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ABSTRACT

Radio Occultation (RO) data, using Global Positioning System (GPS) signals, deliver high quality observations of the
atmosphere, which are well suited for monitoring global climate change. The special climate utility of RO data arises from their
accuracy and long-term stability due to self-calibration. Launched in 2000, the German research satellite CHAMP
(CHAllenging Minisatellite Payload for geoscientific research) provides the first opportunity to create RO based climatologies.
Overlap with data from the Taiwan/US FORMOSAT-3/COSMIC (Formosa Satellite Mission 3/Constellation Observing
System for Meteorology, lonosphere and Climate, F3C) mission allows the testing for consistency of climatologies derived
from different satellites. We show initial results for zonal mean climatologies as well as tropical tropopause parameters based
on F3C RO data. Our results indicate excellent agreement between RO climatologies from different F3C satellites as well as
between data from different RO missions. After subtraction of the estimated respective sampling error, seasonal temperature
climatologies derived from different F3C satellites are in agreement to within < 0.1 K almost everywhere in the considered
domain between 8 and 35 km altitude. Monthly mean tropical tropopause (lapse rate) temperatures and altitudes derived from
four different RO missions show remarkable consistency (< 0.2 - 0.5 K, <50 - 100 m) and indicate that data from different RO
missions can indeed be combined without need for inter-calibration. F3C final constellation sampling error estimation shows a
small oscillating local time related error (£0.03 K amplitude) in the extratropics.
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1. INTRODUCTION

Accurate, consistent long-term data are required as basis
for climate studies and for attempts to detect, understand,
and attribute climate variability and change. Our knowledge
about the temperature evolution in the free atmosphere is
still limited, despite notable endeavors to build long term
upper air temperature records. This has been done using
data from MSU (Microwave Sounding Unit) as well as
AMSU (Advanced MSU) instruments on board polar orbit-
ing satellites (e.g., Christy and Spencer 2005; Mears and
Wentz 2005; Vinnikov et al. 2006) as well as using data from
radiosondes (e.g., Sherwood etal. 2005; Thorne et al. 2005).
After many years of intense discussions, temperature trend
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estimates based on these data sets now seem to be consis-
tent with surface warming estimates and results from cli-
mate models but significant discrepancies still remain (Karl
et al. 2006). Independent high-quality upper air records are
therefore desirable.

A promising source for such data sets is the Global Posi-
tioning System (GPS) Radio Occultation (RO) technique,
combining high accuracy and vertical resolution, long-term
stability due to intrinsic self calibration, global coverage,
and all-weather capability. The RO technique was originally
developed for the study of planetary atmospheres and iono-
spheres (see Yunck et al. 2000, for a review). Sensing of the
Earth’s atmosphere with RO data was demonstrated with the
GPS Meteorology (GPS/MET) experiment within several
measurement campaigns from April 1995 to March 1997,
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proving most of the expected strengths of the technique, like
high vertical resolution, high accuracy of retrieved para-
meters, and insensitivity to clouds (Ware et al. 1996;
Kursinski et al. 1997; Rocken et al. 1997; Steiner et al.
1999). The German research satellite CHAMP (CHAlleng-
ing Minisatellite Payload for geoscientific research) was
launched in July 2000, continuous RO measurements started
in August 2001 (Wickert et al. 2001, 2004). CHAMP RO
data provide the first opportunity to create RO based multi-
year climatologies.

In April 2006, FORMOSAT-3/COSMIC (Formosa Sa-
tellite Mission 3/Constellation Observing System for Me-
teorology, lonosphere, and Climate, F3C), a Taiwan/US RO
mission consisting of six receiving satellites (Rocken et al.
2000; Wu et al. 2005; Schreiner et al. 2007) was successfully
launched, providing up to ~2500 RO profiles per day. All
six F3C satellites were launched from a single launch ve-
hicle into a parking orbit with ~515 km orbit altitude. The
satellites have been sequentially raised to their final orbit
altitudes of ~800 km. At this altitude the precession due to
the oblateness of the Earth is smaller than in the parking or-
bit [see section 3.4, Eq. (2)], leading to a (desired) deploy-
ment of the orbit planes to a final separation of 30°. By the
end of 2007 five of the six F3C satellites have reached their
final orbits.

The potential of RO data for climate monitoring has
been shown based on simulation studies (e.g., Yuan et al.
1993; Steiner et al. 2001; Foelsche et al. 2003; Leroy et al.
2006) and through climatological analyses (Schroeder et al.
2003; Hajj et al. 2004; Gobiet et al. 2005; Foelsche et al.
2006, 2008; Schmidt et al. 2006; Borsche et al. 2007,
Schreiner et al. 2007). Here we report initial results on cli-
mate monitoring with F3C RO data. The F3C data base is
certainly still too small for extensive climatological an-
alyses, but sufficient to test the consistency of climato-
logies from different F3C satellites and the consistency with
climatologies derived from CHAMP RO data. Also a few
“anchor point” months from the RO satellites SAC-C and
GRACE are compared. In section 2 we describe the setup of
F3C RO climatologies. In section 3 we present and discuss
initial results on F3C climatologies, tropical tropopause
parameters, and simulation results for the F3C sampling
error (in its final orbit constellation) due to uneven local time
sampling, followed by concluding remarks.

