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Abstract

Vertical profiles of the atmosphere can be obtained globally with the radio-occultation
technique. However, the lowest layers of the atmosphere are less accurately extracted.
A good description of these layers is important for the good performance of Numeri-
cal Weather Prediction (NWP) systems, and an improvement of the observational data5

available for the low troposphere would thus be of great interest for data assimilation.
We outline here how supplemental meteorological information close to the surface can
be extracted whenever reflected signals are available. We separate the reflected sig-
nal through a radioholographic filter, and we interpret it with a ray tracing procedure,
analyzing the trajectories of the electromagnetic waves over a three-dimensional field10

of refractive index. A perturbation approach is then used to perform an inversion, iden-
tifying the relevant contribution of the lowest layers of the atmosphere to the properties
of the reflected signal, and extracting some supplemental information to the solution
of the inversion of the direct propagation signals. The methodology is applied to one
reflection case.15

1 Introduction

The measurement and interpretation of GPS radio occultation signals (GPS-RO) that
have suffered only atmospheric refraction during their propagation is well established.
This includes their description as propagating waves, and therefore the presence of
diffraction. The analysis of such signals, and in particular of radio occultation data is20

of great interest for planetary atmospheres (Fjeldbo et al., 1971), Earth’s atmospheric
experimental and theoretical studies (Kursinski et al., 1996; Sokolovskiy, 1990; Gor-
bunov, 1988; Gurvich et al., 1982) and ionospheric studies (Raymund et al., 1990; Hajj
et al., 1994). Indeed, beyond the geometric delay due to the finite speed of light, the
delay in excess of this quantity contains information about the amount and distribution25
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of matter encountered during the propagation, such as dry air and moisture in the
atmosphere, and their gradients.

Over the last decades a number of studies have assessed the geophysical content of
Global Postionning System (GPS) signals reflected off the surface of the Earth (Beyerle
et al., 2002; Cardellach et al., 2008). To the presence of refraction, and eventually5

diffraction, this adds reflection. We will hereafter name as direct, the signals whose
propagation is determined mainly by refraction phenomena, and eventually diffraction.
We will instead name as reflected, the signals whose propagation involves critically
some reflection in the surface, therefore introducing a qualitative difference with respect
to the direct signals. Reflected signals are of course subject to refraction as well.10

Reflected signals probe the entire atmosphere, down to the surface. This leaves an
atmospheric signature. In principle, the reflection itself may as well leave a signature
in the signal, therefore obscuring the interpretation of the collected signal exclusively
in terms of atmospheric properties. We have then limited here to the specific case
where the signal bounces over the ocean, which is at a known altitude. At incidence15

angles closer to normal, the surface roughness, which is essentially determined by the
presence of waves, is several times larger than the signal wavelength, and this can
easily produce decoherence in the GPS signal. Coherence, however, is critical for all
phase-based analyses of GPS signals, including GPS-RO. However, at near grazing
incidence, the vertical scale that determines if close propagation paths are coherent is20

the Fresnel diameter of the propagation beam, which for paths near the surface is of
several hundred meters. Surface waves are much smaller than this. Therefore, at these
incidence angles, the reflected signal does not loose coherence due to the presence
of surface waves.

Our attention is particularly dedicated to an improved description of the lowest layers25

of the atmosphere, were the inversion of direct GPS-RO signals is less accurate and
subject to bias (Ao et al., 2003; Sokolovskiy et al., 2009). The refractivity bias in GPS
occultation retrievals is related to the presence of strong vertical gradients of refractivity,
mostly between the surface and the boundary layer. These strong gradients may cause
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superrefraction, or bend the signal outside the orbital segment where the receiver is
active. In either case, there is a lack of information concerning these layers. The poten-
tial of GPS-RO data has already been analyzed in numerous global data assimilation
experiments, and its geophysical data succesfully extracted from the analysis of direct
propagation paths. These data are routinely used in operational Numerical Weather5

Prediction (NWP) systems (Healy, 2008; Cucurull et al., 2006; Aparicio and Deblonde,
2008; Rennie, 2010; Poli, 2008).

The main objective of the study is to assess the potential of GPS-RO signals that re-
bound off the ocean surface. Reflected signals propagate following different geometries
than the direct signals, and traverse atmospheric layers at different incidence angles.10

This may allow them to traverse layers that are superrefractive at a more grazing inci-
dence. There is therefore a potential to extract additional information with respect to
the direct signals. Given that information describing the low troposphere is the most dif-
ficult to extract with direct propagation GPS-RO, and that information concerning these
layers is the most valuable, we consider this potential worth exploring.15

