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ABSTRACT

In recent years, radio occultation (RO) technology making use of global positioning system (GPS) signals
has been exploited to obtain profiles of atmospheric parameters in the neutral atmosphere. In this paper,
the RO refractivity profiles obtained from the Constellation Observing System for Meteorology, Ionosphere
and Climate (COSMIC) mission are statistically compared with the observations of 38 radiosonde stations
provided by the Australian Bureau of Meteorology during the period from 15 July 2006 through 15 July
2007. Different collocation criteria are compared at first, and COSMIC RO soundings that occur within
3 hours and 300 km of radiosonde measurements are used for the final statistical comparison. The overall
results show that the agreements between the COSMIC refractivity profiles and the radiosonde soundings
from the 38 stations are very good at 0–30 km altitude, with mean absolute relative refractivity deviations
of less than 0.5%. Latitudinal comparisons indicate that there are negative refractivity deviations in the
lower troposphere over the low latitude and middle latitude regions and large standard deviations exist in
the lower troposphere of low latitude regions, which can reach up to ∼6%. The comparisons of COSMIC RO
refractivity profiles and radiosonde observations for 3 polar stations in four different seasons indicate that
the accuracy of GPS RO profiles is better in the Austral summer and autumn than in the Austral spring
and winter during the year from September 2006 to August 2007.
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1. Introduction

The radio occultation (RO) sounding technique
was initially developed for remote sensing of the plan-
etary atmosphere (Fjeldbo et al., 1971). The idea of
active profiling the terrestrial atmosphere making use
of radio signals transmitted by the Global Positioning
System (GPS) using RO technology was introduced by
Yunck et al. (1988). A GPS receiver aboard a Low-
Earth Orbit (LEO) satellite serves as the observation
platform in this technology. When a rising or a setting
GPS radio occultation event (ROE) occurs, phases and
amplitudes of radio signals transmitted from the oc-
culted GPS satellite are recorded with a high sampling

rate of about 50 Hz. With the knowledge of the precise
orbits and clock errors of GPS and LEO satellites, the
excess phases induced by the neutral atmosphere and
ionosphere are extracted from the original phase ob-
servations and, together with amplitude variations, are
used to retrieve the bending angle profile. The refrac-
tivity profile of the neutral atmosphere is subsequently
inverted from the bending angle profile with the Abel
inversion method under the assumption of local spher-
ical symmetry. Bending angle profiles and refractivity
profiles can both be directly assimilated into numerical
weather prediction (NWP) models (Wang and Wang,
2003; Zhang et al., 2004; Healy et al., 2005, 2006).
Pressure, temperature, and water vapor profiles can
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also be inverted from the refractivity profile with vari-
ational retrieval methods by taking auxiliary informa-
tion from NWP models or radiosonde observations as
a priori atmospheric states (Palmer et al., 2000; von
Engeln et al., 2003).

This concept of GPS RO technology was first
successfully demonstrated by the U.S. in a proof-
of-concept GPS/MET experiment launched in 1995
(Ware et al., 1996). A number of GPS RO missions,
including the Danish Ørsted project, the German-U.S.
Challenging Mini-satellite Payload (CHAMP) project,
the Argentinian Satélite de Aplicaciones Cientificas-C
(SAC-C) project, the European twin satellite Grav-
ity Recovery and Climate Experiment (GRACE),
the U.S.-Taiwan joint mission Constellation Observ-
ing System for Meteorology, Ionosphere and Cli-
mate (COSMIC), the European METeorological Op-
erational satellite (MetOp-A), the U.S. Roadrunner
program, and the German TerraSAR-X1 satellite have
been launched during 1999–2007. The validation and
assimilation studies of these missions have proved
that with the ability to monitor the terrestrial atmo-
sphere with long-term stability, high vertical resolu-
tion, global coverage and high accuracy, GPS RO mea-
surements are of great significance for various appli-
cations in weather forecasting, atmospheric research,
and climate monitoring (Hajj et al., 2004; Huang et
al., 2005; Cucurull et al., 2007; Nedoluha et al., 2007).

