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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 analysis of
GPS radio occultation (RO) bending angle, refractivity, dry pressure, dry geopotential
height, and dry temperature. We find very good agreement between data characteris-
tics of different missions (CHAMP, GRACE-A, and Formosat-3/COSMIC (F3C)). In the
global mean, observational errors (standard deviation from “true” profiles at mean tan-
gent point location) agree within 0.3 % in bending angle, 0.1 % in refractivity, and 0.2K
in dry temperature at all altitude levels between 4 km and 35 km. Above ~20 km, the ob-
servational errors show a strong seasonal dependence at high latitudes. Larger errors
occur in hemispheric wintertime and are associated mainly with background data used
in the retrieval process. The comparison between UCAR and WEGC results (both data
centers have independent inversion processing 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 and account for vertical,
latitudinal, and seasonal variations. In the model, which spans the altitude range from
4km to 35km, a constant error is adopted around the tropopause region amounting
to 0.8 % for bending angle, 0.35 % for refractivity, 0.15 % for dry pressure, 10 m for dry
geopotential height, and 0.7 K for dry temperature. Below this region the observational
error increases following an inverse height power-law and above it increases exponen-
tially. 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.
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1 Introduction

The radio occultation (RO) technique (Melbourne et al., 1994; Kursinski et al., 1997;
Hajj et al., 2002) provides accurate profiles of atmospheric parameters in the tropo-
sphere and lower stratosphere. These profiles are used in atmospheric 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 prediction (e.g., Kuo et al., 2000; Healy et al., 2005).
As shown for example by Healy and Thépaut (2006); Aparicio and Deblonde (2008);
Cucurull and Derber (2008); Rennie (2010), the assimilation of RO data significantly im-
proved operational analyses at stratospheric levels. Current data assimilation centers
assimilate either RO bending angle or RO refractivity as provided by the German Re-
search Centre for Geosciences (GFZ) (CHAMP, GRACE-A, and TerraSAR-X data), Uni-
versity Corporation for Atmospheric Research (UCAR) (FORMOSAT-3/COSMIC, (F3C)
data), and the European Organization for the Exploitation of Meteorological Satellites
(EUMETSAT) (MetOp/GRAS data) in near-real time. Knowledge of measurement char-
acteristics and errors are crucial to assimilate RO data effectively.

The RO method is based on measurements of the path of radio waves (radio sig-
nals 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 atmosphere these signals are refracted due to vertical density gradients
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 (rising 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
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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 (Sl
second).

The RO processing starts with precise orbit determination and atmospheric excess
phase processing at both GPS frequencies. Knowledge of atmospheric excess phase
profiles as a function of time allows the calculation of Doppler shift. Involvement of pre-
cise orbit information yields bending angle profiles as a function of impact parameter.
The main ionospheric contribution of the measurement is removed by a linear combina-
tion 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 calculate 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
integral in the pressure and temperature profiles. For noise reduction at high altitudes,
bending angle profiles are initialized with background data. An Abel inversion of the
ionosphere-corrected, initialized bending angle profile gives a refractivity profile as a
function of altitude. Neglecting the moist contribution of refractivity 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 temperature profiles as a function
of altitude are calculated using the hydrostatic equation and the equation of state.

The assumption of dry air is valid in the upper troposphere and above, where water
vapor density is low. In the lower troposphere, however, where the proportion of water
vapor becomes significant, dry atmosphere parameters differ significantly from “true”
physical atmosphere parameters. The difference between physical and dry tempera-
ture can reach several tens of kelvins in the lower troposphere (Foelsche et al., 2008;
Scherllin-Pirscher et al., 2011). The RO retrieval allows to derive profiles of physical
atmospheric parameters like temperature, pressure, and water vapor, using auxiliary
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temperature and/or humidity data as provided, e.g., by operational analysis centers
(Healy and Eyre, 2000).