We will first use a radio-holographic technique to identify the propagation paths. Re-
flected signals present in GNSS occultation data present different frequency spectra
than the direct signals (Beyerle et al., 2002; Cardellach et al., 2008). This allows a
separation of both, and further independent treatment as data sources. For the inter-
pretation, we use a numerical model based on ray tracing, where propagation trajecto-20

ries of electromagnetic waves are evaluated over a given (a priori) three dimensional
field of refractive index. Supplemental information is also evaluated to allow a perturba-
tion analysis. This latter describes the dependence of the raytracing result with respect
to variations of the apriori field. The perturbation analysis allows a least squares fit to
the observed reflected data, which retrieves a correction to the apriori refractivity field.25
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2 Radio-holographic analysis to separate direct and reflected signals

One possible procedure for the separation of the direct and reflected signals is a radio
holographic analysis (Hocke et al., 1999). Signal to noise ratios (SNR), a measure
of signal amplitude, hereafter expressed as A(t), and carrier phase measurements
ϕ(t) have been recorded at a number of sample instants t. As an example, we show5

in Fig. 1, the SNR for both signals L1 and L2 during a setting occultation (COSMIC
C001.2007.100.00.29.G05, where COSMIC is for Constellation Observing System for
Meteorology Ionosphere and Climate: see Rocken et al., 2000 for system description),
as given by the GPS receiver. The signal is clearly detected during approximately 80 s.
Then the SNR for L1 and L2 become almost zero.10

To realize the radiohologram power spectrum derived from a GPS occultation, A(t)
and carrier phase measurements are combined into a complex electric field E (t), ex-
pressed as follows:

E (t) = A(t) eiϕ(t) (1)

We will also construct a reference electric field (see Cardellach et al., 2004 for more15

details):

EF(t) = AF(t) eiϕF(t) (2)

We choose the amplitude and phase of this reference field to our convenience. The
measured field can then be expressed relative to this reference:

E (t) = B(t) · EF(t) = A(t)/AF(t) ei (ϕ(t)−ϕF(t)) · EF(t) (3)20

If the reference field EF(t) is judiciously chosen, the measured field can be expressed
with a slowly varying complex (beating) function B(t). Once the behavior with larger
frequency has been separated, a frequency analysis of B(t) will show how E (t) departs
from the reference field, hopefully containing only low frequency components. We will

1203

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/1199/2011/amtd-4-1199-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/1199/2011/amtd-4-1199-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 1199–1231, 2011

Meteorological
information in

GPS-RO reflected
signals

K. Boniface et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

call radiohologram to a sliding Fourier Transform (FT) analysis of B(t). This can help
describing the internal structure of the signal, and identifying several close but distinct
subcarriers within the signal. Depending on the circumstances, the existence of these
subcarriers may be associated with the presence of multipath, the vertical structure of
the propagation beam, or the existence of a reflection (Melbourne, 2004).5

Since, in the case of COSMIC receivers, the sampling is done at 50 Hz, this Fourier
analysis can only explore a bandwith of 50 Hz around the reference field. It can there-
fore only be useful if the reference signal has been tuned to the target of study to
better than 50 Hz. The GRAS receiver can sample and record at 1 kHz, and this pro-
cedure could explore a bandwith of 1 kHz around the reference field. Figure 2 shows10

the temporal evolution (x-axis) of the hologram’s power spectrum of a COSMIC occul-
tation. The vertical axis represents the shifts in frequency with respect to the reference
field. Time is measured since the beginning of the occultation. The reference field was
chosen to mimic the main frequency component of the direct signal (EF(t) is a sliding
average of E (t), see Cardellach et al., 2010 for more details). Since the power of the15

direct signal is substantially larger, it dominates the smoothed function. Thus the direct
signal appears in the hologram with nearly zero-frequency, broadened by atmospheric
and ionospheric small scale structure.

During most of the occultation, the power received at frequencies far from this broad-
ened but clear direct signal has no structure evidently different from noise. Close to the20

surface touchdown of the direct signal, another component becomes evident. It is ini-
tially strongly aliased (much more than 25 Hz away from the direct signal), and also
showing a large phase acceleration (its frequency changes). Both the phase accel-
eration and the frequency offset reduce, until this component finally merges with the
direct signal. It is possible to identify that this component is associated with a reflection,25

rather than some other form of multipath, by the agreement of the frequency behavior
with respect to the theoretical behavior of a reflection (e.g. Beyerle and Hocke, 2001).

The radio holographic analysis, as a means to separate direct and reflected signal
components is also discussed in Pavelyev et al. (1996) and Hocke et al. (1999). Once
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identified that the component is a reflection, detailed analysis of the frequency shifts
between direct and reflected signals can help determining atmospheric or surface prop-
erties. Complex patterns found in radio hologram spectra with a subset of observations
at low latitudes are also been interpreted in terms of multipath propagation caused by
layered structures in the refractivity field (Beyerle et al., 2002). Beyerle and Hocke5

(2001) also shows that GPS signals observed by the GPS/MET radio occultation ex-
periment contain reflected signal components.

