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Abstract. The utilization of radio occultation (RO) data
in atmospheric studies requires precise knowledge of error
characteristics. We present results of an empirical error anal-
ysis of GPS RO bending angle, refractivity, dry pressure, dry
geopotential height, and dry temperature. We find very good
agreement between data characteristics of different missions
(CHAMP, GRACE-A, and Formosat-3/COSMIC (F3C)). In
the global mean, observational errors (standard deviation
from “true” profiles at mean tangent point location) agree
within 0.3 % in bending angle, 0.1 % in refractivity, and 0.2 K
in dry temperature at all altitude levels between 4 km and
35 km. Above 35 km the increase of the CHAMP raw bend-
ing angle observational error is more pronounced than that
of GRACE-A and F3C leading to a larger observational er-
ror of about 1 % at 42 km. Above≈20 km, the observational
errors show a strong seasonal dependence at high latitudes.
Larger errors occur in hemispheric wintertime and are asso-
ciated mainly with background data used in the retrieval pro-
cess particularly under conditions when ionospheric resid-
ual is large. The comparison between UCAR and WEGC
results (both data centers have independent inversion pro-
cessing chains) reveals different magnitudes of observational
errors in atmospheric parameters, which are attributable to
different background fields used. Based on the empirical
error estimates, we provide a simple analytical error model
for GPS RO atmospheric parameters for the altitude range
of 4 km to 35 km and up to 50 km for UCAR raw bending
angle and refractivity. In the model, which accounts for ver-
tical, latitudinal, and seasonal variations, a constant error is
adopted around the tropopause region amounting to 0.8 % for
bending angle, 0.35 % for refractivity, 0.15 % for dry pres-
sure, 10 m for dry geopotential height, and 0.7 K for dry
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temperature. Below this region the observational error in-
creases following an inverse height power-law and above it
increases exponentially. For bending angle and refractivity
we also include formulations for error correlations in order
to enable modeling of full error covariance matrices for these
primary data assimilation variables. The observational error
model is the same for UCAR and WEGC data but due to
somewhat different error characteristics below about 10 km
and above about 20 km some parameters have to be adjusted.
Overall, the observational error model is easily applicable
and adjustable to individual error characteristics.

1 Introduction

The radio occultation (RO) technique (Melbourne et al.,
1994; Kursinski et al., 1997; Hajj et al., 2002) provides ac-
curate profiles of atmospheric parameters in the troposphere
and lower stratosphere. These profiles are used in atmo-
spheric and climate research (e.g.Leroy et al., 2006; Borsche
et al., 2007; Ho et al., 2007; Foelsche et al., 2008; Zeng
et al., 2008; Steiner et al., 2009; Pirscher et al., 2010) as
well as for data assimilation in numerical weather predic-
tion (e.g.Kuo et al., 2000; Healy et al., 2005). As shown
for example byHealy and Th́epaut(2006); Aparicio and De-
blonde(2008); Cucurull and Derber(2008); Rennie(2010),
the assimilation of RO data significantly improved opera-
tional analyses at stratospheric levels. Current data assimi-
lation centers assimilate either RO raw bending angle or RO
refractivity as provided by the German Research Centre for
Geosciences (GFZ) (CHAMP, GRACE-A, and TerraSAR-X
data), the University Corporation for Atmospheric Research
(UCAR) (FORMOSAT-3/COSMIC, F3C data), the Euro-
pean Organization for the Exploitation of Meteorological
Satellites (EUMETSAT) (MetOp/GRAS bending angle), and

Published by Copernicus Publications on behalf of the European Geosciences Union.

http://creativecommons.org/licenses/by/3.0/


1876 B. Scherllin-Pirscher et al.: Empirical error analysis of GPS radio occultation data

the Global Navigation Satellite System Receiver for Atmo-
spheric Sounding – Satellite Application Facilities (GRAS-
SAF) (MetOp/GRAS refractivity) in near-real time. Knowl-
edge of measurement characteristics and errors are crucial to
assimilate RO data effectively.

The RO method is based on measurements of the path
of radio waves (radio signals continuously transmitted by
Global Positioning System, GPS, satellites) passing through
the atmosphere. An occultation event occurs when a GPS
satellite rises or sets across the limb with respect to a Low
Earth Orbit (LEO) satellite. On the way through the atmo-
sphere these signals are refracted due to vertical density gra-
dients and received on a LEO satellite. The refraction causes
an accumulation of the excess phase path in the GPS phase
measurements. Due to the relative motion of the GPS and
the LEO satellite, the radio signals penetrate the atmosphere
at different tangent heights and the atmosphere is scanned
from top downwards (setting event) or from bottom up (ris-
ing event), yielding information with high vertical resolution.
The result is a near vertical profile of phase measurements as
a function of time. An RO event lasts approximately one to
two minutes. Given that the signal reception is stable within
this measurement time, the measurement is self-calibrating
and therefore also long-term stable because precise clocks
are traceable to the international time standard (SI second).

The RO processing starts with precise orbit determination
and atmospheric excess phase processing at both GPS fre-
quencies. Knowledge of atmospheric excess phase profiles
as a function of time allows the calculation of Doppler shift.
Involvement of precise orbit information yields bending an-
gle profiles as a function of impact parameter. The main
ionospheric contribution of the measurement is removed by
a linear combination of two bending angles, derived for both
GPS frequencies separately. In the upper stratosphere and
above, the signal-to-noise ratio of the measurement declines
resulting in large bending angle noise at these altitudes.
However, the inverse Abel transform, which is used to calcu-
late refractivity from bending angle, requires data knowledge
at highest altitudes. Noisy and erroneous bending angles
cause non-negligible errors in the refractivity profile, which
are then further transported downward by the hydrostatic in-
tegral in the pressure and temperature profiles. For noise re-
duction at high altitudes, raw bending angle profiles are ini-
tialized with background data leading to optimized bending
angle profiles (note that raw bending angles are assimilated
in numerical weather prediction systems). An Abel inversion
of the ionosphere-corrected, initialized bending angle profile
gives a refractivity profile as a function of altitude. Neglect-
ing the moist contribution of refractivity in a so-called “dry
air retrieval” yields atmospheric dry density profiles. Dry
pressure profiles as a function of altitude, geopotential height
profiles as a function of dry pressure altitude, and dry tem-
perature profiles as a function of altitude are then calculated
using the hydrostatic equation and the equation of state.

