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ROM SAF
The Radio Occultation Meteorology Satellite Application Facility (ROM SAF) is a decentralized centre under EUMETSAT, responsible for operational processing of GRAS radio occultation 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 Numerical Weather Prediction (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.

ROM SAF Reports
This report is part of the ROM SAF report series; please find at Appendix B a list of the already published ones.
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Executive Summary
This document presents the outcome of a survey that was conducted by the ROM
SAF in cooperation with EUMETSAT to determine user requirements for ionospheric
Radio Occultation (RO) products; thus establishing a general guideline for the potential delivery of GNSS RO observables and products at ionospheric altitudes. The
main focus is on possible EUMETSAT Polar System-Second Generation (EPS-SG)
RO products, but the outcome is also relevant for other RO instruments. The document compiles the answers of the users and their concerns. It is however clearly noted that the RO instruments on EPS-SG focus on the neutral atmosphere, and ionospheric sounding capabilities are an add-on that do not drive the instrument or programme. Nor should suggested requirements be seen as a commitment by EUMETSAT or the ROM SAF to meet these requirements.
The main findings are:
•
•
•
•

•

•
•
•

ionospheric products have potential applications for other EUMETSAT SAFs
(OSI SAF and H SAF users);
about half of the received answers indicated that products would be used in
assimilation;
more than half of the users are interested in RO, about half in POD antenna
data (or interested in both);
although most identified products are at higher level, e.g. electron density,
TEC or scintillation indexes, about half of the received answers were also interested in low-level observables; no bending angles needs were identified,
however some considered assimilation possible (ionospheric users are not
familiar with bending angle);
timeliness requirements are very demanding, often 15 minutes to 30 minutes
are desired (some even down to < 5 minutes). Generally, about 55% of the
user responses can be met by the EPS-SG global service; the regional one
could meet more user needs (albeit within a limited Area of Interest);
responses expressed concerns on the RO limitations to sound only up to
500 km instead of to orbit altitude;
the sampling frequencies of the EPS-SG RO instrument easily fulfil suggested
requirements, in particular on the occultation antenna;
suggested accuracy requirements on SNR, phase, amplitude are also met by
the RO instrument.
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Introduction

EUMETSAT is preparing for the EUMETSAT Polar System (EPS) Second
Generation (EPS-SG), follow-on to the current Metop satellites (EPS). EPS-SG will
provide continuity of observations obtained from polar orbiting satellites during the
2021-2040 timeframe. The two Metop satellites operating at the moment and the
one to be launched in 2018 all include GNSS radio occultation (RO) payloads (the
GRAS instrument) providing vertical atmospheric sounding of the lower atmosphere,
up to 80 km altitude, and are mostly used in weather forecast applications up to 40
to 50 km.
EPS-SG (2021 onwards) extends these capabilities by operating GNSS radio
occultation instruments up to 500 km, which includes the sounding of ionospheric
layers. It has been widely proven with other RO missions (e.g. CHAMP [see e.g.
Jakowski et al. 2002], PICOSat [Strauss et al., 2003], COSMIC/Formosat-3 [e.g.
Schreiner et al., 2007, Carter et al., 2013]) that GNSS RO sounding of the
ionospheric layers provides valuable information about its electron content
distribution and scintillation phenomena. Moreover, ionospheric and space weather
models started to assimilate radio occultation observations [e.g. Bust et al., 2004,
Angling et al., 2008, Komjathy et al., 2010, Lee et al., 2012] and this will be one of
the main applications also for the future. Although neutral atmospheric sounding
products are the main driver of the EPS-SG RO system, EUMETSAT plans to
generate and disseminate the observables (Level 1) of the uppermost EPS-SG RO
profiles, whereas EUMETSAT's Radio Occultation Meteorology Satellite Application
Facility (ROM SAF) plans to extract the geophysical products (Level 2). In order to
maximize the outcome of the EPS-SG ionospheric sounding and products,
EUMETSAT and the ROM-SAF wanted gather information on potential requirements
of ionospheric application and products of GNSS RO data.
Therefore, a survey among potential users was organized to identify and quantify
their needs and determine their requirements on ionospheric data. The survey
questionnaire was accompanied with a brief description of the EPS-SG mission and
its RO payload. Even if it was highlighted that EUMETSAT would not commit to fulfil
the requirements provided by ionospheric users (as the main driver for the RO
system aboard EPS-SG is the tropospheric to stratospheric sounding) the users
were also asked to evaluate any weaknesses in the system (e.g. maximum
Ionospheric height, ground-segment timeliness) with respect to their needs.
This document presents the outcome of the conducted survey, compiling the
answers and concerns of the potential users of ionospheric data.
The questionnaire was prepared in agreement with EUMETSAT, and distributed to
52 individuals and institutions during December 2015:
− 5 messages could not be delivered (problems sending message out);
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− Some of the individuals replied that they belong to the same consortium or cooperative groups, and they would merge their requirements into a single questionnaire form. Some others forwarded the request to third centers or colleagues;
− 11 questionnaires were returned from 15 institutions and consortiums, as
some organizations coordinated their answers.
In addition, 5 other institutions replied and provided some valuable information about
the field of application or potential interest of these data sets for them. However, they
did neither return the forms filled nor the requirements quantified.
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The Questionnaire