The precision and accuracy of GPS RO data needs
to be evaluated for its operational and research use.
The precision of this new data source has been esti-
mated with collocated RO soundings. Intercompar-
isons of collocated GPS RO soundings from CHAMP
and SAC-C show that temperature profiles occurring
within 30 min and 200 km of one another are consistent
to within 0.05 K–0.1 K in the mean and 0.5 K in stan-
dard deviation, after removing the expected variability
of the atmosphere (Hajj et al., 2004). Comparisons of
closely collocated occultations from different COSMIC
satellites shortly after launch indicate that the root
mean square (RMS) difference of refractivity between
10 and 20 km altitude is less than 0.2% (Schreiner et
al., 2007). The statistics of the differences in refrac-
tivities for over 2500 pairs of RO soundings from two
COSMIC satellites with tangent points separated by
less than 10 km and average time difference of 18 s
show that GPS RO observations have the highest pre-
cision in the altitude range of 8–20 km (Anthes et al.,
2008).

To compare the GPS RO data with data from other
independent sources, including meteorological analy-
ses, radiosondes, or other remote sensing satellites, is
an efficient way to characterize the accuracy of this
new type of observation. As the backbone of the

global upper air observing system, radiosonde obser-
vations are the benchmark for calibration of satellite
remote sensing and for validation of satellite-retrieved
soundings. The comparisons between 280 matches of
GPS/MET and radiosonde soundings show that GPS
RO and radiosonde refractivities agree to within 1%
from 2 to 25 km altitude, and the average difference
of the dry temperatures agrees to better than 0.5◦C
from 2 to 28 km (Rocken et al., 1997). The validation
of about 6 000 CHAMP RO profiles with observations
from the global radiosonde network during 2001 and
2002 indicates that the RO refractivity accuracy is bet-
ter than 0.5% between 10 and 35 km (Wickert et al.,
2004). The comparison of more than 10 000 pairs of
collocated CHAMP/SAC-C RO and radiosonde tem-
perature profiles observed during the period from May
2001 to September 2004 indicates that GPS RO mean
temperature is accurate to within better than 0.5 K be-
tween 200 and 20 hPa (Schmidt et al., 2005). The sta-
tistical comparisons of long-term CHAMP RO sound-
ings with radiosonde observations over different geo-
graphical areas further reveal that GPS RO data is
valuable for differentiating the performance of various
types of radiosondes (Wickert et al., 2004; Kuo et al.,
2005).

When validating the accuracy of GPS RO data
with radiosonde observations, it is necessary to clarify
the collocation criteria, which includes the maximum
time difference and the maximum radial distance be-
tween collocated GPS RO and radiosonde measure-
ments. Different collocation criteria, e.g., �3 h and
�300 km, as used by Schmidt et al. (2005) and �2
h and �300 km, as used by Kuo et al. (2005), have
been applied in previous studies, as mentioned above.
Deeper investigation about the influence of different
collocation criteria on the validation results is needed
to get an assessment of which collocation criteria are
most reasonable.

Among the six ongoing GPS RO missions includ-
ing CHAMP, GRACE, COSMIC, MetOp-A, Roadrun-
ner, and TSX-1, COSMIC is of special significance in
that the LEO constellation is composed of six satel-
lites, and can provide approximately 2 000 RO profiles
per day in practice (Anthes et al., 2008). Compared
with the ∼200 RO profiles provided by CHAMP, the
unprecedentedly large daily number of ROEs provided
by COSMIC makes it easier to validate the GPS RO
profiles occurring over certain geographical areas. Al-
though Wang and Lin (2007) have compared COSMIC
data with collocated radiosonde soundings during the
period from June to December 2006 and found that
GPS soundings reveal a vertical domain of low temper-
ature that is not clearly defined by radiosondes, only
two radiosondes which are located over Antarctica are
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taken into consideration in the comparison and only
the temperature profiles are compared. Comparisons
between COSMIC RO data and radiosonde soundings
from more stations over a longer period are needed
to acquire detailed information about the accuracy of
GPS RO data from COSMIC.

This paper presents and demonstrates the accu-
racy of COSMIC RO refractivity profiles over Aus-
tralia and Antarctica through statistical comparisons
between collocated RO and radiosonde soundings ob-
served during 2006 to 2007. The radiosonde and COS-
MIC RO data used in the research are briefly intro-
duced in section 2. Section 3 outlines the method for
comparison. Section 4 gives the results and analyses.
The influences of different collocation criteria on the
validation results are studied in that section at first,
and the most reasonable one is applied in the follow-
ing work. The accuracy of COSMIC RO profiles over
different latitudinal regions is compared accordingly.
Seasonal variations of the accuracy of COSMIC RO
profiles over Antarctica are also studied. Section 5
gives the conclusions.