The frequency of the reference field is nearly that of the direct signal. The reflected
signal has a substantial frequency shift in a large portion of the graph, several times
larger than the bandwidth of 50 Hz. It is also worth mentioning that since the receiver10

is tracking the direct signal, and not the reflected one, this latter is detected, and pro-
duces the interference. We are trying to analyze this interference, only because it also
matches the C/A pattern of the direct signal. There is no correlator in the receiver ded-
icated to track the reflected signal, and we depend on this interference to extract the
properties of the reflection. This match in C/A code, however, occurs only if the relative15

delay between direct and reflected signals is smaller than 1 C/A chip, or 300 m (Parkin-
son and Spilker, 1996). The mismatch in optical lengths between both signals causes
the reflected signal to be suboptimally detected, to only a fraction of its actual power.
At 300 m or more of delay, it is detected with negligible power. Therefore, the reflected
signal can only be extracted with the procedure mentioned if the optical path of both is20

less than 300 m apart. In Fig. 3, a raytracing estimation (see below, for more details
of the raytracer) of the direct and reflected excess paths is shown. It can be seen that
both signals are less than 1 C/A chip apart only during a fraction of the occultation, of
the order of 20 s. It is therefore only during this time window that we can expect to
extract data describing the reflected signal, and therefore any signature within it of the25

properties of the atmosphere.
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3 Observables: the wrapped and unwrapped phases

Given a beating function B(t)=E (t)/EF(t), the hologram is its sliding Fourier Transform
(FT):

H(t,f ) = F [B(t)] (4)

In this case, it is interpreted that the direct signal is the power found at low frequency5

in the hologram, very close to the reference model, and the reflected signal, as the
slant component, that appears aliased several times. We then select each of them
applying some hologram mask D, that selects the direct signal, and a complementary
mask R = I−D, where I is the identity. Since the objective of this study is to explore the
geophysical content of the reflection, rather than a generic algorithmic definition of this10

mask, we have here selected R (and its complement D) conservatively, with an ad hoc
definition of the slant area of the hologram. This should be refined into a more generic,
and especially automatic, definition.

For the occultation profile studied here (COSMIC’s C001.2007.100.00.29.G05) the
reflection begins to be detectable around t=65 s. The mask R is applied beginning at15

this time and with an orientation of its approximate phase acceleration (0.52 Hz s−1).
The mask is marked in the hologram with a red parallelogram (Fig. 2).

Reverting with inverse FT to the beating function space, the masks define two beat-
ing functions:

BD(t) = F −1D [H(t, f )] (5)20

and

BR(t) = F −1R [H(t, f )] (6)

which we will identify as the beating functions of the separated direct and reflected
signals. This eventually allows the reconstruction of the two components of the elec-
tromagnetic field. The separation cannot of course be carried out perfectly, as the25
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frequency of both signals is too close near their merging (around 75 s), or is aliased
(e.g. around 60 s) into the direct signal. A receiver with higher sampling (such as
GRAS) could separate better the two propagation channels.

It is here evident that a judicious choice of the reference field is critical, as otherwise
no practical mask will separate the two components properly. This sliding mean is5

a reasonable choice, as the direct signal is substantially stronger than the reflected,
dominating the mean and leaving the direct signal into a simple geometry: a straight
line around zero frequency, with moderate broadening.

Each of the two beating functions BD(t) and BR(t) represents a slowly rotating phasor
around the reference field EF(t). The phasors are known only modulo 2 π, but could10

be unwrapped (reconnected) to continuous functions removing the jumps of 2π. The
signal represented by BD(t) can be identified during most of the recording period, from
0 to 80 s. The phasor BD(t) is very similar to the beating function from the full recorded
signal, as only a small amount of power has been removed. It is however free from
most of the interference of the surface. In any case, we assume that the processing15

and interpretation of this component are standard practice, and we will not discuss it
further.

The signal BR(t) has a significant amplitude only during a small portion of the oc-
cultation (55 s to 80 s). Regardless of the exact mask chosen, this could be expected
for any reasonable mask since at earlier times the reflected signal was outside the C/A20

chip of the direct signal, and was ignored by the correlator. It is also a slow rotating
phasor (slow compared to ER(t)), although faster than BD(t), since the reference field
is not tuned to follow this signal. It can also be reconnected, removing the 2 π jumps,
to form another signal, that we will interpret as the reflected signal.

