/> @ EUMETSAT

=

\

&

EPS/Metop-SG

Scatterometer Mission Science Plan

reprocessed ASCAT A beam offsets from CONE METRICS (relative to mean 2013) after corrections

/ﬁ
=
=

\

4

{ L

=
7

eSda

——FORER
~——MIDR
——AFTR
= =:=FORE L
= = =MDL
i AR

0-10_| T T | T T T | T T T | T T T | T T T I T T ]
0.05 |4 N
i l\ A ) \ \ / p—
ih N AL R A 4 bR \ ]
\ » [ \ d A YA A.‘ (4 | ]
AR A AA AR A 5 R AR AR =
dB  0.00 1 / Ay N\ 4 WA Q\; TAYATWGW RS VN —
SRR TR A TR AR AR
— N \/ A N INE N YRR S
005 — ' —
_0.10;Illllllllllllllllllll'llIIIlIHIIIlIIIllIIHllIIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIIl]IIlllIIIllIlIIIII[IIIIIIIIIII][III_I
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
A report from the ESA/EUMETSAT
Scatterometer Science Advisory Group
Issue : 1.0

Date : 25 April 2019




> SCA Science Plan
%////// EPS V1.0/April 2019

METOP

Cover Figure:

Relative changes in the ASCAT-A antenna calibrations in dB computed using cone metrics
over the oceans (Belmonte et al., 2017), showing the excellent calibration stability of ASCAT-
A. Note that 0.01 dB calibration uncertainty in all 6 beams corresponds to approximately
0.01 m s wind retrieval uncertainty in the wind components. The notable seasonal
variation in all beams is due to the global ocean wind variability cycle. The excellent
calibration stability of ASCAT makes this instrument a reference for intercalibration with Ku-
band scatterometers and radiometers alike. Moreover, ERS- and ASCAT-based thematic
climate data records (CDR) over land, ocean and cryosphere will be an excellent basis for the
validation of climate data records based on model reanalyses, such as from ECMWF (ERA).

Cone metrics has made it possible to precisely intercalibrate the ERS and ASCAT
scatterometers, although the two instruments had not any significant mission overlap. Cone
metrics will further allow a significant improvement in the C-band geophysical model
function (GMF) over the oceans and potentially lead to enhanced satellite attitude
knowledge along the orbit phase, which may benefit ASCAT and SCA products, but also
those from other Metop instruments. Concerning the relation with other scatterometers,
ASCAT is used as a reference and ASCAT collocations benefit the development of Ku-band
GMFs (Wang et al., 2017), scatterometer rain products (Brocca et al., 2017), quality control
of Ku-band scatterometers in rain and, generally, improved understanding of error
modelling and processing of scatterometers in terms of spatial representation, wind
variability, etc.. Great prospects remain to expand our practical assets obtained with ASCAT
and later on SCA to Ku-band and other scatterometers and radiometers, which will be much
advanced with developments based on the stability of the ERS, ASCAT and SCA
scatterometers and the control of it obtained with cone metrics.
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EXECUTIVE SUMMARY

This Science Plan describes the heritage, background, processing and control of C-band
scatterometer data and its remaining exploitation challenges in view of SCA on EPS/MetOp-
SG.

SCA

The EPS/MetOp-SG C-band-wavelength Scatterometer instrument (called SCA here) has a
direct heritage from instruments such as the Advanced Scatterometer (ASCAT) flown on the
Metop satellites. Variables to be derived from SCA measurements include (EURD, 2013):

- Ocean surface wind vector and wind variability

- Land surface soil moisture, vegetation and accumulated rain

- Sea-ice type and extent

- Freeze/thaw state
The EPS-SG Mission Requirements Document (MRD) provides a description of the
scatterometer mission objectives. As a baseline, the expected performance of SCA is that of
ASCAT. However, the SCA design represents three major innovations w.r.t. ASCAT and in this
report science and application benefits for these items are discussed in particular:

- The addition of a cross-polarisation (VH) channel;
- Enhanced spatial resolution;
- Enhanced spatial coverage.

Moreover, the potential implementation of an ocean Doppler capability to retrieve the
ocean motion vector has been investigated in some detail and is presented.

Applications

Scatterometry measurements provide ocean surface wind vectors, which are an important
input to global and regional NWP. They are also used as a forcing agent in ocean models to
improve the modelling of waves, storm surges and ocean currents. Moreover, observations
supporting the coupled atmosphere-ocean system are fundamental for seasonal and longer
term forecasting, e.g., allowing an adequate representation of phenomena such as El Nifio
and the atmospheric and ocean circulation more in general. The NRT demand for ocean
wind observations is further emphasized by the increased need for accurate storm and
hurricane forecasting in the nowcasting application. More recently, economic interest in
coastal wind forecasts and climatologies is increasing, due to developments in, e.g., off-
shore energy applications and transport.

Over land surface, scatterometer measurements are exploited to retrieve surface soil
moisture estimates used for NWP assimilation. Surface soil moisture is of major importance
in global and regional NWP, because of the direct impact on many physical, chemical and
biological processes and feedback loops taking place at the land surface and within the
atmosphere. Moreover, scatterometer derived surface soil moisture estimates have proven
their capability to monitor extreme hydrological events like droughts and floods, to improve
runoff forecasts, support epidemiological predications and agricultural applications. In
addition, the necessity of long-term global surface soil moisture observations was
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recognised for climate studies predicting climate changes or validating complex climate
models.

With respect to the cryosphere, scatterometer data is used in the retrieval of several sea ice
parameters, such as sea ice coverage, type and drift and long C-band data records are being
generated since 1992.

In line with this, the main users of the SCA will be the NWP centres of National
Meteorological Services and ECMWF, Operational Nowecasting services of National
Meteorological and Hydrological Services or commercial weather providers are also users of
SCA for marine services and hydrological warnings. The SCA mission is moreover very
relevant to non-real-time users, such as oceanographic researchers and climate system
modellers. The primary objectives of SCA are thus to support NWP, climate monitoring,
nowcasting, and ocean state forecasts at regional and global scales, through the provision of
oceanic surface wind vector measurements.

In addition the EPS/MetOp-SG scatterometer mission provides information on land surface
soil moisture, vegetation water content, freeze/thaw state, and sea-ice to NWP, ocean and
climate monitoring. Hydrology applications will benefit from observations of soil moisture
and efforts now exist to derive accumulated rain measurements from scatterometer soil
moisture.

The software, production, monitoring, calibration and validation are well documented
through the EUMETSAT OSI, NWP and Hydrology SAFs and through the EU Copernicus
Marine Environment Monitoring Service (CMEMS) Thematic Assembly Centres (TAC) on
Wind and Sea Ice. It moreover describes scatterometer application in NWP, where user
guides are developed in the context of the NWP SAF for wind data assimilation and bias
correction, thus reaching out to the operational and scientific expert and user communities,
and fostering mechanisms for innovative application research. These services are equipped
with help desks. Visualisation sites of NRT data, on-line open and accessible NRT and archive
data bases of scatterometer data and associated reference data are available.

Wider scientific elaboration and development of scatterometer processing or application is
well facilitated through the visiting and associated scientist programmes of the EUMETSAT
SAFs. Moreover, all scatterometer developments and standardization is well coordinated on
an international level through the IOVWST and CEOS, for example.

Wind and wave marine training is taken up with NOAA and EUMETSAT, providing face-to-
face training across the globe. In addition, on-line modules, case studies and training is
provided and will be continued. Scatterometer winds are generally well used for hurricane
forecasting, both in the tropics and in the extra-tropics, but also to monitor mesoscale wind
features over sea, soil moisture conditions and sea ice extent, drift and type. Finally, as a
further outreach, media interviews occur frequently, when scatterometer data depict
extreme storms, draughts or minimum sea ice coverage. These activities will be continued
for SCA.
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Challenges in product development

Research and development needs for SCA focus on the two main user priorities of temporal
coverage, of dynamical and extreme weather in particular, and of advanced high-resolution
processing, particularly in coastal, land and sea ice applications. Besides direct use of
scatterometer products, there is a clear tendency of further integration of the
scatterometer products in nowcasting, NWP and reanalyses, which needs are further
discussed in this Science Plan. Moreover, to benefit the user community, focus should be
put on standardization.

Wind and stress in NRT and as CDR will be needed from SCA at all processing levels. At L4
combination with other active and also passive instruments is necessary, hence a focus on
intercalibration of basic measurements and winds is required.

The existing NRT processing and monitoring is typically used for CDR development and the
cone metrics approach guarantees inter-calibration of backscatter over the C-band missions.
The absolute calibration of ASCAT has been possible through transponder campaigns, which
will be continued for SCA.

The goal for SCA and ASCAT is to obtain full global coverage when possible at 9:30 and 21:30
Local Solar Time (LST), as increased spatial and temporal resolution is a key user
requirement, e.g., for the nowcasting of hurricanes. Planning for such complete coverage,
using both ASCAT and SCA instruments beyond 2023 will be required.

In order to develop standards, the international collaboration and representation in the
IOVWST, IWW, CEOS and WMO is necessary, as well as dedicated resources to inter-
compare products and to agree on algorithms and references. In addition to standard
development, these fora set priorities and requirements for R&D needs and may embark on
effective international collaboration schemes. These R&D priorities include typically Cal/Val,
inter-calibration, coastal processing, resolution enhancement, dependency on sea state,
SST, ocean current, vegetation, dependency on e.m. wavelength , extremes, etc.. In
addition, requirement assessment, spatial and temporal coverage coordination, product
format standardization, quality metrics, open (collocation) data bases, open tools and
processing software are generally part of these international collaborative fora. For
example, ASCAT has proven to be very important for other OVW-sensing instruments, due
to its optimal geometry, all-weather capability and excellent stability. In the virtual
constellation plentiful close collocations between ASCAT and RapidScat or ScatSat have
been exploited to achieve better product consistency through adapting all product
processing steps (Calibration, GMF, retrieval, QC and 2DVAR). With SCA, such exploitation
will be continued and extended to VH, extreme winds, sea state, ocean currents, etc..
Lessons learned from ASCAT may be further exploited for other scatterometer systems,
such as the application of cone metrics, the use of the MLE as a measure of wind variability
and ASCAT-determined ECMWF error covariances in 2DVAR MSS.

We also note the possible convoy with SKIM, which would be very useful to better
determine the dynamical aspects of air-sea interaction. SCA winds will be very useful for the
success of SKIM, while SKIM measurements aid in the understanding of SCA backscatter
and, possibly, Doppler measurements. Further synergy on MetOp-SG is obtained through
MWI, which would probably impact both SKIM and SCA products.
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Forthcoming improvements for ASCAT include coastal processing, using the L1B Land
Contribution Ratio (LCR), and improved ship detection, which latter is particularly difficult
for moderate ship corner reflections on moving ships at modal wind speeds, due to the on-
board accumulation. With SCA, without on-board accumulation, advanced spatial processing
near coastlines will be possible and better discrimination of ship echo’s is expected, as well
as enhanced possibilities for processing at higher spatial resolution or on user-defined grids
over both land, sea and coasts.

For ASCAT transponder campaigns are held, which interrupt the surface backscatter
measurements, resulting in a loss of data. For SCA the calibration mode is integrated in its
normal duty cycle while surface backscatter measurements are made. The improved SCA
coverage and radiometric performance will lead to higher quality winds in more places.
Combining these measurements with the ongoing ASCAT missions will need investigation.

VH measurements will allow extreme wind measurements and will be very useful with
complementary benefits over land and sea ice. A VH wind processing chain will be
developed for day 1 and later on the VH and co-polarization processed winds will be merged
into a single wind product. VH measurements from SAR have been exploited to develop a
GMF, while VH campaigns in extreme winds collect further data to corroborate the SAR
results. For lower signals, pure VH may be more difficult to obtain due to Faraday rotation
and its effect on wind speed retrieval needs further elaboration.

A recently developed HH GMF confirms that HH is less sensitive to wind than VV and thus
using all VV co-polarization maximizes sensitivity for ocean wind retrieval, amended by VH
measurements for extreme winds.

Recent simulation work opens the possible exploration of SCA phase and Doppler
information for ocean currents. Using an echo cancellation method, further signal quality
enhancement is simulated. Without any further SCA design trade-offs, these concepts
should be further investigated and tested in order to realize such capability with SCA,
possibly in synergy with SKIM.

Application challenges

Nowecasters are faced with an enormous amount of satellite observations that contribute
new information to their advisories. Commonly, large differences of the observations from
NWP forecasts should alert nowcasters to revise these advisories. Such large differences
may be automatically detected in the areas of interest from SCA observations, using the
ECMWEF forecast as reference. In addition, information on expected errors and local wind
variability (MLE) can be provided.

The absence of an in-situ wind reference for high and extreme winds remains a concern for
the calibration and validation of all ocean satellite wind retrievals, but also for the
development of improved NWP model parameterizations in storm conditions.

For NWP wind data assimilation we suggest to distinguish developments in regional and
global NWP. Aliasing of the scales well determined by the analysis from scatterometer
observations with the underdetermined smaller scales over the seas should be avoided and
techniques to avoid such detrimental effects of model noise should be further elaborated
for regional NWP. Global NWP models generally avoid small-scale model noise (so far) and
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are much smoother than regional model wind fields. To deal with the relatively high density
of SCA observations, thinning is currently practised, but should be avoided. Tests with error
inflation to compensate for oversampling of the model analysis structures or “superobbing”
are ongoing for global NWP.

A second main problem in NWP is that innovations due to ASCAT are substantially affected
by systematic NWP model errors, which violate the BLUE paradigm in NWP data
assimilation. Schemes for compensation (bias correction) of systematic model errors are
sorely needed to

- Optimise the extraction of dynamical information observed by SCA;
- Provide an improved (corrected) forcing of ocean, wave and surge models.
Bias correction schemes are already in place for many other assimilated satellite retrievals.

Long (30 yr+) harmonized time series of satellite-derived winds, soil moisture and sea ice
products have been produced in the context of the ESA-CClI programme and of the
Copernicus Climate Change and Marine Environment Monitoring Services, where ASCAT
data are a key component of these products.

For climate applications consisting in detecting trends in the seasonal variability of soil
moisture, disentangling soil moisture and vegetation water content effects on the
backscatter level is of key importance. Assessing properly the inter-annual variability of soil
moisture is key, and new techniques able to account for changes in vegetation density from
one year to another in the soil moisture retrieval algorithm have to be developed. This
requirement is also valid for NWP applications, as seasonal biases in the assimilated soil
moisture are detrimental to the quality of the assimilation results. Meteo-France plans to
use its LDAS-Monde tool to produce global land reanalyses incorporating scatterometer
CDRs together with other ECV products such as LAl The use of SCA data in this context
should be prepared, possibly through the development of an observation operator for
sigma0. Apart from its use in the LDAS, the observation operator would allow the simulation
of SCA sigma0 values over land. This would help assess the capability of SCA observations to
monitor vegetation in addition to surface soil moisture.

The capabilities of SCA to provide a self-standing operational vegetation data product
should also be assessed. The most promising vegetation variable to be retrieved by SCA is
the vegetation optical depth (VOD) which has been shown to be indicative of vegetation
water content and wet biomass. Hence, the VOD has significant potential to enrich the
information about vegetation dynamics, complementing the vegetation data sets (LAI, NDVI,
fAPAR) provided by optical sensors. This work will also have important benefits for the SCA
soil moisture data services given that an improved parameterization of vegetation in the
SCA backscatter models over land will lead to improved soil moisture retrievals.

Over land, the introduction of a SCA based rainfall product based on the SM2Rain method
proposed by Brocca et al. (2014) shall be further developed. A recent EUMETSAT study
conducted by Brocca and colleagues has shown that rainfall estimates derived from ASCAT
soil moisture retrievals using the SM2Rain algorithm are comparable to, or even
outperform, other existing rainfall data products (in situ, satellite, fused) in ungauged
basins.
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The Cal/Val of SCA could be an opportunity to address such issues. Long term field
campaigns based on continuous backscatter observations made by portable simulators of
SCA, associated with in situ soil moisture and vegetation biomass observations, are needed.
ESA has experience in organizing such Cal/Val studies (e.g. the ELBARA programme in the
framework of the SMOS Cal/Val). In addition, high-resolution SAR data are useful for the
Cal/Val of SCA products, in particular from Sentinel-1 and RadarSat.
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1 INTRODUCTION

1.1 Purpose

This document presents an overview of the high-level scientific aspects that support the
implementation of the EPS/Metop-SG Scatterometer mission and thus provides a frame for
scientific support and advice to ESA and EUMETSAT during its development from phase B up
to D/E.

The document is written, owned and maintained by the Scatterometer Science Advisory
Group (SAG), capitalising on the years-long developed expertise which is accumulated in the
ASCAT SAG, in the areas of development, implementation and operations.1

1.2 Scope

The Science Plan details the scientific work and context needed to meet the scatterometer
mission objectives, highlighting the research and development necessary to achieve those
mission objectives and providing a framework for required scientific research and
development activities.

This document is not intended as a review of the user or mission requirements outlined in
the context of the EPS-SG Program Mission Experts Team (RD-1 and RD-2) but aims to provide
a longer term outlook of the potential evolution of those objectives (i.e., emerging science
and applications).

The views in this document are based on the state of the art in scatterometer science and
applications, intended primarily for ESA, EUMETSAT and SAF mission scientists and
engineers as a reference and guideline in the definition of the space and ground segments
associated with the scatterometer mission, as well as their applications ground segment
partners within the Satellite Applications Facilities (SAFs).

1.3 Document Overview

The EPS/MetOP-SG satellite series embarks on SAT-B the first-ever cross-polarisation
scatterometer, which in this document is denoted as SCA. As described below, SCA
moreover continues to fulfil and extends the ASCAT mission objectives that are successfully
being accomplished during the first generation MetOp mission, which is currently ongoing
and based on the European Remote-Sensing Satellite (ERS) scatterometer (ESCAT) heritage.
This document describes this both useful and exiting perspective of the scatterometer
mission on EPS/MetOp-SG.

The ASCAT heritage will first be described, followed by an outline of the advanced SCA
instrument characteristics. The applications that are targeted are outlined subsequently,
followed by a description of the data processing and products foreseen, including their
monitoring.

! This document is not an EPS/MetOp-SG project document but aims at providing an independent advisory
framework and a focus for the establishment of scientific research and development priorities.
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Last, but not least, outreach needs and activities are suggested for the mission operation to
be successful, as well as scientific requirements for research and development that would
lead to advanced applications.
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2 OBJECTIVES

The objectives and user requirements as collected by the Application Expert Groups (AEG,
2008) and endorsed in User Consultation Meetings (UCM, 2008) led to the definition and
continuation of the EUMETSAT scatterometer mission.

