraft design were evaluated and shown to provide thermal management and 
moderation of the temperature extremes for GEMS components in the upper atmosphere. 

Despite the low ambient air temperatures at high altitudes, the probe temperature can be much warmer than 
its surroundings since it is no longer dominated by convective heat transfer, but instead is heavily influenced by 
short-wave radiative effects.  At these altitudes, the probe encounters a temperature environment similar to that 
experienced by satellites in low Earth orbit.  The top side of the probe may experience extreme solar heating 
during the day while cooling significantly due to heat lost through radiation to the 3 K background sky 
temperature at night.  However, the optical properties of the probe can be modified to partially mitigate these 
extremes. 
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Figure 3.3 shows the baseline temperature extremes expected for a 20-cm diameter metallized (aluminum) 
probe as a function of altitude.  Both cases assume convective heat transfer with a mean relative flow velocity 
(u) of 2.5 cm s-1 for the ambient air with radiative effects to Earth (290 K background) and the sky (3 K).  
Probes trapped in heavy cloud cover at low altitudes will likely follow the local air temperature more closely 
since thermal radiation to and from the Earth and sky will be negligible.  The daytime solar flux includes the 
full solar spectrum input plus a 34% solar albedo.  A 10 mW average internal power input was also assumed, 
though this has a negligible effect on the mean temperature.  No active thermal control is assumed since 
prolonged use of such mechanisms to warm components would be prohibitive due to the power requirements.  

The mean temperature of the probe can vary between 320 K near the surface during the day to less than 
240 K at the maximum altitude during the night.  Additional localized temperature extremes can also occur due 
to preferentially directed radiative effects.  Sun facing surfaces obviously grow warmer during the day while 
nighttime gradients develop between sky facing and ground facing surfaces. 
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Figure 3.3 Temperature extremes of 20-cm diameter metallized vessel under nominal conditions (clear 

sky, u=2.5 cm s-1). 

The low-temperature extreme can partially be mitigated by using surfaces with selected optical properties.  
(e.g. see Figure 3.4).  To minimize the temperature extremes, the top (sky facing) portion of the probe should 
be coated with a low emissivity and absorbance material to reduce the radiative coupling to the Sun during the 
day and the cold sky at night.  In comparison, the lower Earth facing portions of the probe should be coated 
with a dark, high emittance material (blackbody) to maximize the radiative coupling to the “warm” Earth when 
at high altitudes.  As shown in Figure 3.5, the coatings can passively keep the nighttime temperature above 275 
K.  Cloudy skies may partially reduce the effectiveness at low altitudes though the probe remains relatively 
warm with selective coatings, which will enable standard commercial components to be used. 
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Figure 3.4 Optical properties of common space materials (from Barter 1999). 
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Figure 3.5 Temperature extremes of 20-cm diameter shell with an aluminized top and blackbody bottom 
under nominal conditions (clear sky, u=2.5 cm s-1). 
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3.2 Data Extraction and Networking 

Atmospheric data acquired from the airborne probes must be extracted and processed at a central facility. 
Since the probes are passive drifters, exfiltration becomes very complex as the size of the network grows.  The 
task can be accomplished with a mobile ad hoc network, direct satellite exfiltration, or a combination of the 
two. Traditional land line communications between base stations may also be utilized.  There are distinct 
advantages and disadvantages to applying these different options, which may change as the network increases 
in size. Extensive simulations have been performed to study the network scaling behavior. 

3.2.1 Data Throughput and Compression 

Developing a method to successfully extract data from the GEMS network of probes first requires an 
understanding of the overall requirements of the system.  Preliminary estimates for the amount of data produced 
by each probe and a baseline level of accuracy are shown in Table 3.4.  The dynamic range and accuracy 
requirements were used to determine the minimum number of bits required to record the data at levels required.  
Each probe would produce 125 bits of data per measurement period.  Assuming a measurement period of 900 
seconds, this amounts to a data rate of only 8.3 bits per minute on average.  A network of 106 such sensors 
would have a total throughput of only 139 kbits s-1 excluding network overhead.  The following section will 
discuss the intrinsic overhead associated with routing data as well as the ability to reduce the size of each 
message transmitted by implementing a variety of data compression techniques.  This overhead is the major 
driver for the power system. 

Table 3.4 Sensor specifications and expected storage requirements for a single measurement. 
 Dynamic Range Accuracy Resolution Full 

Bits
Compressed Notes 

Sensor ID 1 to 106 N/A 1 part in 106 20 14 Probability of common < 
0.1% 

Latitude -90� to +90� ± 100 m 1 part in 180,000 18 9 Maximum separation/travel < 
75 km 

Longitude 0� to 360� ± 100 m 1 part in 180,000 18 9 Maximum separation/travel < 
75 km 

Altitude -1 to +20 km ± 100 m 1 part in 105 7 7  

Time t0 + 107 sec ± 10 sec 1 part in 105 19 6 Maximum �t – 15 minutes 

Temperature -50 to +40�C ± 1�C 1 part in 45 6 4 Temperature altitude model 

Pressure 50 to 1050 hPa ± 1 hPa 1 part in 500 9 7 Pressure altitude model (20%) 

Relative 
Humidity 

10 to 100% ± 5% 1 part in 9 4 4  

Velocity (x) -100 to 100 m/s ± 0.5 m/s 1 part in 200 8 8  

Velocity (y) -100 to 100 m/s ± 0.5 m/s 1 part in 200 8 8  

Velocity (z) -100 to 100 m/s ± 0.5 m/s 1 part in 200 8 8  

Total    125 bits 84 bits Round-off error will 
propagate in compressed data 

after each hop 

The message size can be reduced by using only the minimum number of bits required to span the dynamic 
range of the measurement type with sufficient resolution.  The data transmission/storage requirements can be 
further reduced by implementing a lossless compression algorithm on parts of the data protocol.  Some 
traditional techniques, such as run length encoding are not expected to yield significant savings, though a 
number of differential and model-based techniques could.  Some options include: 

� Differential encoding of multiple data packets. 

� Dynamic range reduction via model fits. 

� Dynamic range reduction via inferred knowledge.
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The differential encoding of data packets works by utilizing the correlations between multiple 
measurements to reduce the required dynamic range of the measurements.  For instance, positions are generally 
highly correlated between measurements and/or nearby probes, which may route the information.  For example, 
values would be stored as: 

x1 = Longitude,                                                                   (3.1) 

x2 = x1 + �x2,                                                                                                        (3.2) 

x3 = x2 + �x3 .                                                                                                       (3.3) 

Since the range of x1 may span the entire globe while �x may be less than 20 km between measurement periods, 
a significant savings can be achieved by storing only the differential quantities with a reduced allocation of bits.  
However, caution must be taken to ensure that round off errors do not propagate with each subsequent data 
packet. 

The dynamic range can also be condensed by fitting the data to a known model of the phenomena being 
measured and only storing the deviation from this model.  For example, pressure could be correlated to a model 
based on altitude and/or temperature and the differential quantity expressed with a smaller number of bits rather 
than the full range. 

Compression via reduced dynamic range can also be implemented by utilizing intrinsic knowledge of the 
system.  For example, the full position information does not need to be transmitted from the source since the 
receiver will already have a rough estimate of its position.  In this case, a probe’s latitude of 72.157o could be 
transmitted as 157o if the receiver knows the absolute position of the transmitter to within 1o.  Other variants of 
intrinsic knowledge also exist.  For instance, the sensor ID does not need to be explicitly known in the system, 
but is merely a device to keep track of comparative measurements from a given probe.  A probabilistic model of 
node IDs can be used to allow duplicate sensor ID values in the network.  The number of required IDs is based 
on the statistical probability that any two nodes with the same ID may exist within some expected measurement 
volume. 

After all of these schemes are considered, the raw number of bits required to store and/or transmit a single 
measurement is reduced to about 60 bits.  However, this number of bits does not consider the network overhead 
required for addressing and message framing.  To quantify network overhead, a minimalist transmission 
protocol was assumed for each GEMS probe including the measurement string (84-125 bits), the destination 
address (14-20 bits), and several special codes to denote the start and end of the message.  Other codes can also 
be added to separate multiple measurements and to enable expanded functionality. 

The optimum bit size for the special codes was determined by finding the minimum of equation (3.4), 
which expresses the total expected message size.   

� � � �

�������� ��������� ��
�����

BitsRepeated

LengthCode
MessageinCodeofyProbabilit

MessageperCodesBitsCodeSpecialBitsData

nnMxnxMBits ntotal ��
	



�
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 �

�����
2

 .            (3.4) 

Figure 3.6 shows that the optimal code lengths for the small packet sizes used are on the order of 8-9 bits.  The 
resulting total message sizes are between 105-148 bits per message depending upon the compression level used. 
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Figure 3.6 Optimal code size selection. 

Figure 3.7 shows the overall message structure for a multi-measurement transmission.  The message 
structure shown represents a bare minimum set.  Additional layers and error control bits may be required to 
improve performance and/or allow the nodes to interface with other traditional communication systems (e.g. 
satellite constellation protocols).  Error control and correction bits may be added if system noise properties 
introduce a significant probability of erroneous data being sent/received.  As a baseline, no error correction bits 
are assumed since low error rates are expected in the system implementation.  With minimal data compression 
and space reserved for future growth and functionality, an average message size should consist of ~160 bits. 
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Figure 3.7 Bare minimum message structure. 

Linear error-correcting codes embedded in the data can be used to automatically correct for transmission 
errors without the need to re-transmit the packet.  However, this scheme introduces a significant overhead in 
systems with low bit error rates.  A simpler solution may be to use a parity check or checksum codes to identify 
when data should be re-transmitted but that would necessitate a partial bi-directional communication protocol to 
signal when a packet should be re-transmitted.  Another alternative involves a given probe listening to the next 
hop transmission to confirm that the packet was successfully forwarded.  If an error is detected, the probe 
would transmit the data again with a special code to signal that it is the corrected packet and should supplant 
the other data forwarded. 
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3.2.2 Ad hoc Network Simulation 

An option for returning the probe data to a central location would be to form mobile ad hoc networks 
between the suspended atmospheric probes which would transfer the data to a base station.  With a mean 
separation on the order of 10 km, a message would hop from one node to another towards a destination where 
the information would be collected.  Tens or hundreds of such hops might occur to route the information to a 
final destination for collection.  Each node would act as both a sensor probe and network relay.  After receiving 
a message for routing, the probe would append its own measurement and forward the new packet to the next 
hop in the network.  Figure 3.8 shows an example of the three-dimensional (3D) routing, which must be 
implemented to move data from one node to the final destination.  

Probes over a given region must have previous knowledge of the nearest exfiltration location so all local 
data can be routed through that point.  A complicated branch structure results from the combined hops through 
the network.  Figure 3.9 shows the local routes formed within a 250-km box surrounding the home destination.  
As shown in the diagram, the limitation of the method quickly becomes obvious.  The nodes closest to the 
home destination become saturated with message traffic from distant nodes, which must be passed through to 
the final destination.  This issue becomes especially problematic as the size of the network grows. 

Mobile ad hoc networks are an option for extracting data over regions where a base station can be placed to 
downlink and forward packets to the final destination.  Position based forwarding strategies can be 
implemented to dynamically generate energy efficient routes based on location information available to each 
probe via eavesdropping of nearby packet transmissions.  Based on an all-for-some location service to identify 
the final destination point, each probe decides on a locally optimum route to forward its data. 

 

 
Figure 3.8 Example routing path for suspended atmospheric ad hoc network. 
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Figure 3.9 Top view of 3D ad hoc routing trees to central location. 

 

3.2.2.1 Message Routing 

The ad hoc network consists of a location service to identify the extraction (final) destination along with a 
forwarding strategy to determine how to route the packets from one node to another.  The preferred location 
service for a GEMS system would be an all-for-some strategy where each probe intrinsically knows the closest 
base station.  These base stations are assumed to be static ground stations where data flows and is then re-
directed to a central location via traditional communications (e.g. internet).  Mobile base stations (e.g. moving 
airplanes) are also a potential, though this introduces significant complications in routing due to the fact that the 
destination is constantly changing.  Static base stations will significantly improve the performance of the 
routing strategy since the expected region of the final destination is exactly known.  

There are a number of potential forwarding strategies (Mauve et al. 2001).  Hierarchical approaches are not 
practical for the GEMS network since the limitation is the RF link as opposed to arbitrary addressing within the 
network.  Other approaches, such as restricted directional flooding, are not practical since they introduce a 
significant amount of redundant data, which must be routed through the network.  In comparison, greedy 
forwarding methods, which are discussed below, offer the best solution for routing GEMS data. 

Greedy routing is a forwarding strategy, which assumes that the position of the source, destination, and any 
intermediate nodes are known.  For the GEMS system, these assumptions are valid since GPS will most likely 
be included in the sensor package.  In greedy forwarding, the next hop towards the destination is chosen by one 
of many different ways.  Figure 3.10 shows a sample of potential methods to choose the next hop.  In nearest 
forward progress (NFP), the packet is forwarded to the closest node, which is closer to the destination than the 
source.  This method is most effective when the transmission power can be modulated to reflect the minimum 
power needed to span the relative gap between the two nodes.  The power modulation scheme minimizes the 
overall energy/power expended by the probe on average since the transmission loss goes as the separation 
squared.  NFP can be slightly improved by modifying it to minimize the energy per distance traveled in the hop 
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selection.  The least energy forward (LEF) method may sometimes bypass the nearest node if it makes little 
progress towards the destination. 

The most forward within radius (MFR) method routes the message to the furthest node within reach (Rmax) 
given the transmit power.  This method is good for networks where the nodes cannot modify their transmission 
power since it produces the minimum number of hops required to reach the final destination.  In addition, there 
are also compass routing methods, which minimize the spatial distance traveled by a message to the final 
destination.  All of these methods may produce routes, which are locally optimized but might not be optimized 
across the entire network.  For instance, a path that is overloaded downstream may be chosen over another 
because that downstream information does not propagate back to weigh in the routing decision.  This problem 
can be rectified by providing feedback to the network, but that requires additional information to be transmitted 
back through the nodes.  In mobile networks with low data rates, this feedback is minimally effective and 
accounts for a significant overhead. 
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Figure 3.10 Some local greedy packet forwarding options (see text for definition of Rmax, LEF, 

MFR, and NFP).

3.2.2.2 Random Probe Simulations 

Greedy routing can fail if no nodes within transmission range exist between the source and destination.  
This issue can be avoided by ensuring the probes have the capability to span even the largest gaps within the 
network.  For instance, Figure 3.11 shows a histogram of the transmission gaps for a randomly distributed array 
of probes with an average spacing of 10 km.  This network simulation showed that the gap between 
communicating probes can sometimes be almost 40 km which is typical for other simulations with similar 
spatial distributions.  Greedy routing failures could be prevented in this situation by ensuring the maximum 
transmission range of the probes is 40 km or more.  In the GEMS system, the routing failure can also be 
circumvented by waiting for the mobile network to reconfigure itself naturally.  Since the probes are constantly 
re-organizing themselves, the probe can store the information and wait to relay everything until a hop option 
becomes available.  This solution leads to latency issues which may be a concern depending upon the 
application and reconfiguration rates. 
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Figure 3.11 Histogram of minimum distance spacing between nodes. 

 

An extensive set of simulations were run to evaluate the performance of the various routing methods.  
MATLAB� modules were created to model the networks under various cases and provide a statistical sampling 
of performance.  Figure 3.12 shows the number of messages forwarded through the last hop for the LEF 
method of packet forwarding.  There is a substantial amount of traffic in the nodes nearest the destination since 
only a small number (3-10) generally are close enough to span the last hop.  This condition will likely either 
over-stress these probes to failure or force the over-design of all nodes within the network to operate under 
these conditions.  MFR routing can be used to jump past these nearest nodes and reduce the overall number of 
messages routed through any single node.  However, this alternative is worse from an energy perspective since 
the transmission must now span a greater distance.  Two short hops are more efficient than one long hop 
spanning the combined distance assuming the transmitter power can be modulated to optimize the energy 
expended during each hop. 
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� = 0.003 probes/km2 

 
Figure 3.12 Least Energy Forwarding (LEF) last hop message size relative to the first message. 

 

3.2.2.3 Probe Distributions Based on Dynamic Model Simulations 

Results from the meteorological models of the Northern Hemisphere (Section 4.3) were used to determine 
the dynamic dispersion of probes in the atmosphere.  Though the resulting distributions look relatively random, 
turbulent scales within the atmosphere can produce higher concentrations in certain regions.  Static ad hoc 
routing simulations of probe data were performed as an initial step in developing a full dynamic simulation of 
networking mobile probes.  Figure 3.13 shows a sub-network region over the central United States.  The sub-
network region denotes the probe routing for a given base station.  Additional base stations would be placed at 
other locations to enable complete coverage and extraction of data from all geographic regions of interest. 

The sub-network represents a 500-km x 500-km box, which contains almost 1000 probes.  The routing 
simulation occurs early in the distribution process so there is a non-uniform distribution of probes, which 
heavily taxes the routing on one side of the network.  Figure 3.14 illustrates the network trees that result from 
LEF routing with the static topology of the probe distribution.  Of the 994 probes in the simulation, data from 
440 of them pass through a single last hop node near the base station in the geographic center of the simulated 
domain.  These results imply that this probe would have to have ~440 times the energy capacity of the probes 
on the exterior of the sub-region.  The sub-region could be reduced in size to decrease this disparity, though 
additional base stations would be required to provide equivalent geographical coverage.  All network hops were 
less than 30 km for the given static topology as indicated by the transmission distance histogram plotted in 
Figure 3.15. 
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Figure 3.13 Simulated probe distribution over the central United States. 

 

 

 
Figure 3.14 Detail of the network routes with elapsed time in seconds.  The time is in seconds from the 

start of the regional meteorological model run discussed in Section 4.4. 
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Figure 3.15 Data transmission distances for each hop. 

 

Dynamic Topology 

Though numerous static ad hoc network simulations were performed to evaluate the relative viability of 
different routing protocols, the mobile nature of the network may introduce interesting and unexpected effects. 
In particular, the ability of each protocol to operate under the real world conditions of a mobile GEMS network 
was evaluated.  In an operational environment, the probes are not uniformly distributed and their relative 
locations are constantly changing due to the dynamic atmospheric conditions.  In some cases, this situation may 
produce gaps, which cannot be spanned by the RF transmission, thereby causing packets to be delayed until the 
network naturally reconfigures itself and the data can be forwarded.  In other cases, multiple nearby probes may 
try to transmit at the same time, which will produce a network collision.  In these situations, the network must 
recover and retransmit the data.  These real world scenarios were simulated and the quantitative results are 
presented in the graphs below. 

The dynamic movement of the probes was obtained by extracting data from probes in a sub-domain of a 
full Northern Hemisphere simulation.  The sub-domain consisted of the same 500 km x 500 km box over the 
central United States which was used in the static simulations.  The data consisted of ~6 continuous hours split 
into 15-minute segments.  Interpolation was used to provide probe position updates over shorter time intervals.  
The initial distribution of the probes at time zero when all of the probes were in the box is plotted in Figure 
3.16.  The connecting lines represent the LEF routing paths, assuming the network was static.  However, the 
network quickly reconfigures itself and the routing protocols must adapt to these changes to deliver messages to 
the base station.  

Since the mean drift of the probes caused the westerly portions of the sub-region to be depleted of probes 
in later time steps, the transient runs were performed in a smaller 200 km x 200 km sub-region which was fully 
populated throughout the entire six hour period used for the simulation.  The network logic was computed for 
each probe at every time slot.  The network model simulated the behavior of every node by maintaining the 
memory and operating principles that would characterize actual probes. 
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Figure 3.16 Network topology plotted over central U.S. map. 

 

The general logic used to simulate the dynamic behavior of the transmit, listen, and hold states is 
summarized in Figure 3.17.  Time is broken into distinct and coordinated time periods, or slots, with each probe 
existing in one of these states at the beginning of each slot’s time block.  Precise time must be maintained 
across the network to ensure that the slot times are coordinated between all of the probes.  Each probe wakes up 
briefly at the beginning of each slot to determine if there is a message to receive or it needs to complete an 
action.  If the probe completes its tasks, or there is no task to perform, it returns to the sleep mode for the 
remainder of the slot period to conserve power.  The transmit time slot may be further broken into additional 
slots for multiple access techniques which will allow a set of nearby probes to be in the transmission state at the 
same time without interfering with one another.  The listen state can be further broken down into receive and 
sleep states depending on whether there is incoming data.  

The transmit state is self explanatory in that after a set period of time, the probe attempts to send a message 
to the next hop in the network route.  Position-based LEF routing is used to choose the best next hop based on 
the estimated positions of the surrounding nodes.  Periodic position updates are obtained by eavesdropping on 
surrounding messages sent from nearby probes.  However, if two or more probes within range of one another 
attempt to transmit in the same time slot, a collision will result due to interference between the signals.  This 
situation can be partially mitigated by implementing multiple access techniques common in the cellular 
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telephone industry by allowing multiple transmissions to occur during a single time slot.  Alternatively, each 
transmitting probe can go into a hold state for a randomly selected period of time.  If two probes randomly 
select between 10 potential time slots for the next transmission, there is only a 10% chance that a collision will 
result on their next attempt.  During the hold state, each probe goes into what is effectively the listen state and 
checks for any incoming message traffic.  After the randomly selected hold period is completed, the probe will 
try to retransmit the message and the process is begun anew. 

 

 
Figure 3.17 GEMS ad hoc network communications operating logic. 

 

Data packets were generated by all probes within the domain every 15 minutes.  Each probe attempts to 
transmit and forward its data (plus any forwarded message traffic) once during each period.  Figure 3.18 shows 
the first frame of an animation generated from the simulation process.  The results demonstrate that the 
simulated network protocols described above successfully compensate for network collisions and route the 
information to the base station located in the middle of the simulation area. 

