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ABSTRACT 

This paper provides an overview of the methodology of and describes preliminary results from an experiment called 
GPS/MET (Global Positioning System/Meteorology), in which temperature soundings are obtained from a low Earth-
orbiting satellite using the radio occultation technique. Launched into a circular orbit of about 750-km altitude and 70° 
inclination on 3 April  1995, a small research satellite, MicroLab 1, carried a laptop-sized radio receiver. Each time this 
receiver rises and sets relative to the 24 operational GPS satellites, the GPS radio waves transect successive layers of 
the atmosphere and are bent (refracted) by the atmosphere before they reach the receiver, causing a delay in the dual-
frequency carrier phase observations sensed by the receiver. During this occultation, GPS limb sounding measurements 
are obtained from which vertical profiles of atmospheric refractivity can be computed. The refractivity is a function of 
pressure, temperature, and water vapor and thus provides information on these variables that has the potential to be 
useful in weather prediction and weather and climate research. 

Because of the dependence of refractivity on both temperature and water vapor, it is generally impossible to com-
pute both variables from a refractivity sounding. However, if  either temperature or water vapor is known from inde-
pendent measurements or from model predictions, the other variable may be calculated. In portions of the atmosphere 
where moisture effects are negligible (typically above 5-7 km), temperature may be estimated directly from refractivity. 

This paper compares a representative sample of 11 temperature profiles derived from GPS/MET soundings (assum-
ing a dry atmosphere) with nearby radiosonde and high-resolution balloon soundings and the operational gridded analysis 
of the National Centers for Environmental Prediction (formerly the National Meteorological Center). One GPS/MET 
profile was obtained at a location where a temperature profile from the Halogen Occultation Experiment was available 
for comparison. These comparisons show that accurate vertical temperature profiles may be obtained using the GPS 
limb sounding technique from approximately 40 km to about 5-7 km in altitude where moisture effects are negligible. 
Temperatures in this region usually agree within 2°C with the independent sources of data. The GPS/MET temperature 
profiles show vertical resolution of about 1 km and resolve the location and minimum temperature of the tropopause very 
well. Theoretical temperature accuracy is better than 0.5°C at the tropopause, degrading to about 1°C at 40-km altitude. 

Above 40 km and below 5 km, these preliminary temperature retrievals show difficulties. In the upper atmosphere, 
the errors result from initial temperature and pressure assumptions in this region and initial ionospheric refraction as-
sumptions. In the lower troposphere, the errors appear to be associated with multipath effects caused by large gradients 
in refractivity primarily due to water vapor distribution. 

1.  Introduction 

On 3 April  1995, a Pegasus rocket carried aloft by 
an aircraft from Vandenburg Air Force Base launched 
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a small research satellite (MicroLab 1) into a circular 
orbit of about 750-km altitude and 70° inclination. The 
disk-shaped satellite, which circles Earth every 100 
min, carried a laptop-sized Global Positioning System 
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(GPS) receiver to demonstrate sensing of the terres-
trial atmosphere by the GPS limb sounding method 
(Melbourne et al. 1988; Ware 1992). This paper de-
scribes the first results from the GPS/Meteorology (GPS/ 
MET) proof-of-concept experiment1 (Wareetal. 1993). 

The Global Positioning System is an advanced sat-
ellite navigation system offering precision global ser-
vices. The system includes a constellation of 24 op-
erational satellites and an extensive ground control 
system. Although GPS was developed for military 
needs, numerous scientific and commercial applica-
tions have matured in parallel, and the number of new 
applications is growing rapidly (Bevis et al. 1992; 
Ware and Businger 1995). It now appears that GPS is 
destined to become, in effect, a global utility upon which 
many manufacturing and service industries will rely. 

In a companion paper, Businger et al. (1996) pro-
vide an overview of the applications of GPS in atmo-
spheric science. They discuss the use of ground-based 
GPS receivers to estimate precipitable water with an 
accuracy comparable to, and in some cases better 
than, that of water vapor radiometers. In the GPS limb 
sounding method (Fig. 1), atmospheric soundings are 
retrieved from observations obtained when the radio 
path between a GPS satellite and a GPS receiver in 
low Earth orbit (LEO) traverses Earth's atmosphere 
(Hardy et al. 1992). When the path of the GPS signal 
begins to transect the mesopause at about 85-km al-
titude, it is sufficiently retarded that a detectable 
1-mm (3 x 10"12 s) delay in the dual-frequency car-
rier phase is observed by the LEO GPS receiver. GPS 
transmitter and LEO receiver clock errors are mini-
mized through differencing of LEO GPS data with 
ground-based GPS data from tracking stations sup-
ported by the National Aeronautics and Space Admin-
istration (NASA) and the International GPS Service 
(Zumberge et al. 1994; Ware and Businger 1995). As 
the signal path descends through successively denser 
layers of the atmosphere, the excess path increases 
to approximately 1 km (3 x 10~6 s) at Earth's surface. 
Thus, the atmosphere creates a signal with about six 
orders of magnitude in dynamic range. 

A single LEO GPS receiver can observe more than 
500 occultations per day, with roughly uniform glo-

bal coverage. This method promises to provide valu-
able measurements of refractivity. As discussed in the 
appendix, refractivity depends on temperature and 
water vapor through two terms, a dry and a wet term. 
Without knowing one term or the other, neither tem-
perature nor moisture profiles can be recovered in the 
general case. Therefore, when temperature profiles are 
the goal, GPS limb sounding is useful only where 
moisture effects are negligible (and, hence, tempera-
ture can be calculated directly from refractivity with 
the wet term set to zero), including stratospheric, up-
per-tropospheric, polar, and other regions of the at-
mosphere with temperatures lower than 250 K, or 
where ancillary water vapor or temperature estimates 
are available (such as from independent measure-
ments, model predictions, or climatology). However, 
as shown later, refractivity itself may be valuable in 
weather forecasting and as a global temperature 
change signal. 

2. History of radio occultation 
methodology 

The atmospheric measurements reported here are 
based on a radio occultation technique that was first 
developed at the Jet Propulsion Laboratory (JPL) and 
used by Stanford University for application to stud-
ies of planetary atmospheres and ionospheres. Radio 
occultation experiments at JPL and Stanford have 
played a prominent role in the NASA program for 

'The University Corporation for Atmospheric Research (UCAR) 
has a contract with Orbital Sciences Corporation, operator of 
MicroLab 1, that gives UCAR exclusive rights to the GPS/MET 
data for scientific use. UCAR is providing the data free of charge 
to scientists around the world via the World Wide Web (http:// 
pocc.gpsmet.ucar.edu). 

FIG. 1. Schematic of a GPS/MET sounding of the Earth's 
atmosphere (not to scale). The ray path descent through the neutral 
atmosphere lasts a minute or more, depending on the relative 
positions of Earth and the LEO and GPS satellites. Radio path 
delays observed as the ray path approaches the Earth's surface 
can be as large as several kilometers with ray path bending as 
large as 1 deg. Path delay profiles can be converted to refractivity 
profiles. 
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