ROM SAF Report 23 T ootk of

Ref: SAF/ROM/METO/REP/RSR/023 Apnction é Ro M SAF

Web: www.romsaf.org Facilities
Date: 23 January 2016

Radio Occultation Meteorology

ROM SAF Report 23

Assessment of a potential reflection flag product

Estel Cardellach and Santiago Oliveras

IEEC, Barcelona, Spain



Cardellach and Oliveras

3
v__;— ROM SAF Reflection flag ROM SAF Report 23
DOCUMENT AUTHOR TABLE
Name Function Date Comments

Prepared by: | E. Cardellach ROM SAF Local Manager 23/02/2015

Prepared by: |S. Oliveras ROM SAF/IEEC Engineer 23/02/2015

Reviewed by:

Approved by: | K. B. Lauritsen ROM SAF Project Manager | 23/01/2016

DOCUMENT CHANGE RECORD

Issue/Revision Date By Description

1.0 23/01/2016 | EC | First version of Report on Assessment of a potential re-
flection flag product, cf. CDOP-2 WP 2320 and 2330 (a
draft version of the report, dated 23 February 2015, was
prepared as internal ROM SAF contribution to

MS ROM-042)

ROM SAF

The Radio Occultation Meteorology Satellite Application Facility (ROM SAF) is a decentral-
ized centre under EUMETSAT, responsible for operational processing of GRAS radio occul-
tation data from the Metop satellites as well as 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 geopotential heights together with error descriptions.

The ROM SAF also maintains the Radio Occultation Processing Package (ROPP) which
contains software modules that aid users wishing to process, quality-control and 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 project 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.



http://www.romsaf.org/

Cardellach and Oliveras:

ROM SAF Report 23 Reflection flag *—i ROM SAF
List of Contents
Y 013 1 = (o OO RSO PP PP 4
Lo INTFOAUCTION .ottt st b e sttt ettt et b b sbe s b e ne e 5
2. Support Vector Machine methodology for reflection detection .........c.c.cccccveveenennen. 7
3. Validation of the Mmethodology ........ccevieieiieiececeee e 11
4. Computing cost, time and reqUIreMENtS.........ccccoveerereereerieniereee e 14
4.1 FLAG: 1-BIT OR MULTIPLE BITS 21 uuitieieiieeeeeeseeeseiesesssesesesesasesessssnssnssnssssssssnnsssssnssssssssssssssnssssnsssssnsssssnnsnnnnnnnnnnnn 14
5. Understanding the nature of a RO-reflection ...........coccovevvenieniniinieneceeeeeee, 15
B.  SUIMIMABY ..ttt ettt ettt et e s at e bt esat e et e e saeeeabeesabeebeesaeeebeesaseenbeesneeeseens 27
T RETEIENCES ..ottt st ettt et st e b teeaeenes 29




Cardellach and Oliveras

5
v__;— ROM SAF Reflection flag ROM SAF Report 23

Abstract

This document presents the implementation of a technique intended to identify the
presence of reflected signals in GNSS radio-occultation (RO) data. Typically, the re-
flection occurs at the Earth surface level, or off atmospheric layers very close to the
surface. The technique is based on supervised learning methods, in particular on
Support Vector Machines (SVM). The report briefly describes the SVM approach,
and how it is implemented for detection of reflected signals in RO data. Other as-
pects described in this document are the validation of the technique and computing
requirements to run it. The document includes a preliminary discussion about the na-
ture of these reflection events, based on the statistics of occurrence over land and
ocean, seasonal features, analysis of correlation with certain atmospheric or RO
conditions, and comparative performance of the ECMWF model when reflections are
captured or not.
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1. Introduction

This document presents an application of the recognition of patterns in the time-
frequency domain, in the field of the satellite radio-occultation (RO) observations.
The radio-occultation technique uses a radio-link setting below (or rising above) the
horizon to inspect the properties of the transmission medium along its vertical profile.
In particular, we focus on limb observations of the Global Navigation Satellite System
(GNSS) signals, such as the Global Positioning System (GPS), received by Low
Earth Orbiters, for atmospheric retrievals. Figure 1 sketches the geometry of the
GNSS-RO concept.

The GNSS-RO missions are growing in number of satellites and scientific and opera-
tional users. Nowadays, up to 9 satellites have an active GNSS limb-sounder, pro-
ducing of the order of 3000 occultations per day distributed all over the Globe.
Among these occultation events, 40-60% currently present reflected signal mixed up
with the direct radio-link data. This percentage is expected to rise with the new re-
ceivers being deployed, with capability to gather data down to very low altitudes and
higher antenna gains.