The delays between the reconnected direct, reconnected reflected and reference25

signals, allows us to retrieve the equivalent excess of phase between any pair of them.
On the left side, Fig. 4 shows the excess of phase obtained between the reflected
signal and the reference one, that is, the phase of BR(t). We call this phasor the in-
terferometric signal between both. The oscillations indicate the existence of a relative
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rotation between the two signals by several turns (it is wrapped). The plot on the right
side represents the same signal, with all 2 π jumps removed. We will call this the un-
wrapped interferometric signal, equivalent to relative delay between the reflected and
the direct ray path, and it will be our primary observable for the extraction of atmo-
spheric properties.5

4 Ray tracing analysis

Ray tracing is a numerical procedure that allows the evaluation of propagation trajec-
tories of the electromagnetic waves. In this study we present a ray tracing procedure
that allows the determination of the regions of the atmosphere that are being probed
by a given propagation beam. The ray tracing is computed between an emission point10

(transmitter, in general a GNSS satellite orbiting at heights of about 20 000 km) and
a receiver point (here, a LEO satellite). It characterises the way the light propagates
when moving through material media of varying refraction index.

Wave propagation calculation can be done in two ways. The first is the geometri-
cal approach. Only the direction of propagation of electromagnetic is used. Signal15

propagation is thus reduced to the knowledge of rays characteristics and signal wave
lengths. Signal characteristics are influenced by the change of refractivity across the
material medium. In the second method, signal propagation can be represented as an
ondulatory model, which is computationally more complex. In the case of GPS radio
occultation, the wave character of light is not negligible, but small: signal propagates as20

a beam of non-negligible width, of the order of the Fresnel diameter. Although not neg-
ligibly so, the Fresnel diameter is moderately small with respect to other cross-beam
length scales, such as the vertical structure of the atmosphere.

However, for our main purpose, which is the identification of the interaction between
the beams and each layer of the atmosphere, this width is not critical, and we will25

neglect the wave nature of GPS signals in this first test. We will therefore describe light
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waves as propagating in a direction orthogonal to the geometrical wavefronts defined
as the surfaces on which the signal phase is constant.

4.1 Ray path determination

The index of refraction, n in some medium is defined as the speed of light in vacuum
divided by the speed of light in the medium. In the atmosphere, the index of refraction is5

very close to unity. Consequently, it is more common to express it in terms of refractivity
N. By definition, N = (n−1)×106.

Our final objective is to extract the unknown field of refraction index n(−→x ) from some
form of measurement, or combination, of the optical lengths Lobs through different prop-
agation paths.10

The total optical length L of a given path p, can be expressed as:

L =
∫
p
n(−→x )ds (7)

with n(−→x ) defined as the refraction index and s the geometric position along the path.
Let us choose an initial field n0(−→x ). This initial field is used as a reference, and may
or may not be vacuum. The corresponding total optical length, if the propagation took15

place through n0(−→x ) would be:

L0 =
∫
p0

n0(−→x )ds (8)

L0 will differ from L due both to a geometrically different path p0, and a different speed
of light along the path. However, n0(−→x ) is known, which allows us to evaluate trajecto-
ries numerically over it.20

Given some observations, the differences Lobs−L0 for each ray contain some infor-
mation concerning the errors in having assumed the field n0(−→x ) as an approximation to
n(−→x ). Given an array of many different configurations, and thus many trajectories over
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the same field, this allows to perform some kind of tomographic reconstruction of the
field. This tomographic approach was taken by Flores et al. (2001), under the assump-
tion of straight line propagation, equivalent to use a constant field, such as vacuum, as
the reference field n0(−→x ). Alternatively, we may also interpret it as an assumption that,
even if the field is not zero, that only the difference in speed is relevant, whereas the5

geometric difference of the paths through the fields n0 and n would be negligible.
In this study, we consider instead geometrical configurations where the bending of

the ray is relevant and non-zero, but small (around 1◦). A substantial fraction of the
excess optical path is therefore geometric, since the trajectory is not a straight line.
From the two reasons why the optical lengths L and L0 differ (different geometric length10

and different refraction index) we will assume that we have an initial field n0 that is
sufficiently close to the actual one n, so that the error in the length of the trajectory
is indeed negligible. This can be justified from the following. The geometric optics
trajectory, which is representative of the propagation even in a wave optics evaluation,
as it is the center of the propagation beam, is a stationary trajectory, usually minimal,15

of the optical path between the emitter and receiver, when comparing neighbouring
paths p. In functional terms, this is expressed as a stationary condition:

δL
δp

= 0 (9)

Therefore, around a stationary trajectory of the unknown field n, there is a wide band
of trajectories whose optical path over n is very similar. It is therefore the region where20

it is less critical that instead of the true path p, we know only p0. Comparing the optical
paths over two differing fields n0 and n:

δL
δn

=
∂L
∂n

+
δL
δp

∂p
∂n

(10)

The variation of the optical length with a change in the propagation field (left hand side)
is composed of the purely optical part, at constant trajectory (first term of the right25
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hand side), and a geometrical term (second term) due to the change of the trajectory.
However, the second term is null if the trajectory was stationary.

