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Abstract. Global Positioning System (GPS) radio occul- ing angle, refractivity, and pressure3 m for geopotential
tation (RO) has provided continuous observations of theheight of pressure levels, ardd.06 K for temperature; low
Earth’s atmosphere since 2001 with global coverage, all-enough for detecting a climate change signal within about
weather capability, and high accuracy and vertical resolutiona decade. Larger structural uncertainty above about 25km
in the upper troposphere and lower stratosphere (UTLS). Preand at high latitudes is attributable to differences in the pro-
cise time measurements enable long-term stability but careeessing schemes, which undergo continuous improvements.
ful processing is needed. Here we provide climate-orientedlhough current use of RO for reliable climate trend assess-
atmospheric scientists with multicenter-based results on thenentis bound to 50S to 50 N, our results show that quality,
long-term stability of RO climatological fields for trend stud- consistency, and reproducibility are favorable in the UTLS
ies. We quantify the structural uncertainty of atmosphericfor the establishment of a climate benchmark record.

trends estimated from the RO record, which arises from cur-
rent processing schemes of six international RO processing

centers, DMI Copenhagen, EUM Darmstadt, GFZ Potsdam,

JPL Pasadena, UCAR Boulder, and WEGC Graz. Monthly-1  Introduction

mean zonal-mean fields of bending angle, refractivity, dry

pressure, dry geopotential height, and dry temperature fron] he need for accurate long-term observations of the Earth’s
the CHAMP mission are compared for September 2001 toAtmosphere for climate monitoring is commonly agreed upon
September 2008. We find that structural uncertainty is lowes@nd the scientific community undertakes strong efforts to-
in the tropics and mid-latitudes (56 to 50 N) from 8 km wards achieving this goal (Karl et al., 2006; Trenberth et
to 25km for all inspected RO variables. In this region, the al., 2007). Requirements for the generation of climate data

structural uncertainty in trends over 7 yri€.03 % for bend-  Sets (Ohring, 2007; GCOS, 2010) comprise long-term stabil-
ity, reproducibility, global coverage, accuracy, resolution in
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1470 A. K. Steiner et al.: Quantification of structural uncertainty in GPS RO climate records

space and time, description and validation of the productsparison of multi-year RO data records was started in 2007
Fundamental climate data records are defined by the Globdbr a systematic assessment of the accuracy and quality of
Climate Observing System programme (GCOS, 2010) as hodata from different RO processing centers. The aim is to vali-
mogeneous records derived from a series of instruments witllate RO as a climate benchmark by demonstrating that trends
sufficient calibration and quality control. Observation re- in RO data products are essentially independent of retrieval
quirements are defined for essential climate variables (ECVsgenter. A first intercomparison showed low structural uncer-
such as upper air temperature, including for this variable aainty for 5-yr refractivity climatological fields provided by
resolution of 500 km horizontally, 0.5 km vertically in the up- four centers (Ho et al., 2009).
per troposphere, 1.5 km vertically in the lower stratosphere, As a further advancement we recently extended the in-
and a root mean square (RMS) accuracy6f5 K. tercomparison to newest data sets provided by six inter-
Upper-air climate records from conventional observationsnational processing centers for the common RO record of
such as weather balloons and microwave soundings curthe CHAllenging Minisatellite Payload for geoscientific re-
rently fail to fulfill GCOS requirements (Immler et al., 2010). search (CHAMP) satellite from September 2001 to Septem-
These observations were primarily intended for short-termber 2008. The centers provided atmospheric products as in-
weather forecasting and not for climate monitoring, the latterdividual profiles and gridded climatological fields. Using ba-
demanding accurate and long-term stable measurements. gically the same raw measurements as input, different pro-
substantial degree of uncertainty arises from changes in ineessing schemes provide different numbers and distributions
strumentation and observation practice over time. Demandef retrieved profiles that flow into climatological fields. In-
ing homogenization and intercalibration procedures are retentionally disregarding these differences in a first step, Ho
quired for the construction of a climate record and uncertain-et al. (2012) investigated the reproducibility of RO individ-
ties in the trend rates and their vertical structure remain largaial profiles based on a profile-by-profile matched data set.
in the upper troposphere and stratosphere (e.g. Randel et alJsing such synthetic subsets of profiles from each center’s
2009; Thorne et al., 2011). products, they found high reproducibility consistent with the
For a specific observational record, structural uncertaintyprevious refractivity results of Ho et al. (2009).
arises due to different choices in processing and methodolog- In this study we account for all differences and focus di-
ical approaches for constructing a data set from the same rawectly on RO climatological fields, in order to quantify their
data (Thorne et al., 2005). Structural uncertainty for upper-long-term stability and uncertainty regarding atmospheric
air records decreases hy increasing the number of indepenrends. This is especially of interest for climate-oriented sci-
dent observational data sets. Thus, multiple independent efentists who might download and use such RO climatologi-
forts should be undertaken to create climate records. cal fields for their research. We quantify the structural un-
Global Positioning System (GPS) radio occultation (RO) certainty of the climate records for the full set of atmo-
is a relatively new and promising data source. It has providedspheric RO variables including bending angle, refractivity,
continuous observations of the Earth’s atmosphere sinceéry pressure, dry geopotential height, and dry temperature
2001 with global coverage, all-weather capability, and highin the UTLS. For more information on the difference be-
accuracy and vertical resolution in the upper troposphere antiveen “dry” RO parameters and actual parameters, which is
lower stratosphere (UTLS) (Kursinski et al., 1997). RO er- negligible above about 8 km to 12 km altitude, see Scherllin-
rors are well characterized from observational errors of indi-Pirscher et al. (2011a).
vidual profiles to the full error description of climatological ~ An overview of RO data and on the processing is given in
fields (Scherllin-Pirscher et al., 2011a, b). The benefits of ROSect. 2. The study setup and method is described in Sect. 3.
in atmospheric research have already been demonstrated byResults are discussed in Sect. 4 and conclusions are drawn in
range of studies as reviewed by Anthes (2011). The utility ofSect. 5.
RO for climate monitoring and trend detection was recently
reviewed by Steiner et al. (2011).
One important property of RO is its long-term stability due
to precise time measurements traceable to the internationad RO data and processing description
time standard. Data from different RO missions can be com-
bined without adjustments and inter-calibration (Hajj et al., RO data products for this study are provided by the fol-
2004; Schreiner et al., 2007) to a consistent climate recordowing processing centers: Danish Meteorological Institute
(Foelsche et al., 2011). This is regarded as one property of @©MI) Copenhagen, Denmark; EUMETSAT (EUM) Darm-
climate benchmark data type (Leroy et al., 2006a; Mannuccistadt, Germany; German Research Centre for Geosciences
et al., 2006; Ohring, 2007). Another property is that climate (GFZ) Potsdam, Germany; Jet Propulsion Laboratory (JPL)
trends are nominally independent of processing scheme®asadena, CA, USA; University Corporation for Atmo-
Therefore, the quantification of structural uncertainty in the spheric Research (UCAR) Boulder, CO, USA; and Wegener
record arising from different processing schemes is essentialCenter/University of Graz (WEGC), Graz, Austria. For ba-
In this context an international collaboration on the intercom-sic understanding of the retrieval process, we here briefly
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Table 1. Overview on processing chains at DMI, EUM, GFZ, JPL, UCAR, and WEGC (after Ho et al., 2012; Table 1 therein).