The reflection can be seen as a secondary ray, crossing the atmosphere in a differ-
ent geometry than the direct ray path. It might thus contain different geophysical con-
tent, complementing the direct link observation. This could include information about
the atmosphere (lowest part), as well as a source of information about the reflecting
surface. This new field of research requires a quick and reliable identification proce-
dure of the reflection, potentially able to work in near real-time operational mode.

This document first presents the Support Vector Machine methodology for reflection
detection. Then a section with the validation results of this methodology. Another
section explains the computing costs, time and software requirements, and a discus-
sion about the use of just one bit or multiple bits for the reflection flag. Finally, there is
a description of the nature of the reflection flag.
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Figure 1: Sketch of a RO observation (not scaled). The reflected
radio-link is also pictured (dashed line).
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2. Support Vector Machine methodology for reflection de-
tection

As identified in [Beyerle et al. (2002)], reflected signals captured in GNSS occultation
data present a characteristic feature in their frequency spectra, of different Doppler
frequency than the main direct radio-link one. Along time, this spectrum takes the
shape of a horn smoothly approaching to the direct central frequency (in setting oc-
cultations, departing from it in rising occultations). This pattern is usually clear and
easy to identify by human visual inspection (see an example in Figure 3-left). In order
to analyze a statistically significant amount of occultation events, a software algo-
rithm to replace the human visual inspection becomes imperious. During the GRAS
SAF CDOP phase, several attempts were made. We could think of techniques based
on physical models (e.g. to model the expected features of the reflected signals in
the spectral domain), combined or not with statistical discriminators (e.g. mean power
along candidate time-frequency lines). These techniques are generally good to locate
the reflected signature across the radio-hologram, but present a lot of difficulties to
discern (to take a decision) about the presence or not of a reflection event (large
amount of missed reflections, and/or false positive ones). For these reasons, alterna-
tive approaches were tested during the GRAS SAF CDOP.

Some kernel-based learning methods have been proven to succeed in tasks of pat-
tern recognition, that is: to take a decision about the presence or absence of a given
pattern. This is exactly the problem we need to solve. We have chosen the so called
Support Vector Machines (SVM, e.g. [Vapnik (1998)], or [Cristianini and Shawe-
Taylor (2000)] as introductory reference).

SVMs are supervised learning methods based on optimization theory acting on a hy-
pothesis space of linear functions. The resulting optimal hypothesis de-
fines/separates classes in a high dimensional feature space. Since in many real-
world problems the samples to be classified cannot be linearly separated in their orig-
inal space, a Kernel function is used to map them into another high dimensional fea-
ture space, in which they do (see Figure 2). In our case of study, the original sample
space is the P-dimensional space of the radio-holographic images to be classified
(being P the total number of pixels of the radio-hologram, x, x € R"), while the feature
space is the space to where the images are mapped with an exponential kernel ®
(we used the called radial bases function [Joachims (2001)]). In this feature space,
the hypothesis space comprises the linear functions f (®(x)), f: X € R” — R, such that
define sub-spaces of X of positive and negative values of f (binary-setting: reflec-
tion/no reflection in the radio-hologram x for positive/negative values of f (®(x))). The
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algorithms implemented were extracted from [Joachims (2001)], originally designed
for text classification. It is a quick algorithm that can classify 16 occultations per sec-
ond in a Pentium IV processor.

The training set is defined as the group of radio-holographic images with their corre-
sponding human inspected classification tag (1/-1 for reflection/no reflection respec-
tively), used to run the learning algorithms (optimization of the hypothesis space of
the linear functions) and therefore obtain the hyper-plane that generally separates
the events with reflected signals from those without reflection. Once the hyper-plane
is found it defines a model f* such that can be applied to any other arbitrary radio-
holographic image x to determine whether f* (®(x)) > 0 (reflection) or f* (®(x)) < 0
(no-reflection). The division itself is not perfectly defined (gaps between training
samples, zones of mixed classifications...), but some margin must be established
(thickness of the hyper-plane with uncertain classification). The SVM algorithms also
estimate the margin associated to the model, and renormalize the system so the re-
sulting output gives values between +1 when the samples under analysis lie within
the margin area.

