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Abstract. The Optimal Estimation Method is used to re- 1 Introduction
trieve temperature and water vapor profiles from simulated
radio occultation measurements in order to assess how diffefGlobal Navigation Satellite Systems (GNSS), such as the
ent retrieval schemes may affect the assimilation of this dataAmerican Global Positioning System (GPS), the Russian
High resolution ECMWF global fields are used by a state-of- Global Navigation Satellite System (GLONASS), or the fu-
the-art radio occultation simulator to provide quasi-realistic ture European Galileo system, provide a continuous source
bending angle and refractivity profiles. Both types of profiles Of signals at radio frequency. The frequency of these sig-
are used in the retrieval process to assess their advantagg8!s is within a range where the impact of clouds can gen-
and disadvantages. The impact of the GPS measurement &ally be neglected, hence they provide an interesting field
expressed as an improvement over the a priori knowledgdor atmospheric remote sensing. Ground-based or space-
(taken from a 24 h old analysis). Large improvements arebased receivers are used to derive either information about
found for temperature in the upper troposphere and lowethe integrated precipitable water vapBeis et al, 1992, or
stratosphere. Only very small improvements are found in the2bout temperature and water vapor profilis¢hbach1965
lower troposphere, where water vapor is present. Water vaKursinski et al, 1997 Zuffada et al. 1999.
por improvements are only significant between about 1 kmto Kursinski et al.(1997) gives an excellent overview of the
7 km. No pronounced difference is found between retrievalsradio occultation principle and the first proof-of-concept ex-
based upon bending angles or refractivity. Results are comperiment GPS Meteorology (GPS/MET). Measurements can
pared to idealized retrievals, where the atmosphere is spherpe converted into a profile of bending anglesThe bending
cally symmetric and instrument noise is not included. Com-angle profile can be processed to yield a refractivity profile
paring idealized to quasi-realistic calculations shows that thedy applying an Abel transforniHeldbo et al.1971). Follow-
main impact of a ray tracing aigorithm can be expected foring the successful mission of GPS/MET, more satellites car-
low latitude water vapor, where the horizontal variability is rying radio occultation instruments have been launched, e.g.
high. We also address the effect of altitude correlations inCHAMP (Wickert et al, 2009, SAC-C Hajj et al, 2002).
the temperature and water vapor. Overall, we find that wa- Generally one assumes a spherical symmetric atmosphere
ter vapor and temperature retrievals using bending angie proﬁl’OUﬂd the observation point. Deviations from local Spherical
files are more CPU intensive than refractivity profiles, but Symmetry are introduced by atmospheric inhomogeneities
that they do not provide significantly better results. and the elliptical shape of the Earth. The elliptical shape of
the Earth can be partly compensated for by the introduction
of a different Earth’s center and a radius of curvature, de-
pending on longitude and latitud&yndergaard1998 Zou
et al, 2002. The influence of deviations from a spherical
symmetric atmosphere can not be corrected this easily and
will in general introduce errors in the retrieved atmospheric
profiles, e.g. idealy, 2001).
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Most of the early retrievals of temperature and water va-atmosphere with the accuracy of such retrievals in a fully 3-
por profiles from radio occultation measurements were fo-dimensional simulated atmosphere.

cusing on a direct retrieval approach, thus no a priori (also  Comparing a retrieval based on a spherical symmetric at-
called first guess, or background) information was incorpo-mosphere with one that includes the full 3-dimensional vari-
rated. This allowed for the determination of a dry temper- gpjlity also allows to estimate the impact of a ray tracing
ature profile where the amount of water vapor was insignif-scheme in the assimilation that would allow for the model-
icant. At lower tropospheric altitudes either temperature oring of horizontal refractivity gradients along the integration
water vapor can be determined assuming that the other quanyath. These gradients can be important in the lower tropo-
tity is well known. Several thousand GPS/MET measure-sphere. Nevertheless, the inclusion of a ray tracing forward
ments have been ComparEd with correlative data sets and Rodel requires |arge Computer resources, a|th0ugh S|gn|f|-
statistical agreement within 1 K mean temperature for an alti-cgnt progress has been achieved in this area rec&ythder-
tude range of 1 km to 40 km was fourldcken et al.1997.  gaard et a].2004 Poli, 2004. A 1-dimensional processing
More recently the process of bending angle or refractiv-yould therefore be more desirable.
ity assimilation by variational systems has been addressed. In addition, we will present the first published compre-

Thes_e systems are defined by the number of d'mens'onﬁensive comparison of retrievals based upon bending angle
considered, they span the range from 1DVar to 4DVar_, e'gprofile measurements versus retrievals based upon refractiv-
(Palmer et a].200Q Kuo et al, ZQOQ Liu et al, 2001 F.)OI'. ity profile measurements. Again, the choice here is between
et al, 2009, and allow for the simultaneous determination accuracy and ease of assimilation, with the assimilation of

of temperature, and water vapor profilagou et aI.(ZOO.Q refractivity profiles being somewhat simpler. By using the
discusses the advantages and disadvantages of bending ang%me retrieval and forward model for bending angles and re-

assimilation using a ray tracer over refractivity _a;_similation.fractivity assimilation we quantify the impacts of different
Several authors have also looked at the possibility to COM—ftacts in a uniform set of simulations.