Several studies showed that RO data are of highest quality in the upper troposphere
and lower stratosphere (UTLS) region. The theoretical study of Kursinski et al. (1997)
provides a good overview on various error sources in RO data. It shows 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 ionosphere). Using
GPS/Met data from 1995 to 1997 Rocken et al. (1997) showed that the accuracy of
RO derived temperature is better than 1K in the UTLS region, confirmed by Steiner
et al. (1999). Gobiet et al. (2007) found CHAMP accuracy to be better than 0.5K
between 10 km and 30km. The precision of RO data was investigated by Hajj et al.
(2004), who compared co-located CHAMP and SAC-C profiles, and Schreiner et al.
(2009), who compared co-located F3C profiles. The latter study shows that the root-
mean-square (RMS) difference of co-located F3C refractivity profiles 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 obser-
vation error estimates. Syndergaard (1999) performed a theoretical analysis on the
step-by-step covariance propagation from phase level via bending angle to refractivity,
pressure, and temperature profiles. Based on optimal estimation methodology, applied
to RO retrievals (Palmer et al., 2000; Palmer and Barnett, 2001), a complete theoretical
error characterization was carried out by Rieder and Kirchengast (2001a) accounting
also for error correlations. In an empirical analysis using simulated RO profiles Steiner
and Kirchengast (2005) investigated systematic differences to ECMWF analyses fields,
standard deviation profiles and correlation functions for the full set of RO parameters.
Kuo et al. (2004) separated the RO error and provided observational error estimates
for refractivity based on CHAMP and SAC-C data. Following a different approach re-
garding ECMWEF error estimation, Steiner et al. (2006) found consistent results and
provided simple analytical error formulations for CHAMP refractivity.
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This study extends former work to the investigation of error characteristics for cur-
rent RO data sets and aims at providing observational error estimates for RO atmo-
spheric profiles from bending angle, refractivity, pressure, and geopotential height to
temperature. We note that all refractivity error characteristics, given in percent, apply
to dry density errors (in percent) as well (Rieder and Kirchengast, 2001a). The er-
ror analysis is based on UCAR and WEGC (Wegener Center 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 35km. Section 2 gives a description of all data
sets used. In Sect. 3 we present the estimation of the GPS RO observational error,
defined as standard deviation of RO profiles from the “true” profiles at mean tangent
point location. We based this estimation on the analysis of individual RO profiles from
the satellite missions CHAMP, GRACE-A, and F3C. Furthermore, we provide a simple
general model for the observational error by following and further advancing the ap-
proach of Steiner and Kirchengast (2005) and Steiner et al. (2006). Conclusions are
drawn in Sect. 4.

2 Data

We analyze RO bending angles as a function of impact altitude (impact parameter with
local radius of curvature and geoid undulation subtracted), refractivity, 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 processing. 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 provide RO measurements opera-
tionally), which deliver(ed) on average 140 and 120 fully processed RO events per day,
respectively (Wickert et al., 2009). Each single F3C satellite samples setting and rising
RO events, which results in more than twice as large a number of RO events per day.
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2.1 RO data

UCAR and WEGC established their own processing chains with independent imple-
mentations and different assumptions. Ho et al. (2009) describe and compare RO
retrievals of different data centers at refractivity level and provide 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 by Kuo et al. (2004) and Ho et al. (2009)
starts with raw GPS amplitude and phase measurements as well as GPS and LEO or-
bit data (level 0 data). Level 1 processing comprises the determination of atmospheric
excess phase profiles as well as the reconstruction of precise LEO and GPS posi-
tion and velocity vectors. This step includes the removal of satellite clock errors and
Doppler shift due to the satellites motion. The inversion process (level 2 processing)
delivers atmospheric profiles of the well known RO atmospheric parameters bending
angle a, refractivity N, dry density g, dry pressure py,,, dry geopotential height Z,,,
and dry temperature Ty, respectively. 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 approximately 20km. A geometric optics (GO) retrieval is applied above. For
bending angle initialization, UCAR uses a background model which is based on an
NCAR climatology exponentially extrapolated to 150 km (Randel et al., 2002). Back-
ground and observational information are optimally combined (Sokolovskiy and Hunt,
1996). To calculate 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 below 80 km (Kuo et al., 2004).