Scatterometer instruments are part of so-called virtual constellations through international
collaboration. The Committee on Earth Observation Satellites Ocean Surface Vector Wind
Virtual Constellation (CEOS OSVW VC) agency working group, including EUMETSAT, is
making steps to align requirements and standards to build a global constellation of
scatterometers. A particularly pressing requirement at most participating CEOS OVW
agencies is to obtain extreme winds in hurricanes (> 30 m/s) from scatterometers (CEQS,
2017).

Operational user requirements and capabilities in the EPS-SG era are discussed more
broadly in the World Meteorological Organization (WMO) vision for the Global Observing
System (GOS, 2010) in 2025. WMO works closely with the space agencies through the
Coordination Group for Meteorological Satellites to fulfil its vision. Moreover, the
observation requirements data base at WMO (OSCAR, 2017) provides a detailed account of
current observing system capabilities and requirements, including surface vector winds over
sea, soil moisture, accumulated rain and sea ice.

In the International Ocean Vector Wind Science Team meetings (IOVWST, 2017), the state-
of-the-art in wind vector processing and the application of scatterometer winds is discussed.
Moreover, ESA and EUMETSAT collect advice from the scatterometer expert and user
community through the SCA Science Advisory Group (SAG). The international experts,
scientists and users in these fora have been presented with the EPS SG SCA design options
and have been requested to provide advice. Also, bilateral discussions with main users have
been held. In this section the resulting discussions are briefly summarised.

Application Ocean Vector Soil Moisture Sea Ice
Winds

Global NWP 1 2 2
Regional NWP 1 2 2
Nowcasting 1

Oceanography 1 1
Hydrology 1

Climate 1 2 1

Table 2.1: AEG prioritisation, including feasibility, of the scatterometer mission
parameters. Priorities range from 1 (prime) to 4 (low) (AEG, 2008).
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2.1 The EPS/MetOp-SG Programme

The SCA user requirements have thus been assessed by the diverse AEGs before its design
phase (AEG, 2008). This assessment is briefly recollected in table 2.1, for the application
areas mandated to EUMETSAT and will serve as baseline in the following discussion. Since
nearly a decade has passed since the assessment in 2008, a general revaluation by the AEG
however is recommended, taking into account the latest scientific evidence.

A scatterometer mission is broadly supported in the diverse applications supported by the
EUMETSAT mandate. The overall high priorities and feasibility warrant the continuation and
advancement of the EUMETSAT scatterometer mission. Current general priorities are
maintained through the aforementioned WMO OSCAR data base.

In addition to SCA, the MetOp-SG platform B will carry a MicroWave Imager, called MWI.
Synergies between SCA and MWI will be further discussed in this document.

2.2 The Scatterometer Mission

The SCA instrument has a direct heritage from instruments such as the Advanced
Scatterometer (ASCAT) flown on the Metop satellites and well established application areas
(see table 2.1). Over ocean the SCA mission supports NWP, climate monitoring, nowcasting,
and ocean state forecasts at regional and global scales, through the provision of oceanic
surface wind vector measurements.

Over land the SCA mission provides information on land surface soil moisture, vegetation,
snow and accumulated rain for NWP, climate monitoring and hydrology .

In the cryosphere the SCA mission provides information on sea-ice type and extent in
support of ice charting applications and climate monitoring.

Variables to be derived from the SCA mission include
- Ocean surface wind vector and wind variability
- Land surface soil moisture, vegetation and accumulated rain
- Sea-ice type and extent

- Freeze/thaw state

In the EPS-SG Mission Requirements Document (MRD) a brief description of the
scatterometer mission is given, which has been repeated here for convenience.

For the scatterometer mission the MRD clearly favours horizontal resolution above spatial
coverage. Moreover, while the threshold coverage and resolution are very similar to ASCAT
on MetOp, the breakthrough values allow an increased exploitation of the scatterometer
measurements in more advanced future applications as detailed in next section.

In fact, the MRD addresses alternate cross polarisation (VH or HV) measurements for its
higher sensitivity to extreme winds at all incidence angles and its straightforward
implementation on the mid beam. VH is advantageous in soil moisture and sea ice
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observation as well, as further elaborated in next chapter. The current SCA design also
supports horizontal (HH) polarisation, which is beneficial for soil moisture retrieval.

The SCA design represents three major innovations w.r.t. ASCAT and in this section the
science objectives for these items are summarized in particular:

- The addition of a cross-polarisation (VH) channel;
- Enhanced spatial resolution;

- Enhanced spatial coverage.

Moreover, the option to implement an ocean Doppler capability to retrieve the ocean
motion vector has been investigated in some detail and will be presented too.

-23.5

-24.5

Latitude (deg)

-25.5

163 163.5 164 . 155 1555 156 156.5 ?57 157.
Longitude (deg)

Figure 2.1: ASCAT innovations in wind inversion residual sign (MLE; colour) as a measure of local
wind variability and in wind direction ambiguity removal (at the pink dots) for a dynamical
mesoscale system in the southern Indian Ocean. Green MLE colours correspond to flow with low
sub-WVC wind variability, while red colours indicate very large local wind variability, often due to

wind downbursts in moist convective precipitation (Lin et al., 2015).
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2.3 Innovative Objectives

ASCAT data has proven very useful in weather forecasting and is considered to be one of the
most valuable observations for improving tropical cyclone forecasts. Improvements in
processing and innovations in its use have been elaborated during its mission; see e.g. figure
2.1. For climate, marine applications and weather forecasting scatterometer requirements
are consolidated and furthermore the community supports the desire to improve
scatterometer technology to address the current known weaknesses of ASCAT:

- Wind vectors can be unreliable at wind speeds over 25m/s;

- Insufficient resolution for some processes (a 25 km product with 12.5 km spacing);

- Data coverage: key weather events can be missed due to incomplete coverage.
SCA addresses all three main areas, which are further discussed below.

Besides these main SCA innovations, two new additional capabilities of the MetOp-SG B
platform are of interest to several scatterometer science objectives. The first is the potential
Doppler capability, which could for example contribute to the simultaneous observation of
the ocean surface wind and the ocean surface motion, but also be helpful in ambiguity
removal in dynamical weather. The second is the availability of the synergistic MWI
observations, potentially useful in atmospheric, ocean, land and cryospheric applications of
the scatterometer.

General and unique measurement capabilities for scatterometer missions include the wind
vector observations in tropical cyclones, polar lows and more in general the measurement
of extreme winds in all weather conditions.

Increased spatial resolution allows in particular the monitoring of wind patterns associated
with atmospheric convection, coastal flow, and furthermore of wind patterns transformed
by temperature and motion of ocean eddies, which determine the mass, momentum,
energy and gas fluxes at the air-sea interface. Wind information is not only essential to
depict convection in the tropics, but also provides the Ekman ocean currents due to wind
stress and an accurate view of the tropical circulation in the atmosphere, which is otherwise
lacking. Besides wind benefits, scatterometers also provide soil moisture at high temporal
and spatial coverage and enhanced sensitivity to thin sea ice, particularly in the melting
season.

The three main SCA innovations thus have the following general effect:

- The alternate VH polarization on the mid beams improves the extreme wind speed
range above 25 m/s, improves vegetation determination in conjunction with soil
moisture retrieval and enhances sea ice detection;

- The breakthrough horizontal resolution of 25 km gives a better handle on physical
processes such as turbulent flows, convective systems, tropical cyclones, polar lows,
coastal phenomena, air-sea interaction, eddy-scale oceanography and tropical
circulation. In addition, better resolved soil moisture, vegetation and temporal soil
characterization will result over land. Over sea ice, it provides improved sea ice
characterization and drift determination;
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- The wider swath improves the ASCAT coverage (by 20%) and makes SCA more
comparable to other scatterometers in this respect, but with improved accuracy.
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3 HERITAGE

The first Active Microwave Instrument was launched on the European Remote Sensing
satellite, ERS-1, in July 1991. When operated in Wind Scatterometer mode, the instrument
acquired measurements of sea surface wind speed and direction. During the early days of
ESCAT also unanticipated applications such as soil moisture (Wagner et al, 1999), land
freeze/thaw (Pulliainen et al, 1998) and vegetation monitoring (Magagi and Kerr 1997) over
land and sea-ice monitoring (Gohin and Cavanié, 1994) have been demonstrated and
matured, though the instrument has not been designed and optimised for these
applications. Altogether, ERS Scatterometer (ESCAT) data have been widely used for
hurricane prediction, Numerical Weather Prediction, marine ‘nowcasting’, oceanography,
hydrology and studies of the cryosphere, with societal and economic benefits in areas such
as marine safety, offshore activities, ship routing, wind energy and climate change
monitoring. Stoffelen and Wagner (2011) describe the ESCAT heritage at the celebration of
its 20" anniversary.

However, initial comparisons of the ESCAT winds with other wind information showed large
inconsistencies. This led to the development of novel analytical techniques using the
measurement space of ESCAT, which confirmed the expected internal consistency of the
ESCAT measurements and the low noise, but also provided an improved characterisation of
the sensitivity to wind speed and direction, resulting in improved Geophysical Model
Functions (GMFs). Moreover, the visualisation of the ESCAT measurement space provided
insights into the non-linear wind retrieval problem, which has subsequently been improved,
aided the discrimination of sea ice and water, and provided important insights into wind
quality control.

The ESCAT wind Cal/Val also led to the development of the triple collocation methodology,
which is now widely used in satellite algorithm development. The lessons learnt from ESCAT
were readily applied to the NASA scatterometer missions at the Ku-band and provided
similar benefits, leading to improved rain screening and wind datasets. ESCAT has also been
successfully applied in soil moisture, sea ice and snow characterisation, leading to
operational applications. ESCAT’s heritage has also been important in the development of
the Advanced Scatterometer (ASCAT) on MetOp for the EUMETSAT Polar System (EPS). The
EPS Second Generation scatterometer (SCA) is now being build, where the ESCAT C-band
static fan beam concept is being maintained due to its great success. This may well lead to
over 40 years of C-band fan-beam scatterometer data, which will be a tremendous resource
for climate applications for studying wind climatology, land surface hydrology, air—sea
interactions, atmospheric and sea ice processes, etc. The demand for the unique ESCAT data
and services will therefore remain high in the years to come (SCIRoCCo, 2017).

3.1 The first C-band fan-beam Scatterometer Instrument: ESCAT

During the Second World War, when radar was used to detect and track hostile vessels, it
was noted that this detection was hampered at increasing wind speeds. Naturally, the idea
of measuring wind near the sea surface by using microwaves, i.e. scatterometry (e.g. Moore
& Pierson, 1967), was soon developed. Wind scatterometers measure the radar backscatter
from wind-generated centimetre-sized gravity capillary waves and provide high-resolution
vector wind fields over the oceans. All-weather scatterometer observations have proven
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accurate and important for the forecasting of dynamic and severe weather. Oceanographic
applications have been developed since scatterometers provide unique forcing information
on the ocean eddy scale. Although not designed for it, scatterometers also proved to
contain useful information for land and cryosphere applications (see Fig. 3.1).

Figure 3.1. An ‘impressionist’ view based on the radar map of Earth’s surface as observed by the
ERS scatterometer. Sea ice is shown in violet, variable winds in grey and high winds in white, but
with wind sensitivity depending somewhat on swath position. The yellow and blue in the northern
and southern hemispheres indicate trade winds and correspond to higher signals in the fore and
aft antennae, respectively, and thus indicate the directional stability of the wind in the
intertropical regions. (Data processing by IFARS, Germany, for land surfaces, and by the ERS
Product Control Service at ESRIN for oceans. (OESA, 1998)

The design of all scatterometer missions was driven and optimised by the need to observe
ocean winds. The first scatterometer in space was NASA’s Seasat-A Scatterometer System
(SASS), that flew for three months in 1978. SASS had four antennae, two on each side of the
satellite (see e.g. Stoffelen, 1998). Each set of two antennae covered a swath — one to the
right of the sub-satellite (ground) track and one to the left. In the horizontal plane, the fore
and aft beams were pointing at 45° and 135° azimuth, respectively, with respect to the
ground track. A location in the swath was first hit by the fore beam, and a few minutes later
by the aft beam. Thus, each Wind Vector Cell (WVC) in the swath revealed two backscatter
measurements obtained with a 90° difference in azimuth. Figure 3.2 illustrates the analysis
of two such measurements. For each measurement it shows the wind speed solution as a
function of all possible wind directions. Given the dependency of the backscatter signal on
the basic harmonic wind direction, four solutions exist in this general case. This ambiguity
poses a strong limitation on the usefulness of the SASS wind data, and extended manual
efforts were needed to remove the ambiguity in order to obtain an acceptable wind product
(Peteherych et al., 1984). The usefulness of this product has been demonstrated (see, e.g.
Stoffelen & Cats, 1991).
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Figure 3.2. Wind speed as
a function of wind
direction for fore and aft
beam measurements of
backscatter from SASS
data. The arrows indicate
the four possible solutions
for this typical case. (©
Utrecht University,
Stoffelen, 1998)
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The scatterometers on ERS-1 and ERS-2 (here denoted ESCAT) were identical and each had
three antennae that illuminated the ocean surface from three different azimuth directions
(e.g. Stoffelen, 1998). A point on the ocean surface would be hit first by the fore beam, then
by the mid-beam and soon after by the aft beam, see figure 3.3. Since this provided three
measurements to determine two parameters, i.e., wind speed and direction, the ESCAT
wind retrieval problem is overdetermined in principle. Moreover, the dominant harmonic
azimuth dependence of the radar backscatter is a double harmonic (Long, 1986), which is
ideally sampled by three azimuth angles 45° apart, enabling rather constant wind direction
sensitivity of the ESCAT instrument (Stoffelen and Portabella, 2006). It was therefore
anticipated (Attema, 1991) that this measurement geometry would generally result in (only)
two opposite wind vector solutions and additional residual information (Maximum
Likelihood Estimator or MLE), which could be used as measurement noise and/or quality
indicator.

Based on the available technology, the C-band wavelength was chosen for the ERS
microwave mission. With hindsight, this was a very fortunate choice as it provided sufficient
wind sensitivity and little sensitivity to rain effects.
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Figure 3.3:
ESCAT wind
scatterometer
geometry

(© ESA).

3.1.1 Measurement Space

At the launch of ERS 1, the European Centre for Medium-Range Weather Forecasts
(ECMWF) model output was prepared to validate the ESCAT backscatter data and winds.
However, comparisons of ESCAT and ECMWEF backscatter and wind distributions, showed
large differences depending on the radar beam, incidence angle, wind speed and wind
direction. Since the ECMWF routinely monitors the quality of their winds and this had been
intensified prior to the ERS1 launch, it was clear that there were some problems with the
ESCAT winds. Since the bias patterns were very stable and repetitive, there was hope that
they could be removed and NWP ocean calibration (NOC) was first used with success
(Stoffelen, 1999). Remaining differences were subsequently investigated using the ESCAT
measurement space.

Cavanié et al. (1986) made a 3D plot, where radar cross sections of the fore beam were
plotted on the horizontal (x) axis, those of aft beam on the other horizontal (y) axis and mid-
beam backscatter on the vertical (z) axis, as depicted in Fig. 3.4. They realised that due to
wind speed and direction sensitivity, a two-parameter manifold or surface should emerge in
such a 3D space. Stoffelen (1998) set out to make cross sections through this surface in
order to observe whether the measured backscatter triplets would indeed follow a manifold
and whether the manifold is well described by the C-band GMFs. This led to a true
revolution in scatterometry, as described below.

The expected coherence in the measurement data was found and indeed the backscatter
triplets are arranged in close proximity to a conical surface, as depicted in Fig. 3.4. The
major axis of the ‘cone’ corresponds to variations in wind speed, whereas the minor axes
represent changes in wind direction, confirming a basic sensitivity to the near-surface wind
vector over the world’s oceans (Stoffelen, 1997a, 1998).

Page 22 of 89



////,?‘ SCA Science Plan
%/ EPS V1.0/April 2019

The actual shape of the manifold has been characterised to high precision and the GMF has
been improved accordingly (Stoffelen, 1998). The resulting C-band GMF, called CMOD5.N
(Hersbach et al., 2007), is also used for Synthetic Aperture Radar (SAR; Portabella et al.,
2002) and ASCAT wind retrieval (Stoffelen & Anderson, 1997a).

The measured triplets are spread across the ideal conical manifold and this spread has been
characterised in detail by Stoffelen & Anderson (1997a). Later, Portabella & Stoffelen (2006)
modelled this spread in the ERS data and found that at high winds it is mainly determined by
radar (speckle) noise, but at low winds by local wind variability. Since the fore, mid and aft
beams sample a WVC slightly differently, due to their different sampling sequences and
footprint shapes, variable winds may cause the mean wind in the spatially integrated radar
footprint over a WVC to be slightly different for each of the three beams. This effect is
particularly relevant for low winds, as these generally show the highest relative variation in
surface backscatter. The inconsistency in the spatial collocation of fore, mid- and aft beams
and the resulting backscatter uncertainty due to local (sub-WVC) wind variability has been
called ‘geophysical noise’ by Portabella & Stoffelen (2006).

Pl

In the cross sections (as in Fig. 3. 5 occasional triplets are seen that lie almost in the middle
of the cone (i.e. along its major axis) and rather far away from the wind GMF manifold
(surface) as measured by the nominal noise parameters (Portabella & Stoffelen, 2006).
These triplets do not correspond to good-quality winds and are rejected after wind retrieval
by a Quality Control (QC) step. For ERS and ASCAT, about 0.5% of data over the open ocean
(Portabella et al., 2012a) is rejected as being unlikely wind triplets. The same QC
methodology has been applied to the NASA Scatterometer (NSCAT; Figa & Stoffelen, 2000)
and SeaWinds instruments at the Ku-band with great success (Portabella & Stoffelen, 2001,
2002). At this wavelength about 5% of open-ocean WVCs are rejected by the QC procedure,
most often due to rain clouds.

