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1. INTRODUCTION
Radio Occultation (RO) soundings of the Earth’s atmosphere utilizing existing Global Navigation Satellite System
(GNSS) signals has been carried out in several satellite missions starting with the GPS/MET experiment onboard the
MicroLab 1 satellite [1]. These measurements provide information on the bending of the GNSS signals due to
atmospheric refractive index variations. The bending information is used to retrieve vertical profiles of refractivity
which in turn can be inverted to vertical profiles of pressure and temperature when the atmospheric water vapour
content is negligible. When the water vapour contents cannot be neglected the water vapour profile can be obtained
from a priori knowledge of the temperature.
Water vapour is a strong greenhouse gas and due to its large abundance it has significant influence on the climate. Also,
due to the large energy transfers associated with the phase transitions of water it impacts the short term dynamics of the
atmosphere considerably e.g. by stimulating the development of tropical hurricanes. Therefore an accurate knowledge
of the temporal and spatial water vapour distribution is important for both climate research and weather prediction.
Recently improved RO missions with potential of independent retrieval of both temperature and humidity without a
priori information has been proposed, see [2] and [3]. In the work presented here we simulate the concept of the
proposed ACE+ mission, which include occultations between Low Earth Orbiting (LEO) satellites at three different
frequencies around the 22.3 GHz water vapour absorption line. By measuring not only the phase but also the amplitude
variations of the signals unambiguous retrieval of temperature and humidity profiles is made possible.
In this study we investigate the potential of the ACE+ system by performing end-to-end simulations using different
realistic noise scenarios, the corresponding errors in temperature and humidity are presented and discussed.
2. END-TO-END SIMULATION SETUP
End-to-end simulations of LEO-LEO occultations require various steps of calculations, all illustrated in Fig.1. First,
input geophysical parameters are transformed to a complex refractivity field using a Millimetre-wave Propagation
Model (MPM). Subsequently, this complex refractivity field is applied in the wave optics propagation simulations that
yield the electromagnetic field along the receiver orbit. Subsequently noise is added and bending angle and transmission
profiles are retrieved and inverted into complex refractivity profiles through Abelian inversions. Finally, the profiles of
geophysical parameters are retrieved through a non-linear least-square-fit. In the following these different processing
steps are described.

Fig.1. Overview of the simulation processing chain.

2.1. Atmosphere Model
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The simulations presented in this study are based on a simple one-dimensional vertical model defining a smooth
spherically symmetric atmosphere. The temperature model, T(h), where h is geometric height, resembles the mean
vertical structure of the Earths atmosphere and is constructed by simple analytic expressions approximating the US
Standard Atmosphere. The temperature model profile is shown in Fig.2 (left). The water vapour pressure model profile
e(h) is constructed by first specifying a linear variation in the relative humidity, RH, from 90% at the Earth surface
decreasing to 0% at 10 km above the surface. Hence, the model atmosphere consists of a dry region above the
tropopause and a humid region below the tropopause. Furthermore, no multipath phenomena are introduced since the
refractivity gradient, due to water vapour variations, decreases with height. The relative humidity at each level is
converted to the water vapour pressure profile shown in Fig.2 (right) using the following equations
RH = e / e s
(1.a)
2937.4
(1.b)
log10 e s = −
− 4.9283 ⋅ log10 T + 23.5471
T
[4] at each level; here es is the water vapour saturation pressure and T is the temperature. The total pressure model
profile is calculated by specifying a surface pressure and assuming hydrostatic balance trough a discrete version of
 h g

p(h) = p 0 ⋅ exp − ∫0
dh ′  ,
(2)
′
RT (h )


in which p0 is the chosen surface pressure, g is the gravitational acceleration and R is the gas constant both taken to be
constant. The quantities are calculated from 0 km to 130 km height at levels separated by 10 m.
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Fig.2. Model temperature profile (left) and model water vapour pressure profile (right).
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Complex refractivity, N(f), defined by N ( f ) = (n( f ) − 1) ⋅ 10 6 where n is the complex refractive index and f is
frequency, is calculated using the Liebe Millimetre-wave Propagation Model (MPM) [5] for each of the frequencies 10,
17 and 23 GHz. In this study we assume that no liquid water is present and neglect the magnetic field influence on the
refractivity. In Fig.3 (left) the real part of the refractivity is depicted. Only one curve is presented as the atmosphere is
virtually non-dispersive for these frequencies. In Fig.3 (right) the imaginary refractivity is depicted for all three
frequencies.

