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1. Introduction 
 
Atmospheric limb sounding technique, making use of 
the radio signals transmitted by Global Positioning 
System (GPS), has emerged as a promising approach 
for global meteorological observations. As 
demonstrated by the proof-of-concept GPS 
Meteorology (GPS/MET) experiment, the GPS radio 
occultation (RO) sounding data are of high accuracy 
and high vertical resolution. Results from recent GPS 
RO missions of CHAMP and SAC-C confirm this 
assessment. In late 2005, the joint U.S.-Taiwan 
COSMIC (Constellation Observing System for 
Meteorology, Ionosphere, and Climate) mission will 
be launched and is expected to collect approximately 
3,000 RO soundings per day. These data will be 
available in near real-time for global weather analysis 
and prediction. 
 
The raw measurements of GPS RO soundings are 
phase and amplitude of radio signals. It takes a 
number of steps to reduce the data to the traditional 
meteorological variables of temperature, pressure and 
water vapor. Because of the ray traversing geometry, 
the GPS RO data have unique “pencil-like” 
measurement characteristics, which is very different 
from the point measurement of a radiosonde or an 
“area-average” measurement of a microwave sounder. 
To assimilate GPS radio occultation data effectively 
into a weather prediction model, one needs to 
correctly process the data and to properly account for 
the measurement characteristics and measurement 
errors. In this paper, we will discuss scientific and 
technical issues related to the assimilation of GPS 
radio occultation data into weather prediction models.  
 
2. GPS Radio Occultation Data Issues 
2.1 Negative refractivity (N) bias 
 
An important data issue associated with the GPS RO 
sounding is the so-called negative refractivity (N) 
bias. In the analysis of GPS/MET RO data, Rocken et 
al. (1997) found that the GPS/MET refractivity data 
are often biased significantly toward lower values 
than the correlative data in the lowest part of the 
troposphere. As recent as several years ago, it was 
believed that one of the reasons for this bias is the 
impossibility to correctly solve for the multipath 
propagation in the atmosphere. Now the multipath 
problem is successfully solved by the Canonical 
Transform method developed by Gorbunov (2002). 
At present, two major reasons are believed to cause 

the large retrieval errors (N-bias) in the lower 
troposphere. First is related to tracking errors of RO 
signals caused by the complicated structure of 
refractivity in the moist lower troposphere.  Beyerle 
et al. (2002) showed that closed loop tracking of the 
modeled RO signals might result in negative bias in 
the retrieved N at levels below ~2km. These errors 
can be eliminated by replacing the closed loop 
tracking of L1 with the open loop tracking. The 
principles of the open loop tracking of L1 RO signals 
from LEO were outlined by Sokolovskiy (2001), and 
will be implemented by JPL in COSMIC receivers. 
Another important source of error is related to 
superrefraction (Sokolovskiy 2003), which occurs 
most commonly, on the sharp top of the moist 
planetary boundary layer (PBL). This results in a 
negative bias in the Abel-retrieved N below the top of 
PBL. This error is fundamentally related to wave 
propagation in the atmosphere and may not be 
overcome by any improvement of tracking 
algorithms. Assimilation of the RO data affected by 
the superrefraction is a difficult problem. A feasible 
approach, until a better solution is found, is to discard 
RO data below the top of PBL in the regions known 
for the sharp top of PBL. Some specific structures in 
RO signals and in the inverted profiles can be used as 
an indicator of high probability of the super-
refraction. Additionally, some information about the 
structure of the top of PBL can be obtained from 
statistical processing of available radiosonde data.  
 