The latency results for both LEF and MFR position-based routing with a maximum transmit range of 40 
km are plotted in Figure 3.19.  As expected, the LEF technique had a greater latency period for the average 
message due to the fact that more hops are generated during the route generation process.  Though the overall 



 25

energy efficiency of the route is better due to the shorter average hop distance (assuming the transmit power is 
matched to the hop distance for the non-header portion of the message), the average latency period is increased.  
Probes using MFR routing within 40 km of home should in theory take less than 1 period (15 minutes) to 
deliver the data.  However, network collisions between multiple probes can cause the probes to go through 
multiple holds before the message is routed to the base station.  Also, during either the hold period or the time 
between the data generation and the transmission attempt, the probe may drift out of the 40-km range and be 
forced to transmit to another nearby probe.  This condition is especially true for probes located on the eastern 
side of the base station since these probes are moving away from the base station. 

 

 
Figure 3.18 Single frame graphical display of transient simulation behavior. 

The effect of collisions and spatial gaps can be seen in Figure 3.20 where the latency for MFR routing is 
displayed for several maximum transmission radius values.  At shorter ranges, latency delays tend to be 
dominated by the inability to span large gaps in the spatial distribution.  However, at longer maximum transmit 
ranges, network collisions become more problematic.  The number of nearby probes trying to transmit at the 
same time in a given time slot is plotted for different transmit radii in Figure 3.21. 

Figure 3.22 illustrates the number of message packets that are undelivered throughout the simulation 
period due to the spatial distribution of probes.  With a maximum transmission range of only 20 km, a large 
number of packets are held (delayed) since the transmission cannot span most of the gaps in the spatial 
distribution.  This scenario becomes much less of a problem as the maximum transmission range increases to 40 
km or more.  Figure 3.23 shows the influence of the maximum transmission range on MFR latency 
performance.  As expected, increasing the transmission range decreases the average message latency since 
fewer hops are required to reach the base station. 
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Relaxing timing window restrictions (by adding additional windows) can reduce the magnitude of the 
collision problem.  In fact, utilizing multiple access techniques such as time division multiple access (TDMA) 
and code division multiple access (CDMA) will almost completely eliminate the problem for the majority of the 
GEMS system.  In comparison, spatial gap delays can only be mitigated by improving the performance of the 
hardware so all spatial distribution gaps can be spanned. 

 

 
Figure 3.19 Latency versus the origination distance from home. 
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Figure 3.20 MFR latency results for several maximum transmit ranges. 

 
Figure 3.21 MFR collisions per time slot.
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Figure 3.22 MFR undelivered packets due to the inability to span spatial gaps. 

 
Figure 3.23 Average MFR latency as a function of maximum transmit range.
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3.2.2.4 Satellite Exfiltration 

Directly transmitting data to a satellite is a potentially attractive option for extracting data from the network 
especially in remote regions (e.g. oceanic areas) where employing a large number of ground stations might be 
difficult and/or costly.  However, transmitting directly to satellite has its own set of liabilities – namely the 
significant space loss due to the relatively large slant range between the probe and the orbiting satellite.  There 
are also a large number of intricacies and capital costs associated with deploying a complex satellite 
constellation capable of monitoring the entire Earth.  Fortunately, several commercial services currently exist 
which may be utilized. 

A large number of commercial satellite constellations have been proposed.  These include Globalstar, ICO, 
Iridium, Orbcomm, and Teledesic.  All have suffered substantial problems due to a lack of a subscriber base 
and growth.  The prevalence of cellular phones which are capable of operating within buildings severely 
restricts the relative utility of a satellite phone for the average user.  However, the Iridium and Globalstar 
services are operational and currently available for use.  Both low Earth orbit systems have the required 
bandwidth to route the worldwide packets of the GEMS system. 

The Globalstar system cost $2.5 billion to develop and consists of 48 satellites in 6 orbital planes at an 
altitude of 1,414 km.  Each satellite receives a signal from the ground and re-transmits it to a gateway.  
However, due to the fact that there is no inter-satellite communication, the satellite must be within view of a 
ground station to successfully relay the message.  As shown in Figure 3.24, this constraint substantially limits 
the coverage area of the system. 

 

 
Figure 3.24 Globalstar coverage areas (Globalstar 2005). 
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In comparison, the Iridium satellite constellation offers truly global coverage by routing messages between 
satellites in adjacent planes of the walker constellation.  A message originating anywhere on the globe can hop 
between satellites and be routed to a ground station.  The Iridium system had a $4.7 billion development cost to 
field and initiate operation of the 66 satellites (plus spares) which are placed in 6 orbital planes at an altitude of 
750 km.  The lower altitude of the Iridium constellation reduces the space loss associated with the packet 
transmission.  Figure 3.25 and Figure 3.26 show pictures of the Iridium system in orbit around the Earth.  
Multiple satellites are generally in view and capable of communicating with a GEMS probe.  Probes suspended 
in the atmosphere should have a clear view of the sky and generally provide excellent conditions for a RF link 
to the orbital constellation. 

 
Figure 3.25 Iridium satellite constellation.

 
Figure 3.26 Multiple Iridium satellite angles. 
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3.2.2.5 Link Budgets 

Relative to short haul RF links between adjacent probes suspended in the atmosphere, the transmission 
path to the satellite is substantially longer and can exceed several thousand km when the satellite is at a low 
elevation relative to the local horizon.  However, compared to transmissions between adjacent nodes, which 
would likely utilize a low gain or omni-directional antenna, the receiver on the Iridium satellite has substantial 
gain.  Figure 3.27 shows example parameters for links at variable elevation angles to an Iridium class satellite 
as simulated in Satellite Tool Kit (STK).  The specifications for the simulation follow in Table 3.5.  If the 
atmospheric probes know their position and proper time (most likely through GPS), the power requirements can 
be minimized by transmitting when a satellite is overhead.  The transmission power would be lower because 
both atmospheric and space losses are reduced when the satellite is near zenith, although such a scheme 
requires ephemeris knowledge of the satellite constellation. 
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Figure 3.27 Satellite link budget for various effective isotropic radiated power (EIRP) levels and bit error 

rates (BER). 
Table 3.5 System parameters for link budget in Figure 3.27. 

Transmitter (probe) Value 

Frequency 1.62 GHz 

Rate 42.7 kbits s-1 

Altitude 1 km 

Modulation QPSK 

Receiver (satellite)  

Gain 24.3 dB 

Temperature 293 K 

Altitude 780 km 

Models  

Rain Crane 1985 (1%) 

RF Atmosphere ITU-RP.676 



32 

3.2.3 Ad hoc Versus Satellite Communication Trade-off Analysis 

The choice between using an ad hoc network or direct satellite transmission for data extraction was one of 
the major trade-off analyses completed in the engineering portion of the phase II GEMS project.  Two main 
metrics were used to quantify optimum selection based on GEMS parametric values.  The first metric is based 
on the worst case energy requirements to transmit all bits over the last hop in the network.  This threshold, 
where the energy required for the last hop in the ad hoc network equals that for direct satellite transmission, is 
the suggested trade-off metric to minimize probe hardware requirements.  On the other hand, a financial cost 
metric derived to describe the burden to transmit the data was also considered.  This metric was subsequently 
used in a cost-benefit analysis for the entire system.  Results from analyzing both metrics indicated that direct 
transmission to satellite is the preferred option for the GEMS system.  As a bonus, a system designed this way 
is extremely scalable and can be implemented piecemeal with minimal infrastructure development if so desired. 

3.2.3.1 Energy 

The fundamental problem with ad hoc techniques is the requirement to forward messages to a central 
location.  Since all messages from the network must pass through a limited number of probes near this location, 
these probes quickly become saturated and limit the overall throughput of the network.  Figure 3.28 shows the 
maximum message fraction that passes through these last hops as a function of how often this event occurs for a 
random distribution of probes in the atmosphere.  The plotted values represent the fraction of messages that 
pass through a signal node relative to the total size of the network. 

The magnitude of the message traffic through any given node sets the maximum hardware design 
requirements.  On average in LEF routing, data from 30% of the probes in the network will pass through at 
least one particular node near the base station.  However, due to the random nature of the network 
configuration, this condition is not always true.  If 99% of the cases are assumed, then the final hop node may 
need to route up to 50% of the message traffic from the entire network. 

In comparison, the MFR routing technique reduces the message fraction for the last node by forwarding 
messages to the node which makes the most forward progress within its transmission range.  As the maximum 
transmission range is increased, the message traffic through any single node is reduced since a greater number 
of nodes near the base station span the final distance to the station.  Probe density was calculated as the number 
of probes per square kilometer of the surface.  With a value of 0.003 probes km-2, 99.99% of all forward hops 
are within 60 km.  Using a maximum transmission range of 60 km with MFR routing, on average the message 
fraction is reduced to only 6.8% of the overall throughput of the network.  Increasing the transmission range to 
90 km will reduce this fraction further to only 3.2% on average.  Even when considering 99% of all possible 
network configurations, the maximum traffic through any given node with MFR (90 km) is less than 5.5% of 
the total traffic of the entire network. 

Though the reduced message fraction of MFR relative to the LEF technique is desirable, it comes with the 
penalty of transmitting over a greater distance.  The MFR technique uses a fixed transmission power for 
communicating over a set radius while the LEF technique assumes that the transmission power can be 
modulated to reduce the transmit power requirements.  Figure 3.29 shows the transmission distance as a 
function of the proportion of transmissions in the entire network.  For the MFR technique with various 
maximum transmission ranges, the value is constant throughout the network since the power output is never 
modulated.  In comparison, the LEF power transmission output power can be reduced for short hops.  On 
average, 50% of the hops in the network occur over 14.5 km or less with a probe density of 0.003 probes km-2.  
These values compare to a slant range of about 2000 km for an Iridium satellite inclined about 15 degrees from 
the horizon.  The driver for required transmission power is range since to first order it scales as r2 (r4 or more if 
multi-path interference is present) compared to other factors such as the network throughput, which scale 
linearly.  As a result, on average the last hop node using LEF packet forwarding requires significantly less 
power than MFR forwarding even though the quantity of data through each LEF probe is greater. 
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Figure 3.28 Last hop message magnitude. 

 
Figure 3.29 Message hop distances for several ad hoc options. 

The probe power requirements for the last hop can be compared against the requirements for direct satellite 
transmission.  Even though the transmission distance is significantly greater to a satellite, the last hop node can 
require significantly more energy for a given polling cycle due to the fact that so many messages must be 
routed through it.  In the case of ad hoc network, the worst case requirements for a node continue to increase as 
the number of participating nodes increase.  In comparison, every node in the satellite network has the same 
requirements regardless of the size of the network.  As a result, there is a crossover point where direct satellite 
data extraction becomes more practical.  Figure 3.30 illustrates the energy requirements for a typical last hop 
node as a function of the network size.  Assuming a probe density of 0.003 probes km-2, the results indicate that 
as network size goes beyond 100 probes, satellite communication becomes more practical from a last hop 
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energy perspective on average.  In the case of probes that cannot modulate their power, a 60-km MFR routing 
scheme shows a crossover network size of only about 30 probes.  The satellite communication option is also 
helped by the fact that the satellite receiver has significantly better performance in terms of noise and antenna 
gain than any network probe.  For the Iridium system, this advantage amounts to 27 dB or more of gain relative 
to traditional omni-directional antennas and systems contained within the ad hoc probes, which do not have 
directional control. 
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Figure 3.30 Power requirements for extraction options (�=0.003 probes km-2). 

 

Table 3.6 summarizes the factors that influence the trade-off between ad hoc and satellite-based data 
exfiltration.  An expression can be developed that relates the satellite threshold point to basic factors such as the 
number of probes within the network and several parameters that describe the ad hoc network performance.  
These factors scale linearly as the size of the network grows beyond a small number of probes.  The parameters 
for the ad hoc forwarding option include the message fraction (mf) from Figure 3.28 and the average 
transmission distance fraction (df) relative to the mean spacing, which can be derived from Figure 3.29.  The 
factors must be chosen to represent a desired probability for their occurrence during operation.  Typically the 
average value or a 90% case was chosen for analysis.  If the 90% case for mf and df are both chosen and 
combined, the result covers 99% of all potential network configurations based on random probe distributions 
within the atmosphere. 
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Table 3.6 Factors favoring data extraction approaches based on energy metric. 

Factor Favoring Ad Hoc Routing Factors Favoring Direct Satellite Exfiltration 
� Short range data transmission

o Ptransmit � Rn 
o Range  

� Figure 3.29  (ad hoc) 
� 2000 km @ 15o angle (Iridium) 

� Last hop message size
o Ptransmit � (mf x Nprobes) 

� mf  � Figure 3.28 (ad hoc)
� mf � 1/Nprobes (Iridium)

� Improved satellite receiver system
o Increased gain
o Improved sensitivity
o 27 dB of additional gain (typical)

� equation (3.5) 

 

The Friis transmission equation describes the basic parameters which influence the link performance of a 
wireless system.  Equation 3.5 expresses the satellite threshold to first order as a function of these parameters in 
a reduced form based on the relevant factors.  The symbol definitions and parameter values used in equation 
(3.5) are defined in Table 3.7.  Second order effects such as differences in atmospheric attenuation are not 
considered since the space loss dominates in the low GHz range.  Figure 3.31 shows the result of applying the 
equation with LEF and Iridium values: 

� �
� �2

2

dsdmPfactor
SlantRange

Direct
ffdirect

direct
threshold

��
�    .                                           (3.5) 

 
Table 3.7 Symbol definitions and values used in equation (3.5). 

Variable Description Example Value 

Directthreshold 

(output) 

Number of probes in network beyond which direct 
transmission is preferred relative to ad hoc networking based 
on last hop energy requirement restrictions 

1344 probes in network 

SlantRangedirect Range to the receiver such as an Iridium satellite ~2000 km (Iridium) 

Pfactordirect Added gain from satellite link (relative to ad hoc) 27 dB (3 dB to Iridium) 

mf Fraction of last hop messages relative to the total network 0.3 (LEF average) 

df Multiple of the hop distance relative to the mean spacing 1.4 (LEF average) 

ds Mean probe spacing within the network 10.3 km (�=0.003 km-2) 

 

A more complete description of the power factor term can be derived by comparing the noise and gain 
terms in the Friis transmission equation.  The power factor reduces to: 

adhocadhocadhoc

adhocadhoc

satsatsat

satsatprobe

direct

LFT
G

LFT
GG

Pfactor 22

2

�

�

�   ,                                                            (3.6) 

where G is the antenna gain, � is the RF wavelength used, T is the receiver temperature, F is the noise factor, 
and L is the system loss ratio for each communications technique. 
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Figure 3.31 Average energy cross over point for satellite communication relative to LEF forwarding. 

The results shown in Figure 3.31 are based on a typical node in the LEF ad hoc network.  In reality, as 
shown in Figure 3.28 and Figure 3.29, some nodes are stressed significantly more due to the fact that they must 
transmit over a longer range and/or forward more messages over the last hop.  When the 90% case for the range 
values is combined with the 90% case of the message forwarding fraction, the transition to the satellite 
preference occurs at a much smaller network size (Figure 3.32). 

Figure 3.32 also indicates that when the last hop energy requirements are averaged over all the nodes in the 
network, the threshold for the maximum ad hoc size increases.  For a static network, this condition is not 
relevant but in a highly mobile network, the last hop node is rapidly displaced by another one that moves closer 
to the base station.  As the last hop node moves away from the base station, it has a much lower power 
requirement relative to nodes replacing it that become the last hop nodes stressed with message relays for a 
short period of time.  Therefore, the energy requirements averaged over all nodes represent a best case for the 
situation where the most stressing conditions are spread over all nodes in the network.  In reality, the stressing 
conditions will be spread over a subset of nodes which will move the real world scenario closer to the other 
cases. 

If all nodes near the base stations are replaced with freshly released ones, the satellite preference point will 
shift to a larger network size.  This option may be preferred since the base stations are likely areas for launching 
new probes.  In this way, the last hop nodes near the base station, which may be overstressed, can be replaced 
with new ones released near or slightly upwind of the base station. 
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Figure 3.32 Satellite preference threshold values for various network stress conditions. 

3.2.4 Data Extraction Alternative 

As alternatives to the ad hoc network and direct satellite reporting techniques, two other possible schemes 
were explored.  The first alternative modulates the radar return from each otherwise passive probe to convey 
data, while the second has a transmitter that is activated on demand with a passive receiver system.  These 
approaches minimize receiver power consumption by eliminating active RF signal processing.  Power usage on 
the GEMS probes might be reduced to levels approaching that of the power required by on-board instruments.  
However, both schemes require signal processing at the base station in order to simplify the GEMS probe 
design. 

Passive Probes 

In the first of these schemes, the GEMS probe is addressed and interrogated by a radar-like data collection 
station.  This strategy significantly reduces the probe hardware requirements by removing the need to actively 
generate a RF signal to communicate.  Instead the probe modulates the signal transmitted from a high power 
base station such as that provided by the existing weather radar infrastructure.  Addressing and interrogation 
signals are sent to the probes by on-off modulation of the radar pulses.  These pulses are detected and decoded 
at the probe.  Responses from the probes are encoded on the radar echoes by modulating the phase of the 
returns using two reactive antenna terminations that result in about 180 degree phase shifts.  An alternative 
modulation scheme is to introduce frequency modulation by varying the reflection coefficient angle.  Coherent 
averaging and phase/Doppler correction may be required to develop sufficient signal to noise ratios at the 
receiver output.  A sample initial link budget is presented in Table 3.8 for 200-km range and 30 pulses per bit. 
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Table 3.8 Passive RF link budget. 

Frequency (MHz) 2800 

Path Length (km) 200 

Free Space Path Loss 147.4 

Transmitter Power (W) 750000.0 

Transmit Antenna Gain (dBi) 45.0 

Base EIRP (dBm) 133.75 

Transponder Gain (dB) -6 

Transponder Input Level (dBm) -13.6 

Transponder Output Level (dBm) -19.6 

Receiver Antenna Gain (dBi) 45 

Antenna Temperature (K) 290 

Received Power -122.0 

Receiver Noise Temperature (K) 100 

Receiver Bandwidth 7.50E+05 

Signal/noise (dB) -8.0 

Pulses Integrated (coherent) 30 

Time per Integrator Dump (mS) 20.01 

Integrator Output Signal to Noise Ratio (SNR) (dB) 6.8 

Transit Time �S (one way) 667.1 

Transponder Spacing (min) 0.5 

 

This scheme has the advantage that a network of suitable receivers already exists, since the required 
characteristics of the base station are nearly identical to the Weather Surveillance Radar-1988 Doppler (WSR-
88D) deployed throughout the U.S.  The secondary advantage of using the WSR-88D network is that GEMS 
data would be acquired and processed by the radar stations that are already well-connected to the 
meteorological infrastructure.  However, the disadvantage of data extraction based on this premise is that the 
radar stations do not provide global coverage especially over vast regions such as the open ocean.  

Encoded passive returns can result in a communications link having a bit error rate of about 1E-3 over a 
200-km path with a 50-bit per second (bps) data rate.  It appears that the WSR-88D radars have most of the 
capability required to implement such a data collection scheme.  Figure 3.33 shows the potential range trade-off 
for transmitters of varying power and antenna gain.  It might be possible to track position accurately without the 
use of GPS by processing return signals from the WSR-88D similar to the way motion of precipitation echoes 
is determined. 
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Figure 3.33 Passive transmission range as a function of effective isotropic radiated power (EIRP) from 

base stations. 

The second alternative data return scheme uses an active transmitter in the GEMS probe.  Much lower 
antenna gains and power levels consistent with aircraft-mounted weather radar are assumed as a baseline.  In 
this scenario, an aircraft or other device interrogates probes by transmitting a signal that returns data from the 
probe on demand.  The receiver in the probe is almost entirely passive.  After the probe has been addressed, it 
activates the on-board transmitter and responds.  Signal processing at the interrogating node (e.g. aircraft) 
removes frequency uncertainty, decodes, and then records the received data.  A sample link budget is provided 
in Table 3.9 and illustrates the use of a 1-meter diameter phased array antenna along with a 100-kW pulse 
transmitter on the data collection platform.  A 1-mW (0 dBm) transmitter is used at the probe to establish a 100-
bps link at 400-km (250-mile) range.  The primary advantage of this method is that the receiver does not 
require any constant signal processing which enables continuous monitoring of interrogation requests with 
minimal power overhead. 
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Table 3.9 Link budget for probe interrogation from aircraft. 

Frequency (MHz) 2800 

Path Length (km) 400 

Free Space Path Loss 153.4 

Node Transmitter Power (W) 1.0E-05 

Node Transmit Antenna Gain (dBi) 27.0 

Node EIRP (dBm) 107.0 

Transponder Antenna Gain (dB) -3 

Transponder Input Level (dBm) -46.4 

Transponder Detector Level (dBm) -49.4 

Transponder Transmitter (dBm) 0.0 

Node Receiver Antenna Gain (dBi) 27 

Received Power -129.4 

Node Antenna Temperature (K) 290.0 

Receiver Noise Temperature (K) 100 

Receiver Bandwidth 1.0E-02 

Signal/noise (dB) 23.3 

 

The passive receiver analysis shows that global-scale ad hoc or satellite infrastructures could be replaced 
by a series of aircraft, that fly through areas of meteorological interest to acquire data on demand from nearby 
probes.  This scenario may be especially interesting for limited deployments where pertinent aircraft are 
available for interrogating the probes.  For hurricane reconnaissance, aircraft are already present for in situ 
sensing and could be made available for RF-based probe interrogation to provide a high value return with 
simultaneous multi-point sampling of the storm.  Other scenarios where data are only needed in limited 
geographical regions may also be candidates for the probe interrogation scheme. 