2. Radiosonde and COSMIC RO data

Radiosonde soundings are provided by the Aus-
tralian Bureau of Meteorology (BoM). Within its na-
tional meteorological network, Australia currently has
38 radiosonde observation stations, which report at-
mospheric pressure, temperature, and relative humid-
ity with an average observation interval of six hours
every day. As shown in Fig. 1, 18 of these radiosonde
stations are located in low latitude region (equator-
ward of 30◦S), and three are located in the Antarc-
tic region with latitudes poleward of 60◦S, and the
other 17 stations are located at middle latitudes (be-
tween 30◦S and 60◦S). Because additional assumptions
and/or additional meteorological data are necessary to
derive RO temperature and water vapor profiles, this
comparison is focused on the refractivity, which is the

Fig. 1. Geographic distribution of the 38 radiosonde sta-
tions for the comparisons.

independent observable derived from GPS RO mea-
surements.

The COSMIC Data Analysis and Archival Centre
(CDAAC) distributes COSMIC data products of dif-
ferent levels for free via the internet (http://cosmic-
io.cosmic.ucar.edu/cdaac/). The data processing sys-
tem is similar to that of its predecessors, including
GPS/MET and CHAMP(Hajj et al., 2002; Kuo et al.,
2004; Wickert et al., 2004). In this work, the observed
refractivities with 100 m vertical resolution recorded
in post-processing level2 wetPrf files are used for com-
parison. Being interpolated directly from the inverted
RO refractivities, this data set is not influenced by
background atmospheric states.

3. Method for comparison

The COSMIC RO refractivity profiles at certain
mean sea level geometric heights with 100 m vertical
resolution are readily available from CDAAC. Data
of temperature, pressure, and dew point temperature
at certain geopotential heights are recorded in the ra-
diosonde sounding files provided by BoM. The geopo-
tential heights in radiosonde data files can be con-
verted to corresponding geometric heights according
to Eq. (1):

H =
h · Re(ϕ)

9.80616[1− 0.002637 cos(2ϕ) + 0.0000059 cos2(2ϕ)]
9.80665

Re(ϕ) − h

,

(1)

where h is the geopotential height in km, H is the geo-
metric height in km, ϕ is the latitude of the radiosonde
station in radians, Re(ϕ) is the radius of the Earth at
latitude ϕ in km, and

Re(ϕ) =

√
1/

(
cos2 ϕ

6378.1372
+

sin2 ϕ

6356.7522

)
. (2)

The water vapor pressure can be calculated from
the dew point temperature, which is given in the ra-
diosonde data files, according to

Pw = 6.108exp
(

17.27Td

Td + 237.3

)
, (3)

where Td is the dew point temperature in ◦C and Pw
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is the water vapor pressure in hPa.
For radiosonde soundings, refractivity is calculated

from the observed temperature, pressure, and water
vapor pressure as

N = 77.6
P

T
+ 3.73 × 105 Pw

T 2
, (4)

where N denotes the refractivity, T the temperature in
Kelvins, and P and Pw are the total air pressure and
the partial pressure of water vapor in hPa, respectively.

The collocated observation pairs of COSMIC RO
and radiosonde soundings are obtained under certain
collocation criteria and the statistical comparisons are
made accordingly. In the comparison, the COSMIC
RO and radiosonde refractivities are both interpolated
by cubic splines to standard altitude levels with 200 m
intervals. Relative refractivity deviations are then cal-
culated on this grid between 0 and 30 km. For each
available pair:

∆N(l, m) =
NCOSMIC(l, m) − NRAOB(l, m)

NRAOB(l, m)
, (5)

where ∆N(l, m) is the relative refractivity deviation,
NCOSMIC(l, m) and NRAOB(l, m) are the COSMIC RO
and radiosonde refractivities, respectively, l is the in-
dex for vertical height level, and m is the index for the
observation pair. For each height level:

∆N(l) =
1

M(l)

