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ABSTRACT
This paper presents a study for the estimation of 2–D

maps of atmospheric water vapour content from integrated
water vapour measurements carried out by a constellation of
co–rotating low earth orbit satellites. The proposed method
uses the normalised differential spectral attenuation (NDSA)
approach – able to achieve integrated water vapour content
information from attenuation measurements over microwave
links among the satellites – and tomographic techniques to
solve the inverse problem of atmospheric water vapour field
reconstruction. Simulation results demonstrate the feasibility
of the proposed approach to retrieve a 2–D map of the atmo-
spheric water vapour content. This study has been developed
under the framework of the ANISAP project funded by the
European Space Agency.

Index Terms— Tropospheric water vapour content esti-
mation, normalised differential spectral attenuation (NDSA),
co-rotating LEO satellites, tomography, inverse problems.

1. INTRODUCTION

The retrieval of the water vapour (WV) content in the tropo-
sphere is an important problem in the field of remote sens-
ing and meteorology. The WV content, along with tempera-
ture and pressure, influences the attenuation of a propagating
electromagnetic wave, so that information about the WV con-
tent can be achieved from attenuation measurements along a
link crossing the troposphere. A major problem for a direct
use of attenuation measurements stems from the presence of
the scintillation phenomenon, due to tropospheric turbulence,
that may cause important random variations on the measured
values. To overcome this problem, the normalised differential
spectral attenuation (NDSA) method has been introduced and
analysed in the Ku/K bands [1][2][3]. The method is based
on the different attenuation encountered by two transmitted
tones at closely spaced frequencies. It can be demonstrated
that such measurements are strongly correlated with the in-
tegral water vapour (IWV) content along the path [4]. The
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method has been originally proposed for a couple of counter-
rotating (COUNT–RO) low Earth orbit (LEO) satellites (one
carrying a transmitter, the other a receiver) operating in the
Ku/K bands [2]; the use of additional frequencies (179 and
182 GHz) has been proposed to estimate IWV up to 15 km
[4]. A vertical profile of the WV can then be achieved from
the vertical IWV profile.

In this paper, we analyse the possibility of applying the
NDSA measurement approach to estimate a 2–D WV field by
means of a constellation of co-rotating (CO–RO) satellites.
The CO–RO scenario assumes that one (or more) transmit-
ting (TX) satellites follow, in the same orbit and in the same
direction, one (or more) receiving (RX) satellites. Fig. 1 de-
picts the scenario of a single transmitting and receiving satel-
lite (circular orbits and Earth shape are assumed for the sake
of simplicity). The positions of the satellites are chosen so
that the link crosses the atmosphere at a given minimum alti-
tude (hm) from the Earth. The radio link (dashed line) crosses
the troposphere yielding an integral attenuation measurement
that is a function of the local WV content encountered along
the path. During satellites movement (clock–wise in Fig. 1),
the path spans an annular area in the orbital plane. The goal
is estimating, from these IWV measurements, the 2–D WV
field lying in the annular region of altitude from hm to hM ,
where hM represents the maximum altitude of the Earth at-
mosphere. The single link scenario can be generalised to the
case of more TX and/or RX satellites, which allows a denser
atmosphere sounding to be achieved. In principle, if each
point of the region of interest has been crossed at least once
(that is, its contribution is present in at least one occurrence
of the entire measurement set) the reconstruction of the 2–D
WV field can be formulated as an inverse problem. A similar
scenario is encountered in the tomographic reconstruction of
images. In our case, however, unlike in classical tomographic
methods used in biomedical imaging, powerful mathematical
tools, such as the radon transform, cannot be applied.

The main difference between the CO–RO and COUNT–
RO scenarios is that a 2–D, instead than a 1–D, map of WV
can be achieved. Furthermore, it can be shown [5] that higher
integration times can be used (and, then, higher SNRs can be
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Fig. 1. CO–RO single link scenario: R is Earth’s radius, hM
is the maximum atmosphere altitude, h is the altitude of satel-
lites orbit.

achieved) to estimate the received power over the propagation
path without affecting too much the spatial resolution of the
retrieved map.

Some simulation results are presented in order to as-
sess the performances of the proposed method. A synthetic
WV field is constructed by means of interpolation of true
radiosonde data. Using realistic models of attenuation and
scintillation, the IWV measurements are simulated and then
the retrieval of the actual WV map, formulated as an inverse
problem, is performed. Simulation results demonstrate the
feasibility of the method and highlight performance limits.

The paper is organised as follows. In Section 2, the NDSA
method is reviewed. In Section 3, the signal model of the
CO-RO acquisition system is described. Solutions for the re-
construction of the underlying 2–D WV field from IWV mea-
surements are proposed in Section 4. Section 5 presents the
experimental results and Section 6 draws some concluding re-
marks.