3.2.5 Power

A basic model of the transient power and energy consumption of a GEMS probe was developed.  The 
model analyzes the energy state of a baseline probe under changing lighting and discharge conditions.  The 
solar flux was modeled as a sine wave with a period of 24 hours where the negative values were truncated to 0.  
During these nighttime periods, the probes utilized onboard battery power to operate.  The average power 
requirements were estimated by calculating sensor and transmission power demands for a last hop probe which 
is required to take a single measurement and then forward data from its neighbors in the routing chain. 

All values in the simulation remained parametric, though specific estimates for certain values were used to 
perform a first-order evaluation of the energy requirements.  At high noon, the maximum solar flux was 
modeled as 1350 W m-2, which was then captured by a 25 cm2 solar cell array.  A system efficiency of 50% and 
a light collection/conversion efficiency of 10% were used in the analysis.  It was assumed that the last hop node 
forwarded up to 500 messages from nodes in the communication chain.  Each message was modeled as taking 
0.1 J to forward.  The probe also required an additional 1 J for each GPS acquisition and 350 �J for each sensor 
suite measurement.  Obviously, the transmission requirements begin to dominate the energy budget of the 
system.  Assuming that one measurement was taken by each node every 15 minutes, a battery capacity of 2600 
J is required to ensure continuous operation through the night.  This requirement translates to about a 3.6 gm 
lithium ion cell, though in practice a larger battery will be required since battery capacity degrades substantially 
with repeated drain / recharge cycles.  Because internal battery resistance increases as temperature decreases, 
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the effective capacity of a battery at -40 °C can be 25% or less of the capacity expected at 0 °C.  Passive 
temperature control discussed previously could partially mitigate these temperature extremes, though energy 
will remain one of the difficult and driving requirements in terms of payload mass.  Figure 3.34 shows the 
transient energy state of the system as described. 
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Figure 3.34 Example transient energy state of GEMS probe. 

 

In practice, there are several reasons why performance may differ from what was modeled.  Perhaps most 
importantly, the maximum number of messages required for routing may be significantly less than 500 per 
period for the last hop node.  Even if the worst case value is this high, the mobile nature of the probes will 
hopefully reduce the likelihood that a single probe would need to route that many messages during an entire 
overnight period.  In reality, a sufficiently dense network will distribute the load among different probes as the 
last hop node changes with naturally occurring network reconfiguration. 

Other deviations from the simulation assumptions may also change the mass requirements.  New advances 
in power and battery technology may provide additional improvements in energy density, which would reduce 
the payload mass substantially by reducing the total mass of the energy storage medium.  Micro-fuel cells and 
other technologies offer great potential in this respect due to their improved energy density.  The effective 
power collection provided by the solar array may also differ from what was assumed in the simulation 
discussed above.  For instance, weather conditions may significantly reduce the overall collection efficiency.  
On the other hand, advanced solar cells may provide greater than the 10% efficiency used in the simulations.  
Figure 3.35 shows how thin film solar cell technology has continued to advance.  The day-to-nighttime cycles 
may also influence the system design heavily.  For example, operating near the Arctic circle during the winter is 
likely to be impossible using primarily solar cells since there is little or no daylight to provide power for 
recharging batteries.  On the other hand, probes operating at higher altitudes and during the summer months 
will experience nearly continuous solar lighting, which will significantly reduce the battery requirements. 
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Figure 3.35 Cadmium Telluride thin film solar cell efficiencies (adapted from NREL 2005). 

 

The power requirements for a satellite exfiltration probe will be more straightforward, since the parameters 
for the network are well known at this time.  A sample power budget is included below in Table 3.10.  This 
table illustrates the power required per component for the initial COTS GEMS probe.  As mentioned 
previously, satellite networking components were chosen for data exfiltration.  Although the peak power is 
significant due to the satellite communications and GPS acquisition cycles, the total average power is small 
since the probe is assumed to transmit only four times per hour. 

 
Table 3.10 GEMS probe power budget. 

Component Peak Power (mW) Average Power (mW)* 

Communications Module 500 16.7 

GPS Module 30 1 

Microcontroller 3.5 0.7 

Sensor Suite 0.5 0.05 

Total 534 18.45 

*The average power assumes four transmissions an hour with each transmission requiring thirty seconds to 
acquire the GPS position and sensor readings and then transmit the message.

 

3.3 Operational Concerns 

A major concern for the GEMS system is whether the buoyant probes will have a detrimental effect on 
aviation.  The problem consists of two parts:  1) determining the probability that a vessel will be ingested into a 
jet engine, and 2) determining the resulting damage, assuming a direct strike on the engines or other portion of 
the aircraft.  The risk can be partially mitigated by choosing neutrally buoyant levels for probes below the main 
cruise altitudes (~9 km) for commercial jet aircraft to minimize the probability of impact.  However, since the 
risk can never be reduced to zero, an assessment of expected damage was conducted.  This portion of the 
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analysis showed that minimal damage will result based on the current GEMS probe design.  The resulting risk 
and economic impact is expected to be significantly less than that already associated with foreign object 
damage (e.g. birds) near airports. 

3.3.1 Probe Ingestion Probability Model 

During the course of a single aircraft flight, each engine sweeps out a volume of air approximately equal to 
the fan area times the distance traveled.  If a single probe has a uniform probability of being located at any 
point within a given airspace, the probability that this probe will be ingested is simply the ratio of the swept 
volume to the airspace volume.  With a fleet of aircraft, the number of incidents per year is the single 
probe/single aircraft probability, times the number of probes, times the number of aircraft. 

The number of incidents per year for U.S domestic flights can be calculated using traffic data from the 
Bureau of Transportation Statistics (BTS 2005).  Figures from a 10-month period (January through October 
2004) were used in the analysis.  To simplify the calculation, it was assumed that all aircraft are the Boeing 757 
with two PW2000 high-bypass fan jets.  The airspace volume is calculated as the land area of the U.S. times a 
cruise altitude of 9.1 km (30,000 ft).  The historical, derived, and/or estimated parameters and values used in the 
calculation are listed in Table 3.11. 

 
Table 3.11 Vessel impact probability analysis parameters. 

Parameter Value 

Flights 8,312,918 (1/04 – 10/04) 

Stage Length 599 miles 

Fan Diameter 78.5 in 

Engines 2 

Climb Distance 50 miles 

Descent Distance 100 miles 

 

Results of the analysis are shown in Figure 3.36 where the expected impact probability is shown as a 
function of probe distribution density.  If there are enough probes, such that on average each one covers 100 
km2 of land area, there will be 66 ingestions per year.  However, one strategy for reducing the number of probe 
incidents is to restrict them to an altitude below commercial aircraft cruise altitudes.  In that manner, probes 
could only be ingested during either the climb or descent segments of the flight.  It is assumed that climb takes 
50 miles and descent occurs over a distance of 100 miles.  This profile would reduce the number of ingestions 
by about 75 percent.  These ingestions will result in the probe and its components striking the forward low 
pressure duct fan.  The debris will break apart and then pass through the remainder of the engine.  

The PW2000 has a bypass ratio of 5.3 (Pratt and Whitney 2005).  It seems very unlikely that a probe 
passing through the bypass portion of the engine would cause any damage in this area, so the main concern 
would probably be if the probe enters the core flow.  Only about one fifth of the probes will actually pass 
through the core, and the rest will pass through the outer fan.  For the case in which the probes are restricted to 
below cruise altitude, three incidents of probe ingestion into the engine core can be expected per year. 

 



44 

 
Figure 3.36 Aircraft engine ingestions per year as a function probe density.

3.3.2 Probe Impact Damage Prediction 

Since there is a high probability that a limited number of probe strikes will occur in a fully-fielded GEMS 
system on a yearly basis, it is important to assess the potential amount of damage to the airframe and/or 
engines.  On first examination, the problem can be compared to bird ingestion data for commercial flights.  
Although the vast majority of bird strikes go unreported for a variety of reasons, there is still a large body of 
data available on the topic.  The foreign object damage (FOD) and resulting effects on are summarized in the 
Figure 3.37 for reported bird strikes over a four-year period (Transport Canada 2002). 
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Figure 3.37 Bird strike effect on airline flight. 

 

The vast majority of strikes result in no damage to the airplane.  However some impacts, especially from 
large birds greater than 1 kg can produce significant damage.  This issue is especially prevalent when multiple 
birds are simultaneously ingested after a plane flies through an airborne flock.  U.S. Federal Aviation 
Administration (FAA) requirements dictate that the engine must be able to survive multiple strikes from birds 
of 1 kg or more with the exact requirements dependent upon engine size and characteristics (FAA 1970). 

There are several important differences between bird strikes and any collision with GEMS probes.  The 
first major difference working in favor of the GEMS system is that the probes are significantly less massive (by 
1 to 2 orders of magnitude) than most birds that collide with planes.  Also working in the favor of the GEMS 
system is the enormously low probability for a plane to ingest more than one probe during a single flight due to 
the wide separation of probes.  This condition suggests that the probe threat would be substantially lower than 
the threat already posed by the natural wildlife.  However, one discrepancy is that 98% of all bird strikes occur 
below 0.9 km (3000 ft) above ground level when the plane is at a lower velocity than at cruise altitude.  Since 
the impact energy goes as the velocity squared, higher velocity impacts while at cruise altitude would have 
almost as much kinetic energy as a typical small bird ingested during takeoff.  

Analytical models were also developed to consider the impact of the GEMS probes on the front fan ducts.  
Figure 3.38 shows the estimated stress levels for various sized payloads at the full range of anticipated impact 
velocities.  It is estimated that a direct impact with probes less than 50 grams will not fracture a 250 cm3 fan 
blade at the maximum impact velocity. 
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Figure 3.38 Impact stress normalized by the fracture stress for various probe masses. 

 

Though the fan may not catastrophically fail, some damage can still be expected which may require 
servicing to prevent eventual problems from fatigue induced crack propagation and failure.  The image in 
Figure 3.39 shows the damage induced by a 1-mm steel sphere (~0.03 gm) with a simulated turbine blade.  This 
type of damage is akin to what could be anticipated from any impacts of small subcomponents in the GEMS 
system that would all individually strike forward duct blades and induce damage thereby reducing the lifetime 
of the blade and requiring it to be replaced during maintenance. 

 

 
Figure 3.39 Impact damage from a 300 m s-1 impact of 1-mm diameter steel sphere (Peters et al. 2002). 
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A first-order model of the damage was created to analyze localized damage (non-catastrophic) phenomena.  
The results imply that some of the harder components capable of damaging the blades could be covered with 
softer padding material to decelerate the object and prevent the damage (Figure 3.40).  The probe structure 
itself will provide some intrinsic level of protection.  The values assume a uniform stress distribution, though 
impact geometry will modify the stress footprint and increase the maximum stress levels observed. 
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Figure 3.40 Impact stress relative to blade yield for soft and hard probe materials. 

3.3.3 Radar Detection / Interference 

This section briefly examines the likely impact of neutrally buoyant GEMS probes on land and aircraft 
based radars.  Three radar systems are of particular interest: ground-based weather radars, aircraft-mounted 
weather radar, and aircraft collision avoidance radar.  In comparison, air traffic control radar and space 
surveillance radars are not expected to register the presence of GEMS probes.  Air traffic control (i.e. collision 
avoidance) is based primarily on transponder responses rather than skin reflections and should show minimal 
sensitivity to targets as small as GEMS probes.  Range gates of space surveillance radars will cause the system 
to ignore GEMS probes in the operational altitude range. 

The GEMS metallized MylarTM probe is likely to be nearly spherical in shape, and, if the metallization 
(aluminum) is thicker than 5 �m, the probe will have a radar cross section approximately equal to the projected 
area of ~0.07 m2 from a 30-cm diameter shell.  For non-metallized probes, the major impact on radars is likely 
to be in the form of passive reflections from the antenna structures associated with the communications element 
embedded in the data collection unit.  The largest possible returns are likely to be those at a frequency that 
excites a resonance in the GEMS antenna.  For radar frequencies at other supported fundamental resonances, 
the radar return will be dependent on the losses in the antenna and pattern effects.  To gauge the magnitude of 
the impact of GEMS probes, radar cross sections of a half-wave dipole were estimated and are shown in Table 
3.12. 
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Table 3.12 Expected GEMS radar cross sections from antenna structure return. 

Frequency
(GHz) 

Wavelength (m) Radar Cross Section 
(m2)

Radar Cross Section 
(dBsm)

1 0.30 20E-3 -17 

2 0.15 4.9E-3 -23 

3 0.10 2.2E-3 -27 

4 0.075 1.2E-3 -29 

5 0.060 79E-6 -41 

10 0.030 20E-6 -47 

These radar cross sections are comparable to those presented by birds and insects where the bodies or 
wingspans are comparable to a half wavelength (Nathanson et al. 1991).  A duck is reported to have an average 
cross section of -30 dBsm (-21 dBsm broadside) and a sparrow about -28 dBsm in S band.  The dissipative 
losses in the living targets will obviously lower the levels of returns, but the match of the receiver attached to 
the antenna will also lower the reradiated signal levels by the return loss of the input circuit. 

A rough estimate of the impact of GEMS on ground-based weather radars was developed using values 
based on the WSR-88D system operated by NOAA.  In the U.S., there are about 141 ground-based weather 
radars that operate between 2.8 and 3 GHz with an effective isotropic radiative power of about 134 dBm, a 
maximum pulse width of 4.7 microseconds, and an antenna gain of 45 dB.  This radar system could possibly 
receive echoes from GEMS antennas with unity S/N at 200 km (~125 miles) while the range of the radars for 
weather detection are reported to be 400 km (~250 miles). 

The GEMS probe would increase the noise floor and could effectively be seen within 200 km if no noise 
suppression filtering was done by the radar to suppress the specular reflection.  The GEMS return signal is, in 
effect, clutter for the intended weather related returns.  The stationary clutter suppression filter for the WSR-
88D radar, along with other processing, will reduce the GEMS signal up to 60 dB.  This could reduce the 
detection range for GEMS echoes to about 6 km.  At this range, the noise floor of a single radar cell with a 
probe inside will be increased by 3 dB under clear conditions.  Under precipitation conditions, the minimum 
signal level rises 30 dB higher than the clear air condition.  Thus, even without the clutter filter, the detectable 
range of GEMS probes is reduced to 36 km.  When clutter suppression is utilized, the effect on weather radar 
should be negligible. 

Many aircraft radars may be compared to the WSR-88D radars and the associated detectable ranges by 
modifying the range equation appropriately.  In particular, the frequency is higher by a factor of 3, antenna gain 
is reduced by a factor of about 63, and the transmitter power is down by a factor of about 75.  These reductions 
in performance indicate that the detectable range for a GEMS probe is reduced by a factor of ~40 and the 
detectable range should be reduced to less than 1 km.  Table 3.13 summarizes the expected detection ranges for 
a single GEMS probe suspended in the atmosphere.  Overall, the influence of GEMS probes on existing radar 
systems are expected to be negligible. 

 
Table 3.13 Estimated radar detection range for GEMS probes.

Condition Detection Range 

Aircraft Radar (clear air) < 1 km 

Aircraft Radar (precipitation conditions) Negligible 

WSR-88D Weather Radar (clear air, no clutter suppression) 200 km 

WSR-88D Weather Radar (clear air, with suppression) 6 km 

WSR-88D Weather Radar (precipitation, no clutter suppression) 36 km 

WSR-88D Weather Radar (precipitation, with clutter suppression) Negligible 
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3.3.4 Environmental Concerns 

Although originally envisioned as a globally deployed system, the current vision of the GEMS concept 
favors limited deployment over smaller areas with dramatically less probes.  The initial idea to cover the Earth 
with 10 billion dust-sized probes has been modified to feature tens to hundreds of thousands of macro scale 
buoyant probes for targeted applications.  The environmental impact is thus reduced simply from the decrease 
in the number of probes.  However, since the new probe design is on the order of tens of centimeters, some 
environmental impact will initially exist.  As the probes lose buoyancy over a period that may be on the order 
of weeks, they will settle to the ground.  Some of the probe’s electronic components may contain trace amounts 
of elements such as lead, cadmium, gallium, arsenic, and mercury which, in sufficient quantity, could have a 
negative impact on the environment.  However, the impact can be mitigated by developing bioinert or 
biodegradable electronics and shell materials.  For environmentally protected areas, the probes could be 
retrieved since they will remain operational after they lose their buoyancy and will be able to transmit their 
position.  Technology should advance over the next two decades to allow minimal probe impact on the 
environment. 

3.3.5 Trans-boundary Movement 

Since the GEMS probes act as Lagrangian drifters, they are subject to the prevailing wind conditions.  For 
a fully operational GEMS system deployed over limited areas, the probes may stay airborne for months at a 
time and almost certainly cross territorial boundaries at different altitudes.  Although trans-boundary movement 
is not expected to prevent system operation, some countries may not want probes drifting into their airspace.  
The solution to this problem will likely require coordination with governments from such countries to obtain 
permission for weather-related instruments to enter the airspace and possibly settle on their territory.  A similar 
scenario exists for weather balloons which are regulated for size and mass, but do not cause international 
incidents if they land in countries different from where they were released.  The caveat for this analogy is that 
weather balloons ascend/descend in hours so their residence time in the atmosphere is very limited compared 
with GEMS probes.  In addition, they are released in far fewer numbers than envisioned for even limited 
GEMS deployment scenarios. 
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4 Deployment, Dispersion, and Data Impact 

The probe design characteristics, networking, and communication as described in Section 3 will affect the 
quantity and latency of data available for assimilation into NWP models as well as the subsequent forecasts 
initialized using such data.  The large number of possible trade-offs based on design characteristics such as 
sensor accuracy and sampling frequency, DA methodologies, weather scenarios, and other factors constitute a 
multi-dimensional parameter space.  Therefore, system modeling is used as a cost-effective and controlled way 
to explore these trade-offs. 

Two 30-day periods from June and December 2001 were selected to study the dispersion characteristics of 
GEMS using various deployment scenarios.  The summer month was chosen to assess probe dispersion during 
a weather pattern with relatively weak large-scale flow, and the winter month was selected to analyze probe 
dispersion with strong jet streams and progressive large-scale features.  It was important to study the dispersion 
patterns under two widely varying weather scenarios, since the differences in simulated probe dispersion could 
be substantial.  

4.1 Numerical Weather Prediction Model 

The nature of atmospheric flow patterns is sufficiently variable that probes could remain near their release 
point or be rapidly swept away by the wind, depending on the weather regime.  NWP models are capable of 
realistically depicting this variability and are therefore ideal tools to simulate probe dispersion and deployment.  
In addition, simulated measurements of atmospheric temperature, pressure, moisture, and wind velocity can be 
used to evaluate the impact of these observations on meteorological analyses and forecasts for different weather 
regimes.  Measurements from the probe network must be of sufficient accuracy and spatial coverage to improve 
the diagnosis and forecasting of weather patterns, above and beyond the skill obtainable with conventional 
weather observations.  Simulation experiments can also provide guidance for probe requirements relating to 
sampling frequency, data storage and processing, networking and navigation algorithms, and communications 
capability. 

The NWP model used to simulate probe dispersion is the Advanced Regional Prediction System (ARPS; 
Xue et al. 2000; Xue et al. 2001).  The ARPS is a complete, fully automated, stand-alone system designed to 
forecast storm- and regional-scale weather phenomena.  The ARPS includes a data ingest, quality control, and 
objective analysis package known as ADAS (ARPS Data Analysis System; Brewster 1996), a prediction model, 
and a post-processing package.  Table 4.1 provides a brief summary of the major dynamical and physical 
features of the ARPS used for the impact-analysis simulations presented in Section 4.5. 

Table 4.2 summarizes the resolution and coverage of the terrain and surface characteristics data sets used in 
the simulations.  All terrain data sets used in the ARPS are based on Digital Elevation Model data available 
from the U.S. Geological Survey sites, which are also used by the National Imagery and Mapping Agency.  The 
ARPS pre-processors perform additional adjustments to the elevation data for oceans and lakes, and to ensure 
that terrain, soil and vegetation data are consistent.  Global sea-surface temperatures were interpolated from the 
Navy Operational Global Atmospheric Prediction System (NOGAPS) model initial conditions, whereas soil 
moisture was initialized using fixed values based on climatological soil types.  Sea-surface temperatures were 
assumed to be constant throughout the ARPS model integration. 
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Table 4.1 Summary of dynamical and physical features of the ARPS.
Feature Description 

Equations Nonhydrostatic and fully compressible 

Coordinate system Generalized terrain-following height coordinate (sigma-z) with 
stretching 

Geometry Full 3-D configuration 

Prognostic variables 

u, v, and w wind components, 
Potential temperature and pressure, 

Subgrid-scale turbulent kinetic energy (TKE), 
Mixing ratios for water vapor, cloud and rainwater, and ice species 

Initial condition Aviation Model (AVN) 

Lateral boundary conditions Aviation Model (AVN) 
ARPS 

Top / bottom boundary 
conditions Radiation condition and rigid boundary with Rayleigh sponge layer 

Nesting 1-way interactive mode 
Subgrid scale turbulence 1.5-order closure TKE-based scheme, fully 3-D in sigma-z 

PBL turbulence 
parameterization 1.5-order TKE based non-local mixing 

Cloud microphysics Lin/Tao five-category ice microphysics 
Cumulus parameterization Kain / Fritsch with shallow convection 

Soil model Two-layer soil-vegetation model with surface energy budget 
Radiation Full shortwave / longwave schemes with cloud-radiation interaction 

 
Table 4.2 Resolution and coverage of terrain, soil, and 
vegetation data sets used in the ARPS simulation experiments. 

Data Set Resolution Coverage 

Terrain 1 degree 
30 second 

Global 
Global 

Soil Type 1 km Continental U.S. 
Vegetation Type 1 km Global 
NDVI1 1 km Global 
1Normalized Difference Vegetation Index 

4.2  Probe Dispersion 

The ARPS is coupled with a Lagrangian particle model (LPM) to simulate the dispersion of and 
observations collected by an ensemble of probes.  The LPM is developed specifically to run within the 
framework of the ARPS and is based on the Hybrid Particle And Concentration Transport model (Walko et al. 
2001). 