We have used RO events obtained by the COSMIC mission, including their open-
loop data to reach the lowest possible altitudes. The training has been made using
6468 events, 57% of them with reflected signals (visually inspected). The dimension
of the images is P = 201 x 36 = 7236. The events were selected so their radio-
holograms had either a clean reflection, or a clear lack of reflection. Note that some
occultations show unclear reflection-like features (either too noisy, or mixed with oth-
er phenomena—probably atmospheric conditions and/or instrumental issues). Exam-
ples of the three sorts of events are displayed in Figure 3. The training avoided the
unclear cases and we assumed that the resulting model f* of the SVM would deter-
mine by itself whether each of them looks closer to a reflection or closer to a non-
reflection case within the margin zone. It is also worth mentioning that the algorithm
identifies reflection-features, but cannot distinguish whether the reflecting surface is
the Earth body (ice, ocean, land) or an atmospheric interface close to the limb of the
Earth.
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Figure 2: Sketch of the methodology behind SVM, reduced in number of dimensions for better
comprehension. The original space comprises the samples to be classified. The separation between
classifications might not be linear in the original space. A Kernel operation maps it into another
space, the feature space, in which the classification is defined by linear functions. The margin de-
fines the area surrounding the hyper-plane in which the classification is uncertain—data gaps in the
training set or mixed cases, so the final SVM algorithms renormalize the system to the measure of

the margin thickness. Then, any SVM evaluation yielding values between %1 lie in the uncertainty

zone.
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Figure 3: Radio-holographic images of three examples of occultation events visually classified as
clear reflection, unclear reflection, and clear no-reflection (left to right respectively). The training set
is compound by clear cases (left, right) solely. Unclear events (center) tend to be classified within the
margin zone by the SVM (flag between *1). These examples are taken from COSMIC data—including
open-loop—for day 213 in 2006. Frequencies below -25 Hz are simply a copy of the range 0-25 Hz, to
unfold possible aliases—as observed along the reflection horn.
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3. Validation of the methodology

The model generated by the training has been evaluated in a three step sequence:

e Evaluation of the training set: this is a trivial step, but necessary to check that the
fundaments of the algorithm work correctly. The result is 100% correct, and the SVM
algorithm gives values between -3 and -1 for non-reflection events, and 1 to 3.1 for
reflection events. In 99.97% of the cases the flag lies out or at the edge of the mar-

gin.

» Evaluation of the set of events we considered unclear after visual inspection:
The SVM was then used to classify 5690 occultations that had been identified as un-
clear during the visual inspection (and not included in the training set). The flag val-
ues mostly lie within the margin zone: in 90% of the cases. This is consistent with the
visual inspection.

Moreover, part of the set of unclear events (4750 occultations) were visually re-
inspected to refine the classification (closer to reflection? or to non-reflection?), and
also evaluated with the SVM. The overall success is at 65%-level, a satisfactory re-
sult since there is large subjectivity in the visual re-inspection (it is not always easy to
decide whether a reflection is present or not), and most of the cases lie in the margin
zone (90%). The percentage of success rise to 75% in those cases of flag beyond
+0.5.

» Evaluation of an independent set of events: A set of occultations not used during
the training process is evaluated with the SVM, and also visually inspected to flag
them as clear-reflection, clear-no-reflection, unclear. The set of clear events (1666
cases, 64% with reflection) are correctly classified by the SVM at 94%-level. Moreo-
ver, the distribution of success clearly shows that beyond the margin zone (SVM val-
ue < -1 or > 1) the detection algorithm is 99.8% confident (see Figure 4), and there is
98.5% success when [SVM|>0.5.

The exercises described above, as well as the training process, were performed with
setting occultations only. After having solved a minor bug with rising occultations, an-
other validation was performed, this time including rising and setting occultations. We
used the same model for both types (rising/setting), extended with more training
events. The new validation test was performed on 3350 RO events of February 2007
and 2257 RO events of November 2008 visually inspected and manually flagged.
The validation determined that the percentage error of the SVM flag is acceptable for

11
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values greater than 0.25 (97.81% success February 2007 sub-set, 99.47% for No-
vember 2008). These values represent an improvement of the first validation exer-
cise explained before. Some other validation results are summarized in Table 1.