This means that we can evaluate the optical length of stationary trajectories over
fields other than the known n0, without having to evaluate the geometric variation of the
trajectory, as long as we do not exceed the linear regime. This allows us to search for5

the true field n in the (hugely dimensional) space of possible refractivity fields, having
evaluated the geometrical shape in only one of these fields, i.e. n0.

Propagation equation

The eikonal propagation equation plays a major role in geometrical optics and can be
considered as the basic equation of geometrical optics. The derivation of the eikonal10

equation from the Maxwell equations can be found in Born and Wolf (1980). The
solution of the eikonal equation gives the geometrical wavefronts of the propagating
electromagnetic waves. It expresses the field L of local phase delays through the
space, with respect to the phase of the source. That corresponds to the optical path
from the source to any other point in space:15

(∇L)2 = n2 (11)

with n the field of refraction index. The propagation takes place orthogonally to the
isosurface of the optical paths. We need to integrate a ray path which is a line always
tangent to ∇L.

4.2 Optical path length variation function of refractivity field20

The quantity we want to obtain is the inaccuracy εn(−→x ) of the guessed refraction index.
The inaccuracy of the optical path of a given ray can be expressed to first order as:

δL =
δL

δn(−→x )
δn(−→x ) +

δL
δp

δp [n]

δn(−→x )
δn(−→x ) (12)
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The first term expresses the speed term of the optical path, the second one the geo-
metric dependence. Due to stationary trajectory the second term vanishes. The above
expression reduces to:

εL =
δL

δn(−→x )
εn(−→x ) (13)

4.2.1 Variational Calculus theory5

In variational calculus we however do not want to find a minimum of a function, but
rather a function that minimizes an integral. With boundary conditions determined by
the positions of the transmitter and receiver, the path with least time delay can be
obtained by solving a second order ordinary differential equation. However, due to the
variable coefficients and nonlinearity of the equation, care needs to be exercised in the10

process of the solution. Ray tracing algorithm suggests to use an iterative approach
based on the differencial form of Snell’s law to find the curved ray paths as explained
hereafter.

4.2.2 Variational principle in geometrical optics

As Fermat principle states: the time taken for an actual path traced by a ray of light15

is an extremum. Cartheodory’s theorem mentionned that it was a true minimum and
established the connection between the Fermat principle and the calculus of variations
defining precise extremals (Caratheodory, 1937). This theorem conducts to a funda-
mental principal of geometrical optics: optical path length of any ray is a minimum.
Therefore, the path of a ray can be found minimizing the optical path length. This min-20

imization will give the path of the wavefront in an optical medium of refractive index n.
This can be expressed as:

δ
δp

∫
p
nds = 0 (14)
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The solution to this functional equation also follows an associated Euler set of differ-
ential equations (Gelfand and Fomin, 2000; Born and Wolf, 1980). The systems of
differential equations and boundary conditions are summarized below:

Differential equations (S1):

{
d2 xi
ds2 = 1

n

[
δn
δxi

− dn
ds

dxi
ds

]
dL
ds = n

Where s is the geometrical path along the trajectory.5

Boundary conditions (S2):


−→x0 = −−−→xGPS−→xF = −−−→xLEO
L0 = 0

0 and F express the initial and final points of the trajectory.

The solution to the system of differential equations S1 delivers the ray trajectory and
the optical path length. In order to realize the inversion and retrieve the refraction index
field, we must extract from the obtained ray trajectories which region of the atmosphere10

is participating in the propagation of every ray and compare the observed and predicted
delays.

5 Inversion procedure to retrieve refractivity field

After having detailed the theoretical part, we describe here the inversion procedure
used to extract the refractivity field using GPS-RO data. The raytracing procedure, as a15

tomographic one, may allow in principle to extract three-dimensional information. How-
ever a full three-dimensional solution would require massive amounts of data, which
generally will not be available. We restrict, then, to the case of a quasi-spherical so-
lution, which is only a function of the altitude over the mean sea level. To realize the
inversion procedure that leads to the refractivity field we explore here two possibilities.20

The first specifies a one-dimensional solution space, consisting in a uniparametric
family of refractivity fields, that contains our reference field. Since the solution space
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is small, we may explore it explicitly, launching several series of raytraces, over several
members of this uniparametric family of fields.

The second is perturbative. It considers a substantially larger solution space, from a
multidimensional family of fields. This space of possible fields is vastly larger, and can-
not be explored in search for a solution explicitly. We will then use ancillary information5

collected during the raytracing over only one field, to describe propagation properties
in the neighbourhood of the guess field n0. The neighbourhood is only described to the
linear level of departure from the guess field. The solution is selected through a least
squares procedure.