The LPM tracks the location of each probe based on 3D wind components and updates probe position (x, 
y, z) from the following: 

x(t + �t) = x(t) + [ u(t) + u�(t) ] �t  ,                                                           (4.1) 

y(t + �t) = y(t) + [ v(t) + v�(t) ] �t  ,                                                           (4.2) 

z(t + �t) = z(t) + [ w(t) + w�(t) + wt ] �t  ,                                                     (4.3) 

where �t is the model time step, u, v, and w are the resolvable-scale west-east, north-south, and vertical 
components of wind velocity, respectively, obtained directly from the ARPS model, and u�, v�, and w� are the 
turbulent velocity fluctuations estimated from a Sub-Grid Scale (SGS) turbulence parameterization (Mellor and 
Yamada 1982) similar to the SGS scheme of Deardorff (1980) used in the ARPS model.  The turbulent velocity 
components are derived from a first-order Markov scheme assuming that turbulence is Gaussian in all three 
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dimensions and nonhomogeneous in the vertical but locally homogeneous in the horizontal.  A large number (> 
106) of simulated probes can be deployed any time during the model integration at any latitude, longitude, and 
altitude within the model domain.  The LPM provides accurate position information because the velocity 
variables in equations (4.1) – (4.3) are updated every model time step by tri-linear interpolation to the actual 
probe locations. 

The wt term in equation (4.3) is the terminal velocity and can be derived from a force balance as: 

ma = -mg + (0.5 wt
2 CD �a Ap) + g (�a-�h) Vp  ,                                        (4.4) 

with symbol definitions and parameter values given in Table 4.3.  The probes are assumed to be 14-cm 
diameter spheres filled with a lighter-than-air gas, in this case helium.  Total probe mass varies from 50 – 1500 
mg so that each probe is neutrally buoyant at some level from the surface to ~14 km based on a standard 
atmosphere following Benson (2004).  The second term on the right hand side (RHS) of equation (4.4) accounts 
for drag and has a negative (positive) sign if the probe is ascending (descending).  The first and third terms on 
the RHS of equation (4.4) represent the opposing forces of gravity and buoyancy, respectively.  Once a probe 
reaches its level of neutral buoyancy, wt = 0, but altitude fluctuations due to large-scale (w) or turbulent (w�) 
vertical motions can displace the probe to levels where it may be positively or negatively buoyant.  In these 
cases, further adjustments occur through the forcing in equation (4.4) to restore the probe to its level of neutral 
buoyancy. 

Equation (4.4) is solved by setting the initial wt = 0 and then integrating the terms on the RHS to obtain 
updated values of wt.  The time step (�t) used within the ARPS and LPM listed in equations (4.1) – (4.3) is at 
least 10000 times greater than the value required in the force balance equation (~5 ms).  For thousands of 
probes, it is not computationally practical to integrate the force balance equation 10000 times to obtain the full 
evolution of wt in between LPM time steps.  Therefore, wt is computed from the previous LPM time step as a 
first guess (zero when the model begins) by iterating for 100 force balance time steps to update wt.  The results 
are accurate to within less than 1% of the full solution because changes in wt are nearly linear over force 
balance time steps and the procedure is fast because the solution converges usually in less than 100 iterations. 

As wind currents transport probes through areas of simulated precipitation, liquid or frozen hydrometeors 
impacting the probes could alter their trajectories and/or cause them to washout of the air (Seinfield and Pandis 
1998).  This process, known as wet deposition or precipitation scavenging, may significantly affect probe 
lifetime (i.e. how long probes remain airborne).  Therefore, it is important to include scavenging in the LPM to 
study the relationship between dispersion, scavenging, data impact, communication, and networking issues. 

The scavenging process is parameterized in the LPM by accounting for two effects.  First, rain or snow is 
assumed to wet the probe shell and increase its mass.  Second, rain drops are assumed to impart their 
momentum to the probe upon impact.  The momentum effects of falling snowflakes and other frozen 
hydrometeors such as graupel and hail are neglected in the current version of the LPM.  The physics of rain 
drop collisions is simplified by assuming that all drops impacting a spherical probe produce a net correction to 
the terminal velocity (wt) under conservation of momentum as: 

m wc = mr vr   ,                                                                   (4.5) 

where the symbols are defined in Table 4.3.  The terminal velocity of rain drops (vr) is determined from the rain 
water concentration following the microphysical scheme used in the ARPS model (Schultz 1995).  The liquid 
water content (gm m-3) is computed from model precipitation rates following Marshall and Palmer (1948) for 
rain (Rr) and Rogers and Yau (1989) for snow (Rs) as: 

WCr = 0.089 (Rr
0.84) ,                                                             (4.6) 

WCs = 0.280 (Rs
0.86)  ,                                                             (4.7) 

where precipitation rates include contributions from the convective parameterization and explicit microphysical 
schemes in ARPS.  The rain mass (mr) is computed from the water flux impacting the cross sectional area of the 
sphere per LPM time step as: 

mr = WCr vr �t Ap  ,                                                              (4.8) 

which effectively integrates the contributions from each droplet and assumes that all momentum transferred to 
the probe acts in the vertical direction.  The water from rain drops or snow flakes at each LPM time step is 
assumed to wet the shell and increase probe mass [m in equations (4.4) and (4.5)] up to a limit of 1.2 times its 
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original value.  When a probe moves out of areas with precipitation, the water is assumed to evaporate from the 
shell by 10% per LPM time step until the probe mass returns to its original value.  The assumptions used to 
develop the scavenging parameterization in the LPM could be verified and refined using empirical data 
collected from experiments with prototypes exposed to laboratory-generated or real world precipitation. 

The probes are assumed to have an infinite lifetime until the wind carries them beyond the vertical or 
horizontal boundaries of the model domain.  In reality, probes would leak helium through the polymer shells or 
seams thereby gradually decreasing their level of neutral buoyancy until they settle out of the atmosphere.  For 
probes impacting the ground due to negative vertical wind components or precipitation scavenging, they would 
likely return to a level of neutral buoyancy once wind conditions changed or precipitation ceased and water 
evaporated from the shells assuming the shells remained intact.  The helium leakage and re-circulation of 
probes forced to the ground are not included in the current version of the LPM. 

 
Table 4.3 Symbol definitions and parameter values used in the probe terminal velocity force 
balance and scavenging parameterizations. 

Symbol Definition Value or Range 

Pr Probe radius 7 cm 

Ap Probe cross sectional area = � Pr
2 154 cm2 

Vp Probe volume = (4/3) � Pr
3  1437 cm3 

wt Terminal velocity of probe 0.0 m s-1 at level of neutral buoyancy 

vr Terminal velocity of rain Parameterized 

wc Correction to wt from scavenging Parameterized 

m Probe mass 50 – 1500 mg 

mr Rain mass Computed from equation (4.8) 

WCr, WCs Water content Computed from equations (4.6), (4.7) 

Rr, Rs Precipitation rates for rain and snow Determined from ARPS 

g Acceleration due to gravity 9.81 m s-2 

�a Air density Determined from pressure, temperature 

�h Helium density 0.1785 kg m-3 

a Probe vertical acceleration (�wt/�t) Computed from equation (4.4) 

CD Drag coefficient 0.4 

4.3 Deployment Scenarios 

A number of potential strategies were envisioned to deploy probes including release from high-altitude 
balloons (Girz et al. 2002; Pankine et al. 2002), surface stations assuming positive buoyancy, unmanned aerial 
vehicles for targeted observations (Holland et al. 2001), and rawinsondes during ascent.  Each of these 
deployment strategies can be simulated using the ARPS/LPM to study probe dispersion patterns. 

During the first year of the phase II project, the focus was on simulating probe deployment from 
rawinsondes or weather balloons at ~950 standard launch locations over the Northern Hemisphere.  For this 
scenario, one probe was released every 450 m from each ascending rawinsonde beginning at 2 km above the 
surface and continuing through ~17 km near the top boundary of the model.  The advantages of the rawinsonde 
deployment strategy are that it could leverage an existing observational infrastructure and allow probes to be 
released at a number of vertical levels over a period of 1-2 hours. 

In addition to rawinsonde deployment, a stratospheric balloon release strategy was also tested similar to the 
scheme used in the phase I study (Manobianco 2002).  For this scenario, probe release was simulated from 
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stratospheric balloons at an altitude of 17 km.  The high-altitude balloons were assumed to be spaced every 10o 
latitude x 10o longitude following Pankine et al. (2002), and the simulated deployment did not account for 
actual balloon drift. 

For the surface-based deployment scenario, simulated probes were released from surface weather station 
sites around the Northern Hemisphere (Figure 4.1) and ascended to a level of neutral buoyancy that depended 
on probe mass (Section 4.2).  This scenario examines the impact of probes remaining neutrally buoyant 
throughout 30-day simulations versus becoming negatively buoyant and falling out of the air gradually as 
simulated in phase I for the rawinsonde and stratospheric release scenarios (Manobianco 2002).  A description 
of the surface deployment properties is given in Table 4.4. 

Preliminary simulations were conducted using the rawinsonde and stratospheric balloon release strategies 
to study probe dispersion for 30-day periods over the Northern Hemisphere.  Around the time these initial 
simulations were completed, the probe design shifted from micron-sized devices to neutrally buoyant, constant 
altitude vessels with diameters on the order of tens of cm.  Although neutrally buoyant probes could be 
deployed at any altitude, a surface-based release strategy was deemed more practical and cost effective 
especially by leveraging existing infrastructure at weather observing sites.  Furthermore, results from
preliminary simulations using probe data from surface versus rawinsonde deployments showed very similar 
impacts on subsequent forecasts for a selected case (Dreher et al. 2005).  For these reasons, the surface-based 
deployment strategy was used for the remaining analysis of the system design and potential data impacts during 
the phase II study. 

 

 
Figure 4.1 Surface stations used for GEMS surface-based release scenario. 
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Table 4.4 Parameters used for the surface deployment strategy. 

Properties Surface Release with Buoyancy Control 

Number of sites 3,527 at current Northern Hemisphere 
surface stations 

Altitude 0.03 – 15 km 

Frequency/Duration 2 h / 30 days 

Terminal Velocity 0.0 m s-1 at level of neutral buoyancy 

Total probes released 1,269,720 
 
Depictions of the resulting probe distribution for both June and December 2001 over the Northern 

Hemisphere after 14 days of ARPS model integration are shown in Figure 4.2.  The spatial distributions 
illustrate how effectively the simulated large-scale atmospheric weather patterns dispersed probes throughout 
the Northern Hemisphere.  These dispersion patterns were analyzed with respect to probe spacing for data 
transmission and networking.  The probe spacing and location were used to determine whether the proposed 
networking and communication methods discussed in Section 3.2 are viable, or conversely, whether the 
deployment strategy produces a pattern of probe dispersion that would allow networking and communication 
given power and separation constraints.  The nearest neighbor (NN) distances were found using a clustering 
technique where the distance between each probe and its single closest neighbor was calculated using the 
Approximate Nearest Neighbor (ANN) software.  The ANN software is a library written in C++, which 
supports data structures and algorithms for both exact and approximate nearest neighbor searching in arbitrarily 
high dimensions (Arya and Mount 1993). 

The mean NN distances of all probes computed every 3 h from the June and December 2001 simulations 
are plotted in Figure 4.3.  Note that the average spacing is nearly the same from both simulations and decreases 
with time.  After 10 days, the decrease in average probe spacing becomes nearly linear with time (Figure 4.3) 
while the resulting probe distributions mainly resemble the simulated circulation fields over the Northern 
Hemisphere with virtually no “memory” of the initial deployment pattern (Figure 4.2).  The NN statistics are 
one metric to gauge when the probe distribution becomes “well-mixed” (Stohl et al. 2004).  It is important to 
point out that the regional data-impact studies were conducted during the 10-20 day period once a “well-mixed” 
condition had been achieved based on average NN distances. 

          
Figure 4.2 Probe positions for the hemispheric ARPS simulations at (a) 0000 UTC 15 June 2001, and (b) 

0000 UTC 15 December 2001, 14 days after model initialization time.  The probe altitude (km) is denoted by 
the colors according to the key provided and total number of probes is given by N. 

15

12.5 

10

7.5

5

2.5

0N = 456,445 N = 468,936 a) b)



56 

 

Mean Nearest Neighbor (ARPS 50-km domain)

0

10

20

30

40

50

60

0 5 10 15 20 25 30
Time (Days)

N
ea

re
st 

N
ei

gh
bo

r (
km

)

December

June

 
Figure 4.3 Mean probe nearest neighbor (NN) distances as a function of time for the June and December 

surface deployment scenario over the hemispheric domain shown in Figure 4.4. 

 

4.4 Simulated Observations 

To simulate measurements obtained from GEMS probes, the tri-linear interpolation algorithm within the 
LPM was used to extract values of temperature, humidity, u and v wind components, and pressure at locations 
throughout the model integration.  A random component to represent instrument error was added to the 
simulated observations in order to address questions regarding instrument accuracy. 

Only conventional in situ surface, upper air, and aircraft observations were extracted from the ARPS 
simulations.  Remote sensing observations were not used in any of the experiments.  To simulate measurements 
obtained from surface and rawinsonde instrumentation, 3D position data were used to extract measurements 
from the ARPS simulations.  The simulated rawinsonde data were only extracted at 12-h intervals (0000 UTC 
and 1200 UTC) similar to the observation frequency of the current operational rawinsonde network.  Each 
simulated rawinsonde observation contained 26 levels of data in order to emulate the significant and mandatory 
levels reported by current rawinsonde measurements. 

To simulate observations from the Aircraft Communications Addressing and Reporting System (ACARS), 
both time and position interpolation were used to extract measurements from the ARPS simulations using actual 
ACARS flight positions obtained from the Forecast Systems Laboratory (FSL; Dr. John Smart, personal 
communication).  The FSL ACARS flight position data were obtained for a typical 24-h period and used to 
approximate the positions during the period of interest.  In addition, simulated moisture data were not included 
in the ACARS data suite since the operational system generally does not include such data.  In a similar manner 
to the simulated GEMS observations, random error was added to all the simulated conventional data.  A 
description of the random errors consistent with each observation type used in the experiments is given in Table 
4.5. 
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Table 4.5 Observations simulated from ARPS.  For each 
observation reported the variables and the random errors are 
given. 

Observation Type Variables Random Error  

Rawinsonde 

Temperature 
Dew point 
Pressure 

u- / v- winds 

� 0.5 K 
� 2 K 
� 1 hPa 
� 1 m s-1 

ACARS 
Temperature 

Pressure 
u- / v- winds 

� 0.5 K 
� 1 hPa 
� 1.1 m s-1 

Surface 

Temperature 
Dew point 
Pressure 

u- / v- winds 

� 0.5 K 
� 1 K 
� 1 hPa 
� 1 m s-1 

GEMS 

Temperature 
Dew point 
Pressure 

u- / v- winds 

� 0.5 K 
� 2 K 
� 1 hPa 
� 1 m s-1 

 

 

4.5 Regional OSSEs 

OSSEs have been conducted for decades in meteorology to (a) evaluate the potential impact of proposed 
remote and in situ observing systems, (b) determine trade-offs in instrument design, and (c) evaluate the most 
effective DA methodologies to incorporate the new observations into regional and global NWP models (Arnold 
and Dey 1986; Rohaly and Krishnamurti 1993; Atlas 1997; De Pondeca and Zou 2001). 

4.5.1 Methodology 

OSSEs were used to assess the impact of probe measurements on weather analyses and forecasts following 
the methodology of Atlas (1997) and Lord et al. (1997).  The OSSE methodology consists of three steps: 

� Nature simulations.  These forecast runs are considered “truth” and the trajectories of all simulated 
probes are tracked and extracted.  In addition to simulated GEMS data, all surface, rawinsonde and 
aircraft data are extracted from these model simulations as well. 

� Conventional simulations (Cnv).  Simulated surface, rawinsonde, and aircraft observations are 
intermittently assimilated at specified times. 

� Conventional & GEMS simulations (CnvGEMS).  In addition to conventional data, simulated 
GEMS data are intermittently assimilated at specified times. 

Each step in the OSSE methodology is described in more detail in the following sub-sections. 

The results from OSSEs are generally considered more robust if different models are used for the nature 
run and subsequent assimilation and forecasts.  This methodology has been improved from the phase I work 
where the same model (ARPS) was used for the nature and assimilation runs (Manobianco 2002).  The 
assimilation model used for the OSSEs is the Pennsylvania State University/National Center for Atmospheric 
Research (NCAR) Fifth-generation Mesoscale Model (MM5; Grell et al. 1994).  The MM5 is configured in 
such a manner as to generate a significantly different solution from the nature simulation to approximate the 
differences between a state-of-the-art model and the real atmosphere (Atlas 1997).  For this study, the two 



58 

different 30-day periods (June and December 2001) used for probe dispersion were selected to study the impact 
of GEMS in the OSSEs. 

4.5.1.1 Nature Simulations (ARPS) 

Two ARPS 50-km hemispheric nature runs (domain A, Figure 4.4) were initialized using Aviation Model 
(AVN) re-analysis fields (1° x 1°; Kalnay et al. 1996) from 0000 UTC 1 June 2001 and 0000 UTC 1 December 
2001, respectively, and run for 30 days to simulate large-scale dispersion of GEMS probes.  The AVN grids 
were also used to provide lateral boundary conditions at 12-h intervals throughout each model run.  A one-way 
nested 15-km domain covering a large portion of the United States and Canada (domain B, Figure 4.4) was 
initialized at 0000 UTC 10 June 2001 and 0000 UTC 10 December 2001, respectively, and run for 10 days.  
For each 15-km ARPS simulation, lateral boundary conditions were supplied by the ARPS 50-km simulations 
at 3-h intervals.  Simulated measurements from conventional networks and GEMS probes were extracted at 3-h 
intervals (rawinsondes at 12-h intervals) during each 15-km ARPS simulation.  The physical grid 
configurations for both the outer and inner nest of the nature simulations are summarized in Table 4.6. 

The nature runs need to be sufficiently representative of the actual atmosphere, therefore a very limited 
examination of model climatology based on accumulated precipitation was conducted on the ARPS 50-km 
hemispheric nature runs.  Overall, both the June and December 2001 30-day nature runs were found to be 
representative of the real atmosphere. 

The accumulated June 2001 monthly precipitation from the Global Precipitation Climatology Project 
(GPCP) and the ARPS 50-km nature run are shown in Figure 4.5.  The GPCP contain data from over 6,000 rain 
gauge stations, satellite geostationary infrared, and passive microwave observations that have been merged to 
estimate monthly precipitation on a 2.5° X 2.5° (~250 km) global grid (Huffman et al. 1997).  Overall, the June 
2001 GPCP and ARPS monthly precipitation patterns and amounts are qualitatively similar despite the fact that 
the ARPS precipitation has not been smoothed from the 50-km grid to a resolution consistent with the GPCP 
global data set.  The notable exceptions were differences in the placement of higher precipitation amounts in 
the northwestern Gulf of Mexico and the ARPS depiction of precipitation near the Hawaiian Islands.  The 
disparity in the placement of precipitation in the Gulf of Mexico is due to the ARPS simulation of Tropical 
Storm Allison from 5-17 June 2001.  The ARPS 50-km nature run depicted the storm to make landfall along the 
northern Mexico coast while in reality the storm made came ashore along the eastern Texas coastline. 

Figure 4.6 shows similar accumulated monthly precipitation fields for December 2001 from the GPCP and 
ARPS 50-km nature run.  In general, the ARPS 50-km simulated monthly precipitation estimates agrees well 
with the December GPCP total monthly rainfall except over the far southern latitudes in the tropics.  This 
discrepancy is most likely due to the proximity of the southern lateral boundary conditions and inadequate 
representation of convection over the tropics in the ARPS simulation.  These features likely have minimal 
impact on the regional OSSE that were conducted over a large portion of the United States and Canada (grid B 
in Figure 4.4). 
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Figure 4.4 Grid configuration for the ARPS nature and MM5 OSSE simulations.  Grid A represents the 

outer ARPS 50-km and MM5 60-km domains, while grid B denotes the ARPS 15-km and MM5 30-km 
domains, respectively.  The yellow-shaded box represents the area of objective verification statistics described 
in Section 4.5.2. 

 
Table 4.6 Summary of ARPS grid configuration for the nature simulations.  The number of grid points 
in the east-west, north-south, and vertical directions is given by NX, NY, and NZ respectively. 

Grid Horizontal 
Resolution (km) 

Average Vertical 
Resolution (m) NX NY NZ Domain Size (km) 

A 50 425 355 355 45 17,750 x 17,750 x 19 
B 15 425 419 523 45 6,285 x 7,845 x 19 

 

 

B

A
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Figure 4.5 June 2001 30-day accumulated precipitation for (a) the Global Precipitation Climatology 

Project  (GPCP) and (b) ARPS 50-km nature simulation.  The amount (mm) is given by color scale in panel (b). 

    
Figure 4.6 December 2001 30-day accumulated precipitation for (a) the Global Precipitation 

Climatology Project (GPCP) and (b) ARPS 50-km nature simulation.  The amount (mm) is given by color scale 
in panel (b). 

4.5.1.2 Regional Assimilation Runs (MM5) 

The MM5 is a limited area, nonhydrostatic or hydrostatic, terrain-following sigma-coordinate model.  It 
has been developed as a community mesoscale model and has evolved to include multiple nesting capability, 
nonhydrostatic dynamics, ability to run on shared and distributed memory machines, and four-dimensional data 
assimilation (Grell et al. 1994).  The MM5 includes terrain, landuse type, soil type, deep soil properties, 
vegetation fraction, and land water mask datasets in a variety of resolutions.  The model allows for flexible and 
multiple nesting capabilities meaning it can be used to span a wide range of time and space scales in a single 
model run.  Table 4.7 depicts the configuration of MM5 used for all OSSEs. 