Figure 3.4. Depiction of the
CMOD5.N GMF manifold at the
outer ESCAT swath in
measurement space spanned by
the backscatter measurements of
the fore antenna (red axis), the
mid antenna (green axis) and the
aft antenna (blue axis). The colours
indicate the wind direction (red 0°,
green 120° blue 240° all with
reference to the mid-beam). The
GMF is split at wind speeds of 10
ms?, 20ms' and 30ms7,
respectively, to reveal its internal
structure (Vogelzang & Stoffelen,
2012).
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Figure 3.5. Cross sections through the manifold in the ESCAT measurement space (see Fig. 3.4)
across the manifold (left panels) and along its main axis (right panels). (© AMS, Stoffelen &
Anderson, 1997a)

It was also noted that in cross sections across the cone (Fig. 6, left panels) the
measurements appear to be triangular in shape. Stoffelen & Anderson (1997a) realised that
prior knowledge of this particular shape could be used in the wind retrieval in order to avoid
irregularities (attractors) in the retrieved wind directions. They found a rather simple
transformation of the backscatter measurement space that results in a circular manifold. A
circular manifold has constant prior probability of each wind direction and is straightforward
in the wind retrieval. Later, Stoffelen & Portabella (2006) noted that the wind retrieval in
the transformed measurement space with a circular GMF manifold is regular since it results
in a wind vector sensitivity that is rather smooth and constant. Lin et al. (2013) further
refine the non-linear wind inversion by detecting and removing a few artificial high-rank
wind solutions caused by cone geometry effects. However, while the transformation works
well for ESCAT-type scatterometers, constant wind vector sensitivity cannot be obtained for
rotating pencil-beam scatterometers. So, due to rain and measurement geometry rotating
pencil-beam Ku-band scatterometers are difficult to handle, but the experiences with ESCAT
resulted in unprecedented-quality retrievals for QuikScat and OceanSat-2 (Portabella &
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Stoffelen, 2004; Vogelzang et al., 2011; Stoffelen et al., 2013). Table 1 provides evidence of
the high accuracy of the C-band scatterometer products from ASCAT.

Table 3.1. Wind component error standard deviations with respect to the (different) scales
resolved by the different scatterometer wind products as obtained by triple collocation.
The lower the buoy error, the better the scatterometer product resolves the buoy scales,
and thus the higher the resolution. (© AGU, Vogelzang et al., 2011).

Buoy ECMWEF Scatterometer
Dataset € € €, €, €y €y
(ms™) | (ms™) | (ms™) | (ms?) | (ms?) | (ms™)
ASCAT-12.5 1.21 1.23 1.54 1.55 0.69 0.82
ASCAT-25 1.24 1.30 1.42 1.45 0.65 0.74
SeaWinds — KNMI 1.40 1.44 1.19 1.27 0.79 0.63
SeaWinds — NOAA 1.39 1.41 1.20 1.30 1.20 1.04

The final advance in the geophysical interpretation of the ESCAT backscatter data was its
use to model sea ice and to discriminate between water and sea ice surfaces. Just like wind
over water, sea ice has a very particular signature in the measurement space. Sea ice
surfaces are generally isotropic with varying roughness. These features were first exploited
by the group at IFREMER for ice type analysis (Gohin and Cavanié, 1994). It has further been
developed for operational utilization in ice edge and ice type mapping in the context of the
OSI SAF sea ice service (Breivik and Schyberg 1998; Breivik et al, 2001, 2012). Indeed, sea ice
points lie on a line in measurement space, where the coordinate along the line depicts sea
ice roughness (de Haan & Stoffelen, 2001). Subsequently, Bayesian methods were used to
compute the probability of water in the WVC (Belmonte Rivas & Stoffelen, 2011). This
method, first developed for ESCAT, is now also in use for the ASCAT, QuikScat and the
OceanSat-2 scatterometers.

In summary, the advances inspired by the ESCAT measurement space revolutionised not
only the ESCAT wind retrieval methodology, but also those of all other wind scatterometers.

3.1.2  Wind Quality

Besides the advances inspired by the ESCAT measurement space, the ERS era brought other
innovations as well. The first was ocean calibration by NWP model wind fields (Stoffelen,
1999), which is still applied today to obtain inter-beam backscatter calibration and the
highest-quality ASCAT winds (Verspeek et al., 2012). Another statistical assessment showing
the high quality and consistency of the ESCAT and ASCAT instruments and wind retrievals
was provided by Hersbach (2008); the plot in Fig. 3.6 was produced after calibrating both
ESCAT and ASCAT data to the ECMWF model.
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Another innovation was in triple wind collocation (Stoffelen, 1998), which is used today for
ASCAT wind quality assessment (see Table 1), but also in several other Earth observation
disciplines, such as quality assessments of soil moisture, sea surface temperature, sea ice
drift, precipitation and altimeter wave height data.

Together, NWP Ocean Calibration (NOC) and triple collocation essentially tie the
scatterometer winds to the global buoy wind network and at the same time provide
statistical evidence of biases in the NWP model (e.g. ECMWF). NOC and triple collocation
are performed routinely to assess the stability of scatterometer winds over time (see
www.knmi.nl/scatterometer). Since the global moored buoy wind network is considered as
an absolute reference, the combination of triple collocation and NOC may also be used to
intercalibrate scatterometers, in particular ESCAT and ASCAT, with the objective of
obtaining decadal scatterometer wind time series, soil moisture and ice products. These
procedures are thus being applied to obtain a high-quality Fundamental Climate Data record
for the ESCAT data.

Space-borne scatterometers provide unique global ocean surface vector wind products at
high spatial resolution. Since they operate at microwave (radar) frequencies, these
instruments are not hindered by cloud cover and hence are able to reveal phenomena such
as polar front disturbances and tropical cyclone winds. Figure 3.7 shows mesoscale ESCAT
winds (red) detected by the ESCAT instrument on ERS-2 and Numerical Weather Prediction
(NWP) model winds (blue wind vectors). The ESCAT mesoscale wind details in the area
where the cold northerly flow interacts with the warmer southerly flow line up well with the
geostationary satellite cloud bands at the time of the ERS-2 overpass. The NWP winds
describe only the larger scales well.
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Figure 3.7. Scatterometer winds from
ERS-2 at around 12:00 GMT on 24
Nov. 1999 at 70°N and O0O°W
(www.knmi.nl/scatterometer). The
grey shading is a Meteosat IR image
coherent with the scatterometer
winds. Blue mask: areas where the
sea surface temperature is below zero
and sea ice is probable. Grey mask:
land at 80°N and 20°W (top right). The
red contours indicate surface pressure
from the HIRLAM model at KNMI (3-h
forecast). Blue and purple are the
spatially smooth wind vectors from
HIRLAM (the amount of purple
increases with wind speed). The red
wind vectors depict the spatially
detailed ERS-2 winds. The red dots
indicate where winds were rejected
because of a confused sea state
(bottom left) or the presence of sea
ice (top left). Scatterometers reveal
more coherent spatial detail than
NwWP winds.
(© Eumetsat OSI SAF, 1999)

The excellent statistical verification of both ESCAT and ASCAT winds was corroborated by
the inspection of wind maps such as the one shown in Fig. 3.7 (see
www.knmi.nl/scatterometer). The spatially smooth wind vectors from the High-Resolution
Limited Area Model, shown in blue and purple, depict a cold northerly flow on the left,
adjacent to a warmer southerly flow on the right (the amount of purple increases with wind
speed). The scatterometer winds from ERS-2 at around 12:00 GMT on 24 November 1999 in
the Norwegian Sea (indicated in red) show much more structure and detail. Note that the
grey-shaded Meteosat IR image is coherent with the scatterometer winds, with wind
convergence patterns lining up well with cloud patterns, revealing details of the local
meteorological conditions.

C-band scatterometer data are now widely used for hurricane prediction, Numerical
Weather Prediction, marine nowcasting, oceanography, hydrology and studies of the
cryosphere, providing societal and economic benefits in areas such as marine safety,
offshore activities, ship routing, wind energy and climate change monitoring. The ESCAT
research mission anticipated such a wide range of applications, with for example the near-
real time availability of the scatterometer winds. The launch of ERS 1 inspired the
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development of novel analytical techniques using the measurement space of ESCAT, which
confirmed the expected internal consistency of the ESCAT measurements and the low noise,
but also provided improved characterisation of the sensitivity to wind speed and direction,
resulting in improved GMFs. Moreover, the visualisation of the ESCAT measurement space
provided insights into the nonlinear wind retrieval problem, which has subsequently been
improved. It has also aided the discrimination of sea ice and water and has provided
important insights into the wind retrieval quality control.

The ESCAT wind Cal/Val led to the further development of the triple collocation
methodology that is now widely used in Earth observation. The lessons learnt from ESCAT
were readily applied to the NASA scatterometer missions at the Ku-band and provided
similar benefits, leading to improved rain screening and wind datasets. ESCAT has also been
successfully applied in soil moisture, sea ice and snow characterisation, leading to
operational applications. The ESCAT heritage has been important for the development of
ASCAT on MetOp for the Eumetsat Polar System. The EPS Second Generation ASCAT is now
being designed, where the ESCAT C-band static fan beam concept is being maintained due
to its great success. This may well lead to over 40 years of C-band scatterometer data, which
will be a tremendous resource for climate applications to study wind climatology, air—sea
interactions, atmospheric processes, etc. The demand for the unique ESCAT wind, soil
moisture, snow and sea ice data will therefore remain high in the years to come and
continued ESA data and processing services would still provide great societal benefit.

3.1.3 ESCAT over land

European C-band fan-beam scatterometers are specifically designed for the monitoring of
wind speed and direction over the oceans in support to operational applications. Over land
surface, it was initially not clear if and how scatterometer observations might be useful. One
particular concern was that the spatial resolution of scatterometers is simply too coarse to
be of value for land applications due to the high heterogeneity of land surfaces. However,
research carried out with ESCAT demonstrated the usefulness of scatterometer
observations over land. The global systematic coverage achieved by ESCAT attracted several
research groups who began to investigate the capabilities of ESCAT for mapping of
vegetation (Frison & Mougin, 1996), soil moisture (Wagner et al., 1999b), freeze/thawing
(Wismann, 2000) and snow (Drinkwater et al., 2001).

One of the scientific challenges faced by all initial land surface studies was the strong
dependency of the backscattering coefficient on the incidence angle, which varies from 18°
for the mid-beam in the near-range, to 59° for the fore and aft beams in the far range.
Therefore, the backscattering coefficient changes significantly over the image swath, and
from acquisition to acquisition, making the interpretation of the images, or time series,
elusive without a prior correction or normalisation of the backscatter data. Thus many of
the initial studies addressed this dependency by fitting a linear function to the backscatter
measurements collected over a long period such as a month (Mougin et al.,, 1995;
Schmullius, 1997), following a procedure previously developed for the SASS scatterometer
by Kennett & Li (1989). This allowed studies of the relationship between the backscatter
measurements and global land cover, and seasonal land surface dynamics due to vegetation
phenology or freeze/thaw processes in high-latitude areas. Nevertheless, this monthly
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fitting procedure suppresses short-term signal fluctuations caused, for example, by changes
in soil moisture, short-term freeze/thaw events, or changes in snow morphology, rendering
a more physically based interpretation of the scatterometer data impossible.

More advanced modelling approaches have been developed in which the observed
backscatter is decomposed into its different components taking advantage of the specific
sensor geometry (providing measurements at different incidence angles), the physical
properties of these components and the different temporal scales at which they act. One
such approach is the method developed by Wagner et al. (1999b), where in one of the first
processing steps the incidence angle dependency of o° is determined for each land surface
pixel and for each day of the year by comparing the quasi-simultaneous mid- and aft/fore
beam backscatter measurements. This knowledge of the incidence angle behaviour then not
only allows extrapolation of the backscatter measurements to a given reference angle (40°),
but also separating the backscatter contributions due to seasonal vegetation growth and
decay from the shorter-term soil moisture fluctuations (Wagner et al., 1999a). Furthermore,
several semi-empirical backscatter models typically composed of bare soil backscatter- and
volume scattering formulations for simulating backscatter of vegetation- and snow-covered
surfaces have been developed (Magagi & Kerr, 1997; Pulliainen et al., 1998; Wen & Su,
2003; Woodhouse & Hoekman, 2000; Zribi et al., 2008). These semi-empirical models can be
used to improve our theoretical process understanding and, at a more practical level, the
simultaneous retrieval of soil moisture, vegetation and other land surface parameters (e.g.
roughness) using iterative least-squares matching procedures. These models have been
implemented over selected world regions with varying degrees of success, but not yet on a
global scale.

3.14 ESCAT and sea ice

The extent of sea ice over the polar oceans is a critical parameter for understanding and
forecasting ocean circulation and climate change. Further, updated sea ice information is
crucial to NWP, globally as well as on regional scales at high latitudes. No satisfactory
conventional observing system is available and sea ice is difficult to observe using satellite
optical sensors because of the low level of illumination and the frequent cloud cover in polar
regions.

Microwave instruments and in particular satellite-borne radars, such as scatterometers, are
of great interest because of their large temporal and spatial coverage over the poles and
their all-weather measurement capability.

The development of specific data analysis for scatterometer data led to several methods for
detection of sea ice and to estimates of its extent, drift and age. A routine ESCAT processing
was developed at the ERS Processing and Archiving Facility of the French Research Institute
for Exploitation of the Sea (CERSAT/IFREMER) to produce fields of sea ice age, drift and
extent, with polar coverage, on a weekly and monthly basis. Figure 3.8 shows an image of
the ESCAT backscatter coefficient used to analyze the sea ice type in the Arctic Ocean.

The microwave backscatter over sea ice is dependent on the ice surface roughness and on
the degree of volume scattering from brine pockets within the ice, both of which are related
to the ice type and ice age. Sea ice which has survived at least one summer season is called
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multiyear ice and typically it has a rougher surface than first-year ice, and hence the
backscatter is larger over multi-year ice. An exception to this, however, is ice in the marginal
ice zone which, due to strong winds and waves, can appear very rough independent of ice
type. Multi-year ice, in particular during winter, also has an additional backscatter signature
compared to first-year ice as a result of volume scattering. Hence, scatterometer data are
convenient for ice type classifications (Gohin and Cavanié 1994, Breivik et al. 2001). In the
examples of ice type analysis from ESCAT backscatter data (Figure 3.8) the higher
backscatter values (green-yellow) represented multiyear ice and the lower values (blue)
represent first-year ice.

Figure 3.8. Images of the backscatter coefficient over the Arctic region, observed at an incidence
angle of 40° during October 1995 (ERS-1, left) and October 1996 (ERS-2, right). Dark blue:
unprocessed areas; grey: open water. The highest values of the backscatter coefficient are
observed for multi-year ice, shown in green or yellow. This pair of images shows how the sea ice
situation can differ from year to year. In 1996, new and multi-year ice covered the coastal zones of
Siberia where large areas of open water were apparent in the 1995 image (CERSAT, 2011).

For the purpose of distinguishing sea ice from open water the measured backscatter cannot
be used directly. However, the backscatter dependencies on the measurement geometry,
which is also the basis for wind direction retrieval over the open ocean, can be utilized to
distinguish sea ice from open water. Both the different viewing azimuth directions of the
antennas (fore, mid, and aft) and their different incidence angles are used, see illustration of
ESCAT measurement geometry on Figure 3.3. Firstly, backscattering is relatively isotropic
over sea ice compared to the strong anisotropic behavior over open water. Secondly, the
change of backscatter with incidence angle shows larger variation over water than over sea
ice.

Pioneers in the field of utilization of C-band scatterometer data for sea ice detection were
the group at IFREMER (Gohin&Cavanié 1994). Based on their suggestions the use of ESCAT
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data for operational sea ice monitoring was also demonstrated in the context of the OSI SAF
project (Breivik et al. 2001; Breivik and Schyberg 1998).

It has also been shown, by de Haan and Stoffelen (2001) that over sea ice the scatterometer
measurements are aligned along a line in the three dimensional backscatter space spanned
by the three co-measurements of the fore, mid and aft beam. An ice/water discrimination
parameter is defined as the backscatter distance to this “ice-line”, reflecting the likelihood
of a WVC to be sea ice, relative to the backscatter distance to the ocean model (cone) used
for wind retrieval. Moreover, the position along the ice-line is related to ice age.

3.2 The Advanced Scatterometer (ASCAT)

Figa et al. (2002) describe the ASCAT scatterometer. ASCAT-A was launched in 2006, which
mission was extended to a tandem ASCAT mission in 2011 with the launch of ASCAT-B.
ASCAT-C has been launched in 2018. The main innovations of the ASCAT with respect to
ESCAT are:

- Extended spatial coverage by a double swath, one on both sides of the sub-
satellite track;

- A 10% increase in swath width;
- A move to higher incidence angles to enhance wind sensitivity;

Besides these instrumental changes, improvements were achieved in calibration, noise
assessment, spatial resolution and geophysical processing as described below.

3.2.1 Calibration and ASCAT Performance

Anderson et al. (2012a) report on the validation of backscatter measurements from the
ASCAT-A using a dedicated transponder facility in Turkey with three transponders. In the
same year Anderson et al. (2012b) provided an analysis of ASCAT ocean backscatter
measurement noise. The rain forest, ocean and sea ice are exploited to characterise the
ASCAT-A and —B backscatter measurements, which are found to be accurate and stable,
besides two small-amplitude ASCAT-A anomalies (Verspeek and Stoffelen, 2015).

This is confirmed on the cover of this report by cone metrics (Belmonte et al, 2017). The
excellent calibration stability of both ESCAT and ASCAT make these instruments a reference
for inter-calibration with Ku-band scatterometers and radiometers alike. Moreover, ERS-
and ASCAT-based thematic climate data records (CDR) over land, ocean and cryosphere will
be an excellent basis for the validation of climate data records based on model reanalyses,
such as from ECMWEF (ERA).

3.2.2  Spatial Resolution

Another major step forward is in the spatial processing of ASCAT products. It has been
shown that box-car filtering results in improved products with winds in coastal areas, which
were not possible with Hamming filtering as used in the day-1 ASCAT and ESCAT processing.
Moreover, small-scale soil moisture and sea ice features are better preserved. Recently,
much research has gone into the spatial processing of ASCAT data over sea
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(Vogelzang&Stoffelen, 2017a,b), land (Hahn et al., 2014) and sea ice (Aaboe&Lavergne,
2016; Long, 2017), following research on ASCAT near-coastal winds (Verhoef et al., 2012),
where improvements due to improved spatial filtering are found in all domains with respect
to the nominal products. Moreover, taking into account the shape and orientation of the
basic Spatial Response Functions (SRF) of ASCAT (Lindsley, 2016), and after a careful
matching of the Cumulative SRFs (CSRF) of its three beams, a 5.6-km wind product with < 20
km spatial resolution has been constructed. A key asset for such resolution enhancement is
the radiometric noise (Kp) (Vogelzang&Stoffelen, 2017b). Together with the SRFs it
determines the maximum resolution achievable at an acceptable noise level. The on-board
averaging for ASCAT severely limits the matching scenarios of aggregated backscatter
measurements and should be avoided for SCA.