Most UCAR profiles penetrate to 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
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and above 8 km at tropical altitudes (Foelsche et al., 2008). In this study we only use
high quality F3C data from 2008 and 2009 with data version 2010.2640 from UCAR.
Profiles are available from http://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 profiles and precise orbit information (level 1 data) pro-
vided by UCAR, which implies that both processing chains are not fully independent as
they share the raw processing towards level 1 data. To derive RO bending angles, the
WEGC OPSv5.4 scheme applies a GO retrieval only. Furthermore, 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 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 penetrate 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 refractivity retrieved from fly-wheeling measure-
ments exhibits significantly 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 information derived from
ECMWF short-range forecast fields (24 h to 30 h forecasts), which are extended with
MSIS data (Hedin, 1991) up to 120km. Statistical optimization is performed with in-
verse covariance weighting above 30 km (Gobiet and Kirchengast, 2004). The upper
bound of the hydrostatic integral is set to 120 km.

We use profiles from CHAMP, GRACE-A, and F3C, which pass WEGC quality con-
trol from 2007 to 2009 with data version OPSv5.4. Profiles can be downloaded from
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the global climate monitoring website, www.wegcenter.at/globclim. To compare the
data sets at the same vertical resolution in this study, the operational output of WEGC
bending angle profiles was smoothed with a boxcar average filter with 11-points width
(i.e., approximately 0.5 km at an altitude of 5km, 1.0 km at tropopause level, and 2 km
at an altitude of 30 km).

2.2 ECMWF data

The Integrated Forecasting System (IFS) of the ECMWEF operationally generates
global analysis fields for four time layers each day, centered at 00:00 UTC, 06:00 UTC,
12:00UTC, and 18:00 UTC. We use these global analysis fields and extract co-located
reference profiles for each atmospheric parameter 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 profile is extracted from that ECMWEF 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
ECMWEF profiles are generated in a similar way as RO profiles are retrieved. In a first
step refractivity is calculated from the ECMWF analysis data. Bending angle profiles
are then derived from Abel transformed refractivity; pressure, temperature, and geopo-
tential height are obtained from an RO-type retrieval.

ECMWEF operationally assimilates RO data since December 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 analyses did not change much due to starting RO assimilation while bias
correction was significantly improved, however (Luntama et al., 2008).
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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 follows Steiner and Kirchengast (2004). For each
single RO profile xgq, a co-located ECMWF profile xgcuwr is extracted to compute the
difference profile Ax:

Ax (2;) = xpo (2;) = Xecmwr (2)). (1)

where all profiles are interpolated to the same altitude levels z;. We interpolate RO data
to the ECMWEF vertical grid with the top level at about 34 km. The difference profile of
atmospheric parameters which decrease exponentially with height (i.e., bending angle,
refractivity, and dry pressure) is obtained as a percentage difference by

Ax

XRo (Z/) — XECMWF (Zj)

z;) = 100 -
( /) XECMWF (Zj)

()

The mean systematic differences m,, (z;) and m,, /. (z;) are then calculated by

Max () =~ @) Bx; (2)) ()
/ =1
and
1 ") Ay
mAX/X (z/) - n (Zj) - X/l (Z/)’ (4)
=
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for non-exponential and exponential parameters, respectively, with n (z;) being the
number of profiles at altitude level z;. The number of profiles decreases with decreas-
ing altitude because increasing humidity leads to atmospheric multipath and signal
degradation. The standard deviations of the difference profiles, s, (z;) and s, /. (2)),
are finally obtained as well via the usual textbook formulae for these standard error
estimators.

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 Hemisphere (SH) regions).

