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Abstract.  Atmospheric profiles retrieved from GNSS imuth angle, less if the TPT is properly taken in to account,
(Global Navigation Satellite System) radio occultation (RO) since the increasing obliquity of the RO profiles leads to an
measurements are increasingly used to validate other medanacreasing sensitivity to departures from horizontal symme-
surement data. For this purpose it is important to be aware ofry. Up to an azimuth angle of 30however, this effect is
the characteristics of RO measurements. RO data are fresmall, even if the RO profiles are assumed to be vertical.
quently compared with vertical reference profiles, but theFor applications requiring highest accuracy and precision it
RO method does not provide vertical scans through the atis advisable to exclude RO profiles with ray incidence angles
mosphere. The average elevation angle of the tangent poirtieyond an azimuth of 30 Errors in retrieved atmospheric
trajectory (which would be 90for a vertical scan) is about profiles decrease significantly, by up to a factor of 2, if the
40° at altitudes above 70km, decreasing to about 86 RO data are exploited along the retrieved TPT. The tangent
20km and to less than°%elow 3km. In an atmosphere point trajectory of RO profiles should therefore be exploited
with high horizontal variability we can thus expect noticeable whenever this is possible.

representativeness errors if the retrieved profiles are com-
pared with vertical reference profiles. We have performed
an end-to-end simulation study using high-resolution analy- )

sis fields (T799L91) from the European Centre for Medium-1  Introduction

Range Weather Forecasts (ECMWF) to simulate a represen-

tative ensemble of RO profiles via high-precision 3-D ray Global Navigation Satellite System (GNSS) radio occulta-
tracing. Thereby we focused on the dependence of systendion (RO) measurements are increasingly used to validate
atic and random errors on the measurement geometry, specifther measurement techniques (e.g., Kuo et al., 2005), due
ically on the incidence angle of the RO measurement rayd© their high accuracy and precision (e.g., Schreiner et al.,
with respect to the orbit plane of the receiving satellite, also2007; Steiner et al., 2009). For this purpose, it is important
termed azimuth angle, which determines the obliquity of RO be aware of the characteristics of RO measurements. A
profiles. We analyzed by how much errors are reduced ifcomparison of RO data with point measurements, like those
the reference profile is not taken vertical at the mean tangenffom radiosondes, will always show some differences, due
point but along the retrieved tangent point trajectory (TPT) 0 the different nature of the measurement techniques. Since
of the RO profile. The exact TPT can only be determined byRO is a limb soun_ding techniqug, the data contain an inher-
performing ray tracing, but our results confirm that the re- €nt along-ray horizontal averaging over 200km to 300 km
trieved TPT — calculated from observed impact parameters LKursinski et al., 1997). This gives rise to errors when re-
is a very good approximation to the “true” one. Systematictrieved profiles (derived under the assumption of spherical

and random errors in RO data increase with increasing azSymmetry) are interpreted as being local vertical profiles. In
the stratosphere and above these along-ray representativeness

errors are small, but in the troposphere they are significant.

Correspondence tdJ. Foelsche Ahmad and Tyler (1999) analyzed these errors with an an-
BY (ulrich.foelsche@uni-graz.at) alytical approach, Healy (2001) with the aid of a simulation
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All Occultation Events in Sectors 1-7 (636), Jun 22, 2007 2 Experimental setup

Azimuth Sectors

The EGOPS 5.5 (End-to-end Generic Occultation Perfor-
mance Simulator, Version 5.5) software tool (Fritzer et al.,
2009) was used to generate simulated phase measurements
and retrievals of the observables bending angle, radio refrac-
tivity, total air pressure, geopotential height, and (dry) tem-
perature. Here we focus on the results on (dry) temperature,
the parameter, which is most likely to be compared with mea-
surements from other techniques.