bine radio occultation measurements with another satellite We shall al 4d he i f lati in th
based observation in an assimilation approach, first result% € shall also address the .|mpact of correlations in t N
ackground fields as well as in the measurement. A sim-

were published irvon Engeln et al(2001) on a combina- I hi 4 wh h in ad
tion with a microwave limb sounder, more recently combina- U'ation approach is used, where the main advantage over

tions with infrared and microwave instruments have followedﬂ:cehproCeSSing ofhrea_ll radio ?Dcmfjltatipn dr?ta is dknovaedgei
(Borbas et a].2003 Collard and Healy2003. of the true atmospheric state. Performing this study with rea

d data would required to process a large number of occulta-
[ions in order to reduce several instrumental and atmospheric

the statistical effect of bending angle or refractivity assimila- effects, e.g. mgasurement noise, ionospheric influences. It
tion with different retrieval setups. Retrieval setups encom-WOUIOI alsp require to have a data_lset of co-_located measure-
pass variation of all the error covariance matrices and alsgnent avallable to assess the retrleva_l quality. AISO’. this ap-
the introduction of correlations. These results are intended)ro"’mh allows us .to Impose a spherically symmetric atmo-
to provide guidance for those interested in assimilating GP<SPhere when required.
occultation data in choosing models consistent with their re-  Within this study we shall use simulated radio occultation
quirements and Computationa| constraints. measurements made from a Single LEO satellite for one par-
Although a fully investigation of the impact of radio oc- ticular day in 2001 (19 May 2001). This day lies within
cultation in a variational system would require to assimilatethe time frame of a Naval Research Laboratory assimila-
radio occultation measurements along with other data, ondion study, focusing on the impact of radio occultation data
can also use a simplified 1D setup where only radio occulta®n @ Numerical Weather Prediction (NWP) model. In to-
tion data is assimilated. This is justified since radio occulta-tal 550 GPS occultation events were found for our simulated
tion provides data complement to other satellite or ground-EO satellite, and a subset of 110, chosen to provide a wide
based observations. One indicator for this is that even dange of latitude measurements, was used in this study. Mea-
small number of assimilated radio occultation measurement§urements were simulated using a ray tracing or wave optics
already show a significant impact in the ECMWF forecast Propagator model and a high resolution European Center for
skills (Sean Healy, ECMWF, Reading, personal communica-Medium Range Weather Forecasts (ECMWF) dataset. A Op-
tion, 2005). timal Estimation retrieval method was used to derive temper-
We will estimate the information lost when spherical sym- ature and water vapor profiles, and a reference pressure.
metry is assumed in the assimilation. Calculating a fully Our paper is structured as follow: Se@s3: introduction
3-dimensional retrieval for a statistically significant number of the forward and retrieval model applied; Settpresen-
of cases is, however, an extremely computationally expeniation of quasi-realistic retrieval results; Sest.impact of
sive task. We will therefore instead provide such an esti-assumed a priori and measurement errors; Sectmpact
mate by comparing the accuracy of results obtained from 1-of assumed a priori and measurement correlations; 3ect.
dimensional retrievals in a spherically symmetric simulatedconclusion.

In this study we will attempt to quantify, using a simulate
atmosphere based upon a high resolution ECMWF datase
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2 Forward model setup Table 1. Sampling grid used for the simulated measurements, along

. . with the corresponding bending angle (BA) and refractivity (REF)
Two forward models have been used in this study, a 3-D Endy,. < assumed.

to-end GNSS Occultation Performance Simulator (EGOPS)
to produce quasi-realistic measurements, and a 1-D forward Height ~ Samplinglz BAEror REF Error
model for the retrieval processing. Within the simulator tool, [km] [km] [rad] [N-units]

ECMWF atmospheric analysis fields of 19 May 2001 with

4 time steps, 60 vertical levels, and a T511 horizontal reso- ggﬁiiig 8'58 ;"g 8'826
lution were usedNliller, 1999 Teixeirg 1999 Jakob et al. 40=2<60 1.00 20 0.027

2000. The vertical resolution of these fields gradually in-
creases from 20 m at the surface to about 250 m at 1 km
altitude, and about 1 km to 3 km in the stratosphere. The hor-
izontal resolution is about 0.351 The upper limit of these  from the assumed symmetric atmosphere. The impact pa-
fields is around 65 km. We use the MSIS atmosphere fofametera atr; is a,=n,r;. Within the radio occultation pro-

altitudes above 65 knHedin, 1987, 1991). cessing, the inverse of this equation is used to calculate the
refractivity profile from the bending angle measurements.
2.1 1-D forward model Table 1 summarizes the vertical altitude range and the

. o sampling (reflecting the resolution) of the measurement.
The forward model used for the retrieval processing is 1-  pregnel diffraction will generally lead to a resolution of
dimensional, and therefore neglects the effects of horizonypout 0.5 km in the lower atmosphere, if no diffraction
tal variations in the atmosphere. It has already been usedorrection is performed. Modern Fourier Integral Operator

for a combination study of a radio occultation with a passivepased methods can theoretical improve the vertical resolu-
microwave instrumentvon Engeln et &.200]) and aradio  iop of radio occultation data to within 50 m e @orbunov
occultation sensitivity studyon Engeln et 8).20033. This  gng | auritsen(2004; Jensen et al(2003, but the current
type of a 1-dimensional forward model is frequently used in yesolytion of NWP models is about 250 m at an altitude of
the retrieval of radio occultation dat&rsinski et al, 200Q 1 km. Hence this vertical resolution exceeds NWP model
Palmer et a].200Q Healy and Eyre200Q Paimer and Bar-  regojutions at altitudes of about 1 kifiefxeira 1999, al-

nett 2001 Rieder and Kirchengas00J). It shows very  hqygh the horizontal resolution is generally poorer due to
good agreement with a 1-dimensional forward model that isye |imb sounding geometry.

implemented in EGOPS and also with the EGOPS ray trac- 4161 Jists as well the assumed measurement errors on

ing forward model under spherical symmetry conditions.  yho pending angle and refractivity profiles, which are in-
The principle equations of the radio occultation 1-D for- between the “proof-of-concept’ GPS/MET instrument and

ward model are given iKursinski et al.(1997). Refractiv- expected accuracies of modern receivE:SA/EUMETSAT,

ity N (ignoring the impact of the ionosphere) at each atmo-1 ggg These errors represent the pure noise part of the mea-
spheric level is approximated using the formula fr8mith 5 .oment, at lower altitudes horizontal inhomogeneities will

and Weintrauk{1953: also contribute to the total erroPélmer et a.2000. This
_ )4 e is address by varying the measurement errors. Useful deter-
N =176 T +373-16° T2 (1) mination ofa and henceV above 60 km is not possible, due

to the poor signal-to-noise ratio of mesospheric radio occul-
tation data.

