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Abstract—Global Positioning System (GPS) Radio Occultation
(RO) observations aboard Low Earth Orbiting (LEO) satellites
provide a powerful tool for global atmospheric sounding. Acti-
vated almost continuously since mid-2001, the CHAMP (CHAl-
lenging Minisatellite Payload) GPS RO experiment provides up
to 200 vertical atmospheric profiles per day. In this study we
intercompare CHAMP RO humidity results and analyses from
the European Centre for Medium-Range Weather Forecasts
(ECMWF) with coinciding MOZAIC (Measurement of OZone
and water vapour by AIrbus in-service airCraft) data collected
during aircraft ascents and descents. About 320 coinciding pro-
files with CHAMP were found from 2001 until 2006 (coincidence
radius: 3 hours, 300 km). Between about 650 and 300 hPa the
CHAMP-MOZAIC humidity bias is smaller than the ECMWF-
MOZAIC bias. On the other hand, the standard deviation
between MOZAIC and CHAMP humidity is slightly higher than
between MOZAIC and ECMWF through the entire altitude
range. Apart from the water vapour validation (ascent and
descent data), we also compare MOZAIC cruise data at typically
10-11 km altitude with CHAMP refractivity and temperature
results (dry retrieval) and corresponding ECMWF analysis data.
Whereas refractivity data from MOZAIC, CHAMP and ECMWF
show excellent agreement, the CHAMP temperature exhibits a
cold bias of about 0.9 K in comparison to MOZAIC and ECMWF.

Index Terms—CHAMP, GPS radio occultation, MOZAIC,
water vapor, troposphere.

I. INTRODUCTION

THE Global Positioning System (GPS) Radio Occultation
(RO) technique (e.g., [8], [17]) exploits atmospheric

refraction of GPS signals observed aboard Low Earth Orbiting
(LEO) satellites for remote sensing of the Earth’s atmosphere.
The atmospheric excess phase along the occultation satel-
lite link is the basic observable which is used to retrieve
vertical profiles of refractivity and subsequently meteorolog-
ical quantities like pressure, temperature and water vapor.
GPS RO observations require no calibration, are not affected
by clouds, aerosols or precipitation, and provide an almost
uniform global coverage. Therefore, the GPS RO technique
provides a unique data source for applications in numerical
weather prediction (e.g., [4]) and climatological investigations.
The CHAMP (CHAllenging Minisatellite Payload, e.g., [12])
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GPS RO experiment runs almost continuously since mid-2001,
providing up to 200 vertical atmospheric profiles per day (e.g.,
[15]). Thus, CHAMP provides the first long term GPS RO data
set; the mission will presumably continue until 2009. Recently
launched GPS RO satellite missions (e.g., COSMIC [13]
and Metop [10]) dramatically increased the number of daily
available GPS RO measurements. The GPS RO refractivity
is in good agreement with other meteorological data (e.g.,
radiosondes or European Centre for Medium-Range Weather
Forecasts (ECMWF) analyses) in the upper troposphere and
lower stratosphere (e.g., [14]). But in the lower troposphere
(in particular in tropical regions) a significant negative bias is
observed (e.g., [1]), which also affects the humidity retrieval.
Nevertheless, in the mid troposphere region CHAMP humidity
results show good agreement with ECMWF and radiosonde
data [5]. In this study we intercompare CHAMP RO humidity
data and analyses from the ECMWF (used as ancillary data
in the humidity retrieval) with coinciding MOZAIC (Mea-
surement of OZone and water vapour by AIrbus in-service
airCraft) data collected during aircraft ascents and descents.
Currently, the MOZAIC programme includes five aircraft per-
forming up to 2,500 flights per year. Since MOZAIC data are
not assimilated to ECMWF analyses, this comparison provides
an opportunity to assess whether GPS RO data could provide
significant additional water vapour information in comparison
to ECMWF. Apart from the water vapour validation (ascent
and descent data) we also compare CHAMP refractivity and
temperature results (dry retrieval) with MOZAIC cruise data
at typically 10-11 km altitude.