Table 4.8 summarizes the resolution and coverage of the terrain and surface characteristics data sets used in 
the MM5 simulations.  All landuse and terrain data sets were obtained from the U.S. Geological Survey.  
Global sea-surface temperatures were interpolated from the NOGAPS model initial conditions, whereas soil 
moisture and vegetation fractions were initialized using model lookup tables based on mean climatological 

a)

a) b)

b)
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values.  In a similar manner to the ARPS nature simulations, sea-surface temperatures were held constant 
throughout each model run. 

 
Table 4.7 Summary of the MM5 configurations used in the OSSEs.

Feature Description 
Equations Nonhydrostatic and fully compressible 

Coordinate system Terrain-following height coordinate (sigma)  
Geometry Full 3-D configuration 

Prognostic variables 

u, v, and w wind components, 
Potential temperature and pressure, 

Mixing ratios for water vapor, cloud and rainwater, and ice and snow 
species 

Initial Condition ARPS 

Lateral boundary conditions Aviation Model (AVN) 
MM5 

Top / bottom boundary 
conditions Radiation condition and rigid boundary with Rayleigh sponge layer 

Nesting 1-way interactive mode 
PBL turbulence 
parameterization 

Mellor-Yamada scheme as used in Eta model. 
1.5-order TKE based local mixing 

Cloud microphysics Reisner five-category mixed ice microphysics 
Cumulus parameterization Kain / Fritsch 2 including shallow convection 

Soil model Five-layer soil-vegetation model with surface energy budget 

Radiation Full shortwave / longwave schemes with explicit cloud-radiation 
interaction 

 
Table 4.8 Resolution and coverage of terrain, soil, and 
vegetation data sets used in the MM5 OSSEs. 

Data Set Resolution Coverage 
Landuse and 
Terrain 

30 minute 
10 minute 

Global 
Global 

Soil Type 1 degree Global 
Land-Water 
Mask 

30 minute 
10 minute 

Global 
Global 

Vegetation Type 30 minute 
10 minute 

Global 
Global 

The MM5 simulations were configured to provide sufficiently different forecasts from the nature runs by 
degrading the horizontal grid spacing to 60 km and 30 km for the hemispheric and regional assimilation runs, 
respectively.  The MM5 60-km runs were initialized by interpolating the ARPS 50-km nature solutions to the 
MM5 grids at 0000 UTC 10 June and 0000 UTC 10 December 2001.  The MM5 60-km grid covers 
approximately the same area as the 50-km ARPS domain A in Figure 4.4.  As with the ARPS nature runs, AVN 
re-analysis fields (1° x 1°) supplied lateral boundary conditions at 12-h intervals throughout each model run.   

The regional MM5 30-km simulations, covering approximately the ARPS domain B in Figure 4.4 were 
initialized at 0000 UTC 11 June and 0000 UTC 11 December 2001.  The MM5 30-km simulations were run in 
a one-way nested configuration from the MM5-60-km simulations and run until 0000 UTC 18 June and 0000 
UTC 18 December 2001.  By integrating the MM5 60-km simulations for 1 day prior to the initialization of the 
regional runs, the ARPS and MM5 solutions diverge over the assimilation domain due to the inherent 
disparities between the NWP models and different horizontal resolutions.  These differences between the nature 
and assimilation run are designed to approximate the typical differences between a “state of the art” NWP 
model and the real atmosphere (Atlas 1997). 

Simulated conventional and/or GEMS data obtained from the ARPS 15-km simulations were intermittently 
assimilated into the MM5 at 3-h intervals throughout each run.  For both 30-km MM5 experiments, the 60-km 
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MM5 simulations supplied the lateral boundary conditions.  The ARPS nature and MM5 OSSE methodology is 
summarized in Figure 4.7 with the physical grid configurations for both the outer and inner nest of the OSSEs 
listed in Table 4.9. 

Data were assimilated into the MM5 using an intermittent DA technique similar to Rogers et al. (1996) and 
Manobianco (2002) as depicted in Figure 4.8.  This technique incorporated simulated data from the ARPS 
model runs into the MM5 integration by using a two successive-scan Cressman scheme with quality-control 
checks that subsequently adjusted the analyses from the first guess towards the observations at 3-h intervals.  
Each 3-h background field contains information from the previous observations through the analysis and 
forecasts of MM5.  This cycle was repeated every 3-h throughout the 7-day forecast periods from 11-18 June 
and December 2001.  The number of observations used in the 0000 UTC and 0300 UTC June and December 
analysis cycle is given in Table 4.10.   

In order to mimic a regional operational forecast cycle, 48-h forecasts were generated at 6-h intervals 
during the intermittent DA cycle for both the June and December 2001 OSSEs following Weygandt et al. 
(2004).  A total of 29 forecasts were conducted for each OSSE scenario.  A summary of the dates and duration 
of the regional OSSE forecasts is presented in Table 4.11.  Weygandt et al. (2004) allowed for a 48-h period of 
model adjustment before extracting observations because they used different models for the global and regional 
assimilation runs.  No such spin-up period was needed for the regional OSSEs in this study because the MM5 
was used for both the hemispheric and regional assimilation runs. 

Since information from the regional lateral boundaries propagates through the regional simulations 
especially at later forecast times (Warner et al. 1997), the regional domains were chosen as large as 
computationally practical.  Furthermore, simulated conventional data (rawinsonde, surface, and aircraft) were 
assimilated into each MM5 60-km run at 12-h intervals to provide better initial and boundary conditions.   

One of the limitations in the current study is that simulated satellite observations were not extracted from 
ARPS and assimilated into MM5 on either the hemispheric or regional domains.  Since the regional model runs 
were conducted primarily over land regions, excluding satellite data in the OSSEs has much less of an impact 
than if such data were used over oceanic regions where in situ data are much more sparse.  In fact, Zapotocny et 
al. (2005a, b) demonstrated that, except for cloud track winds, satellite data have much less impact on 12- to 
24-h forecasts over data dense regions of the U.S where rawinsonde data are most prevalent.  A future set of 
OSSEs using a global modeling system with capabilities to simulate a full suite of in situ and remotely sensed 
data is needed to study this issue in greater detail and mitigate the impact of lateral boundary conditions 
inherent with regional modeling. 

 
Table 4.9 Summary of MM5 grid configuration for the OSSEs.  The number of grid points in the east-
west, north-south, and vertical directions is given by NX, NY, and NZ respectively. 

Grid Horizontal 
Resolution (km) 

Average Vertical 
Resolution (m) NX NY NZ Domain Size (km) 

A 60 425 291 291 45 17,460 x 17,460 x 19 
B 30 425 191 241 45 5,730 x 7,230 x 19 
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Figure 4.7 Flowchart for the nature simulations and OSSEs. 

 

 
Figure 4.8 Schematic of the regional OSSEs timeline and DA methodology. 
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Table 4.10 Observation counts for 0000 UTC and 0300 UTC 11 
June and December.

Observation Type Number of Observations 

      0000 UTC                  0300 UTC 
Rawinsonde            219                              0    

ACARS           1,553                         2,140 

Surface     2,337                         2,337 

GEMS 115,881 – 11 Jun      115,620 – 11 Jun  
  92,904 – 11 Dec       92,792 – 11 Dec 

 
Table 4.11 Summary of the regional OSSE forecasts for both the June and December 2001 experiments.

Simulation Dates Duration Experiment  

Regional Nature Run – 
ARPS 15-km simulations 

10-20 June and 
December 

 
10-11 June and 

December 
 

11-18 June and 
December 

10 days 
 
 

1 day 
 
 

7 days 

ARPS regional forecast 
 
 

ARPS 15-km spin-up 
 
 

Simulated surface and ACARS observations 
extracted at 3-h intervals (simulated 

rawinsondes extracted at 12-h intervals) 

Regional Assimilation Run 
– MM5 30-km simulations 

11-18 June and 
December 

 
11-18 June and 

December 
 

11-20 June and 
December 

7 days 
 
 

7 days 
 
 

9 days 

Intermittent DA cycle with 3-h update cycle 
using ARPS simulated observations 

 
Generation of 48-h forecasts at 6-intervals 

 
 

Verification of MM5 forecasts against ARPS 
nature simulations 

 

4.5.1.3 Conventional Simulations (Cnv) 

The Cnv OSSEs include only in situ data from simulated conventional networks.  The Cnv simulations 
serve as a reference against which the experiments are compared, since no simulated GEMS observations were 
assimilated.  

4.5.1.4 GEMS Simulations (CnvGEMS) 

In addition to simulated conventional data, the CnvGEMS OSSEs include simulated data obtained from the 
GEMS surface deployment scenario.  All simulated data (conventional and GEMS) were assimilated into the 
MM5 30-km OSSEs at 3-h intervals. 

4.5.2 Regional OSSE Verification 

In order to verify the regional forecasts with and without GEMS data, the ARPS nature runs were 
interpolated to a grid identical to that of the MM5 30-km simulations (following Hamill and Colucci 1997).  
Objective verification of the OSSEs was then accomplished by calculating gridded bias and root mean square 
(RMS) errors of temperature, dew point, and vector wind over a sub-domain centered on much of the U.S. 
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(yellow shaded box in Figure 4.4).  Vector wind verification was chosen to summarize the results from both the 
u and v wind components using a single statistic.  These aggregate statistics provide a straightforward 
comparison between the Cnv and CnvGEMS OSSEs.  The use of more extensive objective and subjective 
verification strategies (e.g. Nutter and Manobianco 1999; Ebert and McBride 2000; Case et al. 2002) was 
beyond the scope of the present study. 

If � represents a predicted variable from the benchmark simulation or OSSEs, then forecast error is 
defined as: 

natexp ������ ,                                                                      (4.9) 

where the subscripts exp and nat denote the experiment (OSSE) and nature quantities, respectively.  The bias 
represents the average model error of the benchmark or OSSEs, and is computed as: 

�
�

���
N

1iN
1Bias ,                                                                       (4.10)

 
where N represents the total number of grid points (171 x 203) times the number of forecasts (29) at any given 
height in the atmosphere.  The RMS error is calculated as: 

2
N
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N
1Error RMS �

�

���
.                                                        (4.11) 

The statistics were computed from gridded forecast errors fields where the ARPS nature simulations 
represented the observed fields and the MM5 experiments represented the forecasted fields.  Furthermore, for 
data impact comparisons between the CnvGEMS and Cnv OSSEs, the forecast impact was normalized by 
computing a percentage forecast improvement of the experiment compared to the control forecast as follows: 

CNTL
EXP - CNTL100tImprovemen % ��

,                                                 (4.12) 

where CNTL is the control RMS error and EXP is the experiment RMS error.  Positive (negative) values 
indicate improved (worsened) impact of the assimilated data on the forecasts.  In this case, the CNTL RMS 
error represents the Cnv OSSEs with the entire suite of simulated conventional observations.  On the other 
hand, the EXP RMS error represents the CnvGEMS OSSEs with simulated conventional and GEMS 
observations. 

4.5.3 Regional OSSE Validation  

The results from the OSSEs are considered more reliable if benchmark experiments are performed with the 
system using real observations to assess the actual impact of current operational systems and compare these 
results with the OSSEs (Atlas 1997).  In this framework, the impact of an existing observation system in the 
OSSEs is compared to the impact of real observations in an observing system experiment (OSE).  If the OSSE 
and OSE results are not similar, then a calibration of the OSSE is required by determining the constant of 
proportionality between the real data experiment and OSSE as described by Hoffman et al. (1990).  An initial 
series of experiments was begun late in the phase II project to determine the impact of withholding simulated 
(real) aircraft data in the OSSEs (OSE).  Due to issues with processing real aircraft observations, these 
experiments were not completed in time to include in this report.  For extensions of the current regional 
simulations or follow-on work with global models, it will be important to validate, and if necessary calibrate, 
the OSSE results. 

4.5.4 Regional Experiments 

A total of 9 OSSEs were conducted and the details of each experiment are summarized in Table 4.12 along 
with the ARPS nature simulations.  Each OSSE, with the exception of sensitivity Exp. 3, assumed perfect 
observations with no instrument errors.  In Exp. 3, random errors for the simulated probes were added to each 
variable, based on typical errors for MEMS sensors (Kristofer S. J. Pister, personal communication).  In 
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addition, random errors were added to each variable for the simulated conventional observations.  Exps. 6 and 7 
reduced the total number of probes to 10% and 1%, respectively of the full amount released as shown in Table 
4.12.  Data thinning was performed by excluding probes randomly without replacement throughout the 
assimilation domain to reduce the effective resolution of the assimilated data.  The random thinning scheme 
was designed to emulate changing the deployment strategy to release probes from fewer surface stations.  Once 
a probe was randomly excluded, the data from that probe were not used at any subsequent assimilation times.  
To verify that random thinning produced results similar to changing the deployment strategy, the deployment 
scenario was modified to release probes at only a tenth of the original surface stations, effectively reducing the 
number of probes at later times.  Overall, randomly thinning without replacement and changing the deployment 
strategy were found to give very similar forecast results when used in the OSSEs. 

Table 4.12 Summary of the simulations and regional OSSEs for June 2001 and December 2001.  For each 
experiment, the variables assimilated into the OSSE (if applicable) are provided, along with a description of 
the experiment and DA details.  Experiment descriptions are only given for the regional ARPS 15-km and 
MM5 30-km simulations, respectively.  Sensitivity experiments 1-7 were only conducted for June 2001. 

Simulations Variables 
Assimilated

Experiment Description 

Nature N/A ARPS 10-day regional simulations 

Cnv OSSEs (June and 
December 2001) T, p, Td, u, v* Simulated surface, rawinsonde, and aircraft 

observations assimilated into MM5 

CnvGEMS OSSEs (June 
and December 2001) T, p, Td, u, v 

Same as Cnv OSSE, except that in addition to 
conventional data, simulated GEMS data are 
assimilated into MM5 

Sensitivity Experiment 1 
(June 2001) T, p, u, v Same as CnvGEMS OSSEs, but exclude Td 

Sensitivity Experiment 2 
(June 2001) T, p, Td 

Same as CnvGEMS OSSEs, but exclude u, v (winds) 

Sensitivity Experiment 3 
(June 2001) T, p, Td, u, v Same as CnvGEMS OSSEs, but include random probe 

and conventional observation errors 

Sensitivity Experiment 4 
(June 2001) T, p, Td, u, v Same as CnvGEMS OSSEs, but include precipitation 

scavenging of probes 

Sensitivity Experiment 5 
(June 2001) T, p, Td, u, v Same as CnvGEMS OSSEs, but use a 6-h intermittent 

data assimilation cycle 

Sensitivity Experiment 6 
(June 2001) T, p, Td, u, v Same as CnvGEMS OSSEs, but use only 10% of 

GEMS data 

Sensitivity Experiment 7 
(June 2001) T, p, Td, u, v Same as CnvGEMS OSSEs, but use only 1% of GEMS 

data 

*T = temperature, p = pressure, Td = Dew point, u = u-wind component, v = v-wind component. 

 

4.5.5 Regional OSSE Results  

Overall, both the June and December 2001 OSSEs demonstrate that the assimilation of simulated GEMS 
observations extracted from the nature run improved the predicted primary variables over the Cnv experiments.  
In the following sub-sections, time series of bias and RMS error for June and December 2001 at the 850-, 500-, 
and 300-hPa levels of the atmosphere were generated to represent the lower, middle and upper troposphere, 
respectively.  To diagnose the distribution of impacts throughout the entire troposphere, vertical profiles of 
RMS errors as a function of forecast hour (0 h, 12 h and 24 h) were also plotted.  Vertical profiles of percent 
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improvement for RMS errors were generated to display the impact of assimilating GEMS data relative to runs 
with only conventional data.  The percent improvement profiles were further stratified by forecast initialization 
times with (0000 and 1200 UTC) and without (0600 and 1800 UTC) standard rawinsonde data.  The impact of 
GEMS data was expected to be greater at the non-rawinsonde initialization times when there is substantially 
less conventional in situ data above the surface. 

The Cnv OSSEs included only simulated conventional in situ observations and all sampled meteorological 
variables were assimilated during both the June and December 2001 time periods.  The CnvGEMS OSSEs were 
similar but included both simulated conventional and GEMS data.  The Cnv OSSE experiments were designed 
to emulate an operational regional forecast assimilation system and serve as a point of reference to benchmark 
the other experiments.  For the June and December 2001 CnvGEMS OSSEs, both the biases and RMS errors 
were generally smaller which indicates a significant positive forecast improvement when compared to the Cnv 
OSSEs. 

June 2001 

The graphs of the temperature bias comparing the CnvGEMS with Cnv OSSE show an initial improvement 
at 300 hPa of 0.25 K trending to 0.15 K with time (Figure 4.10a).  However, the Cnv and CnvGEMS OSSEs 
show a similar bias at the 500-hPa and 850-hPa levels through the 48-h forecasts (Figure 4.10b, c).  The 
temperature RMS errors in the CnvGEMS simulation increase from 0.5 K for the 0-h forecasts at the 300-hPa 
level up to 2.3 K by the 48-h forecasts, while the temperature RMS errors for the Cnv run at 300 hPa increase 
from 1.2 K for the 0-h forecasts to 2.4 K by the 48-h forecasts (Figure 4.10d).  The CnvGEMS RMS errors are 
as much as 1.2 K lower than the Cnv RMS errors for the averaged 0-h forecasts at the 300-hPa level (Figure 
4.10d).  The trend indicates that the differences in RMS errors between Cnv and CnvGEMS forecasts became 
negligible with time due to the influence of the lateral boundary conditions; however, the Cnv OSSE has higher 
RMS errors overall at all three levels (Figure 4.10d-f). 

The CnvGEMS and Cnv dew point biases are very similar with time (Figure 4.11a-c), except the 
CnvGEMS forecasts show a slight improvement of 0.25 K at the 500-hPa level after the 18-h forecasts (Figure 
4.11b).  The differences in the dew point RMS errors between the Cnv and CnvGEMS simulations are as large 
as 1.5 K at each level for the analyses times (0 h; Figure 4.11d-f).  After 24-h, the differences in dew point 
errors between the Cnv and CnvGEMS simulations decrease to between 0.5-1.0 K at each level, probably due 
to the influence of lateral boundary conditions (Figure 4.11d-f). 

The time series of vector wind statistics indicates that the CnvGEMS simulations had smaller biases and 
RMS errors than the Cnv simulations at all times and at each chosen level (Figure 4.12).  Additionally, the 
CnvGEMS simulations show an improvement in bias of nearly 0.25 m s-1 at each level and at all forecast times 
(Figure 4.12a-c).  The trend in the RMS errors during the 48-h forecasts indicates that the errors converge with 
time (Figure 4.12d-f).  The largest differences occurred at 300 hPa where the CnvGEMS RMS errors are 2 m s-1 
smaller than the Cnv RMS errors at 0 h and trend to 0.5 m s-1 by 48 h (Figure 4.12d). 

The vertical profiles of RMS errors for the CnvGEMS forecasts indicate large error reductions for each 
variable as benchmarked against the Cnv simulation (Figure 4.13).  The largest RMS error differences occur at 
0 h in the mid and upper troposphere when GEMS data have most impact by improving the analyses used as 
initial conditions in the subsequent 48-h forecasts (Figure 4.13a, d, g).  In fact, the CnvGEMS RMS errors of 
vector wind in the upper troposphere at 0 h are 2 m s-1 lower than the Cnv forecasts (Figure 4.13g).  However, 
those effects decrease with time to ~1 m s-1 at 12 h and 24 h (Figure 4.13h, i).  It is important to note that the 
smaller RMS error differences below 900-hPa for each variable are likely due to the positive impact of the 
conventional surface data (Figure 4.13).  In this case, there are ~1,000 near-surface GEMS observations in 
addition to 2,337 conventional surface stations. 

The vertical profiles generally show a 5-10% improvement in the mid and upper troposphere for the non-
rawinsonde (06, 18 UTC) versus rawinsonde (00, 12 UTC) initialization times when simulated GEMS 
observations are competing with more conventional observations (Figure 4.14).  Overall, the CnvGEMS 
forecasts at 0 h show improvements of greater than 30% for each variable throughout the depth of the 
troposphere (Figure 4.14a, d, g).  The percent improvement for vector wind reaches a maximum of 60% at 0 h 
for the non-rawinsonde forecasts above 600-hPa (Figure 4.14g).  The percent improvements for each variable at 
12 h and 24 h are 15-20% smaller than at 0 h (Figure 4.14b-i); however, even for the 24-h dew point forecasts, 
the improvement reaches a maximum of 35% above 250-hPa (Figure 4.14f).  The larger percent improvements 
in dew point above 250-hPa are likely due to the absence of moisture data in the simulated ACARS data; 
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whereas the improvements in temperature and vector wind are likely smaller because ACARS already provides 
these data. 

December 2001

Overall the results from the December 2001 OSSEs are very similar to those from June 2001.  The
CnvGEMS December 2001 temperature biases indicate similar trends to the June 2001 simulations when 
compared to the Cnv simulations (Figure 4.15a-c).  However, at 500 hPa, the CnvGEMS temperature RMS 
error Figure 4.15e) increases by a factor of 2 faster than the June CnvGEMS temperature RMS errors (Figure 
4.10e).  In addition, the graphs indicate a negative or cold temperature bias at 850 hPa; whereas the June results 
indicate a slight positive or warm bias (compare Figure 4.15c and Figure 4.10c).  The largest differences in the 
temperature RMS errors between the Cnv and CnvGEMS simulations occur for the 0- to 12-h forecasts at the 
300-hPa level (1.3 K RMS error difference), while at later forecasts times the RMS errors become more alike 
(Figure 4.15d-f). 