M(l)∑
m=1

∆N(l, m) , (6)

σ∆N(l) =

⎧⎨
⎩ 1

M(l) − 1

M(l)∑
m=1

[∆N(l, m) − ∆N(l)]2

⎫⎬
⎭

1/2

,(7)

where, ∆N(l) and σ∆N(l) are the mean relative re-
fractivity deviation and its standard deviation at the
lth height level, respectively, and M(l) denotes the
number of observation pairs at that height level. Two
statistical parameters can be calculated accordingly:

∆N =

l=lmax∑
l=1

∣∣∣∆N(l)
∣∣∣

lmax
(8)

σ∆N =

l=lmax∑
l=1

σ∆N(l)

lmax
, (9)

where ∆N and σ∆N are the total mean absolute rela-
tive refractivity deviation and the total mean standard
deviation over all available levels respectively, and lmax

is the index for the highest height level. Because some

balloons do not reach 30 km and some COSMIC pro-
files do not reach the ground surface, lmax may be less
than 151 in practice.

Although the quality of COSMIC data (version
3200) provided by CDAAC has been checked with
ECMWF analyses as reference, quality checks for the
collocated RO and radiosonde pairs are done before
the statistical comparison is carried out, to eliminate
the disadvantageous influence of outliers in the ra-
diosonde data on the comparison results. Pairs which
exhibit refractivity deviations greater than 20% at any
height level are excluded from the data set.

4. Results

4.1 Comparison under different collocation
criteria

With the radiosonde and COSMIC RO observa-
tions of one year from 15 July 2006 to 15 July 2007,
the influences of different collocation criteria on the
comparison results are investigated at first. The maxi-
mum time difference and the maximum radial distance
between COSMIC and radiosonde measurements, ∆t
and d, vary between 1 and 3 h and between 100 and
300 km, respectively. The number of collocated ob-
servation pairs prior to and after the quality check,
the total mean absolute relative refractivity deviation,
and the total mean standard deviation corresponding
to each combination of ∆t and d are summarized in
Table 1.

Table 1. Number of collocated observation pairs between
COSMIC RO measurements and Australian BoM radio
soundings (15 July 2006–15 July 2007), and the corre-
sponding total mean absolute relative refractivity devia-
tions and total mean standard deviations. P. Q. and A. Q.
mean “prior to quality check” and “after quality check”,
respectively. ∆t is the maximum time difference and d
the maximum radial distance between the corresponding
COSMIC and radiosonde profiles.

∆t d Data Data Data ∆N σ∆N

(h) (km) pairs pairs ratio (%) (%)
(P. Q.) (A. Q.) (%)

1 100 126 126 100.0 0.19 1.49
1 200 550 545 99.1 0.11 1.57
1 300 1212 1203 99.3 0.11 1.74
2 100 222 222 100.0 0.15 1.50
2 200 959 952 99.3 0.10 1.60
2 300 2102 2086 99.3 0.10 1.78
3 100 311 311 100.0 0.14 1.50
3 200 1338 1330 99.4 0.10 1.61
3 300 2949 2929 99.3 0.10 1.79
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Fig. 2. (a) Statistical comparisons of refractivity profiles between collocated COS-
MIC RO and radiosonde soundings from all the 38 Australian BoM radiosonde sta-
tions, and (b–d) from radiosonde stations of low, middle, and high latitudinal bands,
for 15 July 2006–15 July 2007. The black solid curves are mean relative refractivity
deviations, the black dashed curves are mean relative refractivity deviations ± stan-
dard deviations, and the grey bold curves are the collocated data counts (axis labels
at the top of figure).

4.2 Comparison over different latitudinal re-
gions

The result of the statistical comparison between
COSMIC RO refractivity profiles and radiosonde ob-
servations from all the 38 radiosonde stations during
15 July 2006 to 15 July 2007 is shown in Fig. 2a.
In order to gain further insight on the performance of
RO technology over different latitudinal regions, the
statistical comparison results over low latitudes (equa-
torward of 30◦S), middle latitudes (between 30◦S and
60◦S) and high latitudes (poleward of 60◦S) are shown
in Figs. 2b–d. It can be seen that the comparatively
large number of data pairs in the middle latitude re-

gion makes the results for this region as shown in Fig.
2c resemble that for the whole region as shown in Fig.
2a.