The conclusion of the validation exercises is that the SVM here implemented can be
trusted when the resulting values are near or beyond the margin zone. The final
threshold to be used will depend on the application. In order to extract statistical in-
formation (percentage of reflections, seasonal effects), a threshold of around +0.5 or
even +0.25 can be used, which ensures at least 98.5% and 97.81% success respec-
tively. For applications in which the reflection must be processed (e.g. altimetry re-
trievals such as in [Cardellach et al. (2004)], or atmospheric retrievals such as in
[Boniface et al., 2011]), the reflected signal needs to be clean and more restrictive
thresholds should be used.

12
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Threshold Percentage success
02/2007 11/2008

1 99.76
0.75 99.52
0.5 98.94
0.25 97.81
0.1 96.00
0 94.86

100
100
99.90
99.47
98.98
98.11

Table 1: Percentage success in the validation of the SVM detection algorithm, using two different
sets of RO data visually inspected (3350 RO events in February 2007, 2257 in November 2008). The
validation success depends on the threshold used to define a reflection event (reflection when SVM

flag >threshold).
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Figure 4: Evaluation of 1666 events of clear reflection/non-reflection features that were not used
in the training process. On the x-axis, the SVM output value multiplied by 100 for practical rea-
sons: positive values when the SVM considers a reflection event; negative values when the SVM do
not detect the reflection; values within £100 lie in the margin. The y-axis presents the percentage
success in that particular SVM-flag range, as compared to our visually inspected classification. It is
clear that SVM only mistakes when the events lie in the margin zone, mostly within ~ +0.25.

13
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4. Computing cost, time and requirements

Computing costs are 2/3 seconds per occultation to generate the image P to be clas-
sified by SVM. Of course this process could be parallelized with a computer with
many cores. Once the images to be tested are generated, then the SVM model f* can
be applied. It requires a few minutes to load the SVM model and once the model is
charged in memory, the classification of the occultations is processed at an average
speed of 16/occultations per second.

Therefore, if we consider the processing of 600 occultations, which could be the av-
erage occultations per day of a single GRAS receiver, they could be processed with
a single processor in about 10 minutes.

The software requirements are listed below:

e Some custom scripts/programs are written in PHP and Fortran (they read the
Lla occultations and generate the testing files with the vectors to be classi-
fied), and

e [SVMIight] is the software which reads the model and process the classifica-
tion. This piece of software is a C compiled program (external software, free
for scientific usage).

4.1 Flag: 1-bit or multiple bits?

The BUFR files have an available empty bit in which the reflection flag could be
stored. Because it is one bit only, a SVM threshold should be selected (reflection
when SVM>0.25? SVM>0.50? Other threshold?). As mentioned before, this thresh-
old might change as a function of the final application. The possibility of allocating 2
or more bits would facilitate flagging reflected signals for several applications. If this
IS not possible, the threshold must be link to near-real time applications of NWP,
where BUFR files are the standard interchange. For other off-line applications, the
flag could be stored in separate files with larger precision, and distributed through the
ROM SAF server.

14
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5. Understanding the nature of a RO-reflection

A first step towards understanding the nature of reflected signals found in RO data is
to analyze statistically when and where these events are captured. It is also an exer-
cise to test the potential capabilities of the reflection-flag to map or sense certain
phenomena.

A set of several months of COSMIC data has been used to look at the statistics of
the reflection events, as compiled in Table 2. This represents nearly 360000 COS-
MIC radio-occultations globally distributed. Defining a RO-reflection event as one
with SVM flag >0.25, the percentage of RO with reflections sums up to 36%. 45% of
the setting occultation do present reflected signals, against 24% of the rising RO.
This is an indicator that instrumental problems might hinder the reception of reflected
signals. If we focus on RO’s over the Oceans, 44% of them present reflected signa-
tures. The statistics present a clear dependence on the latitude: the percentage of
reflections increase with the latitude as shown in Table 3.

Month # of RO Latitudes (deg) Percentage Reflections
2006-07 11565 OCEAN+LAND OCEAN LAND
2006-08 22226 |lat| < 20° 22 32 8
2007-01 20237 20° < |lat| < 50° 41 0l 12
2007-02 48098 50° < |lat| < 70° 53 75 14
2007-08 11218 70° < |lat| < 90° 72 30 64
2007-11 41868 Table 3: Percentage of reflected signals within different latitu-
2008-11 5'(0?}4 dinal belts, and reflecting surfaces. Here reflection is defined as
2008-12 71776 SVM flag > 0.25.