The assumption of dry air is valid where water vapor den-
sity is low, i.e. above≈14 km at low latitudes and≈9 km at
high latitudes (Foelsche et al., 2008; Scherllin-Pirscher et al.,
2011). In this case dry air parameters are essentially physical
parameters. Below, however, the proportion of water vapor
becomes significant and the difference between physical and
dry temperature can reach several tens of kelvins in the lower
troposphere (Foelsche et al., 2008; Scherllin-Pirscher et al.,
2011). In this case auxiliary information is required for the
retrieval of physical atmospheric parameters, e.g. through a
one-dimensional variational (1DVar) method. Temperature,
pressure, and water vapor are then derived using auxiliary
temperature and/or humidity data as provided, e.g. by opera-
tional weather analysis centers (Healy and Eyre, 2000).

Several studies showed that RO data are of highest qual-
ity in the upper troposphere and lower stratosphere (UTLS)
region. The theoretical study ofKursinski et al.(1997) pro-
vides a good overview on various error sources in RO data.
It showed that the refractivity retrieval error is about 0.2 %
between 10 km and 20 km altitude, increasing to 1 % at the
surface and to 1 % at 40 km (daytime, solar maximum iono-
sphere). Using GPS/Met data from 1995 to 1997Rocken
et al. (1997) showed that the accuracy of RO derived tem-
perature is better than 1 K in the UTLS region, confirmed by
Steiner et al.(1999). Gobiet et al.(2007) found CHAMP
accuracy to be better than 0.5 K between 10 km and 30 km.
The precision of RO data was investigated byHajj et al.
(2004), who compared co-located CHAMP and SAC-C pro-
files, andSchreiner et al.(2009), who compared co-located
F3C profiles. The latter study showed that the root-mean-
square (RMS) difference of co-located F3C refractivity pro-
files between 10 km and 20 km altitude is less than 0.2 %.

So far a range of dedicated studies was carried out for
the provision of RO observation error estimates.Synder-
gaard(1999) performed a theoretical analysis on the step-
by-step covariance propagation from phase level via bend-
ing angle to refractivity, pressure, and temperature profiles.
Based on optimal estimation methodology, applied to RO re-
trievals (Palmer et al., 2000; Palmer and Barnett, 2001), a
complete theoretical error characterization was carried out
by Rieder and Kirchengast(2001a) accounting also for er-
ror correlations. In an empirical analysis using simulated RO
profiles,Steiner and Kirchengast(2005) investigated system-
atic differences to ECMWF analysis fields, standard devia-
tion profiles, and correlation functions for the full set of RO
parameters.Kuo et al.(2004) separated the RO error from the
background error and provided observational error estimates
for refractivity based on CHAMP and SAC-C data. Follow-
ing a different approach regarding ECMWF error estimation,
Steiner et al.(2006) found consistent results and provided
simple analytical error formulations for CHAMP refractivity.
Chen et al.(2011) used data from F3C and estimated obser-
vational errors of linear excess phase and refractivity for the
troposphere region over East Asia and the Western Pacific.
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This study extends former work to the investigation of er-
ror characteristics for current RO data sets and aims at pro-
viding observational error estimates for RO atmospheric pro-
files from bending angle, refractivity, pressure, and geopo-
tential height to temperature. We note that all refractivity
error characteristics, given in percent, apply to dry density
errors (in %) as well (Rieder and Kirchengast, 2001a). The
error analysis is based on UCAR and WEGC (Wegener Cen-
ter for Climate and Global Change/Univ. of Graz) RO data,
which are investigated for different latitude regions in the
altitude range between 4 km and 35 km. UCAR bending
angle and refractivity are analyzed up to 50 km in view of
their use in numerical weather prediction (NWP) assimila-
tion systems.

Section2 gives a description of all data sets used. In
Sect.3 we present the estimation of the GPS RO observa-
tional error, defined as standard deviation of RO profiles from
the “true” profiles at mean tangent point location. We base
this estimation on the analysis of individual RO profiles from
the satellite missions CHAMP, GRACE-A, and F3C. Fur-
thermore, we provide a simple general model for the observa-
tional error by following and further advancing the approach
of Steiner and Kirchengast(2005) andSteiner et al.(2006).
Conclusions are drawn in Sect.4.

2 Data

We analyze raw and statistically optimized bending angles
as a function of impact altitude (impact parameter with lo-
cal radius of curvature and geoid undulation subtracted), re-
fractivity, dry pressure, and dry temperature as a function of
mean sea level (m.s.l.) altitude, and geopotential height as
a function of dry pressure altitude. We use dry atmospheric
profiles delivered by both the UCAR and the WEGC process-
ing (raw bending angle profiles are only available at UCAR).
We use data from CHAMP, GRACE-A, and F3C. CHAMP,
which near-continuously delivered data from 2001 to 2008,
and GRACE-A are single satellites (GRACE-B does not pro-
vide RO measurements operationally), which deliver(ed) on
average 140 and 120 fully processed RO events per day, re-
spectively (Wickert et al., 2009). Each single F3C satel-
lite samples setting and rising RO events, which doubles the
number of RO events per day.

2.1 RO data

UCAR and WEGC established their own processing chains
with independent implementations and different assump-
tions.Ho et al.(2009) described and compared RO retrievals
of different data centers at refractivity level and provided a
detailed description of UCAR and WEGC RO processing
schemes. Here, we briefly summarize the main differences
in both processing chains.

