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[1] An analysis of 206,422 atmospheric refractivity profiles observed by the CHAMP
georesearch satellite between 14 May 2001 and 30 June 2005 reveals significant biases
compared to European Centre for Medium-Range Weather Forecasts meteorological
fields at altitudes below 5 km. The mean bias decreases down to �2% at altitudes below
2 km; in the Amazon region, positive biases exceeding +1% are observed. In order to
identify bias contributions caused by the receiver signal tracking process an end-to-end
simulation study implementing different signal tracking modes was performed. The end-
to-end simulations are based on 1992 radiosonde profiles obtained regularly aboard
R/V Polarstern since December 1982 and were conducted with four receiver models using
closed-loop, fly wheeling, and open-loop signal tracking methods. The simulation
results confirm that open-loop tracking yields significantly smaller biases and standard
deviations of the fractional refractivity errors compared to fly wheeling enabled receivers.
In addition, we analyze closed-loop tracking with a second-order loop and demonstrate
that similar reductions in biases and standard deviations can be obtained.
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1. Introduction

[2] Since February 2001 a Global Positioning System
(GPS) radio occultation (RO) experiment aboard the
CHAMP (Challenging Minisatellite Payload) georesearch
satellite [Reigber et al., 2002, 2005] monitors atmospheric
temperature and water vapor with high vertical resolution.
The ‘‘BlackJack’’ GPS receiver aboard CHAMP records
characteristic signal amplitude and phase changes induced
by the ionosphere and neutral atmosphere. From the ob-
served signal phase and amplitude the ray bending angle
profile a(p) and subsequently the atmospheric refractivity
profile N(z) = (n(z) � 1) � 106 are derived. Here, n(z)
denotes the real part of the atmospheric refractive index, p
and z are the ray impact parameter and the altitude,
respectively. For the history and detailed accounts of the
radio occultation technique, see, e.g., Yunck et al. [2000],
Melbourne et al. [1994], Kursinski et al. [1997], and Hajj et
al. [2002].
[3] Since activation of the RO experiment aboard

CHAMP on 11 February 2001 more than 300,000 occulta-
tion events have been observed, 64% of which could be
successfully processed and converted to profiles of atmo-

spheric temperature [Wickert et al., 2001, 2004; Hajj et al.,
2004]. At altitudes between about 7–8 km and 35 km good
agreement between RO measurements and meteorological
analyses is found. In the lower troposphere, however,
CHAMP validation studies consistently report on a negative
refractivity bias of several percent [Wickert et al., 2004;
Marquardt et al., 2003; Ao et al., 2003; Hajj et al., 2004].
This negative N bias is well known from the proof-of-
concept GPS/MET mission and was first described by
Rocken et al. [1997] within the GPS/MET data validation
study.
[4] The N bias may be attributed to two factors. First, for

vertical refractivity gradients below a threshold value of
dNc/dz � 106/rE � �157 km�1 the ray’s local radius of
curvature falls below rE, Earth’s local radius of curvature.
Ray tangent points within the critical layer are inaccessible
using a RO geometry with the transmitters located above the
layer [Ao et al., 2003; Sokolovskiy, 2003, 2004]. In occul-
tation events affected by critical refraction the retrieved
bending angles and, subsequently, the retrieved refractivities
are systematically smaller than the true values [Sokolovskiy,
2004]. Second, the signal tracking process performed by the
occultation receiver may induce carrier phase errors which
also contribute to the refractivity bias [see e.g., Gorbunov,
2002; Ao et al., 2003; Beyerle et al., 2003].
[5] Closed-loop receivers track the incoming GPS carrier

signal by correlating it with a model signal generated by a
numerically controlled oscillator (NCO) [Kaplan, 1996;
Misra and Enge, 2002]. The NCO’s frequency, in turn, is
steered toward the incoming signal’s frequency with the aid
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