II. DATA ANALYSIS

A. GPS data

There are several publications describing the GPS RO
technique for retrieval of vertical atmospheric profiles in detail
(e.g., [11], [8], [17]). At GFZ Potsdam, the CHAMP GPS RO
retrieval results are generated by an operational occultation
analysis system [14]. Together with the GFZ RO infrastructure
(including a polar receiving station) this processing system al-
lows for provision of atmospheric profiles on average about 1.5
hours after the occultation measurement [16]. Vertical profiles
of refractivity are derived from atmospheric excess phase using
the wave optics approach and the Abel inversion technique
(e.g., [2]). The Full Spectrum Inversion (FSI) technique [7]
is used for the retrieval in the lower troposphere. GFZs RO
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analysis results (Level 3 data, atmospheric profiles, current
version 005) are provided via CHAMPs ISDC (Information
System and Data Center): http://isdc.gfz-potsdam.de. More de-
tails on the operational data analysis and the quality of the data
products are given by [14]. Since the atmospheric refractivity
N (Eq. 1) is related to air pressure (p), air temperature (T ) and
water vapor pressure (pw), vertical profiles of the tropospheric
humidity can only be derived using ancillary atmospheric
information from, e.g., meteorological analyses. At GFZ two
different water vapour retrieval algorithms are implemented for
operational processing: The 1DVAR retrieval according to [3],
and the DWVP retrieval (Direct Water Vapour Pressure; [5]).
Ancillary data for humidity retrieval are generally extracted
from global ECMWF analyses.

N = 77.6
p

T
+ 3.73 · 105 pw

T 2
(1)

B. MOZAIC aircraft data

Aircraft pressure, temperature and humidity data are pro-
vided by the MOZAIC database (http://mozaic.aero.obs-
mip.fr). Currently, the MOZAIC programme includes five
aircrafts performing up to 2,500 flights per year. In this study
data from March 6, 2001 until March 1, 2006 have been used.
For water vapour, a special airborne humidity sensing device
(AD-FS2), developed by Aerodata (Braunschweig, Germany)
and based on the humidity and temperature transmitter HMP
230 of Vaisala (Helsinki, Finland), is used for measuring
relative humidity and temperature of the atmosphere. For more
details on MOZAIC humidity measurements see, e.g., [6].
MOZAIC measurement frequency is 0.25 Hz (raw data). For
the profile data used in this study, raw data of the ascent and
descent profiles are averaged on a fixed altitude grid of 85
layers, each extending over 150 m. For cruise comparisons,
averaged observations (averaging boxes of 150 m height and
60 sec time duration) have been used.

III. RESULTS

A. Profile comparison

Applying a coincidence interval of three hours and 300 km
in time and space respectively, 324 coinciding profiles from
CHAMP and MOZAIC were found from March 2001 until
March 2006. The corresponding vertical profile of compared
data points representing the intersection of available CHAMP
and MOZAIC data is given in Fig. 2(a). The global distribu-
tion of coincidences shown in Fig. 1(a) indicates the airport
locations normally approached by the five MOZAIC aircrafts.
Fig. 1(b) and (c) give an example of CHAMP (1DVAR and
DWVP) specific humidity (b) and refractivity (c) vertical
profiles in comparison to MOZAIC and ECMWF data. Here,
both CHAMP humidity retrieval methods come to similar
results revealing significant improvement over the ECMWF
specific humidity in comparison to MOZAIC data. Whereas
MOZAIC and ECMWF (used as ancillary data in occultation
humidity retrieval) temperature profiles (not shown here) are
in good agreement for this example, the MOZAIC refractivity
shows better agreement with the CHAMP observation than
with ECMWF, especially between 900 and 750 hPa (Fig.

