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ROM SAF

The Radio Occultation Meteorology Satellite Application Facility (ROM SAF) is a
decentralised processing center under EUMETSAT which is responsible for operational
processing of GRAS radio occultation data from the Metop satellites and radio occultation
(RO) data from other missions. The ROM SAF delivers bending angle, refractivity,
temperature, pressure, and humidity profiles in near-real time and offline for NWP and
climate users. The offline profiles are further processed into climate products consisting of
gridded monthly zonal means of bending angle, refractivity, temperature, humidity, and
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The ROM SAF also maintains the Radio Occultation Processing Package (ROPP) which
contains software modules that will aid users wishing to process, quality-control and
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assimilate radio occultation data from any radio occultation mission into NWP and other
models.

The ROM SAF Leading Entity is the Danish Meteorological Institute (DMI), with
Cooperating Entities: i) European Centre for Medium-Range Weather Forecasts (ECMWF)
in Reading, United Kingdom, ii) Institut D'Estudis Espacials de Catalunya (IEEC) in
Barcelona, Spain, and iii) Met Office in Exeter, United Kingdom. To get access to our
products or to read more about the ROM SAF please go to: http://www.romsaf.org

Intellectual Property Rights

All intellectual property rights of the ROM SAF products belong to EUMETSAT. The use
of these products is granted to every interested user, free of charge. If you wish to use these
products, EUMETSAT's copyright credit must be shown by displaying the words
“copyright (year) EUMETSAT” on each of the products used.
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Executive Summary

The objectives of the VS project are:
Ol1. To implement Wave Optics-based algorithms to extract the reflected BA profiles.

02. To propose and check a methodology to identify reflected signals in RO data,
based on some descriptors of the expected reflected BA branch.

The tasks to be done by the VS are:

T1. Calculate the impact parameter corresponding to the border between the direct
and reflected rays

The reflection border corresponds to the shadow border as it is evaluated in the current
version of OCC. Its height is evaluated as the correlation maximum of the CT amplitude
with the 0-function. This ray height is the border between the direct and reflected rays,
because the amplitude of reflected rays is much lower than that of direct rays.

T2. Calculate two BA's: BA: the usual one; BA-R: the reflected part

The OCC code is modified in such a way that the CT algorithm is applied twice: for direct
rays above the shadow border and for reflected ones below the border.

T3. Estimate (and flag) if there is a reflection, based on calculating a specific RMS
value of the BA spread

Currently, the OCC and ROPP packages evaluate the BA spread by means of radio
holographic analysis in sliding windows. This technique is also applied to reflected BA
profiles, after tuning some specific parameters. Implementation of this task required an
analysis of RO data with reflections to tune up the specific threshold of the BA spread
corresponding to the presence of reflection. The ROM SAF provided data set, VFR list,
which was used for this purpose.

T4. Results from some tests with COSMIC and Metop data

OCC package after processing a RO event optionally writes a file containing information
on current options and occultation parameters. As part of this activity the updated code
writes out some reflected BA characteristics that allow for the automation of extracting RO
events with reflections from large data arrays. COSMIC and Metop data were processed
and statistical characteristics of the reflections were evaluated by means of a comparison
with the list of visually inspected cases (VFR) provided by the ROM SAF.

T5: Report with a description of the algorithm

Current report summarizes the results of this work, a joint scientific paper is under the
preparation for publishing in a peer-reviewed journal.
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The resulting OCC code with the above modifications serves as a prototype to be recoded
into ROPP code. This will be done by the ROM SAF afterward, and not as part of this
activity.
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1. Introduction

1.1 Purpose of Document

This document contains the results from the ROM SAF Visiting Scientist activity on the
development of wave optics code for the retrieval of bending angle profiles for reflected
rays. The document is organized as follows: Chapter 2 describes the current version of the
CT2 bending angle retrieval, which was not designed for the retrieval of reflected rays.
Chapter 3 contains the preliminary considerations of the problem, its possible solutions,
and examples from COSMIC observations and Wave Optical Propagator (WOP)
simulations. Chapter 4 describes our implementation of the reflection retrieval and its
results. Chapters 5 and 6 contain examples for COSMIC and Metop. Chapter 7 contains
comparison with ROM SAF database. In Chapter 8, we offer our conclusions. Chapter 9
contains the references.

1.2 Background

A clear signature of signal reflected by the Earth’s surface was revealed as early as the
beginning of 21% century, by means of the radio holographic analysis of CHAMP radio
occultation (RO) data [1, 2]. Similar patterns were also found in Microlab-1 GPS/MET
data [10, 11]. It was pointed out that the utilization of reflected signals can be useful for the
enhancement of the retrievals. Reflections are mostly observed above water (ocean) or
snow (Antarctica). Another application of reflected signals is linked to the altimetry [3, 4].

Currently, the main means of identification of reflections remains the radio holographic
analysis [5, 6, 7, 11] or its advanced version based on the Wigner Distribution Function
(WDF) [12, 13]. However, it is known that the techniques based on different
approximations for the Fourier Integral Operator are also capable of retrieving the reflected
part of the bending angle (BA) profile. These techniques include: Canonical Transform
(CT) methods [14, 15], Full Spectrum Inversion (FSI) [8], and Phase Matching (PM) [9].

In this Visiting Scientist activity, we aim at the enhancement of current retrieval algorithms
by implementing modules for the retrieval of reflected parts of BA profiles.
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2. CT2 algorithm of the bending angle retrieval

The purpose of this Chapter is to describe
(BA) retrieval.

2.1 List of Variables

the current CT2 algorithm of the bending angle

Fortran variable | Mathematical notation | Explanation

TR tort Time (s)

XLEO X (t) LEO (Rx) coordinates in ECEF frame (km)

XGPS X (t) GPS (Tx) coordinates in ECEF frame (km)

VLEO v, (t) LEO (Rx) velocity in ECEF frame (km/s)

VGPS Vg (t) GPS (Tx) velocity in ECEF frame (km/s)

P p t) or p; Geometric optical impact parameter (km)

uo Ug (t) Tx—RXx unit vector

DO do (t) Vacuum relative Doppler shift
(dimensionless)

Gamma Y Relativistic factor (usually 1).

