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1 EXECUTIVE SUMMARY

EUMETSAT Polar System (EPS-SG) / Meteorological Operational Second Generation
(MetOp-SG) is a collaborative programme between ESA and EUMETSAT. EPS-SG /
MetOp-SG is a follow-on system to the first generation series of MetOp satellites, which
currently provide operational meteorological observations from polar Low Earth Orbit.

The main objective of the GNSS Radio Occultation (RO) mission on EPS-SG / MetOp-SG is
to support operational meteorology and climate monitoring by providing measurements of
bending angle profiles in the troposphere and the stratosphere with a high vertical resolution
and accuracy. From bending angles, refractivity profiles can be retrieved. From these,
atmospheric temperature and humidity profiles as well as information on surface pressure can
be retrieved. A secondary application to be supported by the RO mission is the space weather
monitoring by provision of information on the Total Electron Content and on the atmospheric
electron density.

The RO instrument will provide continuous operation during the EPS-SG mission life, for
more than 21 years, and will be installed on both MetOp-SG satellites A and B. Innovative
features of this new RO instrument are the possibility to observe, acquire and track signals
from the modernized GPS constellation, from the Galileo, and potentially GLONASS and the
Compass/BeiDou navigation systems.

The RO Science Plan (SP) details the scientific work needed to meet the RO mission
objectives and provides a framework for the required scientific research and development
activities. It follows the EPS-SP [1998], which was written by the GRAS Science Advisory
Group for the EPS programme, and reviews the status and on-going activities in the areas of:

e Precise Orbit Determination for the RO instrument and future signals;
® RO applications and gaps;

e RO data processing and products;

e ionosphere RO data processing and products;

e climate use of RO data;

e instrument and RO performance monitoring;

e RO research and development needs/Outreach;

e RO related data processing and products.

The SP identifies necessary research and three types of new products in the area of Numerical
Weather Prediction, Climatology monitoring, Atmospheric modelling: products where new
signal processing is used to improve on existing product, products arising from mature
understanding of scientific needs, and products which emerge from latest research.

The SP was written and compiled by the RO Science Advisory Group, external experts and
EUMETSAT/ESA.
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2 INTRODUCTION
2.1 The Role of RO SAG

For the scientific preparation of the Radio Occultation (RO) mission, ESA and EUMETSAT
have established the RO Science Advisory Group (RO SAG), whose members are listed in
Appendix A, along with other participants to the RO SAG meetings who have also
contributed to this document. Some of the objectives of this advisory group are: to advice
ESA/EUMETAT on the scientific requirements of the RO mission, system, instrument, and
ground processing, and especially on requirements related to the EPS-SG ground segment; to
review the progress of projects initiated in support of the RO mission and to give
recommendations to ESA/EUMETSAT on the direction of future work; to participate in the
coordination with external groups.

2.2 Purpose of the Science Plan

The Science Plan details the scientific work needed to meet the RO mission objectives and
provides a framework for required scientific research and development activities, it follows
the EPS Science Plan [EPS-SP, 1998], which was written by the GRAS SAG for the EPS
programme. By reviewing on-going activities in the areas of retrievals, software and
databases, the level of compliance with the user needs can be established and the need for
additional study and development identified.
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3 MISSION OBJECTIVES
3.1 EUMSATSAT Polar System-Second Generation (EPS-SG)

According to the EUMETSAT Convention [Convention, 1991] "The primary objective of
EUMETSAT is to establish, maintain and exploit European systems of operational
meteorological satellites, taking into account as far as possible the recommendations of the
World Meteorological Organisation. A further objective of EUMETSAT is to contribute to the
operational monitoring of the climate and the detection of global climatic changes."

The Convention further stipulates that the EUMETSAT mandatory programmes include "the
basic programmes required to continue the provision of observations from geostationary and
polar orbits".

Therefore, in accordance with the terms of the Convention, the EPS-SG Programme will be a
mandatory EUMETSAT programme addressing the need of continuity with EPS and mission
requirements in the areas of operational meteorology and climate monitoring.

The EUMETSAT Strategy 2030 [Strategy, 2006] gives additional focus in stating "A primary
objective for EUMETSAT is to be a key component of the future global Low Earth system,
initially with a focus on an advanced sounding capability in the mid-morning orbit.”, and
further opens the perspective of additional services by stating: "Whilst maintaining the
priority of operational meteorological and climate services, the development of new services
in the environment should cover the oceans, atmosphere, land and biosphere, and natural
disasters to the extent that they interact with, drive or are driven by meteorology and climate.
New satellite services are foreseen particularly in the context of the European Global
Monitoring for Environment and Security initiative (GMES)."

In line with the above, the high level objectives of the EPS-SG programme are, in order of
priority:

1.  To support operational meteorology, continuing and enhancing the core relevant
services provided by EPS, with a focus on advanced sounding capability in the mid-
morning orbit and in accordance with agreed user needs and priorities, and taking
into account WMO requirements as far as possible;

2. To provide operational services in support of climate monitoring and detection of
global climatic changes in the frame of relevant international initiatives, through
cooperation and partnership, and taking into account GCOS requirements as far as
possible;

3. To develop new environmental services covering the oceans, atmosphere, land and
biosphere and natural disasters to the extent that they interact with, drive or are
driven by meteorology and climate.

The candidate EPS-SG missions were identified by the Post-EPS Mission Experts Team
(PMET) in the MRD [2011], and narrowed down after industrial Phase 0 studies in the Post-

EPS Mission Definition Review.

The mission of the EPS-SG System is to provide global observations from which information
on variables of the atmosphere and the ocean and land surfaces can be derived, using satellite
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based sensors from the Low-Earth Orbit (LEO). To fulfil its mission it is required to deploy
sustained capabilities to acquire, process, and distribute to down-stream application users and
second tier processing centres environmental data on a broad spectral range (from UV to
MW), covering extensive areas (global and regional), and within a variety of different time
scales to continue and enhance the services offered by the EPS.

The EPS-SG will consist of 2 satellites (called A and B), they will fly in the “same” orbit as
EPS, for more information please see Table 1.

Table 1 Concept of the MetOp-SG program with candidate sensor complement and leading

agency.
Metop-SG A Metop-SG B
First Launch Currently mid-2021 Currently end of 2022
Orbit and Altitude LEO, 817km, Sun- LEO, 817km, Sun-

synchronous, local time of | synchronous, local time
the descending equator | of the descending equator

crossing of 09:30 crossing of 09:30
Mass ~4200kg ~4000kg
Design Lifetime 7.5 years 7.5 years
Instruments
METimage (DLR) MWI (Microwave
Imaging Radiometer),
(ESA)
MWS (Microwave ICI (Ice Cloud Imager),
Sounder), (ESA) (ESA)
IASI-NG (Infrared SCA (Scatterometer),
Atmospheric Sounder (ESA)

Interferometer-Next

Generation), (CNES)

RO (Radio Occultation), | RO (Radio Occultation),
(ESA) (ESA)

3MI (Multi-view Multi- | Argos-4 (Data Collection

channel Multi-polarization | Service) (NOAA/CNES)

Imager), (ESA)

Radiation Energy Search and Rescue
Radiometer (NOAA) (COSPAS-SARSAT)
UVNS/Sentinel-5 Space Environment
(ESA/Copernicus) Monitor (NOAA)
Low Light Imager
(NOAA)

The EPS-SG observation missions/instruments are:
o the Infra-red Atmospheric Sounding mission (IAS), covering a wide swath of hyper-

spectral infra-red soundings in four spectral bands, covering the spectral domain from
3.62 to 15.5 um at a spatial sampling of about 25 km,;
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the Microwave Sounding Mission (MWS), allowing for all-weather soundings over a
wide swath in the spectral region between 23 and 229 GHz, at a spatial sampling of
about 30 km;

the Scatterometry Mission (SCA), providing back-scattered signals in the 5.355 GHz
band at a spatial resolution of 25 km;

the Visible/Infra-red Imaging mission (VII), providing cross-purpose, moderate-
resolution optical imaging in >20 spectral channels ranging from 0.443 to 13.345 um
with a spatial sampling of 500 m;

the Microwave Imaging Mission (MWI), providing precipitation and cloud imaging in
the spectral range from 18.7 to 183 GHz at a spatial sampling of about 8 km (highest
frequency) to 12 km (lowest frequency);

the Ice Cloud Imaging Mission (ICI), providing ice-cloud and water-vapour imaging
in the spectral range from 183 to 664 GHz at a spatial sampling of < 15 km.

the Radio Occultation Mission (RO), providing high vertical resolution, all-weather
soundings by tracking GPS (Global Positioning System) and Galileo satellites;

the Nadir-viewing Ultraviolet, Visible, Near-infra-red, Short-wave-infra-red sounding
mission (UVNS), providing hyper-spectral sounding with a spectral resolution from
0.05 to 1 nm within the spectral range from 0.27 to 2.4 um at a spatial sampling of 7
km;
the Multi-viewing Multi-channel Multi-polarisation Imaging mission (3MI),
providing moderate resolution aerosol imaging in the spectral region ranging from
ultra-violet (0.342 um) to short-wave infra-red (2.13 um), at a spatial sampling of 4
km.

The space segment of the EPS-SG system will consist of a dual satellite configuration with
three sounding and imaging satellites and three microwave satellites to span an operational
lifetime of the programme over 21 years.

This distribution of the payload complement between the two parallel satellites gives regard
to the priority of the mid-morning sounding and imaging missions (IAS, MWS, RO, VII) and
the need for co-registration of missions (IAS-VII, UVNS-VII, 3MI-VII, MWI-ICI).

Complementary to the direct observation missions summarised above and yet essential to
satisfy key user needs, the following objectives have also to be fulfilled by EPS-SG:

product generation;

Near Real Time Data Dissemination & Relay services to users;

Non-NRT dissemination services;

long term archiving in the EUMETSAT Data Centre;

archived dataset retrieval services continue to be provided as part of the multi-mission
EUMETSAT Data Centre services;

user support services.

The Near Real Time (NRT) dissemination service is available for registered Users equipped
with dedicated reception software licensed by EUMETSAT. The RO datasets to be delivered
by this service are listed in Table 2.
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Table 2 Operational timeliness (availability in brackets) for NRT dissemination of RO

products.

Disseminated Dataset Threshold Breakthrough
Global Level 1 Products 110 min | 120 min 60 min 70 min
1%t Priority (50%) (90%) (50%) (95%)
Regional Level 1 Products | 30 min 110 min 20 min 30 min
(Europe, N.- Atlantic) (50%) (90%) (50%) (95%)
SAF NRT Products 150 min 80 min

(90%) (95%)

Notes:

e the numbers in brackets give the amount of data to be available with the given
timeliness.

o the regional service covers Europe and North Atlantic Ocean, the regions bound by
65°W, 30°N and 50°E, 80°N. For RO, profiles outside of this area are also provided
when they are acquired by a ground station covering the regional service.

3.2 Radio Occultation (RO)

The Radio Occultation (RO) receiver has a direct heritage from instruments such as GRAS,
flying on Metop [GNSS (Global Navigation Satellite System) Receiver for Atmospheric
Sounding, see e.g. EPS-SP [1998], Loiselet et al. [2000], Luntama et al. [2008]], COSMIC,
Champ, and the precursor GPS/MET (for an overview of these missions, see e.g. Anthes et al.
[2011]).

The main objective of the GNSS RO mission is to support NWP and climate monitoring by
providing measurements of bending angle profiles in the troposphere and the stratosphere
with a high vertical resolution and accuracy in Near Real Time. From bending angles
refractivity profiles can be retrieved. From these, atmospheric temperature and humidity
profiles as well as information on surface pressure can be retrieved. A secondary application
to be supported by the RO mission is the space weather monitoring by provision of
information on e.g. the Total Electron Content and on the atmospheric electron density.

In summary, the RO mission will provide information on the following atmospheric variables
in the global and regional service (either from EUMETSAT or the ROM SAF, indicating also
the expected NRT product availability where Day-1 refers to available after commissioning):

bending angle profile (Day-1 product);

refractivity profile (Day-1 product);

temperature and dry temperature profile (Day-1 product);
pressure profile (Day-1 product);

surface pressure (Day-1 product);

water vapour profile (Day-1 product);

tropopause height (Day-1 product);

height of the planetary boundary layer (Day-1 product);
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total electron content (supporting space weather, Day-1 or Day-2 product);
electron density profile (supporting space weather, Day-1 or Day-2 product);

amplitude and phase scintillations (supporting space weather, Day-1 or Day-2
product).
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4 EPS-SG RO INSTRUMENT
4.1 Heritage

The RO instrument on EPS-SG (RO-SG in what follows) has a direct heritage from GRAS,
the RO instrument flying within the EPS program [EPS-SP, 1998; Loiselet et al. 2000;
Luntama et al. 2008]. The measurement concept was developed and proven within the
GPS/MET proof-of-concept mission, and later used for RO missions such as CHAMP, Grace,
COSMIC, etc. For an overview of missions, please refer to the [IROWG-GOS, 2013].

4.2 Instrument Hardware

MetOp-SG RO

Internal Flight-HW Units

LE ) RY] Together
1| RUAG Space| \ / ahead. RUAG

Figure 1 EPS-SG RO Hardware Components. Provided by RUAG, Sweden.

The RO-SG instrument will provide continuous operation during the EPS-SG mission life,
for more than 21 years, and will be installed on both MetOp-SG satellites A and B. The
hardware components are shown in Figure 1.

Innovative features of this new RO-SG instrument are the possibility to observe, acquire and
track signals from the modernized GPS constellation, from the Galileo, and maybe from the
future, CDMA based, GLONASS and the Compass/BeiDou navigation systems, handling the
combinations of the dual-frequency signals listed in Table 3 from the same GNSS satellite.

The RO-SG instrument will provide more than 1100 occultation measurements per day,
thanks to simultaneous tracking of Galileo and GPS satellites (baseline). This coverage may
possibly double with the Compass-BeiDou and GLONASS constellations.

GNSS signals on L1/E1 and L5/E5a frequencies are tracked by means of both Closed loop

and Open loop tracking. Both data and pilot signal components can be tracked
simultaneously. The RO-SG will try to acquire as fast as possible all the signals exploiting a
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new full open-loop tracking strategy, aiding both the code phase and the carrier phase
tracking through the use of a range/Doppler model. The standard closed-loop tracking is also
implemented.

The signals from the occulting satellites are received through two antennas, one dedicated to
rising occultations and the other dedicated to setting occultations, both focused on the Earth’s
limb. The instrument also acquires and tracks GNSS signals via a third, zenith pointing
antenna with a wide conical coverage. It provides the associated observables for Precise Orbit
Determination (POD) purposes.

GNSS signals received by the three antennas are amplified by Low Noise Amplifiers and
splitted into the different signal bands, down-converted to baseband and digitalized. Either in
closed-loop tracking or in open-loop tracking, the RO-SG receiver will make available very
low level GNSS signal components, basically:

e [ and Q components at the output of each correlator. In the new RO-SG instrument a
bank of 10 correlators is used to implement the full open-loop tracking (this is
referred to as wide mode tracking). Depending on the geometry, when the signal is
expected to have sufficient SNR, the number of correlators used for the open-loop
tracking is reduced to 5 (narrow mode tracking). Once the closed-loop tracking is
reached, data coming from one correlator only are provided;

e Numerically Controlled Oscillator (NCO) carrier and code phases;

e Noise power.

These are the low level observables that will be processed later, on ground, into more
standard GNSS observables like carrier phases, pseudoranges, signal amplitudes and Signal-
to-Noise Ratio (SNR). This will assure the highest level of flexibility.

All the technical details of the RO-SG receiver are given in Industry Documents. A
summarizing description of the instrument modes and observing modes is provided below.

Table 3 GNSS signals and frequencies that will be tracked by RO-SG (see [EURD)],
Sect.5.4). *GLONASS and **Compass-BeiDou signal ICDs are currently not available for
the signals specified in the table. The assumption of future availability of these signals
within the EPS-SG time frame is based on public available information.

System Signal Carrier Frequency [MHz]
GPS L1 C/A 1575.42
GPS L1C 1575.42
GPS L5 1176.45
Galileo E1-B/C 1575.42
Galileo ESa 1176.45
GLONASS* L10C 1575.42
GLONASS* L5 OC 1176.45
Compass-BeiDou** Bl 1575.42
Compass-BeiDou** B2A 1176.45
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The RO-SG instrument represents times in two different ways:

e On-board Time (OBT): This is the spacecraft time in Consultative Committee for
Space Data Systems (CCSDS) Time Code format. OBT is distributed via the
spacecraft communication network. A Local On-Board Time (LOBT) synchronised
with OBT is maintained by the instrument and used to time stamp events and
telemetry;

o Instrument Measurement Time (IMT): This is the time used by the instrument to time-
tag all the GNSS observables. It is an integer counter which is adopted to precisely
time stamps individual measurement data samples. Each GNSS Receiver Module
(GRM) forming the RO-SG (there are four GRMs, one for each antenna plus one
redundant for the zenith antenna) has its own IMT and they are all derived from the
same frequency source (the Ultra Stable Oscillator (USO)) so their frequencies are
identical but the epoch (time 0) may differ.

Such times representations will be converted to one unique time scale by the on ground
processing, where other necessary information is available (GPS time, Galileo System Time
and their relationship with the Coordinated Universal Time (UTC)). This unique time scale
will be used to time stamp all the reconstructed GNSS observables.

4.3 Observation Modes

Looking at occultations, there are a number of different phases (defined tracking states) that
are traversed, these depend on the geometric relationship between the receiver, the GNSS
space vehicle and (for RO measurements) the Earth. The different tracking states address
different algorithms for the reconstruction of standard GNSS observables.

For the Navigation mode the RO-SG will be characterized by standard, already well known
tracking algorithms. New tracking strategies are implemented in the Occultation mode in
order to allow a longer signal availability coming from the limb sounding observations. As
for the GRAS receiver, two main tracking schemas are applied in occultation mode: the
standard closed-loop and an open-loop one. The closed-loop schema is sufficient to track
signals in the ionosphere and the higher neutral atmospheric layers. During this tracking state,
both code and carrier phase of each GNSS received signals are locked, and the provided NCO
carrier and code phases are enough to reconstruct the standard GNSS observables.

The open-loop tracking instead makes the receiver more robust to the stronger dynamics
expected when the signal is passing through the troposphere. In the GRAS instrument, this
open-loop schema was applied only to the carrier phase tracking, while the code phase
tracking was implemented through a standard Delay Locked Loop (DLL). In the RO-SG
receiver, the code phase tracking is also implemented following an open-loop schema. As for
the carrier phase, also for the code phase an on-board model is available. This model will
provide one of the components necessary to compute the final carrier phases and code phases.

The other components will be derived by the provided I, Q signal components from multiple
correlators (10 correlators in the wide mode tracking, or 5 correlators in the narrow mode
tracking, depending on the Straight Line Tangent Altitude (SLTA)) and by the provided
NCOs code and carrier phases. Open-loop and closed-loop tracking will be performed in
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parallel, insuring a discrete overlap between data. The overlapping can be easily extended by
configuration parameters, provided that the maximum data rate is not violated.

Finally, another improvement of the new RO-SG receiver is the use of pilot GNSS signals.
Since these signals are not modulated by any navigation message, their tracking is easier and
faster and it can provide a useful aid for the tracking of the standard data signals. This aspect
will be taken into account by the on ground processing.

The possible closed loop tracking frequencies are given in Table 4. Open loop is performed
with either 200 Hz or 250 Hz.

Table 4 Closed-loop sampling rates.

Height Range [km] Sampling Rates [HZ]
0-30 10, 50, 200, 250
30-150 10, 50, 200, 250
150 — 500 1.0, 5.0, 10, 50, 200, 250

The RO instrument only tracks the signal in open loop mode when the received power is very
low and not sufficient to acquire the signal. This will occur at the lower part of the
atmosphere, until ~ 20 km SLTA (this parameter is configurable). Once the received signal
power is above a threshold, the RO instrument acquires the signal and track it in closed loop
mode. The accuracy of the measurements at 200/250 Hz in closed loop mode is higher than in
open loop mode. Therefore, in the ionosphere the RO instrument will always work in closed
loop mode.

Since the SLTA at which open loop starts/terminates is configurable, there is the possibility
to set the RO instrument to track at all altitudes at open loop, allowing high sampling
frequencies also in the stratosphere and thermosphere / ionosphere. Data rates and available
channels are considered sufficient to support this. This setting is however not the baseline.

4.4 Bending Angle Requirements

Partly based on EPS GRAS [Loiselet et al. 2000], the EURD [2016] gives the bending angle
(BA) accuracy at Threshold level as:

e | prad or 0.4% of the BA between 35 to 80 km, considering whichever value is
larger;

o from 0.4% to 1% of the BA linearly in height between 35 km and 10 km;

e from 1% to 10% of the BA linearly in height between 10 km and the surface.

At Breakthrough level, accuracy shall be better than:
e 0.5 prad or 0.2% of the BA between 35 to 80 km, considering whichever value is
larger;

e from 0.2% to 0.5% of the BA linearly in height between 35 km and 10 km;
o from 0.5% to 5% of the BA linearly in height between 10 km and the surface.
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5 POD FOR THE RO INSTRUMENT AND FUTURE SIGNALS [AH, JI]

The development of new Global Navigation Satellite Systems (GNSSs) and the
modernization of legacy systems cause significant changes in satellite navigation
environment over the last decade. The GPS constellation operated by the US Air Force is
undergoing a modernization through the launch of new generations of satellites, which
introduce new signals and frequencies. The Russian GLONASS system is expected to follow
this development with a new generation of satellites in the future. The European Galileo
system gains momentum in the deployment of its constellation and the declaration of initial
services in December 2016.The Chinese BeiDou system already offers regional navigation
service in the Asia-Pacific region and will now expand beyond this state to a global system.
All of these developments are work in progress and are likely to last at least until the end of
2020.

In case of GPS and Galileo, interface control documents of the relevant signals for EPS-SG
are published and provide confidence about the signal specification of the future signals,
which is necessary for the development of user equipment. However, the performance of
these new signals for precise orbit determination (POD) of space vehicles (SVs) and radio
occultation (RO) applications has yet to be assessed.

In case of BeiDou and GLONASS, predictions about the future constellations are more
ambiguous. At the time of writing, a test ICD has been published for the future BeiDou 3
signals relevant to EPS-SG. In case of GLONASS, ICDs for the future CDMA signals have
been released, but none of them are on frequencies that are relevant to EPS-SG. The timeline
of the deployment for a full BeiDou and GLONASS constellation with signals relevant to
EPS-SG is subject to speculation at this point in time.

Japan’s regional Quasi Zenith Satellite System (QZSS) has reached full deployment of a four
satellite constellation in 2017. The satellites transmit GPS-compatible signals and an ICD has
been published. Therefore using QZSS satellites for RO may be an interesting alternative in
view of the uncertainties in the deployment status of the other constellations.

The current status and the expected development until 2020 of these five relevant global
satellite navigation systems is briefly discussed and potential issues which deserve special
attention for the development of a future RO instruments are pointed out. The discussion of
GNSS signals is limited to the signals usable without special authorization. Afterwards,
different options for POD processing and instrument monitoring are discussed.

