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GPS/MET: The Next Big Story in Weather Observation?
Researchers find gold in the errors of global positioning satellites

S ometime this fall, an L-1011 aircraft
will take off from Vandenberg Air

Force Base near the California coast.
Tucked under its belly will be a 15-meter-
long rocket, one of the Pegasus series of
small launch vehicles created by Orbital
Sciences Corporation. The Pegasus will
drop from the L-1011 at around 12 kilo-
meters (8 miles), rise to around 775 kilo-
meters, and deposit Microlab-1 in low
earth orbit. The primary payload on
Microlab-1 will be a lightning instru-
ment package from the National Aero-
nautics and Space Administration
(NASA). But it is the secondary pay-
load-a receiver no larger than a box of
cereal-that could presage a revolution
in how the atmosphere is monitored.

The receiver will pick up signals from
the 24 Global Positioning System (GPS)
satellites that surround the globe as part
of the U.S. military's ultra-high-precision
navigation network. In a civilian offshoot
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of their original use, GPS
signals have helped sci-
entists track crustal mo-
tions with precision as
fine as a few centimeters.
But these efforts were
hampered until recently
because of atmosphere-
induced changes in the
speed and course of sig-
nals traveling from trans-
mitter to receiver. Now
those errors can be quan-
tified, and the same in-
sights that made them
tractable could make
them an invaluable
source of temperature and
moisture data around the
globe.

This fall's launch will Some of the GI
begin the proof-of- DaSheng Feng
concept test for this manager of re,

scheme, officially dubbed
GPS/MET for its meteorological appli-
cation of GPS signals. If the participants
in this test are cautious about what could
go wrong, they are equally enthusiastic
about what could go right. There's good
reason for that. Should GPS/MET live
up to its potential:

* Global atmospheric data could be
provided by the orbiting GPS transmit-
ters combined with satellite-borne and
ground-based receivers.

* The observations would be fre-

quent: possibly 500 or more profiles a
day of temperature and/or water vapor
from each satellite-borne receiver.

PS/MET principals: Stick Ware, Ben Hermann,
, Mike Exner, and Christian Rocken (UNA VCO
search and development).

* The cost would be low-potentially
orders of magnitude less than that of
traditional methods.

* Because of the satellite measure-
ments' thorough coverage and high pre-
cision, global change signals such as in-
creased water vapor might be detectable
sooner than otherwise possible.

It almost sounds too good to be true.
Indeed, the people behind GPS/MET
have been vigilant in guarding against
hype. "It's easy to get overenthusiastic
and oversell an idea," says Bob Gall,
director of NCAR's Mesoscale and
Microscale Meteorology Division. "I
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think GPS/MET has a lot of potential,
but I don't think it's the answer to all of
our prayers. It's going to take years to
work it all out." Yet, he adds, "There's a
lot of enthusiasm about trying something
like this. It's an interesting scientific
project in its own right, but you can see
the applications right away."

Outer-Space Origins
It was the desire to map other plan-

ets' atmospheres some twenty years ago
that eventually led to the techniques now
being tested for the earth's atmosphere.
NASA's Jet Propulsion Laboratory, and
Stanford University began using radio
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occultation techniques during the
Mariner and, later, the Voyager missions
to measure the atmospheric properties of
Mars, Venus, and Neptune. A transmit-
ter aboard a satellite on the far side of a
planet would send radio waves through
the planet's atmosphere that would bend
around the planet and travel on to the
Earth, where a receiver picked up the
signal. Measurement of the Doppler shift
in the signal yielded data on how much
the ray had been bent and/or slowed down
by variations in the outer planet's
atmosphere.

The bending and slowing is caused
by the refractivity of the atmosphere.
Just as light rays are refracted as they
enter or leave a prism, variations in air
density and moisture content lead to
variations in the atmosphere's refractiv-
ity. This, in turn, affects the path and
speed of a radio wave. Instead of fol-
lowing a straight line, a radio signal will
bend continuously as it traverses a path
into and out of the Earth's atmosphere
(see figure). The delay induced by these
path changes can be separated into dry-
and wet-path delays.