2. METHODS AND DATA

A detailed description of the RO technique is given by
Kursinski et al. (1997), Steiner et al. (2001), and Hajj et al.
(2002).

2.1 Profile Retrieval
Within the CHAMPCLIM project (Foelsche et al. 2005),

a cooperative endeavor by the Wegener Center in Graz and
the GeoForschungsZentrum (GFZ) in Potsdam, a retrieval
scheme has been developed at the Wegener Center (Gobiet
and Kirchengast 2004; Borsche et al. 2006; Gobiet et al.
2007; Foelsche et al. 2008), with a special focus on minimiz-
ing potential biases of atmospheric parameters and on using
background information in a transparent way. The same
retrieval scheme, in an upgraded version (improved outlier
rejection, noise filtering, and Earth reference surface), now
termed Occultation Processing System version 5.2 (OPSv5.2),
has been applied to all RO data used in this study (F3C,
CHAMP, GRACE, and SAC-C).

OPSv5.2 is based on geometric optics and ionospheric
correction via a linear combination of bending angles (Vo-
rob’ev and Krasil’nikova 1994) and starts from RO phase
delay data for each occultation event including precise posi-
tion and velocity information for the transmitting and re-
ceiving satellites. At high altitudes, where the errors in RO
data are comparatively large, the retrieved bending angle
profiles are combined with bending angle profiles derived
from background information in a statistically optimal way,
using the inverse covariance weighting approach (Healy
2001) to minimize residual biases in atmospheric parameters
below 35 km (Gobiet and Kirchengast 2004; Gobiet et al.
2007). As background information we use what we regard as
the best available dataset, the operational analyses from the
European Centre for Medium-Range Weather Forecasts
(ECMWEF). For each observed RO profile, collocated atmo-
spheric parameters are extracted from the temporally closest
of the six-hourly ECMWF analysis fields and expanded up-
wards from ~60 to 120 km using MSISE-90 climatology
(Hedin 1991). The OPSv5.2 atmospheric profiles are back-
ground-dominated above the stratopause and observation-
dominated below 40 km. Our approach results in well de-
fined error characteristics and allows to initialize the hydro-
static integral at very high altitudes (120 km), where the up-
per-boundary initialization has no effect on the retrieved
atmospheric parameters in the height interval of interest
(below 40 km).

A dry air retrieval (Syndergaard 1999; Gobiet et al.
2007) is used to derive atmospheric parameters, yielding
“dry temperature”, which is a commonly used variable in the
RO community. At altitudes above 8 km (polar winter) and
14 km (tropics) the difference between “dry” and physical
temperature is always well below 0.1 K (for a detailed dis-
cussion see Foelsche et al. 2008). In this regard, Steiner et al.
(2007) also recently inspected the effect of using “dry” in-
stead of physical temperatures related to a comparison of
RO-derived synthetic MSU TLS data (upper troposphere/
lower stratosphere temperatures; also called T4 channel
data) with the real MSU climate records. Based on checks
with ECMWF analysis data, using both dry and physical
temperature profiles over the full time period 2001 - 2006,
they found negligible difference in the RO-derived MSU
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TLS temperatures of < 0.02 K in the tropics and of <0.01 K
globally and in the extratropics, respectively.

The basic retrieval scheme (before the upgrade to
OPSv5.2) has been validated with five different atmo-
spheric analyses and independent data sets (such as from
MIPAS on Envisat). The results indicate that the global
mean RO temperature error between 10 and 30 km altitude is
< 0.2 K. Residual biases in latitudinally resolved clima-
tologies as used here are observationally constrained by this
validation to < 0.5 K up to 30 km in any case, even if se-
verely biased (about 10 K or more) a priori information is
used in the high altitude initialization of the retrieval (Gobiet
etal. 2007).

2.2 Setup of Climatologies

For the setup of RO climatologies we used the same
approach as explained in detail by Foelsche et al. (2008).
Our RO climatologies are obtained by “binning and averag-
ing”. All RO profiles in a prescribed geographic domain
(“bin”) are sampled and averaged (weighted by the cosine of
the latitude), using a common (mean-seal-level, MSL) alti-
tude grid with a regular 200 m spacing of altitude levels. The
mean dry temperature profile in each bin is

1 Npmf(z)
Ty, (2) e a— Z Ty, (2, @) cos(p) (1)
> cos(p)

i=1

where Nyt (2) is the number of profiles in each bin at level
z, which decreases with decreasing altitude in the tropo-
sphere. The cosine-weighting accounts for area changes
between meridians at varying latitudes. We use “funda-
mental” zonal bins with 5° latitudinal width to build zonal
mean monthly climatologies. Our basic latitudinal resolu-
tion (used for the results shown here) is 10°, each of the 18
latitude bands (pole to pole) contains two fundamental
bins, and the mean profiles for these two bins are averaged,
weighted with the surface area of the respective bin. This
approach slightly reduces the effect of uneven sampling
within the latitude bands. Seasonal climatologies are ob-
tained by averaging over three monthly climatologies. A
finer longitudinal resolution is feasible (e.g., for the entire
F3C constellation) but not recommended for single-satel-
lite climatologies (Foelsche et al. 2008).