2.1.1 RO processing at UCAR

The UCAR data processing as described byKuo et al.(2004)
andHo et al.(2009) starts with raw GPS amplitude and phase
measurements as well as raw GPS and LEO orbit tracking
data (level 0 data). Level 1 processing comprises the re-
construction of precise LEO and GPS position and veloc-
ity vectors as well as the determination of atmospheric ex-
cess phase profiles. This step includes the removal of satel-
lite clock errors and Doppler shift due to the satellites mo-
tion. The inversion process (level 2 processing) delivers at-
mospheric profiles of the well known RO atmospheric pa-
rameters raw bending angleαraw, optimized bending angle
αopt, refractivity N , dry density%dry, dry pressurepdry, dry
geopotential heightZdry, and dry temperatureTdry, respec-
tively. To get better retrieval results in regions with high
atmospheric moisture gradients, which causes atmospheric
multipath of GPS signals, UCAR applies a wave optics (WO)
retrieval (Gorbunov, 2002; Jensen et al., 2003) below ap-
proximately 20 km. A geometric optics (GO) retrieval is ap-
plied above. For bending angle initialization, UCAR uses
a background model which is based on an NCAR clima-
tology exponentially extrapolated to 150 km (Randel et al.,
2002). Background and observational information are op-
timally combined (Sokolovskiy and Hunt, 1996). To cal-
culate pressure and temperature, the hydrostatic integral is
initialized at 150 km by setting pressure and temperature to
zero. This initialization does not affect retrieval results be-
low 80 km (Kuo et al., 2004). UCAR operational retrieval
products are available up to 60 km.

Most UCAR profiles penetrate below 1 km (Anthes et al.,
2008), however, since we focus on dry atmospheric profiles
we only use them above 4 km at polar altitudes and above
8 km at tropical altitudes (Foelsche et al., 2008). In this
study we use high quality CHAMP, GRACE-A, and F3C data
from 2008 and 2009 (CHAMP data are only available until
September 2008) with data versions 2009.2650 (CHAMP)
and 2010.2640 (GRACE-A and F3C) from UCAR. Profiles
are available fromhttp://cosmic-io.cosmic.ucar.edu/cdaac/
index.html.

2.1.2 RO processing at WEGC

The current WEGC processing scheme (OPSv5.4) (Steiner
et al., 2009; Pirscher, 2010) starts with excess phase pro-
files and precise orbit information (level 1 data) provided
by UCAR, which implies that both processing chains are
not fully independent as they share the raw processing to-
wards level 1 data. To derive RO bending angles, the
WEGC OPSv5.4 scheme applies a GO retrieval only. Fur-
thermore, WEGC OPSv5.4 is not able to retrieve F3C data
received in open loop, which causes WEGC F3C profiles to
penetrate not below≈8 km.

Since CHAMP and GRACE-A RO measurements are
not received in open-loop mode (both receivers operate in
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closed-loop mode, optionally with fly-wheeling in the lower
to mid troposphere), profiles of these satellites reach further
down. However, we note that F3C soundings in general pen-
etrate further down than CHAMP and GRACE-A profiles if
open-loop data can be utilized (Anthes et al., 2008). In this
context previous work showed that lower tropospheric refrac-
tivity retrieved from fly-wheeling measurements exhibits sig-
nificantly larger biases and standard deviations than retrievals
from open-loop measurements (Beyerle et al., 2006). Since
these larger errors are relevant at altitudes below 5 km, while
this study investigates RO data from 4 km (high latitudes) to
8 km (low latitudes) upwards throughout the UTLS, we can
disregard them here.

WEGC bending angles are initialized with background in-
formation derived from ECMWF short-range forecast fields
(24 h to 30 h forecasts), which are extended with MSIS data
(Hedin, 1991) up to 120 km. Statistical optimization is per-
formed with inverse covariance weighting above 30 km (Go-
biet and Kirchengast, 2004). The upper bound of the hydro-
static integral is set to 120 km. WEGC retrieval output is not
operationally available above 35 km.

We use profiles from CHAMP, GRACE-A, and F3C,
which pass WEGC quality control from 2007 to 2009 with
data version OPSv5.4. Profiles can be downloaded from the
global climate monitoring website,http://www.wegcenter.at/
globclim. To compare the data sets at the same vertical res-
olution in this study, the operational output of WEGC statis-
tically optimized bending angle profiles is smoothed with a
boxcar average filter with 11-points width (i.e. approximately
0.5 km at an altitude of 5 km, 1 km at tropopause level, and
2 km at an altitude of 30 km).

Given the type of filtering involved, the vertical resolution
of both UCAR and WEGC profiles is about 1 km from near
5 km up to an altitude of 30 km, above which the resolution
can be approximated as increasing linearly to reach 2 km at
50 km altitude.

2.2 ECMWF data

The Integrated Forecasting System (IFS) of the ECMWF op-
erationally generates global analysis fields for four time lay-
ers each day, centered at 00:00 UTC, 06:00 UTC, 12:00 UTC,
and 18:00 UTC. We use these global analysis fields and ex-
tract co-located reference profiles for each atmospheric pa-
rameter and for each RO event. ECMWF fields are used
at a horizontal resolution of T42, which corresponds to the
horizontal resolution of RO profiles (about 300 km). Data
are available at 91 vertical levels (L91). The co-located pro-
file is extracted from that ECMWF field, of which the time
layer is closest to the mean RO event time. Co-location is
obtained from spatial interpolation to the mean geographic
event location. To avoid vertical interpolation errors, co-
located ECMWF profiles are generated in a similar way as
RO profiles are retrieved. In a first step refractivity is calcu-
lated from the ECMWF analysis data. Bending angle profiles

are then derived from Abel transformed refractivity; pres-
sure, temperature, and geopotential height are obtained from
an RO-type retrieval.

