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Abstract. We describe the status of the assimilation of bend-resolution (of the order of 100 m). They provide information
ing angles from GPS radio occultations in the 3D-Var for on temperature and humidity from the atmospheric refrac-
DWD's operational global forecast model GME (“Global tion of the GPS radio signals as measured by a satellite on
Model for Europe”). Experiments show that the assimilation a low-earth orbit. In contrast to radiance data GPS radio
of GPSRO data leads to a significant reduction of biases iroccultations are unaffected by clouds or precipitation and
the analyses of temperature, humidity and wind in the uppemre bias-free (at least at the level of the raw observations).
troposphere and the stratosphere, as well as a betterr. m. s. fihese properties make them interesting in particular for
in the comparison to radiosondes. The impact on forecastiter-instrument calibration studies, e.g. in climate research.
is most prominent in the data sparse Southern Hemispherdsinally, the horizontal coverage of the radio occultation
but is also quite notable in the Northern Hemisphere extra-observations is close to uniform, which is beneficial for their
tropics. The positive results found in the impact experimentsuse in data assimilation. Thus, GPSRO data have proven to
lead to the implementation of the assimilation of GPS radiobe a valuable source of information in atmospheric research
occultations from GRACE-A, FORMOSAT-3/COSMIC and and weather prediction, and are now being used opera-
GRAS/MetOp-A into the operational suite on 3 August 2010. tionally at many NWP centers, e.g. MetOffice, ECMWF,
We also show some initial results from assimilation experi- NCEP, Metto-France, Environment Canada, and JMA (for
ments using radio occultation data from the German researchn overview see the talks and proceedings of GiRRAS
satellite TerraSAR-X. SAF workshop (2008 and OPAC workshop(2010 and
references cited therein).

In the past, the DWD was involved in two projects with
focus on the use of GPSRO observations in data assimila-
tion. Within the “Radio Occultation Processing Intercompar-
Data assimilation, i.e., the determination of the state of the atiSon Campaign” (ROPIC), the processing of initial phase de-
mosphere from observations plays a central role in numericaldy observations to bending angles with different numerical
weather forecasting. Common observational data sources irf2!g0rithms, implemented at the participating centres, were
clude in-situ data such as radiosondes, weather station me§°mpared. At DWD the canonical transform CT2 (-
surements, and data from aircrafts and buoys. Nowadayunov et al. 2006 and references cited therein) was eval-
satellite remote sensing provides an increasing amount of int@ted. The results were validated with bending angles cal-
formation. Profiles of the thermal structure of the atmospherefulated from the ECMWF model background by a (presum-
can be retrieved from microwave radiance measurements, aftly rather accurate) ray-tracing operator based on geometri-
though with vertical resolution less than what is achievableC@l Optics Gorbunov and Kornblugt?003.
by balloon ascents. The second project, funded by the German Ministry for

Global Positioning System (GPS) Radio Occulta- Education and Research, was carried out in collaboration
tions (RO) Kursinski et al, 2000 are a relatively new With the GeoForschungsZentrum Potsdam (GFZ) and fo-
source of observational data with potentially high vertical cused on fast processing and provision of GPSRO data and
their use in numerical weather prediction (NWP). The GFZ
provided GPSRO data of the CHAMP and GRACE research

Correspondence tdi. Anlauf satellites and set up a near real-time processing chain to de-
m (harald.anlauf@dwd.de) rive bending angles from phase delay measurements. At
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DWD, different bending angle forward operators were eval-tion uses the expression given Ri(eger 2002 and recom-

uated (3-D ray-tracing, 1-D Abel transform, multiple Abel mended in GRAS SAF Report 06RAS SAF project201])

transforms at tangential points of the respective rays) forfor the neutral atmosphere (see al$ealy, 2011for a criti-

the use in the 3D-Var data assimilation system of the DWDcal review and a discussion of non-ideal gas effects which we

global model. First impact studies with assimilation of GP- neglect throughout),

SRO data at DWD (at that time on the IBM RS/6000 Power5 » Pu

system running under AIX) have shown that these new obN = 10° (n — 1) = 77~68907 - 6-39387

servations were beneficial for NWP (seimgel and Rhodin Pw

2009. + 3.75463x 10° T 2)
This paper reviews the developments at DWD that lead

to the operational use of GPSRO observations in the globaYVhereT denotes the tem.perature in Kelvin, aPOh”‘?' Pw
numerical weather prediction suite. denote pressure and partial water vapour pressure in hPa.