The total error of RO climatologies can be separated
into an observational component (dominated by the system-
atic error) and a sampling error component due to an under-
sampling of the true spatial and temporal variability of the
atmosphere (Foelsche et al. 2006, 2008; Pirscher et al.
2007). Even with perfect observations (without any obser-
vational errors), climatologies from different RO sensors
would differ due to different sampling of the atmosphere and

both would differ from the “true” mean state of the atmo-
sphere. The sampling error can be quantitatively estimated,
when an adequate representation of the “true” spatio-tem-
poral evolution of the atmosphere is available and the times
and locations of RO events are known (even for future RO
missions, see section 3.4). As a proxy for this atmospheric
evolution we use ECMWF analyses, which are obtained by
dynamically combining a short-range forecast with data
from virtually all traditional sources (like radiosondes and
MSU/AMSU satellite instruments) via four-dimensional
variational assimilation (ECMWF 2004). ECMWF analy-
ses are available at four time layers per day (0000, 0600,
1200, and 1800 UTC), which is sufficient to sample the di-
urnal cycle up to the second harmonic (the semidiurnal cy-
cle). We estimate the sampling error by comparing climato-
logies derived from vertical ECMWF profiles at the RO
times and locations (the mean tangent point location) with
climatologies derived from the complete 4D ECMWF field
(see Foelsche et al. 2008, for further details).

3. RESULTS AND DISCUSSION
3.1 Monthly Climatologies

In this section we show exemplary monthly climato-
logies for September 2006. The vertical range of all fields
shown extends from 0 to 35 km altitude. The CHAMP cli-
matologies are cut off at the lower end at varying heights
increasing from the poles toward the equator. From the
poles to 60° latitude they reach down to 4 km, the cut-off
height then increases over the mid latitude bins to 8 km at
low latitudes (from the equator to 30° north and south).
Within 60° to 30° the cut-off heights are 5 km (60° - 50°),
6 km (50° - 40°), and 7.5 km (40° - 30°). The reason for this
strategy is to disregard regions with biased sampling in the
lower troposphere caused by different penetration depths of
the individual CHAMP profiles (see Foelsche et al. 2008).
Our preliminary F3C climatologies are cut-off at 8§ km, since
open loop processing is not included yet.

The 18 zonal bands and the geographic distribution of
all ~31000 F3C events (that passed quality control) are
shown in Fig. 1a in an equal-area map projection. The CHAMP
climatology involves 4166 events. Due to the high inclina-
tion (72°) of all six F3C satellites, RO events are globally
distributed, but the event density at low latitudes is compara-
tively low. The inclination is, on the other hand, not high
enough (together with a 55° inclination of the GPS sa-
tellites) to allow for many RO events beyond 85° latitude,
resulting in systematically uneven sampling in the north-
ernmost and southernmost (polar cap) bin, respectively.
The F3C dry temperature climatology is displayed in Fig. 1b,
showing distinct features like the cold tropical tropopause
region and the cold Antarctic polar vortex.

The estimated sampling error for F3C and CHAMP is
shown in Figs. 1c and d, respectively. In September 2006 all
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Fig. 1. (a) Distribution of F3C RO events during September 2006 and (b) corresponding dry temperature climatology. Estimated sampling error for (c)
F3C and (d) CHAMP and systematic difference of ECMWEF to (e) F3C and (f) CHAMP for the same month.

F3C satellites except FM-5 (Flight Model 5) were still close
to each other. The sampling is therefore not much different
from a single satellite like CHAMP (despite a much higher
number of RO profiles). This situation will certainly change
with the progressing deployment of the F3C constellation.
The F3C sampling error in the southern polar cap bin is
larger than the corresponding sampling error of CHAMP
(with a higher orbit inclination of 87°). The F3C sampling
error in the northern polar cap bin is less pronounced due to
smaller spatial temperature variations during this month (see
Fig. 1b). Most F3C measurements during this early stage of
the mission were confined to a comparatively small azimuth

angle of 40° (with respect to the orbit plane). The azimuth
angle was then opened to 70°; for FM-5 on 9 September
2006, for all other F3C satellites on 11 November 2006, al-
lowing for more RO events beyond 85°.