URL/ Center Implementations of each center
Processing step
URL DMI http://www.romsaf.org

EUM http://www.eumetsat.int

GFz http://isdc.gfz-potsdam.de

JPL http://genesis.jpl.nasa.gov

UCAR  http://www.cosmic.ucar.edu

WEGC http://www.wegcenter.at/globclim

Processing DMI Version OCC20.6.688; UCAR CDAAC orbit and phase data used

version and (v2009.2650).

POD phase EUM Version YAROS 0.1(Beta) — ROTrersl1 Prof;

and orbit data UCAR CDAAC orbit and phase data used (v2009.2650).

version GFz Version POCS ATM vers.006; POD with EPOS-OC softwaréiflg et al.,
2006); Excess phase: Single differencing, reference link smoothing.

JPL Version v2fa10Kp1N; POD: reduced-dynamic strategy using GIPSY software
(Bertiger et al., 1994); Excess phase: Double differencing.

UCAR  Version 2009.2650; POD with Bernese v5.0 software (Dach et al., 2007);
Excess phase: Single differencing, reference link smoothing (Schreiner et al.,
2010).

WEGC Version OPSv5.4; UCAR orbit and phase data used (v2009.2650).

Bending angle DMI Canonical Transform (CT2) inversion (Gorbunov and Lauritsen, 2@@&)km,
calculation combined with Geometric Optics (GO) above.

EUM GO used for bending angles at all heights.

GFz Full Spectrum Inversion (FSK: 15 km (Jensen et al., 2003); GO above.

JPL Canonical transform (CT) after Gorbunov (2002) applied to4.30 km.

UCAR  FSI (Jensen etal., 2003) applied to L1 below dynamic L2 QC height; GO above.

WEGC GO used for L1 and L2 bending angles at all heights.

lonospheric Linear combination of L1 and L2 bending angles (Vorob’ev and Krasil'ni-
correction kova, 1994)

DMI Optimal linar comb. (Gorbunov, 2002); lonospheric correction term extrapola-
tion below dynamic L2 QC height

EUM Linear combination.

GFz Linear combination.

JPL Linear combination; lono. corr. term extrapol. when L2 signal-to noise ratio
<30.

UCAR  Linear combination with optimal smoothing of L4 bending angle (Sokolovskiy
et al., 2009); lonospheric correction term extrapolatiordynamic L2 QC
height.

WEGC Linear combination; lonospheric correction term extrapolatidrd km.

Initialization of DMI Optimization with dynamic estimation of observation errors (Gorbunov, 2002),
bending angles using a two-parameter fit of background (MSISE-90) to da4@ km combined
with a global background search (Lauritsen et al., 2011); background error fixed
at 50 %.

GFz Optimization after Sokolovskiy and Hunt (1996) with MSISE-3940 km),
obs. error variance estimate in 6070 km, divided by 4 to increase weight of
RO data.

JPL Exponential extrapolation based on least-squares fit of measurements at 40—
50 km.

UCAR  Optimization after Sokolovskiy and Hunt (1996) with fitting background profile
(NCAR climatology extrapolated to 150 km), dynamic estimation of the top fit
height, background and obs. errors (Lohmann, 2005).

WEGC Statistical optimization-30 km with ECMWF short-range forecasts and above

MSISE-90 to 120 km (Healy, 2001), dynamic estimation of obs. errors and in-
verse covariance weighting (Gobiet and Kirchengast, 2004; Gobiet et al., 2007).
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Table 1.Continued.

URL/ Center Implementations of each center
Processing step
Refractivity Abel inversion (Fjeldbo et al., 1971) of optimized bending angle profile.
retrieval DMI Numerical calculation of the Abel integral from each height to 150 km.
GFz Abel inversion starts at 150 km.
JPL Abel inversion starts at 120 km.
UCAR Abel inversion below 150 km by applying the finite-difference representation
(Sokolovskiy et al., 2005).
WEGC Numerical integration over bending angle (Simpson'’s trapezoidal rule) from

each height (impact par.) to 120km. Impact parameter to height conversion
with radius of curvature at mean tangent point (TP) location (Syndergaard,
1998); Sinc-windowed Blackman filter on refractivity { km moving average,
for resolution-conserving filtering of residual numerical processing noise).

