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Abstract. Vertical profiles of the atmosphere can be obtainedfor planetary atmosphereBjéldbo et al. 1971), Earth’s at-
globally with the radio-occultation technique. However, the mospheric experimental and theoretical studi€srginski
lowest layers of the atmosphere are less accurately extractedt al, 1996 Sokolovskiy 1990 Gorbunoy 1988 Gurvich
A good description of these layers is important for the goodet al, 1982 and ionospheric studieRaymund et a].199Q
performance of Numerical Weather Prediction (NWP) sys-Hajj et al, 1994. Indeed, beyond the geometric delay due
tems, and an improvement of the observational data availto the finite speed of light, the delay in excess of this quan-
able for the low troposphere would thus be of great interestity contains information about the amount and distribution
for data assimilation. We outline here how supplemental me-of matter encountered during the propagation, such as dry air
teorological information close to the surface can be extractedind moisture in the atmosphere, and their gradients.
whenever reflected signals are available. We separate the re- Over the last decades a number of studies have esti-
flected signal through a radioholographic filter, and we inter-mated the geophysical content of Global Positionning Sys-
pret it with a ray tracing procedure, analyzing the trajectoriestem (GPS) signals reflected off the surface of the EaB#y{
of the electromagnetic waves over a 3-D field of refractive erle et al, 2002 Cardellach et a).2008. To the presence
index. A perturbation approach is then used to perform arof refraction, and eventually diffraction, this adds reflection.
inversion, identifying the relevant contribution of the low- \We will hereafter name adirect, the signals whose propa-
est layers of the atmosphere to the properties of the reflectegation is determined mainly by refraction phenomena, and
signal, and extracting some supplemental information to thesventually diffraction. We will instead name eeflected the
solution of the inversion of the direct propagation signals. It signals whose propagation involves critically some reflection
is found that there is a significant amount of useful informa- at the surface, therefore introducing a qualitative difference
tion in the reflected signal, which is sufficient to extract a with respect to the direct signals. Reflected signals are of
stand-alone profile of the low atmosphere, with a precisioncourse subject to refraction as well.
of approximately 0.1 %. The methodology is applied to one  Reflected signals probe the entire atmosphere, down to
reflection case. the surface, which leaves an atmospheric signature in the re-
ceived signal. In principle, the reflection itself may as well
leave a signature in the signal, therefore obscuring the inter-
1 Introduction pretation of the collected signal exclusively in terms of at-
mospheric properties. We have then limited here to the spe-
The measurement and interpretation of GPS radio occultacific case where the signal bounces over the ocean, which
tion signals (GPS-RO) that have suffered only atmospheridS at @ known altitude. At incidence angles closer to nor-
refraction during their propagation is well established. Thismal, the surface roughness, which is essentially determined
includes their description as propagating waves, and thereby the presence of waves, is several times larger than the sig-
fore the presence of diffraction. The analysis of such signalshal wavelength, and this can easily produce decoherence in
and in particular of radio occultation data is of great interestthe GPS signal. Coherence, however, is critical for all phase-
based analyses of GPS signals, including GPS-RO. However,
at very small incidence angles, the vertical scale that deter-
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surface is of several hundred meters. Roughness and sur-12000

face waves are much smaller than this. Therefore, at these L2eNR ...

incidence angles, they would not cause decoherence of the 1000} 1

reflected signal.
Our attention is particularly dedicated to an improved de- s |

scription of the lowest layers of the atmosphere, were the

inversion of direct GPS-RO signals is less accurate and subZ E,OOOM

ject to bias Ao et al, 2003 Sokolovskiy et al.2009. The

refractivity bias in GPS occultation retrievals is related to the o001

presence of strong vertical gradients of refractivity, mostly

between the surface and the boundary layer. These strong , . ... o777

gradients may cause superrefraction, or bend the signal out-

side the orbital segment where the receiver is active. In either ‘ ‘ CA0 , ‘

case, there is a lack of information concerning these layers. 0 2 40 T 80 100 120
The main objective of the study is to explore the potential

of GPS-RO signals that rebound off the ocean surface, and tgjg. 1. Signal to Noise Ratio (SNR) on the L1 and L2 channels.

determine whether there is geophysical information that carsNR are given in arbitrary receiver units. After about 80s the power

be accessed and be potentially useful to supplement the iris not evidently above the noise floor.