2009-11 64920

2009-12 1615

Table 2: COSMIC data used
in this study.

According to these results, reflections might occur at any sort of surface (ocean, ice,
land). However, land-reflections are spare and concentrate in smooth areas, free of
thick vegetation, or continental ice (Figure 5). Given the electromagnetic band and
the slant geometry of these observations, general lack of reflections over rugged ter-
rain and thick vegetation canopy structures is expectable. On the other hand, the
Ocean surface at slant geometries should generally behave as a smooth reflecting

15



Cardellach and Oliveras

N
v ROM SAF Reflection flag ROM SAF Report 23

surface. However, there is still a significant portion of the Ocean RO events that do
not present reflected signals. Instrumental problems might trigger this. Indeed, the
reflected signatures are captured at the deepest part of the occultation observation,
when the direct radio-link scans the lowest part of the atmosphere, and where the
tracking algorithms might have difficulties to work properly. This would explain a per-
centage of missing reflections in Oceanic RO data, as well as the difference in per-
centage reflections between rising and setting occultations. However, as displayed in
Figure 6, the percentage of captured Ocean reflected signals strongly depends on
the Latitude, and the distribution figures also present seasonal features in mid-
latitudinal belts. These geo-physical patterns do not seem to relate to instrumental
problems directly, and other explanations must be addressed to understand the na-
ture of the RO-reflection events.
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Figure 5: ~70,000 land RO events: reflection might occur over smooth terrain areas, free of thick
vegetation (deserts, tundra, grasslands), or over continental ice.
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Figure 6: Statistics of reflection occurrence in RO events over the Oceans, obtained with the COS-
MIC constellation during several time-intervals (2006-07; 2006-08; 2007-01;, 2007-02; 2007-08;
2007-11; 2008-11; 2008-12; 2009-11; 2009-12). July and August statistics are plotted with circles
and warm colors, whereas November to February in triangles and cold colors. A SVM threshold of
0.5 has been considered.
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The depth of the RO profile might also be related to the capacity to capture a reflec-
tion. We have checked the hypothesis that when a RO event does not reach the bot-
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Figure 7: (left) Histogram of lowest altitude of the profile in Ocean RO events flagged with SVM >
0.5 (likely reflection). (right) Histogram of SVM values for Ocean RO events that reach the bottom
kilometer of the troposphere (Hmin <1 km).

tom layers of the atmosphere it might be unable to collect the reflected branch of the
signal. This is partially true according to statistics in Figure 7(left), which shows the
histogram of the lowest profiled altitude in Ocean RO events with likely reflection
(SVM>0.5). Most of these Ocean reflection events do indeed occur when the lowest
altitude is below 2 km. However, as displayed in Figure 7(right), the histogram of
SVM flag values corresponding to Ocean RO events that reach the bottom kilometer
of the troposphere (Hmin <1km) do present a significant portion of negative values.
These negative values correspond to non-reflection RO, in spite of reaching the bot-
tom kilometer of the atmosphere. Therefore, reaching the bottom layers of the tropo-
sphere seems to be a condition to capture Ocean reflections, but it is not sufficient to
guarantee a reflection event.

We might think that, as for land RO reflections, the surface roughness might play
some role. However, at grazing angles of elevation, the effective roughness of the
Ocean is always negligible, the vertical distance between the peaks and the valleys
of the waves, H, effectively becoming H_eff = H sin(e), where the elevation angle e is
of the order and less than 1 degree. Indeed, the Ocean surface roughness conditions
do not drive the presence or lack of reflected signals, as empirically analyzed by cor-

18
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relating the QuikSCAT scatterometer surface wind at the location/time of the RO
event (daily means at 0.5° spatial resolution) and the SVM reflection flag (Fig-
ure 8(left)). The resulting correlation coefficient is r = —0.006. On the other hand, the
sea surface temperature (daily observations as provided by ODYSSEA-analysis at
0.1° spatial resolution [Piolle and Autret, 2007]) does slightly anti-correlate with the
SVM-flagging: high sea surface temperatures relate to more negative SVM values
(lack of reflections). Although the correlation coefficient is relatively weak (r = -0.4),
the anti-correlation can be appreciated in Figure 8(right).