As shown in Table 1, for all the 38 radiosonde sta-
tions, 2929 pairs of RO and radiosonde observations
have passed the quality check under the collocation
criteria of d = 300 km and ∆t = 3 h. Among these
collocated observations, 986 pairs are located in the
low latitude region, 1427 pairs in the middle latitude
region, and 516 pairs in the high latitude region. But
the largest values shown in the grey bold curve indicate
the data counts available for comparison at different
height levels is 2858, 968, 1394, 507 in Figs. 2a, 2b, 2c,
and 2d respectively. These values are all smaller than
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the corresponding number of the collocated observa-
tion pairs. It is also shown in Figs. 2a–d that the data
counts drop significantly above 20 km and are decreas-
ing with decreasing altitude in the lower troposphere
(LT). This is because some of the radiosonde soundings
terminate early before reaching 30 km altitude and
some of the COSMIC profiles do not reach the lowest
part of the troposphere. The multipath and super-
refraction problems encountered by GPS RO technol-
ogy can lead to a known negative refractivity bias in
the LT (Wickert, 2004). The inverted LT refractivity
data having large biases fail the quality check and are
excluded from the final data product of CDAAC. As a
result, the data counts at all the height levels between
0 and 30 km in the final statistical comparison may be
less than the number of the collocated pairs.

It is shown in Table 1 that more than 99% of the
RO and radiosonde collocated observation pairs have
passed the quality check for each combination of d and
∆t. When d = 100 km, all the collocated data pairs
have passed the quality check no matter whether ∆t
is equal to 1, 2, or 3 hours. The number of collo-
cated data pairs which have passed the quality check
varies greatly under different collocation criteria and
increases from 126 for the combination of ∆t = 1 h and
d = 100 km to 2929 for the combination of ∆t = 3 h
and d = 300 km.

The total mean absolute relative refractivity devi-
ations vary from 0.1% to 0.2% no matter what kind of
collocation criteria are applied. The total mean stan-
dard deviation reaches the smallest value of ∼1.5% for
d = 100 km and increases to ∼1.75% for d = 300 km.
The variation of d is more significant to the comparison
results than the variation of ∆t. Because the influence
of the various combinations of d and ∆t on the bias
between COSMIC and radiosonde measurements is in-
significant, a combination of d = 300 km and ∆t = 3 h
is chosen for the subsequent investigations to get more
statistical confidence by using more extensive data.

It is shown in Fig. 2a that for the 38 radiosonde
stations as a whole, the agreements between COSMIC
and radiosonde refractivity profiles are very good at
0–30 km, with the mean absolute relative refractivity
deviation less than 0.5%. Negative deviations exist
below 1.6 km, which is attributed to the negative re-
fractivity bias associated with RO soundings in the
LT. The standard deviations vary greatly with a mean
standard deviation of 1.79% through 0–30 km. The
smallest standard deviation of 0.96% is found at 9.4
km and the largest standard deviations are found be-
low 5 km, which reach up to 4.6% at ∼2.2 km. At alti-
tudes above ∼25 km, there are negative deviations of
refractivity and the standard deviation increases from
1.4% at 25 km to 2.5% at ∼30 km. The large stan-

dard deviations above 25 km are related to GPS RO
observational noise, i.e., residual ionospheric effects,
and the use of ancillary climate model data for noise
reduction through an optimization procedure in the
data processing system (Kuo et al., 2004).

From Figs. 2b–d, it can be seen that the negative
refractivity deviations in the LT, which are distinct in
the comparison results of the low and middle latitude
regions, do not exist in the comparison results of the
high latitude region. This is because water vapor con-
tent, the key factor leading to the negative refractivity
deviations in the LT, is much less over the polar re-
gions than over the low and middle latitude regions.
The smallest standard deviations in each region are
0.73%, 0.88%, and 0.8%, occurring at altitudes of ∼12
km, ∼9.5 km, and ∼7 km (just below the tropopause
in each case) for the low, middle, and high latitude re-
gions, respectively. Moreover, the standard deviations
in the LT are the largest in the low latitude region,
reaching up to ∼6%, while the smallest LT standard
deviations occur in the high latitude region, and are
generally less than 2%.