formation extracted from the direct propagation channel. Re-

flected signals propagate following different geometries than ) _ ) )

the direct signals, and traverse atmospheric layers at differ? Radio-holographic analysis to separate direct and

ent incidence angles. This may allow them to traverse layers ~reflected signals

that are superrefractive at lower incidence. There is there-

fore a potential to extract additional information with respect z?licliggssliblﬁa?;?gzdrirdei;%rotlgerzelrafiacrz[:;rll yg;?ki i'tr(;ft and
to the direct signals. Given that information describing the g grap .

low troposphere is the most difficult to extract with direct 1999. Signal to noise ratios (SNR), a measure of signal am-

propagation GPS-RO, and that information concerning thes Iltrucrine, r:\tereaf';‘ervexg reisred Agj) ' dantd cr?rrrlstr) prhafse meﬁ;]
layers is the most valuable, we consider this potential wort pureme (1) have been recorde ata number ot sampiing
exploring. instantsz. As an example, we show in Fid, the SNR for

) . oth carrier frequencies L1 and L2 during a setting occulta-
The value of GPS-RO data has otherwise already bee'ﬁon (COSMIC C001.2007.100.00.29.G05, where COSMIC
analyzed in numerous global data assimilation experiments, the Constellation Ob ing Svstem for Met | |
and its geophysical data succesfully extracted from the analy'—S he onzecﬁl |ort1 ) f;rjwzg yf’ elnz]O%rOf € eor(é) oQ)& ono-
sis of direct propagation paths. These data are routinely usegh 1€ an Imate. secpcken et al. or system de-

in operational Numerical Weather Prediction (NWP) systems.scr'pt'on)’ as given by its onboard GPS receiver. The signal

(Healy, 2008 Cucurull et al, 2006 Aparicio and Deblonde is clearly detected during approximately 80 s. Then the SNR
2008 I,?ennie 2010 Poli 20'08 for L1 and L2 become almost zero.

We will first use a radio-holographic technique to identify To realize the radiohologram power spectrum derived from

the propagation paths. Reflected signals present in GNsé GPS occultationd (1) and carrier phase measurements are

occultation data present different frequency spectra than th omb|n.ed into a complex electric field(r), expressed as

direct signals Beyerle et al.2002 Cardellach et a/.2008. ollows:

This allows a separation of both, and further independentg (1) = A(r) /¢ (1)

treatment as data sources. For the interpretation, we use a o

numerical model based on ray tracing, where propagatiorwe will also construct a reference electric field (&srdel-

trajectories of electromagnetic waves are evaluated over #ich etal,2004for more details):

given (a.priqri) 3-D field of refrac.tive index. Supplemental Er(1) = Ap(r) e/ ¥F® )

information is also evaluated during the raytracing to allow

a perturbation analysis. This latter describes the dependend&e choose the amplitude and phase of this reference field to

of the raytracing result with respect to variations of the apri-our convenience. The measured field can then be expressed

ori field. Since the raytracing operates in a multidimensionalrelative to this reference:

vector space of solution profiles, we also illustrate the inver- _ _ i (o(t)—pr(t

sion procedure with a simpler case where this vector spacéE(t) = B - Ep() = AW/Ap@) 00T Er) (3)

is 1-D. The perturbation analysis allows a least-squares fit tdf the reference fieldEg(¢) is judiciously chosen, the mea-

the observed reflected data, which retrieves a correction tesured field can be expressed with a slowly varying complex

the apriori refractivity field. (beating) functionB(r). Once the behavior with larger fre-
quency has been separated, a frequency analysig pivill
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Fig. 2. (a) Temporal evolution of radio hologram power spectrum derived from GPS occultation on 10 April 2007 at 00:29 h (COSMIC-1
data file: atmPh£001.2007.100.00.29.G(®07.3200). The red parallelogram represents the complementary mask that has been formed
ad hoc to detect the reflected part of the signal. The mask is centered at 65 s with a slope (bf) @&2graphical location of the GPS-RO
event on 10 April 2007 at 00:29 h.