As done in Cardellach et al. (2004) we consider a univariational solution space. In10

this case, the family of field solutions differs uniformly by a small fraction with respect
to the reference field. We can afford the simulation exercise of exploring explicitly the
family for several values of this fraction. This is done to assess the potential sensi-
tivity of a reflection observable in case of RO event to detect the variations in tropo-
spheric parameters (Cardellach et al., 2010). The experiment has been run defining15

the reflection-observable as the carrier-phase delay between the reflected radio-link
and the direct one with a formal precision of the order of a few-centimeters. The ray
tracer detailed previously is used to track both direct and reflected signals. An ECMWF
refractivity profile is used, with 6 other atmospheric profiles modified by applying a
1% reduction to the refractivity below 5 km altitude. Then the corresponding simulated20

reflection-observable is generated. In total we got 7 profiles that are shown in Fig. 5.
The figure also shows the interferometric phase from the reflection that appears in
COSMIC occultation C001.2006.227.00.46.G02. The set of 7 profiles show that a 1%
variation in the lowermost layers of the troposphere introduces between 0.2 to 0.75 m
variation in the carrier-phase delay, larger than the formal error of the observables (see25

errorbars in the in-set of Fig. 5). This academic exercise does not take into account
the variation of refractivity from one layer to another. Of course, the main issue of this
technique is to determine which modeling variation space would be better.
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In the second procedure we consider a multidimensional solution space. The solu-
tion allows a series of independant layers with different refractivity index respectively
(Fig. 6). A least squares procedure, described below, finds the best solution within this
space.

5.1 Least squares method and inversion procedure5

From the obtained ray trajectories issued from the so-called OAT ray-tracer model
(Aparicio and Rius, 2004) prepared to track both direct and reflected signals, we must
determine which regions of the atmosphere divided in finite elements are participating
in the propagation of every ray. Next, we compare the predicted and the observed
delays. The ray tracing delivers a prediction for the observable delay L0 under different10

atmospheric conditions. Then we attribute a weight wrj to each finite element propor-
tional to its contribution to the excess optical path length. Using the weight matrix and
the phase observation difference it is possible to deduce the refraction index correction
(linear least squares) responsible for the difference between measured and evaluated
delays.15

What we know from the ray tracing is a prediction of an observed delay L0 that can
be decomposed as follows:

L0 = l0 + g0 + a0 (15)

With l0 the straight line delay, g0 the excess geometric delay due to ray bending and a0

the atmospheric delay. We can calculate with very high accuracy the delay l0 thanks20

to the positions of the emitter and receiver.
If we decompose the reference atmospheric field n0 into finite elements, which we will

assume as a number of quasi-spherical shells bounded by surfaces of constant altitude
over the mean sea level, the analysis of the ray tracing can also deliver the contribution
of each finite element to a0. This corresponds to the optical length

∫
[n0(−→x )−1]ds25

accumulated along the trajectory within the element.
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Then, we can define for every ray a weight w to each finite element proportional to
its contribution to the excess optical length. The result is an ensemble wrj , that is, the
exess optical length to ray r that accumulated while it was propagating into the finite
element j . Thus the atmospheric delay for each ray can be expressed as follows:

a0
r =

∑
j

wrj (16)5

If we have measurements Lobs
r of the path delays Lr, we can use a minimization ap-

proach to obtain the most probable error field in our assumed refractivity. To describe
these errors we express a list of unknown relative errors εj in our knowledge of the
refractivity in each finite element. We get:

Nj = N0
j

(
1 + εj

)
(17)10

The difference between the reference and actual paths delays can be expressed as
follows:

Lr −
(
l0
r + g0

r

)
=

∑
j

wrj
(
1 + εj

)
(18)

Then the observationnal measurement taking into account the observationnal error
εr becomes:15

Lobs
r −

(
l0
r + g0

r

)
=

∑
j

wrj
(
1 + εj

)
+ εr (19)

This expression can be expressed in a matrix form as:

∆L = W ε + E (20)

To solve the Eq. (20) optimally we use a least squares method. The ensemble E of
measurement errors is unknown. So we solve the matrix expression as ∆L =Wε.20
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Consequently, the solution to ε contains some errors caused by having neglected the
measurement errors, as well as model errors. GNSS measurements contain millimeter-
order errors and are therefore neglected. Model errors can be related to the homogene-
ity in the finite element cells or in the modelization of geometric optics, atmospheric and
ionospheric scintillation, or in position errors of the emitter or the receiver. We will here5

assume that model and position errors are small. To find the least squares solution of
Eq. (20), we construct the system of normal equations as explained in Golub (1965):

W
T
∆L=W

T
Wε. This sytem of equations can be solved to:

ε =
(
W

T
W

)−1

W
T
∆L (21)

Thus, we get the most probable solution ε as a least squares solution and also the10

corresponding covariance matrix C= s2
0(W

T
W )−1. This solution can be interpreted as

the fractional deviations of the solution refractivity field with respect to the reference
field. The scale factor s2

0 is equal to vT v/f , with v the vector of residuals, and f the
number of degrees of freedom of the fit.