Refractivity errors are approximated by assuming the
same signal-to-noise ratio as given for bending angle mea-
dexn is calculated at each level froi as: surements. The processing of bending angles to a refractiv-

ity profile involves the inverse of Eq3), which is essentially
n=1+ N ) a weighted sum of the bending angle measurements. This
106 processing introduces correlations in refractivity measure-
The calculation of the bending angleas a function of re- ments at different altitudedHealy and Eyre200Q Steiner
fractive index follows an Abelian integral equation. The for- and Kirchengast2009. The actual size of correlations in-

with T atmospheric temperature [K},atmospheric pressure
[hPa], ande partial water vapor pressure [hP&. generally

varies between about 350-Nunits in wet regions near the
ground to about 0.06 N units at 60 km. The refractive in-

ward Abel integral is given by: troduced varies depending on several processing steps, e.g.
e Rieder and Kirchenga$2001) show very small correlations
ala) = 24, / 1 dIn(n) dr 3) in tr_\e resulting measurement error covariance m_atrix, while
r=r; /(n )2 — a2 dr Steiner and Kirchengag2005 show larger correlations.

These correlations can be included in the measurement er-
where the integration is performed through all altitudes ror covariance matrix, but for simplicity we will not include
starting from the tangent point, and the factor 2 results these correlations in the retrievals shown here, except when

www.atmos-chem-phys.org/acp/5/1665/ Atmos. Chem. Phys., 5, 16832005
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explicitly indicated. This represents a simplified setup whichrefractivity profiles. Bending angles are essentially calcu-
allows faster processing since the error covariance matricekated following Kursinski et al.(1997, although using an
are diagonal. For two sets of reasonable error covariance masptimized approach (se&ifchengast et al.2002 for de-
trices, results for bending angle and refractivity based for-tails). Within this study, bending angle and refractivity pro-
ward models are very similar. Since different NWP centersfiles were used as quasi-realistic measurements.

have different vertical correlation schemes, we felt that not

including any vertical correlation was the most appropriate

choice. 3 Retrieval model

2.2 3-Dray tracer The inverse model calculates the most likely solutionf

the true atmospheric state A Bayesian solution based on a
The EGOPS simulator tooK{rchengast1998 Kirchengast linear inverse problem leads to the definition of a cost func-
et al, 2002 was used to simulate bending angle and refrac-tion; the most likely solution is found by minimizing the
tivity measurements. EGOPS has been extensively tested arabst function, where an iterative approach is applied. The
validated within simulation studies and real data processingetrieval algorithm used here is based on the Optimal Esti-
(e.g.Wickert et al, 2004 Gobiet et al.2004. EGOPS reads mation Method Rodgers2000 or 1-D Var. It uses a priori
in orbital parameters for the GNSS and the LEO satellitesknowledge on the state of the atmosphere to stabilize the so-
and predicts in a first step approximated occultation loca-ution. The Optimal Estimation Method is frequently used
tions. Our scenario is based on the future EUMETSAT Polarin the retrieval of profiles from atmospheric measurements,
System satellite (also called MetOp 1), the first operationalwhen no full NWP model run is used. Even NWP models
radio occultation instrument planned for launch in 2006, withrely on 1-D Var schemes for the calculation of certain pa-
an orbit altitude of 840 km and an orbit inclination of 98.7  rameters (S. English, Met Office, Exeter, personal communi-

In the second step, EGOPS reads in atmospheric fields anchtion, 2005).

uses a ray tracer or wave optics forward model propagator The iterative formula to calculatefor the iteratior + 1
with sub-millimeter accuracy to calculate the amplitude andis given as:
phase of the simulated ray path, along with its precise occul-
tation location. The ray tracer includes ionospheric effectsXn+1 = Xo + Gul(y — Yn) — Ky (X0 — X,)] (4)
simulated by a 3-D ionosphere with a solar activity index of _ . . _ .
130 (10.7 cm flux). The tracing terminates when one of theWherexo is th_e a priori vector fro_m WhICh the iteration starts,
rays hits the Earth’s surface, thus not all occultations reacf" the n-th iteration of t_hg gain matrixy represents the
down to the surface. Wave optics calculations, taking Fres- ending angle or refractivity measuremem, the forward
nel diffraction into account, are performed without the iono- model output., andk,, t_he Jacobian. )
spheric influence, this propagation uses a similar termination 1 Ne Jacobian matricés, andG, are defined as:

criteria as the ray tracer. Almost all 110 simulated ray tracing IF(X) 1Y)
occultations reach tangent altitudeS km, but only about20 K, = o G, = v (5)
reach tangent altitudesl km. X=Xn Y ly=y.=F )

The third step of an EGOPS simulation consists of the 0b-yhere f(x) is the 1-dimensional forward model discussed in
servation system modeling. This denotes the superpositiogne previous section, which creates simulated measurements
of all relevant physical and technical influences of the ob-¢,, any given state and/ (y) represents the inverse model.
servgtion syst_em onto the output of the se_c_ond step, and on g4 this study the Jacobian mati, is calculated by per-
the “ideal” orbit data (GNSS and LEO positions and veloc- turbing the corresponding retrieval parameter F(x). For

ities). Relevant influences include effects of precise orbits, o given formulation the matri&, can be calculated from:
simulation of the receiving system, antenna specifications,

receiver noise, multipath impacts, and the differencing treatg, — (Sal + K,fsy_lKn)‘lK,{Sy‘l (6)
ment and clock modeling. All error characteristics follow

those of modern receiverE SA/EUMETSAT, 1998. The  with the a priori error covariance matr8g, the error covari-
output of this third step represents the raw measurement of ance matrix of the measureme®{, and KT denoting the
LEO GNSS receiver. transpose matrix df ,.