The questionnaire that was sent out is included in Appendix A . The form was accompanied with a brief justification of the survey, and relevant information about
EPS-SG and its RO capabilities and limitations.
The users were explicitly asked about the sampling, precision and latency requirements, their preferred formats and dissemination channels, or the application they
target, among other things. In addition, they were invited to read the information
about the EPS-SG RO mission provided with the questionnaire and comment on potential limitations identified and their impact on the user’s application or operations.
Below we list the institutions that answered the survey (filled out or just providing
some general comments). In some cases several organizations sent a shared answer to our request (coordinated answer):
•

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Coordinated answer from: Instituto Nazionale di Geofisica e Vulcanologia
(INGV), Italian Air Force - Operational Centre for Meteorology, Osservatorio Astronomico di Trieste – Istituto Nazionale di Astrofisica (OAT-INAF),
Italy;
GeoForschungsZentrum (GFZ), Germany;
University of Birmingham, SERENE group, United Kingdom;
European Space Agency, ESOC Navigation Support Office, EU;
European Space Agency, ESTEC TEC-EES, EU;
GMV company, Spain;
Politechnical University of Catalonia (UPC), IonSAT group, Spain;
Jet Propulsion Laboratory (JPL), USA;
NOAA Space Weather Prediction Center, USA;
Royal Observatory of Belgium, Belgium;
UK Met Office, United Kingdom;
Institut Français de Recherche pour l'Exploitation de la Mer (IFREMER),
France;
National Space Science Center (NSSC), Chinese Academy of Sciences
(CAS), China;
Royal Netherlands Meteorological Institute (KNMI), The Netherlands;
Coordinated answer from Institute of Atmospheric Sciences and Climate
(ISAC-CNR) and Servizio Metereologico Aeronautica Millitare, Italy
CLS company, France;
Technical University of Wien, Dept. Geodesy, Austria.
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Summary of the answers

The questionnaire did not constraint the list of products, but left it as an empty list to
be filled by the users. Therefore, each user who answered the questionnaire listed
their required products. The list of products derived from the list includes level 1 (observables) and level 2 (geophysical) products. Some of the users provided distinctive
and precise information about the products, for instance, separating vertical Total
Electron Content from slant or along-the-line-of-sight one. Some others did not. In
these cases, the un-specified one is added as a third product (e.g. vTEC, sTEC,
TEC). They were asked to provide all fields of the questionnaire for each of the listed
product, although some were left unanswered. For this reason, the number of answers compiled for different fields may differ.