Therefore, the ray tracing has been used to record the contribution of each finite15

element to each ray. The least-squares procedure delivers the most probable error
field of the guess and the covariance matrix of the result.

5.2 Selection of observables for the inversion

In the former section, we have considered some hypothetical observables of optical
path, which may have been gathered over an array of paths. Actual observables are20

not directly any optical path, but rather combinations of several optical paths, along
several trajectories. In particular, we have extracted unwrapped phases over the direct
and reflected paths. These phases are not optical paths, but differences between
optical paths. However, this does not change the least squares procedure of inversion,
as these are linear combinations of the system of equations ∆L=Wε.25
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The original system is based on the output of the raytracing. We may simply com-
bine linearly this system according to the observables that we actually have. In ad-
dition, given that we are analyzing the reflected signal, and that we have extracted it
through its interference with the direct signal, therefore essentially extracting the rel-
ative phase between both: our observable will be the difference between the optical5

lengths through the direct and reflected propagation paths. This difference is of course
a linear combination of two of the raytracings.

We then have a ray tracing function, such as: f (n)=L
Then, applying the derivative we get:

f (n) = f0 (n0) + W (n − n0) (22)10

with n0 as a reference field, and W is the ensemble of dependences, which, as shown
above, depend only on the optical excess lengths, but not on the geometric difference
of the trajectory. An equation of the following kind, expresses the relationship between
the error of the field, and observables: W∆n=∆ϕ
Where W stems from the raytracing. Then, the least squares method is used to solve15

the equation and the final equation to solve becomes:

∆n =
(
W TW

)−1
W T ∆ ϕ (23)

5.3 Ray tracing exemples with real data from COSMIC

In this study we use COSMIC data, the atmospheric and ionospheric profiles are avail-
able from the radio occultation itself, as well as ECMWF guess fields.20

The raytracer estimates over several guess fields the trajectories of the rays. In order
to analyze where is actually located the additional information of the reflected signal,
we represent here both direct and reflected length paths along an occultation event
(Fig. 3). We plot the 300 m band around the different signals to show the available
information received from the GPS correlator. The new information brought by the25

reflected signal is depicted between 45 to 65 s.
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Next, a comparison on the difference between path calculated from real data (“mea-
sured”) and evaluated by the ray tracing is done. The “measured” one corresponds to
the interferometric unwrapped phase. The evaluated path length is estimated over five
guess fields declined as follows:

1. The use of an exponential atmosphere (labeled STD) that is a simple model5

N =300 exp
−h
H with, H = 15 km

log(10) , without ionosphere.

2. The exponential atmosphere above (STD), but adding a ionosphere as given by
the COSMIC estimation

3. ECMWF guess field, without ionosphere

4. ECMWF guess field, with ionosphere as extracted by COSMIC10

5. A reference vacuum ray tracing (straight lines)

Whenever the ionosphere is present, the ionospheric refractive index is evaluated
for the L1 frequency, as only the L1 interferometric phase had been extracted. The
comparison is shown on Fig. 7. Black curves did not used ionosphere correction.
The red curves using the ionosphere correction show closest results to the measured15

interferometric phase that is issued from real data.
In the next two figures, we show the result of the two procedures mentioned in search

for a solution: uniparametric exploration, or multidimensional solution by perturbation
analysis and least squares optimization. We find that the experimental data is of suffi-
cient quality to constrain the solution to useful levels.20
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6 Conclusions

We can see that the interferometric unwrapped phase is very close to the correspond-
ing quantity as evaluated over a numerical guess field. The fields that are likely to be
of superior quality (ECMWF, ionosphere included), are closer. Furthermore, the preci-
sion of the interferometric observables is much finer than the effects of 1% variations5

in the atmospheric profiles. Firstly, this supports that the interferometric unwrapped
phase is a potentially useful observable, that is recoverable and potentially used. The
observable is quantitatively extracted with high accuracy, supporting its potential.

Secondly, the raytracing allows the interpretation of this observable data providing
the elements to choose a solution within the space of refraction index fields neighbour-10

ing the guess field. A search in a layered space of 20 dimensions (i.e. there were
20 low tropospheric layers, each allowed to vary independently) showed that the level
of constrain is sufficient to be useful.

This study was a first attempt to evaluate the reflected signals potentiality in terms
of tropospheric information content. In this paper we introduced the way the reflected15

signals occuring during an occultation event could be extracted from the direct one.
Signal separation was conducted using radio-holographic analysis. Then the spectral
content of each signal was interpreted computing the direct and indirect phase.

Later on, the relative delay between the reconnected direct and indirect signals had
been deduced. After these steps of extraction the interpretation contained in the signal20

has been shown. The ray tracing procedure has proven its ability to invert travel-time
data to a refractivity field.