To illustrate the problem of negative N-bias, we show 
in Fig. 1 a comparison of CHAMP and SAC-C 
(combined total of ~7,000) RO soundings with the 
ECMWF global analysis for the month of December 
2001. Over the tropics (between 30oN and 30oS), 
GPS RO soundings show a distinct negative N bias 
below 3 km, with mean refractivity errors as large as 
4% near the surface. The magnitude of N bias is 
significantly reduced in the middle latitudes (between 
30oN – 60oN and 30oS – 60oS), with values dropping 
to less than 2%. This is further reduced to about 0.5% 
over the polar regions (between 60oN – 90oN and 
60oS – 90oS). It is apparent that the negative N bias 
problem occurs primary in the lower part of the 
tropical atmosphere, most likely over regions with 
strong vertical refractivity gradient. A small 
magnitude of N bias in polar regions does not mean 
that that the N bias in tropics is caused mainly by the 
superrefraction. A complicated structure of 
refractivity in the moist troposphere results in the 
complicated structure of RO signals, which may 
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cause the tracking errors much bigger than in polar 
regions. 

and the ECMWF analysis is particularly encouraging 
over the polar regions, where there is virtually no 
bias from near the surface to about 30 km.   

2.2 Assessment of other retrieval errors Figure 1 also reveals a positive N bias for the GPS in 
the tropical stratosphere. It increases gradually from It is important to note that the GPS RO soundings 

persistently show a positive bias in the layer between 
100 hPa and 700 hPa over the tropics, with a 
magnitude of about 0.5% refractivity, compared with 
the ECMWF analysis. The positive N bias in the 
troposphere, most likely, is related to poor quality of 
L2 signal. Mean attenuation and strong fluctuation in 
the troposphere make the weak L2 signal unusable 
for the ionospheric calibration, resulting in 
overestimation of the neutral atmospheric bending 
angle. This positive bias is much reduced over the 
middle latitudes. The comparison between GPS RO  

0% to about 1% from 50 hPa to about 5 hPa. This is 
further increased to ~2% to about 3 hPa. Over the 
polar regions, significant bias does not occur below 5 
hPa. However, in contrast to the tropics, the GPS RO 
soundings show a negative N bias as large as 3% at 3 
hPa. The standard deviation over the polar regions at 
this level is fairly large (more than 6%). The 
significant differences between GPS RO soundings 
and the global analysis at high altitudes (> 30 km) 
may be attributed to both errors in the global analysis, 
which would have lower accuracy in this part of the 
atmosphere (simply because of the lack of 
observational data), and to RO soundings. In RO 
soundings, the dominant error source at high altitudes 
is introduced by the combination of the residual 
errors of the ionospheric calibration and the errors 
due to the use of climatology (after the optimal 
estimation of the bending angles). 

 

 

 
2.3 Data quality control 
Data quality control is a very important aspect of an 
operational numerical weather prediction system. The 
quality of analysis can be severely compromised if 
bad data are assimilated into an operational system. 
The COSMIC Data Analysis and Archive Center 
(CDAAC) has implemented a data quality control 
procedure, based on the estimates of the quality of 
the raw L1 and L2 signals and of the retrieved 
profiles. One of the tests estimates the deviation of 
L1 Doppler from that predicted from climatology and 
truncates the signal when the deviation exceeds some 
threshold, which indicates the tracking error (this is 
based on the small spread of the deviation for a low 
Earth orbit estimated by Sokolovskiy (2001)). 
Unfortunately, the analysis of RO signals shows that 
the magnitude of tracking errors is not quantized, 
thus the small tracking errors, which occur at any 
altitude, pass through the quality test and affect the 
retrievals. As it was mentioned, the errors on L1 must 
be eliminated with open loop tracking. Additional 
quality tests are applied for the inverted bending 
angle and refractivity and characterize the quality of 
the retrieved profiles at different altitudes through a 
set of scalar parameters. This set allows a user to 
make a decision about using or discarding the 
occultation. 
 
Figure 2 shows the histogram of fractional 
refractivity differences between GPS RO soundings 
and the ECMWF analysis over the polar regions for 
the month of December 2001. The results indicate 
that the differences in refractivity between GPS RO 
soundings and ECMWF analysis have an 
approximate Gaussian distribution for all the levels.  

 
Fig. 1. Comparison of GPS RO soundings (from both 

CHAMP and SAC-C missions) with the ECMWF 
global analysis for the month of December 2001.  
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Fig. 2. Histogram of fractional refractivity 

differences between GPS RO and ECMWF at 10, 
100, 300, and 700 hPa. 