5.1 Overview of GNSSs

The following sections will provide a brief overview of the current status of the global
navigation systems GPS, GLONASS, Galileo, BeiDou, and QZSS. The majority of RO
measurements will stem from these systems, provided that the constellations are fully
deployed and all satellites provide the necessary signals. Regional navigation systems like the
Indian Regional Navigation Satellite System (IRNSS) and other Satellite Based
Augmentation Systems (SBASs) are not considered. All statements about the constellation
status refer to the time of writing at December, 2017.
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511 GPS

The current GPS constellation as of December 2017 consists of three types of satellites with
different capabilities: The oldest Block IIR satellites transmit the legacy signals C/A code and
P(Y) in the frequency band L1 centred at 1575.42 MHz, and P(Y) code in the frequency band
L2 centred at 1227.60 MHz. The civil C/A code signals can be tracked directly, whereas
tracking of the P(Y) signals is only possible through codeless or semi-codeless tracking
techniques. The Block IIR-M satellites are a modernized version of the Block IIR type. One
of several design modifications has been the addition of a new civil signal L2C on L2. The
latest generation of GPS satellites in the current constellation is the Block IIF type. It
provides the legacy signals, the L2C signals, and an additional civil signal in the L5
frequency band centred at 1176.45 MHz. The future GPS Block III satellites will broadcast
another new civil signal L1C on L1 in addition to the Block IIF signals.

The GPS constellation as of December 2017 consists of 31 operational satellites. A large
fraction of the constellation consists of Block IIR (12 SVs) satellites. The Block IIR-M
satellites amount to 7 spacecraft. BlockIIR and IIR-M satellites are no longer produced and
all available units have been launched. The Block IIF satellites with L5 signal capabilities
have recently been added to the constellation following a rapid launch schedule. Twelve
satellites of this type have been produced and put into orbit. The newly developed GPS Block
IIT satellites are currently in production. Manufacturing of the first ten spacecraft has been
contracted and the first six space-vehicles are already in different stages of production. The
launch of the first Block III satellite is expected in 2018 and the entire batch of 10 satellites
will be launched until 2023. [GPSW2016-Budget, 2016]. Additional contracts for up to 22
space vehicles will be awarded in the future. The deployment of these additional satellites is
currently foreseen to take place between 2026 and 2034 [Whitney, 2017]. An overview of
satellite block types is provided in Table 5.

Table 5: Overview of current and future GPS satellites as of December 2017.

Satellite Civil Signals # # to be Notes
Type active launched
Block IIR L1 C/A, L1/L2 P(Y) 12 -
Block IIR-M all Block IIR + L2C 7 -
Block IIF all Block IIR-M + L5 12 -
Block III all Block IIF + L1C 10 (+up to | 1% launch expected
22) 2018

It is planned to discontinue codeless and semi-codeless access to the L1/L2 P(Y) signals in
the future. The 2014 Federal Radionavigation Plan states, that the signal access is not
discontinued until 24 satellites on orbit transmit the new L5 signal, which is estimated to
occur in 2024. It is also interesting to note that 24 operational satellites with L2C signal
capability are expected to be available by 2018 [FedRadNavPlan, 2014].

If the 24 satellites with L5 signal transmission capability are favourably distributed in the
orbital slots, a continuous availability of L1/L5 dual-frequency navigation solution anywhere
on the globe is possible with GPS only. However, the reduced number of satellites will lead
to lower redundancy of observations, which adversely affects the robustness of measurement
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outlier detection. As a result, dual-frequency navigation solutions or precise orbit
determination results are likely to be of lower accuracy compared to the results obtained
currently using the L1/L2 observations from the full constellation.

The short-term stability of GNSS clocks is assessed using the 1-way carrier-phase method.
High-rate data sampled at 1 Hz from a receiver connected to an H-maser has been used for
the analysis. The Allan deviation has been computed based on one-hour time series of single-
frequency carrier-phase observations, which are centred at the highest point of a satellite’s
pass. The receiver-satellite range is removed from the observations with precise orbit
information. The residual effects of carrier-phase ambiguity, troposphere, ionosphere and
biases are removed with a 3"-order polynomial fit. This method yields reliable results for
averaging intervals up to 1000 seconds [A. Hauschild et al., 2013]. The same method is also
used for the clock assessment of GLONASS, Galileo, and BeiDou in the following sections.

The plot in Figure 2 depicts results for Allan deviation from a short-term clock
characterization of the atomic frequency standards (AFSs) of the current GPS constellation
for averaging intervals between 1 second and 1000 seconds. The satellites of type Block IIR
and Block I[IR-M are equipped with Rubidium AFSs exclusively. It becomes obvious that all
satellites have a similar performance. The newer Block IIR-M satellites tend to have a lower
Allan deviation of about 3e-12 at 1 second averaging interval compared to the older Block
IIR satellites, which typically reach about 4e-12 at this interval.

The newest generation of Block IIF satellites is equipped with Rubidium and Cesium AFSs.
The majority of these satellites are currently operated on Rubidium clocks, which are the
most stable clocks in the constellation for time intervals greater than 4 seconds. Interestingly,
for shorter time intervals, these clocks have a larger Allan deviation compared to the previous
generation of Rubidium AFSs. Two Block IIF satellites are operated using its Cesium clock,
which exhibits a significantly reduced performance.
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Figure 2: Short term Allan deviations for current GPS satellite clocks.

An important feature to consider for processing triple-frequency data from the Block IIF
satellites is a thermally induced bias variation in the signals of some or all of the transmitted
frequencies [Montenbruck et al., 2012]. This effect leads to an inconsistency between a
satellite clock correction derived from L1/L2 or L1/L5 data and is depicted in Figure 3. The
peak-to-peak amplitude of the clock offset differences depends on the sun’s illumination of
the satellite. The effect amounts to 20 cm in the worst case and repeats with the orbital
period. As a result, for a precise orbit determination with L1/L5 data, the effect must either be
corrected for by an empirical model developed in Montenbruck et al. [2012] or clock
correction values derived from L1/L5 observations must be used.
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Figure 3: Variation of the L1/L2-L1/L35 clock offset of a Block IIF satellite (from
Montenbruck et al. [2012]).

5.1.2 GLONASS

The current operational GLONASS constellation consists of 24 satellites, which transmit
frequency-division multiple-access (FDMA) signals at two frequency bands. The first band is
centred at 1602.0 MHz and thus located near the GPS L1 band. The other band is centred at
1246.0 MHz, close to GPS L2. Contrary to the code-division multiple-access (CDMA)
concept, where all satellites use the same centre frequencies for their signals and the
individual satellites are distinguished through a unique code sequence modulated on their
signal, all GLONASS satellites transmit identical signal modulations, but each satellites uses
a slightly different frequency shifted by integer multiples of 0.5625 MHz from the centre
frequency at .1 and 0.4375 MHz from the centre frequency in L2.

More precisely, 15 different frequencies (or channels) are available and two satellites located
on opposite sides of the earth share one channel. The reception of GLONASS signals
therefore requires a different user equipment design compared to the other GNSSs. The
operational constellation as of December 2017 consists of modernized GLONASS-M
satellites and one next generation GLONASS-K1 satellite. Although almost the entire
GLONASS constellation as of the same satellite type, notable differences in received signal
power levels and satellite onboard clock performance for individual satellites indicate that
design changes and improvements have been made throughout its production.
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Future developments of GLONASS will introduce GLONASS CDMA signals in addition to
the legacy signals. First steps towards this goal have been made with the production and
launch of two new GLONASS-K1 satellites in 2011 and 2014, which transmit the legacy
signals and an additional CDMA signal on a frequency denoted as L.3. This frequency band is
centred at 1202.025 MHz and is therefore different from the GPS L5 frequency. Also, the last
GLONASS-M satellite added to the constellation in June 2014 transmits CDMA signals on
L3 [InsideGNSS, 2014]. This signal will also be present on all future GLONASS-M satellites.
There are sufficient satellites in stock on ground to maintain the constellation fully
operational [Karutin, 2016].

Original planning only accounted for two GLONASS-KI1 satellites to be built as test
satellites. A series of newly developed GLONASS-K2 satellites with additional CDMA
signals should have followed and integrated into the operational constellation. However,
plans have been adjusted. The second GLONASS-K1 has become an operational satellite and
nine additional enhanced GLONASS-K1 satellites will be included in the constellation
[GPSW2015-GLOK1, 2015]. The enhanced GLONASS-K1 satellites will transmit L1, L2 and
L3 CDMA signals [Karutin, 2016]. The first launch of a GLONASS-K2 satellite is now
foreseen for 2018 [GPSW2015-GLOK2, 2014].

In addition to new signals, the latest generation of GLONASS-M satellites carry improved
atomic frequency standards with improved performance. The second GLONASS-K1 satellite
launched in February 2016 is equipped with the first Rubidium atomic frequency standard
ever utilized for GLONASS. The future GLONASS-K?2 satellites will be equipped with a
newly developed passive hydrogen maser (PHM). The PHM’s stability is expected to exceed
all other GLONASS AFS and will be tested onboard the first GLONASS-K2 satellite
scheduled for launch in 2018.

Signal specifications for the legacy FDMA are available to the public through an official
interface control document. Official interface control documents for the L1, L2 and L3
CDMA signals have been released in December 2016 and are by now also available in
English. According to these ICDs, the centre frequencies of the GLONASS CDMA signals
do not coincide with the centre frequencies of the GPS, Galileo or BeiDou signals. Future
GLONASS CDMA signals which are interoperable with GPS, Galileo or BeiDou are
currently under study, but it is unlikely that they will be introduced into the operational
constellation in the foreseeable future.

Table 6: Overview of current and future GLONASS satellites as of December 2017.

Satellite Type | Open Service Signals | # active (+ | #to be Notes
# launched
unhealthy)
GLONASS-M L1,L2 FDMA 21 -
GLONASS-M+ L1,L2 FDMA + L3 1 6
CDMA
GLONASS-K1 L1,L2 FDMA + L3 1 (+1) 9 One SV
CDMA operational, One
SV in orbit
testing
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GLONASS-K2 L1, L2 FDMA, + L1, 0 2?7 Exact signals
L2, L3 CDMA capabilities still
TBD

The Allan deviation results for the current operational constellation of GLONASS-M
satellites and one GLONASS-K1 test satellite are depicted Figure 4. Only little information is
publicly available about the frequency standards on board the GLONASS satellites.
However, the GLONASS-M satellites exclusively use Cesium AFSs. To allow a distinction,
the SVs have been grouped depending on the year of launch for this analysis. It becomes
obvious that the individual satellites in the constellation exhibit significantly different
performance, which can either be attributed to the use of different clock models or to aging
effects of the clocks depending on their duration of operation. The plot in Figure 4 shows,
that the most recently launched satellites tend to have the lowest Allan deviation (ADEV) at
averaging intervals larger than 4 seconds. At the shortest time interval of 1 second, the two
most recently launched satellites reach an ADEV of about 7e-12. Surprisingly, the
GLONASS-K1 satellite launched in 2014 does not exhibit a significantly lower Allan
deviation than the newest GLONASS-M satellites although it is reportedly equipped with an
improved Rubidium AFS. Earlier analysis for a dataset if June 2015 yielded a different result,
where the GLONASS-K1 satellite AFS has outperformed all other clocks for averaging
intervals between 2 and 30 seconds. The results depicted in Figure 4 suggest that the
satellite’s clock has been switched to a Cesium AFS instead with similar performance to the
GLONASS-M satellites.
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Figure 4: Short term Allan deviation for current GLONASS satellite clocks.
513 Galileo

The Galileo constellation is still in the stage of deployment in December 2017. It currently
consists of 4 in-orbit validation (IOV) satellites launched in 2011 and 2012, and 18 satellites
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with full operational capability (FOC) launched between 2014 and 2017. The next launch of
four Galileo FOC satellites is scheduled for 2018 [Chatre, 2017] followed by four more
launches of two satellites each between 2019 and 2021.

The signal generation unit on board one of the IOV satellites is permanently damaged. This
satellite transmits only single-frequency signals and is permanently flagged unhealthy. The
third IOV satellite is operated with a reduced transmission power, but is otherwise healthy
and fully usable.

The first two FOC satellites could not be placed into their nominal orbits due to an injection
failure of the launcher’s upper stage. The orbits of these satellites have a significantly larger
eccentricity compared to the almost circular nominal orbits. As a result, the orbit information
cannot be transmitted in the satellite almanac due to format restrictions. The satellites are
currently set unhealthy, but are otherwise fully functional and transmit standard signals with
navigation data content. It is therefore investigated if these satellites can be set healthy in the
future without being included in the almanac. The acquisition of these satellites may take
longer or require special firmware adaptions due to the missing almanac information
[Falcone, 2016]. The four FOC satellites of the most recent launch on December 12, 2017,
are still in early operations phase and will become usable in 2018. With the additional launch
of four satellites in 2018, the Galileo constellation will reach its full deployment of 26
satellites [Quiles, 2017]. It is not quite clear if the remaining eight satellites launched between
2019 and 2021 will extend the operational constellation beyond 26 spacecraft or serve as in
orbit spares.

The IOV and FOC satellites transmit signals on the E1 signal band centred at 1575.42 MHz,
which coincides with the GPS L1 centre frequency, on the ES5a signal band centred at
1176.45 MHz, which coincides with the GPS L5 centre frequency, and on the ESb band
centred at 1207.14 MHz. The signals on ESa and ESb can also be tracked in combination as
the E5 AItBOC signal. Except for the IOV-4 satellite, which only transmits on El, all IOV
and FOC satellites will share the same signals [Falcone, 2016].

Table 7: Overview of current and future Galileo satellites as of December 2017.

Satellite Open Service Signals | # active (+# | #to be Notes

Type unhealthy) | launched

Galileo IOV El, E5a, E5Sb, ES 3(+D) - No E5 signals on
AltBOC 10V-4

Galileo FOC El, E5a, E5b, E5 14 (+4) 12 FOC-1/2 on wrong
AltBOC orbit

The Allan deviation results for three IOV satellites and nine FOC satellites are depicted in
Figure 5. All satellites are equipped with both Rubidium AFSs and passive hydrogen masers
(PHMs). All but two satellites use the hydrogen masers clocks. The PHMs reach an ADEV of
about 3e-12 at 1 second and about le-13 at 100 seconds. One IOV and one FOC satellite are
operated on their Rubidium clocks. The lower stability of these AFSs is clearly visible in the
plot.
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It is also interesting to note in this context that the first two IOV satellites have in the past
been affected by a high-frequency oscillation of the carrier-phase observation with a period
of 6 Hz and amplitude of approximately 5 mm. The cause of this oscillation was the
combination of the signals of two active onboard clocks into a single frequency reference for
the signal generation. This effect has been mitigated in the meantime due to a configuration
change on board the first two IOV satellites. All subsequently launched satellites have not
been affected by this problem.
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Figure 5: Short term Allan deviation for current Galileo satellites.
514 BeiDou

The Chinese BeiDou (formerly also denoted as Compass) satellite navigation system is
deployed in different phases. The first generation of the system consisted of a constellation of
three operational and one backup satellite on geostationary orbit (GEO). The system was
based on a different mode of operation than today’s satellite navigation system, which
required active two-way communication between the satellites and the user terminal. The
satellites of the first generation are no longer in operation.

The satellites of the second generation of the system have been deployed from 2007 until
2016 and now offer regional navigation service in the Asia-Pacific region. The current
constellation consists of 5 satellites on geostationary orbit, 5 satellites on inclined
geosynchronous orbit (IGSO), and 4 satellites on medium Earth orbit (MEO). One of the
MEO satellite is currently not transmitting standard codes. The system’s mode of operation is
also based on one-way range measurements like GPS, GLONASS and Galileo. Signal
specifications for these open-service signals are publicly available in an official interface
control document. The satellites transmit open signals in the B1 frequency band centred at
1561.089 MHz and the B2 frequency band centred 1207.14 MHz. The latter centre frequency
coincides with the Galileo E5b signal. Since the centre frequencies of the BeiDou-2 signals

Page 24 of 125



v2C, 28 November 2018

Radio Occultation Science Plan

do not coincide with GPS L1/L5, the satellites of this constellation cannot be tracked by the
RO instrument on EPS-SG.

In March 2015, a new IGSO satellite has been launched, which is the first satellite of the third
generation [GPSW2015-BDS3, 2015]. The satellites of this generation will enable global
navigation capabilities and provide new signals that are interoperable with GPS L1 and LS.
Rapid deployment with 30 launches of third generation satellites has been announced to
happen in 2018-2020 [Ma, 2017].

China initiated the deployment of the modernized, global BeiDou-3 constellation with the
launch of a new IGSO satellite in March 2015 [GPSW2015-BDS3, 2015]. This spacecratft is
the first of a series of five test satellites launched in 2015 and 2016. The satellites of this
generation will enable global navigation capabilities and provide new signals that are
interoperable with GPS L1 and LS5. The three MEO and two IGSO test satellites are capable
of transmitting both the legacy as well as the modernized BeiDou signals. An ICD of the new
B1C and B2a signals has been released in November 2017. The B1C signal is centred at the
GPS L1 and Galileo E1 frequency and the B2a signals is centred at 1176.45 MHz. The
satellites are equipped with improved Rubidium atomic frequency standards as well as
passive hydrogen masers. The latter serve as the primary on-board clock [Zhao, 2018].

In addition to these 5 test satellites, the first two BeiDou-3 MEO satellites of the operational
constellation have been launched on November 5, 2017. The next launches are scheduled for
January 11 and February 15, 2018. Rapid deployment with 30 launches of third generation
satellites has been announced to happen in 2018-2020 [Ma, 2017].

Table 8: Overview of current and future BeiDou satellites as of December 2017.

Satellite Type Public Service | #active (+# | #to be Notes
Signals unhealthy) | launched

BeiDou-2 GEO B1, B2 5 -

BeiDou-2 IGSO B1, B2 5 -

BeiDou-2 MEO Bl1, B2 3 (+1)

BeiDou-3 GEO TBC 0

BeiDou-3 IGSO TBC 2 1

BeiDou-3 MEO TBC 3 (+2) 22

The Allan deviation results for three BeiDou-2 and four BeiDou-3 MEO satellites are
depicted in Figure 6. BeiDou GEO and IGSO satellites cannot be observed from the
receiver’s location at sufficiently high elevation. The satellites of the BeiDou-2 constellation
use Rubidium AFS from Chinese and European manufactures. It becomes obvious that the
AFS of one satellite reaches an ADEV of 3e-12 at 1 second and two satellites have an ADEV
of 4e-12 at the time interval.

The Allan deviation results for the four BeiDou-3 satellites comprise two MEO test satellites
as well as the two satellites launched in November 2017. All four satellites exhibit a similar
Allan deviation, which indicates that the same clock types are used. The analysis shows that
the BeiDou-3 clocks have a better performance compared to BeiDou-2 and reach a similar
performance as the GPS Block IIF RAFS and the Galileo PHM.
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Figure 6: Short term Allan deviation for BeiDou-2 and Beidou-3 MEQ satellites.
515 QZSS

The Japanese Quasi Zenith Satellite System (QZSS) is a regional navigation system, which
transmits signals that are fully interoperable with GPS. The first QZSS satellite has been
launched in 2010. With three additional launches in 2017, the constellation has reached its
full deployment of four satellites and transmits signals on the GPS L1, L2 and L5 frequencies
as well as on the LEX frequency, which coincides with Galileo E6. ICDs for all signals are
published. In view of the uncertainties in the deployment status of the other GNSSs, the
QZSS satellites may be a valuable substitute to be used for the generation of additional radio
occultation observations.

The constellation consists of three satellites on inclined geosynchronous eccentric orbits and
one geostationary satellite. The satellites also employ high quality rubidium atomic frequency
(RAFS) standards, which are identical to the GPS Block IIF RAFS. Full operational service is
expected to start in 2018. A replacement satellite for the oldest QZSS satellite is scheduled
for launch in 2020. It is planned to extend the constellation even further to seven satellites in
the near future. Three additional satellites are planned to be launched in 2022 and 2023
[Kogure, 2017].

5.1.6  Summary and Concluding Remarks on GNSS Status

The GNSS constellations are currently undergoing great changes due to the modernization of
the heritage GPS and GLONASS constellations and the deployment of the new Galileo,
BeiDou and QZSS systems. The following can be summarized with respect to the availability
of CDMA signals on the centre frequencies 1575.45MHz (GPS L1) and 1176.42 MHz (GPS
L5), which are relevant for POD and RO observations on EPS-SG:
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1. the deployment of the new GPS Block III satellites with L5 signal capability is
currently delayed and a full 32 satellite constellation with L1/L5 signals may not be
readily available at the launch of EPS-SG;

2. the Galileo system makes great progress towards the full deployment of the
constellation and will most likely be completed and in full operation by 2020;

3. the BeiDou system is currently transitioning from the regional BeiDou-2 system to the
global BeiDou-3 system. Only the latter has L1/L5 compatible signals relevant for
EPS-SG. A preliminary ICD for these signals has been released in 2017, which
confirms their availability on the new generation of satellites. A rapid constellation
deployment has been promised for 2018;

4. the GLONASS system is also been modernized and although new CDMA signals are
being introduced, these signals do not share their centre frequencies with the other
GNSSs. The GLONASS L1M CDMA at 1575.42 MHz and L5SM CDMA at 1176.45
MHz are currently under study, but it is unclear if or when they will be introduced.
Based on current information, it seems unlikely that GLONASS signals will be
available at all for EPS-SG;

5. the new QZSS system is currently being deployed and fully interoperable with GPS.
Although it only consists of 4 (or in the future 7) satellites, it may be a valuable
substitute for the GLONASS constellation.

In view of the aforementioned delays or uncertainties, the necessary signals on L1 and L5 for
the operation of the RO receiver may only be available from partly deployed constellations or
may even only become available after the launch of the instrument. As a result, auxiliary
products like precise GNSS clock corrections or signal bias corrections for these
constellations and signals may also not yet be available from external providers like the
International GNSS Service (IGS). It may therefore be necessary to procure the required
products for the POD and the RO processing from an external source.

5.2 POD Processing Options

This section presents an overview of several POD processing options that might be relevant
for future satellites equipped with GNSS receivers. Section 1.2.1 lists the higher order
ionospheric (HOI) terms, which are mostly neglected in the POD of (low) Earth orbiting
satellites. Different possibilities to account for these HOI terms are mentioned. In addition, it
is shown that GPS tracking errors due to ionospheric scintillation might be reduced by tuning
of the GPS receiver settings.

Although this is not a processing option that can be adjusted in the POD processing itself, it
seems worthwhile to mention this possibility to improve the tracking performance of a GPS
receiver under scintillation conditions. Section 1.2.2 focuses on integer ambiguity fixing and
lists three recently developed Precise Point Positioning (PPP) integer ambiguity resolution
methods. Finally, section 1.2.3 introduces antenna Phase Centre Variation (PCV) maps and
briefly describes two different ways to determine empirical PCV maps.

5.2.1  lonospheric Propagation Effects

The ionosphere is currently one of the largest error sources for GNSS users, especially for
high-accuracy applications like PPP and real time kinematic (RTK) positioning. The
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ionospheric range error is proportional to the total number of electrons along the path
between the satellite and the receiver and can be up to several tens of meters. The electron
density in the ionosphere is highly variable, depending on e.g. altitude, local time, geographic
location, season, and solar activity.