Dry air retrieval Refractivity (V) is directly proportional to air density (applying ideal gas equa-
tion).
DMI Pressure downward integration of the hydrostatic equation from 150 km (bound-
ary conditions determined from the refractivity and its gradient at the top); Dry
geopotential height relative to EGM-96 geoid;

GFz Pressure retrieval is initialized at 100 km with MSISE-90. Pressure down-
ward integration using hydrostatic equation; Dry geopotential height relative
to EGM-96.

JPL Pressure integration using hydrostatic equation starting at 40 km initialized with
ECMWF temperature. Dry geopotential height relative to JGM-3.

UCAR Pressure integration using hydrostatic equation, initialized at 150 km by setting
pressure and temperature to zero.

WEGC Hydrostatic integral initialization at 120 km, pressutepressure(MSISE-90);

no initialization below 120 km (downward integration); Dry geopotential height
relative to EGM-96; Same filtering on dry temperature as for refractivity filter-
ing.

All centers  Dry temperature®) is obtained using the Smith-Weintraub formula for dry air
(Smith and Weintraub, 1953) and the equation of state (ideal gas).

Quiality control DMI QC of L2 quality from impact parameters (noise);
(QC) QC of bending angle using model from iono. corr;
QC of N using ECMWF analyses: reject&N > 10% in 10-35km
EUM QC based on robust statistics (Hoaglin et al., 1983).
GFz QC of forward differences of excess phases;
QC of N using MSIS-90: reject iINN > 22.5% in 8-31 km.
JPL QC of Doppler shift< 6 km; QC of N, T < 40 km to ECMWF analyses: reject
if AN >10% andAT > 10K below 30 km.
UCAR QC of raw L1 Doppler (truncation); QC of L2 Doppler (reject if dynamic QC

height> 20 km); QC of bending angle (reject if top fit height40 km);
QC of N using climatology: reject iAN > 50%.

WEGC QC of excess phases and bending angles; QE,df using ECMWF analyses:
reject if AN > 10% in 5-35km and/oAT > 20K in 8-25 km.

Reference frame DMI/EUM  Earth figure: WGS-84 ellipsoid; Vertical coordinate: mean-sea-level (m.s.l.) al-
vertical coordinate titude; Conversion of (ellipsoidal) height to m.s.l. altitude (at mean TP location)
via EGM-96 geoid smoothed t& k& 1° resolution.
GFz Earth figure: WGS-84 ellipsoid; Vertical coordinate: m.s.l. altitude; Conversion
of (ellipsoidal) height to m.s.I. altitude (at location of 20 km impact altitude) via
EGM-96 geoid smoothed td°Ix 1° resolution.

JPL Earth figure: IERS Standards 1989 elliposid; Vertical coordinate: m.s.l. alti-
tude computed using the JGM3/OSU91A geoid trunc. at spherical harmonic
degree 36.

UCAR Earth figure: ITRF-93 ellipsoid; Vertical coordinate: m.s.l. altitude; Conversion

of height over ellipsoid to m.s.|. altitude at the occultation point (location of GO
estimated TP for 500 m excess phase) via JGM-2 geoid at 9r&26lution.