C_Light c Light velocity in vacuum (km/s)

SO So (t) Vacuum phase path (km)

DS AS (t) Observed phase excess (m)

DSF _S(t) Smoothed phase excess (m)

DDSF E(t) Smoother phase excess rate (m/s)

DF J(t) Smooth relative Doppler shift
(dimensionless)

PO ﬁ(t) Smooth impact parameter model (km)

EO g(t) Smooth bending angle model (rad)

P D, PDH d ﬁ(t)/d d Derivative of impact parameter model over
Doppler shift

Y Y(t) New observational coordinate
(dimensionless)
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Fortran variable

Mathematical notation

Explanation

FT

f(t) or f(Y)

Ancillary function for new coordinate
definition

FTI fy (t) or f,(Y) Integral of f (t) over Y(t)
SMO S(M)(t) Vacuum phase path with subtracted model
° (km)

SM, SMH S(M ) (t) Phase path with subtracted model (km)

RE Re Local Earth’s curvature radius (km)

A, AH A(t) Observed amplitude

PH p Impact height (km)

UH <i>’2u (p) Transformed wave fields

AH A(p), A'( B), A"(p) Amplitude of transformed wave field

SMH ¢'(P), ¢'(P), ¢"(p) | Phase of transformed wave field (rad)

SMF 5’( p) Smoothed phase of transformed (rad)

DPW APry Radio holographic filter width (km)

UR Ug ( p) Transformed signal with down-converted
frequency

AF Acorr (D) Correlation of A"( ) with 6

ZH(IFB) Beng The shadow border (km)

ECSS d¢ Estimate of refraction angle covariance (rad)

DH d ( p) Relative Doppler frequency shift as a
function of impact height

EH a( p) Bending angle as function impact height
(rad)

PH p(p) Accurate impact parameter as function of
impact height (km)

APY a( p) Amplitude function of FIO

AH CT amplitude

9 of 102




Ref: SAF/ROM/DMI/REP/VS27/001 ROM SAF CDOP-2

B
o P
\éggﬁr&,\ﬁy 2016 Visiting Scientist Report 27 = ROM SAF

2.2 Geometric Optical Processing

Geometric optical (GO) processing is the first stage of the RO data processing. It serves for
the initial evaluation of the occultation parameters and smooth models of the Doppler
frequency shift and phase excess.

2.2.1 Vacuum Model
The vacuum relative Doppler frequency shift is evaluated as follows:
c—Vg (t)-uq(t
do(t)= G() 0()'Y_1, (l)
-V (t)-uo(t)
where vy is the relativistic factor. Usually, it is a very good approximation to set y=1,

because relativistic effects are already taken into account in the pre-processing of
telemetric data and phase excess evaluation. The vacuum phase path is evaluated by the
integration of the Doppler relative shift:

t
So(t)=—¢ | do (t') dlt, )
to
where t, is the starting moment of time. Although the vacuum phase path should just be

equal to the satellite-to-satellite distance, it is numerically advantageous to evaluate it by
integrating the vacuum Doppler model.

2.2.2 Smooth phase excess model
The smoothed phase excess AS (t) and its derivative AS'(t) are obtained by the filtering

of the measured phase excess AS (t). The smoothed relative Doppler shift d (t) is
obtained as follows:

a(t)=d, (t)—AS(;(t). ©)

From d (t) and satellite orbit data we evaluate the smooth impact parameter model B(t),

bending angle model E(t), and the derivative of impact parameter over Doppler shift
d p(t)/dd . Theancillary function f (t) is evaluated as follows [15]:

_ — .dp(t
f(t)=p(t)-d (t);—dO. (4)
The new coordinate is determined as follows [15]:
((ap))”
Y(t):YO—CJ-(Wj dt’, (5)
to

where Y, is a constant determined in such a way that Y (t)>0 for the observation time
interval. We evaluate the integral of f (t) :

Y(t)
fi(t)= [ f(t)dy(t) (6)

Y(to)
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Using this function, we evaluate the vacuum and observed phase path with subtracted
model as follows:

53 (1)=S56 ()~ ReY (1)+ 11 (1),
stM) (t)=sM) (t)+as (1),
where Rg is the Earth’s local curvature radius. Subtraction of Rz Y (t), a linear function of

Y , from the phase corresponds to the reduction of the frequency, which equals the impact
parameter, by a constant of Rg. All the functions of time t can also be looked at as

functions of the new coordinate Y .

(7)

2.3 Wave Optical Processing

Wave optical (WO) is the last stage of the data processing providing the most accurate
retrieval algorithms.

2.3.1 Fourier Integral Operator
The measured wave field has the following form:

u(t) = A(t)exp(ik (So () +AS (1))). (8)

The Fourier Integral Operator is defined as follows [15]:

é)zu(ﬁ):\/ZL:jA(Y)exp(ikS(M)(Y)—ierY)dY, )

where the resulting function still needs to be multiplied with the amplitude function, which

will defined below. The variable p is the impact height (impact parameter with subtracted

Rg due to the definition of SSM)(t) (7)). The transformed field Ci)zu(fJ) is represented as
follows:

®,u(p)=A'(B)exp(ie’(P)), (10)
where A’(r)) is the amplitude of the transformed field with the missing factor of the
aforementioned amplitude function, and cp’(r)) is its accumulated phase. The frequency

variable Y is defined in (5) in such a way that it is always positive in the area, where any
rays may be expected. This simplifies the evaluation of the accumulated phase (p'( r)). The

amplitude function is evaluated using ¢'( r)), which is the reason why field u( p) is first
evaluated up to this factor.

2.3.2 Radio Holographic Filter

The radio holographic filter is intended for noise reduction [16,17]. The filter width in the
current version is hardcoded and equals Apgy =0.25 km. Using this filter width, we

define the smoothed phase 6’( p) and the signal with the down-converted frequency:

ur (B)=A'(B)exp|i(¢'(B)-7'(p))] (12)
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The radio holographic filtering consists in convolving ug ( f)) with the Gaussian kernel and
restoring the phase variation:

a(ﬁ)_{uR(p)*exp{—(ApiHj ”eXp(I(P (r))) (12)

= A'(p)exp(i¢'(p)).
The filtered amplitude A'( p) and ¢'(p) are employed according to the program option —

cff (complex field filtering). If option —cff=p is specified, where p stays for the impact
parameter domain, both filtered amplitude and phase are used in further processing. If,
however, option —cff=pa is specified (impact parameter domain, amplitude only), then it is
amplitude only that is used in the further processing. Otherwise, no radio holographic is
performed:

A'(p)=A(p)., ¢"(p)=9'(p), —cff=p,
A'(B)=A(p), ¢"(p)=9'(p), —cff=pa, (13)
A(p)=A(B), ¢'(p)=¢'(p), otherwise.