Fortunately, because the ionosphere is a dispersive medium, the magnitude of the ionospheric
delay depends on the signal frequency. It is therefore possible to eliminate the major part of
the ionospheric error through a linear combination of dual-frequency observables. This so-
called ionosphere-free combination eliminates around 99% of the total ionospheric error. The
disadvantage of using this combination is that the observation noise increases with an
amplification factor that is inversely proportional to the separation of combination
frequencies. For the GPS L1-L2 combination the noise increases with a factor 2.98, whereas
for the L1-L5 combination the amplification factor is 2.59.

In addition, the ambiguity term of the carrier phase combination is no longer integer and
higher order ionospheric terms remain uncorrected. For single frequency receivers, this linear
combination cannot be applied. Instead, it is possible to use the so-called GRAPHIC
combination to remove the first order ionosphere effect. This combination makes use of the
fact that the first order ionosphere effect on phase and code is the same in magnitude but with
opposite sign. However, this combination has the disadvantage that the resulting observation
noise is half the code noise, which is usually substantially larger than the carrier phase noise.

Higher order ionospheric errors that are not eliminated when the dual-frequency combination
is used are second and third order ionospheric terms, errors due to the bending of the signal
and the Total Electron Count (TEC) difference at two frequencies. The range error due to
these higher order effects is around 1% of the first order effect and can be up to several tens
of cm at low elevation angles and during high solar activity conditions. With the current level
of accuracy for the POD of low flying satellites, it becomes more and more important to also
take these effects into account. For most of these higher order ionospheric effects, corrections
have been developed [Hoque and Jakowski, 2008]. However, these corrections usually
require the knowledge of parameters like the magnetic field strength or the atmospheric scale
height, which are not easily available to GNSS users. This makes it quite difficult to apply
these corrections in the POD processing.

When additional frequencies are available, it is also possible to make combinations using
three or four frequencies to cancel out the second and third order ionospheric effect.
However, these combinations generally amplify the observation noise substantially.
Assuming the same noise level for each frequency, the combination using three GPS
frequencies, which would eliminate the first and second order effect, has a noise
amplification factor of 33.7. For a combination using the four available Galileo frequencies,
the amplification factor becomes 626.1. It is clear that such noise levels significantly reduce
the usefulness of these frequency combinations.

GPS receivers onboard of LEO satellites can also be affected by ionospheric scintillation.
Ionospheric scintillation occurs when electromagnetic signals propagate through an irregular
ionosphere. GPS signals are vulnerable to ionospheric scintillation, which can degrade or
interrupt GPS receiver operations [Kintner et al., 2007]. Ionospheric scintillation manifests
as rapid fluctuations in the intensity and phase of the received GPS signal. The rapid phase
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variations cause a Doppler shift in the GPS signal, which may exceed the bandwidth of the
GPS receiver phase lock loop. Additionally, amplitude fades can cause the signal-to-noise
ratio to drop below the receiver threshold, resulting in loss of code lock. These effects have
larger impact on GPS receivers that employ codeless and semi-codeless technologies to
extract the encrypted L2 signal, compared to full code correlation [Skone et al., 2001].

The occurrence and intensity of ionospheric scintillation depends on e.g. geographical
location, local time, season, solar cycle and geomagnetic activity. Basu et al. [2002] show
that scintillation is most intense in the equatorial region, along two bands north and south of
the geomagnetic equator. The occurrence of equatorial scintillation has strong local time
dependence, with most intense scintillations after sunset. At high latitudes, scintillations are
moderate and can occur at any local time, while at middle latitudes scintillations are generally
absent. For a spaceborne GPS receiver, the occurrence of scintillation also depends on the
spacecraft altitude. The irregularities in the ionosphere that cause scintillation occur
predominantly in the F-layer of the ionosphere at altitudes between 200 and 1000 km, with
most ionospheric irregularities typically between 250 and 400 km [Aarons, 1982].

The tracking performance of a GPS receiver under ionospheric scintillation conditions
depends not only on the magnitude of the observed scintillation activity, but also on the
receiver tracking capabilities. Differences in receiver performance are due to many factors,
such as antenna gain patterns, internal processing algorithms and tracking loop bandwidths
[Skone et al., 2001]. The receiver-dependent response allows tuning of the receiver
parameters, in order to maximize the tracking in the presence of ionospheric scintillation.
Widening of the tracking bandwidths on L2 and L1, or both, can improve the capability of
tracking in the presence of a reduced signal-to-noise, as well as larger phase variations [van
Dierendonck, 1996]. However, it would also produce noisier observations of the carrier
phases. To obtain optimal receiver settings with respect to these two effects, a trade-off has to
be made.

Figure 6 shows as an example the impact of modifying the bandwidth of the L1 and L2
tracking loops on the Swarm GPS receiver performance. The Swarm GPS receivers were
shown to have a degraded performance when flying over areas affected by ionospheric
scintillation [van den 1Jssel et al., 2015]. To improve the robustness against scintillation, the
tracking bandwidths of the receiver have been widened [van den IJssel et al., 2016]. Because
these modifications were first implemented on Swarm-C, their impact can be assessed by a
comparison with the close flying Swarm-A satellite. The top panel of figure 6 shows for
Swarm-A polar plots of the GPS carrier phase residuals resulting from a reduced-dynamic
POD, which have pronounced systematic errors. The bottom panel shows a similar plot for
Swarm-C, which has wider tracking loop bandwidths, and shows significantly reduced
systematic errors.
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Figure 7: Polar plots of the distribution of bin-wise RMS errors of the reduced-dynamic
carrier phase residuals for Swarm-A (top panel) and Swarm-C (bottom panel) for the time
period between 7 May and 21 July 2015.

5.2.2  Integer ambiguity fixing

The POD accuracy usually significantly improves when the GPS carrier phase ambiguities
are correctly fixed to their integer values. Until recently, the algorithms to resolve these
integer ambiguities required differenced data from a pair of receivers and a pair of
transmitters, in order to cancel receiver and transmitter hardware delays. However, nowadays
the POD of Low Earth Orbiting (LEO) satellites is usually based on a PPP strategy using the
ionosphere-free combination of dual-frequency carrier phase observations. Using this
approach, the estimated ambiguity is a combination of the integer ambiguity and the receiver
and satellite biases, which means that the integer property of the ambiguity is lost.

Recently, several PPP integer ambiguity resolution methods have been developed which are

able to fix the carrier phase ambiguities also for PPP processing schemes. These methods
include the single-difference between satellites model, the de-coupled clock model and the
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integer phase clock model [Shi and Gao, 2014]. These methods rely on advanced satellite
augmentation corrections and have the potential to significantly increase the POD accuracy
for LEO satellites. To benefit from such methods, it is therefore important that the integer
property of the carrier phase ambiguity is maintained in the satellite receiver software.

Although this is rather straightforward, it is not always automatically done. For e.g. the
GOCE satellite it seems that this was unfortunately not the case. For the current Swarm
mission, the integer property of the carrier phase ambiguity is also not maintained. RUAG
has indicated that the Swarm carrier-phase ambiguities probably have half-cycle properties
instead. It is expected that in the near future integer fixing capabilities will become more
commonly available in the different POD processing packages, and therefore it is
recommended that care is taken to ensure the integer property of the carrier phase
observations for GPS receivers on future Metop satellites.

5.2.3 Empirical Antenna Patterns

A precise knowledge of the GPS antenna phase centre location is a prerequisite for high-
precision orbit determination. To obtain the most accurate orbits, it is also necessary to take
GPS antenna Phase Centre Variations (PCVs) into account. Neglecting the antenna PCVs can
introduce systematic errors in the POD of LEO satellites. Unfortunately, not all GPS receiver
antennas have accurate PCV maps available. In addition, the PCVs of spaceborne GPS
receiver antennas are generally not well determined on ground, because the ground
calibration does not include the influence of error sources which are additionally encountered
in the actual space environment, like near-field multipath. For spaceborne GPS receiver
antennas, therefore, the PCVs are usually estimated during flight.

There are two different approaches to derive empirical phase centre corrections. In the direct
approach, the PCVs of the receiver antenna are estimated directly when processing the GPS
carrier phase measurements. To obtain an accurate PCV map, a long time series of GPS
carrier phase observations is preferred. Therefore, usually daily normal equations are set up
and accumulated for the total selected time span. The combined system is then solved for the
antenna PCVs. Due to the significant computational burden and storage requirement, the
resolution of the estimated PCVs with the direct approach is usually limited. This method
was successfully applied to improve the JASON-1 orbits [Lutcke et al., 2003].

With the residual approach, the empirical PCVs are derived as the bin-wise mean values of
the GPS carrier phase residuals in the antenna frame, obtained from e.g. a reduced-dynamic
POD. The residual approach is limited to recover PCVs of LEO receiver antennas, because
GPS-specific parameters such as receiver clock corrections and carrier phase ambiguities
partly absorb the largescale structures of the PCVs. For a fixed alignment of a spacecraft with
respect to the orbital frame, e.g. for the two GRACE satellites, PCVs perpendicular to the
flight direction are to some extent absorbed by the carrier phase ambiguities.

The small-scale structures of PCVs, however, can be well recovered with the residual
approach. The achievable resolution of the estimated PCV map depends on the availability of
long time series of residuals. When long time series are available, the resolution of the
estimated antenna PCV can easily be up to 1° x 1°, which allows to take very short scale PCV
structures into account. Generally, several iterations have to be performed, because parts of
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the unmodeled PCVs can be absorbed by other estimated parameters in the POD. This
method was successfully applied to improve e.g. the orbits of the GRACE satellites [JAggi et
al., 2009] and the GOCE satellite [Bock et al., 2011].

Figure 8 shows as an example the empirical phase centre corrections derived for the three
Swarm satellites from the ionosphere-free carrier phase residuals of reduced-dynamic orbits.
For each satellite, 70 days of 1 Hz ionosphere-free carrier phase residuals were used to
generate the PCV maps. In total eight iterations have been performed, after which no further
significant changes were visible in the estimated PCVs and the resulting orbits. The estimated
PCVs have a clear azimuth-elevation dependent pattern, with values that can be up to 20 mm.
The PCVs are very similar for all three satellites, which is expected, as the GPS instruments
on the Swarm satellites are identical.

PCV (mm)
Figure 8: Empirical PCVs for the nominal Swarm POD antennas.

5.3 Instrument Monitoring
53.1 USO Characterization

The precise orbit determination process yields in addition to the satellite’s trajectory also a
precise clock offset estimate of the receiver’s oscillator. The performance of the oscillator
with respect to stability or temperature dependency can be analysed based on the time series
of the clock offset estimates. Since the navigation observations and the RO observations refer
to the same ultra-stable oscillator (USO), these results directly reflect the oscillator-dependent
effects in the RO measurements. The following results for the USO performance on Metop-A
and Metop-B have been obtained during calibration and validation activities for Metop-B in
October 2012.

The results for the oscillator offsets presented in the following analysis have been obtained
from a carrier-phase based precise orbit determination used a reduced-dynamic orbit model.
The temporal variations of the USO of the GRAS instrument of Metop-B are depicted in
Figure 9 for three selected days during the first week of the receiver activation. Directly after
the activation of the GRAS instrument, the peak-to-peak amplitude of the USO clock offset
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was approximately 300 meters. In the course of the first week of operation, this amplitude
reduced notably to about 100 meters. It is not known, if a similar change has also occurred in
the USO of Metop-A, since the first systematic analysis has happened two months after the
activation of the receiver. At this point in time, the USO clock offset exhibited a diurnal
variation on the order of 20 meters after the removal of a second-order polynomial
[Montenbruck et al., 2008].
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Figure 9: Changes in the long-term temporal variation of Metop-B USO for three selected
days of the first week of GRAS operation. The clock offset is corrected for a second-order
polynomial.

The dependency of the oscillator frequency on the external USO temperature is another key
performance indicator. Using temperature data from the satellite's telemetry and the
corresponding clock drift from the clock solution of the POD, the clock drift has been plotted
over temperature for both Metop satellites using data of October 1, 2012 in Figure 10. It
becomes obvious, that the variation of the clock drift is significantly larger for Metop-B.
Furthermore, it becomes obvious that the external USO temperature of Metop-B is about 1.4
K lower compared to Metop-A. The red trend line in the plots indicates the changes in clock
drift depending on temperature change. For Metop-A, the drift changes with 13.0 ps/s/K (or
1.3-10"'/K), which is well below the specification of 5.0-10"'!/K. On the other hand, Metop-
B with a drift changes of 51.2 ps/s/K (or 5.1-10'!/K) barely meets this requirements.
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Figure 10: Dependency of USO clock drift on external temperature for Metop-A (left plot)
and Metop-B (right plot) for October 1, 2012.

The difference in the USO performance becomes also visible in the plots of the Allan
deviation in Figure 11. The Allen deviation has been computed based on the clock offsets
from a 1 Hz POD solution for October 1 and October 3. It becomes obvious that the USO of
Metop-A has virtually identical performance on both days. The USO of Metop-B exhibits
identical Allan deviations up to averaging intervals of 3 seconds, but is less stable for longer
intervals. This is an expected result considering the higher variation of the clock observed in
the POD solution for Metop-B. It is also interesting to note that there is apparently a small
improvement of the Allan deviation for the USO of Metop-B from October 1 to October 3.
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Figure 11: Allan deviation for the USOs of Metop-A and
Metop-B based on 1 Hz clock solutions from reduced-
dynamic POD for October 1 and October 3, 2012.
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6 STATUS AND OUTLOOK OF RO APPLICATIONS

6.1 NWP Applications

GNSS-RO observations have a significant impact in operational NWP systems because they
complement the information provided by satellite radiance measurements. This is primarily
because they have superior vertical resolution to the radiances, and they can be assimilated
without bias correction to the NWP model. This means they are “anchor measurements” and
they constrain the bias corrections applied to radiance measurements.

Most operational NWP centres have reported a positive impact from GNSS-RO, particularly
on upper-tropospheric and stratospheric temperatures (e.g., Healy and Thépaut [2006];
Aparicio and Deblonde [2008]; Cucurull and Derber [2008]; Poli et al. [2008]; Cucurull
[2010]; Rennie [2010]; Huang et al., [2010]; Le Marshall et al. [2010]; Harnish et al.
[2013]). For example, Figure 12 shows the impact of the GNSS-RO measurements on the
ECMWEF short-range forecast biases in the stratosphere when they we first assimilated on
December 12, 2006.
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Figure 12 Time series of the mean and standard deviation of the ECMWF operational
background departures and analysis departures for (a) temperature and (b) geopotential
height radiosonde measurements at 100 hPa in the southern hemisphere. GNSS-RO was

introduced on December 12, 2006.

A recent set of observing system experiments (OSEs) has been performed at ECMWF by

Tony McNally. It has been shown that the largest GNSS-RO impact is on upper-tropospheric
and lower/middle stratospheric temperature errors, which is consistent with the early 1D-Var
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information content studies. Although there is some evidence that the GNSS-RO
measurements improve tropospheric water vapour, it appears that the GNSS-RO contribution
to the water vapour analysis is small at this time, when compared to the other observing
systems. This may be a result of data numbers.

Currently, GNSS-RO contributes around 3 % of the total number of measurements
assimilated in the NWP system. Ensemble of Data Assimilation (EDA) computations, used to
estimate how the GNSS-RO impact scales with observation number, support the case for a
significant increase of measurements, to at least 15000-20000 profiles per day [Harnisch et
al., 2013]. In addition, it is hoped that improved forward modelling and data processing
techniques will improve the impact in the troposphere.

A relatively new application currently being investigated at the Met Office and ECMWF is
verifying short and medium-range stratospheric forecasts with GNSS-RO. Verifying
stratospheric forecasts against radiosondes in the southern hemisphere is problematic because
there are only around 40 sites. The use of GNSS-RO will circumvent this limitation of the
radiosonde dataset.

It is also hoped that GNSS-RO level 3 datasets will become an increasingly useful tool for
GCM (NWP and climate) developers, so that model changes can be tested against reliable
GNSS-RO climatologies. This is likely to be most effective for the upper-tropospheric and
lower/middle stratospheric temperatures. The ROM SAF bending angle and refractivity
forward models have recently been introduced in the Met Office version of the COSP satellite
simulation software tool for climate model assessment [Bodas-Salcedo et al., 2011].

As an anchor measurement, GNSS-RO now has important applications for climate
reanalyses. For example, recent work (Adrian Simmons, pers. Comm.) has shown that the
JRA-55 and ERA-Interim reanalyses have produced more consistent stratospheric
temperature analyses since the assimilation of COSMIC GNSS-RO measurements in both
systems.

6.2 Planetary Boundary Layer Height

The planetary boundary layer bridges the gap between the Earth's surface and the free
troposphere, and therefore plays a key role in the exchange of heat, moisture and momentum
between them. Its characteristics, including, crucially, its depth, are therefore important
parameters in developing the understanding of such exchanges that is needed to get the most
out of process studies, parameterisations and climate monitoring [Garratt, 1993]. The
shallow depth (~1-3 km), thinness of the top boundary (~10-100 m) and frequent presence of
cloud and rain mean that routine, widely available, accurate and reliable planetary boundary
layer height (PBLH) estimates have thus far eluded atmospheric scientists.

Radio Occultation measurements, on account of their high vertical resolution and relatively
uniform spatial distribution over land and sea alike, have long been considered as possible
measurements of PBLH. Numerous studies (e.g. [Ratnam and Basha, 2010; Guo et al, 2000;
Ao et al, 2012]) have confirmed this potential.
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PBLH estimates based on the location of maximum vertical gradients of various RO profile
fields, including bending angle and refractivity, have been implemented in ROPP9.0.
Example diagnosed PBLHs for an occultation sited over the S Pacific marine stratocumulus
region are shown in Figure 13. (The consistency between the various measures is not always
this good.)
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Figure 13 PBLHs defined by bending angle, refractivity and dry temperature for an
occultation situated over the marine stratocumulus region off the west coast of South
America at (108W, 25S).

A monthly average PBLH, as defined by the location of the maximum absolute value of the
refractivity gradient, is shown in Figure 14.

Future work on the use of RO data to measure planetary boundary layer height could include:

e an investigation of the sensitivity of the various PBLHs to vertical resolution, spatial
location, the rising or setting of the occultation, the processing of the RO data in the
lower troposphere (GO or WO), the season, the year, and so on. This variability could
guide the construction of uncertainties on the PBLHs — essential if, eventually, they
are to be assimilated or used as reference dataset for model development;

e an examination of the PBLH sensitivity to horizontal gradient errors, including those
in the ionosphere. Recent work [Zeng et al., 2016] suggests impacts of up to 100 m;

e an assessment of the possible utility of these measures as climate data record, as soon
as the sensitivities discussed above are understood better. It would be straightforward
to generate dry temperatures, refractivities or bending angles from the climate model
fields, and these could be directly compared to observationally derived PBLHs.
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Figure 14 Monthly mean refractivity-based PBLH, using all available occultations in April
2013.

6.3 Tropopause Heights

Reanalyses and radiosonde observations during the last few decades have indicated an
increase in the global mean tropopause height (TPH) [Seidel and Randel, 2006]. One possible
reason for this is a warming of the troposphere (due to more COz) and a cooling of the lower
stratosphere (due to less stratospheric ozone), both of which have been observed [Randel et
al., 2009].

Lewis [2009] introduced a new method for the identification of TPHs from GPS RO bending
angles, based on the use of the covariance transform of the profile data. Using RO data since
2001, Schmidt et al. [2010] demonstrated an increase of the global tropopause height by
about 70 m over the last decade, associated with a tropospheric warming and a lower
stratospheric cooling. Tropopause issues can are dealt with in Borsche et al. [2007], Foelsche
et al. [2009], Rieckh et al. [2014] and Scherllin-Pirscher et al. [2017].

The continuous monitoring of the tropopause height is therefore an important goal in
atmospheric and climate research, and robust operational tools for its routine measurement
are of great scientific value.

ROPP contains tools to diagnose tropopause height from RO bending angle, refractivity and
dry temperature profiles, the latter being defined in terms of the lapse rate. An example (S.
Atlantic, May 2009) is shown in Figure 15. The agreement between the first two and the two
temperature-based TPHs is reasonable, although there is room for improvement.
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Figure 15 TPHs defined by bending angle, refractivity and dry temperature for an
occultation situated at (10W, 27S) on 1 May 2009.

Figure 16 compares the zonal, monthly mean of the TPH derived from the lapse rate of the
dry temperature (which is in fact the WMO definition of the tropopause height) calculated by
ROPP and by different (but similar) algorithms at GFZ, on different datasets (all missions for
ROPP, GRACE-A and TerraSAR-X for GFZ) covering the same month (April 2013). The
agreement in general shape and in average value is encouraging.
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Figure 16 Zonal and monthly (April 2013) mean dry temperature lapse-rate-based TPH,
calculated by ROPP (left) and by GFZ (right) algorithms and data [Schmidt, 2013].

Future work on the use of RO data to measure the tropopause height could include:

e an effort to understand, and then reduce, the difference between the various ROPP

TPH measures;

e an attempt to identify the uncertainties in TPH estimates (necessary if TPH data are to
be used as a reference for model development);
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e their continued use in monitoring climate change.

e assist application of TPH products in various process studies. E.g. deep convection,
Asian Monsoon, stratospheric composition, troposphere-stratosphere exchange.

e aid remote sensing of cirrus clouds.

6.4 Gravity Waves

Gravity waves (GWs) are buoyancy waves, traversing vertically and horizontally inside the
atmosphere as perturbations in temperature and wind fields. Their vertical wavelengths range
from below one to tens of kilometres, and their horizontal wavelengths ranges from a few to
thousands of kilometres. At mid latitudes GWs are mainly emitted from strong wind fields
passing mountain ranges (orographic waves) and from instability in the stratospheric jet
stream, while in the tropics the main source of GWs is convection, [Fritts, 2003] and
[Khaykin, 2015].

Numerous important atmospheric processes are controlled by gravity waves. Especially GWs
ability to transport momentum has implications for the circulation. Examples are the
stratospheric Quasi Biennial Oscillation which is driven by breaking gravity waves [Lindzen,
1968], the formation of the stratospheric polar vortex, [Garcia, 1994], and the summer
hemisphere meridional transport [Alexander, 1996]. Gravity waves also play a role in
triggering nucleation of polar stratospheric clouds and cirrus clouds [Spichtinger, 2005]. A
brief introduction to physics of gravity waves and their role in atmospheric processes can be
found in ROM SAF VS 29, Khaykin [2016], and references therein.

Since the 1-short wavelength part of the gravity wave spectrum is not resolved by NWP and
Climate models, GW representation in models is a challenge, and their parameterization has

to be validated against measurements, [Geller, 2013].

GW Ep_HD (Jkg) 19-35 km JJA GW Ep_VD_poly® (J/kg) 19-35 km JIA

§ 8 & & o 3888

Figure 17 From Khaykin [2016]: Example of gravity wave potential energy climatology
from the ROM SAF CDRI1 v 0.0 (June-August) based on dry temperature fluctuations.
Left: Horizontal de-trending. Right: Vertical de-trending.