WEGC Earth figure: WGS-84 ellipsoid; Vertical coordinate: m.s.|. altitude; Conversion
of (ellipsoidal) height to m.s.l. altitude (at mean TP location) via EGM-96 geoid
smoothed to 2 x 2° resolution.
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summarize first the retrieval steps from raw measurement®n ultra-stable clocks that ensure long-term stability and re-
to atmospheric parameters. producibility. Quality control mechanisms are applied that
RO measurements are based on GPS signals, which awgfect the final number of provided RO profiles for each cen-
received on a Low Earth Orbit (LEO) satellite. GPS satel-ter. On average the CHAMP mission provided about 4500
lites transmit dual-frequency signals in the microwave rangehigh quality profiles per month.
at wavelengths of 0.19m (L1 signal) and 0.24 m (L2 signal), A general description of the RO processing chain is given
which are virtually unaffected by clouds and aerosols. Theby, e.g. Kursinski et al. (1997) and Hajj et al. (2002).
radio signals are refracted and retarded during their propagaFhe main characteristics of RO are reviewed by Steiner et
tion through the atmospheric refractivity field. Vertical scan- al. (2011). An overview on the relevant processing schemes
ning of the atmosphere is provided through movement of theof this study as implemented by each center is given in Ta-
satellites. An occultation event occurs if a GPS satellite setdle 1. It includes information on processing versions, bend-
behind (or rises from behind) the horizon. Its signals are thering angle calculation, ionospheric correction, initialization of
occulted by the Earth’s limb from the viewpoint of the re- bending angles, refractivity retrieval, dry air retrieval, and
ceiver. The basic measurement is the signal phase anchoregliality control. A more detailed description of the centers’
by precise timing with atomic clocks. It is proportional to processing schemes is contained in Ho et al. (2012).
the optical path length between the transmitter and the re-
ceiver. Potential clock errors of GPS or LEO satellites are
removed by differencing methods using an additional non-3  Study setup and method
occulted GPS satellite as reference (single-differencing) and
by relating the measurement to even more stable oscillator§Ve investigate climatological fields of bending angle, refrac-
on the ground (double-differencing). In case there are ultrativity, dry pressure, dry geopotential height, and dry tem-
stable clocks aboard LEO satellites, no differencing is needegberature. Each center provided RO profiles of these vari-
(zero-differencing). ables from the CHAMP satellite (Wickert et al., 2004) for
Precise orbit determination (POD) provides orbit and ve-the common period September 2001 to September 2008, ex-
locity information which is used to compute the kinematic cept EUM provided only bending angle. The profiles are av-
Doppler shift (due to the relative motion of the GPS and LEO eraged into monthly-mean zonal-mean climatological fields,
satellites). It is removed and the atmospheric Doppler shiftusing S-latitude bins, for the UTLS altitude range of 8 km
is then converted to bending angle when geometric optics ig0 30 km at a 200 m vertical grid. The reference frame for
applied. Wave optics methods use the phase and amplitudihe vertical coordinate is the geoid. Bending angle is given
information for the retrieval of the bending angle, which ba- as a function of impact altitude, i.e. impact parameter mi-
sically represents the cumulative signal refraction due to atnus radius of curvature minus the undulation of the geoid.
mospheric density gradients. The contribution of the iono-The impact parameter is defined as the perpendicular dis-
sphere can be removed since two GPS signals at differertance between the center of local curvature (which is close
wavelengths are used. The so-called ionospheric correctioto the Earth’s center) and the ray path from the GPS satel-
is performed by differencing these dual-frequency GPS sigite (e.g. Kursinski et al., 1997). Refractivity, pressure, and
nals, typically through linear combination of bending anglestemperature are given as function of mean-sea-level (m.s.l.)
(Vorobév and Krasil'nikova, 1994). altitude, i.e. geometric height above the geoid. In order to set
The bending angle decreases exponentially with altitudegeopotential height into meteorological context we relate it
but the measurement noise stays relatively constant in thé pressure levels. We express it as a function of pressure in
stratosphere, which leads to an exponential decrease iform of a “pressure altitude”. The pressure altitude is defined
signal-to-noise ratio with altitude. In order to calculate re- asz,[m] = (7000 m)- In(1013.25 hPg/[hPa]).
fractivity, an initialization of bending angles with a priori The intercomparison is performed for the full monthly
information is performed at high altitudes to reduce the ef-5°-bin zonal-mean fields as well as for larger-bin zonal
fect of error propagation downward. These optimized bendsmeans and altitude layers. The larger domains were de-
ing angle profiles are converted to refractivity profiles via fined during the course of work based on latitude and al-
an Abel transform (Fjeldbo et al., 1971). Density, pressure titude regions, where the compared RO data show similar
and temperature are retrieved for dry air conditions in thestructural uncertainty characteristics. The inspected regions
UTLS by using the refractivity equation (Smith and Wein- comprise the tropics (20N-20° S), the northern/southern
traub, 1953), the hydrostatic equation, and the equation ofnid-latitudes (NML/SML; 20 N/S-50 N/S), the north-
state. Geopotential height is computed by integrating theern/southern high-latitudes (NHL/SHL; 5N/S-9C N/S),
latitude- and height-dependent acceleration of gravity overand a large-scale focus region {30-50° S) for the altitude
the RO derived altitude, divided by the standard acceleratiodayers 8 km—-12km, 12km-16 km, 16km-25km, 25km—
of gravity. The retrieved variables from optimized bending 30 km, and 8 km—25 km.
angle to temperature are not traceable to an Sl standard but We account for sampling error which stems from dis-
these variables are derived from timing measurements basettete sampling in space and time, since the centers provide
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slightly different numbers of high quality profiles. We use It is then subtracted according to Eq. (5) to gain de-
the European Centre for Medium-Range Weather Forecastseasonalized anomalies of each center:

(ECMWEF) reanalysis ERA-Interim (Poli et al., 2010; Dee et | _ peseasano o o

al., 2011) as a reference field for sampling error estimationAX e 210 = X(j\nfé; chje v
(Foelsche et al., 2008). We compute the sampling error for X" izt mod 19 ()

each atmospheric parameter except bending angle and Su'?he all-center mean de-seasonalized anomaly as function of

tract it from the RO climatologies (Scherllin-Pirscher et al., latitude, altitude, and time is computed following Eq. (6):
2011a). (Bending angle requires a more complex forward ’ ' o

model that depends on a different altitude coordinate, impac y!Peseasanom , 2jtk) =
altitude; such a forward model is not yet suitably available for ' Tcenter

this study). We note that it is common practice to account for ISeepter L ceasAno

the sampling error, either using data (Foelsche et al., 2008) or Z AX Ter. di 2. 10)-(6)
model estimates (Scherllin-Pirscher et al., 2011a). All subse- , = .
guent computations are performed with and without the Sam_Subtrac_non of the all-center mean from the de-seasonallged
pling error subtracted from the climatologies. anomalies of each center leads to the de-seasonalized

Anomaly time series are computed by removing the mearfgnomaly difference time series (Fig. 3) of each center via
annual cycle of the inspected period from the data of eactFa- (7),
center (7-yr mean). Anpmaly difference time series are theny yDeseasAnombif,, 4. 2. tx) = AXDESASANONL, g oo 1)
computed by subtracting the all-center mean (mean of all Ax"IDeseasanony 7
centers) from the anomaly time series of each center. Frac- —AX ¢i.2j.0. (7)
tional (percentage) anomaly difference time series are oband to de-seasonalized fractional anomaly difference time se-
tained for atmospheric parameters which decrease exponenies (Fig. 2) of each center via Eq. (8),
tially with altitude (i.e. bending angle, refractivity, and pres- A x DeseasFracAnomift

sure). < (cr, sz, 1) =
In the following, to have the methodology clearly set, ex- AXDeseasAnomdi, . - 1
plicit equations are provided for the computations performed 100- S xAIDeseaAnon ®)
IEES R}

for each atmospheric parametéf)(of each center (c) given . o . o
at monthly resolutione( for latitude bandsd) and altitude The purpose of differencing is to remove the climate variabil-

levels ¢), i.e. 5 parameters, 6 centers, 85 months, 36 latitudd®y Which is common to the data sets and to assess remaining
bands and 110 altitude levels as well as 5 large latitude zone@€viations that may be due to different processing methods.

at 4 altitude layers. Trends in the anomaly difference time series are computed
First, the all-center mean climatology as function of lati- USing @ linear fit. The spread of anomaly difference trends
tude, altitude, and time, is computed via Eq. (1): and finally the stand_ard deviation of the all-center mean trend
are used as an estimate of the structural uncertainty of RO

—all I=ncenter records (Wigley, 2006). We note that we do not analyze cli-
X (Piszj,te) = X(cr, dis 2, te). 1) matological trends but the uncertainty in trends from RO data

ficenter j—1 with regard to different processing implementations.