3.1

Target Applications

The users provided lists of observables or products of their interest and had the
chance to associate each of them to a given application. This was an open field
(without a close list of options) and could be left undetermined. We compiled 57 inputs to the question on the application that the products would target.
The range of applications identified by the users is shown in Figure 1. Most of the
ionospheric products target ionospheric monitoring or modelling and space weather
applications, but a significant number of users need this sort of data for other purposes, such as precise navigation, radio propagation, or as corrections for other remote sensing techniques (ocean altimetery, scatterometry and radiometry). It is relevant to highlight that in this sense the products have potential applications for
other EUMETSAT SAFs (OSI SAF and H SAF users).
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Figure 1 Variety of applications the users identified for RO ionospheric products. The pie-chart
represents the amount of times that users or products are identified to a given application, sorted from
most populated to less populated.

In 32 of the answers the users indicated that the products would be used in assimilation models. The models listed were:
• AENeAS [e.g. SERENE],
• CTIPe [Millward et al., 2001],
• GAIM [e.g. Thompson et al., 2006],
• GIM [e.g. Hernandez-Pajares et al., 1999],
• G-TEC [SWPC],
• IDA4D [e.g. Bust et al., 2007],
• MIDAS [University of Bath],
• NA-TEC [SWPC],
• TIE-GCM [HAO],
• WAM-IPE [e.g. ESRL].
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Other users did not provide the name of the model to which data would be assimilated but only that the model is:
•
•

either TEC and scintillation short-term forecasting model;
or Ionosphere-Plasmasphere assimilation model.

3.2

Required products

Figure 2 summarizes the list of products required by the users and their occurrence
(number of times each product is specified in the questionnaires). We received a total
number of 61 inputs to this question which we could group into 19 different products.
As mentioned in the introduction, we have preserved as much as possible the original description of the product. For this reason, several products may be considered
nearly the same (e.g. 2-frequency phase vs. 2-frequency excess phase).
The most required products are higher level products as electron density, TEC or
scintillation indexes (32 answers) followed by low-level observables as phase and
amplitude or SNR (18 answers). Some products require ancillary data such as receiver clocks and orbits.
Nobody gave requirements for bending angles, it seems that this observable is not
widely used in the space-weather and ionospheric communities. However, one centre did admit as additional comment that in the future they would be interested in assimilating bending angles, but they do not have requirements on these products because they are not familiar with bending angles yet.
The listed products are those derived by observations taken either by the RO antennas (thus in the limb sounding geometry) or by the Zenith antenna used for POD
purposes:
•
•

answers that required RO antenna observables/products: 42
answers that contained Zenith antenna observables/products: 3

(note that many answers did ask for both RO+POD antenna outputs).
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Figure 2 Variety of products required by the users in the questionnaire. The chart illustrates the
relative number of times each product type is cited, sorted from most populated to less populated. The
total number of inputs is 61.

3.3

Latency/Timeliness requirements

One of the most demanding aspects for the ionospheric community is the latency of
the product. Thus offline products are still used by most of the users being asked
since they cannot get data within their timeliness requirements. Some users indicated
they could work with latencies given by once-per-orbit (~100 minute) dissemination,
still easily in line with the EPS-SG global timeliness requirement at Threshold for L1B
products (basic GNSS observables on RO/Zenith antenna, LEO orbits and clocks,
bending angles - see Appendix A for further details). However, several users high-

12

ROM SAF Report 25

Cardellach et al.:
Survey on EPS-SG potential
ionosphere product requirements

lighted that the NRT delivery capability planned for EPS-SG might not be sufficient
for some of the space weather applications they target, where 15 to 30 minutes latency is expected, and up to 45 minutes still valuable (these could be fulfilled by the
EPS-SG regional service, however not providing global coverage – see Appendix A).
A few other users did not specify their NRT needs (only noted “NRT”, without further
details or numbers). This is shown in Figure 3. The same information is plot in Figure
4 as a histogram, where the latency is sorted by its length (we have assumed the
unspecified 'NRT' answer as ~3 hours).

Figure 3 Latency requirements, sorted from most to least populated.
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Figure 4 Histogram of the answers received regarding the latency of the data (blue bars) and its
cumulative histogram (orange bars). We have assumed that near-real time to be of the order of 3
hours.