The systematic difference of ECWMEF to the RO data,
based on collocated ECMWF profiles for each RO event, is
shown in the bottom panels of Fig. 1 for F3C (Fig. le) and
CHAMP (Fig. 1), respectively. The systematic differences
are < 0.5 K in large parts of the domain; the overall features
for F3C and CHAMP are very similar. The wave-like bias
structure over Antarctica (and to a lesser extent over the
Arctic) is a known deficiency of the ECMWF analyses,
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which is even more pronounced in southern winter months
(Gobiet etal. 2005; Foelsche et al. 2006, 2008). Above about
30 km ECMWF analyses are systematically colder than F3C
and CHAMP, but the effect is less pronounced in case of
F3C. This feature is typical for ECMWF-CHAMP com-
parisons from 2001 - 2006 (Foelsche et al. 2008). Valida-
tion studies (Gobiet et al. 2007) suggest that these differ-
ences are probably caused by an ECMWEF cold bias. Overall
we note a remarkable consistency of RO climatologies from
different satellite missions in the altitude range from 8 to
30 km, even on a monthly basis. In order to more closely
investigate this consistency we analyzed seasonal mean
fields for different satellites for September-October-Novem-
ber (SON) 2006.

3.2 Seasonal Climatologies

Here we focus on the consistency of seasonal clima-
tologies derived from the RO data of four different satellites:
CHAMP, FM-1 (Flight Model 1 of the F3C constellation),
FM-3, and FM-5. During SON 2006, FM-5 was already in the
final orbit, whilst FM-1 and FM-3 where still in the parking
orbit, relatively close to each other and therefore sampling
similar (although not exactly the same) regions of the atmo-
sphere. The number of atmospheric profiles involved in the
climatologies is 12330, 20313, 20061, and 22094 for CHAMP,
FM-1, FM-3, and FM-5, respectively (F3C satellites measure
setting and rising RO events, CHAMP only setting events).

Figure 2 (top panels) shows the difference between
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(b) FM-1 minus FM-5 are shown. RO events per 10° latitude bin for (c) FM-1 and (d) FM-5. The estimated sampling error for (¢) FM-1 and (f) FM-5.
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SON 2006 zonal mean climatologies derived from FM-1 and
FM-3 RO data (Fig. 2a) and from FM-1 and FM-5 data
(Fig. 2b). The overall agreement is very good but the effect
of sampling errors at high latitudes (bottom panels) is
clearly visible (see also section 3.1). These sampling errors
are relatively large during SON 2006 due to the low orbit al-
titudes of the F3C satellites (except FM-5) in connection
with the orbit inclinations of 72° and a comparatively small
azimuth angle within which RO events have been received
in this early stage of the F3C mission (except FM-5, see sec-
tion 3.1). An RO event in a polar cap bin is only recorded by
an F3C satellite when the transmitting GPS satellite is in the
opposite hemisphere. This situation is more easily achieved
for FM-5 than for the other F3C satellites. As a consequence,
the number of RO events in the southernmost bin during
SON 2006 is almost 300 for FM-5 (Fig. 2¢), about 250 for
CHAMP (with setting events only but an orbit inclination of
87°), but less than 150 for FM-1 (Fig. 2d) and FM-3, respec-
tively. The estimated sampling error for FM-3 (not shown) is
qualitatively very similar to that of FM-1 (Fig. 2e) but south-
ern polar cap values are even larger, exceeding +3 K. The
southern polar cap sampling error for FM-5 is considerably
smaller (Fig. 2f); the large systematic difference between
FM-1 and FM-5 (Fig. 2b) in this bin is thus mainly caused by
FM-1 sampling errors.
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Since we focus here on data consistency and not on
sampling errors, we subtracted the estimated sampling errors
(see section 2.2) from the respective climatologies and dis-
play the results in Fig. 3. These “double-difference” plots
therefore contain systematic differences between the profile
data derived from the different satellites as well as any uncer-
tainties in the estimation of the respective sampling errors for
both satellites (but not potential common systematic errors).

Systematic differences are < 0.5 K almost everywhere
between 8 and 30 km altitude, for every satellite combina-
tion. In Fig. 3 we kept a contour spacing of 0.5 K to highlight
the systematic features. FM-5 results are on average slightly
cooler than CHAMP (0.26 K over the entire domain). Sys-
tematic differences of more than 0.5 K occur mainly above
30 km; a similar situation is encountered for all other F3C -
CHAMP combinations (not shown). The reason for the sys-
tematic difference as seen in Fig. 3a (CHAMP being warmer
than F3C) is currently under investigation in order to obtain
a clear understanding.

Differences between FM-1 and FM-5 (Fig. 3b), FM-1
and FM-3 (Fig. 3c), and FM-3 and FM-5 (Fig. 3d) do not show
any systematic features at this resolution, justifying a closer
inspection as illustrated in Fig. 4. The mean values for the
fields shown in Figs. 3b - d are -0.033, -0.015, and -0.018 K,
respectively.
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Fig. 3. Systematic differences between SON 2006 zonal mean climatologies for different satellite combinations with the estimated sampling errors
subtracted: (a) FM-5 minus CHAMP, (b) FM-1 minus FM-5, (¢c) FM-1 minus FM-3, and (d) FM-3 minus FM-5 are shown.
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Fig. 4. Systematic differences between SON 2006 zonal mean climatologies from F3C (a) FM-1 and FM-3 and (b) FM-3 and FM-5 with the estimated

sampling errors subtracted (0.1 K contour spacing).