The mean difference of each center (c) to the all-center
mean averaged over September 2001 to September 2008 (sge Results and discussion
Fig. 1) is computed after Eq. (2),
P— 4.1 Mean anomaly differences
— Y X (endinzi 0~ X @iz 0l (2) _ o .
ttime =3 Based on the 5zonal-mean climatologies with 200 m verti-
and the mean fractional difference of each center to the all€@! SPacing from 8km to 30 km altitude, mean anomaly dif-

center mean averaged over September 2001 to Septemb@rences (“raw” climatologies including sampling error and
2008 (see Fig. 1) is computed after Eq. (3) annual cycle, anomalies with respect to the all-center mean)

are averaged over September 2001 to September 2008 (see
TAx\ % 100 K20 [X (1, ¢y 2. 11) — X (25 )] 3 Eq. 2). Figure 1 shows the mean anomaly differences for
(7) i) = = X 52010 s all atmospheric variables from bending angle to temperature.
' Mean bending angle, as the more basic RO variable, shows
‘more fluctuations in anomaly differences but essentially the
same behavior as refractivity. The mean differences in bend-
K =nyr ing angle are withint0.1 % in most regions. Larger differ-

YAnnCycle(Cl’ Bi.2j ) = — X(cr. i zjter).  (4)  €nces occur below about 10 km and at high latitudes. Refrac-

nyr 5 tivity, the variable proportional to atmospheric density, shows

——01-08
AX (e, i, zj) =

The mean annual cycle of each center as a function of lati
tude, altitude, and month is computed following Eqg. (4):
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Fig. 1. Mean difference of each center (top to bottom; DMI, EUM, GFZ, JPL, UCAR, WEGC) to the all-center mean for the period
September 2001 to September 2008, showridpbending angle(b) refractivity, (c) pressure(d) geopotential height, an@) temperature.

mean differences withi=0.1 % in most regions. At south- about +0.1 K below about 20 km increasing to about 0.5K
ern high latitudes above about 20km and at low latitudes(and larger for some centers) at 30 km altitude.

below 10km some centers show refractivity differences up Overall, Fig. 1 demonstrates that certain latitude and alti-
to £0.3 %. The other parameters show a smoother behaviotude ranges show similar structural uncertainty behavior. The
due to integration procedures in the retrieval. Mean pressurenore derived the RO variables, the lower is the altitude where
differences are withint0.1 % and mean geopotential height larger differences occur.

differences are 5m to 10 m below about 20 km altitude, in-

creasing up tat0.4 % for pressure and to25 m for geopo-

tential height at 30km. Mean temperature differences are
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Fig. 2. De-seasonalized anomaly difference time series and trens) oéfractivity and of(b) refractivity where sampling error was
subtracted, shown for the (left) UT and (right) LS for (top to bottom) five zonal regions.

4.2 De-seasonalized anomaly difference time riod. To underpin the benefit of sampling error removal (see
series and trends Sect. 3) we show those results before and after sampling error

subtraction. The effect of removal is clearly visible in a re-
duced variability of the time series and a higher consistency

De-seasonalized anomaly difference time series (see Egs. gf the anomaly differences. In the following we discuss the

and 8) are presented for five large zonal regions and fokesylts after sampling error subtraction.

two altitude layers representing approximately the upper tro-  Good consistency of refractivity anomaly differences is

posphere (UT, 8km to 12km) and lower stratosphere (LS found for all centers. Refractivity difference trends are within

16 km to 25km). Figures 2 and 3 show the anomaly differ- £0.03% per 7yr in most regions, with larger difference

ence time series and their trends for refractivity and temper{rends found at SML and SHL in the UT (=0.05 % to 0.03 %)
ature, respectively. All trends refer to the inspected 7-yr pe-
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Fig. 3. De-seasonalized anomaly difference time series and tren¢s) eémperature and ofb) temperature where sampling error was
subtracted, shown for the (left) UT and (right) LS for (top to bottom) five zonal regions. Note the different y-axis for the UT and the LS
region.

and at SHL in the LS (-0.08% to 0.03%). Temperature spect to background information (see also Table 1 and further
anomaly difference trends are near-zero in all UT regionsdiscussion in Sect. 4.3). These results indicate the advantage
except at SHL being about0.1 K. In the LS, temperature of the use of bending angle climatologies for climate trend
difference trends are belo#0.2 K in all regions except at studies (Ringer and Healy, 2008).

SHL. GFZ anomaly difference time series show larger vari- The spread of mean anomaly difference trends for the fo-
ability and larger difference trends at SML and SHL regions.cus region (50N to 50° S, 8km to 25km) is —0.01% to
Since raw bending angles do not show these differences thi6.03 % for bending angle, —0.02 % to 0.03 % for refractivity,
can be related to GFZ'’s approach of bending angle initializa—0.04 % to 0.04 % for pressure, —3.7 m to 3.0 m for geopo-
tion, especially the weighting of RO measurements with re-tential height, and —0.08 K to 0.05 K for temperature.
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Fig. 4. Temperature trend (black line) and standard deviation (gray) of the all-center mean for the CHAMP period September 2001 to
September 2008 shown f¢a) bending angle(b) refractivity, (c) pressure(d) geopotential height, an@) temperature for (left to right)

five zonal regions. Layer mean values are indicated (crosses). Individual center trends are shown for DMI (yellow), GFZ (blue), JPL (red),
UCAR (black), WEGC (green). Note the different x-axis for the SHL region.