2.3.3 Shadow Border Determination
First, we evaluate the light zone amplitude Ay and the shadow zone amplitude Ay,q as

follows:
1 Pmax RV V2
Aigt - AB (A (p)) dp )
Pigt Pmax —APigt (14)
- 12
1 min DRI
Aspg = I (A"(p))"dp|

Shd pin —ABsng

where P 1S the maximum impact height estimate, p,, =1.7 km is the upper estimate
of the minimum ray height, Apjg =5km, APgq =1km. For py,, we use the following
estimate:

Pmax :min(HB’maX(pi))’ (15)
where Hpg is the maximum height for the wave optical processing (25 km by default, can
be defined by the option —hb), and p; is the impact parameter array obtained in geometric
optical processing. Scaled amplitude is defined as follows:

Ascl(lﬁ):min[A'gt Aghd A(P)- AShdj (16)

The shadow zone border is estimated from the maximum of the correlation between
A (P) and 65 (—p)=6(p'— p) considered as function of p'. To this end, the following

function is evaluated.
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(Ascl’elﬁ ) (ASC' )
ool ™ ool
J‘Aschef)'dr) B 1 Pmax

= = oy A (P)dp,
(J.Q%,dr))lm v Pmax — P :I[' I( )

where we multiplied the correlation function with the constant factor of |A |, which does

Acorr ”Ascl ”
(17)

not influence its maximum. The location pg of the maximum of this function provides the
estimate of the shadow border.

2.3.4 Phase Filtering and Differentiation

The filter width profile is specified by options —hfw (4 reference heights, km), —fwo (phase
filter widths at the reference height, km), and —fwa (amplitude filter widths at the reference
height, km). Using the filter, we evaluate the filtered phase derivative, separately for

P < Psng @nd for p > Pgyq :

d—ﬂ =
7 (p) (18)
dp
2.3.5 Radio Holographic Analysis
We evaluate the phase model by numerically integrating the phase derivative:
p d—n =1
-—n = (P p =
7(p)= | d( ap: (19)
O P
min
The signal with the down-converted frequency is evaluated in a way similar to (11)
ug ()= A"(p)exp[i(e"(P)-9"(p))] (20)

The value of the sliding aperture has a hardcoded value of Apgy =0.5 km. For each value
of impact height p, a sliding Fourier transform is evaluated:

B AIORH
‘/ I p)exp(ikpY )dp. (21)
2 Ap
5 RH
From the sliding spectrum, we evaluate the bendlng angle spectral width:
Aepm
| Y2|or(p.Y)fdY
A
8e5s (P) =~ : (22)
| or(p.Y) dY
—Agp
The lower-tropospheric bending angle covariance is estimates as follows:
8¢ (p) =max (0, deds (P)-0eds (P =10 km)). (23)
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2.3.6 Determination of Bending Angles and CT Amplitude
We evaluate Y (P):
_ 1dg"(p)
Y =——_T T AY, 24
where AY is the additional border width of the Y high resolution grid. Because the limits
of the grid are —AY and Y ,x +AY , we have to take into account the fact that the lowest

value of Y is —AY , rather than 0 as assumed by the Fast Fourier Transform algorithm. We
evaluate the dependence t(Y). Then we evaluate the Doppler frequency shift as a function

of the impact height:

d(m=6(t(Ys(m))+[df§‘)j1(RE+r>—5(t<Ys<m>)), 9

where the second term corresponds to the linearized deviation of the Doppler frequency
shift from its smoothed model.

Using the interpolated orbit data x, (t(Y(B))). xa (t(Ys(D))). v (t(Ys(B))).
Vg (t(YS ( r)))) and d(p), we evaluate the bending angles ¢( p) and impact parameters

p( fJ). Because the value of Rg + p is an approximate value of the accurate impact
parameter:

p(P)=~Rg + P, (26)
these two dependencies allow for a parametric definition of the bending angle profile
e(p). The dependence of ¢(p) will be mostly single-valued, except maybe some narrow
areas. This effect can be corrected for by the monotonization of the array p;. Due to the
mutual relation between p and monotonic p, any function of p can also be used as a
function of p.
Now we can evaluate the amplitude function of the FIO [15]:

o()=[ e 1 (o) 57 e (v ) - p] x

(27)
_ v2
x{‘XG (t(Ys ( p)))HxL (t(YS ( p)))‘sm e(t(YS ( p)))}g-o ,

where 6 is the angle between X5 —X, ¢ and X —X ¢ . The full FIO is defined as follows:

®@u(p)=a(p)d,u(p). (28)
The CT amplitude is defined using the amplitude function a( p) :
A'(p)a

Pm(p)=—(p) (p), (29)

A\’;ac
where AJ,. is the normalizing constant, determined in such a way that the “vacuum” value
of Acr ( p), i.e. its value at large heights, where refractive effects in the amplitude vanish,
should be unity.
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3. Preliminary Considerations and Examples on
Reflected Signals

Ay

Figure 1. Reflection and multipath propagation geometry.

In Chapter 2, we described the CT2 algorithm of the bending angle retrieval. The current
version of the algorithm is designed for the retrieval of bending angles for direct rays.
However, there is no principal difference between direct and reflected rays from the view
point of the received signal. Reflected rays are characterized by a lower amplitude and by a
rapidly increasing bending angle profile. But the same features can also be observed for
rays below a wave guide. This allows for the modification of the CT2 algorithm in order to
implement also the retrieval of reflected rays. In this Chapter, we will discuss possible
ways of this modification. In Sections 3.1 to 3.4, we discuss possible algorithms for the
retrieval of reflected rays. In Sections 3.5 and 3.6, we give example of reflections in
COSMIC observations and simulations based on ECMWF analyses. In Section 3.7, we
present conclusions regarding the optimal retrieval method.
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3.1 Reflected Rays Retrieval in Impact Parameter Domain

As we saw, the analysis of the amplitude of the field in the transformed space allows for
the determination of the shadow border impact height pg . Practically, because the energy
of reflected rays is much smaller than that of direct rays, this will also be the border
between direct and reflected rays. The CT2 algorithm evaluates the filtered phase
derivative, separately for p < pg and for p > pg, which we denote as follows:

dop (p)  doR(P)

g ' dp

where subscript D stays for direct rays, and subscript R stays for reflected rays. However, it
will be necessary to implement an additional option that specifies the filter width for
reflected rays. This is explained by the fact that the impact parameter interval for reflected

rays is usually as narrow as 100-200 m. This requires a narrow filter window of about 20
m, while the typical setting for processing direct rays in the lowest troposphere is 250 m.