“Dry temperature” I'yry, means that temperaturk, is cal-
culated from the observed refractivity with the assumption

Fig. 1. Ray incidence azimuth sectors (left) and geographic distri-that water vapor s Z.ero' Al a.ltltudes above 8km (pola.r win-
bution of RO events in each sector (cylinder projection; right). Up- ter) and 14 km (tropics) the difference betwgé‘ﬂ’ andT'is

right open triangles denote rising occultations while upside-down@lways well below 0.1K andgry can be conside_red equiv-
filled triangles denote setting occultations. alenttoT (Foelsche et al., 2008) At lower altitudes there

is increasing water vapor influence, iy can always be

calculated from reference data, if information on tempera-
study. Later works by Sokolovskiy et al. (2005) and Synder-ture and water vapor is available (e.g. Foelsche et al., 2008;
gaard et al. (2005) developed so-called non-local observatiofEgs. 2—3 therein).
operators and showed that these representativeness errors can
be significantly reduced in future data assimilation systems2.1 Measurement geometry
by interpreting the retrieved profiles as complicated weighted
averages of the three-dimensional atmospheric field. Sinc&Ve assumed a nominal constellation of 24 Global Position-
the contribution is focused around the tangent point of eacting System (GPS) satellites as transmitters and a GRAS
ray (the point of closest approach), RO measurements cafGNSS Receiver for Atmospheric Sounding) sensor onboard
alternatively be regarded as profiles that follow the tangenthe MetOp-A satellite with a nominal low Earth orbit (LEO)
point trajectory (TPT), but only in case of spherical symme- altitude of ~820km and an inclination of 98 7as RO re-
try this profile would exactly equal a profile of point mea- ceiver. With this constellation, more than 600 rising and set-
surements along the TPT. RO profiles are vertical in a senséing occultations per day can be obtained (Luntama et al.,
that they contain height-resolved information about the state2008). We simulated measurements over a 24 h period on
of the atmosphere, but they are far from being vertical in a22 June 2007, the date of the atmospheric fields used for the
strict geometric sense (cf. von Engeln et al., 2004). The deforward modeling (the specific day being arbitrary). Using
parture from verticality depends on the measurement geomthis setup (summer in the Northern Hemisphere and winter
etry, specifically on the orientation of the orbit planes of the in the Southern Hemisphere) a representative sample of me-
transmitting and the receiving satellite. teorological situations can be expected.

The work by Foelsche and Kirchengast (2004a, b) has in- We separated occultation events into seveh dfimuth
dicated that horizontal variability errors (in all atmospheric sectors relative to the boresight direction of the receiv-
parameters) increase with increasing obliquity of the RO pro-ing antenna aligned with the LEO orbit plane, to reflect
files. We have built on this study and performed an end-the increasing deviation of the RO profiles from verti-
to-end simulation study, employing ray tracing through at- cality with increasing angle-of-incidence. In contrast to
mospheric fields in high-resolution, to determine the de-the actual GRAS receiver on MetOp-A, which measures
pendence of RO representativeness errors on the measurRO data up to 55 azimuth, we used data up to an az-
ments geometry, and to investigate if the errors can be reimuth angle of 70, which has, e.g., also been used as az-
duced, when validation is not performed with vertical refer- imuth boundary by the COSMIC Data Analysis and Archive
ence profiles but with profiles that follow the TPT of the RO Center (CDAAC, http://cdaac-www.cosmic.ucar.edu/cdaac/
event. Section 2 describes the experimental setup, Sect. Bdex.htm). A schematic illustration of this division into az-
the method to estimate the TPT from observed data. Resultsnuth angle sectors is given in Fig. 1, left panel: Sector 1,
on the error analysis are presented in Sect. 4, followed byor example, with four symmetric sub-sectors (red) contains
conclusions in Sect. 5. the RO events that are closest to the orbit plane of the re-

ceiving satellite. Table 1 summarizes the simulation design
in terms of numbers of events per sector and the percent-
age distribution of events in (2x) 30atitude bands. We ob-

tained a total of 636 occultation events during the selected
24 h period. This number is slightly smaller than the number
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Table 1. Distribution of the occultation events in the seven azimuth sectors and mean characteristics of the tangent point trajectories:
azimuth angles of the sectors; number of profiles in each sector; percentage of profiles at low, mid, and high latitudes; mean elevation angle
of the tangent point trajectories in four altitude levels; mean tangent point movement between 25 km and 2 km altitude; mean tangent point
movement between 80 km and the minimum altitude; mean duration of the occultation events between 80 km and the minimum altitude;
mean latitudinal tangent point movement between 80 km and the minimum altitude (positive for South-North movement).

Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6 Sector 7
Azimuth angle 0-1¢ 10°-2¢¢  20°-3C 30°-4¢ 40°-5C¢ 50°-60° 60°-7C°

N. of profiles 102 123 105 99 82 53 72
0°-3C lat 23.5% 19.5% 53.3% 33.3% 67.1% 47.2% 30.6%
30°-60C lat 28.4% 61.0% 34.3% 49.5% 30.5% 24.5% 41.6%
60°-9C lat 48.0% 19.5% 12.4% 17.2% 2.4% 28.3% 27.7%
Elev. 70-75km 851 61.7 457 31.0 23.1° 19.5° 15.¢¢

Elev. 20—-25km 59.6 46.9 32.2 21.¢ 15.5° 13.5 10.2

Elev. 7-9km 211 17.1° 14.6° 8.9 6.5° 57 4.1°

Elev. 2-3km 7.0 7.° 4.4 3.3 2.3 2.4 1.7

TP Movement 60.2km 69.2km 101.3km 1442km 211.8km 232.3km 318.7km
2-25km

TP Movement 81.3km 106.1km 141.7km  228.4km 307.9km 351.5km 555.7km
80 km—Min

Occ. Duration 43.3s 44.2s 46.2s 54.2s 65.4s 65.6s 99.6s
80 km-Min.

Mean lat. TP 0.64km -5.38km 0.52km —-3.23km 6.91km 16.34km 53.24km
movement S—N

of occultation events that can be obtained with the actualatmospheric phase delays. The horizontal resolution (T799)
GRAS receiver (about 650, von Engeln et al., 2009), sincecorresponds to 800 1600 points in latitude and longitude,
the number of available GPS satellites is currently larger thanrespectively, and thus furnishes about twelve grid points
the nominal constellation of 24. within the typical horizontal resolution of an occultation
The geographic distribution of the RO events is shown inevent of~300km (e.g., Kursinski et al., 1997). This dense
the right panel of Fig. 1. Overall, there is a quite uniform sampling is useful and important to have a sufficient repre-
distribution in latitude, but if we look at the distribution of sentation of horizontal variability errors in the occultation
RO events in individual sectors, we can see some interestingneasurements. The 91 vertical levels (L91, hybrid pressure
and characteristic features. From sectors 1 and 2 there amoordinates) extend from the surface to 0.01 hPa, being most
no RO events in the tropics, i.e., equatorward d¢f [Bfitude:  closely spaced in the troposphere. Above the vertical domain
The high inclination of the MetOp satellite (98)#ogether  of the ECMWEF analysis field, the MSISE-90 climatological
with the comparatively low inclination of the GPS satellites model (Hedin, 1991) was used.
(55°) means that there are no GPS satellites close to the or- As this study is focused on altitudes below 25km, we
bit plane in limb viewing geometry, when the MetOp satel- made the assumption that ionospheric residual errors can be
lite is near the equator. On the other hand, there are no R@eglected (Kursinski et al., 1997). Forward modeling was
events beyond 68and 64 latitude in sector 4 and 5, respec- thus employed without the ionosphere, resulting in consid-
tively. More than two thirds of the RO profiles in sector 5 are erable savings in computational time. We performed high-
concentrated in the latitude band betweefi S3@nd 30N, precision 3-D ray tracing with sub-millimeter accuracy (Syn-
but almost half of the profiles in sector 1 are confined to lati-dergaard, 1999) and a sampling rate of 10Hz, for forward
tudes beyond 60 This behavior inhibits a (meaningful) sub- modeling the events through the ECMWF analysis (refrac-
sequent presentation of the results as function of sector antivity) fields. The ray-tracing approach was employed, since
latitude so that we will focus to show the results as functionit provides the actual TPT in three dimensions. Furthermore,
of sector and the relation to latitude is to be keptin mind.  this approach is consistent with the subsequently performed
geometric optics retrieval. Since the ray tracing implemented
2.2 Forward modeling in EGOPS 5.5 stops in case of superrefraction or multipath in
the lower troposphere, when sharp vertical refractivity gradi-

High resolution (T799L91) analysis fields from the Europeangnis are encountered (e.g., Sokolovskiy, 2003), the simula-
Centre for Medium-Range Weather Forecasts (ECMWF) fortjons do not account for these effects.