As an introductory example, Fig. 1 shows global mean bending angle (left) and dry
temperature (right) systematic difference and standard deviation relative to ECMWF.
RO data of all RO satellites available in July 2008 (CHAMP, GRACE-A, F3C) have
been retrieved at WEGC (therefore F3C profiles do not penetrate below 8 km). As can
be noticed from Fig. 1, data characteristics are very similar for all satellites. Bending
angle systematic difference is very close to zero between 7 km and 13 km and slightly
negative above. Bending angle standard deviation is within 2% in the altitude range
between 7 km and 34 km. Due to the smaller number of CHAMP and GRACE-A occul-
tation events, standard deviation is slightly larger than for F3C. Maximum differences
between CHAMP/GRACE-A and F3C are observed between 17 km and 32 km but the
deviations remain smaller than 0.3 %. Dry temperature systematic difference is close
to zero up to 24 km and negative above. Standard deviation does not exceed 2 K within
5km and 30km. CHAMP and GRACE-A standard deviations are up to 0.2K larger
than those of F3C.

Figure 2 illustrates the temporal variation of monthly bending angle (top) and dry
temperature (bottom) statistics for one single satellite (WEGC F3C/FM-1).

The systematic difference between RO and ECMWF bending angle is slightly neg-
ative during the whole time period, with differences being, in general, smaller than
-0.5%. Differences are slightly larger at high southern latitudes than at high north-
ern latitudes. The temperature systematic difference is very close to zero up to 20 km,
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increasing to about +1 K at 34 km.

Bending angle and temperature standard deviations show a clear seasonal variation
above 20 km, where standard deviation always increases in the winter hemisphere.
This seasonal variation is somewhat more pronounced in the Southern 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
4K above 32km in these particular winter months. These large errors might result
from both RO data and ECMWF analysis profiles in roughly equal measure. RO re-
trieved data are affected by background data used for bending angle initialization (for
the reduction of bending angle noise). Since the background does often not prop-
erly capture high latitude winter situations this may result in initialization errors in such
cases. However, ECMWF analysis fields also feature worst quality at high latitudes
in the winter hemisphere, because there are only rather few good observational data
available at high latitudes although a large number of observations is crucial to capture
high atmospheric variability.

Figure 3 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
20km results from the UCAR WO retrieval, which captures more (true) small-scale
atmospheric variability than both, the WEGC GO retrieval and the ECMWF analyses.

Up to 30 km UCAR and WEGC refractivities show a similar error characteristics rel-
ative to ECMWEF. Above ~20km, dry pressure, dry geopotential height, and dry tem-
perature error characteristics differ in terms of systematic difference and standard de-
viation. In this case, the differences are connected with a different approach in bend-
ing angle initialization at high altitudes. The monthly NCAR background climatology,
which is used at UCAR significantly underestimates small-scale atmospheric variabil-
ity, which explains the larger UCAR standard deviation relative to ECMWEF. Since most
of the background information enters the retrieval at high altitudes (> 45 km), this dif-
ference cannot be observed in bending angle and refractivity below 35 km. However, it
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propagates down in the retrieval process through the hydrostatic integral (Rieder and
Kirchengast, 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 used the global mean ECMWF temperature error as provided by the ECMWF and
available from the ROPP 4.0 package (GRAS SAF, 2009). It is available at 91 vertical
hybrid 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 empir-
ically derived conversion factors between the relevant standard deviations:

Sanyn [7%] = Cron Sarary (K] (5)
Saaja [%] = Cnog Sanyn [%] (6)
Sapdry/pdry [70] = Cnop Sanyn [%] (7)
Sazary [M] = Cpoz Sppdry/pary [7%] (8)

We found crony =0.5%/K, Cnog=2.4%/%, Cnop=0.45%/%, and c,py =65m/%,
where likewise the factors in reverse direction are cpor =1/Cron =2.0K/%,
Caon = 1/Cpn2g =0.42%/%, Cpon = 1/Cngp =2.2%/%, and Czo, =1/Cppz =0.015%/m,
respectively. The latter are used in Fig. 4, which illustrates their validity. It empha-
sizes 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 fac-
tors from empirically comparing real-data error estimates after different retrieval steps
are — as they should which is reassuring — consistent with theoretical and simulation
studies of how RO errors propagate between retrieval steps from bending angle to
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dry temperature (Kursinski et al., 1997; Syndergaard, 1999; Rieder and Kirchengast,
2001a,b; Sofieva and Kyrola, 2004).

