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1 Introduction

Radio occultations have long been used in the remote sensing of planetary
atmospheres [1]. Recently, thanks to the availability of the GPS satellite con-
stellation, similar techniques can be applied to provide vertical profiling of the
Earth’s atmosphere and ionosphere {10]. The GPS/MET experiment, which
collected occultation data from April 1995 to February 1997, has already
provided a wealth of interesting data for scientific analysis [8]. The currently
operating CHAMP and SAC-C spacecrafts, equipped with the more advanced
BlackJack GPS flight receiver, are capable of tracking deeper into the lower
troposphere and have a combined throughput of about 300-400 occultations
per day.

The “standard” retrieval method converts the excess phase measurements
due to abmospheric refraction into the raypath’s bending angle « as a function
of impact parameter a. The relation a(a) is then integrated — via Abel
inversion — to yield the vertical profile of the refractive index. However,
humidity gradients typically present in the lower troposphere could cause
multiple signals to arrive at the receiver simultaneously. In this case, the
retrieval algorithm infers multiple values of bending for the same impact
parameter. To compute the Abel inversion integral, an ad hoc procedure
needs to be applied to force a(a) to take on single values, which could result
in substantial retrieval errors.

Radioholographic techniques, such as backpropagation and sliding spec-
tral method [4, 9] or more recently the canonical transform method [2], have
been proposed to circumvent difficulties encountered by the standard retrieval
methods. These methods use both the amplitude and phase of the received
signal in reconstructing the ray structure of the refracted field.

To further complicate lower tropospheric retrievals, rapid signal variations
and low signal strength associated with these sharp refraction layers also pose
significant tracking problem for the GPS receiver. It is therefore desirable to
assess retrieval algorithms in conjunction with receiver tracking. In this paper,
we provide an evaluation of the backpropagation method based on simulated
occultations as well as data collected by CHAMP and SAC-C.
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2 Formulation

The backpropagation (BP) method takes the signal amplitude and phase
received at the low earth observing (LEO) satellite and continue them back-
ward in vacuum using diffraction theory (Fig. 1). By reducing the blurring
effects of the forward propagation, the BP method has two very attractive
advantages. First, it increases the vertical resolution of the retrieval. Second,
it could unravel multipaths which cause retrieval errors in lower troposphere.

In 2-D, the scalar diffraction integral can be written, for backward prop-
agation, as

0=y 5 [ [0 a00] ey

Equation (1) is derived by invoking the Kirchhoff approximation, which is
valid if the radius of curvature of the LEO orbit is much larger than the
electromagnetic wavelength [6]. As emphasized previously [3, 5], the aim of
the BP is not to reconstruct the field but the ray structure of the field at
the BP “orbit.” Thus BP in vacuum will not introduce any error in the Abel
inversion.

To remove all multipath ambiguities, the BP orbit should be chosen such
that it does not intersect with any caustics. However, without a priori knowl-
edge of the atmospheric refractivity, it is not clear whether such an orbit exists
— and even if it does, how it can be obtained. Moreover, because BP does
not take into account of the atmosphere, rays that diverge at the LEO could
converge at the BP orbit if we were to position it too far back. To avoid
intersection with these imaginary caustics, Gorbunov et al. [4] suggested a
simple rule of thumb for the limb distance of the BP plane as zp, = Rpamax,
where Rg is the radius of curvature of the Earth and apay is the maximum
bending angle. For typical occultation parameters, this comes out to be about
200 km. Our testing shows that this choice works well for simulated occul-
tations (see Sec. 3). Even in cases where BP does not completely remove all
the multipaths, the method succeeds in improving the retrievals.

LEO

Fig. 1. Backpropagation geometry. Using diffraction theory, the rays are continued
backward (i.e., towards the source) in vacuum.
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3 Backpropagation for Simulated Occultations

The simulated occultations are generated using the multiple phase screen
(MPS) model, which represents the split-step solution of the parabolic wave
equation [7]. The amplitude and phase recorded at the receiver plane can be
converted to time series measurements and fed through the retrieval system
as if they were from real occultations.

Sharp refractivity gradients in the lower troposphere lead to strong ampli-
tude and phase fluctuations which could pose a problem for receiver tracking.
This problem is particularly severe when critical, or nearly critical, refrac-
tion layers prevent most of the signal from ever reaching the receiver. The
so-called flywheeling tracking strategy has been implemented on CHAMP
and SAC-C occultations so that data can continue to be collected during pe-
riods of momentarily low SNR, allowing the normal tracking loop to resume
operation when the signal amplitude increases again. During the flywheel-
ing mode, the model phase in the tracking loop is obtained based on the
extrapolation of the observed phase just before flywheeling. To understand
how well tropospheric retrieval algorithms perform on real data, it is impor-
tant to incorporate realistic receiver tracking errors in simulated occultations.
For this reason, we have developed the capability to process the simulated
data through an identical copy of the BlackJack receiver which is on-board
CHAMP and SAC-C. Such end-to-end simulations help us isolate the effects
of the atmosphere from the receiver and provide a platform for improving
retrieval as well as tracking algorithms.