Taking EPS-SG timeliness requirements (see Appendix A) as a baseline, one can
separate the answer to:
•

•

•

about 40% of answers required less than 45 minutes latency, foreseen in
EPS-SG for a small percentage of the level 1B products generated by the
global mission at Threshold level but with good chance for the use of products
generated by the regional mission (albeit only over/near Area of Interest, see
Appendix A);
about 60% of answers required 1 hour latency or longer, which is foreseen in
EPS-SG as Breakthrough for level 1B products timeliness requirement of the
global mission (> 50% of the products will be delivered within 1 hour from the
observation, 95% of the products will be delivered within 70 min from the observation);
55% of answers required 2 hours latency or longer, which is fully compliant
with EPS-SG requirement (for the level 1B products).
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Sampling (time/space) and coverage requirements

The time sampling with which the data should be taken was another question of the
survey. The answers (48 in total) are summarized in Figure 5. In general, most users
require sampling rates of 1 to 30 seconds for some of their products, or even longer
(e.g. minutes for scintillation indexes’ computation). However, these indexes or the
users that want to compute the indexes themselves, require higher sampling rates.
The RO instrument aboard EPS-SG could fulfill these requirements (up to 250 Hz
sampling rate in open loop tracking).
Only 6 answers were received regarding the spatial sampling and coverage requirements. About the vertical extension of the products, 2 answers required 90 to 150 km
altitude and another one to altitudes up to the LEO orbital height. Regarding answers
on spatial sampling of higher-level products, three of them required 1 deg x 1 deg
optimal resolution for TEC maps, electron density and scintillation indexes, with minimum requirement of 5 deg x 5 deg.

Figure 5 Sampling requirements, sorted from most to least populated.
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Precision requirements

The required precision for the TEC products is depicted in Figure 6, relatively few
answers were provided (15 out of 61 received inputs). Most users require precision
on the order of 1 to 3 TECU.
Few users provided also accuracy figures concerning other observables or products.
They are listed in Table 1. In general, amplitudes and SNR should be obtained at 5%
precision, as well as electron density products.

Figure 6 Requirements on the precision of the TEC products (NOTE: some of the users provided
precision of electron densities in TECU units, too. These are added here too).
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Table 1: Summary of the answers received on precision of the phase, amplitude, SNR, scintillation
index and electron density.

Dissemination channel and data format

3.6

The questionnaire included fields to indicate the preferred dissemination channel as
well as the format of the data.
42 answers were received on dissemination channel:
•
•
•

through ftp: 13
through ftp or web: 26
through EUMETCAST: 3

The preferred data formats are netCDF (15 answers out of 38 total) and GNSS
standard files, such as RINEX, IONEX, SCINTEX, SP3 (13 answers of 38 total). Figure 7 shows the distribution of occurrence of each answer.
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Figure 7 Preferred data formats for ionospheric products. The list is sorted by number of occurrence.
GNSS standards refer to ASCII files with a defined structure for GNSS products (RINEX, IONEX,
SCINTEX, SP3...). GAIM is a 4D grid format for electron density products.
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4. Users' comments about EPS-SG ionospheric sounding
characteristics
Several users provided comments on the EPS-SG particular characteristics, expressing their concerns (albeit noting that EPS-SG targets neutral atmospheric observations). These concerns listed two main aspects: height of the maximum observation
(STLA) and the latency of the dissemination. Some other comments were encouraging and described the relevance of this sort of data, or suggesting possible mitigation
options for ionospheric products derived from EPS-SG RO instrument observations.
The comments are copied below:
•
•