Steiner et al. (2006) tested the sensitivity of the estimated L60 ECMWF refractivity
error with respect to the temperature input for four different cases, where the temper-
ature 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 stan-
dard deviation (2.0 x 7). 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 ver-
tical levels from 60 to 91 and to the increase in the quality of ECMWEF analysis fields
since 2006. Thus using data as of 2007 here, we estimate the ECMWF error to be
1.5 x ECMWEF standard deviation as given by the ROPP 4.0 package (yielding 0.6 K at
5km to 15km, increasing to about 1 K at 35 km).

The ECMWEF refractivity error is of the order of 0.3% at 4km to 15km increasing
to 0.5 % at 30 km and to 0.55 % at 35 km, which is slightly smaller then the findings of
Kuo et al. (2004), who performed an estimation of short-range forecast errors using the
Hollingsworth-Lénnberg method.

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

3.3 GPS RO observational error

The combined error S.,mpineq (S€€ Sect. 3.1) contains the RO observational error s,;,¢
and the ECMWF model error sggywe- The separation of these errors is performed by
subtracting the estimated ECMWEF error from the combined error in terms of variances

_ 2 2
Sobs = \/Scombined SECMWE’ (9)

which gives the observational error. It turns out that the estimated ECMWF error and
the observational error are approximately of the same order of magnitude. A simple
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estimate of the observational error s, €an thus be given by scaling the combined
error with 1/v/2. This is a reasonable approximation as can be seen in Fig. 4 and as
was also found by Kuo et al. (2004) and Steiner et al. (2006).

Figure 4 shows UCAR (top two rows) and WEGC (bottom two rows) refractivity error
estimates in different geographical regions in July 2008 including all four error types de-
fined above (and in addition the error according to the simple analytical model, S;,oqel,
discussed further below).

In the region where RO data are known to feature best quality (between 9 km and
25km), the observational error sometimes becomes smaller than zero because the
adopted (global static) ECMWF error is larger than the combined error. In this region
the estimated observational error amounts approximately to 0.3 %, which is in agree-
ment with observational errors found by Kuo et al. (2004). Below 9 km and above 25 km
the observational error agrees well with the estimated observational error. The global
mean observational error in the lower stratosphere increases from ~0.3 % at 25km to
0.9 % at 34 km. The increase is less in the (summer) Northern Hemisphere than in the
(winter) Southern Hemisphere. 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 humidity, superrefraction, oblique tangent point trajecto-
ries, and receiver tracking errors (Foelsche and Kirchengast, 2004; Kuo et al., 2004;
Foelsche et al., 2011).

WEGC observational errors show a wider spread than UCAR observational errors
since the WEGC data set also includes CHAMP and GRACE-A data, while UCAR
results are only derived from F3C measurements. UCAR RO plus ECMWF refrac-
tivity combined and observational errors clearly feature a local maximum near the
tropopause, where the difference variability between RO and ECMWF is naturally
increased. At low latitudes it occurs at an altitude near 17 km, at high latitudes it
decreases to approximately 10km. This feature is likewise noticeable, though less
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pronounced due to GO retrieval instead of WO retrieval, in the WEGC data set. How-
ever, WEGC RO plus ECMWF combined errors as well as observational errors exhibit
a distinctive local maximum at 15km in all latitude regions. This error characteristic
seems to be connected with the WEGC retrieval and related to the specific 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 15km, statistically increasing fractional errors immedi-
ately below, while in the UCAR scheme this height is set dynamically, according to the
quality of the L2 signal. We note that this characteristic in the WEGC retrieval does not
cause systematic 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 formulate a simple observa-
tional error model (indicated by the red lines in the panels of Fig. 4). This error model
is derived from fitting simple analytical functions to the GPS RO observational error.
The vertical structure of the model follows Steiner and Kirchengast (2005) and Steiner
et al. (2006). Their error model s;,,,4¢ @s function of altitude z is formulated as:

