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resolution, with the potential to expand greatly the 

amount of in situ observations especially over data-

sparse oceanic regions. Such measurements could 

lead to dramatic improvements in basic science, in-

cluding a more thorough understanding of physical 

processes in the atmosphere (e.g., cloud physics) and 

thereby improved representation of such processes in 

weather and climate models.

By providing capabilities to improve model physics 

and increasing the number of in situ observations that 

are assimilated into numerical weather prediction 

models, GEMS data have the potential to improve 

operational analyses and forecasts well beyond cur-

rent capability. Lagrangian measurements obtained 

from GEMS would be ideal for adaptive or targeted 

observing campaigns of tropical cyclones or meso-

scale convective systems where it is only cost effective 

and practical to obtain in situ, high-resolution, spatial 

and temporal measurements over limited domains.

It has been recently suggested that advanced 

space-based measurements in combination with in 

situ data, especially over regions covered by clouds, 

will be required to maximize the utility from targeted 

observations. Limited coverage of targeted regions 

that is typical for most current adaptive observing 

efforts is less likely to produce large forecast impacts. 

The statistical assumptions in modern data assimi-

lation systems are best satisfied by including more 

observations (e.g., from an in situ GEMS system) 

having smaller impact in the analysis rather than 

fewer observations having larger impact.

The GEMS concept was evaluated by ENSCO, Inc. 

and collaborators during the course of a multiyear 

study from 2002 to 2005 for the NASA Institute for 

Advanced Concepts (NIAC). The first phase of the 

NIAC GEMS study focused on identifying the major 

feasibility issues, including probe design, power, com-

munication, networking, signal processing, sensing, 

deployment, dispersion, data impact, data collection 

and management, costs, and operational/environ-

 T he idea of using Lagrangian drifters for atmo-

spheric sampling has been prevalent for more 

than half a century. Many past and current ef-

forts have focused on creating massive super-pressure 

balloons (tens of meters in diameter or larger) that 

carry payloads of tens to hundreds of kilograms for 

astronomy, atmospheric chemistry, meteorology, and 

other remote/in situ measurements while flying above 

the cruise altitude of commercial airliners. There are 

smaller Lagrangian drifters currently available, such 

as tetroons and smart balloons (~3 m in diameter) 

that feature constant volume but adjustable density.

Substantial reductions in platform mass, size, 

and cost along with added functionality can now be 

realized by leveraging current and expected advances 

in micro- and ultimately nanotechnology. Such ad-

vancements have inspired a new observing system 

called Global Environmental Micro Sensors (GEMS). 

The initial GEMS concept envisioned developing and 

deploying large numbers (thousands) of low-cost 

devices as small as 50–100 μm in one or more di-

mensions. 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.

The GEMS system features a wireless network of 

in situ, airborne probes that can monitor all regions 

of the Earth with unprecedented spatial and temporal 
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achieve the same measurement precision and accu-

racy as commercially available instruments. The elec-

tronics minus the sensors are attached to the bottom 

of the balloon using a piece of Mylar to protect them 

from water. The sensors pass through a small open-

ing in the Mylar so that they are suspended 2–3 cm 

below the probe and exposed to the free atmosphere 

during flight.

The GEMS data are communicated in near real-

time to ground stations via one-way radio frequency 

transmissions through Global Star low-Earth orbiting 

satellites. This capability provides an enormously 

expanded coverage volume for probes compared 

to rawinsondes and dropsondes that require direct 

transmission of data to ground or airborne assets. The 

GEMS measurement and communication frequencies 

are configurable within certain limits depending on 

the specific application and the desired time/space 

scales of interest.

Although the Global Star satellite transmitter is 

the heaviest component of the present GEMS system, 

weighing 26 g, it is relatively compact, measuring ~22 

cm2. One drawback of the Global Star satellite net-

work is limited coverage over major portions of the 

Pacific Ocean and the Southern Hemisphere. Using 

the Iridium constellation with global coverage would 

provide a cost-effective means to extract GEMS data 

from probes deployed over any region of the Earth. 

A commercial off-the-shelf Iridium module with 

an integrated global positioning system (GPS) unit 

can now provide position and velocity data as well 

as two-way communication capability. This device 

is currently the size of a business card (~42 cm2) 

with a mass less than 50 g, but was not available 

before the prototype GEMS hardware integration 

was completed. 