4.3 Comparison in different seasons over
Antarctica

The seasonal variations of the comparison results
over Antarctica are studied through the statistical
comparison of refractivity profiles from COSMIC RO
and the radiosonde soundings for three Antarctic sta-
tions: Mawson, Davis, and Casey, during the four dif-
ferent seasons of one year from 1 September 2006 to
31 August 2007. The number of collocated pairs, the
total mean absolute relative refractivity deviation, and
the total mean standard deviation in each season are
shown in Table 2. It can be seen that among the four
seasons, the total mean standard deviation and the to-
tal mean absolute relative refractivity deviation both
achieve the largest values in the Austral spring. The
total mean standard deviation in Austral autumn is
smaller than that of any other season, whereas the
total mean absolute relative refractivity deviation in
Austral summer is smaller than for any other season.
There are more collocated pairs in Austral autumn
than in any other season.

The statistical comparison results for the four sea-
sons are shown in Figs. 3a–d, respectively. It can be
seen that for the same reason as discussed in section
4.2, the largest values in the data count curves are a
little smaller than the corresponding collocated data
pairs for comparison. For example, the number of col-
located pairs during the Austral spring shown in Table
2 is 117, but the largest data count in Fig. 3a is 114.

It can also be seen that the refractivity of COSMIC
is nearly bias free in relation to the radiosonde data
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Table 2. Number of data pairs after quality check, the total mean absolute relative refractivity deviation, and the total
mean standard deviation of COSMIC RO vs. radiosondes over Antarctica from four different seasons during 1 September
2006 to 31 August 2007.

Austral season Time period Data pairs (A. Q.) ∆N (%) σ∆N (%)

Spring 1 Sep–30 Nov 2006 117 0.26 1.63
Summer 1 Dec 2006–28 Feb 2007 144 0.15 1.09
Autumn 1 Mar–31 May 2007 151 0.10 1.13
Winter 1 Jun–31 Aug 2007 126 0.14 1.46
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Fig. 3. Statistical comparisons of COSMIC RO refractivity profiles and radiosonde
soundings from the three Antarctic radiosonde stations during four Austral seasons:
(a) Spring: 1 September–30 November 2006; (b) Summer: 1 December 2006–28 Febru-
ary 2007; (c) Autumn: 1 March–31 May 2007; and (d) Winter: 1 June–31 August
2007. The black solid curves are mean relative refractivity deviations, the black
dashed curves are mean relative refractivity deviations ± standard deviations, and
the grey bold curves are the collocated data counts (axis labels at the top of figure).
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between 1–25 km in each season. No negative refrac-
tivity deviations exist in the LT in any of the four
seasons, which is because the collocation pairs used
for comparison are all over the polar region, where
moisture in the LT is small and has little influence on
the RO refractivity inversion results. Relatively small
standard deviations are found at around 6–7 km in
each season.

The standard deviations shown in Figs. 3b and 3c
are generally smaller than those in Figs. 3a and 3d at
most of the height levels, which indicates that the ac-
curacy of GPS RO refractivity profiles over Antarctica
is better in Austral summer and autumn than in the
winter and spring during the one year from September
2006 to August 2007. Figures 3a and 3d show that
in Austral spring and winter, the standard deviations
become larger than 1% above 18 km and 21 km, re-
spectively, and reach ∼2.5% at 30 km. The standard
deviations shown in Figs. 3b and 3c are smaller than
1% between 3 km and 27 km except for a small hump
at around 9–10 km, which probably corresponds to the
sharp tropopause in the Austral summer and autumn.

5. Conclusions

In this paper, COSMIC RO refractivity profiles in
the troposphere and lower stratosphere have been com-
pared statistically with the observations from 38 ra-
diosonde stations of the Australian BoM during the
one year period from 15 July 2006 to 15 July 2007.
The optimal criteria for obtaining the collocated GPS
RO and radiosonde observation pairs was first inves-
tigated. The maximum time difference and maximum
radial distance between COSMIC and radiosonde mea-
surements, ∆t and d, vary between 1 and 3 h and be-
tween 100 and 300 km, respectively. It is shown that
although the variation of d is a little more significant
to the total mean standard deviations than the varia-
tion of ∆t, the resulting total mean absolute relative
refractivity deviation is practically independent of the
combination of ∆t and d. To get more statistical con-
fidence for the subsequent comparisons, the combina-
tion of d = 300 km and ∆t = 3 h were chosen as the
final optimal collocation criteria. Under these crite-
ria, the accuracy of COSMIC RO refractivity profiles
over the entire radiosonde network and over different
latitudinal regions is studied.