The bending angley, for a (locally) spherically symmet-
ric atmosphere is a function of impact parameteiand can

2 Assimilation of GPS radio occultations be calculated from the refractive index;

. . A  dinn/dx
At the German weather service, the operational assimilation,(4) = — 24 ' dx, 3)
of observational data into the global forecast model GME a x2—a®

(Majewski et al, 2002 is performed by a three-dimensional wherex =nr for vertical coordinate. Above the model top
variational assimilation system with a physical space analy5 hpa, corresponding to approximately 36 km) the refractiv-
sis scheme (3D-Var PSASPaley and Barker2000. ity profile is extended using the MSIS-90 climatology.

A variational data assimilation scheme determines the The original implementation of Eq3) by Gorbunov Gor-
analysis by a combination of a preceeding short-range forebunov and Kornblugt2003 performs the integration using
cast (p) and the observations/d) with the help of a cost 3 spline interpolated version of the numerator to a grid reg-
function J(x) that contains penalty terms for deviations of yjarly spaced inc with a rather small spacingf ~50 m)
the analysis staterf from both the forecast and the observa- even for high altitudes, which is inefficient. For the opera-
tions, weighted by their respective statistical uncertainties. tjonal code which has to run on NEC SX-9 vector processors

we performed several adaptations and optimizations, includ-

1
J(x) = > (b — x)" B (xp — ) ing a splitting-up of the integral into two ranges. The lower
1 part still uses constant integration steps, whereas the upper
+ > (Vo — H(x)T R (yo — H(x)) (1) part uses steps linearly increasing towards the upper integra-

_ _ tion limit. The numerical integration formula used is exact

HereH denotes the non-linear observation operator, And for a linearly varying numerator in the integrand of E8) (
andB model the covariances of observation and backgroundor the lower part. For the upper part we assume an expo-
error, respectively. The 3D-Var PSAS performs the numeri-nential variation of the numerator between levels similar to
cal minimization of the cost function in observation space. Healy and Tlpaut(2006. In order to keep systematic dif-
The assimilation of radio occultations is performed usingferences between the original and modified implementation
bending angles as observations. The model counterpart ismall in the troposphere and lower stratosphere, the height
calculated from the refractivity field which depends on the for the range splitting was set to 30 km.
atmospheric fields of pressure, temperature and humidity. ~ An error model which accounts for observational errors of

The ray-tracing operatoGorbunov and Kornblugi2003  each occultation individually, based on the actual situation
leads to best results in terms of standard deviation of the difas provided with COSMIC data or derived by the canonical
ference of observation to backgrouriélirigel and Rhodin  transform Gorbunov et al.2006 should be advantageous.
2009 by a small margin, but it has a high computational cost. However, in order to use the same model for all data we al-
For the use of GPS radio occultations in operations we curways applied the error model describedHiealy and Tipaut
rently use a one-dimensional forward operator based on thg2006, where it is assumed that the combination of forward
Abel integral. To take into account the drift of the tangen- model error and observation error varies only with impact
tial points relative to the nominal occultation point at least to height, 4, which is defined ag =a — Rc, whereRg is the ra-
some extent, an effective occultation point is determined asiius of curvature provided with the measurement. The stan-
the mean of the individual rays’ tangential points in the low- dard deviation of the error is assumed to decrease linearly
est 15 km of the occultation profiFeThe refractivity calcula-  from 10% of the observed value to 1% for impact heights
from 0 to 10km, and to stay at 1% above 10km, with an
absolute lower limit of 6< 106 radians. We do not use the

1This value is somewhat smaller than the 20 km used in a pre
vious study Pingel and Rhodin2009. It leads to slightly better
agreement between short-range forecasts and observations, probsentative for the rays passing the troposphere where largest horizon-
bly because the resulting effective occultation point is more repre-tal gradients are to be expected.
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Comparison of tangent-linear approximation and finite-differences
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Fig. 1. Difference of the gradient of the observational cost function for the contribution of a single ray evaluated in the tangent-linear
approximation to finite differencing of the non-linear operator as a function of step size.

