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Abstract

Monitoring of global climate change requires high quality observations not only on
the Earth’s surface but also in the free atmosphere. Global Positioning System (GPS)
Radio Occultation (RO) observations are known to have the potential to deliver
very accurate, precise, and long-term stable measurements between about 8 km and
30 km altitude.

This thesis investigates the suitability of RO observations to serve as climate bench-
mark record by validating the consistency of RO data provided by different satellites.
The main focus lies on systematic differences of RO climatologies, originating from
different data processing, data quality, spatio-temporal sampling, and particular or-
bit characteristics. Data of six RO satellite missions (including one multi-satellite
constellation) are analyzed.

Largest disagreements of RO climatologies are observed when comparing data
provided by different processing centers. Mean absolute temperature differences
between 8 km and 30 km altitude amount to 0.5 K, while climate time series of
temperature changes agree much closer.

Utilizing RO data from the same data center and considering spatio-temporal
sampling yield remarkable consistency of temperature climatologies with mean dif-
ferences being smaller than 0.1 K. Disagreements are found to be largest at 35 km,
where they exceed 0.2 K. This results from different data quality and its utilization
within the processing scheme. Climatologies, which are derived from data with the
same quality agree to within 0.02 K also at high altitudes. The measurement’s local
time, which depends on the satellite’s orbit, has a minor but clearly understandable
influence on differences in RO climatologies. The results underline the utility of RO
data for long-term monitoring of the global climate.






Zusammenfassung

Um den globalen Klimawandel iiberwachen zu kénnen, sind Daten von hoher Qua-
litdt nicht nur auf der Erdoberfliche sondern auch in der freien Atmosphére un-
abdingbar. Messungen von Global Positioning System (GPS) Radiookkultation (RO)
sind fiir ihre exakten und langzeit-stabilen Daten zwischen ca. 8 km und 30 km Héhe
bekannt.

In dieser Arbeit wird die Konsistenz von RO Messungen verschiedener Satelliten
validiert um festzustellen, ob die Daten tatéchlich als Referenzklimadatensatz ge-
eignet sind. Das Hauptaugenmerk liegt auf der Untersuchung systematischer Unter-
schiede zwischen Klimatologien, welche durch verschiedene Prozessierungssysteme,
unterschiedliche Datenqualitit, Orte und Zeiten der Messungen sowie ausgewéhlte
Orbiteigenschaften zustande kommen. Es werden Daten von sechs Satellitenmissio-
nen (darunter eine Multisatellitenmission) analysiert.

Grofite Unterschiede zwischen RO Klimatologien entstehen, wenn man Daten ver-
schiedener Prozessierungszentren vergleicht. Mittlere absolute Temperaturdifferen-
zen zwischen 8 km und 30 km Hohe betragen 0.5 K, wahrend Klimazeitreihen von
Temperaturdnderungen viel genauer iibereinstimmen.

Verwendet man Daten vom selben Datenzentrum und beriicksichtigt unterschiedli-
che Orte und Zeiten der Messungen, so findet man eine bemerkenswerte Ubereinstim-
mung der Klimatologien (im Mittel AT < 0.1 K). Groite Differenzen (AT > 0.2 K)
lassen sich in grolen Hohen (35 km) ausmachen. Die Ursache dafir liegt in der unter-
schiedlichen Datenqualitat, welche in der Prozessierung verwendet wird. Klimatolo-
gien, welche von Daten gleicher Qualitédt berechnet wurden, stimmen auch in groflen
Hohen bis auf 0.02 K iiberein. Unterschiedliche Lokalzeiten der Messungen, die von
den Satellitenbahnen abhéngen, haben nur einen geringen Einfluss auf Unterschiede
zwischen Klimatologien verschiedener Satelliten. Die Ergebnisse unterstreichen die
Wichtigkeit von RO Daten fiir die Langzeitklimabeobachtung.
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Introduction

Anthropogenic climate change is clearly evident in long-term surface records of at-
mospheric parameters. Over the past hundred years (1906 to 2005), global mean
surface temperature has increased by about 0.74 K+0.18 K (Trenberth et al. 2007).
Apart from the surface, the knowledge about atmospheric changes is still limited
(GCOS 2004). The number of measurements and their spatial density in the Upper
Troposphere-Lower Stratosphere (UTLS) region was very sparse in the pre-satellite
era (before 1979), since aircraft, radiosonde, lidar, and radar data were the only
measurements available in the free atmosphere. Because these data are unevenly
distributed over the globe (e.g., poor coverage in the southern hemisphere) their
global information is limited.

Since 1979 satellite data provide important information about the climate sys-
tem from a global perspective. Microwave radiance measurements performed by
the Microwave Sounding Unit (MSU)/Advanced MSU (AMSU) satellites constitute
the first satellite record, which has been used in climate research (e.g., Christy and
Spencer 2005; Mears and Wentz 2005; Vinnikov et al. 2006). Discrepancies in sign
and magnitude of temperature trends, which arose from incorrect inter-calibration
and correction procedures between different satellites, now seem to be resolved to a
large extend but some uncertainties still remain (Karl et al. 2006). Global monitoring
of atmospheric change can also be performed by high-resolution infrared sounders
like Atmospheric Infrared Sounder (AIRS) and Improved Atmospheric Sounding In-
terferometer (IASI) but also by Global Positioning System (GPS) Radio Occultation
(RO).

The GPS RO method is an active limb sounding technique. Measurements are per-
formed when a GPS antenna mounted in the front or in the aft of a Low Earth Orbit
(LEO) satellite tracks a signal of a GPS satellite. Due to the satellites’ motions, the
atmosphere is scanned from top to bottom (setting event) or from bottom up (rising
event). Because the GPS signals are modified by the atmosphere depending on its
refractive properties, the modifications are a measure for physical atmospheric pa-
rameters, in particular refractivity, from which density, pressure/geopotential height,
temperature, and humidity profiles can be derived (see e.g., Kursinski et al. 1997;
Steiner et al. 2001; Hajj et al. 2002).

Since the calibration strategy of the method is traceable to the international stan-
dard for the second, the RO method has the potential to deliver climate benchmark
measurements (Leroy et al. 2006). RO data are known to be of high accuracy (tem-
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perature error is less than 1 K between 8 km and 30 km altitude) and feature a very
high vertical resolution (0.1 km to 0.5 km in the lower troposphere and approxi-
mately 1.5 km in the stratosphere) (Melbourne et al. 1994). Nearly polar orbiting
LEO satellites yield global coverage of RO measurements and the frequency domain
of GPS signals enables measurements to be performed during virtually all weather
conditions.

First RO data are available from the Global Positioning System/Meteorology
(GPS/MET) mission, which has been launched in 1995 and provided data intermit-
tently within the years 1995 to 1997 (Rocken et al. 1997). Data of the Satélite de
Aplicaciones Cientificas C (SAC-C) satellite, currently available at Wegener Center
for Climate and Global Change (WEGC) only from 2001 to 2002 overlap with CHAI-
lenging Mini-Satellite Payload (CHAMP) data. CHAMP (May 2001 to October 2008),
FORMOSAT-3/COSMIC (F3C) (since August 2006), Gravity Recovery And Climate
Experiment (GRACE) (since March 2007), and Meteorological Operational (MetOp)
(October 2007) complete the RO record currently available at WEGC and allow to
investigate the consistency of RO climate products.

The overlap of different satellite systems does not only allow to maintain the
homogeneity and consistency of RO time-series but also to determine potential inter-
satellite biases (Hajj et al. 2004; Schreiner et al. 2007; Foelsche et al. 2009b), which
are important principles for climate monitoring specified by GCOS (2009). In this
thesis I validated characteristics of RO data and derived climate products of different
satellites and identified time-dependent and random errors inherent in this record.

The structure of the thesis is as follows: A description of the RO technique and
the data processing are given in Chapter 1. The RO record available at WEGC
is introduced in Chapter 2, where data characteristics of different satellites and the
temporal evolution of data quality are also presented. The mathematical calculation
of RO climatologies is explained in Chapter 3. In addition, spatio-temporal sampling,
which causes a “sampling error” in RO climatologies and the systematic difference
of RO climatologies relative to European Centre for Medium-Range Weather Fore-
casts (ECMWF) operational analyses (and ECMWF Re-Analysis (ERA)-40 data) are
discussed. Chapter 4 discusses the consistency of RO climatologies of different satel-
lites and demonstrates causes of inconsistencies. One cause for disagreements in RO
climatologies of different satellites results from different orbit characteristics. This
influence is studied in Chapter 5. Chapter 6 gives an application of RO data in atmo-
spheric physics. Since the six spacecraft of the F3C satellite constellation are evenly
distributed in space, this mission is able to sample at all local times within one
month and data can be used to detect atmospheric diurnal and semi-diurnal tides
at low and mid-latitudes. The chapter presents atmospheric thermal tides observed
in the UTLS region. The thesis closes with a summary and conclusions.



1 From Atmospheric Phase Delay to
Profiles of Meteorological Parameters

The Radio Occultation (RO) method is a state-of-the-art remote sensing technique
used to probe the Earth’s atmosphere. It has originally been developed in planetary
sciences where it has been used to study atmospheres, e.g., from Mars, Venus, and
Jupiter (Fjeldbo and Eshleman 1968; Eshleman 1973).

In 1995 the first proof-of-concept mission sensing the terrestrial atmosphere has
been launched into Earth orbit. Data from the Global Positioning System/Meteorol-
ogy (GPS/MET) mission (Ware et al. 1996) confirmed that RO data are of importance
for operational meteorology, i.e., numerical weather prediction, (Kuo et al. 2000),
climate monitoring (Steiner et al. 2001), ionospheric research (Schreiner et al. 1999),
and space weather science (Jakowski et al. 2002).

The RO technique is based on measurements of the path of radio waves passing
through the atmosphere from one satellite to another. Atmospheric density gradi-
ents yield bending of this path. Bending angle profiles can be inverted to refractive
index profiles by an Abel inversion and utilization of physical laws (ideal gas law,
hydrostatic equation) yield profiles of atmospheric parameters like pressure and tem-
perature.

1.1 Measurement Principle

The RO method belongs to the active limb sounding techniques. In contrast to pas-
sive limb sounding techniques, where the transmitted electromagnetic signal stems
from a natural source (e.g., Sun, Moon, or bright stars), the RO method utilizes
artificial signals transmitted by Global Navigation Satellite System (GNSS) satel-
lites. Global Positioning System (GPS), Global’naya Navigatsionnaya Sputnikovaya
Sistema/Global Navigation Satellite System (GLONASS), and GALILEO satellites are
contemporary part of the GNSS system. However, in practice only GPS-signals have
been used for RO measurements so far.

Radio signals transmitted by GNSS satellites penetrate the atmosphere, where
they are affected by the Earth’s atmospheric density field. On the way through
the ionosphere and neutral atmosphere these signals are refracted and received on
a Low Earth Orbit (LEO) satellite (see Figure 1.1). Physical characteristics of the
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Figure 1.1: Occultation geometry of a setting RO event. The signal, which is trans-
mitted by a GPS satellite, is refracted by the ionosphere and neutral atmosphere
before it is received at a LEO satellite. TP is the tangent point, 7 is the tangent
radius, a the impact parameter (the perpendicular distance between either of the
ray asymptotes and the center of refraction), o the bending angle, and 7o and
Taps the position vectors of the LEO and the GPS satellite, respectively.

atmosphere between the transmitter and the receiver satellite and movements of the
both satellites yield a frequency shift of the electromagnetic signal.

The measured quantity aboard the LEO satellite is the phase change as a function
of time between the intrinsically transmitted signal (replicated in the receiver) and
the Doppler-shifted incoming signal.

Figure 1.2 shows a simplified illustration of that phase change measurement. The
top panel shows the vacuum path, which can be expected from orbit geometry and
the respective GPS and LEO velocities only. The bottom panel shows the ray, which
is bent due to ionospheric and neutral atmospheric refraction. The Doppler shift
of the phase is different in both cases. The artifice of the RO retrieval is to extract
the signal delay, which is caused by the neutral atmosphere (i.e., to correct all other
proportions to phase delay), and to derive atmospheric characteristics by applying
an inversion technique. These measurements are performed on both GPS frequencies,
f1 =1575.42 MHz and fy = 1227.60 MHz.

Due to the relative motion of the GPS and LEO satellites, the radio signals (contin-
uously broadcast by the GPS satellite) penetrate the atmosphere at different tangent
heights and the atmosphere is scanned from top downwards (setting event) or from
bottom up (rising event). This results in a near vertical profile of phase measure-
ments as a function of time. Within the upper troposphere, the lower stratosphere
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Figure 1.2: Sketch of the measurement of phase delays. Panel (a) shows the vacuum
path of an electromagnetic signal. The Doppler shift only depends on the relative
velocities of both satellites, including the incident angle ¢ between the direction of
the ray and the direction of the LEO satellite. Panel (b) shows the ray, which is bent
due to atmospheric refraction (after Syndergaard (1999)).

and beyond, the phase delay® relative to vacuum phase can be inverted to profiles
of atmospheric parameters using simple principles of Geometric Optics (GO).

The GO approximation is valid if (i) the refractive index is close to one, (ii) the
refractive index gradients are moderate, (iii) the scattering structures in the atmo-
sphere are much smaller than the signal’s wavelengths, and (iv) there are no hard
apertures, except the Earth’s surface (Jensen et al. 2004a). In the upper troposphere
and above, these assumptions typically apply to the Earth’s atmosphere because the
wavelengths are A\; &~ 0.190 m and As = 0.244 m for the two GPS frequencies respec-
tively but the molecular size is distinctively smaller. In the ionosphere (where free
electrons contribute to the signal’s bending) and lower troposphere (presence of
water vapor), however, small-scale atmospheric structures affect refraction of radio
waves, which cannot be handled by GO. While an ionospheric correction eliminates
the ionospheric contribution of refraction in a large part, the performance of the
RO retrieval in the lower troposphere is improved by applying Wave Optics (WO).
Possibilities to deal with lower tropospheric signals are the application of the Canon-
ical Transform (CT) method (Gorbunov 2002) or the Full-Spectrum Inversion (FSI)
technique (Jensen et al. 2003; Jensen et al. 2006).

The Wegener Center for Climate and Global Change (WEGC) retrieval version
Occultation Processing System Version 5.4 (OPSv54) (cf. Section 1.3) is a dry air

'Phase delay is also called atmospheric phase delay, excess phase delay, excess phase, or excess
phase path (Syndergaard 1999).
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retrieval, which is based on GO: Knowledge of phase delay profiles as a function of
time allows the calculation of Doppler shift. Involvement of precise orbit information
(space- and velocity-vectors of the LEO and GPS satellites) yields bending angle
profiles as a function of impact parameter. Since bending angles are frequency-
dependent, the main ionospheric contribution of the measurement can be removed
by a linear combination of two bending angles, derived from both GPS frequencies
separately. An Abel transformation of the ionosphere-corrected bending angle profile
gives a refractive index profile as a function of height (more accurate, as a function
of tangent point radius). Neglecting the moist contribution of refractivity yields
atmospheric dry density profiles by involvement of the Lorentz-Lorenz formula. Dry
pressure profiles as a function of height, geopotential height profiles as a function
of dry pressure height, and dry temperature profiles as a function of height are
calculated using the hydrostatic equation and the equation of state.

The restriction of a dry atmosphere is valid in the upper troposphere and above,
where water vapor density is low (regions where the volume mixing ratio is less than
10~* (Kursinski et al. 1997)). This holds true to better than 0.1 K accuracy for
altitudes above 8 km at polar latitudes and 14 km at tropical latitudes (Foelsche
et al. 2008b).

In the lower troposphere, however, where the proportion of water vapor becomes
significant, dry atmosphere parameters differ significantly from “true” physical at-
mosphere parameters. The difference between physical and dry atmospheric tem-
perature can reach several tens of kelvins in the lower troposphere (Foelsche et al.
2008b). The RO retrieval allows to derive profiles of physical atmospheric parameters
and water vapor, using auxiliary temperature data as provided, e.g., by operational
analysis centers.

1.2 The Global Positioning System and Excess Phase Delay

The NAVigation System with Timing And Ranging (NAVSTAR) GPS was developed
by the United States (US) military. Its main task is the determination of time,
position, and velocity of objects with very high precision for navigation purposes.
GPS comprises space, user, and control segments (also called ground segments). The
space segment consists of a minimum of 24 satellites at orbit altitudes of 20200 km
and orbit inclinations of 55°. The satellites are arranged in six orbital planes, sep-
arated by 60°. The signals are broadcast by these space segments. The ground
segment is responsible for steering the GPS system and the user segments comprise
all elements needed to receive the signals. The main source of information used
for the description below was provided by Hofmann-Wellenhof et al. (2008); specific
further sources are cited in context.



1.2 The Global Positioning System and Excess Phase Delay

1.2.1 GPS Signals

Each GPS satellite transmits right-handed circular polarized electromagnetic waves
at two (carrier) frequencies, f; = 1575.42 MHz and f = 1227.60 MHz, which cor-
respond to wavelengths of A\; ~ 0.190 m and A2 ~ 0.244 m, respectively (Hofmann-
Wellenhof et al. 2008). Frequencies from 1 GHz to 2 GHz belong to the microwave
(radio) frequency domain? and are attributed to the L-band. For that reason, GPS
signals are also called L1- and L2-signals. Two Pseudo-Random Noise (PRN) codes
are modulated onto the signals: the Coarse/Acquisition code (C/A-code) and the
Precision code (P-code). The C/A-code is modulated only on the Ll-signal with a
chip rate of 1.023 MHz (wavelength of 293 m).
The L1-signal has the following structure:

SLl(t) = AC/ACi(t)Di(t) COS(wlt) + APPZ(t)DZ(t) sin(wlt), (1.1)
the structure of the L2-signal looks like:
SL2 (t) = BpPi(t)Di(t) sin(wgt). (1.2)

In Eq. (1.1) Acya is the amplitude of the modulated C/A-code and Cj(t) is the
C/A-code sequence for the ith satellite. The power of the C/A-code is stronger than
the power of the P-code by 3 dB. The P-code is modulated on both, the L1- and
the L2-signal with a chip rate of 10.23 MHz (wavelength of 29 m). Ap and Bp de-
note the amplitudes of the P-code of the L1 and L2 signals, respectively, P;(t) is
the P-code sequence for the ith satellite. In addition to the PRN-codes, a navigation
message is modulated onto the carrier frequencies. It is denoted by D;(t) and con-
tains information about the satellite status, its orbit, and the transmitter clock bias
(Hofmann-Wellenhof et al. 2008).

1.2.2 Signal Propagation

Intrinsically, the GPS concept relies on measurements of ranges (because of differ-
ences in system times of the transmitter and the receiver, the ranges are called more
exactly pseudoranges). These ranges (i.e., the distance between the transmitter
and the receiver) are deduced from measured time or phase differences relative to
the transmitted electromagnetic signal. These differences are primarily caused by
the relative motion of the transmitter and the receiver (kinematic Doppler shift).
Measurements which rely on measured time (code pseudoranges) are less accurate
than that of phase differences (phase pseudoranges) so that latter are used for RO
measurements.

2Radio waves range from less than a centimeter to hundreds of meters, while microwave wave-
lengths range from approximately one millimeter to thirty centimeters.
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A GPS receiver is able to replicate the PRN-code of a satellite signal. This receiver-
generated signal is compared to the received signal. Measured phase change Ay (in
cycles) is proportional to the range difference Ap (in meter)

1

1.
A, (1.3)

t 1 t
Ap=— [ Afdt == [ pdt =
to )\ to

where ftto A fdt is the integrated Doppler shift and A is the signal’s wavelength. The
signal is broadcast from the GPS satellite at an initial epoch ¢y and received at epoch
t onboard a LEO satellite. The phase pseudorange ®, expressed in cycles, is

1 c c
d=—AHES = 1P+ XéLEO + X(SGPS + N, (1.4)

where AQDEEI?S is the beat phase (deviation between the generated frequency and the

incoming frequency), p is the distance between the GPS satellite at time epoch ¢y and
the receiver onboard the LEO satellite at time epoch tg + At, ¢ = 299792458 m/s is
the speed of light in vacuum (Mohr et al. 2008), dppo and dgps are the differences
from the receiver and transmitter clocks to a common time system, and N is the
initial integer number of cycles between the transmitter and the receiver. Multipli-
cation of Eq. (1.4) by the wavelength A yields the range L, expressed in meter:

L=)X0=p+coLro + cdgps + AN. (1.5)

At microwave wavelengths, the phase of an electromagnetic wave can be measured
with a precision better than 0.01 cycles; the corresponding range is measured with
millimeter precision (Hofmann-Wellenhof et al. 2008).

