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Abstract 

The atmospheric limb sounding technique 

based on the Global Positioning System (GPS) 

has been shown to be accurate and of very high 

vertical resolution. The fact that the GPS radio 

occultation (RO) technique is not affected by 

clouds or precipitation, has no instrument drift, 

and requires no calibration makes it ideally 

suited for climate monitoring and global 

weather prediction. The ROCSAT-3/COSMIC 

constellation will be launched in late 2005, and 

will provide ~3,000 GPS radio occultation 

soundings per day to support operational 

weather prediction, climate analysis, and 

ionospheric research. The EQUARS mission, 

to be launched in 2006, will add ~500 

soundings in addition to ROCSAT-3/COSMIC. 

In this paper, we review selected GPS RO 

studies that are relevant to weather prediction 

and climate analysis.  
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1.  Introduction 

The radio occultation (RO) sounding 

technique, making use of radio signals from 

the Global Positioning System (GPS) has 

many unique characteristics, including: (i) 

high accuracy, (ii) high vertical resolution, (iii) 

all weather sounding capability, (iv) 

independent of radiosonde or other calibration, 

(v) no instrument drift and (vi) no 

satellite-to-satellite bias (Rocken et al. 1997; 

Kursinski et al.1997;  Kuo et al. 2004). 

These features make it particularly useful for 

climate monitoring. With the launch of the 

planned ROCSAT-3/COSMIC mission in late 

2005, approximately 3,000 GPS RO 

soundings will be collected per day in 

near-real-time to support operational weather 

prediction, climate monitoring, and 

ionospheric research. The EQUARS mission 

will be launched in 2006, and will add 

approximately another 500 GPS RO 

soundings over the tropics. Anthes et al. (2000) 

provided many examples on the possible 

applications of ROCSAT-3/COSMIC GPS RO 

data to meteorology and climate. In this paper, 

we summarize some recent studies on the 

analysis of GPS RO data from the CHAMP 

(Wickert et al. 2004) and SAC-C (Hajj et al. 

2004) missions  that are relevant to weather 

prediction and climate analysis.  

 

2. Evaluation of the accuracy of 

radiosonde systems 

Balloon soundings from the global radiosonde 

network, which has been in existence for over 

50 years, has been the backbone for 

operational forecasting and a key data source 

for climate analysis. Because of its reliability 

and known accuracy, radiosonde observations 

have been used as a benchmark to calibrate 

satellite remote sensing observations and 

sounding retrievals. The underlying 

assumption is that the radiosonde observations 

are, in general, of higher accuracy than the 

satellite soundings. While this assumption 

may be valid for passive infrared and 



microwave sounders, which have relatively 

low vertical resolution, it is not necessarily 

true for GPS RO soundings, which are derived 

from an active sounding technique and have 

high vertical resolution.  

 

Figure 1 shows the operational radiosonde 

network. Globally, there are roughly 850 

radiosonde stations using about fourteen 

different types of radiosonde systems. All 

radiosonde systems have observational errors 

that are fairly well known, and are dependent 

upon the type of radiosonde (Wang et al. 

2002). Moreover, equipment and procedural 

changes are introduced from time to time. 

Such changes can introduce spurious climate 

change signals.  

 

Given the fact that the quality of GPS RO 

soundings is independent of geographical 

areas, one may ask the question: Are GPS RO 

soundings of sufficiently high accuracy to 

differentiate the performance of different 

types of radiosonde systems? To answer this 

question, we calculate the mean absolute 

difference in refractivity between CHAMP 

RO data and radiosonde soundings (NCR) from 

June 2001 to August 2003, from 5 km to 25 

km in elevation, over five countries that only 

make use of one uniform type of radiosonde 

system. We also calculate the difference 

between refractivities from CHAMP and the 

European Centre for Medium Range Forecasts 

(ECMWF) global analysis (NCE) over the 

same geographical area over the same period. 

 

Table 1.  Comparison of refractivities from CHAMP, 

radiosonde and ECMWF global analysis. 

Region Sonde  

type 

# of 

matches 

NCR 

(%) 

NCE 

(%) 

India IM-MK3 56 0.77 017 

Russia Mars 620 0.26 0.12 

Japan MEISEI 78 0.28 0.18 

China Shanghai 242 0.19 0.19 

Australia Vaisala 239 0.19 0.14 

 

The results (Table 1) show that the Vaisala 

system and the Shanghai radiosonde system 

used by Australia and China have the best 

overall performance. The mean absolute 

difference, compared with CHAMP RO data, 

is only 0.19% for both systems. The IM-MK3 

system used by India has the largest error 

(0.77%). It is interesting to note that the 

variation in mean absolute differences 

between CHAMP and ECMWF does not vary 

significantly from one region to another (from 

0.14% to 0.19%), while the CHAMP and 

radiosonde differences vary by a factor of 

four(from 0.19% to 0.77%). These results 

suggest that the GPS RO soundings are of 

high enough accuracy to differentiate the 

difference in performance among the various 

radiosonde types. 

 

 
Fig. 1. Geographic distribution of global radiosonde 

stations (total 852) colored by radiosonde types. The 

percentage given in legend is the percentage of stations 

used by each type of radiosonde. (From Wang et al. 

2002) 

 

3.  Evaluation of global reanalyses 

Weather prediction models and data 

assimilation systems have evolved and 

improved steadily over the past fifty years. 