The comparison results show that, in general, the
agreements between the refractivity profiles of COS-
MIC and radiosonde soundings from the 38 stations
are very good at 0–30 km, with mean absolute rel-
ative refractivity deviations of less than 0.5%. The
respective statistical comparisons over three different
latitudinal regions, low latitude (equatorward of 30◦S),

middle latitude (between 30◦S and 60◦S) and high lat-
itude (poleward of 60◦S), reveal that the negative re-
fractivity deviations in the LT are distinct only over
the low and middle latitude regions, the reason be-
ing that water vapor content is much lower over polar
regions than over other regions. In the low latitude
region, the standard deviation in the LT reaches up
to ∼6%, whereas in the high latitude region, the stan-
dard deviations in the LT are generally smaller than
2%.

To gain further insight on the accuracy of COSMIC
RO refractivity profiles over the polar region during
different seasons, refractivity profiles from COSMIC
and those from three Antarctic radiosonde stations
(Mawson, Davis, and Casey) are compared during the
four different seasons of one year from September 2006
to August 2007. During this year, GPS RO performs
better in the Austral summer and autumn than in win-
ter and spring.

It can be concluded that the accuracy of GPS
RO data from COSMIC is equivalent to that from
radiosonde data in the upper troposphere and lower
stratosphere. As it is able to complement the existing
radiosonde network over the oceans and polar regions,
the RO data are of great value for climate monitoring.
This study is an initial investigation for the validation
of COSMIC RO data. It is planned to extend this
kind of study over the globe with more GPS RO and
radiosonde measurements.

Acknowledgements. This study was supported by

the National Natural Science Foundation of China (Grant

Nos. 40904002 and 40804004), the China-Australia Spe-

cial Fund of International Collaborative Scientific Re-

search Project (Grant No. 40911120024); the National

Basic Research Program of China (973 Project, Grant No.

2006CB701301), and the National High Technology Re-

search and Development Program of China (863 Project,

Grant No. 2007AA12Z339). COSMIC data is provided

by COSMIC Data Analysis and Archival Centre, and ra-

diosonde data is provided by the Australian Bureau of Me-

teorology. The authors would like to thank Kefei Zhang,

Falin Wu, and Erjiang Fu from RMIT University for their

help during this study.

REFERENCES

Anthes, R. A., and Coauthors, 2008: The
COSMIC/FORMOSAT-3 Mission: Early Results.
Bull. Amer. Meteor. Soc., 89(3), 313–333.

Cucurull, L., J. C. Derber, R. Treadon, and R. J. Purser,
2007: Assimilation of global positioning system ra-
dio occultation observations into NCEPs global data
assimilation system. Mon. Wea. Rev., 35(9), 3174–
3193.



NO. 6 XU ET AL. 1145

Fjeldbo, G. F., V. R. Eshleman, and A. J. Kliore, 1971:
The neutral atmosphere of venus as studied with the
mariner V radio occultation experiments. Astronom-
ical Journal, 76(2), 123–140.

Hajj, G. A., E. R. Kursinski, L. J. Romans, W. I. Bertiger,
and S. S. Leroy, 2002: A technical description of at-
mospheric sounding by GPS occultation. Journal of
Atmospheric and Solar-Terrestrial Physics, 64, 451–
469.

Hajj, G. A., and Coauthors, 2004: CHAMP and
SAC-C atmospheric occultation results and in-
tercomparisons. J. Geophys. Res., 109(D6), doi:
10.1029/2003JD003909.

Healy, S. B., and J. N. Thepaut, 2006: Assimilation ex-
periments with CHAMP GPS radio occultation mea-
surements. Quart. J. Roy. Meteor. Soc., 132(615),
605–623.

Healy, S. B., A. M. Jupp, and C. Marquardt, 2005:
Forecast impact experiment with GPS radio occul-
tation measurements. Geophys. Res. Lett., 32, doi:
10.1029/2004GL020806.