The GEMS electronics system is modular enough 

to provide flexibility for future capabilities while op-

timizing board size to minimize weight. An onboard 

microprocessor controls all electronic subsystems, 

which are powered by a combination of thin film 

batteries, thin film flexible solar cells, and super ca-

pacitors. Nanomaterials incorporated into the design 

of these power components increase efficiency and 

functionality while decreasing mass and size to enable 

the use of smaller, lower-cost probes.

The power system consists of two rechargeable 

lithium coin cells used in conjunction with two 

flexible solar cells weighing 12 g each. During the 

daytime, the 3.6-volt (V), 120-milliamp hour coin 

cells are charged in order to store energy so the system 

mental concerns. The second phase concentrated on 

studying these issues with respect to cost, perfor-

mance, and development time, using the results to 

formulate a technology road map.

During the course of the NIAC project, the 

original idea to pursue miniaturization of the entire 

probe toward the micron-size was modified based 

on communication, power, and terminal velocity 

requirements. First, radio frequency communica-

tion with probes of this size is not practical over the 

distances of at least several kilometers because their 

linear dimensions are too small compared to radio 

wavelengths. Second, power generation using solar 

energy requires areas on the order of hundreds of 

square centimeters, which is impractical with dust-

size devices. The final design trade-off favoring larger 

devices was the requirement to maximize the time 

that probes remain airborne, which is best achieved 

using a self-contained, super-pressure balloon.

The current GEMS design features a super-pres-

sure balloon filled with helium to make it neutrally 

buoyant at different levels in the atmosphere. The pro-

totypes being developed using commercial off-the-

shelf components cost roughly the same as standard 

dropsondes—on the order of $600 per unit. When 

inflated, the balloon is pumpkin-shaped, measuring 

~1.2 m in width by ~0.6 m in height (Fig. 1), with a 

total mass of ~150 g. The prototype GEMS balloons 

are fabricated using 48-gauge (12-μm) thick Mylar.

Once deployed, the probe measures temperature, 

pressure, relative humidity, velocity, and position 

information using microsensors as it drifts passively 

with the wind. These sensors are similar to the ones 

used in dropsondes and rawinsondes, so GEMS can 

FIG. 1. Prototype GEMS probe developed from com-
mercial off-the-shelf components.
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has enough power to transmit during the night and 

in cloudy conditions. The combination solar–coin 

cell system relies on cycling the GPS unit in a sleep 

mode to conserve power. The satellite communication 

module is powered using two 5-V, 1-g super capacitors 

connected in parallel and charged by either the batter-

ies or solar cells. The super capacitors provide the 1.5 

W of power required for transmission of short-burst 

data packets to low-Earth orbiting satellites.

The GEMS deployment could occur in several 

ways depending on the application, desired spatial 

resolution, and coverage patterns. For limited de-

ployment over land, the probes could be released like 

rawinsondes from surface stations or from ships over 

water. However, for more targeted applica-

tions, such as field experiments or opera-

tional reconnaissance missions, the probes 

would likely be deployed from aircraft.

The level of neutral buoyancy can be ad-

justed using an approximate density profile 

from a nearby rawinsonde to estimate the 

changes in lift with increased mass. During 

flight, the level of neutral buoyancy is ex-

pected to vary by at least several hundreds of 

meters due to horizontal/vertical variations 

in air density and radiative heating/cooling 

of the helium inside the balloon. Similar 

altitude excursions have already been ob-

served with current and past constant-level 

balloon flights. Previous efforts have also 

demonstrated that super-pressure balloons, 

especially those flown in the lower tropo-

sphere, experience substantial changes in altitude due 

to updrafts/downdrafts associated with convection, 

as well as water loading from precipitation or con-

densation when the balloon skin temperature drops 

below the dewpoint temperature.

As part of follow-up efforts from the NIAC study, 

ENSCO partnered with the NASA Kennedy Space 

Center (KSC) Weather Office for a project called 

GEMS Test Operations in the Natural Environment 

(GEMSTONE). The goal of this nine-month project 

was to build and field-test a small ensemble of pro-

totype probes in the Earth’s atmosphere. The effort 

included probe and system engineering as well as data 

analysis from a sequence of laboratory and field tests.