The last step of an EGOPS calculation processes the sim- We characterize the retrieval quality by calculating the
ulated phase and amplitude data (supplemented by the nestandard deviatios§; with respect to the true profile at each
essary geometrical information) via Doppler shifts and bend-retrieval altitude for all occultations. The true profile is de-
ing angles down to quasi-vertical atmospheric profiles of re-termined within EGOPS at the actual tangent point of each
fractivity, density, pressure, temperature, and humidity. Er-ray. Results for temperature are expressed in [K], while water
rors caused by an incorrect impact parameter as discussa@por results are presented in [%]. Additionally, an improve-
by Healy (2001 are thus included in the bending angle and ment/ over the standard deviation of the a priori atmosphere
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wrt the true atmospherg, is calculated at each retrieval al-

. ) Table 2. Vertical retrieval grid.
titude in [%] by: 9

I =1000- (S, — S/)/S. . (7) Species Height [km]  Samplingz [km]

Temperature  08z<20 0.25
20<z<30 0.5
30<z<40 1.0

The standard deviation does not give any information about a
possible bias in the data, thus biases are separately discussed

in the text. 40<z<60 25
. 60<z<100 10.0
3.1 Retrieval setup Water Vapor ~ 08:z<20 0.25

ThexX vector holds the temperature profile between 0 km and

100 km, the water vapor profile between 0 km and 20 km,

and a reference pressure from which the hydrostatic atmobut can be calculated for a simulation study. Temperature and
spheric pressure profile is generated. The reference pressuy¢ater vapor estimated uncertainties have been varied within
is always retrieved at the lowest retrieval altitude. this study in order to assess their impact.

Water vapor is expressed in volume mixing ratio (VMR)  The measurement covariance matsixis generated with
units, the retrieval itself is performed in log(VMR). A the errors presented in Table We shall assume that the
log(VMR) is generally used in the Optimal Estimation or 1- bending angle measurement error covariance is statistical in
D Var retrieval from radio occultation datiléaly and Eyre  nature (i.e., the measurement profile have no systematic bias)
200Q Palmer et al.200Q Poli et al, 2002, since water va-  (Rieder and Kirchengas2001), as mentioned above.
por varies by several orders of magnitude over the considered The iterative process in Egd)is run up to iteration 10,
altitude range. but convergence was usually found with less than 4 itera-

The vertical retrieval grid is given in TabR it is chosen  tions. Within this process, we use the Levenberg-Marquardt
to match the measurement resolution as given in Talile  method to find the minimum of the not too non-linear cost
the lower atmosphere, to avoid the introduction of retrievalfunction. This method can either start with a steepest descent
errors caused by a coarser retrieval gudr{ Engeln et a).  approach or a Newtonian iteration; test calculations showed
20033. The retrieval steps are gradually increased abovehat a convergence is faster with an initialization closer to a
20 km to compensate for the decreasing signal-to-noise raNewtonian iteration, and this was thus used throughout this
tio. Retrieval above 60 km is not possible with the chosenstudy.
setup, nevertheless the extension of the temperature grid up
to altitudes of 100 km assures that uncertainties in the meso3.2 Simulated measurements and background fields
spheric temperatures will be considered in the error budget at
lower altitudes. Contributions to the error budget arise fromWe simulate 110 radio occultation measurements by using
the limb sounding geometry for bending angles since an intethe 3D forward model on ECMWF analysis data from 19
gration through all altitudes above is performed (seedtq. May 2001. The a priori profile for each measurement is then

Currently processed radio occultation measurements goaken from ECMWF analysis fields from the previous day
usually only up to about 30 km to 35 km with a direct dry so that for each retrieval it is 24 h older than the simulated
temperature inversion, better removal of ionospheric effectmeasurement. The mean tangent point position of the occul-
is required above. But the anticipated upper retrieval altitudetation was used to extract the 1-dimensional a priori profiles
for the future GRAS instrumenESA/EUMETSAT, 1999 is from the ECMWEF fields. The actual a priori error then is
expected to be around 50 km, thus we perform retrievals ughe standard deviation of the difference between the temper-
to 60 km. Water vapor is usually retrieved with a variational ature and water vapor analysis fields from the two days. If
approach up to about 10 km, but with future instruments ex-we consider this difference to be representative of the error
pected to provide water vapor information also higher up, wein the analysis in the absence of the radio occultation mea-
use an upper altitude of 20 km. surements, then we can estimate the improvement gained by

TheSy matrix is generated with a 2.5 K a priori uncertainty adding these measurements to the analysis.
for temperatures up to 20 km and a linear increase up to 20 K A priori profiles are assumed to have no vertical corre-
at 100 km. For water vapor a 40% uncertainty is generallylations here. By first excluding such correlations we derive
assumed, and a 1% error in the reference pressure. The$&o advantages: 1) itis easier to see where the GPS measure-
settings are consistent with the capabilities of a NWP modeiments are actually providing direct information and 2) the re-
short range forecast calculatioRglmer et al.2000, except  sult is more general, since vertical correlation schemes will
for the 1% a priori uncertainty for the reference pressure revary depending upon who is doing the assimilation (back-
trieval, but sensitivity of the retrieval to this uncertainty is ground covariance matrices are generated at NWP centers
very low. These errors represent estimated a priori errorsand depend on the centers variational system setup; thus
since the actual or true a priori error is generally not known,correlations differ between different centers). The effect of

www.atmos-chem-phys.org/acp/5/1665/ Atmos. Chem. Phys., 5, 16832005
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Fig. 1. Standard deviation and improvements of temperature (left) and water vapor (right) wrt true profile, using either bending angles (BA)

or refractivity (REF) measurements. The dry temperature inversion, as given by EGOPS is also shown for temperature. Note: different
altitude ranges.

a simple correlations on the temperature and water vaposphere, either water vapor or temperature has to be estimated
profiles is then evaluated in this study. Generally, the a prioriin order to determine the other quantity accurately. Disre-
profiles and their error covariance matrices have to be chosegarding the humid part will lead to a bias in the derived tem-

very carefully for a retrieval from real datR¢dgers2000), perature profiles, as can be seen in the large error for the dry
especially a systematic error in the a priori profile will gen- inversion near the ground. S&@irsinski et al.(1997) for a
erally lead to the introduction of a bias in the retrieval. more thorough description.