, (30)

3.2 Reflected Rays Retrieval in Time Domain

The CT2 algorithm is designed for the retrieval of BA profiles in multipath areas, where
the profiles are non-monotonic. This is not the case for BA profiles of reflected rays, which

always monotonically increase. This makes it convenient to retrieve dependence p(¢)
rather than s( p) . On the other hand, it is more straightforward to formulate the retrieval

algorithm in the time domain, as illustrated by Figure 1. Of course, in the time domain, in
presence of reflection, there is always multipath propagation due to the interference of
direct and reflected rays. But the field component related to the directed rays can be
effectively removed. To this end, we can use the impact parameter domain, where the
direct and reflected rays are clearly separated by the border impact height of pe.

Therefore, we can form the following field ug (t) in the time domain that only contains the
reflections:

Ug (1) = 3", [u(t)]0(Pe - B) ], (31)
where &)2 is the FIO defined by (9) and (27), and &)El is its inverse. This function can then
be processed using the standard geometric optical (GO) technique.

3.3 Reflected Rays Retrieval from Wigner Function

Wigner Distribution Function (WDF) [12,13] can also be used for the retrieval of reflected
rays retrieval. WDF is a 2-D pseudo-density W (&, p) of energy in the (&, p) space. The

average bending angle as function of impact parameter can be found as follows:
Is’W (¢', p)de’
#(p)= IW (¢',p)de’ '
In a similar way, it is possible to obtain dependence p(¢):

(32)
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p'W (&, p')dp’
|o(8)=j ot (33)
.[ W (&, p')dp
where integration should be performed over the shadow zone in order to retrieve the
dependence p(e) for reflected rays.
3.4 Reflected Rays Retrieval in Modified Impact Parameter
Space
The FIO (9) corresponds to the following linear canonical transform [15]:
p="f(Y :
p="F(Y)+n (34)
£=-Y,

where n is the eikonal derivative (momentum) of the original observed field u(t), and &

is the momentum of the transformed field. This transform can be modified in order to use
another coordinate:
p'=p+aY, (35)
where o is a tunable parameter. The corresponding transform will be written as follows:
p'=F(Y)+aY+n=f'(Y)+n,
E=-Y.
Substituting the modified function f’(Y) into (6), (7), (8), and (9), we obtain the

expression for the modified FIO Ci)’z. The advantage of this approach is that it can be
implemented by a relatively small modification of the existing CT2 algorithm.

(36)

3.5 Examples of Reflections in COSMIC observations

Below we give some examples of reflections detected in COSMIC observation (Figure 2
through Figure 15). Each Figure includes the map indicating the event location and the 2-D
plot of the WDF for the observed wave field [12] (cf. Figure 1). Reflections are observed
over ocean or snow/ice. Many interesting examples are observed over Antarctica.
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Figure 2. Reflection over ocean.
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Figure 3. Reflection over ocean.
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Figure 4. Reflection over ice/snow.
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Figure 5. Reflection over ice/snow in Antarctica.
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Figure 6. Reflection over ice/snow in Antarctica.
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Figure 7. Reflection over ocean.
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Figure 8. Reflection over ocean.
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Figure 9. Reflection over ocean.
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Figure 10. Reflection over ice/snow.

26 of 102




Ref: SAF/ROM/DMI/REP/VS27/001 ¢
Version: 1.0 - .ROM S.AF.CDOP-Z G ROM SAF
Date:10 May 2016 Visiting Scientist Report 27

3 |
2008/01/01; 01:02:25.000; 51.81S 94.23E
£
=
k|
2
2
°
S
E

Refraction angle, rad

Figure 11. Reflection over ocean.
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Figure 12. Reflection over Antarctica.
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Figure 13. Reflection over Antarctica.

29 of 102




Ref: SAF/ROM/DMI/REP/VS27/001
Version: 1.0
Date:10 May 2016

ROM SAF CDOP-2 G
Visiting Scientist Report 27 ROM SAF

Latitude, deg

o]
Longitude, deg

2008/01/01; 01:33:00.000; 56.99S 168.18W

Impact height, km

"%,
W oM
1Y

AN

AN EIWPY

01 0015

}‘I' i
%' o

0.02 0.025 003

Refraction angle, rad

Figure 14. Reflection over ocean.
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Figure 15. Reflection over ocean.
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3.6 Examples of Reflections in Simulated Data

Wave Optical Propagator (WOP) [18] allows for the realistic simulation of RO signals
using the split-step method. WOP has also the capability of simulating reflections. This
capability utilizes the hard boundary condition in phase screens: the field inside the Earth is
set to 0. Setting the field to O is equivalent to arranging secondary emitters in antiphase
with the incident wave. The secondary emitters will then create the reflected wave obeying
the standard reflection law. Because the hard boundary condition as it is currently
implemented, is independent from the actual surface properties, WOP can simulated
reflections all over the globe, not only above oceans, snow, or ice.

Below we show some examples of reflections in simulated data.
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Figure 16. Simulated reflection over ocean.
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Figure 17. Simulated reflection over ocean.
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Figure 18. Simulated reflection over land.
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Figure 19. Simulated reflection over land.
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Figure 20. Simulated reflection over land.
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Figure 21. Simulated reflection over land.
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Figure 22. Simulated reflection over Antarctica.
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Figure 23. Simulated reflection over Antarctica.
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Figure 24. Simulated reflection over mountains.