The free-f light tests were designed to examine 

system functionality and robustness in quiescent 

weather conditions, record sensor data, and docu-

ment satellite communication reliability. The first two 

GEMS free-flight tests attempted in March 2007 were 

unsuccessful due to problems with the GPS unit not 

updating position and the balloon having insufficient 

buoyancy (Fig. 2).

A third free-flight test was conducted in April 2007 

around mid-afternoon (~1840 UTC) with a probe 

released from Melbourne Beach, Florida. The probe 

traveled in a south-southeasterly direction along the 

Florida coast for more than 7.5 h with communication 

reliability around 75%. The GPS data stopped updating 

near Ft. Pierce, Florida after drifting approximately 

60 km at an average speed of 7 m s−1. The loss of real-

time GPS data is likely to have occurred when the 

GPS antenna board came loose and slipped below the 

main electronics stack, preventing the GPS module 

from acquiring any further signals from the satellite 

constellation. Before GPS data were lost, the probe 

altitude ranged from 470 to 1300 m. The success of the 

third and final free-flight test demonstrated system 

functionality and robustness, including the capability 

to acquire and transmit useful data in real time. In the 

near term (1–2 years), follow-up projects will address 

communication reliability, sensor accuracy, electron-

ics miniaturization, and subsystem optimization to 

feature multiprobe f light tests where probes travel 

hundreds of kilometers for several days or longer.

In the longer term, significant reductions in mass 

and size of GEMS are achievable based on trends in 

miniaturization/integration of probe components as 

well as advances in material sciences such as nanopar-

ticle-reinforced polymers. These films would provide 

additional strength needed to decrease the shell thick-

ness by an order of magnitude while still maintaining 

enough tensile strength to counter the lower pressure 

FIG. 2. Example of GEMS free-flight test.
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as probes rise higher in the atmosphere. It would also 

be desirable to integrate probe functionality directly 

into the shell material using further nanotechnology-

enabled advances in thin-film flexible electronics, 

solar cells, and sensors (Fig. 3).

With these design enhancements, the probes of 

the future could resemble large bubbles on the order 

of 15 cm in diameter weighing less than 5 g. The 

miniaturization and integration of components could 

decrease the cost of current prototypes by an order 

of magnitude making it economical and practical 

to deploy large numbers from ground- or air-based 

platforms for a variety of research and/or operational 

applications. A probe manufactured with advanced 

shell materials and new techniques for seams/valves 

could leak helium slowly enough to remain airborne 

for weeks without the need for thicker, multilayered 

shells used in larger super-pressure balloons. The 

shell material could also be engineered to shed (or 

retain) water as ballast for limited altitude control 

using nanostructures similar to those found on lotus 

leaves. If a probe survived in the atmosphere for days, 

it would collect and transmit substantially more data 

than a single rawindsonde, dropsonde, or aircraft so 

the cost per observation (i.e., platform cost, including 

deployment or operation divided by total number of 

observations) would be much lower.

The continued reduction in GEMS size to the mi-

cron scale is possible assuming continued advances in 

nano- and other enabling technologies. At these sizes, 

the probe’s form factor would not allow adequate power 

generation from solar technology even if advances in 

organic electronics and nanotechnology increase solar 

cell efficiency well beyond current levels. Alternative 

power sources would be required, including energy 

scavenging and power generation by converting or-

ganic substances (e.g., sugar) into energy.

Challenges also exist for communication once 

the size of the probe is significantly smaller than a 

quarter-wavelength of a radio wave, especially since 

it becomes increasingly difficult to reduce the size 

of an antenna and still keep its radiation efficiency 

at an appropriate level. One possible solution is to 

interrogate the probes using ground-, air-, or space-

based sources of energy. Such passive communication 

would substantially reduce the onboard probe power 

requirements and remove some of the electronic 

complexity associated with a transceiver. Although 

microscale 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 

at which they were released. Advanced aerodynamic 

design could reduce their ballistic coefficient and 

terminal velocity following bio-inspired, natural-

world examples such as dandelions and maple seeds. 

Although these pathways are somewhat speculative, 

nanotechnology is enabling a new and revolutionary 

twist on the decades-old in situ measurement para-

digm using atmospheric Lagrangian drifters.
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