One of the people who developed
GPS/MET out of this initial work was
Randolph (Stick) Ware, director of the
University NAVSTAR Consortium, or
UNAVCO, which joined UCAR in 1991.
Since 1984, UNAVCO has earned no-
tice for its use of portable GPS receivers
to track seismic and tectonic activity.
Teams of UNAVCO engineers travel the
world to map seismic hot spots and per-
form post-earthquake analyses.

In this setting, the atmosphere's re-
fraction of GPS signals is unwanted-a
source of measurement noise.
UNAVCO's researchers learned to ac-
count for this noise by referring to simul-
taneous or archived meteorological data
and correcting for the observed or
expected conditions. Software was
developed that obtains position informa-
tion from GPS data to estimate the dry
and wet delays. Once this had been
mastered by the early 1990s, the idea of
working backwards-using the delays
to retrieve atmospheric information
itself-came to light.

This idea was nurtured by
UNAVCO's newly formed connection

This diagram shows an exaggeration of the refractive effect for a GPS beam
traveling through the earth's atmosphere from transmitter (right) to receiver (left),
both based in space. If the atmosphere had only two uniform layers differing in
refractivity from each other, the beam would bend as it crossed each interface. The
actual bending occurs in a continuous manner. (Illustration adapted from "Sensing
Climate Change Using the Global Positioning System," Lester Yuan, et al., Journal
of Geophysical Research 98: D8, pp. 14,925-14,937.)
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with UCAR. At a brainstorming meeting
in December 1991, engineers, atmo-
spheric scientists, and NCAR and UCAR
managers came together. The excite-
ment level was high. Mike Exner, a
satellite specialist who founded
Synergetics International. Skylink
Corporation, and the American Mobile
Satellite Corporation, was summoned to
the meeting by Ware. "Stick had sent
me a one-page executive summary of the
GPS/MET concept, and that enticed me
to come to the meeting," says Exner. He
was eventually chosen to head up what
would become the GPS/MET develop-
ment team.

Over the next year, Exner, Ware. and
colleagues built relationships with equip-
ment vendors, interested universities and
agencies, and other collaborators in de-
vising the full GPS/MET plan. The final
roster of supporters includes the National
Science Foundation, the National
Oceanic and Atmospheric Administra-
tion, the Federal Aviation Administra-
tion, and NASA headquarters. Scien-
tific participants include UNAVCO,
NCAR. JPL, and the University of Ari-
zona. Private industry also is involved:
Orbital Sciences with the launch vehicle,
satellite, and operations, and Allen
Osborne Associates in helping develop
the GPS receiver for the test. The project
is funded with $2.8 million over two
years.

The Art of Testing
One of the critical elements in build-

ing the prototype GPS/MET receiver was
data processing. Two experts from the
University of Arizona, professor Ben
Hermann and research assistant profes-
sor DaSheng Feng, have set up tempo-
rary shop at UCAR: they have been inti-
mately involved in such tasks as devel-
oping the algorithms for tracing the sig-
nal paths. At NCAR, a data assimilation
group has been assembled to take GPS-
derived atmospheric profiles and work
them into an adjoint version of the
laboratory's main mesoscale computer
model.

Temperature and mois-
ture both affect the GPS
signal's refraction, and it is
no trivial task to separate the
effects of each. But com-
puter modelers may be able
to do an end run around this
problem by using refractiv-
ity directly. Says Exner:
"Although people fretted a
great deal in the early days
about the ambiguity of the
wet and dry components of
the error, some evidence
now suggests that the refrac-
tivity observations them- The Micrt
selves may be of greater fly-like wi
value than the temperature square ne
and humidity separated out." from Glo

them to a
Already, NCAR scientist

Xiaolei Zou has found in a series of
simulations that putting refractivities into
a mesoscale computer model produces
vertical profiles of water vapor that are
significantly more accurate than those
obtained with traditional techniques. The
refractivity provides useful temperature
information where none is available, and
it also yields some minor improvements
in the wind fields. This information could
prove especially valuable in areas where
routine radiosonde observations are lim-
ited, such as the oceans and the Southern
Hemisphere in general.