Radio occultations provide a quite unique opportunity to access the global GW intensity. It is

possible to extract the potential energy density from a single RO profile [Tsuda, 2000],
[Steiner, 2000] and [Sacha, 2014]. Single profile methods rely on a reference profile needed
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to extract the fluctuations that can be attributed to wave activity. Figure 17 shows two such
methods; “horizontal de-trending” (averaging over nearby profiles) and “vertical de-trending”
(using a smoothed version of the actual profile). The single profile GW retrieval does not
allow for an assessment of the momentum transported by the wave, which is in many
applications the important parameter.

In Figure 18 the equatorial gravity wave potential energy density retrieved from RO is shown
as an example. The zonal-mean potential energy density reveals a QBO signature. It is a two
way process, the crossover between westerly and easterly winds in the stratosphere acts as
barrier for vertical GW penetration, and the gravity waves delivers momentum pushing the
crossover further downward.

GW Ep, Equatar +/- 2 deg., zonal mean

B . - ]

2002 2004 2006 2008 2010 2012 2014 2018

Figure 18 From Khaykin [2016]: Time series of zonal-mean Ep7HD vertical distribution at
the equator (+/- 2 deg.).

Future work on the use of RO data to assess gravity wave activity could include:

e implementation of experimental offline gravity wave product for CDR/reprocessing,
following recommendations of ROM SAF VS 29, [Khaykin, 2016];

e development of tomographic characterisation of gravity waves by multiple collocated
RO incidents, with possibility of characterising momentum flux;

e approach climate community, provide datasets for model validation;

e assist in various science applications where gravity waves play a role. These can be
local area as well as global studies.

6.5 Cloud Tops

Many studies have been conducted to determine the altitude of the storm cloud top using
satellite instruments and different techniques [Knibbe et al., 2000; Koelemeijer et al., 2002;
Poole et al., 2002; Platnick et al., 2003; Minnis et al., 2008; Chang et al., 2010; Biondi et al.,
2013], but the results strongly depend on the physical retrieval method and on the satellite
data used [Sherwood et al., 2004]. The use of GNSS RO during extreme convection and
tropical cyclones has demonstrated the large capabilities of this technique improving the
accuracy of cloud top altitude determination in comparison with other satellite measurements
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thanks to the very high vertical resolution, the global coverage and because the RO signal is
unaffected by the weather conditions.

The so called “RO bending angle anomaly” technique applied for the first time by Biondi et
al. [2011] uses the difference between the bending angle value during the study case, and the
climatology in the same area for detecting the anomaly due to the presence of the extreme
event itself (Figure 19). The extreme event creates an alteration of the regular atmospheric
conditions and leaves a clear signature in the atmospheric structure [Biondi et al., 2011;
Biondi et al., 2012a; Biondi et al., 2013].

Comparison with independent measurements such as radiosondes [Biondi et al., 2012b] and
satellite based lidar [Biondi et al., 2012b; Biondi et al., 2013] has shown errors in the cloud
top determination of about 300 m (Figure 20). Biondi et al. [2015] has also shown how the
GNSS RO bending angle could be used for detecting and to map the overshooting tops
generated by tropical cyclones. The overshooting are important features for understanding the
atmospheric circulation and for aviation safety issues.

However this technique cannot be systematically applied at the moment due to the lack of
operational satellites providing GNSS RO profiles with sufficient temporal resolution for
monitoring extreme weather events.

T T 1
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Figure 19 Total attenuated backscatter (left) at 532 nm from CALIOP of a convective
system the 14 April 2008, and the bending angle anomaly profile (vight) corresponding the
cloud top. The horizontal red line is the altitude of the cloud top corresponding to the
bending angle anomaly spike [Biondi et al., 2012].
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Figure 20 Scatter plot showing correlation between cloud top heights derived from GPS
RO and from CALIOP during a selected number of deep convective systems [Biondi et al.,
2012].

Another interesting application of the RO bending angle anomaly technique is the volcanic
cloud top height detection. The determination of the volcanic cloud top altitude is still an
open issue, Tupper et al. [2004] advocate the use of new techniques alongside the established
ones to improve the ash cloud detection and monitoring and that “a reliable detection system
cannot be dependent on the meteorological conditions and it is necessary to have a weather
independent warning capacity”.

The ESA-EUMETSAT workshop on Eyjafjoll eruption [Zehner, 2010] came up with
recommendations including “Studies should be made of potential new satellites and
instruments dedicated to monitoring volcanic ash plumes and eruptions” stating that “there is
an urgent need to gather information on the vertical structure of evolving volcanic clouds”.
The GNSS RO are very well suited for such kind of studies and Biondi et al. [2017] have
demonstrated how the bending angle can also be used for detecting the volcanic cloud top
altitude (Figure 21) in combination with other measurements.

The capabilities of GNSS RO in this field are very broad and would allow a complete

understanding of the volcanic cloud thickness in case a large number of profiles would be
available during the eruptions.
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Figure 21 Cloud top altitudes of volcanic plumes (cross symbols) for Puyehue (green) and
Nabro (red), derived from RO data over the first 20 days from the eruption; co-located
CALIOP data are indicated (black circles). Numbers in brackets denote the number of RO
profiles while the horizontal solid lines denote the respective monthly climatological
tropopause altitudes for the two volcano locations [Biondi et al., 2017].

A complete study of cloud tops (weather or volcanic clouds) and systematic algorithms
require the availability of a higher number of GNSS RO profiles, and the unique
characteristics of RO (high vertical resolution, independency on weather conditions,
availability in remote areas) would contribute to solve several issues not solvable with other

instruments.
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7 ATMOSPHERIC RO DATA PROCESSING AND PRODUCTS

7.1 Processing of Atmosphere Products

A RO instrument onboard a low-Earth orbit (LEO) satellite, e.g. the GRAS instrument
onboard Metop, measures the L1 and L2 Doppler shifted radio signals from a GNSS satellite
as the satellite sets or rises behind the Earth’s limb. Through a complex sequence of
processing steps the Doppler shift as a function of time is converted to neutral-atmosphere
profiles of bending angle, refractivity, dry pressure and dry temperature, and finally to 1D-
Var pressure, temperature, and humidity [Kursinski et al., 1997; Anthes, 2011]. The latter
quantities require a priori information taken from an atmospheric model [Healy and Eyre,
2000]. A priori data are also used for bending angle high-altitude initialization in order to
retrieve refractivity [Gobiet and Kirchengast, 2001].

The level 3 gridded monthly mean data are derived through averaging and gridding of level 1
and 2 profile data. The aim of the climate processing algorithms is to generate homogeneous
CDRs meeting the requirements set by various climate applications (see Chapter 9 where
climate applications of RO data are discussed). The Level 3 data are e.g. provided as zonally
gridded monthly means on a relatively coarse latitude-height grid. The processing from Level
1B, 2A and 2B profile data to Level 3 gridded data includes quality screening and data
rejection, binning and area-weighted averaging, sampling-error correction through sampling
of an atmospheric model, and estimation of uncertainties in the averages [A. Steiner et al.,
2013; B. Hoetal., 2012].

The following sections provide a brief description of common steps involved in the
processing of RO data to atmosphere products. Table 9 shows radio occultation atmosphere

product groups together with the level definitions used by EUMETSAT and ESA.

Table 9. Atmosphere product groups

Product group Main characteristics

Level 1B bending angle Bending angle as function of impact parameter
Level 2A refractivity Vertical profile

Level 2A dry temperature Vertical profile

Level 2B and 2C “1D-Var” 1D-Var vertical profiles, scalar at surface
temperature, specific humidity, pressure,

and surface pressure

Level 3 gridded data Gridded and averaged data

The fundamental observable measured by an RO instrument is the phase and amplitude of the
Doppler-shifted incoming signal. The processing of the measured quantities leads to retrieved
atmospheric profiles of geophysical variables [Kursinski et al., 1997].! From phase and
amplitude measurements, and the satellite’s positions and velocities, we obtain the observed

! The ROPP User Guide [ROPPUG] gives a detailed description of the algorithms used in the ROM SAF
processing.
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bending angles as a function of impact parameter at the GNSS frequencies. The bending
angle retrieval is performed separately for the GNSS signals typically using the standard
geometric optics (GO) approach above some fixed height (e.g. 25 km) and using the so-called
wave optics (WO) retrieval below that height [Gorbunov, 2000; Jensen et al., 2003;
Gorbunov and Lauritsen, 2004].

The wave optics algorithm performs a global mapping of the incoming wave signal to the
(effective) impact parameter space where the impact parameter can be demonstrated to
uniquely define a given ray under the assumption of local mirror symmetry. Under
atmospheric conditions where this assumption is not fulfilled, the WO optics mapping will
typically lead to a correct retrieval as long as the strength of horizontal gradients is not too
strong.

The influence of the ionosphere can be removed to first order by forming a linear
combination of the two L1 and L2 bending angles, ari and ar2, thus obtaining the observed
(LC) bending angle aobs. This observed bending angle is contaminated with noise that
increases exponentially with altitude rendering it useless above a certain height. However, we
need bending angles to infinite altitudes in order to obtain the refractivity.

The solution is to form a statistically optimal linear combination of the observed bending
angle, aobs, and a background bending angle, abg, where the relative contributions of
observation and background (or a priori data) are determined by the errors cvg and cobs (the
latter is an estimate of the error in the observed LC bending angle) [Gobiet and Kirchengast,
2004]. The error models are chosen such that the fraction goes from no background at low
altitudes to no observational information at high altitudes. The ionospheric correction and the
statistical optimization steps may be combined into a single framework [Gorbunov, 2002].

7.1.1  Level 2A Refractivity Profiles and Dry Temperature Profiles

Bending angle is related to the vertical gradient of the refractive index n. The relation can be
inverted using the inverse Abel transform to give the refractive index as a function of height
from knowledge of the bending angles as a function of impact parameter [Kursinski et al.,
1997]. The refractive index is expressed in terms of the refractivity, defined as

N=(n-1)-10°, (1)
which can be regarded as an ordinary physical state variable since it is a function of other

state variables. In the RO community it is common practice to use the following two-term
expression

N=r 2yp,Pu 2)

T T2

where p is total pressure, pw is the partial pressure of water vapour, k1 is 77.6 K/hPa, and «2 is
3.73-10° K?/hPa [Kursinski et al., 1997].
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When humidity is negligible, the second term on the right hand side in Eq. (2) vanishes and
the refractivity is directly proportional to the air density. Using the equation of state for an
ideal gas and assuming hydrostatic equilibrium, the dry pressure profile is obtained by
integrating a version of the hydrostatic equation from an upper boundary where the pressure
is assumed to be known. Dry temperature is then computed from the dry pressure and the
observed refractivity (using Eq. (2) with the “wet” term ignored).

7.1.2  Level 2B 1D-Var Products—Temperature, Humidity, Pressure Profiles

In the troposphere the influence from water vapour on the observed refractivity is not
negligible. We thus have a temperature-humidity ambiguity which can only be resolved by
introducing additional data on temperature and humidity. This is typically done through a 1D
variational (1D-Var) procedure in which the observed refractivity profile (or bending angle)
is combined with a model profile in a statistically optimal way considering the errors and
vertical error correlations of both the observations and the a priori data [Healy and Eyre,
2000]. A solution is found by minimizing the cost function,

I(X) = %(x—x")TB* (x—x") +%<y° CHE)TO Y —HX) . (3)

with respect to the atmospheric state x. H is the forward operator mapping the atmospheric
state x (temperature, pressure, humidity) into measurement space (refractivity), and O and B
are the observation and background error covariance matrixes, respectively. The a priori state
x® is typically obtained from a global NWP model.?

7.1.3  Level 3 Gridded Data—Monthly Climatological Data Records

The profile data (Level 1B, 2A, and 2B) are processed into Level 3 gridded data consisting
of, e.g., zonal monthly means on a 5 degrees by 200 meters latitude-height grid. The Level 3
processing is based on a rather straight-forward binning and averaging procedure (see, e.g.,
Gobiet et al. [2005]; Borsche et al. [2007]; Foelsche et al. [2008]; Ho et al. [2009b]; Gleisner
[2010]).> A set of equal-angle latitudinal bands, or grid boxes, are defined and all quality-
controlled observations that fall within a latitude band and calendar month undergo a
weighted averaging to form an area-weighted zonal mean for that latitude and month. The
quality screening is essential to remove erroneous outliers that otherwise could have a
significant impact on the statistics [Steiner et al., 2013a; Ho et al., 2012].

The monthly means obtained through this procedure are affected by errors due to under-
sampling of the atmospheric variability. This includes under-sampling of the diurnal cycle
(Pirscher et al. [2007]). A part of these sampling errors are systematic, causing biases, rather
than random errors, in the monthly means. Using an atmospheric model that has a realistic
variability (e.g. the ECMWF operational analyses, or ERA Interim reanalyses), an estimate of
the sampling errors can be found by sampling at the same locations and times as the actual
observations (see also Chapter 9). The estimated sampling errors are subtracted from the

2 The background state used in the ROM SAF 1D-Var processing is interpolated from the ECMWF 6-
hour forecasts given on a 1.0°x1.0° degree grid.[ROPP1DV]
3 The description of the algorithms used in the ROM SAF climate processing is given in [ROPPL3G].
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observed means, leaving the much smaller residual sampling errors, which combine with the
statistical measurement errors to form the total errors (or, more correctly, uncertainties) in
the monthly means (e.g., Scherllin-Pirscher et al. [2011b; 2017]).

In summary, the RO climate data products are generated by the following steps:

o listing of all occultations that were observed within a calendar month;

o flagging invalid profiles according to a set of quality criteria;

e vertical interpolation of profiles onto the regular climate height grid;

e weighted averaging into monthly latitude bins;

e estimation of the errors in the zonal monthly means;

e cstimation of the a priori information in the zonal monthly means;

e formatting of the RO climate data and meta-data into appropriate data files.

The generation of zonal monthly mean climate data may be followed by further averaging
into seasonal and annual means, and into regional, hemispheric, and global means (e.g.,
Lackner et al. [2011a]; Ao et al. [2015]; Gleisner et al. [2015]; Steiner et al. [2016b]).
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8 IONOSPHERIC RO DATA PROCESSING AND PRODUCTS
8.1 Retrieval of Profiles and related Quantities from lonospheric Occultations

The most relevant ionosphere-related product that could be delivered from EPS-SG
occultation data are the vertical profiles of electron density up to 500km, and its realistic
extrapolation with recent developed techniques. These profiles could be computed using the
techniques proposed during the execution of the ROPE project*: Least Mean Square-based
Abel inversion with improved topside modelling and using Separability Hypothesis (see
Garcia-Fernandez et al. [2003]). The vertical resolution of such profiles might be between 2
to 4km for a sampling rate of 1Hz in the occultation data, using the Linear Mean Square
approach (see Garcia-Fernandez and Hernandez-Pajares [2016]).

8.1.1  Ne Profiling and hmF2 NmF2 hmE NmE Metrics

One of the possibilities offered by inverted profiles of electron densities is the provision of
key profile parameters such as the height and maximum of ionospheric layers (see Figure 22).
In particular:

hmF2, Height of the F2 layer peak;

NmF2, Electron density of the F2 layer peak;

hmE, Height of the E layer local peak (when available);

NmE, Electron density of the E layer local peak (when available);

Sporadic E prediction. Based on high rate (50Hz) occultation data, the detection of
sporadic E layer would be more reliable. This would in turn allow to maintain a
database of historic sporadic E occurrence. The long term analysis of such historic
data would then allow to predict the occurrence of this phenomena.

A e

Obtaining such parameters is, essentially, a process as simple as to obtain the local maxima
of the profile. The historical values of such parameters could be then made available in a
similar fashion as done by the SPIDR web service’ [Zhizhin et al. 2008].

4 ROPE Project, under EUMETSAT contract EUM CO 15 4600001591 AVE
> http://spidr.ionosonde.net/spidr/
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Figure 22 Example of a set of profile metrics extracted from a COSMIC occultation.

The errors of the parameters in the F2 layer (compared to values obtained from ionosondes)
obtained from occultation data amount to ca. 10% to 20% in the case of electron density and
ca. 25km to 50km in the case of the height estimation (see Garcia-Fernandez et al [2003]).
The values at the E layer are expected to be higher due to the accumulation of errors in the
inversion process (in particular for the electron density).

Additionally to these raw values of the profile, other parameters of interest such as the
M(3000)F2 value could be derived. This value represents the highest frequency that can be
received (by ionosphere refractivity) at 3000km and is usually derived from ionograms.
Actually, when using ionosonde data, the hmF2 is estimated using expressions such as the
Dudeney formula or similar (see MacNamara [2008] and references therein), which tie both
magnitudes. In case the profiles of electron density are available through inversion of
occultation data, all parameters needed to compute the M(3000)F2 are available.

8.1.2  Topside VTEC Estimation

Topside VTEC maps (> 800 km) can be built using the POD antenna measurements. A two
voxel layer model (in a forward+backward Kalman filter) to estimate the VTEC can be used
in order to avoid the need of an a-priori mapping function (such as the standard one which is
not applicable anyway above the hmF2). This provides information on the topside as well as
from the plasmasphere that can be later used as a background model to refine the ionospheric
occultation inversion.

As an example, the results for COSMIC POD data obtained during day 264 of year 2011 are
summarized in Figure 23 where the distribution of electron content estimates in first and
second layer are shown (shells centred at 1130 km and 1810 km respectively, with a
horizontal voxel dimension of 12° x 10° in right ascension and declination/latitude).

Page 51 of 125



v2C, 28 November 2018

Radio Occultation Science Plan

COSMIC_2011.264 COSMIC_2011.284
20000 — T — — T T T L0000 ' . - . i
RMS / Bias/ SdDev.in TECU = 1.9 1.9 0.2 (Nobs=152388) RMS !/ Bias/ SwlDev. in TECU = 0.4 0.3 0.1 {Nojs=15238%) ——
Tooon #0000
60000 - Tooon
BO000
S0000
Sooo0 -
40000
40000
30000 R
30000 R
z }
20000 sonon L
10000 ‘ 1 10000
0 —— i H i ; i H o H
1 12 14 16 18 2 22 24 26 28 02 o 0z 0.4 LX) o8
“erlical Partial Flectron_contenl_layer 1 1130.0km TECUs Werhcal Partial Flectran_conlent layer 2 1810.0km TECUs

Figure 23 Distribution of COSMIC/FORMOSAT-3 topside electron content estimates, first
and second shells of voxels, respectively shown at left and right hand sides, during day 264,
2011.

Two snapshots of the corresponding final estimations can be found in Figure 23, where a
smooth distribution which highest values (of few TECUs and tenths of TECUs for first and
second layer respectively) are distributed around the Sun position (right ascension of about
178° and latitude of 1° approximately). Moreover the associated plasmaspheric scale heights
are distributed with values in between 565 km and 1118 km, in agreement with the values
derived from topside ionospheric sounders (see Marinov et al. [2015], in corresponding
comparing with top plot in Figure 3 in this paper).
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Figure 24 Topside electron content estimates derived from COSMIC/FORMOSAT-3 POD
antenna measurements, first and second shells of voxels respectively shown at left and
right hand sides, during day 264, 2011 at 12:00 (top row) and 23:55 (bottom row) GPS

time.

8.1.3  Profile Initialization

As a direct and mainly intended application, the calibration of the STEC from radio-
occultation measurements could be performed using the dual-layer tomographic estimations
of the plasmasphere, after smoothing it with a low degree polynomial. This smoothing is
needed to remove the discontinuities of the derivative, associated to the grid tomographic
estimation, from the ionospheric delay correction above the LEO (see Figure 24).
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Figure 25 Example of topside slant electron content correction for COSMIC occultation
during day 264. Note that the correction has been smoothed in order to remove the voxel
discretization of the tomographic algorithm.

Finally an example of the impact of the application of such LEO topside slant electron
content corrections can be seen in Figure 25. Indeed, an improvement on bottomside electron
density profile (removing negativity) after applying the dual-layer tomographic
plasmaspheric correction (autonomously computed from POD COSMIC measurements) is
shown.
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Figure 26 Electron density profile, inverted from the COSMIC/FORMOSAT-3 radio-
occultation measurements before (left) and after (right) applying the POD-antenna
measurements based plasmaspheric electron content estimation (day 264, 2011).

8.1.4  Bending Angles Estimation

Additional side products that could be delivered are the bending angles of the ionospheric
refractivity at each frequency (i.e. L1 and L5) using the classical Abel inversion approach
(see Aragon-Angel et al. [2011]). Despite the fact that these products typically require precise
orbits and clocks (i.e. no combinations that remove the geometry can be used to obtain the
ionospheric information in undifference processing), the knowledge of the bending at each
frequency (proportional to the electron density) can provide valuable information on the
ionospheric state. In particular to the estimation of higher order ionospheric effects such as
the difference in STEC due to the different curved paths of each frequency (see e.g. Section
5.2 of Petrie et al. [2011]).

8.1.5  Lower Layers of the lonosphere

When obtaining vertical profiles of electron density using the Abel inversion (or its peel
onion implementation with or without separability hypothesis), one of the main problems is
the treatment of lower layers. Due to the fact that this technique is a top-to-bottom
processing, the errors accumulate specially in the lower layers of the profile (E and D layers).
This is evidenced when comparing vertical profiles from Radio Occultations (RO) with
(spatially and temporally) co-located scaled ionograms (see Figure 26). In those plots, the
COSMIC profiles at the E and D layers have a higher electron density compared with their
ionosonde counterparts.

RO and ionosonde profiles are complementary in that RO profiles provide a more realistic
topside estimation, while ionosonde profiles (requiring a bottom-to-top inversion) offer, in
general, a better estimation in the lower layers but require a model beyond the F2 layer (i.e.
there is no observations in the valleys of Ne and beyond hmF 2). This is also evidenced in
Figure 26, where the topside between the two techniques differs substantially.

During the execution of the ROPE project, several modifications on the peel onion approach
to invert occultation data into electron density profile have been tested and implemented.
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These modifications are the Linear Root Mean Square to jointly estimate the profile with
constraints as well as the correcting the topside content beyond the height of the LEO
satellite. These upgrades improve a bit the estimation of the lower layers due to the overall
reduction in error, especially when compared with the equivalent profile computed using the
spherical symmetry assumption. However, there is still some room for improvement
regarding the E and D layers.

In order to provide with a potential realistic measure of the error in both the F2 and E layer
height and density estimations, a routine comparison with ionosonde data could be performed
in the future (and in particular during the operations of the EPS-SG mission). Due to the vast
amount of ionosondes and ionosonde data available today (see Figure 28), a quality metric
such as the one herewith proposed could be readily computed.
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Figure 27 Examples of comparisons between inverted occultations obtained with COSMIC
satellites and spatially and temporal collocated ionosondes.

Automatically and manually scaled ionograms can be fetched at the following url path (using
UNIX date format specifiers®):

https://www.ngdc.noaa.gov/ionosonde/data/<staid>/ ...

individual/%Y/043/scaled/<staid>_%Y%j%H%EM%S . SAO

where <staid> refers to the station name. An example of such path for the Ebre station in
Spain (EB040) for February 12th 2016 (day of year 043) would be the following:

6 https://docs.python.org/2/library/datetime.html#strftime-and-strptime-behavior
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https://www.ngdc.noaa.gov/ionosonde/data/EB@40/ ...

individual/2016/043/scaled/EB040_2016043000002.SA0

This cross-comparison task would require, however, developing a data editing process (in
some cases manual scaling) due to the fact that the ionograms can show uncertainties that
lead to inaccurate profiles (see for instance Buresova et al. [2007]).