The results are consistent with former refractivity uncer- Ho et al. (2012), who showed, e.££0.02 % per 5yr for re-
tainty estimates (upper bound of 0.03% per 5yr) of Ho etfractivity uncertainty and who discussed processing causes
al. (2009). Furthermore, our findings are consistent with thefor structural uncertainty in detail. This consistency in re-
recent estimates of the profile-by-profile data set study ofsults from different methodologies indicates that residual
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Table 2. Mean trend (all-center mean) and standard deviation of the trend for six latitude regions and five altitude layers, for bending angle,
refractivity, pressure, geopotential height, and temperature. The all-center mean includes DMI, EUM, GFZ, JPL, UCAR, WEGC for bending
angle, and DMI, GFZ, JPL, UCAR, WEGC for refractivity to temperature. The estimated sampling error was subtracted for each parameter
except for bending angle.

All-center mean trend and standard deviation

Latitude
Bend. Angle  Refractivity Pressure Geop. Height  Temperature
Altitude (km) (%o per7yr) (Yoper7yr) (% per7yr) (m per 7yr) (K per 7yr)
50° N-50° S
8to25 0.02:0.02 -0.06£0.02 -0.12+0.03 —7.84-2.44 -0.070.05
8to12  0.08:0.03  0.00£0.02 -0.09:0.03 —6.66-1.66 —0.210.01
12t016  0.05:0.04 -0.03£0.02 -0.15:0.03 -9.42+159 -0.26t0.02
16to25 -0.14£0.02 -0.210.01 -0.14£0.05 —-7.6H3.24  0.040.09
25t030 -0.19%:0.02 -0.18:0.04 -0.10t0.12 —-7.017.16 0.20+0.22
50° N-9C° N
8to25 0.240.04 0.1740.01 -0.14:0.03 -18.16:3.18 -0.66t0.09
8to12  0.15:0.04  0.29+0.02 0.06+0.02 3.83:1.44 -0.56:0.04
12to16 0.5t 0.05 0.26£0.01 -0.17A0.03 -9.84-2.17 -0.93:0.06
16to25 -0.0220.04 -0.210.02 -0.510.07 -31.62:4.44 -0.5#40.13
25t030 -0.52-0.05 -0.54-0.04 -0.78:0.17 —44.13+9.85 -0.5A0.33
20° N-5C° N
8t025 0.03:0.02  0.04:0.01 0.04+0.02 1.62:1.49 0.04+0.03
8to12 -0.03t0.05 -0.0Gt0.01 0.05+0.02 4.24+1.12 0.13+0.01
12t0o16 -0.09£0.03  0.12£0.02 0.0+ 0.02 4.73t1.07 -0.13:t0.01
16to25 0.26£t0.03  0.0:£0.01 -0.01:0.03 —0.96+ 1.87 0.09+ 0.05
25t030 -0.16:0.03  0.03£0.03  0.14:0.07 8.32:4.14 0.210.15
20°N-2C° S
8to25 -0.0H0.03 -0.13:0.02 -0.23:0.03 -14.36t2.66 —0.060.06
8to12  0.13:0.06 0.02:0.03 -0.18:0.03 -14.36:1.78 -0.4A0.02
12t016  0.19£0.03 -0.09£0.02 -0.32£0.03 -20.641.77 -0.45:0.03
16t025 -0.47#0.02 -0.44:0.02 -0.22£0.05 -11.36:3.52 0.29£0.09
25t030 -0.3%£0.01 -0.3%£0.04 -0.06:0.13 —6.04+7.81 0.80£0.25
20°S-50'S
8to25 0.040.04 0.01£0.03 -0.04-0.04 —-4.28:3.72 -0.23:0.09
8to12 0.06£0.02 0.06£0.03 -0.0:x0.04 -1.04:2.30 -0.03:0.02
12to16  0.03:0.10  0.03:0.03 -0.02£0.04 -1.63t2.30 -0.13£0.04
16to25 0.13:0.05 0.040.01 -0.1Gt£0.07 —6.93t5.06 -0.3A0.15
25t030 0.110.03 -0.05£0.05 -0.39:0.19 -23.1%+11.33 -0.7740.34
50° S-90 S
8to25 0.03:0.04 -0.05:0.03 -0.5H-0.09 —-45.39%:7.61 -1.33:0.22
8to12  0.02:0.02  0.0:0.03 -0.23t0.06 -14.28:3.61 -0.55:0.08
12to16  0.1%#0.06 0.05:0.03 -0.48:0.08 -27.645.11 -1.1#0.14

16t025 -0.04:0.06 -0.33:0.04 -1.15£0.17 —67.26:10.55 -1.74:0.31
25t030 -0.88:0.05 -1.3H0.11 -22%0.40 -121.72422.05 -1.95:0.70

sampling error is minor to negligible within the error bud- 4.3 Mean trends and structural uncertainty
get of RO climatological products. Here we finally inspect,

in the next subsection, the altitude-resolved structural uncer- ] o
tainty of climate fields, which is relevant for many climate All-cénter mean trends and their standard deviatiorfer