2. THE NDSA MEASUREMENT METHOD

The NDSA method requires the simultaneous measurement
of the overall attenuation encountered by two electromag-
netic waves propagating in the atmosphere at two frequencies
spaced by ∆f (spectral separation). Let S be the spectral
sensitivity parameter defined by [2]

S =
1

∆f

P2 − P1

P2
(1)

where P1 and P2 are the received powers deriving from two
simultaneously transmitted tones, s1(t) and s2(t), with fre-
quencies f1 = f0 + ∆f/2 and f2 = f0 −∆f/2 respectively,
where f0 is the frequency which the spectral sensitivity is re-
ferred to. It can be shown [2] that S is linearly correlated with
the IWV content along the radio link. Let Ŝ be an estimator

of S defined by

Ŝ =
1

∆f

(
1− P̂1

P̂2

)
(2)

where P̂i, i = 1, 2, are estimators of the received power over
the two radio channels. For these quantities, we use the fol-
lowing definition:

P̂i =
r2i
2
− σ2

n

2
(3)

where ri is the coherently detected amplitude of the signal
received on the ith channel and σ2

n is the variance of ther-
mal noise, as detailed below. The variable ri is obtained by
mixing the input signal with a synchronously generated tone
and integrating or lowpass filtering. The quantity ri can be
expressed by [6]

ri = Ai

∫ Ts

0

χi(t)dt+ ni (4)

where:
• χi(t) refers to the tropospheric scintillation disturbance,

which is generated by diffraction effects related to fluctu-
ations of the refraction index [7][8]. It is assumed that χ1(t)
and χ2(t) are wide sense stationary processes, identically
log-normal distributed and correlated, with log-amplitude
variance defined as

σ2
χ = Var

[
20 log10

(
χi (t)

E [χi (t)]

)]
. (5)

The scintillation phenomenon is a slowly time-varying pro-
cess, with a maximum bandwidth Bχ of a few Hertz. More-
over, the zero-lag correlation coefficient ρ between χ1(t)
and χ2(t) can be assumed close to unity [9];
• ni is the additive thermal noise, assumed as zero-mean,

white and Gaussian (AWGN), independent of the signal, un-
correlated among the channels and having variance σ2

n;
• Ai is the attenuation coefficient (assuming, without loss of

generality, unitary transmitted amplitude). It is due to free-
space propagation loss, antenna gains, and other factors,
among which the attenuation derived from the WV content
is the important information we would like to extract from
the S measurements;
• Ts is the receiver integration time.

Substituting (4) and (3) into (2) yields the estimator of
the spectral sensitivity S. The IWV measurement is achieved
from Ŝ after using a linear transformation [2].

3. CO-RO ACQUISITION SYSTEM MODEL

In order to retrieve the 2–D WV map from a set of IWV mea-
surements, we need to model the acquisition system. For the
sake of clarity, we will describe the case of a single link sce-
nario, which can be easily extended to a general number of
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TX and RX satellites. Furthermore, in this section, we will
neglect the presence of scintillation.

Let f(r, θ) be the 2–D field, expressed in polar coordi-
nates, representing the WV map to be reconstructed from inte-
gral measurements. In order to obtain a discrete model, here-
after we consider f on a sampled polar grid; moreover, we
will use discrete computation of the integrals along the paths.
Let k = 0, 1, ...K − 1, be the index over the IWV measure-
ments set and let uk be the variable spanning the points over
the path relative to the kth acquisition. Then, the kth IWV
measurement is given by

mk =

∫
f(uk)duk + ek ∼

∑
i

f(uk,i)∆u+ ek (6)

where uk,i is the ith sample along uk; ∆u is the sampling
step along the line; ek represents the total error on the kth
measurement.

Since, in general, uk,i does not belong to the sampled grid
of f , the evaluation of f(uk,i) has to be performed by means
of interpolation. We have chosen linear interpolation based on
the four samples surrounding uk,i, as shown in Fig. 2. Hence,
we have

f(uk,i) =

1∑
p=0

1∑
q=0

ak,i,p,qf(rk,i + p∆r, θk,i + q∆θ) (7)

where rk,i and θk,i are points belonging to the discrete polar
grid of f ; ∆r and ∆θ are the radial and angular resolution
of the grid, respectively; and the coefficients ak,i,p,q are the
weights of the linear interpolation, which can be easily com-
puted from the position of uk,i with respect to the grid points.

Fig. 2. Sampling scheme for a single measurement in the CO-
RO scenario.

By substituting (7) into (6) and by considering the whole
set of K IWV measurements expressed in matrix form, we
have

m = Af + e (8)

where m and e are K × 1 vectors containing the IWV values
mk and the error terms ek, respectively; f contains the WV
values over the grid, organised in vector form (f is the un-
known we would like to achieve); the system matrix A con-
tains the weights of the interpolation.