10

10

5

5

0

10 GHz
17 GHz
23 GHz

0
0

50

100

150

200

250

True real refractivity [N-unit]

300

350

0

0.01

0.02

0.03

0.04

0.05

0.06

True imaginary refractivity [N-unit]

Fig.3. Model real refractivity (left) and model imaginary refractivities (right).
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2.2 Signal Propagation
Simulation of the wave propagation through the atmosphere is based on the solutions to the Helmholtz wave equation.
In this study these solutions are computed by solving the parabolic approximation to the Helmholtz wave equation. The
primary limitations of this technique are that the backscattered field is neglected, and that accurate calculations are
restricted to a small angular span around a preferred direction, in this case a near-horizontal direction. However, for the
current study these limitations are not considered to have any measurable impact on the results. The Wave Optics
Propagator (WOP) makes use of a ray tracer in order to locate the area to which the field propagation calculations can
be confined [6].
The wave propagation simulation in the troposphere/stratosphere is based on the expansion of the field into a set of
plane waves which are propagated through a set of parallel thin screens nearly orthogonal to the propagation direction.
This is implemented using the fast Fourier transform (FFT) which significantly increases the execution speed of the
propagator. Spatial frequencies are used in the Fourier transform calculations. Refraction is accounted for in the
simulation by the specified real refractivity profiles on the screens whereas absorption is accounted for by specifying
the imaginary refractivity on these screens.
The Earth is modelled including impedance giving a more accurate lower boundary condition [7]. The propagation of
the wave field from the last screen to the LEO orbit is performed through a 2-D version of the Fresnel diffraction
integral [8].
The satellite orbits considered in our simulations are circular orbits lying in the same plane where the transmitter and
receiver are deployed at 850 and 650 km, respectively.
2.3 Noise simulation
All measurements are subject to noise. In LEO-LEO RO measurements thermal noise from the medium and in the
receiver disturb the electromagnetic signal. We simulate these noise components by adding Gaussian white noise to the
real and imaginary parts of the simulated electromagnetic field. In the simulations the power levels of the white noise
series is set so that they correspond to pre-specified values of the free space signal to noise density ratio at the used
sampling bandwidth. The free space signal to noise density ratio (SNR density) is the SNR per unit sampling bandwidth
of the signal above the atmosphere, i.e. without atmospheric attenuation and defocusing. According to [2] the ACE+
instrument is expected to be designed so that the free space SNR density will be 66 dBHz which is currently the
baseline for the ACE+ mission. We present simulations with free space SNR densities of 45, 56, 66, and 76 dBHz plus a
noise free reference case.
2.4 Retrieval of Bending Angle and Transmission Based on FSI
Our retrieval scheme is based on the Full Spectrum Inversion (FSI) method [9]. The FSI technique applies a Fourier
transform and uses the derivative of the phase after this transformation. Time and instantaneous frequency are the
output from FSI – also in case of multipath, where there will be more Doppler frequencies at a given time. The Fourier
amplitudes describe the distribution of energy with respect to impact parameter only modulated by signal spreading and
absorption, i.e. defocusing is automatically accounted for.
When using Full Spectrum Inversion to invert radio occultation data, a distinction between ideal occultations and
realistic occultations must be made. Ideal occultations are defined as occultations with a spherical Earth and perfect
circular orbits lying in the same plane. On the other hand, realistic occultations are defined as occultations with an
oblate Earth and approximately circular orbits lying in two different planes. In the former case, a global Fourier
transform can be applied directly to the measured signal; and pairs of ray arrival time, t0, and ray Doppler angular
frequency, ω0, is related through:



(ω (t 0 ), t 0 ) =  ω 0 ,− d arg(F )
(3)

d
ω
ω =ω0 

where F represents the Fourier transform of the measured signal.
Realistic occultations require that the occultation signal and ephemeris data are re-sampled with respect to the opening
angle, θ, between the radius vectors of the satellites and that frequency variations caused by radial variations in the
radius vectors are removed before the equation above is applied. Removal of those unwanted frequency variations
requires a priori knowledge of the variations in impact parameter during an occultation, which can be estimated, e.g.,
from the smoothed signal phase [9]. When the variations in the Doppler frequency have been determined through (3), it
is straightforward to compute the bending angle profile using standard retrieval techniques, see e.g. [10].