show howE((¢) departs from the reference field, hopefully side) shows the temporal evolution (x-axis) of the hologram'’s
containing only low-frequency components. We will call ra- power spectrum of a COSMIC occultation. The vertical axis
diohologram to a sliding Fourier Transform (FT) analysis of represents the shift in frequency with respect to the refer-
B(t). This can help describing the internal structure of theence field. The geographical location of the reflection is also
signal, and identifying several close but distinct subcarriersshown (bottom side). Time is measured since the beginning
within the signal. Depending on the circumstances, the ex-of the occultation. The reference field was chosen to mimic
istence of these subcarriers may be associated with the prethe main frequency component of the direct sigi&l(¢) is a
ence of multipath, the vertical structure of the propagationsliding average of(¢)). Since the power of the direct signal
beam, or the existence of a reflectidnid]lbourne 2004). is substantially larger, it dominates the smoothed function.
Since, in the case of COSMIC receivers, the sampling isThus the direct signal appears in the hologram with nearly
done at 50 Hz, this Fourier analysis can only explore a bandzero frequency, broadened by atmospheric and ionospheric
with of 50 Hz around the reference field. It can therefore onlysmall-scale structure.
be useful if the reference signal has been tuned to the target During most of the occultation, the power received at fre-
of study to better than 50 Hz. The GRAS receiver can sam-quencies far from this broadened but clear direct signal has
ple and record at 1 kHz, and this procedure could explore ano structure evidently different from noise. Close to the
bandwith of 1 kHz around the reference field. Fig@rg@op surface touchdown of the direct signal, another component
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becomes evident. It is initially strongly aliased (much more 1000

than 25Hz away from the direct signal), and also showing
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Direct path (LD)
Reflected path (LR) x

a large phase acceleration (its frequency changes). Both the x
phase acceleration and the frequency offset reduce, until this oor . )
component finally merges with the direct signal. Itis possible % x
to identify that this component is associated with a reflection, & 4 |
rather than some other form of multipath, by the agreement£ *
of the frequency behavior with respect to the theoretical be-
havior of a reflection (e.dBeyerle and Hocke2007).

The radio holographic analysis, as a means to separate
direct and reflected signal components is also discussed in -
Pavelyev et al(1996 andHocke et al.(1999. Once iden-
tified that the component is a reflection, detailed analysis of
the frequency shifts between direct and reflected signals can o
help determining atmospheric or surface properties. Com- °
plex patterns found in radio hologram spectra with a sub- _ _
set of observations at low latitudes are also been interpretegfﬁd3r.eErlgesc;tn?:?h;erf;(g:%fe;eclzss \‘/’vﬂicnat'hzartgﬁei@a STigr?a?Sv?”rEe
n terms of muItlpa}th prppagatlon caused by layered Struc_captured by the correlator that tracks the direct signal, and interfere
tures in the refractivity fieldBeyerle et al.2002. Beyerle with it.
and Hocke(2007) also shows that GPS signals observed by
the GPS/MET radio occultation experiment contain reflected
signal components.

The frequency of the reference field is nearly that of the
direct signal. The reflected signal has a substantial frequenc{piven a beating functio® () = E(t)/ Er(t), the hologram is
shift in a large portion of the graph, several times larger thanits sliding Fourier Transform (FT):
the bandwidth of 50Hz. It is also worth mentioning that _
since the receiver is tracking the direct signal, and not theH(t’f) = 710 @)
reflected one, this latter is detected, and produces the inteln this case, it is interpreted that th&ect signal is the power
ference, only because it also matches the C/A pattern of théound at low frequency in the hologram, very close to the ref-
direct signal. erence model, and threflectedsignal, as the slant compo-

There is no correlator in the receiver dedicated to track thenent, that appears aliased several times. We then select each
reflected signal, and we depend on this interference to exef them applying some hologram magk that selects the
tract the properties of the reflection. This match in C/A code,direct signal, and a complementary magk I — D, where
however, occurs only if the relative delay between direct and! is the identity. Since the objective of this study is to ex-
reflected signals is smaller than 1 C/A chip, or 30(Rarkin-  plore the geophysical content of the reflection, rather than a
son and Spilkerl996. The mismatch in optical lengths be- generic algorithmic definition of this mask, we have here se-
tween both signals causes the reflected signal to be suboptiectedR (and its complemenb) conservatively, with an ad
mally detected, to only a fraction of its actual power, but still hoc definition of the slant area of the hologram. This should
substantial. However, at 300 m or more of delay, the corre-be refined into a more generic, and especially automatic, def-
lator that tracks the direct signal damps the reflected one bynition. The two signals appear separated by a clear region
at least 20 dB. Therefore, the reflected signal can only be exin frequency which contains very low power. Therefore the
tracted with the procedure mentioned if the optical path ofexact shape of the mask is not critical, as long as it separates
both is less than 300 m apart. In FR).a raytracing estima- the two clearly defined signals.
tion (see below, for more details of the raytracer) of the direct For the occultation profile studied here (COS-
and reflected excess paths is shown. It can be seen that boMiIC’'s C001.2007.100.00.29.G05) the reflection begins
signals are less than 1 C/A chip apart only during a fractionto be detectable around=65s. The maskr is applied
of the occultation, of the order of 20s. It is therefore only beginning at this time and with an orientation of its approxi-
during this time window that we can expect to extract datamate phase acceleration (0.52 H2% The mask is marked
describing the reflected signal, and therefore any signaturén the hologram with a red parallelogram (F&). The exact
that may be imprinted in it of the properties of the atmo- definition of this boundary is therefore not critical. The
sphere. separation cannot of course be carried out perfectly, as the