1(c)). This obviously corresponds to the better agreement
between MOZAIC and CHAMP than between MOZAIC and
ECMWF humidity profiles (Fig. 1(b)). Statistical comparisons
of the MOZAIC, CHAMP and ECMWF vertical refractivity
and specific humidity profiles are shown in Figs. 2 and 3.
Here, solid lines represent bias and dashed lines standard
deviation. The CHAMP RO refractivity shows a significant
negative bias of up to 1.5 % in the lower troposphere
in comparison to MOZAIC (Fig. 2(c)). This bias is well
known from comparisons to other meteorological data like
radiosondes or ECMWF. With a small exception around 800
hPa, the standard deviation between CHAMP and MOZAIC
refractivity (from about 3.1% in the lower to 1% in the
upper troposphere) is slightly larger than between ECMWF
and MOZAIC (from about 2.9% to 0.7%, Fig. 2(b)) through
the entire altitude range. Nevertheless, the CHAMP-MOZAIC
refractivity bias is smaller than the ECMWF-MOZAIC bias in
the mid troposphere region between about 650 and 500 hPa. As
Fig. 3(b) and (c) reveal, the statistical comparison of DWVP
and 1DVAR with MOZAIC humidity data comes to quite
similar results. Only in the lower troposphere (below about
850 hPa) DWVP shows a slightly bigger negative CHAMP-
MOZAIC humidity bias (about -0.7 g/kg specific humidity)
than 1DVAR (about -0.5 g/kg). This is in argeement with
validation studies with radiosonde data in [5]. Consistent with
the refractivity comparisons shown in Fig. 2, the standard
deviation between CHAMP (1DVAR, DWVP) and MOZAIC
specific humidity (from about 1.3 g/kg in the lower to 1
g/kg in the mid troposphere) is slightly bigger than between
ECMWF and MOZAIC (from about 1.1 g/kg to 0.9 g/kg, Fig.
3(a)) through the entire altitude range. But concerning the
humidity bias, Fig. 3 reveals better agreement of MOZAIC
with CHAMP than with ECMWF between about 650 and
300 hPa. Keeping in mind that this comparison is carried out
over continental regions where radiosonde data significantly
contribute to the quality of meteorological analyses, this
suggests that CHAMP data may provide additional humidity
information in comparison to ECMWF at that altitude range.

B. Cruise comparison

During cruises at typically 10-11 km altitude humidity
values range far below the accuracy which can be expected
from RO humidity retrieval. Nevertheless, MOZAIC cruise
measurements provide a valuable data source for validation
of RO refractivity and temperature (retrieved assuming dry
air conditions) results. To ensure validity of the dry air
assumption, the cruise comparisons are restricted to altitudes
above 300 hPa. In fact, about 95 % of the data used in
the following comparison have been measured in the altitude
range between 300 and 200 hPa. About 3,500 coincidences
(Fig. 4(a)) between CHAMP profiles and MOZAIC cruise
data were found from March 2001 until March 2006 (coin-
cidence radius: 3 hours, 300 km). For the comparisons the
data pairs along the coinciding cruises and profiles with the
smallest spatial distance above 300 hPa with less than three
hours temporal distance have been used. Finally, about 2,700
data pairs fulfilled all selection criteria (including validity
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of MOZAIC measurements) and have been used in the sta-
tistical comparisons of refractivity (Fig. 5) and temperature
(Fig. 6) between MOZAIC, CHAMP, and ECMWF. Since
MOZAIC cruise data contain no other altitude information
than pressure (or barometric altitude), CHAMP and ECMWF
data are interpolated to MOZAIC pressure levels. In the upper
troposphere and lower stratosphere region a negative bias of
the CHAMP retrieval pressure is observed in comparison to
ECMWF (about -0.7 hPa at 11 km altitude, Fig. 4(b)) for the
selected coincidences (Fig. 4(a)). This can be explained by
a small but widespread negative CHAMP refractivity bias in
comparison to ECMWF starting from about 12 km altitude
upwards (Fig. 4(c)). Assuming dry conditions, air density
is directly proportional to refractivity. To derive occultation
pressure the air density profile is integrated downward, grad-
ually accumulating the small refractivity (density) bias to the
observed pressure bias. This bias is consistent with geopoten-
tial height comparisons between GPS/MET occultations and
ECMWF for latitudes greater than 30◦N reported by [9]. Here
a bias of about -15 geopotential meters (gpm) was shown for
pressure levels around MOZAIC cruise altitude (a pressure
bias of -0.7 hPa corresponds to about -18 gpm between 10 and
11 km altitude). For the comparisons shown in Figs. 5 and 6,
ECMWF pressure is used to interpolate CHAMP refractivity
and temperature data to MOZAIC pressure level. For this
purpose ECMWF pressure is interpolated to CHAMP profile
levels via ECMWF and CHAMP geopotential height. The
comparison of MOZAIC refractivity above 300 hPa (Fig. 5)
with CHAMP and ECMWF reveal excellent agreement. Both,
CHAMP and ECMWF show nearly no bias with respect to
MOZAIC. Here, the application of the CHAMP retrieval pres-
sure for altitude assignment of CHAMP data would result in a
bias of 0.25 % (0.21 N units) between CHAMP and MOZAIC.
This gives also some evidence that the pressure bias between
CHAMP and ECMWF is basically related to the CHAMP data.
The MOZAIC refractivity comparison with CHAMP (about
1.1 % standard deviation) reveals slightly more scattering
than with ECMWF (about 0.9 %). Here, it has to be taken
into account that temperature data of numerous airliners (e.g.,
Aircraft Communications, Addressing and Reporting System
(ACARS) reports) are assimilated to ECMWF analyses along
the main air lanes, contributing to a high ECMWF accuracy in
these regions. Whereas MOZAIC temperature in comparison
to ECMWF (Fig. 6(b)) shows nearly no bias above 300 hPa,
CHAMP reveals a bias of -0.87 K in comparison to MOZAIC.
A similar negative bias is also known from validation studies
with radiosonde data (e.g., [16]) and is obviously related
to the negative bias of the CHAMP retrieval pressure (Fig.
4(b)) which is used subsequently in the CHAMP temperature
retrieval. Applying Eq. 1 with the mean refractivity of about
87 N units for this comparison, a pressure bias of -0.7 hPa
results in a temperature bias of -0.62 K. Similar to refractivity,
the CHAMP temperature (about 2.3 K standard deviation)
shows slightly more scattering in comparison to MOZAIC than
ECMWF (about 2K).