Climate change is another arena
where GPS/MET data could be a boon.
A multidisciplinary research team led by
Stanford's Lester Yuan recently studied
the possible usefulness of GPS/MET in
such work. They began with output from
a normal- and doubled-carbon dioxide
simulation performed by Warren
Washington and Jerry Meehl (NCAR's
Climate and Global Dynamics Division)
using the NCAR community climate
model. The group took those data and
modeled what would have been observed
with the GPS/MET method. Overall, the
technique appears to work best where

flab satellite bearing GPS/MET uses its butter-
ngs to gather solar energy. The light-colored
ar the heart of the satellite will pick up signals
fal Positioning System satellites and transmit
control center in Boulder, Colorado.

one might expect it to--estimating water
vapor change where temperature is rela-
tively predictable, and vice versa. In-
creased water vapor in the tropics could
be measured quite easily, because tropi-
cal temperatures can be predicted more
accurately from climatology than is pos-
sible in midlatitudes. By the same token,
high-altitude or high-latitude tempera-
tures could be measured with relative
precision by GPS/MET, since the cold
air masses in these locales hold very
little moisture.

Down to Earth
Along with the GPS/MET test, inter-

est is brewing in the use of ground-based
receivers to measure water vapor. A
single receiver can produce fairly accu-
rate readings of the total precipitable
water vapor in the column of air above it.
NOAA plans to mount GPS receivers
alongside each of its 32 profiler/
radiometer sites across the central United
States. A test last year by UNAVCO and
North Carolina State University showed
an average discrepancy of only several
percent between the precipitable-water
readings from radiometers and GPS
signals.
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GPS/MET: The Next Big Story in Weather Observations? (continued)

Even more is possible, says Gall. "If
you had a number of receivers and trans-
mitters so that paths came in at different
angles intersecting above you, it would
be possible to use tomography to mea-
sure the three-dimensional distribution
of water vapor. It's the same principle as
in a CAT scan. All a single scan gives
you is the total absorption of energy along
one path, but you can put several scans
together to get a 3-D picture." The maxi-
mum separation for a GPS network of
ground-based receivers gathering 3-D in-
formation appears to be around 10 kilo-
meters-impractical for large-scale
weather prediction but ideal for such set-
tings as the vicinity of an airport.

Multiple receivers in space are also
an option. Exner envisions a set of space-
craft costing less than $2 million each
for construction and launch. A Pegasus-
sized launch vehicle could put up to 12
receiver/satellites into low earth orbit.

Before any of these ideas come to
fruition, of course, this fall's GPS/MET
test has to produce. "We plan a pretty
sophisticated validation exercise," says
Exner. The idea is to take gridded data
from radiosondes and other conventional
sources and compare them to refractivity
profiles corresponding to the observa-
tions that have been taken by the Microlab
satellite and converted to a signal path
through a ray-tracing program. The
principals are hoping for accuracies that

could eventually translate to tempera-
ture errors of less than l°C above the
midtroposphere.

How does Exner feel as launch date
approaches? "I'm a little nervous. I feel
very confident about the payload we've
built and delivered, but it's hard to be
human and not feel a little apprehensive
about any rocket launch. I do think that
if we have a successful launch, we'll
have a reasonable chance of success."
Exner hastens to add that JPL's long-
term contributions went far toward the
eventual plan for GPS/MET: "If we
succeed with GPS/MET, it will be due in
large measure to JPL's contributions to
the science in general and to our pro-
gram in particular."
-Bob Henson, UCAR Communications

Green Gold: The Race for Environmental Technology
A writer and consultant warns that the United States is falling behind

A UCAR audience on 3 August
heard the cautionary saga of how

the United States is being eclipsed by
other nations in the development of
many "green" technologies. Curtis
Moore, author of Green Gold: Japan,
Germany, the United States, and the
Race for Environmental Technology
(Beacon Press, 1994), spoke as part of
a lecture series conducted by the Walter
Orr Roberts Institute.