3.2.3  Wind Processing

Besides resolution enhancement, also much attention has been paid to GMF development,
wind variability, spectra, moist convection and ambiguity removal for ASCAT wind
processing.

Stoffelen et al. (2017b) describes the development of CMOD7, which is a VV GMF applicable
for both ESCAT and ASCAT. It provides wind PDFs after the wind retrieval that do not
depend on the across-swath position, nor on the instrument that provides the backscatter
data, be it ESCAT or ASCAT. In addition, CMOD7 uses so-called stress-equivalent winds as
input. Stress-equivalent winds are winds at 10m height that are corrected for both
atmospheric stability and atmospheric mass density (de Kloe et al., 2017).

999 -z0 -10 -5 -3 -z z 2 5 10 z0 995 MLE
Figure 3.9. ASCAT (red arrows) and ECMWF (green arrows) wind fields together with collocated

inverted MSG IR image (grey) and ASCAT wind variability (MLE color legend). ASCAT-A (left) on 8
Dec 2016 6:48 and -B (right) 50 min later.
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Figure 3.10. Wind speed (left axis) and
rain rate (right axis) as functions of time
at a rainy buoy location as explained in
the legend. Time is centred around an
ASCAT overpass (black dot) where the
reference ECMWF forecast winds have
base time at —-25 h. (Portabella et al.,
~un  2012b)
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Since C-band scatterometers are much less affected by rain than Ku-band scatterometers,
the representation of deep tropical convection is better. While effects of splash, i.e., rain
droplets roughening the sea surface, appear generally modest wind downbursts are
widespread. The latter are due to air cooled by melting and evaporating precipitation, thus
increasing its mass density and falling to the sea surface, where the air is deflected in the
horizontal direction, often in a circular outflow pattern. The horizontal extent of downburst
patterns is generally much larger than that of the associated rain patterns and changing fast
(see Figure 3.9 for wind downbursts in Lake Victoria). Global models, such as ECMWF,
generally lack these downburst. As a result, scatterometer winds can be much higher in
areas with moist convection than NWP model winds as in figure 3.9.

Figure 3.10 shows a representative example of moored buoy winds in the tropics in the
presence of rain. Wind shifts as large as 10 ms™ are often associated with local rain.
However, convective areas also show wind shifts when no rain is measured at the buoy. This
is most likely due to the already mentioned horizontal extent of downburst areas being
larger than those of rain areas. ASCAT winds are variable in convective areas, but prove a
reasonable representation of the local buoy winds, given the rather high wind variance in
the spatial representation difference of buoy and ASCAT. Triple collocation shows that the
ECMWF model winds are clearly further away from the buoy winds, as expected, given the
rather smooth wind fields in such convective areas (Portabella et al., 2012b; Lin et al., 2015).
It may be clear that convective processes in the tropics have a rather large effect on the
surface winds and air-sea interaction processes, but also on vertical exchange in the
atmosphere and tropical circulation. It remains a challenge today to assimilate the full
spatial detail as measured by a scatterometer into NWP models. Therefore, process studies
using scatterometer data will remain necessary in order to exploit scatterometer data to the
full.
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3.24 Land

ESCAT research efforts led to the derivation of the first global long-term (1992-2000) soil
moisture database from both ERS-1 and ERS-2 (Scipal et al., 2002; Wagner et al., 2003; see
Fig. 10). Later on, this soil moisture retrieval model, initially tailored to ESCAT observations,
was successfully transferred to the Advanced Scatterometer (ASCAT) on-board of the
MetOp satellites (Bartalis, 2007; Naeimi et al., 2009) with a number of enhancements. Those
datasets raised considerable interest and several validation studies carried out by
independent research teams quickly demonstrated the high quality of the data (Albergel et
al., 2012, Brocca et al., 2011, Dirmeyer et al., 2004; Drusch et al., 2004; Pellarin et al., 2006).
This was unexpected because active C-band measurements had often been stated as sub-
optimal for the retrieval of soil moisture. This was mainly because, first, active
measurements are more sensitive to surface roughness compared with passive microwave
measurements and, second, the C-band (A = 3.8-7.5 cm) is less able to penetrate vegetation
and the soil than the L-band (A =15-30 cm) (Wagner et al., 2007). However, it has been
overlooked that scatterometers are well-calibrated space-borne instruments with a high
radiometric accuracy and long-term stability. In retrospect, it can be said that this
unexpected success was possible because of ESCAT and ASCAT unique characteristics:

. The multi-incidence angle viewing capability, which allows the separation of
vegetation and soil moisture effects;

. The high temporal sampling rate, which allows researchers to exploit the advantages
of change detection; and

° The excellent radiometric accuracy, which results in a suitable signal-to-noise ratio for
the task of soil moisture retrieval.

3.2.5  Accumulated rain

The ASCAT soil moisture products inspired to develop products of accumulated rain (Brocca
et al., 2014). The associated SM2RAIN algorithm delivered several rainfall products obtained
from satellite soil moisture data, both from ASCAT and QuikScat (Brocca et al., 2015). The
first rainfall datasets had daily temporal resolution, 1-degree spatial resolution and are
available for the period 2007-2012 (Brocca et al., 2014). The more recent ASCAT datasets
have improved spatial resolution at 12.5 km (hydrology.irpi.cnr.it/).

3.2.6  Cryosphere

The measure of the anisotropy and the change of backscatter with incidence angle can be
derived and utilized for sea ice detection. In the context of the OSI SAF service,
http://osisaf.met.no, these parameters were tested on ERS-1 data (Breivik and Schyberg,
1998). However, due to the limited ERS-1 and -2 data coverage, the method was never put
into operational use. Ten years later this situation changed by the largely increased data
coverage from ASCAT on Metop and ASCAT data has been in operational use in the OSI SAF
for ice type and ice edge detection since 20009.

Compared to the traditional sea ice classification with low frequency passive microwave
data, the scatterometer data results in more details along the ice edge and also captures
better e.g. the multiyear ice outflow in the East Greenland Current. An important limitation
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in the algorithms based on scatterometer measurements is noise caused by certain wind
directions leading to false sea ice detection. This can be compensated to some degree by
using a multi-sensor approach adding information from other types of sensors, e.g.
combining ASCAT data with observations from passive microwave like e.g. SSMIS or AMSR-2
(Breivik et al., 2012).

An extra ice/water discrimination capability is added by inclusion of dual polarization radars
as provided by the Ku-band scatterometers NSCAT (1996—1997) and SeaWinds on QuikSCAT
(1999-2010) both NASA/NOAA. Whereas the ESCAT and ASCAT C-band scatterometers
operate in vertical polarization only (VV), the Seawinds Ku-band scatterometer had both HH
and VV capability. The polarization ratio was defined and proved to be very sensitive to ice
versus water. These data have been used for sea ice analysis with very good results
(Remund&Long, 1999; Haarpainter et al. 2004). Belmonte and Stoffelen (2011) used the ice-
line approach (see section 3.1), extended to utilize the dual polarization capability of the
SeaWinds Ku-band scatterometer, and introduced the distance to an ice model as
parameter in a Bayesian ice/water classification.

With the introduction of ASCAT, the coverage per day opened for utilization of backscatter
data for ice drift detection. Low resolution ice drift datasets are computed on a daily basis
from aggregated maps of passive microwave (e.g., SSMIS, AMSR2) or scatterometer (e.g.
ASCAT) signals. The typical resolution/spacing of those input images is 12.5 km. Wide
swaths, high repetition rates and independence with respect to the atmospheric
perturbations permit daily coverage of most of polar sea ice. During fall, winter, and spring,
the excellent coverage makes it possible to extract 48 hours global ice drift vectors at a
spatial resolution of 62.5 km (Lavergne et al., 2010).
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4 THE SCA INSTRUMENT

The C-band was chosen again because it provides good sensitivity, all-weather capability
and continuity of the ESCAT and ASCAT series. Rotating pencil beam concepts were
discarded due to poorer simulated performance, while rotating fan beam concepts were
considered to be technically too complex, since ASCAT-SG would share a satellite platform
with several other Earth-viewing microwave instruments (Lin et al., 2012; 2017).

Two technical limitations of the ASCAT instrument have been lifted in the design of the SCA
mission. The first is an on-board along-track averaging, which currently reduces the
resolution of the ASCAT backscatter data. The second is the merging of the transponder
calibration signal in the SCA measurement cycle. Currently, transponder campaigns for
ASCAT require switching off of the surface backscatter measurement mode and result in a
reduction of spatial coverage near the Turkish transponder sites. The SCA instrument will
thus provide more opportunity for spatial resolution enhancement and with less coverage

gaps.

4.1 Technical summary

Measurement concept, principles, performances, including those expected from innovations
w.r.t. heritage instruments.

In summary, concerning threshold and breakthrough requirements for cross polarisation,
horizontal resolution and spatial coverage, the current MRD lists the following applicable
SCA requirements:

MRD_SCA.001:
In any trade-off between horizontal resolution and spatial coverage the former shall have
higher priority.

MRD_SCA.110:

The SCA shall provide:
coverage = 50% within 12 hours and 97% coverage within 48 hours (threshold);
coverage = 82% within 12 hours (breakthrough).

MRD_SCA.120:
The horizontal resolution shall be < 25 km (breakthrough), < 50 km (threshold).

MRD_SCA.130:
The horizontal sampling interval shall be <12.5 km.

MRD_SCA.190

The SCA shall operate, fulfilling the radiometric requirements, in VV polarisation as
threshold and in VV and alternate polarisations as objective.

4.2 Scientific Challenges

The three SCA innovations correspond to scientific challenges in the area of GMF
development, land and sea ice applications (Stoffelen et al., 2017). These challenges are
elaborated below.
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4.2.1  Cross polarization and HH co-polarization

The alternate VH polarization on the mid beams improves the extreme wind speed range
and preliminary research has provided first empirical and theoretical insights on the VH and
HV sensitivity at extreme winds (e.g., van Zadelhoff et al., 2014; Fois et al., 2015). Moreover,
the NOAA hurricane hunters received a prototype SCA antenna panel that is being flown in
their campaigns and compared to the on-board instrumentation, with proven capability in
hurricane conditions (e.g., Esteban et al., 2006). Further elaboration of the VH GMF for
wind, soil, and cryospheric applications will be necessary, as well as elaboration of the
geophysical retrieval methodologies to include the VH and possibly HH sensitivity.

VH polarization measurements are very important for weather forecasting because they
have the potential of extending the useful range of SCA wind speeds to 40m/s, or higher (Fig
4.1). Like for many others, it is a key part of the European Centre for Medium-range
Weather Forecasts (ECMWEF) strategy to improve forecasts of severe weather (Belmonte-
Rivas et al., 2017) and for tracking severe tropical and extra-tropical storms an accurate
analysis of extreme winds is important. Whilst extreme winds are relatively rare, their
impact on economy and society is enormous and, due to increasing population and
infrastructure, increasing over time.

o

) | * Figure 4.1. Extreme 1-minute sustained
b 1+ 10m wind speed gusts, derived from
f <+ RadarSat VH-polarization and compared

_ to air-based wind data from NOAA, cf.
15 .5 (van Zadelhoff et al, 2014).

In addition to extending the wind range, VH is expected to improve vegetation
determination in conjunction with soil moisture retrieval (McColl et al., 2014). For example,
Aquarius VH-polarized and VV-polarized backscatter observations at L band were compared
to existing vegetation datasets (Hahn et al, 2015). The cross-/co-pol ratio captures
vegetation dynamics over most vegetation zones well. Interestingly, differences in dynamics
are observed between vegetation products from active and passive microwave
measurements. VH is also expected to lead to an improved characterization of volume
scattering effects by the vegetation, (dry) snow, and soil. This demonstrates that valuable
information can be gained from vegetation products of scatterometers at VV, HH and VH
(Hahn et al, 2015).
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VH will help to better distinguish open water surfaces from surrounding land surface areas.
Additionally, the higher sensitivity of VH to volume scattering in snow and sea ice is
expected to further progress the monitoring of freeze/thaw processes and detection of
open water surfaces versus sea ice. Experiences with cross-polarization C-band channels
used for detecting sea ice are more developed with data from Synthetic Aperture Radar
(SAR), which also measures the radar backscatter. Modern SAR systems, such as RADARSAT-
2 and Sentinel-1, use a C-band radar and provide data at different pre-selected
polarizations. In the ice charting community the HH- and HV-polarizations are often used for
sea ice monitoring. The contrasts between ice and water are higher in HH-polarized images
than in VV images (Partington et al., 2010). However, over open water and high winds, the
co-polarized backscatter from both HH and VV is similar to that of sea ice, such that the
separation of ice and water may be difficult (Belmonte-Rivas et al., 2011). The cross-
polarized (HV or VH) backscatter is much lower and therefore better suited for ice-water
discrimination in regions of strong winds (De Abreu et al., 2003). The additional polarization
channels on SCA are therefore expected to provide very useful contribution to sea ice
detection.

Over water surfaces VH signals are about 15 dB lower than VV. This may possibly pose
measurement limitations, due to the 1-3 degrees Faraday polarization rotation in the
ionosphere (Burn, 1966), causing an emitted pure vertical polarization (V) signal to become
partially horizontal polarization (H) and vice versa. This implies that emitted vertical
polarization results in HH scattering off the ocean surface, which in turn contaminates the
VH measurement, since it implies the measurement of H. Van Zadelhoff et al. (2014) used
combined satellite VV and VH measurements in hurricanes and found little angular
dependence of the VH measurements, implying little contamination by HH as this has strong
angular dependency. It should be noted, however, that those measurements (cf. fig. 4.1)
were taken during a period of solar inactivity and thus reduced Faraday rotation. A main
investigation for SCA will remain in the characterization of this effect. In particular, spatial
and geographical variations will be of interest, as well as the capability to forecast the
Faraday rotation.

At the extreme winds, the difference between VV and VH is much reduced and Faraday
rotation effects on VH thus limited; hence, this is not compromising the main SCA mission of
measuring extreme winds where VV and HH polarization measurements are saturated.

The required SCA VH capability implies HH measurements become possible too. Over the
ocean HH sensitivity is lower than VV sensitivity and thus replacing VV with HH is tested to
be generally not beneficial. However, over land surfaces the new co-polarization (HH)
channel will in particular help to improve the quality of the soil moisture retrievals due to
the reduced sensitivity of HH (compared to VV) to vertically oriented vegetation elements
over grassland and agricultural areas (e.g., see Fig. 4.2).
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Figure 4.2. Radar cross section images of a green and 58 cm tall wheat canopy acquired by an
experimental profiling radar at C- and X-bands at VV, HH, and VH polarizations. Horizontally the
incidence angle ranges from 5 to 60 degrees and vertically height from -11 to 93 cm. Soil returns
appear most dominant in C band, whereas HH shows the strongest soil signal due to the reduced
extinction of horizontally oriented waves by the predominantly vertically oriented vegetated
elements. From (Brown et al., 2003).

Taking note of the scientific advances in our understanding of the interaction of microwaves
with the land surface, one can confidently predict that SCA will not only allow for improved
soil moisture and freeze/thaw retrievals, but also for delivering several novel data products,
including but not limited to vegetation water stress (Steel-Dunne et al., 2012; Frolking et al.,
2011; Schroeder et al. 2016), vegetation optical depth (Vreugdenhil et al, 2016), and
aerodynamic roughness [46]. Over land, renewed efforts in building advanced backscatter
models (Quast&Wagner, 2016) and new experimental approaches (e.g., Morrision, 2013)
are needed to better disentangle the backscatter contributions from different parts of the
vegetation canopy and the soil profile. This will improve not only the quality of the soil
moisture retrievals, but will at the same time allow the development of new land data
products for SCA. Moreover, for semi-arid regions there is a strong need for further research
to understand the co- and cross-polarization scattering contributions from the stratified
upper soil layers and their dependence on environmental conditions.

4.2.2  Spatial Resolution

Many users cry out for increased spatial resolution products, but producers need to strike a
complex balance between technical feasibility, spatial coverage, spatial resolution, noise
and achievable information content.

Over the ocean, the SCA breakthrough horizontal resolution of 25 km will give a better
handle on physical processes such as turbulent flows, convective systems, tropical cyclones,
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polar lows, coastal phenomena, air-sea interaction, eddy-scale oceanography and tropical
circulation. In particular, improvements in the coastal region brought by increased
resolution will be beneficial for many weather and climate applications.

Over land, the higher resolution of SCA will result in better resolved soil moisture and
temporal soil characterization. For soil moisture many geophysical applications such as
hydrology and agriculture request high spatial resolution and there is no satellite mission
proposed that fully meets all requirements. Whilst instruments like SMOS and SMAP
operate at a longer wavelength (L-band) to enhance their sensitivity to soil moisture under
vegetation, as compared to C-band (Kerr et al., 2001; Brown et al, 2013), their spatial
resolution remains rather coarse, leading to adverse error properties (Miyaoka et al., 2017).
Also Sentinel-1, which like ASCAT provides C-band VV+VH backscatter observations, albeit at
a much increased spatial resolution (20 m), is very promising (Hornacek et al., 2012).
However, its temporal sampling rate varies from bi-weekly in well sampled areas such as
Europe to bi-monthly for most of the global land surface.

Over sea ice, the higher SCA resolution will provide improved sea ice characterization and
drift determination. High-resolution twice-daily and improved-sensitivity measurements will
aid in the development and understanding of, e.g., dynamical sea ice models, particularly in
the marginal sea ice zones. If scatterometer observations are indeed available at much
higher spatial resolution they can add significant new information. Recently, much research
has gone into the spatial processing of ASCAT NRCS data over sea (Vogelzang and Stoffelen,
2017a; b), land (Hahn et al., 2014) and sea ice (Aaboe&Lavergne, 2016; Long, 2017),
following research on ASCAT near-coastal winds, where improvements due to improved
spatial NRCS filtering are found in all domains with respect to the nominal products.
Moreover, taking into account the shape and orientation of the basic Spatial Response
Functions (SRF) of the ASCAT NRCS (Lindsley, 2015; 2016), and after a careful matching of
the Cumulative SRFs (CSRF) of its three beams, a 5.6-km wind product with < 20 km spatial
resolution has been constructed. A key asset for such resolution enhancement is the
radiometric noise (Kp) (Vogelzang and Stoffelen, 2017a). Together with the SRFs it
determines the maximum resolution achievable at an acceptable noise level. For land and
sea ice applications, further resolution enhancement is possible in principle for ASCAT by
combining the SRFs of the three beams for different azimuths and times, as these targets
are less anisotropic and more stable (Long, 2017). Yet, ambiguities will remain, particularly
in case of mixed pixels (e.g. mixture of wet snow, standing water and thawed ground).
Therefore, approaches like the one proposed by who combined the backscatter data with
auxiliary data set (like air temperature) for freeze/thaw detection should be further
investigated.