•
•

Timeliness a little too long for ionosphere, want to target 30 min with 45 min
latency being acceptable. 110-120 minutes it's a bit too long;
Ionospheric occultations may be significantly hindered by the antenna configuration. It will be challenging to acquire ionospheric electron density profiles due to the lack of data starting at zero and low elevation angles. The
POD antenna will acquire useful TEC data about the ionosphere topside.
The RO antenna pattern appears to favor Earth’s limb, but for ionospheric occultations, one wants high gain from 0 degrees elevation through to the negative elevations at Earth’s limb. Thus, TEC data and derived electron density
profile data from the RO antenna will be severely compromised relative to, e.g.
COSMIC or FengYun-3 (FY-3 has separate ionosphere and atmosphere occultation antennas);
Latency may be a problem for Space Weather Data Assimilation, for realtime applications, latency of 15 minutes;
The UK Met Office has run its own space weather operations centre
(‘MOSWOC’) since Oct 2014. The space weather research programme that
supports this has two strands: Short term research based on improving nowcasts or very short range forecasts based largely on domain-specific models;
and Longer term research, aimed eventually at the development of a Sun-toEarth prediction system, based on coupled solar / magnetosphere / thermosphere / ionosphere / mesosphere / stratosphere / troposphere models, which could potentially lead to a significantly improved prediction of space
weather events. Ionospheric (and other) measurements are clearly crucial to
the development of both strands, as verifying information during model development, and, eventually, as input to data assimilation systems. For these reasons the UK Met Office strongly endorses the intention of the ROM SAF to develop a range of ionospheric products during the third Continuous Development and Operations Phase (CDOP-3) of the project;
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Timeliness requirements are challenging – a possible investigation of developing partnerships (e.g. with COSMIC-II) to use more ground stations
and this to download more of the data in a shorter period of time may be useful. Estimates of scintillation are commonly made with observations with a
sampling rate of 50 Hz – this may be an issue for some observations in the
150-500 km range (see Table 3). Note that the observation requirements
were based on those in the following WMO document: http://www.wmosat.info/oscar/applicationareas/view/25. The electron density is not on the
WMO list but our figures are based on this and other literature.
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WMO Requirements

As suggested by one of the users, we include here the requirements given by the
WMO through the OSCAR pages regarding space weather. The source is:
http://www.wmo-sat.info/oscar/applicationareas/view/25
The requirements provided for the Ionospheric Vertical Total Electron Content
(VTEC) and reproduced in Table 2 correspond to products derived from space-borne
or ground-based GNSS receivers. The site highlights that this is an important parameter to calibrate GNSS positioning systems and that observations at multiple viewing
angles may be used to generate profiles by tomography.
The requirements on ionospheric scintillation concern two indices typically observed
in GPS signals operating at 1.58 and 1.23 GHz and relevant for all trans-ionospheric
transmissions:
•
•

S4: is the coefficient of variation of intensity [standard deviation divided by
mean];
σφ: is the standard deviation of the phase of the radio signal.

The WMO requirements on these two indices are also reproduced in Table 2.

Table 2 WMO requirements on vertical TEC and ionospheric scintillation as provided in the WMO
OSCAR web pages (table extracted on August 10, 2016).
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Discussion and conclusions