frequency of both signals is too close near their merging
(around 755s), or is aliased (e.g. around 60 s) into the direct
signal. The only location where the mask is difficult to place,

and subject to an arbitrary definition, is the upper boundary

300 m band
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3 Observables: the wrapped and unwrapped phases
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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 27 jumps to get the interferometric phase (right).

of the parallelogram, near zero frequency, because the twpower has been removed. It is however free from most of the
signals merge. However, at zero frequency separation, thaterference of the surface. In any case, we assume that the
two signals do not turn with respect to each other, and do noprocessing and interpretation of this component are standard
accumulate a relative phase, which is the observable hergaractice, and we will not discuss it further.
On the other hand, a receiver with higher sampling (such as The signalBr(z) has a significant amplitude only during a
GRAS) could separate better the two propagation channels.small portion of the occultation (55 s to 80s). Regardless of
Reverting with an inverse FT to the beating function space the exact mask chosen, this could be expected for any reason-
the masks define two beating functions: able mask, since at earlier times the reflected signal was out-
side the C/A chip of the direct signal, and was ignored by the

Bo(t) = F7ID[HG. f)] (5) correlator. Itis also a slow rotating phasor (slow compared to
and ERr(1)), although faster thaB®p(¢), since the reference field

is not tuned to follow this signal. It can also be reconnected,
Br(t) = FIR[H(, f)] (6)  removing the 2r jumps, to form another signal, that we will

which we will identify as the beating functions of the sepa- interpret as the reflected signal, .
: i . The delays between the reconnected direct, reconnected
rated direct and reflected signals. This eventually allows the : )
reflected and reference signals, allows us to retrieve the

reconstruction of the two components of the electromagnetic_ " .
field. equivalent excess of phase between any pair of them. On

. . Lo . the left side, Fig4 shows the excess of phase obtained be-
It is here evident that a judicious choice of the reference : .
AR i ; : tween the reflected signal and the reference one, that is, the
field is critical, as otherwise no practical mask will separate

the two components properly. This sliding mean is a rea_phase ofBr(z). We call this phasor the interferometric sig-

; ; . . . nal between both. The oscillations indicate the existence of a
sonable choice, as the direct signal is substantially stronger_,_.. . . .
S ; _relative rotation between the two signals by several turns (it
than the reflected, dominating the mean and leaving the di- ; .
X i k ) . . is wrapped). The plot on the right side represents the same
rect signal into a simple geometry: a straight line around zero_. ; . . .
X . : ignal, with all 27 jumps removed. We will call this the un-

frequency, with moderate broadening. We must mention thaj . o . .
. . . “wrapped interferometric signal, equivalent to the relative de-
this clear case is very frequent, and there was no parncula(a

. ; , . y between the reflected and the direct ray path, and it will
effort of selection of a “good” case, other than the selection . : .
. . ! . be our primary observable for the extraction of atmospheric
of a reflection over ocean, to fix the vertical location of the

reflecting surface. For a fraction of cases, the two signals ar® roperties.

not as clearly separable. However, our focus is to explore

those clear cases, to determine whether there is valuable int Ray tracing analysis

formation currently not being used, before exploring how to

handle the difficult cases. Ray tracing is a numerical procedure that explicitly evaluates
Each of the two beating function8p () and Br(z) rep-  the propagation trajectories of the electromagnetic waves. In

resents a slowly rotating phasor around the reference fieldhis study we use ray tracing with the purpose of determining

Er(¢). The phasors are known only modular2but could  not only the optical paths, but also the trajectories, which

be unwrapped (reconnected) to continuous functions removindicate the regions of the atmosphere that are being probed

ing the jumps of 2. The signal represented Bt (¢) can by a given propagation beam. The ray tracing is computed

be identified during most of the recording period, from 0 to between an emission point (transmitter, in general a GNSS

80s. The phasoBp(t) is very similar to the beating func- satellite orbiting at heights of about 20 000 km) and a receiver

tion from the full recorded signal, as only a small amount of point (here, a LEO satellite).