Figure 28 Map of the global ionosonde network. Source of the station list courtesy of
NOAA.

One of the main problems when retrieving electron density profiles using GNSS RO data is
that the errors accumulate at lower heights. This is usually evident when comparing electron
density profiles obtained with RO data against profiles from ionosondes properly calibrated.

Calibration of Ne profiles using manually scaled spatial- and temporal collocated ionograms
could be performed to overcome this limitation close to the available ionosonde facilities.

8.2 Monitoring Scintillations with RO Observations
8.2.1  Scintillation Indices from RO Observations

The computation and interpretation of the scintillation indices might entail some complexities
due to factors such as the strong variation in geometry and latitude (and associated magnetic
field effect), and various phenomenology at the lower layers of the ionosphere.

Some computation of the S4 index could be focused at the upper layers of the ionosphere,
where the effects are localized and the geometry is less variable than in lower heights. And in
this way the different scintillation phenomenology between equatorial regions (with
predominant amplitude scintillation) and high latitude areas (with predominant phase
scintillation) might be better distinguished. This computation could be based on the algorithm
proposed for the FORMOSAT-3/COSMIC constellation’.

7 http://cdaac-www.cosmic.ucar.edu/cdaac/doc/documents/s4 description.pdf
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8.2.2  Scintillations to deduce Irregularities/Instabilities from RO Observations

The propagation through inhomogeneities in the spatial distribution of the refractive index
can originate scattering of radio signals. In the ionosphere, spatial variations of the refractive
index are caused by irregularities in the electron density spatial distribution. In the presence
of relative motion between transmitter, receiver and propagation medium, the scattering
originates temporal fluctuations in the signal amplitude and phase, which are known as radio
wave scintillation [Yeh and Liu, 1982].

The scattering can be weak or strong, depending on the electron density fluctuations relative
to the background medium, the size of the irregularities, the distance between irregularities
and transmitter/receiver, and the carrier frequency of the radio signal [Ishimaru, 1978;
Coleman, 2016].

Irregularities in the electron density spatial distribution are formed as a consequence of
plasma instabilities that can modify background equilibrium under the effect of changes in
electric field, magnetic fields, and currents. Instability mechanisms appear different between
the equatorial, auroral and polar ionosphere, owing to different electrodynamics conditions
[Kelley, 2009; Forte et al., 2016]. Ground and in-situ observations alone have limitations in
resolving to the spatial and temporal variability of the irregularities and, as a consequence,
the instability mechanisms responsible for their formation.

RO measurements can be utilised to complement in-situ and ground observations in order to
advance the understanding in:

e instability mechanisms operating in the equatorial, auroral, and polar ionosphere;

o the scales of irregularities forming in the equatorial, auroral, and polar ionosphere;

e the modelling of plasma instability mechanisms in the equatorial, auroral, and polar
ionosphere;

o the ionospheric response to given space weather events;

o the modelling of different scattering regimes in trans-ionospheric propagation.

RO measurements can help investigating on these aspects. In particular, the new RO
instrument is well suited to support these studies in view of the following:

e closed and open loop measurements in parallel up to 500 km;
e sampling rate 200-250 Hz;
e GPS and Galileo measurements.

Both in high and low latitudes ionospheres, the bulk of irregularities extends between 100 km
and 600 km on average (with plumes of ionisation reaching 1000 km at low latitudes).
Assuming diffractive scattering of GNSS signals under a phase screen approximation, the
typical Fresnel frequency [Yeh and Liu, 1982] of the observations can be in excess of 100 Hz
(at L1), making the new instrument suitable to capture the nature of plasma irregularities (and
associated instabilities) in future.
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8.2.3  Effects on Receiver Hardware and Observables, and Countermeasures

Radio wave scintillation arising from the propagation through ionospheric irregularities can
affect the performance of GNSS receivers in several ways. Scintillation-induced effects can
be present on space-borne receivers utilised for example in RO missions.

Scintillation effects can be summarised as follows [Skone and De Jong, 2001; Skone et al.,
2000; Morton et al., 2013]:

o Weak-to-moderate scintillation - increase of higher-order errors in the estimate of
observables (e.g. carrier phases); these errors are not frequency-scalable and do not
necessarily cancel out from combination of phases observations at various carriers.
The magnitude of these errors relative to oscillator and thermal noise depends on the
amount of scattering and on the propagation conditions (i.e. whether low or high
latitudes)

e Moderate-to-strong scintillation — increase in the occurrence of losses of lock and
cycle slips following strong scattering, typically arising when propagation is along
field-aligned irregularities. Losses of lock can reduce the number of measurements
available.

e Strong scintillation — presence of non-linearity in the receiver logics, which introduces
errors in the estimate of carrier phases in the presence of strong/saturating
scintillation.

RO measurements can be utilised in conjunction with theoretical and simulation studies in
order to advance the understanding of scintillation effects on the receiver performance as well
as to characterise the accuracy of the measurements carried out.

8.3 Assimilation of RO lonospheric Observations into lonospheric Models

Data assimilation (DA) models aim to optimally combine disparate measurements with a
background model. DA methods are well established in meteorology and a wide range of
techniques have been developed; i.e. weighted least squares (WLS) [Plackett, 1950], Kalman
filters [Kalman, 1960; Houtekamer and Mitchell, 2005], Optimal Interpolation (OI) [Gandin,
1963; Eddy, 1967] and variational methods [Le Dimet and Talagrand, 1986]. DA is much
less well developed in the ionospheric domain; however, it has emerged over the last 15
years, driven largely by the availability of large scale ground based GNSS receiver networks
(i.e. the International GNSS Service, IGS [Beutler et al., 1999]).

Ionospheric data assimilation models include the Multi-Instrument Data Analysis System
(MIDAS) [Mitchell and Spencer, 2003; Spencer and Mitchell, 2007], the Electron Density
Assimilative Model (EDAM) [Angling and Jackson-Booth, 2011], GPS Ionospheric
Inversion (GPSII) [Fridman et al., 2009], the Texas Reconfigurable Ionosphere Plasmasphere
Logarithmic Data Assimilator (TRIPL-DA) [Gaussiran et al., 2011] and TOMION
[Hernandez-Pajares et al., 1999]. Other data assimilation models, which use physics models
for their background include the Utah State University Global Assimilation of lonospheric
Measurements (USU-GAIM) Model [Scherliess et al., 2011] and the Jet Propulsion
Laboratory’s Global Assimilative Ionospheric Model (GAIM) [Mandrake et al., 2005]. A
review of ionospheric data assimilation models can be found in Bust and Mitchell [2008].
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A variety of approaches have been taken to assimilate ionospheric radio occultation data:
Angling [2008] and Komjathy et al. [2010] both assimilated RO TEC (derived from
COSMIC) and ground based TEC (into EDAM and JPL-GAIM respectively) to assess the
impact of the RO data. Similarly, [Lin et al., 2015] have assimilated RO TEC using a Kalman
Filter, but have examined the impact of non-stationary background model error covariances.
Lee et al. [2012] used the NCAR Data Assimilation Research Testbed (DART) to implement
an ensemble Kalman filter with which to assimilate RO data into a coupled
thermosphere/ionosphere model (TIE-GCM).

Most studies of ionospheric RO DA have focussed on the F region. However, Nicolls et al.
[2009] describe an approach to extract E region profiles by first modelling and removing the
F region gradients using IDA3D. IDA3D is a 3DVAR based DA model [Bust et al., 2004]
which has also been used with COSMIC data to image the ionosphere during geomagnetic
storms [Bust, 2006].

Given the DA research that has been conducted with previous RO instruments, the EPS-SG
science plan for RO data assimilation should focus on addressing fundamental questions that
will have applicability across the wide range of DA techniques employed in ionospheric
research:

e Choice of measurements to assimilate;
e Characterisation of the measurement errors;
e Development of an observation operators.

8.3.1 Assimilation of Abel Transform Products with External Data

It is likely that processing centres will continue to produce standard Abel Transform
inversions of electron density. Although such data has known problems related to the inherent
assumptions in the inversions, the data may still be able to add value to DA schemes in
conjunction with other data sources. Therefore, the ability of Abel Transform RO to augment
other data types (ground based TEC, ionosondes, etc.) should be assessed. In particular, the
contribution of data from EPS-SG should be considered in light of the other upcoming RO
constellations (COSMIC?2, etc.).

8.3.2  Assimilation of Augmented Abel Transform Products

Similarly to the standard Abel Transform inversions, augmented Abel Transform results
should also be assessed as potential inputs to DA models. These studies will provide baseline
results against which further improvements, using more advances methods, can be measured.

8.3.3  Assimilation of TEC Measurements

Due to the dispersive nature of the ionosphere, phase measurements at two frequencies can be
used to derive a line of sight total electron content (TEC) [Garner et al., 2008]. The TEC can
conveniently be assimilated using a 3D observation operator in a manner analogous to the use
of ground based slant TEC. However, the choice of how to derive TEC (i.e. which
phase/pseudorange combination to use) affects the error characteristics of the measurement.
This was discussed by Syndergaard [2002] but little work has been done to investigate the
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impact on a DA scheme. Furthermore, the magnitude of the TEC is generally dominated by
the F region and thus assimilating TEC can be insensitive to variations in the E region and
E/F valley. As stated previously, Nicolls et al. [2009] used a two-step approach to mitigate
this. However, other methods should be investigated.

8.3.4  Assimilation of Bending Angle Measurements

An alternative assimilation method is to ingest products based on the measured Doppler shift
of the GNSS signals. For neutral atmosphere models this is usually done by estimating the
bending angle and assimilating that. The conversion to bending angle relies on the
assumption of spherical symmetry; however, the bending angle is sensitive to vertical
gradients in the electron density, so may provide a better way to capture information about
the bottom side structure the ionosphere. Initially a 1D bending angle operator can be used.
However, experience from DA in the neutral atmosphere has shown the benefit of 2D
bending angle operators [Healy et al., 2007] and these should also be developed and assessed.

8.3.5  Development of Combined Neutral Atmosphere/lonosphere Assimilation

Ionospheric DA is unaffected by the neutral atmosphere since the rays to not penetrate low
enough in the atmosphere. Further, neutral atmosphere DA generally uses a correction to the
bending angles to remove the effects of the ionosphere [Vorob’ev and Krasil’nikova, 1994;
Healy and Culverwell, 2015]. Consequently the neutral atmosphere and ionospheric DA is
conducted independently. However, as the community moves towards whole atmosphere
models it would be useful to consider the possibility of assimilating neutral and ionospheric
data consistently in the same DA scheme.

8.4 Model Assessment and Validation using RO-derived Data

This activity would consider the possibility to assess and validate ionospheric electron
density models using RO-derived products.

As an example, the International Reference Ionosphere (IRI) [Bilitza, 2014] and the NeQuick
2 [Nava et al., 2008] could be considered. They are climatological models since they describe
the median behaviour of the ionosphere. Nevertheless, they can also provide weather-like
description of the ionosphere using suitable data ingestion procedures (e.g. [Nava et al.,
2011; Shaikh et al., 2017]) or they can be used as background models in more sophisticated
data assimilation schemes [Lin et al., 2015; Minkwitz et al., 2016].

These models compute the (vertical) electron density profiles on the basis of anchor points
related to peak parameters like foF2 and the propagation factor M(3000)F2, or values like
hmF2. Therefore, as a first extent, they could be evaluated in terms of electron density
profiles (including data like NmF2, hmF2, M(3000)F2) by comparison with the
corresponding RO-derived quantities, taking into account the relevant accuracies.

Subsequently, TEC data could be considered for complementary analyses. Occultation links
can be used to study the lowest part of the topside ionosphere, while POD-derived TEC can
be taken into account for plasmaspheric studies. In this context, the work by Zhang et al.
[2016] can be mentioned as the authors have compared the topside ionospheric and
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plasmaspheric electron content (TPEC) of IRI-plas model [Gulyaeva et al., 2012] with the
corresponding COSMIC-derived TPEC data, during low and high solar activity periods.

8.5 Improvement of Empirical Models using RO-derived Data (Bruno, ICTP)

An activity devoted to possible improvements of empirical models on the bases of GNSS
RO-derived data is envisaged. Particular attention would be devoted to the shape of the
models’ electron density profile above the F2 peak height. The NeQuick model could be
considered as an example since it is not always able to perfectly reproduce the experimental
ionospheric slab thickness [Nava et al., 2011]. Therefore the ideas expressed e.g. by Liu et al.
[2008] or Olivares-Pulido et al. [2016] could be adopted to extract the (topside) scale height
information and utilize it to modify the NeQuick topside formulation (given by a semi-
Epstein layer with a height-dependent thickness parameter).

In addition, following Haralambous and Oikonomou [2013], specific RO-derived topside
electron density profiles matching the F2 peak values, as measured by a co-located
ionosonde, could be used as reference. In this case, the electron density model could be
forced to match the ionospheric peak characteristics at the ionosonde/RO-profile location in
order to estimate the topside electron density profiles over the area of interest. From the
differences between the model-retrieved and the corresponding RO-derived topside electron
density profiles, indications about how to modify the model topside scale height
parameterization could be obtained.
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9 CLIMATE USE OF RO DATA

Observations for climate monitoring and change detection have to meet stringent quality
criteria as stated by the Global Climate Observing System (GCOS) Program on climate
monitoring principles for satellite observations and the generation of satellite-based Climate
Data Records (CDRs) of Essential Climate Variables (ECVs) [GCOS, 2006; 2010a,b; 2011].
A Fundamental Climate Data Record (FCDR) is defined as a long-term record involving a
series of instruments with sufficient calibration and quality control for the generation of
homogeneous products, accurate and stable enough for climate monitoring [GCOS, 2010a].

Main requirements are long-term stability and traceability to standards of the international
system of units (SI) since separate data sets from different platforms must be directly
comparable to give reliable long-term records [Ohring, 2007]. FCDRs for generation of the
ECV upper-air temperature are typically calibrated passive microwave and infrared
radiances. For RO measurements, bending angles are considered FCDRs. Furthermore, the
term Thematic Climate Data Record (TCDR) denotes long-term series of ECVs that are
derived from FCDRs, such as RO atmospheric temperature or RO refractivity [GCOS, 2011].

The accuracy requirement for climate observations is much more stringent than for weather
observations (e.g., 0.1 K vs 1 K) [Trenberth et al., 2013]. Uncertainty must be smaller than
the signals expected from decadal change [Ohring et al., 2005; Bojinski et al., 2014]. GCOS
target requirements for ECV upper air temperature as specified for temperature profiles in the
troposphere to the stratosphere are a horizontal resolution of 25 km to 100 km, a vertical
resolution of 1 km to 2 km, an accuracy of 0.5 K, and a stability of 0.05 K [GCOS, 2011].

9.1 Quality of RO Data for Climate Use
9.1.1 RO Data Characteristics for Climate

RO provides a data record of high quality for monitoring the Earth’s atmosphere and climate.
Observations are provided in near all-weather conditions with global coverage and high
accuracy (temperature <1 K) and vertical resolution (~1 km) in the UTLS [Kursinski et al.,
1997]. Precise time measurements guarantee Sl-traceability [Leroy et al. 2006a], long-term
measurement stability and consistency, and is a characteristic of a climate benchmark record.
Thus, consistently processed data from different RO missions are can be combined without
any inter-calibration to a seamless climate record [Foelsche et al., 2011; Steiner et al., 2016],
shown in Figure 29 for the Wegener Center OPSv5.6 record [Angerer et al., 2017]. A
detailed description on the unique characteristics of RO is given by Anthes et al. [2011] and
by Steiner et al. [2011] with focus on climate.

The continuity and global coverage of GNSS RO observations is essential to ensure a
continuous long-term CDR. GCOS [2011] identified RO as key component for the GCOS and
stated that a continuation of the record must be ensured. The number of occultation
observations per day depends on the number of transmitters and receivers and it increases
with the availability of GNSS and LEO satellites. Global coverage is given if the receiving
satellite is in a near-polar orbit. Current and future Metop satellite series only cover certain
local times. However, RO observations from multiple satellites are used to establish CDRs
for climate monitoring. In any case, the sampling has to be taken into account if atmospheric
variability in space and time is not fully captured by the discrete sampling of RO.
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While large-scale climate monitoring can be successfully tackled with current occultation
observations, the study and improved understanding of many regional-scale and large-scale
climate processes critically depends on diurnal-cycle and meso-scale resolution. For
reference, a monthly mean record utilizing the effective horizontal resolution of about 300
km with a 6-hour resolution of the diurnal cycle requires at least 20,000 occultations per day

as is stated as a main recommendation of the International RO Working Group (IROWG)
[IROWG, 2015].
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Figure 29 Consistency of RO data from different satellites. Shown are deviations of
individual satellites from the multi-satellite mean for monthly mean dry temperature in the
altitude layer 8-25 km, without sampling error (SE) correction (a) and with SE correction

applied (b). The satellite mean is calculated from all missions available for the respective
month (before May 2006 only CHAMP and SAC-C delivered data) [Angerer et al., 2017].

9.1.2 Uncertainty Characterization of RO Climatologies
Precise knowledge of errors is an important prerequisite for the utilization of data in climate

studies. Empirical error estimates [Kuo et al., 2004; Steiner and Kirchengast, 2005; Steiner et
al., 2006] are available for the observational error of RO atmospheric profiles and described
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by a simple model accounting for latitudinal and seasonal dependencies [Scherllin-Pirscher
et al., 2011a]. The observational uncertainty of individual RO profiles in the tropopause
region is about 0.8% for bending angle, 0.35% for refractivity, 0.15% for pressure, and 0.7 K
for temperature and gradually increases into the stratosphere.

For RO-based climatological fields the total error budget includes statistical (observational)
error, (residual) sampling error, and systematic error [Scherllin-Pirscher et al., 2011b;
2016a]. The statistical error in climatologies becomes negligible (<0.01 K to 0.1 K) due to
averaging over hundreds of individual profiles per zonal band. The sampling error can
reasonably be estimated using reference data, which adequately represent actual spatial and
temporal atmospheric variability [Foelsche et al., 2008a; 2009].

The typical average temperature sampling error for single-satellite (CHAMP) monthly-mean
10°-zonal means is <0.3 K in the upper troposphere-lower stratosphere (UTLS), with the
local time component being <0.15 K [Pirscher et al., 2007]. Subtracting the sampling error
from mean climatological fields leaves a residual sampling error. It is generally less than 30%
of the original sampling error amounting to <0.1 K for vertically resolved and to <0.03 K for
UTLS large-scale means.

The total climatological error of mean atmospheric fields is, in general, dominated by the
systematic error component related to potential residual biases in measurements and in the
retrieval process, except at high latitudes, where the residual sampling error can dominate.
Reflecting current knowledge of systematic error sources, up-to-date-best guesses of
systematic error bounds are about 0.1 K in temperature. The total climatological error in
monthly 10° zonal means was estimated to be smaller than 0.15 K in temperature in the
UTLS, increasing to 0.6 K towards higher latitudes in wintertime, respectively. Overall the
errors of RO climatological fields are small compared to any other UTLS observing system
for thermodynamic atmospheric variables.

9.1.3  Structural Uncertainty of RO Climate Records from Different Data Centres

Of essential importance for climate use is the knowledge of structural uncertainty in the RO
record arising from different processing schemes. Therefore, the RO Trends Intercomparison
Working Group (‘ROTrends group’) was established (http://irowg.org/projects/rotrends/), an
international collaboration of RO processing centres: Danish Meteorological Institute
(DMI)/ROM-SAF, Copenhagen, Denmark; German Research Centre for Geosciences (GFZ),
Potsdam, Germany; EUMETSAT, Darmstadt, Germany (EUM); Jet Propulsion Laboratory
(JPL) Pasadena, CA, USA; University Corporation for Atmospheric Research (UCAR)
Boulder, CO, USA; and Wegener Center/University of Graz (WEGC), Graz, Austria.

The focus of joint studies by the ROTrends group is on intercomparisons of RO multi-year
data records for a systematic assessment of accuracy and data quality. The aim is to validate
RO as a climate benchmark by demonstrating that trends in RO products are essentially
independent of retrieval centre [IROWG, 2012].

Intercomparisons were performed for the multi-year CHAMP record. Structural uncertainty

was quantified based on RO data provided by the different processing centres for bending
angle to dry temperature. Profile-to-profile intercomparisons [Ho et al., 2009b; 2012] were
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based on exactly the same set of profiles from each data centre. Complementary, RO gridded
climate records based on the full set of profiles provided by each centre were averaged to
monthly and zonal-mean climatological fields and the sampling error subtracted [Steiner et
al., 2013a].

The results for gridded climate records were found consistent with those for individual
profiles, indicating that residual sampling error is small to negligible over regions with a
lower atmospheric variability. Although the derived variables including bending angle,
refractivity, pressure, geopotential height, and temperature are not readily traceable to SI
units of time, the high precision nature of the raw RO observables is preserved in the
inversion chain, demonstrating the usefulness of all these RO derived variables.

The structural uncertainty (Figure 30) was found lowest within 50°S to 50°N at 8 km to 25
km for all inspected RO variables. In this region, the structural uncertainty in trends over 7
years is <0.03% for bending angle, refractivity, pressure, and <0.06 K for temperature.
Structural uncertainty increases above 25 km and at high latitudes, mainly due to different
bending angle initialization in the centres’ processing schemes.

The results demonstrate that GPS RO meets the GCOS climate requirements for ECVs in
low-to-mid-latitudes below 25 km for air temperature. Though currently the use of RO for
reliable climate trend assessment is bound to 50°S to 50°N, quality is favourable in the UTLS
for climate [Steiner et al., 2013a]. However, further processing advancements are needed and
ongoing towards improved initialization, error characterization, and integrated uncertainty
estimation [Kirchengast et al., 2016].

The ROTrends activity is meanwhile integrated in the project RO-CLIM (http://www.scope-
cm.org/projects/scm-08/) of the interagency initiative SCOPE-CM (Sustained and
COordinated Processing of Environmental satellite data for Climate Monitoring; www.scope-
cm.org). Advanced intercomparison studies are currently ongoing assessing the structural
uncertainty of the 15-year multi-satellite RO records 2001-2016 from different processing
centres [Steiner et al., 2016]. The main aim of the RO-CLIM project and the contributing
centres is to enhance the maturity of RO data [Bates and Privette, 2012] and the generation of
RO based climate data records (CDR) at the quality standards of the GCOS climate
monitoring principles.
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Figure 30 Structural uncertainty in the CHAMP RO dry temperature record from different
processing centres: DMI Copenhagen (yellow), GFZ Potsdam (blue), JPL Pasadena (red),
UCAR Boulder (black), and WEGC (green). Difference time series of temperature
anomalies are shown for each centre with respect to the all-centre mean for the upper
troposphere (left) and the lower stratosphere (right), for northern mid-latitudes, the tropics,
and southern mid-latitudes (top to bottom) [Steiner et al., 2013].

9.2 RO Use for Monitoring Atmospheric Variability and Detecting Changes

The capability of RO for climate change monitoring has been tested in a series of studies
from observing system simulation experiments to the exploration of climate change
indicators and the detection of trends in real RO observations.