The relationship between lack of reflections and hot water surface temperatures is
also visible in Figure 9 (top and centre), where the monthly average (December
2008) of percentage reflections and sea surface temperature within cells of 4°x4° are
mapped using reversed color scales. In this Figure, the features along the West
coast of North and South America, as well as West South Africa and West Australia
are consistent in both higher percentage of reflections and cold water surface. Simi-
larly, the hot water features located at the North-East of Australia, central America
and West North Africa are also captured by the lack of reflections in these regions.
The main inconsistency is located just north of Australia, probably due to the dense
distribution of islands. The reason is that we flag Ocean/Land RO based on the loca-
tion of the lowest tangent point of the RO profile. However, the horizontal extent (or
footprint when related to the reflection) might be up to 100 km along the observation
direction. Therefore, we might have flagged (and used in these Figures) Ocean
events which might have Land contamination in areas with large concentration of is-
lands, as well areas bordering the continental lines.

19
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Figure 8: (left) Correlation between the SVM-flag (positive for reflection, negative for no-
reflection) and QuikSCAT sea surface winds, given as normalized 2D-histogram. (right) Correlation
between the SVM-flag and ODYSSEA sea surface temperature, given as normalized 2D-histogram.
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Figure 9: (top) Percentage of RO events with presence of reflected signals within cells of 4°x 4°,
computed with COSMIC data from December 2008. (centre) Average sea surface temperature
(ODYSSEA) within same cells and time period. (bottom) Wet temperature averaged at the bottom
2-km of the troposphere as given by COSMIC RO analysis at UCAR/CDAAC, within same cells and
period.

Looking at Figures 8(right) and 9(top/centre), one might think that the temperature
affects the reflectivity of the surface. This is in general true, since the Fresnel reflec-
tion coefficients depend on the surface temperature. However, at grazing angles of
observation, the Fresnel coefficients for the co-polar component of circularly polar-
ized signals (RHCP incident, RHCP reflected) do not change significantly with tem-
perature [Ulaby, et al., 1986]: <0.1% variation between temperatures 1° to 20° C, at
incidence angles greater than 80°.
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A possible answer to this contradiction can be the characteristics of the air over
masses of warm water. This would link the lack of reflected signals with some special
tropospheric conditions. Several atmospheric parameters extracted from the same
RO-profiles (as provided by UCAR/CDAAC) have been cross-correlated with the
SVM flag (Figure 10):

¢ the bottom 5-km average of the refractivity profile,

e wet and dry temperature,

e wet and dry pressure;

e the accumulated water vapor pressure in the 5-km bottom layer;
¢ the minimum value of the gradient of the refractivity profile; and
¢ the maximum value of the direct-ray bending angle.

Although generally those are not correlated, most of them do present features that
depend on the reflection flag value. The clearest correlation with the SVM flag is ob-
tained by the averaged wet-temperature, with a moderate correlation factor r = -0.5.
Similarly, the water vapor content at the bottom layers also presents some negative
correlation (r = —0.4), whereas the minimum value of the gradient of the refractivity
correlates with r = 0.3. The rest of parameters weakly correlate with the SVM, but the
dispersion of all of them does seem to correlate with the reflection flag.
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Figure 10: Correlation between the reflection SVM flag (Ocean events) and atmospheric parame-
ters extracted from the post-processed RO profiles (averaged at the bot-tom 5-km). Refractivity
given in N-units; pressures in mb; temperatures in Celsius; bending angle, o, in radians; and accu-
mulated water vapor pressure in mb.
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In the previous paragraphs we have seen that there is not a single parameter that
drives the capture of the reflected signals, but a combination of tropospheric factors.
[Cardellach et al. 2008] found that the comparisons between ECMWF refractivity pro-
files and the GNSS RO inverted ones worsen with lack of reflected signals. In other
words, the combination of tropospheric factors that hinders the Ocean RO reflections
seems to be the related to the atmospheric conditions that hinder ECMWF and
GNSS RO profiles to converge. The work in [Cardellach et al. 2008] has been re-
analyzed, increasing the number of Ocean RO events (now up to ~169,000), and the
time span of the series. The results of this re-analysis confirm that both the bias and
the RMS-dispersion of the error in the refractivity profile diminish significantly at the
bottom 10-km of the troposphere when the Ocean RO’s present reflected signals.
This is shown in Figure 11, where the refractivity error has been defined as N_GPS
(h) = N_ECMWEF (h). Similar results are reported in [Healy (2015)].