 
However, there is a significant difference in the 
spread of the Gaussian curves at different levels. The 
spread of the curves become progressively narrower 
from 700 hPa to 100 hPa, with little or no biases. 
These histograms provide guidance for an additional 
end-user specified quality control of GPS RO data. It 
is likely that soundings with large observation-
analysis deviation (falling outside the Gaussian 
distribution) may be erroneous and should be filtered 
out. For example, we could set the threshold of +/- 
4% for 700 hPa, and only accept the GPS RO data 
that deviate no more than 4% from the global 
analysis. The error threshold value may be adjusted 
depending on the spread of the Gaussian curve.  
 
The histogram at 10 hPa exhibits a very different 
behavior as compared with the other levels. First, 
there is a visible positive bias (this was already 
discussed earlier). Second, the spread of the 
histogram (though still preserving a Gaussian shape) 
is much broader than any other level. Several factors 
could contribute to the large spread of the histogram 
at this level: (i) impact of ionospheric residuals in 
GPS retrieval, (ii) poor quality of global analysis at 
this level, and (iii) large natural atmospheric 
variability at this level. Further research is needed to 
understand the cause of this spread. 
 
To show the impact of an end-user QC procedure, we 
show in Fig. 3 the error statistics (standard deviations 
and mean differences) of GPS RO refractivity with 
respect to ECMWF global analysis, with the removal 
of the top 5% and 30% of data that have the largest 
deviation from the ECMWF global analysis. This is 
done by treating GPS RO soundings at each level 
independently (assuming no vertical correlation, or 
sounding-to-sounding correlation). The results show 

that by eliminating the “worst” 5% of the outliers we 
have significantly improved the statistics. For 
example, by eliminating the “worst” 5% of the data, 
we have reduced the standard deviation by 40% at 10 
hPa. It is important to note that in some cases 
(between 3 and 15 km in tropics, and above ~33 km 
in polar regions) elimination of the outliers 
significantly reduces not only the standard deviation, 
but also the mean difference between RO soundings 
and the global analyses. This indicates that in those 
cases the mean difference is likely caused by the 
ionosphere: explicitly, through the mean residual 
error after the ionospheric calibration (or in the 
absence of the calibration in the troposphere); or 
implicitly, through the increase of the weight of 
climatology for the occultations with strong 
ionospheric fluctuation. 
 
2.4 Representativeness errors 
It has been shown that the high vertical resolution of 
the GPS RO sounding allows detection of gravity 
waves in the upper troposphere and stratosphere.  
While this is valuable for scientific studies of real 
atmospheric gravity waves in the upper troposphere 
and stratosphere, the presence of these waves 
presents challenges to atmospheric data assimilation. 
Figure 4 shows a SAC-C sounding at 0454 UTC on 
25 December 2001 at 59oN, 143.8oW. The GPS RO 
sounding apparently shows the existence of gravity 
waves between 20 km and 40 km. Such wave 
structures are missing from the corresponding NCEP 
AVN and ECMWF global analyses and NCEP-
NCAR reanalysis, because of limited vertical 
resolution of the global analyses. As a result, 
deviation of the GPS RO sounding from the global 
analyses can be 5oC or larger at some of the levels.  It 
is clear that appropriate procedure must be developed 
to filter these waves prior to assimilation to prevent 
aliasing (Kuo et al. 2000). It should be noted that 
because of limited vertical resolution, there is a 
significant difference in the tropopause temperature 
between GPS RO sounding and the global analyses. 
 