observation error provided with the COSMIC data, except tight than for conventional observations, as a compensa-
when it exceeds the value from the error model. Since we tion for a possibly poor representation of the first-guess
use bending angles for assimilation, we assume that observa-  uncertainty in the upper troposphere and in the strato-

tion errors are vertically uncorrelated. sphere, as well as for model bias in the stratosphere.
_ _ Note that the 3D-Var also employs a variational quality
2.1 Quality control of GPSRO observations control during minimization that reduces the weight of

o . i observations with large departures from the first guess.
Before assimilation, several checks are applied to the profiles

of bending angles: — Observations with a relative observation error larger
than 10% or an absolute observation error larger than
0.01rad are discarded. This removes observations
mostly in the tropical lower troposphere (influence of

humidity fluctuations) and in the stratosphere (residual
stratospheric fluctuations induce additional noise).

— As a first step we examine the product quality flag
provided by the processing center. Profiles with non-
nominal quality, non-nominal processing of excess
phase or bending angle will only be monitored.

— For each ray in a profile, we check the consistency of
provided tangent point and georeferencing point, by al- — The value of the bending angle is confined to the interval
lowing for a maximum great circle distance of currently [0,0.02] rad to exclude errors due to excessive bending
3°, corresponding to a maximum spatial separation of ~ angles (caused by e.g. ducting processes).
330km. In experiments using data before mid-2010
this lead to a rejection of a subset of rays within some
COSMIC occultations passing over the 18Merid-
ian. These occultations typically contained several rays
with no reported longitude, and some rays in the pro-
file having geographical locations inconsistent with the
occultation geometry. This finding was reported to the
CDAAC team. The problem was not observed for COS-
MIC near real-time data disseminated after 9 July 2010
and appears to have been fixed.

— Adjustment of observation errors: To achieve a better
balance in the assimilation process, individual observa-
tion errors are adjusted such tlegfeng > 0.5.

— Clipping of the lowest section of GPSRO profiles:
resolution of nonlinearities by radio-optical process-
ing can cause a nhon-monotonous bending angle pro-
file. Beneath a given impact height parameter (presently
8000 m) the GPSRO profile section below such points of
non-monotonicity is discarded when the bending angle

— We exclude occultation events with profiles starting decreases by more than 3 times the assigned observa-
above 20 km impact he|ght This main|y affects rising tional standard deviation. There is Currently no check
occultations featuring abnormally large first-guess de-  for the occurrence of super-refraction based on the re-
partures. (See algeoli et al, 2008 who use a limit of fractivity lapse rateRoli et al, 2009.
10km.)

For the GPSRO observations passing quality control we
— An observation-minus-first guess check ofi4 applied  perform a vertical thinning, so that no more than one ray will
to each ray to remove outliers. This check is chosen les$e retained per model level. For impact heights up to 10 km

www.atmos-meas-tech.net/4/1105/2011/ Atmos. Meas. Tech., 4, 11052011
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we thin to a vertical spacing of 400 m, between 10 km andsurface pressure observations had a large number of outliers
20 km to a vertical spacing of 500 m to 700 m, and betweenwhich were not well represented by the fat tails of the Huber
20 km and 30 km to a vertical spacing of 2km. The thinning p. d. f. but better by a superposition of a Gaussian and a flat
process includes an exponential smoothing of the bendinglistribution. Therefore the latter formulation (see égder-
angle profiles in order to remove small-scale fluctuations andsson and drvinen 1999 and references cited therein) was
to improve the representativity of the observational data. Fompreviously used for surface pressure. The convergence of the
the assimilation we select impact heights in the range fromminimization was considerably improved when the Huber-

3km to 30 km independent of latitude. function was applied to surface pressure as WeWe ex-
o . _ plain the interference of surface pressure observations and
2.2 Monitoring of data and impact experiments radio occultations by the fact that RO basically observe re-

fractivity as a function of geometrical height. Refractivity is

An initial monitoring of GPSRO measurements was per- closely related to atmospheric pressure and therefore RO pro-

formed at DWD with near real-time data sets of the CHAMP . _ . ; : : .