Figure 4 shows the differences between SON 2006
climatologies derived from FM-1 and FM-3 RO data (Fig. 4a)
and FM-3 and FM-5 data (Fig. 4b) with a very fine resolution
of 0.1 K contour spacing. The respective sampling error esti-
mates are again subtracted. It can be seen that the differences
are indeed < 0.1 K almost everywhere. Differences between
FM-1 and FM-5 data (not shown) are even slightly smaller
than those for FM-3 and FM-5 data (note that FM-1 and FM-3
events are continuously sampled in different regions and at
different local times than FM-5 events). The tendency for
slightly larger differences in the two polar bins is probably re-
lated to remaining errors in the estimation of the sampling er-
rors which are largest in these bins, reaching 3 K and more for
the individual F3C satellites. The results suggest also that the
quantitative uncertainty of the sampling error estimation
based on ECMWEF fields is no more than the order of 10%.
We note that these results are based on a preliminary version
of our F3C retrieval, nevertheless the consistency of the
climatologies from different satellites is remarkable. It will be
interesting to look at systematic differences again when all
six F3C satellites will have reached their final orbits.

3.3 Tropical Tropopause Parameters

The tropopause as the boundary region between the
convectively mixed troposphere and the stably stratified
stratosphere is an important domain of the atmospheric sys-
tem. Tropopause parameters are expected to be valuable in-
dicators for climate change (e.g., Sausen and Santer 2003).
RO data with their high vertical resolution are well suited for
the determination of tropopause parameters. Previous stu-
dies used RO data from GPS/Met (Nishida et al. 2000;
Randel et al. 2003), CHAMP (Schmidt et al. 2004; Borsche
et al. 2007) and CHAMP + SAC-C (Schmidt et al. 2006).

We calculate tropopause temperature and altitude using
the WMO definition of the lapse rate tropopause (LRTP)
(World Meteorological Organization 1957). The cold point

tropopause (CPTP) temperature and the respective altitude
are determined as the coldest temperature above the LRTP.
The LRTP and CPTP temperatures and altitudes are calcu-
lated for each RO profile and each co-located ECMWF an-
alysis profile. Publicly available NCEP (US National Cen-
ters for Environmental Prediction) reanalysis profiles have
a too coarse vertical resolution for a fair comparison, but
LRTP temperatures are provided by NCEP as a separate
product which is thus shown as well.

In an earlier study (Borsche et al. 2007), we focused on
seasonal mean tropical tropopause temperatures and alti-
tudes derived from five years of CHAMP data. As main re-
sults we found that NCEP reanalysis LRTP temperatures ex-
hibited warm deviations of about 4 K compared to CHAMP
until the end of 2004, decreasing to about 2 K from 2005
onwards. ECMWF LRTP temperatures were systematically
colder than CHAMP by ~2 K but converged to CHAMP
values after February 2006, when a major improvement of
the ECMWF model system became effective. On 1 February
20006, the vertical resolution of ECMWF analyses increased
from 60 to 91 levels, the horizontal resolution from T511
(spectral representation with triangular truncation at wave
number 511) to T799, allowing more smaller-scale atmo-
spheric variability to be represented.

Here we show the temporal evolution of LRTP tem-
perature (Fig. 5a) and LRTP altitude (Fig. 5b) in the Tropics
(15°S - 15°N) on a monthly-mean basis until December
2006 and add results from other RO missions. The system-
atic deviations between CHAMP (black), NCEP (green),
and ECMWF (yellow) LRTP temperatures are clearly visi-
ble in Fig. 5a as mentioned above. From February 2006
onwards, CHAMP and ECMWF data agree very well. “Er-
ror bars” for every third month represent the dispersion of
the LRTP temperatures (and altitudes in Fig. 5b) of in-
dividual profiles (one standard deviation). RO data from
SAC-C (Satélite de Aplicaciones Cientificas-C, Hajj et al.
2004) and GRACE (Gravity Recovery and Climate Experi-
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Fig. 5. (a) Temporal evolution of monthly mean tropical LRTP temperature for CHAMP data (black), ECMWF analyses (yellow), NCEP reanalyses
(green), and F3C data (red). (b) LRTP altitude for CHAMP data (black), ECMWF data (yellow), and F3C data (red). “Anchor point” months from
SAC-C and GRACE are marked in blue. Lower panels: (c) temperature and (d) altitude anomalies for the data shown in panels (a) and (b).

ment, Wickert et al. 2005) have been available for individual
months (blue).