Moore's book brings together evi-
dence outlining a radical rethinking of
America's industrial future. By exam-
ining several decades of public policy
in the United States, Germany, and Ja-
pan, Moore traces the U.S. regulatory
climate of the 1970s, which encouraged
environmentally friendly technologies;
the lessening of that involvement dur-
ing the Reagan and Bush administra-
tions; and the subsequent licensing of

green technologies by
other nations-some- . .. th
times allowing them to eclipse
profit on ideas created develc
stateside.

In his UCAR
presentation, Moore
contended that superior products and
competitive national economies can be
built with the help of environmental
protection, not despite it. New prod-
ucts or processes are often cleaner, bet-
ter, faster, and cheaper and can reduce
pollution through diminished waste and
increased efficiency. With a global
market for environmentally friendly
goods already estimated to be more
than $200 billion annually, protecting
the environment has evolved into a
strategy for advancing national
competitiveness.

e United States is being
ed by other nations in the
opment of many "green"

technologies.

An international consultant, writer,
and environmental lawyer based in the
Washington, D.C., area, Moore is a
frequent traveler to Japan, Germany,
Sweden, and other nations with ad-
vanced environmental programs. He
has served as counsel to the U.S. Senate
Committee on Environment and Public
Works and worked with clients includ-
ing the Southern California Gas Com-
pany, Tokyo Electric Power Company,
American Lung Association, Office of
Technology Assessment of the U.S.
Congress, and U.S. Information
Agency.
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The Walter Orr Roberts Institute: A Status Report

John M Cni i/n the new dir ec tor o f the Water
Orr Roherts Istitute. is knomin within aviation
cirles v pinfedii ,hol-a doern t oirector of
NC'AR's Rsevarch Applications Program--
in diveloping techniques to detect and VI OiO

of micr(ohivts and tliher aviation haairds

s a UCAR program buildingA bridges between science and
society, the Walter Orr Roberts Insti-
tute is putting into action its commit-
ment to establish an innovative out-
reach program to industry. media. the
public, and policy- and decision-makers
at all levels of government. The
Corporate Affiliates Program (which
publishes Signal) is now part of the
organizational structure of the institute,
as are the UCAR Development Office
and Office of Government Affairs.
Below is a summary of recent develop-
ments at the institute.

Inherit the Earth
A report from "Inherit the Earth:

An Intergenerational Symposium on the
Environment" was recently released.
This symposium, held in July 1993,
was the kick-off event for the Roberts
Institute. A copy of the report will be
sent to all members of the Corporate
Affiliates Program.

Industry Workshop
In April, the institute sponsored a

major meeting and roundtable discus-
sion with corporate senior management
and policy leaders: "A Workshop on
Industrial Interests and Concerns in
Weather and Climate." (See the June
1994 issue of Signal for a meeting
summary.) Comprehensive follow-up
from this meeting will further build
relationships between the institute and
the private sector.

Media Workshops
In July, the institute sponsored a

workshop for journalists covering atmo-
spheric science: "Weather, Climate,
and the Media." This meeting, which
brought reporters from USA Today, the
Miami Herald, the Houston Chronicle,
and other media to Boulder, is the basis
for a series of similar workshops pro-
posed for the next several years under
sponsorship of UCAR, the National
Oceanic and Atmospheric Admin-
istration's Office ot Global Programs,
and the Environmental Health Center
of the National Security Council.

Current Projects
The Roberts Institute is now devel-

oping a series of workshops on popula-
tion and consumption through a grant

from the MacArthur Foundation. The
institute also is leading the planning of
a public-private sector program, the
Consortium for Applied Studies in
Climate Impacts, to improve impact
studies and integrated assessments of
climate change.

Leadership
In April, John McCarthy assumed

the position of director of the Walter
Orr Roberts Institute and vice presi-
dent of UCAR, replacing Radford
Byerly. McCarthy was the founding
director of NCAR's Research
Applications Program. As director of
the institute, one of McCarthy's spe-
cific goals is to pursue opportunities in
the private sector: ""In our emerging
world economy, business endeavors
will play a pivotal role in helping make
the world a better, more sustainable
one. To listen to and work with indus-
try is key to the success of the insti-
tute."