ot the 7-yr period are presented in Fig. 4 for all inspected RO
applications. , : g !
variables. For different timescales the given (random) un-
certainties scale as(At/Atarged™2, where At is 7yr and
Atargetis the target time (Leroy et al., 2008) (eag= 3 m per
7 yr translates to an error of 2.5m per 10 yr for a 10-yr time
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series). The trends in Fig. 4 are resolved at the full altitudefor pressure, 2.5m for geopotential height, and 0.05K for
grid for five large zonal-mean regions. Layer-mean trends aréemperature.
also shown and summarized in Table 2. In general, a data record suitable for climate monitoring
The standard deviation of bending angle trends@s05%  should depict the mean state and the variability of the atmo-
in most of the inspected regions, ranging from 0.02 % in thesphere with an accuracy better than the expected long-term
tropics to 0.06 % at SHL (note that sampling error is not sub-changes. Observation requirements for satellite-based prod-
tracted for bending angle). For refractivity the standard devi-ucts for climate are given by the GCOS programme (GCOS,
ation is<0.04 %, becoming larger only at SHL above 25 km. 2006; 2010). The stability requirement for air temperature
For pressure (geopotential height) trends the standard devias ECV is defined as 0.05 K/decade for the troposphere and
ation is 0.03% to 0.05% (2m to 3m) in the whole UT and 0.1 K/decade for the lower stratosphere (GCOS, 2006).
the LS tropics. It increases to 0.07 % (5 m) at mid- and high- No dedicated GCOS requirements exist for the other RO
latitudes in the LS and is largest at SHL and above 25 kmvariables but from physical relations between these variables
with 0.2 % to 0.4 % (10 m to 20 m). The standard deviation of reasonable scaling is possible, including 0.1K decade
temperature trends in the tropics and mid-latitudes is 0.02 Kcorresponding to a requirement of about 0.05% dechde
in the UT and 0.1K in the LS. At high latitudes it i80.1 K in refractivity (factor ~0.5; e.g. Ho et al., 2009;
in the UT and increases to 0.3 K in the LS. Above 25 km alti- Scherllin-Pirscher et al., 2011b) and further on to about
tude the errors range from 0.2 K in the tropics to 0.7 K at high0.12 % decade! in bending angle (factor2.4; e.g. Sofieva
latitudes. For completeness of information, Table 3 presentand Kyla, 2004; Scherllin-Pirscher et al., 2011b). Further-
the structural uncertainty at specific altitude levels from 8 kmmore, geopotential height change (m decdderelates to
to 30 km for every other kilometer. relative pressure change (% decatevia the atmospheric
Overall, structural uncertainty is lowest where the mea-scale height by a factor of about 70 m9(e.g. Leroy et
surement information content is highest. Structural uncer-al., 2006b; Scherllin-Pirscher et al., 2011b) so that expected
tainty increases with increasing altitude and at high lati-climate change signals in geopotential height of roughly
tudes. The larger differences between centers are regarded 1® m decade! at low to mid latitudes (Leroy et al., 2006b;
mainly stem from increased sensitivity to the different bend-Lackner et al., 2011) suggest a stability requirement like
ing angle initialization at high altitudes in the centers’ pro- 4 m decade!, and correspondingly of 0.06 % decadeor
cessing schemes. Different centers use different a priori inpressure, to be reasonable values.
formation, i.e. climatology models (DMI, GFZ, UCAR), ex- This more complete set of requirements indicates that in
ponential extrapolation (JPL), or numerical weather predic-addition to the temperature meeting the GCOS requirements
tion forecasts (WEGC). The initialization approach affects also the other RO variables meet related requirements within
uncertainty from about 25 km upwards and the atmospheri¢che core domain 50N to 5¢° S and 8 km to 25 km.
products become increasingly sensitive to a priori informa- We note that the purpose of our trend analysis here is
tion as the altitude increases. Figure 4 also indicates that tho provide an estimate of the structural uncertainty of cli-
centers using climatologies as background show a more exmate trends from RO but not to interpret the trends clima-
aggerated behavior of trends, e.g. larger trends of GFZ atologically. A thorough analysis of climate trends requires a
SML and SHL, and of DMI at NHL. This is related to the full multivariate regression analysis also accounting for nat-
limitations of the Mass Spectrometer and Incoherent Scatteural variability, e.g. El Nfio Southern Oscillation and Quasi-
radar (MSIS) climatology (Hedin, 1991) in representing the Biennial-Oscillation (see e.g. Steiner et al., 2009; 2011). For
high-latitude variability in the stratosphere and mesospherethis study we just performed a standard linear regression for
Current efforts on improving this optimization processing the 7-yr CHAMP data set in order to derive the uncertainty
step involve the use of monthly mean RO climatologies (Ao of trends but the trends themselves are not meaningful in a
etal., 2012; Gleisner and Healy, 2013). Higher structural un-climatological sense.
certainty at high latitudes is also caused by a larger resid- For context, Lackner et al. (2011) showed in a ded-
ual sampling error (Scherllin-Pirscher et al., 2011a); at SHLicated climate change signal detection study for RO a
the standard deviation does not decrease much after sangeopotential height increase ofl5m decade!, a warm-
pling error subtraction in contrast to all other regions (Fig. 4).ing of ~0.3K decade! in the UT and a cooling of a
The larger differences below 10 km in the tropics and mid-~0.6 K decade! in the LS tropics for the period 2001 to
latitudes arise probably due to differences in geometric op-2010. The corresponding structural uncertainty in the trop-
tics and wave optics retrievals as well as differences in downics as found from this uncertainty study is for geopotential
ward extrapolation of L1-L2 for ionospheric correction (see height <3m decade! in the UTLS. For temperature it is
Sect. 2 and Table 1). 0.02K decade! in the UT and 0.07 K decadé in the LS,
Table 2 summarizes the 7-yr trend and associated strucwhich meets GCOS stability requirements for air tempera-
tural uncertainty values for BN to 50° S and the five alti-  ture and allows for a detection of the above trends as found
tude layers. The estimated uncertainty within 8 km to 25 kmby Lackner et al. (2011).
is 0.02 % for bending angle, 0.02 % for refractivity, 0.03 %
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Table 3.Mean trend (all-center mean) and standard deviation of the trend for altitude levels from 8 km to 30 km at every other kilometer and
for five latitude regions, for bending angle)( refractivity (V), pressure ), geopotential height4), and temperaturef(). The all-center

mean includes DMI, EUM, GFZ, JPL, UCAR, WEGC for bending angle, and DMI, GFZ, JPL, UCAR, WEGC for refractivity to temperature.
The estimated sampling error was subtracted for each parameter except for bending angle.