So + Qo [;—b - z+] for 4 km < z <z,

Ttop

Smodel = So for ZTtop < Z < Zgpot (10)

So - exp [Z'H—ZSS“‘] for Zgpot < Z < 35 km

where Zry,, is the top level of the troposphere domain, zgy,, the bottom level of the

stratosphere domain, s, is the error in the upper troposphere/lower stratosphere do-

main, g, the best fit parameter for the tropospheric model, b the exponent, and Hg the

stratospheric error scale height. Note that the unit of g, depends on the value of b.
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In addition to this vertical error model, we allocate a latitudinal and seasonal depen-
dence in the form that any parameter x can be modeled as a function of latitude ¢ and
time 7. This latitude and time dependence is formulated as

X (@, 1) = Xo + Ax T () g (T @), (11)

where x, is the basic mean magnitude of the parameter and Ax is the maximum am-
plitude of seasonal variations.

The function f (¢) accounts for latitudinal variations, the function g (7, ) combines
latitudinal and seasonal changes of atmospheric conditions:

. |(p| - (prlo ) ]}
f = 0, ), 1] }, 12
(@) max{ mn [(¢Axhi = @Paxlo (12)
g (1, @) = sign () cos (2 n7), (13)
with

(m =) = myyg

5 forme {1, .., 12}

35 = Myg

T=q —= fors e {1, ..., 4} (14)

(d - 15) = 30.5 My
366 fo

rd € {1, ..., 366}

The function f (¢) is zero at low latitudes (equatorwards of @,,,). Between @p,
and @, it linearly increases to +1, polewards of @, ,y, it is constant (+1) again. The
function g (7, @) yields always positive values in the winter hemisphere and negative
values in the summer hemisphere. The model can be applied on a daily base with d
being days of year, on a monthly base with m =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 AHg used in Eq. (10),
i.e., we set xo=Hgy and Ax=-AHg and account by the latter parameter for
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larger/smaller observational errors in the stratosphere at high latitudes during winter-
time/summertime, where the error scale height thus needs to be smaller/larger. This
results in

Hs (@, 1) = Hgy — AHg f (®) g (1. @). (15)

For f (@) we chose @y =30° and PaHg, = 60°. Since the annual cycle of atmo-
spheric parameters does not show a temporal lag at high latitudes, we chose m,,g =0.

In order to illustrate the modeled seasonal dependence, Fig. 6 shows the WEGC
temperature stratospheric error scale heights as function of latitude and as it varies
over the months of the year. The error scale height is constant (15 km) between 30° S
and 30° N. At higher latitudes it increases or decreases with season. In January, for
example, the error scale height is 23km at high southern latitudes and only 7 km at
high northern latitudes. Note, that a smaller error scale height yields a stronger upward
increase of observational 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 Egs. (10) and (15) depends on a few parameters only. Ex-
pressing the model in general parlance, 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 increase in the stratosphere Hg. Below this region the error increases closely
proportional to an inverse height power-law. This functional behavior makes good phys-
ical sense as discussed by Steiner and Kirchengast (2005). We fitted the observational
errors of all RO atmospheric parameters by the model of Egs. (10) and (15). The most
suitable parameter values found based on the UCAR and WEGC data are summarized
in Table 1.

Returning to Fig. 4 and comparing UCAR and WEGC refractivity observational errors
it attracts attention that UCAR errors are distinctively larger in the lower troposphere.
While UCAR errors increase from 0.3 % at 10km to 1.5 % at 4 km, the increase in the
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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 capture more
small-scale atmospheric variability than ECMWF and WEGC (GO retrieval). The pa-
rameters g, and b are adjusted to account for this fact.