For more details on any of the
Roberts Institute programs or plans,
contact executive assistant Rose
Lundeen, 303-497-2110, Internet
iundeen~ncar.ucar.edu.
-Margie Miller, administrative
assistant, Corporate Affiliates Program

"In our emerging world economy, business
endeavors will play a pivotal role in helping
make the world a better, more sustainable

one. To listen to and work with industry is key
to the success of the institute."
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Technology Corner

UCAR's Technology Commercialization Program markers technologies that have been created in the course of scientific
research and development within UCAR. Each month in this column, we outline one or more technologies now available
for licensing. If you are interested in pursuing any of these opportunities, contact Wayne Moore, director of the Technology
Commercialization Program, 303-497-8563, e-mail wmoore@ncar.ucar.edu.

Three-Dimensional
Terminal Viewer
Creator: William Myers, NCAR

Research Applications Program

A system for real-time visualization of weather phenoena
has been developed for use in aviation and potentially in

other disciplines where three-dimensional, multiperspective
imagery is useful. The Three-Dimensional Terminal Viewer
(3DTV) was created by the Research Applications Program
(RAP) for the aviation community to study the potential value
of 3-D portraits of weather phenomena for an airport's terminal
approach and en-route areas.

The 3DTV project, sponsored by the Federal Aviation
Administration under an agreement with the National Science
Foundation, is meant to

* provide the user with a more intuitive understanding of
hazardous weather in the terminal area

* promote effective communication between users through
this awareness of hazardous situations

* present real-time information on aviation hazards in a
selective manner, allowing users to perform their tasks more
effectively

The 3DTV runs in real time for Denver's Stapleton Inter-
national Airport vicinity, ingesting terminal area-specific
products such as microburst and gust front detection, 3-D
precipitation grids, and aircraft tracks. Nightfall or precipita-
tion can prevent an air traffic controller from obtaining the
visual clues often helpful in detecting hazards. Furthermore,
certain aviation hazards-such as a dry microburst or a region
of turbulence-may not be visible to the naked eye. The
3DTV display produces clear, high-resolution images of
aviation hazards in virtual reality, regardless of the constraints
to visibility.

The weather hazards currently depicted in the 3DTV are
microbursts, gust fronts, and three precipitation-hazard cat-
egories corresponding to the vertically integrated precipitation
(VIP) levels 1-6, 3-6, and 5-6, as obtained from nearby Doppler
radar. Other products to be added include depictions of icing,
turbulence, and weather-impacted airspace.

One important characteristic of the 3DTV is its ability to
view the current weather situation from several vantage points:
from a distance, from the tower, or from any aircraft cockpit.
Because of this, the display concept may be suitable for a data
link to the cockpit, possibly by satellite, to provide the flight
crew with a visualization of hazardous airspace. This capability
allows the user to select a predefined flight path, such as a
standard approach to a certain runway, and obtain a movie-like
"preview" of the hazards that would be encountered along that
path.

Further visual clues are provided through depictions of the
local terrain. For instance, terrain can be colored according to
altitude. Using a more complex scheme, 3DTV drapes an
image or map, such as a LANDSAT image or an aviation
chart, over the terrain.

Underlying 3DTV is the concept that two physically
separated people navigating a hazardous region tend to com-
municate more effectively when they are presented with a
common 3-D view of the situation than when they share only
two-dimensional data. Users receive an intuitive sense of
position and heading within the 3-D hazardous regions they
must negotiate. This shared awareness will enhance pilot and
controller decision-making for safer and more efficient use of
the airspace.
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NCAR's Warren Washington Nominated to NSB
Cli/nton nanmes veter an liIate modeler

Warren Washington. a modeler ofclimate circulation and climate
systems at NCAR for 30 years, is one
of six people nominated by President
Clinton to the National Science Board
for six-year terms to extend until the
year 2000. Nominations are expected
to be approved by the Senate early this
fall. The 24-member board assists the
president and Congress in formulating
national science, engineering, and edu-
cation policies. The board also estab-
lishes policies for the National Science
Foundation.