2.5 GPS RO sounding observational errors 
The assimilation of GPS RO data need to properly 
account for potential measurement errors associated 
with observational data. For variational data 
assimilation, this is reflected in the observational 
error covariance. Kursinski et al. (1997) provided a 
theoretical estimate of the GPS RO measurement 
error. In terms of refractivity, they showed that the 
dominant error source below 30 km is non-spherical 
structure of dry atmosphere leading to errors of 0.2% 
to 0.3% between 6 and 30 km. The accuracy is less in 
the lower troposphere (error of about 1%) because of 
the influence of horizontal water vapor structure at 
these levels. Based on the examination of the 
GPS/MET, CHAMP, and SAC-C RO data, it is likely 
that the errors are under-estimated. But, what should 
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Fig. 3. Standard deviations and mean differences of GPS RO refractivity with respect to ECMWF global 

analyses for the month of December 2001. CDAAC means that the CDAAC processed GPS RO data without 
additional end-user specified quality control. Two other cases are shown, one with the “worst” 5% data 
removed, and the other with the “worst” 30% data removed. 

 
be the appropriate observational error estimates for 
GPS RO soundings? This is a challenging question, 
and cannot be answered by simulating GPS RO 
through some reference atmosphere alone. Possible 
approaches are to diagnose observational errors 
associated with GPS RO sounding utilizing 
variational analysis techniques: the “perturbation 
observations” method of Desroziers and Ivanov 
(2001) and the maximum-likelihood estimation of 
observation parameters (Dee and da Silva 1999).  
This approaches have been shown to be quite 
effective in determining the observational errors of a 
specific observation type (as viewed by a variational 
data assimilation system). This can also be used to 
assess possible mission-to-mission variations (if any) 
in errors statistics. 

 

 
3. Data Assimilation Issues 
3.1 Observation operators 

 Over the past five years, a considerable amount of 
effort has been devoted to developing an effective 
strategy for the assimilation of GPS RO data into 
weather prediction models. Both observing system 
simulation experiments and real data assimilation 
experiments have been performed to test the 
assimilation strategies and to assess the potential  

 
Fig. 4. Comparison of the SAC-C GPS RO sounding 

with NCEP AVN, ECMWF, and NCEP-NCAR 
reanalysis (version 2) at 0454 UTC on 25 
December 2001 at 59oN, 143.8oW. 
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impact of the RO data (see the review by Kuo et al. 
2000). In general, the GPS RO data in two forms are 
used in these assimilation studies: the neutral 
atmospheric bending angles and refractivity. In the 
refractivity assimilation approach, the GPS retrieved 
refractivity values are interpreted as vertical profiles 
at the ray perigee point. Refractivity assimilation is 
computationally efficient. However, it can introduce 
non-negligible errors over regions of significant 
horizontal refractivity gradients. Under these 
conditions, the assimilation of bending angles is 
found to be much more accurate. However, the 
assimilation of bending angles requires an order of 
magnitude more computing resources than the 
assimilation of refractivity (Zou et al. 2000).  
 
Recently, Syndergaard et al. (2002) have proposed a 
promising approach, which is termed “two-
dimensional weighted average (TDWA),” for the 
assimilation of GPS RO data. The basic idea is to 
map the two-dimensional structure in the occultation 
plane into a one-dimensional profile, mimicking the 
observation geometry as well as the subsequent data 
inversion, under the assumption of spherical 
symmetry. This consists of integrating refractivity 
along straight lines parallel to the propagation 
directions centered at the tangent points. Syndergaard 
et al. (2002) showed that the TDWA approach could 
reduce more than 80% of the errors of the traditional 
refractivity assimilation approach (treating the GPS  
derived refractivity as the local refractivity at the ray 
perigee point) for a frontal model. The two-
dimensional mapping can be described as a linear 
matrix operator. The forward operator and its adjoint 
can be easily developed and implemented into a 
variational data assimilation system. The TDWA 
method only requires a fraction of the computational 
resources of ray-tracing operator. It would be 
desirable to compare the accuracy and efficiency of 
TDWA with bending angle assimilation using four-
dimensional data from high-resolution weather 
models that realistically simulate atmospheric 
temperature and moisture structures.  
 