o . vide information on pressure as a function of height which
arg:dA?QRAC!E—A rmszons prov |defd bX‘GFZ’ ";]md. Cg SMIC t;]y otherwise is only constrained by surface pressure observa-
p ; (Unlversn)_/ orporation for Atmospheric Researc ) tions. All other observation types only provide information
(Pingel and Rhodir2009. Impact experiments showed clear qn pressure gradients (temperature, thickness).

al

benefits of the use of these data. However, the computation After the above issues had been addressed, we performed

cost of the initial implementation was very high, partly due impact experiments for an extended period. These experi-

tc_> S.IOW convergence of the 3D-Var whgn GPSRO were BSents exposed several problems in the Antarctic: when com-
similated in addition to other observations, and partly due

aring short-range forecasts of both temperature and wind
to the code for the bending angle forward operator needin g ¢ P

L X . peed to radiosonde observations, we found an increase of
optimization. The latter issue became even more importanf

hen DWD d4th onal he NEC SX-9 he mean departures in the Antarctic stratosphere. In an ex-
when moved the operational system to the ““'periment where radio occultations were blacklisted south of
but it was eventually solved.

The i tioati f the sl ¢ q 65° S, these biases clearly decreased to the level of the op-
1€ |nv¢st|ga |0nb Otvv e Stk?w convlgrgence dur?e therationaI system. On the other hand, this increase in bias
an inconsistency between the non-linéar and tangenty,,qo,req to have no significant negative impact on other re-

Imea_r/adjomt opedr_ator Wh";hbwas fmall_y reiolveda_The ;n;] ions, so no blacklisting was done when the GPSRO were
consistency was discovered by comparing the gradient of t perationally implemented. Later investigations revealed

observational cost function for the contribution of a single .. part of the increased bias resulted from an inappropri-

ray evaluated in the tangent-linear approximation to flr"teate choice of the vertical correlations in the background error

d_|fferan_cm%10f t:he norr:-llnear opzrztor: asa furfm'ﬂon of Stelpcovariance model which had been taken over from the previ-
size. Figurel shows the expected behaviour of the normal- j ¢ o <+ model resolution.

ized difference of the gradients when the increment for finite Furthermore, there is the well-known problem of a nega-

differencing is chosen as a random vector and the scale ofe piag of the bending angles derived from GRAS closed-

the mgrement IS given by the background error. Eor IargeIoop data in the lower troposphere up to about 10km. In

step SIzes, the d|screpan.cy Is caused by non-lm'eanty of th% conservative approach one would blacklist this part of the

observation operator, while for very small step sizes round-profiles {Healy, 2008 Poli et al, 2008 Rennie 2019. On

) ! 8 4 , .

ing error dominates. The level of the plateau(10.10°°) the other hand, according to the error model described above,

shown 'ZF'gl for m?derate stgp ls'gifs IS co_nsllstenF :}V'Tgéhs the assigned observation error for GPSRO observations also
expected accuracy for numerical differentiation wit increases with penetration into the troposphere, leading to a

double precision. For the inaccurate implementation of ther?duced observation impact.

tangerlt-lineag operator there was a broad plateau at the leve We performed a comparison of experiments which assim-
of10™"...10°. ilated GRAS data down to 3 km and 8 km impact height, re-
Furthermore, we found that convergence was much faStegpectiver. The negative bias in the bending angles appears
whgn ;urface pressure observatpns were removed from thﬁ) lead to a systematic but small reduction of moisture when
§SS|m|Iat|or1. .Th|s prob!em was finally resolved by chang- comparing the respective analyses, but we did not see a sig-
ing the Varl_atl_onal Quality Control (VQC) for surfac_e Pres- pificant detrimental effect in the comparison of short-range
sure. V.QC IS |mplement_ed by use Of a non-quadratu_: fOrmu'forecasts to radiosondes, nor did we see a significant effect
lation (i.e. a non-Gaussian probability density function) for
the observational cost function. In general a Huber-functionfunction. The ensuing cost function has a positive definite Hessian
(Huber, 1973 like expression is chosen which represents aand —in absgnce o_f strong nor_l-linearities of the observation opera-
Gaussian p. d. f. with fat taifs. This formulation was used fr—no multiple minima, leading to enhanced convergence of the

for all observed quantities except surface pressure, becaud8ymization algorithm. _
The large number of outliers for surface pressure stems from

20ur formulation consists of a two times differentiable function persistent biases of some of these observations. This problem may
which is very similar to the piecewise quadratic or linear Huber be cured in the future by applying a bias correction.