ECMWF operationally assimilates RO data since Decem-
ber 2006 (Healy, 2007), which means that ECMWF and RO
data are not independent anymore. We are aware that this
might somewhat diminish the magnitude of our observational
error estimates but the related uncertainty is estimated to be
within 20 % because the statistical error of ECMWF anal-
yses did not change much due to starting RO assimilation
while bias correction was significantly improved, however
(Luntama et al., 2008).

3 Estimation of GPS RO observational error

3.1 GPS RO plus ECMWF combined error

RO error estimates are based on the comparison of retrieved
RO profiles to co-located profiles retrieved from ECMWF
analysis fields, giving the combined (RO observational plus
ECMWF model) error.

The calculation of error statistics followsSteiner and
Kirchengast(2004). For each single RO profilexRO, a co-
located ECMWF profilexECMWF is extracted to compute the
difference profile1x:

1x
(
zj

)
= xRO

(
zj

)
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(
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)
, (1)

where all profiles are interpolated to the same altitude levels
zj . We interpolate RO data to the ECMWF vertical grid with
the top level at about 34 km. The difference profile of atmo-
spheric parameters which decrease exponentially with height
(i.e. bending angle, refractivity, and dry pressure) is obtained
as a percentage difference by
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for non-exponential and exponential parameters, respec-
tively, with n (zj ) being the number of profiles at altitude
level zj . The number of profiles decreases with decreasing
altitude because increasing humidity leads to atmospheric
multipath and signal degradation. The standard deviations
of the difference profiles,s1x (zj ) and s1x/x (zj ), further
denoted as combined errorscombined, are finally obtained as
well via the usual textbook formulae for these standard error
estimators.
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Fig. 1. RO minus ECMWF systematic difference (solid) and standard deviation (dashed) in July 2008 for UCAR raw bending angle (left
panel) and WEGC dry temperature (right panel). Note different x- and y-axes of the two panels.

The statistics is calculated for different latitude regions
(low, mid, and high latitudes, 30◦ S to 30◦ N, 30◦ S/N to
60◦ S/N, 60◦ S/N to 90◦ N/S, respectively, as well as for
the global, Northern Hemisphere (NH), and Southern Hemi-
sphere (SH) regions).

As an introductory example, Fig.1 shows global mean
UCAR raw bending angle (left panel) and WEGC dry tem-
perature (right panel) systematic difference and standard de-
viation relative to ECMWF in July 2008. As can be no-
ticed from Fig.1, data characteristics are very similar for
all satellites. UCAR bending angle systematic difference is
very close to zero between 9 km and 14 km, slightly negative
up to about 37 km and positive above. Bending angle stan-
dard deviation is within 2 % in the altitude range between
9 km and 32 km. Due to the smaller number of CHAMP and
GRACE-A occultation events, standard deviation is slightly
larger than for F3C. Maximum differences between CHAMP,
GRACE-A, and F3C are observed above 35 km where devia-
tions become larger than 0.5 %. Above about 42 km CHAMP
raw bending angle observational error exceeds that of the
other satellites by 1 %. This mainly derives from the larger
bending angle noise observed in CHAMP data (Pirscher,
2010; Foelsche et al., 2011a).

WEGC dry temperature systematic difference is close to
zero up to 24 km and positive above. Standard deviation
does not exceed 2 K within 5 km and 30 km. CHAMP and
GRACE-A standard deviations are up to 0.2 K larger than
those of F3C.

Figure2 illustrates the temporal variation of the monthly
statistics calculated for WEGC optimized bending angle (top
panels) and dry temperature (bottom panels) for one single
satellite (F3C/FM-1).

The systematic difference between RO and ECMWF
bending angle is slightly negative during the whole time pe-
riod, with differences being, in general, smaller than−0.5 %.
Differences are slightly larger at high southern latitudes
than at high northern latitudes. The temperature systematic

difference is very close to zero up to 20 km, increasing to
about +1 K at 34 km.

Bending angle and temperature standard deviations show
a clear seasonal variation above 20 km, where standard de-
viation always increases in the winter hemisphere. This sea-
sonal variation is somewhat more pronounced in the South-
ern Hemisphere: bending angle standard deviations reach
almost 3 % at high southern latitudes at 34 km in June,
July, and August, temperature standard deviations become
even larger than 4 K above 32 km in these particular winter
months. These large errors might result from both RO data
and ECMWF analysis profiles in roughly equal measure. RO
retrieved data are affected by background data used for bend-
ing angle initialization (for the reduction of bending angle
noise). Since the background does often not properly capture
high latitude winter situations this may result in initializa-
tion errors in such cases. However, ECMWF analysis fields
also feature worst quality at high latitudes in the winter hemi-
sphere, because there are only rather few good observational
data available at high latitudes although a large number of ob-
servations is crucial to capture high atmospheric variability.

Figure3 depicts differences between RO data retrieved at
UCAR and at WEGC for different atmospheric parameters.
At bending angle level (top panels), data are in very good
agreement. The slightly larger standard deviation of UCAR
data below 20 km results from the UCAR WO retrieval,
which captures more (true) small-scale atmospheric variabil-
ity than both, the WEGC GO retrieval and the ECMWF
analyses.