3.2 Assimilation models 
It is important to note that in addition to observation 
operator, the performance of an assimilation system 
can also significantly affect the effectiveness of GPS 
RO assimilation. Recently, Wee and Kuo (2002) have 
performed a set of observing system simulation 
experiments (OSSEs) over the Antarctic to assess the 
potential impact of COSMIC RO data on regional 
weather analysis and prediction. As an extension of 
their study, we show in Fig. 5 the results of 
assimilation using three different versions of MM5 
4DVAR system. These experiments were performed 
with four analysis cycles, each lasting for 6 hours. 
The results show that the implementation of a weak 
constraint for model error correction (MEC) performs 

significantly better than the original MM5 4DVAR 
system (Zou et al. 1997), which uses the model as 
strong constraint (designated as STR in Fig. 5). The 
implementation of a digital filter (with details 
explained in Wee and Kuo 2002) in the form of weak 
constraint provided additional improvement. These 
results suggest that continued improvements in data 
assimilation system are also important in fully 
realizing the potential values of the GPS RO data. In 
the future, it would be desirable to compare the 
performance of 3DVAR, 4DVAR and the ensemble 
Kalman filter approaches for GPS RO assimilation. 
 
3.3 Impact of lower tropospheric soundings and 

observational errors 
Given the fact that GPS RO sounding data density 
decreases appreciably below 5 km (see Fig. 1), also 
given the fact that GPS RO soundings may possess 
negative N bias in the lower troposphere (particularly 
over the tropics), it would be interesting to assess the 
value of the GPS RO data in the lower troposphere. 
Figure 6 shows the vertical profiles of analysis errors 
in pressure, temperature, winds, and water vapor 
mixing ratio for experiments in which simulated GPS 
RO data are absent below sigma = 0.5 (approximately 
5 km) and sigma = 0.75 (approximately 2.5 km). This 
set of assimilation experiments assumes a data 
density four times that of COSMIC constellation for 
a 6-h assimilation period. (We found that the results 
of 24-h assimilation with the density of COSMIC 
constellation are very similar to that of a 6-h 
assimilation period with four times the data density. 
To save computing resources, we assume four times 
COSMIC data density with one 6-h assimilation 
period). The results indicate that the COSMIC GPS 
RO data would still have a significant positive impact, 
even if the lowest 2.5 km GPS RO data are excluded. 
Although the results are worse if the data below 5 km 
are removed, a significant impact still can be 
identified even for near the surface. It is interesting to 
note that by increasing the observational error by a 
factor of 3, it produces more reduction in data impact 
than removing the data below 2.5 km. This illustrates 
the sensitivity of the results of data assimilation to 
observational error specification. Considerable efforts 
should be devoted to improve the quality of the data 
and to provide a realistic estimate the observational 
errors of the actual GPS RO soundings.  
 
4. Summary 
 
The GPS RO soundings from COSMIC and other 
missions are likely to significantly improve global 
weather analysis and prediction. However, in order to 
fully realize the potential of GPS RO data in 
operational numerical weather prediction we need to 
continue to improve the quality of GPS RO sounding 
retrieval, and to better understand the observational 
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Fig. 5. Time evolution of rms errors in temperature, pressure, water vapor mixing ratio, and horizontal winds 

for five observing system simulation experiments: (a) No assimilation (N4D), (b) Perfect initial condition 
(PEF), (c) existing MM5 4DVAR with strong constraint (STR), (d) a new MM5 4DVAR with a weak 
constraint to correct model errors (MEC), and (e) a MM5 4DVAR with a digital filter weak constraint 
(DFW). 

 
error characteristics and statistics. We also need to 
develop appropriate data filtering procedures to either 
remove data or to truncate soundings affected by 
superrefraction, and to implement advanced data 
quality control procedures. Continued development 
and testing of observation operators and data 
assimilation systems are also needed. Many new 
satellite-observing systems are being developed and 
implemented (e.g., wind-sat, AIRS, GIFT, among 
others).  The value of GPS RO data needs to be 
assessed taking into consideration of the existence of 
other available data. 
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Fig. 6. Vertical profiles of temperature, water vapor mixing ratio, pressure, and horizontal wind errors after a 

6-h assimilation of simulated GPS RO refractivity soundings with four times the density of COSMIC.  
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