Yuan et al. [1993] were the first to suggest using RO for trend detection. They simulated the
propagation of GPS signals in a climate model with doubled carbon dioxide concentration
and found an increase in the signal phase path. Melbourne et al. [1994] and Ware et al.
[1996] discussed that more precise and consistent measurements like RO could enable shorter
time periods for identifying climate trends.

This was demonstrated by Leroy and North [2000] and Leroy et al. [2006b] using RO

simulations for climate model. Detection time was shown to depend on correlation time of
natural variability and on satellite lifetime and increases with measurement uncertainty
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[Leroy et al., 2008]. Ringer and Healy [2008] demonstrated the utility of RO bending angle
profiles for climate trend detection, with detection times of 10 to 16 years.

Regarding key climate RO variables, Leroy [1997] discussed geopotential height at constant
pressure levels as useful parameter for monitoring climate change. Refractivity was discussed
by Vedel and Stendel [2003] and Stendel et al. [2006]. Leroy et al. [2006b] proposed
refractivity as function of geopotential height to be used as the more natural independent
vertical coordinate [Scherllin Pirscher et al., 2016a]. The value of the combined information
of key RO parameters for UTLS monitoring was demonstrated based on observing system
simulation experiments [Steiner et al., 2001; Foelsche et al., 2008b] and dedicated studies on
climate change indicators [Lackner et al., 2011a].

The RO-accessible atmospheric parameters refractivity, pressure/geopotential height, and
temperature were found to show complementary climate change sensitivity. RO data are
sensitive at different height ranges and thus provide several suitable indicators to trace
climate change in different regions of the UTLS.

9.2.1  Monitoring Atmospheric Variability and Extremes

The high vertical resolution, high accuracy and precision of RO are of major advantage for
the investigation of atmospheric variability in the troposphere, the tropopause region, and the
stratosphere. RO observations can be used to quantify atmospheric variability and extreme
events spanning time scales of days, weeks, seasons, intra- and inter-annual to over a decade.

Large scale variations associated with the seasonal cycle, the stratospheric quasi-biennial
oscillation (QBO), and El Nifio-Southern Oscillation (ENSO) are prominent patterns of
natural variability which can be well characterized with RO. Several studies demonstrated the
application of RO for investigating the QBO (Figure 31) [Randel et al., 2003; Schmidt et al.,
2005] and ENSO (Figure 32) [Steiner et al., 2009; Scherllin-Pirscher et al., 2012]. This is,
e.g., important in trend detection studies to separate the long-term trend signal from natural
variability (section 8.2.2). RO data are also a powerful tool to quantify atmospheric waves,
such as diurnal tides [Pirscher et al., 2010], Kelvin waves [Tsali et al., 2004; Randel and Wu,
2005; Scherllin-Pirscher et al., 2016a], and stratospheric gravity waves (see also Section 6.4).

RO data are found extremely well suited for the characterization of the tropopause region and
the tropical tropopause layer [e.g., Randel et al., 2003; Schmidt et al., 2004; Borsche et al.,
2007]. Tropopause variability and changes [e.g., Schmidt et al., 2008, 2010; Lewis 2009; Kim
and Son, 2012; Rieckh et al., 2014, Wang et al., 2013] and coupling with the upper
troposphere and stratosphere [e.g., Randel and Wu, 2015] have been successfully
investigated.

Further exciting applications of RO comprise the variability of atmospheric water vapour
[e.g., Kursinski et al., 2016; Rieckh et al, 2016] as seen e.g., in the Madden-Julian-Oscillation
(MJO) [e.g., Tian et al., 2012], and the investigation of extreme events such as e.g., sudden
stratospheric warmings [Klingler, 2014], atmospheric blocking events [Brunner et al., 2016,
Brunner and Steiner, 2017], or atmospheric impacts from volcanic eruptions [Wang et al.,
2009; Ozakaki and Heki, 2012; Metha et al., 2015; Biondi et al., 2017].
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Figure 31 QBO variability from CHAMP RO temperature anomalies (blue: negative, red:
positive) over the equator region (4°S—4°N) for May 2001 to December 2004. The altitude
of the cold point tropopause is indicated (white dashed line) [Schmidt et al., 2005].
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Figure 32 ENSO variability from RO data. Shown are ENSO regression coefficients of the

zonal-mean (left) and eddy (right) temperature fields in the altitude layer from 16 km to 17

km (a) and 9 km to 10 km (b), and of total column water vapour fields (c). Solid black lines
enclose areas of statistically significant regressions [Scherllin-Pirscher et al., 2012].

9.2.2  Monitoring and Detecting Climate Trends

The trend detection capability of real RO temperature observations was first demonstrated by
Steiner et al. [2009a] based on GPS/Met and CHAMP observations within 1995 to 2008.
Since GPS/Met provided sufficient observations of good quality only for October 1995 and
February 1997, (intermittent) monthly-mean time series for February and October, were
tested. Results revealed a significant cooling trend in the tropical lower stratosphere for
February 1997 to 2008. In the upper tropical troposphere an emerging warming was obscured
by natural variability.

In an optimal fingerprinting study, the RO record of refractivity, geopotential height, and
temperature was tested [Steiner et al., 2011] on whether RO observations exhibit a UTLS
climate change pattern which is consistent with the expected climate change signal as
projected in GCMs, for the periods 2001 to 2010 and (intermittent) 1995 to 2010.

The results showed an emerging trend signal in the RO climate record, which was detected

for geopotential height (90% confidence level) and temperature (95% confidence level). In
the tropics, a geopotential height increase of ~15 m/decade was detected, together with a
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warming of ~0.3 K/decade in the upper troposphere and a cooling of a ~0.6 K/decade in the
lower stratosphere for the period 2001 to 2010 (see Figure 33). The corresponding structural
uncertainty in the tropics is for geopotential height <3 m/decade in the UTLS, for temperature
0.02 K/decade in the upper troposphere and 0.07 K/decade in the lower stratosphere, meeting
GCOS stability requirements for air temperature.
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Figure 33 Trend patterns in RO dry temperature (left) and geopotential height (right).
Trends of the intermittent RO period (10/1995, 02/1997, 09/2001-07/2010) (top) and of the
continuous period (09/2001-07/2010) (bottom) compare to corresponding trend patterns
Jfrom global climate models (right subpanels) [Steiner et al., 2011].

Further work on trends in RO data mainly focused on diagnosing changes in the troposphere
and tropopause region. Schmidt et al. [2010] used bending angles for deriving tropopause
height trends and found a global increase of the tropopause height over the period 2001 to
2009 linked to temperature changes in the UTLS. Follow-on studies by Wang et al., [2013;
2015] showed a warming in the tropical tropopause layer over 2001 to 2011. Whereas
Gleisner et al. [2015] examined satellite-based data from AMSU and RO for 2002 to 2013 in
the lower troposphere, showing stalled warming at low latitudes in the investigated period
(see Figure 34). However, atmospheric variability is large [Randel and Wu, 2015] and needs
to be well characterized, especially for trend detection in vertically resolved data [Steiner et
al., 2016b], given that the RO record is still short, sensitive to start and end points, for the
detection of long-term trends.
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Figure 34 Global monthly mean temperature records from 1979 to 2013: GNSS-RO 300
hPa geopotential heights from the ROM SAF corresponding to a bulk tropospheric
temperature (a), MSU/AMSU global mean lower troposphere temperature from UAH and
RSS (b), and surface temperatures fromHadCRUT4 (c). The trend lines indicate the
prehiatus (1985—1997) and the hiatus (2002—2013) time periods discussed in the study.
[Gleisner et al., 2015].

9.2.3 RO for Evaluating Atmospheric Records and Climate Models

Upper-air temperature records are crucial for detection and attribution of tropospheric and
stratospheric climate change and for distinguishing the various possible causes of climate.
RO provides benchmark observations that can be used to “calibrate” the other types of
temperature measurements and for “anchoring” analysis, re-analysis, and climate model runs
since they require no calibration.

Rigorous intercomparison of RO and data of the Advanced Microwave Sounding Unit
(A/MSU) has been carried out [Schroeder et al., 2003; Ho et al., 2007; Steiner et al., 2007;
2009b]. Ladstadter et al. [2011] detected structural differences between the two records
showing a slight divergence in lower stratospheric temperature over time. Possible
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explanations for the trend differences may be either currently unresolved biases in A/MSU
records or so far overlooked error sources in the RO synthetic AMSU temperatures.

However, RO data are found highly useful for the calibration of microwave measurements in
the lower stratosphere [Ho et al., 2009] in order to identify inter-satellite offsets among
measurements from different satellites as well as for identification of biases in radiosonde
data [e.g., He et al., 2009; Ladstadter et al., 2015], shown in Figure 35.

Beside the validation of atmospheric observational records, the use of RO for the evaluation
of climate models is of importance. First studies on evaluation of CMIP5 models at standard
levels showed the value of RO [Ao et al., 2015; Kishore et al., 2016] and further potential for
more detailed validation at higher vertical model resolution [Steiner et al., 2013b]. This topic
is becoming of increasing relevance in the next round of the climate model intercomparison
project, CMIP6, and provision of RO data for the Observations for Model Intercomparisons
Project (Obs4MIPS) is planned as part of the SCOPE-CM project RO-CLIM.
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Figure 35 Global mean difference in temperature (top) and specific humidity (bottom)
between GRUAN radiosondes and RO for daytime (left) and night time (right) [Ladstidter
etal, 2015].
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10 INSTRUMENT AND RO PERFORMANCE MONITORING

Monitoring of the RO instrument will primarily be derived from the activities identified in the
EPS-SG RO Cal/Val plan for the Commissioning phase, which in term have been derived
from EPS GRAS Cal/Val and monitoring activities - with addition to cover additional RO
instrument capabilities. Furthermore, issues identified in this Science Plan were also taken
into account in the RO Cal/Val plan. Note that some of the EPS identified activities such as
co-location to other than RO observations, or with radio sondes were actually omitted. These
were found to be mostly showing issues with the other instruments in various validation
campaigns.

10.1 EURD Requirements driving the Cal/Val Plan

Generally, the EPS-SG Overall Cal/Val plan does not cover long term monitoring activities,
but lists the objectives of Cal/Val as:

e to generate validated products in a timely manner to meet the user requirements
and achieve the overall mission objectives;

e to achieve state-of-the-art performance and accuracy from the EPS-SG
instruments and their generated data products;

e to ensure consistency and continuity of the EPS-SG products with the EPS ones
and among EPS-SG products from subsequent Metop-SG satellites.

Hence the formal Cal/Val plan is driven by the EURD requirements, for RO covering
requirements on acquisition, quality, radiometric and geometric ones. These can be further
split up into:

e Acquisition:
o0 use of GPS, Galileo (Threshold) and GLONASS, COMPASS/BeiDou
(Breakthrough);
operation on 2 frequencies for each GNSS system;
sampling rate adjustments;
open-loop tracking in lower troposphere;
open-loop tracking at 2 frequencies of each GNSS system,;
open- and closed-loop simultaneous tracking for setting occultations. Note that
this also applies for rising occultations since they have an overlap between
open- and closed-loop data too.
e Quality:
0 good quality against acquisition, timeliness, radiometric, spectral, geometric
requirements.
e Radiometric:
0 code phase, carrier phase, pseudo range estimates available;
0 carrier amplitude available for all measured GNSS signals;
0 bending angle accuracy within requirements (see Section 4.4);
0 tracking under maximum signal dynamics.
e Geometric:
0 >2200 occultations / day from 2 satellites;
0 > 1100 occultations / day from 1 satellites;

OO0OO0OO0Oo
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coverage from surface to 80km, allowing different sampling rates;
coverage between 80km and 500km, allowing different sampling rates;
open-loop tracking from -300km SLTA to 20km;

geo-location of reference and ray tangent points accurate to < 1.5km (above
6km impact height).

O O0O0O0

10.2 Instrument Health Monitoring

Albeit not a core Cal/Val activity, instrument health monitoring is required to assure high
quality products are available. The housekeeping data needs to be monitored to assess the
instrument health, covering actually also several of the acquisition requirements. This should
thus include:

e monitor temperature/thermal behaviour, wrt limits and do statistics, correlation and
trends;

e monitor electrical behaviour/power consumption, wrt limits and do statistics,

correlation and trends;

monitor, if applicable, on board buffers use for data storage;

monitor number of tracked GNSS satellites on all antennas;

monitor tracking/tracking state performance on all antennas;

monitor tracking of L1 and L5 frequencies;

monitor noise level (including DME/TACAN interference on L5) and trends;

monitor USO stability (TBC, might require POD run);

monitor impact of any other instrument on monitored RO parameters;

monitor correct direct satellite data dissemination for local and regional service;

monitor impact of manoeuvres/other events (e.g. PL-SOL) on all other parameters

monitored.

10.3 Low Level Monitoring

For the End-User products, in particular radiometric and geometric requirements are needed
to be monitored (remaining acquisition requirements not covered in the housekeeping
monitoring can easily be covered by bending angle monitoring) and here in particular the
bending angle accuracy (radiometric) and the number of occultations (geometric).

Hence, monitoring should include:

e DME/TACAN monitoring/interference:

0 monitor magnitude and trend of level 0 parameters measuring the interference
level;

O monitor the occultation data quality over hot spots of DME/TACAN
interference;

O monitor the occultation data quality between hot and cold spots of
DME/TACAN interference;

0 monitor the penetration depth on the L5 frequency.
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10.4

Tracking and noise monitoring:

O continuously monitor the penetration depth of the L1, L5 signals on the
occultation antenna for open- and closed-loop tracking, separate by latitude
band, by day/night, by setting and rising, by GNSS system and frequency;

0 where applicable, compare open- and closed-loop data in term of amplitude
and phase, compare overlapping regions of sampling rate changes;

O continuously monitor whether any gaps in tracking occur, in particular
monitor if gaps occur that are neither covered in open- nor in closed-loop data,
do statistics for altitude, setting/rising, region, GNSS satellite/system if
applicable;

0 monitor the vertical coverage of the occultations, separate by latitude band,
setting/rising, GNSS system observed, local time (for ionospheric effects),
both for open- and closed loop data;

0 continuously monitor mean phase noise, mean SNR, mean signal power and
mean noise power for measurements at 60 km < SLTA < 80 km and also in
regions where lonospheric scintillations/Ionospheric features might impact
signal tracking (in particular around the region of sporadic E-layer appearance,
for 70 km < SLTA <90 km, TBC).

Level 1A Monitoring

Level 1A is an intermediate product level, nevertheless some monitoring activities can be
identified / are needed:

10.5

noise characteristics of level 1a products (like L1 and L5 excess phase delays) shall be
estimated with statistical methods like e.g. the generalised cross validation (GCV)
technique;

noise correlations shall be estimated by calculating auto-correlations of the GCV
residuals;

data shall be visualised as a time series, allowing to split this data into latitude bands
and day/night subsets.

Precise Orbit Determination Monitoring

The following core POD specific monitoring activities are needed:

continuously monitor the number of tracked satellites on the zenith antenna for each
GNSS system observed;

continuously monitor the POD orbit/clock bias and drift solution against a reference
solution (that can be e.g. run daily), separate radial, along-track, cross-track
components;

continuously monitor the POD velocity solution against a reference solution (that can
be e.g. run daily), separate radial, along-track, cross-track components;

continuously monitor the residuals of the orbit against a reference solution (that can
be e.g. run daily);

continuously monitor the POD orbit/clock bias performance and the residuals for
overlapping arcs from the current POD and the previous POD run, separate radial,
along-track, cross-track components;
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e cvaluate impact of the RSN GNSS orbit/clock bias and drift solutions against the
impact of an independent, e.g. IGS based, GNSS orbit/clock bias and drift solution,
separate radial, along-track, cross-track components (could be part of the reference
solution setup mentioned above, otherwise it should be performed in regular
intervals);

e cvaluate the LEO orbit/clock bias and drift solution by comparing it to a solution
obtained from an independent POD software (this could be a one off exercise);

e cevaluate POD orbit/clock bias and drift solutions based on GPS or Galileo alone
against each other and against using both GNSS systems, separate radial, along-track,
cross-track components;

e assess the orbit solution during each manoeuvre;

e continuously monitor the impact of yaw, pitch, roll information on the quality of the
POD solution;

e continuously monitor the LEO orbit prediction against the estimation;

e for regional processing, either continuously monitor the orbit/clock bias and drift
solutions of the global and the regional processing, or, if predictions are used, focus in
particular on the occultations arcs used in the regional processing, separate radial,
along-track, cross-track components.

10.6 Bending Angle/Number of Occultation Monitoring

The following core activities are identified, which are generally performed on thinned impact
height levels when profiles are used:

e continuously monitor the bending angle performance (robust statistics of bias and
standard deviation, outlier analysis) vs. an NWP forecast from e.g. ECMWF, separate
for different latitude bands, setting and rising, day/night, GNSS systems, PRNs of
GNSS satellites (optionally also include the GNSS satellite clock information),
DME/TACAN interference level. This activity includes at least a 1DVar based (O-
B)/B evaluation (where NWP fields are forward propagated) but could be extended to
run a full 1DVar (which would then include monitoring of retrieved temperature,
humidity, number of iterations needed in 1DVar, convergence, etc);

e continuously monitor the bending angle performance (robust statistics of bias and
standard deviation, outlier analysis) against NWP forecast at one or more altitudes
over at least the last 2 weeks for a trend assessment;

e continuously monitor the bending angle (robust statistics of bias and standard
deviation, outlier analysis, penetration depth analysis) against other available RO
missions, using a co-location criteria of < 300km and < 3 hours (this activity depends
on available RO missions and access to data, but should at least include the Metop
GRAS instruments, Jason-CS, potentially third party mission like COSMIC-2, ...),
separate for different latitude bands, setting and rising, day/night, RO mission/GNSS
system;

e compare bending angles (robust statistics of bias and standard deviation, outlier
analysis, penetration depth analysis) as derived from the operational processor to
those derived from another processor, e.g. the prototype;

e continuously monitor if extrapolation of bending angles at lower altitudes is required
in the processing (caused by one GNSS frequency tracking not being available for all

Page 76 of 125



v2C, 28 November 2018

Radio Occultation Science Plan

altitudes covered in the other frequency tracking). If extrapolation is found, the
monitoring shall include the altitude range over which extrapolation was required, the
frequency that was extrapolated;

continuously monitor the bending angle difference (robust statistics of bias and
standard deviation, outlier analysis) between L1 and L5 over all altitudes, including
trends over the last at least 2 weeks, further separate into open- and closed-loop where
applicable;

continuously monitor the bending angles (neutral and on L1, L5) from the regional
processing vs. the one from the global processing;

continuously monitor the bending angle behaviour on the two frequencies at
ionospheric altitudes, eventually against other available RO missions or using
forwarding propagated bending angles from ionospheric numerical models.

separation of atmospheric scenarios based on e.g. refractivity gradients derived from
NWP fields in the lower troposphere. Sorting of these occultation according to the
gradient magnitude in order to assess that tracking behaviour is not impacted by the
atmospheric condition. This will need to take into account the potentially different
SNR levels that these occultations experience.

Regarding the number of occultations per day, core activities for this monitoring should
include:

10.7

continuously run an occultation simulator for all EPS-SG LEO satellites carrying an
RO instrument, predicting occultations based on propagated GNSS and LEO orbits
for the next 14 days. The simulator uses the most recent GNSS constellation
information ideally from an independent source than RSN;

evaluate the occultations per day and LEO satellite as found in the simulator and
compare them to the actually observed numbers;

continuously evaluate options for increasing the number of occultations per day, by
checking reasons for non-nominal occultations, checking availability of GNSS
satellites provided by RSN, checking availability of GLONASS/BeiDou systems.

Examples of Monitoring Plots

Examples from the routine EPS GRAS bending angle, occultation number, timeliness
monitoring are provided below, covering a 2 week interval in May/June 2017. Profile
evaluation is following NWP practise and is performed against ECMWF 12h forecast,
calculating at each altitude level the ratio of observation (O) minus background (B)
normalized to the background: (O-B)/B [%].

Figure 36 shows bias and standard deviations for different latitude bands, including
further information on e.g. total number of occultations, failures;

Figure 37 shows a time series of bias and standard deviation around 50km impact
height for different latitude bands, setting and rising;

Figure 38 shows the timeliness of each occultation over the 2 week period;

Figure 39 shows the number of occultations per 6h interval over the 2 week period.
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Figure 36 Routine Metop-A GRAS monitoring plot of robust bias (left) and standard
deviation (right) vs. ECMWF 12h forecast data ((O-B)/B) for a 2 week period for different
latitude bands (separated by 30° steps). Legend gives the time range, average number of
occultations per day (without quality control), the failures (e.g. incomplete tracking, no
second frequency available, etc), and the average weight over all altitudes of the robust
estimator. Numbers in brackets are found occultations in latitude band.
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Figure 37 Routine Metop-A GRAS monitoring plot of 6h timeseries of robust bias (top for
setting and rising), standard deviation (2 to top for setting and rising), and the latitudinal
bias and standard deviations (bottom 2 plots) vs. ECMWF 12h forecast data ((O-B)/B) for
a 2 week period around 50km impact height.

GRAS Timeliness

3'. | L | | B
- Requirement 3
=2k, , 3 : : dods s st st
$ v g ‘-""h.. 7
2
©
E
=
0

25May 27May 29May 31May 02Jun 04Jun 06 Jun

Generated on: Wed Jun 7 12:36:23 2017

Figure 38 Routine Metop-A GRAS monitoring plot of occultation timeliness, also showing
the requirement of 2:15h, for a 2 week period.
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Figure 39 Routine Metop-A GRAS monitoring plot of number of occultation per 6h
interval for a 2 week period.
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11 RO RELATED DATA PROCESSING AND PRODUCTS

The RO Science Plan primarily deals with the core radio occultation EPS-SG products; there
is however a wider range of “related” products, derived either from radio occultation
measurements themselves, or derived from e.g. reflected GNSS signals. The following
sections give an overview of some of the possible products.

111 Reflectometry: Sensing of the Surface Layer

Each GNSS transmitter illuminates the Earth surface and its surrounding atmosphere. The
signals reaching the planetary surface can bounce forward towards the LEO RO receiver.
Generally, the reflected signals have longer delays than the direct ones (usually longer than
the GNSS modulation chip length), as well as distinct Doppler shifts, outside the bandwidth
of the tracking loops. Moreover, after a process of diffuse scattering off rough surfaces the
reflected signals are generally incoherent and with swapped polarization. The combination of
these particularities makes it impossible for a RO receiver to track the reflected signals
through the same correlation channel as the direct ones.

Nevertheless, when a radio occultation reaches the lowest few kilometres of the atmosphere,
the reflected signals transmitted by the same GNSS source have bounced in a very low
elevation angle of observation, under which the effective roughness of the surface tends to
vanish (h_eff-roughness ~ h roughness sin(elevation) ) and consequently the scattering
process becomes mostly coherent. Moreover, under these very slant geometries (elevation
angles of the order of 1 degree), the polarization does now swap, the co-polar reflectivity is
high, and the delay and Doppler shifts of the reflected signal get closer to the direct one, to
the point that the delay is within a GNSS modulation chip length (~300 m for the GPS C/A
code) and the effective bandwidth of the tracking system.