The SAC-C results for June, July, and August 2002 and
GRACE results (July 2006, filling a “gap” of CHAMP data)
serve as “anchor points” and show excellent agreement with
CHAMP. This also holds true for LRTP temperatures de-
rived from F3C data (red, mean values for all 6 satellites),
which are added from August 2006 onwards. Comparison
amongst F3C FMs is discussed further below. LRTP altitude
estimates, which are not available for NCEP data (Fig. 5b),
show a very good overall agreement between all systems
considered.

The lower panels of Fig. 5 show the corresponding
anomalies of LRTP temperature (Fig. 5c¢) and altitudes
(Fig. 5d), in order to highlight intra-seasonal and inter-an-
nual variability and to enable a closer look on similarities
and differences. For this purpose, reference monthly means
over 2002 - 2005 were computed and subtracted from the
absolute monthly mean data, providing anomaly time series
cleared from the mean seasonal cycle. In case of RO data, we
subtracted CHAMP monthly mean values from all datasets,
i.e., also SAC-C, GRACE, and F3C anomalies were referred

to the CHAMP mean. The other datasets were each referred
to their own 2002 - 2005 means. We did not use 2002 - 2006
for computing the mean, but restricted ourselves to 2002 -
2005, because of the inhomogeneity of ECMWF data by
February 2006 discussed above; the same approach was fol-
lowed by Steiner et al. (2007), who evaluated RO-derived
MSU anomaly time series over the same time period.

In the anomaly space, the systematic tropopause tem-
perature changes in NCEP data in 2005 and in ECMWF data
in early 2006 are clearly visible, though overall there is very
good agreement in both intra-seasonal and inter-annual va-
riability, in particular between CHAMP and ECWMF. The
LRTP anomaly data from the different RO satellites agree
within ~0.1 - 0.3 K and ~50 m, respectively, which is consis-
tent with the sampling error of single RO satellites (Pirscher
et al. 2007). This close matching of independent LRTP data
from different RO satellites in very different orbits, obtained
without a need for a fine tuning of the WegCenter’s OPSv5.2
processing system developed for CHAMP, indicates re-
markable consistency and homogeneity of the RO data.
Steiner et al. (2007) found similar inter-satellite consistency
for RO-derived MSU TLS anomalies in the tropics.
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Tropical CPTP temperatures and altitudes are shown in
Fig. 6. General features like the opposite seasonal cycle be-
havior of tropical tropopause temperatures and altitudes are
clearly visible in Figs. 6a - b (as also in LRTP). CPTP
altitudes (Fig. 6b) are always higher than LRTP altitudes
(Fig. 5b), on average by about 500 m. ECMWF-based mean
CPTP temperatures are slightly cooler than RO-based mean
values until February 2006, but differences are smaller than
corresponding LRTP temperature differences (Fig. 5a).
Mean CPTP altitudes based on RO profiles are slightly
higher than those based on ECMWF profiles most of the
time, for LRTP temperatures the situation is reversed.

The lower panels of Fig. 6 show the anomalies of CPTP
temperature (Fig. 6¢) and altitude (Fig. 6d), computed in the
same way as those for Fig. 5. The small systematic offset be-
tween CHAMP and F3C data in the CPTP temperature
anomalies reflects the systematic temperature difference be-
tween those data sets (discussed related to Fig. 3a). The
available evidence indicates that this difference is approxi-
mately time-constant but, as noted in section 3.2, it is cur-
rently being investigated to obtain a clear understanding.
CPTP temperature, as a more sensitive indicator of poten-
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tial residual inter-satellite differences than LRTP temperature,
is one very useful parameter to help this next level of scrutiny.

Overall, Figs. 5 and 6 show that the agreement of
ECMWEF and RO data is excellent since February 2006 (see
upper panels: Figs. 5a, b, 6a, b; the apparent temperature off-
set in anomaly space since February 2006, Figs. Sc, 6c,
does only reflect the offset of the ECMWF data until Janu-
ary 2006, since the anomaly data refer to 2002 - 2005 means).
Thus a more detailed quantitative look into the 2" half of
2006, where both CHAMP and F3C data are available, is
worthwhile in order to more closely inspect the level of
agreement at the sub-Kelvin and sub-100 m scales.

Figure 7 shows details of the evolution of tropical LRTP
parameters from July to December 2006. NCEP data are
omitted in Fig. 7a since they are out of the plotting range
most of the time. In July 2006 there are only GRACE RO
data available, mean values for the F3C constellation (dark
red) and data from the six individual F3C satellites (orange)
are shown from August to December.