Up to 30 km UCAR and WEGC refractivities show a simi-
lar error characteristics relative to ECMWF. Above≈20 km,
dry pressure, dry geopotential height, and dry temperature
error characteristics differ in terms of systematic difference
and standard deviation. In this case, the differences are
connected with a different approach in bending angle ini-
tialization at high altitudes. The monthly NCAR back-
ground climatology, which is used at UCAR significantly
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Fig. 2. RO minus ECMWF systematic difference (solid) and standard deviation (dashed) for each month from January 2007 to Decem-
ber 2009. Optimized bending angle (top panels) and dry temperature (bottom panels) statistics at high northern latitudes (left panels) and
high southern latitudes (right panels) are shown for data retrieved at WEGC.

underestimates small-scale atmospheric variability, which
explains the larger UCAR standard deviation relative to
ECMWF. Since most of the background information en-
ters the retrieval at high altitudes (>45 km), this difference
cannot be observed in bending angle and refractivity below
35 km. However, it propagates down in the retrieval pro-
cess through the hydrostatic integral (Rieder and Kirchen-
gast, 2001a; Steiner and Kirchengast, 2005). Near 34 km,
the global UCAR dry pressure standard deviation is larger
than the corresponding WEGC error by 0.8 %. UCAR dry
geopotential height and dry temperature standard deviations
are larger by about 50 m, and 0.7 K, respectively.

3.2 ECMWF model error

We use the global mean ECMWF temperature error as pro-
vided by the ECMWF and made available from the ROPP 4.0
package (GRAS SAF, 2009). It is available at 91 vertical hy-
brid levels up to a height of 80 km and is given in terms of
standard deviation.

To estimate the error for atmospheric parameters other
than temperature, we empirically derive conversion factors
between the relevant standard deviations:

s1N/N [%] = cT 2N s1T dry [K] (5)

s1α/α [%] = cN2α s1N/N [%] (6)

s1pdry/pdry [%] = cN2p s1N/N [%] (7)

s1Zdry [m] = cp2Z s1pdry/pdry [%]. (8)

We findcT 2N = 0.5 %/K,cN2α = 2.4 %/%,cN2p = 0.45 %/%,
and cp2Z = 65 m/%, where likewise the factors in re-
verse direction are cN2T = 1/cT 2N = 2.0 K/%, cα2N =
1/cN2α = 0.42 %/%, cp2N = 1/cN2p = 2.2 %/%, andcZ2p =
1/cp2Z = 0.015 %/m, respectively. The latter are used in
Fig. 4, which illustrates their validity. It emphasizes the
consistency of all parameters, which are scaled to a common
temperature scale, especially within the core region of about
8 km to 20 km. These conversion factors from empirically
comparing real-data error estimates after different retrieval
steps are – as they should which is reassuring – consistent
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Fig. 3. UCAR (blue) and WEGC (green) CHAMP, GRACE-A, and F3C systematic difference (solid) and standard deviation (dashed)
relative to ECMWF. Optimized bending angle, refractivity, dry pressure, dry geopotential height, and dry temperature statistics are shown
for January 2008 (left panels) and July 2008 (right panels).
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Fig. 4. GRACE-A minus ECMWF standard deviation in Jan-
uary 2008 shown for different atmospheric parameters, scaled to
the same x-axis. The scaling factors, which are derived empirically,
are given in the legend.

with theoretical and simulation studies of how RO errors
propagate between retrieval steps from bending angle to
dry temperature (Kursinski et al., 1997; Syndergaard, 1999;
Rieder and Kirchengast, 2001a,b; Sofieva and Kyr̈olä, 2004).

Steiner et al.(2006) tested the sensitivity of the estimated
L60 ECMWF refractivity error with respect to the temper-
ature input for four different cases, where the temperature
standard deviation was multiplied by 1.0, 1.5, 2.0, and 2.5.
They found that the results judged most reasonable for the
case of doubling the ECMWF temperature standard devi-
ation (2.0× T ). However, our sensitivity tests yield the
1.5 case to be the most reasonable case. This reduction is
attributable to the increase of the number of vertical levels
from 60 to 91 and to the improved quality of ECMWF anal-
ysis fields since 2006. Thus using data as of 2007 here, we
estimate the ECMWF error to be 1.5× ECMWF standard de-
viation as given by the ROPP 4.0 package (yielding 0.6 K at
5 km to 15 km, increasing to about 1 K at 35 km).

The ECMWF refractivity error is of the order of 0.3 %
at 4 km to 15 km increasing to 0.5 % at 30 km, to 0.55 % at
35 km, and to 1.1 % at 50 km, which is slightly smaller than
the findings ofKuo et al.(2004), who performed an estima-
tion of short-range forecast errors using the Hollingsworth-
Lönnberg method.

We note that this ECMWF error is only a rough estimate,
which does not reflect the true ECMWF error in regions with
high atmospheric variability. Since the error does not vary
with latitude and month, it might be too small at high lati-
tudes during the winter season.

3.3 GPS RO observational error

The combined errorscombined (see Sect.3.1) contains the
RO observational errorsobs and the ECMWF model error
sECMWF. The separation of these errors is performed by sub-
tracting the estimated ECMWF error from the combined er-
ror in terms of variances

sobs =

√
s2
combined− s2

ECMWF, (9)

which gives the observational error. It turns out that the esti-
mated ECMWF error and the observational error are approx-
imately of the same order of magnitude. A simple estimate
of the observational errorsobsestcan thus be given by scaling
the combined error with 1/

√
2. This is a reasonable approxi-

mation as can be seen in Fig.5 and as was also found byKuo
et al.(2004) andSteiner et al.(2006).

Figure5 shows UCAR (top two rows) and WEGC (bottom
two rows) refractivity error estimates in different geographi-
cal regions in July 2008 including all four error types defined
above (and in addition the error according to the simple ana-
lytical model,smodel, discussed further below).

In the region where RO data are known to feature best
quality (between 9 km and 25 km), the observational error
sometimes becomes smaller than zero because the adopted
(global static) ECMWF error is larger than the combined er-
ror. In this region the estimated observational error amounts
approximately to 0.3 %, which is in agreement with obser-
vational errors found byKuo et al.(2004). Below 9 km and
above 25 km the observational error agrees well with the esti-
mated observational error. The global mean observational er-
ror in the lower stratosphere increases from≈0.3 % at 25 km
to 0.9 % at 34 km. The increase is less in the (summer)
Northern Hemisphere than in the (winter) Southern Hemi-
sphere. Larger errors above 25 km are mainly attributable
to the use of background data in bending angle retrieval as
well as observational noise, which remains from uncalibrated
ionospheric effects (Kursinski et al., 1997; Kuo et al., 2004).
Below about 8 km the observational errors increase towards
the surface mainly due to the complicated structure of humid-
ity, superrefraction, oblique tangent point trajectories, and re-
ceiver tracking errors (Foelsche and Kirchengast, 2004; Kuo
et al., 2004; Foelsche et al., 2011b).