22 June 2007, were used to generate simulated quasi-realistic
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2.3 Geometry of RO profiles Tangent Point Trajectories

Sector 1

Figure 2 shows the horizontal movement of the tangent
points of the ray-traced RO profiles in the seven azimuth
sectors (shifted by multiples of 50 km, to allow for a bet-
ter visual separation of the results). RO events in sector 7,2
as most extreme example, start at 300 km distance at an al-
titude of 80 km, showing a tangent point movement of up to

about 1000 km. Table 1 provides quantitative measures for N : S

the “non-verticality" of the RO profiles at different altitudes. oo oo 200 300 400 500 600 700 800 900 0 1100 1200 1300
The increase of the horizontal movement with increasing az- pretance ml

imuth angle is obvious; it is caused by the GNSS and LEOFig. 2. Horizontal movement of the tangent points with decreasing

satellite orblt_ planes bglng less and Ie_ss.co-pllanar. Furtherﬁeight for the seven azimuth sectors (shifted by multiples of 50 km
more, there is a clear increase of obliquity with decreasing petter separation).

altitude, since the ray bending results in a cumulative slow-

ing of the downward movement of the tangent point, while

the satellites move (and the Earth rotates) with unchanged

velocity (resulting in the horizontal displacement of the tan- tors 6 and 7, however, there are still uncompensated mean TP
gent point). movements in South-North direction of 16.3 km and 53.2 km,

RO profiles in sector 1 at altitudes between 70km andrespectively.
75 km (with negligible atmospheric influence) are still close
to vertical, with an average elevation angle of 85Rutthis 2.4 Observation system modeling and retrieval
value reduces to 5% @t altitudes between 20 km and 25 km processing
and even to 7.0near the ground (computed between 2 km
and 3km). For RO profiles in sector 7, the correspondingRealistic observation system errors (including error sources
values are 1590 10.2, and 1.7, respectively. Elevations be- like orbit uncertainties, receiver noise, local multipath er-
tween 2km and 3 km, and also the mean tangent point moverors and clock errors) have been superimposed on the sim-
ments between 25 km and 2 km (last line of Table 1), are onlyulated phase measurements. For the receiving system sim-
computed for those profiles that actually reach an altitude ofulation, we used the specifications and error characteristics
2km. This results in a tentatively stronger weighting of the of the GRAS instrument (Luntama et al., 2008), similar to
more vertical profiles in each sector, and therefore a moreSteiner and Kirchengast (2005). The precise orbit deter-
representative estimate, since the profiles with extreme “hormination (POD) error model contains satellite positioning
izontal smearing” (at low latitudes with strong ray bending and velocity errors (modeled randomly based on specified
and sharp vertical refractivity gradients) tend to stop at higherstandard errors), where the along-ray velocity standard er-
altitudes also in practice. ror of 0.05 mms?, typical for modern POD systems, is the

For context we also include the mean tangent point move-dominant error source. The radial position standard errors
ment from 80 km altitude to the minimum altitude reached, of the LEO and the GNSS satellites were set to 0.4 m and
which increases from 81.3 km in sector 1 to 555.7 km in sec-0.2m, respectively, a conservative bound for modern POD
tor 7. It is worth noting, that most of this lateral move- performance. Receiver noise was modeled as white Gaus-
ment happens below 25km altitude, where ray bending issian noise with a LEO antennae noise temperature of 150 K
strongest. Also the mean duration of the occultation even@nd a (single-side) tracking loop bandwidth of 10 Hz.
(between 80 km and the minimum altitude) increases clearly Regarding atmospheric profile retrieval, we applied a ge-
from 43.3 s in sector 1 t0 99.6 s in sector 7. The South- Northometric optics bending angle retrieval scheme. The core of
component of the TP movement can be expected to have thhis algorithm, transforming phase delays to bending angles,
largest impact for climate applications. For individual pro- is the algorithm described by Syndergaard (1999), which was
files we can anticipate a systematic error, when, e.g., the upenhanced to include inverse covariance weighted statistical
per part of the RO profile is further north, but the lower part optimization (with prior best-fit a priori profile search) as de-
further south than a vertical reference profile. When largescribed by Gobiet and Kirchengast (2004). Since the forward
ensembles of RO profiles are averaged for climate applicamodeling has been performed without an ionosphere, iono-
tions the latitudinal TP movements of the individual profiles spheric correction was omitted. Refractivity profiles have
will cancel to a high degree. This can already be seen irbeen computed using an Abel transform and atmospheric pa-
our ensemble of events, which has only been collected durrameters using a dry air retrieval, respectively, both steps
ing one day: The South-North movement of the mean profileemploying algorithms of Syndergaard (1999). We did not
in sector 1 (last row of Table 1) is only 0.64km. In sec- undertake to separately analyze temperature and humidity as