The true standard deviation of the temperature a priori data
4 Retrieval results is around 2 K to 4 K. The true water vapor a priori is pro-
vided with a standard deviation of about 50% to about 200%
Temperature and water vapor profile retrievals from either” the lowest 10 km.. The improvement plots ShO.W that the
bending angle or refractivity quasi-realistic measurement etrieval from refractivity measurements works slightly bet-
were performed for all 110 occultations. A quality check ter with our simp'lified megsurement error covariance setup
of the retrieved profiles removed 9 occultations, leaving 101f9r te_zmp_erature in the altitude range (.)f 15 km to 35 kT’
occultations. The standard deviation and the improvemen)’Ieldlng Improvements over the a priorl data of about 85%
(Eq. 7) over all 101 occultations are presented in Flg to 45%. Above, retrieval from bending angle measurements
These results are based on ray tracer simulations, wave O@re slightly better iq this sir_nplified setgp. The better results
tics results are very similar and have been omitted for clar2'® causeq by the integration of bendmg angles through all
ity. Multipath generation is possible in ECMWF fields, but atmospheric layers above the tangent point, hence all tangent
EGOPS will tend to stop processing above these area’s points below a certain altitude provide additional information
Also shown in Fig.1 is the dry temperature direct inv'er- at this altitude. The i.mpact Is W.O.St'y found in regions where
sion, which uses no a priori data. The processing derivesthe temperature retrieval sensitivity decreases.

the density from the refractivity data, using the ideal gas law. Improvements in temperature at lower altitudes are only
Pressure can be calculated by integrating the density profilfound down to about 7 km. At altitudes below this water va-
and temperature follows from the pressure data by invokingpor begins to significantly affect the measurement. Retrieved
the hydrostatic equation. This processing allows the detertemperatures below can even lead to a decrease of the re-
mination of a dry temperature profile in the stratosphere andrieval quality over the a priori data. Although the Optimal
the upper troposphere. Within the humid areas of the tropoEstimation Method succeeds in minimizing the cost function,
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there are occultations where adjustments are made to watemchanged. This can be understood by examiningXige-
vapor to compensate for temperature differences and vicéow 10 km improvements in temperature are very small, thus
versa. This also occurs in idealized retrievals (see below). Athe bias is also not removed by the retrieval. The small bias
more rigorous quality processing and further research is necin the water vapor a priori data also follows the water vapor
essary to filter out retrievals that lead to these erroneous reresults of Figl and is reduced for altitudes up to about 7 km.
sults in the lower troposphere. Similar results are also found We find that retrievals using bending angle measurements
in idealized retrievals when a priori errors and actual errorsare very similar to those using refractivity measurements. All
are in agreement. further results are thus limited to refractivity measurements,

The dry temperature inversion yields larger improvementsbut they have been confirmed with bending angle calcula-
over the altitude range of 15 km to 42 km, but a priori data tions, where no major differences were found.
supports the temperature retrieval of the Optimal Estimation All presented results are based on ray tracer simulations
Method above and below, leading to better results. Ideallywith EGOPS, but have also been confirmed with wave optics
the Optimal Estimation Method should yield similar or bet- simulations. Ray tracer calculations give slightly better re-
ter results as the direct dry temperature inversion. The resultsults in the lower troposphere, since wave optics calculations
indicate that further optimization of the a priori and measure-will introduce a vertical smoothing of the highly variable wa-
ment errors is possible, as discussed in Seddry tempera-  ter vapor field. However, this only reflects the fact that these
ture retrievals are not influenced by the quality of the a priori simulations neglect the effect of diffraction
data. Figure 2 shows the retrieval from quasi-realistic and ide-

Water vapor improvements vary between about 20% andalized refractivity measurements separated by latitude band.
40% for an altitude range of 1 km to 7 km. The results for The mean latitud® of an occultation defines the latitude
retrievals based upon bending angle measurements and rband as: low latitude®|<30°, high latitude|0|>60°, and
fractivity measurements are very similar. Negative improve-mid-latitudes in between.
ments are only found below 1 km, but the number of occul-  The idealized retrieval is performed by assuming the same
tations penetrating the lowest 1 km decreases rapidly, thusorward model in the generation of a simulated measure-
results found here are not sufficient to draw conclusions.  ment and within the retrieval model, following E@)( The

The a priori data has a small temperature bias generallyneasurement is free of measurement biases, ionospheric ef-
below 0.5 K which is effectively removed by the optimal es- fects, and other observation system influences, thus only
timation method above 10 km since information comes fromGaussian noise is considered. Furthermore, the tempera-
the unbiased measurement. Below 10 km, the bias is almogstre, water vapor, and pressure profile are only defined on
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60 [T 20 e sharp water vapor gradient at the planetary boundary layer,
__ as for example discussedvon Engeln et al(20038 and by
S the horizontal inhomogeneities in water vapor. The idealized
50¢ A 1 simulations do not show these negative improvements, indi-
AN 15} cating that the horizontal variability is mainly responsible. A

ray tracer assimilation scheme should thus improve the water
vapor retrieval at low latitudes, since it includes the horizon-
tal inhomogeneitiesSyndergaard et al2004 Poli, 2004).
But it also shows that the capabilities of radio occultation
observations are mainly limited by the inability to separate
water vapor and temperature effectively in the lower tropo-
sphere, and not by horizontal inhomogeneities. This is pre-
sumably the reason for the ambiguous temperature retrieval
results at lower altitudes as presentediitnand Zou(2003
(Fig. 12, 13). Also, more recentl$teiner and Kirchengast
_ : (2009 reported similar results, where the improvement in
T B fes Y humidity is mainly found at low latitudes.
20 0 20 40 60 80 100 -20 O 20 40 60 80 100 This limitation is also visible in the main reason for the re-
Improvement [%)] Improvement [%] . . i
moval of occultations, as mentioned above: an unreasonable
—Fac 0.5 - Fac 1.0 -- Fac 2.0 . . X
large water vapor or temperature adjustment in an altitude

