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INTRODUCTION 
 
GPS occultation observation is a powerful and useful GPS application for monitoring the Earth’s atmosphere because 
the GPS occultation data can provide profiles of various parameters associated with the atmospheric refractive index, 
i.e., electron density in the ionosphere, temperature and water vapor pressure in the neutral atmosphere. Practically, 
these profiles have been derived from the GPS occultation data obtained at LEO (Low Earth Orbit) with high precision 
and high vertical resolution [1]. As a novel technique, GPS downward-looking (DL) occultation measurement is 
expected to provide a detailed water vapor profile below a receiving point at a specific area which is retrieved from the 
refractive index with aid of temperature results from atmospheric numerical weather model [2]. The GPS DL 
occultation measurements requires continuous measurements of Doppler shift of the radio signal transmitted from an 
occulting GPS satellite with low and negative elevation angles on a mountaintop or on aircraft. With an assumption of 
the spherical symmetric atmosphere, the refractive index profile can be derived from time series of Doppler shift 
measurements by Abel inversion [3]. Research Institute for Sustainable Humanosphere (RISH), Kyoto University and 
Meteorological Research Institute (MRI), Japan performed “mountain-based GPS DL occultation measurements” 
campaign on the top of Mt. Fuji (elevation: 3.8 km) in cooperation with NASA/JPL in summer 2001, and they 
succeeded in retrieving the water vapor profiles below 3.8 km around Mt. Fuji (within 200 km horizontal distance) [4]. 
Although these profiles are useful to understand meteorological local-scale phenomena, the mountain-based GPS DL 
occultation measurement can provide profiles only near the receiving point.  
 
For a further application of this technique, we have developed “airborne-based GPS DL occultation measurements”(see 
Fig. 1) in order to expand the upper bound of a resulting water vapor profile up to a flight level (i.e., typically 6 km with 
our experimental aircraft) and to make observation possible everywhere. With objective of obtaining reliable water 
vapor profiles, there are mainly two subjects in the development of this technique. At first, a tracking sensitivity for the 
occulting GPS satellite signal should be improved in order to expand a lower limit of a resulting water vapor profile 
near the surface because an intensity of the received signal from the low elevation angle is significantly weak. As the 
second subject, we have to determine a velocity vector of aircraft with high precision better than several mm/s in spite 
of its complicated motion because we distinguish the excess Doppler shift due to atmospheric propagation from that due 
to both motion of the occulting GPS satellite and a receiving antenna on aircraft. Namely, it is required to extract 



atmospheric effect by subtracting variation in change rate of geometrical distance between the occulting GPS satellite 
and a receiving antenna from observed Doppler shift. Therefore, the accurate receiving antenna motion should be 
determined by a post-processing during 30-40 minutes of the GPS occultation event with straight and level flight over 
several hundred kilometers. 
 
MESUREMENT SYSTEM 
 
To accomplish the previous two subjects, we have developed two systems and set up them on the experimental aircraft 
of Electronic Navigation Research Institute (ENRI), Japan (See Fig. 2). For the first subject, we developed a special 
receiver system (called as “DL receiver” in this paper), which was designed for continuous tracking of the occulting 
GPS satellite signal. The receiver system has two antennas. The one is installed at the top of the aircraft and used for 
timing and positioning. The other is installed in the nose corn of the aircraft and it is tilted 90 degrees for tracking radio 
signals from the horizon. In order to observe the occulting GPS satellite signal with a view direction of either left or 
right direction, two antennas were installed at the both sides. We can manually select either the left or the right antenna 
for the occulting GPS satellite direction. Since we use two GPS antennas (i.e. the top and the side antennas), the DL 
receiver was designed for simultaneously observing two signals. Namely, it can perform the signal reception of the 
occulting GPS satellite signal using the side antenna with synchronization to the signal from the top antenna. A block 
diagram of the DL receiver system is shown in Fig. 3.  
 
The DL receiver consists of two receiver segments that are synchronized by a rubidium atomic clock. The main is a 
L1-C/A single frequency receiver (C in Fig. 3; purpose-built receiver; Furuno Electric Co., Ltd.) that has a special 
capability for GPS occultation measurements and the following two intelligent functions. (1) It is a dual front-end 
receiver with dual processor and can always track the occulting GPS satellite signal even if there is only one satellite in 
a view direction of the side antenna, because a processor for observing the occulting GPS satellite signal with the side 
antenna has synchronized with another processor for the top antenna signal. It can measure carrier phase Doppler shift 
with a high sampling rate of 100 Hz. (2) It can also output code correlation results for In-phase and Quadrature-phase (I, 
Q) every C/A code length (i.e. with a sampling rate of 1,000Hz) with the side antenna signal. This function is useful for 
investigating characteristics of the occulting GPS satellite signal. It also has output terminals for both of the analog and 
the digitalized IF signals. The other segment of the DL receiver consists of two dual frequency receivers (A and B in Fig. 
3; NovAtel OEM-4) for ionospheric correction. 
 
For the second subject, which was determination of receiving antenna motion with an accuracy of several mm/s, a 
GPS/INS hybrid positioning system was employed. In order to estimate motion of the side antenna, we need attitude 
rate information to compensate velocity of the side antenna relative to the top antenna because the aircraft position and 
velocity are measured based on the position of the top antenna. Using the GPS/INS hybrid positioning system including 
ground reference GPS stations, we aimed to determine accurate velocity of the side antenna motion in a post-processing. 
The GPS/INS hybrid positioning system consists of an inertial measurement unit (IMU; JIMS-250R, Japan Aviation 
Electronics Industry, Co., Ltd.) and a GPS unit (NovAtel OEM-4). General specifications of IMU are shown in Table 1. 
IMU measures angular velocities and accelerations for three components. Although an original sampling rate of IMU is 
250 Hz, the firmware outputs filtered data with a sampling rate of 50 Hz. The detailed of the measurement system was 
described in [5]. 
 