Atmos. Meas. Tech., 4, 1105413 2011 www.atmos-meas-tech.net/4/1105/2011/
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Fig. 2. The mean departure (left) and RMS difference (right) of radiosonde temperature observations to 3-h forecasts for the reference run
(dash-dotted blue line) and the GPSRO experiment (continuous red line). The rows show the comparisons for observations in the latitude
bands 20N-60C° N, 20° S—2C0 N, and 60 S-20 S (from top to bottom). The central columns display the number of samples used in the
experiment (red) and the difference of experiment to reference (black).

in the global precipitation. For this reason we currently apply2.3  Assimilation results
the same selection and quality control criteria for GRAS as

for other GPSRO, but we will reassess these parameters fo_lr_h o ) ; d durina th
GRAS when we find evidence for a negative impAct. nemain Impact experiments were performe auring the pe-
riod from 19 May through 2 August 2010, using the oper-

ational model configuration with a horizontal resolution of
30km, 60 vertical layers up to 5hPa, and 3-hourly intermit-
4ps a side note, we would like to mention that we also assim- (€Nt data assimilation. The control experiment consisted of
ilate other observations where the presence of a significant bias 1€ Operational assimilation and forecast system, with GP-
established, but their omission would lead to worse forecasts. INSRO measurements being passively monitored but not used.
the case of aircraft temperature, a bias correction scheme is undekhe GPSRO experiment employed exactly the same setup as
development. the operational system except for the GPSRO measurements

www.atmos-meas-tech.net/4/1105/2011/ Atmos. Meas. Tech., 4, 11052011
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and Southern Hemisphere (bottom) for the operational routine (thin blue line) and the experiment including GPSRO data from COSMIC,

GRACE-A, and GRAS (thick red line). The statistics is based on 62 forecasts (00Z and 12Z) corresponding to 31 days of data during
July 2010. The error bars give a rough indication of the uncertainty of the mean as estimated from the time series of the RMS differences.
The comparisons are performed against each experiment’s own analyses.
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ANOC geopotential 500 hPa SH 2010070100 till 2010073100 (31 forecasts) sphere. A comparison of the count of temperature observa-
! " " GME Toutme —— tions used after variational quality control (displayed in the
GMEP GPSRO ~ —— central columns in Fig2) shows that more data are actu-
oo f ] ally used, which can be explained by the better consistency
of the short-range forecasts of the GPSRO experiment with
08T radiosonde measurements.
.| Since the refractivity of air depends on the water vapour

pressure (cf. ER), we should expect some improvement in
o8 the comparison to radiosonde humidity observations. Disap-
' \% pointingly, this effect is rather small in the Northern Hemi-
sphere and in the Tropics. We do find a significant positive
effect in the Southern Hemisphere, see Big\ote, however,
, , , , , , , that it is restricted mostly to the upper troposphere where the
0 24 48 72 % 120 144 168 humidity contribution to refractivity is expected to be rather
forecast ime () small. We therefore think that this improvement is an indirect
Fig. 5. Anomaly correlation of the 500 hPa geopotential height in ef_fect ofthe generql improvement of the Short_r{inge i
the Southern Hemisphere (98—-20 S) of the reference (GME rou- with respect to vertical structure rather than a direct effect of