Sector 5
Sector 6
Sector 7

ght [km]
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3 Estimation of the tangent point trajectory

Given the derived impact parameter,for a given ray path
between the GNSS and the LEO satellite, a unit veétar,
with origin at the center of refraction and pointing in the di-
rection of the tangent point for that ray, can be estimated by
considering the geometry in Fig. 3. Under the assumption of
spherical symmetry it is clear that can be determined from
the two vectorsi. andag (both having the length) as

n ac+ac
m=———.
lag +aL|

@)

Each ofa. andag are obtained by considering the dashed

Fig. 3. lllustration of the occultation geometry showing a ray path triangles in Fig. 3, e.g., for the right side,

between the GNSS and LEO satellites with indication of the tangent _ .
point (TP). The ray asymptotes and a line from the origin through elie
the TP are indicated by thin dotted lines. The two dash-lined right- . N . . . . -
angled triangles are equivalent (but mirrored and rotated) to the thNhe[eaG aner. den(Btg unit ve(;tors in the directions &g
right-angled triangles defined by the ray asymptotes and the sateRNd7G, respectively; is the unit vector normal to the oc-

lite positions. The partial circle denotes a radius of unit length andcultation plane (obtained froig x 7 ), andDg = /;é —a2.
origin at the center of refraction. Similarly we find

=arg+ Dg(n xrg), (2

. . [FLlaL = af — DL (7t X 7). ©))
for the present analysis we preferred to inspect the parameter

dry temperature, which does not require a priori information The vectorsig = adg anda, = ad, now readily follow from
in the troposphere. (2) and (3), respectively, and the unit vecfgris obtained
from (1). The TPT is now found by repeating the calculations
for each pair of satellite positions during the occultation and

All retrieved profiles have been differenced against Corre_mult|p_ly|_ng T W't.h the d'StaF‘CE of the tangent p0|r,1t from
the origin,rr. This, in turn, is found from Bouguer’s law,

sponding “true” profiles, computed from the ECMWF anal- 2 = n(a@)ry, wheren(a) is the refractive index for a given

sis fields. We have used three types of “true” reference pro- . . ;
%Ies: (1) at the mean RO event I())/(?ation (2) along the “trSe” impact parameter, derived via the Abel transform. It is worth

TPT (as computed by the ray tracing algorithm), (3) along nqtmg that the Iaﬂtude of the tg ngenAt pplnt, n pr actice ob-
the retrieved TPT. tained via the Cartesian coordinatesr¢f is an estimate of

We define the mean location of an RO profile as the Iati-the geo_graph|c Iat|tude_(not the geocentric one), since _the
. . : : calculations are done with respect to the center of refraction
tude and longitude of the point, where the straight-line con-

nection between the transmitting and the receiving satelliteafter a correction for the ellipsoid (Syndergaard, 1998).