FLIGHT EXPERIMENTS 
 
After the systems were set up on the experimental aircraft of ENRI, we have conducted nine campaigns of 

 
Fig. 1. Airborne-based GPS DL occultation measurements.

 
Fig. 2. The experimental aircraft of ENRI (Beechcraft

B99 airliner). 
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airborne-based GPS DL occultation measurements around the northern and the southwestern parts in Japan since 
October 2003. We have successfully obtained more than 50 setting or rising occultation events through the four seasons. 
We show the experimental flight data to observe a setting event with the occulting GPS satellite of PRN 7 on July 1, 
2004. Fig 4 shows the flight course. The aircraft took off Kochi airport (the southwestern part in Japan) at first. After it 
went up to an altitude of 19,000 ft (5,800m) with a turning, it flew toward the southwest direction with the same flight 
level during 0:40 - 1:30 UT. In this period, the occulting GPS satellite was setting above the sea horizon at 
south-southeast direction and its elevation angles varied from 12 to -4.5 degrees. When the DL receiver could not track 
the occulting GPS satellite signal any longer, the aircraft returned to Kochi airport. The total flight time was two and a 
half hours. Two GPS ground reference stations were also set up near Kochi and Miyazaki airports (See Fig. 4).  
 
Fig. 5 shows Doppler shift resulting from atmospheric effect in the occulting GPS satellite signals that were observed 
by both of the single frequency receiver (Red dots) and the dual frequency receiver (Green dots) of the DL receiver at 
0:46 - 1:28 UT. These results were derived from observed Doppler shift with a correction in relative motion between the 
occulting GPS satellite and the side antenna on the aircraft. Note that the direction toward the occulting GPS satellite is 
made positive. Although Doppler shift should be 0 in ideal condition, the deviation from 0 is larger at lower elevation 
angles due to atmospheric propagation delay and bending effect. The single frequency receiver tracked the occulting 
GPS satellite signal down to -4.5 degrees. From results of meso-scale numerical weather model at the same time and the 
same area, this final data of -4.5 degrees represents atmospheric condition at the “tangent point”, which is the point 
where distance between ray path and the Earth surface is minimum, with 560 m altitude and about 350 km far from 
receiving point. In this day, it was very high humidity caused by stationary front at the south region from this flight 
course. Because the dual frequency segment observed the occulting GPS satellite signal down to –2 degrees, 
ionospheric correction during L1-only period was applied using ionospheric model that was developed to use 
airborne-based GPS DL occultation measurements by National Institute of Information and Communication Technology 
(NICT) and Graduate School of Science, Kyoto University, Japan.  
 
Fig. 6 shows the atmospheric refractivity N derived from the observed data by using the same method as the 
mountain-based GPS DL occultation data analysis [4] (Blue line). The refractivity based on the meso-scale numerical 
weather model at the same time and the same place as the tangent point is also plotted (Red line). General features of 
both refractivity profiles were roughly consistent with each other. Therefore, the refractive profile was successfully 
retrieved from the experimental flight data of airborne-based GPS DL occultation measurements by the preliminary 
analysis and it was demonstrated that our developed systems had enough performance to observe the occulting GPS 
satellite signal. However, a discrepancy between both profiles became larger at the altitude less than 3,500m. This is 
caused by the assumption of the spherical symmetric atmosphere in spite of a fact that the horizontal distribution of 
water vapor is inhomogeneous in the lower altitude. Therefore, we plan to verify the results in details and to improve 
retrieval method for conditions with a large horizontal gradient of water vapor distribution.  
 
SUMMARY 
 
Airborne-based GPS DL occultation measurements can be performed almost everywhere and expand the altitude range 
of retrievals up to the flight level. To accomplish our purpose, we developed two systems. The one is a special receiver 
system to continuously observe the occulting GPS satellite signal so that the lower limit of retrieving water vapor 
profiles is expanded near the surface. The other is a GPS/INS hybrid system to determine the motion of the side GPS 
antenna including the aircraft attitude. We have installed these systems on the experimental aircraft of ENRI and 

 
Fig. 3. Block diagram of DL receiver that was designed for

airborne-based GPS DL occultation measurements. 

Table1: Specification of IMU 
Ring laser gyro (X, Y, Z) 

Gyro input range 409.5 deg./sec
Gyro rate bias 0.005 deg./h
Gyro random walk 0.0013 deg./ h
 

Accelerometer (X, Y, Z) 
Accelerometer range 20 G
Accelerometer bias 44.2 µ G

 



successfully obtained more than 50 setting or rising occultation events in total. The single frequency receiver of the DL 
receiver tracked the occulting GPS satellite signal by the elevation angle of - 4.5 degrees. We extracted tropospheric 
effect from observed Doppler shift with a correction of relative motion between the occulting GPS satellite and the side 
antenna on the aircraft using the GPS/INS hybrid system. Moreover, we corrected ionospheric delay from ionospheric 
model during the L1-only period. Finally, the atmospheric refractive profile was successfully retrieved from the flight 
data through the preliminary analysis with Abel inversion. We are going to verify the results in details and analyze the 
other setting or rising occultation events through the four seasons.  
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Fig. 6. Atmospheric refractivity (N) that was

estimated from airborne-based GPS
down- looking occultation data on July 1,
2004 (Blue line). The result from
meso-scale numerical model was also
plotted (Red line).  

 
Fig. 4. Experimental flight course on July 1, 2004.
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Fig. 5. Observed Doppler shift of the occulting 
GPS satellite of PRN 7 on July 1, 2004.  
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