Fig. 3. Impact of temperature a priori error variations on improve- '€9/0" where the sensitivity to water vapor (temperature) re-

ment of temperature (left) and water vapor (right) wrt true profile, trieval .de.:cr.eases (mcreases). All these occultations converge
using refractivity measurements. Note: different altitude ranges. and minimize the difference between the measurement vec-

tor and the 1D forward results. The occultations which have
been removed from this study all occurred at or near mid-

the actual retrieval grid, representing a 1-dimensional calcu-lat'tUdes'

lation both in the forward and the retrieval model. Thus no
fine scale structure, as discussegon Engeln et al(20033,
is present.

Although the number of retrievals within a latitude band The estimated a priori and measurement errors, as given by
is only around 25 to 45, some dominant features can alsahe covariance matri$, andS,, have been varied by factors
be reproduced for smaller subsets. Low latitude retrievalsof 0.5 and 2.0 to assess their impact on the retrieval qual-
from quasi-realistic occultations show larger improvementsity. Figure 3 shows the improvements for a variation in the
for temperature in the upper troposphere, and throughout théemperature a priori error only, a higher a priori error will
stratosphere. This is due to higher quality a priori data, sinceyenerally put more weight on the measurement, while lower
the atmospheric temperature variability at lower latitudes iserrors will lead to more restrained retrievals.
small. High latitudes show generally the smallest improve- A higher constraint by the a priori temperature error (Fac
ments in the upper atmosphere. The impact of water vapor i9 5) leads to a degradation in retrieval quality at altitudes
clearly visible at lower altitudes. Low latitude retrievals start ahove about 12 km. A looser constraint improves the re-
to produce negative improvements at altitude below aboutrieval quality at these altitudes, with a very loose a priori
10 km, while mid latitudes and high latitudes yield positive yielding the largest improvements (Fac 2.0). Even higher
improvements further down. Quasi-realistic and idealizedfactors of 3.0 and 4.0 show only small further improvements
calculations are very similar, the three dimensional structuregyer the Fac 2.0 calculation. Bias removal results at these
of the atmosphere degrades the improvement only by a fevgltitudes also improve with higher a priori errors. Lower al-
percent. Hardly any difference is found in the lower tropo- titudes yield some improvements with a more constrained a
sphere, the three dimensional structure of the atmosphere isriori, since temperature adjustments are reduced. Looser a
not responsible for the degraded improvement here. priori constraints yield large negative improvements, the Op-

The high water vapor concentration at low latitudes yieldstimal Estimation Method does not separate temperature and
positive improvements up to about 11 km for quasi-realisticwater vapor correctly (Fac 2.0). Water vapor results show
retrievals. Mid latitude occultations only reach up to about similar features, the more constrained temperature leads also
7 km, and high latitudes up to about 4.5 km. Lower alti- to better water vapor retrievals, although variations are small.
tudes are highly variable, where negative improvements are Hence temperature a priori error variations show two dif-
found around about 1.0 kmto 1.5 km for low latitude occulta- ferent effects, at higher altitudes they basically vary the ef-
tions in a quasi-realistic setup. These could be caused by thiect of the measurement vs. the a priori error, while at lower
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altitudes they vary the relative constraint on the temperature ¢ 11—
vs. that on water vapor.

Variation of the water vapor a priori errors will lead to
almost identical results in the lower troposphere as the ones
presented for temperature, except that the variation factors 15|
0.5 and 2.0 are interchanged (not shown). Higher water vapor
a priori errors will lead to better temperature and water vapor
retrieval.

The impact of different a priori errors in the lower tro-
posphere can be understood by examining EigThe true
standard deviation of the temperature a priori is around 2 K
in most parts of the troposphere, about the estimated a pri-
ori error applied within the Optimal Estimation Method. The
true standard deviation of the water vapor a priori is higher
than the estimated a priori error within the Optimal Estima- L
tion Method. These errors should theoretically match to give
optimal results, or the relative weight given to the tempera- 0 e o
ture and water vapor by the a priori error should match. Fig- 20 0 20 40 60 80 100 -20 O 20 40 60 80 100
ure 3 shows the possible optimized retrieval results for the Improvement (%] Improvement {%]
applied setup. Thus, the factor 0.5 results most accurately —0.0km ~-2.0km -~ 4.0km
reflect the relative uncertainties in the water vapor and tem-

) . .Fig. 4. Impact of correlations in the water vapor a priori on the
perature profiles, and thus give the best results. But practi: g P P P

e o improvement of temperature (left) and water vapor (right) wrt true
cally true standard deviations of the a prioris are not acCupyqfile, using refractivity measurements.

rately know. This could cause a possible degradation of the

temperature retrieval results over the a priori estimate. The

bias also shows the highest improvements for an optimizeds |mpact of correlations

setup.