www.atmos-meas-tech.net/4/1397/2011/ Atmos. Meas. Tech., 4, 13072011
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Wave propagation calculation can be done in two ways.ng(x). Alternatively, we may also interpret it as an assump-
The first is the geometrical approach. Only the direction oftion that, even if the field is not zero, that only the difference
propagation of electromagnetic is used. Signal propagatiornn speed is relevant, whereas the geometric difference of the
is thus reduced to the knowledge of the rays’ characteristicpaths through the fieldsy andn would be negligible.
and signal wave lengths. Signal properties are influenced by In this study, we consider instead geometrical configura-
the change of refractivity across the material medium. In thetions where the bending of the ray is relevant and non-zero,
second method, signal propagation can be represented as aot small (around ). A substantial fraction of the excess
ondulatory model, which is computationally more complex. optical path is therefore geometric, since the trajectory is not
In the case of GPS radio occultation, the wave character of straight line, the rest deriving from the propagation speed
light is not negligible, but small: signal propagates as a beanalong the trajectory. From the two reasons why the optical
of non-negligible width, of the order of the Fresnel diameter. lengthsL and L differ (geometric length and propagation
Although not negligibly so, the Fresnel diameter is moder-speed) we will assume that we have an initial fiegds suf-
ately small with respect to other cross-beam length scaledfjciently close to the actual one, so that the error in the
such as the vertical structure of the atmosphere. length of the trajectory is indeed negligible. Indeed, since

However, for our main purpose, which is the identification optical trajectories are stationary with respect to the propa-
of the interaction between the beams and each layer of thgation paths, a geometrical error in the trajectory is only of
atmosphere, this width is not critical, and we will neglect the second order.
wave nature of GPS signals in this first test. We will therefore This means that we can evaluate the optical length of sta-
describe light waves as propagating in a direction orthogo-ionary trajectories over fields other than the knownwith-
nal to the geometrical wavefronts defined as the surfaces oout having to evaluate the geometric variation of the trajec-

which the signal phase is constant. tory, as long as we do not exceed the linear regime. This
o allows us to search for the true fieldn the (hugely dimen-
4.1 Ray path determination sional) space of possible refractivity fields, having evaluated

] ] ] ) ) ) the geometrical shape in only one of these fieldsnie.
The index of refractionz in some medium is defined as the

speed of light in vacuum divided by the speed of lightinthe 4.2 variation of the optical path length and refractivity
medium. In the atmosphere, the index of refraction is very field

close to unity. Consequently, itis more common to express it

in terms of refractivityN. By definition, N = (n — 1) x 1CF. The quantity we want to obtain is the inaccuragyx) of the

Our final objective is to extract the unknown field of refrac- guessed refraction index. The inaccuracy of the optical path
tion indexn(x) from some form of measurement, or combi- of a given ray can be expressed to first order as:

nation, of the optical lengthsgpsthrough different propaga-

tion paths. SL = sn(x) + 8_L 8p [nl sn(x) (8)
The total optical length. of a given pathp, can be ex- dn(x) ép dn(x)

pressed as: The first term expresses the speed term of the optical path,
the second one the geometric dependence. Due to stationary

L= / n(x)ds (7) trajectory the second term vanishes. The above expression

P reduces to:
with n(x) defined as the refraction index anthe geometric
position along the path. Let us choose an initial fieddx). &L en(x) 9)

This initial field is used as a reference, and may or may not on(x)

be vacuum. The corresponding total optical length would be The solution to this functional equation also follows an
Lo. This will differ from L due both to a geometrically dif- associated Euler set of differential equatio@elfand and
ferent pathpg, and a different speed of light along the path. Fomin, 200Q Born and Wolf 1980. The systems of differ-
However,no(x) is known, which allows us to evaluate tra- ential equations and boundary conditions are summarized as:
jectories numerically over it, as well as other properties. ) !
. . . d°x; _ 1| én dn dx;
Given some observations, the differendeg,s— Lo for Differential equationsy) : {ddfz =5 [Tx,- - s ﬁ] (10)

each ray contain some information concerning the errors in =n

having assumed the fielgh(x) as an approximation to(x). ) ) )

Given an array of many different configurations, and thusWheres is the geometrical path along the trajectory.
many trajectories over the same field, this allows to perform X0 = XGPS

some kind 'of tomographic reconstruction of the field. This Boundary conditionsS,) : { xr = xLe0 (11)
tomographic approach was takenfpres et al(2001), un- Lo=0

der the assumption of straight line propagation, equivalent to

use a constant field, such as vacuum, as the reference fiel@landF express the initial and final points of the trajectory.

ds
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Fig. 5. 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.