In the upper troposphere and lower stratosphere CHAMP
and GRACE-A observational errors are slightly larger than
F3C observational errors but differences rarely exceed 0.1 %
(cp. also Fig.1). UCAR RO plus ECMWF refractivity com-
bined and observational errors clearly feature a local max-
imum near the tropopause, where the difference variability
between RO and ECMWF is naturally increased. At low lat-
itudes it occurs at an altitude near 17 km, at high latitudes
it decreases to approximately 10 km. This feature is like-
wise noticeable, though less pronounced due to GO retrieval
instead of WO retrieval, in the WEGC data set. However,
WEGC RO plus ECMWF combined errors as well as obser-
vational errors exhibit a distinctive local maximum at 15 km
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Fig. 5. RO plus ECMWF combined error (yellow), estimated ECMWF error (green), observational error (light blue), estimated observational
error (dark blue), and observational error model (red) in July 2008. UCAR (top two rows) and WEGC (bottom two rows) refractivity errors
are shown for different latitude regions (global, NH, SH, low, mid, and high latitudes). The estimation includes RO data from CHAMP,
GRACE-A, and F3C.
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in all latitude regions. This error characteristic seems to be
connected with the WEGC retrieval and related to the spe-
cific handling of the degrading quality of the L2 signal in
the lower atmosphere, which necessitates the extrapolation
of the signal down into the troposphere (Steiner et al., 1999).
In the WEGC OPSv5.4 scheme (and earlier versions) the top
height of this extrapolation is set to a fixed impact height of
15 km, statistically increasing fractional errors immediately
below, while in the UCAR scheme this height is set dynami-
cally, according to the quality of the L2 signal. We note that
this characteristic in the WEGC retrieval does not cause sys-
tematic errors (see e.g. Fig.2, where systematic differences
of WEGC and UCAR to ECMWF do not differ), because the
increased error behaves randomly from event to event.

3.4 GPS RO observational error model

Based on the above estimated observational errors we for-
mulate a simple observational error model (indicated by the
red lines in the panels of Fig.5). This error model is derived
from fitting simple analytical functions to the GPS RO ob-
servational error. The vertical structure of the model follows
Steiner and Kirchengast(2005) and Steiner et al.(2006).
Their error modelsmodel as function of altitudez is formu-
lated as:

smodel =


s0 + q0

[
1
zb −

1
zb

Ttop

]
for 4 km < z ≤ zTtop

s0 for zTtop < z < zSbot

s0 · exp
[

z − zSbot
HS

]
for zSbot ≤ z < 50 km

(10)

wherezTtop is the top level of the troposphere domain,zSbot
the bottom level of the stratosphere domain,s0 is the error in
the upper troposphere/lower stratosphere domain,q0 the best
fit parameter for the tropospheric model,b the exponent, and
HS the stratospheric error scale height. Note that the unit of
q0 depends on the value ofb.

In addition to this vertical error model, we allocate a lati-
tudinal and seasonal dependence in the form that any param-
eterx can be modeled as a function of latitudeϕ and timeτ .
This latitude and time dependence is formulated as

x(ϕ, τ) = x0 + 1x f (ϕ) g(τ, ϕ), (11)

wherex0 is the basic mean magnitude of the parameter and
1x is the maximum amplitude of seasonal variations.

The functionf (ϕ) accounts for latitudinal variations, the
function g(τ,ϕ) combines latitudinal and seasonal changes
of atmospheric conditions:

f (ϕ) = max

{
0, min

[(
|ϕ| − ϕ1xlo

ϕ1xhi − ϕ1xlo

)
, 1

]}
, (12)

g(τ, ϕ) = sign(ϕ) cos(2 πτ), (13)

Fig. 6. Temperature stratospheric error scale height as a function
of latitude for different months (different colors) as modeled by
Eq. (15).

with

τ =


(m − 1) − mlag

12 for m ∈ {1, ..., 12}

3 s − mlag
12 for s ∈ {1, ..., 4}

(d − 15) − 30.5 mlag
366 for d ∈ {1, ..., 366}

. (14)

The functionf (ϕ) is zero at low latitudes (equatorwards of
ϕ1xlo). Betweenϕ1xlo andϕ1xhi it linearly increases to +1,
polewards ofϕ1xhi it is constant (+1) again. The function
g(τ, ϕ) yields always positive values in the winter hemi-
sphere and negative values in the summer hemisphere. The
model can be applied on a daily base withd being days of
year, on a monthly base withm = 1 representing January and
m = 12 being December, or on a seasonal base starting with
s = 1 in March-April-May (MAM).

We apply Eq. (11) to the stratospheric error scale height
1HS used in Eq. (10), i.e. we setx0 =HS0 and1x =−1HS
and account by the latter parameter for larger/smaller obser-
vational errors in the stratosphere at high latitudes during
wintertime/summertime, where the error scale height thus
needs to be smaller/larger. This results in

HS(ϕ, τ ) = HS0 − 1HS f (ϕ) g(τ, ϕ). (15)

Forf (ϕ) we choseϕ1HSlo = 30◦ andϕ1HShi = 60◦. Since the
annual cycle of atmospheric parameters does not show a tem-
poral lag at high latitudes, we chosemlag = 0.