This is also true for the global observing 

systems. As a result, the quality of operational 

global analyses has improved over the years. 

These improvements are obviously 

advantageous for operational numerical 

weather prediction. However, the significant 

differences over time in the quality of 

operational global analysis makes it 

undesirablethem problematic for analysis of 

climate change or variability. One problem is 

that the variations in the models and data 

assimilation systems can introduce fictitious 

climate change signals. In order to produce a 

consistent dataset suitable for climate analysis, 

global reanalyses using a stable and 

state-of-the-art data assimilation system were 

produced by a few operational centers. The 

NCEP/NCAR reanalysis project uses a global 

analysis/forecast system to perform data 

assimilation using historical observations, 

spanning the time period from 1948 to the 

present (Kalnay et al., 1996).   The ECMWF 

has produced a global reanalysis for the period 

1957-2002, including the stratosphere up to 1 

hPa, based on the use of variational data 

assimilation techniques. This is known as the 

ERA 40 reanalysis. Description of the ERA40 

can be found at the ECMWF web site 

(http://www.ecmwf.int). Using a constant data 

assimilation system, such global reanalyses 

provide useful information on climate 

variations. However, before they can be used 

reliably for climate analysis, it is important to 

evaluate the accuracy of these reanalyses.  

 

Recently, Randel et al. (2004) compared the 

deseasonalized interannual variations in 

tropical tropopause temperatures from various 

global reanalyses against radiosonde (sparse) 

observations and GPS RO data (Fig. 2). They 

showed that GPS data agree well with the 

radiosonde data as well asand the ERA40 

reanalysis. However, the NCEP/NCAR 

reanalysis is an outlier after year 2000. Since 

the analysis system is constant, this must be 

related to variations in the input data or how 

such data are assimilated. For example, the 

transition from TOVS to ATOVS in July 2001 

for the assimilation of the NOAA satellite data 

may possibly account for such variation. In 

any event, this comparison shows that the 

GPS RO data can be a valuable arbitrator for  

 

 

Fig. 2. (top) time series of deseasonalized 100 hPa 

temperature anomalies over 10
o
 N-S, showing results 

from four different data sets. Each time series is 

normalized to be zero for April 1995 – February 1997. 

(bottom) Difference of the respective time series with 

averaged radiosonde data. (From Randel et al. 2004). 

 

different data sets for global climate analysis. 

 

4.  Evaluation of operational analyses 

To further illustrate the value of GPS RO data 

in assessing the quality of global analyses, we 

compare the GPS RO data from the SAC-C 

mission with NCEP operational analysis, 

ECMWF operational analysis and the 

NCEP/NCAR reanalysis over the region south 

of 40
o
S for the month of December 2001. The 

results show that the NCEP and ECMWF 

operational analyses are of comparable 



accuracy. The NCEP/NCAR reanalysis is 

again an outlier. The rms difference in 

refractivity for the NCEP/NCAR reanalysis is 

about 0.5% higher than those of the 

operational analyses throughout the 

troposphere, and the difference is even larger 

near the tropopause (Fig. 3). The mean 

refractivity differences, verified against 

SAC-C GPS RO data, indicate very small bias 

from 700 hPa to 150 hPa for the two 

operational analyses (Fig. 4). However, the 

NCEP/NCAR reanalysis exhibits a significant 

positive bias (more than 1% in refractivity) in 

the layer between 200 to 300 hPa. Figure 4 

also shows the well-known negative 

refractivity bias relative to all the global 

analyses. The negative bias begins at about 

700 hPa and reaches ~1% near the surface. 

The existence of the negative refractivity bias 

was first  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. RMS differences in refractivity between SAC-C 

GPS RO soundings and the three global analyses: (i) 

NCEP operational analysis (blue), (ii) ECMWF 

operational analysis (red), and (iii) NCEP/NCAR 

reanalysis (green). Vertical axis is pressure in hpa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Mean differences in refractivity between SAC-C 

GPS RO soundings and the three global analyses: (i) 

NCEP operational analysis (blue), (ii) ECMWF 

operational analysis (red), and (iii) NCEP/NCAR 

reanalysis (green). 

 

noticed and discussed by Rocken et al. (1997) 

for GPS/MET, and recently confirmed by 

modeling receiver tracking loops (Ao et al. 

2003; Beyerle et al. 2003) and 

supperrefraction (Sokolovskiy 2003). It is 

anticipated that the use of advanced signal 

tracking techniques (open-loop tracking) in 

future missions, such as ROCSAT-3/COSMIC 

and EQUARS, such negative bias will be 

mostly (if not entirely) removed. These results 

indicate that GPS RO data are valuable for 



calibrating global operational analyses, and 

arewill be an important data source for 

weather and climate analysis. 

 

5.  Discussions and conclusions 

Analysis of GPS RO data from past and 

current missions has demonstrated promise in 

using such data for (i) calibrating the accuracy 

of different types of radiosondes, (ii) assessing 

the quality of global reanalyses and 

operational analyses and (iii) detecting climate 

change and variability. With the availability of 

3,000 ~ 3,500 GPS RO soundings per day 

from the combined COSMIC and EQUARS 

missions, significant advance is expected in 

operational numerical weather prediction and 

climate analysis.  
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