1.2.3 Determination of Atmospheric Phase Delay Used for the Radio
Occultation Inversion Process

Equations (1.4) and (1.5) show that the measured phase pseudorange ® and the
range L are dependent on the kinematic Doppler shift and on transmitter and re-
ceiver clock errors. However, pseudorange measurements are also affected by an
ionosphere induced Doppler shift, a neutral atmosphere induced Doppler shift, and
by diverse measuring inaccuracies like orbital errors or delays in electronic hardware.
In principle, the actual carrier phase observation can be described by

L = X0 = p+dp+ cdLeo + COLEO,sys + cOaPs + cOaps sys + ANV

(1.6)
+ A®peutral + APiono + €antenna + €multi + €rel + €Ecycleslips T €-

Newly added terms comprise orbital errors, dp, systematic errors, which result from
delays in the receiver and its antenna (e.g., cables, electronics), 01,0 sys, Systematic
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Table 1.1: Overview of range biases contributing to the measurement. These errors
are listed in Eq. (1.6).

Source Effect Symbol

GPS satellite Orbital errors dp
Clock bias cOGPs
Systematic GPS hardware delays cdgps sys

Signal propagation Neutral atmosphere refraction ADoutral
Tonospheric refraction APiono
Atmospheric multipath €Emulti
Relativistic effects €rel

LEO satellite Orbital errors dp
Clock bias cOLEO

Systematic LEO hardware delays cdrEo sys
Antenna phase center variation €antenna

Local multipath €multi
Cycle slips €cycleslips
Observation noise €

transmitter errors, daps sys, signal delay induced by the neutral atmosphere, ®ycutral,
and by the ionosphere, ®;,,,, errors due to LEO antenna phase center variations,
€antenna, €rrors resulting from multipath, ey, relativistic effects, €1, cycle slips
(a sudden jump of cycles), €cycleslips, and residual noise, e. Table 1.1 summarizes
these range biases and attributes them to the GPS satellite, the medium between
transmitter and receiver (signal propagation), or to the LEO satellite.

The “conventional” GPS community, which is interested in time, position, and
velocity of an object, favors the knowledge of the range due to kinematic Doppler
shift and tries to correct the other parts. The RO community, however, tries to
separate the phase change, which results from the neutral atmosphere only, to infer
physical atmosphere characteristics.

In the following the range biases contributing to the RO measurement are shortly
discussed:

True geometric range and orbital error Ephemerides of the transmitter and the
receiver satellites (as well as their velocities) are derived from Precise Or-
bit Determination (POD) processes. UCAR/CDAAC (University Corporation
for Atmospheric Research/COSMIC Data Analysis and Archive Center), e.g.,
uses the Bernese software to perform POD of LEO satellites (Schreiner et al.
2009). All space- and velocity vectors are given in an Earth Centered Inertial
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GPS-B

EO-a

Figure 1.3: Principles of single differencing (left panel) and double differencing
(right panel). The concentric circles denote the Earth (blue), neutral atmosphere
(dark violet) and the ionosphere (light violet).

reference frame (ECI) coordinate system® as a function of time.

GPS broadcast orbits are known with an accuracy of about 100 cm (IGS 2009),
LEO orbits are determined to a Root Mean Square (RMS) error smaller than
10 cm (Bertiger et al. 1994). The orbital velocity errors due to LEO POD are
better than 0.02 mm/s (Schreiner et al. 2009).

Precise knowledge of space- and velocity vectors of both satellites is necessary
to precisely infer the kinematic Doppler shift.

Receiver and transmitter clock errors Each GPS satellite carries a precise atomic
clock with an accuracy of between 10712 and 10~!3 (Seeber 2003). These clocks
produce the reference frequency by stimulated radiation of rubidium or cesium.
The GPS control segment monitors the synchronization error and drift error of
each GPS clock. This information is included in the navigation message, which
is modulated onto the signals. The receiver clock error depends on the quality
of the clock established on the receiver.

Application of the single difference technique eliminates the LEO clock error by
forming the difference between the measurements of two different GPS satel-
lites (the occulted satellite, A, and another, non-occulted satellite, B; see left

3The origin of the ECI coordinate system is located at the center of the Earth, the z-axis passes
through the North Pole, and the equatorial plane of the Earth lies in the z-y plane (Diamond
and Austin 1975).
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panel of Figure 1.3). Neglecting the true distance between transmitter and
receiver and summarizing systematic LEO and GPS errors, orbital, ambiguity,
and multipath errors, as well as antenna phase center variations, relativistic
effects, cycle slips, and noise by the error term ég,,, the two carrier phase
observations can be approximated by

L )‘CPA = ¢OLEO + C(sGPS + )‘(I)neutral + )‘(plono le? (17)
= AP = R0 + coopg + AP (1.8)

0ono + Esum

The difference

ALAB = LA — B = cAGEBG + AL o + NADAB 1 AB (1.9)

ono sum

contains the differenced GPS clock errors, the tropospheric delay of the occulted
satellite, a differenced ionospheric delay, and residual noise. Disadvantages of
the single difference technique are the extra requirements associated with data
management and the computation of the GPS clocks at high rates to capture
all transmitter clock fluctuations (Schreiner et al. 2009).

The double difference technique makes use of two different GPS satellites, A
and B, and two receivers, one mounted on the LEO satellite, and another one,
established on a ground station (see right panel of Figure 1.3). It cancels
out all clocks errors, that from both GPS satellites, the LEO satellite, and the
ground station.

A A A
AL B = CA(SGPS + /\q)neutral a + )‘Aq)lolr?o a + 6su]?n a’ (110>
A A
AL B = CA(sGPS + A(I)neutral b + )‘(I)neutral b + )‘A(I)lono b + 6sul?n b» (111)
A
AALab - )‘Aq)neutral ab + )‘A(I)lono ab + 6su]?n ab (112)

A significant disadvantage of the double difference technique is its susceptibility
to ground data error sources (like multipath, residual atmospheric and iono-
spheric noise, data interpolation, and thermal noise) (Schreiner et al. 2009).
However, the double difference technique was of particular importance when
GPS clocks were degraded (“Selective Availability”), which caused GPS clock
errors to be distinctively larger. The GPS selective availability mode has been
terminated on May 2, 2000.

As noticed within Egs. (1.9) and (1.12), both difference techniques introduce
new errors, which are caused by atmospheric effects induced on the signals
used. These additional errors can only be prevented, when using an ultra
stable clock aboard the LEO satellite, which spares application of a differencing
technique (“zero differencing”).

11
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Systematic transmitter/receiver errors and integer ambiguity The retrieval pro-

cess from phase delay to atmospheric bending angle utilizes the time derivative
of phase change (Doppler shift instead of integrated Doppler shift) and the
determination of atmospheric phase delay only necessitates the correction of
all temporarily non constant factors in Eq. (1.6). For that reason all terms
in Eq. (1.6), which are constant during the occultation measurement can be
omitted. These comprise systematic transmitter and receiver errors as well as
the integer ambiguity of the measurement.

LEO antenna and antenna phase center variations Satellite orbits are referred to

the center of mass of the satellite. The GPS satellite oscillator and the receiver
antenna are usually not located at the corresponding center of mass and it
is necessary to correct that displacement (Wickert 2002). Furthermore, the
electrical antenna phase center varies with elevation, azimuth, intensity of the
satellite signal, and its frequency (Hofmann-Wellenhof et al. 2008) and each re-
ceived signal is attributable to a unique electrical antenna phase center. Phase
center variations of the receiver and transmitter antenna are a remaining un-
certainty in POD of LEO satellites using GPS measurements. Combined ground
and in-flight calibration can improve the phase modeling (Montenbruck et al.
2009).

Multipath error Local multipath occurs, when multiple signals, which result from

scattering in the vicinity of the receiver antenna, travel along different paths
and are detected by the receiver at the same time. Local multipath errors
depend on the spacecraft geometry, on the occultation-viewing geometry, and
on electrical properties in the vicinity of the receiver antenna. Directional
antennas and modeling reduce the local multipath error (Kursinski et al. 1997).

Atmospheric multipath results from sharp vertical variations in atmospheric
refractivity structures, which might occur in the lower troposphere, especially
in the tropics. It results in a severe degradation of the signal and introduces
errors into the retrieved parameters. Application of the CT method (Gorbunov
2002), the FSI method (Jensen et al. 2003; Jensen et al. 2006), or the phase
matching method (Jensen et al. 2004b) improve the accuracy of the retrieval
in the presence of atmospheric multipath effects.

Relativistic effects The transmitter and receiver clocks and the main clock by which

12

the GPS system time is defined, operate at places with different gravitational
potential. Furthermore, clocks are moving with different velocities. Both ef-
fects yield an apparent frequency shift in the satellite oscillator (general and
special theory of relativity) (Seeber 2003) and have to be corrected. Dou-
ble differencing does not only eliminate GPS and LEO clock errors but also
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relativistic contributions to the signal. Using single differencing or zero dif-
ferencing necessitates the correction of relativistic effects. This can be done
by solving for an a priori receiver orbit and clock offset and by modeling the
periodic relativistic effect between the GPS satellite clock and proper time due
to non-circular orbit and the gravitational delay between the satellite and the
receiver (Schreiner et al. 2009).

Cycle slips If the receiver looses the lock of a signal, the carrier phase shows a
sudden jump of cycles (cycle slips). This jump amounts to an integer number,
the fractional part of the phase remains unchanged (Seeber 2003). Since cycle
slips are not constant with time they have to be removed (cycle slip repair),
see e.g., Hofmann-Wellenhof et al. (2008).

After correction of receiver and transmitter clock errors, errors due to antenna phase
center variations, multipath errors, relativistic effects, and cycle slips, the residual
phase delay only contains contributions, which stem from the relative motion of the
satellites (kinematic Doppler effect), from the ionosphere, and the neutral atmo-
sphere. The separation of these phase changes follows later in the retrieval process.

The sampling rate of phase delay profiles (given as a function of time) is 50 Hz.
Since the time derivative of the phase change is of main interest in the RO retrieval
(not the phase itself), the first ray of the measurement profile is allocated to a fixed
value. In doing so, the RO data center UCAR/CDAAC allocates the phase delay at the
top of the atmosphere of setting RO events to 0 m, whereas German Research Centre
for Geosciences (GFZ) (another center providing RO data) allocates it to 1 m. In case
of setting events, atmospheric phase accumulates with time and corresponding phase
delay values increase. In case of rising events, the first ray measures maximum phase
delay so that it decreases with time. However, phase delay profiles of rising events
can be rearranged to correspond with setting events.

1.3 Occultation Processing System Version 5.4—Derivation
of Atmospheric Parameters from Excess Phase Delay

At the WEGC, University of Graz, an RO retrieval scheme has been established,
which uses phase delay profiles and precise orbit information (level 1 data) pro-
vided by other data centers. Retrieved products are primarily utilized for climate
applications. The RO retrieval has been designed and developed by G. Kirchen-
gast (Kirchengast 1996; Kirchengast 1998), K. Hocke (Hocke 1997; Hocke et al.
1997), A. K. Steiner (Steiner et al. 1999), S. Syndergaard (Syndergaard 1999),
and M. E. Gorbunov (Gorbunov 2002) and is an improved version of the ccrv2
retrieval, mainly implemented by A. Gobiet (Gobiet 2005) and M. Borsche (Borsche

13
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2008). Current Occultation Processing System (OPS) development is led by J. Fritzer
(Fritzer et al. 2009).

1.3.1 OPSv54 Input Data

The WEGC OPSv54 retrieval is a dry air GO retrieval, which uses profiles of atmo-
spheric phase delay and precise orbit information (position and velocity vectors of
LEO and GPS satellites) for generating atmospheric profiles. OPSv54 retrieval input
data are provided by UCAR/CDAAC and by EUMETSAT (European Organization for
the Exploitation of Meteorological Satellites) (Meteorological Operational satellite
data (MetOp) only). Data provided by GFZ have only been used for validation of
level 1 processing.

1.3.2 Occultation Geometry

Knowledge of space vectors of the LEO and the GPS satellites allows the determi-
nation of the occultation geometry, e.g., the mean tangent point location or the
distance of the mean occultation event to the LEO or to the GPS satellite.

Mean Tangent Point Location

Within the OPS retrieval, the location of the mean tangent point of an occultation
event is defined as that point, where the straight line between the LEO and the GPS
satellite is tangent to the Earth’s surface. That straight line corresponds to a bent
ray at an altitude of 10 km to 15 km.

The vector from the GPS to the LEO satellite "gps..eko = TLEO — Taps and its
norm rGgps.LEO = VTGPS-LEO © Taps-LEO as well as the corresponding unity vector
ECPS-LEO = TGPS-LEO/TcPs-LEO are determined by the known space vectors of the
GPS and the LEO satellite. The product of the unity vector €apgs.go and the space
vector of the GPS satellite rgps yields the projection of ¥gpg on the direction GPS
to LEO, which is negative because the angle (€gps.LEO, Tgps) is larger than 90° (see
Figure 1.4). The occultation point 7. is derived from

Toce = TGPS — €GPS-LEO (EGPS-LEO * TGPS)- (1.13)

By definition of the mean occultation point, the magnitude of this vector at mean
occultation event location is equal (or at least approximately equal) to the Earth’s
mean radius: Toce = VTocc * Toce = Te = 6371 km. Latitude and longitude (in

14
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Figure 1.4: Determination of the mean tangent point location applied within the
WEGC retrieval. The mean tangent point of an occultation event is defined as
that point, where the straight line between LEO and GPS satellites is tangent to
the Earth’s surface. x denotes the distance from the LEO satellite to the mean
occultation event location.

degree) of mean occultation event are calculated from

180
¢ = 90 — arccos (T;)CCZ) — (1.14)
occ
9 = arctan | —2%Y 180 (1.15)
Toce,x m

where ¢ is the latitude and 9 is the longitude of the occultation event location,
Toce,zs Toce,ys Toce,z are -, y-, and z-components of vector 7occ.

At mean occultation event location, co-located profiles of other data sets are ex-
tracted to be used as background information within the retrieval and for validation
purpose after the retrieval.

15
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Distance from the LEO Satellite to Mean Tangent Point Location

The altitude of the LEO satellite determines the distance of the mean tangent point
location to the LEO satellite, z. On the surface, x can be approximated by

= \/ripo — 12, (1.16)

where rpgo is the altitude of the LEO satellite (referred to the Earth’s center) and
re i8 the mean radius of the Earth. The distance of an RO event to a satellite at
an orbit altitude of 400 km amounts to approximately 2300 km, an RO event of a
satellite at an orbit altitude of 800 km is detected about 3300 km away from the
LEO satellite.

1.3.3 Data Preparation

Some plausibility checks and corrections are applied to the input data before entering
in the retrieval.

If the event is shorter than the minimal event duration of 15 s or if there are no
data available in Phase Locked Loop (PLL) mode, the event is discarded (internal
QF = 9). Since the retrieval cannot handle negative velocities of GPS satellites and
because the choice of the coordinate system yields very small GPS velocities, all
velocities of GPS satellites smaller than 107! m/s are set to the value of 1071% m/s.
All measurement quantities are sorted into phase-ascending order so that the signal
always runs from top of the atmosphere to bottom (regardless of setting or rising
event). By convention of the OPSv54 retrieval, the value of the phase delay at the top
of the atmosphere is zero or (slightly) positive. Negative phase delays often result
from technical aspects of the RO receiver. These negative phase delays are replaced
by 10712 m. Recent improvements of the retrieval (Occultation Processing System
Version 5.5 (OPSv55), Fritzer et al. (2009)) showed that a simple shift of the profile
(e.g., by 10 m) can overcome that problem.

Outliers of excess phase delay profiles are removed separately for the L1- and the
L2-signal. This is done by calculating the mean and standard deviation of the data
recorded within one second (50 data points because sampling rate is 50 Hz). If the
point in the middle of the second deviates by more than three standard deviations
from the interval’s mean, it is replaced by the intervals mean. L1- and L2-phases
are smoothed using a regularization method (Feng and Herman 1999). It aims at
removing high frequency noise, which is necessary to avoid non-physical data and
non-physical oscillations in the retrieved data products.

The smoothed excess phase time series ¥/ is calculated from

j=(1+8"s) 7 (1.17)

16



1.3 Occultation Processing System Version 5.4
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Figure 1.5: Phase delay data as a function of time of a CHAMP setting event at
high southern latitudes. Raw phase delays (top row), phase delays after correction
of outliers (middle row), and after smoothing with the regularization filter (bottom
row). All data are depicted for three different time intervals: 120s (left), 30 s
(middle), and 2 s (right).

where I is the unit matrix, X is the regularization parameter, A = 10%ample rate/10 —

10° (Syndergaard 1999), S is a third difference operator,

-1 3 =3 1 0 0

0 -1 3 -3 1 o ---
S = ) ) , (1.18)

0 -1 3 =3 1

and Z the raw excess phase time series. Equation (1.17) is solved by a conjugate gra-
dient method (Hestenes and Stiefel 1952), with the iteration stopping if the relative
change in the solution from the last iteration is less than 10710,

Figure 1.5 shows the atmospheric phase delays of a sample profile for the L1-signal
(red) and the L2-signal (blue) as a function of time for different time intervals.

17
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Data of this CHAMP setting event were recorded end of September 2007 at high
southern latitudes (72.0°S). The top row shows uncorrected phase delays as obtained
by UCAR/CDAAC. The middle row shows outlier corrected data and the bottom row
depicts smoothed phase delays, after application of the regularization method.

The RO event lasts about 2 minutes, but after approximately 90 seconds, large
ambiguities occur in the L2-signal. However, the CHAMP receiver also has (less
distinctive) sampling problems with the L1-signal and for that reason, the phases
are cut off after 93.5s. The middle row of Figure 1.5 shows a zoom of the phase
delays at the first 30 s of the occultation event. The dispersive ionospheric influence
is clearly seen after approximately 18 s, where the L2 phase delay becomes larger
than the L1 phase delay. Differences in the signals’ characteristics are best seen in
a zoom of only 2 s (right row) in the raw phases. Since the power of the L1-signal is
stronger than that of the L2-signal by 3 dB, the L1-signal exhibits distinctively less
noise than the L2-signal.

1.3.4 Correction of the Earth’s Oblateness

Meteorological parameters are not exactly spherically distributed around the globe.
The Earth’s gravitational field yields contours of constant values of atmospheric
parameters to follow the shape of the geoid. The geoid approximates to an ellipsoid
and the oblateness of the ellipsoid has to be accounted for in the retrieval process
to first order because spherical symmetry is assumed in the retrieval process and
neglecting the Earth’s oblateness causes a temperature bias of up to 3 K at an
altitude of 10 km and 6 K at the ground (Syndergaard 1998). Spherical symmetry
is assumed in the retrieval of bending angle so that all satellite positions have to be
referred to the local center of refraction instead of the Earth’s center. The center of
refraction is defined by the origin of a sphere, which is tangential to the ellipsoid at
the mean occultation event location (see Figure 1.6). The OPSv54 retrieval applies
the correction procedure proposed by Syndergaard (1998); it delivers a vector AT,
the difference of the Earth’s radius vector at mean tangent point location 7, and the
radius vector from the new center to the tangent point 7:

AF =T, — 7. (1.19)
All satellite positions have to be corrected according to:

TLEO,Refraction = TLEO,Earth + AT (1.20)
FGPS,Refraction = FGPS,Earth + AF, (121)

where TLEO Refraction denotes the LEO position vector referred to the center of re-
fraction, "Gps Refraction 1S the corresponding GPS position vector, and 7,g0 Earth and
TGPS,Earth are the LEO and the GPS position vectors referred to the center of the
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Figure 1.6: Correction of the Earth’s oblateness: In the RO retrieval, the Earth’s
center has to be replaced by the center of refraction yielding the correct bending

angle o as a function of impact parameter a instead of o’ as a function of a’. After
Syndergaard (1998).

Earth, respectively. The radius of curvature, r, = || is used in the refractivity
retrieval.

1.3.5 Bending Angle Retrieval

The bending angle retrieval is one main part in the radio occultation processing
chain. Phase delay profiles are used to calculate atmospheric Doppler profiles, from
which raw bending angle profiles are derived. Ionosphere-corrected bending angle
profiles are statistically optimized using background information.