Figure 8 shows the same for CPTP parameters (note the
different altitude range between Figs. 7b and 8b). Monthly
mean LRTP temperatures from CHAMP and F3C (the mean

Year

Fig. 6. Temporal evolution of monthly mean tropical CPTP (a) temperature and (b) altitude for CHAMP data (black), ECMWF analyses (yellow), and
F3C data (red). “Anchor point” months from SAC-C and GRACE are marked with blue dots. Lower panels: (c) temperature and (d) altitude anomalies

for the data shown in panels (a) and (b).
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value for the constellation) agree within 0.2 to < 0.5 K, the
LRTP altitudes within 50 to < 100 m; the respective GRACE
anchor points are very plausible as well. LRTP temperatures
from all six individual F3C satellites agree within 0.2 K from
September onwards, the spread of the LRTP altitudes esti-
mates from the different F3C satellites is 50 to 100 m. There
are still small systematic differences between ECMWF and
the bulk of RO-based estimates, but < 0.5 K and generally
< 100 m, respectively, which are difficult to interpret given
the different altitude resolution of RO profiles and ECMWF

analyses (with the latter still somewhat coarser). These
LRTP results are further supported by the CPTP data pre-
sented in Fig. 8.

An interesting feature is that F3C and ECMWF CPTP
temperatures agree very well while CHAMP (and GRACE)
values are generally warmer by ~0.5 K (except in December
2006). LRTP altitudes, on the other hand, show a better
agreement between ECMWF and CHAMP (+ GRACE) than
between ECMWF and F3C. While differences in details will
receive further investigation we conclude overall (as in sec-
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tion 3.2) that there exists a remarkable consistency of data calculated as
from different RO satellites.
2
3 a, .
3.4 Local Time Sampling Q=-2 (7) neost @

Given the very good agreement between climatologies
derived from different RO satellite data (section 3.1 - 3.3) it
is interesting to closely investigate sampling errors since
their relative importance increases when the data quality is
high, i.e., when observational errors are small. In this cli-
matological context, systematic sampling errors are par-
ticularly important. The systematic undersampling of F3C at
polar-cap latitudes beyond 85° has already been mentioned
in section 3.1 and 3.2. Another systematic component in the
sampling error can be introduced through uneven local time
sampling, resulting in a biased representation of the diurnal
cycle (Salby and Callaghan 1997; Leroy 2001; Kirk-Davi-
doff et al. 2005). Pirscher et al. (2007) investigated this ef-
fect for RO climatologies from sun-synchronous and non-
sun-synchronous single satellites. Here we extend the an-
alysis to the F3C mission in its final orbit constellation with
30° orbit plane separation. For an RO mission with six satel-
lites in orbits with the same inclination and measurements
during day and night, this constellation results in a best pos-
sible distribution of RO events in local time.

The Earth’s oblateness is the main reason for the secular
drift of satellite orbit planes. For a circular orbit, the preces-
sion rate Q) [rad s'] with respect to the vernal equinox can be

where J, = 1082.63 - 10°® is the negative of the second zonal
coefficient of spherical harmonics describing the Earth’s
oblateness, a. = 6378.137 km is the mean equator radius of the
Earth, a is the semi-major axis of the satellite’s orbit, i its incli-

nation, and n=,/GM_ / a’ is the mean motion of the satellite

[rad 5], where G=6.67 - 10" m’ kg s is the gravitational
constant and M, = 5.97 - 10** kg the mass of the Earth (Boain
2005). The precession rate increases with decreasing orbit
altitude and with decreasing inclination. For special com-
binations of i and a, the precession rate equals 0.9856°/day
(360°/365.2564 day), the mean motion of the Earth around
the Sun, resulting in a sun-synchronous orbit. For F3C satel-
lites with i = 72° and an assumed final orbit altitude of (a - a.)
= 800 km, the precession rate equals -2.0361°/day. The
precession rate with respect to the sun, Qs , is given by

Q, = 0.9856°/day — Q 3

For a sun-synchronous satellite O, = 0°/day, whilst for
F3C Qs = 3.0217°/day (or 180° in about 60 days). Figure 9
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Fig. 9. Local time of equatorial crossing for CHAMP (dark red) and the six F3C satellites (different tones of blue).
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illustrates the local time drift of CHAMP and the six F3C
satellites for the period September - November 2006 (based
on orbit elements/two-line element sets every 10 days). Even
though the orbit altitude of CHAMP (~360 km in SON 2006)
is lower than that of the F3C satellites, the local time drift is
smaller due to the higher inclination of CHAMP [see Eq. (2)].
The orbit of FM-2 has been raised during this period, lead-
ing to a continuously slower drift in local time. FM-5 has al-
ready reached its final orbit so that it is separated from the
bulk of the other F3C satellites.

RO measurements of a single satellite at the Equator are
distributed around two local times, separated by exactly 12
hours. With a precession rate of ~3°/day, the RO measure-
ments from a single F3C satellite (in final orbit) thus drift
through all local times within ~60 days, and for the entire
F3C constellation (with 30° orbit plane separation) it takes
about 10 days to sample the diurnal cycle.

At higher latitudes, however, the situation is different
(cf. Leroy 2001). The crossing times of a single F3C satellite
at 60°N, for example, are separated by only ~7.5 hours.
From about 60° poleward, it takes more than one month to
sample the diurnal cycle with the full F3C constellation.