Figure 7 shows UCAR and WEGC observational errors and the corresponding sim-
ple error model for different atmospheric 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 climatology, which is used for bending angle initialization. This monthly mean
climatology captures less atmospheric variability than both ECMWF and WEGC, which
results in larger observational errors due to downward propagation of initialization er-
rors in the retrieval (hydrostatic integration) of pressure and further parameters. To
account for these errors, Hg, which is modeled utilizing Hg and AHg, is smaller for
UCAR than for WEGC.

4 Summary and conclusions

In this study, we presented results of an empirical error analysis of GPS radio occul-
tation (RO) data. We analyzed RO profiles of bending angle, refractivity, dry pressure,
dry geopotential 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 characteristics are in very good agree-
ment. 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 re-
fractivity, and 0.2 K in dry temperature. Observational errors for the different F3C satel-
lites exhibit the same characteristics. Above ~20km, the observational error shows a
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distinct seasonal dependence at high latitudes. Largest stratospheric errors are ob-
served at high latitudes during wintertime, when atmospheric variability is most pro-
nounced. These errors are mainly associated with background data used in the ini-
tialization for the reduction 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 atmospheric variability, UCAR observational errors
are larger than WEGC errors above ~20km in dry pressure, dry geopotential height,
and dry temperature. However, below 35 km these differences are not seen in bending
angle and refractivity. Larger UCAR bending angle observational errors below 20 km
are attributable to the UCAR WO retrieval, which captures more (true) small-scale at-
mospheric variability than comparison data sets.

Based on the empirically derived error estimates we provided 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 for-
mulations introduced by Steiner and Kirchengast (2005) and Steiner et al. (2006) for
the vertical error structure, we extended the model to also represent the latitudinal
and seasonal dependencies of the observational error. 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
observational 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 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
parameter values had to be adjusted. Basically, the model is easily applicable in fields
like operational meteorology or climate monitoring (see also Scherllin-Pirscher et al.,
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2011) and all parameter values in the model can be readily adjusted for individual 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 simulation studies (Kursin-
ski et al., 1997; Rieder and Kirchengast, 2001a; Steiner and Kirchengast, 2005). How-
ever, the empirical estimates are considered tentatively conservative, which is viewed
as a good practice; more evidence and new validation results in future may further re-
fine the model. Overall the results underpin the high quality of RO data in the upper
troposphere and lower stratosphere region.
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ZTtop Zspot So 9o b Hso AHs

UCAR

a 14.0km 22.0km 0.8% 20.0%km’ 05 18.0km 5.0km
N, Odry 14.0km 20.0km 0.35% 5.0%km’ 0.5 15.0km 5.0km
Pary 10.0km 13.0km 0.15% 1.0%km®? 0.25 8.0km 2.0km
Zdry 10.0km 17.0km 10.0m 40.0mkm® 0.25 8.0km 2.0km
Tdry 10.0km 20.0km 07K 10.0Kkm” 05 10.0km 4.0km
WEGC

a 14.0km 22.0km 0.8% 10.0%km” 1.0 18.0km 5.0km
N, Odry 14.0km 20.0km 0.35 % 25%km” 1.0 15.0km 5.0km
Pry 10.0km 13.0km 0.15% 1.0%km? 05 11.0km 4.0km
Zdry 10.0km 17.0km 10.0m 40.0mkm® 05 11.0km 4.0km
Tdry 10.0km 20.0km 0.7K 50Kkm® 0.5 15.0km 8.0km
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Fig. 5. Caption on next page.
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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 obser-
vational 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 latitude). UCAR results are shown for F3C only, WEGC results for
CHAMP, GRACE-A, and F3C.
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Model of Stratospheric Error Scale Height (WEGC Temperature)
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Fig. 6. Temperature stratospheric error scale height as a function of latitude for different months

(different colors) as modeled by Eq. (15).
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Fig. 7. Global UCAR (left) and WEGC (right) error estimates for bending angle, refractivity, dry
pressure, dry geopotential height, and dry temperature in July 2008 (from top to bottom, the
panels of the last two parameters shifted to the right into additional two columns to maximize
size).
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