Excess Doppler and Doppler Shift

The excess Doppler of L1 and L2, dL;/dt, is derived by differentiating the excess
phase delays. Within the OPSv54 retrieval a 3-point differentiation formula is used:

dt 2At ' (1:22)

i = 1,2 denotes the frequency components of the carrier phases, At = t(n+1) —t(n)
the sample time interval, and n the time steps.
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Figure 1.7: Excess Doppler profiles (top) and Doppler shift profiles (bottom) as a
function of time. Doppler shift is the negative excess Doppler scaled by the frequency
f and the speed of light c¢. Differences of the L1- and L2-signal are better visible in
the Doppler shift profiles.

The atmospheric Doppler shift Af; is the negative excess Doppler scaled by the
frequency f; and the speed of light ¢

_fidLs

Af; = .
/ c dt

(1.23)

Figure 1.7 shows excess Doppler and Doppler shift as a function of time for dif-
ferent time intervals for the same profile as shown in Figure 1.5.

Bending Angle

Knowledge of excess Doppler and occultation geometry enables the calculation of
atmospheric bending angle « as a function of impact parameter a. The only assump-
tion is local spherical symmetry, which is valid after correcting the Earth’s oblateness
(cf. Subsection 1.3.4). The determination of bending angle is done separately for
each frequency.

As shown by Melbourne et al. (1994), the excess Doppler dL;/dt depends only
upon local coordinates and velocities of the satellites:

dL;
dt

= |FLEo] cos(pi(ai)) + |Faps| cos(xi(ai)) — FLEO-GPS; (1.24)
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Center of
refraction

Figure 1.8: Geometry of an occultation event, defining various parameters. FLEO
and 7gps are the projections of the satellite velocities into the occultation plane,
which is defined by the position of the satellites and the center of refraction.

where 7.7LEO is the projection of the LEO satellite velocity into the occultation plane,
©; is the angle between F’LEO and the vector of the ray path from the LEO’s perspec-
tive, a; is the impact parameter, F’Gps is the projection of the GPS satellite velocity
into the occultation plane, y; is the angle between Faps and the vector of the ray
as seen from the GPS satellite, and ?LEO-GPS is the temporal deviation of the ge-
ometrical distance between the LEO and the GPS satellite, which accounts for the
kinematic Doppler shift. All these quantities are shown in Figure 1.8.

From the Bouguer formula* one may obtain
a; = |FLEo|sin(¥ + i) = [Faps|sin(B + &), (1.25)

where the angles v, v, 8, and ¢ are all defined by occultation geometry (see Fig-

“The exact form of the Bouguer formula states nrsin(¢) = constant = a, where n is the refractive
index and ¢ is the angle between the position vector 7 and the ray direction (see Subsection 1.3.6).
In Eq. (1.25), the refractive index is set to one. Hajj and Romans (1998) showed that ignoring
the deviation of n from unity yields only a small error. The accuracy of Eq. (1.25) mainly
depends on the orbit altitude of the LEO satellite and on ionospheric conditions.
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ure 1.8). Eq. (1.25) can be used to express the angles ¢; and x; by

pi(ai) = (=7 — ¥ = ( —arcsin (7:;:30‘) (1.26)
xi(a;)) =m—n—0; — = (m —n) — arcsin <|F§1i>s|> . (1.27)

Equations (1.24), (1.26), and (1.27) are solved iteratively for the impact parameter
a; with the iteration stopping when the relative change of the impact parameter is
less than 10719,

The bending angle «; as a function of impact parameter a; is derived from

a; = © — arccos <_,az> — arccos <_,az> (1.28)
I"LEO| [Taps|

where © the angle between 71,r0 and Faps.

lonospheric Correction

The input data used for the OPSv54 retrieval, the atmospheric phase delay, does
not only include neutral atmospheric phase delay, but also ionospheric phase delay.
This ionospheric fraction is different for the L1- and the L2-signal because of the
ionospheric dispersive nature. Because the neutral atmosphere characteristics are of
our main interest, the ionospheric influence on the atmospheric phase delay has to
be removed.

It is possible to apply the ionospheric correction on the phase delay profiles (before
calculating excess Doppler) or on bending angle profiles. Both methods take advan-
tage of the two GPS frequencies, which yield two separate measurements performed
at the same time.

When ionospheric correction is based on phase delay profiles as a function of time,
L1 and L2 phase delays are combined by (Dixon 1991)

_ JEL1(t) — f3Lo(t)
=1

where f; is the L1 carrier frequency and fo the L2 carrier frequency. The underlying
assumption is that the L1- and L2-signals travel along identical ray paths, which is
not exact due to the dispersive nature of the ionosphere.

This “dispersion” residual (cf. Syndergaard 2000) is avoided applying the linear
combination of L1 and L2 bending angle profiles as a function of a common impact
parameter, as proposed by Vorob’ev and Krasil'nikova (1994)

ae(a) = ffal(;lg - E%(a)'

Lc(t) (1.29)

(1.30)
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Figure 1.9: Raw L1 and L2 bending angles, as well as ionosphere-corrected bending
angle as a function of impact height. To the first order, the ionosphere-corrected
bending angle only includes bending of the neutral atmosphere, so that it is smaller
than the raw L1 and L2 bending angles.

The disadvantage of this method is that small-scale bending angle fluctuations of
the L2-signal, which are often related to corrupted data, result in enhanced artificial
noise (Hocke et al. 2003).

For that reason, the OPSv54 retrieval applies a modified ionospheric correction
where low-pass filtered bending angle profiles, @; and @s, are linearly combined
but the high-pass fraction of the L1 bending angle, dav;(a) = a1(a) — @ (a), which
actually accounts for small scale features appearing in the neutral atmosphere, is
added again (Hocke et al. 2003):

2 2
acla) = Ut al(ag — f22a2(a) + daq(a). (1.31)
fi =1
Testing CHAMP RO data, Gobiet (2005) showed that smoothing with a boxcar filter
with 1 km filter width performed best.

Due to the stronger power of the L1-signal, the GPS signals of both frequencies are
not of the same quality. The L2-signal is of worst quality in the lowest atmosphere
and very often it does not range towards the surface. To maintain high data quality
down to the lower troposphere and to ensure ionospheric correction for the whole
profile, the L2-signal is extrapolated below 15 km. For this purpose, the L1 minus
L2 phase delay profile is extrapolated downward from higher impact heights towards
the end of the Ll-signal. The linear gradient is calculated between an impact height
of 15 km and 20 km so that the L2 profile is extended downward of 15 km. This
extended L2 phase delay profile is used in the bending angle retrieval.

Figure 1.9 depicts L1 and L2 bending angle profiles as well as the ionosphere-
corrected bending angle profile as a function of impact height. Impact height is
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defined as impact parameter minus radius of curvature. It can be seen in the right
panel of Figure 1.9 that the “neutral” bending angle is smaller than both, the L1
and the L2 bending angles. Between 60 km and 80 km, where atmospheric density
is small, the atmospheric bending angle oscillates around zero.

Bending Angle Bias, Noise, and Observational Error

The bending angle bias and the bending angle noise are estimated by comparing the
ionosphere-corrected bending angle profile to its co-located Mass Spectrometer and
Incoherent Scatter Radar (MSIS) (Hedin 1991) profile between 65 km and 80 km.
At these height levels, the measurement is dominated by measurement noise and
ionospheric residuals because atmospheric density is small.

The bias® is found as the difference between the mean RO bending angle and the
mean MSIS bending angle within that altitude range:

1 80 km 1 80 km
bias = Z Z (arO)p — + Z (amsis), - (1.32)
k=65 km k=65 km

The bending angle noise is defined as the standard deviation of the RO profile relative
to the shifted MSIS profile (shifted by the bias):

‘ 1 80 km .
noise = $ 1 Z [(ar0)s, — ((oamsts)y + bias)] (1.33)
T k=65 km

The characteristic of the observational data noise (i.e., the observational error) is
needed for statistical optimization of bending angle at high altitudes as it determines
the weight of the measurement (see Section 1.3.5).

Experience with CHAMP data showed that the bending angle noise often does not
reflect the real quality of the measurement (Gobiet 2005) so that, in some cases, the
observational error is not equal to bending angle noise but is modified according to
some additional quality checks.

These quality checks comprise:

1. More than 25 data points have to be available between 65 km and 75 km. If
there are less than 25 data points within that altitude range, the observational
error is set to 50 urad and the Quality Flag (QF) is set to a non-zero value
(QF = 2).

2. An estimated bending angle noise, which is smaller than 0.5 prad seems to be
unrealistically small, so that the observational error is set to 50 urad and the
QF is set to a non-zero value (QF = 6).

5The term “bias” may be confusing because both, the RO and the MSIS bending angle exhibit a
bias relative to the truth.
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Figure 1.10: CHAMP ionosphere-corrected bending angle, co-located MSIS bending
angle, and MSIS bending angle, which is shifted by the bias of the observed bending
angle. The bending angle bias is much smaller than the differences of L1, L2, and
the ionosphere-corrected bending angle.

3. If the absolute value of the bias is larger than the estimated bending angle
noise, the profile is discarded and the QF is set to a non-zero value (QF = 7).

4. An estimated bending angle noise larger than 50 urad seems to be unrealisti-
cally large. The profile is discarded, the QF is set to a non-zero value (QF = 8).

5. After the ionospheric correction, the bending angles at high altitudes are some-
times smaller than zero because of superimposed noise. However, the atmo-
spheric density field yields signals bending and atmospheric bending angle
should not be negative below 65 km. If negative bending angles occur below
65 km, the observational error is set to 10 urad. Negative bending angles are
removed and the top of the profile is cut off.

6. If negative bending angles occur below 55 km, the observational error is set to
50 urad. Negative bending angles are removed and the top of the profile is cut
off.

7. If negative bending angles occur below 50 km, the profile is discarded, the QF
is set to a non-zero value (QF = 5).

This (conservative) approach, which proved to be useful for comparatively noisy
CHAMP data, leads to stronger weighting of the bending angle background when
performing statistical optimization.

Figure 1.10 shows the ionosphere-corrected bending angle, the co-located MSIS
bending angle, and the MSIS bending angle, which is shifted by the bias of the
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observed CHAMP data. All data are shown as a function of impact height®. To
get a better feeling of the magnitudes of the bending angle bias, the left panel of
Figure 1.10 has the same z-range (from —100 prad to 100 urad) as the right panel of
Figure 1.9. The oscillations of the CHAMP bending angle profile are clearly visible,
but the difference between the original MSIS profile and the shifted MSIS profile is too
small to be noticeable. The right panel of Figure 1.10, which depicts the zoom of the
bending angle to —20 urad to 20 prad, allows to see the difference between both MSIS
profiles. The bias of the CHAMP profile amounts to 0.22 urad, the estimated bending
angle noise amounts to 4.51 urad. However, it also can be seen, that negative CHAMP
bending angles occur down to an impact height of about 56 km, which means that
the observational error used for statistical optimization is artificially set to 10 urad.

High Altitude Initialization and Statistical Optimization

In the next “main” step of the retrieval, the calculation of microwave refractivity
is performed by an Abel transformation, which involves an integral (cf. Subsec-
tion 1.3.6). The upper bound of this integral is infinity. Since RO data are usually
available only up to 80 km, the Abel integral needs an upper boundary initialization.
A bad initialization of the bending angle at highest altitudes (in the lower thermo-
sphere) results in errors in the refractivity profile. As already seen in Figure 1.9
and Figure 1.10, bending angles at high altitudes (upper stratosphere and beyond)
are characterized by high noise, which also results in non-negligible errors in the
refractivity profile.

To reduce the effect of error propagation downward in the Upper Troposphere—
Lower Stratosphere (UTLS) region, the bending angle is initialized with background
information. The retrieved bending angle profile is optimized in a statistically opti-
mal way (Rodgers 2000) yielding a “statistically optimized bending angle”, which is
used for further calculations. Gobiet (2005) emphasizes that “statistical optimiza-
tion does not improve the quality of observed profiles themselves at high altitudes
but rather delivers an improved combined profile thanks to the sensible inclusion of
background information”.

Background information used for this process can be given by climatological mod-
els (e.g., MSIS or CIRA (COSPAR International Reference Atmosphere, Fleming et al.
(1990)) climatologies) or by meteorological data as provided e.g., by the European
Centre for Medium-Range Weather Forecasts (ECMWF) or National Centers for En-
vironmental Prediction (NCEP). It depends on the users’ needs, which background
information is desirable. Middle atmospheric climatologies are independent from
Numerical Weather Prediction (NWP) models but as shown by Randel et al. (2004),
they are biased in some regions of the atmosphere. Such a bias would also induce a

5The difference between impact height and height amounts approximately to 2 km near the surface,
see Subsection 1.3.6 for more details.
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bias into the retrieved profiles. The OPS retrieval uses ECMWF data (at four time lay-
ers, 00 Universal Time Coordinated (UTC), 06 UTC, 12 UTC, 18 UTC) for statistical
optimization since these data are believed to be the best-possible data set available.
However, RO data retrieved at WEGC are not fully independent from ECMWT at high
altitudes.

Retrieval versions up to Occultation Processing System Version 5.2 (OPSv52) used
ECMWF analysis fields (or MSIS climatologies optionally) as background information.
Because RO data have been assimilated at ECMWF since December 2006, Occulta-
tion Processing System Version 5.3 (OPSv53) changed background information using
ECMWF short-term forecast fields (24 h to 30 h forecasts) because the operational
analyses are not independent of RO data any more. The optimization is performed
between 30 km and 120 km impact height. In February 2006 ECMWF increased the
number of vertical levels from 60 to 91 (L60 to L91) with an increase of the top-most
levels from 0.1 hPa (about 65 km) to 0.01 hPa (about 80 km). Above that top-most
level, ECMWF data are pieced together with MSIS data, which are used up to 120 km.
The horizontal resolution is chosen to match the horizontal resolution of RO data
(approximately 250 km), which corresponds to T42 (spectral representation with
triangular truncation at wave number 42). The background profile is extracted from
that ECMWF field, which time layer is closest to the RO event time. Co-location is
derived from spatial interpolation to the mean RO event location.

The statistical optimization within the OPSv54 retrieval is performed by an inverse
covariance weighting, where unbiased (Gaussian) errors and a linear problem are
assumed (Gobiet and Kirchengast 2004):

Qopt = Wbg + B(B + 0) ! (aops — ag) (1.34)

where aqpt is the optimized bending angle profile, ay, and agps are the background
bending angle profile and the observed bending angle profile, respectively, and B
and O are the corresponding background error and observation error covariance
matrices.

The matrices B and O are calculated from

O — @
Bij = ObgiObgj €XP (_‘2[/]’) s (1.35)
bg
i — Qs
Oij = OobsiOobsj €XP (_|lL]|> s (136)
obs

with opg; and oy being the estimated standard deviations of the background model
for two height levels ¢ and j, which are assumed to amount to 15 % of the background
bending angle profile, o,y = 0.15ag. Tobs; and ogpsj equal to the observational error
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estimated from the ionosphere-corrected bending angle profile (see above), a; and
a; denote the impact parameters at height levels ¢ and j, and Ly, = 10 km and
Lons = 2 km describe the error correlation lengths for the background model and
the observational data.

This method strongly depends on the error characteristics of the observational and
the background bending angle profile. At high altitudes, where the observational
error is larger than the background error, the background profile has more weight in
the optimization process than the observed profile. At lower altitudes (in the lower
stratosphere), however, where the background error exceeds the observational error,
the statistically optimized profile is strongly affected by the observational profile.

The ratio of the retrieval error and the a priori (background) error (Retrieval to
Apriori Error Ratio (RAER)) gives a measure of relative importance of the back-
ground and observation information as it gives the fraction of the retrieval error
stemming from the background. According to Rieder and Kirchengast (2001), it is
estimated from

o
RAER = 100—" (1.37)
Obg
where ot contains the square root of the diagonal elements of the retrieval error
R, which is given by

R=B'+0 )L (1.38)

The RAER profile is given in percent. The statistically optimized bending angle is
background dominated if RAER is larger than 50 % and observation dominated if
RAER is smaller than 50 %. agapr—50 % denotes the transition impact parameter be-
tween these two regimes, zpapr—s0 % (impact height, where retrieval to apriori error
ratio equals 50 % (zRAER50)) is the corresponding impact height. The measurement
error strongly determines the value of zZRAER50 because observations are inversely
weighted with the measurement error so that small observation errors lead to large
zZRAER50 values.

Figure 1.11 depicts the ionosphere-corrected bending angle profile, the co-located
ECMWF forecast bending angle profile, and the statistically optimized bending an-
gle profile as a function of impact height at different impact height ranges and the
corresponding RAER profile (right). The co-located ECMWF bending angle is shown
only for the interval of statistical optimization down to 30 km. The effect of statis-
tical optimization is best visible in Figure 1.11 in the bottom left panel: following
the yellow line shows that the statistically optimized bending angle profile is almost
identical with the co-located ECMWF profile at 50 km but it coincides with the RO
profile at impact heights of about 35 km. The transition height between background
dominance and observation dominance lies at an impact height of 42.87 km. This is
a typical height level for a profile with an observational error set to 10 urad.
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Figure 1.11: Ionosphere-corrected bending angle, statistically optimized bending
angle, and ECMWF forecast bending angle as a function of impact height (left) and
corresponding retrieval to a priori error ratio profile (right) between the surface and
120 km (top) and between 30 km and 50 km (bottom). Statistical optimization is
performed between 30 km and 120 km.

1.3.6 Atmospheric Refraction

The OPSv54 retrieval is a GO retrieval, i.e., the propagation of electromagnetic signals
can be described by GO approximations. The RO retrieval makes use of some of these
geometric approximations, e.g., Fermat’s principle, law of refraction (Snell’s law),
or Bouguers’s rule, all of them are derived and described in detail in Born and Wolf
(1999).

The Fermat’s principle (or principle of the shortest optical path, also known as
principle of least time, (Born and Wolf 1999)) states that the path of a ray passing
through a medium, e.g., the atmosphere from a GPS satellite to a LEO satellite, takes

29



1 From Atmospheric Phase Delay to Profiles of Meteorological Parameters

the least time

LEO
/ nds = min, (1.39)
GPS

with n being the refractive index and s the ray’s path.
The law of refraction (Snell’s law), which holds true at the interface between two
media, says that

sin 91 V1 n9
= — = — 1.40
sinfs  wvs ng’ ( )

where 01 and 0 are the angle of incidence and the angle of refraction, respectively, vy
and vy are velocities in medium 1 and medium 2, and n; and no are the corresponding
refractive indices.

All rays are curves, situated in a plane. The formula of Bouguer, which represents
the law of refraction in a spherical symmetric refractive medium, states that along
each ray it applies

7 X n§ = constant = a (vectorial form), (1.41)
and
nrsin ¢ = constant = a (scalar form), (1.42)

where 7 is the position vector, r is the distance to the ray path, § is the unit vector
in ray direction, ¢ is the angle between the position vector ¥ and s, and a is the
impact parameter. From Eq. (1.42) it follows that

n(r)rLeo sin ¢Lro = n(r)reps sin ¢aps = a. (1.43)

The impact parameter a is constant along the ray path. At the point of closest
approach, where ¢ = 90 and sin ¢ = 1 (ray tangent radius r, a equals to a = n(r¢)ry.

These fundamental physical laws are the basis for the derivation of the relation
between bending angle and refractive index. Use of Eq. (1.42) implicates local
spherical symmetry, which is therefore assumed in the retrieval process.

Bending of a ray is caused by radial variations of the refractive index n. The total
bending angle « is the integral of incremental bending along the entire ray path.
Figure 1.12 illustrates the ray path geometry and the polar coordinate system. r and
¢ are the polar coordinates, 3 is the angle of incidence, and « is the bending angle.
Fjeldbo et al. (1971) utilized the physical laws mentioned above and Figure 1.12 to
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Figure 1.12: Geometry of the ray path in a spherical medium. r and ¢ are polar
coordinates describing the bending angle, § is the angle of incidence. The total
bending angle « is the integral of incremental bending da along the entire ray path.
After Foelsche (1999).

derive the ray path equation. Thereby, Fjeldbo et al. (1971) showed that the total
bending angle « is calculated from

r=00

1 dIn(n)

= [do/ =2
a(e) 0/ S S/ (T LT

dr. (1.44)

Equation (1.44) is an Abel integral equation (“Forward Abel Transform”).

The inversion of this Abel integral equation (the corresponding derivation is shown
e.g., by Steiner (1998)) yields

(1.45)

17 ala
n(ry) = exp {—WZ \/Cﬂ(f)a%da] ,

where a1 is the impact parameter for a particular ray and r; = r¢ is the radius of
the corresponding tangent point, a; = n(ry)r;.