The solution to the system of differential equatidhde- 4. ECMWF guess field, with ionosphere as extracted by
livers the ray trajectory and the optical path length. In order COSMIC.
to realize the inversion and retrieve the refraction index field,
we must extract from the obtained ray trajectories the regions
of the atmosphere that are participating in the propagation of \Whenever the ionosphere is present, the ionospheric re-
every ray, and compare the observed and predicted delays. 4 tive index is evaluated for the L1 frequency, as only the
L1 interferometric phase had been extracted. The compari-
son is shown on Figb.

5. Areference vacuum ray tracing (straight lines).

4.3 Ray tracing with COSMIC data

In this study we use COSMIC data. The atmospheric and
ionospheric profiles are available from the radio occultationg
itself, as well as ECMWF guess fields. The raytracer can
resolve the trajectories of the rays over the available guess the following we show the result of inversion procedures
fields. We represent here both direct and reflected patho obtain a solution refractivity field, with the use of data
lengths along an occultation event (F&). We plotthe 300m  generated by the raytracing procedure itself. The raytracing
band around the different Signals to show the available infor-may allow in princip|e to ana|yze 3-D fields. However a full
mation received from the GPS correlator. The new informa-3-p solution would require massive amounts of constrain-
tion brought by the reflected signal is depicted between 45 tqng data, which generally will not be available. We restrict,
65s. then, to the case of a quasi-spherical solution, which is only
Next, a comparison on the difference between path calcug function of the altitude over the mean sea level. To realize
lated from real data (“measured”) and evaluated by the rayhe inversion procedure that leads to the refractivity field we
tracing is done. The “measured” one corresponds to the inexplore here two possibilities.
terferometric unwrapped phase. The evaluated path length is One is a perturbative approach. We specify a number of
estimated over the following five guess fields: vertical layers, and we assume that the 3-D solution field has
1. The use of an exponential atmosphere (labeled STD)the same shape as the guess field, but differs from it by a
, _ B —h 15 Kkm small factor in each of the vertical layers. We are therefore
th.at IS a.5|mple modeV =300 exp? , with H = Tog(10)* searching for an optimal solution within a multidimensional
without ionosphere. space of possible refractivity fields. This space has as many

2. The exponential atmosphere above (STD), but adding glimensions as layers we have defined where the solution field
ionosphere as given by the COSMIC estimation. can depart from the guess.

Inversion procedure to retrieve refractivity field

3. ECMWEF guess field, without ionosphere.

www.atmos-meas-tech.net/4/1397/2011/ Atmos. Meas. Tech., 4, 13072011
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During raytracing, we can collect geometric information
of the trajectory. This allows the evaluation ?} for each
layeri, and therefore the dependence of each ray on each of 3o
the defined layers. The number and size of the layers should
of course be chosen judiciously, so that the solution is in-
deed constrained by the data. The guess field is a member
of this multidimensional space: the one which does not have ¢ N\ N
any departure. The raytracing, and its associated geometrié20 0
information is needed for only one refractivity field, and we 5
choose the guess field for it. The neighbourhood is only de-
scribed to the linear level of departure from the guess field.
The solution is selected through a least squares procedur
whose details are described in the following section.

We also consider another approach, that foll@®adel-
lach et al(2004), and that serves to illustrate the perturbative
approach, of which it is a special case. Following the pertur-
bative approach, we define only one single layer, where the
solution field departs from the guess field by a constant fac-
tor, which is the same everywhere. The guess field is the ¢ 7
case where this constant factor is 1. Since the defined solu- Time (s from beginning of RO)
tion space is small, 1-D, we can afford to launch a raytracing . ) )
over several fields of this space, including the guess field and'9- 8- Comparison between interferometric delay (observables
some other fields in its neighbourhood. with error bars) and the ray tracer simulated observables, based on

In all cases this explores the potential sensitivity of a re-the ECMWF atmospheric profile. A 1-D family of profiles is ex-
P P y plored, varying the refractivity in steps of 1%. From left to right,

flection observable to detect the variations in trOpOSphericthe curves represent the raytracing over 0.98, 0.99, 1.00, 1.01 and
parameters. The experiment has been run defining the o times the ECMWF profile.