The corresponding transmission profile is determined by expressing the Fourier amplitudes with respect to impact
parameter and by correcting the amplitudes for spreading modulations. The transmission, i.e. the normalized intensity,
is related to the ray amplitude through
I (a)
A 2 (a)
ξ (a) =
= 2
(4)
I m (a) Am (a)
where I is the intensity of the signal in the absence of spreading and defocusing, Im is the intensity the signal would
have had without absorption, spreading and defocusing, and A and Am are the corresponding amplitudes. The Fourier
amplitude is related to the occultation geometry through
P
a
2
(5)
F (a) = ξ (a)
⋅
2
2π
2
2
2
2  dθ 
rG rL sin(θ ) rG − a rL − a 
 k
 da 
[9]. Here P is the transmitted power, rG and rL are the distances from the centre of curvature to the transmitter and
receiver, respectively, and θ is the angle between these. This expression is valid in general for a 3-D geometry with
circular orbits. For non-circular orbits additional terms are introduced in (5) as demonstrated in [11]. Since the
simulated electromagnetic field is two-dimensional, spreading corrections are only performed for spreading within the
occultation plane. Without transverse effects a factor of a /( rG rL sin(θ )) disappear from (5), see [12]. In this case the
Fourier amplitude becomes
1
P
2
(6)
F (a ) = ξ (a)
⋅
2
2π
2
2
2
2  dθ 
rG − a rL − a 
 k
 da 
where the transmitter power P is assumed to be constant throughout the occultation. From the following discussion it
follows that a profile of transmission multiplied by the transmitted power is readily computed through (4) and (6). The
transmitted power in the direction of the receiving satellite may not be known with a high accuracy, however, as long as
the transmitted power is constant this will not affect the inversion; this will be shown in the following section.
The FSI method has a number of advantages related to LEO-LEO occultations:
• it disentangles multipath,
• defocusing is automatically accounted for,
• it does not require a coordinate transformation to fix the transmitting satellite,
• it is simple, both conceptually and computationally.
The major drawback of the FSI technique is that it relies on the assumption of local spherical symmetry. When this
assumption is not fulfilled, the method may not be able to disentangle multipath. Like other methods based on Fourier
operators, the FSI amplitude always suffers from minor amplitude oscillations caused by Gibb’s phenomenon which
may cause unwanted artificial oscillations in the retrieved transmission profiles [13]. The problem of Gibbs
phenomenon can be solved by using appropriate window functions in the evaluation of the Fourier transform as
described in [13]. We refer to this technique as the windowed FSI (WFSI). In the WFSI technique windows of the same
form but with different durations are applied to the different components centred at the corresponding stationary phase
points. The duration and position of the individual windows can be determined from a priori knowledge of the
variations of the ray Doppler frequency. For practical applications this information can be obtained with sufficient
accuracy from a standard FSI. This approach is also applied in this study. Due to the application of windows the WFSI
method is also less sensitive to white noise compared to the standard FSI [13].
2.5 Retrieval of Complex Refractivity
Given profiles of bending angle and transmission as function of impact parameter the complex refractivity is derived.
The real part of the refractivity is derived from the bending angle profile using the standard Abel inversion as described
in e.g. [14]. Here, we will focus on retrieval of the imaginary part of the refractivity which is directly related to the
absorption. The imaginary refractivity is given by
N ′′ = 10 6 ⋅ n ′′ = 10 6 ⋅ (2k ) −1 ⋅ α
(7)
where k is the free space wave number, n ′′ is the imaginary part of the refractive index and α is the absorption
coefficient per unit distance in the medium [15]. The absorption coefficient is calculated using an inverse Abel integral
of the signal transmission, [3],

α (a ) =

1 da
π dr

∞

d ln ξ

∫a da
a ′= a

da ′

(8)
a′2 − a 2
where r is the ray path perigee distance to the curvature centre, a is the impact parameter and ξ is the transmission
defined in the previous section. From the equation above it follows that the transmission enters the Abel integral as the
derivative of the logarithm of the transmission. The transmission may, therefore be scaled with any arbitrary constant
without affecting the results of the Abel integral. This explains why it is not a problem for the inversion that the
transmission derived from FSI is scaled by the unknown transmitted power as described in the previous section. The
reason for this is that the signal absorption is related to the relative variations in the signal intensity and not the absolute
variations. Consequently, there will be no need for calibration of the measured amplitudes as the observations will not
be affected by long-term drifts in the instrument, which makes the technique very suitable for climate monitoring.
2.6 Retrieval of Geophysical Parameters
Given the retrieved profiles of both real and imaginary refractivity for the three frequencies proposed for the ACE+
mission, and assuming hydrostatic balance, we solve for dry pressure, temperature and water vapour pressure. Here we
apply a solution procedure similar to the approach originally suggested in [12].
The three real refractivity profiles only constitute one piece of independent information as the atmosphere is virtually
non-dispersive for the frequency range under consideration. Consequently, we have five pieces of independent
information to solve for three unknowns. A least square (LS) fitting method is employed for this over-determined
problem. It is worth to notice that if the signals had also been subject to absorption caused by liquid water, e.g. rain, we
would have had to solve for an additional unknown parameter, liquid water. However, there will also in this case be a
slight redundancy in the number of equations.
In order to exploit the information given by the hydrostatic equation in a simple manner, the inversion is started at the
topmost layer corresponding to the largest altitudes where reliable observations can be achieved. Boundary conditions
for the “unknown” parameters p, T and e are specified at this level. In the current simulations we have specified the
“true” geophysical parameters as the upper boundary conditions. These parameters are also used to calculate an initial
guess for the solution at the next level below. The initial guess is adjusted through minimization of a set of appropriate
functions by the LS algorithm. The functions to be minimized reflect the information contained in the derived
refractivities and the hydrostatic balance assumption. The function representing the hydrostatic balance constraint is
implemented using