41 of 102

0.03




Ref: SAF/ROM/DMI/REP/VS27/001
Version: 1.0
Date:10 May 2016

ROM SAF CDOP-2
Visiting Scientist Report 27

%0 [
e %Wﬂff_:"g”%rffi\? L e T —
45 ;_ \‘[ ‘?\s/;ﬁ“ . %@'ﬁb&@o - éﬁ‘f_jjg B

ol 15 F e L . 2 RIS %

& oF = \_\ i '7\ - ‘,'{;/ = ﬁ@igﬁ};;\k‘_

% a5 F e/ om0 SN
30 ! ‘] N 1 C/-m& J] .
.452_....... {{g" NS N - T - o4
0 o
8 et H——---’—_:fﬁ-g = i . &
R % W o

Longitude, deg
2008/01/01; 01:02:27.000; 13.04S 61.08W

6
£
¥4
2 b
B °f
&
0 4
S
£
3
2

.01
Refraction angle, rad

Figure 25. Simulated reflection over mountains.
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3.7 Discussion

The above examples of observed and simulated reflections allow for the following
conclusion. The simple reflection model implemented in WOP allows for a realistic
modelling of reflections not taking into account the reflective properties of the Earth’s
surface. Both observed and simulated reflections indicate a very rapid increase of the
bending angle of reflected rays, g as a function of impact parameter p . Dependence

€R ( p) is mostly confined in a narrow impact parameter interval of about 100 m. Often

er (P) is a multi-valued function. This indicates the method of choice should be the time

domain retrieval preceded by the extraction of the reflected signal by using the filtering in
the impact parameter space, as described in Section 3.2. Below we will describe the
implementation of this approach and its results.
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4. Reflection Retrieval Implementation

4.1 Phase Model for Reflected RO Signals

The phase model will play an important role in our further discussion. Here we describe the
algorithm for the evaluation of the phase model for reflected RO signals. Given a

spherically symmetric model of the neutral atmosphere ny, (r), where r is the distance

from the Earth’s curvature center, the corresponding bending angle profile for reflected
rays is expressed as follows [19]:

SMR(D)=—2DJ. d Ig:m J%—Zarccos(p—i} (37)
P Y

where x(r)=rny (r) is the refractive radius, the firs{/mwng for the refraction due

refractivity gradient, and the second term describing the ray bending due to the reflection at

the surface, pg =rgny (rz), and re is the Earth’s curvature radius with the account of the

surface height above the reference ellipsoid. Our neutral atmospheric model ny, (r) IS

based on the MSIS-90 model complemented with 80% relative humidity below 15 km as
described in [20].
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Figure 26. Reflected bending angle model for occultation event 2008/01/01, UTC
01:02:23, 70.28°N 121.87°W.

An example of reflected bending angle model g),5 ( p) is shown in Figure 26.

Together with the satellite orbit data, the model bending angle profile g5 ( p) allows for

the determination of the phase excess for the reflected rays. To this end, we have first to
numerically solve the following equation:
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P p
O(t)=¢ p)+arccos +arccos : (38)
( ) MR ( ) Iy (t) fiay (t)

where e(t) is the satellite-to-satellite angle with respect to the local curvature center,

Fryrx (t) are the radial coordinates of the satellites, hereinafter index Tx staying for the
transmitter and index Rx staying for the receiver. The equation is solved for time t for
each prescribed impact parameter. This allows for the determination of impact parameters
as function of time, py (t). Dependence pyg (t) is always single-valued for reflected
rays, because reflected bending angle profiles are monotonic and do not result in multipath
propagation. This is illustrated by Figure 1 and explained by eq. (37), where the derivative

of the second, reflective term proves to be much stronger than that of the first, refractive
term, for any possible atmospheric conditions.

Given satellite coordinates xr, gy (1), the ray directions at the satellites, unit vectors
Utk R (t) are inferred from p(t) using the geometrical relationships:
XRX (t)x qu (t) = XTX (t)X uTX (t),

|XRx (t)x URrx (t)| = |XTx (t) XUy (t)| =P,
which expresses the fact that rays lie in the vertical occultation plane, and the impact
parameter has the same value at the transmitter and at the receiver.

(39)

1000 ~
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Figure 27. Reflected phase excess model for occultation event 2008/01/01, UTC 01:02:23,
70.28°N 121.87°W.

Using the satellite velocities Vg, 1 (t), we find the relative Doppler frequency shift
dur (1)

C—Vay (1) Upy (1) [C®=VE (1) ,
C_VTx(t)'uTx(t) C2—VR2X(t)_1_dMR(t)' (40)
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The phase excess is obtained by integrating the Doppler shift:
Swr (£) =¢[(d@ (1)~ dyr (1)) dt, (41)
where d© (t) is the vacuum Doppler shift for the direct rays, evaluated from (40), by

inserting unit vector u(TOX),RX (t) corresponding to satellite-to-satellite straight-line direction.
An example of reflected phase excess model is shown in Figure 27.

4.2 Radio Holographic Index of Reflections

The idea of flagging radio occultation with an index of the strength of the reflected ray
consists in the following. Although the amplitude of the reflected signal is weak as
compared to the direct signal, the instant frequencies of the reflected signal concentrate
around the instant frequencies of the model reflected signal. Therefore, we can use the

model reflected signal exp(ikS,\,IR (r)) as the reference signal and evaluate the radio
holographic spectrum as follows:

g (0) = [ A(t)exp(ik[ S (t) - Syr (1) - o ])dt. (42)

100
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Figure 28. Radio holographic spectrum amplitude |[dg(w) for occultation event
2008/01/01, UTC 01:02:23, 70.28°N 121.87°W.

The integration here covers the time interval, for which we can evaluate the reflected phase
excess model. Each frequency o can be transformed to equivalent impact parameters using
relationships (40) and (39). This allows for considering the spectrum as a function of

impact parameter related to middle point t, of the time interval. Moreover, it is convenient

to introduce the reference value p, of the impact parameter, corresponding to frequency
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®o =Sy (to ) - The spectrum can be considered as function Ug (Ap) of relative impact

height Ap=p—-py.
An example of radio holographic spectrum is shown in Figure 28. The spectrum indicates a
distinct spike near Ap =0, corresponding to reflection. The presence of reflection is also

confirmed by the Wigner function plot.

Impact height, km

IR R At L e R e LA e Tt S DR i e |
0loos 0.01 0.015 0.02 0.025 0.03
Refraction angle, rad

Figure 29. Wigner function for occultation event 2008/01/01, UTC 01:02:23, 70.28°N
121.87°W.
Using the radio holographic spectrum, we define the reflection index as follows:

3 _ 2
U = [_57.13%3]|u (Ap)| :

0 <|a(AP)|2>[o_3, 03]’
- :<|a(Ap)|2>

~2
Umax

(43)

[-20,1.0]

IR =
Uave (umax + & Upyg )

where 0., 1S the maximum of the spectral density taken within the interval of
Ap €[-0.3 km, 0.3 km], U,y is the spectral density averaged over the same interval, Upkg

is the background (noise level) spectral density estimated by averaging over the interval of
Ap e [—2.0 km, —1.0 km] ,and o is the regularization parameter, which we take to equal 3.