Huang, C.-Y., Y.-H. Kuo, S.-H. Chen, and F. Vanden-
berghe, 2005: Improvements in Typhoon Forecasts
with assimilated GPS occultation refractivity. Wea.
Forecasting, 20(6), 931–953.

Kuo, Y.-H., T.-K. Wee, S. Sokolovskiy, C. Rocken, W.
Schreiner, D. Hunt, and R. A. Anthes, 2004: Inver-
sion and error estimation of GPS radio occultation
data. J. Meteor. Soc. Japan, 82(1B), 507–531.

Kuo, Y.-H., W. S. Schreiner, J. Wang, D. L. Rossiter,
and Y. Zhang, 2005: Comparison of GPS radio oc-
cultation soundings with radiosondes. Geophys. Res.
Lett., 32, doi: 10.1029/2004GL021443.

Nedoluha, G. E., J. Alfred, C. M. Benson, K. W. Hoppel,
J. Wickert, and G. Koenig-Langlo, 2007: A compar-
ison of radiosonde and GPS radio occultation mea-
surements with meteorological temperature analyses
in the Antarctic vortex, 1998–2004. J. Geophys. Res.,
112, D16304, doi: 10.1029/2007JD008928.

Palmer, P. I., J. J. Barnett, J. R. Eyre, and S. B.
Healy, 2000: A non-linear optimal estimation inverse
method for radio occultation measurements of tem-
perature, humidity and surface pressure. J. Geophys.
Res., 105, 17513–17526.

Rocken, C., and Coauthors, 1997: Analysis and valida-
tion of GPS/MET data in the neutral atmosphere.

J. Geophys. Res., 102(D25), 29849–29866.
Schmidt, T., S. Heise, J. Wickert, G. Beyerle, and

C. Reigber, 2005: GPS radio occultation with
CHAMP and SAC-C: Global monitoring of thermal
tropopause parameters. Atmospheric Chemistry and
Physics, 5, 1473–1488.

Schreiner, W., C. Rocken, S. Sokolovskiy, S. Syndergaard,
and D. Hunt, 2007: Estimates of the precision of
GPS occultations from the COSMIC/FORMOSAT-
3 mission. Geophys. Res. Lett., 34, L04808, doi:
10.1029/2006GL027557.

von Engeln, A., G. Nedoluha, G. Kirchengast, and S.
Bhler, 2003: One-dimensional variational (1-D Var)
retrieval of temperature, water vapor, and a refer-
ence pressure from radio occultation measurements:
A sensitivity analysis. J. Geophys. Res., 108(D11),
4337, doi: 10.1029/2002JD002908.

Wang, K., and S. Lin, 2007: First continuous
GPS soundings of temperature structure over
Antarctic winter from FORMOSAT-3/COSMIC
constellation. Geophys. Res. Lett., 34(12), doi:
10.1029/2007GL030159.

Wang, Y., and B. Wang, 2003: The variational experi-
ment of GPS bending angle. Adv. Atmos. Sci., 20(3),
479–486.

Ware, R., and Coauthors, 1996: GPS Sounding of the
atmosphere for low earth orbit: Preliminary results.
Bull. Amer. Meteor. Soc., 77, 19-40.

Wickert, J., 2004: Comparison of vertical refractivity and
temperature profiles from CHAMP with radiosonde
measurements. Scientific Report 04–09, Danish Me-
teorological Institute, 35pp.

Wickert, J., T. Schmidt, G. Beyerle, R. Konig, and C.
Reigber, 2004: The radio occultation experiment
aboard CHAMP operational data analysis and val-
idation of vertical atmospheric profiles. J. Meteor.
Soc. Japan, 82(1B), 381–395.

Yunck, T. P., G. F. Lindal and C. H. Liu, 1988: The
Role of GPS in Precise Earth Observation. Proc.
IEEE Position Location and Navigation Symposium
(PLANS88), Nov. 29–Dec. 2, 1988, Orlando, FL,
251–258.

Zhang, X., Y. Liu, B. Wang, and Z. Ji, 2004: Par-
allel computing of a variational data assimilation
model for GPS/MET observation using the ray-
tracing method. Adv. Atmos. Sci., 21(2), 220–226.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /CHS ()
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2009-11-08T00:37:50+0800
	Certified PDF 2 Signature