Equation (1.45) contains a singularity at a = a1, which is inconvenient for numer-
ical solutions. A modified version of Eq. (1.45), as inferred by Steiner (1998), avoids
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the pole in the integrand by integrating parts:

[e%

=0
B 1 a(a) a(a)\?
n(rl) = exp ;a:a(a ) ln (al =+ (m) — 1) dOé . (146)

Equation (1.46) yields the refractive index n only knowing the bending angle o and
the impact parameter a. This equation is used in the OPSv54 retrieval.

Since the refractive index is close to unity in the free atmosphere and refractive in-
dex variations are very small, the atmospheric community prefers using atmospheric
refractivity N rather than the refractive index n. It is defined by

N(h) = (n(h) — 1) - 109, (1.47)
with
h:r—rczm—rc, (1.48)

where h is the height above Earth’s ellipsoid and . is the radius of curvature of the
ellipsoidal Earth at the location of the occultation event.

Figure 1.13 shows the relationship between refractivity and the consequential dif-
ference between impact height and height. It follows from Eq. (1.48) that the values
of the impact height vector are always larger than the corresponding values of the
height vector. Largest differences between impact height and height occur near the
surface where atmospheric refractivity takes its largest values. At an altitude of
about 0.6 km, where refractivity amounts to 280 N-Units, the difference between
impact height and height yields more than 1.8 km.

After calculation of atmospheric refractivity as a function of height, the profile
is smoothed by a Blackman window filter. The coefficients w(n) of the Blackman
window filter are obtained from

2 4
w(n) = 0.54 + 0.46 cos (?) +0.08 cos (szn) , (1.49)

where n = 1,..., N is the number of coeflicients and N is the filter width. The
Blackman filter smooths the measurement’s noise variability and eliminates numer-
ical noise.

Figure 1.14 depicts the CHAMP refractivity profile and the corresponding co-lo-
cated ECMWF refractivity profile (extracted from ECMWF analysis fields) in linear
space (left panel) and in logarithmic space (middle panel) as a function of Mean
Sea Level (MSL) altitude. Since refractivity decreases exponentially with height, the
logarithmic depiction facilitates the understanding of refractivity vertical behavior.

32



1.3 Occultation Processing System Version 5.4

CHAMP, 30.09.2007, 00:08 UTC, 72.0°S, 176.8°W
L L L e L < Y0 L B B BRI

80"
....0.009 N=Units | | 0.06 m
....0.019 N=Units | | 0.12 m
....0.037 N=Units | | 0.24 m
60 |----0.067 N—Units 160 F---- 0.43 m i
....0.121 N=Units | ... 0.78 m
....0.224 N=Units ] L. 1.45 m
....0.442 N-Units 1 ... 2.84 m
| ...0.846 N—Units 240 b 544 m i

....1.66 N—=Units
....3.417 N=Units
...7.35 N=Units

MSL Altitude [km]
N
(@]

20 L\16.34 N—Units ,20 \--
R.25 N—Units

Ol b b by [0 I | T

0 50 100 150 200 250 3000 500 1000 1500 2000
Refractivity [N—=Units] Impact height — Height [m]

Figure 1.13: Refractivity profile (left) and the consequential difference between im-
pact height and geometric height (right) as a function of MSL altitude. The impact
height is defined as the difference between the impact parameter and the radius of
curvature. The relationship between impact height and geometric height is given by
Eq. (1.48). The values of the impact height vector are always larger than the values
of the corresponding height vector because refractivity is always a positive quantity
in the neutral atmosphere.

The right panel shows the systematic difference between CHAMP and ECMWF refrac-
tivity, given in percent (the systematic difference is calculated from ((ECMWF —RO)/
RO)100 %). Up to an altitude of 20 km the systematic difference is small oscillating
around 0 %. At 22.5 km the difference between both profiles is larger than 1 % but
it decreases again above 24 km. Above 30 km the systematic difference between the
RO profile and the co-located ECMWF profile shows large oscillations (up to +2 %).

1.3.7 Retrieval of Other Atmospheric Parameters

Atmospheric refractivity at microwave wavelengths as derived from GPS signals de-
pends on conditions of the dry atmosphere, the moist atmosphere, the ionosphere,
and on atmospheric scattering from liquid water or ice crystals. To first order this
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Figure 1.14: RO and ECMWF refractivity profiles (left: in linear scale, middle: in
logarithmic scale) as a function of MSL altitude. Their systematic difference, given
in percent, is depicted in the right panel.

relationship is given by (Smith and Weintraub 1953; Kursinski et al. 1997)

_ P 5 e 7’/’le
N =776 +3.73 X 10° 15 = 4,08 x 1075 + 1AW, (1.50)

where p is the atmospheric pressure (in hPa), 7" atmospheric temperature (in K), e
partial pressure of water vapor (in hPa), n. is the electron density (in electrons/m?),
f the transmitter frequency (in Hz), and W is the mass of condensed water in the
atmosphere (in g/m3).

The first term in Eq. (1.50) represents the contribution of the dry atmosphere
and the constant ky = 77.6 K/hPa basically accounts for the contribution of dry
air to total refractivity. The first estimation of k; stems from Smith and Weintraub
(1953) but since that time several publications report on the estimation of k; and its
uncertainty (see e.g., Foelsche 1999; Riteger 2002; Healy 2009). The second term in
Eq. (1.50) represents the contribution of the moist atmosphere and the constant ko =
3.73 x 10° (Smith and Weintraub 1953) accounts for the contribution of water vapor
to total refractivity. The ionospheric contribution to refractivity (third term) can be
neglected because the ionospheric correction has already been done on bending angle
level. The last term, which represents the scattering term, is negligible because the
content of liquid water is very small compared to the other terms.

The first and the second term of Eq. (1.50) remain important in further consid-
erations. However, the OPSv54 retrieval is a “dry air retrieval”, which means that
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Figure 1.15: RO dry density profile (left: in linear space, right: in logarithmic space)
as a function of MSL altitude.

the second term of Eq. (1.50) is neglected. The neglect of moisture yields dry atmo-
spheric parameters, e.g., “dry temperature”. Physical atmospheric parameters and
humidity profiles can only simultaneously be derived using auxiliary information
obtained from independent data sets.

Derivation of Dry Density

In atmospheric regions where moisture is negligible, which holds true for altitudes
above 8 km (polar winter) and 14 km (tropics) (Foelsche et al. 2008b), refractivity
at microwave wavelengths mainly depends on the density of dry air. Dependent on
the polarizability, each single atom and molecule contributes to refractivity (Foelsche
1999). Within the homosphere, the chemical constituents are well-mixed and density
of particles is proportional to density of mass. For that reason, refractivity is directly
proportional to air density:

Pdry

Ngpy =77.6
dry Tdry

R
=T77.6 — 1.51
pdry Mdry7 ( )
where R = 8.314 J/(Kmol) is the gas constant (Mohr et al. 2008) and Mg, =
28.964 kg/kmol is the mean molecular mass of dry air (Khélifa et al. 2007). The
relationship between density, pressure, and temperature, as used above, is given by

the state law of an ideal gas.
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Figure 1.16: RO and ECMWF dry pressure and ECMWF physical pressure profiles
(left: in linear space, middle: in logarithmic space) as a function of MSL altitude.
The systematic difference between RO and ECMWF dry pressure as well as between
ECMWF physical and dry pressure, both given in percent, are depicted in the right
panel.

The profile of air density as a function of height can therefore be directly derived
from the refractivity profile by

pary(h) = Nary (h) (1.52)

The CHAMP dry density profile as a function of MSL altitude is shown in Figure 1.15
in linear space (left panel) and in logarithmic space (right panel). The logarithmic
behavior of refractivity is propagated also in the dry density profile. Near the surface
(at an altitude of 0.6 km), the atmospheric dry density amounts to 1.3 kg/m?. Up
to 40 km, atmospheric dry density decreases to approximately 3.9 x 1073 kg/m?.

Derivation of Dry Pressure

Under the assumption of hydrostatic equilibrium, the atmospheric pressure equals
the weight of the overlying air column per area. This relationship is specified by
the hydrostatic integral, which is the integral of acceleration of gravity as a function
of geographic latitude and height g(¢, h) times density pgry(h) yielding atmospheric
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pressure:

o

pary(h) = / 9(6, ') paey (B')dR! (1.53)
h

The upper bound of the integral, which is theoretically infinity, is set to 120 km.
The Earth’s acceleration of gravity is derived from

- re(¢) 2
g(¢a h) - gsurf(¢) N L 9 (154)
T h
where the acceleration of gravity at the surface is
gsurt(P) = 9.780327 (1 + 0.0053024 sin? ¢ — 0.0000058 sin2(2q§)) (1.55)

and the Earth’s radius 7, at latitude ¢ is (NIMA 2000)

_ req(1 — f) _ "p
J1-f@-fsinzg  VI-€Ecos?o

Te()

(1.56)

where req = 6378.137 km is the Earth’s equatorial radius, r, = 6356.7523142 km is
the Earth’s polar radius, f = (7eq —1p)/Teq = 1/298.257223563 describes the Earth’s
flattening, and € = (,/ 2, — rg) /Teq is the Earth’s numerical eccentricity (NIMA
2000).

Figure 1.16 shows the RO and ECMWF dry pressure profiles as well as the ECMWF
physical pressure profile as a function of MSL altitude (again in linear and in logarith-
mic space, left and middle panel). The pressure, which also decreases exponentially
with height, equals to approximately 906 hPa at 0.6 km and to 2.8 hPa at an altitude
of 40 km.

The systematic difference between RO and ECMWF dry pressure (green line in
the right panel of Figure 1.16) increases from the surface to approximately 22 km,
where it yields its maximum value of approximately +0.6 %. It becomes smaller
above 22 km, above 33 km it even becomes negative. This southern high latitude
profile reveals the difference between physical and dry pressure (shown in light blue)
being negligible above 6 km altitude where the water vapor content is small. Below
6 km altitude, however, water vapor partial pressure yields physical pressure being
smaller than dry pressure. Therefore, the difference (physical minus dry pressure)
is negative. It amounts to approximately —0.4 % near the surface.

In order to clarify the difference between physical and dry pressure, Figure 1.17
depicts this difference as a function of latitude (South Pole to North Pole) and
altitude (surface up to 14 km) exemplarily for January 2005. Left panel shows
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Figure 1.17: Difference between physical and dry pressure as a function of latitude
and altitude. Absolute difference (in hPa, left panel) and relative difference (in %,
right panel) are estimated from ECMWF data.

absolute differences given in hPa, the right panel depicts relative differences, given in
%. Above 13 km at low latitudes and above approximately 10 km at high latitudes,
the difference between physical and dry pressure is negligible (smaller than 0.01 %).
At tropical latitudes near the surface, where water vapor content is largest, the
difference between physical and dry pressure exceeds 8 %.

Derivation of Dry Temperature

Dry temperature is obtained by utilizing the ideal gas law:

o Mdry pdry(h)

Tary(h) R pary(h)’ (1.57)
The temperature profile is smoothed by a Blackman window filter (cf. Equation 1.49)
to eliminate numerical noise.

Vertical profiles of RO and ECMWF dry temperature and ECMWF physical tem-
perature are depicted in Figure 1.18. Temperature does not decrease exponentially
with height. It decreases from the Earth’s surface to the tropopause (here at ap-
proximately 9 km), where minimal temperatures are recorded. In the stratosphere,
however, the availability of ozone assures an increase of atmospheric temperature.
The systematic difference between the RO and the co-located ECMWF dry temper-
ature profile is slightly positive up to 21 km and negative above. The difference
between physical and dry temperature remains smaller than 3 K.

Physical temperatures are always warmer than dry temperatures as long as water
vapor content is not negligible. Figure 1.19 shows this relation as a function of
latitude and altitude. It can be noticed that at altitudes above 9 km (polar summer)
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Figure 1.18: RO and ECMWF dry temperature and ECMWF physical temperature
profiles as a function of MSL altitude (left). The systematic difference between RO
and ECMWF dry temperature as well as between ECMWF physical and dry temper-
ature are depicted in the right panel.

and 13 km (tropics) the difference is always below 0.1 K. In the tropical lower
troposphere, however, it exceeds 30 K.

Derivation of Dry Geopotential Height on Dry Pressure Levels

The geopotential height can be calculated from

h
2(h) = [ g 1)an, (158)
945 5

where g45 = 9.80665 m/s? is the mean acceleration of gravity at sea level at ¢ = 45°
(Tyler 2001). Geopotential height itself is a non-meteorological parameter. How-
ever, it is possible to specify geopotential height as a function of pressure levels.
Measurements of geopotential height at constant pressure levels can be used e.g.,
for detecting global warming (cf. Wallace et al. 1993). For that reason, geopoten-
tial height is interpolated to standard pressure altitude levels (termed “pressure
altitude”), defined by

pressure altitude = —HIn <p) , (1.59)
2
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Figure 1.19: Difference between physical and dry temperature as a function of lat-
itude and altitude estimated from ECMWF data.

where Hy = 7 km is the tropospheric scale height, p is atmospheric pressure, and
po = 1013.25 hPa is the standard surface pressure.

Geopotential height as a function of pressure altitude and the systematic difference
between the RO and ECMWF profile is shown in Figure 1.20. There is a nearly lin-
ear relationship between geopotential height and pressure altitude. The systematic
difference between the RO and the ECMWF profile shows that ECMWF geopotential
height is higher than RO geopotential height up to approximately 35 km and smaller
above.

1.3.8 Quality Control

Quality checks are performed on a regular basis during the retrieval chain. Quality
checks, which comprise technical aspects and data consistency, are called “internal”
quality checks. Most of them are performed in the bending angle retrieval and have
already been mentioned in the description of the corresponding retrieval steps. Not
all quality checks performed during the retrieval affect the internal Quality Flag
(QF) (e.g., the outlier removal of phase delay profiles).

“External” quality checks are applied to the retrieval results (refractivity and dry
temperature profiles) where retrieved profiles are compared to co-located profiles
extracted from ECMWF analysis fields with a T42L60 (until February 2006) or a
T421.91 (since March 2006) resolution. Radio occultation refractivity profiles are
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Figure 1.20: RO and ECMWF dry geopotential height profiles as a function of pres-
sure altitude (left) and their systematic difference (right).

compared to co-located ECMWF refractivity profiles between 5 km and 35 km. RO
profiles, which differ from co-located ECMWF profiles by more than 10 % (maximum
allowed refractivity deviation) are assigned to a “bad” QF. Temperature profiles are
checked between 8 km and 25 km. RO dry temperature profiles, which differ from
co-located ECMWF profiles by more than 20 K (maximum allowed dry temperature
deviation) are also assigned to a “bad” QF.

The quality flag is an integer number with two digits. The internal quality flag
affects the one’s place and the external quality flag affects the ten’s place. Table 1.2
summarizes the internal QF and its meanings; Table 1.3 summarizes the external
QF and its meanings. If, e.g., the QF is equal to 37 then the absolute value of the
bending angle bias is larger than the estimated bending angle noise (internal QF = 7)
and neither the temperature criterion nor the refractivity criterion is met (external

QF = 30).

1.3.9 Reference to the Earth’s Geoid

All atmospheric profiles are derived as a function of ellipsoidal height. The difference
between the Earth’s ellipsoid and the geoid amounts to —105 m south of India and
85 m around New Guinea. Atmospheric parameters derived by the OPSv54 retrieval
are referenced relative to the Earth’s geoid (i.e., MSL altitude) where

MSL altitude = height — geoid undulation. (1.60)
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Table 1.2: Internal quality flags and their meanings (modified from Gobiet (2005)).

internal QF Meaning

QF =0 All internal quality checks passed. Retrieval results are of
high quality.
QF =2 Less than 25 data points are available between 65 km and

75 km. The bending angle observational error was set to
50 prad. Retrieval results should not be used (at least not
above 25 km).

Negative (ionosphere-corrected) bending angles occur below

50 km. Profile is discarded, no useful results.

The bending angle noise is smaller than 0.5 prad so that the

observational error was set to 50 urad or

there are not enough data available to perform statistical

optimization (i.e., no (useful) data available above 20 km

impact height or no (useful) data available below 35 km im-

pact height).

Bending angle profile is not statistically optimized but it is

used to derive refractivity and other atmosphere parameters.

Retrieval results may not be used.

The absolute value of the bias is larger than the estimated

bending angle noise.

Bending angle profile is not statistically optimized but it is

used to derive refractivity and other atmosphere parameters.

Retrieval results may not be used.

QF =8 The estimated bending angle noise is larger than 50 prad.
Bending angle profile is not statistically optimized but it is
used to derive refractivity and other atmosphere parameters.
Retrieval results may not be used.

QF =9 The event is too short to yield a meaningful atmospheric
profile (the event duration is shorter than 15 s) or
there are no data available in PLL mode or
there are no (useful) data available above 20 km or
impact parameters are increasing with decreasing altitude
in the uppermost part of the profile.

Profile is discarded, no useful results.
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Table 1.3: External quality flags and their meanings (modified from Gobiet (2005)).

external QF Meaning

QF =10 The difference between the retrieved RO temperature profile
and the co-located ECMWF analysis temperature profile is
larger than 20 K somewhere between 8 km and 25 km. Re-
trieval results may not be used.

QF =20 The difference between the retrieved RO refractivity pro-
file and the co-located ECMWF analysis refractivity profile
is larger than 10 % somewhere between 5 km and 35 km.
Retrieval results may not be used.

QF =30 The profile does neither satisfy the temperature criterion
nor the refractivity criterion. Retrieval results may not be
used.

QF =50 There are not enough data available to perform external

quality control. Retrieval results may not be used.

The geoid undulation is extracted from a 3.75° x 3.75° latitude-longitude grid and
interpolated to the mean RO event location. If averaged over a lot of RO profiles
between 50°E and 110°E (Indian Ocean), the difference between profiles, which are
referenced to the geoid and those referenced to the ellipsoid amounts up to 0.3 K at
low latitudes from 10 km to 14 km. If averaged over a lot of profiles between 110°E
and 170°E (New Guinea), the difference amounts to —0.4 K at low latitudes from
10 km to 14 km altitude (Borsche 2008).

1.3.10 Derivation of Tropopause Parameters

The Lapse Rate Tropopause (LRTP) and the Cold Point Tropopause (CPTP) are
determined from retrieved dry temperature profiles. The LRTP is found as the lowest
level at which the lapse rate of the profile decreases to 2 K/km or less. Furthermore,
the lapse rate average between that level and 2 km above has to be less than 2 K/km
(WMO 1957). The CPTP is determined as the coldest point (local minimum) of the
temperature profile (Highwood and Hoskins 1998). Because the stratosphere at high
latitudes can be very cold (in particular in polar winter), the CPTP is technically
defined to be lower than 20 km and higher than the LRTP (Borsche 2008).

The LRTP altitude of the RO profile depicted in Figure 1.18, amounts to 8.9 km
(T'" = 215.6 K). The CPTP altitude of that profile is detected at 9.9 km (T' =
214.6 K). The corresponding values for the ECMWF profile are 8.2 km (7' = 217.3 K)
and 11.0 km (7" = 215.3 K) for the LRTP and CPTP, respectively.

Schmidt et al. (2004) and Borsche et al. (2007) performed a study on tropopause
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characteristics at low latitudes investigating RO data from the CHAMP satellite.
Schmidt et al. (2005) analyzed thermal tropopause parameters on a global basis uti-
lizing RO data of the CHAMP and the Satélite de Aplicaciones Cientificas C (SAC-C)
satellite.

1.4 Beyond OPSv54: Further Improvements

The challenges of the OPS retrieval version beyond OPSv54 are

1. Use of FORMOSAT-3/COSMIC (F3C) Open Loop (OL) data and integration of a
WO retrieval (Gorbunov 2002);

2. Integration of a moist air retrieval, i.e., a 1-Dimensional Variational (1D-Var)
retrieval (Healy and Eyre 2000) to retrieve also physical atmospheric parame-
ters and water vapor.

3. A new bending angle retrieval, which utilizes data of different satellites in a
more transparent way;

While the new bending angle retrieval is only theoretically constructed, the integra-
tion of OL data, the implementation of the WO retrieval, and the 1D-Var retrieval are
already implemented in the End-to-End Generic Occultation Performance Simula-
tion and Processing System (EGOPS) software to a large extend.