Washington, active in raising aware-
ness of the global environment and in
keeping U.S. science as competitive as
possible, is a pioneer in the develop-
ment of climate models to investigate
the greenhouse effect and its enhance-
ment by anthropogenic emissions. He

is president of the 11,000-member
American Meteorological Society and
founder of the Black Environmental
Science Trust (BEST), a nonprofit foun-
dation working toward increasing the
number of black environmental
scientists.

Clinton's other five nominees
include Eve Menger, director of tech-
nology administration and services at
Coming, Incorporated; anthropologist
Claudia Mitchell-Keman, director of
the Center for Afro-American Studies
at the University of California, Los
Angeles; Diana Natalicio, president of
the University of Texas at El Paso and
professor of languages and linguistics;
Nobel Prize-winning economist Robert
Solow, professor at the Massachusetts
Institute of Technology; and John
White, dean of the College of

Warren Washinron.

Engineering and professor of manufac-
turing at the Georgia Institute of
Technology.

Calendar/Announcements
September 7-9
Private Enterprise-
Govermnent Interactions Task Forte
Avoidoi e Tcr hinologies:
1 oriiniciiron talls Cnonscious Enoginuering

Hemdon, Virginia
Informaion: 703-235-9018

September 19-21
University of East Anglia/Climate Impacts
LINK Symposium
Climate C hange Modeling and

Clinmate Change Sctar io Cinstruction

Methods for Inipact Assessmeniit

Norwich United Kingdom
Information: 44-0603-593162

October 2-6
Westem Regional Biomass Energy Program
liiocni'i gv '94. Uing Biofuelsfio

a Better Enironnment
Reno/Sparks. Nevada

Information: 303-275-1704

October 3-4
Environment Canada. Agriculture Canada.
Insurers' Advisory Organization, Canadian
Nationai Commtttee/Intemational Decade for
Natural Disaster Reduction, The Climate Institute
Inproving Responscs to Atmospherc Evtrems:

The Role of IIIuIance and Conpensiation
Toronto, Ontario, Canada

Information: 416-367-8900 or 1-800-221-4542

October 19
Weather Research Institute
Hurricanes and Industrs 1994

Houston, Texas
Information: 713-529-3076

October 24-26
The 1994 International CFC and Halon
Altrernatives Confence
Washington, D.C.

Information: 301-695-3762

November 13-15
Greening of Industry Network
Fioni Gieening to Sustinahilits Transforma-

tional Challengesi fr the Firm
Copenhagen Denmark
Information: 45-42-88-2014 (fax)

November 29-December 2
Center for Environmental Action
National Actions for International Commitment:

Evaluating Climate Change Action Plans

Washington, D.C.
Intormation: 716-262-2870

January 15-20, 1995
American Meteorological Society
75th Annual Meeting
Dallas, Texas
Informaion: 617-227-2425
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Join Us!

Signal

The UCAR Corporate Affiliates Program
is seeking new members. Any corpo-

ration, association, or individual, worldwide,
may join. The program sponsors a number
of workshops, symposia and meetings for
members on important scientific, policy, and
environmental issues. Members receive the

Signal newsletter each month, plus other
timely reports issued by UCAR and other
organizations. Members are acknowledged
with listings in UCAR reports and receive a
certificate of membership that can be used
in public relations. (Of course, member-
ship does not imply any UCAR endorse-
ment of a company or its products.)

Annual fee for North American members
is $1,500. Members outside North America
are charged $1,800 per year. To join, or for
more details about membership, contact us
at the address, phone numbers, or e-mail
address below.

Return to: Corporate Affiliates Program
UCAR

P.O. Box 3000
Boulder, CO USA 80307-3000
FAX: 303-497-2100
Phone: 303-497-2113

Internet: dickson@ncar.ucar.edu
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