When the comparisons are separated in latitudinal belts, the conclusion persists, alt-
hough some latitudinal regions are more sensitive than others. This is compiled in
Figure 12, where we can see that the improvement of the bias with reflected signals
(black and dashed-black lines) occurs everywhere except at the North Polar area
(where the comparisons are all very good). This improvement is more noticeable at
mid latitudes (both South and North), and at the Tropics around 2 to 5 km altitude.
The Tropical negative bias below 2 km does not improve with reflected signals. The
error RMS-dispersion also improves with presence of reflected signals everywhere,
although at the North Pole is a weak effect, and at the Tropics affects only certain al-
titudes (around and higher than 3 km).
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Figure 11: Statistics of the refractivity error, defined as the difference with respect to the ECMWF back-
gound (N_GP S (h) - N_ECMWEF (h)), for Ocean COSMIC events (UCAR/CDAAC provided data). The statis-
tics are separated according to the value of the SVYM flag. The continuous grey line accounts for the per-
centage of RO used at each altitude level (right axis), and the 100% corresponds to the number printed in

grey.
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Figure 12: Statistics of (N_GPS(h) - N_ECM WF(h)) for Ocean COSMIC events (UCAR/CDAAC provided
data), for different latitudinal belts (North to South from top to bottom). Each plot shows the mean,
RMS-dispersion, and number of events, for 5 different ranges of SVM-values: solid-grey for SVM < -1;
dashed-grey for -1 <SVM < -0.5; dotted for -0.5 < SVM < 0.5; dashed-black for 0.5 < SVM < 1; and
solid-black for SVM > 1.
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6. Summary

— A supervised learning method to recognize reflection-like patterns in radio-
holographic images of RO events has been selected, implemented and tested.

— Difficulties on achieving a robust method based on physical models are the
main reason behind this decision.

— The selected method is called 'Support Vector Machine' (SVM), and it uses
optimization theory acting on a hypothesis space of linear functions. A kernel
is used to linearize it, and after a re-normalization, the output is a real number
that indicates a clear reflection if the SVM value is larger than 1, or clear non-
reflection event when SVM < -1. Values between -1 and +1 lay in the margin
zone (mixed statistics or gaps in the training model).

— The training has been made using 6468 events, 57% of them with reflected
signals (visually inspected). It has been validated with more than 12,000 RO
events, which we had previously inspected visually. The validation set includ-
ed setting and rising cases, 'clear’ and 'unclear' cases. 90% of those visually
determined as ‘unclear' obtained SVM values within the margin zone. ~98% of
the events with SVM > 0.25 corresponded to cases for which visual inspection
had determined that a reflection was present.

— The processing chain to obtain the SVM takes a fraction of second to con-
clude 1 individual case, at a typical rate of 16 occultation per second, once the
model has been charged into the memory (it takes a few minutes). Incorporat-
ing this analysis into a near-real time processing scheme is in principle possi-
ble, being the only complication when or how often would the system needed
to load the model into the memory. This should be contrasted with the actual
RO NRT processing chain and identify ways to keep this model in the memory
for relatively long periods of time.

— If 1-bit flag is allocated at BUFR files to account for presence or lack of reflec-
tion, the threshold must be carefully studied to optimally match the NWP ap-
plications. Other applications, that might require multiple bits, could be offered
under different format.
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— The SVM tool has been used to analyze ~360000 COSMIC radio-occultations
globally distributed, to understand when, how and/or why the reflections are or
are not captured. The conclusions of this study are:

— Reflections might occur at any sort of surface (ocean, ice, land), how-
ever, land-reflections are spare and concentrate in smooth areas, free
of vegetation, or over continental ice.

— Over extra-tropical oceans, >50% of the RO present reflected signals,
increasing with latitude (>75% for latitudes above 50 degrees, and up to
80% above 70 degrees latitude).

— Over the ocean, reflections present seasonal signatures, less percent-
age of reflected signals during local summer periods.

— Over the ocean, reflection events do not correlate at all with rough-
ness/wind condition, as at these slant geometries the effective rough-
ness tends to zero (going as ~sin(elevation angle)).

— Over the ocean, reflection events do correlate somehow with cold sea
surface temperatures (more percentage of reflections over cold waters,
e.g. south-east oceans). However, the co-polar reflection coefficient at
slant angles is not temperature-dependent.

— Over the ocean, reflection events do anti-correlate somehow with trop-
ospheric variables related with wet atmospheric conditions.

— RO profiles where reflected signals are present tend to present better
comparisons between their RO-products and ECMWEF ones.
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