All-center mean standard devation

Latitude Latitude
Altitude o N P VA T Altitude o N 14 Z T
(km) (Yo per7yr) (Y% per7yr) (Y% per7yr) (mper7yr) (K per7yr) (km) (Y% per7yr) (Y per7yr) (Y per7yr) (mper7yr) (K per7yr)
NHL 50° N-9C° N SHL 50° S-90' S
30.00 0.11 0.07 0.24 12.98 0.45 30.00 0.09 0.16 0.54 28.34 0.92
28.00 0.08 0.06 0.19 10.21 0.34 28.00 0.04 0.12 0.43 22.79 0.72
26.00 0.04 0.03 0.14 7.97 0.28 26.00 0.05 0.09 0.34 18.31 0.58
24.00 0.05 0.03 0.11 6.26 0.20 24.00 0.05 0.07 0.27 14.74 0.44
22.00 0.05 0.02 0.08 4.96 0.15 22.00 0.07 0.05 0.22 11.81 0.36
20.00 0.03 0.02 0.07 4.00 0.11 20.00 0.07 0.04 0.17 9.47 0.28
18.00 0.03 0.01 0.05 3.20 0.09 18.00 0.08 0.04 0.13 7.66 0.21
16.00 0.04 0.01 0.04 2.59 0.07 16.00 0.08 0.03 0.11 6.19 0.18
14.00 0.04 0.01 0.03 2.16 0.05 14.00 0.06 0.02 0.08 4.98 0.14
12.00 0.10 0.02 0.03 1.69 0.07 12.00 0.03 0.03 0.07 4.20 0.08
10.00 0.05 0.02 0.02 1.42 0.04 10.00 0.02 0.03 0.06 3.57 0.07
8.00 0.05 0.02 0.02 1.35 0.03 8.00 0.02 0.02 0.05 3.03 0.07
NML 20° N-5C° N SML 20° S-50 S
30.00 0.05 0.05 0.10 5.61 0.23 30.00 0.04 0.08 0.26 14.79 0.46
28.00 0.03 0.03 0.07 4.27 0.15 28.00 0.04 0.06 0.20 11.74 0.36
26.00 0.04 0.03 0.06 3.33 0.11 26.00 0.03 0.04 0.16 9.26 0.28
24.00 0.03 0.02 0.04 2.60 0.08 24.00 0.03 0.03 0.12 7.36 0.21
22.00 0.02 0.02 0.04 211 0.05 22.00 0.03 0.02 0.10 5.82 0.17
20.00 0.05 0.01 0.03 1.71 0.04 20.00 0.04 0.01 0.07 4.44 0.14
18.00 0.08 0.01 0.02 1.34 0.03 18.00 0.04 0.01 0.06 3.44 0.11
16.00 0.03 0.01 0.02 1.15 0.03 16.00 0.10 0.02 0.04 2.69 0.08
14.00 0.04 0.02 0.02 1.04 0.01 14.00 0.11 0.03 0.04 221 0.04
12.00 0.04 0.02 0.02 1.08 0.03 12.00 0.09 0.04 0.03 2.13 0.04
10.00 0.02 0.02 0.02 1.12 0.01 10.00 0.04 0.04 0.04 2.33 0.01
8.00 0.19 0.02 0.04 2.83 0.09 8.00 0.09 0.01 0.03 2.12 0.07
TRO 20° S-20 N
30.00 0.04 0.06 0.18 10.26 0.35
28.00 0.04 0.04 0.14 8.12 0.24
26.00 0.02 0.03 0.11 6.34 0.20
24.00 0.05 0.03 0.09 5.00 0.14
22.00 0.03 0.02 0.07 3.98 0.11
20.00 0.05 0.03 0.05 3.15 0.08
18.00 0.05 0.03 0.04 2.52 0.09
16.00 0.03 0.01 0.03 2.03 0.06
14.00 0.05 0.02 0.03 1.72 0.03
12.00 0.08 0.03 0.03 1.68 0.02
10.00 0.05 0.02 0.03 1.82 0.02
8.00 0.05 0.02 0.02 1.26 0.07

We also note the very high vertical resolution of RO data,the CHAMP mission were delivered by DMI Copenhagen,
which becomes most obvious near the tropical tropopaus&UM Darmstadt, GFZ Potsdam, JPL Pasadena, UCAR Boul-
and is an important feature for resolving the vertical structureder, and WEGC Graz. Monthly-mean zonal-mean clima-
of atmospheric trends, filling a current lack of information in tological fields were computed for the period September
atmospheric trend studies in the UTLS. 2001 to September 2008. The sampling error due to discrete

sampling in space and time was estimated and subtracted.
Anomaly difference time series with respect to the all-center
5 Summary and conclusions mean were analyzed for assessing deviations between the

data sets due to different processing methods. The spread of

We quantified the structural uncertainty in trends based omynomaly difference trends and finally the standard deviation
RO climate records from six international RO processing of the all-center mean trend were used as an estimate of the
centers for the full set of RO atmospheric variables, in- g ctural uncertainty.

cluding bending angle, refractivity, dry pressure, dry geopo-
tential height, and dry temperature. RO profile data from
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We showed that RO structural uncertainty from different References
processing schemes is lowest in the tropics and mid-latitudes
at 8km to 25 km for all inspected RO variables. The resultingAnthes, R. A.. Exploring Earth's atmosphere with radio occulta-
mean standard deviation of trends is 0.02 % per 7 yr for bend- tion: contributions to weather, ch_rnate and space weather, At-
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