As compared to ASCAT, SCA will have a reduced size of the SRF by a factor of two, improved
radiometric noise and no on-board averaging, all of which will help in achieving increased
resolution over sea, land and ice, to the benefit of the SCA product users.

4.2.3 Coverage

Coverage matters due to the fast evolution of small-scale atmospheric processes and a
scatterometer constellation is needed for dense time coverage over land and oceans. Soil
moisture evolution and the extraction of precipitation estimates from it, similarly critically
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depends on complete coverage (Brocca et al., 2017). Frustratingly, frequently key weather
events are missed due to incomplete coverage by ASCAT. The wider swath will improve the
ASCAT coverage (by 20%) and makes SCA more comparable to existing Ku-band
scatterometers in this respect. Another aspect is to ascertain that we do gain more impact
in NWP if there is less overlap between the successive scatterometer swaths, i.e., increasing
the total spatial coverage.

With more agencies now building and operating scatterometers (e.g., the Indian ScatSat, the
future HY and FY Chinese satellites and the Chinese-French CFOSAT scatterometer), a multi-
agency constellation is being progressively built to better address spatio-temporal coverage.
EPS Metop-SG will have a consolidated mid-morning orbit position in this constellation
(CEQS, 2017).

Given the launch schedule of Metop/Metop-SG satellites and the typical lifetime of
scatterometers, a tandem SCA configuration may be offered for the benefit of all
scatterometer applications. This may provide almost complete coverage in a single pass of
the tandem, when the tandem is optimally separated by a quarter orbit length, as illustrated
in Fig. 4.3. For ASCAT the 50 minute separation for Metop-A and Metop-B has not been
optimal since this leaves significant coverage gaps in the tropics and the overlapping data
are fairly close in time (Cotton, 2013). Depending on the end of life scenario for Metop-A,
there may be an opportunity to compare the impact of two ASCAT’s at 50 min separation
(e.g., ASCAT-B/A) with two ASCAT’s at 30/70 minute separation (e.g., ASCAT-B/C). With
three Metop’s in orbit at the same time one could obtain a direct comparison of these
configurations through conducting observing system experiments within NWP.

coverage
o

(=]

3~ 1

o
n
T

0.2 - —

" A i 1 i " A " 1 " A " " 1
20 50 ) 50
lotitude

Figure 4.3. Tandem coverage over sea for different ASCAT-A and ASCAT-B orbit phase separations
(Verspeek and Stoffelen, 2009). SCA’s tandem coverage will be larger.
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4.2.4  Potential Doppler Capability

A SCA Doppler capability would offer several opportunities for improving scatterometer
products. Recently, over ocean, C-Band Doppler shift measurements as obtained with SAR
revealed that the geophysical contribution to the Doppler shift includes ocean surface
currents, sea-state and local wind-induced ocean surface velocity contributions. Chapron et
al. (Chapron et al., 2005) (qualitatively) and then Rouault et al. (2010) (quantitatively) show
how the ocean current contribution to the Doppler shift can be measured after a careful
correction of the sea state contribution, based on ancillary information on the wind vector,
which is the prime SCA mission. Furthermore, on a global scale and at 10 km resolution,
wind can be used as a proxy for ocean motion (Chapron et al., 2005). This leads Mouche et
al. (2012) to propose a first forward GMF that relates wind speed and direction (with
respect to antenna look direction) as a function of incidence angle (17°-42°) for both VV and
HH to a geophysical Doppler shift. They show for SAR how Doppler helps to constrain the
wind retrieval (Fig. 4.4). In particular, it helps the wind direction retrieval in complex
situations such as atmospheric fronts and low pressure systems. Moreover, for extreme
winds, the Doppler wind direction sensitivity could be very complementary to the cross-
polarization radar cross-section, since cross-polarization has no sensitivity to wind direction
(Lindsley, 2016). Therefore, Doppler information may enhance scatterometer wind retrieval
and ambiguity removal, and improved wind vector information will in turn enhance ocean
surface current determination. Scatterometer winds are measured relative to the moving
ocean surface, which wind vector frame is often most relevant for operations at sea.
However, buoy and NWP model winds are provided with reference to a fixed Earth
reference. Comparison of scatterometer and buoy and NWP datasets therefore require that
ocean currents are known (Belmonte and Stoffelen, 2019). Direct eddy-scale current
measurements would greatly improve ocean modeling, particularly in the tropics. After a
first simulation study, Fois et al. (2015) showed the potential of SCA to determine ocean
currents. This potential is currently further elaborated taking the specific SCA design into
consideration and in particular investigating if the required performance can be achieved in
practice (Hoogeboom et al., 2018).
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Figure 4.4. Radial surface velocity as
measured in hurricane lke on 8
September 2008 14:53 UTC by ESA
ENVISAT Doppler capability. Ocean
motion in excess of 2 m/s is seen
towards (red) and away (purple) from
the SAR, which provides essential
wind direction information.



SCA Science Plan

/////
EPS ,
// METOP V1.0/April 2019

S) SCIENTIFIC PROSPECTS FOR SCA APPLICATIONS

Following the above-noted enhancements offered by the SCA instrument, due progress in
scatterometer applications is elaborated below. Such anticipated progress is associated with
the SCA innovations and therefore necessary for maximal operational SCA benefit in the
application areas.

5.1 Using SCA Wind Variability

Stoffelen (1998), and Portabella and Stoffelen (2001) found that the normalized inversion
residual, called MLE, is well capable of removing cases with extreme wind variability (at
fronts or centers of lows), or with other geophysical variables affecting the radar
backscatter. Recently, further progress has been made in the quality assessment of ASCAT
winds near rain (Portabella et al. 2012; Lin et al., 2015; Lin et al., 2016) and it is confirmed
that the MLE mainly represents enhanced wind variability. Generally, the MLE is positive
and large when there is substantial wind variability within the cell, see e.g., Figure 2.1.
Negative MLEs occur for stable flows.

Enhanced positive MLE corresponds to wind shifts due to convective downbursts, fronts and
other dynamical phenomena. Such phenomena may span several Wind Vector Cells (WVC)
and a local spatial analysis of MLE and singularity exponents (SE) provides an effective
Quality Control (QC) (Lin et al., 2015). Singularity exponents are obtained from singularity
analysis (SA), a spatial image processing technique, effective in detecting local decorrelation
in a field. Also, such measures of wind variability are much desired in scatterometer
applications, such as nowcasting and NWP.

5.2 Improving Land Applications

As mentioned above, scatterometers have a high potential for monitoring vegetation
dynamics due to the fast revisit time and the VH cross-polarization measurement at high
radiometric accuracy. This allows the depiction of seasonal and intra-annual changes in the
incidence angle behavior of the backscatter measurement with high accuracy. This may be
highly valuable information for monitoring of vegetation dynamics by the vegetation optical
depth (Figure 5.1), which is closely related to vegetation water content and height
(Vreugdenhil et al., 2016). By averaging backscatter measurements over longer time
intervals, information about vegetation characteristics can also be estimated from averaged
backscatter measurements (Schroeder et al., 2016) or by comparing diurnal differences in
backscatter (Steele-Dunne et al., 2012). Such information will improve the retrieval of soil
moisture but can also be exploited as a self-standing product.
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Figure 5.1: Global map of average vegetation optical depth t, retrieved from ASCAT.

Additional improvements in the soil moisture product are expected from a better
characterization of scattering in arid and semi-arid environments. Backscatter from
vegetated and bare soil is in general positively correlated with soil moisture. However, over
some arid and semi-arid environments, an inverse relationship is observed (Figure 5.2).
Wagner et al. (2013) hypothesized that this phenomenon is caused by the high penetration
of microwaves into dry soil and the presence of strong sub-surface scatterers in line with
recent experiments (Morrison et al.,, 2012; Liu et al., 2016). Potentially, extension of this
research may lead to a better understanding of land degradation and desertification
processes.
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Figure 5.2: ASCAT backscatter time series (normalized to 40° incidence angle) over a desert area in
Saudia Arabia (30.72°N, 40.85°E). The backscatter time series shows an inverse behaviour as the
soil moisture time series modelled by NOAH GLDAS (Rodell et al., 2004).
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53 Sea Ice Application Evolution

The microwave backscatter over sea ice is dependent on the ice surface roughness and on
the degree of volume scattering from brine pockets within the ice to which VH is sensitive.

Current experience has been gained with classification of sea ice from the Sentinel-1
satellites. As an input to manual ice charting the Sentinels are great both in terms of quality
and coverage. However, when it comes to automatic ice classification there are
considerable challenges, mainly due to processing artifacts in the SAR image such as
scalloping and gain-shift, particularly at low winds over water. The largest differences
between SAR and scatterometer are the higher resolution of SAR, the multiple viewing
directions of a scatterometer, and the superior calibration stability of a scatterometer.
Because of the SCA calibration stability and accuracy we expect to see an improved
objective classification based on the SCA VH, albeit at coarser resolution. Therefore, the
prospect of combining the measurement from Sentinel-1 and SCA, which are otherwise very
similar, are indeed very promising. In the context of the Copernicus Marine Environment
Monitoring Service (CMEMS) work is ongoing to combine Sentinel-1 data with passive
microwave data. SCA and MWI will simultaneously provide the synoptic full polarimetric
capability at both poles. The potential areas of usage range from high resolution automatic
ice charting for tactical navigation to large-scale sea ice analysis to support, e.g., climate
models.

54 Backscatter Assimilation over Land.

Today, a number of users (e.g., ECMWF, Météo-France, UKMO) assimilate the ASCAT
surface soil moisture product. Over vegetated areas, this product is affected by the
vegetation structure and water content and this may impact the amplitudes of seasonal and
inter-annual variability. As a result, a complex seasonal rescaling has to be performed before
the integration of this product into Land Surface Models (LSMs). Some LSMs have a
representation of plant growth (above-ground biomass, vegetation type, LAI). Potentially,
such models could provide the missing information about vegetation. At the same time, the
backscatter signal could help analyzing vegetation biomass together with soil moisture. An
interesting development would be to develop (simple, e.g., quasi-linear) observation
operators in land surface models giving the LSM the capability to simulate backscatter. This
would, in the future, allow the assimilation of multi-angle and/or resolution-enhanced
backscatter products over land.

A driver for improvements to the global observing system for LSM is an increasing need for
information on the 10-km scale, as global and regional NWP models move to ever higher
horizontal resolutions. In the next few years global weather forecasting will explore LSM
resolutions below 10 km, e.g. ECMWF anticipates a resolution of 5-km (T3999) around 2020.
With sub 10-km grid lengths we would expect LSM to resolve much smaller scales, e.g.,
coastal effects, and other sharp LSM gradients, probably associated with the presence of
extreme weather conditions.
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55 Wind Assimilation

For wind data assimilation we may identify the deterministic scale, which is the scale
supported by observations in both space and time to deterministically initialize the smallest
(short-lived and small-amplitude) evolving scales in weather models (Abdalla and DeChiara,
2017). These scales will remain larger than 100 km over sea due to persisting lack of
temporal wind observation coverage (Stoffelen et al.,, 2018a). In addition, the effective
dynamical model resolution may be defined, which is 5-10 times the grid length (Marseille
and Stoffelen, 2017) and smaller than the mentioned deterministic scale. The ongoing
challenge will be to maximize the benefit from higher resolution observations to help
support small-scale structures, whilst the temporal coverage over sea remains limited (CEO,
2017). This means that model scales smaller than the deterministic scale, essentially
weather model noise, need to be accounted for in data assimilation for the first time. For
regional NWP, very-high horizontal resolution models with grid lengths of 300 m or less are
anticipated at the Met Office and elsewhere. For fine-scale model grid lengths it will be
important to take into account the scatterometer footprint to reduce the
representativeness errors and take account of the deterministic scales (Marseille and
Stoffelen, 2017). With increased supercomputer resources, mesoscale model improvements
can be expected from the use of rapidly updating 4D-Var assimilation schemes, resolving the
temporal and spatial scales of convection. Further research will be needed to develop more
realistic, situation-dependent model and observation error schemes (based for example on
the wind variability within the resolution cell (Lin et al., 2014)) that can improve the balance
in the weight given to observations and background and provide the optimal spatial filtering
in the analysis.
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Figure 5.3. Accumulated statistics for 10-m equivalent-neutral mean wind speed differences
between ASCAT-A and ECMWEF first guess for the period from 21:00 UTC on 31 October 2015 until
9:00 UTC on 5 December 2015 in boxes of 2 by 2 degrees in ms™.

NWP data assimilation is based on a Best Linear Unbiased Estimate (BLUE), and generally
bias correction schemes are used to remove observation minus model biases. Figure 5.3
shows typical NWP model biases against scatterometers. We note that the largest
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differences between scatterometer and ECMWF model winds appear in regions near the
ITCZ, regions with ocean currents and near land masses or sea ice. These areas correspond
to areas with large atmospheric dynamics and extensive moist convection. Besides
substantial speed biases, substantial systematic wind direction biases also exist (Sandu et al,
2011; Belmonte&Stoffelen, 2019). NWP biases occur in all NWP models and are due to fast
or mesoscale processes resolved by the scatterometer, but not by models, such as (moist)
convection (Lin et al., 2016), atmospheric turbulence (King et al., 2014), gravity waves and
systematic errors in boundary layer parameterizations or the lack of ocean currents. These
biases tend to persist over time (not shown). The occurrence of these spatial biases is
however ignored in data assimilation and their existence prevents the correct assimilation
of observed dynamical weather features, following BLUE, and it thus may be worthwhile to
develop local bias reduction schemes for scatterometers (Stoffelen&Vogelzang, 2018).
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Figure 5.4. Characteristic depiction of a single deep moist convective cell in the tropics by ASCAT-A
wind derivatives at 12.5 km sampling of divergence (left) and curl (right) over a 250 km by 250 km
area on 4 Feb "14 near OE (dotted line), 3N. The cross (x) indicates the precipitation centre in the
collocated KNMI Meteosat rain product. The cell convergence, shear and wind downburst
divergence are clearly visible, depicting the intense air-sea interaction of tropical moist
convection.

5.6 Convection

The next grand challenge in NWP and climate prediction is to better understand the role of
clouds in atmospheric circulation. In particular, cloud parameterizations are difficult to
verify and new observations, e.g. that depict convection, are welcome. Convection is also
associated with air downbursts that substantially affect air-sea interaction, another not
well-understood aspect of climate change. Figure 5.4 shows an example of scatterometer-
derived curl and divergence near a moist convective cell over ocean. The wind downburst
divergence is clearly visible and coincides exactly with the precipitation cell as observed by a
geostationary satellite (not shown). Moist convection is widespread in the tropics and
results in intense air-sea interaction. Further research in wind derivatives of tandem
scatterometers, such as ASCAT-A and —B in association with geostationary time loops of
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precipitation may shed further light on the dynamical aspects of moist convection and the
related physical parameterizations (Holbach and Bourassa, 2017; King et al., 2017).

5.7 Coupled Atmosphere-Ocean-Land Assimilation

NWP centres are currently devoting a significant effort to increase the level of coupling
between different components of the Earth System (Atmosphere, Ocean, and Land) in both
global and regional models. The ambition is to move as close as possible to fully coupled
models and data assimilation systems. The first weakly coupled data assimilation systems
are already under development (Laloyaux et al., 2016; Lea et al., 2015; Saha et al., 2010).
While they rely on coupled models, part of the data assimilation process is still performed
separately for the individual components of the Earth system. Developing stronger coupling
within the data assimilation process is the next challenge. These future systems will allow
more effective exploitation of near-surface observations such as scatterometer winds, soil
moisture, and sea ice, that have an impact on both atmosphere and surface, provided that
the above-mentioned biases are resolved (see end of section 5.5).

5.8 Extreme Wind Speeds

With SCA we expect accurate winds over a larger dynamical range compared to ASCAT
(Zadelhoff et al, 2014; Belmonte-Rivas et al., 2014). This opens the opportunity for NWP
centers to exploit the data up to higher wind speed thresholds (current upper thresholds for
ASCAT are 25 m/s at the Met Office [63] and 35 m/s at ECMWF [3]). How high can the
thresholds go? To a large extent this will depend on how good the model winds are under
extreme conditions. If the model winds are not accurate, it will be difficult to assimilate the
information. This is because if the difference between the model and the scatterometer is
too large then the observation will likely be rejected. Moreover, an aliasing problem often
occurs in cases with fast moving storms or tropical cyclones, when the storm center is
misplaced in the model background. Therefore, an active area of research remains, on the
one hand, to improve model parameterizations at extreme winds and, on the other hand,
the quality control and weights applied in variational assimilation (VarQC) so that
observations with larger departures can be given a higher or non-zero weight in forming the
analysis (De Chiara et al., 2015). We further note that in-situ wind measurements do not
provide a continuous reference standard for high and extreme wind calibration. An in-situ
reference is however needed for both satellite wind calibration and NWP model
parameterization development (Stoffelen et al., 2018b).

5.9 Doppler Scatterometer

Scatterometer winds are measured relative to the ocean, whereas buoy and NWP model
winds are provided with reference to a fixed Earth reference. Comparisons of these datasets
therefore require that mean ocean currents are known. Direct current measurements would
greatly improve ocean modelling, particularly in the tropics (Belmonte&Stoffelen, 2019).
ESA launched a project that aims to assess the potential of earth-observation instruments
for sea surface current retrieval in addition to surface wind vector estimation. Besides new
products and ideas, the GlobCurrent project provides recommendations on signal
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processing techniques and GMF development for surface current retrieval from the Doppler
estimates. Since ocean waves cause motion, the Doppler capability will also depend on
forcing wind information in order to obtain reasonable estimates of the ocean currents (see
http://www.globcurrent.org/ for more details). Ardhuin et al. (2018) propose to combine
the best satellite available wind measurements from SCA with Doppler capability on SKIM
for the ESA Earth Explorer programme. SKIM has narrow-swath Doppler capability, which
may be extended with SCA Doppler capability with less accuracy, but over the broader SCA
swath (Hoogeboom et al., 2018).
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6 DATA PROCESSING AND PRODUCTS

EUMETSAT produces for ASCAT the full resolution and 12.5 and 25 km sampled Normalized
Radar Cross Section, NRCS, or backscatter products. For SCA, products at higher resolution
and on different grids will emerge. These are the basis of the geophysical products on
stress-equivalent 10m wind, U10S, soil moisture, vegetation, precipitation or sea ice and
snow quantities. Both the backscatter and the backscatter variability in a WVC contain
useful geophysical information (Anderson et al., 2012). The different levels of processing are
discussed below.