during the occultation event touches the Earth’s ellipsoidal
surface (corresponding to the tangent point location of real
RO profiles between 10 km and 15 km altitude). Figure 2 in-

dicates that this definition of the mean tangent point providesBased on the differences between retrieved dry temperature

quite a good trade-off for a reasonable fit in the trOpOSpher%rofiles and the different types of corresponding reference

and stratosphere (in all sectors), especially in the upper trop fijes (Sect. 2.5) we have computed difference error statis-

posphere and lower stratosphere, where the RO data qualityoq  Figure 4 shows the dry temperature errors, with the
is best. Since this definition is purely geometric the mean TP.,e» yertical profiles at mean tangent point locations as ref-
can be determined without an actual retrieval. _erence. Between about 7km and 25 km altitude, errors are
The e_xact TPT cannot be determined without performlngsmall, reflecting the high accuracy and precision in this “core
ray tracing through the "true” atmosphere. A very good ap-yaqign of the RO method (cf. Schreiner et al., 2007). Al-
proximation of the TPT can be estimated from the GNSS anq.y iy this representation a tendency of errors to increase
LEO satellite positions and retrieved impact parameter proy,i ‘increasing angle of ray incidence (azimuth sector) is
files, however, as described in the following section. clearly visible. However, the bias (the mean of the difference
profiles) does not exceed 0.5 K and standard deviations of the
differences are smaller than 1K, even in sector 7. Errors are
particularly small in the altitude range between 10km and

2.5 Reference profiles

Results

www.atmos-meas-tech.net/4/189/2011/ Atmos. Meas. Tech., 419892011



194

U. Foelsche et al.: Errors in GNSS radio occultation data
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Fig. 4. Difference error statistics for dry temperature in sectors 1-7, with the “true” vertical profile at mean tangent point location as
reference.
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Events Temp. Errors, Sector 1, Retr. TangPointTraj

Events Temp

. Errors, Sector 2, Retr. TangPointTraj
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Fig. 5. Difference error statistics for dry temperature in sectors 1-7, with the “true” profile along the retrieved tangent point trajectory as
reference.
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Fig. 6. Mean standard deviations of dry temperature (left) and refractivity (right) in the lower stratosphere between 20 km and 25 km altitude
(top), in the upper troposphere between 5km and 10 km (middle), and in the lower troposphere below 5 km (bottom; note the different y-axis
range).

15 km, where the estimation of the mean tangent point locaents (e.g., Kursinski et al., 1997). Error statistics are only
tion assures a good match, even with the vertical referencehown as long as there are at least ten ensemble members in
profile. each sector (corresponding to an altitude of about 1 km and
Below about 7 km altitude there is a clear increase in sys-above).
tematic and random errors, due to the growing influence The setup of Fig. 5 is the same as in Fig. 4, but this time
of horizontal atmospheric variability. This confirms earlier the “true” reference profiles have been extracted along the
studies with simulations based on atmospheric fields withretrieved tangent point trajectories of the RO events. The
lower horizontal resolution (Kursinski et al., 1997; Foelsche overall behavior is very similar, but the magnitude of er-
et al., 2004a, b). The decrease in the number of ensembleors is markedly smaller (with very few exceptions). In or-
members with decreasing altitude (left side-panels in Fig. 4)der to allow for a better quantitative inspection of the errors
is due to the fact that the ray tracer stops when severe sun the different azimuth sectors, we computed representative
perrefractive or multipath structures are encountered (e.g.inean values for the lower stratosphere (LS, calculated be-
Sokolovskiy, 2003; Beyerle et al., 2006). This happens fre-tween 20 km and 25 km altitude), the upper troposphere (UT,
quently in the lower tropical troposphere, where pronounced km—10 km) and the lower troposphere (LT, below 5 km).
humidity variations cause sharp vertical refractivity gradi-
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Fig. 7. Mean absolute bias of dry temperature (left) and refractivity (right) in the lower stratosphere between 20 km and 25 km altitude (top),
in the upper troposphere between 5km and 10km (middle), and in the lower troposphere below 5km (bottom; note the different y-axis
range).