The ray-tracer model allows to track both direct and reflected signals. As demon-
strated in the sensitivity study made in Sect. 5, the tropospheric information content
is embedded in the RO reflected signals. In addition, we have shown that reflection-25

observables are able to capture variations in the tropospheric profile. This ability to
sense and refine the variations in the troposphere would be of great interest to improve
the tropospheric information content in near-surface.
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We have shown that it is possible to do realistic ray tracing thanks to the compari-
son between measured unwrapped phase and over realistic refractivity models. The
comparison has been done taking into account the ionospheric state. The computa-
tion of the non-vacuum ray tracing methods have shown to be reasonably close to the
unwrapped reflected phase. Also, the least squares inversion allows the extraction of5

useful meteorological information. After having highlighted the potential of GPS-RO
reflected signals to sense the lowermost layers of the troposphere. The main perspec-
tive of the work consists in determining the ability of such a measurement to quantify
the properties of the low atmosphere (refractivity profile within the boundary layer).
If the determination of such properties is feasible then the Numerical Weather Fore-10

cast system of Environment Canada could take advantage of the RO-observations. In
addition, we remind that RO measurements is a uniform worldwide sampling and an
all-weather measurement technique. Also these measurements can greatly improve
Southern Hemisphere data particularly near tropopause. All these advantages pro-
vided by the RO measurement technique are valuable to improve data assimilation15

experiments.
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Fig. 1. Signal to Noise Ratio (SNR) on the L1 and L2 channels. Each SNR is given in
1/10 volts/volt. COSMIC Data are provided by the University Corporation for Atmospheric Re-
search (UCAR). Beyond 80 s the signal is note enough powerful to be considered.
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Fig. 2. Temporal evolution of radio hologram power spectrum derived from GPS occultation on
10 April 2007 at 00:29 h (COSMIC-1 data file: atmPhs C001.2007.100.00.29.G05 2007.3200).
The red parallelogram represents the complementary mask that has been formed ad hoc to
detect the reflective part of the signal. The mask is centered at 65 s with a slope of 0.52.
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Fig. 3. Direct and reflected excess optical paths (m). The 300 m band represents the range of
delays when the reflected signal will be captured by the correlator that tracks the direct signal,
and interfere with it.
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Fig. 4. Phase difference between the reference signal and the reflected signal (left). This
phase difference can also be unwrapped removing the 2 π jumps to get the interferometric
phase (right).
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Fig. 5. Comparison between the real data COSMIC’s C001.2006.227.00.46.G022006.3200 interferometric delay (observables with error

bars) and the ray tracer simulated observables based on ECMWF atmospheric profiles. Observables simulations with OAT allow to assess

the potential sensitivity of reflection RO events to extracttropospheric profile variations. The reflection appears in COSMIC GPS occultation

on15
th August 2006 at 00h46.

Fig. 5. Comparison between the real data COSMIC’s C001.2006.227.00.46.G02 2006.3200
interferometric delay (observables with error bars) and the ray tracer simulated observables
based on the ECMWF atmospheric profile. A 1-dimensional family of profiles is prepared re-
ducing the refractivity below 5 km. The figure shows the profiles with 0.94, 0.95, ... 1.00 times
the ECMWF refractivity. Observables simulations with OAT allow to assess the potential sensi-
tivity of reflection RO events to extract tropospheric profile variations. The reflection appears in
COSMIC GPS occultation on 15 August 2006 at 00:46 h.
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Fig. 6. Refraction index correction coefficients (∆n

n
) to the ECMWF profile. A multidimensional solution space hasprovided this solution.

It allows a series of independant layers with different refractivity index respectively.

Fig. 7. Path difference between direct and reflected signals over sea using interferometric phases measured and evaluated withraytracing.

Black evaluated curves do not use ionosphere correction. Red evaluated curves use COSMIC’s estimation. On right hand side a zoom of the

same path difference is shown.

Fig. 6. Refraction index correction coefficients (∆nn ) to the ECMWF profile. A multidimensional
solution space has provided this solution. It allows a series of independant layers with different
refractivity index respectively.
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Fig. 6. Refraction index correction coefficients (∆n

n
) to the ECMWF profile. A multidimensional solution space hasprovided this solution.

It allows a series of independant layers with different refractivity index respectively.

Fig. 7. Path difference between direct and reflected signals over sea using interferometric phases measured and evaluated withraytracing.

Black evaluated curves do not use ionosphere correction. Red evaluated curves use COSMIC’s estimation. On right hand side a zoom of the

same path difference is shown.

Fig. 7. Path difference between direct and reflected signals over sea using interferometric
phases measured and evaluated with raytracing. Black evaluated curves do not use ionosphere
correction. Red evaluated curves use COSMIC’s estimation. On right hand side a zoom of the
same path difference is shown.
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