4. INVERSION OF IWV MEASUREMENTS AND 2–D
WV FIELD RECONSTRUCTION

Given the acquisition model in (8), a simple solution to esti-
mate the vector f from the observation of the IWV measure-
ments m is represented by the least square (LS) estimator,
whose expression is

f̂LS = A+m (9)

where A+ is the Moore–Penrose pseudo-inverse of A. The
estimator in (9) yields the minimum of the LS error function

ELS = ‖Af −m‖22 (10)

which, in general, does not guarantee any optimality in terms
of bias and variance of the estimator; a rigorous approach to
obtain optimal estimators - in some sense - would require
the knowledge of the probability density function of the er-
ror term e, which represents all the impairments affecting the
IWV measurement, as reported in Section 2.

Since the system matrix A is usually ill-conditioned, its
lowest singular values have to be zeroed in order to reduce the
sensitivity to measurement errors of the LS estimator. The al-
ternative estimator that we consider here is based on Tikhonov
regularisation (TIK) and is given by

f̂TIK =
(
ATA + λLTL

)+
ATm (11)

where L is a regularisation matrix which represents a prior
knowledge on f and λ is a weighting factor. The estimator in
(11) can be seen as a generalisation of the LS estimator, since
it is the solution of the functional

ETIK = ‖Af −m‖22 + λ‖Lf‖22. (12)

In our simulations (see Section 5), the regularization matrix
L has been assumed to be a highpass filter (a 4–th order high-
pass filter, applied separately across radial and angular coor-
dinates, was used), whereas the weighting term λ has been
empirically set to 0.1‖A‖F/‖L‖F, where ‖ · ‖F denotes the
Frobenius norm of a matrix.

5. EXPERIMENTAL RESULTS

In order to verify the feasibility of the CO–RO approach,
a simulator of the proposed acquisition system has been
implemented: such a tool permits to obtain a set of IWV
measurements, given the 2–D WV map and the parameters
of the satellite constellation. The reference 2–D WV map,
denoted as f in Section 3, was obtained by interpolating true
radiosonde data providing vertical profiles of atmosphere
physics (WV, temperature, pressure). The radiosonde data
were placed at regular angular positions, with a spacing of
five degrees, and then linear interpolation was applied to
each variable. The resolution of the reference map was set to

8176



∆r = 0.5 km (radial direction) and ∆θ = 1 degree (angular
direction).

As to the acquisition system and the satellite constellation
geometry that allow the system matrix A to be computed, we
have set the following parameters:
• satellites co–orbiting on a circular polar orbit at constant

angular speed;
• Earth radius: 6378 km;
• satellites orbit radius: 6651 km (273 km from the Earth);
• annular region of interest: radial bounds 6380 km ≤ r ≤

6388 km (2 to 10 km from the Earth); angular bounds 0◦ ≤
θ < 360◦;
• integration time at the receiver: Ts = 1.5 s (equivalent to

an angular resolution of 0.1◦);
• transmitted power: 3 dBW on each channel;
• TX and RX antenna gains: 26.4 dB;
• integration step along each link: 0.25 km.
Path losses due to atmospheric absorption, free-space and de-
focusing [3] were considered. As to the atmospheric attenua-
tion, depending on WV, pressure and temperature, the Liebe
model [10] was used.

The error vector e accounts for all the impairments affect-
ing the IWV measurements. The disturbances and the relative
parameters used in the simulations are the following:
• scintillation: the processes were generated as two corre-

lated log-normal distributions, with variance σχ, defined in
(5), which was set to 0.3. The zero-lag correlation between
the two channel was set to ρ = 0.85, whereas time cor-
relation (simulated as lowpass filtering) is dictated by the
scintillation bandwidth Bχ, which was set to 5 Hz;
• thermal noise: the process was simulated as zero-mean

AWGN with variance kBTeq/Ts, where kB is the Boltz-
mann constant, Ts is the aforementioned integration time,
and Teq is the equivalent noise temperature, which was set
to 25.3 dBK;
• model mismatches in the conversion from S to IWV [2][4].

Two configurations of satellites were considered: the case
of 1 transmitter and 1 receiver (1TX-1RX) and the case of
1 transmitter and 3 receivers (1TX-3RX). The former repre-
sents the simplest solution, while the latter is expected to yield
better reconstruction performances (both solutions, however,
require the deployment of only one transmitter). The perfor-
mances were evaluated in terms of the RMSE between the
reconstructed WV map f̂ and the true WV map f normalized
to the peak-value, defined as

NRMSE =

√
E[(f̂ − f)2]

max f
× 100 (13)

Table 1 shows the NRMSE obtained by using the LS and the
TIK estimators for the two considered satellite configurations.
The cases of ideal and realistic acquisitions, in the absence
and in the presence of all the aforementioned disturbances,
respectively, are distinguished. Visual results of the recon-
structed maps in the realistic case are reported in Fig. 3.