Estimated measurement errors as given in Tdbleve  \ertical correlations in the measurements are implicitly in-
also been varied by factors of 0.5 and 2.0 to assess their imroduced when refractivity is used as the measured quantity,
pact on the retrieval quality (not shown). Furthermore, theput in previous calculations we have set the offdiagonal el-
pure noise part that is super-positioned within the EGOPSements in the covariance mati®s andS, to zero and have
simulator has also been varied by these factors. Stratospherigerefore not included any explicit vertical correlations. Nev-
temperature results look very similar to F§J.since varia-  ertheless, there clearly are vertical correlations in the atmo-
tions of the measurement or a priori error shift the impact ofsphere, and it may be advantageous to include vertical corre-
measurement and a priori knowledge on the solution. Thusjations in the a priori.
improved signal-to-noise ratios will lead to higher strato- e test correlation lengths of 2 km and 4 km for the tem-
SpheriC retrieval quallty Below about 12 km the retrieval is perature and water vapor a priori in order to get some in-
insensitive to the range of estimated measurement errors usggrmation on the affect of correlations. Correlations are as-

here, since at these altitudes the limitations of the retrievabumed to follow an ﬂ_e function, where correlations between
quality are mainly caused by the inability to separate temperievel; andj are calculated as:

ature and water vapor effectively. Consequently, water va-

por results are also unaffected by the assumed measuremes{[i, j1 = \/So[i,i]- SolJj, j]- exp(—|z[j] — z[ill/c) (8)

error. Measurement errors around 1% in refractivity in the

lower troposphere, as discussed galy and Eyrg2000), with the vertical retrieval levels and the correlation length

do not yield substantially different results in the lower tro- c.

posphere, improvements in water vapor are still about 20% Correlations of 2 km and 4 km were introduced to the tem-

for the lowest 5 km. For the bias removal similar results areperature a priori covariance matrix (not shown). Effects on

found, temperature is improved with a lower measurementhe retrieval are similar to the effects shown in Fybe-

error in the range of about 20 km to 40 km, on water vaportween factors of 1.0 and 2.0, e.g. an improvement of up to

this has no effect. 15% at higher altitudes and a negative improvement at lower
altitudes, where both correlation length yield very similar re-
sults. Hence, these correlations essentially reduce the weight
of the a priori in this setup. The impact of correlations in the
water vapor a priori, while leaving temperature uncorrelated,
is shown in Fig4.
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Although temperature improvements are slightly better invariety of atmospheric scenarios. A quality check removed 9
the lower troposphere, retrieval adjustments for water vapoof these occultations, leaving 101 for the presented results.
cannot adequately follow the vertically highly variable fields  Assimilation of radio occultation data into a NWP model
at altitudes above about 3 km, since they are constrained byan either be based on profiles of bending angle or refrac-
correlations. Especially retrieval altitudes with a low sen- tivity. Both options are discussed within a 1D Var to 4D Var
SitiVity toward water vapor retrieval are affected, while the framework. Refractivity profi|es are generated from bend-
lowest few kilometers are almost unchanged. These resultmg ang|e proﬁ|e3 and both allow for the inclusion of a non-
are improved but do not disappear by the simultaneous introsymmetric atmosphere. But in a 1-dimensional setup bend-
duction of temperature correlations in the a priori covarianceing angle profiles are more complex to calculate, while re-
matrix. fractivity profiles are faster to assimilate. Within this study

As mentioned above, the processing from bending anglave either use bending angle or refractivity profiles as in-
profiles to refractivity profiles introduces correlations be- put to the Optimal Estimation Method to get information on
tween measurements at different altitudes. The correlationshe best assimilation variable for NWP models, and to test
can be modeled by introducing off-diagonal terms in8je  the impact of several retrieval parameter settings. The ap-
matrix. Improvements presented so far have assumed a coplied Optimal Estimation Method is a simplified version of
relation length of 0 km in the measurement error covari-an 1D Var algorithm, thus results yield general information
ance matrixS,, representing no correlationdealy and Eyre  about the assimilation of radio occultation measurements.
(2000 assumed a correlation length of 10 km, we used cor- A simplified setup is used where both measurement error
relations of 2 km, 4 km, and 8 km i8,. Correlations were  covariance matrices are diagonal, allowing faster processing.
calculated following Eq.§), whereS, is replaced bys, . A more complex scheme would propagate bending angle er-

Temperature retrieval results are degraded by about 10 teors to refractivity errors, which might introduces correla-
20% by correlations in the measurement covariance matrix ations in the refractivity matrix, depending on the processing
altitudes above about 12 km (not shown). Results are hardlsteps. However, our results for bending angles and refrac-
altered by the actual correlation length. Correlations as intro4ivity are very similar, showing that this simplified choice is
duced over here will lower the information of the measure-valid.
ment, leading to degraded retrieval results. Thus results are The a priori profiles were also taken from ECMWE fields,
similar to a variation of the measurement errors. The Waterthey provide temperature information with a standard devi-
vapor improvement shows no variations with the correlation. ation of around 2 K to 4 K for the altitude range 0 km to
As mentioned above, the water vapor improvement is onlygg km. Water vapor is provided with a standard deviation
influenced by the inability to separate temperature and watepf ghout 50% to about 200% between 0 km and 10 km. Re-
vapor effectively. trievals are performed on a 0.25 km grid up to 20 km for

Retrievals applying also correlations in the temperaturetemperature and water vapor. Above, only temperature is re-
and water vapor a priori covariance matrix still show the trieved with the vertical resolution degrading with increasing
above mentioned problem with the adjustment of water vapomltitude.