tine, blue line) and of the GPSRO experiment (red line), based orfhe analysis.
the statistics from 31 forecasts during July 2010. The shaded blue [N order to assess the persistence of the information gained
area and the red error bars indicate the respective 90 % confidendy the assimilation of radio occultations, we performed com-
intervals derived from the bootstrap method. parisons of forecasts to each experiment’s own analyses. Fig-
ure 4 shows the average RMS difference of the 50 hPa tem-
perature as a function of forecast time for the Northern Hemi-
being actively used, with selection criteria as described abovgphere (20N-9C° N), Tropics, and Southern Hemisphere
and applying the exact data cutoff time of the routine to the(9o° S—20' S) for July 2010. Evidently there is a large re-
GPSRO observations as well. duction in RMS error in the GPSRO experiment which sig-
The set of observations assimilated in the GPSRO exnificantly increases with forecast lead time. However, some-
periment therefore consisted of in-situ observations fromtimes there is a minor degradation at shorter forecast lead
SYNOP stations, BUOYs, SHIPs, aircraft, radio- and drop-times, as can be seen from the 12 h forecast time data points
sondes, PILOTs, and space-borne remote sensing data ifier the Northern and Southern Hemispheres. We find this
cluding sea surface winds from ASCAT, atmospheric mo-behaviour for temperature forecast also at other stratospheric
tion vectors from geostationary and polar orbiting satellites,levels. As a possible explanation for this phenomenon we
AMSU-A brightness temperatures from the MetOp-A and suggest that the analysis state is either not well balanced or
NOAA polar orbiting satellites, and GPSRO bending anglesnot consistent with the forecast model’s climate.
from GRACE-A, FORMOSAT-3/COSMIC 1-6, and GRAS  The impact on forecast quality may be demonstrated by
on MetOp-A. showing the improvement of the anomaly correlation score of
At DWD, the operational global data assimilation system the 500 hPa geopotential. For the Northern Hemisphere this
uses a static bias correction scheme for the satellite radiancegnpact was rather small, but we found a very nice increase of
The coefficients used in the bias correction are reevaluateehis score for the Southern Hemisphere, cf. Big.
off-line from time to time, to counteract drifts of satellite  As the overall assessment of the impact of GPS radio oc-
brightness temperature sensors and imperfect model climateyitations on forecasts was positive, it was decided to switch

The bias correction is also susceptible to changes that influpn their assimilation into the operational system on 3 Au-
ence the model state in the stratosphere. For the long-terrjust 2010.

impact experiment using GPS radio occultations, the coef-
ficients of the bias correction therefore had to be adjusted®.4 Radio occultation data from TerraSAR-X
independently from the operational system.

Figure 2 shows the comparison of the mean departuresThe German research satellite mission TerraSAR-X carries
(observation minus first-guess) and RMS differences of ra-as a secondary payload an IGOR GPS receiBeyérle et
diosonde temperatures in three latitude bands X2&0° N, al,, 2010, which is of the same type as those installed on the
20° S-20 N, and 60 S—-20 S) for the reference run, which COSMIC micro-satellites. TerraSAR-X is capable of provid-
is the operational system, and the GPSRO experiment duringng roughly 200 setting occultations per day, which are pro-
July 2010. Evidently the bias and RMS error of the short- cessed by GFZ Potsdam and disseminated via GTS through
range forecasts is reduced, with the impact being largest itPWD since 21 October 2010.
the Southern Hemisphere (where less observational data is We performed an experiment that monitored and assimi-
available than in the Northern Hemisphere) and in the stratofated the radio occultation data from TerraSAR-X in addition

Anomaly correlation
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Fig. 6. The global mean (left) and standard deviation (right) of observation minus first-guess (continuous lines) and observation minus
analysis (dashed lines) of the TerraSAR-X (blue) bending angle departures for impact heights from 3 km to 30 km, and compared to COSMIC
FM-1 (red). The departures are normalized with respect to the observed bending angles. The statistics is based on 28 days of data (22 Octobe
to 18 November 2010). The central columns display the number of samples passing first-guess checks and being used after the variationa
quality control within a 1-km interval (left: TerraSAR-X, right: COSMIC). Impact heights between 21-22 km, 23—-24 km, and 25-26 km
were sparsely populated after vertical thinning.
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Fig. 7. The RMS difference of mean-sea-level pressure as a function of forecast time in the Northern Hemisphere for the operational routine
(dashed blue line) and the experiment including GPSRO data from TerraSAR-X (thick red line). The statistics is based on 56 forecasts (00Z
and 127) corresponding to 28 days of data (22 October—-18 November 2010). The error bars give a rough indication of the uncertainty of the
mean as estimated from the time series of the RMS differences. The comparisons are performed against each experiment’'s own analyses.