IV. CONCLUSION

MOZAIC atmospheric measurements provide a valuable
data source for validation of GPS RO retrievals of refractivity,
temperature and water vapor. According results are presented
for the first time in this study. Comparisons of MOZAIC
vertical refractivity and humidity profiles with CHAMP RO
and ECMWF are in good agreement with former investigations
concerning CHAMP, ECMWF and radiosonde data (e.g., [5]).
Concerning the humidity bias, MOZAIC agrees better with
CHAMP than with ECMWF between about 650 and 300 hPa.
Since MOZAIC humidity data are not assimilated to ECMWF,
this may reveal that CHAMP data provide, in comparison
to ECMWF, additional humidity information in this altitude
range. Comparisons of MOZAIC refractivity above 300 hPa
with CHAMP and ECMWF reveal excellent agreement. Here,
CHAMP shows slightly more scattering in comparison to
MOZAIC than ECMWF. Above 300 hPa, MOZAIC tempera-
ture shows nearly no bias in comparison to ECMWF, whereas
CHAMP reveals a bias of about -0.9 K in comparison to
MOZAIC. This bias can be mostly explained by a bias in
the CHAMP retrieval pressure which is used in the dry air
temperature retrieval.
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(a) (b) (c)

Fig. 1. (a) Coincidences of CHAMP and MOZAIC vertical profiles from March 2001 until March 2006 (coincidence radius: 3 h, 300 km). Comparison of
vertical specific humidity (b) and refractivity (c) profiles derived from CHAMP (1DVAR and DWVP) retrieval with MOZAIC and ECMWF data. Example
for April 12, 2002, 20:33 UTC, 33.32◦N, 132.09◦E.

(a) (b) (c)

Fig. 2. (a) Number of profiles corresponding to (b), (c), and Fig. 3. Statistical comparison of vertical refractivity profiles from MOZAIC with: (b) ECMWF,
and (c) CHAMP. Solid line represents bias, dashed lines standard deviation.

(a) (b) (c)

Fig. 3. Statistical comparison of vertical specific humidity profiles from MOZAIC with: (a) ECMWF, (b) CHAMP-DWVP, and (c) CHAMP-1DVAR.
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(a) (b) (c)

Fig. 4. (a) Coincidences of CHAMP vertical profiles and MOZAIC cruise data from March 2001 until March 2006 corresponding to (b), (c), Fig. 5, and
Fig. 6. Comparison of vertical pressure (b) and refractivity (c) profiles from CHAMP and ECMWF, solid line represents bias, dashed lines standard deviation.
Ordinate is altitude above mean sea level, ECMWF data are interpolated via geopotential height to CHAMP altitude levels.

(a) (b) (c)

Fig. 5. Comparison of refractivity data from MOZAIC above 300 hPa with (a) CHAMP, (b) ECMWF, (c) CHAMP and ECMWF.

(a) (b) (c)

Fig. 6. Comparison of temperature data from MOZAIC above 300 hPa with (a) CHAMP, (b) ECMWF, (c) CHAMP and ECMWF.