Similar to the June 2001 results, the 0-h dew point RMS error differences are greater than 1 K between the 
Cnv and CnvGEMS forecasts at each level (Figure 4.16d-f).  The vector wind errors indicate that the 
CnvGEMS forecasts have smaller RMS errors and biases compared to Cnv forecasts at all times and levels, 
except at 300 hPa beyond the 36-h forecasts (Figure 4.17).  The vector wind RMS error differences range from 
2 m s-1 at 0-h to ~ 0.25 m s-1 at 500 hPa by the 48-h forecasts (Figure 4.17e). 

The vertical profiles of RMS errors from December 2001 show substantial differences between the Cnv 
and CnvGEMS OSSEs throughout the troposphere, especially at the 0-h and 12-h forecasts (Figure 4.18).  The 
largest differences occurred at 0 h when the RMS errors of vector wind from CnvGEMS in the upper 
troposphere are 2 m s-1 smaller than those from the Cnv forecasts (Figure 4.18g).  However, the 24-h forecasts 
from December 2001 show 1 m s-1 smaller vector wind error differences between Cnv and CnvGEMS in the 
mid and upper troposphere than those from June 2001 (compare Figure 4.18i and Figure 4.13i).  This result is 
consistent with the point made by Warner et al. (1997) that the lateral boundary impacts would be larger for 
stronger (December) versus weaker (June) flow regimes.  Essentially, the forecast improvements from 
assimilating GEMS data diminish more rapidly during stronger flow regimes due to the nature and OSSE grid 
configurations. 

As in June 2001, the largest percent improvements for December 2001 occur for non-rawinsonde 
initialization times (Figure 4.19).  Notable in the dew point percent improvement statistics is the larger forecast 
impact at non-rawinsonde initialization times on the order of 75% at 0-h, 50% at 12 h, and 40% at 24 h around 
200 hPa (Figure 4.19d-f).  Similar to June 2001, the large percent improvements around 200 hPa are likely due 
to the fact that simulated ACARS observations do not include moisture data.  Therefore, GEMS data are 
making larger impacts (10-20%) on forecasted dew points at these levels (Figure 4.19d-f).  The slight forecast 
degradation above 200 hPa at 12 h and 24 h for temperature and vector wind is likely due to the impact from 
lateral boundary conditions affecting the verification domain (Figure 4.19b, c, h, i).  No such forecast 
degradations were evident in the June 2001 case, which indicates that the stronger flow regime in December 
may have contributed to lateral boundary condition contamination in the regional OSSE methodology. 

Experiment 1 – No Dew Point 

Sensitivity Exp. 1 included the same GEMS data as the CnvGEMS simulation but the dew point 
variable was excluded from the DA cycle.  The key results are: 

� Dew point RMS errors are very similar to the Cnv dew point errors at all forecast times and levels. 
(Figure 4.20d-f). 

� Vector wind RMS errors increased by 0.25 m s-1 over the CnvGEMS forecasts at all forecast times and 
throughout the troposphere; however, Exp. 1 has lower vector wind errors than the Cnv forecasts 
overall (Figure 4.20g-i). 

� Excluding dew point data had no substantial impact on the temperature RMS errors (Figure 4.20a-c). 
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Experiment 2 – No Wind 

Sensitivity Exp. 2 included the same GEMS data as in the CnvGEMS simulation, but both the u and v 
components of the wind were withheld from the DA cycle.  The key results are: 

� The magnitude of the vector wind errors degrades to that of the Cnv forecasts, which indicates that the 
full suite of GEMS data have substantial impact on the wind forecasts (Figure 4.21). 

� Both the temperature and dew point RMS errors increase by 0.5 K and 1 K, respectively, below 400 
hPa, for the 12-h and 24-forecasts.  In fact, the temperature and dew point RMS errors at 24 h 
approach the magnitudes of the RMS errors from the Cnv forecasts at 24 h (Figure 4.21c, f).  This 
result indicates the importance of assimilating wind data in order to obtain more accurate forecasts of 
both temperature and dew point. 

Experiment 3 – Instrument Errors 

Sensitivity Exp. 3 included the same GEMS and conventional data as the CnvGEMS simulation but added 
random observational errors for temperature, dew point, and winds as described in Section 4.4.  The key results 
are:

� Random errors makes only a slight difference in the forecasted model results of temperature, dew 
point and vector winds, when comparing the RMS errors to the CnvGEMS forecasts (Figure 4.22). 

� The largest differences occur for the vector wind 24-h forecasts, as RMS errors were ~1 m s-1 higher 
than the CnvGEMS forecasts between 800 hPa and 200 hPa (Figure 4.22i). 

Experiment 4 – Precipitation Scavenging 

For sensitivity Exp. 4, the simulated GEMS data were extracted from an ARPS nature simulation where 
probe precipitation scavenging was activated in the LPM as described in Section 4.2.  The statistics compiled 
from the run indicate that ~19% of the probes were scavenged by precipitation at the end of 10 days over the 
ARPS 15-km domain.  The key results are: 

� Precipitation scavenging makes very little difference in the temperature and dew point errors, except 
for degradation of the temperature RMS errors by ~0.25 K below 400 hPa for the 24-h forecasts 
(Figure 4.23a-f).  In fact below 600 hPa, the 24-h temperature RMS errors approach the magnitude of 
the Cnv forecasts, indicating that the impact of GEMS has been lost by 24 h.  

� There is very little difference in the forecasted dew point RMS errors compared to the CnvGEMS 
forecasts (Figure 4.23d-f). 

� The largest differences are in the vector wind RMS errors with degradation at all levels and forecast 
times when precipitation scavenging was activated.  Vector wind RMS errors are ~0.25 m s-1 higher at 
all levels for the 0-h and 12-h forecasts when compared to RMS errors from CnvGEMS (Figure 4.23g, 
h).  However, for the 24-h forecasts, the Exp. 4 vector wind RMS errors approach the magnitude of 
those from the Cnv forecasts at 24 h (Figure 4.23i). 

Experiment 5 – 6-h DA Frequency 

Sensitivity Exp. 5 included the same GEMS and conventional data as the CnvGEMS simulations, but all 
simulated data were assimilated at 6-h instead of 3-h intervals.  This experiment was designed to test the 
sensitivity of data assimilation frequency.  The key results are: 

� The RMS errors for all variables do not show degradation for the 0- and 12-h forecasts when 
compared to the CnvGEMS forecasts (Figure 4.24). 

� The only notable differences are the 1-K increase in dew point RMS errors above 150-hPa for all 
forecast times, and the 1 m s-1 increase in vector wind RMS errors in the middle troposphere for the 24- 
forecasts when compared to the CnvGEMS forecasts.  In addition, the vector wind errors in the mid 
and upper troposphere are 0.5 m s-1 higher by 24 h than those from the CnvGEMS forecasts. 
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Experiment 6 – 10% of Probe Data 

Sensitivity Exp. 6 included data from 10% of the probes used in the CnvGEMS simulation for an average 
probe spacing of ~25 km.  The key results are: 

� Including data from 10% of the probes in the DA cycle do not substantially degrade the forecasts of 
temperature, dew point and vector wind when comparing the RMS errors to the full data set used for 
the CnvGEMS forecasts (Figure 4.25).  

� The only notable difference is an increase in dew point RMS errors of ~1 K above 200-hPa at all 
forecast times (Figure 4.25d-f). 

Experiment 7 – 1% of Probe Data  

Sensitivity Exp. 7 included data from 1% of the probes used in the CnvGEMS simulation for an average 
probe spacing of ~70 km.  The key results are: 

� Including 1% of the probes in the DA cycle and subsequent 48-h forecasts substantially degrades the 
forecasts of temperature, dew point and vector wind when comparing the RMS errors to the full data 
set used for the CnvGEMS experiment (Figure 4.26). 

� For all variables and forecast times, the errors approach the magnitudes of those from Cnv, especially 
for the 12-h and 24-h forecasts (Figure 4.26).  Including only 1% of the GEMS data provided 
relatively little forecast improvement over the Cnv run throughout the troposphere at 12 and 24 h.  
However, the Exp. 7 vector wind RMS errors are 1 m s-1 smaller than those from the Cnv forecasts at 0 
h and above 400 hPa indicating that 1% of GEMS data made a slight impact on the analysis, but those 
impacts are lost at 12 and 24 h. 

Exps. 6 and 7 were designed to test the sensitivity of the data impact to the number of probes and effective 
resolution of the assimilated data using the same deployment strategy.  The mean NN distances of probes in a 
selected 50-hPa layer (475-525 hPa) from the CnvGEMS (100%), Exp.6 (10%), and Exp. 7 (1%) OSSEs are 
plotted in Figure 4.9.  The �25 hPa layer was chosen to highlight the average spacing of the observations used 
by the MM5 objective analysis at a given pressure level.  Note that the average probe spacing within the 50-hPa 
layer decreases from ~25 km for the full dataset to ~90 km for 10% of the probes and greater than 300 km for 
1% of the probes at day 5 (0000 UTC 15 June 2001; Figure 4.9). 
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Figure 4.9 Mean nearest neighbor (NN) distances for 100%, 10% and 1% of the probe data at the 500-

hPa analysis level over the ARPS 15-km domain shown in Figure 4.4. 

Previous studies focusing on objective analysis suggest that the optimum observation spacing is 2 times the 
model grid spacing (Koch et al. 1983).  Since the MM5 regional forecasts were run at 30-km grid spacing, it 
was not advantageous to have 100% of the probe data with an average spacing of ~25 km because that value is 
substantially smaller than twice the grid spacing.  In effect, 100% of the probe data over-samples the scales of 
motion that can be resolved using a model with 30-km grid spacing.  Exp. 6, that included data from only 10% 
of probes, produced slight degradations in RMS errors of temperature, dew point and vector wind when the 
compared with the full data set.  This result is consistent with the fact that 10% of probe data yields an average 
probe spacing of ~90 km that is closer to but still larger than twice the model grid spacing (60 km).  However, 
the RMS errors from Exp. 7 including only 1% of the probe data approach those of the conventional 
simulations (Cnv).  For that experiment, the probe spacing of ~300 km is much greater than 2 times the model 
grid spacing and closer to the average spacing of conventional upper air observations which explains why the 
results are similar to the Cnv forecasts. 
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Figure 4.10 Graphs of the temperature bias (Kelvin) and root mean square (RMS) error for the Cnv (solid 

lines) and CnvGEMS (dot-dashed lines) OSSE forecasts from June 2001. Data are presented for the 300-, 500-, 
and 850-hPa levels.  Statistics were computed over the OSSE verification domain shown in Figure 4.4. 
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Figure 4.11 Graphs of the dew point bias (Kelvin) and the root mean square (RMS) error for the Cnv 

(solid lines) and CnvGEMS (dot-dashed lines) OSSE forecasts from June 2001. Data are presented for the 300-, 
500-, and 850-hPa levels.  Statistics were computed over the OSSE verification domain shown in Figure 4.4. 
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Figure 4.12 Graphs of the vector wind bias (ms-1) and root mean square (RMS) error for the Cnv (solid 

lines) and CnvGEMS (dot-dashed lines) OSSE forecasts from June 2001. Data are presented for the 300-, 500-, 
and 850-hPa levels.  Statistics were computed over the OSSE verification domain shown in Figure 4.4. 

Cnv 
CnvGEMS 



 75

P
(m

b)

0 1 2 3 4

200

400

600

800

1000

a) 0 h

Temperature

P
(m

b)

0 1 2 3 4

200

400

600

800

1000

b) 12 h

RMS Error (K)

P
(m

b)

0 1 2 3 4

200

400

600

800

1000

c) 24 h

RMS Error (K)
0 2 4 6 8 10

200

400

600

800

1000

f) 24 h

0 2 4 6 8 10

200

400

600

800

1000

d) 0 h

Dew Point

0 2 4 6 8 10

200

400

600

800

1000

e) 12 h

RMS Error (ms-1)
0 2 4 6 8 10 12

200

400

600

800

1000

i) 24 h

0 2 4 6 8 10 12

200

400

600

800

1000

h) 12 h

0 2 4 6 8 10 12

200

400

600

800

1000

g) 0 h

Vector Wind

 
Figure 4.13 Vertical profiles of the temperature (a-c), dew point (d-f), and vector wind (g-i) root mean 

square (RMS) error for the Cnv (solid lines) and CnvGEMS (dot-dashed lines) OSSE forecasts from June 2001.  
Data are presented for the 0-h (a, d, g), 12-h (b, e, h), and 24-h (c, f, i) forecasts.  Statistics were computed over 
the OSSE verification domain shown in Figure 4.4. 
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Figure 4.14 Vertical profiles of the temperature (a-c), dew point (d-f), and vector wind (g-i) percent 

improvement for the CnvGEMS (dot-dashed) OSSE forecasts from June 2001 shown for rawinsonde (solid 
lines) and non-rawinsonde (dot-dashed lines) initialization times.  Data are presented for the 0-h (a, d, g), 12-h 
(b, e, h), and 24-h (c, f, i) forecasts.  Statistics were computed over the OSSE verification domain shown in 
Figure 4.4. 
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Figure 4.15 Graphs of the temperature bias (Kelvin) and root mean square (RMS) error for the Cnv (solid 
lines) and CnvGEMS (dot-dashed lines) OSSE forecasts from December 2001.  Data are presented for the 300-, 
500-, and 850-hPa levels.  Statistics were computed over the OSSE verification domain shown in Figure 4.4. 
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Figure 4.16 Graphs of the dew point bias (Kelvin) and root mean square (RMS) error for the Cnv (solid 

lines) and CnvGEMS (dot-dashed lines) OSSE forecasts from December 2001.  Data are presented for the 300-, 
500-, and 850-hPa levels.  Statistics were computed over the OSSE verification domain shown in Figure 4.4. 

Cnv 
CnvGEMS 



 79

B
ia

s(
m

s-1
)

-4

-2

0

2

4

a) Vector Wind Bias 300 hPa

Forecast Hour

R
M

S
Er

ro
r(

m
s-1

)

0 12 24 36 48
0

2

4

6

8

10

12

f) Vector Wind RMS Error 850 hPa

R
M

S
Er

ro
r(

m
s-1

)

0

2

4

6

8

10

12

e) Vector Wind RMS Error 500 hPa

R
M

S
Er

ro
r(

m
s-1

)

0

4

8

12

16

d) Vector Wind RMS Error 300 hPa
B

ia
s(

m
s-1

)

-4

-2

0

2

4

b) Vector Wind Bias 500 hPa

Forecast Hour

B
ia

s(
m

s-1
)

0 12 24 36 48
-4

-2

0

2

4

c) Vector Wind Bias 850 hPa

 
Figure 4.17 Graphs of the vector wind bias (ms-1) and root mean square (RMS) error for the Cnv (solid 

lines) and CnvGEMS (dot-dashed lines) OSSE forecasts from December 2001.  Data are presented for the 300-, 
500-, and 850-hPa levels.  Statistics were computed over the OSSE verification domain shown in Figure 4.4. 

Cnv 
CnvGEMS



80 

P
(m

b)

0 1 2 3 4

200

400

600

800

1000

a) 0 h

Temperature

P
(m

b)

0 1 2 3 4

200

400

600

800

1000

b) 12 h

RMS Error (K)

P
(m

b)

0 1 2 3 4

200

400

600

800

1000

c) 24 h

RMS Error (K)
0 2 4 6 8 10

200

400

600

800

1000

f) 24 h

0 2 4 6 8 10

200

400

600

800

1000

d) 0 h

Dew Point

0 2 4 6 8 10

200

400

600

800

1000

e) 12 h

RMS Error (ms-1)
0 2 4 6 8 10 12

200

400

600

800

1000

i) 24 h

0 2 4 6 8 10 12

200

400

600

800

1000

h) 12 h

0 2 4 6 8 10 12

200

400

600

800

1000

g) 0 h

Vector Wind

 
Figure 4.18 Vertical profiles of the temperature (a-c), dew point (d-f), and vector wind (g-i) root mean 

square (RMS) error for the Cnv (solid lines) and CnvGEMS (dot-dashed lines) OSSE forecasts from December 
2001.  Data are presented for the 0-h (a, d, g), 12-h (b, e, h), and 24-h (c, f, i) forecasts.  Statistics were 
computed over the OSSE verification domain shown in Figure 4.4. 
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Figure 4.19 Vertical profiles of the temperature (a-c), dew point (d-f), and vector wind (g-i) percent 

improvement for the CnvGEMS OSSE forecasts from December 2001 shown for rawinsonde (solid lines) and 
non-rawinsonde (dot-dashed lines) initialization times.  Data are presented for the 0-h (a, d, g), 12-h (b, e, h), 
and 24-h (c, f, i) forecasts.  Statistics were computed over the OSSE verification domain shown in Figure 4.4. 
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Figure 4.20  Vertical profiles of the temperature (a-c), dew point (d-f), and vector wind (g-i) root mean 

square (RMS) error for the Cnv (solid lines), CnvGEMS (dot-dashed lines), sensitivity Exp. 1 (dotted lines) 
OSSE forecasts (no dew point data) from June 2001.  Data are presented for the 0-h (a, d, g), 12-h (b, e, h), and 
24-h (c, f, i) forecasts.  Statistics were computed over the OSSE verification domain shown in Figure 4.4. 
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Figure 4.21 Vertical profiles of the temperature (a-c), dew point (d-f), and vector wind (g-i) root mean 

square (RMS) error for the Cnv (solid lines), CnvGEMS (dot-dashed lines), sensitivity Exp. 2 (dotted lines) 
OSSE forecasts (no wind data) from June 2001.  Data are presented for the 0-h (a, d, g), 12-h (b, e, h), and 24-h 
(c, f ,i) forecasts.  Statistics were computed over the OSSE verification domain shown in Figure 4.4. 
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Figure 4.22 Vertical profiles of the temperature (a-c), dew point (d-f), and vector wind (g-i) root mean 

square (RMS) error for the Cnv (solid lines), CnvGEMS (dot-dashed lines), and sensitivity Exp. 3 (dotted lines) 
OSSE forecasts (with instrument errors) from June 2001.  Data are presented for the 0-h (a, d, g), 12-h (b ,e, h), 
and 24-h (c, f, i) forecasts.  Statistics were computed over the OSSE verification domain shown in Figure 4.4.  
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Figure 4.23 Vertical profiles of the temperature (a-c), dew point (d-f), and vector wind (g-i) root mean 

square (RMS) error for the Cnv (solid lines), CnvGEMS (dot-dashed lines), and sensitivity Exp. 4 (dotted lines) 
OSSE forecasts (with precipitation scavenging) from June 2001.  Data are presented for the 0-h (a, d, g), 12-h 
(b, e, h), and 24-h (c, f, i) forecasts.  Statistics were computed over the OSSE verification domain shown in 
Figure 4.4.
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Figure 4.24 Vertical profiles of the temperature (a-c), dew point (d-f), and vector wind (g-i) root mean 

square (RMS) error for the Cnv (solid lines), CnvGEMS (dot-dashed lines), and sensitivity Exp. 5 (dotted lines) 
OSSE forecasts  (6-h DA frequency) from June 2001.  Data are presented for the 0-h (a, d, g), 12-h (b, e, h), 
and 24-h (c, f, i) forecasts.  Statistics were computed over the OSSE verification domain shown in Figure 4.4. 
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Figure 4.25 Vertical profiles of the temperature (a-c), dew point (d-f), and vector wind (g-i) root mean 

square (RMS) error for the Cnv (solid lines), CnvGEMS (dot-dashed lines), and sensitivity Exp. 6 (dotted lines) 
OSSE forecasts (10% of probe data) from June 2001.  Data are presented for the 0-h (a, d, g), 12-h (b ,e ,h), and 
24-h (c, f, i) forecasts.  Statistics were computed over the OSSE verification domain shown in Figure 4.4. 
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Figure 4.26 Vertical profiles of the temperature (a-c), dew point (d-f), and vector wind (g-i) root mean 

square (RMS) error for the Cnv (solid lines), CnvGEMS (dot-dashed lines), and sensitivity Exp. 7 (dotted lines) 
OSSE forecasts (1% of probe data) from June 2001.  Data are presented for the 0-h (a, d, g), 12-h (b, e, h), and 
24-h (c, f, i) forecasts.  Statistics were computed over the OSSE verification domain shown in Figure 4.4. 
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4.5.6 Regional Data Impact Results Summary

The key results from the OSSEs are: 

� The OSSEs demonstrated that the addition of simulated GEMS observations extracted from the nature 
simulation had a substantial impact on improving the predicted primary variables over the 
conventional simulations.  The improvements of the objective errors over a data-rich region exceed 
50%, for temperature, dew point, and vector wind in the mid and upper-troposphere, especially for the 
0-h forecasts when GEMS data have most impact on the analysis creating better initial conditions. 

� The forecast impacts were generally similar for both the June and December OSSEs.  The only notable 
exception was that the impacts of the simulated GEMS data are lost sooner for the December 2001 
OSSEs due to the effects of the regional lateral boundary conditions, a consequence of experiment 
design. 

� Sensitivity experiments indicated that the OSSEs produced a positive impact on the forecasts, even 
with only 10% of the probes.  This result is important because the model produced nearly identical 
impacts with average probe spacing of ~25 km versus 9 km.  However, the errors approach those of 
conventional simulations when only 1% of the probe data were included in the DA cycle. 

� By assimilating probes less frequently (6 h instead of 3 h), the subsequent forecasts did not show 
degradation at 0 and 12 h.  The only exceptions were the slight degradation in the upper-level dew 
point errors and the 1 m s-1 increase in vector wind RMS errors in the middle troposphere at 12 and 24 
h. 

� Activating precipitation scavenging in the nature simulations did have a negative impact on the 
subsequent forecasts.  The degradation was most apparent in the vector wind forecasts at later forecast 
times as vector wind RMS errors approach the magnitude of those from the conventional forecasts.  
Results from precipitation scavenging showed that the 24-h vector wind RMS errors were similar to 
withholding the u and v wind components.  Further analysis will be required to determine why 
scavenging has the greatest impact on forecasts of wind, especially at later forecast times. 