The index characterizes the strength of the spectral spike and suppresses random spikes at
noise level. The value of Iz =0.25 corresponds to a flat radio holographic spectrum, i.e. a
definite absence of reflection. For the illustrative event considered above, the index has a
value of 17.917.
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4.3 Filtering in Impact Parameter Space

In order to extract the reflected field component ug (t) we implemented the filtering in the

impact parameter space. In Figure 29, we see that the reflected ray is observed both around
impact height of 2 km and 10.5 km. The latter originates from aliasing, where the Doppler
frequency shift of the reflected ray deviates from the direct ray phase excess model by more
than a half of the receiver band width, which equals 50 Hz. The impact parameters
difference Ap,;,s between non-aliased and aliased components for typical observation

geometry is about 8-10 km. The exact value Ap,;;,s for a specific event is evaluated by

using GO relationship (39) and (40). To this end, we evaluate impact height from the
original relative Doppler shift, and from the relative Doppler shift corresponding to the
aliased frequency shifted by the sampling rate.

In order retain the aliased component, we modify filter (31) as follows:

Ug (1) = @3 @, u(t) J2(p) ], (44)
where y(p) is defined as follows:
exp(~(Pe ~Apg — B) /50R), P < Pe ~Ap;
1, Pg—Apr<P<PE;
exo(-(p- pe 158
2(P)={  +exp(~(Pe +APaias —APR ~ P)’ /3P4 ). (45)

Pe < P < Pe + APyjias — APR;
1 Pg +Apyjias —APR < P < Pg + APyjias:

~ =~ 2 N D
exp(—(p— Pe — APaiies ) / Spé), Pe + Aglias < P-

This function is equal to unity inside the impact height interval of [ﬁE —ApR, f)E] and the

corresponding aliased interval of [ Pg + APgjias — APR. Pg + APaias | - The width Apg of

these intervals is set to 1 km. Outside these intervals, we employ the Gaussian apodization
with a characteristic width of dpg =0.2 km. Apodization allows for avoiding sharp

boundaries of the filtering function, improving the filter quality.

4.4 Reflected Bending Angle Retrieval in Time Domain

Above, we have employed the CT technique to extract the reflected field component
Ug (t). Our previous consideration indicates that, this done, the standard GO retrieval in

the time domain has a clear advantage over other approaches. This is explained by the
following. Typical bending angle profiles for reflection indicate a very steep increase with
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the impact parameter. Often, this profile is a multi-valued function of impact height p. On
the other hand, reflected rays never interfere in the time domain.
The wave field ug (t) can be represented as Ag (t)exp(expipg (t)). We only use the

phase samples ¢g (ti ) First, we recover the original, not distorted by aliasing phase

variation by using the phase model Sg (t) To this end, we evaluate the phase deviation
from the model:

We re-accumulate (connect) the phase samples by adding a full number of cycle to each
one:

Adg (1) = Agg () +21N;, (47)
so as to minimize the variations of Agg (ti) between samples. Finally, the phase excess of
the reflected rays is evaluated as follows:

Adg (1, )

SR(ti):SMR(ti)+ "
The phase excess evaluated, we infer the bending angles e (ti) and impact parameters

p(t;) by inverting the GO relationships (38), (39), (40), and (41), used for the evaluation
of the model phase excess Sy (t) from the bending angle profile eyg (p).

(48)
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Figure 30. Determination of the safe time interval for the reflection retrieval.
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The reflected bending angle profile consists of two parts: initially non-aliased and the de-
aliased one. Both branches intersect with the direct ray bending angle profile. Therefore,
we need to choose the reflected profile part between the two intersection points. This is
illustrated in Figure 30. For a safe estimate of the time interval for the reflection retrieval
we use bending angle models for the reflected, aliased reflected, and direct ray. The time
interval is defined as that between the intersections of the direct ray profile with aliased
reflected profile with subtraction of safety border of 1.5 km, and the non-aliased reflection
profile with the addition of safety border of 0.5 km.

In order to obtain the error bars, we apply the radio holographic estimate [16] of the impact
parameter spectral width. The example, which we present in the next Sections, indicate that
the error bar, by themselves, have a larger width as compared to the radio holographic
spectra. This is explained by the fact that the reflection index uses the long-term radio
holographic spectrum, while the error bars are inferred from the widths of short-term,
sliding radio holographic spectra. Still, the relative value of the error bars provides a good
measure of the reliability of the reflection retrieval.
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5. Examples of Processing COSMIC data
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Figure 31. Occultation event with reflection. Reflection index 30.466. Panels from top to
bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model and
retrieved reflected bending angles with radio holographic error estimates.
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Figure 32. Occultation event with reflection. Reflection index 28.115. Panels from top to
bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model and
retrieved reflected bending angles with radio holographic error estimates.
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Figure 33. Occultation event with reflection. Reflection index 26.163. Panels from top to
bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model and
retrieved reflected bending angles with radio holographic error estimates.
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Figure 34. Occultation event with reflection. Reflection index 24.979. Panels from top to
bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model and
retrieved reflected bending angles with radio holographic error estimates.
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Figure 35. Occultation event with reflection. Reflection index 20.060. Panels from top to
bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model and
retrieved reflected bending angles with radio holographic error estimates.
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Figure 36. Occultation event with reflection. Reflection index 15.697. Panels from top to
bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model and
retrieved reflected bending angles with radio holographic error estimates.