Figures 10a, ¢ show the suborbital points and the corre-
sponding simulated RO event locations for the full F3C con-
stellation over one month as functions of local time and lati-
tude (for simulation setup details, see Pirscher et al. 2007).
2004 - 2005 was the simulation analysis period and the un-
derlying ECMWF fields for the sampling error estimation
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are from this period. An interesting feature is the clustering
of RO profiles in local time. For the particular month shown
in Fig. 10, the RO events are concentrated around 6 LT (local
time) on the Northern Hemisphere (NH) and around 18 LT in
the Southern Hemisphere (SH) (Figs. 10b, d), respectively,
although the global distribution of RO events with respect to
local time is uniform.

One month later (Fig. 11) the entire constellation has
drifted by about 6 hours in local time, resulting in a concen-
tration of RO events around midnight in the NH and around
noon in the SH, respectively, while the LT distribution of RO
events at low latitudes stays uniform.

Figure 12a shows the temporal evolution of estimated
sampling error of the simulated F3C constellation at tropi-
cal latitudes (20°S - 20°N), based on the four-times-daily
ECMWEF analysis fields of 2004. The local time component
of the sampling error was computed according to Pirscher et
al. (2007), and is shown in Fig. 12b. As expected, the local
time component is without clear systematic patterns and
very small (order 0.01 K fluctuations only).

The results for mid and high latitudes are shown in
Fig. 13. Here, the sampling situation described above leads
to an uneven weighting of day and night temperatures, re-
sulting in alternating small positive and negative deviations
(half-cycle period ~60 days) with opposite signs in the lo-
cal-time component of the sampling error in the NH and SH,
respectively (Figs. 13c, d). For monthly-mean zonal-mean
climatologies with 10° latitudinal resolution, this effect
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Fig. 10. (a) Simulated F3C orbit track, (c) occultation event locations and number of occultation events with respect to local time separated for both
hemispheres [(b) Northern Hemisphere, (d) Southern Hemisphere] in December 2004 (2004 - 2005 was the simulation analysis period).
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amounts to about £0.03 K. It disappears (to < 0.01 K) when
mean values over longer time periods (at least seasons) are
considered. The full F3C sampling error is generally <0.1 K
(Figs. 12a, 13a, b) with an exception in the sampling of the
extratropical (NHSM, SHSM) tropopause altitude region
where errors systematically exceed 0.1 to 0.2 K. The reason
is the high space-time temperature variability of this tropo-
sphere/stratosphere exchange region which would need
even more than six satellites to be sampled to < 0.1 K error.
We have also performed a similar analysis for the F3C
constellation in the originally planned configuration with 24°
orbit plane separation. Regarding local time sampling, this situ-

Geogr. Latitude [°]

Geogr. Latitude []

Local Time [h]

(d)

ation is similar to the loss of one satellite in the final constella-
tion (with 30° plane separation). The sampling errors (not
shown) are only slightly larger, which means that loosing one
satellite would not markedly degrade the climate monitoring
capability of the F3C constellation. Additional degradation of
the constellation would gradually further increase the sampling
error, to ultimately match the single satellite situation analyzed
by Pirscher et al. (2007). Practically, when constructing a re-
cord of climatologies from a number of satellites varying in
time, it is therefore important to quantitatively co-estimate the
sampling error, which can be done as described in section 2.2
(see also Pirscher et al. 2007 and Foelsche et al. 2008).
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Fig. 11. Same format as Fig. 10 but sampling situation for January 2005, one month later.
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Fig. 13. (a) and (b): Time series of the monthly-mean temperature sampling error and its local time component for the full F3C constellation for (¢) NH
sub-tropics and mid-latitudes (20 - 60°N) and (d) SH sub-tropics and mid-latitudes (20 - 60°S), respectively.

4. CONCLUSIONS

We used radio occultation (RO) data from the recently
launched Taiwan/US FORMOSAT-3/COSMIC (F3C) con-
stellation to build zonal mean climatologies. We showed
initial results for monthly and seasonal dry temperature
climatologies as well as tropical tropopause parameters. Our
results indicate excellent agreement between RO climato-
logies from different F3C satellites as well as between data
from different RO missions (F3C, CHAMP, SAC-C, and
GRACE). After subtraction of the estimated respective
sampling error, seasonal temperature climatologies derived
from different F3C satellites agree to within < 0.1 K almost
everywhere in the considered domain between 8 and 35 km
altitude.

Tropical lapse rate tropopause parameters (temperature
and altitude) derived from F3C, CHAMP, SAC-C, and
GRACE show remarkable consistency (generally < 0.2 -
0.5 K, <50 - 100 m agreement) and indicate that data from
different RO mission can indeed be combined without need
for inter-calibration.

Simulation results for the fully deployed F3C constel-
lation, focusing on sampling error, revealed uneven local
time sampling as a small but systematic oscillatory compo-
nent of the sampling error in monthly mean climatologies in
the extratropics (hemispherically anti-symmetric, half cycle
~60 days, £0.03 K amplitude). Simulation studies such as
this may also help to design future RO missions with optimal

sampling characteristics.
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