Figure 6 (left panels) shows mean dry temperature stan- It should also be noted that the comparatively small er-
dard deviations for the three selected altitude intervals. Inrors in the UT and LS (in case of vertical reference profiles)
case of vertical reference profiles (red), there is a clear erroare partly due to the fact that the mean tangent point is esti-
increase with increasing azimuth angle (especially beyondnated at altitudes between 10 km and 15 km. (Sect. 2.5). Al-
sector 3), while standard deviations remain about constanternative definitions of the TP, e.g. at the minimum altitude
up to sector 6, if the reference profiles are extracted alongeached by the event, would provide a better fit in the LT, but
the “true” (blue) or along the retrieved (green) tangent pointonly for the high price of larger errors in the altitude range,
trajectories (0.3K in the LS, 0.7 K in the UT, and about 2 K where RO data achieve their highest quality and their largest
in the LT). If the vertical reference profile is used, the cor- impact in Numerical Weather Prediction (NWP). For this
responding values in sector 6 are 0.6 K, 1.0K, and 3.9 K, re-context we also show errors in refractivity (as relative quan-
spectively (i.e., larger by up to a factor of 2). Furthermore, it tities, due to exponential decrease of refractivity with alti-
can be seen that the retrieved tangent point is almost a petude), since refractivities (and bending angles) are usually the
fect fit to the “true” one in the LS and UT, and a very good RO parameters that are assimilated into NWP models (right
approximation in the LT. panels of Fig. 6). The behavior is very similar, confirming
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theoretical results on error propagation (Rieder and Kirchendetermined whether the (apparent) errors are reduced when
gast, 2001) and previous simulation studies (Foelsche anthe reference profile is not taken vertical at the mean tangent
Kirchengast, 20044, Fig. 4 and 7 therein), which showed thapoint, but along the retrieved tangent point trajectory (TPT)
relative errors in refractivity closely mirrors those in dry tem- of the RO profile.
perature. The exact TPT can only be determined by performing ray
Figure 7 shows the mean absolute bias, since positive antfacing, but our results confirm that the estimated TPT — cal-
negative deviations would partially cancel, when computingculated from observed impact parameters and bending angles
just the mean value. In the LS, the use of the different ref-— is a very good approximation to the “true” one. Errors in
erence profiles results in negligible dry temperature differ-retrieved atmospheric profiles decrease significantly, by up to
ences (left panels) up to sector 3. Biases are generally smalh factor of 2, if the RO data are exploited along this retrieved
but there is a marked increase with increasing azimuth anTPT. The TPT of RO profiles should therefore be exploited
gle: from 0.05K to 0.35K for vertical reference profiles) and whenever this is possible, especially when individual profiles
from 0.05K to 0.20K for reference profiles along the 3-D are considered, e.g., in NWP applications.
trajectories. A candidate for such a behavior is an increas- Systematic and random errors in RO data tend to increase
ing misfit of the local radius of curvature, which is used in with increasing ray incidence angle (less pronounced, if the
the ellipsoid correction, estimated at the mean tangent poinTPT is properly taken in to account), since the increasing
location, and assumed to be constant for the RO event (cfobliquity of the RO profiles leads to an increasing sensitiv-
Syndergaard, 1998). ity to departures from local spherical symmetry. Up to an
The UT bias is, except for sector 5, very similar for all azimuth angle of 30this effect is small, even if the RO pro-
types of reference profiles, since the estimated mean tangefiles are assumed to be vertical. For applications requiring
point location is still quite a good approximation in this alti- highest accuracy and precision it is advisable to exclude RO
tude interval. The mean absolute UT bias is about 0.1 K, ancprofiles with ray incidence angles beyond an azimuth 6f 50
there is only a slight increase with increasing azimuth angle.
There is no obvious reason for the deviation in sector 5 (itacknowledgementsie acknowledge ECMWF (Reading, UK) for
is, e.g., not caused by few profiles with large biases), but theyccess to their global analyses data. This work was funded by the
respective panel of Fig. 4 shows that the small biases towardaustrian Science Fund (FWF; BENCHCLIM project P 22293-N21,
the lower troposphere set in slightly higher in the UT in this START Programme Y103-N03). EGOPS development was funded
sector. The most remarkable property of sector 5 is that 6799y ESA via the project ProdexCN2 and predecessor projects.
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The LT bias does not show a clear azimuth sector de_Facmty funded by EUMETSAT. We thank Michael Rennie (UK
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and retrieved TPT. Mean absolute bias values range betwee"’lnnOI helpful comments.
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