62 of 102



Ref: SAF/ROM/DMI/REP/VS27/001
Version: 1.0
Date:10 May 2016

ROM SAF CDOP-2
Visiting Scientist Report 27

¢~ ROM SAF

(1)

?53— e _@n—‘; -

Latitude, deg
> o
) )

2008/01/01; 10:07:11.000; 48.68S 134.46W; 10.145

o]
Longitude, deg

()

90 135 180

-\l

[e2]

Impact height, km
w

w
III]IIIIIII[IIIIIII

0.01 0.015

0.02
Refraction angle, rad

63 of 102

0.03




Ref: SAF/ROM/DMI/REP/VS27/001
Version: 1.0

ROM SAF CDOP-2
Visiting Scientist Report 27

Date:10 May 2016

¢~ ROM SAF

(3)

100

80

(2}
o

Spectral power
3
I T

‘\ m

| |1| | ‘
: -". A YUk
o i My !‘r Mf Iflﬁk’il‘lb:lpl I

Relative impact he |ght, km
(4)

'S
L L L I

Model
Retrieved

bl
w wn
|

Impact hegith, km
N
»

\%]

;
§
= II! "
I|i ..
———
E = T
. L

-
w

—_

3 2 = 0 2 3

o LI I LI B B | I L I LI B I | I LI

0.01 0.02 0,03
Reflected bending angle, rad

Figure 37. Occultation event with reflection. Reflection index 10.145. Panels from top to
bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model and
retrieved reflected bending angles with radio holographic error estimates.
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Figure 38. Occultation event with reflection. Reflection index 8.943. Panels from top to
bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model and
retrieved reflected bending angles with radio holographic error estimates.
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Figure 39. Occultation event with unlikely reflection. Reflection index 6.495. Panels from
top to bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model
and retrieved reflected bending angles with radio holographic error estimates.
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Figure 40. Occultation event without reflection. Reflection index 4.356. Panels from top to
bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model and
retrieved reflected bending angles with radio holographic error estimates.
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6. Examples of Processing METOP data
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Figure 41. Occultation event with reflection. Reflection index 28.014. Panels from top to
bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model and
retrieved reflected bending angles with radio holographic error estimates.
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Figure 42. Occultation event with reflection. Reflection index 20.388. Panels from top to

bottom: (1) location map, (2) WDF, (3) radio holographi

¢ spectrum, and (4) model and

retrieved reflected bending angles with radio holographic error estimates.
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Figure 43. Occultation event with reflection. Reflection index 15.020. Panels from top to
bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model and
retrieved reflected bending angles with radio holographic error estimates.
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Figure 44. Occultation event with reflection. Reflection index 10.579. Panels from top to
bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model and
retrieved reflected bending angles with radio holographic error estimates.
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Figure 45. Occultation event with likely reflection. Reflection index 7.350. Panels from top
to bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model and
retrieved reflected bending angles with radio holographic error estimates.
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Figure 46. Occultation event with likely reflection. Reflection index 5.029. Panels from top
to bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model and
retrieved reflected bending angles with radio holographic error estimates.
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Figure 47. Occultation event without reflection. Reflection index 4.015. Panels from top to
bottom: (1) location map, (2) WDF, (3) radio holographic spectrum, and (4) model and
retrieved reflected bending angles with radio holographic error estimates.
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7. Comparison with the ROM SAF Database

In this Chapter, we present a comparison of our retrievals with the ROM SAF database.
The database contains occultation events classified into three categories: 1) no reflection,
2) reflection, and 3) unclear. The events are accompanied by the SVM (Supporting Vector
Machine) index [5, 6] based on the radio holographic analysis and supervised learning
method.

Here, we use a modified definition of the reflection index. The radio holographic spectrum
is defined as follows:

g () = [ A(t)exp(ik[ S (t) - Sg (1) o)t (49)
Here, unlike the previous definition (42), we use the smoothed reflected signal phase
excess Sg (t) rather than the model Sy (t). This modification makes the radio
holographic spectrum sharper, while its maximum is located closer to the zero frequency.

Umax = Max |U(Ap)|2,

[-0.1,0.1]
~ i 2
Uave = <|u (Ap)| >[ Prax —0-3, pmax+0-3] ’
Upkg = <|l] (Ap)|2>[1,o,2.0] ’ -

2
~2
L = Umax ex _{ p(t)_ Pm (t)}
R =7 _ _ p )

Uave (umax T ubkg) 28p(t)

where pp,. 1S the location of the spectral maximum, o =0.2 is the regularization
parameter, py (t) is the dependence of the impact parameter of the model reflected signal
versus time, and 6p(t) is the radio holographic error estimate of the impact parameter. It is
better to estimate the background spectrum density Uy, from the impact parameter

interval of [1.0, 2.0] km, where a signal from direct ray is present: this allows for

suppressing random maxima that are weak with respect to the direct ray. The additional
exponential factor in the definition of I penalizes profiles deviating too much from the

model. The averaging in this factor is spread over the whole domain, where the reflected
bending angle profile is evaluated.

This reflection index definition is simple to implement and not computationally expensive.
On the other hand, such an index is a functional of a process containing a random
component (noise, turbulence effects etc.) and deterministic regular structures (direct and
reflected ray). The index characterizes the intensity and the sharpness of the reflected ray.
Being a functional of a random process, the index is itself a random quantity with its own
distribution. None index, under these conditions, can exactly characterize the regular
structure in 100% cases. Instead, it characterize the probability of reflection occurrence.
Practically, the use of the index is accompanied by setting a threshold. The events with the
index below the threshold are rejected, the remaining events are treated as those containing
reflection. The higher the threshold is chosen, the higher is the probability, and the less
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events will pass the threshold. Practically the threshold is chosen from the comparison of
the index with the visual investigation of an ensemble of events that is large enough for
providing statistically significant results.
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Figure 48. The scatter plot of reflection index SMV versus I for the three categories of
events: red — no reflection; green — reflection; orange — unclear.

Figure 48 shows the scatter plot of reflection index SVM versus Iy for the three categories

of events. The lowest values of I, correspond to no-reflection cases, while the highest
ones correspond to reflection cases.
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Figure 49. Probability distribution function of 15 for the three categories of events (same
as in Figure 48).

Figure 49 shows the probability distribution function (PDF) of the reflection index 1, for
the three categories of events. For the no-reflection category, the PDF has a strong
maximum for events with the index below 1. For the reflection cases, the PDF has a tail for
indexes below 3. At 1 =3, the PDFs for no-reflection and reflection cases have an equal
magnitude. This allows for taking the value of 3 as a lowest threshold. About 5% of events
classified as clear reflection will be rejected by this threshold. At Iz =5, the PDF of no-
reflection cases reaches 0. This allows for taking the value of 5 as the highest (safe)
threshold. About 10% of events classified as clear reflection will be rejected by this

threshold.
Below, we will consider a few anomalous cases corresponding to the distribution tails.
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Figure 50. Occultation event with reflection classified as unclear. Reflection index 18.224.
Panels from top to bottom: (1) location map, (2) WDF, (3) radio holographic spectrum,
and (4) model and retrieved reflected bending angles with radio holographic error

estimates.
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Figure 50 shows an example of event classified as unclear. Our algorithm gave this event
the reflection index as large as 18.224. The visual inspection of the plot supports the
conclusion that this event does indicate a strong and clear reflection over the ocean.
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Figure 51. Occultation event with weak reflection classified as clear reflection. Reflection
index 1.335. Panels from top to bottom: (1) location map, (2) spectrogram, (3) radio
holographic spectrum, and (4) model and retrieved reflected bending angles with radio
holographic error estimates.
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Figure 52. Occultation event with weak reflection classified as clear reflection. Reflection
index 0.480. Panels from top to bottom: (1) location map, (2) spectrogram, (3) radio
holographic spectrum, and (4) model and retrieved reflected bending angles with radio

holographic error estimates.