In order to illustrate the modeled seasonal dependence,
Fig.6 shows the WEGC temperature stratospheric error scale
height as function of latitude and as it varies over the months
of the year. The error scale height is constant (15 km) be-
tween 30◦ S and 30◦ N. At higher latitudes it increases or
decreases with season. In January, for example, the error
scale height is 23 km at high southern latitudes and only
7 km at high northern latitudes. Note, that a smaller error
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Table 1. UCAR and WEGC model parameter values for the simple analytical error model for different RO atmospheric parameters, appli-
cable to UCARαraw, αopt, andN up to 50 km, to other UCAR and all WEGC atmospheric parameters up to 35 km. Note that the unit ofq0
depends on the parameterb, which is given in the column to the right.

zTtop zSbot s0 q0 b HS0 1HS

UCAR

αraw 14.0 km 28.0 km 0.8 % 20.0% kmb 0.5 9.0 km 2.0 km
αopt 14.0 km 25.0 km 0.8 % 20.0 % kmb 0.5 16.0 km 4.0 km
N , %dry 14.0 km 25.0 km 0.35 % 5.0% kmb 0.5 10.0 km 3.0 km
pdry 10.0 km 17.0 km 0.15 % 1.0% kmb 0.25 8.0 km 2.0 km
Zdry 10.0 km 17.0 km 10.0 m 40.0 m kmb 0.25 8.0 km 2.0 km
Tdry 10.0 km 20.0 km 0.7 K 10.0 K kmb 0.5 10.0 km 4.0 km

WEGC

αopt 14.0 km 25.0 km 0.8 % 10.0 % kmb 1.0 16.0 km 2.0 km
N , %dry 14.0 km 25.0 km 0.35 % 2.5 % kmb 1.0 13.0 km 5.0 km
pdry 10.0 km 17.0 km 0.15 % 1.0 % kmb 0.5 10.0 km 4.0 km
Zdry 10.0 km 17.0 km 10.0 m 40.0 m kmb 0.5 10.0 km 4.0 km
Tdry 10.0 km 20.0 km 0.7 K 5.0 K kmb 0.5 15.0 km 8.0 km

scale height yields a stronger upward increase of observa-
tional errors. Beside the extrema, two months always feature
the same error scale height according to the cosine function
(e.g. February and December, March and November...).

The error model given by Eqs. (10) and (15) depends on
a few parameters only. Expressing the model in general par-
lance, it exhibits the following simple height structure: the
error is assumed to be constant around the tropopause region
(a few kilometers below and above). Above this region it
increases exponentially with the scale height of the error in-
crease in the stratosphereHS. Below this region the error in-
creases closely proportional to an inverse height power-law.
This functional behavior makes good physical sense as dis-
cussed bySteiner and Kirchengast(2005). We fit observa-
tional errors of all RO atmospheric parameters by the model
of Eqs. (10) and (15). The most suitable parameter values for
UCAR and WEGC data are summarized in Table1.

Returning to Fig.5 and comparing UCAR and WEGC re-
fractivity observational errors it attracts attention that UCAR
errors are distinctively larger in the lower troposphere. While
UCAR errors increase from 0.3 % at 10 km to 1.5 % at 4 km,
the increase in the WEGC data set is smaller: refractivity
observational errors at 4 km generally remain smaller than
1.0 %. This is because the UCAR WO retrieval is able to cap-
ture more small-scale atmospheric variability than ECMWF
and WEGC (GO retrieval). The parametersq0 andb are ad-
justed to account for this fact.

The error model is applicable up to 50 km for raw bend-
ing angle, optimized bending angle, and refractivity (up to
35 km for the other parameters). In addition, information on
the error correlation structure is provided for these variables,
for construction of error covariance matrices and their use,

e.g. in NWP assimilation systems. Figure7 shows global er-
ror estimates, error correlation functions and their models for
UCAR raw and optimized bending angles, as well as refrac-
tivity up to 50 km.

The impact of statistical optimization can clearly be seen
comparing raw and optimized bending angle (Fig.7, top
panels). While the raw bending angle observational error
exceeds 8 % near 45 km, the observational errors of the sta-
tistically optimized bending angle and of refractivity remain
smaller than 4 % up to 50 km (larger errors can occur in the
lower troposphere). To account for the impact of background
information at high altitudes, the observational error model
for the optimized bending angle uses a lowerzSbot and a
largerHS0 and1HS.

The bottom panels of Fig.7 show the empirical and mod-
eled error correlation functions. Very good agreement with
the results obtained bySteiner and Kirchengast(2005) is
given and we follow their approach to model error correla-
tions for raw bending angle by using a Mexican Hat function
of the form.

S = Sij = si sj ·

(
1 −

(
zi − zj

)2
(c · L)2

)
· f̃ , (16)

whereS is the error covariance matrix with elementsSij , si
andsj are the standard deviations at height levelszi andzj ,
respectively,c is a stretching factor, andL =L(z) the height
dependent correlation length. The functionf̃ , representing
the Gaussian exponential factor in the Mexican Hat func-
tion, is modeled for robust invertability ofSafterGaspari and
Cohn(1999) as formulated in detail bySteiner and Kirchen-
gast(2005). We choosec to bec = 1.0 below 14 km (hardly
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Fig. 7. UCAR global error estimates (top panels) and error correlation functions (bottom panels) in July 2008 for raw and optimized bending
angles as well as for refractivity up to 50 km. Empirical (x-symbols) and modeled (connected diamonds) correlation functions are shown
based on GRACE-A data for four representative altitude levels from 10 km to 40 km.

any overshooting of error correlations that allows error cor-
relation values to be negative), linearly decreasing toc = 0.8
at 50 km (stronger overshooting). The correlation lengthL

was estimated to be 1.5 km at 50 km, linearly decreasing to
0.7 km at 14 km and kept at this value downwards. The er-
ror correlation model obtained from raw bending angle data
is also plotted for cross-check for the statistically optimized
bending angle, which is generally not used for assimilation.
The model almost perfectly fits also these data up to the
30 km level below which background information is neg-
ligible, but above the influence of background information
becomes noticeable through a much larger error correlation
length and no overshooting. Error correlations at these alti-
tude levels would require a different model such as, e.g. ap-
plied for refractivity.