at higher retrieval levels (Figt). Retrieval results are expressed in improvement over the
standard deviation of the true a priori, as given by the
ECMWEF fields. Temperature improvements vary between
7 Conclusions about 85% to 20% for the altitude range of 15 km to 48 km.
At lower altitudes, improvements are only found down to
A study into the retrieval capabilities of radio occultation @Pout 7 km, an altitude where water vapor becomes impor-
data using the Optimal Estimation Method is presented.f@nt. Water vapor improvements are around 20% to 40% for
Quasi-realistic measurements were simulated using a stat@" altitude range of 1 km to 7 km. No pronounced difference
of-the-art radio occultation simulator. Ray tracer calcula- P&tween the use of bending angles or refractivity was found.
tions were used within this study, but wave optics calcula- Results have also been confirmed with ideal retrieval se-
tions, taking into account Fresnel diffraction, showed no sig-tups, removing horizontal inhomogeneities and reducing the
nificant difference. Calculations are based on simulations€rror to Gaussian noise. Thus the major limitation of radio
since small differences between the processing can be dexccultation processing in the lower troposphere is the inabil-
termined more accurately. Orbits and assumed errors werly to separate the affects of temperature and water vapor ef-
generally based on the future GRAS instrument on the Eufectively.
METSAT Polar System spacecraft, planned for launch in Temperature improvements have been compared to a dry
2006 ESA/EUMETSAT, 1998. High resolution ECMWF  temperature inversion, which does not use any a priori
atmospheric fields were used within the simulation for onedata. This processing can yield slightly larger improvements
particular day in May, 2001. In total, 110 occultations out of within the lower and middle stratosphere if the a priori error
a possible 550 for this day were processed to assure a widef the Optimal Estimation Method are not chosen carefully.
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Much better results are achieved by using the Optimal Esti- 1. shows generally better retrieval results in the strato-
mation Method above and below this altitude range. sphere up to about 35 km in our simplified setup, caused
A latitudinal separation of the temperature and water va- by the introduced smoothing within the bending angle
por improvements shows that temperature for low latitude to refractivity processing
occultations is affected by water vapor from about 10 km
downwards. Mid-latitudes and high latitudes generally yield 2. allows faster processing, since the involved forward
temperature improvements further down since less water va- ~ model is less CPU intensive, and analytical derivatives
por is present' Water vapor improvements are found up to an of the forward model are much easier to calculate when
altitude of 11 km for low latitudes, mid-latitudes (high lati- compared to bending angles
tudes) reach only up to 7 km (4 km). Water vapor retrieval
from low latitude occultations are affected by horizontal in-
homogeneities at altitudes below about 4 km, visible in a
comparison to idealized retrievals. Thus ray tracer calcula-
tions are expected to show the highest impact for low 'atitUdeNevertheless,

water vapor profiles. slightly better improvements in the upper stratosphere. It is

Estimated a priori errors of water vapor and temperatureéy s, not affected in the retrieval by noise at higher altitudes,
have been varied by factors of 0.5 and 2.0 within the Opti-, oo refractivity profiles need to be smoothed.

mal Estimation Method. Altitudes above about 12 km bene-

fit from a high estimated a priori error in temperature. LOWer acknowledgementsThis work was supported by an Internal
altitude estimated a priori errors should |dea”y match theGovernment Study from the Integrated Program Office of the
true standard deviation of the a priori profiles with respectNational Polar-orbiting Operational Environmental Satellite
to the true one in order to optimize results. Optimized im- System (NPOESS) and by the Office of Naval Research (ONR).
provements in temperature show an almost linear decreas®. von Engeln was partly funded by the German Federal Ministry
from 85% at 11 km to 0% at 1 km. Optimized water vapor of Education and Research (BMBF), within the AFO2000 project
improvements affect mainly the retrieval at higher altitudes, YTH-MOS, grant 07ATCO4. This is also a contribution to COST
improvements of around 10% are still found at 11 km. A Action 723 "Data Exploitation and Modeling for the Upper
mismatch in these errors could even lead to a degradatio roposphere and Lower Stratosphere’. The authors wish to thank

f the t t It th iori estimate. Vari- Kreitz (ECMWF, Reading, UK) and J. Meyer-Arnek (Institute
of the temperature resulls over the a priori estmate.  varl¢ o iconmental Physics, University of Bremen, Germany) for

ations in the applied measurement error show that a reducg,pnort with the ECMWF data extraction, U. Foelsche and J.
tion could improve temperature retrieval in the stratosphereéramsauer (Institute for Geophysics, Astrophysics, and Meteorol-
Tropospheric retrieval capabilities are unchanged, the mairgy, University of Graz, Austria) for help with the EGOPS tool,
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Correlations in the estimated a priori temperature covari-
ance matrix only lead to similar results as an increase in th&=dited by: D. McKenna
temperature a priori errors, namely a degradation of the tem-
perature and water vapor retrieval capabilities at lower alti-
tudes, while upper altitudes are improved. Correlations in

the a priori water vapor covariance matrix only improve the geyis \., Businger, S., Herring, T., Rocken, C., Anthes, R., and
temperature retrieval slightly, but water vapor improvements  \are, R.: GPS meteorology: Remote sensing of atmospheric

are strongly degraded at altitudes above about 3 km. Over- water vapor using the Global Positioning System, J. Geophys.
all, correlations in the a priori covariance matrix have to be Res., 97, 15787-15801, 1992.

treated with care, and a more conservative setting with ndBorbas, E., Menzel, W., Li, J., and Woolf, H.: Combining radio
correlations is recommended, at least for the presented setup. occultation refractivities and IR/MW radiances to derive temper-
Correlations in the refractivity measurement lead to a degra- ature and moisture profiles: A simulation study plus early results
dation of the temperature improvement at altitudes above Using CHAMP and ATOVS, J. Geophys. Res., 108, ACL 9-1 to
about 12 km. Lower tropospheric water vapor and temper- ACL 9-15, 2003. _ _

ature improvements are unaffected for the above mentione{©!2'd: A- and Healy, S.: The combined impact of future space-
reasons. Thus, statistically correlations are not important if a based atmospheric sounding instruments on numerical weather-

f lated iori and prediction analysis fields: A simulation study, Q. J. R. Meteorol.
proper setup of uncorrelated a priori and measurement error Soc.. 129, 2741-2760, 2003.

is chosen. N ESA/EUMETSAT: The GRAS instrument on METOP,

Overall, retrieval from refractivity measurements shows ESA/EUMETSAT Rep. (ESA No.VR/3021/Pl, EUM No.
several advantages over bending angle retrieval. Refractiv- EPS/MIS/IN/9), 38p., ESA/ESTEC, Noordwijk, Netherlands,
ity retrieval: 1998.

3. do not terminate when the a priori data shows critical
refraction at one level, where bending angles would re-
quire special treatment

the retrieval from bending angles shows
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