reflection-observable as the carrier-phase delay between the
reflected radio-link and the direct one, which has a formal
precision of the order of few-centimeters. The ray tracer de-5.1 Least squares method and inversion procedure
tailed previously is used to track both direct and reflected
signals. An ECMWEF refractivity profile is used as the guessFrom the obtained ray trajectories issued from the so-called
field. In all state-of-the-art NWP systems, the short-term OAT ray-tracer model4paricio and Rius2004 prepared to
forecast error of refractivity in the low troposphere is in track both direct and reflected signals, we must determine
the range 1%-10%, which justifies exploring the solution Which regions of the atmosphere divided in finite elements
space at each 1% around a short-term forecast. In the 1-Bre participating in the propagation of every ray. We then
approach, the defined solution space is sampled with sevcompare the expected and observed delays. The ray tracing
eral guess fields modified by applying a constant factor todelivers a prediction for the observable deld that can be
the ECMWF field, this factor being 0.98, 0.99, 1.00, 1.01, decomposed as follows:
and 1.02. 0 0 0 0
For a 1% variation on refractivity, a relative change on L"=F+g +a (12)
humidity ranging from 0.2 to 0.5gkd is expected. The with [0 the straight line delay? the excess geometric delay
mean temperature equivalent error would be around 0.5K. due to ray bending and® the atmospheric delay. We can
Then the corresponding simulated reflection-observable isalculate with very high accuracy the del&y thanks to the
generated. In total several profiles are obtained, and arpositions of the emitter and receiver.
shown in Fig.6. The figure also shows the interferometric  If we decompose the reference atmospheric figJdnto
phase from the reflection that appears in COSMIC occul-finite elements, which we will assume as a humber of quasi-
tation C001 2007.100.00.29.G05. The 1% variation intro- spherical shells or layers, bounded by surfaces of constant al-
duces between 0.2 to 0.75m variations in the carrier-phasétude over the mean sea level, the analysis of the ray tracing
delay, which is an order of magnitude larger than the formalcan also deliver the linear contribution of each finite element
error of the observables (see errorbars in the in-set offfig.  to L2. This is the optical lengthf [no(x) — 1]dsaccumulated
Although this academic exercise does not take into accounalong the trajectory within the layer.
the variation of refractivity from one layer to another, it does  Then, for every ray, we can assign a weightb each finite
show that the precision of the measure is sufficient to contairelement proportional to its contribution to the excess optical
useful information that, translated to refractivity, is compara-length. The result is an ensembig;, that is, the exess opti-
ble to approximately 0.1 % in the low troposphere. cal length to ray that accumulated while it was propagating
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into the finite elemenj. In the case of a path difference, as 5.2 Selection of observables for the inversion

in the interferometric phases, the weights are the differences

between the direct and reflected trajectories. If we have mealn the former section, we have considered some hypothetical
surementi?bsof the path delayé,, we can use a minimiza- observables of optical path, which may have been gathered
tion approach to obtain the most probable error field in ourover an array of paths. Actual observables are not directly
assumed refractivity. To describe these errors we express @ny optical path, but rather combinations of several optical

list of unknown relative errors; in our knowledge of the Ppaths, along several trajectories. In particular, we have ex-

refractivity in each finite element. We get: tracted unwrapped phases over the direct and reflected paths.
o These phases are not optical paths, but differences between
Nj = Nj (1+¢)) (13)  optical paths. However, this does not change the least squares

darocedure of inversion, as these are linear combinations of
the system of equationSL = We.
The original system is based on the output of the raytrac-
_ (l? + g?) - Z wrj (1 + gj) (14) ing. We may simply combine linearly this system accord-
I ing to the observables that we actually have. In addition,

The difference between the reference and actual path d
lays can be expressed as follows:

hen the ob . | King i iven that we are analyzing the reflected signal, and that
thJoﬁgetr\?agoEE;\I/aet:?grnt?e?oﬁ:ls{remem taking into accour&e have extracted it through its interference with the direct
' signal, therefore essentially extracting the relative phase be-
L?bs _ (19 + g?) _ Z wrj (1 + 8/) s (15) tween _both: our observable WiII_be the difference between
the optical lengths through the direct and reflected propaga-
tion paths. This difference is of course a linear combination
This expression can be expressed in a matrix formas: ¢ two of the raytracings.
AL =We+ E (16) We then have aray t.rac!ng function, such gign) =L
Then, applying the derivative we get:
To solve the Eq. X6) optimally we use a least squares
method. The ensembl& of measurement errors is not J () = fo(no) + W(n — no) (18)
known accurately, but we will assume that it is small and, .. no as a reference field, arid is the ensemble of depen-
constant. The phases can be extracted with a precision O\gences which. as shown :a\bove depend only on the optical
few centimeters, and the analysis of the 1-D case |nd|cate% ' ' ’

that thi I d with th tical lenath ved. xcess lengths, but not on the geometric difference of the
at this Is small compared wi e optical length involve trajectory. An equation of the following kind, expresses the
Therefore we solve the matrix expression &% =We.