Refractivity error correlations are modeled afterSteiner
et al.(2006) using an exponential function of the form

S = Sij = si sj · exp

(
−

∣∣zi − zj

∣∣
L(z)

)
, (17)

where the correlation lengthL(z) was estimated to be 1 km
up to 30 km altitude and then linearly increasing toL = 10 km

at 50 km. This increase accounts for an increasingly larger
amount of background information at higher altitudes.

The error correlation functions are also usable for the
WEGC data over their domain of availability up to 35 km.

Figure 8 shows UCAR and WEGC observational errors
and the corresponding simple error model for different at-
mospheric parameters. Apart from the troposphere below
10 km, bending angle and refractivity observational errors
are similar for both data sets; the observational error model
is the same. However, pressure, geopotential height, and
temperature observational errors are noticeably larger in the
UCAR data set in the lower stratosphere. These larger UCAR
observational errors are attributable to the NCAR climatol-
ogy, which is used for bending angle initialization. This
monthly mean climatology captures less atmospheric vari-
ability than both ECMWF and WEGC, which results in
larger observational errors due to downward propagation of
initialization errors in the retrieval (hydrostatic integration)
of pressure and further parameters. To account for these er-
rors,HS, which is modeled utilizingHS and1HS, is smaller
for UCAR than for WEGC.
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Fig. 8. Global UCAR (left panels) and WEGC (right panels) error estimates for optimized bending angle, refractivity, dry pressure, dry
geopotential height, and dry temperature in July 2008.
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4 Summary and conclusions

In this study, we presented results of an empirical error analy-
sis of GPS radio occultation (RO) data. We analyzed RO pro-
files of bending angle, refractivity, dry pressure, dry geopo-
tential height, and dry temperature using data from CHAMP,
GRACE-A, and Formosat-3/COSMIC (F3C). Comparing
data processed at UCAR and at WEGC, we focused on the
time period from January 2007 to December 2009.

In general, CHAMP, GRACE-A, and F3C data character-
istics are in very good agreement. Global mean CHAMP
and GRACE-A observational errors are only slightly larger
than those of F3C, the differences being less than 0.3 % in
bending angle, 0.1 % in refractivity, and 0.2 K in dry temper-
ature at all altitude levels between 4 km and 35 km. Above
about 35 km the CHAMP raw bending angle observational
error increases stronger than that of GRACE-A and F3C.
The difference exceeds 1 % above 42 km. Due to bending
angle initialization at high altitudes, differences between the
satellites above 35 km are smaller for other atmospheric pa-
rameters. Observational errors for the different F3C satel-
lites exhibit the same characteristics. Above≈20 km, the
observational error shows a distinct seasonal dependence at
high latitudes. Largest stratospheric errors are observed at
high latitudes during wintertime, when atmospheric variabil-
ity is most pronounced. These errors are mainly associated
with background data used in the initialization for the re-
duction of bending angle noise. The impact of background
data used in the processing chain is also noticeable when
comparing retrieval results from UCAR and WEGC. While
UCAR uses a monthly NCAR climatology, WEGC utilizes
co-located ECMWF forecast profiles for initialization. Since
the monthly climatology significantly underestimates true at-
mospheric variability, UCAR observational errors are larger
than WEGC errors above≈20 km in dry pressure, dry geopo-
tential height, and dry temperature. However, below 35 km
these differences are not seen in bending angle and refrac-
tivity. Larger UCAR bending angle observational errors be-
low 20 km are attributable to the UCAR WO retrieval, which
captures more (true) small-scale atmospheric variability than
comparison data sets.

Based on the empirically derived error estimates we pro-
vided a simple analytical model of the observational error for
GPS RO atmospheric profiles of bending angle, refractivity,
dry pressure, dry geopotential height, and dry temperature.
Using the formulations introduced bySteiner and Kirchen-
gast (2005) and Steiner et al.(2006) for the vertical error
structure, we extended the model to also represent the lat-
itudinal and seasonal dependencies of the observational er-
ror. In the model a constant error is adopted around the
tropopause region (a few kilometers above and below), which
amounts to 0.8 % for bending angle, 0.35 % for refractivity,
0.15 % for dry pressure, 10 m for dry geopotential height, and
to 0.7 K for dry temperature. Below this region the observa-
tional error increases following an inverse height power-law.

Above this region the error increases exponentially with the
latitudinal and seasonal behavior modeled through variation
of the stratospheric error scale height.

The error correlation structure of bending angles follows
a Mexican hat function including negative correlations while
the error correlations of refractivity can be modeled by using
a simple exponential function.

The observational error model is the same for UCAR and
WEGC data but due to slightly different error characteristics
below about 10 km and above about 20 km some parame-
ter values had to be adjusted. Basically, the model is easily
applicable in fields like operational meteorology or climate
monitoring (see alsoScherllin-Pirscher et al., 2011) and all
parameter values in the model can be readily adjusted for in-
dividual error characteristics of other RO data sets, e.g. from
other processing chains than UCAR and WEGC.

The empirical estimates of the observational error from
real data in this study were found somewhat larger, especially
in the core domain from about 10 km to 20 km, than earlier
error estimates based on theoretical and end-to-end simula-
tion studies (Kursinski et al., 1997; Rieder and Kirchengast,
2001a; Steiner and Kirchengast, 2005). However, the empir-
ical estimates are considered tentatively conservative, which
is viewed as a good practice; more evidence and new valida-
tion results in future may further refine the model. Overall
the results underpin the high quality of RO data in the upper
troposphere and lower stratosphere region.
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