� Excluding dew point or wind data from the DA cycle degraded the model forecast not only for the 
parameter excluded, but also for other primary variable forecasts as well.  The RMS errors of the 
parameter excluded approached those of the conventional simulations at all levels and forecast times.  
These sensitivity tests indicated that the maximum forecast impacts were realized when the simulated 
GEMS data provided a full suite of measurements. 

� The inclusion of random observation errors in both the simulated GEMS and conventional data did not 
substantially degrade the forecasts. 

4.5.7 Mesoscale OSSE 

In order to assess the impact of GEMS observations where high spatial and temporal resolution data would 
be valuable for the development of mesoscale weather events, a separate OSSE was conducted over Florida.  
The period of interest selected for this experiment was 12-15 June 2001.  If probes were released over the 
Northern Hemisphere every 2 h from 3,527 surface stations following the surface-based deployment scenario 
used in the regional OSSEs, the average probe spacing decreases from ~7 km at day 1 to ~6 km by day 4 over 
Florida.  During that time, daily convection occurred along mesoscale sea-breeze boundaries over central and 
southern Florida.  The lack of high spatial and temporal conventional data provides an opportunity to examine 
GEMS data impact on spatial scales nearly an order of magnitude smaller than those considered for the regional 
OSSEs (Section 4.5.5). 

For the nature simulation, the ARPS/LPM was configured for a high-resolution domain covering much of 
Florida with 4-km grid spacing (Grid C, Figure 4.27).  The ARPS 4-km simulation was initialized at 0000 UTC 
11 June 2001 and integrated for 4 days to 0000 UTC 15 June 2001.  The nature simulation obtained initial 
conditions, initial probe position, and boundary conditions (updated at 3-h intervals) from the 10-day ARPS 15-
km simulation (Grid B, Figure 4.27), which was used for the regional OSSEs.  Similar to the regional OSSEs, 
simulated measurements from conventional networks and GEMS probes were extracted at 3-h intervals during 
the ARPS 4-km simulation.  For the 4-km nature simulations, the convective parameterization scheme was 
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deactivated so only explicit microphysics was used to model precipitation processes.  All of the remaining 
dynamical and physical features of the ARPS remained un-changed from the simulations conducted for the 
regional OSSEs. 

For the mesoscale assimilation experiment, a 4-km MM5 simulation was initialized at 0000 UTC 12 June, 
24-h later than the nature run, and run until 0000 UTC 15 June.  The initial and 3-h boundary conditions were 
obtained from the MM5 30-km (Cnv) regional OSSE simulation.  For the MM5 4-km simulation, the physics 
and dynamical features remained the same as the regional OSSEs, except that convective parameterization was 
deactivated similar to the nature run.  Unlike the regional OSSEs, the MM5 simulations were not degraded 
compared to the ARPS nature run in order to allow an explicit representation of convection.  Simulated 
conventional and/or GEMS data obtained from the ARPS 4-km simulation were intermittently assimilated into 
the MM5 at 3-h intervals.  In the first experiment, only simulated conventional observations (Cnv) were used in 
the intermittent DA cycle.  In second experiment, both simulated conventional and GEMS (CnvGEMS) 
observations were assimilated. 

Twelve-hour forecasts were generated at 3-h intervals during the intermittent DA cycle to emulate an 
operational DA cycle.  A total of 21 forecasts were conducted for each OSSE scenario.  A summary of the dates 
and duration of the mesoscale OSSE forecasts is presented in Table 4.13.  Differences between the averaged 
OSSE forecast runs and the ARPS 4-km nature simulation provide a measure of the forecast impact for each 
data type.  

 

Figure 4.27 Grid configuration for the ARPS 4-km nature and MM5 OSSE simulation.  Grid C represents 
the mesoscale ARPS and MM5 4-km domains, while grid B (identical to Figure 4.4) denotes the ARPS 15-km 
and MM5 30-km domains, respectively.  The yellow-shaded box represents the area of objective verification 
statistics described in Section 4.5.2. 
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Table 4.13 Summary of the mesoscale OSSE forecasts for June 2001.

Simulation Dates Duration Experiment  
Nature Run – ARPS 4-km 

simulation 
11-15 June  

 
11-12 June  

 
12-15 June  

4 days 
 

1 day 
 

3 days 

ARPS forecast 
 

ARPS 4-km spin-up 
 

Simulated observations extracted at 3-h 
intervals (simulated rawinsonde 

measurements extracted at 12-h intervals) 
Mesoscale Assimilation 

Run – MM5 4-km 
simulations 

12-15 June  
 
 

12-14 June  
 

12-15 June  

3 days 
 
 

2.5 days 
 

3 days 

Intermittent DA cycle with 3-h update cycle 
using ARPS simulated observations 

 
Generation of 12-h forecasts at 3-intervals 

 
Verification of MM5 forecasts against ARPS 

nature simulations 

 

To diagnose the distribution of impacts throughout the entire troposphere, vertical profiles of RMS errors 
were plotted for the 0-, 6-, and 12-h forecasts (Figure 4.28).  The vertical profiles of CnvGEMS RMS errors 
indicate large error reductions for dew point and vector wind compared against the Cnv forecasts.  Especially 
evident is the 2-3 K dew point RMS error reductions between 800 hPa and 400 hPa and the 1-2 m s-1 vector 
wind RMS error reductions between 700 hPa and 200 hPa at all forecast times (Figure 4.28d-i).  However, 
there are smaller temperature error differences between the two experiments, probably due to the lack of strong 
temperature gradients over Florida during the summer months.  The temperature errors greater than 4 K above 
200 hPa in both experiments have been traced back to an upper-level warm bias in the MM5 when compared to 
the nature run (Figure 4.28a-c).  Similar to the regional OSSEs, the largest RMS error differences occur for the 
0-h forecasts when GEMS data have most impact on the analysis generating better initial conditions (Figure 
4.28a, d, g).  However, these effects are diminished at 6 and 12 h possibly due to the influence of the lateral 
boundary conditions.  
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Figure 4.28 Vertical profiles of the temperature (a-c), dew point (d-f), and vector wind (g-i) root mean 

square (RMS) error for the 4-km Cnv (solid lines), and the CnvGEMS (dot-dashed lines) OSSE forecasts from 
June 2001.  Data are presented for the 0-h (a, d, g), 6-h (b, e, h), and 12-h (c, f, i) forecasts.  Statistics were 
computed over the OSSE verification domain shown in Figure 4.27. 
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5 Cost Benefit Analysis 

5.1 GEMS Projected Costs 

A quantitative assessment of GEMS expected costs requires speculative scenarios and projections with 
large degrees of uncertainty.  However, using the GEMS cost projections and data impact results obtained from 
the regional OSSEs in Section 4, reasonable initial estimates can be made. 

5.1.1 Component Costs 

The analysis of the manufacturing costs was done for two situations to represent both the short and long 
term prospects for the GEMS system.  First, an analysis based on manufacturing units with COTS components 
addresses the most likely cost values for any near term application of the system.  These estimates represent 
extrapolations based on the cellular handset market with limited component integration.  Longer-term system 
costs were estimated by assuming that the devices will become more integrated until eventually all of the 
functionality will reside on a single piece of silicon or flexible shell substrate.  Cost models from the integrated 
circuit (IC) manufacturing industry were used to estimate a lower bound for the eventual cost of the devices. 

Cellular telephone handsets probably represent the closest hardware analogy to the GEMS probes.  The 
probes have similar processing, transmission functionality, and cost minimization pressures.  However, the 
GEMS probes will also contain various sensors while cellular phones have additional functionality [Liquid 
Crystal Display (LCD) display, keypad, etc.] that a GEMS probe does not require.  The cost of a cellular 
handset was broken down by subsystem so the actual cost of the modified system could be determined.  
Portelligent is a research firm that specializes in teardown analyses of cellular hardware.  The company has 
analyzed hundreds of handsets over the past several years and broken down the devices into typical bill-of-
materials (PMN 2005).  In an article supplied by PMN Mobile Industry Intelligence, the breakdown for an ultra 
low-cost handset is shown in Table 5.1. 

 
Table 5.1 Ultra-low cost cellular handset estimates. 

Component Unit Cost ($) 

Baseband Processor 6 

Combo-Memory 2 

PM/analog 1 

RF chip/module 2 

Modules 1 

Passives 1 

Casing 2 

Battery 2 

PCB 2 

LCD 1 

Testing 1 

Assembly 1 

SW/IP Licenses 2 

Accessories/Packout 1 

Total 25 
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There are several obvious differences between such a phone and a GEMS probe.  Though the transmission 
hardware is likely to be similar, accessories, IP licenses, LCD, and user interface will all be absent.  The battery 
requirements will also likely be reduced for a properly designed probe and network.  However, additional 
meteorological sensors will be required as well as a shell for buoyancy and solar cells for in situ power 
generation. Table 5.2 breaks down the COTS GEMS probe module into its basic components.  Simplifications 
in the RF hardware and processor/memory components might also be realizable which may reduce the cost by 
several dollars more. 

 
Table 5.2 GEMS probe cost using COTS components. 

Component Unit Cost ($) 

Baseband Processor 6 

Combo-Memory 2 

PM/analog 1 

RF chip/module 2 

Passives 1 

Vessel 1 

Packaging 1 

Battery/Solar 2 

Sensors 2 

PCB 2 

Assembly 1 

Testing 1 

Total 22 

 

The IC industry is increasingly moving towards a greater level of integration with chip sets offering 
combined functionality on a single chip for many applications.  Efforts toward integrating a fully functional 
sensor system are also being pursued (Warneke et al. 2001).  The approximate cost per complementary metal-
oxide semiconductor (CMOS) wafer can be used to estimate the ultimate manufacturing cost of a fully 
integrated solution for GEMS.  Though the number of mask layers and devices size is unknown at this time, 
bounding values can be found based on approximate assumptions.  Figure 5.1 shows the estimated cost per 
generic device based on the device’s minimum feature size and number of mask layers used during fabrication 
(IC Knowledge 2005).  A highly complicated (integrated) device with many layers designed for low power will 
likely utilize one of the more expensive processes shown.  However, Moore’s law dictates that these costs will 
continue to fall and an ultimate cost per device for the probe electronics and possibly the entire system in the $1 
range is feasible in the long term.  At this price, the individual testing of devices will be neglected in favor of 
deploying extra nodes to compensate for any non-working units. 
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Figure 5.1 Estimated 2005 integrated circuit manufacturing costs. 

5.1.1.1 Network Cost Trade-off 

The energy-based metric, described in Section 3.2.3.1, indirectly provides insight into the minimization of 
the per unit hardware costs.  However, independent of this metric, a direct financial cost analysis can also be 
applied to determine the preferred communications method.  In particular, the relative burden of the 
infrastructure to extract the data and return it to a central location is a major factor.  In the following analysis, 
the cost to build, operate, and maintain the base station infrastructure is compared against the cost of utilizing a 
commercial satellite provider for the data retrieval.  A hybrid technique that contains aspects of each was also 
considered.  The costs vary greatly depending on probe distribution density as well as the size of the sub-
network bounding box.  Satellite communication was found to be preferable unless the size of each sub-
network bounding box in the ad hoc method is quite large.  A satellite-based exfiltration strategy is also 
preferable from the perspective that it is cost effective to implement at a small scale while offering room for 
long term growth to a global system. 

Satellite Usage Rates 

The economic cost to utilize direct satellite communications for each probe was estimated by evaluating the 
cost structure of the Iridium constellation (Gumbert et al. 1997).  Some of the original cost models for satellite 
constellations fall apart now that the respective development organizations have filed for bankruptcy and the 
business models have changed.  Therefore, cost extrapolations are based on current Iridium subscriber statistics. 

Current Iridium rates are ~$1 per minute of operation (Outfitter 2005).  Data transmitted at 2.4 kbps over 
this channel yields an approximate cost of $7 per Mbit.  However as more pre-paid minutes are purchased, the 
plan cost is reduced accordingly.  A power law fit was applied to this the data from a typical Iridium service 
provider to estimate the cost per bit as a function of the total usage over the course of a year.  The equation, 

$ per bitIridium = 4.47 x 10-5 x bitsyear
-0.0996993,                                              (5.1) 

provides a rough estimate of the $ per bit measurement for various usage rates.  The equation fit has an R2 
value of 0.89.  The cost estimate is highly speculative since the GEMS data quantity is a significant 
extrapolation and the actual usage pattern may differ significantly from a typical satellite customer.  Since the 
potential deployment and dispersion of GEMS probes around the world could be a significant source of 
revenue for the satellite organizations while using portions of their network that are currently underutilized, 
there may be some leverage in negotiating special terms.  Baseline short message services (SMS) for Iridium 
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exceed the stated $ per bit rates though the $ per bit rates of the traditional voice/data lines should reflect actual 
infrastructure costs.  If SMS type services at the low $ per bit rate are not available, multiple messages would 
have to be combined to create data packets which fully exploit the 20-second minimum billable period which is 
currently used for the traditional (non SMS) voice/data links. 

An estimate is needed for the average number of probes in continuous operation over the course of a year 
to compute representative communication costs from equation (5.1).  One option is to assume a probe is 
released over the Northern Hemisphere every 2 h from 3,527 surface stations following the surface-based 
deployment scenario used in the OSSEs (Section 4.3).  Such a strategy would result in the release of ~15 
million probes per year; however, sensitivity experiments yielded very similar forecast impacts with only 10% 
of probes.  In that case, the modified deployment strategy would result in the release of ~1.5 million probes per 
year although substantial areas of the tropical latitudes were not well sampled for either scenario (Figure 4.2).  
The number of probes estimated by extrapolating the deployment scenario from the 30-day simulation period to 
a full year does not account for those lost due to helium leakage, mechanical/electrical failure, or precipitation 
scavenging. 

Another option is to compute the number of probes over the Northern Hemisphere required to achieve an 
optimal but uniform horizontal spacing of ~15 km at 1-km vertical spacing based on the grid and model 
configuration used for the OSSEs (Section 4.5).  This calculation yields a result on the order of 11 million 
probes but does not consider what type of deployment strategy would be appropriate to initiate and maintain 
such a distribution.  If the GEMS system is used for targeted observing over smaller space and time scales, the 
number of probes deployed could be substantially less than the estimates given here. 

In order to simplify the cost estimates, the network is assumed to consist of 1 million active probes during 
a single year.  If each probe transmits ~160-bit messages every 15 minutes, a total of ~5.6 x 1012 bits of data 
would be routed through the Iridium satellites at a cost of ~$13 million per year or ~$13 per probe per year.  
The communication cost per probe is on par with COTS manufacturing costs but exceeds the estimated cost of 
a fully integrated chip implementation.  For a network of 100,000 probes, the communication costs increase to 
~$17 per probe per year.  In fact, equation (5.1) can be used to estimate the costs for satellite communications 
as the size of the network is scaled up or down for different applications. 

Ad Hoc Base Station Costs 

Purely ad hoc networks will be driven by the cost to develop the base station infrastructure.  Numerous 
models have been proposed to optimize the deployment of cellular phone networks for cost (Stanley 1996; 
Johansson et al. 2004).  These cellular network base stations provide a close analogy to model the GEMS base 
station costs assuming an ad hoc network is deployed to extract the data from the probes.  The hardware 
requirements and site build out concerns will be similar in both scenarios.  The exception is over water areas 
where a premium must be placed on deploying and then operating a base station in an isolated sea-based 
location.  

The model proposed by Johansson et al. (2004) is of particular interest since it breaks down the base 
station cost into various types of initial and annual (operational) costs as a function of maximum cell range.  
Since this relationship can be applied for the maximum range needed to support communications with mobile 
GEMS probes, the base station requirements can be determined as a function of probe density.  In essence, the 
base station cost parameters are set as a function of the mean probe spacing to ensure that the base station has 
sufficient hardware resources to maintain communications with the probes in the network. 

The initial costs for the base station include equipment, site build out, and hardware installation.  During 
operation, the annual costs include operations and maintenance, site lease, and retransmission costs.  The 
Johansson model provides a linear correlation between cell range and these parameters.  The initial cost values 
were converted from Swedish Kronars to U.S. dollars and expressed as: 

Initial cost = 22.83 x Rangemax - 0.88,                                                (5.2) 

where the initial cost is in thousands of U.S. dollars and the Rangemax is the last hope range in kilometers.  
Similarly, the annual costs for operation are given by: 

Annual cost = 1.77 x Rangemax + 0.86,                                                (5.3) 

with equivalent parameters.  Figure 5.2 shows the resulting cost estimates as a function of last hop distance. 
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Ocean-based stations were modeled with a similar equation that included a multiplicative factor as well as 
satellite extraction costs.  The multiplier was included to account for the cost increase to deploy and maintain 
base stations over ocean areas.  An initial factor of 2X was used for subsequent analyses though it was retained 
as a parametric variable for modification as needed. 
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Figure 5.2 Ad hoc base station cost model results. 

 

Satellite extraction cost was also included in the ocean station annual cost since most ocean stations will 
have no other way to return data.  Landlines will not be available to most of the ocean locations so Iridium data 
rates from above were used as an additional factor in the annual operational cost for each ocean base station.  
The number of ocean base stations relative to the number of land-based stations was estimated by comparing 
the relative land areas of each in the Northern Hemisphere with a discount factor to account for additional 
ocean area covered by coastal-based land stations.  The exact discount factor depends on the bounding box that 
encompasses the effective area covered by ad hoc routes on their path to base stations.  For instance, a 1000-km 
bounding box placed on the coast will provide coverage extending up to 500 km from the shore. 

A third approach for extracting data was also considered.  The “hybrid” technique assumes that ad hoc 
networking to land based base stations will be used when the probes are within range of these stations and then 
switch to direct satellite transmission when over ocean areas with no extraction points.  This scheme will reduce 
the amount of data that must be transmitted via satellite by utilizing traditional ground-based infrastructure 
when available while avoiding the costly penalty of fielding a worldwide array of ocean-based relay stations.  
In practice, the hybrid approach will complicate the design of the probes since they must be capable of multiple 
modes of communication.  However, the trade-off was considered to see if the approach is preferable in any 
configuration due to a reduction in net cost by using the minimum cost approach suited for a particular 
environment (satellite for oceanic regions and ad hoc networks over land). 
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The different cost models discussed above were combined to identify the optimum data extraction method 
as a function of cost.  Figure 5.3 shows the resulting curves assuming a distribution of 0.003 probes km-2 in the 
Northern Hemisphere with each returning 160 bits of data every 15 minutes.  All of the probes which route to a 
given base station are contained in a box with variable dimensions up to 2000 km per side.  Most viable ad hoc 
networks will likely be towards the lower end of the box width range to avoid imposing severe requirements on 
the last hop probes.  The analysis indicates that at the estimated Iridium data costs, direct satellite exfiltration is 
preferable.  However, if the total number of base stations could be reduced by creating mobile ad hoc networks 
that span over 1200 km x 1200 km boxes (4000+ probes), hybrid networks become preferable.  Beyond 1600 
km for each box side, pure ad hoc networks become preferable.  At this range, it is estimated that ~49 land-
based stations and 52 ocean-based stations would be required for complete coverage of the Northern 
Hemisphere. 

Reducing the probe density biases the minimum cost option towards satellite extraction since the total data 
requirements are reduced significantly, though the ad hoc base station infrastructure costs remain constant.  
However, ad hoc networking may become preferred if the satellite model is inaccurate and data transmission is 
significantly more expensive than estimated.  Other limited options are also feasible such as acquiring data only 
from land-based stations.  This strategy would reduce the data quality but may be a viable trade-off due to the 
reduced operational costs. 
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Figure 5.3 Communication cost for extraction modalities (� = 0.003 probes km-2).

5.1.2 Deployment Costs 

An examination of the projected deployment costs for a GEMS system was conducted based on the surface 
release scenario described in Section 4.3.  This scenario envisions probes deployed from existing surface 
weather stations using an automated release mechanism at given intervals of time.  A commercially available 
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product that automatically calibrates and launches radiosondes, costs ~ $40,000 per system (Yankee 2005).  It 
is estimated that a similar system for GEMS probe deployment would cost around $20,000 per station (Dr. 
William Bauman, personal communication) based on economies of scale in manufacturing more than just a few 
units. 

Based on the 3,527 Northern Hemispheric surface stations used for GEMS deployment in the OSSEs 
(Section 4.3), a one-time cost of $70.5 million (3,527 stations x $20,000 per station) would be required for such 
an automated system.  An additional $3.5 million per year is estimated for miscellaneous costs, including 
helium and reloading the launch system.  These costs are projected for a large-scale (hemispheric) surface-
based deployment system.  If the probes are distributed for targeted observations or using a different release 
scenario, the overall costs could differ substantially. 

5.1.3 System Cost 

In order to summarize overall annual system costs, calculations were performed using the full surface-
based deployment scenario from the OSSEs (~15 million probes per year) and compared with the similar 
strategy of releasing only 10% of the probes (~1.5 million per year) in the thinned data set.  The analysis 
assumed that the probe component cost would decrease from the COTS level of ~$22 to ~$1 per probe and did 
not include the cost for the satellite constellation or ground-based data relay and processing stations.  The 
annual and one-time estimated deployment costs of $3.5 and $70.5 million per year, respectively, were scaled 
by a factor of 10 when releasing 10% of the probes.  Finally, the communication costs were derived from 
equation (5.1) based on probes sending 160-bit messages every 15 minutes.  A summary of the expected costs 
for both the full and thinned data set used in the OSSEs is presented in Table 5.3. 

 

Table 5.3 Estimated yearly costs for a GEMS system based on data obtained from 
the OSSEs.