In these circumstances, the reflected signal interferes with the direct one and is captured by
the RO receiver. Beyerle et al. [2002] identified these interferences as signals reflected,
which were used in [Cardellach et al., 2004] for ice altimetry. In the frame of the GRAS and
the ROM SAF, an effort was done to automatically identify when RO events present reflected
signals [Cardellach and Oliveras, 2016], and the set of flagged data has been made available
at http://www.romsaf.org/priv/demo/reflection_flag/.

The studies pursued by the ROM SAF have also identified geographic and seasonal patterns
in the climatology of reflected signals, as seen in Cardellach and Oliveras [2016], Aparicio et
al. [2016]. An interesting particularity is the high anti-correlation of ocean RO reflections
with sea surface temperature, which leads to clear capture of the El Nifio signatures in certain
regions (see Figure 40). One of the conclusions of these studies is that reflections over the
Oceans tend to be captured by RO, except when the atmospheric conditions above the surface
are wet and unstable. On the contrary, the rugged terrain over land and the absorbing
vegetation layer hinder the process in most conditions.

The potential use for NWP was first assessed in [Cardellach et al., 2008] noticing that in the
bottom 10 km of the atmosphere, those RO with presence of reflected signals better compare
to ECMWF background than RO without reflected signals. This has been confirmed in
Cardellach and Oliveras [2016] and Healy [2016], although its straight use for weighting the
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RO data in the numerical assimilation has been finally rejected by the latter. Boniface et al.,
[2011] suggested an inversion approach from reflected phase-delay to refractivity, while
more recently Cardellach et al. [2015] and Aparicio et al. [2016] have suggested the use of
the reflected impact-bending profile as observable for the surface atmospheric layer (see
Figure 41). As explained in these references, the ROM SAF has also developed algorithms to
extract such reflected impact-bending profiles and its forward operator. Preliminary
assimilation exercises of this observable are being conducted at Environment Canada under
the ROM SAF CDOP2 [Cardellach et al., 2015].
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Figure 40 Monthly time series of the percentage of reflected signals in El Niiio 3.4 zone [5°
North-5° South 170-120° West| (red) with 3 months smoothing filter and the ENSO 3.4
coefficient from http://www.esrl.noaa.gov/psd/gcos wgsp/Timeseries/Nino34/ in reversed
axis (blue). Unpublished figure by the ROM SAF.
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Figure 41 The left panel shows a family of atmospheric refractivity profiles, generated as
an exponential function, intended to represent a smooth profile, with a more refractive
lower layer, modelled as an error-function. The right panel shows the corresponding series
of reflected bending and impact parameters, as evaluated by the forward operator
developed by the ROM SAF, and indicates that the profile of reflected bending is sensitive
to the amplitude of the extra layer. Figure from [Aparicio et al., 2016].

11.2 Extended Reflections: Mesoscale Ocean Altimetry

It would be relatively simple for a RO receiver to upgrade its capabilities for tracking
reflecting signals using dedicated channels in open-loop mode, as far as these signals are still
coherent not diffuse scattering). Semmling et al. [2014] reports, from airborne experiments at
3500 meter altitude, that reflections up to 30 degree elevation (elevation computed at the
specular point) still present coherence and their phases can be tracked, even when using a
RHCP antenna. From the LEO receiver point of view, this corresponds to elevation angles a
few degrees below the Earth limb.

For example a signal reflecting at 20 degrees elevation at the specular point is acquired ~7-8
degrees below the Earth limb at the ISS [GEROS ESA Team, 2015]. These reflected signals,
tracked through dedicated channels of the receiver, could be useful for altimetric applications,
with expected sea surface height precisions of the order of 11 cm in a few km along-track
resolution [GARCA TEAM, 2016]. An example of altimetric retrievals using synthetic data as
if collected from the ISS is shown in Figure 42. This would be an efficient way to densify the
mesoscale and sub-mesoscale altimetric observations, one of the current challenges of the
global observational system [Flechter et al., 2015].
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Figure 42 Phase delay altimetry in grazing angles of elevation (up to ~309, from synthetic
data as collected from the ISS. On the top, assuming no systematic effects (only noise of
the phase). On the bottom a scenario that includes most critical effects, the ionosphere
(10% residual errors), the wet troposphere (0.5% error) and the 5 cm standard deviation in
the radial receiver orbit, with 10 seconds correlation time. TaG for Topography above the
Geoid. Figure generated by GFZ for the ESA GARCA study [GARCA Team, 2016/.

Indeed, Saynisch et al. [2015] have shown, by means of OSSE exercises, that these
measurements would have a significant impact on Ocean models. Although the GNSS-R
based SSH observations were only assimilated at 25% of the OSSE model domain’s surface
area, the RMS of all sub-surface properties improved substantially throughout the domain. In
summary, the study provided a demonstration of the usefulness of slant GNSS-R
observations to recover the true 3D ocean state and the connected oceanographic processes.
ESA's GEROS-ISS mission plans to include these type of grazing reflected signals [Wickert
etal., 2016].

Therefore, a LEO equipped with RO payload including antennas with coverage down to
several degrees below the Earth limb and dedicated channels in open-loop (with open-loop
models tuned for reflected signals) could in principle extend the applications to mesoscale
and sub-mesoscale ocean altimetry.
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11.3 Near-Nadir Reflections: Ocean Altimetry & Scatterometry; Land &
Cryosphere

This type of GNSS reflections have been investigated since late 1990s, for both sea surface
roughness estimates—scatterometry, wind vectors and waves [e.g. Garrison et al., 1998,
Zavorotny and Voronovich, 2000] and mesoscale ocean altimetry (e.g. Martin-Neira [1993;
2011]; Rius et al. [2010]). Land applications such as soil moisture (¢.g. Masters et al. [2004];
Katzberg et al. [2005]) and biomass determination (e.g. Egido et al. [2014]) as well as
cryospheric applications (sea ice thickness and type (e.g. Komjathy et al. [2000], snow
monitoring e.g. Cardellach et al. [2012]) have also been studied.

A list of space-borne missions currently implement or plan to implement some of these
capabilities: UK-TDS1, launched July 2014 [Foti et al., 2015]; UPC 3Cat-2 [Carreno-Luengo
et al., 2013] launched August 2016; NASA/CYGNSS [Ruf et al., 2012] to be launched
December 2016; ESA's GEROS-ISS [Wickert et al., 2016], planned for 2020.

High elevation reflections are not coherent, the antenna pointing and pattern features,
together with the receiver architecture are all notoriously different from a RO system,
therefore this type of reflectometry is not considered here.

114 Polarimetry: Hydrometeors

The use of a 2-pol (linear H/V) RO receiving system was suggested for the Radio-Occultation
and Heavy Precipitation aboard PAZ (ROHP-PAZ) experiment [Cardellach et al., 2014]. The
idea behind the concept is that under RO geometry the signals cross the lowest layers of the
atmosphere, where precipitation occurs, tangentially to the main axis of asymmetry of the
droplets of intense rain. Therefore, the phase delay suffered by the local horizontal
component (long axis of the droplet) should be larger than the delay suffered by the local
vertical component (short axis of the droplet). This rain-induced shift between both
polarizations is the expected observable of the experiment. Given that the flattening of the
droplets is larger as more intense is the precipitation, the asymmetry between both (and
therefore the measurable observable) should also increase with heavier rain episodes.

The same reference presented a suit of simulation work, based on T-matrix scattering
approach, to assess about the expected sensitivity of the concept to intense precipitation: rain-
induced polarimetric phase-shift delays of several millimetres and up to the centimetre level
were reported, above the noise threshold (Figure 43).
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Figure 43 Geolocated polarimetric phase-shift delay that rain events in COSMIC RO
would have induced if they were polarimetric (rain information from collocations with the
TRMM mission). The noise level of the measurement is expected at 1-1.5 mm in 1 second
observation. Figure from [Cardellach et al., 2014].

Padullés et al. [2016] shown the results of a ground-based campaign with grazing (near RO)
2-pol H/V GNSS observations, capturing 5 heavy rain events. Intense precipitation episodes
were indeed linked to higher polarimetric features in the signals, which in turn were higher
than predicted by the models (Figure 44). The theoretical study including other hydrometeors
(ice crystals in clouds and melting particles) confirmed that the order of magnitude of the
measured signals could be reproduced when these other hydrometeors were included in the
analysis.

Padullés et al. [2016b] presented 2D tomographic techniques as a preliminary way to resolve
the location, size and intensity of the precipitation cells along the RO ray path. The PAZ
satellite is ready for launch, and its launch date to be confirmed. The current plans for
GEROS-ISS [Wickert et al., 2016] also include polarimetric RO, in the form of RHCP/LHCP
interferometric (rather than H/V C/A code clean-replica processing).
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Figure 44 Examples of polarimetric phase-shift delay (black line) measured during the
PAZ experimental ground-campaign, together with the uncertainty given by +o (blue) and
+20 (grey) computed with all events of the same PRN when there was no-rain. They
correspond to PRN G22 on 26 May 2014 (top) and 14 June 2014 (bottom). The top
measurement is well inside the 2o contour, showing no polarimetric signatures. It
corresponded to a day without rain. In the bottom panel, large positive values above the 2¢
are observed, and it corresponded to an intense precipitation event. Figure from [Padullés
et al., 2016].
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12 RO RESEARCH & DEVELOPMENT AND OUTREACH NEEDS
12.1 State of the Art

First RO observations of the Earth’s atmosphere were made by the US GPS/Meteorology
(GPS/Met) proof-of-concept mission. Measurements were provided for several periods within
the years 1995 to 1997 [Ware et al., 1996]. Continuous observations were provided by the
German CHAMP (CHAllenging Minisatellite Payload for geoscientific research) satellite
[Wickert et al., 2001; 2004]. CHAMP data are available for mid-2001 to 4 October 2008 with
only one data gap from 3 July to 8 August 2006.

The Argentine SAC-C (Satélite de Aplicaciones Cientificas) [Hajj et al., 2004] and the
German GRACE (Gravity Recovery and Climate Experiment) mission [Wickert et al., 2005;
Beyerle et al., 2005] were both launched in 2002 with GRACE being still active. SAC-C and
GRACE data complement and continue CHAMP data and can be used to fill the CHAMP
data gap.

The first constellation mission for providing near-real-time RO data to operational weather
centres is the Taiwan/US Formosat-3/COSMIC (Formosa Satellite Mission 3/Constellation
Observing System for Meteorology, Ionosphere, and Climate; F3C) [Anthes et al., 2000;
Rocken et al., 2000; Wu et al., 2005; Anthes et al., 2008]. F3C was launched in 2006 and
consists of six receiving satellites. Meanwhile, the F3C satellites are slowly degrading but
RO data collection is continued in order to minimize data gaps until the proceeding
Formosat-7/COSMIC-2 mission will be implemented.

The European MetOp/GRAS (Meteorological Operation/Global Navigation Satellite System
(GNSS) Receiver for Atmospheric Sounding) mission started in 2006 [Loiselet et al., 2000].
It consists of a series of three satellites launched in sequence to operationally provide RO
data until at least the year 2020 [Luntama et al., 2008]. Since recently, also the German
TerraSAR-X and Tandem-X satellites provide RO data [Wickert et al., 2009; Beyerle et al.,
2011]. Further small satellites, such as the Communications/Navigation Outage Forecasting
System (C/NOFS) contribute more RO data.

The quality of RO data has been confirmed by a broad range of studies including error
analyses (e.g., Steiner and Kirchengast [2005]; Scherllin-Pirscher et al. [2011a;b]; Ho et al.
[2012]) and comparison with other observations. Comparison with radiosonde data showed
the high accuracy of RO data, which are even able to identify systematic temperature biases
and quality issues in different types of radiosonde sensors (e.g., Kuo et al. [2005]; Sun et al.
[2010]). Intercomparison with satellite data from MIPAS (Michelson Interferometer for
Passive Atmospheric Sounding) and GOMOS (Global Ozone Monitoring for Occultation of
Stars) demonstrated the high quality and unbiasedness of RO [Gobiet et al., 2007].

Validation with different atmospheric analyses showed the high vertical resolution and
accuracy of RO [Gobiet et al., 2005; 2007; Foelsche et al., 2009a] and pointed out its value
for, e.g., investigations of the tropopause region, but also for the improvement of atmospheric
analyses themselves [Schmidt et al., 2004; 2005; Gobiet et al., 2005; Borsche et al., 2007].

Atmospheric studies demonstrated that the application of RO ranges from investigating the
planetary boundary layer [Sokolovskiy et al., 2006] via addressing ENSO [Steiner et al.,
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2009; Scherllin-Pirscher et al., 2012] to atmospheric waves, such as diurnal tides [Pirscher et
al., 2010], the QBO [Randel et al., 2003; Schmidt et al., 2005], Kelvin waves [Tsai et al.,
2004; Randel and Wu, 2005], and stratospheric gravity waves (e.g., Steiner and Kirchengast
[2000]; Tsuda et al. [2000]; de la Torre and Alexander, [2005]). The benefit of RO for
improving Hurricane forecast has been shown (e.g., Liu et al., [2012]).

The significant impact of RO on weather forecasting has been successfully proven (e.g.,
Healy et al. [2005]; Healy and Thépaut [2006]). RO has reduced stratospheric temperature
biases and has anchored radiance bias correction in NWP because of its superior vertical
resolution and assimilation without bias correction. RO was recently ranked within the top
five most important observation types for its contribution to short-range forecast error
reduction [Cardinali, 2009]. Meanwhile all main weather centres worldwide operationally
assimilate RO observations into their NWP models. This also results in improved operational
atmospheric analyses and reanalyses data (e.g., Poli et al. [2010]) which are frequently used
in climate studies.

The capability of GPS RO for climate change monitoring and modelling was tested based on
observing system simulation experiments [Steiner et al., 2001; Foelsche et al., 2008b]
inferring that the combined information of key RO parameters for UTLS monitoring is of
high value for climate studies. Leroy et al. [2008] investigated climate signal detection times
and constraints on climate benchmark accuracy requirements. RO bending angle profiles
based on climate model simulations were used to examine the effect of increasing greenhouse
gases by Ringer and Healy [2008]. Their estimates of climate signal detection times in UTLS
bending angle trends of 10 to 16 years are consistent with Leroy et al. [2008] and Foelsche et
al. [2008b]. Based on real RO data, Schmidt et al. [2008] inferred tropopause height trends.

First trend detection studies were performed by Steiner et al. [2009b] and Schmidt et al.
[2010]. An emerging climate change signal, reflecting warming of the troposphere and
cooling of the lower stratosphere, was detected by Lackner et al. [2011] based on RO
observations of the last decade. A comprehensive overview on the achievements of RO so far
for exploring weather, climate, and space weather is provided by Anthes [2011].

The products retrieved from present RO missions and available from state-of-the-art on-line
archives can be summarised as follows:

e Neutral atmosphere: bending angle and refractivity profiles, from which profiles of
pressure, geopotential height, temperature, and humidity are subsequently retrieved.

o Jonised atmosphere: electron content (large-scale ionisation structures) and vertical
electron density profiles, amplitude and phase scintillation (small-scale ionisation
structures).

e Thermosphere: neutral density (from satellite drag)

The state-of-the-art type of measurements, their requirements and associated applications are
summarised in the table below:

Measured/ . Signal
Atmospheric | oo iremen Further Applications
_ region requirements
retrieved ts
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parameter

. Atmospheric physics,
Bending angle,
fractivity, . .
;ierjsi;:lty weather forecasting, climate
€0 oterjltial Troposphere, LI, L2 or 50 Hz sampling rate monitoring ~ and  trend
Eeigpht Stratosphere L2C ping analyses, climate modelling,
tempel’rature evaluation/validation of
humidity ’ atm(;)slpheric data sets and
models
Radio propagation
. L1, L2 or . nowcasting and forecasting,
Electron density | Ionosphere L2C 1 Hz sampling rate ionospheric physics, space
weather monitoring
Amplitude L1  and/or . Radio communication, radio
scintillation Ionosphere L2C 50 Hz sampling rate propagation nowcasting and
forecasting, ionospheric
. hysi th
Phase Jonosphere L1  and/or | 50 Hz sampling and f)n (Zlnsllt(z) Sr’in space Ziizllifz
scintillation P L2C low noise oscillator navigationg’

Overall, the quality, consistency, and reproducibility of RO data was found favourable for use
in climate monitoring and change detection, and for becoming a climate benchmark record,
though current use for climate trend assessment is bound to 50°S to 50°N (see Steiner et al.,
[2012]). There are still some issues in signal processing and ionospheric correction (as
described in section 1.2.2) that have to be resolved in order to further improve RO data
quality and to extend the application range.

12.2 New Developments and Novel Products

The new RO products to enhance Copernicus for climate change monitoring purposes can be
characterised as follows:

e A —New signal processing to improve on existing product
e B — New product arising from mature understanding of scientific needs

e C —New product emerging from latest research

The new products based on GNSS RO measurements are summarised in the following table:

Application
Product Novelty Numerical Ch{”at.()h)gy Atmospheric
Weather monitoring and modellin
Prediction Copernicus s

Re\{ised bending angle and A v v

retrieved parameters

Multi—satel'lite B v v

climatologies
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Tropopause parameters B 4 4
QBO/ENSO indices B v

AMSU-type equivalent C v v

temperatures

New water vapour profiles C v v

Precipitation profiles C v v
Ducting C 4 v v
Gravity wave parameters C v v v
Brunt-Viisili frequency C v

The specific contribution beyond the state of the art with respect to each individual area of
study and novel product to be devised is detailed in the following sub-sections.

12.2.1 De-noising algorithms
Noise in RO measurements can be divided into three main categories:

1. Thermal noise in the receiver affecting only the uppermost part of retrieved profiles
(in a fractional sense).

2. lonospheric noise and scintillations limiting the performance mostly in the
stratosphere and mesosphere.

3. Scintillations and low SNR induced by atmospheric multipath and turbulence in the
moist lower troposphere.

Thermal noise is usually small compared to ionospheric noise and scintillations, and is in
state-of-the-art retrieval algorithms dealt with by low pass filtering strategies. These
strategies also mitigate the effects of ionospheric noise and scintillations, but often, large
oscillating residuals are left in the ionospheric corrected bending angles at high altitudes
because of initial scintillations in the data that were not handled optimally. Although further
processing to refractivity makes use of statistical optimization strategies (e.g., Gorbunov et
al., [2002]; Kuo et al. [2004]; Gobiet and Kirchengast [2004]; Lohmann [2005]; Lauritsen et
al. [2011]), and thereby further smooth high altitude oscillations, errors are still present at
high altitudes, and limits the usefulness of the refractivity to be below a certain altitude (on
average about 40 km, but can in individual cases be significantly lower).

State-of-the-art algorithms (e.g., Sokolovskiy et al. [2009]; Gorbunov et al. [2011]) process
RO data to bending angles at high altitudes using geometrical optics, i.e., algorithms
assuming single ray propagation. However, ionospheric structures can result in multi-path
propagation, i.c., the situation where multiple signal paths between the transmitter (GNSS)
and the receiver (LEO) are possible at the same time. One especially malicious type of events
are tilted sporadic ionospheric E-layers. Although sporadic E occurs at around 90-100 km
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altitude, they can have significant influence on retrievals at stratospheric altitudes when they
are tilted [Zeng and Sokolovskiy, 2010].

More advanced processing algorithms, such as Full Spectrum Inversion, FSI [Jensen et al.,
2003], Canonical Transform, CT2 [Gorbunov et al., 2006], or Phase Matching [Jensen et al.,
2004], are currently used in state-of-the-art processing at lower altitudes. These algorithms
take into account the multi-path propagation under the assumption of spherical symmetry. In
principle they could also be employed at the higher altitudes, but so far this is not done
routinely in leading RO processing centres in either Europe or the US.

One practical reason for this is the generally poorer quality of the L2 signal compared to L1
(since L2 is encrypted, whereas the L1 CA signal is not), which easier results in tracking
errors in the L2 phase in the presence of scintillations. Without a good quality L2 signal at
high altitudes, it does not make much sense to employ the advanced algorithms. However,
with the recently introduced GPS L2C signal, currently tracked by the COSMIC RO mission,
and with Galileo signals (though not yet collected routinely for RO) that are not encrypted,
such as E5a, the second L-band signal in RO measurements might be good enough to allow
for the use of the advanced algorithms at all altitudes.

Thus, advanced algorithms could potentially reduce the noise at high altitudes due to
ionospheric scintillations in RO measurements, and will most likely become the future state-
of-the-art. Investigation toward this goal is timely and necessary.

As mentioned, advanced algorithms are already routinely used in the lower part of the
atmosphere. These algorithms transform the complex signal in the form of phase and
amplitude as a function of time into bending angle and transformed amplitude as a function
of impact parameter. The transform inherently relies on the assumption of spherical
symmetry. If this assumption is fulfilled, the transformed amplitude is in principle constant
(numerical inaccuracies may result in minor deviations from a constant in multi-path zones).
However, turbulence and other departures from the assumption of spherical symmetry may
result in transformed amplitude with large deviations from a constant.

In the lower troposphere, in short intervals (a few meters in impact parameter) where the de-
composed transformed amplitude is very small, the computed bending angle (unfiltered) can
be wrong by several 100%. Standard, and advanced filtering approaches, reduces these errors
to acceptable levels, but at the expense of vertical resolution, as well as possible introduction
of biases [Sokolovskiy et al., 2011]. Currently, in state-of-the-art processing algorithms, only
the L1 signal is handled by the advanced algorithms since the L2 signal tracking is usually
lost in the moist lower troposphere. Extrapolation of the difference between L1 and L2
bending angles below the altitude of L2 tracking is then performed. This allows profile
retrievals to lower altitudes, but introduces additional errors.

However, with L2C and other soon-to-come signals, it should be possible to exploit the
complementary information of different L-band signals to very low altitudes to significantly
reduce the likelihood of large errors (spikes) in the unfiltered ionosphere-corrected bending
angle. First steps toward such investigation have been initiated and presented by US scientists
(see Sokolovskiy et al., IROWG-2 Workshop, 2 April 2012, Estes Park, Colorado), but
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warrants further investigation to improve understanding and become a routine part of RO
processing with L2C and other modernised GNSS signals.

12.2.2 Signal Processing

In order to produce accurate atmospheric profiles from Radio Occultation observations it is
well known that dual frequency data from GNSS signals must be available. This is the only
way to accurately remove the (small) ionospheric contribution to the overall Excess-phase
experienced by the signal during its limb sounding propagation geometry, when neutral
atmosphere products are extracted. Up to now, using GPS carrier phase signals, all the
operative Radio Occultation payloads suffered of a premature loss of L2 lock during a setting
event or a late L2 acquisition during a rising event, both because code-less tracking
techniques were normally adopted and, moreover, because half power is used by the GPS
signal transmitter to irradiate L2 signals.

Therefore, extrapolation/interpolation techniques which made available L2 signal where it is
lost were operatively applied, given the possibility to adopt the standard dual-frequencies
techniques to remove the ionospheric contribution. From another side, it is well known that
such techniques work well if extrapolation (or interpolation) is necessary only for very small
fractions of data. For example, when L2 is definitively lost below 25 km, the extrapolation
downward does not work.