6.1 Near-Real Time and Quasi-Real Time

Near-Real Time (NRT) services are very relevant for surface winds, as surface winds are
responsible for much of the weather-related damage and losses on the earth. This
motivated EUMETSAT to set up an Early Advanced Retransmission Service to provide
timeliness of ERS and ASCAT winds of about 30 minutes around Europe. This Quasi-Real-
Time (QRT) service is being extended and integrated with the regular NRT services to avoid
duplication of products.

6.1.1 Level 1b

For ASCAT enhanced spatial processing has been well elaborated in all application fields as
recently, much research has gone into the spatial NRCS processing of ASCAT data over sea
(Vogelzang and Stoffelen, 2017a; b), land (Hahn et al.,, 2014) and sea ice (Aaboe and
Lavergne, 2016; Long, 2017), following beneficial research on ASCAT near-coastal winds
[58]. Moreover, taking into account the shape and orientation of the basic Spatial Response
Functions (SRF) of the ASCAT NRCS (Lindsley, 2015; 2016), and after a careful matching of
the Cumulative SRFs (CSRF) of its three beams, a 5.6-km wind product with < 20 km spatial
resolution has been constructed. One detrimental aspect of ASCAT, in this respect, is its on-
board averaging, which will be omitted for SCA. This opens the possibility of more advanced
spatial processing for ASCAT. Over sea, it would allow improved coastal wind processing,
while over land and ice surfaces resolution enhancement is feasible.

In addition, the accuracy of cone metrics may allow enhanced pointing monitoring by
following deviations from the cone shape in the WVCs on the left and right swath. Also
other EPS-SG instruments may profit from this (TBC).

6.1.2 Level 2 Wind

The wind scatterometer is an instrument that provides information on the wind field near
the ocean surface, and the knowledge of extracting this information from the instrument’s
output is dealt with in this section. The first level of wind and sea ice products are swath
based and referred to as Level 2 (L2).

In Europe scatterometer processing software is put available through the EUMETSAT
Numerical Weather Prediction Satellite Application Facility (NWP SAF), whereas operational
wind processing is performed in the Ocean and Sea Ice SAF (OSI SAF; see
www.knmi.nl/scatterometer ). KNMI has a long experience in scatterometer processing and
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is developing generic software for this purpose. Processing systems have been developed
for ESCAT on ERS, ASCAT on MetOp, NSCAT on the Japanese ADEQOS-I platform, SeaWinds on
ADEOS-II and QuikSCat, the Indian OceanSat-2 scatterometer (OSCAT), RapidSCat on the
International Space Station (ISS), the Chinese HY2A scatterometer (HSCAT), and will be
further developed for future scatterometers such as the rotating fan-beam scatterometer
on the Chinese-French Ocean Satellite (CFOSAT) or the dual-frequency scatterometer on the
Chinese FY-3 satellite (WindRad).

KNMI was and is involved in the EUMETSAT Advanced Retransmission Service (EARS) ERS
and ASCAT service as the centre where the Level 1b to Level 2 processing is carried out. The
wind products are distributed in the BUFR and NetCDF CF compliant formats that are also
used for the ASCAT wind data and other scatterometers. Therefore, the ERS data stream can
be ingested by the user using the same interfacing as for the European ASCAT and other
scatterometer wind products. Besides wind data, the KNMI processing services offer
additional quality control and monitoring (Quality Assurance) ensuring that only reliable
data will be made available. See also www.knmi.nl/scatterometer/ for real-time graphical
examples of the products and up-to-date information and documentation on all
scatterometer products processed at KNMI. Last, but not least, service messages are
provided to keep professional users up-to-date on the satellite and ground segment
performance.

6.1.2.1 Theoretical and Practical Background

Wind scatterometry was developed heuristically. It was found experimentally that the
sensitivity to wind speed and direction describe well the changes in backscatter over the
ocean at moderate incidence angles due to changes in surface roughness, as depicted in
figure 6.1. In return, backscatter measurements can be used to determine the wind speed
and wind direction in a Wind Vector Cell (WVC).

Measured backscatter appears indeed primarily due to surface roughness. One may then
define the air-sea interaction and the associated temporal evolution of the ocean
topography in a mathematical approximation and further assume e.m. scattering of
microwaves on gravity-capillary waves in order to obtain a theoretically-based relationship
between wind-induced ocean surface roughness and radar backscatter. In fact, it has been
experimentally established that first-order Bragg scattering appears a main contribution, but
theoretically-based models do not provide a description to within the precision of the
scatterometer measurement. Some critical assumptions in describing ocean microwave
scattering are:

- Electromagnetic (e.m.) closure;

- Isotropic Bragg scattering: are breaking and wind-reinforced cm-waves really the same
in all directions?

- Roughness spectrum: different spectra provided widely different backscatter; are
spectra always the same?

- Foam coverage, particularly at strong winds;

More advanced theoretical development remains useful, in particular to design new mission
to effectively obtain simultaneous information on the ocean winds (backscatter) and on the
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ocean motion (Doppler), probably exploiting new wavelengths and new polarizations (e.g.,
Fois et al., 2014).

Nevertheless, for wind retrieval, we describe below the empirical developments in
geophysics that led to the current state-of-the-art scatterometer wind retrieval. We first
describe the stress-equivalent 10-meter wind that is retrieved from wind scatterometers.

6.1.2.2 Stress-equivalent 10m Wind

A scatterometer measurement relates to the ocean surface roughness (see figure 6.1), while
the scatterometer product is represented by the wind at 10m height over a WVC. It is
important to realize that in the approach followed here, the radar backscatter measurement
o %is related to the wind at 10 meter height above the ocean surface, simply because such
measurements are widely available for validation. This does not mean that any effect that
relates to the mean wind vector at 10 meter height is incorporated in the backscatter-to-
wind relationship. In particular, air stability and mass density are not directly sensed by the
wind scatterometer and should not appear in the derived 10m wind. Moreover, in buoy and
NWP model validation sources, the 10m wind may be corrected for air stability and mass
density with good precision. Therefore, scatterometer winds are given as so-called stress-
equivalent 10m winds, abbreviated as U10S (de Kloe et al., 2017).

Incident Reflected
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N

Back scattered
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Figure 6.1: Schematic representation of
microwave scattering and reflection at a
\ smooth (a), rough (b) and very rough (c)
ocean surface. As the roughness increases
more microwave power is returned towards
the direction of the microwave source.
Rough surface
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To avoid atmospheric stability effects, we define the 10-m equivalent neutral wind vector,
Uion, rather than the actual 10-m wind vector Ujg. To obtain Uig from Ujgy one needs
information on the stability of the atmospheric boundary layer, which may be obtained
from buoys or NWP models with sufficient precision (Portabella and Stoffelen, 2009). Using
Monin-Obukhov similarity scaling, the equivalent neutral wind vector amplitude is simply
given by

UlON =u_*|n E
K \Z (6.1)

where zp is the aerodynamic roughness length, the friction velocity is defined by the
equation for the kinematic wind stress us* = t/p and K is von Karman’s constant. The
aerodynamic roughness length

011y  u’
Z, = +a
u. 9 (6.2)

is approximated from the known geophysical variables v, kinematic viscosity of the air
(1.5x10-5 m%/s), &, (dimensionless) Charnock parameter (see Charnock, 1955) and g is the
gravitational constant of the Earth (9.81 m/s%). The Charnock value, which is a sea-state
parameter, varies substantially for different surface layer schemes, i.e., from 0.011 to
around 0.018.

For the same Uy, cold heavy air will produce more stress (and roughness) than lighter
(warmer or dryer) air. This effect is expressed by the surface stress equation. The surface
wind stress T = p us? indeed depends on the air density p. Assuming that o % measurements
are more a measure of Tt than Uygy, the p correction for NWP and buoy winds to Uygy takes
the form

Uyes = [-2U (6.3)

<p> 10N

where Ujgs denotes the current set of 10m-height stress-equivalent scatterometer wind
vector retrievals and <p> is the average air density as defined in a standard atmosphere
(=1.225 kg/m3). p variations, which depend on surface pressure, air temperature, and
humidity, are generally small (1-2%) and can exceptionally increase locally in cases such as
cold air outbreaks (de Kloe et al., 2017).

Based on
2
K
T :<P>Ulos — | "Yios (6.4)
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we note the following:
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1. When computing stress from Ujgs, one should multiply by the globally average air
density as opposed to using an air density value at the location of the measurement
that one might get from a numerical model. The reason for this is that Uygs already
includes the effect of varying air density;

2. Further guidance to compute stress from Ujgs is being developed.

However, wind scatterometers may be sensitive to more parameters than only those that
relate (correlate) with Ujgs. For example, the appearance of surface slicks, suppressing the
amplitude of gravity or longer ocean waves and thus microwave roughness, is associated
with low winds and depends to some degree on the strength of the wind and may, to the
same degree, be fitted by a GMF (Stoffelen, 1998; Chapter 1). However, abundant
surfactants, generated by natural or human causes, may render the nominal wind-to-
backscatter relationship, as captured by the GMF, less accurate. Other variable effects, such
as rain (mainly for Ku-band scatterometers), extreme wind variability, complex sea states,
SST, etc., may affect GMF accuracy too. Stoffelen (1998; Chapter 1V) discusses a unique
method to determine the accuracy of scatterometer, buoy, and NWP model Ujps winds:
triple collocation, which will be discussed later on. First we discuss the geophysical
relationship between Ujgs and backscatter.

6.1.2.3 Geophysical Model Function

For the ERS wind product the CMOD7 GMF for calculating stress equivalent winds is used
(Stoffelen et al., 2017). This model function enables the calculation of wind speeds meeting
the product requirements between 0 and 25 m/s. CMOD7 is based on CMOD5.n (Verhoef et
al., 2008) and CMOD?5 (Hersbach et al., 2007; Portabella&Stoffelen, 2007). CMODG6 has been
adapted taking into account the incidence-angle dependent ASCAT transponder calibration
(Verspeek et al., 2012) and CMOD7 provides improved low winds and more uniform Ujgg
wind PDFs over the ASCAT and ERS swaths.

At low wind speeds, the wind direction and speed may vary considerably within the WVC.
Locally, below a speed of roughly 2 ms™, calm areas are present where little or no
backscatter occurs, perhaps further extended in the presence of natural slicks that increase
the water surface tension (Donelan&Pierson, 1987). However, given the variability of the
wind within a footprint area of 25 km it is, even in the case of zero mean vector wind, very
unlikely that there are no patches with roughness in the footprint. As the mean vector wind
increases, the probability of a calm patch will quickly decrease, and the mean microwave
backscatter will increase. Also, natural slicks quickly disappear as the wind speed increases,
and as such the occurrence of these is correlated to the amplitude of the mean vector wind
over the footprint, as modelled by the GMF. Low scatterometer wind speeds are thus
providing useful information on the surface wind condition.

At high wind speeds wave breaking will further intensify, causing air bubbles, spume and
spray at the ocean surface, and a more and more complicated and heterogeneous ocean
topography will appear. Although theoretically not obvious, it is empirically found that VV
and HH o ° keep increasing for increasing wind speed from 25 m/s to 40 m/s (although at a
smaller rate than for moderate winds), and that a useful wind direction dependency
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remains (Donelly et al., 1999). For SCA, the reduced sensitivity at extreme winds will be
boosted by the use of cross-polarization (Zadelhoff et al., 2013).

6.1.2.4 Wind Retrieval

KNMI has an operational processing chain running in near real-time with ASCAT data,
including visualisation on the web. This processor is based on the NWP SAF software and
runs in the KNMI operational environment. The processing includes monitoring and
archiving functionalities. A global overview of the modules of the ERS scatterometer
processor is given below.

A schematic illustration of the processing is given in figure 6.2.

NWP collocation

Y

Quality Control

A4

Wind computation by GMF Inversion

Fieldwise
Ambiguity Removal Figure 6.2: Overview of scatterometer wind retrieval algorithm.

The GMF has two unknowns, namely wind speed and wind direction, so, if more than two
backscatter measurements are available, then these two unknowns may be estimated using
a maximume-likelihood estimator (MLE) as the objective function for determining wind
vector solutions, following a Bayesian approach (Pierson, 1989). The MLE is defined by
(Stoffelen, 1998; Chapter Il)

MLE :[Zoi _ZM(ui’¢i!0i )]2 (6.4)

where z = (0,0)0.625 are the transformed backscatter data, zpi are the backscatter
measurements, zw(Ui, &, &) are the modelled backscatter values through the GMF after trial
wind (u; @) and incidence angle input 6. The well-defined local minima of the MLE
correspond to wind vector solutions. The three independent measurements (fore, mid and
aft beam) well sample the azimuth variation of the GMF in order to resolve the wind
direction, albeit ambiguously (Stoffelen&Portabella, 2006).

6.1.2.5 Ambiguity Removal

ERS scatterometer wind inversion generally leads to two ambiguous wind solutions in each
WVC on the earth’s surface. These ambiguities are removed by applying constraints on the
spatial characteristics of the output wind field, such as on rotation and divergence. Several
ambiguity removal (AR) schemes were evaluated for ERS data (Stoffelen et al., 2000). In the
OSI SAF Initial Operations Phase some schemes that were developed for ESCAT were
compared. In addition to the subjective comparison of AR schemes, a method for the
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objective comparison of AR performance among the different schemes was used. By tuning
2DVAR, the strengths of these different schemes were combined. At KNMI this evolved
version of 2DVAR is used (Vogelzang, 2007).

As 2DVAR is a simplified version of meteorological 3D-var and 4D-var variational data
assimilation methods, adaptive versions of 2DVAR are being developed to guide
meteorological data assimilation of ambiguous scatterometer winds (Lin et al., 2016).

6.1.2.6 Quality Control

Since the scatterometer wind retrieval problem is overdetermined, this opens up the
possibility of quality control (QC) by checking the inversion residual MLE. If the MLE is
normalised by the expected isotropic error variance then it is in theory inversely
proportional to the log probability (that a node is affected solely by a uniform wind). The
measurement variances, Var(onm); = (Kpizooiz), are estimated to compute the norm of the
inversion residual (Stoffelen, 1998). Generally the normalised MLE is substantial and, as a
consequence, the inferred probability low, when there is substantial wind or sea state
variability within the cell. As such, Stoffelen (1998) found that the inversion residual is well
capable of removing cases with extreme variability (at fronts or centres of lows), or with
other geophysical variables affecting the radar backscatter. Recently, further progress has
been made in the quality assessment of ASCAT winds near rain (Portabella et al., 2012b; Lin
et al,, 2014; 2015).

Moreover, the concept of normalised MLE has also been applied to Ku-band scatterometers
by Portabella and Stoffelen (2001), where it proves very effective to flag rain contamination.

6.1.2.7 Validation

Each step in the processing is validated separately by a quality control and monitoring
scheme. The product validation step is controlled by visual inspection, and a statistical
analysis is performed to control the validation steps. The inversion step is controlled in the
same way. For ambiguity removal schemes an objective scheme exists that relies on
initialisation with a one-day lead NWP forecast and validation of the ambiguity selection
against independent NWP analyses, as in Stoffelen et al., (2000). Moreover, de Vries et al.
(2005) describe subjective comparison of the 2D-VAR by routine operational meteorologists.

Moored buoys are the absolute calibration reference for scatterometer winds and triple
collocation (Stoffelen, 1998) is used to estimate and verify bias and random errors
(Vogelzang et al., 2009), see, e.g., table 6.1.
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Table 6.1. Triple collocation results for KNMI scatterometer winds in subsequent months of
November, December and January, starting in 2007 for ASCAT, 2015 for RapidScat, and 2009 for
OSCAT and QuikScat. The zonal (u) and meridional (v) wind component error standard deviations
are provided on the scatterometer scale (e.g., Verhoef et al., 2015).

Product Scatterometer Buoys ECMWF
Oy Oy Gy Ov Gu Oy

[ms™] Ims™] [ms™]
12.5 km ASCAT 0.7 0.8 12 12 17 1.7
25 km ASCAT 0.6 0.7 12 12 16 1.6
25-km QuikScat 0.6 0.5 14 14 13 13
25-km RapidScat 0.6 0.7 13 14 12 1.2
50-km RapidScat 0.6 0.5 14 15 11 11
50-km OSCAT 0.7 0.5 15 16 10 11

6.1.3 Level 2 Soil Moisture

With respect to soil moisture retrieval, TU Wien has become a European competence centre
for soil moisture retrieval from C-band fan-beam scatterometers. TU Wien is developing soil
moisture retrieval algorithms since the late 1990s (Wagner et al., 1999c), implemented in a
software package referred to as soil Water Retrieval Package (WARP). An operational soil
moisture processing software for ASCAT was developed by EUMETSAT in cooperation with
TU Wien, which is fully operational since December 2008 (Bartalis et al., 2007;
Wagner et al., 2010). The objective of this software (WARP NRT) is to provide soil moisture
products in near-real time (NRT) in the same orbit grid geometry as the Level 1b input.
Product generation and archiving is done in the framework of the EUMETSAT Satellite
Application Facility on Support to Operational Hydrology and Water Management (H-SAF).
NRT soil moisture products produced by H-SAF are disseminated via EUMETCast and are
offline available via FTP or the EUMETSAT Data Centre.