1.4.1 F3C Open Loop Data and Wave Optics Retrieval

The OPSv54 retrieval is not able to handle phase delay data received in OL mode but
the GPS receivers aboard the F3C satellites record GPS signals in the PLL mode only
down to approximately 8 km and in the OL mode below.

Michael Gorbunov implemented a preprocessing of phase delay data received in
OL mode. With these additional data, F3C measurements can be used down to the
Earth’s surface. The WO retrieval, which has also been implemented by Michael
Gorbunov uses both, PLL and OL input data.

The OPSv55 retrieval output is a combined GO and WO bending angle profile.
The blending of the GO and the WO bending angle is done with a half Gaussian
transition somewhere between 7 km and 13 km impact height; the Gaussian half
width amounts to 1.5 km.

Figure 1.21 shows the minimal impact height of all F3C/FlightModel (FM)-1 mea-
surements recorded on September 5, 2007. Data, which have been obtained from
GO retrieval are derived only with PLL data, whereas the WO retrieval uses both,
PLL and OL data. WO bending angles stop at approximately 2 km impact height,
which corresponds to the Earth’s surface. The lower limit of GO bending angles
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Figure 1.21: Minimal impact height of bending angle profiles. Data stem from one
day of F3C/FM-1 data (September 5, 2007). GO bending angles (GO retrieval uses
only phase delay data received in PLL mode) are compared to WO bending angles
(retrieval also utilizes OL input data). WO bending angles stop at approximately
2 km impact height, which corresponds to the Earth’s surface.

varies between 8 km for F3C setting occultation events and 12 km impact height for
F3C rising occultation measurements.

1.4.2 Moist Air Retrieval (1D-Var)

Atmospheric profiles of physical temperature, physical pressure, and humidity (moist
atmospheric quantities) can be retrieved applying a 1D-Var retrieval. It utilizes the
measured refractivity or bending angle profile yqps, the a priori knowledge of the
state of the atmosphere (i.e., a background profile) zpg, and their associated errors
(i.e., observation and background covariance matrices, O and B, respectively). The
1D-Var minimizes of a quadratic cost function J (GRAS SAF 2009)

J@) = 3 (2~ wg) B (@ — 1) + 1 (v — H[a])T O (ys — Hla])  (161)

to retrieve the physical atmospheric state z. H[z| is the forward modeled observa-
tion. The GRAS/Satellite Application Facility (GRAS-SAF) developed the Radio Oc-
cultation Processing Package (ROPP), which also includes a 1D-Var retrieval. Current
EGOPS developments include this ROPP 1D-Var software in the WEGC OPS retrieval.
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1.4.3 New Bending Angle Retrieval

The aim of the new bending angle retrieval is to perform best for all RO data of
different satellites but also for simulated RO and microwave (X/K band) measure-
ments. It will be not implemented in the OPSv55 but in a later version of the OPS
retrieval.

The improvements may comprise, but are not limited to:

o Atmospheric phase delay profiles will be analyzed and prepared in a more
sophisticated way. This includes an enhanced method to detect outliers in
the raw phase delay profile and new filter techniques (a Blackman-Window-
Sinc filter and a Hamming-Window-Sinc filter in addition to the regularization
filter), which will be established to filter phase delay profiles. Windowed-Sinc
filters are known to be very stable. Also a new treatment of background profiles
at phase level will be included.

o These improvements (i.e., the enhanced phase delay data preparation) should
be sufficient to eliminate the artificial correction of the bending angle obser-
vational error (i.e., observational errors, which are set to 10 urad or 50 urad).
This is one weakness of the OPSv54 retrieval.

¢ An extended search for the favored bending angle background at the level of
statistical optimization, which should depend on the users needs.

1.5 Characteristics of Radio Occultation

The measurement principle itself, the use of microwave signals, and the specifications
of the satellite orbits, which have been used for RO measurements so far, determine
the characteristics of RO measurements and account for their potentials to be used
for atmospheric sciences such as numerical weather prediction or climate monitoring.

Self-calibration and long-term stability: The information used in the retrieval pro-
cess is not the phase profile itself, but the phase delay relative to the phase
measured above the atmosphere. For that reason, the single assumption to
call the measurement “self-calibrating” is that the atmosphere has to be sta-
ble within the measurement time of one or two minutes. This self-calibrating
characteristics also implies that the measurements are long-term stable and do
not contain biases or drifts. This feature is particularly important for RO data
to be used for climate monitoring purposes since data of different satellites can
be combined without the need of inter-calibration (Foelsche et al. 2008b).

Penetration of clouds and independence of sunlight: The frequency domain used
for GNSS-signals enables measurements to be performed during virtually all
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weather conditions. This comes true because the signals are able to penetrate
through most of the clouds and the measurement, the excess phase delay, is
not significantly degraded by clouds. In tropical regions, however, where atmo-
spheric humidity is large, atmospheric multipath causes a severe degradation
of the signal, which cannot be handled by a simple GO retrieval (need of a
WO retrieval). Furthermore, GPS signals are not affected by the presence or
absence of sunlight so that measurements can be performed during day and
night.

Accuracy: The accuracy of RO measurements depends on the instruments quality
(e.g., thermal receiver noise), ionospheric and atmospheric conditions (e.g.,
residual ionospheric errors, water vapor ambiguity, or atmospheric multipath
errors), accuracy of orbit determination, horizontal drift of the tangent point,
and inversion procedures (e.g., initialization errors of the Abelian integral)
(Kursinski et al. 1997). Between 8 km and 30 km altitude, the temperature
error is less than 1 K even in worst case scenarios (see Figure 1.22). As dis-
cussed by Kursinski et al. (1997), contributions from initialization errors of
the Abelian integral, thermal noise, local multipath, and residual ionosphere
limit the accuracy of temperature profiles at high altitudes. At low altitudes
(especially at equatorial latitudes) the accuracy is limited by the uncertainty
in water abundance.

Vertical and horizontal resolution: Limb sounding measurements are characterized
by a high vertical but low horizontal resolution. The same holds true for RO
measurements. The GO vertical resolution is limited by the diameter of the
first Fresnel zone, which decreases with height. It amounts to about 1.4 km in
the stratosphere and about 0.5 km near the Earth’s surface. The horizontal
resolution amounts to about 300 km (Kursinski et al. 1997).

Global coverage: The orbit’s inclination of GPS satellites is fixed at ¢ = 55°. For
that reason, the inclination of the LEO satellite determines the geographical
coverage of RO measurements. The higher the inclination of the satellites’ or-
bit, the higher the latitudes which can be reached by RO measurements. Until
now, RO measurements have only been performed by nearly polar orbiting
satellites (with an inclination of at least 72°). The distance of the RO event to
the LEO satellite is determined by the altitude of the LEO satellite (cf. Subsec-
tion 1.3.2). Satellites with orbit inclinations of 72° and 800 km orbit altitude
are able to perform measurements at polar latitudes. So far, global coverage
of RO events has been achieved by all RO missions.

Thus, GPS occultations offer independent, very precise, and accurate measurements
of the UTLS region with a high vertical resolution. Measurements, which are avail-
able globally, are long-term stable and data, provided by different satellites, can be
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Figure 1.22: Summary of dry temperature errors as a function of altitude. Errors
are found under daytime, solar maximum ionosphere conditions. Temperature ac-
curacies are found to be better than 1 K between 8 km and 30 km altitude (from
Kursinski et al. (1997)).

combined without the need of inter-calibration so that they can be used for global
climate monitoring on a long-time scale.

1.6 Summary of Radio Occultation Retrieval

At the WEGC, University of Graz, the main utilization of RO data is to perform
climate monitoring. Even though measurements are very accurate, precise, and
long-term stable, atmospheric climatologies derived from different satellites can only
be reasonably compared if the retrieval follows exactly the same algorithm. All data
used in the following chapters of this thesis are derived from OPSv54. For this
reason the main retrieval steps of OPSv54 are summarized in a flowchart shown in
Figure 1.23; for a tabular summary see also Steiner et al. (2009).

Input data of the WEGC retrieval are provided by other data centers. They con-
tain atmospheric phase delay and precise orbit information as a function of time.
Currently most of these data are provided by UCAR/CDAAC, Colorado (CO), United
States of America (USA) (all except MetOp-A data, which are provided by EUMETSAT
and a selected set of CHAMP data, which is provided by GFz).

After some plausibility checks and smoothing with a regularization filter, mea-
surement data are used to derive atmospheric Doppler (time derivative of excess
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Phase delay data
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as a function of impact parameter

Abel transform

Refractivity profiles
as a function of msl-altitude
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Figure 1.23: Summary the RO retrieval algorithm of the OPSv54 retrieval.
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phase delays) as a function of time. Atmospheric Doppler profiles and orbit in-
formation (satellite positions are referred to the center of refraction) are utilized to
calculate atmospheric bending angle profiles as a function of impact parameter. The
retrieval utilizes the GO approach. The ionospheric influence on the measurement
is removed by applying an ionospheric correction, where low-pass filtered L1- and
L2-bending angle profiles are linearly combined. The L1 high pass contribution is
added again after ionospheric correction. Bending angles at high altitudes (from
30 km to 120 km) are statistically optimized with background information. For that
purpose co-located bending angle profiles are extracted from ECMWF forecast fields.
Above their top level, ECMWF data are pieced together with MSIS data. The sta-
tistical optimization is performed by inverse covariance weighting. The statistically
optimized bending angle is used for further calculations. Atmospheric refractivity
as a function of MSL altitude is obtained from bending angle by an Abel transform.
Atmospheric moisture is neglected when calculating dry density profiles from at-
mospheric refractivity via the Smith-Weintraub formula (“dry air retrieval”). The
hydrostatic integral, which is initialized at 120 km and the equation of state deliver
dry pressure and dry temperature profiles, respectively, both as a function of MSL
altitude. Profiles of geopotential height as a function of dry pressure altitude are
derived from interpolating the non-meteorological parameter geopotential height to
pressure altitude. Additional retrieval results, such as tropopause parameters, are
calculated subsequent to the retrieval algorithm.

Quality checks are performed regularly during the retrieval chain. Data are
checked for technical aspects and data consistency. Furthermore, retrieved refractiv-
ity and dry temperature profiles are compared to co-located ECMWF analysis profiles.
Data are considered reliable if RO and ECMWF refractivity profiles do not deviate
by more than 10 % between 5 km and 35 km. Dry temperature profiles are checked
between 8 km and 25 km. Data pass quality control if RO and ECMWF temperatures
deviate by less than 20 K in that altitude range.
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2 Characteristics of Radio Occultation
Data from Different Satellite Missions

2.1 Radio Occultation Satellite Missions and Data Centers

The application of Radio Occultation (RO) on the Earth was established with the
Global Positioning System/Meteorology (GPS/MET) mission onboard the Microlab-1
satellite in 1995 (Ware et al. 1996). The satellites Oersted (Escudero et al. 2001)
and SUNSAT (Stellenbosch UNiversity SATellite) (Mostert and Koekemoer 1997),
which were launched onboard the same rocket in 1999, had severe technical prob-
lems with their RO receivers and very little useful data was generated (Luntama
2009). From 2000 to 2002 four more RO satellite missions have been launched. While
CHAMP (CHAllenging Mini-Satellite Payload) (Wickert et al. 2001), SAC-C (Satélite
de Aplicaciones Cientificas C) (RO instrument GOLPE, GPS Occultation and Pas-
sive reflection Experiment) (Hajj et al. 2002), and GRACE (Gravity Recovery And
Climate Experiment) (Wickert et al. 2005) had/have their atmospheric focus on tro-
pospheric and stratospheric measurements, the Ionospheric Occultation Experiment
(I0X) mission onboard PICOSat focused on the ionosphere. In 2006 the first multi-
satellite RO mission (FORMOSAT-3/COSMIC (F3C), six platforms, instrument GOX,
GPS Occultation Experiment) and the first operational RO mission (MetOp-A (Me-
teorological Operational), GRAS (GNSS Receiver for Atmospheric Sounding)) have
been launched. Since June 2007 the Terra Synthetic Aperature Radar (TerraSAR-X)
satellite, which carries a GPS RO receiver is in orbit (Wickert et al. 2009). The In-
dian satellite Oceansat-2 has been launched in September 2009. Its instrument ROSA
(Radio Occultation Sounder for Atmospheric Studies) will also perform RO measure-
ments. Table 2.1 lists these—past and active—RO satellite missions and shows data
availability at the Wegener Center for Climate and Global Change (WEGC).
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Table 2.1: Past and active RO satellites missions tabulated according to their date
of launch. Data availability at WEGC is given in the third column, the last column
indicates the current status of the mission.

Spacecraft/Instrument Launch Data at WEGC  Status (Mar. 2010)
Microlab-1/GPS/MET Apr. 3, 1995 1995, 1997 Decommissioned
Oersted Feb. 23, 1999 - Decommissioned
SUNSAT Feb. 23, 1999 - Decommissioned
CHAMP Jul. 15, 2000 2001 to 2008 Inactive
SAC-C/GOLPE Nov. 21, 2000 2001, 2002 Active
PICOSat/I0X Sep. 29, 2001 - Decommissioned
GRACE Mar. 17, 2002 since 2007 Active
F3C/GOX Apr. 15, 2006 since 2006 Active
MetOp-A/GRAS Oct. 19, 2006 test data set Active
TerraSAR-X Jun. 15, 2007 - Active
Oceansat-2/ROSA Sep. 23, 2009 - Comm. Phase

2.1.1 Radio Occultation Data Centers

Depending on the center conducting these satellite missions and on data level!, data
are archived at and distributed from different data centers:

o German Research Centre for Geosciences (GFZ) provides CHAMP, GRACE, and
TerraSAR-X RO data (level 0 to level 2) (http://isdc.gfz-potsdam.de/).

o Jet Propulsion Laboratory (JPL)/Global Environmental & Earth Science In-
formation System (GENESIS) (http://genesis.jpl.nasa.gov) disseminates
RO data from CHAMP, GRACE, SAC-C (level 0 to level 2), and F3C (level 1 and
level 2).

o University Corporation for Atmospheric Research/COSMIC Data Analysis and
Archive Center (UCAR/CDAAC) provides RO level 0 to level 2 data of GPS/MET,
CHAMP, SAC-C, GRACE, and the F3C satellites (http://cosmic-io.cosmic.
ucar.edu/cdaac/).

e Data from the GRAS instrument onboard MetOp are disseminated by the Eu-
ropean Organization for the Exploitation of Meteorological Satellites (EUMET-

'Data levels distinguish between raw measurement data (level 0), phase delay and orbit data
(level 1), retrieved atmospheric parameter profiles (level 2), and derived climatological products
(level 3). Note that this definition may differ from definitions used by individual data centers,
see e.g., Loscher et al. (2009).
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SAT) (levels 0 and 1) and by GRAS/Satellite Application Facility (GRAS-SAF)
(levels 2 and 3) (http://www.grassaf.org/).

o The WEGC uses excess phase delay profiles and orbit information (level 1 data)
provided by other data centers and performs its own RO inversion retrieval.
Atmospheric profiles (level 2) and climatological products (level 3) of GPS/
MET, CHAMP, SAC-C, GRACE, and F3C are disseminated by https://www.
globclim.org/.

2.1.2 Radio Occultation Data Utilized at WEGC

To derive profiles of bending angle, refractivity, or temperature, the WEGC Occulta-
tion Processing System (OPS) uses excess phase delay profiles and orbit information
provided by other data centers. Even though the RO technique itself is self-cali-
brating, different data processing schemes yield differences in atmospheric RO data
products, which cannot be neglected (Ao et al. 2003; Engeln 2006; Loscher et al.
2009). For that reason WEGC Occultation Processing System Version 5.4 (OPSv54)
uses atmospheric phase delay and orbit information provided by UCAR/CDAAC for
all satellites except for MetOp, whose level 1 data are only provided by EUMETSAT.
Systematic differences in level 1 processing are investigated applying the OPSv54
retrieval to a selected set of GFZ level 1 data as well.

GPS/MET: The first RO experiment was the GPS/MET “proof-of-concept” mission.
UCAR/CDAAC now disseminates GPS/MET data with data version 2007.3200.
The previous data version, also available at WEGC, was 2005.1720. Data are
available for four measurement periods (prime times), April/May 1995, June/
July 1995, October 1995, and February 1997, when Anti-Spoofing (AS)? was
turned off. Data with data version 2007.3200 are also available for AS on
periods but up to now these data have not been utilized at WEGC.

Only a small number of profiles is available from April 1995 until July 1995
(only 19 days with available RO data; on average 53 high quality profiles per
day). The average number of high quality profiles per day in October 1995
and February 1997 (in total 29 days with RO data) amounts to 85. The GPS
receiver onboard GPS/MET recorded setting occultations only.

CHAMP: The research satellite CHAMP is operated by GFZ Potsdam, Germany.
Amongst other scientific instruments, it carries a GPS receiver and performs
setting RO measurements. The RO instrument has been activated for the first
time on February 11, 2001 (Wickert et al. 2001). Nearly continuous measure-
ments are available from September 2001 until early October 2008, with a gap

2AS is the encryption of the Precision code (P-code) of GPS signals. When AS was turned on the
signal quality was significantly degraded.
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of about 6 weeks in July/August 2006. The CHAMP data set constitutes the
first long-term record of RO measurements, which can be used for climatolog-
ical studies (Steiner et al. 2009).

Up to retrieval version Occultation Processing System Version 5.3 (OPSv53)
WEGC used input data provided by GFZ, since retrieval version OPSv54 WEGC
operationally uses data provided by UCAR/CDAAC. The OPSv54 retrieval uti-
lizes UCAR/CDAAC data versions 2007.1200 (May 19, 2001 to May 30, 2007),
2007.1700 (June 1, 2007 to July 31, 2007), and 2007.3200 (August 1, 2007 to
October 4, 2008).

SAC-C: The SAC-C mission is an international project between Argentina (Comisién

Nacional de Actividades Espaciales (CONAE)), the United States of America
(USA) (National Aeronautics and Space Administration (NASA)), and other
partners from Europe and South America. WEGC utilizes RO data provided
by UCAR/CDAAC, data versions 2005.3090 (August 13, 2001 to October 14,
2002) and 2005.1720 (November 3, 2002 to November 15, 2002).

GRACE: GRACE is a joint project between the USA (NASA) and Germany (German

Center for Air and Space Flight (Deutsches Zentrum fiir Luft und Raumfahrt
(DLR)). The mission consists of two “twin” satellites (GRACE-A and GRACE-B),
which are separated by about 220 km. The main focus of this mission lies on
gravity field measurements but both satellites also carry a GPS RO receiver.

Continuous activation of GRACE-A measurements began on May 22, 2006.
GRACE-B performed occultation measurements only on July 28, 2004 and July
29, 2004 (Wickert et al. 2005; Wickert et al. 2006) and in a short period be-
tween September 23, 2005 and September 30, 2005 (Wickert et al. 2009).

WEGC uses GRACE-A data delivered by UCAR/CDAAC (data versions 2007.3200
until May 31, 2009 and 2009.2650 since June 1, 2009). UCAR/CDAAC data are
available since November 27, 2006 (WEGC uses data since March 1, 2007,
when data stream became continuous). Even though both GRACE satellites
are able to perform rising and setting occultation measurements, all data cur-
rently available at WEGC stem from setting occultations of GRACE-A. The
data stream is expected to continue until at least 2013 (Wickert et al. 2009).

F3C: The F3C satellite constellation is a joint science mission between Taiwan and the
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USA (Rocken et al. 2000; Wu et al. 2005; Anthes et al. 2008). The constellation
consists of six spacecraft (FlightModel (FM)), whose orbit planes are separated
by about 30°. All satellites perform rising and setting RO measurements. The
F3C constellation can track more than 2500 RO events per day.

Data are available since April 21, 2006 but UCAR/CDAAC strongly recommends
not to use data before July 13, 2006 (because of different receiver firmware
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versions (CDAAC Team 2010)). WEGC utilizes data since August 2006. UCAR/
CDAAC data versions are 2007.3200 (until March 31, 2009) and 2009.2650 (since
April 1, 2009). The F3C satellites are expected to perform measurements until
2013.

MetOp: MetOp-A is the first of three almost identical MetOp satellites. The satellites
will be launched in a time interval of about 5 years. MetOp-A has been launched
in October 2006, MetOp-B and MetOp-C will be launched in 2011 and 2016,
respectively. FEach satellite carries the same type of GPS receiver (a GRAS
receiver), (Loiselet et al. 2000; Luntama 2006). The GRAS instrument has two
rising and two setting channels, which means that it is able to perform two
rising and two setting occultation measurements simultaneously. More than
600 occultation events can be tracked per day. High quality data of the MetOp
series are expected to be delivered until 2020.