A questionnaire/survey to inquire on possible requirements for ionospheric RO products was sent out to 52 individuals and institutions. This was mostly done with respect to the EPS-SG RO extended sounding capabilities. The RO instruments on
EPS-SG are focused on the neutral atmosphere (where user requirements are defined up to about 80 km; similar as for the current EPS GRAS instrument), thus the
factors driving the design and the development of the RO instrument and antennas
are targeting this atmospheric region. However, thanks to improved instrument capabilities (in terms of antenna gain, data rate and channel availability) the instrument
will be capable to observe GNSS signals crossing the densest ionospheric layers and
provide valuable data also for soundings up to 500 km.
20 institutions responded to the survey, either filling out the questionnaire form (11
individual or coordinated forms received from 15 organizations) or pointing out the
interest and target application of the data (5 organizations).
The identified products are mainly intended for ionospheric monitoring and space
weather forecast, but also other uses emerged in the survey, including potential interest for other SAFs (OSI-SAF and H-SAF) for ionospheric corrections of their remote sensing techniques.
Approximately half of the answers indicated that the products are required for assimilation into numerical models.
Users are mostly interested in level 2 products (electron density, TEC and scintillation indexes), but many answers also required level 1 observables (phases, SNR or
amplitudes). Nearly half of the products listed by the users required output from the
POD antenna, too.
The latency/timeliness of the data is a key aspect for operational space weather applications. Here, EPS-SG - with its focus on neutral atmosphere users - can meet
the suggested ionospheric timeliness requirements for about 55% of the responses, when considering the EPS-SG threshold timeliness (110 min to 120 min,
see Appendix A). At Breakthrough level (60 min to 70 min, see Appendix A), more
user needs could be served (noting however that a 1 min to 60 min requirement is
not very precise, see Figure 4). Regional data, in particular at Breakthrough level,
could reduce this to about 30%. WMO latency/timeliness requirements for coarse
resolution products could be served with Global EPS-SG data at Breakthrough level.
Off-line products represent 31% of the answers.
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The temporal sampling of the data (i.e. the frequency at which Ionospheric products
are provided) is rather diverse, from 4 milliseconds to 1 day periods, but always
within the neutral atmosphere driven sampling capabilities of the EPS-SG RO
instrument (up to 250 Hz sampling).
The precision of the total electron content is mostly between 1 and 6 TECU, whereas
the observables are expected at 5 to 10% precision for SNR and amplitude, and
mostly 1 to 3 mm phase precision, which are within EPS-SG RO instrumental
capabilities.
As expected, the main concern of the users is related to the limitation of the EPSSG RO system of sounding the ionosphere up to 500 km. Another concern is related
to the latency of the data for operational space weather applications. Some of
the users suggested the possibility of improving the latency of these products through
partnerships with other missions' ground segment facilities (this could e.g. be done by
making use of the data provided by the satellite in real-time to receiving stations in
visibility of the satellite (direct broadcast); this transmission will be in X-Band.).
As a conclusion, RO ionospheric sounding is of wide interest for different scientific
communities, whose requirements could be mostly fulfilled except for certain operational applications. The potential use of the RO sounding for other EUMETSAT's
SAFs should also be noted, as mentioned above. Another application of interest
may be the long-term projects to develop a Sun-to-Earth prediction system which
would include tropospheric models.
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Appendix B.
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SAF/GRAS/METO/REP/GSR/009
SAF/GRAS/METO/REP/GSR/010
SAF/GRAS/METO/REP/GSR/011
SAF/GRAS/METO/REP/GSR/012
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SAF/ROM/METO/REP/RSR/018
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SAF/ROM/METO/REP/RSR/020
SAF/ROM/METO/REP/RSR/021
SAF/ROM/METO/REP/RSR/022
SAF/ROM/METO/REP/RSR/023
SAF/ROM/METO/REP/RSR/024

ROM SAF Report 25

Mono-dimensional thinning for GPS Radio Occultation
Geodesy calculations in ROPP
ROPP minimiser – minROPP
Error function calculation in ROPP
Refractivity calculations in ROPP
Levenberg-Marquardt minimisation in ROPP
Abel integral calculations in ROPP
ROPP thinner algorithm
Refractivity coefficients used in the assimilation of GPS
radio occultation measurements
Latitudinal binning and area-weighted averaging of irregularly distributed radio occultation data
ROPP 1D-Var validation
Assimilation of Global Positioning System Radio Occultation
data in the ECMWF ERA-Interim re-analysis
ROPP PP validation
A review of the geodesy calculations in ROPP
Improvements to the ROPP refractivity and bending angle
operators
Simplifying EGM96 undulation calculations in ROPP
Simulation of L1 and L2 bending angles with a model ionosphere
Single frequency radio occultation retrievals: impact on numerical weather prediction
Implementation of the ROPP two-dimensional bending angle observation operator in an NWP system
Interpolation artefact in ECMWF monthly standard deviation
plots
5th ROM SAF User Workshop on Applications of GPS radio
occultation measurements
The use of the GPS radio occultation reflection flag for NWP
applications
Assessment of a potential reflection flag product
The calculation of planetary boundary layer heights in
ROPP

ROM SAF Reports are accessible via the ROM SAF website http://www.romsaf.org
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