6.1.3.1 Theoretical and Practical Background

The soil moisture retrieval developed at TU Wien is a physically motivated empirical change
detection method. The advantage of change detection over a radiative transfer model is
that soil moisture can be directly retrieved from the backscatter measurements without the
need of an iterative adjustment process. On the other hand, the change detection approach
cannot directly separate the different contributions from soil, vegetation and soil-vegetation
interactions to the observed total backscatter as in the case of the radiative transfer model.
As a consequence, a multi-year radar backscatter archive is required to calibrate model
parameters, used in the change detection approach, to implicitly account for land cover,
surface roughness and many other effects. Therefore, full advantage is taken of the multi-
incidence angle and multi-beam viewing capability of the European C-band scatterometers
ESCAT and ASCAT in order to characterise backscatter variations of the Earth’s land surface.
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For an in-depth discussion and further details about the TU Wien soil moisture model, the
reader is referred to Wagner et al., (1999c) and Naeimi et al. (2009). Variations of the
backscatter coefficient o° are related to surface roughness, changes in vegetation and to
variations in the soil water content. An important fact is that each of these factors acts on a
different spatial and temporal scale. With respect to these aspects, the TU Wien model
allows the determination of model parameters from multi-year backscatter time series to
gain essential knowledge on scattering effects taking place on a certain location on the
Earth’s land surface. The underlying physical assumptions and empirically observed
evidences can be summed up as follows:

- The incidence angle has a strong impact on the backscatter coefficient o of natural
targets. This dependency is a characteristic for roughness and vegetation, but soil
moisture changes are not or only minimally affected by this circumstance.

- The incidence angle dependent backscatter coefficient ¢°(8) is decreasing or
increasing with vegetation growth, whether the contribution of the soil on the ground
is higher than the contribution of the vegetation canopy or conversely. Hence, the
0°() time series is changing in accordance to the vegetation phenology over time.

- The vegetation phenology cycle influences 0° on a seasonal scale and local short-term
variabilities are negligible due to the low resolution of the sensor.

- The relationship between soil moisture and a°, expressed in dB, is considered to be
linear.

- There are certain incidence angles 84, and Byt at which o is rather stable in face of
vegetation changes. These so called “crossover angles” are assumed to be 25° for the
dry reference and 40° for the wet reference.

- The coarse resolution of the scatterometer admits the assumption that roughness and
land cover are temporally invariant.

With respect to these physical assumptions, model parameters are calibrated by making use
of a multi-year radar backscatter archive and the offline software package WARP. WARP
NRT implemented at EUMETSAT is derived from and depends on the model parameters
estimated by WARP. The key equation of the TU Wien model relates the observed
backscatter observations at a given location at day t to the normalised the normalised
backscatter at 40° incidence angle 6°(40,1), the vegetation state at day t mediated by the so
called slope and curvature parameters o¢’(40°t) and o¢’’(40°t), respectively, and the
incidence angle 6:

a6, t) = a¥40%t) + a'(40°, (6 — 40°) + 3 a’ (407, ) (6 — 40%)? (6.5)

assuming a second order polynomial dependency. The slope and curvature parameters,
which determine the effect of vegetation on the backscatter, are estimated using the multi-
incidence angle capability of the scatterometers. Instantaneous backscatter measurements
a°(6, 7) are first mapped to a reference incidence angle (at 40°) by inversion of Eq. (6.5). The
measurements are then expressed relative to the historically highest and lowest backscatter
values (the so called wet 0,,t(40°, t) and dry 04,(40°, t) references) at the given location.
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A simplified flowchart of the near-real-time processing chain is illustrated in Figure 6.2. As
depicted, Level 1b input data are pre-processed by applying a calibration correction if
required before the data stream is injected into the WARP NRT processor. Furthermore,
offline estimated model parameter are used to normalise the backscatter measurements to
account for different observation geometries. Finally, normalised backscatter
measurements are scaled between the driest and wettest backscatter observation in history
to retrieve relative surface soil moisture values by applying Eq. (6.6).

Operational Environment
NRT data  / -

METOP-A/B L1b

/ ™
{ Metop-A SMR \
\ Soil Moisture Research /‘

/ Metop-A SMO \,
— '\Soil Moisture Operational/‘ @
Pre-processing > WARP NRT || ~— —
Calibration correction Operational Facility g _
SR /" MetopBSMR
" Soil Moisture Research  / L=
[ Model (] - ~
\ Parameter L) { Metop-B SMO \.

\\SDIl Moisture Operatlonal/.f

EUMETSAT

Figure 6.3: Flowchart of the near-real-time soil moisture product processing chain.

6.1.3.2 Surface soil moisture product

Level 2 soil moisture products generated in NRT are available in various data formats and
resolutions. All products are disseminated as orbit images with samples on an instrument
specific orbit grid. An overview of the generated NRT products in the framework of H-SAF is
given at http://hsaf.meteoam.it/soil-moisture.php.

6.1.3.3 Validation

The ASCAT-derived SSM product was compared with in situ soil moisture observations and
with independent SSM products by many authors (e.g. Albergel et al., 2012).

The EUMETSAT H-SAF has implemented an operational validation scheme based on in situ
observations in Europe. The ASCAT-derived SSM values are compared with local in situ SSM
observations. The correlation between the local and the satellite time series is the main
indicator used to assess the quality of the product.

6.1.4 Level 3 and Level 4

Earth grid representations of scatterometer data are more convenient for users than swath
grid representations. These are produced for a single instrument (called Level 3, L3) or for
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multiple instruments and/or combinations of model and observation based information
(called Level 4, L4).

6.1.4.1 Wind and wind stress

Currently, the Copernicus Marine Environment Monitoring Service (CMEMS) produces L3
and L4 products resp. based on interpolation and a Kriging analysis of satellite and ECMWF
winds (http://marine.copernicus.eu/).

The requirement for these products in the ocean community is immense, as it provides
spatial information on air-sea interaction and thus exchanges of heat, momentum, water
vapor, gasses and aerosol through processes of mixing, upwelling and downwelling in both
the atmosphere and the ocean. Moreover, this highly dynamic interface covers about 70%
of the earth’s surface and thus determines climate dynamics to a large degree.

CMEMS products are critically important for determining the large-scale ocean circulation
and transport. Vector winds are also needed to estimate the ageostrophic (Ekman)
component of ocean currents, and consequently are linked to coastal upwelling, primary
productivity, cross shelf transport, ice transport, mixed layer evolution, and deep-water
formation. Accurate wind speeds are moreover essential for reliable computations of
air/sea heat fluxes (sensible and latent heat fluxes) as well as mass fluxes (e.g. CO, and H,0),
making surface winds critically important for budgeting energy, moisture and Carbon, and
for studies of ocean acidification and fish stocks. OSVW and surface stress are linked to
ocean, atmospheric, cryospheric and terrestrial climate change and listed as Essential
Climate Variable.

The CMEMS products contain L3 global daily gridded scatterometer observations relying on
upstream Near-Real-Time or reprocessed L2 scatterometer products from the EUMETSAT
Ocean and Sea Ice Satellite Application Facility (OSISAF) Wind Centre at KNMI. Data from
ascending and descending passes are gridded into separate files.

The CMEMS L3 global wind product also contains gridded model U10s background winds
from ECMWEF, either from the operational NWP model in NRT or the ECMWF ERA winds
when reprocessing. This model wind information is first stored in the OSISAF upstream L2
wind product. The model wind in the CMEMS L3 global wind product is then sampled and
processed in exactly the same way as the scatterometer winds, so subject to identical space
and time sampling errors. Comparing scatterometer-sampled ECMWF winds with uniformly-
sampled ECMWF winds over a period of interest, reveals these spatio-temporal
scatterometer sampling errors, which are substantial on time scales smaller than a month.

The variables provided are not limited to the stress-equivalent wind vector, but also include
wind curl and divergence, wind stress curl and divergence, and wind stress magnitude.
IFREMER is combining scatterometer and radiometer winds with ECMWF winds in order to
produce space and time continuous wind and stress fields at L4, based on the Kriging
approach. Future approaches will address the different physical error characteristics of
scatterometer and ECMWF U10S, which affect the spatial and temporal integrity of the
merged L4 products. Moreover, more advanced methods need to be developed to allow
locally unbiased hourly wind and stress fields (see, e.g., the biases in Figure 7.2), but without
the introduction of the satellite sampling patterns (Belmonte&Stoffelen, 2019).
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6.1.4.2 Surface soil moisture

In the framework of the Copernicus Global Land Service (http://land.copernicus.eu/global/),
the ASCAT SSM product is used to produce estimates of soil moisture for deep soil layers
using an exponential filtering technique. A Land Data Assimilation System (LDAS) is used for
the cross-cutting quality monitoring of the soil moisture product, together with LAI surface
albedo, FAPAR and land surface temperature (LST) is performed (i.e., the simulated values
are compared with the satellite products). Within the EUMETSAT Satellite Application
Facility on Support to Operational Hydrology and Water Management (H-SAF) project, a
root zone soil moisture product has been developed based on the level 2 surface soil
moisture data assimilation in the ECMWEF land data assimilation system. The obtained
ASCAT root zone soil moisture product is provided for four vertical soil layers (from surface
to root zone down to 3 meters) generated in NRT by ECMWEF for H-SAF at 24 hour time
steps, with a global daily coverage, at a resolution of 25 km. The analysed soil moisture
fields are based on a modelled first guess, the screen-level temperature and humidity
analyses, and the ASCAT-derived surface soil moisture. Consistent with the level 2 soil
moisture, the ASCAT root zone soil moisture (SM-DAS-2/H14) it expressed as an index by
normalizing by the saturated soil moisture value as a function of texture soil type. This
product has been operational since July 2012. Validation studies showed very good quality
of the ASCAT root zone product compared to ground stations (Albergel et al., 2012). From
2019 the ASCAT root zone soil moisture product will be provided at 10 km resolution (H26).

In addition to the previous mentioned Level 3 soil moisture products, H-SAF is hosting a
time-series product referred to as H25-offline georeferenced on a equidistance global grid
(WARP5 grid). This product is generated/updated in regular time intervals by TU-Wien as an
extension to the latest available H25 Data Record.

6.1.4.3 Sealce

As part of their wind processing and to allow NRT sea and ice discrimination, KNMI
processes L3 sea ice extend and type from single instruments, such as ASCAT-A/B/C,
SeaWinds, OSCAT and other pencil-beam scatterometers
(http://projects.knmi.nl/scatterometer/ice _extents/). Multi-instrument, including ASCAT,
extend and products are available from the EUMETSAT OSI SAF Ice Centre
(http://osisaf.met.no/p/ice/edge type long description.html).

6.1.4.4 Daily rain

Daily accumulated rain products are under development in the EUMETSAT Hydrology SAF
(see, e.g., http://hydrology.irpi.cnr.it/download-area/sm2rain-data-sets/).

6.2 Climate data records

Monitoring of climate change requires the production of transparent and consistent Climate
Data Records (CDRs). For winds, climate scientists require an accuracy in the global wind
trend of 0.1 m/s per decade. Using the analysis tools developed for NRT data, such accuracy
appears possible for scatterometer wind data (Verhoef et al., 2017; Wentz et al., 2017,
Belmonte et al., 2017; Stoffelen et al., 2017).

Page 62 of 89


http://land.copernicus.eu/global/
http://projects.knmi.nl/scatterometer/ice_extents/
http://osisaf.met.no/p/ice/edge_type_long_description.html
http://hydrology.irpi.cnr.it/download-area/sm2rain-data-sets/

SCA Science Plan

///// .
// pr o V1.0/April 2019

The current non-uniform distribution of moored buoys makes them rather unsuitable for
global change metrics. The geographical distribution of moored buoys points to a glaring
hole in the southern hemisphere, where the monitoring of atmospheric and ocean dynamics
is poor. This while the vulnerability of the Antarctic region is particularly important in the
global climate system. With the equivalent of 60m of global ocean water level stored on
Antarctica, scientific misjudgement of changes in the Antarctic warming may have rather
drastic consequences on climate projections. However, buoy monitoring in the SH extra-
tropics is essentially missing and should be recommended in our view. It would be much
appreciated if (particularly southern hemisphere governments) would take responsibility in
this area. Moored buoy winds are of high quality and are our only absolute reference for
satellite wind calibration and monitoring.

Triple collocation (TC) is essential as satellite wind instruments and General Circulation
Models (GCMs) lack absolute calibration otherwise. Maintaining a globally representative
long-term data record of surface wind measurements is thus critical to the cross-calibration
of satellite winds from different satellite missions and different satellite sensor types (e.g.,
the SSM/I series microwave radiometers, Ku- vs C- vs L-band scatterometers).

It is observed that different global metrics provide different trends though, as they cover
different spatio-temporal domains, e.g., at all global buoy measurement positions (as in TC),
at model grid positions (either regular or uniformly spaced), or at all satellite measurement
points (after QC usually). The satellite or GCM representations of the global waters appear
clearly the most faithful representation of the mean integrated global wind change over
water.

In situ data, moored ocean buoys for winds, are not uniformly distributed over the earth’s
oceans and large local decadal circulation changes make it impossible to achieve a globally
representative trend with the above accuracy. Satellite wind CDRs are thus immensely
important to monitor global climate change.

For surface soil moisture consecutive Climate Data Records are being produced at ECMWF
by the H-SAF, by reprocessing the root zone soil moisture product to cover the ERS-ASCAT
period. It is produced using consistent version of the ECMWF assimilation system and using
the reprocessed version of the level 2 surface soil moisture product. This root zone soil
moisture CDR (H27) is of high interest for hydrological applications as well as for NWP and
climate models validation purposes. It provides a consistent quality product of root zone soil
moisture for 1992-2014 (Albergel et al., 2015). In addition, a number of CDRs representing
surface soil moisture are produced by TU Wien on behalf of H-SAF. The CDRs are derived
from calibrated Level 1b input data to achieve best possible consistency within the data.

Furthermore, the ESA SCIRoCCo project (SCIRoCCo, 2017) reworked the ERS data in the
context of the ESA Long-Term Data Preservation program. The ESCAT data has beenmade
mutually consistent (notably, ERS1 and ERS2) and made consistent with the ASCAT data
record. All progress made on ASCAT wind, ice and soil moisture processing is employed in
order to produce calibrated ESCAT geophysical CDRs from the Fundamental Climate Data
Record (FCDR) of backscatter values (Belmonte et al.,, 2017). Similarly, noted instrument
anomalies should be corrected for in the ASCAT FCDR and improved geophysical processing,
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which has been deployed over time in NRT, be run on it, in order to produce state-of-the-art
CDRs.

CDRs will be formatted as NetCDF Climate-Format (CF) convention and associated with a
Digital Object Identifier (DOI).

Low resolution ice drift datasets are computed on a daily basis from aggregated maps of
scatterometer (e.g. ASCAT) signals. During fall, winter, and spring, the excellent coverage
makes it possible to extract 48 hours global ice drift vectors at a spatial resolution of 62.5
km (Lavergne et.al 2010).

With the prospect of having scatterometer data, continuously available from 1991, and
further with the forthcoming SCA in EPS-SG, reprocessing of scatterometer data in support
of climate monitoring is very relevant. It will, however demand careful treatment of inter-
sensor variations which is obtained with cone metrics. The dynamical tie point approach
utilized in the operational OSI SAF ice type processing will be one method that will be
compared. In addition, by relating roughness to sea ice age and thickness, more information
about multi-year sea ice and sea ice volume trends may be obtained since 1991.

6.3 Future developments

Future developments include improved spatial and temporal resolution, near-coastal
processing, user-defined grids and cloud processing.

Concerning increased spatial resolution and near-coastal processing, the exact knowledge of
the Spatial Response Functions (SRF) is important, as well as the availability of full-resolution
(non-accumulated) samples. For wind processing it is essential that the fore, mid and aft
beams view the same area on the ocean surface, i.e., view the same area-mean wind vector.
If the Cumulated SRF (CSRF) is different for the fore mid and aft beams, then the consistency
of the backscatter values with the GMF will be degraded. Matching CSRFs is challenging for
the smaller footprints, due to the different basic sampling of the three beams.

For soil moisture and sea ice, a different opportunity occurs, as the signal levels are high and
the response is azimuthally isotropic. This offers the possibility of resolution enhancement
when the three beams do not exactly overlap over land and sea ice areas (Lindsley et al.,
2015).

Increased temporal resolution will be achieved by the CEOS virtual constellation, as
concrete plans exist in India, China and Russia to launch scatterometers in complementary
orbit planes, thus covering several times of day.

The scatterometer sampling is quite uniform and the geophysical processing allows
processing on user-defined grids in principle. This could in principle prevent interpolation
errors when transforming L2 to L3 or L4 products.

Finally, scatterometer winds are useful in combination with other geophysical observables
and synthesis in different application areas, in particular in air-surface interaction processes,
as outlined in this report. The scatterometer wind processors are publicly available through
the NWP SAF and may be extended to allow their use in cloud computation and data
infrastructures.
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7 PERFORMANCE MONITORING

Long-term absolute stability of the scatterometer backscatter properties at L1b may be
locally monitored by transponders.

For shorter-term (NRT to months) and long-term, more detailed relative monitoring, e.g., as
a function of WVC, geophysical monitoring and monitoring along the orbit, well-established
and reliable methods are in place, as described below.

7.1 Near-Real Time

NRT monitoring provides an essential assurance for the NRT application of scatterometer
winds, in particular for automatic ingestion in NWP data assimilation, since the assimilation
of large quantities of erroneous data could impede forecast skill. Since NWP provides global
short-range forecasts of ocean surface vector winds at all scatterometer WVCs, these are
used extensively in the product monitoring. Further monitoring is moreover carried out
daily by the users, who report artefacts at the helpdesk scat@knmi.nl .

Currently, mean MLEs and short-range ECMWF forecasts are used for monitoring, see, e.g.,
projects.knmi.nl/scatterometer/ascat_osi_co prod/ascat_app.cgi?cmd=monitoring&period
=week&day=0&flag=yes, where a product flag is raised when anomalous values appear in an
orbit above a threshold probability of 1/10,000. This safeguards the use of erroneous
products.

For off-line validation the moored buoy network is used as an absolute reference for the
scatterometer and NWP winds
(projects.knmi.nl/scatterometer/ascat_osi_co prod/ascat app.cgi?’cmd=buoy validations&
period=week&day=0&flag=yes). A method called triple collocation has been developed to
provide a comprehensive error analysis and calibration of these error sources as described
in section 6. Validated algorithms are used for higher level processing and the use of
critically monitored L2 products is generally sufficient to warrant the stable quality of L3 and
L4 products. Nevertheless, this is checked by regular off-line validations.