At WEGC, phase delay and orbit data of MetOp-A are available only from a
nonofficial “test data set” from September 30, 2007 until October 31, 2007.
This data set has been processed in offline-mode (C. Marquardt, EUMETSAT,
pers. comm.) with processing version 0.6 (Marquardt 2009). Due to a small
bug in the code, this GRAS level 1 prototype record does not contain any L2 ex-
cess phase delay of rising occultation measurements. For that reason WEGC
utilizes only setting GRAS measurements. In general, bending angle profiles
and derived atmospheric parameters are currently available at GRAS-SAF.

Figure 2.1 shows all data available at WEGC from 1995 to 2008. The long-term
record of CHAMP data together with that of GPS/MET can be used for climate
trend analyses (Steiner et al. 2009). With the launch of F3C in 2006 the number of
available RO data has increased by a factor of ten, which enables RO data to be used
not only for global climate studies but also for smaller-scale or even regional climate
investigations.

2.2 Validation of Data Quality of a Selected Set from Each
Satellite

The reliability of estimated atmospheric climate trends strongly depends on data
quality. Even though the RO technique features high accuracy and high precision it
is not possible to completely remove ionospheric effects in the neutral atmospheric
retrieval. Since the ionospheric correction in the retrieval process only yields elimi-
nation of first order ionosphere terms, the ionosphere residual is larger during high
solar activity than during low solar activity.

Furthermore, data quality is affected by the receiver quality and by the procedure
applied to correct for potential clock errors. The latter is performed differently for
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Figure 2.1: Number of high quality measurements derived from different RO satel-
lites on a daily basis from 1995 to 2008. The total number of measurements signif-
icantly increased in 2006, when additional measurements performed by the six F3C
satellites became available.
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2.2 Validation of Data Quality of a Selected Set from Each Satellite

GPS/MET and GFZ CHAMP data (double differencing), for SAC-C, CDAAC CHAMP,
and F3C data (single differencing), and for GRACE and MetOp data (zero-differencing)
(W. Schreiner, UCAR, pers. comm. October 2009).

In this section the quality of a selected set of RO data is assessed. Quality flag
statistics in general and data quality at high altitudes (between 50 km and 80 km) in
particular are analyzed together with characteristics of refractivity and temperature
data.

2.2.1 Overview of the Data Sets

The quality of RO data measured onboard GPS/MET, SAC-C, CHAMP, GRACE-A, F3C,
and MetOp-A is analyzed. GPS/MET and SAC-C data are available for 1995/1997, and
for 2001/2002, respectively. No RO data other than GPS/MET are available in 1995/
1997. However, to give a first impression of data quality at same solar activity
(same residual ionospheric noise), SAC-C data from September 2002 are compared
to CHAMP data from September 2002. Data from CHAMP, GRACE-A, F3C, and
MetOp-A are compared for September 2007. Since F3C/FM-6 did not provide any
data from September 9, 2007 until November 13, 2007 (CDAAC Team 2010), F3C
data are only investigated from FM-1, FM-2, FM-3, FM-4, and FM-5. The impact of
level 1 processing on data characteristics is analyzed applying the OPSv54 retrieval
to two different CHAMP records: one provided by GFZ and the other one provided
by UCAR/CDAAC. Both data sets are taken exactly from the same period in 2007
(September 29, September 30, and October 1).

Table 2.2 gives an overview of all data analyzed in this section. To get a repre-
sentative ensemble of profiles, data from GPS/MET, SAC-C, CHAMP, and GRACE-A
are analyzed for three consecutive days (e.g., data from September 29, Septem-
ber 30, and October 1). F3C and MetOp-A data are only used from one single day.
For September 30, 2007 EUMETSAT delivers 641 MetOp-A measurements recorded in
Phase Locked Loop (PLL)-mode. Since 301 rising profiles do not contain any L2
phase delay, only 340 MetOp-A measurements are utilized in the WEGC retrieval.

2.2.2 Quality Flag Statistics

Assessment of data quality is applied on input data (technical aspects) within the
retrieval at bending angle level (Internal Quality Control (IQC)), and after computa-
tion of atmospheric parameters where retrieved profiles of refractivity and temper-
ature are compared to co-located profiles from European Centre for Medium-Range
Weather Forecasts (ECMWF) analysis fields (External Quality Control (EQC)). Ta-
ble 2.3 yields an overview of the number of retrieved profiles, which can be somewhat
smaller than the number of input data (Table 2.2) because of retrieval failures. Fur-
thermore, the number of high quality profiles and the number of profiles flagged
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2 Characteristics of Radio Occultation Data from Different Satellites

Table 2.2: Overview of selected data sets provided by each satellite. Investigated
periods and the total number of available phase delay profiles are given in the second
and third column.

Satellite Investigated Total number of
Period input data
GPS/MET Oct 12, 1995 to Oct 14, 1995 443
SAC-C Sep 29, 2002 to Oct 1, 2002 537
CHAMP (CDAAC) Sep 29, 2002 to Oct 1, 2002 653
CHAMP (GFZ) Sep 29, 2007 to Oct 1, 2007 408
CHAMP (CDAAC) Sep 29, 2007 to Oct 1, 2007 582
GRACE-A Sep 29, 2007 to Oct 1, 2007 506
F3C/FM-1 Sep 30, 2007 449
F3C/FM-2 Sep 30, 2007 560
F3C/FM-3 Sep 30, 2007 275
F3C/FM-4 Sep 30, 2007 553
F3C/FM-5 Sep 30, 2007 558
MetOp-A Sep 30, 2007 641 (340)

“bad” by IQC and/or EQC are given in Table 2.3.

The percentages of QF = 0 profiles (“good”) and QF # 0 profiles (“bad”) refer
to the number of retrieved profiles and not, as may be expected, to the number
of OPS input data (phase delay profiles). This results in hardly any difference for
GPS/MET, SAC-C, CHAMP, and GRACE because only few measurements cannot be
retrieved. However, the more frequent failure of the retrieval of F3C measurements
yields a significantly lower percentage of high quality profiles if it is referred to the
number of input data. It decreases from 64.5 % to 57.5 % (FM-1), from 77.5 % to
68.9 % (FM-2), from 72.5 % to 60.4 % (FM-3), from 74.0 % to 65.5 % (FM-4), and
from 79.7 % to 73.8 % (FM-5).

GRACE-A achieves the “best” QF statistics as more than 80 % of all data are of
high quality. “Worst” QF statistics is achieved from F3C/FM-1. On average, about
70 % of all profiles, retrieved with the OPSv54 retrieval are of high quality.

It is clearly noticeable that most profiles are flagged bad by both, the internal QF
and the external QF (last column). The reason is that bending angle profiles with
internal QF = 5,6,7,8,9 are not statistically optimized. Instead of the statistically
optimized bending angle, the raw bending angle is used to derive atmospheric refrac-
tivity and other atmospheric profiles. Hence, it is not surprising that the retrieved
refractivity and dry temperature profiles do not match EQC requests.

MetOp data almost all fail due to 1QC (80.3 %). 46 of these 98 profiles are flagged
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2.2 Validation of Data Quality of a Selected Set from Each Satellite

Table 2.3: Quality flag statistics of the selected data sets provided by each satellite.
Results are obtained from the OPSv54 retrieval.

Satellite Retr. QF =0 QF #0 IQC EQC 1IQC &
profiles profiles profiles only only EQC
GPS/MET 442 321 (72.6 %) 121 (274 %) 12 1 108
SAC-C 537 354 (65.9 %) 183 (34.1 %) 2 2 179
CHAMP (CDAAC) 653 436 (66.7 %) 217 (33.3%) 22 5 190
CHAMP (GFZ) 408 283 (69.4 %) 125 (30.6 %) 22 6 97
CHAMP (CDAAC) 581 390 (67.1 %) 191 (32.9%) 33 4 154
GRACE-A 505 410 (81.2 %) 95 (18.8 %) 14 10 71
F3C/FM-1 400 258 (64.5 %) 142 (35.5 %) 6 5 131
F3C/FM-2 498 386 (77.5 %) 112 (22.5%) 18 13 81
F3C/FM-3 229 166 (72.5 %) 63 (27.5 %) 7 3 53
F3C/FM-4 489 362 (74.0 %) 127 (26.0 %) 18 3 106
F3C/FM-5 517 412 (79.7 %) 105 (20.3 %) 18 6 81
MetOp-A (setting) 340 218 (64.1 %) 122 (35.9%) 98 2 22

bad because the number of data points between 65 km and 75 km is smaller than
25 (QF = 2). Probably, data of an operational MetOp processing will overcome that
problem. However, 50 MetOp-A profiles are flagged bad because the absolute value
of the bias is larger than the estimated bending angle noise (QF = 7). This reflects
the superior quality of the MetOp-A receiver and the “insufficiency” of the OPSv54
retrieval to cope with such high data quality. To exploit the full potential of MetOp
data, future generations of the OPS retrieval have to deal with such a data quality
in a more appropriate manner.

2.2.3 Bending Angle Quality

Bending angle quality is validated from bending angle bias, bending angle noise,
observational error, and zRAER50 values (impact height, where retrieval to apriori
error ratio equals 50 %, cf. Chapter 1). Only high quality profiles (QF = 0) are
used for bending angle validation. The bending angle bias and bending angle noise
estimated between 65 km and 80 km impact height is shown in Figure 2.2 and Fig-
ure 2.3 (a zoom to —1 prad to 5 prad) as a function of geographic latitude. In both
figures, the bending angle bias is depicted in gray, bending angle noise is colored in
red, green, and blue according to its magnitude.

As can be seen in Figure 2.2, MetOp-A bending angle quality is superior to all the
other satellite data. More than 95 % of all MetOp-A data exhibit a bending angle
noise smaller than 5 yrad. Also GPS/MET bending angle data have very small noise
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Figure 2.2: Bending angle bias and bending angle noise as a function of geographic
latitude. Profiles with large data noise >5 urad are colored in red, profiles with
data noise between 0.5 urad and 5 prad are depicted in green, and profiles with very
small bending angle noise, <0.5 urad, are plotted in blue.
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Figure 2.3: Bending angle statistics as a function of latitude for all RO data, same
as Figure 2.2 but zoom into —1 urad to 5 urad. Colors have the same meaning as
in Figure 2.2.
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(data stem from “prime times”). F3C data do not show consistent measurement
noise: 94 % of all FM-4 data feature bending angle noise smaller than 5 urad but
only 68 % of all FM-5 data exhibit such small bending angle noise. GRACE-A bending
angles have similar characteristics as FM-2 and FM-3 bending angles. CHAMP data
noise is similar in 2002 and 2007, less noise is observed for CDAAC CHAMP data than
for GFZ CHAMP data. Worst quality is found for SAC-C data: only 11 % of all SAC-C
data have bending angle noise smaller than 5 urad.

Figure 2.2 reveals that neither the bending angle bias nor bending angle noise show
any dependency on geographic latitude. Figure 2.3 confirms this independence from
geographic latitude showing the same data as Figure 2.2 but zoomed in the range
between —1 prad and 5 prad.

For climate applications it is very important that the bending angle bias is close
to zero and very similar for all satellites (Foelsche et al. 2008a). This is actually
true as can be seen from Figure 2.3. The bending angle bias relative to MSIS (Mass
Spectrometer and Incoherent Scatter Radar) data is negative for nearly all satellites
(median of the bias is between —0.05 purad and —0.25 urad). There is one single
satellite record, which exhibits a positive bias (median of bias: +0.36 urad). Since
it concerns the CHAMP data set, whose level 1 processing has been done by GFZ,
it reflects the impact of level 1 processing on the bending angle bias. Note that
the medians of bending angle bias and bending angle noise are calculated only from
those profiles whose bending angle noise is smaller than 5 urad.

MetOp-A data exhibit the smallest bending angle noise (median: 1.02 prad). This
estimated bending angle noise is larger than that published, e.g., by Marquardt
et al. (2009). The reason is that measurement profiles with bending angle noise
smaller than 0.5 yrad and measurement profiles with a larger bending angle bias
than bending angle noise are rejected (bad quality flag) in the OPSv54 retrieval. This
low noise level seemed to be unrealistically small (we learned from MetOp-A data that
this was a misapprehension). Two blue dots correspond to MetOp-A profiles, whose
bending angle noise approximates to 0.5 urad. Deactivating most internal quality
control mechanisms results in lower bending angle noise (0.76 urad, Foelsche et al.
2009¢).

Currently, our MetOp-A data are better than that of GPS/MET by a factor of 1.6
(median: 1.62 urad), better than F3C and GRACE-A data by about a factor of 2.3,
and better than CHAMP by a factor of 3.6. The median of the bending angle noise
of SAC-C data amounts to 4.33 urad.

Figure 2.4 depicts observational errors as a function of latitude for the same data
sets. Remember that the observational error is equal to observed bending angle
noise, but if this noise cannot be determined appropriately the observational error is
adjusted. The only important adjustments in this context are: if negative bending
angles occur between 55 km and 65 km impact height, the observational error is
set to 10 urad and if negative bending angles occur between 50 km and 55 km, the
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Figure 2.4: Bending angle bias and observational error as a function of geographic
latitude. Colors have the same meaning as in Figure 2.2.
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Figure 2.5: zRAER50 values as a function of geographic latitude.
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corresponds to estimated observational errors shown in Figure 2.4
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2.2 Validation of Data Quality of a Selected Set from Each Satellite

observational error is set to 50 urad. Strict quality criteria approve high quality
profiles only if the bending angle noise can be determined appropriately or one of
these two constraints is applied. If the bending angle does not satisfy other quality
criteria, the quality flag is set “bad”.

After this Quality Control (QC), more than 90 % of all SAC-C and CHAMP data
have observational errors larger than 5 uyrad. The quality of the SAC-C receiver in
September 2002 is worse: only one single SAC-C profile exhibits an observational
error smaller than 5 yrad.

From September 29, 2007 to October 1, 2007, CDAAC provides about 40 % more
CHAMP profiles than GFZ. However, less GFZ data are modified by IQC and there
are more GFZ profiles with observational errors smaller than 5 urad. The quality of
GRACE-A, F3C, and MetOp-A data is better than that of CHAMP as less profiles have
negative bending angles between 50 km and 55 km. MetOp-A data again show best
quality (79 % of all MetOp-A profiles have observational errors smaller than 5 urad).

Figure 2.5 shows zRAER50 values as a function of latitude. The color of the dots
corresponds to the estimated observational errors shown in Figure 2.4. Profiles
with very small observational errors < 0.5 urad have highest transition heights. As
shown by Pirscher et al. (2007a) and Foelsche et al. (2009¢), these zRAER50 values
lie between 65 km and 75 km. Large observational errors (red dots) yield zZRAER50
values to be as low as 30 km: observational errors of 50 urad and 10 prad correspond
to zZRAERS50 values of about 30 km and 42 km, respectively.

High receiver quality of MetOp-A is reflected in highest zRAER50 values. Most
MetOp-A profiles are observation dominated below 60 km whereas nearly all SAC-C
profiles are background dominated down to 42 km. While background information
begins to show up at altitudes of about 30 km when SAC-C and CHAMP data are
used, this range is extended by more than 10 km using data from GRACE-A, F3C,
and MetOp-A.

A remarkable feature is the latitude dependence of low zZRAER50 values (red dots):
at high southern latitudes these zRAER50 values are somewhat smaller than else-
where. This characteristic may be due to the overestimated quality of ECMWF
bending angles in winter polar regions. The error of the background profile was
assumed to amount to 15 % of the background bending angle value, independent on
latitude and altitude (cf. Chapter 1). Low temperatures in polar winter are associ-
ated with small bending angle values and for that reason with small bending angle
errors. Since the error of the background bending angle is utilized in the Retrieval to
Apriori Error Ratio (RAER) calculation process, it co-determines the zZRAER50 value.
The smaller the background bending angle error, the lower the associated zRAER50
because the profile is background dominated for a longer altitude range (Pirscher
et al. 2007a).

Observational errors and zRAER50 values as shown in Figure 2.4 and Figure 2.5
are used in the inversion process of the operational OPSv54 retrieval. The historical
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context of the OPS retrieval shows, that the retrieval was originally developed to
perform best for CHAMP data. For that reason, some of the quality checks applied
by IQC mechanisms may be obsolete for data other than CHAMP. In this way, the
actual quality of GRACE-A, F3C, and MetOp-A data is currently not utilized to its full
extent in the OPS retrieval.

2.2.4 Validation of Refractivity and Dry Temperature Profiles

Retrieved refractivity and dry temperature profiles are validated against co-located
profiles provided by ECMWF. Except for GPS/MET, these co-located profiles are
extracted from ECMWF analysis fields (with different vertical resolutions: 60 vertical
levels in 2002 and 91 vertical levels in 2007). Since ECMWF analyses have been of
comparatively bad quality in 1995 (see Chapter 3) ECMWF Re-Analysis (ERA)-40
data (Uppala et al. 2005) are used as reference to validate GPS/MET data quality.

The validation methodology is based on error characteristics of refractivity and
dry temperature profiles. The difference profile is calculated for each corresponding
pair of profiles:

AZL’(Z]) = xRO(Zj> - xcoloc(zj)a (21)

where Az(z;) denotes the difference of the retrieved profile zro and the co-located
profile Z¢oloc at the altitude level z;. The mean systematic difference Ax(z;) is
calculated by

N(z;)
Ax(z;)

i(25), (2.2)

with IV (z;) being the number of profiles at altitude level z;. The number of profiles
decreases with decreasing altitude because increasing humidity leads to atmospheric
multipath and signal degradation.

The determination of the standard deviation of the difference profiles o(z;) is
based on

N(zj)

o) = v X (Bwiz) ) - D) - (2.3)
=1

The Root Mean Square (RMS) error profile is derived from

RMS(2;) \/Ax 2j) ‘1o (25)2. (2.4)

The statistics is calculated for all profiles available between 90°S and 90°N.
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Validation of Refractivity Profiles

Due to the roughly exponential decrease of refractivity with height, refractivity
differences are shown in terms of relative quantities, which are derived by dividing
the absolute quantities by the mean of all reference profiles at each altitude level.
The decreasing number of profiles available at low altitudes causes some “abnormal”
oscillations below 5 km, which are therefore not interpretable.

Figure 2.6 depicts the refractivity validation results of the selected satellite subsets.
Systematic differences are displayed in green, standard deviations in gray, and RMS
errors in black.

The first obvious peculiarity is that GPS/MET refractivity profiles feature a to-
tally different systematic difference to ECMWF than the other satellites. It oscil-
lates around zero only between 7 km and 14 km altitude but is persistently negative
above. Largest deviations (—1.4 %) are found above 31 km. However, the system-
atic differences do not necessarily reflect defective retrieved profiles but result from
deficiencies in the reference data set (analysis or reanalysis fields; different verti-
cal resolution of the reference data sets). The reference profiles, which have been
extracted from ERA-40 fields, exhibit significant biases within selected parts of the
atmosphere (Randel et al. 2004).

Systematic differences between SAC-C/CHAMP RO data and ECMWF analyses in
September/October 2002 look very similar. They are negative nearly everywhere
below 38 km altitude and positive above. Two peaks occur close to 16 km and close
to 35 km altitude, where the systematic difference comes close to or even exceeds
—0.5 %. Standard deviations are also in good agreement for both satellite data.
Its minima are located at 12 km (SAC-C) and at 13 km (CHAMP), above and below
that level it increases. A local maximum can be found close to 16 km, where the
systematic difference also shows a prominent peak.

Systematic differences of the other satellite data relative to ECMWF analyses
in September/October 2007 show a significantly smoother behavior compared to
the other investigated periods. Systematic differences are persistently negative and
amount to approximately —0.3 % nearly everywhere. The difference between GFZ
CHAMP and CDAAC CHAMP allows to estimate the impact of different level 1 pro-
cessing on refractivity profiles. While GFZ CHAMP data show positive systematic
differences already above 30 km, the other data set features positive systematic dif-
ferences above approximately 38 km. Therefore, the impact of level 1 processing is
largest at high altitudes. It is negligible below 20 km.

The standard deviation and the RMS error show a maximum between 15 km and
17 km. In September 2007 it is most pronounced in FM-2 data where it almost
exceeds 1.0 %. In FM-5 and GRACE-A the RMS error yields 0.7 % to 0.8 %. CHAMP,
FM-3, FM-4, and MetOp-A data do not show any special feature in that height region.
The reason for the large standard deviation is unknown at the current stage and has
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Figure 2.6: Refractivity validation results using the standard OPSv54 processing of a
selected set from each satellite. Systematic differences (green), standard deviations
(gray), and RMS errors (black) of the retrieved RO data vs. co-located reference
profiles from the ERA-40 reanalyses/ECMWF analyses.
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to be investigated in detail in a further study.