It is well known that, in particular for what concerns rising GPS occultation events, GPS L2
signal suffers of late acquisition/tracking issues with respect to L1 signal. Moreover, on
setting event, L2 is lost before L1 (even if, in this case, the height at which this happens is
nearer to the Earth’s surface than the rising case). It may happen also that, for some reasons,
missing L2 data create some data gap to the observed time series.

Ionospheric calibration procedures are usually performed applying a linear combination of
the L1 and L2 bending angles taken at the same impact parameter [Vorob’ev and
Krasil’nikova, 1994], even if other techniques has been defined (see for example
Syndergaard [2000]). The problem is that both signals should be available. In case of data
missing, we need to extrapolate/interpolate the signal in some way.

One of the accepted techniques, usually operatively adopted, foresees to correct L1 derived
bending angle by the (L1-L2) bending angle extrapolated from above, when both
measurement are available [Kuo et al., 2004]. It is demonstrated that this technique well
performs when L2 data to be “interpolated/extrapolated” are related to small data gaps, or
when L2 rising data are available from 15-20 km Straight Line Tangent Height (SLTA)
maximum (presentation given by EUMETSAT at the GRAS-SAG 27th meeting, July, 2012).
From another side there are some occultation events that suffer of this issue, in particular
considering rising observations. One of the RO payload actually flying, the Italian ROSA
receiver, has a severe problem in this sense, probably due to the satellite platform on which it
is embarked (Oceansat-2).

It was shown, thanks to a recent Visiting Scientist activity at DMI/EUMETSAT that only

10% of rising ROSA L2 observations are available below 20 km [Notarpietro, 2012].
Therefore, new strategies for the L2 data extrapolation should be found, in order to try to
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retrieve the maximum number of information from the actual Radio Occultation satellite
missions. One of the possible new techniques was recently developed by I. Culverwell and S.
Healy and presented at the IROWG-2 Workshop [Culverwell and Healy, 2012]. Another
approach we intended to use is to consider some ionospheric models and ray tracing
strategies.

A further important quantity for many atmospheric processes is the static stability or vertical
temperature stratification of the atmosphere, which is often expressed by the Brunt-Véisila
(or buoyancy) frequency. GPS RO temperature measurements enable the investigation of its
fine-scale structure in the tropopause region as the transition zone between low values in the
troposphere and high values in the stratosphere and can therefore contribute to a better global
observational data basis for the tropopause inversion layer on different temporal and spatial
scales [Schmidt et al., 2010a]).

On the other hand buoyancy is a dominant force for vertical atmospheric motions and
important for the propagation of atmospheric waves. GWs play an important role in the
atmospheric circulation due to the related transport of energy and momentum between
different regions in the atmosphere. (e.g., Steiner and Kirchengast [2000]; Tsuda et al.
[2000]; Fritts and Alexander [2003]; de la Torre and Alexander [2005]). GPS RO
temperature data are an excellent data source to derive global GW parameters as temperature
amplitude, specific potential energy, and vertical wavelengths (Tsuda et al. [2000]; de la
Torre et al. [2006]; Schmidt et al. [2008b]).

Observations from RO offer new opportunities for the assessment of existing observational
upper-air records from AMSU. Observations from MSU and AMSU instruments are often
used for long-term climate monitoring and trend detection (e.g., Christy et al., [2007]; Mears
and Wentz, [2009]; Zou et al., [2009]). Uncertainties in the data and in related upper air
trends are large and an issue of continuous investigations.

Intercomparison of RO with AMSU data was performed by Schrgder et al. [2003], Ho et al.
[2007], Steiner et al. [2007; 2009b], Ladstadter et al. [2011], showing a divergence of the
data sets over time. Besides, RO data are useful for the calibration of microwave
measurements in the lower stratosphere in order to identify inter-satellite offsets among
measurements from different satellites. The RO record enables the computation of synthetic
temperatures equivalent to AMSU channels in the UTLS for continuous comparisons and
validations.

12.2.3 Mitigation of lonospheric Residual Biases for Climate Purposes

Ionospheric residual biases in RO climatologies need to be mitigated for further improving
their error characteristics. lonospheric residual errors, in particular systematic ones, are
important for RO based climate monitoring, since potential decadal scale variability of
residual ionospheric systematic errors could pretend short-term trends in RO climatologies of
the stratosphere [Foelsche et al., 2008b]. Early results using bending angle data at high
altitudes [Rocken et al., 2008] indicated a potential approach to use information contained in
the data to remove ionospheric residual errors.
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Danzer et al. [2013] analysed bending angles from early 2002 until mid-2011 between 65 km
and 80 km (impact) altitude. In this altitude range, the bending due to the neutral atmosphere
is already small, and systematic differences can be largely explained by un-corrected
ionospheric errors. Daytime bending angle values show a clear dependence on the solar
cycle, while night time values remain surprisingly stable over the entire time period from
high (early 2002) to very low solar activity (2006 to 2010). See also other relevant work in
this area, such as Danzer et al. [2015], Liu et al. [2013; 2015] and Qu et al. [2015].

The difference between daytime and night time bending angles, which can therefore be
regarded as a good indicator for uncorrected systematic ionospheric errors, reaches up to —0.4
purad under high solar activity, but generally remains below —0.1 prad under low solar
activity. These results show a way to correct for residual ionospheric errors in the context of
climate monitoring, where averages over large numbers of RO profiles are used, without
relying on external information about the state of the ionosphere. Correcting daytime
measurements by the offset between day and night should than remove the major part of
ionospheric residuals with variations on decadal scale.

12.2.4 Provision and Evaluation of multi-satellite FCDRs

Thermodynamic atmospheric parameters can be generated by building on the heritage of
product algorithms in a first step and by applying improved processing algorithms, i.e.,
ionospheric correction procedures, and the refinement of error specifications. These
improvements are expected to further enhance the accuracy of RO products and to extend the
regions and altitudes with RO data of climate quality (see section 1.2.1 for more details).

Data from all available RO missions can be combined for the generation of multi-year multi-
satellite RO climatologies of thermodynamic atmospheric parameters including bending
angle, refractivity (density), pressure, geopotential height, temperature, and (standard 1DVar)
water vapour. These consistent and validated long-term records of RO atmospheric variables
will represent FCDRs including ECVs such as air temperature. Error specification will be
provided together with FCDRs. Global high vertically resolved FCDRs of atmospheric
variables in the UTLS are expected to enhance the Copernicus services on atmosphere and
climate monitoring.

Due to the fact that more than one processing centre provides RO products, the quantification
of structural uncertainty in the record arising from different processing schemes is essential.
Using basically the same raw measurements as input, different processing schemes provide
different numbers and distributions of retrieved profiles that flow into climatological fields.
Recent studies have shown that trends in RO data products from the CHAMP satellite are
essentially independent of retrieval centre and qualify as climate benchmark. Regarding
multi-satellite RO climatologies this has yet to be demonstrated and the systematic
assessment of structural uncertainty of the provided multi-satellite climate records seems an
important aspect.
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12.2.5 Provision of new value-added Products including Tropopause and Gravity
Wave Parameters, ENSO/QBO Indices, and AMSU-equivalent Temperatures

Novel RO products are needed for monitoring and modelling atmospheric variability and
change, comprising tropopause parameters, gravity wave parameters, atmospheric indices for
the Quasi-Biennial-Oscillation (QBO) and El Nifio-Southern Oscillation (ENSO) as well as
synthetic temperatures equivalent to channels of the Advanced Microwave Sounding Unit
(AMSU). The added value of these products is expected to improve knowledge on
atmospheric and climate variability in the UTLS, which is of importance for studies of
atmospheric dynamics, climate trend analyses as well as climate modelling. In this respect the
added value of RO observations is exploited representing a new information source for
Copernicus services.

Tropopause parameters for individual RO profiles and for corresponding monthly-mean
zonal-mean climatologies need to be routinely delivered, including error specifications from
uneven sampling in space and time. Tropopause height, pressure, temperature, and sharpness
will enable to gain valuable information on the structure of the tropopause region, e.g. the
tropical tropopause layer and troposphere-stratosphere exchange.

Further important quantities for the investigation of the fine structure of the tropopause and
inversion layers, of atmospheric processes, and wave propagation in the UTLS. RO
observations will be exploited for routine estimation of the Brunt-Viisédld (or buoyancy)
frequency and of global gravity wave (GW) parameters including temperature amplitude,
specific potential energy, and vertical wavelengths are needed.

Novel atmospheric ENSO indices in the troposphere and QBO indices in the stratosphere are
needed for improving information on the natural variability patterns in the UTLS, which is of
high interest e.g., for atmospheric dynamics or climate trend detection. Due to the high
vertical resolution of RO data the detailed vertical structure of these signals can be
investigated and new information on the most significant modes of natural climate variability
in the tropical UTLS can be derived from observations.

Observations from AMSU instruments are often used for long-term climate monitoring and
trend detection. Uncertainties in the data and in related upper air trends are large and an issue
of continuous investigations. The AMSU is a radiometer measuring the Earth’s microwave
emission in the oxygen absorption band in different channels. Due to the coarse vertical
resolution layer average brightness temperatures are provided and different height regions are
sampled by choosing different channels. Synthetic layer-average brightness temperatures
from RO will be provided by applying a radiative transfer model.

Since RO data quality is best in the UTLS region, the focus will be on the lower stratospheric
channels for the provision of AMSU-equivalent temperatures, i.e., Temperature Lower
Stratosphere (TLS), and possibly neighbouring channels. The routine provision of AMSU-
equivalent temperatures from RO will enable continuous comparison and validation of upper-
air satellite records.

The continuous data stream from the CHAMP satellite provided the first opportunity to
generate RO-based atmospheric fields [Foelsche et al., 2008]. Monthly- and seasonal-mean
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zonal-mean climatologies for different RO missions are currently provided for refractivity,
dry pressure, dry geopotential height, and dry temperature. Due care was given to the analysis
and provision of corresponding error estimates [Scherllin-Pirscher et al., 2011b]. A range of
studies analysed the climate monitoring utility of RO data (e.g., Foelsche et al., [2009a; b];
Lackner et al., [2011]; Steiner et al., [2009a; 2012]; Schmidt et al., [2005; 2008a; 2010]).

Beyond current available RO records, we will provide consistent and validated long-term
multi-satellite RO FCDRs of high vertical resolution for atmosphere and climate monitoring
services. Thermodynamic atmospheric parameters include ECVs such as air temperature and
bending angle, and further standard RO variables refractivity, pressure, and geopotential
height. Furthermore, new water vapour products will be developed and its climate quality
will be evaluated.

Knowledge on atmospheric and climate variability is of importance for studies of
atmospheric dynamics, climate trend analyses as well as climate modelling. The most
significant modes of natural climate variability in the tropical troposphere are ENSO and the
QBO. Due to the high vertical resolution of RO data the detailed vertical structure of these
signals can be investigated (e.g., Schmidt et al., [2005]; Steiner et al. [2009]; Schmidt et al.
[2010a]; Scherllin-Pirscher et al. [2012]).

Current QBO indices are available from 30/50 hPa winds. Current ENSO indices are
available from surface measurements only. The RO records will be used for the provision of
novel atmospheric ENSO indices in the troposphere and QBO indices in the stratosphere.

Furthermore, RO can be exploited to gain valuable information on the structure of tropopause
regions (e.g., Schmidt et al., [2004]; Gobiet et al. [2005]; Schmidt et al. [2005]; Borsche et al.
[2007]; Schmidt et al. [2008a]), especially on the tropical tropopause layer which is a topic of
current active research. Tropopause parameters including information on multiple
tropopauses [Schmidt et al., 2006] will be provided based on the RO record for individual
profiles in terms of tropopause height, pressure, temperature, and sharpness. Corresponding
monthly-mean zonal-mean climatologies will be generated, including error specifications
from uneven sampling in space and time.

12.2.6 Provision and Algorithm Development for new Water Vapour Product

In the traditional 1Dvar approach to solve the inherent ambiguity between temperature and
moisture in RO measurements, the observations (refractivity) and the background (e.g.,
ECMWEF forecast fields) are weighted according to assumed observation and background
error co-variances. This results in temperature, humidity, and pressure profiles that in
principle can be considered an optimal solution given the observations and the best available
a priori knowledge.

However, such profiles will generally be inconsistent with the observations in that the derived
temperature, humidity, and pressure do not correspond to the observed refractivity via the
equation connecting these variables (e.g., the Smith-Weintraub formula). An alternative
approach, currently applied to COSMIC data at UCAR in the US, is to give much more
weight to the observations than to the background. In this way the physical relation between
the solution and the observed refractivity is preserved to a high degree. Such an approach still
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includes information from ECMWF fields to separate out the meteorological variables in the
moist troposphere, but it seeks to minimize the influence from the ECMWF fields and it
preserves most of the information coming from the observations.

Going a step further, it should be possible to develop the theory for an approach where the
observations in principle have infinite weight, and where the NWP model in principle has
zero weight. However, the model would still provide the information on the relative
contributions of temperature and humidity to the refractivity (dry and wet terms), based on its
representation of these variables and their error co-variances. Additional information would
enter through the assumption of hydrostatic equilibrium and the equation of state. The
solution based on such an approach would be fully consistent with the refractivity via the
refractivity equation.

Since RO data in itself does not contain direct information on the temperature and humidity,
it should be possible to use ECMWF analyses (where the specific RO profile presumably has
already been assimilated) without including the information from the RO data twice (because
the information about the dry and wet contributions to refractivity that the ECMWF analysis
will have, cannot have come from assimilating the occultation). This can be verified
theoretically, and it means that the method can use the best available information about the
relative contributions of temperature and humidity to separate out these variables (this
opposed to the traditional 1Dvar approach which is based on forecasts so that the RO
information is not used twice).

The water vapour (and temperature) derived via such an approach would be extremely
valuable for applications where it is important to preserve the high vertical resolution in the
data (e.g., in atmospheric process studies, Biondi et al. [2012]) and where unnecessary
information from an NWP model should be avoided (e.g. for climate monitoring using
independent data sources).

12.2.7 Development of Precipitation Profile retrieval from non-polarimetric RO Data

As far as the retrieval of precipitation profiles from standard Radio Occultation observations
is concerned, it has to be noted that this is a quite unexplored field. There is evidence in the
recent literature of a possible sensitivity of SNR profiles derived by standard Radio
Occultation observations and precipitation involving high rain rates. E. Cardellach et al.
[2010] demonstrated that an extra attenuation due to rain (and not to simply clouds or water
vapour) is visible, on average, on the amplitude of Radio Occultation signals when the ray
path crosses high precipitation area.

Historical and standard Radio Occultation observations were performed using a right hand
circularly polarized antenna, allowing only co-polar measurements. In order to carried out
such research, we will use Radio Occultation observations collected mainly on board the
METOP and the COSMIC satellite missions co-located with precipitation observations taken
by the unique TRMM (Tropical Rainfall Measurement Mission) satellite radar meteorological
system. This will hopefully allow to define a quite interesting dataset of co-located
observations.
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Second aspect of the proposed activity is to help in the validation of Radio Occultation
derived precipitation products based on the challenging polarimetric observations provided
by IEEC partner. In this case, we can perform a validation activity using both data from the
mentioned TRMM mission, data from standard ground-based radar meteorological systems
and data from rain gauges network, maybe available in the Radio Occultation ray perigee
areas, for selected case studies. Such data will be provided for example by MeteoSwiss (see
the Letter of Intent attached to the proposal), which are going to operate the new fourth
generation radar-meteo network, made by four powerful C-Band polarized and Doppler radar
systems.

Within this sub-task we wish to evaluate whether precipitation profiles can be retrieved
considering standard Radio Occultation non-polarimetric observations or not. In order to
carry out such research, we will use Radio Occultation observations collected mainly on
board the METOP and the COSMIC satellite missions, co-located with precipitation profile
observations taken by the unique TRMM (Tropical Rainfall Measurement Mission) satellite
radar meteorological system. This will hopefully allow defining a quite interesting dataset of
co-located precipitation profiles data. The analysis will be performed with the following
scheme.

e a dataset of rainy observations (characterized by different rainfall rates and amounts)
taken by satellite-based radar meteorological system on-board the TRMM mission
will be downloaded

e co-located COSMIC and METOP RO SNRs (and phases) observations will be
identified and analysed, in order to highlight some impact or sensitivity level of SNR
to precipitation fields

e co-located, along the same line-of-sight ground-based radar meteorological
observations will be considered if available (some links with radar-meteorological
data providers will be defined)

e RO precipitation profiles will be tentatively evaluated considering SNRs data time
series

e RO precipitation profiles will be compared with co-located TRMM data or with co-
located ground-based radar-meteorological observations (if any)

12.2.8 Development of Precipitation Profile Retrieval from PAZ Satellite polarimetric-
RO Data

L-band signals, such those of the GNSS, are weakly attenuated by precipitation, they do
penetrate through heavy rain, and are thus called "all weather" signals. However, moderate
and heavy precipitation also introduce features in the phase of the electromagnetic carrier,
while GNSS are systems that measure phase delays with high precision. Preliminary studies
shown that polarimetric phase-shifts (different phase delay) between H and V linear
polarizations might present rain-induced signatures above the GNSS detectability threshold.

Once in orbit, PAZ pol-RO data will allow the investigation and exploitation of this concept.
If successful, the simultaneous acquisition and perfect collocation of standard thermodynamic
RO profiles together with moderate to heavy precipitation RO profiles might represent an
unprecedented source of information to better understand these extreme events. In turn, this
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might improve their modelling and the assessment of heavy rain statistics in future climatic
scenarios.

Recent theoretical studies about the sensitivity of the polarimetric GNSS RO signals to
precipitation events show that moderate to heavy rain induce a linear-polarimetric phase shift
(phase delay difference between the two linear polarizations) above the GNSS detectivity
thresholds. The studies, performed by members of the consortium, presented in the COSMIC
User Workshop 2012 (Boulder, CO, USA, October 2012) but unpublished yet, also show
weak polarimetric SNR signatures and large ambiguity between rain rate and optical length
across the precipitation cell. The theoretical models implemented for such study will be used,
together with the real PAZ pol-RO data, find the best algorithms to:

1. detect the presence of rain;

2. provide an overall equivalent rain rate and/or precipitation cell size; or a combined
pseudo-parameter;

3. to break the ambiguity between rain rate and cell size using first other GNSS pol-RO
observables (absolute SNR of one of the polarizations ratio between both linear pol-
SNR), and finally using external data, and/or assimilation experiments. Precise
knowledge of the PAZ RO antenna patterns will be acquired first, using both the
anechoic chamber measurements conducted before the payload assembly, and the
accumulated measurement of rain-free observations along the commissioning phase.

4. Finally, the retrieval of vertical structures will also be attempted, using the well-
known vertical resolution of the RO observations

12.2.9 Further New Products

The results of the analysis performed on WP2 will be translated into the identification of the
capability and effectiveness of a RO payloads to give information also on rainfall rate or
precipitation profile considering standard and/or polarimetric RO observations. Issues, if any,
will be addressed, and possible solutions at the level of signal processing/signal
characterization will be suggested. Possible future use of such kind of observation will be
also identified, in order to make this technique a new observation technique to be
implemented in the new generation of RO satellite missions.

Additional products could be in the domains of space weather and ionised/neutral atmosphere
coupling.

12.3 Outreach Needs

RO is an established observation technique in global NWP; specific additional outreach in
this area is not required. The currently available information on several monitoring pages of
NWP centres, and the collected NWP setups on the IROWG website “RO data use in
operational NWP systems” [IROWG-NWP] should be maintained and include new NWP
models making use of RO data.

The use of RO for climate monitoring purposes will need further outreach to relevant

organisations and groups, such as e.g. the [IPCC. The full use of this data in re-analysis and
climate models needs to be pursued and presented to these groups and organisations.
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Provision of data in formats more readily available to the climate community need to be
pursued (e.g. by using the Obs4MIPS (Observations for Model Intercomparisons Project)
data format).

The use of RO data in regional NWP models is limited and more outreach is needed here.
Regarding EPS-SG, this community can use the established global mission products, but it
also needs to be made aware of the additional regional mission products of EPS-SG, these
come with a better timeliness (but are not available globally). Specific operators/tools that
allow the assimilation of RO data into regional models will help here too (refractivity can
already be assimilated into regional models, but bending angles generally need a model top
that is higher than the one of current regional models).

The possibilities of the local mission of EPS-SG should also be further assessed with the
scientific community. Although level 1b or 2 RO products are not produced, any local
receiving station can receive the raw RO data directly from the satellite and potentially
process it further locally. This local mission is available in real time, but for RO the
observation is generally a few thousand km away from the local receiving station, while nadir
sounders provide information above the station.

The extension of the EPS-SG RO data coverage to include the ionosphere will need to be
conveyed to the relevant communities, the use of RO data for ionospheric research,
monitoring, and assimilation is however already established.

Applicable to all areas identified above, effective outreach includes:

presentations at conferences and workshops on latest results;

development of improved NWP operators and tools to maximize the impact of RO;

production of RO based new products;

publication of articles, scientific reports;

information exchange through visiting scientist programs;

up to date websites with relevant information/links to further information/documents;

up to date websites with operational processing results, including monitoring

statistics;

e provision of visualization / reading / processing tools, allowing easy access for new-
comers;

e invitation of “RO external” scientists to IROWG and other workshops.
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APPENDIX B

Acronym
3MI

AFS
CCSDS
CGMS
DLL

EPS (-SG)

EUMETSAT

EURD
GCOS
GLONASS
GMES
GNSS
GPS
GRAS
GRM
IAS
IASI-NG
ICI
IMT

IR
IRNSS
IROWG
LEO
MRD
MW
MWI
NCO
NRT
NWP
OBT
PMET
POD
QZSS
RO
ROM SAF
SBAS
SCA
SLTA
SV
UVNS
USO
UTC
VIl
WMO

ACRONYMS

Resolution

Multi-view Multi-channel Multi-polarization Imager

Atomic Frequency Standard

Consultative Committee for Space Data Systems
Coordination Group for Meteorological Satellites

Delay Locked Loop

EUMETSAT Polar System (-Second Generation)

European Organisation for the Exploitation of Meteorological Satellites
End-User Requirements Document

Global Climate Observing System

Global Navigation Satellite System

Global Monitoring for Environment and Security initiative
Global Navigation Satellite System

Global Positioning System

GNSS Receiver for Atmospheric Sounding

GNSS Receiver Module

Infra-red Atmospheric Sounding (also called IASI-NG)
Infrared Atmospheric Sounder Interferometer-Next Generation
Ice Cloud Imager

Instrument Measurement Time

Infra-Red

Indian Regional Navigation Satellite System

International RO Working Group (under CGMS)

Low-Earth Orbit

Mission Requirements Document

Micro-Wave

Microwave Imaging Radiometer

Numerically Controlled Oscillator

Near Real Time

Numerical Weather Prediction

On-board Time

Post-EPS (now EPS-SG) Mission Experts Team

Precise Orbit Determination

Quasi-Zenith Satellite System

Radio Occultation (used generically and for EPS-SG RO(-SG) instrument)
Radio Occultation Meteorology Satellite Application Facility
Satellite Based Augmentation System

Scatterometer

Straight Line Tangent Altitude

Space Vehicle

Ultraviolet, Visible, Near-infra-red, Short-wave-infra-red sounding mission
Ultra Stable Oscillator

Coordinated Universal Time

Visible/Infra-red Imaging mission

World Meteorological Organisation
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