7.1.1 NWP collocation

ECMWF wind forecasts are available twice a day (from 00 and 12 GMT analysis times) with
hourly forecast time steps, such that KNMI receives NWP model data twice a day through
the Regional Meteorological Data Communication Network (RMDCN). For reprocessing, the
ECMWEF archive is used, which contains reanalysis data, such as ERA-interim and ERA5 (Dee
et al., 2011; Belmonte&Stoffelen, 2019). At KNMI U,qs is extracted from the full resolution
ECMWEF fields and interpolated to the time and location of the scatterometer WVCs and
stored in the scatterometer output products as value-added variables. NWP model sea
surface temperature and land-sea mask data are used to provide information about possible
ice or land presence in the WVCs. WVCs with a sea surface temperature below 272.16 K (-1
°C) are assumed to be covered with ice and no wind information is calculated. At SSTs above
-1 °C a Bayesian scheme is used for the discrimination of water and ice (Belmonte et al.,
2012; Otasaka et al.,, 2017). Land presence within each WVC is determined by using the
land-sea mask available from ECMWF. The weighted mean value of the land fractions of all
model grid points within 80 km of the WVC centre is calculated. The weight of each grid

Page 65 of 89


mailto:scat@knmi.nl
http://projects.knmi.nl/scatterometer/ascat_osi_co_prod/ascat_app.cgi?cmd=monitoring&period=week&day=0&flag=yes
http://projects.knmi.nl/scatterometer/ascat_osi_co_prod/ascat_app.cgi?cmd=monitoring&period=week&day=0&flag=yes
http://projects.knmi.nl/scatterometer/ascat_osi_co_prod/ascat_app.cgi?cmd=buoy_validations&period=week&day=0&flag=yes
http://projects.knmi.nl/scatterometer/ascat_osi_co_prod/ascat_app.cgi?cmd=buoy_validations&period=week&day=0&flag=yes

AB,(scat-nwp) (dB)

> SCA Science Plan
%’/’/// EPS V1.0/April 2019

METOP

point scales with 1/r%, where r is the distance between the WVC centre and the model grid
point. If this mean land fraction value exceeds a small threshold, no wind retrieval is
performed. Land fraction should ideally be provided in the L1B products for each basic
measurement.

7.1.2 Calibration

While scatterometer systems have generally excellent calibration stability, their absolute
calibration level is difficult to determine. For fan-beam scatterometers, the beam patterns
of the three beams determine the relative calibration of the backscatter values in a
measured triplet for a particular WVC. This relative calibration is of utmost importance and
determines the general wind retrieval quality. The different WVCs and beams experience a
very similar wind climatology over a year. This is being exploited in a NWP ocean calibration
(NOC) procedure, which determines a calibration value for each WVC and beam that
provides statistical consistency between the calibrated backscatter triplets, the GMF and the
ECMWEF winds. NOC is essentially used for all scatterometers to optimise wind performance
by balancing the beams for each WVC in a consistent manner. NOC diagnostics have
provided excellent feedback to instrument anomaly monitoring, both in the ERS and ASCAT
ERA. In turn, both ERA-interim and scatterometer winds are being monitored and verified
against buoy measurements. Using NOC, KNMI reported anomalies in scatterometer L1
processing on several occasions, including for ASCAT, and provided corrections to the
backscatter data (Figure 7.1).

Belmonte et al. (2017) present cone metrics as the most sensitive tool for relative
calibration of all C-band scatterometer missions and for each individual radar beam,
independent of NWP. In addition, the accuracy of cone metrics may allow enhanced
pointing monitoring by following deviations from the cone shape in the WVCs on the left
and right swath. Also other EPS-SG instruments will profit from this .
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Figure 7.1: Two ASCAT-A anomalies in autumn 2014 detected by NWP ocean calibration and later
confirmed by cone metrics.
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Moreover, cone metrics has been proven useful to inter-calibrate scatterometers, linking
ECMWF ERA-interim winds to both the ERS and ASCAT scatterometers through the GMF,
but also providing a close link between concurrent scatterometers, such as ASCAT-A and
ASCAT-B.

7.1.3  Quality Control and Monitoring

In each WVC, the ¢° data is checked for quality and completeness and the inversion residual
(see section 6.1.2.6) is checked. Degraded WVCs are flagged and the flag bits stored in a flag
variable (see ASCAT Wind Product User Manual, 2013). The quality of the delivered products
is controlled through an ad hoc visual examination of the graphical products and the
automatic production of control parameters. The examination of the products is done at
KNMI by experts. Specific tools have been developed to help this analysis. User queries
obviously lead to the inspection of suspect products. The ad hoc and user queried
inspections are used for quality assurance. An information file is made for each product. The
content of the file is identical whatever the product and results from a compilation of all the
global information concerning this product. From these files, various graphs are produced to
visually display the confidence levels of the products and their evolution with time. These
graphs are available on the KNMI website.
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Figure 7.2: Speed bias of scatterometer winds with respect to the Met. Office global model for
RapidScat on ISS (left) and ASCAT-A on MetOp (right) for July 2015. Different scatterometers
produce similar local mean and variability of differences with respect to GCMs.
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The NWP SAF moreover monitors scatterometer winds in various representations against
volunteering global NWP model outputs, revealing differences between these models and
the scatterometer products and their evolution over NWP model cycles (NWP SAF, 2017).

7.2 Climate data records

The reprocessing of scatterometer data profits from the strict automated monitoring
developed in NRT; the same procedures are implemented for reprocessing. In addition,
NOC, cone metrics and TC are used for long-loop instrument and parameter performance
monitoring (e.g., calibration stability, etc.) on a monthly and yearly basis.

TC with moored buoys, scatterometers and GCMs is performed to establish the accuracy
and calibration of the scatterometer winds and the GCMs at the available moored buoy
positions. By physical inference, it is assumed that the spatial sample of buoys is sufficient to
obtain a globally representative absolute scatterometer calibration. This can obviously not
be proven, as no globally representative in situ wind network is available (Stoffelen et al.,
2015). However, given such plausible inference, it appears possible to reach the 0.1 m/s per
decade stability in a representative global metric from scatterometers (Verhoef et al., 2017,
Wentz al., 2017).
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8 OUTREACH NEEDS

This Science Plan describes the heritage, background, processing and control of
scatterometer data. The software, production, monitoring, calibration and validation are
well documented through the EUMETSAT OSI, NWP and Hydrology SAFs and through the EU
Copernicus Marine Environment Monitoring Service (CMEMS) Thematic Assembly Centres
(TAC) on Wind and Sea Ice. It moreover describes scatterometer application in NWP, where
user guides are developed in the context of the NWP SAF for wind data assimilation and bias
correction, thus reaching out to the operational and scientific expert and user communities,
and fostering mechanisms for innovative application research. These services are equipped
with help desks.

Sections 6 and 7 moreover contain visualisation sites of NRT data, on-line open and
accessible NRT and archive data bases of scatterometer data and associated reference data.
In particular, KNMI developed recently a multi-platform scatterometer winds viewer that is
suitable for many local weather forecasters across the globe
(projects.knmi.nl/scatterometer/tile _prod/tile app.cgi).

Wider scientific elaboration and development of scatterometer processing or application is
well facilitated through the visiting and associated scientist programmes of the EUMETSAT
SAFs. Moreover, all scatterometer developments and standardization is well coordinated on
an international level through the IOVWST and CEOS, for example.

Wind and wave marine training has been taken up with NOAA and EUMETSAT for many
years now, providing face-to-face training across the globe. In addition, on-line modules,
case studies and training is provided (see, e.g.,
projects.knmi.nl/scatterometer/training_material/). Scatterometer winds are generally well
used for hurricane forecasting, both in the tropics and in the extra-tropics, but also to
monitor mesoscale wind features over sea, soil moisture conditions and sea ice extent, drift
and type.

Finally, media interviews occur frequently, when scatterometer data depict extreme storms,
draughts or minimum sea ice coverage.
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9 RESEARCH AND DEVELOPMENT NEEDS

Research and development needs focus on the two main user priorities of temporal
coverage, of dynamical and extreme weather in particular, and of advanced high-resolution
processing, particularly in coastal, land and sea ice applications. Additional efforts are
needed to transfer emerging science products into operational applications. Besides direct
use of scatterometer products, there is a clear tendency of further integration of the
scatterometer products in Nowcasting, NWP and reanalyses, which needs are further
discussed here. To benefit the user community, focus should be put on standardization.

9.1 SCA and the constellation

Wind and stress in NRT and as CDR will be needed from SCA at all processing levels. At L4
combination with other active and also passive instruments is necessary, hence a focus on
intercalibration of basic measurements and winds is required.

The existing NRT processing and monitoring is typically used for CDR development and the
cone metrics approach guarantees intercalibration of backscatter over the C-band missions.
For ASCAT absolute calibration has been possible through transponder campaigns and
which will be continued for SCA.

The goal for SCA and ASCAT is to obtain full global coverage when possible at 9:30 and 21:30
LST, as increased spatial and temporal resolution is a key user requirement, e.g., for the
nowcasting of hurricanes. Planning for such complete coverage, using both ASCAT and SCA
instruments beyond 2023 will be required.

In order to develop standards, the international collaboration and representation in the
IOVWST, IWW, CEOS and WMO is necessary, as well as dedicated resources to intercompare
and agree on algorithms and references. In addition to standard development, these fora
set priorities and requirements for R&D needs and may embark on effective international
collaboration schemes. These R&D priorities include typically Cal/Val, intercalibration,
coastal processing, resolution enhancement, dependency on sea state, SST, ocean current,
vegetation, dependency on e.m. wavelength , extremes, etc.. In addition, requirement
assessment, spatial and temporal coverage coordination, product format standardization,
quality metrics, open (collocation) data bases, open tools and processing software are part
of these international collaborative fora.

ASCAT has proven to be very important for other OVW-sensing instruments, due to its
optimal geometry, all-weather capability and excellent stability. In the virtual constellation
plentiful close collocations between ASCAT and RapidScat or ScatSat have been exploited to
achieve better product consistency (Wang et al., 2019). ASCAT and later ESCAT have been
exploited to determine:

- The calibration stability of other active and passive wind-sensing instruments
(Ricciardulli&Wentz, 2013);

- SST-sensitivity of Ku-band backscatter (Wang et al., 2017);
- Rain sensitivity and QC of Ku-band scatterometers;

- Wind direction sensitivity (Wang et al., 2019);
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- ECMWEF background error covariances for use in 2DVAR (Vogelzang&Stoffelen, 2018).

With SCA, such exploitation will be continued and extended to VH, extreme winds, sea state,
ocean currents, etc..

In this section, we also note the possible convoy with SKIM (Ardhuin et al., 2018), which
would be very useful to better determine the dynamical aspects of air-sea interaction. SCA
winds will be very useful for the success SKIM, while SKIM measurements aid in the
understanding of SCA backscatter and, possibly, Doppler measurements. Further synergy on
MetOp-SG is obtained through MWI, which would probably impact both SKIM and SCA
products.

Finally, lessons learned from ASCAT may be further exploited for other scatterometer
systems, such as the application of cone metrics, the use of the MLE as a measure of wind
variability and ASCAT-determined ECMWF error covariances in 2DVAR MSS (Vogelzang
&Stoffelen, 2018).

Forthcoming improvements for ASCAT include coastal processing, using the L1B Land
Contribution Ration (LCR), and improved ship detection, which latter is particularly difficult
for moderate ship corner reflections on moving ships at modal wind speeds, due to the on-
board accumulation.

9.2 SCA advances

For ASCAT transponder campaigns are held, which interrupt the surface backscatter
measurements, resulting in a loss of data. For SCA the calibration mode in integrated in its
normal duty cycle while surface backscatter measurements are made.

With SCA, without on-board accumulation, advanced spatial processing near coastlines will
be possible and better discrimination of ship echo’s is expected, as well as enhanced
possibilities for processing at higher spatial resolution or on user-defined grids over both
land, sea and coasts.

The better coverage and radiometric performance will lead to higher quality winds in more
places. Combining these measurements with the ongoing ASCAT missions will need
investigation.

VH measurements will allow extreme wind measurements and will be very useful with
complementary benefits over land and sea ice. A VH wind processing chain will be
developed for day 1 and later on the VH and co-polarization processed winds will be merged
into a single wind product. VH measurements from SAR have been exploited to develop a
GMF, while VH campaigns in extreme winds collect further data to corroborate the SAR
results. For lower signals, pure VH may be more difficult to obtain due to Faraday rotation
and its effect on wind speed retrieval needs further elaboration.

Zhang et al. (2019) develop an HH GMF and confirm that HH is less sensitive to wind than VV
and thus using all VV co-polarization maximizes sensitivity for ocean wind retrieval,
amended by VH measurements for extreme winds.

Hoogeboom et al. (2018) simulate the exploration of SCA phase and Doppler information for
ocean currents. Using an echo cancellation method, further signal quality enhancement is
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simulated. Without any further SCA design trade-offs, these concepts should be further
investigated and tested in order to realize such capability with SCA, possibly in synergy with
SKIM.

9.3 Nowcasting, NWP and reanalyses needs

Nowcasters are faced with an enormous amount of satellite observations that contribute
new information to their advisories. Commonly, large differences of the observations from
NWP forecasts should alert nowcasters to revise these advisories. Such large differences
may be automatically detected in the areas of interest from SCA observations, using the
ECMWEF forecast as reference. In addition, information on expected errors and local wind
variability (MLE) can be provided.

The absence of an in-situ wind reference for high and extreme winds remains a concern for
the calibration and validation of all ocean satellite wind retrievals, but also for the
development of improved NWP model parameterizations in storm conditions.

For NWP wind data assimilation Stoffelen et al. (2018a) suggest to distinguish developments
in regional and global NWP. Aliasing with the underdetermined scales over the seas should
be avoided and techniques to avoid effects of model noise should be further elaborated for
regional NWP, such as “supermodding”. Global models generally avoid model noise (so far)
and are much smoother than regional model wind fields. To deal with the relatively high
density of SCA observations, thinning is currently practised, but should be avoided. Tests
with error inflation to compensate for oversampling of the model analysis structures or
superobbing are ongoing for global NWP.

Another problem in global NWP is that innovations due to ASCAT are substantially affected
by systematic model errors, which violates the BLUE paradigm in NWP data assimilation.
Schemes for compensation (bias correction) of systematic model errors are sorely needed to

- Optimise the extraction of dynamical information from SCA;
- Provide an improved forcing of ocean, wave and surge models.
Bias correction schemes are already in place for many other assimilated satellite retrievals.

For climate applications consisting in detecting trends in the seasonal variability of soil
moisture, disentangling soil moisture and vegetation water content effects on the
backscatter level is of key importance. Assessing properly the inter-annual variability of soil
moisture is key, and new techniques able to account for changes in vegetation density from
one year to another in the soil moisture retrieval algorithm have to be developed.

This requirement is also valid for NWP applications, as seasonal biases in the assimilated soil
moisture are detrimental to the quality of the assimilation results.

Long (30 yr+) harmonized time series of satellite-derived surface soil moisture estimates
have been produced in the context of the ESA-CCl programme and of the Copernicus
Climate Change service, where ASCAT data are a key component of these products. Meteo-
France plans to use its LDAS-Monde tool (Albergel et al., 2017) to produce global land
reanalyses incorporating such data records together with other ECV products such as LAI.
The use of SCA data in this context should be prepared, possibly through the development
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of an observation operator for sigma0. Apart from its use in the LDAS, the observation
operator would allow the simulation of SCA sigma0 values over land. This would help assess
the capability of SCA observations to monitor vegetation in addition to surface soil moisture.

The capabilities of SCA to provide a self-standing operational vegetation data product
should also be assessed. The most promising vegetation variable to be retrieved by SCA is
the vegetation optical depth (VOD) which has been shown to be indicative of vegetation
water content and wet biomass. Hence, the VOD has significant potential to enrich the
information about vegetation dynamics, complementing the vegetation data sets (LAl, NDVI,
fAPAR) provided by optical sensors. This work will also have important benefits for the SCA
soil moisture data services given that an improved parameterization of vegetation in the
SCA backscatter models over land will lead to improved soil moisture retrievals.

Over land, the introduction of a SCA based rainfall product based on the SM2Rain method
proposed by Brocca et al. (2014) shall be further developed. A recent EUMETSAT study
conducted by Brocca and colleagues has shown that rainfall estimates derived from ASCAT
soil moisture retrievals using the SM2Rain algorithm are comparable to, or even
outperform, other existing rainfall data products (in situ, satellite, fused) in ungauged
basins.

The Cal/Val of SCA could be an opportunity to address land issues. Long term field
campaigns based on continuous backscatter observations made by portable simulators of
SCA, associated with in situ soil moisture and vegetation biomass observations, are needed.
ESA has experience in organizing such Cal/Val studies (e.g., the ELBARA programme in the
framework of the SMOS Cal/Val). In addition, high-resolution SAR data are useful for the
Cal/Val of SCA products, in particular from Sentinel-1 and RadarSat.
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10.2 Acronym List

ESCAT
EUMETCast
EUMETSAT
HDF

JAXA

JPL

KNMI
MetOp
MLE

NASA
NOAA
NSCAT
NRT

NWP

OSI SAF
PDF

PMET

Advanced Earth Observing Satellite

Application Expert Group

Active Microwave Instrument

Ambiguity Removal

Advanced SCAtterometer

Binary Universal Format Representation

Climate Format (NetCDF)

Climate Data Record

EPS/MetOp-SG C-band SCATterometer

Distributed Active Archive Center

EUMETSAT Advanced Retransmission Service
EUMETSAT Polar System

European Remote-sensing Satellite

European Space Agency

AMI ERS-1/2 satellites in scatterometer mode
EUMETSAT’s Digital Video Broadcast Data Distribution System
European Organisation for the Exploitation of Meteorological Satellites
Hierarchical Data Format

Japanese Aerospace Exploration Agency

Jet Propulsion Laboratory (NASA)

Royal Netherlands Meteorological Institute
Meteorological Operational Platform

Maximum Likelihood Estimator

National (US) Aeronautics and Space Administration
National (US) Oceanic and Atmospheric Administration
NASA Scatterometer

Near-real time

Numerical Weather Prediction

Ocean and Sea Ice SAF (EUMETSAT)

Probability Density Function

EPS-SG Program Mission Experts Team
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QA

Qc
QuikScat
RMDCN
SAF

SAG

SAR
SASS
SCA
SCAT
SeaWinds
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Quality Assurance

Quality Control

Quick scatterometer mission(NASA)

Regional Meteorological Data Communication Network
Satellite Applications Facility

Science Advisory Group

Synthetic Aperture Radar

Seasat-A Scatterometer System

Scatterometer on EPS/Metop-SG

Scatterometer on ERS

scatterometer on-board the QuikSCAT, ADEOS-II and RapidScat platforms
Second Generation (as in EPS-SG or MetOp-SG)

Sea Surface Temperature

West-to-east wind component

Stress-equivalent 10-m-height wind speed
South-to-north wind component

Wind Vector Cell
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