Validation of Dry Temperature Profiles

Dry temperature profiles are retrieved from refractivity profiles so that systematic
differences between RO and ECMWF dry temperature reflect similar features to refrac-
tivity systematic difference but with different sign and somewhat different vertical
structure (more details about the correlation of systematic differences of retrieved
atmospheric parameters are given in Chapter 3).

Figure 2.7 shows dry temperature validation results. Compared to the other
satellite data, GPS/MET dry temperature profiles again exhibit the largest systematic
difference to ECMWF analyses. It is negative between 7 km and 29 km, where it
amounts up to 1 K and positive above 30 km, exceeding 3.5 K at 40 km. As already
mentioned in the last subsection, these huge systematical differences are mainly
attributable to the ERA-40 validation data set.

Global mean RO temperature profiles of SAC-C and CHAMP in September/Octo-
ber 2002 are in good correspondence with ECMWF analyses (systematic differences
smaller than 1 K) below approximately 33 km. Deviations relative to ECMWF are
largest at approximately 38 km, where they exceed 2 K (CHAMP).

In 2007, the systematic differences of the RO satellite data relative to ECMWF
are smaller than in 1995 and 2002. Systematic differences rarely exceed 1 K, and
always stay smaller than 1.5 K. Largest deviations are observed between MetOp-A
and ECMWF, where they exceed 1 K at 31 km. CHAMP, GRACE-A, and F3C data are
in better agreement with ECMWF than MetOp-A.

Since MetOp-A data are of better quality, observation information is of higher
importance for statistical optimization as compared to the other satellite data. The
larger systematic difference of MetOp-A and ECMWF therefore points at the smaller
degree of background information remaining in MetOp-A data at lower altitudes.

CHAMP systematic differences are similar to F3C but larger fluctuations are due
to the smaller number of data going into the statistical calculation. GFZ CHAMP
data feature a larger systematic difference relative to ECMWF than UCAR/CDAAC
CHAMP data. While the systematic difference between GFZ CHAMP and ECMWF
data is persistently positive above 13 km, it is persistently positive above 23 km
between UCAR/CDAAC CHAMP and ECMWF.

Standard deviations and the RMS error of MetOp-A are slightly larger than for
CHAMP, GRACE-A, and F3C but show similar characteristics.

2.3 Temporal Evolution of Data Quality

Section 2.2 showed some remarkable features of data quality of selected data sets
provided by each satellite. However, since it is possible that some of these features
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Validation of Retrieved Dry Temperature Profiles (Against Co-located ECMWF Profiles)
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Figure 2.7: Dry temperature validation results using the standard OPSv54 process-
ing of a selected set from each satellite. Systematic differences (green), standard
deviations (gray), and RMS errors (black) of the retrieved RO data vs. co-located
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reference profiles from the ERA-40 reanalyses/ECMWF analyses.
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Figure 2.8: Percentage of high quality profiles as a function of time (1995 to 2008).

do not systematically occur in all data sets, the temporal evolution of the whole RO
record available at WEGC is analyzed. The investigated period extends from 1995
to 2008.

2.3.1 Temporal Evolution of Quality Flag Statistics

The temporal evolution of the daily average percentage of high quality profiles (QF =
0) from 1995 to 2008 is shown in Figure 2.8. Different satellite data are depicted in
different colors, the corresponding temporal mean is given on the left hand side of
the panel. The percentage refers to the total number of profiles retrieved with the
OPSv54 retrieval. Note, that given values somewhat overvalue the performance of F3C
because of retrieval crashes and MetOp-A statistics only refers to setting occultations.

The temporal evolution of data quality mainly confirms the results obtained from
selected data sets (Table 2.3). The highest percentage of high quality profiles is
available from GRACE-A, which yields more than 80 % high quality profiles. The
percentage of high quality profiles of F3C amounts to 71 % to 76 %. While the
F3C/FM-1 statistics is better for the whole FM-1 record (73.5 % high quality profiles
compared to 64.5 % high quality profiles on September 30, 2007) opposite behav-
ior is observed for FM-5 (79.7 % high quality profiles on September 30, 2007, but
only 71.3 % high quality profiles for the whole FM-5 record). Within intermittent
periods in 2007 and 2008, FM-6 delivered comparatively many atmospheric measure-
ments with bad data quality. The percentage of high quality profiles of GPS/MET,
MetOp-A, CHAMP, and SAC-C amounts to approximately 72 %, 67 %, 66 %, and 62 %,
respectively, which corresponds to the results obtained in Section 2.2.

2.3.2 Temporal Evolution of Bending Angle Quality

The temporal evolution of bending angle quality is investigated from the median of
the bending angle bias (statistics is performed on a daily basis, i.e., uses all QF =0
profiles available within one day), the median of bending angle noise, and the mean
of the observational error used within statistical optimization.
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Figure 2.9 shows the temporal evolution of the median of the bending angle bias
relative to MSIS (top) and the solar radio flux (bottom) from 1995 to 2008. The solar
radio flux is correlated with solar activity and therefore with solar Ultraviolet (UV)
radiation and the level of ionization in the Earth’s atmosphere at high altitudes.

The bending angle bias is slightly negative and very similar for all satellites. The
temporal average value is largest for SAC-C (—0.18 purad) and smallest for MetOp-A
(—0.09 prad in October 2007), GRACE-A, and GPS/MET (—0.11 uyrad). Data from
SAC-C, which is operated as “testbed” satellite, show largest temporal variability.
The bending angle bias of all F3C satellites averages to —0.14 prad (exception: F3C/
FM-1 with —0.15 urad). These numbers are larger than median values given in
Figure 2.3. The reason is that here the median is calculated from all QF = 0 profiles
available within one day, but in Figure 2.3 the median is calculated only from those
profiles, whose bending angle noise is smaller than 5 prad.

A closer look at the temporal evolution of the bending angle bias and the solar
radio flux? reveals that there may be a correlation between both parameters. While
the CHAMP bending angle bias slightly decreases from 2001 to 2008 the solar radio
flux significantly decreased. However, due to large data variability the mathematical
correlation is not significant. It also seems that an annual cycle is superimposed on
the bending angle bias. The absolute value of the bias is larger during northern
hemisphere winter than during northern hemisphere summer. This characteristic is
noticeable in all satellite data but has to be investigated in more detail in a future
study.

To better understand the nature of different RO records, Figure 2.10, top panel,
depicts the temporal evolution of bending angle noise. Temporal mean values are
again shown on the left hand side of the panel.

While smallest bending angle noise is found for MetOp-A (0.98 prad), it is largest
for SAC-C (5.13 prad) and for CHAMP (4.66 urad). As already noticed in the temporal
evolution of the bending angle bias, SAC-C data quality varies significantly with time.
While comparatively good data quality is obtained from October 2001 to July 2002
it is bad in from August 2001 until September 2001 and from August 2002 until
November 2002.

CHAMP bending angle noise was smallest at the beginning of the observation pe-
riod (until March/April 2002). After an update of the software onboard CHAMP
in March 2002 (J. Wickert, GFZ, pers. comm. November 2009) the bending angle
noise increased from approximately 3.5 urad to 5 pyrad, afterward it remained com-
paratively constant with time. However, from March to May 2007 it significantly
increased to approximately 7 urad. During this period there have been no updates

3Daily-mean solar radio flux at 10.7 cm wavelength. The F10.7 index is given in solar flux units
(1sfu = 1072 W/(m?Hz)). F10.7 data are available from the National Geophysical Data
Center at ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_RADIO/FLUX/DAILYPLT.ADJ, (Oc-
tober 2009).
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Figure 2.9: Time series of the daily median bending angle bias of different satellite
data (top) and solar radio flux (bottom) from 1995 to 2008.
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Figure 2.10: Time series of the daily median bending angle noise (top) and daily
mean bending angle observational error (bottom) of different satellite data from
1995 to 2008. Note the different y-axis in both plots.
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or changes in the GPS software (J. Wickert, GFZ, pers. comm. November 2009),
which could explain this conspicuous feature. Neither UCAR nor WEGC data version
changed within this period so that the reason for this sudden increase of bending
angle noise is still unclear.

GRACE-A and F3C bending angle noise is very similar. If bending angle noise is
averaged over the whole period, it yields 2.4 urad to 2.7 urad for these satellites.
F3C/FM-5 bending angles exhibit significantly larger noise within some periods in
2007 and 2008 where it almost reaches the CHAMP noise level. The cause for this
large noise may be that one Precise Orbit Determination (POD) navigation antenna
of FM-5 has low L2 Signal to Noise Ratio (SNR) so that this satellite is operated only
with a single POD antenna (CDAAC Team 2010).

The development of bending angle noise is clearly reflected in the bending angle
observational error (bottom panel of Figure 2.10). Due to observational error ad-
justments, the observational errors are larger than bending angle noise by about a
factor of four. While best data quality is again found for MetOp-A (with an average
observational error of 4.4 urad) worst quality is detected in SAC-C and CHAMP data
(mean observational errors of 19 urad and 20 urad, respectively).

The temporal evolution of the observational error again shows variable data qual-
ity of SAC-C, the sudden increase of data quality in northern hemisphere spring in
2007 in CHAMP data, and worse data quality of F3C/FM-5 compared to the other
F3C satellites.

2.3.3 Validation of Dry Temperature Climate Records

Bending angle data quality at high altitudes (between 50 km and 80 km impact
height) determines the degree of background information at lower altitudes (e.g., at
30 km). Better data quality is reflected in higher transition heights, where back-
ground information equals observation information.

The temporal evolution of daily mean zRAER50 values is shown in the top panel
of Figure 2.11. Nearly all CHAMP and SAC-C profiles are observation dominated
below 41 km. zRAER50 values increase using GRACE-A, F3C, GPS/MET, and MetOp-A
data. Their average zRAER50 values amount to 46 km, 47 km, 50 km, and 57 km,
respectively. Note the remarkable GPS/MET data quality in 1995/1997.

The OPSv54 retrieval uses background information provided by ECMWF short-term
forecasts. Studies evaluating the quality of ECMWF data (e.g., Gobiet et al. 2005;
Borsche et al. 2007; Foelsche et al. 2008b) showed that ECMWF temperatures are
somewhat cooler than RO temperatures at high altitudes (up to 1.5 K at an altitude
of 30 km). RO profiles with lower background/observation transition heights are
stronger affected by this bias than profiles with higher transition heights.

The middle and bottom panels of Figure 2.11 show monthly mean dry temperature
deviations relative to the monthly satellite mean averaged between 20°S and 20°N
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Figure 2.11: Time series of zRAER50 values of different satellite data (top panel)
and deviations of dry temperatures from the satellite mean at low latitudes (20°S
to 20°N) and two different height layers (between 30 km and 35 km, middle panel,
and between 15 km and 20 km, bottom panel) from 1995 to 2008.

and between 30 km and 35 km?* and between 15 km and 20 km, respectively. SAC-C
and CHAMP records are compared for 2001 and 2002. During this period the satellite
mean is computed only from these two satellite records, such that corresponding
deviations always point in the opposite direction. Data from CHAMP and F3C are
compared from August 2006 to December 2008, GRACE-A climatologies are available
since March 2007, and one single MetOp-A climatology is computed from October
2007.

The effect of background information at high altitudes (30 km to 35 km) is clearly
noticeable: CHAMP climatologies in 2001 and 2002 are slightly warmer than those
of SAC-C if CHAMP background/observation transition height is higher compared to
SAC-C. The situation is quite the opposite if zRAER50 values of SAC-C are larger
than those of CHAMP. The difference between CHAMP and SAC-C monthly mean

4Deviations are derived as described in detail in Chapter 3 and Chapter 4.
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climatologies exceeds 1 K in March 2002. The temporal mean difference (2001 to
2002) amounts to 0.2 K, where SAC-C temperatures are slightly cooler than those of
CHAMP.

At high altitudes CHAMP climatologies from 2006 to 2008 are consistently slightly
cooler than those of GRACE-A and F3C by up to 0.3 K from March to May 2007.
Apart from this period differences amount to 0.1 K to 0.2 K. MetOp-A tempera-
tures are significantly warmer than temperatures derived from other satellite data
in October 2007. Between 30 km and 35 km the MetOp-A red dot is even out of
the plot range. While F3C and GRACE-A data are very similar, CHAMP tempera-
tures are coolest. Averaged from 30 km to 35 km altitude, the deviations from the
satellite mean in October 2007 amount to —0.22 K (CHAMP), —0.12 K (GRACE-A),
—0.08 K (FM-1), —0.09 K (FM-2), —0.11 K (FM-3), —0.13 K (FM-4), —0.12 K (FM-5),
and +0.87 K (MetOp-A). These deviations may reflect better MetOp-A data quality
but partly they can also stem from differences in level 1 processing (MetOp-A data are
provided by EUMETSAT while other satellite data are provided by UCAR/CDAAC).

Differences between temperature climate records of different satellites decrease
with decreasing altitude. In most cases, they are negligible (< 0.1 K) at altitudes
below 20 km. However, very large temperature differences at high altitudes some-
times propagate downwards. Examples are distinctively cooler CHAMP temperatures
compared to the satellite mean in March—-April-May (MAM) 2007 (deviations still
exceed —0.2 K) and distinctively warmer MetOp-A temperatures in October 2007.
In October 2007 the temperature deviations relative to the satellite mean between
15 km and 20 km amount to —0.08 K (CHAMP), 0.00 K (GRACE-A), —0.04 K (FM-1),
—0.01 K (FM-2), —0.04 K (FM-3), —0.01 K (FM-4), —0.03 K (FM-5), and +0.20 K
(MetOp-A).

2.4 Summary of RO Data Characteristics

RO data from different satellites are available in intermittent periods in 1995 and
1997 (GPS/MET), and continuously since 2001 (CHAMP). The availability of F3C data
since 2006 significantly increased the number of RO measurements globally available.
Data provided by SAC-C (2001 to 2002), GRACE-A (since March 2007), and MetOp-A
(October 2007) complete the RO record currently available at WEGC.

For climate studies, the evaluation and monitoring of data quality is of highest
importance. Characteristics of RO data are investigated for selected sets of data from
each satellite and for the whole RO record available until 2008. Data characteristics
and data quality were found to depend on receiver quality and data processing.
Furthermore they seem to depend on solar activity (ionospheric conditions).

Foelsche et al. (2008a) allude to the importance of a small and temporarily con-
stant bending angle bias. They show that a severely biased bending angle profile
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yields an undesired downward propagation of systematic errors. The bending angle
bias relative to MSIS is slightly negative but very similar for all satellite data except
for GFZ CHAMP data. The specific characteristics of the GFZ data set points at
differences in level 1 processing. The temporal evolution of CHAMP bending angle
bias yields that it may slightly decrease from 2001 until 2008. Since the solar cycle
decreases from maximum to minimum solar activity at the same time, this suggests
that solar activity somewhat affects the bending angle bias.

While bending angle biases are in good agreement for all satellite data, there are
distinctive differences in bending angle noise. Best bending angle quality (smallest
bending angle noise) is found for data from the European satellite MetOp-A. Good
bending angle quality is also observed for GPS/MET, whose data stem from “prime
times” (high GPS signal quality), F3C, and GRACE-A. The long CHAMP record shows
relatively constant bending angle quality (except for MAM 2007) but very variable
data quality is found for SAC-C, which is operated as “testbed” satellite.

RO data are observation dominated below 41 km/42 km (CHAMP/SAC-C), 46 km/
47 km (GRACE-A/F3C), 49 km (GPS/MET), and 57 km (MetOp-A). This different
degree of background information yields slightly cooler CHAMP climatologies and
warmer MetOp-A climatologies. Differences are most pronounced at high altitudes
(above 30 km), but they decrease with decreasing altitude. In most cases, they are
negligible (< 0.1 K) at altitudes below 20 km but occasionally very large tempera-
ture differences at high altitudes can also propagate downwards.
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3 Climatology Processing System
(CLIPS)

In general, all atmospheric measurements globally available can be used to calcu-
late climatologies. The quality of a climatology depends on the reliability of the
measurements (accuracy and precision), on the number of data, on their sampling
times and locations, and—if used—on the underlying model. Randel et al. (2004)
performed a study evaluating the uncertainties of some representative middle at-
mosphere climatologies over altitudes from 10 km to 80 km. They analyzed global
meteorological analyses and assimilations, climatologies derived from satellite data,
historical reference atmosphere circulation statistics, rocketsonde data, and lidar
measurements. They found notable differences between analyses for temperatures
near the tropical tropopause and polar lower stratosphere.

The characteristics and quality of the Radio Occultation (RO) record allow the
validation of other climate data sets and models provided that spatio-temporal RO
sampling is well understood. This chapter deals with the calculation of RO climatolo-
gies and their characterization as well as their validation with climatologies derived
from European Centre for Medium-Range Weather Forecasts (ECMWF) analysis and
reanalysis fields. The Climatology Processing System (CLIPS) software, developed at
the Wegener Center for Climate and Global Change (WEGC), enables the calculation
of these RO climatologies and provides their error estimates.

3.1 CLIPS Input Data

RO measurements are utilized to create climatologies of bending angle, density, re-
fractivity, dry pressure, dry geopotential height, and dry temperature (e.g., Borsche
et al. 2006; Foelsche et al. 2008b). The validity of these climatologies depends on
the measurement’s retrieval (e.g., Ao et al. 2003; Hajj et al. 2004; Wickert et al.
2004; Ho et al. 2009), and on sampling times and locations resulting in the sampling
error (Foelsche et al. 2003; Foelsche et al. 2006; Pirscher et al. 2007b; Foelsche et al.
2008b). Using RO data for climate studies it is of highest importance that data from
the same data processing scheme are used (Foelsche et al. 2009b). All RO data used
in this section follow from the WEGC Occultation Processing System Version 5.4
(OPSv54) retrieval.
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3 Climatology Processing System (CLIPS)

3.1.1 Radio Occultation Profiles

RO measurements are irregularly distributed around the globe. Profiles of atmo-
spheric parameters are available at geographic latitudes ¢; and geographic longi-
tudes \; (spatialized at mean tangent point location). The mean state of the atmo-
sphere (typical for a desired temporal and spatial resolution) is estimated from RO
measurements by optimally averaging the profiles aiming at deriving representative
atmospheric parameters at evenly distributed grid points.

The quality of RO measurements (accuracy and precision) is known to be very
good (Kursinski et al. 1997; Schreiner et al. 2007) and retrieval differences of different
processing centers are small (Ho et al. 2009).

The number of RO measurements depends on the number of transmitters, the
number of receivers and antenna characteristics. Assuming optimal receiver software
and antenna characteristics, one single Global Positioning System (GPS) RO antenna
can record about 350 events per day. Due to insufficient data calibration and data
quality not all of them can be translated to useful atmospheric phase delay profiles
(e.g., Wickert et al. 2003; Wickert et al. 2006). Further quality control mechanisms
during the retrieval narrow the number of measurements, which yields high quality
refractivity, pressure, and temperature profiles. Within the WEGC retrieval, about
65 % to 75 % of all retrieved profiles yield atmospheric profiles of high quality (cf.
Chapter 2). Only these profiles are used to compute atmospheric climatologies.

Figure 3.1 shows the F3C/FM-4 event locations of high quality profiles in Jan-
uary 2009. Initially, 17976 F3C/FM-4 occultation link data have been available at
COSMIC Data Analysis and Archive Center (CDAAC). Their level 1 processing scheme
yielded 17008 phase delay profiles, which have been used as input data in the WEGC
OPSv54 retrieval. 11494 profiles' (67.6 %) passed quality control at WEGC.

At first sight the measurements seem to be quite uniformly distributed in the at-
mosphere but looking more closely reveals more profiles at mid- and higher latitudes
and less profiles at low latitudes.

A detailed view to the event statistics as a function of latitude and longitude
depicts Figure 3.2: it shows the number of RO events per 5° latitude band, per
10° longitude sector, and per 500 km x 500 km area (as a function of latitude and
longitude, respectively).