Description Full Data Set ($M) 10% of Probes ($M) 

Sensor Components (COTS) 15 1.5 

Communication 154 19 

Deployment (annual) 3.5 0.4 

Total (annual) 172.5 20.9 

Deployment (one-time) 70.5 7.1 

Total 243 29 
 

5.2 Forecast Improvement Benefits 

The Department of Commerce estimates that $3 trillion dollars of the U.S. economy has weather and 
climate sensitivity (Dutton 2002).  Weather-sensitive customers worldwide including ground transportation, 
agriculture, aviation, utilities, insurance, air quality monitoring, operational/research meteorology, and other 
related earth sciences would benefit from improved observations and weather forecasts.  For example, the 
energy sector uses weather forecasts to estimate peak demands for energy while the aviation industry relies on 
weather forecasts to make routing decisions. 

A common approach used to evaluate the justification for new observing systems is to address the 
scientific and engineering aspects of the observing system (Sections 3 and 4), then add several examples of how 
society could benefit from such a system (Morss 2005).  In this study, an examination of the potential forecast 
benefits for the energy and aviation industry was conducted based on the projected forecast improvements 
obtained from the regional OSSEs. 

Energy 

Jones (2001) estimated that the annual cost of electricity could decrease by at least $1 billion per year, if 
the surface temperature forecasts improved by 1 K.  The regional OSSEs demonstrated that the addition of 
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simulated GEMS observations extracted from the nature simulation improved 1000-hPa temperatures for the 0-
24-h forecasts by 0.2 K and 0.4 K for June and December, respectively (Figure 4.13a-c and Figure 4.18a-c).  
Therefore, the projected energy savings from these improved temperature forecasts would be between ~$200 
and ~$400 million per year. 

Aviation 

It is estimated that a 1% reduction in airline fuel consumption would lead to a savings of $100 million in 
fuels costs per year (NOAA 2002).  Furthermore, fuel cost is estimated to decrease by ~$3.9 million per year 
for each airline, if the upper-level wind forecasts improved by 1 m s-1 (John A. McGinley, personal 
communication).  The June 2001 regional OSSEs demonstrated that the addition of GEMS observations, 
improved 0- to 12-h vector wind forecasts at 300-hPa by nearly 2 m s-1 and 24-h forecasts by 1.5 m s-1 (Figure 
4.12d).  Based on these results, the estimated savings would be $7.8 million per year for each airline.  The 
projected improvements from the regional December 2001 OSSE also indicated that 0- to 12-h forecasts of 
300-hPa vector wind improved by 2 m s-1 (0 h) and 1.5 m s-1 (12 h) over conventional forecasts (Figure 4.17d).  
Using the December 2001 results, the savings in fuel costs would range between $5.8 and $7.8 million per year 
for each airline from improvements in short-range (0-12-h) forecasts resulting from assimilated GEMS data at 
flight levels. 
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6 Concept Summary, Roadmap, and Future Efforts 

This report summarizes the NIAC phase II project that focused on studying the feasibility issues of the 
GEMS system during the time period 1 September 2003 through 31 August 2005.  The major feasibility issues 
identified in the NIAC phase I study are summarized in Table 1.1.  There are a large number of possible trade- 
offs based on the design characteristics such as sensors, power, communication, and the other factors that 
constitute a multi-dimensional parameter space.  Because of the high dimensionality and complexity of such a 
parameter matrix, it was not reasonable to attempt a mechanical examination of every possible combination and 
permutation.  Instead, modeling and simulation were used as a cost-effective and controlled way to explore the 
trade-offs and map out logical, self-consistent pathways for further system design and development.  The 
remainder of this section highlights key results from studying the feasibility issues in Table 1.1 that were used 
to construct a technology roadmap and concludes with a brief synopsis of efforts to develop advocacy and 
support for future system development. 

6.1 Summary

6.1.1 System Engineering 

After a thorough investigation of the feasibility issues discussed in Table 1.1, the major engineering 
challenges can be summarized as follows: probe form-factor, communications, power, and mass.  If built today, 
the probe form-factor would resemble a spherical or disk shaped, constant altitude vessel that is ~40 cm in 
diameter and weighs 50 grams.  The shell would include either a thin metal or glass layer to minimize helium 
leakage and might also be optically coated to regulate the internal temperature of the vessel.  The shell 
contributes most significantly to the probe mass since the payload mass is fixed, but the shell mass varies with 
probe size and deployment altitude. 

The majority of the electronics payload would reside inside the vessel except for the sensors that would be 
connected on the exterior of the shell.  The sensors would allow the probe to measure temperature, pressure, 
humidity, and wind velocity readings in real time.  Current sensor technology can be easily integrated into a 
low cost, power, and mass suite of in situ meteorological instruments.  Ultimately the systems will feature 
monolithic integration of the sensor and electronics components possibly with the shell itself.  Power would be 
generated by thin-film solar cells and stored in super-capacitors or small batteries.  The transmitter and GPS 
would be the primary consumers of energy and drive the minimum solar cell area required to supply enough 
power. 

Since the GEMS system was originally envisioned to consist of 10 billion probes, it was essential to 
determine how the probes would exfiltrate data.  Initially, the concept was to use a massive ad hoc network that 
would be self-configuring and self-healing.  Extensive ad hoc network simulations were conducted to prove the 
viability of routing data from a large number of mobile probes to a central location for processing.  Simulations 
with ~1000 nodes revealed that current ad hoc or mesh technology has scaling limitations due to message 
congestion at the data exfiltration points.  In fact, even after the number of probes was reduced dramatically, ad 
hoc networking still was problematic and only small deployments over populated land areas would be viable 
since sufficient infrastructure would be in place for exfiltration.   

An alternative approach via satellite communication was analyzed and found to be effective from a cost 
and energy perspective.  A trade-off analysis between ad hoc networks and satellite exfiltration showed that the 
satellite option is preferred based on a last hop energy metric.  Using the GEMS system parameters, the probe 
design requirements are minimized by transmitting directly to the Iridium satellite constellation when the 
number of probes in the network exceeds several hundred.  This minimization is due to the fact that the energy 
required to forward a large number of messages over the last hop in the network is greater than the energy 
required to transmit a single message to a satellite at a low to mid orbital altitude.  By exfiltrating data to low 
Earth orbiting satellites, the GEMS system could scale from small, targeted deployments to global coverage. 

6.1.2 Deployment, Dispersion, and Data Impact 

Large-scale deployment and dispersion of GEMS probes were simulated using the ARPS coupled with a 
LPM.  The models were configured to run over the Northern Hemisphere for two 30-day periods from June and 
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December 2001 and simulated probe release from surface stations.  The resulting probe distributions were 
assumed to be “well-mixed” once their distributions resembled the simulated large-scale circulation patterns 
and the trend in nearest neighbor distances became linear with time.  The simulated patterns of probe dispersion 
were used to study which networking and communication strategies were viable given power and separation 
constraints.  

A series of OSSEs were conducted to assess the impact of assimilating GEMS data on regional weather 
forecasts compared with assimilating only current conventional in situ surface, upper air, and aircraft 
observations.  Simulated satellite observations were not used in any of the experiments.  Since the regional 
model runs were conducted primarily over data-rich land regions, including satellite data in the OSSEs would 
likely have much less of an impact than if such data were used over oceanic regions.  The regional OSSEs were 
conducted for 10-day periods from the June and December 2001 hemispheric cases used to study probe 
dispersion.  The OSSEs were configured to mimic an operational regional forecast cycle by running 48-h 
forecasts with and without simulated GEMS data from 29 consecutive initialization times at 3-h intervals 
between days 10 through 18 of the 30-day hemispheric simulation periods. 

The OSSEs demonstrated that the addition of simulated GEMS observations had a significant impact on 
improving the bias and RMS errors in temperature, dew point, and vector wind forecast compared with the 
conventional simulations.  The improvements to the regional forecast errors exceed 50% especially for the 0- to 
12-h forecasts over an already data-rich region.  The large improvements in the early forecast period reflect the 
fact that GEMS data have the most impact on improving the model initial conditions even when using an 
intermittent data assimilation cycle and simplistic objective analysis scheme.  Overall, the forecasts impacts 
were generally similar for both the June and December OSSEs.  Based on this result, data impacts did not 
depend much on the large-scale prevailing weather patterns that were quite different between the June and 
December 2001 cases.  The only exception was that the impacts of the GEMS data for the December 2001 case 
decrease faster with forecast hour as stronger flow regimes allow the lateral boundary conditions to affect the 
interior of the domain more rapidly. 

A number of sensitivity experiments were conducted including data thinning that used the same 
deployment strategy but decreased the number of probes in the network and increased the distance between 
adjacent nodes.  The data thinning OSSE produced very similar forecast impacts using only 10% of GEMS 
probe data included in the full simulation.  This finding is consistent with the data spacing relative to the grid 
spacing used for the OSSEs and important relative to the drivers for probe communication using ad hoc 
strategies and system cost as described in the next section. 

6.1.3 Cost Benefits 

A quantitative assessment of GEMS cost projections and the data impact results obtained from the regional 
OSSEs were used to make reasonable estimates of the overall system costs.  The system cost consists of the 
probe component, communication and networking, and deployment costs.  The probe component costs were 
based on extrapolations of the cellular handset market with limited component integration and adjusted for 
unique probe components.  The probe costs were estimated at $22 per device based on COTS components but 
would be expected to reach $1 per probe following trends in electronics miniaturization and integrated design. 

The Iridium-based satellite communication costs were derived from the number of probes released from the 
surface-based deployment scenario used in the OSSEs.  These annual communication costs were estimated to 
be ~$154 million per year using the full data set or ~$19 million per year using only 10% of the probes.  The 
deployment costs were estimated at $3.5 million per year based on configuring current surface weather stations 
to automatically launch probes with a one-time cost of $70.5 million for such an automated system at all 
stations.  The overall annual system cost was estimated at $172 million per year using the full data set and at 
$20.9 million per year if using 10% of probes.  The analysis also showed that the communication costs 
accounted for ~95% of the expected total costs. 

The potential benefits of using data from a GEMS system were estimated for the energy and aviation 
industries and based on the projected forecast improvements from the regional OSSEs.  The potential savings 
for the energy industry were derived from an estimate that the annual cost of electricity would decrease by $1 
billion per year, if surface temperature forecasts improved by 1 K.  The 1000-hPa temperature improvements of 
0.2 to 0.4 K suggested that the projected energy savings would be between $200 and $400 million per year with 
the addition of GEMS data to regional weather forecasts.  The benefits to the aviation industry were based on 
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improvements to 300-hPa level wind forecasts and the projected $3.9 million per year savings for each airline, 
if the upper-level wind forecasts improved by 1 m s-1.  Based on the results from the June 2001 OSSE, the 
estimated savings would be ~$7.8 million per year for each airline with the addition of GEMS data. 

6.1.4 Operational Concerns 

Perhaps the most significant concern for the near term development of the GEMS system is the impact on 
aviation.  Although the GEMS probes are envisioned to be much smaller than weather balloons and less 
massive than dropsondes, there is still a risk to aircraft from the sheer number of probes released for a fully 
operational system.  However, the mass of the probes is much smaller than an average bird and would do 
minimal damage to an aircraft engine unless the probe was ingested at high speed.  Even then, the probe would 
most likely not cause catastrophic damage, but it might lead to a long term failure due to component fatigue.  
An analysis indicated less than 10 incidents of probes entering aircraft engines would be expected over the U.S. 
each year assuming the probes stay below commercial airline cruise altitudes at ~9 km. This number is far 
below the threat already posed by bird strikes. 

During the initial developmental phases, even limited atmospheric flight testing and deployment of probes 
would require the appropriate coordination with the FAA and possibly other agencies to minimize the risk.  The 
full GEMS system could only be deployed and used routinely after significantly more testing by aircraft and 
engine manufacturers and certification by the FAA and similar air traffic control agencies in other countries. 

Due to the nature of the GEMS system, the probes might interfere with radar and pose problems when 
crossing territorial boundaries.  The probes do possess a small radar cross section since some of the components 
are metallized.  For ground-based weather radars using clutter suppression, the return signal of a single probe 
would be negligible relative to precipitation echoes while aircraft weather radars would not be able to detect a 
probe at distances beyond ~1 km. 

Trans-boundary movement is unavoidable since the probes would drift along with wind currents and most 
likely enter the airspace of other countries.  Although such trans-boundary movement has political 
ramifications, much of the potential controversy can be mitigated if the GEMS system is viewed by other 
governments as an observing platform like weather balloons for studying the atmosphere. 

Another potential concern for the GEMS system is the environmental impact caused by the probes settling 
out of the atmosphere.  During future developmental and testing phases, this issue is expected to be relatively 
minor as only a small number of probes would be deployed over limited regions.  If larger numbers of devices 
are eventually deployed as part of routine operations, the concern over “probe pollution” can be mitigated by 
designing bioinert and eventually biodegradable probes. 

6.2 Roadmap

The technology roadmap presented in Table 6.1 covers a period spanning the next three decades, although 
the phase II study focused primarily on the first 15 years during which time the pathway for probe development 
is envisioned to be continued miniaturization of constant altitude, neutrally buoyant vessel in a top-down 
approach.  The probe size, mass, and form factor are projected to scale somewhat linearly over the next 10-15 
years.  This scaling would result from further integration of the electronics into the shell and decreases in shell 
thickness using carbon nanotube reinforced polymers as highlighted in Section 3.1.2.3.  Both of these 
developments would reduce the overall probe mass and volume. 

By the year 2025, the probe form factor is expected to change dramatically, by adopting more of a 
bioinspired design as mentioned in the NIAC phase I study.  Buoyancy would most likely still be used to 
control terminal velocity, but the physical design of the probe would play a much greater role in providing lift.  
By 2035, the probe could have adaptable structures to provide controlled flight using changes in surface area 
and drag coefficient for soaring on wind currents.  The shift in probe form factor envisioned by 2025 assumes 
that continued advances in nano and other enabling technologies provide suitable pathways for more of a 
bottom-up approach to design and fabrication of the devices.  The trends in such technology development 
beyond 15 years are very speculative and challenging to extrapolate based on any past or current efforts.  
Therefore, these enabling technologies were not studied in detail as part of the phase II efforts, but are included 
in the roadmap as possibilities for concept development in the 15- to 30-year time frame. 

 



104 

 
Table 6.1 GEMS concept technology roadmap.

Year 2010 2015 2025 2035 

Size 50 cm 15 cm 2 cm 2 mm 

Mass 70 gm 5 gm 500 mg 50 mg 

Form Factor Disk Spherical Bio inspired 
shapes (e.g. 
dandelion seeds) 

Adaptable 

Shell Thickness 12 �m 1 �m Not applicable Not applicable 

Sensors MEMS-based 
Micro GPS 

Nano-based 
(microcantilevers, 
photonic crystals, 
nanowires) 

Bio inspired 
nanosensors 

Bio inspired 
nanosensors 

Materials Polymer films Bioinert, carbon-
nanotube enhanced 
polymer films 

Multi-functional, 
biodegradable, 
carbon nanotube 
reinforced 
polymer films 
with embedded 
nanoelectronics 
and sensors 

Nanotechnology, 
self-assembly, 
organic structure 

Power Thin film solar 
cells, super 
capacitors 

High efficiency 
thin film solar 
cells, super 
capacitors, nuclear 
batteries 

Nuclear batteries, 
organic power 
generation 

Organic power 
generation 

Communication Active RF-
based to low 
Earth orbit 
satellite 

Active, non 
isotropic RF 

Passive or active 
optical 

Passive optical 

New materials will play a crucial role in the development of the GEMS system.  Over the next decade, 
bioinert carbon-nanotube based films would need to be developed.  These films would not only provide the 
additional strength needed to minimize the shell thickness, but also allow integration of electronic and sensing 
functionality into the shell.  By the year 2025, these advanced materials are envisioned to form the basis for the 
probe structure.  Since the form factor of the probe will be an order of magnitude smaller than the 2015 probe, 
the material would need to encompass almost all of the sensors and electronics necessary for successful 
operation.  The material should also be biodegradable to minimize environmental impact.  In order to achieve 
the extremely small probe size envisioned by 2035, advances in self-assembly (Keren et al. 2003) will most 
likely be necessary. 

The advances in MEMS technology over the past decade have generated small monolithic sensors that are 
suitable for measuring pressure, temperature, humidity, and light level.  Further electronics integration has also 
allowed the development of small, low-power GPS receivers.  As the level of miniaturization and integration 
increases over time, the sensors would rely more heavily on nanotechnology-based sensing using nanowires 
(Cui et al. 2001) or carbon nanotubes (Qi et al. 2003).  By 2025, the sensors could also incorporate biology to 
produce hybrid bio-nanosensors.  These bio-nanosensors will maximize sensitivity while minimizing mass and 
power consumption.  The integration of biology will also create sensors that are bioinert or possibly 
biodegradable. 

Initially the probes will be powered by thin-film solar cells.  Solar cell efficiency is expected to improve 
over the next decade due to advances in organic electronics and nanotechnology.  As the efficiency increases, 
the surface area necessary to generate adequate power decreases, thus allowing for the power generation to 
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scale with decreasing probe size.  By 2025, the probe’s form factor will not allow adequate power generation 
from solar technology so another power source must be developed.  Initial work on nuclear batteries indicates 
that they will possess the necessary form-factor and energy density to supply power (Lal and Blanchard 2004), 
however, environmental policies may prevent wide-spread use of this technology.  Other potential power 
sources include energy scavenging and organic power generation (Liu et al. 2004) with the latter of these being 
the most likely long-term solution.  By providing a life-like renewable energy source, the probes could function 
by converting sugar or another organic substance into energy. 

For the next decade, the probes will use active RF communications to relay measurements back to the end 
user.  However, significant challenges occur once the size of the probe is significantly smaller than a quarter 
wavelength of the radio wave.  It becomes increasingly difficult to reduce the size of an antenna and still keep 
its radiation efficiency at an appropriate level.  Therefore by 2025, the probes would likely rely on either 
passive or active optical communications.  For passive communication, a probe could be interrogated using 
ground-, air-, or space-based lasers which would remove some of the electronic complexity associated with a 
transceiver.   

As can be seen from the previous discussion, the GEMS probe of 2035 might look considerably different 
than the probe described in Sections 3 and 4.  In 2035, the probe could be a sophisticated hybrid bionic device 
that combines the best aspects of nature with the electronics of tomorrow.  This probe will more closely 
resemble the initial probe description presented in Section 2; however, it will still be an order of magnitude 
larger.  It may eventually be possible to reach a micron-sized probe, but that will require even further 
technological advancements in each of the areas discussed above. 

6.3 Future

During the phase II effort, the project team continued an aggressive campaign begun during phase I to seek 
support and funding for future GEMS development beyond the NIAC grants.  These efforts included presenting 
technical and scientific papers at 14 meetings and/or symposia as well as publicizing the concept through a total 
of 16 printed publications, online articles, or press interviews.  In addition, 74 separate contacts were made with 
scientists, engineers, and program managers in NASA, NOAA, and the National Center for Atmospheric 
Research, as well as Department of Defense agencies including the Defense Advanced Research Projects 
Agency, Air Force Research Laboratory, Army Research Laboratory, and Office of Naval Research. 

While such contacts revealed a number of promising opportunities with some resulting in submission of 
white papers, none have yet generated follow on funding for GEMS system development or related projects 
using wireless, airborne probes.  In December 2004, ENSCO submitted a proposal to NASA’s Instrument 
Incubator Program for a system demonstration using a limited number of prototype probes assembled with 
COTS technology to make measurements of winds and trace gases in the lower atmosphere.  Although the 
proposal was not selected for funding, a scaled-back version may be submitted in September 2005 for NASA’s 
Small Business Innovative Research solicitation under the category of Earth in situ sensing. 

In August 2003, the senior management and Board of Directors at ENSCO, Inc. committed to develop a 
new business area relating to airborne-release and other wireless probes, and probe networks that integrate 
micro and nanoscale technologies for environmental, defense, intelligence, and space applications with GEMS 
as the initial focus.  The decision to go forward with this new business pursuit was, in part, due to NIAC 
awarding the phase I and II contracts.  It is likely that one or more of the current efforts initiated during the 
course of the phase II project will result in follow on funding for GEMS and/or related concepts before the end 
of 2005. 
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List of Abbreviations 

Term     Description 

3D      Three-Dimensional 

ACARS     Aircraft Communications Addressing and Reporting System 

ADAS     ARPS Data Analysis System 

ANN     Approximate Nearest Neighbor 

ARPS     Advanced Regional Prediction System 

AVN     Aviation Model 

BER     Bit Error Rates 

CDMA     Code Division Multiple Access 

CMOS     Complementary Metal-Oxide Semiconductor 

CNTS     Carbon Nanotubes 

CNV     Conventional Simulations 

CNVGEMS    Conventional and GEMS Simulations 

COTS     Commercial-Off-The-Shelf 

DA      Data Assimilation 

EIRP     Effective Isotropic Radiated Power 

FOD     Foreign Object Damage 

FSK     Frequency Shift Keying 

FSL      Forecast Systems Laboratory  

GEMS     Global Environmental Micro Sensors 

GPCP     Global Precipitation Climatology Project 

GPS     Global Positioning System  

LCD     Liquid Crystal Display 

LEF      Least Energy Forward 

LPM     Lagrangian Particle Model 

MEMS     MicroElectroMechanical Systems 

MFR     Most Forward Radius 

MM5     Mesoscale Model 5 

NCAR     National Center for Atmospheric Research 

NDVI     Normalized Difference Vegetation Index 

NIAC     NASA Institute for Advanced Concepts 

NN      Nearest Neighbor 

NOGAPS    Navy Operational Global Atmospheric Prediction System 

NFP     Nearest Forward Progress 

NWP     Numerical Weather Prediction 
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OSSE     Observing System Simulation Experiment 

PI      Principal Investigator  

PTAT     Proportional-To-Absolute-Temperature  

RF      Radio Frequency 

RHS     Right Hand Side 

RMS     Root Mean Square 

SGS     Sub-Grid Scale  

SMS     Short Message Services 

SNR     Signal to Noise Ratio 

STK     Satellite Tools Kit 

TDMA     Time Division Multiple Access 

TKE     Turbulent Kinetic Energy 

WSR     Weather Surveillance Radar 