) . relationship between the error of the field, and observables:
Consequently, the solution tocontains some errors caused An=Ag
by having neglected the measurement errors, as well A%herew stems from the raytracing. Then, the least squares

madel errors. Model errors can be related 1o the assUMPr,ethod is used to solve the equation and the final equation to
tion that the finite layers were sufficiently small, the geo- solve becomes:

metric optics, atmospheric and ionospheric scintillation, or

in position errors of the emitter or the receiver. We will here _ (WTW>_1 wT Ag (19)
assume that both model and position errors are small. To

find the least squares solution of E46), we construct the The solution allows a series of independant layers with
system of normal equations, as explainedsolub (1963: (ifferent refractivity index (Fig7). The least squares pro-

W' AL=W' We. This sytem of equations can be solved to: cedure, described above, finds the best solution within this
SN space. The profile is not shown below 1 km since the solution
= (W W) W AL a7 is not well constrained by data. As a consequence the refrac-
tion index correction is not realistic. We therefore show only
Thus, we get the most probable solutienas a least the results whose solution was well constrained. We remind
squares solution and also the corresponding covariance manat here the objective of the study is not to show that a full
trix C -sg(W W)~L. This solution can be interpreted as the profile can be derived from reflection data, but that there is an
fractional deviations of the solution refractivity field with re- information that can provide useful data of at least a portion
spect to the reference field. The scale fa&ﬁ)is equal to  of the profile.
vTv/f, with v the vector of residuals, anfl the number of
degrees of freedom of the fit. Therefore, the ray tracing has
been used to record the contribution of each finite element
to each ray. The least-squares procedure delivers the most
probable error field of the guess and the covariance matrix of
the result.
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5000 ————— 7 T T T T [ T T T T [ T T T T tracing procedure allowed the interpretation and inversion of
the relative delay to a refractivity field through a perturba-
tive approach. The ray-tracer model allows to track both di-
rect and reflected signals. As demonstrated in the sensitivity
1 study made in Sect. 5, tropospheric information content is
l embedded in the RO reflected signals. In addition, we have
. shown that reflection-observables are able to capture varia-
. tions 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
= 4 near-surface.
=i We have shown that it is possible to do realistic ray tracing
comparison between measured unwrapped phase and over re-
— % . alistic refractivity models. The comparison has been done
taking into account the ionospheric state. The computation
of the non-vacuum ray tracing methods have shown to be
reasonably close to the unwrapped reflected phase. Also, the
ol L ol least squares inversion allows the extraction of useful meteo-
' AN/N ' rological information. We highlight the potential of GPS-RO
reflected signals to sense the lowermost layers of the tropo-
Fig. 7. Refractivity correction coefficients%\,ﬂ) to the ECMWF  sphere. The main objective of the work consists in determin-
profile. A multidimensional solution space has provided this solu-ing the ability of such a measurement to quantify the prop-
tion. It allows a serie of independant layers with different refractiv- erties of the low atmosphere (refractivity profile within the
ity index respectively. boundary layer). The perturbation procedure presented here
is in principle applicable to any profile. Nevertheless, given
the cost of the raytracing, we consider it practical only if the
6 Conclusions perturbation inversion is sufficiently accurate after one itera-
tion of raytracing, perturbation and inversion. This of course
We can see that the interferometric unwrapped phase is vergonstrains to cases where the a priori information is already
close to the optical path difference between direct and reclose to the solution. Strong gradients presumably reduce the
flected trajectories, as evaluated over a numerical guess fieléonvergence rate for these inversions. However, this may still
The fields that are likely to be of superior quality (ECMWF, be beneficial as the reflected signal may probe the gradient at
ionosphere included), are closer. Furthermore, the preci- g different angle as the direct signal, providing information
sion of the interferometric observables is an order of mag-difficult to extract from the direct signal. A full assesment,

nitude smaller than changing by 1% the atmospheric pro-however, requires merging both sources of data, which was
files. Firstly, this supports that the interferometric unwrappedpeyond the scope, and is still underway.

phase is a potentially useful observable, that is recoverable

and can be _pote_ntially used. The obs_erva_lble is qU?‘”titatiVeMcknowledgements.:unding to develop the GPS-RO reflected
extracted with high accuracy, supporting its potential. signals retrieval was provided by the Canadian Space Agency,
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