p
g p
p i = p i −1 + ∆p ≈ p i −1 + g ⋅ ρ~i ⋅ ∆hi = p i −1 +  i + i −1 (hi − hi −1 )
(9)
2  RTi RTi −1 
where ideal gas behaviour and linear density, ρ, variations between the levels have been assumed. The level index, i, is
counted downwards from the topmost level and all other symbols have been declared in section 2.1 though it should be
noted that here they refer to the retrieved atmospheric parameters and not to the input model parameters. Equation (9)
expresses the bound on the solution at the i’th level imposed by the solution from the level above. By re-arranging this
expression and including the information from the retrieved refractivities we get the following cost function, J(pi,Ti,ei),
which must be minimized at each level with respect to the unknowns pi, Ti and ei:
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The first line in the cost function above represents the squared error in the hydrostatic balance equation where σ2hy is the
corresponding variance. The remaining terms represents the squared differences between the retrieved refractivities and
the corresponding refractivities derived from the Liebe MPM model for pi, Ti and ei, weighted with the corresponding
variances. In the Liebe model we neglect magnetic field, droplet density and rain rate contributions.
The cost function given by (10) is non-linear and is minimized using the Levenberg-Marquardt technique as
implemented in the software package MINPACK [16]. In the solution procedure the retrieved geophysical parameters at
one level is used as the initial guess at the next level and so on so forth. In the LS algorithm each function is weighted