Figure 51 and Figure 52 show two occultation events classified as clear reflection. Our
algorithm gave these events as low reflection indices as 1.335 and 0.480. The spectrogram
shows that these events indicate weak, blurred, and intermittent reflection pattern, which is
not clearly seen in WDF and is better visualized by the spectrogram. Such events could
have been classified as unclear ones.

93 of 102



Ref: SAF/ROM/DMI/REP/VS27/001 ROM SAFE CDOP-2

\.52{21‘1'8: I\:I/-lfy 2016 Visiting Scientist Report 27 G ROM SAF

@)
2006/07131; 12:48:19.000; 56.40N 78.42E; 4.304

I = - LT - e
?5:‘:_,-5% v‘%@;*—%%,f;\?h/—’z ./"Wﬂ?f o
:zz\ ‘?\?ﬂwggogmﬂf;f

o g \"R\C‘:\, 9 s s

g 15 : . ":Z“ L‘ ; _\Szgw;s.

g 0;_ ! ! \_“J) :7\ : \”I{j/ : ﬁé"“;\kw
a5k . - om0 i U e

3 30 : ' )/ et ; '\/ J\" :

i i t g # R ¥ : ""’-NK_)’ \{;
0 F i —
sE > - .
-180 -135 80 -45 0 45 90 135 180

Longitude, deg
)
£
-
-
N =
'9
O
N o=
‘g.
£

0.01 0.02 ~0.03
Refraction angle, rad

94 of 102



Ref: _SA.F/ROM/DMI/REPN827/001 ROM SAF CDOP-2
Version: 1.0

Date: 10 May 2016 Visiting Scientist Report 27 g ROM SAF

(3)

100

80

[+)]
(=]

Spectral power
8
I T

[ ]l v | I

5 {11 il b

ok [ ‘t 'Jl"g i 1:%_[“'75“?',' I H
_ l|‘E1.IIAE"- l-i;i lg | J}ﬁ I

by

, i I"llx’l!-L |
ok bt ettt W u'-a."'""n"L | [ I [ |
-3 -2 -1 0 1 2 3
Relative impact height, km

(4)

Model
Retrieved

w

Impact hegith, km
N
T ] LI

[yv]
I L

15k

Il L Il

I [ L ' I
0 0.01 0.02 0.03 0.04
Reflected bending angle, rad
Figure 53. Occultation event without reflection classified as no reflection. Reflection index
4.304. Panels from top to bottom: (1) location map, (2) spectrogram, (3) radio holographic

spectrum, and (4) model and retrieved reflected bending angles with radio holographic
error estimates.
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Figure 54. Occultation event without reflection classified as no reflection. Reflection index
3.172. Panels from top to bottom: (1) location map, (2) spectrogram, (3) radio holographic
spectrum, and (4) model and retrieved reflected bending angles with radio holographic
error estimates.

Figure 53 and Figure 54 show two events without reflection, classified as no reflection
cases. Our algorithms gave these events as high reflection indices as 4.304 and 3.172.
These values are located at the PDF tail and are explained by the random nature of the RO

signals.
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This allows for the following conclusions. Our results, in general, indicate a good
agreement with the ROM SAF database. There are, still, some event the misclassify by the
database. This can be explained by subjective, human factor when processing large series
of events. There are also some cases where our algorithm overrates reflection index. These
are explained by the random nature of radio occultation signal resulting in the fact that the
reflection index is also a random value with its own probability distribution.
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8. Conclusions

In this report, we described our modification of the CT technique for the retrieval of
bending angle profiles of reflected rays. Our approach uses the combination of the filtering
in the impact parameters space with the standard GO retrieval. The filtering uses the FIO in
order to map the observed wave field to the impact parameter space. The field in the
transformed space is multiplied with the filter function which suppresses the direct ray and
let only pass both the not aliased and aliased components of the reflected ray. The filtered
field is mapped back to the time domain. The phase of the resulting field is re-accumulated
in the vicinity of the phase model of the reflected ray.

We use the radio holographic spectra in order to estimate the reflection index and the
expected error of the impact parameter. The reflection index characterizes the strength of
the reflection. We validated our reflection index definition by a comparison with the ROM
SAF database. In general, our reflection index indicates a good agreement with the
database. Some discrepancies are partly explained by the misclassification of some events
in the database, and partly by the random nature of RO signals resulting in an overrated
reflection index for some tropical events. These events are located on the distribution tails.
Based on this comparison, it is possible to estimate the threshold values of the reflection
index. Its values exceeding 5 allow for speaking about a definite presence of reflection. Its
values below 3 are typical for the absence of reflection. Values between 3 and 5 may
correspond to different cases with likely or unlikely reflection.
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10. List of Acronyms

BA
CHAMP
COSMIC

CT
CT2
ECMWEF

EUMETSAT

FIO

FSI

GNSS

GO

GPS
GPS/MET
GRAS
Metop
NetCDF
NWP

PDF

PM

RO

ROM SAF

WDF
WO
WOP

Bending Angle

Challenging Mini-Satellite Payload

Constellation Observing System for Meteorology, lonosphere, and
Climate

Canonical Transform

Canonical Transform of Type 2

European Centre for Medium-range Weather Forecasts
EUropean organisation for the exploitation of METeorological
SATellites

Fourier Integral Operator

Full-Spectrum Inversion

Global Navigation Satellite System

Geometrical Optics

Global Positioning System (USA)

GPS/Meteorology

GNSS Receiver for Atmospheric Sounding (on Metop)
Meteorological Operational Satellite

Network Common Data Form

Numerical Weather Prediction

Probability Distribution Function

Phase Matching

Radio Occultation

Radio Occultation Meteorology (ROM) Satellite Application Facility
(SAF) (EUMETSAT)

Wigner Distribution Function

Wave Optics

Wave Optical Propagator
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