to those used in the operational suite. Fighimmpares the clude that the quality of the TerraSAR-X data is quite simi-
global mean and standard deviation of the first-guess depatar to that of COSMIC. The comparison of forecasts includ-
tures and of the analysis departures of the bending angleing these additional data to the operational forecasts showed
from TerraSAR-X and COSMIC FM-1 for the period from either marginal (see Fig. for the RMS differences of sur-

22 October to 18 November 2010. Taking into account thatface pressure forecast in the Northern Hemisphere for the
the TerraSAR-X occultations generally have a smaller pen-irst 96 h) or no significant impact. This was to be expected,
etration into the lower troposphere than COSMIC, we con-as TerraSAR-X amounts to roughly 10% of the currently
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available radio occultation observations. Nevertheless, since quality control of radio occultation data, J. Geophys. Res., 111,
we found no negative impact, and since the number of oc- D10105,d0i:10.1029/2005JD006422006.

cultations observed by the COSMIC mission is expected toGRAS SAF project home pagehttp://www.grassaf.org/last ac-
decrease due to its end-of-life approaching, it was decided to €ess: 28 January, 2011.

switch on operational assimilation of TerraSAR-X data into GRAS SAF Workshop on Applications of GPSRO measurements,
the 3D-Var on 9 December 2010. At the same time, modified  ECMWF. Reading, UK, 16-18 June 2008, 2008.

vertical backaround error correlations were activated to mit_Healy, S. B.: Assimilation of GPS radio occultation measurements
9 at ECMWEF, in: Proceedings of the GRAS SAF Workshop on

igate the problems encountered in the Antarctic stratosphere Applications of GPSRO measurements, ECMWF, Reading, UK
(see Sect2.2). 16-18 June 2008, 99-109, 2008.
Healy, S. B.: Refractivity coefficients used in the assimilation of
. GPS radio occultation measurements, J. Geophys. Res., 116,
3 Conclusions D01106,d0i:10.1029/2010JD014013011.

. . Healy, S. B. and Tépaut, J. N.: Assimilation experiments with
The above results demonstrate that GPS radio occultations ~3amp GPS radio occultation measurements, Q. J. Roy. Me-

provide valuable information for numerical weather predic-  teor. Soc., 132, 605-623, 2006.

tion, and that their assimilation leads to improved atmo-Huper, P. J.: Robust Regression: Asymptotics, Conjectures and

spheric analyses and forecasts, confirming the findings of Monte Carlo, Ann. Stat., 1, 799-821, 1973.

other operational weather services. Being a source of inKursinski, E. R., Haji, G. A., Leroy, S. S., and Herman, B.: The

formation independent of and complementary to previously GPS Radio Occultation Technique, Terr. Atmos. Ocean. Sci., 11,

used data, they may help to detect problems and identify ©3-114, 2000.

deficits in the data assimilation system. Majewski, D., Liermann, D., Prohl, P., Ritter, B., Hanisch, T., Paul,
Experiments using radio occultation data from GRACE- G- Wergen, W., and Baumgardner, J.: The Operational Global

P e Icosahedral-Hexagonal Gridpoint Model GME: Description and

A, COSMIC, and GRAS showed a significant positive im- . .

t DWD's global f t t that imilati High-Resolution Tests, Mon. Weather Rev., 130, 319-338, 2002.
pact on S giobal forecast system, So tha ass!ml alloNGpAC2010: International Workshop on Occultations for Probing
of these data was turned on 3 August 2010. Evaluation of the - spmosphere and Climate, Graz, Austria, 6-11 September 2010,
quality of GPSRO data from TerraSAR-X data was positive, 2010.
although the additional impact was very small. In light of the pingel, D. and Rhodin, A.: Assimilation of Radio Occultation
already diminishing number of data from the COSMIC mis- Data in the Global Meteorological Model GME of the German
sion, and in order to be able to gain the most benefit from this Weather Service, in: New Horizons in Occultation Research,
kind of observational data, the assimilation of TerraSAR-X at  Studies in Atmosphere and Climate, edited by: Steiner, A,
DWD was activated on 9 December 2010. Pirscher, B., Foelsche, U., and Kirchengast, G., Springer-Verlag,

Berlin, Heidelberg, 111-129%0i:10.1007/978-3-642-00321-9
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