by the variance of its corresponding data quantity as indicated in the equations above. In the simulations, fixed generic
variances have been used at all levels and for all the simulations. A variance of 10-3 Pa2 was used for the hydrostatic
balance error function, a variance of 10-8 was used for the real refractivity function and a variance of 10-11 was used for
all three cost functions related to the imaginary refractivity.
Since we have assumed that the liquid water content can be neglected in this study, there is some redundancy in this
over-determined problem with five equations and three unknowns. The pieces of information that may be lost are one or
more of the imaginary refractivities, as information from the real refractivity is only lost in the extreme situation where
neither of the signals can be measured. The portions of the atmosphere where information from the imaginary
refractivities could be lost are related to very wet or dry regions. In the lower troposphere, it is expected that the 23 GHz
signal may be completely attenuated due to high concentrations of water vapour - this will especially be the situation in
the tropics. In the upper troposphere the concentration of water vapour is expected to be so low that the absorption of
the 10 GHz signal may not contain any useful information. This may also be the case for the other frequencies in the
system when the atmosphere is very dry (for instance in the stratosphere), in these cases it will not be possible to
retrieve the concentration of water vapour.
3. RESULTS AND DISCUSSION
The main purpose of this study has been to assess the impact of white noise for the retrieval chain described in the
previous section. For the ACE+ mission the baseline signal-to-noise density is 66 dBHz [2]. Simulations have therefore
been performed for different SNR densities around 66 dBHz, namely: 45 dBHz, 56 dBHz, 66 dBHz, 76 dBHz, and no
noise. In the simulations the signals were sampled using a sampling frequency of 70 Hz, hence the lowest signal-tonoise density level of 45 dBHz, corresponds approximately to a SNR of 27 dB. Notice that these numbers corresponds
to the free space signal strength as described in section 2.3. In the lower troposphere the signal decreases significantly
due to both strong defocusing and strong absorption.
For the ACE+ mission the required vertical resolution is 500 m [2], hence a smoothing filter with vertical resolution of
500 m has therefore been applied in the retrieval chain.
It was found that for a given frequency and noise level the retrieved imaginary refractivity is subject to considerably
larger relative errors than the corresponding real refractivity. The reason for this is that the relative variations in the ray
phase induced by the atmosphere are larger than the relative variations in the ray amplitude induced by atmospheric
absorption [13].
Fig.4 depicts the absolute and relative errors in the retrieved temperatures for the considered noise levels. The figure
shows that the temperature errors increases with decreasing SNR, but it is also found that above 4 km the errors are
nearly independent of height and do not exceed approximately 1 K for any of the considered noise scenarios. Below 4
km the temperature errors increases rapidly towards the surface. The height at which the errors start to increase depends
on the SNR and decreases with increasing SNR. According to the ACE+ mission requirements the temperature rootmean-square (RMS) accuracy should be in the range of 0.5-2 K in the lower troposphere, 0-5 km, and in the range 0.5-1
K in the higher troposphere and lower stratosphere, 5-35 km, [17], which means that for the current simulations these
error bounds are satisfied in the upper troposphere and lower stratosphere for all the considered noise cases whereas the
error bound is exceeded in lower troposphere. The large errors in the lower troposphere are a consequence of the low
SNR associated with observations of that part of the atmosphere where the signal is subject to both strong defocusing
and strong absorption.
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Fig.4. Absolute (left) and relative (right) error of retrieved temperature for the noise levels indicated.
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In Fig.5 the absolute and relative errors in the retrieved dry pressure are shown. The pressure errors have the same trend
as the temperature errors; the errors are small and independent of height except in the dense and moist lower
troposphere where the errors increase towards the earth surface. Again, as for the temperature retrieval, the errors
decrease significantly when SNR is increased
In Fig.6 the absolute and relative errors in the retrieved specific humidity are shown. Again we see the same trend as in
the previous figures; the errors have strong dependence on the SNR, and also on height below 4 km. Above 4 km the
absolute errors in specific humidity are nearly independent of height while the relative errors in specific humidity
increase significantly with height above 7 km as a consequence of the very low water vapour contents in this part of the
model atmosphere, see Fig.2. We can therefore conclude that the humidity retrieval has the best performance at heights
of moderate water vapour content, which is in accordance with [18]. It is also worth to notice that even for the lowest
SNR (45 dBHz) the absolute specific humidity errors do not exceed approximately 0.1 g/kg in upper troposphere. This
is less than the RMS accuracies required for the ACE+ mission, which are 0.25-1 g/kg in the lower troposphere, 0-5 km,
and 0.01-0.25 g/kg in the higher troposphere, 5-15 km, [17]. To summarize, the simulations presented in this study
clearly indicates that mission requirements for the ACE+ mission can be met in the upper troposphere and lower
stratosphere, but they also indicates that these error bounds may be exceeded in the lower troposphere due to high
concentrations of water vapour. However, it should be noted that the simulations presented here do not include the
effects of scintillations caused by small-scale irregularities in the atmosphere, e.g. turbulence, which may lead to
increased fluctuations in phase and amplitude of the received signals [19].
4. CONCLUSION
In this study end-to-end simulations of LEO-LEO radio occultations have been performed using a set-up corresponding
to the constellation planned for the ESA ACE+ mission with three frequencies located around the 22.3 GHz water

vapour absorption line. The main purpose of this study has been to demonstrate that in this set-up both temperature and
humidity can be retrieved with an accuracy that satisfies the mission requirements for realistic signal to noise ratios.
Simulations have been performed for different SNR density ratios around 66 dBHz being the baseline for the ACE+
mission. The simulations have been performed for a smooth spherical symmetric atmosphere resembling the US
standard atmosphere with the addition of a very moist troposphere.
The results from the simulations have demonstrated the great potential of the ACE+ mission for retrieving independent
information of both temperature and water vapour in the lower stratosphere and upper troposphere. But the simulations
have also shown that the accuracy of the system can be significantly reduced by strong absorption and defocusing in the
lower troposphere. In the lower stratosphere and upper troposphere both humidity and temperature can be retrieved
within the error bounds stated in the ACE+ mission requirements even for the lowest considered signal to noise density
of 45 dBHz. It was also found that in this part of the atmosphere the errors are nearly independent of height. In the
lower troposphere the opposite is true and below a certain height, which depend on the SNR, the errors increases rapidly
towards the surface. This increase in the errors is a result of the very moist troposphere considered in our simulations
that give rise to both strong defocusing and significant absorption of the rays traversing the lower troposphere.
Therefore, the signal corresponding to these rays will have very low SNR values which obviously lead to increased
errors in the retrieved geophysical parameters.
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