For the results shown here, we use as input a radial refractivity profile that
is derived from a radiosonde sounding. The profile shows a superrefraction
layer at about 3 km, which causes the signal amplitude to drop to a very
low value for an extended period of time (Fig. 2) and triggers the receiver
flywheeling mode. In Fig. 3, we compare the standard and BP retrievals using
data with and without receiver tracking. Several observations can be made
from these comparisons: (1) Without BP and with perfect tracking, multiple
values of the bending are deduced, resulting in significant retrieval errors
below 3 km in altitude; (2) BP reduces the multipath ambiguities but does
not eliminate them; (3} tracking errors cause a substantial negative bias in
refractivity; (4) BP is nearly unaffected by tracking errors. The last point is
at first glance surprising since one would expect that the back-continuation
of incorrect data should still result in incorrect data. However, it can be
observed from Eq. (1)} that the BP integral involves a linear weighting by
the signal amplitude. Thus the regions where the worst error occurs would
contribute the least to the BP field.
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Fig. 2. Simulated occultation. Left: input refractivity profile shows a superrefrac-
tion layer at about 3 km in height. Right: received signal at the observation plane
has an extended period of time where the amplitude remains small.
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Fig. 3. Effects of receiver tracking on standard and BP retrievals as manifested
in bending angle and refractivity. “no rx”: MPS data with no receiver or perfect
tracking; “rx”: MPS data with simulated receiver tracking.
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4 Backpropagation on CHAMP and SAC-C Data

Several complications arise when the BP algorithm is applied to real occulta-
tion data. These issues and their corresponding solutions are discussed briefly
here. (1) Transmitter motion compensation. The diffraction integral used in
the BP method assumes time-harmonic waves. The slow time dependence
in the transmitting satellite position must first be removed. This is done by
transforming the satellite positions such that the transmitter is fixed at all
times. The phase is adjusted to account for the straight-line path differences
between the original satellite positions and the transformed satellite positions.
(2) Synchronization. Each amplitude and phase data point is associated with
a receiver time tag ¢, which is important in relating the occultation tangent
point to its geodetic location. However, such information is lost after BP is
performed; each BP point is now associated with an artificial time tag t,.
To relate s, with ¢, we compare the BP impact parameter a(ty,) with the
impact parameter a(t) from the standard retrieval. (3) BP on L1 only. L2
measurements have smaller SNR; moreover, its amplitude data is stored once
every second. Since BP depends crucially on amplitude information, the BP
is performed only on L1 data. Ionospheric calibration is based on the BP L1
data and the non-BP L2 data.

We present BP retrievals on CHAMP and SAC-C occultations taken on
September 30, 2001. Typical examples are shown in Figs. 4 and 5. In the
former case, BP is able to remove all multipath ambiguities and reduces
the refractivity bias with respect to the profile obtained from the National
Centers for Environmental Prediction (NCEP). In the latter case, BP differs
very little from the standard retrieval, both of which exhibit a negative bias
with respect to the NCEP profile. It is possible that the NCEP model is
biased with respect to the true atmosphere or that the receiver tracking
stopped too soon and did not provide BP sufficient data for reconstruction.
Mean refractivity differences relative to NCEP are shown in Fig. 6. It can
be seen that the negative refractivity bias below 5 km is generally reduced

20 20 20
18
§16 15 15
214 z £
H12 =3 =3
2 10 10
<10 5 S
o @ [
é s T T
= 6 5 5
4
2

0 0
0o 05 1t 15 2 25 G 50 100 150 200 250 300 -0.1 .05 o 0.05
Bending angle (deg)} Refractivity (N(RET) - N(NCEPY)) / N(NCEP)

Fig. 4. An example showing improved retrieval with BP. SAC-C; occultation start
time: 2001/09/30 06:14 UT.
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Fig. 5. An example showing no improvement in retrieval with BP. CHAMP; oc-
cultation start time: 2001/09/30 09:58 U'T.
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Fig. 6. Mean refractivity difference relative to NCEP based on one day of retrievals.

by BP, especially for the SAC-C data. The remaining bias could be due to
a number of factors, including the failure of BP to remove all multipaths,
limitations of Abel inversion, premature termination of occultation tracking,
as well as errors in numerical weather prediction models. More work is needed
to quantify these various effects.

5 Conclusions

We have studied the backpropagation (BP) method on simulated occultations
which incorporated realistic receiver tracking as well as on real data from
CHAMP and SAC-C. From the simulations, it was found that BP did very
well (but not perfectly) in removing multipath ambiguities that often plagued
lower tropospheric retrievals. Moreover, BP was found to be quite robust in
the presence of receiver tracking errors. This is because the BP reconstruction
is linearly weighted by the received amplitude. Regions of large tracking errors
are typically associated with small SNR so that their contributions to the
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BP field are small. BP of CHAMP and SAC-C data also showed improved
retrievals and generally reduced the negative refractivity bias with respect to
numerical weather prediction models.
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