The latitudinal distribution of RO events (left panels) is symmetric with respect to
the equator. The latitudinal sampling can be explained by the orbit characteristics of
F3C/FM-4 (72° inclination) and the GPS satellites (55° inclination) because satellites
with high inclination quickly fly over low latitudes but stay for a comparatively long

!The retrieval of an RO measurement yields different atmospheric parameters. The number of pro-
files refers to each atmospheric parameter, i.e., there is always the same number of high quality
profiles for bending angle, refractivity, dry pressure, dry temperature, and dry geopotential
height.
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January 2009 : F3C/FM-4 Event Distribution

¥ w.__ No. of Events: 11494

Figure 3.1: F3C/FM-4 RO event locations in January 2009. Each red square rep-
resents the mean latitude and mean longitude of a high quality RO measurement
(Hammer-Aitoff equal area projection). The total number of profiles is 11494. Even
though the event distribution seems to be quite uniform, there are more profiles
available at mid-latitudes than, e.g., at low latitudes.

81



3 Climatology Processing System (CLIPS)

Jan2009: F3C/FM—4

Jan2009: F3C/FM—4

800 [ o ‘ 1 800¢[ 5 .
P i per 5° latitude band ] 0 per 10° longitude sector
© 600 4 600 1
g [ j [
L L i L
S 400f 4 400} .
53 t i 7W’
je) L 4 L
€ 200 1 2001 1
=] - 4 L
=z [ i [
0Ll . . . . . ] oL . . . . .
-90 -60 -30 0 30 60 90 —180 —120 -60 0 60 120 180
Latitude [deg] Longitude [deg]
Jan2009: F3C/FM—4 Jan2009: F3C/FM—4
20F ‘ ‘ ‘ ‘ ‘ 20F ‘ ‘ ‘ ‘ ‘
” r per 500 km x 500 km area r per 500 km x 500 km area
‘E L L
]
>
W
©
G
e}
£
3
= [ ] [
Ot ‘ ‘ ‘ ‘ ] oL

Latitude [deg]

-90 -60 -30 0 30 60 90 —-180 —-120 -60 0 60 120 180

Longitude [deg]

Figure 3.2: F3C/FM-4 RO event statistics in January 2009. The number of mea-
surements is given per 5° latitude band (top left panel), per 10° longitude sector
(top right panel), and per fixed surface area as a function of latitude and longitude,
respectively (bottom). Note different y-axis in top and bottom panels.
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3.1 CLIPS Input Data

time at high latitudes. The smaller dwell time of the satellites at low latitudes leads
to a smaller number of measurements compared to mid latitudes. Local maxima
occur at 25°N/S and at 50°N/S. Due to the non-polar orbit of F3C/FM-4, polar
latitudes are rarely covered with RO measurements.

If the number of measurements is related to a fixed surface area, the number of
high latitude events distinctively increases. This is because the Earth’s surface area
decreases with increasing latitude?.

The meridional distribution of RO events (right panels) is rather uniform every-
where. The average event density is similar over the oceans and over land, including
also remote regions like high mountains.

3.1.2 ECMWEF Analysis Fields

ECMWF develops numerical models for medium-range weather forecasting and pre-
pares medium-range weather forecasts for up to 10 days. The Integrated Forecasting
System (IFS) of the ECMWF operationally generates global analysis fields for four
time layers, 00 Universal Time Coordinated (UTC), 06 UTC, 12 UTC, and 18 UTC. An
analysis is an estimate of the true atmosphere’s state at a given time. Since data are
not continuously available at any location (very sparse observations are, e.g., avail-
able at polar regions), background information and physical constraints are included
to obtain an analysis close to the “true” atmospheric state. This analysis technique,
which combines observational data and short-term forecasts is called data assim-
ilation. Since November 25, 1997, global analyses follow from the 4-Dimensional
Variational (4D-Var) analysis assimilation algorithm (Bouttier and Rabier 1997), be-
fore ECMWF used a 3-Dimensional Variational (3D-Var) assimilation technique. The
model system and the amount and quality of observational data being incorporated
in the assimilation process improved with time, resulting in better analysis (and
forecasting) quality.

Since January 26, 2010 the horizontal resolution of ECMWF analysis fields is T1279
(spectral representation with triangular truncation at wave number 1279).

The vertical coordinate of ECMWF data is sigma levels. Close to the Earth’s
surface the levels follow the Earth’s topography, at high altitudes, the levels are like
constant pressure levels. From September 1991 until March 1999 ECMWF operational
analyses had a vertical resolution of 31 levels. In March 1999 the vertical resolution
was increased from 31 to 50 levels (Untch et al. 1998; Lalaurette 1999). In October
1999 ECMWF introduced an increase in the number of model levels to 60 (Jakob et al.
2000). In February 2006 the vertical resolution of ECMWF analysis fields increased
from L60 (60 vertical levels) to L91 (91 vertical levels). This increase in vertical

2An example: the Earth surface area between the equator and 5° latitude amounts to
22227522 km?, the Earth surface between 70° and 75° latitude amounts to 6 690 311 km?, which
is only about 30 % of the surface at low latitudes.
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June 01, 2008: ECMWF L91 Sigma Levels (Lon=0°)
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Figure 3.3: ECMWF sigma levels as a function of latitude and pressure (left) and as
a function of latitude and ellipsoidal height (right).

resolution was accompanied with a raise of the model top from 0.1 hPa (about
60 km) to 0.01 hPa (about 80 km) (Untch et al. 2006). Figure 3.3 shows the vertical
grid of the L91 ECMWF field. The left panel shows sigma levels as a function of
latitude and pressure, the right panel shows sigma levels as a function latitude and
ellipsoidal height?. The vertical grid of the model is very dense in the troposphere
and becomes more transparent above.

Co-located ECMWF Profiles

For each RO profile, a co-located reference profile is extracted from an ECMWF
analysis field. ECMWF fields are used at a reduced spatial resolution of T42, which
corresponds to approximately 300 km. This horizontal resolution is selected to match
the natural horizontal resolution of RO profiles, which is approximately 300 km as
well.

Co-located reference profiles are extracted at times and locations of RO events.
In a first step the time of the RO event is allocated to the nearest ECMWF time
layer. The four ECMWF time layers do not represent an optimal sampling of all
harmonics of the diurnal cycle. However, four time layers are sufficient to sample
the diurnal cycle up to the second harmonics (the semidiurnal variations). Afterward

3Data have to be converted from sigma levels to pressure/altitude levels. This conversion ne-
cessitates the knowledge of geocentric latitude, surface geopotential, surface pressure, and the
profiles of temperature and specific humidity (see e.g., DKRZ 1993).

84



3.2 Averaging Strategy

the ECMWF field is spatially interpolated to the geographic event location, where
the proxy RO profile is extracted.

Co-located ECMWF profiles are compared to RO profiles. To neglect, e.g., RO re-
trieval interpolation errors, co-located ECMWF profiles are derived in a similar way
as RO profiles. The starting point is atmospheric refractivity, which is calculated
directly from ECMWF analysis data. While integrated refractivity (Abel integral
equation) yields atmospheric bending angle, dry density, dry pressure, dry temper-
ature, and geopotential height (as a function of dry pressure altitude) follow from
the dry air RO retrieval.

ECMWF Reference Field

The “full” ECMWF reference field is available on evenly distributed grid points with
a horizontal resolution of 2.5° x 2.5°. It is derived from averaging over all anal-
ysis fields available within one month (i.e., data of all days and all time layers of
the month). These data also pass through the RO retrieval chain by calculating
atmospheric refractivity profiles from ECMWF analysis fields and deriving other at-
mospheric parameters. Currently at WEGC full ECMWF reference fields are available
only for refractivity, dry temperature, and dry pressure, none are available for bend-
ing angle and geopotential height.

3.2 Averaging Strategy

The quality of a measurement cannot be improved by building a climatology. How-
ever, the quality of a climatology can be optimized by optimally averaging over all
profiles and thereby minimizing the sampling error of a climatology. This section
deals with an approach developed at WEGC how to calculate climatologies derived
from RO measurements. This approach tries to reduce the effect of uneven sampling
with latitude, longitude, and time.

3.2.1 Generation of Fundamental Climatologies

Global climatologies of atmospheric parameters are created from measurements
gathered into “bins” (geographical cells). A bin corresponds to the spatial reso-
lution of the climatology. In the WEGC standard setup, profiles are first gathered
into “fundamental” bins, which are then aggregated to larger scale horizontal bins.

The spatial resolution of “fundamental” climatologies refers to non-overlapping
bins with a horizontal resolution of 5° latitude x 60° longitude (i.e., 36 latitude
bins from 90°S to 90°N, and 6 longitude bins). The longitudinal grid is chosen so
that one longitudinal sector covers Europe and Africa (15°W to 45°E), the other
longitudinal sectors are placed accordingly. The spatial resolution of 5° x 60° leads
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January 2009 : F3C/FM-4 Event Distribution
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Figure 3.4: F3C/FM-4 RO events in January 2009 (red squares) and fundamental
bins (boundaries of fundamental bins are depicted in black).

to a total number of 216 fundamental bins regularly distributed on the globe. By
definition, fundamental climatologies have a temporal resolution of one month.

Figure 3.4 shows the F3C/FM-4 RO events in January 2009 and the fundamental
bins (boundaries of fundamental bins are depicted in black). Each RO event is
allocated to exactly one fundamental bin.

Fundamental climatologies of atmospheric parameters are derived by averaging
over all profiles available within one fundamental bin. In doing so, all profiles are
interpolated to a common 200 m altitude grid (top altitude is set to 80 km) and
each single profile is weighted with the cosine of its geographic latitude. The cosine-
weighting accounts for area changes between meridians at varying latitudes (Foelsche
et al. 2008b), i.e., due to convergence of meridians towards the poles, the geographical
area per latitude increment shrinks by cos .

1 N(z;)
CC(Z',QOU,)\U) =N . 95(2"901',)\1') COS(QDZ')v (31)
’ S cos(r) zzzl ’

where z(2j, ¢y, Ay) is the mean atmospheric parameter at altitude z;, representing
one fundamental bin with mean latitude ¢, and mean longitude \,. N(z;) is the
total number of profiles available within the bin at altitude z;. The number of profiles
decreases with decreasing altitude because increasing humidity leads to atmospheric
multipath and signal degradation. While almost 90 % of all high latitude F3C profiles
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penetrate below 1 km, only 70 % of tropical F3C profiles penetrate the atmospheric
boundary layer (Anthes et al. 2008).

Fundamental climatologies are calculated for RO profiles, co-located ECMWF pro-
files, and the ECMWF reference field. For the ECMWF reference field N(z;) corre-
sponds to the total number of grid points of one fundamental bin, which is actually
the same for all altitude levels.

3.2.2 Horizontal Aggregation of Fundamental Climatologies

The number of measurements within one month performed by single satellite RO
missions is too small to get representative climatologies of atmospheric parameters
in 5° x 60° fundamental bins. Fundamental climatologies are only used to aggregate
them to larger horizontal-scale climatologies. Currently the recommended basic
resolution of single satellite climatologies is 10° latitude x 360° longitude (i.e., 10°
zonal bands). They are derived from aggregating twelve fundamental bins. Multi-
satellite climatologies are also useful with a smaller horizontal resolution (e.g., 5°
zonal bands).

Longitudinal Aggregation

When expanding the horizontal resolution from fundamental 5° x 60° bins to larger
longitudinal bins, each profile, which represents the average atmospheric state of
one fundamental bin is weighted with the number of profiles being available within
the bin:

L
(2, Pu, \i) = T ! Zx(zja‘:pu»)‘v)Nv(zj)a (3.2)
v=1No(z5) =1
where x(2;, ¢y, A;) is the mean atmospheric parameter at altitude z;, representing
one aggregated bin with mean latitude ¢, and mean longitude X\;. N,(z;) is the
number of profiles (number of grid points) within the fundamental bin v at altitude
z;, L is the number of aggregated longitudinal bins (L = 6 for zonal bands).

Latitudinal Aggregation

When expanding 5° x 60° fundamental bins or aggregated longitudinal bins (e.g.,
5° zonal bands) to larger latitudinal bins, each profile, representing the mean at-
mospheric state of one (fundamental) bin, is weighted with its corresponding bin
area.

The area of one fundamental bin amounts to one sixth of the surface of a spherical
layer. The area of such a surface at mean latitude ¢, is

Azonal band(‘Pu) = 2T§7T(Sin Putop — sin @ubot)a (3'3)
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with 7e being the Earth’s radius and ¢uiop and ¢unet characterizing the top and
bottom latitudinal boundaries of the bin, respectively. The aggregation is calculated
from

1 K
(25, Pr, A1) = x(2j, Pus A1) Abin (Pu)
5:1 Apin(¢u) u=1
1 K
= - : (25, Pu, A1) (I Putop — SiN Pubot )
25:1(5111 Putop — S (Pubot) u=1 e wop e

(3.4)

where z(zj, px, ;) is the mean atmospheric parameter at altitude z;, representing
one aggregated bin with mean latitude ¢; and mean longitude A;. @utop and Yubot
are the upper and lower latitude boundaries of the bin, K is the number of aggregated
latitudinal bins.

Due to irregular sampling with latitude (cf. Figure 3.2) weighting with the number
of profiles would introduce an error.

3.2.3 Temporal Aggregation of Larger-Scale Horizontal Climatologies

Climatologies of fundamental bins or corresponding larger-scale horizontal bins are
calculated on a monthly time scale. Other temporal resolutions, e.g., seasonal or
annual climatologies, are obtained from averaging over the corresponding number of
months:

1 Nmon
(25, iy A1) =N > iz, o0 M) (3.5)

with Nyen being the number of months, which are averaged over (i.e., arithmetic
time average). Seasonal climatologies are, e.g., March—April-May (MAM) or June—
July—August (JJA), annual climatologies refer to the calender year, not to the me-
teorological year.

3.2.4 User Defined Binning

Regional climate change can be investigated in smaller regions as defined, e.g., by
Giorgi and Francisco (2000). Since these regions have different latitudinal and longi-
tudinal extensions, the fundamental binning strategy is not appropriate to calculate
climatologies in these small-scale regions. Thaler (2009) developed a binning strat-
egy for any user defined region with a minimum extension of 2.5° x 2.5°.
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January 2009: F3C/FM-4 Bending Angle January 2009: F3C/FM-4 Bending Angle Variability (StdDev)
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Figure 3.5: Monthly mean 10° zonal mean bending angle climatology of F3C/FM-4
(in mrad) and its variability (in %) in January 2009. The vertical coordinate is
impact altitude.

3.2.5 Variability of Atmospheric Parameters

Atmospheric variability is represented by the standard deviation of atmospheric pro-
files. Since the standard deviation is a non-linear quantity it cannot be aggregated
from fundamental bins to larger-scale horizontal bins but has to be calculated sepa-
rately for each aggregated bin. The standard deviation o(z;, ¢k, ;) is related to the
aggregated mean x(z;, ¢, A;). It is calculated from

Z (Z])COS( ) .
(S5 coslon))” — 5 cos2(0)
i)

[(25, 01, Mi) — 225, 0k, N)]? cos(p7),
1

o(zj, r, A1) =

2
[

i

where N(z;) is the number of profiles available within the bin (¢, A;) at altitude z;.

3.2.6 Example: F3C/FM-4 Climatologies in January 2009

Figure 3.5 to Figure 3.9 depict monthly mean 10° zonal mean climatologies de-
rived from F3C/FM-4 data and their variability in January 2009 for bending angle,
refractivity, dry temperature, dry pressure, and dry geopotential height.

All climatologies are shown as a function of latitude from south pole to north
pole and appropriate altitude (impact altitude, Mean Sea Level (MSL) altitude, or
dry pressure altitude). The altitude range expands from the surface to 35 km but
F3C climatologies are cut off at 8 km because the current version of the Occultation
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January 2009: F3C/FM-4 Refractivity

January 2009: F3C/FM-4 Refractivity Variability (StdDev)
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Figure 3.6: Monthly mean 10° zonal mean refractivity climatology of F3C/FM-4 (in
N-Units) and its variability (in %) in January 2009.

January 2009: F3C/FM-4 Dry Temperature January 2009: F3C/FM-4 Dry Temp Variability (StdDev)
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Figure 3.7: Monthly mean 10° zonal mean dry temperature climatology of F3C/FM-4
(in K) and its variability (in K) in January 2009.

January 2009: F3C/FM-4 Dry Pressure January 2009: F3C/FM-4 Dry Pressure Variability (StdDev)
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Figure 3.8: Monthly mean 10° zonal mean dry pressure climatology of F3C/FM-4 (in
hPa) and its variability (in %) in January 2009.
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Figure 3.9: Monthly mean 10° zonal mean dry geopotential height climatology of
F3C/FM-4 (in km) and its variability (in m) in January 2009. The vertical coordinate
is dry pressure altitude.

Processing System (OPSv54) cannot handle F3C data received in Open Loop (OL)
mode.

All depicted atmospheric parameters except dry temperature and dry geopotential
height decrease exponentially with height. The dry temperature climatology shows
distinctive features like the cold tropical tropopause region and the cold Arctic winter
polar vortex. The variability of all atmospheric parameters (right panels) is most
pronounced in the winter hemisphere at all altitudes but also comparatively strong
in the tropopause region in other latitudinal regions. Less variability is observed at
low latitudes below 15 km and above approximately 20 km as well as at mid- and
high southern latitudes above 20 km.

3.3 Systematic Difference and Sampling Error

The quality of RO climatologies can be validated through comparison with other data
sets. Lackner and Pirscher (2005) compared CHAllenging Mini-Satellite Payload
(CHAMP) RO climatologies to ECMWF analyses, National Centers for Environmen-
tal Prediction (NCEP) reanalyses, and Mass Spectrometer and Incoherent Scatter
Radar (MSIS) and COSPAR International Reference Atmosphere (CIRA) model data.
These comparisons yielded smallest differences between RO and ECMWF data and
somewhat larger differences between RO and NCEP data. Since MSIS/CIRA are long-
term average atmosphere climatologies, which do not reflect the actual atmospheric
state, the differences between monthly RO climatologies and MSIS/CIRA were com-
paratively large.

In this section, RO climatologies are compared to ECMWF analysis fields to esti-
mate their systematic difference. ECMWT data are also used to estimate the sampling
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error of RO climatologies.

3.3.1 Calculation of Systematic Difference and Standard Deviation of
the Systematic Difference

The systematic difference between ECMWF and RO climatologies is estimated for
each large-scale horizontal bin by calculating the difference between the mean co-
located ECMWF profile and the mean retrieved RO profile:

Azsyspift(2j, ks A1) = Teoloc (25, Pk, A1) — TRO (27, Pky A1)- (3.7)

x(zj, ¢, A1) is the mean atmospheric parameter of the bin (¢, A;) at altitude z;.
ZTeoloe and zro are calculated following the averaging strategy described in Sec-
tion 3.2.

Since measurements are taken at the same location and at (nearly) the same time,
it results in a comparison of the RO measurement method and the ECMWF model.
Differences in sampling pattern are excluded. The systematic difference between
two data sets cannot be reduced by enlarging a measurement sample.

The standard deviation of the systematic difference is a measure of difference pro-
file variability. Just as the standard deviation of atmospheric profiles it cannot be
aggregated from fundamental bins but has to be calculated separately for each aggre-
gated bin. The standard deviation of the systematic difference osyspin(2j, Yx, A1) is
related to the aggregated systematic difference Axgyspia(25, ¢r, ). It is calculated
from

N(zj)

20 cos(¢i) .
. 2 5
(S5 cos()” = S cos?(g1)

OSysDift(2), Pk, \i) =

N(Zj

)
> [Beoloc(25: i M) — TR0 (2, iy \i) — Azsyspier(2), or, N)]7 cos(ipi).  (3.8)
=1

3.3.2 Systematic Difference Between ECMWF and F3C/FM-4 Data

This subsection exemplarily shows the systematic difference and the standard devia-
tion of the systematic difference between ECMWF analyses and F3C/FM-4 climatolo-
gies of different atmospheric parameters in January 2009. Figure 3.10 to Figure 3.14
show latitude-height zonal means of the systematic difference (left) and the stan-
dard deviation of the systematic difference (right) for bending angle, refractivity,
dry temperature, dry pressure, and dry geopotential height. Atmospheric parame-
ters, which decrease exponentially with height (bending angle, refractivity, and dry
pressure) are shown in terms of relative quantities. These are derived by dividing
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3.3 Systematic Difference and Sampling Error
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Figure 3.10: Systematic difference (left) and standard deviation of systematic differ-
ence (right) between ECMWF and F3C/FM-4 bending angle climatologies in January
2009.
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Figure 3.11: Systematic difference (left) and standard deviation of systematic dif-
ference (right) betwe