(a)

(b)

(c)

(d)

(e)

Fig. 3. Reconstructed 2-D WV maps by means of different
satellite configurations and estimators in the realistic case: (a)
original; (b) 1TX-1RX, LS estimator; (c) 1TX-1RX, TIK es-
timator; (d) 1TX-3RX, LS estimator; (e) 1TX-3RX, TIK esti-
mator.

Table 1. NRMSE of LS and TIK estimators for the different
satellite configurations, in the ideal and realistic cases.

ideal case realistic case
1TX-1RX 1TX-3RX 1TX-1RX 1TX-3RX

LS 5.3 2.0 5.8 4.4
TIK 3.6 3.2 5.0 3.8

The system matrix A is severely ill-conditioned and the
results show a certain deviation from perfect reconstruction
even in the ideal case. Nevertheless, the results of the re-
construction in the realistic case vary, depending on the satel-
lite configuration and the used estimator, from 3.8% to 5.8%.
Such figures can be considered as appealing in meteorologi-
cal applications. The TIK estimator allows a lower NRMSE
to be obtained in the realistic case with respect to the LS one,
while it fails in the ideal case for the 1TX-3RX configuration.
This fact might be mitigated by optimizing the choice of the
regularization matrix L and the weighting factor λ.

6. CONCLUSIONS

In this paper, we have presented a study for the reconstruc-
tion of atmospheric water vapour fields by means of inte-
grated water vapour measurements acquired by a constella-
tion of co-rotating low Earth orbit satellites. By modelling
the acquisition process as a linear system, the reconstruction
of the water vapour field can be formulated as the solution of
an inverse problem. A realistic simulator, which takes into ac-
count the phenomenon of scintillation and other disturbances
impairing the measurements, has been implemented. Exper-
imental results show the feasibility of the proposed approach
and satisfactory reconstruction performances.

8177



7. REFERENCES

[1] F. Cuccoli and L. Facheris, “Estimate of the tropospher-
ical water vapor through microwave attenuation mea-
surements in atmosphere,” IEEE Transactions on Geo-
science and Remote Sensing, vol. 40, no. 4, pp. 735–
741, 2002.

[2] F. Cuccoli and L. Facheris, “Normalized differential
spectral attenuation (NDSA): a novel approach to esti-
mate atmospheric water vapor along a leo-leo satellite
link in the Ku/K bands,” IEEE Transactions on Geo-
science and Remote Sensing, vol. 44, no. 6, pp. 1493–
1503, 2006.

[3] L. Facheris, F. Cuccoli, and F. Argenti, “Normalized
differential spectral attenuation (NDSA) measurements
between two LEO satellites: Performance analysis in the
Ku/K-bands,” IEEE Transactions on Geoscience and
Remote Sensing, vol. 46, no. 8, pp. 2345–2356, 2008.

[4] L. Facheris, F. Cuccoli, and S. Schweitzer, “The ESA-
ANISAP study: retrieving integrated water vapor pro-
files through differential attenuation between LEO satel-
lites,” in Proc. 2013 ESA living planet symposium, 2013.

[5] F. Argenti, F. Cuccoli, A. Lapini, and L. Facheris, “Anal-

ysis of the measurement geometry in the co-ro case,”
Tech. Rep. 7.1, ESA–ANISAP study, 2013.

[6] F. Argenti, F. Cuccoli, A. Lapini, and L. Facheris, “Anal-
ysis of the SS measurement performance in the CO-RO
case,” Tech. Rep. 7.2, ESA–ANISAP study, 2013.

[7] V. I. Tatarski, Wave Propagation in a Turbulent Medium,
McGraw-Hill, New York, 1961.

[8] A. D. Wheelon, Electromagnetic Scintillation. Part I
and II, Cambridge Univ. Press, Cambridge, U.K., 2003.

[9] E. Martini, A. Freni, L. Facheris, and F. Cuccoli, “Im-
pact of tropospheric scintillation in the Ku/K bands on
the communications between two LEO satellites in a ra-
dio occultation geometry,” IEEE Transactions on Geo-
science and Remote Sensing, vol. 44, no. 8, pp. 2063–
2071, 2006.

[10] H. J. Liebe, G. A. Hufford, and M. G. Cotton, “Prop-
agation modeling of moist air and suspended water/ice
particles at frequencies below 1000 ghz,” in 52nd Spe-
cialists Meeting of the Electromagnetic Wave Propaga-
tion Panel on Atmospheric Propagation Effects Through
Natural and Man-Made Obscurants for Visible to MM-
Wave Radiation, Palma de Mallorca, Spain, 5 1993.

8178


